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ABSTRACT 

The process of converting sugarcane into sugar has a high percentage of dry residue that remains 

after the juice has been extracted, the dry residue is referred to as sugarcane bagasse (SCB). The 

focus of this study has been on using sugarcane bagasse to extract cellulose from the matrix and 

converting it into carboxymethylcellulose (CMC). This has been achieved via a two-step synthesis 

process. Mill run sugarcane bagasse was used as received and was pre-treated using NaOH for 

the purpose of extracting cellulose from the sugarcane bagasse. The extractant was refluxed 

separately using two different nitric acid (HNO3) concentrations namely 8 M (cellulose sample 1) 

and 4 M (cellulose sample 2) in 20 % (v/v) ethanol to obtain cellulose. The extracted cellulose was 

obtained in yields of 37 % and 40 % for the 8 M and 4 M HNO3 concentrations. The extracted 

cellulose was converted into carboxymethyl cellulose. The synthesis was done by a 

carboxymethylation reaction where the cellulose was reacted with different NaOH 

concentrations (m/v %) namely 20 %, 25 % and 30 %. The CMC yield (m/m %) %) was 120 %, 125 

% and 140 %, respectively at the different NaOH concentrations (20 %, 25 % and 30 %). The higher 

concentration of NaOH facilitates greater carboxymethylation.  

The extracted cellulose, synthesised CMC and the commercial samples of cellulose and CMC were 

characterized using Fourier transform infra-red spectroscopy (FTIR), transmission electron 

microscopy (TEM), scanning electron microscopy (SEM), thermogravimetric analysis (TGA), 

differential scanning calorimetry (DSC) and X-ray diffraction (XRD) techniques.  

 The FTIR spectrum of the commercial cellulose exhibited peaks at 3334 cm-1, this peak was 

characteristic of the –OH stretching vibration. Cellulose samples 1 and 2 showed peaks at 3306 

cm-1 and 3331 cm-1, respectively for the similar vibration.  

The commercial CMC sample showed FTIR peaks at 1400 cm-1 and 1600 cm-1, which 

corresponded to the carboxymethyl substituent. The extracted CMC from sugarcane bagasse 

showed the similar peaks at 1439 and 1631 cm-1, respectively. 

The TEM and SEM images for all cellulose samples showed that the spherical shape of commercial 

and extracted cellulose were similar in length and width, the extracted cellulose samples appear 
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to be longer in length compared to the commercial cellulose. The TEM results for all cellulose 

samples appear to be similar from the images. Both commercial and extracted CMC sample TEM 

images showed highly dispersed and crystalline particles that are consistent with those observed 

for carboxymethylated cellulose. The CMC particles observed appear to be dark spots that are 

spherical. SEM images for CMC samples showed a contrast to cellulose samples, the surface was 

smoother in appearance that correlated strongly with CMC SEM images observed in literature 

and the commercial sample.   

XRD diffraction patterns showed two significant peaks at 2Ɵ = 15° and 22.5° that confirmed the 

presence of cellulose I and cellulose II, respectively, in both the commercial and extracted 

cellulose samples. Both commercial and synthesised CMC samples had a single peak at 

approximately 2Ɵ = 20°, characteristic cellulose peaks are no longer visible on the diffractograms.  

The TGA scans showed that the cellulose sample degraded similarly to the commercial cellulose 

sample. The TGA scans of synthesised CMC and the commercial CMC samples showed similar 

degradation patterns.  

DSC scans also showed similar trends for the commercial and synthesised CMC samples. The DSC 

curves showed that all samples had two major peaks: a small peak for moisture loss between 50 

°C - 90 °C and a more significant peak at approximately 350 °C due to decarboxylation and CO2 

bond breakage.  

The degree of substitution (DS) for the commercial CMC sample was 0.420 and for the extracted 

CMC samples there was an increase in DS  to 0.357, 0.366 and 0.420 which correlated with an 

increase in NaOH concentration (20 %, 25 % and 30 % (w/v)), respectively. 

Characterization for this study confirmed the successful delignification of sugarcane bagasse as 

confirmed by the similar properties of commercial cellulose. Furthermore, the 

carboxymethylation was successfully achieved at various NaOH concentrations. The study gave 

insight on how each of the parameters optimized affected the production of the bio-derived 

cellulose and CMCs. A comparision of the commercial cellulose and CMCs with the bio-derived 

cellulose and CMCs showed that they were successfully extracted and synthesised, respectively. 
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 CHAPTER ONE 

INTRODUCTION 

1.1 Background 

The current primary industrial objective is to source numerous raw materials for chemical use as 

starting materials in many polymer industry reactions. The materials should ideally be used in a 

sustainable manner (Duncan, 2011: Rhim et al. 2013). Various studies have been conducted in 

this regard and they all show that potential use of biomass is a great and viable option for 

production of platform chemicals used in industry. Biomass sources are now currently being used 

in many processes as a starting material (Moncada et al. 2014). It has also been shown that fibre, 

and a wide range of biomolecules can be obtained from biomass using a biorefinery approach 

(Moncada et al. 2014). The first-generation sources of biomass were mainly edible crops used 

mainly for food or agricultural use. The second generation however, are mainly comprised of 

lignocellulosic materials (LMs) and these are namely composed of cellulose, hemicellulose and a 

high lignin content. These materials are produced through varied extractions or transformation 

stages such as seeding, cropping, harvesting as well as processing (Rincón et al. 2014). The second 

generation of biomass were designed in such a way that they did not directly compete with food 

production which is highly advantageous. Lignocellulosic materials are found abundantly which 

is also advantageous, they however have a main drawback when it comes to their use as it is 

difficult to extract cellulose from the matrix. This refers to the ability of these lignocellulosic plant 

material to resist microbial attack this makes it difficult to easily isolate the components and thus 

pre-treatment methods are necessary and play a vital role in production (Himmel et al. 2007). 

Industrially cellulose from wood, agricultural residue and paper mills have been converted into 

sugars by pre-treatment of feeds with acids or cellulolytic enzymes.  
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1.2 Lignocellulosic materials (LMs) 

Bio-based materials from digestion of various lignocellulosic materials has shown and strongly 

continues to show that it is a great alternative to fossil fuels. Globally 1368 million tons per year 

of the world’s biomass is attributed to LMs (Limeyana and Ricke et al. 2012). The use of LMs as 

feedstocks such as agricultural waste has provided a valuable alternative from edible food crops 

which were being used as liquid fuels such as ethanol and butanol (Perlack et al. 2005). The main 

advantages of these materials are they are cheap and abundant, and some are even non-food as 

mentioned but are rich in lignocellulose (Limayem and Ricke et al. 2012). LMs are made up of 

three main subcomponents: semi-crystalline polysaccharide cellulose, the multicomponent 

polysaccharide hemicellulose and the amorphous polymer lignin (Perlack et al. 2005). Sugarcane 

bagasse, the residue after sugar production is a promising bioresource.  

 

1.3 Carboxymethyl cellulose (CMC) 

1.3.1 Introduction  

Due to CMCs outstanding physical properties such as: biocompatibility, biodegradability and 

renewability as a polysaccharide it can be used in the production of high value-added products 

(Cheng, 1999: Kulicke et al. 2006). CMC is a polysaccharide product that is a biodegradable 

polymer which is highly demanded on the market (Dolbow et al. 2005). Presently there are 

various applications for CMC such as varnishes, dyes, textile sizing, and as a thickener in many 

household and industrial products (Gupta et al. 2013). There are also varying grades of 

commercial CMC with the technical grade being used in detergents (Hader et al. 1952) and an 

intermediate grade which is not as purified being used in the paper industry (Padam et al. 2015). 

To utilize CMCs in various industries it is important that the cellulose be converted into its 

derivatives and CMC is a product of such processes. CMC is the common derivative of cellulose 

which is made up of a long chain of linear anionic water-soluble bonds. A pure commercial CMC 

sample is an off-white coloured, tasteless salt that is free flowing (Satti et al. 2015).  
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1.4 Characterization of cellulose and synthesis of CMC 

For this project cellulose is extracted from sugarcane bagasse (SCB) and used to synthesise CMC. 

Thereafter the process involved the conversion of cellulose in aqueous NaOH and an organic 

solvent (typically ethanol or isopropanol) with monochloroacetic acetic acid (Heinze and Pfeiffer 

et al. 1999). Most work that has been done previously has focussed on the mechanical properties 

of CMC obtained from sugarcane bagasse.   

In this work the material properties that were characterized included the change in surface 

morphology from cellulose to CMC, particle size and crystallinity changes were also briefly 

analysed. These were done using analytical techniques such as Powder X-Ray Diffraction (PXRD), 

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM). These 

characterizations were to be compared to that of commercial grade samples and those observed 

in literature. The chemical decompositions of the material were also investigated by means of 

thermal studies mainly Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry 

(DSC).   

This study is unique because cellulose is extracted from sugarcane bagasse (SCB) and used to 

synthesise CMCs. Many researchers have used commercial cellulose to synthesise CMCs.   
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1.5 Scope of Dissertation: 

The dissertation is divided into 5 chapters with information as follows: 

Chapter One: Introduction- Highlights the main topics; Background information of the study, the 

concept of lignocellulosic materials (LM’s), carboxymethyl cellulose (CMC) and the 

characterization and synthesis of CMC from extracted cellulose. 

Chapter Two: Literature Review-covers the following - Applications of sugarcane bagasse; Paper 

industry; Intermediate product or raw material; Cellulose pre-treatment methods; Types of pre-

treatment methods; Review of applications of sugarcane bagasse; review of cellulose pre-

treatment methods. Also a review of mechanical applications of cellulose, cellulose derivatives 

such as carboxymethyl cellulose including their properties such as solubility degree of 

substitution (DS) and morphology: factors that impact on viscosity, synthesis of CMC’s and their 

applications including pharmaceuticals, oil drilling, ceramics, insecticides, paper, tobacco and 

mining. 

Chapter Three: Materials and Experimental discusses materials and experimental procedures 

detailing the extraction of cellulose from sugarcane bagasse process, the yield of cellulose 

obtained from extraction and the synthesis of CMC from the extracted cellulose. Characterization 

techniques for cellulose and CMC were done such as the degree of substitution (DS) which was 

done only for CMC using titrimetric techniques. The fundamental concepts of characterization 

techniques such as; Attenuated total reflectance (ATR) - Fourier Transform Infra-Red 

Spectroscopy (FTIR), Powder X-ray Diffraction (PXRD), Thermal analysis and Electron Microscopy.   

Chapter Four: Results and Discussion covering the cellulose extraction from waste biomass; the 

impact of nitric acid concentration on yield, CMC synthesis. Characterization results discussed for 

extracted cellulose and synthesized CMC. 

Chapter Five: Conclusion is a summary of the obtained results.  

References - the list of references are given at the end of the dissertation.   
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CHAPTER TWO 

LITERATURE REVIEW 

2.1  Introduction 

Globally sugarcane bagasse (SCB) is known for being one of the most promising agricultural 

resource of our generation for sourcing biomass energy and bio-based industrial applications 

(Zafar et al. 2015). It can produce two types of biomass which are cane trash and sugarcane 

bagasse. Cane trash which is defined as the field residue remaining after the cane stalk is 

harvested, while sugarcane bagasse is the fibrous residue that remains after milling of the cane 

for sugar production. Most sugarcane bagasse consists of cellulose, hemicellulose and lignin, it 

may sometimes contain wax and minerals (Zafar et al. 2015). Table 2.1 shows the range of a 

typical sugarcane bagasse composition. 

Table 2.1.: Typical composition of sugarcane bagasse (Katyal et al. 2003). 

Component   Percentage Composition (%) 

Cellulose  26.6-54.3 

Hemicellulose  22.3-29.7 

Lignin  14.3-24 

Moisture  40-50 

Soluble solids 2-6 

 

 The sugarcane bagasse used in this study had a chemical composition of 43 % cellulose, 25 % 

hemicellulose, 23 % total lignin and the rest attributed to extractives (Chambon et al. 2018). 

Cellulose is made up of the glucose monomer which has a crystalline structure. Hemicellulose is 

an amorphous polymer usually composed of xylose, galactose, arabinose, glucose and mannose. 

The remainder is lignin which is an aromatic component of bagasse, trace amounts of wax and 

other soluble solids may be found (Sun and Sun et al. 2004).           
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2.2 Applications of sugarcane bagasse 

In the sugar industries sugarcane bagasse is usually combusted in furnaces to provide steam for 

power generation for their own use. The US energy development sector that deals with the 

different uses for sugarcane bagasse have shown that it can be a viable feedstock in bioethanol 

production (Marin et al. 2016). SCB is used as a raw material in the paper industry and in 

agricultural industries as a feedstock for cattle. For every 1 ton of sugarcane crushed, a sugar 

factory can produce up to 300 kilograms of wet sugarcane bagasse with over 500 million tons 

produced globally (Bezzera and Ragauskas et al. 2016).  

