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The rate of textile waste generation worldwide has increased dramatically due to a rise in clothing
consumption and production. Here, conversion of cotton-based, colored cotton-based, and blended
cotton-polyethylene terephthalate (PET) textile waste materials into value-added chemicals (bioethanol,
sorbitol, lactic acid, terephthalic acid (TPA), and ethylene glycol (EG)) via enzymatic hydrolysis and
fermentation was investigated. In order to enhance the efficiency of enzymatic saccharification, effective
pretreatment methods for each type of textile waste were developed, respectively. A high glucose yield of
99.1% was obtained from white cotton-based textile waste after NaOH pretreatment. Furthermore, the
digestibility of the cellulose in colored cotton-based textile wastes was increased 1.38e1.75 times
because of the removal of dye materials by HPAC-NaOH pretreatment. The blended cotton�PET samples
showed good hydrolysis efficiency following PET removal via NaOHeethanol pretreatment, with a
glucose yield of 92.49%. The sugar content produced via enzymatic hydrolysis was then converted into
key platform chemicals (bioethanol, sorbitol, and lactic acid) via fermentation or hydrogenation. The
maximum ethanol yield was achieved with the white T-shirt sample (537 mL/kg substrate), which was
3.2, 2.1, and 2.6 times higher than those obtained with rice straw, pine wood, and oak wood, respectively.
Glucose was selectively converted into sorbitol and LA at a yield of 70% and 83.67%, respectively. TPA and
EG were produced from blended cotton�PET via NaOHeethanol pretreatment. The integrated bio-
refinery process proposed here demonstrates significant potential for valorization of textile waste.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The global clothing production and consumption has increased
steadily in the last 50 years. The textile industry continues to grow
due to the rise of fast fashion, which is based on inexpensive
manufacturing, frequent consumption, and short-lived garment
use [1,2]. The global textile industry generated approximately US
$920 billion in 2018, and is projected to generate approximately
US$1.2 trillion by 2024 at a compound annual growth rate of 5% [3].
However, this growth of the textile industry has also led to a sig-
nificant increase in textile waste, resulting in considerable
ter, Chonnam National Uni-

ier B.V. on behalf of Chinese Soci
access article under the CC BY-NC-
economic, environmental, and social problems [4]. Increasing vol-
umes of textile waste are generated as cheaper clothes are
consumed more frequently. This waste is usually landfilled or
incinerated due to high recycling costs associated with clothing;
this also leads to a waste of valuable resources and creates envi-
ronmental pollution [1]. To this end, strategies are being sought by
many researchers for the conversion of textile waste into value-
added products.

Cotton-based textile wastes are mainly derived from the cotton.
Raw cotton fibers consist of 88e96% cellulose that is a renewable
and biodegradable polymer that can be recycled into a variety of
useful products [5,6]. Recently, cellulose has gained attention
particularly as a potential source for biofuels, bio-based chemicals,
and biomedical materials. Lignocellulosic biomass has been
considered as an abundant raw material as a source of cellulose.
There are some special advantages of the cotton-based textile
ety for Environmental Sciences, Harbin Institute of Technology, Chinese Research
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wastes for biorefineries comparing to lignocellulosic biomass.
Lignocellulosic biomass typically contains lignin and hemicellulose
as well, in addition to cellulose. Lignocellulosic biomass types
generally consist of 35e50% cellulose, 20e35% hemicellulose, and
10e25% lignin (Table 1) [7]. Thus, pretreatment of lignocellulose
biomass is often required to separate cellulose from lignin/hemi-
cellulose, to facilitate cellulose utilization. In contrast to those of
other raw materials such as hardwood, softwood and agricultural
waste, the relatively high cellulose content (88e96%) of cotton-
based textile waste renders it a promising source of cellulose
(Table 1). Moreover, the contents of lignin and hemicellulose in the
cotton is very low. Therefore, the processes for removal of lignin
and hemicellulose are not mandatory. However, the conversion of
cotton-based textile waste for bio-based materials is still chal-
lenging, although the high cellulose content of cotton-based textile
waste is a considerable advantage over other types of lignocellu-
losic biomass, [14]. Cotton cellulose included in cotton-based textile
materials has a higher crystallinity (73%) than that of wood cellu-
lose (35%) [15,16], which inhibits enzymatic hydrolysis of the sub-
strate [17,18]. Hence, a pretreatment procedure that reduces
crystallinity is necessary to enable efficient enzymatic hydrolysis.

Color is an important factor in the visual appearance of prod-
ucts. Various types of dyes are widely used in the textile industry in
order to color their products [19]. However, dyes used in clothing
manufacturing may pose a severe threat to the environment.
Moreover, it has been reported that textile reactive dye conjugated
on cotton fiber surface significantly impacts the rate of enzymatic
hydrolysis [20]. Previous work reports that chemical and combi-
nation of physical/chemical pretreatment methods of are methods
to treat colored textile wastes prior to its enzymatic hydrolysis
[21e24]. Therefore, finding suitable pretreatmentmethods that can
effectively enhance the enzymatic hydrolysis of the colored cotton-
based textile wastes is of novelty and importance.

