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EXECUTIVE SUMMARY 

Flame retardants are functional additives used to prevent ignition or slow the growth of fires. A chemically 

diverse group of substances, they play an important role in improving the fire safety of products used in industry 

and everyday life.  Reports of the widespread occurrence of some organophosphate flame retardants (OPFRs) 

in environmental and biological matrices have raised concern regarding this group of contaminants. Several 

studies have shown that OPFRs could have harmful impacts on human health including neurotoxicity, 

carcinogenesis, and endocrine disruption activity. 

Defra and the DWI have commissioned this project to understand whether OPFRs are likely to occur in source 

waters and drinking water. This is a critical first step in characterising the potential risk to drinking water sources 

and human health from this group of substances. Information on use, pathways to the environment, 

occurrence, physico-chemical properties, and removal during drinking water treatment processes have been 

gathered. The data have been used to examine the potential for OPFRs to be present in drinking water and to 

identify those most likely to be present.  

Production of OPFRs 

There is very limited publicly available information on amounts of OPFRs supplied and used in the EU and UK. 

REACH registration data accessed through the European Chemicals Agency (ECHA) database indicates that 

several OPFRs are high supply volume chemicals. Some OPFRs such as tris(2-chloroethyl) phosphate (TCEP) 

and tris(2-chloroiso-propyl) phosphate (TCIPP) have been used historically in high supply volumes but are 

now subject to regulatory restrictions.   

Supply information is only available as a tonnage band for the EU and does not include use in imported articles, 

consequently the data should be treated with caution. More precise values are not readily accessible via 

publicly available sources. Following the UK withdrawal, comparable data for the UK are not yet publicly 

available.  

The majority of OPFRs are additive flame retardants and are not chemically bound in the articles in which they 

are used. Since many articles containing these substances have a long in service life, even small gradual 

losses can lead to a significant release to the environment over time. Significant pathways of release for 

OPFRs into the environment include direct disposal of consumer products, release via WWTP effluents, landfill 

leachate and release to the atmosphere and subsequent deposition during from electronic waste recycling.  

OPFRs are a chemically diverse group of substances. Their physico-chemical properties and environmental 

fate and behaviour vary considerably across the group according to their chemical structure and molecular 

weight. Some OPFRs such as TEP and TMP will be very mobile in the environment with the potential for long 

range transport via water and the potential to reach groundwater. Others, such as IPP, TDMPP and the 

oligomeric phosphate tri-esters RDP and BDP are very hydrophobic. These substances will tend to adsorb to 

soil or partition out of the water phase onto sediment or soil in the environment. During wastewater treatment 

these hydrophobic substances will be removed from wastewater through partitioning to sludge.  

Occurrence in Water and the Environment 

Monitoring data reported in the scientific literature for OPFRs in English and Welsh waters are very limited. 

Evidence from international monitoring studies in the scientific literature suggests widespread occurrence of  

TCEP, TCIPP, TDCPP, TNBP and TPhP in environmental waters. For many other OPFRs there are very 

limited or no data.  

Analysis of data collected through the Environment Agency’s semi-quantitative targeted screening monitoring 

programme revealed the presence of 11 OPFRs in English environmental waters. The most frequently 

detected substances were TCIPP, TPhP, TCEP, TDCPP and TPPO. Data collected as part the national non-

target screening campaign in Welsh rivers by National Resources Wales (NRW) was also interrogated. TCEP, 

TDCPP, TMPP, TPhP, EHDPP were detected in the surface waters sampled. TPPO was sampled for, but not 

detected. 

Removal by Water Treatment Processes 

Data on occurrence of the OPFRs in drinking water samples are very limited.  We could not find any data on 

occurrence in drinking waters for seven of the 23 OPFRs of interest in this project.  
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There are significant data on removal through water treatment for some of the OPFRs of interest whilst over 

50% of substances (13 out of 23) have no reported data on removal rates. For those substances with data, 

removal through conventional water treatment is limited due to the uncharged, persistent nature of the OPFRs. 

However, many can be effectively removed through advanced treatment, particularly with GAC. 

Exposure Ranking 

A simple, first tier relative exposure ranking exercise has been performed to identify OPFR substances most 

likely to be present in raw or treated drinking water, based on relative emission score (E-score), persistence 

and mobility. It should not be interpreted as evidence that these substances are present in drinking water at 

high concentrations.  

The substances TEP, TCEP and TDCPP have a high relative exposure potential based on the outcome of this 

exercise. These substances have a high E-score, are persistent and mobile and have low removal rates 

through conventional drinking water treatment. These three substances have been reported in English surface 

and groundwaters by the Environment Agency. TDCPP is currently being evaluated in the EU for potential ED 

effects.  

TCEP is not currently supplied in the EU according to the ECHA database. The high score in this relative 

exposure ranking exercise is driven by its persistence, mobility, and low removal rates through conventional 

drinking water treatment. It is still likely to be present in consumer articles with a long in service life, providing 

a reservoir of releases to the environment for some time to come.  

The substances V6 and TMP are classed as having a high/medium likelihood of exposure. No monitoring data 

for England and Wales are available for either. TMP has toxicological properties of concern. 

A further seven substances are identified as having a medium likelihood of presence in drinking water. Of 

these, TPhP is currently undergoing evaluation in the EU because it has been identified as a suspected 

endocrine disruptor.  There are no occurrence data in England and Wales for five of these substances (IPP, 

TiBP, BDP, DNBP and TEHP)  

Removal of OPFRs through conventional drinking water treatment is poor but for some substances, good 

(greater than 50%) removal is observed through advanced drinking water treatment. 

Further work is recommended to address the evidence gaps identified in this project. This will enable a more 

refined assessment of risk to drinking water from OPFRs and should include: 

• Collation of accurate tonnage data on use and supply of OPFRs in the UK. 

• Further monitoring data on OPFRs in source and treated waters should be collected. Quantitative 

monitoring data, reporting concentrations of OPFRs in raw and treated drinking waters. Specifically, 

for V6, TMP, IPP, TiBP, BDP, DNBP and TEHP, as a minimum, targeted screening analysis is 

recommended to establish whether they are present in UK waters. 

• Characterisation of sources and emissions of OPFRs across the full cycle of manufacture, use and 

disposal (including wastewater treatment works, landfill leachate and contributions from e-waste sites)  

in the UK, to understand the relative significance of different UK sources. 

• Using information sources above, refine existing estimates of indicative concentrations of OPFRs in 

drinking water. 

• Further consideration of the impacts on human health for those OPFRs identified as most relevant to 

the UK through collation of toxicological data. 

• Characterise risk to human health using information on predicted exposure levels and toxicological 

data.
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 INTRODUCTION 

Flame retardants are functional additives used in a wide range of products to prevent ignition or slow the 

growth of fires. A chemically diverse group of substances, they play an important role in improving the fire 

safety of products used in industry and everyday life, such as sofas, mattresses and plastics used as housing 

for electronic equipment. Worldwide, the consumption of flame retardants amounted to more than 2.39 million 

tonnes in 2019, with organophosphorous flame retardants accounting for 18% (Flame-retardants online, 2022).  

The UK has stringent fire safety requirements compared with many other countries and historically has placed 

a heavy reliance on the use of chemical flame retardants to meet these safety standards. The Furniture and 

Furnishings (Fire Safety) Regulations were introduced in 1988, requiring that upholstered furniture meet 

specified safety standards for fire resistance to help reduce the risk of injury or loss of life through fires in the 

home. The introduction of these requirements in the UK, in combination with the wide availability of low-cost 

smoke-detectors, is estimated to have resulted in a significant reduction in furniture and furnishing related 

deaths (Winberg, 2016). Whilst there are clear benefits from the perspective of fire safety, the use of chemical 

flame retardants to achieve fire retardancy has been linked to a wide range of health and environmental 

problems (Ali et al., 2016; Blum et al., 2019; Chen et al., 2020; Hoffman et al., 2014; Lian et al., 2021). 

Following the restriction of polychlorinated biphenyls (PCBs) in 1976, a similar group of chemicals, 

polybrominated diphenyl ethers (PBDEs), quickly became substitutes for use as flame retardants. In the 

2000’s, they were recognised for their hazardous and persistent nature and subject to widespread regulatory 

restriction on use at both the European and global scale under the REACH regulation and the United Nations 

Stockholm Convention on Persistent Organic Pollutants. Since their phase out, use of organophosphorus 

flame retardants (OPFRs) has been increasing (Blum et al., 2019; Wei et al., 2015; Yao, Yang & Li, 2021). In 

2015, OPFRs represented 18% of the 498,000 total metric tonnes of flame retardants consumed in Europe 

(Pinfa, 2017).  

OPFRs have a broad range of applications including thermoplastics, polyester fibres, printed circuit boards, 

polyurethane flexible foams, polypropylene, and thermosets such as unsaturated polyester. These materials 

are used in many aspects of everyday life including buildings, electrical items, transportation, and upholstered 

furniture.  

Additive flame retardants, such as OPFRs and the brominated flame retardants they are often replacements 

for, are not chemically bound and are susceptible to release into the environment through volatilisation, 

dissolution, and attrition (Blum et al., 2019; Environment Agency, 2019; Wei et al., 2015). The UK has been 

shown to have high levels of flame retardants in household dust, presumably originating from the treatments 

applied to upholstered furniture (Brommer & Harrad, 2015; Stubbings et al., 2016). 

There are many reports of the widespread occurrence of OPFRs in environmental and biological matrices, 

including soils (Wang et al., 2018; Zhang et al., 2022), sediment (Choi et al., 2020; Zhang et al., 2021), biota 

(Liu et al., 2020; Polder et al., 2014), wastewater (Cristale et al., 2016; Hao et al., 2018), environmental waters 

(Cristale et al., 2013; Hao et al., 2018; Zhang et al., 2021) and air (Esplugas et al., 2022; Kim et al., 2019; Sha 

et al., 2018).  

Some OPFRs are more water soluble than the brominated flame retardants, such as PBDEs, that they have 

replaced and can persist in water for a long time. Consequently, they are more mobile than PBDEs and have 

potential for greater long-range transport via waterborne routes. These properties mean they could be 

considered as persistent, mobile organic chemicals, posing a potential risk to surface waters, and groundwater 

including those used as source waters for drinking water supply. In addition, many studies have shown that 

OPFRs could have harmful impacts on human health including neurotoxicity, carcinogenesis, and endocrine 

disrupting activity (Yao et al., 2021). Regulatory authorities in the United States (US) and European Union 

(EU) are responding with policies that gather data, inform consumers, and limit the use of flame retardants of 

concern. For example, in the EU, maximum limits of some OPFRs are specified in children’s toys under the 

European Commission Directive 2014/79/EU, owing to their recognition as potential toxic and carcinogenic 

substances (European Commission, 2014). Internationally, there is widespread recognition that the 

replacement of PBDEs with OPFRs may be a case of regrettable substitution (e.g. Blum et al., 2019, Fenner 

and Scheringer, 2021).  

Defra and the Drinking Water Inspectorate (DWI) recognise there is a gap in knowledge around whether 

OPFRs are present in drinking waters in England and Wales at levels that could present a risk to human health. 
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An understanding of whether OPFRs are likely to occur in source waters and drinking water is a critical first 

step in characterising the potential risk to drinking water sources and human health from this group of 

substances. Specifically, this project seeks to gather evidence on:  

• which OPFRs are likely to be present in water used for drinking water supply  

• what is the range of likely exposure concentrations in raw waters (groundwater and surface water 

sources) based on reports of occurrence?  

• what are the known uses, sources and pathways of release that would indicate potentially high 

sources/concentrations in a catchment?  

• methods and removal efficiencies of OPFRs through treatment for drinking water supply.  

 

In Chapter two of this project report we describe the nature of use of OPFRs, supply tonnage and associated 

regulatory activity. Sources and pathways of release to the environment, physico-chemical and environmental 

fate properties for each substance are described. Data on the environmental occurrence of OPFRs in raw and 

treated waters in England and Wales collated from publicly available datasets, scientific and grey literature are 

summarised in Chapter three. Chapter four describes removal efficiency for OPFRs in drinking water treatment 

processes. In Chapter five we bring together the lines of evidence collated in the project to perform a relative 

exposure ranking to assess the likely potential for presence of OPFRs in treated drinking water in England and 

Wales.  
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 ORGANOPHOSPHATE FLAME RETARDANT USE, SOURCES 

& PATHWAYS TO THE ENVIRONMENT 

KEY POINTS 

• Publicly available information on the nature of use and European supply tonnage for 23 OPFRs has 

been summarised.   

• OPFRs have a broad range of applications including thermoplastics, polyester fibres, printed circuit 

boards, polyurethane flexible foams, and polypropylene and thermosets such as unsaturated 

polyesters. These materials are used in many aspects of everyday life including buildings, electrical 

items, transportation, and upholstered furniture.  

• Very limited information on amounts supplied and used in the EU and UK are publicly available. The 

OPFRs which can be considered to supplied in high volumes of greater than 1000 tonnes per annum 

include TDCPP, TEP, TNBP, TBOEP, TiBP, TEHP, IPP, TMPP, EHDPP and BDP. 

• Some OPFRs such as TCEP and TCIPP have been used historically in high supply volumes but are 

now subject to regulatory restrictions.  

• Additive flame retardants such as OPFRs are not chemically bound and are susceptible to release into 

the environment through volatilisation, dissolution, and attrition.  

• Emissions arise from point sources associated with manufacture, formulation, industrial use, use and 

disposal of consumer products and finished articles containing OPFRs, WWTP discharges and dust 

generation during electronic waste recycling processes with subsequent atmospheric deposition 

through precipitation.  

• Physico-chemical properties and environmental fate and behaviour vary considerably according to 

chemical structure and molecular weight.  

• OPFRs have a broad range of water solubilities, varying over several orders of magnitude, with some 

substances considered to be highly water soluble substances. Substances with high water solubility 

and a low log adsorption coefficient will have high mobility in the environment with the potential for 

long range transport via water and the potential to reach groundwater. This includes the alkyl 

phosphate tri-esters TEP and TMP. 

• Both TEP and TMP are potentially persistent based on available degradation data and may fulfil criteria 

for the proposed hazard class persistent, mobile, and toxic (PMT) or very persistent and very mobile 

(vPvM).  

• Some OPFRs such as the aryl phosphate tri-esters IPP and TDMPP and the oligomeric phosphate tri-

esters RDP and BDP are hydrophobic, with a high log Kow and log Koc and water solubilities in the 

microgramme per litre range. These substances will tend to adsorb to soil or partition out of the water 

phase to sediment in the environment. During wastewater treatment these hydrophobic substances 

will be removed from wastewater through partitioning to sludge.   

 SUBSTANCE IDENTIFICATION 

OPFRs are a chemically diverse group containing both halogenated and non-halogenated compounds. For 

the purposes of this project, we have categorised them into 6 groups according to chemical structure: 

chlorinated, brominated, alkyl, aryl, and oligomeric phosphate tri-esters, as well as alkyl phosphate di-esters.  

A review by Bergman et al., (2012) describes common names, Chemical Abstract (CA) Names, together with 

trade names and propose common abbreviations for brominated, chlorinated and organophosphorous flame 

retardants.  Several reviews describe use, production, and properties of flame retardants (e.g., Fisk et al., 

2003) and specifically phosphorous flame retardants (e.g., Van der Veen & de Boer, 2012; Wang et al., 2020; 

Yao et al., 2021). 

Table 1 provides a list of current and historically used OPFRs, their abbreviations, synonyms, and respective 

CAS numbers.   This list has been compiled through searches of the scientific literature and regulatory sources 

such as the European Chemicals Agency (ECHA) database. Substances highlighted in bold are subject to 

restrictions on manufacture and use in the EU and UK but have had historic use as flame retardants.  
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Table 1: List of OPFR substances. 

Substance Abbr. Synonyms CAS No.(s) 

triethyl phosphate TEP tris(ethyl) phosphate 78-40-0 

tri-n-butyl phosphate TNBP 
phosphoric acid tributyl ester 

TBP 
126-73-8 

tris(2-butoxyethyl) phosphate TBOEP TBEP 78-51-3 

trimethyl phosphate TMP trimethyl orthophosphate 512-56-1 

triisobutyl phosphate TiBP isobutyl phosphate 126-71-6 

tri(2-ethylhexyl) phosphate TEHP disflamoll TOF 78-42-2 

 

tri-m-cresyl phosphate 

 

TCP or 

TMPP 

trimethylphenyl phosphate, 

tri-m-cresyl phosphate, 

tritolyl phosphate 

1330-78-5 

tris(3,5-xylyl) phosphate TDMPP tris(3,5-dimethylphenyl) phosphate 
25155-23-1, 

25653-16-1 

triphenyl phosphate TPhP dislamoll TP 115-86-6 

triphenyl phosphine oxide TPPO 
diphenylphosphorylbenzene,  

triphenyl phosphorous oxide 
791-28-6 

isopropylated phenyl phosphate IPP 

tris(4-isopropylphenyl) phosphate, 

tris(4-propan-2-ylphenyl) phosphate,  

triisopropylated phenyl phosphate      

68937-41-7 and 

(mix of isomers) 

tris(2,3-dibromopropyl) phosphate TDBPP  126-72-7 

2-ethylhexyl diphenyl phosphate EHDPP  1241-94-7 

isodecyl diphenyl phosphate IDDP 8-methylnonyl diphenyl phosphate 29761-21-5 

resorcinol bis (diphenyl phosphate)   RDP 
(3-diphenoxyphosphoryloxyphenyl) diphenyl phosphate, 

Tetraphenyl resorcinol bis(diphenylphosphate) 
57583-54-7 

bisphenol A bis (diphenyl phosphate) BDP 

Tetraphenyl (propane-2,2-diylbis(4,1-phenylene)) 

bis(phosphate),                                                                          

[4-[2-(4-diphenoxyphosphoryloxyphenyl)propan-2-

yl]phenyl] diphenyl phosphate,  fyroflex BPA-DP 

5945-33-5 

tetrakis (2-chloroethyl) dichloroisopentyl 

diphosphate 
V6 

Phosphoric acid, 2,2-bis(chloromethyl)-1,3-propanediyl 

tetrakis(2-chloroethyl) ester, 

2,2-bis(chloromethyl)trimethylene bis(bis(2-

chloroethyl)phosphate) 

38051-10-4 

tris(2-chloroethyl) phosphate TCEP tri(beta-chloroethyl) phosphate 115-96-8 

tris(2-chloroiso-propyl) phosphate 

TCIPP+ or 

TCPP or 

TCIPP 

tris(1-chloro-2-proyl) phosphate,  

Amgard TMCP, 

tris(2-chloro-1-methylethyl) phosphate, 

tri(chloropropyl) phosphate 

13674-84-5, 

6145-73-9 

tris(1,3-dichloro-2-propyl) phosphate 

TDCPP or 

TDCIPP or 

TDCP 

 fyrol FR 2 

 
13674-87-8 

bis(2-ethylhexyl) phosphate BEHP Hdehp 298-07-7 

dibutyl phosphate DNBP 
dibutyl hydrogen phosphate,  

di-n-butyl phosphate 
107-66-4 

diisobutyl phosphate DiBP 
bis(2-methylpropyl) hydrogen phosphate 

bis(2-methylpropoxy)phosphinic acid 
6303-30-6 
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 NATURE OF USE 

To establish the extent of OPFR use and their likely presence in environmental compartments relevant to 

drinking water abstraction, the open and grey literature was searched for information on amounts used and 

the nature of use for the substances listed in Table 1.  

A comprehensive search of the open and grey literature was carried out to compile information on the use of 

OPFRs. To ensure transparency and minimise bias in evidence collation, the Quick Scoping Review (QSR) 

methodology was followed (Collins et al., 2015). Search terms and criteria for inclusion/exclusion of search 

results are provided in Appendix 1 together with a summary of the QSR outcome. 

In addition to the scientific literature, regulatory information sources such as the ECHA public registration 

database the Organisation for Economic Co-operation and Development (OECD)’s eChem portal were 

accessed for information on registered tonnages and uses and details of any regulatory restrictions on 

marketing and use of individual substances. Grey literature sources searched include industry and trade 

association websites such as the Cefic Sector group Pinfa – the Phosphorous, Inorganic and Nitrogen Flame 

Retardants Association (PINFA). 

Publicly available information on the Registration, Evaluation, Authorisation and Restriction of Chemicals 

(REACH) registered tonnage band for each OPFRs was obtained from substance registrations via the ECHA 

public registration database. These values are reported as a tonnage band for the EU and do not include use 

in imported articles. A more precise value is not readily accessible via publicly available sources. Following 

the UK withdrawal from the EU, the UK has retained REACH in national legislation (REACH regulations, 2019). 

It will be several more years before substance registrations are complete and UK specific information on 

production and use is available. 

Table 2 provides an overview of uses and supply tonnage according to current publicly available REACH 

registration data accessed in January 2022 via the ECHA database. Substances have been distinguished as 

either halogenated or non-halogenated phosphate esters and grouped according to one of six chemical 

classes. Of the 24 substances, five are halogenated organophosphate esters and 19 are non-halogenated. 

The comprehensive outcomes of the search are provided in Appendix 2.  

Bisphenol A bis(diphenyl phosphate) (BDP) and triethyl phosphate (TEP) are registered at the highest tonnage 

band over 10,000 tonnes per annum. The alkyl tri-esters (tris(1,3-dichloro-2-propyl) phosphate (TDCPP), tris(2-

butoxyethyl) phosphate (TBOEP), triisobutyl phosphate (TiBP), tri(2-ethylhexyl) phosphate (TEHP)) and aryl 

tri-esters (isopropylated phenyl phosphate (IPP), tri-m-cresyl phosphate (TMPP), 2-ethylhexyl diphenyl 

phosphate (EHDPP)) are registered for supply between 1,000 and 10,000 tonnes per annum (tpa).  

Several OPFRs are subject either to existing restrictions on use or are under regulatory evaluation in the EU 

because of properties of concern and are no longer manufactured or supplied in the EU. A summary of EU 

regulatory activity associated with these substances is presented in Table 3. The only UK specific information 

currently available is the UK REACH grandfathered registrations notified substances list. This contains 

information on chemical manufacturers and importers based in Great Britain that has been submitted to the 

Health & Safety Executive (HSE). It is not a verified list of all substances with REACH registrations that were 

transferred and does not include substances where no initial transitional data was submitted or where data 

submitted was confidential. Substances only imported by a new registrant or former downstream user, or 

distributor are also not included. Despite these limitations, the list does provide a limited source of information 

to consider when identifying those substances most relevant to England and Wales and could represent point 

source inputs if associated with manufacturing or formulating sites. Those OPFR substances notified to the 

HSE and included on the Grandfathered substance list are summarised in Table 4.  

The Nordic substances in preparations product register (SPIN) was accessed as an additional source of 

tonnage information (see Appendix 3). SPIN is a publicly accessible database detailing an estimate of 

substance use in products in the Nordic countries, Norway, Sweden, Denmark, and Finland (SPIN, 2022). The 

SPIN database records use information for substances in chemical products and preparations only. There is 

no information on use of substances in non-chemical products, so values recorded will likely be an 

underestimate of total amounts used. Given that the variation in Fire Safety Regulations and the role of flame-

retardants in meeting those safety obligations varies significantly between countries, it is unlikely that a direct 

read-across of tonnage data from the Nordic countries to the United Kingdom is accurate. However, in the 

absence of specific data for the UK market we have collated this data as a line of evidence to aid identification 

of those OPFRs used in the greatest quantities. 

https://echa.europa.eu/
https://echa.europa.eu/
https://www.echemportal.org/
https://echa.europa.eu/
https://echa.europa.eu/
https://www.gov.uk/government/publications/uk-reach-grandfathered-registrations-notified-substances-list
http://spin2000.net/
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The accuracy of the data is dependent on the use of the individual substance, more integrated uses will result 

in a less accurate net total. In addition, commercial confidentiality means that some substances and/or data 

are excluded from the SPIN database. Consequently, total tonnage for substances as reported may not be 

accurate. Despite these limitations, the SPIN database represents another useful line of evidence with which 

to build a picture of use of OPFRs and has been searched to obtain data for this project.  

Table 5 summarises the total use as reported to SPIN for each OPFR substance in 2019 across the Nordic 

countries. Substances are organised from highest to lowest values. For the reasons described above, this 

tonnage data is most likely to be an underestimate. Data on total use per substance in the Nordic countries 

was extrapolated to generate an approximate UK use estimate, based on population and assuming 

comparable use of substances in Nordic countries compared with the UK. Extrapolation based on this 

assumption is unlikely to be accurate since it does not account for the UK’s heavier reliance on flame retardants 

compared to other European countries. The reported tonnages should therefore be treated with caution. 

Despite these limitations, in the absence of data for the UK market, data from SPIN provides an additional line 

of evidence. The estimates for the UK are also listed in Table 5.  

Substances estimated to be used in the largest amounts according to SPIN are TCIPP (874 tpa), IPP(129 tpa), 

TEP (51tpa) and TPhP (48tpa). Except for TCIPP, these substances are also identified as high use based on 

their REACH tonnage bands, where all are registered at greater than 1,000 tonnes per annum. TEP is 

registered at the highest REACH tonnage band (≥ 10 000 to < 100 000 tonnes per annum).  

Whilst the majority of OPFRs with tonnage data recorded in SPIN have data which aligns with REACH 

registered tonnage bands, there are two exceptions, TCIPP and RDP, where usage amounts as reported by 

the two sources are conflicting. Both substances have high tonnage estimates in the SPIN database; however, 

their REACH tonnage is zero, implying they are not currently manufactured, supplied, or imported in the EU. 

We have not been able to obtain any more accurate market data to explain this discrepancy further. 

The UK pollutant release and transfer register (UK-PRTR) has been searched for reported emissions of any 

relevant OPFR substances. None of the substances of interest to this project are listed as pollutants with 

associated obligations to report emissions, as specified in Annex I of the UK PRTR legislation.  

In the following sections we describe the nature of use and available tonnage information for each group of 

OPFRs.  

 Halogenated phosphate esters 

Halogenated phosphate tri-esters include both chlorinated and brominated phosphate tri-esters (Postigo and 

Barcelo, 2015; Zhong et al., 2021). Examples include the substances tris(2-chloroethyl) phosphate (TCEP), 

tris(2-chloroiso-propyl) phosphate (TCIPP), TDCPP, tetrakis (2-chloroethyl) dichloroisopentyl diphosphate 

(V6), tris(2,3-dibromopropyl) phosphate (TDBPP). The chlorine or bromine contributes to the retention of the 

flame retardant in the polymer by reducing the vapour pressure and water solubility, decreasing its mobility, 

and increasing the lifetime of the flame retardant in the product. Combining the halogen and phosphorous 

groups confers an optimum nonflammability in both the solid and gas phases (EHC 192, 1997, Fisk et al., 

2003).  

Halogenated phosphate esters have been widely used, some at high supply tonnages. They have been 

predominantly used as flame retardants in flexible and rigid polyurethane foams in a wide variety of consumer 

items including upholstered furniture, mattresses, construction, the textile industry, and electronic equipment 

(Blum et al., 2019; Cristale et al., 2013; Hou et al., 2021; Lounis et al., 2019; van der Veen & de Boer, 2012). 

Growing concern over environmental and health impacts associated with use and end of life issues led to 

restrictions being imposed on the production and use of several halogenated OPFRs (Jadhav, 2018). A 

restriction proposal for TCEP, TCIPP and TDCPP was prepared by ECHA in 2018 following a screening 

assessment which identified a risk to children from exposure to these substances in childcare items such as 

baby mattresses, car safety seats and residential upholstered furniture (ECHA, 2017). The proposal to restrict 

the placing on the market of childcare articles and residential upholstered furniture with polyurethane foams 

containing the group TCEP, TCIPP and TDCPP was withdrawn in 2019 pending the availability of new critical 

data on the carcinogenicity of TCIPP (ECHA, 2021). Further evaluation of individual substances from this 

group is on-going and described in the paragraphs below. 

TCEP is identified under REACH as a Substance of Very High Concern (SVHC) and included on the 

Authorisation list (Annex XIV of REACH) with a sunset date of 2015 because of it is harmful impacts to human 

https://www.legislation.gov.uk/eur/2006/166/annex/I
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health. It is a suspected carcinogen and identified as toxic to reproduction. Since 2015, the substance cannot 

be used or placed on the EU market, unless an authorisation for use is granted. The substance was largely 

phased out from use in the 1990’s owing to its resistance to degrade and its bioaccumulation and 

biomagnification potential in the environment (Lian et al., 2021; van de Veen & de Boer, 2012). Use of TCEP 

has not been recorded in the Nordic countries on the SPIN database since 2011. Although TCEP is no longer 

used, it has historically been supplied in high volumes. The nature of use in articles and products with a long 

in-service life implies that there may still be a ‘reservoir’ of these substances in older items, resulting in 

continued environmental release during use and disposal of items.  

According to the ECHA database, TDCPP has a current REACH registration, with a high registered tonnage 

in the EU (1,000 to less than 10,000 tonnes/annum). No information on the actual amounts of TDCPP 

manufactured or placed on the EU market have been found. TDCPP is included for evaluation under REACH 

as part of the Community rolling action plan (CoRAP), having been identified for inclusion because of concerns 

over potential endocrine disruption (ECHA, 2021). 

Tris(2-chloroiso-propyl) phosphate consists of two isomers which are both used as flame retardants. 

TCIPP+/TCPP and TCIPP. The TCIPP+/TCPP isomer has the highest reported tonnage for use in products 

and items in Nordic countries in 2019, according to SPIN whereas the TCIPP isomer has had no usage 

reported in SPIN since 2010. TCIPP is registered under REACH but, according to data as reported to the 

publicly available ECHA database, not currently manufactured in and/or imported to the European economic 

area.  

TDBPP, a brominated phosphate tri-ester formally used as a flame retardant in fabrics, is restricted under 

REACH Annex XVII. TDBPP was used in children’s pyjamas until the late 1970s when its carcinogenic and 

mutagenic properties were identified (Bergman et al., 2012; Cai et al., 2022; Hu et al., 2014; Lu et al., 2019; 

Zuiderveen, Slootweg & de Boer, 2020). No use data for TDBPP was reported to the SPIN database.  

TDDCP and V6 are used as additive flame retardants in polyurethane foams in furniture and the automotive 

industry, with TDDCP also being employed as a plasticiser in resins, latexes, electronic equipment, varnishes, 

paints, lacquers, and glue (Liu et al., 2020; Ren et al., 2019; van der Veen & de Boer, 2020; Wei et al., 2015; 

Zhang et al., 2019; Zhang et al., 2021). Their registered REACH tonnages in Europe remain relatively high 

(between  1 000 and 10 000 tonnes per annum and between 100 to  1 000 tonnes per annum respectively). In 

contrast, no use of these two substances has been recorded in the SPIN database for the past 15 years. No 

data on the actual quantities used and supplied in the UK have been found. 

 Non-halogenated phosphate esters 

Non-halogenated phosphate esters include both alkyl and aryl phosphate di- and tri-esters. This group of 

OPFRs have a wide variety of applications; including use as plasticisers, antifoaming agents, and additives in 

lubricants in addition to their use as flame retardants (Matsukami et al., 2015; van der Veen and de Boer, 2012; 

Regnery & Puttman, 2010). Non-halogenated phosphate esters are widely used in plastics. They are mixed 

into polymers as plasticisers to increase the flexibility and workability of the material (EHC 192, 1997). 

Several non-halogenated OPFRs have been identified in the REACH community rolling action plan (CoRAP) 

list for substance evaluation and assessment of hazardous properties with consequent regulatory controls. For 

example, tris(3,5-dimethylphenyl) phosphate (TDMPP), an aryl phosphate tri-ester substance used in the EU 

as a power generation fluid (Brooke et al., 2009a) has been identified as an SVHC because it is persistent, 

bioaccumulative and toxic (PBT). TDMPP has been included in the candidate list for authorisation as a SVHC 

and is also included in Annex XIV of REACH requiring authorisation before use with a sunset date of 27th May 

2023. 

Three other aryl phosphate tri-esters are listed on the CoRAP list for substance evaluation: IPP, TMPP and 

triphenyl phosphate (TPhP). Aryl phosphate tri-esters are typically used as plasticizers in polyvinyl chloride 

(PVC) based products. They are also used as lubricants for industrial air compressors and gas turbines, 

pigment dispersants, peroxide carriers, and as additives in adhesives, lacquer coatings and wood 

preservatives (EHC 192, 1997). IPP and TMPP are both suspected PBT substances used in high quantities 

(1,000 to 10,000 tonnes per annum) as plasticisers in PVC blends and as flame retardants in hydraulic fluids 

(Al-Salem et al., 2019; Blum et al., 2019; Brooke et al., 2009a; Kubwabo et al., 2021; Onoja et al., 2022; van 

der Veen & de Boer, 2012; Wang et al., 2018; Wei et al., 2015; Zhong et al., 2021). IPP and TMPP both have 

relatively high total tonnage data reported in the SPIN database for use in the Nordic countries (129.2 and 

23.5 tonnes respectively).  
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TPhP is currently undergoing evaluation in the EU because it has been identified as a suspected endocrine 

disruptor and included in the EU endocrine disruptor assessment list. According to REACH registration 

information TPhP is a high supply volume chemical, currently supplied in quantities greater than or equal to 

1,000 tonnes per annum as a flame retardant and plasticiser in a range of products including nail polish (Blum 

et al., 2019; Brooke et al., 2009a; Chen et al., 2022; Chokwe et al., 2020; Cristale et al., 2013; Estill et al., 

2021; He et al., 2018; Papachlimitzou et al., 2015; Shi et al, 2019; van der Veen & de Boer, 2012; Wang et al., 

2020; Wei et al., 2019; Zhong et al., 2021).  

