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Preface

Humanity’s reliance on synthetic chemicals has transgressed planetary boundaries, unleashing
a complex array of unregulated emerging contaminants into global ecosystems. Chemical pollution
is therefore not merely a localized issue but a systemic challenge demanding coordinated global
action. In this context, the concept of emerging pollutants and contaminants has arisen. Emerging
pollutants are defined in the literature as unregulated chemicals raising ecological or human health
concerns, including persistent organic pollutants, pharmaceuticals, personal care products, industrial
additives, microplastics, etc. These pollutants persist in the air, water, soil, and food chains, posing
subtle threats to ecological integrity and public health. This reprint synthesizes critical research on
their environmental occurrence, distribution, pathways, and risks, while also detailing pioneering

mitigation strategies. It addresses the urgent need for science-informed policy and innovation.

Qingwei Bu and Yuning Ma
Guest Editors






Editorial
Emerging Pollutants in the Environment: Occurrence, Fate, Risk
Assessment and Degradation Methods

Qingwei Bu 1* and Yuning Ma 2

School of Chemical & Environmental Engineering, China University of Mining & Technology-Beijing,
Beijing 100083, China

College of Environmental and Resource Sciences, Zhejiang University, Hangzhou 310058, China;
julius.yuningma@gmail.com

Correspondence: qingwei.bu@cumtb.edu.cn

1. Introduction

The use of chemical substances has brought great benefits to human well-being;
however, the dark side of the coin is that they may pose risks to human health and
the environment. As a consequence of the uncontrolled or unregulated use of many
anthropogenic chemicals, humanity has exceeded the safe operating space (defined as
the planetary boundary) for these chemicals [1,2]. In this context, emerging pollutants
(also commonly known as emerging contaminants) are defined as chemicals that are
not currently regulated but raise ecological or human health concerns. These pollutants
include, but are not limited to, endocrine-disrupting compounds, pharmaceutical and
personal care products, disinfection by-products, microplastics, and persistent organic
chemicals, etc.—along with their degradation products—detected in air, water, soil, and
food sources [3].

In recent decades, extensive efforts have been exserted to understand the occurrence,
fate, and toxicity of these chemicals, as well as to develop new technologies for mitigating
the associated risks. This Special Issue presents the most recent advancements in emerging
pollutant research, including studies on their occurrence, distribution, fate, and the associ-
ated environmental risks, along with technological developments aimed at reducing and
controlling their environmental presence.

2. An Overview of Published Articles

There are seven articles focused the occurrence and associated ecological /health risks of
typical emerging pollutants, e.g., antibiotics, pesticides, and endocrine-disrupting chemicals.

Industrial activities heavily rely on organic solvents, which release volatile organic
compounds (VOCs) linked to environmental pollution and occupational health hazards,
particularly in manufacturing sectors like electronics and chemicals. Guo et al. (contribu-
tion 2) investigated the temporal trends and industry-specific differences in VOC usage
and the associated health risks in Bao’an District, Shenzhen, China, from 2018 to 2023.
Analyzing 1335 solvent samples and 1554 air samples, the research found that VOC usage
declined during the COVID-19 pandemic but rebounded thereafter. Alkanes and aromatic
hydrocarbons (e.g., toluene, n-hexane, and xylene) were the most prevalent VOCs, with
detection rates highlighting toluene (22.5%) and n-hexane (22.0%) as the dominant com-
ponents. Air monitoring identified trichloroethylene and xylene as high-risk compounds,
exceeding acceptable health thresholds. Post-2020 data revealed a trend toward reduced
solvent diversity, potentially lowering mixed-exposure risks but raising concerns about
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new substitutes. The study underscores the need for the targeted monitoring of high-
risk VOCs and improved workplace safety measures to mitigate occupational hazards in
industrial regions.

E-waste dismantling is a significant source of bisphenol chemicals (BPs) due to the
release of additives from plastics and epoxy resins during processing. Zhao et al. (contri-
bution 3) investigated the spatial distribution and health risks of BPs in surface soil from
e-waste dismantling facilities and surrounding areas in South China. Using non-targeted
screening and targeted analysis, 14 BPs were identified, including bisphenol A (BPA),
tetrabromobisphenol A (TBBPA), and novel structural analogs. Total BP concentrations
in e-waste soil (median: 6970 ng/g) far exceeded those in surrounding areas (median:
197 ng/g), with BPA, TBBPA, and bisphenol F being dominant. Spatial analysis revealed
declining TBBPA and its debromination product concentrations with increasing distance
from e-waste sites, indicating facility emissions as a primary source. Risk assessment
via soil ingestion showed daily intakes for workers and residents were below current
tolerable thresholds; the exception being BPA in workers, which surpassed stricter recent
guidelines. The findings highlight e-waste activities as critical BP emission sources, ne-
cessitating ongoing monitoring to address potential health risks from emerging analogs
and cumulative exposures. In another study, by Chen et al. (contribution 6), the authors
investigated the contamination of BPs in aquatic products from South China, focusing on
human exposure risks. The researchers analyzed 245 samples (of fish, crustaceans, and
bivalves) from Shenzhen markets using liquid chromatography-mass spectrometry. All
BPs except bisphenol AF were detected, with bisphenol S showing the highest detection
rate. Enzymatic hydrolysis revealed that 49-96% of the BPs existed in bound forms, signifi-
cantly increasing post-treatment concentrations. Bisphenol F and bisphenol S dominated
the contamination profiles, likely due to their being increasingly used as BPA substitutes.
Correlation analysis suggested shared pollution sources for certain BPs, and health risk
assessments indicated low exposure risks, though females exhibited slightly higher risks
than males. The study underscores the necessity of enzymatic hydrolysis for accurate BP
detection and highlights the need for stricter regulations to mitigate contamination, despite
the health threat currently being low.

Yang et al. (contribution 4) addressed the urgent need to regulate emerging pollu-
tants in wastewater treatment plant effluents in China, focusing on pharmaceuticals and
endocrine-disrupting chemicals. These pollutants, detected in aquatic ecosystems globally,
pose ecological and human health risks due to their inadequate removal by conventional
treatment processes. Analyzing data from 2012 to 2022, the research team identified 140
emerging pollutants in Chinese wastewater treatment plant effluents, with concentrations
ranging from undetected levels to 706 pg/L. High-risk regions included Gansu, Hebei,
Shandong, Guangdong, and Hong Kong. Using risk assessment methods, eighteen high-
risk emerging pollutants were prioritized, but only carbamazepine, ibuprofen, and BPA
met the conditions needed to derive long-term water quality criteria via species sensitivity
distribution—their long-term water quality criteria values were 96.4, 1010, and 288 ng/L,
respectively. Notably, carbamazepine and BPA concentrations frequently exceeded these
thresholds, highlighting critical regulatory gaps. The study underscores the necessity for
targeted monitoring and science-based discharge limits to mitigate ecological and health
impacts, providing a foundational framework for the management of emerging pollutants
in China’s urban wastewater systems.
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Dimethylcyclosiloxanes, widely used in silicone polymers for their thermal stability
and flexibility, are linked to endocrine disruption, reproductive toxicity, and environmental
persistence. Xing et al. (contribution 5) investigated the environmental and health im-
plications of dimethylcyclosiloxanes in mobile smart terminal devices, focusing on their
concentrations, distribution patterns, and emissions. Analyzing silicone rubber, adhesives,
and plastics from devices like headphones and smartphones, the researchers found D5-D9
to be prevalent in silicone rubber (detection rates: 91-95.5%) and adhesives (50-100%), with
total concentrations reaching 802.2 mg/kg in silicone rubber. Meanwhile, plastics exhibited
higher detection rates of the lower-weight D3 and D4 (61.1%). Environmental emissions
from silicone rubber in China were estimated to exceed 5000 tons annually, raising concerns
about long-term ecological and human exposure. The study highlights the dominance
of the understudied higher-weight D7-D9 in silicone materials and calls for toxicological
assessments of these compounds. It underscores the need for optimized manufacturing
processes to reduce residual dimethylcyclosiloxanes and improved regulatory frameworks
to mitigate risks from widespread device disposal and environmental release.

With extensive agricultural activity around Xingkai Lake—a critical freshwater
ecosystem—pesticide residues pose potential threats to water quality and aquatic life.
Wang et al. (contribution 9) investigated the distribution and ecological risks of 57 pesti-
cides in farmland soil and surrounding water bodies in the Xingkai Lake area, Heilongjiang
Province, China. The researchers analyzed soil and water samples across three periods
(sowing, vegetative, and maturity stages). Their key findings revealed 43 pesticides and
3 degradation products in the soil, with atrazine and acetochlor dominant in dry fields,
while oxadiazon, mefenacet, and chlorpyrifos prevailed in paddy fields. The analyzed
water samples showed peak contamination during the vegetative period, with atrazine,
simetryn, and buprofezin as primary pollutants in drainage and lake water. Correlation
analysis (r > 0.8) indicated shared contamination sources between the drainage systems and
the lake, and ecological risk assessments highlighted significant risks from atrazine, chlor-
pyrifos, and prometryn, with potential affected species fractions exceeding 5%. The study
underscores the impact of agricultural pesticides on freshwater ecosystems, emphasizing
the need for targeted management to mitigate long-term ecological harm in ecologically
sensitive regions like Xingkai Lake.

Organophosphorus flame retardants (OPFRs) are widely detected in indoor dust
and air due to their additive nature in consumer products like furniture and electronics,
leading to prolonged human exposure through ingestion, inhalation, and dermal contact.
Song et al. (contribution 10) reviewed the distribution and health impacts of OPFRs in
indoor environments, focusing on their role as replacements for restricted polybrominated
diphenyl ethers. Key findings highlight higher concentrations of OPFRs in dust compared
to air, with tris(2-butoxyethyl) phosphate, tris(1-chloro-2-propyl) phosphate, and tris(1,3-
dichloro-2-propyl) phosphate being predominant. Regional variations in OPFR profiles
reflect differences in usage patterns and regulations, such as increased tris(1-chloro-2-
propyl) phosphate levels in Europe following tris(2-chloroethyl) phosphate restrictions,
and health risk assessments indicate toddler exposure via dust ingestion in Japan reaching
concerning levels, though overall combined exposure typically remains below reference
thresholds. The study underscores the need for integrated evaluations of OPFR toxicity and
exposure pathways, proposing pollutant equivalency factors to prioritize risk management,
and provides a foundational framework for understanding OPFR-related health risks and
informing regulatory strategies.
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The remaining three articles focused on developing treatment technologies for the
removal of emerging pollutants.

Silva et al. (contribution 1) addressed the environmental challenge posed by tenofovir
disoproxil fumarate (TDF), a widely used antiretroviral drug for HIV treatment, whose
stable metabolite, tenofovir, persists in aquatic ecosystems and poses risks to aquatic or-
ganisms. The authors evaluated the biodegradation potential of a cyanobacteria—bacterial
consortium (Microcystis novacekii and Pseudomonas pseudoalcaligenes) for TDF removal. The
process occurred in two phases—abiotic and enzymatic de-esterification of TDF into teno-
fovir monoester (TMF) within 72 h, followed by the intracellular removal of TMF over
16 days. The consortium achieved a 88.7-94.1% removal efficiency across TDF concen-
trations (12.5-50 mg/L), with optimal performance at 25 mg/L. Notably, tenofovir itself
was not detected, but residual TMF—a partially active antiviral intermediate—remained,
highlighting incomplete degradation. The findings underscore the potential of micro-
bial consortia for sustainable pharmaceutical wastewater treatment while emphasizing
the need for further research to address persistent metabolites. This work contributes to
strategies for mitigating pharmaceutical pollution in aquatic environments, particularly for
high-persistence drugs like TDF.

Conventional methods like advanced oxidation processes are energy-intensive and
costly, prompting the exploration of adsorption using carbon aerogels (CAs) as a sus-
tainable alternative. Lu et al. (contribution 7) addressed the environmental challenge of
removing 1,4-dioxane, a carcinogenic and highly water-miscible pollutant, from contami-
nated water. The research synthesized CAs through controlled pyrolysis conditions (e.g.,
temperature and heating rate) to optimize their porous structure, achieving a specific sur-
face area of 673.89 m? /g with enhanced mesoporosity. The optimized CAs demonstrated
exceptional adsorption performance, removing over 95% of 1,4-dioxane, following quasi-
second-order kinetics and Langmuir isotherm models, indicating monolayer adsorption.
The maximum capacity reached 67.28 mg/g at 318 K, which was attributed to the material’s
mesoporous network and microporous synergy. Notably, competitive adsorption tests
with trichloroethylene showed no significant inhibition, and regeneration experiments con-
firmed stable performance over five cycles. These findings highlight CAs as a cost-effective,
reusable adsorbent for water purification, offering a practical solution for persistent organic
pollutants like 1,4-dioxane while minimizing secondary environmental impacts.

Traditional methods like membranes and adsorbents face limitations in flexibility
and degradability. Yu et al. (contribution 8) addressed the challenge of VOC emissions
during soil remediation, which pose significant health and environmental risks. The
research introduces an aqueous foam stabilized by SiO,-TiO, nanoparticles to enhance VOC
suppression. By modifying silica nanoparticles with hydrophobic groups and integrating
TiO, for photocatalysis, the foam exhibits improved stability and functionality, and the
experimental results show that the modified nanoparticles increase foam liquid half-life
by 4.08 h and volume half-life by 4.44 h, compared to nanoparticle-free foam. Under UV
irradiation, the foam maintained a 90% suppression rate for dichloroethane, n-hexane,
and toluene for nearly 12 h, outperforming other variants. Characterization confirmed
enhanced dispersibility and oxygen vacancies in the composite nanoparticles, boosting
photocatalytic efficiency. This innovation offers a dual-function solution—blocking VOC
emissions while degrading contaminants—providing an eco-friendly, adaptable alternative
for soil remediation with reduced secondary pollution risks.
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3. Future Development Prospects

The collection of articles in this Special Issue provides valuable contributions to our
understanding of the occurrence and risk profiles of emerging pollutants; however, several
critical research gaps warrant attention. Notably, there is a paucity of systematic investiga-
tions into ecotoxicological impacts, epidemiological correlations, exposomic interactions,
and metabolic pathways, which are all crucial dimensions of comprehensive risk assess-
ment. These aspects present significant challenges for environmental researchers given the
diverse physicochemical properties and biological activities exhibited by the expanding
spectrum of emerging pollutants. Particularly noteworthy are compounds with distinct
mechanisms of action, such as endocrine disruptors, which require specialized evaluation
frameworks. Furthermore, while three papers addressed contaminant mitigation tech-
nologies, there remains a notable absence of research on advanced oxidation processes in
this collection. This omission is particularly conspicuous as advanced oxidation processes
represent state-of-the-art advancements in contaminant degradation and are poised to
remain a focal point of environmental engineering research given their effectiveness in
addressing persistent organic pollutants.

Data Availability Statement: Not applicable.
Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: Tenofovir disoproxil fumarate (TDF) is an antiretroviral drug extensively used by people
living with HIV. The TDF molecule is hydrolysed in vivo and liberates tenofovir, the active part of the
molecule. Tenofovir is a very stable drug and the discharge of its residues into the environment can
potentially lead to risk for aquatic species. This study evaluated the TDF biodegradation and removal
by cultures of Microcystis novacekii with the bacteria Pseudomonas pseudoalcaligenes. Concentrations
of TDF of 12.5, 25.0, and 50.0 mg/L were used in this study. The process occurred in two stages. In
the first 72 h, TDF was de-esterified, forming the tenofovir monoester intermediate by abiotic and
enzymatic processes associated in an extracellular medium. In a second step, the monoester was
removed from the culture medium by intracellular processes. The tenofovir or other by-products of
TDF were not observed in the test conditions. At the end of the experiment, 88.7 to 94.1% of TDF and
its monoester derivative were removed from the culture medium over 16 days. This process showed
higher efficiency of TDF removal at the concentration of 25 mg/L. Tenofovir isoproxil monoester has
partial antiviral activity and has shown to be persistent, maintaining a residual concentration after
16 days in the culture medium, therefore indicating the need to continue research on methods for
total removal of this product from the aquatic environment.

Keywords: drug; Microcystis novacekii; Pseudomonas pseudoalcaligenes; by-products; tenofovir isoproxil
monoester

1. Introduction

In recent decades, problems related to water contamination have become a global con-
cern. In this context, the dispersion of pharmaceutical residues in the aquatic environment
has been the target of numerous studies [1-3]. Drugs are biologically active molecules and
their unpredictable effects on species exposed in the aquatic environment may represent a
potential risk to aquatic ecosystems [4,5].

Studies have indicated the presence of drug residues in several environmental matrices,
such as soil, sewage, surface, and treated waters [1-6]. Among the drugs, antiretrovirals
(ARVs) are of particular concern, since some of them act in viral DNA synthesis and,
potentially, may have effects on the replication process of other organisms.

According to United Nations data on human immunodeficiency virus (HIV) [7],
currently 37.7 million people worldwide are living with HIV (PLHIV), and the control of the
pandemic depends on continuous antiretroviral therapy. Thus, due to its widespread use,
the presence of ARVs in the environment have been reported in different countries [8-11].

Tenofovir disoproxil fumarate (TDF) is an ARV of great importance because it is one
of the first-line drugs, combined with other antiretroviral drugs, in HIV /AIDS treatment.

Toxics 2024, 12, 729. https:/ /doi.org/10.3390/toxics12100729 7 https:/ /www.mdpi.com/journal/toxics
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Tenofovir is an analogue of the nucleotide adenosine 5'-monophosphate and acts by in-
hibiting the reverse transcriptase enzyme necessary for viral replication in human cells.
Due to the low lipid solubility [12] of tenofovir, it is administered as a prodrug, in esterified
form, and it is de-esterified intracellularly to release the active portion of the molecule,
tenofovir [13,14] (Figure 1).
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Figure 1. Metabolism of the prodrug tenofovir disoproxil with formation of the de-esterification
products: tenofovir monoester and tenofovir.

About 80% of the dose of TDF administered to humans is eliminated in the active form,
as a de-esterified product, tenofovir (Figure 1), without undergoing further metabolism [12].
The tenofovir molecule is very stable [15], which makes the treatment for its removal
from the aquatic environment a challenge, both in the case of industrial effluents and
domestic sewage.

Effluent treatment technologies that employ microorganisms are the most used pro-
cesses for the degradation of organic compounds [16]. In recent years, the use of cyanobac-
teria and microalgae in waste treatment has aroused interest [16-18]. These are photosyn-
thetic organisms and the presence of these groups in consortia makes the process more
sustainable compared to technologies that use bacteria intercropping.

Cyanobacteria species also have the ability to degrade different types of chemical
compounds by mixotrophic metabolisms acting together with bacteria in the degradation
of chemicals in the environment [19,20].

Cyanobacteria of the genus Microcystis have presented interesting results in biodegra-
dation studies of several substrates. These species show resistance and rapid responses to
eutrophication [21], possibly by acclimation or adaptation to the adverse conditions [22].

Microcystis is one of the most commonly found genera in Brazil [23], which justifies
evaluating the potential of Microcystis species locally for biodegradation processes. Cul-
tures of Microcystis novacekii have been studied and have demonstrated their ability to
remove different types of pollutants [24,25].

Cyanobacteria usually present themselves in the environment associated with bacteria
through interactions considered mutualistic, where cyanobacteria provide heterotrophic
bacteria with organic matter to sustain their growth and oxygen for greater efficiency of
aerobic metabolism. At the same time, the bacteria provide the cyanobacteria with carbon
dioxide and essential nutrients for their metabolism. Thus, these associations are funda-
mental for the cycling of carbon and other essential ions in the aquatic environment [26-28].
The mutualistic interactions between these organisms make it very difficult to maintain
axenic cyanobacterial strains in biodegradation studies [27,29].

There are no studies in the literature on the removal of TDF from the aquatic environ-
ment by cyanobacteria culture, justifying the study of the potential of a M. novacekii culture
to remove this antiviral. Therefore, the objective of this study was to evaluate the process
of biodegradation of tenofovir disoproxil using a non-axenic culture of M. novacekii isolated
from a Brazilian lake.
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2. Materials and Methods
2.1. Reagents and Chemicals

The tenofovir disoproxil fumarate used in the experiments was obtained from Nortec
Quimica (Duque de Caxias, Rio de Janeiro, Brazil) (lot 507034) as a white, amorphous
solid. The drug was analysed and certified by the Department of Quality Control of the
Ezequiel Dias Foundation (FUNED). The reagents, solvents, and other chemicals used were
of analytical or high-performance liquid chromatography (HPLC) grade. All the solutions
were prepared using purified water.

2.2. Microcystis novacekii Culture

A cyanobacterium strain, M. novacekii (Komarek) Compere, was isolated from wa-
ter samples collected in Dom Helvécio Lake, in the Rio Doce State Park (42°35'595" S;
19°46/419"" W), Minas Gerais, Southeastern Brazil) in May 2004. For the isolation of M.
novacekii strains, pipetting and dilution series of lake water samples were used. The
species was isolated in its pure form and cultivated in WC (Wright’s cryptophytes) culture
medium [30,31].

The procedure rendered a non-axenic unialgal culture which was kept in the culture
with a WC medium at pH 7 and a controlled temperature of 25 £ 2 °C under a fluorescent
light of 110.5 umol photons m? /s and a 12 h photoperiod. The non-axenic M. novacekii strain
was kept in culture in the algae and cyanobacteria bank of the Laboratory of Limnology,
Ecotoxicology and Aquatic Ecology at the Institute of Biological Sciences of the Federal
University of Minas Gerais (LIMNEA-ICB-UFMG).

The Microcystis novacekii strain was tested for the presence of microcystin to verify the
toxigenic potential, using enzyme-linked immunosorbent assays and the polymerase chain
reaction to amplify the mcyB gene in the DNA of this strain. Both results were negative
for microcystin. During the experiments, the presence of Pseudomonas pseudoalcaligenes
was observed in the culture. The bacterium associated with M. novacekii was identified
by Neoprospecta Microbiome Technologies Company using next-generation amplicon
sequencing (NGS) and Neobiome software.

2.3. Microcystis novacekii Culture Medium

ASM-1 medium [32] buffered by the addition of 750 mg/L of 3-(N-morpholino)
propanesulfonic acid (MOPS), pKa 7.2, was used for M. novacekii culture. The pH was
adjusted to 7.0 with 0.1 mol/L HCl or NaOH solution. The composition of the ASM-
1 medium was (mg/L): NaNOj3 (170.00), CaCl, (29.00), MgCl, (H,O (41.00), MgSOy4
(49.00), K2HPO4 (8.70), NaQHPO4‘12H20 (17.80), COC12.6H2O (9.5 X 10_3), CuClzszO
(6.5 X 1074), MnClz.4HQO (0.69), ZnSO4_7H2O (0.35), H3BO3 (1.24), FeC13.3H20 (0.54), and
EDTA Naj (3.72).

2.4. TDF Biodegradation by M. novacekii

The pre-culture of M. novacekii was prepared by inoculation of M. novacekii to a
flask containing ASM-1 medium. This flask was incubated under controlled temperature
(25 £ 2 °C). Cell density was evaluated by optical density (680 nm) [33] and was monitored
until the culture reached approximately 10° cell/mL. The TDF biodegradation tests in cul-
ture of the cyanobacterium M. novacekii were carried out following the OECD standardized
protocol (ready biodegradability tests) n® 301—Guidelines for testing of chemicals (2003)
with adaptations [34]. The TDF solution (2.5 g/mL) was added to test flasks containing
100 mL of M. novacekii culture with a cell density of approximately 106 cell/mL to obtain
final concentrations of 50.00, 25.00, and 12.50 mg/L. Cyanobacteria culture was used as
growth control. To determine the stability of TDF in ASM-1 medium, an uninoculated
sterile medium in the same concentrations of the test flasks was prepared. The test flasks
and controls were transferred to a shaking table and were incubated for 16 days, under
controlled temperature (25 + 2 °C) and 5000 Ix (c. 11 W/ m?) illumination from cool-white
fluorescent lamps. All experiments were conducted in triplicate.
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2.5. Extraction of TDF and Its Metabolites from Culture Medium

After 1,3,7, and 16 days, a 5.00 mL sample was removed from each test flask, filtered
(0.45 um—Millipore), and the aqueous portion was submitted to solid-phase extraction. The
samples were subjected to solid-phase extraction using a Phenomenex Strata-X® cartridge
(Phenomenex, Torrance, CA, USA). The cartridges were conditioned with 5 mL of purified
water. The samples were transferred to the cartridge and eluted with 5 mL of 5% methanol
solution, followed by 5 mL pure methanol. The eluate was filtered (Millipore Filter, 0.22 pm
pore size), transferred to a vial with an insert, and injected into a liquid chromatography
equipment coupled to a mass spectrophotometer for HPLC quadrupole time-of-flight mass
spectrometry (HPLC/Q-TOF-MS) analysis.

2.6. HPLC/Q-TOF-MS HPLC Analysis

A high-pressure liquid chromatography coupled with quadrupole time-of-flight
mass spectrometry (HPLC-QTOF-MS) system (6540 UHD Accurate Mass Q-TOF LC/MS
equipped with Agilent Mass Hunter Workstation Data Acquisition software B.06.00) was
used and a Zorbax Eclipse Plus C18 column (2.1 x 50 mm; particle size 1.8 mm), with the
following experimental conditions: flow rate of 0.5 mL/min; mobile phase methanol:water,
both with 0.1% formic acid in gradient elution (50% of methanol for 2 min and 50-100%
methanol for 3 min, and then returned to 50% of methanol for 1.5 min, totalling 6.5 min);
injection volume of 4 uL, temperature of 50 °C. ESI parameters were capillary voltage
3.5 kV for positive mode; gas temperature 325 °C; drying gas 8 L/min; fragmentor 175 V;
skimmer 65 V; mass range from 100 to 1000 7/z and no collision energy was used. The
TDF calibration curve was prepared in triplicate in water, with concentrations ranging from
0.1 to 125 mg/L, followed by filtration (0.22 um).

3. Results and Discussion

The analytical method for monitoring the experiments was developed using an aque-
ous solution of TDF (50.0 mg/L), analysed via HPLC-ESI-Q-TOF/MS. The presence of
two peaks (Figure 2), a main peak (0.7 min) and a residual peak (0.3 min) was observed in
the chromatogram. For peak characterization, the isolated ions in the mass spectrum were
extracted and the corresponding chemical structure was proposed based on the exact mass
obtained. Thus, the peak at 0.3 min, with m/z 404.13, according to the mass fragmentation
pattern described by Kurmi et al. [35], was assigned to tenofovir isoproxil protonated mo-
noester (TMF). The peak at 0.7 min, with m/z 520.18 was attributed to protonated tenofovir
disoproxil TDF [M + H +]. In the final elution time (after 4 min), no TDF-derived fragment
was observed, with the final peaks corresponding to the gradient elution.

According to Kurmi et al. [35], the tenofovir isoproxil monoester detected in the
medium corresponds to the product of partial hydrolysis of TDF and is described as an
impurity commonly present in the raw material of the drug [36].

To carry out the tests, the contribution of abiotic processes to the degradation of TDF
in ASM-1 medium was evaluated, under controlled conditions (pH, temperature, and light
radiation). It was observed in the controls (TDF concentrations 12.5, 25, and 50 mg/L) an
increase in the peak attributed to the monoester throughout the experiment. At the end
of the process (16 days), all the TDF was converted into tenofovir isoproxil monoester,
showing that mono-de-esterification can occur spontaneously in the culture medium.

Hydrolysis was observed at all TDF concentrations used. ASM-1 medium is a mineral
medium containing several salts, and the experiment was performed in buffered medium
(pH 7-8). According to Silva [37], the hydrolysis of TDF occurs preferably at a neutral or
alkaline pH, with the molecule being more stable at an acidic pH (2 to 3). Thus, the test
conditions favored the de-esterification of the molecule.
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Figure 2. Chromatogram of TDF solution in ASM-1 medium (50 mg/L) showing peaks corre-
sponding to tenofovir isoproxil monoester (1/z 404.13) and tenofovir disoproxil (1/z 520.18).

Biodegradation tests were performed using TDF concentrations of 12.5, 25, and
50 mg/L. It is important to highlight that this series of concentrations were defined
considering that the ability of strains of microorganisms to degrade toxic compounds
depends on their intrinsic ability to metabolise the xenobiotic. This property can be consti-
tutive or acquired by microorganisms exposed to conditions considered stressful for the
species [22,38].

Microbial biochemical pathways can be activated when microorganisms are exposed
to critical conditions, such as high concentrations of pollutants, temperature, and pH
variations [22,39]. In the case of M. novacekii, in a previous study [40], the strain tolerated
high concentrations of TDF (EC50% 161.0 mg/L), allowing the use of drug concentrations of
up to 50 mg/L in this study, configuring a stressful condition to evaluate the metabolization
potential of this antiviral by the culture of M. novacekii.

During the TDF biodegradation experiments using the M. novacekii culture, the drug’s
mono-de-esterification was also verified; however, the hydrolysis in the tests was more
intense and faster compared to controls (Figure 3). While in the control samples total
mono-de-esterification occurred over 16 days, in cultures, after 72 h, only TDF residues
were detected, indicating that although abiotic factors contribute to hydrolysis, metabolic
pathways of microorganisms are probably responsible for accelerating the de-esterification
process through extracellular enzymes.

It was verified during the test that the drug and its derivative were gradually extracted
from the medium, with a percentage of TDF/TMF removal at the end of the experiment
of 91.8% (12.5 mg/L), 94.1% (25 mg/L), and 88.7% (50 mg/L). In controls, no reduction
in monoester concentration was observed (Figure 4). Neither tenofovir, nor any other
metabolite besides TMF was detected in the culture medium, indicating that the removal
of TMF is probably due to the direct action of microorganisms.

11
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Figure 3. Tenofovir disoproxil and monoester of tenofovir removal during cyanobacteria degra-dation
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Figure 4. Evolution of the peak areas at 71/z 520.18 and m1/z 404.13 obtained via HPLC/MS during
TDF (at concentrations of 12.5, 25.0, and 50.0 mg/L) biodegradation by M. novacekii.

To analyze these results, it is necessary to consider that the culture of M. novacekii
employed is unialgal, but not axenic. According to the genetic sequencing performed,
the bacterium P. pseudoalcaligenes was identified in the medium. This is an aerobic, Gram-
negative species and its potential to metabolise toxic compounds has been described
by several researchers [41-43]. Its production of esterases stands out, including potent
arylesterases that give this species the ability to degrade various compounds, including
polyesters [41,42]. The production of these esterases may be the accelerating factor of
TDF hydrolysis.

The coexistence of cyanobacteria and microalgae with heterotrophic bacteria in the
environment has aroused interest in the study of degradation of organic substances, leading

12
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to the inclusion of photosynthetic species in microbial consortia. The association of these
groups of organisms can be advantageous for reducing energy expenditure due to in situ
oxygen production, while also reducing CO, emissions and increasing the production of
algal biomass that can be used in the production of various compounds of technological
application [16,44]. Thus, several studies of the potential of these associations for the
removal of different classes of organic substances have been carried out [45-47].

Phytoplanktonic species show similar behaviour in the face of stressors [48], which
may increase the expression of enzymes degrading organic compounds and other com-
pounds aimed at cellular protection [18].

In the study of microbial associations for the biodegradation of pollutants, the presence
of species of the genus Microcystis is particularly interesting as they are very resistant
to toxic agents due to protection mechanisms developed throughout the evolutionary
process [38]. In the case of the genus Microcystis, resistance has been attributed to the
characteristics of some species, including those that present a thick mucilaginous layer
that surrounds the cells, with diverse functions such as nutrition and protection against
dissection and against external agents, in addition to allowing the aggregation of cells in
colonies that favor the formation of biofilm [17,38].

The role of cell protection by mucilage is highlighted by Pugnetti et al. [49] who
reported that when exposed to adverse conditions such as the presence of toxic substances,
some species intensify the production of the mucilaginous layer, which behaves like a
sponge that absorbs xenobiotics [50]. In general, mucilage can biosorb xenobiotics through
different interactions, usually weak bonds, without energy consumption and can retain
metal ions, natural organic matter, and toxic organic substances [16,50]. Chan et al. [16]
reported that microalgae can biosorb compounds rich in nitrogen, phosphorus, heavy
metals, antibiotics, organochlorines, pesticides, and azo dyes from aqueous matrices.

The presence of mucilage is one of the factors that facilitates the association with
bacteria, since the exopolymers that compose the mucilage can be used for fixation and as
a nutritional source to bacteria, offering heterotrophic microorganisms an ideal microenvi-
ronment for their growth and metabolism [51]. Thus, in the associations of cyanobacteria
and heterotrophic bacteria, two processes can act in the removal of pollutants, the immo-
bilisation of toxic substances by mucilage, and microbial degradation by heterotrophic
bacteria and by cyanobacteria themselves [47].

In the proposition of cyanobacteria/microalgae and bacteria consortia, although the
immobilisation by adsorption to mucilage allows for the reduction of soluble organic
carbon, it is preferable to associate the mechanisms of biodegradation and especially of min-
eralization of pollutants as they are more effective for the removal of organic compounds.
In general, biodegradation occurs through metabolic pathways typical of various microor-
ganisms (bacteria, fungi, and algae), which can be expressed under stressful conditions.
Biodegradation can lead to partial decomposition of the molecule, generating by-products
or total decomposition, reducing organic compounds through metabolic processes to their
inorganic forms [16].

Microalgae are organisms capable of degrading various types of substances into car-
bon sources and removing them from water. Several studies indicate the dehydration
capacity of different species of microalgae, such as Chlorella spp., Scenedesmus spp., and
Aphanocapsa spp. [52,53] through processes of biosorption and/or bioconversion and/or
biodegradation. In addition, phytomediation with microalgae species is an effective way to
ensure environmental sustainability, as they are widely distributed around the world, are
good at degrading substances, have fast metabolism, and are cost-effective [18]. Cyanobac-
teria are prokaryotic microorganisms that thrive in a variety of conditions and have the
potential to degrade substances while in search of sources to dispense and then use in their
growth, stimulating water quality [54].

Studies of microalgae/cyanobacterial and bacterial consortia for the purification of
drugs from the aquatic environment have been reported with promising results [17,20]. The
use of these associations for the biodegradation of antimicrobials is highlighted. This is an
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important characteristic of cyanobacteria and microalgae given the difficulty in obtaining
bacterial species tolerant to the biocidal effects of these compounds. Wang et al. [47], using
a consortium of microalgae-heterotrophic bacteria for the degradation of chlortetracycline,
observed that this drug was initially removed by biosorption, followed by biodegradation.

At the end of the experiment, the authors concluded that biosorption alone had a
negligible contribution to the drug removal process, which does not mean that biosorp-
tion does not have an initial action on drug retention, facilitating the action of enzymes
retained in the mucilaginous layer. Biodegradation catalysed by enzymes secreted by
the species present, under stress triggered by the antibiotic, has been identified as the
main mechanism of chlortetracycline removal [47]. These authors observed that the use of
microalgae/heterotrophic bacteria cultures for chlortetracycline biodegradation presented
better results in terms of drug bioremoval than the respective axenic cultures.

Likewise, in a study of the removal of sulfamethoxazole from the aquatic environment
by a consortium of algae and heterotrophic bacteria, Rodrigues et al. [46] found that the
antibiotic was mainly removed by biodegradation. The bioaccumulation and biosorption of
the drug by the microorganisms were negligible. The small contribution of drug biosorption
on microalgae cell walls was attributed to the high water solubility of the sulfamethoxazole
molecule [46].

In this study, using the association of M. novacekii and P. pseudoalcaligenes, it is likely
that the removal of TDF occurs in a similar way to that reported in the degradation of
chlortetracycline [47] and sulfamethoxazole [46]. Possibly in the initial step of the pro-
cess, mono-de-esterification occurs by an abiotic process and by the action of extracellular
hydrolases from both heterotrophic bacteria and cyanobacteria, since both groups of mi-
croorganisms can be esterase producers [27,55].

The rapid formation of TMF and its slow removal from the medium, without the
presence of other metabolites, suggests that degradation occurs in the intracellular medium
and that penetration into cells, whether bacterial or cyanobacterial, is the critical factor
for the slow removal of TMF from the medium. Khan et al. [56] described that during the
proliferation stage of bacterial and microalgae associations, both groups express enzymes
such as phosphatase, sulfatase, glucosidase, and galactosidase that may be responsible for
biodegradation processes of organic compounds. Thus, it is not possible to state which of
the groups of microorganisms was responsible for the removal of TMF.

The role of M. novacekii in the degradation of TMF is reinforced by the presence of
phosphate groups in the molecule, a limiting nutrient for the growth of cyanobacteria.
Ren et al. [57] found that Microcystis aeruginosa can use dissolved organic phosphate from
different chemical compounds to support its growth. In this way, the TMF molecule can
provide a source of phosphate for the cyanobacteria.

Although the removal of TDF from the medium occurred with high yield, the presence
of residual concentrations of TMF at the end of the experiment was observed for all
concentrations tested. At the concentration of 25 mg/L, the highest removal was obtained,
about 94% of the drug and its metabolite, which is a very promising result. Apparently,
intra- and extracellular conjugated processes occur, requiring further studies to optimize
the drug extraction process and its metabolite from the medium.

Although TDF has a high efficiency for biodegradation, there is the possibility of
improving strains of M. novacekii through genetic engineering, increasing the number of
active groups in the cell wall to stimulate the attraction of pollutants, increasing the rate
of biodegradation [58-60]. However, there are some barriers to the application of genetic
engineering, such as regulatory restrictions and ecological concerns [18].

The method for biodegradability assessment used in this study is based on the di-rect
measurement of the disappearance of the original organic compound through spe-cific
chromatographic analysis to obtain information about primary biodegradation. This
method is advantageous when compared to methods that use indirect measurements of
bioconversion, such as CO,, DOC, and BOD, as the use of only one indirect biodegradation
parameter can provide misleading results [61].
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Although biodegradation tests have been criticized, they are an important part of the
information needed to predict the environmental fate of chemical products [62]. Accord-
ing to the OECD, TDF is classified as a readily biodegradable substance, as it achieved
a sufficient extent of biodegradation in the OECD 301 test, respecting the 28-day time
limit [34].

Thus, based on the OECD 301 series ready biodegradability tests, TDF is considered
a “non-persistent” substance, as a positive result in a ready biodegradability test is suf-
ficient to confirm non-persistence [62]. Additionally, taking into account the important
observations made by Strotmann et al. (2023) [62], several important criteria were met to
improve the quality of the biodegradation test, such as the assessment of the toxic effect of
TDF on the cyanobacteria M. novacekii through the growth inhibition test [40].

Based on this criterion, it was possible to verify that there are no suspicions that
TDF may have inhibitory effects on the inoculum in biodegradability tests, making it
unnecessary to add inhibitory control vessels to avoid false negative conclusions [34,62,63].

Excluding the possible toxic effects of TDF on cyanobacteria [40], the reduction in
biodegradation capacity with the increase in the concentration of the test substance may be
a consequence of metabolic products formed during the biodegradation process and/or a
change in the pH of the medium. Although traditional media used in OECD tests typically
have a low phosphate concentration (3.7 mM), the culture medium used in this study was
relatively high, approximately 18 mM. This increase in phosphate concentration results in
good buffering properties, as demonstrated in a combined test system by Strotmann et al.
(1995) [64], where the phosphate content was raised to 25.1 mM to allow stable buffering
properties in the pH 7.0 range, which is necessary for biodegradation processes.

Thus, the production of metabolites, such as tenofovir and alkylphosphonate acids,
during the biodegradation process can compromise the efficiency of the process [40].
However, many bacteria, such as M. novacekii, are capable of degrading not only the
substances, but also their metabolites, forming smaller by-products, such as alcohols,
oxygenated compounds, carbon, and water. During this biodegradation process, the
breakdown of FTD causes a release of acids (such as carboxylic and phosphonic acids),
which reduces the pH value.

However, even with the formation of possibly toxic by-products and the small change
in pH, and even with the good results obtained in this study, it should be noted that
tenofovir is an inhibitor of DNA synthesis, and its metabolite TMF is partially active [65],
therefore its persistence in the environment can potentially lead to damage to the genetic
heritage of exposed species. Thus, the persistence of TMF in culture medium for more than
15 days is worrying and points to the need for further studies on the biodegradation of this
antiviral to prevent possible genotoxic actions to other aquatic organisms.

4. Conclusions

Through this study, excellent results were obtained in the removal of TDF from the
culture medium using a culture of M. novacekii and P. pseudoalkaligenes. Approximately 94%
of the drug and its metabolite were extracted at a concentration of 25 mg/L. After 16 days,
residual concentrations of only one TDF metabolite, tenofovir isoproxil monoester, was
detected. This result reinforces the potential of this association for studies on the removal
of this drug from more complex matrices. The sustainability of the method, the ease of
the technique and the good performance of the culture in removing TDF are advantages
that justify the investigation of the potential of this association for environmental uses. The
rapid de-esterification of TDF in the culture medium releasing the monoester—tenofovir
isoproxil was one of the most important results of this study. TMF partially maintains
the antiviral activity and the persistence of residual concentrations of this compound for
more than 16 days in the culture medium is a worrying factor, as it may indicate that this
metabolite can accumulate in the environment. In this sense, further studies aimed at
removing this metabolite are necessary in order to prevent exposure of aquatic species to
antiviral residues.
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Abstract: The risk of occupational exposure to organic solvents varies across industries due to factors
such as processing materials, ventilation conditions, and exposure duration. Given the dynamic
nature of organic solvent use and occupational exposures, continuous monitoring and analysis are
essential for identifying high-risk hazards and developing targeted prevention strategies. Therefore,
this study aims to analyze the use of organic solvents and volatile organic compounds (VOCs) in
different industries in Bao’an District, Shenzhen, China, from 2018 to 2023, to understand their
temporal variation and industry-specific differences and to identify high-risk occupational hazards.
This study includes 1335 organic solvent samples, used by 414 different industry enterprises, and
1554 air samples. The result shows that the usage of organic solvents in various industries decreased
with the outbreak of the pandemic and, conversely, increased as the situation improved. The most
frequently detected volatile components in organic solvents were alkanes, followed by aromatic
hydrocarbons. The ratios of the detection frequency of VOCs to the total number of detected categories
increased year by year after 2020, indicating a tendency towards reduction and concentration of the
types of organic solvents used in industrial production. Among the 8 high-risk VOCs, toluene (22.5%),
n-hexane (22.0%), xylene (16.1%), and ethylbenzene (15.3%) have relatively high detection rates,
suggesting that they need to be focused on in occupational health. Through air samples, the results
show that trichloroethylene and xylene pose a high risk to human health (HQ > 1). We recommend
that industry should strengthen monitoring of these two VOCs.