2.2.1 Paper industry 

Sugarcane bagasse is also used in the production of pulp and paper. The applications thereafter 

are varied but SCB accounts for approximately 2-5% of global pulp and paper production that is 

a high revenue earner for the sugarcane industry (Rainey and Covey et al. 2016).”There are 

currently over 30 countries globally that use sugarcane bagasse for their paper manufacturing 

processes. The paper industry is said to be a steadily growing one with projections estimating a 

peak in demand in 2035 and much of the demand will come from packaging and tissue sectors 

(Wilson et al. 2013). Emerging economies are directly linked with these projects into sugarcane 

bagasse and its usage in the pulp and paper industries it is estimated that in the pulp and paper 

industry, bagasse will become more important as a paper feedstock (Rao et al. 1997). 
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2.2.2 Intermediate product or raw material 

SCB is used as a direct and indirect starting material in industry to manufacture many other 

household materials and chemicals (Ponce et al. 1983) these materials include: 

waxes, flavourants, sweeteners, anti-cholesterol drugs, furans, furan derivatives, cosmetics, 

emulsifiers, insecticides, preservatives and fuel oils. Economically some uses of sugarcane 

bagasse yield a higher return than that of mainstream sugar production (Bilal et al. 2017). As a 

result, many valuable production streams have developed from sugarcane bagasse that over time 

it will no longer be regarded as a by-product (Bilal et al. 2017). This also raises interest as 

researchers are extensively finding new and improved ways to utilize sugarcane bagasse (Banda 

et al. 2002).  

2.3 Cellulose  

Cellulose is the most abundant naturally available lignocellulosic material, it is known for its 

remarkable physical and chemical properties that have been highly utilized over the past few 

centuries industrially. Cellulose derivatives have also been highly sought after with multiple 

applications in various sectors (Klemm, 2005: de Menezes et al. 2009). Cellulose has the chemical 

formula C6H10O5 and an elemental study showed that the chemical configuration of cellulose was 

44.4% C and 6.2 % H (Krassig and Schurz, 1986: Koh et al. 2013). The molecular structure of a 

cellulose unit can be described as: a linear polymer, with a ᴅ-anhydroglucopyranose monomer. 

This unit is linked together by β-(1,4)-glycosidic bonds that form between carbon 1 (C1) and 

carbon 4 (C4). In their solid-state cellulose units are rotated 180 ° with respect to each other due 

to the limitations imposed by the β-linkage. Each unit of cellulose that forms part of the 

anhydroglucose unit has three hydroxyl groups (R-OH) on the carbon 2,3 and 6 positions, 

respectively. The hydroxyl group found on carbon 1 on both ends of the long chain of the 

molecule has an aldehyde group (C=O). This aldehyde is where the reducing properties are found. 

Each carbon has an alcohol borne hydroxyl group constituent and this gives it the ability to be a 

non-reducing end of the chain. Figure 2.1 shows the chemical structure of the above-mentioned 

cellulose unit. 
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Figure 2.1: Cellulose structure (Michelin et al. 2014). 

In plant material cellulose is found in an amorphous state and rather difficult to confine to a 

definite shape or form. It is also found in a crystalline phase via an inter- molecular as well as an 

intra-hydrogen bond. This means that cellulose will not melt before extreme exposure to thermal 

degradation (Fengel and Wegner et al. 1989). Cellulose monomers are also structured in parallel 

positions to each other in the fibrils, the cellulose fibrils are surrounded by a matrix of lignin and 

hemicellulose as shown on Figure 2.2. (Zimmerman and Pohler et. al. 2005).  

 

Figure 2.2: Graphical adaptation of fibrils showing hemicellulose, lignin and cellulose (Michelin 

et al. 2014). 
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The high fibre content in sugarcane bagasse seen Figure 2.2 illustrates the matrix that cellulose 

exists in. The presence of hemicellulose and lignin in the complex is the reason behind the 

decreased accessibility to cellulose micro fibrils and is a hindrance to the isolation of cellulose. 

There are different morphologies of cellulose that are found in nature namely: cellulose I, II, III, 

IV and V (Wang et al. 2017). Cellulose I and II however are of high value to chemical industries 

due to their properties. Cellulose I and II are stable at high temperatures, consist of fibrils, possess 

high tensile strength, have luster and fabric smoothness to change when industrially applied. 

Cellulose I is the native cellulose and possess a chain that has a parallel arrangement, cellulose II 

however has an antiparallel chain (Ma et al. 2011).  

The cellulose polymer is insoluble in most common solvents including water this is caused by the 

formation of multiple intra and inter-molecular hydrogen bonding (Valim et al. 2017). The 

majority of its biosynthesis happens in the walls of the plant cell. Four other sources which 

produce cellulose are animal, bacteria, chemical treatment and enzymes (Alberts et al. 2002). 

Recent developments have seen the use of cellulose fibres in the novel areas of materials science 

increase exponentially due to a major focus on the use of bio renewable resources, their 

permeative abundance and availability in various forms and most importantly their low cost 

(Gurunathan, et al. 2015).   

2.3.1 Cellulose pre-treatment methods 

Pre-treatment is essential for the separation of lignocellulosic material (LM) into its components. 

The extracted cellulose can then be converted to high value chemicals. This is due to the crystal 

lattice of cellulose, degree of polymerization (DP), level of moisture content and surface area that 

becomes available for chemical interactions and cellulose conversion into other compounds. The 

presence of lignin also hinders the process of hydrolysing agents on cellulose due to the matrix 

in which cellulose naturally occurs. These and other factors are overcome through the chemical 

pre-treatment methods. 

 Pre-treatment is mainly for separating cellulose fibres from lignin, aids the breaking of 

lignocellulosic structures and improves accessibility to cellulose chains. Pre-treatments can be 
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expensive, but they are necessary in the efforts to convert biomass into fermentable sugars and 

other high value products (Binod et al. 2002).  

According to Binod et al. (2012) to ensure successful pre-treatment, pre-treatment methods 

should avoid: 

● reducing the particle size of the biomass, 

● degradation of the hemicellulose fractions, 

● formation of large amounts of degradation products, 

● high energy demands  

● high costs, 

● difficult and cumbersome processes, 

● non-recyclable solvents for economical purposes. 

2.3.2 Types of pre-treatment methods 

2.3.2.1 Steam explosion 

Steam explosion is a commonly used method in the pre-treatment of lignocellulosic biomass and 

can be executed with/without the use of a catalyst (alkali or acid). The ground biomass is treated 

with a concentration of a high-pressure saturated steam system, at temperatures ranging from 

160-260 °C and pressure ranging at 0.69-4.83 MPa, the pressure is then reduced quickly, this then 

causes the biomass to experience an explosive decompression. The method causes a disruption 

in the materials structural composition, the fractional degradation of hemicellulose and lignin as 

a result of high temperature, this then makes cellulose available and it is then subsequently 

hydrolysed (Öhgren et al. 2007). A steam explosion treatment from Sundrop Fuels (2016) is 

shown in Figure 2.3 below. 
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Figure 2.3: Graphical representation of the steam explosion pre-treatment technique (Sundrop 

Fuels. 2016). 

2.3.3.2 Liquid hot water 

Liquid hot water is solely a hydrothermal pre-treatment method. It is a method where pressure 

is applied to sustain water levels in the liquid state at high temperature ranges of 170 – 230 °C 

and a pressure of 5 MPa are frequently applied (Talebnia, Krakashev, Angelidaki et al. 2010). 

Liquid hot water when compared to water at ambient conditions have properties such as: high 

dielectric strength and greater ionic products which may be manipulated as a function of 

pressure and temperature to obtain the desired component. Liquid hot water can produce high 

yields of cellulolignin or lignin and minimum amounts of unwanted waste (Schact, Zetzl and 

Brunner et al. 2008). 
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2.3.3.3 Organosolv 

The process of organosolv is derived from the treatment of samples with organic solvents also 

known as organosolvents and involves the use of an organic solvent and water. In this process 

the introduction of a catalyst, acid or alkali is not permitted. Organosolv related pre-treatments 

are basically used for the efficient removal of lignin from the lignocellulosic material through the 

fractional hydrolysis of lignin bonds, this results in a pulp that is rich in cellulose. The inclusion of 

a catalyst may enhance the selectivity of the organosolvent towards lignin. A large majority of 

the hemicellulose sugars may also be solubilized through this process (Mesa et al. 2011). This 

method is mainly advantageous to water-based processes. Separations are easily achieved by a 

distillation method with simultaneous re-use of the solvent (Novo et al. 2011).  

2.3.3.4 Wet oxidation   

This is mainly a hydrothermal type of treatment, it involves the use of water, air or even oxygen 

at moderately higher temperatures above 120 ˚C (McGinnis, Wilson and Mullen et al. 1983). 

During wet oxidation there are two main types of reactions that occur (Martin, Klinke, Thomsen 

et al 2007): 

● A low hydrolytic reaction   

● A high temperature oxidation reaction 

In this method the cellulose is separated after the removal of hemicellulose and lignin (Jong and 

Gosselink et al. 2014)  
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2.3.3.5 Acid  

The use of dilute acid hydrolysis is highly efficient and selective for the pre-treatment of 

sugarcane bagasse fibres. The pre-treatment specifically employing dilute sulphuric acid has been 

viewed as one of the more cost-effective methods if not the most cost-effective method. The 

combination of biomass and dilute acid mixture is generated at reasonable temperatures, the 

temperatures are controlled by using conventional heating or microwave sources (Galbe and 

Zacchi, 2002: Sanchez and Cardona, 2008: Tomas-Pejo et al. 2008). During this pre-treatment 

some polysaccharides are hydrolysed, many of those polysaccharides are hemicellulose fractions. 

The resultant free sugars are degraded to furfural, they also form 5-hydroxy-methyl-furfural 

(HMF) at higher temperatures, these products are inhibitors to the formation of microorganisms 

and their formation means the damage of fermentable sugars. Organic acids such as maleic and 

fumaric are suggested as alternatives to avoid HMF being formed (Koostra et al. 2009). The yield 

of cellulose is typically less than 20 % of the theoretical or expected value when pre-treatment 

methods are not implemented (Lynd et al 1996). However, pre-treatment increases the yield to 

significantly 90 % of the theoretical yield. The cellulose conversion of an acid pre-treated cane 

bagasse was 93.1 % using a 21 wt. % peracetic acid solution (Sanchez and Cardona et al. 2008). 

2.3.3.6 Alkaline  

The process of alkaline pre-treatment has recently become a common form of pre-treatment due 

to its ability to remove lignin from biomass. The subsequent removal of lignin increases the 

reactive nature of the residual polysaccharides which also aids the removal of the acetyl 

functional group and other uronic acids substitutions on hemicellulose (Chen, Ye and Sheen et 

al. 2012). The reaction mechanism of an alkaline hydrolysis is saponification of the intermolecular 

ester bonds that are cross linked with xylan hemicelluloses and other constituents such as lignin 

and other various hemicelluloses. Alkaline pre-treatment of lignocelluloses with dilute NaOH 

causes swelling of the material which results an increase in inner surface area, a decrease in 

degree of polymerization (DP) and crystallinity. It also leads to the degradation of chemical 

bonding and linkages between the lignin and carbohydrates and interference of the lignin 

constituency (Soccol and Vandenberghe et al. 2003). 
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2.3.3.7 Ionic liquid (IL) 

Ionic liquids have also recently shown great promise as a method that could be used to pre-treat 

lignocellulosic materials (LMs). They are solvents which can be used for biomass dissolution with 

a high recovery of cellulose when an anti-solvent is added. Ionic liquids are organic salts that are 

liquid at room temperature and can be stable as liquids to temperatures up to 300 °C (Lee et al. 

2009). 1-Ethyl-3-methylimidazolium acetate [Emim][OAc] is an example of one IL that can 

solubilize LMs and remove lignin, so that hemicellulose or cellulose can be recovered from the 

polysaccharides (Singh et al. 2009). The high solvating properties of ILs make them key in the 

dissolution of LMs and can be manipulated to extract a single constituent of LMs such as cellulose 

(Mora-Pale et al. 2011).  

2.3.3.8 Mechanical  

Tsapekos et al. (2018) showed that introduction of mechanical pre-treatment such as crushing 

and grinding of biomass can improve physical properties such as particle size of the starting 

material. Mechanical pre-treatment methods are conducive for industrial applications (Carrere 

et al. 2015). These methods heavily rely on the application of compression forces and this causes 

biomass deconstruction (Kratky and Jirout, 2011) as seen in Figure 2.4. 