Alkyl phosphate tri-esters are registered under the REACH regulation in very high quantities (less than or equal 

to 100,000 tonnes per annum). This group of OPFRs has a wide range of applications, however they are 

primarily used as plasticisers (van der Veen & de Boer, 2012). The aryl phosphate ester tri-n-butyl phosphate 

(TNBP) was included in the CoRAP list for evaluation as it is suspected to be carcinogenic, mutagenic, and 

toxic to reproduction (CMT), however no regulatory action was deemed necessary in 2012.  

Bis(2-ethylhexyl) phosphate (BEHP), dibutyl phosphate (DNBP) and diisobutyl phosphate (DiBP) are not only 

the di-ester metabolites of their parent phosphate tri-ester substances TEHP, TNBP and TiBP, but they are 

also produced industrially for use in plastics as well as metal extraction processes and as surfactants 

(Bastiaensen et al., 2021; Chokwe et al., 2020; ECHA, 2021; Hou et al., 2016; Hou et al., 2019; Li et al., 2020; 

Liu et al., 2021; Wang et al., 2019; Wang et al., 2020; Xu et al., 2021).  

The oligomeric phosphate tri-esters resorcinol bis (diphenyl phosphate) (RDP) and BDP are primarily used as 

an alternative for deca-brominated diphenyl ether (DeBDE) in plastic and electronic consumer products and 

resins. They are also the primary flame retardant used in polycarbonate and acrylo-nitrile-butadiene-styrene 

(ABS) and copolymers (Ballesteros-Gomez et al., 2014; Brooke et al., 2009b; Liang, Shi & Liu, 2018; 

Matsukami et al., 2014; Matsukami et al., 2015; PINFA, n.d.; van der Veen & de Boer, 2012; Zhong et al., 

2021). According to the SPIN database, use of RDP in the Nordic countries  increased from 2015 to 2019. 

RDP is no longer registered for manufacture or import to the EU economic area under REACH, however BDP 

is registered in high volumes for supply at greater than or equal to 10 000 tonnes per annum.  

There tonnage information was reported to the SPIN database for trimethyl phosphate (TMP), TDMPP, 

isodecyl diphenyl phosphate (IDDP) and diisobutyl phosphate (DIBP) in the SPIN database. These four 

substances are registered under REACH with tonnage bands up to between 100 and1000 tonnes per annum. 

https://edlists.org/the-ed-lists/list-i-substances-identified-as-endocrine-disruptors-by-the-eu
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Table 2: Uses of OPFRs and associated EU REACH registration tonnage band  

Classification 
Chemical 

group 
Substance Individual use(s) 

Tonnage per annum 

(REACH) (ECHA, 

2022) Accessed: 

January 2022 

Halogenated 

OPFRs 

Chlorinated 

phosphate 

tri-ester 

TCEP 
• Historically used in the production of flexible and rigid polyurethane foams used in children’s toys and upholstered 

furniture  

0 

SVHC Annex XIV 

Authorisation list 

TCIPP+, 

TCPP or 

TCIPP 

•  Historic use in flexible and rigid polyurethane foams in mattresses, upholstery, automotive steering wheel heads and 

other car accessories  

0 

 

TDCP, 

TDCPP or 

TDCIPP 

• Replacement for Penta-BDE as additive flame retardant in polyurethane foams used in the construction industry, 

furniture, upholstery for the automotive industry, and in children’s products  

• Flame retardant and plasticiser additive in resins, latexes, electronic equipment, varnishes, paints, lacquers, and glue  

≥ 1 000 to < 10 000 

V6 • Additive flame retardant in flexible polyurethane foams for furniture and automotive applications  ≥ 100 to < 1 000 

Brominated 

phosphate 

tri-ester 

TDBPP 
•  Historic use in cellulose, triacetate, and polyester fabrics. Often found in children’s pyjamas up to the late 1970s when 

it was banned for its carcinogenic and mutagenic properties  

0 

Use restricted under 

REACH Annex XVII 

Non-

halogenated 

OPFRs 

Alkyl 

phosphate 

tri-ester 

TEP 
• Plasticiser and additive flame retardant in polyester resins, PVC. high-viscosity polyol formulations and polyurethane 

foams  
≥ 10 000 to < 100 000 

TNBP 

• Plasticiser  

• Additive in hydraulic fluids, lacquers, floor finish, wax, paint, inks/toners, and glue 

• Antifoaming agent  

≥ 1 000  

TBOEP 
• Additive to improve gloss and levelling in varnish, floor polish, paints, and lacquers  

• Plasticiser  
≥ 1 000 to < 10 000 

TiBP 

• Plasticiser  

• Extreme pressure additive and anti-wear agent in hydraulic fluids, lubricants, transmission fluids and motor oils  

• Antifoaming agent/ pore size regulator in concrete  

≥ 1 000 to < 10 000 

TEHP 

• Plasticiser and additive flame retardant in polymers, PVC, cellulose acetate, and solvents  

• Additive in lacquers, resins, coatings, stabilisers, fungus resistance and fire proofing compositions  

• Classified as a high production volume (HPV) chemical (US EPA, 2014) 

≥ 1 000 to < 10 000 

TMP • Hydrophilic tri-ester used in industrial processes  ≥ 10 to < 100 
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Classification 
Chemical 

group 
Substance Individual use(s) 

Tonnage per annum 

(REACH) (ECHA, 

2022) Accessed: 

January 2022 

Alkyl 

phosphate 

di-ester 

BEHP 
• Metabolite of TEHP that is industrially produced and used for metal extraction as well as for use as an ingredient in 

surfactants  
≥ 100 to < 1 000 

DNBP 

• Metabolite of TNBP  

• Uranium and thorium extractants; lanthanide separating agent; organic synthesis; gas chromatography fixative; 

solvent; plasticiser; textile industry  

≥ 100 to < 1 000 

DiBP 
• Metabolite of TiBP  

• Used in plastic products such as food packaging, toys, and mobile phones  
≥ 1 to < 10 

Aryl 

phosphate 

tri-ester 

IPP 
• Additive in PVC products, polyurethanes, textile coatings, adhesives, lubricant additives, hydraulic fluids, power 

generation fuels, paints, and pigment dispersions  
≥ 1 000 to < 10 000 

TDMPP • Flame retardant in power generation fluid  ≥ 100 to < 1 000 

TMPP or 

TCP 

• Additive flame retardant in hydraulic fluids, transmission fluids, solvent, cellulose, and floor wax  

• FR in plasticized vinyl polymers; wire and cable insulation, connectors, automotive interiors, vinyl moisture barriers, 

furniture upholstery, conveyor belts (for mining) and vinyl foams 

≥ 1 000 to < 10 000 

TPhP 

• Flame retardant and plasticiser in furniture, electronic products, printed circuit boards, thermostat resins, 

thermoplastic/styrenic resins, photographic film, paints, hydraulic fluids, lacquers, paint, nail polish and glue  

• Antifoaming agent  

≥ 1 000 

EHDPP 

• Flame retardant in fire-protective coating and polyvinylchloride for metal and plastic walls of refrigerators, freezers, 

electronic devices, and  

• Additive in synthetic resins and hydraulic fluids  

• Flame retardant in foam seating and bedding, plastic and rubber products including food packaging materials 

≥ 1 000 to < 10 000 

IDDP 
• Plasticiser in PVC plastics and food packaging materials  

• Additive in textile coating, paints, pigment dispersions, polyurethane, and rubber  
≥ 100 to < 1 000 

TPPO 
• Synthetic intermediate for pharmaceutical production 

• Ligand for transition metal processes  
≥ 1 to < 10 

Oligomeric 

phosphate 

tri-ester 

RDP 

• Alternative for Deca-BDE as additive flame retardant in plastics, rubber products and electronic consumer products, 

textiles, furniture and building materials  

• Substitute for TCEP and TCPP  

• Primary flame retardant for polycarbonate and acrylo-nitrile-butadiene-styrene (ABS) and copolymers  

0 

BDP 

• Alternative for Deca-BDE as additive flame retardant in plastic and electronic consumer products, resins, and plastics  

• FR in solid thermoplastics (e.g., polycarbonate (PC), PC/ABS and HIPS/PPO), textile fibres, and wire and cables (e.g., 

TPU)  

≥ 10 000 
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Table 3: Regulatory activity under REACH associated with OPFRs 

Substance Abbr. Regulatory activity under REACH 

tris(1,3-dichloro-2-propyl) phosphate 
TDCP, TDCPP or 

TDCIPP 

• Listed in the Community rolling action plan (CoRAP) for 

evaluation (potential endocrine disruptor), evaluation not 

yet started 

• Previous group restriction intention withdrawn 

tris(2-chloroethyl) phosphate TCEP 
• Identified as a Substance of Very High Concern (SVHC) 

Annex XIV Authorisation list 

tris(2,3-dibromopropyl) phosphate TDBPP 
• Use in textile articles intended to come into contact with 

skin restricted under REACH Annex XVII  

tris(2-chloro-1-methylethyl) phosphate TCIPP+ or TCPP or 

TCIPP 

• Suspected carcinogen - restriction intention withdrawn 

(2019) 

tri-n-butyl phosphate TNBP 
• Suspected CMR (2012) - concluded no regulatory action 

needed 

isopropylated phenyl phosphate IPP 

• Listed in CoRAP, suspected endocrine disruptor & 

persistent, bioaccumulative, toxic (PBT) - under 

evaluation NL (2020) 

tris(3,5-xylyl) phosphate TDMPP 
• Identified as SVHC (PBT) 

• Annex XIV authorisation list (sunset date 27/05/2023) 

tri-m-cresyl phosphate TMPP or TCP 
• Listed in CoRAP Suspected PBT (2014) concluded - 

Need for follow-up regulatory action at EU level 

triphenyl phosphate TPhP 
• Listed in CoRAP (potential endocrine disruptor (2017) 

follow up 

 

Table 4: Substances with UK REACH registrants 

Substance Abbr. 

UK REACH 

Grandfathered 

registration 

notification 

UK based 

registrant/suppliers 

identified in ECHA 

database 

tetrakis (2-chloroethyl) dichloroisopentyl 

diphosphate 
V6 X X 

tri-n-butyl phosphate TNBP X X 

tris(1,3-dichloro-2-propyl) phosphate 
TDCP, TDCPP or 

TDCIPP 
 X 

tris(2-butoxyethyl) phosphate TBOEP X X 

isopropylated phenyl phosphate IPP X  

tris(3,5-xylyl) phosphate TDMPP X  

2-ethylhexyl diphenyl phosphate EHDPP X  

isodecyl diphenyl phosphate IDDP X  

resorcinol bis (diphenyl phosphate) RDP X  

bisphenol A bis (diphenyl phosphate) BDP X  
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Table 5: Tonnage as reported to SPIN database (2019) and extrapolated to a UK estimate 

Substance Abbr. 

Total tonnage across 

Nordic countries per 

annum (2019) 

Annual UK tonnage 

estimation 

tris(2-chloroiso-propyl) phosphate 

TCIPP+ or 

TCPP  

[TCIPP] 

873.9 

 

[0] 

2187 

 

[0] 

isopropylated phenyl phosphate IPP 129.2 323 

triethyl phosphate TEP 51.5 129 

triphenyl phosphate TPhP 47.6 119 

resorcinol bis (diphenyl phosphate)   RDP 42 105 

tri(2-ethylhexyl) phosphate TEHP 41.7 104 

bisphenol A bis (diphenyl phosphate) BDP 34.7 87 

tri-m-cresyl phosphate TCP or TMPP 23.5 59 

triisobutyl phosphate TiBP 19.9 50 

tris(2-butoxyethyl) phosphate TBOEP 17.3 43 

tri-n-butyl phosphate TNBP 15 38 

2-ethylhexyl diphenyl phosphate EHDPP 4.9 12 

bis(2-ethylhexyl) phosphate BEHP 2 5 

dibutyl phosphate DNBP 2 5 

triphenyl phosphine oxide TPPO 0.2 3 

trimethyl phosphate TMP 0 0 

tris(3,5-xylyl) phosphate TDMPP 0 0 

isodecyl diphenyl phosphate IDDP 0 0 

tetrakis (2-chloroethyl) dichloroisopentyl 

diphosphate 
V6 0 0 

tris(2-chloroethyl) phosphate TCEP 0 0 

tris(1,3-dichloro-2-propyl) phosphate 

TDCPP or 

TDCIPP or 

TDCP 

0 0 

diisobutyl phosphate DiBP 0 0 

tris(2,3-dibromopropyl) phosphate TDBPP No data - 
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 SOURCES AND PATHWAYS TO THE ENVIRONMENT 

Given the broad range of consumer uses and industrial applications, it is unsurprising that there are potential 

releases of OPFRs to the environment from manufacture, formulation and use through to disposal of articles 

containing the substance. Both point and diffuse sources of release to the environment may occur (Chokwe et 

al., 2020). Since OPFRs have in some instances replaced the use of other, now restricted flame retardants 

such as polybrominated diphenyl ethers, similar sources, and pathways of release to the environment are 

envisaged. 

An overview of the likely sources and pathways to the environment for OPFRs and a summary of the physico-

chemical properties that influence their fate and behaviour in the environment are described in the sections 

below and illustrated in Figure 1. 

The majority of OPFRs are additive flame retardants and consequently not chemically bound within the article. 

They are commonly used in consumer products and building materials in concentrations ranging from 15 to 

30% of the product (van de Veer & de Boer, 2012; Wei et al., 2015). Over the lifetime of use and following 

disposal and recycling processes, OPFRs may be released to the surrounding environment through processes 

such as leaching, volatilisation or abrasion (Regnery & Puttmann, 2010; Wei et al., 2015) resulting in a wide 

dispersive pattern of release. Since many articles containing these substances have a long in-service life, even 

small gradual losses can lead to a significant release to the environment over time.  

 

Figure 1: Conceptual model for source and pathways for release of OPFRs to the environment 

 Point-sources 

OPFRs may be released to the environment through direct point sources such as industrial emissions from 

the manufacture of OPFRs and formulation into products or indirect point sources such as discharges from 

wastewater treatment works (WWTW) or landfill leachate following disposal (Chokwe et al., 2020). There may 

also be direct release during use. For example, TNBP has been noted to be discharged and/or leak directly 

into environmental waters from lubricants used in vessels (Ma et al., 2021). RDP containing fumes and 

aerosols have also been noted to be released during application at production sites during manufacturing 

processes (van der Veen & de Boer, 2012). 
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OPFRs in wastewater are likely to occur because of release from consumer products, following atmospheric 

deposition of OPFRs sorbed to dust particles which  ultimately enter WWTWs through cleaning and washing 

processes and/or surface run-off from street drainage (Chokwe et al., 2020). OPFR contamination of 

environmental waters via WWTW effluent has been widely recognised as common source, with traces of 

OPFRs frequently detected in WTTW discharge effluent globally (Andresen et al., 2004; Chokwe & Mporetji, 

2019; Hu et al., 2014; Marklund et al., 2005; Martinez-Carballo et al., 2007; Wei et al., 2015).  

The removal efficiency of OPFRs varies according to the properties of the compound, region, and type of 

waste-water treatment (Marklund et al., 2005). Notably, OPFRs with higher water solubilities such as TCEP 

and TCIPP, are reported to be the most abundant in WWTP effluent which is most likely due to their tendency 

to remain in the aqueous phase during waste-water treatment with only limited removal through partitioning to 

sludge (Chokwe and Mporetji, 2019; Hu et al., 2014; Kawagoshi, Fukuna & Itoh, 1999; Yang et al., 2019).  

OPFRs may be released from products such as furniture and electronic products during disposal of these 

products in landfill (Chokwe et al., 2020). Negligible emissions of OPFRs have been reported from managed 

incineration of waste (Matsukami et al., 2014). In contrast, accidental fires that are not controlled may result in 

the release of OPFR particulate emissions into the atmosphere from the combustion of upholstery, insulation, 

construction materials and other consumer products (Chokwe et al., 2020). 

  Diffuse sources 

OPFRs are semi-volatile organic compounds with a significant potential for emissions into the atmosphere 

from industrialised regions through emissions from consumer use and disposal of OPFR containing products, 

production sites, road traffic, and electronic waste recycling plants (Bi et al., 2010; Luo et al., 2016; Marklund 

et al., 2005; Mihajlovic et al., 2011; Moller et al., 2012). The uses of OPFRs in construction materials can lead 

to the release of airborne particles containing OPFRs from buildings (Hu et al., 2014; Marklund et al., 2003).  

A significant diffuse source of OPFRs to the environment is likely to be the recycling of electronic waste 

products (E-waste) (Wei et al., 2015). The cumulative generation of waste electrical and electronic equipment 

(WEEE), including consumer articles like televisions and washing machines is of growing global concern (Ma 

et al., 2021). In 2014, the volume of e-waste produced annually was approximately 370 million tonnes, the 

equivalent of 10% of the human biomass on Earth (Smil, 2017). Several OPFR substances of interest in this 

project are additives in such products in concentrations up to 10 to 15% by weight (Haarman, et al, 2020; 

Lassen and Havelund, 2006). 

OPFR contaminated dust can be generated from recycling processes of E-waste in two ways. Dust 

accumulated inside the product during its lifetime, from the interior electronic components containing OPFRs 

as flame retardants and plasticisers, can be released. In addition, contaminated dust is generated through e-

waste recycling processes such as grinding, compaction, shredding and further abrasive processes and 

released to the atmosphere (Nguyen et al., 2019). It is noteworthy that approximately 60% of WEEE products 

in Europe do not even reach recycling facilities due to low collection rates. Of the WEEE products reaching 

recycling facilities, only 50 to 60% are successfully recycled; the remaining are typically incinerated or, rarely, 

end up in landfill (Haarman, et al.,  2020). 

OPFRs have been ubiquitously found in dusts from a range of indoor environments around the world including 

offices, school buildings and private homes (Bergh et al., 2011; Carignan et al., 2013; Marklund et al., 2003; 

Ingerowksi et al., 2001). For example, TPhP has been shown to be continuously released into the air of 

common indoor work environments from standard computer operations (Carlsson et al., 1997). Trace levels of 

OPFRs have been also detected in air and dust samples from various microenvironments, with highest 

reported traces being those in automobile parts shops, electronic shops, nail salons and home 

construction/interior products shops in the US (Kim et al., 2019).  

Emissions resulting from the use of consumer products including insulating materials, assembly foam, 

upholstery, and electronics equipment have been measured (Kemmlein, et al., 2003). Notably TCIPP was 

determined to be the most commonly released OPFR in polyurethane foam applications with area-specific 

emission rates varying between 20ng/m2/h and 150 ug/m2/h (Kemmlein, et al., 2003). 

Precipitation is an important pathway for the deposition of atmospheric OPFRs sorbed to particulate matter 

into environmental waters (Ma et al., 2021). In one study, TCIPP was reported to be the most abundant 

chlorinated OPFR detected in urban rainwater in Germany (Regnery and Puttmann, 2009). Atmospheric 

transport and subsequent deposition have resulted in the detection of traces of airborne particulate matter 
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containing OPFRs in remote locations far from likely sources. This particulate matter has been proven to 

undergo long-range atmospheric transport (LART) and subsequent deposition in remote locations (Moller et 

al., 2011; Moller et al., 2012). 

Some OPFRs have relatively high water solubilities and are prone to leaching from consumer products (Ding 

et al., 2015; Yang et al., 2019). OPFRs may leach during use, or at disposal at the end-of-life and this may be 

significant in landfill disposal of plastics, textiles, furniture, electronic appliances, building materials and other 

industrial applications (Deng et al., 2018; Yang et al., 2019). The chlorinated OPFRs TCEP and TCPP, as well 

as other OPFRs have been detected in leachate both pre and post treatment from waste sites (Deng et al., 

2018; Kawagoshi et al., 2002).  

 FATE AND BEHAVIOUR 

Physico-chemical properties influencing environmental fate and behaviour have been collated and 

summarised for each substance (Table 6). Persistence data for the substances are also summarised in Table 

6 (see Appendix 4). Data have not been evaluated for reliability and are presented as recorded in the reference 

sources accessed. 

The application of use of OPFRs requires that the substances are intrinsically persistent. TDMPP and TCEP 

both meet the screening criteria for P/vP under REACH and have been concluded as persistent. A further nine 

OPFR substances (TCDPP, TEP, BDO, TEHP, V6, TMP, TPPO, DiBP and TDBPP) also fulfil the REACH 

screening criteria for persistence, but no definitive tests have been conducted, therefore can be considered as 

potentially persistent substances.  

Water solubility values are summarised in Table 6. The variation in water solubility with molecular weight is 

illustrated in Figure 2. The majority of OPFRs have a moderate to high water solubility. Water solubility varies 

across the chemical classes of OPFRs ranging from sub microgrammes per litre (µg/L) values up to several 

grammes per litre (g/L). Within a chemical group, water solubility decreases as molecular size increase. The 

alkyl phosphate tri-esters TEP and TMP both have very high water solubilities (50g/L; Gao et al., 2016), as do 

the chlorinated organophosphates TCEP (7g/L) and TCIPP (1.6g/L). High water solubility is an indicator of 

high environmental mobility and consequent potential for a substance to reach groundwater.  

The log organic-carbon partition coefficient (log Koc) is also used as an indicator of environmental mobility and 

is a useful estimate of the potential of a substance to leach to groundwater. Log Koc values are summarised 

in Table 6 and range from 1.10 to 6.87. The variability of log Koc values for OPFRs with molecular weight is 

provided in Figure 3 and illustrates that log Koc increases with increasing molecular weight. The halogenated 

OPFRs typically have a lower log Koc and higher water solubility than non-halogenated OPFRs.  

In the recent body of work to develop a proposal for criteria for a new hazard class identifying persistent, 

mobile, and toxic (PMT) and/or very persistent and very mobile (vPvM) substances (UBA, 2019 and references 

therein CARACAL, 2021).), a substance is considered to fulfil the mobility criterion if log Koc, over the pH 

range 4.0 to 9.0, is less than 3.0. Many OPFR substances have a log Koc value less than 3 and can therefore 

be considered to meet the proposed criterion for mobility in the frameworks for identification PMT/vPvM 

substances  
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Figure 2: Molecular weight vs water solubility (note Log scale for y axis, water solubility) 

 

 

Figure 3: Molecular weight vs Log Koc 

Hydrophobic OPFRs with lower water solubilities and higher log Koc values, such as RDP and TDMPP, will 

have a greater tendency to partition to soil, sediment and suspended organic matter. For these substances 

whilst environmental mobility may be lower, they are more likely to partition to sludge in wastewater treatment 

works, and application of sludge to agricultural land may be a relevant pathway for release to the environment.  

An octanol-water partition coeffcient (log Kow) is reported for each substance in Table 6 and Figure 4. Values 

range from low (-0.65) to high (8.29) with values increasing with increasing molecular weight. Those 

substances with a higher log Kow will have a greater potential to bioaccumulate in organisms than lower values 

less than 3. For example, TnBP and TPhP both have relatively high log Kow values of around 4. These two 

OPFRs have been demonstrated to bioaccumulate in the environment (Cristale et al., 2013; Liu et al., 2019; 

Zhang et al., 2021). TnBP is a very stable molecule that is resistant to degradation in water and by natural 

light. It is also predicted to undergo volatilization from water to the atmosphere. The high vapour pressure and 

short half-life in the atmosphere (shorted HL tair
1/2 = 2 hours) of TnBP has been noted, suggesting rapid 

degradation in the atmosphere (Ma et al., 2021; Zhang et al., 2021). 
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Figure 4: Molecular weight vs Log Kow 

OPFRs are semi volatile organic compounds with moderate vapour pressures (Table 6). Volatile OPFRs with 

higher vapour pressures, such as TBP, TEP and TCEP, tend to be more easily released into the air and 

deposited as dust than the larger,heavier OPFRs, as illustrated in Figure 5. The Henry’s law constant (KH) also 

referred to as the air-water partition coefficient is a measure of volatility , that represents the ratio of the 

concentration of the compound in water at a given temperature to the compounds partial pressure in air (Katyal 

& Morrison, 2007). Generally, a KH value of less than 5 x 10-5 atm/m3/mol indicates that the substance is soluble 

and is considered less volatile (Katyal & Morrison, 2007). OPFRs with very high water solubilities such as 

TCEP, TCIPP, TEP, TBOEP, TMP and DNBP also have lower KH values.  

 

Figure 5: Molecular weight vs Log(Vapour pressure) 
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Table 6: Physico-chemical properties of OPFR substances, information collated from multiple sources (Bergman et al., 2012; cas.ChemNet.com, 2022; Iqbal et al., 
2017; PubChem, 2022; van der Veen & de Boer, 2012; Wang et al., 2018; Wei et al., 2015)  

Classification Chemical group Substance 
Molecular 

weight 
pKa LogKow LogKoc 

Henrys law 

constant 

(atm/m3/mol) 

at 25°C 

Vapour 

pressure 

(Pa) at 25°C 

Water 

solubility 

(mg/L) at 

25°C 

Bio-

accumulation

/bio-

concentration 

factor (BCF) 

Readily bio-

degradable? 

Persistent

? 

Halogenated 

OPFRs 

Chlorinated 

phosphate tri-

ester 

TCEP 285.5 n/a 1.44 2.48 3.3 x 10-6 1.47 x 10-2 7.00 x 103 1.37 No Yes 

TCIPP+ or 

TCPP or 

TCIPP 

327.6  2.59 2.21 5.96 x 10-8 100 1.6 x 103 8.51 No Potentially 

TDCPP or 

TDCIPP 
430.9  3.80 2.35 2.6 x 10-9 9.87 x 10-6 1.50  13.5 No Potentially 

V6 583  1.90 2.90 6.5 x 10-6 1.61 x 10-12 2.1 17.07 No Potentially 

Brominated 

phosphate tri-

ester 

TDBPP 697.6 n/a 3.71 3.40 2.6 x 10-5 3.17 x 10-9 8.0  No Potentially 

Non-halogenated 

OPFRs 

Alkyl phosphate 

tri-ester 

TEP 182.2  0.8 1.68 3.5 x 10-6 38.66 5.00 x 105 3.88 No Potentially 

TNBP 266.3  4.00 3.28 1.5 x 10-7 0.15 280 1.03 x 103 Yes No 

TBOEP 398.5  3.65 4.38 1.2 x 10-11 2.8 x 10-5 1.20 x 103 1.08 x 103 Yes No 

TiBP 266.3  3.6 3.05 2.8 x 10-4 1.73 3.72 391 Yes No 

TEHP 434.6  4.22 6.87 9.6 x 10-5 1.28 x 10-2 0.6 1.00 x 106 No Potentially 

TMP 140.1  -0.65 1.10 2.5 x 10-7 0.75 3.0 x 105 3.16 No Potentially 

Alkyl phosphate 

di-ester 

BEHP 322.4 1.47 6.07  4.1 x 10-8 6.20 x 10-6 1.82 x 102  Yes No 

DNBP 210.21 0.88 2.29  4.3 x 10-9 5.07 x 10-3 1.72 x 104  No No 

DiBP 210.21        No Potentially 

Aryl phosphate 

tri-ester 

IPP 452.5  5.1 5.8 2.9 x 10-7 3.87 x 10-7 1.4 7.97 x 103 No  

TDMPP 410.4  5.63 5.3 7.2 x 10-8 6.93 x 10-6 1.86 x 10-2 9.59 x 104 No Yes 

TMPP or 

TCP 
368.4  5.11 4.35 9.2 x 10-7 2.4 x 10-5 0.36 8.63 x 105 Yes No 

TPhP 326.3  4.59 3.72 3.3 x 10-6 1.60 x 10-4 1.9 113 Yes No 

EHDPP 362.4  5.37 4.21 2.5 x 10-7 8.67 x 10-5 1.9  Yes No 
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Classification Chemical group Substance 
Molecular 

weight 
pKa LogKow LogKoc 

Henrys law 

constant 

(atm/m3/mol) 

at 25°C 

Vapour 

pressure 

(Pa) at 25°C 

Water 

solubility 

(mg/L) at 

25°C 

Bio-

accumulation

/bio-

concentration 

factor (BCF) 

Readily bio-

degradable? 

Persistent

? 

IDDP 390.5  5.44 5.56 4.36 x 10-7 5.87 x 10-5 0.75 4.17 x 106 Yes No 

TPPO 278.3  2.87 2.94 5.3 x 10-10 3.47 x 10-6 62.8 89.4 No Potentially 

Oligomeric 

phosphate tri-

ester 

RDP 574.5  7.41 4.63  2.67 x 10-6 1.11 x 10-4 2.05 x 104 Yes No 

BDP 692.6  8.29 5.89  1.97 x 10-15   No Potentially 
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 ENVIRONMENTAL OCCURRENCE IN ENGLAND AND WALES 

KEY POINTS 

• Publicly available information on the occurrences of 23 OPFR substances in environmental waters 

and treated drinking water in England and Wales has been summarised.  

• Monitoring data reported in the scientific literature for OPFRs in English and Welsh waters are very 

limited.  

• The available evidence suggests widespread occurrence of some OPFRs in environmental waters, 

however for many OPFRs there are very limited or no data.  

• Analysis of data collected through the Environment Agency’s semi-quantitative targeted screening 

monitoring programme revealed the presence of 11 OPFRs in English environmental waters. The most 

frequently detected substances were TCIPP, TPhP, TCEP, TDCPP and TPPO. Of the OPFR 

substances detected, these substances were also measured at the highest average concentrations in 

English surface and groundwater samples.  

• The semi-quantitative nature of the analysis must be borne in mind when interpreting these data and 

the reported concentrations treated as an indicative value only. 

• The Environment Agency Water Quality Archive data (WIMS) was also accessed and searched. 

Except for two sample sites sampled pre-2014, we did not find any reports of OPFRs in sampled 

surface or groundwaters.  

• Data collected as part the national non-target screening campaign in Welsh rivers by National 

Resources Wales (NRW) was also interrogated. TCEP, TDCPP, TMPP, TPhP, EHDPP and TPPO 

were all scanned for as part of the programme, with all but TPPO detected in the surface waters 

sampled.  

• There were no reported occurrences of OPFRs in drinking water in England and Wales. However, the 

OPFRs TCEP, TDCPP, TEP, TBOEP, TDMPP, and TPhP have been reported in drinking water in 

Pakistan, China, and Korea. 

• Internationally, there are numerous reports in the wider scientific literature of the presence of TCEP, 

TCIPP, TDCPP, TNBP and TPhP in surface waters. Monitoring efforts were heavily skewed towards 

China, with only a few European studies   

• A wide range of OPFR concentrations have been reported in surface waters with concentrations up to 

5698ng/L TCEP in China and 11,418ng/L of TBOEP in Greece.  

 

Data on the environmental occurrence of OPFRs in raw and treated waters in England and Wales have been 

collated from open access environmental monitoring datasets, scientific and grey literature. The data are 

limited for England and Wales. Consequently, the literature search was extended to a wider geographical 

scale.   

An overview of the substances for which occurrence data in raw and treated waters has been found is provided 

in Table 7. Substances with no reported environmental occurrence data are highlighted in bold. There are 

significant evidence gaps for some substances. A summary of concentration data for individual substances is 

provided in subsequent tables in the chapter. 

No occurrence data have been found for the following substances:  

• trimethyl phosphate (TMP)  

• bis(2-ethylhexyl) phosphate (BEHP)  

• diisobutyl phosphate (DiBP) and  

• isopropylated phenyl phosphate (IPP).  

For other substances, available data have been collated and concentrations are summarised in the following 

sections.  
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Table 7: Summary of available environmental occurrence data reported in English and Welsh ground and surface water and treated drinking water. 

Chemical group Substance Abbr. 

