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                                                               Chapter 1 – Introduction

      

In the middle ages, open fire places and the use of candles and ovens easily caused fires in the 

overcrowded wooden cities, the most well-known example being the Great Fire of London in 

1666 (Porter, 1998).  Already in 1421 a great fire destroyed large parts of the city of 

Amsterdam, by that time also mostly consisting of wooden buildings. When in 1452 disaster 

struck again and countless houses were burned to the ground (Figure 1), the city board 

required that from then on all houses should be made of stone instead of the cheaper wood 

(Bakker, 2008). In fact, this could be considered as one of the first official regulations 

demanding the use of flame retardant materials to prevent fire casualties.  

 

 
Figure 1:  Illustration of the big fire of Amsterdam in 1452, etching made by S. Fokke around 

1750-1770. Copyright Stadsarchief Amsterdam, the Netherlands 

 

In the second half of the 20th century, the exponentially growing number of applications of 

plastics provided a new flame retardancy challenge (Thompson et al., 2009), as plastics are 

readily combustible because of their high carbon and hydrogen content. Today it is estimated 

that about 7.5 million fires occur globally per year, with around 75,000 fire deaths and around 

650,000 fire related injuries (Centre of Fire Statistics of CTIF et al., 2006). These vast losses of 
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life and property resulted in public pressure to provide safer materials and lead to 

governmental regulatory action. Nowadays, several regulations are included in legislation in 

order to increase fire safety in homes, but also in public places and transport (Inspectie 

Leefomgeving en Transport, Ministerie van Infrastructuur en Milieu (2014); Nederlands 

Instituut Fysieke Veiligheid (NIFV), 2013). To achieve safety requirements, chemical additives 

known as flame retardants (FRs) can be incorporated into many products used in daily life, 

such as furniture, electrical switches, laptops, mobile phones and cars (American Chemistry 

Council). The plastics industry is the largest consumer of FRs, followed by the textile industry 

(IHS Chemical, 2011). FRs make up about 27% of the polymer performance additives market 

(Murphy, 2001) and worldwide more than 2 million tonnes of FR were used in 2013 (Ceresana 

Consulting, 2014). 

 

11.1 Flame retardancy 

Flame retardants can prevent fire in several ways, all acting on at least one of the three 

prerequisites of a fire: combustible material (e.g. wood, polymers, or flammable gasses released 

from such), heat to ignite the fire and an oxidizing agent (mostly oxygen) to reduce the fuel, 

which sustains the fire (Yoon et al., 2013; Gilman, 1999; LeVan, 1984; Rakotomalala et al., 

2010). Generally, there are four conventional types of FRs; halogenated-, inorganic-, 

organophosphorus- and organonitrogen-FRs. Halogenated FRs can release halogens that 

primarily act in the vapor phase by radical capturing. This interrupts the exothermic process of 

fire and suppresses combustion (Dasari et al., 2013). Mainly chlorinated and/ or brominated 

organic compounds are used as these halogens have an enthalphy of dissociation with carbon 

similar to the heat generated from combustion (D'Silva et al., 2004). Brominated FRs (BFRs) 

are often preferred because they are more effective than chlorinated FRs (CFRs) and require 

lower quantities for similar fire resistance (D'Silva et al., 2004; BSEF & EBFRIP 2014). 

Inorganic FRs, frequently metal hydrates such as aluminum trihydroxide (ATH) or magnesium 

hydroxide  (MHO), can act as heat sinks by endothermically releasing water vapor 

(dehydration), which then also dilutes combustible pyrolysates (Chen and Wang, 2010).  

Additionally, inorganic compounds can decompose upon heat exposure, forming a protective 

12 

 



                                                               Chapter 1 – Introduction

  

glassy layer or char which shields the material from oxygen and heat (charring) (Dasari et al., 

2013). 

Relatively small, volatile organophosphorus- and organonitrogen FRs, such as triphenyl 

phosphate, can be active in the vapor phase, just as halogenated FRs (Yoon et al., 2013). Less 

volatile compounds can also act in the condensed phase by charring (Lu and Hamerton, 2002). 

The organo-P and organo-N FRs are also frequently used as synergist in intumescent systems. 

Such agents swell when exposed to heat to form porous foam that acts as a barrier to heat, 

oxygen and combustible gasses (Dasari et al., 2013). 

 

11.2 Environmental concerns about conventional flame retardants 

BFRs are the largest group of FRs applied in plastics, accounting for 39% of the total 

economic value (Murphy, 2001). They are preferred because of their low impact on the 

polymer’s characteristics, effectiveness in relatively low concentrations compared to other FRs 

(Alaee et al., 2003), and relatively low costs of production (Birnbaum and Staskal, 2004). FRs 

can either be chemically bound to the material (reactive component) or physically mixed 

(additive component) with the material they are applied to (ENFIRO 2008). When the FRs are 

applied as an additive component, they are not part of the molecules of the material itself and 

can therefore be more easily released into the environment (Birnbaum and Staskal, 2004). 

There are several ways through which FRs can end up in the environment. Common pathways 

are the release with effluents from FR producing factories (Watanabe and Sakai, 2003), with 

stack gas from waste incineration facilities (Soderstrom and Marklund, 2002), with leachates 

from landfills (Morris et al., 2004) and discharge from recycling and dismantling sites (Nyholm 

et al., 2013). For the aquatic environment, waste water appears to be a major source of FRs 

contamination. It is observed for both halogenated- and non-halogenated FR that they are only 

partially, or sometimes not at all, eliminated from the influent and are therefore released into 

natural waters with the effluent (Andresen et al., 2004; Meyer and Bester, 2004; Rayne and 

Ikonomou, 2005; Stackelberg et al., 2004). The aquatic environment should be protected from 

possible contaminations, not only from an ethical point of view, but also because human 
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health depends on unpolluted healthy aquatic ecosystems for clean drinking water (Ritter et al., 

2002; WHO & UNEP 2014).  

Once released into the environment, the question remains what potential harm the FRs could 

do. The last decades many of the most widely applied halogenated FRs (HFRs) proved to be 

highly debatable compounds. Polybrominated biphenyls (PBBs), which showed severe negative 

effects on the environment, have already been banned (1970’s to 2000, depending on the 

congener and the country) (OSPAR, 2001 (2004 updated); World Health Organisation (WHO), 

1994). Polybrominated diphenyl ethers (PBDEs) also turned out to be toxic and 

environmentally persistent (D'Silva et al., 2004; Birnbaum and Staskal, 2004; Pijnenburg et al., 

1995; de Wit, 2002) and as a result most congeners are currently banned, or being phased out 

(United Nations Environment Programme (UNEP) and Stockholm Convention - Press 

release, 8 May 2009; European Parliament (EP), 2002). The PBDEs formed about 25-50% of 

the total production volume of BFRs (depending on the region) and together with 

hexabromocyclododecane (HBCD) and tetrabromobisphenol A (TBBPA) they were the 

majority of BFRs produced (Birnbaum and Staskal, 2004). HBCD (a mixture of three main 

chiral diastereomers) may induce cancer via a non-mutagenic mechanism (Helleday et al., 1999) 

and it is classified as a persistent, bioaccumulative and toxic (PBT) compound by the European 

Chemicals Agency (ECHA) (2008b). As HBCD is listed as being PBT, its usage in the EU will 

be restricted from the 21st of August 2015 (BSEF 2014). For TBBPA, the remaining frequently 

used BFR, environmental risks for soil, sediment and aquatic organisms have now also been 

identified (WHO 1995; European Union, 2008b), however there are currently no legislative 

restrictions on its application (European Union, 2008a). Nevertheless, TBBPA is on the 

Danish list of undesirable substances (Danish EPA 2009). Several CFRs as well, show negative 

effects on the environment and human health. Dechlorane Plus is a frequently used CFR, with 

production volumes of 10-1,000 tonnes per year in the EU and in the U.S. it is produced or 

imported in quantities of more than 450 tonnes per year (Sverko et al., 2011). Recently, it has 

been identified as possibly bioaccumulative and persistent and it is a candidate compound for 

the United Nations Stockholm list of Persistent Organic Pollutants (POPs) (Sverko et al., 2011; 

Feo et al., 2012). Trischloro-ethyl phosphate (TCEP) was already banned in the eighties 

because of its carcinogenity, however, it is still not completely removed from the market (van 
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der Veen and de Boer, 2012). Trischloro-propyl phosphate (TCPP) and trisdichloro-propyl 

phosphate (TDCP) are other high production volume FRs, which are both potentially 

carcinogenic (van der Veen and de Boer, 2012; Shaw et al., 2010). It is thus concluded that 

ignorance of the environmental fate and (eco)toxicological effects of BFRs and CFRs has 

caused much damage and eventually lead to a ban of several HFRs. 

 

11.3 Halogen free flame retardants 

Given the human and environmental health concerns, there is a pressing need for substituting 

many of the HFRs with alternative flame retardants. Several alternative halogenated as well as 

non-halogenated compounds have been suggested as suitable substitutes (European Chemicals 

Agency (ECHA), 2009; European Chemicals Bureau et al., 2007; McPherson et al., 2004). 

However, some of the suggested alternative HFRs show also negative toxic and environmental 

effects (Shaw et al., 2010; European Chemicals Bureau et al., 2007). In addition, HFRs can 

release large amounts of corrosive gasses (hydrogen halides), that corrode metal components 

and cause damage to sensitive electronics, which can make applications dangerous (Dasari et 

al., 2013). Thus due to both the environmental and technical concerns HFRs appeared to be 

less suitable, leading to a demand for halogen free flame retardants (HFFRs). Consequently, 

HFRs are rapidly losing market shares to HFFRs, which are now growing about 4% annually 

(Ceresana Consulting, 2014). HFFRs include inorganic-, as well as organophosphorus- and 

organonitrogen- FRs. Due to product innovation, the consumption of organophosphorus FRs 

(OPFRs) in particular is increasing at much higher rates than was anticipated. An average 

annual growth (AAG) rate of 5% is predicted for the coming decade for products based on 

organophosphates (ChemEurope, 2011). This is reflected by the increase in research and 

patents on many of these compounds (Levchik and Weil, 2006). Several furniture 

manufacturers already voluntarily replaced BFRs with alternative HFFRs (Betts, 2007) and in 

2007, only 26% of the total European FR consumption still consisted of halogenated 

compounds, whereas 74% were alternative HFFRs (Phosphorus, Inorganic and Nitrogren 

Flame Retardants Association (Pinfa), 2009). HFFRs are thus already being produced 

commercially on a large scale and production volumes reach more than thousands of tonnes 
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per year (Pinfa 2009). The fast increase in production and application of HFFRs raises the 

question whether these alternative FRs are indeed less harmful substances than the BFRs they 

substitute. Aluminum trihydroxide, applied in electrical and electronic equipment and 

construction, is by far the most used HFFR covering 70% of the total market demand in 2012 

(PR Web, 2013), and is produced in 1,000,000 to 10,000,000 tonnes per year (ECHA accessed 

2014, March). However, depending on the speciation, aluminum is associated with serious 

adverse health effects (Alzheimer disease), as well as negative environmental effects (high 

toxicity in acidified soils and waters) (Berthon, 2002; Kucera et al., 2008; Horicka et al., 2006). 

The presence of such potentially harmful products on the market as supposedly safer 

alternatives, questions what kind of legislation actually protects man and the environment from 

hazardous compounds. As of 2007, chemicals that are launched on the market fall under the 

European regulation on registration, evaluation, authorization and restriction of chemicals 

(REACH) (European Union, 2006). REACH requires the registration and safety testing of 

chemicals that are produced and used in the EU (in tonne year-1 quantities), in order to 

minimize their impact on human health and the environment. There are guidance documents 

on how to deal with toxicity changes due to metal speciation, but it is not mandatory to test for 

these possible changes (ECHA 2008a). At production volumes starting from 1 tonne year-1, 

minimal requirements include a standard toxicity test on one aquatic invertebrate, as well as 

one aquatic plant. If a chemical is produced in quantities of less than 10 tonnes per year but 

more than 1 tonne year-1, as is the case for many individual HFFRs (see chapter 2), the 

chemical safety report or assessment is quite limited and thorough studies including long term 

ecotoxicity testing and primary biodegradation studies are not mandatory. Hence, such data for 

HFFRs are virtually lacking. 

 

11.4 Aims and objectives 

Several HFFRs are already being marketed, although their potential impact on the environment 

cannot yet be properly assessed. The aim of this study was therefore to determine the aquatic 

fate and effects of a selection of HFFRs that are currently replacing BFRs in polymers.  To this 

purpose, the following objectives have been set: 
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To identify the current state of knowledge on PBT properties of a selection of HFFRs 

and to prioritize those for further research; 

To develop analytical methods to determine organophosphorus HFFRs in water; 

To quantify the aerobic biodegradation of organophosphorus HFFRs; 

To assess the acute and chronic aquatic ecotoxicity of HFFRs. 

 

11.5 Outline of the thesis 

The selection of HFFRs studied in this thesis was made together with several end users based 

on compatibility, performance and suitability as potential alternatives of HFRs (chapter 2).  

First the current state of knowledge on these HFFRs was assessed by reviewing the publicly 

available data (up to September 2011), making an inventory of the physical-chemical 

properties, production volumes, persistence, bioaccumulation and toxicity of our selection of 

HFFRs (Chapter 2). Ecotoxicity data as well as effects on mammals and data on in vitro 

toxicity endpoints were reported. The available data were classified based on the REACH 

system, meaning that the categories “high,” “moderate,” or “low” toxicity were assigned to the 

data. During this literature search, data published in peer-reviewed scientific papers was 

preferred over those in reports and other so-called grey literature. The transparency of the 

experimental setup used to obtain such data was considered of high importance, as well as 

study details that were provided on test conditions and results. Although primary sources were 

preferred, in some cases secondary reports were cited (trusted independent sources such as 

UNEP and US EPA).  

Large data gaps were identified for the physical-chemical and the PBT properties of the 

reviewed HFFRs, which was at least partly caused by a lack of adequate quantitative analytical 

methodologies. Therefore, in Chapter 3 an analytical procedure based on SPE and LC-

MS/MS is presented for the determination of aromatic organophosphorus HFFRs in water 

and sewage treatment plant (STP) effluent. Applying these newly developed analytical tools, 
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the aqueous solubilities of BDP, DOPO and RDP were experimentally determined and 

HFFRs were analysed in the effluent of a Dutch STP.  

To study the environmental fate of the aromatic HFFRs, in Chapter 4 their persistency was 

determined by quantifying the mineralisation and primary biodegradation rate in activated 

sludge. Mineralisation was monitored by measuring CO2 production by means of GC analysis, 

whereas biodegradation was monitored by LC-MS/MS analysis of the FR and their potential 

degradation products.  

Finally the aquatic ecotoxicity of the HFFRs was assessed. To this purpose, a large selection of 

new generation flame retardants was screened for their short term toxicity to the commonly 

used aquatic test organism Daphnia magna, performing the standardized OECD 202 acute 

daphnid immobility tests (Chapter 5). The data obtained from these toxicity tests were 

classified based on the REACH system, meaning that the categories “high”, “moderate” and 

“low” toxicity were assigned to the HFFRs.  

Since toxicity tends to increase with increasing exposure time and specific effects on sublethal 

life history end points need time to become expressed, ALPI and DOPO were subjected to 

chronic toxicity testing (Chapter 6). Daphnids were exposed to these HFFRs in 21 day 

reproduction tests, following OECD guideline 211, examining the sublethal life-cycle 

parameters reproductive output and population growth rate. It was attempted to attribute the 

daphnid life cycle responses to the mode of action of the FR. 

This thesis provided missing knowledge on the environmental fate and effects of new 

generation flame retardants in the aquatic environment. Chapter 7 discusses the current state 

of knowledge and specifically focuses on the impact of these findings on standard guideline 

testing and hazard evaluation.       
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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 deca-

brominated 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-dihydro-

9-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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33.1 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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33.3 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 half-

lives 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. 

 

33.5 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).   

Ecotoxicity  3.5.1

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. 

In Vivo Toxicity  3.5.2

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. 

In Vitro Toxicity  3.5.3

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 n-

vitro 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.  

 

33.6 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’  

or soil/sediment  or sludge DT60+ >28 days  

or water (pH 7) DT70+ >28 days 

BCF >500 

log KOW ≥ 4 

LD50 ≤ 1mg L-1 

EC50 ≤ 1mg L-1 

LC50 ≤ 1mg L-1 

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’  

or soil/sediment  or sludge DT60+ ≤ 28 days  

or water (pH 7) 

DT70+ ≤ 28 days 

BCF <500 

log KOW <4 

LD50 >10 mg L-1 

EC50 >10 mg L-1 

LC50 >10 mg L-1 

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  = dissipation time of x% of the compound 
BCF  = bioconcentration factor 
Log KOW  = logarithmic octanol-water partitioning coefficient 
LD50  = the concentration that causes 50% mortality of the test species population 
EC50  = 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).  

 

44.1 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 References 

Molecular weight  78.01 [g mol-1]  

Melting point  150-220 
(Decomposition) 

[°C] (European Chemicals Bureau 2000a) 

Melting point 200 [°C] (European Chemicals Bureau 2000a) 

Melting point 230 [°C] (Martin Marietta Magnesia Specialties LLC 
(MMMS) et al. 2010) 

Melting point 300 [°C] (Lewis 2000) 

Melting point 2,030 [°C] (Rio Tinto Alcan (RTA) 2008a) 

Water solubility 0.015  [mg L-1 at 20ºC] (European Chemicals Bureau 2000a) 

Water solubility 1.5 [mg L-1 at 20ºC] (European Chemicals Bureau 2000a) 

Water solubility insoluble  (European Chemicals Bureau 2000a; Rio Tinto 
Alcan (RTA) 2008a) 

Bioaccumulation Data Details 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  (TSCATS, DuPont Central Research, 1996 
(not found) from  draft (U.S. EPA 2008)) 

High; aquatic EC50 = 0.6560e mg L-1 

 
Selenastrum 
capricornutum, 96h 

(TSCATS, DuPont Central Research, 1996 
(U.S. EPA 2008)) 

Moderate; 
aquatic 

LC50 = 2.6-3.5 mg L-1  Daphnids (Illinois EPA 2007) 

Low; aquatic not specified Fish, lethality only at 
low pH 

(Illinois EPA 2007) 

Low; aquatic NOEC >100 mg L-1 
 

Fish (Salmo trutta), 
96h; Crustacean 
(Daphnia magna), 
48h; Algae 
(Selenastrum 
capricornutum), 72h 

(European Chemicals Bureau 2000a)  
 

Low; aquatic -not specified-  (Stevens and Mann 1999; German Federal 
Environmental Agency et al. 2001)  

In Vivo toxicity Data Details References 

Low LD50 >5,000 mg kg-1 
bwt  

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

Low -not specified-  (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) 

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 Flame-

Retardant 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.  

 

44.2 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 

, which 

seems unlikely (Table 4). This compound has no real boiling point as it will undergo 

(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 Reference 

Molecular weight  58.32 [g mol-1]  

Melting point  330 (Decomposition) [°C] (Martin Marietta Magnesia 
Specialties LLC (MMMS) et al. 
2010) 

Melting point 340 (Decomposition) [°C] (AluChem 2003) 

Melting point 350 [°C] (Fisher Scientific 1999 (2008 
updated)) 

Melting point 2800 [°C] (Merck & Co. Inc. 2001) 

Water solubility Insoluble [mg L-1 at 25ºC] (Fisher Scientific 1999 (2008 
updated); Albemarle corporation 
2003b, a, c; AluChem 2003)  

In Vivo toxicity Data Details References 

Low LD50 = 8,500 mg kg-1  Rats (Merck Chemicals - Product 
Information (Merck Website)) 

Low LD50 = 5,800 mg kg-1 bwt No details provided (Nabaltec 2009) 

Italic values are predicted: Modeled a Calculated  b 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 

 

44.3 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 physical-

chemical 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] (German Federal Environmental Agency et 
al. 2001) 

Melting point >275 [°C] (European Chemicals Bureau 2000d) 

Melting point 300 
(Decomposition) 

[°C] (German Federal Environmental Agency et 
al. 2001) 

Water solubility 10000 [mg L-1 at 25ºC] (European Chemicals Bureau 2000d; 
German Federal Environmental Agency et 
al. 2001) 

Water solubility <1000 [mg L-1 at 25ºC] (Budenheim 2010) 

Water solubility <5000 [mg L-1 at 25ºC] (Clariant 2010) 

Vapor pressure <10 [Pa at 20ºC] (German Federal Environmental Agency et 
al. 2001) 

Vapor pressure <100 [Pa at 20ºC] (European Chemicals Bureau 2000d) 

Log KOW -2.15a [Pa at 20ºC] (ACD/Labs 2011) 
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Table 5 continued - Ammonium polyphosphate (APP, CAS nr 68333-79-9) 

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

- No effects observed 
n.c. Not enough data to classify 
d APP has the technical name Fire-Trol LCG-R (McDonald et al. 1996) 

Bioaccumulation Data Details References 

Low not specified  (German Federal 
Environmental Agency et al. 
2001) 

Ecotoxicity Data Details Reference 

Low; aquatic NOEC = 87.6 mg L-1 Algae (UNEP OECD SIDS 2007) 

    

Low; aquatic EC50 = 813-848 mg L-1 

 
Crustacean, Daphnia 
magna, 48hd 

(McDonald et al. 1996) 

Low; aquatic NOEC >500 mg/l Fish, Danio rerio, 96h,  (Budenheim 2010) 

Low; aquatic LC50 >500 mg/l Fish, Danio rerio, 96h  (Clariant 2010) 

Low; aquatic LC50 = 1,326.0 mg L-1  Fish, Oncorhynchus mykiss, 
96h, pH 7 

(Blahm 1978 (not found) 
from (U.S. EPA 2012) 

Low; aquatic LC50 = 123.0 mg L-1  Fish, Oncorhynchus mykiss, 
96h, pH 8 

(Blahm 1978 (not found) 
from (U.S. EPA 2012) 

Low; aquatic LC50 >101 mg L-1 Fish, fresh water (UNEP OECD SIDS 2007) 

Low; aquatic not specified NOEC exceeds solubility, 
low acute aquatic toxicity 

(European Chemicals Bureau 
2000d)  

Low; aquatic LD50 >500 mg L-1 Fish, fresh water (European Chemicals Bureau 
2000d) 

Moderate; aquatic EC50 = 1.790 mg L-1 Crustaceans (Daphnia 
carinata), 72 hours 

(UNEP OECD SIDS 2007) 

Moderate; aquatic IC50 = 10 mg L-1 Algae, Selenastrum 
capricornutum, 96hd  

(McDonald et al. 1996) 

In Vivo toxicity Data Details References 

Low LD50 >2000 mg kg-1
 bwt Rats (UNEP OECD SIDS 2007) 

Low LD50 >4740 mg kg-1 bwt
  

Rats (European Chemicals Bureau 
2000d) 

In Vitro toxicity Data Details References 

Low Genotoxicity; 
Mutagenicity 

Salmonella and E. coli, 
AMES test 

(European Chemicals Bureau 
2000d)  
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44.4 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 
 (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).  
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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 References 

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

In Vivo toxicity Data Details References 

Low LD50 >10,000 mg kg-1 Rats & rabbits, oral 
and dermal exposure 

(European Flame 
Retardants Association 
(EFRA) and Cefic 2006) 

Low LD50 >2,000 mg kg-1 Rat, mice, dog (Illinois EPA 2007) 

High LOEC = 0.91 mg L-1day-1 
   

Humans, zinc blood 
effects 

(Illinois EPA 2007) 

High Can be harmful to the unborn Not specified (McPherson et al. 2004)  

In Vitro toxicity Data Details References 

Low Genotoxicity; Mutagenicity - (Illinois EPA 2007) 

- No effects observed 

 

44.5 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 References 

Molecular weight  286.11 [g mol-1]  

Melting point  >180 
(Decomposition) 

[°C] (ITRI 2009) 

Melting point 200 
(Decomposition) 

[°C] (Australian Government Regulator of 
Industrial Chemicals 1994; Rio Tinto Alcan 
(RTA) 2008b)(pers. comm. William Blythe 
Ltd) 

Water solubility 1 [mg L-1 at 20ºC] (Australian Government Regulator of 
Industrial Chemicals 1994; Rio Tinto Alcan 
(RTA) 2008b) 

Water solubility Insoluble  (William Blythe 2010a) 

Vapor pressure <10 [Pa at 20ºC] (Australian Government Regulator of 
Industrial Chemicals 1994)(William Blythe 
2010a) 

Log KOW <-1.05   (Australian Government Regulator of 
Industrial Chemicals 1994) 

Log KOW <-1  (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) 
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Table 7 continued - Zinc hydroxystannate (ZHS, CAS nr 12027-96-2) 

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

44.6 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- (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).  

Ecotoxicity Data Details References 

Low; aquatic LD50 >3.3 mg L-1  Fish, NOEC >water solubility (Joseph Storey & Co. Ltd. 1994) 

Low; aquatic EC50 >3.3 mg L-1  
 

Crustaceans, NOEC >water 
solubility 

(Joseph Storey & Co. Ltd. 1994) 

Low; aquatic LC50 >0.079 mg L-1 Rainbow Trout, LC50 >water 
solubility, acute, no details 
provided 

(William Blythe 2010a) 

Low; aquatic E50 >0.023 mg L-1 Daphnia magna, EC50 
>water solubility, 48 hours, 
no details provided 

(William Blythe 2010a) 

In Vivo toxicity Data Details References 

Low LD50  >5,000 mg kg-1 

bwt 
Rats (Gardner 1988a; Joseph Storey & 

Co. Ltd. 1994) 
Low LD50 >2,466 mg kg-1 Rats, dermal exposure (Joseph Storey & Co. Ltd. 1994) 

Low - 
Moderate 

LD50 >4.3 mg L-1 Rats, inhalation exposure (Joseph Storey & Co. Ltd. 1994) 

In Vitro toxicity 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) 
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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 References 

Molecular weight  232.10 [g mol-1]  

Melting point >397 (Decomposition) [°C] (Rio Tinto Alcan (RTA) 2008c)  

Melting point >570  [°C] (Gelest 2008; ITRI 2009) 

Water solubility Insoluble  (William Blythe 2010b) 

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 potential 
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  Rainbow Trout, 
LC50 >water 
solubility, acute, no 
details provided 

(William Blythe 2010b) 
 

Low; aquatic E50 >0.023 mg L-1 Daphnia magna, 
EC50 >water 
solubility, 48 hours, 
no details provided 

(William Blythe 2010b) 

In Vivo toxicity Data Details References 

Low LD50 >5 g kg-1 bwt Rats (Gardner 1988b) 
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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). 

