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Abstract: The fashion industry is becoming one of the largest emitters worldwide due to its high
consumption of raw materials, its effluents, and the fact that every garment will eventually contribute
to the vast amount of waste being incinerated or accumulating in landfills. Although fiber-to-
fiber recycling processes are being developed, the mechanical properties of the textile fibers are
typically degraded with each such recycle. Thus, tertiary recycling alternatives where textiles are
depolymerized to convert them into valuable products are needed to provide end-of-life alternatives
and to achieve circularity in the fashion industry. We have developed a method whereby cotton waste
textiles are depolymerized to form a glucose solution, using sulfuric acid as the sole catalyst, with a
high yield (>70%). The glucose solution produced in this process has a high concentration (>100 g/L),
which reduces the purification cost and makes the process industrially relevant. This method can be
applied regardless of the quality of the fibers and could therefore process other cellulosic fibers such
as viscose. The glucose produced could subsequently be fermented into butanediol or caprolactam,
precursors for the production of synthetic textile fibers, thus retaining the value of the waste textiles
within the textile value chain.

Keywords: waste textiles; cotton; recycling; valorization; acid hydrolysis; sulfuric acid

1. Introduction

The environmental impact of the textile industry is immense, not only because of its
high consumption of raw materials and its effluents, but also because every piece of textile
produced will sooner or later contribute to the vast amount of waste textiles [1,2]. The
fashion industry struggles with misinformation and, consequently, there is uncertainty
regarding the exact amount of waste textiles being generated today [3]; however, according
to Ruiz, total textile fiber production is expected to surpass 120 million tons annually
by 2025 [4]. Due to wear and tear, these textiles will eventually be damaged beyond
usefulness and, as such, all textiles are ultimately discarded. Only a small fraction of
these waste textiles is currently being recycled, the vast majority either being landfilled or
incinerated [5]. The reason for this lies in the complexity of the material [2]. Firstly, textiles
consist of a combination of components, such as buttons, seams, and zippers, which must
be separated from the actual fabric. Secondly, fabrics often consist of a mixture of several
types of fiber that may differ considerably from each other on the polymer level. These
fibers thus have very different chemical and mechanical properties, and there is no single
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method of recycling all types of fiber. Before any form of recycling can take place, the
textiles must therefore be sorted based on the types of fiber they include. Polyester and
cotton are by far the most frequently used kinds of fibers, and, in total, more than 95% of
all fibers produced today are either synthetic or cellulose-based [6].

Since cellulose-based fibers constitute more than a third of all textile fibers produced
annually, methods for recycling cellulosic textiles are a suitable target for research. Various
recycling methods have been developed to recycle cotton textiles, which is by far the most
common cellulose-based fiber [6]. One example is that of the Swedish company Renewcell,
which turns cotton waste textiles into dissolving pulp [7]; however, existing methods have
limitations. There is currently no commercial-scale process for cellulosic textile recycling
other than on the fiber and polymer level, which means that the polymers, or entire fibers,
are extracted in some way, treated, and turned into new fibers that can be used to produce
new textiles. Such processes require a certain quality of polymers and fibers; if they are
too short or damaged, they cannot be recycled in this manner. Thus, since the degree
of polymerization of cellulosic fibers decreases during use and with each regeneration
process [8,9], there is need for additional, tertiary recycling methods capable of recycling,
or in other ways valorizing, textile fibers, regardless of their quality.

One promising alternative for valorization of waste textiles of low quality is to degrade
the polymers to their monomeric constituents. These monomers can then be converted
into monomers for the production of synthetic textiles, valuable chemicals, or biofuel. In
the case of cellulose, as in cellulose-based waste textiles such as cotton, hydrolysis using
sulfuric acid is an interesting option. Acid hydrolysis of cellulose, and lignocellulosic
biomass in general, has been studied since 1819 and has, during the last two centuries, seen
a lot of development, improvement, and implementation [10–18]. The two-step sulfuric
acid hydrolysis is a particularly effective variant, whereby the substrate is exposed to
hydrolysis at different conditions with regard to temperature and concentration of sulfuric
acid. Indeed, two-step hydrolysis using sulfuric acid is a common method to determine the
content of structural carbohydrates in lignocellulosic samples [19,20]. Cotton waste textiles,
being a source of relatively pure cellulose, share similarities with general lignocellulosic
biomass in that it is remarkably hard to hydrolyze into reducing sugars [21,22]. While
virgin cotton has a relatively high resistance toward hydrolysis, due to its high degree of
crystallinity and long polymeric chains [11–14,23], cotton once converted into textiles has
been shown to exhibit even higher resistance towards hydrolysis. Virgin cotton has been
reported to hydrolyze completely at room temperature in 55% sulfuric acid, while similar
and more drastic conditions failed to achieve the same when cotton textiles were used as
the substrate [22,24]. These similarities between cotton waste textiles and lignocellulosic
biomass have led to several successful studies on the use of techniques typical for hydrolysis
of general biomass for saccharifying cotton waste textiles [21,25].

We have recently developed a method whereby cotton waste textiles can be depoly-
merized to form a glucose solution [22]. We succeeded in transforming the cotton textiles
into an acidic glucose solution, using sulfuric acid as the sole catalyst, while achieving
a high yield. While other researchers have managed to hydrolyze cotton textiles before,
no one has, to the best of our knowledge, been able to produce a highly concentrated
product, while at the same time maintaining a high yield. The purpose of this study
was thus to optimize the operating parameters of this newly developed process as a step
toward industrial commercialization, by producing a highly concentrated product while
maintaining a high yield. Using sulfuric acid as the sole catalyst improves the production
rate considerably compared to an enzymatic approach and a concentrated product allows
for easier separation and downstream handling. In summary, the operating parameters of
this newly developed process were optimized in this study by testing and evaluating the
effect of different combinations of temperature and acid concentrations. It was concluded
that it is possible to use the proposed technique to produce glucose at a high concentration
(>100 g/L) and at a high yield (>70%). The reactivity and recyclability of the residual waste
formed during treatment were also investigated.
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2. Materials and Methods
2.1. Collection and Preparation of Cotton Waste Textiles

The cotton waste textiles used in this study were discarded bed linens unfit for re-
selling, and labelled 100% cotton, donated by the authors’ friends and family, employees
at the Department of Chemical Engineering at Lund University, and a collection point
of a Swedish organization that collects and sorts textiles for charity and recycling. The
cotton waste textiles were used as a proxy for cellulose-based textiles in general. It is by
far the most common cellulose-based textile, and if the process works for a material with
such a high resistance towards hydrolysis as cotton waste textiles, it should be no problem
adapting it to other cellulosic fibers, such as viscose waste textiles [6,14,18,22,26]. Prior to
the experiments, buttons, seams, labels, and other parts not made of cotton were removed
from the textiles. The textiles were subsequently cut into smaller pieces, approximately 2
by 2 cm, using a circular textile knife (Ø 45 mm, Stoff & Stil, Malmö, Sweden). The material
was then mixed thoroughly to ensure representability of the samples.