Polyethylene terephthalate (PET) is one of the most widely used
textile materials for clothing. PET is a petroleum-based synthetic
polymer used in fibers for clothing production due to its low pro-
duction cost, high durability, and water-resistant [25]. However,
PET-based textile waste is non-biodegradable, and therefore, cre-
ates environmental pollution. Thus, development of waste man-
agement strategies based on recycling is an important issue for PET-
based textile waste [26]. Moreover, microplastic pollution caused
by the textile washing has recently been identified as a major
source of primary microplastics in the oceans [27,28]. Microplastics
released from degrading textile waste in water can also impact the
life cycles of marine organisms [29]. COVID-19 pandemic has also
increased attention on reducing amounts of plastic waste; however,
this has not been extended to include PET-based textile waste.

Blended cottonePET is the most widely used material for
clothing production in the textile industry. Blending with PET im-
proves the shrinkage, durability and wrinkling profile of natural
cotton. However, recycling of blended fibers is cumbersome, and
the shorter fiber length of cottonePET blends reduces the quality
and strength of produced fibers. Hence, these materials cannot be
recycled for secondary use as clothing. The well-organized
Table 1
Potential lignocellulosic biomass sources and their compositions (% dry weight).

Lignocellulosic materials Cellulose (%) Hemicellulose (%

Agricultural wastes 37e50 25e50
Hardwood 40e55 24e40
Softwood 45e50 25e35
Newspaper 40e55 25e40

Raw Cotton fibers 88e96 0.3

2

construction of the textiles of cotton and PET also limits the enzy-
matic hydrolysis [30]. Furthermore, large-scale reuse and recycling
of textile waste is also difficult due to the limitations in sorting and
recycling technology [31]. Therefore, the recycling of blended
cottonePET textile waste is an active field of research.

The design of integrated biorefineries for the production of
value-added materials from textile waste is a huge and active field
of research. The value-added materials that can be produced from
textile waste include bioethanol, lactic acid (LA), sorbitol, ethylene
glycol (EG), and terephthalic acid (TPA). These chemicals can be
used as replacements for a large proportion of the industrial
chemicals and materials produced using fossil resources [31e34].
Bioethanol can be used as biofuel, and has also been identified as a
promising platform chemical as well [31], since ethanol can be
converted into various derivatives via different chemical reactions.
These reactions include dehydration to produce ethylene as an
intermediate chemical for subsequent production of polyethylene
(PE), PET, polyvinyl acetate (PVA), and polyvinyl chloride (PVC);
esterification to generate green solvents, ethyl lactate and ethyl
acetate; and oxidation to produce acetic acid [35]. Current research
on bioethanol is driven by the need to reduce its production cost.
Using less expensive feedstocks such as textile waste may help
reduce bioethanol production costs [36,37]. Textile waste is an
attractive and viable feedstock alternative for bioethanol produc-
tion for both economic and environmental reasons. Year-round
supply of textile is also available.

Sorbitol and LA are also building block chemicals that can serve
as substrates to produce various other high value-added products.
These chemicals are extensively utilized within the food, cosmetic,
pharmaceutical, and chemical industries. In particular, sorbitol was
chosen as one of the 12 most value-added building block inter-
mediate chemicals that can be produced from renewable biomass
resources [38]. Sorbitol is also a platform chemical that can be
converted into various other value-added chemicals such as iso-
sorbide, propylene glycol, EG, and short-chain alkanes [34]. LA has
also recently found use in food, pharmaceutical, leather, and textile
industries [39]. Approximately 40% of produced LA is used to pro-
duce of polylactic acid (PLA). In addition, TPA and EG can be used as
raw materials in PET production.

Various strategies for the conversion of cotton-based textile
waste into new value-added products have been developed over
the past decades [40]. However, previous researches mostly
focused on the cotton-based textile wastes. Here, a novel textile
waste-based biorefinery process for valorization of three types of
textile waste is proposed: (i) cotton-based textile wastes, (ii)
colored cotton-based textile wastes, and (iii) cotton-PET blended
textile wastes (Fig. 1). Especially, an appropriate pretreatment
method for each types of textile has been developed. It can be
applied to convert various type of textile waste into a bio-based
chemical such as bioethanol, lactic acid (LA), sorbitol, ethylene
glycol (EG), and terephthalic acid (TPA) through an enzymatic hy-
drolysis and fermentation process. In addition, this process may
contribute to the effective management of textile waste, and
thereby to circular economy by promoting recycling and conversion
) Lignin (%) Others (%) Reference

5e15 12e16 [8]
18e25 - [9]
25e35 - [10]
18e30 - [11]

< 5 3.4e6.0 [12,13]



Fig. 1. Overall process for value-added material production using various types of textile waste.
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of textile waste into valuable products such as biofuel and platform
chemicals.

2. Materials and methods

2.1. Materials

A white cotton T-shirt, yellow cotton T-shirt, white towel, linen,
denim, and blended cotton�PET textiles (cotton/PET ratios of
35:65, 50:50, and 70:30) were purchased from a local store. The
cotton-based textile waste was made of 100% cotton. The textile
wastes were cut into squares shape within a diameter of 2.0 cm.
Sodium hydroxide (NaOH) and ethanol were purchased from
Ducksan (Seoul, S. Korea). Sodium borohydride (NaBH4) was pur-
chased from Sigma Aldrich. (St Louis, MO, USA). Analytical reagents
including glucose, xylose, galactose, rhamnose, fructose, arabinose,
mannose, D-sorbitol, and LA were purchased from Sigma Aldrich.
Aqueous solutions were prepared with distilled deionized water.
Two enzymes, in-house produced cellulase from Trichoderma
reesei RUT C30 and recombinant WCCG, were used for enzymatic
hydrolysis. The cellulase was used for the enzymatic hydrolysis of
the cotton textile waste, while WCCG was used for the enzymatic
hydrolysis of the PET textile waste.

