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Mechanical pretreatment is an indispensable process in biological treatment plants that remove plastics
and other impurities from household biogenic waste (HBW). However, the imperfect separation of plas-
tics in these pretreatment methods has raised concerns that they pose a secondary formation risk for
microplastics (MPs). To validate this presumption, herein, quantities and properties of plastic debris
and MPs larger than 50 lm were examined in the full chain of three different pretreatment methods
in six plants. These facilities received HBW with or without prior depackaging at the source. The key
points in the secondary formation of MPs were identified. Moreover, flux estimates of MPs were released,
and an analysis of MPs sources was provided to develop an overview of their fate in HBW pretreatment.
Pretreated output can contain a maximum of (1673 ± 279) to (3198 ± 263) MP particles per kilogram of
wet weight (particles�kg�1 ww) for those undepackaged at source, and secondary MPs formation is pri-
marily attributed to biomass crushers, biohydrolysis reactors, and rough shredders. Comparatively, HBW
depackaged at the source can greatly reduce MPs by 8%–72%, regardless of pretreatment processes.
Before pretreatment, 4.6–205.6 million MP particles were present in 100 tonnes of HBW. MPs are pro-
duced at a rate of 741.11–33 124.22 billion MP particles annually in anaerobic digester feedstock
(ADF). This study demonstrated that HBW pretreatment is a competitive source of MPs and emphasized
the importance of implementing municipal solid waste segregation at the source. Furthermore, depack-
aging biogenic waste at the source is recommended to substantially alleviate the negative effect of pre-
treatment on MPs formation.

� 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Microplastic particles (MPs), expanded pollutant particles of
essential plastic materials used in the global consumer economy,
have spread over the planet, posing serious environmental threats
[1]. MPs refer to plastic debris smaller than 5 mm [2]. Besides
examining their occurrence and effects in diverse environmental
conditions, scientists inquire about the ‘‘MPs cycle” to deeply
understand their global destiny [3]. For instance, unraveling the
source and migration patterns of MPs remains a nascent endeavor
[3]. Furthermore, source analysis of MPs is still in the preliminary
stages owing to the limited knowledge about the movement and
exchange of MPs between different environments [4].

Household biogenic waste (HBW) is a crucial source of MPs pol-
lution in terrestrial systems [5,6]. While converting biogenic waste
into organic fertilizers may represent a promising alternative
approach for valorizing biogenic waste [7–9], early evidence indi-
cates that MPs may be present in digestates and composts derived
from HBW. Disturbingly, these MPs could be transferred to agricul-
tural soil when these amendments are applied [10]. With the
increasing worldwide use of HBW in organic fertilizers [11],
HBW diversion policies continue to raise awareness of MPs con-
tamination in organic materials. Consequently, numerous regula-
tory bodies have implemented stringent MPs thresholds for
digestates and composts used in fertilization [12]. Considering that
most regulations for plastic particles in organic fertilizers specify
limits for particles larger than 2 mm [10], it is important not to
overlook HBW as an important source of environmental MPs in
organic fertilizers [13].

However, although numerous studies have examined the effects
of MPs in HBW digestates and composts, none of these studies
have investigated the origin of these MPs [14]. Inevitably, plastic
wastes such as garbage bags, disposable tableware, and food
eering,
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packaging end up in HBW, constituting the main MPs source in
HBW [15]. Reports from Oregon and Washington cities [16] have
revealed plastic contamination rates in waste streams, including
HBW destined for composting or anaerobic digestion, ranging from
0.1 wt% to 2.8 wt%. In certain cities in China, it is now a mandate to
remove plastic bags from HBW at the source when depositing
them into garbage bins, a depackaging process to effectively
improve the quality of HBW separation [17]. Yang et al. [18] found
that the plastic content in HBW directly affects the plastic content
in digestate, demonstrating that depackaging at the source can
markedly curtail plastic debris in the digestate.

