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Abstract: Currently, most cotton textile waste is sent to landfill. However, due to the use of synthetic
additives and the chemical treatment of cotton fibers, cotton textile waste is difficult to biodegrade.
Cotton textile waste can also be subjected to material recycling, or to incineration/gasification to
produce energy. Here, we present the optimization of acid hydrolysis of cotton yarn fibers for
glucose efficiency. The cotton yarn hydrolysates showed great potential for replacing simple sugar
solutions in fermentation media. The highest glucose concentration was obtained in the hydrolysates
of cotton yarn hydrolyzed in a 2% solution of sulfuric acid or phosphoric acid at 140-160 °C for
2 h. After 2 h of hydrolysis at 140 °C with 2% H3POy, the concentration of glucose in the cotton
yarn hydrolysate (13.19 g/L) increased fivefold compared with cotton yarn treated under the same
conditions with HySOy (2.65 g/L). The structural modifications in the solid residues after acid
hydrolysis were analyzed using a scanning electron microscope with energy dispersive spectroscopy
(SEM-EDS), attenuated total reflectance Fourier-transform infrared spectroscopy (FTIR-ATR), and
Raman spectroscopy. The SEM images, IR spectra, and Raman spectra revealed that the most
significant changes in the morphology of the fibers occurred when the process was carried out at
high temperatures (>140 °C). Better growth of the yeast strains Saccharomyces cerevisiae Ethanol Red
and Saccharomyces cerevisine Tokay LOCK0204 was observed in the medium containing phosphoric
acid hydrolysate. The maximum methane yield of 278 dm3/kgVS and the maximum hydrogen yield
of 42 dm/kgVS were reported for cotton yarn waste after pretreatment with H3PO,. This might have
been linked to the beneficial effect of phosphorus, which is a key nutrient for anaerobic digestion.
The proposed hydrolysis method does not generate fermentation inhibitors.

Keywords: cotton; acid hydrolysis of cotton; ethanol fermentation; biogas production

1. Introduction

Population growth, globalization, urbanization, and economic growth, as well as
purchasing habits, are driving the development of industries throughout the world. As
more and more material goods are produced, the production of waste is also increasing. By
2050, worldwide municipal solid waste generation is expected to rise by approximately
70% to 3.4 billion metric tons [1]. One of the largest and most rapidly developing industries
is the textile industry. The development of the textile industry also has a negative impact
on the environment, first, because textile production requires large quantities of water,
energy, and chemicals, and second, because of the sewage and textile waste produced.
Global production of textile materials in 2019 was estimated at approximately 100 Mt [2].
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Estimated textile production in 2025 will be approximately 121 Mt [3]. In 2019, the global
textile market increased to USD 1.053 trillion [4]. The global demand for textiles (clothes,
decorative and utility fabrics, specialty fabrics, etc.) [5,6] is growing, and that trend looks
set to continue.

Textile wastes can be divided into two main groups: pre-consumer (post-production)
textile wastes, which are wastes generated during the textile production processes, and
post-consumer textile waste, which is generated during use and disposal by consumers [7,8].
Post-consumer wastes cause problems related to their disposal. Currently, 63% of textiles
are made from petrochemical raw materials that cannot be processed by microorganisms [9].
The other 37% are made from natural fibers (cotton, wool, linen, etc.). Large amounts of
chemical substances are used to impart functional properties to natural fibers, such as
water repellence, fire resistance, and protection from UV radiation. Antibacterial agents,
fungicides, insecticides, and permanent pressing resins are also used [10-13]. Due to the use
of synthetic additives and the chemical treatment of natural fibers, textile waste is difficult
to biodegrade. Textiles, therefore, constitute a significant group of wastes. Currently, most
textile waste is either sent to landfill [14,15] or incinerated [7,16,17]. New solutions to the
problem of processing and disposing of textile waste are, therefore, being sought.

The main raw material used in all-natural fibers is cotton [18,19]. The annual world
production of cotton in the 2018/2019 season amounted to approximately 25 million metric
tons. The largest producers were India, the USA, and China [20]. In the UK, cotton
accounts for 54.7% of total post-consumer clothing [21]. As a natural and biodegradable
material, cotton may seem ecological; but its cultivation requires large areas of land and
processing into textiles demands large amounts of water, chemicals, and energy. Therefore,
there is great interest in the sustainable management of cotton waste [21-25]. Waste
garments are mainly collected, sorted depending on the color/fabric type, and converted
into regenerated /reclaimed fibers, which can be used in various yarns [26,27]. However,
the amount of recycled fiber used for spinning is not more than 30% [28].

After it has been reused or recycled into new products, cotton finally becomes un-
suitable for further textile processes. Such unusable waste includes cotton dust, post-
production yarn waste, woven and knitted fabrics, scraps after processing used clothes into
new clothing, and other products. In accordance with the principles of the circular economy
(BR—reuse, reduce, recycle), cotton waste should be exploited as much as possible, not
only by the textile industry. Various methods based on the destruction of the physical or
chemical structure of cotton waste have been investigated [29,30].

Cotton is a natural polymer containing mainly cellulose (88.0-96.5%). Other com-
ponents include pectins, proteins, waxes, fats, and minerals [31-33]. Cellulose is a linear
polymer composed of glucopyranose residues linked by 1,4-3-glycosidic bonds. The hete-
rocyclic rings found in cellulose contain one primary hydroxyl group (-CH,OH) and two
secondary hydroxyl groups (-OH) [34,35].

The chemical properties of cotton are determined by the properties of its basic com-
ponent, namely, cellulose. Cellulose is involved in addition and decomposition, with a
decrease in the degree of polymerization (various types of hydrolysis) and substitution or
oxidation (etherification, esterification). The most important reactions of cellulose fibers
are oxidative degradation, thermal and radiation modification, hydrolysis, substitution,
addition, cross-linking, dyeing, and interphase polycondensation [31]. Cotton hydrolysis is
the process of breaking the 3-1,4-glycosidic bonds in cellulose and reducing its degree of
polymerization [36]. There are several methods that can be used for cotton fiber hydrolysis:
acid hydrolysis, alkaline hydrolysis, enzymatic hydrolysis, and thermal hydrolysis. Hy-
drolysis is influenced by various factors, such as the type of solvent, the heating source,
and the duration of the process. The hydrolysis process transforms cotton into glucose and
solid fiber residues. The glucose can be used for various purposes, including bioethanol
production [35,37-40].

