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incineration, creating a serious environmental threat. Because the cost of raw materials makes up
a significant portion of the total product cost, manufacturers can obtain significant profits by
exploiting waste generated during the manufacturing process. Herein, an attempt has been taken
to utilize cotton filter waste (CFW) (collected from the humidification plant of the spinning mill)
as reinforcement in manufacturing biocomposites with the corn starch (CS) matrix. Starch was
considered to be the most suitable matrix as it is sustainable, abundant, natural, biodegradable,
and, more importantly, capable of showing thermoplastic behavior under high temperatures.
Sheets of corn starch composites reinforced with different wt% of cleaned cotton filter waste were
fabricated using hand layup and compression molding techniques. The 50 wt% cotton waste was
found to be optimum loading in terms of tensile strength, Young’s modulus, bending strength,
toughness, impact strength, and thermal Conductivity of the biocomposites. SEM micrographs
revealed good interfacial adhesion (bonding) in matrix and filler interfaces, with the most sub-
stantial bonding for composites containing 50% fibers that concomitantly enhanced the me-
chanical properties of composites. The obtained biocomposites are deemed to be a sustainable
alternative to non-degradable synthetic polymeric materials like Styrofoam for packaging and
insulation applications.

1. Introduction

Textile wastes are produced throughout all stages of textile production, ranging from spinning to the manufacturing of finished
garments, and even at the consumer level. In the past few decades, fashion trends have undergone rapid growth and evolution, leading
to a significant increase in textile production and a surge in waste generation rates [1-3]. Textile spinning mills generate waste in
different sections containing a great number of fibers which can be classified as useable and unusable waste (Fig. 1). Roughly 8% of
waste materials can be found in the blow room and carding section, while the combing section generates about 15-20% waste [4-6].
These wastes, mainly composed of short fibers, are converted into coarser yarns by rotor spinning system to produce jeans and denim
fabrics [7]. In addition, various spinning machines involved in the production of yarn make up approximately 1% of cotton fly waste
that is accumulated in the humidification plant, called filter waste. They are either disposed of to landfill or directly incinerated in the
environment or used with cow dung to make biofuels [8,9] (Fig. 2a and b).
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A recent estimation shows that the worldwide utilization of textile fibers is around 108 million tons, out of which cotton comprises
25% of the total share [11]. Every year, the global production of cotton fiber waste amounts to approximately 27 million tons [12].
Within this, about 1% of cotton fly waste is generated in various sections of spinning mills, while roughly 0.27 million tons of filter
waste are produced from that cotton [8]. As per Bangladesh Textile Mills Association (BTMA), Bangladesh currently has 510 spinning
mills and additional mills are being set up to fulfill orders for clothing exports to various countries including the USA, UK, Canada,
Australia, and several nations within the European Union. Bangladesh imported up to 2.0 million tons of raw cotton in 2021 for the
purpose of producing yarn and the import will be up by 43% year-on-year amid the rising demands [13]. If the collected cotton filter
waste accounts for 1%, then it turns out to be a total of 20,000 tons filter waste every year.

The Environment Protection Act of 2017 established a structure to address responsibilities for individuals involved in the pro-
duction, transportation, or receipt of industrial waste [14]. The act gave the Environment Protection Authority (EPA) enhanced powers
to prevent and minimize the risks of environmental pollution and human health from waste. The act provides stronger penalties to
bring the environmental polluters into account. The act also promotes and motivates the recycling of waste and the recovery of re-
sources to minimize the amount of waste sent to landfills. From that perspective, the cost of waste-disposal systems, along with the
reduction of the depletion of natural resources, has forced manufacturers to look for effective ways to utilize the waste.

Plastic packaging, especially polystyrene or Styrofoam, is widely used to protect and preserve foods, electronics and other fragile
materials [15]. Single-use packaging materials, when discarded, can become a form of urban or marine waste, posing a risk to both the
environment and human health. It has been reported that plastic is a global pollutant found in water sources, making up approximately
60-95% of marine waste [16]. This plastic waste is entering the bodies of marine animals and fish [17]. A study of 29 flooded areas in
Swiss nature reserves revealed that 90% of floodplain soils had microplastic contamination [18]. This soil contamination with plastic is
problematic for livestock production, and crops grown in such soil threaten human food security. Due to a large amount of envi-
ronmentally harmful plastic waste, researchers are exploring the use of natural resources to produce polymers that are renewable,
biodegradable, and sustainable.