Various pretreatment methods are used in anaerobic digestion
or mechanical and biological treatment plants to remove plastics
and other physical contaminants (metal, paper, glass, wood, sand,
etc.) from HBW, mostly relying on mechanical methods, such as
shredders, screens, and extrusion dehydrators. Among these facil-
ities, separation efficiency varies depending on the quality of the
incoming feedstock, technical capabilities, and product specifica-
tions [17]. However, plastics in HBW cannot be completely
removed through mechanical methods [19], and their efficiency
has not been extensively studied [16]. Alessi et al. [20] examined
the efficacy of four biowaste pretreatment plants in impurity
removal, yet the extent to which these pretreatment processes
may unintentionally introduce MPs into the final output remains
unclear [16,21]. To comprehensively understand the source, fate,
transport, and accumulation of MPs in this process, it is essential
to characterize their abundance, distribution, and chemical compo-
sition [22,23].

To track the source of MPs potentially generated from pretreat-
ment, this study investigated the full chain of three common pre-
treatment processes applied to HBW with different plastic
pollution levels. The key points in the secondary formation of
MPs were identified by analyzing the quantities and properties of
plastic debris and MPs larger than 50 lm in liquid and solid sam-
ples collected at each pretreatment stage. Furthermore, the flux of
released MPs was estimated, and an MPs source analysis was con-
ducted, facilitating a comprehensive overview of MPs’ fate in HBW
pretreatment.
2. Materials and methods

2.1. Collection of samples

A total of six pretreatment systems were examined for HBW
anaerobic digestion, denoted as Systems A, B, C, D, E, and F
(Table S1 in Appendix A). Systems A, B, and E operate in Shanghai,
where HBW is depackaged at the source before being collected and
delivered. Systems C and F are in an urban region of Zhejiang Pro-
vince, while System D is in a suburban area of Zhejiang Province.
These systems can be categorized into three based on their main
pretreatment techniques.

Systems A and B fall into Category I, where the main pretreat-
ment methods include rough shredder, screen, and extrusion dehy-
drator. The rough shredder aims to separate HBW trapped inside
plastic bags and homogenize them [20]. Screens are employed to
filter out contaminants by rotating and tumbling HBW. The extru-
sion dehydrator using a screw press regulates the moisture content
of the material, yielding solid- or liquid-phase material suitable for
dry or wet anaerobic digestion. Category II comprises Systems C
and D, which employ biomass crushers to separate plastics, fibers,
and other impurities from organic waste. Mechanically crushing
and sieving organic matter and inorganic interferents generate
high-quality, homogenized organic materials with discharged
organic particle sizes of 12–70 mm. Category III involves Systems
E and F, which use biohydrolysis reactors as their main pretreat-
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ment technology. Biohydrolysis reactors combine physical inter-
ception, chemical adsorption, and bioremediation processes. Over
approximately two days, these reactors facilitate hydrolysis and
acidification, generating solids and liquids through spiral extru-
sion. Liquid-phase anaerobic digester feedstock (ADF) is usually
pretreated using impurity separators, which remove light floating
materials (plastics, etc.) and heavy nonbiodegradable materials
(sand, etc.) from organic waste using screens (2 and 5 mm), buoy-
ancy, or shear force. To provide visual context, photographs of the
equipment studied are shown (Fig. S1 in Appendix A).

The composition of HBW can differ with seasonal shifts influ-
enced by changing dietary habits owing to weather conditions.
Sampling campaigns were conducted in August and December
2022, representing warm and cold seasons, respectively. A total
of 39 sampling points were selected, and their locations are shown
in Fig. 1. A total of 30 kg of HBWwas collected from these points to
separate its physical components and analyze its particle size. Fur-
thermore, 2 kg of HBW was collected through a 20 mm mesh sieve
for MPs extraction. In the laboratory, samples were immediately
tested for moisture content and organic matter (Table S2 in Appen-
dix A). The remaining samples were immediately stored in a refrig-
erator at 4 �C and used within 48 h for MPs extraction.

2.2. Extraction of plastic debris and MPs

Without a standard MPs extraction process for HBW samples,
certain modifications have been made based on a universal enzy-
matic purification protocol [24]. Briefly, sodium dodecyl sulfonate
solution was used primarily to separate small particles and fat
from MPs [25] and increase the contact surface for subsequent
digestion [24,26]. To reduce costs, 30% H2O2 replaced enzymes to
digest a large number of samples. Moreover, the conventional pro-
cess of density fractionation was not applied owing to its limited
success in separating organic-rich samples from plastic materials.
This is because the density of organic matter is 1.0–1.4 g�cm�3,
similarly to that of certain plastics, such as polyethylene tereph-
thalate (PET) and nylon [27]. A diagram and description of the
specific operation process are shown in the supplementary mate-
rial (Fig. S2 and Text S1 in Appendix A).

