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Abstract The use of eco-friendly bioplastics has
become a viable solution to reduce the accumulation
of petrochemical products in the biosphere and to
decrease microplastic contamination. In this study, we
used low-quality cotton fibers that lack textile appli-
cations to prepare bioplastics. We dissolved cotton
fibers in N,N-dimethylacetamide/lithium chloride
(DMAC/LiCl) solvent system and converted cellulose
solutions to strong, transparent, and flexible films
through casting, gelation, regeneration, plasticization,
and hot-pressing. Films were characterized using
different analytical techniques to evaluate their
physicochemical and mechanical properties. Com-
pared to raw cotton cellulose, regenerated and hot-
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pressed cellulose films showed amorphous structures
and excellent tensile characteristics. The physical and
mechanical properties of cellulose films, such as
deformation recovery, flexibility, homogeneity, elon-
gation, and surface roughness, were significantly
improved by means of plasticization and hot-pressing.
Because glycerol plasticization increased the surface
hydrophilicity of the films, plasma-induced surface
grafting of oleic acid imparted hydrophobicity to
cellulose films. This study presents a new avenue for
using low-quality cotton fibers that are usually sold at
a discounted price to produce value-added bioproducts
for different applications.
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Introduction

The widespread use of plastic is creating a growing
environmental concern. Every year, an extensive
amount of plastic waste is generated and disposed of
in the environment (Geyer et al. 2017). Global plastic
pollution is occurring on a staggering scale, resulting
in serious negative consequences (Laist 1997; Teuten
et al. 2009; Tourinho et al. 2010; Law and Thompson
2014; Brennecke et al. 2015; Vethaak and Leslie 2016;
Karami et al. 2017). While most unmanaged plastics
end up in landfills and aquatic ecosystems, small
broken pieces of plastic products (microplastics) are
spreading throughout the biosphere at an alarming rate
(Browne et al. 2011; Mathalon and Hill 2014; Ling
et al. 2017). Microplastics easily wash through
drainage systems and widely disperse in the air due
to their light weight and end up in uninhabited rural
ecosystems, animals, and even in human organs via
food, water, and simply breathing. The production of
bioplastics from nonfood agroforestry materials, such
as wood and agricultural residues, is a possible
alternative to petroleum-based plastics. However,
effective conversion of biomass into bioplastics is
challenging and requires purification and fractionation
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of the feedstock into its major components (e.g.,
cellulose, hemicelluloses, and lignin) (Brodin et al.
2017). As a result, the production of bioplastics from
lignocellulosic biomass is considered demanding and
not economically viable using the current production
technologies (Brodin et al. 2017).

Cotton fibers are single elongated epidermal cells of
cotton seeds (Abidi et al. 2010b) and are considered
the purest form of plant cellulose in nature (Hsieh
2007). They contain approximately 95% cellulose
after harvesting, ginning, and cleaning, whereas
lignocellulosic biomass contains only 35-50% cellu-
lose (Brodin et al. 2017). After scouring and bleach-
ing, cotton fibers are composed of 99% cellulose.
Cotton is a highly variable natural product, and its
related fiber quality is often affected by several factors
during the growing season. Specifically, undesirable
extreme weather conditions during fiber development
and maturation hinder cellulose synthesis and nega-
tively impact molecular characteristics and cellulose
organization in the secondary cell wall. Every year, a
considerable amount of low-quality cotton, which is
not qualified for traditional textile use, is harvested.
Although low-grade cotton is sold at a discounted
price, these fibers are a premium source of cellulose,
which can be used to produce value-added materials
for various applications. The high molecular weight of
cotton cellulose translates into a remarkable mechan-
ical strength of the final product. Moreover, this
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process could create a new niche market for low-
quality cotton.

Cellulose is a fascinating polymer with exceptional
physiochemical and mechanical properties. It has a
linear structure with anhydroglucose units (AGU) in
thermodynamically preferred “*C; conformation
(Klemm et al. 2005). Each AGU comprises three
hydroxyl groups that establish numerous intra- and
intermolecular hydrogen bonds between neighboring
cellulose molecules, leading to a highly crystalline
arrangement of cellulose fibrils along with less
organized amorphous regions (Moon et al. 2011;
Acharya et al. 2019). The rigidity of cellulose chains,
the crystallinity, and the extensive intra- and inter-
molecular hydrogen bonds mainly contribute to its
outstanding strength, chemical resilience, and other
physical and mechanical properties (Hsieh 2007). As
cellulose does not melt and decomposes when sub-
jected to heat (Edgar et al. 2001), it is difficult to
transform cellulose into desired forms. Consequently,
dissolution is the predominant step in converting
cotton fibers to new products. However, hydrogen
bonds prevent cellulose dissolution in most common
solvents, including organic solvents and water (Zhou
and Zhang 2000). Therefore, it is important to select a
solvent system that can effectively disrupt the exten-
sive hydrogen bonding network within the fibers. The
dissolution process of cotton cellulose is challenging
compared to that of wood cellulose (a low crys-
tallinity, a low degree of polymerization, and the
presence of hemicellulose) because cotton fiber cellu-
lose is characterized by high crystallinity and high
molecular weight.

