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ABSTRACT

Agricultural plastic mulch films have significantly increased crop yields but have also caused severe residual
film pollution. This review summarizes the research progress in residual film recovery machinery, intelligent
monitoring systems, film—impurity separation technologies, and resource utilization methods, while analyzing
the advantages, limitations, and development trends of different technologies. Post-harvest recovery
equipment has been widely applied due to its strong adaptability and broad application range, whereas
seedling-stage and pre-sowing recovery technologies still require improvements in automation and
environmental adaptability. Intelligent monitoring technologies can enhance the evaluation of recovery
processes, but their application is restricted by complex field environments. Vibrating, pneumatic, and water-
washing separation technologies exhibit advantages in processing capacity, film purity, and impurity removal,
respectively. Recycled pelletizing and wood—plastic composites are important resource utilization pathways,
but they still face challenges related to cost and performance. In the future, residual film management will
develop toward intelligent, efficient, and high-value utilization.
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INTRODUCTION

In the 20th century, with the rise of the plastics industry, plastic mulch cultivation technology emerged and
gradually developed (Wang et al., 2018; Briassoulis et al., 2013; Wei et al., 2019). Japan conducted relatively
early research on plastic mulch technology, which greatly promoted crop production. Plastic mulches are
widely used in vegetable and fruit production systems across Europe, particularly in Mediterranean countries
such as Spain and Italy. Plasticulture is widely adopted in North America for the production of high-value crops
such as strawberries, tomatoes and melons. China has a history of about 40 years in the application of plastic
mulch cultivation. Among them, the plastic mulch coverage rate of cotton in Xinjiang is 96.6%, and that of
peanut and tobacco in Shandong and Hubei reaches 100% (Chen et al., 2020). However, with extensive use
and large amounts of plastic mulch left in farmland after harvest (Fig.1(c)), mulch mainly made of polyethylene
is difficult to decompose naturally. Inadequate post-treatment by farmers has led to soil and environmental
pollution, reducing water infiltration, ventilation and moisture content, hindering water and nutrient transport,
causing soil compaction, and inhibiting crop root growth (Filipe et al., 2023). To date, 7.4 million tons of
agricultural plastic films are consumed globally each year. Just 10% are recycled and 14% incinerated, while
76% enter landfills or the environment, creating major risks to ecosystems and human health (Fig.1(a)). In
Europe, approximately 0.6 million tons of agricultural plastic waste are generated annually, of which about 24%
are recycled (Martin et al., 2018).
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The U.S. has implemented plastic recycling initiatives, waste mulch film recycling is low (Sarpong et al.,
2024). Soil residues account for 60%—80% of film mass, so recycling costs exceed regeneration benefits.
Farmers use on-farm storage, paid landfilling or open burning, which emits heavy metals and dioxins and
pollutes the environment (Montoya et al., 2018). The average residual mulch film content in long-term mulched
farmland soils of China ranges from 60 to 90 kg/hm?. A residual film concentration of 58.5 kg/hm? significantly
inhibits crop root growth and hinders water and nutrient transport. (Li et a., 2023).
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Fig. 1 — Usage of Agricultural Plastic Mulch

(a) The proportions of disposal approaches for waste agricultural plastic films worldwide;
(b) Farmland Mulching; (c) Residual Mulch Accumulation in Farmland

Many reviews have discussed agricultural plastic films regarding their application, degradation,
ecological risks and recycling technologies. Some analyzed plastic environmental behavior, while others
evaluated residual film recovery machinery. Nevertheless, existing reviews focus merely on pollution
assessment or general waste management. Comprehensive summaries of mechanized residual film recovery,
intelligent detection, separation and resource utilization are scarce. The integration of recovery machinery with
intelligent sensing and automation lacks systematic analysis (Li et al., 2020; Wang et al., 2026; Yang et al., 2024).

This paper focuses on the core technical chain of residual film pollution control and systematically
reviews related technologies, including recycling machine classification, intelligent systems, membrane-
impurity separation, and resource utilization. It covers the whole-process system of mechanized recovery,
intelligent monitoring, impurity separation, and resource regeneration, providing a research basis for technical
optimization and equipment development. Systematic literature searches to identify research on agricultural
residue film recovery, separation technologies, intelligent monitoring systems, and resource utilization
pathways. Literature retrieval was conducted using Web of Science Core Collections, Scopus, ScienceDirect,
SpringerLink, and Google Scholar databases. The search strategy combines keywords, including "agricultural
plastic film," "residual film," "plastic cover film recycling," "film recycling equipment," "machine vision,"
"intelligent detection," "plastic separation," and "resource utilization." This review covers studies published
between 2000 and 2026. After removing duplicate records, the retrieved articles are filtered according to the
title, abstract, and full text, following preset inclusion and exclusion criteria. Subsequently, the selected studies
were analyzed to summarize the findings.

