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REVIEW

A B S T R A C T

Organophosphate flame retardants (OPFRs), as a replacement for polybrominated diphenyl ethers
(PBDEs), are of increasing concern due to their high production over the years. Soil is the major
environmental reservoir and interchange for OPFRs. OPFRs in soil could be transferred to the food
chain, and pose potential ecological and human health risks. This review focused on the
environmental fate and effects of typical OPFRs in the soil-plant system. We concluded that the
sorption and transformation behaviors of OPFRs due to their crucial impact on bioavailability. The
root uptake and translocation of OPFRs by plants were summarized with analyses of their potential
affecting factors. The in planta transformation and potential ecological effects of OPFRs were also
briefly discussed. Finally, we highlighted several research gaps and provided suggestions for future
research, including the development of simulative/computative methods to evaluate the bioavail-
ability of OPFRs, the effects of root exudates and rhizosphere microorganisms on the bioavailability
and plant uptake of OPFRs, and the development of green and sustainable technologies for in situ
remediation of OPFRs-contaminated soil.
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H I G H L I G H T S

• Mechanisms of soil sorption and plant
uptake of OPFRs were measured.

• Humid acids contribute to electrostatic
interaction, hydrogen bonding, etc.

• Hydrolysis is an important transformation
behavior of OPFRs in the soil-plant system.

• RCF showed no significant correlation with
hydrophobicity of OPFRs in soil experiments.

G R A P H I C A L A B S T R A C T



1 Introduction

Organophosphate esters are organic ester derivatives of
phosphorous, used as insecticides, herbicides, nerve agents,
and flame retardants for more than 150 years (van der Veen
and de Boer, 2012). Organophosphate ester flame retardants
(OPFRs), as a replacement for polybrominated diphenyl
ethers (PBDEs), are of increasing concern due to their high
production over the years. The global consumption of
phosphorus-based flame retardants continuously increased
from 11% to over 30% of flame retardant’s total consumption
from 2008 to 2017. That of bromine-based flame retardants
decreased from 23% to 19% (Wang et al., 2020b). Besides,
OPFRs have been detected in various environmental
matrices, such as outdoor air, indoor air and dust, water,
soil, sediment, and biological matrices (Wei et al., 2015; Chen
et al., 2020; Li et al., 2020; Wang et al., 2020c). There are
several transport pathways for OPFRs in the environment,
including atmospheric deposition (Mihajlovi and Fries, 2012),
long-range atmospheric transport (Cheng et al., 2013),
reclaimed water irrigation, and wastewater sludge application
(Wei et al., 2015; Fu et al., 2017). Moreover, results from
toxicity testing and risk assessments suggest that health
concerns must be raised at current exposure levels for most
OPFRs (Burgess et al., 2013; Blum et al., 2019).

Soil is the major reservoir and interchange for hydrophobic
organic compounds (Yadav et al., 2018a). Irrigation with
sewage and the application of biosolids to agricultural lands
can introduce impressive OPFRs to soil ecosystems (Miller et
al., 2016). Sorption and transformation are key processes for
organic pollutants in the soil environment, crucial to plant’s
bioavailability. As organic compounds, OPFRs can readily
adsorb into the soil particles due to their high hydrophobicity
(logKow, Table 1) (Pang et al., 2013). The amounts of
dissolved OPFRs depend on the portion of OPFRs in the
soil solution compared with those in soil particles. The factors
affecting the bioavailability of OPFRs to plants are still unclear.

Several studies showed a positive correlation between the
concentration of OPFRs in soil and the soil organic matter
(SOM) content. Whereas other studies believed that the
concentration of OPFRs had no significant relationship with
SOM (He et al., 2017; Yadav et al., 2018a, 2018b; Zhong et
al., 2018). Besides, OPFRs adsorbed into the soils may also
be related to soil minerals or environmental parameters (Hao
et al., 2020). Hence, it is necessary to clarify the sorption and
transformation behaviors of OPFRs in the soil to provide
insight into the environment’s fate of OPFRS in the soil-plant
system.

