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e 463 transformation
products from 25 parent
OPFRs were compiled

e Hydrolysis and
hydroxylation dominate
OPFR biotransformation
pathways

e 19 TPs were confirmed in
multiple environmental
matrices

e Some diester and
hydroxylated TPs show
stronger toxicity than
parent OPFRs

Abstract: Organophosphorus flame retardants (OPFRs), as widespread alternatives to
brominated flame retardants, are now ubiquitous in the environment and generate a
large number of uncharacterized transformation products (TPs) through abiotic and
biotic transformation. However, a comprehensive description of OPFR TPs is still lacking.
This review systematically integrates current knowledge on the environmental fate of
OPFRs, focusing on the formation, occurrence, and toxicity of TPs. We compiled 463 TPs
derived from 25 parent OPFRs identified in laboratory studies, involving 1338 reaction
pathways, among which hydrolysis (>29%) and hydroxylation (>30%) were the
dominant reaction pathways in microbial, plant, and animal metabolism. To date, 19 TPs
have been confirmed in multiple environmental matrices, among which diester
metabolites (e.g., diphenyl phosphate (DPHP) and bis(1,3-dichloro-2-propyl) phosphate
(BDCIPP)) are most frequently detected in human urine, blood, and breast milk.
Importantly, accumulating toxicological data indicate that TPs such as hydroxylated
triphenyl phosphate (OH-TPHP), BDCIPP, and di-n-butyl phosphate (DnBP) exhibit
greater endocrine-disrupting, developmental, and metabolic toxicity than their parent
compounds. Given the evidence presented, heightened emphasis should be placed on
incorporating TPs into environmental risk assessment.
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Organophosphorus flame retardants (OPFRs), as key
alternatives to brominated flame retardants, have seen

Ol

widespread adoption across plastics, electronics, textiles,
furniture, and other sectors, becoming mainstream flame
retardants on the market [1,2]. By 2021, 56 types of OPFRs
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had entered global production and sales. China’s annual
consumption of OPFRs increased from 100,000 tons in
2011 to 598,000 tons in 2020 [3,4]. Based on the type of
substituent, OPFRs are typically classified into halogenated
alkyl-type (Cl-OPFRs), non-halogenated alkyl-type (Alkyl-
OPFRs), and aryl-type organic phosphorus flame
retardants (Aryl-OPFRs) [5]. The physicochemical
parameters of selected OPFRs are listed in Table 1.

OPFRs are typically incorporated into products
across various industries through physical addition

rather than chemical bonding, with mixing ratios
exceeding 10% (w/w) in some polyurethane foam
products [6]. Consequently, during product manufacturing,
transportation, use, and disposal, OPFRs readily migrate
into the environment via pathways such as abrasion,
leaching, volatilization, permeation, and dissolution [7]. To
date, OPFRs have been detected in air [8], dust [9], surface
water [10], groundwater [11], rainwater [12], sediments [13],
soil [14], plants [15], aquatic animals [16] and even
human tissues such as blood [17], hair [18] and nails [19].

Table 1. Chemical information and physicochemical parameters of selected OPFRs.

Compound Abbreviation Number Nﬁl‘zlrillllllzr Mw LogKow1 Vapor lzrr:if;g f t25°C
Alkyl-OPFRs
Triethyl phosphate TEP 78-40-0 CeH1s04P  182.15 0.87 0.153
Trimethyl phosphate TMP 512-56-1 C3HoO4P  140.07  -0.60 0.379
Tripropyl phosphate TPP 513-08-6  CoH2104P  224.23 2.35 0.023
Triisopropyl phosphate TIPP 513-02-0 CoH2104P  224.23 212 0.128
Tributyl phosphate TnBP 126-73-8  Ci2H2704P  266.31 3.82 349 x10-3
Triisobutyl phosphate TiBP 126-71-6  Ci2H2704P  266.31 3.60 1.29 x 10-2
Tris(2-ethylhexyl) phosphate TEHP 78-42-2 C24Hs5104P  434.63 9.49 *1.58 x 10-7
Tris(2-butoxyethyl) phosphate TBOEP 78-51-3 C1sH3907P  398.47 3.00 *3.68 x 107
Cl-OPFRs
Tris(2-chloroethyl) phosphate TCEP 115-96-8 CeH12C1304P 285.49 1.63 *3.60 x 104
Tris(3-chloropropyl) phosphate TCPP 26248-87-3 CoHi1sCi304P 327.57 3.11 4.79 x 10-¢
Tris(1-chloro-2-propyl) phosphate TCIPP 13674-84-5 CoHisCi304P 327.57 2.89 *2.63 x 104
Tris(2,3-dichloropropyl) phosphate TDCPP 78-43-3  CoHisCleO4P  430.9 3.65 2.28 x 107
Tris(1,3-dichloro-2-propyl) phosphate TDCIPP  13674-87-8 CoHisClsO4P 430.9 3.65 *3.08 x 10-6
Tetrakis(2-chloroethyl) dichloroisopentyl V6  38051-10-4 C1sHzCleOsP2 582.99  3.31 2.06 x 10-8
diphosphate
Aryl-OPFRs
Tri(p-cresyl) phosphate TpCP 78-32-0 C21H2104P  368.36 6.34 *8.25 x 10-8
Tri(m-cresyl) phosphate TmCP 563-04-2  C21H2104P 368.36 6.34 *1.58 x 107
Tri(o-cresyl) phosphate ToCP 78-30-8 C21H2104P  368.36 6.34 *3.83 x 107
Triphenyl phosphate TPHP 115-86-6  CigHis04P  326.28 4.70 *2.03 x 10-¢
Triphenylphosphine oxide TPPO 791-28-6 CisH1sOP  278.28 2.87 2.82 x 107
Dioctyl phenylphosphonate DOPP 1754-47-8  C22H3903P  382.52 7.51 1.52 x 107
Cresyl diphenyl phosphate CDP 26444-49-5 Ci9H1704P  340.31 5.25 1.07 x 10-7
Resorcinol bis(diphenyl phosphate) RDP 57583-54-7 C3oH2408P2 574.45 7.41 2.06 x 10-8
Bisphenol A bis(diphenyl phosphate) BDP 5945-33-5 C39H3408P2 692.64 - -
2-ethylhexyl diphenyl phosphate EHDP 1241-94-7  C20H2704P  362.4 6.3 *6.68 x 107
Bis(2-ethylhexyl) phenyl phosphate BEHPP 16368-97-1 C22H3904P  398.26 7.89 1.7 x10-7
Biphenyl diphenyl phosphate BPDPP 132-29-6  C24H1904P  402.10 6.46 2.06 x 10-8
Tris([1,1'-biphenyl]-2-yl) phosphate TBPHP 132-28-5  C36H2704P  554.16 9.99 2.06 x 10-8
Naphthyl diphenyl phosphate NPHP 18872-49-6  C22H1704P  376.09 - -
Isodecyl diphenyl phosphate IDDP 29761-21-5 C22H3104P  390.5 7.3 4.72 x 10-8

