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Abstract

Microplastics (MPs) and per- and polyfluoroalkyl substances (PFASs) are ubiquitous
contaminants in environments, yet their co-occurrence and interactions remain
insufficiently understood. This study aimed to investigate the simultaneous presence
and contributions of MPs and PFASs in a wastewater treatment plant (WWTP),
shedding light on their correlations across different matrices. Through comprehensive
sampling and analysis, we confirmed the concurrent presence of MPs and PFASs and
their distinct distribution patterns. Significant correlations (p < 0.05) were observed
between specific types of MPs and PFASs, suggesting shared sources. Moreover, MPs
were identified as carriers of PFASs, with PFASs concentration ranging between 122
and 166 ng/g, predominantly consisting of long-chain perfluorooctanoic acid (PFOA)
and short-chain perfluorobutanoic acid (PFBA). Laboratory verification experiment
revealed that PFASs could be leached from MPs in aqueous environments, in which
commercial MPs exhibited higher leaching potential, with the highest combined
concentration of perfluorooctane sulfonate (PFOS), PFOA, and PFBA reaching 10.4
ng/mL. PFOS demonstrated a desorption efficiency exceeding 120% in
sorption/desorption experiments, confirming its release from the MPs themselves.
These results highlighted the dual roles of MPs as both carriers and sources of PFASs.
The identified correlations and contaminant profiles offer a basis for further research
into their impacts on ecological health and human exposure pathways. Addressing these
concerns requires proactive measures to regulate the production, usage, and disposal of
PFAS-containing products and MPs to mitigate environmental contamination

effectively.
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Synopsis

This study reported the dynamic interactions between MPs and PFASs and verified that

MPs can not only serve as carriers of PFASs, but also sources of PFASs.
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1. Introduction

Microplastics (MPs), defined as plastic particles <5 mm in size, have emerged as a
pressing environmental and public health concern due to their widespread detection in
various environments, including marine, freshwater and soil ecosystems,'" where they
are ingested by various organisms, subsequently infiltrating the food web.* Their
pervasive presence raises concerns about human exposure and potential health risks,’
hence, MPs were listed as a category of emerging contaminants.® In addition to MPs,
per- and polyfluoroalkyl substances (PFASs), a group of organic compounds consisting
of at least one fully fluorinated methyl or methylene carbon atom, were also listed as
emerging contaminants, due to their widespread use, stability, and environmental
persistence, bioaccumulation and toxicity of human and ecosystems.” The global
production of fluoropolymers exceeds 230,000 tons annually® and their release during

manufacturing and use poses significant environmental challenges.

MPs and PFASs share several characteristics, such as widespread use, stability,
bioaccumulation, and environmental persistence.”!° Previous studies have delved into
the sorption and adherence mechanisms of PFASs onto MPs, uncovering the vector role
of MPs for PFASs.!!"!2 The adherence of PFASs to the surfaces of MPs may lead to

13,14 and the interaction

more severe toxic effects due to their combined exposure,
between them affects the migration and transport of these emerging pollutants in the
environment.!® In addition, due to their exceptional water-oil repellency and robust

chemical stability, PFASs are extensively employed as plastic additives, enhancing the

performance of plastic products. They are commonly used in the production of raincoat,
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carpets, food packaging, and non-stick cookware.®!®!” Their extensive use and
improper disposal lead to their frequent detections in the environment. However, the

release of PFASs from environmental MPs remains unclear.

Despite laboratory studies on the sorption mechanisms of PFASs on MPs, real-world
data on their co-occurrence and interactions in natural environments remain limited.
Although the concurrent presence the two pollutants in stormwater was initially
discussed individually,'® complementary research combined MPs and PFASs is
necessary for a comprehensive understanding of their combined impacts and
management strategies. Wastewater treatment plants (WWTPs) are significant
recipients for domestic and industrial wastewater, making them critical points of study
for these pollutants. However, detailed reports on the co-occurrence of MPs and PFASs
in WWTPs are scarce. Further to this, understanding the interactions between MPs and
PFASs is crucial to comprehending their combined environmental impact and

toxicity.>!?

