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The ecological impact of PVC microplastics on the microbial community in the
wet waste treatment system mainly comes from three joint effects: particle persistence,
microbial colonization of particle surfaces, and the continuous release of chemicals such as
additives under high humidity, strong microbial activity and fluctuating physicochemical
conditions. Compared with the relatively inert polyolefins, PVC contains chlorine-
containing main chains and often contains plasticizers and stabilizers, so it is more likely to
trigger physicochemical stress caused by particle surface interaction and additive release at
the same time. This review focuses on the occurrence, transport, and fate of PVC in the
process of pretreatment, aerobic composting and anaerobic digestion, focusing on surface
aging, preferential microbial colonization, and the differences between attached
communities and bulk-phase microbial communities. Studies have shown that the impact of
PVC microplastics on wet waste treatment systems is not a single exposure effect, but the
result of surface aging, interface colonization, additive release and co-pollutant coupling.
These processes ultimately alter microbial community structure, functional organization, and
overall treatment performance, particularly by disrupting key metabolic pathways involved
in methane production. In general, PVC is more likely to be enriched in the solid phase and
persists throughout the treatment process; its additive leaching is obviously time-dependent
and strongly affected by environmental conditions. This suggests that microbial
communities are more likely to experience chronic stress than transient disturbance. Future
research should focus on how PVC properties and additive release interact under real
operating conditions, and further clarify the mechanisms by which they affect microbial
community structure, function, and treatment performance.

PVC, microplastics, wet waste treatment, additive leaching, microbial
communities

The widespread use of plastic products has caused microplastics to accumulate in the environment
and further exacerbated ecological problems [1]. At present, microplastics have been widely present
in a variety of environmental media and have shown potential ecological toxicity [2,3]. As a
heterogeneous particle, microplastics have obvious differences in polymer type, particle size and
morphology. They also adsorb organic pollutants and metals, thus affecting the distribution of
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pollutants and their potential biological effectiveness [2,4]. Generally, microplastics can be divided
into two categories: one is primary microplastics with a particle size of less than 5 mm, and the other
is secondary microplastics formed by weathering and crushing of larger plastic objects [5]. Among
common polymers, polyvinyl chloride (PVC) deserves particular attention because its chlorine-
containing main chain and additive-rich composition make it more complex and uncertain in
environmental transformation, chemical release and ecological risk assessment [2,6].

Wet waste treatment is a key link in urban solid waste management, and it is also an important
process for microplastics to enter, decompose and redistribute [7]. Wet waste has a high water
content and is rich in degradable organic matter. At present, it is mainly treated by aerobic
composting and anaerobic digestion, both of which rely on core microbial communities [8,9] .
Microplastics derived from PVC can enter the wet waste system with contaminated food waste.
Their sources mainly include packaging bags, disposable plastic products, packaging residues, and
synthetic fibers released during treatment and cleaning [10-12]. After entering the processing
system, these microplastics may gradually accumulate along the process of material and energy
transformation and remain in prolonged contact with core microbial communities. On the one hand,
they can serve as substrates for microbial attachment and biofilm formation. On the other hand, PVC
containing additives may also cause physicochemical stress through the release of additives, thus
changing the habitat, community structure and treatment performance of microbial functional units
[13,14]. Studies have shown that such effects can be further manifested as changes in compost
maturity, fluctuations in methane-related performance, and changes in some risk characterization
indicators [15,16].

In the wet waste treatment system, PVC is particularly worthy of attention, because its particles
can act as carriers of microbial attachment and biofilm formation. At the same time, the additives
may continue to be released during the treatment process, which has a long-term impact on the
surrounding microenvironment [17]. Under high humidity and acidic conditions, the additives in
PVC are more likely to seep out, and some chlorine-containing components may also be gradually
released, thus interfering with key processes such as organic matter degradation, humification and
methane production [4]. However, the direct evidence from the wet waste treatment unit is still
limited, and the relationship between PVC release behavior and microbial community response and
its main driving factors still need to be further systematically evaluated.