2.3. Identification of MPs

MPs were observed on the filter membrane through the digital
microscope (VHX-6000; Keyence, Japan) and pulled using tweez-
ers. Particles exhibiting bright color, good uniformity, and excel-
lent elasticity were considered MPs [18]. These suspected MPs
were isolated and photographed, and their shape, color, and max-
imum dimension (length) were recorded. Particles were classified
into fiber, fibrous cluster, film, flake, granule, and sphere, according
to He et al. [28]. The particle size was defined as the longest dimen-
sion, with five size ranges: 0.05–0.5, 0.5–1, 1–2, 2–5, and > 5 mm.
Attenuated total reflection-Fourier transform infrared spec-
troscopy (ATR-FTIR; Nicolet iS20; Thermo Fisher Scientific, USA)
was used to determine nonfiber particles larger than 1 mm.
Micro-Fourier transform infrared spectroscopy (l-FTIR) (Nicolet
iS50; Thermo Fisher Scientific, USA) was used to determine
non-fiber particles with size 50 lm to 1 mm and all fibers. OMNIC
software (Thermo Fisher Scientific, USA) was used to process the
spectrum, and the Hummel Polymer and Additives database
(Thermo Fisher Scientific, USA) was used to analyze the spectrum.
The polymer type was determined when the degree of spectral
matching exceeded 80%. The lower detection limit of MPs was
set at 50 lm to ensure accuracy in detection owing to diffraction
limitations [2,29]. To assess the impact of MPs on pollution degree
and the requirement for multicountry standards, the root scanner
(WinRHIZO Arabidopsis; Regent, Canada) and Fiji software [30]



Fig. 1. Process flow diagrams and sampling sites. BCO: biomass crusher output; BHRLO: biohydrolysis reactor liquid output; BHRSO: biohydrolysis reactor solid output;
EDLO: extrusion dehydrator liquid output; EDSO: extrusion dehydrator solid output; PO: purified output; RSO: rough shredder output; SO: screen output; WL: waste
leachate. A balloon with a star means sites sampled during a single season.
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were used to measure the area of non-fiber MPs with a size of
> 2 mm.

Kruskal–Wallis and Mann–Whitney tests were used to compare
the differences in abundance of MPs among different samples.
Statistical significance was determined using a p-value threshold
of � 0.05. ***, **, and * representing significance levels of 1%, 5%,
and 10%, respectively. Cohen’s f values were employed to catego-
rize effect sizes as small, medium, and large, with thresholds set
at 0.1, 0.25, and 0.4, while Cohen’s d values determined effect sizes
as small, medium, and large, with thresholds at 0.2, 0.5, and 0.8,
respectively.
3

2.4. Quality assurance and quality control

To obtain reliable results, contamination control measures were
implemented following Prata et al. [31]. Each sample was treated
in triplicates. A blank control and recovery experiment were con-
ducted using deionized water and quartz sand as reference mate-
rials. In the blank controlled experiment, only one or two
cellophane fibers were found in either the liquid- or solid-phase
samples, confirming that cellophane fibers were not identified as
MPs herein. In the recovery experiment, 32 standard plastic
particles with different shapes, sizes, and polymer compositions
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polystyrene (PS) sphere, PS granule, polyethylene (PE) granule, PE
flake, polypropylene (PP) flake, PE film, PP fiber, and PET fibrous
cluster were dispersed into a mixture of 30 g deionized water
and 30 g quartz sand. In liquid- and solid-phase samples, recovery
rates of standard plastic particles were (98.96% ± 1.80%) and
(94.79% ± 1.80%), respectively.

