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Abstract: In this current study, cotton stalks were utilized as a sustainable lignocellulosic feedstock for the
integrated production of cellulose acetate and bioethanol. In the initial step, cellulose extracted from
biomass was chemically modified into cellulose acetate via an acetylation process. The successful
conversion and physicochemical properties of the obtained cellulose acetate were confirmed using multi-
analysis techniques, including Nuclear Magnetic Resonance (NMR) spectroscopy, Gel Permeation
Chromatography (GPC) analysis, elemental composition (CHNS) analysis, Thermogravimetric analysis
(TGA), X-ray diffraction (XRD) test, and Scanning Electron Microscopy (SEM). The obtained results
indicated an effective acetylation process of cellulose, leading to structural changes in morphological
surface, crystallinity, thermal stability, and functional groups over polymer chains. In the second stage, the
biomass feedstock was subjected to mechanical and chemical pretreatment using phosphoric acid (HsPO.) at
concentrations of 0.5%, 1.0%, and 1.5% to facilitate the lignocellulosic hydrolysis and enhance fermentable
sugar yields in the broth. The pretreated biomass was fermented using S. cerevisiae under controlled
conditions (32<C, pH=4-5, 72 hours), producing bioethanol yields of 20.1%, 37.5%, and 34.5%,
respectively. It can be noted that the highest yield of obtained bioethanol at 1% acid concentration is
ascribed to optimal lignocellulosic structure disruption, which improves cellulose accessibility and
fermentable sugar levels, whereas higher acid concentrations may lead to partial sugar degradation and the
formation of inhibitors that limit the efficiency of the fermentation performance. The obtained bioethanol
was mixed with pure gasoline at 5%, 7%, and 10% (v/v) to assess its performance as a sustainable fuel
additive. The fuel binary mixtures exhibited an increase in RON values compared to the normal gasoline.
This is mainly attributed to the oxygenated nature and antiknock behavior of bioethanol. Moreover, fuel
density and RVP values remained within acceptable gasoline specifications, confirming the suitability of
these fuel blends for conventional internal combustion engines. Overall, this study highlighted the promising
approach for transforming biomass into valuable cellulose derivatives and sustainable bioethanol,
enhancing sustainable biomass utilization and clean energy production.
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1. Introduction

Agricultural residues represent vast, largely untapped resources for the sustainable production
of high-value materials and renewable fuels [1, 2]. Among these residues, cotton stalks (the
lignocellulosic biomass left after cotton) are harvested, which are produced globally in quantities
exceeding millions of tons annually, yet are predominantly employed in low-value approaches, such
as low-grade energy application, such as direct burning [3-5]. Cotton stalks consist mainly of
cellulose, hemicellulose, and lignin, making them a viable feedstock for biochemical and chemical
transformation routes [6]. Cellulose is considered the most abundant biopolymer on Earth, which
has received considerable research attention due to its abundance, renewability, biodegradability,
and versatile chemical functionality [7-10]. Among the industrial derivatives of cellulose, cellulose
acetate (CA) is widely used as a biopolymer in films, coatings, fibers, and plastics due to its tunable
favorable physicochemical properties [11, 12]. Traditional CA production requires highly purified
cellulose sources. However, a previous study has focused on the acetylation of lignocellulosic
biomass, including cotton stalks, as a main strategy to upgrade agricultural waste to cellulose
acetate-based polymer [13, 14]. Cellulose isolated from pre-treated cotton stalks can be successfully
converted to CA through acetylation using acetic acid and acetic anhydride under acidic conditions,
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and optimization using response surface methodology, leading to high acetyl content and successful
polymer formation, as revealed by FT-IR and XRD analysis [13, 15-17].

Recently, cotton stalks have been widely studied as a promising feedstock for bioethanol
production owing to their high cellulose content. Following effective pretreatment to break down
the lignin-hemicellulose matrix. Fermentable sugars can be produced from cellulose through
enzymatic hydrolysis, which are subsequently converted into bioethanol via a microbial
fermentation process [1, 2, 9]. This strategy offers a renewable alternative to fossil fuels and
supports a global sustainable energy system to mitigate climate change, thereby reducing
dependence on fossil fuels and avoiding competition with food resources by utilizing non-food
biomass residues. Previous studies indicated that dilute acid and alkali pretreatment significantly
increases the yield of accessible cellulose and subsequent sugar, which forms the basis of enzymatic
hydrolysis and yeast fermentation to bioethanol [18, 19]. In addition, advanced fermentation
approaches, such as co-fermentation with immobilized yeast, have been reported to enhance ethanol
production from pretreated cotton stalk feedstock [20, 21]. The objective of this current work is to
convert cotton stalks to beneficial products via an integrated bioconversion process.