Therefore, this review addresses four interrelated issues: first, how PVC microplastics enter wet
waste treatment systems and migrate, accumulate, and persist during composting and anaerobic
digestion; second, how the physicochemical properties of PVC, together with high moisture and
acidic conditions, influence additive migration and leaching; third, how PVC microplastics affect
microbial attachment, biofilm formation, differentiation between particle-attached and bulk-phase
communities, and key processes such as organic matter transformation and methane production; and
fourth, how PVC interacts with antibiotics, metals, and other coexisting pollutants to generate
combined stress and thereby affect process performance and ecological risk.

Due to the high content of organic matter in wet waste and the complex composition of the matrix,
the presence of microplastics in wet waste is attracting increasing attention [18]. The microplastics
that enter the wet waste are mostly secondary debris formed by the crushing of large plastic
products, among which the sources related to packaging dominate [19,20]. In addition to the main
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packaging materials, label film, composite packaging, shrink film and other composite layer
materials will also produce a large number of microplastics and are more likely to break during
collection and processing [20,21]. Recycling cannot completely avoid this problem, because the
sorting and reprocessing process itself will also produce debris residues, which may then re-enter the
urban garbage stream [21]. Among them, labels and films containing PVC are particularly difficult
to separate completely, so they are more likely to stay in the wet waste collection link in the form of
fine debris and enter the follow-up processing unit [22].

Microplastics in wet waste treatment systems come from a variety of polymers, and their
distribution between the water phase and the solid phase is mainly affected by the physicochemical
properties of the polymer, as shown in Table 1 [18]. PVC is a halogenated polymer with a chlorine
content of about 57%, so it has a high density and is easier to settle in wet media such as leachate,
slurry and digestate [23]. Therefore, PVC is more likely to accumulate in the bottom sludge,
digested sludge and compost residue, thus enhancing its durability in the treatment system and
increasing the likelihood of its occurrence in treatment products [23].

The risk brought by PVC is not only particle retention. Because PVC products usually contain
plasticizers and stabilizers that are non-covalently bound to polymers, these additives may gradually
migrate and leach out during use, disposal and treatment [17]. Under the conditions of high humidity
and changing pH and temperature, PVC will not only be retained in the solid phase, but also may
continue to release chemicals to the surrounding environment [18]. The long-term leaching of
phthalate plasticizers has been confirmed, and this process is significantly affected by environmental
factors [24,25]. In the process of anaerobic digestion, the additives released by PVC microplastics
may also inhibit the methane production process, indicating that it not only affects the function of
microorganisms, but also interferes with the process performance [26]. Based on the above
evidence, PVC should be regarded as a priority type of microplastic in the wet waste treatment
system, because it has both the risk of particle accumulation and additive release [27].

Table 1. Physicochemical properties and environmental fate of common microplastics in wet waste treatment systems

Density Main chemical Buoyancy / fatein ~ Dominant environmental
Polymer B . Key refs
(grem™) feature wet systems behavior
Physically persistent;
Hydrocarbon Tends to float or strong sorption of
PE 0.91-0.96 polymer (—C-C-) suspend hydrophobic organic [2.4,28,29]
compounds
PP ~0.90 Hydrocarbon Floating / suspended Like PE; reljcmvely inert [2.28]
polymer chemically
Brittle; prone to
PS 1.04-1.06 Aromatic polymer Partial settling fragmentation; biofilm [2,30]
formation
PET 1.30-1.40 Ester-containing Settling Chemlcal’ly stable; limited 231]
polymer additive release
PVC 1.30-1.45 Chlorinated polymer Rapid settling and Dual physical-chemical [23.24.27]

(C-C) accumulation behavior; additive leaching
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3. Physicochemical properties and additive release behavior of PVC microplastics
3.1. Chemical structure and environmental stability of PVC

The persistence and ecological impact of PVC microplastics in wet waste treatment systems are
mainly related to their stable chemical skeleton and additive-rich composition, as shown in Table 2
[17]. Commercial PVC is usually not a single material, but a composite system composed of resins,
plasticizers and stabilizers. Since these additives are mostly introduced through physical mixing
rather than fixed in the form of covalent bonds, they are easier to migrate under suitable conditions
[17]. The wet waste treatment process provides a favorable environment for this process. Adequate
water, pH changes and temperature fluctuations caused by organic acid formation will promote the
diffusion and leaching of additives, so that the microbial community is continuously exposed to low-
concentration chemicals [18].