 

55.1 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 

(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 g 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] (European Chemicals Bureau 2000f; 
Merck & Co. Inc. 2006)  

Melting point 50.5 [°C] (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)  

Water solubility 7.5E-1 [mg L-1 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] (Saeger et al. 1979; European Chemicals 
Bureau 2000f)  

Water solubility 2.66a [mg L-1 at 25ºC] (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) 

Vapor pressure 4E-6a [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 [Pa m3 mol-1] (U.S. EPA 2011) 

Henry’s Law constant 1.22 [Pa m3 mol-1] (Syracuse Research Corporation (SRC) 
2006) 
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Table 9 continued - Triphenylphosphate (TPP, CAS nr 115-86-6) 
Physical-Chemical 
Properties 

Data Units Reference 

Log KOW 4.59  (Syracuse Research Corporation 
(SRC) 2006) 

Log KOW 4.60  (Saeger et al. 1979) 

Log KOW <4.77  (European Chemicals Bureau et 
al. 2007) 

Log KOW 4.9a    (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 Details Reference 

Low -not specified; primary 
source not found- 

 (Canadian Environmental 
Protection Agency (CEPA) 2007; 
Clean Production Action et al. 
2007) 

Low; water DT50 = 1.2-2 days  pH 8.8, natural water (World Health Organization 
(WHO) 1991; UNEP OECD SIDS 
2002b) 

Low; water DT50 = 1.3 days  21°C, pH 9.5, hydrolysis Howard and Deo 1979 from 
(UNEP OECD SIDS 2002b) 

Low; water DT50 = 3 days  pH 9, 25°C (European Chemicals Bureau 
2000f) 

Low; water DT50 = 3 days   
 

pH 9, hydrolysis (Mayer et al. 1981) 

Low; water DT100 <7 days  River water (World Health Organization 
(WHO) 1991) 

Low; water DT50-100 <8 days  River die-away test 
(presumably primary 
degradation) 

(U.S. EPA 2005) 
 

Low; water DT50 <5 days  Hydrolysis, 20°C, pH 9 (U.S. EPA 2005; European 
Chemicals Bureau et al. 2007) 

Low; water DT50 = 7.5 days  21°C, pH 8.2, hydrolysis 
 

(Howard and Deo 1979, (UNEP 
OECD SIDS 2002b)) 

Low; water DT50 = 19 days  
 

pH 7, hydrolysis 
 

(Mayer et al. 1981) 

Low; water DT50 = 19 days  pH 7, 25°C (European Chemicals Bureau 
2000f) 

55 

 



                                  Chapter 2 – Persistence, Bioaccumulation and Toxicity of HFFRs      

Table 9 continued - Triphenylphosphate (TPP, CAS nr 115-86-6) 
Persistence Data Details Reference 

Low; water DT50 >28 days  pH 5, 25°C (European Chemicals Bureau 
2000f) 

Low; water DT50 = 7.5 days  21°C, pH 8.2, hydrolysis 
 

(Howard and Deo 1979, (UNEP 
OECD SIDS 2002b)) 

Low; water DT50 = 19 days  
 

pH 7, hydrolysis 
 

(Mayer et al. 1981) 

Low; water DT50 = 19 days  pH 7, 25°C (European Chemicals Bureau 
2000f) 

Low; water DT50 >28 days  pH 5, 25°C (European Chemicals Bureau 
2000f) 

Low; water DT50 >28 days  pH 5, hydrolysis 
 

(Mayer et al. 1981)  

Low; soil & 
sediment 

DT50 = 3-12 days   
 

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

(European Chemicals Bureau et 
al. 2007) 
 

Low; soil & 
sediment 

DT50 = 21 days  Anaerobic (UNEP OECD SIDS 2002b) 

Low; sludge DT83-94 <28 days (Ready 
biodegradable) 

 (UNEP OECD SIDS 2002b; U.S. 
EPA 2005) 
 

Low; sludge Inherently 
biodegradable, degrades 
rapidly in pond and river 
sediment (not specified) 

Aerobic (Danish EPA et al. 2007) 

High; water DT50 = 37.5a  days (900 
hours)  

Primary degradation  (U.S. EPA 2011) 

High; water DT50 = 366 days  
 

Hydrolysis,  20°C, pH 3 (U.S. EPA 2005; European 
Chemicals Bureau et al. 2007) 

High; water DT50 = 406 days  
 

Hydrolysis, 20°C, pH 7 (U.S. EPA 2005) 

High; soil & 
sediment  
 

DT50 = 32 days  
 

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

(European Chemicals Bureau 
2000f) 
 

High; soil & 
sediment  

DT50 = 37 days Aerobic (European Chemicals Bureau 
2000f; UNEP OECD SIDS 2002b) 

High; soil & 
sediment  
 

DT22 = 40 days  Aerobic mineralization, 
90% primary 
degradation, river 
sediment 

(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)  

Anaerobic (U.S. EPA 2005) 
 

High; soil & sediment  
 

DT50 = 50-60 days (pond 
hydrosoil) 

(An)aerobic  
 

(Muir et al. 1989; European 
Chemicals Bureau et al. 
2007) 

High; soil & sediment  DT50 = 75a days (1800 
hours) 

Soil, primary 
degradation 

(U.S. EPA 2011) 

High; soil & sediment  
 

DT5 0= 377.5a  days ( 8100 
hours)  

Sediment, primary 
degradation 

(U.S. EPA 2011) 

High; soil & sediment  
 

Partially degradable in 
river sediment and soil 
(not specified) 

Anaerobic (Danish EPA et al. 2007) 
 

n.c.; atmospheric  DT50 <1-12 hours  (European Chemicals Bureau 
2000f) 

n.c.; atmospheric DT50 = 12 hours  Photolysis (U.S. EPA 2005; European 
Chemicals Bureau et al. 
2007)  

n.c.; atmospheric DT50 = 12 hours  Primary degradation (European Chemicals Bureau 
et al. 2007) 

n.c.; atmospheric DT50 = 23.7a  hours Primary degradation, 
modeled 

(U.S. EPA 2011) 

n.c.; atmospheric DT50 = 36e hours  Photolysis Draft (U.K. Environment 
Agency et al. 2009b) 

Bioaccumulation Data Details Reference 

Low BCF = 110-144 
BCF <50 

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

(UNEP OECD SIDS 2002b) 
 

Low BCF = 420e kg L-1 Fish Draft (U.K. Environment 
Agency et al. 2009b) 

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

-not specified- (Canadian Environmental 
Protection Agency (CEPA) 
2007) 

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

Fish species, fresh 
water 

(Danish EPA et al. 2000; 
European Chemicals Bureau 
2000f; McPherson et al. 
2004)  

Low to high BCF = 110-500 Fish species, Carassius 
auratus & Oryzias 
latipes 

(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  (Value range from (World 
Health Organization (WHO) 
1991)d)  

Low to high BCF = 18-2,590 Species not specified (Illinois EPA 2007) 

Low to high BCF = 132 – 1,743 Fish; 132-264 
rainbow trout & 
218-1743 fathead 
minnow 

(U.S. EPA 2005) 

Ecotoxicity; Aquatic Data Details Reference 

Low to high LC50 =  0.24 - 290 mg L-1   Various fresh water 
species 

(European Chemicals Bureau 
2000f) 

Low to high LC50 = 0.36-290 mg L-1   Fish (World Health Organization 
(WHO) 1991; Illinois EPA 2007) 

Moderate EC50 = 5 mg L-1 Algae (World Health Organization 
(WHO) 1991) 

Moderate EC50 = 2.0 mg L-1 Algae (U.S. EPA 2005) 

Moderate EC50 = 2 mg L-1 Algae, growth 
inhibition 

(Danish EPA et al. 2007) 

Moderate  LC50 = 1.2 mg L-1 Daphnids (U.S. EPA 2005) 

Moderate LC50 = 1.0-1.2 mg L-1 Daphnids (Illinois EPA 2007) 

Moderate  LC50 = 1.0 mg L-1 Daphnids (World Health Organization 

(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 

species, with 

solvent 

(European Chemicals Bureau 

2000f) 

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 Algae, growth 
inhibition 

(Danish EPA et al. 2000; Illinois 
EPA 2007) 

Moderate to high EC50 >0.18-1.00 mg L-1 Invertebrates (European Chemicals Bureau 
2000f; UNEP OECD SIDS 2002b) 
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Table 9 continued - Triphenylphosphate (TPP, CAS nr 115-86-6) 
Ecotoxicity; 
Aquatic 

Data Details Reference 

High 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 (Canadian Environmental 
Protection Agency (CEPA) 
2007) 

High EC50 = 0.26-0.5 mgL-1 Algae, growth inhibition (World Health Organization 
(WHO) 1991; European 
Chemicals Bureau 2000f) 

High LC50 = 0.140-0.600 mg L-1  Algae, growth inhibition, chronic (U.S. EPA 2005) 

High LC50 = 0.1 mg L-1 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)- 

 (Clean Production Action et 
al. 2007; European 
Chemicals Bureau et al. 
2007) 

n.c. NOEC = 0.0014 mg L-1  Fish, chronic exposure (World Health Organization 
(WHO) 1991; Illinois EPA 
2007) 

n.c.  EC10 = 0.037 mg L-1 Fish (Oncorhynchus mykissi), 30 
days, since EC10 is very low, might 
expect high ecotoxicity 

(pers. comm.. ICL) 

n.c. Lowest Chronic NOEC 
<0.01 mg L-1 

 (U.K. Environment Agency et 
al. 2003) 

n.c. NOEC = 0.1 mg L-1  Algae, growth inhibition, chronic 
exposure 

(Danish EPA et al. 2007) 

n.c. NOEC = 0.1 mg L-1 Daphnids, chronic exposure (Illinois EPA 2007) 

n.c. NOEC = 0.25-2.5  mg L-1 Algae (Selenastrum 
capricornutum, Scenedesmus 
subspicatus, Chlorella vulgaris), 
96 h 

(pers. comm.. ICL) 

n.c. NOEC = 0.0014 mg L-1  Fish, chronic exposure (World Health Organization 
(WHO) 1991; Illinois EPA 
2007) 

n.c.  EC10 = 0.037 mg L-1 Fish (Oncorhynchus mykissi), 30 
days, since EC10 is very low, might 
expect high ecotoxicity 

(pers. comm.. ICL) 
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Table 9 continued - Triphenylphosphate (TPP, CAS nr 115-86-6) 

 

  

In Vivo 
toxicity 

Data Details Reference 

Low LD50 = 1,300 mg kg-1 

bwt 
Mice (Danish EPA et al. 2007) 

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

Mice, Rats, Cats (World Health Organization (WHO) 1991; 
European Chemicals Bureau 2000f; UNEP OECD 
SIDS 2002b) 

Low LD50 >3,000 mg kg-1 

bwt  
Mice, Rats, Cats (Danish EPA et al. 2007) 

Low LD50 >3,000 mg kg-1 
bwt 

Guinea pigs, Hen (World Health Organization (WHO) 1991; 
European Chemicals Bureau 2000f; UNEP OECD 
SIDS 2002b) 

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

Rats (Merck Chemicals - Product Information (Merck 
Website) ; Danish EPA et al. 2007; European 
Chemicals Bureau et al. 2007; Illinois EPA 2007) 

Low LD50 >5,000 mg kg-1 
bwt 

Mice, Rats, Rabbits (U.S. EPA 2005) 

Low LD50 >7,900 mg kg-1  Rabbit, dermal 
exposure 

(U.S. EPA 2005) 

Low LD50 >7,900 mg kg-1
  Rabbit, dermal 

exposure 
(Merck Chemicals - Product Information (Merck 
Website) ; Danish EPA et al. 2007) 

Low LD50 >8,000 mg kg-1  Mammal (not 
specified), dermal 
exposure 

(U.S. EPA 2005) 

In Vitro 
toxicity 

Data  Reference 

Low Genotoxicity; 
Mutagenicity 

Salmonella, AMES 
test 

(Zeiger et al. 1988; Danish EPA et al. 1999; Illinois 
EPA 2007) 

Low Genotoxicity; 
Carcinogenicity 

Expected low for 
human and animals 

(Washington State Department of Ecology and 
Department of Health 2006; U.S. Department of 
Health and Human Services et al. 2009), latter is 
drafte 

 Low Neurotoxicity; 
Cytotoxicity 

IC50 = 800 µM PC12 
cells 

(Flaskos et al. 1994) 
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Table 9 continued - Triphenylphosphate (TPP, CAS nr 115-86-6) 

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).  

 

55.2 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 

In Vitro 
toxicity 

Data Details Reference 

High Neurotoxicity; 
Cholinesterase 
inhibitor -not further 
specified- 

(Bingham et al. 
2001) 
 

High 

n.c. Endocrinetoxicity; 
Metabolization 

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

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 6.88E-3a [mg L-1 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) 

Vapor pressure 5.29E-7a [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] (Meylan and Howard 1991; U.S. EPA 
2011) 

Henry’s Law constant 181.7a [Pa m3 mol-1] (Hilal et al. 2003) 

Log KOW 4.93  (ICL, pers. comm.)  

Log KOW 5.98 a  (ACD/Labs 2011) 

Log KOW 7.41a  (Meylan and Howard 1991; U.S. EPA 
2011) 

Log KOW 11.09a  (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  (European Chemicals Bureau et al. 
2007) 

Low; water DT50 = 11 days  20°C, pH 4 ((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 ((European Chemicals Bureau et al. 2007) & 
Wildlife International 2000 (not found) from  
(U.K. Environment Agency et al. 2009a)) 

Low; water DT50 = 20 days 10°C, pH 7, hydrolysis (Wildlife International 2000 (not found) 
from  (U.K. Environment Agency et al. 
2009a)) 

Low; water DT50 = 21 days 20°C, pH 9, hydrolysis (Wildlife International 2000 (not found) 
from  (U.K. Environment Agency et al. 
2009a)) 

Low; water DT50 = 21 days  20°C, pH 9 (European Chemicals Bureau et al. 2007) 

Low not specified  (Clean Production Action et al. 2007) 

Low; sludge Ready 
biodegradable ; 
DT60 < 28 days 

 (ICL pers. comm.) 

High; water DT50 = 32 days 10°C, pH 9, hydrolysis (Wildlife International 2000 (not found) 
from  (U.K. Environment Agency et al. 
2009a)) 

High; water DT50 = 55 days 10°C, pH 4, hydrolysis (Wildlife International 2000 (not found) 
from  (U.K. Environment Agency et al. 
2009a)) 

High; water DT50 = 37.5a  days 
(900 hours)  

Primary degradation (U.S. EPA 2011) 

High; sludge DT37 = 28 days  (van Ginkel & Stro 1996 (not found) from 
(U.K. Environment Agency et al. 2009a)) 

High; soil & 
sediment 

DT50 = 75a  days 
(1800 hours)  

Soil, primary degradation (U.S. EPA 2011) 

High; soil & 
sediment 

DT50 = 337.5a days 
(8100 hours)  

Sediment, primary 
degradation 

(U.S. EPA 2011) 

n.c.; 
atmospheric  

DT50 = 12.1a  hours Primary degradation (U.S. EPA 2011) 

n.c.; 
atmospheric 

DT50 = 36e hours  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 Details References 

Low not specified  (German Federal Environmental 
Agency et al. 2001) 

Low-high BCF = 100-1,000b  Based on log KOW =  4.93 (ICL pers. comm..) 

Moderate BCF = 969, b or c? kg L-1   (U.K. Environment Agency et al. 
2009a) 

High not specified  (Clean Production Action et al. 
2007) 

High BCF = 316b-3,000a,b or c?  (Washington State Department of 
Ecology and Department of Health 
2006; European Chemicals Bureau 
et al. 2007) 

Ecotoxicity Data Details References 

Low NOEC >1 mg L-1 Daphnia, NOEC exceeds 
water solubility 

(ICL pers. comm..) 

Low LC50 = 12.4 mg L-1 Fish (Washington State Department of 
Ecology and Department of Health 
2006; Illinois EPA 2007) 

Low LOEC = 48.64 mg L-1 Algae, growth inhibition (Washington State Department of 
Ecology and Department of Health 
2006) 

Low LC50 >100 mg L-1 Daphnia, Fish, Algae (ICL pers. comm.) 

Low EC10 >121.6 mg L-1 Bacteria (Washington State Department of 
Ecology and Department of Health 
2006) 

Moderate not specified  (Washington State Department of 
Ecology and Department of Health 
2006) 

Moderate not specified Chronic exposure (may 
cause long term 
effects) 

(U.K. Environment Agency et al. 
2003; European Chemicals Bureau 
et al. 2007) 

High EC50 = 0.76 mg L-1 Daphnids (Washington State Department of 
Ecology and Department of Health 
2006; Illinois EPA 2007) 

High NOEC = 0.021 mg L-1  Daphnia, 21 days, EC50 
(immobility) estimated 
at 0.037 mg L-1 , co-
solvent used 

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

Low LD50 >5000 mg kg-1  Rats (Illinois EPA 2007) 

Low LD50 >5000 mg kg-1 bwt Rats (Washington State Department of 
Ecology and Department of Health 
2006) 

Low EC50 >20,000 mg kg-1  Rats (Henrich et al. 2000) 

Low EC50 >1,000 mg kg-1 Rabbits (Ryan et al. 2000) 

Low not specified  (European Chemicals Bureau et al. 
2007) 

Moderate not specified  (U.K. Environment Agency et al. 
2003; Clean Production Action et al. 
2007) 

Moderate LC50 = 4.14 mg L-1 Rats, inhalation (pers. comm.. ICL) 

n.c. NOEC = 0.1a  mg L-1 Rats, inhalation, (predicts 
high because of presence 
TPP, however in vivo 
toxicity TPP not high) 

(German Federal Environmental 
Agency et al. 2001) 
 

In Vitro 
toxicity 

Data Details References 

Low Genotoxicity; 
Mutagenicity 

- , Salmonella and E. coli, 
AMES test 

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

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)  

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

n.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 (80-05-

7) 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).  

 

70 

 



                                  Chapter 2 – Persistence, Bioaccumulation and Toxicity of HFFRs 

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. 

 
  

71 

 



                                  Chapter 2 – Persistence, Bioaccumulation and Toxicity of HFFRs      

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] (Australian Government Regulator of Industrial 
Chemicals 2000) 

Melting point 40.85-68.85 [°C] (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 1.88E-6a [mg L-1 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]  ((Australian Government Regulator of Industrial 
Chemicals 2000) & pers. comm. ICL, latter stated 
no temperature) 

Vapor pressure 9.14E-18a [Pa at 25ºC] (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] (Australian Government Regulator of Industrial 
Chemicals 2000) 

Vapor pressure 0.12a [Pa at 25ºC] (Hilal et al. 2003) 

Vapor pressure 24  [Pa at 25ºC] (Supresta 2006) 

Henry’s Law 
Constant 

4.68E-9a [Pa m3 mol-1] (U.S. EPA 2011) 

Henry’s Law 
Constant 

5.07E-9 [Pa m3 mol-1] (Syracuse Research Corporation (SRC) 2006) 
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Table 11 continued - Bisphenol-A bis(diphenylphosphate) (BDP, CAS nr 5945-33-5) 
Physical-Chemical 
Properties 

Data Units References 

Henry’s Law Constant 5.38a [Pa m3 mol-1] (Eckert and Klamt 2010) 

Log KOW 4  (Syracuse Research Corporation 
(SRC) 2006) 

Log KOW ≥ 6   (Australian Government 
Regulator of Industrial Chemicals 
2000) 

Log KOW >6  (Supresta 2006) 

Log KOW 8.79a  (Eckert and Klamt 2010) 

Log KOW 10.02a  (U.S. EPA 2011) 

Log KOW 10a  (Syracuse Research Corporation 
(SRC) 2006) 

Log KOW 14.4a  (Hilal et al. 2004) 

Log KAW -13.95a    (Eckert and Klamt 2010) 

Log KAW -11.72a  (U.S. EPA 2011) 

Persistence Data Details References 

Low  -not specified, primary 
source not found- 

 (Clean Production Action et al. 
2007) 

Low to high DT50 = 1 day-1 year  (European Chemicals Bureau et 
al. 2007) 

Low; water DT50 =60 daysa (1440 
hours) 

 (U.S. EPA 2011) 

High; water DT50 >1 year  pH 4.0, 7.0 & 9.0, 
25°C 

(European Chemicals Bureau et 
al. 2007) 

High; soil & sediment DT50 = 120 daysa (2880 
hours) 

Soil (U.S. EPA 2011) 

High; soil & sediment DT50 = 542 daysa 
(13000 hours) 

Sediment (U.S. EPA 2011) 

High; sludge Not ready 
biodegradable (DT6 = 
28 days) 

 (Australian Government 
Regulator of Industrial Chemicals 
2000) 

n.c.; atmospheric DT50 =0.5 daya (12.1 
hours) 

 (U.S. EPA 2011) 
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Table 11 continued - Bisphenol-A bis(diphenylphosphate) (BDP, CAS nr 5945-33-5) 

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

n.c. Not enough data to classify 

- No effects observed 

Bioaccumulation Data Details References 

Low to high? BCF = 3.16b
 

 
This value is reported with 
high log KOW, so 
presumably it should be 
log 3.16 and thus a high 
value? 

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

High Estimated high high log KOW & relatively 
low SW and MW 

(Australian Government Regulator of 
Industrial Chemicals 2000) 

Ecotoxicity Data Details References 

Low-Moderate; 
aquatic 

EC50 >1 mg L-1 Algae, growth inhibition (Washington State Department of 
Ecology and Department of Health 
2006) 

Low-Moderate; 
aquatic 

NOEC = 5 mg L-1 Fish (Washington State Department of 
Ecology and Department of Health 
2006) 

Low-Moderate; 
aquatic 

NOEC >1mg L-1  Fish, daphnids & algae 
(EC50 exceeds solubility) 

(Australian Government Regulator of 
Industrial Chemicals 2000) 

High; aquatic Not specified Acute & chronic exposure 
(bisphenol-A breakdown 
product is potentially 
developmentally- and, 
reproductive toxic, also an 
endocrine disruptor) 

(Clean Production Action et al. 2007) 

In Vivo toxicity Data Details References 

Low LD50 >2000 mg 
kg-1 bwt 

Rats (Australian Government Regulator of 
Industrial Chemicals 2000; 
Washington State Department of 
Ecology and Department of Health 
2006; European Chemicals Bureau et 
al. 2007) 

In Vitro toxicity Data Details References 

Low Genotoxicity ; 
Mutagenicity 

- Salmonella and E. Coli, 
AMES test 

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

n.c. Endocrinetoxicity; 
Metabolization 

Metabolite: Bisphenol-A (Maine Department of Environmental 
Protection and Maine Center for 
Disease Control & Prevention 2007)  
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55.4 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-10-

phosphaphenanthrene-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 
(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 References 

Molecular Weight  216.18 [g mol-1]  

Melting point  84.3a [°C] (U.S. EPA 2011) 

Melting point 114-119 [°C] (MaKuang Chemical Co. Ltd. 
2009) 

Melting point 116-119 [°C] (Kuo Ching Chemical Co Ltd. 
2009) 

Melting point 117 [°C] (Chernysh et al. 1972) 

Melting point 122 [°C] (Chang et al. 1998) 

Water solubility 9.01a [mg L-1 at 25ºC] (Hilal et al. 2004) 

Water solubility 71.14a [mg L-1 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 3.13E-2a [Pa m3 mol-1] (Hilal et al. 2003) 

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 -5.65a   (U.S. EPA 2011) 

Log KAW -8.6a  (Eckert and Klamt 2010) 

Persistence Data Details References 

Low; water DT50 <60a.e days  (U.S. EPA 2008) 

High; water DT50 = 37.5a 
days 

primary degradation, 
modeled  

(U.S. EPA 2011) 

High; soil & sediment  DT50 = 75a days soil, primary degradation, 
modeled  

(U.S. EPA 2011) 

77 

 



                                  Chapter 2 – Persistence, Bioaccumulation and Toxicity of HFFRs      

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   (U.S. EPA 2008) 

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

Low LC50 = 230a,e mg L-1 Daphnids, 48h (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) 

Low EC50 = 16a,e mg L-1 Fish, chronic (U.S. EPA 2008) 

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  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.  

n.c. Not enough data to classify 

- No effects observed 
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55.5 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 

(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  (Clariant 2007) 

Persistence Data Details References 

Moderate Days to weeksa, c, e   (U.S. EPA 2008) 

High; Sludge Not inherently 
biodegradable 

OECD Guideline 302 C 
(Inherent Biodegradability: 
Modified MITI Test (II)), 
aerobic, 28 days 

(ECHA Database original 
study 2009b) 

High; Sludge Not ready biodegradable  OECD Guideline 301 F (Ready 
Biodegradability: 
Manometric Respirometry 
Test), aerobic 28 days 

(Clariant 2007; Danish 
EPA et al. 2007; 
European Chemicals 
Bureau et al. 2007; ECHA 
Database original study 
2009c)d 

Bioaccumulation Data Details References 

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) 
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Table 13 continued - Aluminum diethylphosphinate (ALPI, CAS nr 225789-38-8) 
Ecotoxicity Data Details References 

Low LC50 >9.2e mg L-1  
LC50 >11e mg L-1 

Zebra fish, 96h (U.S. EPA 2008) 

Low EC50 = 60-76 mg L-1 Algae,  Scenedesmus subspicatus, 
72h, pH not adjusted 

(Clariant 2007)d 

Low EC50 = 50-76e mg L-1 Algae, 72h (U.S. EPA 2008) 

Low LC50 >33e mg L-1 Daphnids, 48h (U.S. EPA 2008) 

Low EC50 = ca. 46.2 mg L-1 Daphnia magna, chronic, 
reproduction, LOEC =  ca.32 mg L-1 

NOEC = 10 mg L-1 

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

Low EC 50 = 48a,e mg L-1 Fish, chronic (U.S. EPA 2008) 

Low EC 50 >100 mg L-1 Daphnia magna, 48h, EC50 
exceeds solubility 

(ECHA  Database 
original study 1998a) 

Low EC 50 >100 mg L-1  Zebrafish, EC50 exceeds solubility (ECHA  Database 
original study 1998b) 

Low EC 50 >100 mg L-1 Zebrafish, chronic, 28 days 
(nominal concentration) 

(ECHA Database 
original study 2009a) 

Low NOEC >180 mg L-1  Algae (ECHA Database 
original study 
1998c)d 

Low EC 50 =1968 mg L-1 OECD Guideline 209 (Activated 
Sludge, Respiration Inhibition 
Test), 3 hours, NOEC = 483 mg L-1, 
nominal concentrations 

(ECHA Database 
original study 1998d) 

Moderate ChV = 1.8e mg L-1 Algae, chronic exposure, ChV = 
chronic value, no further details 
provided  

Draft (U.S. EPA 2008) 

Moderate ChV = 1.4a, b or c? , e mg L-1 Algae, chronic exposure, ChV = 
chronic value, no further details 
provided 

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 Rats, repeated dose study, 28 
days 

(ECHA Database original 
study 1998g) 

Low NOEC  = 1 g kg-1 bwt day-1 Rats, reproduction toxicity, 
minor changes in both sexes at 
the highest dosage of 1 g kg-1 
bwt day-1, ~48 days 

(ECHA Database original 
study 2008a) 

Low LD50 >2 g kg-1 bwt Acute oral toxicity (U.S. EPA 2008; ECHA 
Database original study 
1998i)d, first is drafte 

Low LD50 >2 g kg-1 bwt Acute dermal toxicity (ECHA Database original 
study 1998h) 

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

(ECHA  Database original 
study 2008b) 

In Vitro toxicity Data Details References 

 Low Genotoxicity ; 
Mutagenicity 

- , Salmonella, AMES test (European Chemicals 
Bureau et al. 2007) 

Low Genotoxicity ; 
Mutagenicity 

-, OECD 471 (Bacterial Reverse 
Mutation Assay) 

(ECHA Database original 
study 1998e)d 

Low Genotoxicity ; 
Mutagenicity 

-, OECD Guideline 473 (In vitro 
Mammalian Chromosome 
Aberration Test), tested up to 
0.780 mg mL-1 

(ECHA Database original 
study 1998f) 

Italic values are predicted: Modeled a Calculated  b 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)). 

(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] (Australian Government Regulator of 
Industrial Chemicals 2006) 

Melting point  >400 [°C] (Australian Government Regulator of 
Industrial Chemicals 2006) 

Water solubility <100 [mg L-1 at 22ºC] (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] (Australian Government Regulator of 
Industrial Chemicals 2006) 

Vapor pressure <8 [Pa at 25ºC] (Nordin 2007) 

Henry’s Law Constant n.d.  [Pa m3 mol-1] (Nordin 2007) 

Log KOW <-2.3  [at 20ºC] (Australian Government Regulator of 
Industrial Chemicals 2006) 

Log KOW -2.3 [at 25ºC] (Nordin 2007) 

Log KOW -2.15a [at 25ºC] (Eckert and Klamt 2010) 

Log KAW -10.9a  [at 25ºC] (Eckert and Klamt 2010) 

Persistence Data Details References 

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

 (U.S. EPA 2008) 

Bioaccumulation Data Details References 

Low BCF <3.8e Cyprinus carpio, 
Melamine 

(U.S. EPA 2008) 

Low BCF <1000c,e  (U.S. EPA 2008) 

Low -not specified-  (Australian Government Regulator of 
Industrial Chemicals 2006) 

Ecotoxicity Data Details 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) 
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Table 14 continued - Melamine polyphosphate (MPP, CAS nr 218768-84-4) 
Ecotoxicity Data Details References 

Low EC50 = 940e mg L-1  
NOEC = 320.0e mg L-1 

Algae, Melamine, 96h (U.S. EPA 2008)  

Low EC50 = 32-56e mg L-1 Daphnids, Melamine, chronic 
exposure 

(U.S. EPA 2008)  

Low EC50 >2,000e mg L-1 Dapnnids, Melamine, 48h (U.S. EPA 2008)  

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 LD50 = 3,160-7,014e mg kg-

1 bwt 
Melamine: 
Rats, mice 

(U.S. EPA 2008)  

Low LD50 >1,000e mg L-1  Rabbits, dermal  (U.S. EPA 2008)  

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) 

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

In Vitro toxicity Data Details References 

n.c. Genotoxicity; 
Carcinogenicity 

+/-e (U.S. EPA 2008)  

Low EC50 = 1,000-3,000e mg L-1 Fish, Melamine, chronic (U.S. EPA 2008)  

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.  