Besides, the safe production of plants is an essential issue
to human health. Plants can accumulate OPFRs from
contaminated soil and transfer them to consumers at higher
trophic levels via the food chain, which poses potential
ecological and human health risks. The uptake of OPFRs by
plant roots and translocation to aerial tissues may be affected
by the properties of OPFRs, the physiological characteristics
of plants, and environmental factors. For example, though tris
(1-chloro-2-propyl) phosphate (TCIPP) had similar properties
to triethyl-chloro-phosphate (TCEP) to some extent, there
were compound-specific uptake and accumulation patterns in
plants, verified by their concentration data (Eggen et al.,
2013). Meanwhile, TCEP displayed different bioconcentration
factors for leaf in the meadow fescue and carrot (3.9 and 42.3,
respectively) (Eggen et al., 2013). Thus, it is essential to
comprehensively analyze the accumulation of OPFRs by
various plant species and a discussion of affecting factors.
Here, we reviewed the environmental fate and effects of
OPFRs in the soil-plant system through the following aspects:
(i) processes affecting the availability of OPFRs to plant roots;
(ii) effects of plant physiology and chemical properties on the
root uptake and translocation of OPFRs; and (iii) ecological
effects of OPFRs in the soil-plant system. We also highlighted
several research gaps and provided suggestions for future
research, especially in situ research on the environmental fate
of OPFRs.

Table 1 Physicochemical properties of selected OPFRs.

Type OPFRs Solubility (mg L–1) Vapor point (°C) logKow BCF H (25°C)

Alkyl-phosphates TBPs 280 289 4 1030 1.5 � 10–7

TBOEP 1200 216 3.65 1080 3.3 � 10–11

TEP 5 � 105 215 0.8 3.88 3.5 � 10–6

Aryl-phosphates TPhP 1.9 370 4.59 113 3.3 � 10–6

TCPs 0.36 235 5.11 8560 7.2 � 10–7

DCPs 0.24 235 3.6 391 1.1 � 10–4

Chloro alkyl-phosphates TCPP 1600 342 2.59 8.51 1.9 � 10–6

TCEP 7000 351 1.44 1.37 3.3 � 10–6

TDCPP 1.5 457 3.8 13.5 2.6 � 10–9

Notes: logKow: n-octanol/water partition coefficient; BCF: bioaccumulation factor; H: Henry’s law constant (atm m–3 mol–1) at 25°C; Data are

compiled from previous studies (van der Veen and de Boer, 2012; Wei et al., 2015; Cristale et al., 2017).
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2 Processes impacting availability of OPFRs to
plant roots

The environmental fate of OPFRs in the soil-plant system
mainly includes sorption, transformation, root uptake, and
translocation (Fig. 1). Only dissolved OPFRs in soil solution
were available for root uptake by plants. Whereas, the
availability of OPFRs was affected by various processes,
such as sorption and transformation.

2.1 Sorption

Generally, organic compounds combined with the surface of
the solid substance are often referred to as adsorption, while
those inside the sorbent are known as partition. Both above
two processes are called sorption. The sorption capacity of
the organic compound to soil particles determines their
contents of dissolved fractions in the soil solution, and only
the latter is considered available to plants. Since most OPFRs
belong to nonionic organic compounds, their dominant
sorption process in the soil is considered to be partitioning
into the SOM. Besides, a study demonstrated that hydro-
phobic interaction and p–p interaction were also involved in
the sorption of OPFRs in soil (Cristale et al., 2017).

Furthermore, hydrolysis intermediates of triphenyl phos-
phate (TPhP) were prone to protonation and form hydrogen
bonds with SOM, leading to higher sorption (Wang et al.,
2020a). OPFRs are neutral molecules in the soil environment,
while their hydrolysis metabolites with pKa< 3 are anions
(Stevens et al., 2006). Thus, the anionic metabolites may
interact with SOM by electrostatic repulsion, leading to lower
sorption. Consequently, partition inside the soil and hydro-

phobic interaction on the surface of soil particles were the
main sorption processes for most OPFRs. In contrast, p–p
interaction, electrostatic interaction, and hydrogen bonding
were also involved in the sorption of specific OPFRs and their
hydrolysis intermediates.