Environmental occurrence data in English and Welsh waters Environmental occurrence data reported 

in International waters EA/NRW monitoring data Scientific Literature 

Environmental waters 
Environmental 

waters 

Treated drinking 

water 
Environmental waters 

Treated 

drinking water 

Chlorinated 

phosphate tri-ester 

tris(2-chloroethyl) phosphate TCEP ✓   ✓ ✓ 

tris(2-chloroiso-propyl) phosphate 

TCIPP+, 

TCPP or 

TCIPP 

✓ ✓  ✓ ✓ 

tris(1,3-dichloro-2-propyl) phosphate 

TDCP, 

TDCPP or 

TDCIPP 

✓   ✓ ✓ 

tetrakis (2-chloroethyl) dichloroisopentyl 

diphosphate 
V6    ✓  

Brominated 

phosphate tri-ester 
tris(2,3-dibromopropyl) phosphate TDBPP    ✓ ✓ 

Alkyl phosphate tri-

ester 

triethyl phosphate TEP ✓   ✓ ✓ 

tri-n-butyl phosphate TNBP ✓   ✓ ✓ 

tris(2-butoxyethyl) phosphate TBOEP ✓   ✓ ✓ 

triisobutyl phosphate TiBP    ✓ ✓ 

tri(2-ethylhexyl) phosphate TEHP    ✓ ✓ 

trimethyl phosphate TMP     ✓ 

Alkyl phosphate di-

ester 

bis(2-ethylhexyl) phosphate BEHP      

dibutyl phosphate DNBP    ✓ ✓ 

diisobutyl phosphate DiBP      

Aryl phosphate tri-

ester 

isopropylated phenyl phosphate IPP      

tris(3,5-xylyl) phosphate TDMPP ✓   ✓ ✓ 

tri-m-cresyl phosphate 
TMPP or 

TCP 
   ✓ ✓ 

triphenyl phosphate TPhP ✓ ✓  ✓ ✓ 
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Chemical group Substance Abbr. 

Environmental occurrence data in English and Welsh waters Environmental occurrence data reported 

in International waters EA/NRW monitoring data Scientific Literature 

Environmental waters 
Environmental 

waters 

Treated drinking 

water 
Environmental waters 

Treated 

drinking water 

2-ethylhexyl diphenyl phosphate EHDPP ✓   ✓ ✓ 

isodecyl diphenyl phosphate IDDP ✓   ✓  

triphenyl phosphine oxide TPPO ✓   ✓ ✓ 

Oligomeric 

phosphate tri-ester 

resorcinol bis (diphenyl phosphate)   RDP    ✓  

bisphenol A bis (diphenyl phosphate) BDP    ✓  
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 ENVIRONMENTAL MONITORING DATA IN ENGLAND AND WALES 

 Environment Agency water quality monitoring data, GC-MS, and LC-MS semi-quantitative 

screen.  

The Environment Agency uses a targeted, semi-quantitative screening gas chromatography – mass 

spectrometry (GC-MS) and liquid chromatography-mass spectrometry (LC-MS) method to analyse English 

surface water, groundwater, and saline water samples. The method is used to collect environmental 

occurrence data for a broad range of substances and the data used as part of the Environment Agency’s 

Prioritisation and Early Warning System for the identification of emerging contaminants. 

Data on environmental occurrence of the substances of interest in fresh surface waters and groundwater were 

accessed through the open data portal on gov.uk and downloaded on 21/12/2021. Data collected are reported 

by the Environment Agency as a concentration (typically micro grammes per litre, µg/L) but are semi-

quantitative and the numeric concentration values should be treated as indicative only. 

Sampling and analysis commenced in 2007 but some sites have only very limited sampling over that time. For 

example, groundwater sites are sampled on a three year rolling programme. The temporal and spatial sampling 

frequency varies significantly between substances. Consequently, summary data for each substance detected 

have been aggregated nationally and reported as a range (minimum to maximum) plus an average value for 

all data between 2014 to 2021 (see Appendix 5). Summary statistics for sampling between 2018 to 2021 in 

England are reported in Table 8. Values reported as less than the limit of detection (LOD) have been treated 

as a value half the LOD when calculating an average. This is a standard approach to treatment of data, but 

may lead to an overestimation of average concentration, and the numeric values should be treated cautiously.  

The most recent data from 2018 to 2021 are reported separately for surface water, and groundwater in Table 

8 and Table 9 respectively. Whilst saline waters are not a drinking water source, reported occurrence data 

have also been collated for saline waters and included for completeness in Appendix 5. Samples clearly 

associated with waste sites, effluent or pollution incidents have been excluded from the analysis. Data reported 

as a total load on a passive monitoring device such as semi-permeable membrane device (SPMD) or Polar 

Organic Chemical Integrative Sampler (POCIS) have been excluded as we are unable to derive a 

concentration in water from the raw data available. Sample purpose codes and sampling point descriptors 

used to identify relevant data are listed in Appendix 6. 

The number of sites and samples collected varies significantly between substances. For example, for TCEP 

397 sites have been sampled between 2011 and 2021, with a total of over 5,000 samples analysed. Triphenyl 

phosphate has been sampled at 416 sites providing over 2,000 samples, whilst triethyl phosphate has been 

reported at only 9 sites. Unfortunately, the way the data are reported does not permit a frequency of detection 

to be calculated. 

The substances TCEP, TDCPP, TPhP have been sampled for most frequently between 2018 and 2021 (more 

than 1,000 samples in surface waters and more than 100 samples in groundwater). TNBP is also frequently 

sampled for in both surface waters (n=569) and groundwaters (n=12).  

There are no data for the alkyl phosphate di-esters BEHP, DNBP and DiBP, nor the oligomeric phosphate tri-

esters RDP and BDP in English and Welsh environmental waters.  

Tris(2-chloroiso-propyl) phosphate (TCIPP) has been reported at the highest average concentrations in 

surface water in England (2018-2021), at 0.51 µg/L (n=212) as part of the Environment Agency’s targeted 

screening monitoring programme. TCIPP was not sampled for between the years of 2018 to 2021, however, 

prior to this reported concentrations were high at 3.1 µg/L (n=6). TCIPP was also sampled for most frequently 

in saline water samples as part of the same monitoring programme. Except for TCIPP, average measured 

concentrations of all other monitored OPFRs in surface water and groundwater samples in England and Wales 

were sub-microgramme per litre.  

Triphenyl phosphate (TPhP) has also been found in surface water at relatively high concentrations with an 

average concentration in surface waters of 0.91µg/L. Between 2018 and 2021, there have been positive 

detections of TPhP at 314 surface water sites, with 1,058 detections ranging from 0.003µg/L to 3.7µg/L; the 

highest reported maximum concentration of all the OPFRs scanned for. TPhP was also detected in 260 

groundwater samples between 2018 and 2021 at an average concentration of 0.84µg/L.  
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Other chlorinated phosphate tri-esters, tris(2-chloroethyl) phosphate (TCEP) and tris(1,3-dichloro-2-propyl) 

phosphate (TDCPP) have both been detected in more than 3,000 surface water samples, as well as more than 

100 groundwater samples since 2018 in similar concentrations. Concentrations have been reported at an 

average of below 0.1µg/L in surface water and between 0.1 and 0.3µg/L in groundwater. The range of 

measured concentrations reported for these two OPFRS has a maximum concentration of TCEP in 

groundwater of 12µg/L and 4.6µg/L in surface water.   

Triphenyl phosphine oxide (TPPO) also has a relatively high maximum concentration reported in surface water 

(15µg/L) and groundwater (16µg/L) sampled from 2018 in England. Despite this, the average concentration of 

TPPO detected in more than 400 samples collectively is much lower with an average surface water 

concentration across 412 sites of 0.23µg/L and 1.32µg/L for groundwater samples (number of groundwater 

sites sampled unknown as sample site details are redacted). 

The aryl phosphate tri-ester isodecyl diphenyl phosphate (IDDP) has not been reported in surface water 

samples in England, and was only detected in one groundwater sample in 2014 at a concentration of 0.02µg/L. 

Alkyl phosphate tri-esters (triethyl phosphate (TEP), tri-n-butyl phosphate (TNBP) and tris(2-butoxyethyl) 

phosphate (TBOEP) were also sampled for as part of the monitoring programme in surface waters and 

groundwaters. TNBP was detected in 569 surface water samples and 12 groundwater samples between 2018 

and 2021, in concentrations below 0.1µg/L. TEP was only detected in a select few surface water samples and 

was not measured in groundwater samples.  

Occurrence of tris(3,5-xylyl) phosphate (TDMPP) was only noted in two surface water samples and one 

groundwater sample between 2018 to 2019. The reported average concentration was the lowest of the OPFRs 

scanned for (0.04µg/L). 2-ethylhexyl diphenyl phosphate (EHDPP) was detected in more surface water and 

groundwater samples than TDMPP but with lower average concentrations (0.23µg/L and 0.11µg/L). 

As noted at the start of this section, data collected as part of the Environment Agency’s LC-MS/GC-MS targeted 

screening programme are semi-quantitative. Although a concentration is reported, the value should be treated 

cautiously and as an indicative value only. 

 Environment Agency Water Quality Archive data (WIMS) 

The Environment Agency’s Water Quality Archive (WIMS) contains fully quantitative water quality 

measurements from 2011 to 2021. Rivers, lakes, ponds, canals, coastal or estuarine waters and groundwater 

are sampled. Samples are taken for several purposes including compliance against discharge permits, 

investigation of pollution incidents and other statutory environmental monitoring requirements for example, 

Water Framework Directive Regulations.  

Data on the environmental occurrence of the substances of interest in fresh surface waters and groundwater 

were accessed through the open data portal on gov.uk and downloaded on 17/12/2021 and 20/12/2021. 

Samples clearly associated with waste sites, effluent or pollution incidents have been excluded from our data 

analysis.  

CAS numbers are not included as a data field in the Environment Agency’s WIMS publicly available dataset, 

making it harder to identify all relevant samples. We have tried to minimise the risk of missing relevant data as 

far as practicable by searching for different synonyms for each substance. The search did not yield any data 

as standard reporting consists of only ‘orthophosphate’ and ‘phosphate’, not allowing for details of specific 

substances to be easily found.  

Data was very limited. TCEP and TCIPP have been measured in in 131 samples of final sewage effluent from 

a single site. Both substances have been below the limit of detection (LOD,1µg/L) in samples collected since 

2014. Neither substance is currently manufactured in and/or imported to the European economic area 

according to data reported to the publicly available ECHA database. TCEP is also restricted under the REACH 

regulation (Annex XIV Authorisation list of REACH) for its suspected carcinogenic and toxic properties, with a 

sunset date of 2015.  

 National Resources Wales. National non-target screening monitoring data 

Data collected as part the national non-target screening campaign in Welsh rivers by National Resources 

Wales (NRW) were interrogated. Surface waters have been sampled at 12 locations across Wales using 

passive samplers – either Chemcatcher or silicon rubber (SRM) deployed every two weeks. 
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The data were compiled in September 2021, from 141 SRM deployed up to February 2021, and 370 CC 

deployed up to December 2020. Data are reported as presence/absence only here. Data are summarised as 

presence/absence, as well as detection frequencies where possible, in Table 10. Only those substances 

targeted as part of the analysis are reported. 

TCEP, TDCPP, tri-m-cresyl phosphate (TMPP), TPhP, EHDPP and TPPO were all scanned for as part of the 

programme, with all but TPPO detected. TDCPP was detected in the highest frequency (19.2%), closely 

followed by TPhP (17.7%) and EHDPP (10.6%). TMPP and TCEP were detected at lower frequencies (5% 

and 0.7% respectively) in a smaller number of sites.
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Table 8: Summary of OPFR substances detected in freshwaters (2018 – 2020; Environment Agency targeted scan data) 

Substance Abbr. CAS 
No. of 
sites 

No. of 
samples 

Date range 
Min conc. 

(µg/L) 
Max conc. 

(µg/L) 
Average conc. 

(µg/L) 

tris(2-chloroethyl) 
phosphate 

TCEP 115-96-8 251 1,734 2018-2021 0.01 4.6 0.08 

tris(2-chloroiso-propyl) 
phosphate 

TCIPP+, 
TCPP or 
TCIPP 

13674-84-5, 
6145-73-9 

82 212 2019-2021 0.03 32 0.51 

tris(1,3-dichloro-2-propyl) 
phosphate 

TDCP, 
TDCPP 

or 
TDCIPP 

13674-87-8 222 1,553 2018-2021 0.003 1.3 0.04 

triethyl phosphate TEP 78-40-0 7 8 2019-2021 0.01 0.16 0.04 

tri-n-butyl phosphate TNBP 126-73-8 90 569 2018-2021 0.005 2.5 0.08 

tris(2-butoxyethyl) 
phosphate 

TBOEP 78-51-3 1 2 2019 0.05 0.39 0.22 

tris(3,5-xylyl) phosphate TDMPP 
25155-23-1, 
25653-16-1 

2 2 2018-2019 0.0055 0.07 0.04 

triphenyl phosphate TPhP 115-86-6 314 1,058 2018-2021 0.0034 851 0.91 

2-ethylhexyl diphenyl 
phosphate 

EHDPP 1241-94-7 113 195 2018-2021 0.0015 2.3 0.23 

isodecyl diphenyl 
phosphate 

IDDP 29761-21-5 - - - - - - 

triphenyl phosphine oxide TPPO 791-28-6 95 412 2018-2021 0.007 15 0.23 

 

 

 

 

 

1 Two results have been removed as entered in g/l units providing results of 333,000µg/L & 380,000µg/L 
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Table 9: Summary of OPFR substances detected in groundwater (2018 – 2020; Environment Agency targeted scan data) 

Substance Abbr. CAS No. of sites No. of samples Date range 
Min conc. 

(µg/L) 
Max conc. 

(µg/L) 
Average conc. 

(µg/L) 

tris(2-chloroethyl) 
phosphate 

TCEP 115-96-8 1 63 2018-2020 0.02 12 0.29 

tris(2-chloroiso-propyl) 
phosphate 

TCIPP+, TCPP or 
TCIPP 

13674-84-5, 
6145-73-9 

- - - - - - 

tris(1,3-dichloro-2-propyl) 
phosphate 

TDCP, TDCPP or 
TDCIPP 

13674-87-8 1 54 2018-2020 0.007 2.6 0.10 

triethyl phosphate TEP 78-40-0 - - - - - - 

tri-n-butyl phosphate TNBP 126-73-8 1 12 2018-2020 0.004 0.219 0.03 

tris(2-butoxyethyl) 
phosphate 

TBOEP 78-51-3 - - - - - - 

tris(3,5-xylyl) phosphate TDMPP 
25155-23-1, 
25653-16-1 

- - - - - - 

triphenyl phosphate TPhP 115-86-6 1 260 2018-2020 0.02 7.22 0.84 

2-ethylhexyl diphenyl 
phosphate 

EHDPP 1241-94-7 1 78 2018-2020 0.003 1.4 0.11 

isodecyl diphenyl 
phosphate 

IDDP 29761-21-5 - - - - - - 

triphenyl phosphine oxide TPPO 791-28-6 1 14 2018-2019 0.015 16 1.32 

 

 

2 One result has been removed as entered in g/l units providing results of 344,000µg/L 
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Table 10: National Resources Wales, non-target river water screening data compiled September 2021 

Substance Abbr. CAS Detected 
Number 

of sites 

Total 

detections 

Detection 

frequency 

 (% total 

samples) 

tris(2-chloroethyl) phosphate TCEP 
115-

96-8 
Y 1 1 0.7 

tris(1,3-dichloro-2-propyl) phosphate 
TDCPP or 

TDCIPP or TDCP 

13674-

87-8 
Y 4 27 19.1 

tri-m-cresyl phosphate TMPP or TCP 
1330-

78-5 
Y 2 7 5.0 

triphenyl phosphate TPhP 
115-

86-6 
Y 10 25 17.7 

2-ethylhexyl diphenyl phosphate EHDPP 
1241-

94-7 
Y 5 15 10.6 

triphenyl phosphine oxide TPPO 
791-

28-6 
N    
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 LITERATURE SEARCH 

A comprehensive search of the scientific and grey literature was carried out to compile any further evidence 

on the occurrence of OPFR substances in environmental waters and treated drinking waters in England and 

Wales. In this report, we use the term environmental waters to cover any surface and groundwaters sampled 

and for which detections of the substances of interest are reported. The samples and waterbodies are not 

necessarily associated with abstraction points for drinking water supply.  

To ensure transparency and minimise bias in evidence collation for this objective, the Quick Scoping Review 

(QSR) methodology was adopted. This involved 3 steps: (i) definition of the primary question, search terms 

and scope, (ii) carrying out the search and (iii) peer review of the search outcome. Search terms and criteria 

for inclusion/exclusion of search results are provided in Appendix 1 together with a summary of the QSR 

outcome.  

The bibliographic databases PubMed and Science Direct were accessed and searched in March 2022. The 

scientific papers on PubMed were searched using the USEPA Abstract Sifter (v6.1), a Microsoft Excel based 

application that enhances searching capabilities by allowing users to effectively search, triage and track articles 

of interest (Baker, Knudsen, and Williams, 2017). In Science Direct, only the first 300 search results were 

reviewed since no relevant hits were being returned after the first 100 titles. 

The search included scientific journals published from 2000 onwards., Due to the limited quantity of relevant 

data returned by the search, journals with data sampled pre-2000 but published post-2000 were also included 

in the search results.  

To ensure a comprehensive search, multiple search identifiers including chemical names, CAS number, EC 

number and other synonyms were used. Monitoring data found for England and Wales was very limited, 

therefore the search was extended to a broader geographic scale and included the rest of the world.  

As illustrated in Table 7, no occurrences, of TMP, DiBP, BEHP and IPP were reported in the scientific literature 

data for. 

 Data for England and Wales reported in the scientific literature 

Reports of occurrence of OPFRs in environmental waters in England and Wales in the scientific literature are 

summarised in Table 11. Data were very limited with only one study reporting two substances -TCIPP and 

TPhP. The study sampled the River Aire in 2011, a major river in Yorkshire, UK, which historically has been 

highly affected by anthropogenic activity in the area. Concentrations of TCIPP and TPhP were reported up to 

26.05 and 0.022 µg/L respectively (Cristale et al., 2013b). 

There were no other reports of OPFR substances in the scientific literature in English and Welsh environmental 

waters, nor treated drinking water.  

 Occurrence data reported in international sampling studies 

Due to the lack of occurrence data present in the literature for the OPFR substances of interest in England 

and Wales, the scope of the literature search was extended geographically to include anywhere outside of 

England and Wales. These data are reported in Table 12 below. In contrast to Section 3.1, the limited 

quantity of occurrence data reported has led to any samples identified by study authors as associated with 

waste sites, effluent, or pollution incidents being included in our data analysis. These sites are highlighted in 

bold.  

Much of the literature covers the occurrence of TCEP, TCIPP, TDCPP, TNBP and TPhP. Environmental 

monitoring for OPFR substances in environmental and treated drinking waters has been heavily concentrated 

in Asia, more specifically China, with some data from European countries.  

Occurrences of OPFRs in treated drinking water have been reported in the literature, with a handful of 

papers that have extensively reviewed the presence in Chinese samples (Chen and Ma, 2021). These 

occurrences are discussed further in Chapter 4.   
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Table 11: Summary of OPFR substances detected in surface water sources in England and Wales reported in literature. 

Chemical group Substance Location Media 
Sampling Date 

Range 
Conc. Range 

reported (ng/L) 
Conc. Average 
reported (ng/L) 

Reference 

Chlorinated phosphate tri-
ester 

TCIPP+, 
TCPP or 
TCIPP 

England (River Aire) Surface water 2011 113 – 26050 6040 (Cristale et al., 2013b) 

Aryl phosphate tri-ester TPhP England (River Aire) Surface water 2011 6.3 - 22  (Cristale et al., 2013b) 

 

 Table 12: Summary of OPFR substances detected in surface water and groundwater sources reported in literature. 

Chemical 
group 

Substance Location Media Sampling Date Range 
Conc. Range reported 

(ng/L) 
Reference 

Chlorinated 
phosphate 

tri-ester 

TCEP 

China 

Surface water 

2013 - 2019 < LOD - 5698 
(Chokwe et al., 2020; Hou et al., 2019; Lian et al., 2021; Niu et al., 

2019; Shi et al., 2016; Wang, Liu & Yin, 2011) 

South Africa 2017 n.d. – 235  (Chokwe & Mporetji, 2019) 

Sydney, Australia  116 (Teo et al., 2015) 

France 2017 - 2018 10.8 (Schmidt et al., 2020) 

Austria 2005 51 (Martinez-Carballo et al., 2007) 

Germany 2010 23 (Bollmann et al., 2012) 

Spain 2012 n.d. – 7.6 (Cristale et al., 2013a) 

U.S. 2018 26.9 (Li, Wang & Kannan, 2019) 

TCIPP+, 
TCPP or 
TCIPP 

Spain 

Groundwater3 

2008 - 2010 1 - 132 (Cabeza et al., 2012) 

Arizona  ≤ 1000 (Wilson & Jones-Lepp, 2013) 

Germany  191 (Regnery et al., 2011) 

South Africa 

Surface water 

2017 n.d. - 566 (Chokwe & Mporetji, 2019) 

Austria 2005 89 (Martinez-Carballo et al., 2007) 

France 2017 - 2018 98.2 (Schmidt et al., 2020) 

 

3 All associated with pollution events 
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Chemical 
group 

Substance Location Media Sampling Date Range 
Conc. Range reported 

(ng/L) 
Reference 

Germany 2010 146 (Bollmann et al., 2012) 

Spain 2012 n.d. - 31 (Cristale et al., 2013a) 

TDCP, 
TDCPP or 
TDCIPP 

Southern 
California 

Surface water 

 1.4 x 103 (Maruya et al., 2016; Wang et al., 2020) 

South Africa 2017 116 (Chokwe & Mporetji, 2019) 

Sydney, Australia  26 (Teo et al., 2015) 

Austria 2005 13.7  (Martinez-Carballo et al., 2007) 

France 2017 - 2018 5.4 (Schmidt et al., 2020) 

Germany 2013 155 ± 144 (Wolschke et al., 2015) 

V6 
Collated from 

various countries 
around the world 

Surface water  n.d. - 200 Cited by (Yao, Yang & Li, 2021) 

Brominated 
phosphate 

tri-ester 
TDBPP South Africa Surface water 2017 n.d. - 664 (Chokwe & Mporetji, 2019) 

Alkyl 
phosphate 

tri-ester 

TEP China  Surface water 2013 - 2017 < LOD - 2072 (Hou et al., 2019; Niu et al., 2019; Shi et al., 2016) 

TNBP 

China 

Surface water 

2013 - 2018 < LOD - 384 
(Shi et al., 2016; Wang et al., 2011; Xu et al., 2021; Yin et al., 2022; 

Zhong et al., 2021) 

Canada 2014 n.d. - 30 (Ma et al., 2021) 

Germany 2007 - 2009 17 - 32 (Regnery & Puttmann, 2010) 

 
Surface water 

2015 2.88 - 829 (Lee et al., 2018) 

Greece 2019 - 2020 < LOD - 11418 (Pantelaki & Voutsa, 2021) 

TiBP 

Greece 

Surface water 

2013 73 ± 245 (Wolschke et al., 2015) 

Germany 2010 34 (Bollmann et al., 2012) 

France 2017 - 2018 7.1 (Schmidt et al., 2020) 

TEHP 
Collated from 

various countries 
around the world 

Surface water  n.d. – 59.4 Cited by (Yao, Yang & Li, 2021) 

 

4 Associated with flood event - water discharge 5.5 times higher than 'normal' conditions 
5 Associated with flood event - water discharge 5.5 times higher than 'normal' conditions 
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Chemical 
group 

Substance Location Media Sampling Date Range 
Conc. Range reported 

(ng/L) 
Reference 

Spain 2012 1 (Cristale et al., 2013a) 

Alkyl 
phosphate 

di-ester 
DNBP China Surface water 2017 - 2018 < LOD – 6.32 (Xu et al., 2021) 

Aryl 
phosphate 

tri-ester 

TDMPP China Surface water 2014 19.88 – 257.9 (Hu et al., 2014) 

TMPP or 
TCP 

China Surface water 2018 n.d. – 3.97 (Zhong et al., 2021) 

TPhP 

China 

Surface water 

2013 - 2019 < LOD – 97.1 
(Chokwe et al., 2020; Shi et al., 2016; van der Veen & de Boer, 2012; 

Xing et al., 2020; Zhong et al., 2021) 

Germany 2005 ≤ 40 (Martinez-Carballo et al., 2007) 

Italy  11 - 165 (Bacaloni et al., 2007) 

EHDPP 

Collated from 
various countries 
around the world 

Surface water 

 n.d. – 94.8 Cited by (Yao, Yang & Li, 2021) 

France 2017 - 2018 2.8 (Schmidt et al., 2020) 

Germany  0.72 (Andreson & Bester, 2006) 

IDDP 
Collated from 

various countries 
around the world 

Surface water  n.d. – 7.7 Cited by (Yao, Yang & Li, 2021) 

TPPO China Surface water 2013 - 2016 < LOD - 5852 (Wang et al., 2015; Zhong et al., 2017; Zhong et al., 2020) 

 

https://doi.org/10.1016/j.envpol.2021.117031


 

 

Ricardo   Issue 1    31st May 2022  Page | 39 

 Halogenated phosphate tri-esters – occurrence in international waters 

Halogenated OPFRs are not only the most studied and reported group of OPFRs in environmental waters, but 

based on available evidence, are present in the highest concentrations, most likely due to their extensive past 

and present uses.  

The occurrence of the halogenated phosphate tri-esters TCEP, TCIPP and TDCPP in environmental water 

samples collected internationally has been widely documented (e.g., Bollmann et al., 2012, Chokwe and 

Mporetji, 2019 and Cristale et al., 2013a). Historically, halogenated OPFRs have been extensively used in 

polyurethane foams in a wide variety of consumer items, some in high supply tonnages. The chlorinated 

OPFRs TCEP and TCIPP and the brominated OPFR tris(2,3-dibromopropyl) phosphate (TDBPP) are no longer 

used, owing to their harmful impacts to human health. There are restrictions on manufacture and supply under 

EU REACH for TCEP and TDBPP. However other substances remain in use in Europe and the UK, apparently 

in significant quantities according to REACH registration tonnages bands. For example, TDCPP and tetrakis 

(2-chloroethyl) dichloroisopentyl diphosphate (V6) have current REACH registrations at between 1,000 and 

10,000 tonnes per annum and 100 to 1,000 tonnes per annum respectively.   

TCEP has been detected in surface waters from European countries (France, Austria, Germany, and Spain) 

in average concentrations ranging from 0 to 51ng/L (Bollmann et al., 2012; Cristale et al., 2013a; Martinez-

Carballo et al., 2007; Schmidt et al., 2020). Similar concentrations (27ng/L) have been reported in the United 

States (U.S.) (Li, Wang & Kannan, 2019). Concentrations of TCEP reported in surface waters in South Africa 

and Australia are slightly higher, ranging between 0 and 235ng/L in South Africa and an average of 116ng/L 

in Sydney, Australia (Chokwe & Mporetji, 2019; Teo et al., 2015). 

TCIPP has been reported in both groundwater and surface waters in international monitoring studies. 

Concentrations of TCIPP in groundwaters of Spain, Arizona, and Germany have been reported from 1 to 

1,000ng/L, however, all reported concentrations are associated with pollution events including landfill leachate 

run-off and tertiary treated wastewater injection (Cabeza et al., 2012; Regnery et al., 2011; Wilson et al., 2013).  

The presence of TCIPP in surface water samples at concentrations less than or equal to 146ng/L has been 

reported in several European studies from Germany, Austria, Spain, and France (Bollmann et al., 2012; 

Cristale et al., 2013a; Martinez-Carballo et al., 2007; Schmidt et al., 2020). Concentrations in South Africa are 

notably higher, from 0 to 566 ng/L (Chokwe & Mporetji, 2019).  

Lower concentrations of TDCPP, up to an average of 116ng/L, have been reported in surface waters from 

South Africa, Australia, Austria, and France (Chokwe & Mporetji, 2019; Martinez-Carballo et al., 2007; Schmidt 

et al., 2020; Teo et al., 2015). A much higher presence of TDCPP was detected in surface water sampled from 

Southern California, averaging a concentration of 1,400ng/L (Maruya et al., 2016; Wang et al., 2020). TDCPP 

has also been detected in German surface water samples at approximately 155ng/L, however samples taken 

were associated with a flooding event in which water discharge was 5.5 times higher than the ‘normal’ 

conditions, therefore, according to the authors, the reported values cannot be deemed representative 

(Wolschke et al., 2015).  

Occurrences of the halogenated OPFRs, V6 and TDBPP in environmental waters, are less heavily reported in 

the wider scientific literature. Yao, Yang and Li (2021) collated evidence of V6 in surface waters from various 

countries around the world and concluded that V6 is present in concentrations ranging from 0 to 200 ng/L. 

South African surface waters were sampled for TDBPP in 2017. Concentrations between 0 and 664ng/L were 

reported (Chokwe & Mporetji, 2019).  

 Non-halogenated phosphate tri-esters  

The alkyl phosphate tri-esters TEP, TNBP, TBOEP, triisobutyl phosphate (TiBP), tri(2-ethylhexyl) phosphate 

(TEHP) and TMP are used in a wide range of applications, predominantly as plasticisers (van der Veen and 

de Boer, 2012). They are registered under the REACH regulation in high quantities (less than or equal to 

100,000 tonnes per annum). There are no current restrictions on the supply or use of these substances in the 

EU under REACH or the UK under UK REACH.  

There are fewer reports of occurrence of these substances in environmental waters compared to the 

chlorinated OPFRs described above in Section 3.2.2.1. There are a few reports of detections in surface waters 

in Germany, France, and Spain for TNBP, TiBP and TEHP in concentrations ranging from 1ng/L to 34 ng/L 

(Bollmann et al., 2012; Cristale et al., 2013a; Regnery and Puttmann, 2010; Schmidt et al., 2020). Occurrences 

of TBOEP and TiBP have also been reported in Greek surface waters. Notably, TBOEP in surface water 
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sampled between 2019 and 2020 has been reported in concentrations up to 11,418ng/L (Pantelaki and Voutsa, 

2021).  

Relatively high concentrations of TEP (up to 2072ng/L),TNBP (up to 383ng/L) and TBOEP (up to 829ng/L) 

have been reported in surface waters sampled in China and Korea (Hou et al., 2019; Lee et al., 2018; Niu et 

al., 2019; Shi et al., 2016; Wang et al., 2011; Xu et al., 2021; Yin et al., 2022; Zhong et al., 2021). Other reports 

of occurrences are from Canada (0 to 30ng/L) and a review of various countries around the world (0-59.4ng/L) 

(Ma et al., 2021; Yao, Yang and Li, 2021).  

There have been no reported occurrences of TMP in the wider scientific literature in environmental waters. 

Similarly, there are no reported detections of the alkyl phosphate di-esters BEHP and DiBP in surface or 

groundwaters. Alkyl phosphate di-esters may occur in the environment as metabolic products of their parent 

phosphate tri-esters substances. They are also manufactured for use in plastics, metal extraction processes 

and as surfactants (Bastiaensen et al., 2021; Chokwe et al., 2020; ECHA, 2021; Hou et al., 2016; Hou et al., 

2019; Li et al., 2020; Liu et al., 2021; Wang et al., 2019; Wang et al., 2020; Xu et al., 2021). The presence of 

dibutyl phosphate (DNBP) has been reported in surface waters in China in relatively low concentrations ranging 

from 0 to 6ng/L (Xu et al., 2021). BEHP has however been detected in indoor and outdoor dusts from China 

at detected concentrations of 75 ng/g dry weight (dw) and 32 ng/g dw respectively (Wang et al., 2020). 

Monitoring data for the aryl phosphate di-esters TDMPP, TMPP, TPhP, EHDPP, IDDP, and TPPO in surface 

waters has been mainly focused in China, with relatively few European studies. There are no recent reports of 

IPP in international environmental waters, despite its REACH registration indicating it is supplied and used in 

high volumes (1 000 and 10 000 tonnes per annum). A 2009 Environment Agency report noted occurrences 

of IPP pre-2000 in water samples from Japan and the US (Brooke et al., 2009c). 

Concentrations of TDMPP, TPhP and TPPO in Chinese surface waters are all relatively high, with maximum 

concentrations of 257.9ng/L, 97.1ng/L and 5852ng/L respectively (Chokwe et al., 2020; Hu et al., 2014; Shi et 

al., 2016; van der Veen & de Boer, 2012; Wang et al., 2015; Xing et al., 2020; Zhong et al., 2017; Zhong et 

al., 2020; Zhong et al., 2021). In contrast, the amount of TMPP detected in Chinese surface waters was lower, 

ranging from 0 to 3.97ng/L (Zhong et al., 2021). 

EHDPP has been reported in both German and French surface waters with average concentrations of 0.72ng/L 

and 2.8ng/L respectively (Andreson and Bester, 2006; Schmidt et al., 2020). EHDPP is registered under 

REACH at a tonnage band of between 1 000 and 10 000 tonnes per annum. Reported environmental 

concentrations are lower than other OPFRs registered at lower tonnage bands. For example, TPhP is 

registered under REACH tonnage band (≥ 1,000) but reported environmental occurrences in Germany and 

Italy of up to 165ng/L (Bacaloni et al., 2007; Martinez-Carballo et al., 2007). A review by Yao et al. (2021) also 

summarised occurrences of EHDPP and IDDP from various countries around the world and reported maximum 

concentrations of 94.8ng/L and 7.7ng/L respectively.  

Monitoring data for the oligomeric phosphate tri-ester substances, resorcinol bis (diphenyl phosphate) (RDP) 

and bisphenol A bis (diphenyl phosphate) (BDP) are limited to one study by Zhong et al. (2021) in which 

surface water was sampled from China, resulting in detections of concentrations ranging from 0 to 9.3 ng/L 

and 21.8ng/L respectively.  