Due to the growing environmental concerns associated with non-biodegradable plastics, there has been a significant interest in
investigating biopolymers as a promising substitute for petroleum-based plastics [19,20]. Polysaccharides such as chitosan, cellulose,
and starch, as well as proteins like whey protein, soy protein, and silk fibroin, have the potential as raw materials for creating
biodegradable materials [21]. Starch is a crucial macronutrient found in many foods, serving as a major energy source for the human
body and providing 86 glucose [22]. Starch-based fully biodegradable materials are largely studied since starch is naturally abundant,
non-toxic, biocompatible, renewable, and more importantly, can form films [23-26]. These materials show great promise for use as
sustainable food packaging, which would help to reduce environmental pollution. Additionally, the functional properties of these
biodegradable materials can be improved by incorporating various biopolymers [21]. Natural fibers are sustainable, easily available,
low cost, lightweight, renewable and biodegradable, and hence the composites based on natural fibers have led to an upsurge in their
applications in various sectors to replace their synthetic counterparts.

A study conducted by Amin et al. investigated how adding titanium dioxide nanoparticles to corn starch affected the performance
of composite bioplastics [27]. Hazrol et al. produced corn starch-based biocomposite film by using kenaf fiber as reinforcing material
[28]. Kamble and Behera produced thermoset composites reinforced with cotton waste fiber and assessed their mechanical, thermal
degradation, dynamic mechanical, and water absorption properties [29]. Yang Shi et al. developed a multilayer waste cotton fiber
biocomposite using phenol-formaldehyde (PF) resin. The properties of the biocomposites were found to be better than the current
medium-density dry fiberboard and bearing-type dry particle boards concerning bending strength and water expansion [30].

Taking the aforementioned studies into consideration, cotton filter waste from spinning mills can be considered to be a promising

Cotton bales Cotton yarn

Fig. 1. Generation of cotton wastes in spinning line.
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Fig. 2. (a) Typical view of dumping of textile wastes in Bangladesh [10], and (b) Biofuels made from cow dung mixing with filter waste.

candidate to reinforce starch-based materials that will ultimately be green composites. Green composites refer to composites that
utilize natural fibers as reinforcement and a bio-based polymer as the matrix. One of the most significant attributes of these composites
is their ability to biodegrade [31-34].

The present paper introduces potential applications of cotton filter waste from the spinning mill in developing corn starch-based

Fig. 3. (a) Rotary drum filter of ring frame section of spinning mill to collect cotton filter waste of humidification plant, (b) collected filter waste,
and (c) cleaned filter waste after cleaning by Shirley analyzer.
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biocomposite by using techniques such as hand layup and compression molding. The morphology and mechanical properties of
prepared biocomposites were thoroughly investigated.

2. Materials and methods
2.1. Materials

Cotton filter waste that is accumulated by a rotary drum filter of spinning mill (Fig. 3a and b) was collected from Matin spinning
mills limited, Gazipur, Bangladesh. To remove impurities and non-fiber materials like sand, dust, and leaf fragments, the waste was put
twice through the Shirley Analyzer (Fig. 3c). After separating the impurities from the waste, short cotton fiber was found to be around
80%. Shirley Comb Sorter was used to measure the fiber length and it was found to be in the range of 3-5 mm.

Corn starch, consists of about 28% amylose and 72% amylopectin, was purchased from Hasan & Bono Trading Company Ltd,
Thailand. Starch is characterized by poor processability and hence to produce a film based on starch, high content of plasticizer is
required. The two most commonly used plasticizers with starch are water and glycerol [35,36]. When the amount of glycerol in
starch-based thermoplastic composites is increased, it improves flexibility and reduces brittleness and tensile properties [37]. For the
current work, glycerol (Sigma-Aldrich) with 99.5% purity was purchased from Shaheen Chemical, Dhaka, Bangladesh.

