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Abstract   

Petroleum-derived products have long been used as raw materials for synthesizing 

polymers. The diminished petroleum reserves and growing environmental 

consciousness have prompted a shift toward sustainable alternatives. 

Biodegradable organic materials derived from agricultural biomass, offer a 

promising pathway to produce eco-efficient polymers. Cellulose transformation 

into carboxymethyl cellulose (CMC) is a focal point, as CMC's water solubility and 

polymeric characteristics facilitate diverse applications, particularly in energy 

storage systems. This research aims to study the variations in chemical treatments 

on biomass, focusing on sugarcane bagasse as a case study. Chemical and steam 

explosion pretreatments were applied to the bagasse, leading to enhanced 

cellulose recovery, with cellulose content increasing from 52.7% to 65.4% and 

overall yield improving from 35.3% to 49.1%. SEM and FT-IR analyses revealed 

significant structural changes. In contrast, XRD analysis indicated a rise in the 

crystallinity index from 34.8% in untreated bagasse to 70.5% in treated samples, 

with a reduction in crystallite size. The synthesis of CMC demonstrated a peak 

degree of substitution (DS) of 0.82 using 25% NaOH, resulting in CMC with improved 

solubility and flexibility. CMC films prepared with different binding agents, such as 

glycerol, demonstrated optimal flexibility, conductivity and mechanical strength, 

making them suitable for polymer electrolyte applications. Analysis of CMC polymer 

films highlighted glycerol (15 wt%) as the most effective binding agent, enhancing 

the film's fold endurance and flexibility. These findings underscore the potential of 

biomass-derived polymer membranes to replace petroleum-based materials and 

contribute to sustainable development. 
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Introduction   

Organic materials have a wide range of uses and are primarily sourced from petroleum 

(1). However, the petroleum supply is being rapidly depleted. Furthermore, new 

environmental regulations, societal concerns and growing ecological consciousness 

have created many questions about the petrochemical industry, prompting the search 

for environmentally friendly products and methods (2). Therefore, biodegradable 

organic resources, such as polymers, can produce a portfolio of sustainable eco-
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efficient products that can compete in markets currently 

dominated by petroleum-based products. Additionally, biopolymer 

products derived from biomass and agricultural feedstock can be 

renewed every year (3). By directly, catalytically, or aggressively 

converting cellulose, hemicellulose and lignin nearly all 

petrochemical compounds can be produced from biomass (4). 

However, because of its insolubility in water, the application of 

cellulose is limited, but its water-soluble derivatives, particularly 

carboxymethyl cellulose (CMC), play an essential role in our daily 

lives (5). The issue is how to modify the structure of cellulose to 

make it water soluble, so that it can be used in a variety of 

applications (6). Making polymer electrolytes for energy storage 

devices will be simpler (7). Recent studies show that biopolymer 

electrolytes derived from agricultural wastes, such as corn starch, 

banana peel, rice husk and soybean residue, demonstrate 

promising ionic conductivities ranging from 6.5×10-4 to 4.3×10-3 S/

cm with applications in energy storage devices like solid-state 

batteries and supercapacitors (8-11). Additionally, chitosan-based 

electrolytes reinforced with agro-waste fillers exhibit enhanced 

mechanical stability, supporting their use in next-generation 

sustainable batteries (12). The novelty of this research lies in 

transforming sugarcane bagasse, an agricultural by-product, into 

cellulose, CMC and a polymer membrane electrolyte, contributing 

to sustainable material science. It introduces an efficient conversion 

method to produce water-soluble CMC, enhancing its industrial 

applications as a biodegradable alternative to petroleum-based 

products. Additionally, the development of a polymer membrane 

electrolyte from cellulose derivatives opens new avenues for eco-

friendly energy storage solutions. This study combines waste 

valorization with innovations in sustainable polymers and 

renewable energy technology. 

 

Materials and Methods 

Characterization of feedstock 

The physiochemical properties of the feedstock are crucial for 

evaluating its suitability for various applications. These 

properties are determined through a series of analyses, including 

proximate, ultimate and compositional analysis (13). 

Proximate analysis 

Proximate analysis is conducted to assess the basic 
characteristics of the feedstock, focusing on four key parameters. 

The moisture content, Volatile matter, Ash content and Fixed 

Carbon content were measured using the standards set by ASTM 

methods (E 871, E 872, D 482).  

Ultimate analysis 

The ultimate analysis determines the elemental composition of 

the feedstock. Using the ASTM-D3176-89:2002 standard, this 

analysis quantifies the percentages of carbon (C), hydrogen (H), 

oxygen (O), nitrogen (N) and sulfur (S).  

Compositional analysis 

Compositional analysis, following the NREL (National Renewable 

Energy Laboratory) technique, provides detailed information on 

the structural components of the feedstock. This analysis 

includes the estimation of cellulose content (%), hemicellulose 

content (%) and lignin content (%) (14). 

 

Chemicals and reagents 

Sodium Hydroxide (≥97%, ACS grade), Sodium Chlorite (≥80%, 

Technical grade), N, N-Dimethylformamide (DMF) (≥99.9%, HPLC 

grade), Sodium Monochloroacetate (≥98%, Reagent grade) and 

Oleic Acid (≥99%, Reagent grade) were sourced from Sigma-

Aldrich. Isopropanol, Methanol, Ethanol, Glacial Acetic Acid 

(≥98%, Reagent grade), Glycerol (≥99.5%, ACS grade) and Oxalic 

Acid (≥99%, Analytical grade) were obtained from Merck. 

