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Abstract: This study investigates the efficacy of using discarded textile (cotton and polycotton) and
paper waste (newspaper and corrugated cardboard) as substrates to form sheets with optimum
tensile strength. The effect of alkali treatment (sodium hydroxide (NaOH) and sodium bicarbonate
(NaHCO3)), compressive loads (200 N and 500 N), and the use of binding agents (blackstrap molasses,
sodium alginate, and cornstarch) were studied to optimize the tensile strength of homogeneous
sheets. The alkali treatment using 5% NaOH for 5 h of soaking demonstrated the highest increase in
tensile strength of 21% and 19% for cotton and newspaper, respectively. Increasing compressive load
from 200 N to 500 N showed the highest increase in tensile strength of 37% and 42% for cotton and
newspaper, respectively. Remarkably, among the binders, cornstarch at 20% concentration obtained
an increase in tensile strength of 395%, 320%, 310%, and 185% for cotton, polycotton, corrugated
cardboard, and newspaper sheets, respectively. The optimum results obtained from this study will
be utilized to develop biodegradable seedling pots using discarded textile and paper waste.

Keywords: textile waste; cotton; paper waste; binder; alkali treatment

1. Introduction

Consumerism and economic growth cause an increasing amount of discarded textile
and paper waste in municipal solid waste (MSW), which is mostly disposed of in landfills.
In 2015, the U.S. generated 16.03 MT (million tons) of textile waste, which is equivalent to
6.11% of the total MSW, where 65.7% (10.5 MT) was landfilled [1]. The primary textile waste
in MSW comprises discarded clothing, including non-durable goods such as sheets and
towels. Moreover, paper and paperboard waste represents the largest fraction of the total
MSW generated (68.05 MT) and recycled (45.32 MT) in the U.S., but it was the 3rd largest
fraction of MSW (18.30 MT) disposed of in landfills [1]. Cellulose fibers from paper waste
that are recycled 5–6 times become short and weak due to repeated treatment and drying
operations [2,3]. Discarded textile and paper waste are considered fiber-rich resources
that can be potentially downcycled into valuable products and thereby promote landfill
diversion. This study investigates the efficacy of using discarded textile and paper waste as
substrates to form sheets with optimum tensile strength by evaluating the effects of alkali
treatment, compressive load, and binding agents.

1.1. Alkali Treatment

Natural fibrous waste materials are lignocellulosic, i.e., their primary composition
includes cellulose, hemicellulose, and lignin (Table 1). Cellulose has a linear framework
with a semicrystalline structure that provides fiber strength, stiffness, and stability; hemi-
cellulose consists of a branched polymer structure that is fully amorphous, and lignin has
an aromatic structure that is also amorphous [4–6].
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Table 1. Composition of some fibrous materials.

Fibrous Materials Cellulose (%) Hemicellulose (%) Lignin (%) Reference(s)

Cotton 82.7 5.7 0.7–1.6 [7,8]
Newspaper 68.5 13.1 23.4 [9]
Corrugated cardboard 52.8 13.3 22.2 [10]

Alkaline treatment, or mercerization, of natural fibers is widely used to improve the
cellulosic molecular structure that enhances fiber surface adhesion with the binder [4,11].
Alkaline treatment also improves the surface roughness of the fiber by partial removal
of hemicellulose, lignin, and other organic substances and distorts the crystalline cellu-
lose structure, thereby increasing reaction sites [12,13]. Several studies have revealed
that mercerization using sodium hydroxide (NaOH) and sodium bicarbonate (NaHCO3)
improved the mechanical properties of natural-fiber-reinforced composites [14–18]. More-
over, coir-fiber treatment using 5% NaOH aqueous solution for 72 h resulted in a 31%
increase in tensile strength of coir–polyester composite [19]. Additionally, treatment of
paper sheets formed from recycled paper fibers with NaOH/urea solution improved the
physical properties of the sheets [20].