Keywords: organic solvents; industries; occupational hazards; Shenzhen

1. Introduction

Organic solvents, integral to industrial processes [1], find widespread application
across various sectors, including paints, coatings, adhesives, and cleaners [2-4]. They
serve not only as solvents for dissolving raw materials and facilitating reactant cross-
linking but also contribute to enhancing the performance, stability, and durability of the
resulting products. Nonetheless, their extensive utilization carries inherent environmental
implications that warrant attention [5]. During industrial operations, the volatilization
of organic solvents releases harmful gases, contributing to atmospheric pollution. These
emissions give rise to pollutants, such as ozone and nitrogen dioxide, detrimental to both
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human health [6-8] and vegetation [9]. Furthermore, organic solvents can infiltrate water
bodies and soil through various pathways, posing risks to water resources and soil integrity,
ultimately impacting biodiversity and ecological equilibrium [10]. In summary, organic
solvents play an indispensable role in industrial production, but their potential impact on
the environment should not be ignored.

Volatile organic compounds (VOCs) constitute the primary components of the organic
solvents widely utilized in industrial processes [11]. However, their volatile nature ren-
ders VOCs a significant source of environmental contamination and occupational health
hazards [12-14]. Through extensive testing of organic solvent samples, it has been ob-
served that VOCs exhibit a diverse range of types and concentrations, underscoring their
notable impact on both environmental quality and human health. Regarding occupational
health, exposure to VOCs poses substantial risks to workers in relevant industries [15,16].
VOCs can infiltrate the human body through inhalation and dermal absorption, potentially
leading to various health issues and causing long-term or irreversible harm [17]. Studies
have revealed elevated hazard quotients for benzene and chloroform in electro-mechanical
repair and automotive painting centers in Argentina [18], heightened exposure levels
to benzene, toluene, and paraxylene among workers in a furniture factory in Colombia
compared to control groups [19], and a significantly elevated non-carcinogenic risk of
acrolein for employees in a furniture shop in Xi'an, China, surpassing acceptable levels by
283 times [20].

Guangdong Province, as an industrial and economic stronghold of China, has organic
solvent poisoning cases accounting for more than 70% of its total cases of occupational
poisoning [21], and this organic solvent poisoning demonstrates enterprise aggregation,
commonly found in the manufacturing industry, especially in light industry and the
electronic industry [22]. Bao’an District is an industrially important area in Shenzhen,
Guangdong Province, with numerous frontline enterprises. It has been reported that
the cases of occupational chemical poisoning accounted for a quarter of the incidence
of emerging occupational diseases in this district during the period 20062021, most of
which were due to benzene, n-hexane and trichloroethylene poisoning [23], with ensuing
massive economic losses [24]. Additionally, in the United States, 12.1% of the workforce is
occupationally exposed to organic solvents [25], with 87% of methylene chloride-related
fatalities identified in occupational settings [26]. Therefore, occupational hazards caused
by organic solvents need to be given more attention.

The risk of occupational exposure to organic solvents may vary due to operational
site factors, such as differences in processing materials [27], ventilation conditions [28],
exposure duration [29], and indoor and outdoor microenvironments [30]. Current studies
have focused on occupational exposure to VOCs in individual industries, such as the elec-
tronics industry [31], wooden furniture manufacturing industry [32], painting industry [27],
printing industry [33], and automobile repair industry [34], while there are comparatively
fewer studies that have made cross-sectional comparisons between various categories
of industries. In addition, considering the occupational disease-accelerating properties
of organic solvents and the introduction of new materials and technologies, concern for
the dynamics of organic solvent use and occupational exposure over specific time scales
can generate more targeted recommendations for occupational disease prevention and
control strategies. As mentioned above, it is imperative to carry out long-term continuous
monitoring of organic solvent components in the workplaces of different industries, which
can provide a more reliable basis for the selection of organic solvents and the supervision
of occupational hazards in enterprises.

Therefore, this study aims to analyze the use of organic solvents and VOCs in different
industries in Bao’an District, Shenzhen, China, from 2018 to 2023, to elucidate the temporal
variation of volatile components in organic solvents and their industry-specific differences. At
the same time, the HQ values of high-risk VOCs are calculated through air monitoring samples
to estimate health risks to the human body and identify high-risk occupational hazards.
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2. Materials and Methods
2.1. Samples Collection

The organic solvent samples were collected from routine testing and evaluation at
the Yanluo Branch Center for Public Health Services in Bao’an District from 2018 to 2023,
including 1335 samples used by 414 different industry enterprises. Among these enterprises,
there are 142 enterprises from the electronics industry, 141 from the chemical industry,
92 from light industry, and 39 from the machinery industry.

During sampling, the staff randomly selected organic solvents from the industries’
inventory and collected samples with 50 mL wide mouthed glass sample bottles. After
collection, the bottles were sealed and transported back to the Yanluo Branch Center for
Public Health Services and stored in the dark at room temperature for further analysis.

2.2. Analysis of VOCs

According to the Technical Guidelines of Guangdong Occupational Health Technol-
ogy Quality Control Center (GDOHTOC 001-2020) [35], VOCs were qualitatively and
semi-quantitatively analyzed using the Agilent 7890A-5975C gas chromatography—-mass
spectrometry (GC-MS) system and a DB-5MS column (60 m x 0.25 mm X 1.00 pm) with
the headspace method. Five milliliters (or 5 g) of each sample were placed into a headspace
vial and heated at 40 °C for 30 min for equilibration, then 100 uL of the liquid is injected
for analysis. Chromatographic conditions: injection port temperature is at 260 °C, initial
temperature is at 45 °C holding for 2 min, then increased at a rate of 10 °C/min to 230 °C,
holding for 2 min. In the subsequent analysis, we will use peak area percentage (PAP) for
comparison. PAP is an analytical method used to describe the relationship between peak
size and concentration in chemical analysis. In chemical analysis, peak area refers to the
area under the curve of a specific peak, while concentration refers to the concentration of
solutes in a solution. By calculating the peak area percentage, the concentration of solutes
in the solution can be determined.

2.3. Air Detection

Based on recent occupational disease occurrences related to organic solvents, this
research regards benzene, 1,2-dichloroethane, n-hexane, trichloroethylene, toluene, ethyl-
benzene, xylene, and trichloromethane as high-risk occupational hazards [36-38] and
calculates the health risks of these VOCs. The air samples from different industry enter-
prises were collected in 2023 for daily monitoring, with a total of 1554 samples, including
522 from the electronics industry, 504 from the chemical industry, 372 from light industry,
and 156 from the machinery industry. Each sample was collected by an activated carbon
tube with a flow rate of 50 mL/min for 2-8 h at the sampling point. The air samples were
analyzed by 7890A gas chromatograph (Agilent, Santa Clara, CA, USA) equipped with
flame ionization detector. The activated carbon in the front and rear sections was poured
into two solvent desorption bottles and 1.0 mL of carbon disulfide added to each. Then, the
bottles were sealed and desorbed for 30 min and shaken occasionally. This solution was
later used for detection. The injection volume is 1 uL. The specific reference methods are
shown in Table S1.

2.4. Human Health Risk Assessment

Health risk assessment can quantitatively describe the relationship between human
exposure to VOCs and adverse health reactions. The level of VOC inhaled by the human
body is calculated based on the environmental concentration of each type of VOC. Referring
to previous literature [39], the exposure concentration EC; (mg/m?) in this study was
calculated as follows with Formula (1):

ET x EF x ED
EC; =G o

X 90% (1)
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C; is the environmental concentration of VOCs; (mg/ m?3); ET is the exposure time (8 h/day);
EF is the exposure frequency (240 day/year); ED is the lifetime exposure time, which is 30 years;
and AT is the average exposure time (70 years x 365 days/year x 24 h/day). The absorption
coefficient in the formula is 90%.

The calculation formula for non-carcinogenic risk assessment is as follows using
Formula (2):

EG

HQ = Rec

The HQj represents the hazard quotient associated with compound i, while REC; is
the reference concentration (mg/m?) of compound i. Based on the non-carcinogenic risk
assessment methodology employed by the U.S. Environmental Protection Agency (EPA), it
is determined that a non-carcinogenic health risk is present when HQ > 1. When HQ < 1, it
indicates that the level of risk is within an acceptable range. Since the EPA did not calculate
the RFC of 1,2-dichloroethane and trichloromethane, the calculation of HQ values does not
involve these two VOCs.

@)

2.5. Statistical Analysis

Statistical analysis is conducted using IBM SPSS Statistics 26. The chi-square test is
employed to examine differences in the composition ratio of organic solvent samples across
different industries and the detection rates of VOCs in organic solvents. For the volume
fraction of VOCs in organic solvents, if homogeneity of variance is satistied, One-Way
ANOVA is applied; if not satisfied, Welch’s ANOVA is used. The significance level for
testing is set at o = 0.05.

3. Results and Discussion
3.1. Overview of VOC Testing Industry and Sample Analysis
3.1.1. Numbers of Organic Solvent Samples in Four Industries

According to the industrial classification for national economic activities (GB/T 4754-
2017) [40] and the table of business scope of occupational health technical service organizations
[2022 Edition], a total of 414 enterprises in the Yanluo and Songgang Street areas of Bao’an
District conducted organic solvent testing from 2018 to 2023. These enterprises represent
16 specific industries, which are further categorized into four major categories: electronics
industry, chemical metallurgy and building materials industry (referred to as “chemical
industry”), light and textile industry (referred to as “light industry”), and machinery industry.
Detailed information regarding these industries is provided in Table S2.

Between 2018 and 2023, a total of 1335 organic solvent samples were analyzed within
the jurisdiction. Significantly, the number of organic solvent samples detected notably
increased in 2023, particularly within the electronics and light industry sectors (Figure 1A).
Conversely, there was minimal change observed in the chemical and mechanical industries
(Table S3). This discrepancy may stem from the traditional nature of these industries, which
often employ specific types of organic solvents with extended service life and stability,
thereby requiring less frequent replacement or testing [41]. Conversely, since the onset
of the epidemic, the electronics and light industry sectors have experienced rapid expan-
sion [42,43]. These sectors extensively utilize organic solvents in their production processes,
resulting in heightened demand for solvent testing [44]. Regarding the composition ratio
of samples from various industries, the majority of organic solvent testing samples in
the jurisdiction originated from the electronics industry (10.95-45.52%) and the chemical
industry (18.82-36.09%) (Figure 1B, Table S3).
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Figure 1. The number (A) and proportion (B) of organic solvent samples across different industries
from 2018 to 2023.

3.1.2. Composition of Organic Solvent Samples from Four Industries

Among all the samples analyzed, the top five compositions were adhesive (18.28%),
cleaner (16.78%), ink (9.74%), alcohol (7.04%), and diluent (5.69%) (Figure 2). The common
VOC composition of these five organic solvents is shown in Table S4. Adhesive and cleaner
find extensive applications across various industries. Adhesives serve as crucial joining
materials in the assembly and manufacturing of diverse products [45], thus accounting
for their significant presence in the samples. Cleaners play a vital role in equipment and
product cleaning processes [46], underscoring their indispensable nature in manufacturing
operations, which contributes to their high representation in the sample composition.

14.77%
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Figure 2. Composition of organic solvents in different industries” samples.

In the electronics industry, alcohol comprises the largest percentage in the sample
composition (14.77%), followed by ink (13.32%) (Figure 2). Alcohol, characterized by high
volatility and low surface tension, facilitates rapid evaporation [47], effectively removing
surface oils and impurities to enhance the cleanliness and reliability of components. Hence,
it is utilized extensively for cleaning electronic equipment. On the other hand, ink is
employed in the fabrication of printed circuit boards (PCBs) to delineate circuit lines and
conductive patterns [48]. Additionally, it finds application in the production of flexible
circuits, touchscreens, and other electronic components owing to its conductivity, rendering
it indispensable in the electronics industry [49].

3.2. Analysis of VOCs in Organic Solvents
3.2.1. Categories of VOCs in Organic Solvents

During 2018-2023, a total of 400 VOCs were detected in 1335 organic solvent sam-
ples, including 142 alkanes, 53 aromatic hydrocarbons, 48 esters, 38 alcohols, 11 ketones,

23



Toxics 2024, 12, 634

20 halogenated hydrocarbons, 20 ethers, and 68 other species, of which 66 were listed in the
Occupational exposure limits for hazardous agents in the workplace (GBZ 2.1-2019) [50].
As shown in Figure 3 and Table S5, VOCs were detected 5719 times, and the composition
ratios of different components was in the following order: alkanes (33.6%) > aromatic
hydrocarbons (19.3%) > alcohols (16.1%) > esters (12.7%) > ketones (7.3%) > halogenated
hydrocarbons (6.0%) > others (3.2%) > ethers (1.8%). Overall, the number of alkanes
detected (F = 7.346, p < 0.01) and their detection frequency (F = 11.925, p < 0.01) were
significantly higher than those of other VOCs, followed by aromatic hydrocarbons, which
was similar to the organic solvent determinations in the other districts of Shenzhen [51-53].
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Figure 3. The number (A) and detection frequency (B) of VOCs in various organic solvents from
2018-2023.

As shown in Figure 3, the number of detected VOCs and the detection frequency reached
a peak in 2019 and a trough in 2020, which is attributed to the outbreak of the COVID-19
pandemic in 2020, causing the shutdown of many industrial operations, which reduced the
demand for organic solvents. Notably, after 2020, there is an overall downward trend in the
number of detected VOC categories, but an upward trend in the detection frequency. The
calculated results show that the ratios of the detection frequency of VOCs to the total number
of detected categories for each year are as follows: 17.9 in 2023 > 11.89 in 2022 > 7.14 in
2021 > 5.79 in 2019 > 4.96 in 2018 > 3.67 in 2020, suggesting that the ratio is increasing year by
year after 2020. Evidently, there is a trend towards homogenization with the gradual reduction
and centralization of the types of organic solvents applied in industrial production. This reduces
the potential for serious risks associated with mixed exposures, while the introduction of new
substitutes may raise new health concerns and require further research into the hazards of
organic solvents and their occupational exposure risks.

3.2.2. Detection of VOCs in Organic Solvents

The ten most frequently detected VOCs in the 1335 organic solvent samples during
2018-2023 are displayed in Table 1, and they have all been listed in the Occupational exposure
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limits for hazardous agents in the workplace (GBZ 2.1-2019) [50]. The five substances with
the highest detection rates were in the following order: methanol (31.1%) > toluene (22.5%)
> n-hexane (22.0%) > xylene (16.1%) > ethylbenzene (15.3%). Among them, toluene (22.1%)
exhibited the highest average peak area percentage, followed by methanol (16.9%), n-hexane
(4.96%), xylene (0.25%), and ethylbenzene (0.33%). They are all high-risk occupational hazards
of organic solvents, especially benzene derivatives with carcinogenic risk, and their detection
rate is the main concern of the many studies on organic solvent analysis in Shenzhen [52,54-56],
requiring key attention in occupational health monitoring.

Table 1. Top ten volatile organic compounds detected in 1335 organic solvent samples.

PAP (%)
NO. Components DF DR (%)
Mean Range
1 Methanol 415 31.1 16.9 0.10-100
2 Toluene 300 22.5 221 0.10-100
3 n-Hexane 294 22.0 4.96 0.01-41.4
4 Xylene 215 16.1 0.25 0.10-99.1
5 Ethylbenzene 204 15.3 0.33 0.10-56.1
6 Ethyl acetate 196 14.7 129 0.10-100
7 Dichloromethane 182 13.6 25.8 0.10-100
8 Methyl acetate 174 13.0 9.57 0.10-92.5
9 Dimethoxymethane 169 12.7 13.3 0.10-82.9
10 Acetone 168 12.6 11.1 0.10-100

DF: detection frequency, the times that VOCs were detected; DR: detection rates, the proportion of VOCs detected
in all samples; PAP: peak area percentage, the proportion of the peak area to the total peak area.

In the present study, methanol was the most frequently detected and was also the
major VOC of various organic samples, including inks, alcohols, diluents, degreaser, thin-
ner, and screen wash. It has been reported that methanol poisoning has a high mortality
rate among survivors and can lead to long-term visual sequelae and severe brain dam-
age [57-59]. Since methanol can be absorbed by humans through various routes, such
as dermal contact, ingestion and inhalation, corresponding protective measures must be
taken, such as ventilation and wearing appropriate protective equipment, to avoid pro-
longed exposure to methanol vapors. It is noteworthy that a relatively low detection rate
(6.67%) and mean peak area percentage (0.36%) of benzene were observed in this study.
The almost complete cessation of benzene’s industrial use as a solvent has allowed its
congeners, such as toluene and xylene, to be introduced into industrial production as
low-toxicity alternatives, but benzene remains as a raw ingredient in other materials, such
as styrene [60]. However, chronic exposure to low ambient concentrations of benzene still
significantly increases the risk of death in the population [61]. Furthermore, beyond the
well-known carcinogenicity and hematologic toxicity of benzene, toluene, ethylbenzene,
and xylene (BTEX) [27], epidemiological studies have demonstrated associations between
BTEX exposure and cardiovascular disease [62], decreased lung function [63], liver dam-
age [64], and neurological symptoms [65]. n-Hexane is frequently applied as an auxiliary
production material in small and medium-sized enterprises, especially in the Pearl River
Delta region where the electronics, hardware and printing industries are concentrated,
and it has been associated with peripheral neuropathy [29]. More remarkably, workers
are subject to combined exposures to various hazards that may exacerbate occupational
injuries when laboring in workshops. It has been reported that exposure to mixtures of
organic solvents is related to the prevalence of hypertension [66], and that the combined
effects of organic solvents and noise have a synergistic effect on hearing damage [67-69].

3.3. Detection and Analysis of High-Risk Occupational Disease Hazards
3.3.1. Detection of High-Risk Occupational Hazards in Organic Solvents from 2018 to 2023

Table 2 shows the detection rates and average peak area percentages of high-risk VOCs
of organic solvents from 2018 to 2023. Significant differences were found in the detection
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rates of 8 VOCs (x? = 741.120, p < 0.001). Over the past six years, toluene (22.47%), n-hexane
(22.02%), ethylbenzene (15.28%), and xylene (16.10%) had higher detection rates, while the
detection rates of trichloromethane (0.60%), 1,2-dichloroethane (1.05%), trichloroethylene
(5.54%), and benzene (6.67%) were lower. Additionally, the average peak area percent-
ages of toluene (14.48%) and xylene (12.93%) were significantly higher than other VOCs
(F=10.119, p < 0.001) (Table 2), as substitutes for benzene, toluene and xylene have been
widely used in various industries in recent years [70,71]. Although the toxicity of toluene
and xylene is lower than that of benzene, studies have also shown that long-term exposure
to toluene and xylene is associated with cardiovascular diseases and can lead to premature
births [62,72]. Therefore, the use of toluene and xylene needs to be cautious, and efforts
should continue to find alternatives with lower toxicity.

Table 2. High-risk volatile organic compounds from 2018 to 2023.

Benzene 1,2-Dichloroethane n-Hexane Trichloroethylene
Y
ears DR (%) APAP(%) DR (%) APAP(%) DR(%) APAP(%) DR(%) APAP (%)
2018 (1 = 169) 5.92 0.09 0.59 1.39 9.47 3.92 9.47 13.82
2019 (1 = 340) 4.41 0.63 1.18 1.59 13.53 6.05 5 9.78
2020 (n = 134) 2.99 0.02 0.75 0.34 15.67 2.08 8.21 4.99
2021 (n = 199) 6.53 0.04 151 0.58 27.64 1.77 8.04 5.13
2022 (n = 137) 12.41 0.03 1.46 0.01 30.66 1.53 3.65 1.24
2023 (1 = 356) 8.43 0.11 0.84 0.01 32.02 242 2.53 1.76
all samples (1 = 1335) 6.672 0.16! 1.05P 070! 22.02°¢ 2.801 5542 7.381
Toluene Ethylbenzene Xylene Trichloromethane
Y
cars DR (%) APAP(%) DR(%) APAP(%) DR(%) APAP(%) DR(%) APAP (%)
2018 (1 = 169) 17.75 15.46 10.65 1.91 15.98 215 0 0
2019 (1 = 340) 21.47 25.45 16.18 491 12.94 22.01 0 0
2020 (n = 134) 18.66 13.58 7.46 0.62 7.46 2.89 0.75 1.53
2021 (1 = 199) 27.14 9.63 21.11 2.75 21.11 10.52 1.01 1.93
2022 (n = 137) 37.23 12.09 28.47 2,51 29.2 8.29 0.73 417
2023 (n = 356) 18.82 8.16 11.24 3.02 14.61 8.26 1.12 0.43
all samples (n=1335) ~ 22.47°¢ 14.48 2 15.28 4 3.161 16.104 12.932 0.60 P 1411

DR: detection rates; APAP: average peak area percentage; * > @ 4: Different superscript letters indicate p < 0.001
(Chi-square test); ! 2: Different superscript numbers indicate p < 0.001 (One-Way ANOVA).

Between 2018 and 2023, the annual detection rates of benzene, 1,2-dichloroethane,
toluene, ethylbenzene, xylene, and trichloromethane fluctuated within a certain range.
Benzene (12.41%), toluene (37.23%), ethylbenzene (28.47%), and xylene (29.20%) all saw
their highest detection rates in 2022 (Table 2). It is worth noting that the detection rate
of n-hexane increased from 9.47% in 2018 to 32.02% in 2023, showing an upward trend
over the past six years. n-Hexane is an industrial organic solvent, and its toxicity is mainly
neurotoxic. Prolonged exposure to n-hexane can induce severe peripheral neuropathy, and
it is also associated with central-peripheral axonopathy [73,74]. Meanwhile, the detection
rate of trichloroethylene decreased from 9.47% in 2018 to 2.53% in 2023, showing a down-
ward trend over the past six years. Trichloroethylene is also a commonly used industrial
solvent, its toxicity may lead to congenital defects and neurodegenerative diseases, and it
is considered a potential risk factor for the development of Parkinson’s disease (PD) [75,76].
The gradual decrease in the detection rate of trichloroethylene in recent years indicates that
other solvents have gradually been used to replace it in industry. Although the usage rate
has declined, its toxicity still cannot be ignored.

3.3.2. Detection of High-Risk Occupational Hazards in Organic Solvents Used in Different Industries

Table 3 shows the detection rates and average peak area percentages of high-risk VOCs
in different industries. Among the 414 enterprises, samples from the electronics industry,
chemical industry and light industry were able to detect all eight high-risk VOCs. In the
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machinery industry, all VOCs except trichloromethane were detected. The detection rates
of n-hexane (13.11~24.94%), toluene (12.02~32.2%), ethylbenzene (7.26~21.99%), and xylene
(8.23~22.25%) are higher than for other VOCs.

Table 3. High-risk volatile organic compounds in different industries.

Industry Benzene 1,2-Dichloroethane n-Hexane Trichloroethylene
Classification DR (%) APAP(%) DR(%) APAP(%) DR(%) APAP(%) DR (%)  APAP (%)
Eledrz’;lfzg‘)ms”y 4842 0.19 048" 0.09 24.94¢ 438 8.96 2 27.47
Chemical industry 6.76 2 0.22 0.85b 7 48 2403 cd 6.44 5904 5489
(n = 355)
Light industry 8.90 2 0.1 2.09P 217 21.47°¢ 2.86 131" 0.48
(n = 382)
Machinery industry ¢ ) ap 1.32 0.552 19.5 1311 8.2 2732 55.61
(n=185)
Industry Toluene Ethylbenzene Xylene Trichloromethane
classification DR (%)  APAP(%) DR(%) APAP(%) DR(%) APAP(%) DR (%) APAP (%)
Elem?;fzg‘)ius“y 12359 14.96 7.26 24 2.55 8.23 ad 10.97 0.48° 3.48
Cherr(‘ffl;g;“s“y 28.73 24.69 1859 5.91 21.69 ¢4 219 0.85b 8.98
Ll‘c';(};t_lrg%;‘;’try 3224 2415 21.99°¢ 3.66 22254 1627 0.79® 35.71
MaChzzeZég‘)ius“y 12.02° 21.12 1257° 1171 10.93° 43.76 0.00 0

DR: detection rates; APAP: average peak area percentage; > ¢ 4: Different superscript letters indicate p < 0.001
(Chi-square test).

The average peak area percentage of VOCs represents the volumetric fraction of VOCs.
According to Table 3, we can see that the volumetric fraction of toluene (14.96~24.69%) is rel-
atively high in each industry, while the volumetric fraction of benzene (0.1~1.32%) is lower
than other VOCs. The volumetric fractions of 1,2-dichloroethane (19.5%), trichloroethylene
(55.61%), and xylene (43.76%) in the mechanical industry are higher than in other industries.
In addition, the volumetric fraction of trichloroethylene (54.89%) in the chemical industry
is also higher than in other industries. The volumetric fraction of trichloromethane (35.71%)
in the light industry is higher than in other industries. This study detected the content
of VOCs in organic solvents used in industries, while most other literature detected the
content of VOCs in factory air. Although the samples are different, the detection levels also
have certain reference value. Xie et al. detected the types and levels of VOCs in the air from
the petrochemical industry in China. The results indicate that benzene and n-hexane are
characteristic VOCs of the petrochemical industry (mass content: 14.54% and 4.24%) [77].
Another piece of research from Jinan, China shows that, besides benzene (average mixing
ratio: 1.35 £ 1.32 ppbv) and n-hexane (0.92 £ 0.49 ppbv), there are also higher levels of
toluene (1.46 = 1.34 ppbv) and xylene (1.51 £ 1.57 ppbv) in the air from the petrochemical
industry [78]. Based on the results of this study and other related research, we suggest
that, in order to control the hazards of VOCs to human health, it is necessary for various
industries to reduce the usage of benzene, toluene, xylene, and ethylbenzene, and continue
to search for low-toxicity alternatives for these compounds.

3.4. The Health Risk of High-Risk Occupational Hazards
3.4.1. Detection of High-Risk Occupational Hazards in Air Samples

Table 4 shows the detection rate and mean concentration of high-risk VOCs in air
samples from different enterprises in 2023. Except for 1,2-dichloroethane in the chemi-
cal industry and 1,2-dichloroethane and trichloromethane in the machinery industry, all
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VOCs have been detected in all industries. According to Table 4, the DRs of benzene,

1,2-dichloroethane, and trichloromethane are relatively low, while the DRs of n-hexane,
toluene, and xylene are all around 50%. The detection rate of toluene in air samples from
the light industry is as high as 71.15%, and the detection rate of toluene in the organic
solvent samples from the light industry is also the highest (32.2%), indicating that the use
of toluene in light industry is relatively high. It is necessary to provide targeted protection
for workers in light industry to reduce the harm of toluene to them.

Table 4. High-risk VOCs in air samples from different industries in 2023.

ind Classificati Benzene 1,2-Dichloroethane n-Hexane Trichloroethylene
ndustry Classification
DR (%) Mean (mg/m® DR(%) Mean(mg/m3) DR(%) Mean(mg/m®) DR(%) Mean (mg/m?)
Electr?nm:cs5 ;g;lustry 10.59 0.18 7.84 0.13 40.23 2.82 7.59 105.89
Chemical industry 1154 0.12 0 _ 43.04 421 24.20 145.02
(n = 504)
Light industry 16.67 0.03 3.85 0.03 56.67 2.50 513 54.56
(n=372)
Machinery industry 16.67 0.03 0 - 50.00 10.73 16.67 175.68
(n =156)
Ind lassifi Toluene Ethylbenzene Xylene Trichloromethane
ndustry classification
DR (%) Mean (mg/m®) DR (%) Mean (mg/m?®) DR(%) Mean (mg/m3) DR (%) Mean (mg/m3)
g 8 5
Elec“g’;f;g;lumy 34.85 470 25.42 2.00 42.30 6.64 13.04 6.54
Chen&cilslgg‘”“y 53.62 24.52 43.55 3.27 60.00 13.66 5.88 0.20
Light industry 71.15 18.60 45.83 2.04 50.00 3.87 6.25 0.04
(n=372)
MaChize:rylggus”y 50.00 10.04 40.00 3.36 50.00 30.85 0 -

DR: detection rates.

In air samples, the mean concentration of trichloroethylene is significantly higher than
that of other VOCs, but its detection rate in organic solvent samples is not the highest. This
indicates that the volatility of trichloroethylene is relatively high in all industries, and it may
also be due to improper ventilation and exhaust protection measures in workshops using
trichloroethylene. In addition to trichloroethylene, the mean concentrations of n-hexane,
toluene, and xylene in some industries are also relatively high. A study of the petrochemical
industry in Map Ta Phut, Thailand, found that the highest annual ambient concentration
of xylene (57.9 ug/m?®) in the air is approximately 6 to 20 times higher than benzene’s
(9 ng/m?) and toluene’s (2.8 pg/m?) [79]. Compared to research in Thailand, the exposure
to VOCs in Shenzhen is significantly more severe. The research on the pharmaceutical
industry in the Yangtze River Delta in China [80], the manufacturing industries in Dalian,
Shenyang, and Kaifeng in China [81], and the paint production plants in Iran [82] all show
that benzene, xylene, and ethylbenzene are the most prominent VOCs. These types of
VOCs have a certain toxicity to the human body, especially neurotoxicity [75,83-85]. There-
fore, industries should enhance health monitoring of workers and, if workers have early
symptoms, immediate action should be taken to avoid further exacerbation of poisoning.

3.4.2. The Health Risk of High-Risk Occupational Hazards in Different Industries

Table 5 shows the health risks of high-risk volatile organic compounds in different
industries in 2023. For all industries, exposure to benzene, n-hexane, toluene, and ethylben-
zene poses no risk to human health (HQ < 1). Xylene poses a certain risk to the health of
workers in the Electronics and Light industries (3 < HQ < 10), while its harm in the other
two enterprises is several times greater (HQ > 10). The health hazards of trichloroethylene
for all industrial workers are significant (HQ > 10), indicating that Shenzhen industries
need to impose stricter restrictions on the use of trichloroethylene.
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Table 5. The HQ of high-risk VOCs in different industries in 2023.

Industry Classification Benzene n-Hexane Trichloroethylene Toluene Ethylbenzene Xylene
Electronics industry 0.51 0.09 >102 0.08 0.06 5.61
Chemical industry 0.34 0.14 >10? 0.41 0.10 >10°
Light industry 0.08 0.08 >102 0.31 0.06 3.27
Machinery industry 0.08 0.35 >102 0.17 0.10 >102

2: When the HQ value is much greater than 10, use >10 instead of the true value.

Previous studies have shown that xylene poses almost no health risk to humans in
petrochemical plants in Iran [86] and industrial zones in Chongqing [87] and Hefei [88],
China (HQ < 1). However, in other industries, the results of benzene, toluene, ethylbenzene,
and xylenes (BTEX) are completely different. In Iranian refineries, BTEX in the air poses a
health risk to humans (1 < HQ < 5) [89,90]. In printing factories in Beijing, the health risks
of benzene and xylene cannot also be ignored (1 < HQ < 5) [91]. However, compared with
other studies, the health risks of trichloroethylene and xylene in this study are still higher,
indicating that the usage of trichloroethylene and xylene in Shenzhen industry is relatively
high, and the prevention and control measures are not timely. At present, the permissible
concentration-time weighted average (PC-TWA) of xylene is 50 mg/m? in China, while
the PC-TWA of trichloroethylene is 30 mg/m?>. We can see that industries in Shenzhen all
follow the national limit for the use of xylene, but the usage of trichloroethylene is over
the limit. We suggest that factories should strengthen ventilation measures and reduce
the use of these two types of VOCs. For trichloroethylene, factories should reduce its
usage below the national limit, while the limit value of xylene should be appropriately
lowered, as the current limit value cannot effectively reduce the health hazards of xylene
for workers. Factories should regularly monitor the concentration of these in the air and
conduct timely physical examinations of workers to minimize the adverse health effects of
trichloroethylene and xylene.

4. Conclusions

This study detected 1335 organic solvent samples used by 414 different industry
enterprises in Bao’an District from 2018 to 2023. The result shows that, during the outbreak
of the pandemic, most industries reduced their use of organic solvents. However, after
the end of the pandemic, rapid expansion due to economic demands led to an increased
demand for organic solvents. At the same time, with a trend towards the homogenization
of organic solvent types in industrial production, this has reduced the associated risks
of mixed exposure. Among all detected VOCs, methanol has the highest detection rate.
However, among the eight high-risk VOCs, toluene, ethylbenzene, xylene, and n-hexane
have relatively high detection rates. Trichloroethylene and xylene pose high health risks to
workers (HQ > 1), and industries should strengthen monitoring of these two VOCs.

This study also has certain limitations, the most important one is that no biologi-
cal samples were collected from workers for detection, making it impossible to directly
determine the exposure effects of VOCs on workers. We only use HQ values to reflect
the potential hazards of VOCs to workers. The hazards of VOCs and their occupational
exposure risks should continue to be given attention to, with ongoing research efforts
aimed at gaining a deeper understanding.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/toxics12090634/s1, Table S1. Detection-related information for
high-risk VOCs; Table S2: Industry classification and sectors; Table S3: Enterprise and sample
situation of organic solvent detection in different industries from 2018 to 2023; Table S4: The top ten
VOCs with high detection rates in common organic solvent samples; Table S5: Detection of volatile
components in different categories of organic solvents from 2018-2023.
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Abstract: Electronic waste (e-waste) dismantling facilities are well-known bisphenol chemical (BP)
sources. In this study, non-targeted screening combined with targeted analysis of BPs in surface soil
from e-waste dismantling facilities and their surroundings revealed their presence, distribution, and
exposure risk. A total of 14 BPs were identified including bisphenol A (BPA) and its novel structural
analogs and halogenated BPs. The total concentrations of BPs ranged from 963 to 47,160 ng/g (median:
6970 ng/g) in e-waste soil, higher than those measured in surface soil from surrounding areas, i.e.,
10-7750 ng/g (median 197 ng/g). BPA, tetrabromobisphenol A (TBBPA), and bisphenol F (BPF) were
the dominant ones from the two areas. Concentrations of TBBPA and its debromination product from
the surrounding area significantly decreased with increasing distances from the e-waste dismantling
facilities. Estimation of daily intake via oral ingestion of soil suggests that current contamination
scenarios are unlikely to pose health risks for e-waste dismantling workers and adults and toddlers
living in the surrounding areas, with their intakes generally well below the tolerable daily intakes
proposed for several BPs. However, the BPA intakes of workers exceeded the more strict tolerable
daily intake for BPA established recently, which merits continuous environmental surveillance.

Keywords: bisphenol chemicals; e-waste dismantling facilities; surface soil; daily intake

1. Introduction

Bisphenol chemicals (BPs) refer generically to compounds that possess two phenol
groups in their structure [1]. Among the BPs documented for use in industrial applications,
bisphenol A (BPA) stands out as one of the most recognized compounds globally [2]. BPA is
widely used in the synthesis of epoxy resin and polycarbonate plastic as an organic synthetic
additive, as well as in plastic items including toys and drinking containers [3]. Increasing
demand for plastic materials has resulted in ubiquitous environmental distributions of
BPA [4]. Increasing evidence suggests that BPA could potentially have harmful effects on
humans, ranging from endocrine disruption and developmental toxicity to carcinogenicity,
obesity, and reproductive toxicity [5-7]. Therefore, the use of BPA is restricted in many
countries due to concerns about health and ecological risks from exposure [1,7].

The regulation of BPA has led to the use of an increasing number of alternatives. Over
200 bisphenol alternatives with structural similarities to BPA have been documented [8].
Due to structural similarities, some of those alternatives, such as bisphenol F (BPF) and
bisphenol S (BPS), have also been found to have endocrine-disrupting effects [9]. This
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sparked concerns regarding the possible environmental exposures and health risks of the
diverse range of these alternatives. In addition, halogenated BPs, such as tetrabromobisphe-
nol A (TBBPA), are also an important class of BPs and have raised concerns recently [10].
Although there have been studies focusing on the environmental presence and human
exposure to bisphenols other than BPA [1], due to the complexity of BPs, there might be a
large number of unknown BPs that have not yet been identified.

Electronic waste (e-waste) disassembly is a significant source of many additive-based
substances [11]. E-waste contains up to 30% plastic materials and epoxy resins (by weight),
which are the main uses of BPs [12]. The e-waste dismantling process might result in
the uncontrolled release of large quantities of these substances into the environment [13].
Previous studies have found high levels of BPA and its analog alternatives and halogenated
derivatives of BPA in various environmental matrices around e-waste dismantling ar-
eas [14-16]. However, no study has systematically screened BPs in e-waste dismantling
areas, and information remains limited other than BPA and TBBPA. In addition, as a signifi-
cant source, the influences of e-waste disassembly activities on the concentrations of BPs in
the surrounding environment have rarely been studied.

Recently, we have developed a non-targeted screening strategy D-ISF for the identifi-
cation of BPs based on dansyl chloride (DnsCl) derivatization and positive electrospray
ionization high-resolution mass spectrometry (HRMS) in-source fragmentation [17]. The
strategy largely enhanced the detection sensitivities and accuracy by introducing easily
ionizable functional groups to BPs and generating characteristic fragments. In light of
D-ISE this study aims to (1) screen BPs in surface soil samples collected from two typical
e-waste dismantling sites in South China in a non-targeted manner; (2) characterize the
concentrations and spatial distribution of all identified BPs in surface soil from e-waste
dismantling facilities and the surrounding areas; and (3) estimate the exposure risks of BPs
for occupation workers and residents living around the dismantling sites.

2. Materials and Methods
2.1. Sample Collection

Two typical large-scale e-waste dismantling parks in Qingyuan and Shantou, South
China, were selected, and a total of 24 surface soil samples were gathered from various
locations within the two industrial parks, including e-waste storage areas, dismantling
operation zones, internal roadways, etc. Surface soil samples from the surroundings
(including residential areas, commercial areas, schools, etc.) within a radius of 8 km of the
e-waste dismantling park of Shantou were also collected (n = 34). Detailed information
on sampling sites is listed in Table S1 and Figure S1 of Supplementary Materials. At
each sampling site, soil was collected using precleaned brushes and wrapped with clean
aluminum foil on consistently sunny days in 2021. Soil samples were sieved by passage
through a 125 pm stainless sieve (Hogentogler & Co., Inc., Columbia, MD, USA) to remove
some large stones and kept at —20 °C until analysis at the analytical laboratory.

2.2. Chemicals and Sample Preparation

All the standards and reagents in this study were purchased commercially, of which the
purity of the standards was above 95% and the reagents were of high-performance liquid
chromatography purity (details are provided in the Supplementary Materials). A previously
established method for deriving dansyl chloride was applied for sample preparation.
Approximately 50 mg of the soil sample was weighted and then spiked with 10 puL surrogate
standards and vortexed (L600, Hunan Xiangyi Laboratory Instrument Development Co.,
Ltd., Changsha, China). Then, 3 mL of acetonitrile (ACN) was added for extraction.
After sonication for 15 min (EFAA-DC24, ANPEL Laboratory Technologies Shanghai Inc.,
Shanghai, China), the extract was centrifuged at 2500 rpm for 5 min. After being repeated
twice, the combined extract was concentrated to about 100 uL. The concentrated extract
was then derivatized with DnsCl using the procedures described previously [17].
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2.3. Instrumental Analysis

The screening of derivatized BPs in pooled e-waste soil using the D-ISF strategy
was carried out on an ultra-performance liquid chromatography (UPLC)-HRMS device
(Vanquish Flex, Thermo Fisher Scientific, Pleasanton, CA, USA) equipped with an Orbitrap
Exploris 240 (Thermo Fisher Scientific, CA, USA). Detailed information was provided in
our previous study [17]. The determination of identified derivatized BPs was performed
on an Agilent 1290 Infinity LC coupled to a 6470 triple quadrupole MS equipped with
Jet Stream Technology Ion Source electrospray ionization (AJS-ESI) (Agilent Technologies,
Santa Clara, CA, USA). The conditions in the LC section, including column and mobile
phases as well as the gradients, were as the same as those in the UPLC-Orbitrap Exploris
240 MS [17]. Derivatized BPs were detected under positive AJS-ESI in the multiple reaction
monitoring (MRM) mode. The settings of the AJS-ESI source were as follows: the nozzle
and capillary voltage were 1500 and 3000 V, respectively, and the sheath gas flow rate and
temperature were 11 L/min and 250 °C, respectively.

2.4. Quality Assurance and Quality Control (QA/QC)

The performance of the DnSCl derivatization methods was evaluated with satisfactory
results. For example, the derivatization efficiencies of target BPs ranged from 91.8% to
99.8% in solvents [17]. In this study, BPA, BPE, BPS, bisphenol E (BPE), bisphenol B (BPB),
bisphenol G (BPG), and bisphenol Z (BPZ) were used as target chemicals for QA /QC. The
matrix effects of derivatized BPs in soil samples ranged from 65.4 £ 5.6% to 114 + 3.8%.
The method recoveries were measured by spiking 20 ng of each of the target BPs into
pooled soil samples collected from the university campus and processed in five replicates.
The recoveries of the spiked BPs ranged from 65.6 &= 3.1% to 85.6 & 3.6% after subtracting
the original concentrations measured in soil. Two blanks were processed along with every
ten soil samples. No target bisphenol compounds were detected in the procedural blanks.
The calibration curves for the derivatized bisphenol standards exhibited linear regression
coefficients > 0.99 with a range of 10 to 200 ng/mL. Additionally, the limits of detection
(LODs), defined as a response 3 times the standard deviation of the noise, and the limits of
quantification (LOQs), defined as a response 10 times the standard deviation, are provided
in Table S2.

2.5. Exposure Assessment

The estimated daily intake of BPs (EDI, ng/kg BW/day) via oral ingestion of soil was
calculated using the following equation [18]:

C x DIR x EF

EDI =
BW

where C (ng/g) is the concentration of BPs in the soil, DIR represents the ingestion rate
(g/day), EF indicates the exposure fraction (unitless, hours spent outdoors over a day), and
BW stands for body weight (kg). The values of these parameters used for the assessment of
e-waste dismantling workers and residents (adults and toddlers) living in the surrounding
area are summarized in Table S3.

