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Abstract

Phthalate esters (PAEs) are hazardous organic compounds that are widely added to plastics to
enhance their flexibility, temperature, and acidic tolerance. The increase in global consumption
and the corresponding environmental pollution of PAEs has caused broad public concerns. As
most PAEs accumulate in soil due to their high hydrophaobicity, composting is a robust remediation
technology for PAE-contaminated soil (efficiency 25%-100%), where microbial activity plays an
important role. This review summarized the roles of the microbial community, biodegradation
pathways, and specific enzymes involved in the PAE degradation. Also, other green technologies,
including biochar adsorption, bioaugmentation, and phytoremediation, for PAE degradation

were also presented, compared, and discussed. Composting combined with these technologies
significantly enhanced removal efficiency; yet, the properties and roles of each bacterial strain in
the degradation, upscaling, and economic feasibility should be clarified in future research.
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1. Introduction

In plastic manufacturing, phthalate esters (PAES) are often used to enhance the flexibility
and durability of plastics. PAEs are widely detected in many industrial, residential, and even
agricultural areas worldwide because of the ubiquitous use of plastics (Abdel daiem et al.,
2012; Ferreira and Morita, 2012; Kaewlaoyoong et al., 2018; Nguyen et al., 2022b). As
the global production of plastics is over 150 million tons year~2, the annual consumption
of PAEs is around 6-8 million tons (Gao et al., 2018; Loénnstedt and Eklév, 2016; Net

et al., 2015). With this widespread use and subsequent environmental contamination, PAE
has been found in every environmental media, including soil, sediment, water, and even air
(Dargnat et al., 2009; Lee et al., 2019b; Lin et al., 2009). Yet, with high hydrophobicity,
PAE contamination mainly occurs in soil (Lee et al., 2019a; Wei et al., 2020). In fact, PAEs
are one of the most frequently detected persistent organic pollutants (POPs) in soil with
half-lives varying from 3 to 2000 years under natural conditions (Gao and Wen, 2016).

PAEs are endocrine-disrupting chemicals (EDCs) and potential carcinogens. The impart on
normal physiological hormones function has been previously reported (Diamanti-Kandarakis
et al., 2009; Katsikantami et al., 2016; Mankidy et al., 2013), and exposure to PAES is
linked to an increased risk of breast cancer (Hsieh et al., 2012; Lopez-Carrillo et al., 2010).
Additionally, PAEs have shown adverse effects on the reproductive system (Schettler, 2006;
Wang et al., 2019c). Due to their high toxicity, specific PAEs, di-/-butyl phthalate (DnBP),
diethyl phthalate (DEP), diethylhexyl phthalate (DEHP), diisononyl phthalate (DINP), are
listed as EDCs by WHO/IPCS (2002) and WHO-UNEP (2013) (Kay et al., 2014; Kay et al.,
2013; WHO-UNEP, 2013). Therefore, in recent years, the remediation of PAE-contaminated
soil has been a focus of environmental engineering, especially when the “hot” topic of
micropollutants is attracting broad public interest.
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Several treatment technologies are recommended for the remediation of PAE-contaminated
soil, including biochar adsorption (Zhang et al., 2016), electrokinetic and nano oxidation
processes (Yang et al., 2015), chemical oxidation (Wang et al., 2014), and composting (Tran
etal., 2021b). Among them, composting is a promising biodegradation technology due to
its high biodegradation efficiency, low environmental impacts, and cost feasibility (Tran

et al., 2018). There are two main composting techniques, aerobic and anaerobic. Aerobic
composting has shown higher removal efficiency and shorter incubation time than anaerobic
composting (Tran et al., 2020). For instance, Yuan et al. (2011) reported 91%-96% DEHP
removal (initial concentration 50250 mg kg™1) in soil after 30 days of aerobic incubation,
whereas only 55%-69% DEHP (initial concentration 100 mg kg~1) was removed after

112 days of anaerobic composting (He et al., 2018). In the composting biodegradation
process, microbial activity plays a critical role in determining the removal efficiency and
rate (Hoang et al., 2022). Among the microorganisms in the compost mixture, bacteria are
key to biodegradation since their enzymes (e.g., hydrolase, esterase, protocatechuate) vastly
accelerate biodegradation.

Numerous studies have evaluated bioremediation strategies for PAE-contaminated soil (Cai
et al., 2008b; Das et al., 2021; Xiang et al., 2020). The role of the microbial community

and the overall mechanism of PAE biodegradation have also been reported. However, a
knowledge gap exists for the microbial community’s structure and dynamic response during
the composting process. Also, the role of bacterial strains and their specific enzymes in
PAE degradation remains ambiguous. Therefore, this study aims to comprehensively discuss
composting degradation of PAE-contaminated soil. Current knowledge on the variation

of microbial community structure, the role of bacteria and their specific enzymes, and
biodegradation pathways were also provided. Further, other green technologies, including
biochar adsorption, phytoremediation, and bioaugmentation were summarized, compared,
and discussed. Finally, research gaps were identified and recommendations for future
research were accordingly provided.

Methodology

The database of this review was created using Google Scholar, NCBI, PubMed, and Web
of Science (Table S1 and Fig. S1). We paid more attention to the publications between
2010 and 2022 since they provided up-to-date information. Reflecting the concern of PAE
contamination, the number of publications has increased more than 10 times from 2010 —
to 2020 (Fig. 1). Meanwhile, the number of publications on the composting remediation of
PAE-contaminated soil has displayed a similar increasing trend.

3. Overview of PAEs

3.1.

Physicochemical properties of PAEs

The fate and transport of PAEs in the environment depend much on their physicochemical
properties, especially Koy (octanol-water partition coefficient), Koa (octanol-air partition
coefficient), Ky (air-water partition coefficient), Koc (organic carbon partition coefficient)
and vapor pressure (Kashyap and Agarwal, 2018) (Table 1). For example, Cousins et al.
(2003) reported that high Koy, values mean easy sorption onto surfaces and organic matters,
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and the Log (Kow) increases with increasing alkyl chain length, which also means greater
hydrophobicity. Vapor pressure (at 25 °C, in mm Hg) decreases with increasing molar
volume (g mol~1) or alkyl chain length. In general, low molecular weight (LMW-) PAEs
(e.g., DEP and DBP) are easier to biodegrade than high molecular weight (HMW-) PAEs
(e.g., DEHP and DnOP) (Tuan Tran et al., 2022).

Main sources of PAEs

Anthropogenic (residential, agricultural, and especially industrial) activities are the main
PAE sources (Fig. 2). Currently, there are about 60 different PAE categories used for

various types of industries such as personal care products (e.g., cosmetics, hair sprays,

gels), material packaging, plastic manufacturing, lubricants, insecticides, paint additives, and
adhesives (Eichler et al., 2019). Moreover, agricultural activities (e.qg., irrigation, biosolid
fertilization, and sewage sludge discharge) with the use of agricultural film mulching,
pesticides, and fertilizers contribute significantly to PAE-contamination in soil (Cai et al.,
2007; Guo and Kannan, 2012; L et al., 2018; Net et al., 2015; Tran et al., 2022a; Wang et
al., 2013; Weschler et al., 2008; Yang et al., 2013b; Zhu et al., 2010). Residential activities
can generate urban dust that contributes to soil contamination through deposition. Dry and
wet deposition contributes to PAE contamination in soil in highly industrialized areas (Wu et
al., 2015). Lan et al. (2012) found that both wastewater sludge and urban dust increased PAE
levels in soil.

3.3. Current status of worldwide PAE-contaminated soil

PAE contamination in soil has been found worldwide, including Asia (e.g., China and
Taiwan), Europe (e.g., Netherlands, Scotland, United Kingdom, and France), and Africa
(e.g., South Africa) (Fig. 3) (Brodskiy et al., 2019; Gibson et al., 2005; Hu et al., 2003;
Peijnenburg and Struijs, 2006; Rhind et al., 2013; Zeng et al., 2008). As a result of
urbanization and industrialization, PAE concentrations are higher in urban areas (Zheng

et al., 2014) than concentration in rural areas (Huo et al., 2016; L0 et al., 2018; Zhang

et al., 2015). High PAE levels are often found in urban areas. For instance, Tran et al.
(2015) reported that the total PAE concentrations in French urban and rural soils were
1.089 and 0.154 pg g~1, respectively. In rural areas, high PAE contamination was found in
agricultural fields (Xu et al., 2008; Zeng et al., 2008). Also, due to rapid industrialization
and urbanization, PAE concentrations in China were higher than those in other countries (LU
et al., 2018). Among PAEs, DEHP and dimethyl phthalate (DMP) are the most frequently
detected in the soil since they are the main constituents of plastic products (e.g., houseware,
household appliances, and agricultural equipment).

3.4. Toxicity and risk assessments

PAEs are regarded as hazardous organic contaminants due to their adverse effects on

the endocrine system, erythrocytic functions, and reproductive system of organisms (Li

et al., 2018; Skrbié et al., 2016; Tan et al., 2017). He et al. (2015) also reported that

PAEs were highly toxic to microbes in soil. PAES’ toxicity is determined by their
physicochemical properties (Giuliani et al., 2020). HMW-PAEs (e.g., DEHP and DnBP)
can cause hormonally mediated diseases and are considered potential carcinogenic agents
(Adeniyi et al., 2008; Fukuwatari et al., 2002; McKee et al., 2004). Thus, the United
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States Environmental Protection Agency (USEPA) has listed DEHP as a high-priority
pollutant (US.EPA, 2019). PAE exposure negatively impacts human health via pathways like
inhalation of contaminated aerosols and consumption of contaminated food. Daily vegetable
consumption is the main intake source of PAEs (Cheng et al., 2015; Niu et al., 2014; Wang
etal., 2015a, 2018; Xia et al., 2011) The risks of PAEs exposure are assessed via a reference
dose, which is related to the tolerable daily intake (Giuliani et al., 2020) with elevated risks
for sensitive subpopulations including fetuses and breastfeeding infants (Filardi et al., 2020).

