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ABSTRACT

The treatment of polyethylene film in farmland mainly relies on residual film recycling machinery. However,
there is a lack of detailed reports on the characteristics of agricultural residual film recycling machinery and
guidance direction for further optimization. This article conducted a detailed literature review, first introducing
the hazards of pollution. Then, the operational principles of residual film mechanized recycling equipment were
explained from three aspects. Finally, the research direction of residual film pollution control equipment is
clarified: it is urgent to reduce the impurity content in residual film and facilitate the resource utilization.
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INTRODUCTION

Due to its versatility and lightness, plastic films are increasingly being used in various fields
(Horodytska et al., 2018). For instance, plastic films are being used in express delivery, take-out tableware,
and agricultural mulch films. Polyethylene film has become the fourth important agricultural production material
after seeds, fertilizers, and pesticides (Deutsche Gesellschaft fur Internationale Zusammenarbeit (GI1Z) GmbH,
2022). Cultivation techniques of plastic film covering offers several advantages, including increased
temperature and moisture, weed suppression, and increased crop yields, and is being used worldwide (Gao
et al., 2019; Jiang et al., 2017). The use of agricultural film has been shown to increase the yield of cotton,
corn, and other crops by approximately 30% (Jiang et al., 2023c). The application of agricultural plastic film
planting technology in China has a history of about 40 years. Data from the past 5 years shows that the use
of agricultural plastic film in China accounts for approximately 70% of the global total (Jin et al., 2020). In
China, the plastic film planting rate of cotton in Xinjiang is 96.6%, while the peanuts and tobacco plastic film
planting rates in Shandong Province and Hubei Province have reached 100% (Cui et al., 2024). Fig.1 illustrates
the usage and coverage area of agricultural plastic film in China over the years (Liang et al., 2019), showing
that China ranks first in the world in terms of coverage area and usage (Jiang et al., 2020).

However, with the widespread use of plastic films, while increasing crop yield, the issue of plastic film
residues has also emerged. The accumulation of residual film from continuous mulching of farmland, coupled
with the long-term use of ultra-thin farmland mulching films and inadequate awareness of the hazards of
residual film pollution among farmers, has resulted in serious residue of farmland mulching films (Zhang et al.,
2019a).
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This residue hinders root growth and inhibits soil capillary action (Koskei et al., 2021), affecting soil water
holding capacity and the functional relationship between the microbial activity and water stable aggregates (de
Souza Machado et al., 2018), greatly impacting the quality of farmland cultivation and the ecological
environment (Cao et al., 2023a), and can even lead to a reduction in crop yield (Ding et al., 2022b; Hu et al.,
2020). These large pieces of plastic film can further break down into micro/nano plastics with a particle size of
less than 5 mm, and there is an annual trend of migration into deeper soil layers (Yan et al., 2008). The content
of microplastics pollutants in soil has exceeded that of marine ecosystems (Igbal et al., 2020). The presence
of microplastics not only poses a threat to soil organisms and crop growth but also has the potential to
contaminate groundwater and enter the food chain, thus endangering human health (Ding et al., 2022a).
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Fig. 1 -The use of agricultural film in China
(a) Annual usage and coverage area of agricultural plastic film in China; (b) Scenes after mulching and sowing in farmland;
(c) Accumulation of residual film on the ground.

Polyethylene plastic film is known for its stability and can take decades or even hundreds of years to
completely degrade (Niu et al., 2023). Statistics show that the average plastic film residue intensity in China is
67.5 kgehm-2(Liang et al., 2019). The Xinjiang Uygur Autonomous Region, which has the largest cotton planting
area in China, experiences nearly 100% cotton mulching. Consequently, it is the region with the most severe
agricultural plastic film pollution, with an average residue amount of 255.0 kgehm-?(Liu et al., 2022). The arid
climate and water resource shortages in regions like Inner Mongolia and Gansu have led to a significant use
of mulch film, resulting in severe pollution from residual film. The average amount of residual mulch film in the
crop layer is 127.1 kgshm-2 (Yin et al., 2022). Over time, the amount of residual plastic film in the tillage layer
has been increasing (Yang et al., 2023). According to estimates by scholars, the farmland in northwest China
alone contains approximately 1.0x106 tons of residual macroplastics and 2.7x105 tons of residual
microplastics as of 2020 (Cao et al., 2023b).

