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Chapter 2 – Persistence, Bioaccumulation and Toxicity of HFFRs

Summary
Polymers are synthetic organic materials having a high carbon and hydrogen content, which
make them readily combustible. Polymers have many indoor uses and their flammability makes
them a fire hazard. Therefore, flame retardants (FRs) are incorporated into these materials as a
safety measure. Brominated flame retardants (BFRs), which accounted for about 21% of the
total world market of FRs, have several unintended negative effects on the environment and
human health. Hence, there is growing interest in finding appropriate alternative halogen-free
flame retardants (HFFRs). Many of these HFFRs are marketed already, although their
environmental behavior and toxicological properties are often only known to a limited extent,
and their potential impact on the environment cannot yet be properly assessed. Therefore, we
undertook this review to make an inventory of the available data that exists (up to September
2011) on the physical-chemical properties, production volumes, persistence, bioaccumulation
and toxicity (PBT) of a selection of HFFRs that are potential replacements for BFRs in
polymers.
Large data gaps were identified for the physical-chemical and the PBT properties of the
reviewed HFFRs. Because these HFFRs are currently on the market, there is an urgent need to
fill these data gaps. Enhanced transparency of methodology and data are needed to re-evaluate
certain test results that appear contradictory, and, if this does not provide new insights, further
research should be performed. TPP has been studied quite extensively and it is clearly
persistent, bioaccumulative and toxic. So far, RDP and BDP have demonstrated low to high
ecotoxicity and persistence. The compounds ATH and ZB exerted high toxicity to some
species and ALPI appeared to be persistent, and has low to moderate reported ecotoxicity.
DOPO and MPP may be persistent, but this view is based merely on no more than studies,
clearly indicating a lack of information. Many degradation studies have been performed on
PER, and show low persistence, with a few exceptions. Additionally, there is too little
information on the bioaccumulation potential of PER. APP mostly has low PBT properties;
however, moderate ecotoxicity was reported in two studies. Mg(OH)2, ZHS and ZS do not
show such remarkably high bioaccumulation or toxicity, but large data gaps exist for these
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compounds also. Nevertheless, we consider the latter compounds to be the most promising
among alternative HFFRs. To assess whether the presently reviewed HFFRs are truly suitable
alternatives, each compound should be examined individually by comparing its PBT values
with those of the relevant halogenated flame retardant. Until more data are available, it remains
impossible to accurately evaluate the risk of each of these compounds, including the ones that
are already extensively marketed.

1 Introduction
Polymers are synthetic organic materials that have a high carbon and hydrogen content, which
renders them readily combustible. When used in buildings, electrical appliances, furniture,
textiles, transportation, mining, and in many other applications, polymers have to fulfill flame
retardancy regulatory requirements, primarily as mandatory specifications that often differ
among countries. To achieve these requirements, chemical additives known as flame retardants
(FRs) are incorporated into the polymers. In contrast to most additives, FRs can appreciably
impair the material properties of polymers (United Nations Environment Programme (UNEP)
2008). The key challenge is therefore to find a suitable compromise between the performance
of the polymers and fulfilling flame retardancy requirements. Brominated flame retardants
(BFRs) are rather widely used because they have a low impact on the polymer’s characteristics,
are very effective in relatively low amounts compared to other FRs (Alaee et al. 2003), and are
relatively cheap (Birnbaum and Staskal 2004). In 2004, BFRs accounted for about 21% of the
total world production of FRs (SRI Consulting (SRIC) 2004). Many BFRs, however, have
unintended negative effects on the environment and human health. Some are very persistent
(Robrock et al. 2008), some bioaccumulate in aquatic and terrestrial food chains (Boon et al.
2002), and some show serious adverse effects such as endocrine disruption (Meerts et al.
2001). Some BFRs (polybrominated diphenyl ethers (PBDEs), hexabromocyclododecane
(HBCD) and tetrabromobisphenol-A (TBBPA), in particular) have been found in increasing
concentrations in the human food chain, in human tissues and in breast milk (Schantz et al.
2003; Hites 2004; Fängström et al. 2005). In 2000, exponentially increasing PBDE
concentrations were measured in Swedish human milk (Norén and Meironyté 2000), and this
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was later followed by reports of even higher PBDE concentrations in human milk from the
USA (Schecter et al. 2008).
Concerns about the persistence, bioaccumulation and toxicity (PBT) of some BFRs have led to
a ban on the production and use of many of these compounds, i.e., the hexa-, octa- and decabrominated biphenyls (polybrominated biphenyls of PBBs); the tetra-, penta-, hexa-, hepta-,
octa- and deca-BDEs ; and HBCD (UNEP and Stockholm Convention - Press release 8 May
2009; World Health Organisation (WHO) 1994; OSPAR 2001 (2004 updated); European
Parliament (E.P.) 2002; Albemarle corporation 2009; Chemtura 2009; ICL 2009). Hence, there
is growing interest in substituting BFRs with alternative halogen-free flame retardants
(HFFRs), and several furniture manufacturers have already voluntarily replaced BFRs with
alternative HFFRs (Betts 2007).
Many HFFRs are already marketed, although their environmental behavior and toxicological
properties are only known to a limited extent and their potential impact on the environment
cannot yet be properly assessed. Therefore, banning BFRs and replacing them with HHFRs
introduces the dilemma that little is known about the environment and human health risks of
the HFFRs. Consequently, there is urgent need for information on the PBT properties of
HFFRs. Therefore, the aim of the present review is to make an inventory of the data that are
available

on

the

physical-chemical

properties,

production

volumes,

persistence,

bioaccumulation and toxicity of a selection of HFFRs that are suitable replacements for BFRs
in polymers.

2 Selected HFFRs
HFFRs can be divided into several categories (see Table 1), the most important ones being:
inorganic flame retardants and synergists (mostly used for electronics and electrical
equipment), organophosphorus compounds and their salts (housings of consumer products),
nitrogen-based organic flame retardants (electronics and electrical equipment) and intumescent
systems (textile coatings). From these categories, 13HFFRs were selected for inclusion in this
review as potential replacements for BFRs in polymers: aluminum trihydroxide, magnesium
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hydroxide, zinc borate, zinc hydroxystannate and zinc stannate (inorganic flame retardants and
synergists); aluminum diethylphosphinate, bisphenol-A bis(diphenylphosphate), 9,10-dihydro9-oxa-10-phosphaphenanthrene-10-oxide (or dihydrooxahosphaphenanthrene), resorcinol
bis(diphenylphosphate) and triphenylphosphate (organophosphorus compounds and salts),
melamine polyphosphate (nitrogen based organic flame retardant); ammonium polyphosphate,
and pentaerythritol (intumescent systems).

3 Characteristics of the Selected HFFR
In each of the following sections, a specific group of flame retardants and their intrinsic
properties is addressed. We start with their physical-chemical properties and then we present
persistence, bioaccumulation and toxicity data. In the toxicity paragraphs, we report ecotoxicity
data as well as effects on mammals and data on in vitro toxicity endpoints. The available data
are classified based on the REACH system (Registration, Evaluation, Authorisation and
Restriction of Chemical substances), i.e., European Union REACH legislation Regulation No.
1907/2006 Annex XIII and No. 1272/2008 Chapter 3 and 4. (European Union 2006, 2008).
This means that we assigned the data categories as being “high”, “moderate” and “low”.
During our literature search, we preferred data published in peer-reviewed scientific papers
over those in reports, and other so-called grey literature. Whenever provided in the papers we
found, the most relevant details are reported. The transparency of the experimental set-up was
of high importance; the more study detail that was provided on test conditions and results, the
more reliable we considered the data to be. Although we preferred primary sources, in some
cases we referred to secondary reports (trusted independent sources such as UNEP and U.S.
EPA). Therefore, when using such data reported in this review, we strongly recommend
readers also consult the original reference.
Details about endpoints chosen and the classification system used are explained in the
following paragraphs.
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Main BFR
Tetrabromobisphenol-A
(TBBPA)

TBBPA
Decabrominated
diphenyether (DecaBDE)
and other BFR
Brominated polystyrenes
and other BFR

DecaBDE and other BFRs
Hexabromocyclododecane
(HBCDD)

Application

Printed circuit boards;
Electronic components
encapsulations;
Technical laminate.

Housings of electronic products;
Wiring parts;
Housings for business machines, toys,
telephones and others consumer
electronics.

Electrical & electronic equipment,
connectors, switches etc.;
Encapsulated electronic components

Wire and cables

Textile coatings

Intumescent systems consisting of:
• Ammonium polyphosphate (APP) +
Pentaerythritol (PER) + MPP

● ATH ● Mg(OH)2 ● ZHS ● ZS ● ZB

• Aluminum diethylphosphinate
(ALPI)
• Melamine polyphosphate (MPP)
• Anhydrous zinc borate (ZB)
• ZS

• Resorcinol bis(diphenylphosphate)
(RDP)
• Bisphenol-A
bis(diphenylphosphate) (BDP)
• Triphenylphosphate (TPP)

• Dihydrooxahosphaphenanthrene
(DOPO)
• Zinc hydroxystannate (ZHS)
• Zinc stannate (ZS)ZHS/ZS coated
with
aluminum trihydroxide (ATH)

HFFR Alternatives

Table 1: Brominated flame retardant (BFR) applications and halogen-free flame retardant (HFFR)
alternatives (ENFIRO 2009)
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3.1 Physical-chemical Properties
Physical-chemical properties are highly important in assessing the environmental fate and
behavior of compounds. Properties of particular interest are: molecular weight (MW), melting
point and temperature of decomposition, vapor pressure, water solubility, Henry’s Law
constant (H), the air-water partition coefficient (KAW, which is closely related to H) and the
octanol-water partition coefficient (KOW). Specific approaches for checking the consistency
between different reported values of solubility in water, vapor pressure and Henry’s law
constant are available, such as the three solubility approach (Cole and Mackay 2000; Schenker
et al. 2005). However, we have not attempted to differentiate methods for gathering such data
in this review, since HFFR data are often scattered and fragmentary. Instead, when few reliable
data points were available on a compound, estimation software or on-line calculators were
used to estimate values for physical-chemical properties. When software estimators were
needed for organic chemicals (or chemicals acting like organics from the provisional list), tools
such as COSMOtherm® Vers. C2.1, EPI Suite 4.1 and SPARC On-Line Calculator 4.5 from
the U. S. EPA (Hilal et al. 2003, 2004; Eckert and Klamt 2010; U.S. EPA 2011) were used. To
our knowledge, no tools are available for estimating the physical-chemical properties of
inorganic substances. Nor, are some property descriptors relevant for describing the
partitioning of inorganic substances.

3.2 Environmental Presence & Production Volumes
The environmental occurrence of the selected HFFRs was surveyed by searching the published
literature. The results of this survey revealed a lack of data on environmental presence;
therefore, we thought it advisable to add information on production volumes to the review.
The production volumes of the selected HFFRs can be categorized as low production, import
volumes (LPV), or high production volume (HPV). The HFFRs having LPV had volumes
varying between 10-1000 t year-1, whereas those with HPV exceeded 1000 t year-1 (European
Union 1993).
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3.3 Persistence
The persistence of the selected compounds was evaluated by collecting data on ready
biodegradability and/or dissipation times. Ready biodegradability is usually determined by
performing biological degradation tests (often by microorganisms from waste water treatment
plant sludge) in water, according to standard OECD guidelines (Organisation for Economic
Co-operation and Development (OECD) 1992). Dissipation times may be reported for air,
water, sediment/soil and sludge. Often, half-lives were given, which is the time required for
50% of the compound to be transformed. However, it was often unclear whether these halflives represented full mineralization, oxidation or merely primary degradation (removal of the
parent compound only). Therefore, we chose to report these values as dissipation times
(DT50), in which the concentration is reduced to 50% of the initial concentration after a given
period. If DT50 values were not available, DTX values are reported, where x represents the
converted percentage (e.g., DT30 means time for the concentration to dissipate to 30% of the
initial concentration). Depletion processes not involving transformations, such as sorption,
evaporation and scavenging were not searched out.
It should be noted that primary degradation can lead to the production of substances that are
more harmful than the parent compound. This subject is not addressed extensively in this
review, although we do report whether the dissipation time includes full mineralization, and
any information found on metabolites formed. The concept of biodegradation has little or no
meaning for inorganic compounds and metals. Metals will not decompose, but complexation
or changes in speciation for them may occur during transport through the different
environmental compartments, and thus their intrinsic properties and availability also may be
altered. Such potential behavior, however, was beyond the scope of this review.

3.4 Bioaccumulation
The potential of a compound to bioaccumulate is characterized herein, and is expressed by
using the bioconcentration factor (BCF). The BCF is the concentration of the chemical in an
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organism divided by the concentration that exists in the surrounding environment, providing
that uptake occurs only through absorption from water via the respiratory surface (e.g., gills).
BCFs can only be derived under laboratory conditions, when dietary uptake is minimized, or
by theoretical estimation. The log KOW (octanol-water partition coefficient) value is often used
to estimate the BCF, and to indicate what the probable bioaccumulation potential for organic
compounds is. Generally, there is a good correlation between log KOW and BCF values
(Shüürmann et al. 2007), because compounds having a high log KOW also have a high tendency
to partition to lipids, and therefore possess a high potential for bioaccumulation. The log KOW
value for each HFFR compound addressed is given in the physical-chemical properties section.
It should be noted that substances that are rapidly metabolized will have a low
bioaccumulation potential, even if they have a high log KOW (Gobas et al. 2003; Wu et al.
2008). It is currently not possible to include a more refined assessment of bioaccumulation
potential, because of the paucity of information that currently exists on the metabolism rates
for the HFFRs.

3.5 Toxicity
The in vivo and in vitro toxicity data available for the HFFAs were addressed separately. In vivo
toxicity was also addressed separately for ecotoxicity data (from now on merely referred to as
ecotoxicity) and mammalian endpoints (often lethal dose studies on rodents).

3.5.1 Ecotoxicity
In vivo aquatic ecotoxicity data are usually reported as lethal concentrations (LC50). In some
studies, exposure did not produce an effect. In such cases, the no observed effect
concentration (NOEC) is reported, being the highest concentration tested that did not cause
an adverse effect compared to the control. This does imply, however, that higher
concentrations might show an effect. Alternatively, the lowest observed effect concentration
(LOEC) is reported, if available. Ideally, this value implies that lower concentrations will not
show an effect and it is best used in combination with a well-defined NOEC. Nevertheless,
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often LOEC values were reported if the lowest concentration tested showed an effect and no
lower concentrations were tested.

3.5.2 In Vivo Toxicity
In vivo toxicity data are reported as the lethal dose (LD50) for feeding, or for dermal or
inhalation exposure. It should be noted that, in some studies, exposure was not high enough to
reach an LD50 value. In such cases, the NOEC or LOEC value is reported.

3.5.3 In Vitro Toxicity
For in vitro toxicity we focused on a limited number of well-defined endpoints (as listed below),
in which a cell's or organ's function is clearly affected. Mutagenicity and carcinogenicity are
addressed as the genotoxic endpoints. The following endpoints were addressed for endocrine
toxicity: the activation of the Ah-receptor (also called dioxin receptor, DR), the potency to
displace thyroxin from its plasma carrier protein transthyretin (TTR), the formation of possibly
active metabolites (bioactivation), and the activation of the estradiol receptor (ER) or the
androgenic receptor (AR).

Finally, we addressed the following neurotoxic endpoints:

cytotoxicity, production of reactive oxygen species (ROS), disruption of calcium homeostasis
and changes in neurotransmitter levels or neurotransmitter receptor activity. Results from the
literature are expressed as either EC50, IC50 (Inhibition Concentration), LOEC or NOEC
values. The literature search revealed that, as for in vivo (eco)toxicity studies, many different nvitro test methods and systems as utilized. In contrast, mutagenic effects were often limited to
results of AMES-tests (Mortelmans and Zeiger 2000), and are classified as being simply
positive or negative.

3.6 Classification
For risk assessment purposes chemicals are often classified according to the different
categories of potential harm that they may cause. In this review, we based our classification on
the European Union REACH regulations (European Commission (EC) No 1907/2006 &
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1272/2008 (European Union 2006, 2008)). Therefore, where relevant, each of our tables that
display intrinsic properties of HFFRs contain a column in which reported values are disclosed
as being either “high”, “moderate” or “low”. Instead of referring to a disappearance “half-life”,
we prefer to use the term dissipation time, i.e., DT50. Compounds that are classified as being
“very persistent” and “very bioaccumulative” (vPvB) are based on an existing system that
exists in the Regulation of the European Commission (EC No 1907/2006 (European Union
2006)). Atmospheric dissipation times were reported but were not classified. In Table 2, we
show the threshold values for each classification level. Complete concentration-response
curves were usually absent for in vitro toxicity tests. When toxicity data came from several
different studies, it was generally difficult to classify the risk of a compound, according to our
preferred classification scheme, i.e., from “no potency” to “very high potency”. Therefore,
data are presented as “low toxicity”, when no effects were observed, “toxic”, when effects
were observed and as “not enough data to classify”, when data were incompatible with the
predefined risk assessment criteria or too few details were provided.
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Table 2: Classification for persistence, bioaccumulation and toxicity (PBT)
Classification

Persistence

Bioaccumulation

Toxicity

High

not ‘ready biodegradable’

BCF >500

LD50 ≤ 1mg L-1

or soil/sediment or sludge DT60+ >28 days

log KOW ≥ 4

EC50 ≤ 1mg L-1
LC50 ≤ 1mg L-1

or water (pH 7) DT70+ >28 days
Moderate

-

-

1 mg L-1 <LD50 ≤ 10 mg L-1
1 mg L-1 <EC50 ≤ 10 mg L-1
1 mg L-1 <LC50 ≤ 10 mg L-1

Low

‘ready biodegradable’

BCF <500

LD50 >10 mg L-1

or soil/sediment or sludge DT60+ ≤ 28 days

log KOW <4

EC50 >10 mg L-1

or water (pH 7)

LC50 >10 mg L-1

DT70+ ≤ 28 days
vPvB

DT50>60 days (marine, fresh or estuarine
water) or
DT50 >180 days (soil, marine, fresh or
estuarine water sediment)
AND a BCF >5,000

DTX
BCF
Log KOW
LD50
EC50

= dissipation time of x% of the compound
= bioconcentration factor
= logarithmic octanol-water partitioning coefficient
= the concentration that causes 50% mortality of the test species population
= the concentration that causes 50% effect to the test species population
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4 Inorganic Flame Retardants and Synergists
In this section, we address the compounds aluminum trihydroxide (ATH), magnesium
hydroxide (Mg(OH)2), ammonium polyphosphate (APP), zinc borate, zinc hydroxystannate
(ZHS) and zinc stannate (ZS).