4. Composting remediation of PAE-contaminated soil

4.1. Overview of composting remediation of PAEs in soil

Composting has been reported as a promising treatment for PAEs in soil (Amir et al., 2005;
Pakou et al., 2009). Aerobic and anaerobic composting with different scales (e.g., pilot
(10-110 L) (Solano et al., 2022) and field (1800-5000 L) (Chen et al., 2022) could remove
20%-100% PAEs in soil (Table 2). Various types of organic wastes (e.g., sewage sludge,
manure, fruit, and vegetable waste) have been used as compost material. Bulking agents
(e.g., sawdust, wood waste, rice straw) have been used to adjust the moisture of the compost
mixture. Composting biodegradation can (1) decrease moisture content due to metabolism
and volatilization mechanisms, (2) increase pH due to the release of organic acids, and (3)
decrease C/N ratio due to the decrease of substrates via microbial activity (Chang et al.,
2009; Lin et al., 2017). Thus, in order to achieve high PAE biodegradation, composting
conditions are often maintained as follows: initial moisture content of 50%-60%, and C/N
ratio of 2030 (LU et al., 2021; Tran et al., 2021a).

In general, aerobic composting (oxygen content >10%) results in higher PAE removal and
reguires a shorter incubation time compared to anaerobic composting (Amir et al., 2005;
Liang et al., 2008). Aerobic composting could remove DEHP at 91%-97% after 30 days,
whereas anaerobic composting removed 55%—-70% after 112 days (He et al., 2018; Yuan
etal., 2011). During the composting process, the biodegradation rate at the thermophilic
phase is significantly higher than that of other phases (mesophilic, cooling, and maturation)
(Fuetal., 2013; Tran et al., 2021b). For instance, Tran et al. (2021b) showed that
composting biodegradation removed was 98% of DOTP, with the majority of the degradation
(76%) occurring in the thermophilic phase. The thermophilic phase also had the highest
degradation rate (0.149 day~1). Similarly, the thermophilic phase accounted for 60% of
DEHP degradation compared to the total removal of 85% (Cheng et al., 2008). Thermophilic
phase degradation is higher for two reasons. First, high temperatures (55-70 °C) accelerate
microbial growth, especially PAE-degrading strains. Second, at higher temperatures, the
viscosity of the PAESs significantly decreases, enhancing oxygen penetration and interaction
between PAEs and the bacterial community.

4.2 Roles of microbial community

The microbial community is key to PAE degradation in composting (Liang et al., 2008;
Wang et al., 2015b). Next-generation sequencing has been used to identify microbial strains
and their function in PAE degradation (Tran et al., 2021b). High-throughput sequencing
technologies have increasingly been used to study the succession and characteristics of
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microbial communities during composting of PAE-contaminated soil, including bacteria,
fungi, algae, and yeast (Fang et al., 2017; Wang et al., 2019b). Various bacteria (e.g.,
Rhodococcus pyridinivorans XB, Bacillus subtilis No.66, Gordonia sp. QH-11), fungi (e.
g., Aspergillus niger, Tranmetes versicolor, Pleurotus ostreatus), algae (e.q., Chlorella
pyrenoidosa, Closterium lunuld) and yeast (e.q., Rhodotorula rubra, Saccharomyces
cerevisiag) have been reported as PAE-degraders (Benjamin et al., 2015; Liang et al.,
2008). Among these microorganisms, bacteria are the most abundant and play major roles
in degrading PAEs (Ren et al., 2018). The characteristics and function of the bacterial
community are affected by both internal (e.g., initial compost materials, substrates, pH, and
C/N ratio) and external factors (e.g., operational conditions, including: aeration, moisture
content, and temperature).

The richness and diversity of the bacterial community are expressed via parameters like
OTUs, Chao 1, Shannon diversity and Shannon evenness indexes (Bai et al., 2020). The
richness and diversity vary with composting phases. Often, without PAEs, the indices
increase from the mesophilic phase to the maturation phase (Wang et al., 2017, 2019a).

For instance, Wang et al. (2017) indicated that after 29 days of food waste composting, the
Chao 1 and Shannon index increased rapidly from 229 to 411 and 3.31 to 3.85, respectively.
However, with the presence of high levels of PAEs (e.g., DEHP and DOP), the richness and
diversity decrease (Bai et al., 2020; Zhang et al., 2017). For instance, at DOP concentration
of 1000 mg kg1, the bacterial diversity dramatically reduced from 2.6 (day 2) to 1.7 (day
12) (Zhang et al., 2017). Similarly, at a DEHP concentration of 40 mg kg~2, the measured
Chao 1 (1293) and Shannon index (5.83) were lower than those at a concentration of 10 mg
kg1 (1411 and 5.97, respectively) (Gao et al., 2020). The toxicity of PAEs can disrupt cell
membrane fluidity and integrity, causing growth abnormalities and thus adverse effects on
the structure of the bacterial community (Cartwright et al., 2000).

Distinct shifts in bacterial community structure were observed during the composting
process (Bai et al., 2020; He et al., 2018). Firmicutes, Proteobacteria, Acidobacteria,

and Bacteroidetes play a vital role in PAE biodegradation. Among them, Firmicutes

were the most abundant at the phylum level (Bai et al., 2020; Zhang et al., 2017). The
relative abundance of Firmicutes declined remarkably with increasing temperature during
composting (Wang et al., 2019a). For example, on day 1 (mesophilic phase), Firmicutes
were the most abundant (76.7%) but gradually declined to 60% on day 10 (thermophilic
phase, > 55 °C) (Wei et al., 2018). The thermophilic phase may limit bacterial growth
and even eliminate some mesophilic members. Lactobacillales (phylum Firmicutes) were
reported to dominate during the thermophilic phase, while Bacillales dominated the bacterial
community during the mesophilic phase (Graga et al., 2021).

During the thermophilic phase, Proteobacteria were also found in high abundance (60.8%)
(Huang et al., 2021). Pseudoxathonomas sp. (phylum Proteobacteria) could use PAEs as the
sole carbon and energy source for metabolism (Meng et al., 2015). Likewise, the relative
abundance of Bacteroidetes dramatically increased (to 12.4%) during the thermophilic phase
since they can break down macromolecules (e.g., cellulose, lipid, and protein) for energy
production (Huang et al., 2021). In contrast, Acidobacteria dominated the maturation phase,
indicating the maturity of compost. Some gram-negative (e.g., Shingomonas yanoikuyae,
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Comamonas acidovorans and Delfia sp.) and gram-positive bacteria (e.g., Arthobactersp.,
Gordoniasp., and Rhodococcus sp.) have been identified as key PAE-degraders.

4.3. Biodegradation pathway

Complete PAE biodegradation requires primary and secondary pathways (Fig. 4). The
primary pathway includes beta-oxidation, de-esterification or dealkylation, and frans-
esterification or demethylation. PAEs with a long alkyl chain are converted to a short

alkyl chain (such as diethyl phthalate (DEP)) via beta-oxidation. Then, the shorter chain is
oxidized to phthalic acid (PA) through either de-esterification for DEP or frans-esterification
DMP. For DEP, the hydrolysis of each ethyl group occurs in the de-esterification, producing
mono-ethyl phthalate (MEP) and finally PA. For DMP, frans-esterification produces mono-
methyl phthalate and finally PA.

In the secondary degradation, PA is metabolized and mineralized under aerobic and
anaerobic conditions. Under aerobic conditions, PA’s ring cleavage occurs differently with
gram-negative and gram-positive bacteria. Gram-negative bacteria produce dioxygenase to
catalyze phthalate 4,5- dioxygenase into c¢/s-4,5-dihydroxy-4,5-dihydrophthalate, whereas
gram-positive bacteria convert PA via c¢/s-3,4-dihydroxy-3,4-dihydrophthalate. Both pathway
produce protocatechuate, which is further metabolized via either ortho- or - meta cleavage
(by ring cleavage enzymes). In the ortho-cleavage, protocatechuate is cleaved in the ring

to form beta-carboxy-cis, ¢/s-muconic acid, and finally beta-ketoadipate. Pseudomonas
fluorescens and P, putida are known to support this metabolism. In the meta-cleavage,
protocatechuate is degraded into 4-carboxy-2-hydroxymuconic and semi-aldehyde, which is
finally oxidized to pyruvate and oxaloacetate. These intermediate products are then oxidized
and enter the tricarboxylic acid (TCA) cycle.

Under anaerobic conditions, PA is converted to benzoate via decarboxylation. The
benzoate is further degraded to acetate and methane. During the decarboxylation pathway,
intermediate products have been identified in some cases. Anaerobic degradation pathway
is still ambiguous due to the lack of some information on PAEs-bacteria degrading. So
far, Clostridium sp. and methanogenic consortia were reported as degrading phthalate
anaerobically.

4.4. The specific enzymes involved in PAE biodegradation

A list of bacteria and their specific enzymes for PAE biodegradation was summarized in
Table 3. Esterase and hydrolase play an important role in the primary pathway (conversion
to PA), whereas protocatechuate 3,4 dioxygenase, catechol 1,2, dioxygenase, and phthalate
dioxygenase are key to the secondary pathway of PAE biodegradation. Niazi et al. (2001)
reported that the four isoesterases (Et1-4) from the cell-free extract of the bacterium
Bacillus sp. had the ability to utilize DMP as a carbon source. Their results also indicated
that isoesterases Et-1 and Et-4 showed a significantly higher preference for DMP hydrolysis
compared to Et-2 and Et-3, which played a vital role in the de-esterification. Hydrolase,
purified from cell extracts of Gordonia sp. strain P8219, was reported to effectively
hydrolyze DEHP (Nishioka et al., 2006). Serine hydrolases were reported to be able to
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perform meta-cleavage of intermediates of the PAE-metabolism process (Habe et al., 2003;
Omori et al., 1986).

Rhodococcus sp. strain DK17 was reported to be able to oxidize and subsequently
dehydrogenate PAEs to form protocatechuate through the genes encoding protocatechuate
3,4-dioxygenase (ring-cleavage enzyme) (Choi et al., 2005). A similar finding revealed

that two bacterial strains Acinetobacter sp. and Arthrobacter sp. could take Butyl Benzyl
Phthalate (BBP) as the carbon source and the degradation occurred via protocatechuate 3,4-
dioxygenase that was produced by these bacteria (Yang et al., 2013b). Moreover, catechol
1,2-dioxygenase and catechol 2,3-dioxygenase could help in cleaving the benzene ring, and
the activity of the former was reported to be higher than that of the latter (Sanakis et al.,
2003). Chen et al. (2007) indicated that Microbacterium sp. strain CQ0110Y contained both
catechol 1,2-dioxygenase and catechol 2,3-dioxygenase, which helped accelerate DEHP
degradation via hydroxylation of the benzoic acid. Then, the oxidation occurred to produce
catechol and muconic acid, which finally entered the TCA cycle.

technologies for remediation of PAE-contaminated soil

In recent years, various promising green technologies such as biochar adsorption,
bioaugmentation, and phytoremediation have successfully been employed in PAE removal
(Tables 4-6, respectively). Their advantages and disadvantages are discussed below.