1.2. Compressive Load

The compression process induces transverse stress that enhances the rearrangement
of particles to reduce voids. This process compacts a material by releasing trapped air and
reducing the gaps between particles, which improves the material’s properties. Tensile
strength can be improved by the application of compressive force in forming pharmaceuti-
cal tablets [21–23]. Increasing the compaction pressure has also improved the mechanical
properties of maize residue pellets [24] and biomass grass pellets [25]. To date, limited
literature is available that investigates the effect of compression on the tensile strength of
discarded textile and paper waste pulp formed into sheets.

1.3. Binding Agents

Binders form strong inter-particle bridges, coatings or films that can improve the
strength of a material. Binders can be classified according to the nutritional source, i.e., pro-
tein origin, carbohydrate source, and other nutritional contents [26]. Carbohydrate-based
binders exhibit a high molecular diversity, which caters for a wide range of applications.
These natural biopolymers are potential binders due to their organic properties.

1.3.1. Molasses

Molasses is a thick dark to light brown syrup with a distinct smell and sweet taste,
which is generated as a by-product of sugar cane production. It is widely used as a binder
for composite fuel in the form of briquettes or pellets with improved mechanical properties
and fuel characteristics [27–29]. The recrystallization mechanism of dissolved sugar in
molasses at dry state results in an enhanced strength of the pellets [30]. Molasses is typically
used as a binder at concentrations ranging from 0% to 20%. Molasses has been used as an
additive in papermaking to enhance the strength of paper [31,32]. Furthermore, improve-
ment in physico-mechanical properties of recycled paper made from an old, corrugated
container was achieved by using molasses as a dry-strength agent [33].

1.3.2. Sodium Alginate

Alginates are naturally occurring anionic complex polysaccharides derived from the
main cell wall of brown seaweeds of Phaeophyceae class [34–36]. Alginates are commonly
used in many industries because of their unique rheological properties such as thicken-
ing, gelling, stabilizing, viscosifying, mucoadhesion, and sol/gel transition ability [37,38].
Among various alginates, sodium alginate is the most common salt of alginate and one
of the established biopolymers because of its multifunctional properties and wide range
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of applications [39,40]. Sodium alginate consists of a complex mixture of oligo-polymers,
polymannuronic acid, polyguluronic acid, and a mixed polymer [41]. Moreover, sodium
alginate is readily used as a binder for seedling pots because it is biodegradable, biocom-
patible, widely available, renewable, and non-toxic [42,43].

1.3.3. Cornstarch

Starch is a popular biopolymer extensively and widely used as a binder due to its
properties, abundance, renewability, and low cost [44,45]. Cornstarch, or corn flour, is
the starch extracted from the endosperm portion of the corn or maize kernel. A binder
solution can be prepared by dissolving cornstarch in water upon gradual heating to form
a paste or gel with increased viscosity. Cornstarch is widely used as a filler or binder
in various applications. A cornstarch paste concentration of 5–25% (w/w) was utilized
in tablet granulations [46]. An environmentally sustainable shift from petroleum-based
containers to biodegradable containers made of biomass with the incorporation of organic
binder like cornstarch is now prevalent. Cornstarch has also been used as a binder in
making biodegradable nursery containers [47].

2. Materials and Methods
2.1. Alkali Treatment and Conversion of Waste Materials into Pulp

The substrates tested for this study include textile waste in the form of soiled towel
(100% cotton), polycotton fabric (60% cotton and 40% polyester), and paper waste in the
form of used newspaper and corrugated cardboard. Analysis of solids, including moisture
content, total solids (TS), and volatile solids (VS) content, was conducted for all substrates
and binders using standard methods [48]. The substrates were manually cut into small
pieces (1 cm × 0.5 cm), weighed, and soaked using NaOH and NaHCO3 at 5% and 10%
(w/w%) for 5 h at room temperature (22 ◦C). Alkali concentrations at 5% and 10% were
considered because the optimum mechanical properties of coir–polyester composite were
achieved by using 2–8% w/w of NaOH [19]. Furthermore, alkali treatment using 10% w/w
of NaHCO3 attained the highest tensile strength on fiber-reinforced epoxy composite [14].

Thereafter, the substrates were rinsed using deionized water until a neutral pH was
achieved, and then subjected to a 2 min pulping process using a 2 L blender (thinkKitchen
Pro-vita, 1400 W). The resulting pulp was drained and squeezed to remove excess water using
a double folded cheesecloth to avoid pulp wastage and weighed accordingly to form a sheet
with 0.5 g TS. The untreated substrate or control was soaked in deionized water for 5 h.

