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ABSTRACT 

 
 

Now a days, one of the major challenges to chemical engineers is water pollution due to 

release of toxic organic dyes from dye and its allied industries. Among various dyes, 

Reactive orange 84 (RO84) and methylene blue (MB) are considered as highly toxic due to 

its adverse effects towards the health of human being. Different sources of these dyes 

pollution include effluent from dye, textile, food, leather, paper and colour industries. 

Adsorptive removal of dyes by using different adsorbents is more convenient and 

economical technique compared to other dye removal techniques for wastewater. Among 

different adsorbents used, activated carbon (AC) is most effective because of its greater 

adsorption capacity due to large pore volume and large surface area. In past few years, lots 

of research work had been carried out to convert the agricultural or any organic wastes into 

AC. This technology solves the waste disposal problem as well as converts the waste into a 

valuable product which can be used as an adsorbent for wastewater treatment. 

 

Millet cob husk, empty cotton flower and mustard husk, agro-wastes were selected as the 

precursor for the preparation of activated carbon in the present study. The effect of various 

process parameters like activation temperature, impregnation ratio and holding time on the 

preparation of activated carbon was studied. These parameters were optimized using 

response surface methodology by using central composite design (CCD). Activated 

carbons were prepared using chemical activation method using KOH as oxidizing agent. 

Different physico-chemical characterization like Proximate and Ultimate analysis, Fourier 

transform infrared spectroscopy, X-ray diffrectography, scanning electron microscopy, 

porosity analysis of prepared activated carbons as well as all three precursors had carried 

out.  

 

The batch adsorption study of MB and RO84 dyes on three prepared ACs at optimum 

conditions were carried out. The effect of various process parameters such as initial dye 

concentration, pH, adsorbent dose, temperature and contact time on the removal of dyes 

were investigated. The percentage removal of MB with  (cotton flower based AC) CFAC 

adsorbent was maximum at about 99.82% at basic pH and the removal percentage of RO84 

with CFAC adsorbent was maximum at 94.78% at acidic pH. Maximum percentage 
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removal of MB with MAC (mustard husk based AC) and MHAC (millet cob husk based 

AC) were observed to be 98.43 and 98.12, respectively. Maximum percentage removal of 

RO84 with MAC and MHAC were found to be 93.12 and 92.89, respectively. The 

adsorption capacities of ACs decreased incessantly with increase in adsorbent dose. 

Maximum adsorption of MB was achieved at 1.2 g/L of adsorbent dose for CFAC 

followed by MAC and MHAC. Maximum adsorption of RO84 was achieved at 1.8 g/L of 

adsorbent dose for CFAC followed by MAC and MHAC. The equilibrium adsorption 

capacity was increased for all prepared ACs with increase in initial dye concentration of 

both selected dyes. The four different adsorption isotherms: Langmuir, Freundlich, Temkin 

and D-R isotherm were used to describe the experimental adsorption data. Langmuir 

isotherm could be better explained the adsorption experimental data. Various kinetic 

models such as pseudo-first order, pseudo-second order and intra-particle diffusion model 

are used for adsorption kinetic study. The minor deviation was found in the calculated and 

experimental values of adsorption capacity for both dyes for the pseudo second order 

model. Thermodynamic study of adsorption of both dyes suggested that the process was 

exothermic with increased randomness. The spent AC was regenerated using NaOH 

solution upto five adsorption-desorption cycle. Around 82% of MB and 80% of RO84 

could be adsorbed by all three spent ACs, after fifth cycle.  

 

The adsorption potential of CFAC to adsorb RO84 dye from aqueous solution was studied 

using packed-bed adsorption column. The breakthrough curve characteristics were highly 

influenced by process variables like influent flowrate, inlet RO84 dye concentration and 

CFAC bed height. The findings indicated that higher value of dye concentration and bed 

height were favorable but high influent flowrates was unfavorable for adsorptive removal 

of RO84 dye. The maximum adsorption capacity of column was found to be about 720 mg 

of RO84 per 4.67 g of CFAC adsorbent for initial concentration, flowrate and bed height of 

200 mg/L, 15 mL/min and 5 cm, respectively. Thomas, Yoon-Nelson and Bed depth 

service time (BDST) models were applied to calculate kinetic parameters of the laboratory 

fixed-bed adsorption column. Based on error analyses, Thomas model and BDST model 

fitted well than Yoon-Nelson model. The study concluded that CFAC is an effective 

adsorbent for adsorption of RO84 dye using fixed-bed adsorption column. 

 

The adsorptive study of MB and RO84 was then carried out using response surface 

methodology. Adsorption variables like pH, initial dye concentration, adsorbent dose, 
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temperature, and time were optimized using central composite design to achieve maximum 

dye removal. MB adsorption was favorable at alkaline pH, whereas that of RO84 was 

favorable at acidic pH. Initial dye concentration exhibited strongest effect on MB removal, 

whereas solution pH shown prominent effect on RO84 removal. For both the dyes, % dye 

removal increased with decreasing initial dye concentration and with increasing adsorbent 

dose, temperature and time. At optimized adsorption condition 86.19% of MB and 60.07% 

of RO84 was removed.  

 

A preliminary techno-economic assessment is carried out for the production of AC from 

agro-waste. First a process diagram of an AC production technique is developed. Based on 

the total capital investment and total production cost, the important economic evaluation 

terms such as rate on investment, payback period, internal rate of return and sensitivity 

analysis were estimated. 

 

The novelty of this PhD thesis work is the valorization of three widely, freely, non-fodder 

agro-wastes (millet cob husk, empty cotton flower and mustard husk) for preparation of 

activated carbon in a single step activation process. The adsorption of commercial dyes 

like MB and RO84 from aqueous medium with an ultimate aim of textile industry 

wastewater remediation using the agro-waste derived carbons paves an economic and 

sustainable path-way so as to bring forward a green foot print. 
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1. CHAPTER 1 

 

INTRODUCTION 
 

 
After the 1950’s the ecological milieu has taken a terrible drubbing which has led to the 

steady erosion of the natural ecological equilibrium. The seminal increase in population 

has put colossal pressure on the natural resources that we all rely on for our sustenance. 

There is an enormous requirement of food and energy resources to cater to the masses. 

Consequent to vigorous industrialization and urbanization, a great transition has occurred 

as evident from the food and energy constraints we face today. People want more and more 

comfortable life which has resulted in steady rise to advancement of science and 

technology. All the cumulative factors have resulted in massive environmental pollution 

and in the 21st century, we are confronted with consequences of ecological imbalance.  The 

world has been encountering the problem of pollution which is increasing by leaps and 

bounds. Pollution has effected unpleasant changes in air, water and land and has produced 

unwholesome life and hazards to living organism. 

As per definition given in third report of The Royal Commission on Environmental 

Pollution in UK [1], pollution means “Introduction by man into the environment of 

substance or energy liable to cause hazards to human health, harm to living resources and 

ecological systems, damage to structure, amenity or interference with legitimate uses of 

environment.” 

A pollutant can be aptly described as a substance or energy introduced into the 

environment that has deleterious effects on the resource. There are two types of pollutants: 

Biodegradable pollutants and Non-biodegradable pollutants. 

Biodegradable pollutants: Biodegradable pollutants can be broken down into simpler, 

innocuous substances gradually by the action of microorganisms. For examples, vegetable 

stuff, faecal matter, domestic wastes, etc. 
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Non-biodegradable pollutants: Unlike biodegradable pollutants non-biodegradable 

pollutants cannot be splintered into simple and harmless substances by the action of 

microorganisms. For example, heavy metals, glass, pesticides, plastics, etc. 

1.1 Various forms of environmental pollution 

For our convenience, environmental pollution can be classified into various forms like air, 

water, noise, soil pollutions, etc. 

1.1.1 Air Pollution 

Of all forms of environmental pollution, the most menacing type is air pollution which is 

the introduction of particulates, biological fragments and other detrimental materials. Air 

pollution in the atmosphere of the earth causes diseases, allergies and harms the natural 

environment. As far as air pollution is concerned, its sources are natural or anthropogenic. 

Thus, air pollutants can be bifurcated into two categories viz. primary and secondary. 

Primary air pollutants are those which can be inducted into the environment by natural 

sources and human activities. The examples of primary pollutants are CO, SOx, NOx, NH3, 

toxic metals, volatile organic compound (VOC), particulates, CFC, etc. 

Secondary air pollutants are such that they are not directly released into the atmosphere. 

When primary air pollutants come into contact with each other, they can be evidenced in 

the air. The examples of secondary pollutants are smog and ground level ozone. 

1.1.2 Soil pollution 

The existence of xenobiotic chemicals in soil deteriorates the quality of soil which is 

known as soil pollution. The reasons behind soil pollution are industrial, domestic and 

agricultural activities and inappropriate disposal of wastes. Pesticides, heavy metals, 

organic solvents, petroleum hydrocarbons, etc. are chief soil pollutants.  

1.1.3 Noise pollution 

Noise pollution can be denoted as the loud noise or sound which is disturbing, annoying 

and irritating to the humans. Noise pollution is mainly created by transport vehicles, 

industries, public addressing systems, households, defense equipment’s, agricultural 

machines, construction activities, etc. Noise pollution creates nervousness and destruction 

of human being’s physical and mental health [2].  

1.1.4 Water pollution 

The major sources of water pollution are domestic sewage, industrial waste, chemical 

contamination, excessive usage of pesticides and fertilizers, littering, eutrophication, etc. 
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Water is quintessential resource for human being to survive. Demand of water resources is 

ever increasing due to population growth. To cater to this demand, humans have started to 

tap and tackle all available sources of water. Hence, the quality and quantity of water is on 

the decline. Any change in physical, chemical or biological properties of water extremely 

harmful to human sustenance and unfit for intended usage can be designated as water 

pollution. 