 

 

 

 

https://doi.org/10.1016/j.envpol.2021.117031
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 OCCURRENCE IN DRINKING WATER AND FATE THROUGH 

DRINKING WATER TREATMENT PROCESSES 

KEY POINTS 

• Data on occurrence of OPFRs in drinking water samples are very limited and not available for many 

of the substances (7 out of 23 substances). 

• There are significant data on removal through water treatment for some of the OPFRs of interest while 

13 out of 23 substances have no reported data on removal. 

• Removal of OPFRs through conventional water treatment is limited due to the uncharged, persistent 

nature of the substances. However, many can be effectively removed through advanced treatment, 

particularly with GAC. 

• Data gathered to determine removal of the OPFRs of interest through four different water treatment 

scenarios was collated and used to estimate indicative levels of OPFRs in drinking water in England 

and Wales. 

• The indicative values have limitations and should be used cautiously but in the absence of field data 

provide a useful estimation of likely OPFR concentrations in treated drinking water. 

• The indicative values produced via modelling are comparable with the reported literature data, 

although it is recognised that the ranges reported are very wide in some cases.  
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A comprehensive search of the scientific and grey literature was carried out to compile evidence on the 

occurrence of OPFR substances in treated drinking waters as well as information on removal by water 

treatment processes. The search was not limited to England and Wales to maximise the information available.   

To ensure transparency and minimise bias in evidence collation for this objective, the Quick Scoping Review 

(QSR) methodology was adopted. This involved definition of search terms and scope, carrying out the search 

and tabulation of the results. Search terms and criteria for inclusion/exclusion of search results are provided 

in Appendix 7 together with a summary of the QSR outcome.  

The bibliographic databases PubMed and Science Direct were accessed and searched in March and April 

2022. The papers on PubMed were searched using the USEPA Abstract Sifter v6.1 as described in section 

3.2. In Science Direct, where there were more than 300 search results, only the first 300 search results were 

reviewed since very few relevant hits were being returned after the first 100 titles. The search was not limited 

to a particular date range. To ensure a comprehensive search, multiple search identifiers including chemical 

names, abbreviations and other synonyms were used.  

 LITERATURE DATA  

Due to the lack of occurrence data present in the literature for the concentration of OPFRs in drinking water in 

England and Wales, the literature search was extended to included reported occurrences anywhere in the 

world. Similar to environmental monitoring (Chapter 3), drinking water sampling for OPFR substances has 

been heavily concentrated in China with a number of studies also taking place in the USA. In other places the 

effort is less focused with a few studies reported in Europe and South and East Asia. 

Of the 23 OPFRs of interest, the focus of monitoring effort has been on TCEP, TCIPP, TDCPP, TNBP and 

TBOEP. There is also significant amount of data for TEP, TEHP, EHDPP and TPhP with less data reported 

for TiBP, TDBPP, TPPO, TMP, TMPP, BDP and DNBP. There are no data reported for IPP, V6, BEHP, 

TDMPP, IDDP, DiBP and RDP. All reported studies are included in Appendix 8. 

Concentrations reported are wide ranging with very high levels observed where it is likely that contamination 

events have occurred. For example, Lee et al., 2016, reported up to 1400 ng/L for TCPP and TCEP in South 

Korea while Liu et al., 2019 reported 1300 ng/L for TnBP and 970 ng/L for TEP in China. All other reported 

values for the OPFRs of interest are ≤510 ng/L in drinking waters (Table 13). The use of these OPFRs and 

their occurrence in surface waters is described in detail in Chapter 3.
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Table 13: Summary of OPFR substances detected in drinking water sources around the world reported in literature (concentrations reported in ng/l) 

Chemical 
group 

Substance Location Media Sampling Date Range 
Conc. Range reported 

(ng/L) 
Reference 

Chlorinated 
phosphate 

tri-ester 

TCEP 

China 

Drinking water, 

Bottled water, 

Tap water, 

Filtered drinking 
water,  

Well water,  

Barrelled water, 
Final water, 

Potable water, 
Drinking water well 

Sampling Date Range 
Conc. Range reported 

(ng/L) 
Reference 

Pakistan 2012 – 2019 n.d.-258 
Li et al., 2020, Han et al., 2019, Tröger et al., 2021, Ding et al., 2015, Li 
et al., 2019, Ren et al., 2020, Li et al., 2014, Liu et al., 2019, Zhang et 

al., 2019 

Spain 2014 n.d.-69  Khan et al., 2016 

Germany 2008-2013 1.58-199.6 
Valcarcel et al., 2018, Rodil et al., 2012, Cristale et al., 2012, Rodil et 

al., 2009 

Netherlands NR 1.2 (mean) Andresen & Bester, 2006 

Korea NR 5.42 (mean) Tröger et al., 2021 

Japan 2014-2019 <0.7-1400 Sim et al., 2021, Park et al., 2018, Lee et al., 2016 

U.S. NR 19.01 (mean) Tröger et al., 2021 

TCIPP+, 
TCPP or 
TCIPP 

China 
Bottled water, 

Tap water, 

Filtered drinking 
water,  

Well water,  

Barrelled water, 
Final water, 

Potable water, 
Drinking water well 

2001-2017 <LOQ-470 
Kim & Kannan, 2018, Bemotti et al., 2009, Stackelberg et al., 2007, 

Stackelberg et al., 2004, Padhye et al., 2014 

Pakistan 2012 – 2018 n.d.-109 
Li et al., 2020, Han et al., 2019, Ding et al., 2015, Li et al., 2019, Li et 

al., 2014, Liu et al., 2019 

Spain 2014 n.d.-86 Khan et al., 2016 

Germany 2008-2013 0-134 
Valcarcel et al., 2018, Rodil et al., 2012, Cristale et al., 2012, Rodil et 

al., 2009 

Korea NR 2.9 (mean) Andresen & Bester, 2006 

U.S. 2014-2019 <1.67-1400 Sim et al., 2021, Park et al., 2018, Lee et al., 2016 

TDCP, 
TDCPP or 
TDCIPP 

China 
Bottled water, 

Tap water, 

Filtered drinking 
water,  

Well water,  

Barrelled water, 
Final water, 

Potable water 

2001-2017 <LOQ-510 
Kim & Kannan, 2018, Bemotti et al., 2009, Stackelberg et al., 2007, 

Stackelberg et al., 2004 

Pakistan 2014 - 2018 n.d.-22.9 
Li et al., 2020, Han et al., 2019, Ding et al., 2015, Li et al., 2019, Liu et 

al., 2019 

Korea 2014 n.d.-64 Khan et al., 2016 

U.S. 2014-2019 n.d.-255 Sim et al., 2021, Park et al., 2018, Lee et al., 2016 

Brominated 
phosphate 

tri-ester 
TDBPP 

China  Tap water, 

Final water 

2001-2017 <LOQ-250 Kim & Kannan, 2018, Stackelberg et al., 2007, Stackelberg et al., 2004 

U.S. 2017 - 2018 n.d.-82.33 Li et al., 2019 
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Chemical 
group 

Substance Location Media Sampling Date Range 
Conc. Range reported 

(ng/L) 
Reference 

Alkyl 
phosphate 

tri-ester 

TEP 

China Drinking water, 
Bottled water, 

Tap water, 

Filtered drinking 
water,  

Well water,  

Barrelled water, 
Final water, 

Drinking water well 

2016-2017 <LOQ-2.35 Kim & Kannan, 2018 

Spain 2014 – 2018 n.d.-970 Ding et al., 2015, Li et al., 2019, Liu et al., 2019, Ren et al., 2020 

Korea 2008 11-25 Rodil et al., 2012, Rodil et al., 2009 

U.S. 2014-2019 n.d.-24 Sim et al., 2021, Park et al., 2018, Lee et al., 2016 

TNBP 

China Drinking water, 
Bottled water, 

Tap water, 

Filtered drinking 
water,  

Well water,  

Barrelled water, 
Final water, 

Drinking water 
well, 

Potable water  

2011-2017 <LOQ-39.9 Kim & Kannan, 2018, Schaider et al., 2016 

Pakistan 2012 – 2018 n.d.-1300 
Li et al., 2020, Han et al., 2019, Ding et al., 2015, Li et al., 2014, Liu et 

al., 2019, Ren et al., 2020 

Spain 2014 n.d.-64 Khan et al., 2016 

Korea 2008 24-121 Rodil et al., 2012, Rodil et al., 2009 

U.S. 2014-2019 0.76-125 Sim et al., 2021, Park et al., 2018, Lee et al., 2016 

TBOEP 

China Drinking water, 
Bottled water, 

Tap water, 

Filtered drinking 
water,  

Well water,  

Barrelled water, 
Final water 

2001-2017 <LOQ-280 Kim & Kannan, 2018, Schaider et al., 2016, Bacaloni et al., 2007 

Spain 2012 – 2018 n.d.-151 
Li et al., 2020, Han et al., 2019, Ding et al., 2015, Li et al., 2014, Ren et 

al., 2020 

Korea 2013 n.d.-22 Valcarcel et al., 2018, Rodil et al., 2009 

U.S. 2014-2019 <2.96-218 Sim et al., 2021, Lee et al., 2016 

TiBP China Tap water 2001-2017 <LOQ-350 Kim & Kannan, 2018, Bacaloni et al., 2007, Stackelberg et al., 2004 

TEHP 

China 

Tap water, 

Final water, 

Potable water 

2018 0.65-25.4 Li et al., 2020, Liu et al., 2019 

Pakistan 2019 0-14.7 Sim et al., 2021, 

Korea 2017 n.d.-58.51 Li et al., 2020, Liu et al., 2019 

U.S. 2014 n.d.-44 Khan et al., 2016 

 TMP China 
Drinking water, 

Tap water 
2014-2019 n.d.-12.8 Sim et al., 2021, Lee et al., 2016 
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Chemical 
group 

Substance Location Media Sampling Date Range 
Conc. Range reported 

(ng/L) 
Reference 

Alkyl 
phosphate 

di-ester 
DNBP Korea Tap water 2016-2017 <LOQ-3.04 Kim & Kannan, 2018, 

Aryl 
phosphate 

tri-ester 

TMPP or 
TCP 

China  Tap water, 

Filtered drinking 
water,  

Well water,  

Barrelled water, 
Final water 

2017 – 2018 n.d.-314 Li et al., 2019, Ren et al., 2020 

U.S. 2014 0.25-1.85 Lee et al., 2016 

TPhP 

China  Drinking water, 
Tap water, 

 

Filtered drinking 
water, 

Well water,  

Barrelled water, 

Potable water 

NR 4.3-6.1 Rodil et al., 2009 

Pakistan 2014 – 2018 n.d.-45.6 Li et al., 2019, Li et al., 2020, Ding et al., 2015 

Korea 2016-2017 <LOQ-1.49 Kim & Kannan, 2018 

EHDPP 

China 

Tap water, 
Final water, 

Drinking water 
well, 

2018 n.d.-2.65 Han et al., 2019, Liu et al., 2019, Ren et al., 2020 

Germany 2014 n.d.-33 Khan et al., 2016 

Korea 2017-2019 n.d.-9.83 Sim et al., 2021, Park et al., 2018 

U.S. 2017 – 2018 n.d.-10.91 Li et al., 2020, Li et al., 2019 

TPPO Korea Tap water NR 0.15 (mean) Andresen & Bester, 2006 

Oligomeric 
phosphate 

tri-ester 
BDP China Tap water NR 0.70-4.54 Li et al., 2021 

 

Notes: 
<LOQ - concentration lower than the quantification limits of the method 
n.d. - not detected 
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 REMOVAL OF OPFRS BY DRINKING WATER TREATMENT PROCESSES 

To assess the risk to drinking water of OPFRs, an assessment of likely removal through water treatment has 

been carried out. This involved compiling data available in the literature on removal of OPFRs through drinking 

water treatment processes (DWTP). Due to the lack of information on all OPFRs of interest through different 

DWTPs, the physical and chemical properties were considered to model removal through various DWTPs and 

water treatment scenarios. The outcome of this is reported in Section 4.2.2. 

For this report four drinking water treatment scenarios have been considered:  

• CON - conventional water treatment (coagulation, flocculation, and filtration plus disinfection),  

• ADV - advanced water treatment (conventional plus ozonation and granular activated carbon followed 

by disinfection), 

• FILT - sand filtration plus disinfection and  

• MEM - treatment by ultrafiltration membrane plus disinfection. 

Note that the disinfection applied was assumed to be chlorine for all cases.  

Following the modelling, in section 4.3 CON and ADV have been applied to surface water sources and FILT 

and MEM have been applied to ground water sources. FILT and MEM are being considered as OPFRs can 

be found in groundwater where filtration is a common type of treatment. 

 Removal rates reported in the literature 

A search of the scientific literature was performed to collate evidence on removal rates using the search terms 

described in Section 4.1 and detailed in Appendix 7. There are a limited number of studies reporting removal 

rates of OPFRs in the literature. These are summarised in Table 14. No removal data was found for 13 of the 

OPFRs of interest. These are the substances BDP, IPP, TMPP, V6, BEHP, DNBP, TDMPP, IDDP, TMP, DiBP, 

TPPO, TDBPP and RDP. For TEP, data are reported by Choo and Oh, (2020) but this is not applicable to 

treatment practices in England and Wales because the treatment works described carry out pre-oxidation prior 

to coagulation. This applies to all of the processes described by Choo and Oh (2020) regarding these samples 

from China. 

Other studies that had fundamental differences to practices carried out in England and Wales included waters 

treated in Germany and the USA. For example, a study by Andresen and Bester, (2006), sampled three 

different treatment works in Germany. One of these works had a combination of biologically active slow sand 

filters and underground passage and soil passage while another had upfront treatment by slow underground 

passage combined with soil passage. In England and Wales, treatment by soil or underground passage is not 

generally carried out. In studies from the USA (Benotti et al., 2009) and Spain (Cristale et al., 2012) most of 

the treatment works studied (16 out of 20) employed pre-oxidation by free chorine, chlorine dioxide or ozone. 

These studies have not been included in Table 14.   

Some studies (e.g., Stackelberg et al., 2004) have sampled treatment works at the inlet and outlet only. In 

contrast, several studies (Yuan et al., 2015, Andresen & Bester, 2006, Kim et al., 2007, Stackelberg et al., 

2007, Benotti et al., 2009, Cristale et al., 2012) have taken samples at different points throughout the works 

allowing removal by a particular process to be assessed allowing Table 14 to be populated. An additional study 

by Granzoto et al., 2021, which investigated removal of OPFRs from secondary wastewater (WW) effluent has 

been included to increase the information available for removal. This study used some of the drinking water 

treatment processes in the scenarios under consideration. 

The data in the table has been aligned with the four treatment scenarios under consideration and collated for 

each substance. An estimated removal rate has been assigned to each of the OPFRs where data are available. 

Where no data are available for a process, no estimated removal has been assigned. The removal values 

have been assigned the values poor – less than 25% removal, intermediate – 25 to 50% removal, good – 50 

to 90% removal, excellent – more than 90% removal. This has been converted to low (less than 25%), medium 

(25 to 50%) and high (50 to 100%) removal categories in the relative exospore ranking described in Chapter 

five. 

Although not included in the scenarios under consideration, information from the literature regarding the impact 

of UV irradiation was considered at the request of DWI. UV disinfection is carried out at some water treatment 

works in England and Wales due to its efficacy at inactivating Cryptosporidium parvum. While direct UV 
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photolysis was not the subject of any journal articles, it has often been used as a control when experiments 

have been carried out to investigate removal by advanced oxidation processes generally catalysed by UV light. 

These studies report degradation by UV photolysis, although the levels of OPFRs studied are in the region of 

mg/L which is two orders of magnitude higher than those observed in source and drinking waters. Photolysis 

of three OPFRs in ultrapure waters at 2 mg/L was reported by Tang et al., 2018. After 7 hours irradiation with 

a 300W mercury lamp (no other specifications given), removal rates of 32, 23 and 36% were observed for 

TCEP, TCPP and TDCPP respectively. For a molecule to undergo direct photolysis, it requires the ability to 

absorb protons. TCEP does not absorb light in the range 200-300 nm while TCPP and TDCPP show slighter 

higher absorption at 200-220 nm. Moreover, chloroalkyl phosphates do not exhibit absorption in the whole of 

the radiation spectra (Cristale et al., 2017) symptomatic of these three OPFRs under direct photolysis. With a 

higher starting concentration of 300 mg/L OPFR (Karaer Özmen, 2021), 22.9 % removal of TCEP was 

observed after 90 minutes irradiation (254 nm UVC, 8W, pH 8). Overall, at the doses of UV irradiation used for 

disinfection in drinking water, it is expected that direct photolysis will not be an effective control measure for 

OPFRs.
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Table 14: Removal of OPFRs through drinking water treatment as reported in the scientific literature 

Substance Removal through drinking water treatment?  Reference 
Estimated removal 

assigned 

TDCPP or TDCIPP or 

TDCP 
ADV: <5% poor removal by ozone alone  Yuan et al., 2015 ADV: low 

TBOEP 

CON: 69% good removal 

ADV: 100% Excellent removal   

48-97% intermediate to excellent removal by ozone 

alone 

FILT: 69% good removal 

Yuan et al., 2015 

 

CON: medium 

ADV: high 

TiBP 

CON: 28% intermediate removal 

ADV: 100% excellent removal 

FILT: 60% good removal 

Andresen & Bester, 2006 

CON: medium 

ADV: high 

FILT: high 

TEHP ADV: <10-56% poor to good removal by ozone alone Yuan et al., 2015 ADV: medium 

TNBP 

CON: 26% intermediate removal 

ADV: 100% Excellent removal 

39-81% intermediate to good removal by ozone alone 

95% excellent removal (secondary WW effluent) 

FILT: 71% good removal 

Andresen & Bester 2006 Yuan et al., 2015 

Granzoto et al., 2021 

CON: medium 

ADV: high 

FILT: high 

EHDPP 

CON: 41% intermediate removal 

ADV: 100% excellent removal 

FILT: 50% good removal 

Andresen & Bester, 2006 

CON: medium 

ADV: high 

FILT: high 

TPhP 

ADV: 61-96% good to excellent removal by ozone 

alone 

95% excellent removal (secondary WW effluent) 

Yuan et al., 2015 Granzoto et al., 2021 ADV: high 
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Substance Removal through drinking water treatment?  Reference 
Estimated removal 

assigned 

TCEP 

CON: poor or no removal 

29% intermediate removal 

ADV: 90%, excellent removal 

60% good 

<5% poor removal by ozone alone 

FILT: poor removal 

MEM: No removal, poor 

Chlorination: poor or no removal 

Andresen & Bester, 2006, 

Kim et al., 2007, 

Stackelberg et al., 2007, 

Benotti et al., 2009  

CON: low 

ADV: high 

FILT: low 

MEM: low  

Chlorination: low 

TCIPP+, TCPP or TCIPP 

CON: poor or no removal 

ADV: <5% poor removal by ozone alone 

FILT: poor removal 

Chlorination: mixed data from poor to good 

Andresen & Bester 2006 Yuan et al., 2015 

Benotti et al., 2009 

CON: low 

ADV: intermediate 

FILT: medium 

Chlorination: medium 
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 Removal rates estimated by physical chemical characteristics 

Removal rates for the four different treatment types have been determined using the physical and chemical 

characteristics of the OPFRs of interest. The methods used are described in detail and the physical and 

chemical characteristics are reported in Appendix 9.  

The outcomes of the modelling are reported below in Table 15. Removal estimates collated from the scientific 

literature are also included in the table. Combining these two lines of evidence, we have used expert judgement 

to assign a ‘likely removal’ band. The categories for ‘likely removal’ are as follows: 

• Low: less than 25% 

• Medium: 25 to 50% 

• High: 50 to 100% 

The likely removal band has been used as part of the relative ranking exposure exercise described in Chapter 

5) to identify the likelihood of OPFRs being present in drinking water.  



 

 

Ricardo   Issue 1    31st May 2022  Page | 51 

Table 15: Modelled removal rates combined with literature removal data 

Substance Modelled removal through drinking water treatment?  Comparison to literature data Combined Removal Band 

BDP 

CON poor 

ADV excellent 

FILT poor 

MEM intermediate 

No literature data 

CON low 

ADV high 

FILT low  

MEM medium 

TEP 

CON poor 

ADV good  

FILT poor  

MEM poor 

No relevant literature data 

CON low 

ADV medium 

FILT low 

MEM low 

TDCPP or TDCIPP or TDCP 

CON poor 

ADV good 

FILT poor 

MEM intermediate 

ADV low 

CON low 

ADV medium 

FILT low 

MEM medium 

TBOEP 

CON poor 

ADV intermediate 

FILT poor 

MEM intermediate 

CON medium 

ADV high 

CON medium,  

ADV high 

FILT low 

MEM medium 

TiBP 

CON poor 

ADV good, 

FILT poor 

MEM intermediate 

CON medium 

ADV high 

FILT high 

CON medium 

ADV high 

FILT medium 

MEM medium 

TEHP 

CON poor 

ADV excellent 

FILT poor  

MEM intermediate 

ADV medium 

CON low 

ADV high 

FILT low 

MEM medium 

TNBP 

CON poor 

ADV good 

FILT poor 

MEM intermediate 

CON medium 

ADV high 

FILT high 

CON low 

ADV high 

FILT medium 

MEM medium 

IPP 

CON poor 

ADV excellent 

FILT poor 

MEM intermediate 

No literature data 

CON low 

ADV high 

FILT low 

MEM medium 
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Substance Modelled removal through drinking water treatment?  Comparison to literature data Combined Removal Band 

TMPP 

CON poor 

ADV excellent 

FILT poor 

MEM intermediate 

No literature data 

CON low 

ADV high 

FILT low 

MEM medium 

EHDPP 

CON poor 

ADV excellent 

FILT poor 

MEM intermediate 

CON medium 

ADV high 

FILT high 

CON medium 

ADV high 

FILT medium 

MEM medium 

TPhP 

CON poor 

ADV excellent 

FILT poor 

MEM intermediate 

ADV high 

CON low 

ADV high 

FILT low 

MEM medium 

V6 

CON good 

ADV excellent 

FILT good 

MEM good 

No literature data 

CON high 

ADV high 

FILT high 

MEM high 

BEHP 

CON good 

ADV excellent 

FILT good 

MEM excellent 

No literature data 

CON high 

ADV high 

FILT high 

MEM high 

DNBP 

CON good 

ADV excellent 

FILT good 

MEM good 

No literature data 

CON high 

ADV high 

FILT high 

MEM high 

TDMPP 

CON poor 

ADV excellent 

FILT poor 

MEM intermediate 

No literature data 

CON high 

ADV high 

FILT high 

MEM high 

IDDP 

CON poor 

ADV excellent 

FILT poor 

MEM intermediate 

No literature data 

CON low 

ADV high 

FILT low 

MEM medium 
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Substance Modelled removal through drinking water treatment?  Comparison to literature data Combined Removal Band 

TMP 

CON poor 

ADV intermediate 

FILT poor 

MEM poor 

No literature data 

CON low 

ADV high 

FILT low 

MEM medium 

DiBP 

CON good 

ADV excellent 

FILT good 

MEM good 

No literature data 

CON low 

ADV medium 

FILT low 

MEM low 

TPPO 

CON poor 

ADV excellent 

FILT poor 

MEM intermediate 

No literature data 

CON high 

ADV high 

FILT high 

MEM high 

TCEP 

CON intermediate 

ADV excellent 

FILT intermediate 

MEM intermediate 

CON low 

ADV high 

FILT low 

MEM low 

CON medium 

ADV high 

FILT low 

MEM medium 

TCIPP+, TCPP or TCIPP 

CON good 

ADV good 

FILT good 

MEM good 

CON low - medium 

ADV medium 

FILT medium 

CON medium 

ADV high 

FILT medium 

MEM medium 

TDBPP 

CON poor 

ADV good 

FILT poor 

MEM intermediate 

No literature data 

CON low 

ADV high 

FILT low 

MEM medium 

RDP 

CON poor 

ADV excellent 

FILT poor 

MEM good 

No literature data 

CON low 

ADV high 

FILT low 

MEM high 
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 ESTIMATION OF LEVELS IN DRINKING WATER AND COMPARISON TO 

LITERATURE DATA 

Data gathered to determine removal of the OPFRs of interest through the four different water treatment 

scenarios was collated and used to estimate indicative levels of OPFRs in drinking water in England and 

Wales. Environmental monitoring data for surface water and groundwater samples (Environment Agency, 

2021) was used as indicative concentrations of OPFRs in raw waters. It is emphasised that this approach has 

several caveats that must be considered alongside the outcome of the exercise. The environmental monitoring 

data used provides only an indication of the range of likely concentrations of the substances of interest in 

England and Wales. Samples have been collected at a range of locations and may not accurately reflect 

concentrations of OPFRs in raw waters at specific abstraction points. In addition, the data as reported by the 

Environment Agency are semi-quantitative and should not be treated as absolute values. Data have also been 

aggregated across a broad temporal range (2018 to 2020). Despite these limitations, we consider they provide 

a useful first tier estimation of likely OPFR concentrations in raw waters with which to estimate possible 

concentrations in treated drinking water. The estimated values in treated drinking water for each of the four 

treatment processes are summarised below in Table 16. The range of concentrations of OPFRs in drinking 

water collated from the scientific literature have been included for comparison. 

The values produced via modelling are comparable with the reported literature data although it is recognised 

that the ranges reported are very wide in some cases.  
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Table 16: Estimated concentrations in drinking waters compared to literature occurrence data 

Substance Indicative Concentration in Source Waters (ng/L) Estimated Concentration in Drinking Water (ng/L) Occurrence data from literature (ng/L) 

TEP 

CON 10-160 

ADV 10-160 

FILT no data 

MEM no data 

CON 10-160 

ADV 4-64 

FILT no data 

MEM no data 

Nd-970 

TDCPP or TDCIPP or TDCP 

CON 3-1,300 

ADV 3-1,300 

FILT 7-2,600 

MEM 7-2,600 

CON 10-1300 

ADV 1-130 

FILT 7-2600 

MEM 5-1820 

Nd – 255 

TBOEP 

CON 50 – 390 

ADV 50 – 390 

FILT no data 

MEM no data 

CON 50 – 390 

ADV 5 – 39 

FILT no data 

MEM no data 

Nd-218 

TNBP 

CON 5-2,500 

ADV 5-2,500 

FILT 4-219 

MEM 4-219 

CON 5-2,500 

ADV 0.5-250 

FILT 4-219 

MEM 3-153 

Nd-1300 

EHDPP 

CON 1.5-2,300 

ADV 1.5-2,300 

FILT 3-1,400 

MEM 3-1,400 

CON 1.5-2,300 

ADV 0.1-115 

FILT 3-1,400 

MEM 1.2-560 

Nd-10.91 

TPhP 

CON 3.4-3,700 

ADV 3.4-3,700 

FILT 20-7,200 

MEM 20-7,200 

CON 3.4-3,700 

ADV 0.2-185 

FILT 20-7,200 

MEM 12-4,320 

Nd-98.3 

TDMPP 

CON 5.5-70 

ADV 5.5-70 

FILT no data 

MEM no data 

CON 5.5-70 

ADV 3-35 

FILT 0 

MEM 0 

No literature data 

TPPO 

CON 7-15,000 

ADV 7-15,000 

FILT 15-16,000 

MEM 15-16,000 

CON 7-15,000 

ADV 0.4-750 

FILT 15-16,000 

MEM 15-16,000 

3-8.43 
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Substance Indicative Concentration in Source Waters (ng/L) Estimated Concentration in Drinking Water (ng/L) Occurrence data from literature (ng/L) 

TCEP 

CON 10-4,600 

ADV 10-4,600 

FILT 20-12,000 

MEM 20-12,000 

CON 5-2283  

ADV 0.7-305 

FILT 10-5957 

MEM 10-5957 

Nd-1400 

TCIPP+, TCPP or TCIPP 

CON 30-32,000 

ADV 30-32,000 

FILT no data 

MEM no data 

CON 6-5888  

ADV 0.5-544 

FILT no data 

MEM no data 

Nd-1400 
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 RELATIVE EXPOSURE RANKING 

 METHODOLOGY 

Information on uses of individual OPFRs and their pathways to the environment (Chapter 2), available 

monitoring data (Chapter 3) and removal rates through drinking water treatment (Chapter 4) have been 

synthesised to consider further the potential for OPFRs to be present in treated drinking water in England and 

Wales and to identify those most likely to be present based on known uses and substance properties. 

This has been achieved through a simple step-wise process, illustrated by the framework in Figure 6 below. 

Briefly, the relative exposure risk in raw waters for each OPFR substance has been determined through a 

combination of use and emission data, and substance properties; mobility and persistence, to identify those 

OPFRs with the highest likelihood of being present in drinking water sources. The potential for removal during 

drinking water treatment has then been considered, to conclude on the likelihood of presence in treated 

drinking water for each substance. The outcome is a relative ranking of OPFRs according to their potential to 

be present in treated drinking water. A persistent and mobile substance with high supply tonnage, a high 

potential for release to the environment and low removal rates through conventional drinking water treatment 

is categorised as having a high potential to be present in drinking water.   

The evidence considered as part of the relative exposure ranking exercise is summarised in Table 17 and 

described below. The full synthesis of information used is provided in an Excel based technical appendix 

(Appendix 10) to this report.  

This approach to relative exposure ranking is a simple first tier assessment using available information and 

recognising the limitations associated with this data 

• Environmental emission scores, hereby referred to as E-scores, have been calculated for each 

OPFR substance following a method proposed by Schulze et al (2018). The E-score represents the 

relative likelihood of the substance to be emitted into the environment and has been calculated using 

the following equation 

E-score = log(tonnage + 1.1) × ΣUCs 

where ‘tonnage’ is the upper limit of the REACH registered tonnage and ΣUCs is the sum of scores 

given to the substance for 7 individual use characteristics. A factor of 1.1 has been added to the 

tonnage to avoid negative results. Each use characteristic was individually evaluated against a set of 

criteria laid out by Schulze et al (2018) (Appendix 11) to determine if the substance possessed the 

characteristic (TRUE) or not (FALSE). Scores were assigned based on the TRUE/FALSE decision for 

each of the characteristics, determined based on judgement by Schulz et al (2018) of correlation 

between the use characteristic and potential for emissions, also detailed in Appendix 11.  

• Information on persistence and mobility, applying the proposed criteria for PMT/vPvM6 in which the 

criteria for mobility (M) are met if the adsorption coefficient (log Koc) value is less than 3 (CARACAL, 

2021). Alterative criteria for mobility (log Koc less than 4) have also proposed by UBA (2019). In 

instances where no information is available, an evidence gap has been identified and ‘N/A’ has been 

stated in the table. For the relative exposure ranking exercise, a precautionary approach has been 

adopted and evidence gaps have been considered as equivalent to a high likelihood for persistence 

and mobility.  

• Toxicological data gathered from harmonised Classification, Labelling and Packaging (CLP) 

classifications, and notified CLP classifications where there was a consensus opinion have also been 

collated to provide an additional context to the outcome of the relative exposure ranking. Substances 

with properties which are of the highest concern to human health were highlighted, with these including 

those which are classified as mutagenic (Muta.), carcinogenic (Carc.), toxic to reproduction (Repr.), 

sensitisers (Skin Sens., Resp. Sens.), specific target organ toxicants (STOT) and endocrine disrupting.  

• The efficiency of removal in conventional drinking water treatment. Only removal by conventional 

treatment was considered in the relative exposure ranking as a precautionary approach, since not all 

treatments works have more advanced treatment options.

 

6 Proposal for introduction of a hazard category for PMT/vPvM in the EU Classification, Labelling and Packaging (CLP) Regulation. 
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Figure 6: Flow chart for assessing the relative exposure risk of individual OPFR substances 
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• Reported occurrences in UK and international environmental waters as well as international 

drinking water samples have been considered as part of the process. However, recognising that not 

all substances have monitoring data, this aspect was considered as a supporting line of evidence and 

did not influence the outcome of the relative exposure ranking. We did this to ensure the outcome of 

the exposure ranking was not skewed by those data rich substances with monitoring data. This 

approach also allows us to identify evidence gaps easily. For example, a substance with a high 

potential to be present in drinking water but with no monitoring data is an evidence gap and should be 

considered to be a candidate for further monitoring and investigation.  

 

In all cases where no information was available, a precautionary approach was followed, and the worst case 

score assigned. The overall relative ranking of each individual OPFR substance according to their likelihood 

of exposure in drinking water has been categorised as ‘high’, ‘medium’ and ‘low’ potential according to the 

criteria defined in Appendix 12. In some instances, expert judgement was applied to allocate as high/medium 

or medium/low. It is emphasised that this is a very simple, desk based exercise, intended as a first-tier relative 

exposure ranking to identify those OPFR substances most likely to be present in raw and treated drinking 

water. Its value is in utilising readily available information to understand the available body of evidence, identify 

evidence gaps and inform priorities for further work. The outcomes could be further refined if more accurate 

data, for example on UK use and supply, was available. 