2.2. Two-Step Acid Hydrolysis

Several two-step acid hydrolysis experiments were conducted, consisting of pre-
hydrolysis with concentrated sulfuric acid, followed by post-hydrolysis with dilute sulfuric
acid (Figure 1).
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Figure 1. Schematic of the two-step textile hydrolysis process using different concentrations of
sulfuric acid.

2.2.1. Pre-Hydrolysis

The pre-hydrolysis step was performed by exposing 100 g of dry waste textiles to
134 g of an 80 wt.% sulfuric acid solution, corresponding to a solids loading of 0.744 g dry
textiles/g sulfuric acid solution. Treatment was conducted in a water bath at a temperature
of 30 ◦C for one hour, according to the method described in our previous study [22].

The influence of the concentration of sulfuric acid in the pre-hydrolysis step on the
crystallinity of the cellulose from the cotton waste textiles was investigated. The samples
were prepared by exposing 5 g of dry waste textiles to 6.72 g of sulfuric acid of different
concentrations (60 wt.%, 72 wt.%, and 80 wt.%) at 30 ◦C for 1 h. These samples, together
with a sample of untreated cotton waste textiles, were then studied using wide-angle X-ray
scattering (WAXS) analysis with an Anton Paar SAXSpoint 2.0 system (Anton Paar, Graz,
Austria) equipped with a Microsource X-ray source (Cu K-alpha radiation, wavelength
0.15418 nm) and a Dectris 2D CMOS Eiger R 1M detector (DECTRIS, Baden-Daettwil,
Switzerland) with a 75 × 75 µm2 pixel size. All measurements were performed with a
beam of approximately 500 µm in diameter and a beam path pressure of about 1–2 mbar.
The sample-to-detector distance was 109.1 mm during the measurements. Samples were
mounted on a Multi-Paste holder (Anton Paar, Graz, Austria). Six frames of 15-min duration
were read from the detector, giving a total measurement time of 1.5 h per sample. The
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transmittance was determined and used to scale the intensity. The software used for
instrument control was SAXSdrive, version 2.01.224, and post-acquisition data processing
was performed using SAXSanalysis, version 4.01.047 (both from Anton Paar, Graz, Austria).

2.2.2. Post-Hydrolysis

The post-hydrolysis step was performed by diluting the gel formed in the pre-hydrolysis
step with varying amounts of water, in order to achieve concentrations of sulfuric acid
in the mixture between 10 wt.% and 30 wt.%. The samples were thoroughly mixed and
treated in an autoclave for one hour at 80 ◦C, 100 ◦C, or 121 ◦C. After autoclaving, the
samples were cooled to 80 ◦C, before being evacuated from the autoclave and vacuum
filtered through a filter cloth with a pore size of 100 µm. The liquid and solid fractions were
subjected to further analysis.

2.3. Recyclability of the Solid Residue

The recyclability of the solid residue from the process was investigated by treating an
amount corresponding to 7 g dry matter of solid material recovered as solid residue from
the post-hydrolysis step of a previous cycle of treatment, using two different approaches.
In the first approach, called the dry method, the solid residue recovered after vacuum
filtration was dried and milled using a knife mill (Retsch GmbH, Haan, Germany) and
sieved to obtain fractions with a size of 1 mm. The dried and milled solid residue was then
mixed with new cotton waste textiles and subjected to a second cycle of treatment. In the
second cycle, the pre-hydrolysis step was performed as described in Section 2.2.1, and the
post-hydrolysis step was carried out at 100 ◦C with 15 wt.% sulfuric acid for one hour.

In the second approach, called the wet method, the solid residue was dispersed in
water and then added to the post-hydrolysis step in the second cycle of treatment. The
conditions in the post-hydrolysis step were the same as in the dry method, namely 100 ◦C
and 15 wt.% sulfuric acid. In both recycling approaches, the total mass used was halved
compared to the experiments described in Section 2.2, and the mass ratio of substrate
(cotton waste textiles and recycled solid residue) to sulfuric acid was kept at the same level
in the post-hydrolysis step.

2.4. Compositional Analysis of Cotton Waste Textiles and the Products following Two-Step
Acid Hydrolysis

The total solids (TS) content of the cotton waste textiles was analyzed in triplicate by
drying the textiles in an oven (105 ◦C) overnight and weighing. The cellulose content was
analyzed according to NREL standards [19], with the exception that, instead of being milled
through a 1 mm screen, the textiles were cut into lengths of 10 mm, according to ISO 1833-1
for quantitative chemical analysis of textiles [27]. The fraction assigned to acid-insoluble
lignin using the protocol developed by Sluiter et al. was denoted non-cellulosic material,
since the residual material after completed hydrolysis was an unidentified mixture of
non-cellulosic threads, dyes, and other additives typically used in textile manufacture, and
impurities introduced during the lifetime of the textiles. Cellulose analysis was performed
in sextuplicate.

Glucose and degradation by-products from the compositional analysis and the acid
hydrolysis experiments on cotton waste textiles were analyzed by high-performance liquid
chromatography (HPLC) using a Shimadzu LC-20 AD HPLC system equipped with a
Shimadzu RID 10A refractive index detector (Shimadzu Corporation, Kyoto, Japan). The
chromatography column used together with the HPLC system was an Aminex HPX-87H,
with a Cation-H MicroGuard column (Bio-Rad Laboratories, Hercules, CA, USA) at 50 ◦C.
The eluent was 5 mM sulfuric acid, at a flow rate of 0.5 mL/min and a pressure of 50 bar.

The TS content of the solid samples generated during acid hydrolysis was analyzed by
drying the samples in an oven (105 ◦C) for 48 h and weighing. The water-insoluble solids
(WIS) content was determined by thoroughly washing the samples before drying them in an
oven (105 ◦C) and weighing, according to the NREL protocol developed by Sluiter et al. [28].
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The TS measurements were performed in triplicate and the WIS measurements were
performed in duplicate.

2.5. Collection, Two-Step Hydrolysis, and Compositional Analysis of Viscose Waste Textiles and
Its Derivatives

The viscose waste textiles used in this study were sorted at, and provided by, a textile
sorting facility. Only textiles consisting of 100% viscose were selected for this study. Buttons,
seams, and other non-textile components were removed from the waste textiles prior to
shredding into a size of approximately 3 by 3 cm and delivery.