2. Experimental part

Materials used. All reagents, chemicals, and solvents used were provided by commercial
suppliers and utilized as received without further purification. While the feedstock material (cotton
stalk) was locally collected from the Al-Hawija district, Kirkuk, Iraqg.

Instrument section. The chemical structure, composition, properties, and purity of the
resulting products were verified using different analytical techniques. NMR spectroscopy was
performed using a Bruker (Avance NEO-X 400 MHz). FTIR spectroscopy was conducted on a
Bruker (ALPHA I1) spectrometer, recorded in the range of 400-4000 cm™. The molecular weight of
the synthesized polymer was evaluated by GPC analysis using Azura (Knauer GPC/SEC lab
system), calibrated with polystyrene standards, providing weight average-molecular weight (Mw),
number average-molecular weight (My), and Polydispersity index (PDI). TGA measurements were
carried out using a TA instrument (SDT Q600 V20.9 Build 20) to evaluate the thermal stability of
materials under nitrogen conditions in the temperature range of ambient temperature to 1000 °C at a
heating rate of 10 °C min. The elemental composition (CHNS) of the obtained polymer was
determined using the FlashSmart-CHNS/O analyzer (Eager 300 software). An XRD test was
conducted on a Philips PW1730 (PANalytical Xpert high-score) X-ray diffractometer to investigate
the crystallinity features of materials, operating with Cu Ka radiation (A= 1.5 A) over a 20 range of
10-80° C. The morphological characteristics of the synthesized polymer were examined by SEM-
Mira 1l Tescan at controlled accelerating voltages. The moisture content of pure gasoline and
bioethanol-gasoline blend sample was evaluated using a digital coulometric titrator (Koehler
AKF5000). The RON values of the base gasoline and its binary blends were determined using a
Cooperative Fuel Research (CFR) engine equipped with a single-cylinder four-stroke spark ignition
configuration. The RVP of the fuel samples was estimated using a digital RVP apparatus (Eralytics
Eravap, Vapour Pressure Tester). Density measurements of the fuel blends were evaluated using a
digital density meter (Rudolph Research Analytical density meter, DDM 2911).

Synthesis routes.

Collection and preparation of biomass samples. Cotton stalks were collected and then
washed with distilled water to remove dust and adhering impurities, followed by air drying. The
dried biomass was milled to obtain a yellow powder material, and then dried in an oven at 90 °C for
4 hours. The obtained powder was stored for further usage.

Isolation of cellulose from biomass.

Alkaline pretreatment of biomass. The method was designed according to a previous report
by Silverstein [22]. The dried cotton stalk powder (40 g) was treated with the base solution (12.5%
NaOH solution) at a solid-to-solution ratio of 1:10 (w/v). The resulting mixture was refluxed at 150-
160 °C for 3 hours under stirring conditions to eliminate the hemicellulose component and partially



solubilize lignin from cotton stalk material. After the refluxing process, the suspension solution was
cooled to ambient temperature, and then the solid fraction was separated by filtration and repeatedly
washed with hot distilled water until the filtrate reached neutral pH (pH= 6-7). The solid residue
(pulp) was collected and dried in an oven at 90 C for 3 hours to yield the brown solid product (13.8
g, 34.5%).

Bleaching of pulp. The synthesis procedure was adopted according to established literature
by Wang [18]. The alkali-pretreated material (10 g) was subjected to a bleaching reaction using
acidified sodium chlorite solution (5% NaClO>), with the pH adjusted to 4-5 using acetic acid. The
resulting mixture was heated up to reflux at 80 °C for 3 hours under stirring conditions. The
resulting product was thoroughly washed with distilled water and dried at 80 C for 3 hours to yield
white cellulose pulp as a pure product (7.28 g, 72.8%).