2.2. Manufacturing of biocomposites

The manufacturing process of biocomposites from corn starch and cotton filter waste of spinningmill is shown by a block diagram in
(Fig. 4). Corn starch (15% w/w), glycerol (10% w/w) and water (75% w/w) were homogeneously mixed in a steel vessel and the
mixture was heated at 90 °C with continuous stirring until gelatinization of starch [38]. To achieve this, a matrix solution was created
by stirring together 60 g of corn starch, 40 g of glycerin, and 300 g of distilled water, until the total amount reached 400 g. A mother

Glycerol Corn starch l Cotton filter waste I

Removal of impurities
and non-fiber substances

Heating with continuous stirring
until starch gelatinization

Transferred to molding template (270 mm x 175 mm X 3.2 mm)

and spread evenly using hand layup technique

Heating at 130°C for 10 min with 10 MPa pressure.

Then cooling for next 10 min by compression molding

| Drying by oven dryer I

Fig. 4. Manufacturing of cotton filter waste/corn starch composites using hand layup and compression molding method.
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starch paste was thus obtained. Varying amounts of cotton waste 20, 30, 40, 50 and 60% (% w/w of the corn starch) were added into it
and mixed properly to obtain a semisolid paste. Then the paste was transferred to a mold (270 mm x 175 mm x 3.2 mm) and spread
evenly to get a homogenous distribution using the hand layup technique. Composites were then prepared by the hot press with a
compression molding machine (Model- 3895 4NE1000, CARVER, USA). The inner walls of the mold were covered with Teflon-coated
paper. The temperature and pressure were kept constant at 130 °C and 10 MPa, respectively, for every sample. Each sample was heated
and cooled separately for 10 min [39,40]. No loss or exudation of glycerol or plasticizer was observed during mixing, storage, or hot
pressing [41]. The prepared samples were subsequently dried by an oven dryer. Finally, five types of composite samples with five
reinforcement loadings (20, 30, 40, 50 and 60%) were obtained.

Similar replications with larger dimensions (300 mm x 300 mm x 3.2 mm) were also prepared to perform the thermal conductivity
test.

2.3. Characterization

2.3.1. Thickness and density of composites

The density of composite samples was determined by calculating their weight (m) and volume (v) using the dimensions of 20 x 15
mm. The thickness measurement was taken using an Ames thickness gauge (AMES, BG 1110-1-04, USA) with an accuracy of +£0.001
inches. The average thickness value of ten random measurements for each composite was determined. The composite densities (p)
were obtained via the equation (1):

p(-5)=" 6

cm? v

2.3.2. Tensile properties

Universal testing machine (UTM; AG-X, SHIMADZU, Japan) was utilized to conduct tensile tests on dog-bone-shaped samples in
accordance with ASTM D638. The specimen size was 165 mm (length) x 13 mm (width) x 3.2 mm (thickness). The measurements
were taken after the samples were conditioned at 25 °C and 65% relative humidity, with a crosshead speed of 5 mm/min and a gauge
length of 50 mm.

2.3.3. Flexural strength
The three-point bending test method was used with a UTM as per the ASTM D790 standard to determine flexural strength. The
dimensions of the samples were 127 mm x 12.7 mm x 3.2 mm, and tested at a crosshead speed of 1.4 mm/min.

2.3.4. Impact strength

Impact tests were conducted as per the ISO 180:1993 on an Izod Analog Impact Tester (QPI-IC-21J, USA) according to ASTM D256.
Rectangular samples measuring 63.5 + 2 mm in length, 12.7 4+ 0.2 mm in width, and 3.2 mm in thickness were prepared. The tests
were conducted at a temperature of 25 °C and a relative humidity of 65%.

2.3.5. Scanning electron microscopy
The composites’ surface morphologies were examined using a scanning electron microscope (SUI-510, Hitachi Co., Japan). The
magnifications were set at 150 x with an accelerating voltage was 15 kV.

2.3.6. Thermal conductivity

Thermal conductivity tests of biocomposites were made using Thermal Guarded Hotplate (FANYUAN, INSTRUMEN (HF) CO., LTD,
YG606D, China) according to ASTM D1518-2003. A 300 mm x 300 mm composite sample was placed on the flat plate where a 250
mm x 250 mm thermal guard (around the test plate and under the test plate) will keep the same constant temperature. The samples
were conditioned before conducting the test with an atmosphere of 25 + 2 °C and a relative humidity of 65% =+ 2. During testing, the
plate temperature was brought to be in equilibrium operating temperature within 35 + 0.5 °C. Due to the presence of a thermal guard,
the heat of the heating plate can only flow through the sample. After reaching the stable test condition, the thermal resistance and
thermal conductivity are obtained following equations (2) and (3) respectively by measuring the heat flow that passes through the
sample.