India is one of the major countries to produce wastewater. The total quantity of wastewater 

generated in India is 61,948 million liters per day (MLD) [3]. Out of this, 43,500 MLD of 

wastewater generated from domestic purposes and rest of this formed as an industrial 

wastewater. The quantity of wastewater generated from state wise in India is represented in 

the Fig. 1.1. There are 193 water treatment plants install in India with treatment capacity of 

23277 MLD. Therefore, 38671 MLD of wastewater discharged into environment without 

any treatment in India. The higher treatment cost can be the probable reason for this 

scenario. In India, the sector specific industrial wastewater generation data is presented in 

Table 1.1. 

 

 
 

FIGURE 1.1 The percentage share of various states of India in wastewater generation [3]. 

 
TABLE 1.1 Generation of industrial wastewater sector specific in India [3]. 

Type of Industry Total Units Wastewater Generation (MLD) 

Chemical 27 97.8 

Distillery 35 37 

Food, Dairy & Beverage 22 6.5 

Pulp & Paper 67 96 
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Sugar 67 11.4 

Textile, Bleaching & Dyeing 442 201.4 

Tannery 63 22.1 

Others 41 28.6 

Total 764 501 

 

1.1.4.1 Sources of water pollution 

The sources of water pollution can be categorized as:  

a. Point sources  

In this type, the pollutants are released from a particular identifiable source. For 

example, discharge from industries into water, sewage treatment plants, etc. are 

such sources which can be easily monitored.  

b. Non-point sources  

Unlike point sources, non-point sources can be delineated as contamination spread 

over a vast area and are not restricted to a single source. For example, the flowing 

water travelled through the farming areas comprises mixed pollutants like 

fertilizers, pesticides, animal manure, etc. and these pollutants are difficult to 

monitor. 

1.1.4.2 Classification of water pollution 

Generally, water pollution can be classified into four types. They are chemical, physical, 

physiological and biological pollutants [4]. The detailed classification of water pollutants is 

shown in Fig. 1.2. 

 
FIGURE 1.2 Detail classifications of water pollutants. 
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Chemical pollutants 

It can be further subdivided into two different categories, i.e. organic and inorganic 

pollutants. 

Organic pollutants 

They contain natural compounds such as fats, proteins, carbohydrates, etc. and also 

synthetic compounds like dyes, detergents, soaps, pesticides, etc. Some selected 

organic pollutants accompanied by their source of origin are depicted in Table 1.2. Due 

to presence of aerobic bacteria in a water body, an organic pollutant is decomposed 

when it comes in close contact with water body. Thus, hazardous and complex organic 

compounds are converted into small and nontoxic substances in the presence of 

dissolved oxygen. This natural process is known as self-purification of water. But, non-

biodegradable organic pollutants like dyes, detergents, etc. are not easily degraded by 

microbial action. Their rate of degradation is drastically low and it requires very large 

quantity of dissolved oxygen. 

Inorganic pollutants 

The main sources of inorganic pollutants are industrial wastes. A water body is 

comprehensively damaged by inorganic acids and alkalies by changing its original pH 

and its natural buffer system. A distinct effect is observed on aquatic life like fishes in 

case of change in pH of water. Some selected types of inorganic pollutants are shown 

in Table 1.2. If water contains excessive quantity of acids and alkalies, bacteria cannot 

survive in such a set up. The availability of heavy metal ions in water resists self-

purification process. 

 
TABLE 1.2 Various types of organic pollutants together with their sources of origin. 

Pollutants Sources Representative examples 

Fats Wool scouring waste, fat refining, edible 

oil waste 

Glycerol stearate, glycerol 

palmitate 
Proteins Cannery waste, food processing, tannery 

waste, slaughter house waste 

Keratin, Gelatin, casein 

Resins Textile industry, paint manufacture, 

lacquer industry 

Rosin, amber 

Carbohydrates Paper and pulp industry ,textile industry Cellulose, starch 

Detergents 

 

Detergent industry, laundry waste, 

domestic waste, textile waste 

Sodium dodecyl benzene 

sulphonate, sodium lauryl 

sulphate, polyglycol, ether 
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Soaps Domestic waste, laundry waste, soap 

industry, textile waste, 

Sodium palmitate, sodium 

stearate, potassium stearate, 

Agro-

chemicals 

Agricultural runoff, 

chemical industry 

Acephate, DDT, acetamiprid, 

tricyclazole, diuran, 

methomyl, carbaryl, atrazine, Dyes Dyeing and printing industry, leather, 

pulp and paper, textile paint, cosmetic 

industries, pharmaceuticals, carpet, etc. 

 

Fluorescein, methylene blue, 

magenta, crystal violet, 

malachite green, Congo red, 

rhodamine B. 
 
 
TABLE 1.3 Various types of inorganic pollutants together with their sources of origin. 

Pollutants Sources Representative examples 

Acids Wool scouring waste, Mine runoff, 

industrial by-products, iron pickle liquor,  

Hydrochloric acid, nitric acid, 

sulfuric acid, phosphoric acid 

Alkalies Cotton processing waste, tannery waste, 

various industries 

Lime, caustic soda, 

magnesium hydroxide 

Heavy metals Metallurgical operations, industrial and 

domestic activities, motor vehicles, etc. 

Mercury, lead, cobalt, arsenic, 

chromium, cadmium, nickel, 

thallium,  

 
The quality of water is adversely affected when changes occur in the physical properties. 

The origin of physical pollutants is a subsidiary result of chemical pollution. Physical 

pollutants bring turbidity, colour, froth, etc. to the water bodies. 

Colour 

The colour seen in water bodies can be attributed to various types of wastes released into 

the water systems. In several cases, the colour is the result of dyes. For example, Reactive 

Orange 84 gives a red-yellow colour to water even at very low concentration.  

Turbidity 

The important physical attribute of waste water flowing out from industry and sewage 

confirm the intense proportions of turbidity. This turbidity is mainly because of colloidal 

matter present in it. As colloidal particles float on standing they give cloudiness to water. 

The proportion of turbidity depends upon the proportion and constituents of pollutants. 

Turbidity in water bodies hinders the impact and reach of sunlight, and they decrease the 

extent of photosynthesis, and restrain the development of aquatic plants. 
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Froth 

Froth is made of a diffusion of gas bubbles in water. The impurities like soaps, detergents, 

etc. in water reduces the surface tension and causes froth. Froth also thwarts 

photosynthesis by lowering the penetration of sunlight. It is definitely an unpleasant 

scenario. 

Radioactive  

The radioactive elements like thorium, uranium, etc. are always present in the crust of the 

earth. Some quantity of these radionuclides penetrates the water bodies.  

The excessive growth of unwanted and harmful aquatic organisms is known as biological 

pollutants. Generally, this type of pollutant arises from sewage and industrial wastes. It 

includes algae, weeds, viruses, bacteria, worms, protozoa, etc. 

 

1.2 Wastewater treatment 

There are four successive stages to purify the water: preliminary, primary, secondary and 

tertiary treatments [5,6]. 

1.2.1 Preliminary treatment 

This kind of treatment is the segregation of suspended coarse solid materials. It is 

necessary to remove these materials to cut down the treatment and maintenance cost of 

treatment plant. Screening and skimming methods are used to eliminate suspended matter 

and floating matter, respectively. 

In screening process, impure water passes through screens consisting of rows of iron bars. 

The space between two bars is between 1 to 2 inches. This process impedes the flow of 

materials such as sticks, wood pieces, rags, polythene bags, paper, etc.  Mechanical 

skimming is used to remove oil and grease type impurities which are lighter than water. 

This is also used to separate grit particles by using compressed air. When compressed air is 

introduced into polluted water, the air bubbles are formed.  The grit particles are attached 

with air bubbles and then lifted to the surface of polluted water from where it is very easy 

to skim. 

1.2.2 Primary treatment 

In this stage, the sludge is formed which contain suspended and colloidal matters. This step 

has two methods: sedimentation and flocculation. 

Even screening and skimming are not beneficial for some suspended particles in water due 

to its inherent characteristics. Such impurities can be separated from water by gravitational 
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force. This process is known as sedimentation. Generally, sedimentation is carried out in 

sedimentation tanks. Polluted water is kept undisturbed in tanks for a span of 2-3 hours. 

When the sludge forms at the bottom side of the tanks, it is removed with the help of 

mechanical gears at regular time of interval. 

Flocculation method is applied to eliminate very fine particles. Sedimentation method is 

not useful to eliminate this kind of particles as they float in the water and takes a very long 

time to settle down in the tanks. If flocculating agent like ferrous sulphate, potash alum, 

etc. are added, the rate of settling down of these particles can be enhanced.  

1.2.3 Secondary treatment 

In secondary treatment, microorganisms are used to oxidize colloidal and dissolved organic 

compounds. When the organic compounds are oxidized, they are converted into smaller 

and innocuous substances. Trickling filters, oxidation ponds and activated sludge tanks are 

used to achieve the aerated conditions. 

1.2.4 Tertiary treatment 

Impurities not removed by earlier treatments are removed by tertiary treatments. The 

insoluble inorganic impurities are removed by this treatment. Several techniques are 

applied in this treatment depending upon the nature of the pollutant. 

In chlorination process, the chlorine gas or chemicals which contain active chlorine is 

added. This process involves in disinfection the pathogenic bacteria through inactivation of 

the enzymes. These enzymes are necessary for the survival of bacteria. It prevents the 

development of unwanted algae in the treatment plants. The odours generated from the 

anaerobic decomposition of organic matters in aqueous medium are removed by this 

process. 