Nonderivatizing solvents are commonly used to
break hydrogen bonds between cellulose chains (Sen
et al. 2013). Such solvents include aqueous alkali
solution, N-methylmorpholine-N-oxide (NMMO),
N,N-dimethylacetamide/lithium chloride (DMAc/
LiCl), and ionic liquids (McCormick et al. 1985; Fink
et al. 2001; Zhang et al. 2001; Swatloski et al. 2002).
Even though NaOH-based aqueous systems are envi-
ronmentally friendly and economic, dissolution of
cellulose having a high degree of polymerization
(DP >300) and a high molecular weight
Mw > 1.2 x 105) is challenging (Qi et al. 2011;
Luo and Zhang 2013). NMMO is used for direct
dissolution of cellulose, but it is relatively expensive
and causes unwanted harmful side reactions (Rosenau
et al. 2002). Ionic liquids, commonly referred to as

salts with melting points of approximately 100 °C
(Rogers and Seddon 2003; Wang et al. 2012), have
emerged as promising greener solvents to further
diversify the applications of cellulose (Swatloski et al.
2002). They are considered sustainable alternatives to
volatile organic solvents (Olivier-Bourbigou et al.
2010) and possess beneficial physiochemical proper-
ties. Ionic liquids have not created major environ-
mental hazards, and nonflammability, high thermal
stability, and high solvation ability are among their
most beneficial physiochemical characteristics (Oli-
vier-Bourbigou et al. 2010; Wang et al. 2012).
However, their high processing viscosity, high cost,
and hygroscopic nature limit their applications.
DMAC/LICl solvent system is a highly effective
cellulose solvent that can dissolve highly crystalline
and high-molecular weight cotton fibers under specific
dissolution conditions. These conditions require minor
adjustments depending on the molecular and crys-
tallinity characteristics of cellulose. DMAc/LiCl sol-
vent system is comparable with other solvents in terms
of cost and recyclability (El Seoud et al. 2000),
although its toxicity can cause environmental issues
(Sayyed et al. 2019).

Several studies have reported on the effective
conversion of low molecular weight cellulose, such as
cotton linter pulp (Zhang et al. 2005; Lu et al. 2005;
Wang et al. 2013), microcrystalline cellulose (MCC)
(Acharya et al. 2017), wood pulp (Wang et al. 2013),
and cellulose nanocrystals (CNCs) (Ma et al. 2011), to
value-added products. The production of bioplastic
films from cellulose derivatives (e.g., cellulose
acetate) (Park et al. 2004) and cotton linters has also
been reported (Zhang et al. 2001, 2002; Qi et al. 2011).
Wang et al. reported the use of hot-pressing to convert
cellulose pulp into bioplastic films (Wang et al. 2013).
Herein, we prepared strong, flexible, and transparent
films from low-quality cotton fibers through dissolu-
tion, regeneration, and hot-pressing. We further
assessed their material characteristics, such as surface
morphology, tensile properties, hydrophobicity/hy-
drophilicity, deformation recovery, thermal stability,
and crystallinity.
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Experimental
Materials

Extrapure DMAc (99%, A0403006) and anhydrous
LiCl (99%, A0386841) were purchased from Acros
Organics™ (NJ, USA). Glycerol (202397, certified
ACS) and oleic acid (982133) were purchased from
Fisher Scientific ™ (MA, USA). Low-quality cotton
was collected from the Fiber and Biopolymer
Research Institute (FBRI), Texas Tech University
(Lubbock, TX, USA) and was scoured and beached
following a general protocol reported in a previous
study with a slight modification in caustic soda
solution (concentration: 8%) (Abidi et al. 2007). The
general scouring process uses 4% caustic soda, which
could not completely clean low-quality cotton fibers
with a high trash content. Therefore, the concentration
of caustic soda was increased from 4 to 8% to remove
the remaining trash content.

Sample preparation
Fiber dissolution

Scoured and bleached cotton fibers were dissolved in
DMAC/LiCl solvent system using a protocol reported
in a previous study with slight modifications (Acharya
et al. 2017). First, oven-dried cotton fibers (105 °C,
24 h) were added to a hot DMACc solution at 80 °C
(1% w:v) and stirred for 30 min. Next, oven-dried
LiCl (8% w:v) was added into the solution, and stirring
was continued for another 3 h at 80 °C. Then, the
temperature was reduced to 50 °C, and the dissolution
was continued overnight. Afterward, the solution was
transferred to an oven (105 °C), and the progress of
cotton fiber dissolution was evaluated using a polar-
ized light microscope (Nikon Eclipse LV 100, Nikon
Corporation, Tokyo, Japan) at different time points.
After 12 h, the solution was removed from the oven
and allowed to reach ambient temperature. At this
stage, a clear cellulose solution was obtained, indicat-
ing complete cellulose dissolution. Solutions were
always kept covered using aluminum foil during the
dissolution process to prevent water adsorption.
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Film preparation

Cellulose solution was cast into glass molds
(~ 15 x 20 cm) and kept inside a fume hood for
24 h until a gel was formed. The gelated films were
regenerated in deionized (DI) water for 5 days, and DI
water was exchanged every 2 h. The regenerated
cellulose films were plasticized with different con-
centrations of aqueous glycerol solutions (0, 10, 20,
30, 50, 75, and 99%) for 2 days. The plasticized films
were hot-pressed at 120 °C for 15 min (Swing-
Press20-0403, Across International, NJ, USA) (see
supplementary materials- Fig. S1).