2.2. Pretreatment of the textile waste

2.2.1. NaOH pretreatment of cotton-based textile waste
Cotton-based textile wastes samples (0.2 g) were treated with

20 mL of different concentrations of NaOH solution (0, 5, 10, or
15 wt%) at room temperature for different times (10, 20, 30, 60, or
120 min). NaOH solution of each concentration was prepared in
advance before using because dissolution of NaOH in water is
exothermic. After preparing the NaOH solution, it was allowed to
cool to room temperature. Then, cotton was added to the prepared
NaOH solution. After NaOH pretreatment, the treated cotton-
samples were then filtered and washed with distilled water until
the wash water reached a neutral pH. The pretreated cotton sam-
ples were used directly for enzymatic hydrolysis. The pretreatment
efficiency was assessed by measuring the sugar yield from
3

enzymatic hydrolysis using high-performance liquid chromatog-
raphy (HPLC).

2.2.2. Hydrogen peroxide acetic acid pretreatment of colored
cotton-based textile waste

The colored cotton-based textile waste samples were first
treated with HPAC for decoloration [9]. The colored cotton-based
samples (0.2 g) were soaked in acetic acid and 30% (wt%)
hydrogen peroxide at 80 �C for 2 h. The ratio of hydrogen peroxide
to acetic acid was 1:1 (v/v). The solution was filtered and washed
with hot water at least five times. The HPAC-pretreated samples
were then subjected to NaOH pretreatment.

2.2.3. NaOH�ethanol pretreatment of blended cotton�PET textile
waste

Blended cotton�PET textile waste with three different ratios of
cotton and polyester (30:70, 50:50, and 70:30) was tested. First,
0.2 g of each cotton�PET blendwas treatedwith 20mL of a solution
containing 15% NaOH (w/v) and 60% EtOH (v/v) solution at 80 �C for
2 h. The reactor was then cooled with cold water for 5 min. The
remaining textile residues were filtered, and the filtrate was
precipitated by acidification with H2SO4 to a pH of 2.5. The pre-
cipitation was then filtered and produced TPA and EG were
analyzed using proton nuclear magnetic resonance (1H NMR;
Bruker 400 MHz spectrometer, Biospin, Rheinstetten, German
400 MHz).

2.3. Production of enzymes

2.3.1. Production of in-house cellulase
The T. reesei strain RUT-30 grown on potato dextrose agar plates

was added to seven baffle flasks (3 L) each containing 1 L of potato
dextrose broth. T. reesei (KCCM 11770) was obtained from the
Korean Culture Center of Microorganisms (KCCM; Seoul, South
Korea). Cultivation was carried out at 28 �C for 4 d under stirring in
an orbital shaker at 150 rpm. The seed culture was transferred to a
100-L fermenter (Kobiotech, Korea) with a working volume of 70 L.
The medium used for fermentation contained the following com-
ponents: 4 g/L glucose, 2.8 g/L KH2PO4, 1.5 g/L MgSO4$7H2O, 3.8 g/L
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(NH4)2SO4, 2.6 g/L CaCl2, a 0.2% trace element solution (0.5% FeS-
O4$7H2O, 0.1% MnSO4$H2O, 0.14% ZnSO4$7H2O, and 0.2% CoCl2),
0.2% Tween 80, 20 g/L cellulose powder, and 0.5 g/L corn steep. The
agitation speed and flow rate for aerationwere set at 400 rpm and 1
vvm, respectively. The culturing temperature was 28�C and the pH
was maintained at 4.8 using 30% ammonia water and 2 M phos-
phoric acid. After culturing for 8 d, the cells were removed using
continuous centrifugation at 13,000 rpm and the enzyme activity
was assayed based on an IUPAC process. Using the cellulase pro-
duced from T. reesei RUT-30, the optimal pH, temperature, and
filter paper cellulose units (FPUs) were confirmed to be 5 and 50 �C
and 19 FPU/mL, respectively.

2.3.2. Production of recombinant WCCG
The WCCG gene was commercially synthesized with codon

optimization for expression in E. coli cells (Bioneer Co). Digested
pBHA-WCCG with EcoRI and XbaIwas inserted into a pColdI vector.
pCold-WCCG was transformed into the E. coli Rosetta. The cells
were grown in 3 mL of Luria�Bertaani (LB) broth with 100 mg/mL
ampicillin at 37 �C for 14 h with stirring in an orbital shaker at
150 rpm. The seed culture was transferred into 500 mL of LB broth
with 100 mg/mL ampicillin at 37 �C in a shaking incubator at
150 rpm for 4�6 h until cells reached an optical density at 600 nm
(OD600) of 0.4e0.5. After the addition of isopropyl ß-D-1-
thiogalactopyranoside to a final concentration of 1 mM, the
culturing temperature was lowered to 15 �C and the cells were
cultured for 24 h.