 

Figure 2.4: Mechanical pre-treatment of different materials and size reduction capacity 

(Barakat et al. 2014). 
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2.3.4 Applications of cellulose 

Cellulose is a starting material that can be used for many applications. Cellulose I fibres have wide 

usage in industries such as clothing for fabrics, cosmetics and pharmaceuticals. Cellulose II is 

preferable in clothing when it comes to smart materials and biomedicine (Ma et al. 2011). 

Cellulose is used in the paper industry, where it is a structural material for paper and cardboard 

based products. The chemical modification of cellulose is a key step in synthesising cellulose 

derivatives which have further industrial applications. 
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2.4 Cellulose derivatives 

Cellulose derivatives that arise from natural waste have shown diverse physio-chemical 

properties (Balser et al., 1986): such as solubility, adjustable viscosity and tensile strength (Klemm 

et al. 2005). Cellulose derivatives possess the ability to bond with a large range of substrates 

shown by the degree of polymerization (Balser et al. 1986). Cellulose derivatives are preferred in 

many industries such as food, cosmetic and textiles (Balser et al. 1986). Some cellulose 

derivatives through an etherification processes may be modified to be soluble in water (Olivas 

and Barbosa-Cánovas et al. 2005). 

Cellulose derivatives gained a large significant industrial application as a smokeless gun powder 

(Kamel et al. 2008). These cellulose derivatives included methyl, hydroxyethyl (HE), hydroxyethyl 

methyl (HEM), hydroxypropyl (HP), hydroxypropyl methyl (HPM) and carboxymethyl (CM) 

cellulose. The synthesis of derivatives can be done by reacting a selective alkyl halide with 

cellulose that has been pre-treated with an alkaline solution. The cellulose used for synthesis of 

derivatives is conventionally obtained from biomass. Many substitution reactions can be 

undertaken by cellulose to form the ether derivatives (Kamel et al. 2008). The number of average 

R groups that is present in each glucan (polysaccharide from ᴅ-glucose) unit along the chain is 

the degree of substitution (DS). Physical properties such as solubility can be affected by DS and 

according to Rowe et al. (2013) the range of R groups present on glucan units is 0 – 3.  
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2.5 Carboxymethylcellulose (CMC)  

Carboxymethyl cellulose (CMC) is one of the most significant derivative of cellulose, CMCs have 

many industrial uses in the production of materials we use daily. CMCs also have a long linear 

chain. CMC derivatives are water soluble and are anionic polysaccharides (Bono et al. 2009). The 

solubility of cellulose can be increased by the introduction of the carboxymethyl group (-

CH2COONa), this is done by replacement of the hydrogen of the OH unit that forms hydrogen 

bonds that make cellulose insoluble. CMC that has more than one substituent (-CH2COONa) in a 

range of two glucose molecules as shown in Figure 2.5 is soluble in water. The DS and the average 

degree of polymerization (DP) are alternative pathways that CMCs can be uniquely characterized 

(Batelaan and Ginkel et al. 1992). The DP is also known as the chain length which can be as high 

as 5000. 

 

Figure 2.5: Molecular structure of carboxymethyl cellulose (Abouloula et al. 2018). 
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2.5.1 Properties of CMCs 

2.5.1.1 Solubility 

Carboxymethyl cellulose easily absorbs moisture, it is also very easy to dissolve in hot or cold 

water as a colloidal solution, and it may not be dissolved in many organic solvents such as 

methanol, ethanol, chloroform, acetone and all other similar solvents (SINOCMC. 2011a). The 

importance of the DS is that it also influences the water solubility of CMCs (Casaburi et al. 2018). 

Viscosity of the CMCs (25 mPa.s – 8000 mPa.s) also has a small impact on water solubility which 

is temperature and pH dependant (Sidley Chemical. 2013a; Sidley Chemical. 2013b). When the 

DS of CMCs is 0.4 or greater the solution shows alkaline solubility (SINOCMC. 2011a) The increase 

in DS improves the transparency of solution and the solubility increases (SINOCMC. 2011a).  

When CMC is being dissolved the first phase is expansion before it gradually dissolves. When 

preparing solutions, it is advisable for particles to be wet uniformly for a fast dissolution. This is 

used to avoid scattering of particles and this would lead to dissolution difficulties (SINOCMC. 

2011b). There are grades of CMC that have been reported to need prior dissolution before 

application (Eliza et al. 2015). 

2.5.1.2 Degree of substitution (DS) and morphology 

The degree of solubility is known as a function of the DS (Lopez et al. 2015), this occurs when less 

substituted CMC which is more hydrophic shows a large fraction of aggregates. These aggregated 

crystalline domains were investigated using X-ray diffraction in aqueous solutions, the degree of 

crystallinity corresponds to a lower DS and little to no crystallinity was found at a DS of 1.06 and 

above. The regularity of substituting monomers instead of average DS was the main factor 

controlling rheological properties of CMC aqueous solutions (Lopez et al. 2015).  Nanocomposites 

of CMC show the particles are spherical in shape, and at higher DS the particle size grows larger 

(Cui et al. 2011). 

2.5.1.3 Factors that impact viscosity 

The viscosity of CMC is dependent on the degree of polymerization (DP) of cellulose. Other 

factors that influence viscosity are the DP during alkalization, etherification and the homogeneity 
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of the reaction during synthesis (Sidley. 2015).  The viscosity of CMC aqueous solutions rises 

linearly with an increase in concentration. Viscosity is also affected by pH, temperature and DS. 

 2.6 Synthesis of CMCs 

Several techniques have been used to synthesise CMCs. These methods are:  

● homogenous carboxymethylation (Heinze et al. 1999),  

● fluidized bed technique (Durso et al. 1981),  

● paddle reactor (Holst, Lask and Kostrezwa et al. 1978).  

All techniques involve the use of an alkali-based substance that swells the cellulose, the swelling 

causes modifications in cellulose crystallinity and increases fibre accessibility. The steps of a 

carboxymethylation reaction as shown on Figure 2.6 involve: 

● Mercerization: Common method of synthesis is the slurry method, where: cellulose is 

mixed in a system that consists of NaOH, water and alcohol (ethanol or isopropanol) the 

reaction temperature is kept at a range of 20 – 30 ˚C and the alcohol should be in excess 

in the system this warrants a good mixing efficiency (Mann et al. 1998). The process where 

the liquid alcohol-water mixture which becomes a solvating agent and dissolution of the 

NaOH ensures its even distribution to the cellulose hydroxyl (-OH) groups forming the 

resultant alkali cellulose. The NaOH (aq) penetrates the crystalline structure of cellulose 

which solvates its hydroxyl (-OH) groups and this avails them for etherification (Savage, 

Young and Maasberg et al. 1954). 

● Etherification: This process is also known as the Williamson Etherification (Tijsen et al. 

2001) where the alkali cellulose that is synthesized is highly reactive to monochloroacetic 

acid (MCA), which is added to form a carboxymethyl cellulose ether (Kraasig et al. 1993). 

 

Figure 2.6: Carboxymethylation reaction of cellulose (Heinz and Pfeiffer et al. 1999). 
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2.7 Applications of CMC  

CMCs have an extensive array of uses in many industries as the sodium salt (NaCMC), it is used 

extensively as a polyelectrolyte cellulose derivative. CMCs are anionic and water soluble which 

makes them preferable in applications such as food, pharmaceutical, personal care/ cosmetic 

and paper (Lopez et al. 2015). It may also be used in the production of other household products 

which include ice-cream, water paints and detergents (Toğrul and N. Arslan., 2003: Pushmalar et 

al., 2003). Industrially the use of CMCs has also been paper-based applications. CMC is non-toxic 

and has minimal cause of allergic reactions in the human body (Batdorf and Rossman et al. 1973). 

2.7.1 Pharmaceutical industry 

Out of all the cellulose derivative’s only CMC is used in the preparation of further compounds. It 

is commonly accessible as a calcium or sodium crystallized salt in the form of polycarboxymethyl 

(CH2COOX) where X = Ca or Na.  CMC-Na is a capsule disintegrant, stabilizing, or suspending, or 

emulsifying (0.25-1%), or gel-forming (3-6%) and a viscosity increasing (0.1-1%) agent in 

compounded medicines. It has applications in oral (liquid, solid) and topical (liquid gel, emulsion) 

medicinal formulations, essentially for its viscosity-increasing properties. The more viscous CMC 

derived aqueous solutions are applied as a suspension powder for topical or oral purposes. In 

emulsions CMCs are an option to be used as stabilizers. Concentrations of CMCs with 

intermediate viscosity form gels which are used as a base product for cosmetics and other drug 

formulations (Rowe, Sheskey and Quinn et al. 2009).  
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2.7.2 Oil drilling 

There is an oil drilling standard grade CMC made to be used as a separating fluid, drilling fluid as 

well as a strengthening fluid which is a fluid loss intermediate. CMCs also protect the shaft walls 

and hinder mud loss which increases recovery efficiency (Irochemical. 2015). 

2.7.3 Ceramics  

CMC in the ceramic industry is used as a gum and these gums maybe used in ceramics to 

harden the ceramic glazes and by so doing it cements the particles together and promotes safe 

handling of the ceramics (Hansen et al. 2015). 

2.7.4 Insecticides 

In mosquito coils CMCs ensure that it is mosquito repellent and it does so by evenly binding the 

ingredients. In the absence of elm powder CMC has a great moulding effect. It changes the 

appearance of the mosquito repelling incense making it brighter and cleaner. It also increases 

the chemical strength of the mosquito coil while physically enhancing its ability not to crack or 

break (Fortune Biotech. 2017) 

2.7.5 Paper industry 

CMCs have major functions in the paper manufacturing industry, however they are mainly used 

as strengthening agents. The CMC, the pulp and the filler agents have the same charge and 

properties it therefore increases the evenness of the fibre. The CMC also increases the bonding 

effects between fibres which improve on physical factors of the paper such as tensile and bursting 

strength of paper (Sidley. 2015). 
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2.7.7 Tobacco industry  

Tobacco grade CMC is used in the industry for shaping, adherence and stabilizes the tobacco. The 

tobacco is also endowed by the CMC which is added (ZF Biochemical. 2016). 

2.7.8 Mining industry  

In the mining industry gangue slimes, which are normally clays and talc can be an issue due to 

bubble surface which crowd out copper mineral collection into bubbles. These slimes affect 

mineral recovery and overall mining conversion of the ore. The use of CMCs is to be a depressant 

of the gangues and ultimately conversion is improved (Danafloat. 2017). 

2.8 Literature review of CMC production 

The carboxymethylation of lignocellulosic materials has been extensively studied for the various 

properties that the products possess. The carboxymethylation process has generally been 

initiated with an aqueous alkali hydroxide, and the alkali cellulose is reacted with chloroacetic 

acid this process is referred to as the Williamson etherification synthesis and yields product CMC. 

The commercial production of CMC according to Balser et al. (1986) began in the early 1920’s at 

the Farbenindustrie AG in Germany. Currently CMCs that have different applications and 

properties are tailor made and commercially available (Heinze and Koshella et al 2005).  

 

There has been work previously reported where CMC obtained from different biomass resources 

is detailed. In this section we report some of these literature findings and highlight some of the 

results obtained. Mansouri et al. (2015) reported a novel synthesis of CMC from Tunisian vine 

stem (VS). The study involved delignification using two main pre-treatment methods to yield the 

products. The first pre-treatment of VS was with an aqueous soda solution (15 % w/w) at elevated 

pressure (3.6 bars) for a period of 2 hours. The fibres were then washed with water to neutrality 

before they were bleached with a sodium hypochlorite (NaClO2) solution. After the treatment 

and at a pH of 12 fibres were washed with water to neutral and yielded approximately 40% of 

bleached cellulose product from vine stem (BF). The second step involved synthesising CMC 

directly from VS. The BF cellulose product would also be further carboxymethylated. 
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The method reported for the CMC synthesis from cellulosic material (VS and BF) is detailed by 

Aguir et al. (2010) and Khiari et al.  (2011). Alkalization included the use of 30 mL of 40 % (w/v) 

NaOH followed by 30 mL of 1 butanol. Subsequently etherification was achieved by the addition 

of monochloroacetic acid (MCA) to the reaction mixture. The slurry was neutralized with acetic 

acid and purified with ethanol. CMC was successfully prepared from vine stems the yield and DS 

of the CMC product from BF was 75 % and 1.65, respectively. Direct CMC production from VS 

yielded 43 % CMC product with a 1.29 DS value. The study showed that cellulose production 

through delignification yields higher amounts of CMC than carboxymethylation of the biomass 

material directly. Mansouri et al. (2015) was able to compare these methods successfully. The 

study also focussed on the absorption (AC) retention capacities (RC) of the material adapted from 

Khiara et al. (2011) and Aliouche et al. (2000) and compared with commercial samples, which it 

found to be higher for prepared materials than commercially obtained CMC showing further 

advantages of the synthesis process. 

