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Abstract: Plastic contamination is a burning issue costing the global cotton and textile industries
billions of dollars annually. Any time plastics from different sources end up in a cotton lint bale, the
value to the textile mills plummets significantly. Various industry players have therefore made a
concerted effort to find lasting solutions to the menace posed by plastic to cotton profitability and
sustainability. Nevertheless, until now, there have been no up-to-date comprehensive documents
detailing the numerous and ever-growing efforts committed to solving this challenge. Therefore, this
article provides a detailed yet compact review of this highly dynamic subject matter. First, it puts into
perspective plastic contamination in the cotton and textile industries. Then, the cotton value chain is
subdivided into phases from pre-cultivation to textile mills. The root causes of plastic contamination
are discussed in each stage, followed by discussions of some already developed and emerging
solutions in response to the challenge by the affected industries and researchers. Concluding from
the author’s perspective, the paper makes projections for the future directions of plastic mitigation
efforts within the cotton and textile industries. This article also infers from the reviewed literature
that research on finding alternative materials to plastic as module wrap, the development of new,
effective, and all-condition plastic sensing techniques for ginning and spinning equipment, and
standardized protocols for UAV in-field surveys of plastic trash are some of the areas that will be
beneficial to finding a permanent solution to the challenge.
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1. Introduction

Cotton (Gossypium hirsutum L.) is a globally significant agricultural crop from which
numerous products (including lint used in making yarns and fabrics, cottonseed oil used
for human consumption and animal feed production, and linters used in making ice cream,
toothpaste, filters, currency and securities, solid rocket propellants, etc.) originate. Cotton
lint is the most important economic product from cotton crop plants, and the value of cotton
lint strongly correlates with the level of foreign matter present in the bale [1–5]. In the past
decade, of notorious interest to the global cotton and textile industries is the issue of plastic
extraneous matters that have been on the upward trend in the cotton supply chain, and
which has been taking both financial and reputational tolls on the industries [1,4–10]. Plastic
contaminants come from diverse sources; they include agricultural mulch films, fertilizer
bags, plastic shopping bags disposed at or air-blown to the fringes of cotton fields and
picked together with seed cotton during harvesting, and cylindrical (popularly known as
“round”) cotton module wraps [3,11–16]. Of these plastic contamination sources, the round
module wraps of different colors are one of the biggest culprits, especially in countries that
have widely adopted John Deere mechanical harvesters with onboard module-building
capability [17]. For example, in the US, yellow, pink, and black color module wraps account
for about 60–70%, 15–25%, and 5–10%, respectively, of the total plastic found in officially
tracked US-produced cotton bales by USDA-AMS C&T [18].

AgriEngineering 2023, 5, 193–217. https://doi.org/10.3390/agriengineering5010014 https://www.mdpi.com/journal/agriengineering

https://doi.org/10.3390/agriengineering5010014
https://doi.org/10.3390/agriengineering5010014
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriengineering
https://www.mdpi.com
https://orcid.org/0000-0003-2003-4809
https://doi.org/10.3390/agriengineering5010014
https://www.mdpi.com/journal/agriengineering
https://www.mdpi.com/article/10.3390/agriengineering5010014?type=check_update&version=2


AgriEngineering 2023, 5 194

When these plastics end up in the final lint bales produced from commercial cotton
gins, significantly higher effort is required from the textile mills to add value to the lint and
manufacture textiles, if they are at all useful for production. Furthermore, contaminants,
such as plastic, can lead to the downgrading of garments or fabrics or their total rejection,
which may cause permanent friction among growers, ginners, and textile mills [19–21].

To this end, the global (and more importantly, US, which is the global largest exporter
of cotton lint bales) cotton and textile industries have responded to this plastic contam-
ination menace with numerous approaches focused on different stages along the cotton
value chain from the fields to the textile mills [3–5,22–24]. From various cotton fields where
plastic contamination potential starts—especially in cotton-producing countries such as
Australia, the US, Israel, and Brazil, where there are high adoption rates of John Deere
(Deere and Company, Moline, IL, USA) automatic module-building spindle harvesters
(popularly known as “pickers”) that use plastic material to wrap seed cotton module—to
the various textile mills which convert cotton lint into fine apparels that customers gladly
want to invest their money in, the commercial industries cannot leave any stage without
guards against plastic contamination [7,25,26].

However, until now, there have been no up-to-date comprehensive documents cap-
turing the ever-growing efforts of different individual researchers, groups, agencies, and
industries at tackling plastic contamination challenges. All that exists are scanty, scattered,
and often country-specific documents that are difficult to sift through and sometimes cum-
bersome to reference by new entrants and even some old hands in the sector. Some other
works, such as [21], cover the general topic of cotton contamination but focus only focus
on plastic contamination as one type of cotton contamination. Moreover, the article [21,27]
is many years old and does not cover the recent developments that have taken place in
the past couple of years. Hence, there is a gap in this area of knowledge that needs filling
with a comprehensive review of the state-of-the-art of global plastic contamination issues
and both the historical and most recent efforts that researchers and the two industries
involved are making to tackle the challenge which has been taking significant economic
and reputational tolls on cotton.

Therefore, this paper anticipates being beneficial to the larger cotton-related research
community, particularly those working on cotton quality studies, by showcasing the new
possible future research directions based on the trajectory of the previous works by various
researchers. Furthermore, the paper will contribute to finding lasting solutions to the
challenge posed by plastic contamination to the revenue of cotton growers globally and
enhance cotton’s claim to sustainability and a contamination-free nature, which is one of its
competitive edges over other natural and synthetic fibers.

1.1. Objectives

Therefore, the main objective of this review is to fill the identified gaps stated above. It
aims to highlight the main issues with plastic contamination within the cotton value chain
and build connections/links among the various research publications on the topic while
highlighting major technological solutions that have been invented/adopted, deployed,
or are still in the proposition or developmental phases but have significant prospects for
mitigating or solving the problem. The review also discusses some of the sensitization
efforts by agricultural extensionists and other players in the cotton and textile industries.
Finally, some areas that may be suitable for future studies by researchers in the field
are presented.