The two-step acid hydrolysis of the viscose waste textiles was performed by first
exposing 25 g of dry textiles to 126 g of 80 wt.% sulfuric acid for 1 h at 30 ◦C. After
completed pre-hydrolysis, 568.5 g of water was added to the mixture to reach a sulfuric
acid concentration of 15 wt.%. The mixture was thoroughly mixed and treated for 1 h at
121 ◦C in an autoclave. Upon completed post-hydrolysis, the mixture was allowed to cool
before samples were taken from the supernatant.

The total solids content of the viscose waste textiles was determined gravimetrically in
triplicates, before and after freeze-drying samples of around 500 mg at 25 ◦C. The polysac-
charide content of the viscose waste textiles was analyzed following the acid hydrolysis
method developed by Saeman et al. [29]. The hydrolysates from the compositional analysis
of the raw material, as well as the supernatant samples from the hydrolysis experiments,
were separated and quantified by high-performance anion exchange chromatography with
pulsed amperometric detection (HPAEC-PAD) on an ICS6000 system (Dionex, Sunnyvale,
CA, USA), as described elsewhere [30]. The monosaccharide contents were calculated in
reference to a standard mixture (0.005–0.01 mg/mL) containing fucose, rhamnose, arabi-
nose, xylose, galactose, glucose, mannose, galacturonic acid, and glucuronic acid (Sigma
Aldrich, Stockholm, Sweden).

2.6. Calculations

The glucose yield was calculated based on the total amount of glucose in the raw
material, as determined in the compositional analysis. The total amount of glucose in
the waste textiles corresponds to 1.11 times the cellulose content, since water is added to
the cellulose during hydrolysis. The total amount of glucose in the solid residue used in
recycling experiments was calculated twice, following two different assumptions. The first
value was calculated assuming that the dry matter of the solid residue consisted only of
glucan, while the second value was calculated assuming that all non-cellulosic material in
the raw material was recovered in the solid residue. In both cases, the liquid trapped in the
solid residue was assumed to have the same composition as the liquid product obtained
from vacuum filtration where the solid residue was recovered. The glucose yield in the
experiments was subsequently calculated by multiplying the glucose concentration in the
liquid product by the volume of the liquid product and then dividing by the total amount
of glucose in the raw material (see Equations (1)–(3)).

Ywaste textiles =
cglucoseV

ηWTmWTwcell · 1.11
(1)

Ymix, pure SR =
cglucoseV

ηWTmWTwcell · 1.11 + mSR,dry · 1.11 +
mSR,liq
ρI

cglucose,I
(2)

Ymix, impure SR =
cglucoseV

ηWTmWTwcell · 1.11 +
(

mSR,dry − mSR, non−cell

)
· 1.11 +

mSR,liq
ρI

cglucose,I

(3)

where Ywaste textiles denotes the glucose yield from waste textiles, Ymix, pure SR the glucose
yield from a mixture of waste textiles and recycled solid residue where the solid residue is
assumed to consist purely of glucan, and Ymix, impure SR denotes the glucose yield from a
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mixture of waste textiles and recycled solid residue where the solid residue is assumed to
contain impurities in the form of non-cellulosic material found in waste textiles. cglucose
denotes the glucose concentration in the liquid product, V is the volume of the liquid
product, ηWT is the dry matter content of the waste textiles, mWT is the mass of waste
textiles used in the experiment, wcell is the mass fraction of cellulose within the waste textiles
(determined in the compositional analysis), and 1.11 is a correction factor corresponding to
the weight increase when water is added to cellulose/glucan during hydrolysis. mSR,dry
denotes the dry weight of the recycled solid residue, mSR,liq is the weight of the liquid
trapped in the recycled solid residue (before drying), ρI is the density of the liquid trapped
in the recycled solid residue (before drying), cglucose,I is the glucose concentration in the
liquid trapped in the recycled solid residue (before drying), and mSR, non−cell is the dry
weight of non-cellulosic material present in the recycled solid residue, assuming that all
the non-cellulosic material present in the waste textiles is recovered in the solid residue
after the vacuum filtration step.

Since a significant amount of material was lost during vacuum filtration after the post-
hydrolysis step, i.e., neither recovered in the liquid fraction nor the solid, (see Section 3.2.2.
for further discussion on material losses), the values of the glucose concentration of the
liquid product obtained from the HPLC analysis required adjustment to reflect the actual
glucose concentration in the liquid fraction after the post-hydrolysis step. The prolonged
exposure to vacuum allowed volatile components of the mixture to evaporate and, since the
most volatile component in the product mixture was water, it was assumed that these mass
losses corresponded to pure water losses. Moreover, the filtration time varied depending on
the conditions used in the post-hydrolysis step, which led to differences in the magnitude
of the mass losses. Thus, in order to ensure valid comparisons of the glucose concentration
in the different experiments, the effect of vacuum filtration was eliminated by adjusting
the glucose concentrations obtained from the HPLC analysis, by assuming the mass losses
during vacuum filtration to be pure water, according to Equation (4):

cglucose,adjusted =
cglucoseV

V + mlost/ρw
(4)

where cglucose, adjusted is the concentration of glucose after the post-hydrolysis step, cglucose is
the glucose concentration of the liquid product after vacuum filtration measured by HPLC
analysis, V is the volume of the liquid product after vacuum filtration, mlost is the mass lost
during the vacuum filtration step, and ρw is the density of pure water at room temperature.

3. Results and Discussion
3.1. Composition of Cotton Waste Textiles

According to the compositional analysis, the cellulose content of the cotton waste
textiles used in this study was 92% (standard deviation 1%). The blue jeans used in the
study by Jeihanipour et al. were found to have a cellulose content of 93% (±1%) [21],
while Buchert et al. reported that raw cotton fibers, before the addition of dyes, contained
3.6% non-cellulosic components, which corresponds to a cellulose content of 96.4% [31].
Thus, the results of the compositional analysis of the waste textiles were deemed to be
consistent with previous findings.