The main methods of disposing polyethylene mulching film residues in farmland include landfilling and
recycling. However, the agricultural film recycling rate in China is currently less than 2/3 (Zhang et al., 2021).
Discarding and burying agricultural film waste resources are considered single-line economy methods (Dong
etal., 2022a; Lu et al., 2023). On the other hand, recycling mulch film resources promotes a circular economy.
Fig. 2 illustrates three main ways of reusing resources after recycling residual film. The recycled plastic film
can be used for power generation, processed into plastic particles or wood plastic granules for subsequent
production. From this, it can be seen that the recycling of agricultural residue film is a win-win measure, which
is not only beneficial for environmental protection, but also for waste utilization.

In recent years, there has been significant attention given to biodegradable plastics due to their
degradable properties. Biodegradable mulch films are considered as potential substitutes for polyethylene
mulch films. However, the comprehensive performance of degradable mulch films is currently inferior to
traditional polyethylene agricultural films in all aspects, and they also have a higher cost. Moreover, there are
concerns about the potential risks and impact on the food chain (Ding et al., 2022b; Shen et al., 2020; Sintim
et al., 2021), which has limited their widespread promotion and application (Jiang et al., 2023a). Therefore,
until degradable mulch films can be widely adopted, polyethylene mulch films continue to be the primary choice
for farmland.
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Fig. 2 - Three methods for reusing residual plastic film recycling resources

In summary, the primary task in treating residual film pollution in farmland is to recycle it. However,
manual recycling has low efficiency, so mechanized recycling is an effective means to solve the problem of
residual film pollution. This article summarizes the structural characteristics and applicable conditions of typical
residual film recycling and post-treatment machinery, looks forward to the key technologies for residual film
pollution control, provides reference for further optimization of residual film recycling machines, and puts
forward suggestions for farmland residual film pollution control.

CURRENT RESEARCH STATUS OF PLASTIC FILM RECYCLING MACHINES

The issue of plastic film recycling is a global concern, and mechanical recycling is currently the most
commonly used method to address this problem (Sica et al., 2015). In countries and regions such as Japan
and Europe, agricultural mulch films with a minimum thickness of 0.02 mm are predominantly used (Jin et al.,
2020), as depicted in fig. 3. Due to the thickness, strength, and durability of these films, a simple film rolling
machine can effectively achieve the purpose of residual plastic film recycling, with simple machinery and high
picking efficiency.
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Fig. 3 - The thickness of applied plastic film in several representative countries
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Before 2018, China's agricultural plastic film followed the national mandatory standard GB 13735-1992
'Polyethylene Blown Agricultural Mulch Covering Film' (Jin et al., 2020). The standard stipulated that the
thickness of the plastic film should be 0.008~0.02 mm. When the limit deviation of the plastic film with a
thickness of 0.008 mm was = 0.003 mm, it was considered a qualified product. As a result, plastic films with a
thickness of 0.006~0.008 mm (Yan et al., 2014) were commonly used due to their low cost, despite being
easily damaged. Over the course of more than 20 years, the thinness of these films made them prone to aging,
breaking, and tearing, thereby increasing the difficulty of recycling. Each year, the broken plastic film fragments
mix into the soil, leading to the accumulation of microplastics. Moreover, the plastic film rolling machine cannot
be used in this scenario. In May 2018, the revised national mandatory standard GB 13735-2017 'Polyethylene
Blown Agricultural Mulch Covering Film' (Yang, 2020) was implemented. This new standard requires a
minimum mulch film thickness of 0.01 mm and includes revisions to the tensile properties and weather
resistance, resulting in better integrity of the recovered mulch film and facilitating mechanized recycling.