Hydrophobic functionalization

A microwave plasma treatment followed by oleic acid
grafting was performed for hydrophobic functional-
ization (Cabrales and Abidi 2012). First, the hot-
pressed cellulose films were subjected to microwave
plasma treatment using Ar gas (flow rate = 60 mL/
min, pressure = 25 Pa, generator fre-
quency = 2.45 GHz, time = 240 s, power = 500 W).
Plasma-activated films were immediately immersed in
ethanol solutions containing different concentrations
of oleic acid (0.066, 0.2, 0.3, 0.4, 0.6, 0.8, and 1.0 mol/
L). Afterwards, the films were dried at room temper-
ature and subjected again to plasma treatment for
240 s. Finally, the samples were rinsed with ethanol to
remove nongrafted oleic acid and then dried under
ambient conditions.

Material characterization

Cellulose films were conditioned in a controlled
environment for 48 h (relative humidity of 65 £+ 2%
and  temperature  of 21 £1°C)  before
characterization.

Scanning electron microscopy (SEM)

Scanning electron microscopy micrographs were
collected from cellulose films to study the surface
morphology of the films. Samples were mounted on an
aluminum stub covered with carbon conductive tapes
(Ted Pella Inc, Redding, CA, USA) and visualized
using SEM (TM-1000, Hitachi, Japan) with an accel-
erating voltage of 15 kV.



Cellulose (2021) 28:2021-2038 2025
Fourier transform infrared spectroscopy (FTIR) Crystallinity index(%) =

area of crystalline peaks
FTIR spectra of cotton fibers and regenerated cellulose by S cry P 100

films were recorded using Spectrum 400 FTIR instru-
ment (PerkinElmer, MA, USA) equipped with a ZnSe
diamond crystal and a pressure arm. Three spectra
were recorded from each sample (spectral resolution:
4 cm™ ! and 32 coadded scans) in the mid-infrared (IR)
range between 4000 and 650 cm™~'. Baseline correc-
tion and normalization were performed using Spec-
trum software (PerkinElmer, MA, USA). The IR
crystallinity index (i.e., the integrated peak intensity
ratio 1429/897 cm™') was also calculated using
Spectrum software to study the changes in the
crystalline domain of cellulose.

Thermogravimetric analysis (TGA)

The thermal properties of cotton fibers and regener-
ated cellulose films were analyzed using a Pyris 1
thermogravimetric analyzer (PerkinElmer, MA,
USA). Cotton fibers and small pieces of cellulose
films were placed in crucibles, and thermograms were
recorded between 37 and 600 °C with a heating rate of
10 °C/min under a constant flow of nitrogen (20 ml/
min). The percent weight loss, first derivatives of the
thermograms, and peak decomposition temperatures
of each sample were calculated using Pyris data
analysis software (PerkinElmer, MA, USA).

X-ray diffraction (XRD)

X-ray diffraction patterns of samples were recorded at
ambient temperature using a SmartLab X-ray diffrac-
tometer (HD 2711 N, Rigaku, Japan) equipped with
nickel-filtered Cu-Ko radiation generated at 40 kV
and 44 mA (A = 0.154 nm). Samples were placed on
the glass slide sample holder, and scans between 10°
and 50° were performed with a scanning speed of 2°/
min. The diffraction pattern of the sample holder was
recorded first and subtracted from the diffraction
patterns of the samples. Peak fitting was carried out
using PeakFit software (v4.12, https://systatsoftware.
com) assuming a Gaussian function for each peak
(R* > 90%). The crystallinity index was calculated
using the following equation (Hu and Abidi 2016):

X
> area of crystalline and amorphous peaks

Deformation recovery

The recovery of films from bending deformation was
determined using a crease recovery tester (James H.
Heal & Co. Ltd., Halifax, England) (see supplemen-
tary materials-Fig. S2). The AATCC 66-2008 test
method was used to measure the recovery angle. The
test specimen (40 x 15 mm) was folded and com-
pressed using a 500 g force for 5 min. Next, the folded
test specimen was clamped to the recovery angle
measurement tester for a recovery period of 5 min, and
the recovery angle was recorded. Three replications
(films) were performed for each glycerol concentra-
tion, and six specimens were tested from each film.