4.1 Aluminum Trihydroxide (ATH )
Aluminum trihydroxide (ATH, CAS nr 21645-51-2) is a weak inorganic acid. It is a hydrate,
which means that in its solid form it contains water (Al(OH)3xH2O). ATH is commonly used
as a smoke suppressor and as a flame retardant synergist, together with other FR such as
organophosphorus compounds (ENFIRO partners and Leonards (Project Coordinator) 2008).
ATH was classified as a HPV chemical in the EU (European Chemicals Bureau 2011). For the
US, the total annual production was given as <450,000 t in 2006 (U.S. EPA 2006).

Physical-chemical Properties
ATH is solid at environmentally relevant temperatures (-40 to +40ºC), since most reported
melting points range from 150 to 300ºC (European Chemicals Bureau 2000a; Lewis 2000;
Martin Marietta Magnesia Specialties LLC (MMMS) et al. 2010). Our literature search revealed
that ATH had a wide range of water solubility, with values ranging from 0.015 mg L-1 to 1.5
mg L-1 (1.92E-4 or 1.90E-2 mol m-3) (European Chemicals Bureau 2000a). Two other studies
simply refer to ATH as “insoluble” (European Chemicals Bureau 2000a; Rio Tinto Alcan
(RTA) 2008a). Clearly, ATH has low water solubility, although its reported solubility values
vary by a factor of one hundred. The properties of ATH are listed in Table 3.
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Table 3: Aluminum trihydroxide (ATH, CAS nr 21645-51-2)
Physical-Chemical
Properties

Data

Units

Molecular weight

78.01

[g mol-1]

Melting point

[°C]

(European Chemicals Bureau 2000a)

Melting point

150-220
(Decomposition)
200

[°C]

(European Chemicals Bureau 2000a)

Melting point

230

[°C]

Melting point

300

[°C]

(Martin Marietta Magnesia Specialties LLC
(MMMS) et al. 2010)
(Lewis 2000)

Melting point

2,030

[°C]

(Rio Tinto Alcan (RTA) 2008a)

Water solubility

0.015

[mg L-1 at 20ºC]

Water solubility

1.5

Water solubility

insoluble

Bioaccumulation

References

-1

(European Chemicals Bureau 2000a)

[mg L at 20ºC]

(European Chemicals Bureau 2000a)

Data

Details

(European Chemicals Bureau 2000a; Rio Tinto
Alcan (RTA) 2008a)
References

Low

BCF <500c,e

Fish, estimated

(U.S. EPA 2008)

Low

-not specified-

(German Federal Environmental Agency et al.
2001)
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Table 3 continued - Aluminum trihydroxide (ATH, CAS nr 21645-51-2)
Ecotoxicity

Data

Details

References

High; aquatic

EC50 = 0.8240e mg L-1

Daphnia magna, 48h

High; aquatic

EC50 = 0.6560e mg L-1

Moderate;
aquatic
Low; aquatic

LC50 = 2.6-3.5 mg L-1

Selenastrum
capricornutum, 96h
Daphnids

(TSCATS, DuPont Central Research, 1996
(not found) from draft (U.S. EPA 2008))
(TSCATS, DuPont Central Research, 1996
(U.S. EPA 2008))
(Illinois EPA 2007)

Low; aquatic

NOEC >100 mg L-1

Low; aquatic

-not specified-

In Vivo toxicity

Data

Details

Low

Rats

Low

LD50 >5,000 mg kg-1
bwt
-not specified-

(European Chemicals Bureau 2000a;
Illinois EPA 2007)
(Stevens and Mann 1999; UNEP 2008)

In Vitro toxicity

Data

Details

Reference

Low

Genotoxicity ;
Carcinogen-icity

Rats

(The Subcommittee on Flame-Retardant
Chemicals
2000; German Federal
Environmental Agency et al. 2001;
O'Connell et al. 2004)

not specified

Fish, lethality only at
low pH
Fish (Salmo trutta),
96h; Crustacean
(Daphnia magna),
48h; Algae
(Selenastrum
capricornutum), 72h

(Illinois EPA 2007)
(European Chemicals Bureau 2000a)

(Stevens and Mann 1999; German Federal
Environmental Agency et al. 2001)
References

Italic values are predicted: Modeled a Calculated b Expert judgment c
e

Not all primary sources are found from (U.S. EPA 2008), also this reference is a
draft report, so reported values may be not final.
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Bioaccumulation
In a draft EPA report, it was estimated that the BCF value for ATH is <500 (U.S. EPA 2008),
and it was stated in another study that its bioaccumulation potential is low (German Federal
Environmental Agency et al. 2001), but neither study gave further details (Table 3).

Toxicity
1)

Ecotoxicity

Reported effect concentrations cover a wide range, and consequently, the classification of
ecotoxicity varies between low and high (Table 3). It is not expected that ATH will easily
decompose to produce freely dissolved Al3+ ions, unless conditions such as a low pH favor
Al3+ dissociation. The toxicity of aluminum has been extensively discussed elsewhere (Berthon
2002; Kucera et al. 2008) and is not repeated here.

2)

In Vivo Toxicity

The acute toxicity of ATH to rats is very low, with LD50 values higher than 5,000 mg kg-1 bwt
(Table 3).

3)

In Vitro toxicity

Data on ATH were limited ((The Subcommittee on Flame-Retardant Chemicals 2000). As
shown in Table 3, ATH is not carcinogenic in animal tests (The Subcommittee on FlameRetardant Chemicals 2000; German Federal Environmental Agency et al. 2001; O'Connell et
al. 2004). In one report, it was stated that ATH was mutagenic and cytotoxic, although the
concentrations or test conditions were not mentioned (German Federal Environmental
Agency et al. 2001). Therefore, the genotoxicity is classified as being low.
No in vitro endocrine toxicity or neurotoxicity data were reported for ATH. However, it was
shown that ATH causes cytostatic activity with induction of neurites at >200 μM in
neuroblastoma cells (Zatta et al. 1992). Moreover, at a concentration of >10 μM, ATH did
bind the N-methyl-D-aspartate receptor (NMDA-R) in human cerebral cortex (Hubbard et al.
1989). In another study, it was reported that there were adverse effects of ATH on the learning
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ability in rats and that cholinergic activity was diminished (Bilkei-Gorzo 1993). Despite these
adverse neurotoxic effects, there are insufficient data available to classify the overall in vitro
toxicity of ATH.
In summary, ATH is a solid at room temperature, and has a , but uncertain water solubility. Its
bioaccumulation potential is estimated to be low and the in vivo and in vitro toxicity of ATH is
also low. However, ATH may pose a risk to aquatic communities, with EC50 values varying
from low to high.

4.2 Magnesium Hydroxide, Mg(OH) 2
Magnesium hydroxide (CAS 1309-42-8) is an inorganic salt that consists of hydroxide and
magnesium ions. Magnesium hydroxide, Mg(OH)2, used as a flame retardant or flame retardant
additive, is very effective in reducing smoke emissions from burning plastics (Martin Marietta
Magnesia Specialties LLC (MMMS) et al. 2010). This compound is classified as a HPV
chemical in the EU (European Chemicals Bureau 2011). For the US, total annual production
was 45,000 - <227,000 t in 2006 (U.S. EPA 2006).

Physical-chemical Properties
Magnesium hydroxide is a solid at room temperature, since its melting point is approximately
Ü&RGGO\DQH[FHVVLYHO\KLJKPHOWLQJSRLQWRIÜ&ZDVUHSRUWHGLQRQHVWXG\, which
seems unlikely (Table 4). This compound has no real boiling point as it will undergo
HQGRWKHUPLF GHFRPSRVLWLRQ DW  RU Ü& ZLWK UHOHDVH RI ZDWHU (AluChem 2003; Martin
Marietta Magnesia Specialties LLC (MMMS) et al. 2010). Magnesium hydroxide is insoluble in
water (Fisher Scientific 1999 (2008 updated); Albemarle corporation 2003b, a, c; AluChem
2003). An overview of its physical-chemical properties is shown in Table 4.

Bioaccumulation
There are no data available on the bioaccumulation of magnesium hydroxide.
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Toxicity
1)

Ecotoxicity

There are no data available on the ecotoxicity of magnesium hydroxide. Magnesium is an
essential metal and it is a major component of natural waters (European Chemicals Bureau
2000c). Therefore, it is not expected that this compound has a high aquatic toxicity.

2)

In Vivo Toxicity

Data on the in vivo toxicity of this compound are quite sparse, with only two acute LD50 values
(each >5,800 mg kg-1 bwt) for rats being reported (Table 4).

Table 4: Magnesium hydroxide (Mg(OH)2, CAS nr 1309-42-8)
Physical-Chemical
Properties

Data

Units

Molecular weight

58.32

[g mol-1]

Melting point

330 (Decomposition)

[°C]

Melting point

340 (Decomposition)

[°C]

Melting point

350

[°C]

Melting point

2800

[°C]

Water solubility

Insoluble

[mg L-1 at 25ºC]

In Vivo toxicity

Data

Details

Low

LD50 = 8,500 mg kg-1

Rats

Low

LD50 = 5,800 mg kg-1 bwt

No details provided

Italic values are predicted: Modeled a Calculated

b

Reference

(Martin
Marietta
Magnesia
Specialties LLC (MMMS) et al.
2010)
(AluChem 2003)
(Fisher Scientific 1999 (2008
updated))
(Merck & Co. Inc. 2001)
(Fisher Scientific 1999 (2008
updated); Albemarle corporation
2003b, a, c; AluChem 2003)
References
(Merck Chemicals - Product
Information (Merck Website))
(Nabaltec 2009)

Expert judgment c
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3)

In Vitro Toxicity

In vitro toxicity data on magnesium hydroxide (Mg(OH)2) are scarce (Table 4). It is expected
that magnesium hydroxide dissociates in the acid environment of the stomach to Mg2+.
Therefore, the toxic effects of Mg2+ should be included in the risk assessment. For other
magnesium salts several toxic effects were described (The Subcommittee on Flame-Retardant
Chemicals 2000). There are not enough data to classify the in vitro toxicity of magnesium
hydroxide.
In summary, magnesium hydroxide is a solid at room temperature, and has low water
solubility. Hardly any data are available on the PBT properties of this compound. Mg(OH)2
displayed a low in vivo toxicity in two studies).

Fig. 1 Schematic representation of the chemical structure of the polymer APP. The product
typically consists of a mixture of polymers with an average chain length of 1000

4.3 Ammonium Polyphosphate (APP)
Ammonium polyphosphate (APP, CAS 68333-79-9) is an ionic inorganic polymeric compound
that, due to the polymerization process, consists of a mixture of polymers of different chain
lengths and degrees of branching. It is an intumescent flame retardant, which means that the
compounds swells when exposed to heat, and thereby reduces heat transfer (ENFIRO partners
and Leonards (Project Coordinator) 2008). In soil and sewage sludge, APP was reported to
break down rapidly into ammonia and phosphate (no reported half-life) (German Federal
Environmental Agency et al. 2001). When in contact with water APP undergoes slow
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hydrolysis with the release of ammonium phosphate (Clariant Flame Retardants, pers. comm.).
The indicative production volume for the APP market in Europe is >1,500 t year-1 in 1995
(World Health Organization (WHO) 1997). APP is currently classified as a HPV chemical in
the EU (European Chemicals Bureau 2011). For the US, total annual production was given as
45,000 - <227,000 t in 2006 (U.S. EPA 2006).

Physical-chemical Properties
The physical-chemical properties of polymers strongly depend on the size or length of the
polymeric chain. For example, it is usually observed that as chain length increases, melting and
boiling temperatures also increase. A common means of expressing the length of a polymer
chain is the degree of polymerization, in which the number of monomers incorporated into the
chain is quantified. As with other molecules, a polymer's size may also be expressed in terms of
molecular weight. Since synthetic polymerization techniques typically yield a polymeric product
including a range of molecular weights, the weight is often expressed statistically to describe
the distribution of chain lengths present (e.g., average molecular weight). According to a
manufacturer (Clariant Flame Retardants, personal communication), APP polymers typically
have a molecular weight of ca. 100,000 g mol-1 (based on an average chain length of 1000; Fig.
1). We assumed that all measures of physical-chemical properties involve the testing of the
technical product (MW

ca. 100,000 g mol-1), because to our knowledge, no purified

monomeric APP is currently available on the market.
The reported melting point of APP was ≥ 275˚C (European Chemicals Bureau 2000d; German
Federal Environmental Agency et al. 2001), and indicates that these polymers are solids at
environmentally relevant temperatures. The water solubility of APP is high, and was reported
as being 10 g L-1 or miscible with water (European Chemicals Bureau 2000d; German Federal
Environmental Agency et al. 2001). The vapor pressure of this compound is <10 Pa (German
Federal Environmental Agency et al. 2001) or <100 Pa (European Chemicals Bureau 2000d).
However, these values are misleading (and could wrongly be interpreted as indicating high
volatility); we are instead inclined to believe the manufacturer’s statement (Clariant Flame
Retardants, pers. comm.) that the substance is non-volatile. An overview of the physicalchemical properties of APP is shown in Table 5.
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Bioaccumulation
APP has a low bioaccumulation potential ((German Federal Environmental Agency et al.
2001); Table 5), although no specific BCF values or other details were given. We estimated the
log KOW as -2.15 (ACD/Labs 2011), showing the compound to have high hydrophilicity.
Because of the high aqueous solubility of the polymer and the large molecular size, APP is not
expected to bioaccumulate (MW ca. 100,000 g mol-1) (Dimitrov et al. 2002).

Toxicity
1)

Ecotoxicity

Data from several aquatic toxicity studies indicate low to moderate toxicity to several algal
species, crustaceans and fish (Table 5).

2)

In Vivo Toxicity

Two studies on APP were reported in which the toxicity to rats was low ((European Chemicals
Bureau 2000d; UNEP OECD SIDS 2007); Table 5).

3)

In Vitro Toxicity

Limited in vitro data are available for APP. No carcinogenic, endocrine or neurotoxic data were
found, although AMES test results showed no response for mutagenic activity (Table 5)
(European Chemicals Bureau 2000d). This suggests that the chemical has a low genotoxicity.
APP is probably hydrolyzed by stomach acids into phosphate and ammonium ions, and
various effects could be expected based on the structural similarities with other compounds,
e.g., inositol polyphosphates or adenosine polyphosphates. Therefore, there were insufficient
data to classify either endocrine- or neuro-toxicity. Data on developmental toxicity were not
available.
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In summary, APP is a solid that has high water solubility, and is expected to degrade in natural
environments. It predominantly exerts a low toxicity on the aquatic community, although two
authors reported moderate toxicity to daphnids or algae. Toxicity to rats is low, as is the
reported in vitro toxicity, although the number of available studies is limited.
Table 5: Ammonium polyphosphate (APP, CAS nr 68333-79-9)
Physical-Chemical
Properties

Data

Units

Reference

Molecular weight

≈ 100,000

[g mol-1]

(Clariant pers. comm.)

