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PREFACE 
 

The industrial development of adsorbents and catalysts in the mid-twentieth century was 

closely associated with a renewed academic interest in adsorption science for various 

applications. The strong demand for fundamental research on adsorption by porous and 

non-porous solids attracted the attention of a number of researchers. Many applications of 

adsorption at the liquid–solid interface include flotation, pollution control, liquid 

chromatography and the refining of precious metals/mineral processing). Fundamental 

investigations of liquid/solid interfacial systems are therefore of great importance by 

analyzing the experimental data. 

Cellulose and its derivatives (CDs) have been extensively used in various fields due to 

their valuable and remarkable chemical and physical properties. The applications of CDs 

have widely been recognized in various industries like textile & dyeing, papermaking, 

food, pharmaceutical, cosmetics, ceramic, leather, paint & lacquers, petroleum, building 

materials, mosquito-repellent, toothpaste, battery, detergent and tobacco industry. 

However, there was a lack of understanding of the interaction mechanism between the 

polysaccharides (CDs) and solid surfaces which has hindered their possible applications, 

hence, adsorption of polysaccharides onto solid-liquid interface has been a topic of long-

standing debate. Several binding mechanisms have been developed, but as yet no common 

mechanism has received general acceptance. Thus, the associated problems have received 

adequate attention. Therefore, cellulose and its derivatives such as cellulose, 

carboxymethylcellulose, sodium carboxymethylcellulose, and hydroxyethylcellulose were 

chosen as representative selection of polysaccharides for the study of their binding 

mechanism with solid surfaces to enhance the understanding of the binding mechanism. 

The simple laboratory experimental observations that could allow macroscopic evaluation 

of adsorption behaviour of polysaccharides onto a solid surface and would provide a new 

idea for the binding mechanism aspects onto solid-liquid interfaces.  

Furthermore, there is an urgent need for re-evaluation of century-old classical Langmuir 

adsorption especially for the calculation of the Gibbs free energy of adsorption (∆Gº) and 

subsequent thermodynamic parameters of the adsorption process. We examined data 

carefully from the literature and found that the estimation of ∆Gº reported in these 

published references was seemingly incorrect. Based on the fact that this misapplication 

is now has become customary in the adsorption literature and it seems impossible to 

address this semantic confusion.  We herein, however, attempted to correct the related 

literature and gave a descriptive comment and solution of this problem. 
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Abstract 

Cellulose (C6H10O5)n is one of the most ubiquitous organic polymer on the earth. It is 

a significant structural component of the primary cell wall of green plants, various 

forms of algae and oomycetes. It is a polysaccharide consisting of a linear chain of 

several hundred to many thousands of β(1→4) linked D-glucose units. There are 

various extraction procedures for cellulose developed by using different processes 

like oxidation, etherification and esterification which convert the prepared celluloses 

into cellulose derivatives. Since it is a non-toxic, bio-degradable polymer with high 

tensile and compressive strength, it has widespread use in various fields such as 

mineral processing industry, nanotechnology, pharmaceutical industry, food 

industry, cosmetics, textile and paper industry, drug-delivery systems in treating 

cancer and other diseases. Micro-crystalline cellulose (MCC), in particular, is 

among the most frequently used cellulose derivatives in the food, cosmetics, pharma 

industry, etc. and is an important excipient due to its binding properties. Currently, 

about half of the waste produced in India contains about 50% cellulose which can be 

used productively. This chapter deals about basic information related to cellulose 

and its derivatives and basics about adsorption process onto various solid surfaces 

including objective, methodology and future aspects. 
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1. Introduction 

Cellulose has been recognized as one of the most widely, abundant naturally occurring 

biopolymers in the world. Human beings had used cellulose as an extension of their 

hands for millions of years, even before the beginning of hominization due to its easy 

availability (cellulose is the primary constituent of plants) and low-cost. It has a 

component of at least a third of advanced plants: 40-60% (in weight) of dry wood, and 

more than 90% of raw cotton (99.9'%) of purified cotton and flax [1]. It is a 

homopolymer of anhydroglucose, with the glucose residues linked in a β -1, 4 fashion 

(Figure 1) [2]. Cell walls of plant cells attribute their mechanical strength to cellulose. 

Cellulose owes its cellulose structural properties to the fact that it can retain a semi-

crystalline state of aggregation even in an aqueous environment, which is unusual for a 

polysaccharide [3, 4]. As far as cellulose-based products are concerned, paperboard are 

the most commonly used ones [5]. Smaller amounts of cellulose when processed under 

appropriate conditions can be converted to a wide variety of derivatives, these can be 

used in the manufacture of few commercial products like cellophane and rayon [6]. 

Since cellulose is a homo-polymer of a glucose derivative, it has a great source of 

fermentable sugar. It has been cultivated in the form of energy crops for the production 

of ethanol, ethers, acetic acid, etc. Besides energy requirements, the industrial demands 

of cellulose have been fulfilled by wood pulp and cotton crops [7]. Cellulose also 

fulfilled the dietary requirements of some animals, particularly ruminants and termite, 

they can digest cellulose with help of symbiotic microorganisms present in their gut, 

while some organisms secrete a group of enzymes called cellulases to aid the 

degradation of cellulose molecules [8]. Human beings are unable to digest cellulose due 

to a lack of cellulases, thus cellulose acts as a hydrophilic bulking agent for faeces and 

potentially aids in defecation [9]. Its abundance has attributed to the constant 

photosynthetic cycles taking place in higher plants, which can synthesize around 

1011±12 tons of cellulose in a rather pure form. It has served mankind either as a 

construction material or as a versatile starting material for chemical reactions for the 

production of artificial cellulose-based threads and biofilms as well as for the 

production of a variety of stable cellulose and its derivatives which have been used for 

various industrial and domestic applications [10]. Cellulose was used for various 

biochemical conversions even before its polymeric nature was recognized and well 

understood. In the process of recognizing and understanding its polymeric structure, it 
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led to the discovery of nitrocellulose, synthesis of organo-soluble cellulose acetate and 

the preparation of Schweizer’s reagent (first cellulose solvent). Another area of great 

interest has been recognized nanocellulose, the nanostructure of cellulose has proven 

to be advantageous because of its applications in a variety of fields [11, 12]. Due to 

such great economic significance of tree cellulose, the current scientific focus has more 

towards cellulose biosynthesis as it is still not well understood [13]. Most of the recent 

findings concerning the molecular mechanism of cellulose biosynthesis in higher plants 

resulted from research in model herbaceous plants and fibre crops and have been 

reviewed recently [13]. All these aspects trigger a researchers’ curiosity and make them 

want to dig deeper and unveil other properties related to adsorption aspects. 

In the 18th century, the mechanization of spinning and weaving devices (inventions to 

improve productivity to meet market demand) for cotton fabrics formed a strong 

incentive to the industrial revolution, which brought about mass consumption of 

chemicals (in particular, inorganic compounds) for scouring, and finishing.  In the 

second quarter of the 19th century, cellulose became recognized as a chemical 

compound. It has a general formula (C6H10O5)n  consisting of a linear chain of several 

hundred to many thousands of β(1→4) linked D-glucose units (Figure 1). The chemical 

structure of cellulose was extensively explained by several researchers [14]. The C4-

OH group, the non-reducing end, while the terminating group is C1-OH, the reducing 

end with aldehyde structure. Some technical celluloses contain extra carbonyl and 

carboxyl groups, like the bleached wood pulp. The molecular structure is responsible 

for its significant properties: chirality, hydrophobicity, degradability and chemical 

variability due to high reactivity from the donor group -OH. The superior hydrogen 

bonds have been found responsible for crystalline fibre structures to cellulose [14]. It is 

established that cellulose has also been found in its purest form from the seed hairs of 

cotton. The wood cellulose, on the other hand, forms a composite with lignin and other 

polysaccharides, which was further separated by large scale chemical pulping and 

purification processes. Cellulose can be derived from algae, some specific bacteria, and 

fungi, apart from most plants. The supramolecular structures were used for research on 

cellulose structures, reactivity, and crystallinity with a further note on the development 

of biomaterials and new substances. Cyanobacteria are known to biosynthesize 

cellulose for nearly 3.5 billion years [15]. The first synthesis of cellulose in vitro was 

reported as the cellucellulase-cellulose formation by catalyzed cellobiosyl fluoride and 
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the chemosynthesis was processed in ring-opening polymerization of the d-glucose 

moieties [16].  

 Figure 1. Structure of cellulose (repeating unit of glucose) shows the D-glucose units 

are linked through β-1, 4 bonds.  

 Cellulose has numerous applications in the field of pharmaceuticals and food 

technology. Modifying the structure of cellulose with other chemical group’s results in 

the production of structures that have better biocompatibility, flexibility, stability, 

emulsifying effects. Further, cellulose being indigestible by human beings, tend to have 

a drastic increase in the population of the world coupled with an exponential increase 

in technological advancements and the need of the people, fossil fuels were being 

rapidly depleted. During this period, the term sustainable development comes into play. 

To develop sustainably, it has been important to switch to a fuel that is more clean, 

green and more cost-effective. One such alternative is cellulose derived biofuel [16-

20]. There are numerous advantages of using biofuel, the first and foremost being cost-

effective. Recent studies have shown that due to the increase in demand, the cost of 

biofuel is decreasing as ethanol costs lesser than petrol and diesel. Further, there is a 

significant reduction in carbon emission. The raw material used for biofuel is simply a 

substrate that has cellulose in it. Since cellulose is so widely abundant, the cost is 

significantly lower. The ethanol obtained from cellulose is used as an alternative 

substrate in the production of biofuel. It is considered a superior source due to its high 

energy efficiency and low cost as compared to other sources. This is a very good source 

of renewable energy as it is found most abundantly in stalks, leaves and stem of green 

plants [21-23]. Other sources for ethanol include feedstocks, including wheat straw, 

rice straw, sawdust, forest thinning and grasses perennial grasses and switchgrass. 

Cellulose can be broken down into fermentable sugars by using the fungus Trichoderma 

reesei or by using acid to convert them first into sugars and then into gas. The gut of 

termites also can be utilized for this purpose. Further, a group of bacteria collectively 

referred to as methanogens can digest cellulose and produce carbon dioxide and 
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methane, which is further processed [24-33]. One group of such bacteria called methane 

bacteria grow anaerobically on the cellulosic matter and degrade it to produce methane. 

They are also found in the rumen of cattle and the dung of cattle. It is quite easy to 

obtain a substrate for biogas production especially by using waste cellulosic material. 

Therefore, it is important to utilize even the apparent waste material to ensure a 

reduction in wastage and optimum usage of its potential [34, 35].  

Cellulose, with its properties, as discussed in the above sections, were extensively used 

in the field of biomedicine and pharmaceuticals. The cost of several pharmaceutical 

products is extremely high due to production factors such as high cost, difficulty in 

procuring the material, complicated processing steps etc. These problems can be 

remedied by the use of cellulose, which is found abundantly in nature. The most 

productive use of cellulose would be the utilization of plant-based waste materials 

which are produced in bulk by many industries such as the sugar production industry 

as well as in minor quantities by households [36, 37]. The applications highlighted 

above could be brought to mainstream commercial use with the appropriate 

optimization techniques and novel modifications to the various steps of the production 

and processing of cellulosic material [37].  

The solid dosage forms including pills, tablets, granules, pellets, microcapsules and 

spherules can be coated, usually to protect the drug from adverse environmental factors 

such as humidity, oxygen, enzymatic or acidic degradation. The coating may also be 

used to facilitate drug delivery systems with altered release mechanisms such as 

delayed-release, extended-release, step-by-step release, pulsatile release and sustained 

release [38]. Derivatives of cellulose such as esters and ethers are also extensively used 

as coating materials. In the process of solid dosage form manufacture by direct 

compression, a problem that frequently occurs is low compatibility of the drug, this is 

more seen more frequently when the amount of drug in the formulation exceeds 30%. 

Many attempts are being made to reduce the price of the final product by experimenting 

with various starting materials and test conditions [39].  

From the advent of novel drug delivery systems, cellulose-based models seemed like 

strong candidates due to their projected benefits [40]. Since then various advances have 

been made to bring its use to common practice. There are still many hurdles to cross 

before this becomes a reality. Cellulose-based drug delivery is an important step in 

green and sustainable pharmacy which focuses on toxicity reduction, biodegradability 
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and less hazardous synthesis concerning drugs and drug delivery systems. Cellulose 

nanocrystals (CNCs) have the potential to acquire a negative charge during hydrolysis 

[41]. This coupled with their large surface area allow them to bind ionizable drugs such 

as tetracycline and doxorubicin permitting optimum dosing control. Sites for surface 

modification for multiple chemicals are provided by a multitude of surface hydroxyl 

groups. This is used in the case of non-ionized or hydrophobic drugs which do not 

generally bind to cellulose. The open-pore structure and high surface area of CNC based 

aerogels provide increased drug loading capacity and drug bioavailability. Extremely 

porous aerogel scaffolds were reported to attain sustained drug release [42]. Cellulose 

derivatives have also been researched in terms of drug delivery. For instance, cellulose 

acetate has been successfully used in several HIV drugs, five flavonoids, one pain 

reliever and two antibiotics among others. Hydroxypropyl methylcellulose has been 

used in oral drug delivery formulations [43].  

The scaffolds are materials that have been engineered to cause desirable cellular 

interactions to contribute to the formation of new functional tissues for medical 

purposes by providing the microenvironment required by cells to proliferate, migrate 

and differentiate. It contributes the geometrical basis and building blocks to provide 

cell attachment. Gluconacetobacter xylinus sourced nanocellulose is an emerging 

biomaterial for this purpose. Bacterial nanocellulose has a very high affinity for water 

and therefore displays properties similar to those of hydrogels which provides an ideal 

environment to host cells. Studies have confirmed that human smooth muscle cells, 

bone-forming osteoblasts and fibroblasts and human embryonic kidney cells can grow 

in the presence of bacterial cellulose scaffolds. The main challenge in the production of 

these scaffolds seems to be biodegradability as cellulose, the enzyme required to 

breakdown cellulose is not present in humans. This property was reported to be 

enhanced by periodate oxidation [44, 45].  

Bacterial cellulose has an important application in artificial blood vessels. Compared 

to the material generally used for vascular grafts, these materials show less thrombosis 

and occlusion. Heparin hybridized bacterial nanocellulose scaffolds with anticoagulant 

properties have potential use in vascular tissue engineering. The potential use of 

bacterial cellulose in the production of heart valve replacements has been explored [46, 

47].  Nanocellulose are promising materials for the culture of various cells including 

osteoblasts and chondroblasts indicating that they have the potential for bone tissue 

regeneration and healing. A membrane of bacterial cellulose and hydroxyapatite was 
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developed as a biomaterial for potential bone regeneration, which delivered prone 

growth of osteoblast cells, a high level of alkaline phosphatase activity and greater bone 

nodule formation [48].  

A lot of research is ongoing in the field of polymers and the study of cellulose over the 

past decade due to its broad range of applications. The structure and properties of 

cellulose including adsorption behaviour onto solid surfaces are quintessential to 

perform modifications processing of cellulose on the whole and its possible application 

areas. 

2. Classification, structure and properties of cellulose 

There are different classes of cellulose, namely cellulose nanocrystal [48], bacterial 

cellulose [49], nanofibrillated cellulose [50] ethyl cellulose and Payen [51] discovered 

the forms of cellulose. Cellulose and its derivatives are biodegradable polymers [52-

55]. The properties of cellulose are associated with its structure. The structure of 

cellulose has been constantly a subject requiring intensive research as it was formed by 

the hydrogen bonds between the networks of hydroxy groups [56]. The progress was 

for more than a century years of intensive development on structure analysis methods 

like scanning electron microscopy (SEM), X-ray diffraction (XRD) and solid-state 

nuclear magnetic resonance (NMR) spectroscopy. A complete detailed analysis was 

required for the procedures of synthetic reactions and cellulose-based manmade 

products with extensive applications. The structure of cellulose as depicted in Figure 1 

consists of hydroxyl groups of β-1, 4-glucan cellulose at C2, C3 and C6. The CH2OH 

group is positioned relative to the C4 and C5 bonds along with shear relativity with O5–

C5 bonds. The solid-state was equally likely to be represented in the crystalline (high 

order) and amorphous (low order). The crystal structure, in particular, is determined by 

the X-ray diffraction using a monoclinic unit cell which is made up of two cellulose 

chains in a parallel orientation and twofold screw axis [2, 57]. The investigations 

concerning the electron microbeam diffraction, combined X-ray and neutron diffraction 

have indicated that the cellulose crystalline structures have a triclinic and monoclinic 

unit cell. 

The chemical and physical properties of cellulose can only be well understood by 

acquiring knowledge of the chemical nature of the cellulose molecule in addition to its 

structure [58]. A profound understanding of the structural properties of native cellulose 

was a requirement to understand the effects of different substituents on the chemical 
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and physical properties of cellulose and its derivatives (CDs) [59]. When considering 

CDs, three structural levels have been distinguished:- 

i) The molecular level 

This level has considered cellulose as a single macromolecule with the chemical 

constitution, molecular mass, molecular mass distribution, the presence of reactive sites 

and potential intermolecular interactions.  

ii) The supramolecular level 

This level has been assumed one step further up from the molecular level and 

considered cellulose molecules as interacting with other cellulose chains in the form of 

packing and mutual ordering of the macromolecules to form larger structures. This level 

had included important concepts like an aggregation of the molecular chains to form 

elementary crystals and fibrils, the degree of order within and around the fibrils and 

fibrillar orientation concerning the fibre axis. 

ii) The morphological level 

This level has covered structural entities formed by cellulose molecules. As the 

structures get larger, they may become very complex. On the morphological level, the 

existence of distinct cell wall layers in native cellulose fibres or skin-care structures in 

man-made cellulosic fibres, voids or interfibrillar interstices were investigated.  

The molecular, supramolecular, morphological studies reported that because of the 

presence of several functional hydroxyl groups (-OH) in the polymeric chain of 

cellulose it has been well known polyhydroxy alcohol. These groups (hydroxyl groups) 

allowed numerous chemical modifications to obtained derivatives. Cellulose esters and 

cellulose ethers are most common chemically modified polysaccharides (sometimes 

referred to as classical cellulose derivatives) [58, 59]. 

3. Cellulose and its derivatives (CDs) and their applications 

Generally, cellulose derivatives could be obtained by either mechanical or chemical 

processing or both. The hydroxyl groups of cellulose can be partially or fully reacted 

with the various reagent to afford derivatives with useful properties. Cellulose 

undergoes a variety of chemical reactions which have been used technological 

production level. The pure cellulose additional treatment using hydrogen chloride acid 
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produced various CDs [60]. Cellulose nitrate was the oldest known CDs and have been 

used for several applications including the separation of suspended particles. 

Methylcellulose, hydroxyethylcellulose and carboxymethylcellulose are the most 

active constituents of the cellulose ethers [61]. The hydroxyl groups (-OH) of cellulose 

treated with various reagents to afford derivatives with useful properties like mainly 

cellulose esters and cellulose ethers (-OR). In principle, although not always in current 

industrial practice, cellulosic polymers are renewable resources (Table 1). The CDs 

have been recognized versatile polymers for several industrial applications (Scheme 1). 

The cellulose acetate and cellulose triacetate are films- and fibre-forming materials that 

find a variety of uses [62]. The nitrocellulose was initially used as an explosive and was 

an early film-forming material. With camphor, nitrocellulose gives celluloid (Table 1). 

Table 1 Some most common cellulose derivatives (CDs) 

Cellulose ethers 

Category Reagents Group R = H or Derivatives 

Alkyl 

Chloromethane -CH3 Methylcellulose (MC) 

Chloroethane -CH2CH3 Ethylcellulose (EC) 

Chloromethane and 

chloroethane 
-CH3 or -CH2CH3 

Ethylmethylcellulose 

(HMC) 

Hydroxyal

kyl 

Ethylene oxide -CH2CH2OH 
Hydroxyethylcellulose 

(HEC) 

Propylene oxide -CH2CH(OH)CH3 
Hydroxypropylcellulose 

(HPC) 

Chloromethane and 

ethylene oxide 

-CH3 or -

CH2CH2OH 

Hydroxyethylmethyl 

cellulose (HEMC) 

Chloromethane and 

propylene oxide 

-CH3 or  

-CH2CH(OH)CH3 

Hydroxypropylmethylce

llulose (HPMC) 

Chloroethane and 

ethylene oxide 

-CH2CH3 or  

-CH2CH2OH 

Ethylhydroxyethylcellul

ose (EHC) 

Carboxyal

kyl 
Chloroacetic acid -CH2COOH 

Carboxymethylcellulose

 (CMC) 

Cellulose ester 

Organic  

Acetic 

acid and acetic 

anhydride 

H or -(C=O)CH3 Celluloseacetate 

Acetic acid and 

acetic anhydride 
-(C=O)CH3 Cellulosetriacetate 

Propionic acid H or -(C=O)CH2CH3 Cellulosepropionate 

Acetic acid and 

propanoic acid 

H or -(C=O)CH3 or -

(C=O)CH2CH3 

Celluloseacetatepropion

ate (CAP) 

Acetic acid 

and butyric acid 

H or -(C=O)CH3 or -

(C=O)CH2CH2CH3 

Celluloseacetatebutyrate 

(CAB) 

https://en.wikipedia.org/wiki/Chloromethane
https://en.wikipedia.org/wiki/Ethylene_oxide
https://en.wikipedia.org/wiki/Propylene_oxide
https://en.wikipedia.org/wiki/Chloroacetic_acid
https://en.wikipedia.org/wiki/Acetic_anhydride
https://en.wikipedia.org/wiki/Acetic_anhydride
https://en.wikipedia.org/wiki/Propionic_acid
https://en.wikipedia.org/wiki/Butyric_acid
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Inorganic  

Nitric acid or 

another powerful 

nitrating agent 

H or -NO2 
Nitrocellulose (cellulose 

nitrate) 

Sulfuric acid or 

another powerful 

sulfuring agent 

H or -SO3H Cellulose sulfate 

 

Scheme 1. Graphical representation of the importance of polymers (CDs) in broad 

range of applications 

Some selected CDs have been discussed in details as follows- 

(i) Microcrystallinecellulose (MCC) 

The MCC is a valuable additive in pharmaceutical as a binder for tablets by direct 

compression and vitamin supplements, in food as an anticaking, thickener, texturizer, 

emulsifier and bulking agent as well as a fat substitute and in cosmetic as a filler [63, 

64]). It is one of the most important tabletting excipients due to its superior dry binding 

https://en.wikipedia.org/wiki/Nitric_acid
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properties producing high-quality tablets by direct compression [65]. It is also used in 

plaque assays for counting viruses, as an alternative to carboxymethyl cellulose [66]. 

Other applications of the MCC such as paints, paper and nonwoven textiles, oils field 

services, medicine and composites because of its properties such as high strength, 

flexibility and aspect ratio (67, 68). Microcrystalline cellulose (MCC) is a purified, 

partially depolymerized cellulose having the formula (C6H10O5)n. It is prepared by 

treating alpha-cellulose with mineral acids. This polysaccharide polymer consists of a 

linear chain of several hundred to over ten thousand β(1 → 4) linked D-glucose units, 

consisting of linear chains of β-1,4-d anhydroglucopyranosyl units (Figure 2). The raw 

material used for MMC preparation is pulp from a fibrous plant such as conifer wood. 

Cotton is also a possible cellulose source for MCC [69, 70]. Pharmaceutical grade 

MCC, which needs a high-quality pulp, used wood as the most common source. From 

such a wooden source, cellulose chains are packed in layers and held together by strong 

hydrogen bonds from lignin, a cross-linking polymer. For that purpose, both softwoods 

(evergreen conifer) and hardwoods (deciduous broadleaf) can be used [71]. These 

woods differ not only in chemical composition including cellulose proportions, 

hemicelluloses, and lignin but also in structural organization, i.e., regions which are 

relatively more crystalline or amorphous. The amorphous regions are more prone to 

hydrolysis by acid resulting in shorter and more crystalline fragments. 

Figure 2. Structure of microcrystallinecellulose (MCC) (Repeating unit of glucose) 

shows the D-glucose units are linked through β-1, 4 bonds. O ̼ represents the 

continuation of the polymeric chain 

 

Non-woody lignocellulosic materials have also been developed as source of MCC such 

as cotton linters [72], cotton stalks [73], cotton rags [74], cotton fabric waste [75], 

cotton wool [76], soybean husk [77], corn cob [78], water hyacinth [79], coconut shells 

[80], oil palm biomass residue [81, 82], oil palm fronds [83], rice husk [84, 85], sugar 

cane bagasse [86-91], jute [92, 93], ramie [94], fibers and straw of flax [95], wheat 

straw [96], sorghum stalks [97], sisal fibers [98] and mangosteen [99], alfa grass fibers 

[100, 101], soybean hulls [102], orange mesocarp [103], Indian bamboo [104], roselle 
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fiber [105], and alfa fiber [106]. Seed flosses from milkweed pods (Calotropis procera), 

shrubs, and kapok (Ceiba pentandra) trees are also known as cellulosic resources. Due 

to its high purity of alpha-cellulose, most seed flosses must be treated to remove 

impurities including lignin, pectin, and wax [107]. Wooden sources contain cellulose 

chains which are packed as layers held by cross-linking hydrogen bonds [108]. 

Chemically it consists of a polymeric matrix of lignin, hemicelluloses, and pectin [109]. 

Different woods considerably possessed different chemical composition of cellulose 

(including allocations of cellulose, hemicelluloses, and lignin in the cell wall) and 

structural organization as well. Relatively different crystallinity in particular regions is 

observed as more amorphous according to softwoods (evergreen conifer) and 

hardwoods which are termed as deciduous broadleaf [110, 111]. The amorphous 

regions of cellulose provide a more susceptible property for depolymerization by acid 

hydrolysis. At optimum acid concentration, the process gave shorter and more 

crystalline fragments such as the MCC [112, 113]. 

(ii) Carboxymethylcellulose (CMC) 

Carboxymethylcellulose (CMC) or cellulose gum (Figure 3) is an anionic cellulose 

ether derivatives [114, 115]. It has such abilities as thickening water, suspending solids 

in aqueous media and forming films it has proven to be of great commercial value.  

Figure 3.  The structure of carboxymethylcellulose (Repeating unit of glucose) shows 

the d-glucose units are linked through β-1, 4 bonds. O ̼ represents the continuation of 

the polymeric chain 

CMC is successfully applied as a thickener, as a soil-suspending agent, coating agent, 

thickener and suspending agent of several applications [116-120]. The average number 

of substitutes per glucose monomer known as degree of substitution is a significant 
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feature of CDs). The characteristics properties of CMC has already been recognized 

with degree of substitution [121] to enhance application in various areas.  

Raw iron ore contains about 25-30% iron as mined. The iron content can be increased 

to 60-65% by magnetic separating drums [122]. Though the iron concentrate has an 

acceptable chemical quality for processing raw ore into iron, it must be agglomerated 

into a coarser form before it can be used in blast-furnaces. The most desirable size for 

blast-furnace feed ranges from 6 to 25 mm [123]. Methods of size enlargement have 

been known for many years ago. Of all methods available, sintering and pelletisation 

are the most important ones. In these process some most common inorganic binders 

such as CaO, CaCb and bentonite were used [124, 125]. The biggest drawback of such 

inorganic binders, however, is that the final product may be extremely contaminated. 

The pellet melting method combuses organic binders (polymers), thereby reducing the 

level of contamination significantly. Especially CMC has been successfully applied as 

an alternative for inorganic binders in the pelletisation process [126]. The success of 

this application depends critically on the structure of the interfacial CMC layer. 

In paper industry, the most common pigments used in papermaking are China clay, 

calcium carbonate, aluminium trihydrate, and titanium dioxide. The main importance 

of CMC in papermaking relates to two applications. CMC is used alone, or in 

conjunction with starch, to increase dry strength properties and to improve surface 

characteristics [127-129]. CMC is also applied in combination with pigments. To 

achieve an optimal opacity with titanium dioxide, the pigments have to be of small 

particle size [129]. Therefore, to ensure optimal realisation the pigments must be 

sufficiently stabilised against flocculation by other coating ingredients. As CMC 

adsorbs on titanium dioxide it is frequently applied as a stabiliser. In addition, CMC 

associates the pigments to the paper surface due to its excellent binding ability, 

suggesting they can infiltrate the cellulose network. Thus, CMC acts as an adhesive as 

well. It used as an emulsion stabilizer in injections, adhesion and film-forming materials 

which have proved to be effective in controlling wound infections and can reduce 

postoperative oedema and wound stimulation phenomena. Animal experiments have 

shown that CMC is a safe and reliable carrier of anticancer drugs [130].  
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(iii) Hydroxyethylcellulose (HEC) 

Hydroxyethylcellulose (Figure 4) in ice cream, frozen milk drinks, is added as a 

stabilizer to extend the storage life and improve the overflow property. It is also used 

as the stabilizer of beer foam. Food Due to its unique physical and chemical properties 

and its behaviour in water, it is today being increasingly used as a food additive to 

improve the bulk and the fibre content of foods without having a major impact on the 

flavour of the food. Since it is indigestible by humans, it has no caloric value and is 

thus used in excessive amounts in diet foods to create a sensation of fullness both 

physical and physiology without having consumed too many calories. It is also widely 

used as an emulsifier and a thickening agent in whipped cream, sauces and ice cream 

[131, 132].  

 
Figure 4. Structure Hydroxyethylcellulose (Repeating unit of glucose) shows the d-

glucose units are linked through β -1, 4 bonds. O ̼ represents the continuation of the 

polymeric chain 
 

Hydroxyethylcellulose used as gel thickening, emulsifying, bubble-forming, water-

retaining and stabilizing properties. It is used as a key ingredient in many household 

cleaning products, lubricants and cosmetics due to its non-ionic and water-soluble 

nature. HEC is widely utilized in the pharmaceutical industry not only because it is safe 

and non-toxic but also because it does not get engrossed orally and does not upsurge 

the energy of foods. It is utilized as a film-forming agent, thickener, blocker, sustained 

release agent, blending agent and suspending agent in many dosage forms, thus forming 

the numerous pharmaceutical preparation consistently discrete, tough short of being 

wrecked due to sustained release effects or steady emulsion without stratification. It is 

regularly used as a matrix, adhesives, frame ingredients, the film creating material or 

in the creation of sustained or controlled release microcapsules and pellets [133, 134].  
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Table 2 Applications cellulose and its derivatives (CDs) at the industrial level with 

their characteristics 

Cellulose and its derivatives (CDs) 

Characteristics Applications at the industrial level 

Biodegradability, sustainable, high 

modulus, high surface area, surface 

functionality, high chemical resistance, 

renewable, excellent crystallinity, water 

stability, improve stability of the drug, 

good lubrication, rapid disintegration, 

good flowing properties and good 

binding properties 

Mineral processing, petroleum, textile & 

dyeing, papermaking,  food, 

pharmaceutical, cosmetics, ceramic, 

leather paints & lacquers, building 

materials, mosquito, repellent, 

toothpaste, battery, detergent and 

tobacco industry 

 

The explanation of the diverse applications of CDs with their characteristics (Table 2) 

to promote more innovations that aim to bridge the gap between the amounts of 

cellulosic waste and its optimum utilization for industrial applications by understanding 

the adsorption aspects onto solid surfaces. Further, theoretical descriptions dealing with 

CDs adsorption has been performed based on density functional theory (DFT). The 

adsorption method was adopted to understand solid-liquid interphase analysis. The 

practical application of this technique was to analyze the feasibility of adsorbent-

adsorbate system at the laboratory level due to very easy and cheap technique, hence, 

this aspect was also used for a small quantity of aqueous system having minimum 

adsorbate concentration; therefore, this operation could be feasible for the future 

prospectus. 

4. Adsorption aspects 

The term adsorption was first coined in 1881 by a German physicist named Heinrich 

Kayser [135]. Adsorption is often described as a surface phenomenon where particles 

are attached to the top layer of material. It normally involves the molecules, atoms or 

even ions of a gas, liquid or solid in a dissolved state that are attached to the surface. 

Adsorption is mainly a consequence of surface energy. Generally, the surface particles 

which can be exposed partially tend to attract other particles to their site. Interestingly, 

many physical, natural, bio- and chemical processes involve adsorption mechanism. 

Since adsorption is ecofriendly method which is also employed in many industrial 

applications [135]. 
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The term adsorption implies the presence of an excess concentration of any particular 

component at the surface of a liquid or solid phase as compared to that present in the 

bulk of the material [136]. The adsorption phenomenon arises due to the presence of 

residual forces at the surface of the body. These residual forces, in solids, generates due 

to the presence of unsatisfied valence force of atoms and in liquid, arises because of the 

non-uniform distribution of molecules around the molecules at the surface. The 

substance that adsorbs is the adsorbate and the underlying material is the adsorbent or 

substrate (Figure 5). Adsorption is of great technological importance. Thus, some 

adsorbents are used on a large scale as desiccants, catalysts or catalyst supports; others 

are used for the separation of gases, the purification of liquids, pollution control or 

respiratory protection. Adsorption phenomena also played a vital role in many solid-

state reactions and biological mechanisms [136].  

 

Figure 5. Adsorbate-adsorbent interaction during adsorption phenomenon 

4.1. Types of adsorption 

The adsorption can be categories into two types as shown in Figure 6. 

 

 Figure 6. Types of adsorption 

 

Adsorption

Physical adsorption 
(Physiosorption)

Adsorbent and
adsorbate molecules
are held together by
physical forces

Chemical adsorption 
(Chemisorption)

Adsorbent and
adsorbate molecules
are held together by
chemical forces
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4.1.1 Physical adsorption (physisorption) 

When adsorbate molecules do not form a strong chemical bond with the adsorbent 

molecule, this position is called physical adsorption or physisorption. It can be defined 

as ‘intermolecular attractions between favourable energy sites takes place and are 

therefore independent of the electronic properties of the adsorbent and adsorbate 

concerned with no exchange of electrons is observed’ (shown in Fig. 1.6). In this type 

of adsorption following common features are found [137-140]:- 

Characteristics of physical adsorption:- 

 This type of adsorption is caused by physical forces i.e. van der Waals interaction. 

 Physisorption is a weak adsorption phenomenon. 

 Multimolecular layers are formed at the surface of adsorbents. 

 Physical adsorption is not specific and takes place all over the adsorbent. 

 Surface area, temperature, pressure, nature of adsorbate effects physisorption. 

 Low activation energy is required (20 – 40 kg/mol). 

 Physisorption is favoured at low temperature and decrease with an increase in 

temperature. 

 Small enthalpy change is not enough to lead to bond breaking and help to retain the 

identity of the physisorbed molecule. 

 To initiate the process, external activation energy is not required. 

 In this adsorption, the equilibrium condition is achieved very rapidly and is 

reversible. 

 In this phenomenon without lowering the pressure, the adsorbate (contaminants) 

molecule can be removed. 

1.4.1.2 Chemical adsorption (chemisorption) 

The phenomenon where a chemical combination takes place between the adsorbent and 

the adsorbate the adsorption becomes very strong. This type of adsorption caused by 

forces similar to chemical bonds between the adsorbent and the adsorbate. In this type 

of adsorption, the following common features are found [141, 142]:- 

Characteristics of chemical adsorption:- 

 This type of adsorption is mainly caused by chemical forces (bonds). 

 It is a very strong process. 

 This type of adsorption is almost a single-layered phenomenon. 

 Chemisorption is highly specific and takes place at reaction centres on the 

adsorbent. 
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 Surface area, temperature, nature of adsorbate effects chemisorption. 

 A very high energy of activation is required (40 – 400 kJ/mol). 

 The adsorbate-adsorbate forces are usually small compared to the adsorbate-

adsorbent binding forces so that the adsorbate locations or sites are determined by 

the optimum adsorbate substrate bonding.  

 The process occurs at high temperature and the heat of adsorption is 83 kJ /mol. 

 External activation energy requires initiating the process. 

 In this adsorption, the equilibrium condition is not very rapidly achieved and is 

irreversible. 

Figure 7. Graphical representation of (a). Physical adsorption, (b) Chemical 

adsorption  

4.2. Definitions and terminology of adsorption 

Some of the basic terms and properties associated with adsorption are listed in Table 3. 

These definitions are consistent with those proposed by the International Union of Pure 

and Applied Chemistry (IUPAC) [143-145] and by the British Standards Institution 

(146) and other Official Organizations [147].  

Table 3 Some of the basic terms and their definition 

S.No. Term Definition 

1.  Adsorption 
Accumulation of one or more components in an 

interfacial layer 

2.  Adsorbate Substance in the adsorbed state 

3.  Adsorbent Solid material on which adsorption occurs 

4.  Chemisorption Adsorption involving chemical bonding 

5.  Physisorption Adsorption without chemical bonding 

6.  Desorption 
The removal of the adsorbed substance from a 

surface is called desorption 

7.  Sorption 
The phenomenon in which adsorption and absorption 

occur simultaneously is called sorption 



Chapter - 1 

 

18 
 

8.  
Absorption 

 

When the molecules of a substance are uniformly 

distributed throughout the body of a solid or liquid. 

This phenomenon is called absorption 

9.  Occlusion 
When adsorption of gases occur on the surface of 

metals this is called occlusion 

10.  
Adsorption 

complex 

A molecular term used to denote the entity 

constituted by the adsorbate and that part of the 

adsorbent to which it is bound. 

11.  
Adsorption 

isotherm 

The relation between the quantity adsorbed and the 

composition of the bulk phase (or the partial pressure 

in the gas phase) under equilibrium conditions at a 

constant temperature 

12.  
Capillary 

condensation 

Occur when, in porous solids, multilayer adsorption 

from a vapour proceeds to the point at which pore 

spaces are filled with liquid separated from the gas 

phase by menisci 

13.  Monolayer capacity 

Either chemisorbed amount required to occupy all 

surface sites or physisorbed amount required to 

cover the surface 

14.  Surface coverage 
The ratio of the amount of adsorbed substance to 

monolayer capacity 

15.  Powder 
Dry material composed of discrete particles with 

maximum dimension < 1 mm 

16.  Fine powder Powder with particle size < 1 μm 

17.  Surface area 
The extent of the available surface area determined 

by a given method under stated conditions 

18.  
Specific surface 

area 

The surface area of a unit mass of powder, as 

determined under stated conditions 

19.  External surface 

Area of the external surface of particles, as taking 

account of roughness (i.e. all cavities which are 

wider than they are deep), but not porosity 

20.  Roughness factor 
The ratio of external surface area to the area of 

smoothed envelope around particles 

21.  Porous solid 
Solid with cavities or channels which are deeper than 

they are wide 

22.  Open-pore Cavity or channel with access to the surface 

23.  Interconnected pore Pore which communicates with other pores 

24.  Blind pore  Pore with a single connection to the surface 

25.  Closed pore Cavity not connected to the surface 

26.  Void Space between particles 

27.  Micropore The pore of internal width less than 2 nm 

28.  Mesopore The pore of internal width between 2 and 50 nm 

29.  Macropore The pore of internal width greater than 50 nm 

30.  Pore size 
Pore width (diameter of cylindrical pore or distance 

between opposite walls of the slit) 

31.  Pore volume 
The volume of pores determined by the stated 

method 

32.  Porosity 
The ratio of total pore volume to the apparent volume 

of particle or powder 
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33.  
Total porosity 

 

The ratio of the volume of voids and pores (open and 

closed) to the volume occupied by solid 

34.  Open porosity 
The ratio of the volume of voids and open pores to 

the volume occupied by solid 

35.  Surface area 
The extent of total surface area as determined by a 

given method under stated conditions 

36.  
External surface 

area 
Area of the surface outside pores 

37.  
Internal surface 

area 
Area of pore walls 

38.  Interface 

Any surface is a plane that separates any two phases 

in contact with each other. The plane which separates 

any two-phase is generally called an interface 

between the two phases. 

39.  True density The density of solid, excluding pores and voids 

40.  Apparent density 

The density of material including closed and 

inaccessible pores, as determined by the stated 

method 

4.3 Adsorption process in aqueous solution 

In general, adsorption of adsorbate (solutes) from solutions can occur on various 

adsorbents (solids) to different extents which are the same as for gases. It may in general 

be traced to two effects:- 

1. Due to a decrease in the interfacial tension through adsorption of a solute, and 

2. Due to solid surface acquiring electrostatic charge in a solvent. 

This charged surface of the adsorbent then attaches oppositely charged ions from the 

solution. The adsorption process in an aqueous solution can be divided into three types 

[147-150]. 

4.3.1 Positive adsorption 

When the concentration of adsorbate (solute) is more on the surface of the adsorbent as 

compared to its concentration in the aqueous phase means the only solute is adsorbed 

and the concentration of the solution gets decreased, this type of phenomenon is called 

‘Positive Adsorption’. When activated charcoal is kept in contact with the dilute 

solution of acetic acid, a part of the acid is absorbed by the charcoal and the 

concentration of the acid decreases is the typical example of ‘Positive Adsorption’ 

[151]. 
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4.3.2 Negative adsorption 

When the surface of the adsorbent have less concentration of the adsorbate than its 

concentration in the aqueous phase means when a solvent is adsorbed and the 

concentration of the solution is increased, this type of phenomenon is called ‘Negative 

Adsorption’.When blood charcoal is added to a dilute solution of potassium chloride, 

the concentration of the solution gets increases is an interesting example of this 

phenomenon. This type of adsorption is very uncommon [152]. 

4.3.3 Electrostatic adsorption 

Adsorbent surface (solids) when coming in contact with a water molecule (aqueous 

phase) acquire an electrostatic charge. The surface may be positively charged due to 

the attachment of H+ ions or negative charge due to the attached OH− ions. These 

acquired charges on the surface will tend to attract oppositely charged ions of adsorbate 

(solutes) from the solutions. This is termed electrostatic adsorption. An example of 

electrostatic adsorption is silica powder which acquires a negative charge when comes 

in contact with water. If this silica powder having a negative charge is shaken with 

positively charged Fe(OH)3 sol and then filtered, the filtrate will be colourless, 

illustrating the phenomenon of electrostatic adsorption [153]. 