In Brazil a study by dos Santos et al. (2015) investigated the regeneration of brewers spent grain 

(BSG), which is the main waste product of the brewery once beer is produced. An approximate 

mass of 15-20 kgs of BSG can be obtained per hectolitre of beer produced. The cellulose was 

extracted from BSG using alkaline treatment. BSG was treated with 2 % (w/w) aqueous NaOH for 

2 h at 90 °C, thereafter the bleaching process employed with dilute (2 wt. %) NaClO2. Bleached 

fibres were then neutralised with water and dried at 50 °C for 12 h in a circulating oven. The yield 

of cellulose product was calculated on a dry weight basis, where an initial 100 g of BSG yielded   

15.37 g of dry pulp. The carboxymethylation steps were done with 0.5 g sample of bleached 

cellulose. Alkalization was done with isopropanol and 40 % (w/v) NaOH under magnetic stirring 

for 15 min at room temperature. The etherification reaction was carried out in a microwave 

reactor and MCA was dissolved in 2 mL isopropanol. The microwave irradiation was 200 W at a 

temperature range of (70-90 °C), stirred at an optimized time range (2.5 – 7.5 min). When 

microwave assisted irradiation was completed, the slurry was neutralized with glacial acetic acid 

and then filtered. The resultant CMC was washed with 70 % ethanol and dried in an oven.  
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Reaction conditions for CMC production were optimised, and all optimizations were done with 

respect to DS. A relationship between temperature, reaction time and MCA concentration was 

obtained from the reaction data.  

The results from this optimisation showed that at increased reaction time and monochloroacetic 

acid wt. % loading there is an increase in the DS values. This was due to the carboxymethylation 

needing high concentrations of NaOH and MCA to increase carboxymethyl group substitution as 

reported by Barai et al. (1997). This observation was also supported by 13C NMR which showed 

shorter cellulose chains due to higher substituted CMC groups. Thus, BSG has shown the potential 

to be a waste material that can be converted into CMC at optimal conditions of 5 g MCA /gram 

of cellulose, at a reaction time of 7.5 min and temperature of 70 °C having a DS of 1.46. This study 

displayed that the main factors that can be optimised on the etherification step CMC production 

are MCA concentration and reaction time as temperature did not significantly impact DS. 

Heydarzadeh et al. (2009) also showed a new path towards CMC production from cotton fibres 

(CFs). The CFs were shredded, thereafter they were grinded and reacted in various NaOH 

concentrations (5-50 % w/v), excess NaOH was removed by filter press. Carboxymethylation was 

done by reacting the extracted cellulose with varied MCA (30-45 wt. %) concentrations. The 

mixture was reacted at 75 °C for a reaction time of 4 h with isopropanol and water as solvents. 

SEM images were discussed, and the images suggested that an optimum of 30 % NaOH (w/w) is 

ideal and external surface area showed that fibres we extensively methylated. The study showed 

that at varied concentrations of NaOH water and isopropanol have a linear relationship with DS. 

Isopropanol showed higher DS values than water, which was 0.7 and 0.55, respectively. The CMC 

sample obtained had a glossy appearance. 

Sago palm is a readily available renewable natural polymer in Malaysia which is cheap, and 

biodegradable. Pushpamalar et al. (2006) showed a route towards CMC production from sago 

waste, the by-product of sago starch production. Sago palms produce sago starch which is an 

ingredient in food products (Doelle et al. 1998). The purification of sago waste pulp for CMC 

production involved drying of The material at room temperature for 3 h before grinding and 

sieving through a 0.5 mm2 test sieve. It was further pre-dried at 60 °C for 1 h and was thereafter 
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suspended in hot distilled water with 1 mL of acetic acid, 1.5 g of NaClO2 was then added in the 

flask and put in water bath for 3 h at 70 °C. The final residue was neutralised with distilled water 

and dried in an oven at 60 °C. A 5 g sample was reacted with 100 ml of solvent. The study also 

looked at solvent optimization with reference to the DS. The best solvent was further used 

optimized at varying ratios with water. Reaction time and MCA added per synthesis was varied. 

Sago waste was reacted by dropwise addition of 10 mL of 30 % (w/v) NaOH and stirred for 1 h. 

Carboxymethylation was done by addition of MCA at 45 °C under constant stirring for 3 h. The 

filtered product was soaked in 300 mL of methanol overnight. The methanol was then neutralised 

with glacial acetic acid and the CMC was oven dried to constant mass. Initial optimization showed 

that isopropyl alcohol at a water: solvent ratio of 20:80 gave a DS of 0.558. Continued 

optimisation of the process yielded CMC from sago waste yielded the best results at a reaction 

period of 180 min, 6 g of MCA, 10 mL 25 % (w/v) NaOH with isopropyl alcohol at a water: isopropyl 

alcohol ratio of 20:80 yielded a product with a DS of 0.821. These optimizations are advantageous 

because they give ideal working conditions and focus area for CMC production.  

The study by Golbaghi et al. (2017) reports a novel route to pre-treat sugarcane bagasse (SCB) 

using steam explosion (SE) and subsequent carboxymethylation of the product cellulose to 

produce CMC and high molecular mass hemicellulose as a side product. Initially 100 g of SCB was 

put into a reactor where an aqueous solution of NaOH was fed in the reactor at a temperature 

of 170 °C – 190 °C with 250 rpm, for 30 min. When the SE pressure dropped defibrillated SCB 

broke down the to its components. For the isolation of cellulose 50 g of the pulp product in a 

reactor, was treated with a solution of H2O2 with at a pH = 13.5 and a reaction temperature of 55 

°C. Equal volumes of H2O2 were added hourly for period of 3 h. The product was filtered and 

mixed with 1 M NaOH solution at room temperature for 3 h, post treatment the mixture was 

filtered and washed with double distilled water and the cellulose product was dried in an oven 

at 70 °C for 24 h. Cellulose was characterized by T-222 om-02, T-212 om-02 and Tappi 9 M-54 

methods (Golbaghi et al. 2017). The presence of hemicellulose was detected by difference 

neutral detergent fibre (NDF) and acid detergent fibre (ADF). The difference between 

holocellulose and hemicellulose was used to calculate percentage cellulose content and the 

results reported 93.2 % cellulose content at 105 °C for 3 h.  
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For CMC production 1 g of cellulose was reacted with 1/20 (w/v) iso-propanol, followed by a slow 

dropwise addition of 4 mL (10 – 40 % w/v) NaOH (30 min) under stirring and the reaction time 

was 3 h at 25 °C. For carboxymethylation a mixture of MCA (0.5 g - 1.5 g) was dissolved in 20 mL 

of isopropanol and added dropwise in the mixture (15 min) reaction temperature and time were 

optimised at a temperature range (30 - 70 °C) and reaction time (1 – 6 h). The final product was 

filtered and soaked in methanol, neutralised with acetic acid, filtered and washed four times in 

absolute methanol to dissolve undesired products and finally dried in an oven at 60 °C for 12 h. 

The experimental results show that the dependency of DS on NaOH/MCA concentration. The DS 

of CMC increased and reached a maximum, then decreased at higher NaOH concentrations. At 

high MCA concentrations the DS increases and then reaches a plateau. Increase in reaction time 

and temperature increase the DS this is attributed to the longer reaction time allowing for more 

substitution reactions. Temperature is another contributing factor attributed to increased 

substitution reaction rates. The maximum DS that was obtained experimentally was 1.085 at a 

NaOH concentration of 28.4 g/dL, 1.14 g MCA, temperature of 57.85 °C and a time of 4.01 h. At 

the prementioned conditions a CMC yield of 181.302 % (m/m) was reported (Golbaghi et al. 

2017). The results obtained from optimization had a good agreement to model prediction that 

was calculated showing that modelling can also positively impact this research area. 

There have been many other sources of CMC from different biomass sources. Yaşar et al. (2007) 

showed a successful way to investigate the effect of viscosity on treatments for CMC from orange 

peels. Sugarcane straw (SCS) was used by Candido et al. (2016) for cellulose extraction by acid 

pre-treatment a 60 % product yield was observed, this produced a product with 2.72 DS. Lantana 

camara which is a type of weed plant was used by Varshney et al. (2006) MCA concentration and 

reaction time were optimized and the resultant effect on viscosity and DS was observed. At 

optimum conditions the CMC solution had a viscosity of 7500 cps (2 % solution) having a DS of 

1.22 was reported. Toğrul et al. (2002) investigated the solubility and rheological properties of 

CMCs from sugar beet pulp. The DS of 0.67 was obtained for the optimized reaction. The study 

also highlighted that viscosity had a more visible effect on DS compared to temperature. The data 

could be further used in equipment design for handling CMCs in the parameters that were 

covered in the study.  
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CMC from bacterial cellulose was investigated by Casaburi et al. (2018), the study cultivated 

cellulose from glycerol and the product cellulose was successfully synthesised. The effect of 

optimization was shown using analytical techniques and a maximum DS of 1.44 was reported. 

Saputra et al. (2014) used water hyacinth which is an aquatic weed commonly found in Southern 

America and subtropical regions globally. The study focused on the variation of NaOH 

concentration for percentage yield calculations, and a maximum yield of 179 % was reported 

where solvent ratio optimisation was a key influence to product yield. Zhang et al. (2011) 

successfully used cotton stalk for cellulose extraction and produced CMC by microwave heating 

at 195.5 W microwave power for 1.97 min, this yielded a product with a DS of 0.765 and viscosity 

of 498 cps (2 % solution). Posidonia oceanica plants which accumulate every summer on the 

coasts of Tunisia were obtained by Aguir and Mhenni et al. (2005) for CMC production, the results 

shown for the bleached cellulose was a DS of 0.53 which improved to 2.75 through a three-step 

synthesis for etherification that was developed. Ulva faciata a green seaweed (Lakshmi, Trivedi 

and Reddy et al. 2017) showed the ability to produce CMC, at a DS below 0.4 the CMC was 

insoluble however at higher DS (0.51) the CMC was water soluble with a solution viscosity of      

227 cps (2 % solution). Cavendish banana pseudo stem yielded a CMC product that had a DS of 

0.75, a viscosity of 4033 cps (2 % solution) and 7.37 % crystallinity (Adinugraha and Marseno et 

al. 2005). Singh and Singh et al. (2013) proposed a viable route to produce CMC from corn cobic 

waste while Mondal et al. (2015) proposed a way to produce high purity food grade CMC from 

corn husks. Bamboo shavings (Chen and Lou et al. 2014), grapefruit peel (Karatas and Arslan et 

al. 2015) and wastepaper from everyday office use has been reported by Joshi et al. (2015) 

showing that there is constant ways to develop this particular research aspect.  

 

In this work the extraction of cellulose from sugarcane bagasse was undertaken to produce CMC 

and this process involved the conversion of cellulose in aqueous sodium hydroxide and an organic 

solvent (typically ethanol or isopropanol) with monochloroacetic acetic acid (Heinze and Pfeiffer 

et al. 1999). Previous work focused on the physical and mechanical properties of the materials 

synthesised from biomass (Adinugaraha, 2005; Koh, 2013). This work however, focuses on the 

physio-chemical properties of cellulose and CMC using analytical techniques such as surface 
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morphology, particle size and crystallinity changes. Analytical techniques such as Attenuated 

Total Reflectance Fourier Transform Infra-Red (ATR-FTIR) Spectroscopy, Powder X-Ray Diffraction 

(PXRD), Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) were 

used. The characterization techniques used were to compare the experimentally obtained 

products to that of commercial analytical grade samples of cellulose and CMC. The results were 

also compared to those observed in the literature which were prepared using other bio-materials 

and pre-treatment methods. The chemical decomposition of the materials were also investigated 

by means of thermal studies, using Thermogravimetric Analysis (TGA) and Differential Scanning 

Calorimetry (DSC).   
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 CHAPTER THREE 

MATERIALS AND EXPERIMENTAL 

3.1 Materials  

The process used for the isolation of cellulose from hemicellulose and lignin will be described in 

this chapter. The dried mill-run sugarcane bagasse sourced from the Sugar Milling Research 

Institute in Durban was used as received. The first step in the process of CMC production was the 

removal of lignin and hemicellulose from the SCB fibres. The cellulose obtained was characterized 

and converted into CMC. 