3. Results and discussion

3.1. Quantities of plastic debris and MPs

3.1.1. Abundance of MPs in waste before and after pretreatment
Fig. 2 illustrates the abundance of MPs at the start and end of

pretreatment systems during warm and cold seasons. The
Mann–Whitney test indicated that MPs abundance did not differ
significantly between warm and cold seasons (p = 0.464) (Fig. 2
(a)). However, MPs abundance in systems receiving depackaged
HBW was significantly different from those managing undepack-
aged HBW (p < 0.01 ***) (Fig. 2(b)). The Kruskal–Wallis test
disclosed significant differences in MPs abundance among the
three defined categories (p < 0.01 ***) and across the six distinct
systems (p < 0.01 ***). Furthermore, the abundance of MPs can sig-
nificantly vary within Category II (p < 0.01 ***) and Category III
(p < 0.01 ***) (Fig. 2(c)), emphasizing that the characteristics of
the HBW and pretreatment processes both have a significant
impact on MPs abundance.
Fig. 2. MPs abundance in HBW and ADF. (a) Frequency histogram of MPs abundance in w
depackaged or undepackaged HBW; and (c) MPs’ abundances in the six pretreatment sy
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The quantities of MPs in HBW ranged from (199 ± 26) to
(1744 ± 370) particles per kilogram of wet weight (particles�kg�1

ww) during the warm season. Among the pretreatment systems,
Systems A, B, and E showed the lowest MPs abundance during
the warm season, with values of (298 ± 30), (272 ± 74), and
(199 ± 26) particles�kg�1 ww, respectively. System D recorded a
slight increase in MPs content in HBW at (314 ± 40) particles�kg�1

ww, while Systems C and F had high levels at (1744 ± 370) and
(714 ± 11) particles�kg�1 ww, respectively. Gui et al. [32] reported
that MPs abundance in HBW collected from suburban areas with-
out depackaging at the source and mixed with 30% other waste
was (800 ± 200) particles�kg�1 ww in China. Tan et al. [19] found
that MPs abundance in HBW collected from urban and suburban
areas without depackaging at the source in China was between
5780 and 6330 particles�kg�1 ww. Thus, the findings of this study
align with the range provided in the literature.

In the ADF, MPs pollution levels were similar to HBW pollution
levels after a series of pretreatment steps. During the warm season,
ADF in System A, B, and E displayed the lowest MPs abundance of
(230 ± 51), (251 ± 64), and (167 ± 20) particles�kg�1 ww, respec-
tively, representing a reduction of 23%, 8%, and 16%, respectively,
compared with HBW. System D showed a slightly higher MPs
abundance in ADF at (962 ± 68) particles�kg�1 ww, while Systems
C and F had the highest levels at (3207 ± 328) and (2634 ± 106)
particles�kg�1 ww, respectively, amounting to a considerable
increase of 206%, 84%, and 269% compared with HBW, respectively.
arm or cold seasons; (b) frequency histogram of MPs abundance in systems handling
stems.
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During the cold season, the MPs abundance in ADF of Systems A, B,
and E was 9%, 27%, and 72% lower than that in HBW, whereas Sys-
tems C, D, and F exhibited increases of 185%, 176%, and 237%,
respectively, compared with HBW.

The physical composition of the received HBW could explain
the levels of MPs pollution in HBW and ADF (Table S3 in Appendix
A). For example, during the warm season, in the HBW of Systems A,
B, D, and E, plastic debris＞20 mm were substantially low at only
0.5 wt% to 2.61 wt%. Conversely, Systems C and F had a large quan-
tity of plastic debris＞20 mm in their HBW, ranging from 7.12 wt%
to 16.19 wt%.

The reduced plastic contamination in the HBW of Systems A, B,
and E can be attributed to depackaging, where plastic bags contain-
ing HBW and other missorted wastes were removed. In contrast,
Systems C, D, and F do not require depackaging before disposal,
with System D located in a suburban environment exhibiting a dif-
ferent pattern owing to the lower plastic usage compared to the
urban systems. Therefore, this study demonstrates that depackag-
ing HBW at the source can dramatically reduce the level of plastic
contamination in HBW by 85%, leading to an 8%–72% reduction in
MPs levels in ADF.

3.1.2. Abundance of MPs during pretreatment processes
Fig. 3 shows the average MPs abundance in two seasons

throughout the pretreatment process. In this case, the pretreated
output includes all the samples that have been processed through-
out the pretreatment process, except for HBW. Systems A and B
maintained stable MPs abundances between (218 ± 74) and
Fig. 3. Average MPs abundance in all samples across the warm and cold seasons in (a)
respectively.
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(408 ± 27) particles�kg�1 ww throughout the observation period.
In contrast, as a result of pretreatment, Systems C, D, and F exhib-
ited maximum MPs levels in their pretreated output at
(3021 ± 294), (1673 ± 279), and (3198 ± 263) particles�kg�1 ww,
which were 119%, 473%, and 360% higher compared to HBW,
respectively. Inferentially, pretreatment systems of Categories II
and III, dominated by biomass crushers and biohydrolysis reactors,
are likely to generate more MPs compared to Category I, which
employs rough shredders.