The cultured cells were centrifuged at 3500 rpm for 10 min and
suspended in lysis buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl).
The cells were disrupted using sonication and the lysate clarified
using centrifugation (13,000 rpm,10min, 4 �C). The soluble fraction
was added to Ni-NAT agarose (Qiagen, USA) and unbound proteins
were removed with washing buffer (20 mM Tris-HCl, pH 8.0,
500 mM NaCl, 20 mM imidazole). The bound proteins in the resin
were eluted with elution buffer (20 mM Tris-HCl, pH 8, 250 mM
imidazole). The eluted proteins were dialyzed with 20 mM Tris-HCl
buffer (pH 8.0) and then used for analysis. To examine the enzyme
purity, sodium dodecyl sulfateepolyacrylamide gel electrophoresis
(SDSePAGE) was conducted.

2.4. Enzymatic hydrolysis

2.4.1. Hydrolysis of cotton-based textile waste before and after
pretreatment

Enzymatic hydrolysis was conducted at a 1% (w/v) substrate
loading in a conical tube (50 mL). The raw and pretreated cotton-
based samples were soaked in 0.05 M sodium citrate buffer (pH
5.0) supplementedwith 0.01% (w/v) sodium azide. RUT-30 cellulase
(20 FPU cellulase per gram of substrate) was then added. The
samples were then incubated at 45 �C, 120 rpm for 7 d, and the
sugar levels were analyzed at 24-h intervals. The amount of sugar
released into the hydrolysate was quantified using HPLC equipped
with a refractive index detector (2414, Waters, Milford, CT, USA)
and a Rezex RPM column (4.6 � 300 mm; Phenomenex, CA, USA)
and a Rezex ROA-Organic acid Hþ ion exclusion column
(4.6 � 300 mm; Phenomenex, CA, USA). In the RPM column, HPLC-
gradewater was supplied at a flow rate of 0.6 mL/min as the mobile
phase at a controlled temperature of 80 �C. In the ROA column,
0.005 N H2SO4 was supplied at a flow rate of 0.6 mL/min as the
mobile phase at a controlled temperature of 80 �C. All enzymatic
hydrolysis experiments were conducted in triplicate.

2.4.2. Hydrolysis of blended cotton�PET textile waste
In order to evaluate the enzymatic hydrolysis on blended

cotton�PET textile waste, the NaOH�ethanol pretreated
4

cotton�PET sample was loaded into a conical tube (50 mL) con-
taining 20 mL of 0.05 M sodium citrate buffer (pH 5.0) with RUT-30
cellulase and WCCG. The tube was then incubated at 37 �C. Control
reactions with PETase were carried out under the same conditions
used for each experiment. Commercial Novozym© 51032 was used
as the PETase source.

2.5. Production of bioethanol: separate hydrolysis and fermentation

Enzymatic hydrolysis was conducted in a 50 mL conical tube
with a total working volume of 10 mL with 2% (w/v) NaOH-
pretreated cotton, 0.1% (w/v) yeast extract, 0.2% (w/v) peptone,
and 0.05 M citrate buffer (pH 5.0). Saccharification was performed
at 45 �C for 7 d with agitation at 200 rpm. After enzymatic hy-
drolysis, 0.1% (w/v) dry yeast was added as inoculum to 7.0 mL
hydrolyzates. Fermentation was performed at 32 �C for 24 h. For
comparison, 2% glucose was also fermented under the same con-
ditions. HPLC (Rezex ROA-Organic acid Hþ ion exclusion column)
was used to analyze the glucose consumption and the ethanol
content. The ethanol conversion yield (%) was calculated based on
the glucose content by dividing the quantity of ethanol produced by
the total amount of glucose.

2.6. Production of lactic acid

2.6.1. Strain and seed culture
For the production of LA, Actinobacillus succinogenes ATCC 55618

was taken from the American Type Culture Collection.
A. succinogeneswas added to 10 mL trypticase soy broth at 200 rpm
and 37 �C for 24 h.

2.6.2. Lactic acid production
LA productionwas conducted in a 500-mL Erlenmeyer flask with

a total working volume of 100 mL of hydrolysate with 1.5% (w/v)
yeast extract, 0.3% (w/v) KH2PO4, 0.15% (w/v) K2HPO4, 0.3% (w/v)
(NH4)2PO4, 0.1% (w/v) NaCl, 0.03% (w/v) MnCl2�6H2O and 0.03% (w/
v) CaCl2�2H2O. The pre-cultured cells were added to the LA pro-
duction medium and suspended at 200 rpm and 37 �C for 24 h.
Anaerobic conditions were maintained with the addition of MgCO3
(1:10 solid-to-liquid ratio). LA was analyzed using an HPLC system
(Waters, Millipore Co., Milford, MA). A Rezex ROA-organic acid Hþ

ion exclusion column (4.6 � 300 mm; Phenomenex, CA, USA) was
used with 0.005 N H2SO4 as the mobile phase at a flow rate of
0.6 mL/min, while the column temperaturewasmaintained at 80 �C.