Both chemical properties and soil characteristics can affect
the sorption behaviors of OPFRs in soil. Hydrophobicity
(logKow) is a key parameter controlling the sorption of nonionic
organic compounds to SOM. The OPFRs with higher logKow

values showed stronger sorption capacities to humic acid than
those with lower logKow (Pang et al., 2013). Besides, the lower
temperature was beneficial to the sorption process of three
OPFRs (tri-n-butyl phosphate (TnBP), tris(2-butoxyethyl)
phosphate (TBOEP), and TCEP) in soil (Zheng et al., 2016).
Cation exchange capacity or pH of soil may also affect organic
contaminants’ sorption, particularly for charged OPFRs
(Hyland et al., 2015a).

Moreover, a study demonstrated that the sorption capa-
cities of TPhP and its hydrolysis intermediates were positively
correlated with sediment organic matter, zeta potential, and
C/H ratio of sediments (Wang et al., 2020a). The above results
highlighted the effects of soil constituents on the sorption of
OPFRs. Hence, clarification of sorption behaviors of OPFRs
in the complex soil environment would help provide insight
into the mechanical study on the root uptake of dissolved
OPFRs by plants.

2.2 Transformations of OPFRs in soil

The contents of OPFRs in soil may be altered by abiotic and
biotic transformation, thereby affecting plants’ available OPFR
contents.

Fig. 1 Schematic showing the environmental fate of organophosphate flame retardants (OPFRs) in the soil-plant system.
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2.2.1 Abiotic transformations

Abiotic transformations of organic pollutants in soil include
oxidation/reduction, hydrolysis, and photolysis. Although the
photolysis of OPFRs in the atmosphere and solution was
possible, that in the soil it is considered unrealistic due to the
low vaporability of most OPFRs and light attenuation (photic
soil zone< 0.5 mm from top) (Liu et al., 2014; Su et al., 2016).
Besides, the hydrolysis of OPFRs was exceedingly slow (half-
life period over two years) in the neutral homogenous solution.
Still, rapid hydrolysis (half-life period less than ten days) was
observed in the existence of metal (hydr)oxide minerals (Fang
et al., 2018). That is, hydrolysis can be widespread in Fe-rich
soil. However, Si and Al oxide minerals failed to exert a
catalytic effect, indicating that OPFRs will persist in soil and
aquifer systems dominated by these phases (Fang et al.,
2018). Oxidation of OPFRs may also occur in soil, demon-
strating that radical OH produced by pyrite activated
persulfate could be an effective oxidant for the TCEP removal
process (Saint-Hilaire et al., 2011; Lian et al., 2019).

2.2.2 Biotic transformations

Biotic transformation of organic pollutants may include phyto-
and soil animal-transformation and microbial degradation.
Phytotransformation of OPFRs could occur in plants both in
vivo and in vitro, which was simultaneous with root uptake and
discussed in detail in Section 5.

Terrestrial animals are exposed to organic pollutants via
different routes: (i) direct contact with the surrounding media
dermally; (ii) the ingestion of soil particles or organic matter;
and (iii) the respiratory tract when organic compounds are
volatile or semi-volatile (González-Alcaraz et al., 2020). An
earthworm is a typical soil animal that can intake TPhP
through dermal and ingestion routes. Enzymes in earthworms
for TPhP metabolism may include cytochrome P450 and
phosphotriesterase, relatively by oxidative hydroxylation and
hydrolysis (phase I metabolism). In contrast, phosphate
conjugation dominates phase II metabolism of tributyl
phosphates (TBPs) in earthworms additionally (Wang et al.,
2018a, 2018b). The metabolism of OPFRs in earthworm
corresponds with HepG cell in vitro metabolic experiment, in
which two modules (glutathione biosynthesis and histidine
degradation) and three metabolic pathways (alanine, aspar-
tate, and glutaminemetabolism; glycine, serine, and threonine
metabolism; and glutamine and glutamate metabolism) were
dominant (Jokanović, 2001; Gu et al., 2019). OPFRs
transformed by soil animal may be detoxified to some extent,
which prompts soil back to its initial condition (González-
Alcaraz et al., 2020).