Synthesis of cellulose acetate. The synthetic approach was described by Heinze [23] and
Edgar [24]. Purified cellulose (4 g) was suspended in 150 mL of acetic acid and stirred vigorously
at normal temperature for 1 hour under inert conditions to allow cellulose swelling. Subsequently, a
mixture of vinyl acetate (50 mL) and potassium carbonate (0.5 g) was added slowly to the
suspension under stirring. The reaction mixture was heated to 60°C for 24 hours. After completion,
the mixture was cooled to ambient temperature and then precipitated from a solution of cold
methanol to water (8:2) to yield a white fiber. The obtained product was filtered and then washed
with 50 mL of methanol (twice) and 50 mL of acetone (twice). The cellulose acetate product was
dried in an oven at 60°C until constant weight to yield white fibers as a final product (3.6 g, 90%).
!H-NMR (using deuterated dimethyl sulfoxide DMSO) (8/ppm): 1.87-2.07 (m), 3.39-3.66 (m), 4.35
(s). 3C NMR (8/ppm): 20.67, 21.04, 169. GPC: (Mw =37.091 g/mol), (M, =36.213 g/mol), (PDI
=1.02). Elemental analysis (CHNS) for cellulose acetate: H, 5.88%; C, 40.65%; S, 0%; N, 0%; O,
53.47%.

Conversion of cotton stalk to bioethanol.

Acidic pretreatment and fermentation process of biomass. The method was performed
following the modified procedure described by Alsaayigh [2]. The dried cotton stalk powder (200
g) was individually treated with dilute phosphoric acid solutions (0.5%, 1.0%, 1.5%) at a liquid-to-
solid ratio of 10:1 (v/wt.). In a separate vessel (3 L), each mixture was refluxed in a flask equipped
with a condenser for 3 hours to hydrolyze the biomass. Afterwards, the mixture was allowed to cool
to normal temperature and then filtered using filter paper. Following pretreatment, neutralization
was performed by repeatedly washing with distilled water until the pH reached 4-5. The suspension
was filtered to obtain the solid material as a thick slurry. The resulting biomass was dried in an oven
at 95 °C for 4 hours. It is worth mentioning that different acid concentrations with a constant acid-
to-solid ratio were examined to determine the optimal conditions for bioethanol yield. The acid
pretreated substrate was transferred into a sealed flask containing 4 L of distilled water to produce
the fermentation broth. Following the hydrolysis step, the fermentation reaction was initiated using
commercially available dry yeast (S. cerevisiae). After adjusting the pH to 4-5, an inoculum of
activated yeast (20 g, 10% w/w) with pure urea (7 g, 3.5%) was added to the fermentation broth
under inert continuous stirring. The mixture was incubated anaerobically at 32 °C for 72 hours to
ensure maximum release of fermentable sugars to achieve optimal bioethanol production. Upon
completion of the fermentation process, the broth was subjected to simple distillation between 78-
80 °C to separate the crude bioethanol. The alcohol content was estimated using hydrometer
analysis. Following completion, the resulting bioethanol was purified by fractional distillation at 78
°C, resulting in high-purity bioethanol (90-93%). Subsequently, the distillate was dehydrated using
3 A molecular sieves to yield absolute bioethanol. The yield of alcohol was calculated according to
the following equation:
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Furthermore, the purity and structure of the obtained bioethanol were verified through FTIR,
'H and $3C NMR spectroscopy.

'H NMR (using deuterated chloroform CHCls) (8/ppm): 0.91 (s), 3.47 (s), 4.62 (s). *°C NMR
(0/ppm): 17.55, 57.08.

Gasoline blending and characteristics. In this study, a series of fuel formulations (EO, ES5,
E7, and E10) was prepared by mixing base gasoline with pure bioethanol at volumetric proportions
of 0%, 5%, 7%, and 10% (v/v), respectively. Each binary mixture was prepared at a total volume of
500 mL using a laboratory shaker to ensure homogeneity. The physicochemical properties of the
conventional gasoline and ethanol-gasoline blends were determined in accordance with ASTM
standard methods, including density test (ASTM D4052) [25], Reid vapor pressure (RVP) test
(ASTM-D6378) [26], Research octane number (RON) test (ASTM-D2699) [27], and moisture
content test (ASTM method D6304) [28]. All tests on the fuel blends were performed using a range
of standardized laboratory equipment [29].