In wet oxidation process, the impurities exist in water are converted into harmless 

materials by oxidation with the help of oxidizing agents like hydrogen peroxide. When 

ultraviolet light hits on H2O2, the hydroxyl redical is formed. It converts organic and 

inorganic pollutants into harmless materials. Similarly, the sulphur compounds, 

phosphorous compounds, cyanides and halogen compounds are used to oxidize the 

sulphates, to phosphates, cynates and to halides, respectively.  

The purification of water by using semi-permeable membrane is known as reverse osmosis 

process. It is carried out at elevated pressure. In this process, those molecules are retained 

by membrane which have larger diameter than the pores of membrane. Consequently, pure 

water is produced. 
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Electrodialysis technique purifies brackish water. The electrolytic cell equipment is 

divided into three sections by two semi-permeable membranes. Of two membranes, one 

membrane is positively charged and the other is negatively charged.  Positively charged 

membrane attracts only anions whereas negatively charged membrane attracts only cations. 

As current is applied, cation-based impurities are released at the cathode by passing 

through the cation-permeable membrane. Likewise, anion-based impurities released at the 

anode by passing through the anion-permeable membrane. The middle compartment 

contains only pure water and it is free from all impurities. 

Flouridiation process is also carried out during the tertiary stage of water treatment. 

Sodium hexaflourosilicate or sodium fluoride is used as a flouring agent. The 

concentration of fluorine required in fluoridation process is about 1 ppm. Fluoride is used 

for the protection of the teeth. 

Like electrodialysis, the ion exchange technique also purifies brackish water. Ion exchange 

equipment consists of two exchangers: cation exchanger and anion exchanger. Each ion 

exchanger having resin which is heavy molecular weight polymer-based material having 

ionic functional groups. As ionic impurities-based water is run over from both exchangers, 

ions are exchanged between resin and impurities. Cation exchanger has sulphonic acid 

group which is capable of exchanging cation. Anion exchanger has ammonium hydroxide 

group which is capable to exchange anion.  

As several compounds are not biodegradable, it is natural that they do not remain in water 

even if above mentioned both the treatments (primary and secondary) are applied. 

Adsorption technique is applied to remove impurities like heavy metals and dyes from the 

wastewater by using activated carbon bed. 

 

1.3 Dyes 

A dye is a substance which is used to impart colour on the fiber and then it becomes an 

integral and indispensable part of it. In early years, most of the dye was produced from 

inorganic sources. However, some of the expensive dyes were produced from the natural 

sources such as scarlet from Kermes insect, purpur from the mollusk, carmine from the 

Cochineal insect, etc. The first synthetic dye, “mauve” was prepared by W. H. Perkin in 

1856. The indigo dye was first synthesized by A. von Bayer in 1878. H. Caro who worked 

in BASF had developed a synthesis for alizarin in 1860. BASF has a patent to preparation 

of methylene blue. Now a days, organic dyes are integral part of textile industry. 
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The total dye production in India is expected to be approximately 60,000 tonnes per annum 

which shares about 6.6% of the global dye production [7]. Approximately, 5000 different 

types of dyes and its intermediates manufactured in India, mainly acid dyes, direct dyes, 

reactive dyes and basic dyes. In 2017, India exported dyes of about $2.4 Billion and 

increased the production upto 1,00,000 tonnes per annum [8]. This shows that the future of 

this industry is very bright. There are 50 large scales and 1000 small scale unit of dye 

production are located in India [7]. Out of them, 90% are located in Gujarat and 

Maharashtra state because of the availability of raw materials and near to the textile 

industrial cluster. The environmental impact study cannot carry out for most of these dyes. 

But still, they are extensively used by textiles, paper, leather, paints, printing, plastics and 

food industry. 

The absorption phenomenon of light is very crucial for colour sensation. German chemist 

Otto Witt gave his theory of colour and constitution which is now globally known as 

chromphore-auxochrome theory. The salient features of the theory are: 

a. The word chromophore is derived from the combination of two German words 

Chroma and Phorein. Generally, it is an unsaturated group and its presence 

imparts colour in dyes. Chromophoric group is always attached with aromatic 

structure known as chromogen [9,10]. For example, carbonyl (C=O), azo (-

N=N-), nitro (-NO2), methane (-CH=) groups, etc. 

b. High number of chromophores indicates high intensity of colour. 

c. There are certain substituents which do not produce colour on their own but 

they can intensify the colour production because of the presence of the 

chromophoric group. They are known as auxochromoes. For example, amino (-

NR2, -NH2, -NHR), hydroxyl (-OH), halogens, etc. 

1.3.1 Classification of dyes 

Following are the divergent ways to classify dyes. 

 Based on source of dyes 

 Based on nature of chromophore 

 Based on application of dyes 

 

a. Based on source of dye 

Based on the source, the dyes are categorized into two types: natural and synthetic. 

Natural dyes 
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As the name suggests, natural dyes are extracted from natural source like flowers, 

leaves, bark, berries, roots, etc. insects and mineral compounds are also used to 

prepare some natural dyes. For example, madder, indigo, osage orange, saffron, etc. 

natural dyes, can further be divided into two types: Additive and substantive. Incase 

of additive dye, a mordant is necessary to fix to the fiber while in the case of 

substantive dyes no mordant is required. 

Synthetic dyes 

Synthetic dyes are prepared from either organic or inorganic compounds. English 

Chemist William Henry Perkin discovered the first synthetic dye known as 

Mauveine. Several synthetic dyes are prepared and they are since then used because 

of their good colour fastness and low cost. As per this classification, textile dyes are 

classified into different groups, viz. vat, direct, azo, sulphur, dispersed, reactive, 

azoic, mordant, solvent and basic dyes. 

 

b. Based on nature of chromophore 

Based on the presence of chromophoric group in the molecule structure of dye, they 

can be categorized into different types as listed below in Table 1.4. 

 
TABLE 1.4 Classification of dye based on chromophoric group. 

Dye category Chromophoric 
group 

Representative example Colour 

Acridine dyes   
 
 
 
 
 
Acridine orange 

 
 
 
 
 
   Orange 

Anthraquinone 
dyes 

 
 

 
 
 
 
 
 
Alizarin 

 
 
 
 
 
 
  Crimson 

O 

O 

N N 
CH3 H3C 

N N 

CH3 CH3 

O 

O 

OH 
OH 
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Arylmethane 
dyes 

  
 
 
 
 
 
Auramine O 

 
 
 
 
 
 
    Yellow 

  
 
 
 
 
 
 
 
 
 
 
Crystal violet 

 
 
 
 
 
 
    Violet 

Azo dyes   
 
 
 
 
 
Aniline yellow 

 
 
 
 
 
   Yellow 

Nitroso dyes   
 
 
 
 
 
 
Naphthol green B 

 
 
 
 
 
 
 
     Green 

Xanthene dyes   
 
 
 
 
 
 
 
 
Rhodamine 6G 

 
 
 
 
 
 
 
 
 
Yellow 
fluorescent 

 
 
 

NH2
+ 

N N 

N 

Cl- 

N+ N 

—N ꞊ N— 

NH2 

N 
N 

—N ꞊ O 

NO 

NaO 

O- 

Fe3+ O 
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3  O 

O 

CH3 O 

H3C CH3 
O 

O N
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·HCl 
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c. Based on the application of dyes 

The classification of dyes based on application or usage is the main approach 

accepted by the colour index because of the fact that mainly textile fibers are cotton 

and polyester. It is advantageous to adopt this approach before structure-based 

classification in detail due to the jargon and the nomenclature of dye that forms 

from this approach. Table 1.5 listed classification of dye based on application. 

According to colour index application, it is prepared which demonstrates the 

principal substrates, the chemical types of dye and the methods of application. 

 
TABLE 1.5 Classification of dyes based on application [11,12]. 

Dye 

class 

Main application Chemical type General description 

Reactive Knitted fabric, 

nylon, silk and 

wool 

Anthraquinone, formazan, 

azo, oxazine, 

phthalocyanine and basic 

Moderate price, ease of 

application, anionic 

compounds, good fastness 

and water soluble 

Direct Rayon, silk, wool 

and cellulosic 

fibers 

Stilbene, azo, nitro, 

phthalocyanine and 

benzodifuranone 

Cheap, simple application, 

anionic compounds, 

moderate colour fastness and 

water soluble 

Acid  Silk, wool, nylon, 

paper ink and 

leather 

Azine, azo, anthraquinone, 

xanthenes, nitroso, nitro 

and triphenylmethane 

Simple application, anionic 

compounds, poor fastness 

and water soluble 

Basic Polyester, wool, 

leather and acrylic 

Zaon, azine, cynine, 

oxazine, acridine, 

hemicynine, anthraquinone 

Unlevel dying problem, 

cationic and water soluble 

Disperse Acrylic, acetate, 

polyester and 

nylon 

Styryl, azo, nitro, 

anthraquinone and 

benzodifuranone 

Carrier or high temperature 

required for application, 

limited solubility in water 

and good fastness 

Vat Wool, cotton and 

rayon 

Indigoids and 

anthraquinone 

Expensive, difficult to apply, 

insoluble in water and good 

fastness except sulphurised 
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vat species and indigo 

Sulphur Apply for heavy 

cellulose fibers in 

dark shades and 

rayon 

Intermediate structures Cheap, difficult to apply, 

poor fastness and less 

soluble in water 

Mordant Leather, wool 

products and 

anodized 

aluminium 

Anthraquinone and azo Expensive, complicated 

application, anionic 

compounds, good fastness 

and soluble in water 

Solvent Plastics, wax, inks 

and petroleum 

Azo, phthalocyanine, 

triphenylmethane and 

anthraquinone 

Fastness is depends on used 

material and insoluble in 

water 

 
1.3.2 Dyes as a source of colour contaminants in water 

Mauveine was the first synthetic dye which was discovered by William Henry Perkin in 

1856. Thereafter, synthesis of various dyes came into existence. There are thousands of 

commercial dyes available with production of more than 7,00,000 tonnes per annum [13]. 