1 Data sourced from calculations using EPIWeb 4.1. * Data sourced from Sandra Brommer, et al. [20].

Extensive toxicological studies have confirmed that
OPFRs exert various adverse effects on living organisms,
including cardiotoxicity [21], neurotoxicity [22], endocrine
disruption [23], reproductive and developmental toxicity [24],
visual impairment induction [25] and carcinogenicity [26,27].
Due to their potential hazards to human health, the use of
several relevant OPFRs has been restricted by
international regulations. For example, several U.S. states
have proposed legislation to restrict the use of such
substances in children’s products and upholstered
furniture [28].

Transformation products of OPFRs, encompassing
diverse metabolites and breakdown products, arise from
the biotic and abiotic degradation (e.g., hydrolysis,
photolysis, and microbial degradation) of their parent
compounds. TPs, both within the environment [29] and
biological systems [30], are garnering attention, as some
TPs exhibit toxicities comparable to or exceeding those of
parent OPFRs [31].

While there are already reviews that provide a
systematic summary of the environmental fate of OPFRs,
insufficient attention has been paid to their TPs. Tian et al. [32]
and Zhang et al. [33] summarized the occurrence,




migration, and transformation mechanisms of OPFRs in
soil; Zhou et al. [34] and Yang et al. [35] focused on the
removal technologies and influencing factors of OPFRs in
soil and water; Yao et al. [7] discussed the bioaccumulation
and metabolic processes of OPFRs. However, existing
reviews have rarely addressed the occurrence and related
risks of OPFR TPs. Therefore, this review systematically
examines the formation, environmental occurrence, and
toxic effects of OPFR TPs, to further advance our
understanding of OPFR degradation and transformation
mechanisms and support the ongoing risk assessment of
these emerging contaminants.

To minimize selection bias and enhance
reproducibility typically lacking in traditional narrative
reviews, this study utilized an adapted literature retrieval
process based on the PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses) guidelines. A

comprehensive literature search was conducted across
Web of Science and Scopus, from database inception to 31
May 2026. Topic Search (TS) = (“Organophosphorus
flame retardants” or “organophosphate esters” or “OPFRs”
or “OPEs”) AND TS = (“metabolite” or “degradation” or
“transformation  product” or  “hydrolysis” or
“biodegradation” or “photodegradation” or “toxicity” or
“environment occurrence” or “non-targeted
identification”). Studies were included if they met the
following criteria: (1) peer-reviewed publications written
in English; (2) studies specifically investigating the
kinetics, pathways or TPs of OPFRs hydrolysis, photolysis
or biodegradation; (3) the toxicological effects of OPFR
TPs. Literature about OPFRs degradation by advanced
oxidation processes (AOPs) was excluded (n = 37), as
AOPs are merely laboratory-based technologies with
inconsistent experimental conditions and coverage of few
OPFR species. The detailed article screening and selection
process is illustrated in the adapted PRISMA flow diagram
(Figure 1).
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Figure 1. PRISMA flow diagram of the literature screening and selection process.

Based on the initial search, we identified 518 records
on the degradation behavior and TPs of OPFRs. After
importing all references into NoteExpress v4.3.0, 191
duplicated records were removed. A two-step screening

process was then adopted to select the required articles.
First, articles were reviewed based on their titles and
abstracts, and 171 records that did not meet the inclusion
criteria were excluded. Second, the remaining 156 articles
were further examined based on full texts; of these, 3
could not be retrieved and an additional 15 were excluded




as they were not primary research. Two reviewers
independently screened all studies to determine the final
list. Eventually, 138 articles were included in this review.

As this review focuses on the degradation behaviors,
transformation pathways, environmental occurrence and
toxic risks of OPFRs and their TPs, we extracted the
following information from each included study: (1) basic
study information, including research themes determined
by topic keywords, research media classified according to
experimental matrix, and study types (laboratory
simulation, field monitoring, epidemiological
investigation); (2) transformation process data, including
experimental conditions (e.g., pH, temperature, microbial
strains/plants/animals), reaction kinetics (rate constants,
half-lives), identified transformation pathways, and the
chemical structures of TPs. Only TPs identified by
chromatography-coupled tandem mass spectrometry
(MS/MS) were collected, excluding those predicted by
computational models. (3) environmental occurrence of
TPs, including concentrations and detection frequencies
of TPs in various environmental matrices (e.g., human

urine/blood, breast milk, food, air, dust, surface water,
soil); (4) toxicological effects, including experimental
models (in vitro, in vivo, or epidemiological), exposure
regimens, toxicity endpoints.

Given the core ester structure of OPFRs, hydrolysis
represents a key pathway for their natural transformation.
The hydrolysis reaction of OPFRs is an SN2z nucleophilic
substitution process [36,37], as shown in Figure 2. Under
acidic or neutral conditions, the nucleophilic group Hz20
attacks the positively charged carbon (C) atom, with the
0-Me bond breaking preferentially. Under basic
conditions, the nucleophilic group OH- or H20 attacks the
centrally positioned, positively charged phosphorus (P)
atom, with the P-OMe bond breaking. Since OH- exhibits
significantly higher nucleophilicity than H:0, hydrolysis
primarily occurs at the P atom [36].
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Figure 2. Hydrolysis mechanisms and influencing factors of OPFRs. (a) Hydrolysis mechanisms under acidic/neutral and

alkaline conditions; (b) Key factors affecting OPFR hydrolysis.