3.2. Optimization of the Two-Step Acid Hydrolysis
3.2.1. Pre-Hydrolysis

The change in crystallinity of cotton waste textiles upon exposure to sulfuric acid at
varying concentrations in the pre-hydrolysis step is shown in Figure 2. As the textiles
were exposed to increasing concentrations of sulfuric acid, the distinct pattern typical
of crystalline cellulose I [32] seen in the measurements on the raw material (Textiles, no
acid) gradually faded away until individual equatorial reflections could no longer be
distinguished (at 80 wt.% sulfuric acid). This loss of distinct equatorial reflections in
the diffractogram indicates a loss of crystalline regions in the sample, i.e., the cellulose
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has been de-crystallized into an amorphous state [33]. As shown in our previous study,
the performance of the two-step acid hydrolysis process is dependent on the sulfuric
acid concentration in the pre-hydrolysis step; concentrations below 80 wt.% in the pre-
hydrolysis step had a significant negative impact on the efficiency of the process [22]. The
results of the WAXS measurements presented in Figure 2 illustrate the favorable effect
of the high concentration of sulfuric acid in the pre-hydrolysis step, as the rate of acid-
catalyzed hydrolysis of amorphous cellulose is known to be significantly higher than that
of crystalline cellulose [14,18,34].
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3.2.2. Optimization of the Post-Hydrolysis Step

In general, a higher temperature and higher sulfuric acid concentration in the post-
hydrolysis step led to a lower glucose yield, as can be seen in Figure 3a. The lower glucose
yield at higher temperatures can be explained by increased by-product formation during
experiments at 121 ◦C, while the presence of any by-products was below the quantification
limit in experiments performed at 100 ◦C and 80 ◦C. A higher formation of by-products was
expected at higher temperatures and increased acidity, as similar behavior has been reported
for lignocellulosic biomass [17,35]. Increasing the concentration of sulfuric acid in the post-
hydrolysis step during experiments at 121 ◦C did indeed increase by-product formation,
which partly explains the decrease in glucose yield. However, although the glucose yield
decreased in a similar manner when increasing the sulfuric acid concentration at 100 ◦C,
the concentration of by-products remained below the quantification limit. Moreover,
the increase in by-product formation did not correspond completely to a decrease in
glucose production when increasing the concentration of sulfuric acid when running at
121 ◦C. The conversion of cellulose into hydrolysates, i.e., the fraction of cellulose that was
hydrolyzed into either glucose, hydroxymethylfurfural (HMF), or levulinic acid (common
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by-products in the degradation of glucose and the only ones detected during the HPLC
analysis), decreased with increasing concentrations of sulfuric acid, at both 100 ◦C and
121 ◦C (Figure 3b). This suggests that increasing the concentration of sulfuric acid (which
corresponds to a decrease in the water content, which is consumed during hydrolysis)
halts hydrolysis, leaving part of the material unreacted, possibly in the form of oligomeric
sugars. To test this hypothesis, the duration of the post-hydrolysis step (100 ◦C and 30 wt%
sulfuric acid) was increased to 3 h. When the duration was increased to 3 h, the conversion
of cellulose into hydrolysates remained at 45%; however, the glucose yield decreased by
eight percentage points, which corresponded to the increase in levulinic acid. The fact that
the conversion of cellulose into hydrolysates remained unchanged upon increasing the
temperature (from 100 ◦C to 121 ◦C) and the duration of the post-hydrolysis step (from 1 to
3 h) demonstrates that the concentration of the sulfuric acid solution had the greatest effect
on the degree of hydrolysis of the raw material in the post-hydrolysis step at sufficient
temperatures and residence times (100 ◦C, 1 h), while increasing the residence time and
temperature further mainly led to increased by-product formation.
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Figure 3. Glucose yield (a) and conversion of cellulose into hydrolysates (b) obtained with different
combinations of sulfuric acid concentration and temperature in the post-hydrolysis step.

Interestingly, the decrease in hydrolysates with increasing concentrations of sulfuric
acid did not lead to a proportional increase in solids recovery. Throughout the experiments
at both 100 ◦C and 121 ◦C, the solid recovery remained about 20%. This indicates that, as
the concentration of sulfuric acid was increased, a larger fraction of the cotton waste textiles
was converted into oligomeric glucose chains, which were too short to be recovered in the
solid residue but too long to be detected in the HPLC analysis. We found similar results in
our previous study, when increasing the concentration of sulfuric acid at a high temper-
ature (130 ◦C) led to an increase in the amount of material neither recovered in the solid
residue nor detected as monomers in the HPLC analysis, together with higher by-product
formation [22]. An alternative explanation could be the formation of unknown compounds
during the treatment that might avoid detection in the HPLC analysis. Nonetheless, it has
been shown that during treatment with inorganic acids, the rate of depolymerization of
cellulose decreases until it levels off, after which it remains relatively unchanged despite
further treatment [12]. This phenomenon has been reported more recently during the
hydrolysis of cotton textiles using sulfuric acid at similar conditions to those in the present
study [24], which supports the hypothesis that the material not recovered as solid residue
or monomers in this study is indeed oligomeric glucose chains in the liquid product.

While the glucose yield decreased at higher sulfuric acid concentrations in the post-
hydrolysis step, the glucose concentration in the liquid product increased, as can be seen in
Figure 4. Although the glucose yield decreased with increasing sulfuric acid concentrations,
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the lower water content in the more concentrated acid led to all the components in the
liquid product becoming more concentrated, including glucose.
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Figure 4. Glucose concentration in the liquid product at different combinations of sulfuric acid
concentration and temperature in the post-hydrolysis step. The values are adjusted assuming all loss
of mass during filtration was evaporated water.

As can be seen in Figure 4, the glucose concentration in the liquid product was
consistently higher at a temperature of 100 ◦C than at 121 ◦C. This is consistent with the
fact that more glucose is lost due to by-product formation at higher temperatures. These
glucose losses became so high that when the acid concentration was increased from 20 wt.%
to 30 wt.% (at 121 ◦C), the glucose concentration decreased, counteracting the fact that
the system is 1.5 times more diluted at 20 wt.% than at 30 wt.%. This is supported by the
fact that conversion of cellulose to hydrolysates was the same at both 100 ◦C and 121 ◦C
with 30 wt.% sulfuric acid, indicating that by-product formation constitutes the difference
between the results at the two acid concentrations. Interestingly, Figure 4 shows that
the glucose concentration was consistently above 100 g/L in the experiments performed
at 100 ◦C, except when using a sulfuric acid concentration below 15 wt.% in the post-
hydrolysis step. Since by-product formation was limited at 100 ◦C, increasing the acid
concentration in the post-hydrolysis step proved to be an effective way of increasing the
glucose concentration, at the expense of the glucose yield; however, the effect was lower
at sulfuric acid concentrations above 20 wt.%. Additional experiments were performed at
80 ◦C, but were found to be significantly inferior to 100 ◦C, both in terms of glucose yield
and concentration due to low reactivity (data not shown).

