
SUNDAY 7TH WEDNESDAY 10TH MAY 2017

PLATINUM SPONSORS

GOLD SPONSORS

Hosted by





Dear Colleagues and Friends,

Welcome to York!
On behalf of the International organising committee, the National Scientific committee and the local organising committee, 

it gives me great pleasure and honour to welcome you to the 8th International Symposium on Flame Retardants, BFR 

2017.  The theme of the conference this year is ‘emerging BFR issues’, and I am delighted to see so many abstracts 

submitted on novel and emerging flame retardants in addition to new analytical and other scientific approaches to 

assess the risk to human and environmental health as a result of these compounds. At the time of writing this, our 

conference had already attracted media interest in the National Press.

The BFR conferences have covered the emergence of flame retardants as global pollutants and document the way that 

the international community has tackled the problems that were first uncovered by PBDEs to the extent that these 

compounds are now declining in the environment.  But there are many replacements for PBDEs that are still being 

manufactured in large quantities and have as yet uncertain consequences in terms of environmental and human health 

effects.  New data will be presented at this conference that demonstrates their presence in the environment long after 

their useful lives where they can protect us from fires in our homes and work places.  Our colleagues here report that 

they can be found in our food and reside in our bodies, where they are linked with cancer, growth and development and 

other effects.

There will be over 100 scientific presentations with authors and delegates from over 28 countries.  This is a truly 

international conference with representation from all continents.  Posters will be on display throughout the conference.  

We have an intensive programme but have scheduled in as much time as possible for viewing these posters and 

networking, so please take the opportunity to meet colleagues from far-away places and to discuss their work.  We have 

a strong focus on students and early stage researchers at this conference and I hope that advantage will be taken of the 

‘Mentor afternoon tea’ and the ‘Student presentation and poster competition’.

Finally I would like to make a special thank you to our sponsors, without whom the event would not be possible.  The 

sponsorship we have received enables us not only to host the conference but also to arrange a special conference dinner 

which will take in Castle Howard.  This is a truly spectacular venue that has been used as a backdrop for many films and 

television programmes and also as a wedding venue for international stars including Taiwanese pop star, Jay Chou

(周杰倫).

On behalf of us all, I truly wish that you have not only a pleasant and rewarding experience in York, but also that your 

scientific endeavours will be rewarded and enhanced by your involvement with BFR 2017.

Martin Rose
On behalf of the BFR 2017 team
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The Principal York
Located in the heart of the beautiful historic city of York, adjacent to York Train Station, The Principal York Hotel offers 

unique and stylish accommodation; surrounded by beautiful gardens and spectacular views. This stunning hotel creates 

a magnificent contrast between its historic Victorian architecture and its modern and luxurious furnishings to deliver a 

timeless, elegant backdrop.

The Principal York



Castle Howard
The conference dinner will be held in the grandiose surroundings of Castle Howard. This will present a once in a 

lifetime opportunity to experience a magnificent 18th century residence set within 1,000 acres of breathtaking 

landscape in the Howardian Hills, an Area of Outstanding Natural Beauty in the heart of North Yorkshire.

Guests will be received at the West Wing Door and escorted up the Grand Staircase where the drinks reception will 

take place in the Great Hall. A pre-dinner tour of the Castle will give guests a chance to discover the interior, art 

and heritage of Castle Howard. Dinner will be served in the Long Gallery using the very best of local produce. 

Conference Dinner
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Katy Clarke

Martin Rose

Travel and Events Team
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Fera Science Ltd

Fera Science Ltd

Capita



The Right Honourable the Lord Mayor of York
Councillor Dave Taylor

Dave Taylor was born and raised in Rochdale, later going to university 

in Salford where he gained a 2-1 degree in sociology before 

embarking on a career as a computer consultant which led him to 

work for York City Council in 1993. Dave was elected as a Councillor 

for Fishergate for the Green Party in 2007 and has been re-elected 

with an increasing majority in 2011 and 2015. He was the first 

Councillor put forward by the Green Party to be Lord Mayor of York.

Dave has been involved in many fields connected with preserving 

the heritage and cultural environment of York. Having been widowed 

in 2007, Dave is now supported in his work by his new partner 

Susan Ridley as Lady Mayoress. Susan had previously run several 

successful businesses concurrently for many years: a gift shop, a 

dress shop, and a tea-room.

Lord Mayor of York



Keynote Speakers

Wu Yongning, MD, Ph D - Chief Scientist and Professor, China 
National Center for Food Safety Risk Assessment (CFSA)
Professor Dr. Yongning WU is Chief Scientist of the China National Center for Food Safety 

Risk Assessment (CFSA), the Director of MOH Key Laboratory of Food Safety Risk Assess-

ment, head of WHO Collaborating Center of Food Contamination Monitoring (China), 

honourable professor of Queens’ University Belfast. He graduated from Nanjing Medical 

College in 1983, then from Chinese Academy of Preventive Medicine with a Ph.D degree 

in Nutrition and Food Safety in 1997. Prof Wu is a member of several International and 

National Committee in Food Safety. e.g., FAO/WHO Joint Expert Committee on Food 

Additives (JECFA), USP Food Ingredient Expert Committee (Food Chemical Codex), Scientific Committee of Food Safety Commission 

of the State Council, China National Food Safety Risk Assessment Committee. As the director of food contaminate subcommittee of 

the China Reviewing Committee on National Food Safety Standards and the head of Chinese delegate of Codex Committee on 

Contaminants in Food, he is involved in drafting the food safety standards for food contaminants internationally and China Standard. 

He has published over 200 SCI papers with h-index 35 and citation over 4320.

Kim Fernie, PhD - Research Scientist, Ecotoxicology & Wildlife 
Health Science & Technology, Environment Canada
Dr. Kim Fernie is a research scientist at Environment & Climate Change Canada (Ecotoxi-

cology and Wildlife Health Division), having completed her Ph.D. at McGill University. Her 

research seeks to understand the exposure and potential effects of flame retardants on 

birds. With her graduate students, post-docs, and her collaborators, she has used captive 

American kestrels to identify changes in their behaviour and reproductive success, and 

more recently on thyroid function, in relation to historical and novel flame retardants. 

Peregrine falcons allow her to characterize the exposure and effects of organohalogens 

on wild apex predators of the terrestrial food chain. She has conducted research in the 

Athabasca Oil Sands region of Canada, and currently, is investigating the interactions of chemical exposure and climate change on 

Arctic sea birds. Dr. Fernie has contributed to the Stockholm Convention as an invited Government Observer, recently served on the 

Board of Directors and its Executive Committee for the Society of Environmental Toxicology and Chemistry (SETAC) of North Ameri-

ca, and is a member of the Steering Committee for the global SETAC Wildlife Toxicology Interest Group.



Keynote Speakers

Tom Webster - Professor of Environmental Health,
Boston University School of Public Health
Tom Webster is Professor of Environmental Health at Boston University School of Public 

Health. His research interests include epidemiology and exposure assessment of chemi-

cals in consumer products, particularly flame retardants, and health effects of exposure 

to mixtures. His great-great-great-grandfather, William Webster, emigrated from Cold 

Kirby, North Yorkshire, to Canada in the 1830s.

Richard Hull - Professor of Chemistry and Fire Science,
University of Central Lancashire (UCLan)
Professor Hull represents the Royal Society of Chemistry on the BSI Hazard to Life from 

Fire technical committee, and is the designated the UK Principal Expert on Physical Fire 

Models to the ISO Fire Threat to People and the Environment subcommittee. He co-edited 

Fire Retardancy of Polymers: New Strategies and Mechanisms with Prof Kandola from 

Bolton, published by the RSC in 2009, and co-edited the only reference work on “Fire 

Toxicity” (700 pages) with Dr Anna Stec from UCLan, published by Woodhead/Elsevier in 

2010.



Programme

Sunday 7th May

Monday 8th May
(Day One) – 08.45 to 18.00

Registration  Principal Hotel, York15.00 onwards        

Student session – Tea with mentors Roxana Sühring and
Danielle Ashton

16:00 – 17:45       

Welcome reception and exhibition Oak Room18.00 – 20.00

Coffee Break and Exhibits Oak Room10.10-10.40 
(30 mins)

Lunch, Posters and Exhibits Oak Room12.45 – 14.00 
(75 mins)

10.40 – 12.45 
(125 mins)

Welcome, housekeeping and introductions Dr Martin Rose
Science Lead, Fera

08.45 – 08.55 
(10 mins)

Opening address                  
The Right Honourable, the
Lord Mayor of York,

Councillor Dave Taylor

08.55 – 09.25
(30 mins)

Plenary One
Epidemiology of exposure to mixtures of flame retardants: an emerging issue

Tom Webster
Professor of Environmental
Health, Boston University School
of Public Health

09.25 – 10.10 
(45 mins)

Session One – Flame Retardants in Abiotic Environments

OP – 01  Are atmospheric PBDE levels declining in Europe? Examination of   
 seasonal  variations, gas-particle partitioning and implications for   
 long-range atmospheric transport

OP – 02  Spatial variability of atmospheric PBDES levels in Mendoza City,
 Argentina: a dispersion modelling approach

OP – 03 Photo-transformation of the “emerging” BFR 1,3,5-Tris-(2,3-dibromopro 
 pyl)-1,3,5-triazine-2,4,6-trione

OP – 04  E-waste driven pollution in Pakistan: first evidence of environmental and  
 human exposure to flame retardants (FRs) in Karachi city

OP – 05  The signature of polybrominated diphenyl ethers (PBDEs) and
 polybrominateddibenzo-p-dioxins and furans (PBDD/Fs) in the atmos 
 phere of Santiago de Chile after the fire in the Santa Marta landfill area

OP – 06  Evidence of gross contamination of surface water from Jukskei River,  
 South Africa with hexabromocyclododecane (HBCDD) and tetrabromo 
 bisphenol A (TBBPA) flame retardants

OP – 07  Legacy PBDEs and NBFRs in sediment samples of the river Thames using  
 liquid chromatography coupled to a high resolution accurate mass   
 Orbitrap mass spectrometer

OP – 08  Brominated and mixed halogenated dioxin and furan profiles in a   
 radiometrically-dated fresh water sediment core from the
 United Kingdom

Chair: Stuart Harrad/Gang Yu

Céline Degrendele

Maria Florencia Ruggeri

Dominique Lörchner

Jabir Hussain Syed

Karla Pozo

AdegbenroDaso

Aristide P. Ganci

Leon Peters



Programme

Coffee Break and Exhibits Oak Room16.00 – 16.30 
(30 mins)

14.00 - 14.30
(30 mins)

Poster Highlights Session (15 x 2 minute presentations)
Flame Retardants in Abiotic Environments
PH – 01  Influence of TOC and particle size on the distribution of PBDEs in 
 landfill soils
PH – 02  Effects of atmospheric boundary layer height on polybrominated 
 diphenyl ether concentrations in air
PH – 04  Novel and legacy brominated flame retardants in the urban soils of  
 Melbourne, Australia
PH – 05  Polybrominated diphenyl ethers (PBDEs) in Concepción bay of central  
 Chile: pattern, fluxes and historical record
Flame Retardants - Analytical Methods
PH – 06  A development history of PBDE reference standards and
 internal standards
PH – 07 GC-Q-Orbitrap-based analytical method for the quantification of PBDEs in  
 food commodities
Organophosphorous Flame Retardants
PH – 08  Brominated and organophosphorus flame retardants in automobile dusts:  
 concentrations and emission sources
Health Effects and Toxicology of  Flame Retardants
PH – 09 Biotransformation of flame retardant 1,2-Dibromo-4-(1,2-dibromethyl)cy 
 clohexane (TBECH) in vitro by human liver microsomes
PH – 10  Adipogenicactivity of indoor house dust extracts and relation to
 flame retardants
Flame Retardants in Biota
PH – 11  Polybrominateddiphenyl ethers (PBDEs) and hexabromocyclododecane(H 
 BCD) in marine and freshwater biota samples from the German
 Environmental Specimen Bank
PH – 12  Temporal and spatial trends in levels of PBDEs in dab (Limandalimanda)  
 from UK marine waters
Fire Safety, Policy & Regulation
PH – 13  National strategy and action plan on HBCD control in China to fulfil the  
 obligation of Stockholm Convention
PH – 14  National strategy and action plan on PBDEs control in China to fulfil the  
 obligation of POPs Convention
Human Exposure to Flame retardants
PH – 15  Toddler exposure to flame retardant chemicals: magnitude, health   
 concern and potential risk- or protective factors of exposure:
 observational studies summarized in a systematic review

Chair: Alwyn Fernandes
Martin Rose

Okechukwu Jonathan Okonkwo

Nguyen Thanh Dien

Bradley Clarke

Karla Pozo

Jon Eigill Johansen

Nuria Cortés-Francisco

OvokeroyeAbafe

Khanh-Hoang Nguyen

Chris Kassotis

Nina Lohmann

Philippe Bersuder

Ren Zhiyuan

Chen Jiang

Eva Sugeng

14:30 – 16.00
(90 mins)

Session Two – Analytical Methods

OP – 09  Identification of impurities of phosphate and brominated flame retardants
OP – 10 The use of non-targeted GC-Orbitrap in the determination of
 contaminants in human serum
OP – 11  Degradation of polymeric brominated flame retardants: development of  
 an analytical approach using PolyFR and UV irradiation
OP – 12  Interlaboratory study of organophosphate ester injection ready
 test mixtures
OP – 13  Rapid analysis of novel and legacy brominated flame retardants in soil
OP – 14  Simple and fast method for the measurement of ploybrominated
 diphenyl ethers and some novel brominated flame retardants in  
 human serum

Chair: Rainer Malisch
Alwyn Fernandes

Ana Ballesteros-Gómez
Garry Codling

Christoph Koch

William Stubbings

Thomas McGrath
Catherine Pirard



Programme

Plenary Two
What are the implications of flame retardants for birds?

Kim Fernie, PhD - Research
Scientist, Ecotoxicology &
Wildlife Health Science & 
echnology Environment Canada

8:45 -9:30
(45 mins)

Tuesday 9th May
 (Day Two) – 08.45 to 17.30

 End Day One

Coffee Break and Exhibits Oak Room10.45 – 11.15
(30 mins)

16.30 – 18.00
(90 mins)

Session Three – Organophosphorous Flame Retardants

OP – 15  The story of TCPP indoors and outdoors: sources, concentrations and fate
OP – 16  Isopropylatedtriarylphosphate esters (ITPS) in commercial flame retardant  
 mixtures and indoor house dust
OP – 17  Tissue-specific bioaccumulation and potential factors of
 organophosphorus flame retardants in crucian carp
OP – 18  Organophosphate ester in Vitrometabolism, structure-activity relation 
 ships, fate and bioaccumulation potential in polar bears (Ursusmaritimus)  
 and their ringed seal (Pusahispida) prey
OP – 19  Dermal uptake and percutaneous penetration of organophosphate esters  
 in a human skin ex vivo model
OP – 20  The effects of four organophosphate ester flame retardants and BDE-47  
 on endochondral ossification in a murine ex vivo limb bud culture model

Chair: Heather Stapleto 
Mehran Alaee

Miriam L Diamond
Allison Phillips

Choo Gyojin

Adelle Strobel

Marie Frederiksen

Han Yan

9.30 – 10.45 
(75 mins)

Session Four –Flame Retardants in food 
Sonsored by the Royal Society of Chemistry

OP – 21  Occurrence of HBCDs, TBBPA, brominated phenols and their derivative in 
OP – 22  Geographical investigation for polybrominateddiphenylethers in fish  
 collected from UK and proximate marine waters
OP - 23 Ingestion of extruded polystyrene by laying chicken hens results in eggs  
 contaminated withhexabromocyclododecane
OP – 24  Analysis of Dechlorane Plus and related norbornene-based flame   
 retardants in foods by gas chromatography - high resolution
 mass spectrometry
OP – 25  PBDE and HBCDD in pooled human milk samples from WHO/UNEP-coor 
 dinated exposure studies 2000 – 2015 (TBC)

Chair: David Mortimer
Christina Tlustos

Svetlana Malysheva
Sean Panton

Ronan Cariou

DzintarsZachs

Rainer Malisch

11.15 - 12.15
(60 mins)

Session Five -Flame Retardants in Indoor Environments

OP – 26  Legacy and alternative flame retardants in Norwegian and UK indoor  
 environment: implications of human exposure via dust ingestion
OP – 27  Non-target and suspect screening of flame retardants and other   
 compounds in indoor dust from five countries
OP – 28  Organic flame retardants in offices, taxis and outsides in China: hand  
 wipes, surface wipes and dust
OP – 29  Within-room and within-home spatial and temporal variability in
 concentrations of legacy and “novel” brominated flame retardants in  
 indoor dust

Chair: Mohamed Abdallah
Lindsay Bramwell

Katerina Kademoglou

Jacob de Boer

Xiaotuliu

Layla Al-Omran

Lunch and Posters Oak Room/Conference Room12.15 – 13.45 
(90 mins)



Programme

End Day Two – Depart for Dinner at Castle Howard
Great Hall Drinks Reception followed by dinner in the Long Gallery

(Coaches depart at 18.00)

Wednesday 10th May
(Day Three) – 08.45 to 14.00

Chair: Rainer Malisch
Alwyn Fernandes

Ana Ballesteros-Gómez
Garry Codling

Christoph Koch

William Stubbings

Thomas McGrath
Catherine Pirard

14.30 – 15.45 
(75 mins)

Session Six - Health Effects and Toxicology of  Flame Retardants
Sonsored by the Royal Society of Chemistry

OP – 30  TBBPA disposition and kinetics in pregnant and nursing Wistar Han rats
OP – 31  BDE-209 VERSUS Tetradecabromodiphenoxybenzene: differing rates of  

photolytic degradation to dioxin-like products and toxicogenomic  
expression in chicken embryonic hepatocytes

OP – 32  Follicular fluid levels of polybrominated diphenyl ethers (PBDES), gene  
expression in human mural and cumulus granulosa cells and fertility

OP – 33  Prenatal exposure to organophosphate flame retardants and children’s  
growth and development

OP – 34  Flame retardant exposures and the incidence of thyroid cancer: is there
a link?

Vendor Seminar by ThermoFisher
Using Magnetic Sector DFS with DualData XL in a Commercial Dioxin Lab
David Hope, P.Chem. CEO Pacific Rim Laboratories Inc. Vancouver, Canada 

Practical Experiences of Implementing POPs Methods using Orbitrap™ GC-MS
Nuria Cortés, Servei de Química. ÀreaOrgànica. LaboratoriAgència de SalutPública. 
Barcleona, Spain 

Chair: Robert Letcher-
OvnairSepai

Gabriel Knudsen
Robert Letcher

Barbara F Hales

Kate Hoffman
Heather Stapleton
Heather Stapleton

16.15 – 17.15 
(60 mins)

Session Seven– Flame Retardants in Biota

OP – 35  Halogenated flame retardants in stranded sperm whales from
the Mediterranean

OP – 36  Tracing the biotransformation of PCBs and PBDEs in common carp  
(cyprinuscarpio) using compound-specific and enantiomer-specific stable  
carbon isotope analysis

OP – 37  Halogenated flame retardants in peregrine falcon eggs from Greenland –  
concentration development over the last 30 years

OP – 38  Flame retardant versus fluorinated contaminants of emerging concern in  
herring gull and caspian tern eggs from United States colony sites in the  
great lakes of North America

Chair: Jacob de Boer
Danielle Ashton

Ethel Eljarrat

Tang Bin

KatrinVorkamp

Robert Letcher

Coffee Break and Exhibits15.45 – 16.15 
(30 mins)

Plenary Three
Dietary exposure assessment of BFRs by Chinese Total Dietary and Human
Breast Milk Monitoring

Wu Yongning, MD, Ph D -
Chief Scientist and Professor
China National Centrefor Food
Safety Risk Assessment (CFSA)

13.45 – 14.30
(45 mins)

Plenary Four
Do flame retardants make furniture safer?

Richard Hull - Professor of
Chemistry and Fire Science
University of Central Lancashire
(UCLan)

8:45 – 9:30
(45 mins)



Programme 

Conference Ends

9.30 – 10.15 
(45 mins)

Session Eight– Fire Safety, Policy and Regulation

OP – 39  Regulated brominated flame retardants in Irish waste plastics: obstacles  
 to the circular economy?
OP – 40  What about ENVIRONMENTAL QUALITY STANDARDS for PBDEs in   
 European river biota?
OP – 41  Policy shaping flame retardant use and regulation: the role of states and
 future under TSCA reform

Chair: Richard Hul
Shin-ichi Sakai

Martin Sharkey

Ethel Eljarrat

Erika Schreder

10:45 – 12.30 
(105 mins)

Session Nine–Human Exposure to Flame retardants

OP – 42  Indoor sources of and human exposure to brominated flame
 retardants (BFRs)
OP – 43  Assessing children’s exposure to organophosphate flame retardants using  
 passive air samples from the home environment
OP – 44  Polybrominateddiphenyl ethers, polychlorinated biphenyls and persistent  
 pesticides in 7 and 9 year old children and their mothers in the
 Chamacos cohort
OP – 45  Polybrominateddiphenyl ethers (PBDEs) decrease in blood serum from  
 Australian children: 2006-2015
OP – 46  Declines in serum PBDEs in older California women may have reached  
 a plateau (2011-2015)
OP – 47  Emerging and legacy flame retardants in UK human milk and food   
 suggest slow response to restrictions on use of PBDEs and HBCDD
OP – 48  Determination of phenolic organohalogens in human serum from a  
 Belgian population and assessment of parameters affecting   
 human contamination 

Chair: Miriam Diamond
MyrtoPetreas

Miriam Diamond

Stephanie C Hammel

Andreas Sjodin

Leisa-Maree Toms
Jochen Mueller
MyrtoPetreas

Stuart Harrad

Catherine Pirard

12.30 – 12.45 
(15 mins)

Chair: Roxana Sühring
Danielle Ashton

Coffee Break

Student Prizes/Awards Ceremony

12.45 – 13.00
(15 mins)

Introduction to BFR 2019 (Canada)

10.15 – 10:45
(30 mins)

Mehran Alaee

13.00 –  14:30
(90 mins)

Lunch and Posters Oak Room



Posters

Flame Retardants in Abiotic Environments

PP – 01  Release of polybrominated diphenyl ethers from wastewater in China
PP – 02  Long-term temporal and seasonal trends for PBDEs in the UK ambient air
PP – 03  Identification of brominated flame retardants in leachate samples derived from laboratory  

tests of waste electronic and electrical equipment using a high resolution high accuracy  
mass spectrometer

PP – 04  Influence of TOC and particle size on the distribution of PBDEs in landfill soils
PP – 05  Effects of atmospheric boundary layer height on polybrominateddiphenyl ether concentrations  

in air
PP – 06  BDE-209 in air: gas/particle partition and long range atmospheric transportation
PP – 07 Gas/particle partitioning of polybrominated diphenyl ethers in air: subcooled liquid vapor  

pressure vs. octanol-air partition coefficient as descriptors
PP – 08 Novel and legacy brominated flame retardants in the urban soils of Melbourne, Australia
PP – 09 Polybrominated diphenyl ethers (PBDEs) in Concepción bay of central Chile: pattern, fluxes  

and historical record

Flame Retardants - Analytical Methods

PP – 10 Maximised productivity for PBDE, dioxin and PCB analysis using dualdata mode with 
magnetic sector GC-HRMS 

PP – 11 Optimization of automated pressurized liquid extraction and cleanup of PBDE in animal feed
PP – 12 A novel method for quantification of Decabromodiphenyl ether in plastics without sample  

preparation using direct insertion probe – magnetic sector – high resolution mass  
spectrometry

PP – 13 HBCDD in expanded and extruded polystyrene – screening for compliance with low POP  
concentration limits using x-ray fluorescence

PP – 14 Improving the chromatographic capabilities of an atmospheric pressure chemical  
ionisation source

PP – 15 Investigating the in vitro metabolism of NBFRs by trout liver microsomes using a high  
resolution accurate mass benchtop Q-ExactiveOrbitrap mass spectrometer

PP – 16 A fully automated method for the determination  of PCDD/Fs, dioxin-like PCBs, non-dioxin-like  
PCBs and polybrominated diphenyl ethers in food, feed and environmental samples

PP – 17 A development history of PBDE reference standards and internal standards
PP – 18 GC-Q-Orbitrap-based analytical method for the quantification of PBDEs in food commodities

Organophosphorous Flame Retardants

PP – 19 Co-precipitation-assisted coacervative extraction coupled to high-performance liquid  
chromatography: an approach for determining organophosphorus compounds in 
water samples

PP – 20 Estimating Organophosphate Ester (OPE) transport, fate and emissions in Toronto, Canada  
using the Multimedia Urban Model (MUM)

PP – 21 Multigenerational effects of the flame retardant tris (2-butoxyethyl) phosphate (TBOEP)  
in daphnia magna

PP – 22 Organophosphate ester flame retardants and plasticizers in fish and packaged foodstuffs at  
the French level

PP – 23 Brominated and organophosphorus flame retardants in automobile dusts: concentrations and  
emission sources

Flame Retardants in Food

PP – 24 Occurrence of halogenated flame retardants in Belgian foodstuffs 
PP – 25 Results of three years of monitoring plans in France: levels of PBDEs, PBBs, HBCDDs, TBBPA  

and other emerging/novel brominated flame retardants in food

Xian-ZhiPeng
Carola Graf
Khanh-Hoang Nguyen

Okechukwu Jonathan Okonkwo

Nguyen Thanh Dien

Yi-Fan Li
Zifeng Zhang

Bradley Clarke
Karla Pozo

Heinz Mehlmann

Aleksandr Kozhushkevich

Heinz Mehlmann

Martin Sharkey

Simon Hird

Aristide P. Ganci

WimTraag

Huiling Liu

Nuria Cortés-Francisco

Jorgelina Altamirano

Miriam Diamond

Magali Houde

Ronan Cariou

Ovokeroye Abafe

Giulia Poma
Anais Venisseau



Posters

PP – 26 Simultaneous determination of PCDD/Fs, PCBs, PBDEs and PBDD/Fs in fish and mussels from  
the Mediterranean Sea 

PP – 27 PBDEs and brominated dioxins in the eggs of duck and other species 
PP – 28 The determination of HBCDDs, a range of bromophenols, tetrabromobisphenol A and tetrabro 

mobisphenol S in foodstuffs from Ireland 
PP – 29 Flame retardants in wastes recycled in agriculture and the potential for transfer to the  
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1. Introduction 
 
Brominated flame retardants (BFRs) are chemical mixtures that are applied to manufactured products 
in order to inhibit or slow down the ignition in case of fire. It has been shown that BFRs are persistent, 
toxic and bioaccumulative and they have been found in environment due to leaching from the 
products in which they were used. As a consequence, these substances have also reached the food 
chain [1-2]. 
 
The European Commission Recommendation 2014/118/EU [3] on the monitoring of BFRs in foodstuff 
establishes that five classes of BFRs should be analyzed: polybrominated diphenyl ethers, 
hexabromocyclododecanes, tetrabromobisphenol A and derivatives, brominated phenols and 
derivatives, emerging and novel BFR 
 
According to the Recommendation, up to ten polybrominated diphenyl ethers (PBDEs) congeners 
(BDE-28, 47, 49, 99, 100, 138, 153, 154, 183 and 209) should be analyzed in a wide variety of food 
commodities: eggs and egg products, milk and dairy products, meat and meat products, animal and 
vegetable fats and oils, fish and other seafood, products for specific nutritional uses and food for 
infants and small children. The limit of quantification of the analytical methods should be 0.01 ng/g or 
lower. 
 
The Laboratori de l'Agència de Salut Pública de Barcelona (LASPB) has analyzed PBDEs in fish and 
seafood since 2009. The method is currently included in the scope of the accreditation of the 
laboratory following ISO/IEC 17025 requirements. However, new congeners have been included and 
a special effort has been done in order to get lower limits of quantification to fulfill the 
Recommendation requirements. For this purpose, an analytical method based on an extraction with 
ethyl acetate and gas chromatography (GC) coupled to a hybrid Q-Orbitrap has been optimized. The 
new method has been in-house validated. 
 
2. Materials and Methods 
 
2.1. Standards and reagents 
Certified standards of individual PBDE congeners were obtained from Sigma-Aldrich (Steinheim, 
Germany). In addition, 13C-PBDE-47 and 13C-PBDE-209 used as surrogate internal standards were 
supplied by Wellington Laboratories (Wellington, Canada). A standard mixture in methanol containing 
the selected PBDE congeners was used for the preparation of extracted matrix-matched calibration 
solutions ranging from 0.01 to 0.3 ng/g wet weight.  
 
2.2. Samples and Extraction procedure 
In this study, a sample treatment method was optimized for the analysis of PBDEs in fish and seafood 
samples (mussel, catfish stripped, cuttlefish, tuna fish and salmon). Briefly, 10 g of sample was mixed 
with 5 mL of distilled water and shaken vigorously with 15 mL of ethyl acetate (EA) in a Falcon tube. 
Subsequently, partition induced was carried out with EA and the addition of salts (6g MgSO4 and 1.5g 
of NaCl). An aliquot of 10 mL was removed from the upper organic layer and the solvent was 
evaporated to the last drop under a stream of nitrogen. 
The extract residue was re-dissolved in 6 mL of n-hexane and 3mL of sulfuric acid was added. The 
extracts were frozen at -20ºC during 1 hour. The upper layer fraction was separated and evaporated 
under a stream of nitrogen, re-dissolved in 0.3 mL of isooctane and filtered with a 0.45 µm filter into 
an amber vial before analysis. 
 







2.3. GC-EI-Q-Orbitrap analysis 
All GC-EI-Q-Orbitrap experiments were performed in a GC Trace 1310 coupled to Q Exactive GC 
mass spectrometer (GC-Q-Orbitrap) (Thermo Fisher Scientific, Germany). For GC separation of the 
target compounds, a TG-5HT fused-capillary column (15 m x 0.25 mm I.D., 0.1 µm of film thickness) 
was used. GC-EI-Q-Orbitrap was operated in SIM mode (width window m/z 50.0). The resolution was 
set at 30,000 (m/z 200, FWHM) at a scan rate 4 Hz, the automatic gain control (AGC, maximum 
number of ions to fill the C-Trap) was set at 1e6, with an automatic injection time (IT, ion trap opening 
time).The temperatures of the transfer line and ion source were 250ºC and 280ºC, respectively and 
helium was used as carrier gas at a flow rate of 1.5 mL/min. The GC oven temperature program was 
as follows: 40.0 ºC (2 min); 40ºC/min to 350ºC (6 min). Programmed temperature vaporization (PTV) 
was used as injection mode, with a temperature program as follows: injection at 40ºC (0.1min) to 320 
ºC at 5ºC/sec (14 min) and 6 µL were injected. 
 
 
3. Results and Discussion 
 
3.1. Instrumental analysis 
 
The analysis of PBDEs, especially of the highly brominated congeners is a real challenge for many 
laboratories mostly due to the high sensitivity required. Of special concern is the analysis of BDE-209. 
 
In order to achieve these extremely low limits, different analytical strategies have been tested in the 
LASPB. Promising results have been obtained with GC-Q-Orbitrap, but some critical issues, during 
the method development had to be addressed: GC column type, injection method and injection 
parameters, acquisition modes, ion source tune and parameters (e.g. emission current, electron 
voltage). The two most intense ions of the halogenated pattern were selected in a wide SIM window, 
to include the complete isotopic pattern. 
 
We were capable to detect and quantify all the congeners at 0.01 ng/g in the different matrixes 
analyzed. The selectivity and sensitivity of the high resolution technology make this new mass 
spectrometer a good choice for routine analysis of these compounds. An example is shown in Figure 
1. 
 
3.2. Extraction procedure optimization 
 
Based on our experience and according to published literature [5-6], we considered the following 
factors to optimize the extraction procedure: sample amount, sample composition (water and fat 
content), type of extraction solvent, volume of extraction solvent, inorganic salts for partition induced, 
clean-up. The extraction efficiency and the matrix removal were evaluated by preparing replicates of 
spiked samples.  
 
For the extraction step, different solvents were tested and ethyl acetate (EA) was the most efficient 
extraction solvent. Further optimization focused on the extraction step with EA was done, because 
different salts (MgSO4, NaCl, NaAcetate) and amounts of them were tested. It was observed that 
extraction was more efficient if MgSO4 and NaCl were used, with no significant differences when the 
quantity was modified. 
 
The classical clean-up approach for the analysis of PBDEs combines an acid addition with a Silica or 
Florisil SPE step [5]. We have also optimized the clean-up step trying different strategies: d-SPE, 
SPE, acid attack and combination of them. The most effective protocol consisted of sulfuric acid 
addition. Several tests were carried out with different SPE sorbents to evaluate if it was worth adding 
this additional step. Signal intensity was not enhanced (neither signal-to noise ratio) and the removal 
of further matrix interferences was not observed. Moreover, when using this extra step, method 
reproducibility was slightly worse and the time of analysis was enlarged. For this reason, it was 
decided that the final clean-up protocol would only consist on a sulfuric acid treatment.  
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Figure 1. Extracted ion chromatogram of the 10 PBDEs analyzed in tuna fish spiked at 0.01 ng/g analyzed using GC-Q-


Orbitrap. 
 
 
3.3. Method validation 
 
The method was validated using spiked blank tuna fish samples based on 657/2002/EU. The 
following parameters were tested: linearity, precision, trueness, selectivity, limit of quantification and 
uncertainty. 
 
  
3.4. Analysis of real samples 
 
Official control campaigns are every year organized by the Food Health Quality Research Program of 
ASPB, in order to evaluate whether marketed foods comply with the absence and/or established 
tolerance levels of specific parameters. What is more, the European Food Safety Authority (EFSA) 
requested new data on PBDEs as demanded on the Recommendation 2014/118/EU. For these 
reasons, during 2016, 52 fish and seafood samples were analyzed. Almost 50% of samples of 2016-
campaing were found to contain PBDEs. In 2017, a new sampling campaign is starting and new food 
commodities are being analyzed using the analytical method presented above.  
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1. Introduction 


Since 2014, PolyFR is used as a substitute for HBCD on a commercial scale. Different to HBCD, it is 


chemically bonded to the base material and a persistent polymer by design. Thus, PolyFR is claimed 


to be more environmental friendly. However, almost all governmental risk evaluations focus only on 


the polymer itself and leave potential degradation products disregarded. Considering the long life time 


and various life cycle stages of EPS and XPS, abiotic and biotic environmental factors need to be 


taken into account. These factors may lead to a degradation of the commercial polymer and could 


result in smaller molecules with a different toxic potential. An environmental factor that is well known 


for altering the structure of brominated flame retardants (BFR) is ultraviolet (UV) radiation [1–3] and 


heat. 


The goal of this study was to establish an adequate procedure to investigate the possible degradation 


of bulk PolyFR and PolyFR incorporated in EPS under UV irradiation and heat. Besides the search for 


a suitable marker with regard to the level of decomposition, it was also of interest to determine the 


structure of water soluble molecules that may derive from the insoluble PolyFR during degradation. 


Due to the polymeric structure and the fact that PolyFR is a reactive FR, well-tried methods that were 


applicable when working with BFRs, had to be exchanged in order to accomplish this goal. Afterwards, 


the developed methods were applied after heat treatment. 
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2. Material and methods 


A broad overview of the applied methods and intentions for using them is given in Figure 1. 


3. Results 


Measurements using ICP-MS showed that UV irradiation caused the bromine concentration to 


increase over time in the 150 mL samples containing 3.33 g EPS with PolyFR per litre. After irradiating 


for 60 minutes, the bromine concentration raised to 69.21 µg/g EPS of which 2.48 µg/g were bromine 


that leaches out without UV treatment. Treating the 150 mL samples containing bulk PolyFR (3.33 g/L) 


caused an almost linear increase of the bromine concentration as well, but to a much higher extent. 


After 60 minutes, the concentration increased to 17,300 µg/g PolyFR including 57 µg/g bromine that 


can be detected without previous UV treatment. 


Analyses of the adsorbable organically bound bromine in the 350 mL PolyFR samples via CIC, 


revealed comparably low concentrations of organically bound bromine in contrast with the total 


bromine concentrations. The adsorbable organically bound bromine accounted on average only for 


0.96 % of the total bromine measured with ICP-MS. 


After irradiating the samples for 60 minutes, different degradation products were detectable via LC-


MS. 


The mean contact angle flattens with increasing duration of UV treatment (78.95 ° to 22.23 °). 


After 60 minutes of UV treatment, the mean molecular mass of the solid fraction, measured via GPC, 


stays almost the same compared to untreated bulk PolyFR (untreated: 127,300 g/mol; treated: 


125,900 g/mol). The density of PolyFR did not significantly change after UV treatment. 


After irradiating the samples for 60 minutes, changes can be analysed using 1H-NMR in the solid 


fraction of the polymer, mainly within the signals with the chemical shift in the range of 0.5 to 2.5 ppm. 


These signals correspond to protons in the polymer main chain without adjacent bromine atoms and 


broaden after UV treatment for 60 minutes. Similar tests were performed after heat exposure. 


4. Discussion 


Bromine has been chosen as a marker for a possible degradation of PolyFR, because, different to the 


AOBr, it is time efficient and convenient to measure. The bromine concentration raises to over 


17,000 μg/g bulk PolyFR. This equates to 2.84 % of the bromine content of 1 g bulk PolyFR (where 


the bromine content is 61 %). To account for possible free, thus unreacted bromine during industrial 


manufacturing, experiments were carried out without UV treatment. As a result of these, it was 
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calculated, that only 0.33 % of the total bromine concentration leaches out of bulk PolyFR without UV 


irradiation. 


EPS, thus the final insulation product and arguably more realistic scenario, around 1 % per mass 


PolyFR. After UV treatment for 60 minutes, the bromine concentration rose to almost 70 μg/g EPS, 


which is much lower compared to bulk PolyFR. However, when taking the PolyFR content of 1 % into 


account, the bromine concentration gets much closer (40 %) to the observed bromine concentration in 


the bulk PolyFR experiments. The remaining difference might be due to the thicker layer in the EPS 


experiments. 


Although UV irradiation does not seem to change the mean molecular mass distribution or density of 


the solid fraction of PolyFR, changes are observable via 1H-NMR. Broadening within the signals with 


the chemical shift in the range of 0.5 to 2.5 ppm indicate a degradation of the main chain. Possible 


explanations are changes in aromatic compounds or abstraction of bromine containing fragments, 


which would be in line with the increasing bromine concentration and the typical stepwise reductive 


debromination that BFRs undergo when exposed to UV radiation [1,3]. 


As mentioned previously, these changes are reflected in the alteration of the contact angle. The 


smaller the contact angle with water, the more hydrophilic a surface is [4]. Thus, PolyFR becomes 


more hydrophilic when exposed to UV radiation. This is especially important when considering other 


environmental factors, like biodegradation. 


All of the detected degradation products were brominated. Taking into account that the parent 


compound PolyFR does not have brominated aromatic structures, bromine needs to be added to 


these structures. Based on the fact, that only brominated molecules were found in the samples, this 


addition might either occur to the aromatic structure while still attached to the polymer itself or very 


rapidly in solution. 


This study gives a first approach for studying the environmental degradation of BFRs, particularly 


polymeric ones, as an effect of exposure to UV radiation and heat. However, further studies should be 


conducted to use this approach in an environmentally more relevant scenario, because possible 


degradation caused by UV irradiance and heat is important to take into account when assessing the 


risk at all life cycle stages of bulk PolyFR and products that contain this BFR. 
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INTRODUCTION 


Since the1970s, flame retardants have been added to consumer products to meet flammability 
standards, including California's Technical Bulletin 117. Due to the widespread use, Americans 
have much higher levels of flame retardants in their bodies than others, and California children 
have some of the highest levels ever reported1. Regulatory and voluntary measures resulted in 
the discontinuation of the use of PBDEs2, but few US data are available to evaluate the success 
of the phase-out.  Using serum collected between 2011 and 2015 from over 1,200 older 
California women, we conducted a temporal analysis of serum PBDEs.  


 
MATERIALS AND METHODS 


The study population consisted of 1,253 participants drawn from the California Teachers 
Study (CTS), a prospective cohort study of 133,479 female school employees3. Participants had 
no prior history of breast cancer, lived in California, and completed a questionnaire at blood 
draw.   


Blood was collected into a 10 mL BD® tube (catalog#367985, Becton Dickinson). At the 
laboratory, specimens were stored at -20 °C until analysis. Samples were analyzed using 
automated solid phase extraction (Biotage) and gas chromatography/high resolution mass 
spectrometry (DFS, ThermoFisher).4  Briefly, samples (2 mL) were fortified with labeled 
standards and formic acid and water were added. Oasis HLB cartridges (3 cc, 500 mg, Waters 
Co.) and acidified silica were used for sample extraction and clean-up. The final eluates were 
concentrated and spiked with recovery standards. Bovine serum pre-spiked with target analytes 
and NIST SRM 1958 were used for QA/QC.  


Only three congeners with detection frequencies (DF) greater than 75% were included in 
the current analysis.  Temporal trends were initially evaluated by plotting the concentration 
versus the date of collection.  Linear models were used to regress the log10-transformed serum 
concentration on serum collection date.  Time trend coefficients (β) were converted to annual 
percent increase (API) by API = 100*(10β - 1).  


RESULTS AND DISCUSSION 
 Summary statistics are shown in Table 1 and concentrations are plotted against date of 


serum collection (Figure 1).   Concentrations of all three congeners displayed considerable 
variability. While no dramatic temporal trends are obvious, linear and spline fits suggest a 
modest increase in concentrations.    


For both BDE-47 and BDE-100, the final regression models included only race/ethnicity; 
for BDE-153 it included only age.  Table 2 presents results from linear regression models, 
expressed as the estimated average annual percent increase (API) in PBDE concentrations. Our 
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results indicate that, in this population of older adult California women, average PBDE levels 
modestly increased between 2011and 2015.  


While our study population is the largest ever studied, some limitations are worth noting.  
Although we adjusted for temporal differences in age and race/ethnicity, our results could be 
biased by confounding by unmeasured factors. Our regression models only captured a small 
proportion of the overall variability in PBDE levels and the confidence intervals for our beta 
coefficients were wide. Consequently, estimates of average API should be interpreted with 
caution.  A strength of our study is that all participants were selected from the same well-defined 
underlying population of CTS participants.  


 Our results differ from those of three studies that reported secular decreases in US PBDE 
levels.5-7  One possible reason for the discrepancy is the marked difference in age groups that 
were evaluated. Our population was comprised entirely of older women while these other studies 
focused on newborns, pregnant and lactating women.  It is possible that observed differences 
reflect age-related differences in the uptake, metabolism or elimination of PBDEs. Few studies 
have examined PBDEs among older women as did ours.  An analysis of NHANES (2003-2004) 
did note a two-fold increase in the proportion of participants over the age of 60 with BDE-47 
concentrations above the 95th-percentile.8  Our results suggest that identifying determinants of 
PBDE levels among older individuals may be important.    


It has been hypothesized that, following the PBDE phase-out, temporal trends in PBDE 
body burdens would mirror trends observed for PCBs, with an initial sharp decline, followed by 
a plateau.9  Our results support this hypothesis.  The fact that we do not observe declines, and see 
some evidence for increases, suggests that any initial declines following the PBDE phase-out 
may no longer be occurring.   
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Table 1. PBDE serum concentrations among 1,253 study participants.  


 Serum Concentration (ng/g lipid) 
Compound Detection 


Frequency  
Mean Median Minimum  Maximum 


BDE-47 88%  25.24 13.37 1.94 749.67 
BDE-100 78%  5.04 2.33 0.30 186.31 
BDE-153 80%  11.88 4.89 0.74 379.31 
Table 2. Annual Percent Increase (API) in PBDE serum concentrations: results from linear 
models.   


 Unadjusted Adjusted a 
Compound API b 95% CIc p-value APIb 95% CIc p-value 
BDE-47  4.0  −0.42, 8.6  0.0770  5.6  0.99, 10    0.0170 
BDE-100  10.0  5.5, 16 <0.0001  12.0  6.8, 17  <0.0001 
BDE-153  7.4  2.4, 13   0.0036  7.1  2.1, 12    0.0047 
a BDE-47 and BDE-100 adjusted for race/ethnicity; BDE-153 adjusted for age. 
b Annual Percent Increase (API) converted from time trend coefficients (β) obtained from 
regressing log10 PBDE concentration (ng/g lipid) on date of sample, expressed as year and 
fraction of a year, where API = 100*(10β - 1). 
c CI = 95% confidence interval. 
 







Figure 1. PBDE serum concentrations (ng/g lipid) by date of serum collection.a  
a Dashed blue line and gray shading in plots for BDE-47 and BDE-153 denote spline fit and 95% 
confidence interval (spline for BDE-100 was identical to the linear fit); red line denotes linear fit; 
Dashed black line denotes overall mean (i.e., a null association). Percent of variance accounted 
for by marginal spline fits ranged from 1% for BDE-47 to 2% for BDE-153. 
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1 Introduction 


The occurrence and fate of brominated flame retardants (BFRs) in the environment are topics of 
increasing concern. In recent years, numerous studies about their global transport, UV degradation, 
bioaccumulation and toxicity were performed to assess their environmental fate. As a result, most of 
the first generation BFRs are banned or restricted, and replaced by new ones. However, based on 
similar properties these new compounds may also pose a serious risk by causing adverse effects to 
human health and the environment. According to the European Food Safety Authority (EFSA) the 
class of the “emerging” BFRs are defined as compounds that have been identified in any 
environmental compartments, but the potential for degradation or bioaccumulation of these emerging 
BFRs is partially unknown [1]. 
A representative of this class of compounds is the heterocyclic TDBP-TAZTO (Table 1) which was 
first detected in mollusks from Chinese bohai sea [2] and in environmental matrices near a 
manufacturing plant in southern china [3]. Furthermore, Wang et al. describe that the growth of the 
alga Nannochloropsis sp. is inhibited by TDBP-TAZTO in a concentration dependent manner [4] but 
the photo-chemical behavior as well as the formation of possible photo-transformation products 
(PTPs) are still unknown. In order to clarify this complex issue photo-degradation experiments were 
by determining the rate constants and degradation half-life times of TDBP-TAZTO in different solvent 
compositions.  
 


Table 1: Chemical structure and main physico-chemical properties of TDBP-TAZTO [1]. 


Structure CAS no. MW LogKOW KOC 


O


O O


N N


NBr Br


Br


BrBr


Br


 


52434-90-9 728.69 g mol-1 4.45 6260 


 
In this study, the photodegradation of TDBP-TAZTO was performed for the first time to identify its 
photolysis products and to get a first understanding about the main degradation pathway in environ-
mental matrices. 


2 Materials and methods 


Chemicals 


Acetonitrile (HPLC-grade), methanol (HPLC-grade) and formic acid (98-100 %) were purchased from 
Merck (Darmstadt, Germany). TDBP-TAZTO (>97 %), 2-propanol (99 %), hydrogen peroxide 
solution (30 %) and sodium azide (99 %) were obtained from Sigma Aldrich (Munich, Germany). 
Ultrapure water was produced by a Seralpur PRO 90 CN system (Ransbach-Baumbach, Germany). 
 
Irradiation experiments 
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A water-cooled laboratory UV-reactor equipped with a 150 W medium pressure mercury lamp (TQ 
150, Heraeus Noblelight, Hanau, Germany) and an external magnetic stirring device were used for all 
irradiation experiments (λ = 200–280 nm). For the irradiation studies, 200 mL of a 50 µM solution of 
TDBP-TAZTO in a 55 : 45 volume mixture of acetonitrile and water were placed in the reactor vessel 
and constantly stirred (600 min- 1). To investigate the role of OH radicals H2O2 (1/10 mM) and the 
scavenger 2-propanol (5/50 mM) respectively, were added before irradiation. Furthermore, to 
determine the effect of 1O2 the scavenger NaN3 (1/10 mM) was added. The water cooling system of 
the UV-reactor was set to 10 °C. After equilibration, the UV-lamp was activated and samples (1 mL) 
were collected with a glass syringe connected to a flexible stainless steel capillary at 0, 5, 10, 20, 30, 
40, 50 and 60 min. All UV experiments were performed in triplicate. 
 
2.3 Analytical methods 


The primary detection of photo-degradation products was performed by high performance liquid 
chromatography (HPLC) analyses using an Agilent 1200 series HPLC system hyphenated to a 6130 
single quadrupole mass spectrometer equipped with an electrospray interface (Agilent Technologies 
GmbH, Waldbronn, Germany). The chromatographic separation was achieved using a Gemini® C18 
analytical column (100 x 2 mm, 3 µm particles; Phenomenex®, Aschaffenburg, Germany), preceded 
by a Gemini® C18 guard column (4 × 2 mm, 3 μm particles). The mobile phase consisted of 0.1 % 
formic acid in water (A) and a 80 : 20 volume mixture of methanol : acetonitrile (B). The gradient 
elution program was applied as follows: starting conditions 40 % eluent B, 0–240 min, 100 % B; 240–
240.1 min, 40 % B; 240.1–250 min, 40 % B. The solvent gradient was adopted for a total run time of 
250 min, while 10 min were used for column regeneration. The flow rate was at 250 µL min- 1. All 
sample and standard solutions were injected in triplicate with an injection volume of 10 μL.  
HPLC-MS/MS analyses were performed on an 1200 series HPLC system from Agilent Technologies 
(Waldbronn, Germany) hyphenated to an API4000 QTrap® MS/MS system (Sciex, Darmstadt, 
Germany). The chromatographic separation was performed as described above. The instrument was 
operated in multiple reaction monitoring (MRM) mode with negative electrospray ionization and 
recording two transitions simultaneously in unit resolution (quantifier (m/z) 727.7  81.0, qualifier 
727.7  79.0). The following ion source parameters were used: ion spray voltage, –4500 V; 
temperature, 475 °C; ion source gas 1, 45 a.u.; ion source gas 2, 72 a.u.; curtain gas, 10 a.u.; collision 
gas, 12 a.u.. The optimized MRM compound specific parameters were: declustering potential, –40 V; 
entrance potential, –10 V; collision energy, –62 V; collision cell exit potential, –5 V; dwell time, 
50 ms. 
High resolution MS analyses were performed on a Finnigan LTQ FT ultra high performance ion trap 
based fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer (Thermo electron 
corporation, Bremen, Germany) equipped with a 7 Tesla superconducting magnet and working in 
negative electrospray ionization conditions with a spray voltage of 2.4 kV. Mass resolving power was 
100,000 (FWHM) at m/z 400. FT-ICR mass spectra were acquired within a range of 350 to 1,000 m/z. 
 
3 Results and discussion 


Determination of the degradation kinetic 


The results of the kinetic studies with and without different additions are shown in Table 2. The 
scavenger 2-propanol (2-propanol + ·OH  propan-2-one) and H2O2 were independently added to 
investigate the role of OH radicals during the UV irradiation of TDBP-TAZTO. Further investigations 
with NaN3 were performed to clarify the potential of indirect photolysis with singlet oxygen (1O2). In 
order to estimate the degradation kinetics of TDBP-TAZTO, the first order relation was used to 
calculate the rate constants (k) and the half-life tims (t1/2). A significant inhibition of the rate constant k 
and a subsequently increasing half-life t1/2 could be determined by the addition of H2O2 and 2-propanol 







respectively. Based on these parameters the degradation behavior during the UV irradiation with 
different concentrations of H2O2/2-propanol were almost identical and were both slower compared to 
TDBP-TAZTO itself. It might be reasonably assumed that other competing reactions preferentially 
proceed and the PTPs can be formed only after a certain time. One possible reason for the observed 
issue is that H2O2 itself can absorb UV light, which can reduce the light absorption of TDBP-TAZTO. 
In addition, the reduction of the rate constant with 2-propanol shows that OH radicals play a 
significant role in the photo-chemical process of TDBP-TAZTO. 


During the addition of NaN3 under UV irradiation it has no inhibition but a promoting effect on the 
photodegradation in both concentration levels. Therefore, two explanations may be possible: 1) no 1O2 
was generated in the reaction solution under UV-(C) and/or 2) NaN3 itself formed by-products with 
TDBP-TAZTO. Comprehensively, the results indicate that 1O2 has a low contribution to the indirect 
phototransformation and the direct photolysis is the main photo-degradation pathway for TDBP-
TAZTO. 
 


Table 2: Degradation kinetic parameters with different additions to TDBP-TAZTO (n = 3). 


conditions k (min-1) t1/2 (min) R2 
without 0.0409 ± 0.0054 17.0 ± 2.2 0.9915 
10 mM H2O2  0.0038 ± 0.0003 184.7 ± 15.4 0.9829 
100 mM H2O2 0.0038 ± 0.0019 181.5 ± 87.8 0.9896 
5 mM 2-propanol 0.0191 ± 0.0017 36.3 ± 3.2 0.9863 
50 mM 2-propanol 0.0197 ± 0.0001 35.1 ± 0.2 0.9951 
1 mM NaN3 0.0534 ± 0.0001 13.0 ± 0.02 0.9954 
10 mM NaN3 0.0818 ± 0.0063 8.5 ± 0.7 0.9758 


k – rate constant (k = (ln(C/Co)/t)); t1/2 – half-life (t1/2 = ln2/k); R2 – coefficient of determination 


Identification of photo-transformation products 


The chromatogram of a TDBP-TAZTO solution irradiated for 120 min is shown in Figure 1. The 
appearance of new peaks with different mass to ratio and isotopic pattern compared to TDBP-TAZTO 
was an indicator for the formation of PTPs. For TDBP-TAZTO, overall six new peaks with 12 main 
degradation products could be observed by HPLC-MS. The chromatographic behavior (Figure 1) 
demonstrated that all PTPs formed have probably a higher polarity than TDBP-TAZTO (Rt = 85.565). 
Based on the corresponding mass spectra for the respective peaks shown in Figure 2 it is not possible 
to assign one m/z relation to each peak until now.
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Figure 1: HPLC-ESI--MS 
chromatogram of TDBP-
TAZTO (c = 50 µM) and 
its PTPs after 120 min 
UV-(C) irradiation 
(0.1 % HCOOH in 
H2O : ACN). 
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Figure 2: MS spectra 
(ESI-) of TDBP-TAZTO 
(c = 50 µM) and its PTPs 
after 120 min UV-(C) 
irradiation (0.1 % 
HCOOH in H2O : ACN); 
marked PTPs are 
described in Table 3. 


To identify these PTPs and to postulate a photo-chemical degradation mechanism high resolution mass 
spectrometry measurements were performed. As a result, the UV-induced debromination and the 
hydroxylation at the alky chain could be determined as the main degradation pathways (Table 3). The 
position of the elimination of the bromine atoms and the hydroxylation is still unclear due to the high 
symmetry. For this purpose, the PTPs will be isolated by preparative HPLC and to elucidate their 
structure by using NMR spectroscopy and x-ray crystallography. 
 


Table 3: Accurate and exact mass of PTPs after 120 min UV irradiation. 


Experimental mass 
[M-H]- 


Theoretical Mass 
[M-H]- 


∆m/z δm/m (ppm) Molecular 
formula 


PTPs 


647.7845 647.7833 0.0012 1.9 C12H18Br5N3O8 4 


527.7423 527.7420 0.0003 0.6 C9H11Br4N3O3 7 


663.7794 663.7792 0.0002 0.3 C13H19Br4N3O8 8 


709.7002 709.6999 0.0003 0.4 C13H18Br5N3O6 10 


681.7052 681.7050 0.0002 0.3 C12H18Br5N3O5 11 
∆m/z – absolute mass accuracy; δm/m – relative mass accuracy = (∆m/z)/(m/z)exact * 106 
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Introduction  
 
Polybrominated diphenyl ethers (PBDEs) are a class of brominated flame retardants 
(BFR), accounting for 33% of the worldwide BFR production in 2001. They are listed as 
priority substances within the European Union Water Framework Directive, and their 
occurrence in the environment has been a cause of growing concern. PBDEs have been 
widely used as flame retardants and was used in polyurethane, foams, computers, paint 
and plastic to reduce fire risk. PBDEs are tend to bio-accumulate through the food chain.  
Several studies have reported the occurrence of these chemicals in environmental and 
human body fat. Detection levels of PBDEs in human is important in order to estimate 
exposure to these chemicals. Monitoring of PBDEs in humans has been started only 
recently and no date available from Qatar population. However, PBDEs levels in humans 
are on the order of nano-gram per gram of lipid weight. Most of the work has been 
carried out by sensitive systems, such as electron impact selective reaction monitoring 
mass spectrometry (EI_SRM), were mass of the molecular ion and product ion for each 
level of brominated is recorded. The advantage of electron ionization mode is to reduce 
the miss-interpretations of interfering substances and allows the use of 13C-labeled 
standards (as internal standards) which resulted in obtaining more quantification accurate 
results. In this context, an analytical method was developed for the simultaneous 
measurement of tri- to decaBDE from adipose human tissue. Therefore, our primary 
objectives were: (1) to analyze human adipose tissue specimens from Qatar population, 
and (2) to explore levels of PBDEs in order to understand the pattern of exposure. 


 


Materials and methods 
 
Pure standards (1.2 ml 1000 ng/ml, 2000 ng/ml and 5000 ng/ml) of each certified 
standard solutions of PBDE, catalog number: EO-5405 (3, 7, 15, 17, 28, 47, 49, 66, 71, 
77, 85, 99, 100, 119, 126, 138, 153, 154, 155, 166, 181, 183, 190, 203, 205, 206, 207, 
209)  congeners were purchased from Cambridge Isotope Laboratories (Andover, MA, 
USA). Pure internal standards (1.2 ml 1.0 ug/ml, 2.5 ul/ml, 5.0 ug/ml and 25 ug/ml) of 
each certified internal standard solutions of PBDE, catalog number: EO-5426 (13C12-15, 







8th International Symposium on Brominated Flame Retardants 


13C12-28, 13C12-47, 13C12-99, 13C12-153, 13C12-154, 13C12-183, 13C12-197, 13C12-206, 13C12-
209 and 13C12-209) were purchased from Cambridge Isotope Laboratories (Andover, MA, 
USA).  
Before sample extraction, the internal standards (including 13C-PBDEs) were added into 
the adipose tissue. Adipose tissue sample was homogenized with anhydrous sodium 
sulfate/ diatomaceous earth. Aliquot of the extract was evaporated and the residues were 
weighted for lipid determination.  Place the cells filled with the adipose tissue sample and 
acidic silica (40%) onto the ASE300. Label the appropriate numbers of collection vials 
and place these into the vial carousel. Set up the extraction method and begin the 
extraction. Using the following extraction conditions:  Solvent: hexane: DCM (9:1); 
temperature= 80 oC; pressure= 1500 psi; static time= 5 min; static cycles= 2; flush= 60% 
and purge= 240 s. The quantification of PBDEs was performed using thermo-TSQ, in an 
electron ionization (EI) mode with MS-MS. The separation procedure and the monitored 
ion fragments of all BDE congeners has been achieved by fragment the parent ions and 
quantified using two parent ions and two daughter ion. For BDE-209 are performed using 
15 m column, with a DB-5 column (15 m × 0.25 mm internal diameter and 0.25 μm film 
thickness). The GC oven temperature was programmed as follows: the initial temperature 
of 120°C was maintained for 2 min, which was then increased to 250°C at a rate of 25°C 
min−1, followed by a 15.0 °C min−1 increase to 260°C and finally at 25.0 °C min−1 


increase to 300°C for 15 min. The GC was equipped with a programmed temperature 
vaporization (PTV) injector run in the split-less mode, which was set at 80oC with a split-
flow of 100 ml/min and a split-less time of 1.5 min. The flow rate was 1.2 ml/min with 
helium as carrier gas. 


 
Results and discussion 
 
The method allows the determination of PBDEs congeners from mono-PBDEs to deca-
PBDEs. The five major PBDE congeners (BDE 28, 47, 99, 100, and 153) at 
concentrations below 1 ng/g lipid weight was achieved. 
Among the 28 PBDEs profile, seventeen PBDE congeners were identified (BDEs 28, 66, 
71, 77, 100, 119, 85, 155, 154, 153, 138, 166, 183, 181, 191, 205 and 207) in human 
adipose tissue (subcutaneous and omental tissue). BDE-66 was found to be the dominated 
congener, followed by BDEs 181, 191, 183, and 138. BDEs 153, 154, 166, 205 and 207 
were also detected in most human adipose tissue samples. Total PBDEs concentration (as 
a sum of all counted congeners) were ranged from 0.18 to 22.94 ng/g lipid weight. Tri- to 
hepta-BDEs in adipose tissue, the major BDEs congeners monitored (BDEs 28, 66, 71, 
77, 100, 119, 85, 155, 154, 153, 138 and 183) were identified in most of the analyzed 
samples. The total concentration calculated for these congeners ranged from 0.18 to 11.90 
ng/g lw. However, for the octa- to deca-PBDEs in adipose tissue, BDE-205 and BDE-207 
could be quantified in the analyzed samples, at concentration levels 0.66 ng/g lw and 0.43 
ng/g lw. The distribution of the median and the range of the PBDEs among the selected 
human adipose tissue is presented in Fig. 1. 
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A chromatogram for the separation of the subcutaneous adipose tissue sample are shown 
in Fig. 2. 


 
Fig. 2 Chromatogram of subcutaneous adipose tissue sample (221_SC) for the 
separation of PBDEs using GC-MS- SRM. 


 
The results clearly demonstrate the presence of high molecular weight PBDEs in human 
adipose tissue. This suggest to conduct a further investigation to carry on related to these 
substances in order to understand the extend of occurrence in adipose tissue and how they 
represent a toxicological hazard for human health. The results clearly show the ubiquitous 
occurrence of PBDEs in the tested samples from Qatar, 
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This is the first study to report levels of PBDEs in human adipose tissue from Qatar. The 
results should treated with caution, as they are based on a small sample size. Levels of 
PBDEs in more than 20 Qatari human adipose tissue samples were analyzed and the 
results were compared with the values from Europe and rest of the words.  
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Introduction 
 
Hexabromocyclododecane（HBCD, C12H18Br6）, which is used as a flame retardant 
additive, could delay the ignition and slow the following fire growth during the use of 
vehicles, building, or articles and the storage of certain materials. The majority use of 
HBCD is in flame-retarded expanded polystyrene (EPS) and extruded polystyrene 
(XPS) foam in the field of insulation materials of construction. HBCD also could use 
as flame retardant in the back-coatings for upholstery and other interior textiles, 
including automotive applications. The electric and electronic appliances (high impact 
polystyrene/HIPS) is also one application of HBCD. 1 
The sixth meeting of Conference of the Parties to the Stockholm Convention, which 
held at May 2013, adopted an amendment to Annex A to the Convention to list HBCD 
with specific exemptions for production and for use in EPS and XPS in buildings. 2 
Each Party that has registered for the exemption shall take necessary measures to 
ensure that EPS and XPS containing HBCD can be easily identified by labelling or 
other means throughout its life cycle. 
On 2 July 2016, the Standing Committee of the National People’s Congress of China 
reviewed and ratified “The Amendment to ‘Stockholm Convention’ Newly Listed 
HBCD”. China has banned the produce, use, import and export HBCD except for 
specific exemptions of production and use for EPS and XPS in buildings. The 
Amendment came into force since December 27, 2016. 3  
With limited management and control regulatory instruments and the information of 
substitutions, the regulations, production, consumption, and substitution were 
investigated and analysis in this study. The National strategy and action plan of 
control HBCD were proposed to fulfill the obligation of Stockholm Convention.  
 
Materials and method 
 
In this study, the management and control regulatory instruments of developed 
countries, such as European countries, United States, Canada, and Japan, were 
thoroughly investigated. The substitutions and best available techniques and best 
environmental practices for HBCD were achieved in Draft guidance on best available 
techniques and best environmental practices for the production and use of 
hexabromocyclododecane listed with specific exemptions under the Stockholm 
Convention.4（UNEP/POPS/COP.8/INF/16）. With comparison of the production, 







consumption, and substitution in China, the gaps and challenges between China and 
developed countries were evaluated and the strategical suggestions for China were 
proposed.  
 
Results and discussion 
 
Nations and regional action taken on regulatory instruments 
The regulatory instruments on HBCD in most of developed countries could be divided 
into two categories, forbidden and control, which represented by EU and US, 
respectively. Japan eliminated the production and use of HBCD by 2014. US 
completed the substation of major applications now. Canada completed elimination of 
HBCD at December 2016. EU set up the date of August 2017 of HBCD elimination.  
The regulatory instruments of most of nations and region are illustrated in following 
table 1.  
Table 1 the regulatory instruments of most of nations and region1,5 
Nations 


and 
region 


Act/ Regulation/ Catalog Main Content 


EU 


Registration, Evaluation, 
Authorisation and Restriction 


of Chemicals (REACH) 


List HBCD into the list of a Substance of Very 
High Concern (SVHC) 


Taking effect in 2015, HBCD can no longer be used 
without authorisation. 


CLP (classification, labelling 
and packaging) Regulation 


(CLP) 


Products contain HBCD, which sales in EU market, 
need to apply CLP Regulation for classification, 


labelling and notification. 
Restriction of Hazardous 


Substances Directive (RoHS) 
List HBCD into the list of high priority substances 


Priority substances under the 
Water Framework Directive 


Require limitation of the discharge of HBCD into 
waterbody, and take appropriated measure to 


eliminated HBCD in waterbody 


Norway 
Prohibition on Certain 


Hazardous Substances in 
Consumer Products（PoHS） 


Prohibition on consumer products that contain 
certain hazardous substances 


US 


Toxic Substances Control Act
（TSCA） 


Require notice USEPA 90 days before produce, 
import or process HBCD. USEPA will decide 


whether to prohibit or restrict the activities (expect 
the textile for automobiles).   


Maine state Kid Safe Product 
Act（KSPA） 


List HBCD into Chemicals for High Concern
（CHC）the limit of HBCD in kids products should 


not exceed 100ppm 
Washington State Children’s 


Safety Product Act（CSPA） 
List HBCD into Chemical High Concern to 


Children（CHCC） 
Require the enterprises which use HBCD in kids 
products to notify authorities the application of 


HBCD in products 


Canada6 


CANADIAN 
ENVIRONMENTAL 


PROTECTION ACT（CEPA）
Prohibition of Certain Toxic 


Substances Regulations, 2012 


Include HBCD into CEPA in 2012 
By January 1, 2017, the manufacture, use, sale, 


offer for sale or import of HBCD, as well as 
expanded and extruded foams and intermediary 


products containing HBCD used in 
building/construction applications will be 


prohibited. 







Nations 
and 


region 


Act/ Regulation/ Catalog Main Content 


Japan Chemical Substances Control 
Law 


Designated as a Monitoring Chemical Substance 


China 


Hazardous Chemicals 
Catalog7  (2015) 


Product Catalog of High 
Pollution, High 


Environmental Risk (2015) 


Include HBCD into Hazardous Chemicals Catalog. 
The production, storage, use, transportation and 


operation of HBCD should follow the Regulations 
on the Safety Administration of Hazardous 


Chemicals  
Chinese Strictly Restrict 


Import and Export of Toxic 
Chemicals Catalog8 


Since January 1, 2017, the enterprises of import or 
export of HBCD should apply to MEP for 


environmental management registration of import 
toxic chemicals and the environmental management 
release notice of import and export toxic chemicals  


 
Production, consumption, use and substitution 
HBCD has been on the world market since the late 1960s. Historically, HBCD was 
produced in China, Europe, Japan, and the USA. The historical annual production 
globally is approximately 28,000 tonnes per year around 20101.  
HBCD was introduced to China at 1990s, the production and application increased 
gradually. The annual production of HBCD was 9,000 to 10,000 tonnes in 2009 and 
15,000 tonnes in 20101. To adapt the requirements of energy saving of constructions, 
the demand for flame retardant EPS and XPS has increased rapidly. The accumulated 
production of HBCD is about hundreds of thousands tonnes. In China, HBCD was 
only used for the production of flame-retarded EPS and XPS foam in the field of 
insulation materials of construction, in which 80% HBCD uses in flame-retarded EPS 
foam and 20% HBCD uses in flame-retarded XPS foam, respectively. The additive 
amount of HBCD in EPS foam is 0.9%-1.5%. The additive amount of HBCD in XPS 
foam is 2.5%-4%. 
The substitution techniques include the substitution of flame retardant additive and 
the substitution of flame-retardant insulation materials. Companies from US and 
Israel has developed Butadiene-styrene brominated copolymer as alternatives and it is 
commercially available in the international market. The equivalent cost of alternatives 
might be 15-25% higher than HBCD’s. Non-flame retarded EPS and XPS insulation 
foams with the feature of prevent catching fire are also developed for the market.4 


However, the performance and environmental risk of alternative techniques need to be 
further evaluated. 
    
Conclusions 
 
Comparing with developed countries and region, there is limited regulatory 
instruments were applied in China. There is no discharge limit, environmental quality 
standard and monitoring methods of HBCD developed in China. China face the 
challenges not only in regulation but also in risk management, substitution/techniques, 
labelling, public awareness, and etc. The strategical suggestions for China is proposed 
that: 







1. Strengthen the management of HBCD production and application enterprises. 
Carry out compulsory cleaning production audit nationwide.  


2. Develop HBCD limit in construction insulation board. Establish the labelling 
method of HBCD in EPS and XPS foam.   


3. Strengthen the import and export management of HBCD.  
4. Establish the environmental risk evaluation system for substitutions. Encourage 


the research and development of substitutions. 
5. Carry out the monitoring and evaluation of HBCD in environmental media. 


Establish correspondent environmental monitoring standard and method.  
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Introduction  
Brominated flame retardants (BFRs), such as polybrominated diphenyl ethers (PBDEs), have been largely used in a 
variety of consumer products for many decades in order to inhibit the initial phase of a developing fire and prevent 
human injury. Furthermore, incineration of waste containing BFRs can also generate persistent environmental 
contaminants such as polybrominated dibenzo-p-dioxins and furans (PBDD/Fs). The structural similarity of 
PBDD/Fs and PBDEs to dioxins and polychlorinated biphenyls (PCBs) and their consistent detection in biota and 
environmental samples are evidence of the persistent nature of these contaminants. In addition, these contaminants 
are chemicals of concern because of their persistence, bioaccumulation, and potential for toxicity, both in animals 
and in humans.1-4  
Human exposure to these contaminants can occur from a variety of routes, including consumption of contaminated 
food. Therefore is important to evaluate the occurrence of these contaminants in food, in order to estimate the 
human dietary exposure to these compounds. 
Aim of this study was to evaluate the levels of PCDD/Fs, dioxin-like PCBs (DL-PCBs), non-dioxin-like PCBs 
(NDL-PCBs), PBDEs and PBDD/Fs in fish samples. This study is part of a larger investigation that is still ongoing. 
 
Materials and methods 
Sampling  
A total of 60 samples (including eggs, meat, milk, fish and mussels) were randomly collected between January 2014 
and February 2016 by the regional veterinary services, covering the national territory. The samples were stored 
frozen prior to analysis. Up to now, 21 samples of fish and mussels have been analyzed for PCDD/Fs, DL-PCBs, 
NDL-PCBs, PBDEs and PBDD/Fs. Details on the fish and mussel species are reported in Table 1. Fish samples 
were collected from the Mediterranean sea off the coast of Sicily and Apulia. Samples of mussels were collected 
from aquaculture industry in mussel farming located near the industrial area of Taranto, known to be contaminated 
by PCDD/Fs and PCBs. 
Analytes and standards 
The following analytes were determined: the 17, 2378-chloro-substituted PCDD/Fs; non-ortho-substituted PCBs 
(IUPAC numbers 77, 81, 126, 169); mono ortho-substituted PCBs (IUPAC numbers 28, 52, 101, 105, 114, 118, 
123, 138, 153, 156, 157, 167, 180, 189); PBDEs (IUPAC numbers 28, 47, 66, 85, 99, 100, 153, 154, 183); and 14 
PBDD/Fs (2,3,7,8-TeBDF, 2,4,6,8-TeBDF, 1,2,3,7,8-PeBDF, 2,3,4,7,8-PeBDF, 1,2,3,4,7,8-HxBDF, 1,2,3,4,6,7,8-
HpBDF, OBDF, 2,3,7,8-TeBDD, 1,2,3,7,8-PeBDD, 1,2,3,4,7,8-HxBDD, 1,2,3,6,7,8-HxBDD, 1,2,3,7,8,9-HxBDD, 
1,2,3,4,6,7,8-HpBDD, OBDD). 
Reference standards, native as well as 13C labelled, were obtained either from Wellington Laboratories Inc. Ontario, 
Canada or from Cambridge Isotope Labs, MA, USA (13C12 labelled standards used as internal standards are given in 
bold). All internal standard solutions were prepared in iso-octane. The internal standard solution for the PCDD/Fs 
contained nominal concentrations of 5 ng/ml for tetra to hepta-substituted congeners and 10 ng/ml for octa-
substituted congeners. The internal standard solution for the PCBs and the PBDEs contained nominal concentrations 
of 25 ng/ml of 13C12 labelled PCBs and 20 ng/ml of 13C12 labelled PBDEs. The internal standard solution for the 
PBDD/Fs contained nominal concentrations of 10 ng/ml for tetra-penta-substituted congeners, 25 ng/ml for hexa-
hepta-substituted congeners and 50 ng/ml for octa-substituted congeners. 
Extraction and clean-up 







All equipment was cleaned and thoroughly rinsed with dichloromethane prior to use. Vials were kept capped while 
flasks and concentration tubes were covered with cleaned aluminium foils to avoid direct sunlight and airborne 
contamination of containers.  
Samples were tested by a validated and accredited method (EN ISO/IEC 17025) routinely used for PCDD/Fs, DL-
PCBs, NDL-PCBs and PBDEs analysis in food and, successfully tested in a number of inter-laboratory studies.  
This method was slightly modified in the automated clean-up procedure and instrumental analysis to optimize the 
performance for the determination of PBDD/Fs. Before analysis all samples were spiked with the specific PCDD/Fs, 
PCBs, PBDEs and PBDD/Fs standard solutions, a mixture of 13C12-labelled congeners. All samples (except milk) 
were extracted by accelerated solvent extraction (ASE) using an ASE 350 Thermo Scientific Dionex (Sunnyvale, 
California, USA) instrument with a mixture of n-hexane and acetone 80:20 (v/v). An ethyl alcohol and ammonia 
solution was first added to the milk samples, and then fat was extracted by a mixture of diethyl ether and petroleum 
ether 1:1 (v/v). After solvent evaporation, gravimetric lipid determination was performed. The extracted fat was 
dissolved in hexane and the clean-up procedure was carried out in two steps. First a double liquid-liquid partitioning 
process with sulphuric acid was performed to remove the lipid component. Then the extract was dissolved in hexane 
and purified by means of an automated clean-up process with a Power-Prep® system (Fluid Management System, 
Massachusetts, USA) using disposable columns (multilayer silica, alumina and carbon). The fraction containing 
PCBs and PBDEs was collected after elution from the alumina column (140 ml hexane:dichloromethane 95:5, v/v), 
while the fraction containing PCDD/Fs and PBDD/Fs was eluted from the carbon column (80 ml toluene).  
The two fractions were concentrated, first under vacuum and then under nitrogen stream and the remainders were 
dissolved in the corresponding recovery standards solutions (13C12-labelled congeners). Separate runs were 
performed for each class of contaminants. A laboratory blank and a control sample were analysed for each batch of 
samples. 
Instrumental analysis 
Aliquots of 1 µL of the final sample extracts were introduced into gas-chromatography/high resolution mass 
spectrometry (GC/HRMS) system. The GC-HRMS system consisted of a GC Trace Series 2000 coupled with a 
MAT 95 XP (Thermo Fisher, Bremen, Germany).  
The GC/MS interface was set to 280°C. Injections were made with a split/splitless injector operated in splitless 
mode for PCDD/Fs, PCBs and PBDEs and surge splitless mode for PBDD/Fs. In the surge splitless injection a 
pressure of 100 kPa was applied for the 4.0 minutes injection (splitless) time. The target compounds moved through 
the inlet rapidly thus reducing the time to interact with the inside walls of the liner and minimised the eventual 
amount of breakdown products for brominated compounds. 
PCDD/Fs and PBDEs were separated on a DB-5 MS capillary column (60 m x 0.25 mm, 0.10 µm film thickness 
(J&W Scientific, California, USA) while a shorter DB-5 MS capillary column (15 m x 0.25 mm, 0.10 µm) was used 
for PBDD/Fs. The determination was carried out by high resolution mass spectrometry (HRMS), at a resolution of 
10000 operating with electron ionisation (EI) at 40 eV, in the selected ion monitoring (SIM) mode. PCBs were 
separated by HRGC on a HT-8 capillary column (60 m x 0.25 mm, 0.25 μm film thickness, SGE Analytical Science 
Pty, Ltd. Victoria, Australia) and determined by HRMS, in the same operating conditions adopted for PCDD/Fs.  
Quantification  
For PCDD/Fs and DL-PCBs toxic equivalent (TEQ) values were calculated using the World Health Organization 
Toxic Equivalency Factors established in 2005 (WHO-TEFs05). As suggested by van de Berg et al.5 the TEFs for 
human risk assessment of chlorinated analogues have been used for PBDD/Fs. For NDL-PCBs and PBDEs the 
analytical sum of six and nine congeners was calculated. WHO-TEQs and the sum of six NDL-PCBs and nine 
PBDEs were expressed as upper bound (UB) concentrations, assuming that all values of specific PCDD/F, PBDD/F, 
PCB and PBDE congeners below the limit of quantification (LOQ) are equal to their respective LOQ. 
 
Results and discussion 
Results of chemical analysis of PCDD/Fs, DL-PCBs, and PBDD/Fs, expressed as WHO-TEQ05 on a whole weight 
basis (pg WHO-TEQ/g), NDL-PCBs and PBDEs, expressed as sum of the congeners analysed (ng/g), are shown in 
Table 1. 







PCDD/Fs, DL-PCBs and NDL-PCBs 
Contamination levels of PCDD/Fs and DL-PCBs in fish ranged from 0.00329 to 0.273 and from 0.0240 to 3.54 pg 
WHO-TEQ/g fat respectively while, in mussels ranged from 0.250 to 2.30 and from 0.615 to 5.43 pg WHO-TEQ/g 
respectively. Regarding NDL-PCBs, contamination levels were in the interval 0.190-17.9 ng/g for fish and 9.32-95.7 
ng/g for mussels. In general, mussels were more contaminated than fish samples. This result is consistent with the 
presence of a large industrial area in Taranto.6,7 Additionally, the contamination in mussels showed a seasonal trend 
with highest levels in summer. This results may be explained by the life cycle of mussels, in fact in summer the 
bivalves species reach sexual maturity increasing the filtering capacity and the growth of lipid content in the body. 
 
Table 1. Occurrence levels of PCDDD/Fs, DL-PCBs, NDL-PCBs PBDEs and PBDD/Fs in fish and mussel (fresh 
weight basis). 


SPECIES PCDD/Fs 
(pg WHO05-TEQ/g) 


DL-PCBs 
(pg WHO05-TEQ/g) 


PBDD/Fs 
(pg WHO05-TEQ/g) 


NDL-PCBs 
(ng/g) 


PBDEs 
(ng/g) 


Sea bream (Sparus aurata) 0.0670 0.151 0.0248 2.10 0.396 


Sea bream (Sparus aurata) 0.0500 0.0900 0.0295 1.52 0.839 


Sardina (Sardina pilchardus) 0.0730 1.19 0.0444 11.5 0.456 


Sardina (Sardina pilchardus) 0.174 0.798 0.0312 5.94 0.453 


Sardina (Sardina pilchardus) 0.0380 0.655 0.0295 8.12 0.322 
Sand steenbras (Lithognathus 


mormyrus) 0.148 0.402 0.0357 6.73 0.431 


Red mullet (Mullus barbatus) 0.00329 0.0240 0.0392 0.190 0.334 


Mussel (Mytilus galloprovincialis) 1.06 1.47 0.0263 25.0 0.232 


Mussel (Mytilus galloprovincialis) 0.759 0.966 0.0225 17.0 0.175 


Mussel (Mytilus galloprovincialis) 0.250 1.32 0.0245 14.7 0.276 


Mussel (Mytilus galloprovincialis) 0.625 1.38 0.0250 15.1 0.245 


Mussel (Mytilus galloprovincialis) 2.30 5.43 0.0358 95.7 0.203 


Mussel (Mytilus galloprovincialis) 0.415 3.23 0.0228 20.5 0.280 


Mussel (Mytilus galloprovincialis) 0.317 0.945 0.0337 9.32 0.197 


Mussel (Mytilus galloprovincialis) 0.773 1.49 0.0255 27.4 0.268 


Mussel (Mytilus galloprovincialis) 0.386 0.615 0.0600 12.0 0.184 


Mullet (Mugil cephalus) 0.148 0.981 0.0488 15.9 0.642 


Hake (Merlucius vulgaris) 0.130 0.333 0.0496 2.84 0.305 


Bogue (Boops boops) 0.135 2.36 0.0871 17.9 0.379 


Mackerel (Scomber scombrus) 0.0250 3.27 0.0312 3.89 0.723 


Mackerel (Scomber scombrus) 0.273 3.54 0.0562 14.2 1.03 
 
PBDEs 
PBDEs were detected in all the fish and mussel species. Higher levels of PBDEs were observed in mackerel and sea 
bream (1.03and 0.839 ng/g respectively) compared to the other species, with the lowest levels being observed in 
mussels (mean value 0.229 ng/g). In general, low and mid-brominated congeners (BDE# 47, 99, 100) were most 
abundant in fish. The predominance of BDE-47, 49, 99 and 100 and to a lesser extent BDE-154 is similar to that 
observed in other studies.8 







PBDD/Fs 
In general, relatively low contamination levels were recorded among species with a high proportion of congeners 
below the LOQ. Tetra and hepta-brominated dioxins and furans were also detected in a number of samples. Other 
non-2,3,7,8 bromo substituted congeners were also observed although due to lack of standards (except for 2,4,6,8-
TBDF) it was not possible to quantify these. 
Correlations 
Comparing PCDD/Fs and DL-PCBs WHO-TEQs, and the NDL-PCBs sum among different species, data showed a 
good overlap, in particular mussels where the levels are higher and the contribution of not detected congeners is 
negligible. As an example, Figure 1A shows the relationship between the levels of PCDD/Fs and NDL-PCBs. 
Considering the brominated compounds, no correlation in the levels of PBDD/Fs WHO-TEQ and PBDEs sum were 
found (Figure 1B); however these outcomes could be influenced by the low contamination levels of PBDD/Fs and 
more data should be collected for further clarification. 
 
Figure 1. Correlation between PCDD/F-TEQ and NDL-PCB sum (A), and PBDD/F-TEQ and PBDE sum in fish 
and mussel samples 


A B 


  


This study represents the first survey on the occurrence of brominated dioxins in foods from Italy. A larger number 
of different food types will be analysed for this set of contaminants and, this data will allow a more realistic estimate 
of human dietary intake and provide a better assessment of the health risk arising from the ingestion of these 
contaminants. 
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Introduction 
Organic flame retardants (FRs), including brominated flame retardants (BFRs), 


organophosphorus flame retardants (OPFRs), chlorinated flame retardants are a class of chemicals 
with wide concerns. Among which, polybrominated diphenyl ethers (PBDEs) are the most popular 
one due to their adverse health effects, persistence and bioaccumulation. These chemicals are 
widely used in various products, such as building materials, consumer products, electronics, etc 1. 
and can be easily released into the environment though vitalization and abrasion processes 2. 


Indoor dust is considered as a good sample type to characterize FRs exposure in a 
microenvironment. Hence, there are a large number of literatures reported FRs in floor dust 
collected from homes, offices, cars, daycare centers, etc 3-5. Hand wipes sample has been reported 
as a good indicator to characterize personal exposure to FRs 6, 7. FRs on hands are likely to 
resulted from dust adherence or contact with contaminated surfaces. However, there are limited 
studies measured FR levels in contaminated surfaces which may more relevant to exposure than 
floor dust. 


In this study, three typical occupation populations in indoor, vehicle and outdoor, namely 
white-collar workers, taxi drivers and outdoor securities were selected. We aimed to investigate 
the associations between hand wipes, surface wipes and dust. By examining the relationships, we 
hope to determine the pathway of FRs from environment to human skin surface. Such information 
is needed for exposure assessment of dermal absorption or hand-to-mouth ingestion by using 
environmental sample types. 


Methods and materials 
Participants 


We recruited three populations through oral communication in Beijing from March to August 
in 2016. Group 1 includes 25 volunteers who work in offices with computers. Group 2 includes 20 
taxi drivers. Group 3 contains 23 outside workers. They all stayed in their work places for at least 
8 h per day. Participants worked in offices and outside located in different areas of Beijing. 
Participants were required to fill a short questionnaire about their gender, age, height, Prior to 
participation, verbal consent was obtained from each participant.  
Sample collection  


The hand wipe and surface wipe procedure has been described before 8. Briefly, gauze pads 







(7.5*7.5 cm) were cleaned by using ultrasonic extraction in hexane/acetone mixture (v : v=3:1) for 
30 min (10 min for each time). Before collection, each dried gauze pad was immersed in 5 mL 
isopropyl alcohol. The entire surface of one hand was wiped from the finger to the wrist by one 
wipe, and then another wipe was used for the other hand. After collection, two wipes from the 
same participant were put together into a 60 ml precleaned (combusted at 450 °C for 6 h) brown 
glass vial, sealed in a sealing bag, and stored at -20 °C until analysis. Surface wipes were collected 
from offices and taxis. A measured touch area (about 500 cm2) of participants’ table in offices 
were wiped thoroughly. The surface of circular ring of steering wheels in taxis were wipes by 
using gauze pads. These surface wipes were also stored in brown glass vials as hand wipes. Field 
blanks were collected by taking out the immersed pads in air for 2-3 seconds and placing back into 
the glass vials. 


Office dust was collected by using a commercial vacuum cleaner with a 25 mm nylon sampling 
sock (cleaned with a hexane/acetone solution) placed in the suction nozzle. Outside dust were 
collected in the nearest roadside of participants by using cleaned brushes. After collection, dust 
samples were wrapped with aluminum foil, sealed in polyethylene zip bags, and back to the lab. 
Before stored at -20 °C, dust samples were sieved through stainless sieves (< 50 μm). 
Samples analysis 


A total of 8 PBDEs (BDE28, 47, 99, 100, 154, 153, 183 and 209), 2 DP isomers (syn-DP and 
anti-DP), 2 NBFRs (Decabromodiphenylethane (DBDPE), 1, 2-Bis (2, 4, 6-tribromophenoxy) 
ethane (BTBPE)), and 10 PFRs ((triethyl phosphate (TEP), tri-n-propyl phosphate (TPP), 
tri-iso-butyl phosphate (TIBP), tri-n-butyl phosphate (TNBP), tricresyl phosphate isomers (∑
TMPP, mixture of 4 isomers), Tris(chloropropyl) phosphate isomers (∑TCPP, mixture of 3 
isomers), tris(2-butoxyethyl) phosphate (TBOEP), tris(2-chloroethyl) phosphate (TCEP) and 
triphenyl phosphate (TPHP) and tris(1, 3-dichloro-2-propyl) phosphate (TDCIPP)) were analyzed. 
BDE77, BDE 128, 13C-BDE209, triamyl phosphate (TAP) and triphenyl phosphate-d15 
(TPHP-d15) were used as internal standards. The analysis method for the determination of FRs in 
hand wipes, surface wipes and dust, as well as the information on chemicals, reagents, and 
instrument were clearly described in our previous literatures 8, 9. 
Quality control and quality assurance 


The removal efficiencies of hand wipes were reported in our previous literature 8. Only 
BDE209, TCEP and TCPP were detected in filed blank and procedure blank samples (<1% than 
concentrations of samples). All samples were corrected by subtracting the mean of the respective 
blanks. Limit of detection (LOD) were determined as three times the standard deviation of the 
blanks. For those not detected in blanks, ten times signal-to-noise ratio was used as LOD. 
Recoveries of internal standards were ranged from 50-150%. The recoveries of the analytical 
procedure were achieved by adding standard mixtures (low, median and high) into blank wipes 
and dust, and the mean recoveries were ranged from 70-120% for each compound. 
Statistical analyses 


SPSS 16.0 software was used for statistical analysis. Non-parametric tests were used since 
some data was neither normally distributed nor log-normally distributed. Data below detection 
methods were replaced by half of LOD. 


Results and discussion 
FRs in dust, hand wipes and surface wipes 







Summary of FRs in hand wipe, surface wipe and dust samples is shown in Table 1. PFRs 
concentrations in the office samples were previously described 8. BDE209, DBDPE, BTBPE, 
BDE47, TCEP, ∑TCPP and TPHP were frequently detected in all type of samples with detection 
frequencies higher than 90%. TDCPP and TNBP were only frequently detected in taxi samples. In 
all kinds of samples, PFR compounds had a major contribution (> 70%) compared to PBDEs, 
NBFRs and DPs. BDE209 and DBDPE were the main BFRs in all kinds of samples, which was 
consistent with their high production volumes in China 10. The low detection frequencies and low 
concentrations of other PBDEs might be due to their global phase-out. DPs presented low 
concentrations in any samples than other FRs, and the highest mean concentration was observed in 
office dust (49 ng/g) and outdoor handwipes (16 ng/m2). 
Comparisons between three kinds of samples 


 
Figure 1 Concentration of FRs in hand wipes collected from office workers, taxi drivers and 


outside workers, and in dust samples collected from office and outside 
Geometric mean concentrations of hand wipes from three populations and two types of dust 


is shown in Figure 1. Kruskal-Wallis and Mann-Whitney Test were used for statistical 
comparisons. Concentrations of ∑BFRs in hand wipes from both taxi drivers and office workers 
were significantly higher than those of outdoor workers, but no statistical difference was observed 
between taxi drivers and office workers. There are also no statistical differences between 
concentrations of ∑BFRs and BDE209 in office surface wipes and taxi surface wipes. A similar 
situation was found in Harrad et al. 4, which reported that DecaBDEs was consistent in dust 
collected from cars and offices. There are no significant differences between concentrations of 
∑DPs in three types of hand wipes, which may due to their low detection frequency. As for ∑PFRs, 
concentrations in hand wipes ranked as: taxi drivers > office workers > outside workers (p < 0.05). 
The higher concentrations of TCEP, TCPP and TDCIPP on the skin surface of taxi drivers 
suggested these PFRs are widely used in vehicles, such as cars interiors 11, and may have a strong 
release. These results were in consistent with the concentrations measured in dust from Netherland 
12 and the UK 5 with car dust had much higher PFR concentrations than dust from houses and 
offices. In addition, TNBP, a pressure additive in hydraulic fluid 11, was detected in all hand wipe 
and surface wipe samples from taxis, but seldom detected in other samples. 
Associations between hand wipes, surface wipes and dust 


To investigate factors that influencing the pathways that FRs from dust to surfaces and onto 
human hand surface, ultimately affecting human exposure. Associations between individual FRs 
in dust, surface wipes and hand wipes in the same microenvironments were investigated by using 
Spearman tests. No significant correlations were observed between FR levels in outdoor dust and 
outdoor workers’ handwipes. There were also no correlations between PFR levels in dust and 







handwipes from offices. Only the levels of syn-DP, anti-DP and BDE99 in dust from offices were 
moderately correlated with the levels on office workers’ hands. These results suggested outdoor 
dust and indoor dust contributed a little to the FRs on participants’ hands. Levels of PFR, BFR and 
DP compounds in surface wipes were not associated with levels in handwipes in offices. However, 
hand wipe levels were associated with surface wipes in taxis for most compounds. TCEP (r = 
0.568), ∑TCPP (r = 0.701), TDCIPP (r = 0.598), TPHP (r = 0.855), DBDPE(r = 0.765), BTBPE 
(r = 0.577), BDE99 (r = 0.758), BDE209 (r = 0.803) and BDE183 (r = 0.767) in hand wipes were 
significantly correlated with surface wipes. These correlations may due to the direct touch of 
steering wheels for taxi drivers. The associations between dust, surface wipes and handwipes 
suggested collecting dust may not be a proper method of characterizing human exposure, while 
collecting samples from contaminated surface which were frequently touched might be a 
convenient method for personal exposure assessment. 
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Table 1 FR concentrations (geometric mean (range)) in dust, surface wipe and hand wipe samples from offices, taxis and outdoor 


compounds 
Office Taxi Outdoor 


dust (n=17, ng/g) surface wipe (n=16, ng/m2) hand wipe (n=28, ng/m2) surface wipe (n=17, ng/m2) hand wipe (n=20, ng/m2) dust (n=15, ng/g) hand wipe (n=22, ng/m2) 


BDE28 0.2(<LOD-1.4) 0.2(<LOD-1.2) 0.8(<LOD-3.3) 0.6(<LOD-9.2) 1.9(<LOD-27.8) NA(<LOD-0.7) 1.5(<LOD-6.8) 


BDE47 1.3(<LOD-3.8) 0.6(<LOD-7.6) 2.4(<LOD-25.2) 2.0(0.1-16.6) 4.2(1.0-51.9) 0.37(<LOD-6.2) 4.2(1.6-35.7) 


BDE100 NA(<LOD-1.3) <LOD <LOD <LOD <LOD NA(<LOD-1.0) NA(<LOD-2.5) 


BDE99 1(<LOD-3.4) 0.5(<LOD-3.0) 0.7(<LOD-20.7) 1.0(<LOD-7.3) 2.1(<LOD-24.5) NA(<LOD-7.1) 2.6(<LOD-48.7) 


BDE154 0.2(<LOD-1.6) 0.1(<LOD-0.4) NA(<LOD-2.6) NA(<LOD-0.6) NA(<LOD-1.1) NA(<LOD-0.5) 0.4(<LOD-10.6) 


BDE153 0.9(<LOD-5.1) 0.2(<LOD-1.8) NA(<LOD-5.0) 0.5(<LOD-2.9) NA(<LOD-2.9) NA(<LOD-1.6) 0.9(<LOD-21.3) 


BDE183 2.5(<LOD-5.9) 0.9(<LOD-6.5) 4.3(1.1-25.7) 0.8(<LOD-9.5) 1.9(<LOD-12.9) 0.9(<LOD-2.7) 4.8(<LOD-120) 


BDE209 1375(290.4-146373) 456(12.4-7873) 1478(209.0-16970) 857.4(133.6-18612) 1114(187.7-17047) 254.7(23.9-1979.1) 460.3(24.0-13951) 


syn-DP 8.8(<LOD-141.7) 1.5(<LOD-16.5) 4.8(<LOD-112.9) 2.6(<LOD-10) 3.7(<LOD-53.3) NA(<LOD-7.1) 6.1(<LOD-386) 


anti-DP 40.3(<LOD-370) 3.9(<LOD-55.7) 10.9(<LOD-517.4) 8.9(<LOD-206) 10(<LOD-306) NA(<LOD-19.5) 10.4(<LOD-726.8) 


DBDPE 376.1(113.8-1061) 99.5(8.3-510.8) 442(78.0-4782) 372.8(89-8710) 568.2(26.9-16078) 71.1(15.5-235.5) 260.7(<LOD-18124.6) 


BTBPE 4.0(1.0-10.3) 2.8(<LOD-84.8) 8.0(1.3-138.2) 1.2(<LOD-7.6) 2.6(<LOD-12.2) 4.0(0.1-54.8) 4.3(<LOD-233.9) 


TNBP — — — 136(<LOD-863) 265(41-708) <LOD NA(<LOD-333.5) 


TCEP — — — 28841(1804-141265) 19997(2815-81593) 615(46.5-5706) 1578(<LOD-46954) 


∑TCPP — — — 29061(1424-41192) 13253(979-27813) 678(141.1-3940) 1259(207-11692) 


TDCPP — — — 4451(321-15225) 4497(971-20566) 82.3(34-312) 387(<LOD-10669) 


TPHP — — — 3141(168-43430) 1655(299-9107) 69.8(6.8-427) 1203(360-4446) 


TBOEP — — — NA(<LOD-64812) NA(<LOD-46420) NA(<LOD-708) NA(<LOD-1171) 


NA = not detected due to detection frequency lower than 50%. 
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• Introduction 


 
The Clean Seas Environmental Monitoring Programme (CSEMP) is the main program to 
evaluate the contamination state of the UK marine waters. The CSEMP’s main aim is to 
measure the concentrations of specific chemicals which are persistent, toxic and have the 
ability to accumulate in food chains (POP’s). One of the POPs most extensively used as 
additive flame retardant are the polybrominated diphenyl ethers (PBDEs). They have been 
mainly used in textiles, thermoplastics, polyurethane foams, and electronic products in the 
form of three PBDE formulations: the penta-, octa- and, deca-mix products. These 
substances are now banned or restricted within the EU since 2004 for the penta- and octa-
mix and 2008 for decaBDE. Dab (Limanda limanda) was selected for this study as target 
species due to their abundance, ubiquity and resistance to contaminants. Dab samples have 
been analysed for PBDEs from 26 fixed stations annually from 2003-2010 and bi-annually 
since 2011, which allows determination of temporal trends at many different locations. The 
full list of stations, including others analysed less frequently, is shown in Table 1. 
 


• Materials and methods 
 
A pool of 25 fish with similar sizes were collected at each site and frozen immediately after 
collection. Once in the laboratory, the fish was defrosted and five individual liver samples 
were bulked and homogenised, resulting in 5 pooled replicates at each site.  
For analysis, 5 g of liver were Soxhlet extracted using hexane:acetone 50:50. An aliquot was 
used for lipid test while another one was fractionated using alumina (5% deactivated) and 
silica (3% deactivated) columns (de Boer et al., 2001). After evaporation and addition of 
CB200 as injection standard, samples were analysed using a gas chromatograph-mass 
spectromter in negative chemical ionization (NCI) mode. The separation of analytes was 
performed on a 50.0 m × 250 µm, 0.25-µm-film-thickness DB-5 capillary column (J&W). 11 
PBDE congeners were analysed (BDE17, BDE28, BDE47, BDE66, BDE85, BDE99, BDE100, 
BDE138, BDE153, BDE154 and BDE183), and the sum of all measured BDEs (∑11 BDEs) were 
calculated. Analytical quality control (AQC) protocol included the use of sample blanks and 
reference materials (BCR349 and NIST1946) for each batch and the regular participation in 
inter-laboratory studies (Quasimeme). Temporal trends for all stations with a minimum of 4 
years’ data were obtained by calculating the mean of observations in the same station and 
year, and by fitting a linear regression model to these means. 
  







Table 1. CSEMP fish sampling sites in England and Wales 


CSEMP 
Code Region Station Name Latitude Longitude 


243 Tyne Tees Farne 55.4952 -1.1263 
244 Tyne Tees Amble 55.2967 -1.255 
283 Humber Wash North Dogger 1 55.3023 2.8972 
284 Humber Wash North Dogger 55.068 2.09 
286 Humber Wash West Dogger 54.8333 1.255 
287 Humber Wash Central Dogger 54.5152 2.6905 
294 Tyne Tees Tees Bay 54.7597 -1.1397 
344 Tyne Tees Off Flamborough 54.2417 0.4883 
346 Humber Wash Off Humber 54.0633 1.79 
377 Humber Wash Outer Humber 53.3167 0.4283 
378 Humber Wash Indefatigable Bank 53.5567 2.082 
387 Humber Wash Inner Wash 53.1417 0.555 
475 Anglia Outer Gabbard 52 2.3333 
486 Eastern Channel Rye Bay 50.8667 0.8083 
494 Eastern Channel Off Newhaven 50.7598 0 
534 Eastern Channel Inner Lyme Bay 50.6143 -2.9303 
584 Western Channel South Eddystone 50.1073 -4.1 
604 Severn West Lundy 51.1632 -5.4445 
616 Severn Camarthen Bay 51.547 -4.5855 
649 Cardigan Bay North Cardigan Bay 52.7 -4.5333 
654 Cardigan Bay South Cardigan Bay 52.1817 -4.4978 
656 Cardigan Bay Inner Cardigan Bay 52.2783 -4.3033 
706 Irish Sea Burbo Bight 53.4717 -3.3567 
715 Irish Sea Liverpool Bay 53.5 -3.6917 
769 Irish Sea St Bees Head 54.5118 -3.7938 
776 Irish Sea Red Wharf Bay 53.36 -4.1383 
796 Irish Sea Morecambe Bay 53.905 -3.41 
805 Irish Sea SE Isle of Man 54 -3.8333 
815 Irish Sea Outer Dundrum Bay 54.0667 -5.5 


 


 
• Results and discussion 


 
BDEs were detected at all of the 26 stations analysed in 2014/15.  Mean ∑11 BDEs 
concentrations ranged from 0.00127 mg/kg lw at Farne to 0.131 mg/kg lw at Flamborough. 
BDE47 was usually the major congener present, making up 40-91% (mean 67%) of the ∑11 
BDEs, except for at Red Wharf where BDE154 was the predominant congener. BDE100 and 
BDE154 were usually the 2nd and 3rd most abundant congeners, though not necessarily 
always in that order.  These 3 congeners (BDE47+BDE100+BDE154) usually made up >87% of 
the detected congeners (mean 95%). However, at one station Tees Bay, this combined 
percentage was only 64%, and BDE153 was the 2nd most abundant congener. BDE183, 
indicative of the octa- or decaBDE technical mixtures, was sporadically detected at 7 stations 
but only in less than half of the pooled samples for a station. Geographically, the stations 
with highest concentrations were quite widely dispersed, with some being from the Irish Sea 
and others from the central North Sea 
 
Up to 12 years of data exists for levels of BDEs in dab livers, and the plots in Figure 1 show 
for BDE 47 the p-values and trends for a few geographically dispersed stations that are 
visited under the CSEMP monitoring program. With such short time series, the decline 







would need to be quite large to result in a statistically significant trend (i.e. p<0.05). It is thus 
surprising that such a lot of the series are statistically significant (11/26 for BDE47 and 6/26 
for ∑11 BDEs) and demonstrates that BDE concentrations in dab livers are rapidly declining in 
many locations. These trends match those found in UK harbour porpoises (Law et al., 2010) 
and demonstrate the effectiveness of the EU ban on use of penta and octaBDE technical 
mixes. Significant declines were found at widespread geographical locations. 
 