Based on the traditional agricultural film collecting operation time and process requirements, residual
plastic film recycling machines can be categorized into three types: seedling stage plastic film recycling
machines, post-autumn residual film recycling machines, and pre-sowing residual film recycling machines (Li
et al., 2020). With the advancement of mulch film standards, the integrity and strength of the residual film
during recycling have improved. Therefore, considering the integrity of the residual plastic film and the
operating principle of the residual plastic film recycling machine, the machine can be further classified into
seedling stage residual film recycling machines, tillage layer residual film recycling machines, and surface
whole film recycling machines. Both the seedling stage mulch recycling machine and the surface whole film
recycling machine can recover the entire film. The difference is that the seedling stage mulch recycling machine
needs to avoid the field seedlings during operation, whereas the tillage layer residual film recycling machine
can be used to recycle broken residual film at any time after land preparation.

Seedling stage plastic film recycling machine

Recycling plastic film during the seedling stage refers to the collection of residual film covering the
surface of crops before irrigation. During this stage, the mulch film is laid for a short period of time, resulting in
minimal aging, good integrity, and little accumulation of soil and impurities. This makes it easier to mechanically
remove the film. As a result, in areas with favorable irrigation conditions, some researchers have suggested
recycling mulch films during the seedling stage.
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Fig. 4 - Representative seedling stage plastic film recycling machine
(a) MS-2 corn seedling stage film harvesting and tillage combined operation machine (Dong et al., 2003) (b) Roll type cotton seedling
residual film recycling machine (Xue et al., 2005) (c) Plastic film collector for corn fields (Yang et al., 2010b) (d) Plastic film collector for
cotton fields during seedling period (Yang et al., 2010a) (e) Plastic film collector in tobacco seedling stage (Cui, 2011) (f) Corn seedling
film harvester (Wu, 2015) (g) Plastic film recycling machine for tobacco seedlings in mountainous areas (Liu, 2019) (h) Light and simple
film stripper in tobacco seedling stage (Wang, 2019)
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The cotton seedling stage residual film recycling machine (Xue et al., 2005) and the corn seedling
stage film recycling and intertillage combined machine (Dong et al., 2003; Wu, 2015) as shown in the fig. 4
both utilize film rolling methods. In these machines, the film ends need to be manually wound on the film rolling
wheel. When the remaining film roll reaches a certain level, the machine will stop, and then the film will be
removed manually. This type of seedling residual film recycling machine may cause film tearing during the
rolling process, while the floating synchronous film-rolling type seedling film recycling machine uses a floating
synchronous film-rolling mechanism to effectively prevent film tearing, breakage, or retention (Yang et al.,
2010a; Yang et al., 2010b).

Based on the analysis above, it is evident that the plastic film recycling machine used in the seedling
stage often employs mulch film winding technology or a combination of film lifting mechanism to assist the
winding machine. This approach is primarily utilized for mulch recycling in crops that do not require a significant
increase in ground temperature during later stages of growth, such as corn. The mulch film recycling machine
at the seedling stage takes on different forms depending on the crop variety, agronomic technology, and other
requirements. However, it is important to note that recycling mulch films in the seedling stage can result in
increased crop irrigation and soil compaction, particularly in dry agricultural areas that rely on drip irrigation
technology under the film. Presently, there are limited methods available for recycling mulch films in the
seedling stage.