The saccharification of lignocellulosic material using sulfuric acid in general, and
two-step hydrolysis in particular, has seen detailed study before [10,15,19,34]. As can be
seen in Table 1, Kong-Win Chang et al. were able to achieve almost complete hydrolysis of
cellulose using concentrated sulfuric acid in the pre-hydrolysis step, followed by partial
neutralization and subsequent post-hydrolysis using sodium hydroxide [17]. The yield was
impressive, but the process required large quantities of sulfuric acid, resulting in a very
low solids loading. However, post-consumer cotton textiles exhibit significantly higher
resistance toward hydrolysis than cellulose from other sources, including virgin cotton. In
an attempt to overcome the stability of cotton textiles, Sasaki et al. studied a microwave-
assisted method to directly hydrolyze cotton towels [36]. The microwave-assisted direct
hydrolysis had a very low glucose yield, and a subsequent enzymatic hydrolysis step
was necessary to improve the process (Table 1). Similarly, Kuo et al. achieved high
glucose yields by pretreating waste textiles with sulfuric acid followed by an enzymatic
hydrolysis step [37]. Despite the high glucose yields achieved by Sasaki et al. and Kuo et al.,
both methods required the use of enzymes, and the solids loadings were notably low,
which in turn led to a low glucose concentration in the solution (Table 1). At low solids
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loadings, the technology developed in this study was in our previous study shown to
be capable of achieving glucose yields above 90% [22]. After the optimization in the
present study, our technology also possesses the benefit of being able to produce glucose
solutions with concentrations above 100 g/L, while retaining a glucose yield above 70%
and operating at high solids loadings (ten times higher compared to Kuo et al.). In general,
our process has similarities to that developed by Farone and Cuzens aimed at processing
general lignocellulosic biomass, in that both methods are based on two-step, sulfuric-acid-
catalyzed, hydrolysis processes, giving comparable results [15]. The notable difference is
that the process presented in this study is optimized with regard to saccharifying post-
consumer cotton waste textiles. In summary, the inherent resistance toward hydrolysis
of cotton textiles was overcome by the exposure to the concentrated sulfuric acid in the
pre-hydrolysis step, while the moderate temperature in the post-hydrolysis step allowed
for efficient saccharification and prevented by-product formation. Finally, the optimized
solids loading in the pre-hydrolysis step and the concentration of sulfuric acid in the
post-hydrolysis step resulted in a high glucose yield and a product of high concentration.

Table 1. Reported yields, product concentrations, and raw material solids loadings from studies
producing glucose from cellulose and cotton waste textiles, including the present study.

Study Glucose Yield (%)
Glucose

Concentration
(G/L)

Solids Loading
(Dry G Matter
/G Solution)

Raw Material Used

Kong-Win Chang et al. [17] 98 - 0.03 Cellulose from
steam-pretreated straw

Sasaki et al. without enzymes [36] 29 - 0.03 Cotton towels

Sasaki et al. with enzymes [36] 78 - 0.02 Cotton towels

Kuo et al. [37] 80 45 0.08 Waste cotton T-shirts

Our previous study [22] 92 3 0.06 Waste cotton bed linens

Present study 72 109 0.74 Waste cotton bed linens

In this study, cotton waste textiles were used as a proxy for general cellulosic waste
textiles. This was partly done since it is the most abundant type of waste textiles within the
category of cellulosic waste textiles, which means that it accurately represents the majority
of said waste category and is comparably easy to collect in larger quantities [6]. Secondly,
cellulose found in cotton is harder to hydrolyze compared to cellulose from other cellulosic
textiles due to its high degree of polymerization and crystallinity [14,18,22,26]. Furthermore,
optimizing the process to overcome this resistance towards hydrolysis exhibited by cotton
waste textiles would ensure that the other types of cellulose-based waste textiles could be
valorized following the same process. To confirm this assumption, an experiment where the
two-step acid hydrolysis process was applied to waste textiles consisting of 100% viscose
was conducted. The results show that a yield above 80% could also be achieved from
viscose waste, which confirms that the process could be extrapolated to other types of
cellulosic waste textiles as well.

In order to provide a viable valorization option to all cellulose-based waste textiles
unfit for fiber recycling and fiber regeneration, the process should be able to treat fiber
blends, as well as textiles made of only one type of fiber. This is because a large fraction of
today’s textiles is blended with other fiber types to combine the benefits from different fiber
types in a single fabric. Nevertheless, the process proposed in this paper shows promise in
this regard as well. Other researchers have shown that it is possible to use sulfuric acid as a
separating agent for separating polyester from cellulosic fibers when those are blended in a
single fabric. The resistance of polyester to the damaging effect of sulfuric acid allowed
the researchers to separate polyester at high recovery rates from blends of polyester and
cotton, as well as polyester and rayon [24]. While fabrics where cellulosic fibers are blended
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with polyester are common, the textile market consists of various fiber blends containing
cellulosic fibers and, as such, a more thorough study is needed in order to measure the
effectiveness of this process in each of those cases.

3.3. Recyclability of Solid Residue

When the solid residue from a previous treatment cycle of cotton waste textiles (i.e.,
the filter cake obtained after vacuum filtration) was mixed with fresh cotton waste textiles
and processed once more, the overall glucose yield, based on the theoretical content of
monosaccharides in the combined material, decreased (Figure 5). Two different values of the
glucose yield were calculated: one assuming that the solid residue obtained after vacuum
filtration consisted purely of glucan and the other assuming that all the non-cellulosic
material present in the raw material was recovered in the solid residue after vacuum
filtration, as described in Section 2.6. These assumptions serve as an upper and a lower
limit of the oligomeric sugars recovered in the solid residue being recycled. The true glucan
content of the solid residue is between these two values, with some non-cellulosic material
being recovered in both the solid residue and the liquid fraction after vacuum filtration.
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Figure 5. Glucose yield after acid hydrolysis of cotton waste textiles combined with the solid residue
from a previous treatment cycle. The two values of the yield were calculated assuming that the solid
residue contained non-cellulosic impurities (pink) or not (blue with white dots).

The slight decrease in glucose yield caused by the introduction of solid residue from a
previous cycle is likely due to the low reactivity of the recycled solid residue rather than a
reduction in overall efficiency. Lower reactivity of the recycled solid residue is supported
by the fact that the crystallinity of cellulose can be increased following partial hydrolysis.
Sannigrahi et al. [34] showed that partial acid hydrolysis increased the crystallinity of
cellulose and attributed this to the fact that the more amorphous regions of the cellulose are
hydrolyzed first, effectively concentrating the more crystalline regions in the sample. An
alternative explanation could be formation of unknown products during treatment and/or
post-processing that reduces the reactivity of the remaining solid residue.

It can be assumed that the degree of hydrolysis of the fresh waste textiles was not
negatively affected by the addition of recycled solid residue, as replacing part of the waste
textiles with a material with a lower reactivity means the remaining fresh waste textiles
experienced less competition for the catalyst. In fact, assuming that the glucose yield from
fresh waste textiles remained the same, the glucose yield from the recycled solid residue
was 20–30% using the dry method, and 15–25% using the wet method. This illustrates the
much lower reactivity of the recycled solid residue than the fresh waste textiles, whose
glucose yield was approximately 72%.