The hazard quotient (HQ) approach was used to estimate the potential health risk of
exposure to BPs via oral ingestion:

B EDI
~ tolerable daily intakes

HQ

A value of 4 ug/kg bw/day for the tolerable daily intake (TDI) of BPA was used in the
study [19]. The TDI values for BPS, BPF, and TBBPA were 4.4, 3.5, and 1000 pg/kg bw/day,
respectively [20,21], while TDIs for other BPs are not available.
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2.6. Data Analysis

For BPs with a detection frequency exceeding 60%, if their measured values are below
the LOQs, a value of LOQ/ /2 will be assigned for statistical analysis. We used Spearman’s
correlation analysis (two-tailed) to determine the associations between the concentrations
of individual BPs and between the concentrations and the distances from the e-waste
dismantling facilities to the sampling sites (PASW Statistics 18.0, IBM Inc., Armonk, NY,
USA). Additionally, for the comparisons of concentrations of BPs between soil samples from
the dismantling area and the surrounding area, the Mann-Whitney U test was utilized.

3. Results and Discussion
3.1. Screening of Bisphenol Chemicals in E-Waste Soil

A total of 24 potential BP candidates were screened out of the pooled samples of e-
waste soil. After manually checking and confirming MS/MS spectra, 14 BPs were identified
(Table S2). Among these, BPA, BPE, BPF, BPB, BPG, BPS, BPZ, bisphenol TMC (BP-TMC),
3-monobromobisphenol A (monoBBPA), and TBBPA were confirmed and quantified using
reference standards. The other four BPs whose commercial standards are not available,
including monochlorobisphenol A (monoCIBPA), dibromobisphenol A (DiBBPA), tetram-
ethyl bisphenol A (TMBPA), and 3,3’,5-Tribromobisphenol A (TriBBPA), were identified
as follows: their measured MS spectrum matched with the theoretical isotopologue dis-
tributions and some characteristic fragments were observed in their MS/MS spectrum
(Figures S52-S5). The identified BPs were analyzed in individual samples using MRM mode
in LC-MS. A pseudo-MRM method was developed for the four BPs without standards and
they were semi-quantified using standards of other compounds (Table S4) [22].

3.2. Concentrations and Profiles of Bisphenol Chemicals in Surface Soil

The concentrations and detection frequencies (DFs) of BPs in soil samples from e-
waste dismantling facilities and the surrounding areas are shown in Table 1. A total of
nine BPs had DFs of 100% in e-waste samples, including BPA, BPE, BPB, TMBPA, TBBPA,
monoCIBPA, monoBBPA, DiBBPA, and TriBBPA, while only BPA and BPF were detected in
all samples from surrounding areas. The total concentrations of all identified BPs (referred
to as LBPs) ranged from 962 to 47,165 ng/g with a median of 6968 ng/g in e-waste soil.
These were significantly elevated compared to those detected in soil samples from the
surroundings, i.e., 10.3-7751 ng/g (median: 197 ng/g) (p < 0.001). The data suggest that BPs
are widely present in the e-waste dismantling environment and that e-waste dismantling
activities may be an important source of bisphenols.

BPA dominated over other BPs present in both e-waste soil and surrounding area
surface soil, accounting for 53 = 9.0% and 54 & 10.5% of BPs, respectively (Figure S6),
indicating that BPA remains the most widely used bisphenol in China. The concentrations
of BPA in e-waste soil ranged from 531 to 167,00 ng/g, with a median of 3350 ng/g, which
were significantly higher than those observed in surrounding area samples, i.e., a median of
43 ng/g (p < 0.001). Our BPA concentrations were also much higher compared to previous
studies which reported the concentrations in dust or soil from e-waste dismantling areas.
For example, the mean concentration was 4.59 ng/g in soil samples from Taizhou [16],
49 ng/g from Xian [23], and 140 ng/g from India [14]. However, our concentration
was comparable to those in indoor dust, also collected from South China (mean, 19,200
ng/g) [15]. This difference may be related to the type of waste handled by the e-waste
dismantling workshop. In comparison with studies conducted in non-electronic-waste
dismantling areas, the detection frequencies and concentrations in our studies were much
higher. For example, our concentrations in the surrounding area soil far exceed those in soil
samples collected from 21 provinces in China [24]. The notably high BPA concentrations in
e-waste soil might be attributed to the burning of BPA-containing computer-printed circuit
boards [25].
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Table 1. Concentrations and detection frequencies (DF, %) of bisphenol chemicals in surface soil
(ng/g) from e-waste dismantling facilities and surrounding areas in South China.

E-Waste Dismantling Facilities (n = 24) Surrounding Areas (n = 34)
BPs ] N p Value 3
DF Mean Median Range DF Mean  Median Range
BPA 100 4760 3350 532-16,740 100 460 84.1 7.20-4050 <0.001
BPF 100 1170 920 30.3-4580 100 26.4 12.3 2.17-238 <0.001
BPS 75 11.9 9.86 <0.062-25.0 9 0.75 <0.062 <0.062-14.3 —4
BP-TMC 79 0.83 0.59 <0.058-2.54 21 0.20 <0.058 <0.058-4.79 —
BPG 75 0.84 0.40 <0.0031-3.29 62 0.021 0.005 <0.0031-0.30 <0.001
BPE 67 194 425 <0.055-1060 21 0.99 <0.055 <0.055-13.7 —
BPB 100 89.8 11.9 1.05-655 59 1.08 0.17 <0.0045-12.0 —
BPZ 75 20.3 3.75 <0.064-83.4 65 0.66 0.21 <0.064-9.24 0.005
TMBPA ! 100 12.8 2.96 0.2-92.5 21 <0.0087 <0.0087  <0.0087-4.06 —
TBBPA 100 2250 1850 268-6390 82 420 55.9 <0.48-3850 <0.001
monoCIBPA 2 100 136 13.7 0.52-991 12 0.43 <0.48 <0.48-7.77 —
monoBBPA 100 2620 129 12.2-17,140 74 28.7 3.74 <0.48-320 <0.001
DiBBPA 2 100 181 6.85 1.11-1020 35 2.96 <0.48 <0.48-49.2 —
TriBBPA 2 100 65.6 8.21 0.71-387 38 4.61 <0.48 <0.48-80.4 —

1

semi-quantified using a reference standard of BPA; ? semi-quantified using a reference standard of TBBPA;
3

comparison between samples from the dismantling facilities and the surrounding area; 4 detection rate below
60% without statistical analysis.

Seven structural analogs of BPA were widely detected, including BPF, BPE, BPB, BPS,
BPZ, BP-TMC, and BPG. Among these, BPF was the dominant one with the highest concen-
trations (median, 920 ng/g and 12.3 ng/g for e-waste and surrounding area, respectively).
In contrast, BPS was only detected in 75% of e-waste samples and 9% of surrounding area
samples. The concentrations of BPS in e-waste soil (median, 9.86 ng/g) were much lower
than those in household dust collected from Guangzhou (median, 320 ng/g) [26]. The low
concentrations and detection rates of BPS in the e-waste dismantling areas were in line
with previous studies [15]. A biomonitoring study showed that people living near e-waste
recycling facilities contained significantly higher levels of BPF in their urine than those
living in rural areas, but there was no such trend for BPS [13]. The high concentration of
BPF in e-waste soil could be ascribed to the utilization of BPF as the primary alternative
to BPA for epoxy resin and plastic synthesis [1]. By contrast, BPS is used in a wider range
of consumer products, including paper and personal care products [27]. In addition to
BPF and BPS, BP-TMC, BPG, BPE, BPB, and BPZ were rarely detected in previous studies.
Their widespread detection suggests that they are also widely used in products related
to e-waste.

As a structurally similar substance to BPA, TMBPA is primarily used as an interme-
diate in synthesizing polycarbonate resin [28]. A series of studies have compared the
toxicity of BPA and TMBPA. TMBPA has been reported to be more potent than BPA in
inducing lipid deposition in HepG2 cells [29], and similar to BPA in inducing estrogenic
activity in human breast cancer cells [28]. However, to date, no study has investigated
the environmental occurrence of TMBPA. Our data showed that TMBPA was detected in
all e-waste samples with semi-quantitative concentrations of 0.2-92.5 ng/g and in 21%
of samples from surrounding areas (<0.0087—4.06 ng/g). The concentrations of TMBPA
exceeded those of the commonly used BPA alternatives, such as BPG and BPZ, suggesting
that this emerging BP merits continuous environmental surveillance.

E-waste dismantling facilities were one of the main emission sources of halogenated
BPs [30]. TBBPA and other four halogenated BPs (monoCIBPA, monoBBPA, DiBBPA,
TriBBPA) were 100% detected in e-waste soil. TBBPA and monoBBPA also had detection
rates higher than 80% from the surrounding area. The concentrations of TBBPA in e-waste
soil in our study (mean, 2250 ng/g) were comparable with those detected in e-waste
outdoor dust from Taizhou (mean, 1998 ng/g) [31]. Although the median concentrations
of TBBPA were higher than those of its debromination products, including monoBBPA,
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DiBBPA, and TriBBPA, they exhibited extremely high concentrations in some e-waste
samples. For example, the concentration of monoBBPA (17,100 ng/g) collected from a
sampling site in the dismantling operation area was approximately three times higher than
that of TBBPA (6390 ng/g). This may be due to the fact that debromination is likely to
occur during the disposal of e-waste by processes such as heating [10]. However, in the
surrounding area, the concentrations of TBBPA in surface soil were consistently higher
than those of monoBBPA.

3.3. Spatial Distribution of BPs around E-Waste Dismantling Area and Source Implications

Spatial distributions of BPs with detection frequencies higher than 60% were analyzed
to investigate the influences of e-waste dismantling activities on the BPs in the surrounding
environment. Samples from the surroundings were divided into two groups according to
the distances between the e-waste dismantling facilities: one was <3.5 km and the other
was >3.5 km. Except for BPF and BPG, all BPs showed lower concentrations at sampling
points with distances > 3.5 km (Figure 1a). However, only the results of monoBBPA were
significant. Further, correlations between the concentrations of individual BPs and the
distances were conducted. Concentrations of TBBPA and monoBBPA show significantly
negative correlations with the distances, and the Spearman coefficients (rs) were —0.363
(p = 0.035) and —0.384 (p = 0.025), respectively (Figure 1b). Although not significant, the
concentrations of BPA and BPZ also decreased as the distance between the sampling sites
and e-waste dismantling parks increased. Similar distribution trends with decreasing
concentrations and increasing distances have also been observed for halogenated flame
retardants in samples from the same e-waste recycling areas [32]. These findings further
illustrate the importance of e-waste dismantling activities for the emission of BPs to the
environment. Following emissions from e-waste dismantling, these BPs may enter the
atmosphere and be deposited in the surrounding area through dry and wet deposition of
atmospheric particulate matter. The absence of such trends for some bisphenols may be
attributed to the fact that they have more diversified sources in the surrounding areas, such
as consumer products.

[ J<3.5km > 3.5 km

4 3
- 1

*

34 |_|

Log,, Concentration (ng/g)

BPF BPA BPZ BPG monoBBPA TBBPA Total

Figure 1. Cont.
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Figure 1. (a) Concentrations of BPs in the surface soil from surrounding areas within and beyond the
distance of 3.5 km from the e-waste dismantling facilities; * indicates p < 0.05; (b) the relationship
between concentrations of TBBPA and monoBBPA in the surface soil from surrounding areas and the
distance from the e-waste dismantling facilities to the sampling sites.

To further explore the potential sources of BPs in the e-waste dismantling facilities
and the surrounding areas, correlations between individual chemicals in soil from two
regions were determined. There were significant positive correlations among all identified
BPs in e-waste soil except for BPZ, with the correlation coefficient ranging from 0.44 to
0.95 (Figure S7). These findings suggest common applications of a diverse array of BPs in
the materials of e-waste. The results of a recent study validate this speculation. The study
showed the simultaneous detection of high concentrations of nine BP analogs in e-waste
samples [33]. The absence of correlations for BPZ suggests that it has other unique sources
that merit further attention. There were also significant correlations between all chemicals
including BPZ in the surrounding area samples (Figure S8), suggesting they had similar
sources. As the previous results show, the emissions from e-waste dismantling facilities
might be the important ones.

3.4. Risk Assessment and Health Implications

The EDIs of BPs for e-waste dismantling workers and residents (adults and toddlers)
via oral ingestions of soil were estimated (Figure 2, Table S5). Occupational workers have
the highest exposure, far more than general toddlers and adults living in the surrounding
areas. Taking BPA as an example, the median EDI was 2.09 ng/kg bw/day for workers, and
it was almost 200 times the EDI of the adult residents (0.01 ng/kg bw/day) and 20 times the
EDI of toddler residents (0.14 ng/kg bw/day). BPA and TBBPA contributed the majority
of the total EDIs for the three populations. Notably, in the highest exposure scenarios,
monoBBPA surpassed BPA and TBBPA as the largest contributor to the total exposure of
workers, accounting for approximately 36.7% of total EDIs. However, currently, no studies
have indicated the toxicity of monoBBPA, which warrants attention for future research.

In both the average and highest exposure scenarios, the EDIs of BPA were far lower
than the temporary TDI (4 ug/kg-bw/day). The HQs of other BPs with available TDIs were
also thousands of times lower than one (Table 2). Therefore, no considerable health risks
are expected from the exposure to BPs via soil ingestion both for workers and residents.
However, the EFSA recently proposed a draft TDI for BPA of 0.2 ng/kg bw/day [34]. Even
in the lowest exposure scenarios, the EDI of workers (0.3 ng/kg bw/day) exceeded this
draft TDI. The median EDI of toddlers (0.13 ng/kg bw/day) was also close to the new TDI,
indicating potential health concerns.

40



Toxics 2024, 12, 379

[ ] Adults Toddlers
2.0 4 0.16 00000
= oo
1} - = B
< 1.5 = 0.12
g, g 0000003
2 2 =
=104 3 i
3 1.0 a 0.08
R >
- (=
a =
05 8 0.044
0.0 0.00 T ‘- T T T T
BPE  BPA BPTMC BPG  BPS  BPE  BPE  BPZ  TBEPAmonoBBPA BPF BPA BPG BPZ TBBPA monoBBPA
(a) (b)

Figure 2. Estimated daily intake (EDI; ng/kg bw/day) of BPs via oral ingestion for (a) e-waste
dismantling workers, and (b) toddlers and adults living in the surrounding areas.

Table 2. The hazard quotients of BPs via oral ingestion for e-waste dismantling workers and toddlers
and adults living in the surrounding areas.

E-Waste Dismantling Workers Adults Toddlers
Min Median Max Min Median Max Min Median Max
BPF 54x107° 16x10* 82x10* 83x10% 47x107 91x10°® 10x10°® 57x10° 11x10*
BPA 83x107° 52x10% 26x10% 24x107 28x10°° 14x10% 29x10°% 34x10° 1.6 x 1073
TBBPA 1.7x107 12x10% 40x10°% 22x10719 75x10° 51x107 27x10° 90x10% 62x10°
BPS 60x107° 74x107 3.6x10°°

The risk of exposure to BPs estimated in this study may be much lower than the
actual situation. Firstly, other exposure sources besides soil ingestion, such as inhalation,
dermal absorption, and diet, were found to contribute more to internal exposure to BPs [35].
Secondly, due to the lack of corresponding reference doses for most BPs identified in this
study, neglecting their contribution to risk may result in underestimation. Furthermore,
the mixed toxic effects of exposure to multiple BPs may differ significantly from those of
individual BPs. For example, BPA exposure along with seven other estrogenic chemicals
exhibited significant estrogenic activity while each chemical was at a concentration below
its effect threshold [36]. Therefore, future research should be more focused on improving
the accuracy of risk evaluations and the continued regulation of occupational exposure
to BPs.

4. Conclusions

In the present study, we performed suspect screening of BPs in e-waste soil, and a
total of 14 BPs were identified. Our results demonstrated broad occurrences of BPs in
surface soil from the e-waste dismantling facilities and the surrounding areas, suggesting
their wide applications. Among all identified BPs, BPA was still the dominant one. The
concentrations of TBBPA were also among the highest, and its debromination product,
monoBBPA, exhibited extremely high concentrations in some e-waste samples. An emerg-
ing alternative of BPA, TMBPA, was identified and showed wide distribution. The spatial
distributions of BPs showed that the e-waste dismantling facilities were important sources
to the surrounding areas, especially for TBBPA and monoBBPA. The estimation of daily
intake via oral ingestion suggests that current contamination scenarios are unlikely to
produce considerable exposure risks for e-waste dismantlers and residents. However, the
health risk of dismantling workers should not be overlooked given the additional exposure
routes and possible mixed exposure effects from co-existing BPs.
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Abstract: Effluent discharged from urban wastewater treatment plants (WWTPs) is a major source
of emerging contaminants (ECs) requiring effective regulation. To this end, we collected discharge
datasets of pharmaceuticals (PHACs) and endocrine-disrupting chemicals (EDCs), representing two
primary categories of ECs, from Chinese WWTP effluent from 2012 to 2022 to establish an exposure
database. Moreover, high-risk ECs” long-term water quality criteria (LWQC) were derived using
the species sensitivity distribution (SSD) method. A total of 140 ECs (124 PHACs and 16 EDCs)
were identified, with concentrations ranging from N.D. (not detected) to 706 pg/L. Most data were
concentrated in coastal regions and Gansu, with high ecological risk observed in Gansu, Hebei,
Shandong, Guangdong, and Hong Kong. Using the assessment factor (AF) method, 18 high-risk ECs
requiring regulation were identified. However, only three of them, namely carbamazepine, ibuprofen,
and bisphenol-A, met the derivation requirements of the SSD method. The LWQC for these three
ECs were determined as 96.4, 1010, and 288 ng/L, respectively. Exposure data for carbamazepine
and bisphenol-A surpassed their derived LWQC, indicating a need for heightened attention to these
contaminants. This study elucidates the occurrence and risks of ECs in Chinese WWTPs and provides
theoretical and data foundations for EC management in urban sewage facilities.

Keywords: China’s WWTPs; emerging contaminants; risk; SSD; water quality criteria

1. Introduction

Emerging contaminants (ECs) encompass newly discovered or recognized pollutants
that pose risks to ecological environments and human health yet lack effective regulatory
measures [1]. They mainly consist of PHACs, EDCs, persistent organic pollutants, and
microplastics [2,3], among others. Advances in science and monitoring technology have
led to increased detection of ECs in aquatic ecosystems such as rivers, lakes, and groundwa-
ter [4]. Due to the limited treatment performance of traditional water treatment processes,
urban sewage still contains high concentrations of ECs even after treatment, making urban
wastewater discharge a significant source of ECs [5-8]. Continuous discharge of ECs may
accumulate in aquatic environments, endangering ecosystems [8]. Moreover, utilizing
treated wastewater for landscaping [9], agricultural irrigation [10], and industrial reuse [11]
may expose humans to ECs, thereby posing potential health risks [12,13]. Consequently,
controlling EC discharge from WWTP effluent is crucial for aquatic ecosystems and human
health. While governments prioritize identifying and regulating high-risk ECs [4], specific
regulatory guidance is lacking. Variation in EC detection, discharge, risk, and regional
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characteristics necessitates determining which ECs to regulate and to what extent in WWTP
effluent discharge.

Despite numerous reports on EC occurrence and risks in WWTP effluent, most focus
on limited ECs in small-scale areas, leaving nationwide or larger-scale data gaps. Deep
mining of nationwide data is crucial for identifying high-risk areas and EC species, in-
forming regulation in WWTP effluent discharge. Water quality criteria (WQC) guide water
quality assessment and pollution prevention. Generally, WQC derivation methods include
statistical extrapolation [14], the AF method [15], and the biotic ligand model method [16].
The AF method, while simple, is subjective, leading to conservative outcomes, primarily
used for risk assessment. The biotic ligand model’s incomplete theory hampers accurate
baseline value derivation. In contrast, the statistical extrapolation method, with its rigorous
logic and ample data, yields more objective and accurate WQC. Specifically, the statistical
extrapolation method can be subdivided into species sensitivity distribution (SSD) and
toxicity percentile rank (TPR) methods [14]. The SSD method, based on species sensitivity
distribution theory, establishes a probability distribution model based on dose-response
relationships, representing the sensitivity differences among different species and deduc-
ing the hazardous concentration for a given percentage of species, thereby protecting the
ecosystem [14]. The TPR method, recommended by the US Environmental Protection
Agency (US EPA) [17], considers water quality characteristics and the bioaccumulation
effect of organisms but only utilizes the mean toxicity values of the four most sensitive
genera. When deriving the WQC for pollutants unrelated to water quality characteristics
and bioaccumulation effects, the SSD method is more capable of reflecting the overall
ecological toxicity of chemicals, especially when considering the differences in species
sensitivity. Therefore, WQC derived based on the SSD method hold promise in providing
effective solutions for establishing discharge limits for high-risk ECs in WWTP effluent.

In this study, PHACs and EDCs were chosen as the focus, aiming to identify EC
species, concentrations, risks, and high-risk areas in WWTP effluent across China, using
nationwide data. High-risk ECs needing specific attention are selected, with SSD employed
to calculate discharge limits. The objectives of this study include the following: (1) analyze
PHACs and EDCs reported from Chinese WWTP effluent (2012-2022) to identify ECs
needing attention; (2) screen high-risk ECs using the AF method; and (3) derive WQC for
ECs in WWTP effluent using the SSD method.

2. Methodology
2.1. Methods of Data Collection

A comprehensive search was conducted utilizing the ISI Web of Science (https://
webofscience.clarivate.cn, accessed on 30 December 2022) and China National Knowledge
Infrastructure (CNKI) (https:/ /kns.cnki.net/, accessed on 30 December 2022) to collect the
relevant literature between 2012 and 2022 concerning PHACs and EDCs in WWTP effluent.
The collected data focused solely on urban domestic wastewater, excluding pharmaceutical
and industrial WWTPs, among others. This approach aimed to create provincial-level
discharge maps specifically for PHACs and EDCs. Publications lacking clear location
information were excluded from the analysis. Additionally, data from different wastewater
treatment plants within the same study and data from the same wastewater treatment plant
across different seasons were documented separately.

Furthermore, toxicological data on PHACs and EDCs were sourced from the ECOTOX
database (https:/ /cfpub.epa.gov/ecotox/) of the US EPA, accessed on 15 June 2023.

2.2. Risk Assessment Methods

To assess the ecological risk of a specific pollutant to aquatic organisms, the risk
quotient (RQ) is computed by dividing the reported measured environmental concentration
(MEC) by the predicted no-effect concentration (PNEC) [18]. PNEC is derived by dividing
the most sensitive biological toxicity value by an AF. The selection criteria for assessment
factors in the AF method are outlined in Table S4, while the PNEC values for PHACs and
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EDC:s are provided in Tables S5 and S6. To accurately evaluate the exposure risk of regional
ECs, values such as “N.D.” (not detected), “<LOD” (below the limit of detection), and
“<LOQ” (below the limit of quantitation) are considered as zero in the calculation. The risk
exceeding rate (RER) is then calculated by determining the ratio of the number of RQs with
values greater than 0.1 to the total number of RQs.

2.3. Water Quality Criteria Derivation Method

The derivation of WQC using the SSD method was conducted according to the proce-
dures outlined in the Technical Guidelines for Deriving Water Quality Criteria for Fresh-
water Organisms published by the Ministry of Ecology and Environment of the People’s
Republic of China [19]. Initially, the SSD method was applied following the minimum
data requirements specified in the freshwater biological water quality criteria derivation
method. These requirements include covering at least three different trophic levels, includ-
ing producers, and encompassing at least 10 species representing diverse biological groups.
These groups include one species each of cyprinid fish, non-cyprinid fish, zooplankton,
benthic invertebrates (e.g., mollusks, benthic crustaceans), amphibians, or other aquatic
organisms belonging to different phyla from the aforementioned animals, and one species
of phytoplankton or aquatic vascular plant.

For acute toxicity data, animals require exposure times of approximately 24 h for
rotifers, 48 h for daphnids and midges, and 96 h for other species, while plants need an
exposure time of approximately 96 h. For chronic toxicity data, animals need exposure
durations of 48 h or longer for nematodes, 21 days or longer for other species, or exposure
encompassing a sensitive life stage. Plants require exposure durations of 21 days or longer,
or spanning at least one generation. Subsequently, the acute value for the same effect (AVE)
and chronic value for the same effect (CVE) for all species of a certain EC were calculated
following the Technical Guidelines for Deriving Water Quality Criteria for Freshwater
Organisms [19].

The obtained AVE and CVE values were fitted using the National Ecological Environ-
ment Criteria Calculation Software [20], and four models (normal distribution, log-normal
distribution, logistic distribution, and log-logistic distribution) were fitted to obtain the
hazardous concentration for 5% of species derived from the toxicity data (HCs), root mean
square error (RSME), and P(A-D) value. P(A-D) represents the Anderson—Darling test
value, where a p-value > 0.05 indicates that the fit passes the A-D test and the model
conforms to the theoretical distribution; RSME represents the root mean square error, with
a smaller RSME indicating a higher accuracy of model fitting. The model fitting result
(HCs) with p > 0.05 and the smallest RSME was selected to derive the WQC.

Short-term water quality criteria (SWQC) for aquatic organisms were calculated by
dividing the hazardous concentration for 5% of species derived from the acute toxicity
data (SHCs5) by the short-term assessment factor (SAF). Long-term water quality criteria
(LWQC) were derived by dividing the hazardous concentration for 5% of species derived
from chronic toxicity data (LHCs) by the long-term assessment factor (LAF). The value
of SAF or LAF was determined based on the number of data used for deriving the WQC.
When the number of species included in the effective toxicity data exceeds 15, SAF or LAF
is set to 2; when the number of species included in the effective toxicity data is less than or
equal to 15, SAF or LAF is generally set to 3 [19].

3. Exposure and Risk of ECs
3.1. Exposure

A comprehensive dataset comprising 1178 data points related to 140 ECs was extracted
from 43 available studies. Of these, 1116 data points were associated with 124 different
PHACS, accounting for 94.74% of the total, and were sourced from 29 reports (Table S1).
Additionally, 62 data points were related to EDCs, covering 16 EDCs, making up 5.26% of
the total, and were obtained from 14 reports (Table S2). Notably, no studies reported both
PHACSs and EDCs simultaneously. Detailed information on both PHACs and EDCs can be
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found in Table S3. The geographical coverage of these data spanned 18 provinces in China,
with significant concentrations observed in the Bohai Sea Rim region, the Yangtze River
Delta, and the Pearl River Delta basins (Figure S1). Among the provinces, Beijing, Jiangsu,
Shanghai, Fujian, Guangdong, and Hong Kong reported both PHACs and EDCs, while oth-
ers reported only one type of EC. Moreover, EDC-related data points were relatively scarce
in these provinces, accounting for only 1.75% to 27.59% of the total. The concentrations of
the 140 ECs in WWTP effluent ranged widely, from 0 ng/L to 706 ug/L. Specifically, the
mean concentrations of pharmaceuticals varied from 0 ng/L to 5.09 ug/L, while those of
EDCs ranged from 0.84 ng/L to 2.45 pg/L.

In terms of individual ECs, sulfamethoxazole exhibited the highest detection number
with 46 data points and a mean detected concentration of 219 ng/L (Figure 1a). Notably, a
recent study by Guo et al. highlighted sulfamethoxazole as the most frequently detected
EC in Chinese surface water, with a detection concentration of 45 ng/L [4]. Moreover,
sulfamethoxazole has been detected in WWTP effluent in Germany (22.9~34.9 ng/L) [21],
the United States (1640 ng/L) [22], and other countries. In addition to sulfamethoxa-
zole, ofloxacin, erythromycin, and salicylic acid also exhibited a high detection number
(exceeded the overall detection frequency, 10.8), with 45, 38, and 12 data points, respec-
tively. Their mean detected concentrations of 1151 ng/L, 1415 ng/L, and 2819 ng/L,
respectively, exceeded the mean detected concentration (934 ng/L) of all ECs. Further-
more, their mean detected concentrations generally exceeded those found in Chinese
surface water [18] by tenfold, as well as being higher than those in WWTP effluent in
India (ofloxacin: 0~212 ng/L; erythromycin: 1~12 ng/L) [23] and the United States (ery-
thromycin: 230 ng/L [24]; salicylic acid: 630 ng/L [25]).
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Figure 1. (a) Number of detections and mean concentration of individual ECs in the exposure
database. Distribution of ECs (b), PHACs (c), and EDCs (d) by province recorded in the exposure.

The distribution of EC exposure, in terms of composition and concentration, varied
significantly among different provinces” WWTP effluent (Figure 1b). Coastal provinces,
except for Zhejiang, exhibited a relatively high number of EC exposure, with Guangdong
Province having the highest number of exposed ECs at 66, followed by Fujian with 53 ECs,
while Heilongjiang reported only one PHAC, caffeine. This variation could be attributed
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to the extensive production and consumption of chemicals in economically advanced re-
gions, alongside heightened scientific research driven by their developed economies [4].
Regarding EC concentration, Gansu, the Bohai Sea region, and the Pearl River Delta region
were identified as the most severely polluted areas. The mean EC concentrations in Gansu,
Hebei, Shandong, and Guangdong were 1116 ng/L, 816 ng/L, 519 ng/L, and 354 ng/L,
respectively, all exceeding the mean concentration of all ECs (258 ng/L). The high concen-
tration of ECs in Gansu was primarily due to the high concentrations of ofloxacin (mean
concentration of 9240 ng/L) and sulfapyridine (mean concentration of 1150 ng/L) among
PHACs, making Gansu the province with the most severe PHAC pollution (Figure 1c).
Hebei and Shandong ranked second and third in terms of PHAC pollution, with mean
PHAC concentrations of 862 ng/L and 586 ng/L, respectively. The PHACs in Hebei
were mainly attributed to sulfonamide (mean concentration: sulfadimethoxypyrimidine,
552.5 ng/L; sulfamethoxazole, 777.5 ng/L; sulfapyridine, 442.5 ng/L; sulfadimethoxine,
745 ng/L; sulfamerazine, 1200 ng/L; sulfathiazole, 797.5 ng/L) and beta-lactam antibiotics
(mean concentration: cefazolin, 797.5 ng/L; procaine hydrochloride, 1010 ng/L; cefo-
taxime, 672.5 ng/L; ceftriaxone, 1867.5 ng/L; cefaclor, 890 ng/L), while in Shandong, in
addition to sulfonamide (mean concentration: sulfadimethoxypyrimidine, 3967.76 ng/L;
sulfamethoxypyridazine, 5086.95 ng/L; sulfamethoxazole, 267.07 ng/L) and quinolone
antibiotics (mean concentration: ciprofloxacin, 390.05; enoxacin, 3264.5 ng/L; sarafloxacin,
1597.2 ng/L; oxilinic acid, 622.75 ng/L), there were also non-antibiotic PHACs such as
diclofenac (mean concentration of 568 ng/L), ibuprofen (mean concentration of 525 ng/L),
and carbamazepine (mean concentration of 1117 ng/L). Research on EDCs was relatively
scarce, mainly concentrated in the Yangtze River Delta and the Pearl River Delta regions
(Figure 1d). Hong Kong had the most severe EDC pollution, with a mean concentration
of 1043 ng/L, mainly composed of nonylphenol (mean concentration of 1546 ng/L) and
bisphenol A (mean concentration of 540 ng/L), followed by Guangdong Province, where
major EDC species included nonylphenol (mean concentration of 2512 ng/L) and bisphe-
nol A (mean concentration of 485 ng/L), as well as octylphenol (mean concentration of
2454 ng/L).

3.2. Risk

Due to the limited availability of toxicity data for ECs, RQs were calculated for only
79 PHACs and 13 EDCs. As shown in Figure 2a, there was a significant difference in
the overall risk between PHACs and EDCs, with median RQ values of 0.11 and 67.9,
respectively, both exceeding 0.1, indicating unacceptable ecological risks. Specifically, a
total of 479 data points of PHACs had risk values exceeding 0.1, accounting for 50.8% of
the total data points for PHACs with calculable risks (Figure S2a). For EDCs, only five data
points had RQ values < 0.1, while the remaining 54 data points had RQ values exceeding 0.1,
accounting for 91.5% of the total data points for EDCs with calculable risks (Figure S2b).
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Figure 2. (a) Distribution of risk of PHACs and EDCs. (b) Distribution of risk by province, which
was evaluated by median RQ.
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Regarding the risk for individual provinces, except for Liaoning, Shandong, Guizhou,
and Hunan, the median risk values for the other provinces were all higher than 0.1, in-
dicating unacceptable risks. Nonetheless, the aforementioned four provinces still had
28.6%, 35.7%, 45.0%, and 38.7% of data points with an RQ > 0.1, signifying unacceptable
risks (Figure 2b). Shandong Province reported an RQ for carbamazepine and ibuprofen of
1117.33 and 525.33, respectively, exceeding the critical value for unacceptable risks by more
than three orders of magnitude, warranting special attention. Heilongjiang had the highest
median RQ value, mainly due to the small data size (only two data points of caffeine). The
median RQ of Zhejiang and Guangxi was also higher than 1, ranking among the highest
in the country. This was attributed to the fact that only concentrations of EDCs were
reported in these two regions, and since the PNEC for EDCs is generally low, this resulted
in significantly higher median RQ values compared to other provinces. Furthermore, we
also calculated RQ values for all data points of ECs (Figure S2). For PHACs, the median
RQ values of 19 PHACs including sulfamethoxypyridazine, trimethoprim, ofloxacin, ery-
thromycin, roxithromycin, spiramycin, tetracycline, ibuprofen, gemfibrozil, carbamazepine,
bezafibrate, metoprolol, ketoprofen, caffeine, venlafaxine, fluoxetine, diazepam, oxazepam,
and acetaminophen were all greater than 1, indicating high risk levels. For EDCs, except for
chloroform and diethylstilbestrol, all other ECs had median RQ values exceeding 1, placing
them in the high-risk category. These ECs pose a serious threat to aquatic organisms upon
discharge after wastewater treatment and require close attention.

The identified high-risk ECs also exhibit a significant trend of risk exceeding rate
(RER > 50%) and are detected frequently (exceeding the mean detection number). As illus-
trated in Figure 3, a total of 16 high-risk ECs were identified, comprising 14 PHACs and
2 EDCs. Among the PHACs are ofloxacin, norfloxacin, sulfamethoxazole, erythromycin,
carbamazepine, roxithromycin, diclofenac, ciprofloxacin, caffeine, ibuprofen, metoprolol,
bezafibrate, salicylic acid, and naproxen, while the EDCs include estrone and bisphenol
A. The high ecological risks of these ECs have also been extensively documented in other
studies (e.g., ofloxacin [26-29], norfloxacin [26,28,30,31], sulfamethoxazole [32-34], ery-
thromycin [35-37], carbamazepine [32,38-41], roxithromycin [42-45], diclofenac [46-48],
ciprofloxacin [49,50], caffeine [51-54], ibuprofen [38,55-57], metoprolol [58,59], bezafi-
brate [60,61], salicylic acid [62], naproxen [63-65], estrone [66—69], and bisphenol-A [70-75]).
Moreover, these contaminants have been widely documented in surface waters across
China [4,76]. Nevertheless, the current discharge standards of WWTPs in China fail to
address these ECs, resulting in a lack of effective regulation over ECs with significant
ecological risks.
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Figure 3. Risk exceeding rate (RER) and number of detections of ECs based on risk.
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4. The Derivation Water Quality Criteria of ECs

Taking into account the detection frequency, mean detection concentration, high-risk
exceedance rate, and the presence of locally severe ECs in WWTP effluent in China, a total
of 18 ECs including ofloxacin, norfloxacin, sulfamethoxazole, sulfapyridine, erythromycin,
carbamazepine, roxithromycin, diclofenac, ciprofloxacin, caffeine, ibuprofen, metoprolol,
bezafibrate, salicylic acid, bisphenol-A, estrone, nonylphenol, and octylphenol were se-
lected for deriving WQC using the SSD method. However, only carbamazepine, ibuprofen,
and bisphenol-A met the data requirements for SSD derivation. The toxicity data for
these three ECs were processed according to the SSD method’s requirements for deriving
short-term and long-term water quality standards for freshwater organisms. The processed
toxicity data are detailed in Tables S7-512.

The toxicity data were inputted into the National Ecological Environment Standard
Calculation Software and fitted using four models: normal distribution, log-normal distri-
bution, logistic, and log-logistic. The resulting HCs, RSME, and P(A-D) values are shown
in Table S13. As shown in Figure 4, the logistic model demonstrated excellent fits for the
acute toxicity data of carbamazepine and ibuprofen, as well as the chronic toxicity data
of ibuprofen. The log-logistic model exhibited excellent fits for the acute toxicity data of
bisphenol A, the chronic toxicity data of carbamazepine, and the chronic toxicity data of
bisphenol A. Further calculations revealed that the SWQC for carbamazepine, ibuprofen,
and bisphenol A were 3.40 mg/L, 1.86 mg/L, and 0.89 mg/L (Table 1), respectively, which
are higher than the actual concentrations of these ECs in water bodies by two to three
orders of magnitude, indicating limited guidance for controlling the discharge of ECs in
wastewater. However, the LWQC for carbamazepine, ibuprofen, and bisphenol A were
96.4ng/L, 1010 ng/L, and 288 ng/L (Table 1), respectively, which are comparable to the
detected concentrations of these ECs in water bodies. These LWQC can effectively reflect
the exceedance of ECs in WWTP effluent. Additionally, the LWQC for carbamazepine [77]
and ibuprofen [78] are consistent with those calculated by other researchers, while the
LWQC for bisphenol-A [79,80] are one order of magnitude lower, which may be attributed
to differences in the methodological approach employed.

The feasibility of the LWQC was further validated by integrating the reported data.
As depicted in Figure 5, only the reported concentration of ibuprofen did not exceed its
LWQC. However, for carbamazepine and ibuprofen, 14.3% and 45.5% of the reported data
points, respectively, exceeded the corresponding LWQC. Therefore, this study concludes
that the derived LWQC based on the SSD method can provide valuable reference data for
controlling the discharge of ECs from WWTPs in China.
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Figure 4. SSDs based on acute (a) and chronic (b) toxicity data for carbamazepine, ibuprofen, and
bisphenol-A.
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Table 1. Water quality criteria calculation results.

Acute Chronic
Chemicals SHC;5 SWQC LHCs LWQC
Model (mg/L) SAF (mg/L) Model (ng/L) LAF (ng/L)
. Logistic Log-normal
Carbamazepine distribution 10.19 3 3.40 distribution 192.8 2 96.4
Logistic Logistic
Ibuprofen distribution 5.59 3 1.86 distribution 3039.9 3 1010
. Log-logistic Normal
Bisphenol-A distribution 2.66 3 0.89 distribution 575.3 2 288
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Figure 5. Logarithmic distribution of carbamazepine (a), ibuprofen (b), and bisphenol-A (c) detec-

tion data.

5. Future Prospects

Exposure data analysis indicates that the volume of data reported by WWTP efflu-
ent accounts for less than one-tenth of that reported for surface water [4]. Among the
34 provincial-level administrative regions in China, only 18 provinces reported the oc-
currence of ECs in WWTP effluent, with some provinces having very limited data. The
reported data mainly focus on PHACs, while reports on EDCs are relatively scarce. The
insufficient data significantly impair the accuracy of drawing a comprehensive and precise
nationwide map of ECs in WWTP effluent, making it challenging to comprehensively and
accurately understand the occurrence of ECs in WWTP effluent and the corresponding
risks. Furthermore, the lack of toxicity data for some ECs prevents the calculation of their
risk values, further exacerbating the limited understanding of EC risk levels in WWTP
effluent. Therefore, future efforts should focus on generating more data to create a more
objective and comprehensive fine-scale map of the occurrence and risk of ECs in WWTP
effluent nationwide.