 
 
Figure 1: Trends for 5 geographically dispersed locations for BDE47 (on a lw basis). 
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Introduction 


Since the late 1960s, flame retardants such as polybrominated diphenyl ethers (PBDEs) have 
been used in large quantities in various consumer products1. PBDEs are widespread 
contaminants as they are persistent, bioaccumulative, toxic and prone to long-range 
atmospheric transport (LRAT). All PBDEs technical mixtures were therefore banned in 
Europe1. 


Once PBDEs enter the air, they partition between gas and particulate phases, depending on 
their physico-chemical properties, meteorological parameters and abundance and composition 
of the suspended particulate matter1. Knowledge about this partitioning is deficient, but is 
crucial to predict environmental fate of PBDEs as it will influence their removal pathways 
from air (e.g. wet and dry deposition), affecting their potential for LRAT. 


Only one study reported long-term trends of atmospheric PBDEs at various background sites 
in UK and Norway using passive devices and a consistent decline in PBDEs levels was only 
observed at 4 of the 11 sites investigated2. It is therefore unclear whether significant decreases 
of PBDEs levels should be expected for more recent years and for other regions of Europe. 


The aim of this study is to provide novel long-term data on atmospheric PBDEs in Europe. In 
particular, the seasonal and long-term variations as well as the gas-particle partitioning of 
PBDEs were investigated. 


 


Materials and methods 


Air was sampled at a background site located in a mixed agricultural and forested area in the 
central Czech Republic. From January 2011 to December 2014, a high-volume air sampler 
was used to collect weekly air samples (N=114). Particles were collected on quartz fiber 
filters and gas-phase on polyurethane foam. 


The samples were extracted with dichloromethane by means of an automated extraction 
system. Mass-labeled internal standards were spiked on each sample prior to extraction. 
Samples were cleaned-up using a sulphuric acid modified or a multi-layer silica column. 
Fractionation was achieved on a column containing activated charcoal or a mixture of 
charcoal and silica. 







Ten PBDEs were analyzed using high resolution on an Agilent 7890A GC coupled to an 
AutoSpec Premier MS. The MS was operated in EI+ at the resolution of >10000. 


Except for BDE209, the field and laboratory blank levels were <LOD or ≈LOD. All PBDE 
concentrations reported have been blank corrected and recovery-adjusted. 


 


Results and discussion 


Σ9PBDEs (without BDE209) total (gas and particulate) concentrations ranged from 0.088 to 
6.08 pg m-3 with an average value of 0.54 pg m-3, while BDE209 was at 0.47 pg m-3 (0.050-
5.01 pg m-3). BDE47, 99 and 183 were the major contributors to Σ9PBDEs, accounting on 
average for 36%, 27% and 14%, respectively. 


For none of the congeners, a significant seasonal variation of the atmospheric concentrations 
was observed. This suggests that atmospheric levels are still dominated by primary rather than 
secondary sources, as re-volatilisation from surfaces would be enhanced by elevated 
temperatures in summer. 


Regarding gas-particle partitioning, except for BDE28 (gaseous) and 209 (particulate), all 
congeners were consistently detected in both phases and clear seasonal variations were 
observed (Figure 1). For example, while the average particulate fraction (θ) of BDE47 was 
0.52 in winter, this was only 0.01 in summer. Similarly for BDE99, θ was 0.88 in winter, 
while it was only 0.18 in summer. BDE28 and 209 were detected in only about half of the 
samples in both phases. 


 


Figure 1: Particulate fractions (θ) of BDE47 (a) and BDE99 (b) in 2011-2014 


The observed gas-particle partitioning coefficient (Kp in m3 µg-1) was compared with model 
predictions. The KOA model assumes that both phases are in equilibrium and that partitioning 
is dominated by absorption into particulate organic matter (POM)3. A novel extension of the 
KOA model considers absorption in POM being not in equilibrium due to disturbances of the 
particulate phase caused by wet and dry deposition (steady state model4). Both models 
generally failed to predict the partitioning mechanisms of PBDEs (Figure 2). While the KOA 


model generally captured the overall trend (i.e. higher Kp for lower temperature), it 
consistently overestimates Kp by 0.6-1.7 orders of magnitude for individual congeners. The 
steady state model generally underestimates Kp by 0.5-1.0 orders of magnitude, accordingly it 
tends to perform better in summer compared to winter. A poly-parameter linear energy free 







relationship, which is promising as it accounts for all kind of molecular interaction at the 
interface5, was tested too. 


 


Figure 2: Comparison of predicted and measured logKp of BDE47 (a) and BDE99 (b) 


To determine long-term trends, linear regressions of lnBDEi against time were analysed. 
Statistically significant decreases of the atmospheric concentrations during 2011-2014 were 
found for BDE100, 99, 153 and 209 (Figure 3). Estimated atmospheric half-lives for these 
congeners were ranging from 2.6 (BDE209) to 4.5 (BDE153) years. Significant increases of 
BDE28 and 66 were found for autumn and summer, respectively. This suggests the 
accumulation of persistent products of higher brominated congeners’ photolysis in the 
environment. 


 


Figure 3: Long-term trends of BDE99 (a) and BDE209 (b) 
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Introduction 


Three commercial formulations of polybrominated diphenyl ethers (PBDEs), identified by their 
average bromine content, have been in commercial production since the 1970s. The ability of 
PBDEs to reduce flammability as well as stricter fire safety standards world-wide and increasing 
use of flammable materials in furniture were all factors that led to increased use of flame 
retardant chemicals over the last decades, including the PBDEs. Tetra- through hexaBDE 
congeners are present in common food items and almost universally detected in human 
biomonitoring studies in the United States. The Penta- and OctaBDE technical mixtures were 
voluntarily withdrawn from the US market in 2004; while commercial use of DecaBDE ended in 
2013.  


The objectives of the current study were to: (1) expand the current limited information on the 
association of PBDE serum concentration and age in young children; (2) compare patterns in 
PBDE exposure with other persistent organic pollutants (POPs) such as polychlorinated 
biphenyls (PCBs) and persistent pesticides which are often present in indoor dust at 
concentrations orders-of-magnitude lower than PBDEs; (4) explore whether dilution in a larger 
body size and/or elimination from the body are plausible explanations for decreasing 
concentrations of PBDEs and other POPs as the children age; (5) evaluate whether PBDE and 
other POPs are decreasing in concentration since the phase out of PentaBDE in 2004; and (6) 
compare the POP concentrations in the longitudinal birth cohort study of low income Hispanic 
children and their mothers in California with concentrations in a national sample.1  


 


Materials and Methods 


Study Population. Details of the Center for the Health Assessment of Mothers and Children of 
Salinas (CHAMACOS) recruitment and follow-up have been published elsewhere.2,3 Study 
protocols were approved by the University of California, Berkeley and the Centers for Disease 







Control and Prevention (CDC) Committees for Protection of Human Subjects. No personally 
identifiable information on the research subjects were made available to CDC researchers. 


Measurements of POPs. The analytical methodology has been published elsewhere.4 Analytical 
data were corrected by subtracting the median blank value. Concentrations below the LOD 
were substituted with the LOD/√2. 


Statistical Methods. Statistical evaluation was limited to PBDE and PCB congeners having a 
greater than 60% detection frequency overall in the study (except maternal 26 weeks) and the 
pesticide p,p’-DDE having a 100% detection rate. Changes in child serum concentration from 
age seven to nine years of age and their association with increasing body weight were assessed 
in mixed effects models using SPSS (IBM, Armonk, NY). 


Figure 1. Concentrations (ng/g lipid) of A BDE-47 and (B) BDE-153 on a (1) linear and (2) log10 scale by 
age of the child (7 and 9 years) given in red and their mothers at week 26 of pregnancy and at age 9 of 
their children in green. A cohort of Texas children 5 stratified by 2 year age groups between <2 and >10 
years are included as a comparison in blue. Median and interquartile range (IQR) concentration (box) 
and outlier range (bars) [Outlier range is the 25th percentile – 1.5 IQR and 75th percentile + 1.5 IQR]. The 
red horizontal dashed line represents the National Health and Nutrition Examination Survey (NHANES) 
estimate for the age category 12-19 years of age for the survey years 2003/04.1 


 


  







Results and Discussion 


POP levels in the CHAMACOS children were generally comparable to a convenience sampling of 
Texas children5 with slightly higher concentration of BDE-47 and similar median concentration 
of BDE-153 (Figure 1). The maternal BDE-47 concentration at 9-year collection were likewise 
comparable with the oldest group of Texas children (10 to <13 years) while the BDE-153 
concentration is about half that of the Texas children (Figure 1). However, in the Texas children 
we see a sharp increase in concentration from the youngest age group (<2 years) to an apex 
concentration at 4 <6 years and 6 < 8 years for BDE-47 and BDE-153, respectively, which then 
declined at ages >8 years. Sjodin et al (2014) speculated that this increase up to age 4-6 years 
was due to the hand-to-mouth behavior of young children exposing them to residential dust 
which is known to contain high concentration of PBDEs.6-9 Subsequent declining concentration 
may be caused by elimination of PBDEs and/or dilution in a growing body as the child ages and 
hand-to-mouth behaviors end or decrease. The current longitudinal study provides an 
opportunity to investigate these possibilities to a greater extent than what was possible in the 
Sjodin et al. 2014 publication.5  


 


In mixed effects models accounting for weight gain as the children aged from seven to nine 
years, resulted in an annual decrease (-8.3 to -13.4%) in tri- to hexaBDEs concentrations 







(p<0.001), except for BDE-85 and BDE-153., These two congeners were not associated with year 
of serum collection and instead showed an -0.9 to -2.6% decrease per kilogram (kg) of weight 
gain during the study period (p<0.05, Table 1). In the case of tetra- to heptachlorobiphenyls we 
observed -0.5 to -0.7% decrease in serum concentration per kg weight gain (p<0.05) and -3.0 to 
-3.7% decrease in serum concentration per year of aging (p<0.05) except CB-118 and CB-153 
which were not associated with date of serum draw. p,p’-DDE decreased -2.4% per kg of weight 
gain between the two sampling points (p<0.001, Table 1). 


Overall, these findings suggest that dilution in a larger body size as the children ages may play 
an important role in explaining reductions in body burden in the case of traditional POPs such 
as PCBs and p,p’-DDE. By contrast, in the case of PBDEs, such reductions would mainly be 
explained by lower exposures in more recent years as illustrated by decreased PBDE serum 
concentrations, possibly amplified by the presumed shorter biological half-life of PBDEs than of 
traditional POPs. 
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Introduction 


A range of brominated flame retardants (BFRs) have been incorporated into polymeric materials like 


plastics, electronic equipment, foams and textiles to prevent fires. The most common of these, polybrominated 


diphenyl ethers (PBDEs), have been subject to legislated bans and voluntary withdrawal by manufacturers in 


North America, Europe and Australia over the past decade due to long-range atmospheric transport, persistence 


in the environment, and toxicity.1-3 Evidence has shown that replacement novel brominated flame retardants 


(NBFRs) are released to the environment by the same mechanisms as PBDEs and share similar hazardous 


properties. BFRs are released atmospherically from a range of sources4 and undergo net deposition to land by 


wet and dry processes.5,6 Contamination of soils by PBDEs and NBFRs has been indicated in a wealth of studies 


from around the world.7-11 In May 2013, Australia’s National Environment Protection Measure (NEPM) of 1999 


was amended to include a Health Investigation Level (HIL) for all mono- through nona-BDE homologues in 


soil.12 The current study aims to characterize soil contamination by PBDEs and NBFRs in the urban soils of 


Melbourne, Australia. A variety of industrial and non-industrial land-uses were investigated with the secondary 


objective of determining likely point-sources of pollution.  


Materials and methods 


A total of 30 soil samples were collected from an area spanning approximately 40 km x 120 km across the 


Greater Melbourne region, Australia, between March and June, 2014. Sample sites were categorized by land-use 


as manufacturing industries (n=18), waste disposal facilities (n=6) or non-industrial sites (n=6). Manufacturing 


sites includes principal production of polymeric materials as well as industries involved in consequent 


manipulation of plastics and foams through processes such as molding, extrusion or cutting. Waste disposal sites 


comprise waste incineration (n=2), electronic waste recycling (n=2) and domestic dumpsites (n=2), while non-


industrial samples were collected from residential (n=2), urban parkland (n=2) and background (n=2) locations. 


Eight PBDEs (-28, -47, -99, -100, -153, -154, -183 and -209) and six NBFRs (PBT, PBEB, HBB, EH-TBB 


BTBPE and DBDPE) were analysed in soil samples by selective pressurized liquid extraction (S-PLE) and gas 


chromatography – triple quadrupole mass spectrometry (GC-MS/MS). 
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Results and discussion 


PBDEs were detected in 29/30 samples with Σ8PBDE soil concentrations ranging nd-13,200 ng/g dw and 


Σ7PBDEs (excluding BDE-209) levels of nd-70.5 ng/g dw. Soils from waste disposal sites (n=6) contained the 


highest median Σ7PBDE and Σ8PBDE concentrations, followed by manufacturing sites (n=18) and then non-


industrial sites (n=6). Electronics recycling facilities contained the greatest levels of Σ8PBDEs by a significant 


margin (p<0.05) to indicate that these industries are a potential source of contamination. BDE-209 was the 


dominant congener, contributing an average of 75.5% to Σ8PBDEs soil concentrations, followed by BDE-47, 


BDE-99 and BDE-183 at 7.90, 5.64 and 4.31%, respectively. Congener profiles reflected global estimates of 


Deca-BDE, Octa-BDE and Penta-BDE commercial production, with the most significant congener correlation 


existing between BDE-47 and BDE-99 (p<0.001, r=0.943). 


NBFRs were detected in 24/30 soil samples with Σ5NBFR concentrations ranging from nd-385 ng/g dw. 


HBB was the most frequently detected compound (14/30), while the highest concentrations were observed for 


DBDPE, followed by BTBPE. Electronic waste recycling and polymer manufacturing also appear to be key 


contributors to NBFR soil contamination in the city of Melbourne. A significant positive correlation between 


Σ8PBDEs and Σ5NBFR soil concentrations was observed at waste disposal sites to suggest that both BFR classes 


are present in Melbourne’s waste streams, while no association was determined among manufacturing sites. 


This research provides the first wide-ranging account of PBDEs in Australian soils and indicates that 


NBFRs possess a similar potential to contaminate soils as PBDEs in the City of Melbourne. 
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Introduction: 
Thyroxine (T4) and 3,5,3-triiodothyronine (T3) are thyroid hormones (THs) involved in the regulation of many 
important physiological processes in the (human) body including neurological and behavioural development, 
growth, metabolism, and respiration.1 The vast majority (>99%) of THs in (human) plasma are delivered to target 
tissues by binding to TH transport proteins, which include albumin (ALB), transthyretin (TTR), and 
thyroxine-binding globulin (TBG). Perturbation of TH transport is considered to be one mechanism of action that 
may affect thyroid function, which is a major concern for PBDE-like compounds of environmental concern and 
especially hydroxy- (OH)-containing metabolites.2 A limited number of studies have investigated interactions of 
exogenous chemicals with THs and TTR using variations of an in vitro competitive binding assay technique.3,4,5,6 
 
At least 75 different BFRs have been or are currently commercially produced.7 However, environmental studies 
have been primarily focused on polybrominated diphenyl ethers (PBDEs), hexabromocyclododecane (HBCDD), 
and tetrabromobisphenol A (TBBPA). Current knowledge of the other novel non-PBDE FRs remains relatively 
scarce including the highly brominated tetradecabromo-1,4-diphenoxybenzene (TeDB-DiPhOBz, CAS No: 
58965-66-5).8,9 Our group reported the detection of various novel methoxylated polybrominated 
diphenoxybenzene (MeO-PB-DiPhOBz) contaminants in herring gull (Larus argentatus) eggs from fourteen 
colony sites across the Laurentian Great Lakes of North America.10 As of 2010 these newly discovered 
MeO-PB-DiPhOBz congeners (mainly tetra- to hexa-brominated) were found to be contaminants in herring gull 
eggs for the previous 30 years. TeDB-DiPhOBz has been hypothesized to be the precursor of MeO-PB-DiPhOBz 
contaminants reported in herring gulls and their eggs. Irradiating TeDB-DiPhOBz in solution or as a solid with 
natural sunlight or UV results in step-wise debromination that produces polybrominated diphenoxybenzenes 
(PB-DiPhOBzs).11 The in vitro metabolism of TeDB-DiPhOBz and these PB-DiPhOBz-containing solutions was 
investigated using harvested wild herring gull and adult male Wister-Han rat liver microsomal assays.11 For the 
Br4−6-PB-DiPhOBz containing solution, in the gull and rat assays OH-PB-DiPhOBz metabolites were detectable. 
The present study compares the competitive in vitro binding of 2,2',2",4-Br4-DiPhOBz and its methoxy- (MeO-) 
and OH-containing analogues with T4 on human TH transport proteins TTR and ALB. 
 
Materials and Methods: 
The test substances 2,2',2",4-tetrabromodiphenoxybenzene (BDPB-402), 4"-OH-2,2',2",4-tetrabromo- 
diphenoxybenzene (HBDPB-401) and 4"-methoxy-2,2',2",4-tetrabromodiphenoxybenzene (MOBDPB-401) were 
all synthesized at and provided by AccuStandard Inc. (New Haven, CT, U.S.A.). Recently we optimized, 
validated, and fully described the competitive in vitro protein binding assay that was presently used to investigate 







thyroidogenicity of chemicals via interaction between T4 and human TTR and ALB.12 Briefly, solutions of the 
proteins, THs and competitive ligands to be used in the in vitro assay were prepared. The positive control substrate 
was 4-OH-2,2’,4,5’-Br4-diphenyl ether (4-OH-BDE-49), which is often detected in human serum13 and has 
previously been found to bind to human TTR isolated from human plasma with higher affinity than T4 in vitro.5 


Negative controls consisted of the same components except DMSO was used in place of a competitor ligand. All 
assays were done in triplicate and conducted twice on separate days to include inter-and intra-day replicates (n=6 
total). Inter-laboratory reproducibility of this in vitro assay was confirmed by comparing T4-TTR calibration data 
produced in our National Wildlife Research Centre (Ottawa, ON, Canada) laboratory to those produced in the 
laboratory of Dr. Timo Hamers (Institute for Environmental Studies, Free University Amsterdam, Amsterdam, 
The Netherlands).12 
 
The percent of protein binding for each sample was determined by dividing the radioactivity of eluate by the initial 
radioactivity measured, minus any transfer loss (the incubation tube and pipette tip measurement). Results were 
expressed with the logarithmic competitor concentration on the X-axis, and mean ± standard deviation of percent 
binding compared to controls on the Y-axis. IC50 estimates were generated in GraphPad Prism 7.02 (GraphPad 
Software, Inc., La Jolla, CA), using the one site-fit logIC50 equation: Y=Bottom + (Top-Bottom)/ 
(1+10^(X-LogIC50)). 
 
Results and Discussion: 
As mentioned, TeDB-DiPhOBz has been hypothesized to be the precursor of MeO-PB-DiPhOBz contaminants 
reported in herring gulls and their eggs from the Laurentian Great Lakes of North America.9,10 Irradiating 
TeDB-DiPhOBz in solution or as a solid with natural sunlight or UV results in step-wise debromination that 
produces polybrominated diphenoxybenzenes (PB-DiPhOBzs) and including Br4-Br6-DiPhOBzs.11 In vitro 
metabolism of these Br4−6-PB-DiPhOBzs using harvested wild herring gull and adult male Wister-Han rat liver 
microsomal assays, resulted in the formation of OH-Br4-5-DiPhOBz metabolites, and two were confirmed to be 
4″-OH-2,2´,2ʺ,4-Br4-DiPhOBz and 4ʺ-OH-2,2ʺ,3´,4-Br4-DiPhOBz.11 Thus, it is possible that such 
OH-PB-DiPhOBz metabolites formed in animals and humans exposed to PB-DiPhOBzs, are thyroidogenic and 
compete for THs for TH transport proteins such as TTR. To our knowledge, this is the first study to examine the 
TH-related activity PB-DiPhOBzs and metabolites. 
 
As shown in Figure 1, neither 2,2´,2ʺ,4-Br4-DiPhOBz nor 4″-MeO-2,2´,2ʺ,4-Br4-DiPhOBz (up to concentrations 
of 50,000 nM (or 50 µM)) were effective competitors with T4 for human TTR binding, as the IC50 and relative 
potency could not be determined. However, 4″-OH-2,2´,2ʺ,4-Br4-DiPhOBz was a potent ligand for TTR binding 
with an IC50 of 363.1 nM and relative potency to T4 of 0.25 (Figure 1). The positive control 4-OH-BDE-49 (also 
containing four bromine atoms) had an IC50 of 11.8 nM and with a relative potency of 7.82, and thus was a more 
potent than T4 for TTR binding. This result showed that the presence of third phenyl ring does not prevent 
para-OH-PB-DiPhOBzs from strongly competing with T4 for TTR.  
 
The competition of 4″-OH-2,2´,2ʺ,4-Br4-DiPhOBz with T4 for binding with human ALB was less than what was 
found for TTR. The IC50 of 4″-OH-2,2´,2ʺ,4-Br4-DiPhOBz for ALB was 144.2 nM and the relative potency (to 
T4) was 0.020. The binding potencies for 4″-OH-2,2´,2ʺ,4-Br4-DiPhOBz and other OH-PB-DiPhOBzs are likely 
to be similar for other vertebrates (e.g. birds). These results emphasize the importance of elucidating the large data 
gaps that exist for PB-DiPhOBzs, OH-PB-DiPhOBzs and MeO-PB-DiPhOBzs with respect to sources, 
environmental and biological pathways and toxicological (endocrine) effects. 
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Introduction 
Brominated flame retardants (BFRs) are widely used in textiles, electronic devices and upholstery 
to protect people from fire. However, this wide application has led to ubiquitous contamination of 
both the biotic and abiotic environment. This combined with concerns about their toxicity, 
persistence and capacity for bioaccumulation has led to restrictions and bans on the use BFRs like 
polybrominated diphenyl ethers (PBDEs). While intentional use of brominated flame retardants 
(BFRs) in food contact materials is proscribed, many black plastic kitchen utensils like spoons, 
spatulas and ladles, may contain BFRs as unintentional trace contaminants (UTCs) stemming from 
incorporation of plastics recycled from other applications where BFRs were employed. Considering 
the frequent contact of kitchen utensils with food and human skin, there is thus a risk of BFR 
exposure via consumption of food contaminated during cooking and via dermal contact when 
handling such utensils. To explore the extent to which UK kitchen utensils are contaminated by 
BFRs and the associated human exposure risk, we measured the bromine content of 91 kitchen 
utensils used in Birmingham UK using a hand-held X-ray fluorescence (XRF) spectrometer. Further, 
30 utensils with high Br content were selected to measure concentrations of specific BFRs, 
including 8 polybrominated diphenyl ethers (PBDEs - BDE-28, 47, 99, 100, 153, 154, 183 and 209) 
and 5 novel BFRs (NBFRs – i.e. pentabromoethylbenzene (PBEB), 
2-ethylhexyl-2,3,4,5-tetrabromobenzoate (EH-TBB), 1,2-bis(2,4,6-tribromophenoxy)ethane 
(BTBPE), bis(2-ethylhexyl)-3,4,5,6-tetrabromo-phthalate (BEH-TEBP) and decabromodiphenyl 
ethane (DPDPE)). Simulated cooking experiments were conducted on 10 of the 30 samples 
analysed for BFRs to investigate potential exposure via cooking. 


Materials and Methods 


Sampling and screening 
New utensils were purchased from retail outlets in Birmingham, UK, while used utensils >5 years 
old were donated by University of Birmingham staff. All utensils were first screened for their 
bromine content using a hand-held X-ray fluorescence (XRF) spectrometer (Thermo Scientific 
Niton Analyzer). All utensils (n=18) found to have a Br content > 100 µg/g, together with a random 
selection of other utensils (n=12) were retained for BFR analysis.  


Simulated cooking experiments 
10 kitchen utensils shown to contain elevated concentrations of BFRs were subjected to 
experiments designed to mimic the process of cooking in oil. A small part of kitchen utensil 







weighing ~0.5 g, ~ 5 mm × 5 mm × 2 mm was immersed in 0.5 mL olive oil contained in a test tube. 
The test tube was maintained at 160 ˚C 15 min to simulate the cooking process. This experiment 
was conducted in triplicate for each utensil tested. 


BFR Analysis 
Plastic utensils were first cut into small pieces and ground to a powder using a Fritsch Pulverisette 0 
cryo-vibratory micro mill (Idar-Oberstein, Germany). Powdered samples were extracted via 15 
mins sonication with three successive 10 mL aliquots of hexane. The combined extracts were 
washed with 98% sulfuric acid, concentrated to incipient dryness and re-dissolved in 200 μL 
iso-octane prior to analysis of PBDEs and NBFRs by GC-MS. Oil samples generated in the 
simulated cooking experiments were first dissolved in 3~4 mL hexane and then partitioned against 
98% sulfuric acid before concentration ready for GC-MS analysis. Details of the instrumental 
methods used can be found elsewhere (Kuang et al., 2016).  
 


Results and discussion 
Data from Br screening revealed higher Br content in old utensils (≥5 years old) than in new ones. 
Among the 27 new utensils examined, only one showed Br content > 100 µg/g (Table 1), 2 showed 
5µg/g and all the rest not detected (<1µg/g). In contrast, 17 of the 67 old utensils contained Br >100 
µg/g, 14 ranged between 10-100µg/g and 36 not detected (<1µg/g).  
 


Table 1: Type, age and Br content of Kitchen Utensils containing >100 µg/g Br 
Utensil type Age (years) Br content (µg/g) 


Thermos cup lid New 180±5 
Ladle 8 350±9 


Slotted spatula 8 300±10 
Slotted spoon 7 100±5 
Solid spoon 7 600±14 
Solid spoon 10 6000±69 
Solid spoon 5 200±6 


Ladle 15 120±7 
Slotted spatula 15 400±10 


Solid spoon 10 150±8 
Masher 7 90±11 


Solid spoon 10 170±35 
Slotted spoon 10 150±16 


Ladle 10 140±14 
Slotted spoon 7 100±5 
Slotted spoon 14 170±6 


Scissors 14 132±7 
Scissors 14 4000±43 


 
ΣBFR concentrations in the 18 utensils containing >100 µg/g Br, ranged from 0.1 µg/g to >1000 







µg/g (>0.1 %), with a median value of 3.6 µg/g. Interestingly, there was considerable variation 
between samples with respect to the BFR pattern and no common distribution pattern could be 
found. BDE-209 was the most frequently detected BFR and usually predominated, but extremely 
high concentrations of other BFRs like BDE-153 (100 μg/g) and BTBPE (1000 μg/g) were also 
found in some samples. Table 2 shows a more detailed concentration range for each BFR.  
 
Table 2: Maximum, minimum, and median concentrations (µg/g) of selected BFRs in Kitchen 


Utensils containing >100 µg/g Br (n=18) 
BFR Maximum Minimum Median 


BDE-28 0.1 N.D.a N.D. 
BDE-47 0.3 N.D. 0.03 
BDE-99 0.9 N.D. 0.1 
BDE-100 0.1 N.D. 0.02 
BDE-153 120 N.D. 0.03 
BDE-154 0.2 N.D. 0.01 
BDE-183 10 N.D. 0.04 
BDE-209 130 0.1 2 


PBEB 0.03 N.D. N.D. 
EH-TBB 2 N.D. N.D. 
BTBPE 1100 N.D. 0.08 


BEH-TEBP 20 N.D. 0.006 
DBDPE 4 N.D. 0.1 


a not detected  
 
Simulated cooking experiments showed considerable BFR transfer from utensil to oil (up to 50 % 
of the BFR mass present in the utensil portion tested), suggesting exposure to BFRs during cooking 
using such utensils is plausible.  
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Introduction 


Flame retardants (FRs) are chemicals added to a wide range of consumer and industrial products in order to limit 
fire initiation and propagation in a context of fire safety. Some halogenated FRs have been registered in the 
United Nations Stockholm Convention annexes, due to their persistence in the environment, long-range 
transport, bioaccumulation and toxicity. Although raising concerns, Dechloranes constitute a group of 
polychlorinated FRs that are still used [1]. In particular, Dechlorane Plus (DP) has been detected in various 
environmental matrices and in different aquatic and terrestrial biota, thus exhibiting bioaccumulation and 
biomagnification potentials [2]. However, occurrence data in biota remain scarce, particularly at the French 
level. 


Regarding analytical methods dedicated to Dechloranes, most authors use gas chromatography (GC) coupled to 
mass spectrometry (MS, MS/MS or HRMS) fitted with electron impact (EI) or negative chemical ionisation 
[3,4], and use Pressurised Liquid Extraction (PLE) or Soxhlet for extraction, followed by acidic silica columns 
or Gel Permeation Chromatography for purification. 


The aim of this work was (i) to develop and optimize an analytical strategy dedicated to the identification and 
quantification of a range of Dechloranes in fish muscle samples and (ii) to apply it to a set of samples collected 
in the two rivers in the South West of France, the Dordogne and the Garonne. 


 


Materials and methods 


Standards 


Analytical standards of anti-DP, syn-DP, Dechlorane 601, 602, 603, 604, 604CB, Chlordene Plus (CP) 
(Figure 1) and the external standard 13C12-PCB-194 were obtained from Wellington Laboratories. 13C10-labelled 
internal standards of anti-DP, syn-DP and Dec-602 were purchased from Cambridge Isotope Laboratories and 
used for isotopic dilution method quantification. 


 


Samples 


Fish muscle samples (Silurus sp.) were collected from Dordogne (5 sites, n=20) and Garonne (4 sites, n=23) 
rivers in 2014 (Figure 2), freeze-dried and extracted by PLE with a mixture of toluene/acetone 7:3 (v/v). After 
reconstitution in n-hexane, extracts were cleaned up through a silica gel column containing H2SO4, further 
partitioned between n-hexane and NaOH 1 N and reconstituted in toluene. Particular attention was paid to 
procedural contamination. 
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Dec-602


Dec-603


Dec-604 Dec-604 CB


CP
 


Figure 1: Chemical structures of the Dechloranes studied in this work. 


 


 


Figure 2: Sampling sites locations. 


 


Instrumental method 


Analyses were performed using a Scion-456-GC coupled to a Scion TQ-MS from Bruker (Billerica, MA, USA) 
operating in the EI mode. The capillary column was a HT8-PCB (30 m x 0.25 mm). Extracts were injected in the 
splitless mode at 250 °C. The oven temperature program started at 100 °C (2 min), rose to 280 °C at 25 °C.min-1, 
then ramped to  325 °C at 5 °C.min-1 (5 min). Helium at 1 mL.min-1 was used as carrier gas. All targeted 
compounds were separated, thanks to selected column (Figure 3). 
Auxiliary and source temperatures were set at 310 °C and 250 °C, respectively. The electron energy was set at 
70 eV. Optimised transitions in Selected Reaction Monitoring mode are described in Table 1. 







 
Figure 3: Chromatographic separation obtained for Dechloranes by GC-EI-MS/MS. 


 
Table 1: Optimised SRM transitions using GC-EI-MS/MS (CE: Collision energy). 


Compound Quantifier Qualifier CE (eV) Theoretical ion ratio 


Anti-DP, Syn-DP, Dec-601, 
Dec-602, CP 


271.8>236.8 273.8>238.8 15 0.81 


Dec-603  262.8>227.9  264.8>229.9 20 0.65 
Dec-604  440.7>280.8 438.7>280.8 40 0.60 
13C10-DP, 13C10- Dec-602 276.8>241.8 278.8>243.8 15 0.81 
13C12-PCB-194 441.8>371.8 439.8>369.8 25 0.89 


 


Results and discussion 


Analytical parameters 


Based on six calibration curves ranging from 5 to 2000 pg/µL in vial and triplicate analysis of a quality control 
fish sample pool, the obtained Limits of Reporting (LoR) were 8.9 (Anti-, Syn-DP), 1.7 (Dec-602, -603) and 
1.5 pg/g fresh weight (fw) (CP). The limits of quantification were found to be 34, 95 and 5 pg per vial for 
Dec-601, -604 and -604CB, respectively. 


Quantification of Dechloranes in Silurus 


Dec-601, -604 and -604CB were not detected in any sample. CP was detected in only one sample, at 13.8 pg/g 
fw. For other compounds, detection frequencies above LoRs were 16, 19, 26, 2 and 79% for Anti-DP, Syn-DP, 
Dec-603, CP and Dec-602, respectively. 


Dec-602 was found at concentrations ranging from n.d. to 80.3 pg/g fw, with a median value of 3.0 pg/g fw. 
Dec-603 was found in 11 samples only with the concentration ranging from 8.28 pg/g fw to 575 pg/g fw. Syn-
DP and Anti-DP ranged from n.d. to 30.5 pg/g fw and from n.d. to 65.5 pg/g fw respectively. 


The fractional abundance of the anti-DP isomer (fanti) was calculated for each sample by dividing the 
concentration of anti-DP with the sum of syn-DP and anti-DP concentrations (Figure 4). The obtained value was 
equal to 0.68 ± 0.2 similar to those found in commercial mixture and literature [3]. 


The concentration levels of Anti-DP and Syn-DP that have been found in Dordogne samples were higher than 
those measured in Garonne. Dec-602 was found in the two rivers whereas Dec-603 and CP were found only in 
the Garonne river. 







The concentrations of Dechloranes found during this study were within an order of magnitude similar than those 
observed in some previous study [4]. However it is importance to keep in mind that these fishes were sampled in 
two basins that present a relatively low anthropogenic pressure. 
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Figure 4: Concentration of Anti-DP versus Syn-DP for each quantified sample above LoR (pg/g fw). 


 


Conclusion and perspectives 


A GC-EI-MS/MS method has been developed for the analysis of Dechloranes using PLE for extraction and 
acidic silica column chromatography and LLE for sample purification. The protocol was successfully applied to 
a series of fish samples. As a perspective, this method will be evaluated and applied to other food samples from 
the French market to estimate the dietary Human exposure at the French level in a risk assessment context. 
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Introduction 
During recent decades, compound-specific isotope analysis (CSIA) has undergone rapid 


development, which has led to important applications for the assessment of the origin and 
degradation of organic compounds in the environment1. The extent of stable isotope fractionation 
allows for the qualitative and quantitative assessment of pollutant biodegradation, as well as the 
elucidation of the reaction mechanism2. The use of CSIA for environmental investigation has been 
applied to study the biotransformation and trophic dynamics of PCBs and PBDEs in fish in our 
previous studies3-6. Moreover, stereoselective biotransformation of chiral PCBs has been observed 
in fish. However, little information is available regarding the mechanisms of stereoselective 
biotransformation. In recent years, enantiomer-specific isotope analysis (ESIA) has become a 
promising new approach that could provide insight into stereoselective fate and source 
apportionment of environmental organic contaminants7, and provide information regarding 
biochemical enzymatic reaction mechanisms during biotransformation2. Currently, no study has 
been conducted to investigate the changes in stable isotope signatures of atropisomers of chiral 
PCB congeners during the biotransformation processes. 
  In the present study, a dose of certain PCB and PBDE congeners was administered to common 
carp (Cyprinus carpio) via their diet for 28 days. This was followed by a depuration period of 84 
days, during which the carp were fed unfortified, non-spiked food. The primary objective of this 
study was to trace the biotransformation of PCBs and PBDEs in fish using CSIA. We further 
investigated the changes in atropisomeric composition of chiral PCB congeners and the carbon 
stable isotope fractionation of individual atropisomers to verify the stereoselective 
biotransformation and its mechanism using ESIA.  


Material and methods 


Thirty-six common carp were exposed to the spiked food for 28 days of exposure (uptake 
period), the fish were fed non-spiked food for 84 days (depuration period). Fish were sampled on 
days 0, 7, 21, and 28 of the uptake period, and on days 14, 28, 42, 56, 70, and 84 of the depuration 
period. On each sampling day, four fish were randomly chosen from the exposed group to 
determine their fork length and weight. Then the serum, gill, liver, gonad, gastrointestinal tract, 
and carcass (whole fish minus gill, gonad, liver and GI tract) were obtained.  


The gill, liver, gonad, GI, and one-tenth of the carcass were used for PCB, PBDE, and 
MeSO2-PCB quantification analysis, and the sera were analyzed for PCBs, PBDEs, OH-PCBs, 
and OH-PBDEs. The remainder of the carcass material sampled on the same day was respectively 
combined into two samples and used for compound-specific stable carbon isotope analysis. The 
extraction and quantification analysis procedures used for fish tissues were similar to those 
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described in previous studies8,9.  
Approximately 10 g dry weight for each sample was used for stable carbon isotope analysis. 


The method for purification of PCBs and PBDEs in fish for CSIA was based on our previous 
studies4,6, with minor modifications. Details of the gas chromatography (GC) conditions and 
monitored ions have been described previously 8. 


CSIA measurements of PCBs and PBDEs were performed using a method similar to that used 
in our previous study6, with minor modifications. A co-injected standard, 2,4,6-trichlorobiphenyl 
(PCB 30), whose δ13C value was first determined offline with a Flash 2000 EA-Delta V Plus 
IRMS (Thermo-Fisher Scientific, USA) and was spiked into the extract before conducting the 
CSIA. The online-measured δ13C value for PCB30 (-29.14‰ to -28.86‰) was close to the 
offline-measured value (-28.80‰), indicating data reliability. 


Results and discussion 
 The half-lives (t1/2) and BMFs of the exposed PCB and PBDE congeners in fish carcasses are 


plotted versus log Kow in Figure 1. The t1/2 and BMFs increased with increasing Kow at log Kow < 
7 and then decreased with increasing Kow. However, the half-lives and BMFs of PCBs 18, 45, 91 
and 95, and BDE 153 were generally lower than their expected values according to the log Kows in 
fish, indicating a metabolic process occurred for these chemicals. 


No significant isotopic fractionation was observed throughout the experiment for PCBs 20, 28, 
44, 49, 52, 91, 95, 101, 132, 138, 149, 174, 177, 180, 183, and 187 (one-way ANOVA, p > 0.05), 
indicating that no biotransformation occurred or the biotransformation occurred with no detectable 
isotope fractionation. The stable carbon isotope compositions of PCBs 8, 18, and 45 were the 
same as those in the spiked food during the exposure period. However, a heavy isotope enrichment 
trend with depuration time was observed for these three congeners (Figure 2).These results 
affirmed that biotransformation occurred in the fish.  


Stable carbon isotope ratios were precisely measured for four PBDE congeners (BDEs 47, 100, 
153, and 154) (Figure 3). No obvious isotope fractionation was observed for BDEs 100 and 154 
(Figure 3), indicating that these two congeners were accumulated by common carp with or without 
undetectable biotransformation. The δ13C values of BDE 153 increased from -29.4 ± 0.3‰ in the 
spiked food to -26.1 ± 0.1‰ in the carp at the end of the experiment (Figure 3). The observed 
heavy isotope enrichment indicated isotope fractionation during the metabolic debromination of 
BDE 153 in common carp. The isotopic enrichment factors (εC) calculated according to the 
Rayleigh equation were -1.99‰, -1.84‰, -1.70‰, and -0.86‰ for PCBs 8, 18, and 45, and BDE 
153, respectively (Figure 4).  


Of the seven chiral PCB congeners (PCBs 45, 91, 95, 132, 149, 174, and 183), PCBs 132, 149, 
174, and 183 were found to be racemic (EF = 0.5) throughout the course of the experiment (Figure 
5), which implies that either no metabolism occurred or their biotransformation was achiral. PCBs 
45, 91, and 95, on the other hand, were racemic during the uptake phase but non-racemic during 
the depuration period (Figure 5). The relative abundances of the E1-atropisomer of PCB 45, 
(-)-atropisomer of PCB 91, and (+)-atropisomer of PCB 95, increased with time, indicating the 
preferential metabolism of E2-PCB 45, (+)-PCB 91, and (-)-PCB 95 in carp (Figure 5).  


A shift in carbon isotope composition of E1- and E2-PCB 45 toward a more positive δ13C with 
similar extent (from -29.9 ± 0.3‰ to -24.4 ± 0.2‰ for E1-PCB 45 and from -30.0 ± 0.3‰ to -23.4 
± 0.4‰ for E2-PCB 45) was observed during the depuration period (Figure 6). This indicated that 
both atropisomers were involved in metabolic processes, but the E2-atropisomer was metabolized 
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faster than the E1-atropisomer because the EF values increased with depuration time. The εC of 
E1-PCB 45 (-1.63‰) was similar to that of E2-PCB 45 (-1.74‰) (Figure 7), indicating both 
atropisomers were metabolized by similar reaction mechanisms. However, because E2 was 
biotransformed faster than E1, other steps, such as substrate uptake into the cell and binding of the 
substrate to enzyme, than isotope sensitive carbon bond cleavage might be rate limiting for the 
metabolism of PCB 45, and those steps were stereoselective.  


A significant heavy isotope enrichment was observed for (+)-PCB 91 (from -31.65 ± 0.03‰ to 
-30.36 ± 0.17‰) during the depuration period, whereas no significant differences (δ13C value 
ranging between -31.71‰ and -31.52‰) were found for δ13C values of (-)-PCB 91 (Figure 6). The 
δ13C value of (-)-PCB 95 exhibited a small (from -32.70‰ to -31.81‰), but significant increasing 
trend with depuration time. The δ13C values of (+)-PCB 95, on the other hand, showed no 
significant change (from -32.60‰ to -32.48‰) during the depuration period (Figure 6). These 
results indicated that the reaction mechanism for the two atropisomers was different. The (+)-PCB 
91 and (−)-PCB 95 were more involved in the isotope sensitive carbon bond cleavage step 
compared to (-)-PCB 91 and (+)-PCB 95, respectively. The isotope sensitive carbon bond cleavage 
step could be a reason for the change in EF values during the depuration period, which is different 
from that of PCB 45. The εC of (+)-PCB 91 was -1.5‰, very close to those of two atropisomers of 
PCB 45, but higher than that of (-)-PCB 95 (-0.77‰) (Figure 7). This result led to the supposition 
that the reaction mechanism of PCB 95 differed from that of PCB 45 and PCB 91.  
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Figure 1. Half-life (t1/2) versus log Kow (a), and BMFs 


versus log Kow (b) for PCB and PBDE congeners in 


common carp carcasses.  
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Figure 2. The isotopic values (δ13C) of the determined 


individual PCB congeners (PCBs 8, 18, and 45) in the 


spiked food and the common carp. 
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Figure 3. The isotopic values (δ13C) of the 
determined individual PBDE congeners (BDE 
47, 85, 99, 100, 153, and 154) in the spiked 
food and the common carp. 
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Figure 4. Linearized Rayleigh equation plots showing 


the carbon isotope fractionation for the 


biotransformation of PCBs 8, 18, and 45 and BDE 


153 by the common carp. 
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Figure 5. Enantiomer fractions (EFs) of the chiral 


PCBs in the spiked food (n = 6), and common carp 


samples over the experiment period. 
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Figure 6. Comparison of carbon isotope isotopic 


values (δ13C) versus enantiomeric fractions (EFs) for 


chiral PCB congeners in the common carp. 
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Abstract 
Polychlorinated dibenzo-p-dioxin (PCDD/Fs) and polychlorinated biphenyls (PCBs) have been subject 
of many incidents with food and/or feed (1). Flame retardants such as poly brominated diphenyl 
ethers (PBDEs) have also been a rising group of interest to be analysed.  One of the major problems 
laboratories are confronted with, especially for PCBs and PBDEs, is the contribution caused from the 
laboratory environment. Using comprehensive automation for the extraction and purification, 
background contamination can be significantly be decreased while on the other hand sample 
capacity can be increased. With the current available instruments  up to 100 samples per week can  
be handled by one technician, with a turnaround time of eight hours to two days.  
 
Introduction 
Nowadays laboratories are requested not only to analyse samples for the presence of  
polychlorinated dibenzo-p-dioxins (PCDDs), dibenzofurans (PCDFs) but to expand the scope of the 
analysis e.g. to dioxins, (non-)dioxin-like polychlorinated biphenyls and flame retardants such as poly 
brominated diphenyl ethers (PBDEs). In order to achieve low limits of quantitation, highly sensitive 
and specific methods are required. Prior to extraction 13C labelled (internal standards) are, for 
identification and quantification, added to the samples. The first step of the analysis is extraction -  
often done by classical soxhlet. After that, obtained extracts are purified by an array of columns 
packed with sorbents like Silica (acidified) , Alumina, Florisil, Carbon etc. One important step during 
purification is separation between the different compound groups e.g. planar compounds (dioxins 
and NO-PCBs) and non-planar compounds  (MO and NDL-PCBs) which can be carried out using e.g. an 
activated carbon column. Purified extracts are finally concentrated down to a small volume of 
typically 10-25 µl and analysed with gas-chromatography-high-resolution-mass spectrometry (HRGC-
MS) or GC-MS-MS. In order to improve extraction and purification methods in terms of capacity and 
turnaround time while at the same time maintaining the quality, automation is a must. Since the 
introduction of the first automated systems for extraction and for purification additional benefits 
have been focussed on such as: low solvent consumption; avoiding the use of toxic solvents such as 
Dichloromethane; shorter sample preparation time; elimination of cross contamination and user 
friendliness. 
A major problem in most laboratories, especially for the determination of PBDEs, is background 
contamination form the laboratory environment caused by the frequent use of flame retardants in 
furniture, equipment and  fire resistant ceiling tiles. Using closed systems will contribute to lowering 
background levels and would therefore be preferred.  
 
 
Material and method 
 
Since 2015 a combination of an automated extraction system based on Randal principle (SER-158 
Velp Scientifica, Usmate, Italy) and an automated purification system (MIURA, Matsuyama, Japan) is 
routinely in use for the determination of Dioxins and PCBs. (2)  
To investigate whether this combination is also applicable for the determination of PBDEs the 
standard extraction and purification methods were tested using oil/fat samples spiked with a mixture 
of PCDD/Fs, DL- and NDL-PCBs as well as with PBDEs congeners. Sample intake was 2.5 gram. Results 
for all congeners were good, meaning recoveries all in the range of 85-100%.   
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Quite often also low fat containing samples have to be analyzed for these compounds and according 
to a report (3) published in 2014 by Hiroyuki Fujita from MIURA, the recoveries for PBDEs will be 
lower in case a low  amount of fat/oil is put onto the set of columns when applying the standard 
purification method. This is caused by the polarity of PBDEs which is higher compared to the polarity 
of PCDD/Fs and PCBs resulting in a stronger adsorption onto the silica purification columns. In case 
samples with a lower amount of fat are analyzed a poor recovery of PBDEs was observed (4 ) while 
recoveries of PCDD/Fs and DL and NDL-PCBS were as expected all in the range of 80-100% 
 
In order to improve the elution of PBDEs from the two silica columns, addition of a polar solvent e.g. 
Ethyl Acetate to the extract has been suggested (4). A disadvantage is that the amount of such a 
modifier depends strongly on the amount of oil/fat in the extracts. Too much modifier will result in 
low recoveries of the other compounds of interest. As an alternative to adding ethyl acetate, the 
volume of hexane eluting from the two silica columns was increased from 90 to 150 ml  and in the 
presence of different amounts of oil/fat good recoveries could be obtained for compounds of 
interest including PBDEs. 
 
Extraction 
From each sample food, feed and environmental (soil, sediment) 5 to 10 gram is spiked  with all 
relevant 13C labelled congeners and after mixing with hydromatrix extracted with 100ml 
hexane/dichloromethane (1:1 v/v) (food) or with 100ml toluene/ethanol (3:7 v/v) plus 2% dodecane 
(feed/environmental). For low or non-fat containing samples 2% dodecane is added to the extraction 
solvent in order to act as a keeper 
Each sample is  transferred into a thimble and placed in the glass cups of the automated Solvent 
Extractor SER-158. The cups are filled via a dispenser with each 100ml solvent and the following five 
steps are automatically performed. 
 
1. Immersion : Thimble with sample is placed in boiling solvent (60 min) 
2. Removing : Solvent is evaporated until just below the thimble (10 min)*1 
3. Washing : Classical hot soxhlet / twisselman extraction (60 min)  
4. Recovery : Solvent is evaporated to near dryness (15 min) *1 
5. Cooling : Glass cup is cooled (5 min) 
 
To each cup 10-15 ml hexane is added as well as a clean-up standard e.g. 37Cl-2,3,7,8-TCDD. Finally 
extracts are purified . 


 
 
*1 In case of compound feed, minerals, soil or alike the extraction solvent should consist of a mixture 
of toluene ethanol (3:7 v/v) . Times for step 2 and 4 should be increased to respectively 15 and 30 
minutes. As final extracts contains toluene a solvent exchange to hexane is necessary. Solvent 
transfer is done by adding 5 ml methanol to the extract. The formed  azeotrope (Toluene/Methanol) 
with a boiling point of 65°C is again evaporated . The residue is dissolved in 10 ml hexane, 37Cl4-
2,3,7,8-TCDD (clean-up standard) is added  and the extracts are purified.  
 
 
Purification of extracts 
Clean-up is performed using an automated system (GO-xHT, Miura). For each extract a set of four in-
line columns is required: silica gel impregnated with silver nitrate (1th); silica gel impregnated  with 
sulfuric acid (2th); activated carbon (3th) and  alumina (4th). The first and the second Column are used 
for purification of the extracts while the other two columns are used for trapping the compounds of 
interest. Extracts are transferred via a funnel to the first column (AgNO3 Silica). Thereafter the set of 
columns and tubing is assembled and placed in the GO-xHT system. Column set is eluted with 150 ml 
of hexane with a flowrate of 2.5 ml minutes. In case only dioxins and pcbs are required the volume of 
hexane is only 90 ml. During this step the temperature of the two purification columns is maintained 
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at 60°C.  The elevated temperature weakens the adsorption with silica gel and as a result the elution 
speed of dioxins and PCBs is enhanced. Also the chemical reaction rates (oxidation with sulfuric acid) 
with sample matrices is accelerated. PCDD/Fs and the four NO-PCBs are trapped on the activated 
carbon column while the MO, NDL-PCBs and PBDEs are trapped on the alumina column. 
Finally in backflush, both the alumina and the carbon column are eluted using a small amount of 
toluene resulting in two fractions each of 1.5 ml. During these elution steps the temperature of the 
carbon and alumina column is set at 90°C. At first only the alumina column is eluted and the 
collected fraction contains the MO-PCBs, the NDL-PCBs and all PBDEs. After that the carbon column 
is eluted with toluene and this fraction contains all PCDD/Fs and NO-PCBs. To both fraction the 
recovery/syringe standards 13C-1,2,3,4-TCDD and 13C 2,3,4,6,7,8-HxCDF in 20 µl  nonane is added and 
both fraction are concentrated to a final volume of 20 µl using an evaporator (CentriVap, Labconco). 
 
GC-HRMS 
 
The two obtained  fractions are analysed using GC-HRMS (DFS High Resolution Magnetic Sector MS - 
Thermo Scientific) which is equipped with a PTV injector (Best P.T.V. injector) using a sintered glass 
liner (SGE pn 092155). For the determination of PCDD/Fs and the PCBs a VF-5ms 60m x 0,25mm x 
0.25µm + 5m EZ-guard (Varian) GC column is used.  For the determination of PBDEs a DB-5ms 15m x 
0.25 mm x 0.10 µm GC columns is used. The mass spectrometer is operated in electron impact 
ionization mode, using selected-ion monitoring. From both fractions 4 µl is used to introduce the 
sample onto the GC.  In figure 3  chromatograms are given of  a procedure blank  (whole method 
without matrix). 
 
 
 
 


 
 
 
 
Fig 3: Chromatogram of  procedure blank maximum amount of PBDE 209 is < 20 pg in final extract 
(20 ul), all other PBDEs less than 1 pg in final extract 
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Results and discussion 
Advantages of the new approach are obvious; combination of short extraction times, use of small 
solvent volumes and high performance clean-up results in short delivery times and high quality 
chromatograms which are easy to process. Moreover, solvent exposure is minimized using closed 
systems which also contributes to lower background levels.   
This automated system starts with a sample intake of up to 20 gram and the required volume of 
organic solvent is 70 up to 100 ml. Depending on the boiling point of the organic solvent the total 
extraction time required is approximately 2.5 hours. As the solvent is automatically concentrated 
down to near dryness the final extract fat/oil or dodecane can directly be put onto the Miura GO-xHT 
system. Purification using the Miura GO-xHT systems has many advantages such as: low solvent 
consumption 90ml hexane plus 4 ml toluene; Small final fractions only 1.5 ml toluene; no valves in 
sample pathway, no washing, no cross contamination and no additional clean-up is needed. Obtained 
extracts can be concentrated after transfer in a GC vial with tapered end which can be placed directly 
in an auto-sampler. Results in terms of recovery and quality of the chromatograms for PCDD/Fs and 
PCBs are similar to the results obtained with the standard MIURA method. So increasing of the 
volume hexane from 90 to 150 ml does not have any negative influence on the performance of the 
system for these congeners. For the determination of PBDEs the elution volume of hexane should be 
increased to 150 ml. By doing so excellent recoveries will be obtained. The method is applicable for 
all kind of matrices including vegetable oil, fish oil and fish. 
 
The blank contribution from the chemicals and the equipment, including the Miura GO-xHT columns 
is very low. For PBDE 209 the sample extract contains no more than 20 pg. For the other PBDEs this is 
even a factor 20 lower. 
 
By using the SER 158 extraction systems, a GO-6HT purification system and a Centrivap concentrator, 
one technician can perform the complete sample preparation procedure of more than 100 Food 
and/or Feed samples in one week time.  
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Introduction 
Halogenated flame retardants (HFRs) are man-made chemicals that are added to a wide range of 
consumer products to reduce their flammability. Because most HFRs are not chemically bonded to the 
products which they are added to, they can easily leach into the environment, ending up in air, 
sediments, biota, and food products for human consumption (de Jourdan et al. 2014; Bakker et al. 
2008; Voorspoels et al. 2007).  
Dietary intake is known to be one of the main routes of human exposure to HFRs, together with 
ingestion of indoor dust and inhalation of indoor air (Domingo 2012). Yet, the data scarcity regarding 
the presence of brominated FRs (BFRs) in food can lead to an incorrect estimation of the health risks 
and consequently of the exposure to HFRs via diet (as recently indicated by the European Food Safety 
Authority, EFSA 2011). For this reason, the EU adopted a Recommendation on the monitoring of 
BFRs in foodstuffs (Commission Recommendation 2014/118).  
The main aim of this study was to follow-up on this Recommendation, providing data on HFR 
occurrence and levels in the main food categories consumed in Belgium. The presence of 
polybrominated diphenyl ethers (PBDEs), novel BFRs (hexabromobenzene (HBB), 
bis(tribromophenoxy)ethane (BTBPE), tetrabromobenzoate (TBB), tetrabromophthalate (TBPH)), 
tribromoanisole (TBA), and dechlorane plus (syn-DP and anti-DP) was assessed in about 200 
composite food samples.  
 
Materials and methods 
To obtain a realistic profile of the Belgian dietary pattern, several food categories (including fish and 
seafood, meat, dairy products, eggs, grains, animal and vegetable fats, vegetables, and food for infants) 
were sampled over a two-year period (2015-2016) from Belgian supermarkets and local stores. The 
analytical method for the quantification of PBDEs and other HFRs in the considered food categories 
was previously optimized and validated (Poma et al. 2016). Briefly, for the quantification of HFRs in 
the food items, a variable amount of food sample (from 0.2 to 2 g dry weight, depending on the lipid 
content) was extracted through solid-liquid extraction using acetonitrile:toluene (9:1, v/v) solvent 
mixture. As lipids and pigments were co-extracted, a two-step clean-up (including Florisil and acid 
silica 5% w/w) was performed to efficiently remove these interferences prior to GC-MS analysis in 
electron capture negative ionization mode (GC-ECNI/MS)  
The mass spectrometer was operated in selected ion monitoring (SIM) for the quantification of all the 
analytes of interest (BDE-28, -47, -49, -99, -100, -138, -153, -154, -183, -209, TBPH, TBB, BTBPE, 
HBB, TBA, syn-DP, and anti-DP). BDE-103 and BDE-128 were used as IS for the quantification of 
PBDE congeners (except BDE-209), TBA, HBB, and BTBPE. 13C-BDE-209 was used as IS for BDE-
209, while 13C-TBB, 13C-TBPH, 13C-syn-DP, and 13C-anti-DP, were used as IS for TBB, TBPH, syn-
DP, and anti-DP, respectively.  
 
Results and discussion 
Among the considered HFRs, PBDEs were the most frequently detected compounds in all composite 
food samples, and were predominant in fish/seafood samples, with values up to 5,727 pg/g ww (fresh 
eel). BDE-47 was the most present congener in the fish category, followed by BDE-28, BDE-100, and 
BDE-154. Regarding the other food categories, BDE-47 and BDE-209 were the only congeners 







detected in cheese and other dairy products, food for infants, eggs, grains, and potatoes, up to 81 pg/g 
ww and 16,839 pg/g ww, respectively. Apart from the fish/seafood category, only the meat composite 
samples showed detectable levels of BDE-28, measured up to 265 pg/g ww in veal tongue. 
Regarding the other HFRs, only TBA was frequently detected in the food/seafood composite samples 
(median concentration of 508 pg/g ww), likely because it is naturally produced by algae, bacteria, 
fungi and sponges in the marine environment (Moore et al. 2002). Lower, but quantifiable, levels of 
TBA were also measured in meat, meat stocks, cereals, eggs, and cheese (up to 252 pg/g ww). 
However, because TBA was also present in non-negligible amounts in the procedural blanks, it is 
likely that these latter values resulted from activities related to the laboratory analysis (sample 
handling, presence in the lab environment), rather than from a real contamination of the samples. 
TBPH was only measured in vegetable oils (maximum level of 350 pg/g ww) and foie gras duck (202 
pg/g ww). The other targeted HFRs were either not detected or below the LOQ in the analyzed food 
items. 
Liquid milk, crustacean and vegetable samples showed levels of HFRs (including PBDEs) <LOQ.  
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Introduction  
Penta-BDE and Octa-BDE commercial mixtures have been recently listed as persistent organic 
pollutants (POPs) for elimination under the Stockholm Convention1,2, while the Deca-BDE mixture is 
currently under review. Due to legislative restrictions on their commercial use, PBDEs have been 
replaced with alternatives, known as “emerging” halogenated flame retardants (EHFRs)3 and 
organophosphate flame retardants (PFRs)4.  Various human health effects are associated with PBDEs 
exposure such as disruption of the endocrine and thyroid homeostasis5 and neurodevelopmental 
growth of children6. In April 2016, the Washington State House Bill 2545 (Toxic-free Kids and 
Families Act) was approved to ban children’s products and residential upholstered furniture from the 
market containing more than 0.1% of tris-(chloroethyl)-phosphate (TCEP), tris-(2,3-dichloropropyl)-
phosphate (TDCIPP), Deca-BDE, hexabromocyclododecane (HBCD) and tetrabromobisphenol A 
(TBBPA) with an effective date set for June 2016. The implementation of this bill may potentially 
trigger the phasing out PBDE alternatives, thus initiate the development and use of newer FRs. In this 
study, we assessed the presence of legacy and alternative FRs in three different indoor environments 
from two European countries (the UK and Norway) in order to estimate and compare human intakes 
FRs via dust ingestion for non-working adults and toddlers in Norwegian and British houses, as well 
as for working adults in British stores and offices. 
Materials and methods 
Sampling 
Ten indoor dust samples were collected from pre-existing vacuum cleaner bags (houses) in Norway 
(Oslo) as a part of the A-TEAM cohort sampling during November 2013 – April 2014 7. Twenty-two 
indoor dust samples from pre-existing vacuum cleaner bags (10 houses, 6 stores and 6 offices) were 
collected in Reading (UK) during August – December 2013. The UK house dust samples were 
collected from the houses of University of Reading employees, while UK office and store vacuum 
cleaner bags were collected in Reading. All dust samples were sieved to <250 μm and kept in hexane-
washed amber glass bottles and stored at 4°C till analysis. Oven-baked Na2SO4 (granular) was also 
sieved as field blank.  
Extraction and clean-up 
The method was based on a previous study 8 with some modifications. Briefly, 30 mg of dust was 
extracted with 2.5 mL hexane:acetone (3:1) using ultra-sonication extraction for 10 min and vortexing 
for 1 min three times. The combined extract was concentrated on aminopropyl (NH2) silica cartridges 
(500 mg, 3 mL, Agilent, USA) and further fractionated with 10 mL hexane (F1) and 12 mL of ethyl 
acetate (F2). F1 was further concentrated, following a clean-up on an acidified silica cartridge (5%, 1 
g, 6 mL) and elution with 12 mL dichloromethane. F2 was equally aliquoted into two portions, F2a 
and F2b. Then, F1, F2a and F2b were evaporated, reconstituted with 100 μL of iso-octane (F1 & F2a) 
and methanol (F2b), respectively, and then filtered. Finally, the extracts were transferred to injection 
vials and analyzed on GC-ECNI-MS (F1, for PBDEs and EHFRs), GC-EI-MS (F2a, for m-PFRs, 
except TXP) and LC-QqQ-MS (F2b, for o-PFRs and TXP).  
QA/QC and Data Analysis 
SRM 2585 (n=2, NIST, USA) was used for QC testing, four Na2SO4 samples (30mg) were used as 
field blanks for background checking and  results were blank corrected for all analytes by subtraction 
of the mean field blank values from the raw FR values (expressed in ng/g). GraphPad Prism® version 
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7.00 for Windows, (GraphPad Software, La Jolla CA, USA) was used for statistical analysis. All data 
were checked for normality using the D’agostino and Pearson tests, data that failed the normality test 
were log-transformed. Ordinary two-way ANOVA (Uncorrected Fisher’s test, p<0.05) was performed 
to assess statistically significant differences of FRs between UK house and occupational 
concentrations and between UK and Norwegian houses.  
Results and discussion  
PBDEs, EHFRs and PFRs in dust  
This study reports concentrations of four groups of FRs in dust from UK stores and offices (n=6 
offices and n=6 stores), UK houses (n=10) and Norwegian houses (n=10). Overall, 28 and 31 
compounds (out of 33) were detected in house and occupational dust samples, respectively. Studied 
chemicals included nine PBDE congeners, eight EHFRs, ten monomeric PFRs, and six oligomeric 
PFRs. In our study, monomeric PFRs presented the highest levels in total, followed by EHFRs, 
PBDEs and oligomeric PFRs. Overall, the UK occupational dust samples had the highest FR 
contamination, followed by UK and Norwegian house dust. In an attempt to define newly identified 
PFRs, this group is divided in monomeric (m-PFRs), including TPHP, TnBP, TCPP, TDCIPP etc., 
and oligomeric (o-PFRs), including V6, BDP and RDP, using the abbreviation nomenclature as 
suggested by Matsukami et.al. (2015)9.  
This is the first report of isodecyldiphenyl phosphate (iDPP) and trixylenyl phosphate (TXP) in the 
indoor environment. Most o-PFRs were detected in all three types of dust (DF>80%), apart from RDP 
(no detection in Norwegian house dust) and TDBPP (DF<50% in UK and Norwegian house dust 
samples). iDPP was the most abundant o-PFR in our dust samples, ranging from 600-145,000 ng g-1, 
110-1,700 ng g-1 and 6-260 ng g-1 in UK occupational dust, UK house dust and Norwegian house dust, 
respectively. Maximum values for iDPP and BDP were close to 145,000 ng g-1 and 6,000 ng g-1, 
respectively, both found in dust from a toy store. In a personal computer (PC) store, the maximum 
concentration of TXP was near 6,000 ng g-1. iDPP concentrations of UK house and occupational dusts 
were statistically significantly different (p=0.019). 
Human exposure assessment 
In all scenarios much higher intakes from dust ingestion have been calculated for m-PFRs than for 
PBDEs, EHFRs and o-PFRs. This is the first study reporting human exposure via dust ingestion for 
most o-PFRs. Among all o-PFRs, in most scenarios, the highest intakes via dust ingestion were 
calculated for iDPP, followed by BDP or TXP (Fig.1). Considering 8h of exposure during a workday, 
British employees were found to have higher estimated exposure of individual o-PFRs than British 
and Norwegian stay-home adults (24 h) (Table 1). In the worst case scenario for toddlers, Norwegian 
toddlers may have an exposure of equal to 11.3 ng kg bw-1 day-1 for BDP, while British toddlers have 
TXP exposure equal to 8.7 ng kg bw-1 day-1. Toddler estimated intakes for o-PFRs were found to be 
higher than stay-home adults in both countries. In the worst case scenario, iDPP estimated intake for 
employees in a British-based toy store was considerably higher than for other o-PFRs, together with 
TDBPP and TXP. This is the first study reporting considerable concentrations of iDPP and TXP in the 
indoor environment of Norway and the UK. However, only dust ingestion was investigated as an 
exposure pathway in the present study, while inhalation has been also proposed as an alternative route 
of exposure for several m-PFRs. Therefore, the continuous and rigorous assessment of legacy and 
alternative FRs, especially oligomeric PFRs (o-PFRs), in the indoor environment is essential due to 
their potential adverse effects on human health.  
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Introduction 


A range of brominated flame retardants (BFRs) have been incorporated into plastics, electronic equipment, 


foams and textiles. The most common of these, polybrominated diphenyl ethers (PBDEs), have been banned and 


restricted in a number of countries1-3 due to their long-range atmospheric transport potential, persistence in the 


environment, and toxicity.4 Replacement products known as “novel” brominated flame retardants (NBFRs) share 


many of the structural and physicochemical properties of PBDEs and have been shown to be subject to similar 


environmental release and fate.5  


Gas chromatography coupled to mass spectrometry (GC-MS) has been the most commonly employed 


instrumental technique for quantifying BFRs in environmental matrices. Traditional methods of BFR sample 


preparation typically utilize separate extraction and clean-up steps to achieve clean extracts for analysis.5 These 


processes have been employed successfully for the extraction of combinations of PBDEs and NBFRs from soil, 


but can be slow and inefficient. Recently, methods described as “selective" pressurized liquid extraction (S-PLE) 


have been developed for extraction of analytes with minimal co-extraction of interfering compounds by 


incorporating chromatographic media into extraction cells.6-8 S-PLE methods achieve faster and simpler sample 


preparation as no further clean-up steps are required following extraction.  


S-PLE has been shown to be an appropriate technique for the extraction of PBDEs and other established 


flame retardants from a variety of matrices9 but has rarely been used to extract NBFRs in combinations of more 


than two or three. The objective of this study is to develop a sensitive, rapid and accurate method for the 


simultaneous quantification of PBDEs and NBFRs in environmental soil samples using one-step S-PLE and GC-


(EI)-MS/MS.  


Materials and methods 


Target analytes are listed in Table 1. All S-PLE trials were carried out with a Dionex Accelerated Solvent 


Extractor (ASE-200) using an oven temperature of 100 ˚C and cell pressure 1500 psi. Samples were heated for 5 


min followed by a static time of 5 min, flush volume of 60% and purge time of 120 s. Three cycles were 


performed on each sample. Various combinations of acetone, hexane and dichloromethane (DCM) were assessed 


as extraction solvents. A range of adsorbent media were prepared in order to test different clean-up procedures. 


Adsorbent preparations included activated Florisil, deactivated Florisil (5% w/w H2O), acid silica (5 and 10% 


w/w H2SO4) and basic silica (20% w/w NaOH). 
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The test soil for use in spiking experiments (TOC = 19.6 ± 0.2% w/w) was collected from parkland northeast 


of Melbourne and verified to contain only trace levels of target BFRs. Recovery and repeatability of the 


optimized method were assessed by repeated analysis of 3 g of test soil spiked with all target analytes at three 


concentration levels. Five extra samples were collected from industrial and background locations within the 


Greater Melbourne area to assess the performance of the optimized method on real environmental samples. 


All quantitative analyses were performed using an Agilent 7000C gas chromotograph - triple quadrupole 


mass spectrometer (GC-MS/MS) operated in electron ionization (EI) mode. Injections of 2 µL were executed in 


pulsed splitless mode and separated on a DB-5MS column (15 m x 180 μm internal diameter, 0.18 μm film 


thickness). 


Results and discussion 


A GC-MS/MS acquisition method was successfully developed for the quantitation of all analytes from a 


single injection with run time of 13.5 min. The response sensitivity of DBDPE was insufficient to quantitate all 


but the two highest calibration standards and, therefore, spike tests were not assessed for this compound. A 2:1 


ratio of acid silica (10% w/w) and activated Florisil proved to be the only combination of adsorbents tested to 


deliver an acceptably clean extract for use in solvent trials. The optimized cell packing arrangement entailed, 


from bottom to top, a single cellulose filter, 3 g activated Florisil, 6 g acid silica (10% w/w), 3 g Na2SO4, another 


cellulose filter, 2 g activated copper powder and 3 g soil sample dispersed in 2 g Na2SO4 and 1 g of Hydromatrix. 


Equal parts hexane and DCM (1:1) was found to be the most appropriate combination, delivering clean extracts 


with adequate analyte recovery (Figure 1, Table 1). BEH-TEBP could not be recovered using DCM proportions 


less than 80% and was, consequently, excluded from the final method. Good recoveries were observed for most 


analytes at each of the spiking levels with RSD values generally below 20% (Table 1). MDLs ranged 


 


Table 1. Percentage recovery and percentage relative standard deviation (%RSD) of analytes from optimized S-
PLE method validation spikes. 


 Low Spike (n=3) Medium Spike (n=5) High Spike (n=3) 
Compound Recovery RSD Recovery RSD Recovery RSD 
BDE-28 96 2 98 2 98 2 
BDE-47 98 4 98 2 99 3 
BDE-99 95 11 100 5 101 <1 
BDE-100 99 3 97 1 100 1 
BDE-153 98 <1 98 1 96 7 
BDE-154 116 5 93 2 92 2 
BDE-183 53 11 68 3 104 47 
BDE-209 N/A N/A 101 19 91 1 
PBT 106 9 93 2 86 2 
PBEB 116 11 92 2 88 2 
HBB 66 47 95 5 106 3 
EH-TBB N/A N/A 88 7 91 16 
BTBPE N/A N/A 110 9 108 2 
DBDPE N/A N/A N/A N/A N/A 7 
N/A= data not available 
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from 0.01 to 4.8 ng/g dw for PBDEs and 0.01 to 0.55 ng/g dw for NBFRs (excluding BEH-TEBP and DBDPE). 


PBDEs were detected in all five of the environmental soil samples with BDE-209 recording the highest 


concentrations (89 to 190 ng/g dw in samples 1-4 and exceeding the upper calibration range of 330 ng/g dw in 


sample 5). Each of the NBFRs was detected at low levels in at least one of the soil samples, except for EH-TBB. 


 


 


 


Figure 1. MRM chromatograms of quantitation transitions for target analytes and recovery surrogates in A) 
spiked soil and B) real environmental soil sample. 
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Introduction 


Polybrominated diphenyl ethers (PBDEs) are massively used as flame retardants in 
thermoplastics (e.g. computer and TV housing), textiles, foams, interiors of cars, 
buses and airplanes due to strict fire regulations. Concurrent with their increasing 
use, environmental levels of PBDEs have risen because of spillage and emission 
during production and use, as well as release from the consumer products during 
their usage and following their disposal at the end-of-life. These compounds are 
chemically and biologically persistent, lipophilic, able to bioaccumulate in fatty 
tissues and biomagnify throughout food chains. In 2009, the constituents of Penta-
BDE and Octa-BDE technical mixtures (mainly consisting of tetra- to hepta-BDE 
congeners) have been added as persistent organic pollutants (POPs) candidates 
since they embody all characteristics of the Stockholm convention definition of 
POPs: bioaccumulation, toxicity, persistency and long-range transport potential. 
Penta-BDE mixtures have been banned in 2004 in the European Union [1-3]. 
     Similarly to dioxins, PBDEs present in the animal feed may be transferred to 
lipid-containing food such as milk and eggs. Therefore, there is a need for 
developing efficient methods of PBDE determination in animal food matrices. 


There are several approaches for sample preparation for PBDE analysis. 
Sample treatment procedures have typically been based on extraction, purification 
and fractionation. With animal feed matrices, an automated Power Prep system 
(Fluid Management System (FMS), USA) has previously been used for PBDE 
clean-up following manual column extraction and shaking with concentrated 
sulphuric acid [4].  


Our goal was to optimize PBDE extraction and clean-up from a typical feed 
matrix (fish meal) using a more advanced Total-Rapid-Prep system (FMS, USA) 
which includes a pressurized liquid extraction module (PLE), multi-column sample 
cleanup module (Power-Prep) and evaporation/solvent exchange module 
(SuperVap). 
 
 
 
 
 
 







Materials and method 


Mixtures of mass-labeled PBDE congeners  (BDE-3, -15, -28, -47, -99, -100, -126, 
-153, -154, -183) and mass-labeled PBDE internal standard solution (BDE-79, -
138) were used. 


About 10g of feed were mixed with diatomaceous earth, then spiked with 
100 µl mixture of mass-labeled PBDE congeners and 100 µl mass-labeled PBDE 
internal standard solution to monitor recoveries. Extraction was performed on PLE 
(pressurized liquid extraction module) with n-hexane at 120 0C and 15 MPa (two 
static cycles of 20 min each, the purge time 120 s). The extracts were evaporated 
on SuperVap to 10 ml and subjected to automated cleanup on silica and alumina 
columns. Elution parameters such as solvent mixture composition were optimized 
(Fig. 1). Elution by 40 ml 20 % DCM/Hex followed by 120 ml 50% DCM/Hex 
gave the best recovery values for all congeners including di-brominated BDE-15 
(Fig. 2). The purified extracts were concentrated on SuperVap and analysed on a 
TSQ 8000 Evo GC-MS/MS (Thermo, USA) [5]. 
 
Result and discussion 


 We optimized automated extraction and clean-up parameters for di- to hepta-
PBDEs in fish meal using Total-Rapid-Prep system (FMS). Compared to the semi-
automated method described in [4], we obtained better recoveries for di- to tetra-
brominated congeners (Fig. 2) in a fully automated setup which saves time and 
solvents. 


Figure 1. PBDE recoveries after single-run elution with either 20% DCM/Hex or  50% DCM/Hex 
solvent systems 
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Figure 2. PBDE recoveries after consecutive elution with 20% DCM/Hex and 50% DCM/Hex 
solvent systems 
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Introduction 
Certain organic flame retardant substances are among those identified as priorities for 
action for the second phase of the Chemicals Management Plan (CMP)1. The selection 
of these organic flame retardant substances was based on the categorization process 
completed in 2006, evaluations by the New Substances Program suggesting potential 
ecological and human health concerns for certain organic flame retardant substances 
not on the Domestic Substances List (DSL), and new information received as part of the 
first phase of the CMP. 
 
Under the Substance Groupings Initiative of the CMP, the Government of Canada 
assessed and will manage, where appropriate, the human health and ecological risks 
associated with Organic Flame Retardants. The “Certain Organic Flame Retardants 
(OFR) Substance Grouping” is comprised of the ten substances shown in Table 1, and 
all have similar function (i.e., the application to materials to slow the ignition and spread 
of fire). The substance grouping considers OFRs with potential exposure to humans, 
that are used in high volume and that demonstrate potential persistence and inherent 
toxicity to nonhuman organisms. 
 
Materials and Methods 
Data was gathered from various sources, including, but not limited to, experimental 
studies, open literature, monitoring programs, assessments from other jurisdictions, 
follow-up with stakeholders, and predictive tools and methods. The risk assessment 
approach taken included a weight of evidence analysis, which considered physical-
chemical properties, sources and releases, chemical fate, persistence, bioaccumulation, 
long range transport, ecotoxicity, temporal trends, geographical distribution and 
exposure levels in Canada. 
 
Results and Discussion 
In October 2016, the Government of Canada published six draft screening assessment 
reports, two draft state of the science reports, and three risk management scope 
documents covering the ten organic flame retardant substances1. 
 
The draft screening assessments of EBTBP, Melamine, TDCPP and TCP propose to 
conclude that none of these substances is harmful to the environment or to human 
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health as set out in section 64 of the Canadian Environmental Protection Act, 1999 
(CEPA)2. The draft state of the science reports of ATE, TBB and TBPH indicate that 
current quantities in use in Canada are unlikely to pose a risk to the environment or 
human health. The draft screening assessments of DP and DBDPE propose to 
conclude that these substances are harmful to the environment as set out in paragraph 
64 (a) of CEPA, but that they are not harmful to the environment on which life depends, 
or to human health as set out in paragraphs 64 (b) and 64 (c) of the Act, respectively. 
The draft screening assessment of TCPP proposes to conclude that this substance is 
not harmful to the environment as set out in paragraphs 64 (a) or (b) of CEPA, but that it 
is harmful to human health as set out in paragraph 64 (c) of the act. 
 
Table 1. The 10 Substances in the Certain Organic Flame Retardants (OFR) 
Substance Grouping 
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Introduction 


 It is widely believed that BDE-209 in air is almost entirely sorbed on particles due to its low 
vapor pressure (PL) or high octanol-air partition coefficient (KOA) 1-4. This point of view has a 
profound influence on projections of the environmental fate (e.g., LRAT) of this compound. It has 
been suggested that BDE-209 would not distribute widely through the atmosphere despite intense 
use in the industrialized world1,5 and would be difficult to transport to the Arctic via LRAT5.  


Monitoring data, however, showed another story6,7, which identified BDE-209 in atmospheric 
particle samples collected at various sites in North America, including some sites far away from 
populated and industrial centers. More importantly, BDE-209 was also found in Arctic air 
particulates8 and in ice cores from Holtedahlfonna, Svalbard, Norway at concentrations many 
times greater than the more volatile BDE-495, and, most significantly, a high proportion of 
BDE-209 in both gas- and particle-phases was found in Arctic air9. 


These observations suggest that BDE-209 widely distributes in the atmosphere and enters the 
Arctic through LRAT. This puzzling phenomenon was explained by the proposal that LRAT must 
occur for BDE-209 by the movement of particles, not air, and this particle transport could travel 
great distances, especially during the Arctic haze seasons10. 


The main objectives of this work are to study G/P partitioning behavior of BDE-209 in global 
air and to answer the question “Is long range atmospheric transport of BDE-209 really governed 
by the movement of particles?”  
 
Materials and Methods 
Prediction equations  


Partitioning of semi-volatile organic compounds (SVOCs) between gas- and particle-phases is 
usually presented by the partition quotient, KP (m3 μg-1), given by 11 


KP = (CP / TSP) / CG                                  (1) 
where CG and CP are concentrations of gas- and particle- phases (in pg·m-3 of air), respectively, 
and TSP is the concentration of total suspended particle in air (μg m-3). The particle phase fraction 
of a chemical (φP  = CP/(CG+CP)) is related to KP as follows: 


φP = KP TSP / (1+ KP TSP)                         (2) 
In our previous work13, we developed an equation under steady state by including the wet and 


dry deposition of particles in studying the G/P partition of PBDEs:   
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  log KPS = log KPE - log (1+4.18x10-11fOMKOA)              (3) 
where log KPE is the equilibrium partition coefficient, given by12 


log KPE = log KOA + log fOM -11.91                           (4) 
where fOM is the organic matter content of the particles. 
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Figure 1. The G/P partition coefficients of PBDEs as functions of logKOA calculated by two equations.  
 
As described in Li et al13, two threshold values of log KOA (log KOA1 = 11.4, log KOA2 = 12.5) were 
used to describe the partitioning behavior of PBDEs. The two threshold values produce three 
partitioning domains: The EQ (equilibrium) domain when log KOA < log KOA1; the NE 
(non-equilibrium) domain when log KOA ≥ log KOA1; and the MP (maximum partition) domain when 
log KOA ≥ log KOA2 (log KPSM = -1.53). The G/P partition coefficients of PBDEs as functions of 
logKOA calculated by two equations are presented in Figure 1. In contrast to prior treatments 
relying on equilibrium calculations, we predict that the values of log KP reach the MP domain with 
log KPSM = -1.53 when log KOA ≥ log KOA2, instead of linearly increasing along with log KOA. 
 
Results and discussion 
G/P partitioning of BDE-209 in air: Prediction 


The range of logKOA for BDE-209 at the temperature ranged from 50 to -50oC is 
approximately 14 – 20, much larger than log KOA2. Thus we make a prediction that the logarithm 
of partition quotient of BDE-209 is a constant (-1.53) at and any sampling site with any ambient 
temperature (from 50 to -50oC).  
G/P partitioning of BDE-209 in air: Monitoring data 


Another important parameter, the particle-phase fraction, φP, has often been used to describe 
the partitioning behavior of SVOCs in air. The prediction that 100% of BDE-209 is sorbed to 
particles due to its very high octanol-air partition coefficient 23,24 is not consistent with our 
estimated partitioning values (Figure 2). Under steady-state conditions, the φP for BDE-209 as a 
function of TSP is not 100% but varies from 12.9% when TSP = 5 µg·m-3 to 85.5% when TSP = 
200 µg·m-3. The monitoring data illustrated here in Figure 2 are consistent with these predicted 
values for both φP and φG. It is interesting to note that the values of φG tend to be lower in 
populated regions with high TSP than in the remote regions with low TSP, with Arctic air 
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providing the lowest TSP/highest φG values.  
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Figure 2. The gas and particle phase fractions of BDE-209 in air as a function of TSP. The solid lines 
are values predicted by Equation (2), and the open symbols are monitoring data. Diamonds: Arctic46 
(average for 6-year data); Triangles: Izmir Bay and Izmur City37,38; Squares: Zurich24; Circles: China 
(This study. TSP = 100 µg·m-3, average for 90-110 µg·m-3; TSP = 150 µg·m-3, average for 140-160 
µg·m-3; and TSP = 200 µg·m-3, average for 190-210 µg·m-3). 


 
BDE-209 in global air: Long-rang atmospheric transport 


This study clearly indicates that the proportion of BDE-209 in gas phase is much higher than 
those assumed or reported in the literature. Comparison of equilibrium and steady-state equations 
indicates that BDE-209 is under steady state but not equilibrium under any ambient temperature 
conditions. In these cases, the logarithm of its partition quotient is a constant (-1.53), but its 
particulate phase fractions in air depend on the values of TSP.  


According to the results provided here, particulate transport is not actually required for 
BDE-209 to enter the Arctic. Even though it has high log KOA properties, a significant proportion 
of BDE-209 remains in gas phase, especially at low TSP concentrations. From a global 
perspective, gaseous BDE-209 is abundant in air (87.1% when TSP = 5 µg m-3 to 14.5% when 
TSP = 200 µg m-3 from our calculation), and is the dominant congener of PBDEs presented in gas 
phase in many populated areas. Similar to other SVOCs, gas phase BDE-209 is subject to LRAT 
with the result that there is a general migration from warmer to colder areas leading to eventual 
accumulation in Polar Regions17,18.  
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Adipogenic Activity of Indoor House Dust Extracts and Relation to Flame Retardants 
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Introduction 


Flame retardant chemicals (FRs) are frequently used in a number of household items, including furniture, 


electronics, and insulation. As such, our laboratory and others routinely measure FRs in indoor dust (1,2), 


where they contribute to human oral, dermal, and inhalation exposures. A number of FRs are endocrine 


disruptors and can interfere with thyroid, peroxisome proliferator activated receptor, and other receptor 


pathways (3-5). We recently characterized a number of FRs for adipogenic activity, or the ability to 


stimulate pre-adipocytes to produce triglycerides or proliferate. Several FRs, particularly several of the 


organophosphate FRs were relatively potent in inducing triglyceride formation in cell culture (6). As 


house dust often contains mixtures of FRs and other chemicals, we herein evaluated the adipogenic 


activity in dust extracts for which FR concentrations had been previously measured. As such, the goals of 


this study were to assess the extent that house dust extracts could promote triglyceride accumulation 


and/or cell proliferation in cell culture, and attempt to determine if flame-retardants were correlated with 


this activity. 


 


Materials and Methods 


Dust sample collection and processing. House dust samples (n=68) were collected from central North 


Carolina households and processed as described previously (7,8). Briefly, the main living area was 


vacuumed and dust was collected and frozen. After sieving to <500 μm, ~200 mg of dust was extracted 


with 50:50 dichloromethane:hexane and concentrated. The extract was split; half was evaporated and 


reconstituted in DMSO for bioassays, and the other half was further purified using Florisil solid-phase 


extraction cartridges and analyzed for FRs using mass spectrometry. Laboratory blanks were prepared 


without dust to serve as negative controls in the bioassays.  
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Cell Care and Differentiation. 3T3-L1 cells (Zenbio cat# SP-L1-F) were maintained and induced to 


differentiate as described previously (9). Briefly, cells were seeded at 30,000 cells per well into 96-well 


tissue culture plates. Once confluent, cells were cultured for 48 hours to undergo growth arrest and initiate 


clonal expansion. Media was then replaced with dust samples and/or controls using a 0.1% DMSO 


vehicle diluted in differentiation media. After 48 hours, media was replaced with test chemicals diluted in 


adipocyte maintenance media and was refreshed every 2-3 days until assay. Responses were normalized 


to the maximum response elicited by the rosiglitazone positive control.  


 


Lipid and DNA staining protocols. Plates were assayed for triglyceride accumulation, DNA content, and 


cell viability as described previously (9). Cells were rinsed with Dulbecco’s phosphate-buffered saline 


(DPBS) then replaced with a dye mixture (DPBS, NucBlue (Thermo cat # R37605), and AdipoRed 


(Lonza cat # PT-7009)). Plates were protected from light and incubated at room temperature for forty 


minutes, then read at: excitation 485 nm/emission 572 nm for AdipoRed, 360/460 nm for NucBlue.  


 


Results and Discussion 


Adipogenic Activity of House Dust. Indoor house dust extracts were tested in 3T3-L1 cells to assess their 


ability to promote triglyceride accumulation and/or pre-adipocyte proliferation. Preliminary investigation 


of 68 house dust extracts revealed that 33 samples (49%) exhibited significant triglyceride accumulation, 


with 13 exhibiting >40% accumulation relative to rosiglitazone. Significant accumulation of triglycerides 


was also observed in dust extracts at concentrations as low as 15 μg/mL (Figure 1). Two samples 


exhibited 100-150% of the maximal rosiglitazone response, and one sample elicited approximately 730%. 


Forty-six (68%) of the house dust samples elicited significant cell proliferation, with six exhibiting 


increases of >40% DNA content relative to vehicle controls, and significant proliferation at 


concentrations as low as 5 μg/mL. Eight samples elicited effects below 10 μg/mL, with one sample 


exhibiting 65% proliferation. This study is the first to comprehensively assess the ability of a series of 


house dust extracts to induce both triglyceride accumulation and pre-adipocyte proliferation at 
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environmentally relevant exposure levels, well below the 50 mg that EPA estimates children consume 


daily (10).  


 


Correlation of Adipogenic Activity and Chemical Concentrations. Concentrations of several brominated 


and organophosphate FRs were measured in all dust samples using methods described previously (7,8). 


Spearman’s correlations were performed to identify significant associations between chemical 


concentrations and adipogenic metrics. BDE-209 was strongly correlated with triglyceride accumulation 


(r = 0.595, p <0.001; Figure 2), and significant positive correlations were also observed for BDE-100, 


BDE-153, and BDE-154. BDE-209 was also the only FR positively correlated with cell proliferation (r = 


0.313, p < 0.01). To the best of our knowledge, BDE-100, 153, 154, and 209 have never been tested for 


adipogenicity, though BDE-47 and 99 exhibit minimal activity. PBDEs were highly correlated in dust 


samples, suggesting that co-occurrence might explain some associations. TBB, TBPH, TCEP, and 


TDCIPP were also positively correlated (r < 0.400) with triglyceride accumulation (p < 0.001), while 


TCIPP and TPHP exhibited weaker associations. We have demonstrated that TBPH and TPHP are 


independently active in promoting triglyceride accumulation in 3T3-L1 cells, though TBB, TDCIPP, and 


TCIPP are not, again suggesting co-occurrence drives several of these significant correlations.  
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1. Introduction 


Indoor concentrations of, and exposures to brominated flame retardants (BFRs) are influenced by 
poorly understood sources and, in some cases, poorly understood exposure pathways. 
Furthermore, the physical-chemical properties of the compounds vary greatly, influencing their 
indoor partitioning and residence time, and hence indoor levels, persistence and exposure. Here 
we report on a study of 51 participants residing in the Greater Toronto Area and Ottawa, Canada. 
Our goal was to characterize indoor concentrations and to estimate exposure of participants to 
BFRs.  


2. Materials and methods 


The sampling and household information 
collection tools are shown in Figure 1. In the 
bedroom and most used room we collected and 
analysed floor dust and air samples using two 
types of passive air samplers (Harner-type 
polyurethane foam, PUF, and 
polydimethylsiloxane, PDMS). We also wiped 
the surfaces of the most commonly used 
electronic products to assess their potential for 
contributing to indoor BFR concentrations, as 
well as hand wipes of participants to estimate 
potential hand-to-mouth exposure. An online 
questionnaire was developed and administered 
to gather personal demographic, lifestyle data, 
and environmental/household characteristics.   


Chemical analysis was done by GC-MS using 
published methods.  


 


Figure 1: Equipment Set-up, Household Air, Dust, 
Product Wipes, and Hand Wipes Sampling, and 
Participant Information Collection Strategy. 


3. Results and discussion 


3.1. BFRs Levels and Human Exposure 


Detection frequencies of dominant compounds in each sample type were generally > 90%. 
Concentrations (median values) of BFRs in all samples are shown in Table 1. Although overall air 
concentrations obtained using PUF were higher than those obtained using PDMS passive air 
samplers, the results using the two methods were  significantly correlated for both PBDEs (r2=0.98, 
p<0.01) and “novel” BFRs (NBFRs; r2=0.74, p<0.01).  
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Analysis of PUF and PDMS samples showed that ATE was the most abundant NBFR in indoor air 
followed by PBBz, PBT, and TBB. BDE-47 was the major PBDE congener followed by BDE-99, 
BDE-28 > BDE-17, BDE-49.  


As expected, dust samples showed different patterns from air. NBFRs concentrations decreased in 
the order of TBPH > TBB > DBDPE > a-DP > s-DP > ATE. Following the significant dominance of 
BDE-209 were BDE-99 > BDE-47 > BDE-100, -153 > BDE-154 > BDE-85, -49, -183.  


Hand wipes showed similar profiles of NBFRs as in dust samples. BDE-209 was also the dominant 
PBDE congener, followed by BDE-47, -99 > BDE-49, -66, -85, -154. Median values of the 
abundant compounds in hand wipes and dust were significantly correlated for NBFRs (r2=1, 
p<0.001), and PBDEs (r2=0.77, p<0.01).  


These data were used to estimate participants’ external exposures via inhalation, dust ingestion 
and hand-to-mouth transfer using calculation methods from literature1,2,3. Estimated median 
exposures to ΣPBDEs and ΣNBFRs via dust ingestion was over double and about 1.5 times of that 
via hand-to-mouth transfer, respectively. Both median dust ingestion and hand-to-mouth exposures 
exceeded median exposure via inhalation by approximately 100 times. 


 


Table 1: Concentrations of and Exposure to ΣNBFRs, and ΣPBDEs in Household Air (Analysed by PUF and 
PDMS), Dust, and Hand Wipes from 51 Participants in Ontario, Canada. 


 
Hand Wipes (pg/cm


2
) Dust (ng/g) Air (PUF, pg/m


3
) Air (PDMS, pg/m


3
) 


range median average range median average range median average range median average 


Levels 
NBFRs 10-9,870 180 530 180-28,400 1,700 3,190 n.d.-1,790 40 88 n.d.-260 26 44 


PBDEs 12-5,100 160 420 130-39,300 2,730 4,650 7-820 46 95 3-240 27 46 


Exposure 


 Hand-to-Mouth Contact (pg/day) Dust Intake (pg/day) Inhalation (by PUF, pg/day)  Inhalation (by PDMS, pg/day) 


NBFRs 54,700 74,700 630 420 


PBDEs 46,300 120,000 740 440 


4. Conclusions 


This study conducted in 51 homes in Ontario, Canada provides comprehensive information on the 
levels of NBFRs and PBDEs in household air, dust and hand surfaces of participants. Estimates of 
indoor air concentrations in bedrooms and most used rooms obtained using PUF were higher than, 
but correlated with those obtained using PDMS passive air samplers. Concentration ranges for 
each chemical category in each sample type crossed 1-3 orders of magnitude. Major BFRs found 
in air were ATE, BDE-47, BDE-99,and TBB; dust were TBPH, TBB, BDE-209, BDE-99, BDE-47; 
and handwipes had similar patterns as dust.  


The dominant exposure pathway estimated for BFRs was dust ingestion, followed by hand-to-
mouth transfer. Exposure to BFRs by inhalation was estimated to be considerably less than that by 
hand-to-mouth transfer and dust ingestion. 
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Figure 1: Sampling sites 


Polybrominated Diphenyl Ethers (PBDEs) and Hexabromocyclododecane (HBCD) in 
marine and freshwater biota samples from the German Environmental Specimen Bank 
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Introduction 
The German environmental specimen bank (ESB) is one of the largest cryoarchives for environmental samples 
and covers different ecosystems across Germany1. It allows for retrospective analysis of spatial and temporal 
trends in contaminant monitoring. We present the example of polybrominated diphenyl ethers (PBDEs) and 
hexabromocyclododecane (HBCD): Spatial and trend data from soft body of blue mussels, herring gull eggs, 
filets from eelpout and bream from more than 20 sampling sites in Germany are compared and - where possible 
– compared against the respective European environmental quality standard (EQS) of the EU Water Framework 
Directive 2 for fish. 
 
Materials and methods 
Samples. Samples of blue mussels 
(Mytilus edulis), herring gull eggs 
(Larus argentatus), eelpout (Zoarces 
vivparus) and bream (Abramis brama) 
were collected annually between 1996 
and 2015 by the ESB Project Team, 
Trier University, Germany. The soft 
body of the mussels, egg content of gull 
eggs and muscle tissue of fish samples 
were processed, cryomilled and 
archived in sub-samples at temperatures 
below -150°C by the Fraunhofer 
Institute for Molecular Biology and 
Applied Ecology (Fraunhofer IME), 
Department Environmental Specimen 
Bank, Schmallenberg, Germany. 
Sampling and processing was 
performed under well-defined and 
reproducible conditions according to 
standard operating procedures 3-7. 
Sampling areas (fig. 1) were in the 
North and Baltic Sea, the rivers Rhine, 
Saar, Danube and Elbe with the 
tributaries Mulde and Saale and Lake 
Stechlin as well Lake Belau as low 
anthropogenically influenced area 8.  
 
Analysis of PBDEs. Fish and mussel samples were analysed for PBDEs using means of gas chromatography and 
mass spectrometry (GC/MS) analogue to an accredited method described before 9. After addition of a mixture of 
13C-labeled internal standards, the extraction was performed by means of Soxhlet, followed by a clean-up 
procedure using concentrated sulphuric acid combined with column chromatography involving alumina. Further 
13C-labeled internal standards were added for determination of the recovery of the internal standards added 
before. PBDEs were analysed by means of GC/MS. For each substance 2 isotope masses were measured. The 
identification of BDEs was based on retention time and isotope ratio. The quantification was carried out by 
means of isotope dilution method with the use of internal and external standards including a multi-point 
calibration. Recoveries measured for the internal standards used range between 50 and 120 %. Results for BDE 
28, 47, 99, 100, 153 and 154 are presented in this publication as the EQS is related to these congeners, in 
addition also BDE 66, 183 and 209. 
 







Figure 2: PBDE-Concentration and pattern in marine and freshwater ESB-samples 


Analysis of HBCD. Fish samples were analysed for HBCD. After addition of the internal standards, 13C-labeled 
α- and γ-HBCD, the extraction was performed by means of Soxhlet using a mixture of appropriate polar and 
non-polar solvents for ultratrace-analyses. The extract was further purified with sulphuric acid, followed by 
alumina clean-up. The final extract was reduced nearly to dryness under a gentle stream of nitrogen after 
addition of 13C-labeled β-HBCD and dissolved in methanol. The measurements were performed using liquid 
chromatography and tandem mass spectrometry (incl. electro spray ionization) (LC/ESI-MS/MS). Identification 
and quantification was performed similar as described for PBDEs above. 
 
Determination of extractable lipids. The determination of the extractable lipids was performed gravimetrically 
within an analytical procedure for determination of PBDEs (blue mussels only) or determination of 
hexachlorobenzene (HCB) described before 10,11 (results of HCB not being reported here 12). 







Figure 3: HBCD-Concentration and pattern in marine and freshwater ESB-samples 


Results and discussion 
Levels of PBDEs in bream from German rivers and lakes were above the EQS (0,0085 ng/g) at all sampling 
sites. In contrast, levels of HBCD in bream of the same freshwater sampling sites were all well below the EQS 
(167 ng/g). Normalisation of analytical results from bream to a fish with a lipid content of 5% and trophic level 
of 4.0 as suggested by the European Guidance for biota monitoring under the WFD did not have an effect on 
EQS compliance. 
Levels and patterns of PBDEs and HBCD in blue mussel, herring gull eggs, eelpout and bream show differences 
between species (fig. 2 and 3). After normalisation to lipid basis the levels for both contaminants are lowest for 
blue mussel, followed by eelpout, and by herring gull eggs and bream at much higher concentrations.  
The PBDE-pattern of bream (freshwater species), which is dominated by BDE-47, can be discriminated against 
the marine samples where BDE-209 and BDE-99 are present in significantly higher amounts. With regard to the 
HBCD-pattern, α-HBCD is more present in the bream samples, β- and γ-HBCD are more distinctive for the 
marine samples.  
Current trends for 
HBCDD and 
PBDE appear to 
decrease in 
herring gull eggs 
from the North 
and Baltic Sea but 
not in eelpout 
samples, and vary 
in bream from the 
freshwater 
sampling sites. 
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Introduction: 
Manufactured materials such as plastics, foams, textiles, furniture, paper coatings and many others materials 
include added chemicals (flame retardants (FRs), and per- and poly-fluoroalkyl substances (PFASs)) to meet 
specified use requirements and safety standards for commercial and industrial applications.1,2,3. In order to retard 
fires, organic and inorganic categorized FR chemicals are added to materials.1,3 Organic FRs include 
organophosphate esters (OPEs) and other organohalogen substances, and have received increasing environmental 
attention based on their substantial share of the FR chemical market (e.g., more than 45 % of total volume in 2011). 
1,3   
 
Environmental concern, restoration and protection of the Laurentian Great Lakes of North America is shared by 
both United States (U.S.) and Canadian governments.4 The Canada-U.S. International Joint Commission (IJC) 
renewed the U.S.-Canada Great Lakes Water Quality Agreement (GLWQA) in September, 20124 and highlighted 
the importance to restore and protect the chemical, physical and biological integrity as well as the quality of 
waters of the Laurentian Great Lakes, and the identification and monitoring of chemicals of emerging concern 
(CECs) in various environmental compartments including biota. Retrospectively over the last three decades up to 
as recently as 2010, eggs and mainly egg pools from several herring gull (Larus argentatus) colonies have been 
monitored annually for an increasing number of CECs, i.e. PBDEs, a wide range of non-PBDE FR replacements 
such as numerous brominated FRs and OPEs, and PFASs and in particular PFAAs.5,6,7 Other than the herring gull 
(which is not a totally aquatic fish consumer), there is presently limited information on CECs in other bird species 
such as the purely fish-eating Caspian tern (Hydroprogne caspia), which is currently a state-threatened species in 
the State of Michigan. 
 