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 References 

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] (ECHA Database original study 
2009e) 

Melting point 258a [°C] (U.S. EPA 2011) 

Melting point 260 [°C] (Hilal et al. 2003; Syracuse 
Research Corporation (SRC) 2009) 

Water solubility 62,000  [mg L-1 at 20ºC] (Perstorp Specialty Chemicals AB 
2008; ECHA Database original 
study 2009f) 

Water solubility 72,300 [mg L-1 at 25ºC] (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) 

Water solubility 3.65e+6a [mg L-1 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] (ECHA Database original study 
2010-Jan-31) 

Vapor pressure 15E-6a [Pa at 20ºC] (ECHA Database original study 
2010-Jan-31) 

Vapor pressure 1.62E-5a [Pa at 25ºC] (Hilal et al. 2003) 

Vapor pressure <1E-3 [Pa at 20ºC] (Perstorp Specialty Chemicals AB 
2008) 

Vapor pressure 2.95E-2a [Pa at 25ºC] (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  (Hilal et al. 2004) 

Log KOW -1.77a  (U.S. EPA 2011) 

Log KOW -1.70  (Perstorp Specialty Chemicals AB 
2008) 
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Table 15 continued - Pentaerythritol (PER, CAS nr 115-77-5) 
Physical-Chemical 
Properties 

Data Units References 

Log KOW -1.70a  (ECHA Database original 
study 2009d) 

Log KOW -1.69  (Syracuse Research 
Corporation (SRC) 2011) 

Log KOW -1.4a  (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 DT50 = 208a hours  
(8.6 days) 

Primary degradation, 
modeled 

(U.S. EPA 2011) 

Low; Water DT60 <28 days Ring test, 25 studies (ECHA  Database original 
study 1985) 

Low; Water biodegradable  biodegradable under some 
test conditions, no details 
provided 

(ECHA  Database original 
study 1980-Feb-29 & 
1981) 

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

 (ECHA  Database original 
study 1991-Sep-16) 

Low; Sludge Ready biodegradable 99% DOC removal in 28 days (ECHA  Database original 
study 1990-Sep-24) 

Low; Sludge Inherent biodegradable 99% DOC removal in 28 days (ECHA  Database original 
study 1994-Jan-25) 

Low; Sludge Inherent biodegradable >90% DOC removal, few 
details provided 

(ECHA  Database original 
study 1979-Feb-08) 

High; Water no hydrolysis @ 20°C after 5 days for pH 5, 
7, 9 

(ECHA Database original 
study 2010-Aug-2) 

High; Water  DT13 = 25 days  (European Chemicals 
Bureau 2000e) 

High; Soil & 
Sediment 

DT50 = 416a hours Soil, primary degradation, 
modeled 

(U.S. EPA 2011) 

High; Soil & 
Sediment 

DT50 = 1870a hours Sediment, primary 
degradation, modeled 

(U.S. EPA 2011) 

High; Sludge DT50 = 14 to more than 
28 days 

Aerobic sewage sludge (European Chemicals 
Bureau 2000e) 

High; Sludge Not Ready 
biodegradable 

 (European Chemicals 
Bureau 1998 (2005 
updated)) 

n.c.; Atmospheric DT50 = 15.4a hours Primary degradation, 
modeled 

(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 (European Chemicals 
Bureau 2000e)  

Ecotoxicity Data Details References 

Low LC50 >100mg L-1 (nominal concentration) 
Oryzias latipes, fresh water, 
96h 

(ECHA Database original 
study 1993-Jan-03) 

Low NOEC = 1,000 mg L-1 (nominal concentration) 
Daphnia magna, 21 days  

(ECHA Database original 
study 1993-March-01b) 

Low NOEC = 1,000 mg L-1 (nominal concentration) 
Microorganisms (activated 
sludge from domestic 
sewage) 

(ECHA Database original 
study 2010-April-29 ) 

Low EC10 >500 mg L-1 Pseudomonas putida 
(nominal concentration) 

(Knie et al. 1983) (not 
found) from (ECHA  
Database original study 
1983) 

Low LD50 >5,000 mg L-1 Fresh water fish (European Chemicals 
Bureau 2000e) 

Low EC50 >500 to >>5000 mg 
L-1 

Crustaceans, algae & 
bacteria 

(European Chemicals 
Bureau 2000e) 
 

Low IC50 = 600 mg L-1 Daphnids (European Chemicals 
Bureau 1998 (2005 
updated)) 

In Vivo toxicity Data Details References 

Low NOEC = 100 mg kg bwt-1 

day-1 
Rats, repeated dose study, 
~46 days 

(ECHA  Database original 
study 1996-Jul-28) 

Low NOEC = 1,000 mg kg 
bwt-1 day-1 

Rats, repeated dose study, 
28 days 

(ECHA  Database original 
study 1992-May-30) 

Low NOEC = 1000 mg kg bwt-

1 day-1 
Rats, repeated dose study, 
~46 days,  Developmental 
and Reproductive toxicity 

(ECHA  Database original 
study 1996-Jul-28) 

Low LD50 = low Rats survived doses as high 
as 16000 mg kg-1 bwt, few 
details 

(ECHA  Database original 
study 1964) 

Low EC50 >1,000 mg L-1 (nominal concentration) 
Daphnia magna, 24 hours 

(ECHA Database original 
study 1993-March-01a) 
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Table 15 continued - Pentaerythritol (PER, CAS nr 115-77-5) 
In Vivo 
toxicity 

Data Details References 

Low LD50 >2,000 mg kg-1 bwt Rats (ECHA Database original 
study 1996-Jul-25 ) 

Low LD50 >5,110 mg kg-1 bwt Rats (ECHA  Database original 
study 1990-Feb-15) 

Low LC50 >10,000 mg kg-1 Rabbits (ECHA 1963-May-19) 

Low LC0= 11,000 mg m-3 air Rats, inhalation, 6 hours 
exposure (LC0, no effect) 

(ECHA  Database original 
study 1964) 

Low LD50 = 11,300 mg kg-1 bwt  Guinea pigs (ECHA Database original 
study 1964) 

Low LD50 = 25,500 mg kg-1 bwt Mice (ECHA  Database original 
study 1964) 

Low LD50 >10,000 mg kg-1 bwt Rats, mice, rabbits & guinea pigs (Merck Chemicals - 
Product Information 
(Merck Website) ; 
European Chemicals 
Bureau 2000e) 

In Vitro 
toxicity 

Data Details References 

Low Genotoxicity ; 
Mutagenicity 

- (UNEP OECD SIDS 1998; 
2005)  

Low Genotoxicity ; 
Mutagenicity 

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

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

In Vitro 
toxicity 

Data Details References 

Low Genotoxicity ; 
Mutagenicity 

-, OECD Guideline 473 (In vitro 
Mammalian Chromosome 
Aberration Test) 

(ECHA  Database original 
study 1994-Dec-21) 

Low Genotoxicity ; 
Mutagenicity 

-, OECD Guideline 476 (In vitro 
Mammalian Cell Gene Mutation 
Test) 

(ECHA Database original 
study 2010-Okt-2) 

Low Genotoxicity ; 
Mutagenicity 

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

(Shimizu et al. 1985) 

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

n.c. Not enough data to classify 

- No effects observed 
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8 Discussion 

88.1 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 in-

depth 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 Environment-

Compatible 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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88.2  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 so-

called 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. 
 

96 

 



                                  Chapter 2 – Persistence, Bioaccumulation and Toxicity of HFFRs      

Ta
bl

e 
16

:  
O

ve
rv

ie
w

 o
f P

BT
 p

ro
pe

rti
es

 fo
r s

el
ec

te
d 

H
FF

Rs
.  

Pl
ea

se 
no

te 
th

at
 th

is 
ta

bl
e 

gi
ve

s a
n 

ov
er

vi
ew

 o
f t

he
 d

at
a 

fo
un

d 
in

 li
te

ra
tu

re
 a

nd
 it

 is
 n

ot
 a

n 
as

se
ss

m
en

t. 
Fo

r a
 m

or
e 

de
ta

ile
d 

cl
ar

ifi
ca

tio
n 

re
fe

r t
o 

th
e 

co
rr

es
po

nd
in

g 
pa

ra
gr

ap
hs

. 

Co
m

po
un

d 
Pe

rs
ist

en
ce

 
Bi

oa
cc

um
ul

at
io

n 
vP

vB
? 

To
xi

ci
ty

 
O

ve
rv

ie
w

 

 
 

 
 

Ec
ot

ox
ic

ity
 

In
 V

iv
o 

to
xi

ci
ty

 
In

 v
itr

o 
to

xi
ci

ty
 

pa
ge

 n
r 

TP
P 

lo
w

-h
ig

h 
lo

w
-h

ig
h 

(y
es

) 
lo

w
-h

ig
h 

lo
w

 
lo

w
-h

ig
h 

 
Ta

bl
e 

9 
RD

P 
lo

w
-h

ig
h 

lo
w

-h
ig

h 
no

 
lo

w
-h

ig
h 

Lo
w

 (-
m

od
er

at
e)

 
(lo

w
)  

Ta
bl

e 
10

 
BD

P 
 lo

w
-h

ig
h 

(lo
w

-h
ig

h)
  

(n
o)

 
lo

w
-h

ig
h 

(lo
w

) 
(lo

w
) 

Ta
bl

e 
11

 
AT

H 
- 

(lo
w

) 
(n

o)
 

lo
w

-h
ig

h 
(lo

w
) 

(lo
w

) 
Ta

bl
e 

3 
ZB

 
- 

n.
d.

 
n.

d.
 

hi
gh

  
lo

w
-h

ig
h 

(lo
w

) 
Ta

bl
e 

6 
AL

PI
 

(m
od

er
at

e-
hi

gh
)  

(lo
w

, n
ot

 sp
ec

ifi
ed

) 
(n

o)
 

lo
w

-m
od

er
at

e 
lo

w
  

(lo
w

) 
Ta

bl
e 

13
 

PE
R 

lo
w

-h
ig

h 
(lo

w
) 

(n
o)

 
lo

w
 

lo
w

 
lo

w
 

Ta
bl

e 
15

 
DO

PO
 

 (l
ow

- h
ig

h)
 

(lo
w

) 
(n

o)
 

lo
w

-m
od

er
at

e 
n.

d.
 

(lo
w

) 
Ta

bl
e 

12
 

M
PP

 
(h

ig
h)

 
(lo

w
) 

(n
o)

 
lo

w
 

lo
w

 
n.

d.
  

Ta
bl

e 
14

 
AP

P 
- 

(lo
w

, n
ot

 sp
ec

ifi
ed

) 
(n

o)
 

lo
w

-m
od

er
at

e 
(lo

w
) 

(lo
w

) 
Ta

bl
e 

5 
ZH

S 
- 

(lo
w

, n
ot

 sp
ec

ifi
ed

) 
(n

o)
 

lo
w

 
lo

w
-m

od
er

at
e 

(lo
w

) 
Ta

bl
e 

7 
M

g(
O

H)
2 

- 
n.

d.
 

n.
d.

 
n.

d.
 

(lo
w

) 
n.

d.
 

Ta
bl

e 
4 

ZS
 

- 
(lo

w
, n

ot
 sp

ec
ifi

ed
) 

(lo
w

) 
(lo

w
) 

(lo
w

) 
n.

d.
 

Ta
bl

e 
8 

(b
ra

ck
ete

d)
 =

 b
as

ed
 on

 tw
o o

r l
ess

 st
ud

ies
, n

.d.
=

 n
o d

at
a, 

un
de

rli
ne

d 
=

 b
as

ed
 on

 m
od

ele
d, 

ca
lcu

lat
ed

 or
 es

tim
at

ed
 va

lue
s 

97 

 



     

 

 



  

 

Analysis of Organophosphorus Flame 

Retardants in Water 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

in preparation 

* equal contributions 

 

 

 



 

 

 

 

 

 

 

  

 

 



                                       Chapter 3 – Analysis of Organophosphorus Flame Retardants  

 

 

 

 

 

 

 

 

 

Keywords: halogen-free flame retardants; organophosphorus flame retardants; SPE;  HPLC-

MS/MS; solubility; sewage treatment plant effluent 

 

  

101 

 



                                       Chapter 3 – Analysis of Organophosphorus Flame Retardants  

AAbstract 
There is a tendency to substitute the frequently used, but relatively hazardous brominated 

flame retardants (BFRs) with halogen-free flame retardants (HFFRs), such as the 

organophosphorus flame retardants (OPFRs) bisphenol A bis(diphenylphosphate) (BDP also 

known by the abbreviation BPA-BDPP), 9,10-dihydro-9-oxa-10-phosphaphenanthrene 

(DOPO) and resorcinol bis(diphenylphosphate) (RDP also known by the abbreviation 

PBDPP). Although the latter compounds are already marketed, their physical-chemical 

properties and environmental fate are poorly characterized because quantitative analytical 

methodologies have not been fully developed yet. An analytical procedure based on SPE and 

LC-MS/MS is presented for the determination of these compounds in water and sewage 

treatment plant (STP) effluent. The experimentally determined aqueous solubilities of BDP, 

DOPO and RDP were 3.9, 2200 and 0.047 mg L-1, respectively. The applicability of the 

method for monitoring BDP and RDP in effluents was demonstrated and in the effluent of a 

Dutch STPs a concentration of 10 ng L-1 of BDP was measured. Hence, the method developed 

in the present study presents a major step towards environmental monitoring of these currently 

emerging organophosphorus HFFRs. 

 

1 Introduction 
To fulfill flame retardancy regulatory requirements, chemical additives known as flame 

retardants (FRs) are incorporated into polymers. Brominated flame retardants (BFRs) are 

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). Some BFRs, however, have unintended negative effects on the 

environment and human health. They can be very persistent (Robrock et al., 2008) and can 

show serious adverse effects such as endocrine disruption (Darnerud, 2003; Darnerud, 2008; 

Meerts et al., 2001). Concerns about the persistence, bioaccumulation, and toxicity (PBT) of 

some BFRs have led to a ban on the production and use of a number of these compounds (e.g. 

polybrominated diphenyl ethers (OSPAR, 2001 (2004 updated); European Parliament (EP), 
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2002)). Hence, there is growing interest in substituting BFRs with alternative halogen-free 

flame retardants (HFFRs), including organophosphorus flame retardants (OPFRs), and their 

application is currently increasing (Betts, 2007; European Flame Retardants Association 

(EFRA), Webpage). Consequently, several new OPFRs have been introduced on the market, 

including bisphenol-A bis(diphenylphosphate) (BDP or BPA-BDPP), 9,10-dihydro-9-oxa-10-

phosphaphenanthrene (DOPO) and resorcinol bis(diphenylphosphate) (RDP or RBDPP). We 

use the shorter acronyms here for simplicity. BDP is used for instance in housings of 

electronic products as an alternative to decabromodiphenylether (Deca-BDE) and DOPO as 

an alternative to tetrabromobisphenol-A (TBBPA) in applications such as printed circuit 

boards and electronic components encapsulations. RDP is also used as an alternative to 

TBBPA, but for housings of electronic products (Waaijers et al., 2013b).   

Although many OPFRs are already marketed, their environmental presence and behavior are 

known to a limited extent only (Waaijers et al., 2013b). Even essential physical-chemical 

properties such as water solubility are poorly characterized and wide ranges are reported in the 

literature (Waaijers et al., 2013b). Quantitative analytical methodologies for BDP, DOPO and 

RDP have not been fully developed (van der Veen and de Boer, 2012) although BDP and RDP 

have previously been detected in air in one study (Matsukami et al., 2010). Rodil and coauthors 

published a method for measuring OPFRs, including RDP and BDP, in waste water (Rodil et 

al., 2005). However, they observed strong matrix effects for these two analytes and a relatively 

low sensitivity, and did not observe concentrations of RDP and BDP in the analyzed waste 

water samples above their limits of detection (LODs). Another disadvantage of their method 

was the use of standard addition for quantification. To the best of our knowledge no analytical 

method for DOPO has been published yet. Consequently, there is an urgent need for an 

optimized analytical methodology for monitoring the presence of these compounds in 

environmental compartments and to study their environmental fate and behavior. The 

objectives of the present study were therefore to develop and optimize an analytical 

methodology to determine BDP, RDP and DOPO in water and to measure their water 

solubilities. The applicability of the method was demonstrated by studying the presence of 

BDP, RDP and triphenyl phosphate (TPP) in three Dutch sewage treatment plants (STPs) 

effluents.   
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2 Materials and Methods 
The present study consisted of three consecutive parts: first we experimentally optimized the 

analytical methodology for BDP, DOPO, RDP and TPP combined. TPP was included in this 

study, since it has been reported to be a substantial by-product in RDP and BDP technical 

mixtures (Clean Production Action et al., 2007). Then we determined the water solubility of 

BDP, DOPO and RDP. Finally, we applied the developed analytical method to determine 

BDP and RDP in three STP effluents.  

 

22.1 Reagents and standards 

BDP  80%, CAS: 5945-33-5) & RDP -21-9) were available as technical 

mixtures only and obtained from ICL (Tel Aviv, Israel). The relative TPP content in 

commercial RDP and BDP technical mixtures was 4.52±0.27% and 3.57±0.11% respectively 

(± 95% C.L., n=4). No native TPP was found in the measured TPP-d15 standards. The data 

thus obtained were used to correct TPP quantification performed throughout this study. 

-25-5, Krems, Austria). TPP (99%, 

CAS: 115-86-6) and TPP-d15 (98%, d-15, internal standard, product nr: 615218) were obtained 

from Sigma-Aldrich (Zwijndrecht, Netherlands). Full names of the analytes are given in Table 

1. Acetone, acetonitrile and methanol (ULC grade) were supplied by Biosolve (Valkenswaard, 

The Netherlands), Promochem (Wesel, Germany) or Merck (Darmstadt, Germany) and 

ammonium acetate (99.99%) by Sigma Aldrich. Ultra-pure water was used from Biosolve (ULC 

grade, Valkenswaard, The Netherlands) and J.T. Baker (Deventer, The Netherlands) as well as 

from an ELGA water system (ELGA ultra-pure water system, Ubstadt-Weiher, Germany) or a 

Milli-Q unit (Millipore AB, Solna, Sweden). Acetic acid (100%, anhydrous) was purchased 

from Merck and formic acid (98-100%, reagent grade) from Scharlau Chemie SA (Sentmenat, 

Spain). Sulfadimethoxine (SDIM, CAS: 122-11-2) from Sigma-Aldrich was used as volumetric 

standard for the solubility determinations.   

For optimization of the analytical method individual stock solutions were made for TPP, RDP, 

BDP (2000 mg L-1), DOPO (200 mg L-1) and TPP-d15 (500 mg L-1), and the former three 
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were used to prepare a mixed stock solution (200 mg L-1). All stock solutions were prepared in 

acetonitrile (ACN), except for DOPO, which dissolved better in acetone.  All calibration 

standards were prepared in ACN.  

For the determination of water solubility individual stock solutions were made in methanol 

(MeOH) for RDP, BDP, DOPO (1.00 g L-1) and SDIM (0.50 g L-1). A mixed stock solution of 

RDP and BDP was prepared (5.0 mg L-1 MeOH). 

 

22.2 LC-MSMS method optimization 

For the analytical method optimization the analytes were measured in spiked water samples 

using liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). The LC 

system (Shimadzu, Kyoto, Japan) consisted of an autosampler (SIL-20A), binary pump (LC-

20AD XR), column oven (CTO-20AC) and system controller (CBM-20A). The LC was 

interfaced to a 4000 QTRAP (Applied Biosystems, Toronto, Canada) MS/MS with 

electrospray ionization (ESI). Nitrogen was used as ionization (curtain, nebulizer and auxillary) 

and collision gas. Analyst software (version 1.5.1) was used to operate the LC-MS/MS. 

Solvents used as mobile phase were filtered (Glass fibre, GF/F, Whatman) and degassed by 

sonication before use. The LC system was automatically equilibrated (8 min) to starting mobile 

phase conditions prior to each sample injection. 

Precursor-product transitions were optimized using flow injection analysis (FIA). For this 

purpose 10 μL of individual standard solutions (ca. 50 μg L-1) was injected. We started with the 

LC-MS/MS settings of Rodil et al. (2005).  The flow rate of the mobile phase was set at 0.25 

mL min-1 

Phenomenex, Torrance, CA, USA) kept at 45°C. Eluent A consisted of MeOH:H2O 50:50 and 

eluent B of pure MeOH, both containing  5 mM ammonium acetate and 3 mM acetic acid (pH 

5). The gradient was as follows: 0 min (75% B), 11 min (100% B), 17 min (100% B), 19 min 

(75% B). ESI tandem mass spectrometry operated in positive ion mode with an ion spray 

voltage of 2000 V, ionization temperature of 400°C, curtain gas of 10, nebulizer gas of 40, 

auxillary gas of 75 (arbitrary units) and 40-60 ms dwell time. For quantification two (precursor-
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product) transitions were measured with multiple-reaction monitoring (MRM) (Table 2). Water 

samples were quantified using TPP-d15 as an internal standard (IS).  

 

Table 1: Schematic structure and full names of the analytes BDP, DOPO, RDP and TPP.  

Analyte Acronyms Structure 

Bisphenol A 
bis(diphenyl phosphate) 

polymer, n = 1 – 2 
predominantly 

BDP 

 

 

9,10-Dihydro-9-oxa-10-
phosphaphenanthrene 

DOPO 

 

Resorcinol bis(diphenyl 
phosphate) 

polymer, n = 1 – 3 
predominantly 

RDP 

 

 

Triphenyl phosphate TPP 

 

106 

 



                                       Chapter 3 – Analysis of Organophosphorus Flame Retardants  

 
Table 2: Characteristics of the optimized MS/MS method for BDP, DOPO, RDP and TPP 

(positive ion mode).  

  Precursion 
Ion 

Product 
Ion 

Declustering 
Potential (V) 

Collision Energy 
(V) 

BDP 693  367 177 51 
 693  327 172 44 
DOPO 217  199 109 33 
 217  152 101 54 
DOPO-H2O 235  217 64* 20 
 235  199 64* 31 
RDP 575  481 176 51 
 575  419 175 52 
TPP 327  153 128 40 
 327  215 123 37 
TPP-d15 (IS) 342  162 128 40 
 342  243 123 37 
*  This declustering potential voltage leads to good sensitivity for DOPO-H2O-H+, 

however it can create in source fragmentation giving an extra peak at DOPO-H+ 

m/z value. With a lower voltage (20) this peak disappears but the sensitivity is 

lowered as well.   

 
All OPFRs eluted within thirteen minutes when using the present study’s optimized method. 

BDP, DOPO, RDP and TPP were well separated as shown in the chromatogram (Figure 1). 

At these relatively high concentrations (1 mg L-1 for DOPO and 2 mg L-1 for TPP, RDP and 

BDP) carry over occurred when using the method of Rodil et al. (2005). Starting the gradient 

at a higher concentration of MeOH prevented this problem. The retention times, regressions 

of the calibration curves and lowest amount injected of the analytes are shown in Table 3.  
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Figure 1: Chromatographic separation of DOPO (left) and TPP-d15 (IS), TPP, RDP and BDP 

(right) with at a concentration of 1 mg L-1 for DOPO and 2 mg L-1 for TPP, RDP and BDP. 

 

Table 3: Characteristics of the optimized HPLC method for BDP, DOPO, RDP and TPP.  

BDP, DOPO and RDP are all calibrated with 6 levels (~15-1400 g L-1), TPP with 5 (29-1142 

g L-1).  

Compound Regression Linearity (R2) 
(n=8)* 

pg injected** tr (min) 
(n>100)**** 

BDP second order 0.9990 ± 0.0009 107 12.61 ± 0.02 
DOPO first order 0.9630 ± 0.0064 250 4.11 ± 0.03 
RDP first order 0.9992 ± 0.0006 116 9.91 ± 0.02 
TPP first order 0.9983 ± 0.0006 308*** 7.78 ± 0.02 
TPP-d15 (IS) - - - 7.63± 0.02 

* data averaged from four calibration curves (DOPO three) and two transitions  

(± 95% C.L.) 

**  picogram (pg) injected for lowest level of calibration curve 

*** corrected for TPP impurities, see section 2.1 Reagents and standards 

**** tr= retention time 
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22.3 Water solubilities 

Saturated solutions of DOPO, RDP and BDP in water were prepared separately (in triplicate) 

by placing 0.05-0.06 g of DOPO, 0.02-0.04 g of RDP and 0.02-0.03 g of BDP in glass test 

tubes. Ten mL of Millipore water was added to each test tube and the tubes were sealed with a 

Teflon-lined screw cap. The sealed test tubes were placed in an ultrasonic bath for two hours 

and then on a rotation device. The test tubes with DOPO were rotated for 9 d, and then 

allowed to stand in the dark for 4 months (average room temperature 22 oC) until analysis. The 

DOPO water samples were filtered through glass fiber filters and aliquots were diluted with 

MeOH before analysis. The volumetric standard was added to the autosampler (AS)-vials. The 

test tubes with BDP and RDP were rotated for 3.5 months (covered in aluminium foil) and 

then allowed to stand in the dark at room temperature. After another 3.5 months, the test 

tubes were centrifuged (4000 rpm, 20 min). The water solubilities of both BDP and RDP were 

higher than anticipated (Waaijers et al., 2013b) (one replicate was sacrificed) and the remaining 

duplicate water samples had to be diluted with MeOH rather than concentrated. The results 

indicated that these OPFR solutions were not homogenous, especially for RDP. Therefore, 

new aliquots were sampled from the saturated water solutions after an additional 8 months. 

These were taken from the middle of the water column without touching the glass walls. Then 

they were filtered in small portions (slowly by gravity) through two cellulose filters placed on 

top of each other (Krim. Teknisk Materiel AB, Bålsta, Sweden) placed on top of a frit 

(polyethylene) in an empty SPE reservoir. The first 0.5 mL filtered was discarded and then 

aliquots (3 x 0.4 mL) were collected directly into pre-weighed AS-vials.  

A volumetric injection standard (SDIM in MeOH) was added and the samples were kept at 

room temperature until analysis. At the moment of the analyses there were visible remains of 

un-dissolved chemical in all original test tubes, indicating saturated solutions. 

The samples used for determining the water solubility were analysed with an ultra-high 

performance liquid chromatograph coupled to a tandem mass spectrometer (UHPLC-MS). 

The LC system (ACQUITYTM UPLC, Waters, Milford USA) consists of an autosampler, a 

binary pump, and a column oven. The MS was a tandem-quadrupole MS (XevoTM TQ-S, 

Waters) with ESI.  Nitrogen was used as desolvation and nebulizer gas, and argon as collision 

gas. MassLynx software was used (version 4.1) for operation of the UPLC-MS/MS system and 
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also for data acquisition. The LC injection volume was 1 μL and the flow rate of the mobile 

phase was set at 0.4 mL min-1 for BDP and RDP and 0.5 mL min-1 for DOPO. A C18 

stationary phase (ACQUITY UPLC® HSS, 1.8 μm; 2.1x100 mm, Waters, Milford, USA) LC 

column with a pre-column (ACQUITY UPLC™ HSS C18; 1.8 μm VanGuard™; 2.1 x 5mm) 

was used and kept at 65 oC. Details on the eluents and gradients used are shown in the 

supporting information (SI), chapter 5. The ESI tandem mass spectrometer was operated in 

negative ion mode for DOPO and in positive mode for BDP and RDP. For quantification two 

(precursor-product) transitions were measured with MRM. Instrumental parameters and 

individual settings are described in Table S.1 (SI). The concentrations of BDP, DOPO and 

RDP in the water samples were quantified by means of external calibration curves with the 

injection standard SDIM added to both samples and standards.  

 

22.4 Optimization of Solid Phase Extraction (SPE) and STP 
effluent analysis 

Sample preparation – solid phase extraction (SPE) 2.4.1

In order to determine the concentrations of the OPFRs in STP water samples, we first 

optimized the sample preparation method. SPE was used for the extraction and clean-up of 

the water samples. For this purpose a variety of SPE columns was tested in duplicate with 

spiked pure water to evaluate optimal packing size and interaction mechanism (see Table 4). In 

addition, an ‘empty cartridge’ was prepared by manually removing the packing materials. This 

was used to evaluate losses caused by adsorption to the cartridge housing material. Ultra-pure 

water was spiked at 0 and 100 μg L-1 (IS 200 μg L-1). The extractions were performed using a 

manifold vacuum set-up (Waters Chromatography B.V., Etten-Leur, the Netherlands). 

Cartridges were conditioned with 5 mL of MeOH and equilibrated with 5 mL of ultrapure 

water (or both 10 mL in case of 500 mg sorbent). After addition of the water sample (7 mL), 

the HLB, MCX and Strata X cartridges were left to dry for 30 min before two elutions with 

MeOH (elution 1 and elution 2, both 7 mL). The other cartridges were washed directly with 2 

mL of ultrapure water, followed by two elutions with MeOH as above. MCX (150 mg) and 
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HLB (500 mg) were tested with acidified water for conditioning and washing (2% formic acid, 

pH 2). The recoveries were calculated by comparing SPE samples to a sample that was directly 

taken from the spike solution (this concentration was set at 100%).  Based on these results the 

optimal cartridge was selected. 

In order to validate the selected SPE method, effluent samples from three different STPs in 

the Netherlands (Table 5) were collected and analyzed for BDP, RDP and TPP. Since a larger 

volume was required to analyse the expected trace concentrations in these samples, the method 

was also validated on 100 mL samples. First a triplicate spike experiment with ultra-pure water 

(Milli-Q) for BDP, RDP and TPP was performed at two concentration levels. 100 mL of water 

was spiked at a high concentration (250 μl of 1000 ng mL-1 BDP/RDP standard in methanol) 

and a lower concentration (50 μl of 1000 ng mL-1 BDP/RDP standard in methanol). In 

addition to water, 100 mL of STP effluent samples (triplicate, taken from location Rotterdam, 

the Netherlands, see Table 5) were spiked to test for the matrix effects. The STP effluent was 

first centrifuged at 1500 rpm for 10 min to separate the water from the particular matter before 

it was spiked with 50 μl of 1000 ng mL-1 BDP/RDP standard in methanol. The technical 

mixtures of BDP and RDP contain TPP as a byproduct which was used for the calculation of 

the recovery of TPP. TPP-d15 was used as internal standard for quantification.   

STP effluent analysis 2.4.2

For the analysis of OPFRs in sewage effluent, one sample of effluent (100 mL) was taken per 

location (spot sampling). Some basic information on the STP systems is given in Table 5. The 

samples were first centrifuged at 1500 rpm for 10 min to separate the water from the particular 

matter. After centrifugation, this 100 mL of effluent was diluted with 50 mL of ultrapure water 

(diluting of the samples prevent the SPE cartridges from clogging).  The samples were acidified 

with formic acid to pH 2 and TPP-d15 (75 ng) was added as an internal standard (IS).  Cleanup 

was performed with solid phase extraction (Oasis SPE MCX 150mg/6cc). The cartridge was 

washed and conditioned with 6 mL of MeOH followed by 5 mL of ultra-pure water and then 

the sample was loaded on the SPE cartridge. It was washed with 3 mL of ultra-pure water 

(pH<2) and left to dry for 30 min. BDP and RDP were eluted with 6 mL of MeOH. This was 
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evaporated to a final volume 1 mL using a gentle N2 flow, resulting in a concentration factor of 

100.  