In the case of the wet method, the solid residue was not added until the post-hydrolysis
step, and since the mass of substrate (waste textiles and recycled solid residue) was chosen
so that the ratio of substrate to sulfuric acid was kept at the same level in the post-hydrolysis
step between the wet method, the dry method and the original method described in
Section 2.2, the solids loading in the pre-hydrolysis step was decreased. As shown in our
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previous study, a decrease in solids loadings in the pre-hydrolysis step corresponds to an
increase in the degree of hydrolysis of the raw material in the process [22]. This implies that
the glucose yield of the fresh waste textiles in the wet method could have been higher than
assumed, and consequently the values presented on the glucose yield of the recycled solid
residue are likely exaggerated and should be regarded as upper limits. This significant
decrease in reactivity emphasizes the importance of maximizing the once-through glucose
yield of the process, and that the solid residue should be used for other purposes, possibly
as a solid fuel, as solid residue from sulfuric-acid-catalyzed hydrolysis of lignocellulosic
biomass has been shown to burn well [15].

3.4. Product Requirement and Post-Processing

The glucose produced in this process can be used as a platform chemical for various
products. Attractive alternatives include butanediol and caprolactam, which are used to
produce spandex and nylon, respectively [38–40]. This is especially attractive since using
waste textiles as a raw material for new textile production would keep the value of the waste
textiles within the textile value chain, reduce the consumption of virgin raw materials, and
reduce waste. Another option is to ferment the glucose into ethanol for biofuel production.
Generally, post-processing of glucose involves microbial metabolic conversion, thus the
glucose solution must be microbially compatible. It has been reported that the optimal
glucose concentration for ethanol production using Saccharomyces cerevisiae, a very common
microorganism in fermentation, is 55 g/L [41]. S. cerevisiae is regarded as a rather robust
microorganism, tolerating high glucose concentrations before fermentation is inhibited,
while other microorganisms require lower glucose concentrations in order to function
optimally. Additionally, since producing products of low concentrations adds to the costs
associated with separation and recovery, it is advantageous to produce a concentrated
product [42]. This reduces transportation costs, and the product can be readily diluted to
target values, such as 55 g/L in the case of bioethanol production. We therefore suggest a
minimum concentration of 100 g glucose/L for the product.

There are, however, challenges associated with the purification of the glucose solution.
Before any microbial post-processing can take place, the glucose must be separated from
the sulfuric acid in the product mixture. This is important not only with respect to microbial
compatibility, since the low pH of the solution would prevent any microbial growth, but
also with respect to recycling of the sulfuric acid. Without an efficient method of separating
and recycling the sulfuric acid, the process would generate large amounts of waste and
become unsustainable. The focus of this research has been to study and optimize the
parameters in order to achieve a process that produces a concentrated product, while at
the same time maintaining a high yield. Consequently, since downstream processing and
purification of the product was not included in the focus of this study, separation of the
sulfuric acid from the glucose solution remains to be investigated further. Several methods
and techniques have been suggested for the separation of sugars from acid-containing
hydrolysate of lignocellulosic materials, including ion exclusion chromatography, solvent
extraction, electrodialysis, and membrane technology, but further research is needed to
determine their applicability in this case [43,44]. However, should the separation prove
to be uneconomic, alternative approaches, such as intermediate, partial separation of the
sulfuric acid between the pre-hydrolysis step and the post-hydrolysis step using membrane
filtration, might help increase feasibility. This would further decrease the water consump-
tion in order to reach the lower concentration of sulfuric acid in the post-hydrolysis step,
possibly increasing the glucose concentration even further, without affecting the glucose
yield. Ultimately, exchanging the sulfuric acid for enzymes in the post-hydrolysis step
would bypass the glucose–acid separation challenge completely. Since pre-hydrolysis
left the cotton waste textiles completely de-crystallized, this intermediary material could
possibly suit as a perfect substrate for enzymatic hydrolysis, since the problems related
to increased apparent crystallinity would be minimized, something that has previously
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been reported during acidic pretreatment of lignocellulosic biomass prior to enzymatic
hydrolysis [34].

4. Conclusions

The proposed process provides a fast and efficient method of transforming cotton
waste textiles into glucose, and very likely most cellulose-based waste textiles. The results
of the current study show that it is possible to achieve glucose yields above 70% from cotton
waste textiles, while exceeding a benchmark for the glucose concentration of 100 g/L, which,
to the best of our knowledge, has not yet been reported in the literature. This was achieved
while maintaining an optimal, high textile-to-sulfuric acid ratio in the pre-hydrolysis step of
0.74 g dry textiles/g 80 wt.% H2SO4, during which the cellulose in the textiles was shown
to be completely de-crystallized. An operating temperature of 100 ◦C in the post-hydrolysis
step is superior to both higher and lower temperatures, resulting in both a higher yield and
concentration of glucose, due to the significant by-product formation at 121 ◦C and the low
reactivity at 80 ◦C. Finally, the proposed process does not rely on enzymes and can easily
be modified to accommodate different requirements on the product; however, recycling of
the sulfuric acid remains an interesting subject for future studies.

Author Contributions: Conceptualization, E.R., M.S.-S., P.T.L. and O.W.; Data curation, E.R. and
A.T.; Formal analysis, E.R. and A.T.; Funding acquisition, M.S.-S., P.T.L. and O.W.; Investigation, E.R.,
A.T., A.J.-Q., P.S., S.V., M.S.O., S.D. and V.S.; Methodology, E.R., M.S.-S., P.T.L., A.T. and O.W.; Project
administration, E.R. and O.W.; Resources, E.R., A.T., A.J.-Q. and O.W.; Supervision, M.S.-S. and O.W.;
Validation, E.R., A.T., A.J.-Q., P.S., S.V., M.S.O., S.D. and V.S.; Visualization, E.R., M.S.-S. and A.T.;
Writing—original draft, E.R. and A.T.; Writing—review and editing, E.R., M.S.-S., P.T.L., A.T., A.J.-Q.
and O.W. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Swedish Energy Agency [project number 51217-1].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors would like to posthumously acknowledge and extend their grati-
tude to Lars Stigsson at ShareTex AB for his valuable discussions and support to the study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Chen, H.-L.; Burns, L.D. Environmental Analysis of Textile Products. Cloth. Text. Res. J. 2006, 24, 248–261. [CrossRef]
2. Pensupa, N.; Leu, S.-Y.; Hu, Y.; Du, C.; Liu, H.; Jing, H.; Lin, C.S.K. Recent Trends in Sustainable Textile Waste Recycling Methods:

Current Situation and Future Prospects. Top. Curr. Chem. 2017, 375, 76. [CrossRef]
3. Lanfranchi, M.; Cline, E.L. Cotton: A Case Study in Misinformation; Transformers Foundation: New York, NY, USA, 2021.
4. Ruiz, L. Global Textile Fibre Demand: Trends and Forecast. 2019. Available online: https://icac.org/Content/EventDocuments/

PdfFiles4407c817_a379_45b7_b3ac_c33809c9ae4d/4OS-Global%20Textile%20Fibres%20Demand-%20Trends%20and%20
Forecast.pdf (accessed on 26 January 2021).