In aqueous buffer systems, the hydrolysis of most
OPFRs only occurs significantly under alkaline conditions
(pH 9-12). The half-lives of eight common OPFRs
(including TDCPP and TCEP) ranged from 0.02 to 170
days at pH 9-12 [38]. Their hydrolysis rates increased
linearly with rising solution pH. However, under neutral
pH conditions, the half-lives of all OPFRs except TCEP
exceeded two years.

Different types of substituent and spatial structure
result in systematic variations in hydrolytic activity, with
rates generally following the order aryl-OPFRs >
chlorinated-OPFRs > alkyl-OPFRs. Hydrolytic rates are

negatively correlated with the acid dissociation constant
(pKa) of the corresponding alcohol leaving group. The
hydrolysis rate of alkyl OPFRs decreases with increasing
side-chain length. The ortho-substituted tri-o-cresyl
phosphate (ToCP) isomer has a slightly higher hydrolysis
rate than the meta- and para-isomers [39]. Table S3
summarizes the hydrolysis rate Kobs(ti/2) of several
known OPFRs in near-neutral solutions, with half-lives
ranging from a minimum of 7.5 days to over a thousand
years. This suggests that, without catalysts, non-biological
hydrolysis contributes negligibly to the degradation of
most OPFRs in natural aquatic environments.




Many transition metal ions and mineral surfaces can
catalyze the hydrolysis process of OPFRs. Sodium
perborate (NaBOs) dissociates to produce the nucleophilic
reagent HOO-, which can increase the hydrolysis rates of
aromatic OPFRs, such as TpCP and TPHP by 10 to 100 times,
with half-lives in aqueous solutions ranging from 4 to 90
min [40]. Natural minerals can accelerate the hydrolysis
rate of OPFRs; at pH = 6, the hydrolysis half-life of most
OPFRs is reduced to <10 days [41]. Li et al. [42]
synthesized a-MnO:z nanorods that could completely
hydrolyze pNPP (a model compound of organophosphate
esters) within 50 h under the conditions of pH 5.0 and
25 °C. They first revealed the mineral’s catalytic
mechanism by integrating in situ spectroscopy with
theoretical calculations: (a) Lewis acid sites on crystal
planes induce significant electron redistribution in pNPP,
enhancing the electrophilicity of phosphorus atoms and
making them more susceptible to nucleophilic attack; (b)
Coordination reactions between the mineral surface and
ester functional groups weaken the bond between the
ester and the central phosphorus atom, promoting the
dissociation of the leaving group. Therefore, the Lewis
acid strength on the mineral surface and the coordination
ability of metal ions dominate the catalytic effect of
minerals on OPFRs. Fe(IlI) (hydr)oxides exhibit higher
catalytic activity for OPFRs hydrolysis than Al-, Si- and Ti-
based oxides [41]. Additionally, reducing sulfur
compounds such as HS- and polysulfides can participate
in the nucleophilic substitution reactions of certain Cl-
OPFRs. By attacking the a-carbon atom, they accelerate
ester bond cleavage and exhibit higher reactivity than OH-
-mediated basic hydrolysis [43,44].

Most current studies on the hydrolysis of OPFRs [38,41,45]
indicate that diester phosphates are the main detected
degradation products, and further hydrolysis of diester
phosphates is generally slow and limited under
environmentally relevant conditions. Their hydrolytic
stability is higher than that of the parent OPFRs and
deserves more attention in future research.

Current research on the photolysis of OPFRs has
focused on atmospheric and aquatic environments; this
section discusses the photolysis behavior of OPFRs in
these two environmental media separately.

Among the most potent oxidative species in the
atmosphere, hydroxyl radicals (-OH) serve as the primary
driving force for the photolysis of OPFRs. There are three
pathways for the photolysis reaction between OPFRs
and -OH (Figure 3a): (i) -OH radical addition to
substituents bonded to the phosphorus center; (ii) -:OH
radical addition to the phosphorus center, yielding
phenols or alcohols; (iii) hydrogen abstraction reactions

with atmospheric Oz to form peroxides, ultimately
generating highly reactive, low-molecular-weight
carbonyl products [46]. The dominant transformation
pathways may differ among OPFRs with different
substituent groups. Yu et al. [47] combined quantum
chemical calculations and master equation kinetics, and
discovered that -OH addition to the benzene ring to form
the hydroxylated triphenyl phosphate (OH-TPHP) adduct,
followed by reaction with Oz to produce phenolic
phosphate esters, is the energetically most favorable
pathway for the reaction between TPHP and -OH. In
contrast, Li et al. [48,49] calculated the atmospheric
oxidation mechanism of TCPP and TpCP initiated by -:OH
radicals using density functional theory (DFT). They
found that hydrogen abstraction has lower reaction
energy barriers and activation free energies than -OH
addition, and thus is the dominant reaction pathway.

The photolysis kinetics of OPFRs in the atmosphere
are mainly regulated by molecular structure. Figure 3b
and Table S4 summarize the atmospheric Kkinetic
parameters of several OPFRs, with second-order rate
constants (k(-OH)) generally ranging from 10-12-10-10
cm? molecule-1s-1. Under global average atmospheric -:OH
concentrations, their half-lives span 1.7 h to 14 days.
Water molecules in the atmosphere inhibit the reaction
between gaseous TCPP and -OH [48]. Through hydrogen
bonding, water molecules stabilize the precursor complex
and transition state, thereby increasing the activation free
energy of the hydrogen extraction reaction and reducing
the reaction rate. This extends the lifetime from 1.7 h to
0.5-20.2 days.