Ammonium Nitrate (≥99%, Analytical grade) was purchased 

from Fisher Scientific. 

Pretreatment of feedstock for cellulose extraction 

This study employed two pretreatment methods to extract the 

cellulose from the selected biomass feedstock. The chemical 

pretreatment methods included alkaline and acid pretreatment. 

Additionally, steam explosion (SE) pretreatment will be applied 

to the biomass feedstock to extract cellulose (15). 

 Chemical treatment involves five steps to extract the 

cellulose from the biomass feedstock. The first step involves the 

alkali treatment of the fibre which involves the fibres being 

placed in the different NaOH (1.5, 2, 5 and 7.5%) concentrations. 

The next step consists of an autoclave process in which NaOH-

treated fibres were autoclaved at high pressures (60, 103, 115 

and 120 Pa for 1, 1.5, 2 and 2.5 h). The next step involves the 

bleaching of the fibre. Sodium chlorite is the best bleaching 

agent, which was used at different concentrations (2, 5, 10 and 

15%) and was placed into this solution for 0.5, 1, 1.5 and 2 hours 

at 40, 50, 70 and 80 °C using laboratory mgnetic stirrer. The final 

step involves the acid treatment of the fibre by (2, 5 7.5 and 10%) 

oxalic acid. Bleached fibres will be soaked into these oxalic acid 

concentrations for (1, 1.5, 2 and 2.5 hours) (16). 

 Despite the steam explosion, pretreatment of biomass 

uses steam at high temperatures (160-280 °C) and high pressures 

(0.7-4.8 MPa) for 5-30 min (17). In this study, steam explosion 

pretreatment was done at 192, 200 and 205 °C for 5-15 min. under 

high pressures (13, 15 and 17 bar). To make the steam explosion 

more efficient catalysts NaOH, water and citric acid have been 

used to get better yields. 

Synthesis of extracted cellulose, carboxymethylcellulose and 

polymer electrolyte membrane 

The process of synthesis of CMC from extracted cellulose is 

illustrated in Fig. 1. In a flask, 10 mL NaOH (15, 25 and 35% 

concentrations) and 30 mL of isopropanol were used to dissolve 

3 g of dry cellulose. With the magnetic stirrer, the alkalization of 

the sample was carried out for 60 min at 30 °C. The 

carboxymethylation process was carried out by stirring the 

sample with sodium mono-chloroacetate (3 g) for 3 hours at 50 °

C to complete. The above mixture was suspended in the 

methanol solution and the solution was filtered. The glacial 

acetic acid was used to neutralize the filtered residue. Following 

this, the ethanol was used to wash the residue, filtered and 

dehydrated at room temperature for six hours. Glacial acetic acid 

was used to neutralize and suspend it in methanol. Afterwards, 

the residue was filtered again, rinsed with ethanol and 

dehydrated at room temperature for another six hours. The yield 

of carboxymethyl cellulose is the ratio of the weight of prepared 

CMC to the weight of dried cellulose in percentage depending on 

the dried weight of CMC and cellulose (18). To 40 mL of distilled 

water, 100 mg of carboxymethyl cellulose was dissolved, to 
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achieve the desired porosity, different binding agents like N, N-

dimethylformamide (2.5 mL), oleic acid (20 wt%), ammonium 

nitrate (25 wt%) and glycerol (15 wt%) were added to the CMC 

solution was vigorously swirled at 70°C, lead to a transparent 

solution. After 4 hours of stirring and casting on a glass plate, a 

thin CMC membrane, roughly 20 mm thick, was formed when 

the water was evaporated at 80°C. The membrane was subjected 

to vacuum drying at 80°C for 24 hours. Simultaneously, 

commercial CMC will be obtained from the laboratory and a 

polymer electrolyte will be made and compared to the 

commercial polymer electrolyte (19). 

Characteristics of extracted cellulose, carboxymethylcellulose 

and polymer electrolyte membrane 

Structural analysis (X-ray diffraction) of the materials was 

performed using Bruker AXS D8 diffractometer at CuKα λ = 

1.54060 Å, operating at 40 kV and 30 mA, with a scan rate of 5° per 

minute. The Scherrer analysis was used to determine the 

crystallite size of the samples. The examination of structural and 

functional groups of all samples was done by using FTIR 

spectroscopy (Bruker, USA). Using KBr (1:100 w/w), 2 mg of dry 

materials were compressed into a pellet. Wave numbers 

between 4000-400 cm-1 measure the transmission level.  

  The morphology of raw material, extracted CMC and 

cellulose were examined. The morphological properties of raw 

fibres, cellulose and CMC. A field emission scanning electron 

microscope (FE-SEM, S-4800, Japan) running at a 10 kV 

acceleration voltage was used to create CMC films, with 1000x 

original magnifications for getting high-resolution images and 10 

µA of current following sample coating with a vacuum sputter 

coater (20). The degree of substitution of carboxymethylcellulose, 

which varies from 0 to 3, is the mean number of sodium 

carboxymethyl groups attached / unit of anhydrous glucose. The 

titration (back & direct) and precipitation with copper are 

employed to determine carboxymethyl cellulose DS. To remove 

byproducts, CMC was thoroughly cleaned with 80% CH5OH and 

CH3OH. Then at 80°C, two grams of it was dissolved in 50 mL of 

double-distilled H2O and agitated for 15 min. to ensure complete 

dissolution and then centrifuged for a minute at 4000 rpm to 

remove the precipitated solids. 50 mL of pure CH3COCH3 were then 

used to re-precipitate the dissolved CMC. After that, the recovered 

CMC was filtered and dried at 70°C in an oven until its weight 

remained constant (21). CMC purity (%) is the ratio of the weight of 

the dried residue to the weight of the specimen utilized (22). 90 mL 

of distilled water was used to dissolve 2.7 g of CMC that had been 

weighed in a 100 mL beaker. The viscosity of the 2.7 g CMC 

dissolved in 90 mL distilled H2O at 80°C for 10 min. with 960 rpm for 

10 seconds in a magnetic stirrer. The spindle (with the protection 

connected) was placed into the solution as soon as it was finished. 