1.2. Adopted Approach

Toward the objectives, this review adopts the following approach. First, the cotton
value chain is divided into different stages according to the valorization phases, starting
from the in-field pre-harvesting phase to the textile milling phase. At each stage, the
sources and causes of plastic contamination are discussed, followed by an elaboration of
the existing and emerging technologies and ideas created to solve this challenge. This
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review also includes narrations of the regulatory, extension, and sensitization services and
efforts made by different entities in the world at each phase.

1.3. Materials

The objectives of this paper are achieved by extensively consulting different print and
electronic materials, journal articles, conference publications and talks, expert opinions,
and directives from national and international regulatory agencies and professional bodies
interested in (or saddled with) the responsibility of ensuring quality within the cotton
supply chain.

Finally, according to all the reviewed past events and efforts, projections for the future
trends of plastic contamination mitigation research efforts and technologies within the
cotton and textile industries are made in the closing remarks.

1.4. Paper Flowchart

Figure 1 shows a graphical representation of the structure of this review article. It
provides a summary of both the approach and materials used in the paper.

AgriEngineering 2023, 5 195 
 

 

from the in-field pre-harvesting phase to the textile milling phase. At each stage, the 

sources and causes of plastic contamination are discussed, followed by an elaboration of 

the existing and emerging technologies and ideas created to solve this challenge. This re-

view also includes narrations of the regulatory, extension, and sensitization services and 

efforts made by different entities in the world at each phase. 

1.3. Materials 

The objectives of this paper are achieved by extensively consulting different print 

and electronic materials, journal articles, conference publications and talks, expert opin-

ions, and directives from national and international regulatory agencies and professional 

bodies interested in (or saddled with) the responsibility of ensuring quality within the 

cotton supply chain. 

Finally, according to all the reviewed past events and efforts, projections for the fu-

ture trends of plastic contamination mitigation research efforts and technologies within 

the cotton and textile industries are made in the closing remarks. 

1.4. Paper Flowchart 

Figure 1 shows a graphical representation of the structure of this review article. It 

provides a summary of both the approach and materials used in the paper. 

 

Figure 1. A flowchart summarizing the framework/workflow adopted in this review article. 

 

Figure 1. A flowchart summarizing the framework/workflow adopted in this review article.



AgriEngineering 2023, 5 196

2. Discussions

As earlier briefly stated, cotton is the most significant natural fiber in the world which
has an annual average global production volume of about 25.9 million tons which is
produced mainly in India, China, USA, Brazil, Australia, Pakistan, Turkey, Burkina Faso,
and Uzbekistan [27–30]. It has long enjoyed a good reputation among the fibers used in
textile and apparel production [27]. Recently, however, this reputation has come under
considerable challenges from increasing general contamination levels, particularly plastic
contaminants, within the entire cotton value chain [27,31].

Types of contamination include organic and inorganic matters like metal, wires, rubber,
tar, sand, grease, jute, leaves, feathers, paper, plastic films from diverse sources, nylon,
animal and human hair, and leather [27,31,32]. Thus, plastics are just one of the numerous
contaminants usually found in finished lint bales. However, plastic contamination is unique
in that, while almost all these other cotton contaminants are spinnable and/or dyeable,
plastic contamination is neither; plastic has far more detrimental effects on cotton fiber
quality and, indirectly, the fabric quality produced from them than most other contaminant
types, and therefore deserves special attention. Hence, this paper is specially focused on
the topic of plastic contamination within the cotton value chain to highlight the primary
sources of plastic contamination and the most recent efforts made by different players
in the industries affected to mitigate and eliminate the threat of plastic on cotton quality
and profitability.

Generally, cotton contaminants do not grow in cotton bolls in the field as deducible in
the examples of contaminants previously listed. Instead, however, contaminants enter the
cotton value chain at different stages between the farms and the final stages of processing
cotton into fabric products at spinning and textile mills. For instance, to identify sources of
plastic contamination found in cotton in the United States, where plastic contamination is
estimated to cause over USD 750 million in lost revenue annually [33], some researchers
conducted a time and quality study of round cotton modules from cotton fields to ginning
stage on the assumption that the increasing rate of plastic contamination within the US
cotton value chain correlates with the recent widespread adoption of harvesting technology
that builds freshly harvested seed cotton into plastic-wrapped round modules [34]. In
the study, the researchers combined an RFID scanning system and video recordings of
the modules as they were loaded for transportation from the field to the gins, arriving,
and getting unwrapped before ginning. They recorded the videos from perspectives
revealing the undersides of the seed cotton modules; these were the most susceptible to
damage, being the portion that often directly interfaces with the handling machines and
the ground. Their research outcome suggested a strong correlation between module wrap
flaws/damages (and thus cotton contamination) and the number of handling events and
time or distance that modules encounter between the fields and the cotton gins. Round
module damage events resulting from module truck chain, which pushes plastics into the
cotton modules, are significant potential causes of plastic contamination in cotton.

Similarly, despite the cleanliness reputation accorded to the cotton of Australian
origin by the ITMF, it is reported that strings and fabrics made from plastic constitute
the second most damaging contamination source in Australian cotton [32]. Plastic films
from seed cotton module covers are identified as the lead contributor because there has
been a decreasing (e.g., 34% in 2007 to 16% in 2005) trend in the level of jute/hessian
contamination and an increasing plastic contamination trend in Australian cotton since
the industry significantly changed from using jute/hessian to plastic module covers [32].
Specifically, a 3-year joint study conducted by the Australian cotton industry and P. T.
Apac Inti Corpora (a large cotton spinning mill in Indonesia) to extend the findings of the
ITMF’s survey—which has some inherent limitations—indicated an increasing trend in
plastic contamination levels from the beginning to the conclusion of the study. The study
suggested that if caution is taken in handling/transportation and unwrapping the plastic
bale covers, which have significantly replaced jute/hessian module covers, there should
be minimal risk of contamination [32]. In addition, the report revealed that most of the
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contamination in Australian cotton occurs during picking, and only a minimal amount
occurs at the ginning phase because the characteristics of the contaminants found in the
cotton bales show that they originated from the stages before ginning [32].