Microbial degradation plays an essential role in OPFRs
removal (Kawagoshi et al., 2002; Hurtado et al., 2017). There
were several studies on the microbial degradation of OPFRs
(Table 2). For example, a study on the degradation of
tricresylphosphate (TCP) in agriculture soil demonstrated
that non-sterilized treatment degraded approximately 80%
TCP compared with approximately 45% abiotic removal in

sterilized treatment after 40 d of incubation, suggesting that
microbial activities played a vital role in the degradation of
TCPs (Hurtado et al., 2017). Another study on microbial
degradation consortium, GYY (dominant genera were Pseu-
darthrobacter and Sphingopyxis), could metabolize 92.2%
TPhP within 4 h (Yang et al., 2020b). Moreover, the
degradation rates by Brevibacillus brevis of tri-m-cresyl
phosphate, tri-p-creysl phosphate, and tri-o-cresyl phosphate
were 82.9%, 93.9%, and 53.9%, respectively, within 5 d.
Chlorinated OPFRs like TCEP are the most difficult type to
undergo biodegradation (Wang et al., 2019b). In addition to
the molecular structure and other chemical properties of
OPFRs, the real environment’s external parameters should
also be considered to improve the degradation rate under in
situ conditions (Yang et al., 2020a).

3 Root uptake of OPFRs

Root uptake is always the prominent pathway for OPFRs to
enter the plant due to their high vapor points (Table 1). Several
factors are affecting the root uptake of OPFRs in the soil-plant
system, including root physiology, transport processes, and
chemical properties.

3.1 Root physiology and transport processes

There are three main pathways for solutes to enter the root
vasculature: transmembrane (between cells through cell walls
and membranes), symplastic (between cells through inter-
connecting plasmodesmata), and apoplastic (along cell walls
through the intercellular space) routes (Miller et al., 2016).
OPFRs concentrations in plant roots (carrot, mung bean,
lettuce, and wheat) could increase rapidly and reach
equilibrium within 12–48 h during a hydroponic experiment
(Liu et al., 2019b). Linear concentration-dependent accumu-
lations of OPFRs suggested passive uptake in strawberry,
lettuce, carrot, and wheat (Trapp and Eggen, 2013; Hyland et
al., 2015a). Most anthropogenic organic chemicals by plant
roots were passive, diffusive, except for some hormone-like
chemicals involved in active uptake (Collins et al., 2006).
Moreover, study on the root’s uptake of OPFRs exposed to
metabolic inhibitors confirmed that the OPFR uptake process
did not require energy (Gong et al., 2020). In the same study,
the root uptake of alkyl-OPFRs, chlorinated OPFRs, and
aromatic OPFRs by wheat were independent, partly mediated
by, and mostly mediated by aquaporin channels, respectively.
The anion channels were implicated in uptake of alkyl-OPFRs
and aromatic OPFRs rather than chlorinated OPFRs (Gong et
al., 2020). Therefore, the transport processes of OPFRs were
compound-specific.

Root physiology also affects the root uptake of OPFRs,
including the protein and lipid contents in plants (Liu et al.,
2019b). Uptake into carrot roots is higher than barley roots in
greenhouse experiments, which might be attributed to the
higher lipid content of carrots (Trapp and Eggen, 2013).
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Table 2 Microbial degradation of OPFRs.

Microorganisms Substrates & degradation efficiency Main results Reference

A mixed bacterial population isolated

from mud sample of shell lake

TCrP, TPhP, trixylenyl phosphate

(TXP)

No evidence of extracellular

enzymes capable of triaryl

phosphate degradation

Pickard et al., 1975

Naturally occurring mixed-microbial

populations present in activated sludge

and river water

TCP,TBP, and TPP showed complete

primary degradation in 7 days

Most likely involving a

stepwise enzymatic

hydrolysis to orthophosphate and

the phenolic or alcohol moieties

Victor et al., 1979

Leachate from a sea-based solid waste

disposal site, Osaka North Port, Japan

Aryl-phosphates (TCrP, TPHP),

alkyl-phosphates (TnBP), cholo-alkyl

phosphates (TCEP, TDCPP)