In the wet waste treatment system, the migration potential of PVC additives will be further
enhanced under specific environmental conditions. High moisture, pH fluctuations and temperature
changes together promote the release of additives. High moisture provides the necessary medium for
leaching, which can act as a solvent and promote the diffusion of additives within the polymer. The
organic acid produced in the early stage of treatment will reduce the pH of the system, which may
not only promote the hydrolysis of ester plasticizers, but also accelerate the aging of the PVC
surface, which is conducive to the further release of additives. At the same time, the thermal action
of the high-temperature stage of compost will improve the mobility of additive molecules and the
activity of the polymer chain segment, thus accelerating the leaching process.

Table 2. Typical additives in PVC microplastics, release-promoting conditions, and potential ecological targets

Key conditions promoting

.. Representative . Potential ecological
Additive category prese release in wet waste treatment £ Key references
chemicals targets and effects
systems

. . - Inhibition of

High moisture content; acidic .
o . methanogenic

conditions caused by organic
. . archaea and
Phthalate esters  acid accumulation; elevated .
hydrolytic—

Plasticizers (PAEs, e.g., temperature during [24,25,27,31,32]
DEHP, DMP) composting; penetration of

dissolved organic matter

acidogenic bacteria;
disturbance of
anaerobic digestion

(DOM) stability
Meta!—pased Surface aging and crack Chrom'c tox'101ty to
stabilizers formation; enhanced solid— microbial
Thermal stabilizers containing Pb and Lo metabolism; [17,23,33]
s liquid contact; long-term .
Cd (traditional . . potential heavy
. immersion

formulations) metal exposure
Suppression of

. . methane

Bisphenols (e.g., High moisture content; pH production;

Other additives fluctuation; mechanical [26,32]

. alteration of
disturbance

microbial metabolic
pathways

BPA)
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3.2. Migration and accumulation behavior of PVC microplastics in wet waste treatment
systems

In the collection and pretreatment stage, PVC mainly enters wet waste in the form of debris or film,
and its sources mainly include plastic bags, packaging residues and cable plastics. Due to its high
density, PVC is more likely to be retained in the solid phase of wet waste, thus reducing its removal
efficiency in the sorting and dehydration process and promoting its accumulation in subsequent
biological treatment units [23,24,33]. In addition, PVC residues have also been detected many times
in compost products, indicating that these particles may enter the farmland or soil environment with
the compost and become a secondary input source [12,15].

In the process of anaerobic digestion, PVC tends to persist and accumulate in the sludge phase.
Because it is difficult to degrade rapidly in anaerobic environment, PVC can be retained in the
digested sludge for a long time [13]. In addition, PVC particles are also easy to bind to organic
matter and microorganisms and are wrapped in flocculents and particles, which will further prolong
their residence time in the reactor [14]. Therefore, compared with feed sludge, PVC in digested
sludge usually has a higher detection frequency and content [13,18].

The retention of PVC in the solid phase often occurs at the same time as the leaching of additives.
Research shows that PVC microplastics can continuously release phthalate plasticizers for a long
time, and the leaching strength is obviously affected by environmental conditions [24,25]. In a wet
waste treatment system with high humidity and changing physical and chemical conditions, this
means that PVC particles may continue to release additives to the liquid phase even if they remain in
the solid phase [17]. Anaerobic digestion experiments further show that these leachable additives are
related to the decline in methane production, indicating that the release of additives may interfere
with the methane production process and reduce the process performance of the system [26].

4. The impact of PVC microplastics on microbial communities during wet waste treatment

4.1. Effects of PVC microplastics on microbial community structure and core functional
microbial communities

Microbial communities dominate organic matter conversion and methane generation during
composting and anaerobic digestion, so the interference of PVC microplastics may further affect the
process performance and the structure of related functional communities. Compared with relatively
inert polyolefin microplastics, PVC is more likely to cause physicochemical stress, because its
formula often contains migrable additives, which can be gradually released during processing [24].