An alternative method of processing textile waste containing cotton fibers is thermally
assisted acid hydrolysis. After appropriate supplementation, the hydrolysates can be
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used as fermentation substrates for bioenergy production (biogas, bioethanol) or other
bioproducts, such as lactic acid and gluconic acid. This study investigated the influence of
temperature, type of acid, and acid concentration on the hydrolysis of cotton waste. The
hydrolysates after supplementation were used as fermentation media in dark fermentation
processes and for ethanol fermentation.

2. Materials and Methods
2.1. Materials

Cotton yarn Z689 x 2 S 542 with a linear density of 58.73 & 0.641 tex, fiber length
15-32 mm, specific strength 18.44 + 1.089 cN/tex, breaking strength 1083 £ 64 cN, and
relative elongation at break 5.8 &= 0.3% was first cut in an MRC RJM30D ball mill. Cotton
yarn is a post-production waste. It was washed at 60 °C and rinsed three times to remove
spinning preparations. Images of the cotton yarn at various magnifications are presented
in Figure 1.

(a)

(b) (c)

Figure 1. (a) Macroscopic photo of the cotton yarn used in this study; (b) SEM image at

30 x magnification of the cotton yarn; (c) SEM image at 500 x magnification of the cotton yarn.

2.2. Acid Hydrolysis of Cotton

Aqueous glucose solutions were obtained from the cotton yarn via thermally assisted
acid hydrolysis. Cotton yarn hydrolysis was performed in pressure reactors with volumes
of 50 cm? (Parr Instrument Company 4552 Series Mini Reactor, Moline, IL, USA), 1 L (Parr
Instrument Company 4577 Series Reactor, Moline, IL, USA), and 7.99 L (Parr Instrument
Company, 4551 Moveable Cart Stand Reactor with 4848 Controller, Moline, IL, USA). The
hydrolysis reactions were carried out at 80-200 °C for 1-8 h in a 50 cm? reactor, using 1 g of
comminuted cotton yarn and 20 cm? of an aqueous solution of sulfuric acid (H,SO4, 95%,
Stanlab, Lublin, Poland) at concentrations of 0.5-10%. To scale up the reaction, reactors
with a volume of 1 L and 7.99 L were used. The reactions were carried out under optimized
conditions (140 °C for 2 h, 2% sulfuric acid/phosphoric acid (H3POy, 85%, Stanlab, Lublin,
Poland)), using 20 g or 150 g of crushed cotton yarn and 600 cm? or 4500 cm® of aqueous acid
solution. The reaction mixtures were cooled in the reactor to room temperature, neutralized
via the addition of NH4OH (25% NH4OH, POCh, Gliwice, Poland) to pH 7-7.5, and filtered
to remove solid yarn residues on a funnel with a sintered disc lined with a quality hard
filter (Filtrak, Ahlstrom-Munksjo Group, Helsinki, Finland). The glucose concentration in
the hydrolysates were determined using high-performance liquid chromatography (HPLC,
Sykam GmbH, Eresing, Germany, with an 51125 pump system, S 5300 autosampler, S
4115 column thermostat, and RI S 3585 detector). The sugars were separated on a SETREX
IEX-H* column (300 x 8.0 mm ID) at 80 °C using 0.008 mol-dm 3 H,SO4 + 2% v/v ACN
(flow 0.8 cm3-min~!) as the mobile phase. Quantitative analysis of glucose was performed
on the basis of a calibration curve plotted for the concentration range of 0-10 g-dm 3 (the
curve in the analyzed range was linear y = 0.19733 x, R? = 0.9998803).
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2.3. SEM-EDS

A scanning electron microscope (SEM S-4700, Hitachi, Tokyo, Japan) equipped with
energy dispersive spectroscopy (EDS) capability (Thermo-Noran Inc., Madison, WI, USA)
was used for SEM analysis of the hydrolysates. Samples were embedded in conductive
carbon pads and the excess loose powder was removed. To reduce electric charging, the
samples were sputter-coated with carbon (Cressington 208 HR system). Images were
acquired in back-scattered electron (BSE) mode. An accelerating voltage of 25 kV was used.
For the purposes of comparison, the same samples were analyzed using an FEI Quanta
650 SEM (FEI Company, Hillsboro, OR, USA) equipped with a Bruker Energy Dispersive
Spectroscopy (EDS) system (Bruker Corporation, Billerica, MA, USA). A 15 kV accelerating
voltage was used with a 3.5 uA electron beam current and a 10 mm working distance. The
compositions of each sample were measured at least three times at different locations that
were approximately 0.25 mm? in size.

2.4. FTIR-ATR Spectroscopy

Infra-red (IR) analyses were made on a VERTEX 70 FTIR spectrometer (Bruker, Bremen,
Germany) with an ATR Golden Gate Diamond Accessory (Specac, Orpington, UK). Spectra
were obtained in absorption mode. The measuring range was from 600 cm~! to 4000 cm 1.
The spectral resolution was one data point per 2 cm~!. In most cases, 64 scans were
acquired. The scans were Fourier-transformed and the values were averaged for each
sample. Spectra were registered using Bruker OPUS 6.5 software (Version 6.5, Bruker,
Kennewick, WA, USA), then processed with Microcal Origin 8.0 (Version 8.0, Originlab

Corporation, Northampton, MA, USA) software [41].

2.5. Raman Spectroscopy

A Renishaw InVia Reflex Raman-dispersive spectrometer (Renishaw, Wotton under
Edge, UK) with a Leica microscope (Leica, Wetzlar, Germany) was used. Spectra were
obtained in the range of 100-3300 cm ! with a spectral resolution of 1 cm~!. An excitation
source with A = 785 nm at 300 mW was applied. The laser power (from 1% to 5%) that
was used depended on the sample. The analysis was made in the closed microscope
chamber of the spectrometer. Samples were situated in the focus of the laser light using a
50 microscope objective and CCD Camera. The results were recorded in the Renishaw
WIRE 5.3 program (Version 5.3, Wotton under Edge, UK) [41] and then processed with
Microcal Origin 8.0 software (Version 8.0, Originlab Corporation, Northampton, MA, USA).