Melting point

275

[°C]

Melting point

>275

[°C]

(German Federal Environmental Agency et
al. 2001)
(European Chemicals Bureau 2000d)

Melting point

[°C]

Water solubility

300
(Decomposition)
10000

Water solubility

<1000

[mg L-1 at 25ºC]

(German Federal Environmental Agency et
al. 2001)
(European Chemicals Bureau 2000d;
German Federal Environmental Agency et
al. 2001)
(Budenheim 2010)

Water solubility

<5000

[mg L-1 at 25ºC]

(Clariant 2010)

Vapor pressure

<10

[Pa at 20ºC]

Vapor pressure

<100

[Pa at 20ºC]

(German Federal Environmental Agency et
al. 2001)
(European Chemicals Bureau 2000d)

Log KOW

-2.15a

[Pa at 20ºC]

(ACD/Labs 2011)

[mg L-1 at 25ºC]
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Table 5 continued - Ammonium polyphosphate (APP, CAS nr 68333-79-9)
Bioaccumulation

Data

Details

References

Low

not specified

Data

Details

(German
Federal
Environmental Agency et al.
2001)
Reference

Ecotoxicity
Low; aquatic

NOEC = 87.6 mg L-1

Algae

(UNEP OECD SIDS 2007)

Low; aquatic

EC50 = 813-848 mg L-1

(McDonald et al. 1996)

Low; aquatic

NOEC >500 mg/l

Crustacean, Daphnia
magna, 48hd
Fish, Danio rerio, 96h,

Low; aquatic

LC50 >500 mg/l

Fish, Danio rerio, 96h

(Clariant 2010)

Low; aquatic

LC50 = 1,326.0 mg L-1

Low; aquatic

LC50 = 123.0 mg L-1

Low; aquatic

LC50 >101 mg L-1

Fish, Oncorhynchus mykiss,
96h, pH 7
Fish, Oncorhynchus mykiss,
96h, pH 8
Fish, fresh water

(Blahm 1978 (not found)
from (U.S. EPA 2012)
(Blahm 1978 (not found)
from (U.S. EPA 2012)
(UNEP OECD SIDS 2007)

Low; aquatic

not specified

Low; aquatic

LD50 >500 mg L-1

NOEC exceeds solubility,
low acute aquatic toxicity
Fish, fresh water

Moderate; aquatic

EC50 = 1.790 mg L-1

Moderate; aquatic

IC50 = 10 mg L-1

In Vivo toxicity

Data

Crustaceans (Daphnia
carinata), 72 hours
Algae, Selenastrum
capricornutum, 96hd
Details

(European Chemicals Bureau
2000d)
(European Chemicals Bureau
2000d)
(UNEP OECD SIDS 2007)

Low

LD50 >2000 mg kg-1 bwt

Rats

(UNEP OECD SIDS 2007)

Low

LD50 >4740 mg kg-1 bwt

Rats

In Vitro toxicity

Data

Details

(European Chemicals Bureau
2000d)
References

Low

Genotoxicity;
Mutagenicity

Salmonella and E. coli,
AMES test

(European Chemicals Bureau
2000d)

(Budenheim 2010)

(McDonald et al. 1996)
References

Italic values are predicted: Modeled a Calculated b Expert judgment c
n.c.
d

No effects observed
Not enough data to classify
APP has the technical name Fire-Trol LCG-R (McDonald et al. 1996)
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4.4 Zinc Borate (ZB)
Zinc borates (ZBs) exist in different mineral compositions, and have different zinc oxide and
borate ratios. Additionally, some borates contain structurally bound water (hydrates). The
specific compound discussed in this review is 2ZnO.3B2O3 (CAS 138265-88-0 or 12767-90-7),
a non-hydrate. It is being used as a flame retardant synergist and smoke suppressor (European
Flame Retardants Association (EFRA) and Cefic 2006). ZB breaks down to zinc hydroxide and
boric acid under natural conditions (European Flame Retardants Association (EFRA) and
Cefic 2006). ZB is currently classified as a LPV chemical in the EU (European Chemicals
Bureau 2011). No information is available on production volumes in the US.

Physical-chemical Properties
There is very little information on the physical-chemical properties of ZB, or even for other
mineral compositions of this compound. It is solid at room temperature and decomposes at
Ü& V\QWKHWLF =% (Borax 2004). ZB has a solubility in water of 2.8 g L-1 (6.44 mol m-3)
(Borax 2004).

Bioaccumulation
No information on bioaccumulation of ZB is available.

Toxicity
Zinc is an essential element for animals (Maret and Sandstead 2006) and plants (European
Flame Retardants Association (EFRA) and Cefic 2006). However, intake of more than 100-300
mg zinc per day results in adverse health effects (Fosmire 1990; Rout and Das 2003).
Depending on the prevailing conditions in the environment, ZB can decompose to produce
freely dissolved zinc ions. The toxicity of zinc has been studied extensively (Barceloux 1999;
Cummings and Kovacic 2009; Nagajyoti et al. 2010) and will not be repeated here. The same
holds true for the toxicity of boric acid (European Chemicals Bureau 2000b).

42

Chapter 2 – Persistence, Bioaccumulation and Toxicity of HFFRs
1)

Ecotoxicity

According to the few reports available, zinc borate has a high aquatic toxicity to daphnids,
algae and several fish species (Table 6).

2)

In Vivo Toxicity

There are only a few studies on ZB toxicity (Table 6). A LOEC value of 0.91 mg L-1 day-1 was
reported for humans.

3)

In Vitro Toxicity

Limited information is available in the literature on the in vitro toxicity of ZB. There are no data
on carcinogenicity, endocrine disruption or neurotoxicity. Zinc borate is not mutagenic
(Illinois EPA 2007); Table 6). As ZB probably readily breaks down in the stomach to zinc
oxide (ZnO) and boric acid (H3BO3), these compounds should also be included in any risk
assessment. Although there are extensive databases on the toxicity of zinc oxide and boric acid
(The Subcommittee on Flame-Retardant Chemicals 2000), there are not enough data to classify
the in vitro toxicity of ZB.
In summary, zinc borate is a solid with moderate aqueous solubility. It has high aquatic
toxicity, whereas reported values for in vivo toxicity vary from low to high. According to the
results of one study, zinc borate has low mutagenicity; however, there is a lack of information
on the in vitro toxicity of the compound.
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Table 6: Zinc borate (ZB, CAS nr 138265-88-0 or 12767-90-7)
Physical-Chemical
Properties

Data

Units

Molecular weight

434.66

[g mol-1]

Melting point

650 (Decomposition)

[°C]

(Borax 2004)

Water solubility

2,800

[mg l-1 at 25ºC]

(Borax 2004)

Ecotoxicity

Data

Details

References

High; aquatic

EC50 = 0.015-0.178 mg L-1

Algal inhibition

(Illinois EPA 2007)

High; aquatic

EC50 = 0.068-1.59 mg L-1

Daphnia

(Illinois EPA 2007)

High; aquatic

LC50 = 0.59-5.9 mg L-1

Fish

(Illinois EPA 2007)

High; aquatic

not specified

Aquatic species

In Vivo toxicity

Data

Details

(European
Flame
Retardants
Association
(EFRA) and Cefic 2006;
UNEP 2008)
References

Low

LD50 >10,000 mg kg-1

Rats & rabbits, oral
and dermal exposure

Low

LD50 >2,000 mg kg-1

Rat, mice, dog

High

LOEC = 0.91 mg L-1day-1

(Illinois EPA 2007)

High

Can be harmful to the unborn

Humans, zinc blood
effects
Not specified

In Vitro toxicity

Data

Details

References

Low

Genotoxicity; Mutagenicity

-

(Illinois EPA 2007)

-

References

(European
Flame
Retardants
Association
(EFRA) and Cefic 2006)
(Illinois EPA 2007)

(McPherson et al. 2004)

No effects observed

4.5 Zinc Hydroxystannate (ZHS)
Zinc hydroxystannate (ZHS; ZnSn(OH)6, CAS 12027-96-2) is an inorganic, bimetallic
hydroxide used as a smoke suppressant (William Blythe 2010a). No information is available on
production volumes in the EU (European Chemicals Bureau 2011). For the US, total annual
production, was <227 t in 2006 (U.S. EPA 2006).
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Physical-chemical Properties
ZHS decomposes at 180-200°C (Australian Government Regulator of Industrial Chemicals
1994; Rio Tinto Alcan (RTA) 2008b; ITRI 2009), at these temperatures dehydroxylation
occurs, releasing water from the crystal (pers. comm. William Blythe Ltd). It has a low water
solubility of 1 mg L-1 (0.0035 mol m-3) (Australian Government Regulator of Industrial
Chemicals 1994; Rio Tinto Alcan (RTA) 2008b) (primary source not stated). The vapor
pressure and log KOW of ZHS were reported to be low (Table 7).

Bioaccumulation
According to one producer of ZHS, the bioaccumulation potential is estimated to be low,
based on its low water solubility and low KOW value (Table 7). There is no further information
on the bioaccumulation of ZHS.

Toxicity
As stated previously for ZB, zinc is an essential element for animals (Maret and Sandstead
2006) and plants (European Flame Retardants Association (EFRA) and Cefic 2006). However,
intake of more than 100-300 mg zinc per day produces adverse health effects (Fosmire 1990;
Rout and Das 2003). Zinc hydroxide can decompose to produce freely dissolved Zn2+ ions,
depending on the prevailing conditions in the environment. The toxicity of zinc has been
discussed extensively elsewhere (Barceloux 1999; Cummings and Kovacic 2009; Nagajyoti et al.
2010) and is not repeated here.

1)

Ecotoxicity

Low ecotoxicity of ZHS for fish and crustaceans was reported in two studies, in which the
NOECs and EC50s exceeded the water solubility (Joseph Storey & Co. Ltd. 1994; William
Blythe 2010a). In the latter study, the EC50 and LC50 values exceeded 0.02 mg L-1. However,
this is still a very low concentration and the NOEC or LOEC values from this study are
inconclusive.
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2)

In Vivo Toxicity

There is very limited information on the in vivo toxicity of ZHS. A few studies provided data to
show low acute toxicity to orally exposed rats (Table 7). Low to moderate toxicity was reported
for ZHS in an inhalation exposure study (Joseph Storey & Co. Ltd. 1994). However, because
this LD50 value was reported as being “greater than” a moderate value, it is not clear whether
this value represented just the highest concentration tested, or whether there was an effect
observed at this level.

3)

In Vitro Toxicity

In vitro toxicity data for ZHS are also scarce, and no carcinogenic, endocrine disrupting or
neurotoxic data were available. One author reported no mutagenic activity in an AMES test
performed with and without metabolic activation (Australian Government Regulator of
Industrial Chemicals 1994).
In summary, ZHS is a solid that has low water solubility. It presumably has a low aquatic
toxicity. With only two studies available, the effects on rats vary from low to moderate. There
are not enough data to fully classify the in vitro toxicity of the compound; only one study
existed, and no mutagenic effects in an AMES test was reported therein.
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Table 7: Zinc hydroxystannate (ZHS, CAS nr 12027-96-2)
Physical-Chemical
Properties

Data

Units

Molecular weight

286.11

[g mol-1]

Melting point

>180
(Decomposition)
200
(Decomposition)

[°C]

(ITRI 2009)

[°C]

Water solubility

1

[mg L-1 at 20ºC]

Water solubility

Insoluble

(Australian Government Regulator of
Industrial Chemicals 1994; Rio Tinto Alcan
(RTA) 2008b)(pers. comm. William Blythe
Ltd)
(Australian Government Regulator of
Industrial Chemicals 1994; Rio Tinto Alcan
(RTA) 2008b)
(William Blythe 2010a)

Vapor pressure

<10

Log KOW

<-1.05

Log KOW

<-1

(Australian Government Regulator of
Industrial Chemicals 1994)(William Blythe
2010a)
(Australian Government Regulator of
Industrial Chemicals 1994)
(pers. comm. William Blythe Ltd)

Log KOW

<0.09

(Rio Tinto Alcan (RTA) 2008b)

Bioavailability

Data

Details

References

Low

Low
potential
estimatedc

Based on low KOW
value, no specified
data

(pers. comm. William Blythe Ltd)

Melting point

[Pa at 20ºC]

References
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Table 7 continued - Zinc hydroxystannate (ZHS, CAS nr 12027-96-2)
Ecotoxicity

Data

Low; aquatic

LD50 >3.3 mg L-1

Low; aquatic

-1

EC50 >3.3 mg L

Low; aquatic

LC50 >0.079 mg L-1

Low; aquatic

E50 >0.023 mg L-1

In Vivo toxicity

Data

Low

LD50 >5,000 mg kg-1
bwt
LD50 >2,466 mg kg-1

Rats, dermal exposure

(Gardner 1988a; Joseph Storey &
Co. Ltd. 1994)
(Joseph Storey & Co. Ltd. 1994)

Low Moderate
In Vitro toxicity

LD50 >4.3 mg L-1

Rats, inhalation exposure

(Joseph Storey & Co. Ltd. 1994)

Data

Details

References

Low

Genotoxicity;
mutagenicity

- Salmonella, with and
without metabolic activation
(S9), AMES test

(Australian Government Regulator
of Industrial Chemicals 1994)(pers.
comm. William Blythe Ltd)

Low

Details

References

Fish, NOEC >water solubility

(Joseph Storey & Co. Ltd. 1994)

Crustaceans, NOEC >water
solubility
Rainbow Trout, LC50 >water
solubility, acute, no details
provided
Daphnia
magna,
EC50
>water solubility, 48 hours,
no details provided
Details

(Joseph Storey & Co. Ltd. 1994)

Rats

(William Blythe 2010a)

(William Blythe 2010a)

References

Italic values are predicted: Modeled a Calculated b Expert judgment c
No effects observed

4.6 Zinc Stannate (ZS)
Zinc stannate (ZS; ZnSnO3, CAS 12036-37-2) is an inorganic, bimetallic oxide used as a smoke
suppressant (William Blythe 2010b). No information is available on production volumes in the
EU (European Chemicals Bureau 2011). For the US, total annual production was <227 t in
2006 (U.S. EPA 2006).

Physical-chemical Properties
ZS decomposes at 397-Ü&(Gelest 2008; Rio Tinto Alcan (RTA) 2008c; ITRI 2009) (Table
8). It has low solubility in water that varies between 1 mg L-1 and 13 mg L-1 (0.0043 and 0.056
mol m-3) (Gelest 2008; Rio Tinto Alcan (RTA) 2008c) (primary sources are not stated).
48

Chapter 2 – Persistence, Bioaccumulation and Toxicity of HFFRs
Bioaccumulation
According to one producer, ZS is estimated to have a low bioaccumulation potential, based on
low water solubility and low KOW values (Table 8). There is no further information on the
bioaccumulation of ZS.

Toxicity
The toxicity of the zinc ion is discussed in the section of ZB and ZHS, and is not repeated
here. The toxicity of ZS is discussed below.

1) Ecotoxicity
Low ecotoxicity of ZS for fish and crustaceans was reported in one study (Table 8), in which
LC50 and EC50 values probably exceeded the water solubility (William Blythe 2010b). In this
study, the EC50 and LC50 values were >0.02 mg L-1. However, this is still a very low
concentration and it is not clear what the definitive NOEC or LOEC values from this study
were.

2) In Vivo Toxicity
There is very limited information about the in vivo toxicity of ZS. A low acute toxicity to orally
exposed rats was reported in one study (Gardner 1988b) (Table 8).

3) In Vitro Toxicity
There is no information on carcinogenic, endocrine disrupting or neurotoxic effects of ZS.

In summary, zinc stannate is a solid with low water solubility. One author reported low toxic
effect on rats. There is an obvious lack of data on other PB&T properties.
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Table 8: Zinc stannate (ZS, CAS nr 12036-37-2)
Physical-Chemical
Properties

Data

Units

Molecular weight

232.10

[g mol-1]

Melting point

>397 (Decomposition)

References

[°C]

(Rio Tinto Alcan (RTA) 2008c)

[°C]

(Gelest 2008; ITRI 2009)

Melting point

>570

Water solubility

Insoluble

Water solubility

1

[mg L-1 at 20ºC]

(Gelest 2008)

Water solubility

13

[mg L-1 at 25ºC]

(Rio Tinto Alcan (RTA) 2008c)

Vapor pressure

<0.13

[Pa at 25ºC]

(Gelest 2008)

Vapor pressure

<10

[Pa at 20ºC]

(William Blythe 2010b)

Bioavailability

Data

Details

References

Low

Low
estimatedc

Based on low KOW
value, no specified
data

(pers. comm. William Blythe Ltd)

Ecotoxicity

Data

Details

References

Low; aquatic

LC50 >0.079 mg L-1

(William Blythe 2010b)

Low; aquatic

E50 >0.023 mg L-1

In Vivo toxicity

Data

Rainbow
Trout,
LC50
>water
solubility, acute, no
details provided
Daphnia
magna,
EC50
>water
solubility, 48 hours,
no details provided
Details

Low

LD50 >5 g kg-1 bwt

Rats

(Gardner 1988b)

(William Blythe 2010b)

potential

(William Blythe 2010b)

References

50

Chapter 2 – Persistence, Bioaccumulation and Toxicity of HFFRs

5 Organophosphorus Flame Retardant
Compounds and their Salts
The following organophosphorus HFFRs are discussed in this section: triphenylphosphate
(TPP), resorcinol bis(diphenylphosphate) (RDP), bisphenol-A bis(diphenylphosphate) (BDP),
dihydrooxaphosphaphenanthrene (DOPO) and aluminum diethylphosphinate (ALPI).

5.1 Triphenylphosphate (TPP)
Triphenylphosphate (TPP, CAS 115-86-6) is an aryl phosphate, mainly being used as a flame
retardant in polymers (European Chemicals Bureau 2002), and is the best studied compound
of the selected HFFRs (Hoenicke et al. 2007; Bergh et al. 2011). It is present in all
environmental compartments, ranging from, e.g., air (23.2 ng m-3 ) (Danish EPA et al. 1999) to
fish (21-180 ng g-1 (Sundkvist et al. 2010)). The global production (excluding East Europe) was
estimated to be 20,000 to 30,000 t in one study (UNEP OECD SIDS 2002a). Of this
production estimate, approximately 25% was produced in Western Europe, 40% in the USA
and 35% in Asia by 15 producers (UNEP OECD SIDS 2002a). TPP is classified as a HPV
chemical in the EU (European Chemicals Bureau 2011). For the US, the total annual
production was given as 4,500 - <22,700 t in 2006 (U.S. EPA 2006).