Some OPFRs (e.g, TpCP, TBOEP, TPHP) tend to
partition onto atmospheric particles because of their low
vapor pressure and typical characteristics as semi-volatile
organic compounds (SVOCs). The heterogeneous oxidation
reaction of OPFRs is relatively more complex, and the size
of the particles, the gas-particle distribution and the state
of the gas mixture would affect the heterogeneous
oxidation reaction of OPFRs [50]. Lao et al. [51] found that
the photodegradation rates of TBOEP in particulate matter
decreased with increasing particle size within the 1 pm
range. This may be attributed to the reactivity of particulate
organic matter under ‘OH exposure being significantly
influenced by its surface area to volume ratio (SA/V). Air
relative humidity (RH) is crucial for the heterogeneous
photolysis of OPFRs. Under high humidity, particles behave
more like liquids with lower viscosity, which enhances the
diffusion of -OH inside the particles and accelerates the
reaction rate. When RH increases from 35% to 68%, the
reaction rate of TBOEP can be enhanced by 19% [52]. When
humidity rose from 45% to 68%, the 72-h photodegradation
rate of TPHP rises from 29.1% to 50.9% [53]. Transition
metals in atmospheric particles can catalyze the
transformation of OPFRs via Fenton-like reactions. For
instance, Fe2* can increase the reaction rates of tricresyl
phosphate (TCP) and TBOEP by over 50% [52]. Another




study [53] also reported that MnSOs4, CuSOs4, FeSOs+ and
Fe2(SO4)3 in the atmosphere exert a slight catalytic effect on
the heterogeneous photodegradation of TPHP. CuSO4 shows
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Figure 3. Photodegradation mechanisms and atmospheric half-lives of OPFRs. (a) Schematic illustration of OPFR

photodegradation in the gas phase and particle phase. (b) Estimated atmospheric half-lives of OPFRs. Solid lines represent

the gas phase; dashed lines represent the particle phase. Atmospherically relevant range: global mean OH concentration
6.5 x 105-1.6 x 106 molecules cm-3. (DEEP: Diethyl ethyl phosphonate; DEMP: Diethyl methyl phosphonate; DMEP:

Dimethyl ethyl phosphate).

Besides hydroxyl radicals, the contribution of other
reactive species in the atmosphere to the degradation of
OPFRs cannot be overlooked. Huo et al. [54] calculated using
DFT that although the oxidizing capacity of ‘OH in the
atmosphere exceeds that of 03, higher concentrations of O3
serve as the primary oxidant for diphenyl phosphate (DPHP)
in the near-surface troposphere. The corresponding
atmospheric lifetime of Os is only 4 min, significantly shorter
than the oxidation lifetime of -OH (43 days). Wu et al. [55]
found that in the cloud water environment of urban

polluted areas and remote regions, the contribution of
sulfate radicals (SO4--) and organic tri-excited states (3C*)
to TPHP transformation exceeded that of -:OH, accounting
for 85.8% and 59.2%, respectively.

Current atmospheric studies mainly focus on single-
OPFR oxidation or particle-phase heterogeneous reactions,
whereas the influence of coexisting pollutants such as NOx,
VOCs, and complex PM components remains poorly
understood. Future studies should evaluate OPFR
transformation under multi-pollutant atmospheric conditions.




There are few reports on the photochemical
reactions of OPFRs in aquatic environments under natural
light conditions. Cristale et al. [56] investigated the
photodegradation of nine OPFRs in river water. The 102-
mediated reaction was the main photolysis pathway of
OPFRs, and the photolytic reactivity of alkyl OPFRs and
aryl OPFRs was much higher than that of chlorinated
OPFRs. Li et al. [57] experimentally determined the -OH
reaction rate constants of 18 OPFRs in aqueous solutions
to be 4.0 x 108-1.6 x 1010 M-1s-1, with estimated half-lives
in natural water bodies ranging from 0.5 to 22,791.3 days.
Most Cl-OPFRs and long-chain alkyl OPFRs exhibit half-
lives > 60 days, demonstrating significant persistence.

Dissolved organic matter and inorganic ions in natural
water bodies influence the photolysis of OPFRs. NO2~ and
Fe3+ accelerate the photolysis rate of TCP by promoting
radical generation, whereas humic acid inhibits its
photolysis through competition for light energy and
quenching effects [58]. Polystyrene microplastics (PS-MPs)
in aqueous solutions promote TCEP photolysis by
generating -OH, 02~ and '02. When PS-MPs concentrations
range from 0.005 to 5.0 g/L, the TCEP photolysis rate
increases by a factor of 1.33-2.35. At concentrations
exceeding 5.0 g/L, degradation is inhibited due to light-
shielding effects. Moreover, Cl-, Br-, HCO3-, NO3-, NH4*, Mg2+
and Ca?* ions present in natural water bodies suppress PS-
MPs-mediated TCEP photolysis by consuming -OH radicals
and generating less reactive species [59].

Numerous bacterial strains have been reported to
possess the ability to degrade OPFRs, including Klebsiella,
Pseudomonas, Sphingomonas, and Bacillus. Rhodococcus
pyridinivorans YC-MTN efficiently degrades four
aromatic OPFRs, achieving a degradation rate exceeding
80% within 72 h [60]. Stutzerimonas frequens RL-XB02
can completely degrade 50 mg/L TPHP within 24 h, with
a half-life of only 4.388 h [61]. The major metabolic
pathways of OPFRs in organisms are summarized in
Figure 4. Hydrolysis of the phosphate ester bond,
methylation, and hydroxylation are common pathways
for the microbial transformation of OPFRs. The
corresponding phosphatase genes, monooxygenase genes,
methyltransferase genes, and dehydrogenase genes are
the key genes encoding the degradation of OPFRs. Hou et
al. [62] studied the aerobic microbial degradation of three
non-chlorinated OPFRs: TBOEP, TnBP, and TPHP.
Phosphate diesters produced by hydrolysis were the main
TPs, with conversion rates of 41.7%, 21.5%, and 47.8%,
respectively. Microorganisms can also transform OPFRs
via phase II metabolism. Hou et al. [62] first detected the
sulfate conjugate product derived from DPHP under
aerobic conditions in activated sludge. Yu et al. [63]
identified 12 intermediate products during the microbial
degradation of TPHP, including glutathione (GSH) and
glucose conjugates.
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Compared to non-chlorinated OPFRs, chlorinated
OPFRs are less readily biodegradable by microorganisms.
The degradation rate of TCPP in constructed wetlands over
60 days was only 26% to 28% [64]. Kawagoshi et al. [65]
investigated the biodegradation of eight OPFRs in solid
waste leachate: under aerobic conditions, no significant
biodegradation of TCPP was observed over 80 days, with
aryl OPFRs exhibiting the highest degradation rates
followed by alkyl OPFRs. Under anaerobic conditions,
only the aryl OPFRs TCP and TPHP showed concentration
reductions within 60 days. OPFRs exhibit poor
degradation efficiency in aerobic composting and
anaerobic digestion processes, with total removal rates of
18.9% and 28.9% for the five OPFRs TnBP, TCEP, TPHP,
TCPP, TBOEP [66].