Regarding toxicity data, among the 18 high-risk ECs identified in this study, only
three meet the basic requirements for deriving WQC using the SSD method, thus making it
impossible to derive scientific and objective WQC for other high-risk ECs. In fact, we further
screened the toxicity data of all PHACs with unacceptable risks based on the requirements
of the SSD method. It was found that even for some PHACs with higher risk exceedance
rates and detection frequencies, such as sulfamethoxazole, tetracycline, and erythromycin,
although the toxicity data are adequate, WQC cannot be derived based on the SSD method.
Therefore, it is necessary to derive WQC for more ECs based on more comprehensive and
complete toxicity data to scientifically, accurately, objectively, and effectively control the
discharge risks of ECs in WWTP effluent in the future.
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6. Conclusions

In summary, we comprehensively investigated the occurrence and risks of PHACs
and EDCs in WWTP effluent in China based on exposure data spanning from 2012 to 2022.
Monitoring a total of 140 emerging contaminants (ECs), including 124 PHACs and 16 EDCs,
revealed concentrations ranging from 0 to 706 pug/L. PHACs dominated the dataset, consti-
tuting 94.02% of the total. Through analyses encompassing overall exposure concentrations,
regional risk assessment, risk exceedance rates, and detection frequencies, 18 ECs emerged
as requiring close attention. These ECs were ofloxacin, norfloxacin, sulfamethoxazole,
sulfapyridine, erythromycin, carbamazepine, roxithromycin, diclofenac, ciprofloxacin, caf-
feine, ibuprofen, metoprolol, bezafibrate, salicylic acid, bisphenol-A, estrone, nonylphenol,
and octylphenol. Utilizing the SSD method, WQC were derived for three ECs meeting
the derivation requirements: carbamazepine, ibuprofen, and bisphenol A, with respective
LWQC of 96.4 ng/L, 1010 ng/L, and 288 ng/L. Except for ibuprofen, exposure data for
carbamazepine and bisphenol A surpassed their LWQC to varying extents, underscoring
the significance of these standards in regulating EC discharge in WWTP effluent. This
study identifies major high-risk ECs and establishes LWQC based on nationwide data,
offering a viable strategy for managing ECs discharge in WWTP effluent.
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the effluent of WWTPs in China [81-109]; Table S2. Concentration levels of EDCs in the effluent of
WWTPs in China [110-123]; Table S3. Database of emerging contaminants detected in the effluent
of WWTPs in China; Table S4. The selection criteria for AF in the derivation of PNEC; Table S5.
PNEC of PHACs [124-181]; Table S6. PNEC of EDCs [174,182-193]; Table S7. Chronic toxicity
data of carbamazepine on freshwater organisms [124,167,194-204]; Table S8. Acute toxicity data of
carbamazepine on freshwater organisms [176,195,201,202,205-211]; Table S9. Chronic toxicity data of
ibuprofen on freshwater organisms [167,168,212-217]; Table S10. Acute toxicity data of ibuprofen on
freshwater organisms [155,176,209,211,214,217-219]; Table S11. Chronic toxicity data of bisphenol
on freshwater organisms [191,220-236]; Table S12. Acute toxicity data of bisphenol on freshwater
organisms [228,232,234,236-244]; Table S13. SSD fitting results of carbamazepine, ibuprofen, and
bisphenol-A; Figure S1. Overview of the exposure database, including the ratio of number of detection
ECs and the number of EC data by province; Figure S2. Boxplots for the calculated RQs for PHACs
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Abstract: Dimethylcyclosiloxanes (DMCs) are utilized as vital monomers in the synthesis of organosil-
icon compounds, integral to the manufacture of mobile smart terminal devices. Toxicological studies
have revealed potential endocrine-disrupting activity, reproductive toxicity, neurotoxicity, and other
toxicities of the DMCs. This study investigated the concentrations and composition profiles of seven
DMCs, including hexamethylcyclotrisiloxane (D3), octamethylcyclotetrasiloxane (D4), decamethylcy-
clopentasiloxane (D5), dodecamethylcyclohexasiloxane (D6), and tetradecamethylcycloheptasilox-
ane (D7), hexadecamethylcyclooctasiloxane (D8), and octadecamethylcyclononasiloxane (D9) in
three types of mobile smart terminal device components (silicone rubber, adhesive, and plastics).
Environmental emissions of DMCs from silicone rubber materials were also estimated to improve the
recognition of their potential fate within the environment. D5-D9 were widely present in silicone
rubber and adhesives with detection rates ranging from 91-95.5% and 50-100%, respectively, while
D3 and D4 were more frequently detected in plastics, both showing a detection rate of 61.1%. Silicone
rubber had the highest total DMCs (3 _/7DMCs) and a concentration of 802.2 mg/kg, which were
dominated by D7, D8, and D9. DMCs detected in adhesives were dominated by D4, D5, and D6. The
estimated emission of ) DMCs released into the environment in China from silicone rubber used
in mobile smart terminal devices exceeds 5000 tons per year. Further studies are needed on the
presence of DMCs in various commodities and environmental media to assess their ecological and
human health impacts, as well as the toxicological effects of D7-D9 for the appropriate regulation of
these chemicals.

Keywords: dimethylcyclosiloxanes; mobile smart terminal devices; environmental emission;
silicone polymers

1. Introduction

Dimethylcyclosiloxanes (DMCs) are a class of cyclic compounds with siloxanes as
the main chain, characterized by low water solubility, high lipophilicity, and elevated
vapor pressure [1,2]. Due to their thermal stability, lubricating properties, and diminished
surface tension [3], these compounds play a pivotal role as fundamental raw materials and
intermediates to synthesize silicone polymers. Notable derivatives include silicone oils,
silicone resins, and silicone rubbers, contributing indispensably to a range of products,
encompassing personal care products (PCPs), cosmetics, textiles, automobiles, construc-
tion, consumer electronics, baby products, and food [4-9]. According to the statistics
released by the United States Environmental Protection Agency (EPA) in 2022, the to-
tal octamethylcyclotetrasiloxane (D4) production ranged from 750 million to 1 billion
pounds during the year 2015. Based on a database from the European Chemicals Agency
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(ECHA), D4, decamethylcyclopentasiloxane (D5), and dodecamethylcyclohexasiloxane
(D6) are annually produced and imported into the European Economic Area in volumes
of up to 1 million tons, 100,000 tons, and 10,000 tons, respectively, defined by EPA as
high-production volume chemicals.

During industrial production, packaging, and product utilization, the release of DMCs
into the environment is an inevitable consequence, facilitated by processes of volatilization
and sewage discharge. Consequently, DMCs are widely present in various environmen-
tal components, such as air [2,10], waters [11,12], soil [13], sediments [14], and house
dust [15,16], as well as organisms [17,18].

Organisms are exposed to DMCs primarily via inhalation, ingestion, or epidermal
contact [19-21]. However, a review reported the accumulation and potential toxic effects
of DMCs in aquatic organisms, owing to their high organic carbon partition coefficients
as well as their marked lipophilicity and inherent resistance to biodegradation [22]. It is
generally acknowledged that D4, beyond its characterization as an endocrine disruptor
with potential estrogenic and antiandrogenic activity [23], could induce hepatic drug-
metabolizing enzymes, liver enlargement, inflammatory responses, and hepatocyte death
in rats [24,25]. Apart from this, both D4 and D5 are reproductively toxic to rats [26,27],
with the former damaging the nervous system of mice offspring [28]. Notably, crayfish
exposed to D6 exhibited altered antioxidant capacity and gene expression [29]. Toxicology
studies also shed light on the possible link between DMCs and cancer. For instance, D4
and D5 act as dopamine agonists and inhibit prolactin secretion, thereby engendering
prolonged stimulation of the endometrium and precipitating endometrial adenomas in
rats [30,31]. DMCs may also induce breast cancer by facilitating damage to DNA [32]. A
recent epidemiologic study established an association between volatile DMCs and non-
alcoholic fatty liver disease in humans [33].

Considering the environmental persistence, bioconcentration, and potential health
hazards of DMCs [34,35], researchers have paid mounting concern to these substances. In
2018, the ECHA emphasized the significance of DMCs by officially designating D4, D5, and
D6 as Substances of Very High Concern (SVHC) with PBT (Persistent, Bioaccumulative,
And Toxic) properties [36]. In June, 2023, ECHA published a restriction proposal to list
D4, D5, and D6 under the Stockholm Convention on Persistent Organic Pollutants (POPs),
proposing further restrictions to mitigate the risks to humans and the environment [37].
Although the deleterious effects of hexamethylcyclotrisiloxane (D3), D4, D5, and D6 have
been the subjects of extensive research, with a consensus emerging on the imperative to limit
their use to minimize their hazards, there is little research data on the toxicological effects
of tetradecamethylcycloheptasiloxane (D7), hexadecamethylcyclooctasiloxane (D8), and
octadecamethylcyclononasiloxane (D9), and their impacts on the ecological environment
and human health.

Polysiloxanes synthesized with the participation of DMCs are the majority in use, ac-
counting for more than 90% of the total use of organosilicon. In 2022, China’s polysiloxane
capacity and production reached 2.31 million tons and 1.91 million tons, respectively, occu-
pying more than a half of the world [38]. Silicone rubber, silicone adhesives, and silicone
copolymer-modified plastics are widely used silicone polymers. Silicone rubber facilitates
the manufacture of complex-shaped products renowned for its exceptional waterproof per-
formance, elasticity, and insulation [39,40], and is widely added to mobile smart terminal
devices, especially materials that come into contact with human skin, such as remote device
control buttons, cell phone cases, smartwatch bands, ear caps, or neck bands for Bluetooth
headsets. Compared to ordinary polycarbonate (PC), silicone copolymer-modified PC
boasts enhanced properties including flexibility, hydrolysis resistance, corrosion resistance,
oxidation resistance, and flame retardancy, and are widely used as shells, covers, and struc-
tural components for mobile smart terminal devices [41,42]. The organic silicone adhesive,
in addition to bonding and sealing, also has a moisture-proof, temperature, insulation, and
shockproof role, accordingly enjoying widespread favor in the potting of various electronic
devices [42—45]. In the intricate process of producing mobile smart terminal products
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with silicone polymers, DMCs can remain in the products due to incomplete reactions or
eliminations, subsequently releasing to the environment during processes such as e-waste
dismantling [46] and thermal treatment [47]. Particularly concerning is the substantial
disposal of silicone rubber as household waste due to its low price and high frequency
of replacement. In China, the annual demand for silicone rubber is as high as 2 million
tons, with the predicted requirement for silicone adhesive in 2025 reaching 1350 tons [48].
Furthermore, China manages a diverse array of solid household refuse, encompassing
metals, glass, organic matter, textiles, and cigarette butts [49]. However, most of the mobile
smart terminal devices are not effectively handled [50]. Therefore, the environmental
risk of DMCs caused by releasing from mobile smart terminal device components cannot
be ignored.

DMCs have become a class of emerging contaminants due to their wide presence in
human plasma and fat samples [51-53]. Previous studies have provided important insights
into DMCs in PCPs, cosmetics, baby products, and food contact materials. Despite the
extensive use of mobile smart terminal devices, a dearth of research exists regarding the
content of DMCs within them and their potential environmental risks have been reported,
notably concerning the presence of D7-D9. In addition, due to the volatility and long
atmospheric half-life exceeding 10 days, the major environmental burdens of D3, D4, and
D5 are present mainly in the air [54,55]. Consequently, the calculation of environmental
emissions for DMCs with similar structures can provide clues for further understanding of
the fate of DMCs in the environment.

In this context, this study investigated the occurrence and profiles of seven DMCs
(D3-D9) in silicone rubber, silicone adhesive, and silicone copolymerized modified plastics
currently produced and used in mobile smart terminal devices in China. The amount of
Y DMCs (the sum of D3-D9) released into the environment was also estimated.

2. Materials and Methods
2.1. Chemicals and Reagents

D3 (purity > 99.9%) and D4 (purity > 99.9%) were purchased from TMStandard. D5
(purity > 98.4%), D6 (purity > 97.4%), and D7 (purity > 99.1%) were purchased from
Anpel Resi Standard Technical Service. D8 (purity > 98.2%), D9 (purity > 96.0%), and
acetone with chromatographic purity was purchased from Guangzhou Chemical Reagent
Factory. An overview of the analyzed dimethylcyclosiloxanes is provided in Table 1.

Table 1. Information of targeted DMCs.

Name Abbreviation CAS-No. Boiling Points Molar Weight

Hexamethylcyclotrisiloxane D3 541-05-9 134 °C 222.47
Octamethylcyclotetrasiloxane D4 556-67-2 175-176 °C 296.62
Decamethylcyclopentasiloxane D5 541-02-6 205°C 370.72
Dodecamethylcyclohexasiloxane D6 540-97-6 245 °C 44493
Tetradecamethylcycloheptasiloxane D7 107-50-6 337 °C 519.08
Hexadecamethylcyclooctasiloxane D8 556-68-3 290 °C 593.23
Octadecamethylcyclononasiloxane D9 556-71-8 416 °C 667.39

2.2. Sample Collection and Preparation

A total of 52 mobile smart terminal product material samples were purchased from
official channels and online platforms in China, including silicone rubber samples (1 = 22),
plastic samples (n = 18), and adhesive samples (1 = 12). The silicone rubber samples were
subcategorized into ear caps (1 = 9), watch bands (1 = 11), and case covers (1 = 2).

Adhesive samples were prepared in advance. Five grams of adhesive monomer
was spread on a 5 cm x 50 cm tin foil and then placed for three days before sample
extraction. Silicone rubber and plastic samples do not require special sample preparation
before extraction.
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The silicone rubber, plastic, and cured adhesive samples were cut into small pieces
of 0.5 cm x 0.5 cm samples. One gram of the cut sample was placed in a glass tube
and 10.0 mL of acetone was added. Then, the samples were ultrasonically extracted for
2 h. After resting to room temperature, the extract was transferred to a 15 mL tube and
centrifuged at 20,000 rpm for 3 min. Then, the supernatant was passed through a 0.22 um
PTEFE filter membrane (Jinteng Experimental Equipment, Tianjin, China.) and subjected to
instrumental analysis.

2.3. Instrumental Analysis

DMCs were determined and quantified by a QP2020NX gas chromatography-mass
spectrometer (GC-MS, Shimadzu Corporation, Japan) set to electron impact ionization
(EI) mode. The target analytes were separated on an SH-VMS quartz capillary column
(60 m x 0.32 mm x 1.8 um). Helium (purity > 99.999%) was used as a carrier gas, with a
flow rate of 1.0 mL/min. The injection volume was 1 pL with splitless mode and the inlet
temperature was set to 230 °C. A programmed heating regimen was applied to the column
temperature, ranging from 40 °C to 230 °C at a rate of 10 °C/min, and held for 15 min. The
source temperature was 230 °C and the ionization voltage was 70 eV, with a transmission
line temperature of 230 °C. Quantification was operated by selected ion monitoring with
a solvent delay time of 4.5 min. Optimized instrumental parameters are presented in the
Supporting Information (Supplementary Table S1).

2.4. Quality Assurance and Quality Control

Target analyte standards at different concentrations (1 mg/L, 10 mg/L, and 100 mg/L)
were spiked into samples of silicone rubber, plastics, and adhesive to determine recoveries.
The recoveries ranged from 82.3% to 107% with the relative standard deviations (RSDs)
of 1.5% to 4.0%, collectively demonstrating the stability and reliability of the method. The
standard curves of DMCs ranged from 0.1 mg/L to 5 mg/L, and the regression coefficients
(R?) were >0.999. The limits of quantitation (LOQ), defined as ten times of signal to noise,
were all 1 mg/kg (Table S2).

2.5. Environmental Emissions of DMCs from Silicone Rubber

In this study, the estimated amount of DMCs released into the environment in China
from silicone rubber used in mobile smart terminal devices was calculated according to the
following equations:

M = M, + My + M, (1)

where M (kg) is the total weight of )" DMCs (D3, D4, D5, D6, D7, D8, and D9) in all silicone
rubber samples; M,, M}, and M. (kg) represent the total weight of ) DMCs in the ear caps,
watch bands, and case covers, respectively.

n

m, = EEM @
where M, (kg) represents M,, M, or M; ¢ (mg/kg) is the concentration of ) DMCs in the
silicone rubber samples; m (g) is the weight of the selected sample, with the weights of
the ear caps in this study being three pairs; n is the number of ear caps, watch bands and
case covers analyzed in the present study, which is 9, 11, and 2, respectively; Qs (Pcs) is the
marketed quantity of ear caps, watch bands, and case covers shipment quantities, which
are expressed as the number of smart headphones (78.98 million), smart bracelet watches
(56.88 million), and smartphones (351 million) shipped, respectively [56].

We performed the Kruskal-Wallis H test or Mann—-Whitney U test for differences in the
concentrations of DMCs in different samples since the determined DMCs concentrations
were under non-normality. Differences were considered statistically significant if p < 0.05.
Half of LOQ was replaced by the level below LOQ when calculating the average and
median concentrations. Data processing was carried out using IBM SPSS 26.0.
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3. Results and Discussion
3.1. Detection Rates and Concentrations of DMCs

A summary of detection rates and concentrations of seven DMCs (D3-D9) in the
components of different mobile smart terminal devices were presented in Table 2. Overall,
86.5% of the samples analyzed (1 = 52) exhibited the presence of at least one detectable
DMC. The median concentrations of DCMs varied considerably, ranging from 0.50 mg/kg
(D3) to 11.0 mg/kg (D6).

Table 2. Concentrations of DMCs in silicone rubber, plastic, and adhesive samples (mg/kg).

Samples  Statistics D3 D4 D5 D6 D7 D8 D9 D4+D5+D6 D7+D8+D9 Y-DMCs
sili DR (%) 9 59 95.5 95.5 955 91 91 95.5 955 95.5
rlu‘lgggf Mean 0.53 9.91 66.3 136.9 159.3 171.8 159.0 212.9 490.0 703.0
(n=ny)  Median 0.50 155 14.5 78.9 180.1 158.2 1325 86.0 481.5 802.2
= Range <LOQ-1.1 <LOQ-63 <LOQ-335  <LOQ-422  <LOQ-479  <LOQ-481  <LOQ-4389  <LOQ-820 <LOQ-1331  <LOQ-1788
DR (%) 61.1 61.1 50 38.9 44.4 50 50 61.1 50 66.7
Plastics Mean 22.1 19.0 9.36 5.32 4.46 453 3.69 33.1 12.2 66.9
(n=18)  Median 2.95 2.15 0.50 0.50 0.50 0.75 1.65 2.40 2.40 8.25
Range <LOQ-279  <LOQ-181 <LOQ-86  <LOQ-425 <LOQ-275 <LOQ-33.6  <LOQ-264  <LOQ-309.5  <LOQ-87.5  <LOQ-631.6
DR (%) 417 50 100 100 917 75 50 100 91.7 100
Adhesive  Mean 211 5.33 28.9 43.8 382 419 484 785 129.0 208.6
(n=12)  Median 0.50 0.95 2.35 7.35 2.10 1.20 0.90 12.1 5.0 215
Range <LOQ-103  <LOQ-27.7 1-119 1.8-160 <LOQ-153  <LOQ-169 <LOQ-204 3.7-289.6 <LOQ-515 6.3-807.9
DR (%) 34.6 57.7 80.8 76.9 76.9 73.1 67.3 84.6 78.8 86.5
All Mean 8.52 12.0 38.0 79.9 77.8 83.9 79.7 119.7 241.3 368.7
(n=52)  Median 0.50 155 6.60 11.0 7.35 8.10 7.55 33.3 23.2 70.8
Range <LOQ-279  <LOQ-181  <LOQ-335  <LOQ-422  <LOQ-479  <LOQ-481  <LOQ-4389  <LOQ-820 <LOQ-1331  <LOQ-1788

YDMCs: the sum concentration of D3, D4, D5, D6, D7, D8, and D9; DR: detection rates,

_ ( number of samples with DMCs detected o,
DR = ( total number of samples x 100%.

Specifically, the DMCs were detected in 95.5% of silicone rubber samples, slightly
below the 100% detection rate observed in silicone nipples from USA [9]. The detection rate
of DMCs in adhesive samples was 100%, while that in plastic samples was 66.7%. The high
detection rates of DMCs in this study reflected that the DMCs were prevalently applied
to silicone polymers. However, individual DMCs exhibited notable variability among
the three product samples. D5 was the most frequently detected DMC in all samples,
consistent with the results of Canadian cosmetic products [7]. In contrast, D3 and D4 had
lower detection rates, which were 34.6% and 57.7%, respectively. Moreover, the median
concentrations of D3 and D4 were approximately one to two orders of magnitude lower
than those of other DMCs, potentially attributed to their lower boiling points of 134 °C and
175-176 °C, respectively. Nonetheless, D3 and D4 were the most highly detected DMCs in
plastics, which could be explained by the fact that DMCs with higher molecular weights,
such as D6 and D7, are more commonly used in rubber products [57].

The median concentration of ) DMCs in silicone rubber samples was 802.2 mg/kg,
followed by 21.5 mg/kg in adhesive samples, and 8.25 mg/kg in plastic samples. There
is a trend in silicone rubber samples where higher median concentrations of DMCs were
associated with increased molecular weights of DMCs. However, D3 and D4 were predom-
inant in plastic samples, and D6 dominated in adhesive samples. As depicted in Figure 1,
among the three types of samples, the concentrations of individual DMCs were found to
be the highest in silicone rubber, except for D4, which was the highest in plastic samples
(p <0.05). One plausible reason for this was that DMCs were typically incorporated in
small amounts as additives during the manufacture of certain plastics [58], resulting in
lower residue levels in plastics compared to silicone rubber and adhesive samples, where
DCMs were added as raw materials.
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Figure 1. Concentrations (mg/kg) of DMCs in silicone rubber, plastic, and adhesive samples, respec-
tively. The line in the box represents the median value; the bottom and the top of each box represent
the 5th and 95th percentiles, respectively; * represents p < 0.05, and ** represents p < 0.01.

As shown in Table 3, the concentrations of D4 (<LOQ-63 mg/kg), D5 (<LOQ-335 mg/kg),
and D6 (<LOQ-422 mg/kg) in the silicone rubbers in this study were comparable to
those in the US silicone nipples [9], but were two to three orders of magnitude higher
than those in Chinese soft rubber toys (median: 0.062-0.101 pg/g) and pacifiers (me-
dian: 0.107-1.46 png/g) [58]. The concentrations of D4 (median: 2.15 mg/kg), D5 (me-
dian: 0.50 mg/kg), and D6 (median: 0.50 mg/kg) in the plastics in this study were
also much higher than those in Chinese hard toys (median: <0.7 x 103 pg/g). Sev-
eral studies have reported the concentrations of DMCs in other types of products, in-
cluding baking molds (mean: 284-1325 mg/kg), Chinese personal care products (me-
dian: 0.06-1.70 pg/g), and European cosmetics and personal care products (median:
0.011-25.7 mg/g wet weight) [4,5,59]. In general, the amount of DMCs in silicone products
made from different materials can vary greatly, even from the same material. But a common
thread lies in the high vapor pressure of DMCs, leading to their continuous release into the
environment during use. A higher baking temperature has been documented to increase
the release of small molecular weight DMCs from baking molds [60]. The aforementioned
mobile smart terminal products, such as personal computers, Bluetooth headsets, and cell
phones, are normally used indoors, and the prolonged use of electronic products will heat
up, which may be responsible for the increase in the volatilization of DMCs. While this
conjecture requires further experimental validation, it raises concerns about the potential
negative impacts on human health from long-term skin contact or inhalation of substantial
amounts of DMCs.

Table 3. The levels of DMCs in different samples from various regions.

Region Samples Sa;;\elzle Statistics D3 D4 D5 D6 D7 D8 D9 Units
Silicone DR (%) - 100 100 100 -
UsA nipples 2 Range - 0.6-49 0.6-269 0.3-108 - mg/kg Zhang etal., 2012 [9]
Cosmeti o
Canada pfggl‘fctf 252 DR (%) 0.79 48 14 9.1 - Wang et al., 2009 [7]
Soft m DR (%) - 100 91 100 -
rubber Median - 0.062 0.086 0.101 - ug/g
. toys DR (%) - 100 100 100 -
China Paditiers 74 Median _ 0107 0.924 1.46 _ ug/s Xu et al., 2017 [58]
Hard 20 DR (%) - 10 50 40 -
toys Median - <06 x107%  <045x107% <07 x 1073 - ng/g
Europe gr?g‘gg;fss 51 Median 0.011 25.7 0.64 - mg/g  Dudzina etal., 2014 [4]
Germany ‘;arl;g"l‘l’gtr: 4 Mean - 505 284 753 1265 1127 1325  mg/kg  Fromme etal., 2019 [5]
Shanghai,  peps 158 Median : 0.29 170 0.66 0.06 ng/g Lu et al,, 2011 [59]
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3.2. Composition Profiles of DMCs

The compositional profiles of D3, D4+D5+D6, and D7+D8+D9 in silicone rubber,
plastic, and adhesive samples are presented in Figure 2. Among the three products, the
profiles of DMCs are quite different, indicating that the types and contents of DMCs
required for different materials can vary dramatically. The compositional percentage in the
adhesive was in the order of D4+D5+D6 (68.8%) > D7+D8+D9 (28.4%) > D3 (2.8%), while the
proportions of components in the plastic were about the same. The sum concentration of D7,
D8, and D9 in silicone rubber samples accounted for more than 80% of the } DMCs, which
was five times higher than that of D4+D5+D6 (481.5 m g/kg vs. 86.0 mg/kg). This finding
is similar to the results observed in bakeware, where the sum of the average concentrations
of D7, D8, and D9 is approximately threefold higher than that of D4, D5, and D6 combined
(3717 mg/kg vs. 1542 mg/kg) [5]. Among the analyzed DMCs, D3 exhibits the lowest
boiling point of 134 °C, rendering it prone to volatilization during the production and
use of the products, resulting in lower concentrations in the silicone rubber and adhesive
samples. However, it remains to be verified whether the atmospheric concentration of
D3 is the most minimal. Generally, D4, D5, and D6 are widely utilized as raw materials
for the synthesis of silicone polymers across various fields such as children’s products,
cosmetics, electronic products, and food contact materials, and their conclusive evidence of
human hazards has prompted regulatory concerns and restrictions. Thus, manufacturers
have responded by reducing the amount of D4, D5, and D6 in products to comply with
the production criteria. The well-documented persistence and high bioaccumulation of
D4, D5, and D6 have long attracted worldwide attention. Canada is the first country to
pay special consideration to the toxicity of DMCs, after which ECHA classified D4, D5,
and D6 as SCHV substances and proposed to list them as POPs. The European Union
also submitted a notification G/TBT/N/EU/989 to the World Trade Organization (WTO),
which, in brief, restricted the application of these substances in textiles, leather, and rinse-off
cosmetics in an attempt to minimize their emission [37]. On the other hand, D7, D8, and D9
are mainly intermediate by-products of the synthesis of silicone polymers, attracting less
regulatory attention, and their use remains unrestricted. In this study, the compositional
profiles of DMCs varied considerably across diverse samples, which, in addition to distinct
restrictions, may be due to disparities in product manufacturing processes. However, until
now, there is limited information on the toxicity of D7, D8, and D9. Indeed, D7, D8, and D9
have similar chemical structures to D4, D5, and D6, so they are speculated to have similar
environmental and human hazardous effects. Considering the findings in this investigation,
the proportion of D7, D8, and D9 within the ) DMCs of the selected samples cannot be
neglected, especially in silicone rubber samples. Hence, their presence in mobile smart
terminal devices warrants careful consideration and further investigation.

D3 D4+D5+D6 [l D7+D8+D9
Silicone rubber
Plastics
Adhesive
T T T T 1
0 20 40 60 80 100

Composition profiles (%)

Figure 2. Composition profiles of DMCs in silicone rubber, plastics, and adhesive samples, respectively (%).
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3.3. Environmental Emissions of DMCs from Silicone Rubber

The estimated amount of }_DMCs released into the environment in China from silicone
rubber used in mobile smart terminal devices was 5381.56 tons per year. The silicone rubber
samples selected in this study comprised ear caps, watch bands, and case covers, which
were replaced frequently and discarded as household waste due to their low price and a
wide variety of styles. Substances like DMCs in these mobile smart terminal devices will
eventually enter the environment through processes such as e-waste dismantling [46] and
thermo-treatment [47]. Previous studies have reported half-lives exceeding 4 days for D6
and up to 10-30 days for D3-D5, facilitating their long-range environmental transfer [55,61].
Notably, airborne DMCs have an extremely high potential to form secondary organic
aerosols [62], with inhalation representing the primary route of human exposure to interior
airborne DMCs [63]. Furthermore, a study conducted in the Bohai Sea, China, demonstrated
the biotrophic magnification of D4-D7 in aquatic food webs [64], thereby elevating the
concentrations of DMCs accessible to humans via dietary intake. Collectively, DMCs
released into the environment pose a threat to human health through multiple exposure
routes. Unfortunately, it is known that 80% of the discarded mobile smart terminal devices
are not properly recycled [50]. Thus, there is considerable merit in investigating and
recognizing the environmental hazards of DMCs, not only in silicone rubber materials, but
also in other device components. It is advisable to explore alternative materials such as
metal or woven watchbands instead of silicone rubber ones, and sponge ear caps rather
than silicone ear caps. Additionally, it is recommended for manufacturers of mobile smart
terminal products to optimize the vulcanization process in silicone rubber production to
diminish the content of DMCs.

Nevertheless, this study still has several limitations. First, while the chosen samples
selected in our study, namely silicone rubber, plastics, and adhesives, were identified as the
most representative and high-risk sources of DMCs, the sample sizes remain modest, with
only 22, 18, and 12 specimens, respectively. Second, it is difficult to accurately calculate the
environmental emissions of DMCs due to the varied types and proportions of adhesive and
plastics used in different types of mobile smart terminal devices and further refinement
of experimental methodologies is needed to ensure the validity and accuracy of the data.
Third, there are also gaps in the toxicological studies and ecological hazards of D7, DS,
and D9, which pose a significant obstacle to elucidating the mechanisms by which DMCs
induce deleterious effects. However, this is the first study to provide valid information
on the levels of DMCs in mobile smart terminal devices and a stable quantitative method.
Future studies could encompass large-scale product categories and expanded sample sizes,
as well as incorporate degradation byproducts of DMCs, such as those resulting from
UV irradiation or oxidation, to comprehensively scrutinize the environmental and human
health implications of DMCs. Toxicological studies of D7-D9 and its congeners could
facilitate the development of mathematical models, elucidating the metabolism of DMCs
in humans, enhancing our microscopic comprehension of the characteristics of DMCs.
Furthermore, the quantification of DMCs in commodities, food, environmental media, and
human body fluids (e.g., urine, blood, and breast milk) will allow an effective estimation
of DMCs releases and their risk to humans, which can inform the establishment of more
precise regulatory thresholds for the application of DMCs.

4. Conclusions

The DMCs were widely detected in over 95% of silicone materials used in mobile
smart terminal devices. D7, D8, and D9 were dominant in silicone rubbers, while D4, D5,
and D6 were predominant in adhesives, collectively constituting over 80% and 60% of
Y- DMCs concentrations, respectively. The estimated annual release of }_ DMCs into the
environment in China from silicone rubber used in mobile smart terminal devices exceeds
5000 tons. Further studies are needed on the toxicological effects of D7-D9 and the possible
degradation byproducts of DMCs. Focus should also be placed on the fate of DMCs in
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the environment, their internal and external exposure to humans, and risk assessments to
clarify their threat to human health and the regulation of these chemicals.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ toxics12040287 /s1, Table S1: Retention times, qualitative ions,
quantitative ions and ion-pair ratios of DMCs; Table S2: The standard curve, regression coefficients
(R?), and limit of quantitation of each analyte.
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Abstract: In this study, 245 representative samples of aquatic products were selected from local
markets in Shenzhen by stochastic sampling. The samples comprised eight species and fell into three
aquatic product categories: fish, crustaceans, and bivalves. A total of eight BPs were determined by
liquid chromatography coupled with mass spectrometry, namely, bisphenol A (BPA), bisphenol AF
(BPAF), bisphenol AP (BPAP), bisphenol B (BPB), bisphenol S (BPS), bisphenol P (BPP), bisphenol Z
(BPZ), and bisphenol F (BPF). All BPs were detected in aquatic products, except for BPAF, indicating
pervasive contamination by BPs in aquatic products. BPS demonstrated the highest detection rate
both before and after enzymatic hydrolysis, whereas BPAP exhibited the lowest detection rate before
enzymatic hydrolysis and BPB displayed the lowest detection rate after enzymatic hydrolysis. The
concentration difference before and after enzymatic hydrolysis proved to be statistically significant.
Moreover, 49-96% of BPs in aquatic products were found in the combined state, underscoring the
essentiality of conducting detections on aquatic product samples following enzymatic hydrolysis.
While the health risks associated with ingesting BPs residues through aquatic product consumption
were found to be minimal for residents at risk of exposure, the results suggest the necessity for more
stringent regulations governing the consumption of aquatic products.

Keywords: bisphenols; aquatic products; levels; risk assessment

1. Introduction

Bisphenols (BPs) are recognized as an important class of synthetic chemicals that are
widely used as raw materials to make epoxy resins and polycarbonate plastics. These
materials are used in the manufacturing of a number of products, such as food and drink
containers, thermal paper receipts, and baby products [1-3]. Polycarbonate plastic produc-
tion involves synthesizing bisphenol A (BPA). Polycarbonate plastics are popular among
manufacturers worldwide due to their economic viability, color adaptability, thermal sta-
bility, and corrosion resistance. This popularity is reflected in the annual production of
approximately 5 million tons of BPA [4]. It has been reported that BPA has been found in a
wide range of environmental components, including surface water, drinking water, soil,
and sediment [5-8]. Humans are exposed to BPA via ingestion, inhalation, and dermal
absorption through different sources. BPA is classified as an endocrine-disrupting chemical
(EDC) due to its estrogenic and antiandrogenic properties, raising concerns about its poten-
tial impact on human health. Moreover, BPA is linked to various adverse health effects,
including obesity, cardiovascular disease, cognitive decline, diabetes, and reproductive
defects [9-13].

Due to restrictions on the use of BPA in various countries, alternative compounds
called BPA analogs have been developed as substitutes. Examples of these analogs include
Bisphenol AF (BPAF), bisphenol AP (BPAP), bisphenol B (BPB), bisphenol S (BPS), bisphenol
P (BPP), bisphenol Z (BPZ), and bisphenol F (BPF). However, studies on the toxicity of
these analogs have shown that they have antiandrogenic and estrogenic properties that
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are comparable to, if not more potent than, those of BPA [14,15]. As an illustration, a study
conducted on young female rats showed that BPS could affect genes linked to the dopamine
and serotonin systems, as well as 5x-reductase in the prefrontal cortex [16]. According to
Ullah et al., adult rats exposed to BPB experience oxidative stress in the testes, which leads
to a decrease in daily sperm viability and production [17]. Additionally, maternal exposure
to BPF has been found to increase anxiety and depressive behaviors in the offspring of
mice [18]. Moreover, BPAF induces inhibition of testosterone production by altering genes
and proteins in the testosterone biosynthesis pathway in adult male rats [19]. As a result,
the extensive usage and environmental persistence of these compounds pose a significant
concern for public health due to their potential impact on biological systems.

Aquatic products, including fish, shrimp, shellfish, etc., are distinguished by their
delightful taste and substantial nutritional value. Given these attributes, they have evolved
into essential sources of crucial nutrients such as vitamins, protein, and trace elements [20].
Aquatic products are a major source of animal protein for residents living in coastal areas.
China’s demand for aquatic product consumption has been rising recently [21]. Between
2008 and 2019, China’s annual consumption of aquatic products averaged 53 million tons,
as reported. Nevertheless, these products may harbor heavy metals or other emerging
organic pollutants (EOPs) like BPs, parabens, and polychlorinated biphenyls (PCBs). The
entry of these pollutants into aquatic products can occur through diverse pathways, en-
compassing water, sediment, aquaculture, transportation, processing, and storage [21,22].
These contaminants, which are highly concentrated in aquatic products, progressively
build up through the food chain and food web and have a negative impact on human
health. Numerous countries, including China, have established stringent limit standards for
substances universally recognized as harmful to human health. However, no country has
instituted definitive guidelines for certain emerging pollutants, like BPs. Consequently, ac-
curately measuring the content of BPs in aquatic products becomes imperative for relevant
regulatory authorities to establish safety dosage limits for associated food items.

Situated as a coastal city in South China, Shenzhen hosts several aquaculture bases.
The economic development of Shenzhen has inevitably led to environmental pollution,
which is exacerbated by human activities that may contribute to contamination. This
contamination poses potential health impacts for residents who consume aquatic products
in the region. To fill the current data gap, 245 representative aquatic product samples
in Shenzhen were collected stochastically from local markets. The samples included
eight species and three aquatic product categories: fish, crustaceans, and bivalves. High-
performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) was
used to detect eight BPs (BPA, BPAF, BPAP, BPB, BPS, BPP, BPZ, and BPF) from aquatic
products. In this paper, we aim to achieve the following objectives: (1) quantify BP levels in
aquatic products; (2) investigate the factors affecting BP levels; and (3) estimate the human
health risks associated with aquatic product consumption.

2. Materials and Methods
2.1. Reagents and Materials

BPA, BPAF, BPAP, BPB, BPS, BPP, BPFE, BPZ, 13C;,-BPA, 13C;,-BPS, 13C;,-BPAE 13Cy5,-
BPB, and BPF-d;y were purchased from Toronto Research Chemicals (Toronto, ON, Canada).
Methanol, acetonitrile, n-hexane, and 3-glucuronidase (aqueous solution > 100,000 units/mL,
sulfatase activity < 20,000 units/mL) were purchased from Shanghai Anpu Experimental
Technology (Shanghai, China). Acetic acid and ammonium acetate were purchased from
Shanghai Jingchun Biochemical Technology (Shanghai, China). Solid-phase extraction (SPE)
cartridges (Oasis PRIME HLB, 200 mg/6 mL) were purchased from Waters (Framingham, MA,
USA). Ultra-pure water was provided by the Millipore water purification system (Billerica,
MA, USA).
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2.2. Sampling and Sample Preparation

To mitigate any potential sampling bias, a total of 245 representative aquatic product
samples were stochastically collected from local markets in Shenzhen. The samples repre-
sented three aquatic product categories, namely, fish (including six species—Oreochromis
mossambicus, Lateolabrax maculatus, Carassius auratus, Ctenopharyngodon idella, Aristichys
nobilis and Trachinotus ovatus, n = 171), crustaceans (one species of Metapenaeus ensis, n = 56),
and bivalves (one species of Paphia undulata, n = 18). After the edible parts were homoge-
nized, the samples were stored in airtight bags at —20 °C until further analysis.

For the enzymatic group samples, 2.0 g samples were weighed, then 50 uL mixed internal
standard was added. The pH was adjusted with 3 mL 0.1 mol/L ammonium acetate buffer
and an additional 20 pL 3-glucuronidase. Samples were shaken at 37 °C for 12-16 h, avoiding
light. Then, 9 mL acetonitrile was added for extraction, followed by shaking at 2500 rpm (the
relative centrifugal force, RCF: 560 x g) for 5 min, and 10 min ultrasonication. The samples
were centrifuged at 9000 rpm (RCF: 7258 x g) for 5 min, and the process was repeated twice.
After supernatant removal and addition of 2 mL n-hexane, the samples were shaken for 45 s
and centrifuged at 9000 rpm (RCF: 7258 x g) for 5 min, then the lower phase was obtained
and passed through the solid-phase extraction (SPE) column. Next, 2.5 mL of the extract was
blown nearly dry with nitrogen and redissolved in 60% methanol solution. Finally, it was
filtered through a 0.22 pum membrane for instrumental analysis.

The procedure for samples without enzymatic digestion was similar to those with
enzymatic digestion. A volume of 50 uL mixed internal standard was added to a 50 mL
pointed bottom centrifuge tube containing 2.0 g of aquatic product samples, and then
10 mL acetonitrile was added for extraction. The following steps were the same as those
described for the enzymatic group samples.

2.3. Instrumental Analysis

Target chemicals were analyzed using a 20A HPLC system (Shimadzu, Tokyo, Japan)
coupled with a Q-Trap 5500 tandem mass spectrometer (MS/MS; Applied Biosystems,
Foster City, CA, USA). Chromatographic separation of the analytes was performed on an
Atlantis C18 column (1.7 um, 3.0 x 100 mm, Waters, Dublin, Ireland), accompanied by
mobile phases of water and methanol. The gradient elution conditions and the mass spec-
trometric information of the target chemicals are shown in Tables S1 and S2, respectively.
The injection volume was 5 pL and the column temperature was set at 40 °C. The flow rate
was set at 0.3 mL/min. The mass spectrometer was performed in negative electron spray
ionization (ESI) mode. The source temperature was set as 550 °C and the ionization voltage
was —4500 V.

2.4. Quality Assurance and Quality Control (QA/QC)

To show potential contamination during the experiment, a blank sample was analyzed
every 25 samples. No target compounds were detected in the blanks. The linear range of
all target chemicals was 0.1-50 ng/L with the correlation coefficient (R?) being above 0.99.
The limits of detection (LOD), defined as the signal-to-noise (S/N) ratio = 3, ranged from
0.002 to 0.09 ng/g and the limits of quantification (LOQ), defined as the S/N ratio = 10,
ranged from 0.007 to 0.03 ng/g. The recoveries were between 84.8% and 111%. The reaction
stability of the instrument was confirmed by 100 pug/L mixed internal standard solution.
The LODs, LOQs, and recoveries of the applied analytical methods are described in detail
in Table S3.

2.5. Health Risk Assessments

The estimated daily intake (EDI) of BPs due to consumption of aquatic products was
calculated according to the following Equation (1):

C, x CR

EDI =
BW

)
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where C,; (ng/g ww) is the concentration of various BPs in aquatic products. CR (g/day)
is the daily consumption of aquatic products, and according to the China Fishery Statis-
tical Yearbook 2020, a typical Chinese resident consumed aquatic products at a rate of
76.16 g/day in 2019. BW (kg) is the average body weight of the population, which is on
average 63.9 kg for males and 54.0 kg for females according to the Report on the Nutrition
and Chronic Disease Status of Chinese Residents 2020.

The hazard quotient (HQ) was used to preliminarily assess the health risk of exposure to
BPs through a single route. The value can be obtained through the following Equation (2):

HQ = o @

ADI
where EDI (ng/kg bw/day) is the estimated daily intake of each BP calculated previously;
ADI (ng/kg bw/day) is the allowable daily intake; and 50 ng/kg bw/day was assigned
according to European Food Safety Authority (EFSA) and U.S. Environmental Protection
Agency (EPA).

2.6. Data Analysis

Statistical analysis was performed using Excel 2016, IBM SPSS 26.0, and Python 3.7.
Descriptive statistics, including mean, median, maximum, and minimum values, were
employed to characterize the concentration of BPs in aquatic products. Pearson’s correlation
coefficient (bilateral) test or Spearman’s rank correlation test were used to analyze the
correlation between various substances. Inter-group differences between enzymatic and
non-enzymatic hydrolysis were examined using the Mann—-Whitney U test. Statistical
significance was established at p < 0.05.

3. Results and Discussion
3.1. Levels of Bisphenols in Aquatic Products

Table 1 displays the detection rates and concentration levels of BPs in aquatic prod-
ucts sold in Shenzhen. The concentration and detection rates of BPs before enzymatic
hydrolysis were 0.08-94.1 ng/g ww and 6.12-78.8%, respectively. Following enzymatic
digestion, the samples showed different detection rates of BPs, from 33.9% to 97.1%, and
the concentrations of BPs, from 0.01 ng/g ww to 162 ng/g ww. These results indicated that
the aquatic products were found to be generally contaminated with BPs, and BPS had the
highest detection rate both before and after enzymatic digestion. The highest detection rate
for BPS (50.8%) was also observed in the muscle tissue of fish from distinct aquatic environ-
ments [23]. BPAF was essentially undetectable, regardless of enzymatic digestion. The BPA
and BPF concentrations after enzymatic digestion in this experiment ranged from 0.01 to
19.9 ng/g ww and from 0.20 to 138 ng/g ww, respectively. The levels of BPA in marine and
freshwater fish from Hong Kong (0.31-19.25 ng/g ww) were comparable to the results after
enzymatic digestion in this study. However, the BPF levels (2.30-26.37 ng/g ww) were
considerably lower compared to those observed post enzymatic digestion [24]. The mean
concentration of BPA in mollusks from the Bohai Sea recorded at 1.03 ng/g ww, and the
mean concentration of BPF at 0.747 ng/g ww, were both lower than the outcomes of the
current study [25]. In contrast, the BPA levels found in adult shad from the Ganges River,
India, ranging between 172 and 288 ng/g ww, significantly exceeded the results of the
present study [26].
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Table 1. Detection rate and content level of BPs in aquatic products (ng/g ww).