5. Method of activation of adsorbent 

Adsorbents that are used for adsorption technology can be divided into two parts; one 

is commercial and the second is non-commercial. Commercial adsorbents are 

commonly derived from carbonaceous source materials like nutshells, wood and coal 

but their activation processes are much costly and sources are also limited. Non-

commercial adsorbents (Table 4) are mostly synthesized by the low cost carbonaceous 

and non- carbonaceous materials, employing activation methods (chemical and 

physical) [154]. Activation is related to the loss of carbon. Weight loss of host carbon 

increases linearly with activation temperature and time. Activation at lower temperature 

predominates in the development of mesopores and macropores into carbon. Pore 

diameter decreases with increasing activation temperature to develop a micropore into 

carbon [155]. 

Activation of the carbonized materials with oxidizing atmosphere occurs by the 

following exothermic/ endothermic reactions. Activation with oxygen, following 

exothermic reactions, occurs predominantly:- 
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C + O2 → CO2 (92.4 kcal) 

2C + O2 → 2CO (53.96 kcal) 

Activation with vapour and carbon dioxide following endothermic reactions may take 

place:- 

C + H2O → CO + H2 (29 kcal) 

C + CO2 → 2CO (39 kcal) 

CO + H2O→CO2 + H2 (10 kcal) 

It is reported that for calculations, impregnation and chemical dehydration of activated 

carbon, various types of activating agents have been used as phosphoric acid (H3PO4), 

zinc chloride (ZnCl2), sulphuric acid (H2SO4), K2S, alkali metal hydroxide like 

carbonate and chloride of Ca2+, Mg2+ and Fe3+ [156]. 

Table 4 Adsorption of CDs onto various adsorbents [157]  

Adsorbents Cellulose derivatives 

Biotite Mica Guar gum 

Amino-terminated surfaces Carboxymethylcellulose 

Talc Carboxymethylcellulose 

Pyrite Guar gum, carboxymethylcellulose 

Talc Dextrin and guar gum 

Talc Guar gum 

Leached Talc Guar gum 

Calcined Talc Guar gum 

Leached Calcined Talc Guar gum 

Talc Carboxymethylcellulose 

Polymeric surfaces Carboxymethylcellulose 

Mesoporous mustard carbon Carboxymethylcellulose 

Polymeric Surface Carboxymethylcellulose 

Mesoporous tea waste carbon sodium carboxymethylcellulose 

6. Selection of various sources of adsorbents 

Several adsorbents had been employed for the adsorption of CDs from wastewater for 

the last few decades. The main categories of adsorbents, evaluated in the last few years 

are listed in table 4. 

6.1 Commercial adsorbents 

Several materials such as silica gel, activated alumina, zeolites and activated carbon, 

etc. have been extensively applied as commercial adsorbents for water contamination 

control that are main categories into four types-  
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6.1.1 Activated carbons  

Among all the available adsorbent materials to date [158], activated carbon has become 

customary for the removal of pollutants from wastewater. 

Dependence on its size and shape, activated carbon can be categorized into four types: 

 Powder activated carbon (PAC) 

 Granular activated carbon (GAC) 

 Fibrous activated carbon (ACF) 

 Cloth activated carbon (ACC) 

CAC is prepared by a process consisting of raw material dehydration and carbonization 

followed by activation. Because of their large capacity to adsorb organic and inorganic 

contaminants, CAC is the most effective adsorbents. This capacity is mainly due to 

their structural characteristics with porous texture which gives them a large surface area 

(from 600 to 2000 m2/g) and their chemical nature which can easily be modified by 

physical and chemical treatment to increase their properties [158].  

6.1.2 Silica gel 

Silica gel works as a good adsorbent due to it has a larger pore volume and 

mesoporosity. So it is used as a commercial adsorbent by several industries [159-160]. 

Based on their surface area regular, intermediate and low-density gels are the three main 

types of silica gels: Regular density silica gel is prepared in an acid medium and has a 

high surface area of 800 m2/g. Intermediate and low-density silica gels have a low 

surface area of 300-350 and 100-200 m2/g, respectively, in comparison to regular silica 

gel. Modified forms of silica gels have also been widely explored for the adsorption 

mechanism of CDs from their aqueous solutions [161]. 

6.1.3 Activated alumina 

Activated alumina represents partially hydroxylated alumina oxide, Al2O3. They are 

porous solids made by the thermal treatment of alumina hydroxide precursors and find 

applications mainly as adsorbents, catalysts and catalyst supports. In general, a hydrous 

alumina precursor is heated; hydroxyl groups are driven off leaving a porous solid 

structure of activated alumina. Activated alumina having surface areas ranging from 

200-300 m2g-1 are versatile adsorbents and have been successfully utilized in the 

adsorption of CDs (Table 4) [162-163]. 
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6.1.4 Clay and zeolites 

Natural clay minerals are the strong participants as adsorbent, because of their 

abundance in nature, their low cost, high adsorption properties and potential for ion 

exchange. 

Based on their layered structure, clays are mainly classified into several classes such as 

smectites (montmorillonite, saponite), mica (illite), kaolinite, serpentine, talc 

(pyrophyllite), vermiculite and sepiolite.  Among minerals that possess sorbent 

properties, zeolites emerge as one of the most promising material as adsorbent [164-

166]. Some disadvantages related to commercial adsorbents are given below:- 

 Extensive 

 Higher the quality, higher cost 

 Performance is dependent on the type of carbon 

 Requires the complexing agents to improve its removal performance 

 Non-selective 

 Problems with hydrophilic substances 

 Ineffective for dispersing and vat dyes 

 Reactivation results in a loss of carbon 

 Limited sources 

7. Adsorption aspects of CDs onto various solid surfaces 

Many applications of cellulose (CDs) are a result of their adsorption process at a solid 

liquid interface, as discussed in the previous sections. Adsorption of polymer (cellulose 

and derivatives) molecules will take place if the interaction energy or adsorption energy 

of the adsorbate molecules is higher than the interaction between solvent molecules and 

the solid surfaces. In solution, the adsorbate molecules have many degrees of freedom 

which is reduced by adsorption. Thus, the energy of adsorption has to overcome the 

loss of conformational entropy [167]. When CDs adsorb, conformational entropy was 

maintained through sections of the polymeric chain which were not attached to the solid 

surface. The sequence of polymeric chain which were attached to the solid surface was 

called a tails. Loops were sections between two tails, tails consist of segments at the 

end of the chain dangling in the solution. Parameters that affect the conformation of the 

adsorbed polymer layer were the adsorption energy, the adsorbed amount of polymer, 

and the molar mass of the polymer, etc. In case the ratio of free surface sites and 

adsorbing segments was high (at low polymer concentration), the adsorption energy 
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contribution is the leading parameter [167]. The adsorbed amount is low, and most of 

the segments are situated in trails. At higher surface coverage, and if the adsorption 

energy is not high, loops and tails are also present. In general, for uncharged polymers, 

the size of the loops and tails increases with the length of the chain. Consequently, the 

adsorbed amount increases with molar mass. If CDs segments have high adsorption 

energy this quantity keeps dominating the adsorption. The conformation of the 

adsorbed layer was flat and the adsorbed amount does not depend on the chain length 

[167]. Polyelectrolytes (CDs) were charged polymers. One can distinguish 

polyelectrolytes with fixed charges (strong polyelectrolytes) and those with charges that 

depend on pH and salt concentration (weak polyelectrolytes). Electrostatic interactions 

play an important role in polyelectrolyte adsorption. Not only the charge of the CDs but 

also the charge of the substrate surface affects the adsorption. When polyelectrolyte and 

substrate have the same sign, electrostatics work against the adsorption. Adsorption can 

only take place if the non-electrostatic interaction was high enough to overcome the 

electrostatic repulsion between segments and substrate and the mutual repulsion 

between segments. As salt screens these electrostatic interactions, it can increase the 

adsorbed amount. Adsorption on an uncharged surface can also be enhanced by salt. If 

polyelectrolyte and substrate have opposite signs of charge, electrostatics favour the 

adsorption. Now salt can have either the effect of increasing or decreasing the 

adsorption. If the interaction is merely electrostatic (i.e. there is little non-electrostatic 

interaction) salts screens interactions between charged segments and the substrate, 

leading to less adsorption at the higher salt concentration (screening-reduced adsorption 

[168]). On the other hand, if the non-electrostatic interaction is high, the adsorption 

increases with salt concentration (screening-enhanced adsorption [168]). The 

interaction between segments and substrate with opposite charge is strong. As a 

consequence, at low salt concentration polyelectrolytes adapt a flat conformation when 

they adsorb; the adsorption does not depend on the chain length. If both the surface and 

CDs carry variable charges, electrostatics become a very complicated factor in the 

adsorption. When adsorption takes place, additional charges are introduced on the 

surface as well as on the CDs. The presence of charged segments near the surface affects 

the charge of the surface and vice versa. Both the surfaces used in this study (mineral 

and polymeric) and CMC has variable charges. At the inorganic surfaces, metal-OH 

groups are present, CMC has -COOH groups. Theoretical descriptions dealing with 

CDs adsorption were based on the assumption that the process of adsorption attains the 

lowest value of the free energy. When the lowest value of the free energy was reached 
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the process was said to be at equilibrium. So, by using thermodynamics we were able 

to calculate the adsorbed amount at equilibrium as a function of parameters such as 

polymer concentration, chain length or interaction energy. If a CDs chain has to 

overcome a barrier before it can adsorb, the adsorption process would be hampered. 

The existence of such a barrier was comparable to the activation energy of chemical 

reactions or the barrier for coagulation of colloidal particles. For neutral CDs, the 

barrier originates from loops and tails of adsorbed molecules, which obstruct the motion 

of chains to a surface (steric hindrance) [169-170]. In the case of CDs also long-range 

electrostatic interactions between a charged surface and chains approaching the surface 

were present. Hence, it was obvious that kinetic barriers in the adsorption process, 

especially for CDs, cannot be ignored. Experimental work (171-173) indicated that a 

barrier for CDs adsorption exists. 

In many (industrial) processes CDs have found successful applications. For instance, 

they are well-known as an effective thickening agent in paints, preventing the settling 

of pigment. The rheological properties of CDs solutions also allow a uniform spreading 

of the paint. In papermaking, CDs has been used as additives to improve the retention 

of fibres and pigments or to increase the paper strength. Water-soluble CDs have 

practical importance in cosmetics, coatings, and wastewater purification [174-176]. 

Some applications were a consequence of the rheological properties of CDs solutions 

while others were due to adsorption at a solid-liquid interface reported by several 

researchers. Nowadays the relevance of understanding the adsorption behaviour of 

polymers at solid-liquid interfaces has been generally recognized. A detailed 

understanding of CDs was needed to develop new or to improve their current 

applications. Within the group of chemically modified natural polymers 

polysaccharides, in particular, CDs, have proven to be important components. Since, 

cellulose has been recognized as one of the world's most abundant polymers, non-toxic 

and biodegradable, whereby its derivatives were widely applied. An important 

representative of the cellulose derivatives was carboxymethyl cellulose (CMC). The 

CMC has been used as an additive in papermaking, in pharmaceuticals and cosmetics, 

and food products [174-176]. For the pelletisation of iron ore, the addition of an 

inorganic binder such as bentonite has proven to be very effective. However, inorganic 

binders have the disadvantage that they cause serious contamination in the final 

product. Organic binders (polymers) are combusted in the pellet melting process, 

thereby strongly reducing the amount of contamination. Especially, CMC has been 

successfully applied as an alternative for inorganic binders in the pelletisation process 
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[178]. This application was a consequence of its adsorption behaviour at a solid-liquid 

interface. Since CMC was a highly charged polyelectrolyte, its adsorption behaviour 

could be strongly affected by electrostatics. This clearly shown up in the adsorption 

dependence on pH and electrolyte concentration. For instance, for the adsorption of 

CMC with degree of substitution was DS=0.7 on barium sulphate [179]. Nag et al 

observed an increase in the adsorption of CMC with decreasing pH, at constant CMC 

concentration. At constant pH, an increase in adsorption of CMC with increasing salt 

concentration was also observed. The qualitative agreement with those experiments 

was found by Williams et al [180]. Besides, these authors investigated the influence of 

ds on adsorption. A slight difference was found between CMCs having degree of 

substitution 0.78 and 1.25, respectively. CMC having specific degree of substitution 

(0.45) showing a large amount of adsorption [181, 183]. The adsorption on 

hydroxylapatite slightly lower values for high molecular mass CMC (Mw=80 kg mol) 

than for CMC with Mw=10 kg mol. However, the adsorption of polymers has been less 

explored [184-190]. Our understanding of the binding mechanism of the CMC at the 

solid-liquid interface has been increasing year by year as significant work has been 

devoted to the adsorption of CMC onto the mineral surfaces. Several binding 

mechanisms have been developed, but as yet no common mechanism has received 

general acceptance. Thus, the associated problems have received adequate attention. 

Raju et al [191] reported the adsorption of polysaccharides (dextrin) onto graphite is 

apparently due to hydrophobic-hydrophobic interaction. Laskowski’s investigation on 

adsorption of CMC on graphite has shown that while pure high-quality graphite 

(Ceylon) adsorbs CMC strongly. However, the same graphite purified by leaching 

practically does not adsorb CMC almost at all. According to Mackenzie and his co-

workers  [192], Pugh [193], Healy and Macromol [195] and Rath et al. [196] 

investigated adsorption of CMC  onto mineral water surfaces is due to complex 

interplay of electrostatic, hydrophobic, hydrogen bonding and chemical interactions, 

although, the selective adsorption of CMC on minerals has not been demonstrated 

clearly. The binding mechanism of CMC on minerals was also proposed by Steenberg 

et al [197, 198] and Jenkins et al [199] and according to them, adsorption is primarily 

attributed to hydrophobic force onto basal planes. Contrary to this, Rath et al [200] and 

Jucker et al [201] reported that the binding mechanism of polysaccharides is attributed 

to hydrogen bonding on solids. Employing infrared spectroscopy, Bakinov et al [202] 

notices some changes in the carboxyl group upon adsorption and concluded that the 

carboxyl group interacts with metal ions on the surface of solid (talc). However, they 
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scanned infrared spectra (transmission mode) of dried samples causing any deduction 

on polymer binding mechanisms to be overshadowed by the substantial alteration to the 

polymer’s environment during dehydration. Furthermore, no infrared spectra were 

presented in this work. Wang and Somasundaran [203] also used infrared spectroscopy 

to support their hypothesis of hydrogen bonding; however, their work also involved 

sample drying and analysis by infrared transmission. Cuba-Chiem et al [204] based on 

in situ films attenuated total reflection-Fourier transform infrared (ATR-FTIR) 

spectroscopy (in liquid form) has proposed that the polymer (CMC) most likely has two 

different interactions with the solid surface, with a stronger interaction with the talc 

edge through chemical complexation and a weaker interaction with the talk basal plane 

presumably through the hydrophobic interaction. Fujimoto and Petri [205] also studied 

the adsorption behaviour of CMC on amino-terminated surfaces and reported that CMC 

adsorbs onto amino-terminated surfaces driven by electrostatic interactions. The 

adsorbed amount decreases with ionic strength, in agreement with the screening-

reduced adsorption regime. The charge on the amino-terminated substrate and 

molecules charge along the CMC chains is strongly influenced by the pH. However, 

adsorption behaviour is mainly controlled by the surface charge. On the other hand, 

advances in nanomedicine have promoted the development of nanomaterials, for many 

innovative applications regarding in vitro and in vivo diagnostics, imaging, 

immunolabeling, gene delivery, and cancer therapy because of their biometric features, 

high surface area to volume ratio, and the possibility of modulating their surface 

properties with biomolecules [206]. Nowadays, nanomaterial especially mesoporous 

material is broadly divided into two types, namely, inorganic and polymeric 

nanomaterials. A major area of polymer coatings uses CDs to modify surfaces and 

colloids, exploiting electrostatic attraction for their deposition.7,8 The adsorption of 

CDs onto oppositely charged curved and planar surfaces has attracted a great deal of 

interest and stimulated experimental,[207-210] theoretical,[211-214] and simulation 

[215-220] studies. These investigations have revealed that many parameters affect the 

adsorption of CDs onto oppositely charged colloidal surfaces. Generally, the strength 

of the electrostatic interaction has been found to depend on CDs characteristics such as 

the charge density of the hydroxyl groups, chain length, and chain flexibility as well as 

colloidal features such as the colloidal surface charge density, size, and shape. Besides, 

extensive system variables (i.e., temperature, pH, and ionic strength of the medium) can 

play important roles. It was usually observed that with increasing CDs concentration, 

adsorption increases until saturation occurs. In this process, the surface charge 
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decreases, changes sign, and continue to increase in value. Theoretical considerations16 

suggested that the connectivity between the charges of the hydroxyl ions of CDs leads 

to an overcharge or charge inversion of the colloidal surface, which can adsorb a 

polyion chain with a total charge of up to 15/6 times its charge. In another theoretical 

approach, it was shown that the adsorption of polyions near an oppositely charged 

surface is mainly governed by the direct Coulomb attraction from the surface and the 

excluded volume effects. It was also demonstrated that charge inversion becomes more 

momentous when the surface charge density or polyion chain length increases. There 

was consensus about the view that electrostatic attraction plays an important role in 

polyion adsorption at an oppositely charged surface of a solid. The simplest theoretical 

approach was called the ion-exchange model [221] which was based on the idea that 

the adsorbed polyions successfully compete with small monovalent ions and neutralize 

the surface because of entropic effects. Although this model can qualitatively explain 

several properties, some phenomena such as charge overcompensation cannot be 

interpreted in the framework of the simple ion-exchange model. In this case, it was 

argued [222] that it was not the net surface charge that controls the polyion adsorption 

onto solid surfaces but rather the possibility of forming ion pairs between polymer 

chains and surface groups. Ion pairs were considered to be contacting molecular groups 

of opposite charge; the electrostatic binding energy is deemed to be weak. Therefore, 

the polyion sticks to the surface because there are many of these bonds, not because 

these bonds are strong. In many cases, the adsorbed polyion layer was thicker than the 

layer adsorbed by the corresponding uncharged polymer. Theoretical models for CDs 

adsorption to an oppositely charged surface suggested that at low surface charge 

densities the thickness of the adsorbed layer was determined by the balance between 

electrostatic attraction to the charged surface and chain entropy [223]. For higher 

surface charge densities, the thickness of adsorbed polyion chains was governed by the 

balance of the energy gain due to electrostatic attraction and the confinement entropy 

lost because of chain localization. The thickness of the adsorbed layer was expected to 

decrease with increasing surface charge density. The strong lateral repulsion that builds 

up when the polymer charge density increases frequently lead to a rather flat 

polyelectrolyte layer on an oppositely charged surface [224]. The adsorption of a 

hydrophobically modified polyelectrolyte may lead to a more intricate situation because 

in this case, molecular simulation studies show that the conformation of the polymer 

chains may change and this can lead to a redistribution of the number of trains, loops, 

and tails in the adsorbed layer. Besides, the enhanced hydrophobic interactions may 
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generate a multilayer of the adsorbed CDs. The addition of salt to a suspension of 

particles containing hydrophobically modified CDs may lead to an alteration of the 

adsorption process because of hydrophobic interactions between the surface and 

polyions. Earlier studies [225, 226] on the adsorption of CDs show that both the 

adsorbed amount and the conformation of the adsorbed polymers were sensitive to 

temperature changes and the hydrophobicity of the surface and the polymer. In previous 

work, [227-229] the study of the adsorption of uncharged CDs onto solid surfaces 

demonstrated that hydrophobic interactions between the polymer and the surface 

constitute the main driving force for adsorption. In this research work, we addressed 

how adsorption of polymers onto solid and polymeric surfaces occurred? 

Cellulose-based polymers hydroxyethylcellulose (HEC) have numerous applications in 

the pharmaceutical industry. For example, as steric stabilizers of drug 

particles/nanoparticles in injectable and oral delivery [230, 231], as coatings for 

controlled release and taste masking of tablets [232, 233], as rheological modifiers in 

pharmaceutical formulations [234, 235], and for enhancing compaction and dissolution 

characteristics of drug powders [236, 237. It was generally the adsorption 

characteristics of the polymer at the pharmaceutical powder–liquid interface that 

controls performance in the above applications. In particular, it was the polymer 

conformation at a drug particle surface that plays a critical role in colloid stability, 

interfacial adhesion and dissolution behaviour. However, the crystal face-dependent 

surface chemistry, sensitivity to moisture, complex dissolution characteristics, and 

varied hydrophobicity of drug particles [238, 239] have conspired to make direct studies 

of adsorbed cellulose-based polymers on drug particles irreproducible [238, 239) and 

therefore rarely reported. Adsorption studies on model colloidal particles (240) and at 

solid-liquid interfaces (241) have therefore been employed to gain insight into the 

adsorption mechanisms of cellulose polymer excipients used during pharmaceutical 

processing. This study was primarily concerned with the adsorption characteristics of 

HEC, a water-soluble polymer with many pharmaceutical applications. Malmsten and 

co-workers have investigated HEC adsorption onto silica, hydrophobized silica, and 

mica surfaces using ellipsometry (242, 243), with complementary studies using the 

surface force apparatus (244, 245–247). The HEC was shown to adsorb more strongly 

onto the more hydrophobic surfaces. Adsorption also increased with increasing 

temperature and this effect was more pronounced on hydrophobic than hydrophilic 

substrates. Hydrophobic interactions were proposed to dominate the HEC adsorption 

mechanism [248]. Hoogendam et al. [249] have undertaken dynamic light scattering 
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studies of the layer thickness of hydroxyethyl cellulose (HEC) polymers on silica 

particles and reported extensively thick layers below pH 9.0 (up to 80 nm) in 

comparison with ∼8 nm for HEC on mica [250]. These same authors also reported a 

strong influence of pH on adsorption and suggested that hydrogen bonding through the 

hydroxyethyl side group of HEC and the silanol groups of silica played a key role in 

the adsorption mechanism. It is clear that the adsorption mechanisms of cellulose 

polymers are subtly controlled through the solvent–segment and segment–surface 

interactions, and these were in turn strongly influenced by the temperature and surface 

chemistry of the adsorbent. 

 Further investigations are required to more fully understand the interplay between the 

specific surface interactions of cellulose-based polymers, their structure at the solid-

liquid interface, and their steric stabilizing action [251]. This may then be used to 

optimize the performance of cellulose-based polymers during pharmaceutical 

processing. In the current investigation, HEC interaction with colloidal silica spheres 

was characterized in terms of equilibrium adsorption isotherms and thermodynamics of 

adsorption. The solution and surface interactions are probed through variation of the 

solution temperature and surface modification of the silica spheres by physical 

treatments [252]. The competition between electrostatic effects and hydrophobic 

interactions in the adsorption of these biopolymers onto solid surfaces can be 

scrutinized. Several studies have been included UV-visible spectroscopy, dynamic light 

scattering (DLS), and quartz crystal microbalance with dissipation monitoring (QCM-

D) to monitor the adsorption of the different polymers onto solid surfaces [253-260]. 

However, this work aimed to elucidate hydrogen bonding rather than hydrophobic and 

electrostatic interactions on the adsorption of polymers onto solid surfaces. To the best 

of our knowledge, the combination of the varying various influencing parameters of a 

polysaccharide concerning adsorption onto various solid surfaces has not previously 

been addressed.  

Herein, the CDs namely cellulose (CL), sodium carboxymethylcellulose (NaCMC) and 

hydroxyethylcellulose (HEC) and they were mainly used as flotation depressants. CL, 

Na-CMC and HEC are the main representatives of the cellulose ether group. The 

selected polymers exhibit the characteristics properties such as a water-soluble, 

hydrophilic, and macromolecular anionic polymer without any refinement in various 

sectors. HEC is prepared by treating alkali cellulose (cellulose in a hot aqueous solution 

containing about 50% sodium hydroxide (NaOH) with ethylene oxide (C₂H₄O). The 
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HEC usually has polyethylene oxide side chains. Since HEC has been recognized as a 

water-soluble polymer it was applied as a thickener and pigment-protective colloid in 

water-based paints. Further, it has also applications in cement, in pharmaceutical 

emulsions, as a binder in tablets, and in cosmetic products. The Na-CMC is prepared 

by the reaction of sodium monochloroacetic acid and alkali cellulose [254]. Though 

most applications concern the sodium salt of CMC, it is generally referred to Na-CMC. 

As Na-CMC has such abilities as thickening water, suspending solids in aqueous media 

and forming films it has proven to be of great commercial value as a thickener for textile 

printing pastes, as a soil-suspending agent in synthetic detergents, as a coating for 

powders and tablets, and as a thickener and suspending agent in water-based paints 

[255].  The applicability of polymers was associated with adsorption behaviour due to 

solid surfaces and makes them suitable for a wide range of applications in various 

sectors especially in mineral processing [256]. The adsorption behaviour of selected 

polymer could vary due to functional groups present on them (Scheme 2). Several 

studies were presented for the adsorption of natural polysaccharides (dextrin, starch) on 

mineral surfaces through chemical interaction with superficial metal hydroxides and it 

was suggested that their adsorption mechanism on mineral surfaces as chemical 

complex formations [257-260]. Even the chemical interaction was proposed as the main 

mechanism of polysaccharide adsorption on mineral surfaces the different mechanisms 

were observed by different researchers for the same mineral-polysaccharide system 

[261]. However, for the flotation system, it was crucial to understand how the 

adsorption of each reagent takes place on the minerals surfaces and what was the 

adsorption capacity of each one to have more information about the rate of overcoating 

of the minerals and which adsorption processes were involved [262]. The adsorption 

behaviour of cellulose and derivatives polysaccharides various solid surfaces have been 

reported including kaolinite surface and other oxide minerals at different pHs, 

background electrolyte, and ionic strength. The polymer adsorbed onto the mineral 

surface through various interaction were reported by several researchers [262]. 
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Scheme 2. Structure of CDs (Repeating unit of glucose) shows the d-glucose units are 

linked through β -1, 4 bonds. ----O represents the continuation of the polymeric chain 

(2D chain)  respectively 

The reported studies revealed that CDs have a natural affinity towards these mineral 

surfaces. The majority of these works were carried out to understand the application of 

polymers as a depressant in flotation, mineral processing and selective flocculation 

system. However, not many reports were available regarding the polymers for the 

adsorption behaviour mechanism. Therefore, new interest to observe the adsorption 

behaviours of polymers (CL, Na-CMC, and HEC) onto a solid surface was performed. 

However, several studies were conducted in the past but the mechanism of adsorption 

of polysaccharides on solid surfaces was not yet well understood. Several researchers 

proposed that the mechanisms governing the adsorption of polymers (polysaccharides) 

onto mineral surfaces include hydrophobic interaction, hydrogen bonding, chemical, 

and electrostatic interactions [263-270]. However, the reasons for the selectivity of the 

adsorption behaviour of depressants onto minerals have not been accounted for. 
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Therefore, the physiochemical aspect for the adsorption behaviour of CL, Na-CMC and 

HEC onto solid surfaces from its aqueous solutions was the topic of research interest 

and gave CL, Na-CMC and HEC’s selective adsorption characteristics.  The 

experimental data were treated and modelled according to adsorption theories because 

adsorption has been an effective separation process for a wide variety of applications 

and comparison of linear regression and nonlinear regression analysis of Langmuir and 

Freundlich have been applied to the experimental data.  

The prime objective of this research was to establish an understanding of the adsorption 

behaviour of CL, CMC, Na-CMC and HEC onto solid surfaces and to determine the 

most desirable conditions to increase the applicability of selected polymers in various 

fields. The solid surfaces were evaluated with various physicochemical parameters such 

as zeta potential, specific surface area, pore diameter, pore-volume, particle size 

distribution, mesoporous nature employing various depth characterizations. Further, the 

validation of the adsorption data of aforesaid polymers two most common adsorption 

isotherm models namely Freundlich and Langmuir isotherms were considered. Based 

on the results, it was suggested that the physicochemical binding aspects of selected 

polymers onto solid surfaces were stabilized by H-bonding and other weak noncovalent 

interactions and such alteration could play a noteworthy role in the field of food, 

pharmaceutical, and industrial applications particularly in mineral processing by 

gaining a more developed understanding of the adsorption mechanism of cellulose and 

its derivatives onto various solid surfaces. 
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8. Objectives of the research work 

Following were the main objectives of the present research work:- 

• Modified adsorbents were synthesized and characterized employing various 

analytical techniques. 

• The adsorption of cellulose and its derivatives (CDs) such as 

carboxymethylcellulose, sodium carboxymethylcellulose, 

hydroxyethylcellulose as representative selection of polysaccharides onto these 

modified adsorbents. 

• The effect of various process parameters such as effect of concentration of 

adsorbate, dose of adsorbent, pH, ionic strength, temperature, contact time, 

sonication and the presence of urea, etc. on adsorption. 

• Observed data of studied adsorbent-adsorbate system were computed in terms 

of various adsorption models. 

• Surface characterizations of adsorbents/adsorbates were done by 

photoelectron spectroscopy (XPS). 

• Energetics of the studied adsorption system for evaluation of kinetic and 

thermodynamic parameters. 

• Density functional theory (DFT) calculations were performed using Gaussian 

16 program for some selected adsorbent-adsorbate systems. 

9. Proposed methodology 

• For the preparation of modified adsorbents chemicals such as H2SO4 and 

H2O2, etc. were used. 

• Modified adsorbents were prepared employing physical and chemical 

activation methods. 

• For the characterization of modified adsorbents FT-IR, UV-VIS, SEM, AFM, 

XRD, TGA, BET, BJH and, DFT, etc., techniques were used. 

• Batch mode adsorption experiments were conducted. 

• The residual concentration of cellulose and its derivatives was evaluated using 

UV-visible spectroscopy. 

• Effect of various process parameters such as pH, ionic strength, temperature, 

the concentration of adsorbents, amounts of adsorbents, etc. on adsorption 

were investigated. 

• Effect of sonication and presence of hydrogen bond breakers onto studied 

adsorption system were also investigated. 
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10. Importance of the work 

Adsorption is one of the effective methods to understand solid-liquid phase interaction 

analysis, which is used at the laboratory level. The importance of 

polysaccharides/polymers such as cellulose and its derivatives have been generally 

recognized. The use of CDs have been covered with a broad range of applications. 

Roughly speaking, it can classify these applications in terms of plastics, as thickening 

agents, or as coating materials, dispersant and depressant in mineral processing, etc. 

The work described in this thesis is related to CDs applied as adsorbate material for 

exploring the binding mechanism onto various slid surfaces. Often CDs are being used 

as an adsorbate for various industrial purpose, for instance, they provide the colloidal 

stability of the pigment in paints. The raw materials/polysaccharides are widely 

available from natural sources, they are non-toxic, and cause less harm to the 

environment than synthetic polymers. Since the interest in chemically modified CDs 

were still growing, more research concerning their behaviour at solid-liquid interfaces 

was needed. The use of new modified adsorbents was investigated as a replacement for 

existing non-economical methods for synthesis of adsorbent for understanding 

adsorption mechanism of CDs at solid-liquid interfaces. Nowadays, the relevance of 

understanding the adsorption behaviour of CDs at solid-liquid interfaces was an area of 

research interest. This detailed understanding of the adsorption behaviour was needed 

to develop new or to improve current applications of CDs. The simple laboratory 

experimental observations that could allow macroscopic evaluation of adsorption 

behaviour of polysaccharides onto a solid surface and would provide a new idea for the 

adsorption mechanism aspects onto solid-liquid interfaces during mineral processing 

and other allied applications. The applicability of CDs mainly depends on the 

adsorption mechanism during the solid/liquid interface.  However, a satisfactory 

common adsorption mechanism of CDs onto solid surfaces was not established. 

Therefore, there was a need and area of research interest to explore the binding 

mechanism of CDs onto various solid surfaces. During the mineral processing like 

flotation of sulfide minerals highly toxic inorganic species were used as dispersant and 

depressant which ultimately cases environmental toxicity. Therefore, there was an 

urgent need for various alternative nontoxic dispersant and flocculants. This present 

study has provided clear understating related to the adsorption behaviour of CDs onto 

various solid surfaces.  Thus, the use of studied potential adsorbates may contribute to 

the sustainability of the environment also.  
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11. Outline of this thesis 

The main objective of the present research work was to explore the adsorption 

mechanisms that play an important role during the adsorption of cellulose and its 

derivatives namely carboxymethyl cellulose, sodium carboxymethyl cellulose and 

hydroxyethylcellulose (CMC, HEC, NaCMC) onto various solid surfaces. The effect 

of various process parameters like concentration of polymers, the dose of adsorbents, 

pH, salts concentration, the concentration of urea, DMSO, alcohols, contact time, 

temperature, and sonication during adsorption experiments were investigated. The 

theoretical aspects were also investigated employing density functional theory (DFT).  

The thesis consists of mainly seven chapters with some appendices as briefly described 

below:- 

Chapter 1 describes basic information related to cellulose and its derivatives and basics 

about the adsorption process. The literature survey of adsorption of cellulose and its 

derivatives onto various adsorbents including conventional and non-conventional (low 

cost) adsorbents, their sources and their viability have also been illustrated in this 

chapter. 

 

Chapter 2 presents the experimental methods and characterization techniques to 

characterize the synthesized adsorbent from various raw materials. It also deals with 

the details of methodology like physical and chemical methods for adsorbent 

preparation and solid-liquid interphase analysis for cellulose and its derivatives onto 

prepared solid surfaces (adsorbents). A brief discussion on Fourier-transform infrared 

spectrometer (FTIR), attenuated total reflection-Fourier transform infrared (ATR-

FTIR) spectrometer, scanning electron microscope (SEM), energy dispersive X-Ray 

analysis (EDX), elemental mapping analysis (EMA), powder X-ray diffraction (PXRD), 

Brunauer–Emmett–Teller (BET) surface area analyzer, X-ray photoelectron 

spectrometer (XPS), thermogravimetric analysis (TGA), advanced high-intensity 

ultrasonicator (AHIU), zeta-potential analysis and ultraviolet-visible (UV-Vis) 

spectrophotometer have been provided in this chapter.  

In chapter 3, the adsorption mechanism of carboxymethylcellulose onto mesoporous 

mustard carbon has been described. Carboxymethylcellulose (CMC) is a versatile 

polymer for several industrial applications consisting of oil drilling, detergents, food 

and beverage, papers, ceramics, coatings, and other promising usages. The lack of 
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exploration of the CMC's binding mechanism on solid surfaces in the aqueous setting, 

indeed, retards its applications. An attempt has, therefore, been made here to enhance 

the understanding of the binding aspect of CMC on mesoporous mustard carbon 

(MMC). The MMC had a typical surface area (SBET) of 16.576 m2g-1, primarily 

distributed by mesopores (average pore diameter and total pore volume of MMC were 

found to be 12.432nm and 0.051cm3g-1, respectively). The electrokinetic findings 

indicated that the MMC interface is negatively charged in basic medium, which 

favoured CMC adsorption acidic region. The adsorption free energy of CMC was found 

as -22.561 kJmol-1 which was in close agreement with H-bond energy revealing 

hydrogen bonding to be a dominant force for CMC (L2 type) adsorption which was 

also confirmed by high-resolution X-ray photoelectron spectrophotometer, attenuated 

total reflection Fourier transformation infra-red and urea test. A simple description of 

the binding aspects of CMC on the MMC can therefore support CMC as a promising 

adsorbate for various industrial applications. The optimized titled model, adsorbent-

adsorbate complex (MMC-CMC) considered in the theoretical study, is structured by 

mild to moderate noncovalent (intra- and intermolecular) interactions to assess the 

intermolecular interaction(s) between the adsorbent and adsorbate and is stabilized by 

these interactions. Based on binding energies (BEs), the FMO-based HOMO-LUMO 

gap, natural population analyses, the Bader's QTAIM-based parameters, and a recent 

measure reported recently as 'hydrogen bond strength based on interaction coordinate 

(HBSBIC)' with the deployment of computational B3LYP and M06-2X using 6-31+G 

basis set, the structural, stability, electronic, and charge transfer features were 

described. 

In chapter 4, the adsorption mechanism of carboxymethylcellulose onto functionalized 

accurel was included. The functionalized accurel (FA) was derived from 

polypropylene-based (MP1001). The physiochemical parameters of FA such as specific 

surface area (SBET) =34.472 m2/g, pore volume (Vp) =0.07-0.121 cm3/g, total pore 

volume (Vtp) = 0.115 cm3/g, mean pore diameter = 13.692nm and pore diameter 

=39.402nm was determined by Burner Emmitt Teller (BET) analysis. The batch 

shaking adsorption experiments with various parameters were tested and the 

equilibrium isotherm data were fitted with Freundlich, Langmuir, Temkin and 

Jovanovic model of adsorption and compared by determination coefficient (R2),  and 

found to obey the order as Langmuir (R2=0.9933)> Freundlich (R2=0.9830)>, 

Jovanovic (R2= 0.9428)> Temkin (R2 =0.8663). The infrared and X-ray photoelectron 
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spectral changes before and after adsorption were recorded which confirmed the 

hydrogen bonding between the carbonyl group of CMC and functional groups (-OH) 

present at the surface of FA in the region 288-280eV and 1772-1676cm-1, respectively. 

To understand the type, nature, and strength of interaction(s) involved in the adsorbent-

adsorbate complex (FA-CMC), a theoretical model is adopted herein this report. With 

the deployment of the DFT dispersion-corrected (DFT-D) and DFT approaches, the 

geometric, stability, and electronic feature analyses have been performed using the 

optimized structure, binding /interaction energy, HOMO-LUMO gap, natural 

population analyses, Bader’s quantum theory of atoms in molecules (QTAIM) based 

parameters. The reactive sites of the aforementioned species have been detected by 

using the molecular electrostatic potential surface (MESP) map. The exhibition of 

different geometrical and electronic features including the binding aspects of the 

adsorbate CMC onto the polymeric surface was exercised via CMC accumulation 

stabilized by H-bonding and other weak noncovalent interactions. 

In chapter 5, physiochemical aspects for the adsorption behaviour of sodium 

carboxymethylcellulose onto mesoporous granular fine quart surface from its aqueous 

solutions was mentioned. This chapter focused on adsorptive properties and the nature 

of the interaction between sodium carboxymethyl cellulose (NaCMC) and mesoporous 

granular fine quartz (MGFQ) applying various in-depth characterization techniques and 

adsorption isotherm models. The physiochemical parameters of MGFQ such as specific 

surface area (SBET) =11.34 m2/g, pore volume (Vp) =0.09 cm3/g, total pore volume (Vtp) 

= 0.09 cm3/g, mean pore diameter = 32.52 nm were determined. The thermal 

gravimetric analysis result revealed that NaCMC could be used at a specific 

temperature (251°C), which was suitable for its application. The equilibrium isotherm 

data were fitted with Langmuir, Freundlich, Temkin and Jovanovic model of adsorption 

and compared by linear determination coefficient (R2), obeyed the order as Freundlich 

(R2=0.9984)> Langmuir (R2=0.9194)>Temkin (R2 =0.8899)>Jovanovic (R2= 0.8709). 

The infra-red spectral changes in the region 1104 cm−1 and 1076 cm−1 suggested that 

NaCMC accumulates onto MGFQ which was stabilized by H-bonding and some other 

weak noncovalent interactions depending on the solution optimized conditions. 

.Chapter 6 illustrates the adsorption behaviour of polymers onto activated kaoline 

derived by physical method. The systematic investigation of the adsorption behaviour 

of polymers such as cellulose (CL), sodium carboxymethylcellulose (Na-CMC) and 

hydroxyethylcellulose (HEC) onto activated kaolin was studied by measuring kinetics 



Chapter - 1 

 

39 
 

and thermodynamic parameters. The specific surface area (SBET) of activated kaolin 

was SBET =18.57 m2/g. The electrophoresis measurements at pH 7.0 revealed that 

activated kaolin possesses a positive surface. Moreover, the adsorption data were 

analyzed by the adjusted R2 value of CL, Na-CMC and HEC. Adjusted R2 suggested 

the results were in favour of the data collected from the experiment. The equilibrium 

data of activated kaolin was studied using Freundlich, Langmuir, Elvoich and Halsey 

and it was found to best fit the Langmuir one. Experimental data of the present work 

were excellently fitted to the Langmuir equation since the adjusted R2 gave high 

correlation coefficients R2>0.99 than HEC and CL. The values of Langmuir constants 

indicate that the mechanism that contributes most to the adsorption process in all 

experiments was hydrogen bonding. This exploration of the adsorption behaviour of 

polymers onto activated kaolin provides substantial evidence to prove beyond doubt 

that adsorption mainly occurs via hydrogen bonding followed by some electronic 

interactions. 

Conclusions and prospects of the present work have been described in chapter 7. The 

overall aim of the work was to explore the adsorption behaviour of cellulose and its 

derivatives onto various solids. Last but not the least, the studied alternative adsorbents 

were found to be highly effective to explain solid-liquid phase integration analysis 

between polymers and various solid surfaces. In many (industrial) processes, cellulose 

and its derivatives have been found successful applications as an effective thickening 

agent in paints, preventing settling of pigment, additives to improve the retention of 

fibres, dispersants due to their characteristics properties. Nowadays, the relevance of 

understanding the adsorption behaviour of polysaccharides (cellulose and its 

derivatives) at solid-liquid interfaces is an area of research interest. This detailed 

understanding of the adsorption behaviour was needed to develop new or to improve 

current applications of cellulose and its derivatives. The simple laboratory experimental 

observations that could allow macroscopic evaluation, the adsorption behaviour of 

polysaccharides onto a solid surface and would provide a new idea for the adsorption 

mechanism aspects onto solid-liquid interfaces during mineral processing and other 

allied applications. The applicability of polysaccharides mainly depends on the 

adsorption mechanism.  However, a satisfactory common adsorption mechanism of 

polysaccharides and their derivatives onto solid surfaces was not established. 