Physical-chemical Properties
TPP is solid at environmentally relevant temperatures and has a relatively low melting point of
DSSUR[LPDWHO\ Ü& (European Chemicals Bureau 2000f; Hilal et al. 2003; Merck & Co. Inc.
2006; U.S. EPA 2011). Its water solubility is low, showing a wide range from 55 Pg L-1 to 5 mg
L-1 (1.70E-4 to 1.43E-2 mol m-3) and thereby varies by a factor of about one hundred (Saeger
et al. 1979; European Chemicals Bureau 2000f; Hilal et al. 2004; Eckert and Klamt 2010; U.S.
EPA 2011). In Table 9, we present an overview of the physical-chemical properties of TPP.
The low water solubility, Henry’s Law constant and KAW vs. the high log KOW indicate that,
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once released into the environment, TPP probably partitions mainly into organic and lipid-rich
compartments such as soil and biota.

Persistence
Degradation data on TPP in the atmosphere, water and soil/sediment, are also presented in
Table 9. Atmospheric half-lives are predominantly determined by photolysis (breakdown of the
compound by light), and therefore the half-life of TPP is often measured by testing the
photolysis rate. In water, degradation can occur by abiotic, e.g., hydrolysis (reaction of the
compound with water), or biotic (mediated by microorganisms) mechanisms.
The persistence of this compound is classified as varying from high to low (Table 9). The
fastest atmospheric degradation rate of TPP was reported to be a few hours (European
Chemicals Bureau 2000f), whereas the longest degradation time was reported to be 406 days in
water (U.S. EPA 2005; European Chemicals Bureau et al. 2007).
Given the large variation in the persistence data, we additionally estimated TPP degradation by
using EPI Suite 4.1. The resulting degradation half-lives from these estimates were 24 h in air,
900 h in water, and 1800 h in soil; these estimated values are within the ranges of experimental
values. On the basis of these data, this substance is expected to be stable and persistent in the
environment.

Bioaccumulation
The bioaccumulation of TPP has mainly been studied in fish, and results vary from low to high
for different species (Table 9). A BCF as low as 0.06 was reported for Phoxinus phoxinus, a fresh
water minnow (Bengtsson et al. 1986) (European Chemicals Bureau 2000f), and a BCF as high
as 1,743 for

Pimephales promelas, the fathead minnow (U.S. EPA 2005). Our literature

research revealed remarkably diverging opinions on what is considered to be a high
bioconcentration factor. The Clean Production Action reported a high BCF for TPP of >100
(Clean Production Action et al. 2007), whereas the Illinois EPA reported a low potential, with
a BCF as high as 2,590 (Illinois EPA 2007). In comparison, the REACH criterion states that a
compound with a BCF larger than 500 is classified as bioaccumulative (European Union 2008);
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Table 2). We believe that the order of magnitude in the REACH guidelines (i.e., BCF >500) is
more realistic concerning what should be considered as potentially bioaccumulative. On the
basis of this classification, most experimental data indicate that this compound is
bioaccumulative.

Toxicity
1)

Ecotoxicity

The aquatic toxicity of TPP is, in many cases, high to many types of fish, algae and crustaceans,
since the LC50s recorded for these species is about or lower than 1 mg L-1 (Table 9).

2)

In Vivo Toxicity

Many low effect concentrations were reported for higher organisms (e.g., rodents), as shown in
Table 10. Hence, the toxicity to these species is considered to be low.

3)

In Vitro Toxicity

An overview of the in vitro toxicity data is shown in Table 9. TPP is not considered to be a
potent anticholinesterase agent, however, exposure to 150 to 300 mg kg-1 bwt-1 TPP does
inhibit cholinesterase in rats, in vitro as well as in vivo (Bingham et al. 2001). TPP may be
metabolized into diphenyl-hydroxyphenolphosphate and diphenylphosphate (Eto et al. 1975;
Snyder 1990).

Several in vitro effects were reported in rats exposed to a commercial

cresyldiphenylphosphate product that contains TPP (Vainiotalo et al. 1987). Several neurotoxic
effects were observed in in vitro studies, e.g., cytotoxicity in PC12 cells and inhibition of the
GABA-regulated chloride channel (Gant et al. 1987; Padilla et al. 1987; Vainiotalo et al. 1987;
Flaskos et al. 1994). However, the neurotoxicity of TPP has been debated since the early
studies of Smith et al. (1930, 1932), because neurotoxic changes in animals after short-term
exposure were not identified in other studies (Wills et al. 1979). Since TPP exposure does
result in several toxic effects, the in vitro endocrine and neurotoxicity is classified as being low
to high.
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Table 9: Triphenylphosphate (TPP, CAS nr 115-86-6)
Physical-Chemical
Properties

Data

Units

Reference

Molecular weight

326.29

[g mol-1]

Melting point

48-50

[°C]

(ICL, pers. comm.)

Melting point

49-50

[°C]

Melting point

50.5

[°C]

(European Chemicals Bureau
Merck & Co. Inc. 2006)
(Hilal et al. 2003; U.S. EPA 2011)

Melting point

86.5a

[°C]

(U.S. EPA 2011)

Water solubility

5.55E-2a

[mg L-1 at 25ºC]

(Hilal et al. 2004)

Water solubility

2.5E-2

[mg L-1 at 25ºC]

(European Chemicals Bureau 2000f)

-1

2000f;

Water solubility

7.5E-1

[mg L at 25ºC]

(European Chemicals Bureau 2000f)

Water solubility

<1

[mg L-1 at 25ºC]

(ICL, pers. comm.)

Water solubility

1.03a

[mg L-1 at 25ºC]

(U.S. EPA 2011)

Water solubility

1.9

[mg L-1 at 25ºC]

Water solubility

2.66a

[mg L-1 at 25ºC]

(Saeger et al. 1979; European Chemicals
Bureau 2000f)
(Eckert and Klamt 2010)

Water solubility

4.67a

[mg L-1 at 25ºC]

(U.S. EPA 2011)

Vapor pressure

1.50E-6

[Pa at 25ºC]

(European Chemicals Bureau 2000f)

a

Vapor pressure

4E-6

[Pa at 25ºC]

(Eckert and Klamt 2010)

Vapor pressure

6.29E-5a

[Pa at 25ºC]

(U.S. EPA 2011)

Vapor pressure

1.65E-4a

[Pa at 25ºC]

(ACD/Labs 2011)

Vapor pressure

8.35E-4

[Pa at 25ºC]

(ICL, pers. comm.)

Vapor pressure

8.37E-4

[Pa at 25ºC]

(Dobry and Keller 1957)

Vapor pressure

3.82E-2a

[Pa at 25ºC]

(Hilal et al. 2003)

Henry’s Law constant

4.03E-3a

[Pa m3 mol-1]

(U.S. EPA 2011)

Henry’s Law constant

3.35E-1

3

[Pa m mol ]

(U.S. EPA 2011)

Henry’s Law constant

1.22

[Pa m3 mol-1]

(Syracuse Research Corporation (SRC)
2006)

-1
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Table 9 continued - Triphenylphosphate (TPP, CAS nr 115-86-6)
Physical-Chemical
Properties
Log KOW

Data

Units

Log KOW

4.60

Log KOW

<4.77

Log KOW

4.9a

(European Chemicals Bureau et
al. 2007)
(Eckert and Klamt 2010)

Log KOW

6.78a

(Hilal et al. 2004)

Log KAW

-3.87

(U.S. EPA 2011)

Log KAW

-6.66a

(Eckert and Klamt 2010)

Persistence

Data

Low

-not specified; primary
source not found-

Low; water

DT50 = 1.2-2 days

pH 8.8, natural water

Low; water

DT50 = 1.3 days

21°C, pH 9.5, hydrolysis

Low; water

DT50 = 3 days

pH 9, 25°C

Low; water

DT50 = 3 days

pH 9, hydrolysis

Low; water

DT100 <7 days

River water

Low; water

DT50-100 <8 days

Low; water

DT50 <5 days

River die-away test
(presumably primary
degradation)
Hydrolysis, 20°C, pH 9

Low; water

DT50 = 7.5 days

21°C, pH 8.2, hydrolysis

Low; water

DT50 = 19 days

pH 7, hydrolysis

Low; water

DT50 = 19 days

pH 7, 25°C

4.59

Reference
(Syracuse Research Corporation
(SRC) 2006)
(Saeger et al. 1979)

Details

Reference
(Canadian Environmental
Protection Agency (CEPA) 2007;
Clean Production Action et al.
2007)
(World Health Organization
(WHO) 1991; UNEP OECD SIDS
2002b)
Howard and Deo 1979 from
(UNEP OECD SIDS 2002b)
(European Chemicals Bureau
2000f)
(Mayer et al. 1981)
(World Health Organization
(WHO) 1991)
(U.S. EPA 2005)

(U.S. EPA 2005; European
Chemicals Bureau et al. 2007)
(Howard and Deo 1979, (UNEP
OECD SIDS 2002b))
(Mayer et al. 1981)
(European Chemicals Bureau
2000f)
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Table 9 continued - Triphenylphosphate (TPP, CAS nr 115-86-6)
Persistence

Data

Details

Reference

Low; water

DT50 >28 days

pH 5, 25°C

Low; water

DT50 = 7.5 days

21°C, pH 8.2, hydrolysis

Low; water

DT50 = 19 days

pH 7, hydrolysis

(European Chemicals Bureau
2000f)
(Howard and Deo 1979, (UNEP
OECD SIDS 2002b))
(Mayer et al. 1981)

Low; water

DT50 = 19 days

pH 7, 25°C

Low; water

DT50 >28 days

pH 5, 25°C

Low; water

DT50 >28 days

pH 5, hydrolysis

Low; soil &
sediment

DT50 = 3-12 days

Low; soil &
sediment
Low; sludge

DT50 = 21 days

(An)aerobic, river
water/sediment and
pond sediment
Anaerobic

Low; sludge

Aerobic

(Danish EPA et al. 2007)

Primary degradation

(U.S. EPA 2011)

High; water

Inherently
biodegradable, degrades
rapidly in pond and river
sediment (not specified)
DT50 = 37.5a days (900
hours)
DT50 = 366 days

Hydrolysis, 20°C, pH 3

High; water

DT50 = 406 days

Hydrolysis, 20°C, pH 7

(U.S. EPA 2005; European
Chemicals Bureau et al. 2007)
(U.S. EPA 2005)

High; soil &
sediment

DT50 = 32 days

High; soil &
sediment
High; soil &
sediment

DT50 = 37 days

Anaerobic
5mg kg-1, 20°C, BBA
standard soil 2.2 1993,
loamy sand
Aerobic

High; water

DT83-94 <28 days (Ready
biodegradable)

DT22 = 40 days

(European Chemicals Bureau
2000f)
(European Chemicals Bureau
2000f)
(Mayer et al. 1981)
(European Chemicals Bureau et
al. 2007)
(UNEP OECD SIDS 2002b)
(UNEP OECD SIDS 2002b; U.S.
EPA 2005)

Aerobic mineralization,
90% primary
degradation, river
sediment

(European Chemicals Bureau
2000f)

(European Chemicals Bureau
2000f; UNEP OECD SIDS 2002b)
(UNEP OECD SIDS 2002b)
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Table 9 continued - Triphenylphosphate (TPP, CAS nr 115-86-6)
Persistence

Data

Details

Reference

High; soil & sediment

DT10 = 40 days (river
sediment)
DT50 = 50-60 days (pond
hydrosoil)

Anaerobic

(U.S. EPA 2005)

(An)aerobic

Soil, primary
degradation
Sediment, primary
degradation
Anaerobic

n.c.; atmospheric

DT50 = 75a days (1800
hours)
DT5 0= 377.5a days ( 8100
hours)
Partially degradable in
river sediment and soil
(not specified)
DT50 <1-12 hours

(Muir et al. 1989; European
Chemicals Bureau et al.
2007)
(U.S. EPA 2011)

n.c.; atmospheric

DT50 = 12 hours

Photolysis

n.c.; atmospheric

DT50 = 12 hours

Primary degradation

n.c.; atmospheric

DT50 = 23.7a hours

n.c.; atmospheric

DT50 = 36e hours

Primary degradation,
modeled
Photolysis

Bioaccumulation

Data

Details

Low

BCF = 110-144
BCF <50

Low

BCF = 420e kg L-1

Fish species, fresh
water
Lemna
minor (duck weed) &
Typha sp. (cat tail)
Fish

Low

BCF = 73.18a and
BCF = 74.23a L kg-1 wet-wt

-not specified-

Low to high

BCF = 0.06-271,
(1,800b calculated)

Fish species, fresh
water

Low to high

BCF = 110-500

Fish species, Carassius
auratus & Oryzias
latipes

High; soil & sediment

High; soil & sediment
High; soil & sediment
High; soil & sediment

(U.S. EPA 2011)
(Danish EPA et al. 2007)

(European Chemicals Bureau
2000f)
(U.S. EPA 2005; European
Chemicals Bureau et al.
2007)
(European Chemicals Bureau
et al. 2007)
(U.S. EPA 2011)
Draft (U.K. Environment
Agency et al. 2009b)
Reference
(UNEP OECD SIDS 2002b)

Draft (U.K. Environment
Agency et al. 2009b)
(Canadian Environmental
Protection Agency (CEPA)
2007)
(Danish EPA et al. 2000;
European Chemicals Bureau
2000f; McPherson et al.
2004)
(Sasaki et al. 1981)
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Table 9 continued - Triphenylphosphate (TPP, CAS nr 115-86-6)
Bioaccumulation

Data

Details

Reference

Low to high

BCF = 6 -18,900

Fish species

Low to high

BCF = 18-2,590

Species not specified

(Value range from (World
Health Organization (WHO)
1991)d)
(Illinois EPA 2007)

Low to high

BCF = 132 – 1,743

(U.S. EPA 2005)

Ecotoxicity; Aquatic

Data

Fish; 132-264
rainbow trout &
218-1743 fathead
minnow
Details

Low to high

LC50 = 0.24 - 290 mg L-1

Low to high

LC50 = 0.36-290 mg L-1

Various fresh water
species
Fish

Moderate

EC50 = 5 mg L-1

Algae

Moderate

EC50 = 2.0 mg L-1

Algae

(European Chemicals Bureau
2000f)
(World Health Organization
(WHO) 1991; Illinois EPA 2007)
(World Health Organization
(WHO) 1991)
(U.S. EPA 2005)

-1

Moderate

EC50 = 2 mg L

Moderate

Reference

(Danish EPA et al. 2007)

LC50 = 1.2 mg L-1

Algae, growth
inhibition
Daphnids

Moderate

LC50 = 1.0-1.2 mg L-1

Daphnids

(Illinois EPA 2007)

Moderate

LC50 = 1.0 mg L-1

Daphnids

(World Health Organization

(U.S. EPA 2005)

(WHO) 1991)
Moderate to high

LC50 = 1-1.35 mg L-1

Crustaceans

(Danish EPA et al. 2007)

Moderate to high

LC50 = 0.36-1.2 mg L-1

Fish

(Danish EPA et al. 2007)

Moderate to high

LC50 >0.32-1.2 mg L-1

Various fresh water

(European Chemicals Bureau

species, with

2000f)

solvent
Moderate to high

LD50 = 0.290 -290 mg L-1

Fish

(Danish EPA et al. 2000)

Moderate to high

EC50 = 0.26-2.0 mg L-1

Moderate to high

EC50 >0.18-1.00 mg L-1

Algae, growth
inhibition
Invertebrates

(Danish EPA et al. 2000; Illinois
EPA 2007)
(European Chemicals Bureau
2000f; UNEP OECD SIDS 2002b)
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Table 9 continued - Triphenylphosphate (TPP, CAS nr 115-86-6)
Ecotoxicity;
Aquatic
High

Data

Details

Reference

LC50 = 0.870 mg L-1

Fish

(U.S. EPA 2005)

High

LC50 = 0.4 mg L-1

Fish

(Mayer et al. 1981)

High

LC50= 0.31 mg L-1

Trout

High

EC50 = 0.26-0.5 mgL-1

Algae, growth inhibition

High

LC50 = 0.140-0.600 mg L-1

Algae, growth inhibition, chronic

(Canadian Environmental
Protection Agency (CEPA)
2007)
(World Health Organization
(WHO) 1991; European
Chemicals Bureau 2000f)
(U.S. EPA 2005)

-1

High

LC50 = 0.1 mg L

Daphnids, chronic exposure

(U.S. EPA 2005)

High

LC50 = 0.09-0.140 mg L-1

Fish, chronic exposure

(U.S. EPA 2005)

High

-not specified (primary
source not found)-

n.c.

NOEC = 0.0014 mg L-1

Fish, chronic exposure

n.c.

EC10 = 0.037 mg L-1

Fish (Oncorhynchus mykissi), 30
days, since EC10 is very low, might
expect high ecotoxicity

n.c.
n.c.

Lowest Chronic NOEC
<0.01 mg L-1
NOEC = 0.1 mg L-1

n.c.

NOEC = 0.1 mg L-1

Algae, growth inhibition, chronic
exposure
Daphnids, chronic exposure
-1

n.c.

NOEC = 0.25-2.5 mg L

n.c.