As shown in Figure 1, the methane production in the anaerobic digestion system usually
decreases with the increase of the PVC microplastic load. This phenomenon is usually associated
with chemicals released by PVC, which may interfere with hydrolysis, acid production and methane
production processes [26]. As operation proceeds, PVC particles and their leachates may continue to
influence microbial interactions and functional differentiation, and promote the gradual
reorganization of the community structure, indicating that its impact is closer to cumulative changes
than transient disturbances [13].

PVC additives provide a continuous source of chemical exposure, which helps to explain the
response of microbial communities. Long-term studies show that PVC microplastics can
continuously release phthalate plasticizers, indicating that they can be a stable source of soluble
pollutants for a long time [24,27]. In the process of wet waste treatment, the high humidity
environment and the changing pH and temperature will prolong the exposure time of low-dose
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additives, which may gradually inhibit the key functional group and change the community structure
[17]. At the same time, the leaching strength is also affected by system factors such as
hydrodynamic conditions and matrix composition, so he effects of PVC may therefore vary
substantially across treatment conditions [25].

The study of single additives also supports this mechanism. Even in the absence of microplastic
particles, some plastic additives can interfere with anaerobic digestion and microbial metabolism
[32]. This shows that the impact of PVC microplastics is not only related to the particles themselves,
but also to the continuous leaching of additives. Therefore, PVC microplastics can reasonably be
regarded as a combined physical-chemical stressor [17].
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Figure 1. Dose-dependent effects of polyvinyl chloride (PVC) microplastics on methane production
during anaerobic digestion. Methane yield is expressed as the percentage relative to the control
without microplastics. Low PVC loading (10 particles g*' TS) slightly promoted methane
production, whereas higher concentrations (=20 particles g~' TS) caused a progressive inhibition.
Error bars represent standard deviations as reported in the source study [26]

4.2. Microbial-associated behavioral characteristics of PVC microplastics in wet waste
treatment systems

PVC microplastics can persist as solid-phase particles in wet waste treatment systems for extended
periods and continue to interact with the microbial community. Because it exists in the form of
particles and is not dispersed in the system in a dissolved state, it will change the attachment
opportunities and spatial organization of microorganisms in the reactor [17,24].

Many studies have shown that microplastic surfaces often serve as preferential colonization
interfaces for microorganisms, and its attached communities are different from those in the
surrounding matrix [34]. Compared with free-living or floc-associated communities, such surface-
attached communities are usually more selective, with differences in taxonomic composition and
functional gene profiles [14]. For PVC, metagenomic evidence further shows that some functional
groups and local metabolic characteristics can be enriched within particle-associated
microenvironments and may deviate from the overall level of the system [35].

In addition to taxonomic changes, the impact of PVC microplastics on microorganisms is also
reflected in the spatial redistribution of microbial functions. Anaerobic digestion research shows that
resistance-related genes and other functional markers will be redistributed in different
microenvironments. This distribution feature is closely related to the microbial community attached
to the surface of microplastics, indicating that such particles can change the microbial
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microenvironment in the reactor [36]. At the same time, the PVC surface can also adsorb coexisting
pollutants such as antibiotics, metals and hydrophobic organic matter, further strengthening the local
interaction between particles and the microbial activity interface [4,37].

When the processed product enters the receiving environment, such particle-related effects may
continue. Soil research shows that microplastic input can change the composition and functional
characteristics of microbial communities, and further affect biogeochemical processes such as
carbon and nitrogen cycling [15]. At the same time, the biofilm formed on the surface of
microplastics provides a structured interface that can change the spatial relationship between local
microorganisms. In some sludge systems, this change has been found to be related to changes in
resistance-related signals and potential host distribution patterns [36].

5. PVC microplastics-induced composite stress effects and their ecological risk implications
5.1. Interactions between coexisting pollutants and microorganisms

In wet waste treatment systems, PVC microplastics usually coexist with antibiotics, metals and
organic pollutants, so microbial communities are usually subjected to multiple stressors rather than a
single effect. The presence of microplastics will change the contact interface and exposure level
between pollutants and microorganisms during anaerobic digestion, which may further enhance the
ecological impact and process risks under common pollution conditions [38]. The effects caused by
different types of microplastics cannot be attributed only to adsorption, because their surface
properties, aging state and environment will all affect the results. Therefore, understanding type
differences and environmental dependence is the key to explaining the differences in different
research conclusions [39]. On this basis, resistance-related indicators can be used as supplementary
signals to reflect changes in microbial risks, as shown in Figure 2.