Therefore, there was a need to explore the binding/adsorption mechanism of 

polysaccharides and their derivatives) onto various solid surfaces. During the mineral 
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processing like flotation of sulfide minerals highly toxic inorganic species were used as 

dispersant and depressant which ultimately cases environmental toxicity. Therefore, 

there was an urgent need for various alternative nontoxic dispersant and flocculants. 

Thus, the use of studied potential adsorbates may contribute to the sustainability of the 

environment also. Undoubtedly, the present study could explore the insight related to 

the adsorption mechanism of polysaccharides onto solid surfaces and tested adsorbates 

seem to offer a lot of probable benefits for commercial purpose in future. Hence, the 

adsorption of cellulose and its derivatives onto various solid surfaces could also open 

new possibilities for various industries.  
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Abstract 

This chapter describes as to working principles and specifications of the each 

equipment employed for in-depth characterizations of the adsorbents, adsorbates 

and adsorbent-adsorbate systems during this research work. A brief discussion of 

method used for preparation of various adsorbents and their physicochemical 

parameters employing Fourier-transform infrared spectrometer (FTIR), attenuated 

total reflection-Fourier transform infrared (ATR-FTIR) spectrometer, scanning 

electron microscope (SEM), energy dispersive X-Ray analysis (EDX), elemental 

mapping analysis (EMA), powder X-ray diffraction (PXRD), Brunauer–Emmett–

Teller (BET) surface area analyzer, X-ray photoelectron spectrometer (XPS), zeta 

potential analyzer (ZPA) thermogravimetric analysis (TGA), advanced high-intensity 

ultrasonicator (AHIU) and ultraviolet-visible (UV-Vis) spectrophotometer has been 

mentioned in this chapter. It also deals the methodology of adsorption process 

applied for cellulose and its derivatives (CDs) onto various solid surfaces. 
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1. Introduction  

Characterization, when used in materials (CDs and adsorbents) analysis, refers to the 

broad and general process by which a material's structure and properties were probed 

and measured. It could be a fundamental process in the field of materials 

cauterizations, without which no scientific understanding of analysis of materials 

could be ascertained. Analysis of materials characterization is the basis for 

understanding the composition and determination of various parameters when the 

materials are put into use. We have tried to give a brief description of some of the 

most common techniques available for determination of physiochemical parameters 

of CDs and various adsorbents [1]. The aim of this section was to facilitate the 

comprehension of the work in term of structural characterization and, in some way, to 

include a general description of a group of basic structural characterization techniques 

in a clear way. For that, the principles in which the different techniques were depends 

were presented. Additionally, the instrumentation used in each case is basically 

described, without entering in any case in detail. For a reader interested in more 

details, a group of additional readings have been included. The adsorption of CDs 

were carried out onto various solid surfaces. The solid surfaces were successfully 

prepared from various sources using important agricultural wastes, after only one 

simple modification step, and utilized for adsorption for CDs from their aqueous 

solutions. The physicochemical characterizations and experiments were confirmed by 

several depth characterization techniques.  

2. Experimental 

2.1. Chemicals and reagents 

All the reagents used for synthesis and experimental studies were of analytical and 

laboratory grade. The mustard cake (MC) was purchased from a local mill, M/s 

Shyam Enterprises, Lucknow, India. The accurel product (MP 1001) having average 

pore diameter 0.014μm was a generous gift by Accrual System, Membrana GmbH, 

(Obernberg, Germany). Its trade name is Accrual.  The tea waste was collected from 

local tea stalls and houses. The granular fine quartz (99.9%), Kaoline (99.9%), extra 

pure sodium carboxymethylcellulose (99.5%), sodium hydroxide (98%), hydrochloric 

acid (35.5%), potassium chloride (99.5%), methanol and isopropyl alcohol (99.9%), 
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Photograph 1. ACMF (Thermo WW-33900-40) 

Source. CSIR-IITR, Lucknow 

sodium sulphate (99.9%), sulfuric acid (98%), cetrimide (96%) and dimethyl 

sulfoxide (99%) used were purchased by Loba Chemie Pvt. (Maharashtra, India). 

Urea (99%) was supplied by Fisher Scientific: Lab Equipment and Lab Supplies 

(Massachusetts, United States). Reference activated carbon 20-40 mesh (99.97%) 

purchased from Sigma Aldrich Chemie Gmb H. (Steinheim, Germany) was used for 

iodine and molasses test. Iodine resublimed (99.8%) was purchased by Sisco 

Research Laboratories Pvt. Ltd. (Maharashtra, India).Organic sugar, brown (100%) 

was supplied by Pro Nature (Maharashtra, India). High-purity grade of nitrogen gas 

(99.999%) and helium gas (99.9999%) were used for physiochemical characterization 

of the sample supplied by Krishna Gas Agencies (Lucknow, India). The double 

distilled water (DDW) was prepared using double distillation unit (GLDD15AQ, 

Glassco Laboratory Equipment Pvt. Ltd, Ambala Cantt., India) and used for the 

preparation of modified adsorbent, batch adsorption experiments and other required 

purpose throughout of this study. 

2.2. Methods 

2.2.1. Preparation of adsorbents 

2.2.1.1. Carbonization method 

The raw materials were crushed and washed with distilled water followed by drying 

in sunlight. This material was treated with 20 wt% H2O2 /H2SO4 at 60 °C for 24 h to 

oxidize the adhering organic 

matter and it was washed multiple 

times using double distilled water 

[2]. This powder was burned in 

the presence of N2 gas at 715 °C 

for 25 min using Atmosphere-

Controlled Muffle Furnace 

(ACMF, Thermo WW-33900-40)  

(Photograph 1). The material, powdered mustard carbon was grounded and sieved in 

to obtain the desired particle sizes for further analysis. 

ACMF is a critical component for high-temperature laboratory heating, enabling 

samples to be heat-treated at temperatures exceeding 1000°C with low risk of cross-

contamination equipped with N2 gas flow digital controller panels. The defining 
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Photograph 2. MF (UTS AF-777). Source. LPC, 

DOC, BBAU, Lucknow 

characteristic of ACMF is that it separates the object to be heated from all byproducts 

of combustion from the heat source. With modern electrical furnaces, this means heat 

is applied to a chamber through induction or convection by a high-temperature 

heating coil inside an insulated material [3]. The experimental facility was provided 

by CSIR-IITR (Indian Institute of Toxicology Research), Lucknow (CSIR-IITR, 

Lucknow). 

2.2.1.2. Calcination method 

The samples were crushed and washed with distilled water followed by drying in 

sunlight. This material was treated 

with 20 wt% H2O2 /H2SO4 at 60°C 

for 24 h to oxidize the adhering 

organic matter [4] and it was 

washed multiple times using 

double distilled water. This 

powder was burned in the presence 

of O2 gas at 715 °C for 25 min 

using Muffle Furnace (UTS AF-777). The material, powdered mustard carbon was 

grounded and sieved in to obtain the desired particle sizes for further analysis. 

In the present study, Muffle Furnace (Agilent 5500) (Photograph 2) was used to for 

calcination purpose of the samples from Laboratory of Physical Chemistry, 

Department of Chemistry, Babasaheb Bhimaro Ambedkar University (A Central 

University) Lucknow (LPC, DOC, BBAU, Lucknow). 

2.2.1.3. Oxidation method 

The polypropylene, an inactive material was dried for 24 hrs under vacuum. To get 

modified polymeric surface the dried polypropylene was treated with an oxidizing 

solution containing a 1:1:2 (by weight) mixture of H2SO4, CrO3, and double-distilled 

water; in the 500 ml volumetric flask with a thermometer [5]. After the treatment for 5 

min, the new modified polypropylene was obtained from the slurry under stirring (30 

ppm) at atmospheric pressure and 70°C, on a thermostat heating plate. The sample 

was washed first with double distilled water and then with acetone and finally, the 

modified polypropylene was ground and passed through a 100 mesh sieve and stored 

in a desiccator for further use. 
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Photograph 3.  Hot Air Oven (SDO-4554). 

Source. LOS, DOC, BBAU, Lucknow  

Photograph 4.  CS. Source. IPC, IISc, 

Bengaluru  

2.2.1.4. Physical method 

The supplied materials was washed with double distilled water in order to avoid 

possible interference during the 

determination of physicochemical and 

absorbance properties. It was then sun 

dried and grounded using pestle 

mortar. After proper crushing the 

material was kept in a hot air oven 

(JSGW/1210D/6, Jain Scientific Glass 

Works, Ambala Cantt., India) equipped 

with microprocessor based PID electric digital temperature controller at 110±1°C for 

3-4 h (Photograph 3). This facility was availed from Laboratory of Organic Synthesis, 

Department of Chemistry, Babasaheb Bhimaro Ambedkar University (A Central 

University) Lucknow (LOS, DOC, BBAU, Lucknow). After the cooling the sample at 

room temperature, it was sieved using standard test sieves  (BSS240, Continental 

Scientific Emporium, Lucknow, India ) to remove all the debris and was stored in 

desired sample tubes [6]. Finally, the derived material from physical method was 

obtained. These tubes containing desired adsorbents were kept in a desiccator 

(159PC/PP, Kasablanka Corporation, Mumbai, India) and further identities of the 

adsorbents were confirmed using stored samples by depth characterization 

techniques/experiments.  

2.2.2. Computational details 

Computational science is a discipline concerned with the design, implementation and 

use of mathematical models to analyse 

and solve scientific problems. 

Typically, the term refers to the use of 

computers to perform simulations or 

numerical analysis of a scientific 

system or process. DFT studies have 

been performed using Gaussian 16 

program with B3LYP representing 

Becke's three parameter hybrid 

exchange functional (B3LYP) and Lee-Yang-Parr correlation functional, 6-31+G (d, 
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p) as the basis set. In order to probe the noncovalent interactions (NCIs) engaged in 

the adsorbate-adsorbent system, the Bader's QTAIM tool was performed. 

Computational models are mathematical models used to numerically study the 

behaviour of complex systems by means of a computer simulation [7, 8]. The 

computationals studies  was performed using high advance computer  (Photograph 4) 

to help in interpretation the  experimental data. This computational studies were 

availed using computer  system (CS)  from Inorganic and Physical Chemistry - Indian 

Institute of Science, Bengaluru (IPC, IISc, Bengaluru). 

2.2.3. Adsorption study 

A stock solution (desired concentration) was prepared by dissolving appropriate 

amounts of CDs followed by vigorously stirred double distilled water and further 

stirring for 30 min. This solution was refrigerated for 24h then after it was used for 

further experiments (desired concentrations). After agitating the conical flasks for 

optimized time samples were withdrawn from the conical flasks. The adsorbent was 

separated from the polymer solution by centrifugation. The absorbance of the 

supernatant solution and residual concentration of polymers was determined by the 

earlier reported method [9] by spectrophotometrically at specific wavelength. The 

adsorption amount of CDs onto adsorbent was calculated using the following 

equation:  

                               𝛤 =
𝐶𝜊−𝐶𝑒

𝑚
× 𝑉                                                                          (1) 

Where 𝛤= Amount of the CDs adsorbed (mg/g), Co =Initial concentration of the CDs 

(mg/L), Ce=equilibrium concentration of the solution (mg/L), V=Volume (L) and W= 

Weight of adsorbent (g). 

 

Batch adsorption experiments were also carried out to investigate the effect of various 

factors like the initial concentration of CDs, adsorbent dose, pH, ionic strength 

(0.1mol/L), temperature (℃) and urea (0.1mol/L) and sonication, etc. 
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Photograph 5. Digital pH Meter (CL54+). 

Source. DOC, BBAU, Lucknow 

2.3.4. Characterization of samples  

2.3.4.1. Point of zero charge (pHZPC) 

The pHZPC is a very important surface parameter to characterize the acid-base nature 

of the solid material, therefore, the 

acidic-basic nature of adsorbents 

was determined by the salts 

addition method [10-14]. The ZPC 

values for adsorbent were 

evaluated using 0.1M NaNO3/KCl 

solution at room temperature. In 

this process, the 40 ml of 0.1M 

NaNO3 solution were taken in six different Stoppard bottles (100ml) namely 1, 2, 3, 4, 

5, 6, 7, 8  and then an initial pH value of 2.0, 4.0, 6.0, 8.0, 10.0, 12.0, and 14.0 were 

adjusted respectively by either 0.1 M HNO3 or 0.1 M NaOH solutions using digital 

pH meter.  The adsorbent (0.1 g) was added to each bottle. Each flask then was stirred 

at 500rpm on a magnetic stirrer (MS-M-S10, DLAB Scientific Pvt Ltd. Hyderabad, 

India) for 24 h (Photograph 5). After stirring the samples these were kept for 

equilibrium, and then was filtered using Millipore filter paper (0.45µm), the final pH 

of each bottle (filtrate) was recorded very carefully. The difference between the final 

and initial pH (ΔpH) values were calculated and then plotted against the initial pH 

values. The initial pH at which ΔpH was zero was taken as the pHPZC of the 

adsorbent. 

2.3.4.2. Iodine test 

The physio-chemical and adsorption characteristic of adsorbent was evaluated by 

percentage iodine removal (PIR) analysis. The following formula [15] was applied to 

calculate the PIR value for adsorbent:- 

𝑃𝐼𝑅𝑀𝑇𝑊𝐶 =
ml thiosulphate used for blank−ml thiosulphate used for sample

ml thiosulphate used for blank
× 100             (2)                                                           

The PIRadsorbent was evaluated which suggested that it follow a similar trend as 

reference activated carbon (RAC). This experimental study supports that adsorbent 

has sufficient adsorptive potential for present work. 
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Photograph 6. FTIR (Nicole 6700) Source. DOC, 

BBAU, Lucknow 

2.3.4.3. Molasses test 

The adsorptive characteristic of adsorbent was determined by percent molasses colour 

removed (PMCR) analysis. The PMCR adsorbent was determined using the following 

formula [15]:-  

PMCRadorbent =
Absorbance of blank−Absorbance of adorbent treated samples

Absorbance of blank
× 100      (3)                                                                

   

The PMCRadsorbent was evaluated which was similar trend indicator with   refrence 

activated carbon. The obtained data suggest that adsorbent has potential adsorption 

application for interpretation of the adsorption behaviour of CDs. 

2.3.4.4. Fourier transform infrared (FT-IR) spectroscopy 

Fourier transform infrared spectroscopy, also known as FTIR spectroscopy 

(Photograph 6), is an analytical 

technique used to identify organic, 

polymeric, and, in some cases, 

inorganic materials by scanning 

test samples and observe chemical 

properties [16]. It is a very 

powerful method for the 

identification of functional groups 

(CDs in the present study as an example Table 1). In general, the working principle of 

FTRI is to measure how well a sample absorbs or transmits light at each different 

wavelength [17]. FT-IR is used with the basic goal of determining changes in the 

intensity of infrared light as it interacts with a material as a function of wavelength. 

Therefore, infrared spectroscopy can applied as a very powerful tool for qualitative 

identification of different functional group and chemical bonds in different 

environment [18].  

Working principle: A muffle furnace is a piece of oven-type equipment with O2 flow 

rate control that can reach high temperatures. It usually works by putting a high-

temperature heating coil in an insulated material. The insulating material effectively 

acts as a muffle, preventing heat from escaping [19]. Furnace is usually heated to 

desired temperatures. In FT-IR analysis there are three commonly examined pieces of 
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data known as peak position, the peak width and the peak intensity. The peak position 

is probably the most commonly used for the identification of materials. These peaks 

are unique since, at characteristic frequencies, certain functional groups will display 

their own set of peaks [20]. This is because infrared techniques measure the 

vibrational energies of the molecules. In order for a molecule or functional group to 

be IR active, the dipole moment of the molecule must change. When the desired 

sample for testing is opaque, transmission experiments are not practical [21]. To 

overcome this problem, reflection experiments in the FT-IR become more 

appropriate.  

When the infra-red beams enter in the sample it can be reflected, transmitted or 

absorbed. The infra-red energy reflecting off the surface is typically lost. The infra-

red beam that passes through a particle can either reflect off the next particle or to be 

transmitted through the next particle. Scattered infra-red energy is collected by a 

spherical mirror that is focused onto a detector. These are the basics of how the 

diffuse reflectance mode of the FT-IR works [22].  

Sample analysis process  

i. The source: Infrared energy is emitted from a glowing black-body source. This 

beam passes through an aperture which controls the amount of energy presented 

to the sample (and, ultimately, to the detector). 

ii. The interferometer: The beam enters the interferometer where the “spectral 

encoding” takes place. The resulting interferogram signal then exits the 

interferometer. 

iii. The sample: The beam enters the sample compartment where it is transmitted 

through or reflected off of the surface of the sample, depending on the type of 

analysis being accomplished. This is where specific frequencies of energy, which 

are uniquely characteristic of the sample, are absorbed. 

iv. The detector: The beam finally passes to the detector for final measurement. The 

detectors used are specially designed to measure the special interferogram signal. 

v. The computer: The measured signal is digitized and sent to the computer where 

the Fourier transformation takes place. The final infrared spectrum is then 

presented to the user for interpretation and any further manipulation 
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With the help of FTIR spectra, the study of different adsorbents and CDs were carried 

out. Some selected wavenumbers for CDs has been shown in the following table. 

Table 1 General assignments of the most important IR absorption frequencies for 

CDs adapted from [17] 

Wavenumber (cm−1 ) Assignment 

3450–3570 
-OH stretch, intramolecular H-bridge between the -OH 

groups 

3200–3400 
-OH stretch, intermolecular H-bridge between the -OH 

groups 

2933–2981 -CH2 antisymmetric stretch 

2850–2904 -CH2 symmetric stretch 

2247 -CN 

1725–1730 -C=O stretch from acetyl or -COOH groups 

1635 Adsorption of water 

1591 -COO− in CMC 

1455–1470 
CH2 symmetric ring stretch at pyrane ring; OH in-plane 

deformation 

1416–1430 -CH2 scissors vibration 

1374–1375 -CH deformation 

1335–1336 -OH in-plane deformation 

1315–1317 -CH2 tip vibration 

1370, 1176–1162 -O–SO2–R (tosylates, mesylates) 

1277–1282 -CH deformation 

1225–1235 -OH in-plane deformation, also in -COOH groups 

1200–1205 -OH in-plane deformation 

1125–1162 -C–O–C antisymmetric stretch 

1107–1110 Ring antisymmetric stretch 

1015–1060 -C–O stretch 

985–996 -C–O stretch 

925–930 Pyran ring stretch 

892–895 
-C-anomeric groups stretch, -C1–H– deformation; ring 

stretch 

826–800 -C–O–S (tosylates, mesylates) 

800 Pyran ring stretch 
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Photograph 7.  ATR-FTIR (Bruker-Tensor 27). 

Source. DOC, IIT, Knapur 

2.3.4.5. Attenuated total reflectance-Fourier transform infrared (ATR-

FTIR) spectroscopy  

ATR stands for attenuated total reflection and is developed in order to enhance the 

surface sensitivity since IR 

spectroscopy is a bulk method. 

The ATR-FTIR is a useful 

technique for measuring the 

infrared spectra of solids and 

liquids as well as probing 

adsorption on particle surfaces 

without sample preparations [23]. 

Attenuated total reflectance (ATR) 

is a special accessory unit which can be used with Fourier transform infrared (FTIR) 

spectrometer (Photograph 7) hence the working principle of ATR-FTIR is similar to 

FTIR. The ATR technique is based on a special reflectance setup where the sample is 

pressed directly onto various crystals with high refractive indices [24]. It enables you 

to measure directly onto a solid state sample surface by pressing the sample towards 

an ATR crystal (e.g. diamond), including liquid and gas samples, thus avoiding the 

need to prepare pellets (small concentration of sample in e.g. KBr, mechanically 

and/or chemically dissolved) for use in the normal transmittance mode. Hence, the 

extensive, time-consuming and often cumbersome sample preparation by pressing 

thin KBr pellets as in traditional FTIR transmittance spectroscopy is avoided [25]. 

The traditional technique might even change the sample material in question. The 

ATR technique is based on a special reflectance setup where the sample is pressed 

directly onto various crystals with high refractive indices, e.g. diamond. When 

interpreting ATR-FTIR spectra where quantitative results are important, note that 

non-corrected ATR spectra have much stronger absorbance bands at longer 

wavelengths (smaller wave numbers) than at shorter wavelengths (larger wave 

numbers) compared to normal FTIR transmittance spectra [26, 27]. Qualitative 

measurements (location of absorbance peaks at wave numbers) do not represent a 

problem as long as the contact area is large enough to ensure a sufficient strong 

measurement signal [28]. 
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Photograph 8. X-ray diffraction (Panalytical) 

Source. ACMS, IIT, Kanpur 

Photograph 9.  X-ray Diffraction (Bruker ECOD8 

ADVANCE), Source. USIC, BBAU, Lucknow 

2.3.4.6. X-ray diffraction (XRD) 

X-ray diffraction (XRD) is one of the powerful characterization tools used in solid 

state chemistry and material 

science (Photograph 8, 9). The 

atomic planes of a crystal cause 

an incident beam of X-rays to 

interfere with one another as they 

leave the crystal. The 

phenomenon is called X-ray 

diffraction [29]. It is a material 

characterization technique that can 

be useful for analyzing the lattice structure of a material. The sample is irradiated with 

non-chromatic X-ray light and the stray radiation recorded. An important field of 

application is the identification of 

crystalline fractions in powders 

[30]. The X-ray radiation most 

commonly used is emitted by 

copper having characteristic 

wavelength of the K radiation is 

1.5418 Å. When the incident 

beam strikes sample diffraction 

occurs in every possible orientation of 2. The diffracted beam may be detected by 

using a moveable detector such as Geiger counter, which is connected to a chart 

recorder. In normal use, the counter is set to scan over a range of 2 values at a 

constant angular velocity. Routinely a 2 range of 10° to 80° is sufficient to cover the 

most useful part of the powder pattern. The scanning speed of the counter is usually 

2 of 2 °/min and therefore about 30 minutes are needed to obtain a trace [31]. 

Basic principle of XRD: XRD analysis uses the property of crystal lattices to diffract 

monochromatic X-ray light. This involves the occurrence of interference of the waves 

scattered at the successive planes which are described by Braggs equation [32 -33].  

 

                  n = 2d sinθ (n = 1, 2, 3)                                                            (4) 

 

Where  is the wavelength, n is the order of diffraction, d is the lattice plane distance 

and θ is the half the diffraction angle. This relation is used for the structure analysis of 

crystals.  
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Photograph 10. AFM (Agilent 5500). Source. 

DOC, IIT, Kanpur  

2.3.4.7. Atomic force microscopy (AFM) 

AFM is a type of scanning probe microscopy (SPM) (Photograph 10), with 

demonstrated resolution on the 

order of fractions of a nanometer, 

more than 1000 times better than 

the optical diffraction limit. The 

information is gathered by 

"feeling" or "touching" the surface 

with a mechanical probe one of the 

most important tools for imaging 

on the nanometer scale, AFM uses a cantilever with a sharp probe that scans the 

surface of the specimen [34]. AFM was developed when people tried to extend STM 

technique to investigate the electrically non-conductive materials, like proteins. In 

1986, Binnig and Quate demonstrated for the first time the ideas of AFM, which used 

an ultra- small probe tip at the end of a cantilever [35]. AFM provides a 3D profile of 

the surface on a nanoscale, by measuring forces between a sharp probe and the 

surface. The AFM has three major abilities: force measurement, imaging, and 

manipulation. It is powerful because an AFM can generate images at atomic 

resolution with angstrom scale resolution height information, with minimum sample 

preparation [36]. 

Principle of AFM:  Surface sensing an AFM uses a cantilever with a very sharp tip to 

scan over a sample surface. As the tip approaches the surface, the close-range, 

attractive force between the surface and the tip cause the cantilever to deflect towards 

the surface. However, as the cantilever is brought even closer to the surface, such that 

the tip makes contact with it, increasingly repulsive force takes over and causes the 

cantilever to deflect away from the surface [37]. 

Detection method:  A laser beam is used to detect cantilever deflections towards or 

away from the surface. By reflecting an incident beam off the flat top of the 

cantilever, any cantilever deflection will cause slight changes in the direction of the 

reflected beam. A position-sensitive photo diode (PSPD) can be used to track these 

changes. Thus, if an AFM tip passes over a raised surface feature, the resulting 
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cantilever deflection (and the subsequent change in direction of reflected beam) is 

recorded by the PSPD [38]. 

Imaging: An AFM images the topography of a sample surface by scanning the 

cantilever over a region of interest. The raised and lowered features on the sample 

surface influence the deflection of the cantilever, which is monitored by the PSPD. 

The AFM can generate an accurate topographic map of the surface features [39]. 

How are force measured? The probe is placed on the end of a cantilever (which one 

can think of as a spring). The amount of force between the probe and surface is 

dependant on the spring constant (stiffness of the cantilever and the distance between 

th probe and the sample surface. This force can be described using Hooke’s Law:  

F= -k·x                                                                 (5) 

F = Force k = spring constant x = cantilever deflection 

 If the spring constant of cantilever (typically ~ 0.1-1 N/m) is less than surface, the 

cantilever bends and the deflection is monitored. •This typically results in forces 

ranging from nN (10) to µN (10-6) in the open air [40]. 

Applications: The AFM has been applied to problems in a wide range of disciplines 

of the natural sciences, including solid-state physics, semiconductor science and 

technology, molecular engineering, polymer chemistry and physics, surface 

chemistry, molecular biology, cell biology, and medicine. It gives information about 

the toughness, roughness and smoothness value of surface. Applications in the field of 

solid state physics include (a) the identification of atoms at a surface, (b) the 

evaluation of interactions between a specific atom and its neighboring atoms. In 

molecular biology, AFM can be used to study the structure and mechanical properties 

of protein complexes and assemblies. For example, AFM has been used to image 

microtubules and measure their stiffness [41]. 

In present study, AFM (Agilent 5500) (Photograph 10) was used to analysis the 

surface roughness of the samples and their surface morphology in 3D view from 

Department of Chemistry, Indian Institute of Technology, Kanpur (DOC, IIT, 

Kanpur).  
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Photograph 11.  ZPA (NanoPlus Common), 

Source. DPS, BBAU, Lucknow 

2.3.4.8. Zeta potential analyzer (ZPA) 

Zeta potential is a scientific term for electrokinetic potential in colloidal dispersions. 

It is usually denoted using the 

Greek letter zeta (ζ), hence ζ- 

potential. The electric potential at 

the boundary of the double layer is 

known as the Zeta potential of the 

particles and has values that 

typically range from +100 mV to -

100 mV [42]. It is the potential 

observed at the shear plane. Zeta potential or electrokinetic potential is defined as the 

difference in the potential between shear plane and electroneutral region of the 

solution. Zeta potential is more important than Nernst potential because the electrical 

double layer also moves, when the particle is under motion [43]. 

 Zeta potential measurement: Zeta potential is not directly measurable, it can be 

calculated using theoretical models like electrokinetic phenomena and electroacoustic 

phenomena. 

Working principle: Zeta potential measurement principle (Laser Doppler 

Electrophoresis) many nanoparticles or colloidal particles have a surface charge when 

they are suspension. When an electric field is applied, the particles move due to the 

interaction between the charged particle and applied field [44]. 

Applications: ZP (ζ ) measurement is a very useful but often under-utilized technique 

that can provide information about the material surface-solution interface. Knowledge 

of ZP can be used to predict and control the stability of suspensions and emulsions; 

measurement of ZP is often the key to understanding dispersion and aggregation 

processes. The presence, or absence of charged groups/moieties on the surface of 

materials, as revealed by their ZP, can directly affect their performance and 

processing characteristics in suspension. The sign and magnitude of ZP affects 

process control, quality control, product specification; at the simplest level, it can help 

maintain a more consistent product and at a complex level it can improve product 

quality and performance. The zeta potential (ZP) can be used to evaluate the charge 

stability of a disperse system, such as liposomes; it is used to quantify the magnitude 
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Photograph 12. AHIU (Sonics, vibra-cell 500) s 

Source. SLPC, DOC, BBAU, Lucknow 

of the electrical charge of the lipid bilayer. A measurement is taken by applying an 

electric charge across the sample in a folded capillary flow cell [45]. 

In present study, ZPA (NanoPlus Common) (Photograph 11) was used to analysis the 

zeta potential and their colloidal stability in aqueous solutions of the samples from 

Department of Pharmaceutical Sciences, Babasaheb Bhimrao Ambedkar University 

(A Central University) Lucknow  (DPS, BBAU, Lucknow). 

2.3.4.9. Ultrasonication 

Sonication is a process in which sound waves are used to agitate particles in solution. 

Such disruptions can be used to 

mix solutions, speed the 

dissolution of a solid into a liquid 

(like CDs into water), and remove 

dissolved gas from liquids. The 

CDs solution was irradiated with 

ultrasonic waves (20 kHz, 750 W) 

for optimized time with help of 

ultrasonicater (Sonics, vibra-cell 20 kHz±50Hz, 750 W) [46]. 

Working principle: Sonication uses sound waves to agitate particles in a solution. It 

converts an electrical signal into a physical vibration to break substances apart. These 

disruptions can mix solutions, accelerate the dissolution of a solid into a liquid, such 

as sugar into water, and remove dissolved gas from liquids [47]. 

Applications : Sonication can be used for the production of nanoparticles, such as 

nanoemulsions, nanocrystals, liposomes and wax emulsions, as well as for wastewater 

purification, degassing, extraction of seaweed polysaccharides and plant oil, 

extraction of anthocyanins and antioxidants, production of biofuels, crude oil 

desulphurization, cell disruption, polymer and epoxy processing, adhesive thinning, 

and many other processes. It is applied in pharmaceutical, cosmetic, water, food, ink, 

paint, coating, wood treatment, metalworking, nanocomposite, pesticide, fuel, wood 

product and many other industries [48]. 

In current study, sonication using AHIU (Photograph 12) was applied to homogenize 

the samples in aqueous mediums and to observe the influence of sonication during the 

Distillation Unit (GLDD15AQ)  

Hot Air Oven (SDO-4554)  
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Photograph 13:  UV (Carry 100). Source: SIL, 

DOC, BBAU, Lucknow 

Photograph 14: of UV (Spectronic 20D+). 

Source: LPC, BBAU, Lucknow 

adsorption of CDs onto various solid surfaces. This facility was available at 

Laboratory of Physical Chemistry, Department of Chemistry, Babasaheb Bhimrao 

Ambedkar University (A Central University) Lucknow (LPC, DOC, BBAU, 

Lucknow). 

2.3.4.10. Ultraviolet–visible spectrophotometry (UV–Vis or UV/Vis) 

UV-Vis spectrophotometer uses visible light and ultraviolet to analyze the chemical 

structure of substance. A 

spectrophotometer is a special type 

of spectrometer, which is used to 

measure the intensity of light. 

When ultraviolet light project to 

various substance, they will absorb 

it. Therefore, we can use UV-Vis 

spectrophotometer to measure 

the absorption of light by compound and can we determine molecular structure, as 

well as the related information [49]. 

Principle: UV-Vis is often called a general technique, as most molecules absorb light 

in the UV-visible wavelength 

range. The UV range extends from 

100–400 nm, and the visible 

spectrum ranges from 400–700 nm. 

The spectrophotometer is a much 

more refined version of a 

colorimeter [50]. In a colorimeter, 

filters are used which allow a broad 

range of wavelengths to pass through, whereas in the spectrophotometer a prism (or) 

grating is used to split the incident beam into different wavelengths. By suitable 

mechanisms, waves of specific wavelengths can be manipulated to fall on the test 

solution. The range of the wavelengths of the incident light can be as low as 1 to 2 

nm. The spectrophotometer is useful for measuring the absorption spectrum of a 

compound, that is, the absorption of light by a solution at each wavelength [51]. 

Molecules containing bonding and non-bonding electrons (n-electrons) can absorb 
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energy in the form of ultraviolet or visible light to excite these electrons to higher 

anti-bonding molecular orbitals.  

Quantitative relationships for optical spectroscopy: 

Beer and Lambert laws 

            𝐴 = 𝜀𝑏𝑐                                                              (6) 

𝐴 =  −𝑙𝑜𝑔 𝑇 = 𝑙𝑜𝑔
𝐼0

𝐼
= 𝜀𝑏𝑐 

𝑇 =
𝐼

𝐼0
 

(Where A= Absorbance, I0= intensity of incident light, I= Intensity of emitted light =

 molar absorptivity coefficient  , T= Transmittance, b= path length of sample, c 

=molar concentration of solute) 

From the Beer-Lambert law it is clear that greater the number of molecules capable of 

absorbing light of a given wavelength, the greater the extent of light absorption [52]. 

Instrumentation and working of UV-visible spectrophotometer: Instrumentation 

and working of the UV spectrometers can be studied simultaneously. Most of the 

modern UV spectrometers consist of the following parts- 

Light Source: Tungsten filament lamps and Hydrogen-Deuterium lamps are most 

widely used and suitable light source as they cover the whole UV region. Tungsten 

filament lamps are rich in red radiations; more specifically they emit the radiations of 

375 nm, while the intensity of Hydrogen-Deuterium lamps falls below 375 nm [53].  

Monochromator: Monochromators generally composed of prisms and slits. The most 

of the spectrophotometers are double beam spectrophotometers. The radiation emitted 

from the primary source is dispersed with the help of rotating prisms. The various 

wavelengths of the light source which are separated by the prism are then selected by 

the slits such the rotation of the prism results in a series of continuously increasing 

wavelength to pass through the slits for recording purpose. The beam selected by the 

slit is monochromatic and further divided into two beams with the help of another 

prism [54]. 
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Sample and reference cells: One of the two divided beams is passed through the 

sample solution and second beam is passé through the reference solution. Both sample 

and reference solution are contained in the cells. These cells are made of either silica 

or quartz. Glass can't be used for the cells as it also absorbs light in the UV region. 

Detector: Generally two photocells serve the purpose of detector in UV spectroscopy. 

One of the photocell receives the beam from sample cell and second detector receives 

the beam from the reference. The intensity of the radiation from the reference cell is 

stronger than the beam of sample cell. This results in the generation of pulsating or 

alternating currents in the photocells. 

 Amplifier: The alternating current generated in the photocells is transferred to the 

amplifier. The amplifier is coupled to a small servometer. Generally current generated 

in the photocells is of very low intensity, the main purpose of amplifier is to amplify 

the signals many times so we can get clear and recordable signals.  

Recording devices: Most of the time amplifier is coupled to a pen recorder which is 

connected to the computer. Computer stores all the data generated and produces the 

spectrum of the desired compound [55]. 

In current study, the absorbance of the supernatant and residual concentration of CDs 

from aqueous solutions onto various solid surfaces were determined by the earlier 

reported method by spectrophotometrically (Photograph 13, 14) at specific 

wavelengths. This facility was available at Laboratory of Physical Chemistry and 

Department of Chemistry, Babasaheb Bhimrao Ambedkar University (A Central 

University) Lucknow (LPC & DOC, BBAU, Lucknow). 
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3. Conclusions  

This chapter describes the role of several techniques for the characterization of CDs 

and various adsorbents during this research work. Through this comprehensive 

summary of characterization methods and instrumental techniques we described how 

they can complement each other and utilized for various studies. By presenting the 

role of each technique in a comparative way, it may act as a robust platform, helping 

the scientific community to understand better the titled topic. In this way, researchers 

will be benefited for the choice of the most suitable techniques for their 

characterization for CDs and adsorbents including allied materials, together with the 

ability to assess their use in a more precise manner.  
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Abstract 

Carboxymethylcellulose (CMC) is a versatile polymer for several industrial applications 

such as oil drilling, detergents, food and beverage, papers, ceramics, coatings, and 

other promising usages. The lack of exploration of the binding mechanism of CMC on 

solid surfaces in the aqueous system, indeed, retards its applications. An attempt has, 

therefore, been made here to enhance the binding aspect of CMC on mesoporous 

mustard carbon (MMC). The typical BET surface area (SBET) =16.576 m2g-1 was 

primarily distributed by mesopores (average pore diameter and total pore volume was 

12.432nm and 0.051cm3g-1, respectively). The electrokinetic findings indicated that the 

MMC interface is negatively charged with point of zero charge value of 9.8, which 

favoured CMC adsorption at a specific pH value (pH=3.0). The adsorption free energy 

of CMC was found as -22.561 kJmol-1 which was in close agreement with H-bond 

energy revealing hydrogen bonding to be a dominant force for CMC (L2 type) 

adsorption and was also confirmed by high-resolution X-ray photoelectron 

spectrophotometer, attenuated total reflection Fourier transformation infra-red and 

urea test. A simple description of the binding elements of CMC on the MMC can 

therefore supports CMC as a promising adsorbate for various industrial applications. 

The optimized titled model, adsorbent-adsorbate complex (MMC-CMC) considered in 

the theoretical study, is modeled by mild to moderate noncovalent (intra- and 

intermolecular) interactions to assess the intermolecular interaction(s) between the 

adsorbent and adsorbate and is stabilized by these interactions. Based on binding 

energies (BEs), the FMO-based HOMO-LUMO gap, natural population analyses, the 

Bader's QTAIM-based parameters, and a recent measure reported recently as 

'Hydrogen Bond Strength Based on Interaction Coordinate (HBSBIC)' with the 

deployment of computational B3LYP and M06-2X using 6-31+G basis set, the 

structural, stability, electronic, and charge transfer features were described. 
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1. Introduction  

Carboxymethylcellulose (CMC) is a water-soluble natural polymer with carboxymethyl 

groups covalently linked to glucopyranose hydroxyl groups on the cellulose chains. It 

is a found naturally anionic monosaccharides with characteristics such as non-harmful, 

high biocompatibility, and biodegradability [1]. It's been used as a viscosity control, 

thickening agent, sizing agent, coating agent, emulsion stabilizer, and electrode binder 

in a wide range of industries [2-4]. It is widely used as a depressant, dispersant, and 

flocculant in mineral processing, especially in the flotation of sulphide ores [5]. The 

polymeric structure of the CMC contains multiple repeating units, each with three -OH 

groups which are often accountable for H-bonding [9]. Since so much effort has done 

into studying CMC adsorption on clay minerals, our understanding and knowledge of 

the binding interaction of CMC on metallic surfaces are growing steadily. As a result, 

the related problems received serious attention. According to Raju, the adsorption of 

polymers (dextrin) to graphite was mainly due to hydrophobic-hydrophobic 

interactions [10]. CMC adsorption on graphite was investigated by Laskowski, who 

reported that pure high-quality graphite (Ceylon) adsorbs CMC well enough [11]. 

Graphite that has been laboratory experiments purified using leaching techniques, on 

the other hand, demonstrates no enough CMC adsorption. Pugh, Healy, and Rath 

claimed that CMC adsorption on mineral water surfaces is controlled by several 

interrelationships of electrostatic, hydrophobic, hydrogen bonding, and chemical 

interactions, even though there was no evidence of CMC adsorption on minerals that 

was selective [12-16]. Jenkins suggested another binding mechanism for CMC onto 

minerals, claiming that adsorption occurred on the basal planes due to the hydrophobic 

influence [17-19]. Rath and Jucker, on the other hand, implemented that the hydrogen 

bond was extremely important in the binding of polysaccharides to solids [20, 21]. 

Bakinov confirmed substantial changes in the carboxyl group after solid surface 

adsorption employing spectroscopic techniques and established that these spectral 

changes were caused by an interaction between the carboxyl group and metal ions 

present on the adsorbent (talc) surface [22]. Furthermore, when infrared spectra were 

obtained using a transmission with dried samples, the certain deduction from polymer 

binding mechanisms was typically overshadowed by the substantial change in the 

polymer environment during dehydration. Furthermore, no infrared spectra have been 

simply indicated in this work. Wang likewise utilized infrared spectroscopy on a dry 



Chapter - 3 

 

87 
 

sample to support the hydrogen bonding phenomenon [23]. The adsorption of polymer 

on solid materials, as observed by Cuba primarily through in vitro studies film ATR 

FTIR spectroscopy (in liquid form), is accomplished through various separate 

interactions, specifically chemical complexation and hydrophobic interaction[24]. 

Fujimoto also investigated further into adsorption processes of CMC on amino-

terminated surfaces, revealed that CMC adsorbs on these selected applications to 

electrostatic interaction [25]. 

The above results were all meant to show how CMC interacts with talc solid surfaces 

(hydrophobic and hydrophilic minerals), metal particles, and hydrophobic self-

assembled monolayers [26-32]. With the exception of adsorption on inorganic 

materials, the binding mechanism of CMC with cellulose-based surfaces were studied 

in depth to optimize paper strength, inhibit vessel picking in papermaking, alter textile 

fibres, or irreversibly connect functional molecules [33-40]. Many of these CMC 

surface modification methods were based on the assumption that there was a particular 

interaction between CMC and cellulose that arises from structural similarities between 

the polyelectrolyte and biopolymer surfaces. Other interaction studies of CMC on 

cellulosic fibers or spin-coated regenerated cellulose model films from trimethylsilyl 

cellulose using a quartz crystal microbalance (QCM-D) and surface plasmon resonance 

(SPR) model Pure cellulose (CE), cellulose acetate (CA), partially deacetylated 

cellulose acetate (DCA), polyethene terephthalate (PET), and cycloolefin polymer 

(COP) [41-47]. Chanzy, Kondo, and Ozaki [48-50] have also described the hydrogen 

bonding structure in cellulose in an experimental environment. On contrary to 

crystalline cellulose, Wu investigated the structure of carboxymethyl cellulose sodium 

salt (NaCMC) [51].  

