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Abstract: The recycling of cellulose from cotton textiles would minimize the use of virgin crop
fibers, but recycled polymers are generally inferior in mechanical performance to those made from
virgin resins. This challenge prompted the investigation of biobased additives that were capable of
improving the mechanical properties of fibers by means of antiplasticizing additives. In this study,
regenerated cellulose (RC) fibers were spun from cellulose found in cotton T-shirts, and fibers were
mechanically strengthened with glucaric acid (GA), a nontoxic product of fermentation. The recycled
pulp was activated using aqueous sodium hydroxide and then followed by acid neutralization,
prior to the direct dissolution in lithium chloride/N,N-dimethylacetamide (LiCl/DMAc) at 3 wt.%
cellulose. At 10% (w/w) GA, the tensile modulus and strength of regenerated cellulose from recycled
cotton fibers increased five-fold in contrast to neat fibers without GA. The highest modulus and
tenacity values of 664 cN/dtex and of 9.7 cN/dtex were reported for RC fibers containing GA.
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Global fiber production in 2018 was roughly 107 million metric tons and this amount
will only grow as the world population increases [1]. Textile waste is expected to increase
in proportion to the world’s population, and “fast fashion” is a major progenitor of preconsumer waste during fabric production and post-consumer waste at the end of its
service life. Estimates from the Ellen MacArthur Foundation show that less than 1% of all
clothing is recycled back into clothing, representing a loss of more than $100 billion USD in
materials each year [2]. For the purpose of minimizing the use of nonrenewable resources
and capitalizing on the economic benefits of repurposing waste into value-added products,
experts in the global textiles industry suggest creating circular economies by introducing
textile waste as an alternative source of upcoming textile products.
Recycling has an integral role in making the textile industry circular and more sustainable. Opportunities exist in the conversion of polymers within textile fabrics into recycled
fibers. Polyethylene terephthalate (PET) is non-biodegradable, but PET dominates the
global synthetic fiber textile industry due to its functionality as a fabric and low production
cost at high volumes [1,3]. Even so, there is a limited supply of petroleum for resin and the
production of synthetic fiber, which provides further concern about the future availability
of raw materials- and not just environmental pollution. The recycling of PET resins from
existing products is deemed to be a sustainable approach to extracting PET feedstocks and
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waste management. The recycling of PET bottles can help to reduce the accumulation of
synthetic plastics within local landfills and aquatic ecosystems. The waste accumulated
from PET bottles in Europe rose from 0.2 to 1.3 Mt for over a decade beginning in 1998,
but this only accounts to 40% of the bottles consumed [4]. Over 70% of the PET recycled
worldwide is converted into fibers; 10% is converted into bottles; and 20% is used for other
applications such as sheets and strapping tape [5]. However, the ever-growing supply
of non-biodegradable waste presents a complication in the global effort to promote sustainability, which may require auxiliary solutions along with recycling PET. For instance,
man-made fibers of regenerated cellulose (RC) are environmentally sustainable due to the
ability to manufacture them from the cellulose recycled from cotton fabrics, while being
compostable and able to degrade in aquatic environments [6].
Biomass recycling (i.e., the repurposing of agricultural feedstocks and waste into
value-added products) is one strategy for reducing landfill waste. The US Department of
Energy and corporations committed to greening industrial supply chains are interested
in promoting the conversion of cellulose from dedicated energy crops, agricultural crop
residues, and industrial wastes into value-added products that are competitive with those
manufactured from nonrenewable petrochemicals [7]. The development and commercialization of RC fibers from alternative sources of biomass is driven by global concerns for
environmental pollution, sustainable waste management, the depletion of fossil fuels, and
lack of circularity in the textile economy.
As of 2017, RC fiber consumption comprised <7% of the global market; nevertheless,
the demand for RC fibers is increasing along with interest in manufacturing textiles from