3. Result and discussion

Synthesis of cellulose acetate. Cotton stalk feedstock is mainly composed of cellulose as the
major component along with hemicellulose, lignin, extractives, and mineral ash. Isolation of the
cellulose fraction requires a special treatment approach to eliminate non-cellulosic fractions without
degrading the cellulose chains. In the pulping step as shown in Scheme 1, alkaline treatment with
NaOH efficiently disrupts the structural integrity of the lignin-carbohydrate complex. Under
alkaline conditions, the process facilitated the solubilization of lignin and hemicellulose fragments
into the liquid phase as a result of cleavage of ester and ether linkages between lignin and
hemicellulose. Furthermore, the alkaline medium improves fiber swelling by disrupting
intermolecular hydrogen bonding, leading to an increase in the exposure of the internal hydroxyl
groups. The alkaline pretreatment step yielded 34.5% solid residue, suggesting efficient elimination
of lignin and hemicellulose fragments from the cotton stalk.
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Scheme 1. Schematic diagram of cotton stalk and extraction process to obtain cellulose acetate.

The mass reduction can be attributed to the solubilization of non-cellulosic fractions, resulting
in cellulose-rich fragments suitable for subsequent bleaching and acetylation steps. After alkaline



pretreatment, the pretreated biomass was subjected to a bleaching process using sodium chlorite to
eliminate remaining lignin and trace hemicellulose fragments. This oxidative treatment disrupted
aromatic lignin structures into soluble, low-molecular-weight derivatives. During the bleaching
stage, phenolic lignin networks are converted into a soluble product, resulting in the degradation of
chromophoric groups that are responsible for the dark coloration. This leads to an increase in
cellulose crystallinity. It can be noticed that the final product (cellulose) was obtained as bright
white crystals, indicating a high degree of cellulose purity. The visible color change from brown to
bright white indicated a progressive bleaching process due to a significant reduction in lignin
content.

The purified cellulose was effectively acetylated using vinyl acetate to produce cellulose
acetate as a modified polymer. It can be observed that the formation of the esterified product was
verified by its improved solubility in organic solvents such as DMSO and acetone, in contrast to the
native form (pure cellulose). The high yield (90%) indicated the relatively high conversion of
hydroxyl groups to esters under controlled reaction conditions. It is worth mentioning that the use of
vinyl acetate as an acetylating agent and K.COs as a catalyst represents a more sustainable
alternative to the conventional cellulose acetylation process based on acetic anhydride and sulfuric
acid. Unlike strong acid catalysts, K2COs is mild, less corrosive, inexpensive, and reduces cellulose
depolymerization. In addition, vinyl acetate enables acetylation through a transesterification
mechanism that does not generate acidic by-products; the coproduct vinyl alcohol rapidly
tautomerizes to volatile acetaldehyde, which is easily removed and shifts the reaction toward ester
formation. Consequently, this approach minimizes acidic waste generation, lowers equipment
corrosion, and helps preserve the molecular weight of cellulose while achieving efficient acetylation
under relatively mild conditions. Polymer purity was evaluated through multiple analytical
techniques, including NMR spectroscopy, GPC, and CHNS analysis. The GPC analysis of the
synthesized cellulose acetate exhibited a moderate molecular weight with M,=36.213 g.mol* and
Mw=37.091 g.mol?, resulting in a PDI of 1.02. Such a low PDI value suggests a narrow molecular
weight distribution, implying that the acetylation reaction occurred without significant degradation
of the cellulose chains. In comparison with native cellulose, the measured molecular weight value
of cellulose acetate indicates that the main polymer backbones were largely retained through the
acetylation process. Overall, the obtained data confirmed the successful formation of cellulose
acetate with a stable molecular structure, supporting its potential applications such as membranes,
films, and biodegradable polymers.

Characterization of the synthesized cellulose acetate.

'H and ¥C NMR analysis of cellulose acetate polymer. The conversion of cellulose to
cellulose acetate was successfully verified using *H and *C NMR spectroscopy. The *H NMR
spectrum (Fig. 1) exhibited distinct proton signals corresponding to the cellulose backbone and the
attached acetyl groups.

The multiple peaks detected in the range of 1.87-2.08 ppm, corresponding to the methyl
protons (-COCHs) of the acetyl moieties, suggest the formation of cellulose ester linkage as clear
evidence. The resonance multiple peaks between 3.3 and 5.0 ppm are assigned to the protons of an
anhydroglucose backbone (H-2 to H-6). It can be noted that the anomeric proton (H-1) is located at
4.4-4.7 ppm, while other ring protons appear across 3.5-4.5 ppm. It is worth mentioning that the
peaks at 2.50 and 3.39 ppm are attributed to residual DMSO solvent and trace water in the solvent,
respectively. The observed spectral pattern agrees with previous studies of *H-NMR analysis of
cellulose acetate in the literatures [23, 30]. The resulting data verified the successful acetylation of
cellulose obtained from biomass.