 OUTCOME OF RELATIVE EXPOSURE RANKING  

The OPFRs identified as having the highest potential to be present in raw or treated drinking water are TEP, 

TDCPP and TCEP. These substances all have a high or medium E-score, are persistent and mobile.  

TEP is registered under REACH with a high supply tonnage in the EU (10,000 to 100,00 tpa) with a wide range 

of uses including as a plasticiser and additive flame retardant in polyester resin and, PVC, high-viscosity polyol 

formulations and polyurethane foams. TEP has been reported in English surface waters in concentrations up 

to approximately 0.4µg/L by the Environment Agency. Conventional drinking water treatments are ineffective 

at removing TEP but high removal rates (more than 50%) are reported for advanced drinking water treatment. 

TCEP is not currently supplied in the EU according to the ECHA database and consequently has a registered 

supply tonnage of zero in the EU, resulting in a low E-Score. The high score in this relative exposure ranking 

exercise is driven by its persistence, mobility, and low removal rates through conventional drinking water 

treatment. As discussed in Chapter 2, TCEP is identified under REACH as a Substance of Very High Concern 

(SVHC) and included on the Authorisation list (Annex XIV of REACH) with a sunset date of 2015 because of 

it is harmful impacts to human health. It is a suspected carcinogen and identified as toxic to reproduction. It is 

still likely to be present in consumer articles with a long in service life with providing a reservoir of releases to 

the environment for some time to come. TCEP is frequently detected in surface waters and ground waters in 

the UK.   

TDCPP is currently being evaluated in the EU for potential ED effects. 

The substances V6 and TMP are classed as having a high/medium potential for exposure. V6 is both notified 

under UK REACH. V6 has a medium E-score, is persistent and mobile but has removal rates classed as high 

(greater than 50%) through conventional treatment. TMP has a low E-score, is persistent and mobile and has 

low removal rates through conventional treatment processes. No monitoring data for England and Wales in 

raw or treated drinking water are available for either substance but collection of monitoring data for both should 

be considered a high priority evidence need.  TMP also has toxicological properties of concern, being notified 

under the CLP Regulations as a mutagen (Muta 1B), carcinogen (Carc 2) reproductive toxicant (2) and specific 

target organ toxicity based on repeated exposure toxicity (STOT RE2). 

Seven OPFR substances have been grouped in the ‘medium’ category through the relative exposure ranking 

exercise. This includes TPhP which has a high E-score, does not meet criteria for persistence and mobility but 

has low removal rates through conventional treatment. TPhP is currently undergoing evaluation in the EU 

because it has been identified as a suspected endocrine disruptor and included in the EU endocrine disruptor 

assessment list. Similarly, IPP is in ‘medium; relative likelihood category and is notified under UK REACH but 

there are no monitoring data on occurrence in England or Wales. 

BDP, TEHP and TDMPP are also in the ‘medium’ likelihood category. These substances all have a high E-

score and are persistent or potentially persistent but are hydrophobic and not considered to be mobile. These 
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substances all have high adsorption coefficients (log Koc) and are likely to be adsorb to soil or sediment rather 

than be present in the water phase. Only TDMPP has been sampled for and reported in English surface and 

groundwater.  

BDP is an oligomeric phosphate tri-ester introduced as a replacement for decabrominated diphenyl ether 

(deca-BDE), a flame retardant that has now been restricted in the EU. IT has not been sampled for in surface 

and groundwaters in England and Wales but there are a number of reported occurrences in environmental 

waters and drinking water from international studies. Another oligomeric phosphate tri-ester, RDP, an 

alternative to deca-BDE in plastics, rubber products, electronic consumer products has been categorised as 

low potential for presence in drinking water through this relative exposure ranking exercise. This is based on 

a low E-score, and the substance not being persistent or mobile.  Relative to other OPFRs considered in this 

project, RDP may be considered to have a lower potential to be present in drinking water, however there are 

still some reports of occurrences in international monitoring studies in both drinking water and environmental 

waters (see Chapter 3).  

Some of the OPFR substances identified as high to medium relative likelihood of presence in drinking water 

have not been sampled for in surface waters and groundwaters in England but there are reports of their 

presence in environmental waters and drinking water in international monitoring studies. Based on the 

available evidence and the outcome of the relative exposure ranking exercise described here, the absence  of 

UK occurrence data for these substances is an evidence gap.  Sampling and analysis in raw and treated 

drinking waters for OPFR substances for those we do not currently have any knowledge of occurrence in UK 

waters (V6, TMP, IPP, TiBP, BDP, DNBP and TEHP) is recommended to establish whether they are present 

in the UK waters. This could be achieved through targeted screening analysis to establish presence/absence. 

Indicative concentrations in drinking water as determined in Chapter 4 have been combined with the outcome 

of the relative risk ranking in Table 18. As noted previously, concentrations of OPFRs measured in English 

surface water and groundwaters through the Environment Agency’s emerging contaminant programme are 

semi-quantitative and have been used in this project as indicative concentrations in raw water. The 

concentration ranges for individual OPFRs in either raw or treated waters in Table 18 should not be used as 

absolute values. Further, there are very limited sampling data for some substances. For example, TEP, which 

has been identified as having a high potential to be present in drinking water through the relative exposure 

ranking exercise has only very limited monitoring data available. There are only nine detections reported 

between 2019 and 2021. For other substances such as V6 and TMP, as noted above no data have been 

reported. The lack of quantitative monitoring data for these substances is an evidence gap. Quantitative 

analysis, providing accurately measured concentrations of OPFRs in raw and treated drinking waters in 

England and Wales is required to better characterise the likelihood of their presence. 

Abbreviations in the table for treatment processes are: 

• CON - conventional water treatment (coagulation, flocculation, and filtration plus disinfection) 

• ADV - advanced water treatment (conventional plus ozonation and granular activated carbon followed 

by disinfection), 

• FILT - sand filtration plus disinfection and  

• MEM - treatment by ultrafiltration membrane plus disinfection 
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Table 17: Relative likelihood of exposure ranking results 

Substance Abbr. CAS E-score Persistent? 

Mobile? 

(Log 

Koc < 

3) 

Tox 

properties 

of high 

concern? 

Relative 

exposure 

ranking Removal 

through DW 

treatment ? 

Occurrences reported in 

environmental waters? Occurrences 

reported in 

drinking water? 

Relative 

likelihood of 

exposure  
 

England 

and 

Wales 

International 

triethyl phosphate TEP 78-40-0 High Potentially ✓ × High 

Low removal 

in 

conventional 

treatment 

✓ ✓ ✓ high 

tris(2-chloroethyl) 

phosphate 
TCEP 115-96-8 High Yes ✓ ✓ High 

Medium 

removal in 

conventional 

treatment 

✓ ✓ ✓ high 

tris(1,3-dichloro-2-propyl) 

phosphate 

TDCPP 

or 

TDCIPP 

or 

TDCP 

13674-87-8 Medium Potentially  ✓ ✓ High 

Low removal 

in 

conventional 

treatment 

✓ ✓ ✓ High 

tetrakis (2-chloroethyl) 

dichloroisopentyl 

diphosphate 

V6 38051-10-4 Medium Potentially ✓ × High 

High removal 

in all explored 

treatments 

inc. 

conventional 

treatment 

× ✓ × High/medium 

trimethyl phosphate TMP 512-56-1 Low Potentially  ✓ ✓ High 

Low removal 

in 

conventional 

treatment 

× × ✓ high/medium 

isopropylated phenyl 

phosphate 
IPP 

68937-41-7 

and (mix of 

isomers) 

High N/a No ✓ High 

Low removal 

in 

conventional 

treatment 

× × ✓ High/medium 

triisobutyl phosphate TiBP 126-71-6 High No ✓ ✓ high 

Medium 

removal in 

conventional 

treatment 

× ✓ ✓ medium 
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Substance Abbr. CAS E-score Persistent? 

Mobile? 

(Log 

Koc < 

3) 

Tox 

properties 

of high 

concern? 

Relative 

exposure 

ranking Removal 

through DW 

treatment ? 

Occurrences reported in 

environmental waters? Occurrences 

reported in 

drinking water? 

Relative 

likelihood of 

exposure  
 

England 

and 

Wales 

International 

 medtriphenyl phosphine 

oxide 
TPPO 791-28-6 Low Potentially ✓ × medium 

Low removal 

in 

conventional 

treatment 

✓ ✓ × medium 

bisphenol A bis (diphenyl 

phosphate) 
BDP 5945-33-5 High Potentially No × Medium 

Low removal 

in 

conventional 

treatment 

× ✓ ✓ medium 

tri(2-ethylhexyl) phosphate TEHP 78-42-2 High Potentially  No × Medium 

Low removal 

in 

conventional 

treatment 

× ✓ × medium 

tris(3,5-xylyl) phosphate TDMPP 
25155-23-1, 

25653-16-1 
Medium Yes No ✓ medium 

Low removal 

in 

conventional 

treatment 

✓ ✓ × medium 

tris(2,3-dibromopropyl) 

phosphate 
TDBPP 126-72-7 Low Potentially No ✓ 

medium Low removal 

in 

conventional 

treatment 

× ✓ ✓ medium 

triphenyl phosphate TPhP 115-86-6 High No No ✓ medium 

Low removal 

in 

conventional 

treatment 

✓ ✓ × medium 

tris(2-chloroiso-propyl) 

phosphate 

TCIPP+, 

TCPP 

or 

TCIPP 

13674-84-5, 

6145-73-9 
Low Potentially ✓ × Medium 

High removal 

in all explored 

treatments 

inc. 

conventional 

treatment 

✓ ✓ × Medium/low 

diisobutyl phosphate DiBP 6303-30-6 Low Potentially N/A × Medium 

High removal 

in all explored 

treatments 

inc. 

× × ✓ Medium/low 
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Substance Abbr. CAS E-score Persistent? 

Mobile? 

(Log 

Koc < 

3) 

Tox 

properties 

of high 

concern? 

Relative 

exposure 

ranking Removal 

through DW 

treatment ? 

Occurrences reported in 

environmental waters? Occurrences 

reported in 

drinking water? 

Relative 

likelihood of 

exposure  
 

England 

and 

Wales 

International 

conventional 

treatment 

dibutyl phosphate DNBP 107-66-4 Medium No N/A ✓ Medium 

High removal 

in all explored 

treatments 

inc. 

conventional 

treatment 

× ✓ ✓ Medium/low 

bis(2-ethylhexyl) phosphate BEHP 298-07-7 Medium No N/A × 

medium High removal 

in all explored 

treatments 

inc. 

conventional 

treatment 

× × ✓ medium/low 

tri-m-cresyl phosphate TMPP 1330-78-5 High No No ✓ 

medium Low removal 

in 

conventional 

treatment 

× ✓ × Medium/low 

tri-n-butyl phosphate TNBP 126-73-8 High No No ✓ 

medium Low removal 

in 

conventional 

treatment 

✓ ✓ × medium/low 

2-ethylhexyl diphenyl 

phosphate 
EHDPP 1241-94-7 High No No × Low 

Low removal 

in 

conventional 

treatment 

✓ ✓ ✓ medium/low 

tris(2-butoxyethyl) 

phosphate 
TBOEP 78-51-3 High No No × Low 

Low removal 

in 

conventional 

treatment 

✓ ✓ ✓ medium/low 

isodecyl diphenyl 

phosphate 
IDDP 29761-21-5 Medium No no × Low 

Low removal 

in 

conventional 

treatment 

✓ ✓ × Low 
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Substance Abbr. CAS E-score Persistent? 

Mobile? 

(Log 

Koc < 

3) 

Tox 

properties 

of high 

concern? 

Relative 

exposure 

ranking Removal 

through DW 

treatment ? 

Occurrences reported in 

environmental waters? Occurrences 

reported in 

drinking water? 

Relative 

likelihood of 

exposure  
 

England 

and 

Wales 

International 

resorcinol bis (diphenyl 

phosphate)   
RDP 57583-54-7 Low No No × Low 

Low removal 

in 

conventional 

treatment 

× ✓ ✓ Low 

✓ = Yes, × = No 
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Table 18: Comparison of relative exposure ranking exercise and indicative concentrations in drinking water 

substance 

Likelihood of presence in 

drinking water (relative 

ranking) 

Indicative concentrations in 

raw waters (ng/L) 

Indicative concentrations in 

treated drinking water (ng/L) 

TEP high 

CON 10-160 

ADV 10-160 

FILT no data 

MEM no data 

CON 10-160 

ADV 4-64 

FILT no data 

MEM no data 

TCEP high 

CON 10-4,600 

ADV 10-4,600 

FILT 20-12,000 

MEM 20-12,000 

CON 5-2283  

ADV 0.7-305 

FILT 10-5957 

MEM 10-5957 

TDCPP high 

CON 3-1,300 

ADV 3-1,300 

FILT 7-2,600 

MEM 7-2,600 

CON 10-1300 

ADV 1-130 

FILT 7-2600 

MEM 5-1820 

V6 high/medium No data N/A 

TMP high/medium No data N/A 

IPP high/Medium No data N/A 

TPPO medium 

CON 7-15,000 

ADV 7-15,000 

FILT 15-16,000 

MEM 15-16,000 

CON 7-15,000 

ADV 0.4-750 

FILT 15-16,000 

MEM 15-16,000 

TiBP medium No data N/A 

BDP medium No data N/A 

TEHP medium No data N/A 

TDMPP medium 

CON 5.5-70 

ADV 5.5-70 

FILT no data 

MEM no data 

CON 5.5-70 

ADV 3-35 

FILT 0 

MEM 0 

TPhP medium 

CON 3.4-3,700 

ADV 3.4-3,700 

FILT 20-7,200 

MEM 20-7,200 

CON 3.4-3,700 

ADV 0.2-185 

FILT 20-7,200 

MEM 12-4,320 

TCIPP+,TCPP or TCIPP medium/low 

CON 30-32,000 

ADV 30-32,000 

FILT no data 

MEM no data 

CON 6-5888  

ADV 0.5-544 

FILT no data 

MEM no data 

DNBP medium/low No data N/A 

EHDPP medium/low 

CON 1.5-2,300 

ADV 1.5-2,300 

FILT 3-1,400 

MEM 3-1,400 

CON 1.5-2,300 

ADV 0.1-115 

FILT 3-1,400 

MEM 1.2-560 

DiBP medium/low No data N/A 

TBOEP medium/low 

CON 50 – 390 

ADV 50 – 390 

FILT no data 

MEM no data 

CON 50 – 390 

ADV 5 – 39 

FILT no data 

MEM no data 

TNBP low/medium 

CON 5-2,500 

ADV 5-2,500 

FILT 4-219 

MEM 4-219 

CON 5-2,500 

ADV 0.5-250 

FILT 4-219 

MEM 3-153 

IDDP low No data N/A 

RDP low No data N/A 
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 CONCLUSIONS 

Defra and the DWI have commissioned this project to understand whether OPFRs are likely to occur in source 

waters and drinking water. This is a critical first step in characterising the potential risk to drinking water sources 

and human health from this group of substances.  

Publicly available information on the nature of use of OPFRs, supply tonnages and potential for environmental 

release have been collated. This has been used with information on environmental occurrence and removal 

rates through several drinking water treatment processes to identify those OPFRs with the highest potential to 

be present in drinking water in England and Wales. For some substances little or no data on occurrence in 

source waters – surface water and groundwaters, or treated drinking water are available.  Evidence gaps have 

been identified and recommendations for further work to address these gaps are described in Section 6.1. 

OPFRs are used in a broad range of consumer products and industrial applications in materials used in many 

aspects of everyday life such as buildings, electrical items, transportation, and upholstered furniture. REACH 

registration tonnage bands indicate that some OPFRs are high supply volume chemicals.  However, very 

limited data on the quantities of OPFRs used are publicly available and no UK specific data have been found. 

Significant pathways of release of OPFRs to the environment include direct disposal of consumer products, 

release via WWTP effluents and release to the atmosphere and subsequent deposition during from electronic 

waste recycling. E-waste sites have been associated with higher environmental levels of OPFRs in several 

studies. No quantitative data on emissions or the relative significance of different sources in the UK have been 

compiled through this project.  

The physico-chemical properties and environmental fate and behaviour of OPFRs vary considerably according 

to their chemical structure and molecular weight. Some substances are persistent and will be very mobile in 

the environment with the potential for long range transport via water and to reach groundwater.  

There is very limited evidence on the occurrence of OPFRs in environmental waters in England and Wales. 

This is a significant evidence gap. Monitoring data collected by the Environment Agency and National 

Resources Wales through their emerging contaminants screening programmes indicates the presence of 11 

OPFRs in surface and groundwaters. The most frequently detected substances are TCIPP, TPhP, TCEP, 

TDCPP and TPPO. For many other OPFRs, there is a lack of monitoring data and their presence in surface 

and groundwaters in England and Wales is unknown. Concentrations of OPFRs have not been accurately 

measured in these monitoring programmes and the data are most appropriately used as presence/absence 

data only. Further monitoring using quantitative analytical methods and including a broader range of OPFRs 

is required to better understand whether OPFRS are likely to occur in source waters and drinking waters and 

at what concentrations.  

Evidence from international monitoring studies in the scientific literature suggests widespread occurrence of 

some OPFRs (TCEP, TCIPP, TDCPP, TNBP and TPhP) in environmental waters. For many other OPFRs 

there are very limited or no data. Environmental monitoring for OPFR substances in environmental and treated 

drinking waters has been heavily concentrated in Asia, more specifically China, with limited data from 

European countries. 

Data on occurrence of OPFRs in drinking water in UK and international studies are very limited. There are no 

measured concentrations of OPFRs in drinking water in England and Wales reported in the scientific literature. 

We could not find any data on occurrence in drinking waters for seven of the 23 OPFRs of interest in this 

project either in UK or international studies.  

There are significant data on removal through water treatment for some of the OPFRs of interest whilst over 

50% of substances (13 out of 23) have no reported data on removal rates. For those substances with data, 

removal through conventional water treatment is limited due to the uncharged, persistent nature of the OPFRs. 

However, many can be effectively removed (greater than 50%) through advanced treatment, particularly with 

GAC. 

Indicative levels of OPFRs in English and Welsh drinking water have been estimated using available 

monitoring data for England and Wales in surface and ground waters and  information on removal rates through 

treatment methods appropriate to the source water (ground or surface water). These indicative levels should 

be used cautiously because of the limitations in the monitoring data. However, they provide a useful estimation 

of probable OPFR concentrations in treated drinking water in the absence of field data. The indicative values 
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derived are comparable to the range of concentrations reported in the scientific literature, although the ranges 

reported are very wide in some cases. 

A simple relative exposure ranking exercise has been performed using the data collected in this project to 

identify which OPFR substances are most likely to be present in raw or treated drinking water. We have 

calculated a relative emission score (E-score) for each substance and used this together with data on 

persistence and mobility and rate of removal through conventional treatment to identify those substances most 

likely to be present in treated drinking water. The OPFRs TEP, TCEP and TDCPP have been identified as 

having the highest relative exposure potential. These substances have a high E-score, are persistent and 

mobile and have low removal rates through conventional drinking water treatment. Their presence in English 

surface and groundwaters has been reported by the Environment Agency through their emerging contaminants 

screening programme. Both TCEP and TDCPP are identified as having toxicological properties of concern. 

This is a simplistic ranking using readily available data considering the relative likelihood of exposure of 23 

OPFRs. It should not be interpreted as evidence that these substances are present in drinking water at high 

concentrations. 

The substances V6 and TMP are also classed as having a high/medium likelihood of exposure in drinking 

water. No monitoring data for England and Wales in raw or treated drinking water are available for either 

substance, therefore collection of monitoring data to establish whether they are present in source waters 

should be considered a high priority evidence need. TMP has toxicological properties of concern. 

A further seven substances are identified as having a medium likelihood of presence in drinking water. Of 

these, TPhP is currently undergoing evaluation in the EU because it has been identified as a suspected 

endocrine disruptor. There are no occurrence data in England and Wales for five of these substances (IPP, 

TiBP, BDP, DNBP and TEHP). 

The evidence on OPFRs collated in this project indicates that some OPFRs are present in sources of drinking 

waters in England and Wales. Further monitoring work is needed to characterise which OPFRs are present 

and accurately determine typical concentrations. 

Removal of OPFRs through conventional drinking water treatment is poor but for some substances, good 

(greater than 50%) removal is observed through advanced drinking water treatment. 

 RECOMMENDATIONS FOR FURTHER WORK  

The relative exposure ranking performed in this project has identified those substances most likely to be 

present in drinking water using readily available information. Further work is recommended to address the 

evidence gaps identified in this project. This will enable a more refined assessment of risk to drinking water 

from OPFRs and should include: 

• Collation of accurate tonnage data on use and supply of OPFRs in the UK. 

• Further monitoring data on OPFRs in source and treated waters should be collected. Quantitative 

monitoring data, reporting concentrations of OPFRs in raw and treated drinking waters. Specifically, 

for V6, TMP, IPP, TiBP, BDP, DNBP and TEHP, as a minimum ,targeted screening analysis is 

recommended to establish whether they are present in UK waters. 

• Characterisation of sources and emissions of OPFRs across the full cycle of manufacture, use and 

disposal (including wastewater treatment works, landfill leachate and contributions from e-waste sites)  

in the UK, to understand the relative significance of different UK sources. 

• Using information sources above, refine existing estimates of indicative concentrations of OPFRs in 

drinking water. 

• Further consideration of the impacts on human health for those OPFRs identified as most relevant to 

the UK through collation of toxicological data. 

• Characterise risk to human health using information on predicted exposure levels and toxicological 

data. 
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Appendix 1 - QSR search protocol and outcome for Chapters 2 & 3 

 

Search terms, scope and criteria for inclusion/exclusion are set out below. 

 Description Inclusion criteria Exclusion criteria 

P (Patient or 
Population) 

Organophosphorus flame 
retardants, OPFRs  
(substances – include CAS, 
synonyms) 

  

O (Outcome) Reported uses 
Environmental fate and 
behaviour 
(degradation/transformation 
products) 
Tonnage 
Sources and pathways to 
the environment 
exposure 
applications 
consumption 
 
Reported occurrence in 
environmental waters 
(surface water, ground 
water) and treated drinking 
water in England and 
Wales.  
 
England/ English 
Wales 
UK 
water 
water quality 
drinking water 
tap water 
surface water 
river 
groundwater 
aquifer 
environment 
 
 

Papers published between 
2000 and 2022 
 
Current and previous 
substance uses and 
applications 
 
Degradation/transformation 
products 
 
Substance (confirmed 
identity) on agreed list 
detected in ground or 
surface waters in England 
or Wales 

Drinking water (tap water) 

 

Detection – yes/no 

 

Reported concentration 

 

Include all UK waters & Eire 
(highest priority given to E 
& W) 

 

Published in English 

 

OPFR substances not 
on agreed list 

 

Other environmental 
media (air, soil, 
sediment, biota, 
WWTW sludge, 
WWTW effluent) 

 

Marine, estuarine, 
and coastal waters 

 

Detections in human 
biological samples 

 

Studies before 2000 
unless no other data 
available.  

 

Analytical method 
development 

 

Not published in 
English 

 

Data sources 

PubMed, PubChem, Full text Science Direct, Google Scholar, ECHA, WHO, OECD eChem portal,  

(the USEPAs PubMed Abstract sifter will be used for search and retrieval of information available  here)  

Screening criteria Search results will be screened, first, using the title and applying criteria summarised in 

the table above. Details of accepted papers will be recorded in a spreadsheet and then screened again by 

reading the abstract or first paragraph. Papers will then be placed into two categories: included and excluded.  

Data capture. We will record the date, search engine used, the search string (combinations of key words) and 

the number of records returned, the results of each search will be saved as a list of references. If an 

unmanageable number of papers are identified, the exclusion criteria and the focus of research and search 

terms will be reviewed. 

A spreadsheet will be used to record this information trail. The column headings will include information about 

the publication (authors, year, title, source). 

https://cfpub.epa.gov/si/si_public_record_Report.cfm?Lab=CCTE&dirEntryId=349950
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Information regarding the uses and applications of the OPFRs within the scope of this project will be captured 

in an Excel spreadsheet summarising substance, reference, uses, estimated tonnage and any known 

environmental fate and behaviours. 

For occurrence data, relevant information will be captured in the same Excel spreadsheet summarising 

substance, reference, sample type, sampling month & year, number of samples, minimum, maximum and 

mean concentrations, analytical limits of detection (if reported). For many substances, any data reported may 

simply be as presence/absence with no associated concentration. 

Validity/QA 

A second person will independently screen a sample of documents to check that there is no bias. If necessary, 

remedial actions will be taken to ensure the criteria are applied appropriately.  

A proportion of all data entries will be reviewed by Emma Pemberton to confirm the information extracted by 

the data analysis team (Chesney Swansborough, Chris Stone, Megan Griffiths). The proportion of data to be 

reviewed will be confirmed once the search has been undertaken but is anticipated to be range of 10% of all 

data entries. 
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Table A 1.1. Outcomes for literature search carried out 

Substance Search engine  
Date of 

search 
Search string used 

Total 

number 

of papers 

found 

Total 

number 

of papers 

relevant 

for use 

Total 

number of 

papers 

relevant 

for 

occurrence 

triethyl phosphate 

PubMed 

(Abstract Sifter) 

03/03/2022 

(triethyl phosphate OR 78-40-0 OR TEP OR Tris(ethyl) phosphate) AND (Flame retardants OR OPFR*) 

AND (Use OR tonnage OR distribution OR application* OR consumption) AND (water OR groundwater 

OR drinking water OR river OR surface water) AND (environment OR environmental) AND (UK OR Engl* 

OR Wales) 678 3 1 

Science Direct 

03/03/2022 

(triethyl phosphate OR 78-40-0 OR TEP OR Tris(ethyl) phosphate) AND (Flame retardants OR OPFR*) 

AND (Use OR tonnage OR distribution OR application* OR consumption) AND (water OR groundwater 

OR drinking water OR river OR surface water) AND (environment OR environmental) AND (UK OR Engl* 

OR Wales) 3 1 0 

bisphenol A bis (diphenyl 

phosphate) 

PubMed 

(Abstract Sifter) 

03/03/2022 

(bisphenol A bis (diphenyl phosphate) OR BPA-DP OR 5945-33-5 OR fyroflex BDP) AND (Flame 

retardants OR OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) AND 

(water OR groundwater OR drinking water OR river OR surface water) AND (environment OR 

environmental) AND (UK OR Engl* OR Wales) 453 6 1 

Science Direct 

03/03/2022 

(bisphenol A bis (diphenyl phosphate) OR BPA-DP OR 5945-33-5 OR Tetraphenyl(propane-2,2-

diylbis(4,1-phenylene)) bis(phosphate) OR fyroflex BDP) AND (Flame retardants OR OPFR*) AND (Use 

OR tonnage OR distribution OR application* OR consumption) AND (water OR groundwater OR drinking 

water OR river OR surface water) AND (environment OR environmental) AND (UK OR Engl* OR Wales) 14 2 1 

tri-n-butyl phosphate 

PubMed 

(Abstract Sifter) 
07/03/2022 

(tri-n-butyl phosphate OR TNBP OR TBP OR 126-73-8) AND (Flame retardants OR OPFR*) AND (Use 

OR tonnage OR distribution OR application* OR consumption) AND (water OR groundwater OR drinking 

water OR river OR surface water) AND (environment OR environmental) AND (UK OR Engl* OR Wales) 1,072 10 3 

Science Direct 

07/03/2022 

(tri-n-butyl phosphate OR TNBP OR TBP OR 126-73-8 OR phosphoric acid tributyl ester) AND (Flame 

retardants OR OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) AND 

(water OR groundwater OR drinking water OR river OR surface water) AND (environment OR 

environmental) AND (UK OR Engl* OR Wales) 39 12 8 

tris(2-

butoxyethyl)phosphate 

PubMed 

(Abstract Sifter) 

07/03/2022 

(tris(2-butoxyethyl)phosphate OR TBOEP OR TBEP OR 78-51-3) AND (Flame retardants OR OPFR*) 

AND (Use OR tonnage OR distribution OR application* OR consumption) AND (water OR groundwater 

OR drinking water OR river OR surface water) AND (environment OR environmental) AND (UK OR Engl* 

OR Wales) 177 10 3 

Science Direct 

07/03/2022 

(tris(2-butoxyethyl)phosphate OR TBOEP OR TBEP OR 78-51-3) AND (Flame retardants OR OPFR*) 

AND (Use OR tonnage OR distribution OR application* OR consumption) AND (water OR groundwater 

OR drinking water OR river OR surface water) AND (environment OR environmental) AND (UK OR Engl* 

OR Wales) 42 5 3 
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Substance Search engine  
Date of 

search 
Search string used 

Total 

number 

of papers 

found 

Total 

number 

of papers 

relevant 

for use 

Total 

number of 

papers 

relevant 

for 

occurrence 

triisobutyl phosphate 

PubMed 

(Abstract Sifter) 

09/03/2022 

(triisobutyl phosphate OR TiBP OR isobutyl phosphate OR 126-71-6) AND (Flame retardants OR OPFR*) 

AND (Use OR tonnage OR distribution OR application* OR consumption) AND (water OR groundwater 

OR drinking water OR river OR surface water) AND (environment OR environmental) AND (UK OR Engl* 

OR Wales) 888 4 1 

Science Direct 

09/03/2022 

(triisobutyl phosphate OR TiBP OR isobutyl phosphate OR 126-71-6) AND (Flame retardants OR OPFR*) 

AND (Use OR tonnage OR distribution OR application* OR consumption) AND (water OR groundwater 

OR drinking water OR river OR surface water) AND (environment OR environmental) AND (UK OR Engl* 

OR Wales) 7 2 0 

tricresyl phosphate 

PubMed 

(Abstract Sifter) 

09/03/2022 

(tricresyl phosphate OR trimethylphenyl phosphate OR TMPP OR 1330-78-5) AND (Flame retardants OR 

OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) AND (water OR 

groundwater OR drinking water OR river OR surface water) AND (environment OR environmental) AND 

(UK OR Engl* OR Wales) 242 7 1 

Science Direct 

09/03/2022 

(tricresyl phosphate OR trimethylphenyl phosphate OR tritolyl phosphate OR TMPP OR 1330-78-5) AND 

(Flame retardants OR OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) 

AND (water OR groundwater OR drinking water OR river OR surface water) AND (environment OR 

environmental) AND (UK OR Engl* OR Wales) 5 0 0 

triphenyl phosphate 

PubMed 

(Abstract Sifter) 

09/03/2022 

(triphenyl phosphate OR TPhP OR dislamoll TP OR 115-86-6) AND (Flame retardants OR OPFR*) AND 

(Use OR tonnage OR distribution OR application* OR consumption) AND (water OR groundwater OR 

drinking water OR river OR surface water) AND (environment OR environmental) AND (UK OR Engl* OR 

Wales) 1,059 13 6 

Science Direct 

09/03/2022 

(triphenyl phosphate OR TPhP OR dislamoll TP OR 115-86-6) AND (Flame retardants OR OPFR*) AND 

(Use OR tonnage OR distribution OR application* OR consumption) AND (water OR groundwater OR 

drinking water OR river OR surface water) AND (environment OR environmental) AND (UK OR Engl* OR 

Wales) 29 1 0 

isoporopylated phenyl 

phosphate 

PubMed 

(Abstract Sifter) 

10/03/2022 

(isopropylated phenyl phosphate OR IPP OR Tris(4-isopropylphenyl) phosphate OR 68937-41-7) AND 

(Flame retardants OR OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) 

AND (water OR groundwater OR drinking water OR river OR surface water) AND (environment OR 

environmental) AND (UK OR Engl* OR Wales) 42 1 0 

Science Direct 

10/03/2022 

(isopropylated phenyl phosphate OR IPP OR Tris(4-isopropylphenyl) phosphate OR tris(4-propan-2-

ylphenyl) phosphate OR triisopropylated phenyl phosphate OR 68937-41-7) AND (Flame retardants OR 

OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) AND (water OR 

groundwater OR drinking water OR river OR surface water) AND (environment OR environmental) AND 

(UK OR Engl* OR Wales) 0 0 0 
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Substance Search engine  
Date of 

search 
Search string used 

Total 

number 

of papers 

found 

Total 

number 

of papers 

relevant 

for use 

Total 

number of 

papers 

relevant 

for 

occurrence 

2-ethylhexyl diphenyl 

phosphate 

PubMed 

(Abstract Sifter) 

09/03/2022 

(2-ethylhexyl diphenyl phosphate OR EHDPP OR octicizer or santicizer 141 OR 1241-94-7) AND (Flame 

retardants OR OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) AND 

(water OR groundwater OR drinking water OR river OR surface water) AND (environment OR 

environmental) AND (UK OR Engl* OR Wales) 351 5 0 

Science Direct 

09/03/2022 

(2-ethylhexyl diphenyl phosphate OR EHDPP OR octicizer or santicizer 141 OR 1241-94-7) AND (Flame 

retardants OR OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) AND 

(water OR groundwater OR drinking water OR river OR surface water) AND (environment OR 

environmental) AND (UK OR Engl* OR Wales) 7 2 1 

tri(2-ethylhexyl) phosphate 

PubMed 

(Abstract Sifter) 