2.6. Yeast Cell Multiplication Using Cotton Hydrolysates as the Cultivation Medium

To prepare the fermentation medium, 40 cm? of hydrolysate was collected, to which
0.4 g of yeast extract (ChemiLab, Tarnobrzeg, Poland) was added, together with 0.8 g of
K-peptone (BTL sp. Z 0.0., Lodz, Poland). The hydrolysate supplemented with yeast extract
(1%) and K-peptone (2%) was sterilized at 121 °C for 15 min.

To describe the growth kinetics, tests in microtiter plates were carried out. The steril-
ized medium was transferred to a sterile microtiter 96-channel plate at 180 L and inocu-
lated with 20 uL of an inoculum suspension of yeast cells (containing at least 10° yeast cells)
in MEB medium (Merck Millipore, Bedford, MA, USA). The yeast strains Saccharomyces
cerevisiae Ethanol Red (Fermentis Division S.I., Lesaffre, Marcq-en-Baroeul, France) and
Saccharomyces cerevisiae Tokay LOCK 0204 (ITFiM PL collection, Lodz, Poland) were
used. Cultivation was carried out at 25 °C for 72 h in a Thermo Scientific Multiskan GO
UV /VIS spectrophotometer equipped with a thermostat and mixing module (Thermo
Fisher Scientific, Waltham, MA, USA). The absorbance of the solutions was measured at a
wavelength of 620 nm. The increase in absorbance was proportional to the turbidity caused
by the proliferation of microorganisms in the solution.

Probe tests were carried out to assess the level of yeast multiplication. The medium
(supplemented hydrolysate) was transferred in 10 cm® portions to glass probes and ster-
ilized. The medium was inoculated with 0.5 cm? of yeast suspensions of Saccharomyces
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cerevisiae Ethanol Red (Fermentis Division S.I., Lesaffre, Marcg-en-Baroeul, France) and
Saccharomyces cerevisiae Tokay EOCK 0204 (ITFiM PL collection, Lodz, Poland) contain-
ing at least 108 yeast cells. Cultivation was carried out at 25 °C for 72 h. The number of
colony-forming units was estimated using the standard plate count method.

2.7. Cultivation of a Microorganism Consortium for Methane and Hydrogen Production

In anaerobic digestion and dark fermentation tests, a consortium of anaerobic mi-
croorganisms was used as the inoculum. The inoculum represented anaerobically digested
sewage sludge collected from the mesophilic anaerobic digestion tank of the Group Wastew-
ater Treatment Plant in Lodz (Poland), with a biomass concentration of 24.59 g DM-dm 3.
For the fermentation of methane and hydrogen, the cotton yarn hydrolysates were mixed
with the inoculum in the ratio of 1:2 on a volatile solids basis.

For methane production (AD) tests, the anaerobic sludge was mixed with the sub-
strate and adjusted to pH 7 with 20% NaOH (NaOH, Stanlab, Lublin, Poland), which is
optimal for methanogenic archaea. To obtain the most efficient hydrogen production in
dark fermentation experiments, it was necessary to eliminate hydrogen-consuming mi-
croorganisms, which were mainly methanogens. Therefore, the substrate and the inoculum
were adjusted to pH 5.5 with 20% HySO4 and then thermostated at 80 °C for 1.5 h. Both
batch fermentations (DF and AD were carried out in glass reactors with capacities of 1 L
(working volume 0.7 L), which were tightly connected to the biogas collection tanks. Daily
biogas yield was measured on the basis of the amount of water displaced from the 1 L gas
tank. Prior to initiating the fermentation process, to create anaerobic conditions air from the
reactors was purged by flushing them with nitrogen gas for about 5 min. The glass reactors
were incubated in a thermostat under mesophilic conditions, keeping the temperature
constant at 35 °C. The reactors were mixed by hand twice a day. The fermentations were
continued for 30 days or stopped when there was only residual biogas production.

The biogas efficiency was monitored qualitatively and quantitatively on a daily basis.
The content of CHy and H, was measured with a Madur GA-21 plus portable gas analyzer
(Madur Polska sp. z o.0., Zgierz, Poland). The yields of methane and hydrogen were
converted into the amount of gas produced per kg of organic dry matter under normal
conditions so that it was possible to compare the results with the literature data.

3. Results and Discussion

Cotton fibers consist almost entirely of cellulose (94-100%). Cotton hydrolysis, there-
fore, leads to glucose as the main product. Acid hydrolysis of the cotton yarn was performed
in a Parr Instrument Company Series Mini Reactor 4592 with a volume of 50 cm®. Hydroly-
sis was carried out in the temperature range of 80-200 °C for 1-8 h with the use of a H,SO4
catalyst at concentrations of 0.5-10%. Prior to HPLC analysis, to determine the glucose
concentration samples of the hydrolysates were neutralized with NH4;OH to pH 7.5. The
results are summarized in Figure 2, as the arithmetic means of the glucose concentrations
of the hydrolysates from the three hydrolysis processes.

The highest concentration of glucose was obtained in the hydrolysates of cotton
yarn hydrolyzed in a 2% solution of sulfuric acid in the temperature range of 140-160 °C
for 2 h. Our previous studies of cotton hydrolysates obtained via the action of sulfuric
acid revealed that only above the temperature of 160 °C, trace amounts of (4.970 min)
furfural and (8.558 min) 5-methyl-2-furanocarboxaldehyde were formed in the reaction
and a temperature increase led to the creation of other products, such as (7.885 min) 2(5H)-
furanone, 5-methyl- and (12.438 min) levulinic acid [42]. What is more, further increasing
the temperature of the process of cotton fiber hydrolysis to 200 °C reduced the glucose
concentration in the hydrolysates as a result of caramelization and Maillard reactions [43],
the products of which may be fermentation inhibitors.
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Figure 2. Glucose concentration in hydrolysates depending on the temperature of hydrolysis. Re-
action conditions: 2 h, 2% H,SOj,. Glucose concentrations were the arithmetic mean of the results
obtained in the three hydrolysis processes with the standard deviations: 1.739 4 0.157; 3.336 £ 0.167;
3.343 £ 0.137.