KEY LINKS IN MECHANIZED RECYCLING OF RESIDUAL FILM

Farmland residual plastic film mainly includes two types: surface residual film and subsurface tillage
layer residual film. Among them, surface residual film is classified into relatively intact film and fragmented film
according to its morphology, while residual film in the tillage layer is entirely fragmented. Due to the short laying
period and low degree of mechanical property degradation, relatively intact plastic film is relatively easy to
recover. In contrast, fragmented residual film is scattered and exhibits severe mechanical property degradation,
making it difficult to recover. Thus, fragmented residual film is the main target for residual film recovery.
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Based on current practical recovery conditions, residual film collection and operation evaluation, film-
impurity separation, and residual film processing and utilization are the key links in mechanized residual film
recovery. In terms of mechanized residual film collection, residual film recovery equipment at different stages
is used to lift and pick up residual film from both the surface and tillage layer, then transport it to a baling unit
to complete baling and recovery (Zhang et al., 2008a). During recovery evaluation, residual film image
recognition, machine operation status monitoring, and operation area monitoring are adopted to identify
residual film, monitor key components in real time, and detect picked, missed, and repeated areas in the field.
In mechanized processing, baled residual film is first separated from straw and sand by film-impurity separation
equipment (Guo et al., 2011¢), and then made into high-purity raw materials for plastic products through
regenerative granulation technology, as shown in Fig. 2.
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MECHANIZED RECOVERY TECHNOLOGY, EQUIPMENT AND INTELLIGENT SYSTEM

In the early 20th century, some developed countries began research on residual film recovery machinery.
Since the plastic film they used was generally thicker than 0.20 mm, film-soil separation was mainly achieved
by relying on the relatively high tensile strength of the film itself, with research focused on winding mechanisms.
Relevant research in China started in the 1980s. Affected by factors such as thin film thickness, low strength
and easy damage, research has mainly focused on key components including film lifting and film collection
(Cheng et al., 2023). Due to regional agronomic differences, China has various residual film recovery machines,
which can be categorized by operating period into seedling-stage, post-harvest and pre-sowing types, with
post-harvest machines being the most widely applied. Accordingly, residual film recovery equipment is
gradually integrating intelligent technologies, developing monitoring systems for field operation and recovery
performance to realize intelligent upgrading (Kou et al., 2023; Jin et al., 2023a).

Seedling-stage Residual Film Recovery Technology and Equipment

In China, residual plastic film is mainly recovered at the seedling stage before the first irrigation, as the
film is relatively intact and easy to collect. The mainstream film rolling technology uses the inherent strength
of plastic film to meet tension needs during film-soil separation, and is widely used for vegetable film recovery
abroad and seedling-stage residual film recovery in China.
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Early seedling-stage residual plastic film collectors were mostly semi-automatic, composed of frame,
ground wheels, cutting blades, film lifters and cutoff discs (Liu et al., 2024, Yang et al., 2010; Hu et al., 2016).
They cut weeds first, lifted the film, and relied on manual pickup, leading to low efficiency. Accordingly,
researchers worldwide developed fully automatic machines that wind residual film with rolling rollers and
separate it from the soil using the film’s inherent tensile force, offering higher efficiency and better adaptability
for seedling-stage film recovery, Typical seedling-stage residual film recovery machines from various countries
and their operating parameters are listed in Table 1.

Table 1
Representative Seedling-stage Residual Film Recovery Machines and Operating Parameters
. Operating Working .
Brand Country Picture speed width Advantages Disadvantages
It enables efficient Recovery
PS610 In- pre-recycling with efficiency
Season less residual film, decreases under
Plastic-Film USA 3-4 km/h 1.5m intact mulch film, severe film
Recovery and continuous fragmentation or
Machine mechanized soil embedding
operation. conditions.
ROCCA ?A%;;eufgﬁlsency Sensitive to film
PMR-01 15-18 collection with fragmentation and
Plastic USA 2-5 km/h ) m ’ relimina film— soll adhesion;
Mulch ikt limited adaptability
Retriever purtty and high cost.
separation.
It features a )
MSM-3 type compact design, Affec.telzd by f'?ld
. . conditions, with
seedling- high recovery | ied f
stage efficiency, imiied recovery o
; ) CHN 2-3km/h  1.2-1.8m ’ . buried and
residual film reduced soil )
L fragmented  film
recovery contamination, -
) . and limited
machine and multi-row .
; adaptability.
operation.
. Reduces fim  Poor soil-film
\ damage, separation, low
MU|.Ch film ™oty 0.72- 0.9-1.2  improving fragmented-film
winding/reco JPN = SR 2 88km/h i daptabil |
very device # > .88km m recovery quality adaptability, ow
< : and resource-use throughput, not for
efficiency. large-scale use.
Simple structure, Designed mainly
high  efficiency, for intact mulch
suitable for films, with poor
Jaulent European adaptabilit to
Industrie FRA 4-8km/h 1.5m P ptability
DTR vegetable fields, fragmc_ant.ed ﬂlms
and capable of and limited film—
recovering  film soil separation
and drip lines. capability.