Specifically, the study hypothesizes that there is a significant interaction between MPs
and PFASs within WWTPs. MPs are known to act as carriers for various contaminants
due to their adsorptive properties, and this research aims to demonstrate that MPs can
similarly adsorb PFASs as a carrier, facilitating their co-persistence in the treatment
process. Further to this, it is hypothesized that MPs can act as a potential source of
PFASs leading to secondary pollution. The aim of this research is to investigate the co-
occurrence and carrier effect of MPs and PFASs in WWTPs. This study seeks to

elucidate the mechanisms of their co-presence and interactions, thereby enhancing the
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understanding of their environmental behaviors and potential risks.

2. Materials and methods

2.1 Chemicals and reagents

Seventeen PFASs standards and nine mass-labeled internal standards with purities > 98%
were purchased from Wellington Laboratories Inc. (Guelph, Ontario, Canada) (see
details in Table S1). The 17 PFASs consist of perfluorobutanoic acid (PFBA),
perfluoropentanoic  acid  (PFPeA),  perfluorohexanoic  acid  (PFHxA),
perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid (PFOA), perfluorodecanoic
acid (PFDA), perfluoroundecanoic acid (PFUdA), perfluorododecanoic acid (PFDoA),
perfluorotridecanoic acid (PFTrDA), perfluorotetradecanoic acid (PFTeDA),
perfluorohexadecanoic acid (PFHxDA), perfluorooctadecanoic acid (PFODA),
perfluorobutane  sulfonate  (PFBS), perfluorohexane sulfonate (PFHxS),
perfluorooctane sulfonate (PFOS), perfluorodecane sulfonate (PFDS), and 6:2
chlorinated polyfluorinated ether sulfonic acid (F-53B). Further to this, Methanol
(HPLC-grade) was purchased from Merck (Germany). Ammonium acetate (~98%),
ammonia solution (NH4OH, 25%), zinc chloride (ZnCl2) and hydrogen peroxide
solution (H202, 30%) were obtained from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). Milli-Q water prepared with a Milli-Q Advantage A10 system
(Millipore, Bedford, MA, USA) was used throughout the study. Oasis WAX (6 cc, 150
mg, 30 um) cartridges were purchased from Waters Co. (Milford, USA). Supelclean
ENVI-Carb (250 mg, 100~400 mesh, 3 mL) cartridges were purchased from Supelco

Co. (Merck KGaA, Damstadt, Germany). The high-purity nitrogen (99.99%) was
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purchased from Chuangda Specialty Gas Co., Ltd (Nanjing, China). Finally, the MPs
suppliers used in the laboratory verification experiments were provided in the

Supporting Information (Table S2).

2.2 WWTP introduction and sample collection

Wastewater samples were obtained from a major WWTP servicing a population
equivalent of 0.3 million in Changchun City, a dense population center with significant
industrial and commercial activities as a pivotal industrial hub in Northeast China and
the capital of Jilin Province. The WWTP processes wastewater from residents through
primary, secondary aeration, and tertiary treatment stages. It employs integrated fixed

film activated sludge (IFAS) technology with a capacity of 20,000 m?/day.

Sampling locations included primary treatment, activated sludge biological treatment,
secondary sedimentation, and final effluent treatment (Fig. 1). At each sampling point,
1 L volume of samples were collected according to the method mentioned in previous
study after appropriate modification,!” which were collected in a glass bottle for
detecting MPs. While 1 L of wastewater and 10 L of activated sludge were collected in
polypropylene (PP) bottles for PFASs analysis using stainless-steel containers.
Approximately 1 kg of dewatered sludge sample was stored in a stainless-steel
container. Sampling day was deliberately selected on a sunny day to ensure a
precipitation free period in the preceding week. To prevent cross-contamination, the
sampling equipment was rinsed three times with deionized water or methanol between
sampling events. All samples were transported to the laboratory and stored at 4°C until

analysis.



Fig. 1. Schematic diagram of the wastewater treatment processes and the sampling sections of MPs at the WWTP. W-INF: wastewater influent, W-SCR: wastewater
effluent after the coarse screen, W-PT EFF: wastewater effluent post primary treatment, W-AS: wastewater in activated sludge, W-ST EFF: wastewater effluent post
secondary treatment, W-DIS: wastewater in the disinfection tank, W-TT EFF: wastewater effluent post tertiary treatment, S-AS: activated sludge, and S-DS: dewatered

sludge.