No observed decrease of OPEs

under anaerobic

condition except of

aryl-phosphates

Kawagoshi et al.,

2002

Roseobacter YS-57, isolated from the

leachate of a sea-based waste disposal

site, Osaka North Port, Japan

TCrP, TPhP (0.5 mg L–1, over 99%

within 3 days)

APE-degrading enzyme

was released into the

extracellular space in the

logarithmic growth phase

Kawagoshi et al.,

2004

Mixed bacterial cultures 67E and 45D

enriched from soil and sediment,

Niigata, Japan

Completely degraded 20 μmol L–1

TCEP and TDCPP within 6 h

The cleavage of the

phosphor ester bond and

dehalogenation related with

Sphingomonas- and

Acidovorax-related bacteria

Takahashi et al.,

2008

Sphingomonas sp. TCM1 and

Sphingobium sp. TDK1, isolated from

soil and sediment samples, Niigata,

Japan

TCEP and TDCPP (20 µmol L–1,

100%, as the sole phosphorus

source within 6 h)

Hydrolyzing their phosphotriester

bonds, generating

2-CE, and 1,3-DCP as metabolites

from TCEP and TDCPP

Takahashi et al.,

2010

Activated sludge from either the

Amsterdam West or the Amstelveen

sewage treatment plants, US

Aromatic organophosphorus flame

retardants TPhP (20 mg L–1,

99.0%±24.3% within 28 h)

Conversion of TPhP to

DPP by hydrolysis of a

phosphate ester linkage;

DPP was degraded further

in non-sterilized sludge

Jurgens et al., 2014

Brevibacillus brevis, isolated from an

e-waste dismantling area in Guiyu,

Guangdong Province, China

TPhP (the highest degradation

efficiency of 3 μmol L–1 TPhP by B.

brevis reached 92.1% at pH 7

and 30°C)

Bioaugmentation with

degrading bacteria

stimulated the degradation

of TPhP in river water

Wei et al., 2019

Sphingomonas sp., isolated from the

tailing sand of Hechi City, Guangxi

Province, China

TnBP could be utilized as the sole

carbon source (375 μmol L–1,

over 90%, 63 h)

The first irreversible step of TBP

transferred to DnBP would

lead to P-O bond cleavage

Liu et al., 2019a

Microcosms inoculated with contaminated

river sediments receiving wastewater

from a halogenated OPFRs production

plant in Hebei Province, China

Completely degraded 20 mg L–1

TCEP within 96 h; TCEP degradation

fitted the pseudo-zero-order kinetics

with a reaction rate of 0.068 mg L–1 h–1

Mainly degraded via

phosphoester bond

hydrolysis; hydrolytic dechlorina-

tion and oxidation pathways

might involve

Zhou et al., 2020

A comprehensive 3D-QSAR model to

evaluate 17 OPFRs biodegradation

effects

Biodegradation efficiency of the

TCPP–OH increased by 75.52%

compared to TCPP under simulated

environment

On simulating the biodegradation

path and photodegradation path, it

is found that the energy barrier of

TCPP–OH for phosphate bond

cleavage is reduced by 15.73%

and 52.52% compared to TCPP

after modification

Yang et al., 2020a
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Furthermore, there are large number of functional proteins in
the plant apoplast. For example, TaLTP1.1 is one of the most
important nonspecific lipid transfer proteins (nsLTPs) in
wheat. OPFRs with higher hydrophobicity were more liable
to bind with TaLTP1.1, leading to their excellent uptake rate in
wheat roots (Liu et al., 2019b).

3.2 Relationship between root uptake and chemical properties

Root-soil concentration factors (RCFs, Croot/Csoil) and root-
water concentration factors (RCFw, Croot/Cwater) can indicate
plant roots’ bioaccumulation ability of contaminants from soil
and water, respectively. A hydroponic experiment showed
that logRCFw values of OPFRs positively correlated with their
logKow, indicating that higher hydrophobic OPFRs could be
accumulated easier by plants (Wan et al., 2017). Our analysis
of published data also showed that the logRCFw was
significantly correlated with logKow of OPFRs (p<0.001,
Fig. 2A, based on R package “basicTrendline”). However,
the logRCFs did not show a significant correlation with logKow

(p = 0.235, Fig. 2A). This is also reasonable because soil
particles would compete with plant roots for dissolved OPFRs
in soil solution. Furthermore, the variability of SOM will also
greatly impact the root uptake of OPFRs, resulting in no
significant correlations observed under the soil culture
condition. Hence, it should focus more on the root uptake of
OPFRs in the soil environment by considering the effects of
complicated SOM components and other soil constituents.