 

Table 4: Characteristics of SPE cartridges tested to extract OPFR from water samples.  

Manufacturer Column Sorbent (mg) Materiala Interaction(s)b 

Phenomenex Strata X 200 Strata X vdW, π-π, polar 

C18-U 200 C18, not endcapped vdW, slightly polar 

C18-E 200 C18, endcapped vdW 

Phenyl 200 Phenyl π-π 

Cyano 200 Cyano π-π, polar 

Waters Oasis HLB 500c HLB vdW, polar 

Oasis MCX 150c, 500 MCX vdW, polar, SCX 

Baker Speeddisk C18 200 C18, endcapped vdW 

SDB 1 200 SDB vdW, π-π 

Biotage Isolute ENV+ 200, 500 Proprietary vdW 

a  HLB: hydrophilic-lipophilic-balanced; MCX: mixed-mode cation exchange; SDB: 

styrenedivinylbenzene 

b Primary Interactions: vdW: van der Waals; π-π: pi-pi interactions; SCX: strong cation 

exchange 

c These cartridges were tested acidified; see section 3.2 Optimization of SPE and STP `

 effluent analysis 
 
Table 5: Characteristics of Dutch sewage treatment plants screened for BDP, RDP and TPP. 

Location Biological capacitya Main source  

Amsterdam West 1014000 90% household 10% industry 

Eindhoven 750000 household, textile and chemical industryb 

Rotterdamc  400400 72% household 28% industry 

a  i.e. inhabitant equivalents á 136 g total oxygen uptake day -1 

b percentages unknown 

c  location Kralingseveer 
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Analysis of  BDP, RDP and TPP in STP effluent was performed on a 1260 infinity high 

performance liquid chromatograph (HPLC) (Agilent Technologies, Amstelveen, The 

Netherlands) with a 150 x 3 mm Luna C18  3 μm column and C18 4 x 3 mm guard column 

(Phenomenex, Utrecht, The Netherlands). The LC method used was described in Rodil et al. 

(2005). Eluent A consisted of MeOH:H2O 20:80 and eluent B of 100% MeOH, both 

containing 0.2% formic acid. The LC gradient was adopted and modified following: 0 min. 

(55% B), 5 min. (70% B), 11 min. (100% B), 16 min. (100% B), 17 min. (55% B) and 27 min. 

(55% B). The HPLC was coupled to a 6410 triple quad MS (Agilent Technologies, Amstelveen, 

Netherlands) with electro-spray ionization (ESI) interface operated in the positive mode. The 

capillary voltage was set at 3500 Volt with a source temperature of 350 °C, nebulizer gas 

pressure of 45 psi with and a drying gas flow of 8 L min-1. The injection volume was 10 μL. 

The MS was run in the MS-MS mode using multiple-reaction monitoring (MRM) of the parent 

and the daughter ions given in Table S.2 (SI). TPP-d15 was used as internal standard for 

quantification.  

 

3 Results & Discussion 

33.1 Water Solubilities 

DOPO 3.1.1

The chemical structure of DOPO is commonly represented in its closed-ring form with the 

phosphorus atom existing in a P(V) oxidation state.  However, its ring P-O bond hydrolyses 

(accelerated in acid environments) (Liu et al., 2003), which opens the middle ring and creates 

an acidic product. It has previously been reported that commercial DOPO can contain 

approximately 31% of a hydrolyzed ring-opened phenolic phosphinic acid, referred to here as 

DOPO-H2O, which exists largely as the deprotonated species in the presence of water 

(Morrison and Boyd, 1966).  Additionally, pentavalent phosphorus compounds containing P-H 

bonds can tautomerize from the P(V) form to the P(III) tautomer (Mayer et al., 1981) which 

makes the analysis of DOPO in solution challenging.  The characterization of DOPO in 
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various solution states was carried out through NMR and LC-MS experiments by colleagues at 

Wellington Laboratories Inc. (Riddell and Wellington Laboratories, 2012, 9 May).  

The presence of these multiple species in solution required the development of specialized LC 

conditions for this study, which included pH optimization. No transformation products of 

DOPO were observed when a freshly made standard was infused directly into the mass 

spectrometer in the absence of water. When a DOPO standard was injected in the LC-

MS/MS, on-column hydrolysis was observed, most likely due to the water present in the 

mobile phase, forming DOPO-H2O. A ‘saddle’ chromatogram was observed when analyzing 

DOPO+H+ and DOPO-H2O+H+ , with the latter peak at a later retention time (+2.2 min) 

(Figure 2). In-source fragmentation of DOPO-H2O+H+ to DOPO+H+ was observed and 

meant that a single MRM (m/z 217/199) was used to analyse these two compounds. When 

decreasing the pH of the sample and mobile phase to 2.1 the equilibrium was completely 

shifted resulting in DOPO-H2O only. However, this method led to poor reproducibility and 

chromatography over time. Best results were therefore obtained with a buffer (ammonium 

acetate and acetic acid, pH 5), which resulted in good stability over time. 

 

 

 

 

 

 

 

Figure 2: LC-MS/MS chromatogram of 

DOPO (200 µg L-1), showing the ‘saddle’ 

formed due to on-colomn hydrolysis 

(method Rodil et al.(2005), pH ~3).  

The first peak (tr=4.8 min) is DOPO and 

the second peak (tr=7.0 min) DOPO-

H2O. 
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Consequently, concentrated stock solutions were prepared in acetone (which dissolves DOPO 

well) and lower concentration calibration standards in ACN, both aprotic solvents.  However, 

after about a three months period the DOPO concentration in the calibration standards had 

decreased dramatically (a loss of approximately 90%). It was unclear to what products DOPO 

degraded, while other OPFRs did not appear to degrade within calibration solutions. Thus 

DOPO did not seem to react with the other analytes. Because of this, the DOPO SPE 

recoveries were quantified relatively (peak area of sample injected directly/ peak area of sample 

after filtration or SPE, with IS correction). Because of the instability of DOPO in ACN, stock 

solutions and calibration standards were prepared in MeOH, and used within 24 h.  

The experimentally obtained water solubility for DOPO in this study was 2200 ± 580 mg L-1 

(Table 6). Since DOPO hydrolyses in contact with water, it should be kept in mind that the 

product dissolved is actually an equilibrium mixture of DOPO-H2O and DOPO. The pKa of 

the benzene phosphinic acid moiety is estimated to be 1.65 (American Chemical Society (ACS), 

2013) and about 9.8 for the 2-phenylphenol moiety (Health Canada, 2008).  This means that 

DOPO-H2O probably also has a low pKa and that the deprotonated DOPO-H2O is dominant 

in water. There are no other experimentally obtained data in literature for the water solubility 

of DOPO, and the modeled data reported a range from 9 to 2800 mg L-1 (Australian 

Government Regulator of Industrial Chemicals, 2000). The present experimentally obtained 

water solubility for DOPO (2200 mg L-1) is close to the upper end of the modeled values and 

confirms its high water solubility. This increases the likelihood of finding DOPO in 

environmental water samples.  

 
Table 6: Experimental water solubilities (SW mg L-1) of DOPO, BDP and RDP (this study) 
compared to literature data (summarized in Waaijers et al. (2013b)). 

Sw This Study 
(mg L-1) 

Literature 
(mg L-1) 

 Experimental (22°C) Experimental (20°C) Modeled (25°C) 
BDP 3.9 

(range 3.2-4.6) 
4.15*10-1 5.26*10-10 – 2.27*10-4 

DOPO 2200 ± 580 
(range 1900-2900) 

no data 9.01 – 2767 

RDP 0.047 
(range 0.015-0.079) 

1.05 1.65*10-6 - 6.88*10-3 
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BDP 3.1.2

The average water solubility of BDP observed in the present study was 3.9 mg L-1, and the 

duplicate values differed to some extent ± 4.6 and 3.2 mg L-1, respectively (Table 6). The 

standard deviation from replicates within the test tubes was low (n=3, RSD of 2 and 1%, 

respectively), indicating that the two BDP water solutions were homogeneous. The water 

solubility observed in the present study is one order of magnitude higher than the only other 

value reported in the literature (Australian Government Regulator of Industrial Chemicals, 

2000) and several orders of magnitude higher than the modeled data reported (Table 6) 

(Waaijers et al., 2013b). The previously measured value (0.45 mg L-1) was determined according 

to an OECD guideline by shaking flasks for up to 72 hours, compared to several months in the 

present study, and then allowing them to stand for 24 h before analysis (Australian 

Government Regulator of Industrial Chemicals, 2000). The solubility obtained in the current 

study is higher than the value reported in literature (Australian Government Regulator of 

Industrial Chemicals, 2000), which indicates that the time for dissolution was possibly too 

short in their study to achieve saturation, which makes our value for water solubility more 

reliable.  

RDP 3.1.3

The solutions of RDP were initially non-homogeneous and the samples taken after 7 months 

did not provide reproducible results. There was considerable variability between replicates 

from the same test tube and between the two test tubes. The sampling was repeated and the 

resulting concentrations ranged over three orders of magnitude. This indicated that the water 

samples possibly had small (non-visible) aggregates of RDP in the water, forming an emulsion. 

Adding the filtration step reduced the variability of the RDP concentrations. The average RDP 

water solubilities in the two test tubes were 0.015 and 0.079 mg L-1, with relative standard 

deviations of 0.5 and 31%, respectively, indicating that the test tube with lower RDP 

concentration was more homogeneous than the higher concentration. The previously 

measured experimental value of 1.05 mg L-1 is reported as a personal communication from the 

manufacturer, with some details available from the European Chemicals Agency (ECHA) 
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website (European Chemicals Agency (ECHA) Database, original study 2003-Mar-17). This 

measured value was determined according to OECD guideline 105 under GLP by shaking 

flasks for 1, 2, 3 or 4 days at 20oC, compared to several months in the present study, and then 

analyzing the water samples. No filtration step was indicated before analysis was performed. 

Interestingly, the water solubility values increased during the test (from 0.512 mg L-1 on day 1 

to 1.099 mg L-1 on day 4). These results indicate that RDP had not reached saturation in the 

short time of this OECD guideline test. The higher values found compared to those from the 

present study may be due to the formation of aggregates, as was seen in our un-filtered 

samples, where we also obtained higher values. Hence, the reliability of the value from 

reference (European Chemicals Agency (ECHA) Database, original study 2003-Mar-17) is 

difficult to evaluate and thus difficult to compare with the experimental value obtained in the 

current study. As we allowed the dissolution process to run over a long time period to achieve 

saturation, and dealt with possible emulsion formation by adding a filtration step to reduce 

variability, we consider the water solubility presented here as the most reliable experimental 

value available at this time. These relatively low water solubilities of BDP and RDP, combined 

with their high log KOW values (>4 (Australian Government Regulator of Industrial Chemicals, 

2000)), implies that both compounds are hydrophobic and likely to partition to (dissolved) 

organic matter in natural waters.  

  

33.2 Optimization of Solid Phase Extraction (SPE) and STP 
effluent analysis 

SPE recoveries for all analytes in ultra-pure water are shown in Figure 3. BDP as well as RDP 

were poorly retained by most of the columns tested and were still largely present in the load 

fraction after SPE. We expected the best results with cartridges that could provide  or van 

der Waals interactions, such as the phenyl, SDB 1 or C18 columns, but in contrast the highest 

recoveries were obtained with the acidified MCX (MCX-A) cartridge. Although good 

chromatographic separation and sorption (retention) was observed on the C18 LC column (see 

section 3.2 Chromatographic Separation and Instrumentation Settings), SPE recoveries on C18 

cartridges were quite low (around 40%) for BDP and RDP.  The pore size, carbon load and 
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surface area of the SPE cartridges are comparable to those of the LC column, however the 

additional mass of stationary phase of the LC column and small sample (injection) volume 

compared to SPE may explain the increase of sorption efficiency by the sorbent of the LC 

column.  

Furthermore, the acidified HLB cartridge gave poor results, although this cartridge has 

basically the same stationary phase as the MCX cartridge with an additional SO3- moiety. These 

groups only reduce the total number of neutral adsorption sites and not the affinity of the 

sorbent for the solute (Bauerlein et al., 2012). This could explain the reduced sorption 

compared to HLB and therefore increased recovery in the first elution of MCX sorbent. It 

seems that the OPFRs are actually too strongly bound to HLB, since al large fraction was 

recovered in the second elution. The increased recoveries of acidified MCX versus normal 

MCX might be explained by the fact that by acidifying the column and sample, a fraction of 

the SO3- groups becomes protonated increasing the affinity of the OPFRs for the sorbent. Or 

alternatively, P=O groups of the OPFRs become protonated and the affinity for the sorbent 

increases due to electrostatic interactions.  

Good recoveries were observed for DOPO for most SPE cartridges, explained by retention by 

both van der Waals and π−π interactions. Although DOPO can be hydrolyzed, neutral or 

acidic conditions did not visibly influence the recovery. Because of the low pKa of DOPO-

H2O (see section 3.1.1 DOPO), it probably largely exists in its anionic form and a pH change 

from 7 to 2 will have little effect on its speciation.  

The different behavior of DOPO compared to TPP for some of the SPE cartridges (Figure 3) 

indicates the need for a more suitable IS for DOPO. TPP-d15 was selected as internal standard 

for this study, since to our knowledge it is currently the only commercially available isotopically 

labeled aromatic organophosphorus standard that resembles the OPFRs from this study, and it 

has also been used as an IS in other OPFR studies (Bacaloni et al., 2007; Quintana et al., 2008). 

However, it seems that a more structurally similar or labeled standard is necessary for DOPO 

in order to advance the analytical method of this compound. 

High recoveries were found for TPP for the majority of the tested materials, specifically for 

sorbents with van der Waals or π−π interactions, such as C18 and cyano and phenyl cartridges.  
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For all the OPFRs in this study combined, optimal results were obtained with the MCX-A 

cartridge with average recoveries (n=2) of 61% for TPP, 89% for RDP, 81% for BDP and 

124% for DOPO. In order to validate this method, spot samples of effluent were taken from 

three different STPs in the Netherlands and analyzed for BDP, RDP and TPP. No data could 

be reported for DOPO in the STP effluents because of the stability and quantification 

difficulties of DOPO discussed above. 

Figure 3: Recoveries (n=2) of OPFRs for various SPE cartridges.  

Error bars correspond to standard errors between duplicate samples (values below 2% omitted for clarity). The suffix 
–A refers to acidified samples for MCX (150 mg) and HLB (500 mg) (see section 3.4 Optimization of Solid Phase 
Extraction). C18 is the Phenomenex C18-E cartridge and ENV+ the Biotage 200 mg cartridge. Load fraction is the 
SPE sample fraction collected after loading the sample on the SPE cartridge. Wash fraction is the sample fraction 
collected after washing the loaded SPE cartridge. Elution 1 is the first elution fraction collected and elution 2 is the 
fraction collected after a second elution. Wash fraction was not collected for HLB-A (0% assumed).  Recoveries of 
first elution for C18-U, Speeddisk C18 and Insolute ENV+ 500 mg  are shown in Table S.3. 
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First, spiked ultra-pure water, as well as effluent was tested for the validation of 100 mL 

samples. In the water high recoveries were observed for all three OPFRs: at the low 

concentration level recoveries were 86±16% for BDP, 112±6% for RDP and 105±1% for 

TPP (n=3), while at the high concentration level recoveries of 105±3% for BDP, 122±2% for 

RDP, and 81±4% for TPP (n=3) were found. The recovery of TPP-d15 was >76%. Good 

recoveries were also obtained for the triplicate spiked effluent samples; for RDP it amounted 

to 83±2%, for BDP to 103±4% and for TPP to 79±2%. These results indicate that no matrix 

effects affected the determination of RDP, BDP and TPP in the effluent samples. Measurable 

blank levels were only observed for BDP (1.3 ng L-1), giving a limit of detection (LOD) for 

BDP of 3.9 ng L-1 (3 times the blank level). The LOD for TPP and RDP are 2 and 5 ng L-1, 

respectively. 

In one of the effluent samples from the Rotterdam STP, BDP was actually detected at a 

concentration of 10 ng L-1. In the other samples taken, the levels of BDP, RDP and TPP were 

below the limit of detection.  

 
4 Conclusions 
In this study a rapid and robust SPE with LC-MS/MS method was presented for the analysis 

of BDP, DOPO and RDP in water and, BDP and RDP in effluent samples. We determined 

experimentally that DOPO has high water solubility, whereas BDP and RDP have much lower 

solubilities. In addition we quantified BDP in a Dutch STP effluent. As the application of 

these alternative flame retardants is currently increasing, their levels in the environment are 

expected to increase as well.  Therefore, the method developed in the present study presents a 

major step towards environmental monitoring of these halogen-free organophosphorus flame 

retardants.  
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5 Supporting Information (SI) 
The samples used for determining the water solubility were measured with an ultra-high 

performance liquid chromatograph coupled to a tandem mass spectrometer (UHPLC-MS). A 

different method was used for DOPO than for BDP and RDP. For DOPO Eluent A 

consisted of MeOH:H2O 5:95 and eluent B of MeOH:H2O 92:2, both containing  2 mM 

ammonium acetate. The gradient was as follows: 0 min (0% B), 2.6 min (60% B), 2.8 min 

(100% B), 5.5 min (100% B), 6 min (0% B) and 8 min (0% B). For BDP and RDP Eluent A 

consisted of MeOH:H2O 20:80 and eluent B of 100% MeOH, both containing  0.2% formic 

acid. The gradient was as follows: 0 min (0% B), 1.0 min (50% B), 3.0 min (95% B), 7.0 min 

(95% B) and 8.1 min (0% B). 

For DOPO, the hydrolysis product DOPO-H2O was measured in negative mode on the mass 

spectrometer. A capillary voltage of 1500 V, source temperature of 150°C, cone voltage of 20, 

source offset of 50 V and desolvation temperature of 200 °C were used. The desolvation gas 

flow was 800 L h-1, cone gas flow 150 L h-1, nebulizer gas flow of 7 bar and collision gas of 

0.15 mL min-1. The collision energy was set at 4 eV.  

For BDP and RDP mass spectrometry operated in positive ion mode with an capillary voltage 

of 3000 V, source temperature of 150°C, cone voltage of 50, source offset of 30 V and 

desolvation temperature of 350 °C. The desolvation gas flow was 650 L h-1, cone gas flow 150 

L h-1, nebulizer gas flow of 7 bar and collision gas of 0.25 mL min-1. The collision energy was 

set at 4 eV.  

121 

 



                                       Chapter 3 – Analysis of Organophosphorus Flame Retardants  

For quantification two (precursor-product) transitions were measured with multiple reaction 

monitoring (MRM). Individual parameters and optimized settings are shown in Table S1.  

 

Table S2: Precursor- and product-ions measured on the MS/MS for the water solubility 

samples of DOPO-H2O (negative mode), BDP and RDP (positive ion mode). 

 Precursion Ion Product Ion 

DOPO-H2O  233 215 
 233  169 
SDIM (negative) 309  195 
 309  66 
BDP 693  367 
 693  327 
RDP 575  481 
 575  419 
SDIM (positive) 311  173 
 311  156 

 
Tabel S1: Characteristics of the LC- MS/MS method for the pilot study of monitoring BDP 

and RDP in sewage sludge samples (positive ion mode).  

Compound  Acronym tr
** Precursor  

Ion 
Product  
Ion 

Fragmentor Col.  
Energy 

Tri-n-butyl phosphate d27 * TBP d27 15.8 294.4 166.1 100 15 

   294.4 102.1 100 15 

Triphenyl phosphate d15 * TPP d15 16.4 342.2 160.2 175 40 

   342.2 82.1 175 40 

Bis-phenol A-bis (diphenyl  
phosphate) 

BDP 18.1 693.2 367.1 250 38 

   693.2 327 250 38 

Resorcinol bis (diphenyl  
phosphate) 

RDP 16.5 575.1 481.1 225 45 

Triphenyl phosphate TPP 14.5 327.2 152.1 175 35 

   327.2 77.1 175 35 

*   internal standards 

**  tr= retention time (min.) 

****  fragmentor  
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Tabel S2: SPE recoveries for BDP, DOPO, RDP and TPP.  

Here the results of three tested cartridges are shown that were left out of figure 3 of Chapter 3. 

They were left out since similar cartridges were already shown in figure 3 and no improved 

recoveries were observed.   

Manufacturer Column & 
sorbent (mg) 

Recoveries  
of the first elution fraction (± s.e.) 

  BDP DOPO RDP TPP 

Phenomenex C18-U, 200 29% (± 3.8%) 101% (± 0%) 46% (± 4.8%) 93% (± 0%) 

Waters Speeddisk C18, 200 29% (± 3.4%) 114% (± 2.2%) 50% (± 4.5%) 108% (± 0%) 

Biotage Isolute ENV+, 500 6% (± 0%) 86% (± 2.1%) 3% (± 0%) 2% (± 0%) 
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Abstract  

Halogen-free flame retardants (HFFRs), such as the aromatic organophosphorus flame 

retardants (OPFRs) triphenyl phosphate (TPP), resorcinol bis(diphenylphosphate) (RDP) and 

bisphenol A bis(diphenylphosphate) (BDP) have been proposed as potential replacements for 

brominated flame retardants in polymers and textiles. Although these OPFRs are already 

marketed, their environmental fate and effects are poorly characterized. The aim of this study 

was therefore to determine the mineralisation and primary biodegradation of these OPFRs by 

activated sludge. Mineralisation was monitored by measuring CO2 production by means of GC 

analysis, whereas primary biodegradation was monitored by LC-MS/MS analysis of the OPFRs 

and their potential metabolites. TPP was biodegraded and mineralised most rapidly and 

achieved the requirement for ready biodegradability (60% of theoretical maximum 

mineralisation). Primary biodegradation was also rapid for  RDP, but 60% mineralisation was 

not achieved within the time of the test, suggesting that transformation products of RDP may 

accumulate. Primary degradation of BDP was very slow and very low CO2 production was also 

observed.  

 

Keywords: organophosphorus flame retardants, biodegradation, mineralization 
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1 Introduction 
Chemical additives known as flame retardants (FRs) are incorporated into a wide range of 

polymers in order to fulfil regulatory requirements on flame retardancy. Brominated flame 

retardants are used most frequently, due to their efficiency in low amounts, low costs, and low 

impairment of the polymer’s functionality (Alaee et al., 2003; Birnbaum and Staskal, 2004). 

Concerns about the persistence, bioaccumulation and toxicity (PBT properties) of BFRs (Law 

and Herzke, 2011; Darnerud, 2003; 2008) have, however, led to restrictions on the production 

and use of many of these compounds (Kemmlein et al., 2009). 

Organophosphorous flame retardants (OPFRs), especially chlorinated OPFRs, were 

considered to be suitable replacements for the banned BFRs, but some of these compounds 

also appear to be persistent, bioaccumulative, and toxic (Reemtsma et al., 2008; van der Veen 

and de Boer, 2012). Interest has therefore shifted towards halogen-free flame retardants 

(HFFRs) as replacements for BFRs (van der Veen and de Boer, 2012; Waaijers et al., 2013b). 

Many of these HFFRs are already being marketed, although their environmental behaviour and 

toxicological properties are known to only a limited extent (Waaijers et al., 2013b). Moreover, 

the limited data that are available are often not accessible in the open literature and, 

consequently, the potential impact of these HFFRs on the environment cannot be properly 

assessed. Hence, there is an urgent need for information on the PBT properties of HFFRs. 

The aim of the present study was therefore to determine the persistence of several aromatic 

organophosphorous flame retardants (OPFRs), a group of HFFRs that have been proposed as 

replacements for BFRs in polymers (van der Veen and de Boer, 2012; Waaijers et al., 2013b). 

To this purpose, three aromatic OPFRs, triphenyl phosphate (TPP), resorcinol bis diphenyl 

phosphate (RDP) and bisphenol-A bis diphenyl phosphate (BDP), were tested for their 

mineralisation and primary biodegradation in activated sludge. When mineralisation was 

incomplete, but degradation of the parent compound did occur, we also attempted to identify 

the primary degradation products. 
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2 Materials and Methods 

22.1 Chemicals  

All chemicals were obtained from commercial sources and used as received: TPP (99%, CAS: 

115-86-6), triphenyl phosphate-d15 (TPP-d15, 98%, product nr: 615218), diphenyl phosphate 

(DPP, 99%, CAS: 838-85-3), dibenzyl phosphate (DBP, 99%, CAS: 1623-08-1), benzoic acid 

(BA, 99.5%, CAS: 65-85-0), benzoic acid-d5 (BA-d5, 99%, CAS: 1079-02-3), bisphenol-A 

(BPA, 99%, CAS: 80-05-7), bisphenol-A-d16 (BPA-d16, 99%, CAS: 96210-87-6), and 

ammonium acetate (99.99%) were obtained from Sigma Aldrich (Zwijndrecht, The 

-21- -33-5) were only 

available as technical mixtures and were obtained from ICL (Tel Aviv, Israel). KH2PO4, 

K2HPO4, Na2HPO4.2H2O, NH4Cl, CaCl2.2H2O, MgSO4.7H2O and FeCl3.6H2O were 

obtained from Sigma Aldrich. Acetone, acetonitrile and methanol (ULC grade) were obtained 

from Biosolve (Valkenswaard, The Netherlands), or Merck (Darmstadt, Germany), and ultra-

pure water from Biosolve. Acetic acid (100%, anhydrous) and glucose were obtained from 

Merck and formic acid (98-100%, reagent grade) from Biosolve.  

Due to their low solubility in water, individual stock solutions of TPP, RDP and BDP used for 

the mineralisation tests were prepared in either methanol or acetonitrile (ACN). The calibration 

standards for LC-MS/MS analysis were prepared in ACN. 

 

2.2 Medium 

The mineral medium was prepared according to OECD Guideline 310 (OECD 2006). The 

medium was made using the following stock solutions: solution A: KH2PO4 (8.50 g L-1), 

K2HPO4 (21.75 g L-1), Na2HPO4.2H2O (33.40 g L-1), NH4Cl (0.50 g L-1); B: CaCl2.2H2O (36.40 

g L-1); C: MgSO4.7H2O (22.50 g L-1); D: FeCl3.6H2O (0.25 g L-1) and consisted of 10 ml of 

stock A and 1 ml of stocks B, C and D in 1 litre of ultra-pure water. The amount of stock A 

prescribed by the protocol proved to be inadequate to buffer the pH of the mineralisation tests 
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and was therefore increased to 50 ml. Secondary stage activated sludge from either the 

Amsterdam West or the Amstelveen sewage treatment plants was used as inoculum.      

 

22.3 Mineralisation tests 

The mineralisation tests were based on OECD Guideline 310 (2006) and consisted of 

biodegradation, abiotic and toxicity incubations in triplicate. The mineralisation incubations 

with TPP, RDP and BDP were prepared by adding flame retardant stock solution (to give 

concentrations of  2 and 20 mg L-1) to 120 mL glass serum bottles and allowing the methanol 

to evaporate overnight, leaving the targeted compound in the vessel. Mineral medium (60 mL) 

and activated sludge (to give 30 mg L-1 total suspended solid (TSS)) were added the next day. 

In preliminary experiments we observed that toxicity of the OPFRs could have a negative 

influence on their mineralisation at high concentrations (data not shown). We therefore 

included toxicity tests in parallel with the mineralisation tests with OPFRs at concentrations 

similar to those in the mineralisation tests. Bottles used for the toxicity tests were prepared 

identically, but in addition contained glucose (50 mg L-1). Controls to test for abiotic 

degradation were prepared similarly to the mineralisation incubations, but did not contain an 

inoculum and were sterilised with 1 mM sodium azide. The vessels were closed, the head space 

overpressure was set at approximately 700 mbar with synthetic air and the bottles were 

incubated at room temperature in the dark. 

 

2.4 Primary biodegradation incubations 

The primary biodegradation incubations consisted of biodegradation, abiotic and toxicity 

incubations in triplicate. For the preparation of the biodegradation incubations, 25 mL mineral 

medium in 100 ml-erlenmeyer flasks was inoculated with diluted secondary sludge to give a 

TSS of 100 mg L-1. Each flask was subsequently spiked with the individual stock solutions of 
-1.  In addition, toxicity tests were 

conducted in order to monitor the vitality of the sludge microorganisms during the incubation. 
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These were prepared similarly to the biodegradation treatments, but additionally contained 200 

mg L-1 benzoic acid as substrate for the bacteria. Benzoic acid was chosen for this purpose as it 

could be analysed together with the OPFRs. The abiotic incubations were not inoculated and 

were sterilised with 1 mM sodium azide which was spiked weekly to maintain a sterile 

environment. The treatments were incubated at room temperature in the dark. 

 

22.5 Analyses 

Mineralisation was monitored by analysing the CO2 production every 3-4 days by injecting 2.5 

ml headspace samples in a Thermo Trace Ultra GC equipped with a Hayesep Q column (80-

110, 2 m) and a flame ionisation detector. Blank CO2 production by the inoculum (activated 

sludge without any addition) was subtracted from the CO2 production in the treatments. 