Dyes are having numerous applications in various industries including textiles, plastic, 

rubber, leather, pharmaceutical, cosmetics, food, etc. Approximately 80% of the total 

dyestuff is consumed by textile industries [7]. There are about 3000 textile industries are 

located in India [8]. During dyeing and printing of the fiber, a little quantity of dye remains 

unreacted and it goes out with the liquid stream, mainly water. Consumption of water is 

predominant in the textile industries which is the staple of synthetic dyes. It can be noted 

that approximately 11% of dyes of the total production come out as effluents. The 2% loss 

is during the production of dye and remaining 9% is during colouring process [14]. In 

order to this, probably 7040 tonnes of dyes directly exposed to the environment. Therefore, 

textile industries are to be considered as most polluted industry. It was observed and noted 

by World Bank that, the share of dye and its allied industries in the total water pollution is 

17 to 20%. So, huge quantity of dye containing water is discharged into the natural water 

system without adequate treatment. Severe problems have cropped up due to the dye in 

wastewater penetrating the aquatic life and food chain which in turn damages 

environmental eco-system. 
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1.3.3 Harmful effects of dyes 

Colour is the primary contaminant identified in wastewater. It is said that even a minuscule 

quantity of dye in water is easily visible and hence it is unacceptable. Dyes possess various 

harmful effects on living organisms as well as environment. Presence of dyes in water can 

alter the microbial growth and inhibit photosynthesis activity in aquatic plants as they 

absorb and reflection of sunlight enters the water. Degradation of dyes is very difficult as 

they have complex aromatic structure [13]. The harmful effects of dyes include skin 

irritation, mutation, allergic dermatitis, cancer, etc. Because of these problems, removal of 

synthetic dyes from wastewater assumes immense significance. 

In the proposed work, treatment of artificially contaminated water containing methylene 

blue (MB) and reactive orange 84 (RO84) was investigated to carry out adsorption studies. 

The overview of these two dyes is given below. 

1.3.4 Methylene blue 

Methylene blue is derived from a phenothiazine which has heterocyclic aromatic structure. 

The chemical formula of MB is C16H18N3SCl and its IUPAC name isphenothiazin-5-ium, 

3,7-bis(Dimethylamino)-,chloride. It is extremely dark green and odourless powder at 

room temperature. When it dissolves in water, blue colour solution is formed. The 

maximum absorption wavelength value of it is 663 nm. The chemical formula of MB and 

the colour of aqueous solution of it are shown in Fig. 1.3. German chemist Heinrich Caro 

was the first person who synthesized MB. But Matilda Moldenhauer Brooks used MB as 

an antidote to CO poisoning and cyanide poisoning in 1932 [15]. 

 

          
FIGURE 1.3 (a) Chemical Structure of MB (b) the colour of its aqueous solution. 

(a) (b) 
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1.3.4.1 Uses of MB 

The main application of MB is to colour wool, cotton and silk fiber. The virucidal 

properties is formed when it combines with light and is employed to treat hepatitis C, 

plaque psoriasis, adenovirus vectors and to resist staphylococcus aureus [14,16-18]. It is 

also used as an antidote to cyanide poisoning as well as a redox indicator. It is used as an 

ingredient for the medicine of methemoglobinemia. It is also used to prepare organic 

peroxides by Diels-Alder reaction because of its photosensitiser character. It is widely used 

for the treatment of fungal infections in aquaculture. 

1.3.4.2 Harmful effects of MB 

Notwithstanding several advantageous applications of MB, it has several harmful effects 

on human life. The permissible dose of MB to body is 0.045 to 0.09 mL per pound body 

weight. The dose above mentioned limit creates hazardous effects in humans. Faecal 

colouration and abnormal urine is the main side effects observed. The other side effects 

constitute vomiting, nausea, mild bladder irritation, stomach pain, blue or pale skin, chest 

pain, high fever, trouble in breathing, dizziness, headache, mild bladder irritation, anemia 

and increased sweating. So, it is necessary to remove altogether MB from wastewater. 

1.3.5 Reactive Orange 84 (RO84) 

This dye has an orange colour with maximum absorbance at 489 nm. The chemical 

formula of RO84 is C58H30Cl2N14Na8O26S8. It is also known as Reactive Orange HE4R. 

The main raw material used for the production of RO84 is 2,4,6-Trichloro-1,3,5-triazine, 

7-amino-4-hydroxynaphthelene-2-sulphonic acid, 2-aminonaphthelene-1-5-disulphonic 

acid and 2,2’-Disulpho-4,4,diaminobibenzene [19]. The chemical formula of RO84 and the 

colour of aqueous solution of it are shown in Fig. 1.4. 

 

           
FIGURE 1.4 (a) Chemical structure of RO84 and (b) the colour of its aqueous solution. 

(a) (b) 
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1.3.5.1 Uses of RO84 

Reactive orange 84 is mainly used as a textile dye. It is applied on cellulose fibers like 

viscose and cotton. It is also used for dyeing of polyamide and wool fibers. It is also used 

to dye chemical products like antifreezes, fertilizers, leather and detergents [20]. It is used 

as an ingredient to make digital printable ink. It is frequently used as a histological stain 

for identifying bacteria [21].  

1.3.5.2 Harmful effect of RO84 

The undesirable effects of RO84 on living organisms contain chest tightness, drowsiness, 

coughing, disorientation, mild skin irritation, vertigo, dizziness and chest pressure feeling. 

The prolonged contact of this dye may produce irritation, redness and dry skin. Frequent 

exposure of this dye to eyes creates problems like severe irritation, redness, tearing, 

burning and blurred vision. It may cause systemic injury with adverse effects when it 

comes into the blood stream via abrasions, cuts or lesions. 

 

1.4 Various techniques for removal of dyes from wastewater 

The different treatment methods widely used for dye removal from wastewater are 

discussed in this section. These methods could be divided into three types: chemical, 

biological and physical [22]. 

1.4.1 Biological treatment 

In this method, pollutants are degraded with the help of various microorganisms like 

yeasts, bacteria, algae and fungi [23]. There are two types of biological treatment: aerobic 

and anaerobic treatment. In aerobic treatment, the organic pollutant decomposed by 

microorganism in the presence of oxygen and in anaerobic treatment, the degradation of 

the organic pollutant completes in the absence of oxygen. But this treatment has constraints 

like large land area requirement, toxicity of some chemicals, improper colour elimination, 

sensitivity to diurnal variations and less flexibility in design [24]. 

1.4.2 Chemical treatment 

Chemical treatment contains flocculation, coagulation, electrokinetic coagulation, 

electrofloatation, precipitation or flocculation with Ca(OH)2/Fe(II), oxidation using 

oxidizing agents (ozone), advance oxidative processes, electrochemical processes, etc. 

These treatment methods are prohibitively expensive and create sludge formation problems 

because of generation of concentrated sludge which necessities higher energy input 

[25,26]. 
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FIGURE 1.5 Classification of dye removal techniques. 

1.4.3 Physical treatment 

 Various physical methods like membrane filtration (electrodialyisis, nanofiltration, reverse 

osmosis) and adsorption techniques are mostly applied for the elimination of dyes from 

waste water. The major drawback related with membrane filtration is the short lifetime of 
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the membrane. After sometime, scale formation occurs inside the membrane requiring its 

replacements too often. Due to these reasons, the cost-effectiveness of this process is less 

[27]. The adsorption technique is widely used to eliminate the above limitations of 

membrane filtration process. Adsorption is one of the most accepted treatments applied for 

the removal of organic dyes from wastewater due to the several advantages like simple 

design, ease of operation, zero secondary pollution, less sensitive towards toxic pollutants, 

less cost and economic viability, etc. [28,29]. The comparison between different dye 

removal processes is shown in Table 1.6. 

 

TABLE 1.6 Advantages and disadvantages of various dye removal processes. 

Methods  Advantages Disadvantages 

Chemical treatments   

Oxidative process Ease of application (H2O) agent needs to be 

activated by some means 

H2O2 + Fe(II) salts 

(Fenton's reagent) 

Fenton's reagent is a suitable chemical 

means 

Generation of sludge 

 

Ozonation Ozone can be applied in its gaseous 

state and does not increase 

the volume of wastewater and sludge 

Half-life is short (20 min) 

 

Photochemical No sludge is formed and foul odours 

are greatly reduced  

By-products formation 

 

Sodium 

hypochlorite 

(NaOCl) 

Initiates and accelerates azo-bond 

cleavage 

Discharge of aromatic 

amines 

 

Electrochemical 

destruction 

No use of chemicals and no sludge 

formation 

Relatively high flow rates 

cause a direct decrease in dye 

Removal 

Biological treatments 

Decolourisation by 

white-rot fungi 

White-rot fungi are able to degrade 

dyes using enzymes 

Enzyme production has also 

been shown to be unreliable 

Other microbial 

cultures (mixed 

bacterial) 

Decolorised in 24–30 h Under aerobic conditions azo 

dyes are not readily 

Metabolized 
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Adsorption by 

living/dead 

microbial biomass 

Certain dyes have a particular affinity 

for binding with microbial 

species 

Not effective for all dyes 

 

Anaerobic textile–

dye bioremediation 

systems 

Allows azo and other water-soluble 

dyes to be decolorised 

Anaerobic breakdown yields 

methane and hydrogen 

Sulphide 

Physical treatments   

Adsorption by 

activated carbon 

Good removal of wide variety of dyes Very expensive 

 

Membrane filtration Removes all dye types Concentrated sludge 

production 

Ion exchange Regeneration: no adsorbent loss Not effective for all dyes 

Irradiation Effective oxidation at lab scale Requires a lot of dissolved 

O2 

Electrokinetic 

coagulation 

Economically feasible High sludge production 

 
1.5 Adsorption 

Adsorption is the phenomenon of capturing and holding the molecules on the surface of a 

solid which leads to higher concentration of the molecules on the surface. There are two 

components in adsorption process: adsorbate and adsorbent. Molecules of the substance 

which can be retained on the surface is known as adsorbate and the substance which the 

surface uses to retain the adsorbate is called adsorbent. Availability of residual or 

unbalanced forces at the adsorbent surface is the propellant for adsorption. Adsorption 

process mainly depends on the surface area of adsorbent, nature of adsorbate and 

adsorbent, pH of the solution and temperature [30]. 