Research on the anaerobic degradation of OPFRs is
limited, potentially involving distinct degradation
pathways in aerobic environments. Under aerobic
conditions, microbial hydrolysis of TnBP primarily relies
on P-O bond cleavage [67], whereas in anaerobic soils, C-O
bond cleavage generates di-n-butyl phosphate (DnBP) [68].
As organophosphorus pollutants, OPFRs can serve as
potential phosphorus sources for microbial growth.
Adding OPFRs can mitigate the increase in alkaline
phosphatase (ALP) activity caused by phosphorus
deficiency in microorganisms [69]. In biological nitrogen
removal systems, phosphorus limitation can induce
enhanced microbial ALP activity, improving TnBP
degradation efficiency [70].

Current research on the microbial degradation of
OPFRs is largely confined to degradation experiments
using single strains or screened enriched microbial
communities (Table S5), with limited understanding of the
natural degradation processes of OPFRs in surface water
and soil environments. It has been reported that the
degradation rate of TnBP in anoxic soil reached only 39.8%
after 120 days [68]. Castro-Jiménez et al. [71] tested the
biodegradation of seven OPFRs in coastal sediments,
observing half-lives ranging from 16.8 to 46.8 days,
indicating higher persistence compared to sludge tests.
Additionally, due to the lack of reference standards for TPs,
little is known about the biodegradability of these TPs. The
Sphingomonas strain TCM1 isolated by Takahashi et al.
could degrade TCEP and TDCPP but failed to effectively
process the toxic byproducts 2-chloroethanol and 1,3-
dichloroisopropanol it produced [72]. In sediment
microcosms, TCEP converted to bis (2-chloroethyl)
phosphate (BCEP) at a rate of approximately 37.3%, with
BCEP concentrations remaining stable over 36 h [73],
limiting the ultimate mineralization of TCEP. The YC-MTN
strain isolated by Long et al. [60] almost completely
degraded TPHP (99.24%) within 72 h, but the
mineralization rate after 7 days was only 52.07%,
indicating that half of the TPHP still existed as TPs.

In short, OPFRs are difficult to be completely
mineralized by microorganisms. Their transformation

processes are closely related to experimental conditions,
microbial species, and the structure of OPFRs themselves,
with hydrolysis, hydroxylation, and methylation being the
dominant reactions. Compared with the enriched or
isolated degrading strains reported in the literature, it
should be noted that OPFRs may degrade much more
slowly and follow more complex transformation
pathways in natural environments.

Researchers  have  investigated the  plant
transformation processes of OPFRs in wheat, rice, white
lupine, and ryegrass, primarily through hydroponic
experiments. Overall, chlorinated-OPFRs may be more
difficult for plants to transform than aryl- and alkyl-
substituted OPFRs [74]. Highly hydrophobic OPFRs are more
readily absorbed by roots, while less hydrophobic OPFRs are
more readily transported from roots to other plant parts. The
transformation of OPFRs in plants can be divided into two
stages, with transformation pathways varying depending on
substituent differences. In Phase I metabolism, chlorinated
OPFRs undergo oxidation/reduction dechlorination,
hydrolysis, and hydroxylation reactions; non-chlorinated
OPFRs primarily undergo hydrolysis and hydroxylation,
potentially forming monoester metabolites [75]. The
transformation mechanism of alkyl-OPFRs in lettuce is
associated with their side chain lengths. TPP, TnBP and
tripentyl phosphate (TPeP) with medium chain lengths
are more prone to metabolic transformation, while those
substituted with longer or shorter alkyl chains may
participate in metabolism to a lesser extent via
transpiration or lipid adsorption. Hydroxylation serves as
the primary metabolic process of alkyl-OPFRs, and the
degree of hydroxylation exhibits a decreasing trend with the
elongation of alkyl chains [76]. The cell wall and vacuole are
the primary sites for their hydrolysis in plants [77]. Acid
phosphatase (ACP) is the key enzyme catalyzing the
hydrolysis of OPFRs. Particularly under phosphorus-
deficient environmental conditions, plants produce and
secrete large amounts of ACP, accelerating the hydrolysis of
OPFRs both within the plant and in exposed solutions [74].

Phase Il reactions are biosynthetic, as active enzymes
conjugate Phase | metabolites to endogenous polar
molecules, yielding conjugates. Many highly polar
endogenous compounds (e.g., sugars, amino acids, sulfates)
serve as conjugates, with most resulting conjugates being
ionized and highly water-soluble. Additionally, specialized
active transport systems recognize the conjugation sites,
facilitating transmembrane translocation and enhancing
excretion rates [78]. During Phase II metabolism,
chlorinated OPFRs form glutathione conjugates, while
non-chlorinated OPFRs generate glucuronide conjugates.
Aryl OPFRs also yield methoxylated products after
hydroxylation [79]. Phosphodiesters produced through
plant Dbiotransformation exhibit higher transport




coefficients than directly exposed parent OPFRs.
Palmitoyl-bound metabolites also demonstrate enhanced
upward transport capacity due to their greater
lipophilicity [80]. These findings further underscore the
necessity of considering biotransformation processes as
critical factors in the accumulation and translocation of
OPFRs within plants.

Experiments have investigated the metabolism of
OPFRs in vivo and in vitro using various animal models,
including mice, zebrafish, chicken embryonic stem cells,
and human liver microsomes. Previous studies indicate
that OPFRs undergo Phase I and Phase Il biotransformation
into metabolites. The primary functions of Phase I and
Phase II metabolism involve increasing product polarity
through hydroxylation or conjugation with highly polar
groups (e.g., glucuronic acid) to facilitate excretion. Highly
hydrophilic OPFRs are eliminated more readily.
Differences in substituents during biotransformation
significantly influence OPFR conversion efficiency, with
alkyl-OPFRs generally being eliminated faster than aryl-
and CI-OPFRs [81]. Wang et al. [82] employed in vitro
cultures of S9 fractions from crucian carp, catfish, and
yellow catfish to observe the metabolism of OPFRs in
three different trophic levels. Results indicated that
lower-trophic-level fish metabolized EHDP more rapidly.
TPHP and TmCP exhibited stable metabolism across all
three fish species with no significant differences, while
TCEP, TCIPP, and TDCIPP were difficult to metabolize in
all fish species. Cao et al. [83] administered 70 pg/kg
bw/day TPHP to mice for 7 days and found only 2% of the
parent compound was directly excreted via feces and urine,
with the majority undergoing metabolic transformation in
vivo. DPHP was the predominant metabolite detected in all
samples (34-58%), indicating hydrolysis as the primary
metabolic pathway. Wang et al. [84] studied the
bioaccumulation and tissue distribution of TPHP and its
metabolites in zebrafish, showing DPHP concentrations
up to three times higher than the parent compound in
liver and intestinal tissues. Yang et al. [85] identified 10
phase I and 5 phase Il metabolites of EHDP in zebrafish,
with hydroxylation, glucosylation, and sulfation as the
primary metabolic pathways. Hydroxylated metabolites
accounted for 47.48% of the total, and metabolism
primarily occurred in the liver and intestine.