NOEC = 0.0014 mg L-1

n.c.

EC10 = 0.037 mg L-1

Algae (Selenastrum
capricornutum, Scenedesmus
subspicatus, Chlorella vulgaris),
96 h
Fish, chronic exposure

Fish (Oncorhynchus mykissi), 30
days, since EC10 is very low, might
expect high ecotoxicity

(Clean Production Action et
al. 2007; European
Chemicals Bureau et al.
2007)
(World Health Organization
(WHO) 1991; Illinois EPA
2007)
(pers. comm.. ICL)

(U.K. Environment Agency et
al. 2003)
(Danish EPA et al. 2007)
(Illinois EPA 2007)
(pers. comm.. ICL)

(World Health Organization
(WHO) 1991; Illinois EPA
2007)
(pers. comm.. ICL)
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Table 9 continued - Triphenylphosphate (TPP, CAS nr 115-86-6)
Data

Details

Reference

LD50 = 1,300 mg kg-1
bwt
LD50 = 1,300- 10,800
mg kg-1 bwt

Mice

(Danish EPA et al. 2007)

Mice, Rats, Cats

LD50 >3,000 mg kg-1
bwt
LD50 >3,000 mg kg-1
bwt

Mice, Rats, Cats

(World Health Organization (WHO) 1991;
European Chemicals Bureau 2000f; UNEP OECD
SIDS 2002b)
(Danish EPA et al. 2007)

Low

LD50 = 3,500-20,000
mg kg-1 bwt

Rats

Low

Mice, Rats, Rabbits

Low

LD50 >5,000 mg kg-1
bwt
LD50 >7,900 mg kg-1

Low

LD50 >7,900 mg kg-1

Low

LD50 >8,000 mg kg-1

In Vitro
toxicity

Data

Low

Genotoxicity;
Mutagenicity
Genotoxicity;
Carcinogenicity

Salmonella, AMES
test
Expected low for
human and animals

Neurotoxicity;
Cytotoxicity

IC50 = 800 µM PC12
cells

In Vivo
toxicity
Low
Low

Low
Low

Low

Low

Guinea pigs, Hen

Rabbit, dermal
exposure
Rabbit, dermal
exposure
Mammal (not
specified), dermal
exposure

(World Health Organization (WHO) 1991;
European Chemicals Bureau 2000f; UNEP OECD
SIDS 2002b)
(Merck Chemicals - Product Information (Merck
Website) ; Danish EPA et al. 2007; European
Chemicals Bureau et al. 2007; Illinois EPA 2007)
(U.S. EPA 2005)
(U.S. EPA 2005)
(Merck Chemicals - Product Information (Merck
Website) ; Danish EPA et al. 2007)
(U.S. EPA 2005)

Reference
(Zeiger et al. 1988; Danish EPA et al. 1999; Illinois
EPA 2007)
(Washington State Department of Ecology and
Department of Health 2006; U.S. Department of
Health and Human Services et al. 2009), latter is
drafte
(Flaskos et al. 1994)
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Table 9 continued - Triphenylphosphate (TPP, CAS nr 115-86-6)
In Vitro
toxicity
High

n.c.

Data

Details

Neurotoxicity;
Cholinesterase
inhibitor -not further
specifiedEndocrinetoxicity;
Metabolization

(Bingham
2001)

Reference
et

al.

High

Diphenylphosphate (rat liver microsomes) and diphenyl p-hydroxyphenol
phosphate (houseflies) houseflies, rats and goldfish
(Eto et al. 1975; Sasaki et al. 1981; Snyder 1990)

Italic values are predicted: Modeled a Calculated b Expert judgment c
n.c.
Not enough data to classify
d
For BCFs we could not find all primary references from / or reported values were not
corresponding to the references stated in (World Health Organization (WHO) 1991).
e
These references (U.K. Environment Agency et al. 2009b; U.S. Department of Health and
Human Services et al. 2009) are draft reports, so reported values may be not final.

In summary, TPP is a solid with low, but uncertain water solubility and a high potential to
partition into lipids. There are many studies available on the PBT properties of TPP. The
degradation rate of TPP in air is fast. In water, as well as in sediment and soil, contradictory
results on persistence were found. Both long and short dissipation times were reported.
Estimations with EPI Suite confirm high persistence in water and soil. The bioaccumulation
potential of TPP depends on the species exposed, and ranges from low to high values. The
ecotoxicity of this HFFR is predominantly moderate to high, whereas other in vivo toxicity is
low. For in vitro toxicity, a low genotoxicity and high neurotoxicty were reported. Based on all
the observed adverse effects, TPP is labeled as a compound with dangerous effects for the
environment by the European Chemicals Agency (ECHA) (General Information on
“Labeling” of TPP ECHA Database (Accessed 2011).

5.2 Resorcinol bis(diphenylphosphate) (RDP)
Resorcinol bis(diphenylphosphate) (RDP, CAS 57583-54-7) is a polymeric aryl phosphate and
a flame retardant (ICL Industrial Products 2011), typically consisting of a mixture of oligomers
having chain lengths between 1 to 7 (Fig. 2). The influence of chain length on the properties of
the compound is discussed in the section on APP. Little information is available on the
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occurrence of RDP in the environment. RDP has been measured in the indoor environment
and was present at around 1 ng m-3 in domestic air, and at a level of 1,700 ng g-1 in house dust
(Matsukami et al. 2010). RDP is currently classified as a LPV chemical in the EU (European
Chemicals Bureau 2011). For the US, total annual production was <227 t in 2006 (U.S. EPA
2006).

Physical-chemical Properties
We assume that all physical-chemical properties reported are based on tests with the technical
product (CAS 57583-54-7), because to our knowledge, no purified monomeric RDP is
currently available on the market. The monomer of RDP weighs 574.47 g mol-1 and for n = 7,
the polymer weighs 2,063.50 g mol-1. RDP is a liquid at room temperature. In Table 10, we
show an overview of the physical-chemical properties of this compound. The solubility of
RDP in water was measured as being low (1.5 mg L-1, ICL, personal communication). Since
there are no experimental data for log KAW or log KOW, we estimated values for these
properties (Table 10). The vapor pressure, Henry’s Law constant and KAW value were all
estimated to be low. The log KOW value was predicted to be high, i.e., up to 11.09 (Hilal et al.
2004), showing a preference for partitioning into organic and lipid-rich phases such as soil and
biota.

Persistence
Data on RDP degradation in water were contradictory, with examples of low as well as high
persistence reported. However, the degradation rate in the atmosphere is fast (see Table 10).
One author reported high persistency in sludge (U.K. Environment Agency et al. 2009a). In
agreement, the estimated degradation half-lives using EPI Suite 4.0 (U.S. EPA 2011) indicted a
high persistence; i.e., 12.1 h in air, 38 days in water and more than 75 days in soil or sediment.

Bioaccumulation
There are very few data available on the bioaccumulation of RDP (Table 10). The available
references give highly variable data with both high to low bioaccumulation values potential
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reported. There were little or no details given concerning the test species used or test
conditions.

Toxicity
1)

Ecotoxicity

The ecotoxicity of RDP varies between low for some fish, algae and bacteria (Washington
State Department of Ecology and Department of Health 2006; Illinois EPA 2007), to high for
daphnids (Washington State Department of Ecology and Department of Health 2006; Illinois
EPA 2007) (Table 10).

2)

In Vivo Toxicity

The toxicity of RDP for rodents is mostly very low, as can be seen in Table 10, with the
exception of two studies, in which moderate toxicity was reported.
Two reports mention the presence of TPP as an impurity in RDP (German Federal
Environmental Agency et al. 2001; Clean Production Action et al. 2007). The latter quantified
the TPP content to be less than 5%. The presence of TPP, as well as the potentially-formed
toxic TPP-like products, may have an impact on the toxicity of technical RDP, particularly if
the exposure is extended.

3)

In Vitro Toxicity

Toxicity data on RDP are scarce. However, as shown in Table 10, no mutagenic effects have
been observed. Major fecal metabolites reported are also presented in Table 10. Animal studies
do not show adverse biological effects for teratogenic and developmental endpoints at
concentrations up to 20,000 mg kg-1 diet (Henrich et al. 2000; Ryan et al. 2000). Toxic effects
at higher doses could be expected, since commercial RDP contains up to 5% TPP.
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Table 10: Resorcinol bis(diphenylphosphate) (RDP, CAS nr 57583-54-7)
Physical-Chemical
Properties

Data

Units

Molecular weight

574.47

[g mol-1]

Melting point

90.27a

[°C]

(U.S. EPA 2011)

Water solubility

1.65E-6a

[mg L-1 at 25ºC]

(Hilal et al. 2004)

Water solubility

1.11E-4a

[mg L-1 at 25ºC]

(Meylan et al. 1996; U.S. EPA 2011)

Water solubility

a

6.88E-3

[mg L at 25ºC]

(U.S. EPA 2011)

Water solubility

1.05

[mg L-1 at 25ºC]

(ICL, pers. comm.)

Vapor pressure

5.01E-11 a

[Pa at 25ºC]

(ACD/Labs 2011)

a

References

-1

Vapor pressure

5.29E-7

[Pa at 25ºC]

(Hilal et al. 2003)

Vapor pressure

2.74E-6a

[Pa at 25ºC]

(U.S. EPA 2011)

Vapor pressure

2.75E-6a

[Pa at 25ºC]

(Neely and Blau 1985)

Vapor pressure

2.59E-3

[Pa at 20 ºC]

(ICL, pers. comm.)

Henry’s Law constant

2.98E-8a

[Pa m3 mol-1]

Henry’s Law constant

181.7a

[Pa m3 mol-1]

(Meylan and Howard 1991; U.S. EPA
2011)
(Hilal et al. 2003)

Log KOW

4.93

(ICL, pers. comm.)

Log KOW

5.98 a

(ACD/Labs 2011)

Log KOW

7.41a

Log KOW

11.09a

(Meylan and Howard 1991; U.S. EPA
2011)
(Hilal et al. 2004)

Log KAW

-10.92a

(U.S. EPA 2011)

Persistence

Data

Details

References

Low; water

DT50 = 7-17 days

20°C, pH 7

Low; water

DT50 = 11 days

20°C, pH 4

(European Chemicals Bureau et al.
2007)
((European Chemicals Bureau et al.
2007) & Wildlife International 2000 (not
found) from (U.K. Environment Agency
et al. 2009a))
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Table 10 continued - Resorcinol bis(diphenylphosphate) (RDP, CAS nr 57583-54-7)
Persistence

Data

Details

References

Low; water

DT50 = 17 days

20°C, pH 7

Low; water

DT50 = 20 days

10°C, pH 7, hydrolysis

Low; water

DT50 = 21 days

20°C, pH 9, hydrolysis

Low; water

DT50 = 21 days

20°C, pH 9

((European Chemicals Bureau et al. 2007) &
Wildlife International 2000 (not found) from
(U.K. Environment Agency et al. 2009a))
(Wildlife International 2000 (not found)
from (U.K. Environment Agency et al.
2009a))
(Wildlife International 2000 (not found)
from (U.K. Environment Agency et al.
2009a))
(European Chemicals Bureau et al. 2007)

Low

not specified

(Clean Production Action et al. 2007)

Low; sludge

(ICL pers. comm.)

High; water

Ready
biodegradable ;
DT60 < 28 days
DT50 = 32 days

10°C, pH 9, hydrolysis

High; water

DT50 = 55 days

10°C, pH 4, hydrolysis

High; water

DT50 = 37.5a days
(900 hours)
DT37 = 28 days

Primary degradation

(Wildlife International 2000 (not found)
from (U.K. Environment Agency et al.
2009a))
(Wildlife International 2000 (not found)
from (U.K. Environment Agency et al.
2009a))
(U.S. EPA 2011)

DT50 = 75a days
(1800 hours)
DT50 = 337.5a days
(8100 hours)
DT50 = 12.1a hours

Soil, primary degradation

(van Ginkel & Stro 1996 (not found) from
(U.K. Environment Agency et al. 2009a))
(U.S. EPA 2011)

High; sludge
High; soil &
sediment
High; soil &
sediment
n.c.;
atmospheric
n.c.;
atmospheric

DT50 = 36e hours

Sediment, primary
degradation
Primary degradation

(U.S. EPA 2011)
(U.S. EPA 2011)
Draft (U.K. Environment Agency et al.
2009b)
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Table 10 continued - Resorcinol bis(diphenylphosphate) (RDP, CAS nr 57583-54-7)
Bioaccumulation

Data

Low

not specified

Low-high

BCF = 100-1,000b

Moderate

BCF = 969, b or c? kg L-1

High

not specified

High

BCF = 316b-3,000a,b or c?

Ecotoxicity

Data
-1

Details

References

Based on log KOW = 4.93

(German Federal Environmental
Agency et al. 2001)
(ICL pers. comm..)

Details

(U.K. Environment Agency et al.
2009a)
(Clean Production Action et al.
2007)
(Washington State Department of
Ecology and Department of Health
2006; European Chemicals Bureau
et al. 2007)
References

Low

NOEC >1 mg L

Low

LC50 = 12.4 mg L-1

Daphnia, NOEC exceeds
water solubility
Fish

Low

LOEC = 48.64 mg L-1

Algae, growth inhibition

Low

LC50 >100 mg L-1

Daphnia, Fish, Algae

Low

EC10 >121.6 mg L-1

Bacteria

Moderate

not specified

Moderate

not specified

High

EC50 = 0.76 mg L-1

High

NOEC = 0.021 mg L-1

Chronic exposure (may
cause long term
effects)
Daphnids

Daphnia, 21 days, EC50
(immobility) estimated
at 0.037 mg L-1 , cosolvent used

(ICL pers. comm..)
(Washington State Department of
Ecology and Department of Health
2006; Illinois EPA 2007)
(Washington State Department of
Ecology and Department of Health
2006)
(ICL pers. comm.)
(Washington State Department of
Ecology and Department of Health
2006)
(Washington State Department of
Ecology and Department of Health
2006)
(U.K. Environment Agency et al.
2003; European Chemicals Bureau
et al. 2007)
(Washington State Department of
Ecology and Department of Health
2006; Illinois EPA 2007)
Wetton and Mullee 2011,
unpublished from (U.K. Environment
Agency et al. 2009a)
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Table 10 continued - Resorcinol bis(diphenylphosphate) (RDP, CAS nr 57583-54-7)
In Vivo
toxicity

Data

Details

References

Low

LD50 >2000 mg kg-1

Rats, dermal

Low

LD50 >5000 mg kg-1

Rats

(Washington State Department of
Ecology and Department of Health
2006)
(Illinois EPA 2007)

Low

LD50 >5000 mg kg-1 bwt

Rats

Low

EC50 >20,000 mg kg-1

Rats

(Washington State Department of
Ecology and Department of Health
2006)
(Henrich et al. 2000)

Rabbits

(Ryan et al. 2000)
(European Chemicals Bureau et al.
2007)
(U.K. Environment Agency et al.
2003; Clean Production Action et al.
2007)
(pers. comm.. ICL)

-1

Low

EC50 >1,000 mg kg

Low

not specified

Moderate

not specified

Moderate

LC50 = 4.14 mg L-1

Rats, inhalation

n.c.

NOEC = 0.1a mg L-1

(German Federal Environmental
Agency et al. 2001)

In Vitro
toxicity

Data

Rats, inhalation, (predicts
high because of presence
TPP, however in vivo
toxicity TPP not high)
Details

Low

Genotoxicity;
Mutagenicity

- , Salmonella and E. coli,
AMES test

n.c.

Endocrinetoxicity;
Metabolization

Metabolites formed:
resorcinol
diphenylphosphate,
hydroxylresorcinol
diphenylphosphate,
dihydroxyresorcinol
diphenylphosphate and
hydroxylated parent
compounds

(Washington State Department of
Ecology and Department of Health
2006)
(Washington State Department of
Ecology and Department of Health
2006)

Italic values are predicted: Modeled a Calculated
n.c.
-

b

References

Expert judgment c

Not enough data to classify
No effects observed
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In summary, RDP has a low water solubility and high potential for partitioning into organic
matter and lipid phases. Considering these characteristics, the high hydrophobicity of this
compound and propensity to partition into soil and sediments, RDP might be persistent in the
environment; however high as well as low dissipation times were reported. Bioaccumulation is
poorly studied and RDP is classified as being low to highly bioaccumulative, although details of
the studies cited were not reported. The in vivo (eco)toxicity varies from low to moderate, with
special concern for the TPP impurities present in the commercial product. TPP-like products
might also be formed as toxic breakdown products. There is, however, a lack of studies in
which this phenomenon has been examined. There are very little data on the in vitro toxicity of
RDP, although no mutagenic effects in an AMES test were reported in one study.
Fig. 2 Schematic representation of the chemical
structure of the polymer RDP. The product typically
consists of a mixture of oligomers with a chain length
varying from 1 to 7.