Cultivated layer residual film recycling machine

The objective of recycling residual film in the tillage layer is to recover the blocky residual film present
in the soil after plowing and levelling the land in spring, as well as the severely damaged plastic film after
harvesting autumn crops. To address the issue of residual film pollution in the soil plow layer, various scientific
research institutes have conducted studies on machines and tools for recycling residual film in farmland plow
layer (Chen et al., 2020; Guo et al., 2020; Jin et al., 2018; Shi et al., 2019; Shi et al., 2023b; Wang et al., 2008;
Zhang et al., 2019b). Currently, there are two main methods for recycling residual film in the tillage layer. The
first method involves using an elastic toothed residual film recovery machine with a rake-like structure to gather
the residual film together. The second method is the roller-type residual film recycling method, where a roller
with multiple teeth is used. As the roller rotates, the residual film in the tillage layer adheres to the teeth and is
then mechanically or pneumatically removed.
1. Elastic tooth type residual film recovery machine

The key components of the elastic tooth typed residual film recovery machine are typically made of
manganese alloy materials such as No. 60 or 65 manganese steel and have an arc shape. During operation,
the elastic tooth punctures the film and immediately collect it on the teeth for retrieval. The residual film is
unloaded after reaching the end of the field. The elastic tooth type residual film recovery machine (Shi et al.,
2017b) shown in fig. 5(a) only penetrates the film and requires manual removal. Some researchers have
suggested adding a film unloading mechanism to the elastic toothed residual film recovery machine (Shi et al.,
2017a; Tian, 2020; Tian et al., 2018; Wang, 2018), which allows for the completion of film collecting, stripping,
and unloading processes in a single operation, thereby enhancing the efficiency of residual film recovery.

Fig. 5 - Representative tooth type residual film recovery machine
(a) tooth type residue plastic film collector of ridged peanut (Shi et al., 2017b). (b) Cotton stalk chopping and residual plastic film
collecting combined operation Machine (Tian, 2020; Tian et al., 2018) (c) Standing cotton stalks raking-film machine with wide folding
and monomer profiling (Wang, 2018; Wang et al., 2017)

Compared with other forms of residual film recycling machines, the elastic tooth type residual film
recovery machine has a lower recovery rate of residual film, typically around 50%, and a high impurity content
rate. However, it has gained wide usage in Xinjiang, Gansu, and Inner Mongolia in China due to its simple
structure, low cost, and high operating efficiency.
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2. Roller type residual film recycling machine

Fig. 6 illustrates various types of roller-type residual film recovery machines. These machines take
advantage of the roller's rotation during operation. When it reaches the lowest point, the teeth of the roller
penetrates the residual film, and a stripping device is positioned to remove the film, thus completing the residual
film recycling operation. The roller-type residual film recovery device, as shown in Fig. 6(b) (Zhang, 2023;
Zhang et al., 2023), features pick-up teeth installed on the outer edge of the roller. The pick-up roller collects
the residual plastic film, and the stripping device removes it from the roller, depositing it in the film collection
box to complete the residual film recovery operation. The corn full-film double-furrow residual film recovery
machine as illustrated in fig. 6(e) (Dai et al., 2016), which differs from the previous devices in that it uses an
eccentric pickup roller to collect the residual film. After the film is stripped off by the stripping device, it is rolled
up and recycled by the film rolling roller, which is driven by ground wheels to maintain synchronicity. The strip-
shaped residual film baling machine, as shown in fig. 6(f) (Niu et al., 2017), is specifically designed for picking
and packaging strip-shaped residual film. This machine effectively removes most impurities through two
operations involving the impurity cleaning roller and the eccentric pickup roller.

Each roller-type residual film recycling machine operates based on different working principles, with
the main distinction being the working principle of its core component — the pickup roller. The pickup device
in the roller-type residual film recovery machine can be categorized into two types: concentric roller-type pickup
device and eccentric roller-type pickup device. This classification is based on the relative motion relationship
between the pickup teeth and the roller, as well as the positional relationship between the center line of the
plckup teeth assembly and the center line of the roller.