Moisture absorption

The moisture absorption properties of cellulose films
were determined according to ASTM D570 guideline.
Cellulose films were dried at 105 °C until a constant
weight was reached and consequently transferred to a
desiccator. Once the samples reached ambient tem-
perature, the weight was recorded (W,: dry weight).
Next, the weighed films were placed on a mesh that
was placed on a petri dish filled with distilled water.
The system was transferred to a controlled environ-
ment (65 £ 2% relative humidity and 21 &+ 1 °C),
and the weight of each film (W,,) was recorded at
different time intervals (1, 2, 3, 4, 5, 6, 8, 12, 15, 18,
and 24 h). Moisture absorption was calculated using
the following equation:
- Wy

Wi
Increase in weight (%) = ———
d

x 100

where W,, = weight of the film as a function of time
and W, = dry weight.

Dynamic contact angle
The efficiency of the surface grafting with oleic acid
was evaluated using a drop shape instrument

(FTA1000, First Ten Angstroms Inc, CA, USA).
Water droplets (5 pL) were dispensed onto the surface
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of the film using syringe assembly (30-gauge needle),
and images were recorded every 3 s for 120 s. The
dynamic contact angles of the air-liquid-solid inter-
face were calculated using the software of the
instrument (Cabrales and Abidi 2012).

Tensile testing

Test specimens were prepared according to ASTM
D638-14 guidelines (ASTM-D638-14 2015). First,
cellulose films were placed flat on the specimen stage
of a manual clicker press (Qualitest, USA: https://
www.worldoftest.com/). Then, an ASTM D638- Type
IV tensile die was placed on the sample and pressed
using the pressure arm of the clicker press. The
thickness of the test specimens was measured at the
center of the specimen according to ASTM D638-14
guidelines. The tensile properties of cellulose films
were also recorded as per the ASTM 638-14 guideli-
nes using the Multi-Test 2.5-dV(u) Test System
(Mecmesin, UK). The griping distance and the speed
of the instrument were set to 65 mm and
50 £ 10 mm/min, respectively. A large number of
cellulose films prepared from four individual batches
(individual replicates) and 4-5 films were prepared
from each batch. Three to four specimens were pre-
pared from each film, and 12-15 specimens were
tested from each replicate.

Statistical analysis

One-way analysis of variance (ANOVA) was per-
formed using STATISTICA (Version 13.3; July 2018;
TIBCO software, CA, USA).

Results and discussion

Dissolution of cotton fiber in DMAc/LiCl solvent
system

In this study, intact cotton fibers were dissolved using
a protocol used to dissolve microcrystalline cellulose
(Acharya et al. 2017). MCC is generally derived from
wood. It has a low molecular weight and smaller
particle size compared to cellulose derived from
cotton fibers. As expected, this protocol did not
successfully dissolve cotton fibers. At the end of
24 h, undissolved cotton fibers were still visible in the
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solution. Therefore, the dissolution was continued at
105 °C for an additional 12 h and was monitored
using polarized light microscopy. Figure 1 shows
polarized light microscopy images of 1% (w:v) cotton
fibers in DMACc/LiCl solvent system at different times
(0, 6,9, and 12 h). According to these images, heating
the solution at 105 °C improved fiber dissolution.
After 12 h, only a few cotton fiber fragments were
observed. Further heating at 105 °C led to discol-
oration of the solution.

Regeneration, plasticization, and hot pressing
of cellulose films

Figure 2 shows the different steps followed during the
conversion of cotton cellulose solution (1% w:v) into
transparent and flexible films. After dissolution for an
additional 12 h at 105 °C, the solution becomes
viscous and clear (Fig. 2a). The regenerated cellulose
hydrogel remains transparent and flexible (Fig. 2b).
Glycerol plasticization does not cause drastic changes
in hydrogels. However, plasticization with over 30%
aqueous glycerol solution seems to affect the integrity
of cellulose hydrogels. Cellulose hydrogels become
increasingly fragile when the glycerol concentration
exceeds 30%. Similarly, extending the plasticization
period beyond 48 h also affects the integrity of
hydrogels. These hydrogels tend to break during hot-
pressing. The average thickness of cellulose hydrogels
is approximately 2 mm. The physical and mechanical
properties of dry cellulose films appear to be affected
by plasticization and the drying technique. For exam-
ple, cellulose hydrogels substantially shrink during
air-drying and produce opaque, strong, nonflexible,
and irregularly shaped materials (Fig. 2d).

Regenerated cellulose hydrogels also noticeably
shrink during hot-pressing. The hot-pressed films
show some degree of surface unevenness and stiffness
but are transparent, smooth, and strong (Fig. 2e).
Cellulose dissolution breaks hydrogen bonds that hold
cellulose molecules together, and gelation and regen-
eration in deionized water allow hydrogen bonds to
reform. As a result, cellulose chains aggregate and
produce a hydrogel that often takes the shape of the
mold that is used for casting the cellulose solution.
Hot-pressing helps to stretch and rearrange cellulose
chains and form a layered dense packing structure
(Wang et al. 2013).
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Fig. 1 Polarized light microscopy images of 1% cotton fibers (w:v) in a DMAc/LiCl solvent system at 105 °C (magnification—10 x).
a Before transferring the solution to an oven at 105 °C and after b6 h, ¢ 9 h, and d 12 h at 105 °C

The use of a plasticizer improves the workability
and flexibility of plastic films (Suyatma et al. 2005).
The polymer—polymer interactions are reduced by the
plasticizer; consequently, the rigidity or stiffness of
the three-dimensional film structure is decreased. As a
result, the plasticizer allows the deformation of
bioplastics without rupture (Mekonnen et al. 2013).
The plasticized and hot-pressed cellulose films exhibit
improved flexibility and homogeneity compared to the
properties of nonplasticized films (Fig. 2f). The plas-
ticized and hot-pressed cellulose films are transparent
and can be rolled without conspicuous breakage.