Sample Process Parameters BPA BPS BPF BPP BPZ BPAP BPB
Non-enzymolysis DR (%) 429 82.1 429 23.2 16.1 5.60 25.0

Median 0.36 0.80 2.54 0.63 0.47 0.06 1.15

Mean 1.29 1.78 3.54 0.64 0.60 0.05 1.91

Minimum 0.01 0.02 1.05 0.04 0.04 0.01 0.09

Metapenaeus ensis Maximum 9.84 12.7 15.8 1.73 1.73 0.07 11.9
Enzymolysis DR (%) 69.6 98.2 51.8 53.7 82.1 69.6 23.2

Median 2.16 1.76 7.32 3.37 1.54 1.28 0.36

Mean 2.49 4.34 16.7 7.30 2.04 1.11 2.34

Minimum 0.31 0.03 0.26 0.01 0.01 0.01 0.19

Maximum  8.25 26.5 93.1 37.5 8.79 3.12 18.2

Non-enzymolysis DR (%) 33.3 94.4 27.8 27.8 11.1 5.56 22.2

Median 0.24 2.39 2.20 0.68 1.24 0.04 6.48

Mean 0.73 3.13 2.44 3.77 1.24 0.04 6.76

Minimum  0.05 0.13 0.49 0.24 0.44 0.04 0.36

Aristichys nobilis Maximum  3.39 9.66 4.46 15.2 2.03 0.04 13.7
Enzymolysis DR (%) 83.3 100 38.9 50.0 66.7 72.2 38.9

Median 1.33 4.36 425 5.81 2.16 1.35 10.2

Mean 1.85 4.58 33.2 8.27 2.05 1.04 7.23

Minimum 0.05 0.48 3.37 1.56 0.33 0.03 0.18

Maximum  7.47 10.5 66.8 16.9 3.08 1.63 11.9

Non-enzymolysis DR (%) 34.3 68.7 314 14.3 11.4 2.90 371

Median 0.19 4.79 1.88 0.47 0.47 0.03 0.95

Mean 1.24 4.80 2.60 0.83 0.99 0.03 5.56

Minimum  0.02 0.72 0.25 0.18 0.03 0.03 0.00

Oreochromis Maximum  8.23 9.35 7.24 2.29 3.01 0.03 33.7
mossambicus Enzymolysis DR (%) 65.7 97.1 40.0 22.8 51.4 51.4 22.8
Median 0.97 5.20 26.9 0.96 1.28 1.31 2.71

Mean 1.19 11.0 30.2 1.29 1.22 1.00 3.08

Minimum  0.04 1.38 0.25 0.56 0.08 0.01 0.47

Maximum 2.99 161 74.3 291 2.62 143 7.80

Non-enzymolysis DR (%) 444 72.2 33.3 27.8 16.7 5.56 33.3

Median 0.44 4.42 243 0.86 0.60 0.03 0.42

Mean 0.52 4.55 2.15 2.10 0.83 0.03 0.67

Minimum 0.14 1.89 0.36 0.15 0.01 0.03 0.09

Paphia undulata Maximum  1.37 8.60 4.29 717 1.87 0.03 1.64
Enzymolysis DR (%) 88.9 94.4 50.0 72.2 72.2 72.2 27.8

Median 1.70 4.30 8.45 6.98 1.31 1.38 8.67

Mean 1.85 6.66 15.0 6.31 1.09 1.00 7.22

Minimum 0.07 1.28 0.42 0.54 0.33 0.10 0.30

Maximum 6.01 29.9 49.1 12.3 2.07 1.62 9.59

Non-enzymolysis DR (%) 18.7 93.7 68.7 43.7 18.7 6.25 31.2

Median 0.17 3.09 3.38 0.41 0.43 0.08 0.99

Mean 0.22 3.47 3.06 0.73 1.14 0.08 0.97

Minimum  0.04 0.34 0.41 0.08 0.03 0.08 0.04

. Maximum 0.44 8.48 6.30 2.97 2.97 0.08 1.81
Trachinotus ovatus Enzymolysis DR (%) 75.0 100 437 62.5 68.7 62.5 31.2
Median 1.06 441 4.49 1.20 1.34 1.25 3.39

Mean 1.48 6.19 15.8 3.98 1.33 0.94 8.09

Minimum 0.25 2.59 0.70 0.13 0.03 0.01 0.43

Maximum  4.81 19.4 78.6 20.9 2.96 1.60 19.2
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Table 1. Cont.

Sample Process Parameters BPA BPS BPF BPP BPZ BPAP BPB
Non-enzymolysis DR (%) 35.3 82.3 50.0 14.7 14.7 2.94 23.5

Median 0.33 2.61 2.48 0.88 0.85 0.04 0.45

Mean 1.73 4.35 2.78 0.75 0.67 0.04 1.40

Minimum  0.02 0.01 0.06 0.38 0.27 0.04 0.10

Lateolabrax Maximum  9.30 25.0 8.45 0.99 0.96 0.04 5.55
maculatus Enzymolysis DR (%) 52.9 97.0 32.3 41.2 44.1 50.0 38.2
Median 1.32 6.21 4.03 1.95 1.84 131 5.16

Mean 1.85 15.1 6.89 247 1.77 0.93 4.59

Minimum  0.00 0.63 0.71 0.35 0.11 0.01 0.14

Maximum  5.19 122 30.7 6.45 3.42 1.85 12.4

Non-enzymolysis DR (%) 333 69.4 55.6 194 16.7 8.33 47.2

Median 0.19 2.56 3.23 0.19 0.22 0.03 1.65

Mean 0.40 6.30 4.09 0.41 0.40 0.03 3.19

Minimum  0.02 0.06 0.40 0.01 0.01 0.02 0.02

Ctenopharyngodon Maximum 2.27 94.1 21.0 1.32 1.32 0.03 16.8
idella Enzymolysis DR (%) 722 94.4 30.6 47.2 61.1 72.2 41.7
Median 1.67 4.20 252 1.21 1.99 1.26 1.63

Mean 1.99 8.48 34.7 1.84 1.86 1.07 3.52

Minimum 0.11 0.36 1.44 0.04 0.51 0.01 0.18

Maximum  7.44 74.5 138 5.39 3.52 2.09 15.3

Non-enzymolysis DR (%) 50.0 78.1 43.7 312 28.1 12.5 50.0

Median 0.20 2.68 0.91 0.46 0.44 0.04 1.09

Mean 0.70 4.87 1.55 0.91 1.16 0.04 1.42

Minimum  0.05 0.13 0.15 0.06 0.07 0.02 0.01

, Maximum  3.32 259 473 3.10 423 0.07 6.79
Carassius auratus Enzymolysis DR (%) 783 96.8 53.3 59.4 750 718 531
Median 1.56 6.86 25.8 1.65 1.84 1.27 4.97

Mean 2.81 111 41.1 2.83 2.12 1.10 8.69

Minimum  0.07 1.58 0.21 0.13 0.08 0.01 0.28

Maximum  19.9 40.7 131 14.6 7.23 1.68 34.3

Non-enzymolysis DR (%) 37.9 78.8 441 23.3 16.7 6.10 33.9

Median 0.27 2.69 241 0.55 0.47 0.03 1.03

Mean 0.98 3.95 2.99 1.10 0.83 0.04 2.70

Minimum  0.01 0.01 0.06 0.001 0.01 0.01 0.01

All samples . Maximum  9.84 94.1 209 15.2 4.23 0.08 33.7
Enzymolysis DR (%) 71.1 97.1 42.8 48.9 65.7 64.9 339

Median 151 4.33 11.9 2.14 1.61 1.28 2.76

Mean 2.04 8.56 24.1 4.54 1.79 1.05 5.33

Minimum  0.01 0.03 0.20 0.01 0.01 0.01 0.14

Maximum  19.9 162 138 37.5 8.79 3.12 34.3

DR—detection rate.

Table S4 presents the outcomes of the comparative analysis of enzymatically and
non-enzymatically dissolved BPs. Except for BPB (p > 0.05), the concentrations of all BPs
in enzymatically and non-enzymatically dissolved states exhibited statistically significant
differences (p < 0.05). The mean concentrations of BPs increased by a factor of 1.97 to
26.25 from pre-treatment levels. This observation is likely attributed to the action of 3-
glucuronidase/sulfate lyase [27], which hydrolyzes bound BPs in the organism, thereby
transitioning it to the free state, resulting in elevated concentrations as observed in the
results. The bound state content of BPs in aquatic products ranged from 49.0% to 96.0%,
as depicted in Figure S1. Elevated concentrations and detection rates after enzymatic
digestion indicated a higher proportion of bound BPs in aquatic products. Various studies
have utilized comparable hydrolysis techniques to explore the BPs content in aquatic
products. Wong et al. (2017) identified BPA concentrations in the free state ranging from
0.83 to 19.25 ng/g across 20 fish species, a range consistent with the results of the current
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study [24]. In a study by Wang et al. (2020), the investigation into eight distinct BP types
in carp revealed proportions in the free state ranging from 21% (BPS) to 48% (BPAP) [28].
Conversely, the present study indicated that the proportions of BPA, BPS, and BPB in the fish
were higher compared to their investigation. The metabolic pathways of BPs in organisms
exhibit considerable variation across different sources of exposure [29]. Furthermore, the
specific type of aquatic product and variations in conditions such as temperature, as well
as distinctions between marine and freshwater environments, may further influence the
metabolism of these substances in organisms.

3.2. Compositional Profiles and Potential Sources

Figure 1 illustrates the composition profiles of detected BPs in aquatic products both
without and with enzymatic digestion. In the non-enzymatic samples, the highest concen-
tration was attributed to BPS, constituting 31.4% of the total free-form BPs, followed by BPF
(23.7%), BPB (21.4%), BPP (8.7%), BPA (7.8%), BPZ (6.6%), and BPAP (0.3%), respectively.
As for the enzyme-treated aquatic samples, BPF emerged as the predominant contributor
in both free and bound states, accounting for 50.9% of the total BPs, followed by BPS (18%),
BPB (11.2%), BPP (9.6%), BPA (4.3%), BPZ (3.8%), and BPAP (2.2%), respectively. It is note-
worthy to mention that a considerable proportion of the composition in both enzymatically
and non-enzymatically digested samples is composed of the combination of BPF and BPS,
as opposed to the conventional assumption that the highest levels are linked to BPA, which
has been reported in the majority of studies [30]. Recent studies have revealed that BPA is
gradually being replaced by BPS and BPF in various manufacturing processes, leading to
their high prevalence in aquatic environments. This trend is reflected in the gradual decline
of BPA concentration, with its analogs, particularly BPS and BPF, occupying an increasingly
substantial portion of the aquatic environment [31]. Some studies even found that the
concentration of BPS can be equal to that of BPA [32], and higher concentrations of BPF in
surface waters may be anticipated in the near future [33]. The content of BPs in organisms
is not only related to exposure but may also be affected by metabolism. In subsequent
studies, more attention should be paid to the aquatic environment and organisms.

I BPA
I BPS
BPF
BPP
[ BPZ
I BPAP
I BPB

50.9%

®)

Figure 1. Compositional profiles of BPs in non-enzymatic samples (A) and enzymatic (B) aquatic
products.

82



Toxics 2024, 12, 154

For a more in-depth examination of the sources of BPs, pairs of the identified BPs in
enzymatically digested samples were analyzed using Spearman’s correlation (p < 0.05), as
illustrated in Figure 2, with the correlation coefficients ranging from 0.001 to 0.698. The
results of the analysis reveal a statistically significant positive association between BPB
and BPA, BPF, BPP, BPZ, and BPAP. However, no significant correlation was observed
between BPS and other BPs, implying a divergence in their sources. Moreover, a strong
positive correlation was identified between BPA and BPAP, BPZ, BPP, and BPF. Notably,
the relatively high correlation coefficients for BPF-BPAP, BPP-BPZ, and BPP-BPAP suggest
the possibility of common sources, such as sewage treatment plants, municipal solid waste,
and landfill leachate [34]. The addition of different analogs to goods in place of BPA might
have contributed to the aforementioned findings. Therefore, further research is needed to
identify independent sources of BPA analogs.

BPA BPS BPF BPP BPZ  BPAF  BPB Correlation

T 1.00

BPB [0.204 0.114 0.211 0.115 0.269 0.296 1
BPAF | 0. 658 0.057 0.446 0.602 0.698 1 o
BPZ | 0.64 -0.001 0.311 0.637 1
BPP |0.538 0.016 0.287 1 000
BPF |0.316 0.1 1
--0.50

BPS |0.122 | 1

BPA 1

——-1.00
Figure 2. Spearman’s correlation between pairs of BPs in aquatic products.

3.3. Differences in Bisphenols Levels across Types of Aquatic Product

The distribution of BPs in different aquatic products is shown in Figure 3. In different
aquatic products, the concentration ranking from high to low before enzymatic hydrolysis
is as follows: Aristichys nobilis, Oreochromis mossambicus, Ctenopharyngodon idella, Lateolabrax
maculatus, Paphia undulata, Carassius auratus, Metapenaeus ensis, and Trachinotus ovatus. After
enzymatic hydrolysis, the concentration ranking changes to Carassius auratus, Aristichys
nobilis, Ctenopharyngodon idella, Oreochromis mossambicus, Paphia undulata, Trachinotus ovatus,
Metapenaeus ensis, and Lateolabrax maculatus. The analysis indicates a consistently high
concentration of BPs in samples of Aristichys nobilis and Ctenopharyngodon idella. Before
enzymatic hydrolysis, BPS exhibits the highest concentration in samples except for Ore-
ochromis mossambicus, Aristichys nobilis, and Metapenaeus ensis, where a high concentration
of BPB or BPF is observed. After enzymatic hydrolysis, BPF emerges as the compound
with the highest proportion of BPs in samples, except for Lateolabrax maculatus, which is
still rich in BPS.
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Figure 3. Distribution of BPs in different aquatic products. (A) Distribution of BPs in different aquatic
products without enzymolysis; (B) distribution of BPs in different aquatic products with enzymolysis.

In contrast to our findings, previous studies have only detected BPA in fish muscles,
with an average concentration of 16.2 ng/g. BPB was detectable in fish livers, with an aver-
age concentration of 7.3 ng/g. However, BPF was not detected in any of the samples [35].
Aligning more closely with our study, Rios-Fuster et al. observed that BPA exhibited the
highest concentration in fish, followed by BPS and BPF [36]. The concentration of BPA
in shrimps shows correspondence between our study (Metapenaeus ensis: 2.49 ng/g) and
another study located in Pearl River Estuary (Penaeuschin ensis: 0.16-4.36 ng/g) [37]. The
concentration of BPA (1.63 vs. 1.85 ng/g) and BPB (6.62 vs. 7.22 ng/g) in clams, as reported
by Antia Lestido-Cardama, aligns closely with our study. However, the concentration of
BPF (14.97 vs. 1.52 ng/g) in their study is approximately ten times lower than observed in
our investigation [38]. In a separate study, it was noted that the average concentration of
BPA in Rangia cuneata, a type of bivalve, was 174 ng/g, which is approximately 100 times
higher than the concentration observed in Paphia undulata in the current study [39]. It is
evident that the concentration and distribution of BPs in sea products exhibit significant
variations across different areas.

3.4. Exposure Risk Assessment

The EDISs of ) 7BPs (the sum concentration of all the studied BPs) in different aquatic prod-
ucts are shown in Table 2. The 95% quantiles of EDI were in the range of 63.76-157.4 ng/kg
bw/day in males and 75.45-186.3 ng/kg bw/day in females. In the consumption of identical
types of aquatic products, except for Trachinotus ovatus, females exhibited greater EDI com-
pared to males. The highest EDI, with a 95% quantile, is associated with the consumption of
Carassius auratus, followed by Oreochromis mossambicus, Aristichys nobilis, Ctenopharyngodon
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idella, Paphia undulata, Metapenaeus ensis, Lateolabrax maculatus, and Trachinotus ovatus, which
indicated that the intake of BPs varies across different aquatic products.

Table 2. EDI (ng/kg bw/day) and HQ value of ) ;7BPs in edible aquatic products of different genders.

Species Risk Assessment Male Female

50% quantile of EDI 13.34 18.83

Metapenaeus ensis 95% quantile of EDI 78.81 93.26
HQ 0.0015 0.0018

50% quantile of EDI 24.95 25.03

Aristichys nobilis 95% quantile of EDI 97.12 114.9
HQ 0.0019 0.0022

50% quantile of EDI 9.25 23.79

Oreochromis mossambicus 95% quantile of EDI 104.9 124.2
HQ 0.0020 0.0024

50% quantile of EDI 16.85 220.2

Paphia undulata 95% quantile of EDI 86.35 102.1
HQ 0.0017 0.0020

50% quantile of EDI 18.47 16.86

Trachinotus ovatus 95% quantile of EDI 63.76 75.45
HQ 0.0012 0.0015

50% quantile of EDI 14.97 21.12

Lateolabrax maculatus 95% quantile of EDI 78.62 93.03
HQ 0.0015 0.0018

50% quantile of EDI 11.43 19.73

Ctenopharyngodon idella 95% quantile of EDI 88.74 105.0
HQ 0.0017 0.0021

50% quantile of EDI 16.35 16.86

Carassius auratus 95% quantile of EDI 157.4 186.3
HQ 0.0031 0.0037

50% quantile of EDI 11.73 16.86

All samples 95% quantile of EDI 104.6 123.7

HQ 0.0020 0.0024

The Hazard Index 0.0146 0.0175

EDI: estimated daily intake; HQ: hazard quotient; the Hazard Index (summing HQs).

To further evaluate human exposure risks via aquatic product consumption, the HQ
value was calculated using 95% quantile of the EDI value of aquatic products consumed
by residents (Table 2). The HQ ranged from 0.0012 to 0.0031 for males and from 0.015
to 0.037 for females. Residents who consume Carassius auratus run a higher risk of BPs
exposure compared to those who consume other aquatic products, as evidenced by the
significantly higher HQ value of this species (p < 0.05). Females have a higher risk of BPs
exposure than males, as indicated by the higher HQ value. The present study employed
a relatively high EDI value and assumed a 100% absorption rate of BPs in the human
body. It is noteworthy that the potential reduction in BPs content during food preparation
was overlooked, leading to possible overestimation of human exposure to BPs. Despite
these limitations, the calculated HQ values remained well below one, signifying that there
is no significant health risk associated with the consumption of aquatic products by the
residents.

4. Conclusions

In this study, a comprehensive understanding of the detrimental effects of BPs on
organisms, as well as their direct or indirect impacts on humans, can be obtained by sys-
tematically measuring and analyzing their levels in aquatic products. The analysis of
245 aquatic products sold in Shenzhen revealed detectable levels of BPs, and the associated
risks for residents by gender were assessed. All BPs were present in aquatic products,
except for BPAF, indicating widespread contamination. BPS exhibited the highest detection
rate, while BPAP had the lowest rate before enzymatic hydrolysis, and BPB had the lowest
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rate after enzymatic hydrolysis. The concentration difference before and after enzymatic
hydrolysis was statistically significant. Notably, 49-96% of BPs in aquatic products existed
in a combined state, underscoring the importance of enzymatic hydrolysis in sample detec-
tion. There was a significant correlation between different BPs, with the exception of BPS,
suggesting possible shared sources. The risks associated with male and female residents’
consumption of aquatic products containing BPs residues were negligible. However, the
results highlight the need for stricter regulations regarding the intake of aquatic products.
To reduce the human health risks associated with BPs, several suggestions were proposed,
such as a systematic investigation of BPs’ fate in environmental media, the formulation of
discharge standards for BPs pollution in industrial wastewater, and implementation of BP
remediation projects.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxics12020154 /51, Figure S1: Average concentration distribution of
free and bound BPs in aquatic products; Table S1: Mobile phase and gradient elution program; Table S2:
Mass spectrometric information of the target compounds; Table S3: Linear equations and related quality
control indicators for each analyte; Table S4: Test the difference of concentration levels of BPs in aquatic
products with or without enzymatic hydrolysis.
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Abstract: 1,4-dioxane is a potential carcinogen in water and is difficult to deal with due to its robust
cycloether bond and complete miscibility with water. To remove 1,4-dioxane in an economically
viable and environmentally friendly way, a series of carbon aerogels were synthesized as adsorbents
for 1,4-dioxane. The experiment results showed that adsorption performances were closely related
to the preparation conditions of carbon aerogels, such as the molar ratio, heating rate, pyrolysis
temperature and residence time, which were carefully controlled. Scanning electron microscope
analysis revealed the presence of a three-dimensional porous network structure in carbon aero-
gels. Brunauer-Emmett—Teller analysis results demonstrated an increase in specific surface area
(673.89 m?/g) and total pore volume after carbonization, with an increase in mesoporous porosity
and a decrease in microporosity. When considering each variable individually, the highest specific
surface area of prepared carbon aerogels was achieved at a pyrolysis temperature of 800 °C, a holding
time of 1 h, and a heating rate of 2 °C/min. Under optimal experimental conditions, the adsorption
removal of 1,4-dioxane by carbon aerogels exceeded 95%, following quasi-second-order kinetics and
Langmuir isothermal adsorption isotherms, indicating that monolayer adsorption on the surface
of carbon aerogels occurred. The maximum adsorption capacity obtained was 67.28 mg/g at a
temperature of 318 K, which was attributed to the presence of a large proportion of mesopores and
abundant micropores simultaneously in carbon aerogels. Furthermore, with the interference of
chlorinated solvents such as trichloroethylene (TCE), the removal efficiency of 1,4-dioxane had no
obvious inhibition effect. Regeneration experiments showed that after five continuous cycles, the
carbon aerogels still kept a comparable adsorption capacity, which illustrates its potential application
in 1,4-dioxane-polluted water purification.

Keywords: carbon aerogels; sol-gel method; adsorption; 1,4-dioxane; trichloroethylene

1. Introduction

1,4-dioxane (1,4-D) has been identified as an impurity in numerous personal care
products and cosmetics, as well as an undesired by-product in various industrial processes
including antifreeze production, surfactant manufacturing, and paint formulation. The
specific physical properties of 1,4-dioxane are shown in Table 1. The historical utilization,
improper storage practices, and continuous discharge of 1,4-D have led to extensive con-
tamination in drinking water sources, surface waters, and groundwater [1]. Once released
into the environment, 1,4-D persists and exhibits high mobility due to its robust cyclic ether
linkage and complete miscibility with water [2—4]. Toxicological studies have indicated
that exposure to 1,4-D can cause health harms such as nasal cavity carcinomas and liver
and gall bladder carcinomas [5]. Therefore, it has been classified as a Group 2B probable
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human carcinogen by the International Agency for Research on Cancer (IARC) [6]. Data
show that approximately 21% of the drinking water supplies in the United States are
contaminated with 1,4-D [7]. Counties including Japan, South Korea, and Canada have
proposed a guideline for the concentration of 1,4-D in drinking water of 50 g L~!. Though
1,4-D is not federally regulated in the US, several states have established notification levels
and guidelines. The acceptable concentrations of 1,4-D are low, typically in the range of
(sub-) parts per billion (ppb), e.g., New York State set up a level of 1 ug L=, and several
other states have established water criteria with the concentration ranging from 0.3 to
7.2 ug L1 [6]. The prevalence, persistency, and toxicity of this emerging pollutant have
prompted increasing attention, highlighting the necessity for cost-effective treatments to
mitigate its exposure risk [8].

Table 1. Physical properties of 1,4-D.

Property Value Structure
Molecular weight 88.11 g/mol
Water solubility Miscible 0
Density (25 °C) 1.0329 g/mL
Vapor pressure 4 kPaat20°C
Octanol-water partition coefficient (LogKy, —0.27
Organic carbon partition coefficient (Log Koc) 1.23 0
Henry’s law constant at 25 °C 4.8 x 107% atm m3 mol !

Furthermore, its low Henry’s law constant, low Kow and low Koc limit the effective re-
mediation of 1,4-D via conventional technologies. For instance, air stripping is not efficient
in treating 1,4-D due to its low volatility and high hydrophilicity [9]. Advanced oxidation
processes (AOPs) [10] are effective alternatives to treat 1,4-D, including electrochemical
methods, photo-catalysis [11], Fenton reaction methods [12], etc. The AOPs exhibit high re-
moval efficiency and a short reaction time. However, these methods necessitate substantial
energy consumption and incur significant costs, often resulting in secondary environmental
pollution. Additionally, the degradation products generated by AOPs typically consist
of low-molecular-weight organic compounds that require further treatment. In summary,
there is a demand for economically viable and environmentally friendly approaches to
1,4-D treatment.

Adsorption has been a conventional and successful method for the removal of contam-
inants due to its simplicity, cost-effectiveness, and ease of operation. As shown in Table 2,
some porous materials have been studied for the adsorption of 1,4-D. Among these adsor-
bents, some showed low adsorption capacity towards 1,4-D or entail a complex preparation
process and have high costs. Pollutants such as persistent organics [13,14], dyes [15] and
inorganic metals [16,17] can be adsorbed efficiently via granular activated carbons (GAC).
Unlike other contaminants, 1,4-D cannot be removed efficiently by GAC because of its
special characteristics including low solubility, high water solubility and other character-
istics [18,19]. Nevertheless, studies have demonstrated the effective removal of 1,4-D by
Ambersorb 560 (A560) [20], a carbonaceous adsorbent synthesized by the Dow Chemical
Company, Midland, USA. A560 possesses a high surface area and porosity that facilitate
specific adsorption of 1,4-D. Additionally, it can be regenerated using low-pressure steam.
Nonetheless, A560 is relatively expensive due to its complex manufacturing process. There-
fore, the development of alternative adsorbents is desirable to meet the increasing demand
for the sustainable and economical management of dioxane-impacted water worldwide.

Aerogels are porous materials with many unique characteristics such as low bulk
density, large surface area, low thermal conductivity, and porosity > 95%. Aerogels can be
made of SiO;, graphene, MoS, and so on. Pekala et al. [21] first reported the synthesis of
porous resorcinol (R) and formaldehyde (F) aerogels, and after undergoing carbonization
in an inert atmosphere, the RF aerogel underwent a transformation into a carbon aerogel
(CA) [22]. CAs exhibit the characteristics of being porous, lightweight, and possessing
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a large specific surface area [23]. They have the ability to adsorb various pollutants,
including inorganic metal ions [24-26] and organic pollutants [27]. For instance, CAs have
shown excellent adsorption capacity on pesticides [28], 4-nitrophenol [29] and dyes [30].
In particular, CAs have shown a promising adsorption performance on some pollutants
that were difficult to be adsorbed on GAC, especially for cyclic substances such as benzene
rings or antibiotics with large molecular weights [31].

Table 2. Comparison of adsorption properties of other materials for 1,4-dioxane.

sy Qmax
Adsorbent Initial SOh.lte Dosage (mg-1,4-D Cycles (Recovery Equilibrium Time Reference
Concentration B Rate)
g-Adsorbent—1)
Norit 1240 GAC 100 mg/L lg ~38 _ 72h [19]
Ambersorb 560 80 mg/L _ ~40 _ _ [32]
Titanium Silicate-1 298 K, 500 mg/L 100 mg 85.17 3 (~100%) 2 min [33]
Sawdust GAC 296 K _ 0.41 _ 1624 h [18]
ZSM-5 zeolite 303 K, 100 mg/L _ 22.44 to 107.36 _ 1-8h [34]
CA125-800-1-2° 308 K, 20 mg/L 20 mg 67.28 5 (~100%) 1h [This work]

However, little is known regarding the effectiveness of CAs for 1,4-D adsorption and
the associated underlying mechanisms. In this study, through the sol-gel method, resorcinol
and formaldehyde are utilized as precursors, while cetyltrimethylammonium bromide
(CTAB) is introduced as a surfactant and catalyst. The continuous cross-linking and room
temperature drying of resorcinol and formaldehyde result in the formation of a phenolic
resin-based aerogel during the reaction process. Carbonization at high temperatures under
an inert atmosphere is employed to prepare CAs. This study not only investigates the
impact of different carbonization procedures on the adsorption performance and structural
characteristics of CAs, comparing their adsorption rates with A560 and activated carbon
for 1,4-D removal, but also analyzes the kinetic and thermodynamic models governing
CAs’ adsorption process. Additionally, this research explores the underlying mechanism
behind 1,4-D removal by CAs through comprehensive surface characterization. In addition,
as stable and renewable adsorbents, CAs elicit potential values and unparalleled interest in
the fields of water treatment and remediation due to their efficient and economic benefits.

2. Materials and Methods
2.1. Chemicals and Materials

Resorcinol (C4HgO7, 99%) and formaldehyde (CH,O, 36~38%) were provided by TCL
Chemical Products Co., Ltd. (Guangzhou, China), and cetyl trimethyl ammonium bromide
(CTAB) was purchased from Adamax Reagent Co., Ltd. (Shanghai, China). 1,4-dioxane
(C4HgO7,99%) was provided by Anneji Chemical Technology Co., Ltd. (Shanghai China),
and deionized water (resistivity < 18.2 M(), Millipore system) was used. Ambersorb
560 (A560) was purchased from the Dow Chemical Company, and GAC (200 mesh) was
purchased from Thain Chemical Technology Co., Ltd. (Shanghai, China).

2.2. CAs Preparation

The preparation of CAs was based on the sol-gel polymerization method [35]. Briefly,
a predetermined amount of resorcinol (R), 37% formaldehyde solution, cetyltrimethylam-
monium bromide (CTAB) and deionized water were added into a glass beaker, while
stirring well at room temperature for 30 min, and then transferred into a glass vial. The
vial was sealed and placed into an oil bath pot at 85 °C for 5 days, and the obtained organic
aerogel was cured at room temperature for 2 days, followed by 60 °C for 24 h and then
105 °C for 3 h in an oven. Finally, the dried organic aerogel was heated to the point of
carbonization with a set heating rate and residence time in a tube furnace. The molar ratios
of R/CTAB were from 50 to 500, the carbonization temperatures ranged between 700 °C
and 800 °C, the heating rates were 2 °C/min and 5 °C/min, respectively, and the residence
time was in the range of 1 h to 2 h, respectively. They were denoted as CAa-b-c-d, where a
represented the molar ratio R/CTAB, b represented the carbonization temperature, c repre-
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sented the residence time, and d represented the heating rates. The specific preparation
process is shown in Figure 1.
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Figure 1. Preparation process of CAs.

2.3. Characterization

The specific surface area and pore size of the CAs were measured using a specific
surface area analyzer (BELSORP-max, MicrotracBEL Japan, Inc., Osaka, Japan). The surface
morphology was investigated via scanning electron microscopy (SEM, S-3400N, Hitachi,
Japan). Powder X-ray diffraction (XRD) pattern was performed on a D8-Advance-A25
diffractometer with Cu K« radiation (A = 1.5418 A) at 40 kV and 200 mA and a step size
of 0.02° in the 5°-90° 20 range at room temperature (25 °C). The pH of the point zero
charge was measured via a potentiometric titrimeter (ZDJ-4A, Leici, Shanghai Instrument
Electrical Scientific Instrument Co., Ltd., Shanghai, China).

2.4. Adsorption Experiments

Adsorbents screening experiments were evaluated in batch tests prepared in 25 mL
glass flasks containing 60 mg of adsorbents (CAs, A560, GAC) and 10 mL 1,4-D with initial
20 mg/L concentrations, and the temperature was measured at 298 K. The mixture was
shaken in a thermostatic shaker at 25 °C and 150 rpm for 12 h at room temperature to
achieve equilibrium. The supernatant was filtered and analyzed for the concentrations of
1,4-D determined via gas chromatography with flame ionization detection (GC-FID). All
experiments were conducted in 3 replicates.

For kinetics experiments, the dosage of CAs was administered at 20 mg and with
varying initial 1,4-D concentrations ranging from 20 to 160 mg/L. Moreover, 0.5 mL of
supernatant was removed using a syringe and filtered before storage for analysis. Two
kinetic models, pseudo-first-order and pseudo-second-order equations which included
all steps of the adsorption such as external film diffusion, adsorption, and internal par-
ticle diffusion, were used to analyze the adsorption processes. The formula is shown in
Equations (1) and (2).

ln(Qe - Qt) =InQ. — kit 1)
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t 1 1
Qt szeZ * Qet (2)
For adsorption isotherms, batch experiments were prepared similarly as described
above, but with varying initial 1,4-D concentrations ranging from 20 to 480 mg/L, while
the experimental temperature varied between 298 K and 308 K. The maximum sorption
capability (Qm) and other parameters were computed by fitting with classic isotherm
models (e.g., Langmuir and Freundlich) [36].
The Langmuir model is shown in Equation (3):

. 1 G
0.~ 0wk ' Qm ®)

The Freundlich model is shown in Equation (4):

1
logQ. = logKy + ElogCe 4)

where Q. (mg/g) and C, (mg/L) were the amounts of adsorbed 1,4-D per unit mass of ad-
sorbent at equilibrium. Qy, (mg/g) was the maximum amount of 1,4-D per unit mass of the
adsorbent to form a complete monolayer on the surface. K; (L/mg) was a constant related
to the affinity of the binding sites on the adsorbent. K¢ (L/mg) and 1/n were the Freundlich
model constants, indicating the capacity and intensity of adsorption, respectively.
Adsorption thermodynamics enables the investigation of various factors, including
temperature, on the adsorption process. In terms of temperature’s impact, a set of ther-
modynamic parameters can be derived to substantiate its influence on 1,4-D adsorption
via CAs. These parameters primarily encompass Gibbs free energy (AG), adsorption en-
thalpy change (AH), and adsorption entropy change (AS), which can be computed using

Equations (5) and (6):
AG = —RTInK (5)
AS AH

In the given formula, R represents the universal gas constant with a value of
8.314 (J/mol/K). T denotes the absolute Kelvin temperature (K) of the adsorption so-
lution, while K signifies the dimensionless thermodynamic equilibrium constant. The
K (L/mg) value from Langmuir’s thermodynamic curve is multiplied by 10° to obtain
its corresponding numerical value. Herein, consider 1/T the x-axis and InK the y-axis.
Furthermore, AH and AS can be determined by calculating the slope and intercept of an
equation that relates InK to 1/T.

2.5. Analytical Methods

1,4-D concentration was detected via GC-FID (Agilent 7890A, Thermo, Waltham,
MA, USA) coupled with a Supelco SLB™-5 ms fused silica capillary column (30 m length
x 0.2mm ID x 0.25 pm film). The direct injection volume of the filtered aqueous sample
was 1 pL. Nitrogen was used as the carrier gas with a constant flow rate of 6.0 mL/min.
The inlet temperature was set at 250 °C, and the samples were split at the ratio of 2:1 by the
split flow of 12 mL/min. The oven temperature started from 110 °C for 1 min, then ramped
up to 180 °C at the rate of 15 °C/min, and was held for 6 min. The detector temperature
was maintained at 250 °C.

2.6. Regeneration Experiment

1,4-D-laden CA was regenerated via extraction with ethanol and then by heating the
used CAs in an oven at 110 °C for 12 h. Adsorption experiments were repeated by using
the same CA in consecutive cycles. After each desorption cycle, the CA was reused in a
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new adsorption process. The adsorption—desorption test of the adsorbent was repeated for
5 consecutive cycles. Data for the adsorption and regeneration experiments were calculated
as the average value of the three replicates.

3. Results
3.1. The Investigation of Adsorption Properties

A series of experiments for CA preparation were performed to optimize the 1,4-D
removals using CAs. The CAs’ synthetic conditions included the R/CTAB ratio, pyrolysis
temperature, residence time and heating rate. As Figure 2 showed, the concentration of
1,4-D is 20 mg/L with an addition amount of CAs at 60 mg and an adsorption volume of
10 mL at room temperature (298 K). The preparation conditions affected the 1,4-D removal
greatly. A560 and GAC were used as controls, and the removal amounts were 87.89%
and 33.47%, respectively. All CAs showed much higher removal than GAC. The R/CTAB
ratio varied from 50 to 200, and the highest 1,4-D removal was obtained at R/CTAB = 125,
which was 95.08%. When the pyrolysis temperature increased from 700 °C to 800 °C, the
1,4-D removal increased first and then decreased. The optimum temperature was 800 °C.
Similarly, there was some variation from 1 h to 2 h. The optimum residence time and
heating rate were 1 h and 2 °C/min, respectively. Therefore, the optimum CA candidate
was CA125-800-1-2°. The removal of 1,4-D reached a high percentage of 95.08%, which
was 1.1 times higher than that of A560 and 2.8 times higher than that of GAC, respectively.
For the sake of convenience for later descriptions, the following discussion uses CA125
referring to CA125-800-1-2°.
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Figure 2. Removal effects of CAs, A560, and GAC on 1,4-D.

3.2. The Effect of CAs” Porous Structure

The adsorption performance is strongly related to the micro-structural natures of the
adsorbent. The crystal structure of CA125 was analyzed via XRD as shown in Figure 3.
The diffraction peaks at 23° and 43° correspond to the layered ordered stacked (002)
surfaces and the ordered hexagonal carbon structure (100) surfaces. It was shown that CAs
are graphite-like microcrystalline carbon materials. The structures resembling graphite
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exhibit an extended, multi-layered arrangement of unidirectional structural units, and the

adsorption process of CAs is enhanced under these conditions [37].

Intensity (a.u.)

Figure 3. XRD spectra of CA125-800-1-2° before and after the reuse experiments.

adsorption performance.
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The specific area (SA) and pore size distribution of the adsorbents showed signif-
icance for 1,4-D adsorption. It is believed that not only the surface area but also the
pore size distribution determines 1,4-D adsorption. Figure 4a shows a BET surface area
isotherm, and the pore structure parameters are listed in detail in Table 3. According to
IUPAC, the N, adsorption—desorption isotherm was the type IV isotherm with the type
H3 loop, indicating the formation of developed mesoporous and microporous structures.
Among the adsorbents, GAC exhibited the lowest adsorption capacity despite having the
largest SA, demonstrating that the surface area is not the key factor for determining the
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Figure 4. Characterizations of CAs, A560 and GAC: nitrogen adsorption-desorption isotherms

(a) and pore size distribution (b).

Table 3. Pore structure parameters of absorbents.

Smmi S v V. D
2 micro meso t meso

Sample Sper (m*/g) (m?/g) (m?/g) (cm®/g) (cm®/g) (nm)
CA50-800-1-2° 572 239 333 1.37 1.08 12.92
CA100-800-1-2° 638 287 351 1.62 1.33 9.47
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Table 3. Cont.

Smicro Smeso Vi Vmicro Vmeso D

Sample Spet (m?/g) (m?/g) (m?/g) (cm®/g) (cm®/g) (cm®/g) (nm)
CA125-800-1-2° 674 275 399 1.81 0.32 1.49 9.70
CA200-800-1-2° 629 288 341 1.63 0.29 1.34 9.23
CA500-800-1-2° 406 311 95 0.37 0.16 0.21 8.98
CA125-800-2-2° 605 258 347 1.54 0.29 1.25 9.11
CA125-800-1-5° 503 304 199 1.23 0.14 1.08 9.79
CA125-700-1-2° 452 236 216 1.54 0.12 142 13.62
A560 480 251 229 0.57 0.14 0.43 451
GAC 1086 1069 17 0.42 0.39 0.03 3.83

In order to further distinguish the pore size distribution of the carbons, their cumula-
tive pore volume curves are analyzed (Figure 4b). CAs showed a wide pore size distribution
which can be attributed to the interval gap between chains of interconnected particles.
Furthermore, CA125-800-1-2° showed a sharp mesopore distribution centered at 30 nm.

As can be seen from Table 3, though the total SA of CA is not the largest, it showed the
highest Smeso and Vimeso. Smeso 0f A560 is also lower than CAs. The order is in accordance
with the 1,4-D removal via adsorbents, suggesting the mesopores contribution to 1,4-D
adsorption. The 1,4-D molecule possesses two O atoms. It is a polar nonionic compound,
according to the literature reported [38], and hydrogen bonds can be formed with H,O
molecules. The diameter of the 1,4-D molecule and H,O molecule are ca. 0.5 nm and
0.4 nm, respectively, and hydrogen bonds may be formed between few 1,4-D and H,O
molecules. The size of the molecule group is a few nanometers long, so mesopores are fit
for 1,4-D molecule transfer. The mesopores are 1,4-D storage and diffusion channels. The
existence of the mesopore should be a crucial factor for 11,4-D adsorption.

The observed dependence of 1,4-D uptake on pore size is consistent with previous
reports. Huang et al. [39] reported a polystyrene-based hierarchical porous carbon (PS-
HPC) for supercapacitors. In their view, one of the important interactions for ion transport
is the ion—-wall pairs. It depends on the ratio of the pore diameter to the ion diameter. When
the ratio is larger than 20, the ions transfer into the pores freely, avoiding collisions between
the ion and wall. Therefore, with a larger mesopores proportion, CAs showed a higher
1,4-D uptake amount.

According to the SEM image, as depicted in Figure 5, the CA nanoparticles exhibit
a size of approximately 30 nm and display an interconnected three-dimensional network
structure. This architecture facilitates the transportation and adsorption of 1,4-D. Impor-
tantly, the surface of CAs is characterized by abundant pores and defect structures, leading
to an increased number of adsorption sites and an enhanced pollutant adsorption capacity.
In contrast, although A560 shares a similar structure with CA, it exhibits significantly
fewer surface pores and defects. Therefore, based on the aforementioned characterization
analysis, it can be concluded that a high mesoporous porosity and a rich pore structure
exert a profound influence on the adsorption behavior towards 1,4-D.