SEM images (Figure 3) of the solid residue after hydrolysis of the cotton fibers clearly
showed that the most significant changes in the morphology of the fibers occurred when
the process was carried out at high temperatures (>160 °C). The sample hydrolyzed at
160 °C contained the highest concentration of glucose (3.34 g-dm~2). However, when
the temperature of hydrolysis was increased to 200 °C, glucose was not detected and the
only products of the reaction were the products of its further transformation. Although
no significant changes in the morphology of the cotton fibers were observed in the SEM
images after hydrolysis at 140 °C, the amounts of glucose released into the hydrolysate
were also very high (3.34 g-dm~3). To study the changes in the structure of cotton fibers, IR
and Raman spectroscopy techniques were used.

Both in the IR spectra (Figure 4, Table 1) and Raman spectra (Figure 5, Table 1), changes
in the cotton were observed at temperatures above 120 °C. However, the sample treated at
140 °C (Figure 4c) mainly showed changes in the IR band intensities. In the Raman spectra
(Figure 5c), these changes were more pronounced, as the bands of the ring in the region
300-600 cm ™! were more intense. Glycosidic COC ring breathing and stretching vibrations
(1101 em™1, 1122 cm™!) decreased. In the region of 1200-1600 cm ™!, new overlapping
bands appeared. The CH stretching band at 2900 cm~! disappeared and new bands of the
decomposition products were visible at 1182 cm~1, 1278 em~1, 1496 em—1, 1590 cm 1, and
1707 cm~!. These changes were more evident in the Raman spectra for cotton treated at
160 °C (Figure 5d) and 200 °C (Figure 5e). The bands characteristic of cotton completely
disappeared. In the IR spectra, C-OH and COC ring bands, as well as CH bending bands,
became less visible when cotton was treated at 160 °C (Figure 4d) and finally disappeared
when the sample was treated at 200 °C (Figure 4e). At the same time, new bands with
maxima at 1701 cm~! and 1608 cm~! appeared and bands in the 2900-3600 cm ! region
differed significantly in shape and intensity. Characteristic cotton IR bands in the region
900-1200 cm ! completely disappeared and a group of new overlapping bands in the
region 12001500 cm ! became more intense. These bands were derived from solid cellulose
decomposition products after the release of gases, mainly hydrocarbons [44].

Another important parameter influencing the amount of glucose obtained in cotton
hydrolysates is the concentration of HySO4 used as the catalyst. Hydrolysis of glucose
samples was carried out at 120 °C for 2 h. Each time, a different concentration of sulfuric
acid was used in the range of 0.5-5%. Figure 6 presents the results of the HPLC analysis of
the sugar composition of the hydrolysates.
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Figure 3. SEM pictures of the solid residue after hydrolysis of cotton, depending on the temperature
of the process (2 h, 2% H,SOy): cotton treated at (a) 120 °C, (b) 140 °C, (c) 160 °C, and (d) 200 °C.
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Figure 4. IR spectra of (a) washed cotton and cotton treated for 2 h with 2% H,SO; at various
temperatures: (b) 120 °C; (c) 140 °C; (d) 160 °C; (e) 200 °C.
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Table 1. IR and Raman characteristic bands of cotton.

IR [em—1] Description [44] Raman [cm—1] Description [45,46]
330, 383 CCC, CCO ring deformation

1029 C-OH alcohol stretching 437,461 CCC ring deformation
1053 C-OH alcohol stretching 523 COC glycosidic linkage deformation
1106 COC in glycosodic linkage stretching 902, 1001 CH skeletal rotation
1160 CCC ring asymmetric stretching 1101 COC glycosidic ring breathing symmetric stretching
1314 CH bending 1122 COC glycosodic ring breathing asymmetric stretching
1426 CH bending 1344 CH, vibration
1600 H,0 adsorbed 1385 CHj; vibration
2916 CH stretching 1484 CH, vibration
3333 OH stretching 2900 CH stretching

28000

26000 1496

24000

22000 128

Intensity

I I I ' I ' I ' I ' I ' d I '
300 600 900 1200 1500 1800 2100 2400 2700 3000

Raman shift [cm™]

Figure 5. Raman spectra of (a) washed cotton and cotton treated for 2 h with 2% H,SOy, at various
temperatures: (b) 120 °C; (c) 140 °C; (d) 160 °C; (e) 200 °C.

High glucose concentrations were also noted in the hydrolysates when cotton yarn
hydrolysis was performed for 2 h in concentrated H,SO4 solutions (5 and 10% v/v) at
a temperature of 120 °C. The use of concentrated acid solutions in industrial reactors is
undesirable due to their high corrosivity, as well as the low-quality fermentation media
obtained. From the industrial point of view, it is therefore preferable that the hydrolysis
process is carried out at the highest possible temperatures, namely, 140-160 °C, with the
concentration of the acid catalyst as low as possible.

Figure 7 shows SEM images of the solid residue after hydrolysis. As can be seen,
changes in the morphology of the fibers occurred when the process was conducted at
120 °C for 2 h with concentrations of 5% and 10% sulfuric acid. High glucose concentra-
tions (5%—3.216 g-dm 3 and 10%—3.323 g-dm %) were also recorded for both of these
samples. The morphologies of the fibers in the solid residues after hydrolysis with a low
concentration of sulfuric acid (0.5%) were not significantly altered. This was in agreement
with the glucose concentration in the hydrolysate, which was also very low (0.277 g-dm~3).
IR and Raman spectroscopy studies were additionally performed to confirm changes in the
fiber structure.
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Figure 6. Glucose concentration in hydrolysates, depending on the concentration of the acid used.
Reaction conditions 2 h, 120 °C. Glucose concentrations were the arithmetic means of the results
obtained in three hydrolysis processes with the standard deviations: 0.277 =+ 0.055; 1.739 + 0.157;
3.216 £ 0.154; 3.323 £+ 0.263.