renewable resources. The RC fiber production process involves the complete dissolution of
cellulosic materials with solvent to get homogeneous dope (e.g., cotton, bagasse, recycled
dissolving pulp), the extrusion of the dissolved dope into fiber, and then the extraction of
the solvent to regenerate cellulose into its finalized form. The manufacturing of RC fibers
has been studied for more than 150 years; the commercialization of viscose rayon began
with Courtalds Fibers [8]. Unfortunately, the state-of-the-art for rayon manufacturing
employs the use of and later the generation of environmentally hazardous products; such
as carbon sulfide (CS2 ) and hydrogen sulfide (H2 S) during the regeneration process [9].
An alternative to derivative dissolution (e.g., indirect dissolution) by the viscose rayon
method is the approach for the direct dissolution of cellulose. In this process, cellulosic
pulp is dissolved by ionic liquids. A commercialized version of direct dissolution is the
Lyocell method by Lenzing AG, which uses 4-methylmorpholine 4-oxide (NMMO) to
directly dissolve cellulosic pulp without the use of intermediates for cellulose derivatization [10]. This process precludes the need for toxic chemicals and the generation of harmful
byproducts, which ultimately implies a greener process for the recycling of materials [11].
Challenges associated with NMMO dissolution include costs associated with the purchase
of NMMO and the development of highly efficient solvent recycling. As an alternative to
NMMO technology, the NaOH/urea solvent system showed prominent results regarding
similar fiber properties, but with lower production costs [10]. However, the complexity
of dissolving cellulose pulp in this NaOH/urea solvent system at cryogenic temperatures
stymies the commercialization of this wet-spinning technique.
Opposed to commercial thermoplastic polymers which are melt extruded directly into
fibers, cellulose degrades before it melts at elevated temperatures. Therefore, cellulose must
undergo complete dissolution before any repurposing of the polymer can take place. Prior
to direct dissolution, cellulose pulp from ground cotton (GC) for example may undergo
chemical activation with sodium hydroxide (NaOH)- wherein structural modification
of cellulose aids in solvent penetration [12,13]. Because of the highly organized crystal
structure of cotton cellulose, NaOH treatments (termed mercerization) aid in the process of
cellulose dissolution. Mercerization improves the rate of dissolution due to the conversion
of native cellulose I to cellulose II, wherein the parallel alignment of cellulose polymers
turns anti-parallel by means of disrupting interchain H-bonding. Chemical activation with
NaOH is thus useful in reducing the percent crystallinity of fibers. Therefore, the processes
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of mechanical and chemical activation that led up to regeneration are critical factors in
determining the quality of cellulose dope for fiber spinning. Ideally, these processes should
yield high weight fraction of dissolve cellulose from the starting pulp [14].
Studies on this topic have shown that the mechanical activation of cotton linters
(i.e., short seed fibers that are often considered as waste) results in low molecular weight
cellulose. The reuse of cellulose from textiles can cause the resulting RC fibers to exhibit
poor mechanical properties. Jiang et al. noted that the degree of polymerization (DP) for
viscose rayon, lyocell, and ionic liquid-cell (IL-cell) fibers had DP values of 300, 550, and
540, respectively; whereas the DP values of the cellulose dissolving pulps for these fibers
were 450–550, 500–900, and 500–800, respectively [15]. It is evident that the molecular
weight of recycled cotton is ultimately influenced by processes used for end-use.
Strength-enhancing additives may provide a means to offsetting the negative effects
of molecular weight reduction when regenerating cellulosic fibers from sources of recycled
pulp. But the tensile strength and modulus of films or fibers containing plasticizing additives were lower than those without the plasticizer. Plasticizers derived from lignocellulosic
sources include glucaric acid, fumaric acid, sorbitol [16], and nonlignocellulosic sources
include glycerol, urea; however, these additives will not strengthen the mechanical properties of polymeric films or fibers [17]. The use of antiplasticizing additives is one strategy for
enhancing the mechanical properties of fibers without compromising their processability.
Polymers modified with antiplasticizers were reported to exhibit less free volume and