Fig. 6 - Representative roller-type residual film recovery machines

(a) Nail-teeth roller-type residual film recovery device (Chen et al., 2020);

(b) 1SMB-3600A residual film recycling machine (Zhang, 2023; Zhang et al., 2023); (c) Comb toothed pneumatic film removal type plow
layer residual film recovery machine (Guo et al., 2020); (d) Roller type residual film recovery machine (Shi et al., 2023b); (e) Collector
for corn whole plastic film mulching on double ridges (Dai et al., 2016); (f) Collecting and Separating Device for Strip Plastic Film Baler

(Niu et al., 2017); (g) Roller-type elastic tooth residual film recovery machine (Liu, 2023); (h) 4JSM-2000 type combined operation
machine for cotton stalk chopping and plastic film recovery (You, 2021; You et al., 2017b)

2.1. Concentric roller-type pickup device

The pick-up elastic teeth and the roller in the concentric roller-type pick-up device are typically
combined into a single unit without any relative movement between them. The rotation center lines of the two
components coincide with each other. 1SMB-3600A type fragmented film collector (Zhang, 2023; Zhang et al.,
2023) which features a residual film pickup roller with arc-shaped teeth, as depicted in fig. 7. The residual film
pickup roller and the film stripping roller rotate in opposite directions during operation. The film-picking teeth
on the roller pick up the residual film from the tillage layer and transport it to the stripping area. Subsequently,
the residual film attached to the teeth is peeled off by the stripping roller and collected in the residual film
collection device.

Iil'y
A

Fig. 7 - Roller of 1SMB-3600A type fragmented film collector
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2.2. Eccentric roller-type pickup device

The pickup teeth and the roller of the eccentric roller-type pickup device can move relative to each
other. There are two forms of the eccentric roller based on its principle: the eccentric shaft type and the
crankshaft type. In the eccentric shaft type, the residual film pickup teeth assembly rotates synchronously with
the roller, but their center lines do not coincide. The elastic teeth expand and contract through the strip holes
on the roller (Niu et al., 2017; You et al., 2017a), as shown in fig. 8(a). On the other hand, in the crankshaft
type, the residual film pickup elastic teeth are installed on the connecting rod of the crankshaft at the shaft
diameter position. The elastic teeth can rotate relative to the connecting rod shaft diameter, while the pickup
roller remains fixed and collinear with the center of the crankshaft. As the crankshaft rotates, the elastic teeth
expand and contract through the holes on the roller (Dai et al., 2016; Jin et al., 2018; Niu et al., 2017), as
shown in fig. 8(b). Regardless of the form of the eccentric roller used, the pickup teeth and the roller undergo
relative radial movement to pick up the residual film. When the elastic teeth are fully extended, they pick up
the residual film. As the elastic teeth shrink, the residual film is picked up by them and returned to the roller for
film removal. This marks the beginning of the impurity cleaning and residual film collection stage.

Fig. 8 - Schematic diagram of eccentric roller structure.
(a) Eccentric shaft roller (b) crankshaft eccentric roller

The advantage of the roller-type residual film recycling machine is its high work efficiency. The concentric
roller-type residual film recycling machine is suitable for recycling small pieces of broken plastic film, while the
eccentric roller type residual film recycling machine is more suitable for recycling large pieces of plastic film.
This is due to the relative movement between the pickup teeth and the roller of the eccentric roller-type residual
film recycling machine. It is easy to accumulate in the opening of the roller if the broken small pieces of film
are not removed promptly from the elastic teeth, resulting in issues such as poor movement of the elastic teeth
or even blockage.

In addition to the two methods mentioned above for recovering residual film from the tillage layer, there
is also a screening method available (Luo et al., 2018; Xu et al., 2017; Yan et al., 2017; You et al., 2017c), as
shown in fig. 9.