5.1. Biochar adsorption

Biochar, with a large surface area and high porosity, has been examined for the removal

of many organic contaminants, including PAEs (Hung et al., 2018; Lap et al., 2021; Tran
etal., 2022a; Vu and Wu, 2019; Yang et al., 2013a). Like other carbonaceous adsorbents,
hydrophobic interaction, rt-rt coordination, and hydrogen bonding are the main adsorption
mechanisms of biochar for organic pollutants (Vu and Wu, 2022; Zhang et al., 2013).
Functional groups on the surface of carbonaceous adsorbents like biochar might improve
the adsorption capacity via ion exchange, complexation, co-precipitation, and electrostatic
interaction (Chen et al., 2021; Vu and Wu, 2022; Wu et al., 2019). Freundlich isotherm

is often used to describe the biochar adsorption of PAEs. Zhang et al. (2016) amended
PAE-contaminated soil with 0.5% bamboo biochar and achieved relatively high N values
(sorption intensity) of 0.67-0.8. Similarly, Zhang et al. (2014) added rice straw biochar with
0.1-0.5 (w/w) to remove DEP and achieved N values of 0.31-1.01.

The adsorption efficiency is affected by the physicochemical properties of contaminated soil
(e.g., organic matter and soil texture) and biochar (Nguyen et al., 2022a; Zhang et al., 2016).
High organic carbon soil (HS) may increase adsorptive removal more than low organic
carbon soil (LS). For example, reported Ky values for LS and HS with the amendment of
0.5%-1.0% pig manure-derived biochars were 2.78 + 0.18 and 4.11 + 0.17 mgl-NLNkg 1,
respectively (Chen et al. (2021). HS contains more functional groups, which help bind PAEs
via electrostatic, hydrophobic interactions, and hydrogen bonds (Zhang et al., 2013). Also,
high mineral-humus complexes in HS increase its affinity for PAEs (Chen et al., 2019; Wu
et al., 2019; Zhang et al., 2016). Xiang et al. (2020) investigated the effects of paddy soil on
DBP sorption using biochar. The findings showed that the positive effects on DBP sorption
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were brought about by high aerobic surface paddy soil, which further helped enhance DBP
biodegradation via aerobic bacterial metabolism (Jin et al., 2014). On the other hand, Qin
et al. (2018) investigated the DBP sorption by pig biochar (PB) and bamboo biochar (BB).
The higher efficiency of PB was attributed to its higher surface area, surface alkalinity, and
mineral content (Jin et al., 2014; Zhang et al., 2016).

Biochar can also reduce the bioavailability of PAEs and improve the properties of soil
(Zhang et al., 2016). Chen et al. (2019) reported that biochar significantly reduced

the bioavailability of DEHP and enhanced microbial activity, reducing DEHP uptake in
contaminated soil. He et al. (2016) revealed that organic matter was key to reducing
DEHP bioavailability in contaminated soil. Moreover, biochar plays an important role in
soil amendment through immobilization and adsorption of organic contaminants, which
significantly enhanced the properties of contaminated soil (Chen et al., 2021). In soil,
biochar increases pH by allowing hydrogen ions to form due to its negatively charged
functional groups (Zhang et al., 2013) and through the potential release of alkali salts (e.g.,
Ca, Mg and Na). For instance, Dai et al. (2014) indicated that adding 1% biochar derived
from swine manure increased the soil pH by 9%-19%.

5.2. Bioaugmentation

Microbial inoculation (bioaugmentation) is the addition of specific bacterial strains to
accelerate the degradation of PAE in contaminated soil. Several bacterial strains have been
isolated from contaminated soil to enhance PAE biodegradation. Many bacterial strains

such as Gordonia sp. QH-11 (Kong et al., 2019), Rhodococcus ruber YC-YTL1 (Yang

et al., 2018), and Rhodococcus pyridinivorans XB (Zhao et al., 2018) have successfully
been employed to degrade PAEs with impressive efficiencies (80%-100%). For instance,
Kong et al. (2019) showed that at a high initial DEP concentration of 400 mg kg1, the
biodegradation efficiency reached 100% with the addition of Gordoniasp. QH-11. Similarly,
the DEHP degrading efficiency of Rhodococcus ruber YC-YT1 reached 93% after seven
days of incubation (Yang et al., 2018).

Bacterial degradation often occurs as the hydrolysis of ester linkage between alkyl chains
and the aromatic ring (under aerobic/anaerobic conditions) (Liang et al., 2008). Thus, the
biodegradation efficiency decreased with increasing alkyl chain length. For example, Kong
et al. (2019) reported that 100% of the DBP (short-chain) at a high initial concentration (400
mg kg™1) was degraded within 15 days of incubation by Gordonia sp. However, at an initial
concentration of 50 mg kg2, only 92% of DEHP (long-chain) was removed after 30 days of
incubation with a similar Gordonia strain (Zhang et al., 2020). Also, operational conditions
(e.g., moisture, pH, temperature, and salinity) significantly affect the growth and activity

of bacterial strains during incubation. Jin et al. (2016) indicated that with the addition of
Gordonia sp. QH-12, DBP biodegradation rate of varying initial concentration (100-750 mg
kg™1) reached its highest at pH 7.0 and temperature 30 °C. With the addition of Gordonia
alkanivorans YC-RL2, DEHP biodegradation was significantly inhibited at high salinity
(6%), which caused stress and negative effects on bacterial growth (Nahurira et al., 2017).

Among the PAE-degrading bacteria, Gordonia plays the most important role (Benjamin
etal., 2015; Jin et al., 2016). Various strains of the genus Gordonia have been isolated
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from contaminated soil, e.g., Gordonia QH-12, Gordonia terrae RL-JC02, Gordonia terrae
RL-JC02, and Gordoniasp. QH-11 (Nahurira et al., 2017; Zhang et al., 2020). As the

sole carbon and energy source, these bacteria metabolized PAEs into intermediate products
(Benjamin et al., 2015). For instance, Gordonia sp. QH-11 rapidly converted PAEs into
phthalic acid (PA), which then was degraded by protocatechuate 3,4-phthalate dioxygenase
(Kong et al., 2019). Gordonia terrae RL-JCO2 hydrolyzed DEHP into PA via mono (2-
ethylhexyl) phthalate (MEHP), and then PA was quickly metabolized to protocatechuic acid
(PCA) (Zhang et al., 2020). Gordoniasp. JDC2 is able to metabolize PAEs, but doesn’t
appear to form PA (Wu et al., 2010). At present, the mechanism of PAE biodegradation
pathways with Gordonia remains incomplete, which should require future research to clarify.

Phytoremediation

Phytoremediation uses plants/trees to remove contaminants from environmental media
(Nguyen et al., 2020b, 2021). Therefore, it is considered a green and environmentally
friendly treatment technology (Bui et al., 2017, 2019; Nguyen et al., 2020a). With
phytoremediation, PAEs are removed through the uptake and translocation mechanisms by
various plant species, e.g., /pomoea aquatica, Chinese cabbage, and Medicago sativa (Cai et
al., 2006, 2008b; Ren et al., 2020; Zhao et al., 2015). Ma et al. (2012) conducted field-scale
phytoremediation experiments of PAEs using alfalfa (Medlicago sativa) and achieved 80%
removal of six PAEs. Maize cultivar was reported to remove up to ~88% DEHP after 40
days (Li et al., 2014). Similarly, Mo et al. (2009) showed that the bioconcentration factor
of uptake of PAEs by vegetables (Brassica chinensis var. parachinensis, lpomoea aquatica)
varied from <0.0001-0.61.

The mechanisms of phytoremediation of PAEs are proposed in Fig. 5. Many plants

adsorb PAEs and reduce their toxicity through mechanisms like rhizobacteria degradation,
phytostabilization, phytoextraction, and phytovolatilization (Li et al., 2014). Other plants
convert PAEs to monophthalates through detoxification with the help of microbial
communities residing in the root nodules (Antoniadis et al., 2017). In the stem and

leaf, phytostabilization and phytoextraction are the main removal mechanisms, in which
extraction and transformation occur (Liao et al., 2019). Garden lettuce (Lactuca sativa L. var.
longifolia) showed significant DBP absorption, in which high concentrations were found in
the stem, root, and leaf (Liao et al., 2019). Leaves and stems were reported to accumulate
DEHP better than roots (Cai et al., 2015). Ren et al. (2020) reported that DnBP could be
taken by roots and shoots of alfalfa (Medicago sativa). The results also indicated that DnBP
accumulated mainly in roots and adsorption to root epidermis and was the primary uptake
mechanism. Further, DnBP could be converted to MnBP and PA through de-esterification
followed by accumulation in cell components and organelles. The contaminants were
gradually transferred to soluble components, and finally removed through phytoextraction.

6. Recommendations for future research

Composting process is robust and efficient for the remediation of PAE-contaminated soil.
Further, combining composting with other technologies, e.g., bioaugmentation (inoculation
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of bacterial strains), could enhance the removal efficiency and thus reduce the total treatment
cost. However, knowledge gaps remain and future research is needed.

7. Conclusions

Contaminated soil often contains a high number of contaminants, e. g., heavy
metals and persistent organic compounds (e.g., pesticides, polycyclic aromatic
hydrocarbons, petroleum hydrocarbons) with varying concentrations and forms
(Tran et al., 2022b). Therefore, future research should address the removal of
PAEs under the impacts of co-existing contaminants and other inorganic/organic
chemicals in soil.

The physicochemical properties of soil (e.g., texture, particle size, soil organic
matter (SOM), ion exchange capacity) play important roles in PAE degradation.
Yet, they are only addressed in a few studies so future research should pay more
attention to these properties.

The microbial community is key to effective PAE biodegradation. The structure
and dynamics of the bacterial community in composting degradation of

PAEs have been presented and well discussed. Thus, in the future, the
bio-physicochemical properties of important PAE-degrading strains should be
evaluated to establish the optimal conditions for composting remediation of
PAEs in soil.