At 5-minute intervals, the sample's temperature was changed 

between 30, 40, 50 and 60 °C while the speed was kept constant at 

160 rpm until the test was completed (23). 

 A Chroma meter (CR-200, Japan) was used to examine the 

surface color of all samples. As a traditional backdrop colour, a 

white colour plate (L = 97.75; a = -0.49; b = 1.96) was chosen. Hunter 

L, a and b (L: brightness, a: greenness-redness and b: blueness-

yellowness) values were calculated by taking measurements at 

random positions on each film sample (24). To evaluate the water 

solubility, the film was divided into a square (20 × 20 mm). After 2 

hours of immersion in distilled water (50 mL), the film specimen 

was shaken frequently. After filtering, the residue was dried for 24 

hours at 105°C (25). A manual fold endurance test was performed 

on film samples that were about 0.03 mm thick. The logarithm of 

the number of double folds required to induce failure in a test 

specimen under laboratory conditions. (26). Using a micrometer 

model GT-313-A (Gotech Testing Machine Inc., China), the 

thickness of the CMC films was determined. A universal 

texturometer (Model 1000 HIK-S, UK) was used to test the CMC 

films' tensile strength (TS) and percentage elongation at break (EB) 

ten times each, in compliance with ASTM D882-80a (27) standard 

procedure with preconditioning for 24 hours and the results were 

obtained at 27±2 °C. According to Thai industrial regulations for 

oriented polypropylene film (TIS 949-2533), the relative humidity 

(RH) should be 65±2 percent. The rectangular CMC films were cut 

into 15 mm by 140 mm rectangles to serve as test specimens. The 

specimens were tested to a crosshead speed of 20 mm/min and an 

initial grip separation of 100 mm. Impedance measurements of the 

polymer electrolyte films were conducted using a Solartron 1260 

impedance/gain phase analyzer at frequencies ranging from 10 Hz 

to 4 MHz. Each polymer electrolyte film sample was positioned 

between two 2.0 cm diameter stainless steel electrodes (area = 

3.142 cm-2). Temperatures between 303 K and 338 K were used to 

measure the impedance of the samples. The ionic transference 

number and electrochemical stability of biopolymer electrolyte 

sheets were evaluated using the ZIVE MP2. The electrochemical 

stability window of the biopolymer electrolytes (Seol, Korea) was 

evaluated using the linear sweep voltammetry (LSV) technique on 

a Wonatech ZIVE MP2 multichannel electrochemical workstation. 

The LSV was carried out between 0 and 4 V at a scanning rate of                 

1 mV s-1 using stainless steel electrodes (28). 

Fig. 1. Flow chart of CMC extraction process from bagasse cellulose. 
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 The prepared polymer electrolyte has been evaluated by 

constructing a simple energy storage device. Normally for the 

preparation of any energy storage device, the essential 

components are the electrodes and the electrolyte. One electrode 

of aluminium sheet and another electrode of copper sheet were 

used and the prepared polymer electrolyte membrane (CMC film) 

served as both the separator and the electrolyte. The prepared 

polymer electrolyte film will be sandwiched between the two 

electrodes. Then it was connected to the two terminals of the 

voltammeter for voltage values (29). 

Statistical analysis 

All experiments were conducted in triplicate (n = 3) to account for 

variability and enhance the reliability of the results. Results are 

presented as the mean values with standard deviations (Mean ± 

SD), providing a measure of the variability within the dataset. 

 

Results and Discussion  

Characterization of sugarcane bagasse 

The composition of the selected sample is presented in Table 1. 

Bagasse has the highest oxygen percentage (46.16%), low 

volatile matter (69.92%) and low bulk density (119.09 kg/m3). 

Synthesis of cellulose from pretreatment methods 

The most common acid used in chemical treatments is sulfuric 

acid (H2SO4). It is widely used, although it has several 

disadvantages, including the production of inhibitory 

compounds and reaction vessel corrosion (30). Unlike acid 

treatment, alkali pretreatment is typically conducted at room 

temperature and atm. pressure. Common alkaline agents are 

ammonium, calcium, sodium and potassium hydroxides. The 

most effective of these hydroxyl derivatives was determined to 

be sodium hydroxide (31,32). By decomposing the side chains of 

esters and glycosides, alkali reagents produce lignin structural 

change, cellulose swelling, cellulose decrystallization and 

hemicellulose solvation (33). A comparison of different 

pretreatment methods was conducted by analyzing the 

composition of cellulose under optimized conditions (Table 2). 

 NaOH treatment removes a fraction of the lignin, 

hemicellulose and oil covering on the outside. When external 

cellulose microfibrils depolymerize and defibrillate, short-length 

crystalline fibers are produced. The material will expand into the 

autoclave equipment due to rapid depressurization. The alkali-

treated fibres broke when the pressure dropped quickly because 

the steam at high pressure had damaged their structure. The 

bleaching process reduces the amount of lignin and other 

binders in the raw and bleached fibre. After that, the fibers are 

hydrolyzed with oxalic acid, which combines with the fiber's 

sodium derivative to produce pure cellulose (34). The most 

popular chemical pretreatment for enhancing the enzymatic 

hydrolysis of different biomass types is the alkali method. 