5. Ellen MacArthur Foundation. A New Textiles Economy: Redesigning Fashion s Future; Ellen MacArthur Foundation: Cowes,
UK, 2017.

6. Textile Exchange. Preferred Fiber & Materials Market Report 2021; Pepper, L.R., Ed.; Textile Exchange: Lamesa, TX, USA, 2021.
7. Renewcell. Recycling Clothes Finally Works. Available online: https://www.renewcell.com/en/2021 (accessed on 4 March 2021).
8. David, S.K.; Pailthorpe, M.T. Classification of Textile Fibres: Production, Structure, and Properties. In Forensic Examination of

Fibres; Robertson, J., Grieve, M., Eds.; CRC Press: Boca Raton, FL, USA, 1999; pp. 1–31.
9. Wedin, H.; Lopes, M.H.; Sixta, H.; Hummel, M. Evaluation of post-consumer cellulosic textile waste for chemical recycling based

on cellulose degree of polymerization and molar mass distribution. Text. Res. J. 2019, 89, 5067–5075. [CrossRef]
10. Braconnot, H. Verwandlungen des Holzstoffs mittelst Schwefelsäure in Gummi, Zucker und eine eigne Säure, und mittelst Kali

in Ulmin. Ann. Phys. 1819, 63, 347–371. [CrossRef]

http://doi.org/10.1177/0887302X06293065
http://doi.org/10.1007/s41061-017-0165-0
https://icac.org/Content/EventDocuments/PdfFiles4407c817_a379_45b7_b3ac_c33809c9ae4d/4OS-Global%20Textile%20Fibres%20Demand-%20Trends%20and%20Forecast.pdf
https://icac.org/Content/EventDocuments/PdfFiles4407c817_a379_45b7_b3ac_c33809c9ae4d/4OS-Global%20Textile%20Fibres%20Demand-%20Trends%20and%20Forecast.pdf
https://icac.org/Content/EventDocuments/PdfFiles4407c817_a379_45b7_b3ac_c33809c9ae4d/4OS-Global%20Textile%20Fibres%20Demand-%20Trends%20and%20Forecast.pdf
https://www.renewcell.com/en/2021
http://doi.org/10.1177/0040517519848159
http://doi.org/10.1002/andp.18190631202


Recycling 2022, 7, 57 14 of 15

11. Freudenberg, K. The kinetics of long chain disintegration applied to cellulose and starch. Trans. Faraday Soc. 1936, 32, 74–75.
[CrossRef]

12. Battista, O.A. Hydrolysis and Crystallization of Cellulose. Ind. Eng. Chem. 1950, 42, 502–507. [CrossRef]
13. Saeman, J.F. Kinetics of Wood Saccharification—Hydrolysis of Cellulose and Decomposition of Sugars in Dilute Acid at High

Temperature. Ind. Eng. Chem. 1945, 37, 43–52. [CrossRef]
14. Sharples, A. The hydrolysis of cellulose and its relation to structure. Trans. Faraday Soc. 1957, 53, 1003–1013. [CrossRef]
15. Farone, W.A.; Cuzens, J.E. Method of Producing Sugars Using Strong Acid Hydrolysis of Cellulosic and Hemicellulosic Materials.

U.S. Patent 5,562,777, 8 October 1996.
16. Sun, Y.; Cheng, J. Hydrolysis of lignocellulosic materials for ethanol production: A review. Bioresour. Technol. 2002, 83, 1–11.

[CrossRef]
17. Kong-Win Chang, J.; Duret, X.; Berberi, V.; Zahedi-Niaki, H.; Lavoie, J.-M. Two-Step thermochemical cellulose hydrolysis with

partial neutralization for glucose production. Front. Chem. 2018, 6, 117. [CrossRef] [PubMed]
18. Saeman, J.F. Key Factors in the Hydrolysis of Cellulose. In Biomass as a Nonfossil Fuel Source; ACS Publications: Washington, DC,

USA, 1981; pp. 185–197. [CrossRef]
19. Sluiter, A.; Hames, B.; Ruiz, R.; Scarlata, C.; Sluiter, J.; Templeton, D.; Crocker, D. Determination of Structural Carbohydrates and

Lignin in Biomass; NREL/TP-510-42618; National Renewable Energy Laboratory: Golden, CO, USA, 2011.
20. ISO 21436:2021, IDT; Pulps—Determination of Lignin Content—Acid Hydrolysis Method. International Organization for

Standardization (ISO): Geneva, Switzerland, 2020.
21. Jeihanipour, A.; Taherzadeh, M. Ethanol production from cotton-based waste textiles. Bioresour. Technol. 2009, 100, 1007–1010.

[CrossRef] [PubMed]
22. Sanchis-Sebastiá, M.; Ruuth, E.; Stigsson, L.; Galbe, M.; Wallberg, O. Novel sustainable alternatives for the fashion industry:

A method of chemically recycling waste textiles via acid hydrolysis. Waste Manag. 2020, 121, 248–254. [CrossRef]
23. Kihlman, M.; Aldaeus, F.; Chedid, F.; Germgård, U. Effect of various pulp properties on the solubility of cellulose in sodium

hydroxide solutions. Holzforschung 2012, 66, 601–606. [CrossRef]
24. Ouchi, A.; Toida, T.; Kumaresan, S.; Ando, W.; Kato, J. A new methodology to recycle polyester from fabric blends with cellulose.

Cellulose 2010, 17, 215–222. [CrossRef]
25. Sanchis-Sebastiá, M.; Novy, V.; Stigsson, L.; Galbe, M.; Wallberg, O. Towards circular fashion—Transforming pulp mills into hubs

for textile recycling. RSC Adv. 2021, 11, 12321–12329. [CrossRef]
26. Nickerson, R.F.; Habrle, J.A. Cellulose Intercrystalline Structure. Ind. Eng. Chem. 1947, 39, 1507–1512. [CrossRef]
27. ISO 1833-1:2006/COR 1:2009; Textiles—Quantitative Chemical Analysis—Part 1: General Principles of Testing—Technical

Corrigendum 1. International Organization for Standardization (ISO): Geneva, Switzerland, 2010.
28. Sluiter, A.; Hyman, D.; Payne, C.; Wolfe, J. Determination of Insoluble Solids in Pretreated Biomass Material: Laboratory Analytical