Headspace concentrations were converted to total yields using equation 1 to take account of 

equilibrium between gas phase and dissolved CO2:   ( ) = ( ) (1 + 10 )  (1) 

Where N = amount of CO2 moles in the liquid or gas phase,  = solubility constant of CO2 

(0.88 at 20°C), Vi/Vg = ratio of liquid volume to gas volume in vessel, pH = actual pH within 

vessel, pKa= acid dissociation constant of CO2 (6.38) 

 

Concentrations of OPFRs in the biodegradation incubations were determined following 

centrifugation and filtration (0.45 μm glass fibre, Ø25, GD/X, Whatman) to remove 

particulates. LC-MS/MS analysis was performed using an HPLC system (LC20, Shimadzu, 

Kyoto, Japan) coupled to a tandem mass spectrometer (QTRAP 4000, Applied Biosystems, 

Toronto, Canada). Chromatographic separation was carried out on a C18 stationary phase 

injection volume of 10 μL, a flow rate of 0.25 mL min-1 

Eluent A consisted of MeOH:H2O (50:50) and eluent B of pure MeOH, both containing 5 

mM ammonium acetate and 3 mM acetic acid. The gradient was as follows: 0 min (0% B), 12 
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min (0% B), 13 min, (100% B), 17 min (100% B), and 19 min (0% B). Electrospray ionisation 

(ESI), operating in positive mode, and selected reaction monitoring (SRM) were used for 

quantification with TPP-d15 as internal standard. ESI in negative mode was used for the 

analysis of BA, DPP and BPA. The transitions monitored are TPP: 327>215, 327>183; TPP-

d15: 342>243, 342>162; RDP: 575>419, 575>418; BDP: 693>367, 693>327; DPP: 249>93, 

249>155; BPA: 227>212, 227>133; BPA-d16: 241>223, 241>142; BA: 121>77; BA-d5: 

126>82. The method is reported in more detail in Chapter 3.  

 

3 Results 

33.1 Mineralisation 

Mineralisation of the OPFRs by activated sludge was studied at 2 and 20 mg L-1. The CO2 

yields obtained at 2 mg L-1 could not be distinguished from those observed in blank 

incubations which did not contain OPFRs, probably due to high levels of degradable organic 

matter in the inoculum. We therefore only discuss the results obtained for the 20 mg L-1 

OPFRs treatments. In addition, the toxicity of the OPFRs towards activated sludge 

microorganisms was studied by determining the effects of the OPFRs (at 20 mg L-1) on the 

mineralisation of glucose.  

Mineralisation of glucose in the presence of TPP was 142 ± 14.6% of what would be expected 

if all the glucose were mineralised (Figure 1), indicating no toxicity of TPP at this 

concentration and that TPP was most likely acting as an additional carbon source. Indeed, the 

mineralisation of 20 mg L-1 TPP to CO2 observed after 28 days was 99.0 ± 24.3%, indicating 

that this compound achieved the ready biodegradability requirements (CO2 production >60% 

of theoretical maximum in 28d, (OECD 2006)). This mineralisation of TPP thus explains the 

more than 100% yield of CO2 observed in the toxicity test. In the presence of 20 mg L-1 RDP, 

glucose mineralisation was 61.6 ± 2.0 % compared to 64.4 ± 1.2% in the reference, indicating 

that RDP was not toxic at this concentration (Figure 1). Despite its lack of toxicity at this 

concentration, only 18.0 ± 10.5 % mineralisation of RDP was reached after 28 days, indicating 

that this compound is not readily biodegradable. BDP at 20 mg L-1 was slightly toxic to the 

activated sludge, reducing glucose mineralisation from 78.3 ± 1.1% of the maximum 

131 

 



 

theoretically possible in the reference to 63.6 ± 1.2% in the presence of BDP (Figure 1), a 

reduction of about 19%. The maximum mineralisation of BDP that was observed was 11.2 ± 

0.05%. This low extent of mineralisation is unlikely to be caused by its low toxicity and 

indicates that this compound is also not readily biodegradable.  

Much lower mineralisation of all three OPFRs was observed in the sterile abiotic treatments 

(Figure 1), confirming that mineralisation of these compounds observed in the non-sterile 

experiments was the result of microbial activity only. 
 

 
Figure 1: Structures of the organophosphorus flame retardants used in this study. 

 

33.2 Primary biodegradation  

TPP 3.2.1

In line with the mineralisation tests, rapid removal of TPP was observed in living sludge 

(Figure 2) with complete removal occurring within 7 days (DT50: 2.8 days). As was observed 

for mineralisation, TPP removal was significantly slower in sterilised sludge (complete removal 

after 28 days and DT50: 8 days). These DT50 values correspond to significantly different first 
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order degradation rate constants (0.18 ± 0.04 days-1 and 0.07 ± 0.01 days-1 in living and sterile 

sludge, respectively) (paired t–test, p < 0.01). Diphenyl phosphate (DPP) was identified in the 

samples from these incubations by comparison of its retention time and fragmentation with 

those of the standard. The DPP released during biotic degradation of TPP was completely 

removed during the experiment, whereas it accumulated in the sterilised abiotic incubations 

(Figure 3), showing that in the sterile system the removal of TPP was due to hydrolysis of TPP 

to DPP. Both abiotic hydrolysis and microbial degradation could contribute to the conversion 

of TPP to DPP in the biotic incubations, but in this case DPP is degraded further by the biota 

present in the sludge. Other transformation products of TPP were not identified, probably due 

to other potential transformation products, such as monophenylphosphate, being too polar for 

the LC-MS system employed.  

RDP  3.2.2

RDP was completely removed in the biodegradation incubations within 4 days (biodegradation 

rate constant 0.80 ± 0.08 days-1, DT50 < 1 day), while abiotic degradation was significantly 

slower (rate constant 0.03 ± 0.01 days-1, DT50 = 18 days) (p < 0.001) (Figure 4). The rapid 

removal of RDP is in apparent contrast to the slow mineralisation observed in the 

mineralisation tests and suggests that poorly degradable transformation products may have 

accumulated in the biodegradation incubations. As was observed for TPP, DPP was formed as 

RDP was degraded and reached its maximum concentration as the RDP concentration fell 

below the LOQ. In contrast to what was observed in the experiments with TPP,  DPP was not 

completely removed by biodegradation, but persisted at low levels (ca. 40 nM). No other 

degradation products could be identified in these incubations by LC-MS analysis but as stated 

above, this could be due to limitations of the instrumentation used. As was observed for TPP, 

the DPP that is formed from RDP in sterilised sludge seems to accumulate as end product. 
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Figure 2: Yields of CO2 (% of theoretical) produced after 28 days mineralisation of 20 mg L-1 

TPP, RDP and BDP in activated sludge (biotic) and sterilised activated sludge (abiotic). Also 

shown is the CO2 yield from glucose in the presence of 20 mg L-1 OPFRs. 

 

 
Figure 3: Primary degradation of TPP (nM, line with black square data points) in biotic 

activated sludge (left) and the formation and degradation of the breakdown product TPP (nM, 

line with white triangle data points) and sterilised (abiotic) activated sludge (right).  
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Figure 4: Primary degradation of RDP (nM, line with black square data points) in biotic 

activated sludge (left) and the formation and degradation of the breakdown product TPP (nM, 

line with white triangle data points) and sterilised (abiotic) activated sludge (right).  

 

 
Figure 5: Primary degradation of BDP (nM, line with black square data points) in biotic 

activated sludge (left) and sterilised (abiotic) activated sludge (right).  

 

BDP  3.2.3

Although an initial decrease was observed in the concentrations of BDP in both the biotic and 

abiotic incubations (Figure 5), the results obtained after 56 days suggest that biodegradation of 

BDP was very slow. This is supported by the fact that the potential degradation products BPA 

or DPP were not detected in these incubations. The very slow biodegradation observed for 

BDP is consistent with the low rate of mineralisation of BDP observed in the mineralisation 
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tests (Figure 2). This finding and the lack of degradation products detected suggest that the 

rate of primary biodegradation is controlling the mineralisation of this chemical.  

  

4 Discussion 
In this study we determined the mineralisation and primary biodegradation of aromatic OPFRs 

that have been proposed as replacements for BFRs. Although some data is available on the 

biodegradability and persistence of these chemicals (reviewed in (Waaijers et al., 2013b)), 

almost none of these data are available in the open scientific literature and many of these data 

are contradictory. The available data show that TPP is readily biodegradable in sewage 

treatment plant sludge with a reported DT50 (time required to remove 50% of the initial 

concentration) of < 28 days (UNEP OECD SIDS 2002, US EPA 2005). Our data show that 

TPP is mineralised rapidly in sludge and that more than 60% conversion to CO2 is achieved 

within 28 days. In addition, we observed rapid removal of TPP in both the primary 

biodegradation and the sterile abiotic incubations, with a very short DT50 for primary 

degradation in sludge (2.8 days) and a little longer value (8 days) under sterile conditions. In 

both cases, initial degradation consists of the conversion of TPP to DPP by hydrolysis of a 

phosphate ester linkage. This DPP accumulates under sterile conditions, whereas it is degraded 

further in non-sterilised sludge. This shows that both biotic and abiotic processes can 

contribute to the removal of TPP but that mineralisation depends on microbial activity. 

Further work employing LC columns giving longer retention times and high-resolution mass 

spectrometry is required to identify other transformation products and to characterise the 

pathway responsible for the biodegradation of DPP by these microorganisms. Nevertheless, 

the present study is the first to report accurate and publicly available DT50 values for TPP in 

activated sludge and to show that TPP can be considered to be readily biodegradable.    

Previously reported persistency data for RDP are inconsistent, with slow primary 

biodegradation being reported in sludge (DT50 = 28 days  (U.K. Environment Agency et al., 

2009)) and two reports indicating either 60% or 37% mineralisation in 28-days tests with 

activated sludge (U.K. Environment Agency et al., 2009; ICL Industrial Products, 2011). Our 

results show that the persistency of RDP is much lower than previously reported, with a DT50 
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for primary biodegradation of < 1 day. Despite the rapid primary biodegradation, the 18% 

mineralisation observed after 28 days in our study is lower than previously reported and 

indicates that this compound is not readily biodegradable. The reasons for these widely 

different rates of mineralisation observed for RDP remain unclear. The rapid primary 

biodegradation but slow mineralisation of RDP implies that significant accumulation of 

transformation products (or intermediates) must be taking place. We observed the formation 

and degradation of DPP, but were unable to identify other expected transformation products, 

such as a hydroxylated TPP derivative. Identification and quantification of these potentially 

accumulating transformation products would contribute to the assessment of environment 

risks of RDP. Due to its lack of mineralisation, it is concluded that RDP should not be 

considered ready biodegradable, in spite of its rapid primary biodegradation. 

Our results for the mineralisation of BDP show that this chemical is mineralised slowly 

(reaching only 11.2% of the theoretical maximum yield of CO2 after 28 days) and that this 

compound is therefore not readily biodegradable. This is consistent with the single previously 

reported study of the mineralisation of BDP in sludge, which reports that this compound is 

not readily biodegradable (6% mineralisation in sludge, (Australian Government Regulator of 

Industrial Chemicals, 2000)). Previously reported data on BDP also show that its persistence is 

high, with DT50 values for sludge and water ranging from months to years (European 

Chemicals Bureau et al., 2007; EPA, 2011). Our results confirm that primary biodegradation of 

BDP is very slow under the conditions used in our experiments. Nevertheless, our observation 

of slow mineralisation of BDP shows that this chemical can be degraded by sludge and can 

therefore be classified as inherently biodegradable. More research is required to identify the 

reasons for the much slower biodegradation of BDP compared to that of the structurally 

similar RDP and to identify any transformation products that may accumulate.  

Mineralisation (conversion to CO2) is the basis of standardised biodegradability testing, using 

for example OECD protocols (e.g. OECD, 2006). This approach has a number of advantages 

such as the environmental desirability of mineralisation as the result of biodegradation and 

analytical simplicity. Nevertheless, there are some potential drawbacks to this approach, such 

as possible toxicity issues arising from the need to use relatively high test concentrations to 

achieve CO2 production above background levels. Furthermore, such high test concentrations 
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may exceed the aqueous solubility of poorly soluble compounds, thereby restricting their 

biodegradation rates. Factors responsible for the slow biodegradation observed could include 

toxicity at the concentrations used in this study or the low solubility of BDP. We found no 

evidence for toxicity of the OPFRs significant enough to explain the mineralisation and 

biodegradation rates observed in this study. There is a very large distribution on the reported 

solubilities of RDP and BDP (Waaijers et al., 2013b) with most values in the ng L-1 to μg L-1 

range. Whether these can account for the rapid primary biodegradation of RDP but slow 

primary biodegradation of BDP or that this is due to other factors is unclear.

In conclusion, the mineralisation tests show that TPP is readily biodegradable, but that this is 

not the case for RDP and BDP in our experimental system. Furthermore, primary 

biodegradation in activated sludge showed complete removal of TPP and RDP within a few 

days, but high persistence of the structurally similar BDP. The rapid primary biodegradation 

but slow mineralisation of RDP suggests that transformation products accumulate during 

biodegradation of this compound. 
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Abstract  
 

There is a tendency to substitute frequently used, but relatively hazardous brominated flame 

retardants (BFRs) with halogen-free flame retardants (HFFRs). Consequently, information on 

the persistence, bioaccumulation and toxicity (PBT) of these HFFRs is urgently needed, but 

large data gaps and inconsistencies exist. Therefore, in the present study the toxicity of a wide 

range of HFFRs to the water flea Daphnia magna was investigated. Our results revealed that 

four HFFRs were showing no effect at their Sw (saturated water concentration) and three had a 

low toxicity (EC50 >10 mg L-1), suggesting that these compounds are not hazardous. Antimony 

trioxide had a moderate toxicity (EC50 = 3.01 mg L-1, 95% CL: 2.76-3.25) and triphenyl 

phosphate and the brominated reference compound tetra bromobisphenol A were highly toxic 

to D. magna (EC50 = 0.55 mg L-1, 95% CL: 0.53-0.55 and EC50 = 0.60 mg L-1, 95% CL: 0.24-

0.97 respectively).  

Aluminum trihydroxide and bisphenol A bis(diphenyl phosphate) caused limited mortality at 

Sw (26 and 25% respectively) and have a low solubility (<10 mg L-1). Hence, increased toxicity 

of these compounds may be observed when for instance decreasing pH could increase 

solubility. By testing all compounds under identical conditions we provided missing insights in 

the environmental hazards of new generation flame retardants and propose as best candidates 

for BFR replacements: APP, ALPI, DOPO, MHO, MPP, ZHS and ZS (Figure 3).  
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1 Introduction 
Chemical additives known as flame retardants (FRs) are incorporated into a wide range of 

polymers to fulfill regulatory requirements on flame retardancy. Brominated flame retardants 

(BFRs) are frequently 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).  

Concerns about the persistence, bioaccumulation, and toxicity (PBT) of BFRs have led to a 

ban on the production and use of many of these compounds, such as polybrominated 

biphenyls (PBBs) and several brominated diphenylethers (BDEs) (OSPAR, 2001 (2004 

updated); European Parliament (EP), 2002). Hence, there is growing need to substitute BFRs 

with alternative halogen-free flame retardants (HFFRs), and several furniture manufacturers 

have already voluntarily replaced BFRs with alternative HFFRs (Betts, 2007). HFFRs can be 

divided into several categories, 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). 

Because of the need for BFR substitution, many of these HFFRs are already being marketed, 

although their environmental behavior and toxicological properties are known to only a limited 

extent and their potential impact on the environment cannot yet be properly assessed. As a 

result, there is urgent need for information on the PBT properties of HFFRs. Reviewing the 

publicly available ecotoxicity data of HFFRs we identified large data gaps and inconsistent 

observations on the properties of individual compounds (Waaijers et al., 2013b). Therefore, the 

aim of this study was to generate reliable toxicity data for a selection of HFFRs that are 

potential replacements for BFRs in polymers.  
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For this study, twelve HFFRs were selected: antimony trioxide (ATO), aluminum trihydroxide 

(ATH), magnesium hydroxide (MHO), zinc hydroxystannate (ZHS) and zinc stannate (ZS) 

(inorganic flame retardants and synergists); aluminum diethylphosphinate (ALPI), bisphenol A 

bis(diphenylphosphate) (BDP), 9,10-dihydro-9-oxa-10-phosphaphenanthrene (DOPO), 

resorcinol bis(diphenylphosphate) (RDP) and triphenylphosphate (TPP) (organophosphorus 

compounds and salts), melamine polyphosphate (MPP) (nitrogen based organic flame 

retardant); ammonium polyphosphate (APP) (intumescent systems). Tetrabromobisphenol A 

(TBBPA) was tested as well, as a BFR reference compound.  

In order to assess the toxicity of this large group of compounds, we performed the 

standardized OECD 202 acute daphnid immobility tests (OECD, 2004). The data obtained 

from these experiments (EC50 values), were classified based on the REACH system 

(European Union, 2006; 2008), meaning that we assigned the categories “high”, “moderate” 

and “low” toxicity to the data (EC50 <1 mg L-1, 1-10 mg L-1 & >10 mg L-1 respectively). In 

this way we were able to rapidly screen a large selection of new generation flame retardants and 

compare their toxicity to the one of the most commonly used test organism D. magna.  

 

2 Materials and Methods 

22.1 Test organism and culture conditions 

We chose the fresh water filter feeder Daphnia magna Straus to screen an array of flame 

retardants for aquatic toxicity. This water flea is frequently used as test organism in ecotoxicity 

studies due to several benefits, including its key role in the pelagic food webs of temperate 

regions, parthenogenetic reproduction (which excludes genetic variation) and ease of handling 

(Burns, 1969; Adema, 1978). The Daphnia magna neonates (younger than 24 h, clone 4) used in 

this study were obtained from Grontmij Aquasense (Amsterdam, the Netherlands). The 

daphnid cultures were kept for three weeks, after which new cultures were started with 

neonates (younger than 24 h). The cultures were maintained in 4-4.5 L Elendt M4 medium in 

glass aquaria, corresponding to a minimum of 30 mL per adult (OECD 2004). The medium 

had a pH of 7.8 ±0.5, a conductivity of 50-80 S/mm and was kept under continuous aeration. 

Cultures were maintained under a light-dark regime of 16:8 h (twilight zone of 30 min) and at a 
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temperature of 20 ±1 °C. The medium was renewed two times a week and simultaneously 

neonates were removed. The daphnids were fed five days a week with a suspension of the alga 

Scenedesmus subspicatus originating from a batch culture in CP-medium (NPR 6505, 1994). The 

algal culture was kept in a climate room at 20 ±1ºC under continuous light and aeration. Every 

two weeks, algae were harvested by filtration (0.45 m). The supernatant was removed and the 

algae were resuspended in Elendt M 4 medium (stored at 4ºC in the dark until feeding).  The 

cell density was verified with a spectrophotometer (Hachlange Dr2800) and total organic 

carbon (TOC) with a TOC analyser (TOC-V cph, Shimadzu). The density of the food 

suspension corresponded to 3 x 109 cells L-1 and about 65 mg carbon L-1. The culture was fed 

69 mL (day 1- 2), 102 mL (day 3-7) and 139 mL (day 8 and further) of algae suspension per 

day.  

At regular intervals (about every three months), acute toxicity tests were performed with the 

reference toxicant K2Cr2O7 to check whether the sensitivity of the D. magna culture was within 

the limits (EC50, 24 h = 0.6-2.1 mg L-1) as set by the guideline (OECD 2004). 

  

22.2 Test compounds: halogen free flame retardants 

The HFFRs studied were selected based on the most important current applications as BFR 

replacements in polymers.  These included six organophosphates: aluminum diethyl 

phosphinate (CAS no. 225789-38-8, 98.5%, Clariant), bisphenol A bis(diphenyl phosphate) 

(polymer consisting of mostly n = 1-2, CAS no. 5945-33- -dihydro-9-oxa-

10-phosphaphenanthrene (CAS no. 35948-25-

(polymer consisting <n> = 50, CAS no. 218768-84-4, >99.5%, BTC U.K.), resorcinol 

bis(diphenyl phosphate) (polymer consisting of mostly n = 1-3, CAS no. 57583-54-7, 82%, 

ICL), triphenyl phosphate (CAS no. 115-86-6, 99%, Sigma-Aldrich) and six inorganic 

compounds: aluminum trihydroxide (CAS no. 21645-51-

polyphosphate (polymer consisting of <n> = 1000, CAS no. 68333-79-9, 99.5%, Clariant), 

antimony trioxide (CAS no. 1309-64-4, 99.3%, Chemtura Belgium N.V.), magnesium 

hydroxide (MHO, CAS nr 1309-42-8, 

12027-96-2, 98.5%, William Blythe) and zinc stannate (ZS, CAS no. 12036-37-2, 99%, William 
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Blythe). dTPP (98%, d-15, internal standard, product nr: 615218) was obtained from Sigma-

Aldrich (Zwijndrecht, Netherlands). The chemical structures of the organophosphates are 

available. The toxicity of tetrabromobisphenol A (TBBPA, CAS no. 79-94-7, 97%, Sigma-

Aldrich) was tested as a reference compound for brominated flame retardants.  

 

 
Figure 1: Overview of the selected HFFRs for this study. Six (semi) organic compounds 

(schematic structure) and six inorganics (molecular formula) are shown. 

 

22.3 Test solutions 

Aqueous solubility data of the compounds were often lacking or inconsistent, covering a wide 

range of values (Waaijers et al., 2013b). Therefore, we decided to first test the effect of 
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saturated water solutions (ISO medium without additional buffer, pH = 7.5 ±0.5, T = 20°C 

±1, here defined as Sw) on the daphnids. To this purpose we stirred an excess of compound 

for 7 days in ISO medium, (OECD 2004) and then filtered the solution through glass fibre 

filters (GWSC, Millipore B.V., 0.45 μm). Next, this solution and a control (ISO medium) were 

tested for toxicity. The exceptions to this approach were TBBPA, TPP and ATH, which were 

spiked with methanol (0.08%) into ISO medium at the highest value reported in literature for 

Sw (respectively 4, 2 and 1.6 mg L-1 nominal). For these compounds a solvent control was 

included in the tests as well. For the compounds that caused more than 50% immobility of the 

daphnids at Sw, a dilution range was prepared (4 concentrations and a control) and tested in 

order to obtain concentration-response relationships and to derive EC50 values. The test 

concentrations for each compound are listed in the supporting information (SI, Table S1). 

 

22.4 Toxicity tests 

To determine the acute toxicity of the HFFRs, Daphnia magna were exposed to the selected 

compounds in 48 h immobility tests, in accordance with OECD guideline 202 (2004), except 

where noted. Per concentration (Sw, dilution or control) four replicates were prepared. Each 

replicate consisted of a polypropylene tube filled with 40 mL of test solution (Sw, dilution or 

control). The tubes were randomly distributed in a climate controlled fume hood (20 ±1ºC), 

with a light-dark regime of 16:8 h. The experiment was started by introducing 5 neonates 

(younger than 24 h) into each tube using a disposable transfer pipette. After 24 and 48 h, the 

number of animals not responding to gentle stimulation by tapping on the tube was scored. 

Physical-chemical parameters (hardness, oxygen level, temperature & pH) recommended by 

the guideline were measured (Table S2).  For DOPO, the pH of the medium dropped 

significantly in the highest test concentrations (pH <6) and therefore an additional test was 

performed with buffered medium. Test medium was buffered to pH 7.5 ±0.3 with NaOH (120 

mg L-1) and 3-(N-morpholino)propanesulfonic acid (MOPS) (628 mg L-1) according to 

Schamphelaere et al. (2004).   

 

147 

 



                                                    Chapter 5 – Acute toxicity of HFFRs to D. magna 

 

22.5 Analysis of inorganic HFFRs and of ALPI, DOPO and 
TBBPA 

The concentrations of HFFRs in the Sw solutions were measured after a week of stirring and 

subsequent filtration. This was done to determine the actual concentration at the start of the 

experiment and when necessary, to prepare dilution ranges. Additionally, for all treatments (Sw, 

dilution and control) samples were measured at the end of the toxicity tests (48 h). For samples 

containing inorganic HFFRs or ALPI, DOPO or MPP, compound concentrations of each 

treatment (Sw, dilution or control)  were determined by sacrificing additional replicates 

containing no daphnids (one to three for each compound, details Table S1). Of each of these 

replicates 15 mL water was taken, acidified (0.4% nitric acid and 2.38 g cesium chloride L-1, 

both obtained from Merck) and stored until analysis at 4°C.  Samples were measured using 

inductively coupled plasma coupled to atomic emission spectroscopy (ICP-AES, Optima 

3000XL). The following elements were measured to calculate the concentrations: aluminum 

for ATH; antimony for ATO; magnesium for MHO; phosphorus for ALPI, APP, DOPO and 

MPP; zinc for ZHS and ZS. The TBBPA samples were not analyzed and concentrations of 

TBBPA mentioned in this study are therefore nominal. 

 

2.6 Analysis of BDP, RDP and TPP 

Samples containing BDP, RDP or TPP (the remaining organic HFFRs) were stored until 

analysis at -18°C. To determine the concentrations of BDP and RDP (Sw, dilution or control) 

three water subsamples (500 L or 50 L respectively) were taken from three of the four 

replicates per treatment, resulting in nine samples per treatment. This was done in order to 

check the homogeneity of the test solutions as RDP and BDP were observed to form 

emulsions. For TPP one water subsample of 500 L was taken from three of the four 

replicates per treatment, resulting in three samples per treatment. Deuterated triphenyl 

phosphate (dTPP, d-15, product nr: 615218, 98%, Sigma-Aldrich) was used as internal 

standard for the analysis of BDP, RDP and TPP. BDP and RDP consist primarily of their 

monomeric form (±80%) and measured concentrations were therefore monomer based. 
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Solvents were supplied by Biosolve (Valkenswaard, The Netherlands). Ultra-pure water was 

used from Biosolve (ULC grade, Valkenswaard, The Netherlands) as well as from an ELGA 

water system (ELGA ultra-pure water system, Ubstadt-Weiher, Germany). Stock solutions 

were made for TPP, RDP, BDP (2000 mg L-1), and dTPP (500 mg L-1), the former three were 

used to prepare a mixed stock solution (200 mg L-1). All stock solutions and calibration 

standards were prepared in acetonitrile.  

The concentrations of BDP, RDP and TPP in the water samples were measured using high 

performance liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). 

Samples were quantified using dTPP as an internal standard (IS). Eluent A consisted of 

MeOH:H2O 50:50 and eluent B of pure MeOH, both containing  5 mM ammonium acetate 

(pH 5). The gradient was as follows: 0 min (75% B), 11 min (100% B), 17 min (100% B), 19 

min (75% B).  

Phenomenex, Torrance, CA, USA) was used. The LC system (Shimadzu, Kyoto, Japan) 

consisted of an autosampler (SIL-20A), binary pump (LC-20AD XR), column oven (CTO-

20AC) and system controller (CBM-20A). The LC was interfaced to a Sciex 4000 QTRAP 

MS/MS (Applied Biosystems, Toronto, Canada). For quantification two (precursor-product) 

transitions were measured in positive mode with multiple reaction monitoring (MRM). For 

BDP the transitions 693  367, 327 were measured, for RDP 575  481, 419, TPP 327  215, 

153 and dTPP 342  243, 162. Analyst software (version 1.5.1) was used to operate the LC-

MS/MS.  

 

22.7 Data analysis 

Concentration-response relationships and the corresponding 48-h EC50 values were calculated 

according to Haanstra et al. (1985) by fitting a logistic curve (equation 1) through the 

percentage of mobility (100% - immobilization) against the HFFR concentration in the water.  

                                  (eq. 1) 

In this equation y(x) is the mobility at concentration x (%), a is the EC50 (mg L-1), b is the slope 

of the curve, c is y(0), which equals the average mobility of the control and x is the 
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concentration of FR in the water (mg L-1). Data analyses were performed with SPSS software 

(V20.0.0)(IBM, 1989, 2011).  

 

3 Results 
Acute toxicity tests performed with the reference toxicant K2Cr2O7 showed that the sensitivity 

of the D. magna culture was within the limits as set by the guideline (EC50, 24 h = 0.6-2.1 mg L-

1, (OECD 2004)). The brominated FR TBBPA was highly toxic to D. magna (EC50 = 0.60 mg 

L-1, see Table 1) after 48 hours, well within the ranges reported in literature (European 

Chemicals Agency (ECHA) Database, original study 1978; ECHA Database original study 

2003; Liu et al., 2007). The physical-chemical parameters (hardness, oxygen level, temperature 

& pH, shown in Table S2) were within the recommended ranges and the mobility in the 

(solvent) controls was 90% or higher, conform the criteria of the guideline (OECD 2004). 

Several compounds were not acutely toxic, five of them (MPP, MHO, RDP, ZHS and ZS) 

showing no effect at Sw (EC50 >Sw) and two of them (ATH and BDP) showing limited 

immobility at Sw (25-26%, see Table 1). For the compounds that were toxic below their Sw, 

clear concentration-response relationships were observed as shown in Figure 2. Corresponding 

parameters and confidence limits are reported in Table S3. From these concentration-response 

relationships EC50 values were derived according to eq. 1 and these are listed in Table 1. 

For ALPI, APP and DOPO a low acute toxicity was observed (EC50  >10 mg L-1, based on the 

REACH classification (European Union, 2006; 2008)). When the test medium of DOPO was 

buffered (pH = 7.5 ±0.3) no effect was observed up to 289 mg L-1 (the highest concentration 

tested) confirming the low toxicity of DOPO. The toxicity of ATO was moderate (EC50 = 1-

10 mg L-1). TPP exerted a high toxicity after 48 hours to Daphnia magna (EC50  <1 mg L-1).  
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Table 1: Acute toxicity of FR to D. magna expressed as 48 h EC50 values (mg L-1)* 

Compound EC50 (48 h, mg L-1) Toxicity classification (REACH based) 

MPP >Sw (2018)  n.a. 