Because of its remarkable delignification capability, critical for 

high biomass digestibility, sodium hydroxide (NaOH) has 

attracted the most attention (35). Fig. 2 depicts the cellulose 

fibres obtained from bagasse and cellulose after grinding. 

 Before being injected into the SE reactor, the proper 

catalyst is impregnated into the lignocellulosic biomass in an acid-

catalyzed steam explosion. Enhanced hydrolysis rate, total 

hemicellulose removal and the ability to operate at lower 

pretreatment temperatures and residence times, are some 

benefits of acid catalysts (36). Acid catalysts have various 

advantages, including improved hydrolysis rate, full hemicellulose 

removal and the ability to operate at lower pretreatment 

temperatures and residence times (37). Particle size, temperature, 

moisture content and residence time are the main determinants of 

SE pretreatment. Heat transmission and steam consumption are 

significantly influenced by the feedstock's particle size and 

moisture content (38).  

 Small biomass particles allow for better and faster heat 

transfer inside the reactor, while too large particles might cause 

surface overcooking, the formation of breakdown products and 

incomplete hydrolysis of the interior biomass (25). If the biomass 

contains too much moisture, water will seep into the pores, 

causing the heating process to shift to operating temperature 

and initiate autohydrolysis. Temperature and residence time 

affect SE operation. It is tough to choose between working at 

high temperatures for short periods versus low temperatures for 

longer periods and it should depend on the raw material and 

pretreatment methods. Among the two pretreatment methods, 

good recovery of cellulose extraction has been observed in the 

sugarcane bagasse through the steam explosion pretreatment 

method. The cellulose and yield percentage increased from 

52.7% to 65.4% and 35.30% to 49.10% respectively. 

Properties Value 

Moisture content (%) 9.30 ± 0.051 

Volatile matter (%) 69.92 ± 0.128 

Ash content (%) 3.10 ± 0.042 

Fixed carbon (%) 14.20 ± 0.535 

Carbon (%) 44.49 ± 0.303 

Hydrogen (%) 5.92 ± 0.112 

Nitrogen (%) 0.80 ± 0.023 

Sulphur (%) 0.06 ± 0.001 

Oxygen (%) 46.16 ± 0.136 

Cellulose (%) 52.70 ± 0.433 

Hemicellulose (%) 25.13 ± 0.302 

Lignin (%) 20.10 ± 0.185 
Bulk density (kg/m3) 119.09 ± 1.071 

Table 1. Physicochemical properties of sugarcane bagasse 

Composition Sample Value 

Cellulose (%) 
Raw biomass 52.70 ± 0.265 

Chemical treated 55.70 ± 0.435 
Steam treated 65.40 ± 0.519 

Hemicellulose (%) 
Raw biomass 25.13 ± 0.682 

Chemical treated 11.00 ± 0.871 
Steam treated 7.60 ± 0.129 

Lignin (%) 
Raw biomass 20.10± 0.245 

Chemical treated 15.30 ± 0.072 
Steam treated 1.10 ± 0.020 

Cellulose yield (%) Chemical treated 35.30 ± 0.961 
  Steam treated 49.10 ± 1.292 

Table 2. Comparison of compositional analysis of optimized pretreatment condition 
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 Table 3 displays the % yield of CMC produced using 

various NaOH concentrations. Because cellulose reacts with 

monochloroacetic acid (MCA) in an alkaline environment, 

replacing the hydroxyl group of the cellulose molecule with a 

carboxymethyl group and increasing its weight, the percentage 

yield of CMC rose as the concentration of NaOH increased. 

However, at too high a concentration of NaOH, the cellulose may 

be depolymerized, which affects the DS decline (39). 

Characterization of extracted cellulose and carboxymethylcellulose  

XRD analysis 

Fig. 3 depicts the XRD patterns of sugarcane bagasse at different 
stages (Raw biomass, chemically treated fibres & steam 

exploded fibres) and CMC with different NaOH concentrations. 

Major diffraction intensities at 22.6° and 18.5° are obtained in all 

samples, confirming the samples are cellulose type. Table 4 gives 

the XRD analysis and the crystallite size of the samples at various 

stages. The results show that the crystallinity index increased 

from 34.8% to 70.50%. The raw bagasse crystallite size was 2.51 

nm, while the chemically treated and steam-exploded cellulose 

samples had crystallite sizes of 1.32 and 1.03 nm, respectively. 

Due to the exposure of the fibres to high pressures, temperatures 

and reaction periods followed by the bleaching procedure, the 

crystallite size of steam-exploded cellulose samples was reduced 

compared to chemically treated cellulose samples (40). 

 Crystallinity and hydrogen bond strength affect the 

microstructure of CMC materials. When compared to cellulose 

derived from sugarcane bagasse, all CMC samples exhibited 

minimum intensity peak values (au). The decrease in cellulose's 

crystallinity index may be due to molecule restructuring or 

breaking in reaction to the alkalization of the NaOH solution and 

water in the crystallites. The larger aperture among cellulose 

polymer molecules was also induced by the easy substitution of 

monochloroacetic acid molecules into the hydroxyl group of 

cellulose macromolecules without treating it with an alkali 

solution (41). When various NaOH concentrations were used to 

alkalize, the crystallinity index decreased. 25% NaOH- CMC has 

given the least crystallinity index of 32.13%. 