However, the film-rolling seedling-stage residual film recovery equipment still relies on manual film
guiding and unloading, with high labor intensity, low efficiency and insufficient tension control that easily causes
film tearing, breaking or residue. To solve this, the floating synchronous film-rolling machine adopts a special
mechanism to dynamically adjust the roller's speed and pressure according to real-time film conditions,
ensuring uniform film stress and avoiding tearing or breaking (Zhou et al., 2019).

Existing studies show that seedling-stage residual film recovery is mainly suitable for crops like corn
with little need for later soil warming. The method varies with crop type, agronomy and production conditions.
However, such recovery may increase water demand and soil compaction, especially in arid areas using under-
film irrigation. Relevant technologies and equipment remain limited.

Autumn residual film recovery technologies and equipment

Post-harvest residual film recovery refers to the recovery operation conducted after crop harvest and
before tillage, mainly targeting the plastic film used in the current season. As this operation is independent of
crop harvesting, it avoids impacts on harvesting efficiency and crop quality, making it a widely applied method.
However, plastic film is severely aged after harvest and disturbed by straw coverage, increasing operational
difficulty.
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Dense root stubbles after straw returning also cause fine residual film to hook and adhere, further
complicating recovery (Wang et al., 2017; Wu et al., 2025). In response, research institutions have developed
corresponding equipment.

Current post-harvest recovery mainly includes two categories: one is single recovery dominated by
drum-type devices, and the other is combined recovery integrating film collection, straw crushing and film
baling.

1. Drum-type residual film recycler

Drum-type residual film recovery technology uses a toothed drum to collect residual film. As the drum
rotates, residual film in the shallow tilled layer is hooked and attached to the teeth, then removed and collected
by mechanical stripping or air blowing. According to the relative motion between the pick-up teeth and the drum,
such recyclers are divided into concentric drum type and eccentric drum type (Hu,2021; Zhang et al., 2023a).

Figure 4(a) shows the pick-up drum of a concentric drum-type residual film recycler. Its characteristic is
that the elastic pick-up teeth are rigidly fixed to the drum body, with no relative movement between them during
operation, and their rotational axes remain concentric. The residual film pick-up drum and the film stripping
drum rotate in opposite directions. The elastic pick-up teeth on the pick-up drum pick up and clamp residual
film from the tilled layer, then convey it to the stripping zone. Under the relative motion of the two drums,
residual film attached to the pick-up teeth is effectively stripped by the stripping drum, and finally delivered to
the residual film collection device, realizing continuous operations of film pick-up, conveyance, stripping and
collection. Figure 4(d) shows the pick-up drum of an eccentric drum-type residual film recycler. Unlike the
concentric type, the film pick-up teeth and the roller of the eccentric type can produce controllable relative
movement. During operation, the pick-up teeth and the roller undergo periodic radial relative displacement to
grasp, carry and separate residual film in the field. When the elastic pick-up teeth are fully extended, they fully
contact residual film and complete the grasping operation. As the elastic teeth gradually retract, the grasped
residual film moves with the teeth away from the working surface and then returns to the roller surface, creating
conditions for subsequent film separation and cleaning.

Fig. 4 — Drum-type residual film recovery machine

(a) Concentric drum pickup structure (Zhang, 2023b). (b) Comb-tooth lifting and pneumatic stripping residual film recovery machine for
tillage layer (Liu et al., 2021). (c) FEM-SPH Coupled Roller-Type Residual Film Recovery Machine (Zhang et al., 2024b).
(d) Eccentric drum pickup structure (Niu et al., 2023). (e) Eccentric drum pickup structure (Shi et al., 2023).
(f) Collecting and Separating Device for Strip Plastic Film Baler (Niu et al., 2017).