chain mobility at ambient temperature than those containing, plasticizer [18–20]. Polar
moieties along these antiplasticizers make them compatible with bulk polymer through
intermolecular bonding. The use of biobased antiplasticizers would also contribute to their
sustainability. In 2020, Biswas et al. demonstrated the ability to antiplasticize wet spun
cellulose acetate fibers using glucaric acid (GA) and its salts- such that the mechanical
strength and modulus of treated fibers improved [21].
GA is derived from glucose sugars or the depolymerization of cellulosic polymers [16].
According to the US Department of Energy, GA is a highly ranked bioderivative, which
has commercial use in cement, detergents, and combating corrosion. Further, GA has been
used in the synthesis of bio-derived polyamides. The antiplasticizing property of GA has
been attributed to its ability to engage in secondary bonding with the matrix polymer. In
the case of poly (vinyl alcohol) (PVA) and cellulose acetate, in particularly, GA hydroxyl
groups can engage in hydrogen bonding with the pendant hydroxyl groups along PVA
and cellulose diacetate polymers as reported in [21,22].
GA interacts with matrix polymer due to its multifunctionality and ability to form
intermolecular hydrogen bonds [20–22]. In contrast to cellulose diacetate, nonderivatized
cellulose polymers have three hydroxyl groups per glucose monomer and the potential
for intermolecular hydrogen bonding with more than one hydroxyl group per glucose
monomer. Therefore, the authors expect GA to render noteworthy performance properties
among the RC fibers derived from recycled sources of cellulose pulp.
The objective of this study is to demonstrate the feasibility of spinning RC fibers from
recycled pulp while minimizing the losses in mechanical strength. The manufacture of
RC fibers from recycled sources of cellulose is deemed a sustainable approach to enabling
a more circular textile economy. In this study, RC fibers were wet spun from cotton
pulp that was recycled from cotton T-shirts. Prior to the direct dissolution of cellulose in
lithium chloride/N,N-dimethylacetamide (LiCl/DMAc), cellulose pulp was activated using
aqueous sodium hydroxide and then followed by acid neutralization. Lastly, dissolved
pulp was modified with 10% (weight/weight, w/v) GA to strengthen the fibers. The
performance of these RC fibers is characterized in terms of their processing conditions,
mechanical properties, and morphology.
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2.3. Characterization of Activated Cellulose Pulp
2.3.1. X-ray Diffraction Analysis
Diffractograms of wide-angle X-ray diffraction (WAXD) were used to analyze the
microstructure of pulps before and after the chemical activation, and wet spun fibers (GCS,
GA/GCS, and GA/GCW). Equatorial scans were performed on the PANalytical Empyrean
X-ray diffractometer at 45 kV operating voltage, 40 mA current, with copper K-α1 radiation
at a wavelength of 1.54 Å, while using a fixed divergence slit. Scans were conducted over
5–60◦ 2θ.
2.3.2. Fourier Transform Infrared (FTIR) Analysis
The chemical analysis of activated pulps was performed on the NICOLET iS50 attenuated total reflection Fourier transform infrared (ATR-FTIR) spectrophotometer using
128 scans and 4 cm−1 spectral resolution. IR spectra in the 700–4000 cm−1 range were
normalized to the 2921 cm−1 C-H stretching peak.
2.4. Characterization of Drawn Fibers
2.4.1. Tensile Testing
Fully drawn fibers were rinsed with isopropyl alcohol to remove the residue of
drawing oil, dried at room temperature for at least 18 h, and later conditioned at 25 ◦ C and
65% relative humidity until the time of mechanical testing (according to ASTM D1776).
The tensile properties of RC fibers with and without GA were tested on the MTS-Q with
a load cell of 4.45 N and TestXpert software for the data acquisition. Testing protocols
were followed according to ASTM D3338 using a 25 mm gauge length and strain rate
of 15 mm/min. At least 15 specimens per sample were tested to obtain specific stress,
specific modulus, strain at break, and toughness (i.e., the energy absorbed up to the point
of mechanical failure). Tensile force values were normalized with the linear density of
fibers, d, which was determined gravimetrically from the mass of 1 m of fiber. The wet
tenacity of fibers was measured according to ASTM D3822 after immersion in water. Since
the flexibility of fibers is not well defined by breaking-force or elongation at break, the ratio
of breaking tenacity to loop tenacity in Equation (2) was used as an indication of flexibility,
where M = breaking force and L = the linear density of the fiber specimen.
Loop breaking tenacity =