Based on literature compilation, we summarized the

number of reported TPs for various parent OPFRs (Table S6).

A total of 463 TPs were documented for 25 parent OPFRs
included in this survey. Tables S7-S9 provide the detailed
structures, SMILES strings and molecular formulas of the
collected TPs. Notably, among the 56 OPFRs in

commercial use worldwide, transformation product data
remain unavailable for more than 50% of these
compounds. In terms of transformation pathways, more
products were derived from biotransformation (297)
than photodegradation (194), with 28 products shared by
both processes. This indicates similar reaction routes can
be triggered by photochemical oxidation and microbial
metabolism for some OPFRs. More than 50 reported TPs
have been identified for TBOEP and TEHP. Compounds
bearing long alkyl side-chains or aromatic rings are more
prone to sequential degradation, yielding diverse
intermediate products.

The major reaction pathway of each TP was
identified by comparing the SMILES structures of the
parent compound and its corresponding TPs: a total of
562, 300, 214, and 262 transformation pathways were
identified for photodegradation, microbial degradation,
plant transformation, and animal metabolism,
respectively. Among the various reviewed chemical
reactions, eleven of them occurred very frequently:
hydroxylation, hydrolysis, oxidation, methylation,
carboxylation, glucuronide conjugation, dealkylation,
sulfate  conjugation, glucoside conjugation, GSH
conjugation and cysteine formation (Figure 5). Among
three biotransformation pathways, hydroxylation (>30%)
and hydrolysis (>29%) were the dominant reaction types,
a pattern consistent with the biotransformation of
pharmaceuticals and personal care products (PPCPs) [86].
However, there were specificities in the distribution of
minor reactions. Compared with microbial degradation,
methylation accounted for a higher proportion in both
animal metabolism and plant transformation; moreover,
dealkylation was particularly prominent in plant systems,
representing 11.7% of all transformation reactions.

An increasing number of studies have begun to
include OPFR TPs in environmental monitoring; however,
due to the lack of reference standards, monitoring data
remain limited. Figure 6 presents the targeted detection
of TPs across various environmental media, including 13
di-OPFRs and 6 OH TPs derived from 14 OPFRs. Full
names and abbreviations of these TPs are listed in the
caption of Figure 6, and abbreviations are used hereafter
for brevity. TPs have been most frequently reported in
human body fluids. In urine samples, the detection
frequencies of metabolites such as BCEP, BDCIPP, DPHP,
and DnBP generally exceed 60% [87,88]. In elderly
Chinese individuals, the detection rates of BEHP, BDCIPP,
and DPHP were above 75%, with median concentrations
of 0.146, 0.121, and 0.089 ng/ml, respectively [87].
Another study reported consistent detection of BCEP,
DPHP, and BDCIPP in a multi-regional Chinese population,
with concentrations significantly influenced by factors
such as age, diet, and living environment [89]. Notably, the
detection frequency of BDCIPP in a college student
population reached 100%, and the median concentration
(7.62 ng/mL) was significantly higher than that in the
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general population, suggesting a higher exposure risk in
young people or specific living environments [90]. In
addition to diester products, hydroxylated metabolites
were also frequently detected in urine. BCIPHIPP had a
detection frequency of 89.1% and a median concentration
of 0.68 ng/mL, while BBOEHEP and 5-OH-EHDP showed

Glob. Environ. Sci. 2026, 2(3), 404-425

detection frequencies of 54.3% and 82.6%, respectively [89].
In urine samples from pregnant Canadian women, the
detection frequency of BCIPHIPP was 82.0%, indicating
that hydroxylation is a non-negligible transformation
pathway of OPFRs in humans [88].
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Some TPs also appear frequently in blood matrices. In
the blood of non-occupationally exposed adults in Jiangsu
Province, BEHP was detected at a frequency of 99% with a
median concentration of 1.2 ng/mL, while DPHP and
DnBP had detection frequencies of 76% and 60%,
respectively [91]. Among occupational workers in e-waste
dismantling areas, the median concentration of £di-OPFRs
in plasma (3.51 ng/mL) was significantly higher than that
in serum (0.36 ng/mL) and whole blood (0.23 ng/mL), with
BDCIPP and DPHP being the major contributors [92].
Breastfeeding is a major route of infant exposure to OPFR
TPs. An analysis of 50 breast milk samples from the United
States showed that DnBP had a median concentration as
high as 7.44 ng/mL, accounting for 97% of the total di-ester
concentration, whereas its parent compound TnBP was
present at only 0.439 ng/mL [93]. In the same study, DPHP
had a detection frequency of 88% and a median
concentration of 0.126 ng/mL. In breast milk from
Chinese mothers, the median concentration of BDCIPP

(1.29 pmol/mL) was also higher than that of its parent
TDCIPP (0.212 pmol/mL) [94].