In Categories I and III, the main distinction between Systems A
and B, E and F is the presence or absence of manual sorting. In Cat-
egory I where both systems receive depackaged HBW, the MPs
contamination levels remained consistently low between Systems
A and B throughout the entire process, whereas in Category III, the
MPs contamination levels were higher in System F which receives
undepackaged HBW compared to System E which receives depack-
aged HBW. This suggests that, regardless of whether subsequent
manual sorting occurs, depackaging is the key to reducing MPs
contamination.

Category II includes two systems that mainly differ in the pres-
ence of manual sorting and screening at the beginning of the pre-
treatment process in System C compared with System D. In System
C, the abundance of MPs increased from (1382 ± 481) parti-
cles�kg�1 ww in HBW to (3021 ± 294) particles�kg�1 ww in EDSO,
with an increase factor of approximately 2.2. In contrast, in System
D, MPs were produced after passing through the rough shredder
and biomass crusher, which increased from (292 ± 48) parti-
cles�kg�1 ww in the HBW to (1673 ± 279) particles�kg�1 ww in
System A, (b) System B, (c) System C, (d) System D, (e) System E, and (f) System F,
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the SO, indicating an increase factor of about 5.7. This indicated
that, in Category II, the system with manual sorting and screening
effectively removed plastic debris compared to the system without
these processes. After passing through the extrusion dehydrator,
the MPs in the SO of system D yielded two phases: solid
((1314 ± 125) particles�kg�1 ww) and liquid ((782 ± 129) parti-
cles�kg�1 ww) phase MPs. However, owing to the lack of an extru-
sion dehydrator at the end of the pretreatment process in System
C, MPs cannot be separated into different phases, resulting in an
enhanced MPs content entering the anaerobic digester.

3.2. Secondary MPs formation potential in pretreatment procedure

Comparing the abundance of MPs in the input and output of
pretreatment equipment (Fig. 4) revealed that the output of the
biohydrolysis reactor, biomass crusher, and rough shredder exhib-
ited significantly higher MPs abundance than the input, with ratios
between 136%–529%, 136%–602%, and 143%–182%, respectively.
This suggests a higher likelihood of secondary MPs formation in
these stages. In contrast, MPs abundances in and out of the hopper
and screen remained similar, suggesting an absence of observable
secondary MPs formation. A slight decrease in MPs abundance was
noted in the output of the impurity separator and extrusion dehy-
drator compared with the input; however, owing to the two-strand
discharges, these processes may contribute to the formation of MPs
and shunt effects on MPs. Solid waste treatments serve as vehicles
and converters for MPs that can modify their characteristics and
behavior [33]. Coker [34] reported that the rough shredder can
remove a considerable amount of plastics from the HBW stream,
but the force used in this separation can result in plastic fragmen-
tation into small pieces. Similarly, other mechanical processes may
introduce or contribute to existing levels of MPs in the waste
stream, eventually affecting the finished digestate or compost.

Fig. 5 illustrates the proportional distribution of shape and size
across various sample types. Across all samples, fiber MPs
accounted for the largest proportion (62%–82%), followed by flake
MPs (11%–28%) and film MPs (0.6%–14%), while sphere, granule,
and cluster MPs accounted for < 6%. Fiber MPs were also found
to be the dominant plastic debris shape in raw digestate [18], sub-
urban domestic waste compost [32], HBW, and their biologically
treated products [19]. Most fiber MPs were 1–2 and 0.5–1 mm in
size, accounting for 34%–55% and 25%–47% of the total, respec-
tively, followed by 2–5 mm (11%–30%), while the sum of smallest
(0.05–0.5 mm) and largest sizes (> 5 mm) accounted for < 12%. It is
estimated that 60% of the fibers in farmland soils have particle
sizes between 1 and 3 mm, and the predominant size fraction in
irrigation waters is between 0.5 and 2 mm [35]. Notably, the size
Fig. 4. MPs abundance in input and ou
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distribution of fiber MPs remained consistent across all sample
types, with minimal effect from different pretreatment devices.
In contrast, nonfiber MPs exhibited different size distributions
among sample types, and these differences increased as treatment
progressed, suggesting fragmentation of plastic fragments during
treatment [19]. Such variations in particle characteristics, includ-
ing their shape and size, have been observed to affect the perfor-
mance of stormwater retention structures in the removal of MPs
[36], which is similar to pretreatment structures in that respect.