M
2L

(2)

2.4.2. Analysis of Fiber Microscopy
The cross-sectional area (A) of fibers was determined gravimetrically from measurements of d and the theoretical density of cellulose, ρ, using Equation (3)
A = d/ρ

(3)

Fiber cross-sections were imaged with the LEXT OSL4000 3D confocal laser microscope.
Each sample of fiber was embedded in synthetic cork; then, the cork was thinly sliced
perpendicular to the fiber length.
Fiber fracture tips from tensile testing were observed under the Verios-SEM to investigate the fiber morphology. Fractured samples were sputter coated with 60/40 (w/w)
gold/palladium and imaged with a 2 kV accelerating voltage.
3. Results and Discussion
3.1. Microstructure of Chemically Activated Pulp
The chemical activation of cellulose pulp involves NaOH mercerization and acid neutralization. In the case of Figure 4, mercerized pulp was neutralized with the strong acid
H2 SO4 . Differences between the semicrystalline microstructures of strong acid neutralized
pulp and untreated GC are shown among the diffractograms of Figure 4a,b. GC features
the cellulose-I crystal form. Three diffraction peaks near 2θ values of 14.8◦ , 16.4◦ , and 22.6◦
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loss of crystalline
ment
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NaOH
solutions
[26].
In
turn,
mercerized
pulp
in
the
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of
cellulose-II
order after chemical activation, as shown for GCS. This is consistent with the transition is
more
susceptible
to dissolution
than cellulose-I.
of
cellulose
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II by WAXD
analysis. The -OH peak was used to investigate
secondary hydrogen bonding.
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X-ray diffraction
diffraction patterns
(b)(b)
GCS
pulp
is shown
along
withwith
the FTIR
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of (c1of
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Figure
Transformation of
of cellulose
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Figure
5.5.Transformation
tocellulose
celluloseII.II.
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to IR spectra,
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bonding between cellu3.2. Acid
Neutralization
on the Dissolution
of Mercerized hydrogen
Pulp

lose chains were disrupted by chemical activation, which resulted in a transformation
Weak and strong acid treatments for neutralizing cellulose pulps were tested against
from cellulose-I to -II (Figures 4c and 5) [27,28]. Broadening of the -OH stretching peak (in
solvent
dissolution. The control sample of GC was only treated with mechanical grinding
the range of 3000–3600 cm−1) toward higher frequencies indicates the loss of crystalline
prior
to
dissolution
DMAc/LiCl.
Centrifuged
samples
of the
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spinningofdope
order after
chemical in
activation,
as shown
for GCS. This
is consistent
with
the transition
show
significantly
higher
amounts
of
undissolved
pulp
(Figure
2a)
than
those
treated
cellulose I to cellulose II by WAXD analysis. The -OH peak was used to investigate
sec- with
NaOH
and
acid
rinsed
pulp
(Figure
2b).
At
similar
conditions,
H
SO
neutralization
greatly
2
4
ondary hydrogen bonding.

improved the dissolution of cellulose pulp, as observed by the complete dissolution of
GCS
GCW (Figure
H2 SO4 neutralization
may have improved pulp dissolution,
3.2.versus
Acid Neutralization
on 2b).
the Dissolution
of Mercerized Pulp
because
the and
strong
acid
could
hydrolyze
the cellulose
versus
the
weak
acidthereby
Weak
strong
acid
treatments
for neutralizing
cellulose
pulps
were
tested
against
reducing
the DP of the
chainsof
[29,30].
lower DP
of cellulose
could
solvent dissolution.
Thepolymer
control sample
GC wasThese
only treated
withchains
mechanical
grinding
allow
higher concentration
of Centrifuged
dissolved cellulose
DMAc/LiCl
[31]. dope
Homogeneous
priorfor
to adissolution
in DMAc/LiCl.
samples in
of the
GCW spinning
show
significantly
higher
amounts
of undissolved
pulp and
(Figure
2a)mechanical
than those properties
treated with
dopes
of dissolved
pulp
were later
spun into fiber
their
tested.
NaOH and differences
acid rinsed between
pulp (Figure
2b). At similar
conditions,pulp
H2SO
4 neutralization
Nevertheless,
the concentration
of dissolved
among
these samples
greatly
improved
the dissolution
of cellulose
pulp, as observed by the complete dissolucould
affect
the tenacity
of the resulting
fibers.
tion of GCS versus GCW (Figure 2b). H2SO4 neutralization may have improved pulp distheWet
strong
acid could hydrolyze the cellulose versus the weak acid3.3.solution,
Effect ofbecause
GA on RC
Spinning
thereby
reducing
the DP
thewet-spinning
polymer chainsof[29,30].
These
lower DP from
chainsactivated
of cellulose
The effect
of GA
onofthe
cellulose
dissolved
pulps
could allow for a higher concentration of dissolved cellulose in DMAc/LiCl [31]. Homowas characterized by differences in fiber draw ratio and temperature settings for fiber
geneous dopes of dissolved pulp were later spun into fiber and their mechanical properdrawing (as shown in Table 1). Thermal drawing conditions were identified by the ability
ties tested. Nevertheless, differences between the concentration of dissolved pulp among
to continuously spin fiber at the highest value of draw ratio. The addition of GA to spinning
these samples could affect the tenacity of the resulting fibers.