L -

%4 Ok »u-»:‘,«‘

(©

Figure 7. SEM photos of the solid residue after hydrolysis (120 °C, 2 h) of cotton with various
concentrations of HySOy: (a) 0.5%; (b) 2%; (c) 5%; (d) 10%.

No significant changes were noted in the IR and Raman spectra of the samples exposed
to sulfuric acid at various concentrations (Figures 8 and 9). The IR spectrum of the sample
treated with 0.5% H;SO, (Figure 8b) differs from the other spectra, but the changes concern
only the band intensity. The higher intensity of the OH band (region 3200-3500 cm~!)
indicates the influence of water. The Raman spectrum of cotton treated with 5% H;SO4
(Figure 9d) differed slightly from the others, but no new bands could be distinguished.
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Figure 8. IR spectra of (a) washed cotton and cotton treated at 120 °C for 2 h with various concentra-
tions of HySOy: (b) 0.5%; (c) 2%; (d) 5%; (e) 10%.
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Figure 9. Raman spectra of (a) washed cotton and cotton treated at 120 °C for 2 h with various
concentrations of HySOy: (b) 0.5%; () 2%; (d) 5%; (e) 10%.
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Another important parameter that influences the amount of glucose in cotton hy-
drolysates is the time of the hydrolysis process. The data presented in Figure 10 show that
increasing the time of the hydrolysis process from 1 h to 8 h promoted the depolymerization
of cellulose and the formation of more glucose.

—  4.00
E 3.52
o 3.50
%D 2.74 2.91
5 3.00
=
g 2.50
Q 1.85
g 200 1.74
© 1.43
2
o 150
Q
2
O 1.00

0.50

0.00

1 2 3 4 6 8
Time [h]

Figure 10. Glucose concentration in hydrolysates, depending on the time of the process. Reaction
conditions: 120 °C, 2% H,SO4. Glucose concentrations were the arithmetic means of the results
obtained in the three hydrolysis processes with the standard deviations: 1.43 £ 0.16; 1.739 £ 0.16;
1.85 £0.15;2.74 £ 0.19; 2.91 £ 0.24; 3.52 £ 0.33.

Figure 11 shows SEM images of the solid residue after hydrolysis was performed for
various reaction times. As can be seen, there were no visible changes in the morphologies
of the fibers. To examine the changes in the cotton fibers depending on the hydrolysis time,
IR and Raman tests were performed.

C28120_6h 25.0kV 14.9mm x500 SE(U) 9,

(d)

Figure 11. SEM pictures of the solid residue after various hydrolysis times (120 °C, 2% H,SOy):
cotton treated for (a) 1 h, (b) 2h, (c)3h, (d)4h, (e) 6 h, and (f) 8 h.
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Differences can be observed in the IR and Raman spectra of the cotton treated at 120 °C
with 2% HySO4 depending on the duration of hydrolysis (Figures 12 and 13). In the IR
spectra for samples exposed for 6 h and 8 h to acid hydrolysis, bands for the cellulose ring
C—OH and COC bands decreased (Figure 12f,g). The same time bands for OH at 3333 cm ™!
increased in intensity. In the Raman spectrum, a new band at 1707 cm~! was observed
(Figure 13f,g). When cotton was exposed for 6 h to 2% H;SO, at 120 °C (Figure 13f), bands
characteristic of cotton disappeared, but a broad band between 600 cm ™! and 1000 cm !
appeared. After 8 h of decomposition (Figure 12), new bands formed derived from solid
cellulose decomposition products after the release of gases. The new bands were mainly
for hydrocarbons [40], similarly to those presented in Figure 5.
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Figure 12. IR spectra of (a) washed cotton and cotton treated at 120 °C with 2% H,SO, for various
reaction times: (b) 1 h; (c) 2 h; (d) 3h; (e) 4 h; (f) 6 h; (g) 8 h.
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Figure 13. Raman spectra of (a) washed cotton and cotton treated at 120 °C with 2% H;SO4 for
various reaction times: (b) 1 h; (¢) 2h; (d) 3h; (e) 4 h; (f) 6 h; (g) 8 h.
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Based on the results of acid hydrolysis carried out in the microreactor (V = 50 cm?),
the cotton yarn was hydrolyzed at a larger scale under optimized conditions in a Parr
Instrument Company Reactor 4577, which is a pressure reactor with a working capacity of
1 L. Cotton hydrolysis with sulfuric acid and phosphorus acid at a concentration of 2% was
performed in the temperature range of 120-160 °C. The reactions were continued for 2 h.
Prior to the HPLC analysis to determine glucose concentration (Figures 14 and 15), samples
of the hydrolysates were neutralized with NH4OH to pH 7.5. Samples of the hydrolysates
were used for the preparation of fermentation media.

14
13.19
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54
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O 2

0

H,S0, H,PO,

Figure 14. Glucose concentration in hydrolysates, depending on the type of acid used. Reaction
conditions: 2 h, 140 °C, 2% H,SOy or 2% H3PO,4. Glucose concentrations were the arithmetic means
of the results obtained in the three hydrolysis processes with the standard deviations: 2.694 £ 0.172;
13.19 £ 0.475.

(b)

Figure 15. SEM pictures of the solid residue after hydrolysis (140 °C; 2 h), depending on the type of
acid used: (a) cotton treated 2% H)SOy; (b) cotton treated 2% H3POy.

The use of 2% phosphoric acid as a catalyst for hydrolysis of the (3-1,4-glycosidic bonds
in cellulose present in cotton fibers had a positive effect on the amount of glucose formed.
By continuing the cotton yarn hydrolysis at 140 °C with 2% Hz POy for 2 h, the concentration
of glucose in the hydrolysate was five times higher than that obtained under the same



Energies 2022, 15, 2856

14 of 24

conditions with H»SO4. The use of phosphoric acid instead of sulfuric acid was also
beneficial from the point of view of using hydrolysates as components of the fermentation
medium because the ammonium phosphate formed as a result of neutralization was a
source of nutrients, which were necessary for the growth of microorganisms.