(b)

Fig. 9 - Screening type residual film recovery machine.
(a) Shovel screen residual film recycling machine (Yan et al., 2017; You et al., 2017c); (b) Chain screen cultivator residue film recycling
machine (Luo et al., 2018); (c) Net chain peanut residue film recycling machine (Xu et al., 2017)

During the operation of the screening-type residual film recovery machine, the soil lifting mechanism
is responsible for transporting the soil from the tillage layer to the screening device. The soil is then filtered
under the action of vibration, allowing the collection of the residual film. Typically, these machines are equipped
with an excavation shovel at the front of the unit. This method is particularly effective for collecting smaller
residual film fragments. The film-soil mixture is excavated by the shovel and directed to the vibration separation
mechanism, where the soil is separated from the remaining film. It is important to note that this type of machine
has a large and complex structure, as well as high power consumption.
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Surface film recycling machine

In arid areas or areas where under-film drip irrigation is used, residual film is typically recycled after
the crops are harvested. This recycling process does not have any negative impact on the quality of the crops,
and is currently the mainstream method of residual film recovery. The implementation of the national standard
GB 13735-2017 'Polyethylene Blown Agricultural Mulching Film' has significantly improved the performance of
mulching film after crop harvest, ensuring its integrity and strength. As a result, Chinese scientific researchers
have developed various tooth chain-type residual film recycling machines for surface film recycling (Cao et al.,
2023c; Jiang et al., 2019; Jiang et al., 2023b; Jin et al., 2022; Wen et al., 2021; Yang et al., 2020; Yang et al.,
2021; Yang et al., 2018).

Recycled residual film is
packaged into rolls

Recycled residual film is
scraped into the film box

Fig. 10 - Representative model of tooth-chain-type residual film recycling machine.

(a) Passive cotton field residual plastic film recycling machine (Yang, 2020; Yang et al., 2018). (b) Second stage chain plate straw
crushing and plastic film recycling combined operation machine (Wen et al., 2021). (c) Self-propelled straw crushing and residual film
recycling combined operation machine (Jiang et al., 2023a). (d) Side row cotton straw returning and residual plastic film recycling
combined operation machine (Cao et al., 2023c; Xie et al., 2020). (e) Vertical double-row chain residual film recycling machine (Shi et
al., 2023a). (f) Clamping finger-chain type residual film collector (Duan, 2017; Tang et al., 2020)

The tooth-chain-type residual film recovery machine is commonly used in conjunction with the straw
return machine to perform joint operations. This machine can simultaneously crush cotton stalks and recover
residual film, thereby improving operational efficiency and reducing land compaction. The tooth-chain-type
residual film recycling machine is capable of performing multiple functions such as soil entry, film lifting,
impurity cleaning, film stripping, and film collection. Its main operating component is a ring-shaped device
composed of a tooth-chain that can pick up and transport plastic film. The straw returning machine breaks
down straw into pieces and transports them to the ground on both sides or behind the unit where the residual
film has been collected. During the process of straw breaking, the straw return machine creates negative
pressure which helps remove light impurities from the membrane surface, thus creating favorable conditions
for the operation of the residual film recovery machine. The tooth-chain-type residual film recovery machine,
as shown in fig. 10 (a)-(c), allows for easy packaging of the residual film into film rolls for transportation and
processing. Similarly, the tooth-chain-type residual film recovery machine shown in fig. 10(d)-(f) collects the
residual film and places it into a film collecting box.

The device shown in fig. 11 (a) is the key core component of the recycling machine in fig. 10(a). The
pickup, impurity cleaning, and film removal device in fig. 11(a) cleverly flips the film surface with the movement
of the chain, allowing impurities to fall into the screw conveyor for removal. The device shown in fig. 11 (b) is
the key core component of the recycling machine in fig. 10 (d), which transports the mulch film upwards using
elastic teeth and a supporting plate, with the angle of the elastic teeth adjusted for effective stripping.
Additionally, the tooth-chain-type residual film recovery machine also has vertical double-row chain-type (Shi
et al., 2023a), which utilizes the angle of the chain row arrangement for convenient impurity removal and film
stripping under the force of gravity. In addition to mechanical cleaning devices, residual film removal devices
can also use methods such as air flow assisted impurity removal (Peng et al., 2023).
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Fig. 11 - Key core components of the tooth-chain-type residual film recycling machine
(a) Key core components of the passive residual film recycling machine;
(b) The key core components of the side row cotton straw returning and residual plastic film recycling combined operation machine