1.5.1 Types of adsorption 

 
a. Physisorption 

In this type, the adsorbate molecules are attracted to the adsorbent surface through van 

der Walls forces. The multilayer formation of adsorbate occurs on the surface of 

adsorbent in physical adsorption [31,32]. 
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b. Chemisorption 

In this type, the adsorbate molecules are retained on the adsorbent surface because of 

chemical bonding. The monolayer formation of adsorbate occurs on the surface of 

adsorbent in chemical adsorption [30]. 

The comparison between physisorption and chemisorption is elucidated in Table 1.7. 

 
TABLE 1.7 Comparison between physisorption and chemisorption. 

Physisorption Chemisorption 

It occurs at low temperature only and it is 

favorable at low temperature. 

It occurs at both low and high temperature 

and it is favorable at high temperature. 

The value of heat of adsorption is between 

4-40 kJ/mol. 

The value of heat of adsorption is between 

40-400 kJ/mol 

For gas-solid adsorption, its magnitude 

increases with increasing pressure. 

It is not affected by small deviation in 

pressure. 

It is reversible in nature. It is irreversible in nature. 

It increases with increasing adsorbent 

surface area. 

It also increases with increasing adsorbent 

surface area. 

 
1.6 Selection of adsorbent 

Literature survey shows that varieties of available low-cost adsorbents have been used for 

the removal of dye from wastewater. The materials like flyash, oil cakes, barks, fruit peels, 

fruit wastes, seeds, chitosan, chitin, keratin, modified cotton, etc. have been used as an 

adsorbent for the adsorption of MB from aqueous solution. Some of them are listed in 

Table 1.8. It has been observed that the adsorption capacity of these adsorbents is very low 

as compared to activated carbon (AC) [6]. Therefore, AC has been accepted as a promising 

adsorbent for the treatment of wastes by adsorption because of its high adsorption capacity. 

The cost of commercial AC is high because it is manufactured from conventional sources 

such as coal, wood, coke, etc. and due to the difficulties encountered during its 

regeneration. Due to these disadvantages, the extensive use of AC is limited [33]. The 

selection criteria for the adsorbent for dye removal are (i) highly porous structure with 

sufficiently good surface area (ii) low cost (preparation from renewable sources like 

biomass is an advantage) and (iii) easy regeneration which is essential from industrial view 

point. 
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TABLE 1.8 List of the selected adsorbents used for removal of MB by adsorption from wastewater. 

Adsorbent Maximum adsorption capacity, qm (mg/g) Source 

Aleurites Moluccana seeds 178 [34] 

Bamboo leaves 54.17 [35] 

Banana fibre 21.22 [36] 

Biochar-palm bark 2.66 [37] 

Biochar-eucalyptus 2.06 [37] 

Canola residues 13.22 [38] 

Carbon slurry 126 [39] 

Cotton stalk 147.06 [40] 

Eucalyptus sheathiana bark 45.24 [41] 

Illitic clay 24.87 [42] 

Kenaffibre 18.18 [43] 

Longan shell 141.04 [44] 

Palm kernel fibre 95.4 [45] 

Peanut husk 72.13 [46] 

Rejected tea 242.11 [47] 

Water hyacinth 17.58 [48] 

 
If the AC is made from low cost non-conventional sources like agro-wastes, industrial 

wastes, etc. then we can achieve economic feasibility. Since India is an agricultural 

country, there are different types of agro-wastes available in humongous quantity. 

However, many of them have been used for animal fodder and to make bio-fertilizer 

denying their utilization for preparation of AC. Considering this scenario, we have selected 

agro-wastes such as Millet cob husk, empty cotton flower and mustard husk for the 

preparation of AC. The present statistics of these agro-wastes are summarized below:  

Pearl millet production is carried out in arid or semiarid lands. Pearl millet is in the cob of 

plant which is separated from the cob employing mechanical threshers. After separation of 

pearl millet, cob husk generates which contains inedible antigenic. The total production of 

pearl millet in India is 10.05 Million tonnes per annum [49]. The residue to product ratio 

(RPR) of pearl millet to millet cob husk is 1:3. Therefore, the potential of this agro-waste 

for AC is 0.42 Million tonnes as per experimental results. 

Cotton flower is picked manually from the field. Each cotton plant contains approximately 

40-45 cotton flowers. Each flower contains approximately 1 g of cotton while the weight 
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of empty cotton flower is 3 g. This empty cotton flower is not suitable as animal fodder 

because it has gossypol content which is toxic in nature [50]. The total production of cotton 

in India is 6.2 Million tonnes per annum [49]. The RPR of empty cotton flower to cotton is 

3:1. Thus, the potential of this agro-waste for AC is 2.79 Million tonnes as per 

experimental results. 

Mustard is harvested when pods change to yellow colour and seeds form hard structure. 

The whole mustard plant is cut with sickle close to the ground. After that, sun drying is 

done for 5-6 days. The waste generated after separation of mustard is mainly husk and 

straw which contain the inedible glucosinolates [51]. The total production of mustard in 

India is 6.8 Million tonnes per annum [49]. The RPR of mustard to mustard husk is 1:2.5. 

So, the potential of this agro-waste for AC is 0.43 Million tonnes as per experimental 

results. 

 

 
  (a)    (b)                (c) 
FIGURE 1.6 Pictures of different agro-wastes (a) millet cob husk (b) empty cotton flower (c) mustard husk. 

 
1.7 Overall structure of thesis 

The thesis has been organized in nine chapters. The introductory part is covered as 

Chapter-1. The detailed literature review and adsorption is covered as Chapter-2. Chapter-

3 contains Aim and Scope of the present study. Chapter-4 include the materials and 

methods used for the preparation of AC. Additionally, it contains the detail 

characterization of the prepared ACs. Chapter-5 represents the batch adsorption study of 

the prepared ACs for standard dyes like MB and RO84. Chapter-6 portrays the ability of 

cotton flower based AC for the removal of RO84 using a packed column. In Chapter-7 

different adsorption models developed for MB and RO84 adsorption on cotton flower, 

based AC using CCD is described. Chapter-8 contains techno-economics analysis of the 

production of AC using agro-wastes. Crucial economic parameters such as internal rate of 
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return and sensitivity analysis were carried out. Chapter-9 contains conclusion and future 

scope of the future study. 
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2. CHAPTER 2 

LITERATURE REVIEW 

 
The objective of the present study is to carry out a study regarding the potential of selected 

agro-wastes as precursor of AC. The proposed ACs will be used for adsorption of dyes 

from their aqueous solution. The detailed literature review has been discussed in this 

chapter. This chapter encompasses important inputs regarding history, types, utilization 

and characterization of activated carbon. It also includes response surface methodology 

and regeneration of AC. 

ACTIVATED CARBON 

Introduction 

The carbon elements in different carbon materials exhibit unique bonding with itself as 

well as other elements. Allotropes of carbon based on the hybridization of the carbon 

atoms are diamond, graphite and fullerenes [52]. 

Diamond has a cubic 3D structure where each carbon atom is bonded by sp3 σ bonds with 

four other carbon atoms. The length of C-C bond is 154 pm. Diamond is the hardest 

material among all the solids having highest atomic density, thermal conductivity and 

melting point. The structure of graphite is layered and hexagonal in which two adjacent 

carbon atoms are bonded by sp2 σ and delocalized π bonds. Graphite displays higher 

thermal conductivity as well as electrical conductivity. Fullerenes have 3D carbon structure 

in which 60 or more carbon atoms form an empty cage like structure by bending the bonds 

between the carbon atoms. This is a result of re-hybridization giving sp2+ε form, 

intermediate of sp2 and sp3 [53]. There are two types of allotropic forms of graphite e.g. 

graphitic carbons and non-graphitic carbons. The basis of above classification is the degree 

of crystallographic order. Non-graphitic carbon is further classified into two sub-

categories: graphitizable and non-graphitizable carbons [54]. A non-graphitic carbon can 

be converted into graphitic carbon by heat treatment than it is known as graphitizable 

carbon and vice-versa. 
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Different forms of carbon are possible depending upon the size and structure.  Some of the 

carbon structures are shown in Fig. 2.1 [55]. 

 SP2 SP2+e SP3 

Allotropic 
forms 

Hexagonal Graphite Fullerene (C60) Cubic Diamond 

   

Non Graphitic Carbon 

    Carbon nanotubes Diamond like Carbon Non-
Graphitizable 

Carbons 

Graphitizable 
Carbons 

   

 

Activated 
Carbon 

Microstructure 

Pyrolytic Graphite 
(Graphitic Carbons) 

Carbon nano fibers 

 
 

 

Glassy Carbon Isotropic Graphite 
Carbon Black 
(Concentric 

Texture) 

Carbon 
Fiber 

(Concentri
c Texture) 

Carbon Fiber 
(Radial Texture) 

  
   

FIGURE 2.1 Various allotropic forms of carbon and few carbon structures obtained from these forms. 