MHO >Sw (439) n.a. 

RDP >Sw (66)† n.a. 

ZHS  >Sw (2.69) n.a. 

ZS >Sw (2.06) n.a. 

BDP  >Sw (0.21, 25% immobility) n.a. 

ATH >Sw (0.065, 26% immobility) n.a. 

APP 730 (95% CL: 718 - 742) Low 

DOPO unbuffered 240 (95% CL: 240 - 240) Low 

DOPO buffered >289 n.a. 

ALPI 18.43 (95% CL: 15.10 – 21.77) Low 

ATO 3.01 (95% CL: 2.76 - 3.25) Moderate 

TBBPA 0.60 (95% CL: 0.24 - 0.97)‡ High 

TPP 0.55 (95% CL: 0.53 - 0.57) High 

* >Sw stands for higher than Sw, with the measured water concentration (equals 

highest achieved test concentration) in brackets. For explanation toxicity classification 

see text. n.a. stands for not applicable. 

†  RDP forms an emulsion, this is the average measured concentration (see Table S1). 

‡  TBBPA samples were not analyzed, this represents a nominal concentration 
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Figure 2: Average (± stdev in y and for b-d & f ± stdev in x) mobility (◊, % of initial animals) 

of Daphnia magna (n=4) after 48 h of exposure to HFFRs in ISO medium (mg L-1). The 

EC50 is plotted as ■ (± stdev) and the logistic curve represents the fitted concentration-

response relationship. For figure b) DOPO, the pH is plotted as o. The brominated FR 

TBBPA served as a reference to literature (positive control).  
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4 Discussion 
In the present study the HFFRs tested were considered as good potential candidates for BFR 

replacement when they were not acutely toxic at their Sw (EC50 >Sw), since no effect observed 

at Sw suggests that the compound is non-hazardous. However, the solubilities of some of the 

HFFRs are so low that a slight change in solubility (for example due to decreasing pH (Wood, 

1985; Wren and Stephenson, 1991)) could potentially affect their classification. If a compound 

has a low Sw value and causes limited immobility (and EC50 may even be >Sw), they could still 

be classified as highly or moderately toxic, if prevailing conditions in the environment increase 

solubility of the compound and causes the EC50 to be below Sw. In contrast, if Sw would 

decrease, no effect might be observed for such a compound. While a factor of ten or twenty is 

not considered as a high variability for Sw, this variability would clearly affect toxicity 

endpoints. Based on this argumentation, we considered only those HFFRs that did not cause 

any immobility at Sw or compounds with EC50 >10 mg L-1 as truly non-hazardous and 

potential candidates for BFR replacement. In coming paragraphs each tested FR is evaluated 

and also the possible influence of pH on change in solubility and toxicity is taken into account 

whenever relevant. 

 

The results of the present study revealed that MHO, MPP, ZHS and ZS exhibited no acute 

toxic effect at their Sw (EC50 >Sw). No significant influence of pH changes in the environment 

on the toxicity are expected for MHO and MPP as their solubility is very high and at these 

high concentrations no effects were observed. Up to pH 8 the Zn ion is relatively soluble (>10 

mg L) (U.S. Environmental Protection Agency (EPA), 1973), but, as the concentrations of zinc 

in ZHS and ZS at Sw were much lower, this possibly indicates that these metal oxides do not 

ionize in water, which might be confirmed by their stability and low solubility (Waaijers et al., 

2013b).  

The toxicity of RDP could not be properly evaluated as it formed an emulsion in the test 

solution, seriously hampering a reliable toxicity assessment.  The solutions obtained in this 

study after one week of stirring (emulsion; 66 ±61 mg L-1) exerted no adverse effect on the 

daphnids. However, pending an appropriate solution for this experimental artefact, RDP 

cannot as yet be identified as a first choice alternative FR. Moreover this technical RDP 
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product has a low purity (~80%) and impurities are mostly the dimer form (~14% w/w), 

trimer (~2-3% w/w) and TPP (~3% w/w) (Riddell and Wellington Laboratories, 2012, 7 

March). For some hydrophobic organic contaminants (HOCs), such as polybrominated 

biphenyl ethers (PBDEs), a certain molecular weight cut off is observed for absorption across 

organisms’ tissue (Sijm et al., 2007).  Because of the high molecular weight of the dimer (823 g 

mole-1) and trimer (1071 g mole-1) we therefore expect that their uptake will be limited by their 

larger size compared to the monomer. However, as the toxicity mechanism of these 

compounds is still unknown, a purified standard should become available for testing to 

differentiate between the effects of the monomer and oligomers. Additionally, TPP might 

contribute to RDP toxicity (Table 1), especially at higher concentrations.  

According to the present study, ATH and BDP would be less preferred alternative FRs 

because 25-26% immobility was already observed at their Sw, which was lower than 1 mg L-1. 

For ATH two other studies reported an EC50 of 0.8 mg L-1 (Daphnia magna)(U.S. 

Environmental Protection Agency (EPA), 2008) and of 2.6 - 3.5 mg L-1 (Daphnia sp.)(Illinois 

EPA 2007). In the present study, we could not reproduce the same water saturation 

concentration for ATH and did not achieve concentrations higher than 0.1 mg L-1. At this 

concentration 26% immobility was observed. ATH had a purity of (minimally) 80%, while the 

remaining impurity seems to be predominantly water (Merck Chemicals - Product Information 

(MSDS), 2007). Therefore, probably the toxicity observed was only caused by ATH and not by 

any impurities. As with the other tested inorganic FR, the solubility, complexation and 

speciation of ATH depend on the pH of the environment (Sijm et al., 2007). At the 

environmentally relevant pH range of about 6-8.5 (Michaud, 1991; Hem and Geological Survey 

(U.S.), 1985), the solubility of the total amount of aluminium is relatively low and estimated to 

be around 0.05 mg L-1 (Stumm and Morgan, 1996), with its minimum around pH 6.5-7. The 

pH in this study (7.56 ± 0.16) is well within the environmentally relevant range, showing that 

even around the lowest solubility of aluminum adverse effects on daphnids were observed.  

As previously mentioned, for BDP we also observed toxic effects (25% immobility). The 

tested BDP technical product had a low purity (~81%) and impurities are mostly the dimer 

form (~16.5% w/w, 1059 g mole-1) and TPP (~3% w/w) (Riddell and Wellington 

Laboratories, 2012, 5 March). BDP toxicity could be caused by the BDP monomer, dimer or 
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TPP (Table 1). Therefore, as with RDP, a purified standard of BDP should become available 

for testing to distinguish between the effects of the different compounds present in the 

technical product.  

For compounds that were toxic at levels below Sw, clear concentration-response relationships 

were observed, from which EC50 values were derived. APP and ALPI were classified as having 

a low toxicity because their EC50 values were above 10 mg L-1. For DOPO also an EC50 was 

obtained, but in water the ring P-O bond of DOPO hydrolyses (Liu et al., 2003), which opens 

the middle ring and creates an acidic product.  This causes the pH of the medium to drop and 

in turn immobilizes the daphnids. When the test solution was properly buffered, no effect at all 

was observed, demonstrating that the effects in the non-buffered experiment were due to the 

pH rather than to DOPO itself. In the environment it is likely that DOPO concentrations are 

low enough to be naturally buffered, because it is unlikely that concentrations as high as 100 

mg L-1 will occur. Therefore we do not expect any acute effect of DOPO on daphnids in a 

natural environment. Finally, ATO was classified as having a moderate toxicity and TPP as 

high (Table 1). Both ATO and TPP have very little impurities (<1%) and these are not 

expected to have caused the observed toxicity.  In the pH range 2–10, the solubility of ATO is 
independent of pH (Filella et al., 2002), thus no significant effects are expected at 

environmental conditions that deviate from the test conditions. 

  

Reviewing the available ecotoxicity data of HFFRs, we revealed that large data gaps and 

inconsistent observations are reported on the properties of individual compounds (Waaijers et 

al., 2013b). Thus many of these HFFRs are already being marketed, although their toxicity is 

virtually unknown. Therefore, the aim of this study was to generate reliable toxicity data for a 

selection of HFFRs that are suitable replacements for BFRs in polymers.  The results showed 

that DOPO and MHO, for which no experimental data were available until now (Waaijers et 

al., 2013b), exhibit a low acute toxicity to D. magna. For ATO a wide toxicity range -from 

moderate to low toxicity- was reported thus far (e.g. (ECHA Database original study 1989; 

ECHA Database original study 1998)) and for TPP ranging from moderate to high (Waaijers et 

al., 2013b). The present study narrowed this range down to moderate and high toxicity 

respectively.  
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For each of the compounds ALPI, APP, BDP, MPP, ZHS and ZS only a single toxicity report 

was available from the literature, nominal concentrations were reported only and/or details 

were lacking on the experimental set-up (Waaijers et al., 2013b). For these compounds, the 

present study generated more reliable toxicity data.  For ALPI and BDP the toxicity was higher 

than reported before (e.g. (ECHA Database original study 2005-Apr-13; Australian 

Government Regulator of Industrial Chemicals, 2000)). Daphnid clone specific differences in 

sensitivity potentially contribute to the dissimilarities in toxicity studies, such as reported by 

Baird et al. (1991). Yet the conformity with the literature of the present toxicity data on the 

reference toxicant K2Cr2O7 and BFR TBBPA (EHCA Database original study 1978; Liu et al., 

2007) shows that the presently used clone met the requirement set by the guideline (OECD 

2004). These results, as well as the high mobility in controls and EC50 values based on actual 

concentrations all substantiate the robustness of the toxicity data in the present study. 

However, it should be kept in mind that although D. magna is a standardized and ecologically 

highly relevant test organism, toxicity is species and compound specific (Posthuma et al., 2001) 

and other endpoints should be examined as well to complement this study. Such research is 

currently in progress as part of the European project ENFIRO (2009), in which general in 

vitro endpoints such as cytotoxicity and more specific ones such as induction of calcium 

homeostasis (IRAS institute, University of Utrecht, the Netherlands) and of the estrogen 

receptor (IVM instititute, VU University, Amsterdam, the Netherlands) are being studied.  
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5 Conclusions 
By testing all compounds under the same conditions in an identical set up we provided missing 

toxicity data of new generation flame retardants that inevitably will be emerging compounds in 

the aquatic environment. In this way the suitability of HFFRs as alternative FR was evaluated 

in a reliable manner. The best candidates for BFR replacements are, according to this study: 

APP, ALPI, DOPO, MHO, MPP, ZS and ZHS. In contrast we indicated that toxic risks exist 

for ATH, ATO, BDP, RDP and TPP.  
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6 Supporting Information 
 

Supplemental Table S1: Concentrations tested of FRs.  

Concentrations are given with their standard deviation (±stdev) and the amount of replicates 

(n=2). A minimum of 2 replicates was preferred to measure treatment concentrations. 

However, due to unforeseen limitations in the practical set-up of the experiment, not all 

concentrations could be measured with replicates. Relevant observations during the test are 

mentioned. First compounds measured with ICP-AES are listed, then those with HPLC-

MS/MS and finally TBBPA, which was tested nominal. Blanks are all corrected for and not 

shown. This was done by subtracting the average blank value from the (average) sample value. 

The standard deviations of the sample values were then corrected by using error propagation 

of the standard deviation of the blank value.  

Compound [C] mg L-1 (±stdev) and remarks 

ALPI 2.68 (±0.03), 8.15 (±0.13), 14.32 (±0.89), 27.80 (±0.08)(n=2) 
DOPO 35.36 (±0.70), 68.28 (±42.96), 132.78 (±41.53), 344.13 (±10.83) (n=2) 
MPP 2018.06 (n=1, for blank n=5) 
ATH 0.064 (±0.004) (n=1, for blank n=5) 
APP 121.23, 728.61, 744.70, 1524.57, 2684.76 (n=1) 
ATO 0.85 (±0.01), 2.15 (±0.04), 3.02 (±0.01), 3.16 (±0.26) (n=2) 
MHO 100% mobility at: 58.62 (±1.53), 186.50 (±1.53), 438.70 (±1.53) (n=1, for blank n=5) & 80.65 

(±21.80), 104.54 (±33.09), 119.38 (±35.80) (n=2). 
55% immobility!: 76.47 (±31.68, n=2), assumed contaminated glassware. 
95% immobility!: 795.69 (n=1), could not reproduce this high concentration. 

ZHS 2.69 (± 0.42) (n=2) 
ZS 2.06 (± 0.005) (n=1, for blank n=5) 
BDP 75% mobility at: 0.212 (±0.039) (n=3x3) 
RDP 100-95% mobility at:  

Average Sw = 66 (±61) (n=3x3),  
Triplicates are 152.58 (±16.65), 44.85 (±6.09) & 22.34 (±4.89) (n=3), this shows that Sw is an 
emulsion 

TPP 0.32 (±0.02), 0.48 (±0.04), 0.64 (±0.14), 1.27 (±0.44) & 1.32 (±0.53) (n=3x3) 
TBBPA 0.07, 0.09, 0.24, 0.49, 1.11 (nominal) 
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Supplemental Table S2: Physical-chemical parameters of the test solutions of the FR at 48 h.  

Compound 
abbreviation 

Temperature 
°C 

O2 

mg L-1 
pH Hardness 

d° 

ALPI 20 ±1 14 ±0.6 7.40 ±0.25 >7* 
BDP 19.8 ±0.4 7.3 ±0.2 8.02 ±0.15 >14 
DOPO-not buffered 20 ±1 13 ±0.8 6.11 ±1.52 >7 
DOPO-buffered 20 ±1 n.d.** 7.53 ±0.26  n.d.** 
MPP 21.6 ±0.4 7 ±0 6.88 ±1.14 >14 
RDP 20.1 ±0.7 7 ±0.2 7.89 ±0.13 >14 
TPP 19.9 9 ±0 7.83 ±0.25 >7 
ATH 20.7 ±0.6 7 ±1 7.56 ±0.16 >7 
APP 18.9 ±0.5 8 ±0.4 7.16 ±0.13 >7*** 
ATO 20 ±1 12 ±5 7.33 ±0.25 >14 
MHO 20.2 ±0.4 9 ±0.1  7.36 ±0.12 >14 
ZHS 20 ±1 13 ±1 7.82 ±0.07 >14 
ZS 21.4 ±0.3 7 ±0 7.95 ±0.03 >14 
TBBPA 19.2 9 ±0.2 7.91 ±0.10 >7 

*  In highest test concentration of ALPI one replica had >4-7, however this replica had 

the highest mobility of this treatment, so did not seem of influence. 

**  No data, however 100% mobility (and medium was aerated before test), so did not 

seem of influence. 

***  The two highest test concentrations of APP had <3. These concentrations are well 

above the EC50 and also above 100% immobility (based on an earlier test, 100% 

immobility at about 800 mg L-1 with a hardness of >7). 
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Supplemental Table S3: Parameters of the fitted logistic curves (see eq.1) and their confidence 

limits.  

Compound a (EC50)  

mg L-1 

b (slope) c (asymptote) 

ALPI 18.43  

(95% CL: 15.10 – 21.77) 

9.80 (95% CL: 2.38 – 17.23) 0.96 (95% CL: 0.85 – 1.07) 

DOPO* 240.92  

(95% CL: 240.92 – 240.92) 

87.14 (95% CL: 87.11 – 87.16) 0.99 (95% CL: -**) 

TPP 0.55 (95% CL: 0.53 – 0.57) 32.79 (95% CL: 16.21 – 49.36) 0.96 (95% CL: 0.90 – 1.02) 

APP 730.50  

(95% CL: 718.55 – 742.45) 

104.70 

(95% CL: -22.93 – 232.34) 

0.85 (95% CL: 0.73 – 0.97) 

ATO 3.01 (95% CL: 2.76 – 3.25) 15.00 (95% CL: 6.90 – 23.11) 0.97 (95% CL:0.88 – 1.07) 

TBBPA 0.60 (95% CL: 0.24 – 0.97) 21.46 (95% CL:-41.18  – 84.09) 0.98 (95% CL: 0.94 – 1.01) 

*  DOPO not buffered 

** Confidence limit out of range. The model might have had difficulties with the data 

set, since one daphnid of the control was immobile, however none of the next three 

treatments (increasing concentration) were immobile. In addition, at the last 

treatment (highest concentration) all daphnids were immobile, so difficult to fit the 

curve with such a steep slope and a slightly lower control mobility.  
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Abstract 

Relatively hazardous brominated flame retardants (BFRs) are currently substituted with 

halogen-free flame retardants (HFFRs). Consequently, information on their persistence, 

bioaccumulation and toxicity (PBT) is urgently needed. Therefore, we investigated the chronic 

toxicity to the water flea Daphnia magna of two HFFRs, aluminium diethylphosphinate (ALPI) 

and 9,10-dihyro-9-oxa-10-phosphaphenanthrene-oxide (DOPO). The toxicity of ALPI 

increased from a 48 h LC50 of 18 mg L-1 to a 21 day LC50 value of 3.2 mg L-1, resulting in an 

acute-to-chronic ratio  of 5.6. This may imply a change in classification from low to moderate 

toxicity. ALPI also affected sublethal life cycle parameters, with an EC50 of 2.8 mg L-1 for 

cumulative reproductive output and of 3.4 mg L-1 for population growth rate, revealing a non-

specific mode of action.  DOPO showed only sublethal effects with an EC50 value of 48 mg L-

1 for cumulative reproductive output and an EC50 value of 73 mg L-1 for population growth 

rate. The toxicity of DOPO to D. magna was classified as low and likely occurred above 

environmentally relevant concentrations, but we identified specific effects on reproduction. 

Given the low chronic toxicity of DOPO and the moderate toxicity of ALPI, based on this 

study only, DOPO seems to be more suitable than ALPI for BFR replacement in polymers.  
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1 Introduction 
To fulfill regulatory requirements on flame retardancy, chemical additives known as flame 

retardants (FRs) are incorporated into a wide range of polymers. Brominated flame retardants 

(BFRs) are frequently 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). Many BFRs, however, have unintended negative 

effects on the environment and human health. For instance, 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).  

Concerns about the persistence, bioaccumulation, and toxicity (PBT) of BFRs have led to a 

ban on the production and use of many of these compounds (OSPAR, 2001 (2004 updated)). 

Hence, there is growing need to substitute BFRs with alternative halogen-free flame retardants 

(HFFRs), and several furniture manufacturers have already voluntarily replaced BFRs with 

alternative HFFRs (Betts, 2007). HFFRs can be divided into several categories, 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). Because of the need for BFR 

substitution, many of these HFFRs are already being marketed, although their environmental 

behavior and toxicological properties are known to only a limited extent and their potential 

impact on the environment cannot yet be properly assessed. As a result, there is an urgent need 

for information on the PBT properties of HFFRs. Reviewing the publicly available ecotoxicity 

data of HFFRs, we identified large data gaps and inconsistent observations on the properties 

of individual compounds (Waaijers et al., 2013b). Therefore, we generated reliable toxicity data 

for a selection of HFFRs that are potential replacements for BFRs in polymers (Waaijers et al., 

2013a). Several HFFRs exerted no acute toxicity to daphnids, making them promising 

substitutes, while highly toxic compounds could be discarded as alternative flame retardants. 

However, in order to reliably evaluate the environmental hazard of compounds showing a low 

acute toxicity, they should also be subjected to chronic toxicity testing, since toxicity tends to 

increase with increasing exposure time (Schulz and Liess, 1995; van Gestel et al., 2001). 
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Moreover, specific effects on sublethal life history end points depending on the mode of action 

of a compound need time to become expressed and are overlooked in standard acute toxicity 

tests (Marinkovic et al., 2011; Paumen et al., 2008). Therefore, the aim of the present study was 

to determine the life-history responses of daphnids chronically exposed to widely applied 

HFFRs that have been shown to elicit a low acute toxicity.  

To this purpose two water soluble organophosphorus flame retardants (OPFRs) were selected: 

aluminum diethylphosphinate (ALPI), mostly used in electrical and electronic equipment, 

connectors, switches and encapsulated electronic components, and 9,10-dihydro-9-oxa-10-

phosphaphenanthrene (DOPO), mostly used in printed circuit boards, electronic components 

and encapsulations and technical laminates (ENFIRO, 2009). With these OPFRs we 

performed Daphnia magna life cycle toxicity tests (OECD, 1998) and integrated the obtained 

data into EC50 values for population growth rate. In this way we aimed to assess whether or 

not these compounds, showing a low acute toxicity (Waaijers et al., 2013a), are also non-

hazardous upon chronic exposure and subsequently, obtaining a first indication whether or not 

ALPI and DOPO are suitable candidates for BFR replacement in polymers.  

 

2 Materials and Methods 

22.1 Test organism and culture conditions 

We chose the fresh water filter feeder Daphnia magna Straus to test for chronic toxicity of ALPI 

and DOPO. This water flea is frequently used as test organism in chronic ecotoxicity studies 

(OECD 1998) due to several benefits, including its key role in the pelagic food webs of 

temperate regions, parthenogenetic reproduction (which excludes genetic variation) and ease of 

handling (Burns, 1969; Adema, 1978). The Daphnia magna neonates (younger than 24 h, clone 

4) used in this study were obtained from Grontmij Aquasense (Amsterdam, the Netherlands) 

and were cultured in Elendt M4 medium according to the OECD guideline (1998). For an 

extensive description of the specific culture conditions, see Waaijers et al. (2013a). At regular 

intervals (about every three months), acute toxicity tests were performed with the reference 

toxicant K2Cr2O7 to check whether the sensitivity of the D. magna culture was within the limits 

(EC50, 24 h = 0.6-2.1 mg L-1) as set by the guideline (OECD 1998). 
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Figure 1: The molecular structures of aluminium diethyl phosphinate (ALPI, left) and 9,10-

dihydro-9-oxa-10-phosphaphenanthrene (DOPO, right). 

22.2 Test compounds: halogen-free flame retardants 

The selected HFFRs were aluminum diethyl phosphinate (CAS no. 225789-38-8, 98.5%, 

Clariant) and 9,10-dihydro-9-oxa-10-phosphaphenanthrene (CAS no. 35948-25-

KCCS). The chemical structures of the organophosphates are shown in Figure 1.  

 

2.3 Test solutions 

To generate homogeneous test solutions, we decided to first prepare saturated water solutions 

(Elendt M4 medium without additional buffer), determine the concentrations (see section 2.5) 

and dilute these solutions to prepare the test concentrations. To this end we stirred an excess 

of compound for 7 days in Elendt medium (OECD 1998) and then filtered the solution (0.1 

μm, cellulose). The test concentrations for each compound were based on their acute toxicity 

(Waaijers et al., 2013a) and are listed in the supporting information (SI), Table S1. 
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22.4 Toxicity tests 

To determine the chronic toxicity of ALPI and DOPO, Daphnia magna were exposed to these 

HFFRs in 21 day reproduction tests, following OECD guideline 211 (1998), except where 

noted. Per test concentration (4 concentrations and a control) fifteen replicates were prepared, 

with three additional replicates for measuring the concentration of the test compound. Each 

replicate consisted of a 50 mL polypropylene tube filled with 40 mL of test solution. The tubes 

were randomly distributed in a climate controlled fume hood (20 ±1ºC), with a light-dark 

regime of 16:8 h. The experiment was started by introducing 1 neonate (younger than 24 h) 

into each tube using a disposable transfer pipette. Each day the number of animals not 

responding to gentle stimulation by tapping on the tube was scored. Juveniles and ephippia 

(winter eggs) were also counted and removed daily. The daphnids were fed daily with a 

concentrated suspension of the green algae Scenedesmus subspicatus (Grontmij, day 0-

day 3- -

for measuring the concentrations of the compounds were refreshed two times a week using a 

weekly made saturated stock solution. In this way, the variation in exposure concentration 

during the full 21 days was sufficiently low (s.e. < 2 mg L-1) for both compounds. Physical-

chemical parameters (hardness, oxygen level, temperature & pH) recommended by the 

guideline were measured (SI Table S2).  DOPO hydrolyses in water, which in turn decreases 

the pH of the medium significantly (pH <6, in the highest test concentrations). Therefore the 

DOPO test was performed with buffered medium and additional controls with buffer were 

included as well. Test medium was buffered to pH 7.87 ±0.01 (s.e.) with NaOH (120 mg L-1) 

and 3-(N-morpholino)propanesulfonic acid (MOPS) (628 mg L-1) according to De 

Schamphelaere et al. (De Schamphelaere et al., 2004).  

  

2.5  Analysis of ALPI and DOPO concentrations in the test 
solutions 

The concentrations of ALPI and DOPO in the saturated solutions were determined after a 

week of stirring and subsequent filtration. This was done to determine the concentration in the 
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stock solution in order to prepare the test concentrations by dilution. During the experiment, 

the concentrations of the compounds were determined by taking water samples from three 

additional replicates containing no daphnids after 7, 14 and 21 days (end) of the toxicity tests, 

just before renewal of the test solutions. Of each of these replicates 15 mL water samples were 

taken, acidified (0.4% nitric acid and 2.38 g cesium chloride L-1, both obtained from Merck) 

and stored until analysis at 4°C.  Samples were measured using inductively coupled plasma 

coupled to atomic emission spectroscopy (ICP-AES, Optima 3000XL). Phosphorus was 

determined to calculate the molecular concentrations for both ALPI and DOPO. These 

measured values were averaged over time to calculate the actual concentration per treatment 

during the 21 day exposure period.  

 

22.6 Data analysis 

Concentration-response relationships and the corresponding 21 days EC50 values were 

calculated according to Haanstra et al. (1985) by fitting a logistic curve (equation 1) through 

the data of the studied toxicity end point, that is, percentage mobility, cumulative reproductive 

output per female, and population growth rate, against the HFFR concentration in the water.  

  ( ) =  ( )                                  (eq. 1) 

 

In this equation y(x) is the endpoint at concentration x, a is the EC50 (mg L-1), b is the slope of 

the curve, c is y(0), which equals the average of the endpoint for the control, and x is the 

concentration of HFFR in the water (mg L-1). 

Cumulative reproductive output was calculated per adult (equation 2). 

 =                                    (eq. 2) 
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In this equation CRO is the cumulative reproductive output per adult for a specific treatment 

(control or exposure concentration), t is the time of the experiment in days, with Ω as the last 

day of the experiment (21 days) and mt is the number of neonates per adult (fecundity) at time 

t.  

Data for CRO were first tested for normality (Shapiro-Wilks test) and homogeneity of 

variances (Levene’s test). Then, this endpoint was compared with the corresponding control 

using one-way analysis of variance (ANOVA), followed by a Tukey post hoc test. Variances in 

the production of winter eggs were heterogeneous, therefore means were compared with the 

non-parametric Mann Whitney U test.  

Data for survival were first tested for normality (Shapiro-Wilks test) and treatments were 

compared with the corresponding control. The latter was calculated with the open source 

software program R (script developed by Arne Janssen, University of Amsterdam) using 

Kaplan-Meier survivorship analysis (Hosmer and Lemeshow, 1999). Because of multiple 

testing (n=4), a Bonferroni correction was applied. 

The population growth rate (r) was calculated from the integration of the age-specific data on 

probability of survival and fecundity by using the Lotka-Euler equation (equation 3) (Lotka, 

1913; Euler, 1970).  

 

1 = ∑ 𝑙𝑡𝑚𝑡𝑒−𝑟(𝑡+1)Ω
𝑡=0                                   (eq. 3) 

 

In this equation t is the time of the experiment in days, with Ω as the last day of the 

experiment (21 days), lt is the probability of survival at time t, mt is the amount of living 

neonates per adult (fecundity) at time t and r is the population growth rate (d-1). The growth 

rate and its standard error were calculated with the open source software program R (script 

developed by Arne Janssen, University of Amsterdam) using the Jackknife-method described 

by Meyer et al. (1986).  

Data analyses were performed with SPSS software (V20.0.0) (IBM, 1989, 2011), except for r 

and its standard error and for survival, which was performed with R (V2.15.1) (R Core Team, 

2012).  
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3 Results  
Acute toxicity tests performed with the reference toxicant K2Cr2O7 showed that the sensitivity 

of the D. magna culture (EC50, 24 h = 1.1 mg L-1, 95% CL: 0.8-1.3) was within the limits set by 

the guideline (EC50, 24 h = 0.6-2.1 mg L-1) (17). The physical-chemical parameters (hardness, 

oxygen level, temperature & pH, shown in SI Table S2) were within the recommended ranges 

(OECD 1998). Control survival was 100%, with a mean number of neonates per female of 50 

or higher, with 14% or less variation. 

 

A clear effect of ALPI on daphnid mobility was observed during the 21 day test period (SI 

Figure 1). A significant (p<0.05) drop in survival was observed for exposure to the three 

highest test concentrations after three days, the highest two test concentrations causing 

complete mortality after four days. From the mobility data at the end of the experiment (21 

days) a clear concentration-response relationship was obtained (Figure 2), from which an LC50 

value of 3.2 mg L-1 (21 days, 95% CL: 3.1-3.2) was derived. In Figure 2, both the chronic (21 

days) and the acute concentration-response curves (acute data previously published by 

(Waaijers et al., 2013a)), are plotted, as well as the corresponding LC50 values (LC50, 2 days = 

18 mg L-1, 95% CL: 15-22). This comparison demonstrates that the toxicity of ALPI increased 

with increasing exposure time with an acute to chronic ratio (ACR) of 5.6. 