For PVC, its composite effect can be understood mainly from two aspects. On the one hand, PVC
can enrich pollutants in the solid-phase microenvironment and increase the chance of microbial
contact with these pollutants; on the other hand, the continuous release of additives in PVC will
bring additional chemical stress, thus further amplifying the impact of exogenous pollutants [40].
Comparative studies show that there are clear differences in the effects of PVC and PS in the process
of anaerobic digestion, indicating that polymer properties can significantly alter the fate and
bioavailability of pollutants, and further affect the strength of composite stress [40]. Aging will
further improve the polarity and active site of the surface of microplastics, enhance its ability to bind
to pollutants, and may also increase local exposure through the biofilm interface [40]. At the same
time, the active components produced during the aging process, such as free radicals, may also
change the surface reactivity and interface process, thus affecting the accumulation and release of
pollutants, which provides a possible mechanism for aging microplastics to often show stronger
effects [41].
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Figure 2. Increase in antibiotic resistance gene (ARG) abundance induced by PVC microplastics.
ARG abundance is expressed as the percentage relative to the microplastic-free control (100%).
Literature data indicate that exposure to PVC microplastics leads to an elevated ARG level
(+23.6%), highlighting the potential role of PVC as a carrier and amplifier of antibiotic resistance
risk in waste treatment systems [35]

5.2. Ecological risk implications of PVC microplastics via microbial process disturbances

In the biological treatment of wet waste, the combined stress induced by PVC is mainly manifested
as the disturbance of microbial function. Anaerobic digestion research shows that PVC microplastics
can reduce methane production by leaching toxic additives, which indicates that the release of
additives will interfere with the methane production process and further affect system performance
[42]. Process indicators such as greenhouse gas emissions and nitrogen loss may also change with
microplastic exposure, which is consistent with microbial metabolic disturbance [43]. In addition,
compost pretreatment may also change the surface properties of PVC and enhance its subsequent
interaction with microorganisms, thus strengthening the connection between the interface process
and biological response [44].

These changes at the process level are consistent with the release behavior of PVC additives.
Additives will migrate during use and disposal, and in systems with high humidity and changing
physical and chemical conditions, this migration will further lead to continuous chemical input and
cumulative exposure [17]. Studies have shown that phthalate plasticizers can leach from PVC
microplastics for a long time, and the leaching strength is significantly affected by environmental
conditions [24,25] . Therefore, plasticizer leaching is a factor that cannot be ignored when assessing
environmental risks [27]. Treated products, especially compost, may also bring microplastics and
their related chemicals into the agricultural environment, further expanding the exposure range from
the treatment system to the downstream environment [45]. Studies from composting and organic
solid waste systems also show that the dynamic changes of microplastics in the composting process
and their release risks should be included in the assessment framework [46]. In general, the
ecological risks in the wet waste system come not only from the disturbance of the process itself, but
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also from the continuous release of PVC additives, and the discharge of treated products further
provides a practical way for downstream environmental exposure.

6. Conclusions

PVC microplastics can exert multifaceted ecological effects in wet waste treatment systems, because
particle retention, additive release and surface colonization often occur simultaneously. Studies from
composting and anaerobic digestion show that these couplings can change the structure of the
microbial community, reshape community functional structure, and interfere with key processes
such as organic matter conversion and methane production. Compared with relatively inert
polyolefins, PVC is more likely to impose combined stress, because its chlorine-containing main
chain and additive-rich composition are more likely to bring continuous chemical input and particle-
related effects. The formation of PVC surface biofilm will also provide a structured attachment
interface, thus affecting community succession and local interaction. Future research should shift
from fragmented observation to systematic evidence with time resolution and comparability, linking
additive leaching, interfacial biofilm processes, community reorganization and functional changes,
so as to improve the ability to explain the causal mechanism of PVC-microbial interaction.
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