Metagenomic sequencing is an effective tool to gain a comprehensive
understanding of microbial communities. It should be widely applied during
composting to identify and evaluate PAE biodegrading bacterial strains,
especially anaerobic strains.

The role of anaerobic bacteria is very limited in PAE biodegradation, and
information on the anaerobic degradation pathways remains incomplete. Studies
clarifying this should be conducted.

Emissions of volatile organic compounds (VOCs) and the discharge of leachate
reduce the number of materials in the composting mixture. Therefore, future
research should perform the calculation of mass balance to evaluate the removal
efficiency.

Combining composting with other technologies is very promising in terms of
enhancing removal efficiency and speeding up the degradation. However, the
upscaling and economic feasibility of this idea should be further evaluated.

As a green technology, biocatalysis is widely known for its robustness and
effectiveness in degrading emerging organic pollutants through enzyme catalysis.
In spite of this, there are still limitations associated with the combination of
composting and biocatalysts. Therefore, combining these techniques in future
studies will contribute to the full filling of knowledge gaps in this area.

PAE contamination in soil is one of the most concerning global environmental issues.
Composting is a promising green and environmentally friendly PAE-degradation technology
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(removal efficiency 25%-100%). Aerobic composting shows a higher biodegradation rate
efficiency than anaerobic composting. In PAE biodegradation pathways, long alkyl chains
are converted into short chains as by-products and other non-toxic products via microbial
activity, including de-esterification, beta-oxidation, and #rans-esterification. High-throughput
sequencing provided insight into the structure and characteristics of microbial communities
during the composting process. During the PAE biodegradation, the richness and diversity
are significantly changed, and bacteria are key players in PAE degradation since their
specific enzymes (e.g., hydrolase, esterase, catechol 1,2 dioxygenase, and protocatechute
3,4 dioxygenase) accelerate the degradation. Notably, green technologies including biochar
adsorption, bioaugmentation (inoculation of bacterial strains like Rhodococcus sp. and
Gordonia sp.), and phytoremediation have shown their effectiveness in PAE degradation.
Combining composting with these technologies, clarifying the roles of each bacterial strain,
and assessing the upscaling and economic feasibility is welcomed in the future research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgement

This work is partially supported by the KU Center for Chemical Biology of Infectious Diseases (P20GM113117)
(IMH).

Data availability

Data will be made available on request.

References

Abdel daiem MM, Rivera-Utrilla J, Ocampo-Perez R, Méndez-Diaz JD, Sanchez- Polo M, 2012.
Environmental impact of phthalic acid esters and their removal from water and sediments by
different technologies - a review. J. Environ. Manag 109, 164-178.

Adeniyi A, Dayomi M, Siebe P, Okedeyi O, 2008. An assessment of the levels of phthalate esters and
metals in the Muledane open dump, Thohoyandou, Limpopo Province, South Africa. Chem. Cent. J
2,9-9.

Akita K, Naitou C, Maruyama KJB, 2001. Purification and characterization of an esterase from
Micrococcus sp. YGJ1 hydrolyzing phthalate esters 65 (7), 1680-1683 biotechnology, biochemistry.

Amir S, Hafidi M, Merlina G, Hamdi H, Jouraiphy A, El Gharous M, Revel JC, 2005. Fate of phthalic
acid esters during composting of both lagooning and activated sludges. Process Biochem. 40 (6),
2183-2190.

Antoniadis V, Levizou E, Shaheen SM, Ok Y'S, Sebastian A, Baum C, Prasad MN, Wenzel WW,
Rinklebe J, 2017. Trace elements in the soil-plant interface: phytoavailability, translocation, and
phytoremediation-A review. Earth Sci. Rev 171, 621-645.

Bag6 B, Martin Y, Mejia G, Broto-Puig F, Diaz-Ferrero J, Agut M, Comellas L, 2005. Di-(2-
ethylhexyl)phthalate in sewage sludge and post-treated sludge: quantitative determination by
HRGC-MS and mass spectral characterization. Chemosphere 59 (8), 1191-1195. [PubMed:
15833494]

Bai N, Li S, Zhang J, Zhang H, Zhang H, Zheng X, Lv W, 2020. Efficient biodegradation of DEHP
by CM9 consortium and shifts in the bacterial community structure during bioremediation of
contaminated soil. Environ. Pollut 266, 115112. [PubMed: 32634694]

Chemosphere. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tran et al.

Page 13

Benjamin S, Pradeep S, Josh MS, Kumar S, Masai E, 2015. A monograph on the remediation of
hazardous phthalates. J. Hazard Mater 298, 58—72. [PubMed: 26004054]

Brodskiy ES, Shelepchikov AA, Agapkina Gl, Tikhonova MO, Paramonova TA, Lipatov DN, 2019.
Phthalate esters’ content in soils of moscow. Moscow Univ. Soil Sci. Bull 74 (2), 88-92.

Bui XT, Lin C, Nguyen VT, Nguyen HH, Nguyen PD, Ngo HH, Guo W, 2019. A mini-review on
shallow-bed constructed wetlands: a promising innovative green roof. Curr. Opini. Environ. Sci.
Health 12, 38-47.

Bui XT, Nguyen VT, Nguyen DD, Sthiannopkao S, Lin C, 2017. Improvement of septic tank effluent
and green coverage by shallow bed wetland roof system. Int. Biodeterior. Biodegrad 124, 138-145.

Cai QY, Mo CH, Lu H, Zeng QY, Wu QT, Li YW, 2012. Effect of composting on the removal of
semivolatile organic chemicals (SVOCs) from sewage sludge. Bioresour. Technol 126, 453-457.
[PubMed: 22142505]

Cai QY, Mo CH, Wu QT, Zeng QY, 2008a. Polycyclic aromatic hydrocarbons and phthalic acid
esters in the soil-radish (Raphanus sativus) system with sewage sludge and compost application.
Bioresour. Technol 99 (6), 1830-1836. [PubMed: 17502135]

Cai QY, Mo CH, Wu QT, Zeng QY, Katsoyiannis A, 2007. Occurrence of organic contaminants in
sewage sludges from eleven wastewater treatment plants, China. Chemosphere 68 (9), 1751-1762.
[PubMed: 17509650]

Cai QY, Mo CH, Zeng QY, Wu QT, Ferard JF, Antizar-Ladislao B, 2008h. Potential of Ipomoea
aquatica cultivars in phytoremediation of soils contaminated with di-n-butyl phthalate. Environ.
Exp. Bot 62 (3), 205-211.

Cai QY, Mo CH, Wu T, Zeng QY, 2006. Accumulation of phthalic acid esters in water
spinach(lpomoea aquatica) and in paddy soil. Bull. Environ. Contam. Toxicol 77 (3), 411-418.
[PubMed: 17033869]

Cai QY, Xiao PY, Chen T, Lu H, Zhao HM, Zeng QY, Li YW, Li H, Xiang L, Mo CH, 2015.
Genotypic variation in the uptake, accumulation, and translocation of di-(2-ethylhexyl) phthalate
by twenty cultivars of rice (Oryza sativa L.). Ecotoxicol. Environ. Saf 116, 50-58. [PubMed:
25768422]

Cartwright CD, Thompson IP, Burns RG, 2000. Degradation and impact of phthalate plasticizers on
soil microbial communities. Environ. Toxicol. Chem.: Int. J 19 (5), 1253-1261.

Chang BV, Lu YS, Yuan SY, Tsao TM, Wang MK, 2009. Biodegradation of phthalate esters in
compost-amended soil. Chemosphere 74 (6), 873-877. [PubMed: 19027139]

Chen H, Qin P, Yang X, Bhatnagar A, Shaheen SM, Rinklebe J, Wu F, Xu S, Che L, Wang H, 2021.
Sorption of diethyl phthalate and cadmium by pig carcass and green waste-derived biochars under
single and binary systems. Environ. Res 193, 110594. [PubMed: 33307079]

Chen H, Yang X, Gielen G, Mandal S, Xu S, Guo J, Shaheen SM, Rinklebe J, Che L, Wang H, 2019.
Effect of biochars on the bioavailability of cadmium and di- (2-ethylhexyl) phthalate to Brassica
chinensis L. in contaminated soils. Sci. Total Environ 678, 43-52. [PubMed: 31075602]

Chen J, Li X, Li J, Cao J, Qiu Z, Zhao Q, Xu C, Shu W, 2007. Degradation of environmental endocrine
disruptor di-2-ethylhexyl phthalate by a newly discovered bacterium, Microbacterium sp. strain
CQO0110Y. Appl. Biochem. Biotechnol (3), 676-682.

Chen N, Shuai W, Hao X, Zhang H, Zhou D, Gao J, 2017. Contamination of phthalate esters in
vegetable Agriculture and human cumulative risk assessment. Pedosphere 27 (3), 439-451.

Chen XH, Huang YH, Lu H, Mo CH, Xiang L, Feng NX, Zhao HM, Li H, Li YW, Cai QY,

2022. Plant-scale hyperthermophilic composting of sewage sludge shifts bacterial community and
promotes the removal of organic pollutants. Bioresour. Technol 347, 126702. [PubMed: 35033644]

Cheng HF, Kumar M, Lin JG, 2008. Degradation kinetics of di-(2-ethylhexyl) phthalate (DEHP) and
organic matter of sewage sludge during composting. J. Hazard Mater 154 (1), 55-62. [PubMed:
17996368]

Cheng X, Ma L, Xu D, Cheng H, Yang G, Luo M, 2015. Mapping of phthalate esters in suburban
surface and deep soils around a metropolis-Beijing, China. J. Geochem. Explor 155, 56-61.

Cheng Z, Wang Y, Qiao B, Zhang Q, Sun H, 2021. Insights into mechanisms involved in the
uptake, translocation, and metabolism of phthalate esters in Chinese cabbage (Brassica rapa var.
chinensis). Sci. Total Environ 768, 144945, [PubMed: 33736326]

Chemosphere. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tran et al.

Page 14

Choi KY, Kim D, Sul WJ, Chae J-C, Zylstra GJ, Kim YM, Kim E, 2005. Molecular and biochemical
analysis of phthalate and terephthalate degradation by Rhodococcus sp. strain DK17. Sci. Total
Environ 252 (2), 207-213.