The potential for secondary MPs formation through hoppers
and screens from the perspective of MPs abundance appears low.
However, these procedures involve the removal of certain types
of MPs while generating new ones. In HBW, the predominant shape
of MPs was fiber (82%), contributing to the highest fiber content
among all material types. This was followed by flake (13%) and
very small amounts of cluster, film, and granule (2%, 2%, and 1%,
respectively). Most nonfiber and fiber were smaller than 2 mm,
accounting for 89% and 86%, respectively. Compared with HBW,
fiber MPs in the WL decreased by 13%, while film, flake, and gran-
ules increased by 4%, 7%, and 2%, respectively. The proportion of
non-fiber and fiber MPs smaller than 2 mm increased by 4% and
2%, suggesting the effectiveness of the hopper in removing small-
sized particles through WL. Furthermore, MPs may be generated
when waste is transferred to the next pretreatment equipment.
The SO exhibited a shape and size distribution similar to HBW, sug-
gesting that the screen has a limited effect on MPs, which is attrib-
uted to the large mesh diameter, measuring 120 mm and beyond.

Most secondary MPs formation is observed in rough shredders,
biomass crushers, and biohydrolysis reactors. Compared with
HBW, fiber MPs in the RSO decreased by 10%, while all other
shapes increased. The overall size of MPs increased, with the pro-
portion of nonfiber MPs over 5 mm and those between 2 and
5 mm increasing by 6% and 8%, respectively. BCO exhibited the
lowest proportion of fiber MPs (62%), whereas spheres and gran-
ules represent the highest proportions (4% and 6%, respectively).
The proportion of nonfiber MPs larger than 5 mm and between 2
and 5 mm significantly increased by 11% and 18%, respectively,
in the BCO compared with HBW. Compared with HBW, BHRSO pro-
duced fewer fiber MPs (decreased by 18%), whereas film MPs
increased significantly by 12% and comprised 14% flake, 3% gran-
ules, 3% spheres, and 2% clusters. Furthermore, BHRSO has the
highest percentage of nonfiber MPs larger than 5 mm, which is
33% (increasing by 31% compared with HBW). These results show
that these processes produce nonfiber MPs of larger size
(> 2 mm). In contrast to results observed in pretreatment systems
involving shredding units that reduce particle size and facilitate
the transfer of MPs to the substrate fraction [17,20], our results
tput of pretreatment equipment.



Fig. 5. Shape and size distributions of MPs in different samples.
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indicate that the pretreatment process with a shredding effect has
a stronger impact on fragmenting nonfiber plastic debris into MPs
than reducing MPs to even smaller sizes.

The extrusion dehydrator and impurity separator can separate
MPs into solid or liquid phases. Notably, the percentage of fiber
and nonfiber MPs larger than 2 mm is higher in EDSO (25% and
24%, respectively) than those in EDLO (12% and 19%, respectively).
A similar pattern is observed in the impurity separator, where the
percentage of fiber and nonfiber MPs larger than 2 mm is higher in
the impurity output (22% and 46%, respectively) than those in the
PO (14% and 1%, respectively). This trend replicates the extrusion
dehydration of biohydrolysis reactors, where the liquid output
from biohydrolysis reactors have a much smaller MPs size distribu-
tion, with fiber and nonfiber MPs larger than 2 mm accounting for
13% and 40% higher than those in the solid output. It was verified
that equipment with an extrusion dehydration effect tends to trap
large MPs (> 2 mm) in the solid phase, whereas small MPs tend to
aggregate in the liquid phase. Similarly, Liu et al. [37] have noted
the removal of MPs larger than 0.5 mm in wastewater treatment
plants primarily through initial treatment processes designed to
eliminate floatable and settleable impurities.
3.3. Plastic debris and MPs stream in the pretreatment system