dopes induced higher draw ratios among as-spun fiber. The total draw ratio of cellulosic
fibers
increased
to 6.5× with the addition of GA. The higher drawability of
3.3. Effect
of GA from
on RC 2.5
Wet×Spinning
GA/GCS fibers implies that polymer chains are more mobile in comparison to neat GCS
The effect of GA on the wet-spinning of cellulose dissolved from activated pulps was
fiber.
Due to these
overall higher
GA-containing
fibersfor
were
than the
characterized
by differences
in fiberdraw
draw ratios,
ratio and
temperature settings
fiberfiner
drawing
neat
RC
fiber
of
GCS.
Further,
cellulose
chains
exhibited
mobility
at
higher
temperatures
(as shown in Table 1). Thermal drawing conditions were identified by the ability to con- of
drawing.
This
behavior
the value
crystalline
relaxation
temperature
drawing
tinuously
spin
fiber at implies
the highest
of draw
ratio. The
addition offor
GAthermal
to spinning
occurs
at
higher
temperatures
in
the
presence
of
GA,
which
appears
to
behave
as
a
rheology
dopes induced higher draw ratios among as-spun fiber. The total draw ratio of cellulosic
modifier.
Lu et al. from
and Zhang
al. have
thatofthe
sequential
drawing
of polymeric
fibers increased
2.5× toet6.5×
with reported
the addition
GA.
The higher
drawability
of
fibers gradually increases crystalline relaxation temperatures, which corresponds to higher
chain mobility at elevated temperature of drawing [32–34]. Lu et al. also reported that
the intercalation of GA among crystalline chains of PVA, as fiber draw ratios were greatly
improved with additive, were responsible for PVA strengthening [22].
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Table 1. Spinning and drawing conditions of RC fibers.
Process Conditions

Glucaric Acid

Additive Conc.
As spun Draw Ratio (DR)
Oil Temp.
Stage 1 Drawing
DR
Oil Temp.
Stage 2 Drawing
Polysaccharides 2021, 2, FOR PEER REVIEW
DR
Total DR
Linear Density (dtex)
Effective Diameter(µm)

◦C
◦C

Table 3. Loop strength of CA/GA fibers.

0.0% GCS

10% GA/GCS

10% GA/GCW

1.1
65
1.5
100
1.6
2.6
8.4
27

2.1
110
1.7
120
1.8
6.5
7.2
25

2.1
110
1.9
120
1.6
6.4
6.6
24
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3.4. Effect Sample
of GA on Mechanical Properties
Specific Modulus (cN/dtex)
Tenacity (cN/dtex)
The mechanical
properties
of
spun
GCS
fibers
reveal
the
combined
effects
of pulp
GCS
96 ± 4.16
0.009
± 0.001
activation,
GA
addition,
and
parameters
for
fiber
drawing.
The
properties
reported
include
GA/GCS
596 ± 6.33
0.09 ± 0.02
dry and wet mechanical testing in tension (in Figure 6 and Table 2) and loop testing (in
GA/GCW
145 ± 4.51
0.02 ± 0.005
Table 3). Overall, GA improved the specific modulus of dry fibers that were spun from
both types of activated pulps (GCW and GCS) relative to neat GCS fibers. At 10% GA, the
Neat
GC and
fibers
showedoflower
mechanical
properties
than GA/GCS.
highest
modulus
of GA/GCW
664 cN/dtex
and tenacity
9.7 cN/dtex
were reported
for GA/GCS
This
canGA
be in
attributed
in part
to these
having
lower concentrations
of cellulose
than the
(at 10%
Table 2). This
equates
to ~500%
improvement
in tensile modulus
and 450%
improvement
in tenacity
compared
neat GCS fibers
shown
Table among
2. This fibers
GA/GCS
spinning
dope.when
Higher
values to
inthe
mechanical
strength
caninresult
can be
ascribed
to the
higher values
of total
draw ratio, which
generally improves
polymer chain
spun
from
dopes
containing
higher
concentrations
of cellulose,
because physical
chains
alignment
and
polymer
crystallization
while
improving
the
fiber
strength.
is
entanglements can contribute to fiber strengthening. Strong acid neutralizationIthelped
to
noteworthy to mention that GA/GCS exhibited excellent mechanical properties that are
complete cellulose dissolution; thus, allowing for a higher number of cellulose chains to
comparable to natural and commercial RC fibers (Table 2). It showed tensile modulus
be664
available
for interaction with GA.
cN/dtex and tenacity 9.7 cN/dtex that are significantly higher compared to cotton,
Therayon,
GA/GCS
viscose
and fiber
lyocellexhibited
fibers. higher toughness than the neat GCS fiber (Table 1). Figure 6aNeat
reveals
high
strain
at fibers
breakshowed
valueslower
of GA/GCS
fiberproperties
than the than
neatGA/GCS.
GCS fiber. The
GC and GA/GCW
mechanical
GCS
the weakest
all fibers
with
a low
value of toughness.
This fiber
can bewas
attributed
in part of
to these
having
lower
concentrations
of cellulosePlastic
than thenecking
GA/GCS
spinning
dope. Higher
in lower
mechanical
strength
canatresult
among
fibers
before
failure
was observed,
but values
at much
values
of strain
break.
Strain
hardening
spun
from
dopes
containing
higher
concentrations
of
cellulose,
because
physical
chain
was prevalent among dry GA/GCS fibers; but only plastic deformation was observed
entanglements
can contribute
to fiber
strengthening.
Strong fiber
acid neutralization
helped
among
the specific
stress–strain
curve
of dry GA/GCW
(Figures 6 and
7). to
complete cellulose dissolution; thus, allowing for a higher number of cellulose chains to be
available for interaction with GA.