Cousins IT, Mackay D, Parkerton TF, 2003. Physical-chemical properties and evaluative fate modelling
of phthalate esters. In: Staples CA (Ed.), Series Anthropogenic Compounds: Phtalate Esters.
Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 57-84.

Dai Z, Wang Y, Muhammad N, Yu X, Xiao K, Meng J, Liu X, Xu J, Brookes PC, 2014. The effects
and mechanisms of soil acidity changes, following incorporation of biochars in three soils differing
in initial pH. Soil Sci. Soc. Am. J 78 (5), 1606-1614.

Dargnat C, Blanchard M, Chevreuil M, Teil MJ, 2009. Occurrence of phthalate esters in the Seine
River estuary (France). Hydrol. Process 23 (8), 1192-1201.

Das MT, Kumar SS, Ghosh P, Shah G, Malyan SK, Bajar S, Thakur IS, Singh L, 2021. Remediation
strategies for mitigation of phthalate pollution: challenges and future perspectives. J. Hazard Mater
409, 124496. [PubMed: 33187797]

Diamanti-Kandarakis E, Bourguignon Jp Fau - Giudice LC, Giudice Lc Fau - Hauser R, Hauser R, Fau
- Prins GS, Prins, Gs Fau - Soto AM, Soto Am Fau - Zoeller RT, Zoeller Rt Fau - Gore AC, Gore
AC, 2009. Endocrine-disrupting chemicals: an Endocrine Society scientific statement. Endocr. Rev
30, 293-342. [PubMed: 19502515]

Eichler CMA, Cohen Hubal EA, Little JC, 2019. Assessing human exposure to chemicals in materials,
products and articles: the international risk management landscape for phthalates. Environ. Sci.
Technol 53 (23), 13583-13597. [PubMed: 31617344]

Fang Y, Zhang LS, Wang J, Zhou Y, Ye BC, 2017. Identification of the di-n-butyl phthalate-
biodegrading strains and the biodegradation pathway in strain LMB-1. Appl. Biochem. Microbiol
53 (3), 310-317.

Ferreira ID, Morita DM, 2012. Ex-situ bioremediation of Brazilian soil contaminated with plasticizers
process wastes. Braz. J. Chem. Eng 29, 77-86.

Filardi T, Panimolle F, Lenzi A, Morano S, 2020. Bisphenol A and phthalates in diet: an emerging link
with pregnancy complications. Nutrients 12 (2), 525. [PubMed: 32092855]

FuJ, Pan F, Song S, Zhang LR, Luo Y, Chen W, Liang Y, 2013. Biodegradation of phthalic acid
esters in sewage sludge by composting with pig manure and rice straw. Environ. Earth Sci 68 (8),
2289-2299.

Fukuwatari T, Suzuki Y, Sugimoto E, Shibata K, 2002. Elucidation of the toxic mechanism
of the plasticizers, phthalic acid esters, putative endocrine disrupters: effects of dietary di(2-
ethylhexyl)phthalate on the metabolism of tryptophan. Biosci., Biotechnol., Biochem 66 (4), 705—
710. [PubMed: 12036039]

Gao DW, Wen ZD, 2016. Phthalate esters in the environment: a critical review of their occurrence,
biodegradation, and removal during wastewater treatment processes. Sci. Total Environ 541, 986—
1001. [PubMed: 26473701]

Gao D, Li Z, Wang H, Liang H, 2018. An overview of phthalate acid ester pollution in China over the
last decade: environmental occurrence and human exposure. Sci. Total Environ 645, 1400-1409.
[PubMed: 30248862]

Gao M, Zhang Z, Dong Y, Song Z, Dai H, 2020. Responses of bacterial communities in
wheat rhizospheres in different soils to di-n-butyl and di(2-ethylhexyl)phthalate contamination.
Geoderma 362, 114126.

Gibson R, Wang MJ, Padgett E, Beck AJ, 2005. Analysis of 4-nonylphenols, phthalates, and
polychlorinated biphenyls in soils and biosolids. Chemosphere 61 (9), 1336-1344. [PubMed:
15979687]

Gibson RW, Wang M-J, Padgett E, Lopez-Real JM, Beck AJ, 2007. Impact of drying and
composting procedures on the concentrations of 4-nonylphenols, di-(2- ethylhexyl)phthalate and
polychlorinated biphenyls in anaerobically digested sewage sludge. Chemosphere 68 (7), 1352—
1358. [PubMed: 17320929]

Giuliani A, Zuccarini M, Cichelli A, Khan HAO, Reale MAO, 2020. Critical review on the presence
of phthalates in food and evidence of their biological impact. Int. J. Environ. Res. Publ. Health 17,
5655.

Chemosphere. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tran et al.

Page 15

sGraca J, Murphy B, Pentlavalli P, Allen CCR, Bird E, Gaffney M, Duggan T, Kelleher B, 2021.
Bacterium consortium drives compost stability and degradation of organic contaminants in in-
vessel composting process of the mechanically separated organic fraction of municipal solid waste
(MS-OFMSW). Bioresour. Technol. Reports 13, 100621.

Gu JG, Han B, Duan S, Zhao Z, Wang Y, 2009. Degradation of the endocrine- disrupting dimethyl
phthalate carboxylic ester by Sphingomonas yanoikuyae DOSO1 isolated from the South China
Sea and the biochemical pathway. Int. Biodeterior. Biodegrad 63 (4), 450-455.

Guo Y, Kannan K, 2012. Challenges encountered in the analysis of phthalate esters in foodstuffs and
other biological matrices. Anal. Bioanal. Chem 404 (9), 2539-2554. [PubMed: 22535438]

Habe H, Morii K, Fushinobu S, Nam JW, Ayabe Y, Yoshida T, Wakagi T,Yamane H, Nojiri H, Omori
TJB, communications, b.r., 2003. Crystal structure of a histidine-tagged serine hydrolase involved
in the carbazole degradation (CarC enzyme). Biochem. Biophys. Res. Commun 303 (2), 631-639.
[PubMed: 12659866]

Hartlieb N, Marschner B, Klein W, 2001. Transformation of dissolved organic matter (DOM) and
14C-labelled organic contaminants during composting of municipal biowaste. Sci. Total Environ
278 (1), 1-10. [PubMed: 11669258]

Hashizume K, Nanya J, Toda C, Yasui T, Nagano H, Kojima NJB, Bulletin P, 2002. Phthalate esters
detected in various water samples and biodegradation of the phthalates by microbes isolated from
river water. Biol. Pharm. Bull 25 (2), 209-214. [PubMed: 11853168]

He L, Fan S, Miller K, Hu G, Huang H, Zhang X, Lin X, Che L, Wang H, 2016. Biochar reduces
the bioavailability of di-(2-ethylhexyl) phthalate in soil. Chemosphere 142, 24-27. [PubMed:
26037111]

He L, Fan S, Muller K, Wang H, Che L, Xu S, Song Z, Yuan G, Rinklebe J, Tsang DCW, Ok
YS, Bolan NS, 2018. Comparative analysis biochar and compost-induced degradation of di-(2-
ethylhexyl) phthalate in soils. Sci. Total Environ 625, 987-993. [PubMed: 29996465]

He L, Gielen G, Bolan NS, Zhang X, Qin H, Huang H, Wang H, 2015. Contamination and remediation
of phthalic acid esters in agricultural soils in China: a review. Agron. Sustain. Dev 35 (2), 519-
534.

Hoang HG, Thuy BTP, Lin C, Vo DVN, Tran HT, Bahari MB, Le VG, Vu CT, 2022. The nitrogen
cycle and mitigation strategies for nitrogen loss during organic waste composting: a review.
Chemosphere 300, 134514. [PubMed: 35398076]

Hsieh TH, Tsai Cf Fau - Hsu CY, Hsu Cy Fau - Kuo PL, Kuo PI Fau - Hsi E, Hsi E Fau - Suen JL,
Suen JI Fau - Hung CH, Hung Ch Fau - Lee JN, Lee Jn Fau - Chai CY, Chai Cy Fau - Wang
SC, Wang Sc Fau - Tsai EM, Tsai EM, 2012. n-Butyl benzyl phthalate promotes breast cancer
progression by inducing expression of lymphoid enhancer factor 1. PLoS One 2012, 42750.

Hu XY, Wen B, Shan XQ, 2003. Survey of phthalate pollution in arable soils in China. J. Environ.
Monit 5 (4), 649-653. [PubMed: 12948243]

Huang XJ, Du H, Deng XL, Chen YH, Xiang L, Li YW, Li H, Mo CH, Cai QY, Zhao H-M, 2021. New
insights into the evolution of bacterial community during the domestication of phthalate-degrading
consortium. J. Clean. Prod, 127064

Hung NTQ, Thong LK, Nguyen MK, Han LTN, 2018. Potential of biochar production from agriculture
residues at household scale: a case study in go cong tay district, tien giang province, vietnam.
Environ. Nat. Resour. J 16 (2), 68-78.

Huo CY, Liu LY, Zhang ZF, Ma WL, Song WW, Li HL, Li WL, Kannan K, Wu YK, Han YM, Peng
ZX, Li YF, 2016. Phthalate esters in indoor window films in a northeastern Chinese urban center:
film growth and implications for human exposure. Environ. Sci. Technol 50 (14), 7743-7751.
[PubMed: 27322908]

Jin D, Kong X, Liu H, Wang X, Deng Y, Jia M, Yu X, 2016. Characterization and genomic analysis
of a highly efficient dibutyl phthalate-degrading bacterium Gordonia sp. strain QH-12. Int. J. Mol.
Sci 17 (7), 1012. [PubMed: 27347943]

Jin J, Sun K, Wu F, Gao B, Wang Z, Kang M, Bai Y, Zhao Y, Liu X, Xing B, 2014. Single-solute and
bi-solute sorption of phenanthrene and dibutyl phthalate by plant- and manure-derived biochars.
Sci. Total Environ 473, 308-316. [PubMed: 24374592]

Chemosphere. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tran et al.

Page 16

Kaewlaoyoong A, Vu CT, Lin C, Liao CS, Chen J-R, 2018. Occurrence of phthalate esters around the
major plastic industrial area in southern Taiwan. Environ. Earth Sci 77 (12), 457.