The literature shows notable adsorption phenomenon of CMC on different adsorbent 

but substantial mechanistic aspects of the interactions between CMC and solid surface 

is not well established. Therefore, the present work illustrates in-depth study of binding 

aspect of CMC onto mesoporous mustard carbon (MMC) using various characterization 

techniques. 
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2.2. Experimental 

2.2.1. Materials and methods 

The mustard cake (MC) was purchased from a local mill M/s Shyam Enterprises 

Lucknow, India). Analytical and laboratory-grade reagents were used for the synthesis 

purpose and experimental studies. Extra pure sodium carboxymethylcellulose (99.5%), 

sodium hydroxide (98%), hydrochloric acid (35.5%), potassium chloride (99.5%), 

sulfuric acid (98%), cetrimide (96%), urea (99 %) and dimethyl sulfoxide (99%), were 

purchased from Loba Chemie Pvt. Ltd. (Maharashtra, India).  

The mustard cake (MC) sample was crushed and washed with distilled water and then 

sun-dried. This material was treated with H2O2 (20 wt%) at 60oC for 24 h to oxidize the 

adhering organic matter and it was washed several times using double distilled water. 

This powder was burned in the presence of N2 gas at 715oC for 25 min. The material, 

mesoporous mustard carbon (MMC) was grounded and sieved to desired particle sizes. 

 

2.2. Characterization of materials 

2.2.1. Electrokinetics measurements 

 Using cetrimide solutions (0.002 M), the surface potential/point of zero charges (PZC) 

of MMC was calculated using the solid addition method. In a 100.0 mL stoppered 

conical flask, 40.0 mL of HCl and cetrimide solution were added. By adding either 0.1 

N HCl or 0.1 N NaOH, the pH of the solution was precisely adjusted between 2.0 and 

12.0. By adding the 0.1N KCl and cetrimide solution, the total volume of the solution 

in each flask was measured to exactly 50.0 ml. The solution's initial pH was then 

accurately measured. Each flask received 0.2 g of MMC. The suspension was shaken 

and allowed to remain for two days while being shaken intermittently. The pH of the 

supernatant liquid was measured at the end. The difference between the initial and 

final pH values was plotted against the initial value. The PZC was its point of 

intersection of the resulting curve where the pH value was zero. 

2.2.2 Microstructural and phase characterizations  

At a voltage of 10 kV, the microstructure of the MMC was examined using a field 

emission scanning electron microscope (W-SEM, JSM6010LA; JEOL 200). AFM 

(Agilent 5500) measurements in tapping mode with a V-shaped cantilever were used to 
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determine the topography and surface roughness of the samples (Si3N4). For laser beam 

reflection, the back of this cantilever was coated in gold. The NP-20 AFM probe was 

used in both air and water. X-ray diffraction (Rigaku Miniflex II desktop) was used to 

determine the crystallographic parameters of the MMC at copper K radiation 

(λ=1.5405). The 2-scan was performed at a scan rate of 2°/min between 20° and 80°. 

The copper goal had a voltage and current of 40 kV and 40 mA, respectively. The phase 

identification and indexing of peaks were done using a JCPDS card. 

2.2.3 Characteristics of functional groups 

The characterization of functional groups present in MMC was carried out using the 

attenuated total reflection Fourier transformation infrared (ATR-FTIR) (Bruker Tensor, 

27). The XPS experiments were carried out in an ultrahigh vacuum (UHV) with a high-

resolution X-ray photoelectron spectrophotometer (HR-XPS), a PHI 5000 Versa Prob 

II from FEI Inc. (1,486.6 eV; 100W; spot size, 10mm to 200 mm). Before the XPS 

study, all samples were vacuumed and dehydrated. The samples on the stub were then 

moved into the HR-analysis XPS's chamber, which had a background pressure of 1.5 

10-9 Torr. The pressed samples' surfaces were scraped in place to reveal new powder 

surfaces. At 187.85 eV, both survey and narrow area scans were performed. All data 

were background-subtracted, smoothed with a five-point quadratic Savitzky–Golay 

algorithm, and charge corrected to achieve binding energy of 285.0 eV for the carbon-

carbon bond. Casa XPS Version 2.3.17PRI.I and Origin Pro 8 SRO v8.0724 (B724) 

software were used to map and match the data. 

2.2.4 BET surface area measurements 

A high precision gas/vapour adsorption surface area analyzer (BELSORP-mini II) was 

used to measure the surface physical parameters of MMC (N2 isotherm, specific surface 

area, average pore diameter, and total pore volume, among others). A specific amount 

of MMC (0.24 g) was taken for pretreatment in the presence of N2 gas at 400°C under 

vacuum for approximately 5-6 hours before conducting BET analysis of MMC to 

exclude undesirable adsorbed entities. The BET analysis was carried out using a surface 

area analyzer after the MMC had been pretreated. BELMaster Version 2.3.1 software 

was used to collect all of the data. 

.  
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2.2.5 Adsorption measurements 

By dissolving sufficient amounts of CMC in distilled water, stirring vigorously for 30 

minutes, a stock solution of CMC (1000 ppm) was developed. The solution was then 

refrigerated overnight to completely hydrate CMC until filtration (Millipore 0.45μm) 

was used to eliminate any undissolved impurities. 

Standard solutions were made by diluting stock solutions further. Adsorption 

experiments in the batch mode were carried out. An accurately weighed quantity of 

MMC (0.2g) was mixed with a known volume (25ml) of CMC solutions of known 

concentration in a series of stoppered bottles and shaken until equilibrium adsorption 

was achieved. The adsorbent was filtered off using Millipore 0.45μm filter paper after 

a specified period (3-4 hours). The residual concentration of CMC was determined by 

clear solutions employing UV spectroscopy (UV-Visible spectrophotometer, Cary 100) 

at max = 265nm. The adsorption density of CMC onto MMC was calculated using the 

following equation [52]: 

𝑞𝑒 =
(𝐶𝑜−𝐶𝑒)𝑉

𝑚
                                                          (1)  

Where Co and Ce are initial and equilibrium concentrations (mg l-1) of CMC in the 

solution, V the volume (l), m the weight MMC and qe is the amount of CMC adsorbed 

by the MMC (mg g-1). 

Adsorption equilibrium data were obtained at different initial concentrations of CMC 

ranging from 100-700 ppm utilizing the stock solution, 45 mg of MMC, and 180 min 

contact time with 50mL CMC solution at room temperature for the Adsorption isotherm 

models analysis. 

 

2.2.7 Kinetic study 

The kinetic mechanism is critical in the adsorption process because it determines how 

CMC binds to MMC and regulates the entire adsorption process in terms of time. As a 

result, the kinetics experiments were carried out at room temperature with 100 ppm of 

CMC and 45 mg of MMC. The period of interaction between CMC and MMC was 

varied from 10 - 180 minutes to determine the kinetics data. 
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3. Results and discussion 

3.1 Charge measurement of MMC 

Figure 1 shows the results of the electrokinetic analysis, which illustrates that the 

MMC's surface was negatively charged. Since the PZC of the adsorbent is 9.8, the 

surface was positively charged at any pH below pHZPC and negatively charged at any 

pH above pHZPC. When the pH of the solution was lower than pHZPC, the repeat units 

of polysaccharides are more easily attracted to the positively charged surface of MMC, 

supporting CMC adsorption on MMC and thus increasing adsorption. When the pH was 

higher than pHZPC, the negatively charged surface repulsed the repeating units of CMC, 

resulting in decreased adsorption. 

 
Figure 1. Point of zero charges (PZC) of MMC by solid addition method 

 

3.2 Microstructural and phase analysis 

The average roughness parameter (Ra) of MMC (3.81nm) provides more active sites 

for CMC adsorption, as shown in the topographical image (Figure 2a). Figures (2b) and 

(2c) display SEM images of MMC and MMC adsorbed CMC, which clearly show the 

porosity and texture of a spongy aspect, fibrous surface with irregular and 

heterogeneous structure, and many pits and fissures through the surface, likely due to 

the strong oxidising agent H2O2, which caused some changes in the surface of the 

adsorbent. On the other hand, AFM was used to investigate the distribution of CMC at 

different pH levels, and it was observed that CMC was more widely distributed in an 

acidic medium than in a basic medium. At the same concentration (200 ppm), CMC 
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was more adsorbed on the adsorbent surface acidic region than basic medium (Figure 

3a, b). Several researchers [53-56] published similar findings for CMC in its aqueous 

environment.  Keeping these two pHs and the ZPC value of MMC (pHZPC = 9.8), the 

adsorption was carried out at both pHs and obtained result suggested that electrostatic 

interactions do affect the adsorption of CMC on MMC surface. Further, the average 

thickness of the adsorbed cluster is around 1 nm, it shows that a flat confirmation of 

this CMC on the MMC surface.  

 

Figure 2. (a) AFM images and SEM images of MMC (b) before adsorption (inset at 

high magnification) and (c) after adsorption of CMC. 

 

Figure 3. AFM images of CMC adsorbed on MMC at (a) pH 9.8, (b) pH 3.0. 
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The XRD spectrum shown in Figure 4 illustrates that the treated carbon from de-oiled 

mustered cake under optimum preparation condition is crystalline in structure. There 

are seven broad peaks centred on 2value of 25º, 30º, 37º, 47º, 52º, 54º and 63º. 

 

                    Figure 4. XRD spectrum of MMC 

 

3.3 Functional groups analysis 

The ATR-FTIR spectrum of synthesized MMC and CMC adsorbed on MMC are shown 

in Figure 5. The –OH stretching band at 3454 cm-1 was due to chemisorbed water and 

a surface hydroxyl group. The band near 876 cm-1 is due to -C-OH bond stretching 

which reveals that the condensation of C-OH groups was not complete on thermal 

treatment. The typical bands at 1040 cm-1 and 876 cm-1 for -C-O-C network vibrations 

were observed. The ATR-FTIR spectrum of CMC illustrates a band at 2920.8 cm−1 

which is attributed to C–H stretching of the –CH2 groups. The band at 1610.32 cm−1 is 

attributed to ring stretching of glucose. Additionally, there are bands in 1350–1450 

cm−1 due to symmetrical deformations of -CH2 and -COH groups. The appearance of 

peaks at 1060 and 1010 cm−1 is due to primary alcoholic –CH2OH and CH2 twisting 

vibrations, respectively. The ring stretching and deformation of α-D-(1–4) and α-D-(1–

6) linkages appears at around 714-610.70 cm−1. The ATR-FTIR spectrum of CMC 

adsorbed onto MMC/ water interface clearly shows the characteristics band at 1632.23 

cm−1 due to COO- of the carboxyl groups of CMC appeared to be less sharp and shifted 

to 1650 cm−1 after adsorption. The difference in ATR-FTIR spectrum is attributed to 

the hydrogen bond formation between carboxylate (COO-) ions of the CMC and surface 
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hydroxyls of MMC. Since, adsorption experiments were conducted at pH 3.0, under 

such condition the CMC gets ionized (pKa =3.3) and provides -COO- ions. The 

appearance of the XPS peak at 286.7 eV (Figure 5) attributes the presence of hydroxyls 

as evidenced by high-resolution XPS of MMC. Therefore, the possibility of hydrogen 

bonding between carboxylate ions and –OH surface hydroxyls cannot be ruled out. This 

observation was further confirmed by the fact that in the presence of urea amount of 

adsorption reduced significantly.   

 

Figure 5. ATR-FTIR spectra of MMC, CMC and adsorbed CMC. 

 

To determine the chemical composition of the MMC, and MMC adsorbed CMC XPS 

analysis was performed. The surveys scan of MMC in (Figure 6a) demonstrates that its 

oxygen content is around 17.4 %, suggesting abundant surface oxygenic functional 

groups. In the C 1s XPS spectra of MMC (Fig.6a), the peaks at 284.8, 286.7, and 288.9 

eV are ascribed to the sp2 hybridized (C–C), alcoholic (C–OH) and carbonyl (C=O) 

carbon atoms, respectively. The XPS survey scan of CMC was also performed as shown 

in Figure 6b, as well as high-resolution C 1s XPS spectra of CMC, was taken. The CIs 

XPS spectrum of CMC is deconvoluted into 3 peaks C-C, CC-H (283.60), O-C (284.34 

and O-C=O (287.01). The approach involves the subtraction of a shirley background 

followed by a charge correction referenced to C1s of adventitious carbon at 285.0 eV. 

After the adsorption of CMC onto the surface of MMC both XPS survey scan (Figure 
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6c.) and high-resolution C is XPS spectra were taken in which binding energy is 

different because the chemical shifts are related to electron density changes. This is due 

to available hydroxyl groups on MCC much interacts with carboxylate ion of CMC 

increasing in carbon-oxygen functional groups (C-O and C = O) of MMC. 

 

Figure 6. XPS spectra of (a) High-resolution C1s XPS spectra of MMC (inset XPS 

survey AlKPES), (b) High-resolution C1s XPS spectra of CMC (inset XPS survey 

AlKPES), (c) High-resolution C1s XPS spectra of MCC after adsorption of CMC 

(inset XPS survey AlKPES). 

3.4 Specific surface area and pore size distribution analysis 

In N2 adsorption-desorption process (Figure 7a) of MMC, the Brunauer–Emmett–Teller 

(BET) surface area (Figure 7b) was measured employing the standard BET equation 

[57]. The pore size distribution (Figure 7c) was calculated employing Barrett-Joyner –

Halenda (BJH) [58]. The BET analysis reveals that MMC had a surface area (SBET) = 

16.576 m2 g−1, (Figure 7b) which was primarily distributed by mesopores. The average 

pore diameter and total pore volume of MMC were found to be 12.432 nm and 

0.051cm3g-1 respectively. These obtained results confirm that the MMC is a 

mesoporous material having good adsorption capacity due to capillary condensation of 

CMC. 
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Figure 7. (a) N2 adsorption-desorption isotherm (b) SBET plot and (b) BJH plot of 

MMC by N2 adsorption data. 

3.5 Adsorption studies 

3.5.1 Effect of concentration and pH 

The effect of increasing concentrations of CMC solutions on adsorption onto MPP has 

been investigated by varying it in the range of 100 to 700 ppm. The results illustrate 

that the amount of adsorption increases with increasing the concentration of CMC 

(Figure 8a) and finally becomes constant. This is because with increasing concentration 

of CMC, the availability of CMC molecules at the interface increases, which in turn 

enhances the adsorption: Finally, when all the available sites on MMP surface are 

occupied, it becomes difficult for CMC to infract with the MMP surface, resulting in 

saturated adsorption. 

Adsorption isotherm of CMC onto MMC at different pHs was recorded (Figure 8b). It 

was found that the adsorption of CMC onto MMP surface at pH 3.0 was more in 

comparison at pH 9.8. Since it was observed that the adsorption density of CMC was 

reduced significantly with an increase in pH value from acidic to basic medium.  Thus, 

it can be concluded that electrostatic repulsion plays an important role in this system. 

 

Figure 8. (a) Plots illustrating the effect of concentration and (b) Adsorption isotherms 

at different pH values of CMC adsorption onto MMC surface. 
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3.5.2 Effect of ionic strength, temperature and time 

Adsorption of CMC on MMC was studied by using solutions of different ionic strengths 

(Figure 9a). The amount of adsorption increases with the increase of ionic strength; this 

is because of the screening effect of KCl. Therefore, at pH 9.8, the CMC and MMC are 

negatively charged, the addition of salt will reduce the electrostatic repulsion between 

them and thus increasing CMC adsorption density.  

The effect of temperature on adsorption of CMC has been studied in the temperature 

range of 30, 50, 70 and 90°C and the result shown in Figure 9b clearly illustrate the 

exothermic nature of adsorption. The amount of adsorption decreases with the rising of 

temperature which may be due to the enhanced escaping tendency of the CMC 

(adsorbate) from the surface of the MMC. With increasing temperature, the binding 

forces between the CMC and the surface are weakened and thus adsorption decreases. 

The findings clearly show that the saturation of the surface increases over time. Of 

course, more CMC molecules were interacting with the binding site on the MMC 

surface as time increases, resulting in increased amount of adsorption. 

 

Figure 9. (a) Plots illustrating the effect of ionic strength, (b) temperature and (c) time 

on adsorption of CMC onto MMC. 
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3.5.3 Adsorption of CMC onto MMC (with and without urea) 

To provide experimental proof to show that hydrogen bonding plays a vital role in the 

adsorption process in the present case, experiments were conducted by adding urea in 

the adsorbate solution. In the presence of urea, since urea is a hydrogen bond breaker, 

the amount of adsorption decrease significantly (Figure10). These results consist with 

this statement clearly illustrate that in the presence of urea, the amount of adsorption 

decreased significantly. Therefore, it is beyond doubt that hydrogen bonding plays an 

important role during adsorption.  

Figure 10. Plot showing the effect of urea on adsorption of CMC onto MMC 

 

3.5.4 Langmuir adsorption isotherm 

To obtain a better understanding of the binding mechanism of CMC on solids, the 

standard free energy of adsorption (G0
ads), was calculated. The adsorption isotherm of 

CMC on MMC shows a pseudo-Langmuir adsorption isotherm. The Langmuir 

equilibrium isotherm is based on the fact that the adsorption occurs at a specific 

homogenous site within the surface of adsorbent and monolayer sorption onto a surface 

with a finite number of identical sites assuming that there are no interactions between 

adsorbed molecules on the surface. Hence, the covered surface by the polymer (CMC) 

is given by the linearized equation as [59], 

𝐶𝑒

𝑞𝑒
=

1

𝐾𝐿𝐶𝑒
+

𝐶𝑒

𝑞𝑚
                                                    (2) 
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Where qe(mg/g) is the amount of solute adsorbed per unit weight of adsorbent, Ce(ppm) 

is the equilibrium concentration of solute, qm is the monolayer adsorption capacity 

(mg/g) and is a constant, and KL is a constant related to the free energy of sorption (KL 

α e−ΔG/RT). It is the reciprocal of the concentration at which the adsorbent is half-

saturated. Values of the constants were evaluated using a plot of Ce/qe vs. Ce (Figure 

11). 

Calculation of G0
ads of adsorption using Langmuir equilibrium constant 

(KL),  

The standard free energy of adsorption, G0
ads , related to the Langmuir equilibrium 

constant, KL, can be calculated using the flowing expression. 

∆𝐺𝑎𝑑 
0 = −𝑅𝑇𝑙𝑛𝐾𝐿                                                  (3) 

Where R is the general gas constant (8.314J/(mol K) and T is the absolute temperature. 

Several authors employed KL for the calculation of ∆G without its qualification 

(expressed instead of dimensionless in some concentration units (for example l mol-1, l 

g-1, ml mg-1, etc.) [60-63]. Therefore, before calculation of G0
ads we first expressed 

the value of KL dimensionless. From Eq. (ii) G0
ads was found as -22.561kJ/mol which 

demonstrates that adsorption of CMC on MPP is highly favoured (G0
ads < 0). Since 

the free energy of hydrogen bond formation is about −25kJmol-1, which is very close to 

the G0
ads of the CMC in the present case. These results further confirm the major role 

of hydrogen bonding rather than hydrophobic force in binding at the polymeric 

interface. 

3.5.5 Freundlich adsorption isotherm 

Freundlich adsorption isotherm was modeled to understand heterogeneous surface 

energy through monolayer adsorption of CMC onto MMC in an aqueous system 

employing Freundlich adsorption equation given below: 

ln 𝑞𝑒   =  ln𝐾𝑓 +𝑛 ln 𝐶𝑒                                      (4) 

Where, Kf = Adsorption capacity of the adsorbent  

By plotting the graph between ln qe   𝑣𝑠 ln Ce slope gave the value of n and intercept 

Kf. The Value of Freundlich parameters (Kf=0.0158), adsorption coefficient (n=0.0019) 

and correlation constant (R2=0.9972) was evaluated by Freundlich isotherm (Figure 11 
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b). The obtained equilibrium data gave close agreement to Langmuir (R2 = 0.9972) 

model than the Freundlich model (R2 = 0.9878) suggesting the surface homogeneity of 

the MMC and monolayer adsorption of CMC. 

 

3.5.6 Temkin isotherm 

Temkin isotherm model assumes that the adsorption heat of all adsorbate molecules 

decreases linearly with the increase in coverage of the solid surface, and adsorption is 

characterized by a uniform distribution of binding energies, up to a maximum binding. 

The linearized form of the Temkin isotherm equation given as: 

 

                          𝑞𝑒 = 𝐵1𝑙𝑛𝐾𝑇+ 𝐵1 𝐶𝑒
                                                                                         (5) 

 

Where, B1 is the Temkin energy constant (Jmol-1). KT is Temkin isotherm constant 

(Lmg-1). After plotting a graph between qe vs  Ce the isotherm constants b, (B1 = 0.1305) 

and (KT = 50.394) were obtained from slope and intercept, respectively (Figure 11C). 

 

Figure 11.  (a) Langmuir (b) Freundlich and (c) Temkin adsorption isotherm of CMC onto 

MPP at 300C 
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4. Kinetic studies 

The understanding of the dynamics of the CMC adsorption onto MMC was evaluated 

by kinetic models. Some of the important widely used kinetic models such as first order, 

second order, pseudo-first-order, and pseudo-second-order were applied to the 

adsorption kinetic data to observe the behaviour of CMC adsorption onto MMC. It was 

found that initially, the amount of adsorption of CMC occurs fast and at equilibrium 

time, becomes slow because in initial time large numbers of unoccupied surface sites 

of MMC were available for CMC adsorption. 

4.1 First-order kinetics equation  

For the evaluation of the first-order kinetic the linear form of the first-order kinetics 

equation were applied as given below: 

𝑙𝑛
𝐶𝑜

𝐶𝑡
     =      𝑘1𝑡                                                      (6) 

Where Co (ppm) and Ct (ppm) are concentration at the time zero (initial) and a given 

time‘t’ concentration of CMC in solution respectively. k1 (min-1) is the first-order rate 

constant. The k1=0.00084 min-1 and regression (R2= 0.9985) were determined by 

plotting the graph between ln (Co/Ct) vs t. For CMC, the obtained value of R2 =0.9985 

was more than 0.9, which shows a close agreement with a good fit of the kinetic 

experimental data (Figure 12a).  

 

Figure 12. Kinetic study for the adsorption of CMC onto MMC (a) first order (b) 

second order (c) pseudo-first order (d) pseudo-second-order 
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4.2 Second order rate equation  

The second-order kinetic mechanism was performed employing the linear form second-

order of kinetics equation as given in the equation below: 

1

(𝐶𝑜−𝐶𝑡)
     =      𝑘2𝑡                                                      (7) 

Where Co (ppm) and Ct (ppm) are concentration at the time zero (initial) and a given 

time‘t’ concentration of CMC in solution respectively. Where k2 is the second-order 

rate constant for the sorption process of CMC. By linear plot of (1/Qt – 1/Qo) against t, 

the k2 = 4.9X10-5 min-1 and regression R2 =0.99902 were calculated (Figure 12b). 

 

4.3 Pseudo-first-order kinetic equation 

To define the effect on increasing or decreasing concentration of CMC on the rate of 

first-order kinetic the assumption of pseudo-first-order kinetic was also performed.  

Therefore, there is no doubt that first-order reaction occurs by nature while the order of 

reaction was made by altering certain conditions. The pseudo-first-order kinetic was 

evaluated employing, the following linear form of pseudo-first-order equation:  

𝑙𝑜𝑔
(𝐶𝑜−𝐶𝑡)

𝐶𝑜
    = 𝑙𝑜𝑔 𝐶𝑜 −

𝑘1𝑡

2.303
                                       (8) 

 

Where, C0, Ct, and k1 are adsorption ability at equilibrium, adsorbate at time t and rate 

constant respectively. A plot of 𝑙𝑜𝑔 ((𝐶𝑜 − 𝐶𝑡))/𝐶𝑜 vs t parameter from sloe and 

intercept rate constant (k1=1.1135X10-5 min-1) and regression constant (R2=0.9967) 

(Figure 12c).  

 

4.5 Pseudo second order kinetics equation 

The pseudo-second-order kinetic rate was studied employing the following equation:-  

𝑡

𝐶𝑡
     =          

𝑡

𝑘2𝑄𝑒
2 +      

𝑡

𝑄𝑒
                                             (9) 

Where k2, Ct and Qe represent rate constant, the concentration at a given time‘t’ and 

amount adsorbed at equilibrium, respectively. By plotting the graph between  

𝑡/𝑄𝑡  𝑉𝑠   𝑡 , the value of K2=4.16X 10-5 min-1 Qe=490.00 g mg−1 min−1
 and R2=0.9564 

were calculated (Figure 12 d). The obtained kinetic adsorption data confirmed that the 

CMC adsorption onto MMC water interfaces was in close agreement with an overall 
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rate of CMC adsorption by MMC appeared to be highly controlled by the 

physicochemical process [63].  

Figure 13 inferences that MMC derived from the mustard cake have BET surface area 

16.576 m2 g−1 and mesoporous nature. The adsorption of CMC on MMC revealed H-

bonding interaction which was confirmed by the adsorption free energy of CMC (-

22.561kJ/mol). FTIR, XPS and urea testing further established the H-bonding as a 

dominant factor for the interaction between CMC and MMC. The variation in 

adsorption behaviour of CMC was explored with different concentration, pHs 

temperature and time, which provided ideal conditions of CMC adsorption (600ppm 

CMC concentration, 3.0 pH, 30º C temperature increased).  

 

Figure 13. Schematic representation an overall summary of the adsorption mechanism 

of CMC on MMC 

5. Computational details 

Computational experiments rooted in the density functional theory (DFT) play an 

important role in understanding the detailed atomistic features governing the 

performance of interface study of two interacting species. To fill this void, here we 

present a quantum chemical study about the intermolecular interaction(s) between 

adsorbent (functionalized coronene acquired from MMC) and adsorbate [dimer unit (α-D 

glucose) of the carboxymethyl cellulose (CMC)] nanostructure by choosing a model 

system. We pay particular attention to the geometries, molecular orbital analyses, 

charge transfer phenomenon, and the adsorption via the interaction phenomenon such 
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as BE, interaction energy obtained from the QTAIM tool. The role of the charge transfer 

from the adsorbate to the adsorbent surface is also tested. Moreover, we study the effect 

of interaction on the electronic properties of the adsorbate-adsorbent complex. 

 

In the present work, the DFT calculations were performed using Gaussian 16 program 

[64] with a hybrid functional B3LYP representing Becke's three-parameter hybrid 

exchange functional [65] (B3LYP) and Lee-Yang-Parr correlation functional [66,67] 

and 6-31+G (d, p) as the basis set. In the optimized geometry of the AAC, no imaginary 

frequency was obtained. To probe the noncovalent interactions (NCIs) involved in the 

MMC-CMC, Bader's QTAIM tool was performed [68]. 

 

The quantum chemical calculations suggest that the considered dimer unit (α-D 

glucose) of the carboxymethyl cellulose (CMC) (adsorbate) aggregates at the 

functionalized coronene (adsorbent) taken from the mesoporous mustered carbon 

(MMC) surface can be stabilized by the H-bonding and the other weak NCIs. The CMC 

aggregation model proposed in this study constructs a three-dimensional MMC/CMC 

interfacial structure and facilitates a better understanding of the CMC coverage and 

CMC adsorption energy (i.e. BE) with the MMC surface, theoretically. Particularly, a 

dimer complex forms by HBs and other weak conventional and nonconventional NCIs 

between two species (adsorbent as MMC and adsorbate as CMC) where CMC 

chemisorbs on the MMC surface. 

  

To the best of our knowledge, the reliability of the theoretical approach in producing 

the structural, stability, and electronic feature analyses of the MMC-CMC complex has 

not been evaluated yet and a detailed discussion of this is carried out here. To model 

the interaction(s) between the adsorbent and adsorbate (see Figure 14), we consider that 

the adsorbate as the monomer unit (α-D glucose) of the carboxymethyl cellulose (CMC) 

sitting on the adsorbent as functionalized coronene consisting of several weak to strong 

intra- and intermolecular interactions.  

5.1 Geometrical feature analyses and energetics 

The optimized structures of the adsorbate (CMC) (see the top in Figure 13), adsorbent 

(MMC) (see the bottom in Figure 13), and the complex (see Figure 14) with proper 

atomic labelling. Some useful geometrical parameters related to the three-atom H-
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bonded fragment of the adsorbate, adsorbent, and AAC model employed throughout 

this work, can be seen from Table 1.  

 

 
Figure 14. Optimized geometrical structures of the (a) Sucrose (Adsorbate, top) and 

(b) Coronene (Adsorbent, bottom) models considered in this work at M06-2X/6-31+G 

(d, p) level of theory. 

 

Figure 15. Optimized (Equilibrium) geometrical structures of the adsorbent-adsorbate 

Complex Model Considered in This Work at M06-2X/6-31+G (d, p) Level of Theory 
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Table 1 Covalent bonds associated with the intra- and intermolecular H-bonds and 

some selected covalent bonds of functionalized coronene at B3LYP and M06-2X level 

of theories with 6-31+G (d, p) Basis Set.  

System B3LYP/6-31+G (d, p) M06-2X/6-31+G (d, p) 

Sucrose O27-H44 (0.969) 

Intramolecular H-bond Case:  

O24-H43 (0.975), O6-H38 (0.970) 

 O27-H44 (0.968) 

Intramolecular H-bond Case:  

O24-H43 (0.972), O6-H38 

(0.969) 

Coronene O92-H93 (0.968) 

C-H (1.108) of CHO,  

C=O (1.204) of CHO 

O92-H93 (0.965)  

C-H (1.110) of CHO,  

C=O (1.198) of CHO 

Complex Intermolecular H-bonds Case:  

O27-H44 (0.978), O92-H93 

(0.980) 

Intermolecular H-bonds Case:  

O27-H44 (0.972), O92-H93 

(0.978) 

Intramolecular H-bonds in 

Sucrose:  

O24-H43 (0.977), O6-H38 (0.970) 

Intramolecular H-bonds in 

Sucrose:  

O24-H43 (0.974), O6-H38 

(0.969) 

Coronene: C-H (1.108) of CHO,  

C=O (1.206) of CHO 

Coronene: C-H (1.108) of 

CHO,  

C=O (1.202) of CHO 

 

In these model systems, one CHO group connected to a C atom of the central benzene 

ring, one COOH group linked to a C atom of the outer benzene ring, and an OH group 

attached to a C atom of the other outer benzene ring, are contained by the functionalized 

coronene system (MMC) (adsorbent). The original geometries of the adsorbent-

adsorbate complex were constructed by adjusting the adsorbates in orientation, which 

could maximize the number of NCIs between the adsorbent and adsorbate units. 

Moreover, in this theoretical model approach, the interaction(s) between the adsorbent 

and adsorbate unit is (are) considered from one side of the adsorbent surface to get the 

favourable BE. Some selected and important geometrical parameters of the covalent 

bond associated with the inter and intramolecular HBs of the equilibrium structure of 

the model interface in the gas phase are shown in Table 1. 

The HBs have been perceived as the strongest and the most directional of the intra-

/intermolecular interactions and hence these are the key components in the construction 

of supramolecular structures. The HB donors and acceptors are capable to come 

together in diverse ways with the proton donors approaching to interact with the proton 

acceptors. The O92 of the OH group of CMC and O24 of the OH group of the MMC 

unit are playing their role as proton acceptors to O27 and O92 atoms via H44 and H93 

bridging atoms, respectively, and form moderate intermolecular HBs. Similarly, O24 

and O6 are acting as a proton donor to O11 and O37 via H43 and H38 connecting atoms, 
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correspondingly and forming the moderate intramolecular HBs. Weak conventional (C-

H∙∙∙O) and nonconventional (C-H∙∙∙C and C-H∙∙∙H) HBs joins the molecules and thus 

appears to be responsible for the formation of the stabilizing AAC structure. The results 

presented in Table 2 reveal that the energetic compounds considered in the present 

investigation form a favourable and stable complex. The complex is strongly stabilized 

by the presence of two strong intermolecular HBs formed between HB accepting and 

donating sites of adsorbates to the complementary sites of the adsorbents. Two strong 

intramolecular HBs have been probed in the CMC (adsorbate). Furthermore, it fairly 

appears that eleven weak NCIs are also responsible for the formation of the stable 

complex. Further, small contributions from stacking interactions for complexes 

containing ring systems will also help towards the stability of the system. 

Table 2 The electronic parameters HOMO (in eV), LUMO (in eV), HOMO-LUMO 

gap (in eV), dipole moment (in Debye), and binding energy (BE) (kcal/mol) at B3LYP 

and M06-2X level of theories Using 6-31+G (d, p) Basis Set.  

Adsorbent (MMC) B3LYP/6-31+G (d, p) M06-2X/6-31+G (d, p) 

HOMO -4.881 -5.758 

LUMO -1.894 -0.996 

HLEG 2.917 4.762 

Dipole Moment 3.753 3.406 

Adsorbate (CMC) 

HOMO -7.178 -8.846 

LUMO -1.059 -0.199 

HLEG 6.119 8.647 

Dipole Moment 5.538 5.474 

Adsorbent-Adsorbate (MMC-CMC)  Complex 

HOMO -4.991 -5.940 

LUMO -2.046 -1.154 

HLEG 2.945 4.796 

BE -9.07 -14.15 

Dipole Moment 7.193 7.462 

 

To get a better understanding of the stability of the AAC, an analysis of the binding 

energy (BE) was carried out using two computational approaches. The BE engaged in 

the formation of a complex system (XY), for instance, is the difference of the energy 

of the particular species E(XY) and the energy associated with its monomer units 

[nE(X) and nE(Y); where ‘n’ is the no. of individual monomers units present in the 

compound and E is the total electronic energy of an individual species with the 

inclusion of a zero-point correction] as shown in the equation 9. Since the related BE 

can be formulated as:                  
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BE = E(XY) - nE(X) - nE(Y)                                         (9) 

The BE has been analyzed at the two levels of theories (B3LYP and M06-2X) in vacuo. 

Using the B3LYP functional, the BE value was -9.07 kcal/mol. To look into the change 

in BE value by varying the methods, the M06-2X functional was used and the computed 

BE (-14.15 kcal/mol) was found to be increased by -5.08 kcal/mol from -9.07 kcal/mol 

which may be due to the involvement of the dispersion correction in the dispersion-

corrected DFT (M06-2X) functional.   

4.2 Quantum theory of atoms in molecules (QTAIM) analyses  

Nowadays, the Atoms in Molecules (AIM) based on Bader's "quantum theory of atoms 

in the molecule (QTAIM)"69 is broadly used in probing the structure and reactivity of 

polyatomic molecules based on NCIs (weak to strong) present in a system. The special 

points in space which portrays the maxima, minima or saddle point of ED are well 

known as the critical points (CPs). As shown in Figure 15, among four kinds of the CPs 

[(3, −3), (3, −1), (3, +1) and (3, +3)] affirmed by Bader, the (3, −1) CP is frequently 

used and the related atomic interaction line highlights that electronic charge density is 

accumulated between the nuclei that are bonded, is represented by the presence of (3, 

−1) CP. Since it is known as a bond path (BP) and the (3, −1) CP is referred to as bond 

critical point (BCP) which is a descriptor (a necessary and sufficient condition) for the 

NCIs (holding a BP) between two atoms. Indeed, the BCP plays an important role in 

describing the molecular structure as it forms it possible to make the presence of 

binding between the atoms via valence bonds and NCIs. The value of the delocalization 

index (DI) can be directly interpreted as the bond order.  

     

The QTAIM tool has facilitated details of the important parameters of the NCIs for 

instance, bond path length (BPL), ED ρ(r), potential energy density [V(r)], Laplacian, 

∇2ρ(r), and delocalization index (DI), that are displayed in Table 3. The QTAIM 

technique can be used to probe the energy of intra/intermolecular (stabilizing) primary 

(covalent) or secondary (noncovalent) interactions[70]:    

E = 1/2V(r) ~ E  = 313.754 V(r)                                    (10) 

where E (au or kcal/mol) is the energy of intra-/intermolecular (stabilizing) primary or 

non-covalent interactions).  
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Table 3 Some selected and important QTAIM based parameters and HBSBIC values 

for the conventional and nonconventional noncovalent interactions (NCIs) of the 

adsorbent-adsorbate complex at M06-2X/6-31+G (d, p) level of theory.  

NCI BL(Å) BPL(Å) ρ (au) ∇2ρ (au) V(r) 

(kcal/mol) 

(HBSBIC) 

DI (au) 

Conventional H-bond (Moderate) 

O27-

H44∙∙∙O92 

1.930 3.731 0.0250 +0.0799 -6.40 (0.101) 0.0639 

O92-

H93∙∙∙O24 

1.836

  

3.543 0.0310 +0.1028 -7.91 (0.192) 0.0746 

O24-

H43∙∙∙O11 

1.885 3.637 0.0275 +0.0904 -7.03 (0.143) 0.0663 

O6-

H38∙∙∙O37 

2.066 3.978 0.0177 +0.0574 -4.58 (0.150) 0.0432 

Conventional H-bond (Weak) 

C2-H10∙∙∙O24 2.292 4.399 0.0164 +0.0599 -4.08 0.0456 

C4-H12∙∙∙O95 2.435 4.648 0.0098 +0.0348 -2.20 0.0333 

C2-H10∙∙∙O95 2.326 4.447 0.0127 +0.0421 -2.95 0.0404 

C32-

H23∙∙∙O95 

2.504 4.778 0.0097 +0.0349 -2.26 0.03 

C20-

H22∙∙∙O11 

2.595 5.255 0.0097 +0.0380 -2.20 0.0243 

C73-H76∙∙∙O6 2.629 5.032 0.0076 +0.0267 -1.57 0.0303 

C94-

H96∙∙∙O92 

2.726 5.210 0.0074 +0.0245 -1.44 0.0187 

C94-

H96∙∙∙O27 

2.642 5.038 0.0075 +0.0240 -1.51 0.0260 

C94-

H96∙∙∙O24 

2.488 4.928 0.0113 +0.0427 -2.57 0.0246 

Nonconventional H-Bond 

C4-H12∙∙∙C73 2.796 5.332 0.0062 +0.0192 -0.09 0.0187 

C13-

H42∙∙∙C52 

3.378 6.573 0.0022 +0.0063 -0.31 0.0081 

C16-H7∙∙∙C74 2.675 5.111 0.0083 +0.0252 -1.32 0.0274 

C94-

H96∙∙∙H23/ 

C32-

H23∙∙∙H96 

2.189 4.422 0.0092 +0.0411 -1.82 0.0110 

 

The sign of the Laplacian operator at a BCP, ∇2ρ(r), exposes the possibility of the 

gathering of charge at a point surface. In a primary interaction such as “shared” covalent 
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bonds the value  ∇2ρ(r) < 0 and ρ(r) > ~0.1 au whereas in the case of the depleted or 

“closed shell” as in case the of NCIs, the value of ∇2ρ(r) > 0 and with the usually small 

magnitude of ρ(r) i.e. the order of ~10-2 au for the H-bonding and ~10-3 au for van der 

Waals’ type NCI. According to this theory, the values of some topological parameters 

at BCP decide the nature of chemical interaction. The values of topological parameters 

are shown in Table 3 (all quantities are measured in au except the interaction energy). 

The intermolecular HBs and other weak NCIs can be responsible for the geometry and 

the stability of a predominant adsorbate-adsorbaent complex. 

 

Keeping all this in mind, the QTAIM based analyses facilitate an excellent overview of 

the involved moderate (intra- and intermolecular) HBs and other weak NCIs involved 

in the titled system and the related QTAIM based structures are shown in Figure 15. 

The analysis of the aforementioned Figure, a total of seventeen NCIs in which 4 are the 

conventional moderate HBs; 2 intermolecular HBs {BE: -6.40 kcal/mol for O27-

H44∙∙∙O92 HB and -7.91 kcal/mol for O92-H93∙∙∙O24 HB) and 2 intramolecular HBs 

{BE: -7.03 kcal/mol for O24-H43∙∙∙O11 HB and -4.58 kcal/mol for O6-H38∙∙∙O37 

HB}] connected via the BP is detected in the AAC model system considered in this 

report. Generally, a decrease in the ρ(r), and V(r) (magnitude) values correspond to an 

increase in the length of the corresponding bond and, thus, it can be used to probe more 

essential insights regarding the structural features of any system. The ED values 

decrease as the BLs and BPLs increase for all the four moderate HBs [O92-H93∙∙∙O24 

(BL: 1.836 Å, BPL: 3.543 Å, ED: 0.0310 au, and IE: -7.91 kcal/mol) > O24-H43∙∙∙O11 

(BL: 1.885 Å, BPL: 3.637 Å, ED: 0.0275 au, and IE:-7.03 kcal/mol) > O27-H44∙∙∙O92 

(BL: 1.930 Å, BPL: 3.731 Å, ED: 0.0250 au, and IE: -6.40 kcal/mol) > O6-H38∙∙∙O37 

(BL: 2.066 Å, BPL: 3.978 Å, ED: 0.0177 au, and IE: -4.58 kcal/mol)], respectively. It 

should be noted that the above order is shown concerning the ED and the IE values. To 

further validate the nature and order of the intra- and intermolecular H-bonding 

interactions, another useful index, very recently, given by Pandey et al. was performed 

as the “hydrogen bond strength based on interaction coordinates (HBSBIC)” [71]. 

Using the HBSBIC approach, the hydrogen bond strengths for O92-H93∙∙∙O24, O24-

H43∙∙∙O11, O27-H44∙∙∙O92, and O6-H38∙∙∙O37 HBs were found to be 0.192, 0.143, 

0.101, and 0.150, respectively which shows that the first one has the strongest hydrogen 

bond strength. 
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Moreover, a total of nine NCIs fall under the weak conventional H-bond category 

showing C-H∙∙∙O type interactions which also give a big favour for making an 

equilibrium and stabilized structure of AAC. In addition to this, four more but 

nonconventional HBs (three C-H∙∙∙C and one C-H∙∙∙H) were detected by performing the 

QTAIM tool which may also stabilize the systems. 