The structure of the cotton fibers in the solid residue after hydrolysis with sulfuric
acid showed much greater destruction compared to the structure of the solid residue after
hydrolysis catalyzed with phosphoric acid. However, higher glucose yields were obtained
after hydrolysis with phosphoric acid.

Hydrolysis was also carried out under optimized conditions in a Parr Instrument
Company Reactor 4551 with a volume of 7.99 L. The results were very similar. The
hydrolysates were used in biological materials as a nutrient.

3.1. Yeast Cultivation on Cotton Substrates

A series of biological tests were conducted, which confirmed that the obtained hy-
drolysates were suitable for biotechnological applications. Cotton yarn hydrolysates neu-
tralized with NH4OH to pH 6.5, mainly containing glucose, could be used as a carbon
source for the biosynthesis of yeast biomass. The nutritional components of the hydrolysates
were assimilated and metabolized, resulting in the multiplication of yeast cells. Both sup-
plemented hydrolysates obtained via the action of H,SO4 and H3POy at 140 °C constituted
suitable media for the cultivation of the selected yeast strains (Figures 16 and 17). Both
Saccharomyces cerevisiae Ethanol Red and Saccharomyces cerevisiae Tokay LOCK0204 showed
greater increases in yeast biomass when cotton hydrolysates obtained via the decomposition
of cotton yarn at 140 °C for 2 h with 2% H3POy4 were used as sugar nutrients. The highest
absorbance was recorded for the yeast Saccharomyces cerevisiae Ethanol Red (Figure 16) in a
fermentation medium containing hydrolysate from the process using phosphoric acid on
cotton yarn at 140 °C for 2 h.

1.4

1.2

o
o0

Absorbance [-]
o
[e)}

0.4

0.2

Time [h]

Figure 16. Yeast growth curves for Saccharomyces cerevisiae Ethanol Red strain in fermentation media:
(a) uninoculated medium-reference sample; (b) hydrolysate following treatment at 140 °C, 2 h, 2%
H,S0y; (c) hydrolysate following treatment at 140 °C, 2 h, 2% H3POy. The curves show the mean
values obtained in three independent measurements.
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Figure 17. Yeast growth curves for the Saccharomyces cerevisiae Tokay LOCK0204 strain in fermentation
media: (a) uninoculated medium—reference sample; (b) hydrolysate following treatment at 140 °C,
2 h, 2% H,SO4; (c) hydrolysate following treatment at 140 °C, 2 h, 2% H3POy. The curves show the
mean values obtained in three independent measurements.

Lower optical density values and a lower number of colony-forming units (Table 2)
were observed for the yeast strain Saccharomyces cerevisiae Tokay EOCKO0204 than for Saccha-
romyces cerevisiae Ethanol Red, regardless of the hydrolysate used in the medium. Better
growth was observed in the medium containing phosphoric acid hydrolysate. However, in
all cases, the stationary phase of growth was not reached during the first 48 h, as happens in
model media. The environment of the tested hydrolysates may be conducive to extending
the growth time or the rate of utilization of nutrient compounds. This may be related to the
release of biologically active compounds during the hydrolysis processes. As reported in
previous research [47], this group does not include furfural and levulinic acid.

Table 2. Yeast cell multiplication.

Medium
Strain Cultivation Hydrolysate following Hydrolysate following
Time Treatment at 140 °C, 2 h, Treatment at 140 °C, 2 h,
2% HSOy4 2% H3zPOy4
Sacch iy 0h 1.8-10° 1.7-106
wechoromyces cereisie g, 08107 56107
Colony forming units 72h 9.2 102 1.0 - 102
3 . .
[cfu/cm”] Saccharomyces cerevisiae 408}111 ;é 187 ég 187
Tokay EOCK0204 D L
72h 52-10 8.7 -10

Our results showed that cotton yarn hydrolysate has great potential for replacing
simple sugar solutions in fermentation media. The developed processes did not generate
fermentation inhibitors. Regardless of the acid used, a systematic increase in yeast biomass
was observed. In future work, processes conducted in glass reactors on a laboratory
scale will enable full qualitative and quantitative analysis of fermentation products, with
particular emphasis on ethanol.
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3.2. Cultivation of a Consortium of Microorganisms for the Production of Methane and Hydrogen
on Substrates from Cotton Yarn Hydrolysates

Natural cotton fiber is composed of 88-95% cellulose, along with proteins (1.0-1.9%),
waxes (0.4-1.2%), pectins (0.4-1.2%), and inorganic compounds (0.7-1.6%). Its composition
suggests that it could be an appropriate substrate for methane and hydrogen produc-
tion [48]. However, the complexity of its structure inhibits the process of fermentation
and makes pretreatment necessary. Hydrolysis allows for the release of glucose, but also
slightly increases the amount of nitrogen and phosphorus available to microorganisms.
Among the numerous hydrolysis treatments available, dilute acid was shown to be the
most suitable method for industrial applications and is the most commonly applied for a
variety of lignocellulosic biomasses. Our previous research [49] also indicated that acid
hydrolysis would be the most appropriate form of pretreatment.

In the present study, to improve the anaerobic digestion (AD) and dark fermentation
(DF) efficiency, two acid pretreatment methods were used, with 2% H,SO4 (AD-1, AD-2,
DEFE-1, DF2) and 2% H3PO4 (AD-3, AD-4, DF-3, DF-4). We also investigated the influence of
pH adjustment using NaOH (AD-1, AD-3, DF-1, DF-3) and KOH (AD-2, AD-4, DF-2, DF-4)
on the fermentation in batch tests under mesophilic conditions. The AD process was carried
out at pH 7 under mesophilic conditions. The DF process was conducted at approximately
pH 5.5, followed by heating (1.5 h, 80 °C) to avoid methanation. The characteristics of the
applied inoculum and hydrolyzed cotton fibers are presented in Table 3. The inoculum
showed greater levels of nitrogen and phosphorous and very low levels of COD, as well
as total and volatile solids. Compared with the representative values of nitrogen and
phosphorous found in cotton hydrolysates, these concentrations were typically 200 times
higher or 300 times higher. The addition of anaerobic sludge not only inoculated the
substrate with microorganisms but also provided missing micro- and macroelements, as
well as dilution of toxic and inhibitory substances. The lack of elements such as nitrogen
or phosphorus significantly reduces the efficiency of the digestion process, even if the
substrate contains high amounts of sugars. This was confirmed by our recent study, in
which the addition of nitrogen and phosphate compounds was found to have a positive
effect on the process of fermentation [50].