OPFR TPs are widely present in various environmental
media, including air, water, and soil. In the atmosphere of
New York City, the total concentration of ten identified OPFR
TPs reached 12,000 pg/m3, comparable to the
simultaneously detected parent OPFR concentration
(13,000 pg/m3) [46]. In 25 municipal wastewater treatment
plants in China, di-OPFRs accounted for 53% of the total
OPFRs concentration [95]. Li et al. [96] detected several OH-
OPFRs, including BCIPHIPP and 3-OH-TBOEP, in agricultural
soils surrounding a plastic recycling industrial park, with a
total median concentration of 0.04 ng/g dw. Chen et al. [97]
identified five microbial TPs in soil and groundwater
around a chemical industrial park, with total
concentrations ranging from 3.60 to 270.63 ng/g dw.
Notably, TPs have also been repeatedly detected in
various foods and drinking water, indicating that dietary
intake is an important pathway for human exposure to
TPs. In an Australian food survey, the total concentration

https://doi.org/10.53941/ges.2026.100026

413



of metabolites of nine OPFRs in eggs was 11 times that of
the parent OPFRs [98]. In a study by Chen et al. [99], the
average total concentrations of six di-OPFRs in milk,
powdered milk, and breast milk were 364 ng/L, 2.62 ng/g,
and 1850 ng/L, respectively. In an agricultural plastic
greenhouse in Tianjin, China, the median total
concentrations of 11 di-OPFRs and 5 OH-OPFRs in air,
rhizosphere soil, and crops were 526 pg/m3, 42.0 ng/g,
and 178 ng/g, respectively [100].

Metabolites of OPFRs have been widely detected in
wastewater, food, air, dust, and human samples, with
diester concentrations sometimes even exceeding those
in the parent compound. Due to a lack of reference
standards, only a few metabolites have been included in
routine monitoring, and existing studies have limited
geographical coverage. There is an urgent need to develop
high-throughput screening methods to expand the scope
of monitoring.
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Figure 6. Detection of OPFR TPs in various environmental media. Abbreviations: DPHP: diphenyl phosphate; OH-TPHP:
hydroxylated triphenyl phosphate; DoCP: di-o-cresyl phosphate; DmCP: di-m-cresyl phosphate; DiBP: diisobutyl phosphate;
DnBP: di-n-butyl phosphate; DMP: dimethyl phosphate; DPP: dipropyl phosphate; DEP: diethyl phosphate; BCIPP: bis(1-
chloro-2-propyl) phosphate; BCEP: bis(2-chloroethyl) phosphate; OH-TCEP: hydroxylated tris(2-chloroethyl) phosphate;
BDCIPP: bis(1,3-dichloro-2-propyl) phosphate; BCIPHIPP: bis(1-chloro-2-propyl) 1-hydroxy-2-propyl phosphate; BBOEP:
bis(2-butoxyethyl) phosphate; BBOEHEP: bis(2-butoxyethyl) 2-hydroxyethyl phosphate; 3-OH-BBOEP: 3-hydroxy-bis(2-
butoxyethyl) phosphate; BEHP: bis(2-ethylhexyl) phosphate; 5-OH-EHDP: 5-hydroxy-2-ethylhexyl diphenyl phosphate.
The molecular structures of the above TPs are provided in Tables S7-S9 of the Supplementary Information.

Most studies have shown that TPs of OPFRs
adversely affect the endocrine system, development, and
reproduction in mice, fish, and humans.

Both in vivo and in vitro toxicological studies have
confirmed that TPs possess cytotoxic, endocrine-
disrupting, and neurotoxic properties. Su et al. [101]
found that DPHP, the hydrolysis product of TPHP, altered
significantly more genes in chicken embryonic
hepatocytes than the parent compound TPHP. Using
fluorescence quenching experiments, Wang et al. [102]

demonstrated that DnBP and DEP bind to the protein GB1,
inducing secondary structural changes through non-
covalent interactions and thereby interfering with protein
function. BDCIPP induces oxidative stress and DNA
damage, impairs triglyceride hydrolysis, and accelerates
aging in Caenorhabditis elegans [103]. After 12 weeks of
low-dose DPHP exposure in mice, hepatic glycogen
content decreased by 9.8%, serum glucose levels dropped
by 38.5%, and insulin resistance developed. Meanwhile,
DPHP accumulated in brain tissue and reduced the levels
of five neurotransmitters, including L-glutamate and




serotonin, by 15.4-60.8% [31]. Another study also
showed that low-dose DPHP significantly disturbed
hepatic fatty acid f-oxidation and acylcarnitine
metabolism, suppressed body weight gain, and exhibited
clear hepatotoxicity [104]. In zebrafish, DPHP induced
cardiac developmental defects, mitochondrial
dysfunction, hepatotoxicity, and nephrotoxicity [105];
exposure to BCIPP, BDCIPP, and DPHP all resulted in
increased mortality, reduced hatching rates, and multiple
malformations, with the toxicity order being BCIPP =
BDCIPP > DPHP [106]. Furthermore, Noyes et al. [107]
demonstrated that the teratogenic effect of BDCIPP in
zebrafish is four orders of magnitude higher than that of
its parent compound TDCIPP.

Multiple studies have reported hormonal disruption
by OPFR TPs. Kojima et al. [108] examined the nuclear
receptor activities of 12 OPFR metabolites and found that
the hydroxylated TPHP metabolites 4-hydroxyphenyl
diphenyl phosphate (HO-p-TPHP) and 3-hydroxyphenyl
diphenyl phosphate (HO-m-TPHP) exhibited much
stronger estrogen receptor (ERa and ERf) agonistic
activities than the parent compound. Specifically, the ERa
agonistic activity of HO-p-TPHP was more than 10-fold
higher, and its ERp activity 20-fold higher, than those of
TPHP. In addition, BBOEHEP and BDCIPP have also been
reported to possess potential ERa agonistic activity [106].
Yeast two-hybrid assays showed that the TpCP metabolites
4-hydroxyphenyl di-p-tolyl phosphate (4-OH-DpCP) and 3-
hydroxy-4-methylphenyl di-p-tolyl phosphate (3-OH-DpCP)
exhibited anti-androgenic activities 5.8- and 5.3-fold higher
than the parent compound [109]. Using molecular docking
and DFT calculations, Tariq et al. [110] demonstrated that
BCIPP, BDCIPP, and DPHP have strong binding affinities for
the human mineralocorticoid receptor, potentially
disrupting normal protein function. DnBP and 3-
hydroxybutyl  di-n-butyl = phosphate (3-OH-TnBP)
significantly inhibit ERa activity, leading to a gestational
diabetes-like phenotype in pregnant mice, including
hyperglycemia, insulin resistance, and glucose intolerance,
and the metabolite 3-OH-TnBP exhibits stronger toxic
effects than the parent compound [111].