4 Accumulation of OPFRs in aerial tissue

The accumulation of organic compounds in the aboveground
tissues of plants may result from a combination of transloca-
tion from roots and foliar uptake from the air, even though the
latter one is always negligible. Organic compounds may move
through roots to shoots via transpiration stream or be blocked

by the Casparian strip in roots. The transpiration stream
concentration factor (TSCF, Ctranspiration stream/Csolution) is
always used to describe the acropetal translocation ability of
organic compounds. Our published data analysis showed that
the TSCF values were negatively correlated with their logKow

values (p = 0.001, Fig. 2B). In contrast, it was found that the
TSCF was at a maximum for nonionic organic chemicals (e.g.,
polybrominated biphenyls) with logKow around 2 to 3 (Collins
et al., 2006). The conflict between these conclusions might be
attributed to limited experimental data on OPFRs. The
translocation factor (TF, Caboveground/Croot) is also used to
reflect the translocation ability of compounds from roots to
aboveground tissues. The TF values were also significantly
negatively correlated with logKow values of OPFRs (p = 0.015,
Fig. 2C). Thus, higher hydrophobic OPFRs were steadily
distributed in roots and were difficult to be translocated to
aboveground tissues. Neutral compounds with logKow of 0.5–
3.0 are prone to be translocated (Gong et al., 2020; Liu et al.,
2020a). For example, TCEP concentrations in shoots were
significantly higher than root concentrations during exposure,
indicating efficient translocation from roots to shoots in wheat
seedlings (Gong et al., 2020). Nevertheless, the above
correlations between TSCF (or TF) and logKow were analyzed
using only data from hydroponic experiments. More experi-
ments under soil culture conditions were suggested and
helpful for better understanding the uptake mechanisms of
OPFRs by plants. Also, the uptake and accumulation by crops
were evidenced by field investigation, which may provide the
potential for OPFRs to transfer into the food chain and pose
threats to human health (Wan et al., 2016).

5 In planta transformations

In planta transformation of xenobiotic pollutants is critical for
detoxification mechanisms. The transformation of OPFRs in
planta and rhizosphere is similar to microbial transformation

Fig. 2 Relationships between logRCF (A), TSCF (B), and TF (C) values and logKow values of OPFRs. RCF, root concentration factor;

TSCF, transpiration stream concentration factor; and TF, translocation factor. Correlation analysis and visualization were performed

using R package “basicTrendline” (Mei et al., 2018). Black dots represent data under hydroponic conditions, and red triangles

represent data under soil culture conditions. Data were cited from (Collins and Finnegan, 2010; Eggen et al., 2013; Hyland et al.,

2015b; Wan et al., 2016; Wan et al., 2017; Liu et al., 2019b; Wang et al., 2019; Gong et al., 2020).
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reactions in soil and sediments, composed of hydrolysis,
dealkylation, oxidative dichlorination, hydroxylation, methox-
ylation, and glutathione-, and glucuronide-conjugation (Wan
et al., 2017; Dobslaw et al., 2021; Gong et al., 2020). The
metabolism of OPFRs in wheat occurred very rapidly because
the metabolites were detected in wheat tissues after OPFRs
exposure for 12 h (Wan et al., 2017). The hydrolysis of TCEP
might occur mainly in roots. Then, hydrolysis metabolites of
TCEP (BCEP) were transported to the shoots because
concentrations of TCEP in both root and shoot decreased,
while BCEP concentration in shoots increased when exposed
to TCEP (Gong et al., 2020). Chlorinated OPFRs could only
be transformed into diesters, while non-chlorinated OPFRs
could further transform diesters into monoesters (Wan et al.,
2017). Another biological pathway analysis indicated that
three major metabolic pathways: alanine, aspartate, and
glutamate metabolism; glyoxylate, and dicarboxylate meta-
bolism; and tricarboxylic acid cycle (TCA cycle) were
disturbed when wheat was exposed to the chlorinated
OPFRs (Liu et al., 2020a).