 
Figure 16. QTAIM molecular graph showing the different BCPs of the MMC-CMC 

calculated at B3LYP/6-31+G (d, p) level. The BCPs are denoted as light greenish-

blue small points 

4.3 Chemical reactivity 

The highest occupied molecular orbitals (HOMOs), lowest unoccupied molecular 

orbitals (LUMOs), and their HOMO-LUMO energy gaps (HLEGs) are useful quantum 

chemical descriptors in the field of quantum chemistry to identify the electrical 

transport properties in the molecules [72] and are found to be particularly useful in the 

study of conjugated P electron systems [73]. A molecular system's HOMO and LUMO 

are involved in chemical reactions and interactions with other systems. The HOMO 

represents the system's ground state, while the LUMO represents its first excited state, 
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and any electrical change from the HOMO to the LUMO causes charge conversion 

from one region to another within the same system. The HLEG parameter also 

quantifies a system's proclivity for interacting with other entities. The FMO distance is 

used to determine a molecule's molecular function and the ability to absorb light. The 

electronic transport characteristics are determined by the smaller HLEG between 

HOMO and LUMO, which allows for improved tunnelling of photo/thermally excited 

electrons. A small HLEG-based molecular species exhibits more polarizable behaviour 

and is associated with high chemical reactivity (low kinetic stability) [74]. Two separate 

functionals ( B3LYP and M06-2X) were used to analyses the difference in HLEG 

values, and the optimized structure's HLEG (Table 2) was found to be 2.944 eV using 

the B3LYP functional, which is lower than the HLEG of the same (4.786 eV) using the 

M06-2X level of theory.   

 
Figure 17. HOMO-LUMO plots of the AAC system 

 

Figure 17 illustrates the HOMO and LUMO surfaces determined by the M06-2X/6-

31+G (d, p) for an integrated model framework. The HOMOs are primarily contained 

by the opposite side (i.e. left side) of the carbon frameworks of the three benzene rings 

and a minor contribution of a C atom from two benzenes of the functionalized coronene 

unit, while the LUMOs are primarily contained by the opposite side (i.e. left side) of 

the carbon frameworks of the three benzene rings and a marginal contribution of the 

central benzene unit of the functionalized coronene unit. As a result, the electron density 

exchange between a few benzene rings and other benzene rings in the same structure 

corresponds to the transformation from HOMO to LUMO. 
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4.4 Molecular electrostatic potential (MEP) surface 

The electron density (ED) is related to the molecular electrostatic potential (MEP), 

which is used to consider relative polarity. The MEP is critical for understanding 

electrophilic and nucleophilic attack sites, as well as NCIs. [75]. The MEP is also well 

suited to studying processes dependent on a molecule's "recognition" by another 

molecule [76].  With the aid of a three-dimensional MEP surface, the reactivity nature 

of the molecule can be visualised. The charge distribution in the molecule is depicted 

by the MEP map. Figure 18 depicts the MEP map for the adsorbent-adsorbate pair. It 

shows the molecular structure, size, and charge distribution all at once. The electron-

rich (absolute negative charge) region's reactive sites are shown in red, and they are 

vulnerable to electrophilic attack. The colour blue denotes a strong positive area that is 

prone to nucleophilic attack. The green colour scheme represents a possible middle 

ground between the two extremes of red and blue. Figure 18 demonstrates that the title 

compound's more electronegative region (electrophilic region) was found over the 

electronegative O atoms, while the more electropositive region (nucleophilic region) 

was found in some of the OH group's H atoms. 

 
Figure 18. MESP plot of the CMC-MMC system 
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4.5 Natural charge analyses (NPA) 

The application of quantum mechanical equations to molecular structures highly 

depends on the determination of atomic charges. A statistical approach to partitioning 

the charge density into charges on the nuclei, bond orders, and other significant details 

was known as population analysis. Natural Population Analysis (NPA) is a well-known 

and widely used statistical technique. The electron population of each atom, as defined 

by the basis function, is used to quantify natural charges. Normal population 

analysis (NPA) is used to determine the atomic charges on various atoms. It is worthy 

to mention that the carbon C87 of the -COOH group of coronene has the most positive 

natural charges (0.43329) and the oxygen O24 atom of the OH group of glucose exhibits 

the most negative charge (-0.41690) at the B3LYP level of theory whereas in the case 

of M06-2X level of study, the carbon C87 of the COOH group of coronene contains the 

most positive natural charges (0.44197) and the oxygen O24 atom of the OH group of 

glucose consisting of the most negative charge (-0.42458) with the marginal increment. 

Many of the O atoms in the system, on the other hand, have a negative charge, and all 

of the H atoms have a net positive charge. Negative charges on the C and O atoms, as 

well as a net positive charge on the H atom, can indicate the development of 

intermolecular interaction. To probe the charge distribution on the corresponding 

monomer units (adsorbent and adsorbate), the NPA shows that the adsorbent 

(functionalized coronene unit) contains a total natural atomic positive charges as 

0.49884 and 0.49445 at B3LYP and M06-2X level of theories while the adsorbate 

having total natural atomic charges as 0.00115 and 0.00557 at the same level of studies, 

fairly revealing that the coronene unit acts as an electron donor.   

5. Conclusions 

 The present study revealed that MMC had a surface area (SBET) = 16.576 m2 g-1, which 

was largely distributed by mesopores. The average pore diameter and total pore volume 

of MMC were found to be 12.432 nm and 0.051 cm3g-1, respectively which confirmed 

the mesoporous nature of the MMC as per the IUPAC classification of materials. The 

adsorption of CMC on MMC was found to be affected by changes in pH and ionic 

strength. These findings indicated that the electrostatic force plays an important role in 

CMC binding at MMC/water interfaces. The findings of the ATR-FTIR study helped 

to detect spectral differences associated with hydrogen bonding between adsorbate 

(CMC) and adsorbent (MMC). The differences in the ATR-FTIR bands in the 1000–
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1080 cm-1 region were important, owing to the -C–O stretch coupled to the -C–C stretch 

and -O–H disability, confirming strong bond formation due to hydrogen bonding at 

MMC/water interface. Since urea functions as a hydrogen bond breaker, the presence 

of urea during adsorption greatly reduced the amount of CMC adsorption on MMC. 

This finding further favoured a hydrogen bonding-based system rather than a 

hydrophobic one. Since the adsorption free energy (-22.561 kJmol-1 ) of CMC is similar 

to that of hydrogen bond formation, Langmuir adsorption isotherm studies endorses 

hydrogen bonding as the dominant force for CMC adsorption. The kinetic adsorption 

data revealed that CMC adsorption onto MMC water interfaces was in near alignment 

with the overall rate of CMC adsorption by MMC, indicating that the physicochemical 

process was closely controlled. The average roughness parameter was revealed CMC 

was adsorbed in a very smooth confirmation on the MMC surface per polymer chain, 

according to AFM evaluation.  The survey scan and high resolution of C1S XPS spectra 

confirmed that the -OH groups on the MMC surface associate with the CMC 

carboxylate ion. Thus, the current research provided significant evidence to show that 

CMC adsorption on the MMC/water interface was governed by electrostatic interaction 

and hydrogen bonding but was influenced by experimental conditions. This adsorbent-

adsorbate model was supposed to pave a new path towards a deeper understanding of 

molecular aggregation mechanisms in food and industrial applications, based on 

theoretical investigations. 
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39. Mohan, T.;  Kargl, R.;  Kö, S.; Stler, A.G.; Doliska, G.; Findenig, V;  Ribitsch, 

Stana-Kleinschek, K., Functional polysaccharide conjugates for the preparation of 

microarrays. ACS Appl. Mater. Interfaces. 2012, 2743-2751.  

40.  Kulterer, M. R.; Reichel, V. E.;  Kargl, R.;  Kö, S.;  Stler, T.;  Sarbova, K.; Heinze, 
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Abstract 

Carboxymethylcellulose (CMC) is a highly flexible cellulose derivative with a broad variety of 

industrial uses, including mineral refining, palletization, oil drilling, surface modification, 

surface functionalization, and other promising applications. However, due to a lack of 

understanding of the CMC's adsorption behaviour onto solid surfaces in its aqueous medium, its 

applications are limited. As a result, an attempt has, therefore, been to investigate binding 

aspects of CMC on functionalized accurel (FA) chemically modified from polypropylene-based 

Accurel (MP1001). Burner Emmitt Teller (BET) study was used to evaluate the physiochemical 

parameters of FA, such as specific surface area (SBET) =34.472 m2/g, pore volume (Vp) =0.07-

0.121 cm3/g, total pore volume (Vtp) = 0.115 cm3/g, mean pore diameter = 13.692nm, and pore 

diameter =39.402nm. The equilibrium isotherm data were fitted with Freundlich, Langmuir, 

Temkin, and Jovanovic models of adsorption and compared by determination coefficient (R2) 

and found to follow the sequence Langmuir (R2=0.9933)> Freundlich (R2=0.9830)>, Jovanovic 

(R2= 0.9428)> Temkin (R2 =0.8663). The hydrogen bonding between the carbonyl group of 

CMC and functional groups (-OH) of FA in the regions 288-280 eV and 1772-1676 cm-1 was 

verified by infrared and X-ray photoelectron spectral changes before and after adsorption, 

respectively. A theoretical model was used in this report to explain the type, nature, and intensity 

of interaction(s) involved in the adsorbent-adsorbate complex (FA-CMC). The geometric, 

stability, and electronic feature studies have been conducted using the optimised structure, 

binding /interaction energy, HOMO-LUMO gap, natural population analyses, and Bader's 

quantum theory of atoms in molecules (QTAIM) related parameters with the deployment of the 

DFT dispersion-corrected (DFT-D) and DFT approaches. The molecular electrostatic potential 

surface (MESP) map was used to find the reactive sites of the above entities. The binding aspects 

of the adsorbate (CMC) onto the polymeric surface of the adsorbent (FA) were exercised 

through CMC aggregation stabilized by H-bonding and other weak noncovalent interactions, 

and since such modification could play a noteworthy role in the field of food, pharmaceutical, 

and industrial applications. 
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1. Introduction 

Carboxymethylcellulose (CMC) is a commercially available cellulose derivative with 

a number of desirable characteristics, including anionic water solubility, non-toxicity, 

biocompatibility, biodegradability, and natural polysaccharide. CMC's characteristic 

properties are related to the presence of hydroxyl groups in its composition. CMC has 

been commonly used in various industrial applications, including biopolymeric and 

nanopolymeric materials [1–8] . The majority of understanding of interfacial binding 

aspects (adsorption) into polymeric/solid/mineral surfaces was needed for CMC to be 

useful in various areas. Many researchers used the adsorption consequences not only to 

better explain CMC adsorption on different materials, but also in environmental and 

pharmaceutical studies. The authors [9-12] of these studies used linearly plotted 

diagrams to explain the distribution of various adsorbate species between liquid and 

multiple adsorbents, based on a series of hypotheses about the heterogeneity or 

homogeneity of various adsorbents, surface coverage, and the different binding 

behaviour between the various adsorbates. Therefore, various adsorptions models were 

adopted to describe and understand  the present work [9-12]. CMC's binding properties 

have been linked to a variety of commercial uses, including thickening agents, oil 

drilling agents, viscosity modifiers, water retaining agents, suspending agents, 

stabilisers, and bio-adhesive agents.  The readily available hydroxyl groups present on 

each unit of CMC structure are primarily responsible for the interfacial/adsorption 

aspects of CMC [13]. Adsorption of cellulose derivatives on different solid 

surfaces/mineral surfaces, such as graphite [14], pure high-quality graphite-ceylon 

[15,16] mineral solid surfaces, has been publicised [17 – 21] The findings attempted to 

prove that CMC adsorption at solid-liquid interfaces is driven by electrostatic, 

hydrophobic, hydrogen bonding, chemical interactions [22-27], chemical complexation 

and hydrophobic-hydrophobic interaction [28], electrostatic interactions [29], 

hydrophobic-hydrophilic, or hydrophobic self-assembled monolayers [29 -51]. The 

CMC's interaction behaviour on cellulose fibres or spin-coated regenerated cellulose 

model films from trimethylsilyl cellulose by adding a quartz crystal, as well as various 

model films, has also been reported [54-52]. 

According to the results, there's also no proof of peculiar selectivity for CMC 

adsorption on the polymeric surface. As a result, the adsorption of CMC onto 

functionalized accurel (FA) was investigated in order to find evidence of CMC's 
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specific interaction with FA. Table 1 compares some other adsorbents mentioned in the 

literature with those of polymeric surfaces, which we previously functionalized using a 

physical method [55]. The adsorption potential of FA (250 mg/g) is comparable to the 

highest recorded values, as shown in table 1. However, in this research, the FA was 

produced using accurel MP1001 as a precursor and a chemical method (simple 

oxidation process). FA is low-cost and does not require a complex functionalization 

process. Because of its physiochemical properties, such as zero point charge, 

mesoporous nature, and specific surface area, the FA was used as a possible adsorbent 

(functionalized polymeric surface).  

Table 1 Comparison of polypropylene based accurel adsorbents 

 

The purpose of this study is to confirm the current literature concerning the binding 

behaviour of CMC onto functionalized polymeric surfaces from its aqueous solutions. 

It's also been stated that a simple oxidation process can be used to modify the surface 

properties of polymeric materials and add new functionalities. A theoretical model was 

used to explain the type, nature, and strength of interaction(s) involved in the adsorbate-

Adsorbents 
Adsorption 

characteristics 
Method Results 

Refere
nces 

Accurel MP 
1001 

Specific surface area 
(SBET) (m2 /g) = 35, 
Average pore 
diameter (nm) 1.4 

Physical 
process 

Successfully loaded 
surfactants onto 
Accurel MP 1001 
surface 

55 

Modified 
polypropyle
ne powder 
accurel 
MP1002) 

Specific surface area 
(SBET) (m2 /g) = 27, 
Average pore 
diameter (nm) 2.8nm 

Physical 
process 

Successfully 
modified 
polypropylene 
powder 

56 

Polypropyle
ne  (PP) 

Not reported by the 
author 

Oxidation 
process 

There was no 
detectable carbonyl 
group in the IR 
spectrum onto PP 

57 

Funcalized 
accurel (FA) 
from 
polypropyle
ne 
(PP) 

See Table 3 
Simple 
oxidation 
process 

Successfully 
introduced carbonyl 
group onto PP 
chromic acid and used 
as a potential 
adsorbent for CMC 
adsorption behaviour 
interpretation 

Present 
study 
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adsorbent complex (FA-CMC). Such laboratory experiments could have a major impact 

on the performance of CMC on a functionalized surface for a range of industrial 

applications, primarily in pharmaceutical and industrial products. 

2. Experimental  

2.1 Materials 

Accrual System, Membrana GmbH (Obernberg, Germany), generously provided the 

Accurel MP product 1001 with an average pore diameter of 0.014m [55]. Accrual is its 

brand name. CMC was purchased from M/s Akshar Exim Company Private Limited 

(Kolkata). In the synthesis and experimental tests, analytical and laboratory-grade 

reagents were used. Bionic Enterprises, India, supplied sulphuric acid (98%), chromium 

trioxide (99.5%), cetrimide (96%), sodium chloride (9905%), sodium hydroxide (98%), 

potassium chloride (99.5%), and urea (99%). For the synthesis and adsorption analysis, 

double distilled water was used. 

The chemical structures of newly synthesized FA were investigated using a Fourier 

transform infrared (FTIR) spectrophotometer (Nicole-6700) with a wavenumber range 

of 4000 to 500 cm-1 in which the FA was mixed with 200 mg of KBr and then pelletized. 

The microstructural analysis was carried out on a scanning electron microscope (SEM) 

(JEOL JSM 6490LV) before scanning, the samples were well dried on critical point 

dryer (CPD, Emitech K 850) and gold spin-coated by an ion sputter coater (JFC 1600, 

auto fine coater). Energy-dispersive X-ray spectroscopy (EDX) was used to analyze the 

elemental composition and elemental mapping using SEM (JSM 6490LV) by EV dry 

detector (INCAx-act). A surface area analyzer (BELSORP-max) was used to determine 

the FA's specific surface area, pore diameter, and pose size distribution. For 5-6 hours, 

a certain amount of FA materials (0.20 g) were heated under vacuum at 120°C for pre-

treatment. This pre-treated sample was scanned with nitrogen (as adsorbate) and helium 

(as carrier) gas, and all measurements were monitored in real time using the BELSORP 

data analysis software (BDAP).  After complete scanning of the sample, the results 

(data) were analysed by Version info of the analysis software (VAS).  X-ray diffraction 

powder X-ray diffraction (PXRD) (RigakuMiniflex II desktop) in the 2-theta angle 

range 10°-60° at 30kV using CuK radiation was used to investigate the crystallographic 

nature of FA. The surface potential of FA was measured by the point of zero charge 

(ZPC) by solid addition method [90-92] using ZPC Analyzer (TIPLH) at 25°C. The 

XPS experiments were carried out in an ultrahigh vacuum (UHV) with a high-



Chapter - 4 
 

  126 

resolution X-ray photoelectron spectrophotometer (HR-XPS) (PHI 5000 Versa Prob II, 

FEI Inc) at a specific energy and resolution. All samples were dehydrated under vacuum 

before XPS analysis. All data of XPS analysis were plotted using Casa XPS Version 

2.3.17PRI. I and Origin Pro 8 SRO v8.0724 (B724) software. The pH of the solution 

was measured using a digital pH meter (TIPLH). The ultrasonicator with (Sonics Vibra-

cell VCX750) high-intensity liquid processor was used for sonication to examine the 

effect of power ultrasound on adsorption of CMC onto FA. The ultrasonicator used here 

case was an amplifier power (automated) probe with stepped tip 1/8′′-630-0422 

(Coupler solid, Part No.630-0421). Adsorption studies were carried in a temperature-

controlled orbital shaker (REMI brand) at 35°C at a constant speed of 125 rpm. The FA 

was separated from the CMC solution by centrifugation (Sprout make) at 6000 rpm for 

15 minutes. The absorbance of the supernatant and residual concentration of CMC was 

determined by reported method [58] by spectrophotometrically at max=265nm (UV-

Visible spectrophotometer, Cary 100). 

2.2. Functionalization of Accurel MP 1001 (functionalized accurel) 

The published protocol was used to produce the functionalized acccurel (FA) [57]. In a 

500 ml volumetric flask with a thermometer, the dried accurel MP 1001 was treated 

with an oxidizing solution containing a 1:1:2 (by weight) mixture of H2SO4: CrO3: H2O. 

At 70°C and ambient pressure, the entire material was stirred (30 rpm) on a thermostat 

heating plate. The slurry-like material (FA) was collected after 5.0 minutes. This 

material was washed with double distilled water, then acetone, and finally the FA was 

powdered and placed in a desiccator for further experiments. 

2.3. Adsorption measurements 

A stock solution (1000 mg/L) was prepared by dissolving appropriate amount of CMC 

in double distilled water and stirring vigorously for 30 minutes. This solution was 

refrigerated for 24 hours before being used in further experiments (desired 

concentrations). Adsorption experiments were carried out using conical flasks (100mL) 

containing 0.1g of FA with 50 mL of CMC solutions. After agitating the conical flasks 

for a fixed amount of time, samples were withdrawn from the flasks. Centrifugation at 

6000 rpm for 15 minutes separated the FA from the CMC solution. The absorbance of 

the supernatant solution and residual concentration of CMC was determined by the 
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reported method [58] by spectrophotometrically at max=265nm. The adsorption amount 

of CMC onto FA was calculated using the following equation [55, 58]:-  

                            V
W

CeCo
Qe 




)(
                                                       (1)         

Where Qe= Amount of the CMC adsorbed (mg/g) onto the FA, Co =Initial 

concentration of the CMC (mg/L), Ce=equilibrium concentration of the solution 

(mg/L), V=Volume (L) and W= Weight of FA (g). 

Batch adsorption experiments were also carried out to investigate the effect of various 

factors like the initial concentration of CMC, FA dose, pH, ionic strength (0.1mol/L), 

temperature (℃), sonication and presence of urea (0.1mol/L). All the experiments 

(except the study of pH effect) were carried out at a pH of 3.0. The effect of pH on 

CMC adsorption was investigated at different pH by adjusting pH with HCl(0.1 mol/L) 

or NaOH (0.1mol/L) [91-92]. 

2.4. Optimization of various adsorption parameters  

The adsorption analysis was carried out by varying only one parameter at a time, with 

the other parameters remaining constant. Various adsorption parameters were 

investigated such as the effect of concentration, pH, ionic strength (0.1mol/L), the 

temperature (°C), and effect of urea (0.1mol/L). 

Adsorption equilibrium data was accomplished at various initial concentrations of 

CMC ranging from 100 mg/L to 600 mg/L using 1 mg of FA, pH 3.0, 60min contact 

time with 50 mL CMC solution. 

2.5. Computational studies 

Computational experiments, especially density functional theory, play a vital role in 

understanding the extensive atomistic characteristics governing the performance of 

interface studies of two interacting entities (DFT). To look into such type of features, 

the structural (geometries), stability [binding energy (BE) and intermolecular 

noncovalent interaction (NCI)], electronic feature analyses (molecular orbital, 

electrostatic potential, and charge transfer analyses), the quantum chemical calculations 

(QCCs) have been performed by choosing two systems constructing the adsorbent - 

adsorbate interface as a model consisting of intermolecular NCIs. The current work 

extensively explores the adsorption process in terms of the effect of interactions such 
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as BE and interaction energy obtained using the quantum theory of atoms in molecules 

(QTAIM) technique. The charge transfer phenomenon occurring between the adsorbent 

and the adsorbate interface has been described using the frontier molecular orbital 

(FMO) and molecular electrostatic potential (MESP) surface plots.  

 

3. Results and discussion 

3.1 Characterizations 

3.1. 1 Functional group analysis 

FTIR spectra of FA were scanned in the 400-4500 cm-1 range before and after 

adsorption of CMC (Figure 1). Earlier attempts [91] to alter polypropylene with the 

same reagent failed to modify polypropylene products (Accurel MP1001), as 

demonstrated by FTIR spectroscopy [55, 56]. However, the Accurel MP1001 was 

successfully oxidised in the present study, resulting in the addition of the carbonyl 

group at 1712.2cm-1 (Figure 1a). The band at 3020.8cm-1 is induced by -C–H stretching 

of the CMC's –CH2 groups. The ring stretching of glucose appears at 1610.32 cm−1. 

Furthermore, the bands at 1350–1450 cm-1 are induced by symmetrical deformations of 

the -CH2 and -COH groups. At 1060 and 1010 cm-1, the bands due to primary alcoholic 

–CH2OH stretching mode and -CH2 twisting vibrations, respectively, appear. The mid-

frequency bands at 714-610.70 cm1 were supposed to allow by ring stretching and ring 

deformation of -D-(1–4) and -D-(1–6) linkages (Figure 1b). The adsorbed CMC had a 

broad –OH band at 3399.3 cm-1 within the spectrum. In comparison to the non-adsorbed 

CMC onto FA, the position of this band increased slightly and the bandwidth decreased 

significantly. The CMC adsorbed onto FA shows carbonyl band at 1712.2 cm-1 which 

changes after adsorption confirms the inter-hydrogen bonding between the carbonyl 

group of CMC and functional groups(-OH) of  FA surfaces (Figure 1c). The adsorption 

seems to occurs as evident from the changes in the IR frequencies of some main 

functional groups -OH, -C=O, -C-O, -C-H, and –COOH and their corresponding 

frequencies as shown in Table 2 [59-66].  
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Figure 1. FT-IR spectra of (1a). FA before adsorption, (1b). CMC, (FA After 

adsorption of CMC 

Table 2 FT-IR spectral characteristics of FA before and after adsorption of CMC 

Wavelength 

range (cm-1) 

Frequencies (cm-1) 

Difference Assignment Before 

adsorption  

After 

adsorption  

3500-3000 3411.6 3399.3 -12.3 Bonded—OH 

2900-2800 2874.3 2861.2 -13.1 -C-H stretching 

2500-2300 2481.5 2489.3 -7.8 
-O-H carboxylic 

acid 

1740-1680 1712.2 1730.7 -18.5 ˃C=O carbonyl 

1620-1680 1636.1 1639.5 -3.4 ˃C=C stretching 

1500-1400 1456.5 1443.1 -13.4 ˃C–O stretching 

1080-1,360 1299.8 1299.2 +0.6 -C–N stretching 

1070-1150 1100.2 1121.3 -21.1 -C–OH stretching 

 

The difference in frequencies >12 cm-1 given in the above table clearly demonstrates a 

band shift. 
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3.1. 2 Microstructural analysis 

 The scanning the samples with a scanning electron microscope revealed microscopic 

properties regarding surface morphology of FA (Figure 2). The micrographs in Figure 

2 show a spongy, irregular, and heterogeneous surface with several pits spreading 

through it, likely due to the oxidising agent used during the simple oxidation method 

that produced some changes in the surface of Accurel MP1001. As expected, these 

morphological properties were advantageous to the adsorption process. 

Figure 2. SEM micrograph of FA at 1000X magnification 

 

3.1.3 Elemental mapping of microstructures by scanning electron 

microscopy-energy dispersive X-ray spectrometry (SEM-EDS) 

Since, SEM-EDS has been commonly used to identify the elemental microanalysis of 

materials in a wide range of physical and biological sciences, engineering, technology, 

and forensic investigations [66]. As a result, elemental measures are computed using 

SEM and EDS microanalysis to determine the elemental composition and spatial 

distribution of elements present in FA. The element images were used to describe the 

spatial distribution of elements in the FA, and they were extremely effective for 

illustrating element distributions in the material's textural context. Figure 3 illustrates 

the scanned elemental maps (Left). The elemental identification and spatial elemental 

distribution are confirmed by the microanalysis study. The presence of carbon (88.12 

%), oxygen (11.32 %), and sulphur (11.32 % ) in FA modified from the precursor 

(MP1001) is attributed to the adsorption characteristics of FA modified from the 

precursor (MP1001) (0.49 % ). 
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Figure 3. EDX spectrum, elemental composition and elemental maps (left) of FA 

3.1. 4 BET analysis 

BET analysis [67] was used to determine the textural properties of FA (Figure 4), such 

as specific surface area, surface nature, particle size distribution, and total pore volume. 

The N2 adsorption isotherm, which is a type IV isotherm (Giles' classification) [67] 

resulting from a capillary phenomenon in the low-pressure area, was measured (Figure 

4a). The capillary condensation phenomenon is the characteristic properties of 

mesoporous material, therefore, it was interpreted that FA was mesoporous material. 

The BET analysis [67] (Table 3) reveals that FA had a typical specific surface area 

(SBET =34.74m2g-1) (Figure 4b).  For the determination of pore size distribution,   

Barrett-Joyner-Halenda (BJH) model [68, 69] was applied (Figure 4c). The pore 

diameter of FA was found 39.402 nm using T-method [70] (Figure 4d) which confirm 

the mesoporous nature of FA as defined by IUPAC nomenclature [71-73]. These 

physicochemical properties [55] of FA makes it suitable and potential adsorbent for the 

adsorption of CMC.  
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Table 3 Physiochemical parameters obtained from the BET analysis presented in 

figure 4 

 

 
Figure 4. (4a).N2 adsorption-desorption, (4b). BET, (4c). BJH and (4d). T graph of FA 

BET Analysis 
Methods Surface parameters of FA 

N2Adsorption-
desorption 

Sample weight 
(g) 

Saturated 
pressure (kPa) 

Degassing Time  
( hr) 

 

BET  

1.00 98.963 2.50  
Specific 

surface area 
(SBET) (m2 /g) 

Monolayer 
volume (Vmono) 

(cm3 /g) 

Total pore 
volume (Vp) 

(cm3/g) 

Mean pore 
diameter 

(nm) 
34.742 7.691 0.115 13.692 

BJH  

Pore volume 
(Vp)  

(cm3 /g) 

Pore specific 
surface area 
(ap) (m2/g) 

Micropore 
radius 

(cylindrical 
shape (rp) (nm) 

 

0.121 45.495 6.852  

T  

Total specific 
surface area 
(a1) (m2/g) 

External 
surface area 
(a2) (m2/g) 

Pore volume 
(V1 &V2) 
(cm3/g) 

Pore 
diameter 
(2t) (nm) 

24.704 20.943 0.07 39.402 
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3.1.5 X-ray diffraction analysis     

 The pXRD technique was used to investigate the crystalline phase and orientation of 

FA before and after adsorption (Figure 5). The crystalline structure of FA was 

confirmed by its spectra. There were four sharp diffraction peaks premised on 2θ 

(degree) values of 14.150, 17.050, 18.660, and 21.400, suggesting that the Accurell MP 

1001 skeleton structure was identical [74].  Because of the functionalization (FA), there 

is a sharp peak between 23.210 and 42.320. There was a significant difference in the 

diffraction pattern after CMC adsorption onto FA, suggesting CMC adsorption. 

Furthermore, the shift in the peaks illustrated the unit cell's contraction. The loss of 

crystallinity of the polymeric surface of FA was also evidenced by the disappearance 

and shift in peaks. The difference in the material's diffraction pattern, on the other hand, 

could suggest adsorbate adsorption. Although the peak change reflects the contraction 

of the unit cell, both peak strength reduction and peak disappearance contribute to the 

material's loss of crystallinity under investigation [75]. 

Figure 5. Typical pXRD of FA before and after adsorption of CMC 
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3.1.6 Electrokinetics studies 

The solid addition technique [76] was performed to determine the zero point charge 

(pHZPC) of FA. In this method, 20 mL of cetrimide solutions (0.002 mol/L) and 20 ml 

of HCl (0.1mol/L) was taken in a series of stoppered conical flask (100 ml). The desired 

initial pH values (pHi) of the solution were adjusted between 2, 4, 6, 8, 10, 12 and 14 

(±0.1pH units) by adding either HCl (0.1mol/L) or 0.1 N NaOH (0.1mol/L). The total 

volume of the solution in each flask was adjusted exactly 50.0 ml by adding the KCl 

(0.1mol/L) and cetrimide solution (0.002 mol/L). The initial pH of the solution was 

then accurately recorded (±0.1pH units). 0.1 gram of FA was added to each flask. The 

suspension was shaken and allowed to equilibrate for two days with intermittent 

shaking after the centrifugation, the final pH value (pHf) of the supernatant liquid was 

recorded (±0.1pH units). The difference between the initial and final pH values (ΔpH) 

was plotted against the initial value. The point of intersection of the resulting curve at 

which change in pH is zero gives the pH PZC. The pHZPC of FA was found 7.21 

(Figure. 6). Since, at any pH below pHZPC, the surface of the adsorbent is positively 

charged and at pH above pHZPC, the surface is negatively charged. However, at the 

pHZPC point, the surface of FA has no charge at all. These aspects of pHZPC were applied 

during the adsorption of CMC and the batch adsorption experiments were conducted in 

acidic medium preferably at pH (3.0) than the basic medium. 

 

Figure 6. pHZPC analysis of FA by solid addition method 
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3.1.7 X-ray photoelectron spectroscopy (XPS) measurements  

Non-destructive surface analysis technique (XPS analysis) was used to determine the 

surface structure and chemical composition of FA before and after adsorption. At 

optimum condition, XPS survey scans and high-resolution C1s XPS spectra of FA were 

scanned (Figure 7). Previously, XPS measurements were used to determine both the 

elemental and chemical composition of a material's surface and near-surface area [77-

82].  The surface interface binding energy peaks corresponding to C–C, C–O, and C=O 

bonding appeared at 284.81, 286.2, and 289.1 eV, respectively, in the FA spectra before 

the adsorption of CMC. C–C, C–O, and C=O peaks were observed at 285.15, 286.9, 

and 289.5 eV, respectively, after CMC adsorption; the shifts in these peaks are 

associated with CMC adsorption facilitated by the carboxyl groups in CMC adsorption. 

After CMC adsorption, changes in the C–C, C–O, and C=O peaks were observed at 

285.15, 286.9, and 289.5 eV, respectively, these shifts are significantly associated with 

CMC adsorption facilitated by the carboxyl groups in CMC adsorption. 

Figure. 7. (7a) XPS survey AlK PES before and after adsorption, (7b). High-

resolution C1s XPS spectra before and after 
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3.2. Effect of various parameters on CMC adsorption  

3.2.1 Concentration 

The effect of adsorbate (CMC) concentration onto adsorption was conducted at pH 3.0 

in concentration range in 100-700mg/L of CMC. To ensure adsorption, each 50ml CMC 

solution was shaken for 3-4h after the addition of 1.0 g of FA at room temperature. 

Initially, adsorption occurs gradually, but after adsorbing high CMC concentrations, it 

becomes constant (Figure 8a).  This is because the active sites on the surface of FA are 

free at low concentrations and gradually fill and with an amount of CMC, increasing 

the adsorption capacity. As the concentration of CMC increases, the active sites of FA 

become limited, and the adsorption of CMC becomes constant. 

3.2.2 pH  

Changing the pH of the solution has a significant impact on the adsorption capacity of 

CMC. Using 0.1 mol/L NaOH or 0.1 mol/L HCl, the pH was adjusted to a range of 2.0 

to 12.0. According to the basic requirements of pHzpc of FA, the adsorption capability 

changed considerably at pH 3.0. Figure 8b demonstrates the relation between pH and 

adsorption capacity, suggesting that CMC has a high adsorption capacity at pH 3.0. At 

a lower pH than ZPC, the carboxyl groups on the surface of the FA are readily ionised, 

which was a favorable condition for adsorption. 

3.2.3 Ionic strength 

Adsorption tests were carried out with solutions of different ionic strengths (Figure 8c). 

Because of the screening effect of KCl (0.1mol/L), the amount of adsorption increases 

as the ionic strength increases. Since the FA surface was negatively charged when pH 

(9.0) is greater than ZPC (7.21), there would be more repulsion between the carboxylate 

ion of CMC and FA. The addition of salt (KCl, 0.1mol/L) decreases the repulsion 

between them, resulting in a higher density of CMC adsorption (Fig. 8c). 

3.2.4 Urea 

A urea test was performed to confirm the involvement of hydrogen bonding during the 

adsorption of CMC onto FA. It is well known fact that urea is a hydrogen breaker [83]. 

The batch adsorption was carried out by dissolving urea (0.1mol/L) in 700mol/L CMC 

solution. The obtained results showed that amount of adsorption decreased significantly 
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in the presence of urea which provides strong evidence that hydrogen bonding is 

responsible for the adsorption of CMC onto FA (Figure 8d).  

3.2.5 Contact time 

At a concentration of 700mg/L of CMC, the influence of contact time was observed at 

times ranging from 20 to 120 minutes. For each reading, 0.1 mg of FA was added to 50 

mL of CMC solution (700 mg/L). Figure 8e shows that the amount of CMC adsorption 

increased steadily between 20 and 80 minutes, with no further changes observed as time 

passed. Based on the adsorption behaviour of CMC, we decided that 70-80 minutes was 

the optimal contact time for use in future experiments. 

3.2.6 FA dose 

The optimization of FA dose (1.0-7.0g) was conducted in a CMC concentration 

(700mg/L) at 3.0 pH at room temperature. The adsorption capacity decreases with 

increase FA dose. Therefore, 1.0 g was chosen as the adsorbent dose for further 

experiments (Figure 8f). 

3.2.7 Temperature 

The effect of temperature during the adsorption process was observed by adding 50ml 

CMC solution (700 mg/L) in 100 ml conical flasks with 1.0 g FA. The conical flasks 

containing CMC and FA were treated at 20-900C. The figure 8g illustrates that the 

adsorption capacity gradually with decreases with increasing temperature. This 

observation concluded that the hydrogen bonding between CMC and FA become 

weaker due to break of hydrogen bonds as temperature increases. Therefore, the higher 

temperatures were unfavourable for adsorption of CMC, and the adsorption is 

exothermic in nature (Figure 8g). 

3.2.8 Sonication 

The effect of power ultrasound (sonic - 20 kHz) during the adsorption process was 

examined to establish the role of hydrogen bonding. The adsorption test was conducted 

under optimized conditions in the presence and absence of ultrasound. The results 

indicates that, in the presence of ultrasound, the amounts of adsorption were also lower 

because the cavitation effect is higher at a smaller frequency (20 kHz) (due to larger 

bubbles) and leads to higher temperature and decrease in the amount of adsorption 

(Figure 8h). 



Chapter - 4 
 

  138 

 

Figure 8. Effect of (8a). Concentration (mg/L), (8b). pH (3.0),  (8c). Ionic strength 

(0.1mol/L), (8d). Urea (0.1mol/L), (8e). Contact time (Min), (8f). The dose of FA (g), 

(8g). Temperature (℃), (8h). Sonication (20 kHz) 
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3.3. Adsorption isotherms studies  

To describe adsorption properties with their equilibrium parameters and explain the 

comprehensive understanding of the nature of the interaction between CMC and FA 

two most common used isotherms namely Freundlich and Langmuir while other two 

models  namely Jovanovic and Temkin were studied [85,86] (Figure 9) and different 

parameters were tabulated in Table 4.   

 

3.3.1 Freundlich adsorption isotherm 

Freundlich isotherm demonstrated the variability in the amount of CMC adsorbed by 

FA unit mass with the variation in CMC-FA system concentration at optimized 

temperature. A linear form of the Freundlich equation, represented below, was used in 

order to calculate the adsorption behaviour of CMC to the FA surface [86].:- 

                                         Ce
n

KQe L log
1

loglog                                              (2) 

Where Qe = The amount of CMC adsorbed (mg/g); Ce = The equilibrium concentration 

of CMC in solution (mg/L); KF and 1/n = Constants incorporating the factors affecting 

the adsorption capacity and intensity of adsorption. The values of KF, 1/n and R2 was 

obtained from linear plots of logQe vs logCe (Figure 9a) and tabulated in Table 4. 

 

3.3.2 Langmuir adsorption isotherm 

The Langmuir isotherm was used to measure linear adsorption with low densities of 

adsorption, and overall surface coverage with higher CMC amounts. Monolayer 

adsorption of an adsorbed CMC species to a homogeneous surface has been calculated 

and the data evaluated in linear form (Eqn. 3)[85]. 

maxmax

1

q

Ce

KqQe

Ce

F

                                                 (3) 

Where Ce = The equilibrium concentration (mg/L); Qe = The amount adsorbed at 

equilibrium (mg g-1); Qmax and KL = Langmuir constants associated with adsorption 

efficiency and energy of adsorption. 

The linear plots of Ce/Qe vs Ce support the applicability of the Langmuir isotherms and 

it was found best fitted among studied models in the present study (Figure 9b). The 

values of Langmuir parameters were determined from slope and intercepts and 
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tabulated in Table 4. It was assumed that the monolayer adsorption took place onto FA 

surface with a finite number of similar homogeneous active sites as defined by the 

equation. 87 The values of n>1 indicate that the adsorption process is favourable in given 

conditions. The values of linear determination coefficient (R2 = 0.9796) was high for 

Freundlich isotherm in comparison to Langmuir isotherm (R2=0.9569) which confirms 

that Frendulich isotherm is more favourable adsorption of CMC onto FA.  

 

Figure 9. Plots illustrating various adsorption models (9a). Freundlich, (9b). 

Langmuir, (9c). Jovanovic and (9d) Temkin isotherm  

3.3.3 Jovanovic isotherm 

This adsorption isotherm was employed on the assumptions contained in the Langmuir 

model, additionally the possibility of some mechanical contacts between the CMC and 

FA. The linearized form of this isotherm is given as follows [88]: 

 CeKqQe J maxlnln                                 (4) 

Where, Qe is the amount of CMC in the FA at equilibrium (mg/g), 𝑞max is maximum 

uptake of CMC obtained from the plot of ln Q𝑒 vs 𝐶𝑒 (Figure 9c) and 𝐾𝐽 is Jovanovich 

constant (Table 4) the plot axis were interconverted. 
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Table 4 Isotherm parameters obtained from the fit of various models presented in 

figure 9 

Isotherm 

models 
Parameters 

Determination 

coefficient (R2) 

Langmuir 
qmax = 6.94±0.01 

mg/g 
KL= 1.80±0.00 L/mg 0.9933 

Freundlich n = 1.20±0.009 
KF =1.34±0.01 (mg/g) 

(L/mg)1/n 
0.9830 

Jovanovic 
qmax = 4.52±0.0.11 

mg/g 
KJ = 0.93±0.15 L/mg 0.9428 

Temkin KT = 2.71±0.12mg/L 
B =0.94±0.02L/g   

b=2.65±0.03 KJ/mol 
0.8667 

 

3.3.4 Temkin isotherm 

Temkin isotherm model was applied to explain the effects of indirect CMC/FA 

interactions within an intermediate range of concentrations of CMC on the adsorption 

process. The linear form of the Temkin equation is given below [89]: 

CeBKBQe T lnln                                            (5) 

Where qe is the amount of CMC adsorbed at equilibrium (mg/g); Ce is the concentration 

of CMC in solution at equilibrium (mg/L). B is a constant related to the heat of 

adsorption and it is defined by the expression B = RT/b, b is the Temkin constant 

(J/mol), T is the absolute temperature (K), R is the gas constant (8.314 J/mol.K), and 

KT is the Temkin isotherm constant (L/g). From the plot of Qe vs lnCe (Figure 9d) B 

and KT can be calculated from the slope (B) and intercept (Bln KT), respectively. The 

estimated values of KT, B and b (Table 4) were an indication of a physical adsorption 

process (Table 3, 4). 