2.1 Activated carbon 

Activated carbon (AC) is an extremely disordered microstructure composed of non-

graphitic and non-graphitizable carbon. It has a very high adsorption capacity owing to its 

high surface area and porous structure. 
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2.1.1 Historical back ground 

In earlier centuries (1500 B.C.), AC was used for several medical treatments. In 1773, 

Scheele discovered the adsorptive power of AC by performing experiments of gas 

adsorption. Prior to 19th century, bone char was used in sugar refining processes which 

were replaced by AC and after that the industrial production of AC was established [56]. 

TABLE 2.1 Historical production and application of AC. 

Year Author Significance 

1773 Scheele 

Compared the adsorptive power of carbons prepared from 

different precursors by measuring gas volume which is adsorbing 

by carbons. 

1785 Lowitz 

Determined the ability of carbon to remove colour from different 

aqueous solutions and this was the first systematic approach to 

find the effectiveness of carbon in liquid phase. 

1793 Kehl 

Revealed that animal tissues can be used for the preparation of 

carbon and that carbon could be applied to remove colour from 

solution. 

1794 -- 

A sugar company of England applied wood based charcoal as a 

decolourizing agent for sugar syrup but they did not disclose the 

method of preparation of the carbon. 

1805 Delessert Showed the decolorizing ability of charcoal for sugar-beet liquor. 

1822 Bussy 

Prepared AC from blood with potash by heating which was more 

effective than bone char in terms of decolourizing power. This 

was the first time that AC was prepared using combination of 

both chemical and thermal process. 

1856 Stenhouse 
The decolourizing chars were prepared by heating a mixture of 

tar, flour and magnesium carbonate. 

1862 Lipscombe Prepared a carbon and used for purification of water. 

1865 Hunter 
Prepared AC from coconut shells and evaluated gas adsorption 

properties. 

1868 Winser Prepared AC from paper mill waste by heating with phosphates. 

1900 Ostrejko 
Established the path for the production of commercial AC 

through process involving (a) oxidation with CO2 at elevated 
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temperatures (b) impregnation of metal chlorides followed by 

carbonization. 

1911 -- 

The first commercial AC produced and used as a decolourizing 

agent in the sugar industry. It was prepared by Ostrejko’s 

approach using wood. It was manufactured by the Fanto Works, 

Austria and the trade of AC was ‘Eponit’. 

1913 Wunch 
Determined that the colour removal ability of Eponit was highly 

upsurges by heating with ZnCl2. 

1914-18 -- 

As the poisonous gas was introduced in the first world war, it 

was imperative to find an alternative to coal which was used as a 

precursor of AC. It was found that AC prepared from wood chips 

using zinc chloride had better adsorptive and physical properties. 

A group of researchers in USA also synthesized AC from 

coconut shell having good adsorptive ability to adsorp poisonous 

gas. 

1931 Kubelka 
Analyzed sorption phenomena on AC by the capillary 

condensation mechanism. 

In recent years, there has been a rising expansion of the activated carbon (AC) global 

market. According to the Transparency Market Research (TMR), the product transactions 

reached, in 2012, $1.913 billion and the predictions are that at the end of 2019 the numbers 

surpass the mark of $4.180 billion, presenting an annual increase rate of 11.9% in the 

2013-2019 period. Moreover, if 42.14% of the world market volume in 2012 was directed 

for water treatment and for 35.21% air purification, there is a tendency for the activated 

carbon market to advance towards the food, pharmaceutical and medical industry. AC 

Market is expected to garner 2,776 kilo tons and $5,129 million by 2022, registering a 

CAGR of 6.83% and 9.32% during the forecast period 2016-2022.  In India, AC industry is 

wide spreaded in different parts of the country. Most of the units are in small-scale sector. 

Due to this structure of the industry, it is difficult to get the authentic data on the 

production, capacity etc. from the secondary data sources. However, based upon the 

enquiries there are more than 50 units manufacturing activated carbon for selling. They are 

located in different parts of the country. Most of these units having capacity more than 100 

tonnes per annum. Quite a few units have installed capacity of more than 1,000 tonnes 

also. It is learnt through inquiries that there are quite a few units which purify spent carbon 
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in small amount and provide it to certain prefixed clients on the long contractual basis. 

Only 10-12 units cater to the national market, all other units cater by and large to local or 

regional market. It is learnt that the total installed capacity of present available was about 

75,000 tonnes and production was around 65,000 to 70,000 tonnes which includes purified 

and regenerated carbon too.  

2.1.2 Preparation of AC 

Different precursors such as agro-wastes and forestry residues are used to prepare AC. 

High carbon content is the desirable characteristics of raw materials used for the 

production of AC [57]. The two types of activation methods: (a) physical activation and (b) 

chemical activation used for the production of AC [58]. 

Physical activation comprises of two steps. In the first step, the precursor is carbonized and 

converted into char. In second step, the char is oxidized in the presence of oxidizing agents 

such CO2, steam, etc. at elevated temperature [59-67].  In chemical activation, the chemical 

agents such as KOH, ZnCl2, H3PO4, etc. are thoroughly mixed with char which is then 

carbonized at higher temperatures in the presence of inert gas or in the absence of air [68-

76]. Chemical activation requires lower temperature compared to physical activation and 

results in better porous structure of AC. 

Previous studies regarding the preparation of AC from different kind of precursor and the 

types of activation is summarized in Tables 2.2 and 2.3. 

 

TABLE 2.2 Different precursors and physical activating agents used for AC preparation. 

Activating 

agent 

Precursor Source 

Air Olive tree wood, almond shells, almond tree pruning [77-79] 

Steam Rice husk, corn cob, pinecone, rubber, coffee 

endocarp, fly ash 

[80-85] 

CO2 Corn cob, coffee endocarp, coconut shells, waste tyres, 

rice straw, pistachio nutshells 

[59,83,86-89] 

 
 
TABLE 2.3 Different precursors and chemical activating agents used for AC preparation. 

Activating 

agent 

Material  Source 

KOH Macadamia nutshells, rice straw, cotton stalk, pineapple [90-95] 
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peal, olive seed, pomelo skin 

ZnCl2 Tamarind wood, coconut shell, bagasse, cattle manure, 

rice straw, 

[96-100] 

H3PO4 Cotton stalk, grain sorghum, rice straw, eucalyptus bark, 

hulls, hemp, almond shells, sewage sludge. 

[20,101-105] 

K2CO3 Cotton stalk, pineapple peel, palm shell, nutshell, 

bamboo. 

[92,93,106-108] 

 

2.1.3 Structure of AC 

The structure of AC decides its adsorption capacity of AC. 

2.1.3.1 Porous structure 

Pore characteristics of AC like surface are pore volume and pore size distribution affects 

the adsorptive capacity of AC. Approximately 15% of inorganic matter present in the form 

of ash is available in all ACs [56]. The porous structure can be further developed when 

tarry materials are cleared from the spaces available between the elementary crystallites. 

The dependency of pore structure and its size distribution largely depend upon the 

selection of the precursor and types of activation process. When the precursor carbon is 

exposed to the activating agent under suitable condition, porous structure is developed. 

There are various pore systems available in AC and each and every pore may acquire 

different size and shape from wide range. The size of pores which are available in AC 

ranges from angstrom to several micrometers. The general classification of pores is based 

on their average width (w).  It is either the radius of a cylindrical pore or the distance 

between the walls of pore [109]. This pore size classification is accepted by International 

Union of Pure and Applied Chemistry (IUPAC) which is summarized in Table 2.4. 
 

TABLE 2.4 Pores classification based on their width. 

Type of pores Width 

Micropores < 2 nm 

Mesopores 2-50 nm 

Macropores >50 nm 

 

In micropores, capillary condensation is not possible because the effective radii of 

micropores are less than 2 nm and hence the adsorption can only take place through the 
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volume filling process. Approximately 95% of the total surface area of the AC is occupied 

by micropores and its volume ranges from 0.15 to 0.70 cm3/g [110]. Depending upon the 

effective pore radii, the micropores can be further classified into two categories: Ultra- 

micropores (effective pore radii less than 0.7 nm) and super-micropores (effective pore 

radii between 0.7 to 2 nm). Generally, the characterization of structure is based on 

adsorption of gases and vapors. In some cases, this is achieved by small angle x-ray 

technique [111].  

The effective radii of mesopores are between 2 to 50 nm. It is also known as transitional 

pores. Approximately 5% of the total surface area of the AC is occupied by mesopores and 

its volume ranges from 0.1 to 0.2 cm3/g. Some unique techniques are available through 

which we can increase the volume of mesopores from 0.2 to 0.65 cm3/g with surface area 

of 200 m2/g. Adsorption desorption hysteresis and capillary condensation are observed in 

mesopores structure [112,113]. Mesopores help in adsorption as well as transportation of 

the adsorbate molecule to the network of micropore. Fig. 2.2 illustrates the common pore 

size distribution of AC. Mercury porosimetry, adsorption-desorption isotherms of gases 

and electron microscopy are basic techniques used to characterize mesopores [114,115]. 

 
FIGURE 2.2 Schematic representation different pore structure in AC [114]. 

 
If the effective radii of pores are greater than 50 nm, they are known as macropores. 

Generally, the range of effective radii of macropores is between 500 to 2000 nm. The 
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surface area and pore volume of macropores contribute to a very small extent of the total 

surface area and total pore volume of AC. Owing to this, macropores do not play a 

paramount role in adsorption process. However, in the transportation of the adsorbate into 

the network of mesopores and micropores, they act as transport channels. Electron 

microscopy and mercury porosimetry are important techniques used for the 

characterization of macropores [89,116,117]. 