Most reagents used in this study such as Sodium hydroxide pellets, Nitric acid (37 %), Ethanol 

(99.99 %), Iso-propanol (99.99 %), Methanol (99.99 %), Monochloroacetic acid (MCA), Glacial 

acetic acid (99.99 %) and Phenolphthalein were of analytical grade unless otherwise specified 

and were all sourced from a local supplier (Capital Labs).   
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3.2 Experimental procedure 

3.2.1 Cellulose extraction from sugarcane bagasse (SCB) 

A process by Koh et al. (2013) described the extraction of cellulose from sugarcane bagasse for 

CMC production. This process however had short comings as in some cases it did not specify 

details such as ideal working conditions and concentrations of solutions that would produce the 

most effective results. Thus, a modification of the method was used in this work. 

The sugarcane bagasse fibres were washed with 500 ml of distilled water. It was subsequently 

sun-dried for 24 hours. A 25.0297 g mass of sugarcane bagasse sample was weighed on an 

analytical balance (Ohaus) and transferred to a 5 L round bottom flask which was placed in a 

heating mantle (Electrothermal, Sweden). A 750 ml volume of 0.5 M NaOH (prepared by weighing 

20 g of NaOH pellets in a 1 L volumetric flask) was transferred using a measuring cylinder into the 

round bottom flask and  the resultant solution was heated at 70 ˚C for 15 min. After the initial 

heating the temperature was increased to 95 ˚C for 105 min. A dark slurry was then obtained. 

The slurry was filtered in portions until all the liquid from the solution was removed. The 

remaining solid product (cellulose) was washed with 1 L of distilled water. 

Post-washing the resultant cellulose product was dried by means of vacuum filtration. The dried 

cellulose was refluxed for 60 min at 70 ⁰C with two (approx. 200 mL) consecutive portions of a 

mixture containing 20 % (v/v) ethanol in nitric acid (80 mL of acid in 20 mL of ethanol: 80 % nitric 

acid). The 80 % (v/v) nitric acid solution (concentrated nitric acid in ethanol) yielded a residue 

that could not be quantified for further analysis. The experimental procedure was modified 

where less concentrated nitric acid solutions was used. A 8 M nitric acid solution was prepared 

by mixing   60 % of concentrated nitric acid with 40 % of water in a 500 mL volumetric flask. A 4 

M nitric acid solution which was prepared by mixing 30 % concentrated nitric acid with 70 % of 

distilled water in a 500 mL volumetric flask. The mixture of cellulose and 20 % (v/v) nitric acid (8 

M) in ethanol was then filtered and washed with 1L cold distilled water to a neutral pH of 

approximately 7, which was determined using a pH meter (Metrohm 781, Switzerland), to 

produce cellulose sample 1. The procedure was repeated for the 4 M nitric acid solution and 

produced cellulose sample 2.  
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It was important to neutralize the cellulose by decreasing the pH and washing off all the residual 

impurities. Thereafter the cellulose was dried overnight in a hot air oven at 30 ˚C. The dry 

cellulose was weighed, and the mass recorded to calculate the yield (m/m %). This process was 

done in duplicate measure for all cellulose samples extracted. 

3.2.2 Percentage yield of cellulose 

The mass of cellulose extracted from the sugarcane bagasse was determined on a dry weight 

basis. The yield of cellulose (%) was calculated using Equation 3.1.  

Yield of cellulose (m/m%) = 
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 (𝑔)

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑏𝑎𝑔𝑎𝑠𝑠𝑒 𝑢𝑠𝑒𝑑 (𝑔)
 x 100   (3.1) 

3.2.3 Synthesis of carboxymethyl cellulose (CMC) from cellulose extracted from sugarcane 

bagasse (SCB) 

The synthesis of CMC from the extracted cellulose was done in duplicate with an average mass 

of 1.0798 g cellulose sample 2, which was identified to give high yield at low acid strength and 

similar chemical composition to pure cellulose. Each sample was immersed in 30 mL of 

concentrated isopropanol the two reactants were mixed by means of continuous stirring using a 

magnetic stirrer bar on a hotplate in a 100 mL beaker. After stirring for a minimum time of 15 

minutes, 15 ml of 20 %, or 25 % or 30 % (m/v) NaOH was added to different samples of cellulose 

sample 2. The 20 % NaOH solution was prepared by weighing 20 g of NaOH pellets on an analytical 

balance and transferring it into a 100 ml volumetric flask and bringing it up to the mark with 

deionised water. This procedure was done for the 25 % and 30 % NaOH solutions. The 20 % NaOH 

solution was cautiously added dropwise into the mixture, while stirring and further stirred for 

another 60 min. at room temperature. The carboxymethylation reaction was initiated upon 

addition of 1.2 g of chloroacetic acid under stirring (90 min). Thereafter the mixture was covered 

with aluminium foil and the beaker was placed into the hot air oven (60 ˚C) for 3.5 hours (Koh et 

al. 2013). 

The slurry was subsequently soaked in 100 mL of methanol for 24 hours to further facilitate the 

carboxymethylation process. The slurry was then neutralized with the addition of an acetic acid 
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solution (20 % of acetic acid diluted with 80 % water) in small portions (10 – 15 mL) during 

filtration using a sintered glass crucible. The final product was washed three times by soaking in 

10 mL of ethanol (10 min.) to remove undesirable by-products such as sodium glycolate and 

sodium chloride. The CMC product was washed again with 100 mL of absolute methanol. The 

final CMC product was filtered and dried at 60 ˚C to constant mass and kept in a desiccator. The 

mass of CMC was obtained by using an analytical balance (Ohaus). This procedure was done in 

duplicate for the 20 % (m/m). This procedure was also repeated in duplicate for the 25 % and    

30 % NaOH solutions.  

The yield of CMC was calculated from Equation 3.2. The yield of CMC synthesised was measured 

on a dry weight basis. 

Yield of CMC (m/m %) =  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑖𝑒𝑑 𝐶𝑀𝐶 (𝑔)

𝐷𝑟𝑦 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 (𝑔)
 x 100    (3.2) 

 

 

 

  



 

33 
 

3.3 Degree of substitution (DS)  

3.3.1 Titrimetric determination of degree of substitution (DS)  

Triplicate 0.1 g samples of the dried CMC were weighed and ashed in a furnace (Ultrafurnace, 

South Africa) at 700 ˚C for a duration of 15-20 minutes. The ash samples were subsequently 

dissolved in 9 mL of hot de-ionised water and titrated with a 0.0500 M H2S04 solution until the 

samples reached a pH of 4.4. The pH was tested using a pH meter (Metrohm 781, Switzerland) as 

described by Ambjörnsson (2013) and Hong et al. (1978). The potentiometric titrations were 

done in triplicate and the DS was calculated using Equation 3.3 (Ambjörnsson. 2013; Hong. 1978). 

             DS =  
0.162 (

0.1 𝑏

𝐺
)

1−0.080 (
.0.01 𝑏

𝐺
)
                                                   (3.3)  

Where: 

b = mL of titration volume and 

G  = grams (g) of dried CMC used  

0.612  = fraction of the molecular weight of the anhydroglucose unit 

0.80 = fraction of the net increment in the anhydroglucose unit for every substituted 

carboxymethyl group 

The application of CMC is characterized by a few factors and one being the number of substituted 

hydroxyl groups per anhydroglucose unit which has been described above as the DS (Torgul and 

Arslan et al. 2003). Potentiometric titration (Pushpamalar et al. 2006) is used to determine DS. 
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3.4 Characterization techniques  

3.4.1 Attenuated total reflectance (ATR) - Fourier transform infrared spectroscopy (FTIR) 

The attenuated total reflectance (ATR) – Fourier transform infrared spectroscopy (FTIR) (ATR-

FTIR) technique was used for cellulose and CMC characterization. The sample of interest was 

radiated with a beam of light at different frequencies and the radiation was absorbed by the 

sample while some of it is passed through. The resulting spectrum was a representation of the 

absorption and transmission of light passing through at various wavelengths (Thermo Scientific. 

2013). The spectrum is the raw data generated from analysis; this is processed by an algorithm 

called the Fourier transform. The spectra provides chemical functional group specificity, and this 

is arranged in a format that allows multiple bands that represent chemical functional groups to 

be tracked simultaneously from a single measurement (Ewing, Clarke and Kazarian et al. 2014). 

No two compounds may produce similar spectrums unless they themselves are similar or possess 

similar chemical bonds (Thermo Scientific. 2013).  Figure 3.1 is a typical FTIR spectrometer layout 

(Thermo Scientific. 2013) 

 

Figure 3.1: FTIR Spectrometer layout (Thermo Scientific. 2013) 
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In this work a Perkin Elmer (United States) 100 FTIR spectrophotometer equipped with an ATR 

unit was used for analysis. Cellulose and CMC samples were analyzed to observe functional group 

variations on the samples due to the chemical treatment processes that were done. The 

functional group changes were investigated. The ATR -FTIR spectra of the samples were recorded 

in the transmittance mode in the range of 4000 cm-1 - 500 cm-1. 
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3.4.2 Powder X-ray diffraction (PXRD) 

Samples for powder X-ray diffraction (PXRD) characterization are usually fine powder as the 

instrument measures the crystallinity of materials. This is achieved by measurement of the extent 

at which X-rays are different from planes of atoms within the sample. The instrument can be 

configured to use reflective, transmissive, divergent or, parallel beam optics.  The Bragg equation 

(He and Preckwinkel et al. 2000) is closely related to the use of the PXRD as it is the key to 

calculating the 2-theta degree (Ɵ), which is plotted on the diffractogram. Braggs Law is defined 

by Equation 3.4. 

                                                         nλ = 2dsinƟ                                               (3.4) 

Where: 

n = is an integer    

λ = is the wavelength of the x-rays 

d = space in between planes in atomic lattice of samples 

Ɵ = the angle at which the sample is diffracted in degrees (He and Preckwinkel et al. 2000). 

Shown below on Figure 3.2 is a 2D XRD schematic diagram for powder samples. 

 

Figure 3.2: X-ray Diffractometer (He and Preckwinkel et al. 2000). 
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A PXRD (X’Pert Philips, United States) equipped with a Cu Kα radiation (0.1540 nm) 

polychromator beam in the 2θ scan range of 20 – 80 °C was used to elucidate diffractograms for 

the cellulose and CMC samples. A step time and step size of 87.63 s and 0.0170 (2θ) were used 

at 40 kV and 40 mA instrument power settings. The XRD patterns were obtained over the range 

2θ = 10–30 ˚. The Scherrer equation (Monshi et al. 2012) on Equation 3.5 was used to calculate 

the crystal size (nm) of cellulose and CMC samples in respect of the (200) plane. 

          L =K λ β1/2..cosθ                     (3.5) 

Where K is the correction factor and usually taken to be 0.91, λ is the radiation wavelength, θ is 

the diffraction angle, and β1/2 is the corrected angular width (in radians) at half maximum 

intensity. 
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3.4.3 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) is used to measure the change in sample weight with respect 

to the temperature. The instrument temperature is increased by a fixed amount (heating rate) 

to a set maximum. In this work a SDTQ- 500 (United States) thermogravimetric analyzer recorded 

the mass loss of cellulose and CMC samples over (25 – 600 ⁰C) temperature range. The analysis 

was carried out at a heating rate of 10 °C/min. The instrument was purged with nitrogen (N2) gas 

during the analysis at a flow rate of 100 ml/min. Figure 3.3 below shows the basic outline of a 

TGA. 

 

Figure 3.3: Thermogravimetric Analyser Outline (Price et al. 2012). 

The thermobalance, a vertical rotating pivot represented by a balance controller on Figure 3.3 is 

the electronic microbalance. The reaction takes place in a closed system to account for controlled 

pressure and general atmosphere surrounding the sample (Broido et al. 1969).  

  



 

39 
 

3.4.4 Differential scanning calorimetry (DSC) 

The differential scanning calorimetry (DSC) instrument measures energy changes that occur 

when a sample is heated, cooled or is at a constant isothermal range. The energy changes allow 

for measurement of chemical-properties such as melting point, curing point, decomposition, and 

cooling point. DSC also allows for the measurement of subtle changes such as the glass-liquid 

transitions. One major advantage is the sample requires minimal to no pre-preparation.  

The main unit of measurement in this instrument is the heat flow as a function temperature or 

time. The changes in heat that the instrument generates is highly dependent on the reference 

sample. It is important that a stable instrument response or baseline is obtained before sample 

changes are measured (Gabbot et al. 2008). Figure 3.4 shows a schematic diagram that details 

the DSC instrument. 