Furthermore, in a country such as Pakistan, where cotton is a significant contributor to
national export earnings and is still manually harvested, it is reported that cotton contami-
nation is responsible for a loss of between USD 1.4 (according to All Pakistan Textile Mills
Association—APTMA) and USD 3 billion (according to Pakistan Textile Journal) in export
revenue losses annually [32,35]. Plastic is a significant constituent of the contamination.
Moreover, reports show that plastic contaminations mainly occur when the polypropylene
(PP) and plastic bags commonly used during cotton picking by rural women manual cotton
pickers tear down and get mixed with cotton [35–37]. In addition, the potential for plastic
contamination persists at all the subsequent phases of the seed cotton value chain, starting
from farm picking to the ginning facilities. For instance, because of the general practice
of paying the wages of cotton pickers in the form of cotton, the cotton pickers in Pakistan
often keep the cotton they pick at their respective homes until they amass a substantial
quantity to sell in the commodity market. So, during the storage at the pickers’ homes
and when transporting the cottons in PP bags sewed with jute twines, the cotton becomes
contaminated with plastic from the sewn PP bags and other contaminants [35,36].

The following subsections give elaborate—i.e., both general and specific—discussions
about plastic contamination in each phase into which the cotton value chain is divided as
discussed and illustrated in Figure 1.

2.1. Plastic Contamination in the Pre-Sowing, Pre-Harvesting, and Harvesting Phases
2.1.1. Pre-Sowing and Pre-Harvesting Phases

The potential entrance of plastic into the cotton value chain starts with the management
practices adopted by cotton growers. For instance, in some parts of the US states of Georgia
and Texas, growers practice a double cropping system in which watermelon and other crops
like cotton are planted together on black plastic mulch which blocks photosynthetically
active radiation and prevents weed growth [38]. In other countries, too, many cotton
growers use plastic films/mulch in their production management to meet the demand
for early planting of full-season cotton [39]. The practice has been scientifically proven
to improve seed cotton yields by as much as 295 to 430 kg (650 to 950 lbs.) with or
without irrigation in different countries, and it also significantly increases the amount of
cotton that can be harvested early, preventing lint quality deterioration in the field after boll
opening [39–41]. These improvements are a result of the capabilities of plastic film mulching
to regulate soil temperature, defeat weed growth, and reduce soil water loss, therefore
increasing cotton water use efficiency [42]. However, despite the proven advantages of the
agricultural practice of mulching with plastic films, the resulting residual plastics in the
field are recognized as a common soil pollutant that has been reported to impair soil quality
in different world regions, thus cancelling out the economic benefits of the practice [42–53].
Moreover, during cotton harvesting, the residual plastics are sometimes picked up together
with the seed cotton leading to plastic contamination in cotton.

Other sources of plastic contamination in cotton fields before harvesting are plastic
garbage disposed close to cotton fields and/or air-blown into the edges of the cotton lots,
fertilizer bags which were not correctly handled during application and ended up in the
fields, busted irrigation plastic pipes during the season, etc. [3,54].

Traditionally, many cotton growers make attempts to retrieve these plastics from their
fields before harvesting seed cotton (e.g., removing mulch materials after they have served
their purpose), despite this being laborious and cost-intensive work. However, it is often
impossible to retrieve all the plastics because some break down into smaller fragments that
evade retrieval/get buried in the soil. Sometimes it is impractical to manually remove all
the plastic because of the large farm size, hence the necessary labor. These plastic residuals
get picked up by automatic harvesters (which are mainly of two types: spindle pickers and
cotton strippers) in countries that have automated cotton harvesting. However, the risk of
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picking them up is minimal in other countries like India, China, and some African countries,
where mechanical harvesters are yet to penetrate the market and manual harvesting is still
the norm [26,55].

2.1.2. Harvesting and Post-Harvesting Handling Phases

As discussed in the previous sub-section—Pre-sowing and Pre-harvesting Phases—the
first risk of plastic contamination within the cotton supply chain may be traced to the
pre-planting farming management practices adopted by cotton growers. Those plastic
pieces that are not removed from the field before the commencement of harvesting oper-
ation with mechanical harvesters, whether stripper- or picker-type, have a significant
likelihood to progress through the value chain and become confirmed contaminants
when packed with the harvested seed cotton. Depending on the type of mechanical
harvester used, the amount of trash generally may be very significant in the harvested
seed cotton module. While the picker-type mechanical cotton harvesters are more selec-
tive in removing seed cotton from the pods (called “bolls”) using a set of spindles, the
stripper-type mechanical harvesters are less selective or gentle in harvesting the seed
cotton from cotton plant stands; thus, they create more trash contents (including plastic
mulch residues, shopping bags, etc.) in the value chain compared with picker-type
harvesters [26,56,57].

Furthermore, since the 2006 season when Case IH introduced their first Module Ex-
press 625 cotton picker, followed by John Deere releasing their own model 7760 mechanical
picker harvester during the 2008 growing season, modern mechanical cotton harvesters
have been able to form/build modules onboard while harvesting is still in progress, a sce-
nario that enhances cotton harvesting efficiency by eliminating the need for the investment
in boll buggies, a module builder, tractors, and crew members required in the conventional
module building approach [58–60]. More specifically, the John Deere model 7760 and its
successors, CP690, CP770, and CS770, gained wide market acceptance among cotton grow-
ers because, unlike Case IH’s onboard module builders, they form seed cotton into round
modules that are approximately one-fourth the size of a conventional rectangular module.
In addition, research has shown that the round modules have a faster processing rate at gins
compared with the other module types and produce seed cotton with improved moisture
levels and lint with higher color rating [61,62]. A unique feature of the round modules is
the automatic covering of seed cotton modules with a specially engineered plastic material
(made of linear low-density polyethylene (LLDPE), high-density polyethylene (HDPE),
or PP that is water resistant and protects the seed cotton from the elements of weather,
i.e., rain, ultraviolet (UV) radiations from the sunlight, and wind), whereas other module
types require additional labor to manually cover them up with tarpaulins or coated plastic
which, unfortunately, may retain water from the rain because of their flat tops and raise the
moisture level of the stored seed cotton [62,63].