2.3 MPs isolations

2.3.1 Isolation of MPs from wastewater samples

The MPs were isolated in accordance with the methodology outlined in the previous
study after appropriate modification.’® Wastewater samples were filtered through a
47 mm diameter stainless steel membrane with 10 pm pores using a vacuum system.
The filter containing the captured materials was immersed in 30% H:0-, and the
materials were transferred to H2O: via ultrasonic treatment (40 kHz), repeated three
times to bring the H202 volume to 200 mL. The digestion step was then conducted for
at least 2 h at 75°C, followed by soaking in a 45°C-water bath for at least 96 h until the
mixture clarified. The mixture was then filtered through a 10 um pore sized stainless
steel membrane and transferred to a separatory funnel containing 11 M ZnCl» solution
(density = 1.7 g/cm?). The funnel was sealed, shaken, and left overnight for density-
based separation. The supernatant containing any floating particles was filtered again
and rinsed with deionized water three times. The obtained membrane was immersed in
absolute ethanol for ultrasonic treatment (40 KHz) for at least 30 min. Then, the filtered
membrane was removed and rinsed with absolute ethanol for several times, and then
the absolute ethanol was concentrated to 200 uL under a gentle stream of high-purity

nitrogen.

2.3.2 Isolation of MPs from sludge samples
Dry sludge samples (1 g) were mixed with 100 mL DI water in a glass beaker and stirred
for 15 min to ensure even saturation of the sludge. Subsequently, 200 mL of 30% H>0O»

was slowly added to initiate the digestion reaction. The mixture was heated for a
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minimum of 6 h at 75°C and then soaked in a 45°C-water bath for 96 h until the solution

clarified. All subsequent steps were conducted as per the wastewater samples.

2.4 PFASs Extractions

2.4.1 Extraction of PFASs from wastewater samples

The target PFASs in the wastewater samples were extracted according to our previous
study?! with minor modifications. Wastewater samples were initially filtered using a
0.45 um glass fiber membrane to remove large particles and biota. Subsequently, 200
mL filtrate was transferred into PP beakers and mass-labeled internal standards were
added to ensure a concentration of 5 ng/mL in the final detection sample. Solid phase
extraction (SPE) was performed using Oasis weak anion exchange (WAX, 6 cc, 150
mg, 30 pum) SPE cartridges (Waters Corp., Milford, USA). The cartridge was
preconditioned sequentially with 5 mL of 0.1% NH4OH in methanol, 5 mL methanol
and 5 mL Milli-Q water at a rate of 1 drop/s. Then, 200 mL of the water samples were
loaded into the activated cartridges at the same rate. After concentration, the cartridges
were washed with 5 mL of 25 mM ammonium acetate (pH 4), and air-dried until
completely dry. The target PFASs retained in the dried cartridges were eluted
sequentially with 5 mL methanol and 5 mL 0.1% NH4OH in methanol. The eluents were
collected and concentrated to 1 mL under a gentle stream of high-purity nitrogen, then
filtered through a 0.22 um PP syringe filter (13 mm, Ronghua Scientific, China) into a

1.5 mL vial for subsequent quantification.

2.4.2 Extraction of PFASs from sludge samples

PFAS extraction from sludge samples followed a modified method based on our
9



previous study.?? Dried activated and dewatered sludge samples (2 g) were placed in 50
mL PP centrifuge tubes and spiked with 5 ng of mass-labelled internal standards. Each
sample was digested overnight at 4°C with 2 mL of 100 mM NaOH in acetonitrile
(ACN). Prior to extraction, the sludge was sonicated for 30 minutes, then shaken with
20 mL of ACN at 250 rpm for 30 minutes. A mixture of 0.1 mL of 2 M hydrochloric
acid (HCl) was added, followed by centrifugation at 1210 g for 15 minutes using a high-
speed centrifuge (3H16RI, Herexi, China). The supernatant was transferred to a new 50

mL centrifuge tube.

The extraction process was repeated twice with 10 mL of ACN each time. All
supernatants were reduced to 5 mL using a gentle nitrogen gas stream, which were then
purified using Supelco ENVI-Carb cartridges (250 mg, 3 mL, Sigma-Aldrich, St. Louis,
USA). The cartridges were preconditioned with 3 mL of methanol. The extract
concentrates were loaded into the cartridges at a rate of 1 drop/s. The tubes and
cartridges were washed with three aliquots of 1 mL methanol three times. All eluates
were reduced to 4 mL using a gentle nitrogen gas, and then diluted to 200 mL with
Milli-Q water. The diluted elution was then subjected to OASIS WAX-SPE cleanup
following the same procedure for wastewater samples. All subsequent steps were

conducted as those for wastewater samples.