5.3 Bisphenol-A bis(diphenylphosphate) (BDP)
Bisphenol-A bis(diphenylphosphate) (BDP) is a polymeric aryl phosphate, commonly used as
flame retardant (Supresta 2006), and has the CAS registration number 181028-79-5. The
technical product (CAS # 5945-33-5) consists of BDP itself (>85%) but its remaining
ingredients are largely unknown. According to the Australian Department of Health and
Ageing about 0.07% phenol (108-95-2) and <0.01% 4,4'-(1-methylethylidene)bisphenol (80-057) are present (Australian Government Regulator of Industrial Chemicals 2000) in the product.
These components were not mentioned in another report, in which it was stated that 11% of
another

phosphoric

acid

is

present

(bis[4-[1-[4-[(diphenoxyphosphinyl)oxy]phenyl]-1-

methylethyl]phenyl] phenyl ester, CAS #3029-72-5) and <3% of triphenylphosphate (CAS
#115-86-6) (Clean Production Action et al. 2007). The bisphenol-A bis(diphenylphosphate)
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product (CAS number 5945-33-5) will be discussed here to avoid this uncertainty. This is a
polymeric compound and typically consists of a mixture of different chain lengths (Fig. 3). As
discussed previously, chain length strongly influences the properties of the substance.
Environmental data on BDP are scarce. BDP has been measured in air samples at levels of
about 1 ng m-3 in domestic indoor sites, and at approximately 100 ng g-1 in dust (Matsukami et
al. 2010). No information is available on production volumes in the EU (European Chemicals
Bureau 2011). For the US, total annual production in 2006 was given as 4,500 - <22,700 t for
CAS number 181028-79-5 and an additional 450 - <4,500 t of BDP under the CAS number
5945-33-5 was produced (U.S. EPA 2006).

Physical-chemical Properties
We assume that all physical-chemical properties published for this product are based on tests
with the technical product (CAS # 5945-33-5), because to our knowledge no purified
monomeric BDP is currently available on the market. The monomer of BDP weighs 693.25 g
mol-1, and for n = 10 it weighs 3,989.80 g mol-1. An overview of its physical-chemical
properties is shown in Table 11. BDP is a liquid at room temperature. Mainly low vapor
pressure values were reported for the compound (Table 11). However, one author gave a value
of 0.18 Torr (approximates to 24 Pa) (Supresta 2006). This latter reference actually reported
vapor pressures for a mixture containing >95% BDP and <5% triphenylphosphate. It is
therefore expected that this higher reported vapor pressure is less reliable. Additionally, based
on the reported low solubility, Henry’s law constant and its high molecular weight, it is
assumed that the vapor pressure of BDP is also low. Overall, BDP is likely to favor
hydrophobic compartments such as soil and biota more than air and water.
Fig. 3 Schematic representation of the chemical
structure of the polymer BDP. The product
consists of a mixture of polymers with different
chain lengths. The typical composition was
unknown.
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Persistence
Data on this chemical are scarce and those available are contradictory, showing high as well as
low persistence, with dissipation times ranging from one day to one year (European Chemicals
Bureau et al. 2007). Table 11 provides an overview of the reported data.

Bioaccumulation
There are no experimental studies available on the bioaccumulation of BDP (see Table 11).
The few available theoretical studies provided estimates that varied between low and high
bioaccumulation. However, it is noteworthy that the study in which a low BCF value was
reported, also reported a high log Kow (Table 11). The Australian Department of Health
predicted that the BCF for this substance would be high, because of its relatively low molecular
weight and water solubility and high log KOW (Australian Government Regulator of Industrial
Chemicals 2000). Based on the contradictory persistence data given, we are not fully convinced
of the validity of this conclusion. Clearly, there is a need for experimental data to confirm such
statements.

Toxicity
1)

Ecotoxicity

The aquatic toxicity of BDP appears to be moderate, although there are only a few poorly
described studies available (Table 11). The authors of one study reported the formation of
bisphenol-A during testing and the presence of TPP as an impurity. Therefore, the authors of
this study concluded that the ecotoxicity of BDP is high, although no experimental details were
provided (Clean Production Action et al. 2007).

2)

In Vivo Toxicity

The in vivo toxicity to rats was described in several studies, and was regarded to be low, with a
minimum LD50 of 2000 mg kg-1 bwt (e.g., (Australian Government Regulator of Industrial
Chemicals 2000) (Table 11).
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3)

In Vitro Toxicity

An overview of the in vitro toxicity is shown in Table 11. In one study (Maine Department of
Environmental Protection and Maine Center for Disease Control & Prevention 2007), it was
stated that one of the degradation products of BDP is bisphenol-A, which is an endocrine
disrupting compound, but this should be verified as no further details were given. Such
incidents make it important to study breakdown products and metabolites.

In summary, BDP has low water solubility. Considering the high hydrophobicity of this
compound, it is likely that BDP will accumulate in soil and sediments once released into the
environment. Reported persistence ranges from low to high. Bioaccumulation is poorly studied
and is estimated to be low to high, although study details were not reported. Ecotoxicity is
generally moderate. However high concerns were expressed about the toxicity of the TPP
impurity that is present in the commercial product; there was also concern for the potential
formation of the toxic breakdown product bisphenol-A (Clean Production Action et al. 2007).
However, this phenomenon was not examined in any study. Low in vivo toxicity of BDP was
reported in one study. Very limited data exist on the in vitro toxicity of BDP; in the single study
available, mutagenic effects were reported in an AMES test.
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Table 11: Bisphenol-A bis(diphenylphosphate) (BDP, CAS nr 5945-33-5)
Physical-Chemical
Properties

Data

Units

References

Molecular Weight

693.25

[g mol-1]

Melting point

41.3-68.6

[°C]

Melting point

40.85-68.85

[°C]

(Australian Government Regulator of Industrial
Chemicals 2000)
(ICL, pers. comm.)

Melting point

90

[°C]

(Syracuse Research Corporation (SRC) 2006)

Melting point

90.27a

[°C]

(U.S. EPA 2011)

Water solubility

5.26E-10a

[mg L-1 at 25ºC]

(Hilal et al. 2004)

Water solubility

1.92E-7a

[mg L-1 at 25ºC]

(U.S. EPA 2011)

Water solubility

a

1.88E-6

[mg L at 25ºC]

(U.S. EPA 2011)

Water solubility

2.27E-4a

[mg L-1 at 25ºC]

(Eckert and Klamt 2010)

Water solubility

<1E-3

[mg L-1 at 25ºC]

(Syracuse Research Corporation (SRC) 2006)

Water solubility

4.15E-1

[mg L-1 at 20ºC]

Vapor pressure

9.14E-18a

[Pa at 25ºC]

((Australian Government Regulator of Industrial
Chemicals 2000) & pers. comm. ICL, latter stated
no temperature)
(Eckert and Klamt 2010)

Vapor pressure

2.74E-6a

[Pa at 25ºC]

(U.S. EPA 2011)

Vapor pressure

<1.33E-4

[Pa at 25ºC]

(Syracuse Research Corporation (SRC) 2006)

Vapor pressure

1.2E-3

[Pa at 20ºC]

(ICL, pers. comm.)

Vapor pressure

<1.2E-3

[Pa at 25ºC]

Vapor pressure

0.12a

[Pa at 25ºC]

(Australian Government Regulator of Industrial
Chemicals 2000)
(Hilal et al. 2003)

Vapor pressure

24

[Pa at 25ºC]

(Supresta 2006)

Henry’s Law
Constant
Henry’s Law
Constant

4.68E-9a

[Pa m3 mol-1]

(U.S. EPA 2011)

5.07E-9

[Pa m3 mol-1]

(Syracuse Research Corporation (SRC) 2006)

-1
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Table 11 continued - Bisphenol-A bis(diphenylphosphate) (BDP, CAS nr 5945-33-5)
Physical-Chemical
Properties
Henry’s Law Constant

Data

Units

References

5.38a

[Pa m3 mol-1]

(Eckert and Klamt 2010)

Log KOW

4

Log KOW

≥6

Log KOW

>6

(Syracuse Research Corporation
(SRC) 2006)
(Australian Government
Regulator of Industrial Chemicals
2000)
(Supresta 2006)

Log KOW

8.79a

(Eckert and Klamt 2010)

Log KOW

10.02a

(U.S. EPA 2011)

Log KOW

10a

Log KOW

14.4a

(Syracuse Research Corporation
(SRC) 2006)
(Hilal et al. 2004)

Log KAW

-13.95a

(Eckert and Klamt 2010)

Log KAW

-11.72a

(U.S. EPA 2011)

Persistence

Data

Low

-not specified, primary
source not foundDT50 = 1 day-1 year

Low to high
Low; water
High; water
High; soil & sediment
High; soil & sediment
High; sludge

n.c.; atmospheric

DT50 =60 daysa (1440
hours)
DT50 >1 year
DT50 = 120 daysa (2880
hours)
DT50 = 542 daysa
(13000 hours)
Not ready
biodegradable (DT6 =
28 days)
DT50 =0.5 daya (12.1
hours)

Details

References
(Clean Production Action et al.
2007)
(European Chemicals Bureau et
al. 2007)
(U.S. EPA 2011)

pH 4.0, 7.0 & 9.0,
25°C
Soil

(European Chemicals Bureau et
al. 2007)
(U.S. EPA 2011)

Sediment

(U.S. EPA 2011)
(Australian Government
Regulator of Industrial Chemicals
2000)
(U.S. EPA 2011)
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Table 11 continued - Bisphenol-A bis(diphenylphosphate) (BDP, CAS nr 5945-33-5)
Bioaccumulation

Data

Details

References

Low to high?

BCF = 3.16b

(Washington State Department of
Ecology and Department of Health
2006)

High

Estimated high

Ecotoxicity

Data

This value is reported with
high log KOW, so
presumably it should be
log 3.16 and thus a high
value?
high log KOW & relatively
low SW and MW
Details

Low-Moderate;
aquatic

EC50 >1 mg L-1

Algae, growth inhibition

Low-Moderate;
aquatic

NOEC = 5 mg L-1

Fish

Low-Moderate;
aquatic
High; aquatic

NOEC >1mg L-1

In Vivo toxicity

Data

Fish, daphnids & algae
(EC50 exceeds solubility)
Acute & chronic exposure
(bisphenol-A breakdown
product is potentially
developmentally- and,
reproductive toxic, also an
endocrine disruptor)
Details

(Washington State Department of
Ecology and Department of Health
2006)
(Washington State Department of
Ecology and Department of Health
2006)
(Australian Government Regulator of
Industrial Chemicals 2000)
(Clean Production Action et al. 2007)

Low

LD50 >2000 mg
kg-1 bwt

Rats

In Vitro toxicity

Data

Details

Low

Genotoxicity ;
Mutagenicity

- Salmonella and E. Coli,
AMES test

n.c.

Endocrinetoxicity;
Metabolization

Metabolite: Bisphenol-A

Not specified

Italic values are predicted: Modeled a Calculated
n.c.

Not enough data to classify

-

No effects observed

b

(Australian Government Regulator of
Industrial Chemicals 2000)
References

References
(Australian Government Regulator of
Industrial Chemicals 2000;
Washington State Department of
Ecology and Department of Health
2006; European Chemicals Bureau et
al. 2007)
References
(Washington State Department of
Ecology and Department of Health
2006)
(Maine Department of Environmental
Protection and Maine Center for
Disease Control & Prevention 2007)

Expert judgment c
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5.4 9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide
(DOPO)
DOPO is currently used as a flame retardant in polymers (MaKuang Chemical Co. Ltd. 2009).
There is no information available on production volumes of DOPO (9,10-dihydro-9-oxa-10phosphaphenanthrene-10-oxide or dihydrooxaphosphaphenantreneoxide, CAS 35948-25-5)
from the EU (European Chemicals Bureau 2011) or the US (U.S. EPA 2006).

Physical-chemical Properties
'232LVDVROLGDWURRPWHPSHUDWXUHZLWKDPHOWLQJSRLQWEHWZHHQDQGÜ&(Chernysh
et al. 1972; Chang et al. 1998; Kuo Ching Chemical Co Ltd. 2009; MaKuang Chemical Co. Ltd.
2009; U.S. EPA 2011). It has a molecular weight of 216.18 g mol-1, and the reported solubility
in water varies from moderate and high (0.009 to 28.97 g L-1, 0.04 to 134 mol m-3 respectively)
(Hilal et al. 2004; Eckert and Klamt 2010; U.S. EPA 2011). An overview of DOPO physical–
chemical properties is shown in Table 12. DOPO has a low vapor pressure, Henry’s Law
constant and log KAW and a moderate log KOW value. It is clear that, once released into the
environment, DOPO will not appreciably partition to air. Its properties suggest mostly
partitioning to water and a low propensity to partition into soil and biota.

Persistence
In one draft report, it was stated that the chemical is non-persistent (U.S. EPA 2008). The
DT50 in water is estimated to be shorter than 60 days and in air less than 2 days. However,
when using EPI-Suite, the persistence was estimated to be high (U.S. EPA 2011), with a
dissipation time (DT50) in water, soil and sediment of more than 37 days each (Table 12). More
data are needed to make firm conclusions concerning environmental persistence of this
compound.
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Bioaccumulation
The estimated BCF for fish is 5.4, and therefore DOPO has been evaluated in this draft
reference to be non-bioaccumulative (U.S. EPA 2008).

Toxicity
1)

Ecotoxicity

The aquatic toxicity is estimated to be moderate, since the acute LC50 value for algae,
considered the most sensitive aquatic species, is estimated at 3 mg L-1, with a reported (draft
report) chronic EC50 value of 2.4 mg L-1 (U.S. EPA 2008). An LC50 value for fish of 370 mg L-1
was reported by Wetton (1999) in an unpublished draft report (U.S. EPA 2008)).

2)

In Vivo Toxicity

No data are available on the in vivo toxicity of DOPO.

3)

In Vitro Toxicity

Limited information is available for DOPO. There are no data on carcinogenic, endocrine
disruption or neurotoxicity, although the AMES test showed a negative response for
mutagenic activity (Hachiya 1987) (Table 12).

In summary, DOPO is a solid at room temperature with a moderate to high water solubility.
There is a lack of experimental persistence data. Modeled values of the persistence in water,
which is probably the most relevant environmental compartment for DOPO, are contradictory
and range from high to low; obviously more research is needed. Bioaccumulation of DOPO
was estimated to be low in one study. Ecotoxicity was reported to range from moderate to low
in the same study. There are not enough data to classify DOPO’s in vivo toxicity. Only one
study showed a negative response for mutagenic activity.
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Table 12: Dihydrooxahosphaphenanthrene (DOPO, CAS nr 35948-25-5)
Physical-Chemical
Properties

Data

Units

Molecular Weight

216.18

[g mol-1]

Melting point

84.3a

[°C]

(U.S. EPA 2011)

Melting point

114-119

[°C]

Melting point

116-119

[°C]

Melting point

117

[°C]

(MaKuang Chemical Co. Ltd.
2009)
(Kuo Ching Chemical Co Ltd.
2009)
(Chernysh et al. 1972)

Melting point

122

[°C]

(Chang et al. 1998)

Water solubility

9.01a

[mg L-1 at 25ºC]
a

References

-1

(Hilal et al. 2004)

Water solubility

71.14

[mg L at 25ºC]

(U.S. EPA 2011)

Water solubility

2767.1a

[mg L-1 at 25ºC]

(U.S. EPA 2011)

Vapor pressure

8.41E-4a

[Pa at 25ºC]

(Eckert and Klamt 2010)

Vapor pressure

1.3E-3a

[Pa at 25ºC]

(Hilal et al. 2003)

Vapor pressure

2.93E-3

[Pa at 25ºC]

(McEntee 1987)

Vapor pressure

3.84E-3a

[Pa at 25ºC]

(U.S. EPA 2011)

Henry’s Law Constant

5.50E-3a

[Pa m3 mol-1]

(U.S. EPA 2011)

Henry’s Law Constant

a

3.13E-2

Log KOW

1.18a

(Eckert and Klamt 2010)

Log KOW

1.87a

(U.S. EPA 2011)

Log KOW

3.32a

(Hilal et al. 2004)

Log KAW

a

-5.65

(U.S. EPA 2011)

Log KAW

-8.6a

(Eckert and Klamt 2010)

Persistence

Data

Low; water

DT50 <60a.e days

High; water
High; soil & sediment

3

-1

[Pa m mol ]

Details

a

DT50 = 37.5
days
DT50 = 75a days

(Hilal et al. 2003)

References
(U.S. EPA 2008)

primary degradation,
modeled
soil, primary degradation,
modeled

(U.S. EPA 2011)
(U.S. EPA 2011)
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Table 12 continued - Dihydrooxahosphaphenanthrene (DOPO, CAS nr 35948-25-5)
Persistence

Data

Details

References

High; soil & sediment

DT50 = 337.5a days

sediment, primary degradation,
modeled

(U.S. EPA 2011)

n.c.; atmospheric

DT50 <2a,e days

n.c.; atmospheric

DT50 = 43a hours

primary degradation, modeled

(U.S. EPA 2011)

Bioaccumulation

Data

Details

References

Low

BCF = 5.4a, e

Fish

(U.S. EPA 2008)

Ecotoxicity

Data

Details

References

Low

LC50 = 370e mg L-1

Fish, 48h

Low

LC50 = 230a,e mg L-1

Daphnids, 48h

(Wetton 1999
unpublished from (U.S.
EPA 2008))
(U.S. EPA 2008)

Low

EC50 = 23a, e mg L-1

Daphnids, chronic

(U.S. EPA 2008)

Low

LC50 = 20a,e mg L-1

Fish, 96h

(U.S. EPA 2008)

Fish, chronic

(U.S. EPA 2008)

a,e

(U.S. EPA 2008)

-1

Low

EC50 = 16

mg L

Moderate

EC50 = 3a,e mg L-1

Algae, 96h

(U.S. EPA 2008)

Moderate

EC50 = 2.4a,e mg L-1

Algae, chronic

(U.S. EPA 2008)

In Vitro toxicity

Data

Details

References

Low

Genotoxicity ;
Mutagenicity

-

(Hachiya 1987)

Italic values are predicted: Modeled a Calculated
e

b

Expert judgment c

Not all primary sources are found from (U.S. EPA 2008), also this reference is a
draft report, so reported values may be not final.

n.c.