The changes in surface functional groups before and after the carbonization of CAs
were investigated using Fourier infrared spectroscopy. The infrared spectra of the aerogel
(R/CTAB = 125) before and after carbonization, as shown in Figure 6, reveal a rich variety
of surface functional groups in the pre-carbonized aerogel. For instance, the absorption
peak at 3342 cm ™! corresponds to the stretching vibration of ~-OH, which is broadened
due to hydrogen bonding. The absorption at 2927 cm~! is attributed to the asymmet-
ric stretching vibration of C-H. The peak at 1605 cm~! indicates the characteristic C=C
stretching vibration in an asymmetric ring, while peaks at 1473 cm ! represent methylene
bonds, and those at 1094 cm ! and 1237 cm ™! correspond to methylene ether bonds. Addi-
tionally, peaks observed at 1358 cm~! and 1290 cm ! are associated with C-N stretching
vibrations. A weak peak detected at 961 cm~! can be assigned to either C-N or C-O
stretching vibrations. Furthermore, absorptions within the range of 900~650 cm ! indicate
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out-of-plane deformation vibrations for both C-H or N-H bonds. However, following
the carbonization of the aerogel, most surface functional groups disappear, except for the
presence of a tensile vibration peak corresponding to a C-H bond at around 3030 cm~! and
a benzene unsaturated bond tensile vibration peak observed near 1559 cm 1. These results
demonstrate that carbonized CAs primarily consist of benzene rings, with other remaining
functional groups being decomposed and removed during high temperature treatment.

Figure 5. SEM of CA125 (a) and A560 (b).
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Figure 6. FTIR of organic aerogel 125, CA125-800-1-2° and A560.

In summary, CAs belong to a graphite-like amorphous carbon structure, exhibiting
a hexagonal carbon framework composed of phenyl rings. They possess a large spe-
cific surface area and abundant micro-mesoporous characteristics, rendering them highly
effective adsorbents.
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3.3. 1,4-D Adsorption at Different pH

The effect of the initial solution pH on 1,4-D removal was investigated by varying
the solution pH from 2 to 11, and the results are presented in Figure 7. As the pH value
increased, the removal did not show obvious differences. The reason is 1,4-D is in the ion
form at the entire pH range since the pka of 1,4-D is 2.1. Further, the zero charge point of
CAs is 7.1 [40]. Therefore, a pH without adjustment (pH = 6.6) is recommended due to the
negligible effects of electrostatic attraction to 1,4-D adsorption by CAs.

S

nH
IJLL

Figure 7. Influence of different pH on adsorption capacity.

3.4. Adsorption Kinetics and Isotherm

The adsorption of CA125 toward 1,4-D with time is showed in Figure 8. The adsorp-
tion performance followed the order of GAC < A560 < CA125. In comparison to A560
and GAC, CA125 exhibited not only a significant increase in adsorption capacity but also
a considerably shorter equilibration time. Specifically, the adsorption capacity of CA125
was nearly three times that of GAC, while its equilibration time was only one-sixth of that
of A560. Within 30 min, the removal efficiency for 1,4-D reached 66.82%, and complete
adsorption equilibrium was achieved within 60 min. Conversely, although A560 demon-
strated a higher removal capacity than GAC, it required an extended equilibration time
of up to 12 h; on the other hand, GAC showed a shorter equilibration time (60 min) but a
relatively lower adsorption capacity.

Figure 9a,b shows the pseudo-first-order and pseudo-second-order kinetic models
of adsorption tests on CA125 based on different concentrations of 1,4-D. The related
parameters are shown in Table 4. As the results show, the R? values of pseudo-second-
order models were higher than those of the pseudo-first-order model, suggesting that
the pseudo-second-order model can preferably describe the adsorption process. In the
pseudo-second-order model, the rate-limiting steps in the surface adsorption involves
chemisorption, which means the adsorption process is a physicochemical interaction
between 1,4-D and the CA125 surface, where 1,4-D makes contacts with the surface of the
CA and binds strongly to the surface.
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Figure 8. The effect of contact time on the adsorption capacity of 1,4-D over CA125-800-1-2°, A560
and GAC.
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Figure 9. Pseudo-first-order (a) and pseudo-second-order (b) kinetic models for adsorption of 1,4-D
on CA125.

Table 4. Pseudo-first- and pseudo-second-order kinetic parameters for 1,4-D adsorption on CA.

Co Qe (exp) Pseudo-First-Order Models Pseudo-Second-Order Models
e
(mg/L) (mg/g) Q. (cal) (mg/g)  k; (min~1) R? Q. (cal) (mg/g)  ky (mg/min) R?
20 8.58 5.10 0.0987 0.9904 8.80 0.0478 0.9997
80 22.40 10.93 0.0632 0.9778 23.20 0.0122 0.9995
160 33.82 11.49 0.0492 0.975 34.72 0.0096 0.9998

Langmuir and Freundlich adsorption isotherms (Figure 10) were obtained at different
temperatures via batch experiments. As the temperature increased, the adsorption capacity
increased, indicating that the adsorption of 1,4-D on CA125 is an endothermic process.
Furthermore, as the concentration of the initial aqueous solution of 1,4-Dincreased, the
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adsorption capacity of CA125 increased. The parameters shown in Table 5. The coefficients
(R?) value of the Langmuir model is higher than that of the Freundlich model, indicating
that the Langmuir model is more consistent with the experimental data, which showed
that the adsorption 1,4-D on CA125 is a monolayer adsorption process, and the maximum
adsorption capacity of 1,4-D was 67.28 mg/g under 318 K, which was very close to the
experimental value.
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Figure 10. The adsorption isotherm model for 1,4-D on CA125-800-1-2°.

Table 5. Parameters of Langmuir and Frendlich models for 1,4-D.

Langmuir Freundlich
T(K)
R? QOm (mg/g) K (L/mg) R2 1/n Kr
298 0.97 37.55 0.0138 0.88 0.355 3.818
308 0.97 38.69 0.0113 0.86 0.410 2.360
318 0.99 67.28 0.0045 0.97 0.546 1.748

The fitting equation for LnK, obtained through thermodynamic curve fitting can be
expressed as LnK = 6339.6 (1/T) — 10.343. Furthermore, the correlation coefficient is
R? = 0.93. The calculated results of the relevant parameters for thermodynamic analysis
are presented in Table 6. All values of Gibbs free energy AG are negative, indicating
the spontaneous adsorption of 1,4-D by CAs. Furthermore, the magnitude of Gibbs free
energy increases with rising temperatures in the adsorption system solution, suggesting
a deteriorating adsorption performance of CAs towards 1,4-D [41]. The negative value
of AS implies that the adsorption process exhibits a decrease in entropy when CAs are
used as adsorbents for 1,4-D. This suggests that an enthalpy change drives the adsorption
process [42]. In addition, AH is negative within the studied adsorption system, signifying
an exothermic nature during the adsorption process of 1,4-D. Moreover, it can be concluded
that increasing the temperature inhibits this adsorptive behavior based on consistent
findings from Gibbs free energy analysis.
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Table 6. Thermodynamic parameters of adsorption of 1,4-D by CAs.

T (K) AG (kJ/mol) AH (kJ/mol) AS (J/mol/K)
298 —26.83 —52.71 —85.99
308 —26.75
318 —25.08

3.5. Competitive Adsorption of 1,4-D and Trichloroethylene

1,4-D has been predominantly used as a stabilizer for chlorinated solvents such as
trichloroethylene (TCE). Hence, the adsorption capacity of CA125 toward 1,4-D was ex-
plored with the presence of TCE co-existing in wastewater. As shown in Figure 11, the
TCE concentrations were tested between 50 mg/L and 300 mg/L. Compared with the
1,4-D adsorption without TCE, the adsorption capacity was not affected by TCE. Since
1,4-D molecules are neutral amphiphilic, possessing both alkyl and oxygen groups, both
hydrophobic and hydrophilic interactions are found to have an important contribution to
its adsorption on various adsorbates. The total acidity for the samples of CAs is greater
than the total basicity. This is due to the oxidation process undergone by the polymeric gel
in the drying process, which induces the formation of more acidic oxygenated functional
groups including the carboxylic, lactic, and phenolic groups [43]. The presence of these
groups, although in a small proportion, induced the formation of delocalized 7 electrons
and an H bond with 1,4-D molecules. However, TCE is hydrophobic and has a weak
interaction with CA, so the adsorption capacity is quite low.
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Figure 11. The effects of different concentrations of trichloroethylene on 1,4-D adsorption.
Ci4p=20mg/L, T =25 °C, t = 2 h. Concentrations of TCE are 50, 100, 150, 200, 250, 300 mg/L,
respectively.

3.6. Regeneration of CAs

The regeneration performance of adsorbents is one of the important considerations for
practical applications. Figure 12 shows the five consecutive adsorption/desorption cycles
to remove 1,4-D. The adsorption removal amount was 8.58 mg/g in the first cycle. The
adsorption efficacy of the material remains essentially unaltered upon multiple reuses in
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comparison to its initial adsorption rate. Moreover, when combined with XRD analysis, the
configuration of CAs remained essentially unaltered even after repeated utilization. These
results showed that the marked retention of the sorption capability is ascribed to the stable
structure of CAs. When advantages feature in the CAs” adsorbent capacity in repeated
cycles of 1,4-D, loading and elution are taken into consideration. These results illustrate the
facile and high regeneration capability of CAs as a promising adsorbent for 1,4-D.
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Figure 12. Removal quantity of CA125 after regeneration in five cycles. Cycle 1 represents the original
CA125. (Cp=20mg/L, T=25°C, t =2 hand m = 20 mg).

3.7. The Impact of the Adsorbent Quantity

To compare the adsorption effects of CAs, A560 and GAC adsorbents with different
weights on 1,4-D, adsorbents weighing 20 mg, 40 mg, and 60 mg were selected to adsorb a
solution containing 10 mL of a 20 mg/L concentration of 1,4-D. The obtained results are
presented in Table 7. According to the experimental findings, under ambient conditions,
the adsorption efficiency of 0.06g CA125-800-1-2° for a 10 mL solution containing 20 mg/L
of 1,4-D can attain an impressive rate of 95%.

Table 7. Comparison of adsorption rates of CA125-800-1-2°, A560 and GAC for the same concentra-
tion of 1,4-D at different mass.

Mass (mg) CA125-800-1-2° A560 GAC
20 85.81% 75.71% 21.54%
40 91.13% 85.99% 27.45%
60 95.08% 87.89% 33.47%

3.8. The Investigation of the Mechanism

The interactions between the adsorbent and adsorbate involve various forces, such as
van der Waals forces, electrostatic attractions, pore filling, -7t electron donor-acceptor inter-
actions, hydrogen bonding, coordination adsorption, and hydrophobic interactions [44,45].
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The adsorption mechanism of 1,4-D caused by CAs is depicted in Figure 13. A specific
description for this process is as follows:
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Figure 13. Adsorption mechanism diagram of CAs.

(1) Pore filling: according to the conclusions drawn from BET analysis (Table 3), the ad-
sorption rates of 1,4-D by the three adsorbents (Figure 2) and the nitrogen absorption
and desorption curve (Figure 4), it can be concluded that the adsorption form of CAs
on the refractory organic pollutants is mainly physical adsorption, and the adsorption
method is mainly pore filling, and the specific surface area and pore volume of carbon
materials are larger. This enables a greater the adsorption capacity of 1,4-D.

(2)  Van der Waals force action: according to the adsorption dynamic equilibrium curve of
1,4-D, it can be seen that the adsorption of 1,4-D by CAs is mainly physical adsorption.
Since the main force in the physical adsorption process is the van der Waals force, it
can be inferred that the adsorption of 1,4-D by CAs has van der Waals forces.

(3)  Electrostatic attraction mechanism: the surface of CAs is usually negatively charged,
which makes it easier for CAs to electrostatically adsorb positively charged organic
compounds to form a stable adsorption interface. From a microscopic point of view,
since 1,4-D is a polar solution, and polar molecules hydrogen and oxygen have
different abilities to capture electrons, the shared electron pairs of the two will favor
oxygen, resulting in a positive charge of oxygen, a negative charge of hydrogen, and
a prominent oxygen atom. Therefore, 1,4-D will be absorbed to the surface of CAs
due to the electrostatic attraction of the oxygen atom.

(4) Electron donor/acceptor effect: according to infrared spectrum analysis, CAs contain
a benzene ring as an electron acceptor and the -O- in the ether bond of 1,4-D as an
electron donor. The two can enhance the adsorption capacity between the adsorbent
and adsorbent through the electron donor/acceptor complex effect.

4. Conclusions

The adsorption behavior of a series of CAs adsorbents and their interactions with 1,4-D
were investigated. It was observed that CAs exhibited excellent adsorption capacity for 1,4-
D in aqueous solutions. Notably, CA125-800-1-2° possessed a large specific surface area and
abundant micro-mesoporous structure, resulting in a remarkable removal efficiency (~95%)
for 1,4-D in water. A kinetic simulation revealed the maximum unit adsorption capacities
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at 298 K and 318 K to be 37.55 mg/g and 67.28 mg/g, respectively. Furthermore, the high
adsorption rate coupled with the low desorption tendency indicated that the quasi-second-
order kinetics model and the Langmuir isotherm model accurately described the adsorption
process. After five adsorption-degradation cycles, CAs still exhibit a good regeneration
ability and stability, which provides valuable insights into the potential application of
CAs in efficiently removing, controlling, and remediating aqueous solutions contaminated
with 1,4-D.
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Abstract: Volatile organic compounds (VOCs) are prevalent soil contaminants. During the ex situ soil
remediation process, VOCs may overflow from the soil and cause gas to diffuse into the atmosphere.
Moreover, some VOCs, such as trichloromethane, are categorized by the EPA as emerging contaminants,
imparting toxicity to organs, and the endocrine and immune systems, and posing a huge threat to
human health and the environment. To reduce VOCs’ emissions from contaminated soil, aqueous foam
suppression is a prospective method that provides a durable mass transfer barrier for VOCs, and it has
been widely used in odor control. Based on an aqueous foam substrate, in order to enhance the foam’s
stability and efficiency of suppression, SiO,-TiO,-modified nanoparticles have been used as stabilizing
agents to improve the mechanical strength of liquid film. The nanoparticles are endowed with the ability
to photocatalyze after the introduction of titanium dioxide. From SEM imaging, IR, and a series of
morphological characterization experiments, the dispersibility of the SiO,-TiO,-modified nanoparticles
was significantly improved under the polar solvent, which, in turn, increased the foam duration. The
foam dynamic analysis experiments showed that the foam liquid half-life was increased by 4.08 h,
and the volume half-life was increased by 4.44 h after adding the novel synthesized nanoparticles to
the bulk foam substrate. From the foam VOC suppression test, foam with modified nanoparticles
was more efficient in terms of VOCs’ suppression, in contrast with its nanoparticle-free counterparts,
due to the longer retention time. Moreover, in a bench-scale experiment, the SiO,-TiO, nanoparticles
foam worked against dichloroethane, n-hexane, and toluene for almost 12 h, with a 90% suppression
rate, under UV irradiation, which was 2~6 h longer than that of UV-free SiO,-TiO, nanoparticles, the
KH-570-modified nanosilica foam, and the nanoparticle-free bulk foam. XPS and XRD results indicate
that in SiO,-TiO; nanoparticles, the proportion of titanium valence was changed, providing more
oxygen vacancies compared to raw titanium dioxides.

Keywords: volatile organic compounds; emerging pollutants; aqueous foam suppression; nanoparticle
silica; TiO, photocatalysis

1. Introduction

Ex situ schemes account for a large proportion of soil remediation projects and refer to
soil transfers that may disturb the soil’s ambient surroundings. Some contaminated sites
are liable to suffer from pollutant leaking if trenching or digging works are carried out.
The volatilizing vapors in VOCs pose an intangible threat to human health, which may
cause damage to the human respiratory system and blood circulation [1-5]. Therefore, it
is essential to reduce the effusion of such organic contaminants. At present, membranes
and adsorbents are considered two reliable materials for VOCs control [6-10], both of
which are physical barrier agents. Membrane materials include an inflatable membrane
structure; these membranes can create a mass transfer barrier against volatile gases on the
soil surface [11]. Some adsorbents, such as porous materials, have abundant adsorption
sites that provide the ability to contain gas molecules [12]. Although these two materials
are efficient in terms of VOCs control, they still lack applications in contaminated soil plots.
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Moreover, their undegradable characteristics make it difficult to dispose of them after the
remediation project is completed.

Stabilizing aqueous foam is currently one of the environmentally friendly materials
used for volatile gas control and the suppression of pungent odors [13-16]. Compared with
membrane materials and adsorbents, aqueous foam has inimitable fluidity and flexibility,
and strong degradability. The barrier to VOCs that aqueous foams contain is mainly mani-
fested by the ‘circuitous path’ generated inside the foam and the sealing of the liquid carried
by bubble film [13,17,18]. As the foam carpet covers contaminated soil, liquid draining
occurs simultaneously, making the liquid film thinner and thinner, which undermines
the VOC suppression performance [19-22]. Modified components should be appended
to the substrate to improve the stability of foams, which further prolongs the effective
suppressing time [23-25]. In addition to some common additions to the foam formula, such
as lamellae stabilizers, viscosities, or bi-surfactants [20], nanoparticles are likewise regarded
as effective ingredients, which can curb the possibility of the foam collapsing by forming
a coalescence barrier [26]. Moreover, the expanded specific surface area and plentiful
hydroxide radicals on nanoparticles can undergo functional modification. In recent reports,
a series of hydrophobic groups have been selected to modify the hydroxyl on the surface of
nanosilica [27-31]. The strong emerging dispersion of the post-modified silica can improve
multifunctionalities, such as stabilizing emulsion, supercritical extraction, or oil removal.
Although the method described above has significantly improved the stability of foam film,
the process of foam drainage due to gravity is unavoidable. Since the ability of aqueous
foam to blcok VOCs mainly comes from the liquid sealing effect of the liquid film, when
the foam gradually drains to form an unstable foam skeleton, its ability to block VOCs is
significantly weakened. Therefore, with the foam skeleton framing, the time needed for
the foam to block VOCs can be effectively extended if a layer of hydrophobic absorbent
materials are attached to the film interface.

The vapor recovery agent, which is coupled with the vapor-suppressing scheme, can
enhance the suppressing performance of VOC-contaminated soil [32]. As a novel vapor
recovery material, nano titanium dioxide(nano-TiO;) possesses the capacity to decompose
VOCs because of its photocatalysis performance [33]. In a bench-scale experiment, a
5iO; core-TiO; shell composite nanoparticle was shown to enhance the photocatalysis
of nano-TiO; [34]. These composite particles are widely used in the environmental or
medical fields, have been proven to contain no toxicity, and have no risk of causing
secondary pollution [35]. When assembled with the nanoparticle described above, the
stabilizing aqueous foam demonstrates a bi-functional property that involves a mass barrier
of molecular VOCs, as well as VOC degradation. Moreover, nanoparticles modified by
hydrophobic groups show superior dispersibility, meaning they can uniformly distribute
on foam lamellae and form an intensive layer to restrain coalescence.

In summary, by adding nanoparticles with functional photocatalytic and improved
hydrophobicity to the base of the foam-stabilizing substrate, the particles can spontaneously
arrange themselves at the liquid film-air interface, and still retain their original form in a
dry foam whose liquid film is completely drained. Ultimately, the particles can create a
strong foam skeleton barrier for VOCs’ suppression under intermolecular force.

2. Materials and Methods
2.1. Samples” Preparation
2.1.1. Preparation of Bulk Foaming Solution

To prepare a substrate solution, sodium dodecylbenzene sulfonate (SDBS) and N-lauryl
sarcosinate sodium (NLSS) were mixed homogeneously at a molar ratio of 7:3 in a total
concentration of 0.1 mol/L. After adding 6 vol% triethanolamine, 7 vol% glycerol, 3 g/L
Xanthan gum, and 0.3 mol/L ZnSO; into the hybrid substrate solution, ultrasonic mixing
was carried on for 15 min to obtain a bulk foaming solution. The bulk foaming solution
served as a substrate for the SiO,-TiO, nanoparticle foam. All test samples were sourced
from Aladdin.
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2.1.2. Preparation of Trimethyl Silane (TMCS)-Modified Nanosilica Particles [36]

Briefly, 25-nanometer silica was added to 15 vol% TMCS n—-Hexane or ethanol aqueous
solution with a concentration of 50 g/L at ambient temperature. Then, it was activated
by sodium hydroxide, and adjusted to ca. pH 9. A further experimental operation was
launched after changing the brand-new solution, while the reaction condition was at 60 °C
for 2~4 h or more. The post-reaction product was soaked in an n-hexanol solution for
8 h, centrifuged, and dried at 60 °C for 4 h at atmospheric pressure. A gradient heating
program was followed to prepare a pure TMCS-modified nanosilica particle with an 80 °C
heating program for 3 h and a 100 °C heating program for 2 h.

2.1.3. Sodium Stearate (SS)-Modified Nanosilica Particle Preparation

Briefly, 10 g of 25-nanometer silica was added in 100 mL deionized water and dispersed
adequately in a 250 mL beaker. Sodium stearate with an additive amount of 3.5 g was added
to the beaker under 80 °C heating for 40 min in a thermostatic water bath, then cooled to
ambient temperature after the reaction was in equilibrium. The after-treatment solution
was transferred to a centrifuge tube and centrifuged at a rotation speed of 3000 r/min
for 5 min, and then washed with alcohol once and deionized water twice. Hydrophobic
modified nanosilica was obtained after drying and centrifugation.

2.1.4. Preparation of y-Methacryloyl Oxy Propyl Trimethoxysilane (KH-570)-Modified
Nanosilica Particles

Birefly, 10 g nanosilica and KH-570 (15 wt%) were mixed and dispersed adequately
in 100 mL deionized water, followed by heating at 80 °C for 12 h in a thermostatic water

bath. The final products were washed three times in ethanol, then centrifuged and dried at
100 °C for 2 h.

2.1.5. Preparation of SiO,-TiO, Nanoparticles [34]

5i0,-TiO, nanoparticles were synthesized by adding tetrabutyltitanate dropwise to
the hydrophobic nanosilica substrate. The reaction took place in 100 mL ethanol, and 5 g
hydrophobic nanosilica was added into the solution. The total dosage of tetrabutyltitanate
was 15 vol%. The hydrophobic nanosilica was selected from Sections 2.1.2-2.1.4 by a
series of characteristics, as follows. By dropping tetrabutyltitanate constantly, hydrolysis
happened on the site of silanol functional group, which is exposed on the hydrophobic
nanosilica surface. After an ultrasonic dispersion at ambient temperature for 30 min, the
post-reaction product was washed 3 times in deionized water, then centrifuged and dried
at 100 °C for 2 h.

2.1.6. Preparation of SiO,-TiO, Nanoparticle Foam

Briefly, 0.5 g SiO,—TiO, nanoparticles were added into 100 mL of bulk foam solution,
prepared as detailed in Section 2.1.1, in a spotless beaker (200 mL), and dispersed by ultrasonic
for 15 min. The solution must be foamed immediately when it is dispersed uniformly.

2.2. Characteristics
2.2.1. Hydrophobic Performance

The hydrophobic property of nanosilica after surface modification is strongly related to
its lipophilicity, and the degree of lipophilicity, which is related to methanol consumption, is
a common index used to evaluate the abundance of hydrophobic functional groups on the
surface of nanosilica. A higher lipophilic degree means more methanol consumption, reflecting
a strong lipophilicity and outstanding hydrophobic performance [35,36]. According to the
relative experimental method, 0.2 g of well-prepared hydrophobic nanosilica particles were
added into a beaker containing 50 mL of deionized water. As the methanol was slowly dripped
into the beaker under magnetic stirring (200 r/min), the modified nanoparticles floated on
the surface of the pure water, and infiltrated gradually as the methanol was added dropwise.
The insufficient amount of methanol could only cause part of the nanosilica to infiltrate.
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When all the particles penetrate totally into the methanol—water phase, the consumption of
methanol (V, mL) could be recorded. The calculation method is shown as follows:

Vi

V O,
—50+VX100/0 (1)
where V is the consumption of methanol; Vy, is the degree of lipophilicity, which is a
dimensionless unit.

2.2.2. Dispersion Performance

To evaluate whether the hydrophobic nanosilica particles have outstanding dispersibil-
ity, the dispersion performance of the material was assessed. When the particle size dis-
tribution is similar, the sedimentation rate of ultrafine powder can faithfully reflect the
dispersion of the particles [37], and the sedimentation half-life is also an effective method
of reflecting the sedimentation rate [38]. Briefly, 0.2 g of modified nanosilica particles
were placed in a vial containing 25 mL of ethanol solution and dispersed ultrasonically
for 15 min; they then settled statically on the horizontal plane. An infrared detector was
equipped to monitor the sediments” height in dispersions. The durations were recorded
when the sediments’ height settled down to half their original height.

2.2.3. Stability Performance

The experiment mainly utilized foam volume half-life (t; /ZV) and foam drainage
half-life (t; /ZL) to characterize foam stability. Their specific definitions are as follows.

Half-life of foam volume (t;,,"): the time it takes for the volume of foam to decay to
half of the initial volume of foam.

Foam drainage half-life (t; /zL): the time it takes for foam film to drain until the
drainage volume reaches half that of the initial foaming solution.

2.2.4. VOC-Suppressing Performance

The suppressing performance was tested using a bench-scale testing system (Figure 1).
The testing system contained a switchable UV lamp and a foam VOC-suppressing chamber,
and was combined with an Agilent 5977C gas chromatograph—mass spectrometer (GC-MS)
which came from the Agilent Technologies Co., Ltd. (Shanghai, China). A soil turbulent stirrer
was settled at the bottom of the acrylic jar. Throughout the evaluation process, the stirrer
was turned on and mixed the standard soil and contaminants homogenously, with a stirring
speed of 50 rpm. After mixing the 1.5 mL volatile organic compounds with 50 g of standard
soil in the sealed acrylic jar, the surface was coated with a 4 cm thick aqueous foam, and the
foam-covered VOC-contaminated standard soil in the sealed jar was placed into a switchable
ultraviolet chamber equipped with a VOC-releasing GC-MS monitor. The chamber was
exposed under a 30 W power UV with a wavelength of 254 nm. The gas in the VOC-releasing
chamber was extracted every 30 min, and was measured by gas chromatography to obtain
corresponding signal values. The relevant software automatically integrated those signals
into the peak area (A;) as the experimental points were recorded.

Soil turbulent
stirrer

Switchable

ultraviolet lamp

VOCs suppressing chamber Gas chromatograph

Figure 1. System for evaluating the VOC-suppressing foam.
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The VOCs’ suppression rate at the ith moment is calculated by using the following formula:

(A 0
0; = <1 Tra | X 100% )

where A; represents the response signal integrating the peak area at the ith point.
n represents the total number of test points. For evaluation of the VOCs’ suppression,
this experiment refers to the evaluation criterion of existing studies [14]. We adopt a dura-
tion with a suppression rate of 90% (abbreviated to tgg), and an 80% suppression duration
time (tgp) is similarly used in the suppression assessment.

2.2.5. VOCs Degradation Performance

VOCs contaminant solution with a concentration of 5 mg/L was prepared by dilut-
ing the experimental standard agents including dichloroethane, n-hexane, toluene, and
trichloromethane. Then, 30 mL of the standard solvents described above were added to a
50 mL vial, and the cap was sealed. Birefly, 0.1 g SiO,-TiO, nanoparticles were added into
each vial containing the contaminants. The test was carried out under the conditions of
UV light or in a UV-free environment, and the concentration was tested by headspace gas
chromatography—mass spectrometry eventually. The UV exposure time was 4 h, with a
wavelength of 254 nm and a radiation intensity of 70 uw/ cm?.

2.2.6. Oil Resistivity of Foam

In addition to foam volume and foam stability, the oil resistance of foam also has a
significant impact on the ability to suppress VOCs [39,40]. Two main ways of defoaming
by oil-phase substances are as follows: (1) A portion of micromolecule oil-phase substances
can dissolve in the foaming agent, which reduces the effective concentration of the foaming
agent directly. (2) Some oil-phase substances that are insoluble or possess high surface
activity may contribute to competitive adsorption with surfactants at the gas—liquid
interface. The defoaming ability of the oil-phase material is mainly determined by the
entering index (E) and spreading index (S), and the calculating methods are shown in
Formulas (3) and (4). Therein, v i (mN/m) is the surface tension of the foaming solution,
Yow (mN/m) is the interfacial tension of oil—water mixture, and y40 (mN/m) is the
surface tension of the oil phase. E indicates the strength of the adsorption capacity of the
oil-phase substance at the liquid film, and S indicates the strength of the spreading ability
of the oil-phase substance on the liquid film surface. When E > 0 and S <0, it is proven that
the foam has weak oil resistance to the oil-phase substance. The stronger the defoaming
ability of the oil-phase material, the worse the oil resistance of the foam to this material.

E =9yaw + Yow — 740 3)

S = Yaw — Yow — YA0 4)

3. Results and Discussion
3.1. Modification of Nanosilica

Silica with abundant silanol exposed on the surface was synthesized using the vapor
phase method, which can provide functionalization sites for surface modification. Some
silane coupling agents such as KH-570 can easily react with silanol to form a stable hy-
drophobic tail. The modified silica has a specific hydrophile-lipophile balance (HLB) [41].
When adjusting the quantity ratio of hydrophobic agents and raw silica, the modified silica
showed various dispersion characteristics under different solutions. With the hydropho-
bic groups partly modified on the surface of the silica, dispersion characteristics were
significantly improved, promoting the subsequent synthesis of TiO,-5iO; nanoparticles.
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The modified nanosilica was characterized by Fourier transform infrared spectroscopy
with the Thermofisher Nicolet iS5, which is from the Thermo Fisher Scientific (Shanghai,
China). The experimental results are shown in Figure 2.
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Figure 2. Infrared spectra of nanosilica modified with KH—570, SS, and TMCS.

Figure 2 displays the infrared spectra of nanosilica modified with KH-570, SS, and
TMCS. Clearly, the characteristic peaks of modified hydrophobic nanosilica were slightly
weakened with the shift in the silanol absorption peak (with a wave number of 2800 cm~1),
except for the TMCS-modified nanoparticles [42]. There are significant shape differ-
ences between the modified and unmodified nanosilica at the range of 1750 to 500 cm ™.
SS has a characteristic peak at 720 cm !, which indicates more than four adjacent -CHp—
groups [34,43], and a stretching vibration peak at 1300 cm~! belongs to a carbon skele-
ton of C—C. The more complex circumstance shown in the KH-570 spectrogram has a
miscellaneous peak, resulting in a great contrast with the raw silica.

A surface morphology study was carried out with a Zeiss Merlin Compact scanning
electron microscope and an Oxford AztecX-Max80 energy-dispersive spectrometer, both
are supplied by Beijing Opton Optical Technology Co., Ltd. (Beijing, China), as depicted in
Figure 3. The electronic images of raw silica as well as the modified hydrophobic nanosilica
were analyzed. Obviously, the raw nanosilica is liable to crosslinking, forming a large
and continuous area. The distribution of modified nanosilica is significantly inconsistent.
Hydrophobic modified nanosilica with high porosity shows a relatively longer distance
between clusters.
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SS moditied silica
Figure 3. SEM images of hydrophobic nanosilica modified by various groups.

The hydrophobicity of a modified material depends on the hydrophobic properties
of the functional groups and the degree of functionalization (Figure 4). TMCS, SS, and
KH-570 have different chemical structures, which decide the degree of functionalization
efficiency during the surface modification process with nanosilica. TMCS mainly undergoes
a substitution reaction between Si-Cl and Silanol, generating volatile HCI. This reaction
occurs more readily compared to the forward direction, making it easier to functionalize
the surface of nanosilica. The long octadecyl hydrophobic chain of SS leads to signifi-
cant hydrophobic modification. However, during surface modification, the chain tends to
curl, wrapping the COO™ at the end of the tail and reducing functionalization efficiency.
The Si(OH); group on the modified end enables a single KH-570 molecule to simultaneously
replace three silanol groups on the nanosilica surface with a higher substitution efficiency.
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Figure 4. Schematic diagram of the surface modification of hydrophobic nanosilica.
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The silicon NMR spectra of three modified nanosilica materials, found by the Oxford
MQR, are shown in Figure 5. Chemical shifts in various nanosilica materials are decided by
the number of bridging oxygen atoms in each material, which reflect the state of surface
substituents [11]. The appearance of Q2 and Q3 peaks indicates that the surface of silica has
been modified with other functional groups. According to the spectrum results, KH-570
has a richer variety of peaks and has Q2, Q3, and Q4 peaks simultaneously, causing higher
functionalization efficiency. Notably, TMCS shows Q3 and Q4 peaks, suggesting that the
silica surface has only a single substitution structure, resulting in lower functionalization
efficiency than KH-570. No substitution peak was detected in the SS silicon NMR spectrum,
demonstrating that SS undergoes pore adsorption of nanosilica.
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Figure 5. Si-NMR images of hydrophobic nanosilica modified by various groups.

Further experiments were carried out to test the characteristic of hydrophobicity
alongside the parameter of degree of lipophilicity. Methanol is a typical indicator used to
evaluate lipophilicity. By counting different volumes of methanol consumption, the degree
of lipophilicity can be calculated using the above formula. According to Table 1, SS has
the second-largest degree of lipophilicity at 11.50, while TMCS has the lowest degree of
lipophilicity, with a value of 4.94. Thereby, KH-570-modified nanosilica shows the superior
hydrophobic performance among the three materials, with a 13.64 degree of lipophilicity,
which is consistent with the functionalization efficiency of the Si—NMR reaction.

Table 1. Lipophilic degree of modified hydrophobic nanosilica.

Methanol Consumption

Materials Volume (mL) Degree of Lipophilicity
Raw silica 0.6 0.01
TMCS-modified nanosilica 2.6 494
SS-modified nanosilica 6.5 11.50
KH-570-modified nanosilica 7.9 13.64
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In addition to maintaining the high specific surface area of nanoparticles, hydrophobic
modification of nanosilica can also enhance the dispersion performance of particles in polar
solvents. Since the surface of unmodified nanosilica is rich in silanol, the hydrogen bonding
effect and the cross-linking effect between nanoparticles are markedly enhanced in polar
solvents (such as water or alcohol solvents), affecting the dispersion of particles. Nanosilica
with partial surface hydrophobic modification can use the remaining exposed silanol to
form hydrogen bonds with solvent molecules, while the hydrophobic groups repel each
other; thus, the particles are evenly dispersed in the solvent.

The same circumstance is shown in the sedimentation experiment. As listed in Table 2,
KH-570 has the best dispersion performance, with a sedimentation half-life of 13 min,
and SS is the second best, with a sedimentation half-life of 10 min. TMCS has the lowest
half-life, at 5 min. The half-lives of the three particles are, respectively, 2.5, 5, and 6.5 times
that of the raw nanosilica, dramatically prolonging the duration of sedimentation.

Table 2. Sedimentation experiment results of modified hydrophobic nanosilica.

Materials Sedimentation Half-Life (min)
Raw nanosilica 2
TMCS-modified nanosilica 5
SS-modified nanosilica 10
KH-—570-modified nanosilica 13

3.2. §5i0-TiO, Nanoparticle Characterization

Based on the above experimental results, KH-570 (15 wt%)-modified nanosilica pos-
sesses the best hydrophobic performance, high dispersity in solution, and can prevent
aggregation. On the basis of this, a SiO,-TiO, composite nanoparticle with a core-shell
structure was prepared, and the particle’s characteristics were studied by IR, SEM, and a
bench-scale UV degradation experimental test.

As the experimental results in Figure 6 show, an overlap of peaks can be observed
among the three spectrums in the wavelength range of 3500-2500, 1300-1000, and 850
cm L. Tt can be preliminarily judged that the TiO,-SiO, nanoparticle contains characteristic
groups of both 5iO; and TiO, components [34], which is consistent with the experimental
results of SEM-EDS analysis shown in Figure 7 and Table 3.

In contrast to raw silica, the SEM image in Figure 7 shows that the SiO,-TiO, nanopar-
ticle has a porous structure, and the surface layer is covered with a continuously polished
phase. According to EDS analysis, the surface layer of the particle was coated with silicon
and uniformly trace amounts of titanium.

Figure 8b shows that no characteristic peak of TiO, occurred, which indicates that
5iO, was still the dominant phase in the SiO,—TiO, nanoparticles. From the XPS data in
Figure 8a,c,d, titanium and silicon can be simultaneously detected, but the positions of the
binding energy peaks were slightly changed. In comparison with raw TiO;, the electronic
orbit of Ti 2p3 /, was shifted by 0.55 eV. The increase in binding energy led to a higher bond
dissociation energy in the Ti-O or Ti-Si covalent bonds, making the SiO,-TiO, structure
more stable; the photocatalytic process could also be carried out under higher-energy UV
light instead of visible light, which improved the anti—interference ability of the ambient
conditions. The binding energy of Os showed that most of the oxygen elements form covalent
bonds with silicon in SiO,-TiO, nanoparticles. Figure 8d displays that the energy of Oy
(TiOy) in the nanoparticles increased by circa 1.0 eV compared to raw TiO, (529.1 eV) [44],
and the enhanced Ti-O bonds may create more oxygen vacancies for electron transfer, thus
improving photocatalytic efficiency [45]. In summary, compared to raw TiO,, SiO,~TiO, needs
UV light instead of visible light or simulated solar light. This change causes the materials
to undergo photocatalysis under an external trigger, rather than unstable conditions. This
characteristic also means that catalysis of foam constituents under solar irradiation can be
avoided. Moreover, SiO,-TiO, frameworks can provide more abundant active sites on the
surface of silica for VOCs’ degradation, because of the stronger binding energy of Ti-O [46,47].
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Table 3. EDS element analysis of the SiOp-TiO, nanoparticle.

Chemical Element wt%
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Figure 8. XPS/XRD images of the SiO,-TiO, nanoparticle, raw silica, and raw titanium dioxide.
(a) XPS images of titanium in the SiO,-TiO, nanoparticle and raw titanium dioxide; (b) XRD images
of the SiO,-TiO, nanoparticle, raw silica, and raw titanium dioxide; (c¢) XPS images of silicon in the
Si0,-TiO, nanoparticle and raw silica; (d) XPS images of oxide in the SiO,-TiO, nanoparticle.

3.3. Aqueous Foam Stability

When modified nanoparticles are introduced into the stable foam stock solution, the
particles will spontaneously move to the air-liquid interface, and the semisphere of particles
will be exposed under the air phase due to the hydrophobic groups on the surface of the
particles. The exposure area is related to the degree of hydrophobicity. This kind of self-
assembled nanoparticle on the surface of the liquid film can form an agglomeration barrier
to further prevent the liquid film between foams from coalescing (Figure 9). As a result, the
foam continues to maintain a fine size and restrain the Ostwald ripening process.
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Figure 9. Schematic diagram of the coalescence barrier action of nanoparticles.

A Kriiss DFA100-FSM dynamic foam analyzer provided by Kriiss Scientific Instru-
ments Co., Ltd. (Shanghai, China) was used to observe the morphology of aqueous foam
as a function of time. In the results of foam dynamic analysis test, there were great mor-
phological differences between unmodified and hydrophobically modified particle foams.
As shown in Figure 10, the liquid volume half-life and foam volume half-life of each column
were measured, as shown in Table 4. Looking at the experimental results, after the addition
of modified nanosilica particles, the liquid half-life and foam half-life were significantly
improved, indicating enhanced stability. Foam structures with different stages were ob-
tained from the dynamic analysis images in Figure 11. When the SiO,-TiO, nanoparticles
were added into the stable bulk foam solution, the average size of the bubbles at the foam
volume half-life obviously reduced, thus effectively preventing the foam aggregation pro-
cess, as well as enhancing the foam’s duration. This is consistent with the mechanism of
the coalescence barrier.
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Figure 10. Dynamic foam analysis curve of foam/liquid volume as a function of time.

Table 4. Foam/liquid half-life of various aqueous foams.

Foam Stem Liquid Volume Half-Life/h Foam Volume Half-Life/h
Stabilizing foam 8.46 9.62
KH-570-modified silica foam 10.34 14.50
Si0,-TiO, nanoparticle foam 12.54 14.06
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Figure 11. Images of dynamic foam analysis.

3.4. Aqueous Foam Suppressing VOCs

Aqueous foam can significantly suppress most VOCs by forming a circuitous route for
the harmful vapor. The lamellae between the adjacent foam is capable of providing a mass
transfer barrier to retard the vapor transition through the vapor solution-volatilization
process on the foam membrane surface. However, the suppression ability is completely
dependent on the lamellae thickness, which is directly decided by the amount of liquid
that the foam membrane can carry. In addition, vapor leakage happens when the adjacent
foam coalesces or rearranges, promoting the gas transfer rate and the formation of vacant
sites. By adding photocatalytic nanoparticles to the foam solution, the foam membrane was
mechanically strengthened and endowed with photocatalytic function [34,48]. Bi-functional
foam can make up for the lack of barrier capacity in single liquid film.

Experiments on foam’s suppressing performance were carried out using the assess-
ment index of suppressing rate, calculated with Formula (2). Each stabilizing foam solution
contains 0.5 wt% nanoparticles or nanosilica. Three stems of aqueous foam (unmodified
nanosilica foam, SiO,-TiO, nanoparticle foam in a UV-free environment, and SiO,-TiO,
nanoparticle foam under UV light) were used to suppress the following typical VOCs:
a chlorohydrocarbon (dichloroethane), a petroleum hydrocarbon (n-hexane), a benzene
derivative (toluene), and an emerging contaminant (trichloromethane). All the tests of
VOCs were carried out by diluting standard laboratory agents.

In order to reflect the photocatalytic effect of the nanoparticles, a bidirectional experi-
ment, including the conservation of the VOC suppressing ratio as a function of time, was
carried out with modified nanoparticles and unmodified nanoparticles. The experimental
results are as follows. From the dynamic curve, the tgy/tgy index is presented in Table 4.
Compared with unmodified nanosilica, the tgy and tgg VOC suppressing times of the modi-
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fied nanoparticle foam were longer than those of the nanoparticles-free stabilizing foam.
The SiO,-TiO, nanoparticle foam under the irradiation of UV light showed an excellent
VOC-suppressing ability on four contaminants. Table 5 shows that the suppression times
of the four pollutants are obviously different, depending on the degree of oil resistance of
foam materials to different pollutants. From Table 6, all the E indexes of foam solution are
greater than 0 in the presence of n—hexane, dichloroethane, and toluene, and S indexes are
less than 0, indicating that the four pollutants have a defoaming effect. From the indexes of
toluene, we observed that this contaminant is more easily adsorbed on the surface of the
liquid film, and forms a refractory liquid droplet, which is consistent with the short dura-
tion of toluene’s blocking rate. The experimental data of n-hexane indicate that n—-hexane
is more easily adsorbed on the surface of the liquid membrane, affecting the effectiveness
of the surface active agent. Therefore, the resistance of the foam to n-hexane is weaker than
that of dichloroethane, toluene, and trichloromethane.