FTIR Analysis 

Fig. 4 shows an FTIR study of materials before and after 

treatments. The functional groups common to both cellulose 

and each CMC variant include the hydroxyl group (-OH 

stretching) observed between 3200-3600 cm-1, the C–H stretching 

vibration at 3000 cm-1, the carbonyl group (C=O stretching) at 

1600 cm-1, the hydrocarbon groups (-CH₂ scissoring) at 1450 cm-1 

and the ether groups (-O- stretching) within the range of 1000-

1200 cm-1. The predominant peaks in all spectra were attributed 

to the stretching vibrations of the -OH and -CH groups, located 

Fig. 2. Cellulose fibres obtained from bagasse and cellulose after grinding. 

CMC synthesised at 
different concentrations 

of NaOH 

CMC Yield, 
% 

Purity of CMC, 
% 

Solubility of 
CMC (%) 

 

15% 98.30 36.27 31.52 

 

25% 120.3 61.50 62.31 

 

35% 101.3 50.53 51.40 

Table 3. Synthesised CMC yield, purity and solubility at varying NaOH concentrations 

Fig. 3. X-ray diffractograms. 

Crystallinity index (CrI) (%) of 
extracted cellulose 

Raw biomass 34.8 

Chemical treated 64.40 

Steam treated 70.50 

Crystallite size (nm) of extracted 
cellulose 

Raw biomass 2.51 

Chemical treated 1.32 

Steam treated 1.03 

Crystallinity index (CrI) (%) of 
extracted CMC 

15% NaOH- CMC 45.67 

25% NaOH- CMC 32.13 

35% NaOH- CMC 50.81 

Crystallinity index (CrI) (%) of 
commercial CMC 

Standard 30.54 

Table 4. XRD analysis of extracted cellulose and CMC 
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between 3600 and 2800 cm-1. In the spectra of the raw fiber, ester 

linkages were formed by the carboxylic groups of lignin's ferulic 

and p-coumaric acids, as well as the acetyl and uronic ester 

groups from hemicelluloses. 

 The peak remained noticeably weaker and moved to a 

lower wavenumber in the spectra of cellulose samples that had 

undergone chemical treatment. This was attributable to the 

autoclave stage's partial hydrolysis of hemicellulose and pectin. 

Steam-treated cellulose samples have stronger peaks in their 

spectra. Bleaching with hydrogen peroxide changed cellulose to 

oxycellulose, which resulted in the replacement of some 

hydroxyl groups with ketone groups. Conversely, ester groups 

may be produced when cellulose and acetic acid react. 

Furthermore, the addition of additional steric hindrance ester 

groups to the cellulose surface made filtering easier in the future. 

This peak in the raw fiber spectra became sharper as the relative 

lignin concentration increased (5). 

 The absence of a peak at 1032 cm-1 in the spectra of the 

steam-treated cellulose samples indicates that the bleaching 

process effectively removed lignin. Cellulose's crystalline band 

aligned with the 527 cm-1  peak. As further treatments were 

applied, the peak in the spectra became more pronounced. The 

pretreatment methods for sugarcane bagasse effectively 

removed hemicellulose and lignin; for example, the 

hemicellulose spectra decreased from 1369 to 1361 cm-1 and 

lignin spectra decreased from 1359 to 1338 cm-1.  

 The carboxymethylation of bagasse cellulose was 
confirmed through FTIR analysis after the production of 

carboxymethyl cellulose (CMC) using varying concentrations of 

NaOH. The results showed a significant increase in the presence 

of carbonyl (C=O), ether (-O-) and methyl (-CH₂) groups in the 

CMC samples. Notably, peaks at 1606 cm-1 and 2927 cm-1 in the 

CMC samples are associated with the C=O bond, indicating the 

successful substitution of carboxymethyl groups, as evidenced 

by the intensity of these peaks. Among the different NaOH 

concentrations tested, a 25% NaOH solution resulted in the 

highest degree of carboxyl group substitution in CMC. In contrast, 

the spectra of steam-treated cellulose samples did not display a 

peak at 1032 cm-1. 

 

Scanning electron microscopy (SEM) analysis of CMC  

Cellulose microfibrils connected by lignin and hemicellulose make 

up the fiber. Before the cellulose was extracted, there were 

materials covering the fiber surface, maybe lignin and 

hemicellulose, which encrusted the cellulose inside. Raw biomass 

fibres have a high percentage of extractive layers on their surface, 

which are composed of fibre and pith. The surface of the fiber has a 

high aspect ratio and is composed of parallel stripes. The initial 

coarse fibers were significantly larger in diameter and each fiber 

appeared to be composed of multiple microfibrils. Dense fibre cells 

with thick walls connect the surface to the pith. The fibres are 

striped in parallel and have an extractive coating on the outside. 

The chemically treated defibrillated fibres are obtained after the 

removal of hemicellulose and other residual extractives (42). 

 Non-cellulosic substances called lignin and hemicelluloses 

combine to create a network that connects the fiber bundles to 

create a structure resembling a composite. The alkali treatment 

reduces the network's integrity by removing hemicelluloses, which 

allows certain lignin components to separate and leach out. 