2.1.3.2 Crystalline Structure 

Development of microcrystalline structure in AC is initiated during the process of 

carbonization. The crystalline structure observed in AC is not the same as the structure of 

graphite in terms of range of interlayer spacing. The range of interlayer spacing in AC is 

between 0.34 to 0.35 while in the case of graphite, the interlayer spacing observed is 0.335. 

The basic structural unit of AC and graphite closely resembles to each other. In crystal 

structure of graphite, it is observed that layers of fused hexagons are present which are 

bonded with each other by Vaan der Wall forces. Fig. 2.3 indicates the layered structure of 

graphite. 

 
FIGURE 2.3 Graphite layered structure [118]. 

 
Evidently, there is a presence of modified structure of graphite in AC. Because of the 

disruption of the regular bonding of micro-crystallites, free valences are created during the 

carbonization process. Formation and structure of pores are extensively affected by the 

presence of impurities and process conditions [118]. 
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ACs are categorized into two types depending upon their graphitizing ability e.g. 

graphitizing carbon and non-graphitizing carbon. In graphitizing carbon, many graphite 

layers are held parallel to each other to form a structure. This structure consists weak cross 

linking between adjacent micro-crystallites which makes this structure more delicate and 

less porous. In non-graphitizing carbon, the cross linking between adjacent micro-

crystallites is strong hence this structure is harder than graphitizing carbon and more 

porous [54]. The higher percentage of oxygen or the lower percentage of hydrogen in the 

precursor enables the creation of non-graphitizing structure. Fig. 2.4 shows the schematic 

representation of graphitizing and non-graphitizing carbon structures. 

             

(a)              (b) 

FIGURE 2.4 Schematic representation of AC structure: (a) graphitized carbon and (b) non-graphitized 

carbon [118]. 

2.1.3.3 Chemical structure 

While the adsorptive capacity of AC is significantly influenced by porous structure, it is 

also dependent on the chemical bonding of oxygen and hydrogen (heteroatoms) [56]. The 

unpaired electrons and unsaturated valences are created by the changing the sequence of 

electron cloud in the carbon body which alters the adsorption the properties of AC. This 

phenomenon is mainly observed in polar compounds. 

AC contains higher quantity of hydrogen and oxygen as well as lower quantity of other 

heteroatoms such as nitrogen, sulfur and halogens [119]. These heteroatoms are either 

present in the precursors or are possibly bonded during the activation process. According 

to the literature, carbon atoms and heteroatoms form surface groups or surface complexes 

such as carbon-hydrogen, carbon-oxygen, carbon-nitrogen, carbon-sulfur and carbon-

helogen. These surface groups are present on the edges and corners of the aromatic sheet 

[120]. 
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Significant efforts have been made by many researchers to ascertain the importance of 

surface groups of ACs on the adsorption of dye, aromatics, heavy metals, etc. from their 

aqueous phase [121-141].  

Among all the heteroatoms, oxygen is considered as the most important one since it affects 

different properties of AC such as its wettability, surface behavior, and catalytic and 

electrical properties [142]. To obtain the surface complexes which contain oxygen, the 

oxidation treatment of the carbon is crucial. 

2.1.4 Classification of AC 

It is very difficult to classify ACs in terms of physical properties, methods used for 

preparation and surface characteristics as they possess very complex structure. However, 

the ACs can be classified depending upon the particle size into three categories: Granular 

Activated Carbon (GAC), Powder Activated carbon (PAC), and Activated Carbon Fiber 

(ACF) [143]. 

2.1.4.1 Granular AC (GAC) 

The average particle size of GAC ranges between 0.6 to 4 mm. This type of AC finds its 

application in adsorption of liquid and gas phase continuous processes. In GAC, the 

pressure drop is less than the PAC. Granulated carbons are used for water treatment, 

deodorization, and separation of components of flow system and also used in rapid mix 

basins. GAC can be either in granular or extruded form. GAC is designated by sizes such 

as 8×20, 20×40 or 8×30 for liquid phase applications and 4×6, 4×8 or 4×10 for vapor 

phase applications. A 20×40 carbon is made of particles that will pass through a U.S. 

Standard Mesh Size No. 20 sieve (0.84 mm) (generally specified as 85% passing) but be 

retained on a U.S. Standard Mesh Size No. 40 sieve (0.42 mm) (generally specified as 95% 

retained). It can also be easily regenerated and hence can be used more than once. The 

salient features of GAC are their high hardness, low abrasion index, appropriate micropore 

size distribution and high apparent density which make them more applicable than the 

PAC [144-148]. 

2.1.4.2 Powdered AC (PAC) 

The average particle size of PAC is less than 0.1 mm (between 0.015 to 0.025 mm). 

Traditionally, PAC is made in particulate form as powders or fine granules less than 1.0 

mm in size with an average diameter between 0.15 and 0.25 mm. Thus, they present a large 

surface to volume ratio with a small diffusion distance. PAC is made up of crushed or 

ground carbon particles, 95–100% of which will pass through a designated mesh sieve. 
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Granular activated carbon is defined as the activated carbon retained on a 50-mesh sieve 

(0.297 mm) and PAC material as finer material, while ASTM classifies particle sizes 

corresponding to an 80-mesh sieve (0.177 mm) and smaller as PAC. PAC is not commonly 

used in a dedicated vessel; due to the high head loss that would occur. PAC is generally 

added directly to other process units, such as raw water intakes, rapid mix basins, clarifiers, 

and gravity filters. Generally, PAC is used as an adsorbent in food industry, industrial 

wastewater treatments, pharmaceutical industry, sugar decolorization, and removal of 

toxins from flue gas [75,149-152]. Extruded activated carbon, bead activated carbon and 

impregnated activated carbon are the various types of the PAC. 

2.1.4.3 AC Fibers 

When carbonized carbons are oxidized at elevated temperature, it generates Activated 

Carbon Fibers (ACF).  Initially, viscose rayon fiber consisting of cellulose was used as raw 

material for the preparation of ACF.  Thereafter, techniques were evolved to prepare ACF 

from thermosetting polymers such as phenolic resins and saran. The important features of 

ACF precursor are that it should be non-graphitic and non-graphitizable and isotropic in 

nature. Extensive research is on the anvil to explore low cost raw materials which can 

produce ACFs [153-156]. 

2.2 Characterization of AC 

The nature of AC is heterogeneous due to the presence of wide range of pore size which 

includes macropores, mesopores and micropores. The very presence of various surface 

functional groups on the surface of AC also enhances sheterogeneity. Several direct 

techniques such as X-ray analysis, electron microscopy, spectroscopic methods, etc. are 

used to investigate the structural and surface characteristics of AC. Apart from this; several 

indirect techniques such as thermal analyses and gas adsorption are also employed to 

characterize AC. With the help of adsorption technique, we can determine the porosity and 

the surface heterogeneity of AC. 

This section deals with the overview of characterization of ACs with the help of several 

spectroscopic techniques and gas adsorption isotherms. 

2.2.1 Gas adsorption isotherm 

In case of porous materials, gas adsorption method is most suitable for characterization. 

We can extract a lot of important information of the adsorbent, the adsorbate and their 

interactions through adsorption of isotherm. The basic mathematical form of the adsorption 

isotherm is given below [157]: 
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𝑥 = 𝑓(𝑇, 𝑃)                   2.1 

 

where, x is the quantity of adsorbate adsorbed per unit mass of adsorbent, T is the 

temperature and P is the pressure. 

Gases like CO2, N2, Kr, Ar and vapors of more volatile hydrocarbons, benzene, alcohols, 

water, etc. are commonly used to establish adsorption isotherm. Among these, nitrogen and 

argon are frequently used because of their non-polar characteristics. 

2.2.1.1 Qualitative interpretation of adsorption isotherms 

The shape of the isotherm gives the important information regarding the porosity of the 

adsorbent. There are six types of adsorption isotherm as per IUPAC classification for gas-

solid system [110]. 

Type-I isotherm is also known as Langmuir isotherm, which is concave downwards along 

with the pressure axis. Since the pores are smaller in size, monolayer is formed in Type-I 

isotherm. Hence, it cannot increase linearly but achieves limiting conditions as shown in 

Fig. 2.5. 

 
FIGURE 2.5 Type-I isotherm [110]. 

 
Monolayer as well as multilayer adsorption phenomena are observed in Type-II isotherm 

Fig. 2.6. The shape of Type-II isotherm at low pressure is concave, at intermediate relative 

pressure it becomes almost linear and finally it terminates convex to the pressure axis 

[110]. The concave shape of isotherm indicates monolayer adsorption and linear shape of 

isotherm delineates multilayer adsorption. If the linearity of isotherm is extrapolated, it 

intersects y-axis at point A which represents monolayer adsorption capacity [110]. 

However, point B is preferred over point A for calculating monolayer capacity as it is 
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congruent with the actual monolayer capacity, Xm. These types of isotherms are suitable to 

macroporous as well as non-porous adsorbents [158].  

 
FIGURE 2.6 Type-II isotherm [110]. 

 
Less common types of isotherms are Type-III and Type-V. The shapes of these isotherms 

are more or less convex to the pressure axis. Type-III isotherm has a convex shape over 

entire range of pressure axis while in the case of Type-V isotherm, the shape is convex 

upto pressure value of 0.51 after that it reaches a plateau. The adsorbed molecules on 

adsorbent accelerate adsorption of other molecules which is known as cooperative 

adsorption because convexity is observed in these types of isotherms. However, initially 

the interaction between adsorbate and adsorbent is very weak which results in less 

adsorption at low relative pressure. For non-porous adsorbents having feeble interaction 

between adsorbate and adsorbent generally Type-III isotherm are observed. For 

mesoporous and microporous adsorbents, Type-V isotherms are observed. 

 

FIGURE 2.7 (a) Type III isotherm and (b) Type V isotherm [110]. 