3.4. Theoretical aspects 

The QCCs have been carried out using Gaussian 09 electronic structure calculations 

package installed at Linux workstation with the deployment of Becke's three-parameter 

hybrid exchange and Lee-Yang-Parr correlation functionals (B3LYP)90-92 and Pople’s 

6-31+G (d, p) basis set. Notably, no imaginary frequencies were found for all the 
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minima in the potential energy surface at all the theoretical levels investigated in this 

work for all the optimized adsorbate, adsorbent, and the corresponding dimer 

constructing the adsorbate-adsorbent complex (AAC). A very famous Bader’s QTAIM 

was used to achieve more insights into the kind, nature, and strength of NCIs involved 

in the AAC93.  

According to the findings based on the QCCs, the adsorbate [dimer unit (α-D glucose) 

of the carboxymethyl cellulose (CMC)] was agglomerated at the solid surface FA 

derived from PP (i.e. OH, CO, CHO, and COOH functionalized coronene) which is 

stabilized by the intermolecular NCIs.  

Assembling a three-dimensional adsorbent-adsorbate (FA/CMC) interfacial 

composition, the FA accumulation theoretical model has been put forwarded in this 

report. To get more facets about the chemisorptions of the CMC on the FA surface (i.e. 

CMC coverage and CMC adsorption energy with the FA surface), this molecular 

modelling approach provides subtle information via formation of conventional and 

nonconventional NCIs between the adsorbate (CMC) and adsorbent (FA) interface. A 

detailed report on the geometry, stability, and electronic features of the adsorbent (FA), 

adsorbate (CMC) and their associated dimer complex (FA-CMC) (i.e. AAC) has been 

carried out here in the present work is shown.  

3.4.1 Structural features and energetic study 

Let us start the discussion by looking into Figure. 10 (optimized structures of the 

adsorbate CMC (Figure 10a) and adsorbent FA (Figure 10b) monomer units, 

respectively) and Figure 11 (optimized structure of the FA-CMC complex) with proper 

atomic labelling. In the adsorbent FA model system, the central benzene fragment 

contains one CHO, one OH, and one COOH group and the outer benzene rings contain 

scattered OH, CHO, CO, and COOH functional groups. To look into the conventional 

and nonconventional NCIs (i.e. a range of weak to medium inter- and intramolecular 

interactions) involved in the AAC system, we adopt here as an approximation based on 

the theory that the CMC (adsorbate) is located over the FA (adsorbent). A few selected 

and important structural parameters of the covalent associated H-bonded fragments (D-

H---A, where D is a proton donor and A is proton acceptor) including NCIs of the 

equilibrium structure (gas phase) of the FA-CMC model interface can be seen in Table 

5. To maximize the number of NCIs (i.e. H-bonding between adsorbate and adsorbent) 

involved in the dimer complex AAC, fine-tuning was done in the original geometries 

of the AAC. Furthermore, computational modelling has been deployed from only a 
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single side of the adsorbent surface approach in attaining the preferable binding 

interactions engaged in the AAC system. It should be noted that the theoretical study 

on only the intermolecular NCIs have been focused herein as such type of interactions 

is dominantly engaged to stabilize the AAC complex. 

 
Figure 10. Optimized (equilibrium) structures of the (10a) CMC (Adsorbate, left side) 

and (10b) FA (Adsorbent, right side) models at M06-2X/6-31+G (d, p) level of theory 

 

 
Figure 11. Optimized (equilibrium) structure of the FA-CMC model at M06-2X/6-

31+G (d, p) level of theory 
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Table 5 Some selected covalent bonds associated with the NCIs of monomers CMC 
(adsorbate) and FA (adsrobent) and dimer complex FA-CMC at the B3LYP and M06-
2X levels of theories using 6-31+G (d, p) basis set  

System Intermolecular H-bonds and NCIs 
(B3LYP/6-31+G (d, p), M06-2X/6-31+G (d, p)) 

Adsorbate 
(CMC) 

O27-H44 (0.968, 0.966), C32-H23 (1.101, 1.102), C2-H10 (1.099, 
1.101),  
C16-H7 (1.103, 1.104), C4-H12 (1.103, 1.104), C13-H42 (1.098, 
1.099) 

Adsorbent 
(FA) 

O87-H88 (0.968, 0.965), O102-H103 (0.973, 0.970), C89-H91 (1.098, 
1.098) 

Adsorbent
-
Adsorbate 
complex 
(FA-CMC) 

Adsorbate (CMC) 
O27-H44 (0.974, 0.974), C32-H23 (1.098, 1.102), C2-H10 (1.102, 
1.104),  
C16-H7 (1.101, 1.101), C4-H12 (1.101, 1.101), C13-H42 (1.098, 
1.099) 
Adsorbent (FA) 
O87-H88 (0.977, 0.973), O102-H103 (0.979, 0.980), C89-H91 (1.095, 
1.096) 

 
Here our main objective is to focus on the intermolecular NCIs involved in the AAC. 

The QTAIM picture of Figure 12 clearly shows that the C32, C2, C16, C4, and C13 

atoms of the adsorbate (CMC) act as a proton donor and connected to O102, two O 

atoms (O24 and O90), O95, two O atoms (O90 and O95), and O209 of the adsorbent 

(FA) working as proton acceptor via the bridging hydrogen atoms H23, H10, H7, H12, 

and H42, respectively and are responsible for constructing the NCIs. On the other hand, 

the C89 atom of the adsorbent (FA) works to play a role as a proton donor linked to the 

O24 atom of the adsorbate (CMC) through H91 and forms NCIs. Moreover, it is very 

interesting to note that the O atoms (O27 of the adsorbate and O87 and O102 of the 

adsorbent) act as proton donor as well as proton acceptor and the HBs constructed by 

these O atoms form conventional medium (O–H--O) HBs which connect both monomer 

units FA and CMC as displayed in Figure 12. Such three medium O-H---O HBs (O27-

H44---O87, O87-H88---O24, and O102-H103---O27) and seven weak C-H---O HBs 

(see in Table 6) have the major role for stabilizing the AAC structure which is formed 

between the HB donor and acceptor positions of the adsorbate to the supplementary 

sites of the adsorbents. The outcomes of the energetic features have been given in Table 

6. The BEs using two different computational approaches (B3LYP and M06-2X in the 

gas phase) have also been calculated to get a clear insight into the stability pattern. The 

DFT based BE is found to be -6.3 kcal/mol whereas using the DFT-D approach the BE 

has been calculated as -64.6 kcal/mol. The DFT-D based BE is much higher (the 
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difference between the DFT-D and DFT based BE: -58.3 kcal/mol) is due to the 

presence of the dispersion correction term.  

 
Figure 12. QTAIM molecular graph showing the different BCPs of the AAC (FA-

CMC) calculated at M06-2X/6-31+G(d,p) level of study 

Table 6 Some selected and important QTAIM based parameters (for intermolecular 

NCIs only) of the AAC at M06-2X/6-31+G (d, p) level of theory  

 BL(Å) BPL(Å) ρ (au) ∇2ρ (au) V(r)  
(kcal/mol) 

DI (au) 

Conventional H-bond 
O27-H44∙∙∙O87 1.930 1.973 0.0230 +0.0800 -6.2 0.0573 
O87-H88∙∙∙O24 1.949 1.989 0.0251 +0.0831 -6.8 0.0545 
O102-
H103∙∙∙O27 

1.997 2.047 0.0245 +0.0764 -6.5 0.0513 

C89-H91∙∙∙O24 2.206 2.229 0.0174 +0.0505 -4.4 0.0541 
C16-H7∙∙∙O95 2.401 2.424 0.0104 +0.0359 -2.3 0.0391 
C4-H12∙∙∙O95 2.418 2.443 0.0096 +0.0345 -2.2 0.0330 
C2-H10∙∙∙O90 2.501 2.523 0.0097 +0.0316 -2.2 0.0326 
C32-H23∙∙∙O102 2.541 2.580 0.0083 +0.0309 -1.8 0.0258 
C4-H12∙∙∙O90 2.605 2.638 0.0070 +0.0253 -1.5 0.0222 
C13-H42∙∙∙O109 2.709 2.832 0.0064 +0.0259 -1.3 0.0199 

Nonconventional bond path 
O6∙∙∙O95 3.364 3.379 0.0036 +0.0159 -1.6 0.0167 
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Table 7. The electronic parameters HOMO (in eV), LUMO (in eV), HOMO-LUMO 

gap (in eV), and binding energy (BE) (kcal/mol) at B3LYP and M06-2X levels of 

theories using 6-31+G (d, p) basis set 

Parameter Adsorbent  
(Coronene) 
 

Adsorbate  
(Sucrose) 

Adsorbent-adsorbate 
(FA-CMC)  complex 

HOMO -6.508, -7.843 -6.732, -8.441 -6.582, -8.021 
LUMO -2.140, -1.004 -0.710, -0.103 -2.272, -1.192 
HLEG 4.368, 6.839 6.022, 8.338 4.310, 6.829 
Binding energy (BE) ― ― -6.3, -64.6 

 
3.4.2. QTAIM analyses 

To get a clear insight into the structure, reactivity, and interaction(s) any polyatomic 

chemical species, Bader's QTAIM [93] tool is extensively used. Among all four types 

of the critical points (see reference 138  for more details) given by Bader 94, the bond 

critical point (BCP) is incredibly useful regarding the atomic interaction studies. To 

understand better the molecular structure in terms of binding features, of course, the 

BCP describes (a necessary and sufficient condition) the binding interaction and NCIs 

by holding a BP between two atoms and well known as a bond path (BP). The QTAIM 

picture of the CMC-FA can be seen in Figure 12. Several selected and useful QTAIM 

based topological parameters related to the NCIs like bond path length (BPL), electron 

density (ED) ρ(r), Laplacian of ED [∇2ρ(r)], potential energy density V(r), and the 

delocalization index DI can be seen from Table spectroscopy. A detailed study on such 

kinds of NCIs can be seen in the literature [95, 96].  

The BCPs are denoted as light green points (tiny solid sphere). The BCPs having 

medium size light greenish-blue solid spheres as indicated in the region between the 

adsorbent and adsorbate play the main role in stabilizing the AAC via the formation of 

intermolecular NCIs (see Figure 12). Ten NCIs (three medium O-H---O and seven weak 

C-H---O) can be seen from the given below QTAIM molecular graph in which 

interestingly, the C4-H12 proton donor covalent bond forms two bifurcated HBs as C4-

H12---O90 and C4-H12---O95 and stabilizes the AAC. 

The energy of intermolecular/stabilizing primary (covalent) interactions or secondary 

(i.e. NCIs) (formula given below) can be calculated by using the QTAIM approach 

[97]:- 

E = 1/2V(r) ~ E = 313.754 V(r)                                           (6) 
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Where E is the energy of intra-/intermolecular (stabilizing) primary or NCIs (in au or 

kcal/mol) and V(r) is potential energy density. 

The possibility of the accumulation of charge at a point surface directly renders the sign 

of the Laplacian operator at a BCP, ∇2ρ(r). In the case of covalent (primary) interaction, 

the values of topological parameters ∇2ρ(r) and ρ(r) are less than zero and greater than 

0.1 au, correspondingly. Such values for the aforementioned parameters are always 

greater than zero for closed-shell interaction(s) like HBs and NCIs. The ρ(r) values are 

generally small magnitude i.e. in the order of 0.01 for the HB and ~0.001 au for van der 

Waals’ type NCI. The values of some given parameters at the BCP primarily fix on the 

chemical interaction features by using the QTAIM technique. All topological 

parameters given in Table 7, are measured in au despite the intermolecular interaction 

energy (in kcal/mol). 

In general, the ρ(r), ∇2ρ(r), V(r) (magnitude), and DI values become lower as there is 

an enhancement in the BL and BPL parameters which are very helpful to investigate 

more crucial insights into the structural feature analyses of any species. The bond order 

directly interprets the delocalization index (DI). For example, here the connection 

between the BL as well as BPL and the DIs falls reciprocally. The order of BL and BPL 

is O27-H44---O87 (BL: 1.930 Å, BPL: 1.973 Å) < O87-H88---O24 (BL: 1.949 Å, BPL: 

1.989 Å) < O102-H102---O27 (BL: 1.997 Å, BPL: 2.047 Å) while the DI values (in au) 

are coming in the reverse order: O27-H44---O87 (0.0573) > O87-H88---O24 (0.0545) 

> O102-H102---O27 (0.0513). However correspondingly, a mixed effect has been 

observed, in which the previously mentioned relationship is different: O27-H44---O87 

[ρ(r): 0.0230 au, ∇2ρ(r):+0.0800 au, V(r):-6.2 kcal/mol] < O87-H88---O24 [ρ(r): 

0.0251 au, ∇2ρ(r):+0.0831 au, V(r):-6.8 kcal/mol] > O102-H102---O27 [ρ(r): 0.0245 

au, ∇2ρ(r):+0.0764 au, V(r):-6.5 kcal/mol]. Similarly except a few one, there is 

expected order of the BL, BPL, ∇2ρ(r), V(r) (magnitude), and DI values in the case of 

C-H---O type interactions linked via the BP as mentioned the connection between the 

geometrical and topological parameters (see Table 7). Despite these NCIs, another 

nonconventional intermolecular bond path (i.e. BCP) between the O6 atom of the CMC 

adsorbate and O95 atom of the FA adsorbent monomer units, has been detected in the 

QTAIM analyses for which the topological parameters are: [BL: 3.364 Å, BPL: 3.379 

Å, ρ(r): 0.0036 au, ∇2ρ(r):+0.0159 au, V(r):-1.6 kcal/mol, and DI: 0.0167 au) [98]. 
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3.4.3. Chemical reactivity 
 
A huge application of the frontier molecular orbital (FMO) approach, for instance, the 

highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital 

(LUMO) is routinely used in the field of quantum chemical calculations.99 The 

HOMOs, LUMOs, their energy difference (HLED) and their other associated 

parameters are mostly used in studying the electrical transport features of conjugated 

π-electron species as well as in measuring the capability of a species to interact with the 

other system [100-102] The molecular activity and the tendency of a system to absorb 

the light can also be obtained by the deployment of the HLED parameter. The larger 

FMO (HOMO-LUMO) gap between the HOMO and LUMO allows the reduced 

tunnelling of photo/thermally excited electrons and since establishes the electronic 

transport features. In any molecular system, there is a vital role of HOMOs and LUMOs 

in the chemical reaction where the ground state of the species is indicated by the HOMO 

and the first excited state is exposed by the LUMO. Therefore, the charge transfer from 

one site to another site with the same molecular species can be obtained directly in 

terms of the electronic transition occurring from the HOMO to LUMO. 

A molecular system having a large HLED value reveals to show less polarizable nature 

demonstrating its low chemical reactivity (i.e. high kinetic stability) [103]. Using two 

distinct computational B3LYP and M06-2X approaches, the HLED values for the 

optimized H-bonded AAC have been calculated as 4.310 eV and 6.829 eV, 

respectively. By looking into the HLED values (see Table 7) of the adsorbate (CMC), 

adsorbent (FA), and the FA-CMC complex, it seems that the AAC is chemically the 

most reactive (lowest HLED values). 

The HOMO and LUMO FMOs surface plots of the AAC system have been displayed 

in figure 13 which were drawn by the DFT-D method. From the above figure 13, it can 

be seen that the HOMOs are primarily spread over the C cyclic framework of the five 

benzene rings of the functionalized coronene (adsorbent - FA) monomer unit. A small 

contribution of HOMOs are located over the C ring framework of the sixth outer 

benzene ring of the coronene (adsorbent) and no HOMOs were seen at the central 

benzene ring of FA monomer. Furthermore, the LUMOs are positioned over the same 

side of the adsorbent-adsorbate system consisting of the HOMOs and are spread over 

via one of the outer C benzene ring frameworks of the FA monomer along with the 

adjacent C atoms attached to the aforementioned ring framework. 
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Figure 13. The HOMO and LUMO surfaces of the optimized (equilibrium) structures 

of the AAC at M06-2X/6-31+G (d, p) level of theory 

An effective contribution has also been seen on the carbonyl group of the FA fragment. 

Since from the figure 13, it reveals that the electronic transition takes part from the 

HOMO to the LUMO via an exchange of the ED from some outer benzene rings of the 

adsorbent to the other benzene ring consisting of the CO and CHO functional group in 

the same molecular species.  

3.4.4. Molecular electrostatic potential (MESP) surface 

The molecular size, shape, and charge distribution can be simultaneously exhibited by 

the MESP. The MESP well linked with the ED is widely used to understand the relative 

polarity, the electrophilic and nucleophilic attack [104], NCIs, and the analyzing route 

based on ‘recognition’ of one molecular system by another [105]. The MESP map of 

the adsorbent-adsorbate pair can be seen in Figure 14. With the help of three-

dimensional MESP surface plot, the reactivity nature of the species can be presumed. 

In the Figure 14, the electron-rich region (reactive site) is considered in the red colour 

scheme showing the absolute negative charge distribution and since there may be a high 

probability of electrophilic attack. Negative regions are positioned over the O atom of 

the OH group and all the C-O-C linkage of the monomer CMC. A small negative region 

is filled on the O atom of the OH group of the other monomer FA. The blue colour 

scheme is the diagnostic of nucleophilic attack depicting the strong positive region. The 

positive potential lies around the H atom of the COOH functional group of the CMC 

(dimer unit of glucose) as well as the FA monomer. As a potential halfway between the 
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two extremes blue and red region is demonstrated by the green colour scheme and this 

colour is indicative of a neutral region.  

 
Figure 14. MESP plot of the CMC-FA system 

3.4.5. Natural charge analyses (NPA) 

For any molecular system, the natural population analysis (NPA) obtained from QCCs, 

is a very renowned and largely used tool to analyze the electron population of each atom 

as defined in the basic function and is used to obtain the charge distribution on the 

nuclei, bond orders, and other connected noteworthy information. It is very interesting 

to note that the H-bonded O24 atom of the OH group of one monomer (i.e. adsorbate 

CMC) contains the most electronegative natural charge (-0.85104) whereas the most 

positive natural charge (+0.85653) is found for the C82 atom of the other monomer (i.e. 

adsorbent FA) using the DFT-D (M06-2X) level of study. Moreover, the DFT (B3LYP) 

approach gives a similar pattern showing the most electronegative (-0.83859) and 

electropositive (+0.83136) natural charges on the same as previously mentioned O and 

C atoms. Now if we look into total natural charges on the respective monomer units 

adsorbent (FA) and adsorbate (CMC), the charges based on (DFT-D, DFT) methods, 

are negative (-0.0104, -0.03143) and positive (0.03158, 0.02309), correspondingly 

which fairly illustrates that the FA monomer unit behaves like an electron acceptor 

because of having a total negative natural charge. More importantly, it appears that the 

formation of the intermolecular NCIs could be due to the survival of a net positive 

charge on the H atom and negative charges on the carbon and oxygen atoms. 
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4. Conclusions  

The physiochemical parameters of functionalized accurel such as specific surface area 

(SBET) =34.472 m2/g, pore volume (Vp) =0.07-0.121 cm3/g, total pore volume (Vtp) = 

0.115 cm3/g, mean pore diameter = 13.692nm and pore diameter =39.402nm was 

determined by BET method. The particle size and pXRD studies confirmed that FA 

possessed mesoporous and crystalline nature respectively. It was found that the 

adsorption of CMC on FA affected by the change of various factors like the initial 

concentration of CMC, FA dose, pH, ionic strength (0.1mol/L), temperature (℃), 

sonication (20 kHz) and the presence of urea (0.1mol/L).  These observed results 

concluded that the non-covenant force played a significant role in the binding of CMC 

at FA/water interfaces. The results obtained from the FTIR analysis provided useful 

information on spectral changes which are attributed to hydrogen bonding between 

CMC and FA. The adsorption was observed  as evidenced by  changes in the IR 

frequencies of some main functional groups -OH, -C=O, -C-O, -C-H, and –COOH in 

which the -C–O stretch coupled to the -C–C stretch and -O–H deformation, were 

significant and thus support strong hydrogen bonding of CMC on FA surface.  The 

presence of urea and sonication were found to reduce significantly which suggested that 

the role of hydrogen bonding is a predominant force rather than hydrophobic force. The 

batch shaking adsorption experiments with various parameters were tested and the 

equilibrium isotherm data were fitted with Freundlich, Langmuir, Temkin and 

Jovanovic models of adsorption and compared by linear regression coefficient (R2) 

which obeyed the order as Langmuir (R2=0.9933)> Freundlich (R2=0.9830)>, Temkin 

(R2=0.9428)> Jovanovic (R2=0.8667). The adsorption free energy of CMC is close to 

that of physical adsorption suggesting H-bonding to be a dominant force for CMC (L2 

type) adsorption. XPS analysis illustrated the binding of -OH groups available onto FA 

surface with carboxylate ions of the CMC confirmed the hydrogen bonding during 

adsorption. Thus, the present study provides substantial evidence to prove beyond doubt 

that adsorption of CMC onto FA surface governs by hydrogen bonding and other weak 

non-covalent interactions. Moreover, the theory-based quantum mechanical 

calculations provide a better understanding of the adsorbate – adsorbent binding 

features and to understand better such molecular agglomeration systems, this model 

could overlay a new insight in the area of food, pharmaceutical, and industrial chemistry.  
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Abstract 

The present study focused onto adsorptive properties and nature of the 

interaction between sodium carboxymethylcellulose (NaCMC) and mesoporous 

granular fine quartz (MGFQ) employing various in-depth characterization 

techniques. The obtained data were tested with various adsorption isotherm 

models and effect of various operational  variables such as pH, ionic strength, 

temperature, the concentration of adsorbents, amounts of adsorbents, etc. on 

adsorption were investigated.. The physiochemical parameters of MGFQ such as 

specific surface area (SBET) =11.34 m2/g, pore volume (Vp) =0.09 cm3/g, total 

pore volume (Vtp) = 0.09 cm3/g, mean pore diameter =32.52 nm were 

determined. The thermal result revealed that NaCMC could be used at specific 

temperature (251°C), which was suitable for its application. The equilibrium 

isotherm data were fitted with Langmuir, Freundlich, Temkin and Jovanovic 

models of adsorption and compared by linear determination coefficient (R2) and 

obeyed the order as Freundlich (R2=0.9984)> Langmuir (R2=0.9194)>Temkin 

(R2 =0.8899)>Jovanovic (R2= 0.8709). The infra-red spectral changes in the 

region 1104 cm−1 and 1076 cm−1 suggested that NaCMC accumulation onto 

MGFQ was stabilized by H-bonding and some other weak noncovalent 

interactions depending on the solution conditions. 
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1. Introduction 

Sodium carboxymethylcellulose (NaCMC) is a water-soluble, hydrophilic, and 

macromolecular anionic polymer and produced as polyelectrolyte salt at industrial scale 

without any refinement for several applications in various sectors [1]. The most 

promising area of application of NaCMC as strong depressants that could replace the 

highly toxic inorganic modifiers in the differential flotation process such as flotation of 

sulfide minerals [2].  The applicability of this polymer was associated with adsorption 

behaviour onto solid surfaces and makes it suitable for a wide range of applications in 

the mineral processing, food, pharmaceutical, and cosmetics industries. The polymeric 

unit of NaCMC (Figure 1) illustrated that each unit contains three hydroxyl groups and 

carboxylate ions responsible for hydrogen bonding [3, 4]. Several studies were 

conducted in the past but the mechanism of adsorption of polysaccharides on solid 

surfaces is not yet well understood. Several researchers proposed that the mechanisms 

governing the adsorption of polymers (polysaccharides) onto mineral surfaces include 

hydrophobic interaction, hydrogen bonding, chemical, and electrostatic interactions [5-

19]. However, the reasons for the selectivity of the adsorption of depressants on 

minerals have not been accounted, Therefore, physiochemical aspect for the adsorption 

behaviour of NaCMC onto oxide mineral/ mesoporous granular fine quart (MGFQ) 

surface from its aqueous solutions was the topic of research interest. The crystalline 

mineral oxide and other allied materials was studied extensively for various 

applications [19-25]. Quartz crystals have piezoelectric on the influence of the -COOH 

and -COONa groups will also alter the application of this polysaccharide [26-27].  

The prime objective of this research was to establish an understanding of the binding 

behaviour of NaCMC onto mineral surfaces (MGFQ) and to determine the most 

desirable conditions to increase the applicability of NaCMC in various fields. The 

MGFQ was evaluated with various physicochemical parameters such as point of zero 

charges, iodine test, and molasses test, specific surface area, pore diameter, pore-

volume, particle size distribution, mesoporous nature employing various depth 

characterizations.  For the  validation of the adsorption data various adsorption isotherm 

models were considered. Based on the results, it was suggested that the 

physicochemical binding aspects of NaCMC onto MGFQ was stabilized by H-bonding 

and other weak noncovalent interactions and such alteration could play a noteworthy 

role in the field of food, pharmaceutical, and industrial applications. 



Chapter - 5 

 162 

Figure 1. Structure of sodium carboxymethyl cellulose (Repeating unit of glucose) 

shows the d-glucose units are linked through β-1, 4 bonds. O ̼ represents the 

continuation of the polymeric chain 

2. Experimental 

2.1 Materials 

All the reagents used for synthesis and experimental studies were of analytical and 

laboratory grade. Granular fine quartz (99.9%), extra pure sodium 

carboxymethylcellulose (99.5%), sodium hydroxide (98%), hydrochloric acid (35.5%), 

potassium chloride (99.5%), sulphuric acid (98%), sodium sulphate (99.9%) cetrimide 

(96%), methanol and isopropyl alcohol (99.9%) were used and supplied by Loba 

Chemie Pvt. (Maharashtra, India). Reference activated carbon 20-40 mesh (99.97%) 

purchased from Sigma Aldrich Chemie Gmb H. (Steinheim, Germany) was used for 

iodine and molasses test. Iodine resublimed (99.8%) was purchased by Sisco Research 

Laboratories Pvt. Ltd. (Maharashtra, India). Organic sugar, brown (100%) was supplied 

by M/s Pro Nature Organic Foods Pvt. Ltd. (Karnataka, India). The double distilled 

water was used for processing of adsorbent and batch adsorption experiments. 

2.2 Preparation of mesoporous granular fine quartz (MGFQ) as an 

effective adsorbent 

The supplied granular fine quartz was washed using double distilled water and dried in 

an oven at optimized [28, 29] temperature (120°±2C) for 2-3 hr to remove all the volatile 

impurities and undesired impurities adsorbed on the surface. After drying, the sample 

was sieved to obtain the uniform size and kept in a desiccator for further 

characterization and experimental use. After depth characterization of this material 

results confirms its mesoporous nature, henceforth it was termed as mesoporous 

granular fine quartz (MGFQ). 
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2.3 Characterizations 

2.3.1 Point of zero charge (ZPC) 

The pHZPC of MGFQ was determined by the salts addition method [30-34] using 0.1M 

NaNO3 solution at room temperature (25±0.020C. In this process, the 40 ml of 0.1M 

NaNO3 solution were taken in seven different stoppered bottles (50ml) namely 1, 2, 3, 

4, 5, 6, 7, 8 and then an initial pH value of 2- 12 were adjusted respectively by adding 

either 0.1 M HNO3 or 0.1 M NaOH solutions. The pHs were recorded using digital pH 

meter (CL54+, Toshcon Industries Pvt Ltd, Haridwar, India) with an accuracy 

0.01pH±1digit. The MGFQ (0.1 g) was added to each bottle and stirred at 500rpm on a 

magnetic stirrer (MS-M-S10, DLAB Scientific Pvt Ltd. Hyderabad, India) for a day. 

After stirring the samples these were kept for equilibrium, and then was filtered using 

Millipore filter paper (0.45µm), the final pH of each bottle (filtrate) was recorded very 

carefully. The difference between the final and initial pH (ΔpH) values were calculated 

and then plotted against the initial pH values. 

2.3.2 Iodine test 

The physio-chemical and adsorption characteristic of MGFQ was determined by the 

earlier reported method [34] using percentage iodine removal (PIR) analysis. The 

following formula was applied to calculate the PIR value for MGFQ. 

𝑃𝐼𝑅MGFQ =
𝑚𝑙 𝑡ℎ𝑖𝑜𝑠𝑢𝑙𝑝ℎ𝑎𝑡𝑒 𝑢𝑠𝑒𝑑 𝑓𝑜𝑟 𝑏𝑙𝑎𝑛𝑘−𝑚𝑙 𝑡ℎ𝑖𝑜𝑠𝑢𝑙𝑝ℎ𝑎𝑡𝑒 𝑢𝑠𝑒𝑑 𝑓𝑜𝑟 𝑠𝑎𝑚𝑝𝑙𝑒

𝑚𝑙 𝑡ℎ𝑖𝑜𝑠𝑢𝑙𝑝ℎ𝑎𝑡𝑒 𝑢𝑠𝑒𝑑 𝑓𝑜𝑟 𝑏𝑙𝑎𝑛𝑘
× 100          (1)                                                                               

2.3.3 Molasses test 

The adsorptive characteristic of MGFQ was determined by per cent molasses colour 

removed (PMCR) analysis. The PMCR MGFQ was determined using the following 

formula [34]:  

PMCRMGFQ =
Absranace of blank−Absrobance of MGFQ treated samples

Absranace of blank
× 100                   (2) 

 

2.3.4 Brunauer-Emmett-Tiller (BET) surface area measurements 
 

BET analysis of MGFQ was performed by surface area analyzer (BELSORP-Mini II, 

Japan). Before further analysis, the sample (MGFQ) was pre-treated in the presence of 
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N2 at 500-6000C for 2-3 h to remove the undesired species present on the surfaces of 

samples. After pre-treatment, the sample was cooled at room temperature in the inert 

atmosphere. A definite amount of the sample (1.0g) was scanned using nitrogen (as 

adsorbate) and helium (as carrier) gas and all observation were continuously under 

examine at BELSORP data analysis program (BDAP).  After complete scanning of the 

sample, the results (data) were analysed by Version info. of the analysis software (VAS) 

[35].  

2.3.5 Scanning electron microscopy (SEM) analysis 

The particle morphologies of the MGFQ were investigated employing SEM of JEOL 

(Nicole-6700, TFS, USA). The samples were sputter-coated with gold-palladium using 

an ion sputter coater (auto fine coater) (JFC1600, JEOL Ltd, Japan) before SEM 

analysis [36].  

2.3.6 Energy-dispersive X-ray spectroscopy (EDS) analysis 

The elemental composition was done by the energy-dispersive X-ray spectroscopy 

(EDS) with EDS 133, EV dry detector (INCAx-act, Oxford, UK) coupled with SEM 

[37].  

2.3.7. Fourier transformation infrared (FTIR) analysis 

Vibrational spectroscopy in the infrared region was is used for the characterization of 

the molecular structure of the adsorbent from the vibrational modes related to functional 

groups present in the adsorbent.  For the functional group analysis, the MGFQ was 

mixed with the required amount of potassium bromide and then pelletized under high 

pressure in a vacuum atmosphere and then pelletized MGFQ was scanned in 

transmittance mode with wave region ranging from 4000 to 500 cm−1 by Fourier 

transform infrared (FTIR) spectrometer (Nicole-6700, TFS, USA) [38]. 

2.3.8 Powder x-ray diffraction (pXRD) analysis 

Crystallographic parameters of the  MGFQ were obtained from pXRD study. The 

PXRD spectra patterns were recorded on a Rigaku Miniflex II desktop X-ray 

diffractometer at 30kV and using CuK radiation. in 2-theta(degree) angle range 5°-80° 

at 45kV using CuK radiation with 148.92 times per step [39].  
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2.3.9 Thermogravimetric analysis (TGA) 

The mass loss of a sample as it was heated, cooled or held at a constant temperature in 

a defined atmosphere was performed using TGA Perkin Elmer (Switzer Land) with 

accuracy ±1°C. The thermal degradation of NaCMC was investigated by means of TGA 

in nitrogen atmosphere with the flow rate 100 mL/min at the heating rate of 10‐30 

°C/min until the furnace wall temperature reached 800 °C. The change in the mass-loss 

like evaporation, decomposition was recorded [40].  

2.6 Adsorption experiments 

The stock solution of desired concentration was prepared in accordance with the earlier 

reported method, briefly, an appropriate amount of NaCMC was dissolved and the 

prepared solution was then refrigerated over 24hr. After attaining the room temperature 

this was further used for batch adsorption experiments. For the adsorption tests, the 

desired concentration was taken in Erlenmeyer flasks and 1.0 g MGFQ was then added 

into each flask. This suspension was then agitated for half an hour using orbital shaking 

incubator at 25±0.5 °C. After equilibration, pH of the solution was again recorded. The 

solution was then centrifuged for 10 min at 500 rpm by centrifugation process. The 

supernatant liquid was used to analyze the adsorption concentration determination 

employing earlier reported method [41] and monitored spectrophotometrically, 

λmax=375nm, (Spectronic, 20D+, TEC, US) by measuring the absorbance at 

temperature (22 ± 2°C). The cuvette was cleaned with acetone after few absorbances 

run to remove the deposited concentration. Each adsorption test was done in duplicate 

and triplicate when necessary and the results was averaged. 

The amount of NaCMC adsorbed on MGFQ, 𝛤  (mg/L), was evaluated using the 

following equation [42]:  

𝛤 =
(𝐶0−𝐶𝑒)

𝑀
. 𝑉       (3) 

Where, C0 and Ce (mg/1) referred to the initial and the equilibrium concentration of 

NaCMC respectively; V (L) is the volume of the NaCMC solution, and M (g) is the 

mass of the GFQ. 
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2.7. Influence of various factors onto adsorption of NaCMC onto MGFQ 

surface 

2.7.1 Effect of NaCMC concentration  

 The effect concentration of NaCMC onto adsorption was conducted by varying the 

concentration in the ranges 10 -100 mg/L of NaCMC. Meanwhile, other influencing 

factors like dose, pH, ionic strength, temperature and the presence of alcohols, etc. were 

kept constant during the adsorption.  

2.7.6 Effect of MGFQ dose  

The amount of adsorbent (MGFQ) was an important factor to affect the adsorption 

behaviour of NaCMC.  The desired amount (1.0g) was taken during the batch 

adsorption experiments keeping all factors constant.  

2.7.2 Effect of pH  

The pH of the solution was introduced as another factor affecting the adsorption amount 

of the NaCMC onto MGFQ surface. The adsorption of NaCMC onto MGFQ were 

studied by varying pHs with ranges 2.0-12.0. 

2.7.4 Effect of ionic strength 

The binding mechanism of NaCMC onto MGFQ was explained as a function of ionic 

strength. Sodium sulphate (0.2mg/L) was used to conduct. During the batch adsorption 

experiments, Na2SO4 solution (0.2mg/L) was added in the selected concentration of 

NaCMC.  

2.7.5 Effect of alcohols   

The presence of various alcohols during the adsorption process of NaCMC was 

investigated. Methanol (CH3OH) and isopropyl alcohol (C3H8O3) were selected as 

different alcohols. A definite volume ratio (v/v) of alcohols were added during the 

adsorption of NaCMC onto MGFQ.  

 

 



Chapter - 5 

 167 

2.7.3. Effect of temperature 

The adsorption amount was determined at different temperatures (20, 30, 40, 50 and 60 

0C). For this study, all desired samples (solutions of NaCMC) were placed in a water 

bath at aforesaid different temperatures to conduct the batch adsorption experiments.  

2.7.7 Effect of sonication 

Non-chemical factor (sonication) was introduced for the adsorption of NaCMC onto 

MGFQ. During the adsorption experiment, sonication (20kHz) was applied for 30 min. 

For this study, this ultrasonicator (Sonics Vibra-cell VCX750, USA) a high-intensity 

liquid processor was used for sonication to examine the effect of power ultrasound on 

adsorption of NaCMC onto MGFQ. The ultrasonicator used in the present case was an 

amplifier power (automated). It is a “high intensity ultrasonic having probe (Coupler 

solid, Part No.630- 0421) with stepped tip 1/8″-630-0422 [49].  

2.7.8 Effect of contact time 

The effect of contact time on the adsorption of NaCMC was investigated. The 

adsorption experiment was conducted at selected optimized conditions while keeping 

all factors constant.  

2.8. Adsorption isotherm and their statistical physics based model studies 

The equilibrium adsorption isotherm is an important parameter to consider when 

designing an adsorption system. An equilibrium isotherm describes the mode of 

interactions between the solute and adsorbent. Moreover, the shape of an isotherm 

provides information about the affinity of adsorbate information about the affinity of 

an adsorbate toward the adsorbent [51]. Therefore, for isotherms investigation, the 

adsorption equilibrium data was originated at NaCMC solution within optimum 

conditions.  The equilibrium behaviour of NaCMC onto MGFQ was explained by two 

most common adsorption isotherm models namely Freundlich [52] and Langmuir [53].  

Furthermore, two other models [54, 55] were also applied in this study. Adsorption data 

were fitted employing these different methods and a comparison was made. 

Adsorption isotherms were described in various mathematical forms, some of which 

were based on a simplified physical model of adsorption and desorption, while others 

are purely empirical and are intended to correlate the experimental data. However, a 
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simple Hill model [55] obtained by statistical physics treatment was applied to define 

the parameter which represents the number of molecules adsorbed per site. Further, a 

basic statistical physics assumption of the Langmuir theory was also considered. 

2.9. Regeneration study 

Regeneration study was conducted for recycling use of MGFQ employing different 

eluents. After the equilibrium adsorption batch experiments, the MGFQ was 

regenerated using desoption process. The desorption experiments were carried out with 

double distilled water and different concentration of HCl solution (0.5M to 0.15M). 

First, 5.0 g of MGFQ loaded with NaCMC after adsorption was dried in the oven. After 

drying, the MGFQ was added into 40 mL of HCl solution and shaken at 30 °C for 24 

h. Now, the solution was centrifuged at 6000 rpm for 5 min. The separation process 

reveled that on the action of centrifugal force to separate MGFQ particles in a solid-

liquid mixture into two distinct phases consisting of the sediment and supernatant. From 

the supernatant, the adsorbed/residual amount of NaCMC was determined. The MGFQ 

precipitant (sediment) was collected from the bottom of centrifuge tube. Moreover, the 

sediment was again used for the adsorption of NaCMC with 50 mL of NaCMC solution 

for investigation of the reusability. The regeneration tests were repeated 4 times. 

3. Results and discussion 

 3.1 Characterization of the adsorbent and adsorbate 

3.1.1 Point of zero charge (pHZPC) 

The adsorption of NaCMC was directly related to the surface charge characteristics of 

the MGFQ as determined by the pHZPC relationship. An efficiency of adsorption of 

NaCMC can also be due to a low pHzpc of the MGFQ particles. The zero point of 

charge was found [46-59] to be 3.35±021. Above pHzpc = 3.35±021 the surface of the 

MGFQ particles is negatively charged and upon increasing the pH value the adsorption 

was also decreased and vice versa. The carboxylate ions of NaCMC was completely 

adsorbed under pH conditions where the solution has a positive surface charge, i.e. 

when the pH is below the pHzpc. However, adsorption also occurred when the pH was 

above the pHzpc suggesting that adsorption also occurs via van der Waals forces. 

However, greater adsorption occurs when the pH is below the pHzpc. Maximum 



Chapter - 5 

 169 

hydrogen bonding is believed to occur when the interaction of carboxylate ions of 

NaCMC and the positive surface of MGFQ when the pH is below the pHzpc.  

3.1.2 Iodine test 

The PIR MGFQ was found to be 71.73% for MGFQ suggests that it follow a similar trend 

as reference activated carbon (RAC) (Table1). This experimental study supports that 

MGFQ has sufficient adsorptive potential for present work. This is because of the 

availability of the active sites of MGFQ. When the concentration increases, the iodine 

dissociated also increases. The availability of active sites for binding onto MGFQ 

surface for iodine are limited for the higher concentration [26].  

3.1.3 Molasses test   

The PMCR MGFQ was found to be 67.96% was similar trend indicator with   RAC 

(Table1). The obtained data suggest that MGFQ has potential adsorption application 

for interpretation of the adsorption behaviour of polysaccharides. The finding was based 

on the concept that the adsorption amount decrease with increases in temperature [26].  

3.1.4 BET analysis 

The textural properties of MGFQ like specific surface area, surface nature, particle size 

distribution and total pore volume were measured using BET analysis (Figure 2b-2d). 

The BET analysis [60] reveals that MGFQ had a typical specific surface area (SBET 

=34.74m2g-1).  The N2 adsorption isotherm was measured which represents type IV 

isotherm (Giles' classification) [60]. The capillary condensation phenomenon in IV 

isotherm was the characteristic properties of mesoporous material, therefore, it was 

interpreted that MGFQ was mesoporous material. For the determination of pore size 

distribution, the Barrett-Joyner-Halenda (BJH) model [61, 62] was applied and results 

were found in the mesoprous  domain (32.52nm) which confirmed that MGFQ 

possesses mesoporous nature as per defined by IUPAC nomenclature [63-67]. These 

physicochemical properties of MGFQ make it suitable and potential adsorbent for the 

adsorption of CMC (Table 1). 
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Figure 2. Physiochemical analysis of MGFQ (2a). pHZPC analysis, (2b). N2 

adsorption-desorption isotherm, (2c). BET graph and (2d). BJH graph 

Table 1 Physio-chemical parameters of MGFQ presented in figure 2 

 

ZPC analysis (pHZPC) 

Initial pH range(pHi) 
The difference in  pH 

range (ΔpH) 
pHZPC 

2-10 2.34 to -3.814 3.35±021 

Iodine test 

Thiosulphate used 

for blank (ml) 

RAC MGFQ 

Thiosulphate 

used (ml) 
PIRRAC 

Thiosulphate 

used (ml) 
PIR MGFQ 

12.53 0.66 

94.77 

3.85 

69.20 12.50 0.65 3.84 

12.50 0.65 3.85 

Molasses test 

Sugar solution 

(15%) 
RAC MGFQ 

Absorbance 

(λmax=420nm) 
Absorbance 

PMCRR

AC 
Absorbance PMCRMGFQ 

0.85 0.024 

97.52 

0.27 

70.23 0.84 0.021 0.25 

0.84 0.021 0.25 

Surface  analysis 

Methods Surface parameters of  MGFQ 
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3.1.4. Functional group analysis 

The FTIR spectra of MGFQ with NaCMC before and after adsorption are shown in 

Figure 3. The bands at 1082 and 791 cm–1 attributed to the asymmetric and symmetric 

stretching vibration of Si–O, the intense absorption peak at 3433.79 cm−1 was observed 

due to presence of both free and hydrogen-bonded -OH groups on the MGFQ. The 

absorption peaks at 2918.53 cm−1, 1629.99 cm−1, 1431.02 cm−1, 1162.2 cm−1 and 

876.05 cm−1 may be due to -CH2, -C-C, -C-H, and -C=O stretching, respectively [68] 

(Figure 3a). The stretching band at 2920.8 cm−1 were due to –CH2 groups of the 

NaCMC. The ring stretching of the glucose unit appeared at 1610.32 cm−1. 