These results show that hot-pressing plays a key
role during the transformation of cellulose hydrogel
into a transparent, flexible, strong, and uniform film.
Hot-pressing reduces surface roughness and produces
smooth and homogeneous films. The average thick-
ness of hot-pressed cellulose films is 0.2 = 0.08 mm
and that of plasticized cellulose films is
0.50 £ 0.07 mm (n = 48). The variability within each
type of film could be attributed to inconsistencies
introduced during hot pressing (i.e., pressure or gap
between lower and upper plates of the hot press). SEM
images show the surface morphology of hot-pressed
cellulose films, and no major morphological

differences are observed due to plasticization. Both
types of hot-pressed films show smooth surface
morphology with few defects/stress marks introduced
during hot-pressing. Few fiber fragments are still
present on the film surface.

FTIR characterization

Figure 3a shows the FTIR spectra acquired from
cotton fibers and nonplasticized cellulose films. Dis-
solution of cotton fibers followed by regeneration
created major changes in the FTIR spectra. The
characteristic peaks of native cellulose at 3334 and
3293 cm_l, assigned to OH stretching vibrations,
provided information regarding the intra- and inter-
molecular hydrogen bonds (Carrillo et al. 2004; Abidi
et al. 2010a). These OH stretching vibrations in the
spectra of the regenerated cellulose film became
broader and shifted to a higher wavenumber
(3350 cm™'). This suggested that the crystalline
structure of cotton cellulose was disrupted during the
dissolution process, and therefore, the regenerated
samples have an abundance of free hydroxyl groups
(Ciolacu et al. 2011; Lan et al. 2011). These changes
were also accompanied by a pronounced increase in
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Cast
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Fig. 2 Conversion of cellulose solution into flexible and
transparent films. a Clear solution of 1% (w:v) cotton fibers
dissolved in a DMACc/LiCl solvent, b cellulose hydrogel after
gelation and regeneration in deionized water for 5 days,
¢ cellulose hydrogel plasticized with glycerol, d air dried

peak intensities at 1640 cm™' and 897 cm™', which
were attributed to O—H bending of adsorbed water and
B-linkage of cellulose, respectively. This is because
dissolution followed by regeneration increases the
amorphous region of cellulose, which in turn facili-
tates water adsorption and accessibility of B-linkage
by the IR beam (Ciolacu et al. 2011; Liyanage and
Abidi 2019). Similar changes in the IR band at
897 cm ™' have been reported due to the regeneration
of native cellulose (Ciolacu et al. 2011; Dissanayake
et al. 2019). In addition, the vibration at 1427 cm™!
(CH, scissoring referred to as a crystalline absorption
band of cellulose) became broad and shifted to
1439 cm™! in the regenerated film, suggesting the
destruction of intramolecular hydrogen bonds and the
crystalline structures of cellulose (Nelson and Mares
1965; Zhou et al. 2002; Zhang et al. 2002). In addition,
the IR vibrations of native cellulose located at 1314,
1108, 1054, and 985 cm™ !, originating from C-H
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cellulose film, e visual images and an SEM micrograph (x 500)
of hot-pressed cellulose films (nonplasticized) and f visual
images and an SEM micrograph (x 500) of hot-pressed
cellulose films (plasticized)

bending, asymmetric ring stretching, C—O stretching,
and ring stretching mode, respectively, were not
visible in the spectra of regenerated cellulose films.
The disappearance of the absorption bands of native
cellulose suggests alterations of the crystalline struc-
ture of cellulose (Ciolacu et al. 2011).

Figure 3b shows the FTIR spectra of hot-pressed
cellulose films prepared from nonplasticized and
glycerol plasticized hydrogels. The plasticized cellu-
lose films show major IR bands originating from
glycerol (e.g., 2934, 2880, 1415, 1157, 1030, 993, 922,
and 851 cm™!). In addition, some IR vibrations (e. g.,
1108 and 897 cm™") assigned to cellulose disappeared
when glycerol was applied. The OH stretching vibra-
tions at 3284 cm™' became broad and intense in the
plasticized cellulose films, implying that the intra- and
intermolecular bonding of cellulose changed due to
glycerol plasticization. The peak intensities of several
IR bands seemed to change with increasing
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Fig. 3 FTIR spectra acquired from cotton fibers and nonplas-
ticized (Film-0% Gly) and plasticized cellulose films (Film-30%
Gly). a Comparison between FTIR spectra of cotton fibers and

concentrations of glycerol (see supplementary mate-
rials-Fig. S3).