Not enough data to classify

-

No effects observed
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5.5 Aluminum Diethylphosphinate (ALPI)
Aluminum diethylphosphinate (CAS # 225789-38-8) is a metal phosphinate salt and used as a
flame retardant in epoxies and polymers (Clariant 2007). No information is available on
production volumes in the EU (European Chemicals Bureau 2011) or the US (U.S. EPA 2006).

Physical-chemical Properties
ALPI is solid at room temperature. A melting point has not been reported, probably because
$/3,LVUHSRUWHGWRGHFRPSRVHDWWHPSHUDWXUHVUDQJLQJIURPÜ&(Australian Government
Regulator of Industrial Chemicals 2005). It has a reported solubility in water of 2.5 g L-1
(2.56E-3 to 6.41 mol m-3) (Clariant 2007). ALPI has a low vapor pressure and KOW,
presumably favoring the water phase over other compartments once released into the
environment. An overview of its properties is shown in Table 13.

Persistence
As mentioned previously in the introduction, persistence expressed as dissipation times is not
considered to be very relevant for metals, in this case aluminum. However, the counter ion
diethylphosphinate is organic. Three references were found in which a moderate to high
persistence of ALPI was claimed (Table 13).

Bioaccumulation
In a draft report, the U.S. EPA predicted that the BCF value for ALPI is <1000, meaning that
it has a low bioaccumulation potential (U.S. EPA 2008). A low bioaccumulation potential was
reported in three other studies, although no detailed information or specific data were
provided (Danish EPA et al. 2007; European Chemicals Bureau et al. 2007; Dekant 2009)
(Table 13).
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Toxicity
When ALPI is dissolved in water, the complexation of the ions will depend on the prevailing
conditions. A low pH, for example, Al3+ dissolution will be favored. Complexation and
speciation are not treated in detail in this review. Freely dissolved aluminum (Al3+(aq)) can be
highly toxic. The toxicity of aluminum has been studied extensively (Berthon 2002) (Kucera et
al. 2008) and is not addressed here.

1)

Ecotoxicity

A few studies are available on the aquatic toxicity of ALPI, on algae, daphnids, crustaceans
and fish, and these generally show a low to moderate toxicity (Table 13).

2)

In Vivo Toxicity

Several low NOEC and LC50 values that were >1 g kg-1 day-1 were reported for in vivo rodent
toxicity for ALPI in two studies (Table 13).

3)

In Vitro Toxicity

Although toxicity data on aluminum and several aluminum compounds are available, data on
ALPI were limited (for a review see (The Subcommittee on Flame-Retardant Chemicals 2000).
No mutagenic activity was observed in the AMES test, with or without metabolic activation
(European Chemicals Bureau et al. 2007)). In vitro toxicity of ALPI is classified as low.

In summary, ALPI is a solid at room temperature with moderate water solubility. Persistence
was reported as being moderate to high, however this was based on three studies in which few
details were provided. The bioaccumulation of ALPI was estimated to be low, although there
was also a scarcity of studies. The ecotoxicity of ALPI is low, with the exception of one study
in which low to moderate toxicity for fish was reported. For in vivo toxicity, two studies are
available, and indicate low toxicity to rodents. The in vitro mutagenicity of ALPI was classified
as low; no other in vitro toxicity data were available.
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Table 13: Aluminum diethylphosphinate (ALPI, CAS nr 225789-38-8)
Physical-Chemical
Properties

Data

Units

References

Molecular Weight

390.3

[g mol-1]

Melting point

>400 (Decomposition)

[°C]

(Australian Government
Regulator of Industrial
Chemicals 2005)

Water solubility

2,500

[mg L-1 at 25ºC]

(Clariant 2007)

Log KOW

-0.44

Persistence

Data

Moderate

Days to weeksa, c, e

High; Sludge

Not inherently
biodegradable

High; Sludge

Not ready biodegradable

Bioaccumulation

Data

Low

BCF <1,000 c,e

(U.S. EPA 2008)

Low

-not specified-

(Danish EPA et al. 2007;
European
Chemicals
Bureau et al. 2007;
Dekant 2009)

(Clariant 2007)
Details

References
(U.S. EPA 2008)

OECD Guideline 302 C
(Inherent Biodegradability:
Modified MITI Test (II)),
aerobic, 28 days
OECD Guideline 301 F (Ready
Biodegradability:
Manometric Respirometry
Test), aerobic 28 days

Details

(ECHA Database original
study 2009b)

(Clariant 2007; Danish
EPA et al. 2007;
European
Chemicals
Bureau et al. 2007; ECHA
Database original study
2009c)d
References
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Table 13 continued - Aluminum diethylphosphinate (ALPI, CAS nr 225789-38-8)
Ecotoxicity

Data

Details

References

Low

Zebra fish, 96h

(U.S. EPA 2008)

Low

LC50 >9.2e mg L-1
LC50 >11e mg L-1
EC50 = 60-76 mg L-1

(Clariant 2007)d

Low

EC50 = 50-76e mg L-1

Algae, Scenedesmus subspicatus,
72h, pH not adjusted
Algae, 72h

Low

LC50 >33e mg L-1

Daphnids, 48h

(U.S. EPA 2008)

Low

EC50 = ca. 46.2 mg L-1

Low

EC 50 = 48a,e mg L-1

Daphnia magna, chronic,
reproduction, LOEC = ca.32 mg L-1
NOEC = 10 mg L-1
Fish, chronic

(U.S. EPA 2008; ECHA
Database
original
study 2005-Apr-13)
(U.S. EPA 2008)

Low

EC 50 >100 mg L-1

Low

EC 50 >100 mg L-1

Daphnia magna, 48h, EC50
exceeds solubility
Zebrafish, EC50 exceeds solubility

Low

EC 50 >100 mg L-1

Low

NOEC >180 mg L-1

Low

EC 50 =1968 mg L-1

(ECHA
Database
original study 1998a)
(ECHA
Database
original study 1998b)
(ECHA
Database
original study 2009a)
(ECHA
Database
original
study
1998c)d
(ECHA
Database
original study 1998d)

Moderate

ChV = 1.8e mg L-1

Moderate

ChV = 1.4a, b or c? , e mg L-1

Zebrafish, chronic, 28 days
(nominal concentration)
Algae

OECD Guideline 209 (Activated
Sludge, Respiration Inhibition
Test), 3 hours, NOEC = 483 mg L-1,
nominal concentrations
Algae, chronic exposure, ChV =
chronic value, no further details
provided
Algae, chronic exposure, ChV =
chronic value, no further details
provided

(U.S. EPA 2008)

Draft (U.S. EPA 2008)

Draft (U.S. EPA 2008)
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Table 13 continued - Aluminum diethylphosphinate (ALPI, CAS nr 225789-38-8)
In Vivo toxicity

Data

Details

References

Low

NOEC >1 g kg-1 bwt day-1

Low

NOEC = 1 g kg-1 bwt day-1

(ECHA Database original
study 1998g)
(ECHA Database original
study 2008a)

Low

LD50 >2 g kg-1 bwt

Rats, repeated dose study, 28
days
Rats, reproduction toxicity,
minor changes in both sexes at
the highest dosage of 1 g kg-1
bwt day-1, ~48 days
Acute oral toxicity

Low

LD50 >2 g kg-1 bwt

Acute dermal toxicity

Low

non-mutagenic in vivo

In Vitro toxicity

Data

No mutagenic effect up to 2 g
kg-1 bwt, OECD Guideline 474
(Mammalian Erythrocyte
Micronucleus Test)
Details

Low

Genotoxicity ;
Mutagenicity
Genotoxicity ;
Mutagenicity
Genotoxicity ;
Mutagenicity

Low
Low

Italic values are predicted: Modeled a Calculated

- , Salmonella, AMES test
-, OECD 471 (Bacterial Reverse
Mutation Assay)
-, OECD Guideline 473 (In vitro
Mammalian Chromosome
Aberration Test), tested up to
0.780 mg mL-1
b

(U.S. EPA 2008; ECHA
Database original study
1998i)d, first is drafte
(ECHA Database original
study 1998h)
(ECHA Database original
study 2008b)

References
(European
Chemicals
Bureau et al. 2007)
(ECHA Database original
study 1998e)d
(ECHA Database original
study 1998f)

Expert judgment c

-

No effects observed

d

A recent publication (Danish EPA et al. 2007) also discusses the PBT data of Alpi,
this is predominantly based on the same reports from Clariant (producer) as referred
to in this review.

e

Not all primary sources are found from (U.S. EPA 2008), also this reference is a
draft report, so reported values may be not final.
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6 A Nitrogen-based Organic Flame Retardant;
Melamine Polyphosphate (MPP)
Melamine polyphosphate (MPP, CAS 218768-84-4) is a nitrogen-based organic salt and is used
as a flame retardant (Budenheim 2010; Ciba 2010). The compound dissociates into melamine
and polyphosphoric acid in water. There is no information on the environmental presence
available for MPP, nor is there information available on production volumes in the EU
(European Chemicals Bureau 2011) or the US (U.S. EPA 2006).

Physical-chemical Properties
As is the case for APP, MPP is chemically synthesized as an ionic polymer. It is thus a mixture
of polymers having different chain lengths or degrees of branching, and accordingly the
physical-chemical properties change with those factors as well (as discussed in section
Ammonium polyphosphate (APP)). 033 ZDV UHSRUWHG WR GHFRPSRVH DW Ü& RU KLJKHU
(Australian Government Regulator of Industrial Chemicals 2006). The solubility in water was
reported to be high, i.e., <100 g L-1, i.e., miscible (Nordin 2007; Eckert and Klamt 2010). Its
physical-chemical properties are shown in Table 14.

Persistence
In one draft report, it was stated that MPP has a high persistence, namely DT50 >1 year for
polyphosphoric acid, and a DT50 of weeks to months for melamine (U.S. EPA 2008).

Bioaccumulation
In a draft report, the EPA predicted that the BCF of MPP to be less than 1000, meaning that it
has a low bioaccumulation potential (U.S. EPA 2008). Another author reported a low
bioaccumulation potential, but gave no data (Australian Government Regulator of Industrial
Chemicals 2006) (Table 14).
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Toxicity
1)

Ecotoxicity

In the few studies available, low ecotoxicity of MPP to algae, daphnids and fish were reported,
with EC50 values of 3.0 mg L-1 or higher (algae) (Australian Government Regulator of
Industrial Chemicals 2006; European Chemicals Bureau et al. 2007) as can be seen in Table 14.

2)

In Vivo Toxicity

The in vivo toxicity of MPP appears to be low as well, only showing effects to rodents when
they are exposed to the compound at rates >1000, and up to 4000 mg kg bwt-1 (Table 14).

3) In Vitro Toxicity
Information on in vitro toxicity of MPP is limited but, based on the toxicity of melamine, it is
expected that MPP has low hazard for carcinogenicity (Illinois EPA 2007). In contrast, studies
with MPP showed effects for in vivo chromosomal aberration tests and in vivo sister chromatic
assays with mice in a draft report (U.S. EPA 2008). There are not enough data to classify the in
vitro toxicity of MPP.
In summary, MPP is a solid at room temperature with high solubility in water. Once dissolved
in

water,

it

will

dissociate

into

melamine

and

polyphosphoric

acid.

A high persistence of phosphoric acid was reported once. The bioaccumulation potential of
MPP is low, although no details were provided. In vivo (eco)toxicity is low. There are not
enough data to classify the in vitro toxicity.
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Table 14: Melamine polyphosphate (MPP, CAS nr 218768-84-4)
Physical-Chemical
Properties

Data

Units

References

Molecular weight

>10,000

[g mol-1]

Melting point

>400

[°C]

Water solubility

<100

[mg L-1 at 22ºC]

(Australian Government Regulator of
Industrial Chemicals 2006)
(Australian Government Regulator of
Industrial Chemicals 2006)
(Nordin 2007)

Water solubility

misciblea

[mg L-1 at 25ºC]

(Eckert and Klamt 2010)

Vapor pressure

6.65E-3

[Pa at 25ºC]

(Eckert and Klamt 2010)

Vapor pressure

<<8

[Pa at 25ºC]

Vapor pressure

<8

[Pa at 25ºC]

(Australian Government Regulator of
Industrial Chemicals 2006)
(Nordin 2007)

Henry’s Law Constant

n.d.

[Pa m3 mol-1]

(Nordin 2007)

Log KOW

<-2.3

[at 20ºC]

Log KOW

-2.3

[at 25ºC]

(Australian Government Regulator of
Industrial Chemicals 2006)
(Nordin 2007)

Log KOW

-2.15a

[at 25ºC]

(Eckert and Klamt 2010)

Log KAW

a

-10.9

[at 25ºC]

(Eckert and Klamt 2010)

Persistence

Data

Details

References

High

Bioaccumulation

DT50 >1e year for
polyphosphoric
acid & DT50 =
weeks-monthse
for melamine
Data

Low

BCF <3.8e

Low

BCF <1000c,e

(U.S. EPA 2008)

Low

-not specified-

Ecotoxicity

Data

Details

(Australian Government Regulator of
Industrial Chemicals 2006)
References

Low

EC50 >3.0e mg L-1

Algae, Melamine

(U.S. EPA 2008)

Low

EC50 >3.0 mg L-1

Algae

(Australian Government Regulator of
Industrial Chemicals 2006; European
Chemicals Bureau et al. 2007)

(U.S. EPA 2008)

Details

References

Cyprinus carpio,
Melamine

(U.S. EPA 2008)
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Table 14 continued - Melamine polyphosphate (MPP, CAS nr 218768-84-4)
Ecotoxicity

Data

Details

References

Low

Algae, Melamine, 96h

(U.S. EPA 2008)

Low

EC50 = 940e mg L-1
NOEC = 320.0e mg L-1
EC50 = 32-56e mg L-1

(U.S. EPA 2008)

Low

EC50 >2,000e mg L-1

Daphnids, Melamine, chronic
exposure
Dapnnids, Melamine, 48h

Low

LC50 >500e mg L-1

Fish, Melamine

(U.S. EPA 2008)

In Vivo toxicity

Data

Details

References

Low

LD50 = 4,000e mg kg-1 bwt

Polyphosphoric acid, rats

(U.S. EPA 2008)

Low

Melamine:
Rats, mice
Rabbits, dermal

(U.S. EPA 2008)

Low

LD50 = 3,160-7,014e mg kg1
bwt
LD50 >1,000e mg L-1

Low

LD50 = 3,248e mg L-1

Rats, inhalation

(U.S. EPA 2008)

Low

LD50 >2,000 mg kg-1 bwt

Rats, melamine
polyphosphate (incl.
different technical products
tested)

In Vitro toxicity

Data

Details

(Australian
Government
Regulator of Industrial
Chemicals
2006;
Nordin
2007;
Budenheim 2010; Ciba
2010)
References

n.c.

Genotoxicity;
Carcinogenicity
EC50 = 1,000-3,000e mg L-1

+/-e

(U.S. EPA 2008)

Fish, Melamine, chronic

(U.S. EPA 2008)

Low

Italic values are predicted: Modeled a Calculated
e

b

(U.S. EPA 2008)

(U.S. EPA 2008)

Expert judgment c

Not all primary sources are found from (U.S. EPA 2008), also this reference is a
draft report, so reported values may be not final.

n.c.

Not enough data to classify

+/-

Toxicity effects observed

d

The report refers to an OECD SIDS
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7 An Intumescent System; Pentaerythritol
(PER)
Almost all intumescent systems consist of three basic components, a dehydrating component,
such as ammonium polyphosphate, a charring component, such as pentaerythritol (PER) and a
gas source or blowing agent, often a chemical containing nitrogen such as melamine
polyphosphate or ammonium polyphosphate (ENFIRO 2009). The latter two are reviewed in
the sections Melamine polyphosphate and Ammonium polyphosphate, respectively.
Production volumes of pentaerythritol (CAS 115-77-5) in Japan were 24,074 t in 1996 and
27,513 t in 1997 (UNEP OECD SIDS 1998; 2005). PER is classified as a HPV chemical in the
EU (European Chemicals Bureau 2011). Total annual production was given for the US as
45,000 - <227,000 t in 2006 (U.S. EPA 2006).

Physical-chemical Properties
Pentaerythritol is a white crystalline solid at environmental temperatures and its melting point
is 260ºC (Hilal et al. 2003; Syracuse Research Corporation (SRC) 2009). It has a high solubility
in water (Table 15). PER is a highly water soluble compound with a relatively low vapor
pressure, low Henry’s Law constant, low log KOW and low log KAW. Its properties are reported
in Table 15.

Persistence
PER has shown a high as well as low persistence in different degradation experiments (Table
15). Since PER is hydrophilic, the dissipation times in water (and sludge) seem most relevant.
In a few studies, it was stated that this compound degrades very slowly in sludge and water.
However, more studies show that PER degrades quickly, for example a ring test from 1985
showed a DT60 of 28 days (ECHA Database original study 1985).
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Bioaccumulation
PER has a low bioaccumulation factor of 0.3 to 0.6 for the fish species Cyprinus carpio
(European Chemicals Bureau 2000e). Since it has a very low log KOW value, its
bioaccumulation potential is also likely to be low (Table 15).