2.2. Preparation of Homogeneous Sheets

The weighed wet pulp from each treatment and substrate type was formed into 5 cm
× 2.5 cm × 0.1 cm sheets using a fabricated mold. The mold was drafted using Solid Works
software and created by a 3D printer machine using acrylonitrile butadiene styrene (ABS)
plastic material. The pulps were placed evenly onto the entire surface of the bottom mold
and covered with the top mold. The sheet from each treatment and substrate type was
compressed by placing the mold on the platform of a universal testing machine (Model 3366
Universal Testing Systems, Instron Corp., Norwood, MA, USA). Henceforth, a load of 200 N
or 500 N was applied to the mold by using a 10 kN load cell at a rate of 10 mm/min. Upon
reaching the desired load, the sheet was held inside the mold for one minute to maintain
constant pressure and prevent relaxation. Then, the compressed sheet was subjected to
drying at 105 ◦C for 5 h prior to tensile strength testing.

2.3. Binding Agents

Different binders such as blackstrap molasses, sodium alginate, and cornstarch at
different concentrations of 5%, 10%, 15%, and 20% on a dry weight basis were blended
with the substrate to form six homogeneous sheets. The effect of binders on the tensile
strength of homogeneous sheets was tested after employing the optimum results from
alkali treatment of 5% NaOH for 5 h of soaking and compression load of 500 N. The
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binder concentrations of 5–20% were studied as these concentrations were similarly used
to determine the effect of molasses on the physico-mechanical properties of old corrugated
container recycled paper [33]. Additionally, binders (pitch, molasses, and starch) in the
range of 3–20% were studied to determine the densification effect on the composite fuel
briquette [29]. Cornstarch as an excipient at concentrations of 5–25% was studied in tablet
granulations [46]. Nevertheless, different local binders at concentrations of 5–20% were
used to determine the molding properties of silica sand for industrial application [49].

2.4. Tensile Strength Test

Tensile strength is an important parameter that indicates the handling capacity of
biodegradable seedling containers [50]. In addition, tensile forces are typically exerted
on the walls of the container during plant growth and manual transportation [51]. A
universal testing machine (LS5 Model, Lloyd Materials Testing, Lloyd Instrument Ltd.,
West Sussex, UK) equipped with 5 kN load cell was used to determine the tensile strength
of the prepared sheets. The top and bottom eccentric roller grips of 50 mm length were
attached to the machine that holds the sheet while pulling at a set extension rate (testing
speed) of 2 mm/min. The bottom grip was kept fixed while the top grip moves upward
during tension. The test was set to stop when the sample breaks to enable break detection.

3. Results and Discussion
3.1. Effect of Alkali Treatment

The optimum tensile strength was obtained from 5% NaOH treatment of cotton,
polycotton, and newspaper sheets. The highest tensile strength of 4.33 MPa was obtained
from newspaper sheets, followed by cotton sheets (2.73 MPa) (Figure 1). The lowest strength
of 0.48 MPa was obtained from polycotton. For corrugated cardboard, an optimum tensile
strength of 2.80 MPa was obtained from the untreated sheets. Thus, soaking the corrugated
cardboard in deionized water is essential for optimal tensile strength.
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Figure 1. Tensile strength of homogeneous sheets with alkali treatment.

To quantify the effect of alkali treated sheets vis-à-vis the untreated ones, the optimum
results obtained from 5% NaOH were compared to other treatment conditions. It is evident
that soaking in 5% NaOH for 5 h increased the tensile strength of the sheets molded from
cotton, newspaper, and polycotton by 21%, 19%, and 14%, respectively, compared to the
untreated ones (Figure 2). This mild alkali treatment is beneficial to remove impurities
from the substrate and can reduce the number of superficial defects, resulting in the
improvement of strength [16–18], while for corrugated cardboard sheets, alkali treatments
were not favorable as there was no improvement in tensile strength. From the results, it can
be deduced that 5% NaOH treatment for 5 h of soaking was beneficial for the improvement
of tensile strength of cotton, polycotton, and newspaper substrates.
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3.2. Effect of Compressive Load