10/03/2022 

(tri(2-ethylhexyl) phosphate OR TEHP OR disflamoll TOF OR 78-42-2) AND (Flame retardants OR 

OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) AND (water OR 

groundwater OR drinking water OR river OR surface water) AND (environment OR environmental) AND 

(UK OR Engl* OR Wales) 362 5 1 

Science Direct 

10/03/2022 

(tri(2-ethylhexyl) phosphate OR TEHP OR disflamoll TOF OR 78-42-2) AND (Flame retardants OR 

OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) AND (water OR 

groundwater OR drinking water OR river OR surface water) AND (environment OR environmental) AND 

(UK OR Engl* OR Wales) 13 2 0 

isodecyl diphenyl 

phosphate 

PubMed 

(Abstract Sifter) 

10/03/2022 

(isodecyl diphenyl phosphate OR IDDP OR 8-methylnonyl diphenyl phosphate OR 29761-21-5) AND 

(Flame retardants OR OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) 

AND (water OR groundwater OR drinking water OR river OR surface water) AND (environment OR 

environmental) AND (UK OR Engl* OR Wales) 41 2 0 

Science Direct 

10/03/2022 

(isodecyl diphenyl phosphate OR IDDP OR 8-methylnonyl diphenyl phosphate OR 29761-21-5) AND 

(Flame retardants OR OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) 

AND (water OR groundwater OR drinking water OR river OR surface water) AND (environment OR 

environmental) AND (UK OR Engl* OR Wales) 27 0 0 

tetrakis (2-chloroethyl) 

dichloroisopentyl 

diphosphate 

PubMed 

(Abstract Sifter) 

10/03/2022 

(tetrakis (2-chloroethyl) dichloroisopentyl diphosphate OR V6 OR 38051-10-4) AND (Flame retardants OR 

OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) AND (water OR 

groundwater OR drinking water OR river OR surface water) AND (environment OR environmental) AND 

(UK OR Engl* OR Wales) 30 2 0 

Science Direct 

10/03/2022 

(tetrakis (2-chloroethyl) dichloroisopentyl diphosphate OR V6 OR 38051-10-4) AND (Flame retardants OR 

OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) AND (water OR 

groundwater OR drinking water OR river OR surface water) AND (environment OR environmental) AND 

(UK OR Engl* OR Wales) 3 2 0 

tris(1,3-dichloro-2-propyl) 

phosphate 

PubMed 

(Abstract Sifter) 10/03/2022 
(tris(1,3-dichloro-2-propyl) phosphate OR TDCPP OR TDCIPP OR fyrol FR 2 OR 13674-87-8) AND 

(Flame retardants OR OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) 211 6 3 
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Substance Search engine  
Date of 

search 
Search string used 

Total 

number 

of papers 

found 

Total 

number 

of papers 

relevant 

for use 

Total 

number of 

papers 

relevant 

for 

occurrence 

AND (water OR groundwater OR drinking water OR river OR surface water) AND (environment OR 

environmental) AND (UK OR Engl* OR Wales) 

Science Direct 

10/03/2022 

(tris(1,3-dichloro-2-propyl) phosphate OR TDCPP OR TDCIPP OR fyrol FR 2 OR 13674-87-8) AND 

(Flame retardants OR OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) 

AND (water OR groundwater OR drinking water OR river OR surface water) AND (environment OR 

environmental) AND (UK OR Engl* OR Wales) 27 5 1 

bis(2-ethylhexyl) 

phosphate 

PubMed 

(Abstract Sifter) 

10/03/2022 

(bis(2-ethylhexyl) phosphate OR BEHP OR Hdehp OR 298-07-7) AND (Flame retardants OR OPFR*) 

AND (Use OR tonnage OR distribution OR application* OR consumption) AND (water OR groundwater 

OR drinking water OR river OR surface water) AND (environment OR environmental) AND (UK OR Engl* 

OR Wales) 399 3 1 

Science Direct 

10/03/2022 

(bis(2-ethylhexyl) phosphate OR BEHP OR Hdehp OR 298-07-7) AND (Flame retardants OR OPFR*) 

AND (Use OR tonnage OR distribution OR application* OR consumption) AND (water OR groundwater 

OR drinking water OR river OR surface water) AND (environment OR environmental) AND (UK OR Engl* 

OR Wales) 0 0 0 

dibutyl phosphate 

PubMed 

(Abstract Sifter) 

10/03/2022 

(dibutyl phosphate OR DNBP OR di-n-butyl phosphate OR 107-66-4) AND (Flame retardants OR OPFR*) 

AND (Use OR tonnage OR distribution OR application* OR consumption) AND (water OR groundwater 

OR drinking water OR river OR surface water) AND (environment OR environmental) AND (UK OR Engl* 

OR Wales) 1040 6 1 

Science Direct 

10/03/2022 

(dibutyl phosphate OR DNBP OR dibutyl hydrogen phosphate OR di-n-butyl phosphate OR 107-66-4) 

AND (Flame retardants OR OPFR*) AND (Use OR tonnage OR distribution OR application* OR 

consumption) AND (water OR groundwater OR drinking water OR river OR surface water) AND 

(environment OR environmental) AND (UK OR Engl* OR Wales) 2 2 1 

Trimethyl phosphate 

PubMed 

(Abstract Sifter) 

10/03/2022 

(Trimethyl phosphate OR TMP OR trimethyl orthophosphate OR 512-56-1) AND (Flame retardants OR 

OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) AND (water OR 

groundwater OR drinking water OR river OR surface water) AND (environment OR environmental) AND 

(UK OR Engl* OR Wales) 363 4 0 

Science Direct 

10/03/2022 

(Trimethyl phosphate OR TMP OR trimethyl orthophosphate OR 512-56-1) AND (Flame retardants OR 

OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) AND (water OR 

groundwater OR drinking water OR river OR surface water) AND (environment OR environmental) AND 

(UK OR Engl* OR Wales) 1 0 0 

tris(3,5-dimethylphenyl) 
PubMed 

(Abstract Sifter) 

10/03/2022 

(tris(3,5-dimethylphenyl) phosphate OR TDMPP OR tris(3,5-xylyl) phosphate OR 25155-23-1 OR 25653-

16-1) AND (Flame retardants OR OPFR*) AND (Use OR tonnage OR distribution OR application* OR 

consumption) AND (water OR groundwater OR drinking water OR river OR surface water) AND 

(environment OR environmental) AND (UK OR Engl* OR Wales) 18 0 0 
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Substance Search engine  
Date of 

search 
Search string used 

Total 

number 

of papers 

found 

Total 

number 

of papers 

relevant 

for use 

Total 

number of 

papers 

relevant 

for 

occurrence 

Science Direct 

10/03/2022 

(tris(3,5-dimethylphenyl) phosphate OR TDMPP OR tris(3,5-xylyl) phosphate OR 25155-23-1 OR 25653-

16-1) AND (Flame retardants OR OPFR*) AND (Use OR tonnage OR distribution OR application* OR 

consumption) AND (water OR groundwater OR drinking water OR river OR surface water) AND 

(environment OR environmental) AND (UK OR Engl* OR Wales) 0 0 0 

resorcinol bis (diphenyl 

phosphate) 

PubMed 

(Abstract Sifter) 

04/03/2022 

(resorcinol bis (diphenyl phosphate) OR RDP OR 57583-54-7) AND (Flame retardants OR OPFR*) AND 

(Use OR tonnage OR distribution OR application* OR consumption) AND (water OR groundwater OR 

drinking water OR river OR surface water) AND (environment OR environmental) AND (UK OR Engl* OR 

Wales) 130 9 1 

Science Direct 

04/03/2022 

(resorcinol bis (diphenyl phosphate) OR RDP OR (3-diphenoxyphosphoryloxyphenyl) diphenyl phosphate 

OR Tetraphenyl resorcinol bis(diphenylphosphate) OR 57583-54-7) AND (Flame retardants OR OPFR*) 

AND (Use OR tonnage OR distribution OR application* OR consumption) AND (water OR groundwater 

OR drinking water OR river OR surface water) AND (environment OR environmental) AND (UK OR Engl* 

OR Wales) 1 1 0 

tris(2-chloroethyl) 

phosphate 

PubMed 

(Abstract Sifter) 

04/03/2022 

(tris(2-chloroethyl) phosphate OR TCEP OR tri(beta-chloroethyl) phosphate OR 115-96-8) AND (Flame 

retardants OR OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) AND 

(water OR groundwater OR drinking water OR river OR surface water) AND (environment OR 

environmental) AND (UK OR Engl* OR Wales) 138 9 3 

Science Direct 

04/03/2022 

(tris(2-chloroethyl) phosphate OR TCEP OR tri(beta-chloroethyl) phosphate OR 115-96-8) AND (Flame 

retardants OR OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) AND 

(water OR groundwater OR drinking water OR river OR surface water) AND (environment OR 

environmental) AND (UK OR Engl* OR Wales) 0 0 0 

tris(2-chloro-1-

methylethyl) phosphate 

PubMed 

(Abstract Sifter) 

04/03/2022 

(tris(2-chloro-1-methylethyl) phosphate OR TCIPP+ OR TCPP OR 13674-84-5) AND (Flame retardants 

OR OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) AND (water OR 

groundwater OR drinking water OR river OR surface water) AND (environment OR environmental) AND 

(UK OR Engl* OR Wales) 41 5 2 

Science Direct 

04/03/2022 

(tris(2-chloro-1-methylethyl) phosphate OR TCIPP+ OR TCPP OR tris(1-chloro-2-proyl) phosphate OR 

Amgard TMCP OR 13674-84-5) AND (Flame retardants OR OPFR*) AND (Use OR tonnage OR 

distribution OR application* OR consumption) AND (water OR groundwater OR drinking water OR river 

OR surface water) AND (environment OR environmental) AND (UK OR Engl* OR Wales) 2 2 0 

tris(2-chloroiso-propyl) 

phosphate 

PubMed 

(Abstract Sifter) 

09/03/2022 

(tris(2-chloroiso-propyl) phosphate OR TCIPP OR tri(2-chloropropyl) phosphate OR 6145-73-9) AND 

(Flame retardants OR OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) 

AND (water OR groundwater OR drinking water OR river OR surface water) AND (environment OR 

environmental) AND (UK OR Engl* OR Wales) 1 1 0 

Science Direct 09/03/2022 
(tris(2-chloroiso-propyl) phosphate OR TCIPP OR tri(2-chloropropyl) phosphate OR 6145-73-9) AND 

(Flame retardants OR OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) 0 0 0 
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Date of 
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for use 

Total 
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papers 

relevant 

for 

occurrence 

AND (water OR groundwater OR drinking water OR river OR surface water) AND (environment OR 

environmental) AND (UK OR Engl* OR Wales) 

triphenyl phosphine oxide 

PubMed 

(Abstract Sifter) 

10/03/2022 

(triphenyl phosphine oxide OR TPPO OR diphenylphosphorylbenzene OR triphenyl phosphorous oxide 

OR 791-28-6) AND (Flame retardants OR OPFR*) AND (Use OR tonnage OR distribution OR application* 

OR consumption) AND (water OR groundwater OR drinking water OR river OR surface water) AND 

(environment OR environmental) AND (UK OR Engl* OR Wales) 215 3 2 

Science Direct 

10/03/2022 

(triphenyl phosphine oxide OR TPPO OR diphenylphosphorylbenzene OR triphenyl phosphorous oxide 

OR 791-28-6) AND (Flame retardants OR OPFR*) AND (Use OR tonnage OR distribution OR application* 

OR consumption) AND (water OR groundwater OR drinking water OR river OR surface water) AND 

(environment OR environmental) AND (UK OR Engl* OR Wales) 6 3 3 

diisobutyl phosphate 

PubMed 

(Abstract Sifter) 

10/03/2022 

(diisobutyl phosphate OR DiBP OR bis(2-methylpropyl) hydrogen phosphate OR 6303-30-6) AND (Flame 

retardants OR OPFR*) AND (Use OR tonnage OR distribution OR application* OR consumption) AND 

(water OR groundwater OR drinking water OR river OR surface water) AND (environment OR 

environmental) AND (UK OR Engl* OR Wales) 28 0 0 

Science Direct 

10/03/2022 

(diisobutyl phosphate OR DiBP OR bis(2-methylpropyl) hydrogen phosphate OR bis(2-

methylpropoxy)phosphinic acid OR 6303-30-6) AND (Flame retardants OR OPFR*) AND (Use OR 

tonnage OR distribution OR application* OR consumption) AND (water OR groundwater OR drinking water 

OR river OR surface water) AND (environment OR environmental) AND (UK OR Engl* OR Wales) 0 0 0 

tris(2,3-dibromopropyl) 

phosphate 

PubMed 

(Abstract Sifter) 

10/03/2022 

(tris(2,3-dibromopropyl) phosphate OR TDBPP OR 126-72-7) AND (Flame retardants OR OPFR*) AND 

(Use OR tonnage OR distribution OR application* OR consumption) AND (water OR groundwater OR 

drinking water OR river OR surface water) AND (environment OR environmental) AND (UK OR Engl* OR 

Wales) 107 2 0 

Science Direct 

10/03/2022 

(tris(2,3-dibromopropyl) phosphate OR TDBPP OR 126-72-7) AND (Flame retardants OR OPFR*) AND 

(Use OR tonnage OR distribution OR application* OR consumption) AND (water OR groundwater OR 

drinking water OR river OR surface water) AND (environment OR environmental) AND (UK OR Engl* OR 

Wales) 8 3 2 
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Appendix 2 - Uses of OPFRs 

Table A2.1. Uses and tonnage data for OPFR substances and their chemical groups 

Classification 
Chemical 

group 

Substa

nce 
Individual use(s) 

Tonnage per 

annum (REACH) 

Existing 

restrictions 

Halogenated 

OPFRs 

Chlorinated 

phosphate 

tri-ester 

TCEP 

• Historically used in the production of flexible and rigid polyurethane foams used in children’s 

toys and upholstered furniture (Hou et al., 2021; Lounis et al., 2019; Maddela, Venkateswarlu 

& Megharaj, 2020; Xing et al., 2020) 

"Not currently being 

manufactured in 

and / or imported to 

the European 

Economic Area" 

Annex XIV 

Authorisation list; 

SVHC 

TCIPP+ 

or 

TCPP 

• Previously stated as a high production volume (HPV) chemical under REACH (10,000-100,000 

TPa) (Son, Lee & Zoh, 2020 

• Flame retardant for flexible and rigid polyurethane foams in mattresses, upholstery, automotive 

steering wheel heads and other car accessories (Cristale et al., 2013; Fisk,,Girling & Wildey, 

2003; Son, Lee & Zoh, 2020; Li et al., 2018; Negev et al., 2018; van der Veen & de Boer, 

2012) 

"Not currently being 

manufactured in 

and / or imported to 

the European 

Economic Area" 

Restriction 

intention 

withdrawn 

 

TCIPP 

• Additive FR in polyurethane foams and other polymers for use in furniture, construction, textile 

industry and electronic equipment (Blum et al., 2019; Pantelaki & Voutsa, 2019; van der Veen 

& de Boer, 2012) 

Pre-registration  

TDCPP 

or 

TDCIPP 

• Replacement for PentaBDE as additive FR in polyurethane foams used in the construction 

industry, furniture, upholstery for the automotive industry, and in children’s products (Liu et al., 

2020; Pentelaki & Voutsa, 2019; Ren et al., 2019; van der Veen & de Boer, 2012; Wang et al., 

2015; Wang et al., 2020; Wolschke et al., 2015; Zhang et al., 2019) 

• FR and plasticiser additive in resins, latexes, electronic equipment, varnishes, paints, lacquers 

and glue (Liu et al., 2020; Ren et al., 2019; van der Veen & de Boer, 2020; Wei et al., 2015; 

Zhang et al., 2019; Zhang et al., 2021) 

≥ 1 000 to < 10 000 

CoRAP (Potential 

endocrine 

disruptor, 2022, 

Not started); 

Restriction 

intention 

withdrawn 

V6 
• Additive FR in flexible polyurethane foams for furniture and automotive applications (Liang, Shi 

& Liu, 2018; Lounis et al., 2019; van der Veen & de Boer, 2012) 
≥ 100 to < 1 000  

Brominated 

phosphate 

tri-ester 

TDBPP 

• Formally used as a FR in cellulose, triacetate, and polyester fabrics. Often found in children’s 

pyjamas up to the late 1970s when it was banned for its carcinogenic and mutagenic 

properties (Bergman et al., 2012; Cai et al., 2022; Hu et al., 2014; Lu et al., 2019; Zuiderveen, 

Slootweg & de Boer, 2020) 

Pre-registration 

Restricted under 

REACH Annex 

XVII 

Non-

halogenated 

OPFRs 

Alkyl 

phosphate 

tri-ester 

TEP 

• Plasticiser and additive flame retardant in polyester resins, PVC. high-viscosity polyol 

formulations and polyurethane foams (Ali et al., 2012; Chokwe et al., 2020; van der Veen & de 

Boer, 2012). 

≥ 10 000 to < 100, 

000 
 

TNBP • Plasticiser (Sala et al., 2019; Watts & Linden, 2008; Wei et al., 2015) ≥ 1 000 tonnes 
CoRAP 

(Suspected 

CMR, 2012, 
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Classification 
Chemical 

group 

Substa

nce 
Individual use(s) 

Tonnage per 

annum (REACH) 

Existing 

restrictions 

• Additive in hydraulic fluids, lacquers, floor finish, wax, paint, inks/toners and glue (Blum et al., 

2019; van der Veen & de Boer, 2012; Wei et al., 2015; Zeng et al., 2020; Zhang et al., 2021) 

• Antifoaming agent (van der Veen & de Boer, 2012; Zhang et al., 2021; Wei et al., 2015) 

Concluded no 

regulatory action 

needed) 

TBOEP 

• Additive to improve gloss and levelling in varnish, floor polish, paints and lacquers (Kajiwara, 

Noma & Takigami, 2011; Saquib et al., 2022; van der Veen & de Boer, 2012; Wei et al., 2015; 

Yao et al., 2021; Zhang et al., 2019; Zhang et al, 2020) 

• Plasticiser (Kajiwara, Noma & Takigami, 2011; Wei et al., 2015) 

≥ 1 000 to < 10 000  

TiBP 

• Plasticiser (Postigo & Bercelo, 2015; van der Veen & de Boer, 2012; Wei et al., 2015) 

• Extreme pressure additive and antiwear agent in hydraulic fluids, lubricants, transmission fluids 

and motor oils (Lian et al., 2022; Luo et al., 2018; Wei et al., 2015) 

• Antifoaming agent/ pore size regulator in concrete (Luo et al., 2018; Wei et al., 2015; van der 

Veen & de Boer, 2012) 

≥ 1 000 to < 10 000  

TEHP 

• Plasticiser and additive FR in polymers, PVC, cellulose acetate, and solvents (Hou et al., 2020; 

Lee et al., 2020; van der Veen & de Boer, 2012) 

• Additive in lacquers, resins, coatings, stabilisers, fungus resistance and fire proofing 

compositions (Chokwe et al., 2020; Ellis et al., 2007; Wei et al., 2015) 

• Classified as a high production volume (HPV) chemical (US EPA, 2014) 

≥ 1 000 to < 10 000  

TMP 
• Hydrophilic tri-ester used in industrial processes (Gao et al., 2016; Li et al., 2019; Marklund, 

Andersson & Haglund, 2003; Onoja et al., 2022) 
≥ 10 to < 100  

Alkyl 

phosphate 

di-ester 

BEHP 
• Metabolite of TEHP that is industrially produced and used for metal extraction as well as for 

use as an ingredient in surfactants (Chokwe et al., 2020; Li et al., 2020; Wang et al., 2020) 
≥ 100 to < 1 000  

DNBP 

• Metabolite of TNBP (Bastiaensen et al., 2021; Chokwe et al., 2020; Hou et al., 2016; Hou et 

al., 2019; Xu et al., 2021) 

• Uranium and thorium extractants; lanthanide separating agent; organic synthesis; gas 

chromatography fixative; solvent; plasticiser; textile industry (Liu et al., 2021; Xu et al., 2021) 

≥ 100 to < 1 000  

DiBP 
• Metabolite of TiBP (Wang et al., 2019) 

• Used in plastic products such as food packaging, toys and mobile phones (ECHA, 2021)  
≥ 1 to < 10  

Aryl 

phosphate 

tri-ester 

IPP 

• Additive in blends used in various PVC products, polyurethanes, textile coatings, adhesives, 

lubricant additives, hydraulic fluids, power generation fuels, paints, and pigment dispersions 

(Brooke et al., 2009; Kubwabo et al., 2021) 

≥ 1 000 to < 10 000 

CoRAP 

(suspected ED & 

PBT), under 

evaluation NL, 

2020 

TDMPP • Used in the EU as a power generation fluid (Brooke et al., 2009) ≥ 100 to < 1 000  
25155-23-1 

REACH Annex 

XIV authorisation 
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Classification 
Chemical 

group 

Substa

nce 
Individual use(s) 

Tonnage per 

annum (REACH) 

Existing 

restrictions 

list, Sunset date 

27/05/2023; 

CoRAP 

suspected PBT; 

SVHC 

TMPP 

or TCP 

• Classified as a high production volume (HPV) chemical (US EPA, 2014) 

• Plasticiser, flame retardant, abrasive resistance, hydraulic fluids, transmission fluids, softener, 

solvent, cellulose, polyvinylchloride, floor wax (Al-Salem et al., 2019; Blum et al., 2019; Onoja 

et al., 2022; van der Veen & de Boer, 2012; Wang et al., 2018; Wei et al., 2015; Zhong et al., 

2021)  

• FR in plasticized vinyl polymers such as wire and cable insulation, connectors, automotive 

interiors, vinyl moisture barriers, furniture upholstery, conveyor belts (for mining) and vinyl 

foams (Brooke et al., 2009) 

≥ 1 000 to < 10 000 

CoRAP 

(Suspected PBT, 

2014, Concluded 

- Need for follow-

up regulatory 

action at EU 

level) 

TPhP 

• FR and plasticiser in furniture, electronic products, printed circuit boards, thermostat resins, 

thermoplastic/styrenic resins, photographic film, paints, hydraulic fluids, lacquers, paint, and 

glue (Brooke et al., 2009; Chokwe et al., 2020; Cristale et al., 2013; He et al., 2018; 

Papachlimitzou et al., 2015; Shi et al, 2019; van der Veen & de Boer, 2012; Wang et al., 2020; 

Wei et al., 2019; Zhong et al., 2021) 

• Additive plasticiser in nail polish (Blum et al., 2019; Chen et al., 2022; Estill et al., 2021) 

• Antifoaming agent (Shi et al., 2019) 

≥ 1 000 tonnes 

CoRAP (potential 

endocrine 

disruptor, 2017, 

follow up) 

EHDPP 

• Used in industrial production of fire-protective coating and polyvinylchloride in metal and plastic 

walls of refrigerators, freezers, electronic devices, and textiles (Brooke et al., 2009; Chen et al., 

2021) 

• Additive plasticiser in synthetic resins and hydraulic fluids (Luo et al., 2020; van der Veen & de 

Boer, 2012; Wei et al., 2015; You et al., 2022) 

• Used in foam seating and bedding, plastic and rubber products (Blum et al., 2019) 

• Food packaging materials (Blum et al., 2019; Brooke et al., 2009; Li et al., 2019) 

≥ 1 000 to < 10 000  

IDDP 

• Plasticiser used in PVC plastics and food packaging materials (Christia et al., 2018; Wang et 

al., 2020) 

• Used in textile coating, paints, pigment dispersions, polyurethane and rubber (Brooke et al., 

2009) 

≥ 100 to < 1 000  

TPPO 

• Widely used in the pharmaceutical industry as a synthetic intermediate for pharmaceutical 

products (Wang et al., 2015; Zhong et al., 2017; Zhong et al., 2020) 

• Applied as a ligand for transition metal processes (Wang et al., 2015; Zhong et al., 2017) 

≥ 1 to < 10  

Oligomeric 

phosphate 

tri-ester 

RDP 

• Alternative for Deca-BDE in plastics, rubber products and electronic consumer products, 

textiles, furniture and building materials (Ballesteros-Gomez et al., 2014; Blum et al., 2019; 

Liang et al., 2018; Zhong et al., 2021) 

Pre-registration  
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Classification 
Chemical 

group 

Substa

nce 
Individual use(s) 

Tonnage per 

annum (REACH) 

Existing 

restrictions 

• Substitute for TCEP and TCPP as it is less volatile and more thermally stable (van der Veen & 

de Boer, 2012) 

• Primary FR for polycarbonate and acrylo-nitrile-butadiene-styrene (ABS) and copolymers 

(Brooke et al., 2009) 

• Forms DPHP as metabolite (Bastiaensen et al., 2021) 

BDP 

• Alternative for Deca-BDE in plastic and electronic consumer products, resins, and plastics 

(Ballesteros-Gomez et al., 2014; Liang, Shi & Liu, 2018; Matsukami et al., 2014; Matsukami et 

al., 2015; van der Veen & de Boer, 2012; Zhong et al., 2021) 

• Used in solutions to flame retard solid thermoplastics (e.g. polycarbonate (PC), PC/ABS and 

HIPS/PPO), textile fibers, and wire and cables (e.g. TPU) (PINFA, n.d.) 

≥ 10 000  
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Appendix 3 - SPIN database  

Table A3.1. Summary of usage information collated from SPIN database (SPIN, 2022) 

Substance Abbr. 

SPIN tonnage (2019) 
Total tonnage 

across Nordic 

countries 

(2019) 

Average 

tonnage in 

Nordic 

Countries 

(2015-2019) 

Additional information 
Norway Denmark Sweden Finland 

triethyl phosphate TEP 7.9 11.5 6 26.1 51.5 11.19  

tri-n-butyl phosphate TNBP 3.6 0.6 10.7 0.1 15 3.22  

tris(2-butoxyethyl) phosphate TBOEP 2.3 7.2 7.5 0.3 17.3 3.83  

trimethyl phosphate TMP  0 0 0 0 0 • No tonnage data available from Norway 

triisobutyl phosphate TiBP 0.6 10.3 6.8 2.2 19.9 19.65  

tri(2-ethylhexyl) phosphate TEHP 0 3.9 37.8 0 41.7 435.765 
• Average usage in Sweden (2015-2019) was 

1725 tonnes 

 

tri-m-cresyl phosphate 

 

TCP or 

TMPP 
3.4 0.9 4.8 14.4 23.5 3.05  

tris(3,5-xylyl) phosphate TDMPP 0 0 0 0 0 0 • 0 tonnes recorded since 2015  

triphenyl phosphate TPhP 0.2 0.3 42.1 5 47.6 19.27 • Use decreasing across Nordic countries 

triphenyl phosphine oxide TPPO 0 0 0.2 0 0.2 0.03  

isopropylated phenyl phosphate IPP 5.4 1.2 120.6 2 129.2 41.08  

tris(2,3-dibromopropyl) phosphate TDBPP       • No tonnage data available  

2-ethylhexyl diphenyl phosphate EHDPP 0.1 0.1 3 1.7 4.9 4.57  

isodecyl diphenyl phosphate IDDP 0 0 0 0 0 0 • 0 tonnes recorded since 2018 

resorcinol bis (diphenyl phosphate)   RDP 0 0 42 0 42 5.62 
• Usage in Sweden increasing over past 5 

years 

bisphenol A bis (diphenyl phosphate) BDP 34.7   0 34.7 13.68 
• No tonnage data available from Denmark or 

Sweden 

tetrakis (2-chloroethyl) dichloroisopentyl 

diphosphate 
V6 0 0 0 0 0   
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Substance Abbr. 

SPIN tonnage (2019) 
Total tonnage 

across Nordic 

countries 

(2019) 

Average 

tonnage in 

Nordic 

Countries 

(2015-2019) 

Additional information 
Norway Denmark Sweden Finland 

tris(2-chloroethyl) phosphate TCEP 0 0 0 0 0 0  

tris(2-chloroiso-propyl) phosphate 

TCIPP+ or 

TCPP or 

TCIPP 

238.6 45.1 116 474.2 873.9 292.66 

• Peak of 117,036 tonnes in 2005 

• Data for TCIPP+/TCPP isomer only - 0 

tonnes of TCIPP isomer recorded since 

2010 

tris(1,3-dichloro-2-propyl) phosphate 

TDCPP or 

TDCIPP or 

TDCP 

0 0 0 0 0 0 • 0 tonnes recorded since 2002 (Denmark) 

bis(2-ethylhexyl) phosphate BEHP 0.1 0.4 1.3 0.2 2 5.91  

dibutyl phosphate DNBP 1.5 0.2 0.3 0 2 0.48  

diisobutyl phosphate DiBP  0 0  0 0 
• No tonnage data available from Norway and 

Finland 
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Appendix 4 - Persistence data   

Table A4.1. Summary of persistence data collated  

Substance 
Readily 

biodegradable? 
Persistent? Extra Information 

TCEP 
Yes (61% at 28d, 

OECD 301D)  
No  

• Info taken from: https://echa.europa.eu/registration-dossier/-/registered-dossier/31031/5/3/2 

Closed Bottle test (slightly modified OECD (301D)): 61% degradation in 28 days --> readily biodegradable (Van Ginkel, 2007) 

• Prolonged Closed Bottle test: 66% after 56 days --> inherently and ultimately biodegradable (Van Ginkel and Stroo, 1996). 

TCIPP+ or 

TCPP or TCIPP 

No (0% at 28d in 

equiv to OECD 

301C, and 14% at 

28d in OECD 

301E)  

Potentially P/vP 

• Info taken from: https://echa.europa.eu/registration-dossier/-/registered-dossier/1355/5/3/1 

Two tests for ready biodegradability ( OECD 301E and one equivalent to OECD 301C) --> not readily biodegradable. One test for 

inherent biodegradability was also conducted, and the result of the test indicates that TCPP is inherently biodegradable. 

• Info taken from: https://echa.europa.eu/documents/10162/17228/trd_rar_ireland_tccp_en.pdf/315063b0-593d-4703-9519-

562c258506e6 

It showed inherent biodegradability in a SCAS test (Van Ginkel and Stroo, 2001) and prolonged closed bottle test (60% by day 50, Van 

der Togt and van Ginkel, 2002) but does not meet the TGD criteria for inherent biodegradability. TCPP is therefore considered to be 

potentially persistent, the screening criterion for persistence is met. No biodegradation simulation tests are available for TCPP. 

TDCPP or 

TDCIPP 

No (0% at 28d, 

OECD 301B) 

(Jenkins, 1990) 

Potentially P/vP 

(screening 

criteria fulfilled) 

• Info taken from: https://echa.europa.eu/registration-dossier/-/registered-dossier/14365/5/3/2 

OECD 301B-0% based on CO2 evolution --> not readily biodegradable. Another RBT (MITI study) found 0 - 4% biodegradation --> not 

readily biodegradable. 

• Info taken from: https://echa.europa.eu/documents/10162/17228/trd_rar_ireland_tdcp_en.pdf/d5c05135-ed67-4c65-a090-

a45ec72d9469  

TDCP has been shown to be not readily biodegradable. No definitive conclusion can be reached regarding inherently biodegradability 

or biodegradation under anaerobic conditions 

V6 

No (5% at 28d, 

equiv to OECD 

301B) (Sewell et 

al., 1994) 

Potentially P/vP 

(screening 

criteria fulfilled) 

• Info taken from: https://echa.europa.eu/registration-dossier/-/registered-dossier/13748/5/3/1 

In a non-GLP study of ready biodegradability (Sewell IG et al, 1994), the test substance was degraded by 5% over the 28-day period 

according to CO2evolution, and therefore is not readily biodegradable. In a non-GLP study of inherent biodegradability (Mead C and 

Handley JW, 1996), performed according to the OECD 302C Modified MITI (II) procedure, it is not inherently biodegradable (37% after 

28 days). 

• No simulation tests are available to assess half-lives. 

TDBPP 
No (2% at 28d, 

MITI test) 

Potentially P/vP 

(screening 

criteria fulfilled) 

• Info taken from: https://www.industrialchemicals.gov.au/sites/default/files/PEC27-Tris-2-3-dibromopropyl-phosphate-TBPP.pdf 

"Based on the weight of evidence, it is determined that TBPP is not readily biodegradable." 