. _ (7—‘111*7-(:) A
Thermal resistance, Ry = H A, R (2)
103.d
Thermal Conductivity, K = R 3
ct

where,
T = temperature of the test plate.
T, = temperature of the climatic chamber.
A = area of the test plate (250 mm x 250 mm).
H = heating power of the test plate.


astm:D256
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AH, = the correction value of the heating power.
Rcto = thermal resistance-value of the blank test plate
d = thickness of the sample.

3. Results and discussion
3.1. Appearance, thickness and density of biocomposites

An image of biocomposites produced with cotton filter waste and corn starch (hereinafter will be termed ‘CFW/CS’) is shown in
Fig. 5. In the exterior of composites, they have a texture-like oriented strand board with a rough and variegated surface. Whitish
clusters or aggregates of cotton fibers dispersed in the starch matrix have given composites a heterogeneous and unique look.

The thickness and density of CFW/CS composites are mentioned in Table 1. The table indicates that as the percentage of CFW in the
composites increases, the thickness of the composites also increases while the weight or density decreases. The reason can be attributed
to the generation of free spaces or voids with the increase of CFW in composites, resulting in the thickening of the composite thickness
[42]. Similar findings were reported in earlier research, which observed decreased density values as the amount of fiber in the
composites increased [43,44]. Nevertheless, such low density makes the biocomposites an attractive candidate as the alternative to
synthetic non-biodegradable packaging materials as described in the later section of this article.

3.2. Tensile properties

Fig. 6 indicates the typical stress-strain graphs for CFW/CS biocomposites. The shapes of the curves express that all samples have a
small linear elastic region, no apparent yield point, and a regime of rising stress until fracturing. As the strain increases, stress
consistently rises until it reaches a point of fracture, which is typically referred to as plastic deformation. In the case of CFW loading
20% and 30%, curves show ductile nature and with further increase in CFW, curves gradually turn to brittle fracture. A steeper initial
slope, especially for CFW 50% and 60% samples, indicates the stiffness in their nature i.e. larger initial resistance to the applied stress.
The stress-strain behavior obtained here is similar to those found in the previous works reported in the literature for starch-based
composites [45-47] and post-consumer cotton garments waste-reinforced epoxy composites [29].

Fig. 5. Images of biocomposites produced with cotton filter waste and corn starch.
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Table 1
Thickness and density values of cotton filter waste/corn starch (CFW/CS) biocomposites.
Materials Thickness (mm) Density (g.cm’3)
CFW 20% 3.16 0.67
CFW 30% 3.26 0.659
CFW 40% 4.55 0.574
CFW 50% 4.75 0.495
CFW 60% 5.65 0.434
2.5+
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60% cotton W7
2.04 40% cotton waste

©
Qo 1.5+ /
=3 30% cotton waste
% //
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Fig. 6. Representative stress-strain curves for cotton filter waste and corn starch biocomposites.

Fig. 7 illustrates several tensile properties, including tensile strength, Young’s modulus, and elongation at break that were assessed
by closely analyzing the stress-strain curves.

Fig. 7a represents the tensile strength of CFW/CS biocomposites with various fiber loadings starting from 20% to 60%. The results
indicate that the tensile strength of the composite increases as the proportion of cotton waste in the composite increases. The highest
tensile strength is achieved with a 50% fiber-loaded sample, after which the strength decreases with further increases in fiber loading.
This trend suggests that the increased fiber content in the composites facilitates effective stress transfer between the fiber and matrix
where the fibers act as load carriers in the matrix [48].

It is apparent from Fig. 7b that Young’s modulus consistently increased with the increase of cotton waste content indicating the
corresponding increase in composite stiffness. It is a well-established fact that when stiffness values (Young’s modulus) increase, the
elongation property of composites decreases, as observed in Fig. 7c.