Figure 3a presents the tensile strength for the four substrates treated with 5% and
10% NaOH (w/w%), as well as the untreated substrates, under the compressive loads of
200 N and 500 N. The results suggest that for all the substrates tested, the tensile strength
improves at a compressive load of 500 N as compared to 200 N. Figure 3b shows the
percentage increase in tensile strength from 200 N to 500 N compressive load. The increased
compressive load applied to the substrate causes the particles to rearrange, forming a tighter
packed structure that minimizes porosity and enhances the tensile strength of the formed
sheet [22]. The treatment at 5% NaOH caused the highest increase in tensile strength of 42%
in newspaper substrate, followed by cotton and polycotton of 37% and 25%, respectively,
while, for corrugated cardboard, the 500 N compressive load was also superior to 200 N,
obtaining an optimum tensile strength increase of 12% for untreated sheets. A sample
illustration of stress–strain and load–%strain curves for newspaper sheets after alkali
treatment and compression at 500 N is given in Figure 4.

3.3. Effect of Binding Agents

Table 2 presents the solids analyses of the substrates and binders. Cornstarch was the
predominant binder in improving the tensile strength of the substrates (Figure 5) among
all the binders used. Cornstarch at a concentration of 20% on a dry weight basis per sheet
achieved the optimum tensile strength of 2.19 MPa, 2.93 MPa, 5.47 MPa, and 6.20 MPa
for polycotton, cotton, corrugated cardboard, and newspaper sheets, respectively. This
suggests that the higher tensile strength of newspaper and corrugated cardboard could
make it a beneficial material for blending with textiles waste of a lower tensile strength.
Moreover, sodium alginate was also effective in improving the tensile strength of the
substrates. However, blackstrap molasses as a binder was not effective in improving the
tensile strength of the substrates.

To quantify the increase in tensile strength as influenced by the binder, the percentage
increase was calculated by using a control (0% binder) as a reference (Figure 6). It is
evident that tensile strength increased with increase in binder concentration, particularly
for cornstarch and sodium alginate binders. Generally, a direct correlation is typically found
between the binder concentration and the tensile strength [52–54]. Among the binders,
20% cornstarch provides the highest percentage increase in tensile strength for cotton
and polycotton, by 395% and 320%, respectively. Furthermore, in the case of corrugated
cardboard and newspaper, the highest increase in tensile strength of 310% and 185% was
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obtained. Pulp fibers dispersed in a binder matrix enhanced the tensile strength of the
resulting material [55].
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Table 2. Solids analyses of waste samples and binders.

Solids Analyses (%)

Substrates Binders

Textile Waste Paper Waste
Blackstrap
Molasses

Sodium
Alginate Corn-Starch

Cotton Poly-Cotton Newspaper Corrugated
Cardboard

Moisture content 3.93 0.60 3.90 2.60 26.64 10.98 10.03
Total solids 96.07 99.40 96.10 97.40 73.36 89.02 89.97
Volatile solids 99.51 99.52 89.61 91.14 91.89 59.94 99.83
Fixed solids 0.49 0.48 10.39 8.86 8.11 40.06 0.17
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4. Conclusions

This study demonstrates that alkali treatment using 5% NaOH for 5 h increased the
tensile strength of cotton, newspaper, and polycotton sheets by 21%, 19%, and 14%, respec-
tively. However, the tensile strength of corrugated cardboard sheets was not enhanced by
alkali treatment. Moreover, increasing the compressive load from 200 N to 500 N in forming
sheets showed an improved tensile strength of 12%, 25%, 37%, and 42% for corrugated
cardboard, polycotton, cotton, and newspaper, respectively. Importantly, the addition of
binders demonstrated a significant effect on the tensile strength of the sheets, particularly
with the use of 20% cornstarch on a dry weight basis per sheet. The higher tensile strength
of newspaper and corrugated cardboard suggests their potential as substrates to be blended
with textiles waste of lower tensile strength. The optimum results obtained from this study
can expedite future utilization of the waste substrates as biodegradable containers.
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