Epidemiological studies further confirm associations
between OPFR metabolite exposure and human organ
function, diseases, and fetal development. Among U.S.
adolescents aged 12-19 years, elevated urinary BCEP
levels were significantly associated with lower fasting
insulin and impaired insulin homeostasis, suggesting that
BCEP may increase the risk of insulin resistance and
diabetes [112]. Using data from the 2011-2012 National
Health and Nutrition Examination Survey (NHANES), Hu
et al. [113] found that urinary concentrations of DPHP,
BDCIPP, and BCEP were significantly correlated with a
modest decline in lung function, with more pronounced
effects for mixed exposure. Nan et al. [114] also used
NHANES data (2011-2018) to show positive associations
between DnBP and BCEP exposure and the prevalence of

sarcopenia. In pregnant women, urinary levels of BBOEP
and 4-hydroxyphenyl phenyl phosphate (4-OH-DPHP)
were negatively correlated with newborn birth weight,
indicating that fetuses are susceptible to the
developmental toxicity of BDCIPP and BBOEP during
gestation [115]. Further research is needed to investigate
the molecular mechanisms and health risks underlying
the adverse effects induced by OPFR TPs.

Due to limited standards, some researchers have
used quantitative structure-activity relationship (QSAR)-
based predictive models to estimate the toxicity of TPs.
Choi et al. [116] detected 6, 9, and 18 TPHP TPs in green
algae, Daphnia, and medaka, respectively, via non-target
screening, and four of these were predicted to be more
toxic than the parent compound. Wu et al. [59] predicted
14 interaction products between TCEP and microplastics,
three of which were chlorinated aromatic products with
significantly higher toxicity than TCEP. Liu et al. [46]
found that a substantial fraction (24-89%) of the
investigated TPs were predicted to be more toxic than
their parents, and that atmospheric transformation of
most OPFRs would increase the overall risk to aquatic and
terrestrial organisms. Lao et al. [117] assessed the
ecological risk of 11 organophosphate esters and 6 TPs in
wastewater discharge in Hong Kong and reported an
approximately 38% increase in total risk when TPs were
taken into account.

In summary, current toxicological studies have
primarily focused on a limited number of di-OPFRs and a
few hydroxylated products. Moreover, OPFRs often co-
exist with multiple TPs in the environment, necessitating
reliable methods to elucidate the synergistic or
antagonistic effects of combined exposure. From an
environmental perspective, toxicology studies are often
performed with exposure concentrations several
magnitudes higher than those in real aquatic
environments. The chronic toxicities at or close to
environmental concentrations remain largely unrevealed
and should be scrutinized.

This study broadens the knowledge on the
environmental fate and toxic effects of OPFRs from the
perspective of transformation and the generated TPs.
New findings emerged from the data analysis which also
allowed to highlight several data gaps and research needs:

(1) Abiotic hydrolysis contributes negligibly to the
attenuation of OPFRs in natural environments, and OPFR
degradation primarily relies on photolysis and
biotransformation. Photolysis is influenced by multiple
factors including humidity, particle size, and inorganic ions,
while biotransformation kinetics exhibit significant
heterogeneity. CI-OPFRs consistently demonstrate higher
environmental persistence across all media compared with
alkyl and aryl analogs. However, current understanding is




largely biased toward idealized high-concentration
laboratory conditions and single-strain microbial cultures,
neglecting transformation in complex atmospheric
matrices and more nature-like simulated ecosystems.
Future studies should prioritize environmentally relevant
concentration experiments in multi-medium coupled
systems to improve the predictability of OPFR
environmental fate under realistic conditions.

(2) This review summarizes a total of 463 TPs from
25 OPFRs; however, the data distribution is significantly
skewed: a few well-studied compounds such as TPHP,
EHDP, TDCIPP, and TBOEP account for the vast majority
of TPs, while transformation data for emerging aryl and
Cl-OPFRs with complex structures, such as V6, RDP, and
CDP, remain virtually absent. Future studies should
strengthen research on the transformation behavior of
these emerging, structurally complex OPFRs. Twenty-
eight TPs of OPFRs are notable for being formed under
both biotic and abiotic conditions. These TPs would
therefore be ubiquitous since they were produced under
various conditions and in several matrices and should be
placed on priority lists for environmental monitoring.

(3) Biological hydrolysis and hydroxylation are the
common dominant transformation pathways of OPFRs
across microorganisms, plants, and animals; however,
secondary pathways including dealkylation,
carboxylation, and phase Il conjugation reactions exhibit
significant interspecies heterogeneity. Future studies
should systematically investigate the transformation,
distribution, and bioaccumulation mechanisms of TPs
across organisms at different trophic levels and among
species, in order to reveal species-specific metabolic
patterns and their transfer and biomagnification in food
chains, thereby providing mechanistic support for the
ecological risk assessment of OPFRs.

(4) Owing to the lack of authentic reference
standards, most TPs have not yet been incorporated into
routine environmental monitoring. Among the reported
TPs, DPHP, DnBP, BDCIPP, and BEHP are frequently
detected and exhibit greater endocrine-disrupting
potency than their parent compounds, thereby
warranting particular attention in future monitoring and
risk assessment. From a toxicological viewpoint, the lack
of mechanistic information needed for predictive
toxicology and risk assessment of these chemicals is also
striking. More studies investigating the modes of action of
these compounds are urgently needed. Additionally, the
limited availability of reference standards for several TPs
makes it difficult to test their toxicity to living organisms.

The additional data and information can be
downloaded at: https://media.sciltp.com/articles/others/
2609281026482980/GES-26030040-SI.zip. Table S1:
PRISMA 2020 Checklist. Table S2: Complete reference list
of articles included in our analysis. Table S3: Hydrolysis

rates of OPFRs in near-neutral solutions. Table S4:
Reaction kinetics of OPFRs with -OH in the atmosphere.
Table S5: Microbial degradation efficiency of OPFRs. Table
S6: The number of reported transformation products of
OPFRs. Table S7: List of Alkyl-OPFRs transformation
products. Table S8: List of Cl-OPFRs transformation
products. Table S9: List of Aryl-OPFRs transformation
products. References [118-191] are cited in the
Supplementary Materials.
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