There is no significant correlation between the amount of mulch film in farmland soil, the planting
pattern, and the age of the mulch film. However, it is related to the recovery rate of residual film in the current
season (Wang et al., 2020). Therefore, the solution to the problem of residual film pollution in farmland is to
completely recycle the mulch film laid in the current season, gradually recycle the film fragments in the soil
(Zhao et al., 2017). The tooth chain type residual film recovery machine can effectively recycle the entire film
and has the advantage of a high recovery rate of residual film. In recent years, research has focused on
improving the impurity removal rate and film unloading efficiency. This area shows good prospects for industrial
development. Currently, there are agricultural machinery enterprises conducting small-scale trial production
and demonstration and promotion.

RESIDUAL FILM POST-TREATMENT EQUIPMENT

The research on equipment for recovering agricultural residue film has achieved preliminary results
(Dong et al., 2022b; Lv et al., 2015; Yang, 2005; Zhang, 2015). However, the mechanically recycled residual
film is often contaminated with impurities like soil and straw, making it challenging to directly process it into
plastic particles for reuse. To address this issue, residual film post-processing equipment plays a crucial
role in effectively separating the residual film from impurities. This separation process is beneficial for
subsequent processing and reuse of the residual film, contributing to its resource utilization.

According to different separation principles, residual film and impurity separation technology can be
divided into three categories: air separation, electrostatic separation, and water washing separation. Various
equipment has been developed based on the different physical properties of the residual film and impurities
as depicted in fig. 12, which exhibit different behaviors in wind, electrostatic fields, and water.

Fig. 12 - Representative residual film post-treatment equipment
(a) Trommel sieve type film miscellaneous wind separator (Kang et al., 2022). (b) Washing and separation device of residual film
mixture collected by machine (Li, 2018). (c) Film-stubble separation device under high-voltage electrostatic adsorption (Li, 2023)
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A roller screen type film and impurity air separator, which utilizes the combined action of roller screen
rotation and air blowing to disperse the film and impurity mixture (Kang et al.,2022; Peng et al., 2020). The
residual film with a smaller density is blown towards the circular film collecting box at the end of the cylindrical
screen, while impurities such as cotton stalks with high density and high suspension speed are thrown out
from the sieve holes of the cylindrical screen through inertia. The mechanism of film-stubble separation
under high-voltage electrostatic adsorption was studied (Li, 2023; Li et al., 2022). After bench testing, it was
found that the residual film adsorption rate was 90%, while the separation rate of residual film and impurities
was 78%. However, further improvements are still needed. A water washing and separation device for
mechanical collection of residual film mixture was developed (Hu et al., 2024, Li, 2018; Li et al., 2019). This
device can separate the residual film and impurities based on the different positions of the floating layer of
the material in the vortex flow field of the water tank.

URGENT RESEARCH WORK TO BE CARRIED OUT

Residual film recovery rate and impurity content rate are two important evaluation indicators for
residual film recovery, but they are mutually exclusive. When recycling the residual film, film picking teeth
are inserted into the soil to lift the plastic film from the ground. However, if the entire film is recycled,
impurities such as soil and straw on the surface of the plastic film cannot be removed immediately and will
be wrapped in the film roll or collected in the film collecting box. A higher recovery rate of residual film
requires the device to penetrate the soil deeply during the pick-up stage, resulting in a higher impurity
content rate, and vice versa. Although current residual film recycling machinery achieves a high recovery
rate, it still faces the challenge of high impurity content. The recycled residual film becomes mixed with straw
and soil, making it difficult to separate. In particular, the high soil content hinders resource utilization.
Therefore, in the forthcoming research, our focus will be on upgrading or improving the technology to reduce
the impurity content of the residual film while maintaining a high recovery rate.