2. Combined residual film recovery machine

Combined residual film recovery machines can be divided into combined straw crushing and returning
machines with residual film recovery, and combined residual film recovery and film block baling machines.
Compared with single residual film recovery, the combined operation mode integrates and optimizes processes,
which can effectively reduce field operation times and the interference of straw on film recovery. Meanwhile, it
realizes baling of residual film, significantly improves operation stability and simplifies subsequent treatment.
Therefore, Chinese researchers have developed various combined residual film recovery machines (He et
al.,2013; Yu et al; 2016, He et al., 2023). As shown in Figure 5(c), the 4JMLQ-210 combined straw returning
and residual film recovery machine is a tractor-mounted unit with front straw crushing and rear film recovery.
During operation, high-speed rotating parts crush straw, break stubbles and level the field, preparing for film
recovery. Residual film is then collected by film lifting, pickup and separation mechanisms.
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One-pass operation achieves both straw returning and film pollution control. Figure 5(e) shows the MJY-
1500 residual film picking and baling machine. It uses three sets of vertical hydraulic cylinders to compact film
into square bales. This baler forms bales quickly with a high baling rate. Compared with conventional collection
boxes, hydraulic compression greatly increases film density, easing transport and preventing secondary
pollution. The structure is simple and reliable.

Fig. 5 — Combined Residual Film Recovery Machine

(a) 4JSM-2200 Combined Straw Returning and Residual Film Recovery Machine (Luo et al., 2024). (b) Second stage chain plate
straw crushing and plastic film recycling combined operation machine (Wen et al., 2021). (c) Model 4JMLQ-210 Combined Operation
Machine for Straw Returning and Residual Film Recovery (Liu et al., 2024). (d) Cotton Field Mulch Film Recovery Baler (Shi et al.,
2025). (e) Model MJY-1500 Residual Film Collecting and Baler Combined Machine (Zhan et al., 2017). (f) Self-propelled Combined
Machine for Cotton Stalk Baling and Residual Film Packing (Li et al., 2025)

Technology and Equipment for Pre-sowing Residual Film Recovery

Pre-sowing residual film recovery is performed after tillage and land leveling but before sowing (Wang
etal., 2017). It can effectively increase the seedling emergence rate. At this stage, most residual film exists as
fragments in the plough layer, making recovery difficult, so the windrowing method is mainly used (Shen et al.,
2024). As shown in Figure 6, the machine mainly used is a closely arranged spring-tooth residual film recovery
machine. As the key working component, the spring teeth are usually made of manganese alloy materials such
as No.60 or No.65 manganese steel, with an arc-shaped structure. During operation, the elastic teeth can
pierce the residual film in the field, quickly hook and attach it to the tooth surface, thus completing residual film
picking. When the machine reaches the end of the field, the collected residual film is then unloaded. However,
most spring-tooth residual film recovery machines only pierce and pick up film, and unloading depends on
manual work, which limits efficiency. To solve this problem, researchers have added a film unloading
mechanism to the machine, as shown in Figure 6(c), realizing the integration of film picking, stripping and
unloading, and effectively improving the automation and recovery efficiency. Compared with other film recovery
machines, the spring-tooth type has a low recovery rate of only about 50% and high impurity content. Still, due
to its simple structure, low cost and high efficiency, it has been widely used and promoted in northern China
such as Xinjiang, Gansu and Inner Mongolia.

= o S n s A 3 =
Fig. 6 — Closely Arranged Spring-Tooth Residual Film Recovery Machine

(a) Structure of TM-120 Residual Film Recovery Machine (Song et al., 2023).
(b) Standing cotton stalks raking-film machine with wide folding and monomer profiling (Wang, 2018).
(c) Raking-Type Residual Film Recovery Machine with Rotary Film Stripping (Zheng, 2020).

Residual film recycling machines have different application characteristics at different operation stages.

Seedling-stage, autumn, and pre-sowing machines are designed for different residual film conditions, but
challenges remain in adaptability, separation efficiency, and intelligent operation.
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The characteristics, advantages, disadvantages, and development trends of different types of residual

film recycling machines are summarized in Table 2.

INMATEH - Agricultural Engineering

Table 2
Characteristics and Future Development Trends of Residual Film Recycling Machines
at Different Operation Stages
. . Future
Type Operz_mon BeS|duaI Advantages Disadvantages development
period film state - X
directions
The residual film Poor adaptability Adaptable
Seedling stage Cro can be recovered to fragmented film  mechanisms for
residual film P Relatively timely with high film  and soil- diverse crops,
. seedling . . . . . . _ )
recycling intact film integrity, which contaminated film;  planting
. stage ;
machine reduces subsequent restricted by systems, and
pollution. seedling crops film conditions.
It adapts well to Fragmented and
. fragmented and soil-contaminated
High ) . . e Enhanced
. soil-contaminated films are difficult :
fragmentati . separation,
Autumn films, supports to separate, and -
. ) Crop on degree efficient
residual film . large-scale complex )
) postharvest with . . fragmented film
recycling . operations, and is structures
- stage obvious : ; recovery, and
machine . the most widely increase energy . .
soil . 4 : multifunctional
. used residual film consumption and
adhesion development.
recovery reduce
equipment. adaptability.
Enables intact film Efficient
Severe e Complex )
. . recovery, simplifies . fragmented film
Pre-sowing fragmentati . : . structure, high
. . . film—soil separation, recovery,
residual film Pre-sowing on and . - energy . .
. ; and improves field . intelligent
recycling stage increased . consumption, and ;
. . conditions for S ; operation, and
machine burial limited field . .
subsequent o multifunctional
depth : adaptability.
operations. development.