• Info taken from: https://pubchem.ncbi.nlm.nih.gov/compound/Tris_2_3-dibromopropyl_-phosphate#section=Environmental-Fate-

Exposure-Summary 

Utilizing the Japanese MITI test, 2% of the theoretical BOD was reached in 2 weeks indicating that biodegradation is not an important 

environmental fate process. 

https://echa.europa.eu/registration-dossier/-/registered-dossier/31031/5/3/2
https://echa.europa.eu/registration-dossier/-/registered-dossier/1355/5/3/1
https://echa.europa.eu/documents/10162/17228/trd_rar_ireland_tccp_en.pdf/315063b0-593d-4703-9519-562c258506e6
https://echa.europa.eu/documents/10162/17228/trd_rar_ireland_tccp_en.pdf/315063b0-593d-4703-9519-562c258506e6
https://echa.europa.eu/registration-dossier/-/registered-dossier/14365/5/3/2
https://echa.europa.eu/documents/10162/17228/trd_rar_ireland_tdcp_en.pdf/d5c05135-ed67-4c65-a090-a45ec72d9469
https://echa.europa.eu/documents/10162/17228/trd_rar_ireland_tdcp_en.pdf/d5c05135-ed67-4c65-a090-a45ec72d9469
https://echa.europa.eu/registration-dossier/-/registered-dossier/13748/5/3/1
https://www.industrialchemicals.gov.au/sites/default/files/PEC27-Tris-2-3-dibromopropyl-phosphate-TBPP.pdf
https://pubchem.ncbi.nlm.nih.gov/compound/Tris_2_3-dibromopropyl_-phosphate%23section=Environmental-Fate-Exposure-Summary
https://pubchem.ncbi.nlm.nih.gov/compound/Tris_2_3-dibromopropyl_-phosphate%23section=Environmental-Fate-Exposure-Summary
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Substance 
Readily 

biodegradable? 
Persistent? Extra Information 

TEP 
No (0% at 28d, 

OECD 301C)  

Potentially P/vP 

(screening 

criteria fulfilled) 

• Info taken from: https://echa.europa.eu/registration-dossier/-/registered-dossier/14738/5/3/1 

The biodegradation of the substance was investigated in a modified MITI test corresponding to OECD 301C. The degree of 

biodegradation by BOD is reported to be 0% (CITI, 1992) --> not readily biodegradable. The biodegradation of the substance was 

investigated in a Zahn-Wellens test (OECD 302C). 98% biodegradation of the test substance was seen in 21 days under the conditions 

of this study (Kanne, 1987) --> not inherently biodegradable. 

TNBP 

Yes (77.1% at 28d 

in OECD 301C, 

92% at 28d in 

301D, 89% at 28d 

in 301E) (Kanne, 

1985) 

No 

• Info taken from: https://echa.europa.eu/registration-dossier/-/registered-dossier/13548/5/3/1 

The 1985 studies have been mentioned in the readily biodegradable column, these are supported by the other ones in the table below. 

 

TBOEP 

Yes (87% at 28d, 

OECD 301B) 

(Mead and 

Handley, 1998) 

No 

• Info taken from: https://echa.europa.eu/registration-dossier/-/registered-dossier/14166/5/3/2 

Key study in the readily biodegradable column, supported by other studies in table below. 

 

TiBP 
Yes (79-82% at 

28d, OECD 301B) 
No 

• Info taken from: https://echa.europa.eu/registration-dossier/-/registered-dossier/14576/5/3/1 

Second study (OECD 301B) also demonstrated eadily biodegradable, but failed 10-day window 

https://echa.europa.eu/registration-dossier/-/registered-dossier/14738/5/3/1
https://echa.europa.eu/registration-dossier/-/registered-dossier/13548/5/3/1
https://echa.europa.eu/registration-dossier/-/registered-dossier/14166/5/3/2
https://echa.europa.eu/registration-dossier/-/registered-dossier/14576/5/3/1
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Substance 
Readily 

biodegradable? 
Persistent? Extra Information 

TEHP 
No (max 14% at 

28d, OECD 301D) 

Potentially P/vP 

(screening 

criteria fulfilled) 

• Info taken from: https://echa.europa.eu/registration-dossier/-/registered-dossier/14220/2/3/?documentUUID=9224a220-9c7f-40d4-

a835-776bd6562163 

In a modified OECD 301B study (Simon, 2017), the mineralization of [hexyl-1-14C]tris(2-ethylhexyl)phosphate phosphate based on the 

radiolabelled carbon elements in the molecule was found to be 0.76 % after 28 days and 1.2 % after 56 days. The maximum 

biodegradation observed for the substance in ready biodegradability screening tests with standard addition rates was 14 % (Schroder, 

2014). The conclusion drawn is that the substance does not meet the criteria for ready biodegradability under the strict conditions of 

OECD 301 screening methodologies. The substance may therefore be considered as persistent or very persistent in the absence of 

further data. 

TMP 
No (0% at 28d, 

OECD 301C) 

Potentially P/vP 

(screening 

criteria fulfilled) 

• Info taken from: https://echa.europa.eu/registration-dossier/-/registered-dossier/22505/5/3/2/?documentUUID=2d38e99f-73b9-

4d91-acd9-ebd16c276502 

If released into water, this substance is not readily biodegraded: 0 % during 28 days based on BOD and 0 % based on GC analysis. 

BEHP 
Yes (75% at 28d, 

OECD 301F) 
No 

• Info taken from: https://echa.europa.eu/registration-dossier/-/registered-dossier/5599/5/3/2 

"A second test on ready biodegradability was conducted according to the national Japanese standard method comparable to the OECD 

301 C. After 14 days, the substance showed 0-17% degradation realting to BOD, and 0% degradation relating to the test substance 

concentration. As recommended in Guidance R.7b (ECHA, 2012), in cases of conflicting test results, differences in stringency and the 

origin of the inoculum in order to check whether or not differences in the adaptation of the inoculum may be the reason are considered. 

The reported data are carefully checked and no differences in test design were found in both tests. The positive result in the well 

documented study for ready biodegradability is considered as indicative of rapid and ultimate degradation and the positive test result 

supersede the negative test result." 

DNBP 
No (12% at 28d, 

EU method C. 4 -E) 

No. Inherently 

biodegradable 

(>70% at 7d and 

>98% at 28d, 

EU Method C.9) 

• Info taken from: https://echa.europa.eu/registration-dossier/-/registered-dossier/12811/2/3/?documentUUID=64f373a5-cced-4b6b-

b66d-b99731a2a816 

Assessing ready biodegradability, dibutyl hydrogen phosphate showes 12 % degradation within 28 days--> not readily biodegradable. 

In an inherent biodegradability test (OECD 302B), more than 70% DOC removal of dibutyl hydrogen phosphate was observed in 7days 

by using non-adapted inoculums --> inheretly biodegradable 

DiBP 
No (0% at 28d, 

OECD 301D) 

Potentially P/vP 

(screening 

criteria fulfilled) 

• Info taken from: https://echa.europa.eu/registration-dossier/-/registered-dossier/32031/5/3/2 

The biodegradation of Diisobutyl phosphate was 0 % (ThOD) after 28 days. The test item failed the pass level requested in test method 

OECD 301 D. According to OECD 301 D the test item is considered to be not readily biodegradable. 

IPP 
No (17.9% at 28d, 

OECD 301D) 
 

• Info taken from: https://echa.europa.eu/registration-dossier/-/registered-dossier/13333/5/3/1 

OECD 301D test-mean 17.9 % biodeg after 28 days based on the measured COD of the test item --> not readily biodegradable. 

Conducted using Reofos 65 as test item. 

• Info taken from: https://echa.europa.eu/documents/10162/0eacd04b-0d20-1974-c0cc-16dd7e072a84 and 

https://echa.europa.eu/documents/10162/630a818b-556f-46f2-de8d-d35792335191 

Experimental data is only available for the non-substituted constituent TPP and indicates that TPP is not a potential PBT/vPvB 

substance. TPP is readily biodegradable, degradable in surface water (DT50: <7 d) and soil (DT50: 45-78 d at 12 °C). While a a tri-

isopropylated TPP constituent showed no degradation in a ready biodegradation test. 

https://echa.europa.eu/registration-dossier/-/registered-dossier/14220/2/3/?documentUUID=9224a220-9c7f-40d4-a835-776bd6562163
https://echa.europa.eu/registration-dossier/-/registered-dossier/14220/2/3/?documentUUID=9224a220-9c7f-40d4-a835-776bd6562163
https://echa.europa.eu/registration-dossier/-/registered-dossier/22505/5/3/2/?documentUUID=2d38e99f-73b9-4d91-acd9-ebd16c276502
https://echa.europa.eu/registration-dossier/-/registered-dossier/22505/5/3/2/?documentUUID=2d38e99f-73b9-4d91-acd9-ebd16c276502
https://echa.europa.eu/registration-dossier/-/registered-dossier/5599/5/3/2
https://echa.europa.eu/registration-dossier/-/registered-dossier/12811/2/3/?documentUUID=64f373a5-cced-4b6b-b66d-b99731a2a816
https://echa.europa.eu/registration-dossier/-/registered-dossier/12811/2/3/?documentUUID=64f373a5-cced-4b6b-b66d-b99731a2a816
https://echa.europa.eu/registration-dossier/-/registered-dossier/32031/5/3/2
https://echa.europa.eu/registration-dossier/-/registered-dossier/13333/5/3/1
https://echa.europa.eu/documents/10162/0eacd04b-0d20-1974-c0cc-16dd7e072a84%20and%20https:/echa.europa.eu/documents/10162/630a818b-556f-46f2-de8d-d35792335191
https://echa.europa.eu/documents/10162/0eacd04b-0d20-1974-c0cc-16dd7e072a84%20and%20https:/echa.europa.eu/documents/10162/630a818b-556f-46f2-de8d-d35792335191
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Substance 
Readily 

biodegradable? 
Persistent? Extra Information 

TDMPP 

No (14% in 28d, 

OECD 301D) 

(Sipos, 2010) 

Yes (P/vP) 

• DT50 (water) > 60 days (Coleman & Schaefer, 2018) 

• Info taken from: https://echa.europa.eu/registration-dossier/-/registered-dossier/2204/5/3/1 and 

https://echa.europa.eu/documents/10162/38cadee4-7962-fdf6-42df-88db1d9f232e 

Trixylyl phosphate displays a low ready biodegradability in that it achieved 14% biodegradation in a 28-day study closed bottle test. An 

OECD 309 study was conducted to assess the potential mineralization and transformation of Trixylyl Phosphate in aerobic water 

systems. The DT50 and DT90 values are reported as >60 days (the duration of the study). Based on evaluation of the simulation study 

on ultimate degradation in surface water, Trixylyl phosphate fulfills the criteria of Annex XIII. Therefore, the substance is considered to 

be Persistent (P) and very Persistent (vP) 

 

TMPP or TCP 
Yes (80% at 28d, 

OECD 301C) 
No 

• Info taken from: https://echa.europa.eu/registration-dossier/-/registered-dossier/16010/5/3/1 

Non-persistence confirmed by 302 C (Inherent Biodegradability: Modified MITI Test (II)) where within 28 days, a degradation rate of 100 

% --> inherently biodegradable. Lots of other screening studies too, see link. 

TPhP 

Yes (83 -94% at 

28d, OECD 301C) 

(CITI, 1992) 

No 

• Info taken from: https://echa.europa.eu/registration-dossier/-/registered-dossier/15972/5/3/1 

In a test on ready biodegradability 83 -94% of the applied TPP was degraded after 28 days of incubation. Thus, TPP can be classified 

as readily biodegradable. Similarly, in a test simulating of an aerobic sewage treatment plant a mean elimination rate of 93.8% was 

determined after 20 days. Other studies have given similar results showing that TPP is readily degraded in water/sediment systems. 

EHDPP 
Yes (70.8%-79.5 at 

15d, OECD 301B) 
No 

• Info taken from: https://echa.europa.eu/registration-dossier/-/registered-dossier/2152/5/3/1 

Two ready biodegradability tests are available for Ethylhexyl diphenyl phosphate, carried out according to OECD TG 301B (CO2 -

evolution, Tunink, 2009) and OECD TG 301D with small deviations (Closed Bottle, Van Ginkel, 2010). In the key study (Tunink, 2009) 

the test substance systems yielded CO2 values of 79.5% and 70.8% for replicates 1 and 2, respectively, by Day 15 of the study. --> 

readily biodegradable. This result is supported by a result of 65% biodegradation at day 28 (meeting the 10 -day window) in the 

supporting study (Van Ginkel, 2010). 

IDDP 

Yes (67% at 28 d, 

OECD 301D) (Van 

Ginkel, 2009) 

No 

• Info taken from: https://echa.europa.eu/registration-dossier/-/registered-dossier/2104/5/3/2/?documentUUID=2598e67c-45c4-

4fb4-a9e3-822c349fc35e 

Isodecyl diphenyl phosphate was found to be readily biodegradable in a closed bottle test (67% degradation in 28 days). 

TPPO 

No (0% at 28d, 

equiv to OECD 

301F) 

Potentially P/vP 

(screening 

criteria fulfilled) 

• Info taken from: https://echa.europa.eu/registration-dossier/-/registered-dossier/22505/5/3/2/?documentUUID=2d38e99f-73b9-

4d91-acd9-ebd16c276502 

If released into water, this substance is not readily biodegraded: 0 % during 28 days based on BOD and 0 % based on GC analysis. 

RDP 
Yes (61% at 28d, 

OECD 301D) 
No 

• Info taken from: https://echa.europa.eu/registration-dossier/-/registered-dossier/31031/5/3/2 

Closed Bottle test (slightly modified OECD (301D)): 61% degradation in 28 days --> readily biodegradable (Van Ginkel, 2007). Prolonged 

Closed Bottle test: 66% after 56 days --> inherently and ultimately biodegradable (Van Ginkel and Stroo, 1996). 

BDP 
No (6% at 28d, 

OECD 301C) 

Potentially P/vP 

(screening 

criteria fulfilled) 

• Info taken from: https://echa.europa.eu/registration-dossier/-/registered-dossier/5460/5/3/1 

Biological oxygen demand (BOD) measurements after 28 days incubation of the test substance with sewage sludge indicated a 

maximum of 6 % degradation, and analytical determinations of the residual compound in the BOD bottles indicated a maximum of 3 % 

degradation. --> not readily biodegradable. Other RBTs support lack of ready biodegradability. 

https://echa.europa.eu/registration-dossier/-/registered-dossier/2204/5/3/1%20and%20https:/echa.europa.eu/documents/10162/38cadee4-7962-fdf6-42df-88db1d9f232e
https://echa.europa.eu/registration-dossier/-/registered-dossier/2204/5/3/1%20and%20https:/echa.europa.eu/documents/10162/38cadee4-7962-fdf6-42df-88db1d9f232e
https://echa.europa.eu/registration-dossier/-/registered-dossier/16010/5/3/1
https://echa.europa.eu/registration-dossier/-/registered-dossier/15972/5/3/1
https://echa.europa.eu/registration-dossier/-/registered-dossier/2152/5/3/1
https://echa.europa.eu/registration-dossier/-/registered-dossier/2104/5/3/2/?documentUUID=2598e67c-45c4-4fb4-a9e3-822c349fc35e
https://echa.europa.eu/registration-dossier/-/registered-dossier/2104/5/3/2/?documentUUID=2598e67c-45c4-4fb4-a9e3-822c349fc35e
https://echa.europa.eu/registration-dossier/-/registered-dossier/22505/5/3/2/?documentUUID=2d38e99f-73b9-4d91-acd9-ebd16c276502
https://echa.europa.eu/registration-dossier/-/registered-dossier/22505/5/3/2/?documentUUID=2d38e99f-73b9-4d91-acd9-ebd16c276502
https://echa.europa.eu/registration-dossier/-/registered-dossier/31031/5/3/2
https://echa.europa.eu/registration-dossier/-/registered-dossier/5460/5/3/1
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Substance 
Readily 

biodegradable? 
Persistent? Extra Information 

• One study investigated degradation of [14C]-DVP 506, under aerobic conditions following application to 2 fresh field soils over 120 

days, conducted according to SETAC Document "Procedures for Assessing the Environmental Fate and Ecotoxicology of 

Pesticides (March 1995)". There was no evidence of significant degradation, thus it was not possible to calculate a DT50 or DT90 

for [14C]-DVP 506. This study was opt-out by JS member. 
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Appendix 5 - Environment Agency complete targeted scan data (2007 to 2021) 

 

Table A5.1. Summary of OPFR substances detected in freshwaters – (2007 to 2021; Environment Agency targeted scan data) 

Substance Abbr. CAS 
No. of 
sites 

No. of 
samples 

Date range 
Min conc. 

(µg/L) 
Max conc. 

(µg/L) 
Average conc. 

(µg/L) 

tris(2-chloroethyl) 
phosphate 

TCEP 115-96-8 397 5,045 2011-2021 0.002 16 0.1 

tris(2-chloroiso-propyl) 
phosphate 

TCIPP+, 
TCPP or 
TCIPP 

13674-84-5, 
6145-73-9 

108 262 2011-2021 0.03 34 0.9 

tris(1,3-dichloro-2-propyl) 
phosphate 

TDCP, 
TDCPP 

or 
TDCIPP 

13674-87-8 285 4,058 2011-2021 0.003 50 0.1 

triethyl phosphate TEP 78-40-0 9 10 2011-2021 0.01 0.4 0.08 

tri-n-butyl phosphate TNBP 126-73-8 140 1,358 2007-2021 0.005 7.1 0.1 

tris(2-butoxyethyl) 
phosphate 

TBOEP 78-51-3 1 2 2019 0.05 0.39 0.2 

tris(3,5-xylyl) phosphate TDMPP 
25155-23-1, 
25653-16-1 

2 2 2018-2019 0.0055 0.07 0.04 

triphenyl phosphate TPhP 115-86-6 416 2,314 2011-2021 0.0034 85 0.8 

2-ethylhexyl diphenyl 
phosphate 

EHDPP 1241-94-7 150 326 2007-2021 0.0015 2.3 0.2 

isodecyl diphenyl 
phosphate 

IDDP 29761-21-5       

triphenyl phosphine oxide TPPO 791-28-6 123 774 2011-2021 0.007 17 0.3 
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Table A5.2. Summary of OPFR substances detected in groundwater – ; (2009 – 2020; Environment Agency targeted scan data) 

Substance Abbr. CAS No. of sites No. of samples Date range 
Min conc. 

(µg/L) 
Max conc. 

(µg/L) 
Average conc. 

(µg/L) 

tris(2-chloroethyl) phosphate TCEP 115-96-8 1 321 2010-2020 0.004 65 0.4 

tris(2-chloroiso-propyl) 
phosphate 

TCIPP+, TCPP or 
TCIPP 

13674-84-5, 
6145-73-9 

1 6 2015-2017 0.2 15 3.1 

tris(1,3-dichloro-2-propyl) 
phosphate 

TDCP, TDCPP or 
TDCIPP 

13674-87-8 1 134 2011-2020 0.007 7 0.1 

triethyl phosphate TEP 78-40-0 0 0 N/a N/a N/a N/a 

tri-n-butyl phosphate TNBP 126-73-8 1 63 2009-2020 0.004 3.8 0.1 

tris(2-butoxyethyl) 
phosphate 

TBOEP 78-51-3 0 0 N/a N/a N/a N/a 

tris(3,5-xylyl) phosphate TDMPP 
25155-23-1, 
25653-16-1 

1 1 2014 0.01 0.01 0.01 

triphenyl phosphate TPhP 115-86-6 1 672 2009-2020 0.015 7.2 0.6 

2-ethylhexyl diphenyl 
phosphate 

EHDPP 1241-94-7 1 6 2009-2020 0.003 1.4 0.06 

isodecyl diphenyl phosphate IDDP 29761-21-5 1 1 2014 0.02 0.02 0.02 

triphenyl phosphine oxide TPPO 791-28-6 1 63 2012-2019 0.015 16 0.5 
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Table A5.3. Summary of OPFR substances detected in Saline waters - EA 

Substance CAS 
No. of 
sites 

No. of 
samples 

Date range 
Min conc. 

(µg/L) 
Max conc. 

(µg/L) 
Average conc. 

(µg/L) 

tris(2-chloroethyl) phosphate 115-96-8 66 243 2011-2021 0.005 0.4 0.053 

tris(2-chloroiso-propyl) 
phosphate 

13674-84-5, 
6145-73-9 

3 3 2013-2017 0.6 3.8 1.667 

tris(1,3-dichloro-2-propyl) 
phosphate 

13674-87-8 37 131 2012-2021 0.007 0.15 0.042 

triethyl phosphate 78-40-0 0 0 N/a N/a N/a N/a 

tri-n-butyl phosphate 126-73-8 36 207 2010-2021 0.008 2 0.112 

tris(2-butoxyethyl) 
phosphate 

78-51-3 0 0 N/a N/a N/a N/a 

tris(3,5-xylyl) phosphate 
25155-23-1, 
25653-16-1 

1 1 N/a N/a N/a N/a 

triphenyl phosphate 115-86-6 81 166 2011-2021 0.017 5 0.395 

2-ethylhexyl diphenyl 
phosphate 

1241-94-7 13 14 2011-2019 0.005 1.4 0.121 

isodecyl diphenyl phosphate 29761-21-5 0 0 N/a N/a N/a N/a 

triphenyl phosphine oxide 791-28-6 8 20 2012-2019 0.008 0.0085 0.031 
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Appendix 6 - Sample codes & WIMS Purpose codes used for 
analysis of monitoring data 

 

1. Environment Agency LC-MS/GC-MS targeted scan data. 

‘Useable data’, included in the analysis below has been defined as: 

− Purpose code is Monitoring (defined as a code starting M) 

− Sampling point descriptor is relevant (defined as starting freshwater or groundwater respectively) 

 

2. Environment Agency Water Quality data archive Open WIMS data (accessed on 21/21/2022) 

Useable data Defined as: 

− Purpose is Monitoring, defined as one of 

o ENVIRONMENTAL MONITORING STATUTORY (EU DIRECTIVES) 

o WATER QUALITY OPERATOR SELF MONITORING COMPLIANCE DATA 

o MONITORING (UK GOVT POLICY - NOT GQA OR RE 

o WATER QUALITY UWWTD MONITORING DATA 

o COMPLIANCE AUDIT (PERMIT) 

o MONITORING (NATIONAL AGENCY POLICY) 

o COMPLIANCE FORMAL (PERMIT) 

o PLANNED FORMAL NON-STATUTORY (PERMIT/ENV MON) 

o OTA COMPLIANCE CATCHMENT PERMITTING (OPERATOR DATA) 

o IPPC/IPC MONITORING (AGENCY AUDIT - PERMIT) 

o IPPC/IPC MONITORING (FORMAL SAMPLE) 

o STATUTORY AUDIT (OPERATOR DATA) 

o ENVIRONMENTAL MONITORING (GQA & RE ONLY) 

o WASTE MONITORING (OPERATOR SELF-MONITORING DATA) 

o IPPC/IPC MONITORING (OPERATOR SELF MONITORING DATA) 

− Sampling point descriptor is relevant 

o Groundwater  

o Freshwater incorporates: RIVER / RUNNING SURFACE WATER/ POND / LAKE / 

RESERVOIR WATER / CANAL WATER 

 

− Unit is or convertible to µg/L of sample (for mass basis 1L of sample = 1kg)  

https://environment.data.gov.uk/water-quality/view/landing
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Appendix 7 - QSR search protocol and outcome for Chapter 4 

 

 Description Inclusion criteria Exclusion criteria 

P (Patient or 
Population) 

Organophosphorus flame 
retardants, OPFRs  
(substances – include 
synonyms) 

  

O (Outcome) Reported occurrence in 
drinking water (tap water, 
potable water) 
 
Reported treatment or 
removal by drinking water 
treatment processes 
 
drinking water 
tap water 
potable water 
 
 

Reported concentrations. 
 
Drinking water (tap or 
potable water) 

 

Reported concentrations 
after treatment, reported 
removal percentage  

 

Published in English 

 

OPFR substances not 
on agreed list 

 

OPFRs reported as a 
group 

 

Other environmental 
media (air, soil, 
sediment, biota, 
WWTW sludge, 
WWTW effluent) 

 

Marine, estuarine, 
and coastal waters 

 

Detections in human 
biological samples 

 

Analytical method 
development 

 

Not published in 
English 
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Data sources 

PubChem, Full text Science Direct, Google Scholar  

(the USEPA PubMed Abstract sifter was used for search and retrieval of information and is available here)  

Screening criteria Search results were be screened, first, using the title and applying criteria summarised in the table above. Details of accepted papers were 

recorded in a spreadsheet and then screened again by reading the abstract or first paragraph. Papers were then placed into two categories: included and excluded.  

Data capture. We recorded the date, search engine used, the search string (combinations of key words) and the number of records returned with the results of each 

search saved as a list of references. A spreadsheet was used to record the information trail. The column headings included information about the publication (authors, 

year, title, source). 

For occurrence data, relevant information was captured in tables summarising substance, reference, sample type, sampling month & year, number of samples, 

minimum, maximum and mean concentrations (if reported).   

 

Table 7.1: Outcomes for literature search carried out 

Substance Search engine  Date of search Search string used 

Total 

number of 

papers 

found 

Total 

number of 

papers 

relevant for 

use 

triethyl phosphate 
Science Direct 03/03/2022 (triethyl phosphate OR TEP OR Tris(ethyl) phosphate) AND (Flame retardants OR OPFR) AND 

(drinking water OR tap water OR potable water) 

541 23 

PubMed 03/03/2022 1 1 

bisphenol A bis (diphenyl 

phosphate) 

Science Direct 03/03/2022 (bisphenol A bis (diphenyl phosphate) OR fyroflex BDP) AND (Flame retardants OR OPFR) AND (drinking 

water OR tap water OR potable water) 

399 1 

PubMed 03/03/2022 1 0 

tri-n-butyl phosphate 
Science Direct 03/03/2022 (tri-n-butyl phosphate OR TNBP OR TBP) AND (OPFR OR flame retardants) AND (drinking water OR 

tap water OR potable water) 

548 12 

PubMed 03/03/2022 19 3 

tris(2-butoxyethyl)phosphate 
Science Direct 03/03/2022 (tris(2-butoxyethyl)phosphate OR TBOEP OR TBEP) AND (OPFR OR flame retardants) AND (drinking 

water OR tap water OR potable water) 

259 13 

PubMed 03/03/2022 21 6 

triisobutyl phosphate 
Science Direct 03/03/2022 (triisobutyl phosphate OR TiBP OR isobutyl phosphate) AND (OPFR OR flame retardants) AND (drinking 

water OR tap water OR potable water) 

129 2 

PubMed 03/03/2022 3 0 

tricresyl phosphate 
Science Direct 03/03/2022 (tricresyl phosphate OR trimethylphenyl phosphate OR tritolyl phosphate OR TMPP) AND (OPFR OR 

flame retardants) AND (drinking water OR tap water OR potable water) 

165 8 

PubMed 03/03/2022 2 1 

https://cfpub.epa.gov/si/si_public_record_Report.cfm?Lab=CCTE&dirEntryId=349950
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Substance Search engine  Date of search Search string used 

Total 

number of 

papers 

found 

Total 

number of 

papers 

relevant for 

use 

triphenyl phosphate 
Science Direct 03/03/2022 (triphenyl phosphate OR TPhP OR dislamoll TP) AND (OPFR OR flame retardants) AND (drinking water 

OR tap water OR potable water) 

405 15 

PubMed 03/03/2022 16 2 

isoporopylated phenyl 

phosphate 

Science Direct 17/03/2022 (isopropylated phenyl phosphate OR IPP OR Tris(4-isopropylphenyl) phosphate) AND (OPFR OR flame 

retardants) AND (drinking water OR tap water OR potable water) 

19 0 

PubMed 17/03/2022 0 0 

2-ethylhexyl diphenyl 

phosphate 

Science Direct 17/03/2022 (2-ethylhexyl diphenyl phosphate OR EHDPP) AND (OPFR OR flame retardants) AND (drinking water 

OR tap water OR potable water) 

4 1 

PubMed 17/03/2022 275 10 

tri(2-ethylhexyl) phosphate 
Science Direct 17/03/2022 (tri(2-ethylhexyl) phosphate OR TEHP) AND (OPFR OR flame retardants) AND (drinking water OR tap 

water OR potable water) 

355 12 

PubMed 17/03/2022 3 0 

isodecyl diphenyl phosphate 
Science Direct 17/03/2022 (isodecyl diphenyl phosphate OR IDDP OR 8-methylnonyl diphenyl phosphate) AND (OPFR OR flame 

retardants) AND (drinking water OR tap water OR potable water) 

26 0 

PubMed 17/03/2022 10 3 

tetrakis (2-chloroethyl) 

dichloroisopentyl 

diphosphate 

Science Direct 17/03/2022 
(tetrakis (2-chloroethyl) dichloroisopentyl diphosphate OR V6) AND (OPFR OR flame retardants) AND 

(drinking water OR tap water OR potable water) 

17 1 

PubMed 17/03/2022 0 0 

tris(1,3-dichloro-2-propyl) 

phosphate 

Science Direct 01/04/2022 (tris(1,3-dichloro-2-propyl) phosphate OR TDCPP OR TDCIPP) AND (OPFR OR flame retardants) AND 

(drinking water OR tap water OR potable water) 

265 9 

PubMed 01/04/2022 15 0 

bis(2-ethylhexyl) phosphate 
Science Direct 01/04/2022 (bis(2-ethylhexyl) phosphate OR BEHP OR HDEHP) AND (OPFR OR flame retardants) AND (drinking 

water OR tap water OR potable water) 

299 4 

PubMed 01/04/2022 3 0 

dibutyl phosphate 
Science Direct 17/03/2022 (dibutyl phosphate OR DNBP OR di-n-butyl phosphate) AND (OPFR OR flame retardants) AND (drinking 

water OR tap water OR potable water) 

348 7 

PubMed 17/03/2022 4 0 

Trimethyl phosphate 
Science Direct 17/03/2022 (Trimethyl phosphate OR TMP OR trimethyl orthophosphate) AND (OPFR OR flame retardants) AND 

(drinking water OR tap water OR potable water) 

193 2 

PubMed 17/03/2022 4 1 

tris(3,5-dimethylphenyl) 
Science Direct 01/04/2022 

(tris(3,5-dimethylphenyl) phosphate OR TDMPP OR tris(3,5-xylyl) phosphate) AND (OPFR OR flame 

retardants) AND (drinking water OR tap water OR potable water) 

0 0 

PubMed 01/04/2022 0 0 

resorcinol bis (diphenyl 

phosphate) 

Science Direct 01/04/2022 (resorcinol bis (diphenyl phosphate) OR RDP) AND OPFR OR flame retardants) AND (drinking water OR 

tap water OR potable water) 

4334 22 

PubMed 01/04/2022 127 15 
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Substance Search engine  Date of search Search string used 

Total 

number of 

papers 

found 

Total 

number of 

papers 

relevant for 

use 

tris(2-chloroethyl) phosphate 
Science Direct 01/04/2022 (tris(2-chloroethyl) phosphate OR TCEP OR tri(beta-chloroethyl) phosphate) AND (OPFR OR flame 

retardants) AND (drinking water OR tap water OR potable water) 

154 9 

PubMed 01/04/2022 0 0 

tris(2-chloroiso-propyl) 

phosphate 

Science Direct 01/04/2022 (tris(2-chloroiso-propyl) phosphate OR TCIPP OR tri(2-chloropropyl) phosphate OR TCPP) AND (OPFR 

OR flame retardants) AND (drinking water OR tap water OR potable water) 

2 0 

PubMed 01/04/2022 0 0 

triphenyl phosphine oxide 
Science Direct 01/04/2022 (triphenyl phosphine oxide OR TPPO OR diphenylphosphorylbenzene OR triphenyl phosphorous oxide) 

AND (OPFR OR flame retardants) AND (drinking water OR tap water OR potable water) 

65 5 

PubMed 01/04/2022 0 0 

diisobutyl phosphate 

Science Direct 01/04/2022 (diisobutyl phosphate OR DiBP OR bis(2-methylpropyl) hydrogen phosphate OR bis(2-

methylpropoxy)phosphinic acid) AND (OPFR OR flame retardants) AND (drinking water OR tap water 

OR potable water) 

0 0 

PubMed 01/04/2022 0 0 

tris(2,3-dibromopropyl) 

phosphate 

Science Direct 01/04/2022 (tris(2,3-dibromopropyl) phosphate OR TDBPP) AND (OPFR OR flame retardants) AND (drinking water 

OR tap water OR potable water) 

91 4 

PubMed 01/04/2022 3 1 
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Appendix 8 - Occurrence data for OPFRs in Drinking Waters 

Table A8.1 Concentrations (ng/L) of OPFRs in drinking water in China taken from Chen and Ma, 2021 

Types 
Regio
n 

Date N 
 TCPP/ 

TCIPP 
TCEP 

TDCP
P/ 

TDCI
PP 

TMP TEP 

TPrP/ 

TPP/ 

TnPP 

TnBP/ 

TBP 
TiBP TEHP 

TBEP/ 

TBOE
P 

TrMP 
EHDP
P 

TPhP 

TCrP/ 

TTP/ 

TMPP
/ 

TPCP 

CDP/ 

CDPP 

TDBP
P 

∑OPF
Rs 

Refer
ences 

Tap 
water 

Nanjin
g 

Jan-
Mar 

9 

Mean 26.28  39.93  ND NA 
127.2
9  

NA 
155.1
8  

9.12  11.55  NA NA NA ND NA NA NA 
360.3
7  

Liu et 
al., 
2019 

Media
n 

21.1 27.8 ND NA 45.8 NA 15.2 6.9 ND NA NA NA ND NA NA NA 
138.7
0  

Rang
e 

7.4-60 
15.1-
107.8 

ND NA 
15.5-
403 

NA 
3.7-
1300 

5.2-
19.1 

ND-
17.9 

NA NA NA ND NA NA NA 
47.70-
1792.
9 

DF 
(%) 