Despite these advantages of the round module builders that made them the hallmark
of modern mechanized cotton harvesting, they bring a new challenge to the industry:
the risk of plastic contamination in the supply chain. Although the plastic module cover
applied by the John Deere onboard module builder to cover harvested seed cotton has been
engineered for tear-resistance [64], wear and tear of the plastic cover is possible because
of incorrect handling by the machine operators during harvesting and transportation of
modules from the field to the gin, creating plastic foreign materials in the seed cotton that
may contaminate countless lint bales down the value chain. For example, unloading the
finished round module from an onboard module builder in the field where there are lots of
stalks may create punctures in the plastic covers from where numerous pieces break off and
mix with the seed cotton; likewise, burs and sharp edges in module trucks could impair the
integrity of the plastic module cover [65–67], just like improper replacement of a run-out
module wrap during harvest. Furthermore, some inferior plastic module-wrap brands,
which are not as durable as the Tama Group’s TamaWrap™ (Tama USA Inc., Dubuque, IA,
USA), originally designed and patented for round module covering, have infiltrated the
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cotton industry, especially in the United States [68–70]. Given that the patent held by Tama
Group on the module wrap will expire soon [71], if no prompt actions are taken, these
inferior module wraps will become more widespread.

On the other hand, although there is a very minimal probability of hand-picking
the plastic residues and trash in the field together with manually harvested seed cotton
in countries where cotton harvesting is unautomated, there are other sources of plastic
contamination that may need attention. For instance, manually picked cotton is usually
dropped into woven baskets or plastic bags (see Figure 2). With constant usage over many
seasons, those bags wear and tear and may terminate as plastic foreign matter in the seed
cotton [35–37].
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Figure 2. Manual Seed cotton harvesting: an example mode of transporting such harvested seed
cotton to the gin (adopted with permission from [63]).

2.2. Plastic Contamination in the Ginning Phase
Ginning Phase

To a large extent, some research works have shown that eliminating most plastic
contamination risks in the cotton value chain is possible if harvesting and post-harvest
pre-ginning material flow activities are cautiously executed [32,67,72]. However, there are
still instances of plastic contamination initiation during seed cotton unloading at cotton
gin module feeders (see Figure 3 for the general sequence and layout of a typical cotton
gin machinery). These contamination incidents occur when cotton gin workers disobey
manufacturer-recommended cutting techniques for round seed cotton module covers (see
Appendix A) and the plastic wraps get caught by module feeder floor rollers, causing them
to flow into the module feeder with seed cotton and, if big enough, to get trapped on the
dispersing cylinders as depicted in Figure 4.
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Figure 4. An example module cover trapped on dispersing cylinders of a cotton gin module
feeder [73].

When such an incident occurs at the module feeder, the plastics break up into
smaller fragments that contaminate uncountable lint bales if they are not promptly
removed [3,74]. Conventional gin cleaning equipment (cylinder cleaners) are undesigned
for removing plastic, and research has shown that they are ineffective in ejecting thick
module wrap pieces from ginning operations [74]. Hence, small plastic pieces from
module covers left for too long on the module feeder dispersing cylinders end up in the
final lint bales and create plastic call scenarios for such bales, implying financial loss to
the primary producers and friction between different stakeholders. Article [75] estimates
that 15% of total contamination originated from the cotton gins (both before and during
ginning process).

The International Textile Manufacturers Federation (ITMF), in its most recent survey
(2007–2019) released in the year 2020 [31], reported different plastic-based contaminants
found in cotton supplied to textile mills. From the report: contaminants tagged “strings
made of plastic film” and “fabrics made of plastic film” each affected 39% of all evaluated
cotton samples delivered to textile mills by cotton gins across the world; “strings made of
woven plastic” and “fabrics made of woven plastic” affected 36% and 31% of the cotton
samples analyzed, respectively.

2.3. Contamination at the Textile Mills
Handling at Textile Mills

For many decades, the issue of contamination has been a subject of discussion in the
textile industry. One of the foci is usually on having cotton value models that avoid PP or
generally plastic packaging materials [75]. However, despite this focus, there has been a
general uptrend in foreign matter contaminations within the global textile industry, and
this is unrestricted to cotton textile milling lines alone; it affects those that mill other fibers
as well [31,75,76].
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Plastic contamination is of particular interest among other contamination types at
spinning/textile mills—dead and immature fibers, threads, old pieces of fabrics, feathers,
white PP, jute, etc.—because, while most of these other contaminant types are spinnable
and/or dyeable, cotton is neither spinnable nor dyeable [77]. Thus, plastic contamination
is very critical to quality at textile mills.

According to an estimate by Uster®Technologies (Uster, Switzerland), only a total
of about 10% of all contaminants in the cotton value chain get initiated during spinning
operations (bale stocking and the actual process), compared to the 40% and 20% introduced
in the pre-harvesting and harvesting phases of seed cotton, respectively [75]. Given that
plastic is only a fraction of the total contaminants, the amount of plastic contamination
originating during the spinning process/textile milling may be small; however, even
a minute piece of plastic in cotton fiber may result in substantial cost and quality loss
implications in the finished products (yarn or fabrics/garments).

The main factor contributing to the origination of contaminants at textile mills is the
significant level of automation that has taken place within the textile industry globally over
the past few decades [14,31]. That is the scenario because, while process automation has
brought significant improvements to the spinning and milling processes by reducing labor
costs and minimizing human interventions, the replacement of humans by machines at
different stages has resulted in all kinds of foreign materials that were hitherto detected
and removed manually by human inspectors going undetected until after they have been
torn into smaller fragments and contaminated numerous yarns, i.e., at a stage when it is
late to remedy the damage because automated machines limited capabilities to detect and
eject foreign matter [31,78].