Intelligent System for Residual Film Recovery

The intelligent monitoring system for residual film recovery is an integrated intelligent system that
integrates sensing, identification, positioning, computing and communication technologies. It mainly fulfills two
functions: real-time monitoring of the operating status of key components during the operation of residual film
recovery machines, and accurate monitoring of the effective operating area and recovery quality of the equipment.
1. Monitoring System for Key Components of Residual Film Recovery Machines

During operation, key components of residual film recovery machines often suffer from abnormal speed
and damage due to entanglement by film and straw. Drive shaft speed directly affects recovery efficiency and
quality. Proper speed ensures effective film picking and conveying, while abnormal speed reduces recovery
performance. Thus, real-time speed monitoring of rotating parts is essential (Xu, 20714, Jaumann et al., 2022).
As shown in Figure 7, mature commercial intelligent monitoring systems from CASE, Massey Ferguson and
Precision Planting enable key component monitoring, warning and fault diagnosis for residual film recovery
machines, providing important references for China’s research. Research on intelligent monitoring for residual
film recovery machines in China started late and remains mostly in small-scale experiments. Using the 11FMJ
toothed-chain residual film recovery machine, Chinese researchers developed a monitoring system that
increased speed monitoring accuracy by 0.25%. They also proposed an STM32F103-based scheme to realize
multi-parameter synchronous monitoring for drum-type machines, filling relevant technological gaps (Ke et al.,
2023; Xue et al., 2024).

20/20 SeedSens¢

W > | RSN Seer

| |

Y ¥ ¥ ¥ Y Precision Planting®

Fig. 7 — Key Component Monitoring System for Residual Film Recovery Machines

(a) FieldStar System (Coena et al., 2008) (b) 20/20 SeedSense System (Ding et al., 2018)
(c) Monitoring System for Key Components of Domestic Residual Film Recovery Machines
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2. Residual Film Recovery Machine Operation Effect Monitoring System

The operation performance monitoring system for residual film recovery machines comprises two parts:
an effective operation area monitoring system and a residual film image recognition system. Some countries
have developed GPS-based agricultural machinery operation area monitoring methods (Reid et al., 2000;
Hamada et al., 2009), but these often suffer from overlapping tracks and poor boundary positioning accuracy
(Ji et al., 2012; Zhang et al., 2018). China's BeiDou Navigation Satellite System (BDS) has broken the
technological monopoly. Its high-precision positioning provides key technical support for accurate monitoring
of residual film recovery operation area. Based on BDS, Chinese researchers have developed an effective
operation area monitoring system for residual film recovery machines, enabling precise calculation of effective
operation area and resolving ineffective operation issues (Zhao et Al., 2018; Zhang et al., 2020; Wang et al.,
2025; Song et al., 2009). The residual film image recognition system detects residual films via image capture
and computer vision algorithms, allowing quantitative evaluation of recovery performance. Image noise in
complex fields greatly reduces model accuracy and robustness. With advances in artificial intelligence, residual
film recognition has evolved from traditional machine learning to deep learning. Chinese scholars have
developed lightweight detection models that achieve accurate segmentation of residual films in complex field
environments while maintaining precision (Liu et al., 2022; Ding et al., 2024; Zhang et al., 2021c; Zhai et al.,
2022; Meng et al., 2025; Lu et al., 2025).

3. Challenges of intelligent monitoring systems under field conditions

Although deep learning-based intelligent recognition methods have achieved high detection accuracy
under experimental conditions, their practical performance is still significantly affected by complex field
environments. First, variations in weather conditions, solar elevation angles, and shadows caused by crops
and agricultural machinery lead to constantly changing illumination conditions, thereby affecting image
acquisition quality and target feature extraction. This issue is particularly significant for plastic mulch film with
strong reflective properties, which is prone to local overexposure and feature loss (Silwal et al., 2021). In
addition, after long-term exposure to field environments, residual film surfaces are often covered with dust and
soil particles, resulting in changes in their visual and spectral characteristics. These changes reduce the
difference between residual film and the surrounding soil background, increasing the difficulty of image
segmentation and target recognition. Meanwhile, residual film recovery operations are often accompanied by
large amounts of straw and plant residues, which may overlap with residual film in images, causing false
detections and missed detections and reducing the reliability of recognition systems (Milioto et al., 2018).
Furthermore, residual films partially buried in soil generally exhibit incomplete shapes, limited visible areas,
and weak visual features, making it difficult for traditional image-based methods to achieve accurate
recognition. Therefore, although intelligent monitoring technologies provide a new technical pathway for
automated residual film recovery, complex and unstructured field environments remain a major factor
restricting their large-scale application (Murad et al., 2023).