Figure 6. Specific stress versus strain curves for neat GCS and modified GCS fibers when (a) dry and (b) wet.

Figure 6. Specific stress versus strain curves for neat GCS and modified GCS fibers when (a) dry and (b) wet.
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Table 2. Mechanical properties of RC fibers and additive modified fibers.
Dry Condition

Wet Condition

Sample

Specific Modulus
(cN/dtex)

Tenacity
(cN/dtex)

Strain at Break
(%)

Toughness
J/g

Specific Modulus
(cN/dtex)

Tenacity
(cN/dtex)

GCS
GA/GCS
GA/GCW
Cotton *
Flax *
Rayon *
Lyocell *

114 ± 3.20
664 ± 2.32
81 ± 3.30
53
177
34
-

1.77 ± 0.10
9.70 ± 0.11
2.70 ± 0.14
1.87–3.77
4.85–5.75
1.77
4.3–5.9

6.5 ± 1.0
13 ± 2.0
10 ± 2.0
-

1.50 ± 0.50
6.20 ± 2.16
1.20 ± 0.50
-

70 ± 2.80
194 ± 1.96
26 ± 2.62
-

0.62 ± 0.09
4.40 ± 0.13
1.77 ± 0.09
2.92–5.66
5.82–6.89
0.70
2.70

* State-of-the-art for natural and regenerated fibers [35–38].

Table 3. Loop strength of CA/GA fibers.
Sample

Specific Modulus (cN/dtex)

Tenacity (cN/dtex)

GCS
GA/GCS
GA/GCW

96 ± 4.16
596 ± 6.33
145 ± 4.51

0.009 ± 0.001
0.09 ± 0.02
0.02 ± 0.005

The GA/GCS fiber exhibited higher toughness than the neat GCS fiber (Table 1).
Figure 6a reveals high strain at break values of GA/GCS fiber than the neat GCS fiber. The
GCS fiber was the weakest of all fibers with a low value of toughness. Plastic necking
Polysaccharides 2021, 2, FOR PEER REVIEW
11
before failure was observed, but at much lower values of strain at break. Strain hardening
was prevalent among dry GA/GCS fibers; but only plastic deformation was observed
among the specific stress–strain curve of dry GA/GCW fiber (Figures 6 and 7).

(a)

(b)

(c)

Figure7.7.Fiber
Fiber fracture
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(c) (c)
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at (1)and
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(2)
resolution.
high resolution.