SUMMARY AND OUTLOOK

The ultimate trend is to replace polyethylene mulch films with degradable films, and national standards
have been established for fully biodegradable agricultural ground covering films (Lin et al., 2024). However,
since the environmental impact of fully biodegradable mulch films is currently unknown (Min et al., 2022),
polyethylene mulch films will continue to be the dominant choice for the next 10 years or so, resulting in a
long coexistence period between the two. The use and recycling/degradation conditions of PE film and
biodegradable film are different, as shown in fig. 13. Research units in China have conducted studies on
recycling equipment for polyethylene residual films, designing different machines based on different crops
and production models. Through extensive practice, it has been determined that only the combination of
agronomy, agricultural machinery, and agricultural film can create basic conditions for the mechanized film
recycling effectively. By gradually removing the old residual plastic film in the soil without generating new
film residue, the content of residual film in the soil will decrease over time. Mechanized recycling of residual
film is an essential step towards achieving this. After mechanized recycling, the residual film can be
transformed into a valuable resource, contributing to a circular economy and providing raw materials for
processing enterprises. This approach is beneficial for environmental protection and sustainable
development. Therefore, developing an efficient and practical residual film recycling machine holds great
practical significance.

This article provides a review of the recent advancements of residual film recycling machinery and
post-processing technology and equipment in China. The aim is to enhance recycling efficiency and reduce
environmental pollution. However, the utilization of polyethylene mulch films requires more than just the
availability of corresponding technology and equipment. It necessitates government guidance on the use of
compliant mulch films, departmental supervision and implementation, national participation in g overnance,
centralized recycling at outlets, initial deep processing by enterprises, and comprehensive resource
utilization. These measures are essential for effectively promoting the recycling and reuse of waste
agricultural films, mitigating 'white pollution' in the fields, and achieving a 'win-win' situation for ecological
and social benefits. Therefore, in future agricultural production, in addition to technical aspects, it is crucial
to steadily promote agricultural film pollution control from the following perspectives:
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Fig. 13 - Usage conditions of PE agricultural film and degradable film

To control the thickness of agricultural film and minimize plastic pollution, it is crucial to use a high-
strength weather-resistant film of a certain thickness. This will prevent the film from breaking into small
pieces during harvest and enable mechanized recycling without damage. By completely recycling the film
that very year and gradually reducing the stock of residual film in farmland, the goal of reducing volume and
increasing efficiency can be achieved. To accomplish this, it is essential to strengthen market supervision,
enforce standardized quality for agricultural mulch films, set higher requirements for suppliers, prohibit the
use of recycled materials in agricultural mulch films, establish a quality tracking mechanism, and ensure
compliance with national standards for agricultural film thickness.

To ensure the recovery rate of mulch film, it is important to clarify the goals and responsible persons
for leaving residual film from the fields. Currently, plastic film recycling and processing in China is extensive.
However, it is necessary to establish clear responsibilities and obligations for government departments at
all levels, producers, sellers, and users. This will help improve the waste plastic film recycling system.
Specifically, the responsibilities and obligations of film users for leaving residual film from the fields should
be defined, and strict measures should be implemented to control the recycling rate of residual plastic film
that very year.

To improve the number and coverage areas of residual film recycling outlets and reuse companies, it
is crucial to address the current challenges. Our investigation reveals that many farmers either loosely
recycle the residual film during land preparation in autumn or directly incorporate it into the soil without any
recycling methods. A major contributing factor is the lack of recycling outlets for residual film. Even if farmers
are willing to recycle the residual film, the absence of recycling outlets forces them to either accumulate it
in the fields or resort to burning. Therefore, it is essential to establish recycling outlets in areas where
agricultural film is extensively used. One approach is to support relevant cooperatives in a planned manner,
enabling them to undertake the comprehensive management of residual film on farmland. Additionally, it is
important to provide support to waste film reuse enterprises. These measures will enhance farmers'
willingness to recycle residual film and improve the overall recovery rate.
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