Future research should focus on developing recognition models with stronger environmental adaptability
and robustness. By integrating multi-source information, including RGB images, hyperspectral data, and
environmental sensing data, the accuracy and stability of residual film detection under complex scenarios can
be improved. Meanwhile, lightweight deep learning algorithms combined with edge computing technologies
should be employed to achieve real-time target recognition. Furthermore, the deep integration of intelligent
monitoring systems with automated residual film recovery equipment should be promoted to enable intelligent
and autonomous residual film management, as illustrated in Fig. 8.

g Film R ition under Complex Field Conditions: Challenges and Future Perspecti
{ ]

Variations in filmination fl
Conditions

Core Issues
Reduced recognition accuracy

Increased false positives
and false negatives

Insufficient robustness.

e
challenges

Fig. 8 — Intelligent Residual Film Recognition under Complex Field Conditions:
Challenges and Future Perspectives
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FILM-IMPURITY SEPARATION AND RESOURCE UTILIZATION

Although there are many types of residual film recovery machines, the recovered film mixtures have
similar compositions, mainly consisting of strip or sheet old films, straw and soil clods, with varying proportions
of each component. Severe entanglement between straw and residual film makes resource utilization difficult,
and manual separation is inefficient and labor-intensive. Meanwhile, random stacking, burying and incineration
of recovered residual film cause serious secondary pollution. Therefore, developing high-performance
equipment for film-impurity separation and resource utilization is key to solving recycling challenges and
achieving comprehensive control of farmland residual film (Zhang et al., 2018).

Film-Impurity Separation Technology and Equipment

China has made initial progress in film-impurity separation technologies and equipment. Based on
different power and working media, these technologies are mainly divided into three types: vibrating, pneumatic
and water-washing (Jiang et al., 2026).

1. Vibrating Film-Impurity Separation Technology and Equipment

Vibrating separation uses mechanical vibration to generate periodic oscillations, so that residual film
and impurities are repeatedly thrown, bounced and slid during vibration. Based on differences in physical
properties between film and impurities, they show different motion trajectories, thus achieving effective
separation (Zhang et al., 2022; Wei et al., 2018; Ruj et al., 2015). After mechanical recovery of farmland plastic
film, the collected film-impurity mixture is complex, containing not only residual film, straw and gravel but also
large amounts of soil, with severe soil wrapping on the film being especially prominent (Guo et al., 2018b;
Lubongo et al., 2022).To solve the resulting separation difficulties, Chinese scholars have carried out extensive
research to improve separation efficiency (You et al., 2018a; You et al.,2017b; Zhang et al., 2007d; Zhang et
al., 2013). Figure 9(a) shows a vibrating film-soil separation device for residual film. After natural drying, the
film-soil mixture collected from the field is conveyed by a belt to squeeze rollers for pre-compaction. Rotary
cutters in the crushing unit then break up entangled straw and soil clods. Finally, the resulting mixture passes
through a vibrating screen, which separates the residual plastic film from the soil.

Vibrating separators provide good separation and can effectively sort film from soil and stubble. They
are stable, reliable and suitable for large-scale recovery. However, small and fine film pieces easily fall through
the screen, lowering purity. They also adapt poorly to clay soil, where screens clog easily and reduce working
efficiency.

Fig. 9 — Vibrating film-impurity separation equipment
(a) Film-soil separation device (Liu et al., 2025) (b) Staggered Multi-Screen Film-Impurity Soil Removal Device (Peng, 2021)

2. Pneumatic Film-Impurity Separation Technology and Equipment

Pneumatic separation is based on the different responses of materials to airflow. Residual film has low
density and low suspension velocity and is easily carried by airflow. In contrast, soil and straw have higher
density and higher suspension velocity, so they tend to fall under gravity (Anchieta e Silva; Shapiro et al., 2005).
By adjusting airflow path and velocity, film can be conveyed to a specific zone and separated (Ma, 2024, Xie
etal., 2024b). As shown in Figure 10(a), a pneumatic film-impurity separation device mainly consists of a fan,
a rotary drum sieve, blades, a housing, a motor, and a film collection box. During operation, the fan generates
airflow while the drum sieve rotates slowly. The residual film mixture (Figure 10(b)) enters the sieve through
the inlet and is thrown as the sieve rotates, loosening the film. Due to the different air settling characteristics
of residual film and impurities, the film is carried by airflow to the end of the sieve and into the film collection
box (Figure 10(c)), while cotton stalks (Figure 10(d)) are pushed by blades to the discharge outlet, completing
separation.
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However, pneumatic separation requires continuous and sufficient air pressure to produce separating
airflow, resulting in high power consumption, especially high energy costs for large-area operations. Restricted
by environmental conditions, in humid environments, residual film adheres to impurities, reducing separation
accuracy (Kang et al., 2020; Guo et al., 2020a; Jin et al., 2022b).