2.4.3 Extraction of PFASs leaching from L-MPs

To investigate the leaching behaviors of PFASs from MPs, leaching samples (L-MPs,

>1 mm) were collected and characterized. Details of the sampling process and
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characterization methods were described in Supporting Information (Text S1). After
weighing on an analytical balance, MPs were transferred into vials and mass-labeled
internal standards were added to ensure a concentration of 5 ng/mL in the final detection
sample. The target PFASs were extracted as follows: 15 mL of 0.4% NHsOH in
methanol was added to the vials. The vials were then subjected to 30 min sonication at
60°C to ensure thorough mixing and extraction. Following sonication, the vials were
shaken at 250 rpm for an additional 30 minutes to further facilitate the extraction
process. After shaking, the contents of each vial were centrifuged at 1210 g for 10
minutes. This step separated the supernatant, which contained the extracted PFASs,
from the solid residues. The supernatant was carefully decanted into new tubes to avoid
any contamination from the residue. The extraction process was repeated twice to

ensure comprehensive extraction of the PFASs from the samples.

The combined supernatants were concentrated to 1 mL using a gentle stream of high-
purity nitrogen. This concentration step aimed to increase the detection sensitivity of
the subsequent analysis. To purify the concentrated extracts, 40 mg of ENVI-Carb
powder (SupelcleanTM, Sigma-Aldrich Co., USA) was used. Finally, the purified
extracts were filtered through a 0.22 um PP syringe filter (13 mm, Ronghua Scientific,
China) into 1.5 mL vials. These filtered samples were then ready for detailed analysis

using advanced instrumentation to identify and quantify the targeted PFAS compounds.

2.5 Laboratory verification experiment of MPs as a carrier of PFASs
To verify whether MPs can serve as a carrier for PFASs, sorption and desorption

experiments were performed using different types of MPs (see details in Table S2).
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Specifically, 0.2 g of MPs were added to 10 mL PFASs stock solution consisting of
PFBA, PFOA, PFBS, PFOS, F-53B at 100 pg/L in concentration each. The mixture was
mechanically agitated at 250 rpm using a thermostatic oscillator (MQL-621R, Minquan
Instrument, China) incubated at constant temperature of 25°C for 48 h. Following the
completion of the sorption experiment, the supernatant samples were collected and
underwent drying. Subsequently, ultra-pure water was introduced into the tubes for the
desorption experiment. The bottles were mechanically agitated at 250 rpm at constant
temperature of 25°C for 48 h. All aqueous samples were then collected and filtered

through 0.22 um PP filters and stored at 4°C until analysis.

In addition, an aqueous leaching experiment was conducted using standard and
commercial MPs (see details in Table S2). MPs samples were accurately weighed and
added to 20 mL quartz tube tubes, followed by the addition of 10 mL of ultra-pure water
to each tube, ensuring that the samples were completely submerged. Previous studies
have reported the chemical changes of MPs under UV aging, including carbonyl stretch
vibration, which could promote the release of organic matter.>> Hence, samples were
aged via UV condition for 7 days. The aqueous solution was filtered through a 0.22 um

PP filter and stored at 4°C until analysis.

2.6 Analytical Methods

2.6.1 Detection of MPs using laser infrared imaging system
The laser infrared imaging system (8700 LDIR, Chemical Imaging System, Agilent,

USA) and optical microscope (OLYMPUS BX51, Japan) were used to identify the MPs.
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The 8700 LDIR was operated in attenuated total reflection (ATR) mode, scanning the
selected area with a fixed wave number of 1800 cm™! to precisely locate particles. The
Agilent Clarity software automatically selected a blank area without particles as the
background. Mid-infrared spectra of all particles were obtained within the wave range
from 1800 to 975 cm!. The limit of detection was set as 10 um. The information on the
amount, type and size of the MPs was obtained by automatically comparing the spectra
of sample particles to the standard spectra via the Agilent Clarity. MPs were identified

based on results with a matching degree exceeding 65% according to previous study.'’