2.7. Production of sorbitol

Sorbitol was produced using a chemical method based on the
catalytic hydrogenation of glucose [41]. Sodium borohydride (0.2 g)
in water (10 mL) was added to the biosugar solution (20 mL)
derived from the white t-shirt at room temperature (RT) for 4 h.
After completion of the reduction, the reaction mixture was acidi-
fied with 3 N HCl to remove the excess sodium borohydride and
evaporated to dryness in vacuo. The liquid products were analyzed
using HPLC (Waters, Milford, CT, USA) equipped with an RI detector
and a ROA column. The eluent was water with a flow rate of 0.6 mL/
min. The column was maintained at 80 �C with a column heater.

2.8. Analyses

2.8.1. Nuclear magnetic resonance analysis
Solid state 13C NMR spectroscopy utilizing cross-polarization

magic-angle spinning was performed using a Bruker DMX-400
MHz NMR spectrometer.



Fig. 2. (a) Effect of NaOH concentration on hydrolysis efficiency (b) Effect of pre-
treatment time on hydrolysis efficiency.
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2.8.2. Microscopic analysis
To observe the differences in the surface morphology between

the untreated and NaOH-pretreated cotton samples, a stereomi-
croscope (Leica, Stereozoom S9D, Switzerland) and optical micro-
scopy (Olympus, Model BX41TF, Japan) were employed.

3. Results and discussion

3.1. Cotton-based textile waste: white cotton samples

3.1.1. NaOH pretreatment of cotton-based textile waste
Alkali pretreatment (often referred to as mercerization) is a

well-known method for cellulose modification [42]. The merceri-
zation process affects the twisting and swelling of cellulose fibers
[43]. Aqueous alkali-based solvents such as NaOH, potassium hy-
droxide (KOH), and lithium hydroxide (LiOH) are often used for
mercerization of cotton fibers [44,45]. Here, white cotton samples
were pretreated with NaOH. The textile wastes were treated at
room temperature with 0e15% NaOH for 0e120 m. The treated
textile wastes remained solid in the solution, but swelled, where
more than 97% of initial materials were recovered after the NaOH
pretreatment.

First, the effect of dry and wet NaOH pretreatment procedures
on enzymatic hydrolysis was investigated (Fig. S1). The results
showed great effects of wet process on the rate of enzymatic hy-
drolysis. Using the dry process did not lead to any significant dif-
ference between the enzymatic hydrolysis of treated and untreated
cotton samples. On the other hand, wet pretreatment process
proved to be more effective in this regard. Similar results were also
found for natural-, heat-, and freeze-dried samples (data not
shown). This may be attributed to change in the cellulose structure
during the drying process. Upon treatment with NaOH solution, the
Naþ ions penetrated the intra-crystalline spaces within cellulose I,
and cause the cellulose structure to swell and form Na-cellulose
structures (Fig. S1). Following washing and drying, Na-cellulose
undergoes irreversible structural transformation to form cellulose
II [46]. Hence, wet process after NaOH pretreatment is a key factor
in obtaining higher reducing-sugar yields from cotton-based textile
wastes.

Next, the effects of NaOH concentration and treatment time on
hydrolysis efficiency were investigated. Enzymatic hydrolysis effi-
ciency was found to increase with increasing NaOH concentration
(Fig. 2a). The highest reducing-sugar yield was obtained with 15 wt
% NaOH. On the other hand, enzymatic hydrolysis efficiency did not
improve significantly with treatment times longer than 30 min.
Thus, NaOH pretreatment with 15% NaOH at room temperature for
30 min was determined to be optimal for the enzymatic degrada-
tion of cotton-based textile waste. A maximum glucose concen-
tration of 19.82 mg/mL was achieved after 5 days of enzymatic
hydrolysis. In addition, a percentage of theoretical glucose yield of
99.1% was reached. Jeihanipour and Taherzadeh reported similar
results with these results. They obtained a glucose yield of 99.1%
after 4 days in 12 wt% NaOH at 0 �C for 3 h [47].

3.1.2. Morphological changes in cotton-based textile waste upon
NaOH pretreatment

The morphologies of cotton-based textile samples before and
after the NaOH pretreatment were investigated using optical mi-
croscopy (Fig. 3). Analyses were conducted on five types of cotton-
based textile materials: a white T-shirt, a yellow T-shirt, linen,
denim, and white towel. All materials featured pores between the
yarns (i.e., inter-yarn pore) and pores between the fibers within a
yarn (i.e., intra-yarn pore). The length and width of the inter-yarn
pores in linen waste were 0.09 mm and 0.06 mm, respectively
before NaOH pretreatment. The pores largely disappeared upon
5

NaOH pretreatment. Furthermore, the pore size of the yarn also
changed from 0.05e0.07 mm to 0.12e0.14 mm. Other cotton-based
samples yielded similar results, which were most likely due to the
swelling of the cotton fibers during NaOH pretreatment.

3.1.3. Enzymatic hydrolysis of cotton-based textile waste
High glucose concentrations during enzymatic hydrolysis are

necessary to obtain high yields of value-added materials, such as
ethanol, sorbitol, and LA. In-house cellulase produced from Tri-
choderma reesei RUT-C30 was used for the enzymatic hydrolysis of
NaOH-pretreated cotton-based samples. Glucose was found to be
the main sugar in the hydrolysate of cotton-based samples (Fig. 4a
and Fig. S2). A maximum glucose concentration of 19.82 mg/mL
was achieved after 5 d of hydrolysis with the white T-shirt sample,
followed by white towel (19.68 mg/mL), yellow T-shirt (19.27 mg/
mL), linen (18.43 mg/mL), and denim (12.59 mg/mL). Glucose
concentrations were found to decrease significantly with the dyed
cotton-based samples (yellow T-shirt, linen, and denim). This
finding may be attributed to the inhibition effect of the dye mole-
cules on cellulase. Indeed, low levels of cellulase activity due to the
presence of dye molecules or interactions between dye molecules
and cellulose have been reported in previous studies [48,49].