2.4. Plastic Mitigation Efforts: Pre-Planting, Pre-Harvesting, and Harvesting Phases

Numerous efforts have been committed to controlling plastic contamination in the
field. First, because awareness is necessary for tackling the menace, various industry
stakeholders have made several sensitization/awareness campaigns. In the USA, for
example, despite the report that the cotton industry produces one of the very cleanest
cotton bales in the world [31], the industry regulators are leaving no stone unturned
to ensure that the country maintains the high reputation of its cotton, which has en-
joyed premium prices in the international commodity market for many decades because
of their contamination-free quality. For instance, important cotton industry govern-
ing/regulating councils (National Cotton Council—NCC; Georgia Cotton Council—
GCC) in the country made free educational videos and printed materials to educate
growers, and particularly machinery operators, on the best practices to adopt before
and during mechanical cotton harvesting [78–80]. Growers are advised to practice good
housekeeping in their cotton fields and around handling equipment, i.e., to check their
farms and retrieve trash that may contaminate seed cotton before harvesting starts, to
routinely clean their cotton harvesters’ heads, to always ensure proper replacement of
run-out module wraps on the onboard module builders with industry-standard module
wrap during harvesting, and, in cases where seed cotton are packaged into conven-
tional modules, farmers are encouraged to replace torn module covers promptly and
use module chords instead of plastics to tie down modules during transportation. It
is recommended that round modules should be transported at least 15 cm above the
ground surface to prevent damaging the underside of the module wrap. Communica-
tion between growers/harvesting crew and the gin managers is emphasized because,
when round modules with issues during harvesting are flagged and communicated
ahead of delivery to ginners, the gin managers are more prepared to mitigate plastic
contamination risk from the damaged module cover.
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Furthermore, in Australia, a country also rated by the ITMF as a producer of one of
the cleanest-quality cotton globally, various efforts are ongoing to maintain and improve
their contamination-free cotton quality. Although, the issue of plastic contamination
seems not to be as severe relative to the US cotton industry, which generally adopted
the onboard module builder-type harvesters later than the Australians did. The early
adoption of the onboard module builder in Australia ensured that the teething problems
associated with the new technology adoption were largely resolved earlier than in a
country like the USA, which is now just overcoming the issue of plastic contamination
associated with automatic cotton harvesting and module building. The Australian cotton
industry response has also aimed at implementing best management practices (BMP)
during harvesting to minimize in-field contamination [32]. Moreover, in Australia, there
has been some research success in the development of thin biodegradable plastic films
for mulching which do not remain on the soil surface at harvest; this may eliminate an
important source of plastic contamination which enters the cotton value chain in the
field when fully available for growers’ use [47]. Since 2017, the new biodegradable films
have been commercially evaluated across many states in the US with significant yield
and water use efficiency benefits reported.

In Pakistan, a major cotton-producing nation, in realization of the adverse impact
of contamination, particularly plastics, on the quality of the country’s cotton, which con-
tributes significantly to the national agricultural GDP, many industry players have taken to
sensitization and awareness campaign for the cotton pickers through whom most of the
contamination originates [35–37].

Finally, across different countries that cultivate cotton, there have been studies aimed
at detecting diverse types of plastic trash in cotton fields using remote sensing and im-
age processing techniques [42,81–84]. These techniques, which majorly use images taken
from unmanned aerial vehicles (UAVs) with a single or multiple multispectral camera(s)
on board, have shown good prospects for detecting plastic in cotton fields at different
stages of crop physiological maturity and have thus been proposed for in-field manage-
ment/mitigation of plastic contamination of seed cotton to create maps of plastic locations
within cotton fields that can aid retrieval before harvesting [84]. However, most of the tech-
niques have the disadvantage of being largely dependent on finding the right atmospheric
conditions to capture the aerial image dataset.

2.5. Plastic Mitigation Efforts: Ginning Phase

Cotton gins are mainly responsible for ensuring that their lint bales are as clean as
possible to maintain a good reputation and ensure cordial relationships with their textile
industry customers. Thus, even if plastic contaminants arrive in the cotton modules from
the field, it is the responsibility of the gin to ensure that they get removed without ending
up in the final produced lint bales. In the USA, the USDA has introduced additional
plastic contamination codes 71 and 72 on the permanent bale identification (PBI) system,
which serves as an accountability scheme for every bale produced in the country and
classed by the USDA [85]. The USDA does not permit changing the plastic contamination
classification of any bale from which samples were collected, even when new cotton
samples are sent in for review classification, because the distribution of plastic foreign
matter is usually non-uniformly in the plastic-contaminated bale. Thus, ginners are
bound to be more circumspect in handling the seed cotton they process to reduce the
possibility of having a permanent plastic code—which causes discounted prices—for
their cotton bales.
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Furthermore, some research efforts aimed at mitigating plastic contamination at the
cotton gin include the development of a machine vision-based plastic detection–ejection
system by researchers at the USDA-ARS Gin Lab, Lubbock (in collaboration with Bratney
Companies, Des Moines, IA, USA, a leading company in industrial optical sorting and
cleaning operation), which detects incoming plastic materials at the gin-stand apron
and puffs them out with air produced by a set of solenoid-controlled air-knives. This
system has been tested with satisfactory performance in-house at the USDA and some
commercial gins during multiple seasons [33]. The success of the tested prototype has led
to the production of a commercial model marketed as Visual Imaging Plastic Removal
(VIPR™) by Lummus Ag Technology (Savanna, GA, USA) and Bratney Companies [86].
The reported demonstrated aggregate accuracy detection and ejection efficiency of the
system is about 90%, and the system has been made available to commercial gins on a
selective basis since the 2021 ginning year. Generally, the gins at which the system was
pilot tested witnessed a significant decrease in the plastic calls for their bales relative to
previous years.

Another promising research effort towards mitigating plastic contamination at cotton
gins is the optical inspection system for module feeders that the USDA developed, which
relies on video streams from one or numerous network IP camera(s) installed at the back
wall of well-lit module feeders [73,87]. This solution shifts the plastic mitigation focus
further upstream of the ginning line, relative to the VIPR™, thereby ensuring that ginners
can promptly detect plastic pieces caught on the module feeder before they break into
smaller fragments that require a system like the VIPR™ system to remove or end up in the
final lint bales downstream. Subsequent development of this system incorporated a custom
software that pauses the module feeder floor on a user-defined frequency and captures a
few still images of the module feeder (for a few seconds), which is usable in detecting the
presence of plastic on the module feeder [22].