Following a de-lignification procedure using acidified sodium 

chlorite, further extractives will be employed to confirm that lignin 

has been removed. When hemicellulose is hydrolyzed by acids, it 

produces a liquid phase with a higher xylose content and a lower 

lignin content. The elimination of non-cellulosic components leads 

to a slight reduction in the diameter of the fibrils. Steam explosion 

partially hydrolyses hemicellulose and pectin, loosening the cell 

wall structure. The raw fibers exhibited bundles resembling a solid 

web, a result of H₂O₂ bleaching that eliminated lignin and reduced 

the number of binding components. At higher magnification, a 

close examination of the microfibril surface reveals it is nearly free 

of pits, although boundary fringes can be observed in various 

areas. Scanning electron microscopy (SEM) images of a single 

microfibril at 1000x magnification show the formation of 

numerous terraces, steps and breaks following the cleaning 

process (Fig. 5.) The diameter of the cellulose extracted from the 

bagasse has decreased compared to the other cellulose fibres 

from 1.32 to 1.03. The morphology of CMC powder with varying 

NaOH concentrations was also assessed using SEM. The samples' 

microstructure changed as the concentration of NaOH increased. 

When 15% NaOH was applied to CMC powder, the resultant 

morphology was small fibres with minimal damage (Fig. 6). As the 

Fig. 4. FTIR spectra of bagasse (raw & pretreated), CMC (synthesized at different NaOH conc. & comparison of raw bagasse, cellulose & CMC). 
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proportion of NaOH was increased from 15%, 25% and 35% (w/v), 

the surface homogeneity decreased and 25% NaOH concentration 

resulted in little fibres with little damage. Exposure to a 35% NaOH 

concentration caused the surface of the CMC powder to crack and 

deform, resulting in the degradation of the CMC polymer chain. As 

the NaOH concentration is increased, the CMC powder's surface 

develops more cracks and waviness.  

 The surface was more severely and completely distorted 

after CMC treatment. This behaviour could therefore indicate that 

the excessive NaOH content damages the cellulose powder's 

surface area. This result was comparable to synthetic 

carboxymethylcellulose produced from bagasse cellulose. The 

alkaline solution may have weakened the cellulose's structure, lost 

its crystallinity and changed the chemical structure's stability, 

making it easier for etherifying agents to reach the molecules for 

carboxymethylation processes (43). Therefore, this outcome was 

consistent with DS. 

Degree of substitution of CMC 

The degree of carboxyl group substitution in carboxymethyl 

cellulose (CMC) can be evaluated using potentiometric titration 

and infrared (IR) spectroscopy. The values obtained from IR 

spectra represent relative degrees of substitution (DSrel), while 

those from potentiometric titration correspond to absolute 

degrees of substitution (DSabs). Table 5 displays the DSabs and DSrel 

for CMC powder synthesized at various NaOH concentrations. At a 

25% (w/v) NaOH concentration, the methine (C-H) stretching 

vibration exhibits an absorbance at 2927 cm-1 and the carboxyl 

stretching vibration (COO-) shows an absorbance at 1606 cm-1. This 

is attributed to the ability of monochloroacetic acid (MCA) to easily 

access the atoms at C2, C3 and C6 of the anhydro-glucopyranose 

unit, as the crystalline structure of cellulose transitions to an 

amorphous state. CMC produced the highest yield at this 25% 

NaOH concentration. The results indicate that CMC output 

increases with rising DSabs values. The DS values obtained for CMC 

range from 0.32 to 0.82, with solubility characteristics dependent 

on the degree of substitution. Specifically, DS values between 0.0 

and 0.4 indicate that CMC is insoluble but swellable, while values 

above this range indicate complete solubility in water. The highest 

DS value is associated with CMC synthesized using 25% NaOH. As a 

result, the cellulose chain and etherifying agent may react more 

readily to produce the CMC. However, the DSabs began to decline at 

higher concentrations of NaOH (>25%), which could be related to 

the creation of sodium glycolate as a by-product in the synthesis of 

CMC and the degradation of the cellulose polymer (44). 

 

Fig. 5. SEM micrographs of raw and pretreated fibres of bagasse. 

Fig. 6. SEM micrographs of CMC powder. 

Type of powder Obtained results, mL Average volume of HCl, mL DSabs DSrel Absorbance at 1606 cm-1 Absorbance at 2927 cm-1 

15% NaOH - CMC 58.3, 57.2, 55.4 56.90 0.43 1.02 0.28100 0.27502 

25% NaOH - CMC 42.1, 41.0, 40.6 41.26 0.82 1.32 0.54825 0.41236 

35% NaOH - CMC 63.2, 61.8 60.7 61.90 0.32 1.10 0.27613 0.24897 

Table 5. Degree of substitution and absorbance value of synthesised CMC 
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Viscosity of CMC 

Many factors can impact CMC viscosity, including its content, 

sodium hydroxide concentration and temperature. The viscosity 

of the produced CMC at 30, 40 and 50 °C is shown in Table 6. The 

outcome demonstrates that at higher temperatures, viscosity 

decreased. This is because a higher temperature can both 

decrease cohesive forces and speed up molecular exchange, 

which would result in less viscosity. The CMC viscosity evolution 

followed a similar pattern at the same temperature. In line with 

earlier DS findings, it rose with NaOH concentrations up to 25% 

before declining. The DS value seems to be impacted by CMC 

viscosity. The group that is carboxymethyl is hydrophilic. 

Therefore, the mechanism achieves more immobilized water 

depending on the DS (45). 

Preparation of polymer electrolyte membrane 

The CMC extracted from the bagasse cellulose has been used for 

the preparation of various concentrations of CMC films. Four 

different types of CMC films have been prepared with varied 

concentrations and with distinct binding agents (Fig. 7). Glycerol, 

ammonium nitrate, N, N-dimethylformamide (DMF) and oleic acid 

are the different types of binding agents that have been used. 