The objectives of the present study are to 1) To contribute to the GLWQA-2012 binational coordination by 
monitoring CECs in recently collected bird eggs (2013-2014) from four Great Lakes colonies within U.S. 
(Michigan), 2) to screen for, identify and/or quantify (flame retardant) CECs for the first time in the Great Lakes 
Caspian tern eggs, and 3) to compare of BFR and PFAS CEC concentrations between Caspian terns (an obligate 
piscivore listed as threatened in Michigan) and herring gulls (primarily aquatic but also a terrestrial feeder). 
 
Materials and Methods: 
The collection of the herring gull and Caspian tern eggs at the U.S. colony sites was carried out by Keith A. 
Grasman of Calvin College and David Best (retired) of USFWS, from three sites in the Laurentian Great Lakes 
area within the borders of the United States. For each of the three sites on Charity Reef and the Confined Disposal 
Facility (Saginaw Bay, Lake Huron; location 3 and 4 in Figure 1) and Two Tree Island (St. Mary's River; location 







1 in Figure 1), n=10 eggs of Caspian terns were collected for an overall total of n=30 tern eggs. For comparison, 
n=10 herring gull eggs were also collected from the Pipe Island Twins colony at the St. Mary's River (Lake 
Huron/Lake Superior connecting channel; location 2 in Figure 1).  
 


A total of 87 target CEC-FRs 
(including 26 PBDEs, 23 other 
non-PBDE halogenated flame 
retardants (NPHFRs), 16 OPE-FRs 
and 22 per-/poly-fluoroalkyl 
substances (PFASs)) were screened 
for in the present Caspian tern and 
herring gull egg samples. Details 
descriptions of the methods used for 
FR and PFAS analysis can be found 
elsewhere.5,6,7 In brief, all PBDEs 
and NPHFRs were determined in egg 
fractions using an Agilent 6890 gas 
chromatography (Agilent Tech., Palo 
Alto, CA, USA) coupled to a single 
quadrupole mass analyzer (Agilent 
5973 MS) in electron capture 
negative ionization (ECNI) mode. 
Brominated FR quantification was 
achieved via selected ion monitoring 
(SIM) for 79Br- and 81Br-, except for 
BDE-209 (m/z 487) and 


13C12-BDE-209 (m/z 495). The molecular ion (m/z 652) was used for quantifying syn- and anti-DDC-CO isomers. 
Detailed information on the method development of determination of 16 OPEs in biotic samples was reported 
previously.5 In brief, egg fractions were analyzed for OPEs using a ultra-high performance liquid 
chromatography-tandem mass spectrometry (UPLC-MS/MS). Detailed descriptions of PFAS sample extraction 
and instrumental analysis (UPLC-MS/MS) can be found elsewhere.7 
 
Statistical analyses were performed by use of GraphPad Prism 5, and only conducted on CECs with a detection 
frequency greater than 80 %. One-way ANOVA with a Tukey’s HSD test was carried out to assess the CEC 
concentration differences among 3 or more egg groups (i.e. egg from different colonies), and a nonparametric 
Mann-Whitney test was performed to assess CEC concentration differences between two egg groups (i.e. tern vs. 
gull; St. Mary's River vs. Saginaw Bay). For all statistical analysis, the significance level was set at 0.01. 
 
Results and Discussion: 
In tern eggs, the order of concentrations were ΣPFSA (mean: 793 ng/g wet weight (ww); range: 116-4690 ng/g 
ww) > ΣPFCAs (131; 30.4-506 ng/g ww) ≈ ΣPBDEs (86.7; 32.4-189 ng/g ww) >> ΣNPHFRs (0.67; ND-4.3 
ng/g ww) ≈ ΣOPEs (0.46; ND-2.89 ng/g ww). Compared to gull eggs collected from the same area, tern egg 
exposure contained significantly lower concentrations of ΣPBDE, but with up to 10 times greater mean 
concentrations of ΣPFSAs and ΣPFCAs (Figure 2). Despite their similar trophic status, these two avian species 







showed clearly and significantly (in most of cases) different contamination profiles in terms of 87 monitored 
CECs. For example, 1) Caspian tern eggs contain significantly less ΣPBDE concentrations compared to herring 
gull eggs collected from St. Mary's Rivers or Saginaw Bay (Figure 2), and 2) PFAS concentrations in tern eggs 
were significantly greater compared to herring gull eggs collected from the same area; The reasons for these FR 
and PFAS differences between herring gull and Caspian tern eggs are very complex, and could be due to several 
factors, i.e. differing dietary profiles, residency, biotransformation as well as excretion. Caspian terns are known 
to feed exclusively on fish, whereas herring gulls are more generalist feeders, consuming principally fish, but also 
feed opportunistically on human food waste, small mammals and insects. Beyond dietary choice difference, 
annual migratory strategies differ between species, which also affect egg contaminant concentrations.8 
Specifically, adult herring gulls are generally year round residents of the Great Lakes, although birds breeding in 
the north often winter in the southern Great Lakes. However, Caspian terns are annual migrants to Central 
America and northern South America. They have different (and often lower) contaminant exposure on the 
wintering grounds, and they deplete fats (mobilize fat soluble contaminants) during long-distance migration.9  
 


Low detection frequencies 
and contamination levels of 
OPEs in the Caspian tern 
eggs were consistent with 
previous reports on other 
Laurentian Great Lakes 
species, i.e. herring gull eggs, 
Lake Trout (Salvelinus 
namaycush) or Walleye 
(Sander vitreus).5,6,10. The in 
vitro biotransformation and 
kinetics of six OPEs in 
herring gulls from the Great 
Lakes using a hepatic 
microsomal assay 
demonstrated that 
administration of five 
individual OPEs (TNBP, 
TBOEP, TPHP, TDCIPP and 
TCIPP) to the in vitro assay 
resulted in rapid depletion.11 
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1. Introduction:  
Dioxins and furans are classes of toxic, persistent environmental contaminants. These compounds, 
despite never being deliberately synthesized in any great quantity are present in detectable 
concentrations in almost every environmental matrix. Their ubiquity, persistence and toxicity have 
warranted their listing as Persistent Organic Pollutants (POPs) under the Stockholm Convention. 
Brominated and mixed halogenated dioxins and furans (PBDD/Fs and PXDD/Fs), unlike their 
comparatively well studied chlorinated analogues have received minimal scientific attention. Despite 
having comparable physico-chemical and toxicological properties neither PBDD/Fs or PXDD/Fs are listed 
as POPs. The lack of available scientific data pertaining to these contaminants is due principally to the 
almost prohibitive expense and analytical difficulty of their analysis. Isobaric interferences with PBDEs, 
PCBs and PBBs (among others) require extensive clean-up procedures, analysis exclusively by high 
resolution mass spectrometry, judicious selection of quantification ions and meticulous data 
interpretation (Fernandes et al. 2011). Also, only recently have 13C labelled PBDD/Fs and PXDD/Fs 
internal standards become commercially available. 


Hypotheses concerning the sources of these compounds in the environment centre on their 
formation by high temperature thermolysis in the presence of PBDEs or other potential halogenated 
phenolic precursors like TBBP-A  (D’Silva et. al. 2004). As such, congener profiles of ‘pre-cursor’ PBDEs 
contrasted and compared with those of PBDD/Fs and PXDD/Fs may provide insights into the formation 
of the latter compounds.  


Accordingly, the aims of this study were to: 1. Establish and validate PBDD/F and PXDD/F 
extraction, clean-up and chemical analysis procedures using a novel high resolution mass analyzer, the 
Thermo Scientific Q Exactive GC Orbitrap GC-MS system. 2. To elucidate temporal trends in brominated 
and mixed halogenated dioxin and furan congener profiles in a radiometrically dated fresh water 
sediment core; and 3. To contrast these profiles against those previously established for PBDEs in the 
same lake.  


2. Materials and Methods 
2.1 Sampling and Radiometric dating 
Sediment core samples were taken from Edgbaston Pool, a fresh water lake located in the city of 
Birmingham, UK. This shallow lake has been previously investigated for the presence of PBDEs, PCBs and 
other BFRs (Yang et al. 2016). A single core sample was collected in August 2015 to a depth of 1 m from 
un-vegetated lake bed towards the centre of the water body. The sediment core was sliced into 
separate 10 mm sections for radiometric dating, physical and chemical analysis. Physical assessment 
including TOC was conducted and a 210Pb based chronology established with respect to depth and 
calculated sedimentation rate at the Environmental Radiometric Facility UCL, UK.  
2.2 Sample Preparation and Clean-up  







Extraction of sediments was conducted on 3 g (dry wt) freeze dried sediment taken from core slices 
ranging in depth from the surface (0-1 cm) to 49-50 cm depth. Prior to extraction, sediments were 
spiked with known concentrations of 11 13C12 labeled internal standards (CIL- EDF-5408; Cambridge 
Isotope Laboratories, www.isotope.com) before Accelerated Solvent Extraction (ASE, Thermo Fisher 
Scientific, Dreieich, Germany). Extracts were subsequently treated with copper for sulfur removal and a 
tandem acid silica-carbon column for the removal of lipid and non-planar interfering compounds 
respectively (Cape-Tech, Maine, USA). Extracts were then reduced to dryness and reconstituted in 
syringe standards (5 uL) for analysis.  


2.3 Chemical Analysis  
Post clean-up, planar fraction extracts were analysed for the presence of PBDD/Fs and PXDD/Fs on the 
Thermo Scientific Q Exactive GC Orbitrap GC-MS. Sample aliquots (2 µL) were introduced to the column 
via a PTV injector operating in splitless mode. A programmed temperature profile from 150 °C to 320 °C 
at 14.5 °C/sec was employed to ensure minimal degradation of thermally liable, higher brominated 
congeners. Separation was conducted on a Thermo Fisher Scientific Trace Gold Dioxin capillary column 
(12 m x 0.25 mm x 0.1 μm) with a constant He flow of 1.3 mL/min and an initial temperature of 120 °C 
held for 3 min before ramping to 250 °C at 6.5 °C/min. A second ramp from 250 °C to 305 °C at 8 °C/min 
held for 7 min was used to ensure elution of all target compounds.  


Analysis was performed in positive polarity full scan mode scanning from 150 m/z to 900 m/z 
before switching to full scan 400 m/z to 900 m/z at RT = 26.5 min to reduce ion suppression of low 
abundance, higher brominated target species eluting towards the end of the analysis time. All injections 
were carried out at a resolution of 60000 FWHM with 2 Microscans, a 1e6 AGC target with an auto ion 
injection time, 70 eV (50μA) electron ionization energy and a source temperature of 280 °C.  
PXDD/Fs were semi-quantitatively analysed against a 7 point external calibration (0.05 pg – 25 pg) due 
to the lack of suitable internal standards.  Linear correlations for individual congeners yielded R2 values > 
0.999 in all cases except for 2-Br-6,7,8-CDF and 3-Br-2,7,8-CDF for which R2 = 0.998. Peak quantification 
was performed using the Thermo Fisher Scientific Target Quan (v3) quantification software. Peak 
quantification was conducted at ±10 ppm mass deviation from the accurate (5 decimal) masses of the 
most abundant ion fragment peaks of respective target compounds and confirmed with ratio ion 
abundance within a 10% deviation from the theoretical. 


3 Results and Discussion 
In total 11 samples were extracted and purified consisting of core slices ranging in depth from the 
surface (0-1 cm; dated to 2015) to 49-50 cm depth (dated to 1935). All were analyzed for PBDD/Fs, with 
5 for PXDD/Fs. PXDD/F analysis was conducted on sediments corresponding to the following dates: 
2012, 2009, 2004, 1999 and 1935. In addition, a procedural blank (where sodium sulfate replaced the 
sediment sample) was analysed for both PBDD/Fs and PXDD/Fs. 


3.1 PBDD/Fs 
Sediments were analysed for a total of 14 different congeners (Figure 1) Concentrations ranged from 
below the sample detection limit (0.05 - 10 pg g-1 OC) to 16.04 pg g-1 OC for 1,2,3,4,6,7,8 HpBDF 
obtained from the sample 2004 (14.0 – 15.0 cm depth). Congener profiles (Figure 1) show a strong 
dominance of furans with virtually no dioxins detected throughout all depths. The furan profile showed 
a strong association with bromination order with concentrations by the following order HpBDF > HxBDF 
> PeBDF > TBDF > OBDF for those congeners determined. OBDF was least prevalent, due possibly to its 
high detection limit (5 pg g-1 OC). This profile is in contrast with others found in the literature; for 
example marine sediments in Osaka Bay, Japan, where PeBDD was the dominant congener observed 
(Ohta et. al. 2002) and in flue gas emissions which typically show higher concentrations of lower 
brominated species (D’Silva et. al. 2004 and Fernandes et. al. 2008).  
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3.2 PXDD/Fs 
Sediment slices (n=5) were analysed for a range of mixed halogenated dioxins and furans (Figure 2). Sum 
concentrations ranged from the lowest limit of detection (0.05 pg g-1 OC) for Ʃ2-Br-3,7,8-CDDs  to 5.56 
pg g-1 OC for Ʃ2,3-Br-7,8-CDDs recorded in the 2004 sample, which was removed from figure 2 for 
scaling purposes.  Sample congener composition was dominated by dioxin congeners (Figure 2) which is 
in contrast to previous results obtained in other studies of food items (Fernandes et. al. 2011) and from 
combustion sources (Söderström et. al. 2004). Most notably, the bromo-chloro species 2,3-Br-7,8-CDD 
was detected in all samples analysed with the exception of one, that pertaining to the year 2012.  


 


 
 
3.3 PBDEs 
Previously reported PBDE concentrations in a separate dated sediment core from Edgbaston Pool (Yang 
et. al. 2016) are shown in Figure 3.  Concentrations of PBDEs show a distinct overall increasing 
concentration trend post-1970 that is not inconsistent with a similar temporal trend for the PBDD/Fs. 


Figure 2(a). Edgbaston Pool sediment PXDD/F congener concentrations by year and (b) congener relative 
contribution profiles. 


 


Figure 1(a). Edgbaston Pool sediment PBDF congener concentrations by year and (b) congener relative 
contribution profiles. 


 







Sediment cores from other UK freshwater lakes are currently being analysed and will shed further light 
on the existence of any relationship between PBDE and PBDD/F concentration trends.PXDD/Fs showed 
no systematic relationship when compared to the PBDE temporal profile.   


 


 
 
4 Conclusions 
This study provides the most comprehensive data to date for PBDD/Fs and PXDD/Fs in freshwater 
sediments. Novel clean up and analysis procedures utilising the Thermo Scientific Q Exactive GC Orbitrap 
GC-MS instrumentation have been developed. The authors believe this to be the first reported data for 
these compound groups utilizing this analysis platform. The congener profiles observed in our samples 
for PBDD/Fs and PXDD/Fs differed substantially from those previously described for other matrices. The 
post-1970 increasing trend previously reported for PBDEs in our study lake is broadly replicated for the 
PBDD/Fs, but analysis of sediment cores from other lakes is needed to confirm whether such behavior is 
replicated elsewhere. PXDD/Fs trends showed no systematic correlation to the PBDE profiles reported.  
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Figure 3(a). Edgbaston Pool sediment PBDE congener concentrations by year, secondary x-axis refers to 
BDE-209 only. And (b) congener relative contribution profiles. Data adapted from Yang et. al. 2016. 
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Introduction 
Aquaculture is the fastest-growing animal-food-producing sector (FAO, 2013). Between 1980 
and 2004, the global farmed salmon supply increased from 2% to 65% of total salmon 
production, and U.S. farmed salmon consumption increased from less than 25,000 metric tons in 
1989 to over 175,000 metric tons in 2004 (Knapp, 2007; Claret, 2014). However, there are 
concerns in the scientific community and among consumers about elevated contaminant 
accumulation in farmed salmon (Claret, 2014). In 2004, Hites et al. investigated polybrominated 
diphenyl ether (PBDE) accumulation in farmed and wild salmon from eight regions across the 
globe (Hites, 2004).  They found that farmed salmon had significantly higher levels of PBDEs 
than wild salmon, and that trophic status as well as geographic location had a strong influence on 
tissue concentrations.  They attributed the large differences in PBDE accumulation to diet.  At 
the time, farmed salmon were given feed high in fish oils and small pelagic fishes (Naylor, 
2000). In 1990, 90% of Norwegian salmon feed was composed of marine biota, however, in 
2013, fish meal and fish oil only composed 30% of salmon feed (Ytrestoyl, 2015). Given the 
dramatic change in feed composition since Hites’ study in 2004, we hypothesize that this change 
could alter PBDE concentrations in farmed salmon.  Therefore, the goal of this study was to 
measure PBDE concentrations in both farmed and wild salmon and compare these concentrations 
to Hites’ data from 2004. 
 
Materials and Methods 
Skin-on fillets of farmed Atlantic (n=9) and wild Sockeye Pacific (n=10) salmon (from distinct 
individual fish) were collected from two food stores in Durham, NC, USA, immediately frozen, 
and transported to the laboratory for analysis.  Samples were first thawed and their wet mass was 
recorded. The fillet was then lyophilized for 36 hours and its dry mass was recorded. The dried 
fillet was cut in order to obtain an ~8 g subsample for analyses. The tissue was then 
homogenized using pre-cleaned sodium sulfate (~8 g) and a mortar and pestle until it became a 
fine powder. Each tissue was then submerged in 50:50 hexane:dichloromethane overnight to 
allow for complete solvent penetration. The preceding day, the tissue was sonicated for 20 
minutes followed by centrifugation for 5 minutes at 3000 rpm. The solvent was then decanted 
and the extraction process was repeated twice more, yielding 45 mL of solvent, which was then 
concentrated to ~1 mL via nitrogen evaporation. A 100 µL aliquot was used for gravimetric lipid 
analysis while the remaining sample was passed through acidified silica columns three times to 
purifty the extract. Samples were concentrated to ~0.5 mL using nitrogen evaporation and 
PBDEs were quantified using gas chromatography with electron capture negative ion mass 
spectrometry (GC/ECNI-MS). 
 
Statistical analyses were performed using SAS 9.4. Median concentrations of total PBDEs 
measured and reported in Hites et al. 2004 were compared to the levels quantified in these 







samples. A liner regression of log-transformed total PBDE concentration (ng/g ww) was 
performed to evaluate the difference in the geometric means between fish type (farmed vs. wild) 
and year. Alpha < 0.05 was considered statistically significant. 
 
Results and Discussion 
Total PBDEs were significantly higher in farmed compared to wild salmon collected in 2016, 
although to a lesser degree than that observed in 2004. The total PBDE concentrations (ng/g ww) 
for farmed and wild salmon for years 2004 and 2016 are plotted in Figure 1.  
 
A statistically significant difference in the geometric mean for total PBDE concentration across 
fish type (farmed vs. wild, p < 0.0001) as well as year (2004 vs. 2016, p < 0.0003) was observed.  
There was also a statistically significant difference between farmed salmon measured in 2004 
and in 2016 (p < 0.0006), but there was not a statistically significant difference between wild 
2004 and 2016 (p = 0.056). A general linear regression of fish type and year was plotted against 
log transformed total PBDE concentration (ng/g ww) in order to evaluate the magnitude of the 
difference in the geometric means. Table 1 presents the average lipid content, geometric mean 
for each fish type and year and 10β relative to wild salmon in 2004 and 2016. 
 
Table 1.  


 Avg. lipid 
content (%) 


Geo. Mean  
(ng/g ww) 


10β  
(relative to 2004 wild) 


10β  
(relative to 2016 wild) 


Farmed 2004 ----- 2.311 9.651 * 6.084 * 
Wild 2004 ----- 0.229 Reference 0.6303* 


Farmed 2016 11.6 1.022 4.269 * 2.691 * 
Wild 2016 3.15 0.380 1.586  * Reference 


* Indicates a statistically significant difference from reference (p< 0.05) 
 
Results from the model suggest there is a statistically significant difference between 2016 farmed 
and wild salmon (p < 0.025), with farmed concentrations being more than 2.5 times greater (10β 
= 2.691, CI = 1.307 – 5.542) relative to total PBDE concentrations in wild salmon. However, 
2004 farmed concentrations were nearly ten times higher (10β = 9.651, CI = 7.393 – 12.60) 
relative to total PBDE concentrations in wild fish in 2004, indicating there has been a reduction 
in the magnitude of difference between farmed and wild salmon. 
 
Our data indicate that although farmed salmon in 2016 had elevated total PBDE tissue 
concentrations relative to wild salmon, the magnitude of difference in the geometric mean was 
narrower than the magnitude of difference seen in 2004.  A possible explanation is the reduction 
of marine biota composing salmon feed since 2004. Furthermore, a lack of similar decrease in 
total PBDE concentrations in wild salmon suggests that a decline in environmental levels of 
PBDEs is not a likely explanation for the decline in farmed salmon.  However, unlike Hites’ 
study, we did not quantify PBDE concentrations in salmon feed. In order to elucidate the 
possible mechanisms that are driving the reduction of total PBDE concentrations in farmed 
salmon, it would be useful to analyze salmon feed that is currently used in the aquaculture sector.  


 







 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
Figure 1. Total PBDE concentrations (ng/g ww) found in farmed (orange) and wild (blue) salmon.  
Solid bars represent salmon analyzed in 2004, hashed bars represent salmon analyzed in 2016. 
* Represents statistically significant difference from all other groups  
† Represents statistically significant difference from farmed (both years) but not wild 
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Introduction 


Since the invention of mass-production methods in the mid-twentieth century, expanded 
polystyrene has become a hugely popular plastic for various applications such as food containers, 
packaging materials and insulation panels for buildings (Thompson et al., 2009). It became apparent, 
however, that the lattermost application in particular had associated fire safety hazards due to the 
high flammability of the polymer (Junod, 1976). Therefore, to preserve the use of expanded 
polystyrene (EPS) and extruded polystyrene (XPS) as highly effective insulation materials, it became 
necessary to counteract the associated fire hazards via addition of flame retarding chemicals. 


Hexabromocyclododecane (HBCDD) has, in the last few decades, been extensively used worldwide in 
EPS and XPS building insulation foams (Marvin et al., 2011, Eljarrat and Barceló, 2011). However, 
subsequent scientific studies have highlighted adverse effects of HBCDD on the environment, as 
HBCDD displays environmental persistence, toxicity, and capacity for bioaccumulation (Eljarrat and 
Barceló, 2011); the decision was therefore made to list the commercially-used mixtures of HBCDD in 
the Stockholm Convention on persistent organic pollutants (POPs) (UNEP, 2013). Following the 
introduction of this policy, European Union legislation was established determining a “low POP 
concentration limit” (LPCL) of 0.1% weight HBCDD content (equivalent total bromine content of 
approximately 0.074%) in EPS and XPS foams (EC, 2016); an exception to this rule was allowed which 
gives treaty-signatories a moratorium of 5 years before a suitable replacement chemical must be 
incorporated into the manufacture of polystyrene insulation foams. 


Approaching this deadline, a rapid and cost-effective way of determining the HBCDD content of 
treated insulation foams is required. To that end, we investigate here the use of a portable X-ray 
fluorescence (XRF) device to determine the accuracy to which the XRF can quantify HBCDD content 
in EPS and XPS building insulation materials and to identify possible limitations to its use as a 
screening tool. Additionally, given concerns about the presence of restricted BFRs in goods not 
subject to flame retardancy regulations (e.g. as a result of HBCDD-treated PS being recycled into new 
applications), we also tested a number of EPS and XPS packaging material samples for HBCDD 
content. 


 


Materials and Methods 


Samples of expanded polystyrene (EPS) and extruded polystyrene XPS were collected from four 
waste site categories: firstly, from recently demolished buildings (directly from the source of waste); 
secondly, from a demolition company which stockpiles re-usable waste insulation for future 
construction operations; thirdly, from a waste site handling material from demolished buildings as 
well as waste furniture and furnishings, scrap metals and WEEE; and finally, from offices in the 
Galway area of Ireland and a local recycling site (the lattermost representing the majority of 
packaging material samples). 







Samples were analysed for total bromine content using a Niton XL3t-900 GOLDD XRF analyser and 
these results compared to conventional LC-MS/MS analysis for accurate HBCDD quantification.  
Samples were analysed for total Br content by scanning with the XRF for 60 to 105 seconds on a 
minimum sample thickness of 50 mm, and in 4 locations (several centimetres apart) on the surface 
of the sample.  


Following screening for Br content via XRF, samples were subjected to quantitative analysis for 
HBCDD via LC-MS/MS using a methodology previously reported by Harrad et al, 2009. 


Results and Discussion 


Table 1  – Overview of samples gathered and analysed, including information on exceedances of LPCLs and regressions 
between XRF and MS analyses of samples. 


 anote that XRF measurements of Br were converted to equivalent HBCDD values by multiplying by 1.34 
bfalse positive means XRF identified a sample as exceeding the LPCL but this was not confirmed by the LC-
MS/MS measurement of HBCDD 
cfalse negative means XRF identified a sample as not exceeding the LPCL when the LC-MS/MS measurement of 
HBCDD revealed the LPCL to be exceeded 
 
Comparison of XRF and LC-MS/MS measurements of HBCDD in XPS and EPS 


Statistically significant positive linear correlations were observed between the XRF and the LC-
MS/MS measurements of HBCDD (Table 1); high R2 values were found for the C&D EPS and both 
packaging categories (>0.95), while the lowest R2 value was for C&D XPS, likely due to the fact that 
the bromine/BFR concentrations within these samples were close to or below the instrumental 
limits of detection (LOD). 


Matrix effects resulting from the physical characteristics of the PS material can alter the bromine 
quantification via mechanisms such as inaccurate estimation of sample density or loss of energy of 
primary x-rays due to propagation through the medium. This results in the slopes of the regressions 
between XRF and LC-MS/MS measurements deviating significantly from unity (Table 1) and 
highlights that XRF is not a direct substitute for LC-MS/MS. We do note however, that under-
estimations caused by such matrix effects (regression slopes <1) can be at least partially corrected 
via the use of suitable matrix-matched calibration standards for EPS and XPS  (Guzzonato et al., 
2016). 


Presence of HBCDD in Packaging EPS and XPS 


The largest fraction of waste materials here exceeding LPCLs due to POP-BFR content was the C&D 
EPS samples, with ~48% of samples containing HBCDD at concentrations exceeding 1,000 ppm 
HBCDD, or 740 ppm Br, while the C&D XPS samples showed none exceeding. Samples of both EPS 


Sample 
Group 


# of 
Samples 


# w/ 
HBCDD > 
1000ppm 


HBCDD 
Range 


XRF vs. MS 
Regression 


(R2) 


XRFa vs. MS 
Regression 


Slope 


# false 
positivesb 


# false 
negativesc 


C&D EPS 40 19 0 – 
10,200 


0.985 
(p<0.001) 


0.807 0 0 


C&D XPS 20 0 0 – 94 0.683 
(<0.001) 


0.423 0 0 


Packaging 
EPS 


7 2 0 – 
5,900 


0.994 
(p<0.001)) 


0.769 0 0 


Packaging 
XPS 


14 2 0 – 
1,070 


0.976 
(p<0.001) 


0.503 0 0 







and XPS Packaging showed HBCDD concentrations exceeding its LPCL. This indicates that PS products 
not originally intended to have been treated with flame retardants, can also contain HBCDD (likely as 
a result of incorporation of recycled HBCDD-treated PS, among other mechanisms) and may 
therefore also require screening for compliance with LPCLs. 


XRF screening for LPCL Compliance 


Construction and demolition (C&D) EPS showed the highest fraction of samples exceeding LPCLs at 
48 %, while C&D XPS conversely showed no exceedances, and packaging EPS and XPS showed 
exceedances of 29 % and 14 % respectively; however, the relatively small sample sizes should be 
noted and extrapolation to larger sample sizes should be carried out with caution. Table 1 also 
shows no false positives or false negatives in the context of LPCL compliance. Thus, the 
abovementioned issues related to the correlation between XRF and LC-MS/MS measurements 
notwithstanding, portable XRF appears a viable option for checking compliance of EPS and XPS 
materials with POP LPCLs. 


It should be noted however, that EPS and XPS is likely a “special case” particularly suited to XRF 
screening as – consistent with the literature on FR-use in EPS and XPS – non-POP-BFRs were not 
detected in any of our samples (the presence of which could lead to false positives). Work presented 
elsewhere at this conference shows this not to the case for other BFR-containing waste streams such 
as soft furnishings, electrical and electronic equipment etc. 
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1. Introduction 


Brominated flame retardants (BFRs) are extensively used in a variety of products in 
homes and offices such as electronic equipment, furniture, fabrics, car interiors, and 
construction materials to slow the spread of fire (Batterman et al., 2009). Most of BFRs 
are physically mixed into products and are readily released into the environment. Thus, 
indoor environments contribute a significant portion of total human exposure to these 
chemicals. High levels of BFRs have been found in indoor dust in many regions (Besis 
and Samara, 2012). The Pearl River Delta (PRD) is one of the most prosperous regions of 
China. However, little is known about the BFR contamination in the indoor air in this 
region, which is possibly different from those in the developed countries. 


In the present study, indoor and outdoor air samples were collected by passive air 
sampler (PAS) for more than one year. We aim to investigate and compare the BFR 
concentrations and composition profiles in the air, to know the seasonal pattern of BFRs, 
and to explore the potential link between indoor and outdoor compartments.  
2. Material and methods 


The sampling was conducted using PASs equipped with polyurethane foam disks. The 
PASs were deployed in three buildings (A, B, and C) from December 2012 to March 
2014. Specifically, the samples were taken from one home in Building A, three homes in 
Building B, and two offices in Building C. The PASs were suspended in living room and 
open balcony, respectively. They were deployed for approximately 60 days in each 
sampling session and in total 72 samples. PUF samples were Soxhlet extracted with a 
mixture of hexane and acetone (1:1) for 48 h. Sample analysis was carried out using a 
GC-ECNI-MS. The recoveries of the surrogate standard (mean ± standard deviation) 
were 98.2 ± 19.4% for BDE77, and 73.2 ± 18.6% for BDE181, and 74.6 ± 17.6% for 
BDE205. 
3. Results and discussion 


The PentaBDE concentrations from the three buildings ranged from 1.43 to 30.8 pg/m3 
in the indoor air and from 1.07 to 15.3 pg/m3 in the outdoor air. There was no statistically 
significant difference between the indoor and outdoor air. The concentrations of 
intermediate congeners (OctaBDEs), main components of the technical octa-BDE 
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mixture, were lower than the levels of PentaBDEs. The outdoor levels (median 2.44 
pg/m3) were a little higher than indoors (1.46 pg/m3).  


The concentrations DecaBDEs were significantly higher outdoors than indoors. 
DBDPE is a novel alternative BFR with high molecular weight also showed apparently 
higher outdoor concentrations (median = 127 pg/m3) than indoors (74.9 pg/m3). This is 
because technical DecaBDEs and DBDPE are being used in large quantities in China 
(Chen et al., 2013) and consequently are present at higher levels in the environment. 


We observed higher concentrations of PentaBDEs in the home of Building A than 
homes in Buildings B and C; while the concentrations of other BFRs in the three 
buildings were comparable. This result indicated a stronger indoor source of PentaBDEs 
in homes of Building A probably due to the elder household products. In 2007, PBDEs 
that are largely from technical penta- and octa-BDE mixtures were banned in China 
leading to significant reduction in their use in relevant products and consequently the 
emissions from household products.  


The congener profiles of lower brominated BDEs in the indoor and outdoor air were 
generally similar suggesting a common source for them (Fig. 1). The profiles of highly 
brominated BDEs were significantly similar in respective indoor and outdoor air than 
between them. It was found that the indoor profiles were closer to those in the technical 
products. The indoor-outdoor difference was likely due to different behaviors in the 
process of migration of these congeners from outdoors to indoors.  


We found that the concentrations of PentaBDEs showed similar temporal variations to 
the ambient temperature in all the indoor and outdoor environments. This clearly 
indicated that these PBDEs, with higher vapor pressures, were strongly controlled by 
temperature-driven evaporation from indoor products and/or construction materials. The 
concentrations of OctaBDEs showed significantly or moderately temperature-dependence, 
suggesting a similar emission mechanism to the PentaBDEs. The 
temperature-dependence of air concentrations of DecaBDEs and DBDPE was much less 
significant given their low vapor pressures. The finding confirmed the primary industrial 
sources of these two BFRs in the air in the study region. 


Correlations analysis was conducted between the indoor and outdoor BFR levels (Fig. 
3). The correlations were most significant for penta-BDEs, followed by those for 
deca-BDEs, octa-BDEs, and DBDPE. These correlations were likely a reflection of the 
interactions between the indoor and outdoor compartments for the BFRs.  
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Fig. 1  BFR compositions in the indoor and outdoor air: congener profiles of the lower 
brominated BDEs (A), congener profiles of the highly brominated BDEs (B), and ratios 


of DBDPE to DecaBDE (C). 


 


Fig. 3  Pearson correlations between the indoor and outdoor air BFR concentrations 
from the three buildings. 
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Introduction 


Organophosphate flame retardant mixtures are frequently applied to polyurethane foam to meet 
residential flammability requirements.1,2  One commercial mixture currently on the market is 
Firemaster® 550 (FM550), which contains two brominated compounds and a suite of 
isopropylated triarylphosphate esters (ITPs), compounds which have been shown to have 
widespread human exposure and be potentially neuro- and developmentally toxic.3,4  There is 
growing evidence that the organophosphate components of FM 550 may drive the mixture’s 
observed toxicity.5–7  The current study determined the relative contribution of individual ITPs 
to the composition of FM550 and to the composition of a second commercial mixture containing 
only ITPs purchased from a Chinese manufacturer. Levels of these compounds were also 
measured in recently collected indoor house dust samples. 


Materials and Methods 


Commercial Flame Retardant Mixtures 


FM 550 was provided by Chemtura and the commercial mixture containing only ITPs was 
purchased from Jinan Great Chemical Industry Co. Flame retardant mixtures were weighed and 
dissolved in isooctane to make a low (~1 μg/ml) and high (~5 μg/ml) concentration stock 
solution. Each stock solution was run in triplicate and individual ITP isomers were quantified.  


Indoor House Dust 


Study participants were part of a North Carolina thyroid cancer cohort. House dust samples 


(n=84) were collected from the main living room using a Eureka Might-Mite vacuum cleaner 


and crevice tool attachment. Dust samples were sieved to <500 pm, spiked with internal 


standards, and then sonication extracted in dichloromethane. Dust extracts were cleaned using 


solid phase extraction (SPE) with Supelclean ENVI-Florisil cartridges (6 mL, 1.0 g; Supelco, 


Bellefonte, PA). ITPs were eluted using 10 mL of ethyl acetate, and individual isomers were 


quantified. Values <MDL were assigned a value equal to half of the detection limit for statistical 


analyses.   


ITP Quantification 


Individual, authentic ITP standards were supplied by Wellington Laboratories. Individual ITP 
isomers were quantified with previously described GC/MS using 13C-TPHP as an internal 
standard.8,9 Table 1 outlines the m/z ions and retention times used for quantification of ITP 
isomers.  


 


 


 







Table 1. m/z Ions and Retention Times Used for Quantification of ITP Isomers 


 


 


 


Results and Discussion 


Commercial Flame Retardant Mixtures 


FM 550 was found to contain 19.8% triphenyl phosphate (TPHP), 11.8% 2-isopropylphenyl 
diphenyl phosphate (2IPPDPP), 11.0% 2,4-diisopropylphenyl diphenyl phosphate 
(24DIPPDPP), 5.1% bis(2-isopropylphenyl) phenyl phosphate (B2IPPPP), 2.3% 4-
isopropylphenyl diphenyl phosphate (4IPPDPP), and 0.3% bis(4-isopropylphenyl) phenyl 
phosphate (B4IPPPP), with the remainder being comprised of the two brominated components, 
tetrabromobenzoate (TBB; 29.7%) and bis (2,ethylhexyl) 2,3,4,5-tetrabromophthalate (TBPH; 
13.9%). While there is currently no commercially available standard for 3-isopropylphenyl 
diphenyl phosphate (3IPPDPP), a peak eluting between 2IPPDPP and 4IPPDPP with m/z of 368 
suggests its presence in FM 550. The ITP commercial mixture was found to contain 44.6% 
TPHP, 26.9% 2IPPDPP, 11.1% B2IPPP, 7.2% 24DIPPDPP, 4.9% 4IPPDPP, and 1.1% B4IPPPP 
(Figure 1). Notably, the contribution of the individual organophosphate components in the ITP 
mixture is roughly twice that of their contribution in FM 550, suggesting a common ITP mixture 
formulation.  


Indoor House Dust 


ITPs were also detected in indoor house dust (n=84) at geometric mean levels similar to those 
found for PBDEs: 181.68 ng/g 2IPPDPP, 163.74 ng/g B2IPPPP, 125.50 ng/g 24DIPPDPP, 62.44 
ng/g 4IPPDPP, and 42.65 ng/g B4IPPPP. Detection frequencies for these compounds ranged 
from 13 to 53%. Also present in the dust, 4-tert-butylphenyl diphenyl phosphate (4tBPDPP) was 
detected at a geometric mean concentration of 168.47 ng/g in 54% of the samples. Notably, the 
geometric mean dust concentrations of many of these phosphate triester isomers were strikingly 
similar to those found for BDE-47 (geometric mean = 222 ng/g) in the same sample group. In 
contrast, the observed lower detection frequencies of ITPs and 4tBPDPP compared to PBDEs 
may be attributable to their relatively recent introduction to the market. For instance, detection 
frequencies for a tert-butylphenyl diphenyl phosphate mixture containing 4tBPDPP increased 
by 4-fold in household products containing polyurethane foam purchased after 2005 compared 
to those purchased prior to 2005.2   As older products are discarded and replaced with new ones 
in homes over the next decade, it is likely that ITPs and 4tBPDPP may become even more 
prevalent in indoor house dust. Importantly, the dust levels measured in this study suggest the 
potential for chronic human exposure of a magnitude similar to that for PBDEs; as preliminary 
studies indicate these compounds may also be neurodevelopmentally toxic, additional studies 
focusing on these compounds are warranted.  


ITP isomer 
m/z 


Quantifier 
m/z 


Qualifier 
Retention Time** 


(min) 


2IPPDPP 251 368 15.82 


4IPPDPP 353 368 17.71 


24DIPPDPP 145 160 18.21 


B2IPPPP 251 410 17.46 


B4IPPPP 395 410 20.18 


B24DIPPPP 145 160 21.78 


T3IPPP 452 438 21.10 


T4IPPP 452 438 23.56 


4tBPDPP* 367 382 18.32 
*not an ITP isomer 
**as observed on a 15 m DB5-MS Agilent J & W column 
  







Component 
Name 


Structure 
Mass 


Concentration 
(w/v) in FM 550 


Mass 
Concentration 


(w/v) in ITP Mix 


TBB 


 


29.7 ± 0.3% none 


TBPH 


 


13.9 ± 0.1% none 


TPHP 


 


19.8 ± 0.1% 44.6 ± 0.9% 


2IPPDPP 


 


11.8 ± 0.2% 26.9 ± 1.1% 


4IPPDPP 


 


2.3 ± 0.2% 4.9 ± 0.8% 


24DIPPDPP 


 


11.0 ± 0.1% 7.2 ± 0.9% 


B2IPPPP 


 


5.1 ± 0.2% 11.1 ± 0.9% 


B4IPPPP 


 


0.3 ± 0.1% 1.1 ± 0.3% 


Figure 1. Percent Composition (w/v) of Individual ITP Isomers in Commercial Flame 
Retardant Mixtures. 
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POLICY SHAPING FLAME RETARDANT USE AND REGULATION: THE ROLE 
OF STATES AND FUTURE UNDER TSCA REFORM 


 
 
Schreder, E.D., Toxic-Free Future, Seattle, Washington, USA 
 
Introduction 
 
Until the Frank Lautenberg Chemical Safety for the 21st Century Act (also known as the 
new TSCA) was passed in June 2016,  the U.S. Environmental Protection Agency 
(USEPA) had limited authority to restrict chemicals. The new law updates the Toxic 
Substances Control Act (TSCA) of 1976 and gives the USEPA authority to restrict 
chemicals after a prioritization and risk evaluation process.  
 
In the past decade, to fill the void in regulation of flame retardants, states have taken the 
lead in the United States in identifying and acting to restrict flame retardants that pose a 
hazard to human and environmental health. While the new TSCA constrains the actions 
states can take to restrict use of toxic chemicals, including flame retardants, states still 
have an important role in restricting chemicals, requiring disclosure, and avoiding 
regrettable substitution.  
 
Materials and methods 
 
The Frank Lautenberg Chemical Safety for the 21st Century Act and associated guidance 
from the USEPA were reviewed in addition to state actions since 2003. 
 
Results and discussion 
 
State Actions 
 
States have passed legislation restricting use of polybrominated diphenyl ethers (PBDEs), 
chlorinated organophosphate flame retardants (ClOPFRs), and most recently, 
tetrabromobisphenol A (TBBPA) and hexabromocyclododecane (HBCD). 
 
Twelve states have laws restricting PBDEs. Of these, four banned the three major 
formulations, including penta-, octa-, and deca-BDE; the others banned the only penta 
and octa formulations. After states passed broad bans on deca-BDE, the U.S. 
manufacturers came to an agreement with the USEPA to stop producing and importing 
the compound for all uses by 2013.  
 
Product testing after the PBDE bans revealed that common replacements for penta-BDE 
in polyurethane foam included chlorinated organophosphates, such as the compound 
TDCPP, removed from children's pajamas in the 1970s due to safety concerns. Three 
states have now passed restrictions on chlorinated organophosphates, starting with a ban 
on TCEP in New York in 2011. Notably, Vermont's ban on TDCPP and TCEP in 
children's products and furniture prohibits replacement with compounds designated as 







causing cancer, birth defects, hormone disruption, neurotoxicity, or harm to reproduction 
or development[2]. 
 
Most recently, in 2016, Washington state banned additional flame retardants in children's 
products and furniture, including HBCD, TBBPA, TCEP, and TDCPP; the legislation 
also established a process to consider bans on six additional flame retardants. 
 
Impacts of New TSCA 
 
Under the new law, the USEPA is directed to prioritize chemicals for risk evaluation, 
designating them as high or low priority. Once USEPA has designated a chemical as high 
priority, a deadline is triggered to complete a risk evaluation within 3.5 years. The risk 
evaluation methodology is currently under development and will be established by rule, 
but must evaluate each chemical to determine whether it poses an unreasonable risk, 
considering risks to susceptible and highly exposed populations. 
 
If USEPA does not believe it has sufficient information to conduct a risk evaluation, it 
now has the authority to order manufacturers to conduct testing. 
 
The law also has an expedited pathway for persistent bioaccumulative toxic chemicals, or 
PBTs. In October 2016, USEPA announced the first five PBTs for expedited action, 
including deca-BDE and iPTPP. These chemicals do not undergo a risk evaluation but 
proceed directly to action to reduce exposure “to the extent practicable.” 
 
Because of preemption provisions in the new TSCA, states will need to ensure their 
activities compliment those of the USEPA. The law does not preempt action on the first 
ten chemicals USEPA addresses until it takes final action. But on all other chemicals, 
states are preempted from taking action as soon as USEPA begins risk evaluation, except 
on already-proposed restrictions.  
 
Many opportunities for delay are built into the law, including the 3.5 years for risk 
evaluation, 3.5 years for rulemaking, 5 years for compliance, and an undetermined 
amount of time for phaseout. 
 
Implementation to Date 
 
In November 2016, USEPA announced the first ten chemicals it will address under the 
law. They include the "Cyclic aliphatic bromide cluster," which includes HBCD. USEPA 
has also proposed procedures for risk evaluation, which will determine the agency's 
approach to conducting its assessments under the new law. Finally, USEPA is working to 
create a better inventory of current-use chemicals; it proposed a rule in January 2017 to 
require notification from companies manufacturing of processing a chemical within the 
last 10 years. 
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Introduction 
Tris (2-butoxyethyl) phosphate (TBOEP) is a non-halogenated alternative organophosphorus 
flame retardant (OPFR) used as a substitute for phased-out brominated flamed retardants (BFRs). 
Because of its high production volume and its use in a broad range of applications, this chemical 
is one of the predominant OPFRs found in the environment and it has been detected in air, water 
and biota [1]. However, limited information is available on the long term effects of TBOEP 
exposure in aquatic organisms.  
In a previous study, we found that sublethal doses of TBOEP altered the transcription of genes 
related to the biosynthesis as well as the protein and the energy metabolisms of the zooplankton 
Daphnia magna [2]. In the present study, the long-term potential impacts of TBEOP were 
assessed in this aquatic model species using a multigenerational approach. Pollutants may indeed 
affect both exposed organisms and their progeny with effects potentially more severe in 
subsequent generations [3] and offspring can have different tolerance to contaminants as a 
consequence of parental exposure. 
Multigenerational effects of TBEOP were evaluated in D. magna over three successive 
generations at a sublethal concentration of environmental relevance (10 µl/L). Effects were 
evaluated at the gene, cellular, and individual (i.e., survival, reproduction, and growth) levels. 
The capacity of offspring to recover after two generations of parental exposure was also 
investigated. 
 
Materials and methods 
Daphnia magna culture and experimental exposure design 
Genetically homogenous D. magna were cultured in a growth chamber following Environment 
and Climate Change Canada’s method [4].  
Chronic exposure to TBOEP over three successive 21d generations (F0, F1 and F2) was 
performed following OECD guidelines [5] using 17 D. magna neonates (<24h) per generation. 
An additional non-exposed group was added to the F2 generation exposure to monitor the 
recovery of the offspring after parental exposure (Figure 1). The time elapsed between birth and 
first brood, the number of offspring, the body size at 21d as well as the number of molts were 
used as reproductive and growth parameters.  


 
Figure 1. Experimental design for the multigenerational 
exposure of D. magna to TBOEP. 
 
 
 
 
 
 


 







Gene transcription analysis using qRT-PCR 
Total RNA was extracted from pools of 2-3 D. magna (n=3 replicates per treatment) using 
RNeasy® plus mini kit (QIAGEN, Canada) following manufacturer instructions. Quantitative 
real-time PCR (qRT-PCR) analyses were conducted for selected transcripts based on Giraudo et 
al. [2] and the Comparative Toxicogenomics Database (http://ctdbase.org). Total RNA was 
reverse transcribed using the QuantiTect® Reverse transcription kit (QIAGEN, Canada) 
following manufacturer instructions. qRT-PCR analyses were carried out as detailed in Giraudo 
et al. [2] and expressed as fold change between exposed and control treatments. 
 
Protein biomarkers analysis 
Enzyme activities and protein content were measured in pools of 2-3 D. magna of whole body 
homogenates (n=3 replicates per treatment). Catalase activity was measured as described in 
Dautremepuits et al. [7] and reported in units/min/µg proteins by using a molar extinction 
coefficient of 0.0436 mM-1cm-1. Juvenile hormone esterase (JHE) was measured as previously 
described in Wheeler et al. [8] and reported as mM α-naphtol/min/mg protein. The immune-
specific detection of vitellogenin (VTG) was assessed by Western blotting based on Houde et al. 
[9] and expressed as the ratios of the Western Blot band OD to the protein concentration 
(µg/mL). Alpha (α)-amylase (AMY) activity was measured using Abcam Amylase Assay kit 
(ab102523) according to the manufacturer’s instructions and reported as nmol 
nitrophenol/min/µg protein. 
 
Results and discussion 
Life-history endpoints 
Multigeneration effects of TBOEP exposure on reproductive and growth parameters are 
presented in Table 1. The number of neonates per female and body size of adults were not 
significantly affected by exposure to TBOEP of the current generation, but the number of molts 
was significantly reduced in the exposed individuals compared to control groups. Exposure of 
previous generations to the chemical did not affect the molting frequency but may have had an 
effect on the size of daphnids. Growing a third generation of offspring in a clean medium did not 
significantly improve reproduction, nor did it affect growth parameters. 
 
Table 1. Multigeneration effects of TBOEP exposure on D. magna life-history endpoints. 
         F0        F1        F2 
Length (mm) Control 4.35 ± 0.16 4.39 ± 0.23 4.31 ± 0.17 
 TBOEP 10µg/L 4.42 ± 0.13 4.16 ± 0.15* 4.21 ± 0.20* 
 Recovery   4.18 ± 0.19 
Width (mm) Control 3.09 ± 0.09 3.07 ± 0.02 3.10 ± 0.15 
 TBOEP 10µg/L 3.12 ± 0.07 2.91 ± 0.12* 2.97 ± 0.17* 
 Recovery   2.97 ± 0.12 
Neonates/individual Control 161 ± 26 106 ± 25** 137 ± 30* 
 TBOEP 10µg/L 168 ± 28 112 ± 27 127 ± 23 
 Recovery   127 ± 34 
Molts/individual Control 8.6 ± 0.5 8.6 ± 0.5 8.6 ± 0.7 
 TBOEP 10µg/L 8.2 ± 0.6# 8.5 ± 0.6# 8.2 ± 0.7# 
 recovery   8.6 ± 0.5 
* indicates a generation effect as measured by the generalized Conway-Maxwell-Poisson distribution for the number 
of neonates and by linear regression for the body size (*p<0.05; **p<0.0001) 
# indicates an effect of TBOEP exposure regardless of the generation as measured by the generalized Conway-
Maxwell-Poisson distribution (#p<0.01) 
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Effects on gene transcription 
TBOEP exposure significantly affected the transcription of genes involved in protein and energy 
metabolism (catd, acly) as well as oxygen transport (dhb1 and dhb2)(Figure 2), which confirms 
our previous results suggesting potential biomarkers of TBOEP exposure [2]. In addition, 
TBOEP affected genes involved in oxidative stress (gst, cat) and endocrine-related processes 
(ecr, jhe).  
Statistical analyses showed that the transcription of the genes affected by TBOEP exposure was 
not significantly different between generations, whereas a different set of genes showed a 
difference in transcription only between generations (Figure 3). These genes are involved in 
reproduction (vtg1, vtg2), hormone-mediated processes (hr3), as well as detoxification (ahr) and 
metabolic processes (amyl), suggesting long-term endocrine disruption potential of TBOEP.  


 


 
Figure 3. Gene transcription of selected genes over 3 
generations of D. magna exposed to TBOEP. Only genes 
for which a statistically significant difference between 
generations was found are presented (p<0.05). Gene 
transcription values are expressed as mean ± SD (n=3). 
vg: vitellogenin; ahr: arylhydrocarbon receptor; hr3: 
HR3 nuclear receptor; amy: α-amylase. 
 


 
 
Figure 2. Transcription levels of selected genes over 3 
generations of D. magna exposed to TBOEP. A) F0, B) F1, 
and C) F2 generation. Only genes with significantly different 


transcription levels between treated and control organisms for a given generation are presented (p<0.05). 
No significant differences were observed between generations. Gene transcription values are expressed as 
mean ± SD of the fold change (n=3). ctsd: cathepsin D; acly: ATP-citrate synthase; ecra: ecdysone 
receptor A; jhe: juvenile hormone esterase; dhb: hemoglobin; gst: glutathione-S-transferase; cat: catalase. 
 
Protein biomarkers 
Transcriptional effects of TBOEP were confirmed at the protein level for VTG and AMY but 
only JHE showed intergenerational effects (Figure 4).  
Altogether, these results suggest that TBOEP can have long-term transmissible multigenerational 
effects on essential biological processes including endocrine-disruption potential. 
 
 
 







Figure 4. Protein biomarker 
measurement over 3 generations of D. 
magna exposed to TBOEP. A) CAT, B) 
JHE, C) VTG and D) AMY. * indicates a 
generation effect (*p<0.05; Spearman 
correlation). # indicates an effect of 
TBOEP exposure regardless of the 
generation (#p<0.01; van Elteren test). 
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Introduction 


Soil matrices are recognized as significant role players in the overall global distribution and fate of persistent 


organic pollutants such as PBDEs (Dušek et al. 2009). It has been shown that there is a strong relationship 


between soil organic carbon content and contaminant concentrations (Nam et al. 2008). Therefore, information 


on the properties and characteristics of soil is imperative to better understand environmental contamination and 


soil-air exchange processes of POPs. Although reports on PBDEs in landfill leachates and sediments have been 


published, (Osako et al. 2004; Odusanya et al. 2009; Daso et al. 2012; Danon-Schaffer et al. 2013), however, 


information on PBDEs in landfill soils is still scarce. This study was, therefore, aimed at determining the 


concentrations of prevalent PBDEs in different size fractions of soil from a landfill site and to evaluate the 


factors that influence their distribution in the soils.  


 


Materials and methods 


Soil samples were collected at a depth of 0-10 cm from six different functional points from a landfill site in 


Pretoria, Gauteng province of South Africa. Soil samples were collected using a pre-cleaned stainless steel hand 


trowel, following the clearing and removal of debris and large pebbles. Each composite sample consisted of 3 


sub-samples making a total of 18 soil samples and were subsequently wrapped in aluminium foil and 


transported to our laboratory and stored at ‒20 °C until analysis. Pure standards (1.2 mL of 50 mg L ̶ 1) of each 


certified standard solutions of ten PBDEs congeners (BDEs- 28, -47, -99, -100, -118, -154, -153, -183 and 13C-


BDEs-139, -77) used were purchased from Wellington Laboratories (Guelph, ON, Canada). Standard reference 


material for house dust SRM-2585 was purchased from the National Institute of Standards and Technology 


(Gaithersburg, MD, USA). Copper powder (99.98%, from Saarchem (Pty) Ltd., Muldersdrift, South Africa), 


silica gel (100-200 mesh), sodium sulphate (purity 99.9%), glass wool and HPLC grade solvents: hexane, 


acetone, dichloromethane and toluene (Sigma-Aldrich, Chemie GmbH, Steinheim, Germany), were purchased 


from Aston Manor, South Africa. Pesticarb was purchased from Separations (Pty), South Africa. High purity 


nitrogen gas (99.999% purity) was supplied by Afrox (Pty.), Pretoria, South Africa. All samples were sieved 


using 45 and 150 µm stainless steel sieve. All sieved soils were subsequently weighed and wrapped with 


aluminium foil. Sample treatment was as described by Olukunle et al. (2015).  


Analysis was performed using Shimadzu model 2010 plus gas chromatography coupled with a model QP 2010 


ultra-mass spectrometer (Shimadzu, Japan) using electron ionization in the selective ion monitoring (SIM) 


mode. One microliter solution of the extracted sample was injected automatically by a Shimadzu A0C-20i auto 


sampler. An Inertcap 5MS/NP capillary column (30 m x 0.25 mm ID, 0.1 µm film thickness) was used for 


separation. The oven temperature was programmed as follows: 100 °C (1 min), then 15 °Cmin˗1 to 160 °C (0 
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min) and at 30 °Cmin˗1 to 300 °C (0 min) and 10°Cmin˗1 to 325 °C (3 min). Carrier gas used was helium (purity 


99.999 %) and set at a constant flow of 1.5 mL min−1. The injector, transfer line and ion source temperatures 


were set at 225, 300 and 250 °C, respectively. The analytical procedure employed for the TOC determination 


was by loss-on-ignition (LOI) as reported in our previous study (Daso et al. 2016). Portions of each sieved soil 


fractions were weighed and analysed using a particle size analyser (Microtrac S3500) in order to further 


determine the particle size distributions.  


The performance and validation of the method was done through triplicate analysis of organic contaminants in 


house dust SRM-2585, and the recovery was deemed satisfactory. The recovery of the surrogate standards BDE-


77 and 13C-BDE-139 varied between 83-111% and 75-90%, respectively. An initial solvent blank, a laboratory 


performance standard check (linearity of the calibration curve), was performed using individual as well as 


mixtures of the most commonly available brominated flame retardants. Retention times of the unknown analytes 


were matched to that of the standards and quantified by monitoring the target and reference ions. The LOD 


ranged between 0.01 and 0.02 ng µL-1. All descriptive statistics were computed using Microsoft Office Excel 


2010 software. Student’s t-test was applied to test the normality of data sets. SPSS version 20.0 (IBM, Chicago, 


USA) was employed for the correlational analysis. Values below detection limit were treated as zero during 


statistical analysis. An association with a p value <0.05 was considered statistically significant.  


 


Results and discussions 


Tables 1 and 2 show the mean, median, minimum and maximum concentrations as well as the ∑PBDEs (sum of 


seven BDEs). The total concentrations of the ∑PBDEs ranged from 7.08 to 12.3 ng gˉ1 with an overall mean of 


8.28 ng gˉ1, and from 7.0 to 8.77 ng gˉ1 with an overall mean of 7.52 ng gˉ1 corresponding to soil particle size 


fractions <150 µm and <45 µm, respectively. BDE-183 was the predominant congener in all samples and varied 


from 1.97 to 2.11 ng gˉ1 with a mean value of 2.0 ng gˉ1 in <150 µm size fractions, and from 1.98 to 1.99 ng gˉ1 


with a mean of 1.99 ng gˉ1 in the <45 µm size fractions. The observed  PBDE levels in our study were within 


similar range as those from Korea (0.05‒0.90 ng gˉ1) (Moon et al. 2007) and Japan (0.051‒3.6 ng gˉ1) (Minh et 


al. 2007), as well as the levels reported from the Netherlands (14‒22 ng gˉ1) (Verslycke et al. 2005), although 


lower than that reported on an e-waste recycling sites in south China (77.3‒249 ng gˉ1) (Wang et al. 2011). 


 


Tables 1 PBDEs concentrations (ng g˗¹) in the landfill soils (<45 µm fractions). 
CONGENERS Mean SD CV Median Min Max 
BDE-28 0.397 0.01 0.004 0.397 0.396 0.399 
BDE-47 0.0443 0.108 2.45 0.01 0.01 0.266 
BDE-100 1.10 0.482 0.436 0.861 0.792 1.99 
BDE-99 0.816 0.100 0.123 0.795 0.661 0.930 
BDE-154 1.59 0.004 0.003 1.59 1.58 1.59 
BDE-153 1.59 0.004 0.003 1.59 1.58 1.59 
BDE-183 1.99 0.005 0.003 1.98 1.98 1.99 
∑7BDEs 7.52 0.704 3.02 7.21 7.00 8.77 


 


 


 







Table 2 PBDEs concentrations (ng g˗¹) in the landfill soils (<150 µm fractions). 
CONGENERS Mean SD CV Median Min Max 
BDE-28 0.396 0.002 0.005 0.395 0.393 0.398 
BDE-47 0.439 0.732 1.67 0.0659 0.001 1.84 
BDE-100 1.12 0.506 0.451 0.922 0.787 2.11 
BDE-99 1.14 0.682 0.597 0.795 0.787 2.50 
BDE-154 1.58 0.007 0.005 1.58 1.57 1.59 
BDE-153 1.60 0.0537 0.0334 1.58 1.57 1.71 
BDE-183 2.00 0.0538 0.0269 1.98 1.97 2.11 
∑7BDEs 8.28 2.04 2.79 7.32 7.08 12.3 


 
  


  
  


 
  


PBDE concentrations in particles <45 µm was expected to be higher than in 150 µm according to the suggestion 


that contaminant concentrations in finer size fractions tended to increase with decreasing particle size (Mercier 


et al. 2011). Comparing the compositional profiles of individual BDE congeners, it became obvious that the 


octa-BDE marker (BDE-183) contributed more to the total congener concentrations in both <150 µm and <45 


µm size fractions, (ca 18.5‒27.7% and 22.7‒28.3%, respectively) (Figure 1). BDE-183 formed about 24.7% on 


average to the ∑PBDEs in the <150 µm size fractions and 26.5% in the <45 µm, while the percentage 


compositions of BDEs (-153 and -154) contributed averagely ca 20 and 21% each in the <150 µm and <45 µm 


size fractions, respectively (Figure 1). The relative abundances of BDE-153 and BDE-154 in both size fractions 


were quite pronounced and should be noted that their contributions were more in the <45 µm size fraction than 


in the <150 µm. This implied that <45 µm particles probably contained PBDEs from other sources different 


from sources of PBDEs relative to <150 µm fractions. Relative abundance of BDEs (-153 and -154) suggest 


major components of commercial penta-BDE which has been used in automotive polyurethane seating foams 


and textiles (Gaylor et al. 2012); (Vyzinkarova & Brunner 2013). Therefore, the homologue profiles in this 


study (Figure 1) revealed more enrichment by penta- and octa-BDEs, which might have leached out of PBDE-


treated items into the landfill soil through abrasion or fragmentation process into the finer particles (Cao et al. 


2014).  


 


 


Figure 1 Compositional profiles of measured PBDE congeners from different activity areas; A= particle size 
<150 µm, B= particle size <45 µm, respectively.  


Organic carbon contents of soil are considered as a primary dynamic factor responsible for the distributions of 


many POPs, including PBDEs. In this study, the TOC content of the soil ranged from 3.97 to 7.27%, with an 


average value of 5.29%, which were slightly higher than those measured in previous studies (Zhou et al. 2012). 







Figure 2 shows the linear regression of TOC and ∑PBDEs in the different size fractions. Spearman’s rank 


correlation test was used to evaluate the relationship between the ∑PBDEs concentrations and TOC with respect 


to both size fractions (Figure 2). As presented in Figure 2, a high positive correlation was observed between 


∑PBDEs and TOC with statistical significance (r2 = 0.829, p<0.05) for particle size <150 µm. Although a 


moderately high positive correlation was observed for size fraction <45 µm, the relationship was non-significant 


(r2 =0.771, p>0.05). These findings were similar to those found in other previous studies (Wu et al. 2013). 


 


Figure 2 Correlations between TOC and ∑PBDEs concentrations as a function of particle size.  
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Introduction 


Due to legislative restrictions on manufacture and use of some brominated flame retardants 
(BFRs), several new chemicals (NBFRs) have been developed. Due to their chemical 
properties, flame retardants in general have a tendency to accumulate on organic carbon 
rich matter and have been detected in samples of sediment, dust and sewage sludge around 
the world [1]. These matrices are of relevance to the environment and human health and 
levels and trends of both legacy BFRs and NBFRs have to be investigated and compared 
against each other. To explore the presence of these emerging pollutants in environmental 
matrices analytical methods for targeted analysis are required. Classically these compounds 
are determined by GC-based instrumental methods. In recent years, LC-based methods 
coupled to low resolution mass spectrometers have also been developed [2]. Advances in 
high resolution mass spectrometry facilitate accurate measurements and identification of 
target compounds and unknowns. In this work the potential of quadrupole Orbitrap 
benchtop technology will be exploited for targeted detection and quantification of selected 
PBDEs and NBFRs in sediment samples, along with the untargeted identification of possible 
degradation and transformation products.  


Material and Methods 


Sampling. Sampling of Thames sediments was carried out in October 2011 at the locations 
shown in Figure 1. All sites were accessed via a jet boat using predetermined GPS 
coordinates to accurately locate each position to ± 3 m [3, 4]. At each location, surface 
sediments (0-5 cm) were collected from four corners of a square of ca. 2 m2 area, using 
either a stainless steel trowel or a polycarbonate tube fitted with a core catcher manually 
driven into the surface [5]. The four corner samples and one central sample were combined 
and transported to shore in a polyethylene zip lock bag. Sediments were immediately frozen 
at -18 °C in the dark to avoid post collection chemical changes and physical movement, then 
transported frozen to the laboratory within 3 days. Each sample was then freeze-dried, 
sieved to pass a 2 mm brass mesh and ground to a fine powder using an agate ball-mill and 
stored in sealed polyethylene bags in a desiccator in the dark [6]. 







 


Figure 1. Locations (red triangle) of surface sediments from the Thames Estuary. Stars 
represent main discharge locations of sewage effluent.  


Extraction and clean-up. 2 g of freeze-dried sediment were weighed in to an extraction tube 
and spiked with a surrogate standard mixture (13C-BDE28, BDE77, BDE128, 13C-BDE209, 
13C-EH-TBB, 13C-BEH-TEBP, 13C-BTBPE and 13C-α, β-, and γ-HBCDDs). 2 g of copper was added 
for sulfur removal. The method was based on a ultrasonication-assisted extraction with 
hexane:acetone (3:1 v/v), vortex (5 min) followed by ultrasonication extraction (20 min) and 
centrifugation (5 min. at 4000 r.p.m.). This procedure was repeated twice. The combined 
extract was then evaporated to dryness under a gentle stream of N2 and reconstituted in 
2 mL of hexane. This was followed by a sulfuric acid wash of the extract, with the layers 
allowed to separate over night. The organic phase was collected and the acid layer washed 
twice with 2 ml of hexane. The combined extracts were then reduced to ~1 mL under a 
gentle stream of N2 and loaded onto a conditioned HyperSep™ 1 g Florisil SPE cartridge.  
Subsequent elution was performed with 20 mL of hexane:dichloromethane (1:1 v/v). Finally 
the extract was concentrated to dryness under a N2 flow in a Turbovap and reconstituted in 
methanol:toluene (1:1 v/v)  containing 200 pg µl-1 of 13C-BDE100 as a recovery 
determination standard. 


The reference material SRM 1944 (NIST) for sediment samples was used to evaluate the 
accuracy of the method for PBDEs and HBCDDs. An SRM sample was included for every 
20 sediment sample, while method blanks (sodium sulfate replacing sediment) were 
analyzed every 5 samples.  


UPLC-HRMS measurement. Final extracts were separated on a Thermo Scientific Accucore™ 
RP-MS 100 x 2.1 mm, 2.6 µm column on a Thermo Scientific UltiMate® 3000 HPLC system 
using a 17 min. gradient elution program with water (mobile phase A) and methanol (mobile 
phase B) at a flow rate of 400 µL min-1. The HPLC gradient elution program and APCI values 







were optimized based on the measurement of reference standard solutions. Samples were 
analyzed on a Q-Exactive™ Plus mass spectrometer with an APCI source in negative 
ionization mode at a resolution of 35,000. Raw data files were processed using Thermo 
Scientific Trace Finder™ version 3.3 software.  


Results and Discussion 


Initially, full scan experiments were conducted to obtain a general overview of the presence 
of compounds of interest in the samples. The use of high-resolution accurate mass (HRAM) 
instrumentation, together with powerful software tools like Trace Finder™, facilitates 
identification of targeted compounds by means of selectivity, elemental compositions and 
isotopic pattern scoring. Confirmation of compounds was also conducted using retention 
time of reference standards. For most compounds the pseudo-molecular ion [M-Br+O]- 
commonly formed in negative APCI mode was observed and used for quantification (based 
on the internal standard). All ion fragmentation (AIF) was performed to obtain a Br ion trace, 
which aids in the identification of non-target bromine containing compounds. MS/MS 
fragmentation experiments were then performed on these compounds, especially where no 
reference standard was available in order to obtain structural information. Recoveries for 
internal standards were in the range of 70 to 99 %. Values obtained for the SRM 1944 were 
generally in good accordance with the certified levels as shown in Table 1.  In addition, non-
certified compounds including 2-bis(2,4,6-tribromophenoxy)ethane (BTBPE), 
bis(2-ethylhexyl) tetrabromophthalate (BEH-TEBP), pentabromoethylbenzene  (PBEB), 
2,2',4,4',5,5'-Hexabromobiphenyl (BB153) and dechlorane plus (DP) were detected in the 
SRM 1944. 


Table 1. Comparison of UPLC-HRMS data for BFRs with NIST SRM 1944 certified values 


Compound UPLC-HRMS µg/kg (n=3) Reference value SRM µg/kg 
PBDE 47 1.80 ± 0.39 1.72 ± 0.28 
PBDE 99 1.65 ± 0.30 1.98 ± 0.26 
PBDE 100 0.48 ± 0.01 0.447 ± 0.027 
PBDE 153 6.57 ± 0.83 6.44 ± 0.37 
PBDE 154 1.05 ± 0.04 1.06 ± 0.08 
PBDE 183 31.82 ± 0.21 31.8 ± 0.1 
PBDE 206 6.96 ± 1.23 6.2 ± 1.0 
PBDE 209 87.43 ± 5.3 93.5 ± 4.4 
ΣHBCDDs 13.09 21.2 


 


Preliminary results for the analyzed sediment samples indicate the presence of PBDEs (lower 
levels for BDEs-47, 99, 100, 153, 154, 183 and higher levels for BDE206 and 209), as well as 
HBCDDs and the occurrence of NBFRs like BEH-TEBP, BTBPE, but also 2,4,6-tribromophenol 
(TBP) and chlorinated DP.  
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Introduction 


Obesity among children continues to be a major public health concern. According to a recent 
population-based survey, 10% of American children under the age of 2 are obese (1). Children with 
higher body mass index (BMI) are more likely to become overweight or obese adults, and are at 
increased risk of many chronic conditions, including diabetes, cardiovascular disease, and some cancers 
(2). Although the imbalance between energy intake and energy expenditure is certainly a key 
determinant of weight, emerging evidence supports the hypothesis that environmental exposures, 
particularly those occurring in early-life, may interfere with homeostatic controls and induce or 
exacerbate obesity. 


Organophosphate flame retardants (PFRs) are commonly used in residential furniture, electronics, and 
baby products as flame retardants and are also used in other consumer products as plasticizers (3-6). 
PFRs have been detected with high frequency in studies of the indoor environment and data indicate 
that human exposure is likely ubiquitous (e.g. 4, 7). Although the human health effects of exposure to 
PFRs are largely unexplored, animal studies provide compelling evidence that PFR exposure may impact 
growth and development as well as other health endpoints. 


The goals of our present work are twofold: 1) to evaluate individual characteristics associated with 
higher levels of exposure to PFRs, and 2) to evaluate impacts of in utero PFRs exposure on children’s 
prenatal and early-life growth measures using data from the Pregnancy Infection and Nutrition (PIN) 
Study. 


Materials and methods 


The PIN study enrolled a cohort of central North Carolina women in early pregnancy and conducted 
follow-up through delivery and early childhood (8). The current analyses are limited to mothers 
recruited 2002-2005, whose children participated in follow-up through age 3 years (n=349). Self-
administered questionnaires, telephone interviews and a brief questionnaire at the hospital after 
delivery were used to collect health and lifestyle information during the pregnancy. In-home study visits 
collected children’s height and weight at 12 and 36 months of age. Growth information was also 
collected from pediatric well-child doctor’s visits, resulting in over 4000 measures of children’s height 
and weight. All study protocols and procedures were approved by the Institutional Review Board at the 
University of North Carolina-Chapel Hill. 


During the late-second or early-third trimester, PIN women collected a spot urine samples in which 6 
PFR metabolites were assessed (BDCIPP, BCIPP, DPHP, ip-PPP, tb-PPP and BCIPHIPP) using previously 







described methods. Briefly, samples were extracted using enzyme deconjugation and solid phase 
extraction (SPE) techniques described in Van den Eede 2013 and Butt 2016 (9, 10). 


Preliminary analyses indicated that urinary PFR metabolite levels were positively skewed. Accordingly, 
we used non-parametric analyses or log10-transformed metabolite concentrations in statistical analyses 
investigating predictors of urinary metabolites. Assessed predictors included age, race, education, pre-
pregnancy BMI, parity and, gestational duration at the time of sample collection date of sample 
collection and season of collection. We then assessed relationships between maternal PFR metabolites 
and birth outcomes (e.g. birthweight, gestational duration, and birthweight for gestational age 
percentile) and children’s growth using multivariable regression and mixed models. 


Results and discussion 


PFR metabolites were detected in every urine sample, with BDCIPP, DHPH, ip-PPP and BCIPHIPP 
detected in >80% of samples. Geometric mean concentrations were higher than what has been reported 
previously for similarly-timed cohorts. Women with higher pre-pregnancy BMI tended to have higher 
levels of urinary metabolites. For example, those classified as obese at the start of pregnancy had ip-PPP 
levels that were 1.52 times as high as normal weight range women (95% confidence interval (CI): 1.23, 
1.89). Women in their first pregnancy also tended to have higher urinary levels of DPHP, but lower levels 
of ip-PPP. In addition, we saw strong evidence of seasonal trends in metabolite concentrations (e.g. 
higher DPHP, BDCIPP, and BCIPHIPP in summer, and evidence of increasing ip-PPP 2002 to 2005). 


The median birthweight for infants in the cohort was 3353 g (range 1422-4760 g) and infants were born 
at a median of 39 weeks gestation (range 29-42 weeks). Relationships between prenatal exposures to 
PFRs and birth outcomes differed based on the sex of the infant. On average, women with the highest 
quartile of urinary ip-PPP concentration delivered girl babies 1 week earlier than women with the lowest 
quartile ip-PPP levels (95% CI: -1.9, -0.2). Similarly, high prenatal ip-PPP exposure was associated with 
lower birth weight (-348 g, 95% CI: -601, -94, comparing quartile 4 to quartile 1 of urinary ip-PPP). 
However, birth weight for gestational age percentiles were not associated with ip-PPP, suggesting that 
exposure may impact gestation duration, but not growth. Similar, although less precisely estimated, 
patterns of association were observed between gestational age and BDCIPP and DPHP among female 
infants. Conversely, among males, prenatal TPHP exposure (as indicated by maternal urinary DPHP) 
tended to be associated with increased gestation duration (mean difference of 0.7 weeks comparing 
quartile 4 to quartile 1, 95% CI: -0.1, 1.5). Although prenatal PFR exposures, as indicated by metabolite 
concentrations in maternal urine, were generally not related to BMI at 36 months of age, additional 
analyses investigating growth trajectories are currently ongoing. 


Cumulatively, our results indicate ubiquitous exposure to PFRs among NC women in the early 2000s. 
Additionally, our work suggests that individual characteristics are related to exposure and that temporal 
variation, both seasonal and annual, may exist. With respect to birth outcomes, our results indicate that 
prenatal exposure to PFRs may impact timing of birth, specifically earlier birth among female infants. 
Because pre-term birth is associated with later risks for children, further investigation is warranted to 
explore potential implications for long-term health and development. 
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Introduction 
Certain wild animals represent excellent models, or sentinels, to address issues related to 
environmental pollution[1]. Wild trout present several biological characteristics, that position it as 
a suitable tool for monitoring polybrominated diphenyl ethers (PBDE) levels in freshwater 
environments [3]: 1-They are at top of the food web and have a wide geographic distribution; 2-
They have lipid-rich tissues and pollutant concentration capacity [2]. The presence of lower 
brominated diphenyl ethers has been detected in wild trout collected worldwide [3]. Over the last 
20 years, a large number of studies have been reported using wild trout for PBDE assessment in 
freshwater environments. This work summarizes this research field through a meta-analysis, and 
considers the implications of the reported data with the aim to explore the feasibility of wild trout 
as a sentinel species for PBDEs in environmental assessments. 
Materials and Methods  
Most of the studies reported levels of congener BDE-47, -99, -100. The sum of congeners BDE-47, -
99 and -100 (∑n=3PBDEs)represents on average 81% of the total PBDE concentration reported for 
trout in reviewed papers, and therefore a congener-specific database was compiled and used. The 
units were lipid normalized. Principal component analysis (PCA)was performed to identifying 
whether the usually reported biological factors (size and lipid content), are related to PBDE levels 
in five wild trout species: lake trout (LAT Salvelinus namaycush), brown trout (TRS Salmo trutta), 
rainbow trout (TRR Oncorhynchus mykiss), arctic char (ACH Salvelinus alpinus), and brook trout 
(SVF Salvelinus fontinalis) collected worldwide. Pearson's correlations were used to explore for 
intraspecific relationships between PBDE levels and trout morphometry. 
Calculation of Trout-to-Sediment Ratio of PBDE levels. 
In order to evaluate the feasibility of an organism to be used as a sentinel for pollutants, it is useful 
to analyse its capacity to accumulate chemicals. Bioaccumulation in biota relative to chemical 
concentrations in sediment describes the potential of a species to concentrate pollutants. Biota-
sediment accumulation factors have been used for this purpose [4]. Because PBDE levels in 
sediment were reported for several regions where wild trout were studied, the relationship 
between trout and sediment PBDE levels was explored. Thus, PBDE accumulation capacity of each 
trout species was assessed. Trout-to-sediment ratio was used as a screening tool to identify 
potential PBDE bioaccumulation capacity among the trout species considered. Therefore, those 
species showing a higher value of this ratio potentially represent a more feasible tool for 
monitoring PBDEs. Trout-to-sediment ratio was calculated for each trout species as follows: T-SR = 
BDETrout/ BDESediment, where T-SR is the calculated ratio for concentration of individual congeners 
BDE-47, -99 and -100 reported for trout and sediment from a particular site. Hence, BDETrout and 
BDESediment represent the concentration of each congener reported for trout species (on a lipid 
weight basis) and sediment (on a total organic carbon basis), respectively.  
Results and discussion 
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PCA identified three components that accounted for 83% of the data variance. The PC1 accounted 
for 53% of the variation and was positively associated with levels of BDE-47, -99, -100; and trout 
length, weight and lipid content. The PC2 accounted for 18% of the variation and was positively 
associated with percentage of BDE-99 congener distribution. PC1 is plotted against PC2 in Fig.1 
where different colour symbols denote continental regions. The right side of the figure represents 
fatty and larger trout, with higher PBDE levels. These trout were collected from lakes in eastern 
Norway (cluster A), close to Oslo. The data on trout collected from North America’s Great Lakes, 
cluster together (cluster B) and represents a self-consistent data-set: all lake trout. Trout collected 
from lakes in European high mountains, lakes in Greenland, and rivers in Patagonia all overlap 
(cluster C). Data on Patagonian trout seems to cluster together (cluster C’, Fig. 1). Cluster C is 
somewhat separated from clusters A and B. The distance between these clusters may simply show 
that remote areas would get PBDE inputs through atmospheric transport while lakes in eastern 
Norway and North America’s Great Lakes could be affected by direct inputs. Reported data on size 
of brown trout (n = 387) was positively correlated with levels of BDE47,BDE-99, BDE-100, and 
∑PBDEs(P<0.05). For all other species considered here, no significant correlations were found.  


 
Fig. 1.Position of wild trout data in the plane defined by the first two axes obtained from a PCA carried out with:  levels 
of BDE-47, -99, -100; percentage of BDE congener distribution; and trout morphometry and lipid content. Yellow dots 
are for trout collected in Europe, red for North America, Green for South America, and orange triangles for Greenland. 
Cluster A-C is discussed in the text. 


Regardless of the different world regions where trout were collected, brown trout generally 
showed higher trout-to-sediment ratios, which is suggestive of a relatively greater capacity of this 
species to concentrate PBDEs related to the sediment (Fig. 2). A literature survey indicated that 
brown trout tend to feed higher in the food web and grow to reach largesizes[2]. Taken together, 
these results suggest that, besides pollution level in the studied area, the target species in PBDE 
studies is a critical factor that should not be overlooked. 
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Overall, although any wild species trout could be useful as a PBDE bioindicator, adult 
brown trout is recommended. Full reports on sampling sites, dates, morphometry, tissue type and 
sex are also recommended. 


 


Fig. 2.Trout-to-sediment ratios calculated for individual congeners (BDE-47, -99 and -100) reported for each trout 
species and sediment. Numbers in brackets denote estimation of trout-to-sediment ratios based on ∑n=3PBDEs for both 
trout species and sediment. Country acronyms: Norway (NO), CH (Switzerland), Scotland (SC), AR (Argentina), United 
States (US), and Canada (CA). Trout acronyms in the text. 
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Effect of Removal of Flame-retarded Nap Mats on Indoor Flame Retardant Levels 
in Childcare Environments 


 
Schreder, E.D., Stubbings, W.A., Thomas, M.B., Romanak, K., Venier, M., and Salamova, A. 
 
Introduction 
 
Many childcare environments use polyurethane foam mats for the children’s naptime. These are 
typically vinyl covered, one- to two-inch thick mats. Until recently, the vast majority of these 
mats in the United States contained flame-retarded polyurethane foam to meet California 
Technical Bulletin 117 (TB 117) requirements.1 With the update of TB 117, however, flame-
retardant-free nap mats are now widely available. Research conducted in 2010 and 2011 found 
that childcare facilities in which nap mats are used had higher levels of certain flame retardants 
in the dust, suggesting that nap mats are a significant source in these indoor environments.2 The 
aim of this study is to compare levels of flame retardants in the childcare environment with and 
without flame-retarded nap mats by actively switching out nap mats and measuring flame 
retardant levels before and after the switch-out. 
 
Materials and methods 
 
Seven Seattle-area childcare centers were recruited using the following criteria: regular use of 
nap mats, serving low-income families, and minimal presence of other foam-containing items. 
Samples of foam (from in-use nap mats and replacement mats) were analyzed for flame 
retardants as follows: ca. 50 mg of material and 5 mL of acetone/hexane (1:1 v/v) were added to 
a pre-washed test tube, vortexed for 1 min and sonicated for 5 min before being centrifuged for 2 
min at 2000 rpm. The supernatant was transferred to a clean tube, the extraction was repeated 
and both supernatants were combined (10 mL total) and vortexed for 1 minute; 1 mL of sample 
was then transferred to a clean tube and diluted using 9 mL hexane. Finally 100 µL of the first 
dilution was transferred and diluted further using 900 µL hexane spiked with known quantities of 
BDE-118, BDE-181, anthracene-d10, dibenz[a]anthracene-d12, and perylene-d12 as internal 
standards (x 10,000 dilution in total). In addition, foam and fabric from replacement mats and 
cots were analyzed to verify they were free of known flame retardants. For passive air sampling, 
one passive air sampler PUF disk was exposed to indoor air using a single 23 cm (2 liter) 
stainless steel bowl shaped housing, deployed in each childcare center for 28 days.3 At the end of 
the air sampling period, a floor and surface dust sample was collected in a nylon sock inserted in 
a Mighty-mite vacuum cleaner by slowly moving the crevice tool across the floor and other 
surfaces (e.g. shelving).3 Flame-retarded nap mats were replaced with flame-retardant-free mats 
and elevated surfaces were cleaned. Following a three-month washout period, post-replacement 
air and dust sampling was repeated.  
 
Results and discussion 
 
Analysis has been completed on in-use and replacement nap mats. Six centers were determined 
to be using flame-retarded nap mats, with compounds including tris(1,3-dichloro-2-
propyl)phosphate (TDCIPP), tris(1-chloro-2-propyl)phosphate (TCIPP), 2-ethylhexyl 2, 3, 4, 5-
tetrabromobenzoate (EHTBB), bis (2-ethylhexyl) 3, 4, 5, 6-tetrabromophthalate (BEHTBP), 







triphenyl phosphate (TPhP), tri-m-tolyl phosphate (TMTP), and tris(4-butylphenyl) phosphate 
(TBPP) (Table 1). The sum of flame retardant concentrations found in nap mat foams ranged 
from 5.4 – 8.4 % by weight. Two brands of replacement mats were analyzed to identify a brand 
of mats and cots free of detectable flame retardants. Analysis of air and dust samples is now in 
process and will be reported. 
 
Table 1 Flame retardants detected in nap mat materials by childcare centers. Bullet points denote 
that a particular compound was detected in the sample. 
 


    Chlorinated Organophosphate Brominated 
Center # Material TCIPP TDCIPP TPhP TMTP TBPP EHTBB  BEHTBP 


1 FOAM • • •   •     
2 FOAM               


3 
FOAM     • •   • • 


BATTING           • • 
4 FOAM     • • • • • 
5 FOAM   • • • • •   
6 FOAM     • •   • • 
7 FOAM     • • • • • 
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Introduction 


After EU imposed a ban on the marketing and use of technical polybrominated diphenyl ether (PBDE) formulations, 
norbornene-based flame retardants such as Dechlorane Plus (DP) and dechlorane–related compounds (DRCs) were 
regarded as essential alternatives [1]. A number of studies confirmed the presence of DRCs in various environmental 
objects [2,3] and food products [4,5]. However, human exposure to DRCs via food consumption is still poorly 
understood and thus the development of reliable methods for their analysis is one of the essential steps to 
implementing risk assessment strategies. This paper presents an analytical method for the determination of ten DRC 
representatives in various food samples by using an advanced non-destructive sample preparation procedure, which 
allows to include acid-labile compounds in the scope of the analysis. Analyte detection with GC-magnetic sector 
HRMS ensures high selectivity and sensitivity of measurements, while isotope dilution with 13C-labeled surrogates 
and internal standardization provides reliable quantification of the compounds of interest. The developed method 
was extensively validated and applied for the analysis of numerous matrices representing various food types. 


 


Materials and methods 


Chemicals and materials 


Target analytes and isotopically labeled internal standards were from Cambridge Isotope Laboratories (Tewksbury, 
MA, USA), Wellington Laboratories (Guelph, ON, Canada), Santa Cruz Biotechnology (Dallas, TX, USA) or from 
AccuStandard (New Haven, CT, USA). Organic solvents were of analytical grade and were purchased from Sigma-
Aldrich (Buchs, Switzerland). Strata SI-1 Silica 500 mg / 6 mL SPE cartridges were obtained from Phenomenex 
(Torrance, CA, USA), while the Bio-Beads SX3 (200-400 mesh) sorbent was purchased from Bio-Rad 
(Philadelphia, PA, USA).  


 


Sample preparation 


Aliquots of freeze-dried samples were spiked with 13C10-labeled internal standard solution. The mass of the aliquot 
depended on lipid content in the sample and was equivalent to approximately 1 g of lipid. The samples were 
extracted in a Soxtec™ 2055 Fat Extraction System (Hillerød, Denmark) with 1:1 DCM / n-hexane mixture. After 
the evaporation of extracts, high molecular compounds were removed using LC Tech FreestyleTM GPC system 
(Dorfen, Germany) on a glass column (50 × 2.5 cm) filled with 50 g of Bio-Beads SX3 stationary phase using 1:1 
cyclohexane / ethyl acetate as eluent. The evaporated extracts were dissolved in 1 mL of cyclohexane and applied on 
the top of Strata Silica 500 mg / 6 mL cartridges, which were preconditioned with cyclohexane. The target analytes 
were eluted with 10 mL of cyclohexane, concentrated to dryness under a gentle stream of nitrogen, and reconstituted 
in 50 μL of recovery standard 13C12-PCB 194 solution in nonane prior to instrumental analysis. 


 







Instrumental analysis 


The measurements were performed on a Micromass AutoSpec HRMS system (Milford, MA, USA) coupled to an 
Agilent 6890N gas chromatograph (Santa Clara, CA, USA). GC separation was carried out on a DB-5MS capillary 
column (30 m × 0.25 mm × 0.1 µm, Agilent Technologies). Acquisition was performed using selective ion 
monitoring (SIM) mode with resolution of >10,000 at 10% valley definition. Helium was used as the carrier gas at a 
constant flow rate of 1 mL min−1. The GC oven temperature program started with isothermal period for 3 min at 
100°C, than ramped to 315°C at 10°C min-1 and finally was held at 315°C for 15 min. The GC-MS transfer line and 
injection port temperatures were set at 280 and 310°C, respectively. The ion source temperature was set at 270°C 
and ionization was performed in positive electron impact mode (EI+) with electron energy of 35 eV. The analytes of 
interest were detected using a three-segment MS acquisition method by monitoring the two most intense fragments 
from the molecular ion cluster (Table 1).  
 


Table 1. 


GC-HRMS characteristics for the determination of target analytes on DB-5MS column 


Compound  RT, min Time segment Qual. ion**, m/z Quan. ion*, m/z Isotopic ratio 
1,3-DPMA 15.48 1 265.8618 263.8648 1.56 
Mirex 18.15 1 273.8072 271.8102 1.25 
Dec 602 19.27 2 273.8072 271.8102 1.25 
DBHCTD 19.51 2 273.8072 271.8102 1.25 
Dec 603 21.79 3 264.8549 262.8570 1.56 
Dec 604 22.17 3 417.7026 419.7006 1.46 
Cl10DP 22.57 3 203.8881 201.8911 0.78 
Syn-DP 23.43 3 273.8072 271.8102 1.25 
Cl11DP 23.68 3 239.8462 237.8491 1.56 
Anti-DP 23.91 3 273.8072 271.8102 1.25 
13C10-Dec 602 19.25 2 276.8269 278.8240 1.25 
13C10-syn-DP 23.42 3 276.8269 278.8240 1.25 
13C10-anti-DP 23.90 3 276.8269 278.8240 1.25 
13C12-PCB 194 18.97 2 439.8038 441.8008 1.12 


 


Results and discussion 


Method optimization 


In order to reduce the consequences of suboptimal focusing and charging effects in the ion optics of the MS system, 
the acquisition method was divided into three time windows in such a way that each subsequent function contained 
fragments with nearly equal or higher m/z ratio than in previous time segment. Electron impact energy of 35 eV was 
found to provide the highest response under the conditions of EI+ for all DRCs except for Dec 604, which had the 
response maximum at 45 eV. Nevertheless, electron impact energy of 35 eV was used in the optimized method, as it 
provided higher sensitivity for the majority of analytes. Three GC columns were tested for the separation of analytes 
(DB-5MS, DB-5HT, and Rtx-1614). All columns had the dimensions of 30 m × 0.25 mm × 0.1 µm. DB-5MS was 
found to be the most suitable, providing optimal sensitivity and repeatability of response. The elution profiles of 
analytes and high molecular compounds from the GPC column showed negligible overlapping, potentially causing 
some losses (<7%) of Dec 603 and anti-DP during the GPC clean-up. These fluctuations were compensated by using 
13C10-anti-DP as internal standard for both compounds. Three SPE cartridge types (Strata Florisil 500 mg / 6 mL, 
Strata SI-1 Silica 500 mg / 6 mL and Strata SI-1 Silica 1000 mg / 6 mL) in combination with seven organic solvents 
or mixtures of solvents (n-hexane, cyclohexane, acetone, toluene, 99:1 n-hexane / ethyl acetate, 90:10 n-hexane / 
acetone, and 50:50 n-hexane / DCM) were tested as additional clean-up. It was found that Strata SI-1 Silica 500 mg / 
6 mL cartridges with cyclohexane as eluent provided optimal recovery rates for analytes and resulted in the 
necessary purity of the final extracts. 


 


 







Analytical performance of the method 


The developed method was validated using spiked fish homogenate and essential performance parameters such as 
linearity, limit of quantification (LOQ), accuracy (recovery), as well as intra- and inter-day repeatability were 
checked (Table 2). Five-point calibration curves over the concentration range for native DRCs from 1.00 to 100 pg 
μL-1 provided correlation coefficients (R2) higher than 0.997, with the residual error of calibration below 10%. The 
instrumental LOQs (i-LOQs, expressed as the mass of analyte injected on column) achieved in this work ranging 
from ~10 femtograms for the most sensitive detection of Dec 603 to ~1 pg for the least sensitive detection of 1,3-
DPMA corresponded to method LOQs (m-LOQs) in the range of 0.04 – 5.3 pg g-1 fresh weight (f.w.). The average 
recovery was calculated as the mean value over two days for each validation level and was found to be in the range 
from 70 to 120% for all compounds except Dec 604, for which elevated recovery values from 121 to 126% were 
observed. The method precision in terms of repeatability and reproducibility was below 10% for all target analytes, 
except 1,3-DPMA, which showed a slightly higher inter-day precision of 14.8%. The typical recoveries of 13C10-
labeled internal standards for selected DRCs provided by the developed method were in the range of 40–77 %. 


 


Table 2. 


Performance characteristics of the GC-HRMS method 


 


Application to real samples 


The developed method was applied for testing of 15 food samples (Table 3). The number of samples analyzed 
within the framework of this study was small, and apart from confirming the presence of these compounds in the 
samples, any observations could be only indicative. 1,3-DPMA, Dec 604, and both products of DP dechlorination 
were not detected in any of the samples. The detection frequency (values provided in the parentheses) for the rest of 
the DRCs were in the following order: Mirex and syn-DP (87%) > anti-DP (80%) > Dec 602 (60%) > DBHCTD and 
Dec 603 (both 10%). Cod liver was the most contaminated matrix among the investigated food groups, showing the 
concentrations of ∑DRCs from 115 to 628 pg g-1 f.w. Despite the fact that Mirex is the most frequently detected 
analyte among the investigated compounds, its average contribution to the ∑DRCs constituted only 16% and 3% for 
dairy and meat foodstuffs, respectively. In the case of fish products, Mirex was confirmed to be a major 
contaminant, with the exception of one cod liver sample, where anti-DP was the major contributor. The total-DP 
isomer concentrations (sum of syn-DP and anti-DP) ranged from undetectable to 76.3 pg g-1 f.w., revealing strong 
anti-DP enrichment and syn-DP depletion for those samples where both of the DP isomers were detected. Dec 603 
was confirmed in rabbit liver, herring and cod liver samples, while it was below the limit of quantification in dairy 
products. The alternative FR representative DBHCTD was detected only in sprats and cod liver samples, which was 
in line with our previous study on the analysis of DRCs in Baltic wild salmon [6] and indicates that the source of 
this compound could originate from the marine environment of the Baltic sea. 


 


 


Compound i-LOQ, 
pg 


m-LOQ, 
pg g-1 f.w. 


Linearity, 
R2 


1st spiking level (25 pg g-1 f.w.) 2nd spiking level (50 pg g-1 f.w.) 
Intra-day 
precision 


(n=2) 


Inter-day 
precision 


(n=2) 


Recovery 
(n=2) 


Intra-day 
precision 


(n=2) 


Inter-day 
precision 


(n=2) 


Recovery 
(n=2) 


DPMA 1.06 5.32 0.997 7.6 7.2 98 14.4 14.8 92 
Mirex 0.01 0.07 0.998 7.6 7.3 70 4.9 6.4 73 
Dec 602 0.03 0.17 0.999 2.9 2.8 99 1.7 1.9 102 
DBHCTD 0.20 0.99 0.999 4.5 4.7 95 5.2 5.2 101 
Dec 603 0.01 0.04 0.998 3.4 3.3 95 2.9 3.0 100 
Dec 604 0.08 0.40 0.998 3.2 6.3 121 4.1 6.9 126 
Cl10DP 0.01 0.04 0.999 4.7 5.5 85 3.8 4.1 89 
Syn-DP 0.02 0.12 0.999 1.8 1.8 104 1.8 2.0 108 
Cl11DP 0.01 0.06 0.999 4.2 4.2 100 3.8 3.7 102 
Anti-DP 0.05 0.24 0.999 4.8 4.6 97 9.9 9.3 104 







Table 3. 


DRCs concentrations in food samples expressed in pg g-1 f.w. 
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Sample Fat content, % Mirex Dec 602 DBHCTD Dec 603 Syn-DP Anti-DP ∑DRCs  
milk 4.1 0.09  < LOQ < LOQ   < LOQ 0.32 < LOQ  0.41 
eggs 7.8 0.32 0.32  < LOQ < LOQ  0.81 4.08 5.54 
eggs 8.9 0.36 0.31  < LOQ  < LOQ 0.80 2.28 3.76 
cheese 34.5 0.09  < LOQ < LOQ  < LOQ  0.22 < LOQ  0.31 
butter 87.3 0.24  < LOQ  < LOQ < LOQ  0.88 < LOQ  1.11 
chicken 18.5  < LOQ 0.18  < LOQ < LOQ   < LOQ 1.10 1.28 
chicken liver 6.0 0.12 < LOQ   < LOQ  < LOQ 0.57 2.31 3.00 
pork liver 6.6  < LOQ  < LOQ  < LOQ  < LOQ 0.73 2.30 3.03 
rabbit liver  5.9 0.91 1.31  < LOQ 0.70 3.08 15.5 21.5 
sheep liver 4.0 0.42 < LOQ   < LOQ  < LOQ 0.34 4.56 5.32 
sprat 17.7 9.03 2.96 4.31 < LOQ  1.62 5.74 23.7 
herring 11.6 3.31 1.51  < LOQ 0.19  < LOQ 1.26 6.28 
cod liver 84.2 88.1 19.3 5.76  < LOQ 0.40 1.43 115 
cod liver 79.1 50.4 14.2 55.7 7.11 6.51 69.8 204 
cod liver 47.3 324 136 131 3.10 5.02 29.5 628 








BDE-209 VERSUS TETRADECABROMODIPHENOXYBENZENE: DIFFERING 
RATES OF PHOTOLYTIC DEGRADATION TO DIOXIN-LIKE PRODUCTS AND 
TOXICOGENOMIC EXPRESSION IN CHICKEN EMBRYONIC HEPATOCYTES 
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Introduction: 
Brominated flame retardants (BFRs) are man-made chemicals which have been widely used in various 
commercial products, i.e. furniture, textiles, plastics, paints and electronic appliances, to reduce flammability and 
hinder fire ignition1,2. Given their bioaccumulation, long-range transport, and biological effects, alternative BFRs 
to e.g. PBDEs continue to be environmental concerns3-5. Tetradecabromo-1,4-diphenoxybenzene 
(TeDB-DiPhOBz, also known as 4'-PeBPO-BDE208 and SAYTEX 120, CAS No: 58965-66-5) and 
2,2’,3,3’,4,4’,5,5’,6,6’-decaBDE (BDE-209, CAS No: 1163-19-5) are two current-use BFRs. TeDB-DiPhOBz is 
generally used in solid plastic and wire/cable products, and as an alternative FR to BDE-209, which is used in a 
variety of polymeric applications6. BDE-209 is the major congener of currently produced deca-BDE products 
(generally >90 %)7 that are commercially available in some districts around the world,8,9 and it has been frequently 
detected in various environmental matrices4,10. 
 
Our previous studies showed that both TeDB-DiPhOBz and BDE-209 are photolytically unstable and rapidly 
degraded via stepwise, reductive debromination when dissolved in suitable organic solvents (i.e. tetrahydrofuran 
(THF), hexane, methanol)8,11. Degradation of TeDB-DiPhOBz and BDE-209 in solution occurs when irradiated 
with natural sunlight to a complex mixture of debrominated products but also to polybrominated polybenzofurans 
and dibenzofurans. Also, when these complex product mixtures from photolysis were exposed in vitro to chicken 
embryonic hepatocytes (CEH), alterations in the mRNA expression of various genes occurred and especially the 
aryl hydrocarbon receptor (AhR)-mediated CYP1A4 gene11,12. What is not presently known is the time 
dependency of dioxin-like degradation product formation from this photolysis process, and the influence of 
chemical structure of these highly brominated BFRs. The present study addresses this time-dependency 
knowledge gap. Using a novel analytical approach, BFR-coated beads were UV irradiated for 0, 1, 4, 15 and 40 
days and the UV-irradiated(I)-TeDB-DiPhOBz / UV-I-BDE-209 fractions were collected at each time point, and 
subjected to a CEH assay to examine the comparative alteration of expression of CYP1A4/5 and 27 other 
dioxin-responsive genes. 
 
Materials and Methods: 
Time-course Study of UV Irradiation of BFRs 
Before the UV irradiation experimentation, and unlike our previous studies11,12, TeDB-DiPhOBz and BDE-209 
powder was coated, using a unique approach, on silica gel bulk to maximize the BFR exposure surface area and 
distribution for maximum analyte irradiation. Firstly, the TeDB-DiPhOBz and BDE-209 solids were dissolved 
into DMSO with the maximum possible concentrations of 380 µM and 1800 µM, respectively. Then, an aliquot of 
150 µL of the TeDB-DiPhOBz or BDE-209 solutions was spiked into 0.5 g of pre-cleaned silica gel (n=5 
replicates for each BFR) in pre-clean aluminum foil boats. Similarly, an aliquot of 150 µL of fresh DMSO solvent 







was spiked into 0.5 g pre-cleaned silica gel in pre-clean aluminum foil boat, which was the blank control for 
further assessment of the in vitro gene expression effects. All aluminum foil boats with coated silica gel samples 
were covered with foil paper and placed into a dark hood for 48 hours to let DMSO evaporate. The sample boats 
were then transferred into a dark UVP cabinet (Upland, CA, USA) equipped with both UV B (wavelength: 302 nm; 
8 watts) and C (wavelength: 254 nm; 8 watts) lamps. Two of the boats (one for TeDB-DiPhOBz, one for BDE-209) 
were taken out of the UVP cabinet at each of the time points of 0, 1, 4 and 15 days, and for the time point at day 40 
the final three boats (one for TeDB-DiPhOBz; one for BDE-209; one for solvent blank) were taken out. After the 
irradiation period, the spiked silica gel sample in the boats was transferred into a borosilicate glass tube (16×125 
mm; Fisher Scientific Inc; Waltham, MA, USA), and 2 mL of 1:1 hexane:dichloromethane solvent mixture13 was 
added into the tube. The sample was placed into an ultrasonic-cleaner (1.9 L, 35 kHz, 140 W from VWR, 
Mississauga, Canada) for 10 min at room temperature. Separate chemical analysis experiments were also 
conducted for the silica gel spiked with TeDB-DiPhOBz and BDE-209 for quality control purposes, and showed > 
80 % recovery efficiency for TeDB-DiPhOBz and BDE-209 based on the observed Agilent 6520A Q-TOF-MS 
responses as described previously11,12. 
 