Table 3. Characteristics of undiluted substrates used for batch tests.

Cotton Hydrolysate Cotton Hydrolysate

Indicator Unit Inoculum (H,50,) (H5PO,)
pH - 747 +£0.12 5.51 £0.15 5.83 + 0.09
Total solids g/kg 17.81 4+ 0.68 29.04 + 1.08 27.64 +1.21
Volatile solids g/kg 11.85 £+ 0.39 2648 +1.11 25.03 +1.36
COD g0y /kg 3.14 £ 0.04 7.18 + 0.06 6.45 £+ 0.02
Glucose g/ dm3 - 2.48 +0.05 10.56 £ 0.02
TAN mgN/dm3 233.82 £ 0.12 2.13 £0.01 1.79 4+ 0.02
P-PO,% mgP/dm3 308.25 + 3.77 0.76 £ 0.01 4.89 4 0.01
Iron mgFe/dm3 0.30 £+ 0.01 0.28 £+ 0.01 0.35 + 0.01

+ standard deviation.

Figure 18 shows the cumulative CH; and H; production from four different runs
(AD-1-AD-4, average pH = 7, without thermal treatment). Figure 19 shows the cumulative
production from four DF experimental runs (DF-1-DF-4, average pH 5.5, with thermal
pretreatment for 1.5 h at 80 °C). The final pH in the DF runs increased significantly from
approximately 5.50 to 7.25 (DF-1) (Table 3). After the end of the lag phase and with rising
pH, methane was also generated with the appearance of hydrogen. The process of dark
fermentation did not take place, despite the application of optimal conditions [51] for the
production of hydrogen. In the test with H3PO, (DF-3), half the hydrogen production
compared to the yield obtained in the test with HySO4 (DF-1) was noted. Adjusting the pH
with KOH was found to completely inhibit the production of hydrogen in contrast with
using NaOH. At high concentrations, potassium was found to be toxic to anaerobic bacte-
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ria. Searmsirimongkol et al. [52] reported that potassium concentrations in the range of
2500-4500 mg-dm 3 have a strong inhibitory influence on hydrogen production, with a tox-
icity level of 12000 mg-dm 3. According to Zou et al. [53], acid hydrolysis of cellulose pro-
duces not only glucose but also fructose (an isomer of glucose), 5-(hydroxylmethyl)furfural
(HMF, dehydration from fructose), and other carbohydrates. In particular, HMF has a
negative impact on the hydrogen formation pathway. At the highest concentration, the
inoculum was unable to remove the HMF, resulting in strong inhibition of the hydrogen
production. Interestingly, DF had a longer lag phase (approximately 6 days) than that
of AD (2 days). The lag phase of dark fermentation usually lasts only a few hours [49].
Murioz-Paez et al. [54] suggested that lower HMF concentrations improve the production
of hydrogen. However, the higher HMF content affected the adaptation time and resulted
in a sixfold increase in the lag time compared with the control treatment. The HMF content
in our hydrolysates was probably too high and inhibited the process. Only after microbial
adaptation and partial degradation of HMF did the pH in the reactor rise and the process
shifted to AD, in which the methane production (120 dm3/ kgVS) was much higher than
the hydrogen yield (5 dm3/kgVS) (DF-3, Table 4).

The highest methane and hydrogen production, at 278 dm?3/kgVS and 42 dm3/kgVs,
respectively, was recorded in the AD trial (AD-3) with pH adjustment using NaOH. This
was possibly due to the pretreatment with H3PO,, which is a much weaker inhibitor than
sulfuric acid. Based on our previous research, the addition of phosphorous improves the
digestion process efficiency [50]. Biogas from the AD-3 run consisted of 27% CHy4 and 6.5%
Hy. The gas released in this experimental run was qualitatively worse than in the AD-1
and AD-2 runs (46% CHy, 5% Hy) (Table 4). However, the highest cumulative biohydrogen
production was observed in the AF-3 run, with an increase of over 50% compared to
the other experimental runs. These results were better than those obtained by Yoruklu
et al. [55] from the fermentation of cotton straw. In their study, methane and hydrogen
production amounted to 83 dm?3/kgVS and 33 dm?/kgVS, respectively (Table 4). The
lower efficiency was due to the slightly different structure of the biomass. First of all,
straw contains lignin, which makes hydrolysis more difficult. In the case of AD-1, AD-2,
and DF-2, an additional negative effect was caused by sulfate ions. The lowest methane
production (87 dm3/ kgVS) was observed in AD-2 with overlapping inhibition (potassium
and sulfate ions). Moreover, hydrogen was not produced in DF-2 with the addition of
sulfuric acid and potassium hydroxide and in DF-4 with the addition of KOH. This showed
that the addition of potassium had a much stronger effect on the bacteria that produce
hydrogen at a lower pH (approx. 5.5). Several inhibition mechanisms were reported for
sulfate ions in the literature. At very high concentrations (1000 mg-dm~3), sulfate ions
were found to diffuse into the microbial cell [52].
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Table 4. Operating parameters and performance of batch tests to establish the optimal inoculum/SBP ratio.