When compared to the other four CMC films, 15 wt% glycerol 

formulation demonstrated good flexibility and produced awell-

formed CMC film. Glycerol is mostly used for energy storage and is 

generally regarded as safe and non-toxic. A prostereogenic centre 

is located at position C2 of glycerol, a basic polyol with two primary 

and secondary hydroxyl groups. Glycerol can undergo a variety of 

chemical processes, including esterification, selective oxidation, 

dehydration and hydrogenolysis, to yield a variety of valuable 

small molecule building blocks with increased chemical 

complexity for both polymer and small molecule chemical 

synthesis. Due to all these reasons, glycerol-based polymers are 

gaining popularity in both theoretical studies and practical 

applications. Next to the glycerol film, N, N-dimethylformamide 

(2.5mL) film had some flexibility. CMC films with oleic acid 20 wt% 

and ammonium nitrate 25 wt% have given some brittle nature 

with low flexibility (46). 

Characterization of polymer membrane electrolyte 

Fold endurance test 

The CMC films that had been created were manually put through a 
fold endurance test. The CMC film instantly broke apart when 

being folded with ammonium nitrate. It was possible to fold the 

CMC film with N, N-dimethylformamide, but after the second fold, 

it was unable to sustain the tension of folding and there were some 

visible cracks in the film. Even after being stretched continuously 

along the same fold line, the glycerol-containing CMC film was able 

to resist the force of folding and held together. while still 

maintaining a respectable degree of flexibility and increased 

strength. To create a cohesive, versatile and workable film, 15 wt% 

glycerol was added, enhancing the flexibility of the CMC film. 

Additionally, the CMC film with oleic acid was able to withstand 

breakage after folding, outperforming the glycerol film (47). 

Colour prepared cellulose, CMC and CMC films 

Table 7 shows the cellulose, CMC and CMC films' optical 
characteristics and surface color measured by chroma meter. The 

colour values of all the extracted cellulose are similar. Though 

the surface colour of the CMC films did not vary considerably it was 

affected by the type and varied concentrations during CMC film 

processing. As the concentration rose, CMC's b-values (blue/

yellow) and ∆E-value (total colour variance) amplified, while its L-

value (lightness) and a-value (green/red) diminished. The L and a-

values increased the most in the CMC treated with 25% (w/v) 

NaOH concentration.  

 Furthermore, increasing the NaOH concentration up to 
35% reduced the yellowness of CMC, most likely due to the initial 

carboxymethylation process that produces CMC (48). But, at 

Sample Temperature (°C) Viscosity (cp) 

15% NaOH - CMC 

30 65.2 ± 0.328 

40 51.9 ± 0.830 

50 42.3 ± 0.547 

25% NaOH - CMC 

30 81.3 ± 0.846 

40 69.1 ± 0.108 

50 62.6 ± 0.277 

35% NaOH - CMC 

30 42.7 ± 0.451 

40 39.2 ± 0.222 

50 38.5 ± 0.606 

Table 6. The viscosity of synthesized CMC at different NaOH concentrations 

Table 7. Color values of Bagasse cellulose, synthesized CMC at different NaOH concentrations and CMC films with different binding agents 

Sample L a b ∆E 

Bagasse cellulose 42.49 ± 0.268 2.14 ± 0.018 7.31 ± 0.016 3.80 ± 0.018 

15%- CMC 50.26 ± 0.441 2.73 ± 0.032 4.51 ± 0.027 9.10 ± 0.030 

25%- CMC 53.50 ± 0.525 3.28 ± 0.037 5.40 ± 0.038 11.92 ± 0.367 

35%- CMC 49.84 ± 0.691 2.34 ± 0.048 5.96 ± 0.047 19.28 ± 0.048 

CMC film- glycerol (15 wt%) 57.21 ± 0.882 -0.29 ± 0.061 3.22 ± 0.053 5.55 ± 0.062 

CMC film-Ammonium nitrate (25 wt%) 57.00 ± 0.048 0.05 ± 0.051 3.58 ± 0.063 5.09 ± 0.082 

CMC film- N, N-dimethylformamide (2.5mL) 54.38 ± 0.184 1.41 ± 0.082 4.81 ± 0.071 2.88 ± 0.082 

CMC film- Oleic acid (20 wt%) 52.43 ± 0.311 0.13 ± 0.090 4.51 ± 0. 079 3.44 ± 0.092 

Fig. 7. Prepared CMC films with different concentrations with different binding 
agents. 
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higher NaOH concentrations (15 and 35% w/v), all color values 

decreased. Therefore, the colour values of cellulose and CMC 

may have changed because of the carboxymethylation reaction. 

The CMC film with binding agent glycerol has given good L and b 

values when compared to other binding agents. The colour 

difference (∆E) of CMC films varied based on the binding agent 

type and concentration, however, the difference was not 

substantial. The lowest total colour difference (∆E) has been 

observed in the CMC film- N, N-dimethylformamide (2.5mL). 

SEM analysis of CMC films 

The surface morphology demonstrates that the CMC film had a 
rough, uneven and black surface, indicating the presence of a 

semi-crystalline area in the CMC films. When different binding 

agents were added to the CMC powder in preparation for CMC 

films, the resulting films became more amorphous. This suggests 

an increase in the amorphous regions within the films, which 

increases conductivity. The amorphous area facilitates ion 

transport in the biopolymer electrolyte, improving conductivity 

by one order of magnitude. The inclusion of binding agents may 

improve the contact at the electrolyte-electrode interface by 

reducing surface roughness. Furthermore, a few cubic objects of 

varied sizes are seen in one location.  