Hydrolysis of mixtures of cotton-based samples was also
investigated. Fig. 4b and Fig. S3 show enzymatic hydrolysis results
after 24 h for the white T-shirt sample mixed with each of the other
three samples in the same amount and ratios, and for all four
samples. Accordingly, the hydrolysis efficiency for the mixed textile
samples was found to be lower than that of white T-shirt alone.
Despite the low yields obtained, these results demonstrated the
potential of employing enzymatic hydrolysis on mixed cotton-
based textile waste.

3.1.4. Analysis of cotton fiber size during enzymatic hydrolysis
Morphological changes in the white T-shirt sample during

enzymatic hydrolysis were observed. First, the size of the sample
was monitored after 24 h of cellulase treatment. The size of the



Fig. 3. (a) Optical microscope images of cotton-based textile waste before and after NaOH pretreatment (N-pretreatment). (b) Inter-and intra-yarn pores in the fabric.
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samplewas found to decrease over time, and the sample reduced to
powdery form from its initial square shape (diameter ¼ 2.0 cm)
(Fig. 5). Powdered form of hydrolyzed cellulose fibers was observed
under an optical microscope, and the size of the fibers was also
found to decrease over time. The fiber size was smaller than about
50 mm after 4 d. Thus, in-house cellulase effectively hydrolyzed
cotton-based textile waste.
3.2. Cotton-based and colored cotton-based textile waste

3.2.1. Pretreatment of colored cotton-based textile waste
As demonstrated in the previous section, the yellow T-shirt

sample was found to yield a lower concentration of glucose
compare to the white T-shirt sample during enzymatic hydrolysis.
HPAC pretreatment was performed to increase the enzymatic hy-
drolysis efficiency of colored cotton-based textile waste. The effect
of HPAC pretreatment applied in different stages of the procedure
on the enzymatic hydrolysis of colored cotton-based textile waste
was investigated. Fig. 6 shows enzymatic hydrolysis results of yel-
low T-shirt, linen, and denim samples pretreated with only NaOH,
only HPAC, NaOH followed by HPAC (NaOH�HPAC), and HPAC fol-
lowed by NaOH (HPAC�NaOH). The yellow T-shirt turned white in
color after HPAC pretreatment (Fig. S4), whereas the linen and
denim samples turned pale blue. Despite the removal of color,
cellulose content of the colored cotton-based samples did not
readily decompose into glucose upon HPAC pretreatment only.
Furthermore, the hydrolysis efficiency of the samples pretreated
with NaOHeHPAC was lower than that of NaOH-pretreated sam-
ples. However, sugar yield from the HPAC�NaOH-pretreated yellow
6

T-shirt samples was 1.65 times higher than that from the NaOH-
pretreated yellow T-shirt samples. Similarly, sugar yield from
HPAC�NaOH-pretreated denim and linen samples was 1.38 and
1.75 times higher than their respective NaOH-pretreated counter-
parts (Fig. S5). Hence, HPAC pretreatment for the removal of dye
materials prior to enzymatic hydrolysis of colored cotton-based
textile waste is necessary, as it increases the digestibility of the
cellulose.

HPAC pretreatment also has the advantage of decomposing of
dye materials, which are considered the major water contaminants
in textile industry. In case of yellow T-shirts, the color of yellow T-
shirt was lightened from yellow to white during the HPAC pre-
treatment. In addition, the color of the reaction solution gradually
changed from colorless to light yellow, and it changed again to
colorless within about 1 h. It means that the dye is degraded into
lighter compounds.

To confirm the degradation of dyeing agents by HPAC pretreat-
ment, indigo carmine (IC) which is widely used in the dyeing of
denimwas used. The chromophore center of indigo carmine consists
of a C]C double bond substituted by two NH donor groups and two
CO acceptor groups [50]. When the cleavage of the eC]C� bonds
occurs, the intensity of the absorbance peak of the polluted solution
decreases. As shown in Fig. S6, the characteristic peaks of indigo
carmine are situated at 610 nm and 332 nm in the UVevisible ab-
sorption spectrum [51]. The peak at 610 nm, which accounts for the
blue color of indigo carmine, disappeared after the HPAC treatment.
The results suggested the cleavage of the chromophoric structure of
the dye. Therefore, the results also showed that HPAC pretreatment
was very effective in degradation of dye materials.



Fig. 4. (a) Enzymatic hydrolysis of NaOH-pretreated cotton-based textile waste. (b)
Hydrolysis of mixed cotton-based samples. (c) Hydrolysis of colored cotton-based
textile waste with different pretreatments procedures. WTS: white T-shirt; YTS: yel-
low T-shirt; L: linen; D: denim. H: HPAC, N: NaOH, HN: HPAC-NaOH, NH: NaOH-HPAC.