Moreover, C NMR analysis verified the transformation of cellulose into cellulose acetate,
suggesting successful chemical modification. The recorded spectrum (Fig. 2) exhibited features
consistent with the cellulose structure as well as the attached acetyl moieties. The peaks appeared at
20.6-21.0 ppm, corresponding to acetyl methyl carbon, which confirms the formation of an ester
linkage. Additionally, another intense signal detected in the 39.2-40.5 ppm range is associated with
the residual DMSO solvent carbon. It can be noted that weak peaks observed at 169-171 ppm are



attributed to the ester carbonyl carbon (C=0). The observed data are in good agreement with
previous 1*C NMR reports on cellulose acetate [31, 32]. In summary, the *H and **C NMR spectra
verified the formation of cellulose acetate and indicated that the acetylation process occurred
without depolymerization of the cellulose backbone.
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Fig. 2. 13C NMR spectrum of the synthesized cellulose acetate

Thermal properties of the cellulose acetate. Thermogravimetric analysis (TGA) of the
modified cellulose exhibited a multi-step degradation pattern as illustrated in Fig. 3. A slight initial
weight loss observed below 100°C is attributed to the evaporation of physically adsorbed moisture
and residual volatile compounds, suggesting the relatively low water affinity towards acetylated
cellulose. The principal degradation step, occurring roughly between 250 and 380°C, represents a
sharp mass decline and is associated with deacetylation owing to thermal cleavage of acetyl groups,
resulting in breakdown of the polymer backbone. Above 400°C, a gradual mass loss was observed,
which can be ascribed to further degradation and carbonization of the residual char. The minimal
remaining mass at 800°C (96.5% total weight loss) reflects the substantial organic content and high
purity of the acetylated cellulose with minimal inorganic impurities. These findings align with
earlier research published by Caballero [33] and Das et al. [34].
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Fig. 3. TGA curve for the cellulose acetate sample

Morphological study of cellulose acetate. The morphological features of the synthesized
cellulose acetate sample were evaluated using the SEM technique. The SEM images (Fig. 4)
revealed a smooth surface and tightly packed architecture, suggesting an effective acetylation
process with minimal impurities. It can be observed that no noticeable defects or pores were found,
indicating consistent morphology and excellent film-forming features. At higher magnification, the
cellulose fiber structure remains partially intact, reflecting that the acetylation process preserved the
native micro-fibrillar architecture while functionalizing the polymer with acetyl groups.
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Fig. 4. SEM images of cellulose acetate with magnification 5 kx, 10 kx, 50 kx, 100 kx.
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Such morphology is expected to enhance the material's mechanical performance, thermal
behavior, and suitability for use in eco-friendly films and membranes. These results agree with



previously published studies on cellulose acetate [35-38], confirming that SEM micrographs
commonly reveal a uniform morphology with retained fibrous nature.

X-ray diffraction (XRD) analysis of cellulose acetate. The XRD profile of the synthesized
cellulose acetate was recorded in the 20 range from 10° to 80° using Cu Ka. The diffraction pattern
exhibited a dominant broad peak that appeared around 23.2°, accompanied by low intensity peaks
centered at 15.1°, 34.6°, and 47.9° (Fig. 5). The prominent broad band reflects the largely
amorphous nature of cellulose acetate. The reduction of crystalline peaks relative to native cellulose
form indicates disruption of its hydrogen bonding network caused by substituting hydroxyl groups
with acetyl groups during the acetylation reaction. The diffraction peak at 23.2° is generally
associated with the semi-crystalline region of cellulose acetate, while its broad nature confirms
reduced crystallinity and a higher amorphous feature. Overall, these findings verified successful
cellulose acetylation, resulting in the diminishing of crystallinity and enhanced amorphous
character, in agreement with previous published XRD studies of cellulose acetate [39-41].
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Fig. 5. XRD pattern of the synthesized cellulose acetate