For composite materials to be useful, they not only must be strong, but they need also to be tough. Toughness refers to a material’s
capacity to absorb energy during the deformation process until it eventually fractures. Toughness can be measured from the area
underneath the stress-strain curve [49].

The toughness of the CFW/CS composites is illustrated in Fig. 8. As seen, increasing CFW toughness of composites consistently
increases up to 50% fiber loading while the value declines for 60% fiber loading.

The mechanical properties of fiber-reinforced composites are primarily dependent upon three factors: (i) strength and modulus
(stiffness) of matrix and filler (fiber), (ii) length and orientation of filler and, most importantly, (iii) the effectiveness of the interfacial
bonding that determines the matrix’s ability to transfer loads across interfaces, through shear, to the reinforcing fibers. In the case of
fiber-reinforced composites, it is expected that the reinforcement phase i.e. fibers will have higher strength and modulus than the
matrix polymer which will carry the load applied to the matrix. To achieve this, there must be sufficient adhesion between the fiber and
matrix [50].In terms of overall tensile properties, especially strength and toughness, the loading of 50% cotton waste in the starch
matrix can be considered to be optimum reinforcement. Since both the matrix (starch) and filler (cotton) are hydrophilic materials,
strong hydrogen bonds are expected to have formed in the interface [50]. Under tensile loading, there was an efficient stress transfer
from the matrix to the fiber due to the strong interfacial adhesion created by hydrogen bonding between the fiber and matrix. The
incorporation of 60% fiber may be considered to be over-loading of fibers in the matrix creating insufficient interfacial bonding that
hinders the transfer of effective stress from matrix to fibers. Resultantly, the composite became brittle (high Young’s modulus) with
lower strength, toughness, and elongation [51].

3.3. SEM micrographs

The SEM micrographs of CFW/CS composite surfaces and fractured surfaces were captured to study the interfacial bonding and the
internal morphology of the composites. Fig. 9(a—c) display the SEM images of composites’ outer surfaces containing 20%, 50%, and
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Fig. 7. (a) Tensile strength, (b)Young’s modulus, and (c) elongation at break of cotton filter waste and corn starch biocomposites.
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Fig. 8. Toughness of cotton filter waste/corn starch composites.
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60% cotton waste. Here, good adhesion between reinforcement (cotton fiber) and starch (matrix) is visible for 20% and 50% fiber-
loaded samples whereas comparatively inhomogeneous fiber distribution in the matrix and lower fiber-matrix adhesion is observed
for 60% loaded sample due to excessive fiber loading.

Fig. 10(a—c) show the fractured SEM images of 20%, 50% and 60% fiber-loaded composites. In the case of 20% fiber-loaded
composite, the low fiber content in matrix polymer is evident on the fractured surface. The lower fiber content imparted lower
bonding between fibers and matrix, resulting in lower reinforcement and a lower composite’s tensile strength. In the composite with
50% fiber content, shown in Fig. 10b, homogeneous dispersion of fibers into the matrix, less fiber pull out and fewer free spaces (voids)
are seen that contributed to attaining the high tensile strength. The fiber cluster for the composite with 60% fiber content is visible due
to the higher loading of cotton fibers, and lower fiber and matrix interfacial interaction results in lower strength.

3.4. Flexural/bending strength

The flexural or bending strength of a composite material means how much force is needed to bend the material. This property is
determined by measuring the force required to bend the material in a three-point flexural test, which is particularly important for
composites because it involves a combination of stresses such as compression and tension. During this test, the load is placed in the
middle and the upper layer is compressed while the lower layer is stretched. As a result, strong adhesion between the fibers and matrix
is essential for achieving good results in the flexural test. Bending strength is always higher than tensile strength [50]. It is defined by
force per unit area.

Fig. 11 shows the bending strength data of the composites. It is evident that composites’ bending strength increases as fiber content
increases, and it is highest for 50% fiber loading. After further loading of fiber, the bending strength decreased. A similar trend of
bending strength with fiber loading was also observed for tensile strength (shown in Fig. 7a) and toughness (shown in Fig. 8).