 

Figure 3.4: Differential Scanning Calorimeter (Bibi et al. 2015)  
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3.4.5 Scanning electron microscopy (SEM) 

In scanning electron microscopy (SEM) information about the sample such as the surface 

morphology, crystallinity, and molecular dimensions are obtained. There are adaptations that 

have been made to SEMs that allow in-situ mechanical testing which show the behaviour of the 

material under various conditions. Typical SEMs need a high vacuum to operate. 

In SEM a beam of electrons is constantly generated by a source which is a tungsten filament or a 

field emission gun, the electrons are accelerated by of extremely high voltages. The electrons 

then go through an array of apertures forming a beam which scans the top layer of the sample 

the sample emits electrons which are captured by the detector (WHD Microanalysis. 2017) shown 

more clearly on Figure 3.5. 

 

Figure 3.5: Scanning Electron Microscopy Layout (Inkson et al. 2016). 

In this work the morphology of all cellulose and CMC samples were obtained using a JOEL-Jem 

(Japan) SEM equipped with an EMFC6 microscope, images were taken at different 

magnifications. The sample pre-preparation was done by spraying a fine layer of gold by an ion 

sputter coater with a low deposition rate.     
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3.4.6 Transmission electron microscopy (TEM) 

The transmission electron microscope (TEM) may show images beyond the range that the naked 

eye can detect, its magnification may go up to 1 x 106. It achieves this by the production of 

electron diffraction patterns that are used to gain information on the crystalline material. Similar 

to SEM an electron gun produces electrons which now form a lens using the electron beam on 

the instrument. The TEMs imaging programme has three lenses that form a diffraction pattern 

of the sample on a light screen the configuration of the pattern on the screen together with the 

integrated camera detect the images that the instrument generates (Egerton et al. 2005). A 

schematic of a TEM apparatus is given in Figure 3.6. 

 

Figure 3.6: TEM Layout Adapted From (Inkson et al. 2016) 

 The TEM images were captured using a JEOL-Jem 2100 (Japan) with a Leica EMFC6 (LN2 

attachment) microscope. Before images were taken dilute aqueous suspensions of all cellulose 

and CMC samples was sonicated and placed on a carbon copper grid where it could dry at room 

temperature. The surface morphology of cellulosic fibers and CMC was examined using field 

emission scanning electron microscopy.  
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

This chapter outlines the results obtained on the production of carboxymethyl cellulose from 

cellulose. The latter was extracted from sugarcane bagasse biomass waste material.  

Cellulose was extracted at various nitric acid concentrations. The CMCs were produced at 

different NaOH concentrations. Characterization of the products employed techniques such as 

Fourier Transform Infra-red (FTIR) spectroscopy, X-ray Diffraction (XRD), Thermal analysis (TGA), 

Electron Microscopy (TEM), among other analytical techniques. 

4.1 Carboxymethyl cellulose production from biomass  

4.1.1 Cellulose extraction 

Figure 4.1a - b shows images of the commercial cellulose and extracted cellulose sample 1, 

respectively. 

                                                    

Figure 4.1: Photograph of pure cellulose (a) and (b) extracted cellulose. 

The extracted cellulose sample was light brown due to residual lignin in the sample. This could 

also be due to the chemical pre-treatment method used. The bleaching done by most industrial 

processes differs from the laboratory scale pre-treatment done in this study. The chemical pre-

treatments that yield a product which has similar physical appearance to commercial cellulose 

from a sugarcane bagasse sample is detailed by Mashego et al. (2016). Pushpamalar et al. (2006) 

produced CMC from sago waste and the sago pulp (cellulose) was bleached and yielded a sample 

that had a similar physical appearance to commercial cellulose as seen on Figure 4.1. 
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4.1.2 Effect of nitric acid concentration on cellulose yield 

When the concentrated nitric acid (37 % v/v HNO3) solution was used no cellulose was obtained. 

The strong acid completely solubilised the cellulose. Harsh acids lead to the degradation of 

sugarcane bagasse during pre-treatment and the formation of char (Skiba et al. 2017). Balat 

(2011) expanded on the several advantages and disadvantages of concentrated acid (sulphuric 

acid) pre-treatment and Liu et al. (2012) has attempted to used sulphuric acid and study its 

effects on saccharification on sugar recovery which was successful. 

In this work, when 8 M and 4 M HNO3 solution concentrations were used, and cellulose was 

successfully extracted from the sugarcane bagasse. The isolation of cellulose from sugarcane 

bagasse using the dilute 8 M and 4 M nitric acid solutions yielded 37 (m/m) % and 40 (m/m) % of 

cellulose sample 1 and cellulose sample 2, respectively. From Equation 3.1 the yield of cellulose 

was calculated. A sample calculation is shown below for cellulose sample 1: 

Yield of cellulose sample 1 (m/m%)  = 
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 (𝑔)

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑏𝑎𝑔𝑎𝑠𝑠𝑒 𝑢𝑠𝑒𝑑 (𝑔)
x 100  

= 
9.1678 𝑔

25.0297 𝑔
x 100 = 36.63 % 

The standard deviation for cellulose samples 1 and 2 were calculated using Equation 3.1 

(Garland and Tripathi et al. 1971). 

     (3.1) 

Where: 

𝜎 = population standard deviation 

µ = the population mean 

xi = each value of the population 

N = the size of the population  and     Σ = The sum of the population 



 

44 
 

Table 4.1 shows the results obtained for cellulose yields for the duplicate samples of 8 M and 4 

M nitric acid together with the standard deviations. 

Table 4.1: Yield of extracted cellulose at 8 M and 4 M nitric acid. 

Mass of sugarcane 

bagasse/ (g) 

Mass 

obtained/ (g) 

Cellulose 

Yield (m/m%) 

Average 

Cellulose Yield 

(m/m%) 

 

Std. dev. 

Cellulose sample 1 (8 M HNO3) 

25.0180 9.1678 36.60  

36.63 

 

0.285 25.0117 9.0120 36.03 

Cellulose sample 2 (4 M HNO3) 

25.0033 9.8823 39.52  

39.88 

 

0.355 25.0066 10.0603 40.23 

 

At a higher nitric acid concentration, a decrease in cellulose yield from sugarcane bagasse was 

observed. Manaf et al. (2018) investigated the effect of varying dilute nitric acid concentration 

(0.5 – 7 % v/v) for the fractionation of biomass in the production of xylitol from lignocellulosic 

material (LM). Their study showed that the acid hydrolysis of LMs solubilizes hemicellulose and 

thus causes a degradation of ester bonds ultimately disintegrating the lignin-hemicellulose 

fractions (Sun et al. 2004). Similar to the trend that we have observed, Rodriguez-Chang et al. 

(2004) obtained a lower glucose yield of 2.87 g glucose/L when the concentration of HNO3 was 

increased. Based on the study by Skiba et al. (2017) when dilute nitric acid (4 m/m%) was used 

to pre-treat oat hulls, cellulose pulp was obtained.  

The yield of the cellulose obtained was calculated and found to be approximately 40 % for 

cellulose sample 2 where 4 M HNO3 was used. The maximum yield of cellulose (40 %) obtained 
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correlated with the sugarcane bagasse compositional analysis done by Chambon et al. (2018) 

which stated that sugarcane bagasse fibres had 43 % of cellulose. Therefore, there was a 93 % 

extraction of the cellulose. 

Only the cellulose sample 2 product was used for CMC production due to the slightly higher yields 

of the cellulose. From Table 4.1 the cellulose yields showed an increase with a decrease in HNO3 

concentration for all samples similar to the work done by Abdul-Manaf et al. (2018).                                                                                                     

4.1.3 CMC synthesis  

Abdel-Halim et al. (2015) detailed how the carboxymethylation process is done. It is a two-step 

process that is detailed in Chapter 2 section 2.6. In this process water is used as a solvating agent 

to aid the even distribution of NaOH and direct it to the cellulose hydroxyl groups for the 

formation of alkali cellulose. The alkali cellulose is synthesised by NaOH penetration of the 

crystalline areas of cellulose and hydrogen bonds are broken which enables the hydroxyl groups 

for etherification. The monochloroacetate is then added to the alkali cellulose in its salt form to 

produce the sodium salt of the CMC ether, simultaneous etherification may lead to the side 

product formation of sodium glycolate and NaCl. The Williamson (Zhang et al. 2011) alkalization 

and etherification process of cellulose is shown in Equation 4.2 and 4.3, respectively (Zhang et 

al. 2011).  

Alkalization:  

[C6H7O2(OH)3]n   +    nNaOH    [C6H7O2(OH)2ONa]n   +   nH2O  (4.2) 

Etherification: 

[C6H7O2(OH)2ONa]n  +   nClCH2COONa   [C6H7O2(OH)2OCH2COONa]n (4.3) 

The CMC yields were calculated using Equation 3.2 and are reported on Table 4.2. A sample 

calculation of CMC yield is given for cellulose sample 2 at 20 % NaOH (m/v): 

Yield of CMC (m/m%) = 
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑖𝑒𝑑 𝐶𝑀𝐶 (𝑔)

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑦 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 (𝑔)
 x 100 =  

1.2205 (𝑔)

1.0024 (𝑔)
 x 100 = 121.76 %   
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The CMC yield for the different NaOH concentrations is shown in Table 4.2. 

Table 4.2. Percentage yield (m/m %) of CMC from cellulose sample 2 at varying NaOH 

concentrations.  

Sample 

number 

Dried 

cellulose 

(g) 

Average 

cellulose 

(g) 

NaOH Conc./ 

Mass of dried 

CMC (g) 

Average 

CMC (g) 

Yield 

(%) 

Average 

Yield (%) 

Std 

dev. 

20 % NaOH (m/v) 

1 1.0022  

1.0024 

1.2200  

1.2205 

121.73  

121.76 

 

0.02 2 1.0026 1.2209 121.77 

25 % NaOH (m/v) 

1 1.0090  

1.0098 

1.2767  

1.2870 

126.53  

126.59 

 

0.06 2 1.0106 1.2793 126.65 

30 % NaOH 

1 1.0006  

1.0008 

1.4058  

1.4099 

140.50  

140.87 

 

0.36 2 1.0010 1.4140 141.23 

 

There is a linear relationship shown in Figure 4.2 (where R2 = 0.9242) between the concentration 

of NaOH and the yield of CMCs.  Abdel-Halim et al. (2018) studies the carboxymethylation of the 

cellulose derivative hydroxypropylcellulose (HPC) to hyroxypropylcarboxymethylcellulose 

(HPCMC). The reported yields of HPCMC was 173 %, 190 % and 200 %, respectively at an 

increasing NaOH concentration. Joshi et al. (2015) optimised the carboxymethylation of 

wastepaper where an optimized concentration of 0.094 M NaOH and 0.108 M 

sodiummonochlorate (NaMCA) produced 150.8 (m/m%) CMC. The monochloroacetic acid and 

NaOH interactions promotes the etherification process and hence the CMC yields (Selke et al. 

2004). The initial swelling of cellulose is observed in the alkalization process and this makes the 

pores of the cellulose fibre more susceptible for the substitution of the hydrogen in the hydroxyl 

group (-OH) with Na ions.  
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Figure 4.2: Graph of CMC yield vs NaOH concentration. 

The etherification process allows for the replacement of Na ions with the carboxymethyl group              

(-CH2COONa) as shown on Equations 4.2 and 4.3. The substituent groups coordination to the 

cellulose monomer results in a mass increase greater than 100 %. The high percentage loading 

of the alkaline solution however seems to be the main factor that causes increases in the yield. 

Koh et al. (2013) did a similar synthesis using sugarcane bagasse and further confirmed that an 

increase in yield of 113 %, 127 %, 145 % and 152 % for 10, 15, 20, 25 and 30 % (w/v) NaOH, 

respectively.  
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4.2 Characterization 

4.2.1 Fourier transform infra-red (FTIR) spectroscopy  

4.2.2.1 Cellulose 

Figure 4.3 is the spectra obtained for commercial cellulose (a), cellulose sample 1 (b) and 

cellulose sample 2 (c).  

 

Figure 4.3: FTIR spectra of commercial and extracted cellulose. 

The spectra in Figure 4.3 are super imposed on each other to clearly show relative peak proximity 

to the pure cellulose sample. As illustrated in Table 4.3, peaks at the 3306 - 3334 cm-1 region 

show identical positions for all spectra, which indicates that the cellulose samples 1 and 2 are the 

same as the pure cellulose sample—a similar finding was observed by Mansouri et al. (2015).   
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Table 4.3. Peaks assigned for the spectrum shown on Figure 4.3 for all cellulose samples. 