Table 5. VOC suppression evaluation of various nanoparticle aqueous foams.

Stem of Contaminants

Foam Type Dichloroethane n-Hexane Toluene Trichloromethane
tso t9o tgo too tso t9o tso too
Unmodified nanosilica foam 8.89 7.24 9.64 7.08 8.57 5.90 8.57 7.52
Unmodified nanosilica foam (UV) 9.01 7.50 9.55 6.89 8.15 6.42 9.02 7.60
S5i0,-TiO; nanoparticle foam (UV-free) 10.65 10.05 11.59 10.71 12.11 11.35 10.28 8.47
5i0,-TiO, nanoparticle foam (UV) 12.45 11.94 13.32 11.19 13.15 11.84 10.71 9.16

Table 6. Entering index and spreading index of various oil —surfactant phases.

Phase Surface Tension/(mN - m~2) Entering Index (E) Spreading Index (S)
n—He)?;rI;ie/);?lr;?actant %22 20.9 —12.3
Dichlgf;fgﬁgizir;gctant 3(3 ;3,2 22 —10.4
Toluerl;z l/l;ir;feactant ?gg 14.6 —15.4
Trichlgigr?llézc?anrzs j};?;;feactant %2? 147 —16.3
Surfactant solution 28.10 — -

Convergence barriers were formed during the transfer of nanoparticles to the air-
liquid interface of bubble film, which obstructed the gas penetration between foam units.
The barriers are also able to strengthen the foam structure, enabling more flexibility to
confront outer vapor pressures such as wind. The prolonged retention time increases the
suppression time accordingly. At the same time, the titanium in the SiO,-TiO, composite
nanoparticles plays a role in photocatalysis, causing the amounts of VOCs to be further
effectively suppressed. The photocatalytic property of the nanoparticles was characterized
by the degradation test. Experiments were performed by headspace gas chromatography-
mass spectrometry, and results are shown in Figure 12. Apart from the first three typical
VOCs, trichloromethane is easily affected by photochemical reactions and can be degraded
without the addition of catalysts, producing hydrogen chloride and phosgene [49]. The
introduction of nanoparticles may weaken the degradation caused by the photochemical
reaction due to the decrease in light transmittance. Furthermore, as the foam lamellae
become thinner because of the film liquid drainage, the foam skeleton keeps its initial frame
structure, which gradually emerges from top to bottom; it has then lost the function of
mass transfer across the barrier. By adding the photocatalytic nanoparticles in the foam
solution, the post-forming skeleton of aqueous foam will be endowed with a function of
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VOCs’ adsorption—-degradation, meaning the dry foam is still able to suppress the VOCs.
This theory can be testified by the experimental solution shown in Figure 13, in which the

subsequent suppression time tgy of UV-irradiated foam is slightly delayed by about 1 h
compared to the UV-free case.
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Figure 12. Degradation experiment results of unmodified nanosilica, UV-free nanoparticles, and
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4. Conclusions

(1) Three silicon surface modifiers: trimethylchlorosilane, sodium stearate, and KH-
570 were used to carry out hydrophobic modification of nanosilica. The dispersion
of nanosilica after surface hydrophobic modification was significantly improved,
and KH-570-modified nanosilica nanoparticles showed superior hydrophobic and
dispersion performance, with a lipophilicity degree of 13.64 and a sedimentation
half-life of 13 min in ethanol solvents. From the SEM image, the distance between
clusters in the nanosilica aggregate was stretched, meaning a porous structure was
formed, and there was a more uniform distribution of clusters. Through a lipophilicity
test, a sedimentation half-life test and surface morphology characterization, it can
be found that the cross-linking between nano-silica modified by a coupling agent is
significantly weakened, and the dispersion in polar solvents is stronger, making it
suitable as a synthetic substrate of SiO,-TiO, nanoparticles.

(2) After the addition of SiO,—TiO, nanoparticles, the gas permeability between the
foams was significantly reduced due to the aggregation barrier, the smaller initial
size of the foam, and the delicate and uniform foam. The liquid volume half-life
was increased by circa. 2 h, and the foam volume half-life was increased from circa.
9 to 14 h, which indicates greatly improved stability. The liquid volume half-life and
the foam volume half-life of the SiO,-TiO, nanoparticle foam are similar those of the
KH-570-modified nanosilica, with a 12.54 h liquid volume half-life and a 14.06 h foam
volume half-life.

(3) The effective barrier time was assessed to compare the SiO,-TiO, nanoparticle foam’s
VOC suppression ability under different conditions. The VOC suppression properties
of the 5i0,-TiO, nanoparticle foam (UV), SiO,-TiO; nanoparticle foam (UV-free),
original nano-SiO, (UV-free), and original nano-SiO, (UV) were decreased in or-
der. Compared with unmodified nanosilica foam, the SiO,-TiO, nanoparticle foam
showed stronger suppression performances, especially under UV light irradiation,
and the indices of suppression (tgg, tog) of dichloroethane, n—-hexane, toluene, and
trichloromethane were higher than those of the former foam for 2~6 h.
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Abstract: To investigate the effect of pesticide use on surface water, the concentration and distribution
characteristics of 57 pesticides and 3 degradation products were analyzed in the farmland soil
and surface water in the Xingkai Lake area, including water from paddy fields, drainages and
the Xingkai Lake, in Heilongjiang Province, China. Forty-three pesticides and three degradation
products were detected in farmland soil. In dry field (corn and soybean field) soil, the main detected
pesticides were atrazine and acetochlor with mean concentrations of 26.09 ng-g~! and 49.08 ng-g !,
respectively. In paddy field soil, oxadiazon, mefenacet and chlorpyrifos were the main detected
pesticides with mean concentrations of 14.32 ng- gfl, 78.60 ng- g*1 and 20.03 ng-gfl, respectively.
In the surrounding water, including water from paddy fields, drainages and Xingkai Lake, the
total concentrations of contaminants detected in the water samples ranged from 71.19 ng-L~! to
10,145.76 ng~L_1. Of the three sampling periods, the mean concentration of contaminants in the
water exhibited its peak during the vegetative period. In the analysis of the drainage water, the
primary pesticides detected were atrazine, acetochlor and buprofezin with mean concentrations of
354.83 ng'L_l, 109.09 ng'L_1 and 254.56 ng-L_l, respectively. Atrazine, simetryn, buprofezin and
isoprothiolane were the main pesticides detected in Xingkai Lake water, with the mean concentrations
of 222.35ng-L 1, 112.76 ng-L. =1, 301.87 ng-L~! and 138.02 ng-L~!, respectively. The concentrations
of contaminants could be correlated with drainage, Da Xingkai Lake and Xiao Xingkai Lake water
(p > 0.8) suggested that the source of these contaminants in drainage and Xingkai Lake water could
be the same. The maximum potentially affected fraction (PAF) values of atrazine, chlorpyrifos and
prometryn were higher than 5% in Xingkai Lake water, resulting in high ecological risks.

Keywords: pesticides; Xingkai Lake; distribution; ecological risk assessment; metabolites

1. Introduction

Pesticides are chemical agents used in agriculture to control pests and diseases and
regulate plant growth [1]. Pesticides currently in use include organophosphorus, amides,
carbamates, azole and so on. As the research on pesticides continues to develop, people
have found that organophosphorus insecticides can cause neurotoxic effects by inhibiting
acetylcholinesterase. This has adverse effects on the human visual system [2] and even
affects the normal development of the fetus [3]. Atrazine in triazine pesticides has endocrine
disrupting effects [4] and is classified as an endocrine disruptor by the European Union.
Acetochlor in amide herbicides can affect the expression of the thyroid hormone gene in
fish [5], while butachlor has toxic and endocrine-disrupting effects on zebrafish embryos [6].
Unfortunately, in China, the annual use of atrazine totals more than 1000 tons [7], and the
annual use of alachlor, acetochlor and butachlor, as the three main amide herbicides, totals
more than 100,000 tons [8]. Less than 0.1% has an active effect on disease control [9], with
the rest forming a residue in the environment.
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Such a high concentration of pesticides forms residues in the soil, affects the soil envi-
ronment and pollutes the water environment through surface runoff, soil leaching [10] and
so on, affecting the aquatic organisms. The pollution of surrounding surface water caused
by pesticide use is constantly being reported. A total of 83 pesticides have been detected,
and imidacloprid was shown to pose a high risk to sensitive ecological species in the north-
west of Taihu Lake [11]; in Poyang Lake, neonicotinoid insecticides and organochlorine
pesticides were detected [12,13]. The maximum concentration of pesticides detected in
Lake Biwa, Japan, was 0.4 pLg~L’1 [14]. The surface water of the northern Indo-Gangetic al-
luvial plains was affected by agricultural activities, and the concentration of organochlorine
pesticides in the surface water was 2.63 pg-L~!1~3.72 ug-L~1 [15]. They are all the important
local surface water resources, but due to the development of agriculture in the surrounding
areas, many kinds of pesticides remain in the surface water. However, Xingkai Lake, as
the largest freshwater lake in Northeastern Asia [16] with a large amount of farmland
surrounding it, has been rarely reported on in relation to pesticide residues.

Xingkai Lake, located in the southeast of Heilongjiang Province, China, is composed
of Da Xingkai Lake and Xiao Xingkai Lake and is a located on the boundary between China
and Russia. Xingkai Lake is located in a significant local grain production zone, character-
ized by minimal industrial pollution and predominantly agricultural activities [17,18]. The
pollution in the lake is mainly from farmland. According to The Ecological and Environmental
Status Bulletin of the Chinese government [19], Xingkai Lake is a Class V surface waterbody
that is moderately polluted and has a light eutrophic status. In the past, research on the
water environment of Xingkai Lake mostly focused on the water quality [20,21]. Although
residues of acetochlor, butachlor and organochlorine pesticides have been reported in
the farmland soil and surface water of Xingkai Lake [22,23], many other pesticides have
not been reported. At the same time, Xingkai Lake is rich in fish and has a developed
fishery industry. The effect of the use of agricultural pesticides on the aquatic ecological
environment of Xingkai Lake is still unclear.

Therefore, the objective of this study was to explore the current levels of pesticide
residues in the Xingkai Lake area and reveal the impact of the use of agricultural pesticides
on the water environment of Xingkai Lake. We investigated the concentrations and dis-
tribution characteristics of 57 pesticides in the farmland soil and water around Xingkai
Lake, including paddy field water, drainage water and Xingkai Lake water, using gas
chromatography-mass spectrometry (GC-MS).

2. Materials and Methods
2.1. Materials and Reagents

The 57 pesticides and 3 degradation products that were used in this study were
divided into six categories according to chemical group as shown in Table 1, including
amides/anilines, azoles, carbamates, heterocyclic, organophosphates and triazines. The
names, CAS numbers and companies from which the 57 pesticides and 3 degradation
products were purchased are listed in Table S2. The recovery indicators phenanthrene-d10
and atrazine-d5 were purchased from Accustandard, New Haven, CT, USA. All of the sol-
vents used in this study, including methanol, n-hexane (HEX) and dichloromethane (DCM),
were of high-performance liquid chromatography (HPLC) grade (Thermo Fisher Scien-
tific, Waltham, MA, USA). Glass fiber filters with a 0.7 um aperture were purchased from
Millipore, Billerica, MA, USA; anhydrous sodium sulfate was purchased from Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China; ultrapure water was prepared using a
RephilLe-]24617 system (PURIST PRO, Lefeng Biotechnology Co., Ltd., Shanghai, China);
the C18 (6 cc 500 mg) solid phase extraction (SPE) columns and HLB (6 cc 500 mg) SPE
columns were purchased from Waters, Milford, MA, USA; celite was purchased from
J&K Scientific, Beijing, China; and Florisil (6 mL, 1 g) SPE columns were purchased from
Supelco, Merck, Darmstadt, Germany.
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Table 1. Classification of the 57 pesticides and 3 degradation products.

Pesticide Names

Species Number

Subtype
Dimethazone, Oxadiazon, Procymidone, Acetochlor, Alachlor,
. . Bentazon methyl d Buprofezin, Butachlor, Cycluron,
Amides/Anilines Dimethachlor, Fenoxanil, Mefenacet, Metalaxyl, Metazachlor, 17
Metolachlor, Pretilachlor, s-Metolachlor
Anvil, Epoxiconazole, Paclobutrazol, Propiconazole,
Azoles . . 7
Tebuconazole, Tricyclazole, Uniconazole
Carbamates Baycarb, Isoprocarb, Pirimicarb, Propoxur 4
Heterocyclic Fenson, Fludioxonil, Isopr.othlolane, Picoxystrobin, 5
Tebuthiuron
Bolstar, Chlorpyrifos, Demeton, Diazinon, Dichlorvos,
Organophosphates Disulfoton, Ethoprop, Fenthion, Malathion, Mevinphos, 14
Phorate, Ronnel, Sulfotep, Tokuthion, Trichloronate
Ametryn, Atrazine, Atrazine-desisopropyl 4 Desethylatrazine
Triazines d, Gesatamine, Metribuzin, Prebane, Prometon, Prometryn, 13

Propazine, Sebuthylazin, Simazine, Simetryn

Note: ¢ means pesticide’s degradation product.

2.2. Study Sites and Sampling

As shown in Figure 1, samples were collected at the 22 sampling sites during May
2022 (sowing period), July 2022 (vegetative period) and September 2022 (maturity period),
including surface water samples and farmland soil samples. Detailed information regarding

the sampling sites is shown in Table S1.
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Figure 1. Distribution of sampling sites of farmland soil and surface water.

The farmland soil samples were collected at 14 sampling sites, including corn fields
(C1~C3), paddy fields (P1~P7) and soybean fields (51~54). The soil samples were collected
using a five-point sampling method, and the four surrounding sampling points were 20 cm
away from the center point. Soil samples were taken 10 cm below the crop root with a
stainless steel spoon, and about 100 g was collected at each point. The sampling points
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were arranged to avoid farmland boundaries, and the collected samples were preserved at
a low temperature of —20 °C.

The 26 surface water samples were collected at 12 sampling sites, including paddy
field water, drainage water and Xingkai Lake water. The sampling points for paddy field
water were designated P1 through to P4, while the drainage water was sampled at D1
through to D4. Additionally, the sampling points for Da Xingkai Lake were identified
as L1 and L2, whereas those for Xiao Xingkai Lake were noted as L3 and L4. A total of
4 L of water was collected from each sampling point with a stainless steel vessel, and
the sampling points were located 50 cm away from the shore, with a collection depth of
20~30 cm below the surface of the water. Obvious pollution sources were avoided during
sampling. The samples were subsequently gathered in brown glass bottles and transported
to a storage location at a temperature of —4 °C. Following this, we underwent pretreatment
within a 48 h period.

2.3. Sample Pretreatment
2.3.1. Soil Sample Pretreatment

The soil was sieved to a particle size of less than 2 mm after being freeze-dried using
Freeze Dry Systems (Freezone 4.5, Labconco, TX, USA). Accelerated solvent extraction
(ASE) [24,25] was carried out with an ASE 350 extractor (Dionex, Sunnyvale, CA, USA). The
extraction program for soil samples was as follows: 5 g of soil was mixed with 2 g of celite
in a 34 mL stainless steel vessel and 200 ng each of the recovery indicators phenanthrene-
d10 and atrazine-d5 was added; then, acetone: HEX (1:1, v/v) was used as the extraction
solvent at 100 °C under a pressure of 1500 psi with 5 min of heating and 5 min of static
extraction, which was carried out in two cycles; and the extraction cell was flushed with
60% of the cell volume of the solvent and purged with nitrogen for 60 s [26]. The extract was
dehydrated using anhydrous sodium sulfate and then concentrated to 2 mL using a rotary
evaporator (Heidolph, Schwabach, Bavaria, Germany). After the extraction procedures,
the extracts were transferred to a Florisil column that was used to clean up interfering
substances. The columns were activated with 10 mL of each of DCM and HEX before use.
The target components were eluted with 15 mL of leachate (DCM: HEX = 1:1, v/v) [26,27].
The elute was concentrated to dryness with a gentle nitrogen flow, and then the solvent was
replaced with HEX, setting the volume to 0.5 mL, and maintained at —20 °C for subsequent
instrumental analysis.

2.3.2. Water Sample Pretreatment

Particles were first filtered from the water samples using 0.7 pm glass fiber filters [28].
Next, 2 L of each filtered water sample was taken in a brown glass bottle, and then 100 ng
of the recovery indicator phenanthrene-d10 was added for solid phase extraction. The solid
phase extraction method was used for the pretreatment of the water sample, and the SPE
columns C18 and HLB were selected in tandem. The C18 and HLB columns were activated
with 10 mL of each of DCM, methanol and ultrapure water. The C18 and HLB SPE columns
were enriched in series using negative pressure. The components were eluted with 10 mL
of DCM. The elute was dehydrated using anhydrous sodium sulfate and concentrated to
dryness with a gentle nitrogen flow, and then HEX was added to replace the solvent, setting
the volume to 0.5 mL. The solution was maintained at —20 °C for subsequent instrumental
analysis [29,30].

2.4. Instrumental Determination

Gas chromatography-mass spectrometry (GC-MS) was used to analyze the 57 pesti-
cides and 3 degradation products (6890N-5975B, MSD, Agilent Technologies Inc., Santa
Clara, CA, USA). The capillary column used was a DB-5MS (30 m x 0.25 mm x 0.25 pm,
J&W Scientific, Folsom, CA, USA). Nitrogen was used as the carrier with a constant flow
velocity of 1.0 mL-min~!. The injection volume was 1.0 uL with a splitless inlet. Qualitative
analysis was performed in scan mode, and quantitative analysis was performed in selected
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ion mode (SIM) [29,30]. Chromatographic quantitative ion (11/z) and retention time are
shown in Table S2.

2.5. Quality Assurance and Quality Control

The methods were verified by measuring pesticide recovery, the limit of detection
(LOD), the limit of quantitation (LOQ) and the regression coefficient (R?) before sample
analysis. The validation of water and soil sample pretreatment methods was carried out
using matrix recovery tests. Ultrapure water was used as the matrix for the water sample
method validation experiments, and the actual soil samples were used as the matrix for
the soil pretreatment experiments. The mass of the target compound added to the matrix
was 150 ng, and the pretreatment process was the same as that of the actual samples. The
validity of the method for water and soil samples was confirmed separately. A total of
three groups of matrix blank parallel experiments and five groups of matrix addition target
object parallel experiments were set up to calculate the target recovery rate. The LOD
and LOQ of each pesticide and degradation product were calculated according to the
concentrations corresponding to a signal /noise (S/N) of three and ten for pure standard
solutions. The recovery rate ranged from 74.8% to 107.8% in water and 60.9% to 109.3%
in soil. The recovery rates of the recovery indicators phenanthrene-d10 and atrazine-d5
added during the pretreatment were 86.0%~119.1% and 84.3%~118.8%. The established
GC-MS method had a wide linear range and a good correlation coefficient (R? > 0.99). The
detailed information is shown in Table S2.

2.6. Ecological Risk Assessment

The species sensitivity distribution (SSD) method was used to assess the ecological
risk of the pesticides detected in Xingkai Lake; it combines the toxicity data from multiple
single species to predict the concentrations affecting a given number of species in a com-
munity [31,32]. It is widely used to evaluate the ecological risk of a pollutant or pollutants
to organisms [33]. This study was carried out according to the following steps: (1) toxicity
data acquisition; (2) SSD curve fitting; (3) the calculation of the potential affected fraction
(PAF); and (4) the ecological risk assessment of single compounds.

The biotoxicity data used in SSD were obtained from the US EPA ECOTOX database
(https:/ /cfpub.epa.gov/ecotox/ (accessed on 28 November 2023)), Chinese academic
literature (CNKI, http:/ /www.cnki.net/ (accessed on 28 November 2023)) and English
academic literature (http://www.sciencedirect.com/ (accessed on 28 November 2023)),
and acute toxicity data were used to construct an SSD curve and the lethal concentration
(LCs0) or median effective concentration (ECsp) as the toxicity endpoint. The exposure
medium was fresh water and the exposure time was no more than 4 days.

Although many methods may be used to carry out the cumulative distribution func-
tion [34,35], the log-logistic distribution was used since it often fits toxicity data well [31,36].

B a

g ==
where y is the proportion of species affected, which is defined by ranking and numbering
toxicity data from smallest to largest and labelling them 1 to , and then calculating 7;;
x is the logarithmic value of the toxicity data; a is the amplitude; x. is the parameter of
location; and k is the parameter of the slope of the curve.

The potentially affected fraction (PAF) of species was calculated for each exposure
concentration of the monitored pesticides to evaluate the ecological risk. When the PAF is
less than 5%, the ecological risk is low or not significant. However, when the calculated
PAF equals or exceeds 5% of the species, the ecological risk escalates significantly [37]. To
calculate the y, that is, the PAF value, x is taken as the concentration value of the component
and brought back to Formula (1).

y M
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3. Results
3.1. Residual Characteristics of Contaminants in Farmland Soil

During the sampling procedure, pesticide bottles containing bentazon were discovered
discarded adjacent to the field. Due to the limited response of GC-MS in directly detecting
bentazon, an analysis of degraded bentazon methyl was conducted. In this analysis,
the detection rate of atrazine was observed to be significantly higher. The degradation
products of atrazine, which are atrazine-desisopropyl and desethylatrazine, are highly
toxic to aquatic organisms [38]; therefore, we also analyzed atrazine-desisopropyl and
desethylatrazine.

A total of 43 pesticides and 3 degradation products were detected in farmland soil,
of which amides and anilines were the main component. The total concentrations of
contaminants and the types of chemical constituents in the soil samples are shown in
Figure 2. In the vegetative period, 44 contaminants were detected with total concentrations
of 189.02 ng-g~1~845.27 ng-g~!, and 41 contaminants were detected with total concen-
trations of 22.99 ng-g~1~281.94 ng-g~! in the maturity period. The concentrations of
pesticides and degradation residues in the vegetative period were higher than those in the
maturity period, primarily because the vegetative period is the primary application period
for pesticides.
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Figure 2. Total concentrations of contaminants and the types of chemical constituents in farmland
soil at different sampling points.

In dry field (corn and soybean field) soil (Figure 3A), 34 pesticides and 3 degradation
products were detected, and the mean concentration of contaminants was 760.62 ng-g~! in
the vegetative period and 108.25 ng-g~! in the maturity period. The main detected pesti-
cides were atrazine and acetochlor. Atrazine and acetochlor are applied in the vegetative
season. The maximum concentrations of these two herbicides were, respectively, 133.53
ng-g~!and 155.75 ng-g~!. Atrazine was regularly reported in dry field soil, and its mean
concentration was 26.09 ng-g ! in the dry fields in the Xingkai Lake area. Compared with
other studies, this level was notably higher than that found in the agricultural soils of Liaon-
ing (18.38 ng-g~!) and in riparian soils in the Songhua River Basin (11.28 ng-g~!) [39,40].
Yu’s research [22] conducted in the Xingkai Lake area revealed an acetochlor detection rate
exceeding 80%, with a maximum recorded concentration of 117.1 ng-g~!. This finding
aligns with the results of our study.
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In paddy field soil (Figure 3B), 40 pesticides and 2 degradation products were detected.
The elevated levels of pesticides detected in paddy fields, compared to dry fields, may

Figure 3. Concentrations of the 60 contaminants detected in dry field (A) and paddy field (B) soil.
be attributed to the distribution of pesticides within the water and soil of these paddy
and 198.01 ng-g~! in the maturity period. The main detected pesticides were oxadiazon,

mefenacet and chlorpyrifos. The data indicate that mefenacet was the predominant local
concentration of 78.60 ng-g~!. The maximum observed concentration of butachlor was

27.03 ng-g~ !, which was lower than the previously reported value of 140.55 ng-g ! [22].

The highest concentration of organophosphates was 26.85 ng-g~!, which was lower than
the maximum residues in the paddy fields of northern Thailand (58.6 ng-g~!) [41]. In paddy

field soil, the fungicide detection rate was 50.6%, whereas in dry field soil, it was 22.1%.

fields. The mean concentration of contaminants was 314.87 ng-g~! in the vegetative period
herbicide in the paddy field, with a peak concentration of 363.00 ng-g~! and an average
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In paddy field soil, the fungicide with the maximum concentration was tebuconazole
(44.82 ng-g~1). In contrast, the most prevalent fungicide in dry field soil was tricyclazole,
with a concentration of 13.75 ng-g~!. The data suggest that the frequency and concentration
of fungicides detected in paddy field soil surpass those found in dry field soil. This
discrepancy may be attributed to the humid conditions prevalent in paddy fields, which
render them more prone to mildew.

3.2. Residual Characteristics of Contaminants in Surrounding Water

In the surrounding water samples, 48 pesticides and 3 degradation products were
detected, of which 8 pesticides had a detection rate of 100%, namely atrazine, acetochlor,
simetryn, prometryn, isoprothiolane, metolachlor, oxadiazon and fenoxanil. The total
concentrations of contaminants and the types of chemical constituents in the water samples
are shown in Figure 4. The total concentrations of the contaminants detected in the
water samples ranged from 71.19 ng-L~! to 2883.94 ng-L~! in the sowing period, from
585.46 ng-L~! to 10,145.76 ng-L.~! in the vegetative period and from 680.38 ng-L ! to
1178.93 ng-L~! in the maturity period. The concentration of residual contaminants in the
vegetative period was higher than that in the sowing and maturity periods, which was
consistent with increased pesticide use in the vegetative period.
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Figure 4. Total concentrations of contaminants and the types of chemical constituents in the sur-
rounding water at different sampling points.

In the sowing period (Figure 5A), almost no pesticides were used. The mean total
concentration of contaminants was 346.47 ng-L.~! in paddy field water and 1233.50 ng-L~!
in drainage water. Except for the D4 sampling points, the concentration of contaminants
at other sites was minimal, which can be considered to be representative of the environ-
mental background value. The maximum values of atrazine, prometryn, dimethazone
and acetochlor were all detected in D4, and they totaled 1594.60 ng-1.~!, 132.83 ng-L !,
181.88 ng-L~! and 509.60 ng-L 1. This may have been due to the fact that the D4 point was
close to a corn field that was affected by the use of these substances or other human factors.
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Figure 5. Concentrations of the 60 contaminants detected in the sowing (A), vegetative (B) and

maturity (C) periods in surrounding water.
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In the vegetative period (Figure 5B), the main contaminants were triazines, amides
and azole, including seven pesticides: atrazine, simazine, acetochlor, buprofezin, bu-
tachlor, mefenacet and paclobutrazol. The mean concentrations across various samples
were as follows: 4729.69 ng-L~! in paddy field water, 2717.84 ng-L~! in drainage water,
3067.80 ng-L~! in water from Da Xingkai Lake and 955.91 ng-L.~! in water from Xiao
Xingkai Lake. The highest concentration of contaminants was observed in paddy field
water, a finding that can be attributed to the direct use of pesticides within these fields.
According to the results of the study, buprofezin might be the main insecticide used in the
Xingkai Lake area, with a mean concentration of 891.18 ng-L~!. Buprofezin is typically
applied during the summer months, specifically from late July to early August. It is plausi-
ble that our sampling occurred during the vegetative period, coinciding with the use of
buprofezin. This could have led to elevated residual concentrations in the paddy field water.
The primary herbicides detected in the study were simazine, butachlor and mefenacet. The
mean concentrations of these herbicides in water were 203.60 ng-L 1, 103.10 ng-L~! and
114.43 ng-L~!, respectively. These herbicides were also highly prevalent in paddy field soil.
During the vegetative period, the mean concentrations of atrazine and paclobutrazol in
water were found to be 297.81 ng-L~! and 375.18 ng-L ™!, respectively.

In the maturity period (Figure 5C), the main contaminants were atrazine, bupro-
fezin and isoprothiolane with mean concentrations of 148.76 ng-L !, 216.19 ng-L~! and
131.56 ng-L~!. The mean total concentrations were 841.74 ng-L~! in drainage water,
914.53 ng-L~! in Da Xingkai Lake water and 1133.68 ng-L~! in Xiao Xingkai Lake wa-
ter. To maintain pesticide residues in crop grains within safe limits, the use of pesticides
is progressively halted during the early period prior to harvest. Consequently, the con-
centration of these residues diminishes during the maturity period compared with the
vegetative period.

The use of pesticides on farmland has had a detrimental impact on Xingkai Lake, resulting
in the detection of various contaminants in its water. In Da Xingkai Lake and Xiao Xingkai
Lake water, 37 pesticides and 3 degradation products were detected. Atrazine, simetryn,
buprofezin and isoprothiolane were the main detected pesticides. Atrazine is widespread in
surface water in China; the concentration range was 66.80 ng-L~1~772.15 ng-L~! in Xingkai
Lake water, which was similar to the concentrations in the Songhua River and the Heilongjiang
River of 844.9 ng-L~! and 606.5 ng-L~! [42]. The maximum concentration of simetryn
was 581.80 ng-L ! and the median concentration was 61.80 ng-L~!, while the maximum
concentration of simetryn reported in surface water in Wuhan and the Liao-He River was
only 10.7 ng-L~! [43,44], which is lower than that in this study. The mean concentration
of acetochlor was 70.88 ng-L.~!, which is lower than that reported in the major growing
areas in China (4.3 pg-L 1) [8]. Buprofezin was detected with a mean concentration of
301.87 ng-L~!, and its maximum concentration reached 1003.44 ng-L~! in the vegetative
period. In the Taige Canal basin, buprofezin concentrations ranged from 56 ng-L~! to
390 ng-L~1, averaging at 218 ng-L~! [45]. This finding aligns with the results obtained
in this study. The contamination of isoprothiolane was notably high during the maturity
period, with a mean concentration of 129.66 ng-L~! in the vegetative period and an increase
to 146.38 ng-L~! in the maturity period. Wang also reported [11] a higher concentration
of isoprothiolane (186 ng-L~!) in September, which is consistent with the findings of
this research.

Xingkai Lake and Taihu Lake, both freshwater bodies, are significantly impacted by
the use of pesticides on farmland. Upon comparing the pesticide levels in Xingkai Lake
to those in Taihu Lake, it was observed that the concentration of butachlor was markedly
higher than in Taihu Lake. The peak concentration of butachlor in Taihu Lake was recorded
at 43 ng-L~!, with a mean concentration of 1.5 ng-L~! [11]. In contrast, Xingkai Lake
exhibited a maximum concentration of 209.22 ng-L~! for butachlor, accompanied by a
mean concentration of 36.58 ng-L 1. There were also significant differences between the
residues of dichlorvos in Xingkai Lake and in Taihu Lake. Wang [11] reported that the
highest average concentration of dichlorvos was measured at 4.2 ng-L~! with a maximum
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value of 263 ng~L’l in Taihu Lake; Zhou [46] reported that the mean value of dichlorvos in
the Meiliangwan Bay of Taihu Lake was 51.6 ng-L~!; however, no dichlorvos was detected
in Xingkai Lake during this study. These factors could be associated with the cultivated
crops and the variations in pesticide usage between the northern and southern regions [8].
Interestingly, a lake in Japan had similar findings to Xingkai Lake. Lake Biwa, as the largest
lake in Japan [41], is also heavily impacted by surrounding agricultural activities. In Japan,
simetryn and isoprothiolane are also applied in paddy fields. In Lake Biwa, both simetryn
and isoprothiolane had high detection rates with the maximum concentrations of 0.41
ug-L~1 and 0.15 pg-L~! [41], while dichlorvos was also not detected in the lake. The results
of this study were similar to those in Xingkai Lake, possibly because the pesticides used in
these two areas are similar.

The proportions of the different types of contaminants in the surrounding water in
different periods are illustrated in Figure 6. The concentration of carbamate pesticides
was found to be the lowest, potentially due to their high toxicity and thus their being
gradually phased out [47]. Triazines and amides were the main detected pesticides in the
surrounding water. During both the vegetative and maturity periods, the proportions
of various structural contaminants were comparable in both drainage and Xingkai Lake
water. The proportions of amide pesticides in drainage, Da Xingkai Lake and Xiao Xingkai
Lake water during the maturity period were 40.7%, 39.1% and 36.1%, respectively. The
distribution of heterocyclic pesticides exhibited similarity across drainage and Xingkai
Lake water. We conducted a Spearman correlation analysis of the contaminants in the
drainage and Xingkai Lake water using Origin 2019 as our analytical tool. The results of this
correlation, represented by the correlation coefficient (p), are shown in Table 2. The results
showed that the distribution characteristics of the contaminants could have a correlation in
the drainage, Da Xingkai Lake and Xiao Xingkai Lake water (p > 0.8). Furthermore, the
correlation was more pronounced during the maturity period compared to the vegetative
period. This suggested that the source of these contaminants in the drainage and Xingkai
Lake water could be the same. Similar findings were observed in Taihu Lake, where the
cumulative concentration of pesticides detected in its northwest region mirrored that of
the upstream river. This suggests that the catchment encompassed by the study area could
potentially be the primary source of the pesticides in the northwest region of Taihu Lake [11].
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Figure 6. Proportion of contaminants with different types of chemical constituents in
surrounding water.
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Table 2. Correlation coefficient of the contaminants in drainage, Da Xingkai Lake and Xiao Xingkai

Lake water.
Vegetative Period Maturity Period
Drainage Da Xingkai Xiao Xingkai Drainage Da Xingkai Xiao Xingkai
Water Lake Water Lake Water Water Lake Water Lake Water
Drainage water 1 1
Da Xinglai 0.88242 1 0.8979 1
Lake water
Xiao Xingkai 0.86558 0.80537 1 0.89893 0.91036 1
Lake water

3.3. Ecological Risk Assessment

To evaluate the possible toxic effects of contaminants on aquatic organisms, an ecologi-
cal risk assessment was carried out on Da Xingkai Lake and Xiao Xingkai Lake water during
different periods. This investigation scrutinized the ecological risks posed by 24 types of
highly concentrated and frequently detected pesticides. The findings are presented in
Figure 7. The summaries of the regression parameters and the regression coefficient of
the SSD curve are shown in Figure S1 and Table S3. The PAF values in the vegetative
period were higher than in the maturity period. The maximum PAF values of atrazine,
chlorpyrifos and prometryn were higher than 5% in the vegetative period, totaling 5.13%,
7.40% and 5.09%, respectively, so atrazine, chlorpyrifos and prometryn could constitute
significant ecological risks. In Taihu Lake, the maximum concentration of atrazine was
614 ng-L~! [46]. When this maximum value was incorporated into our formula, it yielded
a PAF value of 4.75%, which is nearly equivalent to 5%. This suggests potential risks to
aquatic organisms. C.S. Qu [48] also reported atrazine as one of the greatest hazards to the
species in Taihu Lake wetlands. The pesticide metribuzin exhibited a maximum PAF of
4.66%, which was proximate to the threshold of 5%, indicating that it warrants attention. In
the maturity period, the PAF values of atrazine and prometryn were still higher than those
of other contaminants. Although they did not surpass 5% (3.29% and 3.66%, respectively),
these levels still pose a certain risk to the aquatic ecological environment. These results
indicated that the harm of atrazine and prometryn to aquatic organisms may exist for a
long time Xingkai Lake. To sum up, attention should be paid to the toxic effects of atrazine,
chlorpyrifos and prometryn on aquatic organisms.

The aquatic life benchmarks for atrazine, chlorpyrifos and prometryn in freshwater
vertebrates and invertebrates were retrieved from USEPA [49]. Detailed information
is shown in Table 3. In Xingkai Lake water, the maximum concentrations of atrazine,
chlorpyrifos and prometryn were 772.15 ng-L ™!, 29.71 ng-L~! and 144.00 ng-L~!. Both
atrazine and prometryn concentrations were below the acute freshwater invertebrate and
vertebrate benchmarks, but the chlorpyrifos concentration was above the acute freshwater
invertebrate benchmark. This implied that the residual concentration of chlorpyrifos in
Xingkai Lake water poses a risk to freshwater invertebrates. Atrazine and prometryn
did not present a risk based on the EPA benchmarks, probably due to the fact that the
benchmarks are pending an update.
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Table 3. Acute aquatic life benchmarks of USEPA.

.. Freshwater Freshwater
Pesticide Year Updated Vertebrate (ug/L) Invertebrates (ug/L)
Atrazine 2016 2650 360

Chlorpyrifos 2022 0.85 0.0069
Prometryn 2014 1455 4850

To better illustrate the characteristics of high-toxicity pesticide (atrazine, chlorpyrifos
and prometryn) residues in Xingkai Lake water, we evaluated the proportion of high-
toxicity pesticides to total pesticide concentrations. The results are shown in Figure 8.
The proportion of high-toxicity pesticides to total pesticide concentrations ranged from
14.71% to 20.43%, with atrazine being the most dominant at 11.97% to 17.18% of the total
concentrations. The highest ecological risk was for chlorpyrifos, but the proportion of the
maximum concentrations was only 0.48%. Therefore, the residual pesticides in Xingkai
Lake water are mainly low-toxicity pesticides.
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Figure 8. The proportion of high-risk pesticide concentrations in Xingkai Lake.
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4. Conclusions

In the farmland soil of the Xingkai Lake area, 43 pesticides and 3 degradation products
were detected. In paddy field soil, 40 pesticides were detected, while in dry field soil,
34 pesticides were identified. The main pesticides were atrazine and acetochlor in dry field
soil, and oxadiazon, mefenacet and chlorpyrifos in paddy field soil.

In Xingkai Lake water, atrazine, simetryn, buprofezin and isoprothiolane were the
main pesticides among 37 pesticides detected. The pesticides and degradation products
detected in Xingkai Lake water were detected in both paddy field water and drainage
water. The distribution characteristics of contaminants in the drainage water, Da Xingkai
Lake and Xiao Xingkai Lake water could have a correlation, and so the sources could be
the same. In the vegetative period, atrazine, chlorpyrifos and prometryn could pose an
environmental risk to aquatic organisms in Xingkai Lake water.

The use of pesticides on farmlands may cause pesticide residues in Xingkai Lake water.
Over time, the aquatic environment of Xingkai Lake may be seriously affected and even
cause species death, which needs to be noticed.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxics12010085/s1, Figure S1: Species sensitivity distribution (SSD)
of 24 pesticides in Xingkai Lake water; Figure S2: The results of extraction solvent optimization;
Figure S3 The results of elution solvent optimization; Table S1: Details of sampling sites; Table S2:
Details, quantitative and qualitative ion (m/z), retention time, regression curve parameter, mean
recoveries, the limit of detection (LOD), the limit of quantitation (LOQ) and supply company of
57 pesticides and three degradation products; Table S3: Summary of regression parameters and
regression coefficient of species sensitivity distribution (5SD); Table S4: The mean concentrations
of the 60 contaminants detected in sowing, vegetative and maturity periods in surrounding water
(ng-L1); Table S5: The mean concentrations of the 60 contaminants detected in dry and paddy field
soil (ng-g™); Table S6: Octanol-water partition coefficient of 57 pesticides and 3 degradations.
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Abstract: As a replacement for polybrominated diphenyl ethers (PBDEs), organophosphorus flame
retardants (OPFRs) have been widely used and detected in different indoor environments all over the
world. This paper comprehensively describes the concentration levels and distribution information
of 11 kinds of OPFRs from 33 indoor dust and 10 air environments, from which TBOEP, TCIPP,
and TDCIPP were observed to have higher concentrations in indoor environments. The XOPFRs
displayed higher concentrations in indoor dust than in indoor air due to the higher molecular weight
and vapor pressure of XOPFRs in building decoration materials, specifically for TCIPP and TDCIPP
compounds. Considering that it is inevitable that people will be exposed to these chemicals in the
indoor environments in which they work and live, we estimated their potential health risks through
three human exposure pathways and found that the ingestion exposure to TBOEP for toddlers in
Japan may reach up to 1270.80 ng/kg/day, which comprises a significant pathway compared to
dermal contact and indoor air inhalation. Specifically, the combined total exposure to OPFRs by air
inhalation, dust ingestion, and dermal contact was generally below the RfD values for both adults
and toddlers, with a few notable higher exposures of some typical OPFRs.

Keywords: organophosphorus flame retardants; indoor environment; human exposure; risk assessment

1. Introduction

Flame retardants (FR) are chemicals that are added to various types of consumer
goods and materials in order to prevent combustion and the spread of fire [1]. Since the
1970s, polybrominated diphenyl ethers (PBDEs) have been widely applied to consumer
goods, as they have a strong flame-retardant property. However, some of them—such as
penta-BDE, octa-BDE, and deca-BDE—were mostly banned by the European Union in 2008
due to their persistence, bioaccumulation, and toxicity. Then, as an alternative FR chemical,
the emerging halogenated flame retardants (EHFR) were developed. Among the EHFRs,
organophosphorus flame retardants (OPFRs), such as tris(2-chloroethyl) phosphate (TCEP)
and tris(chloropropyl) phosphate (TCPP), are a group of alternative compounds that have
been widely used in the global market to meet the needs of FR products [2].
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Many kinds of indoor furniture, electric devices, and plastic products (e.g., sofas,
furniture foam, carpets, mattresses, televisions, computers, mobile phones, upholstery,
and textiles) may comprise and release a large amount of OPFRs [3,4]. For instance, the
production of OPFRs in China reached 70,000 tons in 2007 [5], and the demand for emerging
FRs has increased due to the restrictions on legacy PBDEs in the U.K. [6]. OPFRs frequently
appear as additives rather than being chemically bonded to the final diverse products,
which makes them easy to release [5,7-9]. OPFRs may leach by abrasion, volatilization, and
directly contacted migration from the indoor products to their indoor environments [10].
The total concentrations of organic phosphate esters (OPEs) were 2-3 and 1-2 orders of mag-
nitude higher than those of brominated flame retardants (BFRs) in air and dust/window
films, respectively, in Canada, the USA, and the Czech Republic [11,12]. From 2012 to 2017,
tributoxyethyl phosphate (TBEP) was the major component of the OPFR group in indoor
dust environments in China [13-15]. The occurrence of OPFRs in indoor air and dust has
been studied deeply in Europe [16,17]. In recent decades, global concern regarding the
occurrence of OPFRs has been dramatically increasing, and OPFRs have been detected in
more indoor sources and building materials such as beds, car seats, computer screens, TV
sets, window film, and upholstery materials [18] Although outdoor pollution can affect
indoor air quality, OPFRs are still present at significantly higher concentrations in closed
environments than in outdoor areas [19]. Furthermore, some of them have low degradation
potential and, as a result, they might be persistent in indoor environments [1]. Meanwhile,
OPFRs have been found to be widely distributed in different environmental media (e.g.,
dust, air, water, soil), as well as in human serum and breast milk [1,20,21]. These studies
reported the concentration profiles of OPFRs emitted from different indoor materials. As
such, using methods such as principal components analysis (PCA) may help to accurately
assess the indoor contamination source and patterns of OPFRs.