Moreover, researchers at Texas A&M University who hold the paradigm that plastic
contamination can be better mitigated at the gin if plastics are intercepted and eliminated
earlier in the ginning line proposed, designed, and fabricated a brush-based plastic
removal mechanism for installation at cotton gin module feeder [3]. The conceptualized
idea is to have a brush mechanism which is integrable with the USDA’s automatic
module feeder inspection system and is automatically deployable to run against plastic
pieces detected on any of the module feeder’s dispersing cylinders and to remove them
by abrasive forces. The brush system (see Figure 5) has been designed, fabricated,
installed on a micro gin module feeder at Texas A&M University, and optimized for
maximum plastic removal efficiency based on some identified explanatory factors [88].
Efforts are ongoing to fully integrate the optimized brush mechanism and the optical
sensor for plastics—the USDA’s automatic module feeder inspection system—to form
an optimized closed-loop plastic detection removal system. Successful completion of
this system will ensure earlier detection and removal of plastics upstream of the ginning
operation with minimal human intervention.

Because most plastic contamination events initiated at the ginning phase of the cotton
supply chain relate to improper handling of round module wraps, most educational
materials produced by relevant industry agencies/regulators have emphasized the training
of the ginning crew on the appropriate handling/unwrapping technique of the module
wrap at module feeders to prevent plastic contamination events [79,80]. Moreover, to assist
correct unwrapping of cylindrical module covers, Tama Group, the manufacturer of the
module wrap, created a set of recommendations and guidelines, as shown in Figure A1 in
Appendix A, for handling the modules at various types of cotton gin. In addition, since
the 2018 season, a cutting zone indicator (Tama Cut Indicator™) has been included on the
module wraps to assist gin workers in properly unwrapping the plastic at gins in a manner
that minimizes the risk of plastic contamination [63].
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Figure 5. 3D model of the Texas A&M University-designed brush-based plastic removal mechanism
installed on a mini module feeder.

Noteworthy is the development of a seed cotton contamination and leaf cleaner,
available in two models, MZQ-7A and MZQ-10, by Handan GoldenLion Cotton Machinery
(Handan City, China), specifically for cleaning hand-picked seed cotton. The product
is commercially available, and the manufacturer claims it can remove about 40 to 60%
trash content in seed cotton. However, this machine is inefficient for removing thick
plastic materials and other rigid trash contents in seed cotton, as confirmed by a group
of researchers from the USDA and Cotton Incorporated (Cary, NC, USA) [89]. It may,
however, be beneficial in some cotton-producing regions of the world, i.e., those where
cotton harvesting is not yet automated and the main risk of plastic contamination comes
from thin mulch films.
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Some previous studies have also investigated using ion mobility spectroscopy (IMS)
techniques for detecting plastic contamination in seed cotton. The idea started with gas
chromatograph–mass spectroscopy (GC–MS) identification of voltaic organic chemicals
(VOC) released by typical plastic contaminants (PP, LLDPE, or HDPE) found in cotton
when subjected to an elevated temperature of around 100 ◦C, which is typical during
ginning operation and within the tolerable recommended limit for cotton drying. The
technique showed promising results in detecting even small concentrations of plastic
matter in seed cotton [90]. In the future, this technique may serve as a viable basis for
developing a plastic sensing system that can be an alternative to the optical sensors
(cameras) needed by computer vision algorithms like the VIPR and USDA’s module
feeder inspection systems.

2.6. Plastic Mitigation Efforts: Textile Mills

As stated earlier, the increased level of automation in the textile milling industry led
to the late detection of plastics in the textile milling process [32]; hence, for many years, the
textile mills suffered significant losses because contaminants, especially plastic trash, were
not detected earlier in the textile production procedure. The industry initially responded by
boycotting and penalizing cotton lint gins and suppliers/regions from which contaminated
lint bales were supplied [32]; hence, as discussed in the previous sub-sections, the action
stimulated cotton growers and ginners to be more careful in their production and cotton
module management and processing strategies. Some advancements are being made by the
global cotton industry toward producing and supplying clean lint bales, devoid of plastic
and other non-lint materials, to the textile industry.

Other than the textile industry boycotting or discounting the prices of cotton lint
from some regions of the world that are notorious for supplying plastic-contaminated
lint bales, some leading textile machinery manufacturers have made significant efforts
leading to technological solutions which assist the spinning and textile mills in detecting
and removing contaminants at various stages of spinning (i.e., blowroom, carding and
comber, draw frame and lappers, ring frame, and winding), especially in the early stages
before they get shredded into fragments capable of degrading yarn/fabric quality [35,91].
These solutions are divided into two broad categories: removal systems (or sorting
machines) in the blowroom and electronic yarn clearers equipped with a suitable foreign
fiber channel. The removal system types are designed for handling bulk contamination
with substantial sizes, while the yarn clearers are designed to eliminate small-size
contaminants. It may be possible to use only yarn cleaners when the level of non-fiber
contents like plastic is minimal, but not when there are significant contaminants in the
cotton [92].

The first of these commercial solutions, known as Loptex Sorter (Loptex SRL, Como,
Italy), shown in Figure 6, came in many years ago with significant success and improve-
ments afterward [93,94]. Loptex’s system uses pneumatic valves (see Figure 7 for detailed
schematics of the system’s parts) at the start of the spinning process, i.e., before carding
machinery, and is integrable into existing and new blowroom lines. The system is modular
in design and has a high detection resolution and accuracy afforded by a combination
of a camera and ultrasonic sensor systems, multiple light sources, and bespoke software,
which synergistically detect contaminants as being darker than cotton fiber as shown by
the dark-colored substances in Figure 7. It removes hazardous trash, including plastic
(PP), upon detection by activating the variable electronic control signals for the pneumatic
valves—which depend on the contaminant size—to enhance the spinnability and dyeability
of cotton fibers [92]. The Loptex Sorter was successful because of these unique features,
which made other competing manufacturers adopt a similar approach. The other techno-
logical solutions (e.g., Barco Vision Cotton Sorter, Premier Fiber Eye, Uster Optiscan, and
Vision Shield) are installed in the blowroom to detect and remove contaminants that are
detectable by spectral (color) characteristics.
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Figure 7. Internal structure and arrangement of components of the Loptex sorter. The black and
dark-colored substances are detected as contaminants (adopted with permission from [95]).