Fig. 10 — Pneumatic residual film-impurity separation device

3. Water-washing film-impurity separation technology and equipment

Water-washing separation uses the large differences in floating and settling behavior of flexible film,
straw and soil particles in water. Under water flow impact and agitation, they show different trajectories and
settling speeds, realizing efficient film-impurity separation (Feng et al., 2026).

Water-washing separation has unique advantages in film-impurity separation, and researchers have
conducted systematic research on relevant equipment. The impeller-driven water-washing separator (Fig.
11(a)) consists of a stalk collection box, stalk collection plate, water level sensor, separation tank, nozzles and
water pump. During operation, cotton stalks float, residual film suspends in the middle layer, and soil settles at
the bottom under water spraying. The impeller driven by the motor produces spiral thrust to enhance separation
efficiency. Stalks and film are collected separately, and water is recycled through the pump. The countercurrent
hook-type washing separator (Fig. 11(b)) effectively separates residual film from straw and soil. It overcomes
the high soil content of air-separated film and the high energy and water consumption of ordinary washing
devices (Carvalho et al., 2010). However, manual removal of film from the hooks reduces separation efficiency.

Fig. 11 — Water-washing film-impurity separation device
(a) Impeller-driven water-washing separator for mechanically harvested residual film (He et al., 2020) (b) Countercurrent hook-type
washing and separating device for residual film mixture (Xie et al., 2025a)

4. Comparison of Different Film-Impurity Separation Technologies

Table 3
Comparison of different film-impurity separation technologies
Separation Advantages Limitations Appll_c a ble
technology conditions
Simple structure, low Limited removal ability ~ Suitable for preliminary
energy consumption, for fine soil particles separation and large-
Vibrating separation high processing and strongly adhered scale treatment of
capacity, no water impurities; affected by relatively clean
requirement moisture content residual film
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Separation Advantages Limitations Appll_c_able
technology conditions
R " High energy
:;f%gt?\lg §§r2¥étion of consumption; Suitable for removing
p separation lightweight impurities

Pneumatic separation lightweight impurities
based on aerodynamic

differences

performance affected
by material moisture
and particle size

High water
consumption; requires
wastewater treatment;
high operating cost

and improving
recovered film purity

High separation
efficiency; excellent
removal of soil and
organic impurities

Suitable for heavily
contaminated residual
film requiring high-
quality recycling

Water-washing
separation

Overall, vibrating separation is characterized by simple structure, low energy consumption, and high
processing capacity, while pneumatic separation can improve recovered film purity through airflow
classification. Water-washing separation provides superior impurity removal performance but requires
considerable water resources and increases treatment costs. Future development of film-impurity separation
technologies will focus on improving separation efficiency while reducing energy and resource consumption.
Hybrid separation systems integrating vibrating screening, pneumatic classification, and water-assisted
cleaning are expected to become a promising approach for handling complex residual film mixtures and
achieving efficient, sustainable, and resource-oriented recycling.

Technology and equipment for resource utilization of residual film

Waste agricultural films obtained after film-impurity separation are mainly disposed of through reuse,
landfilling, incineration, and resource recycling. Although several pathways have been developed for residual
film utilization, their environmental benefits and technical feasibility vary considerably. Direct reuse has the
lowest processing requirement and environmental burden, but it requires relatively intact and clean films,
limiting its application for highly fragmented agricultural residues. Landfill and incineration can rapidly reduce
waste volume; however, landfill may cause long-term environmental risks, while incineration requires strict
emission control to avoid secondary pollution. In contrast, recycling and regeneration align with the concepts
of sustainable agricultural development and circular economy, making it an ideal disposal method, but they
require effective impurity removal and film purification because soil particles and organic residues can
deteriorate processing stability and product quality. Wood-plastic composites offer an alternative pathway for
low-quality residual films, although the influence of residual soil, additives, and polymer degradation on
composite mechanical properties remains a major challenge. Currently, the treatment of waste agricultural
films worldwide is gradually shifting toward resource utilization. The core technologies include regenerative
granulation technology and wood-plastic composite technology, as shown in Figure 12. (Zhang et al., 2017;
Hu et al., 2019; Madrid et al., 2022).