2.6.2 PFASs analysis

PFASs analysis was conducted using a triple quadrupole high-performance liquid
chromatography tandem mass spectrometry (UPLC-MS/MS) system (AB SCIEX 5500,
USA) operating in negative electrospray ionization (ESI) mode. The UPLC was
equipped with an Acquity UPLC C18 column (100 mm x 3.0 mm, 1.7 um, Waters,
USA). The mobile phases consisted of 2 mM ammonium acetate (A) and acetonitrile
(B), and a flow rate of 0.3 mL/min, 5 puL of the sample was injected, starting with 80%
A and 20% B. The initial conditions were maintained before transitioning to 10% A at
12 min, holding until 15 min, reverting to the initial condition at 16 min, and
maintaining equilibrium until 20 min. The column oven was maintained at a constant
temperature of 40°C. The following instrument parameters were used: curtain gas (35
psi), collision gas (9 psi), ion spray voltage (-4500 V), temperature (500°C), ion source
gas 1 (50 psi), ion source gas 2 (50 psi). PFAS identification and quantification,

optimized MS/MS parameters, quantification methods, limits of quantification (LOQ),

13



and limits of detection (LOD) are all detailed in Table S3. The quality assurance and
quality control for MPs and PFASs were detailed in Text S2 and the laboratory control

spike recovery was shown in Table S4.

2.7 Data analysis

Statistical analysis was performed using the PASW statistics 18 software to examine
the normality of the data. And normal P-P plot and Q-Q plot were performed to verify
the results, confirming the non-normal distribution. The Spearman rank test was
employed to evaluate the relationships between the concentrations of MPs and PFASs,
given that the data exhibits non-parametric, ordinal, and monotonic characteristics
rather than linear relationships. p < 0.05 was recognized as statistically significant. All

the data were visualized utilizing Origin 2024 software.

3. Results discussion

3.1 Co-occurrence and correlation of MPs and PFASs in the WWTP

3.1.1 Abundance and compositions of MPs

LDIR was able to efficiently identify a wider range of MPs polymers types (> 10 pum in
size) due to the high-resolution imaging and fully automated scanning capability (Fig.
2). The incomplete detection of MPs with sizes of 10-20 pm may lead to
underestimation of MP abundance when the size range is large. A total of 21 types of
MPs were identified across all samples, with only 4 types, including polyethylene (PE),
polyethylene terephthalate (PET), polyvinyl chloride (PVC), and polyurethane (PU) co-
occurring in every sample. PE, PET, and PVC emerged as the predominant polymer

types. The total abundance of MPs in W-INF, W-PT EFF, W-ST EFF and W-TT EFF
14



were 2858, 895, 390 and 245 particles/L, respectively (Fig. 2). In contrast, the total
abundance of MPs in S-AS and S-DS were 1476 and 3665 particles/g, respectively. The
variation in MP accumulation during wastewater treatment processes is potentially

influenced by the different retention times associated with these polymer types.

PE, PET, and PVC are the main ingredients of household plastic necessities, such as
packaging, toys, home textiles, clothing. For example, PE film serves as a prevalent
choice for food packaging materials due to its versatility, cost-effectiveness, and
protective properties. And the release of PET fiber from clothes through washing was
regarded as an important source of MPs in WWTPs.!? In addition, polymers contained
F, such as polytetrafluoroethylene (PTFE), were identified in this study. It is noted that
PTFE has a dual identity, recognized as both a plastic polymer and a perfluorinated
compound. Due to its exceptional non-stick characteristics and high-temperature
resistance, PTFE is ubiquitously utilized on non-stick pans in daily life. The wide use
and diverse characteristics of plastic products may contribute to the distinct distribution

profiles of MPs in WWTPs.
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Fig. 2. Abundance of MPs and the accumulated abundance of each type of polymer in wastewater
samples and sludge samples in the target WWTP. The designation can be found in the title of Fig.
1. The abbreviation is shown in the Supporting Information (Table S5).

3.1.2 Concentrations and compositions of PFASs

PFASs were detected in all units of the WWTP (Fig. 3). The concentrations of PFASs
were 225 ng/L and 68.6 ng/L in the influent and final effluent, respectively, indicating
a reduction of 70% in concentration during the wastewater treatment process. There are
studies which reported similar trend of PFASs in wastewater treatment with