The root exudates released during plant cultivation would
result in the metabolism of OPFRs in the rhizosphere to
some extent (Wan et al., 2017). The metabolite of TnBP
(DnBP) concentrations was in the order: hydroponic
solution>root>shoot, which implied that the uptake from
hydroponic solution was another source for some metabolites
in plants (Gong et al., 2020). Since OPFRs hydrolysis
metabolites with relatively high proportions in electrical
repulsion of the cytomembrane, it was supposed that cell
walls could be a location for in vivo hydrolysis of OPFRs by
wheat (Gong et al., 2020).

6 Ecological effects of OPFRs in the soil-plant
system

The ecological effects of OPFRs were discussed in three

aspects: soil microorganisms, plants, and animals (Fig. 3).
Microorganisms account for a huge amount of the soil. The
balance between endogenous and exogenous reactive
oxygen species (ROS) in microorganisms could be disturbed
when exposed to exotic pollutants, including OPFRs. There-
fore, excessive production of ROS incurred mitochondrial
dysfunction, protein peroxidation, and DNA damage. Besides,
the OPFR isomers could pose oxidative damage to a different
extent. For TCP isomers, the largest ROS increment was
observed in tri-o-cresylphosphate (ToCP) exposure, which in
turn imposed influences on the metabolic process of ToCP.
The degradation efficiency of ToCP was remarkably lower
than those of the other isomers (Liu et al., 2019c). The
microbial richness and diversity of rhizosphere soil were
significantly reduced after short-time exposure to OPFRs.
These rhizospheric microbes were mainly grouped by plant
effects due to specific root exudates and rhizodeposition that
nourished rhizosphere microorganisms. Still, a more obvious
deviation of microorganisms in the soil was discovered after
exposure to OPFRs, regardless of plant species. Further-
more, analysis of the shifts in rhizosphere nitrogen transfor-
mation-associated genera after OPFRs treatment suggested
OPFRs loading reduced ammonia-oxidizing bacterial levels
and inhibited the NH4

+-N removal. In contrast, the enriched
Pseudomonas in the rhizosphere did not ameliorate total
nitrogen removal (Liu et al., 2020b).

The metabolic responses of plants under OPFRs stress are
important to understand their potential risks to terrestrial
organisms. Wheat exposed to three chlorinated OPFRs for 7 d
had decreased chlorophyll content, while the levels of
carotenoid and activities of antioxidases, malonaldehyde,
and ROS increased in both roots and shoots, indicating that
chlorinated OPFRs caused significant oxidative stresses and
affected photosynthesis in wheat (Liu et al., 2020a). The
aspartate family plays a vital role in the transport and storage
of nitrogen in organisms. The upregulation of aspartic acid
and asparagine in wheat cultivation experiment exposure by
chlorinated OPFRs implied that nitrogen assimilation in wheat

Fig. 3 Schematic showing the potential ecological effects of OPFRs in the soil-plant system.
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was disturbed (Liu et al., 2020a). Except for higher plants,
numerous microalgae play a role as primary producers in a
humid soil environment. Previous studies showed that OPFRs
may have similar toxic potential to microalgae, exposure to tris
(1,3-dichloroisopropyl) phosphate (TDCIPP), and TPhP
resulted in a dose–response decrease of microalgae’s
biomass and plasma membrane damage (Wang et al.,
2019b; Wang et al., 2020a). Integrating the computer
simulation technology and biological approach investigated
the biological effects of OPFRs on microalgae, revealed a
positive correlation with cell inhibition alongside the incre-
mental chain length of alkyl-OPFRs (Chu et al., 2021).