As mentioned above in the case of tensile strength, weak interfacial bonding between fiber and matrix was found for low fiber
content in composites. Bending strength increased as the fiber percentage rises up to a certain point (as 50% in the present case),
creating strong interfacial bonding. The reduction of bending strength at 60% fiber loading is due to the formation of fiber clusters that
made the composite hard and brittle. The cluster of fiber indicates the lack of matrix polymer in the composite i.e. the amount of matrix
is inadequate to bind the fibers properly leading to the deterioration of bending and tensile properties of composites [52].

3.5. Impact strength

The toughness of a sample under sudden loading and the concentration of stress at weak points caused by notches or cracks are
evaluated by the impact test. In other words, the impact characteristic of a substance refers to how effectively it can absorb and release
energies when subjected to sudden loads or impacts [53]. In composite materials, impact loading can result in various types of failures,
such as the fracturing of the matrix, the debonding of fibers from the matrix, the breakage of fibers, and the pulling out of fibers. If the
force applied to the fibers is greater than the bond between the fiber and matrix, then debonding happens. The bond is typically
responsible for transferring the force to the fibers via shear force. If the stress on the fiber is higher than its strength, the fiber may
fracture, causing energy to be dissipated when the broken fibers are pulled out of the matrix [48,54]. Composite materials that contain
longer fibers, which need more force to pull them out, exhibit greater values for impact strength. Conversely, composites that have
shorter fibers display considerably lower values for impact strength. Shorter fibers in composites with the same fiber content create
more stress concentration areas at the fiber ends than longer ones [50,55].

Impact testing is a typical method employed to determine the durability of packaging materials when subjected to sudden
deformation, such as being dropped or having something dropped on it. This test is conducted to measure the packaging’s resilience or
toughness [56].

Fig. 9. SEM micrographs of composite surfaces with waste cotton content: (a) 20%, (b) 50%, (c) 60%.
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Fig. 10. SEM micrographs of fractured surfaces of composites (after tensile testing) with waste cotton content: (a) 20%, (b) 50%, and (c) 60%.

Bending strength (MPa)

20 30 40 50 60
Cotton waste (%)

Fig. 11. Flexural strength of cotton filter waste and starch composites.

Fig. 12 illustrates the impact strength of the CFW/CS composites at different fiber loading. As seen, increasing CFW results in
consistently increasing the composites’ impact strength up to 50% fiber loading while these values decline for 60% fiber loading.
Tensile strength and toughness values of composites were found to follow the same pattern as previously demonstrated in (Figs. 7 and
8) The increase in impact strength when the waste fiber is increased by up to 50% suggests good fiber-matrix interfacial adhesion
where the polymer matrix absorbs the impact energy and effectively dissipates it to the fibers. The decrease of impact strength in the
case of 60% CFW loading was due to the lower interaction of the matrix with clustered/agglomerated fibers as observed in the SEM

image. Agglomerated fiber bundle generates micro-cracks in composites resulting in lower impact strength when the fiber load in-
creases [57].

3.6. Possible applications of the prepared biocomposites

Currently, the packaging industry is indiscriminately using non-biodegradable plastic materials derived from petrochemicals,
which has resulted in a significant challenge in disposing of the waste generated after their use. As a result, there has been greater
emphasis on using polymers derived from natural sources to create packaging materials that can biodegrade. Several research studies
have indicated that incorporating cellulosic material into the starch polymer matrix has resulted in enhanced properties of composite
film and sheets [58].

Cotton filter waste (CFW) reinforced corn starch (CS) biocomposites prepared in this work can be considered to have potential
applications as an alternative to conventional Styrofoam-based, non-degradable packaging materials in the protective packaging in-
dustry. CFW/CS composites showed remarkable reinforcement and a good combination of tensile strength, modulus, bending strength,
and more importantly, toughness and impact strength which are essential for packaging applications. Though densities of CFW/CS

10
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Fig. 12. Impact strength of cotton filter waste/corn starch composites.

composites (0.343-0.67 g cm™> shown in Table 1) are higher than Styrofoam (0.02 g cm™>), composites are still lighter (densities are
far less than 1) and the biodegradability of CFW/CS composites makes them an alternative to polystyrene foam used as packaging
materials. Fig. 13a shows the typical Styrofoam used as liners in the package, and Fig. 13b shows the possible application of the CFW/
CS composites as box liners where the composite is used as a barrier between box walls to protect shock-sensitive goods and brittle
materials from damage where the pack may suddenly drop or something may be dropped on it during shifting and transportation.
However, proper design of composites according to the size and shape of the materials is required to obtain a more effective per-
formance in protection.