Bioethanol production. Bioethanol production from biomass (cotton stalk) was effectively
performed using a series of mechanical, chemical, and biological processes. Mechanical grinding
markedly reduced particle size and extended surface area, facilitating cellulose accessibility during
chemical treatment. Acid pretreatment at different concentrations effectively disrupted the
lignocellulosic framework by removing hemicellulose and partial lignin, which enhanced the
accessibility of fermentable fibers. High acid concentrations improved hemicellulose and lignin
removal; however, excessive acidity led to the formation of inhibitors, including furfural and
hydroxymethyl furfural (HMF) as by-products, which negatively impact the fermentation process
and bioethanol production. Whereas low acid levels resulted in incomplete biomass disruption,
providing lower sugar release and bioethanol production. Upon completion of acid pretreatment, the
washing step using distilled water significantly reduced residual acidity and inhibitory by-products,
thereby creating a more suitable environment for yeast (S cerevisiae) activity and fermentation
process. The transformation of bioethanol from cotton stalks was enhanced under optimized
conditions. Conducting temperature at 32°C supported efficient yeast growth and metabolic
performance for the fermentation process. The slightly acidic medium (pH = 4-5) in the fermented
solution promoted yeast activity and restricted bacterial interference, leading to higher fermentation
performance. Furthermore, fermentation time played a critical role in bioethanol yield. During the
initial stage, bioethanol concentration increased progressively owing to rapid sugar conversion,
reaching a maximum at the optimal period (48-72 h). In this study, the grounded cotton stalk was
subjected to acid pretreatment using phosphoric acid (HzPOa) at concentrations of 0.5%, 1.0%, and
1.5% (acid solution to solid cotton stalk ratio of 10:1 mL/mg), then a fermentation process using S.



cerevisiae under anaerobic conditions as listed in Table 1. After fermentation, purification of the
obtained bioethanol via suitable separation techniques such as distillation and dehydration,
confirmed that acid pretreatment severity affects ethanol yield.

It is noteworthy that the selection of phosphoric acid (HsPOa) for biomass hydrolysis offers
several advantages compared with conventional mineral acids such as sulfuric acid (H.SO.) and
hydrochloric acid (HCI). Phosphoric acid is less corrosive, less toxic, and easier to handle, thereby
reducing equipment degradation and operational hazards. In addition, it promotes effective
disruption of the lignocellulosic structure while limiting the formation of inhibitory degradation
products such as furfural and 5-hydroxymethylfurfural (HMF), which can adversely affect
subsequent fermentation processes. Furthermore, phosphate-containing hydrolysates may provide
nutrients beneficial for microbial growth, enhancing the sustainability of the bioconversion process.
These characteristics make phosphoric acid a promising and environmentally favorable alternative
for biomass pretreatment and hydrolysis.

Table 1. Experimental data for acid treatment of cotton stalk as feedstock and fermentation

conditions
Sample Concentration of acid | Acid treatment | pH value | Bioethanol | Fermentation
(H3PO.) at ratio of 10:1 | time (hours) yield (%) | period (Hours)
acid to waste (mL/qg)
Sample 1 0.5 3 4.7°-5.12 20.1 72
Sample 2 1.0 3 4,5°-5.22 37.5 72
Sample 3 1.5 3 4.0°-4.82 34.5 72

b - before fermentation process; a - after fermentation process

It can be noted that acid concentration influenced bioethanol production. The 0.5% H3zPO4
treatment yielded 20.1% bioethanol (Sample 1) as illustrated in Fig. 6, suggesting insufficient
lignocellulosic disruption and limited sugar release, whereas increasing the concentration to 1.0%
enhanced structural breakdown and fermentable sugar release, resulting in the maximum ethanol
yield of 37.5% as labeled (Sample 2). These results suggest that a 1.0% acid concentration provides
the optimal pretreatment severity, ensuring an appropriate balance between effective disruptions of
cellulosic structure and preserving fermentable sugars. However, further increasing the acid
concentration to 1.5% decreased ethanol yield (34.5%) as referred to in Sample 3, which is probably
due to excessive sugar hydrolysis and inhibitor formation, such as furfural and HMF.

Bioethanol content %
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Fig. 6. Bioethanol yields of cotton stalk using different acid pretreatment conditions.

Characterizations of the produced bioethanol. FTIR spectroscopy was employed to verify
the functional groups and evaluate the purity of the obtained bioethanol samples at different acid
pretreatment conditions. The FTIR spectra of all samples, as shown in Fig.s 7a, b, and c, displayed
the typical absorption bands associated with bioethanol structure, indicating a successful




fermentation process. It can be observed that a broad absorption peak approximately at 3300 cm™
corresponds to (-OH) stretching vibrations, confirming the presence of functional hydroxyl groups.
The absorption peaks between 2880 and 2980 cm reflect aliphatic C-H stretching bonds in CH;
and CHs groups. Furthermore, other sharp peaks around 1045-1087 cm™ represent C-O stretching,
verifying a key fingerprint of ethanol. In summary, the FTIR analysis verified successful bioethanol
production regardless of acid pretreatment severity. The FTIR findings of the current investigation
are consistent with previously published reports [1, 2, 9, 42].
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Fig. 7. FTIR spectra of the obtained bioethanol from sample 1 at 0.5% H3PQO4 pretreatment (a),
sample 2 at 1.0% H3PO4 pretreatment (b), sample 3 at 1.5% H3PO4 pretreatment (c)