CEH Assay & Cell Viability and Real Time PCR & PCR array 
Protocols for the chicken embryonic hepatocyte cell culture, cell viability and real-time RT-PCR & PCR arrays 
have been fully described in detail elsewhere12,14. 
 
Data Analysis 
Analyses of data from real-time RT-PCR and PCR arrays were conducted using MxPro v4.10 software and the 
cycle threshold (Ct) was set to 0.1. The fold change of target gene mRNA abundance relative to the vehicle control 
was calculated using the 2-ΔΔCt method and significant differences in fold change of different time points compared 
to the solvent control were determined using unpaired t-test and visualized by use of GraphPad Prism 5. The gene 
expression visualization of PCR array data was performed on R 3.0.2 version using “gplots” package, and the data 
points with non-significant fold changes (p > 0.05) and those less than 1.5 were set to 0 to minimize noise. 
 
Results and Discussion: 
Since TeDB-DiPhOBz and BDE-209 are additive BFRs to e.g. plastics, we developed and report here on a novel 
approach that better simulates the solid form of the chemicals in relevant environmental compartments e.g. in 
landfills and in biosolids used for agricultural applications. That is, prior to irradiation TeDB-DiPhOBz and 
BDE-209 were put into solution and used to coat inert silica gel beads with a very thin layer of the BFRs, and as a 
result maximized the BFR solid surface area exposed to photolytic irradiation. 
 
Cell viability of CEH exposed to the complex product mixtures resulting from BFR photolysis was quantified by 
measuring the cytoplasmic adenosine triphosphate levels, which would decrease rapidly following any form of 
cell injury/death. A significant cytotoxic effect, and a compromise of the cell viability, was only observed in CEH 
after exposure to the UV-I-BDE-209 fraction (nominal concentration: 10 µM) collected at the 40 day time point. 
There was no cytotoxic effects to the CEH after exposure to the UV-I-TeDB-DiPhOBz fractions (nominal 
concentration: 1.9 µM) collected at any time point. 
 
The greatest levels of gene expression of CYP1A4/5 mRNA from CEH exposure were observed for 
UV-I-TeDB-DiPhOBz fractions from the 15 and 40 day time points, whereas for UV-I-BDE-209 fractions such 
expression change was much earlier at the 1 and 4 day time points, although the fold increase of gene expression 







was much higher for UV-I-BDE-209 (Figure 1). These fractions with the highest CYP1A4/5 expression were 
subsequently assayed by another array of 27 dioxin-responsive genes, and the mRNA expression 6 and 15 genes 
were altered in the CEH following exposure to UV-I-TeDB-DiPhOBz or UV-I-BDE-209, respectively.  
 


 


 
This time-course study showed that photolytic degradation to dioxin-like products is substantially more rapid for 
BDE-209 relative to TeDB-DiPhOBz. With respect to environmental implications, the result of this study raises 
concerns from time-dependent, dioxin-like product formation as a function of natural sunlight photolysis with 
respect to flame retardant-containing source materials such as plastics in landfills and wastewater treatment plant 
derived biosolids that are used in field applications for agricultural purposes. Regardless, the photolytic 
degradation of these BFRs to dioxin-like products in the environment likely represents a major source of exposure 
to biota and with potential deleterious effects. 
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Introduction  


The consumption of plastics and resultant generation of wastes have increased globally over the last several 
decades.1 Part of the plastic wastes end up in the marine environment,2 where it is fragmented into smaller pieces 
over time. Many species of marine-based organisms, such as seabirds, ingest these plastics. The ingested plastics 
cause injuries and inhibit the digestion of food. On top of that, toxic chemicals contained in plastics as additives 
causes further concerns. . 


In the previous study, polybrominated diphenyl ethers (PBDEs), a class of brominated flame retardants, were 
analyzed in the abdominal adipose tissue, liver, and ingested plastics of 30 short-tailed shearwaters.3, 4 
Higher-brominated congeners BDE209 and BDE183 were detected in both the tissue and ingested plastics from 
the same bird in 5 cases of bird samples. This sporadic detection of higher-brominated congeners and the 
corresponding detection in both tissues and ingested plastic provided good evidence on the transfer of PBDEs from 
ingested plastics to seabirds.3, 4 Sporadic accumulation of high concentration of BDE209 was also detected in other 
seabird species such as the northern fulmar.5 This occurrence could also be due to plastic ingestion. A study on the 
mechanisms of the transfer was also conducted.4 PBDEs are supposedly compounded in the polymer matrix of 
plastics and are highly hydrophobic, making it difficult for PBDEs to leach out of plastics. Trace amounts can be 
found to leached into distilled water, seawater, and acidic pepsin solution.4 However, more than 20 times the 
trace amount were discovered able to leached into stomach oil, which is made in the stomach of some seabirds.4 
It was suggested that oils in the stomach of seabirds could act as an organic solvent and accelerate leaching. These 
studies concluded that plastics retaining additives could be transported through the ocean, and chemicals in 
plastics could be exposed to seabirds through ingestion and the rapid extraction by stomach oils upon ingestion. 


Marine plastics may also contain many other chemical additives apart from PBDEs. This suggested that 
chemical additives may also be transported through the marine environment and be exposed to seabirds through 
the ingestion of marine plastics, similarly to the pathway PBDEs. There is a growing concern on the 
bioaccumulation and toxicological risks of these chemicals towards seabirds. However, there have been little to 
no reports on additives in the range of mm- to cm-sized marine plastics, which are small enough to be ingested 
by seabirds. The objective of this study is to identify chemical additives in marine plastic debris, that could be 
exposed to seabirds, as a first step in examining plastic-associated multiple exposures of chemicals in seabirds 
and their toxicological risks. Comprehensive analysis of additives containing plastics ingested by three different 
species of seabirds, in which high frequency of plastic ingestion were observed, was conducted using gas 
chromatography−electron capture detector (GC−ECD) and gas chromatography−mass spectrometry (GC−MS) 
in full scan mode. 


 
Materials and methods  
Fulmars chicks were harvested for human consumption at sea north of Vágoy (62°25′N 7°20′W), which is an 


island west of the Faroe Islands in 2010. Plastics were collected from their stomachs (Fig.1). Regurgitated boluses 
of undigestable material were collected from chicks consisting of 1 laysan albatross and 5 black-footed albatross at 
Muko island (27°40′N 142°08′E). The regurgitated boluses were mainly composed of fishing filaments. Also 
found were plastic fragments, stones, and non-digestible parts of prey species, e.g., squid beaks and otoliths. 
Plastic pieces found in the stomach or regurgitated boluses were identified and sorted according to polymer type 
via near-infrared spectrometry (PlaScan-W, OPT Research Inc., Tokyo, Japan). Identification was done by 







comparing the detected infrared spectra with those in recorded in a library e.g.6. For the northern fulmar samples, 
after sorting, several plastic pieces were randomly chosen from each polymer category of polyethylene (PE) 
fragments, polypropylene (PP) fragments, PE pellets, and PP pellets for analysis (Table 1).  


 
 
 
 
 
 
 
 
 
 


 


 
 


For both the laysan albatross and black-footed albatross samples, all of the plastic fragments were analyzed. 
The number of samples in each category is listed in Table1. The plastics were washed in water with neutral 
detergent, dried at room temperature, and weighed on an electronic balance (AB54, Shimadzu, Kyoto, Japan) with 
precision of 0.1 mg. All of the plastics were photographed. One piece of plastic and n−Hexane were placed in an 
amber vial at a liquid-to-solid ratio of 100 to 1 in volume. The vial was then continuously shaken (100 rpm) at 40 
°C for more than 3 days. After the extraction period, 100 µL aliquot of each extract was passed through 5% 
H2O-deactivated silica gel packed in disposable glass pipettes (4 mm i.d. × 5 mm), followed by 5 mL of 
dichloromethane (DCM). The eluent was then evaporated just to dryness under gentle nitrogen stream and the 
residue was re-dissolved into 100 µL of iso-octane.  


One microlitre aliquots were analyzed using gas chromatography. Comprehensive analysis of chemical 
additives were conducted via GC interfaced with a quadrupole MS (GC–MS; Agilent 5973 MSD with 6890 GC) in 
full-scan mode. Especially for the detection of halogenated compounds, analysis were also conducted using GC 
interfaced with a electron capture detector (GC-ECD). The GC settings were described in previous papers.7, 8 
Peaks detected in MS chromatogram were confirmed for identification of the compounds using NIST library. 
Standard solutions of chemicals suggested by MS spectra, related compounds, and some halogenated compounds, 
which could be contained in plastics were purchased for precise identification and quantification. The limit of 
detection (LOD) of chemicals in which, the standard solution was obtained is listed in Table 2. 
 
Results and discussion  


Two kinds of brominated flame retardants (BFRs), 3 Ultraviolet (UV)-stabilizers, and styrene oligomers were 
detected and quantified against native standards (Table 3, Fig.2). One lubricant (squalene), and an oxidized 
antioxidant (irgafos 168) were also detected in more than one-third of plastic samples. However, they were not 
quantified because squalene could also be found in biota and is not specific to plastics, and standard solution of 
oxidized irgafos 168 was not available. In addition, one compound, which was estimated by MS spectra to belong 
to the irganox type antioxidant, was detected in two plastic pieces from northern fulmar. Some chemicals were 
observed in most of the plastics samples, for example, cholesta-3,5-diene, and oleic acid. These chemicals were 
expected to derived from lipid adsorption of digested prey in the stomach. 


Two major BFRs, i.e., hexabromocyclododecane (HBCDD) [25637-99-4] and deca-BDE, which is a 
commercial mixture of PBDEs mainly composed of BDE209 [1163-19-5], were detected. Both of these BFRs are 
well known to be toxic, persistent and bioaccumulative although there were differences in their application. 
Deca-BDE is used in various types of polymers, such as polycarbonates, polyester resin and polyolefins. HBCDD 
is mainly used as an additive in polystyrene foam for construction.9 In the present study, HBCDD were detected in 
PE and PP fragments with higher frequency than deca-BDE. The sources of these plastics should be studied.  


 


Table 1. Number of analyzed plastics ingested by seabirds. 


  
Faroe islands 


(Norway) 
Muko island 


(Japan) 


  
Northern 
fulmar  


Laysan 
albatross 


Black-footed 
albatross 


PE fragment 88 7 14 


PP fragment 50 7 4 


PS fragment   2 


PE pellet 16   
PP pellet 3 1  Figure 1.Plastics found in the stomachs of 


northern fulmars. 
* PE: polyethylene, PP: polypropylene, PS: polystyrene. 







 
 
 
Three types of UV stabilizers were detected in plastics, UV-326 [3896-11-5], and UV-327 [3864-99-1] of the 


benzotriazole (BT) group, and BP-12 (octabenzone) [1843-05-6] of the benzophenone (BP) group. UV stabilizers 
are added in various plastic products to prevent discoloring and degradation of commercial products, generally at 
the concentration range of 0.05 to 2 % of the product’s weight. There have been some reports on the toxicity of 
BT-UV stabilizer and BP-UV stabilizer, such as endocrine disruption10, 11 resulting in the enactment of restrictions 
of some BT-UV stabilizer. European Chemicals Agency (ECHA) listed four BT-UV stabilizer, which included 
UV-327, as substances of very high concern (SVHC), due to the bioaccumulative and toxic, and/or very persistent 
and very bioaccumulative properties of the substances. One of the BT-UV stabilizer (UV-320) is prohibited from 
production, usage, and import in Japan since 2007.  


Styrene oligomers were detected in polystyrene fragments. Four styrene trimers: ST-2 [1a-phenyl-4a-(1′- 
phenylethyl)tetralin], ST-3 [1a-phenyl-4e-(1′-phenylethyl)tetralin], ST-4 [1e-phenyl-4a-(1′-phenylethyl)tetralin], 
ST-5 [1e-phenyl-4e-(1′-phenylethyl)tetralin], were mainly observed and quantified. Styrene oligomers are 
incorporated into polystyrene resin as impurities during the course of manufacture.12 They have been suggested to 
cause adverse effects on organisms, such as endocrine disruption.13  


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       Figure 2. Chemical structures of additives detected in plastics ingested by seabirds. 


Table 2. Limit of detection (LOD) of contaminants. 


  Detector LOD concentration 
in plastic (ppm) 


HBCD ECD      0.3 
BDE209 ECD     0.03 
DBDPE ECD     0.06 
Tinuvin P GC/MS    17 
Tinuvin PS GC/MS    20 
Tinuvin 9 GC/MS    14 
Tinuvin 320 GC/MS     5.3 
Tinuvin 250 GC/MS     6.1 
Tinuvin 326 GC/MS     4.8 
Tinuvin 329 GC/MS    22 
Tinuvin 328 GC/MS     5.1 
Tinuvin 327 GC/MS     3.9 
Tinuvin 234 GC/MS    13 
Uvinul3008 GC/MS   170 
ST5 GC/MS      1.2 


Table3. Concentration and amount in plastic of detected additives.  


  
Sample 
ID 


Polymer 
type* chemical Concentration 


(µg/g-plastics) 
Amount 


(µg) 


Northern fulmar (n=157)   


 
#87-7 PP Deca-BDE 1070** 36** 


 
#85-1 PE HBCDD 3.0 0.1 


 
#94-13 PP HBCDD 13.7 0.2 


 
#92-13 PE HBCDD 28.6 0.5 


 
#85-4 PE UV-326 138 9.0 


 
#94-5 PE UV-327 1160 21 


 
#85-8 PE BP-12 566 33 


Black-footed albatross (n=20)   


 
#96-16 PS Styrene trimers 256*** 22*** 


  #96-19 PS Styrene trimers 1670*** 290*** 


 
* PE: polyethylene, PP: polypropylene, PS: polystyrene. 


 
** Total of BDE-202, -197, -203, -196, -208, -207, -206, and -209. 


 
*** Total of ST2, ST3, ST4, and ST5. 


 







Log Kow of the detected chemicals ranged from 5.6 for UV-326 and HBCDD to 10 for deca-BDE. Because 
plastic polymers are hydrophobic, chemicals with low log Kow can leach out rapidly from the polymer matrix 
into the marine environment. Our observation indicated that chemicals in which Kow was over 5.6, could be 
retained in plastics during the fragmentation and drifting period on the ocean surface, and could also be 
transferred to seabirds. 


The ingestion frequency of plastics with additives in northern fulmar was estimated to be 27 % for HBCDD 
and 9 % for deca-BDE, UV-326, UV-327, and BP-12 respectively. In laysan albatross, it was estimated to be 28% 
for styrene oligomers. These additives and impurities in plastics can be exposed to seabirds in the same way as 
PBDEs.4 Exposure of additive-derived chemicals from plastics may overcome exposure from bioconcentration. 
The multiple contaminations of chemicals by plastic ingestion may cause toxic effects on seabirds, which have not 
been anticipated with the exposure through bioconcentration. This study indicates the necessity for further 
investigations on plastic-associated multiple exposures of chemical additives and their toxicological effects. 
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Introduction 
Brominated flame retardants (BFRs) were widely used these past decades in textiles, plastics, electric or electronic 
equipments, etc, to prevent or reduce the ignition and rate of combustion. Due to their persistence, bioaccumulation 
and health concerns, several BFRs including polybromodiphenylethers (PBDEs) were added to the list of the 
Persistent Organic Pollutants (POPs) inducing the ban of their production and uses in several countries. Nevertheless, 
they are still currently contaminated our environment and thus the exposure needs still to be monitored. Moreover in 
recent years, several emerging BFRs have been developed as alternatives to these banned or restricted chemicals, and 
data on their human exposure are still scarce. In order to perform reliable biomonitoring studies, the determination of 
biomarkers should be accurate and robust, but also fast and user-friendly to be implemented in routine analyses. All 
novel and historical BFRs used to be detected in the serum of the general population at the ppb level resulting in a 
challenge for the analytical chemists. The determination of such lipophilic compounds usually required multistep 
Liquid-Liquid Extraction (LLE) or Solid Phase Extraction (SPE), and additional purification steps to remove lipid 
interferences (acidic silicagel, gel permeation chromatography, alumina, etc). This necessary cleanup used to be 
laborious, reagent and time consuming. The aim of this study was develop a fast and simple analytical procedure to 
measure 15 historical and novel BFRs in human serum, and allowing high throughput analyses for large scale 
epidemiological studies. The BFRs targeted were 8 PBDEs (PBDE-28, -47, -99, -100, -153, -154, -183, and -209), 1 
hexabromobiphenyl (PBB-153), and 6 novel BFRs namely pentabromotoluene (PBT), hexabromobenzene (HxBBz), 
pentabromoethylbenzene (PBEB), 2-ethylhexyl-2,3,4,5-tetrabromobenzoate (EHTBB), 1,2-bis(2,4,6-
tribromophenoxy)ethane (BTBPE), and decabromodiphenylethane (DBDPE). 
Materials and Methods 
The extraction was carried out on 1 ml of serum previously equilibrated for 1 hour with 10 µl of internal standard 
and 0.5 ml of acetic acid glacial. Then a LLE was performed twice with 2x3ml of a hexane/acetone mixture (95/5). 
The combined organic fractions were concentrated till 0.5ml using SuperVap® 12 positions concentration system 
from Fluid Management System (Watertown, MA, USA), and loaded on 1ml PHREE cartridge (Phenomenex, 
Torrance, CA, USA) to remove lipid traces. The eluate obtained by centrifugation was transferred to silanized GC 
vial with nonane as keeper, and let evaporate at room temperature. From the 50 µl obtained, 2µl were injected on a 
gas chromatograph (GC) coupled to a mass spectrometer (7890A GC/7000A Triple Quad MS, Agilent Technologies, 
California, USA), and equipped with a RTX-1614(15mx0.25mm IDx0.10µm df, Restek, Bellefonte, PA, USA). 
Helium was used as carrier gas a constant flow of 2ml/min. The injection was performed in pulsed splitless mode 
with an additional pressure of 65psi, and at a temperature of 140°C held for 0.1min, then increased to 275°C at 
700°C/min. The initial oven temperature was set at 140°C held for 1 min, then successively increased to 180°C at 
10°C/min, to 195°C at 3°C/min, to 240°C at 10°C/min, to 250°C at 5°C/min and finally increased at 100°C/min to 
325°C held for 6 min. The MS operated in Negative Chemical ionization mode using methane as reagent gas. The 
transfer line, the source and the quadrupoles were set respectively at 300°C, 200°C and 150°C. Both 79 and 81 
masses were selected in Single Ion Monitoring for all target BFRs except for native PBDE-209 and PBDE-209 13C12 
for which 486, 488 (for native), 496 and 498 (for labelled) were monitored. Besides decabrominated BFRs (PBDE-
209 and DBDE) quantified using PBDE-209 13C12, PBDE-51, -156 and -181 were used for the quantification of all 







 


 


other BFRs depending on their brominated degree. The 9 point calibration curve was built by spiking serum (from 
anonymous donors and previously checked for low contamination) with native standard solutions to obtain 
concentrations ranging from 1pg/ml to 1500pg/ml serum (except for PBDE-209 ranging from 10 to 15000pg/ml) and 
was extracted and analysed simultaneously with unknown samples.  
Results and Discussion 
Whereas PBDEs and novel BFRs were usually analysed using a 30m column to be separated, both decabrominated 
PBDE-209 and DPEB used to require a separate injection on a 15m column to shorten the GC run and thus reduce 
their thermal degradation. Figure 1 shows the chromatograms obtained with the RTX-1614 and with a traditional 
HP-5MS, both 15m length columns. When using the RTX-1614, the separation of all targets was achieved in 23 
minutes. Nevertheless, partial separations were obtained for PTB and PBDE-28, and PBB-153 and PBDE-154, but 
still allowing a proper quantification, while perfect coelution still occurred on the HP-5MS.  
A small degradation of PBDE-209 and DPDE could not be avoided but was demonstrated to occur in the inlet during 
the sample vaporisation and therefore was independent of the GC run duration.  
 


Figure 1: RTX-1614(up) versus HP-5MS (bottom) on standard solution (2pg injected). 


 
The use of PHREE cartridges after LLE provided clean extracts removing efficiently the lipid interferences, and 
limited the sample handling resulting in a reduced solvent consumption and extraction time. Due to the sensitivity of 
the whole technique, small sample volumes (1ml) were required to obtain fair limits of detection (see Table 1) 
comparable to other method consuming larger serum volumes. The accuracy and precision of the developed method 
were assessed by analysing in triplicate a home-made quality control (QC) consisting in serum sample spiked at 
100pg/ml. Table 1 also shows the means and standard deviations (SD) of the accuracy and recovery. Recoveries 
were evaluated by comparing serum samples (N = 3) spiked (at 100ng/ml) before and after the extraction procedure 
using PCB-198 as surrogate standard. 
      
Table 1: Accuracy and recovery (mean and standard deviation) evaluated on serum samples spiked at 100ng/ml (N = 3). LOD were determined as 
the concentration in the serum giving a S/N ratio greater than 3.  







 


 


 
 
The analytical technique was also tested in triplicate on materials from the AMAP interlaboratory ring test for POPs 
in human serum. Results obtained were shown on Figure 2. Excellent correlations were observed between results 
obtained and assigned values except for PBDE-209 for which unexplained higher levels were measured. 
 


Figure 2: Comparisons between results obtained for AMAP materials (AM-S-W-1402) analyzed in triplicate and assigned values. 


 
 


Conclusions 
The fast extraction procedure provided clean extracts and good recovery rates from small serum volume (1ml) and 
did not need further labor and time consuming purification steps. The 15m length RTX-1614 allowed the 
simultaneous measurement of the 15 BFRs including PBDE-209 in a single injection. This user-friendly method was 
demonstrated to be accurate, and could be easily implemented in routine laboratories. 


LOD         
Mean SD Mean SD (pg/ml serum)


PBDE-28 85 4 80 7 1
PBDE-47 83 3 81 7 <1
PBDE-99 93 2 70 9 <1
PBDE-100 94 3 69 8 1
PBDE153 87 4 74 11 10
PBDE-154 102 12 65 12 1
PBDE-183 96 7 80 14 5
PBDE-209 78 3 56 19 100


PTB 80 8 82 1 1
PBEB 88 3 70 6 5
HxBBz 85 10 77 5 1
EHTBB 98 18 55 13 <1
PBB-153 101 14 62 13 1
BTBPE 94 13 76 17 5
DBDPE 125 21 82 18 500
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Introduction 
Many flame retardant (FR) chemicals are endocrine disrupting and thereby a human health concern (1, 
2). Exposure is mostly investigated for adult- and early life exposure. Prenatal FR exposure has been 
assessed previously in maternal blood (3, 4), or in umbilical cord blood and placental tissue at birth (4-6). 
Neonatal exposure, of which the main is consumption of contaminated breastmilk, has been studied in 
numerous studies across Europe, the United States of America (USA), the Pacific and Asia as reviewed by 
Fromme et al. (7). However, human development does neither stop at birth nor at the end of the 
neonatal period, and human exposure to FRs is not a one-time event but a cumulative process. 
Toddlerhood is a critical developmental period. Furthermore, toddlers are at an increased risk of 
exposure because of their specific behavior, such as often being close to the floor, mouthing of hands 
and objects (8), and their different body proportions with a relatively higher total body surface 
compared to adults (9). An overview of studies on toddler exposure and health effects is hardly existing. 
This systematic narrative review primarily presents an overview of the magnitude of toddler exposure 
worldwide and secondarily health effects and potential environmental, demographic or behavioral risk- 
or protective factors for toddler exposure. 
 
Materials and methods 
A systematic literature search in four databases (PubMed, Embase.com, The Cochrane Library (via 
Wiley) and Web of Science Core collection) was carried out in collaboration with a medical librarian. 
Studies were included if FRs were measured in or on toddlers (e.g. serum, urine or body wipe samples) 
and if the study population included toddlers aged 8 to 24 months.  
 
Results and discussion 
The comprehensive search resulted in 1474 records after removing duplicates. Title and abstract 
screening identified 60 full-text articles that were assessed for eligibility. After full-text screening, 10 
studies were included and subsequently 50 articles were excluded (see figure 1).  
The included studies measured several types of FRs in toddlers’ serum, urine, hand wipes and feces. We 
identified five studies that measured polybrominated diphenyl ethers (PBDEs), one that measured 
hexabromocyclododecane (HBCDs), one that measured new/emerging brominated FRs (NBFRs), and two 
that measured phosphorus FRs (PFRs) Concentrations of PBDEs occurring most are presented in table 1. 
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Figure 1: Flowchart of search and selection process for inclusion of publications in this systematic review.  


 
BDE-47 was the main congener in studies from the USA whereas BDE-209 was the most abundant 
congener in studies performed in Sweden, which is in line with the literature (10). Concentrations of 
NBFRs, new FRs replacing banned PBDEs, are presented in table 2. Most concentrations are lower in 
comparison to PBDEs. However, two contaminants, decabromodiphenyl ethane (DBDPE) and (bis(2-
ethylhexyl) tetrabromophthalate (BEH-TEBP) were detected at approximately 50–fold higher 
concentrations than PBDEs (except for BDE-209). PFRsare nowadays also frequently being used as 
alternatives for PBDEs. Concentrations of PFR metabolites measured in urine are summarized in table 3.  
One study assessed health effects and reported thyroid hormone disturbance, as BDE-47 and -99 were 
positively correlated with Thyroid Stimulating Hormone (TSH) concentrations (11). Comparable studies 
were not available for toddlers, however the above described findings were in line with a study from 
South Korea including much younger children (1-3 months) (12). Owning a certain amount of infant 
furniture and toys that contain polyurethane foam such as a highchair or swing, or playing with plastic 
toys affected respectively PBDE levels and PFR metabolite levels (13, 14). FR levels were higher in 
toddlers compared to their mothers. Moreover, the exposure pathway for the various congeners is 
suspected to be different for some congeners. For example, BDE-153 in mothers’ and toddlers’ serum 
was correlated and concentrations were similar, which implies same source and/or exposure route, 
whereas BDE-209 in mothers’ and toddlers’ serum was not correlated and toddlers had a higher serum 
concentration compared to their mothers, which implies that toddlers were more exposed to BDE-209 
via another exposure route (15).  
Studies were not uniform on whether exposure differs for age as some studies found increasing 
exposure with age (16, 17), whereas others found the highest levels in younger children (11, 18). Results 
on gender were also not unambiguous, two studies reporting higher levels in girls (13, 15) and three 
studies reported higher levels in boys (17-19). 
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Considering the limited amount of studies and their variation in biological matrices, FRs and associating 
factors, results did not reveal a uniform pattern of toddler exposure and further research is necessary 
for this particular age group. However, we can conclude that toddlers are exposed to PBDEs, NBFRs, 
PFRs and HBCDs (the latter not reported here). Especially the new FRs, NBFRs and PFRs are of concern as 
not much research on exposure and its health effects is available. Factors in the indoor environment 
such as playing with plastic toys are associated with increased exposure. Alternation of these factors can 
result in a reduction of indoor exposure to FRs in toddlers which enables a healthy development. 
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1.- Introduction 
In the last decade, Chile has experienced tremendous economic growth but this growth has been coupled 
with the increase of industrial activity and the rise of significant and uncontrolled amounts of waste. 
Santiago Metropolitan Region, with more than 6 mn inhabitants, represents nearly 40% of the Chilean 
population. During 2001, the annual amount of municipal solid waste (MSW) produced in Santiago was 
estimated in 2.27 Mt and electronic waste has been estimated in 0.18 Mt annually (9.9 kg/cap)1. PBDEs are 
brominated compounds that are used as flame retardants2,3. E-waste is a major source of PBDEs4. 
Polybrominated dibenzo-p-dioxins and furans (PBDD/Fs) is another class of brominated chemicals that are 
formed unintentionally from incineration of waste. Nowadays, very little is still known of PBDEs in the 
Chilean environment and no information is available for PBDDFs. For this reason, the main objectives of this 
investigation are (i) provide the first information of PBDEs and PBDDFs in the city of Santiago, associated to 
respirable particulate matter (PM10) and in soil in locations close to a landfill area, Santa Marta, which burnt 
from 18th to 22nd January 2016 and (ii) to estimate the atmospheric transport of chemicals into the 
metropolitan area of Santiago using a spatially high resolved air quality model, CALPUFF.  


 
2. - Material and Methods  
2.1 Study area and sampling. The landfill of Santa Marta is located 12 km southwest of Santiago in 
Talagante (Figure 1). This landfill covers an area of 296 h and was designed to receive 60 000 t of solid 
waste per month. It serves a population of 1.2 mn inhabitants from municipalities located in the southern 
part of the metropolitan area.  
Air and Soil sampling. Air (n = 4 site, from January 12th to 31rst) and soil (n = 5, 0.5-1 cm)) samples were 
obtained from nearby Santa Marta landfill sectors (Fig 1). Air samples were collected on quartz fibre filters 
using a Hi-Vol 3000 (PM10)(Ecotech, Pty, Ltda, Australia).  
 
2.3.- Chemical analysis. Filters and soils were extracted using automated warm Soxhlet extraction as 
reported previously5. For PBDD/Fs, samples were fractionated on a carbon column using a standard 
extraction procedure as for PCDD/Fs6. Planar eluents were screened for the presence of PBDD/Fs on the 
Thermo Scientific Q-Exactive GC-HRMS. Samples were semi-quantitatively analysed against a 5 point 
external calibration (CS-1 to CS5, EDF-5407 PBDD/F Calibration series, Cambridge Isotope Laboratories). 
QA/QC procedure were carried out by RECETOX, accredited according ISO/IEC 170255,6.  
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3.-Results 
3.1.- PBDE concentrations and patterns.  
In air samples (PM10), concentrations (pg/m3) of Σ4PBDEs (congeners 47, 99, 100, 209) ranged from 1500 (in 
the Pintana) - 5500 (in San Bernardo, which is closer to the fire site) and for the ∑10PBDEs from 2 000 to 13 
000 (Fig 1). These PBDE levels are more than two orders of magnitude higher than those detected in other 
urban areas of the world under normal environmental conditions (no fires). For example, at urban sites in 
Harbin, China (57 pg/m3 of PBDE209)7, at other sites in northern China (95-63 pg/m3)8 and in European 
cities (1-5 pg/m3)9 and in Thessaloniki the ∑12PBDEs (3.9-28.7pg/m3)10 in the cold season. The high PBDE 
levels measured during the days of the fire event correspond with a mass mixing ratio increase by a factor 
of ~4 (in PM10), since before the fire. 
At most sites, the PBDE congener pattern was characterized by PBDE47, 99, 100 and PBDE209 (80-90%) (Fig 
1). Interestingly, at San Bernardo, there was a different PBDEs congener distribution with higher 
percentage (%) of composition for PBDE183, PBDE154, PBDE153 than in the other sampling sites (Figure 
1a). These finding could be influence by two main factors: (i) first the massive combustion of different 
material (plastic, papers, and electronic equipment) and (ii) because the past utilization of pentaPBDE and 
octaBDE commercial mixtures which might still be present in solid waste at Santa Marta Landfill. 
 In soils Σ4PBDEs ranged from 52 (SM2) to 185 (SM1) pg/(g dry weight) (dw) (Figure 1b). These results are 
much lower than polluted soils near e-waste recycling facilities in China11. PBDE209 was prevalent 
accounting for 81% followed by PBDE 47 (7%) and PBDE99 (6%).  
 


 
3.2 PBDD/Fs 
In air samples, PBDD/Fs ranged from approx. 0.02 to 23 pg/m3 with the highest level detected at San 
Bernardo. These levels are somewhat higher than those detected in metropolitan areas of China (Harbin 
0.097–3.24 pg/m3)12 and Japan (Kyoto 4.2–17 pg/m3)13. The PBDD/Fs congener composition, was 
predominantly constituted by pentaPBDFs > hexaBDFs > tetraBDFs at all the sampling sites with the 
exception of San Bernardo where there was an enrichment of pentaBDFs (40-60%), during January 21rst 
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(right after the fire) (Figure 1c). Nevertheless, in soil samples no detectable levels of PBDD/Fs were 
recorded. 
 
3.3.- Atmospheric transport - Puff trajectories. The atmospheric transport analysis clearly indicates impact 
of the plume of smog over all the monitoring sites (Figure 2), with the exception of the northwest Santiago, 
at Cerrillos (black dot) during January 19th. The impact is reflected by the air concentration patterns of 
PBDEs and PBDD/Fs which strongly increased.  
 
This is the first study in Chile that measure halogenated compounds from a landfill area and indicates that 
also PBDD/Fs might be emitted from fires. The related PBDE and PBDD/F emissions should be estimated 
and included in national reporting under the SC. Quantification of emission factors which may largely vary 
according to type of waste and local climate should be addressed by future studies. 
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Introduction  
 
In recent decades the decline of many species of marine mammals and the overall increase in 
the number of stranding, have urged the researchers to deepen the investigations on the causal 
role of environmental pollution and therefore exposure and effects of contaminants in the 
various species of marine mammals. In sperm whales, these studies are conditioned by the 
possibility to analyse only wild individuals, thanks to the recovery of carcasses of stranded 
animals.  
 
Despite the existence of regulations and bans, persistent organic pollutants (POPs), including 
flame retardants (FRs) remain widespread in the marine environment. Potential health risks 
from exposures to PBDEs in mammals include a variety of biological effects, e.g. thyroid 
disruption, neurobiological development and foetal toxicity / teratogenicity. There are few 
studies evaluating the FR occurrence in sperm whales. De Boer et al. [1] found high 
concentrations of PBDEs (up to 350 ng/g lw) in blubber of sperm whales from Atlantic 
coasts. More recently, Pinzone et al. [2] published an extensive work with PBDE levels in 
blubber from 61 sperm whales from the North Western Mediterranean sea, collected between 
2006 and 2013. They found similar levels, with mean values of 347±173 ng/g lw.  
 
However, other FRs such as HBCD or Dechloranes have never been studied in sperm whales. 
In this study, the occurrence of classical (PBDEs and HBCD) and alternative (Dechloranes) 
FRs, together with naturally produced MeO-PBDEs, was evaluated in different tissue samples 
of stranded sperm whales. 
 
Materials and Methods 
 
In September 2014, 7 sperm whales (Physeter macrocephalus) were found stranded in Vasto, 
along Molise coasts, Italy. Four live animals were returned to the sea, while 3 animals died on 
the shore. Complete necropsies were performed on all three animals, and a complete set of 
tissues were collected and preserved frozen for toxicology. Tissues (blubber, liver, muscle, 
heart, brain, umbilical cord and feces) were freeze dried and sent to the analytical laboratory. 
 
Sample preparation methodology was based on previous works [3,-5]. Briefly, after adding 
the surrogate standards, extraction was performed by pressurized liquid extraction (PLE) 
followed by acid treatment with H2SO4 (conc.) and solid phase extraction (SPE) using Al−N 







cartridges. Lipid content was determined gravimetrically before acid treatment. Resulting 
extracts were concentrated prior to instrumental analysis. Instrumental analysis of PBDEs and 
MeO-PBDEs was carried out by gas chromatography coupled to tandem mass spectrometry 
(GC-MS-MS) using electron ionization. GC-MS-MS was also used for Dechloranes, but 
working with negative chemical ionization. Finally, HBCD were analysed by LC-MS-MS in 
order to obtain isomer-specific data. 
 
Results and discussion 
 
The 3 died individuals (SW1, SW2 and SW3) were females with total length between 7.33 
and 8.95 m. One individual, (SW1) was pregnant and its foetus (SW1B) was male. All 
belonged to the same Mediterranean population and family.  
 
Concentration levels of FRs and MeO-PBDEs in blubber are summarized in Table 1. ΣPBDE 
levels in adult females ranged between 158 and 183 ng/g lw, showing low inter-individual 
variations. Our PBDE levels are slightly lower than previously reported in sperm whales from 
the Atlantic sea and North Western Mediterranean sea [1,2]. This finding could be due to a 
decline in environmental PBDE levels due to their restrictions. However, higher amount of 
samples must be analysed in order to confirm this finding.  
 
Some PBDE congeners were detected in the other analysed tissues: liver (51.3 – 137 ng/g lw), 
muscle (15.5 – 79.7 ng/g lw), heart (61.3 – 138 ng/g lw) and brain (10.5 – 16.1 ng/g lw). 
However, in the feces sample no PBDEs were detected. 
 
Table 1. Concentration levels (expressed in ng/g lw) in blubber sperm whales. 
 


  SW1 SW2 SW3 SWB1 
BDE-28 2,40 2,05 nq 2,16 
BDE-47 78,8 65,1 99,8 38,5 
BDE-100 27,7 26,8 32,0 15,7 
BDE-99 20,3 24,1 29,7 16,2 
BDE-154 31,2 40,3 21,5 25,5 
BDE-153 nd nd nd 4,55 
BDE-209 nd nd 0,08 2,47 
ΣPBDEs 160 158 183 105 
α-HBCD 5,75 2,59 3,48 nd 
Dec 602 1632 519 713 nd 
6-MeO-BDE-47 258 209 75,7 115 
2-MeO-BDE-68 305 232 145 194 
ΣMeO-PBDEs 563 442 221 309 


   
nd = below limit of detection; nq = below limit of quantification 







PBDEs were also found in all analysed tissues of SW1B, indicating maternal transfer of these 
xenobiotics through placenta (Figure 1). It is important to emphasize that only few congeners 
(BDE-47, -99 and -100) were found in the umbilical cord. This might suggest that these 
congeners have a greater affinity for cord. This way, umbilical cord can play a protective role 
for the foetus, limiting the quantity of chemicals transferred. What is even more interesting to 
note, and can provide a starting point for reflection on the metabolism of these compounds in 
the sperm whale, is that BDE-153 was found in blubber of the foetus, but not in the same 
maternal tissue. PBDE concentrations in foetus, comparable for order of magnitude with 
those of females, could lead to hypothesize a contamination of the subject in the development 
phase considerably high, and this, considering the potential harmful effects that can be 
induced by PBDEs, could have resulted in severe neurological, immunological and 
endocrinology disorders for foetus. 
 


 
Figure 1. Comparison of brominated compounds in mother-foetus pair. 


 
 
HBCD was also detected in adult females, but at concentrations well below to those found for 
PBDEs, and ranging between 2.59 and 5.75 ng/g lw. All the HBCD contamination is due to 
the alpha isomer. To our knowledge, no other data exist concerning HBCD in sperm whales. 
In addition, α-HBCD was found in no other body district, with the exception of the feces 
(11.3 ng/g), suggesting that part of the contaminant can be excreted via the gastro-enteric. In 
feces, β-HBCD and γ-HBCD were also identified (12.4 and 16.1 ng/g, respectively), leading 
to assume that α-HBCD metabolic and excretory processes are less efficient than those of the 
β-HBCD and γ-HBCD isomers, in accordance with the existing literature [6,7], or that the 
absorption of these compounds is scarce or null. 







As regards Dechloranes, only Dec 602 was detected in blubber, heart, liver and muscle of 
adult sperm whales, but at concentration levels higher than those found for PBDEs (up to 
1632 ng/g lw in one blubber sample). However, Dec 602 was not found in the foetus. 
Anyway, Dec 602 was found in umbilical cord, so it can be assumed that the structure can 
serve as a site of accumulation and as a barrier for the passage to the foetus. Overall, it can be 
assumed that despite having similar chemical characteristics to the PBDEs, Dec 602 in sperm 
whale is not transferred from mother to foetus, at least not to the anatomical districts we 
analysed. 
 
Finally, MeO-PBDE results showed the presence of 6-MeO-BDE-47 and 2-MeO-BDE-68, at 
levels in adult female blubbers between 221 and 563 ng/g lw. Our results are lower than those 
found by Dorneles et al. [8] in samples collected along the Brazilian coast. This is in 
accordance with numerous published studies indicating that, whereas PBDE levels in 
cetaceans were higher in the Northern hemisphere, the naturally-produced MeO-PBDE levels 
were significantly higher in Southern hemisphere cetaceans. 
 
In conclusion, present research, focusing on a top predator commonly present in 
Mediterranean Sea, confirms its high contamination, mainly of anthropic origin. It also 
underlines the necessity of additional toxicological studies on sperm whale, to better 
understand the impact of xenobiotics on this endangered species. In this specific episode, 
PBDEs could have indirectly contributed to the stranding, also favouring, i.e. by inducing 
immunosuppression, the onset of infectious diseases. Alternatively, PBDEs could have 
worsen existing pathological conditions or could have favoured the onset of renal (SW1) or 
ovaric (SW2) lesions. 
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Introduction 
Brominated flame retardants (BFRs), such as polybrominated diphenyl ethers (PBDEs) and 
hexabromocyclododecane (HBCD), have been used as additives in furniture, electronics, building 
materials, textiles, etc. to reduce the risk of fire spreading. These chemicals have been ubiquitously 
found both in environmental and food matrices (Wei et al. 2015). Due to evidence of their toxicity and 
persistency, and to increasing health and environmental concerns, the main BFRs were gradually 
banned worldwide, leading to the increased usage of phosphorous flame retardants (PFRs) as 
alternatives (Marklund et al. 2010). As a consequence, PFRs are found in many environmental 
matrices, such as air, dust, surface water, sediments, and biota (Zeng et al. 2014; Brandsma et al. 2015; 
Malarvannan et al. 2015; Kim et al. 2013). Knowledge about the environmental persistence, human 
exposure and toxicity of PFRs are, however, still limited (Wei et al. 2015). Foodstuffs might be 
contaminated with PFRs by bioaccumulation in food of animal origin and during the food treatment 
processes and packaging (Campone et al. 2010). However, information on the presence of PFRs in 
foodstuffs is still scarce. 


In this study, we investigated the route of exposure to PFRs via diet. In total, 8 PFRs (namely, tris(1,3-
dichloro-2-propyl) phosphate (TDCIPP), tris(1-chloro-2-propyl) phosphate (TCIPP), tris(2-
chloroethyl) phosphate (TCEP), tri-n-butyl phosphate (TNBP), tris(2-ethylhexyl) phosphate (TEHP), 
triphenyl phosphate (TPHP), tris(2-butoxyethyl) phosphate (TBOEP), 2-ethylhexyl diphenyl 
phosphate (EHDPHP)) were analyzed in 53 food samples belonging to 13 different food categories 
(including cereals, pastries, meat, fish, dairy products (fluid and solid), eggs, fats/oils, vegetables, 
fruit, potatoes, sugar/sweets, and beverages), from a recent Swedish food market basket study (2015). 
Based on the analysis results, the human per capita exposure to PFRs from food was estimated. 
 
Materials and methods 
The food samples were freeze dried and 0.50 g of dry sample, or 0.10 g of fats/oils, was spiked with a 
proper solution of internal standard (IS) and extracted by solid-liquid extraction in 5 mL of 
acetonitrile. The extract was cleaned up through dispersive solid phase extraction (d-SPE) and Florisil. 
The analysis of the target compounds was performed by GC-MS in the electron-impact (EI) mode. 
The mass spectrometer was run in SIM mode with 2-3 characteristic ions acquired for each analyte 
and the corresponding IS: TAP was used as IS for TEHP, TNBP; TCEP-d12 was used for TCEP and 
TCIPP (2 isomers); TBOEP-d6 was used for TBOEP; TPHP-d15 was used for TPHP and EHDPHP; 
TDCIPP-d15 was used for TDCIPP. 


The calculation of the per capita exposure was based on the per capita consumption, which represents 
the calculated mean population consumption of various food groups derived from Swedish sales and 
production statistics. The per capita intake of the respective PFRs was derived by multiplying the per 
capita consumption amount of a specific food category by the concentration of the actual compound 
found in the food homogenate of this category. The average body weight of the Swedish population 
(67.2 kg) was used to present the data on a body weight basis. 
 
Results and discussion 
The results showed detectable levels of PFRs in most of the 13 considered food groups. Differently 
from PBDEs, usually present at high levels in foods of animal origin, the highest levels of PFRs were 







measured in highly processed foods such as cereals, pastries, fats/oils, and sugar/sweets (ƩPFRs up to 
19.1 ng/g wet weight). A possible explanation could be a low bioaccumulation/concentration of these 
compounds in biota, and consequently in the human food chain (Greaves & Letcher 2016), and the 
PFR contamination during food processing/storage. Among the analyzed PFRs, EHDPHP had the 
highest median concentrations (9 ng/g ww) and was detected in most food groups, possibly due to the 
use of EHDPHP in food packaging materials (US FDA 2006). It was followed by TPHP (2.6 ng/g 
ww), TDCIPP (1.0 ng/g ww), TCEP (1.0 ng/g ww), and TCIPP (0.80 ng/g ww). TEHP, TNBP and 
TBOEP were not detected in the analyzed food samples. 


For the average adult population, the calculated daily per capita intakes of the five different PFR 
compounds from food ranged from 406 to 3266 ng/day (from 6 to 49 ng/kg bw/day). The major 
contributor to the total intake was EHDPHP (57 %), followed by TDCIPP (14 %), TPHP (11%), 
TCIPP (10 %), TCEP (7 %), whereas the food categories contributing most to the total PFR intake 
were cereals (26 %), beverages (17 %), sugar/sweets (11 %) and pastries (10 %). The estimated per 
capita dietary intake values of the analyzed PFRs were compared to the available reference doses 
(RfD) for the target PFRs (Ali et al. 2012), resulting in levels several orders of magnitude lower than 
the indicated RfD-values. 
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Introduction 


Since several decades, the prevalence of thyroid diseases such like autoimmune hypo- and hyperthyroidism is 
increasing, and the diagnostic enhancement or migration factor cannot fully explain this phenomenon. The 
implication of environmental pollutants which may interfere with the normal thyroid hormone action is a 
plausible hypothesis that focuses the attention of many scientists. Among these pollutants, phenolic 
organohalogens (POHs) are a particular concern because of their structural resemblance to the thyroid hormones. 
Tetrabromobisphenol A (TBBPA), the most widely used brominated flame retardant, hydroxylated 
polybrominated diphenyl ethers (OH-PBDEs), the main metabolites of polybrominated diphenyl ethers (PBDEs), 
bromophenols (BPs), industrially produced for their flame retardant properties and also resulting from PBDE 
metabolism, the pesticide pentachlorophenol (PCP), and hydroxylated polychlorinated biphenyls (OH-PCBs) are 
POHs which are able to bind on transthyretin involved in the transport of thyroid hormones especially across the 
placenta and the blood-brain barrier. Moreover, these POHs are themselves able to cross these barriers and thus 
concentrate into the central nervous system or into the fetus. The determination of POHs in human population 
appears therefore to be a serious health concern. However, few large scale studies on the contamination of the 
general population by POHs have already been carried out. The aims of this study were to determine the 
background contamination of a Belgian general population, and assess some dietary habits or demographic 
parameters as sources of exposure. For these purposes, we measured the serum level of 4 BPs, 7 OH-PCBs, 3 
OH-PBDEs, PCP and TBBPA in 274 non-occupationally exposed people aged between 18 and 76, living in 
Liege (Belgium) and the surrounding area, and collect their answers to a questionnaire about their life style, diet 
and home environment.  


Materials and Methods 


The details about the recruitment and the characteristics of the study population were previously described [1]. 
Briefly, 274 volunteers aged from 18 to 76 years old and living in the Province of Liege were enrolled between 
February and May 2015, provided a blood sample in clot activator tubes, and answered to a questionnaire about 
their alimentary habits, life style and home environment during a face-to-face interview. The measurement of the 
POHs was performed using strong anion-exchange SPE followed by a rapid liquid liquid extraction prior to 
derivatization using trimethylsilyldiazomethane. The extract was then analyzed by GC-ENCI-MS operating in 
single ion monitoring. The whole procedure was detailed elsewhere [2]. 


Results and Discussion 


Table 1 presents the detection frequencies and the concentrations of target chemicals. PCP was the predominant 
POH in our population, whereas 2,3,6-TBP, 2,4,5-TBP and 5-OH-BDE 47 were never detected and the detection 
frequencies for 5’-OH-BDE 99, 6-OH-BDE 47 and 2,3,4,6-TeBP were very low. 4-OH-CB 107, 4-OH-CB 146 
and 4-OH-CB 187 were detected in all samples and shared for 75% of the ΣOH-PCBs. 


Table 1: LOQs, mean concentrations and standard deviations, median concentrations, ranges (pg mL-1) and detection frequencies (%) of 
POHs in human serum samples from Belgium. 







 


The very low frequencies of detection of OH-PBDEs observed in our study were expected since according to the 
literature, they used to be detected only in countries where the populations are known to be particularly exposed 
to PBDEs such as in North America [3] or in Asia [4]. The human contamination levels by PCP and OH-PCBs 
observed in Belgium in 2015 seemed to be quite low compared to populations known to be particularly exposed 
[5, 6]. Nevertheless, the concentrations measured in our population are among the highest reported in the 5 last 
years, far above the background contamination of non-occupationally exposed populations [4, 7]. Although the 
current levels are much lower than those reported in another Belgian population recruited in 2000 [8], 
corroborating the global decrease of the OH-PCB and PCP serum levels observed this past decade, the reasons 
for such apparent high contamination in Belgium remain unclear. Multivariate analyses were used to identify 
some demographic parameters, dietary or daily lifestyle habits influencing the PCP and OH-PCB concentration 
in our population (Table 2). For PCP, lower levels were found in smokers likely due to the induction of phase II 
metabolization enzymes by the cigarette smoke and therefore an increasing elimination rate of PCP reducing the 
level measured in the smoker’s serum. Higher PCP concentrations were also found in men compared to women 
suggesting gender differences in the toxicokinetic, and in people with university or short cycle higher education 
degree vs people having lower secondary level. Finally, significantly higher levels were observed in people who 
used to eat sea fish weekly compared to those who reported to never eat, growing the conflicting debate about 
the importance of the food intake in the PCP exposure pathways for human. The determination coefficient of the 
current multivariate regression for PCP was very weak (R²=0.14) and therefore the model would only explain 
14% of the PCP concentration variability. Thus the human exposure pathway to PCP still remains largely 
unknown. The multivariate model proposed for the ΣOH-PCBs seems to be more predictive (R²=0.61) and 
included sea fish consumption, age and BMI. If the positive correlation between OH-PCBs and age and sea fish 
consumption has been previously reported [5, 9], the negative association with BMI was highlighted for the first 
time. This correlation would reflect the storage of PCBs in adipose tissues reducing the circulating blood PCB 
and thus OH-PCB levels, but also the potential reduction of PCB metabolism rate in obese people.  


 


Table 2: Results of the Multivariate regression for PCP and OH-PCB concentrations 


LOQ N>LOQ Mean SD Median Min Max
PCP 44.6 100.0 1165.5 2735.3 593.0 69.2 35869.1
TBBPA 4.1 31.0 <LOQ - <LOQ <LOQ 43.6
5-OH-BDE 47 2.3 0.0 <LOQ - <LOQ <LOQ <LOQ
6-OH-BDE 47 2.5 2.6 <LOQ - <LOQ <LOQ 8.2
5'-OH-BDE 99 2.0 2.2 <LOQ - <LOQ <LOQ 4.5
2,3,6-TBP 2.4 0.0 <LOQ - <LOQ <LOQ <LOQ
2,4,5-TBP 5.0 0.0 <LOQ - <LOQ <LOQ <LOQ
2,4,6-TBP 49.6 63.8 81.2 107.8 57.3 <LOQ 1276.6
2,3,4,6-TeBP 4.1 11.8 <LOQ - <LOQ <LOQ 51.1
4-OH-CB 107 3.2 100.0 56.1 52.2 43.7 6.6 361.8
3-OH-CB 138 3.1 90.8 16.3 20.0 11.5 2.7 261.4
4-OH-CB 146 2.2 100.0 34.6 29.8 26.9 4.4 195.5
3-OH-CB 153 3.0 67.5 14.5 20.1 8.9 <LOQ 208.2
4-OH-CB 172 2.0 88.2 11.0 10.2 8.3 1.8 68.9
3-OH-CB 180 2.1 52.8 3.3 4.1 2.1 <LOQ 31.9
4-OH-CB 187 2.0 100.0 47.0 29.3 39.4 10.4 228.4
ΣOH-PCBs - 182.9 142.8 143.7 31.5 1198.8


ΣOH-PCBs/ΣPCBs 0.25 0.16 0.21 0.04 1.43







 


Conclusion 


We determined the concentrations of 16 phenolic organohaloganeted compounds (PCP, TBBPA, bromophenols, 
OH-PBDEs and OH-PCBs) in serum from 274 people aged from 18 to 76 years old living in Liege (Belgium) 
and the surrounding area. The main POH measured in serum was PCP followed by OH-PCBs and to a lesser 
extent 246-TBP and TBBPA. Gender, smoker status, sea fish consumption and level of education were the main 
determinants of PCP serum concentrations, while age, sea fish consumption and BMI were significantly 
associated with OH-PCB levels. Since the model computed for PCP was poorly predictive, the sources of human 
exposure to PCP still remain largely unknown and need to be further studied.  
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Variable N
β coef. p-value β coef. p-value


Intercept 269 5.498 <0,001 4.086 <0,001
Age (years) 0.004 0.341 0.036 <0,001
Sex (men vs women) 0.418 0.001 0.080 0.157
BMI (kg/m²) - - -0.035 <0,001
Smoker status (smoker vs non-smoker) -0.278 0.059 - -
Sea fish consumption                                      (<monthly vs 0.252 0.255 0.065 0.543


   (1-3x/month vs never) 0.318 0.135 0.142 0.166
(1weekly vs never) 0.615 0.005 0.295 0.005
(>weekly vs never) 0.255 0.327 0.203 0.100


Level of education (Technical secondary vs lower secondary) 0.411 0.065 - -
(Short cycle higher education vs lower secondary) 0.524 0.016 - -
(Long cycle higher education vs lower secondary) 0.096 0.728 - -


(University vs lower secondary) 0.484 0.050 - -
(Post university vs lower secondary) 0.039 0.932 - -


Intercept 125a - - 4.059 <0,001


Age (years) - - 0.042 <0,001
BMI (kg/m²) - - -0.035 <0,001
Number of children - - -0.078 0.057


log PCP log ΣOH-PCBs


aWomen only








ORGANOPHOSPHATE ESTER IN VITRO METABOLISM, STRUCTURE-ACTIVITY 


RELATIONSHIPS, FATE AND BIOACCUMULATION POTENTIAL IN POLAR 


BEARS (URSUS MARITIMUS) AND THEIR RINGED SEAL (PUSA HISPIDA) PREY 


 
Strobel A


1
, Letcher RJ


1,2
, Willmore WG


1
, Sonne C


3
, Dietz R


3 


 


1
 Department of Biology, Carleton University, Ottawa, ON, K1S 5B6 


2 
Ecotoxicology and Wildlife Health Division, Environment and Climate Change Canada, National Wildlife 


Research Centre, Carleton University, Ottawa, ON, K1A 0H3 
3
 Department of Bioscience, Arctic Research Centre, Aarhus University, DK-4000 Roskilde, Denmark 


 


Introduction: 


Organophosphate esters (OPEs) are used as alternative FRs to regulated use BFRs such as PBDEs.
1
 Production of 


some brominated flame retardants (BFRs), e.g. PBDEs and hexabromocyclododecane, have been regulated due to 


their environmental persistence and bioaccumulation.
1
 The Arctic is a sink for anthropogenic substances via long-


range oceanic and atmospheric transport. OPEs have been detected and quantified in airborne particles, from East 


Asia to the high Arctic (230 to 2900 pg/m
3
), Svalbard (33 to 1450 pg/m


3
, Resolute Bay/Alert (nd-2340 pg/m


3
) 


2–4
. 


These compounds may subsequently persist in the environment depending on their physical-chemical properties.
2,5,6


 


 


Thus, Arctic wildlife and other biota are exposed to both legacy and novel persistent organic pollutant (POP) 


contaminants. Several OPEs that are triesters have recently been detected in Arctic biota. Total OPE concentrations 


have been reported as high as 15,000 ng/g in global fish surveys
7,8


. In the Arctic Circle, OPEs have been reported in 


lake trout (Salvelinus namaycush), walleye (Sander vitreus), white-tailed sea eagle nestlings (Haliaeetus albicilla), 


ringed seal (Pusa hispida), arctic fox (Vulpes lagopus), and polar bear (Ursus maritimus)
3,9–11


. Additionally, low 


concentrations of OPEs have been detected in western and southern Hudson Bay polar bear liver and adipose 


tissue
12


. These low concentrations compared to the high environmental exposure data suggest rapid OP triester 


metabolism. Thus, there is environmental exposure concern relevant to the further study of toxicokinetics and -


dynamics in Arctic marine biota
13


. The present study will provide much needed data on the toxicology and fate (e.g. 


metabolism and biotransformation) of a subset of OPEs in polar bears and ringed seals collected from the East 


Greenland area of Scoresby Sound. 


 


Previously, OPEs were detected in herring gull eggs and the compound structure-activity relationships (SAR) were 


analyzed
14


. Greaves et al. demonstrated varying metabolic rate (TNBP > TBOEP > TCIPP > TPHP > TDCIPP) 


using in vitro herring gull microsomal assays, which showed structure-dependent depletion rates
14


. Putative Phase I 


and II metabolic pathways have been suggested for OPEs such as oxidative dealkylation, oxidative dearylation, 


oxidative dehalogenation, and hydroxylation
15


. In addition to OP triester depletion, this study will also focus on OP 


diester metabolite formation using available standards for quantification. 


 


Methods:  


Reagents: OP triesters studied are of environmental relevance and identified under the mandate of Environment and 


Climate Change Canada’s, Chemicals Management Plan including TDCIPP, TCIPP, TNBP, TPHP, TBOEP, TEP. 


Standards of these OP triesters along with DNBP and DPHP were purchased from Sigma-Aldrich (Oakville, ON, 


Canada). BDCIPP, BBOEP, and BCIPP, along with the internal standards d15-TDCIPP, d15-TPHP, d10-BDCIPP, d4-


BBOEP, and d10-DPHP were purchased from Dr. Belov at the Max Planck Institute for Biophysical Chemistry 


(Germany). d27-TNBP and d15-TEP were purchased from Cambridge Isotope Laboratories (Andover, MA, USA).   


 


Microsome preparation: Hepatic microsomes were prepared from polar bears (n=6) and ringed seals (n=7) in 


Scoresby Sound, Eastern Greenland during 2011-2012. Briefly, tissue was homogenized with phosphate buffer 


solution (0.1M, pH 7) and centrifuged to separate subcellular fractions using previously cooled equipment. The 


Beckman-Coulter Optima TLX Ultracentrifuge (Mississauga, ON, Canada) was set to 17,000 RPM at 4 C for 15 


minutes, and the supernatant was further centrifuged at 56,000 RPM at 4 C for 60 minutes. The final pellet was 


resuspended and diluted to concentrations of 20 mg protein/mL for use in the in vitro biotransformation assay.   


 


Ethoxyresorufin-O-deethylase (EROD) Assay: The catalytic activity of CYP1A enzyme isoforms was used as a 


relative indicator for the overall CYP450 monooxygenase activity of the prepared microsomes. The substrate, 7-







ethoxyresorufin was catalyzed by CYP1A/ethoxyresorufin-O-deethylase (EROD) to resorufin. The reaction was 


carried out at 37 C in a 48 well plate containing solutions of sodium phosphate buffer (0.05 M, pH 8.0) and 7-


ethoxyresorufin (1.02 M). After five minutes, NADPH regenerating solution was added. Incubation was haltered 


after 10 minutes by addition of 100 L of acetonitrile containing florescamine (2.16 mM). A Beckman DTX880 


multimode detector, microplate reader measured resorufin (530 nm and 590 nm) and proteins (400 nm and 460 nm) 


using excitation and emission filters respectively. Resorufin and bovine serum albumin (BSA) standard curves were 


used to quantify activity and protein concentration respectively.  


 


Metabolic Assay: The in vitro metabolic biotransformation assay solution was incubated for 2 minutes at 37 C with 


the shaker set to 80 RPM prior to adding 50 L of microsome. The reaction contained potassium phosphate buffer 


(0.5 M, pH 7.4), NADPH regenerating solution, and OP triester dosing solution (2 M). The reaction was vortexed 


well and 100 L aliquots were taken at designated time intervals (0, 1, 2, 5, 10, 40, 70, 100 minutes). These aliquots 


were placed in a quenching solution containing 25 ppb mixture of internal standard in methanol. Solutions were 


capped to prevent evaporation. The solution was then microcentrifugated in prewashed tubes at 10,000 RPM for five 


minutes. To ensure replicable results, Wistar-Han rat negative controls, methanol blanks, and intra-day triplicates 


were conducted. 


 


Chemical Analysis: Quantification of OP triesters and their diester metabolites was conducted utilizing a Waters 


Acquity UPLC coupled to a Waters Xevo triple quadrupole mass spectrometer (TQ-S) operated in the  ESI+ 


mode.
16,17


 Analytes were separated using Waters Aquity UPLC BEH C18 column (50 mm L x 2.1 mm i.d., 1.7 m 


particle size). A dicationic reagent was mixed with the aqueous mobile phase at a constant flow of 10 L/min 


(decamethonium hydroxide, 0.1 mM). 


 


Statistics: R version 0.99.903 and analysis of variance (ANOVA) were used to determine significant depletion of 


OP triesters from the greatest initial quantity measured (at one minute)
18


. Statistical significance of p<0.05 or p<0.01 


will be used where appropriate. Time points indicating significance will be compared to begin to contrast rates 


between polar bears and ringed seals as well as between OPEs.  


 


Results and Discussion: 


Preliminary in vitro metabolism data from this study strongly suggests that the OP triester metabolic rates are rapid 


in East Greenland polar bears and comparable to recently reported rates in Great Lakes herring gulls (Figure 1)
14


. 


Additionally, metabolic rate is more rapid in polar bears than in ringed seals. This is consistent with EROD assay 


data where specific activity at an eight times dilution factor for polar bear microsomes was 1784 pmol/min mg and 


ringed seal microsomes was 392 pmol/min mg. Thus, the representative enzymatic activity for polar bears was 


measured to be over four times more active than ringed seals. This difference in biotransformation capacity provides 


evidence and mechanism for the observed differences measured in metabolism. This is striking when comparing 


tris(1,3 – dichloro-2-propyl) phosphate (TDCIPP) metabolism between the two species (Figure 1). Polar bear 


metabolism shows significant depletion at 70 minutes (p < 0.05), whereas ringed seal depletion was not observed 


(not statistically significant) over 100 minutes. When comparing tri (n-butyl) phosphate (TNBP), polar bear 


metabolism is significant at 2 minutes (p<0.001) and ringed seal metabolism is significant at 10 minutes (p < 0.05). 


Thus, it appears possible that polar bear exposure to OPEs could potentially occur from the diet as well as 


environmental matrices. Further analysis between polar bear and ringed seal OPE metabolism will allow for 


estimates of trophic transfer and biomagnification between polar bears (the apex predator of the Arctic food web) 


and their primary dietary item (blubber of ringed seals). 


 


Further comparisons can be made between compounds. TNBP depletion is much more rapid than TDCIPP depletion 


regardless of the wildlife liver microsomes studied thus far (herring gull, polar bear, and ringed seal). The difference 


in rate of OP triester depletion can be used to better describe the role of structure on the fate of OPEs. This research 


will provide toxicokinetic data on priority OPEs in Arctic marine predators. This information can then be applied to 


current regulatory decision-making through risk assessments and food web modeling. 
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Introduction 


Due to the legislative ban of specific brominated flame retardants (BFRs), several new 
brominated flame retardant (NBFRs) have been developed by industry. To explore their 
presence in different environmental compartments and ultimately understand their 
environmental fate, analytical methods have to be developed for targeted analysis [1]. 
Classically these compounds are determined by GC-based instrumental methods. In recent 
years LC-based methods coupled to low resolution mass spectrometers have been 
developed [2]. The advance of high resolution instrumentation facilitates accurate 
measurements and identification of unknowns, degradation and transformation products. 
Further the bromine isotopic pattern aids in identifying relevant substances, as well as the 
use of mass defect plots, a technique starting to be more commonly used in environmental 
science [3].  


Materials and methods 


Sampling. Dust samples were collected according to an established protocol [4] in offices, 
laboratories and instrument assembly rooms. In summary, in carpeted rooms, 1 m² of carpet 
was vacuumed for 2 min and in rooms with bare floors, 4 m² was vacuumed for 4 min. 
Samples were collected using nylon sample socks (25 µm pore size) that were mounted in 
the furniture attachment tube of the vacuum cleaner. 


Extraction and clean-up. 0.5 g of dust was weighed, spiked with mass-labeled internal 
standards and mixed with diatomaceous earth as dispersant. Extraction was conducted using 
a Thermo Scientific™ Dionex™ ASE™350 accelerated solvent extractor. Use of different 
solvent mixtures (hexane, dichloromethane and acetone) was investigated. Further in-cell 
cleanup using layers of silica and Florisil™ in the ASE cell was performed to reduce possible 
matrix interferences. Samples were evaporated to dryness using a Thermo Scientific 
Rocket™ Evaporator system and then reconstituted in 2 mL methanol:toluene (1:1).  


UPLC-HRMS measurement. Final extracts where separated using a Thermo Scientific 
Accucore™ RP-MS 100x2.1mm, 2.6µm column on a Thermo Scientific Accela™ HPLC system 
(Accela™ 1250 Pump and Open autosampler). A 15 min. gradient elution program with water 
(mobile phase A) and methanol (mobile phase B) at a flow rate of 400 µl/min. Samples were 
analyzed on a Q Exactive™ mass spectrometer with an APCI source in negative ionization 
mode at a resolution of 70,000.  







Data interpretation. Raw data files were processed using both Thermo Scientific Xcalibur™ 
and Thermo Scientific Compound Discoverer™ version 2.0 software. The Compound 
Discoverer workflow includes the detection of unknowns compounds, elemental 
composition predictions, hides background from blanks, performs a ChemSpider library 
search and scores the compounds based on selected bromine isotope patterns. In addition 
and as a comparison mass defect plots were created using Microsoft® Excel to visualize the 
presence of brominated compounds. 


Results and discussion 


Full scan experiments were conducted to screen for the presence of brominated 
compounds. From the obtained data a mass defect plot was constructed to estimate the 
number of brominated compounds within the dust samples. Halogenated compounds have a 
unique negative mass defect, which readily distinguishes them from other molecules in a 
complex mass spectrum. Furthermore, homologous series of compounds can be easily 
visualized. One mass scale applicable to environmental analytical chemistry is defined by the 
substitution of a hydrogen atom by a chlorine atom (H/Br) [3]. The conversion used here is 
based on the multiplication of each peak of a chosen mass spectrum by 78/77.91051 and 
plotting the nominal mass vs. the transformed mass defect. The resulting mass defect plot is 
shown in Figure 1.  


 


Figure 1. Mass defect plot of extracted dust sample transformed with H/Br scale 
79/77.91051 scale  


 







The mass defect plot was then compared to the results obtained from the suspect screening 
using Compound Discoverer. Both confirmed the presence of brominated flame retardants 
in the sample, legacy BFRs (Penta up to DecaBDE, TBBP-A, HBCDs), as well as NBFRs (EH-TBB, 
BEH-TBP, DBDPE). For a suspect the following confirming criteria were selected: spectral 
similarity score (SFit>80%), accurate mass deviation < 5 ppm, as well as retention time. 


The use of high-resolution accurate mass (HRAM) instrumentation facilitates identification of 
targeted compounds and unknowns by means of selectivity, elemental compositions and 
isotopic pattern scoring. Compound Discoverer™ was successfully employed as a tool for the 
identification of BFRs and NBFRs in dust samples. The use of relevant databases, such as 
ChemSpider, can significantly help in the identification of compounds. 
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Introduction 
The Antarctic region covers about 20% of the Southern Hemisphere and the Antarctic Peninsula is the 
northernmost part of the mainland of Antarctica1. Human activities in Antarctica are primarily regulated by 
the complex of multilateral agreements of the Antarctic Treaty System, in particular the Antarctic Treaty itself 
and its Madrid Protocol on Environmental Protection, SCAR (Scientific Committee on Antarctic Research), 
and GOSEAC (SCAR Group of Specialists on Environmental Affairs and Conservation). Persistent Organic 
Pollutants (POPs) are a global environmental concern, have long been identified as harmful substances due to 
their toxicity, persistence and bioaccumulation in humans and wildlife2. Evidences indicated that most POPs 
are volatile enough to evaporate and deposit (i.e., cycle) among air, water, and soil at ordinary environmental 
temperatures3. They are also persist and therefore can travel a long distance through atmospheric 
transportation, even reach the Polar Regions. Through ice melting, POPs are released again into the ocean, 
where they enter the food webs, bioaccumulate in the tissues of organisms and biomagnification4. PBDEs are 
compounds that have been widely used as flame retardants5. Because of their toxic effects PBDEs commercial 
mixtures Penta-BDE and Octa-BDE have been banned by the Stockholm Convention6. Nevertheless, the 
knowledge of PBDE levels in the Antarctic environment is still scarce. Consequently, the aim of this study 
was to revise the scientific literature for PBDEs in Antarctica, in order to identify gaps of information and to 
address future research to well understand their source, such as their fate and long range transport. 


Material and Methods  
In order to carry out this PBDEs review in Antarctica, 60 scientific articles were collected by using the 
scientific literature dated from 2004 to 2016. To better understand the information obtained, the information 
was separated by environmental compartments. The literature review showed a wide range of analytical 
techniques available to determine PBDEs. Different types of matrices analyzed (a) and the analytical 
methodologies used (b) were shown in Figure 1. Sample purification was carried out using two types of clean 
up procedures. 


Results and Discussion 
Analytical methods.  
This literature revision showed that Soxhlet System (55%) is the most used technique for extraction of 
samples followed by Accelerated Solvent Extraction (27%), Pressurized Liquid Extraction (12%), 
Microwave-assisted extraction (3%) and Ultrasonic Bath (3%). The purification of the extract was mainly 
performed using a glass column packed with silica gel and alumina (87%) and Power Prep System (13%).   
 
Biotic sample.  
From the 60 collected studies, 56% of them corresponded to PBDEs in the biotic samples of Antarctica 
including organisms and vegetables such as: moss and lichens (10%) and 44% corresponded to PBDEs in 
abiotic. It is important to clarify that Antarctic biota mostly refers to marine organism; the territorial species 
of flora and fauna are very few, represented by: lichens, moss and small invertebrates7. PBDE patterns 
showed, for biotic samples, prevalence of lower brominated compounds (PBDE-47, -99, -100) and for abiotic 
media, an enrichment composition of higher brominated compounds (PBDE-209). Levels of PBDEs (pg/g 
l.w) have been reported in the lowest levels of the Antarctic food web in Krill (Euphasia superba) for PBDE-
47 (2000), PBDE-99 (2500) and PBDE-100 (500) from west Antarctica Peninsula8. For higher food web 
levels, PBDE-47 (140 and 180 pg/g l.w) was reported in five fish species: Trematomus bernacchii, 
Chionodraco hamatus, Chaempsocephalus gunnari, Gymnoscopelus nicholsi and Trematomus eulepidotes, 
from the Ross sea9, 10, 11.  
Recently, Cincinelli et al12 reported an increasing trend of PBDEs levels from 2000 until 2005 followed by a 
decreasing pattern from 2005 to 201112. PBDEs were also observed in migratory birds such as Stercorarius 
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maccormicki12 (46 ng/g w.w) and in Adélie penguins (Pygoscelis adelie) (in muscle 6.8 ng/g w.w and in eggs 
8.1 ng/g w.w) from the Ross Sea13.  
 
Abiotic samples 
From the revised literatures, soil was observed to be the most studied media (12%) followed by air (10%), 
sediments (10%) and snow (6%). In soil samples, PBDE patterns were dominated by BDE-209 (35%)14. In 
addition, BDE-47, BDE-99 (20%) and BDE-100 (<10%) were reported in snow samples (130-340 pg/L), in 
water (Σ13PBDEs: 60-151 pg/L) and in sediments (193-1682 pg/g) from Northern Victoria Land14. PBDEs 
concentrations were also reported in air using PUF disk in five sites near to Great Wall station (King George 
Island) (0.67-2.98 pg/m3)15.This study pointed out there is still a lack of information for PBDEs in the 
Antarctic environment with a prevalence of studies in biotic media. Further information is still need to assess 
PBDE levels and patterns in Antarctica.  


 
Figure 1. Shows the percentage (%) of different types of samples analyzed in the current scientific literature available (a) 
and the different methodologies of extraction (b). 
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Introduction		


As	a	signatory	of	the	UNEP	Stockholm	Convention	on	persistent	organic	pollutants	(POPs),	the	Irish	
government	 is	 required	to	eliminate	or	restrict	 the	use	and	release	to	the	environment	of	POPs	 in	
Ireland.		Among	the	POPs	covered	by	the	Convention	are	a	number	of	brominated	flame	retardants	
(BFRs)	[1].	Such	BFRs,	namely	hexabromocyclododecane	(HBCDD)	and	polybrominated	diphenyl	ethers	
(PBDEs)	(collectively	referred	to	here	as	POP-BFRs)	were	used	as	flame	retardants	in	a	variety	of	soft	
furnishings,	 building	 insulation	 foams,	 electronic	 and	 electrical	 goods.	 To	 characterise	 human	
exposure	 to	 these	 contaminants	 bio-monitoring	 studies[2,3,4]	 coupled	 with	 environmental	
measurements	 in	 food,	household	dust	and	air	have	been	conducted	 in	numerous	countries[3,4,5,6].	
Previous	human	bio-monitoring	data	in	Ireland	and	information	regarding	concentrations	in	foodstuffs	
suggests	that	exposures	to	these	contaminants	in	Ireland	are	low[2,8,9,10,11].	However,	there	is	a	dearth	
of	data	on	concentrations	of	BFRs	in	indoor	air	and	dust	in	different	microenvironments	within	Ireland,	
information	 required	 to	 fully	 understand	both	 the	overall	magnitude	of	 exposure	and	 the	 relative	
contributions	of	different	exposure	pathways.		


ELEVATE	Project	Objectives		


The	ELEVATE	project	will	conduct	the	first	study	of	levels	of	BFRs	(tri-	through	deca-PBDEs,	and	a-, b-,	
and	 g-HBCDD)	 in	 indoor	 air	 and	 dust	 in	 common	 Irish	 microenvironments	 (homes,	 cars,	 primary	
schools	and	offices).	Data	will	be	combined	with	existing	data	on	concentrations	in	the	Irish	diet	to	
evaluate	the	relative	contribution	of	the	different	exposure	pathways.	A	human	biomonitoring	study	
will	also	be	carried	out	(by	analysing	human	milk	samples)	to	provide	information	on	body	burdens	in	
the	Irish	population.	Comparison	with	a	previous	such	study	will	facilitate	assessment	of	the	impact	
on	 body	 burdens	 of	 restrictions	 on	 the	manufacture	 and	 use	 of	 these	 chemicals.	 Specific	 project	
objectives	are	to:	


Ø Evaluate	the	relative	contributions	of	different	exposure	pathways	(diet,	indoor	air	and	dust)	
to	POP-BFRs	in	Ireland	


Ø Establish	the	current	body	burdens	of	POP-BFRs	 in	the	 Irish	population	and	by	comparison	
with	previous	biomonitoring	data	in	Ireland,	assess	the	impact	of	recent	restrictions	on	the	
manufacture	and	use	of	these	contaminants		


Ø Evaluate	the	relationships	between	external	and	internal	exposure	of	the	Irish	population	to	
POP-BFRs	using	simple	one	compartment	pharmacokinetic	models.	


Materials	and	Methods	


Exposure	Assesment		
Approximately	 32	 samples	 each	 of	 air,	 dust	 and	 tap	 water	 have	 been	 collected	 from	 Irish	
microenvironments	 such	 as	 homes,	 cars,	 primary	 schools	 and	 offices	 between	 August	 2016	 and	
January	2017	(Table	1).	Air	samples	have	been	collected	by	deploying	passive	PUF	disk	air	samplers	
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for	 60	 days	 and	 dust	 samples	 were	 collected	 by	 vacuuming	 floors	 following	 methods	 previously	
described	by	Abdallah	and	Harrad[11]		and	Goosey	and	Harrad	[12]	respectively.	
Table	1.	Sample	Collection.	32		air,	dust	and	water	samples	have	been	collected	from	microenvironments	in	Dublin,	Galway	
and	Limerick.	


	
Biomonitoring	Study		
Human	breast	milk	samples	will	be	procured	from	110	first	time	mothers	(primiparas)	via	University	
Hospital	Galway	and	the	Coombe	Women	and	Infants	University	Hospital,	Dublin	following	protocols	
outlined	in	a	previous	Irish	biomonitoring	study	[2,13].	Samples	will	be	pooled	to	provide	10	samples	
which	 will	 be	 analysed	 for	 concentrations	 of	 PBDEs	 and	 HBCDD	 at	 the	 University	 of	 Birmingham	
following	previously	validated	methods[3,4,14].	Results	will	be	used	to	assess	current	body	burdens	of	
the	Irish	population	and	-	by	comparison	with	the	aforementioned	previous	Irish	human	milk	study	–	
evaluate	evidence	for	any	temporal	trend	in	body	burdens	of	POP-BFRs	in	Ireland.	
	
	
Chemical	analysis	
Sample	 analysis	 is	 due	 to	 commence	 in	 March	 2017;	 air	 and	 dust	 samples	 will	 be	 analysed	 for	
concentrations	 of	 PBDEs	 and	 HBCDD	 at	 the	 University	 of	 Birmingham	 using	 validated	 in	 house	
methods[15,16,17,18].		
Aliquots	(~100	mg)	of	dust	will	be	transferred	to	66	mL	Accelerated	Solvent	Extractor	(ASE)	cells,	pre-
packed	with	a	glass	fibre	filter	(GFF)	and	clean	hydromatrix.	Sampling	components	of	the	passive	air	
samplers	(PUF	and	GFF)	will	be	transferred	to	66	mL	ASE	cells.	Samples	will	be	spiked	with	a	known	
quantity	 of	 internal	 standard	 (BDE-77,	 BDE-128,	 13C12-BDE-209,	 13C12-α-HBCDD,	 13C12-β-HBCDD	 and	
13C12-γ-HBCDD).	Samples	will	be	extracted	using	pressurized	liquid	extraction	(PLE),	using	hexane:DCM	
(3:2,	v/v	ratio)	as	the	extractions	solvent.	Extracts	will	be	concentrated	to	~1	mL	using	a	Turbovap	II	
concentration	 evaporator	 and	 washed	 with	 >95%	 concentrated	 sulfuric	 acid,	 before	 further	
purification	on	a	florisil	SPE	cartridge.	Clean	extracts	will	be	concentrated	to	200	µL	iso-octane	and	
transferred	 to	auto	 sampler	 vials	 for	 analysis	of	PBDEs	 via	GC-EI/MS.	Extracts	will	 then	be	 solvent	
exchanged	into	methanol	and	analysed	for	HBCDD	on	LC-MS/MS.		
	
Data	Analysis	
An	 assessment	 of	 the	 Irish	 population	 exposure	 to	 POP-BFRs	 will	 be	 calculated	 and	 information	
collated.	 	 A	 one	 compartment	 pharmacokinetic	 model	 will	 be	 developed	 based	 on	 previous	
models[3,4,19]	to	examine	relationships	between	external	and	internal	exposure	of	the	Irish	population	


	


	 Microenvironments	


	
	
	


	
	
	


Type	of	
sample	


	


32	homes	 Air	


										32	cars	


Dust	


32	offices	


32	schools	 Water	
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to	POP-BFRs.	Moreover,	we	will	incorporate	recent	information	about	dermal	exposure	to	PBDEs	and	
HBCDDs	 present	 in	 indoor	 dust[20,21],	 and	 via	 sensitivity	 analysis	 evaluate	 the	 relative	 impact	 of	
individual	input	parameters	on	model	outputs.			
	


Expected	project	results:	
	
Preliminary	project	data	will	be	available	in	May	2017,	the	ELEVATE	research	project	will	generate	the	
following	outcomes	in	relation	to	human	exposure	to	PBDEs	and	HBCDDs	in	Ireland;		
	


Ø The	first	measurements	of	POP-BFRs	in	indoor	air	and	dust	in	Irish	microenvironments.					
Ø Information	 on	 the	 relative	 contribution	 of	 different	 exposure	 pathways	 to	 current	 body	


burdens	of	the	Irish	population.	
Ø Biomonitoring	 data	 which	 can	 be	 used	 to	 establish	 the	 current	 body	 burdens	 of	 these	


contaminants	in	the	Irish	population,	as	well	as	an	estimate	of	the	dietary	intake	of	nursing	
infants.		


Ø An	assessment	of	the	impact	of	recent	legislative	restrictions	on	the	manufacture	and	use	of	
POP-BFRs,	by	comparing	results	from	ELEVATE	with	results	from	those	determined	in	previous	
Irish	biomonitoring	studies.		
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Abstract: 


The purpose of this study was to investigate the occurrence of a range of regulated and 
emerging organic environmental contaminants in commonly consumed marine fish species 
that are considered to be at the highest risk of non-compliance, with existing regulatory limits 
for contaminants such as dioxins and PCBs. As part of the study, data on polybrominated 
diphenlyethers (PBDEs) was collected. The study provides current information on levels of 
occurrence, allowing the geographical identification of locations that show higher 
contaminant levels and also facilitating the estimation of human exposure as a result of 
consumption. 
Two hundred fish samples were collected, the majority from UK marine waters, but 
extending to Norwegian waters in the North and to the Algarve in the South. The main 
species targeted were sardines, sprats, sea bass, mackerel, herring, grey mullet, but other 
species such as turbot, halibut, various shark species (dogfish, spurdog), etc. were also 
included. 
PBDEs were observed in all samples with all measured congeners, with the exception of 
BDE-126, being detected. The concentrations range from 0.04 μg/kg to 8.87 μg/kg whole 
weight for the sum of all measured PBDE congeners. Concentrations appear to vary 
depending on species and location. The high frequency of PBDE occurrence makes it 
prudent to continue the monitoring of these commonly consumed marine fish species. 
 
Introduction: 
 
Marine environments are recognised sinks for a range of environmental contaminants, and 
uptake and bioaccumulation by various fish and shellfish species has been widely 
documented. Consequently, consumption of marine fish and shellfish has been shown to 
make a significant contribution to human exposure of a range of environmental 
contaminants.  
In an effort to reduce or prevent inputs that could cause pollution, affect human health or 
adversely impact legitimate uses of the marine environment, the Marine Strategy Framework 
Directive encourages collaboration and coordination between individual EU Member States 
with the aim of protecting and preserving marine ecosystems. In the context of the present 
study, one of the targets for good environmental status under the directive is the limiting of 
contamination in fish and other seafood along with compliance with maximum contaminant 
levels established by European Commission regulation, or other relevant standards. 
PBDEs are mass produced brominated flame retardants (BFRs) that were incorporated into 
a number of commonly used commercial materials such as plastics, rubbers, textiles and 
electronic components. As these are open-ended applications, the BFRs are available to 
diffuse out of materials into the environment, and this can occur during manufacture, use 
and disposal of the product. 
Polybrominated biphenyls (PBBs) have physico-chemical and toxicological properties that 
are similar to their chlorinated analogues. They were produced commercially as flame 
retardant chemicals (BFRs) long before the large volume production of the more familiar 
BFRs such as PBDEs and HBCD. 







Both PPBs and PBDEs are recognised to be persistent, bio-accumulative and toxic, with the 
potential to undergo long-range transport. 
Emerging toxicological data shows that PBDEs can cause liver and neurodevelopmental 
toxicity and affect thyroid hormone levels. Additionally, they may be particularly harmful 
during a critical window of brain development during pregnancy and early childhood (Rose 
and Fernandes 2012). Their occurrence in food has been investigated (FSA 2006, 
Fernandes et al 2009). In comparison to polybrominated biphenyls (PBBs), they show more 
frequent and abundant occurrence. Fish, and in particular oily fish species, generally tend to 
show higher levels of contamination than other food types. 
This paper provides results of PBDE data obtained from a study to investigate the 
occurrence of a range of regulated and emerging organic environmental contaminants in 
commonly consumed marine fish species in UK and proximate marine waters. 
 
Methods and Materials: 
 
Approximately 200 samples were collected from UK and proximate marine waters, including 
the North Sea and the Greater North Sea sub-region extending up to Norway, the Irish sea 
and the Celtic sea sub-regions extending off the North-Western coast of France, and the 
European coastal North Atlantic regions, including Biscay and extending as far south as the 
Algarve. On receipt at the laboratory each prepared sample was given a unique laboratory 
reference number and the sample details were logged into a database. 
Sample preparation mirrored domestic consumption practices. Depending on the species, 
samples were dissected to collect edible muscle tissue and exclude skin, bones and organs. 
However for some species such as sprats, whole fish were used. The selected tissue (or 
whole fish) was minced, homogenised by blending then freeze-dried. Freeze dried samples 
were stored at -18°C and re-homogenised before analysis. 
The method used for the preparation, extraction and analysis of samples has been reported 
previously (Fernandes et al 2004; 2008). In brief, samples were fortified with 13C-labelled 
analogues of target compounds and exhaustively extracted using mixed organic solvents. 
PBDEs and ortho substituted PCBs/PBBs were separated from non-ortho substituted 
PCBs/PBBs, PCDD/Fs and PBDD/Fs by fractionation on activated carbon. The two fractions 
were further purified using adsorption chromatography on alumina. Analytical measurement 
was carried out using high resolution gas chromatography-high resolution mass 
spectrometry (HRGC-HRMS). The analysis is accredited (UKAS) to ISO 17025 standards, 
with the inclusion of an in-house reference material and method blanks which were 
evaluated prior to reporting of sample data and used to determine the limits of detection.  
PBDE congeners analysed: (IUPAC numbers 17, 28, 47, 49, 66, 71, 77, 85, 99, 100, 119, 
126, 138, 153, 154,183 and 209) include those specified in European commission 
recommendation 2014/118/EU which are given in bold font. 
PBB congeners: IUPAC numbers 15, 49, 52, 77, 80, 101, 126, 153, 169 and 209. 
 
Results & Discussion: 
 
PBDEs were observed in all samples with all measured congeners being detected except  
BDE- 126. A summary of the data is presented in Table 1. There are only minor differences 
between the average values for both the sum of the 17 congeners and the sum of the 10 
congeners specified in the EC recommendations, which confirms a more informed choice of 
congeners for the EU list. The concentrations range from 0.04 μg/kg to 8.87 μg/kg whole 
weight for the sum of all measured PBDE congeners (0.04 μg/kg to 8.63 μg/kg for the EU 
listed PBDEs). The highest average values were observed for herring, sea bass, mackerel 
and sprat (2.08, 2.0, 1.45 and 1.27 μg/kg respectively). PBBs were detected less frequently 
and at lower concentrations, confirming a trend observed in other studies (Fernandes et al 
2008, 2012) The highest value observed was 0.65 μg/kg for BB-52 for grey mullet from 
France. In general, most of the higher positive values for PBBs were observed for samples 







taken from French waters and from the southern coast of England. This may reflect a higher 
utilisation of PBBs in France relative to the UK. 
 
This study has characterised PBDEs in a number of commonly consumed fish species, 
taken from marine waters around the UK and from other proximate fishing areas from which 
retail fish in the UK is commonly sourced. The high frequency of PBDE occurrence make it 
prudent to continue the monitoring of these commonly consumed marine fish species from 
the point of view of public health, as well as the status of the marine environment. 
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Table 1 Summary of PBDE concentrations µg/kg whole weight 
 
 


PBDE 
Concentrations, 


µg/kg whole weight 


  Sardines (n=16)     Mackerel (n=41)     Herring (n=19)   Grey Mullet (n=26)   


MIN MEDIAN MEAN MAX MIN MEDIAN MEAN MAX MIN MEDIAN MEAN MAX MIN MEDIAN MEAN MAX 


                                  


Sum measured 
PBDEs 0.14 0.39 0.50 2.18 0.15 1.24 1.45 3.86 0.61 1.14 2.08 8.87 0.09 0.58 1.10 5.41 


                                  


*Sum PBDEs (EU 
list) 0.13 0.38 0.49 2.12 0.14 1.16 1.35 3.65 0.58 1.10 2.00 8.63 0.08 0.57 1.08 5.36 


     


  


  


   


  


   


  


  


  


    Sprat (n=25) 


 


  Sea Bass (n=25) 


 


  Turbot (n=16) 


 


Shark-various 
spp (n=14)   


  MIN MEDIAN MEAN MAX MIN MEDIAN MEAN MAX MIN MEDIAN MEAN MAX MIN MEDIAN MEAN MAX 


                                  


Sum measured 
PBDEs 0.33 1.09 1.27 4.59 0.28 1.75 2.00 5.71 0.07 0.33 0.37 0.84 0.04 0.13 0.54 2.02 


                                  


*Sum PBDEs (EU 
list) 0.31 1.05 1.23 4.56 0.27 1.73 1.97 5.64 0.06 0.31 0.35 0.79 0.04 0.12 0.51 1.91 


                                  


 
*- Sum BDE-28, 47, 49, 99, 100, 138, 153, 154, 183 and 209 (EU recommendation 2014/118/EU) 
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Long-Term Temporal and Seasonal Trends for PBDEs in the UK Ambient Air 
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Long-term air monitoring datasets are needed for persistent organic pollutants (POPs) to assess the effectiveness 


of source abatement measures and the factors controlling ambient levels. The Toxic Organic Micro Pollutants 


(TOMPs) Network, which has operated since 1991, collects ambient air samples at six sites across England and 


Scotland, using high-volume active air samplers. The network provides long-term ambient air trend data for a 


range of POPs at both urban and rural locations. 


Polybrominated diphenyl ethers have been widely used as additive flame retardants in products such as 


furniture, cars, textiles, paints, electronic equipment and plastics to reduce fire risk. Three different types of 


commercial PBDE formulation have been produced with different degrees of bromination, namely penta-, octa- 


and deca-BDE products. The penta-BDE product contains a range from tetra- to hexa- BDE congeners, the octa-


BDE contains a mixture of hexa- to deca-BDE and the deca-BDE contains predominantly the fully brominated 


BDE-209 congener and is currently the most widely PBDE flame retardant product in use. The commercial 


mixtures penta-BDE and octa-BDE have already been added to Annex A of the Stockholm Convention in 2009, 


whilst the commercial deca-BDE product has been proposed for inclusion and will be discussed at COP 8 later 


in 2017. 


The global demand for PBDEs has previously been very substantial with a peak estimation of 70,000 tonnes for 


the year 2003 (Hites, 2004). In the UK there has been previously high use of penta-BDE as a result of flame 


retardancy regulations for furniture. Lower brominated PBDEs can also be formed from the degradation of 


higher brominated BDEs, although the environmental importance of this process is still unclear. In 2010, PBDE 


congeners were included in the TOMPs methodology. The congeners that have been analysed are: BDE 28, 


BDE 47, BDE 49, BDE 99, BDE 100, BDE 153, BDE 154, and BDE 183. Congeners BDE 47 and BDE 99 


account for approximately 72% of the composition of the penta commercial mixture. Atmospheric emission 


estimates for 2012 for the tetra and penta-PBDEs in the UK were 800kg. 


Since its inception, the TOMPs network has used Andersen GPS-1 samplers with PM10 size selective inlets. 


The samplers are run continuously with samples collected every 2 weeks. This provides sampled air volumes of 


approximately 700m3. Modules consist of GF/A filters and two 7.5cm by 5cm PUF plugs. 


Before extraction, each sample is spiked with a recovery standard of 13C12-labeled PCB congeners and BDE 51, 


BDE 128, and BDE 190. Samples are individually extracted in a Soxhlet extraction unit for 16h with hexane, 


and the extracts are pooled before purification to obtain three-monthly averaged data. They are then eluted 


through a multilayer column containing activated silica, basic silica and acid silica. After elution through a gel 


permeation chromatography (GPC) column PBDEs are analysed on a Thermo Scientific DSQ gas 


chromatography - mass spectrometry (GC-MS) system fitted with an Agilent CP-Sil 8CB GC column, (50m x 


0.25mm, 0.12μm) and operating in EI+ and selected ion mode (SIM). 


Previous studies have observed seasonal variations in ambient air concentrations (Melymuk et al., 2012 and 


Yang et al., 2013), although the seasonal pattern is less uniform for PBDEs than for other compounds like 


PCDD/Fs or PCBs. This study has investigated seasonal averages for BDE 47, BDE 99, BDE 153, and BDE 183 







at two rural and two urban sites. In accordance with the previous observations, only BDE 47 shows elevated 


concentrations in the summer compared to the winter months across all sites. While there was no discernible 


pattern for BDE 99, both BDE 153 and BDE 183 concentrations are clearly higher in Q1 and Q4 than in Q2 and 


Q3, with the highest values in Q4 (October–December). 


In order to provide some historical context the TOMPs air sample archive was used to reconstruct temporal 


trends of PBDEs in the UK atmosphere (Birgul et al. 2012). The re-analysis of PBDEs in the sample archive 


focused on four of the six sites over a period ranging from 1999 to 2010. This study provided the trend data for 


ΣPBDE for an average of the four sites with a comparison of atmospheric emission data from Prevedouros et al. 


(2004). It also contains data for 2011–2015 from the TOMPs dataset. These time-trend data demonstrate a 


consistent decrease in concentrations over recent years with the observed decline starting during the period 


2001–2003. Of the individual congeners detected, BDE 47 was the most abundant at all sites and in almost all 


samples, followed by BDE 99, and both dominated all calculated profiles. Given that these two congeners are 


the main components of the penta-BDE (PeBDE) technical mixture, with BDE 47 accounting for 38–42% and 


BDE 99 accounting for 45–49% of the ΣPBDEs, these results likely reflect the extensive use of that specific 


technical mixture. The strong correlation between the estimated emissions and the measured concentrations (r2 = 


0.79, p = 0.0084) suggests that on-going releases from articles containing PeBDE products are likely to be 


controlling the long-term trends in the UK atmosphere.  
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Introduction 


It is generally accepted that the major proportion of human exposure to brominated pollutants, such 
as brominated flame retardants (BFRs), is likely to be through the diet, as has been shown for other 
halogenated compounds including chlorinated dioxins and polychlorinated biphenyls [1-2]. However, 
there is relatively little data published on the levels of BFRs such as bromophenols, 
hexabromocyclododecanes (HBCDs) and tetrabromobisphenol derivatives [3-4]. A recent European 
Commission recommendation (2014/118/EU) recognised these compounds as potential food 
contaminants and requested EU member states to investigate their occurrence in food [5].   


 


Experimental 


In this study fifty-three samples (eggs, animal fat, fish tissue, milk and liver samples) from Ireland 
have been analysed for the presence of a range of BFRs: 4-bromophenol, 2,4-dibromophenol, 2,6-
dibromophenol, 2,4,6-tribromophenol, tetrabromobisphenol S (TBBPS), HBCDD (α-, β- and γ- 
isomers) and tetrabromobisphenol A (TBBPA). 


Methods for extraction, purification and analysis, using liquid chromatography tandem mass 
spectrometry (LC-MS/MS), were developed and validated and will be described fully in the poster. 


 


Results 


Residues of 4-bromophenol were detected in all egg samples with concentrations ranging from 0.28 
to 0.63 μg/kg of whole weight. Residues of 4-bromophenol and 2,4-dibromophenol were detected in 
two fish samples at concentrations ranging from 0.47 to 0.98 μg/kg, and TBBPA was detected in one 
fish sample at 0.01 µg/kg. HBCDD isomers were detected in two egg samples, five fat samples, six 
fish samples and one liver sample with background levels ranging from 0.01 to 0.54 µg/kg. One 
porcine fat sample showed elevated levels of HBCDD and was subject to a follow up investigation. 
TBBPS, 2,4,6-tribromophenol and 2,6-dibromophenol were not detected in any of the food samples 
investigated.  


The results of this preliminary investigation confirm the occurrence of a wider range of BFRs in food 
than the polybrominated diphenylethers (PBDEs) which have been widely measured over the last 
decade or so.  Although the sample numbers are small, they may provide an initial indication of 
dietary exposure to these chemicals.  
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Introduction 


Due to legislative restrictions on manufacture and use of some brominated flame retardants 
(BFRs), several new BFRs (NBFRs) are increasingly used and have been measured in a wide 
range of environmental matrices. Owing to their physico-chemical properties, they have the 
potential for biomagnifications in the environment and studies have indicated their presence 
in sewage sludge, sediments, and also aquatic biota [1]. However, little is known about the 
environmental fate, toxicity and metabolic behaviour of such NBFRs, especially in aquatic 
species. Amid strict regulations on the use of laboratory animals in toxicity studies, in vitro 
techniques can provide useful insights into the metabolism of these chemicals. Analytical 
methods based on ultra-performance liquid chromatography (UPLC) coupled with advanced  
ultra high resolution mass spectrometry facilitate accurate mass measurement and 
identification of NBFR metabolites. In this study, trout liver microsomes (TLM) were selected 
in order to simulate possible metabolic pathways of aquatic organisms exposed to NBFRs. 
EH-TBB and BEH-TEBP as two of the main constituents of the technical flame retardant 
mixture Firemaster® 550 and BZ-54, as well as BTBPE as a replacement product for OctaBDE, 
were chosen as the compounds of interest. The primary aim of the current study is to 
identify potential metabolites of the target NBFRs in trout and investigate potential species-
specific metabolic trends via comparison to previous in vitro metabolic studies in mammals.  


Materials and methods 


In vitro study. Initial screening experiments were conducted to evaluate the presence of 
possible metabolites formed. 0.5 mg of female trout liver microsomes (TLM) were exposed 
to 10 µM of selected NBFRs (EH-TBB, BEH-TEBP and BTBPE - dissolved in 10 µL of either 
DMSO or toluene). Incubation was conducted in a William's E Medium at 15 °C for 1 hour. 
The reaction was initiated through the addition of XenoTech RapidStart™ NADPH 
regenerating system and stopped after 1 h by adding 1 mL of ice-cold 1 M HCl. 


Extraction and clean-up. Post-incubation, samples were extracted using 2 mL of hexane: 
dichloromethane mixture (1:1 v/v) and three cycles of vortex (1 min), ultrasonication 
(10 min) and centrifugation steps (10 min at 4000 r.p.m.). The cell pellet was discarded and 
the combined extracts concentrated under a gentle stream of N2 before reconstitution in 
150 µL methanol. For quality control purposes, three negative control blanks were included 







for each study, a solvent blank (no NBFR), a heat inactivated blank (heat treated TLM – 
10 min at 100 °C), as well as a non-enzymatic metabolism blank (whereby no NADPH 
regenerating system solution was added). 


HPLC-HRMS. Following concentration, extracts were separated on a Thermo Scientific™ 
Accucore™ RP-MS column on a Thermo Scientific UltiMate® 3000 HPLC system, using a 
gradient elution program with water and methanol. Samples were analyzed on a 
Q-Exactive™ Plus mass spectrometer in both negative atmospheric-pressure chemical 
ionization (APCI) and negative heated electrospray-ionization (HESI) mode at a resolution of 
70,000. Raw data files were processed using Thermo Scientific Compound Discoverer™ 
version 2.0 and Thermo Scientific Xcalibur™ software. 


Preliminary results and discussion 


Initially, full scan experiments were conducted to obtain a general overview of the presence 
of metabolites. All ion fragmentation (AIF) was performed in parallel to obtain a Br ion trace 
and aid in the metabolite identification. Structural confirmation was conducted using 
reference standards (where available), together with accurate mass, comparison of 
retention times and isotopic pattern. Different quasi molecular ions were formed during the 
ionization process of each target NBFR.  


As shown in Figure 1, the major metabolite for EH-TBB could be identified as 
2,3,4,5-tetrabromobenzoic acid (TBBA). TBBA had to be measured in HESI where the 
characteristic [M-H]- quasi molecular ion was formed, since in APCI only weak ionization of 
the acidic compound was observed. Retention times were confirmed by the injection of a 
reference standard. The formation of TBBA has also been reported in in vitro studies 
employing human and rat tissues [2]. 


 


FIGURE 1. Extracted ion chromatogram (XIC) of EH-TBB ([M-Br+O]- measured in APCI) and 
2,3,4,5-tetrabromobenzoic acid (TBBA - [M-H]- measured in HESI) together with the Br 
trace derived from the all ion fragmentation (AIF) measurement    


For BEH-TEBP, a reduction of the initial dose after treatment with trout liver microsomes 
was observed, but no stable ions for potential metabolites were confirmed after data 
analysis of both APCI and HESI measured extracts. 