2425 whereas other studies

concentrations in influents higher than those in effluents,
reported observations that PFASs concentrations in influents were lower than those in
the effluents.?%?” In the current study, a significant decrease in PFASs concentration
was observed after the physical pretreatment, consistent with the reduction of MPs. We

have reported in our previous study that physical processes such as screening during

primary treatment, are effective in eliminating MPs.?® We speculated that the observed
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reduction in PFASs during primary treatment was probably attributed to their sorption
onto suspended particles (e.g., MPs), implying the role of MPs as the carrier of PFASs.
In addition, an increasing trend in PFASs concentration was observed during the
secondary treatment process and a much higher PFASs concentration was detected in
the tank of activated sludge, which was primarily due to the contributions of PFASs

precursors microbial transformation?®-3°

and the sorption/adhesion behavior of the
microbial biofilms in activated sludge.’! Following the AS treatment, a decreasing trend
was observed in the secondary and tertiary treatment processes, different from the
previous conclusions that in reduction of PFASs due to the ineffective treatment

processes including UV, chlorine disinfection, ozonation and sand filtration.?”-¥

Among the 12 PFASs detected in the WWTP, PFOS was the dominant compound,
followed by PFBS, PFOA and PFBA. In the current study, the concentrations of PFSAs
were much higher than those of PFCAs, which is different than those conclusions
observed in different environmental media. For examples, previous studies reported
that the PFCAs were dominant and exhibited much higher concentrations than PFSAs
in surface water,>* and groundwater.>* Despite PFOS/PFOA and their precursors being
listed in Annex B of the Stockholm Convention, there exists a list of specified
exemptions that permits their large-scale production and almost all historical
applications, encompassing their use in carpets, leather, textiles, furniture upholstery,
paper and packaging, coatings, and paint additives.*>*® Consequently, these substances
are continuously released into domestic WWTPs. While long-chain PFASs production

has significantly reduced over the past two decades due to voluntary industry initiatives
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(e.g., phased out by 3M in 2000 for PFOA and PFOS) and international regulations
(e.g., inclusion in the Stockholm Convention in 2009), the proportional distribution of
PFASs detected in this study highlights the prevalence of PFOA and PFOS. The
occurrence of short-chain alternatives (e.g., PFBS and PFBA) in different
environmental media have been reported extensively in previous studies,’’ and
sometimes their usage exceeded the legacy PFOS and PFOA.*® Recent literature
suggests that short-chain PFASs exhibit similar bioaccumulation and persistence
characteristics as their long-chain counterparts and pose comparable hazards, as
observed in animal studies.’**° Interestingly, significant amounts of F-53B, an
alternative of PFOS, were detected in the influent and primary treatment effluent, which
has been detected in Chinese WWTPs and the environment for mist suppression in

metal electroplating applications used in China.*!*?

PFASs were also detected in activated sludge from the biochemical treatment's aeration
tank and in the final dewatered sludge. The concentration of Y PFASs in activated
sludge and dewatered sludge were 76.1 ng/g dry weight (dw) and 61.8 ng/g dw,
respectively, and shared a similar multitude. A total of 12 PFASs were detected in sludge
samples, among which PFOS and PFOA were the dominant. PFOS was also a major
component in the wastewater samples, accounting betweenl7-60% of Y PFASs. In
contrast, PFOA accounted for 25% in the activated sludge, and between 6%-24% in the
water samples, indicating higher affinity of PFOA for the solids of the sludge. The long-
chain PFOS and PFOA were the dominating compounds in the solid phase, indicating

their higher intendency to be sorbed on the solid sludge. Similarly, previous research
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underscores activated sludge's potential role as a primary repository for PEASs.3!** The
reuse of biosolids in agricultural lands contributes to the infiltration of PFASs into the
environment, emerging as a significant source of PFASs release,** thereby emphasizing
the criticality of proper sludge disposal in WWTPs. It is noteworthy that partitioning of
PFASs to solids increased with the length of alkyl chain, which is consistent with
previous studies.*>* This is due to the high hydrophobicity of longer C-F chains with
hydrophobicity decreasing as the chain length decreases. Given that hydrophobic
compounds tend to partition into the activated sludge, hydrophobic partitioning can be
considered to be a crucial mechanism affecting sorption and desorption processes of

PFASs in sludge and wastewater.
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3.1.3 Correlation analysis of PFASs with MPs

A significant positive correlation was found between acrylates (ACR) and PFDA (p <
0.001, »=0.94), PET and PFOS (p < 0.01, » = 0.85), polyamide (PA) and PFDoA (p <
0.01, » = 0.83), polysulfone (PSF) and PFUdA (p < 0.01, » = 0.82), and a significant
negative correlation was found between PA and PFBA (p < 0.001, » = 0.92) (Fig. 4).
The results of the correlation analysis showed that, for example, as the concentration of
PA increased, the concentration of PFDoA also tended to increase, while the
concentration of PFBA decreased. The correlation between other substances can also

been found in Fig. 4.
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Fig. 4. Spearman rank correlation matrix of PFASs and MPs in WWTP. *** p <0.001; ** 0.001 <

p<0.01; *0.01 <p<0.05.