 

In all treatments where the daphnids survived the exposure to ALPI, the cumulative 

reproductive output per female was significantly (p<0.05) lower than in the controls (Figure 3, 

left graph). Besides a reduced reproductive output (Figure 3), the daphnids exposed to 2 and 3 

mg ALPI L-1 also produced winter eggs (5.0 ±1.1 s.e. & 4.8 ±0.7 s.e., respectively), which is 

significantly more than those in the control did (0.2 ±0.2 s.e.)  (p<0.001 & p<0.05 respectively, 

Mann Whitney U test). This is also an apparent indication of stress (OECD 1998). There was 

however no significant (p>0.05) difference in age at first reproduction between the ALPI 

concentrations and the controls. A clear concentration-response relationship was observed for 

CRO after 21 days of exposure. From this relationship an EC50 value of 2.8 mg L-1 (21 days, 

95% CL: 1.9-3.6) was derived (Figure 3, right graph). The effect on survival and fecundity of 

Daphnia magna caused by ALPI was reflected by a decrease in population growth rate with 
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increasing ALPI concentrations in the water as shown in Figure 4. From this concentration-

response relationship an EC50 value for population growth rate (r) of 3.4 mg L-1 (21 days, 95% 

CL: 3.4-3.4) was derived.   

 

 
Figure 2: Average mobility (% of initial animals) of Daphnia magna (n=15) exposed to a 

concentration range of ALPI (mg L-1) in Elendt medium after 48 h (± s.e. in x and y, n=4x5 

individuals per concentration, published before in (Waaijers et al., 2013a)) and after 21 days (± 

s.e. in x, n=15 individuals per concentration).  

The toxicity increases with increasing exposure time with an ACR of 5.6. 
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Figure 3: Average cumulative reproductive output (number of neonates per female) of 

Daphnia magna (n=15) exposed to a concentration range of ALPI (mg L-1) in Elendt medium 

over time (left) and after 21 days (right). In the left graph treatments where the CRO (± s.e. in 

y) was significantly lower than that of the controls are marked * p<0.05 ** p<0.001. In the 

right graph the average CRO (◊, female-1) is shown (± s.e. in x and y, those smaller than data 

points are omitted). The EC50 is plotted as ● (± s.e.) and the logistic curve represents the 

fitted concentration-response relationship. Treatments where all daphnids were immobilized 

after 21 days are marked with †. 

 

 
Figure 4: Population growth rate (day -1) of Daphnia magna (n=15) exposed to a concentration 

range of ALPI (mg L-1) in Elendt medium after 21 days. The average population groth rate (◊) 

is shown (± s.e. in x and y). The EC50 is plotted as ● (s.e. smaller than data point) and the 

logistic curve represents the fitted concentration-response relationship. Treatments where all 

daphnids were immobilized after 21 days are marked with †. 
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No effect on mobility (>95%) was observed after 21 days of exposure to the highest tested 

DOPO concentration (166 mg L-1).  However, the daphnids exposed to this test concentration 

did not reproduce at all, while those exposed to the one but highest concentration (78 mg L-1) 

started to reproduce significantly (p<0.001) later and significantly (p<0.001) less than the 

control (Figure 5, left graph). As observed with ALPI, when DOPO affected the CRO (78 mg 

L-1), also winter eggs were produced (28 ±2 s.e.), whereas the controls hardly produced any 

(0.2 ±0.2 s.e.) (p<0.001, Mann Whitney U test). A clear concentration-response relationship 

was observed for CRO after 21 days, with an EC50 value of 48 mg L-1 (21 days, 95% CL: 33-62) 

(Figure 5, right graph). Consequently, DOPO affected the population growth rate of Daphnia 

magna as well, as shown by the concentration-response relationship in Figure 6, from which an 

EC50 value of 73 mg L-1 (21 days, 95% CL: 72-74) was derived.  

 

Corresponding parameters and confidence limits of the concentration-response curves and 

EC50 values are reported for both compounds in SI Table S3.  
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Figure 5: Average cumulative reproductive output (number of neonates per female) of 

Daphnia magna (n=15) exposed to a concentration range of DOPO (mg L-1) in Elendt 

medium over time (left) and after 21 days (right). In the left graph treatments where the CRO 

(± s.e. in y) was significantly lower than that of the controls are marked * p<0.001. In the right 

graph the average CRO (◊, female -1) is shown (s.e. in x and y are smaller than the data points 

and therefore omitted). The EC50 is plotted as ● (s.e. smaller than data point) and the logistic 

curve represents the fitted concentration-response relationship.  

 

 

 
Figure 6: Population growth rate (d -1) of Daphnia magna (n=15) exposed to a concentration 

range of DOPO (mg L-1) in Elendt medium after 21 days. The average population groth rate 

(◊) is shown (s.e. in x and y are smaller than the data points and therefore omitted). The EC50 

is plotted as ● (s.e. smaller than data point) and the logistic curve represents the fitted 

concentration-response relationship. 
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4 Discussion 
The present study demonstrated that ALPI and DOPO clearly affected the life-history of the 

daphnids. For ALPI only a single toxicity study was available from the literature, reporting a 

lower chronic toxicity (21 days, reproduction EC50 = 46 mg L-1; immobility EC50 = 22 mg L-1) 

(European Chemicals Agency (ECHA) Database, original study 2005-Apr-13) than observed in 

the present study (2.8 - 3.4 mg L-1). Few details on experimental conditions (such as how the 

concentrations were measured and the hardness) were, however, provided by the pertaining 

reference (ECHA original study 2005-Apr-13), so it is difficult to compare this data set with 

our data. Daphnid clone specific differences in sensitivity potentially contribute to variation in 

the results of toxicity studies, such as reported by Baird et al. (Baird et al., 1991). Nevertheless, 

the conformity of the present toxicity data with the literature on the reference toxicant 

K2Cr2O7 showed that the presently used clone met the requirements set by the guideline 

(OECD, 1998). This, as well as the 100% control survival and EC50 values based on actual 

concentrations all substantiate the robustness of the toxicity data in the present study. 

When DOPO dissolves in water, its ring P-O bond hydrolyses (Liu et al., 2003), which opens 

the middle ring and creates an acidic product. This phenomenon decreased the pH of the 

highest test concentrations to about 4, far below the tolerance level of D. magna.  Therefore, all 

treatments were actively buffered at a pH of 7.87 ± 0.01 (s.e.). There is no data available (yet) 

on environmental concentrations of DOPO, but we expect that the highest test concentrations 

used in the present study are unlikely to be environmentally relevant, unless for instance 

accidental spills occur. Hence, it is expected that in the environment DOPO concentrations 

are low enough to be naturally buffered. For DOPO only a model prediction of its chronic 

toxicity (23 mg L-1) has been reported (Waaijers et al., 2013b). Although no information on the 

specific end point or assumed conditions were provided, the predicted effect concentration is 

in the same order of magnitude as our experimentally obtained effect concentrations (48 mg L-

1 - 73 mg L-1). To our best knowledge, apart from one study on freshwater fish (low toxicity; 

48 h, EC50 = 370 mg L-1 (U.S. Environmental Protection Agency (EPA), 2008)) there are no 

other reports on experimental ecotoxicity studies with DOPO. 
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The motivation to conduct this study was that these two widely applied halogen-free flame 

retardants are currently produced in large volumes as alternatives to brominated flame 

retardants, while they are poorly studied and consequently their environmental properties are 

not adequately characterized. For ALPI, a strong increase in toxicity was observed after three 

days of exposure. This shows the importance for chronic toxicity testing, since this lethal effect 

would be overseen in a standard acute toxicity test of 48 h (OECD 1998). This increased 

toxicity over time is reflected by an acute to chronic ratio (ACR) of 5.6. Based on the acute 

toxicity (LC50 18 mg L-1 (Waaijers et al., 2013a)), ALPI would be classified by the European 

REACH legislation as long term chronic toxicity category 3 (10 < LC50 < 100 mg L-1) 

(European Union, 2008), meaning that ALPI would be considered harmful to aquatic life with 

long lasting effects. In the present study, the chronic LC50 value was 2.9 mg L-1 (1 < LC50 < 10 

mg L-1) (European Union, 2008), while the chronic EC10 (equivalent to the NOEC) for 

cumulative reproductive output was 0.89 mg L-1) (EC10 < 1 mg L-1) (European Union, 2008). 

Since ALPI has also been reported as being non rapidly degradable (Waaijers et al., 2013b) this 

could lead to a change of classification to long term chronic toxicity category 2 (European 

Union, 2008) , meaning that ALPI would be considered toxic to aquatic life with long lasting 

effects. DOPO also showed an increase in toxicity with increasing exposure time, albeit the 

latter effect concentrations are still classified as a low toxicity (European Union, 2008).  

 

Marinkovic et al. (2011) demonstrated that a chronic-to-chronic ratio can be a good predictor 

of the mode of action of a toxic substance. In this ratio the chronic lethal concentration (LC50) 

is divided by a chronic sublethal concentration (EC50). For ALPI the sublethal EC50 values are 

in the same order as the LC50 and hence, the ratio is close to 1. This implies that the 

compound has a non-specific mode of action, and acts by narcosis (Marinkovic et al., 2011). 

DOPO on the other hand showed sublethal effects at concentrations considerably lower than 

the highest test concentrations, where still no mortality at all was observed. Therefore, the 

chronic LC50/EC50 would be minimally 7, suggesting a specific mode of action for DOPO 

acting on reproduction and thus on population growth (Marinkovic et al., 2011).  
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5 Conclusions 
The chronic experiments identified a specific effect of DOPO on daphnid reproduction and 

population growth, but the chronic toxicity of DOPO to D. magna could be classified as low 

and the effects occurred at concentrations unlikely to be observed in the environment. The 

toxicity of ALPI increased with increasing exposure time from a low toxicity upon acute 

exposure to a moderate toxic potential after chronic exposure. Therefore, based on this study 

only, DOPO seems to be a more suitable candidate for BFR replacements in polymers than 

ALPI. 
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6 Supporting Information 
The test concentrations (treatments) of the chronic toxicity tests (21 d) to Daphnia magna for 

aluminium diethyl phosphinate (ALPI), 9,10-dihydro-9-oxa-10-phosphaphenanthrene (DOPO) 

and the reference toxicant potassium dichromate (K2Cr2O7) are listed in Table S1. 

Concentrations of ALPI and DOPO were measured (in triplicate) at the beginning, after 7, 14 

and 21 days (end) of the experiment with ICP-AES (inductively coupled plasma (coupled to) 

atomic emission spectroscopy) and averaged over time. Values are given with their standard 

error (±s.e.) and the amount of total measurements (n). This depended on values above the 

limit of detection (for the blanks) and survival of the daphnids (for the treatments, i.e. ALPI). 

Blanks are all corrected for and shown (first value). This was done by subtracting the average 

blank value from the average sample value. The standard errors of the sample values were 

calculated by correcting for error propagation. 

 

SI Table S1. Concentrations tested of aluminium diethyl phosphinate (ALPI), 9,10-dihydro-9-
oxa-10-phosphaphenanthrene (DOPO) and the reference toxicant potassium dichromate 
(K2Cr2O7).  
Compound 
Abbreviation 

Concentration in mg L-1 (± s.e., n) 

ALPI 0.32 (± 0.10, n=11), 1.54 (± 0.13, n=11), 3.25 (± 0.18, n=12), 8.42 (± 0.20, n=3), 17.19 (± 0.25, 
n=3) 

DOPO 0.17 (± 0.01, n=7), 2.91 (± 0.07, n=12), 15.59 (± 0.41, n=12), 77.61 (± 1.97, n=12), 165.96 (± 
1.90, n=12) 

K2Cr2O7
* 0.00 (± 0.10, n=2), 1.07 (± 0.23, n=2), 1.09 (± 0.40, n=2), 1.91 (± 0.35, n=2), 4.55 (± 0.58, n=2) 

*  Concentrations of K2Cr2O7 were measured in duplicate at 24 h (end of the 

experiment), the physical-chemical parameters (hardness, oxygen level, temperature & 

pH) met the requirements set by the guideline (OECD, 1998). 

 

During the experiments physical-chemical parameters (hardness, oxygen level, temperature & 

pH) recommended by the guideline (OECD, 1998) were met for all treatments of the test 

compounds. They were measured during the experiment at the same time samples were taken 

for ICP-AES analysis. They were averaged and listed in Table S2.  
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SI Table S2. Measured physical-chemical parameters (n≥24) of the test solutions with ALPI 

and DOPO.  

Compound 
Abbreviation 

Temperature 
°C* 

O2 

mg L-1 
pH 
(± s.e.) 

Hardness 
d° 

ALPI 20 ±1 >8 8.01 ± 0.01  >7 
DOPO-buffered 20 ±1 >8 7.87 ± 0.01  >7 

*  The test tubes were kept in an acclimatized water bath, which had a fixed temperature 

of 20 degrees Celsius with a maximum fluctuation of 1 degree.  
 

Concentration-response relationships and the corresponding EC50 values were calculated 

according to Haanstra et al. (1985) by fitting a logistic curve (equation 1) through the data of 

the studied toxicity endpoint, i.e. percentage mobility, cumulative reproductive output per 

female and population growth rate, against the HFFR concentration in the water.  

𝑦 (𝑥) =  𝑐
1+𝑒𝑏(log10 𝑥−log10 𝑎)                                  (eq. 1) 

Corresponding parameters and confidence limits of the concentration-response curves (21 d) 

and EC50 values are reported for ALPI and DOPO compounds in Table S3.  

 
SI Table S3. Parameters of the fitted logistic curves (see eq.1) and their confidence limits for 

mobility, cumulative reproductive output (CRO) and population growth rate (r). 

Compound 
Endpoint 

a (EC50) 
mg L-1 

b (slope) c (asymptote) 
 

ALPI 
mobility  3.15  

(95% CL: 3.14 – 3.17) 
64.00  
(95% CL: 54.57 – 73.42) 

1.00  
(95% CL: 1.00 – 1.00) 

CRO 2.75  
(95% CL: 1.92 – 3.59) 

4.48  
(95% CL: 1.34 – 7.62) 

50.98  
(95% CL: 44.52 – 57.43) 

R 2.75  
(95% CL: 1.92 – 3.59) 

12.05  
(95% CL: 10.46 – 13.64) 

0.24  
(95% CL: 0.24 – 0.24) 

DOPO 
CRO 47.51  

(95% CL: 32.84 – 62.18) 
7.88  
(95% CL: 3.34 – 12.43) 

56.23  
(95% CL: 53.34 – 59.12) 

r 72.69  
(95% CL: 71.64 – 73.75) 

8.96 
(95% CL: 8.06 – 9.86) 

0.26  
(95% CL: 0.26 – 0.26) 
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The aim of the present thesis was to determine the environmental fate and effects of HFFRs 

that are currently replacing brominated flame retardants in polymers. Reviewing the studies 

published so far showed that data on the physical-chemical properties, as well as on the 

persistency, bioaccumulation and (eco)toxicity of HFFRs are scarce and contradictory. 

Therefore, we set out to develop comprehensive analytical methods for four aromatic 

organophosphate FRs, and to generate data on their mineralization, biodegradation, and acute 

and chronic aquatic ecotoxicity to Daphnia magna. The present synthesis will focus on the 

improved understanding of the environmental fate of HFFRs and their biological hazard, 

offering a perspective for the risk assessment of these new generation FRs and providing 

support to the application of low-hazard flame retardants.  

 

Environmental fate of HFFRs 

To predict the fate of a compound in the environment, knowledge of the intrinsic physical-

chemical properties is a first prerequisite. Parameters such as Henry’s law constant, water 

solubility and the n-octanol/water partition coefficient are required to predict whether a 

compound will end up in air (volatile compounds), water (soluble compounds) or 

soil/sediment/biota (hydrophobic compounds) (Schüürmann et al., 2007). This information is 

also essential to design environmental effect studies. The physical-chemical properties of many 

HFFRs, were, however, difficult to obtain from the available literature. Moreover, published 

values of a single property sometimes covered a range of several orders of magnitude (chapter 

2) and practical complications such as low water solubilities as well as formation of emulsions 

complicated the experimental determination of these properties (chapters 3 and 4). To 

overcome some of these practical complications, the test solutions used in the present study 

were allowed to equilibrate for at least a week, indeed leading to increased reproducibility and 

stability of HFFRs concentrations in water, in both the solubility (chapter 3) and ecotoxicity 

experiments (chapters 4 and 5). Additional filtration or centrifugation removed larger 

particulates and reduced the formation of emulsions. I recommend that these simple steps 

should always be included in the experimental testing of compounds with a low water solubility 

in order to lessen variations in their concentrations in the water, thereby increasing the 

reliability of the test results.   
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To accurately determine the concentrations of HFFRs in water, a reliable analytical 

methodology was needed. The inorganic HFFRs investigated in this thesis could be measured 

straightforwardly with ICP-AES analysis (chapters 4 and 5). With the exception of TPP, very 

few publications on the analysis of aromatic OPFR in particular existed (van der Veen and de 

Boer, 2012) and none were available for DOPO. Therefore, as described in chapter 3, a 

comprehensive analytical methodology was developed for BDP, DOPO, RDP and TPP. Since 

several disparities exist in the literature of nominal and actual concentrations in toxicity tests, 

the presently developed methodology allowed us to generate consistent and more reliable 

ecotoxicity tests based on measured concentrations. The method also enables studying the fate 

or potential degradation of these compounds in the environment and it provides a major step 

towards environmental monitoring of the currently emerging HFFRs.  

 

With the improved experimental set-up and analytical methodology, the fate of BDP, RDP and 

TPP in activated sludge from a sewage treatment plant could be studied (chapter 4). TPP was 

hydrolyzed and mineralized within two weeks (chapter 4), whereas RDP was only partly 

degraded and BDP did not degrade at all. These findings are remarkable since the compounds 

TPP, RPD and BDP are structurally similar. The question remains therefore what structural 

difference between TPP, RDP and BDP causes this dissimilar degradability. RDP in fact 

consists of TPP with an attached DPP moiety and BDP consists of two TPP molecules bound 

to the middle C-atom of a ‘propane’ (C3) chain. As a result, the structure of BDP can be seen 

as a derivative of bisphenol A. Although it has been reported that aerobic degradation of BPA 

is relatively fast in sewage sludge and river waters, it is often not completely mineralized (Kang 

et al., 2006). The BPA building block of BDP can thus contribute to the lower degradability of 

the molecule. It may seem counter intuitive that a molecule with a decreased conjugated 

structure (compared to TPP and RDP) is more stable. Perhaps the additional ‘propane’ group 

of BDP may hinder electrophilic attacks. BDP has a higher molecular weight (693 g mol-1) than 

TPP and RDP. Therefore, microorganism might take up the larger BDP molecule more slowly 

due to limited membrane permeation, as has been observed previously for PAHs (Rostami and 

Juhasz, 2013). Similarly, a molecular weight cut off has been observed for absorption across 
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tissues of aquatic organisms for certain hydrophobic organic contaminants (HOCs) (Sijm et al., 

2007). However, this phenomenon is still under debate, as some authors argue that it can be 

ascribed to certain experimental artefacts (Jonker and van der Heijden, 2007). The high 

hydrophobicity of BDP (log Kow ≥ 4, chapter 2) may contribute as well to its low 

degradability, since cellular membrane uptake is easier for compounds with a Kow between 1.5 

– 4 (Sikkema et al., 1995).  Another possible explanation for the slow BDP degradation is that 

low solubility and/or sorption to organic matter in the sludge itself hamper biodegradation 

(Schnurer et al., 2006). As a result of one or more of these effects, this larger BDP molecule is 

less susceptible to degradation than TPP and RDP are. Regardless of the effects of molecular 

size and bioavailability, it is possible that BDP might break down when studies are performed 

with an increased time window for adaptation, using primed sludge (as observed for PBBs 

(Bedard et al., 1998)) or using a high density of a specialized bacterial consortium (e.g. 

Pseudomonas sp. that can breakdown BPA (Kang and Kondo, 2002)).  

The present study demonstrated that under identical experimental conditions compounds with 

apparently similar structural features can vary extensively in biodegradation rate, ranging from 

full mineralization to non readily degradable. This shows that commonly used methods as 

read-across and quantitative structure-activity relationships (QSARs) (Raymond et al., 2001; 

OECD) cannot be used safely to predict the environmental fate of non tested organic HFFRs. 

The work presented in this thesis shows that degradability decreases with increasing molecular 

size, but the present data set is too limited to derive a reliable property-activity relationship 

between the molecular structure of the aromatic OPFRs and their biodegradability. This points 

again at the tension between the need for extrapolation with its associated uncertainties and the 

added value of more reliable, though more expensive, time consuming, experimental 

verification. At this stage, direct verification of the persistence of OPFRs remains essential and 

extrapolation based on molecular structure is not yet justified.  

 
Environmental effects of HFFRs 

In order to predict the environmental hazard of a compound, knowledge of its ecotoxicity is 

needed. The review presented in chapter 2 showed that, in spite of some studies published on 

the topic, the toxicity of HFFRs is still difficult to evaluate, since frequently important 
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experimental parameters were not reported or actual concentrations were not measured. In the 

present thesis, I aimed to circumvent this problem by testing the acute and chronic toxicity of 

the selected HFFRs in an identical set-up, under the same conditions, measuring the exposure 

concentrations at regular time intervals, as described in chapters 5 and 6. ATH, ATO, BDP, 

RDP and TPP showed acute toxic effects to daphnids and APP, ALPI, DOPO, MHO, MPP, 

ZS and ZHS had no or a low acute toxicity (chapter 5). In this way, the toxicity of the new 

generation FRs to daphnids could be easily evaluated and compared and the data is ready 

available for risk assessment purposes.  

In the present project one aquatic organism, D. magna, was selected to test the aquatic 

ecotoxicology of HFFRs. Data for a single species are obviously not sufficient for a 

comprehensive assessment of the environmental hazards of these compounds. This project 

was part of the European project ENFIRO where also other endpoints (e.g. in vitro toxicity) 

were studied and socio-economic impact assessments were undertaken (ENFIRO 2009). 

Nevertheless, the results presented in this thesis showed that seven of the twelve HFFRs either 

did not exert any acute effect at their water solubilities or had a low toxicity to Daphnia magna. 

On the basis of these findings it is concluded that these seven compounds are suitable 

replacement candidates for BFRs (Chapter 5). Although it is obviously desirable that other 

representative species are tested as well, the presented results may be considered as the first 

step in the search for sustainable HFFRs.   

In addition to the acute toxicity tests, chronic life cycle studies were performed with ALPI and 

DOPO, which are HFFRs exerting a low acute toxicity to D. magna. Although again these 

results reflect the impact on only one species, very relevant findings in terms of environmental 

hazard were obtained. The tested DOPO concentrations did not cause mortality after 21 days, 

but the reproduction and population growth rate of the daphnids were clearly affected. These 

results show that sublethal effects need time to become expressed, underlining the importance 

of chronic toxicity testing. Sublethal effects, affecting population growth rate, are highly 

relevant for the field, as they can cascade up to the community and ecosystem level (Hanazato, 

2001).  

The toxicity of ALPI increased almost six fold when increasing the exposure time from 48 h to 

21 days, implying that ALPI could be classified more hazardous according to the European 
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classification and labeling legislation (chapter 6 and European Union 2008) when judged on 

the basis of chronic rather than acute toxicity testing. The manufacturer of ALPI states that 

this HFFR qualifies to be awarded with the EU Ecolabel (Clariant, 2012). This label specifically 

takes the consumer end product into consideration and sets requirements for the compounds 

these products contain (European Union, 2011). These requirements also include chronic 

toxicity studies. The data on the chronic aquatic toxicity of ALPI provided by the 

manufacturer were, however, previously not available (see also chapters 2 and 6), which 

hampers an open scientific discussion on the environmental hazard of this compound. Our 

publicly available data (Waaijers et al. 2013c; chapter 6) show that ALPI is harmful to D. magna 

in a 21 days life cycle study. These findings seriously question the qualification of ALPI for the 

Eco label, but also raise some doubt on the environmental safety standards formulated for the 

Eco labels.  

The increased toxicity with increased exposure time raises concerns about the potential chronic 

toxicity of the other compounds as well. The HFFRs that did not show acute effects (chapter 

5) were APP, MHO, MPP, ZHS and ZS. To identify possible sublethal toxicity to daphnids, 

also chronic toxicity data for these compounds are required, but these data are missing for 

APP, ZHS and ZS (chapter 2). MHO is not expected to exert chronic toxicity as magnesium is 

an essential metal and a major component of natural waters (European Chemicals Bureau, 

2000), but this has not been confirmed to our knowledge by any toxicity study. Concerning 

MPP, chronic toxicity tests with Daphnia published previously showed an increase in toxicity of 

melamine from LC50 >2000 mg L-1 to about 60 mg L-1 (draft study (U.S. EPA 2008; no 

experimental details were provided), yielding a high ACR of at least 33. This high ACR for 

MPP might indicate a specific mode of action (chapter 6 and Länge et al. 1998, Roex et al. 

2000, Marinkovic et al., 2011). In the present project, increasing the exposure time manifested 

“hidden” toxicity and therefore it is concluded that, although time consuming and expensive, 

experimental verification is the only reliable way to obtain insight in the chronic, sublethal 

effects of compounds. 

 

Under the European chemical legislation, REACH, it is already mandatory to test short-term 

ecotoxicity to invertebrates (preferably Daphnia species) as well as growth inhibition of an 
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aquatic plant (preferably algae), for compounds produced, imported or used in the European 

Union in quantities above than 1 tonne per year (Annex VII, (European Union, 2006)). These 

are minimum requirements and with increasing production volumes (1-10, 10-100, 100-

1000, >1000 tonnes) additional short- or long-term toxicity studies are required (e.g. on fish, 

plants, terrestrial invertebrates and birds) (Annex VII-X, (European Union, 2006)).  The 

REACH requirements for aquatic toxicity testing do not have to be met if a substance is very 

poorly soluble in water or very unlikely to cross biological membranes. In the study described 

in chapter 5, however, no evidence was obtained that either high molecular weight or low 

water soluble HFFRs are excluded from exerting aquatic toxicity. This clearly shows that even 

when a compound may be considered poorly water soluble or if its ability to cross a biological 

membrane is open for debate (Sijm et al., 2007; Jonker and van der Heijden, 2007), this does 

not mean that a compound will not show toxic effects. The present thesis shows that waiving 

the minimal required ecotoxicity tests (REACH legislation, > 1 tonne compounds, (European 

Union, 2006)) is not always justified for poorly soluble compounds, as seen here for the 

HFFRs studied. Experimentally testing the environmental fate and effects of the 

heterogeneous group of these HFFRs is the only safe, but time consuming and costly 

approach.  

 

Since the HFFRs are a relatively new group of FRs, reported data on the biodegradation and 

ecotoxicity of HFFRs are scarce and dominated by grey literature such as safety data sheets or 

non-refereed reports from manufacturers (chapter 2). During this project (Chapter 2) it 

became apparent that in some cases (eco)toxicity and biodegradation studies did exist (personal 

communications with industry), but that these were not publicly available. As experiments are 

expensive and time consuming and competition is fierce, companies are reluctant to hand out 

this data. To date, i.e. three years later, these compounds have been registered, but some of this 

data are still not accessible by searching on CAS number on the ECHA website (2014). 

Because of this concealed data, experiments have been repeated unintentionally, which is not 

only expensive, but also unethical considering the animal testing needed. This problem is, 

however, not restricted to industry alone; scientists too may be unaware of how to make their 

data more valuable. Open scientific literature can often not be used for risk assessment as not 
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all relevant data are published, which is needed to assess the reliability of the study (Moermond 

et al., 2012).  Furthermore, to fully benefit from all available studies, provided that they are 

reliable and relevant, regulatory evaluation criteria have to offer enough flexibility to include 

toxicity data obtained using non-standard test species for which no OECD guidelines are 

available (Agerstrand et al., 2011). Although the documentation of experimental detail and 

creating transparency may offer challenges, the information is essential for proper hazard 

evaluation under the REACH legislation. The discrepancies between publicly unavailable data 

provided by manufacturers and publicly available data provided by scientists hampers a 

transparent, objective hazard evaluation, especially of new emerging compounds.  

 

In summary, structurally similar HFFRs exhibiting different biodegradation potential showed 

that commonly used methods as read across and QSARs cannot be used safely to predict the 

environmental fate of untested HFFRs. At this stage, direct verification of the persistence of 

OPFRs remains essential.  Toxicity tests with daphnids showed that ATH, ATO, BDP, RDP 

and TPP are acutely toxic and that APP, ALPI, DOPO, MHO, MPP, ZS and ZHS have no or 

a low acute toxicity. In chronic toxicity tests DOPO affected population growth, while the 

toxicity of ALPI increased with increased exposure time, potentially leading to a shift in 

classification from low to moderate toxicity. Several chapters of this thesis showed the 

dilemma between the need for extrapolation with its associated uncertainties and the need for 

more reliable, though expensive and time consuming, experimental verification. The new 

insight in the obtained present work provides further support to the application of low-hazard 

flame retardants. 
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Epilogue  

The application of certain hazardous FRs inevitably brings up the question if we really need 

FRs in all the products in which they are applied. It is debatable whether the risk of using 

compounds that are not proven to be completely harmless to the environment and human 

health outweighs the benefits. Regulations requiring industry to incorporate FRs, without 

carefully weighing the positive and negative impacts, may in some cases overshoot the target 

and result in adverse environmental and health effects (Shaw et al., 2010). In this way, the use 

of FRs can result in a false sense of security. For example, for furniture foam it has been 

argued that the addition of potentially hazardous FRs does not always effectively increase the 

fire safety (Babrauskas et al., 2011). As the use of FRs in building insulation does not 

necessarily provide an additional safety benefit (Babrauskas et al., 2012), recently, a law was 

adopted in California no longer forcing manufacturers to use FRs (State of California, 2013). 