As discussed above, the changes in the peak
intensities of several characteristic IR vibrations
indicated the disruption of the crystalline structure of
cellulose (Zhang et al. 2002; Oh et al. 2005; Gwon
et al. 2010; Ciolacu et al. 2011). The peak intensity
ratio of 1429/897 cm™' was termed the IR lateral

....... Film-30% Gly

nonplasticized cellulose films and b a comparison between
FTIR spectra of nonplasticized and plasticized cellulose films

order index (Hurtubise and Krassig 1960). It serves as
empirical crystallinity index of cellulose (Abidi et al.
2014) and is positively correlated to the change in
cellulose crystallinity (Liyanage and Abidi 2019). Due
to dissolution and regeneration, the intensity of the
vibration at 1429 ¢cm™! decreased, and the intensity of
the vibration at 897 cm™ ! increased. As a result, the IR
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lateral order index was significantly reduced from
2.28 + 0.35t00.48 + 0.03 (n = 6 and p < 0.05).

X-ray characterization

Figure 4a shows the XRD patterns of cotton fibers and
cellulose films plasticized with different concentra-
tions of glycerol. The XRD pattern of cotton fiber
showed typical diffraction peaks of cellulose I at
20 = 14.7°, 16.5°, 22.7°, and 34.4° corresponding to

(a)

200

Intensity (a.u.)

crystal planes (hkl) of 110, 110, 200, and 004,
respectively (French 2014). In X-ray diffractograms
of regenerated cellulose films, sharp crystalline peaks
at 20 values of approximately 14.7°, 16.5°, and 22.7°
were absent, and instead, a broad and weak crystalline
peak was observed around the 200 (hkl) plane. The
XRD patterns of these cellulose films appear identical
to those of amorphous cellulose structures (Ciolacu
et al. 2011). XRD data were smoothed using PDXL
software (Rigaku, Japan) and exported to PeakFit

——Cotton fibers
----- Film-0% Gly
Film-10% Gly
--- Film-20% Gly
— - Film-30% Gly

20 (degree)

(b)

Intensity (a.u.)

34.4

35 40

20 (degree)

Fig. 4 X-ray diffraction analysis of samples. a X-ray diffractograms of cotton fibers and cellulose films plasticized with different
concentrations of glycerol (0, 10, 20, and 30% glycerol) and b an example of peak fitting using PeakFit software
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software; peak fitting was performed using Gaussian
functions (Fig. 4b). Cotton fibers showed a 78%
crystallinity index, and cellulose films showed much
lower crystallinity indices that ranged between 32 and
42%. As expected, this change in crystallinity was
attributed to the disruption of well-organized native
cellulose microstructures followed by the develop-
ment of more amorphous cellulose structures in
bioplastic films. The presence of amorphous cellulose
is highly advantageous for film flexibility and elonga-
tion. In addition, amorphous cellulose has more
accessible OH groups that could serve as active sites
for material functionalization to introduce new func-
tionalities or to improve their mechanical properties.

TGA characterization

TGA thermograms and first derivative thermo-
gravimetry of cotton fiber and cellulose films plasti-
cized with different concentrations of glycerol are
shown in Fig. 5. TGA thermograms of nonplasticized
cellulose films were identical to those of cotton fibers
and showed two main weight loss regions (37-100 °C
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Fig. 5 Thermogravimetric analysis (TGA) of cotton fibers and
regenerated cellulose films treated with different concentrations
of glycerol: a TGA thermograms, b first derivative

and 250-450 °C). In addition to these two weight loss
regions that were attributed to the removal of adsorbed
water and decomposition of cellulose (Abidi et al.
2008; Acharya et al. 2017), the films treated with
glycerol showed an additional weight loss region
between 100 and 250 °C. The weight loss between 100
and 250 °C was attributed to the decomposition of
glycerol (thermogram of glycerol is shown in supple-
mentary materials—Fig. S4). Regenerated cellulose
films showed significantly higher weight loss between
37 and 100 °C (p < 0.05) compared to cotton fibers
(Fig. 5¢). This is because cellulose films have more
amorphous regions with free hydroxyl groups that can
adsorb more water molecules though hydrogen bond-
ing (Acharya et al. 2017). The effect of glycerol
treatment on weight loss (%) was also significant,
probably due to the hygroscopic nature of glycerol
(p < 0.05). However, there was no significant effect
of glycerol concentration on the adsorbed water
content of cellulose films (p < 0.05).