Procedure (LAP); NREL/TP-510-42627; National Renewable Energy Laboratory: Golden, CO, USA, 2008.
29. Saeman, J.F.; Moore, W.E.; Mitchell, R.L.; Millet, M.A. Techniques for the determination of pulp constituents by quantitiative

paper chromatography. Tappi J. 1954, 37, 336–343.
30. McKee, L.S.; Sunner, H.; Anasontzis, G.E.; Toriz, G.; Gatenholm, P.; Bulone, V.; Vilaplana, F.; Olsson, L. A GH115 α-glucuronidase

from Schizophyllum commune contributes to the synergistic enzymatic deconstruction of softwood glucuronoarabinoxylan.
Biotechnol. Biofuels 2016, 9, 2. [CrossRef]

31. Buchert, J.; Johansson, L.-S.; Pere, J.; Campbell, J.M. Analysis of the Surface Chemistry of Linen and Cotton Fabrics. Text. Res. J.
2001, 71, 626–629. [CrossRef]

32. Yao, W.; Weng, Y.; Catchmark, J.M. Improved cellulose X-ray diffraction analysis using Fourier series modeling. Cellulose 2020,
27, 5563–5579. [CrossRef]

33. Segal, L.; Creely, J.J.; Martin, A.E., Jr.; Conrad, C.M. An empirical method for estimating the degree of crystallinity of native
cellulose using the X-ray diffractometer. Text. Res. J. 1959, 29, 786–794. [CrossRef]

34. Sannigrahi, P.; Ragauskas, A.J.; Miller, S.J. Effects of Two-Stage Dilute Acid Pretreatment on the Structure and Composition of
Lignin and Cellulose in Loblolly Pine. BioEnergy Res. 2008, 1, 205–214. [CrossRef]

35. Li, J.; Henriksson, G.; Gellerstedt, G. Carbohydrate Reactions During High-Temperature Steam Treatment of Aspen Wood. Appl.
Biochem. Biotechnol. 2005, 125, 175–188. [CrossRef]

36. Sasaki, C.; Kiyokawa, A.; Asada, C.; Nakamura, Y. Glucose and Valuable Chemicals Production from Cotton Waste Using
Hydrothermal Method. Waste Biomass Valorization 2019, 10, 599–607. [CrossRef]

37. Kuo, C.-H.; Po-Ju, L.; Wu, Y.-Q.; Ye, L.-Y.; Yang, D.-J.; Shieh, C.-J.; Lee, C.-K. Simultaneous Saccharification and Fermentation of
Waste Textiles for Ethanol Production. BioResources 2014, 9, 2866–2875. [CrossRef]

38. Buntara, T.; Noel, S.; Phua, P.H.; Melián-Cabrera, I.; de Vries, J.G.; Heeres, H.J. Caprolactam from renewable resources: Catalytic
conversion of 5-hydroxymethylfurfural into caprolactone. Angew. Chem. Int. Ed. 2011, 50, 7083–7087. [CrossRef]

39. Garg, S.; Jain, A. Fermentative production of 2,3-butanediol: A review. Bioresour. Technol. 1995, 51, 103–109. [CrossRef]
40. Wang, T.; Nolte, M.W.; Shanks, B.H. Catalytic dehydration of C6carbohydrates for the production of hydroxymethylfurfural

(HMF) as a versatile platform chemical. Green Chem. 2014, 16, 548–572. [CrossRef]
41. Fakruddin, M.; Quayum, A.; Ahmed, M.M.; Choudhury, N. Analysis of key factors affecting ethanol production by saccharomyces

cerevisiae IFST-072011. Biotechnology 2012, 11, 248–252. [CrossRef]

http://doi.org/10.1039/tf9363200074
http://doi.org/10.1021/ie50483a029
http://doi.org/10.1021/ie50421a009
http://doi.org/10.1039/tf9575301003
http://doi.org/10.1016/S0960-8524(01)00212-7
http://doi.org/10.3389/fchem.2018.00117
http://www.ncbi.nlm.nih.gov/pubmed/29740574
http://doi.org/10.1021/bk-1981-0144.ch009
http://doi.org/10.1016/j.biortech.2008.07.020
http://www.ncbi.nlm.nih.gov/pubmed/18723342
http://doi.org/10.1016/j.wasman.2020.12.024
http://doi.org/10.1515/hf-2011-0220
http://doi.org/10.1007/s10570-009-9358-1
http://doi.org/10.1039/D1RA00168J
http://doi.org/10.1021/ie50455a024
http://doi.org/10.1186/s13068-015-0417-6
http://doi.org/10.1177/004051750107100710
http://doi.org/10.1007/s10570-020-03177-8
http://doi.org/10.1177/004051755902901003
http://doi.org/10.1007/s12155-008-9021-y
http://doi.org/10.1385/ABAB:125:3:175
http://doi.org/10.1007/s12649-017-0084-x
http://doi.org/10.15376/biores.9.2.2866-2875
http://doi.org/10.1002/anie.201102156
http://doi.org/10.1016/0960-8524(94)00136-O
http://doi.org/10.1039/C3GC41365A
http://doi.org/10.3923/biotech.2012.248.252


Recycling 2022, 7, 57 15 of 15

42. Galbe, M.; Wallberg, O. Pretreatment for biorefineries: A review of common methods for efficient utilisation of lignocellulosic
materials. Biotechnol. Biofuels 2019, 12, 294. [CrossRef]

43. Wolfaardt, F.J.; Leite Fernandes, L.G.; Cangussu Oliveira, S.K.; Duret, X.; Görgens, J.F.; Lavoie, J.-M. Recovery approaches for
sulfuric acid from the concentrated acid hydrolysis of lignocellulosic feedstocks: A mini-review. Energy Convers. Manag. X 2021,
10, 100074. [CrossRef]

44. Gregor, H.P.; Jeffries, T.W. Ethanolic fuels from renewable resources in the solar age. Ann. N. Y. Acad. Sci. 1979, 326, 273–287.
[CrossRef]

http://doi.org/10.1186/s13068-019-1634-1
http://doi.org/10.1016/j.ecmx.2020.100074
http://doi.org/10.1111/j.1749-6632.1979.tb14168.x

	Introduction 
	Materials and Methods 
	Collection and Preparation of Cotton Waste Textiles 
	Two-Step Acid Hydrolysis 
	Pre-Hydrolysis 
	Post-Hydrolysis 

	Recyclability of the Solid Residue 
	Compositional Analysis of Cotton Waste Textiles and the Products following Two-Step Acid Hydrolysis 
	Collection, Two-Step Hydrolysis, and Compositional Analysis of Viscose Waste Textiles and Its Derivatives 
	Calculations 

	Results and Discussion 
	Composition of Cotton Waste Textiles 
	Optimization of the Two-Step Acid Hydrolysis 
	Pre-Hydrolysis 
	Optimization of the Post-Hydrolysis Step 

	Recyclability of Solid Residue 
	Product Requirement and Post-Processing 

	Conclusions 
	References