As shown in Figure 2, the use of 70,000 FWHM resolution, sub ppm mass accuracy, as well as 
selectivity, elemental composition and isotopic pattern scoring enabled the identification of 
two metabolites for BTBPE, which were most likely formed due to a cleavage on either side 
of the ether linkage resulting in tribromophenol (TBP) and possibly tribromophenoxyethanol. 
However, since no reference standard was available for the latter metabolite, retention time 
could not be confirmed. Further metabolites might be present (unknown marked peak), as 
described in an in vivo study of BTBPE employing rats [3]. Apart from the two metabolites 
resulting from the ether bond cleavage, this group also characterized further BTBPE 
metabolites in rat feces: mono- and dihydroxylated, as well as debrominated on a single or 
both aromatic rings and combinations thereof.  


 


FIGURE 2. Extracted ion chromatogram of BTBPE (measured in APCI) together with the Br 
trace derived from the all ion fragmentation (AIF) measurement and tentative metabolites  


Further metabolite identification will be confirmed using Thermo Fisher Compound 
Discoverer™ 2.0, as a software tool for the identification of unknowns. Additional 
experiments will include the understanding of the metabolism of other NBFRs such as DBE-
DBCH. Optimization of the experiments can be performed by additional steps: adaption of 
the trout liver microsome protein concentration, variation of the NBFR concentration to 
reflect environmental levels and temperature variation to simulate different seasons and 
water temperatures. Further kinetic studies can be carried out and ultimately real trout 
samples analyzed to see how these in vitro experiments compare to real trout samples.  
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1.- Introduction 
Polybrominated diphenyl Ethers (PBDEs) are one type of brominated flame retardants (BFR) commonly 
used. PBDEs were never manufactured in Chile, but imported. Concepción Bay is a costal embayment 
located in the Biobío Region of central Chile (36° 41'S, 73°02'W). The environmental state of Concepción 
Bay plays a vital role because it supports the adjacent coastal aquatic ecosystem, wild life and human food 
chain. In this study we determine levels, patterns and the historical records of PBDEs in biotic and abiotic 
samples from Concepción Bay in order (i) to characterize the current environmental health status and (ii) to 
contribute new and relevant environmental information for highly urbanized and populated areas. This 
investigation will also contribute to evaluating the effectiveness of the Stockholm Convention on POPs for 
the GRULAC Region (Group of Latin American Countries).  
 
2.- Material and Methods 
2.1.- Study area 


Concepción Bay has a strong seasonality and high primary productivity of the water column due to wind-
driven upwelling2. The sources of particulate organic matter to the bay waters include primary productivity, 
fluvial input, authorized sanitary discharges, shipyard runoff, industrial wastewater and household sewage. 
The Bay holds some of the most important ports of the region and the country (Talcahuano, Lirquén and 
Tomé). The Andalién River flows into the Bay’s southeast sector, delivering a load of untreated sewage 
from nearby towns as well as residual chemicals from agriculture and forestry in the Cordillera de la Costa3.  
 
2.2.- Sampling 
Sampling activities were carried out in summer 2014, (i) along the eastern and western coasts of the bay, at 
eight sites, for air (using PUF as passive sorbent4, three months: December-February) and soil4 (January) 


and (ii) within the bay, at five sites, for water (using GFF and XAD as sorbent), at the surface and along a 
vertical gradient ( 10, 20 and 30 m) and sediments (Figure 1a-d). Biota were also studied and reported 
previously5. Chemical analysis and quality assurance and quality control (QA/QC) procedures were 
described1,5,6. In addition, one sediment core was taken in the Bay (site S1), cut into slices (1-25 cm) and 
dated radiometrically (210Pb)7. The core chronologies were calculated using the CRS (constant rate of 210Pb 
supply) dating model7. 
 
3.- Results and discussion 
The concentration of Σ4PBDEs (congeners 47, 99, 100, and 209) in air ranged 1-30 pg/m3 (Fig 1a). This range 
is similar to other Chilean cities i.e., Santiago (1-55), Concepción (0.5-20) and Temuco (0.4-10)5, and in the  
open Mediterranean (7-22)8 In soils PBDEs (190-2900 pg/g dry weight (dw)) (Fig 1b) were lower than those 
detected in urban centers in Kuwait (289-801000 pg/g dw)9 and in Melbourne, Australia (nd-13200 ng/g 
dw)10, but higher than found at central European receptor sites (Hungary, 72-249 pg/g)11. 
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In sediments Σ4PBDEs ranged from 1000 to 25000 pg/g dw (1-25 ng/g dw) (Fig 1c). Also these levels are 
similar to those previously reported from central Chile (1-20 ng/g dw)1, but lower than reported from China 
(East China Seas; 0.27-76.54 ng/g)12.  
In surface water samples, the Σ4PBDEs ranged 10 - 40 pg/L (Fig 1d). These levels are more than one order of 
magnitude higher than what was found in coastal waters of the Aegean Sea (0.3-1.8 pg/L)13 but lower than 
in seawater from Korea (56-343 pg/L)14. For marine biota (clams) ∑3PBDEs (congeners 47, 99, and 100) was 
previously reported from Concepción Bay (~2-12 ng/g lw in the year 2013)1. These values are generally 
higher than reported from marine biota (fish, clam, and crab) (0.33-1.26 ng/g lw even for ∑8PBDEs) from 
China (East China Seas)12. 
The PBDE pattern in all samples was dominated by PBDE209 (98% of the total PBDEs composition). This is 
an extreme prevalence of PBDE209. It might be influenced by the massive urban debris (material from 
destroyed houses, cars, and electronics) dragged by the 2010 Tsunami event, which has contributed with a 
new source of chemicals. The sedimentation rates were found relatively uniform in the last forty years, 0.06 
ng/cm2/yr by average (Fig 1e). The PBDE fluxes showed two maxima: the first at the top of the sediment 
core corresponding to ~2014 (0.30 ng/cm2/yr), i.e., five times higher than fluxes lower in the core, and the 
second peak corresponding to ~1995. However, these results are lower than the PBDE fluxes found in 
Tokyo Bay (0.95-2.6 ng/cm2/yr)15. This study is the first research project which quantifies PBDEs in coastal 
environments of Chile. Further research is needed to identify sources and the historical usage of PBDE 
mixtures in Chile. 
 


 
Fig. 1. Concentrations of Σ4PBDEs (congeners 47, 99, 100, and 209) in  (a) air, (b) soils, (c) water, (d) 
sediments of Concepción Bay during summer 2014, and (e) PBDE fluxes and historical record of sediment 
core (Site S1). [Not reported because matrix effect]. 
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Production and use of certain brominated flame retardants (BFRs), for example, 


polybrominated diphenyl ethers (PBDEs) is either banned or heavily restricted in many 


jurisdictions [1].  Alongside climate change and habitat degradation, organohalogen pollution 


is increasingly considered to be a major environmental challenge [2].  


The majority of BFR-treated products are likely to be obsolete or nearing obsolescence and 


waste streams therefore represent a substantial potential source of environmental 


contamination of these stable, persistent and bioaccumulative compounds [3]. Municipal 


solid waste landfill has been shown to be an important source of environmental BFR 


contamination in various countries [4, 5, 6]. 


Despite moves by some jurisdictions, such as the EU, to restrict levels of waste entering 


landfill, it remains the most common method of organised waste disposal in many regions of 


the world[7].It has been estimated that over 80% of total BFR-containing waste in the UK 


and North America enters landfill, with the remainder incinerated [8]. Among the routes by 


which chemicals enter the environment, waste disposal ranks among the most significant [9, 


10, 3]. Approximately 95% of total global municipal solid waste (MSW) has, historically, 


been disposed in landfill [11].  


 


In recent decades, considerable quantities of human food refuse have gone to landfill. The US 


Environmental Protection Agency estimated that food waste in that country in 2010 


comprised 13.9% (34.75 million tonnes) of municipal solid waste [12]. As a result, landfill 


sites constitute important foraging habitats for a large range of organisms, including birds.  


 


Birds are ideal sentinels of organic pollutants: many non-passerines feed at relatively high 


(biomagnified) trophic levels compared to mammals and can therefore accumulate high 


contaminant burdens. Birds have less effective detoxification mechanisms for 


organohalogens than do mammals [13, 14]. Moreover, birds are bioindicators of pollution 


over large temporal and spatial scales given their movements; eggs and feathers are relatively 


easy to obtain given that birds often return to a central place such as a breeding colony [15]. 


As a consequence, avian species have been successfully used in many studies quantifying and 


characterising environmental FR contamination. 


 


Use of landfill and waste treatment sites by gulls Laridae is especially well-documented [16, 


17, 18]. Other avian taxa documented using landfill, either for foraging or for hunting other 


foraging animals, include African sacred ibis Threskiornis aethiopicus [19], storks (Ciconia; 


Leptoptilos) [20, 21], raptors (Accipitriformes, Falconiformes) [22], owls (Strigidae) [29], 


corvids (Corvidae) [23], starlings (Sturnus) [10, 24] and old-world sparrows Passer [25].  


However, there have been relatively few studies of landfill as a source of BFR contamination 


specifically in birds utilising such habitats. 







 


This review synthesises the published literature relating to environmental flame retardant 


contamination arising from landfill, those studies looking at flame retardants in birds 


associated with landfill (which report some of the highest levels of BFRs in wild birds), and 


the documented impacts of flame retardants on both captive and wild avian receptors.  


 


BFRs have been detected in known or suspected landfill-foraging individuals of the following 


species: sacred ibis in South Africa (∑PBDE and ∑HBCD in eggs 396 ng/g and 71 ng/g, ww, 


respectively) [19], white storks Ciconia ciconia in Spain (∑PBDE in eggs 20.5 ng/g ww) 


[26], European starlings Sturnus vulgaris in Canada (∑PBDE 4400 ± 830 ng/g lw in 


eggs)[10, 27], Eurasian tree sparrows in China (∑PBDE 376 ng/g. lw in pectoral muscle) [25] 


and ring-billed gulls Larus delawarensis in Canada (∑PBDE 682 ng/g ww in liver) [28]. All 


of these studies demonstrate a link between bird use of landfill and elevated BFR 


concentrations in either blood plasma, eggs, liver or muscle, often at levels above those 


shown to exert detrimental effects in laboratory studies.  


Further work is required to more adequately understand and evaluate the impact of BFR 


emissions from both operationally active and restored former landfill sites on the BFR 


concentrations in birds frequenting  such sites. 
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 Introduction  
Assessments of human exposure to chemical pollutants via indoor dust ingestion generally 
assume ingestion of a fixed ingestion rate (e.g. 50 mg/day) of dust based upon the 
contaminant content of dust samples taken from specific location within a one or more rooms 
at a single point in time. However, this does not account for possible within-room and within-
home temporal and spatial variations in contamination of indoor dust. In addition, within-
room temporal and spatial variations in BFR concentrations could provide useful information 
about the emission sources of these pollutants. However, to date few studies (Harrad et al., 
2008; 2009; Muenhor and Harrad 2012) have investigated such within-room and within-
home spatial and temporal variability. Moreover, it is plausible that higher dust loadings will 
lead to increased dust ingestion rates. It is also plausible that higher dust loadings will dilute 
BFR concentrations in dust (Harrad et al., 2008). The present study aims to test the 
hypothesis that human exposure assessments of PBDEs (BDE-28, BDE-47, BDE-99, BDE-
100, BDE-153, BDE-154, BDE-183 and BDE-209) and their replacement of NBFRs (PBEB, 
EH-TBB, BEH-TEBP, BTBPE and DBDPE) via dust ingestion are affected by spatial, 
temporal and seasonal variability. In addition, to investigate the relationship between BFR 
concentrations (ng/g) and BFR dust loading (g/m2).  
 
Materials and Methods 
Native and labelled PBDEs (BDE-28, BDE-47, BDE-77, BDE-99, BDE-100, BDE-128, 
BDE-153, BDE-154, BDE-183, BDE-209 and 13C-BDE-209) and NBFRs (PBEB, EH-TBB, 
BTBPE, 13C-BTBPE, BEH-TEBP, 13C-BEH-TEBP and DBDPE) standards were purchased 
from Wellington Laboratories Inc. Guelph, Canada. House dust reference material 
(SRM2585) was purchased from National Institute of Standards and Technology 
(Gaithersburg, MD, USA). Organic solvents and sulfuric acid were obtained from Fisher 
Scientific UK. Silica gel (pore size 60 A˚, 70-230 mesh) and Florisil® (particle size 60-100) 
was purchased from Sigma Aldrich, Switzerland. 
From three homes (H1, H2, and H3) in Birmingham, UK, 238 indoor dust samples were 
collected at monthly intervals from three different rooms (R1, R2 and R3) for nine months. 
From each room, two dust samples were obtained from two different floor areas F1 and F2, 
following the sampling protocol described elsewhere (Harrad et al., 2008), with an additional 
dust sample collected from elevated surfaces (ES) within each sampled room. PBDEs and 
NBFRs in dust samples were analysed following the same extraction and clean-up methods 
as reported in our previous studies (Al-Omran and Harrad 2016a; 2016b).  







Results and discussion  
Table 1 lists average concentrations and relative standard deviation (RSD) values of Σ7tri-
hepta-BDEs, BDE-209, BEH-TEBP, DBDPE, and Σ5NBFRs in dust samples from two floor 
areas (F1 and F2) and elevated surface dust (ES) from the three rooms (R1, R2, and R3) of 
three homes (H1, H2, and H3) during a nine-month sampling period.  


 
Table 1: Average concentrations (ng/g) and relative standard deviation (RSD) of target 


compounds in dust from two floor areas (F1&F2) and elevated surface (ES) dust in 
three rooms (R1, R2 and R3) during nine monitored months of three homes (H1, H2 


and  H3) 


Sampling 
area  


Σ7tri-hepta-
BDEs 


BDE-209 BEH-TEBP DBDPE Σ5NBFRs 


Average RSD Average RSD Average RSD Average RSD Average RSD 
H1R1F1 21 44 2061 29 93 23 40 64 151 22 
H1R1F2 18 35 1901 45 85 16 42 60 142 27 
H1R1ES 70 28 3679 22 323 73 131 36 540 50 
H1R2F1 23 92 3342 51 127 13 71 80 216 35 
H1R2F2 34 86 2786 24 106 19 41 50 159 27 
H1R2ES 128 31 6506 25 168 27 90 117 268 49 
H1R3F1 22 123 2334 30 110 35 70 80 207 40 
H1R3F2 17 50 2777 12 66 29 29 62 113 13 
H1R3ES 79 48 6572 42 225 13 78 61 365 17 
H2R1F1 31 36 3414 27 120 21 130 72 263 42 
H2R1F2 30 31 3123 28 105 40 102 78 217 53 
H2R1ES 111 26 7269 40 445 65 56 62 523 60 
H2R2F1 27 64 2687 17 113 27 92 56 231 32 
H2R2F2 62 28 2947 24 111 55 117 57 247 48 
H2R2ES 83 35 6675 41 135 32 27 96 186 36 
H2R3F1 48 29 2672 19 120 15 134 50 265 27 
H2R3F2 36 34 2924 21 122 12 274 38 411 25 
H2R3ES 126 31 4309 16 428 46 49 103 502 42 
H3R1F1 33 38 5639 94 1371 40 163 104 1553 35 
H3R1F2 30 61 4403 39 926 49 37 80 976 46 
H3R1ES 64 55 3568 11 4187 48 11 91 4274 47 
H3R2F1 18 71 4252 6 2486 35 95 138 2622 32 
H3R2F2 36 54 4129 9 2362 50 69 78 2462 47 
H3R2ES 83 87 8451 25 5397 34 45 40 5635 32 
H3R3F1 37 43 4498 4 3046 33 109 112 3199 29 
H3R3F2 25 36 4401 5 3044 32 116 159 3201 28 
H3R3ES 57 23 7138 30 7049 9 48 82 7559 5 


 


Substantial within-room and within-home spatial variability in BFR concentrations was 
apparent between the two floor areas (Figure 1) and between elevated surface and floor dust 
(Figure 2) from the same room. With exception of DBDPE, BFR concentrations in UK 
elevated surface dust exceeded significantly (p < 0.05) those in floor dust.  







Considerable within-room and within-home temporal variability in BFR concentrations was 
apparent over a nine month sampling period (Table 1), that is likely attributable to changes in 
room contents. The relative standard deviation of BFR concentrations observed in such 
temporal variation sample series ranged between 4% and 159%, thereby exceeding those 
obtained from replicate analysis of SRM2585. In view of the observed spatial and temporal 
variability, exposure estimates based on analysis of a dust sample taken from one specific 
floor area at one specific point in time may not be entirely representative of human exposure 
in that room. Noticeable seasonal variability in BFR concentrations was also observed 
between colder and warmer seasons. In 13 out of 17 floor areas, concentrations of Σ8tri-deca-
BDEs were higher in colder seasons and significantly higher (p<0.05) in two floor areas, 
while in the same number of floor locations, Σ5NBFRs were higher in warmer seasons and 
significantly higher in four floor areas. Significant negative correlation was observed in three 
rooms between concentrations of BDE-99, Σ6tri-hepta-BDEs, and BEH-TEBP and dust 
loading (g/m2), suggesting “dilution” occurs at higher dust loadings, and that the source(s) of 
these compounds and of the dust with which they are associated are independent.  
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Figure 1: Average concentrations (ng/g) of Σ7tri-hepta-BDEs, BDE-209, BEH-TEBP and 
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room, R2= Bedroom, and R3 = Study, except in Home 3= Bedroom) in Homes 1, 2 & 3 
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Introduction 


1,2-Dibrom-4-(1,2-dibromethyl)cyclohexane (TBECH or DBE-DBCH) is an addictive brominated flame 
retardant produced by Albermarle Corp., U.S.A under the trade name Saytex BCL-462. The flame 
retardant is used in extruded polystyrene and polyurethane1. In the US, TBECH production volume in 
2002 was 230 tons2 . Technical mixture of TBECH contains equimolar concentrations of two 
diasteroisomers: α and β-TBECH3. The compounds have been globally detected in environmental 
samples including indoor air and dust4–6, outdoor air7 and toddler’s faeces8. Moreover, TBECH has been 
reported as one of the predominant novel brominated flame retardants (NBFRs) in both Norwegian and 
UK indoor air4,9. These findings suggest its wide application, especially in Europe. There are evidences 
from in vitro and in vivo experiments suggested that TBECH is an androgen receptor agonist as well as an 
endocrine disruptor10–12.  However, very little is known about human exposure to TBECH and its 
biological fate in humans. In this study, we exposed technical TBECH to human liver microsomes (HLM) 
at environmentally-relevant concentrations. We used UHPLC coupled to high resolution q-exactive 
Orbitrap mass spectrometry to investigate the metabolic pathways of TBECH in vitro. Enzymatic 
modelling was applied assess the overall metabolic rate of this compound by HLM. 


Materials and Methods 


Dosing Experiments 


Preliminary In vitro experiments were performed in triplicate at 2 TBECH concentration levels: 1 and 10 
µM in dimethyl sulfoxide (DMSO). Pre-incubations were performed at different HLM concentrations and 
different times. After optimization of the reaction parameters, the following general exposure was 
applied: 0.5 mg of human liver microsomes, William’s E medium and 10 µL of TBECH dosing solution 
were pre-incubated for 10 minutes at 37 oC. NADPH regenerating system (final concentration: 2.0 mM 
nicotinamide adenine dinucleotide phosphate, 10.0 mM glucose-6-phosphate and 2 units/mL glucose-6-
phospahte dehydrogenase) was added to make a final volume of 1 mL. The samples were then 
incubated at 37 oC, 5 % CO2 and 98 % relative humidity. After 1 hour of incubation, 1 mL ice-cold 
methanol was added to stop the reaction prior to sample extraction. For enzymatic modelling, similar 
experiments were carried at various concentrations of TBECH: 1, 2, 5, 10 and 15 µM. 


Sample extraction 


Incubated samples were spiked with 13C-labelled brominated diphenyl ether 100 (13C-BDE100) and 
extracted using a method described elsewhere13 however without clean-up steps. The extract was 







evaporated to dryness under a gentle stream of nitrogen then reconstituted in 100 µL of methanol 
containing 13C-BDE-77 as recovery standard. 


Chemical analysis 


Samples were analyzed on a UPLC-Orbitrap-HRMS system (Thermo Fisher Scientific, Bremen, Germany). 
Chromatographic separation was performed on an Accucore RP-MS column (100 x 2.1 mm, 2.6 µm) with 
water (mobile phase A) and methanol (mobile phase B). A gradient method at 400 µL/min flow rate was 
applied as follows: start at 20 % B; increase to 100 % B over 9 min, held for 3 min; then decrease to 20 % 
B over 0.1 min; maintained constant for a total run time of 15 min. The Orbitrap parameters were set as 
follows: (-) APCI full scan mode, resolution 17500, AGC target 1e6, maximum injection time 100 ms and 
scan range 75 to 700 m/z. Compound Discoverer 2.0 software (Thermo Fisher Scientific, Bremen, 
Germany) was used to detect potential metabolites and elucidate their chemical formula. 


QA/QC 


No potential metabolites were found in experiment blanks comprising a non-enzymatic blank without 
NADPH regenerating system, a heat inactivated blank where liver microsomes were heated above 80 oC 
and a solvent blank without TBECH. None of the target compounds were found in instrument and 
solvent blanks. Internal standard recoveries were within 60-110%. 


Results and Discussion 


Metabolite identification 


Two monohydroxylated and two dihydroxylated metabolites of the parent flame retardant TBECH were 
identified (Fig. 1). Some dihydroxylated debrominated TBECH and unidentified metabolites with the 
chemical formula C8H11Br3O2 were also found (Fig. 1). Structural elucidation was confirmed via 
suggestive metabolite framework of the Compound Discoverer 2.0 software, accurate mass comparison 
(1 ppm) and isotope cluster matching. These 4 types of metabolite are similar to those reported 
previously for TBECH metabolism by rat liver microsomes14. Interestingly, we discovered another type of 
metabolite: monohydroxylated debrominated TBECH (peaks 6 and 7 in Fig. 1). This is the first time such 
in vitro biotransformation products of TBECH were reported. The presence of this monohydroxy-TriBECH 
helps explain better the formation of dihydroxy-TriBECH in both this and a previous study10. It is believed 
that a TriBECH isomer is produced prior to the formation of monohydroxy-TriBECH; however such a 
TriBECH isomer was not detected in our samples despite applying a high resolution GCxGC-ToF/MS 
platform in a separate analysis dedicated specifically to isolae this potential metabolite.  







 


Figure 1. Selected LC - (-)ESI – Orbitrap MS chromatogram of the metabolites formed by human liver 
microsomes following exposure to 10 µM technical TBECH mixture for 60 minutes. 


Human liver microsome in vitro assays with pure β-TBECH instead of TBECH technical mixture were 
carried out in an effort to enhance metabolite identification. Comparisons of mass chromatograms 
between these β-TBECH and the technical TBECH assays described above, indicate that peaks 1, 3 and 6 
in Figure 1 are metabolites of α-TBECH while peaks 2, 4, 5 and 7 are derived from β-TBECH. For the 
unidentified metabolites, we hypothesize that they are either quinone derivatives of dihydroxy-TriBECH 
or dehydrobrominated derivatives of dihydroxy-TBECH. However, elucidation of the exact chemical 
structure of all the metabolites were not possible due to the unavailability of commercial standards.    


Kinetics of TBECH metabolism by HLM 


Following metabolite identification, a series of assays with different technical TBECH concentrations (1, 
2, 5, 10 and 15 µM) were performed. Due to the lack of authentic standards for the metabolites, they 
were quantified using the response factor of the parent compound. The concentrations obtained were 
subjected to metabolic rate modelling (including Michealis-Menten, Hill and substrate inhibition 
approaches). Results indicated that non-linear regressions of monohydroxy-TBECH, dihydroxy-TBECH 
and monohydroxy-TriBECH were best fitted to a Michealis-Menten model.  


Table 1. Kinetic constant derived from non-linear regression (Michealis-Menten model) of the 
formation of TBECH metabolites 


Metabolite Km (µM) ± SD Vmax (pmol/min/mg protein) ± SD 
Mono OH TBECH 162.5 ± 29.6 11.78 ± 4 
Di OH TBECH 2.2 ± 1 0.644 ± 0.08 
Mono OH TriBECH 3.4 ± 0.82 10.12 ± 0.8 







Apparent Vmax values (maximum metabolic rate) for the formation of monohydroxy-TBECH, dihydroxy 
TBECH and monohydroxy-TriBECH were 11.78, 0.64 and 10.12 pmol/min/mg protein, respectively (Table 
1). This indicated that monohydroxy TBECH is the major metabolite of TBECH formed in vitro by human 
liver microsomes among the metabolites detected here. Another metabolite, monohydroxy-TriBECH, 
also showed a high Vmax value close to that of monohydroxy-TBECH but with a much lower Km (the 
concentration of the substrate when the metabolic formation rate is equal to one half of Vmax ) : 3.4 µM 
for monohydroxy-TriBECH versus 162.5 µM for monohydroxy-TBECH. Therefore, monohydroxy-TriBECH 
might be a better biomarker for low level TBECH exposure. 
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Introduction 
Polybrominated diphenyl ethers (PBDEs) have been worldwide used in polymers of 
electrical appliances as flame retardants. They are released to the environment along 
production, recycling, usage and final disposal of goods. These compounds tend to persist 
and accumulate in the environment, and once they enter the organisms, several toxic 
effects may be caused1. 


To determine analytically the levels of these substances in the atmosphere, one of the 
most common and currently used method is passive sampling. The application of this 
technique considers that atmospheric concentrations are generally low, so that large 
amounts of sample are needed to quantify them. As a result, low temporal resolution of 
measurements is obtained, in the order of months2.  


In addition to the sampling, the concentration of PBDEs in air can be estimated using 
dispersion models, which are presented as an option to obtain a spatial and temporal 
overview with greater coverage. Moreover, some correlations between the anthropic 
activities that produce the emissions and the pollutant levels in the environment can be 
established, as well as the expected levels in association with different scenarios. 


In this context, the aim of this study is to present an atmospheric dispersion model with 
high spatiotemporal resolution of PBDEs in the Great Mendoza (Figure 1), a typical area of 
Latin America with a mid-size urbanized center surrounded by agricultural sectors in a 
complex terrain. Based on a high resolution emissions inventory of PBDEs for the study 
area3, a simulation of the atmospheric dispersion was performed using the 
WRF/CALMET/CALPUFF modeling system, which is particularly suitable for estimating 
atmospheric concentrations in complex environments. The data was organized under a 
domain of 90x90 km2 centered on the North Oasis of Mendoza, grouping emissions into 
cells of 1 km×1 km. The generated dispersion maps capture the concentration gradients, 
being possible its application in the evaluation of human exposure and in the design of 
monitoring networks. To evaluate the performance of the model, the data were compared 
with measurements obtained by passive sampling. 







 


Figure 1. Great Mendoza land use features and location of main PBDEs sources 


Materials and methods 
Atmospheric dispersion model: The atmospheric dispersion, transport and spatial 
distribution of the emitted PBDEs were modeled for the simulation domain using the 
WRF/CALMET/CALPUFF modeling system. The modeling period was three months, for the 
year 2011, in accordance with the sampling period. 


CALPUFF is a multilayer, multi-species non-steady-state puff dispersion model, which can 
simulate the effects of time and space-varying meteorological conditions on pollutant 
transport, transformation and removal4.  


The modeling domain was organized in a grid of 90x90 km2 with a resolution of 1 km, and 
for its operation the model required the following inputs: 


• Topography and land use: Land features were incorporated using Shuttle Radar 
Topography Mission (SRTM) data, available in a 1-second arc resolution (≈30m). 
Land use and land cover (LULC) features were obtained from the Global Land Cover 
2000 Project for South America, and data generated by the Department of 
Geography of the University of Maryland5. 


• Meteorological data: The modeling system use CALMET, a meteorological model, 
which requires as inputs meteorological fields. Because there are no data sources 
with the desired resolution, we used the Weather Research and Forecasting (WRF) 
model to obtain 3D fields to initialize CALMET with fields as initial approximation6.  







• Emissions data: The chemical species modeled was PBDEs, without congener 
differentiation. The emission data were taken from an inventory made for the area 
of interest3, in which all possible sources were surveyed, PBDEs were included as a 
new compound, from the allocation of certain physicochemical characteristics, 
taking into consideration that the PBDEs are released into the atmosphere in both, 
gaseous and particulate phase7. 
 


Sampling and analysis: Atmospheric samples were collected during local summer of 2011, 
in a period of three months, using passive air samplers containing polyurethane foam 
(PUF) disks, which were deployed in 11 different sites of the study area (Figure 2). After 
sampling, concentrations of PBDEs were determined by gas chromatography coupled 
mass spectrometry (GC/MS) using a standard extraction and analysis procedure8. The 
results obtained are shown in Figure 3.  


Results and discussion 
A comparison of the simulated and measured data (Figure 3) shows that the model 
succeeds in capturing the spatial distribution of PBDEs in the area, following the 
concentration pattern described by the measurements and their order of magnitude. In 
urban monitoring sites (3 and 4), the model seems to underestimate the concentration 
values, possibly due to the existence of undocumented sources in the emissions inventory. 
It is expected that this information will be used to improve the available inventory, thus 
improving the performance of the model. 


 Figure 2 shows the concentration map obtained, in which a strong horizontal gradient can 
be observed, where the maximum concentrations occur around emission sources. As can 
be seen, the terrain characteristics (especially the presence of the Andes Range to the 
west), together with the prevailing direction of the wind (from W and S) produce a 
dispersion of the contaminants towards the northeast.  It can be noticed that the open 
burning sites of MSW have a great relevance showing the higher concentrations in its 
periphery.  


It is interesting to note the relative inability of the measurements to capture the real 
variability in the concentrations of PBDEs in the area, since those points where the model 
shows hot spots have no data measured (Figure 2). The representativeness of air quality 
monitoring sites for these compounds is fundamental for supporting plans and policies to 
manage emissions from pollution sources. It is in this sense that it is planned to continue 
with this work, using the data generated by the model, together with a metaheuristic 
search algorithm,  to design a sampling network of greater representativeness. 







 


Figure 2. Estimated concentrations of PBDEs 


 


Figure 3. Comparison between Simulated and measured PBDEs concentrations for all monitoring sites. 
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The effects of four organophosphate ester flame retardants and BDE-47 on endochondral 
ossification in a murine ex vivo limb bud culture model 


 
Han Yan and Barbara F. Hales 
Department of Pharmacology and Therapeutics, McGill University, Montreal, QC, Canada H3G 1Y6 


 
Introduction: 


Flame retardants (FRs) are added to a plethora of consumer products, from couches to 
computers, to slow fire propagation.  In past decades, the most popular FRs in North America have 
been the brominated flame retardants (BFRs), particularly, polybrominated diphenyl ethers (PBDEs). 
By the mid-2000s, restrictions on the use of PBDEs were put in place due to their persistence, 
bioaccumulative properties and toxicity. Following this global phase-out, the use of alternative flame 
retardants, such as the organophosphate esters (OPEs), has increased [1]. Indeed, the levels of OPEs 
detected in the environment now often surpass those of PBDEs [2]. However, we know relatively little 
about the safety of these replacement chemicals. 


Endochondral ossification is the process by which most bones in the vertebrate skeleton are 
formed. A complex signalling network drives its normal progression from the initial cartilage anlagen 
formation (chondrogenesis) through to bone matrix deposition and mineralization (osteogenesis). An 
external insult, such as a chemical exposure, may cause dysregulation, resulting in adverse effects on 
bone quality during skeletal development. PBDE exposures have been associated with the suppression 
of osteogenesis. Previously, our lab showed that in utero exposure to an environmentally relevant 
PBDE mixture increased the incidence of ossification anomalies in gestational day 20 Sprague-Dawley 
rat fetuses and postnatal day 4 pups [3-4]. Little is known about whether OPE exposures affect bone 
formation. The goal of this study was to test the hypothesis that various OPEs have an impact on 
endochondral ossification in the developing limb and to compare their potential effects to those of a 
predominant PBDE congener, brominated diphenyl ether-47 (BDE-47). 
 
Materials and methods: 


The CD1 transgenic reporter mice used for this study express fluorescently tagged markers of 
the three major stages of endochondral ossification: Collagen type 2A1-enhanced cyan fluorescent 
protein (COL2A1-ECFP, chondrogenesis), COL10A1-mCherry (early osteogenesis), and COL1A1-
yellow fluorescent protein (COL1A1-YFP, late osteogenesis). Limb buds were collected from 
gestational day 13 embryos and cultured, as previously described [5]. The treatments were: vehicle 
(dimethyl sulfoxide); brominated diphenyl ether-47 (BDE-47), at 10 or 50 µM; triphenyl phosphate 
(TPHP), tricresyl phosphate (TMPP), isopropylated triphenyl phosphate (IPPP), or tert-butylphenyl 
diphenyl phosphate (BPDP), at 1, 3 or 10 µM. Limbs (n = 8-10 culture bottles, 6–8 limbs/bottle) were 
cultured for 6 days with a medium change on day 3. On days 1, 3 and 6 of culture, photos were taken 
using a Leica M165 Fluorescent Stereo Microscope. The extent of cartilage anlagen formation was 
quantified using a morphological scoring system [5]. Scores were analyzed using Mann-Whitney U 
tests. 
 
Results and discussion:  


Observation of the expression of the fluorescent markers of chondrogenesis and endochondral 
ossification in limb buds revealed that BDE-47 had no notable effect at the concentrations tested. In 
contrast, the expression of early and late osteogenesis markers, COL10A1-mCherry and COL1A1-YFP, 
respectively, was reduced by all four OPEs at 3 μM, the second lowest concentration tested. The 
expression of these markers was largely abolished in the 10 μM treatment groups. These data 
demonstrate that exposure to these OPEs impedes the progression of endochondral ossification during 
skeletal development. Interestingly, low concentrations of TPHP or BPDP induced premature 







COL10A1-mCherry expression in the digits, in the absence of any accompanying effects on COL1A1-
YFP expression; the meaning of this unexpected observation remains to be determined. 


Morphological scoring revealed that treatment with 50 µM BDE-47 produced limbs that 
developed on average three fewer phalangeal cartilage condensations across all digits, compared to 
controls. Thus, BDE-47 has a significant impact on cartilage anlagen formation in the limb. In contrast, 
concentrations as low as 1 μM of all four OPEs had significant effects on endochondral ossification. 
TPHP had the steepest concentration-response curve, producing the smallest effect of all four OPEs at 
1 μM and the largest at 10 μM. At 1 μM, BPDP produced the largest effect of all four OPEs.   


In summary, all four OPE flame retardants tested (TPHP, TMPP, IPPP, and BPDP) had 
detrimental effects on endochondral ossification in limb bud cultures. Moreover, the impact of these 
OPEs on limb bud development was greater than that of BDE-47. Thus, in the context of bone health, 
at least some OPEs may be more toxic than their brominated predecessors and warrant further study.  
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A development history of PBDE reference standards and internal standards 
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Introduction  
 
Polybrominated diphenyl ethers (PBDEs) are well-known flame-retardants that are used in a wide array of 
products. The health hazards and environmental concerns of these chemicals have attracted increasing scrutiny, 
PBDEs have been extensively monitored in all environmental matrices. On the basis of their persistence and 
remained reservoirs, the fate of PBDEs will need to be monitored for years to come.  
 
Major PBDEs congeners have been developed as reference materials at Chiron since early 2000s. It has been 
challenging to develop higher brominated PBDE congeners (hepta-BDE, octa-BDE and nona-BDE) because of the 
difficulty of synthesis of pure isomers. New development on individual congener of hepta-BDE, octa-BDE and 
nona-BDE have been performed, new compounds have been synthesized successfully as pure reference materials.  
 
Internal standards are needed for quantitative analysis of PBDEs. The benefit of using internal standards with 
physico-chemical properties similar to those of analytes is that both systematic and random errors will be 
minimized. Mono- and di-fluorinated PBDEs (F-PBDEs) have been developed at Chiron as internal standards, due 
to the closely similarity of F-PBDEs to the parent PBDEs. F-PBDEs as internal standards for GC-MS, GC-ECD, 
and GC-FID analysis have been investigated.  
 
13C incorporated PBDEs (13C-PBDEs) have been used as internal standards for quantification of PBDEs. The 
preparation of 13C-labelled products is inconvenient and laborious since the carbon skeleton have to be built up 
from small 13C-labelled building blocks. A new project (EuroStars) started from 2016 has given us the possibility 
to develop 13C-PBDEs as Internal standards. Primary study has been compare of F-PBDEs and 13C-PBDEs 
synthesized on GC-MS and LC-MS analysis, to investigate the difference of chromatographic resolution relative 
to the parent PBDEs.  
 
 
Materials and methods 
  
Beside the other native PBDEs developed earlier, the following native PBDEs have been synthesized recently as 
reference materials:  
PBDE-184, 191 (hepta-BDE)), PBDE-195, 197, 203 (octa-BDE), PBDE-206, 207 (nona-BDE). 
 
The following F-PBDEs have been synthesized as internal standards:  
3’-F-BDE-7, 3’-F-BDE-12, 4-F’-BDE-25, 4-F’-BDE-27, 2’-F-BDE-28, 6-F-BDE-47, 5,5’-diF-BDE-47, 
6-F-BDE-66, 4’-F-BDE-69, 5,6-diF-BDE-85, 3-F-BDE-100, 3-F-BDE-119, 3,5-diF-BDE-119, 4’-F-BDE-160, 
3’-F-BDE-183, 4’,6-diF-BDE-201, 4’-F-BDE-208 
 
The following 13C-PBDEs are under development:  
13C12-BDE-28, 13C12-BDE-47, 13C12-BDE-66, 13C12-BDE-85, 13C12-BDE-99, 13C12-BDE-99, 13C12-BDE-100, 
13C12-BDE-138, 13C12-BDE-153, 13C12-BDE-154 
 
 
 
 
Evaluation of F-PBDEs and 13C-PBDEs as internal standards for GC-MS and LC-MS analysis: 







6-F-BDE-47, 5,5’-diF-BDE-47 and 13C12-BDE-47 were added as internal standards into native BDE-47 solutions 
in different concentrations and analysied by GC-MS and LC-MS. Different rentention time of the F-PBDEs were 
observed from the native analyte, while the 13C-PBDE internal standards co-eluted with the native compounds. 
 
 
Results and discussion 
 
F-PBDEs are much easier to synthesize compared to 13C-PBDEs, and are therefore cost-effective: 
  
The study on comparison of F-PBDEs and 13C-PBDEs as internal standards has shown that F-PBDEs eluted 
slightly differently than their native analytes, It is possible to design retention time for optimal elution rate by using 
ortho-, meta or para-F-PBDEs. While the 13C-PBDEs coeluted with the native analytes.  
Mono- and di-fluorinated PBDEs are closely similar to the parent PBDEs in terms of physico-chemical properties, 
and are ideal internal standards for GC-ECD, GC-FID and GC-MS.   
13C-PBDEs can not be used with GC-ECD since they are coelute with the native compounds. 13C-PBDEs are ideal 
internal standards for MS, especially GC-MSMS and LC-MSMS detection, since they can compensate for ion 
suppression effect than F-PBDE internal standards in biological samples. 
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Introduction  
The peregrine falcon (Falco peregrinus) is an endangered species which has particularly suffered from the 
accumulation of persistent organic pollutants (POPs) such as dichlorodiphenyl trichloroethane (DDT) and its 
degradation products. The population in South Greenland has been monitored since the early 1980s1. The eggshell 
thickness, primarily affected by DDT and related compounds, has increased in this study period although it has not yet 
reached pre-DDT values1. While our previous work showed decreases of DDT and other chlorinated POPs over time, 
we found increasing levels of the brominated flame retardants (FRs) polybrominated diphenyl ethers (PBDEs)2,3,4. Two 
commercial PBDE mixtures have since been globally banned under the Stockholm Convention of POPs, as have the 
FRs hexabromobiphenyl and hexabromocyclododecane (HBCD), and the third commercial PBDE product, DecaBDE, 
is currently under review5. With these regulations in place, alternatives might be used increasingly. We recently 
detected the “novel” FRs bis(2-ethylhexyl)tetrabromophthalate (BEH-TEBP), 2-ethylhexyl-2,3,4,5-tetrabromobenzoate 
(EH-TBB), decabromodiphenyl ethane (DBDPE), 1,2-bis(2,4,6-tribromophenoxy)-ethane (BTBPE), 2,4,6-
tribromophenyl 2,3-dibromopropyl ether (DPTE) and dechlorane plus (DDC-CO) in marine wildlife from Greenland6. 
Therefore, the objectives of the current study were to extend the previously established time trends for PBDEs, HBCD 
and 2,2’,4,4’,5,5’-hexabromibiphenyl (BB-153) and to study the occurrence and temporal development of these selected 
“novel “ FRs. 
  
Materials and methods  
The peregrine falcon eggs were collected within the Kujalleq municipality in South Greenland, a low Arctic region with 
tundra vegetation. The site is visited annually for field studies, and addled eggs have been collected for contaminant 
analysis since 19862,3,4. In this study, eleven eggs covering the period 2004-2014 were analysed for PBDEs, HBCD and 
BB-153, and a total of 41 eggs covering the period 1986-2014 were analysed for the “novel” FRs. The analysis of 
PBDEs and BB-153 was identical to that of the previous project and included the chromatographic separation of BDE-
154 and BB-1532. The analysis of HBCD has changed since the previous project and now provided isomer-specific 
concentrations obtained by high performance liquid chromatography with mass spectrometry (HPLC-MS/MS)7. The 
analysis of the “novel” FRs also followed previously described procedures6. For calculations of sums and means, 
concentrations below detection limits were set to zero. The time trend analysis followed the methods applied in the 
Arctic Monitoring and Assessment Programme to ensure comparability8.  
 
Results and discussion 
The ΣPBDE median concentration was 1910 ng/g lipid weight (lw), those of BB-153 and ΣHBCD were 360 and 6.0 
ng/g lw, respectively (Figure 1). As observed previously, the inter-sample variation was considerable, with standard 
deviations similar to or higher than arithmetic mean values. BDE-153 was the main PBDE congener, accounting on 
average for 42% of ΣPBDE. The predominance of BDE-153 agrees with other studies and has been explained with its 
longer half-life in combination with the debromination of BDE-2099. BDE-209 was detected in all samples, with a 
median concentration of 15 ng/g lw. It accounted for 2.3% of ΣPBDE on average. Of the “novel” FRs, DBDPE was 
below detection limits in all samples. BEH-TEBP, EH-TBB and BTBPE had detection frequencies of 12, 54 and 85%, 
respectively, while DPTE, syn- and anti-DDC-CO were detected in all eggs. The fraction of anti-DDC-CO of ΣDDC-
CO was 0.70 on average, with a relatively small range of 0.61-0.80, which is similar to the composition of the 
commercial DDC-CO product. Although the concentrations of these “novel” FRs are much lower than those of the main 
PBDE congeners, our study confirms that these compounds can accumulate in a terrestrial top predator and that the 
peregrine falcons are exposed to an even broader cocktail of chemicals than known so far. 
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Figure 1: Median concentrations (ng/g lipid weight) of various halogenated flame retardants in 41 peregrine falcon eggs 
(BB-53: 34 samples) collected in South Greenland between 1986 and 2014. 
 
The presence of the “novel” FRs in peregrine falcon eggs is not an emerging phenomenon, as they were also detectable 
in the oldest samples from the 1980s. While the dechlorane plus isomers seem to increase, the opposite trend was found 
for DPTE. All PBDE congeners and ΣHBCD showed an increasing tendency, as exemplified for BDE-99 in Figure 2. 
However, the increase was only statistically significant for BDE-209. The recent decreases found for PBDEs and 
HBCD in other time trend studies are thus not yet apparent in these peregrine falcon eggs. Only BB-153 decreased 
significantly (Figure 2). While little is known about effects of FRs on the peregrine falcons, multiple effects of FRs 
have been shown in another falcon species, the American kestrel (Falco sparverius)10. 
 


  
Figure 2: Concentration development of BB-153 and BDE-99 in peregrine falcon eggs collected in South Greenland 
between 1986 and 2014. The red line indicates a significant trend. The y-axis is log-transformed. 
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RESULTS OF THREE YEARS OF MONITORING PLANS IN FRANCE: LEVELS OF 
PBDEs, PBBs, HBCDDs, TBBPA AND OTHER EMERGING/NOVEL BROMINATED 
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Introduction 
Following the concern raised by EFSA1,2 regarding the increasing use of novel and emerging flame retardants in 
replacement of PBDEs and HBCDDs, we have developed a multiclass and multiresidue method dedicated to 
PBDEs, PBBs, HBCDDs, TBBPA and other emerging/novel BFRs (nBFRs)3. This analytical strategy was applied 
to more than 600 feed and food samples originating from the French monitoring plans performed from 2014 
to2016. 
 
Materials and methods 
Standards 
13C-BDE-28/47/99/100/153/154/209, 13C-BB-153, 13C-α/β/γ-HBCDD, 13C-TBBPA, 2,3,5,6-Tetrabromo-p-xylène 
(pTBX), Tetrabromo-o-chlorotoluene (TBCT), 1,2,3,4,5-Pentabromobenzene (PBBz), 
1,2,3,4,5-Pentabromo[13C6]benzene (13C-PBBz), Pentabromotoluene (PBT), Pentabromoethylbenzene (PBEB), 
Hexabromobenzene (HBBz), Hexabromo[13C6]benzene (13C-HBBz), Octabromotrimethylphenylindane 
(OBIND), 2-ethylhexyl-2,3,4,5-tetrabromobenzoate (EHTBB), ethylhexyl -d17-2,3,4,5-tetrabromo[13C6]benzoate 
(13C-EHTBB), 1,2-Bis(2,4,6-tribromophenoxy)ethane (BTBPE), 1,2-Bis(2,4,6-tribromo [13C6]phenoxy)ethane 
(13C-BTBPE), Tris(2,3-dibromopropyl)isocyanurate (T23BPIC), 13C6-Bromophenols mixture (13C-BrPS) and 
bromophenol mixture (BrPS) were purchased from Wellington Laboratories. 3,3’,5,5’-Tetrabromobisphenol A 
dimethylether (TBBPA-bME) and Tetrabromobisphenol A bis(dibromopropylether) (TBBPA-bDiBPrE) were 
from Chiron. All calibration standards and spiking solutions were prepared by serial dilution in toluene. 
 
Samples 
Analysed samples arose from the 2014, 2015 and 2016 BFR French monitoring plans (n=610), and included 15 
fish oil, 15 fish meal, 114 fish, 154 crustaceous and mollusc, 72 milk, 57 egg, 28 sheep liver and 152 meat samples. 
A mix of samples (poultry meat, fish, liver …) was fortified with the target nBFRs and used as quality control. 
Quality control and procedural blank samples were introduced in each batch of analysis to monitor the 
reproducibility and the sensitivity of the method. 
 
Sample extraction and purification 
Cleaned laboratory glassware was rinsed with dichloromethane prior to use and the analyses were carried out in an 
over-pressurized room to minimise environmental contamination. The method has already been described 
elsewhere3. Briefly, the 13C-labeled internal standards were added to the samples before the extraction step 
(13C-BDE-28/47/99/100/153/154/209, 13C-BB-153, 13C-α/β/γ-HBCDD, 13C-TBBPA, 13C-HBBz, 13C-PBBz, 
13C-DBDPE, 13C-BTBPE, 13C-EHTBB, 13C-BEHTEBP and 13C-BrPS). Lipids were extracted from lyophilised 
samples by Pressurised Liquid Extraction (Büchi) using a toluene/acetone mixture (70:30, v/v). Purification steps 
were achieved on successive columns manually packed with neutral and acidic silica gel where BFRs were divided 
in two eluted fractions. The first one, containing PBDEs, PBBs, pTBX, TBCT, PBBz, PBT, PBEB, HBBz and 
OBIND, was further purified on Florisil® and carbon. The second, one containing HBCDDs, TBBPA and nBFRs, 
was further purified by partitioning between hexane and NaOH 1 N for HBCDDs and T23BPIC, and hexane and 
HCl 1 N for TBBPA and BRPs. 13C-BDE-77, 13C-BDE-138, d17-HBCDD and TCBPA were added in each final 
fraction for recovery determination. 
 
Detection 
PBDE congeners were separated and detected by GC-EI(+)-HRMS (7890, Agilent Technologies / JMS800D, 
R=10000, Jeol), using a DB-5MS column (30 m × 0.25 mm, 0.25 µm) for PBDEs, PBBs, pTBX, TBCT, PBBz, 
HBBz, PBT, and PBEB, and a RTX-1614 column (15 m × 0.25 mm, 0.10 µm) for BDE-209 and OBIND. HBCDD 







isomers and T23BPIC were separated and detected by LC-ESI(-)-MS/MS (6410, Agilent Technologies) with a 
Hypersil Gold column (100 mm × 2.1 mm; 1.9 μm, Thermo), with a mobile phase composed of 
acetonitrile/methanol (1:1) and 20 mM ammonium acetate. TBBPA and BRPs isomers were separated and 
detected by LC-ESI(-)-HRMS (1260, Agilent Technologies / Thermo Exactive) with a Phenomenex Gemini 
column (50 × 2 mm; 3 μm), with a mobile phase composed of acetonitrile and water, both with acetic acid (0.1%). 
EHTBB, BTBPE, DBDPE, TBBPA-bME and TBBPA-bDiBPrE were separated and detected by 
GC-APCI(+)-MS/MS (APGC-Xevo TQS, Waters) with a RTX-1614 column (15 m × 0.25 mm, 0.10 µm). 
 
Results and discussion 
 
Occurrence levels in samples 
Figure 1 illustrates the observed levels of the targeted BFRs in the different sample categories. PBDEs (except 
BDE-183) were detected in more than 60% of the samples. BDE-47 appeared as the most abundant PBDE in fish 
feed, fish and mollusc, while BDE-209 was the most abundant one in milk, egg and meat. BDE-99 and BDE-153 
were also major contributors in sheep liver, as well as BB-153. α-HBCDD was highly abundant in fish oil, 
observed in fish and crustaceous/mollusc, and also present in egg and meat but at relatively low levels (at pg/g ww 
level). β and γ-HBCDD were mainly found in fish, mollusc and feed for fish. TBBPA was only detected in 
molluscs. Concerning the nBFRs, PBT, PBBz, HBBz and BTBPE were detected in more than half the analysed 
samples. BTBPE was detected in half of the mollusc samples while TBCT, DBDPE, OBIND, T23BPIC, 
TBBPA-bDidBrPE, TeBRPs and PeBRPs concentrations were below the limit of quantification. 
 


 
Figure 1: BFR concentrations observed in various sample categories (ng/g wet weight). 


 
As illustrated in Figure 2, PBDEs and HBCDDs were observed as the major BFR contributors (between 80 and 
99% of the total amount of BFR quantified in the samples). 
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Figure 2: Median contamination profiles (relative contributions of the different targeted BFRs) observed in 
various sample categories (percentage of the total, ng/g ww basis). 


 
These results show the suitability of the developed method for the simultaneous analysis of regulated compounds 
(PBDEs, HBCDDs, TBBPA) and a certain number of emerging/novel BFRs. Some nBFRs were observed in 
some foodstuffs originating from the French market, but at lower levels than those of PBDEs and HBCDDs.  
The subsequent application of the developed methodology will allow monitoring further trends reflecting the 
evolution of the environmental contamination and/or impact of regulatory dispositions regarding these historical 
and more emerging/novel BFRs. 
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Changes in gene expression and pathway effects of tetrabromobisphenol A 
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Introduction 
Tetrabromobisphenol A (TBBPA; CAS No. 79-94-7) is a brominated flame retardant (BFR) with a 
global market volume of approximately 150,000 tons/year, representing about 60% of global demand 
for BFRs.1 Its primary application is as a reactive product in epoxy resins and laminates in printed 
circuit boards. TBBPA is also used in Acrylonitrile-Butadiene-Styrene (ABS) plastic casings, as a 
plasticizer, and as an intermediate for the syntheses of other flame retardants like TBBPA-bis(2,3-
dibromopropyl ether), TBBPA-allyl ether, and TBBPA carbonate oligomers.2 TBBPA production and 
use is expected to increase as an additive product due to the phase-out of BFRs such as 
polybrominated diphenyl ethers and hexabromocyclododecanes.2  
 
TBBPA has been detected at low levels in environmental samples, and human exposure to TBBPA 
may be of concern. Repeat-dose subacute and one-generational reproductive studies found that 
TBBPA exposures resulted in decreased thyroxine levels and other endocrine effects.3 TBBPA single-
exposure bioavailability in rats and humans is low, but chronic exposure effects are not well 
understood.4,5 TBBPA chronic exposure studies have found an enhanced susceptibility of female 
Wistar Han rats to TBBPA toxicity.6 An NTP 2-year bioassay found that TBBPA exposure led to the 
development of uterine tumors in Wistar Han rats.7  Studies were thus conducted to characterize the 
alterations in genes known to regulate thyroid homeostasis, oxidative stress, and perturbations of lipid 
and endogenous estrogen metabolism using targeted RT-PCR of suspected genes,8 microarray, and 
RNA-seq. The present work investigated modes-of-action of TBBPA-mediated toxicity in female 
Wistar Han rats with microarray analysis and droplet digital PCR.  
 
Materials & Methods  
MODEL ORGANISM Female Wistar Han rats (12 weeks, 181-239 g) from Charles River, Raleigh, 
NC were used in these studies. Animals were maintained in an AAALAC-approved animal care 
facility. Animals were housed two per cage, and food and water were provided ad libitum. Prior to 
study initiation, estrus stage was synchronized by exploiting the Whitten effect.9 All procedures were 
approved by the NIEHS Institutional Care and Use committee. 
DOSING Animals were administered 5 consecutive daily doses of TBBPA or vehicle by gavage (250 
mg/kg, 4 mL/kg; N=10/treatment group). Animals were euthanized 24 h after the final dose by CO2 
asphyxiation followed by excision of liver and uterus tissues.  
SAMPLE COLLECTIONS Tissues (liver and proximal and distal uterus) were collected at necropsy 
and stored at -80ºC until analysis. Blood samples were collected via cardiac puncture. Samples were 
placed in labeled pre-weighed vials after all collections and maintained at -80ºC until analyses.  
MICROARRAY RNA was isolated from liver and from the proximal (nearest the cervix) and the 
distal (nearest the ovaries) sections of the uterine horn. The purity and quality of the RNA were 
verified and the RNA was reverse transcribed. Gene expression analysis was done using Affymetrix 
Rat Genome 230 2.0 GeneChip® arrays. Microarray data were processed with Partek Flow to create a 
list of differentially expressed genes. Using Ingenuity Pathway Analysis, microarray data were 
evaluated to explore pathways perturbed by TBBPA treatment.  
DROPLET DIGITAL PCR To validate the hypothesis generated through microarray analysis that 
TBBPA treatment may cause immunosuppression in the distal and proximal uterus, genes involved in 
the immune system were analyzed through droplet digital PCR in a Bio-Rad QX200 system. Probe-
based assays were optimized for annealing temperature and cDNA concentration.  
STATISTICAL ANALYSES Statistical analyses were performed using the unpaired t-test and Mann-
Whitney rank sum test in GraphPad Prism 7.01. Graphs depict the mean ± SD of 9-10 rats/group and 
3-6 replicates/rat. The mean was considered significantly different at *p<0.05, **p<0.01, ***p<0.001. 







Results & Discussion  
Changes in expression of some genes following 5 daily administrations of TBBPA (250 mg/kg/d) were 
organ-dependent (liver or uterus) or specific to tissue location in the uterine horn.8 The biological 
changes observed in that study may correlate to specific toxicities, including the carcinogenic response 
observed in TBBPA-treated female rats.6 As the microarray analysis demonstrates, the top pathways in 
the uterus affected by TBBPA involved the immune system (Table 1).  
 


Genes involved in these pathways were selected 
for further validation through droplet digital PCR 
(Table 2). Several genes were significantly 
downregulated (p<0.05), and some were 
significantly downregulated in only one of the 
uterine tissues (Figure 1).  
 
TBBPA has been linked to immunosuppression 
by inhibiting CD25 expression in murine 
splenocytes.10 The downregulation of Ctse in 
female TBBPA-treated Wistar Han rats observed 
in this study may help explain the development 
of uterine tumors. Goto et al. observed that 
female cathepsin E-deficient mice developed 
swollen uteruses and tumors in the uterine 


horn.11 Cathepsin E plays a role in host defense against tumor cells, possibly through tumor-associated 
macrophage-dependent cytotoxicity.12 Cytokines regulate various immunological responses; thus, 
alterations in cytokine activity as implicated through decreased expression of Ccl6 (a chemoattractant 
for helper T cells, B cells, and macrophages13) may be evidence of an immunotoxic insult caused by 
TBBPA. CLCA4 has been shown to be downregulated in breast tumors, and CLCA4 expression 
inhibits breast cancer cell proliferation.14  
 


 


Table 1. Top ten canonical pathways in TBBPA-treated 
distal uterus (determined from microarray data using 
Ingenuity Pathway Analysis) 
 


Ingenuity Canonical Pathways 
Graft-versus-Host Disease Signaling 
Communication between Innate and Adaptive Immune Cells 
Dendritic Cell Maturation 
Allograft Rejection Signaling 
Altered T Cell and B Cell Signaling in Rheumatoid Arthritis 
OX40 Signaling Pathway 
Autoimmune Thyroid Disease Signaling 
Antigen Presentation Pathway 
Phagosome Formation 
Role of Pattern Recognition Receptors in Recognition of Bacteria 
and Viruses 


 


Table 2. Assayed genes for droplet digital PCR Figure 1. TBBPA-dependent changes in assayed gene expression 
in proximal or distal uterus 


 
Gene Gene name and associated function 


Ccl6 Chemokine (C-C motif) ligand 6 / cytokine activity, 
apoptosis 


Clca4 Chloride channel accessory 4 / chloride transport 


Clec4a3 C-type lectin domain family 4, member A3 / may 
play a role in immune response, phagocytosis 


Clec7a C-type lectin domain family 7, member A / pathogen 
recognition, regulated by Esr1 


Ctse Cathepsin E / antigen processing, regulates Il18 


Dmbt1 
Deleted in malignant brain tumors 1 / associated with 
endometrioid cancer, role in interaction of tumor cells 


and immune system 


Ecm1 Extracellular matrix protein 1 / angiogenesis, 
inflammatory response 


Fcgr1a Fc fragment of IgG, high affinity Ia, receptor (CD64) 
/ immune response, antigen presentation 


Fcgr3a Fc fragment of IgG, low affinity IIIa, receptor 
(CD16) / immune response regulation 


Iapp Islet amyloid polypeptide / apoptosis 


Il18 Interleukin 18 / cytokine activity, T cell activation 


RT1-DMb RT1 class II, locus DMb  / may play a role in antigen 
presentation 


Tlr4 Toll-like receptor 4 / innate immunity activation, 
pathogen recognition 


 


 







C-type lectin receptors (such as Clec4a3 and Clec7a) are involved in antigen presentation; their 
interaction with tumor glycoproteins indicates a potential for immune surveillance (in which cells with 
aberrant glycosylation are detected and removed).15 Decreased Clec4a3 expression has been found to 
occur in a rat seminiferous tubule culture model after exposure to the endocrine-disrupting compound 
bisphenol A (BPA).16 CLEC7A, or Dectin-1, recognizes N-glycan structures found on the surface of 
some tumor cells and directs natural killer cells to aid in killing the tumor cell; Dectin-1-deficient mice 
were found to have increased rates of tumor growth.17  
 


Sanders et al.8 noted that expression of genes 
involved in regulation of cell growth and estrogen 
biosynthesis and metabolism was affected in the 
rats used for this present study. The work from 
Sanders et al. supported a hypothesis that 
disruption of estrogen homeostasis is a major 
mechanism for the increased incidence of uterine 
tumors observed in the NTP chronic bioassay of 
TBBPA.6 Evidence presented here indicates that 
TBBPA treatment may also downregulate 
pathways involved in the immune system (Figure 
2). It is further hypothesized that this effect may 
be due to estrogen-mediated immunosuppression 
in these rats although a direct effect of TBBPA is 
possible.  
 
Dunnick et al. (2016)18 have found that 13 weeks 
of repeat TBBPA exposure (1000 mg/kg) in 
female Wistar Han rats activated the interferon 
pathway in the liver, adding evidence to the 
hypothesis that long-term exposure to TBBPA 
could result in immunomodulatory changes that 
promote cancer. Furthermore, TBBPA has 
recently been classified as a Group 2A carcinogen 
by IARC, indicating TBBPA is probably 
carcinogenic to humans.19 One of the findings 
from the IARC Monograph Working Group 


influencing this classification was the immunosuppressive effects of TBBPA.19 The data presented 
here may aid in further characterization of the mechanism(s) by which chronic exposure to TBBPA 
may cause uterine adenocarcinomas in female Wistar Han rats.  
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Introduction  
Organophosphate esters (OPE) are used in a variety of products as plasticizers and flame retardants. They have 
been used alongside and as a replacement for PBDEs1,2 and possibly also for the “novel” BFRs (NBFRs) and some 
of the problematic phthalates. The toxicology of OPEs is best described for the chlorinated compounds, which are 
classified as CMR-compounds (carcinogenic, mutagenic, reprotoxic) and resultantly banned in e.g. toys in the 
EU2.  
Dermal absorption has been increasingly discussed as an important exposure pathway for flame retardants and 
other lipophilic compounds, though very little data are available for OPEs. When looking at the physical-chemical 
properties, OPEs are expected to be absorbed to a much greater extent than e.g. PBDEs and hydrophobic NBFRs 
since OPEs have lower log Kow-values making them able to penetrate both lipophilic and hydrophilic barriers of 
the skin. Recently, Hoffman et al.4 found that triphenyl phosphate (TPHP) and tris(1,3-dichlorpropyl) phosphate 
(TDCIPP) in hand wipes was significantly correlated with their metabolites in urine, indicating either dermal 
absorption or intake by hand-to-mouth exposure. In this study we address the dermal uptake and percutaneous 
penetration of OPEs, which can help disentangle exposure pathways.  
 
 
Materials and methods  
Dermal uptake and percutaneous penetration was studied in a Franz static diffusion cell system as previously 
described for brominated and chlorinated flame retardants5. In brief, human skin patches obtained from the 
department of plastic surgery were used (3 female donors aged 42-50 y; abdominal region, average skin thickness 
was 0.99 mm). The skin was mounted in Franz diffusion cells with an average exposed skin area of 2.64 cm2 and 
16.6 mL volume of the receptor chamber. The receptor fluid consisted of an aqueous solution of 0.9% NaCl, 5% 
bovine serum albumin, 40 mg/L hexamycin and Na2HPO4 buffer (to pH 7.4). The cells were kept in a water bath at 
32 °C for 24 h prior to loading and the capacitance was measured to ensure barrier integrity. The OPEs were loaded 
in 500 µL ethanol (with 20% toluene); 1000 ng of each compound was added together with a positive control 
(vanillin). The OPEs included here are tris(2-chloroethyl) phosphate (TCEP), tris(2-chloroisopropyl) phosphate 
(TCIPP), tris(n-butyl) phosphate (TNBP), tris(2-butoxyethyl) phosphate (TBOEP), TDCIPP, and TPHP. Receptor 
fluid (1 ml) was sampled at 2, 8, 24, 48 and 72 h and analyzed for the positive control; the sampled volume was 
replaced with fresh receptor fluid. Cells were taken at 24 h (n=3), 48 h (n=5) and 72 h (n=4) for OPE analysis. At 
this point the barrier integrity was checked again, and the cells were discarded if it failed, thus the variation in 
number of cells. From each cell the following compartments were sampled for analysis: donor cell/skin surface 
wash, epidermis, dermis and receptor fluid as previously described4. The samples were stored at -20 °C until 
analysis. 
 
The OPEs were analyzed by slightly variating methods depending on the matrix. All samples were spiked with the 
internal standards 13C-TPHP and d-TDCIPP prior to extraction. For donor/skin surface wash and epidermis the 
entire sample was extracted by adding 10 mL ethyl acetate and sonicated for 15 min, the supernatant was 







transferred to a centrifuge tube and sonication was repeated twice with fresh solvent. The extracts were 
concentrated to approximately 0.5 mL using a SpeedVac Concentrator (Savant SPD121P, Thermo Scientific), 
transferred to autosampler vials and d-TCEP was added to measure recovery of internal standards. Dermis samples 
required further clean-up, thus they were extracted as described above, evaporated to 1 mL and cleaned on 
hand-packed Florisil columns (8 g) eluted with 50 mL ethyl acetate:acetone (1:1). The extracts were concentrated 
to approx. 1 mL, transferred to autosampler vials and recovery standard was added. For the extraction of the 
receptor fluid an aliquot of 10 mL was spiked with internal standards, 10 mL ethyl acetate was added, and the 
mixture was vortexed for 1 min and centrifuged for 5 min at 3000 RPM. The extraction procedure was repeated 
twice with fresh solvent. The rest of the procedure was identical to the other matrices. All extracts were analyzed 
by GC-MS using EI (5975C/7890A, Agilent Technologies) as previously described6.  
 
Results and discussion 
Preliminary results revealed that all of the studied OPEs were found to migrate into the skin. However, their 
penetration profiles varied substantially (Figure 1). The transport of TCEP occurred quite rapidly and to such an 
extent that after 72 h the donor compartment was depleted and approximately 86% of the dose was recovered in the 
receptor fluid. Given the time resolution an exact lag-time cannot be estimated but is a little less than 24 h, as 9% of 
the TCEP is detected in the receptor fluid after 24 h and a steep increase is observed after that time. Lag-time is 
model specific and depending on e.g. skin thickness, comparably, the lag-time for the positive control substance in 
this model was 8 h (data not shown). TCIPP was also transported across the skin (Figure 1), first by building up in 
the dermis, and later appearing in the receptor fluid, however with a substantial fraction remaining in the dermis at 
72 h. For the remaining four OPEs an accumulation in the skin was observed. For TNBP and TBOEP a smaller 
fraction was recovered in the receptor fluid after 72 h whereas for TDCIPP and TPHP the observed transport 
across the skin barrier was limited under the current study conditions. 
 
The absorption profiles of the chlorinated OPEs were similar to those observed by Abdallah et al.7, who for a 
similar dose after 24 h found 28%, 25% and 13% being absorbed of TCEP, TDCPP and TDCIPP, respectively, 
though with much lower lag-times in their model. The existing data on dermal uptake of the non-halogenated 
OPEs is limited, but the markedly lower absorption for these corresponds well with their higher log Kow values, as 
was previously shown for highly hydrophobic NBFRs in the same ex vivo model5. 
 
Dermal uptake is a non-negligible exposure pathway for OPEs. Many of these compounds are found at high levels 
in indoor environments8 consequently dermal exposure from e.g. dust and materials may be substantial, In 
addition, dermal uptake directly form air may be of importance for the most volatile OPEs as has been observed for 
phthalates of similar vapor pressure and lipophilicity9. 
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Figure 1. Distributions of OPEs between different compartments after 24h, 48h and 72h of exposure. Percent of 
total measured mass and SEM.  
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Introduction 
Around the world, polybrominated diphenyl ethers (PBDEs) have been detected in various 
environmental compartments that lead to direct human exposure. Despite a cessation in new 
usage of these flame retardants, products treated with PBDEs will remain in use for some 
time with the potential to provide sources to the environment and humans.  Biomonitoring in 
Australia found unexpectedly high concentrations of PBDEs compared to “traditional” 
persistent organic pollutants (POPs) such as dioxins and polychlorinated biphenyls with 
highest concentrations in young age groups at 4 times that of adults (Toms et al. 2008). This 
became a cause for concern since limited data suggested the potential for adverse health 
effects from PBDE exposure, and young children may be considered to be a population of 
potentially greater susceptibility (Grandjean and Landrigan 2014).   
 
The aim of this study was to investigate PBDE concentrations in infants and children in 
Australia. In addition, the results of this study will be compared to data obtained from the 
same age groups in 2006/07 as well as pooled data collected every two years from 2004/05 to 
2014/15 to assess temporal trends.  
 
Materials and Methods 
De-identified, human blood serum samples were collected from 10 age groups (each covering 
6 months and ranging from 0 to 5 years and both sexes) in South East Queensland, Australia 
from Sullivan Nicolaides Pathology between 2014 and 2015. 20 samples collected and 
pooled from each age/sex group.  Ethics approval for this study was granted by The 
University of Queensland Medical Research Ethics Committee.  For chemical analysis of 
BDEs -28, -47, -99, -100, -153, -154 and –183, serum was homogenized with diatomaceous 
earth and underwent combined extraction and in-cell clean-up modified from previous 
methods (Abdallah et al. 2013), followed by injection on GC/HRMS. All statistical tests were 
carried out using GraphPad Prism. For the purpose of averages and statistical calculations, all 
samples found below the method detection limit (MDL) were assigned a value of zero. 
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Results and Discussion 
PBDEs were detected in all samples of human blood serum for children aged 0 -5 years.  The 
BDE congener detected in the highest concentration was BDE-99 at 23.7 ng/g lipid followed 
by BDE-47 and BDE-153.  This high value for BDE-99 could be an exception.  Overall, 
BDE-47 was detected consistently in the highest concentrations (Table 1).   
 
Table 1. Concentrations (ng/g lipid) of PBDEs in serum from children 0 – 4 years old 
 BDE-47 BDE-99 BDE-153 ΣPBDEs 
Mean ± standard 
deviation (ng/g 
lipid) 


2.8 ± 2.1 2.4 ± 4.3 0.8 ± 0.7 5.9 ± 5.6 


Range (ng/g lipid) 0.2 to 10.5 0.1 to 23.7 0.02 to 2.9 0.9 to 25.6 
 
The concentrations increase slightly by age and linear regression comparing the 2006/07 and 
2014/15 results show no significant difference by age between the two collection periods for 
BDE-47, while for BDE-153 this difference was significant (p<0.0001) (Figure 1). 
Concentrations were slightly higher in males compared to females with the mean BDE-47 
and BDE-153 concentrations for males 3.22 and 0.85 ng/g lipid and for females 2.58 and 0.59 
ng/g lipid, respectively. 
 


 
Figure 1. Concentrations of BDE-47 (left) and BDE-153 (right) (ng/g lipid) by age and 
year of collection. 
 
Overall, a decrease of around 80% is seen for PBDE concentrations in children between 
2006/07 to 2014/15 (Figure 2) in Australia while for adults there is a decrease of only 40% 
for BDE-47 but an increase in BDE-153 of 40% (years of collection 2006/07 and 2012/13, 
data not shown).  This indicates a more rapid decrease in PBDE concentrations in children 
compared to adults in Australia.   
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Figure 2. Concentrations of BDE-47 (ng/g lipid) for 0-4 year olds by collection period.  
Data from 2006/07 and 2014/15 represents 10 age groups (6 monthly from 0 to 4 years) x 
2 sexes x 2 replicates; all other periods represent 1 age group (0-4 years) x 2 sexes x 2 
replicates. 
 
Human exposure to PBDEs may occur via a variety of pathways including dust contact and 
ingestion, inhalation, and dietary exposure (Lorber 2008).  In addition, potential additional 
exposure pathways responsible for the elevated concentrations observed in children include 
placental transfer (Zhao et al. 2013), ingestion of human milk (Toms et al. 2007) and child-
specific behaviours (Hoffman et al. 2016).  For females of child-bearing age, BDE-47 
concentrations in 15-45 year olds were on average 3.7 ng/g lipid in 2004/05 and the 
equivalent in 2012/13 at an average of 3.7 ng/g lipid representing no change over the 
collection periods.  This indicates that the exposure sources of placental transfer and human 
milk have not declined as much as the observed concentrations in children ages 0 - 4 years. 
Stapleton et al. (2012) and Hoffman et al. (2016) report that child-specific activity may be a 
significant source of exposure to PBDEs in children.   
 
The observed decreases in BDE-47 and BDE-153 in these children who were born post- 
PBDE ban (in 2005) is likely due to a reduction in exposure, possibly via child-specific 
behaviours, related to the banning and subsequent removal of these PBDE commercial 
products from the market. While some reduction in concentration was predicted, the size of 
the decrease in concentration of BDE 47 in this younger age group exceeded expectations.    
Whereas previously elevated concentrations were observed in young age groups compared to 
adults, this is no longer the case and we suggest that in subsequent monitoring the youngest 
age groups will have concentrations similar to maternal concentrations.  If this pattern holds, 
this may be suggestive of changes in the relative sources of exposure in Australia, and that 
those of “traditional” POPs including placental transfer, human milk, and general exposures 
in the food supply, will become the major sources of exposure for infants and young children, 
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and that indoor environments will contribute relatively lower amounts than during peak 
PBDE usage times.     
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Introduction 
Indoor air quality and human exposure assessment of chemicals have become subject of multiple studies 
during the last decade, because people reside for a large part of their life indoors. People in Europe and 
the US spend on average around 90% of their time indoors (homes, workplaces, cars and public transport 
means, etc.)1. The role that dust plays in human exposure assessment is, therefore, of paramount 
importance. Previous studies have shown that dust can carry organic contaminants2 such as brominated 
(BFRs) and organophosphate flame retardants (OPFRs), perfluorinated compounds, phthalates, 
polychlorinared biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), pesticides and drugs3. 
Most of these chemicals are released through evaporation, leaching and ageing of common consumer 
goods present indoors  such as electronic devices, furniture, textiles, cleaning and health care products 
and building materials. A combination of various analytical techniques in combination with suspect and 
non-target screening and multivariate statistics approaches made it possible to identify a large range of 
chemicals including flame retardants (FRs) in indoor dust. We applied this approach to dust samples from 
five countries (Norway, Sweden, the Netherlands, United Kingdom (UK) and Japan).  
 
Materials and methods 
A total of 48 dust samples from vacuum cleaner bags were collected in Norway, Japan, the Netherlands 
and the UK between 2015 and 2016, and in Sweden in 2008. The collected dust was sieved with a 250 μm 
sieve. 


A sub-sample of 100 mg of sieved dust from each sample was spiked with an internal standard mixture 
and extracted with n-hexane/acetone (1:2, v/v) in an ultrasound bath for 10 min after 1 min vortexing. 
Samples were then centrifuged and the supernatant was transferred into a clean tube. The extraction 
process was repeated two times. Isooctane was added to each tube and the extracts were evaporated to 
800 µL under a gentle steam of nitrogen. The extracts were evaporated to almost dryness and re-
suspended in 100 µL isooctane for injection in GC (not reported here), or methanol for LC analysis. The 
methanol extracts were analyzed using the ESI source and the APCI source, both in the positive and 
negative mode. A high resolution time- of-flight MS (qTOF, Bruker Daltonics, Bremen, Germany with 
mass accuracy <2ppm and resolution >22,000) connected to an LC was used for this analysis. Internal 
mass calibration was used resulting in an accuracy below 5 ppm. For the LC analysis a Kinetex core shell 
LC C18 column was used with eluents H2O and CH3OH. 


The software Data analysis 4.0 from Bruker Daltonics (Bremen, Germany) was used to process data. 
Internal calibration was performed on all the spectra with the enhanced quadratic mode and 
chromatograms were processed with the Find Molecular Feature (FMF) algorithm which combines 
isotopes, charge state, adducts and common neutral losses belonging to the same compound into one 
feature. Retention time, m/z value and intensity define each molecular feature. Parameters were set as 
follows: S/N = 5, correlation coefficient threshold = 0.8, minimum compound length = 10 spectra. The 
molecular features were then aligned by retention time using an algorithm (non-linear retention time 
shift), processed in bucketing and normalization with the software Profile Analysis 2.1 (Bruker Daltonics, 
Bremen, Germany). The generated bucket table was imported to SIMCA-P+ 13.0 (Umetrics, Umeå, 
Sweden) and processed for multivariate data analysis (MVDA). Principal component analysis (PCA) and 







Partial Least Square discriminant analysis (PLS-DA) were performed using Pareto scaling (the intensity 
of each variable was scaled by the square root of that variable’s standard deviation). 


All calibrated spectra were also processed with the Metaboscape 2.0 software (Bruker Daltonik, Bremen, 
Germany) using a self-built suspect database of around 11,000 compounds. Results from the Metaboscape 
and Multivariate data analysis were combined in order to identify chemicals including identification of 
unknown compounds based on exact mass and isotope pattern. Multivariate data analysis was also 
performed for the non-target screening using all molecular features.  


Results and discussion 
Samples were sorted by source and ionization mode. Hundreds of molecular features were found. About a 
third of the molecular features found in APCI could be identified as suspects (Table 1). For ESI this was 
only roughly 10%. Partial Least Square discriminant analysis (PLS-DA) was performed on all molecular 
features found to evaluate classify and cluster dust from different countries for each ionization source and 
mode. Two score plots of the samples analyzed  are shown in Fig. 1. Loading plots in which the PLS-DA 
of the compounds are shown were also plotted and were compared with the score plots to further 
investigate the chemical profile of compounds in the dust from the various countries. Analyses are 
ongoing to identify as many as possible compounds. Figure 1 shows three main groups in the APCI (+) 
PLS-DA score plot, whereas the ESI (-) PLS-DA plot shows a much more scattered picture. Interestingly, 
all four plots (APCI (-) and ESI (+) not shown here) show a distinct clustering of the Japanese dust 
samples. Some Dutch samples overlap with the Swedish samples in both pictures in Fig.1, while other 
Dutch samples can clearly be distinguished from the Swedish samples.  


Table 1. The number of molecular features and the number of suspects found in the dust samples analyzed 
by LC-TOF-MS with positive and negative APCI and ESI. 


Source/mode Number molecular 
features 


Number suspects 


APCI neg 745 198 


APCI pos  1276 403 


ESI neg 3768 334 


ESI pos 6868 578 


 


A first check on the presence of FRs showed that all samples contain a substantial number of FRs. Table 
2 shows some examples of FRs that were tentatively identified. Identification of BFRs is underway. 
GC/MS analyses are expected to reveal many other FRs present in these samples.  


The combined approach of  molecular features and multivariate data analysis is an interesting tool for 
identifying FRs and other chemicals in dust samples. It appears that chemical signatures in dust samples 
are highly complex. The software packages are extremely helpful in the identification of the chemical 
compounds. A confirmatory analysis based on analytical standards and MS/MS experiments can further 
help to elucidate the identity of unknown compounds. This multivariate approach also offers possibilities 
for making correlations with information from questionnaires when recorded during time of sampling. In 
addition, an interesting combination is also possible with the results of direct probe analysis of consumer  







 


  


 


 


Figure 1. PLS-DA score plots of APCI (+) (above) and ESI (-) (below) results. 2: Japan, 3: Norway, 4: 
Sweden, 5: The Netherlands, 6: UK.  


products, which already has shown the presence of a multitude of chemicals including flame retardants, 
their degradation products and by-products4,5. Therefore, this approach will further help to fill the gap 
between the vast number of chemicals in consumer good and human exposure. 







 
Table 2. Examples of tentatively identified FRs 
Ionization RT (min) m/z measured m/z calculated Suspect Mol. formula 
ESI pos 8.33 309.21327 309.21892 Tripentyl phosphate C15H33O4P 
ESI pos 11.39 375.17424 375.16115 Resorcinol-2-4-


bis(xylylazo) 
C22H22N4O 


ESI neg 14.31 373.20796 373.16755 Resorcinol-2-4-
bis(xylylazo) 


C22H22N4O 


ESI neg 16.64 445.26826 445.25187 Phosflex 418 C26H39O4P 
APCI pos 17.00 453.21657 453.21892 Tri(isopropylphenyl) 


phosphate 
C27H33O4P 


APCI pos 13.37 256.13478 256.13084 Fyrol 6 C9H22NO5P 
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Introduction 
Every day we are all exposed to a wide range of natural and anthropogenic compounds that may impact 
not just our physical but our mental health. It has been estimated that a woman who wears makeup and 
other personal care products may introduce up to 500 compounds to the dermal layer every day, and 
these represent just a small fraction of the total compounds present in the environment. Many of these 
compounds may find their way into the body, for example, pesticide applied to vegetables and packaging 
chemicals like phthalates can enter the body via the diet and thus pass through the gut to the 
bloodstream. Volatile compounds can enter the bloodstream via the lungs, and dust is found to be a 
potential source of flame-retardants and azo dyes especially for infants who have greater hand to mouth 
activity1.  


Current studies of human biomonitoring are often limited in that they are targeted for specific 
compounds. Environmental studies of novel or emerging compounds are often driven by toxicology when 
a chemical is identified through assays or animal testing to have potential deleterious effects then there is 
a drive for the study of these compounds in the environment for example this occurred with bisphenol-A. 
Such a process is logical but the limitation is that toxicology testing is a slow process and environmental 
monitoring again takes time and requires funding.  


Full-scan acquisition for high-resolution chemical identification has in the past been the province of liquid 
chromatography with either time of flight (TOF) or Orbitrap2. The traditional high resolution GC-MS was 
limited in the resolution making full scan not possible at environmentally relevant concentrations. 
Recently TOF and Orbitrap have been developed for gas chromatography allowing a new powerful tool for 
non-targeted GC identification.  


Because the GC has not been traditionally used in non-target there is limited understanding of the 
efficiency of extraction methods for compounds. It is known for example that the USEPA 1613 method is 
idealized for Dioxins and Furans but it is also understood that compounds such as organophosphate 
pesticides would not be resolved in this method.  


Human biomonitoring is a costly and time-consuming process and there is a big drive to produce biobanks 
such that we can retrospectively identify exposure and thus develop time trends for exposure. However, 
these banks have limited samples and they are highly valuable this makes it difficult to obtain material. 
Given that current high resolution GC and the low sample availability the aim for human biomonitoring 
should be to achieve the greatest amount of information from the least amount of sample and also to 
produced full scan acquisition files that could be accessed in the future to investigate emerging 
compounds rather than access the limited biobanked samples. This project took 5 traditional extraction 
methods 2 liquid liquid (LLE) extractions and 3 solid phase extractions (SPE) and using a mixture of >250 
currently investigated compounds including PAHs, PCBs, pesticides and flame retardants introduced to 
0.5mL of male human plasma the extraction efficiency, loss and variability was tested. It then used 







samples from oncology patients to validate the use of non-target instrumentation in detection of 
compounds. 


Materials and methods 
Triplicate samples of human plasma commercially available were tested via the introduction of a spike of 
>200 compounds to determine the optimal extraction parameters, (Fig 1).  


 
For further validation of the extraction method, 16 samples were used in the initial trial phase for the 
determination of compounds via-non-target GC. Of these 2 samples contained 200µL of plasma, 3 has 
400µL and the remainder 500µL. This indicates the limitations of available sample material for most 
human exposure assessments. For each sample, 400µL was extracted and the 11 samples with excess 
material had 100uL pooled. The pooled material was subsequently extracted; 3 spiked samples as matrix 
recovery and 3 as average concentrations in serum. Human serum AB positive was also used as extraction 
variance with 5 replications of spiked and non-spiked extracts. 


For QA of the potential of contamination via sample vessels and syringes 5 extracts of vials, syringes and 
needles were performed to identify the primary compounds that may be observed in sera from hospitals 
but be from external contamination. 


Compound identification  
Non-Target detection on GC-Orbitrap was done in electron impact (EI) in negative ion mode and chemical 
ionization in negative (NCI) mode. Quantitative determination of compounds was performed using 
TraceFinder software with NIST confirmation and peer reviewed literature for compounds where 
standards were available >200. Suspect screening and feature identification was also performed using 
TraceFinder, Sieve and R-packages. After the initial trials a further 300 analytes were purchased some GC 
amenable and others LC amenable for a greater determination of compounds in human sera. 
 


SPE LLE 


 
Figure 1: Preliminary extraction schematic for SPE and LLE used in this study 


 







Results and discussion 
Target Identification trial extraction 
Of the 244 compounds used in the initial trial 156 compounds were positively identified by GCMS-EI +ve 
using an in-house library in EI mode.  


As the method was not optimized for 
all compounds and many chemicals 
such as hormones typically only ionize 
well after derivatization the frequency 
of detection was not considered an 
issue as chemicals covered a wide 
range of physical and chemical 
properties. Furthermore as 
compounds from the mix are 
validated those positively identified 
are increasing An additional list of more than 400 compounds were subsequently purchased for 
quantifiable screening in actual samples.  Recoveries of the trials of extraction are presented below (Table 
1, Fig 2) and though the HLB gave better recovery the variance between samples was slightly greater.  


 


 


Figure 2: PCA plots of the variance of extraction recovery for 5 extraction methods 


As some compounds are more amenable to liquid chromatographic separation and ionization than GCMS 
further validation of extraction efficiency was by LC-IonFunnel-QTOF the results of which have been 
submitted for publication2. 


Oncology Trial Sample 


The oncology samples (n=16) were ran on GC-Orbitap in EI and NCI to identify compounds in both 
detection modes.  Currently the validation of the identification of compounds is being performed upon 
these samples but the initial non-target identification of features by PCA is presented here indicating the 
variance within the samples.  


 


Extraction Method average 
recovery 


Std 
dev compounds 


Solid Phase Extraction    
Plexa  42% 8% 84 
HyperSep 57% 8% 91 
HLB 82% 14% 89 
Solvent Extraction    
DCM 78% 13% 86 
Hexane 32% 25% 72 
Table 1: Recovery of spiked compounds by gas chromatography 
electron impact in 5 extraction techniques. 







 


Figure 3: The non-target identification of features in  EI of 16 oncology samples by GC-Orbitrap with serum samples 
both spiked and non spiked  from commercially available material  and spiked and non-spiked combined oncology 
serum. 


Further Work 
The quantitative determination of compounds in the 16 samples are being validated primarily in EI. But as 
much interest is today on the impact of halogenated compounds such as flame retardants the 
determination of legacy flame retardants such as PBDEs and more current use FRs are being done via NCI 
with EI used for compound validation where appropriate. The emerging chemistry tools of high resolution 
non-target GC mass spectrometry is something that will allow us far greater understanding of the 
emergence of compounds but also grants us flexibility in our detection in that we are no longer 
constrained by the limitation of selective monitoring. This project also however understands that the GC-
MS cannot be the only tool in the understanding of compound fate and the use of high-resolution liquid 
chromatography is included in the study to cover the greatest range of analytes. 
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 Cotton fabrics have been one of the most widely used bio-based textiles all over the world. 
They have been widely applied in both civilian and military fields due to their excellent 
properties, such as hydrophilicity, airpermeability, softness and comfortableness and so on. 
However, the flammability showed their weakness and badly limited the production of high 
performance flame retardant textileproducts[1]. 
 
 Many people constantly use halogen-free phosphorus compounds as flame retardants for 
cotton textiles. They are cheap to manufacture, are less volatile and toxic, have good thermal 
stability and promote char formation during the burning process. Some studies [2,3] have 
shown that, phosphorus-compounds can catalyze char formation and reduce the flammability 
of cotton textiles. 
 
 In this study, we have synthesized reactive phosphorus containing flame retardants that can 
be covalently attached to the textile surface. First reactive included phosphate and acid 
groups, and catalyzed cellulose to produce more residual char. What is more in second 
reactive, when cotton fibers coated with the product of APTES hydrolysis was on fire, it 
might form silicon dioxide. This formed residual char and silicon dioxide prevented cotton 
fabrics from further burning and resulted in the fire retardant improvement of coated cotton 
fabrics.  
  
Thermal properties of the textile were investigated by TGA, UL94 and microcalorimetric 
studies. 
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Introduction.  


Tetrabromobisphenol A (TBBPA; CAS No. 79-94-7; Fig. 1) is a brominated flame retardant (BFR) 


commonly used in electronics to meet fire safety standards and consequently has the largest production volume 


of any BFR worldwide. TBBPA use represents nearly 60% of all worldwide demand for brominated flame 


retardants, with a global market volume of approximately 150,000 tons/year1. TBBPA is primarily used in 


printed circuit boards, Acrylonitrile-Butadiene-Styrene (ABS) plastic casings, and laminates. TBBPA is also 


used in paper, textiles, as a plasticizer, and as an intermediate for the syntheses of other flame retardants2. 


TBBPA has been consistently detected at low levels in 


environmental samples3; expected increases in the production and 


use of TBBPA rely on its application as an additive flame retardant, 


especially for use in ABS plastic housing for electronic devices. A 


study of post-partum mothers found 44% of breast milk samples 


and 30% of maternal/cord serum samples contained detectable levels of TBBPA, demonstrating significant 


exposure to mothers & fetuses and the risk of exposure of newborns via breastfeeding4. 


In single administration studies, TBBPA has an established LD50 of greater than 5 g/kg when 


administered by gavage to rats5. Intraperitoneal administration of TBBPA has been shown to cause 


hepatotoxicity and heme metabolism disturbances6,7, phenomena that may relate to the formation of free radicals 


in vivo8. In repeat-dose subacute and one-generational reproductive studies, TBBPA exposures resulted in 


decreased thyroxine levels and other endocrine effects9. Hakk et al. demonstrated that TBBPA (2 mg/kg) is 


readily absorbed from the gastrointestinal tract of male Sprague-Dawley rats where it undergoes 


biotransformation to o-glucuronide and o-sulfate conjugates followed by biliary elimination to the intestine10. 


TBBPA was eliminated in the feces as parent compound. Kuester et al. demonstrated that at a 10-fold higher 


dose of TBBPA in male Fischer-344 rats, the systemic bioavailability of the compound (in whole blood) 


remained low (1.6% available) with a terminal half-life of 95 min11. We have shown previously that female 


Wistar-Han rats exhibit similar disposition and kinetic profiles as those seen for male SD and F344 rats12. Shauer 


et al. concluded that the bioavailability of TBBPA in humans following a single exposure is expected to be low 


but chronic exposures were not explored13. 


Data from TBBPA chronic exposure studies showed an enhanced susceptibility of female Wistar-Han 


rats to TBBPA toxicity14.Studies were therefore conducted to characterize the disposition and toxicokinetic 


profile of TBBPA in pregnant (gestation day 20) or nursing (post natal day 12 or 20) Wistar-Han rats following 


single oral bolus (25 mg/kg) administration to the dam to evaluate the disposition and kinetics of TBBPA in 


utero via gestational exposure and postnatally via lactational exposure. 


 


 
Figure 1. TBBPA chemical structure.  







Materials and methods  


MODEL ORGANISM Timed-pregnant Female Wistar-Han rats were used in these studies. Animals were 


maintained in an AAALAC-approved animal care facility. Animals were housed individually or with their 


respective litters in polycarbonate shoebox cages. Litters were culled to 4 males and 4 females at 4 days 


postpartum. Food (NIH-31) and water were provided for ad libitum consumption. All procedures were approved 


by the NIEHS Institutional Care and Use committee. 


DOSING Animals were administered a single dose of [14C]-labeled TBBPA by gavage (PO; 25 mg/kg, 2.5 


μCi/kg, 4 mL/kg). Dosing solutions were composed of [14C]-TBBPA dissolved in a sesame oil vehicle. 


SAMPLE COLLECTIONS Following administration of the compound, animals were euthanized at 0.5, 1, 2, 4, 


and 8 h post dose and tissues were collected from the dam and fetuses or nursing pups. Euthanasia was by CO2 


asphyxiation. Tissues (pooled adipose, adrenals, brain, heart, kidneys, large intestine & contents, liver, lung, 


muscle, pancreas, ovaries, skin, small intestine & contents, spleen, stomach & contents, thymus, thyroid, urinary 


bladder, and uterus) were collected at necropsy and stored at -80ºC until analysis. Dam blood samples were 


collected via cardiac puncture immediately following euthanasia. Samples were placed in labeled pre-weighed 


vials after all collections and maintained at -80ºC until analyses. Plasma was isolated from heparinized blood by 


centrifugation (5 min at 3,000 RPM). 


ANALYTICAL METHODS Samples were analyzed in parallel for quantitative and qualitative analyses. 


Quantitative analyses of total [14C]-radioactivity content was determined using a Beckman Coulter LS6500 


Multi-Purpose Scintillation Counter. Fetal samples were snap frozen and homogenized using a BioPulverizer 


Cryogenic Tissue Crusher. Tissue aliquots were weighed and [14C]-radioactivity was quantified by combustion 


in a Packard 307 Biological Sample Oxidizer followed by LSC counting.  TBBPA was quantified by UV/Vis 


absorbance and radiochemical detection following HPLC separation. High Performance Liquid Chromatography 


(HPLC) system used for analysis of extracts from dosed plasma was composed of an Agilent 1100 system, an 


Agilent Eclipse Plus C18 column (3.5µm, 4.6mm×150mm) and an IN/US βRAM-3. Mobile phases consisted of 


0.1% formic acid in water (mobile phase A) and 0.1% formic acid in acetonitrile (mobile phase B). Sample 


separations were performed using a gradient. Initial conditions (100% A) were reduced to 60%A over 5 minutes, 


60%A was reduced to 10%A over 2 minutes, then to 0%A over 5 minutes. 0%A was maintained for one minute 


and then returned to initial conditions over one minute. Flow rates were 1 mL/min. Instrument control and 


analysis software was LAURA4. Radiochemical flow cell volume was 500 µL and scintillant flow rate was 2 


mL/min. 


Results and discussion  


The treatment groups (GD 20, PND 12, and PND 20) measured the following exposures: the disposition 


of TBBPA in pregnant animals, the kinetics of TBBPA in nursing pups at maximum nursing, and the kinetics of 


TBBPA at the final point before weaning. Pregnant (GD20) or nursing rats (PND12 or PND20) were 


administered a single dose of [14C]-labeled TBBPA and euthanized between 0.5 and 8 h to determine disposition 







in pregnant or nursing 


Wistar Han rats and their 


offspring. Systemic 


exposure was largely 


unchanged between 1 and 8 


h post-dose in pregnant rats; 


[14C]-radioactivity 


concentrations in blood 


varied only slightly over the 


time course 


(2.6±0.6→2.6±0.8 nmol-


eq/mL). Cmax was observed 


at 30 min in lactating rats 


and concentrations fell 


steadily through 8 h. HPLC 


analyses of [14C]-


radioactivity in dam plasma found a mixture of TBBPA and TBBPA-conjugates was detected in the 30 minute 


time-point sample from pregnant rats while all other samples contained only conjugated TBBPA in the plasma 


(Fig. 2). Parent TBBPA was not detected in lactating dam plasma.  


Placental concentrations increased through 8 


h while whole-fetus Cmax occurred at 2 h post 


dose (Fig. 3). In lactating animals, liver, 


uterus, and mammary time-concentration 


curves lagged slightly behind blood-


concentration curves. Dose equivalents in the 


placentas collected at GD20 increased with 


time following exposure, and showed levels 


of TBBPA approximately 10 nmol-eq/g 


higher than were present in the fetuses. Approx. 0.5% of the dose remained in the placenta at 8 h post dose, with 


individual litters containing approximately 1% of the dose. 


Lactational transfer of TBBPA or its metabolites was detected, with 0.1% of the dose found in 


mammary tissue and an additional 0.01% of the dose found in pup liver or stomach contents (Fig. 4). TBBPA 


concentrations in the PND 12 pup livers decreased with time by approximately 0.2 nmol-eq/g. The levels of 


TBBPA in the PND 20 pup livers show no general trend. The level of TBBPA in the PND 12 pup stomach 


contents increase from approximately 0.5 nmol-eq/g at 4h to ~1.0 nmol-eq/g at 8h. The levels of TBBPA in the 


PND 20 pup stomach contents follow a similar trend to the PND 12 pup stomach contents, with a maximum at 
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Figure 2. [14C]-radioactivity in dam tissues following exposure 
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Figure 3. TBBPA dose recovery in fetuses and placenta (GD20) 







~1.0 nmol-eq/g. No statistically significant sex or litter differences were observed. In GD 20 dam plasma, parent 


compound and metabolites (TBBPA-glucuronide and TBBPA-sulfate) were seen at 0.5 h and 1 h. Only 


metabolites were found at the later time points. In PND 12 and PND 20 dams’ plasma, only metabolites were 


found at all time points.  


TBBPA was detected 


in pup livers and 


stomach contents 


following lactational 


exposure to the 


chemical and in 


fetuses following 


gestational exposure. 


The presence of 


metabolite at early 


time points in the pregnant and nursing animals supports studies that have shown efficient metabolism of 


TBBPA in fetal and juvenile liver.  


Maternal exposure to TBBPA leads to transplacental fetal exposure or lactational exposure to pups. 


More research is needed to explore at what levels we see adverse effects in offspring and what mechanisms are 


affected. Research is also needed to determine why TBBPA is less efficiently metabolized in pregnant animals 


than in nursing animals. 
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Introduction  
Flame retardants are substances used in plastics, textiles, electronic circuits and other materials to reduce their 


flammability. A number of these substances are chlorinated or brominated and are persistent in the environment, 


may bioaccumulate and have potential negative effects on human health and on the environment. In recent years, 


two groups of brominated flame retardants (BFRs), polybrominated biphenyls ethers (PBDEs) and 


hexabromocyclododecane (HBCD), have officially been listed in the Stockholm Convention and classified as 


persistent organic pollutants (POPs) and have been subjected to regulations and restrictions. This has paved the 


way for the use of alternative flame retardants which are increasingly being used, although they have similar 


properties to legacy POPs, including environmental persistence and potential for bioaccumulation1. However, the 


environmental fate of these FRs of emerging concern has little be documented so far, in particular in transitional 


waters such as estuaries. Thus, the aim of this work was to investigate the occurrence and to assess the 


biomagnification potential of selected legacy POPs and emerging FRs in the trophic web of a macrotidal estuary: 


the Gironde (SW France). 


Materials and methods 


Sampling, sample preparation and instrumental analysis 


A total of 55 biota samples were collected between May and November 2012 in the mesohaline zone of the Gironde 


estuary, including fish (grey mullet, common seabass, common sole, anchovy, sprat, gobies) and invertebrates 


(copepods, crabs, white shrimps, brown shrimps, gammarids, ragworm, oysters, scrobicularidae and mysids). 


Samples were freeze-dried and finely ground prior to a further analysis. Target analytes included i) legacy POPs : 


PBDEs, HBCD and polychlorobiphenyles (PCBs), ii) brominated FRs such as DBE-DBCH, PBT, PBEB, TBP-


DBPE, HBB,  DBHCTD, EH-TBB, BTBPE,  BEH-TEBP OBTMPI, DBDPE and iii) chlorinated FRs such as 


DDC-Ant, aCl10-DDC-CO, syn-DDC-CO,  aCl11-DDC-CO, anti-DDC-CO2. 


Analytes were extracted using microwave-assisted extraction with dichloromethane; extracts were filtered, 


concentrated and aliquoted into two fractions. For the analysis of PCBs, PBDEs and HBCD isomers, the first 


aliquot was purified on H2SO4-impregnated silica gel (40% w/w), while the second aliquot was purified on 


activated alumina and H2SO4-impregnated silica gel (10% w/w) for the analysis of emerging FRs. Indicator PCBs 


(CB-28, -52, -101, -118, -153, -138 and -180) were analyzed by gas chromatography coupled to an electron capture 


detector and PBDEs (BDE-28, -47, -49+71, -99, -100, -153, -154, -183 and -209) by gas chromatography coupled 


with mass spectrometry in electron capture negative ionization mode (ECNI). HBCD isomers (α-, β- and γ-) were 


analyzed by ultra-performance liquid chromatography coupled with tandem mass spectrometry and emerging FRs 


by gas chromatography coupled to Time-of-Flight mass spectrometry operated in ECNI. δ15N and δ13C were 


determined using and Elemental Analyzer coupled with an Isotope Ratio Mass Spectrometer. 


Calculation of trophic level (TL) and trophic magnification factors (TMF) 


TL were calculated using the formula for two-source food webs3, where δ15Nbase1 and δ15Nbase2 are the mean δ15N 


of the baseline organisms for the benthic and demersal food webs respectively, and α is a coefficient used to adjust 


the relative importance of each nitrogen food source for a given consumer:  TL = 2 + (δ15Npredator - (α δ15Nbase1 + 


(1 – α) δ15Nbase2)) / 3.4. 


TMF was determined by linear regression of log-transformed concentrations against TL. TMFs were calculated 


using three different models: linear regression, censored regression (cenken function, NADA package in R) which 


takes into account left-censored values and GLMM, implemented with the lmec function in R. The latter model 


considers both left-censored values and the heterogeneity in the number of individuals per taxon.  


Results and discussion 







Levels and contamination profiles 


PCBs were the most detected compounds and their detection frequency ranged between 42–80 % for CB-52, -28 


and -101 while other congeners were systematically detected. In fish and invertebrates, ∑PCBs were below the 


Maximum Allowable Level (125 ng.g-1 ww, Directive 1259/2011/CE). The highest levels of ∑PCBs in whole body 


(wb) were observed in common seabass (55 ± 29 ng.g-1 ww) and gobies (32 ± 6 ng.g-1 ww). The contamination 


profile was dominated by CB-153, CB-138 and CB-180, as classically observed in biota4,5. 