As shown in Fig. 5, ACR, PA, PSF, and PTFE exhibit a higher proportion in sludge
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compared to wastewater, and similarly, PFDA, PFDoA, and PFUdA are found in a
greater proportion in sludge, indicating that they are more likely to accumulate in sludge
and be removed through sludge discharge (Fig. 5). Conversely, PFBA and PFHpA are
found in higher proportions in wastewater than in sludge, showing a negative
correlation with PA and PSF. Our previous study has shown that the sludge acts as a
sink for MPs with removal mechanisms being primarily physical sorption or
encasement.?® Similarly, the main removal mechanism of PFASs in WWTPs is physical
process, as the degradation of PFASs is challenging®**’. Activated sludge is considered
a crucial component in trapping and removing these pollutants due to its physical and
chemical properties. Overall, these results of this study suggest that the concentrations

of MPs and PFASs can be reduced synergistically in WWTPs.
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Fig. 5. The relative abundance partitioning in wastewater and sludge of the representative PFASs

and MPs.

The observed correlation and co-recognition between MPs and PFASs in environmental

samples have sparked speculations about a possible shared fate for these two emerging
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contaminants. This linkage indicated a complex interaction between MPs and PFASs,
as well as the co-existence and translocation in specific ecosystems, known for their
similar persistence, bioaccumulation, and potential adverse health effects. The
suggestion of a shared fate underscores the need for further research to unravel the
mechanisms behind this association. The carrier effect of MPs for PFASs also
underscore the importance of considering the multifaceted challenges posed by the two
emerging pollutants, emphasizing the urgent need for stringent controls on products

containing both PFASs and MPs.

3.2 Validation of contributions of MPs to PFASs in wastewater

Eleven PFASs were detected and quantified in the extract from MPs, which were used
to calculate the PFASs mass in MPs, resulting in the PFASs concentration in MPs
ranging from 122 to 166 ng/g (Fig. 6). Notably, PFOA, PFBA, PFOS, PFBS, and F-
53B were dominant across multiple environmental matrices (wastewater and sludge),
as well as onto MPs. The concentrations and compositions of PFASs associated with
MPs were generally mirrored those in wastewater and sludge, suggesting a correlation
between the presence of PFASs and MPs. Previous studies have shown that consumer
plastic products often contain high levels of PFOA. For example, Gremmel et al.*®
found that hat PFOA was the most prevalent among 23 PFASs extracted from outdoor
jackets and similar results were observed in clothing by Lang et al.*’ High levels of
PFOA were also detected in food packaging materials and baking paper.’*>! Even
jackets labeled as having fluorine-free impregnation contained 20 ng/m> PFOA.*

Additionally, despite the phase-out of PFOA by 3M, previous studies reported that its
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levels have not declined as expected, with the percentage of linear isomer PFOA

increasing, indicating ongoing production of fluorinated chemicals.?>-?

[ pFOA[ | PFBA [ PFOS ] PFBS [ F-53B [ | PFHxA ] PFHpA [l PFDA [l PFDoA [l PFHxS [[] PFPeA

) (b)*°

160

~
[

[©.2
(=]
1

120 +

(o))
(=)
1

80 +

N
S
1

40

Concentration of PFASs (ng/g MPs)
)
S
1

Relative abundance of PFASs (%)

0 0
MPs-INF MPs-AS MPs-TT EFF MPs-INF MPs-AS MPs-TT EFF
MPs collected from different wastewater treatment units

Fig. 6. Concentrations (a) and relative abundance (b) of PFASs associated with MPs.

Short-chain PFASs have been introduced as alternatives to long-chain PFASs. For
instance, PFBS has replaced PFOS in the ScotchGard formulas, and PFBA has been
introduced as an alternative to PFOA.>*** This change accounts for the high relative
abundance of short-chain PFASs. Additionally, even perfluorinated polymers such as
PVF and PFTE can contribute to PFASs contamination. Interestingly, fluorinated
chemicals have also been found in nonfluorinated polymers. PFASs are used in various
applications, including mold release agents in plastic production. However, due to
variations in manufacturing processes and a lack of detailed information on the specific
processes used for our samples, it remains unclear whether the detected PFASs
originated from the manufacturing process itself or were absorbed from other sources
during shipping, handling, and storage. Evidence suggests that both fluoropolymers and

nonfluorinated polymers can contain PFASs. Overall, these preliminary findings
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highlight the need for a better understanding of small-molecule PFASs originating from
various polymer materials, including their use in textiles, electronics, and food

packaging.