 The smooth and brilliant morphology of the 15 wt% 

glycerol film surface indicates that the film became amorphous 

and may have helped to increase the area for rapid ionic motion, 

which in turn enhanced conductivity. It consists of the maximum 

number of pores which gives the highest conductivity. Thus, it is 

supported that the CMC-15 wt% Glycerol film's increased 

smooth and brilliant region indicates an improvement in the 

amorphous region. Porosity declines as a result of too much 

DMF. This is ascribed to the inability of the excessively non-

solvent DMF to be maintained in the CMC. A few DMF droplets 

that had been collected were too big to create holes and the 

surface of the film was rough. AN (25 wt%) and OA (20 wt%) films 

have very few pores which results in lower conductivity. The 

reduced viscosity of the polymer slurry during the polymer 

membrane production process promotes increased porosity and 

the formation of larger pores (49). 

Mechanical properties and transparency of prepared CMC films 

ASTM D882-80a standard method was used to measure the 

thickness (µm), TS, EAB and YM of CMC films produced with 

concentrations (Table 8). The thickness of CMC films varies 

according to the concentration used in the film's preparation. 

The CMC film with oleic acid (20 wt%) has a very low thickness 

and its tensile properties are also weak when compared to other 

CMC films. The tensile characteristics (TS and EB) of the CMC 

films were altered depending on the CMC type and 

concentrations. Among the four CMC films, the best results 

obtained from CMC film- glycerol (15%) with the TS and EB were 

2.08 MPa and 64.30% respectively, this suggested that The CMC 

film had a medium degree of flexibility and was strong and stiff. 

In CMC films, the mechanical characteristics improved linearly. 

The TS of CMC films was obtained after blending with four 

different compositions of the CMC films respectively (50). 

 The type of concentrations used had an impact on the 
CMC films' TS, EB and YM, but the effect was not statistically 

significant. Additionally, a hydrolysis reaction in the cellulose 

chain has made CMC films less flexible. Because the substituted 

carboxymethyl groups in an anhydrous glucopyranose unit 

increase the intermolecular force between the polymer chains 

and the ionic character, the TS value was associated with an 

increased DS value. However, at high NaOH concentrations, the 

TS value of CMC films began to decrease because of the 

breakdown of the polymer and the production of byproducts 

from sodium glycolate, which increased the CMC content 

reduction and lowered the intermolecular forces (51). 

 With a T660 of 76.40%, the CMC film containing 15% 

glycerol film demonstrated good transmittance against both 

visible and UV radiation. Next to the 15 wt% glycerol CMC film, 20 

wt% oleic acid has given the transmittance of 37.76%. The 

transmittance for the ammonium nitrate and DMF films is 

relatively very low. This data suggests that CMC’s size and shape 

could have a substantial effect on the CMC film's light 

absorbance (Fig. 8). 

 

Film Thickness, µm 
Tensile strength, 

MPa 
Elongation,                 
% at Break Young’s Modulus, MPa T660 (%) 

CMC film- glycerol (15 wt%) 480 2.08 64.30 1.23 76.40 

CMC film-Ammonium nitrate (25 wt%) 710 7.06 22.13 3.23 8.96 

CMC film- N, N-dimethylformamide (2.5mL) 400 5.51 31.44 2.52 7.21 

CMC film- Oleic acid (20 wt%) 190 6.45 32.13 2.73 37.76 

Table 8. Mechanical characteristics and transmittance of produced CMC films at various binding agent concentrations 

Fig. 8. SEM micrographs of CMC film. 
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Performance evaluation of prepared polymer electrolyte 

The prepared polymer electrolyte was evaluated using two 

electrodes (Fig. 9). Aluminium sheet and copper sheet are the two 

electrodes. Cut these electrodes of a size of 10×3 cm each. Then the 

prepared polymer films were cut to the same electrode sizes. Then 

these electrolytes will be placed in between the two electrodes. 

Then the small burner should be taken and sprayed on these 

electrodes. After cooling, the voltage of each polymer film can be 

noted. Among the four polymer films, 15 wt% glycerol film has 

given a voltage range of 1 to 1.5 V. Next to that 20 wt% Oleic acid 

has given a voltage range of 0.5 to 1 V. 25 wt% Ammonium nitrate 

and 2.5 mL DMF do not provide stable voltage values and the 

voltage range was very low, nearly 0.5 V (52, 53). 

 

Conclusion 

This study highlights the potential of lignocellulosic biomass, 

specifically sugarcane bagasse, for the sustainable production of 

biodegradable polymers. Alkali pretreatment with NaOH proved 

effective in removing lignin and hemicellulose, enhancing cellulose 

recovery and decreasing crystallinity. The steam explosion 

technique further improved cellulose extraction, making it more 

suitable for conversion into CMC. XRD, FTIR and SEM analysis 

confirmed the structural transformation of cellulose into CMC with 

varying NaOH concentrations. Among the prepared CMC films, 

those with 15 wt% glycerol demonstrated superior flexibility, 

conductivity and mechanical properties, making them ideal 

candidates for polymer electrolyte applications. The results affirm 

that biomass-derived CMC can serve as a viable alternative to 

synthetic polymers, contributing to eco-friendly material solutions. 

This research paves the way for future developments in 

sustainable polymer production and energy storage technologies. 
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