PBDEs were detected less often: the detection frequency of BDE-28, -153, -183 and -209 was in the range 5 – 22 


% while that of the other congeners was higher (53 – 85 %). PBDE levels exceeded the EU Environmental Quality 


Standard (EQSbiota), set at 0.0085 pg.g-1 ww (Directive 2013/39/UE). The highest PBDE levels were observed in 


gobies (0.26 ± 0.05 ng.g-1 ww) and oysters (0.26 ± 0.10 ng.g-1 ww) while BDE-47 was the most abundant congener 


with a relative abundance of 43 ± 23 %.  


HBCD was infrequently detected (5– 22 %) and ∑HBCD isomers was below the EQSbiota = 167 ng.g-1 ww 


(Directive 2013/39/UE). The highest levels were observed in copepods (36 ng.g-1 ww) and the contamination 


profile was dominated by α-HBCD and γ-HBCD with a relative abundance of 66 ± 45 % and 32 ± 42 %, 


respectively. 


The levels of emerging FRs were much lower (median < 0.2 ng g-1) and several compounds were not detected in 


biota. DBDPE, BTBPE BEH-TEBP, TBP-DBPE and aCl11-DDC-CO were detected in 15 – 42 % of samples. The 


syn- and anti- isomers of DDC-CO (Dechlorane Plus, DP), were detected in 100 and 96 % of biota samples, 


respectively. Another Dechlorane-related compound, DDC-Ant, exhibited a high detection frequency (75 %) and 


its levels were generally higher than those of DP (0.02 ± 0.05 vs 0.01 ± 0.01 ng.g-1 ww). The highest concentrations 


were observed in copepods for DDC-Ant (0.12 ± 0.18 ng.g-1 ww) and in sprat for DP (0.03 ± 0.02 ng.g-1 ww). The 


fractional abundance of DP isomers was calculated and fanti exhibited large variations within and between species 


(fig. 1), in good agreement with the litterature6.  


 


Fig. 1 Distribution of fanti in aquatic biota 


Trophic magnification factors 


Oysters and scrobicularidae were selected as baseline organisms of the trophic web, based on both their known 


ecology and isotopic data (Fig. 2).  


Since many left-censored values (<LOD) were observed, TMFs could only be calculated for PCBs, 


BDE-47, -49+71, -100, -154, and three compounds of the Dechlorane family: DDC-Ant, syn- and anti-


DDC-CO (Fig. 3). TMF were expressed on both a lipid weight (lw) basis and a ww basis but more TMFs 


could be determined when concentrations were expressed on a ww basis. TMFs derived from the three 


statistical models were not significantly different but censored regression and linear regressions did not 


allow to calculate TMF for all the compounds listed above; thus, results obtained with the GLMM model 


(ww basis) were selected for further discussion. TMFs >1, indicative of biomagnification, were observed 


for all these compounds, except PCB-28 and -118. The highest TMF values were observed for PCB-52, 


PCB-101, BDE-154 and DDC-Ant. 


 







 


Fig. 2: Isotopic signature of fish and invertebrates 


 


 


Fig. 3: TMF estimated on the basis of concentration adjusted to ww and lw with 3 models (error bars for the linear 


regression and GLMM models represent the 95 % confidence interval) 
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Introduction 


Organophosphate flame retardants (PFRs) are commonly applied to polyurethane foam to meet 


flammability standards. This use has led to ubiquitous PFR detection in air and dust from an 


array of indoor environments.1–3 As such, human exposure is widespread, and PFR metabolites 


are frequently detected in human urine.4–8 PFR exposure has been associated with negative 


health outcomes, including lower hormone levels in humans, and carcinogenicity, endocrine 


disruption, and neurotoxicity in animal studies.9–12 This is particularly concerning for children 


who often have higher PFR exposures and are at greater risk for adverse health effects which 


could persist into adulthood. While PFRs have been measured in indoor air and inhalation is 


suspected to contribute heavily to personal exposure, no studies to date have measured paired 


indoor air samples and urinary biomarkers. The current study examined the association 


between PFRs measured in passive air samples from the home and corresponding PFR 


metabolites in children’s urine.  


Materials & Methods 


Study Design. Families with toddlers (24-60 months) were recruited through an existing cohort 


in North Carolina to participate in a study characterizing children’s exposure to semi-volatile 


organic compounds in homes. In Sep 2014 to Apr 2016, 200 home visits were conducted during 


which sorbent-impregnated polyurethane (SIP) foam passive air samplers were placed in homes 


for 3 wks.  Each child provided 3 urine samples collected over a 48h period.  Urine samples 


were pooled, and all samples were stored at -20°C until analysis.  


Air Sampler Extraction. SIP foam disks (n=49) were Soxhlet-extracted using 4:1 hexane:acetone 


for 12h, a method adapted from Shoeib et al.13 Extracts were concentrated then cleaned via 


solid phase extraction (Supelclean ENVI-Florisil cartridges). PFRs were eluted with 10mL ethyl 


acetate and quantified using gas chromatography-mass spectrometry.  


Urine Extraction. Urine samples (n=181) were analyzed for PFR metabolites using previously 


characterized methods.6,8,14 Briefly, urine samples were digested with enzymes then extracted 


via mixed-mode anion-exchange solid-phase extraction. Analytes were measured using liquid 


chromatography-tandem mass spectrometry.   







Statistics. All analyses were performed using SAS software (Version 9.4). Analyses were 


conducted for analytes with detection>50%. Non-detects were replaced by MDL/2. PFR masses 


on SIPs and urinary metabolites were log-normally distributed. Spearman correlations (rs) were 


used to assess associations between air samples and metabolites.  


Results & Discussion 


PFRs on SIPs. Air samples were analyzed for tris(1-chloro-2-propyl)phosphate (TCIPP), tris(2-


chloroethyl)phosphate (TCEP), tris(1,3-dichloroisopropyl)phosphate (TDCIPP), and triphenyl 


phosphate (TPHP), with geometric means (GMs) of PFR masses measured on the SIPs ranging 


from 24-204 ng. TCIPP and TCEP were detected in every sample and at the highest levels.  


Urine. Urine samples were assessed for 6 PFR metabolites: bis(1-chloro-2-isopropyl)phosphate 


(BCIPP), bis(1-chloro-2-isopropyl) 1-hydroxy-2-isopropyl phosphate (BCIPHIPP), bis(1,3-


dichloroisopropyl)phosphate (BDCIPP), diphenyl phosphate (DPHP), isopropylphenyl phenyl 


phosphate (ip-PPP), and tert-butyl diphenyl phosphate (tb-DPHP). All metabolites were 


detected in ≥80% of urine samples (GM=0.2-5.8 ng/mL).  


Air & Urine Associations. The TDCIPP mass measured on air samplers was significantly 


correlated with BDCIPP urine concentrations (rs=0.3, p<.05). TPHP mass on the SIPs was also 


highly correlated with DPHP, ip-PPP, and tb-DPHP urine levels (rs=0.3-0.4, p<.05). Levels of 


these 3 metabolites were also significantly correlated with each other (rs=0.3-0.5, p<.01). ip-PPP 


is a suggested metabolite of mono-isopropylated triaryl phosphate, and parent compounds of 


tb-DPHP are likely a mix of tert-butylated phenyl diphenyl phosphate isomers.6,7 These 


correlations suggest similar use patterns in products or similar exposure routes for TPHP and 


the other PFR compounds. Positive correlations between parent PFRs (TDCIPP and TPHP) in air 


and corresponding urinary metabolites suggest that household air is a significant source of PFR 


exposure for children and indicate that inhalation is an important pathway that must be 


considered in exposure assessments.  


Urine & Demographics. PFR metabolites and various demographic factors were also examined 


using linear regression. Child’s race was associated with significant differences in urinary 


BDCIPP, BCIPP, BCIPHIPP, and ip-PPP. When compared to white non-Hispanic children, white 


Hispanic children had half the levels of BDCIPP and BCIPP (10β=0.5, p<.01). In contrast, black, 


non-Hispanic children and white Hispanic children had over 1.5 times higher levels of BCIPHIPP 


and ip-PPP (10β=1.5-1.9, p<.05) (Figure 1). Mother’s education was also associated with urinary 


metabolites. Significantly higher levels of BCIPHIPP, ip-PPP, and tb-DPHP (10β=1.5-2.0, p<.01) 


and lower levels of BCIPP (10β=0.6, p<.01) were observed among households where the mother 


had some college education or less. This suggests that socioeconomic status may be impacting 







PFR exposures, and further research is warranted to understand what factors are contributing 


to these disparities.  


Figure 1. 95% CIs for BDCIPP and BCIPHIPP in urine based on child’s race. 
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Introduction 10 


Distribution of semi-volatile organic compounds (SVOCs) between gas and particle phases in air is an 11 
important process in determining long-range transport potential of the chemicals. Gas and particle (G/P) 12 
partitioning are commonly characterized with partition quotient KP (m3μg-1).1,2 Both subcooled liquid vapor 13 
pressure (PL) and octanol–air partition coefficient (KOA) are widely used as descriptors to predict G/P partition 14 
of SVOCs, such as polybrominated diphenyl ethers (PBDEs). Both PL and KOA are functions of temperature, 15 
which are expressed as the Clausius-Clapeyron equations with the coefficients AL and BL for PL (log PL


 = AL + 16 
BL /T) and AO and BO for KOA (log KOA =AO+BO/T) where T is temperature in K. These coefficients are available 17 
for only a small portion of total 209 PBDE congeners and there is a need to compile values of the 18 
Clausius-Clapeyron coefficients for other congeners in order to understand their phase partitioning at different 19 
temperatures. 20 
Materials and Methods 21 


While both PL and KOA can be used to prediction G/P partition of SVOCs, predictability based on the two 22 
parameters is about the same, and can be interconverted with bias less than one order of magnitude,3 23 


log KOA = (-0.98784±0.00584)log PL + (6.6914±0.0171)  (1) 
Another simple way to get the relationship between log PL and log KOA is directly from the Clausius-Clapeyron 24 
equations between log KOA and log PL, which leads to  25 


log KOA = (BO/BL)log PL
 + BO(AO/BO −AL/BL)   (2) 


Here we use Equation (1) with a small modification in our study as given by 26 
log KOA = -log PL + 6.6914 (3) 


In the above equation, the coefficient “-1” before log PL is very important to keep the two parameters KOA and 27 
PL consistent.  28 


Comparing Equation (2) with Equation (3) leads to the relationship among AO and AL and BO and BL as  29 
BL = - BO      
AL = 6.6914 − AO 


(4a) 
(4b) 


The parameters of AO and BO can be obtained by4   30 
BO =ΔUOA/In(10)R (5a) 
AO = logKOA0 - BO / T0       (5b) 


where KOA0 is the value at reference temperature T0 (for example, 298.15 K=25°C), ΔUOA is the internal energy 31 
of phase transfer between octanol and air in J mol-1, and R is the universal gas constant (= 8.314 Pa m3mol-1K-l). 32 
In the present study, the values of log KOA at 25°C (logKOA0) were calculated using data given by Xu et al.5 33 
Results and Discussion 34 


The values of Clausius-Clapeyron integers AO & BO and AL & BL for all 209 PBDE congeners are presented 35 
in Table 1. Some selected values of AL, BL, AO, and BO from Table 1 are close to those available from other 36 
sources.6,7,8 By using these parameters, we calculated log PL at different ambient temperature and the results 37 







 


2 
 


from the present study are consistent to those by Wong et al. 6 and Tittlemier et al.,7 especially to the former. We 38 
also calculated log KOA for selected PBDE congeners at the temperature ranged from -30 to 30°C using the 39 
parameters AO and BO taken from Table 1, and the results matched the data from the published data8 well in 40 
general within 1 order of magnitude, especially for BDE-28, -47, -99, -100, and -153, as shown in Figure 1. The 41 
worst is for BDE-183 at low temperatures. As pointed out previously,3,6 the reported KOA values for this heavy 42 
congener8 tend to be too low. This suggests that the Clausius-Clapeyron integers determined in this study are 43 
capable to predict PL and KOA values within the environmental temperature range. 44 
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Figure 1. Comparison of our results of logKOA at the temperature ranged from -30 to 30°C for different PBDE congeners from our study 66 


and the study by Harner and Shoeib (2002).8 67 
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Table 1.  Parameters AL, BL, AO, and BO for all the 209 PBDE congeners.  69 
PBDE AO BO AL BL PBDE AO BO AL BL PBDE AO BO AL BL 


1 -3.88 3415 10.58 -3415 71 -5.42 4722 12.11 -4722 141 -6.99 5592 13.69 -5592 


2 -4.09 3415 10.79 -3415 72 -5.62 4722 12.31 -4722 142 -7.18 5592 13.88 -5592 


3 -4.00 3415 10.70 -3415 73 -5.68 4722 12.37 -4722 143 -7.11 5592 13.81 -5592 


4 -4.40 3851 11.09 -3851 74 -5.82 4722 12.51 -4722 144 -6.95 5592 13.65 -5592 


5 -4.59 3851 11.28 -3851 75 -5.71 4722 12.40 -4722 145 -7.14 5592 13.84 -5592 


6 -4.27 3851 10.96 -3851 76 -5.84 4722 12.53 -4722 146 -6.88 5592 13.58 -5592 


7 -4.51 3851 11.20 -3851 77 -5.59 4722 12.28 -4722 147 -6.88 5592 13.58 -5592 


8 -4.08 3851 10.77 -3851 78 -5.79 4722 12.48 -4722 148 -6.94 5592 13.64 -5592 


9 -4.61 3851 11.30 -3851 79 -5.77 4722 12.46 -4722 149 -7.03 5592 13.73 -5592 


10 -4.35 3851 11.04 -3851 80 -5.63 4722 12.32 -4722 150 -7.07 5592 13.77 -5592 


11 -4.24 3851 10.93 -3851 81 -5.86 4722 12.55 -4722 151 -6.86 5592 13.56 -5592 


12 -4.42 3851 11.11 -3851 82 -6.34 5157 13.04 -5157 152 -7.27 5592 13.97 -5592 


13 -4.36 3851 11.05 -3851 83 -6.37 5157 13.07 -5157 153 -6.77 5592 13.47 -5592 


14 -4.55 3851 11.24 -3851 84 -6.34 5157 13.04 -5157 154 -6.88 5592 13.58 -5592 


15 -4.21 3851 10.90 -3851 85 -6.24 5157 12.94 -5157 155 -6.86 5592 13.56 -5592 


16 -5.01 4286 11.70 -4286 86 -6.43 5157 13.13 -5157 156 -7.02 5592 13.72 -5592 


17 -5.20 4286 11.89 -4286 87 -6.30 5157 13.00 -5157 157 -6.65 5592 13.35 -5592 


18 -5.25 4286 11.94 -4286 88 -6.38 5157 13.08 -5157 158 -6.86 5592 13.56 -5592 


19 -4.96 4286 11.65 -4286 89 -6.09 5157 12.79 -5157 159 -7.03 5592 13.73 -5592 


20 -5.09 4286 11.78 -4286 90 -6.23 5157 12.93 -5157 160 -7.14 5592 13.84 -5592 


21 -5.32 4286 12.01 -4286 91 -6.19 5157 12.89 -5157 161 -7.02 5592 13.72 -5592 


22 -5.39 4286 12.08 -4286 92 -6.41 5157 13.11 -5157 162 -6.76 5592 13.46 -5592 


23 -5.39 4286 12.08 -4286 93 -6.39 5157 13.09 -5157 163 -6.64 5592 13.34 -5592 


24 -5.07 4286 11.76 -4286 94 -6.40 5157 13.10 -5157 164 -6.66 5592 13.36 -5592 


25 -5.34 4286 12.03 -4286 95 -6.43 5157 13.13 -5157 165 -7.13 5592 13.83 -5592 


26 -5.03 4286 11.72 -4286 96 -6.33 5157 13.03 -5157 166 -6.87 5592 13.57 -5592 


27 -5.08 4286 11.77 -4286 97 -6.51 5157 13.21 -5157 167 -6.56 5592 13.26 -5592 


28 -4.76 4286 11.45 -4286 98 -6.29 5157 12.99 -5157 168 -6.93 5592 13.63 -5592 


29 -5.27 4286 11.96 -4286 99 -6.30 5157 13.00 -5157 169 -6.62 5592 13.32 -5592 


30 -5.34 4286 12.03 -4286 100 -6.13 5157 12.83 -5157 170 -7.61 6027 14.31 -6027 


31 -4.74 4286 11.43 -4286 101 -6.22 5157 12.92 -5157 171 -7.49 6027 14.19 -6027 


32 -5.14 4286 11.83 -4286 102 -6.32 5157 13.02 -5157 172 -7.61 6027 14.31 -6027 


33 -4.90 4286 11.59 -4286 103 -6.34 5157 13.04 -5157 173 -7.69 6027 14.39 -6027 


34 -5.18 4286 11.87 -4286 104 -6.34 5157 13.04 -5157 174 -7.74 6027 14.44 -6027 


35 -5.05 4286 11.74 -4286 105 -6.02 5157 12.72 -5157 175 -7.62 6027 14.32 -6027 


36 -5.08 4286 11.77 -4286 106 -6.35 5157 13.05 -5157 176 -7.79 6027 14.49 -6027 


37 -4.99 4286 11.68 -4286 107 -6.22 5157 12.92 -5157 177 -7.56 6027 14.26 -6027 


38 -5.22 4286 11.91 -4286 108 -6.16 5157 12.86 -5157 178 -7.60 6027 14.30 -6027 


39 -5.14 4286 11.83 -4286 109 -6.38 5157 13.08 -5157 179 -7.76 6027 14.46 -6027 


40 -5.74 4722 12.43 -4722 110 -6.25 5157 12.95 -5157 180 -7.48 6027 14.18 -6027 
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41 -5.88 4722 12.57 -4722 111 -6.40 5157 13.10 -5157 181 -7.67 6027 14.37 -6027 


42 -5.76 4722 12.45 -4722 112 -6.44 5157 13.14 -5157 182 -7.54 6027 14.24 -6027 


43 -5.91 4722 12.60 -4722 113 -6.26 5157 12.96 -5157 183 -7.68 6027 14.38 -6027 


44 -5.75 4722 12.44 -4722 114 -6.40 5157 13.10 -5157 184 -7.38 6027 14.08 -6027 


45 -5.83 4722 12.52 -4722 115 -6.26 5157 12.96 -5157 185 -7.72 6027 14.42 -6027 


46 -5.51 4722 12.20 -4722 116 -6.76 5157 13.46 -5157 186 -7.96 6027 14.66 -6027 


47 -5.54 4722 12.23 -4722 117 -6.20 5157 12.90 -5157 187 -7.56 6027 14.26 -6027 


48 -5.97 4722 12.66 -4722 118 -6.22 5157 12.92 -5157 188 -7.62 6027 14.32 -6027 


49 -5.70 4722 12.39 -4722 119 -6.23 5157 12.93 -5157 189 -7.41 6027 14.11 -6027 


50 -5.78 4722 12.48 -4722 120 -5.95 5157 12.65 -5157 190 -7.79 6027 14.49 -6027 


51 -5.51 4722 12.20 -4722 121 -6.45 5157 13.15 -5157 191 -7.64 6027 14.34 -6027 


52 -5.79 4722 12.48 -4722 122 -6.22 5157 12.92 -5157 192 -7.91 6027 14.61 -6027 


53 -5.70 4722 12.39 -4722 123 -6.45 5157 13.15 -5157 193 -7.35 6027 14.05 -6027 


54 -5.55 4722 12.24 -4722 124 -6.03 5157 12.73 -5157 194 -8.02 6463 14.72 -6463 


55 -5.64 4722 12.33 -4722 125 -6.48 5157 13.18 -5157 195 -8.36 6463 15.06 -6463 


56 -5.51 4722 12.20 -4722 126 -6.34 5157 13.04 -5157 196 -8.21 6463 14.91 -6463 


57 -5.76 4722 12.45 -4722 127 -6.17 5157 12.87 -5157 197 -8.11 6463 14.81 -6463 


58 -5.55 4722 12.24 -4722 128 -6.63 5592 13.33 -5592 198 -8.19 6463 14.89 -6463 


59 -5.67 4722 12.36 -4722 129 -7.30 5592 14.00 -5592 199 -8.04 6463 14.74 -6463 


60 -5.53 4722 12.22 -4722 130 -7.00 5592 13.70 -5592 200 -8.62 6463 15.32 -6463 


61 -5.80 4722 12.49 -4722 131 -7.04 5592 13.74 -5592 201 -8.34 6463 15.03 -6463 


62 -5.93 4722 12.62 -4722 132 -6.76 5592 13.46 -5592 202 -8.21 6463 14.91 -6463 


63 -5.37 4722 12.06 -4722 133 -6.89 5592 13.59 -5592 203 -8.03 6463 14.73 -6463 


64 -5.53 4722 12.22 -4722 134 -7.02 5592 13.72 -5592 204 -8.36 6463 15.06 -6463 


65 -5.78 4722 12.47 -4722 135 -7.20 5592 13.90 -5592 205 -8.10 6463 14.80 -6463 


66 -5.39 4722 12.08 -4722 136 -7.16 5592 13.86 -5592 206 -8.71 6898 15.41 -6898 


67 -5.71 4722 12.40 -4722 137 -6.95 5592 13.65 -5592 207 -9.15 6898 15.85 -6898 


68 -5.71 4722 12.40 -4722 138 -6.99 5592 13.69 -5592 208 -8.90 6898 15.60 -6898 


69 -5.61 4722 12.30 -4722 139 -6.75 5592 13.45 -5592 209 -9.50 7333 16.19 -7333 


70 -5.43 4722 12.12 -4722 140 -6.75 5592 13.45 -5592      
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INTRODUCTION 


In the last years, new flame retardants (FRs) have been identified for the first time in 


products and in environmental samples by using mainly liquid chromatography coupled to 


high resolution mass spectrometry. For example, 2,2-bis(chloromethyl)propane-1,3-diyl-


tetrakis(2-chloroethyl)bis(phosphate), known commercially as “V6”,
1
 or a triazine-based 


flame retardant [2,4,6-tris(2,4,6-tribromophenoxy)-1,3,5-triazine, TTBP-TAZ]
2
 were recently 


reported. Not only FRs, but also their byproducts, impurities or degradation products have 


been very recently identified, such as those derived from tetrabromobisphenol-A (TBBP-A) 


or tetrabromobisphenol-S.
3,4


 The persistency and toxicity of these impurities or related 


compounds, as well as their presence in the environment is still largely unknown. We 


present and discuss here an overview of our results on the investigations of impurities and 


degradation products of FRs, namely from TTBP-TAZ
2
, RDP


5
, TBBPA and TBBPA-based 


products
6
 and the impurity diphenyl phosphate (DPHP) that derives from a variety of 


phosphorus flame retardants (PFRs).   


 


MATERIALS AND METHODS 


Wide-scope solvent extraction methods were employed without further clean-up to prevent 


losses of compounds that could be of interest in the screening step. The samples were 


mainly plastics from electronic equipment casings and indoor dust collected from 


electronics (to assess the possible migration into the environment). After a pre-


concentration step (only in the case of dust), we analyzed the extracts with liquid 


chromatography (LC) and high resolution time-of-flight (TOF) mass spectrometry. 


Atmospheric pressure chemical ionization (APCI) and electrospray ionization (ESI) were 


employed to cover a wide polarity range. Both target and non-target approaches were used 


for screening. For suspect screening, home-made databases for the screening of 


metabolites helped to identify impurities, mainly for those compounds that arose from 


cleavage of bonds of the main structure, such as 2,4,6-tribromophenol from TTBP-TAZ and 


meta-HO-triphenylphosphate (meta-HO-TPHP) from RDP. For brominated compounds, a 


script based on mass defect plots and isotope pattern recognition was developed in order 


to highlight the target unknowns. Formulas were calculated on the basis of mass accuracy 


(below 5 ppm) and isotopic pattern fit.    
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RESULTS AND DISCUSSION 


 


1. 2,4,6-TRIBROMOPHENOL (2,4,6-TBP) AND TBBP-TAZ 


2,4,6-TBP was detected in almost all plastic samples that contained TTBP-TAZ. It was 


higher than in the TTBP-TAZ standards (0.02-0.09 % weight/weight, w/w) and ranged from 


0.02 to 0.7 % w/w. There was a strong direct correlation between the concentration of both 


compounds (Pearson correlation, r = 0.951, p < 0.001). The higher concentrations of 2,4,6-


TBP in the plastic samples could be due to the lower purity of the TTBP-TAZ formulations 


used in the preparation of the plastic polymers. Furthermore, 2,4,6-TBP can be used alone 


as a FR and as an additive/intermediate in formulations of other FRs or could even be a 


degradation product due to the high temperatures employed during the processing of the 


plastics. On the basis of these results, we could conclude that the use of TTBP-TAZ is a 


potential source of contamination of 2,4,6-TBP. 


 


 


Figure 1. Correlation between the concentration of 2,4,6-TBP (x axis) and TTBP-TAZ (y axis) in 
the plastic samples.  


 


2. TBBPA AND TBBPA POLYMERS IMPURITIES 


Plastics casings containing TBBPA and TBBPA-based polymers were analyzed. A variety 


of TBBPA and TBBPA-derivatives related compounds (n=14) were identified in the 


consumer electronics as shown in Figure 2. The m/z values (most abundant isotopomer) of 


these compounds were between 292.88631 and 928.5424 and bromine atoms were in the 


range 2-7.  


The identified compounds were most probably impurities, byproducts or degradation 


products of TBBPA and TBBPA-derivatives and they could have been originated during the 


synthesis or during the processing of the final plastic product. Ten of these identified 


compounds have previously been reported as degradation products of TBBPA formed 


during pyrolysis processes and also in the environment
6
 as photolysis or biodegradation 


products of TBBPA, but to the best of our knowledge most of them have been never 


reported in consumer products. Nineteen other lower intensity brominated compounds with 


calculated molecular formulas or number of bromine atoms, were also present in the plastic 


samples.  
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Figure 2. Extracted ion chromatograms (LC-TOF-MS) of the target brominated compounds 


 


3. ARYL PHOSPHATE FLAME RETARDANTS 


The impurities of resorcinol bis(diphenyl phosphate) (RDP) were investigated in plastics 


and dust collected on electric/electronic material. Di- and triphenyl phosphate, di- and mon-


hydroxylated TPHP, RDP with the loss of a phenyl ring and oligomers were detected. The 


most frequently detected impurity, meta-HO-TPHP after TPHP was quantified in the range 


20-14,227 ng/g in dust collected on electronics. The concentrations of meta-HO-TPHP in 


dust were much higher than those that could be expected taking into account that it is only 


a minor impurity in RDP commercial formulations. The higher polarity and smaller 


molecular weight of meta-HO-TPHP could lead to an easier migration of this compound 


than RDP into the dust or possibly a chemical or biological hydrolysis of RDP could have 


taken place.    


The presence of DPHP, a common impurity of RDP and other aryl PFRs, was also 


investigated in plastic products and in indoor dust. DPHP has been used as biomarker of 


several aryl PFRs, since it has been detected as main metabolite of these compounds in 


vitro studies.
7
 External routes and sources of exposure to DPHP are important to 


understand the levels monitored in the human body and its role as biomarker. 


Concentrations of DPHP were in the range 218-6488 ng/g and 151-4189 ng/g in dust 


collected from electronics and in floor dust, respectively, and were 2-4 times lower than 


TPHP in the same samples. DPHP was present at very low concentrations in plastics 


known to contain relevant amount of aryl-PFRs and many times undetected, this 


suggesting that the relative high levels found in indoor dust may be due to the degradation 


of aryl PFRs. The ingestion of dust could be a source of DPHP influencing the levels 


measured in urine and not only the metabolism of aryl-PFRs. A strong correlation was 


found between TPHP and DPHP in dust as shown in Figure 3. 


 


Figure 3. Correlation between the concentrations of 2,4,6-TBP (x axis) and TTBP-TAZ (y axis) 


in the plastic samples 
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Introduction 


Large quantities of brominated flame retardants (BFRs) have been used in a wide range of consumer 
goods to meet fire safety regulations. Subsequently, some BFRs have been found to exhibit traits 
congruent with those of persistent organic pollutants (POPs), i.e. long environmental life times, 
propensity for bioaccumulation in the fatty tissue of living organisms, and toxicity to both humans 
and wildlife (UNEP, 2009). 


Consequently, such BFRs have been listed under the Stockholm Convention on persistent organic 
pollutants (POPs). These “POP-BFRs” are, specifically, two of the three commercial mixtures of 
polybrominated diphenyl ethers (PBDEs) – commercial penta-BDE and commercial octa-BDE (UNEP, 
2009) – and hexabromocyclododecane (HBCDD) (UNEP, 2013). Moreover, the third main commercial 
PBDE mixture, deca-BDE, is under active consideration for listing under the convention (UNEP, 
2015). In an effort to “close the loop” and prevent polymers containing POP-BFRs from being 
recycled thus leading to the presence of unintentional trace contaminants (UTCs) in new goods and 
materials, the European Union has set low-POP concentration limits (LPCLs) of 1000 ppm (0.1% by 
weight) for POP-BFRs in waste polymers (EC, 2004, EC, 2010, EC, 2016). Items containing 
concentrations that exceed these LPCLs cannot be recycled. The presence of POP-BFRs in the waste 
stream therefore presents a challenge to the EU’s desire to promote a circular economy. 


Historically, large quantities of BFRs were used in a wide range of consumer plastics. These include: 
high impact polystyrene (HIPS) and acrylonitrile butadiene styrene (ABS) casings of electrical and 
electronic equipment (EEE); textiles, upholstery and furniture foams in soft furnishings; expanded 
and extruded polystyrene (EPS/XPS) used as building insulation foams and packaging materials; and 
foam padding and upholstery from vehicle seats (Marvin et al., 2011, UNEP, 2010, Weil and Levchik, 
2009). While restrictions on POP-BFRs means they are no longer used intentionally in new items, 
substantial quantities of older goods containing POP-BFRs dating from before the introduction of 
use-restrictions are now entering the waste stream. In this study, 557 samples of waste plastic items 
were obtained in 2015 and 2016 from a number of recycling and waste transfer stations in Ireland. 
Concentrations of PBDEs (including Deca-BDE), tetrabromobisphenol-A (TBBP-A), and HBCDD were 
measured in these samples to provide, inter alia, an overview of their current presence and 
distribution in the Irish waste stream and identify the frequency with which LPCLs are exceeded.  


 


Materials and Methods 


Sample Collection 


Table 1 shows the number of samples taken from each waste category studied. These comprised: 
plastic casings from waste electrical and electronic equipment (WEEE); polyurethane foams, 
upholstery, and textiles from end-of-life vehicles (ELVs) and household/office soft furnishings; and 
extruded and expanded polystyrene (XPS/EPS) used either as building insulation foam from 







construction and demolition (C&D) waste or as packaging materials. 557 samples were collected 
from two recycling sites, three waste transfer stations, one vehicle scrapyard and a construction 
company. The specific sampling protocol involved removal of a small piece of the item (~1 cm2) 
under test; in the case of WEEE items, multiple samples were taken from different areas of a single 
WEEE item in order to determine the uniformity of BFR content throughout the body of the item. 


 


 


 


 


 


 


BFR Analysis 


Aliquots of samples (20-100 mg) were weighed into clean 15 mL glass test-tubes. They were spiked 
with internal standards (30 ng of BDEs -77 and -128, 13C12-labelled α-, β-, and γ-HBCDD, 13C12-TBBPA, 
and 60 ng of 13C12-BDE-209). Approximately 3 mL of DCM was added and the samples vortexed for 2 
min. followed by 30 minutes sonication. The extraction process was repeated three times with the 
combined extracts collected in a separate glass tube. Crude extracts were concentrated under a 
gentle stream of N2 to near dryness and reconstituted in 2 mL n-hexane. Approximately 2 mL >95% 
conc. H2SO4 was added and extracts vortexed for 30 s prior to centrifugation for 5 min. at 3000 RPM. 
The supernatant organic layer was collected in a separate tube and concentrated to near-dryness 
and reconstituted in 200 µL iso-octane. Samples were analysed for PBDEs using GC-MS before 
reconstituting in methanol for analysis of TBBPA and HBCDD via LC-MS/MS. 


 


Results and Discussion 


Sample Group Number of 
Samples 


# Samples w/ 
BFRs  > 100 


ppm 


Total BFR 
Range (ppm) 


Avg. BFR per 
sample (ppm) 


Avg. POP-BFR 
per sample 


(ppm) 
C&D EPS 40 19 0 – 10,200 1,960 1,960 
C&D XPS 20 0 0 - 94 29.3 29.3 


Packing EPS 7 2 0 – 5,900 1,000 1,000 
Packing XPS 14 3 0 – 369 117 117 


Furniture Foam 20 10 0 – 8,470 1,830 1,150 
Furniture 


Upholstery 
22 11 0 – 73,000 17,600 10,100 


Mattress Foam 17 2 0 – 869 79.5 0.14 
Mattress 


Upholstery 
17 0 0 – 59 12.6 2.32 


Curtain 15 0 0 – 58 7.74 0.20 
Carpet 31 2 0 – 7,040 231 1.78 


ELV Foam 38 3 0 – 736 33.3 20.5 
ELV Upholstery 50 9 0 – 30,700 1,790 108 


WEEE Casings Soft Furnishings Packaging and Insulation 
Display (41) Furniture (42) XPS Insulation (20) 


IT & Telecoms (IT&T) (78) Mattresses (34) EPS Insulation (40) 
Small Domestic Appliances (SDAs) (29) Curtains (15) XPS Packaging (14) 


Large Household Appliances (LHAs) (57) Carpets (31) EPS Packaging (7) 
Refrigerators (30) Vehicle Interior (118)  


Table 1 – Overview of the types of samples gathered (WEEE and Soft Furnishings) and the encompassed sample-
groups, along with quantities of samples gathered in each case (number of samples per sample group shown in 
brackets). 







ELV (Other) 30 4 0 – 23,500 960 > 0.01 
IT&T 78 22 0 – 112,000 1,950 37.2 
SDAs 29 7 0 – 10,100 518 0.11 


Display 41 21 0 – 233,000 32,300 46.5 
LHAs 57 1 0 – 2,010 52.9 0.15 


Refrigerators 30 0 0 – 4 0.48 0.02 
Table 2 – Summary of BFR and POP-BFR concentrations in the various sample-groups/waste types as determined by GC-MS 
for concentrations of PBDEs and TBBP-A and LC-MS/MS for HBCDD; note that “POP-BFRs” indicate presence of tri/octa-
BDEs and HBCDD, while “BFRs” refers to the aforementioned as well as deca-BDE and TBBP-A. 


HBCDD in Expanded and Extruded Polystyrene 


Polystyrene insulation and packaging foams are unique among these wastes in that literature and 
current data suggests that where such materials are flame-retarded, the solely FR used is HBCDD. 
Concentrations of HBCDD in EPS and XPS ranged from 0 – 10,000 ppm and 0 – 200 ppm respectively. 
35% of C&D EPS samples contained HBCDD above LPCLs while none of the C&D XPS exceeded even 
200 ppm. The polystyrene packaging material samples (7 EPS and 14 XPS) showed 8 samples 
containing HBCDD in excess of 1 ppm, of which 4 exceeded LPCLs: 2 EPS at 1,120 and 5,900 ppm; 2 
XPS at 1,010 and 1,060 ppm. Packaging foams of these material types require no such flame 
retardancy treatment and thus the HBCDD content of some samples, particularly at such elevated 
concentrations, merits further investigation. 


BFRs and POP-BFRs in WEEE 


BFR concentrations varied considerably within different WEEE categories. The IT&T and Display 
groups showed the largest variations in BFR content, with concentrations ranging from 0 – 112,000 
ppm (11.2% w/w) and 0 – 275,000 ppm (27.5% w/w) respectively. SDAs and LHAs showed a similarly 
wide range of BFR concentrations: roughly 0 – 10,000 ppm (1.0% w/w) and 0 – 2,000 ppm (0.2% 
w/w) respectively. The specific BFR compositions of these samples are also noteworthy, with Deca-
BDE and TBBP-A being the most commonly found in all four WEEE sample groups; in particular, 
TBBP-A was found in several samples at concentrations exceeding 10% w/w. HBCDD and 
∑PBDEPenta+Octa were detected in roughly 40% of WEEE samples; however, in the majority of these 
cases, the concentrations were several hundred times below LPCLs, with LPCLs exceeded in only two 
instances: one IT&T sample (HBCDD = 1,600 ppm) and one Display sample (∑PBDEPenta+Octa = 1,400 
ppm – although this may be due to debromination of deca-BDE which was measured at 60,000 ppm 
in the same sample). However, were Deca-BDE to be listed under the Stockholm Convention leading 
to an LPCL for BDE-209 similar to that for other PBDEs and HBCDD (i.e. 1,000 ppm), 8 more samples 
(approx. 4.3% of total from WEEE sample groups) would then exceed LPCLs, potentially creating a 
more substantial obstacle to WEEE recycling in Ireland. 


BFRs and POP-BFRs in Waste Soft Furnishings 


Textiles and foams from household furniture and ELV seats showed similar high variations within 
sample groups: furniture upholstery showing ranges of 0 – 73,000 ppm (7.3% w/w); ELV upholstery, 
0 – 31,000 ppm (3.1% w/w); carpets, 0 – 7,000 ppm (0.7% w/w); and furniture foams, 0 – 8,000 ppm 
(0.8% w/w). TBBP-A was rarely detected in the soft furnishings samples (occurring in only 2 samples 
from furniture foams) with deca-BDE and HBCDD making up almost the entirety of BFR content in 
the sample-groups. 13 of the samples from the soft furnishings exceeded LPCLs due to HBCDD 
content, with ∑ PBDEPenta+Octa only detected at concentrations between 100 and 1,000 ppm in 1.2% of 
soft furnishings samples. 12 more samples of waste soft furnishings would exceed an LPCL of 1,000 







ppm in the event that deca-BDE were listed as a POP, rendering 10% of soft furnishing samples non-
recyclable under EU legislation. 
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Introduction  


Polybrominated diphenyl ether (PBDEs) has one of flame retardants and three commercial products (Penta 
BDE, Octa BDE and Deca BDE product) had been produced. Penta BDE and Octa BDE products have been 
banned since 2009 by Stockholm Convention, because lower brominated congeners in the two commercial 
products have toxicity and bioaccumulability.  On the other hand, DecaBDE has not been banned until now 
officially. BDE209 which is dominant congener in DecaBDE product was reported to be debrominated by 
photodegradation, microbial degradation and metabolism in biological tissues1-3. Therefore, BDE209 can be 
source of lower brominated congeners. Some studies demonstrated metabolic debromination of PBDEs using 
hepatic microsome. Species-specific and congener specific debromination of PBDEs have been reported by 
Stapleton et al., Browne et al., Roberts et al. and Mizukawa et al.3-6. Some kind of fish, such as common carp 
and ureogenic goby, were not detected BDE99 in their muscle tissues and high debromination ability was 
indicated by in vitro experiments using their hepatic microsome with BDE995,6. It was expected that Cyprinidae, 
not only common carp, has high debromination ability because some Cyprinidae did not accumulate BDE99 in 
their muscle tissues7, 8. Considerable factor of species specific debromination is expression or structure of a 
catalysis related debromination. It is hypothesized that debromination is caused by deiodinase which is a 
catalysis for activation of thyroid hormone through removing iodine from Thyroxine (T4) to Triiodothyronine 
(T3). However the relationships with deiodinase and species specific debromination have not been revealed yet. 
Therefore the object of this study is investigation of the relationships of them. 
 
Materials and methods  
Field observations 
Sample information 
 Fish samples were collected from Tamagawa River and Tokyo Bay on 2014-2016 (Table1).  
 
Table1: Sample list for the field observations 


Order Suborder Superfamily Famiry Subfamily Species English name 


Cypriniformes 


    


Cyprinidae 


Cyprininae 


Nipponocypris temminckii Dark chub 
Opsariichthys platypus common minnow 
Cyprinus carpio common carp 
Carassius auratus silver crucian carp 
Carassius cuvieri Japanese crucian carp 


Gobioninae 


Hemibarbus barbus Japanese barbel 
Pungtungia herzi striped shiner 
Gnathopogon elongatus Field gudgeon 
Pseudorasbora parva Topmouth minnow 


Leuciscinae 
Tribolodon hakonensis Japanese dace 
Tribolodon brandtii Pacific redfin 


 
Cobitoidea 


Cobitidae Cobitinae 
Misgurnus 
anguillicaudatus 


weather loach 


  Balitoridae Nemacheilinae Lefua echigonia 
Japanese eight 
barbel loach 


Osmeriformes Osmeroidei Osmeroidea Osmeridae Plecoglossinae Plecoglossus altivelis ayu 
Siluriformes     Siluridae   Silurus asotus Japanese catfish 


Perciformes 
Gobioidei   Gobiidae Gobionellinae 


Rhinogobius flumineus Lizard goby 
Tridentiger obscurus Dusky tripletooth goby
Tridentiger 
trigonocephalus 


Redstriped  
tripletooth goby 


Chaenogobius gulosus Forktongue goby 
Scombroidei Scombridae Scombrinae Scomber japonicus Chub mackerel 


Beloniformes Belonoidei Exocoetoidea Hemiramphidae Hyporhamphus sajori Japanese halfbeak 







Extraction and cleanup of muscle tissues 
 Each sample was homogenized, freeze-dried and ground. These samples were extracted by pressurized 
fluid extraction in a ASE200 (Thermofisher Scientific, Waltham, MA, US) with dichloromethane /acetone (3:1, 
v/v). Aliquot of the extract was used to gravimetrically measure lipid contents. Another aliquot was spiked with 
surrogates as used for the incubated samples and purified by 5% H2O deactivated silica gel column 
chromatography, gel permeation chromatography and fully activated silica gel column chromatography 
according to Mizukawa et al.6  
Instrumental analysis 
 We determined mono- to hexa-BDEs and BDE181, 183 and 190 by GC-ITMS (Thermofisher Scientific). 
The other BDEs were analyzed on GC-ECD (Agilent Technology).  The method for instrumental analysis is 
shown in Hirai et al.9 Compounds were identified and quantified against native standards (Cambridge Isotope 
Laboratory, Andover, MA, US). 


 
Laboratory experiments  
Sample information 
 The samples for in vitro experiment were common carp (Cyprinus carpio) and killifish (Fundulus 
heteroclitus). Both of them were cultured at pet shop or in aquarium at Marin Biological Laboratory on 2016. 
The liver of them were cut out from the body and kept in -80 °C until using. 
Microsome preparation and incubation 
 The microsome was isolated according to Benedict et al.10, Mizukawa et al.6 and Stapleton et al.3 The livers 
(150–250 mg wet weight) were homogenized in buffer. The homogenate was centrifuged (700 g, 4 °C, 10 min. 
and 10000 g, 4 °C, 20 min.). The supernatant was then ultracentrifuged (105000 g, 4 °C, 70 min.). After 
removing cytosol, the pellet was resuspended in the buffer. The microsome was stored at –80 °C until incubation. 
Before incubation, the microsome was diluted to 1 mg-protein/mL with incubation buffer. BDE99 standard were 
diluted to 3 nM in acetone. 200 L of the microsomal solution was into a 4 mL glass amber incubation tube. The 
incubation was started by the addition of 1 L of acetone PBDE solution. The microsomes with BDE99 were 
incubated at 25 °C with shaking at 50 rpm for 10 min. The reaction was stopped by the addition of 200 L 
ice-cold methanol. Heat-inactivated microsomes were used as negative control.  
Extraction and cleanup of incubated samples   
After stopping the incubation, the incubated solutions were spiked with BDE105 as surrogate. Liquid–liquid 
extraction was conducted with 600 L of hexane. After shaking, the organic phase was passed through 
anhydrous sodium sulfate for dehydration. The extraction was repeated three times. The extract was placed on a 
SPE cartridge (Bond-Elute SI, Agilent Technology, Hanover, CA, US) and first elution of 5mL of hexane was 
analyzed for PBDEs.  
Instrumental analysis 
 BDE47, 49, 99 and 105 were determined by GC-MS (Agilent Technology). The instrumental method was 
set up as well as the method of field observations. Compounds were identified and quantified against native 
standards (Accustandard, New Haven, CT, US). 
RNA extraction, making cDNA and PCR 
 The RNAs of the livers were extracted by TRIZOL🄬 and DNase treatment was conducted for removing 
DNA. After extraction of RNA, we made cDNA by reverse transcript. The primers for our target protein: DIO2, 
which is one of deiodinase was designed based on NCBI Reference Sequence: NM_001309956.1(for killifish), 
CCD22052.1 (for common carp: DIO2.11) and CCD22053.1 (for common carp: DIO2.2). PCR was conducted 
using the primers and the cDNA and the products were loaded to electrophoresis with 1% agarose gel. 
 
Results and discussion 
Field observations 


The congener profile of 8 PBDEs congeners from tetra to hexa in muscle tissues of each fish was shown in 
Figure1. From field observations, BDE99 was not detected from almost of the Cyprinidae, except for striped 
shiner which had very slight amount of BDE99. It can be explained that Cyprinidae have high debromination 
ability of BDE99. Though weather loach did not have BDE99, it was detected in Japanese eight barbel loach. 
They are Cobitoidea belonged to Cypriniformes. It is hypothesized that the high debromination ability has been 
diverged between Cyprinidae and Cobitoidea. Some kind of gobies was detected BDE99 such as red striped 







tripletooth goby, another kind of goby was not detected BDE99 such as dusky tripletooth goby. In our previous 
study, though yellow fin goby had BDE99 in their tissues, ureogenic goby did not have BDE99. It seems that 
Gobidae has more complicated mechanisms of debromination ability than Cyprinidae.  


 


Figure 1: 8 PBDE congener profile in muscle tissues of Cyprinidae and some other fish species 
 
In vitro experiments 
 To know debromination ability of Cyprinidae and other kind of fish, we compared debromination of 
BDE99 by hepatic microsome, deiodinase expression in their liver and deiodinase sequence of them. We used 
common carp and killifish for these experiments. In common carp, BDE47 was detected and BDE99 was 
decreased after incubations (Figure 2a). It means that debromination of BDE99 was observed. However killifish 
did not produce any lower brominated PBDEs and the amount of BDE99 was not changed (Figure 2b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure 2 : Debromination experiments of BDE99 by hepatic microsome of common carp (a) and killifish 
(b)Con: control section, deBr: debromination section  
 
 There are two hypotheses to explain the difference of debromination ability between common carp and 
killifish. First is difference of deiodinase expression and second is difference of deiodinase structure. However 
DIO2 were expressed in both of the fish (Figure 3). Therefore we searched deiodinase sequences of many kinds 
of fish from NCBI database. Deiodinase has specific insertion which the name is “deiodinase insertion” around 
33-61 AA downstream from active center. This insertion of common carp is same sequences among 
Cypriniformes however different from killifish. The future task is to investigate relationships the difference of 
crystal structure of DIO2 and debromination activity.   







Figure 3 : Expression of deiodinase in liver of common carp (left) and killifish (right) 
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Introduction 


Organophosphate esters (OPEs) are a group of flame retardant chemicals that have been in use for over 150 years 
(Andrae, 2007). OPEs have been applied to a wide range of commercial products such as: textiles, rubber, 
polyurethane foam (PUF), cellulose, cotton, electronic equipment cables, casting resins, glues, engineering 
thermoplastics, epoxy resins, and phenolic resins, to meet and comply with fire safety codes, standards, and 
regulations (van der Veen and de Boer, 2012). Other uses of OPEs have been reported; for example, tris(2-
chloroethyl) phosphate (TCEP) is also used as a plasticizer in the production of polyvinyl chloride (Björklund et al., 
2004). Contamination of indoor air and dust, outdoor gas and particle phase, lakes, river sediment, and lacustrine and 
marine biota, across Europe, USA and Japan is well documented (Marklund et al., 2003; Andresen et al., 2004; 
Björklund et al., 2004; Leonards et al., 2011; Salamova et al., 2016; Venier et al., 2016; Guo et al., 2017). 


The aims of this interlaboratory study were: to evaluate, through the application of statistical analyses, the quality of 
the performance of the participant’s measurement technology; to improve quality by supplying feedback to the 
participants; and to suggest general precautions that need to be taken during the analysis of OPEs. The overarching 
goal of this study was to contribute to improving the reliability and quality of the OPE data reported in literature. The 
study was designed to address the variability associated with OPE analyses and also to compare the precision and 
accuracy of data generated for both individual target analytes and different laboratories. Additionally, the use of 
specific analytical instrumentation and methodology were investigated to determine if particular analytical 
techniques were associated with better performance. 


Materials and methods 


Eleven participating laboratories were asked to analyze 16 OPEs (Triethyl phosphate (TEP); Tri-n-propyl phosphate 
(TnPP); Tri-n-butyl phosphate (TnBP); Tris(2-butoxyethyl) phosphate (TBOEP); 2-Ethylhexyl diphenyl phosphate 
(EHDP); Tris(2-ethylhexyl) phosphate (TEHP); Tris(2-chloroethyl) phosphate (TCEP); Tris[(2R)-1-chloro-2-propyl] 
phosphate (TCIPP); Tris(1,3-dichloro-2-propyl) phosphate (TDCIPP); Tris(2,3-dibromopropyl) phosphate (TDBPP); 
Triphenyl phosphate (TPhP); Tri-o-tolyl phosphate (TOTP); Tri-m-tolyl phosphate (TMTP); Tri-p-tolyl phosphate (TPTP); 
Tris(3,5-dimethylphenyl) phosphate (TMDPP); Tris(2-isopropylphenyl) phosphate (TIPPP)) in two injection ready 
solutions prepared and tested by Wellington Laboratories Inc. (Guelph, Ontario, Canada; certified ISO 9001:2008, 
ISO/IEC 17025:2005, and ISO Guide 34:2009). One solution had low concentrations, and the other had high 
concentrations of the target analytes, relative to a range of reported indoor and outdoor environmental 
concentrations. The test mixtures were prepared from stock solutions using calibrated NIST-traceable Class A 
volumetric glassware. All stock solutions were prepared gravimetrically (weight/volume) through the dissolution of 
an accurately weighed amount of the OPE in a suitable organic solvent. 


The exact concentrations (reference values) in the test mixtures were not shared with the analyst until after the 
analysis. In order to aid in the selection of appropriate instrument settings, calibration curves, etc. approximate 
concentration ranges for each target analyte were provided. 







All eleven participating laboratories are currently involved in the analysis of OPEs in environmental matrices. The 
samples were analyzed using each laboratory’s routine methods. If any target OPEs were not included in their 
established suite of analytes, laboratories could choose to omit them from their analysis. Participating laboratories 
were asked to determine each test mixture in three independent replicates, report results individually in nanograms 
per milliliter (ng/mL), and provide details of instrumentation and analytical methods used.  


In order to evaluate the overall performance of the participating laboratories and assess the precision and accuracy 
of the reported values, statistical analyses were performed on the collated data comparing the concentrations 
reported by each lab with the reference values provided by Wellington Laboratories Inc. Statistical analyses for 
consistency, repeatability, reproducibility, and bias were based on ISO 13528. All statistical analyses were performed 
using either Microsoft Excel 2013 or IBM SPSS Statistics 24. Laboratories are only identified by number/letter codes to 
preserve their anonymity.  


Results and discussion 


Target analytes with the highest mean absolute percentage bias and therefore poorest accuracy amongst 
laboratories were: TOTP and TMTP (both 10.3 %), TBOEP (18 %), and TPhP (21 %) for the low-concentration test 
mixture; and TOTP and TPhP (both 9.0 %), TnBP (9.2 %) and TMTP (14 %) for the high-concentration test mixture 
(Table 1). 


Figs. 1 and 2 show the distributions, medians and reference values for the low- and high-concentration test mixtures 
analyzed by the 11 laboratories, respectively. Of particular note were discrepancies between the reference value and 
laboratory means for TCEP, TBOEP, TOTP and TDBPP. 


 


Table 1 Exceedances of the 25 % percentage bias accuracy threshold by laboratory. 


Lab # 
Number of 
reported 
analytes  


% exceedances 
- low 


concentration 
test mixture 


Analytes for which 
accuracy threshold is 


exceeded 


% exceedances 
- high 


concentration 
test mixture 


Analytes for which 
accuracy threshold is 


exceeded 


1 15 13 TnBP, TDBPP 0  


2 15 47 TBOEP, EHDP, TEHP, 
TPhP, TMTP, TPTP, TIPPP 0  


3 14 0  0  
4 14 7 TPhP 0  
5 6 50 TnBP, TBOEP, TCEP  17 TBOEP 


6 16 44 TEP, TCEP, TCIPP, TPhP, 
TMTP, TPTP, TIPPP 13 TDBPP, TPTP 


7 16 50 
TBOEP, TEHP, TCEP, 
TCIPP, TDBPP, TPhP, 


TOTP, TPTP 
13 TBOEP, TPTP 


8 11 0  0  


9 14 36 TCIPP, TPhP, TPTP, 
TDMPP, TIPPP 50 TnBP, EHDP, TPhP, TMTP, 


TPTP, TDMPP, TIPPP 
10 16 0  0  
11 16 6 TDCIPP 6 TDCIPP 


 







 


 


 


Figure 1 Comparison of the median of laboratory measurements (black bar) and actual test mixture 
reference values (blue circle) for low-concentration test mixtures. The colored boxes indicate the standard 
deviation for all laboratory measurements, and the whiskers indicate the 10th and 90th percentiles. TBOEP 
and TDBPP use the right axis.  


Figure 2 Comparison of the median of laboratory measurements (black bar) and actual test mixture 
reference values (red circle) for high-concentration test mixtures. The colored boxes indicate the standard 
deviation for all laboratory measurements, and the whiskers indicate the 10th and 90th percentiles.  


 







In this interlaboratory study, TDCIPP performed relatively better for low-concentration test mixtures than for those 
reported in the INTERFLAB study for “novel flame retardants” (NFRs) (Melymuk et al., 2015). Overall absolute zeta-
scores (ζ-scores) for TDCIPP were greatly improved with 68 % of laboratory scores within the satisfactory range, 
compared to just 30 % of laboratory scores in the INTERFLAB study. This perhaps suggests that recommended 
improvements to the analyses of this compound have been adopted by laboratories and that enhancements to 
analytical methodologies have taken place. However, the performance of TBOEP was poorer in this current OPE study 
than for the INTERFLAB one, with 70 % of laboratories scoring critical/unsatisfactory overall absolute zeta-scores, and 
a higher overall mean zeta-score of 11, compared to 5 in the NFR study. 


Of the eleven participating labs, 5 reported using GC-MS, 2 GC-MS/MS and 4 LC-MS/MS. Labs using LC-MS/MS 
obtained the best performances for both accuracy and precision in both the low- and high-concentration test 
mixtures for analyzed OPEs.  


Acknowledgements 


The following laboratories kindly participated in this study: Canada Centre for Inland Waters (CCIW, Burlington, 
Canada); Duke University (Durham, USA); Hazardous Air Pollutants Laboratory (HAPs, Toronto, Canada); Indiana 
University (Bloomington, IN, USA), Organic Contaminants Research Laboratory (OCRL, Ottawa, Canada); Organic 
Analysis Laboratory (OAL, Toronto, Canada); RECETOX (Masaryk University, Brno, Czech Republic); Southern Illinois 
University (Carbondale, USA); University of Antwerp, (Antwerp, Belgium); University of Illinois at Chicago (Chicago, 
USA); University of Toronto (Toronto, Canada). We are very grateful to Brock Chittim, Nicole Riddell and others at 
Wellington Laboratories Inc. for supplying test mixtures to all participating laboratories.  


References 


Andrae, N.J., 2007. Durable and Environmentally Friendly Flame Retardants for Synthetics. M.Sc. Thesis, North 
Carolina State University, Raleigh, North Carolina. 


Andresen, J.A.; Grundmann, A.; Bester, K., 2004. Organophosphorus flame retardants and plasticisers in surface 
waters. Science of the Total Environment, 332, 155-166. 


Björklund, J.; Isetun, S.; Nilsson, U., 2004. Selective determination of organophosphate flame retardants and 
plasticizers in indoor air by gas chromatography, positive-ion chemical ionization and collision-induces dissociation 
mass spectrometry. Rapid communications in mass spectrometry, 18, 3079-3083. 


Guo, J.; Venier, M.; Salamova, A.; Hites, R.A., 2017. Bioaccumulation of Dechloranes, organophosphate esters, and 
other flame retardants in Great Lakes fish. Science of the Total Environment, In Press, Available Online. 


Leonards, P.; López, P.; de Boer, J., 2008. Analysis and occurrence of new brominated flame retardants in the 
environment. Organohalogen Compounds, 70, 926-929. 


Marklund, A.; Andersson, B.; Haglund, P., 2005. Traffic as a Source of Organophosphorus Flame Retardants and 
Plasticizers in Snow. Environmental Science & Technology, 39, 3555-3562. 


Melymuk, L.; Goosey, E.; Riddell, N.; Diamond, M.L., 2015. Interlaboratory study of novel halogenated flame 
retardants: INTERFLAB. Anal. Bioanal. Chem., 407, 6759–6769. 


Salamova, A.; Peverly, A.A.; Venier, M.; Hites, R.A., 2016. Spatial and Temporal Trends of Particle Phase 
Organophosphate Ester Concentrations in the Atmosphere of the Great Lakes. Environmental Science & Technology, 
50, 13249-13255. 


Venier, M.; Audy, O.; Vojta, Š.; Bečanová, J.; Romanak, K.; Melymuk, L.; Krátká, M.; Kukučka, P.; Okeme, J.; Saini, A.; 
Diamond, M.L.; Klánová, J., 2016, Brominated flame retardants in the indoor environment - Comparative study of 
indoor contamination from three countries. Environment International, 94, 150–160. 


 








CO-PRECIPITATION-ASSISTED COACERVATIVE EXTRACTION 
COUPLED TO HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY: AN 
APPROACH FOR DETERMINING ORGANOPHOSPHORUS COMPOUNDS 


IN WATER SAMPLES 


Sabrina B. Mammana1,2, Paula Berton1,2, Alejandra B. Camargo2,3,4, Gustavo E. Lascalea1, Jorgelina 
C. Altamirano1,2,* 


1 Laboratorio de Química Ambiental, Instituto Argentino de Nivología, Glaciología y Ciencias 
Ambientales  (IANIGLA)-CONICET-Mendoza, P.O. Box 131 (5500), Mendoza, Argentina. 


2 Facultad de Ciencias Exactas y Naturales, Universidad Nacional de Cuyo (5500), Mendoza, 
Argentina. 


3 Laboratorio de Cromatografía para Agroalimentos, Facultad de Ciencias Agrarias, Universidad 
Nacional de Cuyo, Alte. Brown 500, Chacras de Coria, Mendoza, Argentina.  


4 Instituto de Biología Agrícola de Mendoza (CCT-CONICET Mendoza),  Argentina. 


 


Organophosphorus (OPs) compounds are a large and diverse class of chemicals that have 
been synthesized for several purposes such as chemical weapons, flame retardants, 
ectoparasiticides and agrochemicals [1]. They are inhibitors of the acetylcholinesterase 
enzyme resulting in muscarinic and nicotinic symptoms and signs, even at low levels [1]. 
Drinking water is one of the main exposure routes to OPs for humans. There are current 
reports about water samples with OPs concentration up to 100 ng mL-1 [2]. Do to their 
toxicity and potential risk for human health; it is required sensitive and selective analytical 
methodologies for analyzing OPs in water samples. The instrumental techniques generally 
reported for determination of OPs include high performance liquid chromatography 
(HPLC) with diode array detection as well as mass spectrometry and, to a lesser extent, gas 
chromatography with nitrogen-phosphorus electron capture and flame photometric 
detectors [3]. It is well known that the sample preparation step plays an important role in 
the analytical methodology for achieving the required analytical performance for 
determining OPs at trace levels. As alternative to traditional pre-treatment techniques, e. g., 
liquid-liquid extraction or solid-phase extraction, green analytical techniques have been 
used for extraction and preconcentration of OPs. Coacervative extraction (CAE) technique 
is based on the use of ionic surfactants for extraction of analytes from aqueous samples [4]. 
Combination of CAE with co-precipitation agents that leads to a new analytical approach, 
named co-precipitation-assisted coacervative extraction (cop-CAE) technique [5], which 
has been recently investigated and applied in analytical chemistry. This technique is based 
on the formation of aggregated structures called “hemimicelles”, by mean of electrostatic 
interactions between monomers of ionic surfactant and complex species oppositely 
charged [5].  


The aim of this work was to propose a cop-CAE technique for extraction and 
preconcentration of OPs in water samples after their HPLC analysis. The methodology was 
applied for determining five of the most used OPs in agriculture and indoor in Argentina 







as target analytes: guthion, fenitrothion, parathion, methidathion and chlorpyrifos for their 
determination in tap and well water samples by HPLC-UV. The methodology was validated 
in terms of limits of detection (LODs), reproducibility, recovery (%) and linear working 
range and its fulfill  US-EPA guidelines [6]. The developed methodology was applied for 
analyzing water samples from different locations of Mendoza. 


EXPERIMENTAL 


The studies and optimization assays lead to the following analytical methodology: 9 mL 
aliquot of water sample was added into a 15 mL centrifuge tube. Aliquots of 0.5 mL 
sodium citrate buffer 0.1 M pH 4, 0.08 mL aluminum sulfate 0.1 M and 0.7 mL sodium 
dodecyl sulfate (SDS) 0.1 M were then added to the tube and homogenized using a vortex 
stirrer (8 x g) for 8 min. The resulting cloudy solution was kept at 25 °C for 5 min before 
centrifuging at 1500 rpm (232 x g) for 10 min to accelerate the separation of phases. The 
resulting aqueous upper phase was removed and discarded while keeping the coacervate 
rich-phase for further analysis. A 700 µL aliquot of coacervate rich-phase obtained was 
dissolved with 300 µL of MeOH and stirred for homogenization. An aliquot of 20 µL the 
resulting solution was analyzed by HPLC-UV.  


RESULTS AND DISCUSSION 


Experimental variables that might condition the analytical responses of the OPs were 
evaluated on synthetic aqueous samples; including pH of solution, Al2(SO4)3 and SDS 
concentration, stirring time, extraction temperature and time, and centrifugation. These 
studies were carried out by modifying one-variable-at-the-time while keeping the remaining 
constant. The chromatographic peak area was used to evaluate the impact of experimental 
conditions on the analytical signal of the target OPs. 


Precursor of the co-precipitation agent and pH 


Aluminum compounds were reported as precursor of the co-precipitation because of the 
aluminum species occurring within the pH range of 3.5 ~ 12.5 [7]. On the other hand, pH 
of the extraction media affects the electrostatic interactions between surfactant monomers 
and solid support. Based on these considerations, Al2(SO4)3 was used as precursor of co-
precipitation agent due to its pKa values (3.3-3.6).  The assay of pH was carried out in the 
pH range 4-9; within which the targets OPs do not show degradation [8]. The fig. 1 shows 
that the highest relative response was achieved at pH 4. At this pH, the predominant 
aluminum specie is an hepta-charged aluminum complex, which is relevant for 
hemimicelles formation.  







 


Fig. 1 Effects of pH on the 
relative response of OPs.  


 


Al2(SO4)3 and SDS concentration    


Hemimicelles are formed at the “critical hemimicellar concentration” (HMC), leading to 
the coacervate-phase formation, which will be the extractant phase. Hemimicelles 
formation would be conditioned by the surface area of the hepta-charged aluminum 
complex, which depends on the Al2(SO4)3 concentration. The highest relative responses of 
the target OPs was achieved at 0.8 mM Al2(SO4)3  (fig. 2.A) and 7 mM SDS (fig. 2.B). 


 


 
 
 
Fig 1. Effects of (A) Al2(SO4)3 
concentration on the relative 
response of OPs. 
 
 
 
 
 
 
 
 
 
And (B) SDS concentration on 
the relative response of OPs. 


 
Stirring time effect  


Agitation of the solution during extraction process is essential to facilitate mass 
transference of the analytes from the matrix bulk to the hemimicellar phase, and to 
accelerate hemimicelles formation. The highest relative response for the target OPs was 
observed by stirring the solution with vortex for 8 min. 







Analytical performance and application to real samples 


Under optimum conditions, the proposed methodology exhibits successful performance in 
terms of linearity and precision, with recoveries and RSD values >81% and <8% 
respectively, and LODs within the range 1.1 – 2.5 ng mL-1. The analytical figures of merits 
of the proposed methodology were comparable with other methodologies previously 
reported for determining OPs in water samples. Methidathion and chlorpyrifos were 
detected in well water samples from El Carrizal, at concentration levels of 10 and 7.5 ng 
mL-1, respectively. This work represents a contribution about levels of OPs in 
environmental samples from Argentina. 
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Introduction 


There has been a great increase in the use of phosphorus flame retardants (PFRs) to meet fire 
safety regulations in various consumer products since the restrictions imposed on the use of 
penta, octa and decaBDE technical mixtures.1Their use is of concern because PFRs are not 
covalently bound to the materials but used as additive flame retardants, and consequently 
they may off-gas and leach from products through abrasion and/or volatilization into the 
environment.1,2 


Little is known about the toxicity of PFRs, however, studies have reported the harmful effects 
of PFRs to include altered hormone levels and decreased sperm concentrations; neurotoxic, 
mutagenic and carcinogenic effects in rats and mice; hemolytic and reproductive effects in 
humans; and potential human carcinogens.3 


Nothing is known on the production, use, distribution and fate of PFRs in South Africa.  
Moreover, despite increasing proof of the significant implications of indoor dusts for human 
exposure to flame retardants, attempts to link indoor contaminants with probable source items 
has had limited success.  A dearth of information also exists for human exposure and 
pathways to PFRs. 


To breach these gaps, the aim of the present study was to investigate indoor dust 
contamination of four PFRs (TCEP, TCIPP, TDCIPP and TPHP) and eight PBDE congeners 
in dust from various automobiles in South Africa.  We also aimed to establish the 
relationships of various parameters, such as the age of the automobile, automobile model, 
etc., and the concentrations of PFRs in dust in order to identify possible sources of PFRs in 
automobiles. 


Materials and methods 


Details of the sampling, extraction and analytical determinations for PDBEs and PFRs can be 
found elsewhere.4,5 


Results and discussion 


(a).  Levels of PBDEs in automobile dust 


PBDEs were detected in all 19 vehicles sampled (Fig 1).  The sum of the concentrations of 
the eight PBDE congeners (∑n=8 PBDEs) ranged between 573 – 11833 ng g-1 (mean of 3319 
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and a median of 2769 ng g-1).  BDE 47, 99 and 209 were detected in all samples.  BDE 209 
accounted for 42% of all PBDEs in the samples.  


 


 


Figure 1.  Concentrations of PBDEs measured in automobiles. 


The distribution pattern of PBDEs in this study was BDE 28 < BDE 154 < BDE 100 < BDE 
47 < BDE 153 < BDE 183 < BDE 99 < BDE 209. 


(b). Levels of PFRs in samples 


PFRs were also detected in all vehicles examined (Fig 2).  The distribution pattern of PFRs in 
the automobile dust samples was TDCIPP > TCEP > TCIPP > TPHP.  The concentration 
values ranged from 2000 – 245230 ng g-1 (TCEP), 770 – 56250 ng g-1 (TCIPP), <dl – 697100 
(TDCIPP) and 670 – 34100 (TPHP). 
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Figure 2.  Concentrations of PFRs measured in automobiles. 


The concentration profiles of TDCIPP in these automobiles are similar to concentrations 
reported in car dust from the Netherlands and Germany.  The high TDCIPP concentrations in 
automobile dust are in tandem with its usage as a flame retardant in flexible and rigid 
polyurethane foams (PUF).3 


The highest TDCIPP concentration in this study was found to be 697100 ng g-1 in a car 
manufactured in 2009.  However, a similar car from the same manufacturer, of the same 
model and year, had a TDCPP concentration of only 2600 ng g-1.  The cause of this 
discrepancy could not be ascertained, since information obtained showed that both cars were 
cleaned at approximately the same time (i.e. 90 days) prior to the date of sampling. 


No direct relationship was found between PFR concentrations and automobile manufacture 
year. 


A boxplot (Fig 3) of the concentrations of PFRs and automobiles grouped by manufacturer 
depicts a wide range in the concentrations of PFRs in automobiles manufactured by HONDA 
and AUDI. 


 


Figure 3. Box and Whisker plot for PFR concentrations and automobile manufacturer. 


This observation may indicate the large volume use of PFRs (majorly TDCIPP) in some 
applications, such as flame-retardants for flexible and rigid PUF in vehicles; the observation 
could also be reflective of a small sample size (i.e. n = 3) for each of the two automobile 
manufacturers. 


The automobiles in this study were also grouped in terms of year of manufacture: the first 
group (n = 4) reflects automobiles manufactured prior to 2004; the second group includes 
automobiles manufactured between 2005 – 2012 (n = 15) and reflects automobiles 
manufactured after the replacement of pentaBDE with alternative flame-retardants.The 
boxplot shown in Fig 4 indicates a wide variation in the concentrations of PFRs in the latter 
group.  This could mean an increased use of PFRs in automobiles manufactured after 2004. 
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Figure 4.  Box and Whisker plot for PFR concentrations and automobiles grouped into 
periods of manufacture. 


Generally, the levels of PFRs exceed those of PBDEs in this study.  This observation is not 
surprising since the three commercial PBDE mixtures have been banned or restricted by 
various regulations for most applications; hence the wide volume use of phosphorus flame 
retardants.  
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Introduction  
Magnetic Sector High Resolution GC/MS is the golden standard for high sensitivity analysis of Dioxins 
and other POPs. Already for decades it has been proving its proficiency in this field of analysis and 
thus became the established analysis technique available nowadays in leading Dioxin laboratories 
throughout the world.  
 
Flexibility: Added to the intrinsic high sensitivity and robustness of a Magnetic Sector High Resolution 
Mass Spectrometer the attachment of 2 GCs to one single MS strongly increases its flexibility allowing 
for the maximum exploitation and optimum adaptation to laboratory application requirements of this 
high performance detection device. Dual column adapters enable the installation of 2 columns within 
one single GC. In combination with a dual GC setup 2, 3 or a maximum of 4 columns can thus be 
connected to one single mass spectrometer. In this way the analytical system can be constantly 
prepared to perform different applications like PCDD/F, PCBs, PBDEs, etc. changing automatically 
between columns within a measurement sequence. In another approach latest technical 
developments based on a dual GC configuration enable to strongly increase sample throughput. 
 
Productivity: For all gas chromatographic analyses a certain amount of ‘dead’ time is an intrinsic part 
of the measurement. The dead time is the time before the first relevant peak is detected and after the 
last relevant peak elutes. Accordingly this dead time does not contain relevant analytical information 
and thus can be seen as wasted time. (see Figure 1) 


 
Figure 1. Illustration of waste ‘dead’ time during a GCMS analysis 
 
Dioxin analyses are typically conducted using 60 m columns that result in run times of 50-60 minutes. 
The dead time for such analyses can be 20-30 minutes per sample. Over a sample sequence this 
dead time equates to several hours per day that the average mass spectrometer is effectively idle. 
The chromatographic dead time can be almost eliminated by performing alternate staggered injections 
using two GCs coupled to a single mass spectrometer (Figure 2).  







 
Figure 2. Timescale of a staggered injection sequence using a two GC, single MS 
configuration.  
 
Depending on the ratio between dead time and acquisition time sample throughput can theoretically 
be doubled. This approach can be used for any type of GCMS application including combinations of 
different applications like e.g. Dioxins with PBDEs etc. 
 
To realize a staggered injection sequence a hardware modification inside each GC needs to be 
implemented. This modification needs to ensure that only the flow of one analytical column at a time is 
guided into the ion source of the mass spectrometer. Therefore a time controlled dynamic flow 
switching system was developed using a proprietary microfluidic channel device (MCD) to switch flow 
between vacuum purge and MS.  
 
The device, Figure 3, was able to successfully handle the rigors of high throughput POPs analysis, 
without compromise on sensitivity, chromatography or robustness. 


 
 
 
 
 
 
 
 
 
 
 


Figure 3. Proprietary microfluidic channel device (MCD) 
 
Materials and methods  
The Thermo Scientific™ DualData XL system comprised of: 
 
• New DualData XL modular Hardware 







• New Thermo Scientific DFS™ DualData XL software. 
• New computer controllable makeup gas module. 
• Two Thermo Scientific Trace 1310 GCs   
• A single Thermo Scientific DFS™ magnetic sector mass spectrometer 
• Thermo Scientific TriPlus™ RSH auto sampler 
 
A time controlled dynamic flow switching system was developed and implemented into each GC.  
 
With this system the flow of the analytical column can be either directed into the mass spectrometer 
for detection or into a vacuum purge line. A computer controllable helium gas supply was used as 
makeup gas which compensates the flow into the MS when the analytical column flow is guided into 
the service vacuum. Helium and vacuum lines were controlled by switching valves mounted in a GC 
module. All restrictions and connections inside the GC oven are implemented on a miniaturized MCD.    
 
Timing control for all sequence events are automatically calculated by the software based on the 
application experiment method file. Each data file contained the full information of instrument 
parameters of the GC, HRMS and auto-sampler. The retention time of the acquired data is 
synchronized with the GC run time.  
 
Analysis of Dioxins, PCBs and PBDEs were tested using both standards and sample extracts under 
regulated analysis conditions; such as EPA 1613 B for Dioxin analysis1. Also combinations of different 
applications per GC were performed.  
 
Results and discussion:  
During hardware development the primary focus was to ensure robustness, ease of use and analytical 
performance of the DualData XL system. The concept was proven by numerous experiments and 
again validated in full production dioxin analysis using thousands of samples at leading contract 
laboratories. The system as described here was tested to be able to cut out even high concentrated 
standards and demonstrated to work in routine with large injection volumes of 10 µL and higher. Even 
with large injection volumes, no solvent was found to reach the mass spectrometer, proving the 100% 
performance of the MCD device to switch column flow to vacuum. This gives absolute assurance that 
peaks from only one GC at any given point of time can reach the MS for detection.    
 
Using the new MCD wafer resulted in many benefits compared to previous approaches with different 
flow switching hardware: 
 


• Low thermal mass – enabling exceptional chromatography even for high boiling analytes 
such as BFRs 


• Exceptionally low dead volume – giving chromatography indistinguishable from a standard 
GC experiment 


• Fewer unions – enhancing robustness, minimizing leaks and simplifying operation and 
handling. 


• Simple unions – making the system easier to install and maintain, to maximize your 
productivity. 


• Special inert coating - increasing the robustness and longevity of the unions when compared 
to previous ‘T’ connectors. 


• Column fitting tool - to ensure simple low dead volume column installation without 
requirement of complex alignment. 


• Helium flow restrictors are now implemented within the wafer. This precision milled 
channels deliver perfect flow restriction and the MCDs are practically unbreakable, unlike 
conventional capillary flow restrictors.  
 







Chromatograms with and without this wafer are practically undistinguishable from one another in 
terms of peak shape or sensitivity. The Thermo Scientific DualData XL acquisition option can be used 
for different POPs analyses applications such as Dioxins, PCBs or PBDEs. Also a combination of 
different applications per GC is possible.  
 


 
Figure 4. PBDE Chomatogram using DFS DualData XL. 
 
 
 
Latest developments for DualData technology based on magnetic Sector MS provides a solution for 
maximum productivity in terms of number of samples analyzed per time.  
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Introduction 
Human milk is one of two key pillars for evaluation of the effectiveness of the Stockholm 
Convention on Persistent Organic Pollutants (POPs). It contains many lipid-soluble 
compounds that are also present in mother’s adipose tissue. Therefore, it can also be assumed 
that the concentrations of lipophilic contaminants in human milk are representative for those 
in plasma, serum lipid and adipose tissue. Thus, concentrations of these contaminants in 
human milk do reflect the body burden and can thus be used as an indicator for the overall 
exposure of the general population. The collection of human milk is a non-invasive sampling 
method, offering several advantages over the collection of other biological samples to assess 
overall human exposure. 


The World Health Organization (WHO) has performed exposure studies on concentrations of 
specific POPs in human milk at the global level since the end of the 1980ies. When the 
Stockholm Convention entered into force, WHO and United Nations Environment 
Programme (UNEP) agreed to collaborate and to expand the studies by inclusion of POPs 
listed in the Annexes of the Convention. Basis is the collection of representative individual 
samples in countries under responsibility of a National Coordinator and the preparation of 
pooled (mixed) samples for analysis by the WHO/UNEP Reference Laboratory for POPs in 
Human Milk. This paper presents results of samples received between 2000 and 2015 and 
analysed for polybrominated diphenylethers (PBDEs) and hexabromocyclododecane 
(HBCDD). 


 
Materials and Methods 
Collection of samples  
Guidelines for Organization, Sampling and Analysis were developed to give a framework for 
all activities and tasks associated with organization, sampling and analysis of human milk 
samples 1, 2. For each country, a National Coordinator is identified being responsible for the 
overall planning and implementation of the survey. The samples should be representative for 
a country. For this, criteria for selection of donors of human milk were developed. In order to 
get statistically reliable data, an appropriate number of individual donors must be recruited to 
provide samples for the survey. Equal aliquots of these individual samples are mixed to form 
a composite sample (“pooled sample”) which is analysed by the Reference Laboratory. 


Analysis 
PBDE were analysed as described earlier 3. In short, lipids of the extracted human milk were 
removed by gel permeation chromatography (GPC) followed by a further clean-up using a 
multi-layer silica-gel column and a florisil column. HRGC/HRMS was used for 







 
 


  
 


determination. For HBCDD clean up, gel chromatography and a silica column was used, for 
determination by HPLC-MS/MS.  
 
Results and Discussion 
80 representative pooled human milk samples of 58 different countries received between 2000 
and 2015 were analyzed for PBDE. Figure 1 illustrates the range found for the sum parameter 
(sum of PBDE 17, 28, 47, 66, 99, 100, 138, 153, 154 and 183), with a minimum of 0.38 ng/g 
lipid (upper bound levels) in a sample from Syria (2009) and a maximum of 230 ng/g lipid 
(upper bound levels) in a sample from USA (2003).  
 


 
Figure 1: Frequency distribution of PBDE levels (ng/g lipid, upper bound) in 80 human milk 
samples from 58 countries collected between 2000 and 2015 
 
Figure 2 illustrates the PBDE ranges found in different global regions. As conclusion, 
American countries have the highest PBDE levels.  
 


 
 


Figure 2: Comparison of PBDE levels (ng/g lipid, upper bound) in 80 human milk samples 
from 58 countries collected between 2000 and 2015 between different regions (lower level of 
bars = min, upper level of bars = max, line between min and max: median) 







 
 


  
 


 
54 samples of 45 different countries received between 2000 and 2015 were analyzed for 
HBCDD. Figure 3 illustrates the range found for the sum parameter (sum of alpha-, beta- and 
gamma-HBCDD), with a minimum of 0.79 ng/g lipid (upper bound levels) in a sample from 
Congo (2009) and a maximum of 16 ng/g lipid (upper bound levels) in a sample from 
Romania (2014).  
 
Figure 3: Frequency distribution of sum HBCDD levels (ng/g lipid, upper bound) in 54 
human milk samples from 45 countries collected between 2000 and 2015 
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Introduction 
The polybrominated diphenyl ethers (PBDEs) are a class of brominated flame 


retardants (BFRs)1. In 2009, Stockholm Convention listed “hexaBDE(BDE153/154) 
and heptaBDE(BDE175/183)” and “tetraBDE(BDE47) and pentaBDE(BDE99)” into 
Annex A of the amendments with specific exemptions for recycling of articles that 
contain or may contain those BDEs, and the use and final disposal of articles 
manufactured from recycled materials that contain or may contain those BDEs2. In 
December 2016, the Persistent Organic Pollutants Review Committee decided to 
recommend to COP8 for consideration of listing decabromodiphenyl ether (BDE-209) 
of c-decaBDE in Annex A to the Convention, with specific exemptions for some 
critical spare parts, to be further defined, for the automotive and aerospace industries3.  


China had some production of c-pentaBDE4 and c-decaBDE, and was a big 
consumer of BFRs in the field of electrical and electronic applications, motor vehicles, 
textiles, etc5. As a party of the Stockholm Convention, China was taking measures to 
fulfill its obligation according to the current status. In this study, the current regulation, 
historical data of production, consumption, usage and substitution and environmental 
existence of dedicated PBDEs were investigated, analyzed and discussed to propose a 
strategical action plan for PBDEs-POPs control in China. 


Materials and methods 
The historical data of production, consumption, use and substitution were 


achieved from relevant stakeholders, referring to the preliminary investigation 
approaches in the “draft guidance for the inventory of PBDEs under Stockholm 
Convention”6. The environmental existence data was mined from archives of 
researches7. The SWOT analysis was applied to propose strategical suggestions. 


Production, consumption, use and substitution 
The use of PBDEs in electric and electronic products was banned from 1 March 


2007 in China8,9. China had ever had a small amount of experimental production and 
use of c-pentaBDE, which had been produced in 4 plants with small scale production 
and was ceased before 2004. No production, consumption, use and storage of 
c-octaBDE were found reported in China, nor the dedicated policy and regulation10. 
After Chinese government approved the Stockholm Convention amendments, the 
production, consumption, use and import/export of “hexaBDE and heptaBDE” and 
“tetraBDE and pentaBDE” were banned from March 26th 2014 in China11. Because 







c-pentaBDE was used in electrical and electronic equipment (like plastic, wire, cable, 
plastic shell, circuit board and so on) and China is a main world disassembling 
country, the e-waste disassemble site should be the hotspot for the pollution 
prevention and control of c-pentaBDE in China4. 


China was the main producer of c-decaBDE among the Asian countries, and the 
production of China was up to 13,500 tons per annum in 2001 and up to 30,000 tons 
in 20055, by estimate reaching the peak before 2017. After the rules of RoSH came 
into force in 20078, c-decaBDE are gradually decreasing in electronic and electrical 
equipment (EEE), and due to competition of quality and price a dozen companies 
closed their production lines. About 3/4 of the c-decaBDE was consumed in domestic, 
and most of them was used in some other flame retardant products, such as plastic 
(EEE, wire, cable, plastic shell, circuit board and so on), rubber and textile products 
(clothing, pipeline, toys, shoes). On the basis of 10% of additive amount, about 
150,000 tons of flame retardant plastic were produced and used in various national 
economic forms and household appliances. To replace c-decaBDE, decabrominated 
dipheny ethane (DBDPE) was developed and produced as substitute with minor 
economic and technique influence to the industries in China. In consideration of 
brominate-based flame retardant such as DBDPE might have the risk to be verified to 
cause potential negative impact to the environment, some phosphate-based flame 
retardants are in R&D process12. As the recent published EU Regulation announced 
that decaBDE, its mixture or an article containing decaBDE in a concentration equal 
to or greater than 0,1 % by weight shall not be manufactured or placed on the market 
as a substance on its own after 2nd March 201913, the products containing decaBDE 
for export to EU will seek for the flame retardant substitute accordingly. 


Environmental existence 
The consumption and use process of c-pentaBDE and c-octaBDE were reported 


to exist “relatively low risk” to the environment and human health. The disassembling 
process of e-waste might cause “relatively high risk” to the environment and human 
health in respect of c-pentaBDE and c-octaBDE, especially at the illegal sites7. 


Results and discussion 


Table 1: SWOT analysis matrix for national strategy of POPs-PBDEs control in China 
Substance: 
c-pentaBDE 
and c-octaBDE 


Strengths 
1. POPs-PBDEs banned. 
2. Production had been 
small and already ceased. 
3. Have basic monitoring 
capacity and data. 


Weaknesses 
1. E-waste disassembling 
had relatively high risk. 
2. Lack of specific 
regulation and standard. 
3. Low public awareness. 


Opportunities 
1. “hexaBDE/heptaBDE 
and tetraBDE/pentaBDE” 
were listed into SC. 
2. Production was widely 
ceased in OECD. 


S-O Strategies 
1. Include requirements 
for POPs control in the 
environ. management.  
2. Strengthen supervision 
for imported products. 
3. Regular monitoring on 


W-O Strategies 
1. Strengthen supervision 
for the import of e-waste 
and plastic with PBDEs 
2. Enhance relevant 
regulation and standard. 
3. Capacity building. 







environ. and products. 
Threats 
1. Lots of E-waste and 
plastic were exported to 
China for recycling. 
2. There might have been 
some sites contaminated. 


S-T Strategies 
1. Develop standards with 
specified limitation for 
products and waste. 
2. Investigate and identify 
contaminated sites, i.e. 
former manufacture and 
dismantling sites. 


W-T Strategies 
1. Regulate dismantling 
and recycling processes. 
2. Raise public awareness. 


Table 2: SWOT analysis matrix for national strategy of decaPBDEs control in China 
Substance: 
c-decaBDE 
(The following analysis is 
based on the assumption 
that decaBDE will be 
listed into SC.) 


Strengths 
1. Production deacreasing. 
2. Banned use in EEE. 
3. Have some mature 
substitute i.e. DBDPE. 


Weaknesses 
1. Still have production. 
2. Historical leftovers. 
3. Lack of non-halogenate 
based substitutes. 


Opportunities 
1. DecaBDE to be listed 
into SC by COP8. 
2. EU will ban decaBDE 
before 2 March 2019, 
with an exemption for 
aircraft and spare parts of 
used vehicles till 2027. 


S-O Strategies 
1. Facilitate the central 
government to approve 
the amendments. 
2. Make an inventory and 
update the national plan. 
3. Promote replacement of 
decaBDE with technical 
and financial assistance. 


W-O Strategies 
1. Cease production. 
2. Strengthen supervision 
for the import and export 
of decaPBDE contained 
products and waste. 
3. Promote R&D of 
non-halogenate based 
substitutes. 


Threats 
1. OctaBDE and 
nonaBDE are still not 
POPs. 
2. USEPA has identified 
DBDPE as high hazard 
for developmental toxicity 
and for bioaccumulation 
by predictive models and 
professional judgement. 
3. Legacy waste. 


S-T Strategies 
1. Promote R&D of 
non-halogenate based 
substitutes. 
2. Make action plan for 
the in-use products and its 
obsoleting. 
3. Make action plan for 
the disposal of PBDEs 
waste. 


W-T Strategies 
1. Regulate dismantling 
and recycling processes. 
2. Investigate and identify 
contaminated sites, i.e. 
former manufacture and 
dismantling sites. 


Conclusions 
For hexaBDE/heptaBDE and tetraBDE/pentaBDE, the action plans for the 


POPs-PBDEs control and reduction are suggested as follows: 
1. Integrated the requirements for POPs-PBDEs control into the current 


environmental management system. 
2. Promote BAT/BEP to POPs-PBDEs contained e-waste dismantling and 


plastic recycling for environmentally sound management. 
3. Strengthen supervision for the import and export of POPs-PBDEs contained 


e-waste, waste plastic and products. 
4. Deploy regular monitoring on environment and products for risk precaution. 
5. Enhance capacity building and raise public awareness. 







For decaBDE, it still awaits for the approval of the COP, and the main risk from 
decaBDE is caused by its de-brominated derivatives (like tetraBDE, pentaBDE, 
hexaBDE, heptaBDE, octaBDE and nonaBDE). In this respect, some other PBDEs 
like octaBDE, no matter as one of the main ingredients of c-octaBDE or the impurity 
and the de-brominated derivative of decaBDE, should have higher priority than 
decaBDE to be listed as POPs, which should be kept further attention. Anyway, as 
China is still producing and using decaBDE as flame retardants, the intimate concern 
should be kept on the decisions of the upcoming COP8. 
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Effects of Atmospheric Boundary Layer Height on Polybrominated Diphenyl Ether 


Concentrations in Air 
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Introduction 


In order to examine the effectiveness of reduction policies on polybrominated diphenyl ethers (PBDEs), 


the Japan Ministry of the Environment (JMOE) has performed semiannual surveys (in the warm and cold 


seasons during 2009−2012) on atmospheric PBDE congeners present in the gas plus particle phase 


concentrations.
1 
With the large amount of PBDE data collected across Japan (298 samples), it is essential 


to apply statistical analysis to determine which factors influence atmospheric PBDE concentrations. It has 


been widely documented that atmospheric conditions such as temperature and precipitation have a 


significant effect on PBDE concentrations in air. In addition, the height of the atmospheric boundary layer 


(ABL) determines the air volume for the dispersion of all atmospheric constituents emitted at the surface 


of the earth. The Japanese global reanalysis (JRA-55) database, based on four-dimensional variational 


analysis (latitude, longitude, vertical level, and time), provides high-quality, long-term data (from 1958) 


relevant to the ABL height.
2
 Combining the data from the JRA-55 and the JMOE provides an opportunity 


to study the relationship between the ABL and atmospheric PBDEs. In this study, the aim was to 


determine the correlations between the ABL and the behaviors of the atmospheric PBDEs. The research 


was conducted in two steps, namely, (i) estimating the height of the ABL from 50 sites relevant to PBDE 


sampling, and (ii) performing a correlation between the ABL and PBDE air concentrations, along with 


other predictors such as temperature, rainfall rate, population density, and year. 


Materials and methods 


Data collection: The atmospheric gas plus particle phases of PBDE congener concentrations and the 


concurrent site-specific meteorological data (ambient air temperature and rainfall rate) for 50 sites across 


Japan over four years (2009−2012), have been described in detail in Dien et al. (2016).
3
 The sampling 


was conducted twice a year at each site, namely, in the warm season (approximately August, September, 


and October) and in the cold season (approximately November, December, and January). In this study, 


site-specific and time-dependent ABL data (latitude and longitude information and the sampling times) 


were estimated by using the JRA-55, with the horizontal resolution being approx. 55 km, and vertical 


levels at the surface and 60 levels up to 0.1 hPa. In the JRA-55 database, model grid data, including 


model-level analysis fields (anl_mdl), surface analysis fields (anl_surf), and constant fields (TL319), are 


relevant for estimating the height of the ABL. For anl_mdl, we collected data on the geopotential height, 


u-component of the wind, v-component of the wind, temperature, and the specific humidity. The 


collection was done every six hours at 9 AM, 3 PM, 9 PM, and 3 AM (Japan time zone, equal to UTC+9) 


at 60 vertical levels. For anl_surf, data on the surface pressure, surface potential temperature, temperature, 







and specific humidity at the 2 m level were also collected every six hours at (local time) 9 AM, 3 PM, 9 


PM, and 3 AM. Furthermore, geopotential and land cover (1=land, 0=sea) information was collected from 


TL319. The data were extracted with the OpenGrADS (version 2.0.2.oga.2), developed by the Center for 


Ocean-Land-Atmosphere Studies (COLA) and the Institute of Global Environment and Society (IGES). 


The Python open source program (version 2.7) (Python Software Foundation, Delaware, USA) was used 


to extract the meteorological data, which are encoded in GRIdded Binary format (GRIB, Edition 1) 


(World Meteorological Organization [WMO], Commission for Basic System [CBS]). 


Estimating the ABL height: Based on the above-mentioned parameters, the height of the ABL was 


estimated from the maximum value obtained with the parcel method (PM) and the bulk Richardson 


number (Rib) method, as described in Dien et al. (2017).
4
 Since atmospheric PBDEs were continuously 


monitored for three or seven days per sample, the relevant ABL values were estimated as the average for 


the daytime and nighttime values during a sampling period, and were subsequently used in the regression 


analysis.  


Tobit regression analysis: We performed Tobit regression analysis
3
 on atmospheric PBDE concentrations 


using multiple predictors, including ABL, temperature, rainfall rate, population density, time trend, and 


spatial variations, as follows: 


ln 𝐶𝑖,𝑦,𝑠 = 𝑎 + 𝑏1/𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟 𝑖,𝑦,𝑠 + 𝑏2 ln (𝑅𝑎 + 1)𝑖,𝑦,𝑠 + 𝑏3  ln(𝐴𝐵𝐿)𝑖,𝑦,𝑠 + 𝑏4  ln(𝑃𝐷 + 1)𝑖 + 𝑏5 𝑌𝑦 + 𝜆𝑖 +


𝜀𝑖,𝑦,𝑠                  


where C is the concentration of PBDE congeners (pg m-3); Toutdoor is the outdoor temperature (K); Ra is the rainfall 


rate (mm∙h-1); PD is the population density (person∙km-2); ABL is the atmospheric boundary layer height (m); Y is the 


year (2009−2012); 𝜆 is a random effect of 50 sampling sites across Japan; 𝜀 is an error term that follows normal 


distribution with mean 0 and variance 𝜎2; a is an intercept; b1, b2, b3, b4, and b5 are regression coefficients; i is the 


sampling location; y is the year; and s is the season. The Tobit model was run using the function of panel analysis on 


the censored model, with the left censoring limit using the Stata 13 software (StataCorp LP, Texas, USA). 


Results and discussion 


Behavior of the ABL: As the sampling time for the ABL data (corresponding to the PBDE sampling time) 


was only in early autumn and winter, at specific intervals (three or seven days per sample), the estimated 


ABLs would probably not show all of the relevant information on the day/night, seasonal, and interannual 


timescales. Consequently, at first, we analyzed the monthly ABLs over a period of four years for two 


representative sampling sites on land and sea to determine the trends. The urban air (Tokyo metropolitan) 


showed a distinct ABL pattern between day and night, being much higher during the daytime, as 


presented in Figure 1a. On the other hand, no distinct pattern was observed in the marine ABL (the sea 


around the Okinawa island), as presented in Figure 1b. The contrast between the land (urban) and the sea 


is attributable to the presence of a large daily exchange of heat and mass between the ABL and the free 


atmosphere over land, while over sea the mixing occurs primarily by turbulent entrainment. As shown in 


Figure 1, the seasonal changes in the nighttime ABL (nocturnal boundary layer) are weaker than are those 







of the daytime ABL (convective mixed layer), particularly for urban sites. We therefore paid attention to 


the convective daytime ABL for discussing the seasonal pattern. As a result, the ABL height shows 


differing seasonal trends for the land and marine sites. For the urban sites in Tokyo, the monthly mean of 


the ABLs during the warm season (spring and late summer) was higher than that during the cold season 


(winter) (Figure 1a). In contrast, the ABL for the marine sites (Okinawa) was estimated as higher during 


the cold season (winter) in comparison with the warm season (summer and autumn) (Figure 1b).  


 


Figure 1 Monthly daytime and nighttime estimates of ABLs (mixing height) during 2009−2012 from two 


representative locations: (a) Tokyo metropolitan (b) Okinawa sea 


Correlation between ABL and PBDEs in air 


The results from estimating the site-specific and time-dependent ABL relevant to the PBDE sampling was 


used for regression analysis. From Figure 2, we found a consistent inverse relationship between the ABL 


and the concentrations of BDE-47 and -99 in the air (p=0.009 for BDE-47, and p=0.002 for BDE-99). 


However, interestingly, no significant relationship (p=0.258) was found between the ABL and the 


concentrations of BDE-209 in the air. These results indicate that higher ABL values produce 


concentrations of BDE-47 and -99 that are more diluted; however, this does not apply to BDE-209.  


Okonski et al. (2014)
5
 indicated that most (81% and 90%) of BDE-47 and -99 was found in the fine 


particles (0.49−3.0 μm), whereas only 65% of BDE-209 was found in these particles. On the other hand, 


the distribution of BDE-209 was higher (35%) in larger particles (3−10 μm) compared with the 


distributions of the BDE-47 and -99 (19% and 10%). Zhang et al. (2012)
6
, particularly, conducted a study 


on the particle size distribution of PBDEs at different heights in the urban area of Guangzhou during 


August and December 2010. These authors found that the distributions of particulate-bound PBDEs 


(BDE-47, -99, and -209) were bimodal, with a major peak at 0.56−1.0 μm and a minor peak at 3.2−5.6 


μm, for heights of 100 and 150 m. However, at the surface (1.5 m above the ground), only the particle 


size distribution of airborne BDE-209 significantly peaked at a major fraction of 5.6−10 μm and a minor 


fraction of 0.56−1.0 μm. Consequently, a much higher fraction of BDE-209 was distributed in the large 


particles in the near-ground air compared with those at heights of 100 and 150 m. These significant 


differences suggest that the BDE-209 bound to large particles might not be conveyed to high altitudes 


(e.g., 100 or 150 m). On the other hand, BDE-47 and -99 in the fine particles in both the near-ground and 







upper air undergo less dry deposition and can be transported to higher altitudes. The findings on the 


differing behaviors of the PBDE congeners, as discussed above, verify the inverse relationship between 


the mixing height and the air concentrations of BDE-47 and BDE-99 (being mainly associated with the 


gas phase and fine particles). The weak relationship between the mixing height and the BDE-209 


concentration (with a high fraction in coarse particles) was confirmed by our study. 


 


Figure 2 Regression coefficients of the concentrations of PBDE congeners against (a) the atmospheric boundary 


layer height (m), (b) rainfall rate (mm∙h-1), (c) reciprocal temperature (K-1), (d) year, and (e) population density 


(person∙km-2) across Japan. Notes: The number of data points (n) is 298, the bars represent the coefficient estimates 


of PBDE congeners, and the error bars show the standard errors (SE) 


The Tobit model presented significantly negative slopes against 1/Toutdoor for the gas plus particle phase 


concentrations of BDE-47 (Figure 2), with a high regression coefficient (-5290). On the other hand, 


although the concentrations of BDE-99 and -209 significantly present a relationship with 1/Toutdoor, the 


regression coefficients (-1660 and 1904, respectively) were low. This result indicates that the temperature 


has a major effect on BDE-47, but a minor effect on BDE-99 and -209. The effect of the rainfall rate was 


shown to be greater on the PBDE removal for heavy congeners with particle phase dominance (BDE-209) 


than for the light congeners with gas phase dominance (BDE-47 and -99). The human population density 


factor presented a positive correlation with all of the PBDE congener concentrations, and all 


concentrations exhibited a decrease during 2009−2012. 
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INTRODUCTION 
 
In recent years, polybrominated diphenyl ethers (PBDEs) have emerged as a subject of great concern 
because of their increasing levels in the human body, causing disturbance of the thyroid hormone 
homeostasis and chronic neurotoxicity (Alaee et al, 2003). PBDEs have been produced commercially in 
three major formulations: penta-BDE (consisting of 38-49% BDE47 and BDE99 each), octa-BDE 
(mixture of hexa-BDEs to octa-BDEs) and deca-BDE (up to 97% BDE209) (Abdallah et al, 2009). Since 
commercial PBDEs mixtures are incorporated into polymers and other substrates, they are more easily 
released into the environment during manufacture, incorporation into products, product disposal as well 
as during product repairs/ recycling (Li et al, 2011). The major components in the penta- and octa-
commercial BDE products were listed as persistent organic pollutants (POPs) at the fourth meeting of 
the Conference of the Parties (COP4) of the Stockholm Convention in 2009 (Abdallah et al, 2009; Li et 
al, 2011). 
 
One of the greatest challenges confronting global water resources is water pollution caused by 
numerous human activities. Freshwater systems, particularly the rivers which are receptacles for most 
urban sewage, industrial and agricultural discharges as well as highly contaminated wastes from 
informal settlements are most affected (Daso et al, 2011). Of serious concern is exposure of PBDEs to 
aquatic organisms (Lacorte et al, 2010). Additionally, aquatic organisms bio-accumulate PBDEs (de Wit 
et al, 2006); thus, interest has grown in determining these pollutants in various environmental matrices 
(desJardins Anderson & MacRae, 2006; Peng et al, 2007; Losada et al, 2009; Lacorte et al, 2010). 
Therefore, an important goal of the study was to report on the quantification of PBDEs in two fish 
species from sites selected on the Vaal River Catchment which is one of the largest river catchments in 
South Africa. It is hoped that the results obtained will serve as valuable references for future risk 
assessment and environmental management measures in the Vaal River Catchment. 
 
 
MATERIALS AND METHODS 
 
Standards and Reagents 
 
The solvents acetone, methanol, dichloromethane and hexane used in the study were of GC grade and 
were used without further purification. Each certified standard solutions (1.2 mL of 20 mg/L) of seven 
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PBDEs congeners (BDE28, BDE47, BDE100, BDE99, BDE154, BDE153 and BDE183) were 
purchased from AccuStandard (USA). Anhydrous sodium sulphate (purity 99.9%), granular powder was 
purchased from Merck, sodium sulphate cartridges were purchased from Chemetrix, South Africa while 
Helium as He 5.5 pure was purchased from Air Products, Vereeniging, South Africa. 
 