Uster offers some effective commercial contamination control technologies. For
instance, installing the Uster’s fiber cleaners inline at the blowroom just after the opener
but before carding gives spinners control over the contamination level in the carded
fleece and the final product (the yarn). The Uster’s Jossi Vision Shield N relies on high-
sensitivity imaging spectroscopy technology to rapidly detect contaminants, particularly
plastics, at higher resolution (and over a large wavelength spectrum) than most other
systems, including the Loptex Sorter, because the fiber tufts are uncluttered at the stage
of fiber processing at which it is integrated [96]. Upon detection, the contaminants are
ejected similarly to the Loptex Sorter using precision valves to perfectly time every
ejection of only the contaminant. The system comes in different width sizes to meet
customers’ specific needs.
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2.7. Plastic Mitigation Efforts, Application Regions, Advantages, and Limitations: Summary

Table 1 below summarizes some of the above-discussed plastic mitigation efforts, their
current geographical regions of adoption and application, and advantages and disadvan-
tages or limitations in their uses. The applications span different geographical extents, and
while some are fully commercialized, others are in experimental phases.

Table 1. A summary of some plastic mitigation efforts within the cotton and textile industries, regions
of current adoption and application, advantages, and limitations.

Plastic Mitigation
Effort

Regions/Areas of
Current Application Advantages Limitations/Challenges

Growers’ education
and sensitization.

US [78–80],
Australia [32].

• Targets educating the first re-
sponders to the challenge.

• Hence, has the potential to
mitigate the issue if growers
adopt messages.

• No enforceable regulations
and growers are at will to
adopt/implement recommenda-
tions or not.

Introduction of new bale
classing contamination

code for plastic.
US [85].

• Distinguishes plastics con-
taminants from others.

• Stimulates a sense of re-
sponsibility in growers and
ginners to mitigate plastic
contamination prevention ef-
forts by the grower.

• Plastic is not uniformly dis-
tributed in bales; thus, the class-
ing samples may not truly reflect
the actual contamination level in
bulk bales.

Manufacturers’
inclusion of cutting zone

indicator on round
module wrap.

US, Israel, Australia,
and Brazil.

• Minimizes the risk of plas-
tic contamination initiation
at the cotton gin.

• Effectiveness depends on the ad-
herence of gin crews to the man-
ufacturer’s recommendations.

• Applicable to round modules only.

USDA’s plastic detection
-ejection system. US [33].

• Detects and removes small
plastic pieces in the ginning
process before they end in
lint bales.

• Uses cheap solenoid valves
and air which is readily avail-
able at all commercial gins.

• Detects plastic a little too further
down the ginning line.

• Requires some technical skills
to install and maintain in the
long run.

Pre-sowing and
pre-harvesting UAV

inspection of
cotton fields.

USA [82], China [42]
(still largely

experimental).

• Suitable for inspecting large-
size farms within a short
duration with minimal la-
bor cost.

• Provides advance informa-
tion about the locations of
plastics for easy retrieval.

• Requires high capital outlay and
drone license to implement.

• Requires medium- to high-
skilled labor to effectively
operate the UAVs and process
the collected data.

• Mostly weather-dependent and
usage need to be well-timed to
get useful data [42].

USDA’s module feeder
inspector system. Mainly US [22,73,87]

• Detects plastics even further
up the ginning line before
they break into smaller frag-
ments that contaminate thou-
sands of bales.

• Can display or communi-
cate detected plastic loca-
tions for manual retrieval
or deployment of other re-
moval mechanisms.

• Only signals the detection of
plastic without removing them.

• Requires a dedicated human in-
spector to view the display and
confirm the presence of plastic
for further action.

• Performance depends on
lighting conditions in the
gin/module feeder.

• Need to improve the detection
algorithm to minimize false posi-
tive plastic detections for differ-
ent plastic types and colors.
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Table 1. Cont.

Plastic Mitigation
Effort

Regions/Areas of
Current Application Advantages Limitations/Challenges

Brush-based plastic
removal system

US [3] (still largely
experimental).

• Uses a tested/validated plas-
tic sensing/detection method
(USDA’s feeder inspector).

• Ensures detection and re-
moval of plastics at the on-
set of ginning before they
pervade the ginning lines.
Current optimized plastic re-
moval efficiency is in the
range of 85–90%.

• Detects plastic a little too further
down the ginning line.

• Requires some technical skills
to install and maintain in the
long run.

• Conceived and designed
to be fully autonomous,
minimizing human interven-
tion [3].

Use of biodegradable
films.

Australia [46], US,
and China.

• Eliminates a major source of
plastic contamination from
the cotton fields.

• Still relatively expensive com-
pared to conventional PE
mulch films.

Foreign matter detector
and remover in textile

mills (sorting machines
and yarn clearers)

Asia—China,
Bangladesh, India

[92,97], Europe.

• Leverage sensor fusion, rely-
ing on different types of sen-
sors to detect foreign matter,
in most cases.

• Largely efficient with over
80% efficiency reported in
some cases [98].

• The efficiency of the capacitive-
type systems is sensitive to fiber
moisture/humidity.

• Most are designed for generic
contaminants, not specifically for
handling plastic contamination.

• Largely capital-intensive and re-
quire significant maintenance
costs, making them suitable for
big textile mills only [32].

• Still incapable of removing some
types of plastics and contami-
nants and the average efficiency
is only 60–75% [32].