Additionally, the bands at 1350–1450 cm−1 were due to symmetrical deformations of -

-CH2 and –C-OH groups, respectively. The bands due to primary alcoholic –CH2OH 

stretching mode and -CH2 twisting vibrations appear at 1060 and 1010 cm−1 

respectively. The mid-frequency bands at 714-610.70 cm−1 were due to ring stretching 

and ring deformation of α-D-(1–4) and α-D-(1–6) linkages[69] (Figure 3b). After the 

adsorption of NaCMC onto MGFQ, the characteristic peaks at 1780 cm−1 and 1383 

cm−1 due to carbonyl stretching of carboxylic acid groups and unsaturated groups have 

successfully confirmed MGFQ and associated with the interactions of NaCMC with 

MGFQ, as shown in Figure 3c [70,71].  

N2 isotherm 

Saturated 

vapour 

pressure (kPa) 

Sample 

weight 

(g) 

Ratio of rate 

constant 

(adsorption / 

desorption) 

 

96.67 0.1 0.371  

BET plot 

Specific 

surface area 

(SBET) (m2g-1) 

Monola

yer 

volume 

Vmono 

(cm3 g-1) 

Total pore 

volume (Vp) 

Mean pore 

diameter (nm) 

11.34 2.31 0.09 32.52 

BJH plot 

  Pore volume 

(Vp) (cm3 g-1)    

Pore 

specific 

surface 

area (ap) 

(m2g-1) 

Micropore 

radius 

(cylindrical 

shape (rp) (nm) 

 

0.09 12.25 1.66  
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Figure 3. FTIR spectra (3a). MGFQ before adsorption, (3b). NaCMC and (3c). 

MGFQ After adsorption 

3.1.5. Surface morphology analysis 

The textural/morphological characteristics of the MGFQ were evaluated by SEM 

studies (Figure 4). SEM photographs of the unloaded MGFQ show the rough, uneven 

surfaces porosity with small openings and holes responsible for intra pore diffusion 

during the adsorption process. Therefore, these surface properties should be a 

considerable factor for NaCMC adsorption. After NaCMC adsorption, a significant 

change was observed in the structure of the MGFQ (Figure 4a). The NaCMC adsorbed 

surface appeared to have a rough surface and pores containing new shiny particles after 

adsorption (Figure 4b) [72-75]. 

 

Figure 4. Shows the MGFQ morphology (4a). Before adsorption and (4b). After 

adsorption 
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3.1.6. Elemental microanalysis 

The purpose of elemental analysis is to determine the quantity of a particular element 

within a molecule or material for point of view of qualitative and quantitative aspects. 

SEM-EDX elemental analysis before and after shown in Figure 5 Before adsorption 

MGFQ confirmed the presence of Si and O (Figure 5a) whereas NaCMC adsorbed 

MGFQ revealed the presence of O, Na, Si, and K surface (Figure 5b). The source of Na 

is in carboxymethyl cellulose salt, used in the adsorption process [76, 77]. The changes 

in the SEM-EDS was associated NaCMC adsorption onto MGFQ. 

Figure 5. EDS and percentage composition of MGFQ (5a). Before adsorption and  

(5b). After adsorption 

3.1.7 Crystalline structure analysis 

The XRD spectra of MGFQ were scanned before and adsorption of NaCMC presented 

in Figure 6. There were observable differences in the XRD spectra of MGFQ before 

and after the adsorption of NaCMC. A series of small and sharp characteristic peaks of  

MGFQ before adsorption were at 2θ = 22, 26, 37, 41,43, 46, 50, 57, and 60 

corresponding to (100), (101), (110), (102), (201), (112), (202) and (211) Bragg 

reflection (Figure 6a), respectively[78-80]. This confirmed crystalline nature and the 

presence of silica oxide particles in the prepared MGFQ (Figure 6a). After adsorption, 
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the shifting in peaks namely (101) supported the hydroxylation behaviours of quartz 

(101) surface and suggested that hydroxyl of NaCMC interaction with MGFQ surfaces 

and associated with the contraction of the unit cell. The disappearance in peaks 

suggested there was a slight loss of crystallinity of MGFQ surface (Figure 6b).  

Figure 6. XRD spectra of MGFQ (6a). Before adsorption and (6b). After adsorption 

3.1.8 Thermal measurement 

The thermal characterization behaviour of polysaccharides (NaCMC) was analysed and 

results have been shown in Figure 7, which illustrated that the TGA curve consists of 

four stages [40]. The first initial weight loss (∆m=8.964%) was observed in the 

temperature range of 49.36 to 148.79 °C. The initial weight loss was due to the presence 

of moisture in the sample (NaCMC) and suggested that this was the due to evaporation 

of moisture. This (evaporation) was because of NaCMC tends to absorb moisture from 

its surroundings. The second weight loss (∆m=20.106) in the temperature range of 

149.52 to 252.57 °C was due to volatilization of the volatile matter from the sample. 

The third stage illustrated the maximum weight losses (∆m=28.342%) as a result of the 

pyrolysis process with loss of -COO− from the NaCMC. In this stage, the thermal 

degradation started at the temperature range 253.00 to 352.00°C with weight loss 

(∆m=28.342%). The final stage represented the conversion of the remaining material 

to carbon residues which ends at 749.43°C with weight loss of (∆m=10.682%). The 

obtained result revealed that the NaCMC could be used at moderate temperatures (251 

°C), which was suitable for its application. 
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Figure 7. Thermal characterization behaviour of NaCMC 

3.3. Effect of various factors onto NaCMC adsorption 

3.3.1 Concentration 

The adsorption of NaCMC onto MGFQ was studied as a function of concentration to 

determine where the equilibrium exists. By measuring the NaCMC concentration the 

adsorption amount (mg/g) were determined. It is shown in Figure 8a that the NaCMC 

adsorption rate was low at the beginning of the adsorption process because the active 

sites on the surface of the MGFQ were initially abundant and the NaCMC chain could 

be adsorbed in a flatty manner.  As the concentration of NaCMC increases, there was a 

gradual increase in the adsorption. After 80mg/L concentration of NaCMC, the 

adsorption capacity no longer changed, suggesting that the adsorption had reached 

equilibrium. This was partly due to the unavailability of vacant active sites with 

increasing concentration [83, 84]. Therefore, 80mg/L concentration was selected as the 

adsorption equilibrium concentration. 

3.3.6 MGFQ dose 

To explore the role of surface active sites during the adsorption process were explained 

[85] by performing the effect of dose of MGFQ onto adsorption. The optimization of 

MGFQ dose (1.0-7.0g) was taken in a NaCMC concentration at 3.0 pH and room 

temperature. The adsorption capacity was decreased with increase MGFQ amount 

(Figure 8b). Therefore, 1.0 was chosen as the adsorbent dose for further experiments.  
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3.3.2 pH 

The pH of the solution has been reported [86-97] as a significant variable to affect the 

adsorption of polysaccharides onto various solid surfaces. Therefore, the effect of pH 

was carried out at room temperature (25±0.2oC) keeping all variables constant. The 

adsorption of NaCMC onto MGFQ was studied in the pH range of 2.0-12.0. The point 

of zero charge (PZC) of MGFQ was found to be near pH 3.5. With the pH value ranging 

from 2 to 12, the surface of the quartz was negatively charged. The effect of pH on 

adsorption is shown in Figure 8c. With the increase of pH values, the adsorption amount 

of NaCMC on MGFQ decreased gradually. Since, NaCMC is a type of anionic polymer, 

the negatively charged MGFQ surface and NaCMC, therefore, repel each other, and 

thus adsorption decreases (Figure 8c). Also, the competitive adsorption between 

NaCMC and hydroxyl ions at higher pH values can result in a decrease in the adsorption 

amount. 

3.3.4 Ionic strength 

The adsorption behaviour of NaCMC onto MGFQ was illustrated in the presence of 

inorganic salt (Na2SO4). The adsorption amount was found almost unchanged with the 

addition of NaCl and KCl during the adsorption experiments. The adsorption amount 

increased with the increasing concentration of Na2SO4 in the solution of the desired 

concentration. With the addition of SO4
2- ions, there was an interaction between the 

water molecules and SO4
2- ions due to the formation of hydrogen bonds [98, 99]. 

Meanwhile, the hydroxyl groups present in NaCMC have also formed hydrogen bonds 

to SO4
2- ions resulting in the aggregation of NaCMC. Furthermore, SO4

2- has salt effects 

on NaCMC, and this gives rise to the aggregation of NaCMC (Figure 8d). Furthermore, 

NaCMC has more opportunities to interact with the active sites on the surface of the 

MGFQ. As a result, the adsorption amount increased when SO4
2- exist in the solution 

[88]. In conclusion, the presence of divalent anion could increase the adsorption amount 

of NaCMC onto the mineral surface (MGFQ) [100-102]. 
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Figure 8. Effect of various factors onto NaCMC adsorption (8a). Concentration, (8b). 

Dose of MGFQ, (8c). pH, (8d). Ionic strength, (8e). Contact time, (8f). Temperature, 

(8g). Sonication and (8h). Alcohol 
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3.3.8 Contact time 

To determine the equilibrium condition, the adsorption of NaCMC onto MGFQ was 

performed as a function of contact time [103]. The adsorption amount was determined 

by measuring the concentration of NaCMC at different time intervals (Figure 8e). It 

was observed that initially the adsorption amount increases due to the availability of 

actives sites on the surface of MGFQ and the NaCMC macromolecules could be 

adsorbed easily. The adsorption amount of NaCMC onto MGFQ was found a maximum 

within 360min. After 360 min, the adsorption amount remained unchanged, suggesting 

that this was the equilibrium state.  The equilibrium state was achieved due to a reduced 

number of available vacant active sites with increasing contact time (Figure 8e). 

Therefore, 6h was adopted as the adsorption equilibrium time for the NaCMC 

adsorption onto MGFQ surface.  

3.3.3 Temperature  

The adsorption behaviour of NaCMC was studied as a function of temperature and the 

results between amount adsorbed and temperature (20, 30, 40, 50 and 60 C, ±0.50C unit 

temperature) is shown in Figure 8f. The absorption amount of NaCMC onto MGFQ 

decreased as the temperature increased, suggesting that the adsorption process was 

physical and exothermic in nature. Furthermore, the van der Waals and other non-

covalent forces decreased with an increase in temperature [104]. This means that the 

interactions between MGFQ and NaCMC are weak, leading a decrease in adsorption 

amount. The physisorption of NaCMC on MGFQ occurred mainly through dispersive 

interactions between the adsorbate-adsorbent systems. Hence, the adsorption amount 

of NaCMC found to decrease with increasing temperature as mentioned in the literature 

[105].  

3.3.7 Sonication 

To find out the role of interaction between NaCMC and MGFQ, the effect of power 

ultrasound (sonication-20 kHz) was examined during the adsorption process. The 

adsorption experiment was conducted in the presence and absence of ultrasound. 

Results indicated that the adsorption amount in the presence of ultrasound is lower than 

that of in the absence of ultrasound because at a lower frequency (20 kHz) the cavitation 

effect is more (due to larger propagating bubble) and which caused to a weakened 
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interactive force between the MGFQ and NaCMC resulting decrease in the adsorption 

amount (Figure 8g) [49].   

3.3.5 Presence of alcohols (hydrogen bond breakers) 

To explain the role of interaction of the hydrogen bonding effect of alcohols [methanol 

(CH3OH), and ethylene glycol [(CH2OH)2] were studied during the adsorption process. 

It was found that there was no change in the adsorption amount of NaCMC was 

examined upon addition of CH3OH during the adsorption experiments. However, the 

adsorption amount was found decrease with the addition of (CH2OH)2 because  

(CH2OH)2 has more hydroxyl groups[106] (Figure 8h). The existence of more hydroxyl 

groups in (CH2OH)2 and NaCMC was responsible in the formation of a hydrogen bond 

between the MGFQ and NaCMC [107]. As a result, there was less interaction between 

NaCMC and MGFQ and decreases the adsorption [108-110]. 

3.4 Adsorption isotherm studies 

3.4.1 Frendulich isotherm 

The non-uniform distribution of adsorption that the surface of MGFQ was 

heterogeneous and described by an empirical Freundlich isotherm model. The 

following Freundlich equation was applied [111]:-  

𝑙𝑜𝑔𝑄𝑒 = 𝑙𝑜𝑔𝐾𝐹 +
1

𝑛
𝑙𝑜𝑔𝐶𝑒     (4) 

Where 𝛤 was the amount of NaCMC adsorbed (mg/g), Ce is the equilibrium 

concentration of the NaCMC in solution (mg/L) and KF and n are Freundlich constants. 

The values of n and KF are calculated from the slopes and intercepts of the linear plots 

between log Qe vs log Ce (Figure 9a) were recorded in Table 2. The values of n> 1, 

attributed the favourable adsorption conditions. Freundlich plots are shown in Figure 

9a and linearity supported that data fitted well with regression coefficient value for the 

adsorption system under the studied concentration range. 

3.4.2 Langmuir isotherm 

The maximum adsorption amount and energy of adsorption was associated with a 

saturated monolayer of NaCMC macromolecules onto MGFQ surface. The Langmuir 

isotherm model was expressed by the following formula [112]:  
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𝐶𝑒

𝑄𝑒
=

1

𝑞𝑚𝑎𝑥𝐾𝐿
+

𝐶𝑒

𝑞𝑚𝑎𝑥
     (5) 

Where, KL is the Langmuir constant (L/ mg) related to the affinity of binding sites and 

the free energy of adsorption; Qe is the NaCMC concentration at equilibrium onto the 

MGFQ (mg/g); Ce is the NaCMC concentration at equilibrium in solution (mg/L); qmax 

is the NaCMC concentration when monolayer forms on the MGFQ (mg/ g). KL and 

qmax can be determined from the slope and intercept of plot Ce/Qe vs Ce (Figure 9b) 

and are given in Table 2. The Langmuir parameters suggested that this model was 

highly favourable for the adsorption of NaCMC in present conditions.   

3.4.3 Temkin isotherm model 

To determine the indirect NaCMC/MGFQ interaction in the intermediate range of ion 

concentration, Temkin isotherm model was applied [113]. The linear form of Temkin 

isotherm model is given by the following [114-116]:  

𝑄𝑒 = 𝐵𝑇𝑙𝑛𝐴𝑇 + 𝐵𝑇𝑙𝑛𝐶𝑒     (6) 

Where BT=RT/bT  

Qe= The amount of adsorbate adsorbed at equilibrium (mg/g), Ce= Concentration of 

adsorbate in solution at equilibrium (mg/L), AT =Temkin isotherm equilibrium binding 

constant corresponding to maximum binding energy (L/g), bT=Temkin isotherm 

constant (J/mol/.g/L), R=Universal gas constant (8.314 J/mol/K) and T= Temperature 

at 298 K. BT= A constant related to the heat of adsorption (J/mol) and it is defined by 

the expression BT=RT/bT. if BT has a positive value that means adsorption is exothermic 

and if BT is negative value then adsorption is Endothermic. From the plot of Qe vs lnCe 

(Figure 9c), BT and AT can be calculated from the slopes (BT) and intercepts BT lnAT 

respectively and given in Table 2. 
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Figure 9. Adsorption isotherms models (9a). Frendulich, (9b). Langmuir, (9c). 

Temkin and (9d). Jovanovic 

Table 2 Isotherm parameters obtained from the fit of various equations presented in 

figure 9 

Isotherm 

models 
Parameters 

Determination 

coefficient 

(R2) 

Freundlich n =0.99 ±0.012 KF =0.052±0.01L/g 0.9984 

Langmuir 
qmax = 7.78±0.013 

mg/g 
KL= 0.025±0.00 L/mg  0.9194 

Temkin 
AT =1.255 

±0.09.mg/L 

BT = 0.299±0.00.013L/g 

bT=±826.62±0.03J/mol/.g/L  
0.8899 

Jovanovic 
qmax = 0.047±0.03 

mg/g 
KJ = ±0.15±0.01 L/mg 0.8709 

Hill 
nH=0.971±0.02 

KD= -1.382×102 
QH=1.306×102 0.9981 
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3.4.4 Jovanovic isotherm  

The Jovanovic model was applied to find out some mechanical contacts between 

NaCMC and MGFQ into the aqueous system[117]. The linearized form of the 

Jovanovic isotherm is expressed as follows [118]:  

ln Q𝑒 = ln𝑞max − 𝐾J𝐶𝑒     (7) 

Where, 𝑞𝑒 is the amount of NaCMC in the MGFQ at equilibrium (mg/g), 𝑞max is 

maximum uptake of NaCMC obtained from the plot of lnQe vs 𝐶𝑒 (Figure 9d), and 𝐾𝐽 

is Jovanovic constant and summarised in Table 2. Furthermore, the obtained results of 

adsorption capacity of the polysaccharides were also compared with other reported 

work [119-124] (Table 3).  

Table 3 Adsorption capacities of NaCMC onto various adsorbents compared with 

previous literature based on the maximum adsorption capacity  

Adsorbents Adsorbates 

Amount 

adsorbed, 

Qmax (mgm-2) 

References 

Biotite Mica Guar gum Not reported [119] 

 

Amino-terminated surfaces 

 
CMC 

 

2.2 
[120] 

 
1.7 

1.2 

 

Talc 

 

CMC 

0.53 

[121] 
0.002 

Pyrite Guar gum, CMCs N.A. 

[122] 

Talc 
Dextrin and Guar 

gum 
N.A. 

Talc Guar gum 0.97-4.52 

Leached Talc Guar gum 0.93-4.03 

Calcined Talc Guar gum 0.83-3.68 

Leached Calcined Talc Guar gum 0.76-3.45 

Talc CMC N.A. [123] 

Polymeric surfaces CMC N.A. [124] 

Mesoporous mustard 

carbon 
CMC 0.53 [4] 

MGFQ NaCMC Table 2 Present work 

N.A. Data not available 

3.4.5 Statistical physics based isotherm model treatment 

A simple Hill’s model obtained by statistical physics treatment was applied to define 

the parameter which represents the number of molecules adsorbed per site. The 
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assumption in this model was considered that adsorption could be a cooperative 

phenomenon, with the NaCMC having the ability to bind at one site on the adsorbent, 

which could be influencing other binding sites on the same adsorbent. Originally, the 

equation of this adsorption isotherm model was derived from the non-ideal competitive 

adsorption isotherm. The non-linear forms of this isotherm model are expressed as 

follows [125-127]:  

𝑄𝑒 =
𝑄𝐻𝐶𝑒

𝑛𝐻

𝐾𝐷+𝐶𝑒
𝑛𝐻                                   (8) 

Where, QH=Hill isotherm maximum uptake saturation (mg/L), KD=Hill constant, 

nH=Hill cooperativity coefficient of the binding interaction.  These parameters be 

determined non-linear fitting of experimental data (Figure 10). Furthermore, in this 

model if nH =1 means that binding is hyperbolic or non-cooperative, if nH>1, binding 

has positive cooperativity, while negative cooperativity occurs when nH<1. The 

calculated results were summarized in Table 2. The value of Hill cooperativity 

coefficient of the binding interaction revelled that negative cooperativity and the 

adsorption mechanism of NaCMC onto MGFQ accompanied by hydrogen bonding 

[128-131]. 

 

Figure 10. Hill models illustrating experimental and calculated  
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4. Regeneration measurement  

The opposite process of adsorption was known as desorption and had a great impact on 

reusability of the adsorbent. Since, recent industrial trend for regeneration and reuse of 

adsorbents, desorption illustrated an important role for the selection (as adsorbent) of a 

material. So, a material, which can easily desorb, considered valuable. Therefore, the 

experiments for desorption of NaCMC from MGFQ was done by hydrochloric acid and 

double-distilled water (DDW) and the results are summarized in Table 4.  

 Table 4 Effect of different concentration of desorbing agent on the desorption NaCMC 

from MGFQ 

MGFQ -

NaCMC 

system 

Amount 

loaded 

(g) 

% 

Adsorption 

% 

Desorption 

Amount 

recovered 

Desorbing 

agents used 

5.0 

94.80 15.43 0.56 DW 

98.55 43.52 1.21 0.02M HCl 

97.84 56.66 2.32 0.05M HCl 

84.50 58.23 3.42 0.10M HCl 

 

The adsorption efficiency decreased with re-generation cycles for H2O and HCl. The 

used MGFQ regenerated by HCl possessed better efficiency. Adsorption efficiency, 

indicating that HCl was a suitable reagent for the regeneration process. After three 

cycles, the adsorption efficiency of treated MGFQ decreased from 98.55% to 84.50%. 

On the contrary, the adsorption efficiency decreased with regeneration cycles for H2O 

which suggested that the interaction between MGFQ and NaCMC was relatively 

stronger, therefore, desorption of NaCMC was not easy when H2O was used as a 

regeneration reagent (Table 4).  

5. Conclusions 

This study demonstrated that mesoporous granular fine quartz (MGFQ) was 

successfully prepared from supplied granular fine quartz only by one physical step and 

utilized further adsorption of NaCMC. The physiochemical characterizations (Table 1) 

and experiments confirm that MGFQ has very efficient potential adsorptive properties 

(Table 2). It was observed that the adsorption of NaCMC on MGFQ remarkably 

affected by the change in adsorptive optimized conditions such as pH, ionic strength, 
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sonication and presence of alcohols as hydrogen bond breaker.  These observed results 

concluded that hydrogen bonding plays a significant role during the adsorption. The 

FTIR spectral changes appeared nearby 1104 cm−1 and 1076 cm−1 provided sufficient 

evidence to confirm the participation of strong hydrogen bonding during adsorption. 

The chemical structure of NaCMC was relatively open and has low steric effect for 

interaction with the functional groups present on MGFQ. The adsorption mechanism 

was associated with hydrogen bonding between active chemical functions of MGFQ 

(Si-O-H) and carboxylates ions of NaCMC. These Si-O-H localized active sites intract 

with carboxylate ion of NaCMC to form hydrogen bonding. In the aqueous system, 

carboxylic functions of NaCMC developed affinities with most of Si-O-H of the 

NaCMC. The adsorption of NaCMC on adsorbent was as a result of interaction of Si-

O-H and carboxylate ion of adsobate (NaCMC). However, adsorbent being porous 

assist to enhance the surface area which provide the more active sites on the adsorbent 

(MGFQ). More active sites on the MGFQ, there could be more interaction between Si-

O-H of the adsorbent and –COOH groups of NaCMC. Experimental data of the present 

work were excellently fitted to the Freundlich equation since the regression analysis 

gave high correlation coefficients R2>0.99, as shown in Table 2. The adsorption tests 

resulted in the extent of interaction, various parameters, and correlation coefficient 

(Table 2). Therefore, it was confirmed that the adsorption was an exothermic and 

physical which obeyed the order as Freundlich (R2=0.9830)> Langmuir 

(R2=0.9933)>Temkin (R2 =0.8663)>Jovanovic (R2= 0.9428). Thus, these 

physicochemical adsorption aspects of NaCMC onto MGFQ provided substantial 

evidence to prove beyond doubt that adsorption mainly occurs via hydrogen bonding 

followed by some electronic interactions and such alteration could play a noteworthy 

role in the field of food, pharmaceutical, and industrial applications without damage of 

the environment. The results of the study presented here suggest several possibilities 

for future research. 
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Abstract 

This chapter reports systematic investigation of the adsorption behaviour of 

polysaccharides such as cellulose (CL), sodium carboxymethylcellulose (Na-

CMC) and hydroxyethylcellulose (HEC) onto activated kaolin (AK). The specific 

surface area of activated kaolin was SBET=18.57 m2/g. The AK exhibited pore 

distribution with a maximum peak centered at 10.534 nm and pore 

diameter=2.113nm which indicating mesoporous nature. The zeta potential of 

AK was found to be 92.44(mV) suggested that it has strong stability and positive 

surface in aqueous medium. The effect of various factors (concentration, 

adsorbent dose, pH, contact time and temperature) on adsorption of aforesaid 

polysaccharides onto activated kaolin was investigated. The shifting has 

occurred in Si-O-H stretching at bands 1114-1 and 694 cm-1 that may be 

attributed to the formation of hydrogen bonds between Si-O-H of activated 

kaolin and carboxylate ion of Na-CMA, hydroxyl ion of CL and HEC. 

Experimental data were best fitted to the Langmuir model since the adjusted R2 

gave high correlation coefficients R2>0.99, for Na-CMC than HEC and CL. 

Therefore, it was confirmed that the adsorption is exothermic and physical in 

nature. These finding confirmed that adsorption of selected polymers onto 

activated kaolin occurs via hydrogen bonding followed by some electronic 

interactions. 
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Chapter - 6 

1. Introduction  

The importance of organic polymers, cellulose and its derivatives, have been generally 

recognized for a broad range of applications throughout the world because of its simple 

availability, characteristics properties and low-cost [1]. Cellulose is the most abundant 

and widely used organic polymers. On a dry basis, wood contains about 40 to 50% 

cellulose. Due the presence of numerous hydroxyl groups in polymeric chain of 

cellulose, it is also known as polyhydroxyl alcohol. These hydroxyl groups allow 

several chemical modifications. Most of the chemically modified cellulose polymers 

are accounted for by cellulose esters and cellulose ethers (sometimes referred to as 

"classical cellulose derivatives") [2]. Cellulose and its derivatives (polysaccharides) are 

condensation polymers of high molecular weights based on simple monosaccharide 

sugar units. Many different types of polysaccharides exist in nature but only a small 

number of them have been used in mining and mineral processing industries and their 

allied industries, especially in flotation and mineral processing [3-4]. These include 

cellulose and its derivatives namely cellulose (CL), sodium carboxymethylcellulose 

(NaCMC) and hydroxyethylcellulose (HEC) and they were mainly used as flotation 

depressants. The most common representatives of the group of cellulose ethers are 

methylcellulose/CL, Na-CMC and HEC. The selected polymers exhibit the 

characteristics properties such as a water-soluble, hydrophilic, and macromolecular 

anionic polymer without any refinement in various sectors. Methylcellulose is 

employed, amongst others, as coating agent, as thickeners. HEC is prepared by treating 

alkali cellulose with ethylene oxide. HEC usually has polyethylene oxide side chains. 

Since HEC is a water-soluble polymer it is applied as a thickener and pigment-

protective colloid in water-based paints. Further it has also applications in cement, in 

pharmaceutical emulsions, as a binder in tablets, and in cosmetic products. The Na-

CMC is an anionic cellulose ether which is prepared by the reaction of sodium 

monochloroacetic acid and alkali cellulose [5]. Though most applications concern the 

sodium salt of CMC, it is generally referred to Na-CMC. As Na-CMC has such abilities 

as thickening water, suspending solids, thickener coating agents, etc. [6].  The 

applicability of polymers were associated with adsorption behaviour onto solid surfaces 

and makes them suitable for a wide range of applications in various sectors especially 

in mineral processing [7]. The adsorption behaviour of selected polymer could vary due 

to functional groups present on them (Scheme 1). Several studies were presented for 



Chapter - 6 
 

  200 

the adsorption of natural polysaccharides (dextrin, starch) on mineral surfaces through 

chemical interaction with superficial metal hydroxides and it was suggested that a their 

adsorption mechanism on mineral surfaces as chemical complex formations [8-12]. 

Even the chemical interaction was proposed as the main mechanism of polysaccharide 

adsorption on mineral surfaces the totally different mechanisms were observed by 

different researchers for the same mineral-polysaccharide system [13]. However, for 

the flotation system, it is crucial to understand how the adsorption of each reagent takes 

place on the minerals surfaces and what is the adsorption capacity of each one to have 

more information about the rate of over coating of the minerals and which adsorption 

processes are involved [14]. The adsorption behaviour of cellulose and derivatives 

polysaccharides various solid surfaces have been reported including kaolinite surface 

and other oxide minerals at different pH, background electrolyte, and ionic strength. 

The polymer adsorbed onto the mineral surface through various interaction were 

reported by several researchers [15]. The reported studies raveled that polymers have a 

natural affinity towards these mineral surfaces. The majority of these works were 

carried out to understand application of polymers as a depressant in flotation, mineral 

processing and selective flocculation system. However, not many reports were 

available regarding the polymers for adsorption behaviour mechanism. Therefore, the 

adsorption behaviour of polymers (CL, Na-CMC, and HEC) onto activated kaolin (AK) 

was studied. Several studies were conducted in the past but the mechanism of 

adsorption of polysaccharides on solid surfaces is not yet well understood. Several 

researchers proposed that the mechanisms governing the adsorption of polymers 

(polysaccharides) onto mineral surfaces include hydrophobic interaction, hydrogen 

bonding, chemical, and electrostatic interactions [16-26]. However, the reasons for the 

selectivity of the adsorption of depressants on minerals have not been accounted. The 

present study has shown polymers adsorption to be more complex than this and has 

highlighted the need for a more comprehensive model of the adsorption mechanism. 

Therefore, physiochemical aspect for the adsorption behavior of CL, Na-CMC and 

HEC onto AK from its aqueous solutions was the topic of research interest and gave 

CL, Na-CMC and HEC’s selective adsorption behaviour onto AK.   
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Scheme 1: Structuer of cellulose and its derivaatives (Repeating unit of glucose) 

shows the d-glucose units are linked through β-1, 4 bonds. ----O represents the 

continuation of the polymeric chain (2D chain) and Black, red, and pruple colure 

represnts carbon, oxygen and sodium atoms (3D chain)   respectively [3, 4] 

The experimental data were treated and modelled according to adsorption theories 

because adsorption has been an effective separation process for a wide variety of 

applications and comparison of linear regression of Frendulich, Langmuir, Elovich and 

Halsey models have been applied to the experiment data.  

The prime objective of this research was to establish an understanding of the binding 

behaviour of CL, Na-CMC and HEC onto AK and to determine the most desirable 

conditions to increase the applicability of selected polymers in various fields. The AK 

was evaluated with various physicochemical parameters such as zeta potential, specific 

surface area, pore diameter, pore-volume, particle size distribution, mesoporous nature 

employing various depth characterizations.  For the validation of the adsorption data, 

Frendulich, Langmuir, Elovich and Halsey models were computed and compared with 



Chapter - 6 
 

  202 

adjusted R2. Based on the results, it was suggested that the physicochemical binding 

aspects of selected polymers onto AK was stabilized by H-bonding and other weak 

noncovalent interactions and such alteration could play a noteworthy role in the field 

of food, pharmaceutical, and industrial applications particularly in mineral processing. 

2. Experimental 

2.1 Materials 

All the reagents used for synthesis and experimental studies were of analytical and 

laboratory grade. High-purity grade of nitrogen gas (99.999%) and helium gas 

(99.9999%) were used for physiochemical characterization of the sample supplied by 

Krishna Gas Agencies (Lucknow, India). The extra pure cellulose (99.99%), 

carboxymethylcellulose extra pure of IP specification, hydroxyethylcellulose with low 

viscosity (145mPas),  sodium hydroxide (98%), hydrochloric acid (35.5%), potassium 

bromide (99.5%), sulphuric acid (98%), and dimethyl sulfoxide (99%) and Kaoline 

material were purchased form Loba Chemie Pvt. (Maharashtra, India). The double 

distilled water (DDW) was prepared using double distillation unit (GLDD15AQ, 

Glassco Laboratory Equipment Pvt. Ltd, Ambala Cantt., India) and used for the 

preparation of modified adsorbent, batch adsorption experiments and other required 

purpose throughout the study. 

2.2 Preparation of activated kaolin 

The supplied kaolin (a mineral consisting alumina (aluminum-oxygen octahedral) and 

silica (silicon-oxygen tetrahedral) sheets and contains more than 90% of mineral 

kaolinite (Al2O3·2SiO2·2H2O) [27] which was washed with DDW in order to avoid 

possible interference during the determination of physicochemical and absorbance 

properties. It was then sun dried and grounded using pestle mortar. After proper 

crushing the material was kept in a hot air oven (JSGW/1210D/6, Jain Scientific Glass 

Works, Ambala Cantt., India) equipped with microprocessor based PID electric digital 

temperature controller at 110±1°C for 3-4 h. After cooling the sample at room 

temperature, it was sieved using standard test sieves (BSS240, Continental Scientific 

Emporium, Lucknow, India) to remove all the debris and was stored in desired sample 

tubes. These tubes containing AK were kept in a desiccator (159PC/PP, Kasablanka 
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Corporation, Mumbai, India) and further identities of the activated kaolin were 

confirmed using stored samples by depth characterization techniques/ experiments. 

2.3 Characterizations 

2.3.1 Fourier transform infra-red spectrometer (FTIR)  

FTIR measurements before and after adsorption onto AK surface, in the range 4000-

400 cm−1, with 4.0 cm−1 of spectral resolution, were recorded using a FTIR 

spectrometer (Thermo Nicolet 6700, USA). A mixture of 1.0 mg of the each samples 

and 200.0 mg of KBr was prepared and pressed by a hydraulic press at a pressure (8 

metric tons=cm2) to obtain approximately 13.0 mm diameter pellets. The pellets were 

then heated overnight at 110°C to remove adsorbed water and then were cooled under 

vacuum before recording the spectra. The thermo scientific system with full integration 

with the OMNIC software (Thermo Scientific) was used to monitor, control the 

scanning samples and focus for interpretation scanned data [28]. 

2.3.2 Scanning electron microscope (SEM) 

The surface morphology, chemical composition and elemental mapping of activated 

kaolin before and after adsorption were carried out using a scanning electron 

microscope (CARL ZEISS EVO 50Tungsten SEM, Germany) at different analytical 

working distance. The accelerating potential 20 kV and the beam current 20mA was 

applied during the scanning the samples. Quantitative analyses was done by 

microanalysis system equipped with high sanative detector (SE in HV -Everhart-

Thornley). Before scanning, the samples were prepared by dispersing dry powder on 

double-sided conductive adhesive tape and coated with gold by arc-discharged method 

employing a compact design sputter coater (EMITECH SC 7620, United Kingdom) for 

SEM/EDAX /mapping. Prior to the SEM-EDS measurements, all samples were dried 

using the oven at 110o C for 4h [29]. 

2.3.3 Zeta potential analyzer (ZPA) 

The determination of surface charge and stability of AK in colloidal solution was 

determined by zeta potential analyzer (ZPA). The zeta potential (f) of AK suspension 

was measured by using a zeta potential analyzer particulate system (NanoPlus 3 

Common, Japan). An electric field of 80±1V was employed during the zeta potential 
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measurements. Prior zeta potential measurement, the AK was well dried in oven ( at 

100°C for 30 Min followed by cooling at room temperature and AK powder was added 

to double deionized water to prepare a dilute suspension. The suspension was then 

passed through an ultrasonicaction using advanced high intensity ultrasonicator (Sonics 

Vibra-cell VCX750,) to be well disaggregated and then kept constantly under stir-ring. 

The detail zeta potential measurement procedure has been discussed in earlier work [30, 

31]. 

2.3.4 BET method 

The N2 adsorption and desorption isotherms of activated kaolin were measured using 

high precision gas/vapor adsorption apparatus (BELSORP-miniII, Japan,) at constant 

operated power (Single phase: AC100 - 120V) and 450VA for vacuum pump. Before 

running BET measurement of AK, the   flow heating process was applied to remove 

any undesired moiety onto the surface of the AK. The AK was pretreated at 200 °C 

under the inert atmosphere at a continuous flow of N2 using a programmed temperature 

control pretreatment unit operated at a constant power supply (AC100V/400 W) 

equipped with BELSORP-miniII which enabled high accuracy and reproducible data 

analysis. The Window based software’s namely BELSORP-mini(S/N-0000, V2.5.3) for 

monitoring of running sample and data analysis/measurement after complete run of the 

sample were used. All observations for running sample was collectively examine 

continuously at BELSORP data analysis program (BDAP) [32]. 
 

2.3.5 X-ray diffractmeter 

The X-ray powder diffraction measurement (XRPD) of activated kaolin before and after 

adsorption was carried out by an X-ray diffractmeter (Bruker ecoD8 Advance Eco, 

Germany) using Cu Kα radiation. For scanning the samples two sets of 2θ angle ranges 

were used. The range (10 to 80º) 2θ (degree) was used for the raw sample to determine 

mineral composition. For more precise determination of present clay mineral, oriented 

samples of fraction < 2 μm were used and X-ray data was collected in the range 

mentioned range by detector (SSD1602) equipped with instrument. The monitoring of 

the diffractogram and phase analysis by making interpretation of scanned samples was 

done on window based software (Bruker DIFFRAC.EVA V5.1, Germany). Phase 

identification and quantitation was analyzed and correlated using international center 
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for diffraction data of the powder diffraction file (ICDD PDF-4 Axiom 2020, USA) 

employing evaluation software (DIFFRAC.TOPAS, USA) [33]. 

2.4 Batch mode adsorption experiments 

The stock solution of desired concentration (50 mgL-1) was prepared. An appropriate 

amount of polymers was dissolved and the prepared solution was then refrigerated over 

24hr. After attending the room temperature this was further used for batch adsorption 

experiments. For the adsorption tests, the desired concentration was taken in 

Erlenmeyer flasks and 1.0 g AK was then added into each flask. This suspension was 

then agitated for half an hour at 25±0.5 °C. The solution was then centrifuged for 10 

min by centrifugation process. The supernatant liquid was used to analyze the adsorbed 

concentration determination employing earlier reported method [34] and monitored 

spectrophotometrically (Spectronic, 20D+, TEC, USA) by measuring the absorbance at 

temperature (22±2°C). The cuvette was cleaned with acetone after few absorbance’s 

run to remove the deposited concentration. Each adsorption test was done in duplicate 

and triplicate when necessary and the results averaged. The amount of aforesaid 

polymers adsorbed onto activated kaolin, 𝛤 (ppm), was evaluated using the following 

equation [35-36]:-  

𝛤 =
(஼బି஼೐)

ெ
. 𝑉      (1) 

Where, C0 and Ce (ppm) referred to the initial and the equilibrium concentration of 

adsorbate respectively; V (L) is the volume of the adsorbate solution, and M (g) is the 

mass of the activated kaolin. 
 

2.5. Influence of various factors onto adsorption of aforesaid polymers 
onto activated kaolin surface 

The effect of various factors (concentration, adsorbent dose, pH, contact time and 

temperature) on adsorption of HEC, CL and Na-CMC onto activated kaolin was 

investigated. The effect of concentration on adsorption of selected polymers onto 

activated kaolin was studied at different concentration (2.0-20.0ppm). Meanwhile, 

other influencing factors were kept constant. The amount of adsorbent (AK) was an 

important factor to affect the adsorption amount of selected polymers.  A definite 

amount (1.0g) was taken during the batch adsorption experiments. The adsorption 

experiments were also was studied at different pHs (2.0 to 11.0) and temperature range 

22 to 37 ±0.5°C. 
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3. Results and discussion 

3.1. Functional group analysis 

The FTIR spectra of AK with CL, Na-CMC and HEC before and after adsorption is 

shown in Figure 1. FTIR spectrum of AK reveled main characteristic bands and 

tabulated in Table 1(Figure 1a). The bands at 3694 and 3619 cm-1 (-OH stretching 

vibrations), 1114 and 694 cm-1 (Si-O stretching), 1031 cm-1 (Si-O-Si), 1008 and 540 

cm-1 (Si-O-Al) and, 912 cm-1 (Al-OH) were typical of kaolinite mineral. Similar results 

were also reported by other researchers [46-48]. Bands located at 789, 753 and 468 cm-

1 can be attributed to the presence of quartz [48-50]. Vibration at 399.5 cm-1 can be 

related to the deformation mode of Si-O or Al-O bonds [49-52]. After the adsorption of 

selected polymers, the remarkable changes were observed in the spectrum of activated 

kaolin (Figure 1b, 1c and 1d). The shifting has occurred in Si-O stretching at bands 

1114 and 694 cm-1 that may be attributed to the formation of new hydrogen bonds 

between Si-O of activated kaolin and carboxylate ion of Na-CMA, hydroxyl ion of CL 

and HEC. Such interactions of other polymers like corn starch, dextrin from maize 

starch, humic acid, sodium salt and sodiumcarboxymethyl cellulose onto solid surface 

(hematite and magnetite) have also been reported by others researchers [53-60]. A light 

change in the position of peaks between the ranges 500 to 400cm-1 were observed which 

lessens the frequency and energy of functional groups. 

 
Figure 1. FT-IR spectra (1a). AK before adsorption, (1b). CL adsorbed AK and (1c). 

Na-CMC adsorbed AK and (1d). HEC adsorbed AK 
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3.2. Surface morphology, elemental and microstructural analysis                  

The textural/morphological characteristics of the AK were evaluated by SEM, EDS and 

elemental mapping studies (Figure 4). The SEM photographs of the unloaded AK show 

the sheet silicate structure, rough, uneven surfaces porosity with small openings and 

holes responsible for intra pore diffusion during the adsorption process. Therefore, 

these surface properties should be a considerable factor for polymer adsorption. After 

polymer adsorption, a significant change was observed in the structure of the AK 

(Figure 2b-2d). The polymers adsorbed surface appeared to have a rough surface and 

pores containing new shiny particles after adsorption (Figure 4b) [61-62]. Furthermore, 

specific analytical method namely scanning electron microscopy coupled with energy 

dispersive X-ray spectrometry (SEM-EDX) was carried out to observe such 

morphological and chemical changes before and after adsorption.  