Fish Sample Collection 
 
Sixteen (16) fishes (Labeo umbratus, n= 7 and Carp, n= 9) were collected from the Vaal River. The 
selected fishes were caught using a fishing rod. Fish selected for analysis were killed by a blow to the 
head and were individually wrapped in aluminum foil, placed in plastic bags packed with ice for 
transport to the laboratory where the samples were frozen pending preparation of the tissue samples. 
Fish tissue samples were prepared following the guidance in EPA (2000). Techniques to minimize 
potential for sample contamination were used. During sample preparation, non-talc nitrile gloves were 
worn and heavy-duty aluminum foil cutting board was used. The gloves and foil were changed between 
samples and the cutting board cleaned between samples. The fish were thawed enough to remove the 
foil wrapper and rinsed with tap water, then deionized water to remove any adhering debris. Before use, 
the skins were removed and the sample, muscle tissues, collected.  
 
Muscle tissue sample preparation: Homogenization, Extraction and Clean-up 
 
About 5 g of the tissue was weighed and mixed with 20 g anhydrous sodium sulphate and grounded to 
free flowing. The contents were extracted with 20 ml of hexane/acetone mixture (4:1) at 55°C for 45 min 
in two cycles. After the ultrasonic extraction, the extracts were combined and placed in separating 
funnel. Roughly 10 ml of concentrated sulphuric acid was added, the mixture shaken for 5 min and 
phase separated. The acid layer was washed once with 25 ml of hexane. The hexane extracts were 
combined and washed with 40% (v/v) sulphuric acid for further removal of residual lipids. The phases 
were separated and the organic phase evaporated to dryness using TurboVap II instrument. The 
residue was re-constituted with 2.5 ml of MeOH, diluted to 250 ml with MilliQ water and acidified to pH 
3 with acetic acid. The mixture was then passed through an SPE cartridge conditioned with 6 ml of 30% 
MeOH in DCM, followed by 6 ml DCM. After passing the mixture through the cartridge, the cartridge 
was dried for 1 h and PBDEs eluted with DCM: hexane (4:1) mixture. The eluates were then 
concentrated under a gentle stream of nitrogen to dryness. It was reconstituted with 100 µl of hexane. 
The internal standards (PBB80, 20 µl of 2 ppm) was added into the extract, the volume made up to 200 
µl and 1 µl of a mixture of extracts and internal standards injected into the GC-MS.  
 
Instrumentation and GC/MS Conditions 
 
An Agilent 6890 GC equipped with 5975 mass selective detector (MSD) was used for analysis. The GC 
was equipped with a Agilent autosampler A7693 and separation performed on a capillary column 
(Restek RTx-1614, film thickness 0.10 µm, 15m x 0.25mm I.D., (Chromspec cc South Africa)). The 
GC/MS conditions used for analysis were as follows: carrier gas He; linear velocity, 40 cm s-1; injector 
temperature, 275 °C; transfer line temperature, 280 °C; ion source 150 °C. For analysis 1µl splitless 
injection were carried out by autosampler. The GC temperature program conditions were as follows: 
initial temperature 50°C, heated to 120 °C by a temperature ramp of 7.5 °C/min then 275 °C by a 







temperature ramp of 15 °C/min then finally heated to 280 °C (held for 1 min) by a temperature ramp of 
25°C/ min. 
 
 
RESULTS AND DISCUSSION 
 
Recovery test 
 
Different methods (aminopropyl cartridge, destruction with concentrated sulphuric acid, silica gel stirring 
and/or their combinations) were tested for lipid removal (2.92% lipids, n= 16) and recovery of PBDEs 
from tissue samples. Concentrated sulphuric acid wash was used removed ~80% lipid. However, by 
washing the post-extract with concentrated acid, followed by a dilute sulphuric acid (40% (v/v)), ~97% 
lipids (n=16) was removed and the recovery after lipids removal and SPE clean up ranged between 60 
± 9.21 (BDE228) – 90.88 ± 6.32 (BDE47). 
 
Concentration of PBDEs in fish samples 
 
All target compounds, as presented in Figure 1, were quantified in both fish species with concentration 
from Carp higher than the detected concentration in Labeo Umbratus except for BDE28 which was 
found higher in Labeo Umbratus. Sum concentrations of PBDEs (∑PBDEs) were 18.68 ng/g ww and 
11.60 ng/g ww in Carp and Labeo Umbratus; respectively with BDE99 being the most abundant PBDE 
congener. The profile of the detected PBDEs reflected the exposure to Penta-, Octa-PBDEs mixtures 
and to some extent Deca-PBDEs though it was not included in the study. The pattern of PBDEs 
detected in sediments from the Vaal River (Chokwe et al, 2016) were also dominated by BDE153 
(component of octa-BDE) and BDE99 (component of penta-BDE).  
 


 
 
Fig. 1: Concentrations of PBDEs in two fish species 
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In conclusion, these results showed milder contamination of PBDEs in aquatic environment, however 
these pollutants should be monitored as commercial products containing BFRs, such as televisions, 
mobile phones and computers, may be the sources of BFRs exposure to South African environment. 
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Introduction 
Organophosphate esters (OPEs) represent a group of chemicals extensively used for two main 
purposes, depending on the type of the ester side chain; the halogenated are applied as flame 
retardants (FRs) and the non-halogenated are mostly used as plasticizers. With the gradual 
discontinuation of the use of some brominated FRs due to their proved persistence, 
bioaccumulation, and toxicity, OPEs are considered as suitable alternatives [1-4]. These re-emerging 
OPEs are additives and hence can easily diffuse into the surrounding environment (e.g. dust, air, 
sediment and food web) where their presence has already been reported [1]. Some findings showed 
the plausibility of OPE diffusion from the food packaging materials. Human can be then exposed by a 
combination of oral, inhalation and dermal routes [4]. Moreover, several adverse effects associated 
with these contaminants are highlighted [3,4]. Despite previous efforts on their occurrence in abiotic 
compartments, still very limited information is available in biota and particularly in France. To fulfil 
this data gap, the objective of this work was to evaluate the occurrence of OPEs in fish and packaged 
foodstuffs at French level in order to investigate the possible environmental contamination as well as 
the transfer from the packaging materials into food. 
 
Materials and methods  
 
Standards 
Seventeen phosphate compounds were studied: (i) triethyl (TEP), tri-n-propyl (TPrP), tri-n-butyl 
(TnBP), tri-iso-butyl (TiBP), tris(2-butoxyethyl) (TBEP), triphenyl (TPP), 2-ethylhexyl diphenyl (EHDP), 
tris(2-chloroethyl) (TCEP), tris(1,3-dichloro-2-propyl) (TDCIPP) and tri(chloropropyl) (TCPP) obtained 
from Wellington Laboratories (Guelph, Ontario, Canada), (ii) dibutyl phenyl (DBPhP), diphenyl butyl 
(DPhBP), tri-o,m,p-cresyl (o-TCP, m-TCP, p-TCP) and tris(2,3-dibromopropyl) (TDBPP) from Chiron 
Laboratories (Trondheim, Norway), (iii) tris(tribromoneopentyl) (TTBNPP) from AccuStandard Inc. 
(New Haven, CT, USA). Seven compounds were used as internal standards (IS) according to the 
isotopic dilution method: d15-TEP, d21-TPrP, d21-TnBP, 13C2-TBEP, 13C18-TPP, d12-TCEP and d15-TDCPP 
from Wellington Laboratories. 
 
Instrumentation 
Two GC systems were employed, a Scion™ 436-GC from Bruker (Billerica, MA, USA) and a 7890-A 
from Agilent (Santa Clara, CA, USA). One μL was splitless injected at 295 °C on two capillary columns: 
DB-5MS (Agilent) and ZB-5HT (Phenomenex, Torrance, CA, USA). 
Two coupled mass spectrometers were used and on which selected reaction monitoring methods 
were developed, a Scion TQ-MS from Bruker operating in the EI and a Xevo TQ-S from Waters 
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(Milford, MA, USA) operating in APCI mode. These instrumental investigations were recently 
valorised in a journal paper reporting for the first time the analysis of such large panel of OPEs via 
APCI technique [5]. 
 
Sampling and sample preparation 
A set of 77 fish samples was selected from freshwater and seawater systems. Wels catfish (genus 
Silurus) (n=44) were collected in 2014 in the Gironde drainage basin from different sampling sites on 
the Dordogne and the Garonne rivers. Fish samples (n=33) of various species were collected between 
2014 and 2015 from the French market for human consumption. Moreover, 20 packaged foodstuffs 
were obtained from a local retailer in 2010 and 2015, including food with different nutritional 
categories (dairy products, meat, pastries and other snacks). 
 
Sample preparation procedure 
After lyophilisation of samples, Selective Pressurized Liquid Extraction was used as a combined 
extraction/purification step by adding 15 g of Florisil® into the PLE cell with EtAc/c-Hex 1:1 (v/v) 
mixture as extraction solvent. Then, with the same solvent nature, Gel Permeation Chromatography 
was employed as additional purification step. The fractions were reconstituted in toluene prior to 
analysis using GC-MS/MS. 
 
Results and discussion 
The analysis was based on the specified limits of quantification or reporting ranging between 0.002 
and 1 ng/g fw (fresh weight), except for TDCIPP and TDBPP (up to 2 ng/g fw). The detection 
frequencies for targeted OPEs in the analysed fish and foodstuffs ranged between 0 and 85%, with 
the highest attribution for 2 alkyl (TnBP, TiBP), 2 aryl (TPP, EHDP) and 2 chlorinated (TCPP, TDCIPP) 
OPEs. 
On one hand, fish samples from both freshwater and seawater systems exhibited targeted OPEs at 
total concentrations lower than 10 ng/g fw, which was comparable in terms of low loads to those 
from recent studies elsewhere [6]. The contamination level or profile was not specifically linked to a 
sampling site (freshwater) nor to a living zone (seawater). Moreover, a primary component analysis 
(PCA) showed no distinguishable signature in the reported contamination at the French level 
(Figure 1).  
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Figure 1: PCA scatterplot for the comparison of fish from freshwater and seawater systems. 


On the other hand, the foodstuffs contained higher levels of targeted OPEs so that the total 
concentration levels ranged between 1 and 100 ng/g fw, except for a marble cake that showed 
important concentration up to 5000 ng/g fw (Figure 2). This was mainly attributed to EHDP, which is 
a compound allowed to be used in plastic food contact materials with a migration limit of 2400 ng/g 
[7]. 
 


 
 


Figure 2: SRM total ion chromatogram of marble cake sample, analysed by GC-APCI-MS/MS. 
 


Since such high contamination of EHDP might be attributed to the packaging material, the wrap of 
the marble cake was then extracted and analysed (Figure 3). Our preliminary results of analysis 
showed the presence of EHDP in the wrap and hence hypothesized its possible migration into the 
cake. 
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Figure 3: Full san total ion chromatogram of marble cake sample, analysed by LC-ESI(+)-HRMS (Q-Exactive, 


Thermo). 
 
As a conclusion and as a hypothesis, the contamination in the analysed samples might be attributed 
to the flame retardants applications but also the plasticizers in packaged foodstuffs. The present 
study presents the first occurrence survey at the French level. The results reinforce the necessity of 
expanding the analysis of these emerging contaminants for better contribution to human exposure 
assessment and hence risk characterization. 
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Introduction  
PBDEs are a group of additive flame retardants that were widely used in the late 20th Century until 
their association with negative human health effects became apparent. Whether dust or diet is the 
primary exposure source for PBDEs differs between individuals and over time. Exposures may be 
related to occupational exposure, regional use and regulation of PBDE and diet type. In a recent 
systematic review of associations between human exposure to PBDEs via diet and indoor dust, and 
internal dose, we concluded three key factors influenced correlations between external PBDE 
exposure and human body burden: 1) half-life of individual congeners in the human body; 2) 
proximity and interaction between PBDE source and study subject; and 3) time of study relative to 
phase out of PBDE technical products1.  
 
Penta, Octa and Deca are the three commercial mixes of PBDEs.  Production and use of Penta and 
Octa BDE were restricted from use in the EU in 20042.  Use of Deca BDE in electronics and electrical 
goods ceased in 20083. PBDEs display a range of half-lives in humans with a general trend of shorter 
half-lives for the higher brominated compounds.  Specifically, while estimates of human half-lives for 
Deca (BDE-209) are just a few days, for the main congeners of the Penta BDE mixture they are 
around two to four years4,5. The origins of human body burdens of PBDEs can be expected to change 
over time away from indoor dust towards diet as household goods containing PBDEs, such as soft 
furnishings and electronics, are replaced with items that contain alternative flame retardents6. The 
aim of this study was to determine the major sources of various dietary and indoor environment 
PBDE exposures for individuals in a UK cohort, with a view to making recommendations to reduce 
exposure.   
 
Materials and methods  
Participants were selected using a screening questionnaire to represent a range of anticipated low, 
medium and high PBDE exposures by considering diet type, occupation and urban and rural 
locations.  The study was approved by the Durham and Tees Valley Research Ethics Committee.  
 
In 2011, 10 co-habiting volunteer couples each completed a study week with food frequency and 
lifestyle questionnaires, food and activity diaries and room contents surveys to evaluate their PBDE 
exposure sources.  Study participants also provided a 24 hour duplicate diet sample, samples of dust 
from homes (living areas and bedrooms), workplaces and vehicles, 60 mL blood sample, and 50+ mL 
breast milk samples where possible (see Figure 1). Serum, milk and duplicate diet samples were 
extracted and analysed for PBDEs at Fera, York, UK, using previously described methods7. Dust 
samples were analysed at the University of Birmingham, UK, again using previously described 
methods8. The following PBDE congeners were measured: BDE17, 28, 47, 49, 66, 71, 77, 85, 99, 100, 
119, 126, 138, 153, 154, 183 and 209.  
 
Results and discussion  


We measured PBDEs from the Penta commercial mix in all of the samples collected with ranges of 
0.78-12.8 ng/g lw in serum, 1.33-21.0 ng/g lw in breast milk, 0.1-1.4 ng/g lw in the duplicate diet 
samples, 2,230-3,760 ng/g dust in indoor dusts and 88.1-677 ng/g dust in vehicles. Deca-BDE was 
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measured above the limit of detection in 17% of serum samples, 83% of breast milks, 63% of diet 
samples and 100% of dusts. Concentrations of the Deca-BDEs had ranges <1.13-19.8 ng/g lw in 
serum, <0.19-1.04 ng/g lw in breast milk, <0.001-3.13 ng/g lw in duplicate diets, 806-65,500 ng/g in 
indoor dusts and 315-137,000 in vehicles. Further descriptive statistics on PBDE congener 
concentrations in the matched matrices are provided in Table 1.  


Individuals’ estimated daily PBDE exposure via dust ranged from 14 to 1,000 pg/kg bw/d for Σtri–
hepta BDEs, and 280-to 15,900 pg/kg bw/d of BDE-209 using an average adult dust intake scenario 
of 20 mg d-1. Combined exposure estimates via dust and diet revealed total PBDE intakes of 104 to 
1,440 pg/ kg bw/d for Σtri–hepta BDEs and 1,170 to 17,000 pg/kg bw/d for BDE-209.  These adult 
intakes were well within health reference doses suggested by the European Food Safety Authority 
(EFSA) and the US EPA. However, estimated infant exposures (ages 1.5 to 4.5 years) indicated that 
BDE-99 intake (using average dust and diet intakes) for one of the households did not meet EFSAs 
recommended margin of exposure and another two households were borderline for BDE-99 for high 
level dust and diet intake.  


Diet was found to be the major exposure source for Penta-mix BDEs and indoor dust the major 
source of BDE-209. Individuals’ exposures showed great diversity within the cohort. Participants that 
ate above the group median of meat portions per week had higher serum Penta-mix BDE 
concentrations. Participants with BMI above the group median tended to have lower Penta-mix BDE 
concentrations.   


Room contents that were indicated as key PBDE sources were: soft furnishings manufactured during 
the 1980s and 1990s and newer soft furnishings labelled as meeting the TB117 fire safety regulations 
from the USA. More frequent cleaning was associated with lower PBDEs in dust and body burden for 
participants where exposure was expected to be at the high end of the cohort. 
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Table 1: PBDE Concentrations in different matrices 
 


PBDEs Matrix Detection 
rate (%) 


Median 
(MB) 


Average 
(MB) Range (MB) P90 (MB) 


BDE-47 


Serum (n=24) (ng/g lw) 63 1.21 1.28 0.36-3.35 2.13 
Milk (n=6) (ng/g lw) 100 1.92 3.75 0.32-13.1 8.31 
24 hr duplicate diet (n=24) (ng/g lw) 100 0.10 0.18 0.04-0.86 0.31 
Indoor dusts (n=32) (ng/ g dust) 100 22.4 129 4.93--983 246 
Vehicles (n=8) (ng/ g dust) 100 23 38.5 15.8-105 74.1 


BDE-99 


Serum (n=24) (ng/g lw) 75 0.79 1.22 0.35  -5.61 2.54 
Milk (n=6) (ng/g lw) 100 0.88 1.18 0.12-3.74 2.39 
24 hr duplicate diet (n=24) (ng/g lw) 100 0.10 0.14 0.03-0.44 0.30 
Indoor dusts (n=32) (ng/ g dust) 100 36 230 7.63-2,000 270 
Vehicles (n=8) (ng/ g dust) 100 43.5 87.9 18.3-344 185 


BDE-153 


Serum (n=24) (ng/g lw) 100 0.37 0.67 0.12-4.05 1.03 
Milk (n=6) (ng/g lw) 100 1.01 1.1 0.70-1.68 1.53 
24 hr duplicate diet (n=24) (ng/g lw) 88 0.02 0.03 0.01-0.10 0.05 
Indoor dusts (n=32) (ng/ g dust) 100 18.5 36.7 3.52-170 69.5 
Vehicles (n=8) (ng/ g dust) 100 16.3 27.8 1.44-117 50.9 


BDE-183 


Serum (n=24) (ng/g lw) 67 0.05 0.09 0.02-0.33 0.18 
Milk (n=6) (ng/g lw) 100 0.05 0.07 0.02-0.23 0.15 
24 hr duplicate diet (n=24) (ng/g lw) 96 0.01 0.02 0.003-0.08 0.03 
Indoor dusts (n=32) (ng/ g dust) 100 7.7 9.16 1.98-22.4 17 
Vehicles (n=8) (ng/ g dust) 100 6.55 52.34 2.11-367 124 


BDE-209 


Serum (n=24) (ng/g lw) 17 1.73 2.81 <1.13-19.8 4.62 
Milk (n=6) (ng/g lw) 83 0.52 0.58 <0.19-1.04 1.02 
24 hr duplicate diet (n=24) (ng/g lw) 63 0.73 0.85 <0.001-3.13 1.52 
Indoor dusts (n=32) (ng/ g dust) 100 4,480 14,920 806-65,500 51,900 
Vehicles (n=8) (ng/ g dust) 100 19,000 41,000 315-137,000 120,000 


∑tri-
hepta 
BDE 


Serum (n=24) (ng/g lw) 100 3.07 4.14 0.78-12.6 8.07 
Milk (n=6) (ng/g lw) 100 4.80 7.47 1.33-21.0 14.7 
24 hr duplicate diet (n=24) (ng/g lw) 100 0.30 0.50 0.10-1.40 1.06 
Indoor dusts (n=32) (ng/ g dust) 100 137 499 2,230-3,760 736 
Vehicles (n=8) (ng/ g dust) 100 179 251 88.1-677 504 
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Introduction  
The increased use of plastics, foams and synthetic fibre-based fillings has transformed our spaces 
into practical and comfortable living, but it has also brought an increased risk of fire as many of these 
materials are combustible. Flame retardants enable inherently flammable materials to meet rigorous 
fire safety standards. From everyday electronics to airplane plastics and cinema seating, flame 
retarded materials are an essential part of safe modern living. Nevertheless, fire safety should not 
compromise safety for human health and the environment.  


With the company’s purpose of going where needs take us, ICL-IP set itself a challenge: could an 
easy to follow system be introduced for flame retardants to reward best in class based on 
performance, inherent properties and the level of potential human and environmental exposure in 
use? The Systematic Assessment for Flame Retardants (SAFR®) is a framework that provides an 
evaluation of specific flame retardants in their applications, thus enabling users to choose the most 
sustainable product for the intended use based on SAFR® recommendations.  


 


MATERIALS AND METHODS 


How does SAFR® work? 


SAFR® allows for the measurement of the sustainability profile of individual flame retardants based 
on their use. By using the latest available scientific data, SAFR® ensures the use of the appropriate 
flame retardant for the application in question and when needed, the replacement with an effective 
and more sustainable solution.  


Building on accepted hazard criteria, SAFR® measures the extent to which hazards translate into 
potential risks due to possible exposure to humans and/or the environment during a product’s service 
life. SAFR® has an exposure-based approach that utilizes quantifiable accelerated blooming, 
leaching or volatilization data from the base material matrix (e.g. plastics used for TVs casing) to 
thoroughly evaluate the use of the chemical in the chosen application.  


SAFR®’s assessment of the given flame retardant leads to the identification of:  


(i) uses that are either recommended, acceptable or not recommended, or 
(ii) unacceptable hazards in which case alternatives can be identified.  


The exposure assessment has a two-tiered approach, considering both:  


1. The frequency of contact during the intended use (eg. TV, computer, car seats, insulation boards) 
2. The potential emissions of the FR used due to either migration to surface (booming), leaching or 


volatilization.  


The general scheme for this methodology is presented in figure 1. The hazard assessment reflects 
four levels of hazards, where the highest (unacceptable) leads to phasing out of the product. Three 
other levels (high, medium, low) are further defined and addressed in the context of the potential 
exposure.  The exposure component has three levels of potential exposure. The combination 
between the level of hazard and the level of exposure in a certain intended use will result in one of 
three categories for the specific uses: recommended, acceptable or not recommended. In the case of 
“not recommended”, a more sustainable solution can be recommended.  







 


 
Figure 1: SAFR assessment 


The Exposure Assessment 
The exposure assessment is done in two steps. In the first step, the contact level to humans or to the 
environment during the intended use is evaluated. Then, the potential migration from the end product 
via the most relevant pathway (blooming, leaching, or volatilization) is measured and factored into a 
final exposure assessment as illustrated in Figure 2. 


 
Figure 2: Exposure assessment 


1. The frequency of contact 
The contact assessment, to humans and/or to the environment, is based on the known use of the FR 
in the final application using the following definitions: 


 Frequent: Daily and direct contact during the intended or primary use of the product (e.g., external 
housing of TVs and computers, upholstery furniture, electrical sockets, mattresses, carpet 
underlay, external tiles).  


 Occasional: Less than daily contact during the intended or primary use of the product (e.g., 
printer’s cartridges, automotive under the hood equipment). 


 Rare: Infrequent or no contact (e.g., construction insulation boards, connectors in 
electronic/electric equipment, printed wiring boards, pipes and conduits in buildings).  


 
For any given application, the worst of human contact or environmental contact is used to assess the 
intended use. 


2. The potential emissions 


The choice of FR used depends on a variety of considerations, including its physical/chemical 
compatibility with the polymeric matrix in which it is incorporated. This will also influence its possible 
emission from the matrix. In addition, ageing of the material (e.g. exposure to heat or water), could 
also have an effect on potential emissions.  Analytical tests were developed to quantify if and how 
much an FR may be emitted during a product’s useful service life. The test used for a given 
application depends on the most probable pathway for emission: blooming, leaching or volatilization. 
Since there are no standards for blooming and leaching, internal methods were developed for their 
assessment. The levels of emissions were determined based on defined cutoff criteria.    


o Blooming test 


Plastic samples are prepared according to the known formulation used for specific applications (i.e. 
considering standard additives to the plastic in addition to the FR).  The ageing of the samples is done 
by incubation at 70°C in a circulating air oven for a period of up to 35 days. Duplicate samples are 







 


taken for analysis after 0, 14, and 35 days of ageing. Each sample is swept using a filter paper and 
then the filters are analysed for bromide (for brominated FRs) or phosphorous (for phosphate FRs) 
content: the filters are combusted and the combustion products are quantitatively analyzed for 
bromides or phosphorous, as relevant. The level of blooming is calculated assuming that all the 
bromide/phosphorous originated from the FR.   


o Leaching test 


Soxhlet extraction is used as a worst case scenario for assessing the leaching potential from textile. 
About 8 grams of fabric, treated with the specific formulation that includes the FR, is used for the 
Soxhlet water extraction (300 ml deionized water). The system is run at the boil for 8 hours (about 8 
cycles). The fabric is then removed and dried at 105°C for one hour and weighed. After evaporation of 
the water in the flask, the solid extract obtained is weighed and then quantitatively analyzed for 
bromides or phosphorous, as relevant.   


o Volatilization test 


For some applications, where relatively volatile FRs are used, the most probable pathway for 
emission is by volatilization. Standard methods exist for this kind of testing, mainly addressing VOCs’ 
(Volatile Organic Compounds) emissions under different conditions and for specific applications. 
Currently, the possibility to use the VDA 277 and 278 are under consideration. The tests are based on 
heating a sample for a few hours at 120°C followed by the analysis of the VOCs released.  


 


RESULTS AND DISCUSSION 


The Textile case study 


A case study on textiles for tents will be explored. Outdoor commercial and retail tent structures 
largely rely on lightweight, waterproof fabrics made from synthetic materials. Many of these fabrics 
are highly flammable, burning rapidly and shedding flaming droplets which may further ignite 
materials inside the tent. The use of flame retardant fabrics in tents can act to resist initial combustion 
and slow the spread of fire. 


The application of SAFR® to textile uses, including in tents, provides downstream users with a variety 
of recommended choices allowing them to choose the most sustainable solution.  


 


CONCLUSIONS 


Findings of flame retardant chemicals in the environment and biota call on industry, in partnership 
with the scientific community, to develop sustainable flame retardant solutions that have reduced 
human and environmental impact while maintaining a high level of fire safety performance.  SAFR®, 
which unlike most chemical assessment tools incorporates exposure potential, is a first step to meet 
this objective and is put forward as a possible basis for further scientific research and development.  
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Introduction  


Recommended methods for monitoring compliance with RoHS limits for PBDEs can be divided into two main 
approaches: screening and high-accuracy chemical analysis. Screening is usually performed via solid sampling 
techniques that can only quantify elemental Br as a proxy for the total BFR content. More conventional 
techniques are recommended for high-accuracy determination of BFRs like PBDEs. Specifically, RoHS requires 
GC-MS analysis to determine the BFR content in polymers. These traditional techniques can have a number of 
analytical drawbacks aside from being time consuming and expensive. For these reasons a method that 
combines the convenience of a solid sampling technique with compound specific quantification is highly 
desirable. Direct Insertion Probe (DIP) is a solid sampling inlet system that introduces the analytes directly into 
the ion source of a mass spectrometer (in this case a Thermo Scientific™ DFS™ Magnetic Sector High 
Resolution Mass Spectrometer) by thermal desorption. Having a strong matrix effect, this technique is used for 
qualitative evaluation, because it is often impractical or impossible to produce reasonably representative solid 
reference materials at different concentrations in order to build a calibration curve. In this study, we use ad-hoc 
prepared Acrylonitrile Butadiene Styrene (ABS) solid reference materials (RMs) containing different 
concentrations of BDE209 to develop a 5-point calibration curve that showed linearity (R²> 0.999) over a 
concentration range of 0.1 - 2% w/w BDE209. Relative standard deviation between triplicate determinations of 
BDE209 ranged from 0.32% to 0.42%. The limit of detection (LOD) obtained for BDE209 was 0.112 mg/kg, 4 
orders of magnitude lower than the EU’s maximum allowed concentration (MAC) in plastic.  To our 
knowledge, this is the first method for compound specific quantification of BDE209 that does not require any 
sample preparation, reducing the analysis time from roughly 14 hours to 12 minutes with comparable quality of 
results. 


MATERIALS AND METHODS  


No sample preparation was required. A very small amount (≈0.045 mg) was scraped from the pellets of the RMs 
with a scalpel, accurately weighed with a precision scale (0.0005 mg) and inserted in the aluminum crucibles for 
the DIP. The influence of the scale error on such a small sample is 1.1%. 


The Thermo Scientific™DFS™magnetic sector high resolution mass spectrometer (HRMS) was used for DIP-
HRMS analysis. The probe (Fig.1) temperature program is software controlled. The Thermo Scientific™ ISQ™ 
QD Single Quadrupole GC-MS System was used for the comparison of mass spectra obtained with the most 
common GC-MS technique (and relative sample preparation).  


RESULTS 


Octa-BDE and deca-BDE were measured and their ratio evaluated to test the reproducibility of the 
fragmentation. The calibration curve for BDE209 was obtained by averaging the signal intensity of the three 
most abundant isotopologues of BDE209, m/z 959, 957, 961 for each calibration level (Fig. 3a). The calibration 
curve for the main fragmentation product of BDE209 – which is octaBDE – was obtained by averaging the 







 


signal intensity of the three most abundant isotopologues of octaBDE, m/z 799, 797, 801 for each calibration 
level (Fig. 3b). The LOD was defined as in the ICH1 Guidance (Q2, R1: validation of analytical procedures) as3 
times the standard deviation of the response on the triplicate measurement of blank samples (RM BDE209) 
divided by the slope of the calibration curve. The  noise – defined as the intensity of the signal given by the 
target mass on a blank measurement – was below 1/3 of the instrument detection limits. This result was 
foreseeable, considering that each sample, and the crucible containing it, was removed from the 


probe before inserting a new sealed crucible containing a different sample, therefore no physical residues of the 
previous sample could be left on the one following (unlike a traditional GC analysis, where polymeric residues 
might build up in the injector liner and in the column and create a memory effect). 


The ionization behavior was tested for reproducibility by selecting m/z 799 and m/z 959 from the time signal 
and measuring the intensity for these masses over the selected time interval. DIP offers a specific advantage 
with respect to GC-MS analysis: as there is no column or injector between the sample introduction system and 
the ionization volume, it is possible to differentiate between breakdown products (caused by thermal 
degradation) and ionization fragments (produced by the EI ionization process). 
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Fig. 1 Water cooled DI Probe (Temp. range: 25 C°– 400 C°);    Tip with 
Crucible Fig. 2 Thermal degradation and fragmentation pattern of BDE209 


respectively in the DIP and in the ion source  
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1. Introduction  


 
Brominated flame retardants (BFRs) such as polybrominated diphenyl ethers (PBDEs), 
hexabromocyclododecane (HBCDD) and tetrabromobisphenol A (TBBPA) are important industrial chemicals 
that have been widely employed for fire retardation purposes in different applications. HBCDD, for instance, 
consists of three major diastereoisomers, namely: α, β and γ, and it is primarily used as additive  flame retardant 
in extruded and expanded polystyrene that is commonly used for thermal insulation in buildings, and sometimes 
in upholstery textiles [1].  On the other hand, TBBPA is often used either as a reactive or additive flame 
retardants in polymeric materials during manufacturing processes. Its major area of application is in the 
electronic circuit boards of electrical and electronic appliances. Regardless of their areas of application, both 
HBCDD and TBBPA may be released from treated products, thus resulting in the widespread contamination of 
the environment. Because of its environmental persistence, toxicity, bioaccumulation potential and its 
propensity to undergo long-range atmospheric transport, like penta- and octa-BDE commercial formulations, the 
HBCDD technical formulation has been globally restricted. Among the legacy BFRs, only TBBPA and deca-
BDE technical formulations are still being produced and used. 
In South Africa, there are no information on the production and usage of these BFRs. It is, however, assumed 
that imported raw materials for local industries and other imported items containing these chemicals are the only 
means through which these chemicals get into the country [2, 3]. With the growing economic instability within 
the Southern African region, more immigrants are constantly migrating to South Africa for economic 
opportunities. The resultant effects of these migration trend include exertion of high pressure on limited 
infrastructural facilities and the generation of large quantities of waste streams. These problems are particularly 
exacerbated in informal settlements which are characterized with old-fashioned consumer products such as 
furniture, carpets, electronic and electrical appliances, which are suspected to contain these chemicals. In 
particular, the establishment of these informal settlements along the banks of inland rivers within the city is 
contributing to the declining quality of these freshwater systems because obsolete items and other waste 
materials are often dumped along the banks of the rivers. It therefore becomes imperative to investigate the 
potential impacts of these activities with respect to the release of BFRs along the catchment of these inland 
rivers. 
The location of the Jukskei River and its direction of flow provide unique opportunity to assess the impacts of 
associated activities in informal settlements situated along its banks on its water quality. Besides the 
contamination of the river by the influx of greywater from the informal settlements, the river also serves as a 
major conveyance of urban run-off and discharged effluents. During the periods of high precipitation, which 
coincides with the summer season, large quantities of debris are often transported into the river channel via 
urban run-off from the adjacent informal settlements.  Under these circumstances, it becomes necessary to 
characterize the surface water of the impacted river during periods of low and high precipitations so that the 
contributions of the identified sources can be evaluated. For hydrophobic substances such as HBCDD and 
TBBPA, their presence in surface water at relatively high concentrations may be indicative of fresh release from 
local sources. Given their strong affinity to solids, these chemicals are expected to significantly accumulate in 
bottom sediment in aquatic systems. Since previous studies were specifically focused on the assessment of 
PBDEs concentrations in the investigated river [4, 5], we aimed to assess the degree of contamination of surface 
water from the Jukskei River with respect to the levels of both HBCDD and TBBPA with a view to identify the 
potential hotspots of these contaminants along the watercourse of the river.  
 
 
2. Materials and methods 
2.1. Chemicals and materials 
LC-MS grade methanol, LC-MS Ultra CHROMASOLV® water and methanol, HPLC grade dichloromethane, 
and ammonium acetate (eluent additive for LC-MS), and deuterated bisphenol A (BPA-d16) were purchased 
from Sigma-Aldrich (Aston Manor, South Africa). Unlabeled TBBPA, 13C-labeled TBBPA as well as native α-, 
β- and γ-HBCDD and their corresponding deuterated and 13C-labeled isomers were purchased in methanol at 50 
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µg ml-1 from Wellington Laboratories (Ontario, Canada). Similarly, Supelco ENVI-18™ SPE cartridges (500 
mg, 6 ml) were purchased from Sigma-Aldrich (Aston Manor, South Africa).  
 
2.2. Sample collection and preparation 
Grab surface water samples were collected during two sampling regimes, namely on March 26, 2015 and June 
4, 2015 from five (5) sampling sites along the stretch of Jukskei River. The details of the sampling points with 
specific reference to their geographical coordinates is presented in Table 1. The water samples were collected by 
dipping a 2.5 L amber glass bottle (previously washed and soaked in acid, rinsed with MilliQ water and finally 
rinsed with acetone) below the surface of the river. At each sampling site, three samples were collected. Two 
samples were taken at either side of the river where there was reduced flow and piles of solid wastes were either 
partially or completely submerged in the river. The other sample was taken near the centre of the river where 
there high flow and turbulence. Upon collection, the samples were immediately stored in ice containers and 
were kept cooled en-route to the laboratory. Each sample was filtered under vacuum and the resulting filtrate 
was kept in the refrigerator until further analysis. Two hundred and fifty millilitres of the filtered sample was 
was spiked with known amount of the surrogate standards (500 µl of 100 ng/ml) to monitor the recovery 
efficiency of the extraction method. The extraction was performed with ENVI-18™ cartridge previously 
conditioned with 5 mL each of n-hexane, dichloromethane, methanol and MilliQ water in this sequence. The 
flow rate of approximately one drop per second was maintained throughout the sample extraction. After the 
extraction, the SPE cartridges were vacuum dried for 45 min. before the elution of the target compounds. 
TBBPA and the HBCD isomers were eluted with 12 mL of dichloromethane:methanol (4:1, v/v). The extracts 
were concentrated under a gentle stream of nitrogen to incipient dryness. The dried extracts were then 
reconstituted with 500 µL of 50 ppb internal standard D-α,β,γ-HBCDD and 200 ppb of BPA-d16 solution. Ten 
microliter of the solution was injected for LC-MS/MS analysis. 
 
Table 1: Geographical coordinates of the sampling sites along the stretch of Jukskei River 
 
Sampling points Sample codes Latitudes (S) Longitudes (E) 
Buccleuch BUC -26.0570 28.1040 
Eastbank EAB -26.1090 28.1140 
Eastgate EAG -26.0847 28.1088 
Knoppieslaagte KNP -25.9482 27.9575 
Kyalami KYA -26.0056 28.0784 


 
2.3. Liquid chromatography tandem mass spectrometry 
The analyses were performed using a Shimadzu Prominence HPLC system (Shimadzu Corp., Kyoto, Japan) 
coupled to a Shimadzu LCMS 8030 electrospray triple quadrupole mass spectrometer. The targeted compounds 
were chromatographically separated on an InertSustain C18 column ((3 μm particle size, 2.1 x 150 mm) (Tokyo, 
Japan). The mobile phases consist of A (20 mM ammonium acetate) and B (100% methanol) starting at 90:10 
A/B for 1 min and increased to 80:20 A/B over 2 min., followed by an increase to 40:60 A/B over 2 min. This 
was further increased to 5:95 A/B over 37 min and was finally increased to 0:100 A/B over 1 min. The set up 
was maintained at this gradient for further 2 min. before it was returned to 90:10 A/B over 0.01 min and 
maintained at this gradient for 10 min. to allow for column equilibration. The flow rate was set at 0.20 ml/min 
with an injection volume of 10 µl. The oven temperature was maintained at 40oC. The mass spectrometer was 
equipped with an electrospray ionization source. The source heating block was maintained at 400°C, while the 
desolvation temperature of 250°C was employed. Nitrogen was used as a drying and nebulizing gases (1.50 
L/min), while the collision-induced dissociation (CID) gas was Argon and was maintained at 230 kPa. The 
resulting fragment ions were monitored in multiple reaction monitoring (MRM) mode with a dwell time of 100 
msec. The details of the precursor and product ions obtained in negative electrospray mode and their collision 
energies as well as cone voltages are presented in Table 2. In all cases, [M-H]- ions were monitored for the 
targeted compounds. 
 
2.4. Quality assurance and quality control 
To ensure accurate determination of the targeted analytes, isotope dilution method involving the use of 
deuterated isomers of HBCDD and BPA were employed as internal standards for the native and 13C-labeled 
HBCDD and TBBPA, respectively. The possibility of contamination which may arise from glassware and 
reagents were checked using a total of three procedural blanks. None of the HBCDD isomers were detected in 
the procedural blanks, although traces of TBBPA were detected and these were subsequently subtracted from 
the measured values. The limits of quantification (LOQs) of the targeted analytes were governed by the signal to 
noise (S/N) ratio and were estimated as ten times the background noise in the blank samples. These values were 
0.05, 0.12. 0.05 and 0.40 ng/l for α-HBCDD, β-HBCDD, γ-HBCDD and TBBPA, respectively. The recovery 
results for the surrogate standards (13C-HBCDD isomers and 13C-TBBPA) ranged from 53-111%, 19-88%, 21-
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120%, and 21-129% for 13C-αHBCDD, 13C-βHBCDD, 13C-γHBCDD and 13C-TBBPA, respectively. Because of 
the wide variations in the recovery of the spiked surrogate standards, the reported results were recovery 
corrected. For both the surrogate and native standards, six to nine calibration points ranging from 1 to 125 ng/ml 
were employed. As shown in Table 2, the linearity of the resulting calibration curves generally exceeds 0.9950.  
 
Table 2: Optimum MRM parameters employed for the targeted BFRs 
 
Target compound Acquisition time 


(min.) 
R2 Quantitation ion Collision 


energy (eV) 
Confirmation ion Collision 


energy (eV) 
Native HBCDD       
αHBCDD 33.00-37.00 0.9959 640.70→80.95 15 640.70→78.90 17 
βHBCDD 34.50-39.50 0.9993 640.70→79.10 42 640.70→81.00 27 
γHBCDD 36.00-40.00 0.9989 640.70→81.00 22 640.70→78.85 18 
13C-HBCDD       
αHBCDD 33.00-37.00 0.9970 652.90→78.85 13 652.90→80.95 17 
βHBCDD 34.50-39.50 0.9979 652.60→78.90 21 652.60→81.00 22 
γHBCDD 36.00-40.00 0.9966 652.60→81.00 16 652.60→79.00 13 


Deuterated HBCDD-d18       
αHBCDD 33.00-37.00 - 657.60→81.05 13 657.60→78.80 15 
βHBCDD 34.50-39.50 - 657.80→81.05 21 657.80→79.00 15 
γHBCDD 36.00-40.00 - 657.80→80.85 21 657.80→78.90 26 


Native TBBPA       
TBBPA 22.00-28.00 0.9992 542.75→445.70 35 542.75→419.75 


542.75→80.90 
43 
53 


13C-TBBPA       
MTBBPA 22.00-28.00 0.9993 554.90→78.85 44 554.90→459.75 


554.90→428.60 
34 
46 


Deuterated BPA       
BPA-d16 11.40-17.40 - 241.20→223.15 22 241.20→142.20 29 


 
3. Results and discussions 
 
Levels of targeted BFRS in surface water samples 
 
The observed concentrations of the targeted BFRs during the first and second sampling campaigns are presented 
in Table 3. Overall, the measured concentrations of these analytes ranged from ND-1.72 ng/l, ND-0.88 ng/l, 
ND-3.33 ng/l and 1.53-775.05 ng/l for α-HBCDD, β-HBCDD, γ-HBCDD and TBBPA, respectively. The 
highest concentrations of the HBCDD isomers were found at the BUC sampling site. Among the HBCDD 
isomers, γ-HBCDD had the highest overall concentration (3.33 ng/l). The highest concentrations of α- and β-
HBCDD in the analysed samples were found in the sample group from the first sampling campaign, whereas γ-
HBCDD was highest in the sample group from the second sampling campaign. Interestingly, the highest 
concentrations of the HBCDD isomers were detected in samples collected from near the mid-point of the river. 
In line with our initial speculations that the sample taken from the mid-point of the river may be representative 
of important point sources such as wastewater treatment plant (WWTP) discharges or industrial discharges 
which are usually characterized with high volumes. Despite the dilution effects of the river water, the highest 
concentrations of the HBCDD isomers were generally obtained at near the mid-point sampling points across the 
sampling sites. Based on these observations, we conclude that WWTP discharges may be contributing to the 
surface water contamination of the Jukskei River with respect to the observed levels of HBCDD in the analysed 
samples.  
With respect to the occurrence of TBBPA in the investigated water sample, a completely different pattern was 
observed. First, TBBPA had 100% detection frequency across all the sampling sites during the two sampling 
campaigns. Furthermore, the observed concentrations of TBBPA were generally higher than those observed for 
the HBCDD isomers, although with a much higher variation across the sampling sites than the HBCDD isomers. 
The highest concentration (775 ng/l) was observed at a sampling site (EAG), which is in close proximity to an 
informal settlement situated along the catchment of the investigated river. It is worth mentioning that majority of 
the housing units within most informal settlements in South Africa are poorly constructed without any 
adherence to physical and town planning procedures. Majority of these households are also known to be 
important repositories of old and non-functional electronic and electrical appliances. Due to the economic 
hardships and non-availability of jobs, these informal settlements are often heavily congested with the influx of 
immigrants and migrants from the rural communities of the country. As a result of these congestion problems, 
the provision of essential services such as waste collection and disposal by appropriate municipalities become a 
problem [6]. Consequently, obsolete waste materials are often discarded and dumped at any open space, 
including the Jukskei River bank. During the reconnaissance survey visit to the sampling sites, submerged waste 
materials were visibly seen along the banks of the river. With regard to the observed levels of TBBPA, it is 
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possible that treated materials containing TBBPA which are disposed into the river banks are slowly releasing it 
into the water column. The observed levels of the targeted BFRs, particularly the TBBPA has a gruesome 
implication for both aquatic organisms and other wildlife. In particular, avian species are known to depend on 
water from this river and would probably drink from the banks of the river. Considering the high levels of 
TBBPA measured in the present study, it becomes necessary to focus further studies on investigating the 
mechanisms of release of this pollutant from the submerged waste materials and to characterize other potential 
sources of these BFRs into the investigated river. 
 
Table 3: Measured concentrations of the targeted BFRs in surface water samples from the Jukskei River 
 
Sampling 
sites 


1st sampling regime Mean SD DF 
(%) 


2nd sampling regime Mean SD DF 
(%) 


BUC a b c    a b c    
αHBCDD ND 1.72 ND 0.57 0.81 33.33 ND ND ND - - 0 
βHBCDD ND 0.39 0.26 0.22 0.16 66.67 ND ND ND - - 0 
γHBCDD ND 0.88 0.09 0.32 0.40 66.67 0.62 3.33 ND 1.32 1.45 66.67 
TBBPA 114.10 140.22 114.31 122.88 12.26 100 30.27 286.73 718.39 345.13 283.94 100 
EAG             
αHBCDD 0.36 0.81 0.57 0.58 0.18 100 0.33 0.50 0.61 0.48 0.12 100 
βHBCDD ND ND ND - - 0 ND ND ND - - 0 
γHBCDD ND 0.21 0.12 0.11 0.09 66.67 0.05 0.08 ND 0.04 0.03 66.67 
TBBPA 775.05 8.00 9.08 264.04 361.34 100 96.74 136.08 79.38 104.07 23.72 100 
EAB             
αHBCDD ND ND ND - - 0 ND 0.50 ND 0.17 0.24 33.33 
βHBCDD ND ND ND - - 0 0.18 0.19 ND 0.12 0.09 66.67 
γHBCDD ND ND ND - - 0 0.08 0.39 ND 0.16 0.17 66.67 
TBBPA 28.63 259.15 69.61 119.13 100.41 100 55.31 13.61 10.22 26.38 20.50 100 
KYA             
αHBCDD ND ND ND - - 0 ND ND ND - - 0 
βHBCDD ND ND ND - - 0 ND ND ND - - 0 
γHBCDD ND ND ND - - 0 ND ND ND - - 0 
TBBPA 21.24 14.34 50.65 28.74 15.74 100 260.36 1.53 50.54 104.14 112.26 100 
KNP             
αHBCDD ND 0.50 ND 0.17 0.24 33.33 ND ND ND - - 0 
βHBCDD ND ND ND - - 0 ND ND ND - - 0 
γHBCDD ND ND ND - - 0 ND ND ND - - 0 
TBBPA 477.16 61.22 390.82 309.73 179.23 100 69.12 7.75 91.27 56.05 35.33 100 
             
ND – not detectable; SD – standard deviation; DF – detection frequency; a – sampling point  with reduced flow rate at the bank of the river; b – sampling point 
at near the mid-point of the river with increased flow rate and turbulence; c – sampling point at the other side of the river bank with reduced flow rate and 
turbulence. 
 
Conclusions 
The occurrence of HBCDD isomers and TBBPA were investigated in surface water samples collected from the 
Jukskei River. The findings from this pilot study suggest that the detection of these contaminants might be 
associated with WWTP discharges. However, the widespread contamination of the surface water samples with 
TBBPA implies that sources other than effluent discharges may be contributing to the contamination of the 
investigated river. Based on our findings, we speculate that the influx of obsolete waste materials through urban 
run-off from adjoining informal settlements may be contributing to the contamination of the river. Further 
studies are required to establish these possibilities and to investigate the occurrence of these BFRs in other 
potential point sources along the river. 
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Introduction  
The perciform suborder Notothenioidei is the dominant group of the Antarctic ichthyofauna in terms of diversity, 
abundance and biomass, containing 97% of endemic species (1). Notothenioid fish have developed a variety of 
feeding behaviors on a wide range of preys such as krill, fish and a diversity of planktonic organisms (1). The Antarctic 
Nototheniids, Nototheniarossii (NOR) and Trematomusnewnesi (TRN) are typical representatives of the western 
Antarctic Peninsula ichthyofauna. Both species have similar ecological habits in the fjords, living commonly in shallow 
inshore waters on rocky bottoms with macroalgae beds, to offshore shelf waters. Research focused on the analysis of 
persistent organic pollutants (POPs) in Antarctic fish, shows that this global theme is gaining concern in recent years 
(2). However, it is still unclear which biological variables are associated with levels of PBDEs in Antarctic fish. 
Biological factors, like body size, body condition, tissue type, and lipids content are related to PBDEs accumulation in 
otherfish species (3).In the present study, we analyzed NOR and TRN specimens with the aim of determine whether 
there are biological factors associated with PBDEs accumulation capability. It was expected that both exploratory 
methods will provide information on which biological factor is key when choosing notothenioid fish species as 
sentinels for POPs pollution in Antarctic marine environments.  
Materials and Methodology 
This work continues the research line of a recent publication by our group (2), where NOR and TRN are the species 
considered. Fish capture and measurements, chemicals and sample preparation, POPs analysis, and quality assurance 
were full reported in our previous study; therefore see ref. (2)fordetailed methods.PCA was used as statistical tool to 
identify PBDEs distribution patterns among the tissue types and to examine possible relationships between PBDE 
levels and biological factors of both species. Factor loadings >0.45 were considered significant and used for 
interpreting PCA patterns. The non-parametric Spearman's Rho correlations were used to explore intraspecific 
associations among fish morphometryand PBDEs levels in each specific tissue. Condition factor index (KI), wasused as 
indicators of health and condition of fish(4). 
Results and discussion 
Multivariate analysis:PCA results identified two components that explained 63% of the variability of the data set. 
The PC 1 accounted for 44% of the variation and was positively associated with BDE congener levels and fish total 
length. The second component accounted for 19% of the variation and was positively associated with fish total 
weight and KI (Fig. 1). Gills had the highest PBDE levels and clustered together (cluster A), suggesting a plausible role 
of the respiratory function to the accumulation of PBDEs in the two species. Gills are in continuously contact with the 
external medium and were thus, the main uptake route of pollutants from the water column (4). The observed results 
were expected considering the benthonic habits of NOR and TRN, thus, both species might be exposed to PBDEs 
adsorbed to suspended particles, as well as seabed (2). Additionally, it was considered the fact that biomagnification 
processes are directly related to fish size. In general,the largest fish are piscivorous which involves a gradual increase 
in contaminant intake through diet, andtherefore it was expected that the highest levels of PBDEs were found in 
larger specimens of NOR and TRN. Muscle and gonads samples of heaviest specimens with a healthier body condition 
seem to be weakly grouped (dashed line, Fig.1) and associated with low PBDE levels. 
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Intraspecific correlations: Significant positive correlations were found among the total weight of NOR and the 
levelBDE-47 in gonads (Fig. 2). Comparable results were found between the total length of NOR and liver levels of 
BDE-100. KI values were negatively associated with the levels of BDE-28 congener in NOR gills (Fig. 2). Concerning 
TRN, significant negative correlations were found among KI and levels of BDE-99 and BDE-28 in gonads (Fig. 2). For 
remaining biological factors of NOR and TRN (lipid content, total weight, and total length), no other association was 
found. The influence of fish size on PBDEs accumulation capacity was previously reported (3). The increased 
concentration of PBDEs with size could be due to differences in food habits, pollutants uptake and detoxification 
rates. For example, during the juvenile stage, NOR have a broad diet with lower-energetic value food items (algae). A 
dietary shift occurs in NOR during their adult stage, when smaller fish and krill constitute their main prey (1). In this 
sense, the computed positive associations could be explained by the feeding behavior of large fish which involves a 
higher intake of PBDEs through diet.  
The intraspecific correlational approach also showed negative relationships among KI and BDE-28 in gill tissue of 
NOR. This association could be linked with key functions of this organ. Gills have a wide diffusion surface for gaseous 
exchange, osmotic regulation, and nitrogenous waste excretion. KI provides simple and rapid indications on overall 
fish health status and may change in response to environmental stress (4). Therefore, it is expected that the 
healthiest specimens are those with lower levels of pollution in an organ constantly exposed to the environment. The 
negative associations found in gonad tissue of TRN between KI and levels of BDE-99 and BDE-28 may be expected to 
occur as a result of gonad disruption to maturation processes in response to exposure to toxins(5). 


Integrating results of both exploratory approaches helped to identify the following association patterns:gill 
tissue is a representative organ for monitoring PBDEs, and biological factors such as sizeand KI must be considered 
when choosing notothenioid species as sentinels for PBDEs pollution in Antarctic marine environments. 
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Figure 2.Relationships between PBDE levels in tissues and morphometry of NOR and TRN. 


Figure 1.Position of NOR and TRN data in the 
plane defined by the first twoaxes obtained 
from a PCA carried out with levels of 7 PBDE 
congeners, size, KI and lipid content.  
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Introduction 
Current understanding is that non-occupational human exposure to POPs occurs mainly via a 
combination of diet, ingestion of indoor dust, dermal contact with dust/consumer products, 
and inhalation of indoor air. 1 While ingestion of indoor dust is considered the major 
exposure pathway for many individuals, especially for young children and toddlers 2, dermal 
exposure (via contact with indoor dust and flame retarded products) was predicted as the 2nd 
most important contributor to PBDE body burdens of adult Americans 3. The significance of 
the dermal route as pathway of human exposure to PBDEs was further highlighted by 
Watkins et al. who reported a significant correlation between PBDE levels on hand wipes 
(assumed to result from contact with contaminated dust or flame-retarded products) and 
PBDE concentrations in serum from American adults.4 However, very little is known about 
the fraction of PBDEs that becomes bioavailable to humans following dermal contact.  This 
represents a research gap, which hinders accurate risk assessment of these hazardous 
chemicals.  Furthermore, while it is known that lower brominated PBDEs display greater 
toxicological effects than higher brominated congeners, there exist no experimental data on 
how the degree of bromination affects the human dermal bioavailability of PBDEs.  
To address this dearth of information, the objectives of this paper are to: (a) assess 
percutaneous penetration of target PBDEs in humans using an EPISKIN™ 3D-HSE model 5; 
(b) evaluate the influence of bromine substitution on the dermal bioavailability of PBDEs; 
and (c) provide the first insights into the dermal bioavailability of several PBDEs.  
 
Materials and Methods 
All experiments were performed in a 
fashion that complied with the 
principles of good laboratory practice 
and the OECD guidelines for in vitro 
dermal absorption testing5. 
EPISKIN™ RHE/L/13 human skin 
equivalent kits were purchased from 
SkinEthic Laboratories (Lyon, 
France).  Two different concentration 
levels of (I) 5 ng/µL and (II) 10 
ng/µL of each of the target PBDEs 
were prepared in acetone. Based on 
the exposed surface area, a net dose 
of 500 ng/cm2 and 1000 ng/cm2 was 
applied (infinite dose scenario) to 
each of the investigated skin tissues 
according to a standard protocol 
(Figure 1). The generated samples 
were extracted  using a previously 
reported QuEChERs based method 6 
and analysed by GC-NCI/MS7.  


Figure 1: Standard experimental protocol applied 
to study the percutaneous permeation of PBDEs 
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Results and Discussion 
Percutaneous penetration 
The studied PBDE congeners displayed wide variability in their ability to penetrate the skin 
under the applied experimental conditions (Table 1). Results revealed that the degree of 
dermal penetration was inversely proportional to the degree of PBDE bromination. Maximum 
penetration was observed for BDE-1 with ~30% of the applied dose detected in the receptor 
fluid after 24 h of exposure, while the more environmentally-abundant BDE-47 and BDE-99 
showed an average absorption of ~ 3% and 2%, respectively. Interestingly, BDE-209 was not 
detected in the receptor fluid after 24 h indicating low dermal bioavailability of this congener 
in humans.  
All target PBDEs accumulated in the skin tissue to varying degrees. While the proportion of 
the applied PBDE dose accumulated in the skin increased with increasing bromine 
substitution from BDE-1 (~18%) to BDE-153 (~37%), this proportion dropped steeply from 
BDE-183 (~13%) through to BDE-209 (8%) (Figure 2). This can be attributed to the 
physicochemical parameters of the studied PBDEs.  


Table 1: Cumulative levels (expressed as average percentage ± standard deviation of applied 
dose) of target PBDEs in the receptor fluid following exposure of EPISKIN™ to 500 ng/cm2 


of target PBDEs. 
Time 


(hours) 
BDE-1 BDE-8 BDE-28 BDE-47 BDE-99 BDE-153 BDE-183 BDE-209 


0.25 ND* ND ND ND ND ND ND ND 


0.50 0.29 ± 0.07 0.10 ± 0.04 0.07 ± 0.03 0.04 ± 0.01 ND ND ND ND 


1.00 1.05 ± 0.26 0.41 ± 0.05 0.20 ± 0.02 0.13 ± 0.02 0.08 ± 0.01 0.03 ± 0.01 ND ND 


2.00 1.98 ± 0.57 0.82 ± 0.07 0.31 ± 0.09 0.21 ± 0.09 0.07 ± 0.04 0.04 ± 0.01 ND ND 


6.00 5.06 ± 1.08 1.88 ± 0.65 0.46 ± 0.31 0.48 ± 0.32 0.43 ± 0.15 0.13 ± 0.05 ND ND 


10.00 10.18 ± 1.89 4.34 ± 1.72 1.59 ± 1.56 0.97 ± 0.82 0.57 ± 0.77 0.33 ± 0.03 ND ND 


12.00 14.21 ± 2.07 6.75 ± 2.24 2.19 ± 1.36 1.56 ± 0.89 0.86 ± 0.84 0.46 ± 0.02 0.03 ± 0.01 ND 


18.00 20.43 ± 2.51 8.68 ± 2.17 2.77 ± 1.43 2.23 ± 0.88 1.29 ± 1.07 0.68 ± 0.04 0.04 ± 0.01 ND 


24.00 24.92 ± 2.71 11.08 ± 2.43 4.23 ± 1.68 2.85 ± 1.09 1.96 ± 1.26 0.89 ± 0.11 0.05 ± 0.01 ND 


* Not detected (less than 0.02% of applied dose for all congeners, or 0.05% for BDE-209). 


Figure 2: Percent of applied dose (500 ng/cm2) of target PBDEs absorbed, un-absorbed and 
accumulated in the skin tissue following 24 h exposure.   
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Dermal flux (Jss) and permeation coefficients (Papp) 
Steady state flux (Jss) and skin permeation coefficient (Papp) values were derived for the 
studied PBDEs (Table 2). It was not possible to estimate either property for BDE-183 and 
BDE-209 due to their low percutaneous penetration and failure to reach steady state within 
our 24 h exposure period. Results show a decreased flux across the skin and higher resistance 
to percutaneous penetration with increasing bromine substitution from mono- to hexa-
PBDEs. a significantly positive correlation (P < 0.05) was observed between Papp values of 
the studied mono- through hexa-BDEs and the water solubility and vapour pressure of these 
congeners, while a significant negative correlation (P < 0.05) was observed between Papp and 
log KOW, as well as the molecular weight of the studied PBDEs.  


 
Implications for human exposure 
Our results indicate that following exposure of a unit area of human skin to a mixture of 
PBDEs with varying degrees of bromination, lower brominated congeners achieve 
comparatively rapid penetration to the systemic circulation. In contrast, higher brominated 
congeners penetrate more slowly through the skin layers to the blood. However, these higher 
PBDEs will achieve higher levels of accumulation within the skin layers. This is likely due to 
the time required for the more lipophilic, higher molecular weight PBDEs to penetrate from 
the stratum corneum through the aqueous-based viable epidermis prior to reaching the blood 
stream8.  
We therefore argue that for the purposes of risk assessment, the total mass of a chemical that 
becomes systemically available over time following exposure should be considered. 
Indications from our study are that this value is better expressed by the mass of target 
compound that has entered the skin, rather than by that which has traversed the skin. 
Moreover, for higher molecular weight PBDEs such as BDE-209, metabolism of this skin 
depot may result in exposure to more toxic lower molecular weight PBDEs that were not 
present in the matrix to which the external skin barrier was exposed. 
 
Table 2: Steady state flux, permeation coefficient and lag time values estimated from 
exposure of EPISKIN™ to 500 ng/cm2 of target PBDEs for 24 h.  
 


 Flux (ng/cm2.h) Permeation coefficient (cm/h) Lag time (h) 


BDE 1 5.45 1.09 x 10-2 0.25 


BDE 8 2.42 4.84 x 10-3 0.42 


BDE 28 0.88 1.76 x 10-3 0.82 


BDE 47 0.63 1.26 x 10-3 0.90 


BDE 99 0.40 8.00 x 10-4 1.10 


BDE 153 0.20 4.00 x 10-4 1.26 
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1. Introduction 
Tris(chloropropyl) phosphate or TCPP is one of the most abundant organophosphate ester compounds 
(OPEs) reported in North American indoor and outdoor air, dust, and surface waters.  As a flame retardant, it 
is added to rigid and flexible polyurethane foam used mainly in upholstered furniture, building insulation and 
automotive seating.  TCPP has been recommended for designation as “toxic” under Canada’s Chemical 
Management Plan and subject to proposed risk management measures.  


TCPP is a mixture comprised of four possible isomers of which one to three are typically found in the 
technical mixture and in which the tris(2-chloro isopropyl) phosphate (TCiPP) is the dominant isomer.  
Comparison of literature values is difficult due to inconsistent reporting of TCPP in environmental studies.  
Problems with comparing reported TCPP concentrations are compounded by its representation by eight CAS 
numbers. 


Here we summarize a series of studies mostly conducted in the Greater Toronto Area in Ontario, Canada 
which we measured TCPP concentrations in residential indoor air using two types of passive air samplers, 
residential dust, outdoor urban air, urban rain and streams, and final effluent from waste water treatment 
plants (WWTP).  We used outdoor urban air concentrations to estimate total TCPP emissions to outdoor air 
and the fate of TCPP in Toronto using the Multimedia Urban Model (MUM) of Diamond et al. (2001). 


2. Materials and methods 
Indoor measurements were obtained from a study of 51 homes (bedrooms and most used room) in the 
Greater Toronto and Ottawa areas.  Air concentrations were obtained using polyurethane foam (PUF) and 
polydimethyl siloxane (PDMS) passive air samplers.  Dust was collected from the floor by vacuuming into a 
nylon sock and sieved to <150 μm.  Outdoor air was sampled in Toronto using a hi-volume air sampler over 
6 months.  Bulk water samples were taken from three urban streams during high and low flow periods as 
grabs.  Rainwater was collected at one downtown location (University of Toronto) using a wet-only stainless 
steel funnel.  Samples from three WWTP were collected as hourly grab samples composited over a 24-hour 
period.  In addition, three samples of spray and rigid PUF insulation foam were analyzed for TCPP.  All 
samples were extracted and analyzed by GC-MS using published methods with attention to QA/QC through 
the use of lab and field blanks and monitoring recoveries. 


MUM was parameterized for the City of Toronto using published data.  The model was run in “reverse mode” 
to back-calculate aggregate TCPP emissions to outdoor air based on measured outdoor concentrations 
(e.g., Diamond et al. 2010).   
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3. Results and discussion 


3.1. TCPP Concentrations in Air, Dust, Surface Waters, Rain and WWTP  
TCPP concentrations in indoor air comprised >60% of Σ6OPEs measured (including TCPP). TCPP 
concentrations were nearly 400 times higher than Σ15PBDE concentrations measured in the same homes.  
Indoor dust concentrations of TCPP were also high and dominated total OPE compounds. 


TCiPP was detected in 100, 75 and 100% of stream, rain and WWTP effluent samples.  Stream 
concentrations reached μg/L levels at high flow.  Median concentrations were not statistically different at low 
and high flows nor between the three streams sampled, indicating the diffuse nature of inputs.  Rain 
concentrations, when assessed over the watershed, contributed significantly to stream inputs.  Median and 
maximum concentrations of TCPP in final WWTP effluent were similar to those of streams.   


TCPP concentrations in three samples of spray and rigid foam were 2.6% (7-year old rigid foam), 12% (new 
spray foam) and 26% (new spray foam).  Air and dust concentrations from a heavily insulated home were 


elevated in comparison to the 51 homes sampled here.  
Table 1: Concentrations of TCPP in indoor and outdoor air, streams, rain and final wastewater treatment plant effluent (WWTP) 


sampled in Toronto, Canada. 


Medium n Median Minimum Maximum 
Building insulation (%) 3  2.6 26 


Indoor Air (pg/m3) 90 18,000 4,000 105,500 
Outdoor Air (pg/m3) 21 716 165 1522 


Streams (ng/L) 
Low flow 
High flow 


 
22 
72 


 
1000 
2280 


 
340 
430 


 
1430 
5080 


Rain  16 110 <DL 920 
WWTP  25 2360 1200 4100 


 


3.2. TCPP Fate in City of Toronto 


We estimated total aggregate emissions of 180 g/h or ~1600 kg/y to 
Toronto’s air.  In comparison, we estimated aggregate emissions of 230 
and 28 kg/y of Σ88PCBs and Σ28PBDEs to Toronto in 2009 (Csiszar et al. 
2013).   


As seen in Fig. 1, 60% of TCPP was estimated to be removed by air 
advection which less than that of PBDEs and PCBs (70 and 95%, 
respectively).  Total losses due to degradative processes accounted for 
30% of inputs.  Due to TCPP’s high solubility, 9% of total emissions to air 
were estimated to enter surface waters (streams) from soils, and 
accumulation and wash-off of surface films on impervious surfaces and 
vegetation.  This input resulted in water concentrations comparable to 
those measured in this study.   


4. Conclusions 
TCPP is ubiquitous in all media sampled here, both indoors and 
outdoors.  Sampling in a highly insulated home showed elevated levels of 
TCPP in air and dust where the insulation was the putative source. The 


relatively high vapour pressue of TCiPP of 0.035 Pa suggests that it can be released from products into 
which it is added and thus give rise to its abundance in indoor air.   
 
In turn, indoor losses to outdoors, as well as other potential emissions, support its abundance in outdoor air.  
Modelling suggests that transfer from urban air is sufficient to supply urban streams with μg/L concentrations 
that could be of concern to aquatic biota. 
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Introduction  
 
Flame retardants (FRs) are widely used to increase the fire resistant of some materials. One of 
the most widely used FRs were polybromodiphenyl ethers (PBDEs). These compounds have a 
high lipophilicity and therefore they can be bioaccumulated and biomagnified along the food 
chain. Moreover, several toxic properties have been reported for PBDEs: they can act as 
endocrine disruptors and affect neurological, thyroid and liver activity. As a result in 2009 the 
Stockholm Convention decided to add the commercial mixtures with four, five, six and seven 
bromines to the Annex A, to end their production and use [1].  
 
Moreover, the European Directive regarding priority substances in the field of water policy 
established in 2013 Environmental Quality Standards (EQS) in biota for some pollutants, such 
as PBDEs [2]. This standard was set at 0,0085 ng/g wet weight (ww), and refers to the sum of 
the concentrations of congener numbers 28, 47, 99, 100, 153 and 154. 
 
There are several studies in the literature reporting PBDE levels in river fish samples. For 
instance, PBDE levels were recently determined in different fish samples collected in river 
basins from Spain, Italy, Greece, Slovenia, Croatia, Bosnia and Herzegovina and Serbia [3,4]. 
Despite its ban, and due to its persistent nature, PBDEs continue to be detected in all analysed 
samples showing their ubiquity in river environments.  
 
The objective of this study was to collect published data (last 5 years) in European river 
basins, as well as in other places around the world, and to assess whether the established EQS 
are being met. 
 
 
Data collection 
 
Given the ban on the production and use of PBDEs in Europe since 2004, it is to be expected 
that environmental levels of PBDEs will decline over the years. Therefore, in order to 
evaluate the current situation, the literature search has been restricted to the last 5 years. On 
the other hand, and to assess the situation in Europe, but also in other areas of the world, we 
have collected data from different continents. 
 







It should be pointed out that PBDE data are generally expressed as concentrations in lipid 
weight basis. However, EQS in biota are expressed in wet weight basis. That because, all 
collected data must be transformed from lipid weight (lw) to wet weight (ww) basis. 
However, not always the necessary information to perform this transformation was available. 
Taking into account that fish lipid content varies according to species, age, season and 
location, two different approaches were made defining two scenarios: the best scenario, in 
which fish lipid content was established at 0.5% ww; and the worst scenario, in which fish 
lipid content was set at 20% ww [5]. 
 
 
Results and discussion 
 
In spite of the numerous studies carried out for the determination of PBDE levels in river fish, 
studies corresponding to the last 5 years (2012-2017) are not so abundant. Table 1 shows a 
summary of these works. As can be seen, we have PBDE data in different European countries 
(Belgium, Bosnia and Herzegovina, Croatia, Germany, Greece, Italy, Serbia, Slovenia, Spain 
and UK), as well as in North America (Canada) and Asia (China) [6-14]. 
 
Table 1. Summary of PBDE levels (expressed in ng/g ww) in fish samples collected around 
the world. 


 
 


 
* Studies in which the transformation from lw to ww was not possible. Two scenarios were established: the top row 


corresponds to the best scenario (fish lipid content of 0.5% ww), and the bottom row corresponds to the worst 
scenario (fish lipid content of 20% ww). 


nr Not reported 


Country Year n Range % > 
EQS 


% > EQS 
x 10 


% > EQS 
x 100 


% > EQS x 
1000 


% > EQS 
x 10000 Ref. 


Germany nr 61 < LOD – 46.3 87 98 94 51 - [6] 


Spain* 2010 48 
< LOD – 2.60 73 69 5.7 - - 


[3] 
< LOD – 104 85 95 83 41 2 


Belgium 2000-09 26 0.77- 93 100 100 96 62 4 [7] 


UK 2007-12 42 2.30 – 24.5 100 100 100 nr nr [8] 


Italy, Greece, Slovenia,  
Croatia, Bosnia and 


Herzegovina and 
Serbia* 


2014-15 27 
0.03 – 3.26 100 85 15 - - 


[4] 
1.18 - 130 100 100 100 70 11 


Canada* 2008-12 50 
0.47 – 120 100 100 nr nr nr 


[9] 
18.8 - 4806 100 100 100 100 nr 


Canada 2006-13 470 1 - 390 100 100 100 nr nr [10] 


China* 2010 34 
0.18 – 2.8 100 100 nr nr nr 


[11] 
7 - 112 100 100 100 nr nr 


China* 2014 120 
0.03 – 3.45 100 nr nr nr nr 


[12] 
1.38 - 138 100 100 100 nr nr 







Despite the ban of PBDEs in Europe since 2004, these pollutants are still present in virtually 
all European river fish. In addition, between 73 and 100% of fish presented levels of 
contamination higher than EQS value of 0.0085 ng/g ww, established in the 2013/39/EU 
Directive. On the other hand, between 83 and 100% of fish exceeding the EQS value, their 
contamination was above 100 times the EQS value, and between 41 and 70% above 1000 
times the EQS value. Similar situation was observed in other locations of the world, such as 
North America and China. 
 
Restrictions in the use of PBDEs are beginning to yield declines in concentration in 
environmental samples. But in the case of POPs, their ban does not solve the environmental 
problem in the short or medium term. For instance, a study in the Lake Ontario (Canada) 
showed that since 1997, penta-BDE levels have declined at an annual rate of 4.5% [13]. 
Despite this decline, levels in fish were still above the guideline in the most recent years of 
monitoring. 
 
The European directive established that, with the aim of achieving good surface water 
chemical status, the EQS for substances such as PBDEs should be met by the end of 2027. If 
we take into account an annual decrease of 5%, after 10 years, samples actually with levels 
higher than 100 times the EQS (between 83 and 100%), will present concentrations about 
0.40 ng/g ww, being still 50 times above the value established by the European directive. 
Thus, it will take several decades to reach levels of pollution recommended by the legislation. 
 
Based on these results, it would be important as proposed by the European directive “taking 
measures additional to those already taken, including at international level, to reduce or 
eliminate discharges, emissions and losses of those substances so as to achieve the 
objectives”. In this sense, and taking into account that there is already a ban on the production 
and use of PBDEs at international scale through the Stockholm Convention [1], it is necessary 
to carry out new strategies. For instance, it is important to take into account what happens 
with waste from materials that still contain PBDEs. A considerable fraction of PBDEs 
containing waste is recycled, with little information about the fate during recycling. It is 
necessary to develop recommendations for waste management to ensure the minimum 
environmental impact and maximum transfer to appropriate final sinks.  
 
Finally, due to the ongoing restrictions on PBDEs, there has been a shift in the use of 
alternative FRs. Attention must also be paid to the occurrence and time trends of these 
alternative FRs in river sediments and fish samples. Studies for these alternative FRs are 
strongly recommended. 
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OPEs are a group of chemicals found at relatively high levels as environmental contaminants. 


The usage of OPEs has increased precipitously in recent years following the listing of penta- and 


octa- BDEs as POPs under the Stockholm Convention.  


In this study we used the Multimedia Urban Model of Diamond and co-workers to estimate the 


transport, fate and emissions of three chlorinated (Cl-OPEs) and three non-chlorinated OPEs 


(non-Cl-OPEs) in Toronto, Canada. This model has been evaluated for PCBs and PBDEs in 


Toronto. The three Cl-OPEs modelled were TCPP, TCEP and TDCPP. The three non-Cl-OPEs 


were EHDPP, TBEP and TPhP. Our goal was to estimate their emissions to Toronto and to 


evaluate their environmental pathways.  Aggregate emissions to the air (0-50 m elevation) were 


estimated by back-calculating from measured outdoor air concentrations. These results were then 


evaluated against measured water concentrations in Toronto tributaries. 


Based on estimated emissions to air, modelled water concentrations were within an order of 


magnitude of the measured concentrations, ranging from 78% below for TCPP to 1900% above 


for TPhP, with an RMSE of 450% of the mean measured water concentration. With the 


exception of TCPP, the model over-estimated water concentrations. Since the water 


concentrations were taken independently of the air concentrations, these results gives some 


credence to the model estimates and showed that the emissions estimates were accurate to 


approximately an order of magnitude. 


The emissions of OPEs ranged from 62 to 250 g/h and were significantly higher than emissions 


of PCBs and PBDEs calculated using the same model. We found that 40 and 55% of atmospheric 


loadings Cl-OPEs and non-Cl-OPEs were lost from Toronto by air advection. Twenty-one % of 







Cl-OPE loadings were advected from Toronto by surface water in comparison to 5.5% for the 


non-Cl-OPEs. As expected, transfer from air to water was greater for these highly soluble 


compounds relative to PCBs and PBDEs. The difference between Cl-OPEs vs non-Cl-OPEs is 


consistent with their relative differences in water solubility. Degradation of OPEs ranged from 


19 to 30 % of atmospheric loadings. The majority of the degradation occurred in the air and the 


soil phases. These model estimates provide evidence of the relatively high emission rates to air 


and, by showing OPE mobility in water, lend credence to the hypothesis of long-range transport 


of Cl-OPEs by rivers. 
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Introduction 


Brominated flame retardants (BFRs) are chemicals added to consumer goods to increase their fire 


resistance. Restrictions and bans on the use of polybrominated diphenyl ethers (PBDEs) and 


hexabromocyclododecane (HBCDD) from the mid-2000s onwards has paved the way for increased use 


of novel brominated flame retardants (NBFRs) as alternatives. Some important examples of such NBFRs  


are: 1,2-bis(2,4,6-tribromophenoxy) ethane (BTBPE), decabromodiphenyl ethane (DBDPE), bis(2-


ethylhexyl) tetrabromophthalate (BEH-TEBP) and 2-ethylhexyl-2,3,4,5-tetrabromobenzoate (EH-TBB). 


NBFRs have been detected in various environmental samples including foodstuffs1, indoor dust and air2,3, 


outdoor air4 and biological samples5. The objective of this study is to develop a fast and efficient 


screening method for NBFRs through both targeted and untargeted approaches in one run and apply it 


to leachate samples.  


Materials and Methods 


Sample extraction 


Samples were collected from a leachate experiment where different types of Waste Electrical and 


Electronic Equipment (WEEE) were leached for 24 hours in a container using deionized water. Three 


different groups of WEEE items were used for this experiment: 1. Mixed WEEE including small household 


items, computers, electrical tools, etc. in a 1000 L HDPE container; 2. Whole LCDs/CRTs in a 1000 L HDPE 


container, and 3. Whole fridges/freezers in a 10000 L metal container. Internal standards including 13C-


BDE28, 13C-209 and 13C-BTBPE were added to 250 mL leachate. The sample was then extracted with 50 


mL of dichloromethane (DCM) by sonication for 30 min followed by mechanical shaking twice for 3 


hours with 50 mL DCM. At each step, the organic layers were kept, combined and evaporated to 0.5 mL 


and loaded onto a SPE cartridge containing 2 g Na2SO4 6 g 44% acid silica, and 2 g Na2SO4. The cartridge 


was eluted with 20 mL hexane followed by 20 mL DCM. The eluent was evaporated to dryness under a 


gentle nitrogen stream and reconstituted in 100 µL methanol, ready for analysis. 


Chemical analysis 


Samples were analyzed on a UPLC-Q-Exactive Orbitrap-HRMS system. Chromatographic separation was 


performed on an Accucore RP-MS column (100 x 2.1 mm, 2.6 µm) with water (mobile phase A) and 


methanol (mobile phase B). A gradient method at 400 µL/min flow rate was applied as follows: start at 


20% B; increased to 100% B over 9 min, held for 3 min; then decreased to 20% B over 0.1 min; then kept 







constant for a total run time of 15 min. The injection volume was 5 µL and the column oven was set at 


30 ˚C. 


The APCI source was used to ionize samples in full scan negative ion mode. The parameters were set as 


follows:  resolution 17500, AGC target 1e6, maximum injection time 100 ms, scan range 300 to 1000 m/z. 


QA/QC 


A field blank together with a lab blank were analyzed using the same procedures as real samples. For all 


data analysis in this study, two ions are considered to be the same if their mass deviation is less than 


±2.5 ppm. 


Data analysis 


In our targeted approach, TraceFinder 3.0 (Thermo Fisher Scientific) was used for NBFRs screening with 


an in house mass library. The library was created by analyzing available standards with the same UPLC-


Orbitrap parameters used for real samples. 


For untargeted screening, the Compound Discoverer 3.0 (Thermo Fisher Scientific) software was used. 


Briefly, the software was configured to elucidate unknown compounds with a maximum chemical 


formula defined of C40H60Br15Cl10O10. Bromine patterns with up to 12 bromines were also included for 


pattern matching. The program also searched for potential chemical structures for a given chemical 


formula using online databases such as ChemSpider. 


Results and Discussion 


Targeted Screening 


Out of the NBFRs available in our library, only BTBPE and TBP-AE were found. TBP-AE was occasionally 


detected while the detection rate of BTBPE exceeded 70%. This implies a greater use of BTBPE than 


other NBFRs in WEEE items in this study. Another reason for this observation might be products which 


were treated with other NBFRs have not reached their end-of-life point yet. Besides TBP-AE and BTBPE, 


we also found legacy BFRs: PBDEs, HBCDs and TBBPA. While PBDEs (mainly tetra and pentaBDEs) and 


HBCDD were detected only at low levels in a limited number of samples, TBBP-A was ubiquitous. While 


TBBP-A was detected in both the lab and field blank, concentrations of TBBP-A in most samples 


exceeded the average blank level, by up to 570 times. Of all the 3 sample groups, mixed WEEE items 


tended to contain more BFRs than the other two groups. Indeed the highest levels of TBBPA, BTBPE and 


TBP-AE were detected in samples from this group. 


Untargeted Screening 


More than 10 unknown compounds with clear bromine/chlorine patterns were reported by Compound 


Discoverer. One of those had an ion mass of 552.76654 and showed an isotopic pattern of 4 bromine in 


the mass spectra. It was later elucidated as C16H14Br4O2 with one match from ChemSpider being 4,4'-


(2,2-butanediyl)bis(2,6-dibromophenol (Figure 1). However, we note an alternative identification of a 


methoxylated derivative of TBBPA.  


 


 







 


 


Figure 1. 4,4'-(2,2-Butanediyl)bis(2,6-dibromophenol) 


Another unknown compound showed a 3 bromine pattern in its mass spectra, with a predicted formula 


of C6H3Br3O. As the retention time of this unknown compound was later than that of our standards of 


2,4,6-tribromophenol, 2,4,6-tribromophenyl allyl ether, 2-bromoallyl 2,4,6-tribromophenyl ether and 


2,3-dibromopropyl 2,4,6-tribromophenyl ether, we therefore hypothesise this unknown to be a 


tribromophenol isomer. 
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Introduction 
With the gradual ban of PBDEs, the application of phosphorus flame retardants (PFRs) 
greatly increased and became the main flame retardants in various products. However, 
they had similar properties or were of more concern due to their toxicity for 
halogenated PFR including aquatic toxicity properties [1] and potentially carcinogenic 
property [2,3]. Recent studies have suggested bioaccumulative properties [4], as well 
as their persistence and long-range transport [5]. In 2009, Environment Canada and 
Health Canada proposed a risk management action for TCEP, with the objective to 
reduce exposures by eliminating the compound from furniture, electronic products 
(e.g., televisions and computers) and so on [6]. The European Community (EC) has 
proposed to restrict the use of halogen flame retardants [7]. For this reason, 
halogen-free flame retardants for polymeric materials have attracted increasing 
attention in recent years.  
Recent, more and more alternatives are applied in the market. But comprehensive 
information on their possible toxicological effects are lacking. Several countries and 
organization performed risk assessment for alternatives to decaBDE [8-11]. These 
reports evaluated the main types of brominated flame retardant and some alternatives 
options. They included that halogenated PFRs and TPP are potentially problematic for 
replacement of decaBDE for their environmental and human hazard, while RDP and 
BDP are potential alternatives to decaBDE based on the present information [8-11].  
DOPO is a novel phosphorus-containing reaction intermediate, DOPO and its 
derivatives has attracted intensive attention due to high flame retardant efficiency and 
thermal properties. It has less halogen and toxins and are less likely to divert have 
been widely used in a variety of polymer as flame retardants in recent 
years．According to the evaluation of the European Flame Retardants Association, it 
was thought to be the most successful solution to flame retardants. It has a low 
bioaccumulation potential, are not persistent, were tested negatively for a series of 
toxic effects including neurotoxicity and showed moderate to zero leaching from 
various polymers [12]. The ENFIRO hazard assessment showed to have less issues of 
toxicity concern for DOPO [9]. 
DOPO-HQ was synthesized through the reaction of DOPO and p-benzoquinone. It 
has been also used as a reactive flame retardant [13]. Owing to the introduction of the 
rigid structure of DOPO-HQ and the pendant phosphorus-containing group, the 
resultant resins provided not only better flame retardant properties [14], but also 
higher thermal stability and glass transition temperature [15]. It has been applied in 
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PU foams and epoxy resin for printed circuit boards. But there is very lack the 
comprehensive information on their possible toxicological effects and environmental 
impacts. 
In the present work, the aquatic toxicity of DOPO-HQ was investigated including 
acute and chronic aquatic toxicity compared comprehensively with those of decaBDE 
and its typical alternatives.  


Materials and methods 


Chemical 
DOPO-HQ (C18F14PO4, CAS 88208-50-1) was obtained from the China Flame 
Retardant Society.  


Aquatic toxicity test 
The test was performed according to OECD202, OECD203 and OECD211[16-18]. 
According to the result of pre-test, it wasn’t observed obvious acute toxicity for 
Daphnia and fish. Therefore, both limit tests were performed as follows. 
For Daphnia acute immobilization test, a control group and one treatment group with 
saturation solution were prepared respectively in 60 mL of reconstituted test water. 
Every group contained four replicates. Each replicate was comprised of five Daphnia 
magna. The test conditions were as follows: 48 h with 16 h: 8 h (light: dark) 
photoperiod; 19.9-21.6 °C; pH, 6.25-6.47; and dissolved oxygen, 8.12-8.48 mg/L. 
Daphnia magna were not fed during the test. At 24 h and 48 h, the numbers of 
immobilized Daphnia magna were observed.  
For fish acute toxicity test, a control group and one treatment group with saturation 
solution were set in tap water. Every group contained three replicates, and each 
replicate contained ten Gobiocypris rarus. The test conditions were as follows: 96 h 
with a 12 h: 12 h (light:dark) photoperiod; 23.2-24.5 °C; pH, 6.77-7.35; and dissolved 
oxygen; 68.0-93.5% ASV. Mortality or any abnormalities of fish were observed daily. 
A control group and one treatment group with saturation solution were prepared in an 
80 ml M4 solution. The solution was replaced on the 2nd, 5th, 7th, 9th, 12th, 16th and19th 
days of the test, and the old and new media were analyzed the concentration by HPLC. 
There were ten replicates for each group including the treatment group and control 
group. A replicate contained one Daphnia magna. The test conditions were as follows: 
21 d with a 16 h: 8 h light: dark photoperiod; illumination, 1147 to 1362 lux, 
20.2-20.7 °C; pH, 7.68-8.31; and dissolved oxygen, 7.36- 9.30 mg/L. Daphnia magna 
were fed five times per week during the test. The numbers of living offspring, aborted 
eggs, and dead offspring were recorded and removed from the first brood. Mortality 
of the parent individuals was also recorded.  


Chemical and Statistical analysis 
For studies, the concentrations of the test samples from aquatic toxicity test were 
confirmed by HPLC analysis. The recoveries of spiked samples (n=3) of 1mg/L 
ranged from 89.2 to 105%, with RSD below 7.49%.  
Statistical analysis was conducted using the TOXCALC (v5.0.26) software. 


Results and Discussion 
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The concentrations of treat group were analyzed by HPLC. However, it couldn’t be 
detected with concentration below the detection of 0.08mg/L.  
The aquatic acute toxicity test was performed at three trophic levels including green 
algae (Pseudokirchneriella subcapitata), invertebrates (Daphnia magna) and native 
fish (Gobiocypris rarus). No immobilisation or death was observed for Daphnia 
magna and fish respectively in both control group and the treat group. 48 h-EC50 for 
Daphnia magna and 96h-LC50 for Gobiocypris rarus were greater than the saturation 
solution.  
The chronic toxicity was evaluated by the reproduction of Daphnid magna. During 
the test, no parent mortality was observed in the control group, and no aborted eggs or 
dead offspring were recorded. One parent was dead on the first day in the treat group 
during the test. The estimation of the 21 days cumulative adult deaths of the treatment 
groups to Daphnia magna was analyzed by the Steel's Many-One Rank Test 
compared with the control. There was no difference in the statistics. It may be an 
accident and could be permitted. The mean number of offspring per parent that 
survived to the end of the test in the control group was 101 with a CV of 16.2%, 
correspondingly, the average value of offspring per parent was 106 with a CV of 
10.9%. The reproduction of the treatment groups to Daphnia magna was analyzed by 
the Wilcoxon Rank Sum Test compared with the control. There was also no 
difference in the statistics, therefore, 21 days NOEC for the reproduction of Daphnia 
magna is greater than the saturation water solubility.  
Whether acute or chronic toxicity to aquatic organisms for DOPO-HQ, no effects 
were observed at the saturation water solubility. According to classification criteria of 
GHS, the environmental hazard classification was based on the aquatic toxicity issued 
by UN [19]. When a long-term NOEC was above the water solubility, hazard 
classification can be negated. It meant that DOPO-HQ doesn’t show the aquatic 
hazard based on the present data. 
There are many alternatives to PBDEs. The five most widely commercial alternatives 
were selected including TBBPA, TPP, TCEP, TCPP and TDCPP. In addition, RDP 
and BADP, as two new and potential alternatives were also selected. Such above 
alternatives and decaBDE are selected as reference substances in comparison of 
ecotoxicity to DOPO-HQ.  
TCPP has a documented 96h-LC50 value of 51 mg/L for fathead minnow (Pimephales 
promelas) and a NOEC of 9.8 mg/L [3,11]. A 21-day reproduction test using Daphnia 
magna showed a NOEC of 32 mg/L for TCPP based on adult mortality [3]. The 
corresponding LC50 for bluegill sunfish (Lepomis macrochirus) was 180 mg/L [3]. In 
addition, TCPP is considered to be potentially carcinogenic [2,3].  
Chronic toxicity data of 21 d determined for Daphnia magna were 0.05 mg/L [20]. 
The 96h-LC50 for rainbow trout (Oncorhynchus mykiss) was 1.1 mg/L for TDCPP 
(Amgard TDCP) and the NOEC 0.56 mg/L. The 96h-LC50 for killifish (Oryzias 
latipes) and goldfish (Carassius auratus) were reported to be 3.6 and 5.1 mg/L, 
respectively. LC50 of TCEP reported for fish (96 h) by Fisk et al. varied from 6.3 to 
250 mg/L [11]. Sasaki et al. reported 96h-LC50 values for killifish (Oryzias latipes) 
and goldfish (Carassius auratus) of 210 and 90 mg/L, respectively. Killifish exposed 
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to TCEP at 200 mg/L for 72 h showed spinal deformities. Yoshioka et al. reported an 
LC50 for the killifish (Oryzias latipes) of 251 mg/L. 96h-LC50 for rainbow trout 
(Oncorhynchus mykiss) was 249 mg/L [3].  
A number of studies have been performed and summarized on the toxicity of TPP 
[10]. The acute toxicity of TPP for fish (96h-LC50) reached 0.4-0.85 mg/L [10]. The 
acute toxicity index of TPP for fish (96h-LC50) ranges from 0.36 mg/L in rainbow 
trout [1]. 48h-EC50 of daphnia was 1.35 mg/L. For the chronic toxicity, LOEC of 
0.037 and 0.23 mg/L was found for survival and growth of fish, and an estimated 
NOEC for daphnia of 0.1 mg/L was found [1].  
It gave a LC50 of 12.3 mg/L for fish, and an EC50 of 0.76 mg/L for daphnia 
immobilization when exposed on RDP [10]. For Daphnia magna, 21d-NOEC and 
21d-EC50 are 0.021 mg/Land 0.037 mg/L [10]. However, the exposed concentration 
was higher than the water solubility of 0.11μg/L [1]. It is thought that the toxicity may 
be a result of the presence of undissolved test substance [10]. It also may be due to the 
amount of TPP present in the technical products. Therefore, it is suggested that no 
effects at saturation based on the only few toxicity data are available for RDP. 
Experimental data for BDP for fish, daphnia, and algae indicate above 100mg/L, 
which is more than water solubility. It may be nominal concentration. Therefore, there 
aren’t aquatic effects up to the limits of the water solubility [10].  
For TBBPA, an overall 21-day LOEC and NOEC of 0.98 mg/L and 0.30 mg/L, 
respectively, were measured in the Daphnia magna, based on significantly reduced 
reproduction [20]. The 35-day LOEC and NOEC for fathead minnow (Pimephales 
promelas) were 0.31 mg/L and 0.16 mg/L, respectively, based on significantly 
reduced embryo and larval survival. 
Based on the available data, decaBDE appears to have a very low toxicity in acute 
tests, with no effects being seen up to the substances water solubility [10,21]. A 
chronic dietary fish study identified decreased thyroid hormone, deiodinase activity 
and gonad size, plus increased mortality, after dietary exposure to part per billion 
doses of decaBDE [10].  
Compared the ecotoxicity of DOPO-HQ with those of decaBDE and its alternatives, 
the aquatic toxicity are lower than Cl-containing PFRs, TPP and TBBPA, no effect 
was observed at saturation as the same as RDP and BDP.  


Conclusion  
The aquatic toxicity of DOPO-HQ is evaluated and showed low acute and chronic 
aquatic toxicity. Compared comprehensively the ecotoxicity of DOPO-HQ with those 
of decaBDE and its typical alternatives, it is lower than those of Cl-containing PFRs, 
TPP and TBBPA, those are the potentially problematic alternatives. DOPO-HQ shows 
no effect at the saturation which is similar to those of decaBDE, RDP and BDP since 
all of them are insolubility. Therefore, DOPO-HQ could be a potential alternative to 
decaBDE from environmental perspective. 
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Introduction 
There is increasing evidence that a number of the brominated flame retardants (BFRs), 
including the polybrominated diphenyl ethers (PBDEs), act as endocrine disruptors, affecting 
androgenic, estrogenic and thyroid hormone activities (1) and thus, reproductive health (2,3). 
The dietary exposure of adult female rats to an environmentally relevant BFR mixture 
significantly alters steroidogenesis and folliculogenesis (4). In the ovary, steroids are 
synthesized by granulosa cells, the ovarian follicular cells that line the fluid-filled antrum in 
antral follicles. In previous studies we demonstrated that in a human granulosa cell line, KGN 
cells, a mixture of PBDEs reflecting the congeners detected in human follicular fluid 
significantly affects steroidogenesis and induces oxidative stress (5).  
 
In human studies, the detection of high levels of PBDEs in follicular fluid or in serum has 
been associated with a longer time to conceive (6), failure of embryo implantation (7), a 
decreased fertilization rate and a reduced proportion of high-quality embryos (8) after in vitro 
fertilization (IVF). Together, these observations has led us to hypothesize that high levels of 
PBDEs in follicular fluid may increase the risk of an unsuccessful pregnancy outcome. In this 
study, our objective was to investigate the link between follicular levels of PBDEs, granulosa 
cell gene expression, and fertility in women engaged in IVF with an intracytoplasmic sperm 
injection (ICSI) procedure.  
 
Materials and methods 
Fertile (male infertility) (n=21) and idiopathic infertile (n=19) women undergoing ICSI were 
recruited. Follicular fluid and cumulus and mural granulosa cells were isolated. 
Concentrations of PBDEs in follicular fluid were measured by gas chromatography-mass 
spectrometry and classified as high or low based on quartiles of detected PBDE congener 
concentrations.  
 
The effects of PBDEs on the transcriptomes of granulosa cells were assessed in women from 
four experimental groups: 1) fertile women with low follicular fluid PBDE concentrations; 2) 
fertile women with high follicular fluid PBDE concentration; 3) infertile women with low 
follicular fluid PBDE concentrations; and 4) infertile women with high follicular fluid PBDE 







concentrations. RNA was isolated from cumulus and mural granulosa cells and global gene 
expression was analyzed using SurePrint G3 Human Gene Expression v3 8x60K Microarray 
Kits from Agilent Technologies. qPCR was done to validate the expression of specific genes. 
 
Results and discussion 
Of the 23 PBDE congeners tested, 10 were detected in follicular fluid. The most abundant 
PBDE congeners were tetra-BDE-47, hexa-BDE-153, penta-BDE-99 and penta-BDE-100. 
The ∑10 PBDEs were not significantly different between fertile (32.41 ± 5.66 pg/g) and 
infertile (27.86 ± 6.05 pg/g) women.  


 
Transcriptomic profiles in both cumulus and mural cells were different when the cells were 
obtained from fertile rather than infertile women, suggesting that fertility status is 
associated with differential gene expression in cumulus and mural granulosa cells. 
Infertility-related changes in global gene expression in both granulosa cell types were 
modulated by follicular PBDE levels. In cumulus cells, 64 of the 112 sequences associated 
with infertility were identified specifically in cells isolated from women with high versus low 
PBDE levels in their follicular fluid. The most affected gene, GDF3, was significantly 
upregulated in cumulus cells collected from infertile women with high PBDE levels while 
fertility status had no effect on GDF3 gene expression in women with low PBDE levels. In 
mural cells, the number of genes associated with infertility (386 genes) was strikingly reduced 
to 17 in cells obtained from women with high follicular PBDE levels when compared to 
women with low follicular fluid PBDE levels (350 genes). The most significantly affected 
genes, FSHR and IHH, were downregulated significantly in mural granulosa cells collected 
from infertile women with low PBDE levels; the expression of these genes were not affected 
by fertility status in women with high PBDE levels. In addition, genes involved in cell cycle 
regulation and repair of DNA damage signaling pathways, such as CCNB2 and CDK1, were 
downregulated in mural granulosa cells obtained from infertile women with low PBDE levels 
and not affected by fertility status in women with high PBDE levels.  
 
In summary, our findings reveal that PBDEs are detectable at variable levels in follicular fluid 
samples collected from fertile (ICSI indicated for male factor) and infertile (idiopathic 
infertility) women. Furthermore, infertility is clearly associated with modifications in cumulus 
and mural granulosa cell gene expression and these are modulated by follicular fluid PBDE 
levels. Overall, these data suggest that PBDEs influence the development of preovulatory 
follicles and the production of mature oocytes by modulating gene expression in follicular 
somatic cells.  
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Introduction 
Inorganic phosphorus fire retardants (red phosphorus, ammonium polyphosphate etc.) are 
principally active in the solid phase through the promotion of char formation leading to a 
protective barrier. Organophosphorus flame retardants (OPFRs) include organophosphate 
esters, phosphonates and phosphinates [1]. Halogenated phosphate esters primarily act in 
the gas phase. When they are volatilized with the decomposing polymer, they release 
stable radicals such as Cl·, Br·, and PO· which replace the energy H·, ·OH and ·O· 
radicals responsible for flame propagation. Thermal degradation studies show that 
phosphorus fire retardants degrade at different temperatures, depending on their 
physiochemical properties. Lee et al. reported that, above 400 °C, tri-phenyl phosphate 
degrades to form phosphoric acid which reacts to produce pyrophosphoric acid [2]. Van 
der Veen et al. reported that tricresyl phosphate degrades thermally to produce cyclic 
cresyl phosphates, cresol and hydroxybenzoic acid [1]. Patil et al. reported that tributyl 
phosphate degrades to produce monobutyl phosphate, dibutyl phosphate, butanol and 
carbon dioxide [3].  
 
Away from fires, the toxicity and environmental persistence of many phosphorus flame 
retardants has been reviewed. Some chlorinated phosphorus flame retardants are 
potentially carcinogenic while others have been shown to cause developmental and birth 
defects, toxicity for reproduction and inhalation toxicity [4]. Most phosphorus flame 
retardants are used as additives, so they are not chemically bonded to the host polymer 
allowing their release to the environment. The environments where they have been 
detected include house dust, indoor air, drinking water, biota and sediment. Their 
concentration appears to depend on their amount and kind in furniture, electronic 
equipment or building materials as well as the temperature and degree of ventilation [1]. 
Additionally, the exposure of humans to certain organophosphates has raised deep 
concerns about their neurotoxic effects, because they inhibit cholinesterase, blocking 
transmission of nerve signals. Table 1 presents a summary of reported toxicological 
effects for the some common phosphorus flame retardants. 
 
Table 1: Summary of common organophosphates and their neurotoxic effects 
 
Organophosphates                                                               


 
Neurotoxic effects 


     
Ref 


Triphenyl phosphate (TPP) Potential neurotoxic effect, no 
evidence for delayed neurotoxicity.  


[1] 


Tributyl phosphate (TBP) No clear evidence of neurotoxicity [5] 


Tricresyl phosphate (TCP) High potential neurotoxic effect and 
delayed neurotoxicity 


[6] 


Tris (1-chloro-2-propyl) phosphate Potential neurotoxic effect, no [1] 
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(TCPP) evidence of delayed neurotoxicity 


 
Materials and Methodology 
Thermal Decomposition of Organophosphorus Flame Retardants  
In this study, commonly used OPFRs were decomposed using thermogravimetric analysis 
coupled to Fourier Transform Infrared Spectrometry (TGA-FTIR) and Pyrolysis Gas 
Chromatography Mass Spectrometry (pyGC-MS). The TGA-FTIR analysis was carried 
out on a Stanton-Redcroft STA 780 and a Nicolet Magna 550 FTIR equipped with heated 
gas cell. The TGA was heated to 550°C at 10°C min-1, under air or nitrogen. The FTIR 
was set to a resolution of 1cm-1 with a DGTS detector and a scan rate of 15 average 
spectra min-1. The gas cell and heated lines were held at 250°C and all testing was carried 
out in duplicate. The FTIR spectra were analysed against the TGA Vapour phase library 
from OMNIC 7. The py-GCMS analysis was carried out across two temperature ranges in 
helium and air on a CDS5200 pyroprobe attached to a Thermo Scientific GCMS system 
(trace GC Ultra and DSQII).  
 
House Fires 
Identical new sofas, meeting the UK furniture flammability regulations, were used as the 
initial fuel source in all lounge fires, and in some experiments additional furnishings 
(carpet, curtains, television set) were included to create the furnished scenario in a series 
of experimental house fires conducted in a real house. Each sofa weighed approximately 
63 kg, where 30 % was synthetic material either as expanded foam or fibres, with the 
remainder being predominantly wood and metal. In each experiment, the sofas were 
scored with a knife on three close proximity surfaces (e.g. at the corner of the seat, side 
and back) and two sheets of crumpled newspaper were placed in the three cuts and 
ignited to ensure consistent ignition. The ventilation conditions were varied from well-
ventilated to under-ventilated by varying door and/or window openings. Samples of 
particulate deposits samples were collected from the upstairs bedrooms, one with the 
door open and one with the door closed. The effluent was sampled for airborne 
particulates on a filter (Whatman GF/A microfibre glass filter, 37 mm diameter). The 
entrance to the sampling port was approximately 2 m from the fuel source at head height. 
More details can be found in Reference [7]. 
 