The bioethanol sample, which was collected from a different fermentation process, was
analyzed using the 'H-NMR technique to confirm chemical identity and purity. The *H-NMR
spectra (Fig. 8) exhibited the typical ethanol resonance, including a triplet peak at 0.78-1.13 ppm
assigned to the methyl (-CHs) group and a quartet peak around 3.20-3.81 ppm corresponding to the
methylene (-CH2-) group next to the oxygen atom. Moreover, a singlet peak appearing at 4.63 ppm
was attributed to the OH proton. It can also be noticed that the 3:2 integration ratio between the
methyl and methylene peaks further confirmed the ethanol formation as a main product. The
spectroscopic findings are in good agreement with ethanol yield data, and previous published works
by [2, 43, 44], verifying successful ethanol production and purity.

The recorded 3C-NMR results confirmed the successful formation and purity of bioethanol
via the fermentation process. As shown in Fig. 9, it can be observed that two prominent carbon
signals were detected at approximately 17.5 ppm for the methyl group (-CHs) and another peak
around 57.0 ppm corresponding to the methylene group (-CHa-) attached to oxygen. Furthermore,
the deuterated chloroform CDCls peak appeared near 76.8-77.5 ppm. The absence of additional
peaks reflects the high chemical purity of bioethanol.
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The obtained data are consistent with previously published studies [9, 45, 46] that validated
bioethanol structure and purity using the *C-NMR technique.
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Fig. 9. *H NMR spectrum of the obtained bioethanol.
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Bioethanol-gasoline blends. This current work further investigated the performance of
bioethanol-gasoline blended fuel at different bioethanol ratios to determine their potential
application as an alternative fuel for internal combustion engines. Fuel characteristics, including
density, RVP, RON, and water content, were evaluated according to ASTM standard procedures as

listed in Table 2.

Table 2. Physiochemical characteristics of pure gasoline and binary fuel mixtures at various
blending ratios

Properties ASTM standard Bioethanol ratio in the fuel

test EO ES5 E7 E10
(0%) (5%) (7%) (10%)
Density (g/cm®at 15.5°C) | ASTM-D4052 | 0.7220 | 0.7290 0.7344 0.7371
RVP ( Kpaat 37 °C) ASTM-D6378 70.0 66.2 64.9 63.1
RON ASTM-D2699 82.0 85.0 87.0 89.0

Water content (ppm) ASTM- D6304 35 1340 1710 2110
Color yellow yellow | yellow yellow yellow




Overall, the density of base gasoline (EO) was found to be lower relative to that of binary fuel
mixtures containing 5% (E5), 7% (E7), and 10% (E10) bioethanol. A modest increase in density
was observed with increasing bioethanol ratios (0%, 5%, 7%, and 10%), as shown in Fig. 10. The
behavior can be attributed to the higher specific density of bioethanol (0.789 g/cm?®) relative to pure
gasoline (0.72-0.75 g/cm?®). Hence, higher bioethanol fractions in binary mixtures contribute to a
gradual increase in the fuel mixtures. Furthermore, the density values meet ASTM standards,
suggesting that E5-E10 binary mixtures are suitable for standard gasoline engines without
significant modifications to the existing fuel system. Similar observations were reported in a
previous study by Bassiouny et. al. [47], showing that blending ethanol with gasoline at various
ratios (E5, E10, E15, and E20) increased the density compared to untreated gasoline (EO).
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Fig. 10. Relationship between the density and bioethanol volumetric percentage in bioethanol-
gasoline blends (EO, E5, E7, and E10)
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The RVP value of untreated gasoline (EO) was observed to be higher than that of bioethanol-
gasoline-blended fuels (E5, E7, and E10) as depicted in Fig. 11. A remarkable decline in RVP value
was noted as the bioethanol fraction increased from 5% to 10%, reflecting a gradual reduction in
fuel volatility with increasing bioethanol content. This observed decline can be attributed to the low
vapor pressure of bioethanol in contrast to highly volatile gasoline components [48]. The RVP
values of binary mixtures are moderate and suitable for internal combustion engines as summer-
grade fuel. In summary, the obtained RVP values fall within standard fuel specifications, making
these binary mixtures (E5, E7, and E10) also appropriate for summer-grade fuel operation.
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Fig. 11. Relationship between the RVP and bioethanol volumetric percentage in bioethanol-
gasoline blends (EO, E5, E7, and E10)