Micrographs in
in Figure
Figure 7a
Micrographs
7a of
of the
the fracture
fracture tip
tipfrom
fromneat
neatGCS
GCSfiber
fibershows
showsfibrils.
fibrils.Plastic
Plastic
failure
and
deformation
in
shear
are
noted
by
the
twisting
of
macroscale
fibrils
failure and deformation in shear are noted by the twisting of macroscale fibrilsrelative
relativetoto
the fiber
fiber axes
axes of
of GA/GCS
GA/GCS and
the
and GA/GCW
GA/GCWfibers
fibers(Figure
(Figure7b,c).
7b,c).The
Thepresence
presenceofofGA
GAbetween
between
cellulose chains
chains isisattributed
attributedasasthe
thecause
causeofofthese
thesetwisted
twisted
fibrils
upon
deformation
and
cellulose
fibrils
upon
deformation
and
the
the higher
values
of strain
to failure.
higher
values
of strain
to failure.
Water is known to reduce the mechanical properties of RC fibers, which is due in part
to the disruption of hydrogen bonds and the saturation of amorphous polymer. Likewise,
water immersion did reduce the mechanical strength of GCS- and GA-modified fibers.
But GA modification did make the mechanical performance of RC fibers less sensitive to
moisture upon immersed in water. The tenacity and modulus of GA-modified fibers were
higher than that of neat GCS fiber (Figure 6b, Table 2). 45% of the tenacity for GA/GCS
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Water is known to reduce the mechanical properties of RC fibers, which is due in part
to the disruption of hydrogen bonds and the saturation of amorphous polymer. Likewise,
water immersion did reduce the mechanical strength of GCS- and GA-modified fibers.
But GA modification did make the mechanical performance of RC fibers less sensitive to
moisture
upon immersed in water. The tenacity and modulus of GA-modified fibers were
Polysaccharides 2021, 2, FOR
PEER REVIEW
higher than that of neat GCS fiber (Figure 6b, Table 2). 45% of the tenacity for GA/GCS was
retained after exposure to water in contrast to 35% for neat GCS fiber (Table 2). Based on
these results, GA appears to restrict the penetration of water within the fiber microstructure,
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at 8
which helps
to preserve
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This manuscript
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Fiber Morphology
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(Figure
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comparison
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IR peaks
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This -OH
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the vibration
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the
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secondary bonding (Figure 9). Lu et al., also found similar trends between [40];
GA and PVA
this reaction
can
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in cis-CH=CH- groups, as noted by absorbance at 802 cm−1 . The
OH
groups
C=O ester group of GA has a strong vibration peak around 1724 cm−1 , while the C-Oabsorption frequency is at 1090 cm−1 [41].

Figure 8. IR absorbance spectra of GCS and modified fibers.
Figure 8. IR absorbance spectra of GCS and modified fibers.
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are in Figure 10.
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of fiberspatterns
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influences
co-crystallization
and
strain hardening
peaks
of
cellulose
I
and
cellulose
II,
as
discussed
in
Section
3.1
are
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In terms
of
among the GA-modified fibers. Further, GA/GCS was the strongest of the
GA-modified
fiber
crystallinity,
Xc,
the
regenerated
fibers
GA/GCS
showed
lower
crystallinity
in
comRC fibers.
parison to GC pulp with and without chemical activation by NaOH [43,44]. Evidences of
It is worth mentioning that the peak intensities for hydroxyl groups shifted to lower
broadening and more intensity among the amorphous regions of cellulose chains were
frequencies with the addition of GA (Figure 8). In comparison to the neat GCS fibers, the
observed among the GA/GCS and GA/GCW fibers in
comparison to pulps and−1neat GCS
-OH
peak
for 10).This
GA/GCS
fiber shifted
to 3336
cm−1are
(versus
the
cm with
for GCS
fiber
(Figure
behavior
implies GA
molecules
capable
of 3371
interacting
cel- -OH
groups).
This
-OH
shift
can
be
attributed
to
strong,
intermolecular
hydrogen
bonding
lulose hydroxyl groups as they insert themselves between cellulose chains, which results
between
GA and cellulose
chains.
These lower frequencies
fornoted
-OH by
absorbance
suggest
in the disruption
of the cellulose
II microstructure
of RC fiber as
IR analysis.
hydrogen
O···O atoms
over shorter
distances,
which isbycharacteristic
of
Cellulosebonding
II yields abetween
more amorphous
microstructure.
This
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in the
literature
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the tensile
strength
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secondary
bonding
(Figure
9). Lu
et al.,Nonetheless,
also found similar
trends
between
GA and PVA
occurred
to hydrogen bonding between GA and cellulose polymer chains, chain
-OH
groupsdue
[21,22].
alignment
during
high-temperature
thermal
drawing,
and new
crystal formation
(1108
Antiplasticization
is characterized
by strong
RC-GA
interactions
and conformational
−1) at tension.
cm
changes at noted by IR, Strong hydrogen bonds between cellulose chains and GA can
stymie the moisture penetration of water molecules between cellulose chains. This results
in GA-modified fibers being less susceptible to moisture and being able to retain more of
their strength.
Diffraction patterns of cellulose pulp and RC fibers are in Figure 10. Characteristic
peaks of cellulose I and cellulose II, as discussed in Section 3.1 are observed. In terms
of fiber crystallinity, Xc, the regenerated fibers GA/GCS showed lower crystallinity in
comparison to GC pulp with and without chemical activation by NaOH [43,44]. Evidences
of broadening and more intensity among the amorphous regions of cellulose chains were
observed among the GA/GCS and GA/GCW fibers in comparison to pulps and neat
GCS fiber (Figure 10).This behavior implies GA molecules are capable of interacting with
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cellulose hydroxyl groups as they insert themselves between cellulose chains, which
results in the disruption of the cellulose II microstructure of RC fiber as noted by IR
analysis. Cellulose II yields a more amorphous microstructure. This is also supported
by previous studies reported in the literature [43–45]. Nonetheless, the tensile strength
enhancement occurred due to hydrogen bonding between GA and cellulose polymer chains,
Polysaccharides 2021, 2, FOR PEER REVIEW
14
chain alignment during high-temperature thermal drawing, and new crystal formation
(1108 cm−1 ) at tension.