The peak decomposition temperature of cotton
fibers was observed at approximately 381 °C
(Fig. 5d). All regenerated films showed significantly
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lower decomposition temperatures than cotton fibers
(~ 345 °C) (p < 0.05). This could be associated with
the low crystallinity of cellulose films. Statistical
analysis did not reveal a significant effect of glycerol
concentration on the thermal decomposition of cellu-
lose films. TGA thermograms of cellulose films
prepared from low-quality cotton fibers appear iden-
tical to those prepared from pretreated MCC (Ma et al.
2011) and from wood and bamboo pulps (Wang et al.
2013). The hot-pressed cotton cellulose films showed
comparable decomposition temperatures to those films
prepared by hot-pressing wood and bamboo pulp
hydrogels (Wang et al. 2013) and significantly higher
degradation temperatures compared to the degradation
temperatures of MCC composite films (294-304 °C)
(Ma et al. 2011). High temperature tolerance is very
important in the field of plastics and for different
industrial applications.

Deformation recovery analysis

Figure 6 shows the deformation recovery angles
(DRAS) of cellulose films plasticized with different
concentrations of cellulose. The DRA of nonplasti-
cized cellulose film is approximately 18°, and it is
significantly increased due to plasticization (p < 0.05,
n = 72). Recovery from deformation was significantly
increased as the glycerol concentration increased up to
30%. Further increase in glycerol concentration did
not significantly increase the DRA but affected the
integrity of films and made films sticky with poor
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18°
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deformation recovery. Plasticizers create intermolec-
ular hydrogen bonds with cellulose (Xiao et al. 2003),
and the inter- and intramolecular hydrogen bonds of
cellulose molecules become weaker at high concen-
trations of plasticizer (Hosokawa et al. 1990; Park
et al. 1993; Xiao et al. 2003; Hongphruk and Aht-Ong
2010). The weaker polymer—polymer interaction and/
or stickiness could impact the recovery from the
deformation of cellulose films treated with > 30%
glycerol. Therefore, 30% glycerol was selected as the
optimal concentration of glycerol to produce flexible
cellulose films from cotton fibers.

Weight change and moisture content analysis

Cellulose itself is a hydrophilic polymer, but the
incorporation of glycerol drastically increased the
hydrophilicity of cellulose films. Therefore, during
water adsorption experiment conducted in a relatively
humid environment of 65 £ 2% humidity, plasticized
cellulose films rapidly absorbed moisture from the
environment compared to nonplasticized films
(Fig. 7). After 24 h, glycerol-treated films showed
approximately 40% weight gain, whereas nonplasti-
cized films showed only ~ 12% weight gain. There-
fore, it is highly desirable to impart hydrophobic
characteristics to films to prevent adverse effects of
water adsorption in humid environments.

990

77°

20% Gly 30% Gly

Fig. 6 Deformation recovery angle of cellulose films treated with different concentrations of glycerol. According to the Newman-
Keuls test, values not followed by the same letter are significantly different with oo = 5% (n = 72)
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Fig. 7 Moisture absorption of cellulose films in a humid environment (65 + 2% relative humidity). Nonplasticized cellulose film (0%
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Dynamic contact angle analysis

Figure 8 shows the dynamic contact angles of non-
plasticized and plasticized cellulose films grafted with
different concentrations of oleic acid. Water droplets
placed on nonplasticized cellulose film showed an
approximately 80° contact angle (Fig. 8a). Grafting
with oleic acid did not change the surface hydropho-
bicity of nonplasticized films (Fig. 8c, ). In contrast,
water droplets quickly spread on the surface of
plasticized cellulose films due to the increased
hydrophilicity associated with glycerol treatment. As
shown in Fig. 8b, the initial contact angle of the water
droplet on the plasticized film was ~ 30°, and it
immediately dropped within a few seconds. Therefore,
surface modification with a hydrophobic agent is
desirable to overcome the surface hydrophilicity
created by glycerol treatment while preserving the
flexibility of films. Surface grafting with oleic acid at
concentrations < 0.4 mol/L seemed to minimize the
spread of water droplets and increase dynamic contact
angles. A higher concentration of oleic acid
(> 0.4 mol/l) did not increase water contact angles.
Figure 8f shows the change in water droplets on
plasticized cellulose films grafted with 0, 0.4, and
1 mol/L oleic acid. A high concentration of oleic acid
resulted in the formation of homopolymers, and the
second plasma treatment led to the formation of
COOH functional groups, which increased the surface
hydrophilicity. Therefore, the optimal oleic acid

concentration for surface grafting of plasticized cel-
lulose films was 0.4 mol/L. Using this concentration,
highly flexible plasticized cellulose films (contact
angle ~ 5°) can achieve reasonable surface
hydrophobicity (contact angle ~ 80°). This contact
angle is comparable with that of nonplasticized
cellulose film and therefore suggests that surface
grafting with 0.4 mol/L oleic acid can overcome the
hydrophilicity introduced by glycerol.