3.3 Verification of MPs serving as a carrier for PFASs

The results of MPs aqueous leaching revealed that MPs could release PFASs into
aqueous environments (Fig. 7(a)). The dominant PFAS compound released was PFOS,
followed by PFOA. A small amount of PFBA (0.224 ng/mL) was released by PVC-
Coat, while no PFBS and F-53B were detected in the aqueous solutions. PVC-Coat
exhibited the highest leaching capacity, with the combined concentrations of PFOS,
PFOA, and PFBA reaching10.4 ng/mL. PE-Glove also showed substantial leaching for
PFOS and PFOA, further supporting the finding that commercial MPs, potentially due
to surface treatments or additives, were more prone to releasing PFASs. Commercial
MPs showed higher leaching concentrations, indicating they may be more of a source
compared to the virgin MPs. The leaching behavior highlighted the potential of MPs to
serve as sources of PFASs, which could contribute to PFASs contamination.
Furthermore, the sorption/desorption verification results revealed that most the long-
chain PFASs such as PFOS, F-53B and PFOA exhibited high sorption percentage (Fig.
7(b)), which was in agreement with the previous studies that indicated higher sorption
of MPs for long-chain PFASs.>> Short-chain PFASs such as PFBA and PFBS had
lower sorption across all MPs, likely due to their reduced hydrophobicity and molecular
size. These results indicated that MPs could serve as sorbent for PFASs, especially long-

chain PFOS and F-53B. PFOS exhibited a desorption efficiency of 126% and 124%
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from PE-Standard and PE-Caps (Fig. 7(c)), suggesting that in addition to full desorption
from MPs, further release occurred. This result verified that PFOS was released directly
from the MPs themselves, as demonstrated in Fig. 7(a). The consistently high
desorption efficiency of PFOS across all MP types, particularly PE, highlighted its
release potential, which may be attributed to residual PFASs or fluorinated compounds
from manufacturing processes. PE-Caps also demonstrated high desorption efficiency
for F-53B and PFBS, probably due to surface modifications or inherent properties of
commercial MPs that promote desorption. PTFE-Standard showed significantly lower
desorption efficiency for most PFASs, suggesting that PTFE acted as a more persistent
sorbent for PFASs in aquatic environments. These results emphasized the role of MPs

as a carrier for PFASs with sorption and desorption behavior in the environment.
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Fig. 7. PFASs sorption onto different representative MPs and desorption of PFASs from MPs. The

designation can be found in Table S2.
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MPs carry PFASs both by incorporating additives during production and by sorbing
contaminants from the environment. Simultaneously, they can release PFASs into the
environment through desorption or intrinsic leaching. The observed leaching in both
standard and commercial MPs emphasized the potential for PFASs contamination in
aquatic environments. These findings revealed the dual roles of MPs as both carriers
and sources of PFASs, providing crucial insights into the dynamic behavior of the two
emerging pollutants. The interactions between MPs and PFASs would contribute to the

long-term persistence in ecosystems, posing potential environmental risk.

4. Environmental implications

Our study provides insights into the co-occurrence and interactions of MPs and PFASs
in the environment. Notably, MPs were identified as carriers of PFASs, with measured
concentrations ranging from 122 to 166 ng/g for target PFASs, highlighting their
significance as environmental contamination pathways. Furthermore, MPs act as a
potential source of PFASs, which is manifested in the disposal and leaching of
perfluorinated polymers, additives from plastic products, and environmental
sorption/desorption processes. Additionally, our findings highlight a strong correlation
between MPs and PFASs, evident in their synergistic removal mechanisms within
WWTPs and their simultaneous detection in environmental samples. Variations in
PFASs and MPs concentrations highlight economic implications for WWTP operations,
emphasizing the urgent need for stringent controls on products containing PFASs and
MPs. Overall, this study advances our understanding of the environmental behaviors

and fate of MPs and PFASs, advocating for regulatory measures to curb their pervasive
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contamination. Proactive steps are crucial to mitigate the environmental impact of these

persistent pollutants and protect both environmental and human health.
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