Expanded polystyrene (EPS) is a type of plastic foam material that is created by expanding solid polystyrene beads, which are
composed of 98% air. This material is mainly used for insulation and packaging purposes [59]. Ibragimov et al. prepared composite
heat-insulating plates by soft acid modification of cotton spinning waste [60]. The prepared CFW/CS biocomposites in this work may
also be useful in insulation applications as a sustainable alternative to EPS. In this connection, it is important to investigate the thermal
conductivity of composites made of CFW/CS.

3.7. Thermal conductivity

Thermal conductivity refers to a material’s ability to conduct or transfer heat. It can be defined as the rate at which heat is
transferred by conduction through a unit cross-section area of a material when a temperature gradient exits perpendicular to the area.
Heat moves slower through materials with low thermal conductivity compared to those with high thermal conductivity. Thermal
resistivity is the reciprocal of this property, which is temperature dependant. Thermal conductivity is a useful parameter for thermal
insulation materials and its values are used in the quantitative comparison of the thermal conductivity of various thermal insulating
materials [61].

Fig. 14 compares the thermal conductivity of CFW/CS composites and expanded polystyrene (EPS) as a reference. It is clear that the
thermal conductivity of all composites lies within a close range between 0.04885 and 0.03326 W/m.K. Referring to the thickness and
density values of composites shown before in Tables 1 and it is obvious that lower the composite’s density (due to creation of free
spaces for higher fiber loadings such as 50% and 60%), lower the thermal conductivity of composites. Phonons scatter in empty areas
or voids that are filled with air. In contrast, heat flows more quickly through solid substances than through voids, resulting in a lower
thermal conductivity for the low-density composites that contain voids [62]. For a material to function effectively as a thermal
insulator, it is required to possess a thermal conductivity value lower than 0.1 W/m.K. Traditional types of insulation materials, like
mineral wool, foam glass, glass wool, and expanded polystyrene, exhibit thermal conductivity levels within the range of 0.034-0.045
W/m.K [63]. In this context, all CFW/CS biocomposites produced here can be considered to be useful as good insulating materials in
packaging, construction, buildings, or other applications.

4. Conclusions

A huge quantity of cotton filter waste generates every day in spinning mills that are usually thrown away or used to make biofuels.
The current work demonstrates a pathway to exploit cotton filter waste to produce value-added products like biocomposites. In this
work, cotton filter waste (CFW) reinforced corn starch (CS) biocomposites were successfully manufactured with CFW loading ranging
from 20% to 60% via compression molding. The comprehensive evaluation of the outcomes indicates that the characteristics of the
CFW/CS biocomposites are greatly impacted by the quantity of CFW present. At 50% waste cotton loaded biocomposite exhibited a
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Fig. 13. Box liners in packaging: (a) typical Styrofoam and (b) cotton filter waste/starch biocomposites.
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Fig. 14. Thermal conductivity of cotton filter waste/corn starch composites.

good combination of tensile strength, Young’s modulus, toughness, bending strength, impact strength and thermal conductivity. SEM
images of composites evidenced the 50% fiber loading having good fiber-to-matrix interfacial adhesion.

If appropriately designed and formed, the manufactured composites can be used as a replacement to non-degradable synthetic
polymers, such as packaging made of polystyrene, foam boxes, rigid foam box inserts, trays and liners which are designed to protect,
insulate and cushion products when stored or shipped. The composites can also be used as thermal insulators in packaging, building, or
other applications where low heat conductivity is required. More importantly, the CFW/CS biocomposites produced here are fully
biodegradable and environment friendly and even if they are thrown away after usage, they will improve the soil fertility by
degradation.

This work provided an initial insight to utilize cotton filter waste from spinning mills to develop biocomposites with starch.
However, the produced composites exhibited rough surfaces resulting from the small flocks of short CFW that were created during the
manual mixing of CFW with gelatinized starch paste. By using a high-speed mixer or screw extruder, CFW/CS composites with ho-
mogeneous and smooth surfaces may be produced.
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