Cellulose  Peak frequency (cm -1) Peak attribution 

Figure 4.2a   

Commercial 3334 OH, stretching vibration it is also a key                  

indication that a bond formation has occurred. 

2866 C-H stretching vibrations. 

1420 – 1430 Symmetric CH2 bending vibrations. 

1632 – 1642  absorbed H2O band, -OH bending of water. 

1374 CH2 group presence. 

1000 - 1200 C-O vibration band that corresponds to 

carbohydrate presence. 

898 C-O-C stretching at the glycosidic β (1-4) linkages, 

characteristic of cellulose. 

Figure 4.2b 

Sample 1 3306 –OH, stretching vibration. 

2875 C-H stretching vibrations. 

1428 symmetric CH2 bending vibrations. 

1631 absorbed H2O band, -OH bending of water. 

1067 C-O vibration band. 

896 C-O-C stretching vibrations, glycosidic β (1-4) 

linkages characteristic of cellulose. 

Figure 4.2c 

Sample 2 3331 –OH, stretching vibration. 

2887 C-H stretching vibrations. 

1428 symmetric CH2 bending vibrations. 

1644 C-O vibration band. 

898 C-O-C stretching vibrations, glycosidic β (1-4) 

linkages characteristic of cellulose. 
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4.2.1.2 Carboxymethyl cellulose  

The FTIR Spectra for CMCs produced from extracted cellulose (b-e) for commercial CMC (a) and 

20 % (b), 25 %i (c), 25 %ii (d), and 30 % (e) NaOH are given in Figure 4.3.  

 

Figure 4.3: FTIR spectra of for commercial CMC (a) and 20 % (b), 25 %i (c), 25 %ii (d), and 30 % 

(e) NaOH CMC samples. 

The spectrum for commercial CMC is seen on Figure 4.3a. Peaks identified in the spectra 

demonstrate the defining peaks corresponding with the carboxymethyl substituent in CMC. 

Figure 4.3a showed, for commercial CMC peaks at 1412 cm-1 and at 1590 cm-1. The 20% NaOH 

CMC in Figure 4.3b showed similar peaks at 1416 and 1631 cm-1, respectively. The 25% NaOH 

CMC from cellulose sample 1 in Figure 4.3c showed these peaks at 1439 and 1631 cm-1, 

respectively. Figure 4.3d, 25 % NaOH CMC from cellulose sample 2 and Figure 4.3e for 30 % NaOH 

CMC showed a peaks at 1641 cm-1 and 1428 cm-1. Peaks in the 1614 cm-1 region are important in 

FTIR characterization due to the peak being mainly attributed to carboxymethylation (-COO- Na+) 

as described by Joshi et al. (2015). This peak is accompanied by the broad band at 3290 cm-1 

which is clearly seen on all the spectra in Figure 4.3. A peak in the 3400 cm-1 region is attributed 

to the presence of a hydroxyl group (-OH). The peaks at 2920 cm -1 are due to the C-H stretching 
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vibration (Mandal et al., 2018). All synthesized CMCs showed similar functional groups stretching 

and vibrations similar to that by Adinugraha et al. (2005). 

4.2.2 X-ray diffraction (XRD) 

4.2.2.1 Cellulose  

The X-ray diffractograms in Figure 4.5 show diffraction patterns of commercial cellulose and 

cellulose samples 1 and 2.  

 

Figure 4.5: XRD of pure cellulose (a), cellulose sample 1 (b) and cellulose sample 2 (c). 

The XRD patterns in Figure 4.5a - c for cellulose samples show diffraction peaks in the (1 1 0) and 

(2 0 0) planes corresponding to the respective hkl values for each sample. The three samples 

showed slightly broad peaks at 15˚ which are characteristic of crystalline cellulose crystal plane 

(1 1 0). The presence of cellulose can be attributed to the less intense peak at 2Ɵ = 15˚. 
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 The diffractograms also shows a measurement at 2Ɵ = 23˚ (2 0 0 plane). Shankar and Rhim et al. 

(2016) have attributed the most intense peak on the 2 0 0 plane similar to those observed in 

Figure 4.5 to the presence of cellulose I.  Figure 4.5a shows fewer broad peaks for commercial 

cellulose compared extracted cellulose due to smaller granules found in crystalline analytical 

grade cellulose Mondal et al. (2015). Commercial cellulose also showed a more intense peak at 

2Ɵ = 23˚ than cellulose samples 1 and 2. This may be indicative that the extracted cellulose was 

not as pure as the commercial cellulose.  A similar finding was also observed by de Oliviera et al. 

(2011) when comparing crystals to fibres of similar materials.  

These results confirmed the presence of cellulose which is highly crystalline. The broad peaks 

also correspond to the large crystallite structure of the cellulose (Lakshmi et al. 2017: 

Soykeakbew et al. 2009) 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

53 
 

4.2.2.2 Carboxymethyl cellulose  

Figure 4.6 shows the XRD of commercial CMC (a), 20 % NaOH CMC (b), 25 % NaOH CMC from 

cellulose sample 1 (c), 25 % NaOH CMC from cellulose sample 2 (d) and 30 % NaOH CMC (e). 

 

Figure 4.6: XRD patterns of commercial CMC (a), 20 % NaOH CMC (b), 25 % NaOH CMC from 

cellulose sample 1 (c), 25 % NaOH CMC from cellulose sample 2 (d) and 30 % NaOH CMC (e). 

CMC XRD data tends to diffract differently when contrasted with cellulose. This is due to the 

etherification process and carboxymethyl bond formation due to substitution which affects the 

chain length (Abdel-Halim et al. 2015) and morphology. Commercial CMC showed no peak for 

the (1 1 0) crystal plane (Figure 4.6a) when compared to the synthesised as seen in Figure 4.5. 

The 25 % NaOH CMC samples showed a low intensity but sharp peak at 7.5˚ possibly indicating 

residual cellulose that wasn’t converted to CMCs. The peak for commercial CMCs corresponds to 

the basal d spacing for crystalline materials with dimensions of 3.94 Å and 11.85 nm when 

calculated by Mandal et al. (2018) who interpreted an XRD of a CMC sample synthesised from 

nanocellulose (NC) for bio-composite CMC films in packaging and polymer industries. The peak 
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at the (2 0 0) crystal plane for commercial CMC was observed at 2Ɵ = 20.33˚. The peaks in Figure 

4a – e, are comparable and indicate that CMCs have been synthesised (Almasi et al. 2010). The 

CMC XRD patterns on Figure 4.5c – e showed peaks at 2Ɵ = 20.86˚, 24.78˚ and 20.29˚ for 25 % 

NaOH from cellulose sample 1 (i), 25% NaOH CMC from cellulose sample 2 (ii) and 30% NaOH 

CMC, respectively. Due to the similarity of the diffraction patterns and pre-treatment methods 

all synthesised CMC samples exhibited similar peaks. Mandal (2018) and Mondal et al. (2015) 

produced CMC with characteristic peaks at 2Ɵ = 22.5 and 22˚ respectively which we have 

observed. However, Joshi et al. (2015) reported a single peak at 2Ɵ = 20.5˚ when CMC was 

synthesized from Brewers spent grain (BSG). CMC is less crystalline than cellulose due to the 

longer polymer chains in cellulose when compared to CMC. The decrease in crystallinity can also 

be attributed to the NaOH pre-treatment which causes hydrogen bond cleavage (Adinugraha et 

al. 2005)  
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4.2.3 Thermogravimetric analysis (TGA) 

4.2.3.1 Cellulose  

Figure 4.6 shows the thermograms of commercial cellulose (a), cellulose sample 1 (b), and 

cellulose sample 2 (c). 

 

Figure 4.7: TGA of commercial cellulose (a), cellulose sample 1 (b), and cellulose sample 2 (c). 

In Figure 4.7a the commercial cellulose showed an initial mass loss at 65˚C. This mass loss is 

attributed to the removal of weakly bonded water molecules and volatile organic materials 

(Lakshmi et al., 2017). The mass loss between 300 – 360 ˚C approximately 95 % mass change was 

due to the thermal degradation of the cellulosic materials (Shankar and Rhim et al., 2017). The 

bonds that are broken are for the hydroxyl and methyl hydroxyl groups present in the cellulose 

(Lakshmi et al., 2017). The graph stabilizes between the 500 – 600 ˚C and the remaining material 

(5%) was the char.  



 

56 
 

The stabilized mass at these higher temperatures was also observed by Mashego et al. (2016) for 

microcrystalline cellulose (MCC) extracted from sugarcane bagasse. 

The thermogram for cellulose sample 1 showed a similar degradation trend (Figure 4.7b). The 

thermogram showed an initial mass loss of weakly bonded moisture content is removed at 55˚C 

followed by the decomposition of cellulosic materials at approximately 300 ˚C. The thermogram 

shows a residual char mass of 10 % at 600 ˚C. 

The thermogram for the degradation of cellulose sample 2 is shown in Figure 4.7c and is similar 

to that observed for cellulose sample 1 (Figure 4.7b) The thermal degradation of commercial 

cellulose sample 2 begins at 300 ˚C and ends at 380 ˚C. The sample decreased to a weight loss of 

approximately 14 % indicating a 86 % sample degradation. Cellulose sample 2 showed the lowest 

mass loss for cellulose degradation. This indicated that cellulose from sugarcane bagasse is 

thermally more stable at higher temperatures. Joonobi et al. (2010) observed similar degradation 

patterns for cellulose isolated from bask fibres Leal et al. (2015) also reported that the char 

remains were carbonaceous residues as a result of intense heating.  
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4.4.2 Carboxymethyl cellulose   

The TGA thermograms in Figure 4.8 shows the TGA curves of commercial CMC (a), 20 % NaOH 

CMC (b), 25 % NaOH CMC from cellulose sample 1 (i), 25 % NaOH CMC from cellulose sample 2 

and 30 % NaOH CMC (e). 

 

Figure 4.8: TGA of commercial CMC (a), 20 % NaOH CMC (b), 25 % NaOH CMC from cellulose 

sample 1 (i), 25 % NaOH CMC from cellulose sample 2 and 30 % NaOH CMC (e). 

The TGA endotherm (Figure 4.8a) showed that commercial CMC has a higher weight percentage 

at the end of the analysis, which is approximately 37 % of the initial mass. This makes it the most 

stable of all the samples analysed and this is due to the sodium carboxymethyl substituent from 

the monochloroacetic acid (MCA) and sodium hydroxide (NaOH). The higher residue for 

commercial CMC can be attributed to the industrial preparation method of the CMC, its higher 

recalcitrant nature, its higher purity and the source of the carbon-based raw material used for 

the commercial CMC preparation being different to the biodegradable CMC from sugarcane 

bagasse. CMCs have also been reported to be more thermally stable materials than cellulose (Sun 
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et al., 2004). The thermogram in Figure 4.8a also shows an initial mass loss from 45˚C to 65˚C. 

This mass loss is attributed to absorbed moisture and volatile organic solvents. A significant mass 

loss is observed at the 280 – 300˚C temperature range, this is the decarboxylation of the COO- 

bond and the loss of CO2. The mass loss is observed over a small temperature range while a 40% 

mass loss is observed in this region, complete degradation of the sample was observed at around 

500 ˚C. Thereafter, a constant mass can be observed.  

Figure 4.8b showed the degradation pattern of 20% NaOH CMC had an initial mass loss at 55˚C. 

This was attributed to the loss of volatile moisture content. At 270˚C, a mass change that is very 

significant was observed that was over a larger range till 370˚C is attributed to decarboxylation 

which results in the large weight percentage decrease. The mass % stays constant beyond 500˚C. 

 In Figures 4.8b – c for 20% NaOH CMC and 25% NaOH from cellulose sample 1 showed similar 

degradation patterns. The CMC sample with the highest NaOH wt. % loading had the highest 

thermal stability, which could elude to commercial CMC being industrially prepared at higher 

NaOH wt. %. Golbaghi et al. (2017) used approximately 40 % NaOH (w/v) at higher MCA wt. % 

loading and had a more thermally stable product with 40 % char. 
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4.2.4 Differential scanning calorimetry (DSC)  

4.2.4.1 Cellulose 

The DSC thermograms for all cellulose and CMC samples are represented as endothermic peaks 

as shown in Figure 4.9. The DSC in Figure 4.9 below shows the endotherm for commercial 

cellulose (a), cellulose sample 1 (b) and cellulose sample 2 (c). 

 

Figure 4.9: DSC endotherm of commercial cellulose (a), cellulose sample 1 (b) and cellulose 

sample 2 (c). 