Fig. 6 depicts plastic debris and MPs stream in six pretreatment
systems (Text S2 in Appendix A). An enhanced amount of plastic
debris and MPs were found in Systems C and F during the pretreat-
ment process and in the anaerobic digester, indicating that the
plastic content in HBW has the greatest impact on MPs content
in ADF. Pretreatment systems of Category I proved the most effec-
tive at removing plastic contaminants and showed the lowest
potential for secondary MPs formation as the plastic stream nar-
rowed as the process progressed. In contrast, Categories II and III
displayed varying levels of risk for secondary MPs formation,
depending on the technologies used and their sequence in the
process.
7

Comparing the width of tributaries reveals that the screen is the
most efficient method for removing plastic debris, while the biohy-
drolysis reactor and biomass crusher are the most likely to form
secondary MPs. At the design stage, the phase of feedstock entering
the anaerobic digestion system should be considered, as MPs can
often exist in solid or liquid phases after passing through an extru-
sion dehydrator and impurity separator. Notably, judging the
extent of plastic pollution based solely on visible plastic debris is
inaccurate, which may lead to an incorrect assessment of MPs pol-
lution. With the size distribution of MPs mentioned above, the
detective size of plastics in organic fertilizer is mostly 2 mm at pre-
sent, while MPs smaller than 2 mm are widely present in these
materials, thereby suggesting a reconsideration of the pollution
control effectiveness of these standards. To quantify plastics in
compost, the threshold size must be lowered [38].

Given the variance in treatment capacity among the systems,
the MPs loads also varied significantly across the systems. In pre-
treatment systems receiving depackaged HBW, Category I (receiv-
ing 600 tonnes of depackaged HBW daily) processes 10.4–17.2
million MP particles per 100 tonnes of HBW into anaerobic diges-
ters. For Category III (receiving 100 tonnes of depackaged HBW
daily), this figure drops to 4.6 million MP particles per 100 tonnes.
In urban areas, pretreatment system receiving undepackaged
HBW, Category II (receiving 200 tonnes of undepackaged HBW
per day) processes an estimated 205.6 million MP particles per
100 tonnes of HBW into an anaerobic digester, whereas Category
III (receiving 81 tonnes of undepackaged HBW per day) processes
an estimated 93.9 million MP particles per 100 tonnes of HBW into
anaerobic digester. In suburban areas, the pretreatment system
(receiving 200 tonnes of undepackaged HBW daily) processes an
estimated 32.7 million MP particles per 100 tonnes of HBW into
anaerobic digestion. Moreover, impurities and other solid phases
not digested in anaerobic digesters are sent to incineration plants,
where MPs range from 0.4 to 101.8 million MP particles per 100
tonnes of HBW.

In urban cities of China, estimated MPs abundance in sewage
effluent ranges from 0.20 to 1.73 particles�L�1 in Xiamen [39]



Fig. 6. Plastic debris and MPs flow in the waste stream. Data marked with a star represent data from only one season.
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and (0.59 ± 0.22) particles�L�1 in Beijing [40]. The abundance of
MPs in bottom ash ranges from 1.9 to 565 particles�kg�1 in China,
implying that one tonne of municipal solid waste produces 360 to
102 000 MP particles in the bottom ash [41]. National data for
municipal solid waste treatment in 2021 indicate that 180.20
8

million tonnes undergo incineration treatment annually, and
16.11 million tonnes are treated biologically [42]. In addition,
wastewater treatment amounts to 61 189.56 million tonnes annu-
ally [43]. Based on these data, the annual production of MPs ranges
from 741.11 to 33 124.22 billion MP particles in ADF, 64.44 to 16



Fig. 7. Correlation between MPs shape and polymer type in MPs and examples of MPs found in the samples. PA: polyamide; PAN: polyacrylonitrile; PVA: polyvinyl alcohol;
PVC: polyvinyl chloride.
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401.00 billion particles in solids for incineration, 64.87 to 18
380.09 billion particles in bottom ash, and 12 237.91 to 105
857.94 billion particles in sewage effluent. Thus, the HBW pretreat-
ment systems can release MPs in a similar manner to wastewater
treatment and municipal solid waste incineration facilities.
3.4. Polymer types in MPs and source apportionment

During daily life, various physicochemical properties of plastics
determine their intended applications, which in turn determine
their distribution characteristics in different environmental condi-
tions [44]. This study revealed that common plastic types in HBW
encompass food packaging bags, plastic bags, lunch boxes, plastic
bottles, foam boxes, and rope. Analyzing the shape, polymer type,
color, and other physical and chemical characteristics of MPs and
plastic waste could identify potential sources of MPs [32,45].