Tensile testing

Polymer materials undergo different rates and types of
deformation when a stress is applied. This behavior is
extremely important for industrial applications of
these polymer materials. In the current study, a large
number of cellulose films were prepared to determine
their behavior under applied stress. Dumbbell-shaped
test specimens were prepared using an ASTM D638-
14 type IV cutting die and a manual clicker press to
minimize inconsistencies introduced during specimen
cutting (see supplementary materials—Fig. S5). Fig-
ure 9 shows representative stress vs. strain curves of
nonplasticized and plasticized cellulose films. Table 1
shows the tensile strength and elongation at break, the
required energy to break, and Young’s modulus of the
test specimens and their standard deviations. The
results indicate that the two types of cellulose films
show major differences in their stress vs. strain curves.
Nonplasticized films display significantly higher
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Fig. 8 The effect of oleic acid grafting on the water contact
angle of nonplasticized and plasticized cellulose films. Changes
in the water contact angle of films grafted with different
concentrations of oleic acid within 120 s: a nonplasticized and
b plasticized cellulose film; initial and final water contact angles

tensile strength (i.e., stress at break) (aver-
age = 45-48 kPa) compared to plasticized cellulose
films (average 20-23 kPa). In contrast, nonplasticized
cellulose films exhibit significantly lower elongation
at break (average = 28-38%) compared to plasticized
cellulose films (average = 69-77%). Compared to
starch-based films, these films show moderate tensile
strength and excellent elongation. Sultan and Johari
reported that the banana peel films with 4% corn starch
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had an average tensile strength of 34.7 Pa (Sultan and
Johari 2017). Jiménez et al. and Oluwasina et al.
reported that plasticized starch films had a higher
tensile strength (9.2 MPa, 1.14 MPa), but poor elon-
gation at break (8%, 0.22%) compared to these
cellulose films (Jiménez et al. 2012; Oluwasina et al.
2019). Abral et al. reported that tapioca starch
bioplastic films had a higher tensile strength
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Table 1 Tensile strength at break, strain at break, work to break, and Young’s modulus of cellulose films

Replication Strain at break (%) Stress at break (kPa) Work to break (N.mm) Young’s modulus (kPa)

Nonplasticized films 1 38 £8 459 £ 134 1441 £ 430 2317.5 4 380
2 28 £ 4 472 £17.6 1118 + 160 1490.6 & 470
3 35£5 48.5 £ 69 1473 £ 371 1403.0 &= 130
4 31 £12 48.1 £ 1.6 1319 + 500 1520 £ 430
Plasticized films 1 70 £ 10 229 £4.7 839 £+ 150 89.5 £+ 34.3
2 69 £ 9 21.6 £ 2.8 812 £+ 160 80.2 £ 17.0
3 77 £ 16 232+ 1.7 988 + 220 79.8 £ 15.6
4 69 £+ 8 20.1 £ 3.1 788 + 160 854 £ 222

(~ 1 MPa) and comparable elongation at break
(~ 77%) (Abral et al. 2018).

The toughness of the material is defined as the
energy required to break, which is calculated using the
area under the load vs. displacement curve. A tough
material will not necessarily be the strongest material.
A material with lower tensile strength and very high
elongation can absorb a significant amount of energy
before it reaches the breaking point. In this study, the
average area under the stress vs. strain curves of
nonplasticized and plasticized cellulose films ranged
between approximately 1120-1470 and
790-990 N. mm, respectively. Given the variability
in each set of samples, both types of cellulose films
prepared from low-quality cotton fibers required a
comparable amount of energy to break. Nonplasti-
cized cellulose films have a significantly higher
Young’s modulus (average = 1400-2300 kPa) than
plasticized films (average = 80-90 kPa). This means
that for the same strain, significantly greater stress is

needed for nonplasticized cellulose films compared to
that needed for plasticized films. Statistical analysis
showed no significant difference in tensile character-
istics of cellulose films from different batches
(p < 0.05). The variability within each replication
could be associated with irregularities in gelation or
inconsistencies introduced during hot pressing.

Conclusions

In this study, highly transparent bioplastic films were
prepared from low-quality unmarketable cotton fiber
by means of dissolution, casting, regeneration, plas-
ticization, and hot-pressing. It was found that plasti-
cization and hot-pressing play a key role in producing
homogeneous cellulose films. Nonplasticized cellu-
lose films were very strong and transparent but were
stiffer and less stretchable. Plasticization with glycerol
improved the homogeneity, flexibility, stretchability,
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and deformation recovery of films. Physical and
chemical characterizations indicated that films pre-
pared from cotton fiber were more amorphous with
lower crystallinity compared to raw cotton cellulose.
The peak decomposition temperatures of cellulose
films were observed at approximately 345 °C, and
glycerol plasticization did not affect their thermal
stability. According to our results, the best deforma-
tion recovery was achieved when films were plasti-
cized with 30% glycerol, and further increase in the
glycerol concentration produced fragile and sticky
films. Glycerol plasticization increased the
hydrophilicity of cellulose films. Plasma-induced
grafting of oleic acid (concentration = 0.4 mol/L)
imparted hydrophobicity to the surface of the films.
According to physiochemical and mechanical evalu-
ations of cellulose films made from low-quality cotton
fibers, both nonplasticized and plasticized films (with
30% glycerol) are suitable for different industrial
applications. Soil burial studies are ongoing to deter-
mine the biodegradation behavior of cellulose films
under controlled moisture conditions.
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