The untreated gasoline (EO) exhibited a lower RON value of 82 than its corresponding
bioethanol blends (E5, E7, and E10) at 84, 87, and 89, respectively (Fig. 12). As the bioethanol



content increased from 5% to 10%, an improvement in octane rating was noted, confirming
improved anti-knock features upon bioethanol incorporation. It can be concluded that there is a
direct relation between bioethanol ratio and octane enhancement. This behavior can be ascribed to
the high octane rating of bioethanol (approximately 108-109) [49], which is greater than that of
conventional gasoline. Furthermore, the oxygenated nature of ethanol promotes the combustion
properties of fuel and is cleaner. These RON values of bioethanol-gasoline blends are consistent
with fuel specifications established by ASTM-D2699, which evaluates the anti-knocking
performance of pure gasoline and gasoline-oxygenate blends. The current data are consistent with
earlier studies on the effect of blended feedstocks on gasoline octane number. Ultimately, controlled
bioethanol addition enhances the anti-knock characteristics of spark ignition fuels.
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Fig. 12. Relationship between the RON and bioethanol volumetric percentage in bioethanol-
gasoline blends (EO, E5, E7, and E10)

The water content of pure gasoline (35 ppm) (Fig. 13) was significantly lower than that of
binary mixtures, where water content values increased to reach 1340 ppm, 1710 ppm, and 2110
ppm for E5, E7, and E10, respectively. This trend highlighted that higher bioethanol ratios result in
larger water retention in the fuel blends. This trend can be attributed to the hygroscopic nature of
alcohol. The presence of the polar hydroxyl —-OH would enhance the hydrogen bonding with water,
resulting in high affinity and moisture absorption during blending and in the storage environment
However, water content around 1500-200 ppm may promote phase separation in the binary
mixtures, especially under low-temperature conditions [50, 51].
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Fig. 13. Relationship between the water content and bioethanol volumetric percentage in
bioethanol-gasoline blends (EO, E5, E7, and E10)



Conclusion

This current work indicated that cotton stalks can be efficiently converted and used as a
promising sustainable feedstock for producing high-value polymers and biofuels. Initially, cellulose
was successfully extracted from cotton stalk and then acetylated to form cellulose acetate,
suggesting the capability of transforming lignocellulosic waste into an advanced biopolymer. The
synthesized polymer was structurally confirmed using *H and *C NMR spectroscopy and CHNS,
indicating the successful acetyl group incorporation. Molecular weight characterization using the
GPC technique indicated a relatively moderate molecular weight, suggesting an effective
acetylation process, while SEM profiles exhibited a uniform and homogenous acetylated surface of
cellulose acetate. In the second stage, the cotton stalk was subjected to dilute acid pretreatment
using different concentrations (0.5%, 1.0%, and 1.5%) of H3POs to release fermentable. Following
fermentation and purification processes, bioethanol yields of 20.1%, 37.5%, and 34.5% were
obtained, respectively, highlighting 1.0% H3PO. as the most favorable concentration for the
conversion process. The structural identity and purity of the obtained bioethanol were verified by
the NMR technique, suggesting successful alcoholic fermentation. Finally, the produced bioethanol
was blended with normal gasoline at various volumetric ratios to formulate fuel blends. Fuel
property analysis exhibited that bioethanol incorporation influenced RON, RVP, density, and
moisture content. Notably, the increase in RON indicates the role of bioethanol as an octane
enhancer, while the other physiochemical properties were within technically acceptable ranges. It is
recommended that future research should focus on determining the critical water content that
induces phase separation in bioethanol-gasoline blends containing 5%, 7%, and 10% bioethanol.
Such studies are essential for assessing storage stability, fuel quality preservation, and the practical
implementation of these blends under different environmental and operational conditions. In
summary, this current study highlighted a viable and sustainable approach for transforming biomass
into valuable cellulose acetate and renewable fuel products. Such an integrated route contributes
sustainable energy utilization within a circular economy system.
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