The findings indicate that fibers and fragments are the predom-
inant shapes in solid organic waste and its biologically treated
products [46], aligning with the results of this study. PET and PP
are the majority constituents of fibers and clusters, comprising
61.1% and 6.4% of the total polymers, respectively (Fig. 7). PA and
PAN are the only polymers identified in the fibers, accounting for
3.5% cumulatively of the total polymers. A similar result was
observed in agricultural soils in the coastal plains of eastern China
[35]. Fiber MPs in soil are typically derived from plastic rope used
for tying and securing greenhouses [47]. In flakes, it is estimated
that PE, PP, and resin constitute 9.4%, 3.2%, and 3.2% of the compo-
nents, respectively. Almost all spheres are made of PS (1.9%), rep-
resenting the material of almost all spheres, and most films are
composed of PE (4.7%). Granules predominantly comprised PS,
PP, and PE, accounting for 0.9%, 0.7%, and 0.6%, respectively.
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HBW is predominantly contaminated with MPs, which stem
from various sources such as plastic packaging, the degradation
of unsorted plastic waste, and MPs within the food itself
[15,27,48]. A recent study has shown that a Chinese consumer the-
oretically consumes 624–10 556 MP particles annually from
single-use plastic containers [49]. Given that PS, PP, and PE are
the most commonly used plastics in food packaging [50], these
MPs may derive from these products. Plastic particles in food items
may also introduce them into the HBW stream [16], as observed in
items such as air, sugar, and honey, which primarily contain frag-
ments and fibers [51]. Regardless of the food item consumed, the
predominant MPs shapes were fibers and fragments, aligning with
our findings.

Although entirely abandoning plastic food packaging or HBW
pretreatment is unrealistic, this study suggests steps to reduce
the risk of MPs formation. While depackaging at the source was
designed to supervise waste segregation, it has somehow evolved
into an effective means to control MPs pollution [18]. Using a
screen and manual sorting process before performing other pre-
treatment processes can concurrently decrease plastic debris and
the risk of MPs being released.
4. Conclusions and environmental implication

Depackaging HBW at the source can greatly reduce the MPs
content present in the ADF by 8%–72%, regardless of the pretreat-
ment processes employed. As a result of pretreatment, the maxi-
mum MPs levels in the pretreated output can reach (1673 ± 279)
to (3198 ± 263) particles�kg�1 ww, which is 119%–473% higher
compared to the MPs levels in untreated HBW, especially for those
undepackaged at the source. The equipment involved in the pre-
treatment process, such as biomass crusher, biohydrolysis reactor,
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and rough shredder, are most prone to secondary MPs formation,
displaying significantly higher MPs abundance in the outputs com-
pared to the inputs, with a ratio of 136%–529%, 136%–602%, and
143%–182%, respectively. Furthermore, equipment with an extru-
sion dehydration effect tends to trap large MPs (> 2 mm) in the
solid phase, whereas small MPs tend to aggregate in the liquid
phase. Consequently, MPs generated by pretreatment systems in
anaerobic digesters range between 4.6 and 17.2 million per 100
tonnes of depackaged HBW and 32.7–205.6 million per 100 tonnes
of undepackaged HBW. MPs are produced similarly to wastewater
treatment plants [39,40] and municipal solid waste incineration
facilities [41], with an annual average of 741.11–33 124.22 billion
MP particles in ADF and 64.44–16 401.00 billion MP particles in
solid output intended for incineration.

MPs present in the final products of HBW pose a global soil con-
tamination threat. This study underscores the high risk of sec-
ondary MPs formation owing to the pretreatment of HBW, even
when the primary purpose is plastic waste removal. Considering
the massive global production of HBW and the indispensable appli-
cation of mechanical pretreatment in biological and mechanical–
biological plants, this can result in the dispersion of MPs through-
out the entire waste treatment system and further into the envi-
ronment. These findings emphasize the necessity of removing
plastic packaging from waste at disposal and can serve as a guide
for process selection and optimization in numerous pretreatment
systems worldwide.
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