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Late 1960’s:  Polymer Proliferation



Overview of Combustion
pyrolysis gas mixture ignites
+ Heat

Polymer        combustibles        flame      combustion
Gases, liquids, char                     products

exothermic
thermal feedback

Air



Quenching 
chain reactions 

in the flame

Brominated Flame 
Retardants (BFRs)

Flame retardants
physical and chemical actions

Coating, 
cooling,
Dilution

Phosphorous salts,  
Antimony oxides,      

Aluminum compounds



BFR Chemical Quenching Action

chain reaction perpetuates flame
H + O2 OH +  O
O  + H2 OH + H

Flame retardant designed to
release reactive Br                           
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Various Brominated Flame Retardants
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Polybrominated diphenylethers (PBDEs)

1,1’-oxy(bis)polybromo-benzene

Polybrominated diphenyl oxides (PBDPO)
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Manufacture of the PBDEs

Bromination of diphenyl ether

limited congeners
ortho and para

producing 3 major technical mixtures

deca, octa & penta  BDEs

O Br2

FeBr3



PBDE Commercial Formulations
Technical
Product Br 4 Br 5 Br 6 Br 7 Br 8 Br 9 Br 10

2% 98%

1%11%

PBDE
congeners

Deca
powder
Polymers, 
electronics, textiles

209 (98%)
208 (2%)

Octa
powder

Polymers,
Office 
equipment

11% 44% 33%
183 (40%)
203 (33%)
208 (10%)
154 (5%)
153 (5%)

Penta
visc liquid

PUF, textiles
44% 55% 6%

99 (50%)
47 (25%)

100  < 10%
153 & 154  <5%



Lipophilic, low water solubility, low volatility
Log Kow Vapor Pressure

@25  C    Pa
Br 8-10 BDE ~ 9 Extremely low

Hepta-BDE 6.9-7.9 Very low

Penta-BDE 99 6.8 4.2 e-5
Tetra-BDE 47 6.4 2.7 e-4
Tri-BDE 28 5.8 2.0 e-3

Hexa-BDE 153 7.1 7.6 e-6

Di-BDE 15 5.5 1.4 e-2
From Alcock et al (1999) and Wania et al (2003) 

Similar to PCB Properties



PBDEs:  additive flame retardants
blended into thermoplastics and elastomers

up to 30% of the weight of the plastic 
not locked in place- not a co-polymer
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Peterman et. al, “Brominated Diphenyl Ethers Found in Aquatic Samples”,

SETAC Annual Meeting, Nov 1996.

PCBs

1996: PBDEs Found in Fish and Wildlife
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Increase in reports of finding PBDEs in fish/wildlife/sediments…



1998: PBDEs in Breast Milk in Sweden

From Meironyté et al. 1998, NRDC
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North American PBDE Levels

10-20x European levels;  Doubling every 2-5 years
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Potential sources of PBDEs-
Where are the PBDEs coming from?

- PBDE production site -

- Polymer manufacture  -

- Release from product during use -

- End of use:  disposal, recycling -
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Release and transport of PBDEs 

Landfill or
dump/ recycling, storage

Air
Wastewater 

Treatment plants
1000’s ng/L sludge

209>47>99>100

Volatile and dust

Groundwater Surface Waters

Leachates
10- 100’s ng/L

Runoff,
Storm events



Example of a potential source 

Auto Fluff 
Penta release ?

USGS



Computer recycling: Potential source of PBDEs ?

Photo: Carl Orazio- USGS



PBDEs in the 
environment

Which congeners released ?

Which congeners found ?

Fish?  Sediment?  Air?  
Particulate?  Breast Milk? …

Toxicokinetics
• Uptake
• Distribution
• Metabolism
• Elimination

Environmental Fate
• Sorption
• Water solubility
• Photolysis
• Vaporization

PBDEs source

PBDEs found
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Photolysis of PBDEs

Loss of bromines from certain PBDEs forms 
lower brominated, more stable PBDEs

Stable: 1- 3 Br  BDEs  
Created Tetra- and Penta-PBDEs

( 47, 66, 77, 99, & 100 )

The most sensitive are fully-brominated on one ring,
as are deca and nona BDEs



PBDEs Most Susceptible to Photolysis

2,3,4,5,6- 2’,4’-Hepta- (PBDE 181)2,3,4,5,6- 3’,4’-Hepta- (PBDE 190)

2,3,4,5,6- 4’-Hexa- (PBDE 166)

O
Br

Br

Br
Br

Br

2,3,4,5,6- Penta- (PBDE 116)
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BrBr
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Br
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BrBr

O
Br

Br

BrBr

Br

Br
Br

2,3,4,5,6 =  nona and deca BDEs
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Human Exposure to PBDEs

Indoors:  dust 
and vapors

US dust: [PBDEs]
10’s to 10,000’s ppb (ng/g)

PBDEs 47, 99, 100, 209

Market Basket Survey (pg/g ww)
Adapted from Schecter, et al 2003

Chicken liver 2835
616

190

180 – 680

~ 10Drinking water

Breast milk
6 – 418 ng/g lipid

630,000 pg/day 
USA intake



Ubiquitous, bioavailable, persistent 
environmental contaminants with rapidly 

rising concentrations

Are PBDE levels of concern 
now or in the future ?