Fig. 6. Hydrolysis of colored cotton-based textile waste with different pretreatments
procedures. WTS: white T-shirt; YTS: yellow T-shirt; L: linen; D: denim. H: HPAC, N:
NaOH, HN: HPAC-NaOH, NH: NaOH-HPAC.
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3.3. Production of value-added products from cotton-based textile
waste

3.3.1. Production of bioethanol
We next investigated bioethanol production from sugars

derived from cotton-based textile waste. For this purpose, ethanol
was produced using a separate hydrolysis and fermentation (SHF)
process. After 24 h of fermentation, ethanol conversion yields from
the white T-shirt, yellow T-shirt, linen, denim, and white towel
Fig. 5. Hydrolysis of cotton-base
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samples were 83.5, 78.0, 75.7, 64.0, and 82.3%, respectively. The
yields were based on the theoretical maximum based on glucose
levels only (Fig. 7a and Fig. S7). These findings indicate that cotton-
based textile waste may be a viable biomass source for bioethanol
production, as it lowers ethanol production costs. These results
were also compared to those obtained using pine wood, oak wood,
and rice straw as reference materials (Table 2). The maximum
ethanol yield was achieved with the white T-shirt sample (537 mL/
kg substrate), which was 3.2, 2.1, and 2.6 times higher than those
obtained with rice straw, pine wood, and oak wood, respectively
[9]. Thus, cotton-based textile waste can be used to produce bio-
ethanol much more efficiently compared to other lignocellulosic
biomasses (see Table 3).
3.3.2. Production of sorbitol
Sorbitol is considered a major building block chemical due to its

versatile characteristics. Here, sorbitol was produced via hydroge-
nation of glucose solutions obtained via hydrolysis of the cotton-
based textile waste (Fig. 7b). Glucose was thus selectively con-
verted into sorbitol at a yield of 70% with a glucose conversion rate
of 85.3%. The results found here are higher yields than those ob-
tained by Ribeiro et al., which produced sorbitol with 45% of yield
from cotton textile using ball-milling pretreatment and a Ru/CNT
catalyst [52]. Hence, cotton-based textile waste was demonstrated
d textile samples over time.



Fig. 7. (a) Production of bioethanol from NaOH-pretreated cotton-based textile waste.
(b) Production of sorbitol from white T-shirt-derived hydrolysate. (c) Production of
lactic acid (LA) from white T-shirt-derived hydrolysate.
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to show potential for sorbitol production as well.
3.3.3. Production of LA from hydrolysate
The biological synthesis of LA has attracted considerable interest

due to its application potential in various industries [53]. LA has
been used specifically as a monomer in the production of biode-
gradable and biocompatible PLA polymers [54]. Despite the ad-
vantages of biological LA production, inexpensive substrates are
Table 2
Pretreatment conditions for a variety of dyed textile wastes.

Textile waste Pretreatment condition

Dyed cotton (100% cotton) Ionic liquid [AMIM]Cl, 110 �C, 75min
Blue Jean (100% cotton) Shredded and grounded þ 12% NaOH, 0
Blue Jean (blend cotton/PET) Milled þ H3PO4, 85%, 50 �C, 7 h
Dyed blend cotton/PET (60/40) Shredded þ Pressure þ Na2CO3, 0.5 M, 1
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still needed to ensure industrial feasibility [55]. The majority of LA-
producing microorganisms belong to the genera Lactobacillus,
Lactococcus, Leuconostoc, Pediococcus, and Rhizopus. Actinobacillus
succinogenes is the most often used species for the production of
succinic acid, but it has also been reported to have high productivity
for LA as well [56]. Here, A. succinogenes ATCC 55618 was used to
produce LA from the hydrolysate of cotton-based textile waste. The
final LA concentrationwas higher than 12.3mg/mL after 36 hwith a
yield of over 83.67% (Fig. 7c). There are many studies on LA pro-
duction using various biomass such as food waste [57], bakery
waste [58], rice straw, and cassava bagasse [59], but there are no
studies using textile wastes yet. This finding demonstrates that
cotton-based textile waste may also be used for LA production, and
enhance the economic feasibility of modern biorefineries.
3.4. Blended cottonePET textile waste

3.4.1. NaOH�ethanol pretreatment of blended cotton�PET textile
waste

NaOH pretreatment was first performed as described above to
degrade blended cotton�PET textile waste as well. However, the
blended cotton�PET sample showed poor digestibility (Fig. 8 and
Fig. S8). Therefore, NaOH�ethanol pretreatment was conducted
instead to effectively remove PET from textile waste samples, and
thereby to enhance enzymatic hydrolysis. For this purpose, blended
cotton�PET samples were pretreated using 15% NaOH and 60%
ethanol at 80 �C for 2 h. Rates of solid recovery and loss of lignin
were calculated using the following equations:

Solid recovery ð%Þ¼ W
Wo

� 100 (1)

PET loss ð%Þ¼Wo�W
Wo� C

� 100 (2)

where w is the dry weight of the pretreated blended cotton�PET
textile waste, w0 is the initial dry weight of the untreated
blended cotton�PET textile waste, and C is the initial PET content
(%) in the untreated blended cotton�PET textile waste.