 
Figure 2. SEM micrograph of (2a). AK (Blank), (2b).CL adsorbed AK (2c). Na-CMC 

adsorbed AK and (2d).HEC adsorbed AK 

The energy dispersive spectroscopy (EDS), more commonly known as electron probe 

X-ray microanalysis (EDX) is a technique of elemental analysis associated to electron 

microscopy based on the generation of characteristic X-rays that revealed the presence 

of elements present in the sample. Therefore, the purpose of elemental analysis is to 

determine the quantity of a particular element within a material for qualitative and 

quantitative point of view [63-64]. The SEM-EDX elemental analysis before and after 
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adsorption of CL, Na-CMC and HEC onto activated kaolin is shown in Figure 3. Before 

adsorption the activated kaolin confirmed the presence of C, Si, Al and O (Figure 3a) 

while Na-CMC adsorbed AK revealed the presence of C, Si, Al, Na and O surface 

(Figure 3b). The source of Na is in carboxymethyl cellulose salt, used in the adsorption 

process [63, 64]. The changes in the SEM-EDS was associated to adsorption of 

aforesaid polymers onto AK. 

 

Figure 3. EDS spectra and elemental composition of (3a). AK before adsorption (3b). 

After adsorption of CL, (3c). NaCMC and (3d). HEC onto AK 
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Figure 4. Elemental mapping analysis /EDS layered images of (4a). AK before 

adsorption (4b). After adsorption of CL, (4c). Na-CMC and (4d). HEC onto AK 
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As  seen  in  Figure  2,  the  surface  of AK  before adsorption   is not  uniform;  it 

consists  of  sheet  like structures as well as fibrous strands. However, upon adsorption 

of polymers, the surface morphology changes and becomes smoother. After adsorption 

with CL, Na-CMC, it can be seen from figure 3 (3b-3c) that the amount of C present 

on the surface increases significantly i.e.  from 44% and 72%, respectively while in 

case of HEC there was decrease in the amount of carbon. The presence of sodium 

(Na=1.64%) Figure 4c supported that this was due to adsorption of Na-CMC onto AK.  

These changes in the amount of elemental composition suggested that it could be due 

to interaction of polymers onto AK where functional groups of polymers were attached 

on the surface’s functional groups of AK. Furthermore, these chemical elemental 

changes were investigated by elemental mapping analysis and the results are shown in 

Figure 4. The elemental mapping images showing the spatial distribution of chemical 

elements [65]  before and after adsorption of polymers onto AK (Figure 4a-4d) and 

elemental mapping also emphasized the existence of increase in chemical composition 

in the structure after the adsorption process (Figure. 4b-4d) [66]. 

3.3. Zeta potential measurements  

Zeta potential, based on dynamic light scattering (DLS), is the essential characterization 

method to determine the charge and stability of the solid particle in aqueous system. 

Therefore, the zeta potential of activated kaoline in aqueous medium was mesured prior 

to adsorption of CL, Na-CMC and HEC (Figure 5). The result suggests that the colloidal 

AK particulates were highly positively charged and stable in aqueous system. Similar 

studies were also reported Peng and Di, Massaro et al. and Yan et al., for activated 

kaolin activated by chemical method [67-69]. The zeta potential of AK was found to be 

92.44(mV) which suggested that it has strong stability and positive surface in aqueous 

medium. The obtained zeta potential results with their operational conditions for 

activated kaolin were summarized in Table 1. 
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Figure 5. Electrokinetics measurement for AK 

Table 1 Optimized parameters and data obtained from electrokinetics measurement for 

AK  

Measurement results 
Zeta Potential 92.44(mV)  Doppler shift  -58.02 Base(Hz)  
Mobility 7.209e-004 (cm²/Vs) Frequency 123.6(Hz) 
Conductivity 0.020 (mS/cm) Conversion 

Equation: 
Smoluchowski 

Zeta potential of cell Diluent properties 
Upper Surface  
Lower Surface  
Cell Condition  
Cell Type  
Avg. Electric 
Field  
Avg. Current 

-229.48(mV)  
179.14(mV) 
 
 Disposable 
-16.72(V/cm)  
-0.07(mA) 

Diluent Name 
Temperature 
Refractive Index 
Viscosity 
Dielectric 
Constant 

Water 
25.0 (°C)  
1.3328 
0.8878 (cP)  
78.3 

Peak data table of distribution graph 
PeakFrequency 
(Hz) 

Intensity  Half Width 
(Hz) 

Zeta Potential 
(mV) 

Mobility (cm²/Vs) 

-58.0 4.89 7.78 92.44 7.209e-004 
 

3.4. BET analysis 

The physicochemical parameters of activated kaolin were measured using BET method 

(Figure 6a-6d) and obtained results were summarized in Table 2. Figure 1a illustrates 

that the N2 adsorbed/desorbed from the activated kaolin in relation to the relative 

pressure (p/p°) and used to identify nature of the AK and falls in the type IV category 

of Giles classification [70]  which was indicative of predominantly mesoporous 

material due to capillary condensation phenomenon.  Figure 6b show The BET plot 

which revealed that typical specific surface area of AK was SBET =25.431 m2/g. The 
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pore size distribution and pore diameter were determined employing Barrett-Joyner-

Halenda (BJH) model [71, 72] and T-method [73], respectively. The AK exhibited a 

narrow pore distribution with a maximum peak centered at 10.534 nm and pore 

diameter=2.113 nm indicating mesoporous characteristics as defined by IUPAC 

nomenclature of porous materials [74-76]. These physicochemical parameters of 

activated kaolin make it suitable and potential adsorbent for the adsorption of polymers. 

The results for the BET surface area of AK are presented in Table 2. 

Figure 6. Physiochemical analysis of AK (6a). N2 adsorption-desorption isotherm, 

(6b). BET graph, (6c). BJH and (6d). T- Graph 

3.5. Crystalline structure analysis 

The XRD spectra of all scanned samples before and after absorption were shown in 

Figure 7. The diffractogram of AK suggested that it has very strong peaks of kaolin and 

a low intensity of the peaks of quartz (Figure 7a). These intense and sharp peak were 

assigned at 26.68˚, 29.55 ˚ and 39.65 ˚ showing an ordered structure also matched with 

the JCPDS database file (PDF-01-089-6538) and similar results were also reported by 

Paricio [77].  
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Table 2 Specific conditions and physiochemical parameters of AK using BET analysis 

 

Figure 7. Comparing diffractogram before adsorption (7a). AK and after adsorption of 
(7b). CL, (7c). NaCMC and (7d). HEC onto AK 

Methods Surface parameters of  activated kaolin 
N2 

Adsorptio
n-

desorption 

Sample 
weight 

(g) 

Saturated pressure 
(kPa) 

Degassing Time 
( hr) 

 

BET 

0.04 94.898 6.19  
Specific 

surface area 
(SBET) (m2 /g) 

Monolayer volume 
(Vmono) (cm3 /g) 

Total pore 
volume (Vp) 

(cm3/g) 

Mean pore 
diameter 

(nm) 
25.431 5.873 0.115 31.158 

BJH 

Pore volume 
(Vp)  

(cm3 /g) 

Pore specific surface 
area (ap) (m2/g) 

Micropore 
radius 

(cylindrical 
shape (rp) (nm) 

 

0.199 30.554 2.663  

T 

Total specific 
surface area 
(a1) (m2/g) 

External surface area 
(a2) (m2/g) 

Pore volume 
(V1 &V2) 
(cm3/g) 

Pore 
diameter 
(2t) (nm) 

31.177 56.229 0.026 2.113 



Chapter - 6 
 

  214 

The AK diffraction pattern show intense peak at 2 θ angle of 26.68˚ assigned to quartz 

(Si3O6) and another instance peak at 29.55 assigned to kaoline (AK) (Al2Si2O5(OH)4). 

A small peak at 39.65 was associated to Al2O3. These obtained results confirmed 

crystalline phase and presence of SiO2 and Al2O3 in AK (Figure 7a) [78]. After 

adsorption, the shifting in peaks supported the hydroxylation behaviours of AK surface 

and suggested that hydroxyl of selected polymers interaction with AK surfaces and 

associated with slight contraction of the unit cell which suggested there was no loss of 

crystallinity of AK (Figure 7b-7d).  The slight difference in the diffraction pattern of 

the activated kaolin after adsorption of polymers could be the indication of adsorption 

as reported by Shin [79]. 

3.8. Effect of various factors onto polymers adsorption 

3.8.1 Concentration 

The adsorption of HEC, CL and Na-CMC onto AK was studied as a function of 

concentration to determine where the equilibrium condition was achieved. By 

measuring the HEC, CL and Na-CMC concentration, the adsorption amount (mg/g) 

were determined. It is shown in Figure 8a that the HEC, CL and Na-CMC adsorption 

rate was low at the beginning of the adsorption process because the active sites on the 

surface of the AK were initially abundant and the polymeric chain could be adsorbed 

in a flatty manner.  As the concentration of polymers increases, there was a gradual 

increase in the adsorption. After certain concentration of polymers, the adsorption 

amount no longer changed, suggesting that the adsorption had achieved equilibrium. 

This was partly due to the unavailability of vacant active sites with increasing 

concentration.  

3.8.2 Dose of AK  

To explore the role of surface active sites during the adsorption process were explained 

by performing the effect of dose of AK onto adsorption. The optimization of AK dose 

(0.1-1.0g) was taken in polymers (HEC, CL and Na-CMC) concentration keeping other 

parameter constant. The adsorption capacity was decreased with increase AK amount 

(Figure 8b). Therefore, the selected amount chosen as the adsorbent dose for further 

experiments.  
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Figure 8. Effect of various factors onto adsorption (8a). Concentration, (8b). Dose of 

activated kaolin, (8c). pH, (8d). Contact time, (8e). Temperature 

3.8.3 pH 

The pH of the solution has been reported as a significant variable to affect the adsorption 

of polysaccharides onto various solid surfaces, therefore,  the effect of pH was carried 

out at room temperature (25±0.2oC) keeping all variables constant. The adsorption of 

polymers (HEC, CL and Na-CMC) onto AK was studied in the pH range of 2.0-11.0. 
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The effect of pH on adsorption is shown in Figure 8c. With the increase of pH values, 

the adsorption amount of NaCMC on AK increases gradually. After certatin interval of 

pH, adsorption decreases (Figure 8c). Also, the competitive adsorption between 

polymers and hydroxyl ions at higher pH values can result in a decrease in the 

adsorption amount. 

3.8.5 Contact time 

To determine the equilibrium condition, the adsorption of polymers (HEC, CL and Na-

CMC) onto AK was performed as a function of contact time. The adsorption amount 

was determined by measuring the concentration of polymers at different time’s intervals 

(0.5 to 5 h) (Figure 8d). It was observed that initially the adsorption amount increases 

due to the availability of actives sites on the surface of AK and the macromolecules 

could be adsorbed easily. The adsorption amount of NaCMC onto the quartz AK was 

found a maximum within 3.7h. After 3.7h, the adsorption amount remained unchanged, 

suggesting that this was the equilibrium state.  The equilibrium state was achieved due 

to a reduced number of available vacant active sites with increasing contact time (Figure 

8d). Therefore, 3.7h was adopted as the adsorption equilibrium time for the polymer 

adsorption onto AK surface.  

3.8.6 Temperature  

The adsorption behaviour of polymers (HEC, CL and Na-CMC) was performed as a 

function of temperature and the results between amount adsorbed and temperature (22, 

24, 26, 28, 30, 32, 34, 36 and 37 ±0.50C unit temperature) shown in Figure 8e. The 

absorption amount of polymers onto AK decreased as the temperature increased, 

suggesting that the adsorption process as exothermic. Furthermore, the van der Waals 

and other non-covalent forces decreased with an increase in temperature.  This means 

that the interactions between AK and polymers are weak, leading a decrease in 

adsorption amount. The physisorption of polymers on AK occurred mainly through 

dispersive interactions between the adsorbate-adsorbent systems. Hence, the adsorption 

amount of polymers was found to decrease with increasing temperature.  
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3.4 Adsorption isotherm and thermodynamic studies 

3.4.1 Frendulich isotherm 

The non-uniform distribution of adsorption that the surface of AK was heterogeneous 

and described by an empirical Freundlich isotherm model. The following Freundlich 

equation was applied: [80] 

𝑙𝑜𝑔𝑄𝑒 = 𝑙𝑜𝑔𝐾ி +
ଵ

௡
𝑙𝑜𝑔𝐶𝑒     (2) 

Where Qe was the amount of NaCMC adsorbed (mg/g), Ce is the equilibrium 

concentration of the polymers (HEC, CL and Na-CMC) in solution (ppm) and KF and 

n are Freundlich constants. The values of n and KF are calculated from the slopes and 

intercepts of the linear plots between log Qe vs logCe (Figure 9a) were recorded in Table 

3 for selected polymers. Freundlich plots are shown in Figure 9a and linearity supported 

that data fit was well with adjusted R2 value for the adsorption system under the studied 

concentration range for all polymers. However for Na-CMC it was best described 

(Table 3). 

3.4.2 Langmuir isotherm 

The maximum adsorption amount and energy of adsorption was associated with a 

saturated monolayer of titled polymers onto AK surface. The Langmuir isotherm model 

was expressed by the formula: [74] 

஼௘

ொ௘
=

ଵ

୻೘ೌೣ௄ಽ
+

஼೐

୻೘ೌೣ
     (3) 

 

Where, KL is the Langmuir constant (L/ mg) related to the affinity of binding sites and 

the free energy of adsorption; Qe is the NaCMC concentration at equilibrium onto the 

AK (mg/g); Ce is the NaCMC concentration at equilibrium in solution (mg/L); 𝛤max is 

the NaCMC concentration when monolayer forms on the AK (mg/ g). KL and 𝛤max can 

be determined from the slope and intercept of plot Ce/Qe vs Ce (Figure 9b) and are 

given in Table 3. The Langmuir parameters suggested that this model was highly 

favorable for the adsorption of Na-CMC in present optimized conditions. 
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Figure 9. Adsorption isotherms models (9a). Frendulich, (9b). Langmuir, (.9c). 
Elovich and (9d). Halsey 

 
Table 3 Adsorption parameters for different isotherm models for selected polymers 
adsorption onto activated kaolin 
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Isotherm 
models 

Parameters HEC CL Na-CMC 

Frundlich 

n 6.27±0.06 2.71±0.02 1.79±0.01 
KF 1.45±0.01 mg/g 

(L/mg)1/n 
2.97±0.03 mg/g 

(L/mg)1/n 
0.70±0.04 

mg/g (L/mg)1/n 
Adj. R2 0.92605 0.94616 0.96151 

Langmuir 
𝛤max 6.23± 0.03 mg/g 6.10± 0.03mg/g 8.34±0.01mg/g 
KL 0.96±0.01 L/mg 1.36±0.01L/mg 0.58±0.01L/mg 

Adj. R2 0.98807 0.98653 0.99440 

Elovich 

𝛤max 2.91±0.30 mg/g 1.79±0.27 mg/g 3.95±0.09 
mg/g 

KE 1.95±0.07 L/mg 5.43±0.06 L/mg 1.59±0.02 
L/mg 

Adj. R2 0.71040 0.89285 0.95295 

Halsey 

nH 2.13±0.07 2.71±0.045 1.79±0.04 
KH 7.26±0.06mg/L 19.20±0.03 mg/L 5.90±0.04 

mg/L 
Adj. R2 0.88419 0.94616 0.96151 
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3.4.3. Elovich isotherm  

This model is based on the kinetic hypothesis considering that the adsorption sites rise 

dramatically with adsorption; this means that adsorption is multilayered. The linearized 

form of this model is given below [81]. 

𝑙𝑛
ொ೐

஼೐
= 𝑙𝑛𝐾ாΓ௠௔௫ −

ொ೐

୻೘ೌೣ
     (4) 

Elovich maximum adsorption capacity ( Γ௠௔௫ ) and Elovich constant (KE) can be 

calculated from the slope and intercept of the plot of ln(Q𝑒/𝐶𝑒) vs Q𝑒 (Figure 9c). Their 

investigation showed that the value of the adjusted 𝑅2 for the Elovich model was 

0.96151 which is higher for Na-CMC than other polymers (Table 3) i.e. CL and HEC; 

therefore the adsorption of Na-CMC onto AK was best described by the Elovich 

isotherm. 

3.4.4. Halsey isotherm 

The Halsey isotherm is used for measurement of multi-layer surface adsorption in a 

reasonably wide range. The following linear form of this equation was applied to 

interpretate the Halsey’s parameters-[82] 

𝑙𝑛𝑄௘ =
ଵ

௡ಹ
𝑙𝑛𝐾ு −

ଵ

௡ಹ
𝑙𝑛𝐶௘     (5) 

Where 𝐾𝐻 and 𝑛H are Halsey isotherm constants which can be obtained from the slope 

and intercept of the plot of lnQe vs ln𝐶𝑒 (Figure 9d). The fitting of their experimental 

data to the Halsey isotherm model assists to the heteroporous nature of the activated 

kaolin. The Halsey isotherm fits the experimental data well due to high adjusted 𝑅2 

(Table 3), which may be attributed to the heterogeneous distribution of activate sites 

and multilayer adsorption of Na-CMC, CL and HEC onto AK, respectively [16].  The 

adsorption study revealed that Na-CMC was best described by each model at optimized 

model because the pKa values of CL, Na-CMC and HEC were reported 11.97, 4.84 and 

13.95 respectively.  Since, solubility of the polymers depends on the pKa values 

therefore, the theoretical solubility order will be Na-CMC, CL, and HEC. This aspect 

is directly associated for the adsorption behaviour of selected polymers onto activated 

kaolin.  
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5. Conclusions 

This study demonstrated that activated kaolin was successfully prepared from supplied 

material only by one physical step and utilized to adsorption for HEC, CL and Na-

CMC. The physiochemical characterizations and experiments confirm that AK has very 

efficient potential adsorptive properties. It was observed that the adsorption of polymers 

on AK remarkably affected by the change in adsorptive conditions such as 

concentration, dose, pH, contact time and temperature. The adsorption of polymers 

show some remarkable shifting in Si-O stretching at bands 1114 and 694 cm-1 that may 

be attributed to the formation of new hydrogen bonds between Si-O of AK and 

carboxylate ion of Na-CMA, hydroxyl ion of CL and HEC resulting hydrogen bonding 

exhibit  significant role during the adsorption. The chemical structure of Na-CMC was 

relatively open and has low steric effect for interaction with the functional groups 

present on AK rather than HEC and CL. The adsorption mechanism was associated 

with hydrogen bonding between active chemical functions of AK (Si-O-H) and 

carboxylates ions of Na-CMC. These Si-O-H localized active sites binds with 

carboxylate ion of Na-CMC to form hydrogen bonding. In the aqueous system, 

carboxylic functions of Na-CMC developed affinities with most of Si-O-H of the Na-

CMC. The adsorption of Na-CMC on AK was as a result of interaction of Si-O-H and 

carboxylate ion of adsobate. However, adsorbent being porous assists to enhance the 

surface area which provide the more active sites on the adsorbent. More active sites on 

the adsorbent, there could be more interaction between Si-O-H of the adsorbent and –

COOH groups of Na-CMC. However, for HEC and CL such interactions were not 

observed significantly. Experimental data of the present work were excellently fitted to 

the Langmuir equation since the adjusted R2 gave high correlation coefficients R2>0.99, 

as shown in Table 3 than HEC and CL. The adsorption tests resulted in the extent of 

interaction, various parameters and correlation coefficient (Table 3). Therefore, it was 

confirmed that the adsorption was an exothermic and physical in nature. Thus, these 

exploration of adsorption behaviour of titled polymers onto activated kaolin provides 

substantial evidence to prove beyond doubt that adsorption mainly occurs via hydrogen 

bonding followed by some electronic interactions and such alteration could play a 

noteworthy role in the field of food, pharmaceutical, and industrial applications without 

damage of the environment. The results of the study presented here suggest several 

possibilities for future research. 
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Conclusions and prospectus 

Cellulose and its derivatives (CDs) have been extensively used in various fields due to 

their valuable and remarkable chemical and physical properties. The CDs have 

characteristics properties like improve stability of the drug, good lubrication, good 

binding properties, rapid disintegration, good flowing properties, reduced friability & 

weight loss, excellent compression & hardness, good depressants.  CDs have also been 

introduced, specifically in an industrial area and many other applications such as textile, 

paper, rubber, plastic and pharmaceutical industries, etc.  The importance of polymers 

(CDs) is widely recognized due to their broad range of applications. Adsorption of 

polysaccharides onto solid-liquid interface has been a topic of long-standing debate. 

However, there was a lack of understanding of the interaction mechanism between the 

polysaccharides (CDs) and solid surfaces which has hindered their possible 

applications. Therefore, the adsorption behaviour of CDs was studied using various 

solid surfaces as adsorbents (mesoporous mustard carbon, functionalized accurel, 

mesoporous granular fine quartz and activated kaolin) and cellulose, 

carboxymethylcellulose, sodium carboxymethylcellulose and hydroxyethylcellulose as 

adsorbates and as representative selection of the polysaccharides. The prime objective 

of the work was to explore the adsorption mechanism of CDs onto various modified 

adsorbents in the aqueous medium to enhance the existing knowledge of binding 

mechanism and the possible application of CDs in industrial areas. Several modified 

adsorbents were prepared from agricultural wastes and mineral containing raw 

materials. These model surfaces were further utilized to study the interactions of the 

CDs with solid surfaces in aqueous system. Various characterization techniques such as 

Fourier-transform infrared spectroscopy (FTIR), attenuated total reflection-Fourier 

transform infrared (ATR-FTIR) spectroscopy, scanning electron microscopy (SEM), 

energy dispersive X-Ray analysis (EDX), elemental mapping analysis (EMA), powder 

X-ray diffraction (PXRD), Brunauer–Emmett–Teller (BET) surface area analyzer, X-

ray photoelectron spectroscopy (XPS), zeta potential analyzer (ZPA) 

thermogravimetric analyzer (TGA), advanced high-intensity ultrasonicator (AHIU) and 

ultraviolet-visible (UV-Vis) spectrophotometery were used to identify the synthesized 

adsorbents/adsorbates and their interaction. Adsorption isotherm equations viz 

Langmuir, Freundlich, etc. have been tested for their applicability to represent the 
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experimental data. The kinetic study was explored using various kinetic models (first-

order, pseudo-first-order, second-order, pseudo-second-order Temkin, etc.) on studied 

adsorbed-adsorbent systems. The thermodynamic study was also undertaken to 

establish the endothermic/exothermic nature of the adsorption process of CDs onto 

various solid surface. Moreover, for better understanding, the adsorption mechanism at 

the molecular level, density functional theory (DFT) was also employed for some 

selected CDs. The conclusion and prospectus may be understood as follow:- 

To understand the binding mechanism of carboxymethylcellulose (CMC) onto a solid 

surface, mesoporous mustard carbon (MMC) was chosen as a solid surface. The MMC 

was derived from the mustard cake by chemical activation method which was utilized 

for the adsorption of CMC from the aqueous solution. The BET study revealed that the 

specific surface area of MMC was SBET= 16.576 m2 g-1. The average pore diameter and 

total pore volume of MMC were found to be 12.432 nm and 0.051 cm3g-1, respectively 

which confirm the mesoporous nature of the MMC as per the IUPAC classification of 

porous materials. The adsorption of CMC onto MMC was found to be affected by 

changes in various process parameters. The findings of the ATR-FTIR study helped to 

detect spectral changes associated with hydrogen bonding between CMC and MMC. 

The differences in the ATR FTIR bands in the 1000–1080 cm-1 region were important, 

owing to the -C–O stretching coupled to the -C–C stretch and -O–H disability, 

confirming strong bond formation due to hydrogen bonding of CMC onto the 

MMC/water interface. Since urea functions as a hydrogen bond breaker, the presence 

of urea during adsorption significantly reduced the adsorption amount of CMC. This 

finding further favoured that hydrogen bonding was responsible for the occurrence of 

adsorption of CMC rather than a hydrophobic one as suggested by other groups of 

researchers. Since the adsorption free energy (-22.561kJmol-1) of CMC is similar to that 

of hydrogen bond formation, Langmuir adsorption isotherm studies endorse hydrogen 

bonding as the dominant force for CMC adsorption. AFM study was also used for the 

distribution of CMC at a particular pH in which it was found that CMC was more 

distributed at acidic medium rather than the basic medium in its aqueous solution. 
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Figure 1. Schematic graphical representation of an overall summary of the adsorption 

mechanism of CMC on MMC. 

Table 1 Covalent bonds associated with the intra- and intermolecular H-bonds and 

some selected covalent bonds of functionalized coronene at B3LYP and M06-2X level 

of theories with 6-31+G (d, p) Basis Set.  

System B3LYP/6-31+G (d, p) M06-2X/6-31+G (d, p) 

Sucrose 
(CMC) 

O27-H44 (0.969) 
Intramolecular H-bond Case:  
O24-H43 (0.975), O6-H38 (0.970) 

 O27-H44 (0.968) 
Intramolecular H-bond Case:  
O24-H43 (0.972), O6-H38 
(0.969) 

Coronene 
(MMC) 

O92-H93 (0.968) 
C-H (1.108) of CHO,  
C=O (1.204) of CHO 

O92-H93 (0.965)  
C-H (1.110) of CHO,  
C=O (1.198) of CHO 

Complex 
(MMC-
CMC) 

Intermolecular H-bonds Case:  
O27-H44 (0.978), O92-H93 
(0.980) 

Intermolecular H-bonds Case:  
O27-H44 (0.972), O92-H93 
(0.978) 

Intramolecular H-bonds in 
Sucrose:  
O24-H43 (0.977), O6-H38 (0.970) 

Intramolecular H-bonds in 
Sucrose:  
O24-H43 (0.974), O6-H38 
(0.969) 

Coronene: C-H (1.108) of CHO,  
C=O (1.206) of CHO 

Coronene: C-H (1.108) of 
CHO,  
C=O (1.202) of CHO 

 
The survey scan and high resolution of C1S XPS spectra confirmed that the -OH groups 

on the MMC surface interact with the carboxylate ion of CMC. Thus, the present 

research provided sufficient evidence that adsorption of CMC onto the MMC was 
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governed by hydrogen bonding and electrostatic interaction and may be influenced by 

experimental conditions. This adsorbent-adsorbate model (Figure 1) was supposed to 

pave a new path towards a deeper understanding of molecular aggregation mechanisms 

in food and industrial applications, based on theoretical investigations (Table 1). 

The polypropylene (PP), its trade name is accurel, is an inactive material was used for 

the functionalized accurel (FA), by the chemical activation method. The 

physiochemical parameters of FA such as specific surface area (SBET) =34.472 m2/g, 

pore volume (Vp) =0.07-0.121 cm3/g, total pore volume (Vtp) = 0.115 cm3/g, mean 

pore diameter = 13.692nm and pore diameter =39.402nm were determined by BET 

method. The particle size and pXRD studies confirmed that FA possessed mesoporous 

and crystalline nature, respectively. The batch shaking adsorption experiments with 

various parameters were tested and the equilibrium isotherm data were fitted with 

Freundlich, Langmuir, Temkin and Jovanovic models of adsorption and compared by 

linear regression coefficient (R2)  which obeyed the order as Langmuir (R2=0.9933)> 

Freundlich (R2=0.9830)>, Temkin (R2=0.9428)> Jovanovic (R2=0.8667) (Table 2). It 

was found that the adsorption of CMC on FA affected by the change of various factors 

like the initial concentration of CMC, FA dose, pH, ionic strength (0.1mol/L), 

temperature (℃), sonication (20 kHz) and the presence of urea (0.1mol/L). The results 

obtained from the FTIR analysis provided useful information on spectral changes which 

were assigned with hydrogen bonding between CMC and FA. To the changes in the IR 

frequencies of some main functional groups -OH, -C=O, -C-O, -C-H, and –COOH in 

which the -C–O stretch coupled to the -C–C- stretch and -O–H deformation, were 

significant and thus supports strong hydrogen bonding of CMC on FA surface. A urea 

test was performed to confirm the involvement of hydrogen bonding during the 

adsorption of CMC onto FA. The batch adsorption was carried out by dissolving urea 

(0.1mol/L) in 700mol/L CMC solution. Since urea is a hydrogen bond breaker, the 

obtained results showed that the amount of adsorption decreased significantly in the 

presence of urea. It provides strong evidence that hydrogen bonding is responsible for 

the adsorption of CMC onto FA. The adsorption experiment was conducted in the 

presence and absence of ultrasound at optimized conditions. Results indicated that the 

adsorption amount in the presence of ultrasound is lower than that in the absence of 

ultrasound because at a lower frequency (20 kHz) the cavitation effect is more (due to 

larger propagating bubble) and which caused a weakened interactive force between the 

CMC and FA resulting decrease in the adsorption amount. Thus, the effect of urea and 
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sonication confirmed that hydrogen bonding was a predominant force rather than a 

hydrophobic force. XPS analysis illustrated the binding of -OH groups available onto 

the FA surface interacts with carboxylate ions of the CMC and thus confirmed the role 

of hydrogen bonding during the adsorption process. Moreover, the theory-based 

quantum mechanical calculations (Table 3) provide a better understanding of the 

adsorbate – adsorbent binding features and to understand such molecular agglomeration 

systems (Figure 2).  

Table 2 Isotherm parameters obtained from various adsorption models 

Isotherm 

models 
Parameters 

Determination 

coefficient (R2) 

Langmuir 
qmax = 6.94±0.01 

mg/g 
KL= 1.80±0.00 L/mg 0.9933 

Freundlich n = 1.20±0.009 
KF =1.34±0.01 (mg/g) 

(L/mg)1/n 
0.9830 

Jovanovic 
qmax = 4.52±0.0.11 

mg/g 
KJ = 0.93±0.15 L/mg 0.9428 

Temkin KT = 2.71±0.12mg/L 
B =0.94±0.02L/g   

b=2.65±0.03 KJ/mol 
0.8667 

 

Table 3 The electronic parameters HOMO (in eV), LUMO (in eV), HOMO-LUMO 

gap (in eV), and binding energy (BE) (kcal/mol) at B3LYP and M06-2X levels of 

theories using 6-31+G (d, p) basis set  

Parameter 
Adsorbent  
(Coronene) 
 

Adsorbate  
(Sucrose) 

Adsorbent-adsorbate 
(FA-CMC)  complex 

HOMO -6.508, -7.843 -6.732, -8.441 -6.582, -8.021 

LUMO -2.140, -1.004 -0.710, -0.103 -2.272, -1.192 

HLEG 4.368, 6.839 6.022, 8.338 4.310, 6.829 

Binding energy (BE) ― ― -6.3, -64.6 
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Figure 2. Theoretical graphical interaction between CMC and FA 

The mesoporous granular fine quartz surface was obtained from quartz by the physical 

activation method. The physiochemical characterizations and experiments confirm that 

MGFQ has very efficient potential adsorptive properties. It was observed that the 

adsorption of NaCMC on MGFQ remarkably affected by the change in adsorptive 

optimized conditions such as pH, ionic strength, and sonication and the presence of 

alcohols.  These observed results concluded that hydrogen bonding shows a significant 

role during the adsorption. The FTIR spectral changes appeared nearby 1104 cm−1 and 

1076 cm−1 which provided sufficient evidence to confirm the participation of strong 

hydrogen bonding in adsorption. The adsorption mechanism was associated with 

hydrogen bonding between active -Si-O-H of MGFQ and carboxylates ions of NaCMC. 

Experimental data were excellently fitted to the Freundlich equation since the 

regression analysis gave high correlation coefficients R2>0.99 and obey to order as 

Freundlich (R2=0.9830)> Langmuir (R2=0.9933)>Temkin (R2 =0.8663)>Jovanovic 

(R2= 0.9428) (Table 4).  
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Table 4 Isotherm parameters obtained from various equations  

Isotherm 

models 
Parameters 

Correlation 

coefficient 

(R2) 

Freundlich n =0.99 ±0.012 KF =0.052±0.01L/g 0.9984 

Langmuir 
qmax = 7.78±0.013 

mg/g 
KL= 0.025±0.00 L/mg  0.9194 

Temkin 
AT =1.255 

±0.09.mg/L 

BT = 0.299±0.00.013L/g 

bT=±826.62±0.03J/mol/.g/L  
0.8899 

Jovanovic 
qmax = 0.047±0.03 

mg/g 
KJ = ±0.15±0.01 L/mg 0.8709 

Hill 
nH=0.971±0.02 

KD= -1.382×102 
QH=1.306×102 0.9981 

 

The adsorption behaviour of three polymers namely cellulose (CL), sodium 

carboxymethylcellulose (Na-CMC) and hydroxyethylcellulose (HEC) onto activated 

kaolin was conducted. The activated kaolin was derived from supplied kaolin by 

physical activation method and characterized by various characterization techniques. 

The specific surface area (SBET) of activated kaolin (AK) was SBET =18.57 m2/g. The 

electrophoresis measurements at pH 7.0 revealed that activated kaolin possesses a 

positive surface. Moreover, the experimental data were computed employing several 

isotherm models such as Freundlich, Langmuir, Elvoich and Halsey for the adsorption 

of CL, Na-CMC and HEC onto activated kaolin from aqueous solutions. The adjusted 

R2 values suggested the results were in favour of the data collected from the adsorption 

experiment. The equilibrium data of CL, Na-CMC and HEC onto activated kaolin was 

found to best fit the Langmuir equation since the adjusted R2 gave high correlation 

coefficients R2>0.99 than HEC and CL (Table 5). 

These studies confirmed that the mechanism of adsorption of aforesaid 

polysaccharides/cellulose derivatives (CDs) onto various solid surfaces was attributed 

to the hydrogen bonding followed by some weak interactions. The FTIR spectra of 

studied adsorbents/adsorbates before and after adsorption illustrated that there were 

remarkable changes during adsorption. 
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Table 5 Parameters determined for various adsorption models based on experimental 

observations for adsorption of selected polymers onto AK 

 

The shifting in IR bands has occurred in –OH/ Si-O-H and –COOH/Si-COOH 

stretching of adsorbents due to interactions with carboxylate and hydroxyl groups of 

adsorbates which confirmed the formation of new hydrogen bonds between adsorbents 

and carboxylate/hydroxyl ion of polysaccharides. The changes in the infrared bands in 

the region of 1000–1080 cm−1 associated with the -C–O stretch coupled to the -C–C 

stretch and -O–H deformation, were significant and thus support strong hydrogen 

bonding of CDs on solid/water interface. However, some small change in the position 

of peaks were also observed which suggests non-covalent interactions.  

To provide experimental proof to show that hydrogen bonding plays a vital role in the 

adsorption process in the present case, batch adsorption experiments were conducted 

by adding specific amount of hydrogen bond breakers (urea, DMSO and alcohols) in 

the adsorbate solution. In the presence of these hydrogen bond breakers, the amount of 

adsorption decreases significantly. These results consistent with this statement clearly 

illustrate that in the presence of hydrogen bond breakers, the amount of adsorption 

decreased significantly. Therefore, it is beyond doubt that hydrogen bonding plays an 

important role during the adsorption of polysaccharides.  

Isotherm 
models 

Parameters HEC CL Na-CMC 

Frundlich 

n 6.27±0.06 2.71±0.02 1.79±0.01 
KF 1.45±0.01 

mg/g (L/mg)1/n 
2.97±0.03 

mg/g (L/mg)1/n 
0.70±0.04 mg/g 

(L/mg)1/n 
Adj. R2 0.92605 0.94616 0.96151 

Langmuir 

𝛤max 6.23± 0.03 
mg/g 

6.10± 
0.03mg/g 

8.34±0.01mg/g 

KL 0.96±0.01 
L/mg 

1.36±0.01L/mg 0.58±0.01L/mg 

Adj. R2 0.98807 0.98653 0.99440 

Elovich 

𝛤max 2.91±0.30 
mg/g 

1.79±0.27 
mg/g 

3.95±0.09 mg/g 

KE 1.95±0.07 
L/mg 

5.43±0.06 
L/mg 

1.59±0.02 L/mg 

Adj. R2 0.71040 0.89285 0.95295 

Halsey 

nH 2.13±0.07 2.71±0.045 1.79±0.04 
KH 7.26±0.06mg/L 19.20±0.03 

mg/L 
5.90±0.04 mg/L 

Adj. R2 0.88419 0.94616 0.96151 
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The effect of power ultrasound (sonication-20 kHz) during the adsorption process was 

examined to establish the role of hydrogen bonding during the adsorption process. The 

adsorption experiment was conducted in the presence and absence of ultrasound. The 

obtained results suggested that the adsorption amount in the presence of ultrasound is 

lower than that of in the absence of ultrasound because at a lower frequency the 

cavitation effect is more (due to larger propagating bubble) and which caused to a 

weakened hydrogen bonding between the selected adsorbents and CDs resulting 

decrease in the adsorption amount. 

Additionally, the adsorption free energy (-22.561 kJmol-1) of CDs was in close 

agreement with the hydrogen bond formation. After the adsorption of CDs onto 

adsorbents, both XPS survey scan and high-resolution CIs XPS spectra were scanned 

in which binding energy is different because the chemical shifts are related to electron 

density changes. This is due to available hydroxyl groups on adsorbents interacts with 

carboxylate ion of CDs resulting in an increase in carbon-oxygen functional groups (C-

O and C=O) of MPP) which also confirmed the role of hydrogen bonding. Furthermore, 

to the best of our knowledge, the reliability of the theoretical approach in producing the 

structural, stability, and electronic feature analyses of the adsorbate-adsorbent complex 

has also been evaluated for some selected CDs.  Obtained results reveal that the 

energetic compounds considered in the present investigation form a favourable and 

stable complex. The adsorbate-adsorbent complex is strongly stabilized by the presence 

of two strong intermolecular hydrogen bonds (HBs) formed between HB accepting and 

donating sites of adsorbates to the complementary sites of the adsorbents. Some weak 

conventional (C-H∙∙∙O) and nonconventional (C-H∙∙∙C and C-H∙∙∙H) HBs joins the 

molecules and thus appears to be responsible for the formation of the stabilizing 

adsorbate- adsorbent system. Thus, the binding mechanism of aforesaid CDs onto 

various solid surfaces was mainly attributed to the hydrogen bonding followed by some 

other non-covalent interactions.  

Present study concludes that the binding mechanism of polysaccharides/CDs onto 

various solid surfaces depends on solution conditions mainly pH. Under acidic 

condition, the binding mechanism of polysaccharides onto various solid surfaces is 

attributed to hydrogen bonding which has been proved beyond doubt. However, under 

basic condition the role of hydrophobic interaction and formation of complex between 

polysaccharides and solid surfaces (mainly metal containing surfaces) can not be ruled 

out. Thus, the binding mechanism of polysaccharides onto various solid surfaces is a 
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complex interplay of electrostatic (hydrogen bonding, van der Waals forces, etc.), 

hydrophobic and complex formation between polysaccharides and various solid 

surfaces containing mainly metal ions, depending on solution conditions. 

Herein, the alternate adsorbents have been used for explaining a systematic 

understanding of the binding mechanism of cellulose and its derivatives.  The result of 

the present study could be extended to systems of significant importance. It will not 

only be beneficial for the industries but also the surrounding environment from the 

potential toxicity caused by inorganic dispersant and depressants (used in mineral 

processing). Thus, the use of studied adsorbents may contribute towards the 

sustainability of the environment also. Undoubtedly, adsorbents used in this study for 

the adsorption of cellulose and its derivatives could offer a lot of probable benefits for 

the future prospectus. 

 
Figure 3. Graphical representation of correct calculation of Gibbs free energy of 

adsorption (∆Gº) employing Langmuir equilibrium constant (KL) 

Furthermore, Langmuir isotherm equations has been used extensively for interpreting 

several adsorption processes. However, this equations has its limitations and flaws 

while determining thermodynamic parameters, especially in the calculation of the 

change in the free energy of adsorption using Langmuir equilibrium constant (KL). 

Several authors employed KL for the calculation of Gibbs free energy of adsorption 

(∆Gº) without its qualification (expressed instead of dimensionless in some 
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concentration units (for example L mol-1, L g-1, ml mg-1, etc.). Thus, there is semantic 

confusion and it has become customary to evaluate ∆Gº. The equilibrium constant (KL) 

in the Langmuir isotherm is usually used to calculate the standard Gibbs free energy of 

adsorption (∆Gº). But in the context of theory, this calculation method is not accurate. 

This is so because the KL in the Langmuir isotherm has a dimension. However, as per 

the provisions of the International Union of Pure and Applied Chemistry (IUPAC), the 

standard equilibrium constant (KL) for calculating ∆Gº must be a dimensionless 

parameter. We examined the data carefully and found that the estimation of ∆Gº 

reported in various published papers was seemingly incorrect. Based on the fact that 

this miscalculation is now has become customary in the adsorption literature and it 

seems impossible to address this semantic confusion, we herein, however, attempted to 

correct the related literature and gives a detailed comment and solution of this problem. 

The standard free energy of adsorption (∆𝐺°) related to the Langmuir adsorption 

equilibrium constant, KL, can be calculated using the flowing expression:- 

∆𝐺° = −𝑇𝑅𝑙𝑛𝐾௅ 

Where R is the general gas constant (8.314J/(mol K) and T is the absolute temperature.  

Herein, it was suggested that before the calculation of ∆𝐺° it is required first to express 

the value of KL dimensionless (Figure.3). 

 