At present, many people usually spend over 20 h per day in indoor environments,
making exposure to indoor pollution unavoidable in daily life [22]. Ingestion, inhalation,
and dermal contact are three important absorptive routes for people to come into contact
with these chemicals in indoor environments [23-25]. Regarding exposure to OPFRs, there
are two routes: external exposure routes and internal exposure routes. External exposure
includes exposures through dietary ingestion, dust ingestion, and air inhalation [26]. Daily
intake of seafood and meat led to the exposure of humans to FRs through bioaccumulation,
including OPFR metabolites such as DPP and BDCPP [27,28]. In addition, FRs include
endocrine-disrupting chemicals (EDCs) that could lead to reproductive disorders and
endocrine-related cancers and increase the prevalence of obesity. For instance, CI-PFRs
such as TCIPP, TDCIPP, and TCEP have been found to be carcinogenic and have adverse
effects on human health, and TCrP and TNBP pose a potential threat as they may cause
thyroid hormone disruption and reproductive toxicity [1,5,9]. Many studies have focused
on the acute and long-term toxicity of OPFRs with respect to fish, rats, daphnia, and algae.
Du et al. (2015) have found that Aryl-OPFRs, such as TPHP, could cause higher heart
toxicity than alkyl-OPFRs by interfering with the expression of transcription regulators in
zebrafish [29]. Toxicity data for OPFRs are incomplete, and most of them were obtained
through animal studies, making it difficult to connect the toxicity associated with human
exposure. Little is known about the combined environmental effect of OPFRs based on
indoor concentration profiles and toxicity information. Hence, we plan to use meta-analysis
to analyze the connections among their occurrence, concentration, and toxicity data.

This review summarizes the occurrences of and human exposure to OPFRs in indoor
microenvironments and establishes an evaluative function that indicates the relationship
among these parameters and variables. According to this evaluative function, the pollutant
equivalency factors were calculated to conduct an overall assessment of the concentra-
tion level and toxicity of OPFRs. Then, several typical OPFRs measured in the indoor
environments of different countries are further studied. Finally, the toxicity of PEFs is
calculated, providing a basis for understanding which OPFRs should be targeted for con-
trol or intervention. To the best of our knowledge, this is the first review reporting an
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overall evaluation of OPFRs based on their global concentration levels and health effects in
indoor environments.

2. Materials and Methods
2.1. Inclusion Criteria

This review aims to incorporate most of the studies that have been carried out de-
scribing the occurrence and distribution of organophosphorus flame retardants in indoor
environments and their health effects, including human exposure and toxicity. Based on
published literature from the Web of Science Core Collection and the Chinese Science
Citation Database, studies were obtained by searching for “organophosphorus flame retar-
dants” or “tris(chloropropyl) phosphate” in the title and “emerging pollutants”, “indoor
environment”, or “phosphorus flame retardant” in the topic. Then, the irrelevant literature
was eliminated by reading the titles and abstracts, and we supplemented our literature
database by reading the references of the selected studies. The studies had to refer to
organophosphorus flame retardants in indoor environments, including living houses and
workplaces, through dust and air (as such, some studies referring to OPFRs in cars and
building decoration materials were included). Studies reporting risk assessments of OPFRs
regarding human exposure and toxicity were also included.

2.2. Search Strategy Description

A comprehensive literature search was performed in the bibliographic databases
Web of Science Core Collection and SCI Finder, covering studies published using the
following keywords (and the combinations of them): (a) regarding organophosphorus
flame retardants and indoor environments, “PFRs” (or “phosphorus flame retardant”) and
“OPFRs” (or “organophosphorus flame retardants”) and “indoor” (or “indoor environ-
ments” or “indoor air” or “indoor dust” or “building materials”); (b) regarding OPFRs and
human exposure to them, “organophosphorus flame retardants” and “human exposure”
or “health effect” or “risk assessment”; (c) regarding OPFRs and their toxicity description,
“organophosphorus flame retardants” and “toxicity”. Attention was paid to the data from
different studies, as the conversion of units may be necessary for comparison. Table 1
provides the compound name, CAS number, abbreviation, molar mass, water solubility,
vapor pressure, LogKoa, logKow, and instrumental identification ions or m/z of the OPFRs
mentioned in this review. Figure 1 presents a schematic presentation of this review on
OPFRs in indoor environments.

INPUT OUTPUT
7 N ﬂ
Concentration profile ’
Model establishment
Distribution: OPFRs from global indoor dust and air L.
PEFs: Toxicity, Cair, Caust
Sources: indoor microenvironments and building materials

A ﬂ S ’ U

4 Model application
Health effect
PEFs applied in the existing database and
Human exposure: Inhalation, Ingestion, Dermal , el
newly reported data
L Toxicity: Acute toxicity, Long-term toxicity J \ L )

Figure 1. A schematic presentation of this review on OPFRs in indoor environments.
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3. Concentration Profiles
3.1. Worldwide Distribution of OPFRs in Indoor Dust and Air

The processes that affect the fate of OPFRs in environments include sorption, volatiliza-
tion, and biodegradation, which lead to different concentration profiles of organophos-
phorus flame retardants in indoor air and indoor dust according to the global region and
microenvironment (Tables 2 and 3). Vykoukalova et al. (2017) have found that there was no
significant difference between the air in bedrooms and living rooms for 13 kinds of OPEs,
while in the indoor dust, the concentrations of OPEs and BFRs were correlated [12]. For
the dust in daycare centers, TBEP had the highest concentration (1,600,000 ng/g), while
in workplaces, chlorinated organophosphate esters in the air (100 ng/m?) had a higher
concentration in Stockholm, Sweden [32]. In the Japanese market, TPHP was dominant
among 11 kinds of OPFRs, with concentrations ranging from 560 to 14,000,000 ng/g, while
TBEP was not detected in an electronic appliance store [33]. However, for floor dust in
Japan, TBEP was detected with the highest level in most samples [34], indicating that
different indoor sources or locations would have compounds with different kinds and
levels. In the Rhine/Main area in Germany, the ZOPFRs median level in seven indoor
microenvironments were as follows: private cars, 180.3 ng/ m?3: floor/ carpet stores, 78.25
ng/m?; offices, 59.32 ng/m3; schools, 36.23 ng/m3; daycare centers, 31.80 ng/m?; building
material markets, 31.17 ng/m?; and private homes, 12.51 ng/m3 [35]. The results showed
that, in indoor air, the concentration of XOPFRs ranged from 3.30 to 751.0 ng/ m3, with a
median of 40.23 ng/m?, while that in outdoor air was 5.38 ng/m3, suggesting that OPFRs
are a pollutant that is dominant in indoor air environments compared to the outdoors [35].
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Summaries of the OPFR contents for indoor dust and indoor air from different coun-
tries are reported in Tables 2 and 3, respectively. An overview of the regional levels and
trends of the main studied OPFRs is shown in Figure 2, and the compound compositions
and patterns of selected OPFRs in indoor dust and indoor air are shown in Figures 3 and 4,
respectively. In general, the highest concentration of TBEP appeared in indoor dust, and
that of TCPP appeared in indoor air. Dust samples were dominated by OPFRs, including
TBEP, TCEP, TPHP, TDCPP, and TEHP. TBEP was found to have the maximum contribution
and a global trend of the highest content in indoor dust in this study, which may be ex-
plained by its comprehensive range of applicability as a plasticizer; it is often added to floor
wax and synthetic rubber[53]. TBEP has a relatively higher molecular weight and a lower
vapor pressure, which makes it appear in dust more than in the air. Various factors might
impact the OPFR profiles in indoor dust, as their different uses may lead to heterogeneity
among countries and regions [54].

In air samples, OPFRs were dominated by TCIPP, TBEP, and TCEP. TCIPP was domi-
nant in Norway (40.8-128 ng/ mS> ); Stockholm, Sweden (100 ng/ m> ); and Toronto, Canada
(73.6 ng/m?). TBEP was dominant in Germany (49 ng/m?). And TCEP was dominant
in Nanjing, China (29.5-36 ng/m?). Compared with TCIPP, the content of TCEP was
substantially lower than that of TCIPP in European countries, which is likely due to the
restrictions from the European Union on TCEP and the associated rising use of TCIPP as
an alternative [55]. The abundance of TCIPP in the air was consistent due to its frequent
use and relatively high vapor pressure [56].

Figure 2 shows the worldwide concentration distribution of OPFRs in indoor dust,
including 25 countries or cities. The highest concentration of } OPFRs was found in Stock-
holm dust (n = 10), with a median level of 1,646,300 ng/g, followed by Japan (533,250 ng/g,
n = 148) and Germany (229,080 ng/g, n = 63). After analysis of variance (ANOVA), there
was no significant difference between the data from Sweden and Germany (p > 0.05),
while the differences between the data from Japan and from Sweden and Germany were
significant (p < 0.05). Figure 2 also shows the concentration distribution of OPFRs in indoor
air at six sites, from which we can see that Oslo, Norway (n = 58), has the highest level
(146 ng/ m?) of YOPFRs, followed by Canada (n = 24) with 82.96 ng/ m?3. The difference be-
tween the data from Norway and Canada was significant (p < 0.05). This indicates that the
distribution characteristics of OPFRs in indoor dust present noticeable regional differences.

Based on the chemical structure of OPFRs, they can be divided into three groups:
Chloroalkyl phosphates (XChlAlkP) including TCEP, TCIPP, and TDCIPP; alkyl phosphates
(XAIKP) including TIBP, TNBP, TBOEP, and TEHP; and aryl phosphates (X AryP) including
TPHP and EHDPP. As depicted in Figure 3, in indoor dust, alkyl phosphates presented the
highest level in Japan, Spain, Romania, Germany, Stockholm (Sweden), Norway, Brazil,
New Zealand, and Australia. Chloroalkyl phosphates presented significant levels in China,
the Netherlands, Barcelona (Spain), California (US), Washington (US), KSA (Jeddah), and
Kuwait. Aryl phosphates appeared in higher levels in Pakistan, the Philippines, Boston
(US), and Canada. These three groups of OPFRs were mainly present in all of the indoor
dust studies but with high variability in their concentration levels.

149



Toxics 2024, 12, 195

Apn3s JueAd[a1 3y Ul pamsesw jou ejep sjussardar , /,, ‘passadord AresrunyyreSof [[e xe ejep ayj pue ‘ ur/3U ST JIUN UOHRIUIDUOD Y], “SYIS
3ur)s9) arE TOOPUI XIS 3]} JO SUOT}LIO] A} pue (3 /3u) Isnp J00pul Ul SYJJO PIID[AS JO SUOTILIIUIOUOD dY} JO suonnquisip [eneds ay [ *g 2anSry

(uanay [ |

0)3UT[[aM 0o1ss uorBummoA . 5240 i @punsna [ ]
/ $8IE us)spjeg
0°01£69 sueqsug vz
0'9r1 0'LLTTL o150 ¢
2UBQSLI o'rozy jeanyy . . o0}
qstg 8'6€ 0'00£0T WOPI0IS ojneq oes
0°68¢C IRIEEV / 0°09SL qsiuaLg SIUSWIUOITAUS JOOPUT UT SYid
0°0ZES qeppar / 0°6£69 suopdIEyg puosar]
3 ofenue
(8/8u)isnq suorSaa. MmO / DL el / [0 (174 4 o[ned ovs
6'€S 0'0£€01 surmy ) colt oymoxay
i SPUELI )N
/ 0'$8¥T PULLIYIIN , 00zsL  woylwpyrem
somddiryg Eenlllisas / 07786 uoisog
qeppar / 61Isy  epmaoyed
‘: noyzsueno Ry iy O T
- . W S BILIW
:oﬁwamm/v welsTyRg W Isnq S
o.=0>< :Q—awu—hum
reqsueys ’ uo)FuryseA\
A SurfueN BRI
oroddes uojsoq
suiliag od ojuoIoL
aur erasoduro
LR | - I 9
/ s're ueisyEq / 0°0s18 reysueys ap odenues
WOy 20
/ 001Y saurddifiyq TLY 0°0LSE Suyfuey [0S ysruiR g
/ 0'06¥Z€ oloddeg / 0'p£08 Sulog /
Ll 00 noyzauey / 0069 noyz3ueno FESSESION
uADay | GAwsna | wsvy | QuAmny | GAmsng sy 2O

150



Toxics 2024, 12, 195

PFRs indoor dust

100%

=
90% I
80%
70%
60%
50%
40%
30%
20%
10%

14) I
msSAX
~ I

8) |
6) W
Barcelona, Spain(n=5) I
Felimish, Belgium(n=33) I | |
48) B |
38) I [ |
R |
- I
I |
i
N W
H T .
[— ] N |
-
| |

0% .—- = = - I
N N T N o R O N S & ) R R R
L L = LI = = s < — — L O = S =T o B o S V.o SR o Y o NI B o (N TR o o S|
EEELEEL LLy Ly LLES oL Lo LWL Lo L LLLlLs
N=SEEESEEEEELELEEEE EEEEES LEEEEEEEET
ORZHZANE§ 5583 2§ 8 2EZPF2EFES SRS &5 2 8
€ §d ¥ 4 g0 4 & § .8 g g &9 § S & £S5 3 22 83T »E 8L
s HEEJdEESESEEigEEay EZEECEERS g 3 ME ST
EEEEEEET T SRS R A 5SS .58 udSP 2RI 3SE
A:uu\_:uub: =22 2 < 822 20% £D <:.§>—<Nf§
S C 8 8 = = s o< i = X
. =E2: 2 2 £E23°3 33 5<
§ 2 sty < A3
i) = Z<"r>—J =
g = <

z i

& B

o

o
W TEP B TIBP TNBP(TBP) M TCEP B TCIPP(TCPP) M TDCIPP(TDCPP)

TBOEP(TBEP) W TPHP(TPP) W EHDPP W TEHP TMPP(TCP)

Figure 3. Composition profiles of OPFRs in indoor dust collected from different countries with
various sampling numbers.
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Figure 4. Composition profiles of OPFRs in indoor air collected from different countries with various
sampling numbers.

Figure 4 presents the compositions of OPFRs in indoor air, and chloroalkyl phosphates
present the highest level in most of the places we studied, except for Germany and Stock-
holm, where alkyl phosphates are expected to be more dominant. These similarities and
differences are probably related to the indoor microenvironments, sources, or materials that
each study sampled. Correlated relationships among OPEs between air and dust have been
discussed and tested using a partitioning model [12]. This Weschler and Nazaroff partition-
ing model provides a relationship that can be used to calculate gas-phase concentrations
using data from dust, which is expressed as

C.— _XaPa
& Koafom’

)
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where X is the measured dust concentration (in ng/g), o, is the density of dust (2.0 x 10° g/ m?3),
and fou is the fraction of organic matter in the dust (0.3, as suggested by Bennett and
Furtaw in 2004).

Vykoukalova et al. (2017) have shown that an equilibrium is reached for OPEs with
log Kpa values < 12, and under this condition, the partitioning between dust and air is
proportional to a chemical’s Ko4. When the log Ko value is 12, the log dust/air partition
coefficient is 3.4 for OPEs, and compared to BFRs, OPEs are more partitioned into the air
than in dust [11].

3.2. OPFRs from Different Indoor Sources and Materials

Different indoor sources and materials, such as air conditioner (AC) filters, floor
coverings, windows, beds, electronic appliances, and building decoration and upholstery
materials, were considered for collection and measurement of flame retardants including
polybrominated diphenyl ethers (PBDEs), brominated/chlorinated flame retardants (Br/Cl
FRs), and organophosphate flame retardants (OPFRs). The concentration and distribution
information for major OPFRs in these indoor sources and materials are shown in Table 4.
For indoor dust, TBEP was the most abundant OPFR in floors, indicating that its primary
source was PVC coverings or floor polishes and waxes. Plastic materials such as computer
covers and screens were most likely to be the source of TPP [11]. TCEP was found to be
the highest level (94 mg/kg dust) in libraries, indicating that the acoustic ceiling could
be a possible source [12]. TCPP is often added to upholstery and is likely emitted from
sofas [10]. Consumer products and building materials were collected to measure emissions
of OPFRs, and expandable polystyrene (EPS) and extruded polystyrene (XPS) insulating
boards were found to be the essential sources of HBCD, while TCPP was observed to be
commonly emitted from PU foam products [57]. In Guangzhou, in indoor dust samples
from nine bedrooms, 2PFRs were measured with a level range of 1560-12,600 ng/g in beds;
among them, TDCIPP was the predominant component. Moreover, in AC filters, TCEP
had the highest concentration, up to 433 ng/g, while in windows, TCIPP had the highest
concentration, up to 339 ng/g [12]. In office dust, TPHP was one of the most significant
compounds determined in printers and PC tables [25] Car dust collected from car seats
was dominated by TDCIPP, with the highest concentration of 1100 ug/g. The primary
material of car seats was polyurethane foam, in which TDCIPP and TCIPP were used as
additive flame retardants [1]. Regarding building decoration materials in China, OPFRs
appeared, in concentrations ordered from high to low, in foam samples, wallpaper, sealing
materials, PVC pipes, boards, paints, and wall decoration powder. The CI-OPFRs had a
significantly higher level in foams, while non-ClI-OPFRs were higher in wallpaper (PVC
and non-woven) and board samples [5]. TDCIPP, followed by TNBP, had higher median
concentrations in the Czech Republic window film samples (Vykoukalova et al., 2017).
Electronic equipment also influenced several kinds of organophosphorus flame retardants
in houses and cars; for example, Brandsma et al. (2014) found that the concentrations
of TPHP and TMPP measured on electronic equipment were much higher than those
around electronic equipment in house dust [58]. However, electronics showed a limited
contribution to other OPFRs, so the researcher believed that other household materials may
have influenced the OPFRs levels in indoor dust. A study in Japan has suggested that the
recycling and reuse of electronic products may provide a pathway for OPFRs to go into
new products [33].

Principle component analysis (PCA) was applied to obtain a further source apportion-
ment of OPFRs in indoor environments using the indoor dust data collected from previous
studies [5,10,12,25,56,57] (see Figure 5). The standardized values used as variables were
prefixed with Z. There were three main components in the plot, suggesting a similarity of
applications of the three groups of OPFRs in the materials. According to the PCA results
and emission sources of OPFRs from Table 4, preliminary source resolution for OPFRs in
indoor dust can be performed. The first component was mainly contributed to by TBP,
TCEP, TBEP, and TDCPP. TBP and TDCPP had an exceedingly high percentage in foam
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samples normally used as anti-foaming agents. TDCIPP is commonly used as FR inflexible
and rigid PUF [50]. TCEP and TBEP are commonly used in building decoration materials
such as acoustic ceilings and non-woven wallpaper, especially for PVC floor coverings
and floor waxes, where TBEP is mainly used as a plasticizer and floor polish. The second
component was mainly comprised of TEHP, TCPP, and TPP. TEHP and TPP are mainly
used as flame retardants, plasticizers, and extraction agents, widely added into plastics and
processed fibers, such as furniture upholstery, textile carpet padding, isolation materials,
and so on. These were probably the main sources or reservoirs of the second component.
EHDPP and TCP had remarkably high percentages in the third component. A significant
correlation was observed between TCP and EHDPP (r = 0.794, p < 0.01), likely as these
two aryl phosphates are commonly used in office PCs or printer tables. TCP is also ap-
plied widely as a flame retardant in electrical tables and as a plasticizer for automobile car
interiors and furniture upholstery [59].

Table 4. Concentrations of major OPFRs in different indoor sources and building materials.

D1.fferent . Major FRs Concentration Levels Country References
Microenvironments
PVC floor coverings TBEP 14-5300 mg/kg dust
and floor waxes
Computer screens and 5 Sweden [10]
TV sets TPP 3300 mg/m
Acoustic ceilings TCEP 0.19-94 mg/kg dust
Upholstery (sofas) TCIPP 50 mg/kg dust
EPS and XPS insulating 5
boards HBCD 0.1-29 ng/m*/h Europe [32]
2 /h—
PU foam products TCIPP 20 nfg//nrlnz/ /hh 10
Bedding TDCIPP 1050 ng/g dust
Bedroom AC filters TCEP 433 ng/g .
Bedroom windows TCIPP 339 ng/g dust (SGOS;ﬁ CZ}}?;IE) [25]
Office printer table TPHP 5780ng/g &
Office PC tables TPHP 1220 ng/g
TDCIPP 1100 pug/g
Car seats (PUF) TMPP 380 ug/g Netherlands [58]
Wallpaper (PVC) TEHP 9984 ng/g
Wallpaper (non-woven) TNBP 102,400 ng/g
Wallpaper (pure paper) TCIPP 1779ng/g China [5]
Wall decoration TCIPP 584ng/g
powders
Decoration paints TDCIPP 156.7ng/g
. , TCIPP 566 ng/m? :
Window films TNEBP 72.6 ng/m? Czech Republic [12]

Based on the collected concentration and distribution information of OPFRs in world-

wide regions and microenvironments, there were more indoor dust studies than indoor
air studies. The difference in research purposes was that dust is more often studied as
the potential exposure route for ingestion and dermal contact, while air is usually studied
with regard to inhalation in human exposure and the degree of enrichment in different
media. As for indoor dust samples, Sweden and Japan had the highest concentrations of
2 OPFRs among the countries studied, especially for floor dust-initiated TBOEP. Thus, it
could be predicted that TBOEP was mostly emitted from the ground and was a dominant
organophosphorus flame retardant in indoor dust. Similarly, in indoor air samples, we
observed that ZOPFRs had a higher level in Norway and Canada, and TCIPP and TDCIPP
were the leading components in indoor air in these countries. They were mostly emitted
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from PU foam products and upholstery, and they are both chlorine flame retardants. It
was predicted that they mostly existed in indoor air due to their volatility in building
decoration materials. The molecular weight and vapor pressure of different OPFRs also
have an impact on the partition equilibrium in dust and air. The above observations show
that contamination from OPFRs, and, thus, their impact on human beings, is higher in
indoor dust than in indoor air. This review aims to verify this hypothesis by estimating the
human exposure to and toxicity information of different OPFRs in indoor dust and air in

the next chapter.
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Figure 5. The principal component plot of PFRs in indoor dust environments.

4. Health Effect
4.1. Human Exposure to OPFRs in Indoor Dust and Air

In indoor environments, there are three main exposure pathways for humans: inges-
tion, inhalation, and dermal absorption (Thomsen et al., 2001). Some researchers have
claimed that FRs are usually associated with human exposure through dust ingestion,
while another study suggested that hand-to-mouth contact or dermal absorption might be
essential exposure routes for certain CI-OPFRs such as hydrophilic TCEP and lipophilic
TDCIPP [54,59,60]. In Washington State, researchers measured the concentration of ) Cl-
OPFRs with a mean level of 426 ng/m? and found that inhalation and respiration were
important routes for the particulate fraction by estimating the inhalation intake of TCPP,
which was up to 4540 ng/day for an adult [23]. Fang et al. (2014) have found that CI-OPFRs
have high bioaccessibility and quickly enter the digestive tract and the tissue in the upper
respiratory tract [61]. In comparison to the inhalation of FRs, the exposure routes of dietary
intake and dust ingestion were more important, but long-term persistent inhalation would
make it a potential pathway for the intake of toxic compounds, especially some OPFRs with
high vapor pressures. Non-dietary exposure routes such as inhalation and dermal contact
have a potential role in causing unintended consequences [62]. In Japan, an exposure
assessment of TBOEP in school and house dust was found to be higher than the reference
dose, and the highest hazard quotient value of 1.9 in the dust ingested scenario [39]. For
Romanian indoor dust, higher exposures to OPFRs were measured with factors below their
corresponding reference dose of 50 (in the case of TBEP) and 165 (in the case of TCP) [54].
In the U.K., human dermal absorption of PFRs was studied by using human ex vivo skin
and EPISKIN™ models. TCEP, TCIPP, and TDCIPP presented absorbed fractions of 28%,
25%, and 13% of the applied dose (500 ng/cm?, finite dose), respectively. Furthermore, the
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estimated dermal contact exposure to PFRs for toddlers was higher than that for adults in
indoor dust [60].

Most of the previous studies have estimated exposure pathways in one type of indoor
environment. In addition, the data of factors such as recipient body weight, age range,
intake rate, and so on differed between each study, leading to uncertainties in human
exposure assessment. To simplify the calculation, a settled body weight is considered
for toddlers and adults. In this review, a comprehensive assessment method for human
exposure to OPFRs through the three pathways in various indoor microenvironments for
adults and toddlers is developed.

4.1.1. Inhalation

Inhalation exposure depends on the concentration of OPFRs in the air, recipient
inhalation rate, exposure frequency, and body weight. According to the USEPA (The United
States Environmental Protection Agency 1998), the inhalation exposure to air pollutants
can be estimated using the following equation:

Cuir X IR X EF

Zlnhalatlon = T W X365

@)
where ) Inhalation is the inhalation exposure to air contaminants (ng/kg/day), C;; is
the OPFRs concentrations in indoor air (ng/m?), IR is the inhalation rate for an adult
(20 m3/day) or toddler (3.8 m3/day), EF is the exposure frequency (350 days/year), and
BW is the body weight for an adult (70 kg) or toddler (20 kg) [60,63,64].

The inhalation exposure to ) OPFRs in indoor air from different regions ranged from
2.53 to 40 ng/kg bw/day. The high exposure values through air inhalation for adults and
toddlers were 3.29, 3.84, 8.08, 35.07, 0.17, 13,42, 0.39, 0.47, and 0.01 ng/kg bw/day and 2.19,
2.55,5.37,23.32,0.11, 8.93, 0.26, 0.31, and 0.01 ng/kg bw/day for TIBP, TNBP, TCEP, TCIPP,
TDCIPP, TBOEP, TPHP/TPP, EHDPP, and TMPP/TCP, respectively. Among them, TCIPP,
TBOEP, TCEP, and TNBP had relatively higher inhalation exposure values. In this study,
the inhalation exposure to ) OPFRs in Oslo (Norway) and Canada was higher than those
estimated in China, Germany, and Stockholm. The estimated exposure to TNBP, TCEP,
TCIPP, TDCIPP, TBEP, TPP, and TCP was compared with the reference dose (RfD) of the
respective compounds given by USEPA. We found that the inhalation exposure was 3-6
orders of magnitude lower than the RfDs, suggesting an insignificant risk is posed to adults
and toddlers through the inhalation of indoor air, according to the data used in this study:.

In terms of concentration profiles, CI-OPFRs showed a higher level in most indoor
air places. The total intake of CI-OPFRs through the inhalation exposure route for adults
and toddlers ranged from 0.74 to 35.89 ng/kg bw/day (mean 12.62 ng/kg bw/day) and
0.49 to 23.87 ng/kg bw/day (mean 8.40 ng/kg bw/day), respectively, which were higher
than other compounds and indicate that the inhalation exposure pathway appears to be
of particular importance and should be taken into consideration in the assessment of
these chlorinated organophosphate flame retardants. Among them, inhalation exposure
to TCIPP in Norway (mean exposure of 23.13 and 15.38 ng/kg bw/day for adults and
toddlers, respectively) and Canada (20.16 and 13.41 ng/kg bw/day for adults and toddlers,
respectively) was significantly higher than in other regions and was 2-3 orders of magnitude
higher than inhalation exposure for other compounds. TBOEP was the most abundant
OPFR, and it showed an estimated high intake via inhalation both for adults and toddlers,
especially in Germany (13.42 and 8.93 ng/kg bw/day for adults and toddlers, respectively).
These exposure values were approximately 0.089% and 0.060% of the mentioned RfD,
indicating that daycare centers contributed to higher TBOEP exposure.

Collectively, the estimated human inhalation exposure to OPFRs by indoor air did not
pose an immediate and significant health risk to toddlers and adults, as mentioned above.
However, some typical OPFRs, such as TCIPP and TBOEP, showed higher levels of air in-
halation in the population in these countries [60,63,64]. Further studies are required to fully
characterize the overall human exposure to OPFRs through inhalation exposure pathways.

155



Toxics 2024, 12, 195

4.1.2. Ingestion

For indoor dust, ingestion is a significant exposure pathway for flame retardants [42].
Dust ingestion exposure occurs as a result of a migration of OPFRs from indoor materials to
dust and subsequent ingestion, which depends on the OPFRs concentration in indoor dust,
exposure time, daily dust intake, and body weight. Collected concentrations of OPFRs
were used to estimate the exposure of adults and toddlers through indoor dust ingestion.
The equation that was used to calculate the total daily intake of OPFRs is as follows:

CDI XFI X IR

I tion =
Z ngestion B ,

®)
where ) Ingestion is the total daily human exposure to the studied OPFRs through indoor
dust ingestion (ng/kg bw/day); Cpy is the concentration of OPFRs in indoor dust (ng/g);
Fy is the average fraction of daily time spent in indoor environments; Iy is the mean dust
ingestion rate (mg/day), set as 20 and 50 for adults and toddlers, respectively [27]; and
BW is the body weight (kg), set as 70 and 20 kg for adults and toddlers, respectively. As
detailed information on the time spent in different indoor environments was missing, a
person was considered to spend 100% of their time in indoor environments, and so, the
figures given here represent the highest exposure scenario of dust ingestion for a worst-case
assessment.

The high exposure values via dust ingestion for adults and toddlers were 0.31, 0.29,
1.67, 2.48, 2.86, 145.23, 2.10, 0.45, and 0.27 ng/kg bw/day and 2.75, 2.58, 14.58, 21.73,
25.00, 1270.80, 18.40, 3.98, and 2.38 ng/kg bw/day for TIBP, TNBP, TCEP, TCIPP, TDCIPP,
TBOEP, TPHP/TPP, EHDPP, and TMPP/TCP, respectively. Among them, TBOEP, TDCIPP,
TCIPP, and TPHP had relatively higher ingestion exposure values. For both groups, the
estimated exposure levels for most OPFRs were several orders of magnitude lower than
their respective reference doses (RfDs) given by the USEPA.

For CI-OPFRs, the estimated exposure values from dust ingestion for adults and
toddlers ranged from 0.01 to 4.95 ng/kg bw/day (mean: 1.10 ng/kg bw/day) and 0.04
to 43.30 ng/kg bw/day (mean: 9.64 ng/kg bw/day), respectively. Contrasting with the
inhalation intake of CI-OPFRs, the total intake by dust ingestion was estimated lower than
intake through the inhalation exposure route for adults but was very close and even higher
for toddlers, suggesting that CI-OPFRs have a higher percentage of the amount reaching
respiratory tract and a more significant percentage in toddlers, making them very likely to
be exposed to these compounds.

Furthermore, the highest ingestion exposure value was found in TBOEP for toddlers
in Japan, which was approximately 8.47% of its respective reference dose. The TBOEP
exposures in other countries, such as Germany (64.29 and 562.50 ng/kg bw/day for adults
and toddlers, respectively) and Australia (18.00 and 157.50 ng/kg bw/day for adults
and toddlers, respectively) were higher than those for any other OPFRs. This might be
caused by those higher concentrations of TBOEP, which is normally detected in indoor
environments. Therefore, ingestion of indoor dust is suggested as a significant exposure
pathway to OPFRs, especially for TBOEP.

After estimating inhalation and ingestion exposures through indoor air and indoor
dust, we found that the individual OPFRs presented different major pathways. For example,
heavier OPFRs such as TBOEP and TPHP were mainly exposed through dust ingestion,
while volatile OPFRs such as TCIPP and TCEP had a major inhalation exposure pathway,
similar to the results in the study of Xu et al.[48]. The exposure values of toddlers were
lower than those of adults, which can be explained by the lower inhalation rate to body
weight ratio in toddlers than adults (0.19 m3/day/kg vs. 0.29 m?/day/kg). However, in
the ingestion exposure scenario, the exposure values of toddlers were higher as, compared
to adults, toddlers ingest more dust due to increased hand-to-mouth contact, their frequent
close-to-ground behavior, and their lower personal hygienic standards [60].
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4.1.3. Dermal Contact

Dermal contact exposure to dust is a result of OPFRs transferring from products to
dust through direct contact, which depends on the concentration of OPFRs in the surface
dust, exposed surface area, dust amount adhered to the skin, skin absorption fraction,
exposure time, and body weight. Studies have measured concentrations of ORFRs from
AC filter dust, beds, windows, balconies, and other surface dust to calculate their dermal
exposure values [25]. The equation that was used is as follows:

CxSAxDAS xF x EF
BW !

Z Dermal = 4)
where ) Dermal is the dermal exposure value (ng/kg bw/day); C is the concentration of
OPFRs in indoor dust from AC, beds, or surface dust (ng/g); SA is the skin surface area
exposed (cm?), which is 4615 cm? for an adult and 2564 cm? for a toddler; DAS is the dust
amount adhered to skin (mg/ cm?), which is 0.01 mg/ cm? for an adult and 0.04 mg/ cm? for
a toddler; F is the fraction absorbed by the skin, which has been reported as 28.3%, 24.7%,
and 12.7% for TCEP, TCIPP, and TDCIPP, respectively (as the F values of other OPFRs,
including TNBP, TBEP, TPP, TPHP, EHDPP and TMPP, are not available in the literature,
the average F of 21.9% was used for TCEP, TCIPP, and TDCIPP); EF is the fraction of time
spent in houses, offices, or beds; and BW (kg) is the average body weight, set as 70 kg for an
adult and 20 kg for a toddler [12]. Due to a lack of data for the fraction of time spent in each
indoor microenvironment, both groups were considered to spend all of their time exposed
to surface dust, and so, the reported results are the maximum dermal exposure values.

The estimated dermal exposure levels for most OPFRs were on the same order of
magnitude as ingestion exposure values, and both were much lower than their RfDs,
suggesting that dermal uptake of OPFRs by surface dust is also a significant pathway of
human exposure to indoor contaminants. If people are in contact with surface dust all
day, the dermal exposure values of OPFRs for adults and toddlers were estimated to be
up to 7.632 ng/kg bw/day for TNBP, TCEP, TCIPP, TDCIPP, TBOEP, TPHP /TPP, EHDPP,
and TMPP/TCP, which were still lower than their intake through dust ingestion. Among
them, the highest estimated dermal absorption exposure was found for TBOEP for both
adults and toddlers, followed by dermal absorption estimates for TCIPP, TDCIPP, and
TCEP, indicating that dermal dust contact and absorption is still a major exposure pathway
due to the high concentrations of these compounds in dust.

The dermal exposure values for most OPFRs, such as TCIPP, TBOEP, and EHDPP,
during sleeping, were very close to their dust ingestion exposure values, which indicates
that the exposure risks of OPFRs from beds should be given more attention. In addition,
the dermal contact values for beds are higher than those for other surfaces. This is probably
because people are in contact with beds longer than other household surfaces, such as air
conditioners, windows, or balconies. Moreover, the dermal exposure values of toddlers
were higher than those of adults. Compared to adults, more dust adheres to the skin of
toddlers, and their exposed skin surface area to body weight ratio is higher (65.93 cm? /kg
vs. 128.20 cm?/kg). Therefore, regular and frequent cleaning of surface dust needs to be
conducted in order to dilute the concentration of OPFRs in indoor dust.

The combined total exposure to OPFRs by air inhalation, dust ingestion, and dermal
contact was generally below the RfD values for both adults and toddlers, with a few notable
higher exposures of some typical OPFRs. It should be noted that these exposure values are
not necessarily accurate due to the uncertainties in exposure time fractions and potential
physiological behaviors, as well as the lack of some specific data values.

4.2. Toxicity of Several Typical OPFRs

There is limited knowledge related to the toxicity of OPFRs. Animal toxicity tests have
been conducted to evaluate the acute toxicity, including LCsg, ICps,50, or ECsy, of several
OPFRs, and it has been found that algae are highly sensitive to OPFRs, as detailed in Table 5.
TPHP has been stated to be the most acute toxic triaryl phosphate to water organisms
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such as fish, shrimps, and daphnia. Results of animal testing have indicated that TPP has
low toxicity, and algae are relatively sensitive to TCP [65]. TCP has been shown to be a
possible reproductive toxin and was harmful in a salmonella mutagenicity test [1,66,67].
Both the carcinogenic and non-carcinogenic influences of TCPP and TDCPP have been
considered, as they exhibit concentration-dependent neurotoxicity, inhibit DNA synthesis,
decrease cell number, and alter neurodifferentiation; meanwhile, another CI-OPFR, TCEP,
was considered to be carcinogenic for animals [1,57,68]. Zebrafish embryos are considered a
viable and integrative vertebrate model organism for human hazard assessment due to their
high throughput (Sipes et al. 2011). Toxicity testing in zebrafish has suggested that several
OPFRs have the potential capacity to affect mammalian biology, and their concentrations
inducing toxicity in zebrafish could be in the upper range of potential human exposure [68].
For human beings, TCP and TCEP were considered to have negative effects, and TCEP
is a human reproductive toxin, while TPHP has a low impact [1]. TDCIPP and TPP in
house dust might be associated with altered hormone levels and decreased semen quality
in men [69]. The result mainly covered acute and chronic toxicity tests in aquatic organisms,
which were limited by data capacity. Fisk et al. have filled most of these data gaps and
predicted ecotoxicity values by using quantitative structure-activity relationships (QSARs)
and the ECOSAR program [70].

Table 5. Toxicity information of several organophosphorus flame retardants.

Reported 96 h-LC5p to ECOSAR 96 h-LCs, to

Fish (mg/L) [30] Fish (mg/L) [30] Acute Toxicity Long-Term Toxicity
Oral: LDs (rat)
500-4200 mg/kg bw
B Inhalative: LDs (rat) >4.6 mg/L _
TCIPP 51-84 8.9 t0>17.8 mg/L NOEL = 36 mg/kg bw [35]

Dermal: LDs (rabbit)
1230-5000 mg/kg bw [35]
48 h-ECs( (daphnia) 3.8-4.6 mg/L

Oral:LCs (rat) 2300 mg/kg NOEL = 15.3 mg/kg bw per day
TDCIPP 11 &7 Dermal:LCs (rat) LOEL = 62 mg/kg perday [28]
>2000 mg/kg [45]
TCEP 6.3-250 35

15 min-1Cy5/ICs, (bacteria)
15.6-500 mg/L
72 h-1Cy5/1Cs5 (algae)
0.1891 mg/L
96 h-LC5(/ECs (invertebrates)
7.8-500 mg/L [7]

TBOEP 6.8-24 9.5

TMPP 0.061-0.75 1
LCsp (daphnia) 1.0-1.2 mg/L NOEC =0.1 mg/L
TPHP 0.3-0.66 1 LCs (rats) (daphnia)/3500-10,800 mg/kg
3500-10,800 mg/kg [45] (rat) [28]
15 min-1Cy5/ICs, (bacteria)
0.78-100 mg/L
72 h-IC25 /IC50 (algae)

0.36-182 mg/L

96 h-LC5(/ECs (invertebrates)
3.13-100 mg/L [7]

TEHP >100 0.005

Human exposure values were calculated through the three pathways for various
OPFRs, with respect to adults and toddlers in different regions, and toxicity information
was collected for some of them. For indoor air, inhalation exposure to eight OPFRs was
evaluated, and the results indicated that this kind of exposure was much lower than the
RfDs, suggesting an insignificant risk. However, CI-OPFRs had relatively higher inhalation
exposure values and, so, remained a concern. For indoor dust, two exposure pathways
were estimated: Ingestion and dermal contact. These two exposure values were found
to have similar orders of magnitude, and both were lower than RfDs; however, among
them, TBOEP showed a much higher ingestion exposure than any other OPFR, especially
in Japan and for toddlers, which indicated that human exposure to dust was a significant
pathway that could pose a risk to the exposed population. The estimated exposure results
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showed that toddlers were exposed to OPFRs more through indoor dust as they interact
more closely with dust than adults. Although all of the estimated exposure values were
lower than the reference dose-response values, caution should also be given with the
increasing application of OPFRs in indoor environments and the contribution of other
human exposure pathways, such as food intake. Exposure to OPFR mixtures could lead to
dose-additive effects, even if the individual levels of OPFRs are low [71]).

The toxicity of most of OPFRs is not yet completely understood. The toxicity of indi-
vidual OPFRs and the toxic effects caused by exposure to OPFR mixtures are still unclear
and need to be investigated further [35]. It is worth pondering whether a relationship exists
between concentration and human exposure or toxicity information of OPFRs for the sake
of conducting an overall evaluation of the environmental effects of these pollutants.

5. Discussion and Suggestions for Future Research

As flame retardants—especially OPFRs—are widely distributed in our daily lives,
it is important to understand their levels of risk from a global perspective. First, we
discussed the development and alteration of various types of flame retardants. Then, we
found that most studies on OPFRs in indoor environments have been conducted in Europe.
Depending on the difference between countries or cities, microenvironments (e.g., dust or
air), and sources (e.g., houses or offices and AC filters, floor, windows or beds, household
materials, including floor coverings, wallpapers, and electronic equipment, and so on),
OPFRs presented a variety of patterns in their distribution and concentration levels. At
present, people spend most of their time in indoor environments and are surrounded by
various kinds of OPFRs, which may lead to potential diseases and other health effects. We
calculated the estimated human exposure to different OPFRs in adults and toddlers by
means of inhalation for indoor air and ingestion and dermal contact for indoor dust. The
result demonstrated that most of the exposure values were several orders of magnitude
lower than the RfDs, from which we can conclude that there is an insignificant risk for both
adults and toddlers with respect to air inhalation, dust ingestion, and dermal contact.

There were some limitations to our review. As we only searched studies in the
literature published in the English language, we may have missed some studies related
to our study published in other languages. We placed emphasis on OPFRs, but not all
kinds of flame retardants, according to the needs of our research. Regarding ingestion and
dermal exposure, due to a lack of time distribution information, the estimated exposure
values were for the worst-case scenario. Finally, we listed the existing toxicity information
for several OPFRs, but data for other chemicals in the group were lacking.
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