Kapanen A, Stephen JR, Brilggemann J, Kiviranta A, White DC, Itdvaara M, 2007. Diethyl phthalate
in compost: ecotoxicological effects and response of the microbial community. Chemosphere 67
(11), 2201-2209. [PubMed: 17258270]

Kashyap D, Agarwal T, 2018. Concentration and factors affecting the distribution of phthalates in the
air and dust: a global scenario. Sci. Total Environ 635, 817-827. [PubMed: 29710605]

Katsikantami |, Sifakis S, Tzatzarakis MN, Vakonaki E, Kalantzi O-1, Tsatsakis AM, Rizos AK, 2016.
A global assessment of phthalates burden and related links to health effects. Environ. Int 97,
212-236. [PubMed: 27669632]

Kay VR, Bloom Ms Fau - Foster WG, Foster WG, 2014. Reproductive and developmental effects of
phthalate diesters in males. Crit. Rev. Toxicol 44, 467-498. [PubMed: 24903855]

Kay VR, Chambers C Fau - Foster WG, Foster WG, 2013. Reproductive and developmental effects of
phthalate diesters in females. Crit. Rev. Toxicol 43, 200-219. [PubMed: 23405971]

Kong X, Jin D, Tai X, Yu H, Duan G, Yan X, Pan J, Song J, Deng Y, 2019. Bioremediation of dibutyl
phthalate in a simulated agricultural ecosystem by Gordonia sp. strain QH-11 and the microbial
ecological effects in soil. Sci. Total Environ 667, 691-700. [PubMed: 30849609]

Kurane R, 1997. Microbial degradation and treatment of polycyclic aromatic hydrocarbons and
plasticizers. Ann. N. Y. Acad. Sci 829, 118-134. [PubMed: 9472317]

Lan Q, Cui K, Fau - Zeng F, Zeng F, Fau - Zhu F, Zhu F, Fau - Liu H, Liu H, Fau - Chen H, Chen H,
Fau - Ma Y, Ma Y, Fau - Wen J, Wen J, Fau - Luan T, Luan T, Fau - Sun G, Sun G, Fau - Zeng Z,
Zeng Z, 2012. Characteristics and assessment of phthalate esters in urban dusts in Guangzhou city,
China. Environ. Monit. Assess 184, 4921-4929. [PubMed: 21915604]

Lap BQ, Thinh NVD, Hung NTQ, Nam NH, Dang HTT, Ba HT, Ky NM, Tuan HNA, 2021.
Assessment of rice straw-derived biochar for livestock wastewater treatment. Water, Air, Soil
Pollut. 232 (4), 1-13.

Lee ST, Lin C, Vu CT, Chen YC, Chen KS, Villanueva MC, 2019a. How human activities in
commercial areas contribute to phthalate ester pollution in street dust of Taiwan. Sci. Total Environ
647, 619-626. [PubMed: 30092517]

Lee YM, Lee JE, Choe W, Kim T, Lee JY, Kho Y, Choi K, Zoh KD, 2019b. Distribution of phthalate
esters in air, water, sediments, and fish in the Asan Lake of Korea. Environ. Int 126, 635-643.
[PubMed: 30856451]

Li S, Wang L, Li Y, Huang F, Yu H, Zhang Y, Li R, Chen Z, Wei N, Yu Z, 2020. Biodegradation of
Di-n-butyl Phthalate in Rhizosphere and Growth-Promoting Effect of Cucumis Sativus Linn. By a
Novel Pseudomonas Sp. DNB-S1. Ecotoxicology.

Li YW, Cai Q-Y, Mo CH, Zeng QY, L H, Li QS, Xu GS, 2014. Plant uptake and enhanced
dissipation of di(2-ethylhexyl) phthalate (DEHP) in spiked soils by different plant species. Int.

J. Phytoremediation 16, 609-620. [PubMed: 24912246]

Li Y, Huang G, Gu H, Huang Q, Lou C, Zhang L, Liu H, 2018. Assessing the risk of phthalate ester
(PAE) contamination in soils and crops irrigated with treated sewage effluent. Water 10 (8), 999.

Liang DW, Zhang T, Fang HHP, He J, 2008. Phthalates biodegradation in the environment. Appl.
Microbiol. Biotechnol 80 (2), 183-198. [PubMed: 18592233]

Liao C-S, Nishikawa Y, Shih YTJS, 2019. Characterization of di-n-butyl phthalate phytoremediation
by garden lettuce (Lactuca sativa L. Var. longifolia) through kinetics and proteome analysis.
Sustainability 11, 1625.

Lin C, Kaewlaoyoong A, Vu C, Huang W, 2017. Treatment of dioxin-contaminated soil by organic
waste co-composting system. In: International Conference on Physics and Mechanics of New
Materials and Their Applications. Springer, pp. 619-623.

Lin C, Lee Cj Fau - Mao WM, Mao Wm Fau - Nadim F, Nadim F, 2009. Identifying the potential
sources of di-(2-ethylhexyl) phthalate contamination in the sediment of the Houjing River in
southern Taiwan. J. Hazard Mater 161, 270-275. [PubMed: 18456397]

L&onnstedt OM, Ekléov P, 2016. Environmentally relevant concentrations of microplastic particles
influence larval fish ecology. Science 352 (6290), 1213. [PubMed: 27257256]

Chemosphere. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tran et al.

Page 17

Lopez-Carrillo L, Herndndez-Ramirez Ru Fau - Calafat AM, Calafat Am Fau - Torres-Sanchez L,
Torres-Sanchez L, Fau - Galvan-Portillo M, Galvan-Portillo M, Fau - Needham LL, Needham
LI, Fau - Ruiz-Ramos R, Ruiz-Ramos R, Fau - Cebri&én ME, Cebrian ME, 2010. Exposure to
phthalates and breast cancer risk in northern Mexico. Environ. Health Perspect 118, 539-544.
[PubMed: 20368132]

L0 H, Chen XH, Mo CH, Huang YH, He MY, Li YW, Feng NX, Katsoyiannis A, Cai Q-Y, 2021.
Occurrence and dissipation mechanism of organic contaminants during the composting of sewage
sludge: a critical review. Bioresour. Technol, 124847 [PubMed: 33609883]

L H, Mo CH, Zhao HM, Xiang L, Katsoyiannis A, Li YW, Cai QY, Wong MH, 2018. Soil
contamination and sources of phthalates and its health risk in China: a review. Environ. Res 164,
417-429. [PubMed: 29573717]

MaT, Luo Y, Christie P, Teng Y, Liu W, 2012. Removal of phthalic esters from contaminated soil
using different cropping systems: a field study. Eur. J. Soil Biol 50, 76-82.

Mankidy R, Wiseman S Fau - Ma H, Ma H Fau - Giesy JP, Giesy JP, 2013. Biological impact of
phthalates. Toxicol. Lett 217, 50-58. [PubMed: 23220035]

Marttinen SK, Haénninen K, Rintala JA, 2004. Removal of DEHP in composting and aeration of
sewage sludge. Chemosphere 54 (3), 265-272. [PubMed: 14575738]

McKee RH, Butala Jh Fau - David RM, David Rm Fau - Gans G, Gans G, 2004. NTP center for the
evaluation of risks to human reproduction reports on phthalates: addressing the data gaps. Reprod.
Toxicol 18, 1-22. [PubMed: 15013060]

Meng X, Niu G, Yang W, Cao X, 2015. Di(2-ethylhexyl) phthalate biodegradation and denitrification
by a Pseudoxanthomonas sp. strain. Bioresour. Technol 180, 356-359. [PubMed: 25596917]

Mo CH, Cai Qy Fau - Tang S-R, Tang Sr Fau - Zeng Q-Y, Zeng Qy Fau - Wu Q-T, Wu QT,

2009. Polycyclic aromatic hydrocarbons and phthalic acid esters in vegetables from nine farms
of the Pearl River Delta, South China. Arch. Environ. Contam. Toxicol 56, 181-189. [PubMed:
18491175]

Moeller J, Reeh U, 2003. Degradation of DEHP, PAHs and LAS in source separated MSW and sewage
sludge during composting. Compost Sci. Util 11 (4), 370-378.

Mustafa AE-ZMA, Alkahtani J, Elshikh MS, Al Shaghaa MM, Alwahibi MS, 2021. Enhanced uptake
of di-(2-ethylhexyl) phthalate by the influence of citric acid in Helianthus annuus cultivated in
artificially contaminated soil. Chemosphere 264, 128485. [PubMed: 33032222]

Nahurira R, Ren L, Song J, Jia Y, Wang J, Fan S, Wang H, Yan Y, 2017. Degradation of di
(2-ethylhexyl) phthalate by a novel Gordonia alkanivorans strain YC-RL2. Curr. Microbiol 74
(3), 309-319. [PubMed: 28078431]

Net S, Sempere R, Delmont A, Paluselli A, Ouddane B, 2015. Occurrence, fate, behavior and
ecotoxicological state of phthalates in different environmental matrices. Environ. Sci. Technol
49 (7), 4019-4035. [PubMed: 25730609]

Nguyen MK, Hung NTQ, Manh NC, Lap BQ, Dang HTT, Ozaki A, 2020a. Assessment of nutrients
removal by constructed wetlands using Reed Grass (Phragmites australis L.) and Vetiver Grass.
Vetiveria Zizanioides L.). 65, 149-156.

Nguyen MK, Lin C, Hoang HG, Sanderson P, Dang BT, Bui XT, Nguyen NSH, Vo DVN, Tran HT,
2022a. Evaluate the role of biochar during the organic waste composting process: a critical review.
Chemosphere 299, 134488. [PubMed: 35385764]

Nguyen MK, Lin C, Hung NTQ, Vo D-VN, Nguyen KN, Thuy BTP, Hoang HG, Tran HT, 2022b.
Occurrence and distribution of microplastics in peatland areas: a case study in Long an province of
the Mekong Delta, Vietnam. Sci. Total Environ 844, 157066. [PubMed: 35787905]

Nguyen T, Ngo H, Guo W, Nguyen T, Soda S, Vu N, Bui T, Vo T, Bui X, Nguyen T, 2020b. White
hard clam (Meretrix lyrata) shells media to improve phosphorus removal in lab-scale horizontal
sub-surface flow constructed wetlands: performance, removal pathways, and lifespan. Bioresour.
Technol 312, 123602. [PubMed: 32506045]

Nguyen VT, Bui XT, Nguyen HA, Lin C, Nguyen HH, Tran LL, Nguyen TB, Bui MH, Nguyen

DT, Nguyen DD, 2021. Influence of plant types, bed media and feeding patterns on wastewater
treatment performance of wetland roofs. J. Water Proc. Eng 40, 101972.