Are levels and kinds of PBDEs 
being found in people, 

environment, fish and wildlife at  
toxic levels?



Summary of PBDEs’ toxicities

According to EPA and other researchers,  
certain of the PBDEs are:

- likely carcinogens -

- induce liver enzymes -

- may impact neurological, developmental,    
and reproductive systems

- likely endocrine disrupters –



Some Mammalian toxicity studies -PBDEs

Penta DE71  Endocrine disruption screening program.          
60mg/kg decreased the thyroid hormones T4 and T3. 

BDE 99: delay in onset of puberty in female offspring 
following an 8-day exposure.

BDE 99: Developmental neurotoxicity in mice: impair spontaneous 
motor behavior.   Deficits in learning and memory.

DecaBDE 50,000 ppm in the diet resulted in neoplastic nodules in 
the liver of rats. Rat and mice 2 year feeding study



Some PBDE minimal risk levels (MRL) from
Agency for Toxic Substances and Disease Registry (ATSDR) 9/04

0.03 mg/kg/day PENTA acute-duration oral exposure          
Zhou, 2002 rat study, reduced serum levels of thyroid T4 hormone NOAEL of 1 mg/kg/day.

10 mg/kg/day  DECA intermediate-duration oral exposure           
(based on Hardy et al. 2002, developmental toxicity in rats)

0.006 mg /m3 OCTA based on NOAEL of 1.1 mg/ m3 for 
thyroid effects in rats inhalation exposure  Great Lakes Chemical 
Corp 2001

Oral

Inhalation



PBDE metabolites likely mimic Thyroid Hormone

Thyroxine (T4)

Example of 
Tetra-bromo-BDE

hydroxyl
metabolite

BrFlameCEOrazio.ppt



Ecological toxicity studies-

Limited to date

Lower brominated mixtures generally 
found to be more toxic.

Developmental and reproductive toxicities 
– limited information
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Toxic Substances Control Act (TSCA) enacted 
in 1976

is main federal vehicle for controlling chemicals that 
are potentially dangerous to living things.

Authorizes EPA to regulate manufacture, importation, 
processing, distribution, use, and disposal
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Existing Industrial Chemicals
TSCA Section 4 authorizes EPA to require companies to 

conduct testing on health and environmental effects

EPA must show
- the chemical poses unreasonable risk

- and is produced in major quantities and a substantial # of 
people are exposed

Section 6 authorizes EPA to ban it if…
it presents or will present and unreasonable risk of 

injury to health or the environment
…only a handful of banned, i.e. lead in paint



Worldwide Regulatory Activities
The European Union has banned Penta and Octa, 

effective Aug 15, 2004.

Japan instituted voluntary phase out penta & octa.

California passed a statewide ban for 2008.

US EPA is working with PBDE manufacturers on a 
voluntary phase out plan



US EPA Key Activities

Assess Substitutes for Penta BDE and Octa BDE

Assess and Evaluate Deca BDE

Assess Risks of Penta and Octa BDEs

Track Developments Concerning Other BFRs



PBDE State legislation introduced in last 2 years-

Regulating release

Phase out

Sentencing for environmental release of PBDEs

Incentives to recycle PBDE polymer wastes

ME, NY, HI, CA, MI, WA, WI, MA 



Deca BDE Debate
O

Br

Br BrBr
Br

Br
Br

Br

Br

Br

Environmental Fate ?
Toxicity ?        Replacements ?

EPA Deca Assessment Under the
Voluntary Children’s Chemical Action Program



Continuing Research on PBDEs

•Toxicities of PBDE congeners and mixtures 

•Environmental degradation rates of various PBDEs

•Mobility of PBDEs in soils, leaching from landfills

•Occurrence and distribution in the environment

•Detrimental effects in fish and wildlife

•Incineration- produces halogenated dioxins/furans
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Acknowledgements
USGS Environmental Chemists

Paul Peterman
Robert Gale, Kathy Echols



Thank you
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