100 100 0 NA 100 NA 100 100 20 NA NA NA 0 NA NA NA NA 

Tap 
water 

Nanjin
g 

Jul-
Sept 

9 

Mean 71.89  73.51  12.30  NA 
227.8
7  

NA 19.87  13.00  ND NA NA NA 24.20  NA NA NA 
416.9
3  

Liu et 
al., 
2019 

Media
n 

61 67.4 ND NA 55 NA 19.8 12 ND NA NA NA ND NA NA NA 
291.8
0  

Rang
e 

27-
132 

24.4-
160 

ND-16 NA 
12.8-
970 

NA 9.4-33 
4.8-
25.4 

ND NA NA NA 
ND-
45.6 

NA NA NA 
78.4-
1143.
2 

DF 
(%) 

100 100 20 NA 100 NA 100 100 0 NA NA NA 30 NA NA NA NA 

Tap 
water 

Eight 
cities 
of 
China 

2012 39 

Mean 33.4 12.5 NA NA NA 40 7.48 NA NA 70.1 NA NA NA NA NA NA 165  

Li et 
al., 
2014 

Media
n 

NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

Rang
e 

14.4-
83.2 

NA NA NA NA 
19.8-
84.1 

NA NA NA 
24.1-
151 

NA NA NA NA NA NA 
85.1-
325 

DF 
(%) 

NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

Drinki
ng 
water 

Near 
Lake 
Tai Hu 
and 
Yangt
ze 
River 

2018 9 

Mean NA 122 NA 77.8 95.8 NA 7.98 NA NA 3.6 NA NA 0.766 NA 0.226 NA 
308.1
72 

Ren et 
al., 
2020 

Media
n 

NA 116 NA 20 97 NA 5.4 NA NA 1.6 NA NA 0.73 NA 0.21 NA 
330.7
2 

Rang
e 

NA 
28-
258 

NA 
11-
314 

25-
154 

NA 
2.70-
19 

NA NA 1-8.20 NA NA 
0.53-
1.03 

NA 
0.19-
0.31 

NA 

156.7
4-
437.5
3 
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Types 
Regio
n 

Date N 
 TCPP/ 

TCIPP 
TCEP 

TDCP
P/ 

TDCI
PP 

TMP TEP 

TPrP/ 

TPP/ 

TnPP 

TnBP/ 

TBP 
TiBP TEHP 

TBEP/ 

TBOE
P 

TrMP 
EHDP
P 

TPhP 

TCrP/ 

TTP/ 

TMPP
/ 

TPCP 

CDP/ 

CDPP 

TDBP
P 

∑OPF
Rs 

Refer
ences 

Delta, 
China  

DF 
(%) 

NA 100 NA 100 100 NA 100 NA NA 100 NA NA 100 NA 100 NA NA 

Bottle
d 
water 

Eight 
cities 
of 
China 

2012 8 

Mean 6.58 25.89 ND NA NA 6.95 1.33  NA ND 31.69 NA ND NA NA NA ND 46.38  

Li et 
al., 
2014 

Media
n 

3.85 ND ND NA NA 3.94 1.32 NA ND 25.45 NA ND NA NA NA ND 33.33  

Rang
e 

1.33-
16.2 

ND-
48.8 

ND NA NA 
2.57-
14.8 

ND-
2.29 

NA ND 
19.5-
81.7 

NA ND NA NA NA ND 
24.09-
108.9 

DF 
(%) 

100 25 0 NA NA 100 87.5 NA NA 100 NA 0 NA NA NA 0 NA 

Tap 
water 

Hangz
hou 
and 
Quzh
ou, 
Easter
n 
China 

2014 21 

Mean NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

Ding 
et al., 
2015 

Media
n 

43 48.5 5.8 NA 50.2 ND 9.5 NA NA 3.7 NA NA 1.4 0.3 NA NA 192  

Rang
e 

21.5-
109 

28.5-
139 

5.4-
6.8 

NA 
13.0-
124 

ND-
0.2 

3.9-
76.3 

NA NA 
1.4-
6.6 

NA NA 
0.3-
4.0 

ND-
0.8 

NA NA 
123–
338 

DF 
(%) 

100 100 100 NA 100 33.3 100 NA NA 100 NA NA 100 85.7 NA NA NA 

Filtere
d 
drinki
ng 
water 

Hangz
hou 
and 
Quzh
ou, 
Easter
n 
China 

2014 17 

Mean NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

Ding 
et al., 
2015 

Media
n 

6.7 9.1 0.5 NA 30.2 ND 0.9 NA NA 0.3 NA NA 0.2 ND NA NA 59.20  

Rang
e 

1.6-
26.5 

1.9-
48.5 

ND-
6.6 

NA 
0.8-
96.9 

ND-
0.0 

0.2-
6.6 

NA NA 
ND-
5.3 

NA NA 
ND-
1.8 

ND-
0.6 

NA NA 
17.2–
126 

DF 
(%) 

100 100 77.8 NA 100 5.6 100 NA NA 94.4 NA NA 88.9 27.8 NA NA NA 

Well 
water 

Hangz
hou 
and 
Quzh
ou, 
Easter
n 
China 

2014 19 

Mean NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

Ding 
et al., 
2015 

Media
n 

2.5 0.5 0.1 NA 0.3 ND 0.2 NA NA 0.2 NA NA 0.2 0.1 NA NA 4.50  

Rang
e 

1.3-
3.8 

0.1-
3.5 

ND-
1.1 

NA 
0.1-
4.1 

ND-
0.04 

0.1-
0.4 

NA NA 
0.01-
0.6 

NA NA 
ND-
0.5 

ND-
0.3 

NA NA 
2.5–
8.4 

DF 
(%) 

100 100 72.2 NA 100 33.3 100 NA NA 100 NA NA 88.9 94.4 NA NA NA 

Bottle
d 
water 

Hangz
hou 
and 
Quzh
ou, 

2014 23 

Mean NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

Ding 
et al., 
2015 

Media
n 

0.6 0.5 0.6 NA 0.1 0.1 0.1 NA NA 0.2 NA NA 0.8 ND NA NA 4.00  

Rang
e 

ND-
3.6 

0.1-
5.9 

ND-
4.0 

NA 
0.01-
0.8 

ND-
0.4 

ND-
0.4 

NA NA 
ND-
2.1 

NA NA 
0.3-
2.1 

ND-
0.2 

NA NA 
0.9–
11.2 
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Types 
Regio
n 

Date N 
 TCPP/ 

TCIPP 
TCEP 

TDCP
P/ 

TDCI
PP 

TMP TEP 

TPrP/ 

TPP/ 

TnPP 

TnBP/ 

TBP 
TiBP TEHP 

TBEP/ 

TBOE
P 

TrMP 
EHDP
P 

TPhP 

TCrP/ 

TTP/ 

TMPP
/ 

TPCP 

CDP/ 

CDPP 

TDBP
P 

∑OPF
Rs 

Refer
ences 

Easter
n 
China 

DF 
(%) 

95.7 100 87 NA 100 91.3 91.3 NA NA 91.3 NA NA 100 30.4 NA NA NA 

Barrel
ed 
water 

Hangz
hou 
and 
Quzh
ou, 
Easter
n 
China 

2014 19 

Mean NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

Ding 
et al., 
2015 

Media
n 

8 6.9 0.5 NA 2.3 ND 0.1 NA NA ND NA NA 0.2 ND NA NA 27.6 

Rang
e 

ND-
48.5 

0.2-
44.2 

ND-
7.0 

NA 
0.2-
8.0 

ND-
0.01 

ND-
1.6 

NA NA 
ND-
0.3 

NA NA 
0.05-
0.9 

ND-
0.1 

NA NA 
1.5–
71.9 

DF 
(%) 

89.5 100 84.2 NA 100 5.3 73.7 NA NA 36.8 NA NA 100 15.8 NA NA NA 

Tap 
water 

79 
cities 
acros
s 
China 

2017 79 

Mean 20.25 14.07 4.7 6.24 9.21 2.01 3.39 NA 4.46 3.67 1.89 3.23 5.17 1.02 NA 16.21 65.62  

Li et 
al., 
2019 

Media
n 

14.45 7.3 4.11 1.51 3.23 1.03 2.47 NA 2.55 2.75 0.7 2.9 2.41 N.D  NA 12.87 51.47  

Rang
e 

2.39-
100.9
6 

0.74-
88.67 

ND-
22.29 

ND-
78.16 

ND-
66.31 

ND-
8.35 

ND-
16.52 

NA 
ND-
58.81 

ND-
20.57 

ND-
13.13 

ND-
10.91 

ND-
37.6 

ND-
2.65 

NA 
ND-
82.33 

13.25-
218.7
5 

DF 
(%) 

100 100 85 58 85 46 95 NA 71 39 32 77 70 19 NA 72 NA 

Note: 

<MDL, <RL, <MQL, and <LOQ indicated that the concentration of the targets 
was lower than the detection limits of the method 

NA indicated that data was not available 

ND indicated not detected 

<LMD was for cases where a peak was observed but below the limit of 
confirmation. 

DF indicated detection frequency 
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Table A8.2 Concentrations (ng/L) of OPFRs in drinking water from the rest of the world direct from source reference and one China paper that wasn’t include Table A7.1 

Types 
Regio
n 

Date N 
 TCPP/ 

TCIPP 
TCEP 

TDCP
P/ 

TDCIP
P 

TMP TEP 

TPrP/ 

TPP/ 

TnPP 

TnBP/ 

TBP 
TiBP TEHP 

TBEP/ 

TBOE
P 

EHDP
P 

TPhP 

TCrP/ 

TTP/ 

TMPP/ 

TPCP 

TDBP
P 

∑OPF
Rs 

Refer
ences 

Final 
(Rang
e 
given 
for 4 
WTWs
) 

Spain 
Nov 
2013 

21 

DW1 
1.46-
38.45 

1.7-
266.55 

       0.14      

Valcar
cel et 
al., 
2018 

DW2 
5.36-
24.54 

1.58-
199.6 

       
7.93-
17.1 

     

DW3 0 
2.47-
17.17 

       
2.29-
10.19 

     

DW4 
1.88-
6.23 

6.29-
107.39 

       0      

Tap Spain NR 5 

Min 37 10   11  24   Nd      

Rodil 
et al., 
2009 

Max 134 24   25  121   22      

Mean 74 16   16  65   16      

DF 100 100   100  100   40      

DW Spain 2008 28 
Media
n 

47 5   3  37         
Rodil 
et al., 
2012 

Final Spain NR NR Mean 30 
240 

 
             

Cristal
e et 
al., 
2012 

Final 
Germa
ny 

NR 4 

Mean 2.9 1.2 2.0    <1 <1  <3 0.15     Andre
sen & 
Bester
, 2006 

SD 1.5 0.43 0.29    <1 <1  <3 0.01     

Final 
Nether
lands 

NR NR Mean  
5.42 

 
             

Tröger 
et al., 
2021 

Final Japan NR NR Mean  
19.01 

 
             

Tröger 
et al., 
2021 

Final USA 
2016-
2017 

58 

Min <LOQ <LOQ <LOQ  <LOQ <LOQ <LOQ  <LOQ <LOQ <LOQ  <LOQ <LOQ 3.02 
Kim & 
Kanna
n, 
2018 

Max 67.1 17.4 124  39.9 <LOQ 133  3.04 109 16.7  1.49 2.35 366 

Mean 11.6 0.45 4.75  3.72 - 2.47  0.12 10.16 0.29  0.31 0.04 41.6 

DF 91 9 38  53 0 40  21 90 3  55 2 100 

USA 2011 20 Max     38 14 11    18     
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Types 
Regio
n 

Date N 
 TCPP/ 

TCIPP 
TCEP 

TDCP
P/ 

TDCIP
P 

TMP TEP 

TPrP/ 

TPP/ 

TnPP 

TnBP/ 

TBP 
TiBP TEHP 

TBEP/ 

TBOE
P 

EHDP
P 

TPhP 

TCrP/ 

TTP/ 

TMPP/ 

TPCP 

TDBP
P 

∑OPF
Rs 

Refer
ences 

DW 
wells 

DF     5 5 5    10     

Schaid
er et 
al., 
2016 

Final 

USA 
2006-
2007 

18 
Max 510 470              

Bemot
ti et al., 
2009 

Med 210 120              

Tap 15 
Max 240 200              

Med 220 150              

Tap USA 2006 6 Range       2-5   10-15      

Bacalo
ni et 
al., 
2007 

Final USA 2003 12 

Max  50 70   Nd 180   Nd      Stacke
lberg 
et al., 
2007 

DF  8 17   0 8   0      

Final  USA 2001 12 

Max  99 250   Nd 100   350      Stacke
lberg 
et al., 
2004 

DF  100 100   0 83   83      

DW USA 
2009-
2010 

8 

Min  0              
Padhy
e et 
al., 
2014 

Max  20.4              

Med  3.7              

DF  88              

Tap Korea 2017 44 

Mean 49.4 39.5 2.00  2.56  11.8  Nd 43.9  23.02    

Park et 
al., 
2018 

SD 18.8 13.8 0.753  0.883  23.9  Nd 28.7  25.5    

Range 
19.9-
108 

18.9-
87.4 

1.38-
3.21 

 
1.47-
3.85 

 
1.34-
125 

 Nd 
14.0-
153 

 
1.27-
98.3 

   

DF 100 100 18  59  100  0 100  98    

Final 
water 

Korea 2019 6 

Min 4.57 7.13 Nd  Nd  0.76 0 Nd 4.48 Nd Nd    

Sim et 
al., 
2021 

Max 44.6 74.9 1.92  24  7.03 14.7 0.85 19.3 2.35 6.38    

Med 17.9 17.3 0.15  3.41  2.44 2.63 0.27 8.32 0.89 1.73    

DF 100 100 11  78  100 86 53 1000 72 67    

Tap Korea 127 Mean 67 38.8 4.46  2.61 2.12 3.4  0.94 26.1 0.54     
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Types 
Regio
n 

Date N 
 TCPP/ 

TCIPP 
TCEP 

TDCP
P/ 

TDCIP
P 

TMP TEP 

TPrP/ 

TPP/ 

TnPP 

TnBP/ 

TBP 
TiBP TEHP 

TBEP/ 

TBOE
P 

EHDP
P 

TPhP 

TCrP/ 

TTP/ 

TMPP/ 

TPCP 

TDBP
P 

∑OPF
Rs 

Refer
ences 

Aug-
Sep, 
2014 

SD 169 128 23.1  3.44 5.21 6.18  1.04 42 1.33     

Lee et 
al., 
2016 

Range 
<1.67-
1400 

<0.7-
1400 

<1.92-
255 

 
<2.27-
20 

<1.43-
40.5 

<2.25-
42.2 

 
<1.67-
12.8 

<2.96-
218 

<0.68-
14.4 

    

DF 82 75 8.7  23 26 23  2.4 59 5.5     

Tap China 2018 4 

Mean 15.1 15.7 2.08  6.33  1.05 1.19  0.37 1.13  Nd   

Li et 
al., 
2020 

SD 15.8 15.5 2.17  6.17  1.06 1.18  0.51 1.25  0.08   

Range 
13.6-
19.4 

7.6-
23.1 

1.60-
2.93 

 
2.03-
9.97 

 
0.83-
1.30 

0.65-
1.70 

 
0.25-
1.07 

0.75-
2.00 

 
Nd-
0.30 

  

DF 100 100 100  100  100 100  100 100  25   

Tap China 2018 4 Range 
1.54-
10.78 

0.99-
9.26 

Nd-
0.54 

 
Nd-
174.06 

Nd-
0.64 

1.25-
36.75 

  
Nd-
2.36 

 
Nd-
1.31 

 
Nd-
0.83 

 
Han et 
al., 
2019 

Tap China 
2015-
2016 

6 Range  
Nd-
257 

              

Final China NR  Range  
24.06-
112.36 

             
Tröger 
et al., 
2021 

Potabl
e 

Pakist
an 

Jan-
Nov 
2014 

39 Range Nd-86 Nd-69 Nd-64    Nd-64  Nd-44   Nd-33    
Khan 
et al., 
2016 

Note:  

<MDL, <RL, <MQL, and <LOQ indicated that the concentration of the targets was lower than the detection limits of the method  

NA indicated that data was not available  

ND indicated not detected  

<LMD was for cases where a peak was observed but below the limit of confirmation.  

DF indicated detection frequency  
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Table A8.3 Concentrations (ng/L) of OPFRs in drinking water not included in Tables A9.1 and A9.2  

Types Region Date N  PBDPP TPP TiPP TPPO DNBP DPHP BDCIPP TCP References 

Final USA 
2016-
2017 

58 

Min <LOQ        

Kim & Kannan, 2018 
Max 44.0        

Mean 5.61        

DF 26        

Tap Korea 
Aug-Sep, 
2014 

127 

Mean  0.07 2.42 6.98 0.88 0.32 Nd  

Lee et al., 2016 
SD  0.08 2.40 6.35 0.96 0.43 Nd  

Range  Nd-0.17 2.03-2.73 3.00-8.43 0.25-1.85 0.27-0.80 Nd  

DF  50 100 100 100 100 0  

Tap China 2018 4 

Mean        4.63 

Li et al., 2020 
SD        12.4 

Range        <1.84-107 

DF        39 

Tap Korea 2017 44 

Mean        Nd 

Park et al., 2018 
SD        Nd 

Range        Nd 

DF        0 

Tap Spain NR 5 

Mean     5.3   Nd 

Rodil et al., 2009 
SD     NR   Nd 

Range     4.3-6.1   Nd 

DF     100   0 



 

 

Ricardo   Issue 1    31st May 2022  Page | 115 

Appendix 9 - Estimated Removal by Water Treatment Processes 
from Physical Chemical Data 

A10.1 Drinking Water Treatment Processes  

The DWTPs investigated are listed below with a description of each process (Parsons and Jefferson, 2006) 

and subsequent sections describe how removal was calculated. 

1. Coagulation is the process of adding chemical reagents (iron or aluminium salts) in a mixing tank to 

destabilise colloidal particles and allow them to agglomerate or flocculate with other suspended 

particles to form larger, more readily settled particles. 

2. Activated carbon is a broad-scale adsorbent of dissolved substances. Dissolved, colloidal and 

particulate substances are attracted and attached to the surface of the carbon particles. It is used to 

remove taste and odour causing compounds as well as toxic organic chemicals. Precipitation and 

other chemical reactions also occur on the carbon surface. A variety of carbon adsorbers can be 

designed, including batch and continuous flow units. The adsorption capacity of the carbon is 

eventually exhausted. The carbon is regenerated by heating the carbon, which burns and volatilises 

the substances accumulated on it. The activated carbon can take the form of granules (granular 

activated carbon – GAC) or powder (powdered activated carbon – PAC). 

3. Ozone (O3) is a more powerful oxidising agent than chlorine and a very effective biocide. Ozone reacts 

with most organic matter by attacking it directly or through the formation of hydroxyl radicals (•OH) 

formed by the depletion of ozone. 

4. Chlorine (Cl2) is by far the most common oxidant used in water treatment. Primarily used as a 

disinfectant but also for iron and manganese removal its efficacy is pH and dose dependent. 

5. A semi-permeable membrane is a thin layer of material containing holes, or pores, which allows the 

flow of water but retains the suspended, colloidal and dissolved species within the flow (depending on 

the size of the holes). The separation is based on the physical characteristics of the pollutants to be 

removed such as their size, diffusivity or affinity for specific contaminants. The larger pore size of 

microfiltration and ultrafiltration membranes compared to nanofiltration, and reverse osmosis 

membranes means they are generally used to remove larger pollutants such as turbidity, pathogens 

and particles.  

 

A10.2 Treatment Scenarios Considered 

In addition to determining removal by specific WTPs, four treatment scenarios were considered. The first was 

‘conventional treatment’ consisting of coagulation/flocculation/filtration, activated carbon and chlorination. The 

second was ‘advanced treatment’ consisting of coagulation-flocculation/filtration, activated carbon, ozonation 

and chlorination. The third was sand filtration and chlorination. The fourth was UF membrane filtration and 

chlorination. 

Removal calculations for each WTP 

Removal via coagulation-flocculation/filtration 

In general coagulation-flocculation/filtration will only remove charged colloidal species from water (Parsons 

and Jefferson 2006). Species that are negatively charged (anionic) at pH 7 are more amenable to removal. 

We would expect no removal of small uncharged molecules during coagulation and limited removal (25%) of 

small, charged molecules. Any OPFRs sorbed to particulate matter are likely to be removed during these 

processes. The OPFRs of interest have zero charge according to data collected from Chemspider 

(ChemSpider | Search and share chemistry). This agrees with the findings of Stackelberg et al. (2004) and 

Kim et al. (2007) who found little or no removal after coagulation and filtration. 

Removal via activated carbon 

We have also included activated carbon in the advanced treatment scheme as it is common that a surface 

water treatment works will have barriers such as PAC or GAC for e.g. pesticide, taste and odour compound 

removal. It has been reported that PAC has a bigger adsorption capacity for OPFRs than GAC (Yang et al., 

2022). This is attributed to the effects of steric hinderance encountered with GAC. To elaborate, smaller particle 

size and shallower pores of PAC (more available sorption sites) enable faster intra particle diffusion as well as 

http://www.chemspider.com/
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more exposed active sites. Each OFPR was put into one of the following categories based on the log of the n-

octanol/water coefficient (log Kow) and the charge at pH 7 (Drewes et al. 2007): 

1. log Kow > 4 (pH 7); uncharged 
2. log Kow = 0–4 (pH 7); uncharged 
3. log Kow < 0 (pH 7); uncharged 
4. log Kow = 0–1.5 (pH 7); protonated base 
5. log Kow < 0 (pH 7); protonated base 
6. log Kow = 0–2.5 (pH 7); deprotonated acid 
7. log Kow < 0 (pH 7); deprotonated acid 
 
The removal for each category was as follows: 

1. >90% removal 
2. 90-50% removal 
3. 50-25% removal 
4. 90-50% removal 
5. 50-25% removal 
6. 50-25% removal 
7. <25% removal 
 

The log Kow values fall mainly into categories 1 and 2 with a single compound (TMP) in category 3 indicating 

good to excellent removal for these compounds by PAC/GAC. 

Removal via chlorination and ozonation 

We utilised quantitative structure-property relationship (QSPR) models developed and validated by Lei and 

Snyder (2007) to predict percent reactivity with ozone and free chlorine (HOCl/OCl-) for the selected 

metabolites. The method is described below. 

2D to 3D conversion 

The mol files of the 23 metabolites selected for study were converted from two dimensional (2D) 

representations to three-dimensional (3D) ones, using LigPrep software (via Maestro). LigPrep uses an energy 

minimizational approach to calculating 3D structures from 2D structures. Assumptions used for this conversion 

included an assumed pH of 7 (±2) which sets the ionisation of the metabolite to that most likely in a water 

treatment scenario. Ionisation of a compound affects the metabolites charge and, hence, reactivity especially 

with respect to electrophilic reactants such as ozone and chlorine. Additionally, ionisation has a significant 

effect on other properties of compounds such as sorption to solids (including activated carbon) and 

volatilisation. 

OFPR property estimation 

The properties of each OPFR were estimated using QikProp (via Maestro). QikProp makes its property 

predictions based on the 3D structure calculated using LigPrep. While many molecular properties were 

estimated, of key interest with respect to the predicted reactivity with ozone and chlorine were:  

1) the number of reactive functional groups that were unstable and subject to nucleophilic attack 
(#rtvFG),  
2) the number of likely reaction pathways via electrophilic pathways (#metab),  
3) the pi (C-H) component (PISA) of the total solvent accessible surface area (SASA) of the metabolite,  
4) the weakly polar component (WPSA) of the SASA, 
5) the predicted octanol/water partition coefficient (QP log Kow), and  
6) the calculated ionisation potential. 
 

Estimation of reactivity 

A QSPR approach was used as a screening tool to estimate the reactivity of each of the metabolites. The 

approach used was based on work by Lei and Snyder (2007). The correlations developed utilized 55 

biologically-active compounds as a training set for both ozone and chlorine. The correlations were validated 

on an independent set of biologically-active compounds. The correlation for percent ozone removal utilised 

was developed by Lei and Snyder (2007). Specifically, the correlation for percent removal via ozonation was: 



 

 

Ricardo   Issue 1    31st May 2022  Page | 117 

% ozone removal = 67.3 + 0.0506•PISA + 5.20• #metab – 4.34•#rtvFG – 0.114•WPSA 

The calculated % ozone removal was used to categorise metabolites as highly, moderately, or slightly reactive 

with ozone. The independent parameters in the model were PISA, the pi (carbon and attached hydrogen) 

component of SASA (total solvent accessible surface area) in square angstroms, using a probe with 1.4 

angstrom radius); WPSA, the weakly polar component of SASA; #metab, the number of metabolites amenable 

to electrophilic attack; and #rtvFG, the number of unstable functional groups susceptible to nucleophilic attack. 

Each of these parameters was determined using QikProp software (Schrodinger, New York, NY, USA). 

In developing the correlation, Lei and Snyder calibrated and validated the model using a set of 62 

pharmaceuticals. Of these 62 pharmaceuticals, the QSPR model for % ozone removal was developed and 

calibrated based on 55 randomly selected pharmaceuticals (of the 62). The model was validated on the 

remaining compounds. 

For each calibration compound, QikProp was used to generate 32 descriptors, which were reduced to 25 

descriptors by elimination of strictly pharmacological properties. Lei and Snyder found that inclusion of the 21 

descriptors from QikProp beyond PISA, #metab, #rtvFG, and WPSA did not dramatically improve the 

correlation for % ozone removal. Hence, these four descriptors were selected for use in the QSPR model for 

% ozone removal. Of the four descriptors, WPSA (the π component of the surface area) was by far the most 

important descriptor and provided a regression coefficient (R2) of approximately 0.7 by itself. In the QSPR 

model, addition of the other three selected descriptors brought the regression coefficient to above 0.8. 

The QSPR model for percent removal during chlorination (% chlorine removal) was developed by Lei and 

Synder (2007) in the same manner as the QSPR for % ozone removal. The resulting QSPR was: 

% chlorine removal = 106.8 + 0.791•(% ozone removal) + 7.89•#rtvFG + 4.80•QP log Kow + 0.175•FISA – 

15.0•IP 

The calculated % chlorine removal was used to categorise metabolites as highly, moderately, or slightly 

reactive with chlorine. The independent parameters used were FISA (hydrophilic component of SASA, SASA 

on N, O, and H on heteroatoms; QP log Kow (predicted octanol/water partition coefficient); #rtvFG (# or reactive 

functional groups); IP (PM3 calculated ionisation potential), and % ozone reactivity (calculated as described 

above). 

It should be noted that it was only possible to calculate the removal by ozone/chlorine using QikProp for six of 

the OPFRs of interest. Literature data is being considered in order to fill in the gaps. Yuan et al. (2015) 

investigated removal of OFPRs by ozone. Removal percentages for most OFPRs investigated showed greater 

than 70% removal but concentrations of Cl-OPFRs and TEHP were only reduced by 30%. Higher doses of 

ozone did facilitate further removal up to a point. 

 

Removal via Ultrafiltration (UF) 

The removal of the OPFRs of interest by UF membranes has been assessed based on their hydrophobicity 

following work by Yoon et al., 2007. They carried out a study on 27 endocrine disrupting chemicals and 

personal care products. These had molecular weights in the region of 200 to 600 g/mol and the log of the n-

octanol/water partition coefficient of the substances ranged from -2.1-4.77. These 27 substances were put 

through nanofiltration (NF) and ultrafiltration (UF) membranes. Only UF will be considered in this study. The 

UF membrane used by Yoon et al., 2007, was a thin film composites with sulfonated polyethersulfone coated 

with an ultrathin polyimide and had a molecular weight cut-off (MWCO) of 8000 (±1000) Da. Yoon et al., 2007, 

reported that that retention for the hydrophobic membranes was influenced by hydrophobic interaction 

(adsorption). They concluded that compounds having Log Kow of >2.8 exhibited typically less than 40% 

recovery whereas compounds with Log Kow <2.8 showed higher recovery (>75%). 

Here, it has been assumed that an OPFR with Log Kow <3 will not be adsorbed or removed by UF membranes 

while OPFRs with Log Kow of >3 will be removed in the range 25 to 60%. It is acknowledged that the removals 

reported in this study are indicative. There are many different UF membrane materials with different 

configurations and different MWCO values to those reported in this study. The presence of organic matter in 

the water will also influence the absorption capacity of the membrane for OPFRs. 
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Table A9.1 Selected Physical Chemical Properties of the OPFRs of Interest 

Substance 
Molecular 

weight 
pKa LogKow LogKoc 

log D (pH 
4/5.5) 
(from 

ACD/Labs) 

TCEP 285.5 n/a 1.44 2.48 1.42 

TCIPP+ or TCPP or 
TCIPP 

327.6   2.59 2.21 2.86 

TDCPP or TDCIPP 430.9   3.8 2.35 3.26 

V6 583   1.9 2.9 3.14 

TDBPP 697.6 n/a 3.71 3.4 4.51 

TEP 182.2   0.8 1.68 1.01 

TNBP 266.3   4 3.28 3.74 

TBOEP 398.5   3.65 4.38 3.46 

TiBP 266.3   3.6 3.05 3.7 

TEHP 434.6   4.22 6.87 8.96 

TMP 140.1   -0.65 1.1 -0.15 

BEHP 322.4 1.47 6.07   1.74 

DNBP 210.21 0.88 2.29   -1.86 

DiBP 210.21       -2.04 

IPP 452.5   5.1 5.8 7.08 

TDMPP 410.4   5.63 5.3 6.26 

TMPP or TCP 368.4   5.11 4.35 5 

TPhP 326.3   4.59 3.72 4.12 

EHDPP 362.4   5.37 4.21 5.67 

IDDP 390.5   5.44 5.56 6.29 

TPPO 278.3   2.87 2.94 3.67 

RDP 574.5   7.41 4.63 5.82 

BDP 692.6   8.29 5.89 7.99 
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Appendix 10 – Relative likelihood of exposure ranking  

Relative exposure 

ranking.xlsx
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Appendix 11 - Criteria used for E-score determination 

Table A11.1. Use characteristic criteria for E-score determination, and scores given based on TRUE/FALSE 
decision for each substance. Adapted from Schulze et al (2018) 

 

 

  

Use 
characteristic 

CRITERIA SCORE 

TRUE FALSE TRUE FALSE 

High release to 
environment 

At least one Environmental Release 
Category (ERC) 2, 5, 8a, 8c, 8d, 8f, 
10b, 11b, 12b, as defined in REACH, 
was assigned to an individual 
registration dossier for the substance 

None of the individual registration 
dossier meet the criteria for ‘TRUE’ 

7 3 

Wide dispersive 
use 

At least one of the following criteria 
applied: ‘No. of consumer uses>0, No. 
of professional uses>0, at least one 
ERC 8-11 assigned to individual 
registration dossier, or at least one of 
the process categories (PROC) 10, 11, 
13, 15, 17, 18 or 19 has been 
assigned to an individual registration 
dossier 

None of the criteria listed in ‘TRUE’ 
applies 

4 1 

Intermediate use 
Exclusively registrations of the type 
‘intermediate’  

Not exclusively registrations of the 
type ‘intermediate’ 

0 3 

Closed system 
use 

Substance exclusively used in closed 
systems 

Substance not exclusively used in all 
systems 

1 3 

Professional use Professional uses > 0 Professional uses = 0 1.5 0.5 

Consumer use Consumer uses > 0 Consumer uses = 0 2 0.5 

Substance in 
article 

Number of article categories > 0 Number of article categories = 0 0.5 0 
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Appendix 12 - Criteria used for Relative likelihood of exposure 
ranking 

 

Table A12.1. Scores given based on E-score, Persistence and Toxicity concern to calculate a final score of 
relative likelihood of exposure ranking 

 Value Score 

E-score 

≥ 80 3 (High) 

50-80 2 (Medium) 

≤ 50 1 (Low) 

Persistence 

P / Potentially P AND M 4 

P / Potentially P OR M 2 

Not P OR not M 1 

Toxicity concern 
Yes 1 

No 0 

 

Table A12.2: Defined criteria used for relative likelihood of exposure ranking 

High Medium Low 

•High relative emission score 

AND low removal in 

conventional treatment 

•Occurrences reported in 

environmental and/or DW or no 

occurrences reported at all 

(evidence gap) 

•High relative emission score 

AND medium removal in 

conventional treatment OR  

medium relative emission score 

AND low removal in 

conventional treatment OR  

high relative emission score AND 

high removal efficiency in 

conventional treatment OR  

 

•Occurrences reported in 

environmental and/or DW or no 

occurrences reported at all 

(evidence gap) 

•Medium relative emission score 

AND high removal in 

conventional treatment OR low 

relative emission score AND 

medium/high removal in 

conventional treatment OR low 

relative emission score AND low 

removal efficiency in 

conventional treatment 

•Occurrences reported in 

environmental and DW 
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