Chemosphere. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tran et al.

Page 18

Niazi JH, Prasad DT, Karegoudar TIFML, 2001. Initial degradation of dimethylphthalate by esterases
from Bacillus species. FEMS (Fed. Eur. Microbiol. Soc.) Microbiol. Lett 196 (2), 201-205.
Nishioka T, Iwata M, Imaoka T, Mutoh M, Egashira Y, Nishiyama T, Shin T, Fujii T, 2006. A mono-2-
ethylhexyl phthalate hydrolase from a Gordonia sp. that is able to dissimilate di-2-ethylhexyl

phthalate. Appl. Environ. Microbiol 72 (4), 2394-2399. [PubMed: 16597936]

Niu L, Xu'Y, Xu C, Yun L, Liu W, 2014. Status of phthalate esters contamination in agricultural soils
across China and associated health risks. Environ. Pollut 195, 16-23. [PubMed: 25194267]

Omori T, Sugimura K, Ishigooka H, Minoda Y, 1986. Purification and some properties of a 2-
hydroxy-6-oxo-6-phenylhexa-2, 4-dienoic acid hydrolyzing enzyme from Pseudomonas cruciviae
S93 B1 involved in the degradation of biphenyl. Biol. Chem 50 (4), 931-937.

Pakou C, Kornaros M, Stamatelatou K, Lyberatos G, 2009. On the fate of LAS, NPEOs and DEHP in
municipal sewage sludge during composting. Bioresour. Technol 100 (4), 1634-1642. [PubMed:
18954975]

Patel D, Desai A, Desai, 1998. Biodegradation of dimethylterephthalate by Comamonas acidovorans
D-4. Indian J. Exp. Biol 36 (3), 321-324. [PubMed: 9754068]

Patil NK, Kundapur R, Shouche YS, Karegoudar T, 2006. Degradation of a plasticizer, di-n-
Butylphthalate by delftia sp. TBKNP-05. Curr. Microbiol 52 (3), 225-230. [PubMed: 16502295]

Peijnenburg WJGM, Struijs J, 2006. Occurrence of phthalate esters in the environment of The
Netherlands. Ecotoxicol. Environ. Saf 63 (2), 204-215. [PubMed: 16168482]

Poulsen TG, Bester K, 2010. Organic micropollutant degradation in sewage sludge during composting
under thermophilic conditions. Environ. Sci. Technol 44 (13), 5086-5091. [PubMed: 20521786]

Qin P, Wang H, Yang X, He L, Miiller K, Shaheen SM, Xu S, Rinklebe J, Tsang DCW, Ok YS, Bolan
N, Song Z, Che L, Xu X, 2018. Bamboo- and pig- derived biochars reduce leaching losses of
dibutyl phthalate, cadmium, and lead from co-contaminated soils. Chemosphere 198, 450-459.
[PubMed: 29425945]

Ren L, Jia 'Y, Ruth N, Qiao C, Wang J, Zhao B, Yan Y, 2016. Biodegradation of phthalic acid esters
by a newly isolated Mycobacterium sp. YC-RL4 and the bioprocess with environmental samples.
Environ. Sci. Pollut. Control Ser 23 (16), 16609-16619.

Ren L, Lin Z, Liu H, Hu H, 2018. Bacteria-mediated phthalic acid esters degradation and related
molecular mechanisms. Appl. Microbiol. Biotechnol 102 (3), 1085-1096. [PubMed: 29238874]

Ren W, Wang Y, Huang Y, Liu F, Teng Y, 2020. Uptake, translocation and metabolism of di-n-butyl
phthalate in alfalfa (Medicago sativa). Sci. Total Environ 731, 138974. [PubMed: 32413654]

Rhind SM, Kyle CE, Kerr C, Osprey M, Zhang ZL, Duff El, Lilly A, Nolan A, Hudson G, Towers
W, Bell J, Coull M, McKenzie C, 2013. Concentrations and geographic distribution of selected
organic pollutants in Scottish surface soils. Environ. Pollut 182, 15-27. [PubMed: 23892068]

Sanakis Y, Mamma D, Christakopoulos P, Stamatis H, 2003. Catechol 1, 2-dioxygenase from
Pseudomonas putida in organic media—an electron paramagnetic resonance study. Int. J. Biol.
Macromol 33 (1-3), 101-106. [PubMed: 14599591]

Schettler T, 2006. Human exposure to phthalates via consumer products. Int. J. Androl 29, 134-139.
[PubMed: 16466533]

Skrbic BD, Ji Y, Burisic-Mladenovic N, Zhao J, 2016. Occurrence of the phthalate esters in soil and
street dust samples from the Novi Sad city area, Serbia, and the influence on the children’s and
adults’ exposure. J. Hazard Mater 312, 272-279. [PubMed: 27039030]

Solano G, Rojas-Gatjens D, Rojas-Jimenez K, Chavarria M, Romero RM, 2022. Biodegradation of
plastics at home composting conditions. Environ. Chall 7, 100500.

Sun J, Wu X, Gan J, 2015. Uptake and metabolism of phthalate esters by edible plants. Environ. Sci.
Technol 49 (14), 8471-8478. [PubMed: 26090545]

Tan S, Wang D, Chi Z, Li W, Shan Y, 2017. Study on the interaction between typical phthalic
acid esters (PAEs) and human haemoglobin (hHb) by molecular docking. Environ. Toxicol.
Pharmacol 53, 206-211. [PubMed: 28662487]

Tran BC, Teil Mj Fau - Blanchard M, Blanchard M Fau - Alliot F, Alliot F Fau - Chevreuil M,
Chevreuil M, 2015. Fate of phthalates and BPA in agricultural and non-agricultural soils of the
Paris area (France). Environ. Sci. Pollut. Control Ser 22, 11118-11126.

Chemosphere. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tran et al.

Page 19

Tran HT, Dang BT, Thuy LTT, Hoang HG, Bui XT, Le VG, Lin C, Nguyen MK, Nguyen K-Q, Nguyen
PT, Binh QA, Bui TPT, 2022a. Advanced treatment technologies for the removal of organic
chemical sunscreens from wastewater: a review. Curr. Pollut. Rep 1-15. [PubMed: 35004129]

Tran HT, Lin C, Bui XT, Ngo HH, Cheruiyot NK, Hoang H-G, Vu C-T, 2021a. Aerobic composting
remediation of petroleum hydrocarbon-contaminated soil. Current and future perspectives. Sci.
Total Environ 753, 142250. [PubMed: 33207468]

Tran HT, Vu CT, Lin C, Bui XT, Huang WY, Vo TDH, Hoang HG, Liu WY, 2018. Remediation of
highly fuel oil-contaminated soil by food waste composting and its volatile organic compound
(VOC) emission. Bioresour. Technol. Reports 4, 145-152.

Tran HT, Lin C, Bui XT, Itayama T, Dang BT, Cheruiyot NK, Hoang HG, Vu CT, 2021b. Bacterial
community progression during food waste composting containing high dioctyl terephthalate
(DOTP) concentration. Chemosphere 265, 129064. [PubMed: 33248736]

Tran HT, Lin C, Hoang HG, Bui XT, Vu CT, 2022b. Soil washing for the remediation of dioxin-
contaminated soil: a review. J. Hazard Mater 421, 126767. [PubMed: 34396961]

Tran HT, Lin C, Hoang HG, Nguyen MT, Kaewlaoyoong A, Cheruiyot NK, Bui X-T, Vu CT, 2020.
Biodegradation of dioxin-contaminated soil via composting: identification and phylogenetic
relationship of bacterial communities. Environ. Technol. Innovat 19, 101023.

Tserovska L, Dimkov R, Rasheva T, Yordanova T, 2006. Extra-and intracellular esterases involved in
dimethylterephthalate catabolism by pseudomonas sp. Nat. Bank for Indust. Microorganisms and
Cell Cultures

Tuan Tran H, Lin C, Bui XT, Ky Nguyen M, Dan Thanh Cao N, Mukhtar H, Giang Hoang H,
Varjani S, Hao Ngo H, Nghiem LD, 2022. Phthalates in the environment: characteristics, fate
and transport, and advanced wastewater treatment technologies. Bioresour. Technol 344, 126249.
[PubMed: 34732372]

US.EPA, 2019. Proposed Designation of Di-ethylhexyl Phthalate(DEHP) (1,2-Benzene- Dicarboxylic
Acid, 1,2-Bis(2-Ethylhexyl) Ester) (CASRN 117-81-7) as a High-Priority Substance for Risk
Evaluation. Office of Chemical Safety and Pollution Prevention, United States Environmental
Protection Agency.

Vu CT, Wu T, 2019. Engineered multifunctional sand for enhanced removal of stormwater runoff
contaminants in fixed-bed column systems. Chemosphere 224, 852-861. [PubMed: 30852465]

Vu CT, Wu T, 2022a. Recent progress in adsorptive removal of per-and poly-fluoroalkyl substances
(PFAS) from water/wastewater. Critical Rev. Environ. Sci. Technol 52 (1), 90-129.

Vu CT, Wu T, 2022b. Enhanced slow sand filtration for the removal of micropollutants from
groundwater. Crit. Rev. Environ. Sci. Technol 809, 152161.

Wang J, Chen G, Christie P, Zhang M, Luo Y, Teng Y, 2015a. Occurrence and risk assessment of
phthalate esters (PAESs) in vegetables and soils of suburban plastic film greenhouses. Sci. Total
Environ 523, 129-137. [PubMed: 25863503]

Wang J, Liu Z, Xia J, Chen Y, 2019a. Effect of microbial inoculation on physicochemical properties
and bacterial community structure of citrus peel composting. Bioresour. Technol 291, 121843.
[PubMed: 31357046]

Wang J, Luo Y, Teng Y, Ma W, Christie P, Li Z, 2013. Soil contamination by phthalate esters in
Chinese intensive vegetable production systems with different modes of use of plastic film.
Environ. Pollut 180, 265-273. [PubMed: 23792387]

Wang J, Zhang M-Y, Chen T, Zhu Y, Teng Y, Luo Y-M, Christie P, 2015b. Isolation and identification
of a di-(2-ethylhexyl) phthalate-degrading bacterium and its role in the bioremediation of a
contaminated soil. Pedosphere 25 (2), 202-211.