Under this changed legislation, manufacturers are free to choose whether they apply FRs or 

alternative methods for maintaining fire safety. Likewise, other safety requirements were 

adapted to give manufacturers of furniture and foam used in baby products (mattresses, toys, 

etc.) the freedom to achieve fire safety without the use of chemicals (State of California and 

Department of Consumer Affairs, 2013). Recently, the question has also been brought forward 

whether FRs are needed in every electrical or electronic application (Scientific American, 2014).  

In line with this idea, recent studies assessed the flame retardant properties of natural materials 

that are known to be safe, such as proteins, sometimes leading to remarkable results showing 

the potential fire retardancy of unexpected materials (Carosio et al., 2014; Alongi et al., 2013). 

In contrast to the U.S.A., where substantial effort has been put into reversing the mandatory 

application of FRs, in The Netherlands pressure is now exerted in Parliament to make the use 

of FRs compulsory in home textiles, such as those used for couches (Kamerstuk 29 956 & 29 

517, 2013). Oppositely, the minister of Health, Welfare and Sport (VWS) argued that the 

number of fire fatalities in the Netherlands is not commensurate with the exposure to FRs that 

would come from mandatory application (Kamerstuk 29 517, 2012). The application of FRs 

can be a very effective and useful way to prevent the spread of fire, but by making its 

application mandatory, there is no latitude for alternative solutions, innovations and the choice 

for customized application of HFFRs. It is argued that there is no valid statistical evidence 

showing that FRs of the types and concentrations used in consumer products have resulted in 
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fire death or injury reduction (Scientific American, 2014). There is also no detectable decline of 

fire-caused fatalities in The Netherlands based on the statistics from 1946 to 2012 (Nationaal 

Brandweer Documentatie Centrum (NBDC)).  In some cases, fire safety can be achieved 

without the use of FRs by changing designs or choosing materials that are less combustible 

(Shaw et al., 2010; Betts, 2007). Alternatively, measures such as fire-safe cigarettes, child-

resistant lighters, the use of smoke detectors and sprinklers increase fire safety around furniture 

without using FRs (Shaw et al., 2010). The lack of direct proof of decreasing numbers of fire 

casualties due to the use of FRs, does not imply that FRs should not be used at all. It has been 

proven that the use of some FRs can provide significantly longer escape time, lower the heat 

release and lower the release of toxic gases during fires (American Chemistry Council; Zhang 

et al., 2011). From an ethical point of view, the use of FRs in clothing, especially for children, 

seems inevitable, although informing the public on what to wear might help preventing 

dramatic fire injuries (Volkskrant, 2001). A complete ban on FRs is therefore not desirable, but 

with the growing evidence of unwanted adverse side effects of these compounds, we have to 

carefully balance the direct risk reduction of fire spread against the potential global impact of 

contaminants on the long term. The application of HFFRs should be, as with all 

anthropogenic chemicals, controlled and moderate. The decision is up to all of us, keeping in 

mind that ultimately, everyone has to live with some margin of risk (Maron, 2014).  
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   Summary  

SSummary 
 

There is a pressing need for substituting several halogenated flame retardants, given 

the human and environmental health concerns of many of these compounds. Halogen 

Free Flame Retardants (HFFRs) have been suggested as alternatives and are already 

being marketed, although their potential impact on the environment cannot be 

properly assessed because of a lack of information regarding their environmental and 

ecotoxicological properties. The aim of this study was to determine the aquatic fate 

and effects of a selection of HFFRs that are currently being applied in polymers as 

alternatives of hazardous brominated flame retardants. To this end, the following 

objectives have been set: 

To identify the current state of knowledge on PBT properties of a selection 

of HFFRs and to prioritize those for further research; 

To develop analytical methods to determine organophosphorus HFFRs in 

water; 

To quantify the aerobic biodegradation of organophosphorus HFFRs; 

To assess the acute and chronic aquatic toxicity of HFFRs to Daphnia magna. 

 

The selection of HFFRs was made together with several end users and producers 

based on compatibility, performance and suitability in polymer applications.  Fourteen 

HFFRs were selected, being: aluminum trihydroxide (ATH), antimony trioxide 

(ATO), magnesium hydroxide (MHO),  zinc borate (ZB), zinc hydroxystannate (ZHS) 

and zinc stannate (ZS) (inorganic flame retardants and synergists); aluminum 

diethylphosphinate (ALPI), bisphenol-A bis(diphenylphosphate) (BPA-BDPP or 

BDP), 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (or dihydrooxa-

phosphaphenanthrene) (DOPO), resorcinol bis(diphenylphosphate) (PBDPP or 

RDP) and triphenylphosphate (TPHP or TPP) (organophosphorus compounds and 
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salts); melamine polyphosphate (MPP) (nitrogen based organic flame retardant); 

ammonium polyphosphate (APP), and pentaerythritol (intumescent systems). The 

current state of knowledge about these HFFRs was assessed by reviewing the publicly 

available data (up to September 2011), making an inventory of the physical-chemical 

properties, production volumes, persistence, bioaccumulation and toxicity of the 

HFFRs selected (Chapter 2). Toxicity data included ecotoxicity, in vivo and in vitro 

toxicity endpoints. The available data were classified based on the REACH system, 

meaning that the categories “high,” “moderate,” or “low” toxicity were assigned to the 

data. During this literature search, data published in peer-reviewed scientific papers 

were given preference to those in reports and other so-called grey literature. The 

transparency of the experimental setup used to obtain such data was considered of 

high importance, and, similarly, study details that were provided on test conditions 

and results. Although primary sources were preferred, in some cases secondary reports 

were cited (trusted independent sources such as UNEP and US EPA). Large data gaps 

were identified for the physical-chemical and the PBT properties of the reviewed 

HFFRs, which were at least partly caused by a lack of adequate quantitative analytical 

methodologies. The review showed that enhanced transparency of methodologies 

used in experimental studies is needed. TPP has been studied quite extensively and it 

is clearly persistent, bioaccumulative and toxic. So far, RDP and BDP have been 

reported to exert low to high ecotoxicity and to be persistent. 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 characteristic was based merely on no more than two studies, clearly indicating a 

lack of information. Many degradation studies have been performed on 

pentaerythritol, and show its low persistence, with a few exceptions. However, there 

was too little information on the bioaccumulation potential of pentaerythritol. In most 

reports APP was shown to have low PBT properties; however, moderate ecotoxicity 

was reported in two studies. Mg(OH)2, ZHS and ZS  do not show high 
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bioaccumulation potential or toxicity, but large data gaps exist for these compounds 

also. Obviously, further research was required to obtain insight in the fate and effects 

of HFFRs in the aquatic environment.  

To accurately determine the concentrations of HFFRs in water, a reliable analytical 

methodology was needed. The inorganic HFFRs investigated in this thesis could be 

measured straightforwardly with ICP-AES analysis (chapters 4 and 5). With the 

exception of TPP, very few publications on the analysis of aromatic OPFR in 

particular existed and none were available for DOPO. Therefore, an analytical 

procedure based on SPE and LC-MS/MS was developed  (Chapter 3)  for the 

determination of aromatic organophosphorus HFFRs in water and sewage treatment 

plant (STP) effluents. Applying these newly developed analytical tools, the aqueous 

solubilities of BDP, DOPO and RDP were experimentally determined at 3.9, 2200 

and 0.047 mg L-1, respectively. The applicability of the method for monitoring BDP 

and RDP in effluents was demonstrated and in the effluent of one out of three Dutch 

STPs sampled a concentration of 10 ng L-1 of BDP was detected. Hence, the method 

developed in the present study presents a major step towards environmental 

monitoring of these currently emerging organophosphorus HFFRs.  

Using the new analytical methods, information on the environmental fate of the 

aromatic HFFRs TPP, RDP and BDP was determined  (Chapter 4), by quantifying 

the mineralisation and primary biodegradation rate in activated sludge. Mineralisation 

was monitored by measuring CO2 production by means of GC analysis, whereas 

biodegradation was monitored by LC-MS/MS analysis of the FRs and their potential 

degradation products. TPP was biodegraded and mineralised most rapidly and 

achieved the OECD requirement for ready biodegradability (60% of theoretical 

maximum mineralisation within 28 days). Primary biodegradation was also rapid for 

RDP, but 60% mineralisation was not achieved during the test, suggesting that 

transformation products of RDP may accumulate. Primary degradation of BDP was 

very slow and very low CO2 production was observed for this compound. 
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The environmental effects were studied by testing the aquatic toxicity of the HFFRs 

to the commonly used test organism Daphnia magna. To this end, a large selection of 

new generation flame retardants was screened for their short term toxicity, performing 

the standardized OECD 202 acute daphnid immobility tests (Chapter 5). Our results 

revealed that four HFFRs (MPP, MHO, ZHS and ZS) were showing no effect at their 

Sw (saturated water concentration) and three had a low toxicity (EC50 >10 mg L-1; 

APP, ALPI and DOPO), suggesting that these compounds are not hazardous. ATO 

had a moderate toxicity (EC50 = 3.01 mg L-1, 95% CL: 2.76-3.25) and TPP and the 

brominated reference compound tetra bromobisphenol A were highly toxic to D. 

magna (EC50 = 0.55 mg L-1, 95% CL: 0.53-0.55 and EC50 = 0.60 mg L-1, 95% CL: 

0.24-0.97 respectively). ATH and BDP caused limited mortality at water saturated 

concentrations (26 and 25% respectively) and have a low solubility (<10 mg L-1). 

Increased toxicity of these compounds may be observed when for instance decreasing 

pH could increase solubility.  

Toxicity mostly increases with increasing exposure time, since specific effects on 

sublethal chronic end points need time to become expressed. Daphnids were exposed 

to ALPI and DOPO - two compounds shown to exert low acute toxicity - in 21 days 

reproduction tests (Chapter 6), following OECD guideline 211, in order to determine 

the sublethal chronic parameters reproductive output and population growth rate. The 

toxicity of ALPI increased from a 48 h LC50 of 18 mg L−1 to a 21 day LC50 value of 

3.2 mg L−1, resulting in an acute-to-chronic ratio of 5.6. The lower chronic LC50 value 

may imply a change in classification of ALPI from low to moderate toxicity. ALPI 

also affected sublethal chronic parameters, with an EC50 of 2.8 mg L−1 for cumulative 

reproductive output and of 3.4 mg L−1 for population growth rate, revealing a 

nonspecific mode of action, as the lethal and sublethal effect concentrations were in 

the same order of magnitude. DOPO showed sublethal effects with an EC50 value of 

48 mg L−1 for cumulative reproductive output and an EC50 value of 73 mg L−1 for 

population growth rate. The toxicity of DOPO to D. magna can thus be classified as 
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low and likely occurred above environmentally relevant concentrations, but we 

identified specific effects on reproduction. 

This thesis work fills some of the existing knowledge gaps on the environmental fate 

and effects of new generation flame retardants in the aquatic environment. In 

Chapter 7 the current state of knowledge was discussed, as well as the impact of these 

findings on standard guideline testing and hazard evaluation. The fact that structurally 

similar HFFRs, i.e. OPFRs, have different biodegradation potentials showed that 

commonly used methods as read across and QSARs cannot be used safely to predict 

the environmental fate of untested HFFRs. Experimental verification is at this stage 

the only reliable way to determine the persistence of untested analogue OPFRs. Under 

the REACH legislation, the minimally required ecotoxicity tests can be waived for 

poorly soluble compounds. However, as observed here for the HFFRs studied, this is 

not always justified. During this project, it became clear that some data on HFFRs 

were concealed, incomplete or non guideline-based, leading to unnecessary repetition 

of standard experiments and making it difficult to include the data in regulatory risk 

assessment. Several chapters of this thesis showed the dilemma between the need for 

extrapolation with its associated uncertainties and the need for more reliable, though 

expensive and time consuming, experimental verification. With the growing evidence 

of unwanted adverse side effects of several HFFRs, we have to carefully balance the 

direct risk reduction of fire spread against the potential global impact of contaminants 

on the long term. It is concluded that with the newly obtained 

insight in the hazards of HFFRs, support is provided for the application of 

environmentally compatible flame retardants.  
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Verschillende halogeen-houdende vlamvertragers hebben toxische effecten op de 

mens en het milieu, waardoor het noodzakelijk is om deze stoffen te vervangen door 

andere, minder belastende verbindingen. Hoewel we nog geen goed overzicht hebben 

van de mogelijke effecten op het milieu, zijn allerlei halogeen-vrije vlamvertragers (het 

Engels Halogen Free Flame Retardants, afgekort als HFFRs) al op de markt gebracht. 

Daarom is deze studie opgezet om de afbreekbaarheid in het aquatisch milieu en de 

ecotoxiciteit van een aantal van deze alternatieve stoffen voor waterorganismen te 

analyseren. De HFFRs die in deze studie geselecteerd zijn, worden op het moment 

toegepast in polymeren als alternatief voor gebromineerde vlamvertragers, van welke 

bekend is dat zij schadelijke effecten hebben op het milieu. Deze studie beoogt: 

Het in kaart brengen van de actuele kennis van de PBT-eigenschappen 

(Persistentie, Bioaccumulatie en Toxiciteit) van een selectie van HFFRs en het 

selecteren van stoffen voor vervolgstudies; 

Het ontwikkelen van een analytische methode om organofosfaat-HFFRs in 

water te meten; 

Het kwantificeren van de aerobe biodegradatie van organofosfaat-HFFRs; 

Het bepalen van de acute en chronische toxiciteit van HFFRs voor Daphnia 

magna. 

 

De stoffenselectie van HFFRs is samen met verschillende eindgebruikers en 

producenten gemaakt, op basis van technische kwaliteit en compatibiliteit met de 

polymeren waarin zij worden gebruikt. Veertien HFFRs zijn geselecteerd, zijnde de 

anorganische vlamvertragers en synergisten (weergegeven met de Engelse afkortingen: 

aluminium trihydroxide (ATH), antimoon trioxide (ATO), magnesium hydroxide 

(MHO),  zink boraat (ZB), zink hydroxystannaat (ZHS) and zink stannaat (ZS), de 

organofosfaten: aluminium diethylfosfinaat (ALPI), bisfenol-A bis(difenylfosfaat) 
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(BPA-BDPP or BDP), 9,10-dihydro-9-oxa-10-fosfafenantreen-10-oxide (or 

dihydrooxafosfafenantreen) (DOPO), resorcinol bis(difenylfosfaat) (PBDPP or RDP) 

en trifenylfosfaat (TPHP or TPP), het stikstofhoudende melamine polyfosfaat (MPP) 

en de intumenscent combinatie ammonium polyfosfaat (APP) en pentaerythritol.  

De huidige kennis van deze HFFRs werd in kaart gebracht door te inventariseren 

welke gegevens er gepubliceerd zijn (tot september 2011) over de fysisch-chemische 

eigenschappen, productievolumes, persistentie, bioaccumulatie en toxiciteit 

(Hoofdstuk 2, Chapter 2). Voor de toxiciteitsgegevens werden, (eco)toxicologische 

in vivo- en in vitro eindpunten meegenomen. De beschikbare gegevens werden 

geclassificeerd op basis van het REACH systeem dat inhoudt dat de categorieën 

“hoge”, “middel hoog” en “lage” toxiciteit zijn toegekend aan de stoffen. Tijdens deze 

literatuurstudie werd de voorkeur gegeven aan gerecenseerde gegevens uit 

wetenschappelijke publicaties, maar rapporten uit de “grijze literatuur” zijn ook 

meegenomen (veiligheidskaarten, fabrikantverslagen, etc.). Het was erg belangrijk dat 

de experimentele analyse zo transparant mogelijk was gerapporteerd met zo veel 

mogelijk details over de testomstandigheden en resultaten. Hoewel we de voorkeur 

gaven aan primaire bronnen, zijn in sommige gevallen secundaire rapporten geciteerd 

(van betrouwbare bronnen zoals UNEP en US EPA). Veel van de fysisch-chemische 

eigenschappen van de geselecteerde HFFRs ontbraken in de literatuur, deels 

veroorzaakt door het ontbreken van geschikte analytische meetmethoden om deze 

stoffen mee te kwantificeren. Uit het literatuuronderzoek bleek dat experimenteel 

onderzoek transparanter gerapporteerd zou moeten worden. TPP is vrij uitgebreid 

bestudeerd en is duidelijk persistent, bioaccumulatief en toxisch. Tot dusver blijkt uit 

studies over RDP en BDP dat ze zowel laag als hoog (eco-)toxisch zijn en beiden zijn 

ogenschijnlijk persistent. De stoffen ATH en ZB zijn hoog toxisch voor sommige 

soorten en ALPI lijkt persistent met een lage tot middel hoge ecotoxiciteit. DOPO en 

MPP zijn misschien ook persistent, maar dit oordeel is gebaseerd op hoogstens twee 

studies, wat meteen aangeeft dat er een gebrek aan gegevens is voor deze stoffen.  
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Er zijn veel afbraakstudies te vinden in de literatuur voor pentaerythritol en, op een 

paar studies na, laten de meeste een lage persistentie zien. Er was te weinig informatie 

beschikbaar om te beoordelen of pentaerythritol bioaccumulatief is. APP heeft 

voornamelijk lage PBT-eigenschappen, hoewel middel hoge ecotoxiciteit in twee 

studies is aangetoond. Voor Mg(OH)2, ZHS en ZS zijn geen mogelijke bioaccumulatie 

of toxiciteit gerapporteerd, maar er zijn erg weinig gegevens voor deze stoffen 

beschikbaar. De literatuurstudie maakt duidelijk dat er meer onderzoek nodig was om 

inzicht te krijgen in de afbreekbaarheid en de ecotoxiciteit van de HFFRs in het 

milieu.  

Om de concentratie van HFFRs in water te kunnen meten is een betrouwbare 

analytische methode nodig. De anorganische HFFRs konden relatief eenvoudig 

worden gemeten met behulp van ICP-AES (hoofdstuk 4 en 5). TPP daargelaten, 

waren er erg weinig publicaties over de analysemethode van aromatische OPFR en 

geen enkele over DOPO. Daarom is er een meetmethode ontwikkeld voor OPFR met 

Solid Phase Extraction en LC-MS/MS (Hoofdstuk 3), die getest werd voor de 

bepaling van deze stoffen in watermonsters en effluent van 

rioolwaterzuiveringsinstallalaties. Met deze verworven meetmethode werden de 

wateroplosbaarheid van BDP, DOPO en RDP experimenteel bepaald op 

respectievelijk 3.9, 2200 en 0.047 mg L-1. De meetmethode is ook getest in effluenten 

van drie Nederlandse rioolwaterzuiveringsinstallaties voor de bepaling van BDP en 

RDP. In één van de monsters werd 10 ng L-1 BDP gevonden. De methode hier 

ontwikkeld is geschikt voor het opsporen van de tot dusver onbekende verspreiding 

van  OPFRs.  

Met de nieuwe analytische methoden is de bioafbreekbaarheid van de aromatische 

HFFRs TPP, RDP en BDP bepaald (Hoofdstuk 4). Dit is gedaan door het 

kwantificeren van de mineralisatie en primaire biodegradatie in zogeheten geactiveerd 

slib. De mineralisatie (volledige afbraak) is bepaald door het meten van gevormd CO2 

met GC analyse. De (primaire) biodegradatie is bepaald door de stoffen, en hun 
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mogelijke afbraakproducten, in de tijd met LC-MS/MS te volgen. TPP werd het 

snelste afgebroken (zowel primair als volledig) en komt in aanmerking voor het  

OECD kenmerk “ready biodegradability” (60% mineralisatie van het theoretische 

maximum binnen 28 dagen). De primaire afbraak was ook snel voor RDP, maar het 

haalde 60% mineralisatie niet, wat mogelijk aangeeft dat (ongeïdentificeerde) 

afbraakproducten zich hebben opgehoopt tijdens de test. De primaire afbraak van 

BDP was erg langzaam en er vond slechts een minimale hoeveelheid CO2-productie 

plaats in de mineralisatiestudie. 

De effecten op het aquatisch milieu werden bestudeerd door het testen van de 

toxiciteit van de HFFRs op Daphnia magna (watervlo), een veel gebruikt testorganisme. 

Dit werd gedaan door een grote groep van deze nieuwe generatie vlamvertragers te 

screenen op acute toxiciteit met behulp van de gestandaardiseerde OECD 202 richtlijn 

“acute Daphnia immobilisatie test” (Hoofdstuk 5). Onze resultaten lieten zien dat 

vier HFFRs (MPP, MHO, ZHS and ZS) geen effect hadden bij een verzadigde 

waterconcentratie en drie hadden een lage toxiciteit (EC50 >10 mg L-1; APP, ALPI en 

DOPO), zodat we kunnen concluderen dat deze stoffen waarschijnlijk weinig 

gevaarlijk zijn. ATO was middel hoog toxisch (EC50 = 3.01 mg L-1, 95% CL: 2.76-

3.25) en zowel TPP als de gebromineerde referentiestof tetrabromobisphenol A 

hadden een hoge toxiciteit voor D. magna (respectievelijk EC50 = 0.55 mg L-1, 95% CL: 

0.53-0.55 en EC50 = 0.60 mg L-1, 95% CL: 0.24-0.97).  ATH en BDP veroorzaakten 

enige sterfte bij hun verzadigde waterconcentraties (26 en 25% respectievelijk), maar 

deze stoffen hebben nu eenmaal een lage oplosbaarheid (<10 mg L-1). De toxiciteit 

van deze stoffen zou kunnen toenemen in milieus waar bijvoorbeeld een afnemende 

pH ervoor zorgt dat de wateroplosbaarheid hoog is. 

Toxiciteit neemt meestal toe met de blootstellingsduur, doordat specifieke effecten, op 

sub-letale chronische eindpunten, tijd nodig hebben om tot uiting te komen. Daphnia 

werden blootgesteld aan ALPI en DOPO – twee stoffen die een lage acute toxiciteit 

hadden – gedurende een 21-daags experiment (Hoofdstuk 6). Dit werd gedaan 
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volgens de OECD richtlijn 211 en hierbij zijn de sub-letale chronische parameters 

reproductie en populatiegroeisnelheid bekeken. De toxiciteit van ALPI nam toe van 

een 48-uurs LC50 van 18 mg L−1 tot een 21-daagse LC50 van 3.2 mg L−1, waaruit een 

verhouding ‘acuut-chronisch’ volgt van 5.6. De lagere chronische LC50 waarde kan 

betekenen dat de classificatie van ALPI toeneemt van laag naar middel hoge toxiciteit 

binnen de Europese wetgeving. ALPI beïnvloedde ook sub-letale chronische 

parameters en had een EC50 van 2.8 mg L−1 voor cumulatieve reproductie en van 3.4 

mg L−1 voor populatiegroeisnelheid. Dit duidt waarschijnlijk op een aspecifiek 

werkingsmechanisme, aangezien de letale en sub-letale effectconcentraties in dezelfde 

orde van grootte vallen. DOPO had een chronische EC50 waarde van 48 mg L−1 voor 

cumulatieve reproductie en een EC50 waarde van 73 mg L-1 voor 

populatiegroeisnelheid. De toxiciteit van DOPO op D. magna werd geclassificeerd als 

laag en effecten vinden waarschijnlijk alleen plaats boven milieurelevante 

concentraties, maar we hebben wel specifieke effecten op reproductie gevonden in de 

experimenten. 

Dit proefschrift verschaft nieuwe inzichten in het lot en de effecten van nieuwe 

generatie vlamvertragers in het milieu. In Hoofdstuk 7 is de huidige kennis besproken 

en het gevolg hiervan voor standaard testprotocollen en de risicobeoordeling van deze 

stoffen.  Het feit dat chemisch overeenkomstige HFFRs, met name de OPFRs, 

verschillend afbreken, toont aan dat veel gebruikte methoden zoals “read across” en 

“QSARs” niet veilig gebruikt kunnen worden om het lot van niet-geteste analoge 

stoffen in het milieu te bepalen. De enige manier, op dit moment, om achter de 

persistentie van deze stoffen te komen is door daadwerkelijk afbraakexperimenten uit 

te voeren. Binnen de Europese wetgeving REACH, kunnen de minimaal vereiste 

aquatische ecotoxiciteitstesten vermeden worden als het gaat om slecht in water 

oplosbare stoffen. Echter, zoals aangetoond in dit proefschrift voor de selectie van 

HFFRs, is dit niet altijd de juiste beslissing. De grens is lastig te bepalen en ook 

stoffen met een lage wateroplosbaarheid kunnen effecten veroorzaken. Tijdens dit 
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project werd het duidelijk dat sommige studies over HFFRs niet toegankelijk of 

onvolledig waren, of niet gebaseerd op standaard testrichtlijnen. Dit alles leidt tot 

overbodige herhaling van experimenten, maar ook is het hierdoor lastig om deze 

studies te gebruiken bij risicoanalyses, die voor het tot stand brengen van regelgeving 

moeten worden uitgevoerd. In verschillende hoofdstukken van deze thesis werd het 

dilemma geïllustreerd tussen de noodzaak van data-extrapolatie met de daarbij 

behorende onzekerheden en de noodzaak van meer betrouwbare, maar dure en 

arbeidsintensieve, experimentele verificatie. Doordat het bewijs voor onbedoelde 

bijwerkingen van verschillende HFFRs toeneemt, moeten we ons realiseren dat we 

directe risicovermindering van brandgevaar zorgvuldig moeten afwegen tegen de 

mogelijke wereldwijde effecten van schadelijke stoffen op de lange termijn. Deze 

nieuwe inzichten in de gevaren van HFFRs onderstrepen het belang van de toepassing 

van milieuvriendelijke vlamvertragers. 

 

 

  

236 

 



   Abbreviations 

Abbreviations  
ACN acetonitrile 
ACR acute to chronic ratio 
ALPI  aluminum diethyl phosphinate 
APP ammonium polyphosphate 
AR androgenic receptor 
ATH aluminum trihydroxide 
ATO antimony trioxide 
BCF bioconcentration factor 
BDE brominated diphenylether 
BDP bisphenol A bis(diphenyl phosphate) 
BPA-BDPP bisphenol A bis(diphenyl phosphate), in this thesis referred to as BDP 
BFR brominated flame retardant 
CAS no. chemical abstracts service number 
CFR chlorinated flame retardant 
CL confidence limit 
CRO cumulative reproductive output 
Deca-BDE Decabrominated diphenyl ether 
DOPO 9,10-dihydro-9-oxa-10-phosphaphenanthrene 
DPP diphenyl phosphate 
DT50 dissipation time in which the concentration of a substance is reduced (by 

degradation, absorption, etc.) to 50% of the initial concentration after a 
given period 

dTPP  deuterated triphenyl phosphate 
DR dioxin receptor 
EC50   concentration that causes an effect (immobility or other) to 50% of the test 

population 
ECHA  European chemicals agency 
EP  European Parliament 
ER estradiol receptor 
ESI electrospray ionisation 
FIA flow injection analysis 
FR flame retardant 
H Henry's Law constant 
HBCD  hexabromocyclododecane 
HFFR  halogen free flame retardant 
HOC  hydrophobic organic contaminant 
HPV high production volume 
IC50 concentration that causes inhibition to 50% of the test population 
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ICP-AES inductively coupled plasma (coupled to) atomic emission spectroscopy 
IS  internal standard 
ISO international organization for standardization 
KAW air-water partitioning coefficient 
KOW air-water partitioning coefficient 
LC-MS/MS  high performance liquid chromatography (coupled to) tandem mass 

spectrometry 
LD50 concentration that causes mortality to 50% of the test population 
LOD limit of detection 
LOEC lowest observed effect concentration 
log logorithm 
LOQ limit of quantification 
LPV low production volume 
MeOH methanol 
MHO magnesium hydroxide 
MOPS  3-(N-morpholino)propanesulfonic acid 
MPP melamine polyphosphate 
MRM multi reaction monitoring 
MW molecular weight 
n.c. (chapter 2) not enough data to classify 
NOEC no observed effect concentration 
OECD organization for economic co-operation and development 
OPFR organophosphorus flame retardant 
PBB polybrominated biphenyls 
PBDE polybrominated biphenyl ether 
PBDPP resorcinol bis(diphenyl phosphate), in this thesis referred to as RDP 
PBT  persistence, bioaccumulation and toxicity 
POPs persistent organic pollutant 
QSAR quantitative structure-activity relationship 
r population growth rate 
RDP resorcinol bis(diphenyl phosphate) 
REACH registration, evaluation, authorization and restriction of chemical substances 
ROS reactive oxygen species 
RSD relative standard deviation 
SDIM sulfadimethoxine 
SI supporting/supplemental information 
SPE solid phase extraction 
STP sewage treatment plant 
Sw saturated water concentration 
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TBBPA tetra bromobisphenol A 
TCEP trischloro-ethyl phosphate 
TCPP trischloro-propyl phosphate 
TDCP trisdichloro-propyl phosphate 
TOC total organic carbon 
TPP triphenyl phosphate 
tr retention time 
TSS total suspended solids 
TTR transthyretin 
UNEP United Nations Environmental Programme 
vPvB very persistent and very bioaccumulative 
WHO World Health Organisation 
ZHS zinc hydroxystannate 
ZS zinc stannate 
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