Experimental Run

Indicator Unit AD-1 AD-2 AD-3 AD-4 DF-1 DF-2 DF-3 DF-4
TS g/kg 67.16 + 1.08 70.06 + 0.52 50.90 + 0.67 52,99 + 1.25 67.16 + 1.08 70.06 + 0.52 50.90 + 0.67 52,99 + 1.25
VS g/kg 36.77 + 1.11 35.65 =+ 0.87 32.07 +0.97 32.64 + 1.35 36.77 + 1.11 35.65 + 0.87 32.07 +0.97 32.64 + 1.35
Hydrolysis 2% HQSO4 2% HzSO4 2% H3PO4 2% H3PO4 2% HQSO4 2% stO4 2% H3PO4 2% H3PO4
NaOH KOH NaOH KOH NaOH KOH NaOH KOH
X/S* gVS/gVs 2:1 2:1 2:1 2:1 2:1 2:1 2:1 2:1
Inoculum g 300 + 0.25 300 + 0.25 300 + 0.25 300 + 0.25 200 + 0.25 200 +0.25 200 +0.25 200 + 0.25
Substrate g 4834 +125 49.86 + 2.47 55.43 + 1.82 54.46 + 2.15 4834 +125 49.86 + 2.47 55.43 + 1.82 54.46 + 2.15
PHinitial - 7.11 + 0.09 7.02 +0.12 7.09 +0.17 7.12 +0.08 551 40.15 5.48 4 0.06 553 4 0.18 547 +0.15
PHend - 7.61 +0.05 6.33 +0.10 6.52 +0.08 67.32 + 0.15 7.25 +0.02 6.50 +0.13 6.22 + 0.24 7.10 +0.23
Duration days 30 30 30 30 30 30 30 30
bf)‘g*;‘;‘giﬁlvrie em?/d 785.00 + 8.05 69400 +6.02  1940.00 + 1054  1160.00 +£9.25  500.00 =412  249.00 + 1.08 100.00 + 0.56 630.00 + 2.68
SGP Ndm3/kgVSeeq ~ 435.69 + 3.45 198.67 + 3.15 687.61 + 7.28 407.18 + 2.70 31636 + 4.62 217.47 + 2.49 318.99 + 1.47 138.20 + 3.58
SHP Ndm®H, /kgVS ~ 20.64 + 152 10.53 + 0.98 4247 +245 9.15 + 0.96 18.18 + 0.92 0.00 + 0.00 5.08 + 0.58 0.00 + 0.00
SMP Ndm3CH, /kgVS ~ 195.56 + 6.48 86.59 = 9.56 27761 £1504 9497 + 1.20 56.86 + 1.00 0.00 =+ 0.00 12022 + 8.44 0.00 + 0.00
H, content % 4934025 5314048 6.55 +0.78 3924128 9.15 + 1.06 0.00 + 0.00 2.59 + 0.54 0.00 + 0.00
CH, content % 45.83 +2.02 45.76 + 3.25 27.01 +2.01 35.10 + 2.00 21.04 +2.00 0.00 =+ 0.00 44.00 + 1.77 0.00 =+ 0.00
CO, content % 16.00 + 0.62 12.00 + 0.14 11.00 + 0.68 9.00 + 0.20 5.00 + 0.54 0.00 + 0.00 12.00 + 1.08 5.00 + 0.04
H,S content ppm 986.00 + 0.00 640.00 + 0.09 21.00 + 0.08 10.00 + 0.14 26.00 + 0.05 21.00 + 0.00 39.00 + 2.56 13.00 + 0.53
TAN mgN/dm? 120.24 + 0.02 138.35 + 0.02 159.76 + 0.02 85.65 + 0.02 230.59 + 0.02 293.18 £ 0.02  224.00 + 0.02 105.41 + 0.02
P-PO,3~ mgP/dm? 156.63 + 0.02 13248 £0.02  206.88 + 0.02 301.52 + 0.02 229.73 + 0.02 168.38 =+ 0.02 194.48 + 0.02 246.04 + 0.02

* inoculum/substrate ratio, + standard deviation.
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Figure 18. Daily average specific hydrogen and methane production from cotton hydrolyzed in AD
systems (mesophilic conditions) with (A) HySO4 neutralized with NaOH, (B) H,SO, neutralized
with KOH, (C) H3POy neutralized with NaOH, and (D) H3PO, neutralized with KOH.
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Figure 19. Daily average specific hydrogen and methane production from cotton hydrolyzed in DF
systems (mesophilic conditions) with (A) HySO4 neutralized with NaOH, (B) H,SO, neutralized
with KOH, (C) H3POy neutralized with NaOH, and (D) H3PO, neutralized with KOH.
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4. Conclusions

In this study, we investigated the possibility of using acid hydrolysates from cotton
waste as components in fermentation broths for the production of bioethanol and biogas.
Currently, most cotton textile waste is sent to landfill. Cotton textile waste may also be
subjected to material recycling, i.e., converted into useable yarn or non-woven fabrics. It can
also be used to produce energy via incineration/gasification. The cotton yarn hydrolysates
showed great potential for replacing simple sugar solutions in fermentation media. When
the cotton yarn was treated with 2% H3POy at 140 °C for 2 h, the concentration of glucose
in the hydrolysate (13.19 g-dm~3) increased fivefold compared to the same conditions
with HySOy (2.65 g-dm~3). The effectiveness of the process of cotton fiber hydrolysis was
confirmed by SEM-EDS, FTIR-ATR, and Raman spectroscopy. The acid hydrolysis of cotton
fibers led to the formation of glucose in the hydrolysate, which could therefore be a suitable
medium for microorganisms and a source of bio-based products, such as bioethanol or
biogas. The production of hydrogen-rich biogas is the most interesting approach. However,
a relatively high methane yield of nearly 280 dm3/kgVS can also be achieved by subjecting
cotton textile waste to acid hydrolysis followed by anaerobic digestion.

Most textile products contain a mixture of cotton and synthetic fibers, such as poly
(ethylene terephthalate) (PET) or polyamide (PA). Polymer additives and chemicals used
in the textile processes could act as fermentation inhibitors and impede the production
of biofuels. Therefore, future work will focus on processing cotton textiles with synthetic
fibers and textiles modified with various chemical agents. The process of biogas production
requires further optimization to increase the yield per unit weight of cotton waste. Biogas
could then become an additional product of the textile waste treatment process, adding
economic value while also contributing to energy sustainability. The presented solution for
using cotton waste to generate bio-energy is, therefore, a step forward in the creation of
systems for managing the large amounts of textile waste produced each year, in line with
the concept of a circular economy.
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Abbreviations

AD anaerobic digestion

BT batch test

COD  chemical oxygen demand
DF dark fermentation

SGP  specific gas production

SHP  specific hydrogen production
SMP  specific methane production
TAN total ammonium nitrogen
TS total solids

VFA  volatile fatty acids

VS volatile solids
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