The DSC for pure cellulose is seen in Figure 4.9a. It is represented by the smooth peak on the left 

shoulder in the low temperature region accompanied by a small peak that was attributed to 

moisture loss (Yang et al., 2007). The second region, which is a sharp peak at the maximum 

decomposition rate at 345˚C is attributed to cellulose decomposition. The onset temperature for 

residual materials decomposition in the cellulose sample 1 and 2 shown in Figure 4.9b – c are 

255 and 265˚C, respectively. Both possess the smooth peak on the left shoulder and the sharp 
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peak similar to commercial cellulose. The endotherm curves shown in Figure 4.10 are consistent 

with those found by Morán et al. (2008). Commercial cellulose shows the most intense peak at 

the lowest observed temperature, which suggests that the rate of depolymerisation occurs more 

rapidly for the commercial sample. Cellulose sample 1 and 2 are slightly more thermally stable 

than commercial cellulose and show evidence of stronger interaction or hydrogen bonding (Kian 

et al. 2017). 

4.2.4.1 Carboxymethyl cellulose  

Figure 4.10 shows the DSC endotherms of the commercial CMC (a), 20 wt. % NaOH CMC (b) 25 

wt. % NaOH CMC from cellulose sample 1 (c), 25 wt. % NaOH CMC from cellulose sample 2 (d) 

and 30 wt. % NaOH CMC (e). 

 

Figure 4.10: DSC endotherm of the commercial CMC (a), 20 wt. % NaOH CMC (b) 25 wt. % 

NaOH CMC from cellulose sample 1 (c), 25 wt. % NaOH CMC from cellulose sample 2 (d) and 30 

wt. % NaOH CMC (e). 
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. 

Figure 4.10 showed two main peaks where the first peak is assigned to water evolution at ˂ 100 

˚C. In CMC, the presence of hydroxyl and carboxylate anions increase moisture adsorption. The 

second peak at approximately 300 °C and 350 ˚C for the commercial and synthesised CMCs 

respectively, is for the breaking of the carboxymethyl group (-CH2COONa) and the release CO2 

from CMCs (Koh, 2013; Casaburi et al., 2017).  The synthesized samples showed more well-

defined peaks at 50 ˚C, 55 ˚C, 50 ˚C and 50 ˚C for 20 %, 25 % (i), 25% (ii) and 30% NaOH CMC, 

respectively. These peaks were more pronounced than for commercial CMC, indicating that more 

moisture could be absorbed on the surface of the synthesised CMC product. 

The second peak of the commercial CMC endotherm at 295˚C is the maximum decomposition 

temperature. The maximum decomposition temperatures at 345 ˚C, 350˚C, 350˚C, and 350 ˚C 

were observed for 20%, 25% (i), 25% (ii) and 30% NaOH CMC, respectively. The NaOH 

concentration can be attributed to the higher temperature degradation patterns as was also 

observed by Rosnah et al. (2006). The degree of substitution due to higher NaOH wt. % 

concentrations (Schlufter and Heinze et al. 2010) also affects the degradation temperature due 

to shifts in the polymer arrangement. Casaburi et al. (2017) investigated the effects of DS on CMC 

from bacterial cellulose and similarly observed that samples with a varying DS will have different 

decomposition temperatures even if the variance is marginal. 
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4.2.5 Scanning electron microscopy (SEM) 

4.2.5.1 Cellulose 

Scanning electron microscopy (SEM) images for commercial cellulose (a), cellulose sample 1 (b) 

and cellulose sample 2 (c) samples are shown on Figure 4.11.  

 

 

 

Figure 4.11: SEM images for commercial cellulose (a), cellulose sample 1 (b) and cellulose 

sample 2 (c).  
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The SEM images in Figure 4.11 are consistent with images obtained by Shankar et al. (2017) at 

200 μm magnification range. The SEM image of pure cellulose in Figure 4.11a shows a rough 

surface exterior that has an irregular morphology. Cellulose formed intertwined bundles and 

these bundles form a larger clustered matrix network in the range of 20 – 200 nm. This is a result 

of the presence of the cellulose polymer (Krishnamachari et al. 2011). SEM images in Figure 4.11c 

show the network of fibrils is inter-locked. Cellulose samples 1 and 2 have similar morphologies 

to commercial cellulose. There are observable similarities between both cellulose samples; 

however, cellulose sample 1 showed a smoother morphology and an absence of the irregular 

shapes. All cellulose images also showed a presence of small alveolate holes that have been 

highlighted and circled in Figure 4.11 which have also been observed by Li et al. (2010) after pre-

treatment of starch isolated from an under-utilized Liliaceae plant which was to be 

carboxymethylated. Alveolate holes were also seen in native pulp images by Joshi et al. (2015) 

post pre-treatment.  
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4.2.5.2 Carboxymethyl cellulose 

SEM images for commercial and synthesised CMC samples are shown in Figures 4.12 – 4.16. 

Figures 4.12 – 4.16 are for commercial CMC, 20 wt. % NaOH CMC, 25 wt. % NaOH CMC from 

cellulose sample 1, 25 wt. % NaOH CMC from cellulose sample 2 and 30 wt. % NaOH CMC, 

respectively at varying magnifications (290 – 500 x magnifications). 

 

Figure 4.12: SEM of commercial CMC 

 

Figure 4.13: SEM of 20% NaOH CMC 
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Figure 4.14: SEM of 25 % NaOH CMC from cellulose sample 1 

 

Figure 4.15: SEM of 25 % NaOH CMC from cellulose sample 2 
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Figure 4.16: SEM image of 30 % NaOH CMC 

Each image was calibrated at 20 μm. The synthesised CMC samples (Figure 4.11- Figure 4.16) 

showed a contrast to the commercial cellulose images: the CMC fibres are now smoother and 

showed finer surface textures at varying NaOH concentrations. The fibres at the 30 % NaOH 

concentration are well defined with defined with no bundling Sutka et al. (2015) reported similar 

fibrils are for Figure 4.12, Figure 4.14 and Figure 4.15. The CMC fibrils are elongated for 

commercial, 20 % and 30 % NaOH CMCs. The CMC fibrils are intertwined for 25 % NaOH CMCs 

(Figure 4.11 and 4.12) and showed bundles of fibres that are not well separated into individual 

fibrils similar to that by Abdel-Halim et al. (2015). 
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The surface morphologies are shown in Figure 4.17 for commercial CMC (a), 20 % NaOH CMC,25 

% NaOH CMC from cellulose sample 1 (c), 25 % NaOH CMC from cellulose sample 2 (d) and 30 % 

NaOH CMC. These images are at higher magnifications (2500 – 9000 x magnification) at a 

calibrated length of 2 μm.  

 

Figure 4.17: SEM image of all CMC samples 

At higher resolutions Figures 4.17 (a), (b) and (d) showed a smooth surface morphology similar 

to that reported by Heydarzadeh et al. (2009). Figure 4.17 (c) and (d) shows a rougher surface 

when compared to Figures 4.12 – 4.14. But the bundles or intertwining of the fibres are clearly 

evident. The images for the 25 % NaOH CMCs showed deep methylation and etherification which 

is consistent with that observed by Heydarzadeh et al. (2009) and Candido et al. (2016). 
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4.2.6  Transmission electron microscopy (TEM) 

4.2.6.1 Cellulose  

Figure 4.18 are the TEM images of commercial cellulose (a,b), cellulose sample 1 (c,d) and 

cellulose sample 2 (e,f).  

 

 

 

Figure 4.18: TEM images of commercial cellulose (a,b), cellulose sample 1 (c,d) and cellulose 

sample 2 (e,f).   
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The images on Figure 4.18 show calibration of 2000 nm with the exception for Figure 4.18a which 

is 1000 nm. All samples showed fibrils that are common for cellulosic materials. The length of the 

commercial cellulose fibrils was approximately 200 nm as seen on Figure 4.18a - b while cellulose 

samples 1 and 2 show much longer fibrils (approx. 600 nm) similar to that reported by 

Krishnamachari et al. (2011). The agglomeration of fibrils all extracted cellulose are consistent 

with literature findings observed by Malainine, (2005) and Peterson et al. (2006). The cellulose 

sample 2 showed entangled fibres (Deepa et al., 2015) which are consistent with the SEM images. 

The alveolate are also visible in the TEM images. 

. 
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4.2.6.2 Carboxymethyl cellulose 

Figure 4.19 shows the TEM images of commercial CMC (a), 20 wt. % NaOH CMC (b) 25 wt. % 

NaOH CMC from cellulose sample 1 (c), 25 wt. % NaOH CMC from cellulose sample 2 (d) and    

30 wt. % NaOH CMC (e). 

 

 

Figure 4.19: TEM images commercial CMC (a), 20 wt. % NaOH CMC (b) 25 wt. % NaOH CMC 

from cellulose sample 1 (c), 25 wt. % NaOH CMC from cellulose sample 2 (d) and    30 wt. % 

NaOH CMC (e).  
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TEM images in Figure 4.19 are contrast to those seen in Figure 4.18. The TEM images indicate 

that the synthesised CMCs have a different shape and size. The CMC particles are the dark 

spherical spots (Hashem et al. 2013). Hashem et al. (2013) reported TEM images of CMC 

hydrogels that showed similar characteristic dark spheres. Composite CMC materials were 

reported by Salama et al. (2016) and showed similar shape and rheology to Figure 4.18. The 

synthesised CMC particles had an average length of a few nanometres (5 -25 nm). CMC aerogel 

composites studied by Yu et al. (2017) showed particle length size of ±10 nm similar to this work. 
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4.2.7 Degree of substitution (DS)  

Equation 3.3 was used to calculate the DS value. A sample calculation of DS value is shown below: 

DS  =   
0.162 (

0.1 𝑏

𝐺
)

1−0.080 (
.0.01 𝑏

𝐺
)
  =   

0.162 (
0.1 (2.20)

0.1015
)

1−0.080 (
.0.01 (2.20)

0.1015
)
  =  0.3573 

Table 4.4 lists the DS values for all the commercial and synthesised CMC samples. 

Table 4.4: Average DS values of all CMC samples. 

CMC sample Mass of CMC powder 

g/(G) 

Volume of 

titration (b)/ml  

DS 

Pure CMC 0.1095 2.60 0.42 

20% NaOH CMC 0.1015 2.20 0.36 

25% NaOH CMC (i) 0.1027 2.30 0.37 

25% NaOH CMC (ii) 0.1055 2.25 0.37 

30% NaOH CMC  0.1194 2.60 0.42 

 

The highest DS value (0.42) was obtained from the synthesised 30 % NaOH CMC product (Table 

4.4). is a DS = 0.42 this was obtained with 30 % NaOH (w/w) where the CMC was synthesised with 

a mass of 1.2 g of monochloroacetic acid (MCA). The CMC was produced from cellulose sample 

1. There is an increase in DS values from 0.357, 0.366 and 0.420 with an increase in NaOH 

concentrations: 20, 25, and 30 % (w/v) NaOH CMC, respectively. In literature dos Santos et al. 

(2015) reported a DS of 1.46 where 5 g of MCA was reacted for every gram of cellulose extracted 

from brewers spent grain (BSG).The solvent that was used in this study gave the highest DS in a 

study done by Pushpamalar et al. (2006) but different solvent: water ratios were reported to also 

used to optimize the DS value. Golbaghi et al. (2017) attributed higher DS to increased NaOH wt. 

% loading at higher reaction temperatures with prolonged reaction times.  
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CHAPTER FIVE 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

Cellulose was extracted by delignification of SCB in 8 M and 4 M HNO3 solutions. XRD analysis of 

the extracted and commercial cellulose samples showed the presence of cellulose I and II. The 

imaging on the TEM and SEM showed that cellulose fibrils. SEM at higher resolution showed 

similar surface morphology in all cellulose samples. Higher nitric acid concentration showed 

cellulose surface was smoother. 

CMC XRD data showed that there is a single peak characteristic of carboxymethyl functional 

group which was also confirmed by the FTIR analysis. SEM and TEM images showed the dark 

spots characterized by commercial CMC. The DS which is another way to characterize CMC was 

indicated that cellulose at higher NaOH wt. % loading has a similar DS with commercial CMC. All 

the characterization that was done on the samples confirms successful delignification and 

subsequent carboxymethylation.   

5.2 Recommendations 

Sugarcane bagasse shows great promise as a source of cellulose, alternate pre-treatment 

methods can also be investigated, and their relative properties characterized. The use of a batch 

reactor (Parr reactor) to conduct experiments at elevated conditions to improve product quality 

could be assessed using a number of parameter variations in a Box-Behnken design of 

experiments. CMC production from other biomass sources could also be a viable study for 

investigation. The further optimization of different sources for the alkaline process such as 

potassium hydroxide (KOH) would also yield results of interest.  
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