Regenerative granulation is a core technology for residual film recycling due to its high efficiency and
simple process, which is mainly divided into dry and wet methods. Wet granulation is the mainstream process,
using water for cleaning. It achieves high impurity removal and high-quality recycled pellets through crushing,
washing, drying, melting and pelletizing, but consumes large amounts of water, requires wastewater treatment,
and has high costs, making it suitable for large-scale projects with sufficient water. Dry granulation is water-
free and removes impurities via mechanical crushing, friction screening and air separation. It features low
energy consumption, low investment and potentially lower environmental impacts, suitable for water-scarce
regions (Lamtai et al., 2023), table 4 summarizes the comparison of the two technologies.

Table 4
Comparison between wet and dry granulation technologies for residual film recycling

Water Energy

Technique Impurity removal capacity Product purity

consumption

consumption

Wet granulation

It requires a large
amount of water as
the medium and
features high water
consumption.

The drying step
consumes a certain
amount of energy.

Impurities can be further
eliminated by water washing
and centrifugation, and a
favorable impurity removal
effect can be obtained.

A large proportion of
surface impurities
can be removed,
achieving high
product purity.

Dry granulation

It requires no or
minimal water, with
extremely low water
consumption.

It requires relatively
high pressure or
temperature, leading
to high energy
consumption.

Surface impurities tend to
remain, resulting in inferior
impurity removal
performance.

Considerable

surface impurities
remain, leading to
low product purity.
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Residual film wood-plastic composite technology takes recycled agricultural film as the matrix, blends it
with straw, wood chips and additives, and forms products via melt extrusion. The composite material combines
plastic’s water and corrosion resistance with wood-like appearance, and can be made into garden walkways,
pallets, guardrails and building formworks (Xia et al., 2020; Huang et al., 2021; Nukala et al., 2022).

Despite its potential, the application of residual film in wood-plastic composites faces several challenges.
Residual soil particles and impurities can interfere with polymer-wood bonding, resulting in reduced
mechanical strength and poor processing stability (Turku et al., 2017; Ribeiro et al., 2023). In addition, repeated
recycling may cause polymer chain degradation, which decreases tensile strength and impact resistance of
composite products. Furthermore, the end-of-life management of wood-plastic composites containing recycled
agricultural films remains challenging because their mixed polymer—biomass structure complicates further
recycling. Future studies should focus on improving purification technologies, interface modification methods,
and circular recycling strategies.

f

film-

impurity ¥y
separation
recycled residual film ‘:}‘
\ Q‘
blended (a
with crop
straw
fiber wood-plastic composite products
Fig. 12 — Resource utilization technology of residual film
SUMMARY AND OUTLOOK

This paper systematically reviews the core research progress throughout the entire process of farmland
residual plastic film pollution control. Based on relevant research and application practices, the main
conclusions are as follows: Mechanized recovery of residual film is the core link of pollution control, and an
equipment system has been formed covering three key operation periods: seedling stage, post-harvest stage,
and pre-sowing stage. Among them, post-harvest recovery is the most widely applied; seedling-stage recovery
is developing toward automation; and pre-sowing recovery machinery is extensively used in arid agricultural
areas of northern China, yet its recovery rate and automation level need to be improved. The intelligent system
for residual film recovery has developed two core monitoring modules, enabling fault early warning, area
measurement, and residual film identification. However, it remains in the experimental stage in China, lagging
behind the commercialization level of foreign products. Membrane-impurity separation is a prerequisite for the
resource utilization of residual film, and three existing types of equipment—uvibratory, pneumatic, and water-
washing separation—each have their advantages and disadvantages. The core technologies for the resource
utilization of residual film are recycled granulation and wood-plastic composite technology, among which wood-
plastic composite technology represents an important direction for the high-value utilization of residual film. At
present, a full-process technical system has been established and is developing steadily with multi-stakeholder
collaboration. Nevertheless, several bottlenecks still exist, restricting its large-scale and efficient application.

In view of the current technical bottlenecks in residual film pollution control and the demand for green
and sustainable agriculture, future technologies and equipment will develop toward intelligence, high efficiency,
coordination, and high value-added utilization. Key efforts include upgrading mechanized recovery equipment,
developing new pickup mechanisms to improve the recovery rate of fragmented residual film, and optimizing
combined machines and regionally adapted equipment.
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Supported by Beidou navigation, Al and |oT, intelligent recovery technologies will be industrialized, with
integrated management platforms and optimized algorithms to promote large-scale application. Membrane-
impurity separation technologies and composite equipment will be optimized to solve existing problems, along
with water-saving washing technologies to reduce costs. Resource utilization paths will be expanded by
optimizing related processes, developing modification technologies, and exploring coordinated utilization with
other agricultural solid wastes. Relevant standards and industrial chain mechanisms will be improved to form
a sound cycle with government guidance, enterprise leadership and farmer participation, ultimately achieving
"reduction, resource utilization and harmless treatment" to support green agriculture and plastic pollution
control.
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