Earthworms play essential roles in soil ecosystems. The
toxic effects of OPFRs in exposed earthworms may be useful
for the risk assessment of OPFRs. Some studies have proved
that OPFRs could induce oxidative stress in earthworms
(Wang et al., 2018a, 2018b; Mennillo et al., 2019). The effect
on bodyweight of TCEP and TCP (10 mg kg–1, both) was low
in exposed earthworms (Yang et al., 2018). A chronic
exposure experiment showed that TDCIPP treatments (over
500 ng g–1) lowered body mass and juveniles born rate of
earthworms, and seminal vesicle injury, skin lesions, and
muscle atrophy were observed as well (Zhu et al., 2019). The
observed changes in AchE activity and the analysis of genes
showed that TCEP and TCP caused intestinal damage to
earthworms (Yang et al., 2018). Prolonged exposure to
TDCIPP (1 mg kg–1) accelerated the aging process of
Caenorhabditis elegans, including decreased locomotion
behaviors, shortened lifespan, lipofuscin, and lipid peroxida-
tion accumulation (Wang C. et al., 2019a). We deduced that
the toxic dosage of OPFRs was compound-specific, but their
toxic mechanisms were similar. Also, insects and amphibians
have been studied under OPFRs exposure conditions and
contributed to the transfer of OPFRs in the terrestrial food
chain (Poma et al., 2019; Liu et al., 2020c). Risk assessments
conducted by the European Commission in 2009 claimed that
since there was no indication that TCEP/TCPP might show a
bioaccumulation potential, risk characterization for exposure
via the food chain was unnecessary (Trapp and Eggen, 2013).
However, based on the experimental bioconcentration factors
for TCEP and TCPP, the high variation between species and a
persistency potential, there is reason to investigate the
transfer and possible bioaccumulation of OPFRs in terrestrial
food webs more deeply.

7 Conclusions and future perspectives

Historically, except for insecticides, organophosphate esters
are widely applied as flame retardants and plasticizers,
particularly after the implementation of regulations that
phased out PBDEs. Until now, OPFRs are often detected at
higher levels in environmental matrices than PBDEs, and
results from toxicity testing and risk assessments suggest that
health concerns must be raised at current exposure levels for

most OPFRs. Clarification of the sorption behaviors of OPFRs
is crucial to predict their bioavailability and to develop
emerging pollutants control methods. Partition inside the soil
and hydrophobic interaction on the surface of soil particles
were the main sorption processes for most OPFRs. In
contrast, p–p interaction, electrostatic interaction, and hydro-
gen bonding were also involved in the sorption of specific
OPFRs and their hydrolysis intermediates. Besides, hydro-
lysis and microbial degradation may be important pathways
for OPFRs to be transformed in soil. The distribution of OPFRs
between soil particles and plant roots determines the root
uptake behaviors. Hence, the rhizosphere is the key area that
needs to be focused on in the soil-plant system. DNA-stable
isotope probing is a powerful technique for identifying active
microorganisms capable of degrading contaminants; thus, it is
suggested for a more complete understanding of the rhizo-
spheric microbial communities. Correlation analyses on
published data indicated that hydrophobicity (logKow) was
the dominant factor controlling the root uptake of OPFRs
(logRCFw) by plants under hydroponic conditions. SOM and
other soil constituents greatly affect the root uptake of OPFRs
by plants under soil culture conditions, resulting in no
significant correlation between logRCFs and logKow. Translo-
cation of OPFRs from roots to aboveground tissues
decreased with increased OPFRs’ hydrophobicity, which
was confirmed by the correlation analyses between TSCF
(or TF) and logKow using data from the hydroponic experi-
ment. More experiments under soil culture conditions were
suggested and helpful for better understanding the uptake
mechanisms of OPFRs by plants. Also, the transformation of
OPFRs in plant tissues was also possible, in which hydrolysis
plays a significant role. Potential ecological risks of OPFRs in
terrestrial environments should also be considered.

Future study is suggested to focus on the following aspects:
(i) Increasing field experiment to simulate key factors
controlling the bioavailability of OPFRs, and developing
computative methods to predict the bioavailability of OPFRs;
(ii) paying attention to the effects of root exudates on root
uptake of OPFRs; (iii) concerning the response and mechan-
isms of various plant rhizospheric microorganisms to OPFRs;
(iv) establishing and improving the risk threshold of OPFRs to
the ecosystem and human; and (v) developing green and
sustainable technologies for in situ remediation of OPFRs-
contaminated soil, including the combined technologies.
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