The results indicated that 86.51% of the PET was removed, and
the solid recovery yield was 56.74%. The compounds in the reaction
solution were also investigated using 1H NMR (Fig. S9). Singlets at
7.6 and 3.6 ppm corresponded to TPA and EG, respectively. Thus,
PET taken from the blended cotton�PET samples was degraded into
its monomers TPA and EG, which can be repolymerized to obtain
PET for reuse as a high value-added material.

The samples were also analyzed using 13C solid-state NMR
(Fig. S10) following NaOH�ethanol pretreatment. Both cellulose
and PET peaks were observed for untreated cotton�PET samples.
However, the peak corresponding to the PET component dis-
appeared after the NaOH�ethanol pretreatment, and only signals
corresponding to cellulose were observed between d 60 and
d 110 ppm. Thus, PET in the raw cotton�PET samples was clearly
broke down during NaOH�ethanol pretreatment.
Enzymatic hydrolysis Yield (%) Reference

80.0 [21]
�C, 96 h 85.0 [22]

79.0 [23]
50 �C, 72 h 88.0 [24]



Table 3
Comparison of bioethanol production from various biomass types.

Biomass Amount of glucose/1 kg biomass (kg) Conversion yield of glucose to ethanol (%) Bioethanol production (from 1 kg biomass) (mL) Reference

Rice straw 413 86.4 166 [9]
Pine wood 458 84.8 253
Oak wood 425 83.1 204

White T-shirt 991 83.5 537 This work
Yellow T-shirt 963 78.0 402
Linen 921 75.7 487
Denim 629 64.0 411
White towel 984 82.3 502

Fig. 8. (a) Comparison of the efficiency of NaOH (N) and NaOHeethanol (NE) pretreatment with blended cottonepolyethylene terephthalate (PET) textile waste. (b) Images of
NaOHe and NaOHeethanol-pretreated cottonePET samples after enzymatic hydrolysis. (c) Optical microscope images of blended cottonePET samples before and after
NaOHeethanol pretreatment.
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3.4.2. Optical microscope analysis
The removal of PET upon NaOH�ethanol pretreatment was also

investigated using an optical microscope. The textile samples were
stained with safranin, which is used to detect cellulose. As ex-
pected, only cellulose fibers remained in the sample upon
NaOH�ethanol pretreatment, confirming the separation of cotton
from PET (Fig. 8c). The optical microscope images showed the
cellulose in red, whereas PET was colorless. These results clearly
indicate that PET was effectively removed by NaOH�ethanol
pretreatment.
3.4.3. Enzymatic hydrolysis of NaOH�ethanol pretreated blended
cotton�PET textile waste

Cotton�PET samples pretreated with NaOHeethanol were used
as the substrate for enzymatic hydrolysis using the in-house pro-
duced cellulase (20 FPU/g substrate). The samples showed good
hydrolysis efficiency following PET removal via NaOHeethanol
pretreatment, with a glucose yield of 92.49%. In addition, glucose
9

yields of 17.70% and 74.21% were obtained for cotton�PET ratios of
35:65 and 70:30, respectively. Thus, NaOH�ethanol pretreatment
enhanced enzymatic hydrolysis of blended cotton�PET textile
waste.
3.5. Biological decomposition of blended cotton�PET textile waste

Biological degradation of blended cotton�PET textile waste is
considered more versatile and environment-friendly compared to
chemical conversion procedures. Tournier et al. previously devel-
oped the WCCG PET hydrolase, which is a leaf�branch compost
cutinase (LCC) variant [60]. The WCCG PET hydrolase releases
several intermediates and end products including BHET, MHET,
TPA, and EG during PET degradation. WCCG hydrolase was first
produced to degrade blended cotton�PET textile waste. Then,
cellulase and WCCG hydrolase were mixed to investigate the syn-
ergetic relationship between these enzymes during the enzymatic
hydrolysis of blended cotton�PET textile waste. PETase was also



Fig. 9. (a) HPLC spectra of mixing enzymes on the enzymatic hydrolysis of untreated
and NaOHeethanol pretreated blended cottonePET samples. (b) Schematization of the
HPLC results.
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used for comparison purposes. All enzymes were mixed at a ratio of
50:50. The results indicated that hydrolysis efficiency of the
blended cotton�PET samples was significantly increased upon
addition of WCCG, and a higher glucose yield was obtained (Fig. 9).
The most effective enzyme combination was cellulase and PETase.
Despite its lower efficiency compared to PETase, WCCG hydrolase
was demonstrated to be a suitable alternative for the hydrolysis of
blended cotton�PET textile waste.
4. Conclusions

Our results demonstrated that textile waste can be successfully
used as a feedstock for the production of several valuable products,
including bioethanol, sorbitol, LA, TPA, and EG. The developed
NaOH, HPACeNaOH, and NaOHeethanol pretreatment were very
effective for cotton, colored cotton, and blended cottonePET,
respectively. The sugar content produced via enzymatic hydroly-
sis was then converted into key platform chemicals (bioethanol,
sorbitol, and lactic acid) via fermentation or hydrogenation. TPA
and EG were produced from blended cotton�PET via
NaOHeethanol pretreatment. Using textile waste as an alternative
feedstock for the production of value-added materials can thus be
considered as an alternative strategy for the production of value-
added chemicals, and also offers a promising solution to environ-
mental and energy issues related to the generation of textile waste.
10
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