3. Conclusions

Cotton aims to maintain its reputation and competitive edges as the fiber of choice
over other competing natural and synthetic fibers. So, based on the previous efforts by
the affected industries and various researchers reviewed above, the author envisages that
there would continually be significant substitution of the conventional PE mulch films
with biodegradable plastic mulches (BDMs) already penetrating the global agricultural
markets. A high adoption rate of such BDMs in countries like China, India, Pakistan, etc.,
where mulching is an intensive cotton agronomy cultural practice and manual harvesting
remains the norm, will ensure the minimization of plastic contamination risk within the
cotton value chain and thus increase the supply of more contamination-free cotton to the
textile mills.

Furthermore, it is the author’s opinion that the adoption rate of onboard module
builder cotton harvesters will continue to increase globally due to the machines becoming
more affordable to growers in some parts of the world (Asia and Africa) where the prices of
the new harvesters are currently prohibitive. In a few years, some of the current mechanical
cotton harvester models with onboard module building in the US, Australia, Brazil, Israel,
and other countries where cotton harvesting is already significantly automated will be sold
to growers in other climes where the prices of the new machines are currently unaffordable.
That will surely help reduce the general trend of plastic contamination in the cotton value
chain because the new owners of the mechanized harvesters would have a global archive of
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materials from which to learn plastic mitigation practices. As shown by various studies in
literature, such an anticipated trend is typical for the adoption rate of high-end commercial
agricultural technologies in developing economies.

There would also continue to be significant efforts from cotton growers, researchers,
regulatory agencies, and commercial equipment manufacturers to ensure that meth-
ods and systems for mitigation, detection, and removal/elimination of plastic (and
other contaminants) across the cotton value chain from field to textile mills are contin-
uously developed, optimized, and enforced. An example of such efforts is the recent
development of a new standard for cotton module wrap/cover (ASABE S615.2) by the
ASABE [99,100].

Moreover, the author anticipates that soon, the current TamaWrap™ material may get
replaced with a novel non-plastic material (just as plastic module covers have replaced
jute/hessian in places like Australia) which will offer the same protection against the
elements of weather, but which is easier to detect and remove from cotton processing lines
in the cases of wear and tear. An enabling condition for this projection to materialize is the
soon-to-expire Tama Group patent on the module wrap products discussed earlier. Upon
the patent expiration, there would be opportunities for other industry players to (likely in
collaboration with Tama Group) research this significant aspect of plastic contamination
mitigation and likely come up with feasible, sustainable replacement material. That is not
an uncommon trend, and the anticipation of this likelihood is also partly responsible for
the introduction of ASABE Standard S615.2 mentioned above.

Likewise, some methods of plastic detection which may need further investigation to
perfect their significant potential in the detection of plastic materials in cotton include the
IMS, which some researchers broached earlier. Successfully perfecting the IMS technique
for sensing plastic foreign material in cotton will offer a strong alternative or companion
method to the camera-based detection technique, which is sensitive to ambient lighting
conditions and currently used in the USDA systems and adopted in the Texas A&M brush-
based plastic detection-and-removal system. Because the IMS relies only on non-spectral
characteristics to detect plastics, its performance is unaffected by the lighting condition in
the cotton gin. Similarly, ultrasonic sensing techniques for the same application of plastic
detection in cotton gin module feeders where lighting conditions are naturally poor may be
an open research topic. Ultrasonic sensing techniques have found some largely successful
applications in the textile milling industries but have not yet gained any significant usage
on the cotton ginning side of the supply chain.

In addition, towards more efficient plastic detection within the cotton value chain, and
as the use of UAV technologies in agriculture is becoming more affordable and popular,
there should be more committed efforts towards the standardization of techniques and
protocols for performing large-scale pre-harvest in-field plastic surveys of cotton fields
using remotely sensed imagery collected with drones.

On the Textile mill industry side, the cotton spinning industry has always engaged in
investments in equipment that would reduce its heavy reliance on human labor and tech-
nologies that can enhance the quality of their products which compete with other synthetic
fibers. The industry does not rely only on sourcing raw cotton from trusted and reliable
contamination-free suppliers and boycotting others but is also proactive in collaborating
with major commercial manufacturers of quality monitoring and enhancement technolo-
gies to develop improved sorting and clearing systems that can better handle emerging
contaminant types. However, most publicly available evaluation data and performance
indices for these commercialized technological solutions have been collected solely by the
manufacturers or with their significant involvements. Thus, an independent evaluation of
some of the most popular commercial sorting and yarn clearer technologies may be a path
for the research community to investigate in the future to ascertain the exact value they
offer to the textile industry.
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4. Summary

For the past few years, plastic contamination, especially plastic extraneous matter
found in cotton lint bales used as the raw materials at spinning/textile mills, has continued
to burden the global cotton value chain. Numerous efforts have been committed to solving
this challenge which affects the reputation and profitability of cotton as the natural fiber
of choice. While some mitigation efforts and methods have been experimented with
and successfully commercialized, others are still in the developmental phases. Moreover,
the potential of each of the attempted and proposed solutions differ; while some are
significantly effective and easy to implement, others are less effective, costly, or not practical
on a large scale.

Thus, despite the efforts committed to solving the plastic contamination issue in
cotton, there still exists a lacuna in the solution to the problem. From the findings of
this literature review, it is appropriate to summarize that future research focusing on
finding alternative materials that can serve the same protective function as plastic for
cotton modules, but with no associated contamination risk linked with plastics will be
highly beneficial. Moreover, the development and standardization of an all-weather
UAV protocol for pre-harvest in-field inspection of cotton fields on a large scale may be
of significant interest to industries and national regulatory agencies seeking to mitigate
plastic contamination right from the cotton fields. Furthermore, researchers aiming to
further develop effective plastic sensing techniques, such as the IMS and others, for
detecting/sensing plastic materials in cotton ginning and spinning equipment, will be
highly interesting stakeholders in this field.

Overall, as cotton competes with other natural and synthetic fibers, there is no doubt
that successfully implementing some of these technological solutions, recommendations,
and research outcomes will go a long way in restoring the reputation of cotton as a
contamination-free, sustainable fiber of choice. Successes in these suggested research ac-
tivities will benefit the cotton producers in the US, Australia, Pakistan, India, some west
African countries, and other cotton-producing nations, as well as textile manufacturers
across the world whose revenues are persistently threatened by plastic contamination.
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