Results and Discussion 
TGA-FTIR and Py-GCMS showed that each of OPFRs were identified in the vapour 
phase without decomposition, and in some cases with decomposition of a significant 
proportion.  Different triphenyl phosphate (TPP) fragment ion peaks were observed in the 
mass spectrum of GC/MS additionally to aromatic hydrocarbons such as naphthalene, 
benzene, cyclohexane, oxygenated aromatic compounds such as phenol and diphenyl 
ether. Ethyl-isopropyl hydrogen phosphate, hydroxy phenyl phosphoric acid and 
phenoxyphosphonoyloxy-benzene were also identified. The thermal degradation of 
tributyl phosphate (TBP) showed monobutyl phosphate and dibutyl phosphate along with 
the production of butanol. From pyGCMS studies, it was found that TCP pyrolyse into 
fragments of aryl phosphates including phenol, benzene, toluene, ortho-methyl phenyl, 
naphthalene and diphenyl ether. From experimental studies of tris (1-chloro-2-propyl) 
phosphate (TCPP) decomposed to yield halogenated phosphate products such as 







tri(chloropropyl phosphate), bis(2-chloropropyl) vinyl phosphate and 2-chloroethyl ethyl 
methyl phosphate with the production of dimethyl hydrogen phosphate, phosphonic and 
phosphoric acid.  
 
In the house burn tests, the OPFRs present in the sofa had not been identified before the 
tests. Phosphorus compounds were detected in the gaseous effluent of all experiments: 
well- and under-ventilated (sofa and fully furnished fires). Several phosphorus 
compounds were also identified in the particulate phase soot samples. They were detected 
in both ventilation conditions and in all tested locations (stairs, bedroom one – closed 
door, bedroom two – open door). The following phosphorus compounds were detected in 
both the gaseous effluents and condensed particulate samples: tris (1-chloro-2-propyl) 
phosphate (TCPP), tricresyl phosphate (TCP), phosphoric acid, triethyl ester (TEP), 
phosphoric acid, triphenyl ester (TPHP), tris(2-butoxyethyl) phosphate (TBEP), 
phosphoric acid, 4-methylphenyl diphenyl ester, phosphoric acid, (1-methylethyl)phenyl 
diphenyl ester, phosphoric acid, bis(4-methylphenyl) phenyl ester, bis(3-chloro-1-
propyl)(1-chloro-2-propyl)phosphate, p-hydroxyphenyl-phosphonic acid,  
 
The OPFRs were most likely released from the fabric covers and polyurethane foam 
filling inside the sofas. This agrees with similar analysis from insulation materials 
pyrolysed and combusted in the “French Railway” test (NFX-70-100) and the steady state 
tube furnace (ISO TS 19700). Phosphorus compounds, including TCPP, were also 
detected in the fire effluent of fire retarded sofas burning during large-scale experiments 
carried out in shipping containers (publication currently in preparation for peer review).  
 
Conclusions 
Inorganic and organic phosphorus fire retardants can be identified in both the solid and 
gas phase. Thermal degradation studies show that phosphorus fire retardants degrade at 
different temperatures, depending on their physiochemical properties releasing different 
pyrolysates. More detailed studies are needed to evaluate the toxicity of commonly used 
phosphorus fire retardants, particularly their effect on human and environment.  
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1. Introduction 
Hexabromocyclododecane (HBCDD) concentration in eggs is generally low, with an average value of 0.54 ng 
g-1 lipid weight (lw) in the EU [1]. However, some abnormally high concentrations reaching several tens [2], 
hundreds [3] or even thousands ng g-1 lw [4] have been reported. In these studies, the α-isomer generally 
predominates in eggs, in contrast with technical mixtures, in which the γ-isomer is the major one. Given the 
limited rate of bio-isomerization of γ- to α-HBCDD, it was hypothesised that the profile to which hens are 
exposed is dominated by the α-isomer. In this regard, Cariou et al. [5] identified extruded polystyrene (XPS) as 
possible source of poultry exposure to α-HBCDD in rearing buildings. The aim of the current study was to test 
the hypothesis of XPS as a source of on-farm eggs contamination by HBCDD and to assess the inter-individual 
variability within a flock of hens. 
 
2. Materials and methods 
2.1. Study design and sample collection 
The experiment was conducted in France under the application of the Directive 2010/63/EU on the protection of 
animals used for scientific purposes. Fifty-five laying hens (70 weeks old, 2.14±0.23 kg) were reared in a 
furnished wire cage according to commercial conditions. They were given a commercial feed. The plate of XPS 
(64 g, 20×20×4 cm) was attached to the wall of the cage. It contained 2.59% HBCDD of which 75, 15 and 10% 
as racemic α-, β- and γ-HBCDD, respectively. 
A daily composite sample of the eggs produced by the flock was prepared by first mixing eggs by groups of 5 or 
6 and then by pooling 10 mL subsamples of each of these mixtures. This operation was performed 5 days prior 
the experiment, as control, and then daily throughout the 24-d experiment. The last day of experiment, each egg 
was collected and a 10 mL aliquot was taken for individual analysis. The composite sample was then prepared as 
described above. Egg mixtures were stored at -18 °C before analysis. 
 
2.2. Chemical analyses 
Native and labelled (isotopic dilution method) HBCDD reference solutions were provided by Wellington 
Laboratories. Samples (100 mg fresh weight, fw) were partitioned between H2SO4 and a mixture of 
dichloromethane/n-hexane 2:8 (v/v) and then with NaOH 1 N. After centrifugation, reconstituted extracts in a 
mixture of methanol/H2O 4:1 were analysed by LC-ESI(-)-HRMS (Q-Exactive, R=140000 @200, Thermo) 
using a chiral column (Trefoil CEL1, 150 × 2.1 mm, 2.5 µm, Waters). Standard calibration curves, procedural 
blanks and quality controls supported satisfying performances, including 0.2 ng g-1 fw as limits of reporting. 
 
2.3. Calculations 
The concentration of each isomer was calculated as the sum of the (+) and (-)enantiomers, and the concentration 
of HBCDD as the sum of the six enantiomers. The enantiomeric fraction (EF) is the contribution of the 
(+)enantiomer in the sum of the two enantiomers. Two order kinetics models were adjusted to the concentration 
of each isomer, taking the highest concentration as the starting point of depuration. The ingestion of XPS by 
each hen was estimated as proportional to the concentration of HBCDD in each individual egg collected the last 
day of experiment, considering that 55 hens had shared the whole plate. 







3. Results and discussion 
The XPS plate was completely ingested by the hens within the 3 first days of the experiment, furthermore, no 
debris was observed in the cage. Over this 3-day period, the mean exposure to HBCDD was thus 4.7 mg per kg 
body weight d-1 as 3.5, 0.7 and 0.5 mg α-, β- and γ-HBCDD, respectively. 
 
3.1. HBCDD concentration in composite samples 
No HBCDD was detected in the control sample. The two enantiomers of α-HBCDD were quantified in all 
samples and those of β-HBCDD in all samples except in the first collected one, while (+) and (-)γ-HBCDD were 
quantified only in the 4 and 2 most concentrated ones, respectively. Overall, concentrations increased during 5 
days, then decreased rapidly during 10 days and then more slowly (Fig. 1). As previously observed in birds 
exposed to technical HBCDD [6], the profile in eggs was dominated by α-HBCDD (98.7±0.7% of total 
HBCDD). The maximum concentration was 1037 ng HBCDD g-1 fw, i.e. around 10.4 µg HBCDD g-1 lw, 
accounting for 10% lipids in eggs. The increase up to two days after the XPS plate was completely consumed 
and the high initial depuration rate are linked to egg yolk formation into daily concentric layers deposition 
during 10 days before ovulation. The corresponding initial half-life was 2.4±0.3 and 2.0±0.2 d for α- and 
β-HBCDD, respectively. In accordance with literature [7,8], the terminal half-life was longer for α- than for 
β-HBCDD (10.6±5.3 and 4.9±2.3 d, respectively). Although the concentration of HBCDD was dramatically 
reduced 21 days after the exposure had ceased, it remained at the abnormally high level of 86 ng g-1 fw and 112 
more days would have been required to return to the EU mean of 0.54 ng g-1 lw [1]. The gradual enrichment in 
(-)α-HBCDD is consistent with previous observations in poultry [3,9], while the enrichment in (+)β-HBCDD is 
more controversial in literature. 
 


 


 
Figure 1: Time-dependent concentration and enantiomeric fraction of α- and β-HBCDD in eggs 


The double arrow corresponds to the presence of the XPS plate in the cage and the dashed line to the adjusted kinetics model. 
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3.2. HBCDD concentration in individual eggs 
HBCDD was quantified in each of the 42 eggs collected the last day of experiment at concentrations ranging 
between 0.47 and 1361 ng g-1 fw, of which 99.8±0.3% as α-HBCDD. Thus, 21 days after the exposure had 
ceased, concentrations remained 9 to 25000 times higher than the value of 0.54 ng g-1 lw [1]. The mean, median, 
P25 and P75 values were 138±261, 13, 3.2 and 170 ng HBCDD g-1 fw, respectively. Based on this distribution, it 
was estimated that, depending of the hen, XPS ingestion over the 3 days of exposure was 4 mg to 11.5 g per hen. 
Among 55 hens, it was calculated that 5, 15 and 32 had consumed 50, 90 and 99% of the XPS plate, 
respectively; the remaining 23 hens had shared 1% of it (Figure 2). 


 
 


 
Figure 2: Estimates of the part of the XPS plate consumed by the hens 


 
 
 
4. Conclusion 
The accidental and short term ingestion of XPS by hens is a potential source of exposure of hens leading to 
contaminated eggs, even in hens consuming small amounts of XPS. Thus, any degradation of walls in rearing 
buildings leading to a potential contact of hens with insulation materials should be strictly avoided. 
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Introduction 
Recycling waste materials in agricultural applications is encouraged in the UK to 
reduce pressure on virgin resources and to divert biodegradable and other residual 
waste streams that would otherwise be sent to landfill or incineration for disposal. 
This includes biosolids (treated sewage sludge) from urban wastewater treatment; 
currently 1.14 million t dry solids (DS) of biosolids are produced in the UK, of which 
0.89 million t DS, equivalent to approximately 78%, are recycled to agricultural land  
(Eurostat, 2015), which is recycled to land as a fertilser and soil improver. Compost-
like-output (CLO), the stabilised biodegradable output from the mechanical biological 
treatment of municipal solid waste, whilst not currently used in agriculture in the UK 
has potential value as a source of nutrients and organic matter for soil amendment. 
Other waste materials are recycled as alternative types of livestock bedding, such as 
untreated recycled waste wood (RWW) and dried paper sludge (DPS) from paper 
manufacturing. 


A UK Food Standards Agency funded research programme was conducted to 
investigate the potential transfer of organic contaminants, including flame retardants, 
into food arising from the use of recycled waste in agriculture. The research included 
a quantitative assessment of the transfer of flame retardants and other organic 
contaminants to dairy livestock and milk, and the potential transfer of selected flame 
retardants and other contaminants to crops. 


Materials and Methods 
The materials under investigation included biosolids (treated sewage sludge) and 
CLO as examples of wastes recycled, or with potential to be recycled, as soil 
amendments and fertiliser replacements on agricultural land. Biosolids were 
collected from two of the UK’s largest wastewater treatment plants (WWTPs), 
accepting combined sewage flows from domestic and industrial inputs. The CLOs 
were two of the more highly refined materials currently produced in the UK 
representing materials with the greatest potential for future use on arable land. A 
range of wastes recycled as livestock bedding were selected including RWW and 
DPS. At least two examples within each waste category were collected where 
possible. Representative composite sub-samples of each waste were collected for 
analysis.  


The wastes were analysed for a selection of priority organic contaminants, including 
the flame retardants polybrominated diphenyl ethers (PBDEs), 
hexabromocyclododecane (HBCD), tetrabromobipshenol A (TBBPA) and 
pentabromocyclododecene (PBCD). One waste from each category was selected for 
inclusion in the trials based on the concentrations of contaminants detected. Crop 
studies were conducted consisting of: i) controlled growth chamber trials with barley, 
to investigate transfer of flame retardants to vegetative shoots from amended soil, 
and carrots, as their roots have a relatively high lipid content in the peel and 
represent a worst-case for the transfer of lipophilic flame retardants, and ii) a field 
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experiment with winter wheat to investigate the transfer of flame retardants from 
amended soil to grain. The potential for the transfer of flame retardants to dairy 
products, a highly sensitive dietary pathway for human food-chain exposure, was 
investigated in a controlled feeding study with lactating cows. There were four 
replicate animals per treatment, and the animals were housed on straw bedding in 
pens. For the recycled bedding trial, RWW or DPS were added to a standard feed 
regime at a rate of 5% total dry matter (DM) intake, and a control was included with 
no waste addition. In the biowastes trial, biosolids or CLO were blended with soil, 
which, after a period of equilibration, was added to the feed at a rate of 5% total DM 
intake to simulate ingestion of soil by grazing cattle following amendment of pasture 
with the recycled wastes. In addition, biosolids were blended directly with the 
standard feed at a rate of 5% total daily DM intake to simulate ingestion of 
contaminated foliage. Control treatments were included where unamended soil was 
added to the feed at the same rate. The treatments were fed for a period of three 
weeks (or four weeks in the case of the direct biosolids ingestion treatment, which 
was introduced more slowly to the diet), feed intakes were monitored, milk production 
measured, and milk samples were collected prior to feeding and on a weekly basis 
during the feeding period, and during a four week withdrawal period following 
feeding. Crop samples and selected milk samples were analysed for the range of 
flame retardants detected in the waste products. 


Results and Discussion 
Brominated flame retardant profile in the waste materials 


The biosolids samples contained the greatest concentrations of PBDEs compared to 
the other wastes, with upper bound ∑PBDE concentrations (tri-, tetra-, penta-, hexa-, 
hepta- and octa-BDEs) equivalent to 90.5−103 μg kg−1 DS. The CLOs also contained 
relatively high concentrations, equivalent to 40.5–59.5 μg kg−1 DS. The sum of 6 
significant congeners (28, 47, 99, 153, 154 and 183) was 77-88 μg kg−1 DS for the 
biosolids and 35-59 μg kg−1 for the CLOs, slightly less than mean values reported in 
the literature for biosolids of 108 μg kg−1 DS (Knoth et al., 2007). The upper bound 
∑PBDEs in the other materials were smaller and in the range 0.2–3.8 μg kg−1 DS for 
the RWWs and 2.5-2.9 μg kg−1 DS for DPS. Biosolids contained the largest amounts 
of deca-BDE, 4200-6690 μg kg-1 DS, followed by CLO 1650−1720 μg kg−1 DS, DPS, 
152-249 μg kg−1 DS and RWW, 8-246 μg kg−1 DS. The relatively high concentrations 
of deca-BDE−209, in comparison to the penta- and octa-BDEs reflects the expanding 
use of deca-BDEs as flame retardant chemicals in Europe, since the prohibition of 
preparations containing penta and octa-BDE by the European Union in 2003 (EU, 
2003).  


TBBPA was present in the greatest, but variable, concentrations in the CLOs, 
between 100–517 μg kg−1 DS, followed by DPS, 59-74 μg kg−1 DS and biosolids, 33-
43 μg kg−1 DS. Two of the RWWs contained very little TBBPA, 0.2-1.4 μg kg−1 DS, 
and the other two samples contained 8−19 and 50 μg kg−1 DS respectively.  All the 
waste types reported here contained HBCDs, with the greatest concentrations 
typically present in CLOs, biosolids and one of the RWW samples. For example, 
biosolids and CLO samples contained the largest amounts of γ-HBCD in the range 
302–392 μg kg−1 DS for biosolids, and 4–836 μg kg−1 DS for CLO. PBCD was 
elevated in CLO compared to the other waste materials tested, between 13–351 μg 
kg−1 DS. The relatively large concentrations of these flame retardants in CLO, which 
originates from the organic fraction of MSW, biosolids and, in some cases, in RWW 
may be expected because they are found in many materials in the domestic 
environment including fabrics, packaging materials and plastics (Smith and Riddell-
Black, 2015). 







The presence of several other flame retardants of potential interest in the waste 
samples was indicated by a GC-ToF-MS screen. The brominated flame-retardant, 
BTBPE, was detected in small amounts in both CLO samples. Additionally, the 
organophosphate flame-retardant, tris(2-chloroisopropyl) phosphate (TCCP), was 
detected in a number of the samples including one of the biosolids, the CLOs and 
three of the four RWWs. Tris(2-chloroethyl)phosphate (TCEP) was found in one of 
the biosolids. These compounds and their metabolites are of interest due to their 
toxicity, their translocation from soil to crops (Eggen et al., 2013) and their potential 
bioconcentration through the food chain (Eulaers et al., 2014). 


Potential transfer of flame retardants to food 
Transfers of PBDEs to milk of lactating dairy cattle were observed in both the DPS 
and RWW treatments in the recycled bedding trial; 8 out of 16 PBDE congeners (tri-, 
tetra-, penta-, hexa-, hepta- and octa-BDEs) were transferred to the milk of dairy 
cattle fed the DPS and RWW bedding treatments. However, the increases in PBDE 
concentrations were very small; the upper bound ∑PBDEs was 0.37 µg kg-1 fat and 
0.50 µg kg-1 fat for DPS and RWW treatments, respectively, in comparison to 0.12 µg 
kg-1 fat in the control in the milk samples at week 3 (the end of the feeding period for 
the amended diets). In the biowastes trial, PBDEs were only transferred to the milk in 
the biosolids treatment (cattle ingesting biosolids at 5% of their total dietary DM 
intake), where 15 of 16 PBDE congeners were transferred to the milk. The upper 
bound ∑PBDEs in the milk from the biosolids treatment at week 4 was 6.68 was µg 
kg-1 fat, compared to 0.12-0.15 µg kg-1 fat in the control during the trial period. The 
congeners present in the largest amounts in the wastes were typically those that also 
transferred to the greatest extent to the milk. For example, the largest concentrations 
were measured for BDE-99 at 42 µg kg−1 DS in the biosolids, and 2.7 µg kg−1 fat in 
the milk at weeks 3-4, compared to 0.057 µg kg−1 fat in the milk of control cattle 
(Figure 1a). 


a)      b) 


 
Figure 1 Concentrations of a) BDE-99, and b) deca BDE-209 in the milk of dairy cattle in the 
different treatments: i) control, cattle fed a standard feed regime amended with soil at 5% of 
the total dietary DM intake; ii) biosolids, the standard feed regime was amended directly with 
biosolids at 5% of the total dietary DM intake iii) biosolids-soil, the standard feed regime was 
amended with biosolids blended with soil at 5% of the total dietary DM intake; and iv) CLO-
soil, the standard feed regime was amended with CLO blended with soil at 5% of the total 
dietary DM intake 


The mean sum (upper bound values) of 5 PBDE congeners (∑5: 47, 99, 100, 153 and 
154) in the milk samples at week 3 for the DPS, RWW treatments and week 4 for the 
biosolids treatment were 0.32, 0.44 and 6.37 µg kg-1 fat, respectively compared to 
0.10-0.13 µg kg-1 fat for the controls in the two trials. The ∑5 was similar to the value 
of 0.52 µg kg-1 fat reported for UK retail milk (FSA, 2006) in the case of the DPS and 
RWW treatments, however, for the biosolids treatment the ∑5 was over 12 times 







greater. However, the biosolids treatment simulating ingestion of contaminated 
foliage is a ‘worst case’ in that the use of biosolids on grassland should normally 
avoid the risk of direct ingestion by cattle. 


For deca BDE-209, the concentration in the milk at week 3 was nearly 5 times larger 
for both DPS (0.41 µg kg-1 fat) and RWW treatments (0.40 µg kg-1 fat) compared to 
the control <0.005 µg kg-1 fat. For the biosolids treatment, the deca-BDE 
concentration in the milk at week 3 was approximately 20 times larger compared to 
the control, at 7.8 compared to 0.38 µg kg-1 fat, respectively (Figure 1b). 


No transfer of PBCD and TBBPA to the milk was detected in the DPS or RWW 
treatments. α-HBCD was the only HBCD stereoisomer where an increase was 
observed, found at 0.76 µg kg-1 at week 3 in the RWW treatment compared to 0.27 
µg kg-1 in the control. In the biowastes trial it was TBBPA that was transferred to the 
milk in the biosolids treatment at 0.67 µg kg-1 fat in week 4 compared to 
concentrations of <0.28-<0.30 µg kg-1 in the control during weeks 0-3. 


The concentrations of PBDEs in barley tissue grown on biosolids- and CLO-
amended soil was similar to the control, similarly the field investigation demonstrated 
no detectable uptake of PBDEs into grain from wastes-amended soil. The paper will 
provide further detailed information on the presence of flame retardants in waste 
materials recycled in agriculture and transfer to milk and crops from wastes-amended 
soil, and wastes recycled as livestock bedding. 


Overall, the preliminary findings indicated that the use of RWW and DPS as dairy 
cattle bedding has the potential to raise the concentrations of PBDEs and α-HBCD in 
milk, although concentrations remained within the range of those found in 
commercial milk samples in the UK. Concentrations of flame retardants were not 
increased in the milk of cattle fed treatments representing the ingestion of biosolids- 
or CLO-amended soil, however, concentrations of PBDEs were significantly raised in 
the biosolids treatment representing contaminated foliage, although this does not 
reflect standard practice. 
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Introduction 


Managing electronic waste (e-waste) is a growing challenge for communities and countries. In 2013, 
over 75,000 tonnes of electronic waste were collected and processed in the Canadian Province of 
Ontario, a roughly 500 % increase over the amount processed in 2009 (Ontario Electronics Stewardship, 
2013). Flame retardants (FRs) such as PBDEs, novel brominated flame retardants (NBFRs), and 
organophosphorus flame retardants (OPFRs), are chemicals added to a wide variety of electrical and 
electronic products to meet flammability standards. Little is known about FR exposures to workers in e-
waste facilities in high-income countries. Two studies from Europe reported that FRs exposure levels 
were at least an order of magnitude higher in an electronics recycling facility as compared to different 
occupational groups (Sjödin et al., 2001; Rosenberg et al., 2011). Here we report on a study conducted 
in an e-waste recycling facility in Ontario, Canada. This facility dismantled a diversity of waste electrical 
and electronic products such as computers, televisions, toasters and hair dryers. Here the 
concentrations of FR collected in dust from this facility (14 PBDE congeners, 4 NBFRs, 6 OPFRs and 2 
DPs) are reported.  


Materials and methods 


Nine dust samples were collected from floor (n=3), bench tops where dismantling takes place (n=4), and 
inside bins used to separate e-waste (n =2).  Samples were taken one day during each of the months of 
May, June and September 2016. Dust was collected using a vacuum cleaner fitted with pre-cleaned 
polyester socks inserted at the end of the vacuum cleaner hose attachment (Venier et al., 2016). Dust 
samples were transferred to pre-cleaned vials and stored in -20 °C until chemical analysis. Socks with 
dust were weighed, the dust was sieved to <500 μm, approximately 100 mg were weighed. The sock 
was rinsed with solvent (30 mL hexane in acetone, 1:1; v/v), and the solvent was combined with 
weighed dust. Dust was sonicated for 5 mins in 30 mL of acetone/hexane 1:1 (v/v) and vortexed for 1 
min; left to settle for 30 min, and the supernatant was decanted. The procedure was repeated 2 
additional times with 10 mL of solvent, and the extracts were combined (50 mL total). The extract was 
then rotary evaporated to 2 mL and fractionated on a silica column (3.5 % water deactivated) using 25 
mL of hexane, 25 mL hexane/dichloromethane 1:1 (v/v) , and 25 mL of dichloromethane in acetone 3:7 







(v/v) as eluting solvents. Extracts were analysed by gas chromatography with mass spectrometry (GC-
MS) using predefined methods (Ma et al., 2013). 


Results and discussion 


The most abundant FRs in the floor dust samples from the e-waste recycling facility were PBDEs (BDE-
209 accounted for ~90 % in floor dust and ~70 % in bench dust) and OPFRs. Among NBFRs, 2-ethylhexyl-
2,3,4,5-tetrabromobenzoate (EHTBB) and hexabromobenzene (HBB) were measured at the highest 
levels. As seen in Figure 1, the total median concentrations of PBDEs, OPFRs, DPs and NFRs in floor dust 
were around 143,000, 41,400, 6,100 and 410 ng/g, respectively. Similar to the floor dust results, PBDEs 
and OPFRs were detected at the highest levels in dust from the top of working benches, with the 
median concentrations ranging from 7 to 20,500 ng/g and from <LOD to 6,900 ng/g, respectively. 
Compared to a study conducted in Chinese e-waste facilities (Zheng et al. 2015), the total PBDE and 
OPFR levels in this e-waste site was one order of magnitude higher. Concentrations differed between 
dust in the sorting bins containing monitors and computer cases. Total PBDE concentrations in the 
“monitor bin” were 200 % greater than was found in the “computer bin”. Conversely, total OPFR 
concentrations in the “computer bin” were twice as high as in the “monitor bin”. In both bins, BDE-209, 
tris(1-chloro-2-propyl) phosphate (TCIPP) and tris(1,3-dichloro-2-propyl) phosphate (TDCIPP) were 
found at the highest levels.  This results show the movement of PBDEs, and especially BDE-209, through 
end-of-life processes where the plastic from dismantled casings could be recycled into new products. 
The results also show the abundance of organophosphate esters in newer discarded products that also 
require appropriate re-use or disposal. 
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INTRODUCTION 
Following recent bans and restrictions on the manufacture and new use of legacy flame 
retardants (LFRs) like polybrominated diphenyl ethers (PBDEs) and 
hexabromocyclododecane (HBCDD), concerns have emerged over the increasing use of 
emerging flame retardants (EFRs). We recently showed concentrations of LFRs to be 
decreasing in UK indoor air and dust over the last decade, while those of EFRs have 
increased (Tao et al., 2016). Combined with reports of the presence of the bioaccumulative 
character of some EFRs manifested by their presence in biota, this suggests that 
concentrations of EFRs in the human diet and tissues may increase in the future. Despite 
emerging health concerns and evidence of exposure via indoor air and dust, very limited 
information on levels of EFRs in the human diet and human tissues exists to date (e.g. 
Fernandes et al., 2010; Sahlström et al., 2015). BTBPE, α-DBE-DBCH and β-DBE-DBCH 
were found in two Swedish pooled human milk samples collected in 2009-2010, while Zhou 
et al. (2014) measured several EFRs including EH-TBB, BEH-TEBP, BTBPE, and DBDPE 
in paired human maternal serum (n = 102) and breast milk (n = 105) samples collected in 
Canada in 2008-2009. EH-TBB was detected in > 55% of both serum and milk samples, 
while BEH-TEBP, BTBPE, and DBDPE were also present but less frequently detected in 
both matrices. In the present study, 16 EFRs were measured in 14 groups of composite food 
samples covering meat, liver, oily fish, eggs, and cheese to provide a preliminary estimate of 
UK dietary exposure. Concentrations of 8 PBDEs and 3 HBCDD diastereomers were 
measured in the same samples and compared with those reported in previous UK studies to 
evaluate the impact of regulations and restrictions on these LFRs. Also reported are the 
concentrations of EFRs in UK human milk. Comparison of concentrations of our target EFRs 
and LFRs in human milk sampled in 2010, with those in samples collected in 2014-15, we 
examine the impact of restrictions on PBDEs and HBCDD on human body burdens of both 
LFRs and EFRs. 
 
MATERIALS AND METHODS 
Target FRs FRs investigated in this study comprise: 8 PBDEs (BDEs # 28, 47, 99, 100, 153, 
154, 183 and 209), 3 HBCDDs (α-, β- and γ-HBCDD) and 16 EFRs (α-DBE-DBCH, β-DBE-
DBCH, EH-TBB, BTBPE, BEH-TEBP, DBDPE, TBBPA-BDBPE, PBT, HBB, PBBz, 
TBCT, TBX, PBEB, TBP-DBPE, as well as syn- and anti-dechlorane plus (DDC-CO). 
Food samples. Samples of 14 different food groups were collected from two supermarkets 
representing national chains and one local market in Birmingham, UK during May and June 
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2015. Three samples of each food group were collected per retail outlet. Following purchase, 
equal weights of each of the 3 samples comprising each food group taken from each outlet 
were homogenized to provide a composite sample. Following homogenization, all composite 
samples were freeze dried and stored at -20 °C prior to analysis.  
Human milk samples. Donors of all human milk samples were primiparas. Archived human 
milk samples (n=25, each comprising ~50 mL) for which LFR data have been reported 
previously (Abdallah and Harrad, 2014, 2011) were obtained from the milk bank of 
Birmingham Women’s Hospital. Contemporary human milk samples (n=10, each comprising 
~50 mL) were collected from two hospitals in Southampton and London, UK, between 
August 2014 and May 2015. 
Analytical protocols In summary, following extraction and clean-up, instrumental analysis 
was conducted on a Trace 1310 GC coupled to an ISQ™ single quadrupole mass 
spectrometer (Thermo Scientific, TX, USA) operated in ECNI mode. After GC/MS analysis, 
the samples were evaporated and reconstituted in 200 uL of methanol for determination of 
HBCDDs by LC-MS/MS using a previously reported method (Harrad et al., 2009).  
 
RESULTS AND DISCUSSION 
Concentrations of FRs in food  
EFRs Of all target 16 EFRs, only α-DBE-DBCH, β-DBE-DBCH, EH-TBB, BTBPE, BEH-
TEBP, and DBDPE were detected in food. β-DBE-DBCH was detected in all samples 
(accounting for 65%±30% of ΣEFRs), followed by α-DBE-DBCH and EH-TBB (detected in 
97% and 77% of samples, respectively), with DBDPE the least detected EFR - detection 
frequency (DF) = 33%.  
LFRs Concentrations of ΣHBCDD (<0.48-20 ng/g lw; <22-830 pg/g ww) in our food samples 
were comparable to those detected in similar foodstuffs in two previous UK studies (<LOD-
300 pg/g ww (Driffield et al., 2008) and 65-680 pg/g ww (Food Standards Agency, 2006), 
respectively). Interestingly, concentrations of ∑PBDEs in our 2015 study exceed those 
recorded in previous UK studies conducted in 2003-2004 and 2006 (Food Standards Agency, 
2006; FERA, 2009). In contrast, we reported recently a temporal decline in concentrations of 
BDE-209 in dust and of BDE 47 and 99 in air in UK offices (Tao et al., 2016). This apparent 
contradiction may be attributable to a gradual shift over time of PBDEs from the indoor to the 
outdoor environment of which one manifestation may be increasing concentrations of PBDEs 
in the human diet (Harrad and Diamond, 2006).  
 
Concentrations of FRs in human milk 
EFRs Table 1 summarises concentrations of target EFRs in archived human milk samples 
collected in 2010 and 2014-2015. Similar to food samples, only α-DBE-DBCH, β-DBE-
DBCH, EH-TBB, BTBPE, BEH-TEBP, and DBDPE were found in human milk. Of our 
target EFRs, β-DBE-DBCH showed the highest DFs and concentrations in both human milk 
groups. To our knowledge, this is the first report of β-DBE-DBCH in human milk samples 
worldwide. Sahlström et al. (2015) detected only α-DBE-DBCH in two pooled breast milk 
samples in Sweden, at an average of 4.0 pg/g ww, well below the average concentrations 
detected in our study (41 and 24 pg/g ww in 2010 and 2014-15, respectively). 
While no statistically significant differences were found between concentrations of individual 
EFRs in the two groups (p > 0.05), the DFs of all EFRs in 2010 were lower than those in 
2014-15. This may indicate increased usage of these EFRs currently than hitherto, although 
the higher median concentrations of ΣEFRs in 2010 than 2014-15 (albeit driven by β-DBE-
DBCH) suggests longer-term monitoring is required to elucidate the existence and nature of 
any temporal trends. 
While both DBDPE and BTBPE display high bioaccumulation potential in fish (He et al., 
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2012; Tomy et al., 2007), findings in mammals such as rats (Wang et al., 2010) and chickens 
(Zheng et al., 2015) suggest low bioaccessibility and relatively high biotransformation 
potential, consistent with the low DFs of these chemicals in our human milk samples. 
Interestingly, very high levels of BTBPE (56 and 54 ng/g lw) were found in two 2010 human 
milk samples, which may reflect elevated exposure to BTBPE of the individual donors 
concerned - plausible given our detection in one UK dust sample of BTBPE at a 
concentration of 4,700,000 ng/g (Tao et al., 2016).  
In our study, EH-TBB was more frequently detected than BEH-TEBP in line with a previous 
study of EFRs in human milk from Canada (Zhou et al., 2014). This may be associated with 
higher bioaccessibility of EH-TBB compared to BEH-TEBP (Fang and Stapleton, 2014). 
Similar observations were made by Liu et al (2016) i.e. EH-TBB was detected more 
frequently than BEH-TEBP in human hair, fingernails, toenails and serum. In Canada, 
concentrations of EH-TBB (nd-24 ng/g lw) in human milk samples (n=105) (Zhou et al., 
2014) exceeded those in our study, while concentrations of BEH-TEBP (nd-6.6 ng/g lw) and 
DBDPE (nd-25 ng/g lw) were comparable to those reported here. In the USA, concentrations 
of EH-TBB and BEH-TEBP in human hair, fingernails and toenails (EH-TBB: 7.6-4540 ng/g; 
BEH-TEBP: 13-2600 ng/g) as well as serum samples (TBB: 1.3-54 ng/g lw; BEH-TEBP: 19-
69 ng/g) (Liu et al., 2016), greatly exceeded those reported here for human milk.  
LFRs Concentrations of Σtri-hexa-BDEs, BDE-209 and ΣHBCDDs in human milk are 
summarized in Table 1. Concentrations of ∑HBCDDs in 2014-15 were slightly - albeit not 
statistically significantly - lower than those in 2010 (Abdallah and Harrad, 2011). While 
concentrations of ΣHBCDD in our food samples were comparable to those in two previous 
UK studies (Driffield et al., 2008; Food Standards Agency, 2006); ΣHBCDDs in UK indoor 
air and dust collected between 2013 and 2015 were lower than in samples collected between 
2006 and 2007 (Tao et al, 2016). This may account for the slight downward trend we 
observed for ΣHBCDDs in UK human milk.  
Concentrations of both Σtri-hexa BDEs and BDE-209 in 2010 (Abdallah and Harrad, 2014) 
and 2014-15 were not statistically distinguishable (p > 0.05). It is thus intriguing that while 
concentrations of Σtri-hexa BDEs in our UK food samples exceed those reported in two 
previous UK food surveys; no significant temporal change was observed in concentrations of 
Σtri-hexa BDEs in UK dust between 2006-2007 and 2013-2015 (Tao et al., 2016). This may 
indicate the importance of dust relative to diet as a vector of exposure to Σtri-hexa BDEs. No 
statistically significant change in concentrations of BDE-209 in human milk was evident 
between 2010 and 2014-15 (p > 0.05).  In contrast, while concentrations of BDE 209 in UK 
office dust decreased significantly between 2006-2007 and 2013-2015 (Tao et al., 2016), 
those in diet appear steady. This implies that concentrations of BDE-209 in dust exert a 
relatively minor influence on body burdens.  
 
Dietary intakes 
EFRs Estimated high-end and average dietary intakes of ∑EFRs in the UK were 26 and 89 
ng/day for adults and toddlers, respectively. Of this, 14 and 50 ng/day respectively were to β-
DBE-DBCH. By comparison, a Swedish study on dietary exposure to EFRs, reported they 
were detected only in fish (Sahlström et al., 2015). Estimated median daily intakes of EFRs 
were 6.8 and 3.3 ng/day for Swedish mothers and toddlers, similar to our estimated daily 
intakes of EFRs through fish consumption (10 and 2.2 ng/day, respectively). 
LFRs Estimated average daily intakes of ∑PBDEs in our study are 42 and 124 ng/day for 
toddlers and adults, respectively; lower than in a previous study by the UK Food Standards 
Agency (2006). For ∑HBCDDs, estimated average daily dietary intakes for UK adults and 
toddlers are 8.8 and 31 ng/day respectively.  
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Table 1: Concentrations of EFRs and LFRs in UK Human Milk (ng/g lw) 


BFR 
2010 Samples (n=25) 2014-15 Samples (n=10) 


DF (%) Range Median DF (%) Range Median 
α-DBE-DBCH 20 <0.13-1.7 <0.13 100 0.30-1.1 0.60 
β-DBE-DBCH 76 <0.13-38 3.1 100 0.43-10 1.2 


EH-TBB 44 <0.01-2.1 <0.01 90 <0.01-0.48 0.16 
BTBPE 28 <0.1-56 <0.1 40 <0.1-0.71 <0.1 


BEH-TEBP 36 <0.1-4.6 <0.1 50 <0.1-0.73 <0.1 
DBDPE 4 <0.78-250 <0.78 10 <0.78-58 <0.78 
ΣEFRs - 0.57-260 7.9 - 1.9-59 3.1 


Σtri-hexa-
BDEs 


- 0.20-26 5.0 - 1.7-14 5.8 


BDE-209 69 <0.06-0.92 0.25 40 <0.22-0.67 <0.22 
ΣHBCDDs  1.0-22 3.8 - 0.69-7.1 2.9 
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 Introduction 
Hexabromocyclododecane (1,2,5,6,9,10-hexabromocyclododecane, HBCD) is a 
brominated flame retardant (BFR) consisting of 16 possible isomers, three of them (α-, β-  
and γ-HBCD) are the main components in the commercial mixtures1.  
The Greenland shark Somniosus microcephalus is a top predator and the long-lived 
vertebrate known, with an average life span of at least 272 years2. In general, its biology 
and ecotoxicology are poorly understood3. Considering that S. microcephalus is an 
opportunistic, extremely long-lived and slow-growing top-predator2, it is prone to 
bioaccumulate high concentrations of organohalogen contaminants (OCs) such as BFRs in 
its tissues3. The aims of this study were to: (a) assess the HBCD concentrations in muscle 
samples of S. microcephalus from Greenland seawaters and (b) to investigate whether 
HBCD concentration is correlated to lipid content, gender, and age. 
 
Materials and methods 
HBCDs were analyzed in 1-5 g of white muscle from 14 Greenland sharks (8 ♀ 6 ♂, body 
length (bl) = 104-454 cm) collected in fjords and offshore in NW, SW and SE Greenland 
seawaters. The estimated age of each shark was calculated considering the age ranges 
reported by Nielsen et al. (2016)2. The α-, β-, γ-, and δ-HBCD isomers were investigated 
following the methods described elsewhere4.  
 
Results and discussion 
Concentrations of ΣHBCDs ranged from 21 to 15450 pg/g (lipid weight = lw) with mean ± 
SD of 1751 ± 4006 pg/g lw (Table 1). The lipid content was 48 ± 10 %. The α-, β-, γ-, and 
δ-HBCD isomers were detected in all samples with α-HBCD predominating (95% of the 
ΣHBCDs) (Figure 1). 
The γ-isomer accounted for 4% for the ΣHBCDs, while both the β- and δ-isomers 
accounted for < 1% (Figure 1). The concentrations of ΣHBCDs in the sharks from SE 
(4688 ± 7210 ng/g lw) and SW Greenland seawaters (1254 ± 1449 ng/g lw) were higher 
than those observed in the sharks from NW (408 ± 412).  
Although the γ-HBCD is the major component in the commercial mixtures, the 
concentrations of the α-HBCD in this study were higher (1666 ± 3993 pg/g lw) than those 
of γ-HBCD (71 ± 208 pg/g lw). This is in accordance to other studies which observed the 
predominance of α-HBCD in biota1. The estimate half-life of α-HBCD in fish tissue was 
observed to be longer (∼ 9.76-17.33 days) than the half-life of γ-HBCD (∼ 8.35-6.08 days)5 
suggesting that the former is more biologically persistent than the latter. Moreover, even if 
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the α-HBCD is more water soluble than γ-HBCD (48.8 and 2.1 μg/l respectively), the 
highest concentrations of α-HBCD observed in our samples might be related to two 
plausible factors; first, the lack of rapid metabolism that would permit α-HBCD to 
accumulate into fat stores more readily than γ-HCBD secondly the bioisomerization of 
HBCD isomers which were observed to biotransform primarily to α-HBCD6.  
No significant correlation was detected between concentrations of ΣHBCDs and lipid 
content (%) in muscle (r = 0.24, p= 0.38 > 0.05), therefore, lipid content may not be 
considered the main factor responsible for bioaccumulation of HBCDs in the studied 
sharks. 
Differences in HBCD concentrations depending on shark sex and age were also observed 
in this study. The mean concentration of ΣHBCDs were higher in the females (2497 ± 5287 
pg/g lw) than in males (756 ± 722 pg/g lw) (Figure 2), but it was not statistically significant 
(p = 0.84 > 0.05) (Figure 2). Females individuals were larger than males and the highest 
concentrations observed in females were presumably correlated to their higher age range (∼ 
96-237 years old) in comparison to males (∼ 50-105 years old). However, no significant 
differences in ΣHBCD concentrations were detected across age groups (r = - 0.01, p = 0.97 
> 0.05) (Figure 2).  
Previous studies reported other BFRs, e.g. polybrominated diphenyl ethers (PBDEs), in 
Greenland sharks from NE Greenland seawaters and concentrations were 1365 pg/g3 and 
426 pg/g7 wet weight (sum of 19 and 3 congeners, respectively) in the white muscle. 
Therefore, this study confirms the presence of BFRs including HBCDs in the muscle of the 
Greenland shark. The α-isomer was predominant in all samples indicating its persistence in 
biota and probably its higher degree of biomagnification in the Arctic food web. No 
statistically significant differences were detected between concentrations and lipid content 
such as between concentrations and gender and age/size; however, other factors such as 
tissue lipid composition, feeding behavior, metabolism and others, may also play an 
important role in the distribution of HBCDs in this shark species. 
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Table 1: Lipid content (%) and concentrations of HBCDs (pg/g lw) in the 
Greenland shark tissues 


 
 
 
 
 
 
 


              


 
 
Figure 1: Isomer composition (percentage) of HCBDs in the muscle of the 14 sharks analyzed 
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Figure 2: Logarithmic concentrations of ΣHBCDs (pg/g lw) in the Greenland shark muscle samples 
depending on the sex (a) and age (b). 
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Introduction 


Informal e-waste recycling activities have been shown to be a major emission source of 


organic flame retardants (FRs), contributing to both environmental as well as human exposure to 


laborers at the e-waste recycling sites in some West African countries, China and India. Pakistan 


has been identified as one of the major importers of e-waste among developing countries with a 


domestic e-waste generation of 317 kt in 20151. Karachi is one of the most urbanized, 


industrialized and populated coastal cities in the world. Karachi being a seaport receives tons of 


imported old and obsolete electronics and electrical equipment (EEE) from all around the world1-


3 which, in turn, is traded from vendors to scrap dealers to dismantlers who recycle the e-waste at 


the possible expense of their health to extract valuable materials from the waste. While there has 


been some studies related to e-waste in Pakistan including informal e-waste recycling4-6, 


however there is limited information on the possible environmental and human exposures to FRs 


from such e-waste recycling activities. This study is the first to present measurements of selected 


FRs in soil and air from the largest e-waste recycling sites in Pakistan, with a focus on an initial 


exposure assessment (air inhalation and soil ingestion) to laborers of the study area. 


Materials & Methods 


Four e-waste recycling sites were identified in Karachi city for sampling of soil and air. 


These are Jacob Lines (JC), Surjani Town (SJ), Lyari (LY) and Shershah (SS). A total of 21 


surface soil (0-10cm) samples were taken from the e-waste recycling sites while four active air 


samples were collected in the immediate vicinity of each e-waste recycling site, using a high 


volume active air sampler equipped with PM2.5 inlet. Gaseous and particulate phase were 


collected on cleaned PUFs and quartz fiber filters, respectively, as well as analyzed separately.  







The treatment and analytical procedure for eluting FRs and the instrument analysis are 


described elsewhere7. A total of eight (8) polybrominated diphenyl ethers (PBDEs) (BDE-28, 


BDE-47, BDE-99, BDE-100, BDE-153, BDE-154, BDE-183 & BDE-209), six (6) “new” 


brominated flame retardants (NBFRs) (TBPH, PBEB, HBB, TBB, BTBPE & DBDPE), two (2) 


dechlorane plus (DP) (anti-DP & syn-DP) and seven (7) phosphorous-based flame retardants 


(OPFRs) (TCEP, TDCPP, EHDPP, TEHP, TBP, TCPP & TPP) were analyzed in this study. A 


procedural blank, a spiked blank containing all the chemicals investigated and a duplicated 


sample were run with each batch of 10 samples to assess potential sample contamination and the 


repeatability of the analysis.  


To estimate selected exposure pathways for laborers working at e-waste recycling sites in 


Karachi, inhalation (air) and ingestion (soil) average daily doses (ADDx) and average lifetime 


doses (LADDx) were calculated. Descriptive statistics, correlations, graphical representation and 


spatial distribution maps were developed using Microsoft Excel (2010), XLstat (2015.2) and 


SPSS 21 (IBM) and Arc GIS (9.3), respectively. 


Results & Discussion 


The 24-h overall average of PM2.5 concentration (µg/m3) was highest at SS with a value 


of 964 followed by LY (823), SJ (128) and JC (74.4). The levels were manifold higher than 


WHO ambient air standards (25µg/m3)8 and, to the best of our knowledge, the highest 


concentration (µg/m3) reported among published data from e-waste sites, e.g., Guiyu (62), Hong 


Kong (32–55), and Guangzhou (105-112)9. DP and NBFRs were often detected with high 


concentrations in soils, while OPFRs dominated in the atmospheric samples. Among individual 


substances and substance groups, BDE-209 (726 ng/g), DBDPE (551 ng/g), BTBPE (362 ng/g) 


and ∑TPP (296 ng/g) were found prevalent in soils while OPFR congeners (5903-24986 ng/m3) 


were prevalent in air (Table 1). Our findings revealed that environment from the two major e-


waste recycling areas (Shershah and Lyari) were highly contaminated with FRs, suggesting 


informal e-waste recycling activities is a major emission source of FRs in Karachi city. 


Correlation analysis showed that most of the FRs have positive and significant correlations, 


which points towards one or more common emission sources of these FRs. 


The results for the exposure assessment indicated that average doses for these FRs in soil 


and air seem to increase if laborers tend to spend more time in recycling activities. Furthermore, 


the recycling industry in Karachi is expected to expand to other areas as well. Therefore, the 







possibility exists of increased contamination of FRs with increased exposure to laborers as well 


as nearby populations. Further investigations of contamination and exposure to human are 


needed to take appropriate steps by the authorities for environmentally sound management of e-


waste recycling in Karachi and Pakistan on a whole. Our study confirms findings from other 


developing countries which implicates informal e-waste recycling activities as potential major 


emission sources of FRs to the environment. Comparison with studies from Pakistan showed e-


waste to be a primary cause of these high amounts of FRs in Karachi’s environment. Given the 


increasing amount of e-waste and expanding business of informal e-waste recycling within 


Pakistan, further research into this topic could help to inform and thereby support future 


regulatory efforts to help minimize negative impacts of informal e-waste recycling on 


environmental and human health. 
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Table 1: Descriptive statistics of FRs combined at all sites  
 


Compounds 
SOIL (ng/g) AIR (ng/m3) 


Mean Std. 
Dev 


Med Min Max Mean Std. 
Dev 


Med Min Max 


BDE-28 4.2 9.8 0.2 ND 37.6 34.2 20.8 27.6 17.2 64.4 
BDE-47 25.7 91.6 0.3 ND 423 29.1 39.2 10.4 7.7 87.8 
BDE-100 4.7 16.9 0.2 ND 78.2 4.5 3.7 3.0 2.2 10.0 
BDE-99 10.6 29.5 1.1 ND 135 16.6 27.4 3.7 1.5 57.7 
BDE-154 10.1 26.0 0.1 ND 103 2.9 1.9 2.9 0.9 4.9 
BDE-153 46.1 169 0.6 ND 771 4.4 6.2 1.6 0.8 13.7 
BDE-183 47.7 180 0.9 0.05 826 7.3 5.4 7.2 1.2 13.7 
BDE-209 726 2623 1.3 ND 11881 12.1 8.7 11.3 2.7 23.0 
∑PBDEs 878 2821 36.6 0.4 12754 111 110 64.8 40.0 275 
syn-DP 595 2336 0.3 ND 10697 33.6 26.7 26.2 11.1 70.9 
anti-DP 2803 6989 0.4 ND 21620 6.0 5.4 3.5 2.9 14.1 
∑DP 3398 8222 0.8 ND 26239 39.6 31.8 29.3 14.7 85.0 
TBP 4.9 8.0 2.8 0.5 32.7 2197 1026 1875 1348 3688 
TCEP 93.4 141 2.4 0.1 493 1681 1102 1557 508.3 3102 
TDCPP 0.9 1.3 0.4 0.02 4.9 859.5 1639 52.4 14.4 3318 
EhDPP 1.5 1.3 1.2 0.1 5.4 1263 1440 747.1 175.1 3385 
TEHP 5.5 9.0 1.7 0.1 37.0 2251 1811 2342 259.3 4061 
∑TCPP 55.9 93.4 12.7 2.3 412 1180 1401 602.4 251.7 3266 
∑TPP 296 273 221 41.1 947 7616 6231 5501 2750 16711 
∑OPFRs 458 460 437 46.6 1689 17049 9398 18654 5903 24986 
PBEB 19.0 71.5 0.02 ND 325 2.3 1.4 2.0 1.1 4.3 
HBB 23.1 100 0.1 ND 461 13.3 10.0 8.5 7.9 28.3 
TBB 10.6 33 0.01 ND 136 12.9 22.6 1.7 1.3 46.7 
BTBPE 363 972 1.6 0.1 4150 4.7 6.1 2.0 1.2 13.8 
TBPH 56.5 169 0.3 0.006 698 6.1 4.8 6.2 0.4 11.5 
DBDPE 551 1555 6.6 0.1 6585 60.7 38.0 67.5 8.5 99.5 
∑NBFRs 1026 2148 10 0.3 8109 100 62.8 104 21.0 170 
N.D: Not Detected 
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Introduction 
As the prevalence of obesity in humans is increasing1, obesity is rapidly becoming a public health 
problem despite food shortages in many parts of the world. In 2010, the World Health Organization 
estimated that >700 million people worldwide have obesity and ~2 billion people are overweight2. 
The prevalence of childhood obesity is also increasing and is a strong risk factor for adult obesity3. 
Furthermore, an overwhelming majority of individuals with obesity have multiple comorbidities that 
result in poor health2.  
Over the last decades, obesity rates have been rising among European children4. For school-age 
children, a first analysis, based on 2007–2008 data from 13 EU countries, finds that 24% of European 
children aged 6 to 9 are overweight5. For adolescents, 14 EU countries had trend data available, 
though some were based on self-reported measures with small samples4.   
Recent evidence has shown that a variety of environmental endocrine disrupting chemicals (EDCs) 
can influence adipogenesis and obesity6. Due to their persistency, the elimination of persistent 
organic pollutants (POPs) is a slow process and therefore their kinetics in obese adolescents is 
possibly different from their lean or adult obese counterparts. The main aim of this study was to 
obtain an overview of occurrence and levels of POPs in Belgian obese adolescents and to evaluate 
the dynamics of various POPs in the serum of obese individuals during weight loss treatment. 
 
Materials and Methods  
Sample collection   
This study was approved by the Ethical Committee of the Antwerp University Hospital and all 
participants provided their written informed consent. Ninety four (n=94) adolescents were 
prospectively recruited when visiting the Zeepreventorium (ZEEP) between 2010 and 2011. Serum 
samples were taken before weight loss (0M) and after five months (5M) from 94 obese adolescents 
(mixed gender (34 male and 60 female): age range 11-19 years). Participant's age, gender, total lipids 
and their demographic characteristics were recorded.  
 
Chemical analysis 
Analyses of POPs, including flame retardants, in serum samples were performed according to the 
method described elsewhere7, with slight modifications. Serum samples (typically 3.0 mL) were 
analyzed for polybrominated diphenyl ethers (PBDEs), polychlorinated biphenyls (PCBs), and 
organochlorinated pesticides (OCPs). Solid-phase extraction (SPE) on OASIS HLB cartridges was used 
followed by fractionation on acidified silica (44% H2SO4, w/w) and elution with hexane: 







dichloromethane (1:1). After, concentration, the extract was re-dissolved in iso-octane. 
Quantification of PBDEs, PCBs and OCPs were further analyzed by gas chromatography coupled to 
mass spectrometry operated either in electron capture negative chemical ionization (GC-ECNI-MS) or 
electron ionization (GC-EI-MS) depending on the analytes’ sensitivity. The analytical procedures were 
validated through the analysis of procedural blanks, sample replicates, by random injection of 
standards, spiked samples and solvent blanks. The quality control scheme was also assessed through 
regular participation to inter-laboratory comparison exercises (POPs in serum) organized three times 
per year by AMAP8.  Outliers and concentrations below the limit of quantification (LOQ) were 
assigned a value of DF × LOQ. The concentrations of PBDEs, PCBs and OCPs are expressed in ng/g lw, 
unless otherwise specified. 
 
Results and Discussion  
POPs were detected in variable quantities in all serum samples in the order of DDTs > PCBs > HCB > 
HCHs > CHLs > PBDEs. No significant differences in the concentration of POPs between males and 
females at initiation and during the weight loss treatment. The most important PBDE congeners were 
BDE 47 (0M/5M; median: 0.43/0.50 ng/g lw), 100 (0M/5M; median: 0.066/0.066 ng/g lw) and 153 
(0M/5M; median: 0.0085/0.24 ng/g lw), although total PBDE levels were relatively low (0M/5M; 
median: 0.63/0.88 ng/g lw). Only for these congeners, detection frequencies (DFs) higher than 50% 
were found. Although slightly increasing trends were evidenced for the total PBDE levels, no 
statistically significant difference was observed during weight loss. DDTs (0M/5M; median: 31/42 
ng/g lw) and PCBs (0M/5M; median: 17/28 ng/g lw) were the major compounds in all serum samples. 
Differences in concentrations of DDTs and PCBs are probably due to the differences in contaminant’s 
load of the food items or to the possible present (secondary) sources of exposure. The main 
contributor (94%) to the total DDT levels was p,p’-DDE for all serum samples. PCB 153 was the most 
dominant congener, followed by PCB 138, PCB 180 and PCB 118. Overall, this data suggest that the 
serum levels of POPs is decreasing over time (when comparing previous Belgian obese adolescents9,10 


and obese adults11, 7 studies), but markedly increase during weight loss.  
 
After following the weight loss program, increasing serum levels of POPs (except PBDEs) were 
statistically significant over time combined with a decrease in the body weight. Due to the weight 
loss, the lipid soluble contaminants were released from adipose tissue into the blood leading to their 
redistribution into the body. The increase in the POPs levels during weight loss did not affect the 
profile, which remained similar over time. However, the PBDE profile was slightly different with a 
higher contribution of BDE 153 (from 3% in 0M to 26 % in 5M).  
 
The results of the present study indicate that the increase in the levels of POPs released in blood 
during weight loss might be of concern since literature suggested that they can be associated with 
endocrine disturbances, such as a decrease in thyroxine levels. Beneficial health effects of weight loss 
are generally expected, however, the increase in the internal exposure may adversely act on health 
since metabolism and/or elimination of POPs may be altered.  
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Introduction  
 


Organophosphorus flame retardants (OPFRs) are high production volume chemicals and widely used in 
industries and consumer products as most suitable alternatives of brominated flame retardants (BFRs)1. Recently, 
OPFRs have received attention because they are easily released from various products in industries, offices and 
homes and are known to have carcinogenic, dermatitis, and neurotoxic potential2. Thus, several studies on OPFRs 
have been conducted in various environments, especially in indoor environments, to identify their fates, risk and 
human exposure assessment3. However, relatively few studies of OPFRs have conducted in biota, particularly on 
the exposure experiments in fish, even though numerous OPFRs have been detected in environmental media 
including water, sediment, and air4. Therefore, it is needful to be priory screened OPFRs in biota to understand 
their fates and bioaccumulation characteristics in field study. In this study, the concentrations and tissue-specific 
distribution patterns of OPFRs were identified in muscle, liver, gonad, and whole blood of 20 crucian carp which 
are the most representative species of Nakdong river in South Korea. Moreover, several factors were considered 
such as total length, body weight, sex, maternal transfer, and partition coefficients of the fish to assess the 
bioaccumulation potential of OPFRs. To our knowledge, this is the first study investigated bioaccumulation 
characteristics of OPFRs in whole parts of fish. 
 
 
Materials and methods  
 
Target compounds 


Target compounds were 9 OPFRs including triethyl phosphate (TEP), tributyl phosphate (TBP), 
tris(2-chloroethyl) phosphate (TCEP), tris(1-chloro-2-prpyl) phosphate (TCPP), tris(2-ethylhexyl) phosphate 
(TDCPP), tricresyl phosphate (TCP), triphenyl phosphate (TPP), tris(2-butoxyethyl) phosphate (TBEP), and 
tris(2-ethylhexyl) phosphate (TEHP). Deuterated OPFRs including TCEP-d12, TCPP-d18, TDCPP-d15, and 
TPP-d15 were used as internal standards and phenanthrene-d10 for recovery standard to analyze OPFRs. 


 
Sample collection 


Totally twenty crucian carps including seven males and thirteen females were collected from Nakdong river in 
South Korea from September to November in 2015 by using drift gill net and fishing. Two sampling sites 
including up- (Andong, AD1-10) and mid- (Waegwan, WG1-10) streams of river were investigated to assess the 
bioaccumulation according to the different environmental conditions. AD sites were located near root of the 
river, and there are many kinds of industrial factories including chemicals, display, textile, and electronic 
companies near WG sites. The collected crucian carps were directly dissected by the major tissues including 
muscle, liver, and gonad, and whole blood were extracted from each fishes by needle (total sample n=80). Each 
tissues were weighed and stored in amber glass bottles at -20 °C until analysis. The biological appearances such 
as total length (21-29 cm), body weight (177-493 g), and sex were determined. Whole blood samples were 
directly collected during sampling, and muscle, liver, and gonad of crucian carps were separated before sample 
treatment. All samples were stored frozen at -20 ℃. 
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Experimental Procedures and analysis 


The tissue samples (0.5 g of muscle and gonad, 0.1 g of liver) were homogenized with 5 g of anhydrous 
sodium sulfate (Na2SO4) after spiking 10 ng of internal standards to obtain recovery correction, and the contents 
were extracted with 5 mL of the mixture of DCM and hexane (1:1, v/v) by using ultra-sonication extraction for 
30 min twice. The extracts were separated from sample by centrifugation and were concentrated under N2 flow 
to approximately 1 mL. After extraction steps, the samples were passed through with Oasis® HLB cartridge 
(200 mg, 6 cm3; Waters, Massachusetts, USA) conditioned by DCM for cleaning-up. The cartridge was eluted 
with 8 mL of DCM, and fitted to 100 μL of DCM for analysis. A 0.25 mL of whole blood samples which were 
spiked with 10 ng of internal standards were mixed with 2 mL of formic acid and 3 mL of water, then 
homogenized by ultra-sonication for 10 min, respectively. Sample extraction and clean-up were conducted by 
solid phase extraction by using Oasis® HLB cartridge (200 mg, 6 cm3; Waters, Massachusetts, USA) 
conditioned with 5 mL of DCM, methanol. After sample loading, the cartridge was washed with 3 mL of formic 
acid and was dried for 30 min. Finally, eluted by 6 mL of DCM, and fitted to 100 μL of DCM. The final eluents 
were transferred to an amber vial with injection of recovery standard prior to analysis. 


The identification of 9 OPFRs were performed by a gas chromatography (Agilent 7890B) coupled with tandem 
mass spectroscopy using an Agilent 7000C (Agilent Technologies, Santa Clara, California, USA) with DB-5MS 
UI (15 m long, 0.25 mm i.d., 0.10 μm film thickness; from J&W Scientific, Palo Alto, CA, USA). The oven 
program was 50 °C (3 min), 15 °C/min to 230 °C, and 15 °C/min to 300 °C (1 min). The helium was used for 
carrier gas with constant flow at 1.5 mL/min. Inlet, interface, and source temperature were retained at 300 °C, 280 
°C, and 300 °C, respectively. Multiple reaction monitoring (MRM) and positive electron ionization mode were 
used with 70 eV ionization voltage. 
 
 
Results and discussion  
Concentration and distribution of BFRs in treatment plants and river 


The average concentration of OPFRs in each parts of crucian carp were shown in Table 1. The total 
concentration of OPFRs were 4.2-7.8 ng/g ww in muscle, 6.2-18.1 ng/g ww in liver, 3.1-7.7 ng/g ww in gonad, 
and 31-256 ng/mL in whole blood. The observed concentration of OPFRs in this study was similar with previous 
studies in China (Gonad: 0.4-4.9 ng/g ww)6 and Canada (muscle: N.D.-5.6 ng/g ww)1. TEP and TBP which had 
short chain and low biodegradation rates were highly detected in muscle, liver, and gonad samples, and large 
amounts of TBEP were observed in whole blood. 2-fold higher concentrations of OPFRs were observed in liver 
samples compared to muscle and gonad, indicating relatively stronger bioaccumulation potential of OPFRs in 
liver. Especially, there is a statistically difference (Mann-Whitney U test, p<0.01) in liver tissues, particularly 
two times higher levels of TEP, TCPP, and total OPFRs were observed in WG which have many potential 
sources compared to AD, implying that liver tissues sensitively bioaccumulated by environmental conditions 
rather than other tissues. 
 
 
Table 1. Concentrations of OPFRs from each parts of crucian carps. 


Media Mean Min Max 


Muscle 
AD 5.13 4.59 5.87 
WG. 5.73 4.23 7.75 


Liver 
AD 7.90 6.22 9.34 
WG. 11.2 8.47 18.1 


Gonad 
AD 4.66 3.08 5.97 
WG. 4.82 3.16 7.70 


Whole blood 
AD 73.7 38.3 123 
WG. 98.3 31.1 256 







 
 
Bioaccumulation potential factors 
 
Growth dependent accumulation  


There were moderate correlations between physical appearances and TBP concentrations (total length and 
TBP: r=0.447, p<0.05; body weight and TBP: r=0.451, p<0.05), implying that TBP might be accumulated in 
muscle tissues as crucian carps grew. On the other hand, the concentrations of TBEP were decreased as the body 
weight were increased (r=-0.448, p<0.05), which are regarded as a dilution effect by the growth of biota. 


In case of other media including liver, gonad, and whole blood, TEP was strongly associated with the growth 
of fishes. The positive relationships between body weight and TEP concentrations were observed in liver 
(r=0.475, p<0.05), gonad (r=0.570, p<0.01), and whole blood (r=0.530, p<0.05). Additionally, the significant 
correlations between total length and TEP concentrations were found in gonad (r=0.533, p<0.05) and whole 
blood (r=0.494, p<0.05). It can be seen that TEP and TBP were highly accumulated by growth dependent. 
 


The detailed discussion on maternal transfer and partition between tissues and whole blood will be presented 
during the conference. 
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Introduction 
 
Brominated flame retardants (BFRs) are anthropogenic chemicals that are added to a wide 
variety of consumer products to improve their fire resistance. Hexabromocyclododecanes 
(HBCDs), 3,3',5,5'-tetrabromobisphenol A (TBBPA), and brominated phenols (BPs) and their 
derivatives constitute an important and widely used group of BFRs. Most of BRFs are not 
bound to the polymer by chemical binding, and may therefore leach from the products into 
the environment (Lyche et al., 2015). Due to their persistence and potential to 
biomagnification in living organisms and bioaccumulation in the food chain, BFRs may 
cause adverse effects in humans and animals. Food has been identified as the major source of 
exposure to BFRs for humans (Lyche et al., 2015). HBCDs, TBBPA, BPs and their 
derivatives are not regulated so far under specific EU regulations for food.  
There is a lack of information on the occurrence data of the different BFRs in food which has 
hampered completion of intake assessment by the European Food Safety Authority (EFSA). 
This study was undertaken to respond to the Commission Recommendation 2014/118/EU on 
the monitoring of BFRs in food in Europe (Commission Recommendation, 2014). Food 
products commonly consumed in Belgium were analysed by liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) to investigate the occurrence of the following BFRs: α-
1,2,5,6,9,10-hexabromocyclododecane (a-HBCD), β-1,2,5,6,9,10-hexabromocyclododecane 
(b-HBCD), γ-1,2,5,6,9,10-hexabromocyclododecane (g-HBCD), TBBPA, 
tetrabromobisphenol S (TBBPS), 4-bromophenol (4-BP), 2,4-dibromophenol (24 DBP), 2,6-
dibromophenol (26-DBP) and 2,4,6-tribromophenol (246-TBP).  
 
Materials and methods 
 
Individual food samples were collected in Belgian supermarkets and local stores over a 2-
year period (2015-2016). In total, 1289 individual food samples were combined to 183 
composite samples, and these included fish and seafood, meat, dairy, egg and grain products, 
fats and oils, vegetables and food for infant and small children. The samples were ground and 
lyophilized (except for fats and oils).  
For analysis of all target BFRs, except for TBBPS, 2.5 g lyophilized sample was weighed. 
Fifteen mL of hexane:DCM (1:1, v/v) was added, and the sample was vortexed, shaken for 20 
min and centrifuged for 10 min at 4500 g. The supernatant was collected and evaporated till 
approx. 2 mL and cleaned-up using acidified silica (AS) (44%). Elution was done with 25 mL 
DCM. The sample was evaporated till near dryness, and ACN was added until a total volume 
of 100 µL.  
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For analysis of TBBPS, 2.5 g lyophilized sample was weighed. Fifteen mL of ACN:HCOOH 
(9:1, v/v) was added, and the sample was vortexed, shaken for 10 min and centrifuged for 10 
min at 4500 g. EMR-Lipid kit (Agilent Technologies) was used for the clean-up. The 
supernatant was evaporated till dryness and reconstituted in 120 µL ACN. 
The BFRs were measured on an ACQUITY UPLC system coupled to a Xevo-TQ-S mass 
spectrometer (Waters) operated in ESI(-) mode. Chromatographic separation was achieved on 
an ACQUITY UPLC BEH C18 column (1.7 µm, 100 x 2.1 mm) with an ACQUITY UPLC 
BEH C18 VanGuard pre-column (1.7 µm, 5 x 2.1 mm) (Waters). A gradient elution mode 
with mobile phase consisting of H2O and ACN, both containing 0.1 % CH3COOH, was used.  
 
Results and discussion 
 
The LC-MS/MS analysis revealed that 33% of food composites were contaminated with the 
target BFRs to some extent. The BFR content in all foodstuffs ranged from ‘<LOQ’ to 16 
ng/g ww (4-BP in canned king crabs) with an average content of 65 pg/g ww and the median 
of ‘<LOQ’. The highest number of detects (72%) was observed in the group ‘Fish and fish 
products’, while the groups ‘Grains and grain products’, ‘Potatoes and derived products’ and 
‘Animal and vegetable fat’ were free from the BFRs. Distribution of the BFR concentrations 
in the Belgian foodstuffs is presented in Fig. 1. 
 


 
 
Fig. 1. Distribution of the BFR concentrations in the Belgian foodstuffs. 
 
In all foodstuffs, the most frequently occurring BFR was 246-TBP followed by 4-BP and 24-
DBP. 26-DBP and TBBPS were not detected in any of the food categories under study. 
Of the HBCDs, a-HBCD was the most frequently detected and was most predominant in 
‘Fish and fish products’ with the highest level of 5.3 ng/g ww in eel. Interestingly, a 
relatively high level of a-HBCD (3.8 ng/g ww) was measured in organic eggs, while the 
remaining egg samples (non-organic chicken and quail eggs) were negative. Regarding the 
group ‘Food for infants and small children’, only one sample out of 18 (6%) was 
contaminated and contained 246-TBP at low level. A number of BFRs were quantifiable in 
some samples from the groups ‘Milk and dairy products’ and ‘Meat and meat products’ being 
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mostly detected in cheese and desserts, and in some processed meat products and liver, 
respectively. 
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INTRODUCTION 


Environmental contaminants such as dioxins, PCBs and brominated flame retardants 


(PBDEs and HBCD) are known to occur in chicken eggs, but there is little knowledge about 


the extent of their occurrence in the eggs of other species that are used for food. In earlier 


studies on individual foods, limited data on duck tissue and duck and quail eggs has shown 


that these may contain higher levels of contamination than commercial hen eggs. Reports of 


investigations carried out in other countries, especially around waste sites (Qin et al, 2011, 


Labunska et al, 2014), suggest that duck eggs are susceptible to contamination from 


localized pollution hotspots. Similarly, gull eggs have been shown to contain several times 


the contamination level of dioxins and PCBs in hen eggs (Fernandes et al, 2006). There is 


very little information on PBDE levels in the eggs of other species (non-hen) that are sold 


commercially or produced for consumption and practically none on the occurrence of 


brominated dioxins (PBDD/Fs) in these foods. This study aims to provide data for PBDEs 


and PBDD/Fs in retail duck and other non-hen species’ eggs, and to carry out an initial 


investigation on the occurrence of other contaminants in a sub-set of these samples. 


EXPERIMENTAL 


Just over a hundred egg samples were 


collected from different locations across the UK 


with outlets including supermarkets, farm shops 


and specialist food stores. The majority of 


these were duck eggs (n=70), but they also 


included eggs of other species as shown in the 


table.  


The method used for the preparation, extraction 


and analysis of samples for PBDEs and 


PBDD/Fs has been reported previously 


(Fernandes et al 2004, 2008). In brief, samples 


together with a procedural blank and reference 


material were fortified with 13C-labelled 


analogues of target compounds and 


Species No. of egg samples 
    


Duck 70 
Quail 10 
Goose 6 
Ostrich 3 
Turkey 3 
Rhea 3 


Guinea fowl 2 
Pheasant 2 
Peafowl 2 


Gull 2 
Emu 1 


    


Table 1: Distribution of samples 







exhaustively extracted using mixed organic solvents. Extracts were concentrated and 


purified using adsorption chromatography on alumina. Analytical measurement was carried 


out using high resolution gas chromatography-high resolution mass spectrometry (HRGC-


HRMS) at 10,000 resolution. The methodologies are continuously validated by regular and 


successful participation in international proficiency testing (Dioxins in food, 2015, 2016, 


Malisch et al, 2015) where available for PBDEs.   


 


The PBDEs measured were the 17 congeners that have been quantified in previous work for 


the FSA. (BDE-17, BDE-28, BDE-47, BDE-49, BDE-66, BDE-71, BDE-77, BDE-85, BDE-99, 
BDE-100, BDE-119, BDE-126, BDE-138, BDE-153, BDE-154, BDE-183 and BDE-209). 


These include the 10 PBDE congeners (highlighted in bold) that have been specified in EU 


Commission Recommendation 2014/118. Brominated dioxin analytes included:   2,3,7-


T3BDD, 2,3,8- T3BDF, 1,2,3,6,7,8-H7BDF and 9 tetra – hexa- brominated PBDD/F congeners 


(note that this includes only 1 hexa-furan as no standards were available for the other 3 


congeners at the time of measurement). 


RESULTS AND DISCUSSION 


The lipid content of the eggs across all species studies here was relatively uniform with a 


mean value of 13%, and a variability of 10% as determined by the RSD. Thus in this study 


the data was examined on a fat weight basis. 


 


Figure 1: Mean PBDE (sum of EC-10) distribution across all species 


 
Note: data for hen eggs is taken from Fernandes et al 2013. 


PBDEs were detected in all samples with levels ranging from 0.3 - 227 µg/kg fat (0.05 - 22.7 


µg/kg whole) for the sum of the 17 measured PBDE congeners with the highest levels by far 
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being observed in samples of gull eggs. The corresponding PBDE range for duck eggs was 


0.4 - 12 µg/kg fat (0.07 - 1.5 µg/kg whole). BDE-209 was the predominant occurring PBDE 


congener across all species with the exception of chicken eggs. To facilitate a comparison of 


the sum of the BDE congeners, we have assessed the sum of all 17 measured BDE 


congeners with the EQShh biota for BDEs (based on the sum of BDEs 28, 47, 99, 100, 153 and 


154), and also with the sum of EC-10 BDE congeners (highlighted in bold in the 


Experimental section). If the sum of the 10 congeners specified in the EC recommendations 


is considered instead of the sum of the 17 PBDEs, the differences are minor, which confirms 


an informed choice of congeners for the EU list. 


 


Figure 2: Mean PBDE (EQShh biota for BDEs including deca-BDE comparison) distribution 
across all species 


 


Note: data for hen eggs is taken from Fernandes et al 2013. 


 


Most samples (>90%) showed the presence of PBDD/Fs with a greater frequency of PBDF 


occurrence and higher concentrations relative to the PBDDs, as observed in other studies. 


As part of the wider study, the chlorinated dioxins (PCDD/Fs) were also measured, which 


allows the relative proportion of TEQ to be compared. The upper bound TEQ levels for 


PBDD/Fs were generally lower than the corresponding chlorinated dioxin TEQ, but a small 


proportion (10-15%) of samples showed TEQ values that were similar or in some cases 


higher than the corresponding PCDD/F TEQ. 
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Figure 3: Mean PBDD/F distribution across all species 


 


Note: data for hen eggs is taken from Fernandes et al 2013. 


The study highlights the ubiquity of these environmental contaminants in duck and other 


non-hen eggs, and in some cases provides the first data of its kind for these foods. The data 


allows the definition of a baseline level for these contaminants and provides a basis for an 


estimation of risk to consumers of these foods. 
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Introduction 
The release of polybrominated diphenyl ethers (PBDEs) during poorly controlled e-waste 
recycling causes significant contamination of the surrounding environment, including animals 
that form a significant part of the diet of local people(1).  High daily PBDE intakes are of 
concern because these contaminants may cause adverse health effects in humans, particularly 
in children, including adverse growth and development effects, immunotoxcity, genotoxicity, 
and endocrine system disruption.  The current study utilized estimated dietary PBDE intakes 
(based on measured PBDE concentrations in locally-sourced foods) and applied a one-
compartment pharmacokinetic (PK) model to predict the body burden of PBDEs in adults and 
children from e-waste recycling areas in Taizhou, China, and compared these estimates with 
previously reported human body burdens in these locations. 
 
Materials and methods 
PBDEs body burdens were estimated as previously reported(2) using the following equation: 


𝐶𝐶
𝐵𝐵𝐵𝐵𝐵𝐵 =


𝐷𝐷𝐵𝐵𝐷𝐷𝐵𝐵 × 𝐴𝐴𝐵𝐵𝐴𝐴𝐵𝐵𝐷𝐷𝐵𝐵
𝑘𝑘𝐵𝐵𝐷𝐷𝐵𝐵 × 𝐵𝐵𝐵𝐵


     


 
Where: CBDE is the lipid-based concentration of the specific PBDE congener (ng/g lw); DBDE 
is the daily intake of the specific congener (ng/day) via diet or dust; ABSBDE is the absorption 
fraction; BL is the body lipid mass (g); and kBDE is the congener-specific first order 
dissipation rate in the body (day-1). Daily adult BDE-209 intake via ingestion of dust was 
estimated based on concentration data from Ma et al.(3) and dust consumption rates of 0.03 
g/day(4). Daily consumption rates for various food products considered in our study are 
summarised in Table 1. Data on body weight and lipid content in Chinese adults(5) and 
Chinese children(6) were taken from studies reporting body composition of corresponding 
cohorts. Human half-life values of most BDEs were taken from previously published 
estimates(7, 8) while medians of available values for lower- and higher brominated congeners 
were assigned for those corresponding BDEs with unknown half-lives (i.e. BDE-66, 138, and 
197). 
 
Results and discussion 
Predicted adult PBDE body burdens were, in general, lower than those calculated for children 
(Table 2). The comparison among gender groups revealed that adult females (20 – 26 years 
old) had noticeably lower predicted concentrations for most congeners than males of the 
same age, while for 5- to 11-year old children, no such gender-related differences were 
apparent. This is consistent with previous studies that have also reported little or no 
significant gender-related differences in PBDE body burdens(9–11). For all age-groups, BDE-
153 and BDE-47 were the dominant congeners in predicted PBDE body burdens (accounting, 
on average, for 56% and 20%, respectively, of the ∑PBDE), followed by BDE-99 and BDE-
154. 







 
Table 1 Published data and data used in this study on daily consumption rates for food 
products. 


Food type 
Daily consumption rate, g/day 


Published data Daily rate used in this study  
Adult Child Adult Child 


Fish & shrimp - 40 – 50(12)   
       freshwater fish 25(13) - 25 20 
       shrimp 22(13) - 22 20 
Poultry & meat - 30 - 40(12)   
       pork 30(13) - 30 10 
       chicken 16(13) - 16 10 
       duck 12(13) - 12 10 
Liver 11(13) -   
       chicken liver - - 5.5 5 
       duck liver - - 5.5 5 
Egg 60(12)   
       chicken egg - - 30 30 
       duck egg - - 30 30 
Culinary oils 25 - 30(12) 30 30 
 
Table 2 Predicted PBDE body burdens (ng/g lw) using PK model 


 PBDEs 


Predicted PBDEs body burden, ng/g, lw 
Adult Child 


median Range median Range 
male female male Female boy girl boy Girl 


BDE-47 39.6 33.4 4.16 - 204 3.51 – 171 59.6 61.6 5.75 – 301 5.94 – 311 


BDE-66 0.50 0.43 0.03 - 8.55 0.02 - 7.21 0.78 0.81 0.05 - 12.9 0.05 - 13.3 


BDE-100 4.12 3.47 0.36 - 21.2 0.30 - 17.8 6.12 6.33 0.5 - 30.6 0.52 - 31.7 


BDE-99 19.4 16.4 4.07 - 131 3.43 – 110 31.8 32.7 6.90 – 212 7.13 – 219 


BDE-85 0.16 0.13 0.04 - 3.75 0.04 - 3.16 0.25 0.26 0.07 – 6.40 0.07 - 6.61 


BDE-154 12.5 10.5 1.84 - 42.0 1.55 - 35.4 19.5 20.1 2.83 - 61.3 2.92 - 63.4 


BDE-153 105 88.3 7.59 - 707 6.40 – 596 176 182 12.6 – 176 13.0 – 1030 


BDE-138 3.72 3.14 0.05 - 11.3 0.04 - 9.52 6.35 6.56 0.08 - 17.4 0.08 - 18.0 


BDE-183 3.82 3.22 0.19 - 66.1 0.16 - 55.7 6.55 6.76 0.31 - 97.9 0.32 – 101 


BDE-197 0.51 0.43 0.02 - 10.2 0.02 - 8.57 0.86 0.88 0.03 - 15.4 0.03 - 15.9 


BDE-207 0.73 0.61 0.03 - 6.12 0.03 - 5.16 1.22 1.26 0.05 -9.05 0.05 - 9.35 


BDE-209 0.70 0.59 0.04 - 5.65 0.03 - 4.76 1.14 1.17 0.06 -8.62 0.06 - 8.90 
 
Predicted body burdens of BDE-197, BDE-207 and BDE-209 were, in general, lower than 
those estimated for BDEs with lower bromination level. Comparison of predicted PBDE 
body burdens with reported measured PBDE concentrations in adult’s blood (Table 3) 
strongly suggests that, other than for BDE-209, dietary intake is one of the most important 
sources of human exposure to PBDEs at informal e-waste recycling areas. Predicted median 
body burdens of 7 out of 8 BDE congeners included in the comparison (Table 3) fell well 
within the range of those reported for the Wenling cohort. For BDE-209, predicted 
concentration was far below those previously measured in adult blood. The comparison of 







predicted vs measured PBDEs concentration in adult blood for the Luqiao cohort showed a 
similar pattern, though in this case, our predicted BDE-154 and BDE-153 median 
concentrations exceeded maximum values measured in adults.  
In the case of children, our median predicted body burdens of all BDE congeners exceeded 
those reported in children’s blood in Luqiao (pooled samples) and were also higher than the 
corresponding maximum values (Table 3). 
 
Table 3 Comparison of predicted vs measured PBDE body burdens (ng/g lw) in blood of 
adults from Luqiao and Wenling e-waste sites, and of children from Luqiao site, Taizhou, 
China. n/a – not analysed  
  Adult Child 


 PBDEs 


This 
study* 


(predicted) 
Luqiao (14) Wenling (14) 


This 
study* 


(predicted) 
Luqiao (15) 


  median range median range median median range median 
BDE-47 36.5 1.22 – 51.2 3.64 2.88 – 222 25.3 60.6 0.66 – 5.51 4.60  


BDE-100 3.80 0.08 – 4.98 0.66 0.64 – 21.2 3.12 6.23 0.16 – 4.42 2.86 


BDE-99 17.9 0.44 – 17.8 1.06 1.14 – 23.0 5.74 32.3 0.54 – 17.1 13.8 


BDE-154 11.5 0.14 – 6.12 0.78 0.54 – 12.6 1.70 19.8 0.23 – 5.37 1.39 


BDE-153 96.7 2.38 – 68.5 10.5 8.40 – 119 21.9 179 2.10 – 8.04 3.43 


BDE-138 3.43 n/a n/a n/a n/a 6.45 0.12 – 12.1 0.60 


BDE-183 3.52 1.00 – 11.6 3.44 2.60 – 22.8 6.72 6.66 0.83 – 2.40 1.45 


BDE-209 0.65 17.2 – 378 64.5 84.5 – 556 172 1.16 n/a n/a 
* - average value for males and females 
 
In summary, there are two main discrepancies between predicted & measured PBDE body 
burdens: 


• Substantially lower predicted BDE-209 concentrations than measured in adult blood; 
• Substantially higher predicted concentrations of BDE-47, 99, 100, 138, 153, 154 and 


183 than those measured in children’s blood. 
To assess the possible contribution of BDE-209 from sources additional to diet that may 
explain the high concentrations of this congener in human blood, we calculated the 
contribution of dust ingestion to predicted BDE-209 body burdens as there are a number of 
studies reporting the importance of this pathway of human exposure to BDE-209(16–19). 
However, even when additional exposure via dust ingestion was incorporated into our PK 
model, our median predicted BDE-209 body burdens (1.01, 0.85, 2.23, and 2.30 ng/g lw for 
male, female, boy and girl, respectively) still fell short of measured values reported in adults.  
We proffer the following possible reasons for these discrepancies between predicted and 
observed body burdens: 


• Scatter in published estimates of PBDE half-lives that can result in a wide range of 
predicted values of body burdens, and absence of half-life values for some congeners;  


• Limitations of steady state modelling applied to dynamic processes taking place at e-
waste recycling areas, which may result in misrepresentation of actual patterns of 
exposure to some congeners (e.g., BDE-209). We hypothesise that lower brominated 
congeners that have longer half-lives are influenced less by the application of a steady 
state PK model than those with shorter half-lives (e.g., BDE-209); more complex PK 
modelling would be beneficial for less persistent congeners; 


• Absence of data on differences in preferential metabolic pathways and accumulation 
of PBDEs between different human populations; 







• With respect to comparison of predicted vs measured PBDE concentrations in 
children’s blood, the fact that Shen et al. (2010) reported results in pooled (7 pools of 
21 individual samples) rather than in individual samples, would reduce the range of 
values and may also affect their median values. Furthermore, another study conducted 
in children’s blood from Luqiao(20) reported the ∑PBDE concentrations to be 664.28 
± 262.38 ng/g lw, which is over 20 times higher than that reported by Shen et al. 
(2010) at 32 ± 18 ng/g lw for the same range of BDE congeners. Unfortunately, Han 
et al. (2011) did not provide congener-specific BDE concentrations, but we note that 
our median estimated ∑PBDE body burden of 312 ng/g lw matches much more 
closely to the value reported by Han et al. (2011).  


• We cannot be certain that PBDE absorption, accumulation, metabolic and elimination 
processes in children, and therefore biological half-lives, are the same as those in 
adults.  It is known for some pharmaceuticals that anatomical, physiological and 
biochemical changes through childhood can affect 
pharmacokinetics/pharmacodynamics and hence the bioavailability of drugs(21), but 
we do not know if such differences are significant also for contaminants such as 
PBDEs.  


• Limited availability of monitoring data for PBDEs in food and in blood of 
representative e-waste-impacted people, and uncertainty about dietary composition 
and daily intakes. For example, we do not know what dietary intakes were for 
children whose blood was analysed for PBDEs by Shen et al. (2010). Hence it is 
difficult to make a definite conclusion on differences between predicted and measured 
values in this case. Nevertheless, the fact that our diet-based predictions for most 
PBDE body burdens agree well with those reported by others in blood of e-waste-
impacted adult population gives some confidence in the validity of our assumed 
dietary composition as outlined in Table 1.  
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Introduction 


The incidence of thyroid cancer has dramatically increased world-wide over the last several 
decades 1. This observation has been almost exclusively the result of an epidemic of papillary 
thyroid cancer (PTC). While radiation exposure and obesity are established risk factors, little 
research has investigated the role of environmental exposures.  


The flame retardants (FRs) polybrominated diphenyl ethers (PBDEs) share a similar chemical 
structure with thyroid hormones, and as such, they have received considerable attention with 
respect to their impact on thyroid regulation and clinically significant thyroid disease.  Much less 
is known about the potential impact of other types of FRs; however, the organophosphate flame 
retardants (PFRs) have been associated with thyroid hormone disruption in several recent 
studies. Interestingly, clinical hyperthyroidism has been linked to the prevalence of several types 
of cancer, including thyroid, suggesting that chemicals that disrupt thyroid hormone homeostasis 
in a significant way could contribute to cancer risk or severity2.  Additionally, several FRs are 
considered carcinogens and have been associated with the increased development of 
hepatocellular adenomas and carcinomas in chronically exposed rodents 3,4.  


Because the impact of FR exposures on human thyroid cancer risk remains unknown, this study 
was undertaken to test the hypothesis that higher exposure to FRs in the home environment is 
associated with PTC occurrence and severity. This represents the first study to investigate 
relationships between PTC and many commonly used FRs detected in the home environment.  


Materials and Methods 


A case-control study design was used.  From 2014-2016, patients diagnosed with PTC and 
referred to endocrinology at the Duke Cancer Institute were approached and invited to participate 
in this study. Control participants were recruited and matched to enrolled cases based on sex and 
age (within seven years of the cases’ age at enrollment). To confirm that levels of exposure in the 
home were reflective of exposure occurring over the last several years (e.g. before diagnosis), 
inclusion was restricted to individuals that had lived in the same home for at least two years.   


Upon enrollment, study personnel visited each participant’s home to collect house dust and 
administer a questionnaire. The main living area of the home was vacuumed using methods used 
previously, and levels of 11 FRs in dust were assessed using previously published methods5.  All 
study participants were asked to provide blood samples in which PBDEs were measured. Clinical 







and pathologic information was obtained from each PTC case’s medical records, including size 
of primary tumor, multifocality, status of cervical lymph nodes, and distant metastases, extra-
thyroidal extension, and BRAF V600E mutation status.   


FR concentrations were log-normally distributed, and preliminary analyses suggested that 
associations between FRs and outcomes were unlikely to be linear.  As such, levels of each FR 
were dichotomized at the median value among controls to represent ‘high’ and ‘low’ exposure in 
predictive models. Logistic regression models were used to examine associations between 
exposure and case status while controlling for potential confounders.  Standard polytomous 
regression (i.e. multinomial regression) analyses were used to evaluate relationships between 
exposure and outcomes with multiple levels (e.g. tumor size). 


Results and Discussion 


Reflecting known gender differences in PTC risk, our final study population was 78.6% female, 
and the mean age of participants was 48 years. Cases and controls were similar with respect to 
race and ethnicity, household income, and health history, and similar with respect to the number 
of years they reported living at the current address, which was more than 10 years for both.  


FRs were detected in all house dust samples, and concentrations spanned several orders of 
magnitude. As a chemical class, PFRs were detected most frequently and in the highest 
concentrations. Compared to matched controls, PTC cases were significantly more likely to have 
high concentrations of TCEP and BDE-209 in their house dust. For example, those with dust 
BDE-209 levels above the median were 2.29 times (p<0.05) as likely to be cases compared to 
those with house dust levels below the median.  


FRs were also associated with markers of tumor aggressiveness.  For example, high levels of 
BDE-209 were only associated with tumors contained in the thyroid, suggesting that BDE-209 
may contribute to the risk of smaller, less aggressive PTCs. Conversely, higher levels of TCEP 
were associated with extrathyroidal extension, more advanced T-stage, and nodal metastasis.  
Associations between FRs and PTC also varied by the presence of the BRAF V600E mutation, 
with high exposure generally more strongly related to BRAF V600E(-) tumors.   For example, 
participants with high levels of BDE-209 in house dust were 14.2 times (p<0.05) as likely to be 
BRAF(-) cases compared to controls.   


Of the 14 PBDEs measured in serum samples, only two were detected in more than 70% of 
serum samples.  The median concentrations of BDE-47 and BDE-153 in serum were 9.9 and 5.0 
ng/g lipid among controls, respectively, and 8.9 and 4.1 ng/g lipid among cases (p>0.05). There 
was no evidence of association between serum BDEs and PTC.  


Our results from this case-control study suggest that exposure to some FRs in the home 
environment may be related to an increased risk for the development of clinically significant 
PTC.  To our knowledge, this is the first work to assess associations between PTC and exposure 
to PFRs, alternate BFRs, and Deca-BDE.  In addition, this work also investigated associations 
based on genetics/mutation status, which is a major strength of our study, and highlights a need 
to further investigate environment and gene interactions in cancer research. Given the increase in 
mortality associated with PTC, and the high financial demands placed upon thyroid patients for 
treatment and follow-up, more research is urgently needed to further investigate these 
associations, and determine if these trends are replicated in a larger cohort.  
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Improving the chromatographic capabilities of an atmospheric pressure chemical 
ionisation source 
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Introduction 
Maintaining chromatographic performance when coupling a gas chromatography system to an 
atmospheric pressure source on a mass spectrometer can present many challenges that are not 
present, or are vastly reduced, when compared to using a high vacuum source. The increased use of 
atmospheric pressure gas chromatography (APGC) chemical ionisation as a means to facilitate the 
analysis of a range of persistent organic pollutants, including flame retardants[1,2,3]. This has placed a 
great emphasis on the performance capabilities of such sources and interfaces, specifically the 
maintenance of chromatographic fidelity over extended periods of time and coping with transfer of 
the less volatile compounds. A new design of APGC interface has been devised in order to enhance 
chromatographic performance of the APGC system, which can be coupled to both tandem 
quadrupole (TQ) and quadrupole-time of flight (QTof) mass spectrometers. 
 
Materials and methods 
Analyses were performed on a Waters Xevo TQ-XS tandem quadrupole mass spectrometer and a 
Waters Synapt G2-S Q-IMS-ToF. The GC Oven used was an Agilent Technologies A7890, with a 7693B 
autosampler. The GC columns used were a Restek RT-1614 15m x 0.25m x 0.10µm, a Restek Rxi-HT1 
30m x 0.32mm x 0.10µm and an Agilent DB-5MS 30m x 0.25m x 0.25µm. Samples analysed were a 
Polywax 655 hydrocarbon series (Restek, USA), a PBDE Window Defining Mixture (BDE-WD) and an 
EPA1613 CS3 dioxin and furan standard (Wellington Laboratories, Canada). The Computational Fluid 
Dynamic (CFD) modelling software used was Autodesk Simulation 2013 and 2016. 
 
Results and discussion: 
Operating the outlet of a GC column at atmospheric pressure results in a vastly reduced exit velocity 
for the analytes when compared to a more traditional high vacuum source on an electron impact 
mass spectrometer[4]. A plot of the carrier gas velocity as a function of the fractional distance along a 
GC column, under typical flow conditions (with a mean velocity of 38cm.s-1), is shown in Figure 1, for 
both an atmospheric outlet and high vacuum one. The average velocities in the last half meter of the 
column, which resides in the interface between the GC oven and the mass spectrometer, were 
calculated to be 77cm.s-1 and 281cm.s-1 for these two systems respectively.  
 







 
Figure 1: Gas velocity as a function of distance through a column for atmospheric and vacuum 


sources 
 


With an atmospheric outlet, analytes have an increased residence time within the interface to the 
mass spectrometer and this places far more exacting demands on its thermal continuity. Cold or hot 
spots within the interface can result in loss of signal, increased background, irreproducibility, 
broadening of chromatographic peaks, decomposition of analytes and accelerated column 
deterioration. Achieving acceptable thermal continuity is also more difficult with an atmospheric 
source as convective effects can play a major role in heat loss.  
 
In order to improve the design of the APGC interface, it was first modelled using CFD software, as 
shown in Figure 2. The model was developed until the predicted thermal continuity matched that 
determined empirically under typical operating conditions. This exercise highlighted the main causes 
of thermal discontinuity and focused design efforts towards its minimisation. A new design was 
conceived with alternative material selection, heater spacing and a number of other alterations. This 
new design was manufactured and tested extensively. 
 


 
Figure 2: A CFD model of the APGC interface 


 
One of the more chromatographically demanding analyses routinely performed using APGC is that of 
polybrominated diphenyl ethers. In particular, the highly brominated compounds, such as BDE209, 
require that the interface is at a relatively high temperature in order to prevent loss of 
chromatographic resolution. A comparative test was performed with both the standard and the new 
design of APGC interface, using a RT-1614 15m x 0.25m x 0.10µm column and a BDE-WD standard. It 







was found that not only was the chromatographic resolution higher with the new interface but it 
could also achieve this at a set regulation temperature 60°C lower, as shown in Figure 3. 
 


 
Figure 3: On the left, BDE209 with using the standard APGC interface at 360°C and the revised design 


at 300°C on the right. The time axes are equivalent with each showing one minute of the 
chromatographic trace 


 
A further, more extreme test was conducted using a Polywax 655 sample containing straight chained 
alkanes from C20 up to C80. This sample was dissolved in hexane and analysed using a Rxi-HT1 30m x 
0.32mm x 0.10µm GC column. The interfaces were set to regulate at 380°C for this test. Using the 
standard design of interface, peak broadening was observed for carbon numbers above C40. The 
revised design was capable of maintaining chromatographic fidelity up C62, as shown in Figure 4. 
Furthermore, it was possible to increase this upper detection limit to C70 by ramping up the helium 
GC carrier gas flow to 10mL.min-1 towards the end of the run, resulting in a 6 second wide peak.  


 
Figure 4: Polywax 655 analysed using the standard APGC interface (upper trace) and the revised 


design (lower trace) 
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In order to test the robustness of the interface, 100 pulsed splitless injections of an EPA1613 CS3 
dioxin and furan standard were made using a DB-5MS 30m x 0.25m x 0.25µm column with the 
revised design interface held at a temperature of 280°C. Figure 5 shows the chromatograms of OCDD 
and OCDF at the start and at the end of the analysis. No appreciable change in chromatography was 
noted over the 62 hour run time. 


 
Figure 5: Chromatography of OCDD and OCDF at the start and end of a 62 hour, 100 acquisition 


study 
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Introduction 


Polybrominated diphenyl ethers (PBDEs) are a class of flame retardants that were 


added to thousands of consumer products, such as thermoplastics, electronic 


equipment, and textiles (Hale et al., 2001).Research has revealed that municipal 


sewage could be a significant source of PBDEs contamination that is ubiquitous 


throughout the environment (North, 2004; Song et al., 2006). The Pearl River Delta 


(PRD) is one of the largest manufacturing bases of electronic products and also one of 


the largest dumping sites of e-wastes in China. Previous reports have demonstrated 


significant PBDE pollution in air, sediment, water, biota, and soil in the PRD (Chen et 


al., 2006; Mai et al., 2005; Guan et al., 2007; Guo et al., 2007). In this study, a 


detailed investigation of PBDEs was conducted in municipal sewage from the PRD to  


estimate potential discharge of the PBDEs into the environment through sewage.  


 


Materials and methods 


 


Sampling campaigns were conducted in two sewage treatment plants (GZSTP-A and 


GZSTP-B) located in Guangzhou, the biggest city in the PRD. Raw influent, effluents 


from outlets of major treatment steps, pretreatment solids, thickened sludge, and 


dewatered sludge were collected. The GZSTP-A has a designed capability of 30,000 


m3 d−1 and serves a population of about 0.45 million. It treats a mixture (∼6:4) of 


domestic and industrial wastewater mainly from chemical, food, automobile, and 


electronic manufacturers. The GZSTP-B serves a population of 2.5 million and 


handles wastewater from household (~90%) and business, with a total capacity of 







330,000 m3 d−1.  


Sample treatment followed the procedures described in detail previously (Mai et 


al., 2005). Briefly, water samples were filtered through 0.7 μm glass fiber filters 


(Whatman, Maidstone, England), spiked with 13C PCB 141, and passed through glass 


columns packed with XAD-2:XAD-4 resin (1:1 in volume). The resin was eluted 


three times with methanol, followed by three ultrasonic extractions with a mixture of 


dichloromethane (DCM) and methanol. The extracts were combined and then liquid–


liquid extracted using DCM. The DCM extract was cleaned up on a complex acidic–


basic–neutral silica/alumina column. The PBDEs were eluted with a mixture of 


hexane and DCM (1:1). The suspended particulate matter (SPM) collected on glass 


fiber filters and sludge samples were freeze-dried. The SPM and homogenized sludge 


samples were accurately weighed before being spiked with 13C PCB 141 and 


soxhlet-extracted with a mixture of acetone and hexane. The extracts were d cleaned 


up as described above. 13C-PCB 208 was added as internal standard prior to 


instrumental analysis. 


Seventeen congeners from tri- to deca-BDEs (including BDEs-28, -47, -66, -85, 


-99, -100, -153, -154, -183, -196, -197, -203, -205, -206, -207, -208, and -209) were 


analyzed by GC-MS using negative chemical ionization (NCI) in the selected ion 


monitoring (SIM) mode. Instrumental condition and analyte identificationwere 


detailed elsewhere (Mai et al., 2005). 


The mass loading (ML) was calculated as: ML = Q×C, where Q denotes the flow 


rate of wastewater (m3 d−1) or daily production of sludge (kg d−1) and C refers to the 


PBDE concentration in wastewater (μg m−3) or sludge (μg kg−1), respectively. 


 


Results and discussion 


 


The total concentrations of PBDEs (Σ17PBDEs) in raw sewage varied substantially 


from 13.3 to 2496.4 ng L−1, depending on the types and the SPM contents of the 


wastewater, in which the sum of BDEs-47, -99, and -209 represented 87.6 to 99.5%. 


The results were comparable to that of the Canadian wastewater ( Rayne and 







Ikonomou, 2005). However, the concentrations of lower brominated congeners (i.e. 


BDEs-47, -99, and Σ10PBDE)were generally less than 10% of those reported for the 


Canadian wastewaters, which may be ascribed to the much greater usage of 


penta-formulation PBDEs in North America (North, 2004; Song et al., 2006). The 


PBDE concentrations decreased sharply along the treatment in the STPs. The 


Σ17PBDEs in the treated effluents ranged from 0.9 to 4.4 ng L−1, closely associated 


with the SPM contents, despite the size and treatment techniques of the STPs. 


BDE-209 was the predominant congener in wastewaters, accounting for 80.5% and 


89.1% of the Σ17PBDEs in the treated effluents and the influents respectively, 


followed by BDEs-47 and -99. The congener patterns agree well with the PBDE 


production pattern in Asia that deca-BDEs represent ~90% of the total PBDEs (Wang 


et al., 2007). However, they are quite different from those of wastewaters in 


North America, in which BDEs-47 (21.5 to 36.1%) and 99 (12.1 to 38.6%) were 


dominant congeners, while BDE-209 represented only 6.0 to 37.2% of the total 


PBDEs (North, 2004). This difference may be attributed to the different usage pattern. 


The concentrations of Σ17PBDEs in sludges were in the range of 158 to 23,750 


ng g−1 dry weight. BDE-209 was the most abundant congener and represented ~90% 


of the Σ17PBDEs in the sludges of both STPs. These PBDE patterns appeared quite 


different from those reported for sludges in North America that BDE-209 accounted 


for only 27–35% of the total PBDEs (Hale et al., 2001; Knoth, 2004), but similar to 


reports for sludges in Europe (Eljarrat et al., 2008) and Kuwait (Gevao et al., 2008). 


The estimated PBDEs releases were 0.1 and 1.74 (1.30–2.18) g d−1 through the 


treated effluents from the two STPs respectively. This appears lower than those from 


the STPs with similar capacities in North America. The PBDEs releases through the 


dewatered sludge were estimated to be 0.9 and 213.2 (90.0–336.3) g d−1 from the 


GZSTP-A and GZSTP-B, respectively. Furthermore, a certain amount of PBDEs 


might be removed with the pretreatment solids. A total of about 2280 kg of PBDEs 


per year might be released into the Pearl River with wastewater from the PRD, 


revealing that wastewater from the PRD is a significant contributor of PBDEs to the 


Pearl River and thus the Pearl River Estuary and the coastal South China Sea.  
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