Wang L, Liu M, Tao W, Zhang W, Wang L, Shi X, Lu X, Li X, 2018. Pollution characteristics and
health risk assessment of phthalate esters in urban soil in the typical semi-arid city of Xi’an,
Northwest China. Chemosphere 191, 467-476. [PubMed: 29055872]

Wang X, Pan S, Zhang Z, Lin X, Zhang Y, Chen S, 2017. Effects of the feeding ratio of food waste
on fed-batch aerobic composting and its microbial community. Bioresour. Technol 224, 397-404.
[PubMed: 27913170]

Chemosphere. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tran et al.

Page 20

Wang Y, Zhan W, Ren Q, Cheng S, Wang J, Ma X, Zhang C, Wang Y, 2019b. Biodegradation of di-(2-
ethylhexyl) phthalate by a newly isolated Gordonia sp. and its application in the remediation of
contaminated soils. Sci. Total Environ 689, 645-651. [PubMed: 31279210]

Wang Y, Zhu H, Kannan K, 2019c. A review of biomonitoring of phthalate exposures. Toxics 7, 21.
[PubMed: 30959800]

Wang Z, Deng D, Yang L, 2014. Degradation of dimethyl phthalate in solutions and soil slurries by
persulfate at ambient temperature. J. Hazardous Mater 271, 202-2009.

Wei H, Wang L, Hassan M, Xie B, 2018. Succession of the functional microbial communities and
the metabolic functions in maize straw composting process. Bioresour. Technol 256, 333-341.
[PubMed: 29459320]

Wei L, Li Z, SunJ, Zhu L, 2020. Pollution characteristics and health risk assessment of phthalate
esters in agricultural soil and vegetables in the Yangtze River Delta of China. Sci. Total Environ
726, 137978. [PubMed: 32481218]

Weschler CJ, Salthammer T, Fromme H, 2008. Partitioning of phthalates among the gas phase,
airborne particles and settled dust in indoor environments. Atmos. Environ 42 (7), 1449-1460.

WHO-UNEP, 2013. State of the Science of Endocrine Disrupting Chemicals - 2012. UNEP/WHO,
Geneva, Switzerland.

WHOI/IPCS, 2002. Global assessment of the state-of-the-science of endocrine disruptors. In:
International Programme on Chemical Safety. World Health Organization, Geneva, Switzerland.
WHO/PCS/EDC/02.2.

Wu C, Liu X, Wu X, Dong F, Xu J, Zheng Y, 2019. Sorption, degradation and bioavailability of
oxyfluorfen in biochar-amended soils. Sci. Total Environ 658, 87-94. [PubMed: 30572218]

Wu W, Hu J, Wang J, Chen X, Yao N, Tao J, Zhou YK, 2015. Analysis of phthalate esters in
soils near an electronics manufacturing facility and from a non-industrialized area by gas purge
microsyringe extraction and gas chromatography. Sci. Total Environ 508, 445-451. [PubMed:
25506907]

Wu X, Liang R, Dai Q, Jin D, Wang Y, Chao W, 2010. Complete degradation of di-r+octyl phthalate by
biochemical cooperation between Gordonia sp. strain JDC-2 and Arthrobacter sp. strain JDC-32
isolated from activated sludge. J. Hazard Mater 176 (1-3), 262—-268. [PubMed: 19959291]

Wu X, Wang Y, Liang R, Dai Q, Jin D, Chao W, 2011. Biodegradation of an endocrine-disrupting
chemical di-n-butyl phthalate by newly isolated Agrobacterium sp. and the biochemical pathway.
Process Biochem. 46 (5), 1090-1094.

Xia X, Yang L, Fau - Bu Q, Bu Q, Fau - Liu R, Liu R, 2011. Levels, distribution, and health risk
of phthalate esters in urban soils of Beijing, China. J. Environ. Qual 40, 1643-1651. [PubMed:
21869526]

Xiang L, Zeng LJ, Du PP, Wang XD, Wu XL, Sarkar B, L H, Li YW, Li H, Mo CH, Wang H, Cai QY,
2020. Effects of rice straw biochar on sorption and desorption of di-n-butyl phthalate in different
soil particle-size fractions. Sci. Total Environ 702, 134878. [PubMed: 31726350]

Xu G, Li F, Fau - Wang Q, Wang Q, 2008. Occurrence and degradation characteristics of dibutyl
phthalate (DBP) and di-(2-ethylhexyl) phthalate (DEHP) in typical agricultural soils of China.
Sci. Total Environ 393, 333-340. [PubMed: 18258283]

Yan J, Quan G, 2020. Sorption behavior of dimethyl phthalate in biochar-soil composites: implications
for the transport of phthalate esters in long-term biochar amended soils. Ecotoxicol. Environ. Saf
205 111169. [PubMed: 32827961]

Yang F, Wang M, Wang Z, 2013a. Sorption behavior of 17 phthalic acid esters on three soils:
effects of pH and dissolved organic matter, sorption coefficient measurement and QSPR study.
Chemosphere 93 (1), 82—-89. [PubMed: 23742892]

Yang GC, Chiu YH, Wang CL, 2015. Integration of electrokinetic process and nano- Fe304/S2082—
oxidation process for remediation of phthalate esters in river sediment. Electrochim. Acta 181,
217-227.

Yang T, Ren L, Jia VY, Fan S, Wang J, Wang J, Nahurira R, Wang H, Yan Y, 2018. Biodegradation of
di-(2-ethylhexyl) phthalate by Rhodococcus ruber YC-YT1 in contaminated water and soil. Int. J.
Environ. Res. Publ. Health 15 (5), 964.

Chemosphere. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tran et al.

Page 21

Yang X, Zhang C, He Z, Hu X, Guo J, Zhong Q, Wang J, Xiong L, Liu D, 2013b. Isolation and
characterization of two n-butyl benzyl phthalate degrading bacteria. Int. Biodeterior. Biodegrad
76, 8-11.

Yuan SY, Lin Y'Y, Chang BV, 2011. Biodegradation of phthalate esters in polluted soil by using
organic amendment. J. Environ. Sci. Health. Part B 46 (5), 419-425.

Zeng F, Cui K, Xie Z, Wu L, Liu M, Sun G, Lin Y, Luo D, Zeng Z, 2008. Phthalate esters (PAES):
emerging organic contaminants in agricultural soils in periurban areas around Guangzhou, China.
Environ. Pollut 156 (2), 425-434. [PubMed: 18343547]

Zhang H, Lin Z, Liu B, Wang G, Weng L, Zhou J, Hu H, He H, Huang Y, Chen J, Ruth N, Li C, Ren
L, 2020. Bioremediation of di-(2-ethylhexyl) phthalate contaminated red soil by Gordonia terrae
RL-JCO02: characterization, metabolic pathway and kinetics. Sci. Total Environ 733, 139138.
[PubMed: 32446058]

Zhang K, Liu Y, Luo H, Chen Q, Zhu Z, Chen W, Chen J, Ji L, Mo Y, 2017. Bacterial community
dynamics and enhanced degradation of di-n-octyl phthalate (DOP) by corncob-sodium alginate
immobilized bacteria. Geoderma 305, 264-274.

Zhang X, He L, Sarmah AK, Lin K, Liu Y, Li J, Wang H, 2014. Retention and release of diethyl
phthalate in biochar-amended vegetable garden soils. J. Soils Sediments 14 (11), 1790-1799.

Zhang X, Sarmah AK, Bolan NS, He L, Lin X, Che L, Tang C, Wang H, 2016. Effect of aging process
on adsorption of diethyl phthalate in soils amended with bamboo biochar. Chemosphere 142,
28-34. [PubMed: 26004250]

Zhang X, Wang H, Fau - He L, He L, Fau - Lu K, Lu K, Fau - Sarmah A, Sarmah A, Fau - Li J, Li J,
Fau - Bolan NS, Bolan Ns, Fau - Pei J, Pei J, Fau - Huang H, Huang H, 2013. Using biochar for
remediation of soils contaminated with heavy metals and organic pollutants, 20, pp. 8472-8483.

Zhang Y, Liang Q, Gao R, Hou H, Tan W, He X, Zhang H, Yu M, Ma L, Xi B, 2015. Contamination
of phthalate esters (PAES) in typical wastewater-irrigated agricultural soils in Hebei, North China.
PLoS One 10 (9), e0137998.

Zhao H-M, Du H, Lin J, Chen X-B, Li Y-W, Li H, Cai Q-Y, Mo C-H, Qin HM, Wong M-H,

2016. Complete degradation of the endocrine disruptor di-(2- ethylhexyl) phthalate by a novel
Agromyces sp. MT-O strain and its application to bioremediation of contaminated soil. Sci. Total
Environ 562, 170-178. [PubMed: 27099998]

Zhao HM, Hu RW, Chen XX, Chen XB, Ll H, Li YW, Li H, Mo CH, Cai QY, Wong MH, 2018.
Biodegradation pathway of di-(2-ethylhexyl) phthalate by a novel Rhodococcus pyridinivorans
XB and its bioaugmentation for remediation of DEHP contaminated soil. Sci. Total Environ
640-641, 1121-1131.

Zhao HM, Du H, Xiang L, Chen YL, Lu LA, Li YW, Li H, Cai QY, Mo CH, 2015. Variations in
phthalate ester (PAE) accumulation and their formation mechanism in Chinese flowering cabbage
(Brassica parachinensis L.) cultivars grown on PAE-contaminated soils. Environ. Pollut 206,
95-103. [PubMed: 26160669]

Zheng X, Zhang B-T, Teng Y, 2014. Distribution of phthalate acid esters in lakes of Beijing and its
relationship with anthropogenic activities. Sci. Total Environ 476-477, 107-113.

Zhu'Y, Tian J, Yang H, Wei E, Yu G, Wei FJEPC, 2010. Phthalate pollution in atmospheric particles
and soils of Tianjin and their correlation. Environ. Pollut. Control 31 (10), 1535-1541.

Chemosphere. Author manuscript; available in PMC 2023 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tran et al.

Page 22

HIGH LIGHTS

. PAE-contaminated soil is an environmental concern worldwide.

. Composting is robust and effective for the remediation of PAE-contaminated
soil.

. The richness and diversity of the microbial community changed during
composting.

. Bacteria with their specific enzymes play key roles in PAE degradation.

. Green technologies can be integrated into composting for enhanced PAE
removal.
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