Figure 10. X-ray diffraction patterns for these samples are given: GC, GCW, and GCS pulp; GCS
fiber; GA/GCW
and GA/GCS
fibers.
Figure
10. X-ray diffraction
patterns
for these samples are given: GC, GCW, and GCS pulp; GCS
fiber; GA/GCW and GA/GCS fibers.

4. Conclusions

The post-consumer textile apparel market presents an opportunity and a challenge in
4. Conclusions
the face
economic circularity.
Antiplasticizers
are well-known
additives
fora improving
The of
post-consumer
textile apparel
market presents
an opportunity
and
challenge
the
modulus
of
engineering
plastics,
but
are
less
studied
in
the
spinning
of
recycled
in the face of economic circularity. Antiplasticizers are well-known additives for improvcellulose. In contrast to plasticizers, the addition of antiplasticizers to regenerated fibers
ing the modulus of engineering plastics, but are less studied in the spinning of recycled
has the potential to expand their performance properties toward apparel or technical textile
cellulose. In contrast to plasticizers, the addition of antiplasticizers to regenerated fibers
applications, even when recycled post-consumer waste or other sources of cellulose (such
has the potential to expand their performance properties toward apparel or technical texas agricultural residues) for fiber spinning are used. GA actually caused the mechanical
tile applications, even when recycled post-consumer waste or other sources of cellulose
performance of RC fibers spun from recycled cotton to exhibit properties comparable to
(such as agricultural residues) for fiber spinning are used. GA actually caused the methat of natural cellulosic fibers. The state-of-the-art for natural and man-made fibers (such
chanical performance of RC fibers spun from recycled cotton to exhibit properties compaas cotton, rayon, and lyocell) have breaking tenacities between 2.7 and 9.7 cN/dtex, specific
rable to that of natural cellulosic fibers. The state-of-the-art for natural and man-made
modulus values of 81–664 cN/dtex, and strain at break values of 10–13%.
fibers (such as cotton, rayon, and lyocell) have breaking tenacities between 2.7 and 9.7
In conclusion, GA is deemed an antiplasticizer, because the rheology of solvent laden
cN/dtex, specific modulus values of 81–664 cN/dtex, and strain at break values of 10–13%.
chains improved to allow for higher draw ratios among as-spun fiber and those drawn
In conclusion, GA is deemed an antiplasticizer, because the rheology of solvent laden
at elevated temperatures as the residual solvent is removed. The total draw ratio of
chains improved to allow for higher draw ratios among as-spun fiber and those drawn at
elevated temperatures as the residual solvent is removed. The total draw ratio of cellulosic
fibers increased from 2.5× to 6.5× with the addition of GA. Wet spun RC fibers modified
with GA exhibited high mechanical properties (tensile modulus of 664 cN/dtex and tenacity of 9.7 cN/dtex) in comparison to the control fiber without GA (tensile modulus of 114
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cellulosic fibers increased from 2.5× to 6.5× with the addition of GA. Wet spun RC fibers
modified with GA exhibited high mechanical properties (tensile modulus of 664 cN/dtex
and tenacity of 9.7 cN/dtex) in comparison to the control fiber without GA (tensile modulus
of 114 cN/dtex and tenacity of 1.77 cN/dtex). Hydrogen bonding between cellulose chains
and GA was attributed with strengthening fibers, in particularly within the amorphous
regions of cellulose.
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Abbreviations
GA
GC
GCS pulp
GCW pulp
GCS
GA/GCS
GA/GCW

Pure glucaric acid
Unmercerized ground cotton cellulose pulp
Strong acid treated cellulose pulp
Weak acid treated cellulose pulp
Strong acid treated neat regenerated cellulose fibers
Glucaric acid modified GCS regenerated cellulose fibers
Glucaric acid modified GCW regenerated cellulose fibers
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