Toxicity
1)

Ecotoxicity

The ecotoxicity of PER has been studied with several species, i.e., fish, algae, daphnia and
bacteria. PER has low toxicity to all species, with EC50 values over 100 mg L-1 (European
Chemicals Bureau 2000e) (Table 15).

2)

In Vivo Toxicity

A low toxicity of PER to several rodent species was reported in two studies, with a
LD50 >2000 mg kg-1 bwt (ECHA Database original study 1996-Jul-25 ) (Table 15).

3)

In Vitro Toxicity

Information on the in vitro toxicity of PER is limited (Table 15). However, in several studies no
mutagenicity was observed. One author reported that reproduction and developmental studies
did not show any toxicity up to 1000 mg kg-1 day-1 (UNEP OECD SIDS 1998; 2005).
In summary, PER is a solid at room temperature and is highly water soluble. In most studies, a
low persistence was reported, although examples of high values were also reported. A low BCF
value was reported for fish. The in vivo (eco)toxicity of PER appears to be low. There are not
enough data to classify the in vitro toxicity of PER.
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Table 15: Pentaerythritol (PER, CAS nr 115-77-5)
Physical-Chemical Properties

Data

Units

Molecular Weight

136.15

[g mol-1]

Melting point

74a

[°C]

(U.S. EPA 2011)

Melting point

119a

[°C]

(U.S. EPA 2011)

Melting point

258

[°C]

Melting point

258a

[°C]

(ECHA Database original study
2009e)
(U.S. EPA 2011)

Melting point

260

[°C]

Water solubility

62,000

[mg L-1 at 20ºC]

Water solubility

72,300

[mg L-1 at 25ºC]

(Hilal et al. 2003; Syracuse
Research Corporation (SRC) 2009)
(Perstorp Specialty Chemicals AB
2008; ECHA Database original
study 2009f)
(Meylan and Howard 1995)

Water solubility

3.93e+5a

[mg L-1 at 25ºC]

(Hilal et al. 2004)

Water solubility

1e+6a

[mg L-1 at 25ºC]

(U.S. EPA 2011)

a

References

-1

Water solubility

3.65e+6

[mg L at 25ºC]

(Eckert and Klamt 2010)

Vapor pressure

3.37E-6a

[Pa at 25ºC]

(Neely and Blau 1985)

Vapor pressure

3.38E-6a

[Pa at 25ºC]

(U.S. EPA 2011)

Vapor pressure

3.4E-6a

[Pa at 20ºC]

Vapor pressure

15E-6a

[Pa at 20ºC]

Vapor pressure

1.62E-5a

[Pa at 25ºC]

(ECHA Database original study
2010-Jan-31)
(ECHA Database original study
2010-Jan-31)
(Hilal et al. 2003)

Vapor pressure

<1E-3

[Pa at 20ºC]

Vapor pressure

2.95E-2a

[Pa at 25ºC]

(Perstorp Specialty Chemicals AB
2008)
(Eckert and Klamt 2010)

Henry’s Law Constant

1.13E-9a

[Pa m3 mol-1]

(Hilal et al. 2003)

Henry’s Law Constant

4.15E-5a

[Pa m3 mol-1]

(Meylan and Howard 1991)

Log KOW

-4.15a

Log KOW

a

-1.77

(U.S. EPA 2011)

Log KOW

-1.70

(Perstorp Specialty Chemicals AB
2008)

(Hilal et al. 2004)
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Table 15 continued - Pentaerythritol (PER, CAS nr 115-77-5)
Physical-Chemical
Properties
Log KOW

Data

Log KOW

-1.69

Log KOW

-1.4a

(ECHA Database original
study 2009d)
(Syracuse Research
Corporation (SRC) 2011)
(Eckert and Klamt 2010)

Log KAW

-9.35a

(Eckert and Klamt 2010)

Log KAW

-7.78a

(U.S. EPA 2011)

Persistence

Data

Details

References

Low; Water

Primary degradation,
modeled
Ring test, 25 studies

(U.S. EPA 2011)

Low; Water

DT50 = 208a hours
(8.6 days)
DT60 <28 days

Low; Water

biodegradable

biodegradable under some
test conditions, no details
provided

Low; Sludge

Low; Sludge

DT84 = 28 days
(3.87 S.D.),
Ready biodegradable
Ready biodegradable

99% DOC removal in 28 days

Low; Sludge

Inherent biodegradable

99% DOC removal in 28 days

Low; Sludge

Inherent biodegradable

High; Water

no hydrolysis

>90% DOC removal, few
details provided
@ 20°C after 5 days for pH 5,
7, 9

High; Water

DT13 = 25 days

High; Soil &
Sediment
High; Soil &
Sediment
High; Sludge

DT50 = 416a hours

High; Sludge

n.c.; Atmospheric

Units

-1.70a

DT50 = 1870a hours
DT50 = 14 to more than
28 days
Not Ready
biodegradable
DT50 = 15.4a hours

Soil, primary degradation,
modeled
Sediment, primary
degradation, modeled
Aerobic sewage sludge

Primary degradation,
modeled

References

(ECHA Database original
study 1985)
(ECHA Database original
study 1980-Feb-29 &
1981)
(ECHA Database original
study 1991-Sep-16)
(ECHA Database original
study 1990-Sep-24)
(ECHA Database original
study 1994-Jan-25)
(ECHA Database original
study 1979-Feb-08)
(ECHA Database original
study 2010-Aug-2)
(European Chemicals
Bureau 2000e)
(U.S. EPA 2011)
(U.S. EPA 2011)
(European Chemicals
Bureau 2000e)
(European Chemicals
Bureau 1998 (2005
updated))
(U.S. EPA 2011)
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Table 15 continued - Pentaerythritol (PER, CAS nr 115-77-5)
Bioaccumulation

Data

Details

References

Low

BCF = 0.3-0.6

Fish, Cyprinus carpio

Ecotoxicity

Data

Details

(European Chemicals
Bureau 2000e)
References

Low

LC50 >100mg L-1

Low

NOEC = 1,000 mg L-1

Low

NOEC = 1,000 mg L-1

Low

EC10 >500 mg L-1

(nominal concentration)
Oryzias latipes, fresh water,
96h
(nominal concentration)
Daphnia magna, 21 days
(nominal concentration)
Microorganisms (activated
sludge from domestic
sewage)
Pseudomonas putida
(nominal concentration)

Low

LD50 >5,000 mg L-1

Fresh water fish

Low

EC50 >500 to >>5000 mg
L-1

Crustaceans, algae &
bacteria

Low

IC50 = 600 mg L-1

Daphnids

In Vivo toxicity

Data

Details

Low

NOEC = 100 mg kg bwt-1
day-1
NOEC = 1,000 mg kg
bwt-1 day-1
NOEC = 1000 mg kg bwt1
day-1

Rats, repeated dose study,
~46 days
Rats, repeated dose study,
28 days
Rats, repeated dose study,
~46 days, Developmental
and Reproductive toxicity
Rats survived doses as high
as 16000 mg kg-1 bwt, few
details
(nominal concentration)
Daphnia magna, 24 hours

Low
Low

Low

LD50 = low

Low

EC50 >1,000 mg L-1

(ECHA Database original
study 1993-Jan-03)
(ECHA Database original
study 1993-March-01b)
(ECHA Database original
study 2010-April-29 )

(Knie et al. 1983) (not
found) from (ECHA
Database original study
1983)
(European Chemicals
Bureau 2000e)
(European Chemicals
Bureau 2000e)
(European Chemicals
Bureau 1998 (2005
updated))
References
(ECHA Database original
study 1996-Jul-28)
(ECHA Database original
study 1992-May-30)
(ECHA Database original
study 1996-Jul-28)
(ECHA Database original
study 1964)
(ECHA Database original
study 1993-March-01a)
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Table 15 continued - Pentaerythritol (PER, CAS nr 115-77-5)
In Vivo
toxicity
Low

Data

Details

References

LD50 >2,000 mg kg-1 bwt

Rats

Low

LD50 >5,110 mg kg-1 bwt

Rats

Low

LC50 >10,000 mg kg-1

Rabbits

(ECHA Database original
study 1996-Jul-25 )
(ECHA Database original
study 1990-Feb-15)
(ECHA 1963-May-19)

Low

LC0= 11,000 mg m-3 air

Low

LD50 = 11,300 mg kg-1 bwt

Rats,
inhalation,
6
exposure (LC0, no effect)
Guinea pigs

Low

LD50 = 25,500 mg kg-1 bwt

Mice

Low

LD50 >10,000 mg kg-1 bwt

Rats, mice, rabbits & guinea pigs

In Vitro
toxicity

Data

Details

Low

Genotoxicity ;
Mutagenicity

-

(UNEP OECD SIDS 1998;
2005)

Low

Genotoxicity ;
Mutagenicity

(Shimizu et al. 1985; ECHA
Database original study
1994-Dec-07)

In Vitro
toxicity

Data

-, Ames test negative, tested up
to 5000 ug plate-1,
OECD
Guideline 471 (Bacterial Reverse
Mutation Assay)
Details

Low

Genotoxicity ;
Mutagenicity

(ECHA Database original
study 1994-Dec-21)

Low

Genotoxicity ;
Mutagenicity

Low

Genotoxicity ;
Mutagenicity

-, OECD Guideline 473 (In vitro
Mammalian
Chromosome
Aberration Test)
-, OECD Guideline 476 (In vitro
Mammalian Cell Gene Mutation
Test)
-, OECD Guideline 471 (Bacterial
Reverse Mutation Assay), tested
up to 5000 ug plate-1

Italic values are predicted: Modeled a Calculated
n.c.

Not enough data to classify

-

No effects observed

b

hours

(ECHA Database original
study 1964)
(ECHA Database original
study 1964)
(ECHA Database original
study 1964)
(Merck
Chemicals
Product
Information
(Merck
Website)
;
European
Chemicals
Bureau 2000e)
References

References

(ECHA Database original
study 2010-Okt-2)
(Shimizu et al. 1985)

Expert judgment c
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8 Discussion
8.1 Data Availability
Ideally, the HFFRs that replace the existing halogenated flame retardants should pose lower
risks to the environment and to human health. Yet, our review revealed that, apart from TPP,
all potentially replacement compounds have large data gaps concerning their published PBT
properties. Indeed, for some of these compounds, even the most basic physical-chemical
properties have not yet been disclosed. Because these compounds are currently produced and
distributed on a global scale, in some cases even as HPV chemicals, it is crucial to fill these data
gaps. It is conceivable that, with the implementation of REACH, more data may become or
are already available on these compounds. Dossiers with information on PBT properties may
exist, for instance in the United States EPA and the ECHA archives. If so, then these were not
publically accessible. Data for some compounds have recently become available on the ECHA
website

(Registered

substances

http://echa.europa.eu/web/guest/information-on-

chemicals/registered-substances), but we only noted this after we completed our literature
review at the end of August 2011.The availability of such information could substantially
contribute to filling the presently identified data gaps and would greatly accelerate the risk
evaluation of the compounds addressed in this review; these data are also needed because these
compounds are currently being marketed.
Despite the REACH regulations, characterization of compounds often lacks important indepth studies, such as the identification and characterization of potentially toxic metabolites or
decomposition products. This is one of the reasons that the European Commission has funded
a research project on HFFRs, called ENFIRO (A Life Cycle Assessment of EnvironmentCompatible Flame Retardants (Prototypical Case Study)). ENFIRO aims to fill a large part of
the existing data gaps identified in the present review. ENFIRO is studying several aspects,
including environmental and toxicological risks, fire safety, product application and viability of
industrial implementation (ENFIRO 2009). If successful, a solid basis will be formed for
assessing the suitability of the HFFRs as safe and environmentally friendly alternatives.
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8.2 Inconsistency of Data
We demonstrated in the present review that for many of the HFFRs, widely different values
for the same properties have been published in literature. When assessing data quality, we
considered the experimental values to be more reliable than the modeled ones; modeled values
were, in turn, considered more reliable than the so-called expert judgments. Consequently, we
preferred data published in peer-reviewed scientific papers over those in reports and other socalled grey literature.

Perhaps the most important issue was the transparency of the

experimental set-up; the more detail that researchers provide on the test conditions and results,
the better. Differences in prevailing conditions and methods may explain the observed
differences between test results. For example, a low pH may favor degradation by hydrolysis
or, in the case of a metal salt, the toxicity may change dramatically (Peterson et al. 1984;
Martinez and Motto 2000; Spurgeon et al. 2006). Additionally, the purity and composition of
the products tested is often not reported. Possibly, the technical products used for the
experiments vary in polymer formulations, e.g., coated vs. uncoated forms, leading to different
results in reported PBT properties.

8.3 Persistence, Bioaccumulation and Toxicity of the Selected
HFFR
An overview of the classification of the selected compounds that is based on the REACH
criteria for PBT and vPvB chemicals is given in Table 16. It is important to realize though, that
these assessments are truncated, and data presented in the relevant sections should be
consulted for the detailed data. In particular, bioaccumulation and toxicity are species
dependent, and even variations among individuals within the same species are not uncommon
(Baird et al. 1989). Therefore, it is not surprising that high as well as low classifications
sometimes were reported for the same parameter. Furthermore, bioaccumulation was a more
difficult parameter to assess, because many studies did not consider depuration times of the
chemical. In some toxicity experiments, carrier solvents were used for poorly water soluble
organic compounds. Such solvents may enhance exposure concentrations of the tested
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compounds that exceed their water solubility, which then undercuts environmental relevance
of the data. Water solubility is often difficult to assess anyway, because reported water
solubility values can range over several orders of magnitude. Nevertheless, we based our
assessments on the reported effect concentrations.
Three HFFRs immediately drew our attention (Table 16): TPP, RDP and BDP. TPP has been
studied quite extensively and is clearly persistent, bioaccumulative and toxic. Because they have
high to low reported ecotoxicity and persistence, neither RDP nor BDP seem to have proven
to be promising alternative flame retardants yet, but this view is based on a limited number of
studies. Details on the bioaccumulation potential of RDP and BDP were not provided,
although both were classified as potentially highly bioaccumulative. Clearly, there is a need for
research to clarify these uncertainties. As can be seen in Table 16, the compounds ATH, ZB,
ALPI, PER and DOPO scored high in at least one of the PBT categories. ATH and ZB
exerted high toxicity to some species, while ALPI appeared to be persistent and may have
moderate ecotoxicity, making them less suitable as alternative FRs. DOPO and MPP may be
persistent, but this conclusion was based on fewer than two studies each, clearly indicating a
lack of information. Most studies performed on PER showed that it had low persistence.
Unfortunately, there is a lack of data on the bioaccumulation and in vitro toxicity of this
compound. If future studies show that ALPI, DOPO, MPP & PER are not bioaccumulative
and toxic, they may still be considered as suitable FRs. Since two studies showed a moderate
ecotoxicity for APP, it would not be a first choice alternative, although it scored low in all
other PB&T categories. Mg(OH)2, ZHS and ZS did not show high bioaccumulation or
toxicity, and so far, appear to be the most suitable HFFRs, but they also exhibited large data
gaps, since none of the HFFRs were studied as elaborately as TPP. In Table 16, the HFFR are
ranked according to suitability, with the highest PBT values on top. Future research is
obviously necessary, to allow the PBT properties of each compound to be compared with
those of the relevant halogenated flame retardant that it would replace. The different
properties should be weighed and prioritized in a more extensive risk assessment, leading to a
well-balanced trade-off between functionality and negative effects on humans and the
environment.
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-

-

-

-

APP

ZHS

Mg(OH)2

ZS

(low, not specified)

n.d.

(low, not specified)

(low, not specified)

(low)

(low)

(low)

(low, not specified)

n.d.

(low)

(low-high)

low-high

low-high

Bioaccumulation

(low)

n.d.

(no)

(no)

(no)

(no)

(no)

(no)

n.d.

(no)

(no)

no

(yes)

vPvB?

(low)

n.d.

low

low-moderate

low

low-moderate

low

low-moderate

high

low-high

low-high

low-high

low-high

Ecotoxicity

(low)

(low)

low-moderate

(low)

low

n.d.

low

low

low-high

(low)

(low)

Low (-moderate)

n.d.

n.d.

(low)

(low)

n.d.

(low)

low

(low)

(low)

(low)

(low)

(low)

low-high

Table 8

Table 4

Table 7

Table 5

Table 14

Table 12

Table 15

Table 13

Table 6

Table 3

Table 11

Table 10

Table 9

page nr

low

Overview
In vitro
toxicity

Toxicity
In Vivo toxicity

(bracketed) = based on two or less studies, n.d.= no data, underlined = based on modeled, calculated or estimated values

(low- high)

low-high

PER

(high)

(moderate-high)

ALPI

MPP

-

ZB

DOPO

low-high

-

low-high

RDP

ATH

low-high

TPP

BDP

Persistence

Compound

Table 16: Overview of PBT properties for selected HFFRs.
Please note that this table gives an overview of the data found in literature and it is not an assessment. For a more detailed
clarification refer to the corresponding paragraphs.

Chapter 2 – Persistence, Bioaccumulation and Toxicity of HFFRs

97