(a) (b) 
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Steep slope is observed in the shape of Type-IV isotherm at high relative pressure due to 

the capillary condensation in mesopores. The adsorption in larger pores of adsorbents is 

indicated by the parallel portion of the isotherm to the pressure axis. This type of isotherm 

shows adsorption-desorption hysteresis which is the most essential characteristic of 

adsorption. With adsorbents having mesoporous structure such as porous carbon and oxide 

gels, Type-IV isotherms are obtained. 

 
FIGURE 2.8 Type IV isotherm [110]. 

Type-VI isotherm which is also known as stepped isotherm can only be achieved on 

uniform surface with layer by layer adsorption which is very uncommon. The sharpness 

and height of step depends on the temperature of the system. During adsorption of Kr or Ar 

on graphitized carbon at extremely low temperature, this type of isotherm is observed. 

 
FIGURE 2.9 Type VI isotherm [110]. 
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Adsorption-desorption hysteresis loop is observed during adsorption on ACs having 

mesoporous structure [159]. The hysteresis loop is a result of thermodynamic effect or 

network effect or the combination of both. There are four types of hysteresis loops on the 

basis of IUPAC classification which are shown in Fig. 2.10. 

 

 
FIGURE 2.10 Different types of adsorption-desorption hysteresis loop [159]. 

 
Type H1 loop has nearly vertical and parallel lines. This type of hysteresis loop is observed 

in adsorbents having uniformly distributed pore size and cylindrical pore geometry [160]. 

The shape of H2 loop is triangular in which the desorption branch has a steep slope [161]. 

The triangular shape is due to the connectivity effects of pores and this type of loop is 

observed with porous inorganic oxides. In Type H3, close loop is not achieved. It can be 

observed when adsorption takes place on slit like pores. In Type H4, the hysteresis loop is 

nearly horizontal. It can be observed when adsorption takes place on narrow slit like pores. 

H1 H2 

H3 H4 
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2.2.1.2 Quantitative interpretation 

The Langmuir isotherm, the Brunauer-Emmet-Teller (BET) isotherm and the Dubinin-

Radushkevich (DR) isotherm are generally used to describe adsorption behavior. The 

Langmuir and BET isotherms are applied to study adsorption behavior of non-porous as 

well as microporous adsorbents. The DR equation is not considered as mathematical model 

of adsorption process because it is derived from Gaussian, Rayleigh or Lorenztian 

distribution. 

The Langmuir Isotherm: 

The Langmuir isotherm is the first mathematical adsorption model proposed for adsorption 

and it serves as a basis for many adsorption isotherms. Even though Langmuir isotherm is 

most suitable to chemisorptions, it can also be used for physisorption of Type-I. The 

general mathematical equation of Langmuir isotherm is given as [162]: 

 𝑝 𝑝𝑜⁄𝑛𝑎 = 1𝑏𝑛𝑚𝑎 + 𝑝 𝑝𝑜⁄𝑛𝑚𝑎                   2.2

          
where, 𝑝 and 𝑝𝑜 are the equilibrium and the saturation pressure in Pa, respectively. 𝑛𝑎is 

the quantity adsorbed (mmol/g) and 𝑛𝑚𝑎  is monolayer adsorption capacity (mmol/g).         

The following assumptions have been made to derive the Langmuir model. 

i. Each adsorbate molecules are adsorbed on the surface of the adsorbent at specific 

sites. 

ii. On each site only one molecule of adsorbate can be adsorbed. 

iii. The surface of the adsorbent is homogeneous and uniform. 

iv. Once they are adsorbed on the surface of adsorbent, the adsorbate molecules do not 

interact with each other. 

The BET Isotherm: 

The specific surface area is the most significant parameter to characterize porous solids. 

Previous studies suggested that the measurement of high surface area present in 

microporous solid is difficult. In case of monolayer physical adsorption, it is simple to 

calculate the specific surface area and saturation limit by using experimental models. 

However, in physical adsorption multilayers are formed even at pressure below that 

necessary for development of the monolayer. Brunauer, Emmet and Teller introduced a 
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simple mathematical model to solve this problem and to evaluate specific surface area by 

calculating the monolayer adsorption capacity. The generalized equation of BET isotherm 

is given as [110]: 

 𝑝𝑉(𝑝𝑜−𝑝) = 1𝑉𝑚𝐶 + (𝐶−1)𝑉𝑚𝐶 ( 𝑝𝑝𝑜)                 2.3 

 
where,  𝑉 and 𝑉𝑚 are the adsorbed volume and volume of monolayer capacity at STP 

(cm3/g), respectively and C is the BET constant.  

The following assumptions form a basis for BET isotherm. 

i. Adsorption is carried out on the adsorbent only on the definite sites on the 

surface. 

ii. Molecules in the monolayer serve as a well-defined site for the adsorption 

of a molecule of consequent layer. 

iii. The surrounding gas phase is in equilibrium with the molecular layer at the 

top. 

iv. At the saturation pressure, the number of molecular layers tends to infinity. 

The DR (Dubinin-Redushkevich) isotherm: 

Generally, a wide range of pore sizes are present in microporous adsorbents such as AC 

containing mesopores as well as micropores. So, the isotherms of such material are 

combination of both Type-I and Type-IV types. The adsorption in micropores is achieved 

only at extremely low relative pressures. It is completely dependent on the gas-solid 

interactions. The DR equation to calculate micropore volume is written as [163]: 

 𝑙𝑜𝑔𝑊 = log(�̃�𝑜𝜌) − �̅� [𝑙𝑜𝑔 (𝑝𝑜𝑝 )]2
                2.4 

 
where, 𝑊 is the micropore filling volume of adsorbate, �̃�𝑜 is the total micropore volume, 𝜌 

is the density of liquid adsorbate and𝑘 is the constant which can be defined as, 

 𝑘 = 2.03𝐾 (𝑅𝑇𝛽 )2
                  2.5 

 
where, 𝛽 is the co-efficient related to affinity and K is the constant, evaluated based on the 

pore size distribution shape. 
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2.2.2 Spectroscopic methods 

There are many spectroscopic techniques available to analyse the chemical structure of 

ACs such as Absorption Infrared Spectroscopy (T/A-IR), Infrared (IR) and Fourier 

Transform Infrared (FTIR). 

The IR spectroscopy method is used for investigating the presence of different surface 

functional groups on the surface of AC [164,165].  By using Fourier-Transform, 

Photothermal Beam Deflection (PDS) and Photoacoustic (PAS) methods, the sensitivity of 

IR spectroscopy can be increased. 

Literature suggests that in the transmission and absorption IR spectroscopy, the value of IR 

signal to noise ratio is very low because of pellets preparation of AC. There are various 

advantages of FT-IR over dispersive and conventional spectroscopic techniques. In 

conventional dispersive systems slits are used while in FT-IR interferometer is used. This 

ensures higher energy availability, up to around 100 to 200 times over the conventional 

method. This technique gives more accurate information and meticulously measures the 

surface groups of a very low concentration. This technique is the most useful for 

investigating surface functional groups and chemical structure of carbon materials. 

2.3 AC applications 

AC is the most versatile and eminent adsorbent among all adsorbents. Chief applications of 

AC are removing colour, taste, odour and other unwanted contaminants such as organic 

and inorganic compound from drinking waters; in the waste water treatment; as an air 

purifying agent in chemical industries; for purifying various chemical, pharmaceutical and 

food products; in respirators and other gas phase applications. Approximately 80% of the 

total AC is directly leveraged in granular or powder form for liquid phase applications. 

Granular AC is useful for gas-phase applications. Some of the applications of AC in 

removal of different contaminants are listed in Table 2.5. 

TABLE 2.5 Use of AC for removal of various pollutants from liquid and gas phase. 

Pollutant Source 

Sulfur dioxide (SO2) [78,166-180] 

Hydrogen sulfide (H2S)  [166,181-190] 

Oxides of nitrogen (NOx)  [172,173,177-180,191-193] 

VOCs  [194-205] 

Phenolic compounds  [121-129] 
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Dyes [131-137] 

Pesticides [206-211] 

Heavy metals [212-214] 

 

The most important application of AC is to eliminate organic and inorganic compounds 

from the aqueous phase by adsorption. Dyes are the most significant aquatic pollutant 

among all the organic compounds because of their colour and toxicity. The flux of organic 

dyes in the surface water and groundwater has increased because of its continuous usage in 

industrial processes. The quality of water reservoir has largely deteriorated by discharge of 

various dyes from textile and leather industries and AC play a vital role in dye adsorption 

from wastewater streams.  

2.4 Adsorption isotherm and kinetic study 

The accurate description of the equilibrium study between two phases gives the effective 

representation of dynamic behavior of adsorptive separation of adsorbate from the effluent 

by an adsorbent. In adsorption, the equilibrium is achieved when the rate of adsorption and 

the rate of desorption are at par [132-135]. Various adsorption isotherms were constructed 

by plotting the concentration of solute in solid phase and in liquid phase. The design of any 

adsorption process depends on the explanation of interaction between adsorbent and 

adsorbate. Different well known and extensively used isotherm models with their 

mathematical form are listed in Table 2.6. The kinetic study of adsorption process is 

important to find out the efficiency of the process. To ascertain the adsorption mechanism 

and its rate controlling step (mass transfer and chemical reaction), various kinetic models 

have been used to analyze the experimental data. Various well known and extensively used 

isotherm models with their mathematical form are listed in Table 2.7. 

TABLE 2.6 Various adsorption isotherm models. 

Name of isotherm model Mathematical form 

Langmuir 𝐶𝑒𝑞𝑒 = 𝐶𝑒𝑄𝑜 + 1𝑄0𝐾𝐿 

Freundlich 𝑙𝑛𝑞𝑒 = 𝑙𝑛𝐾𝑓 + 1𝑛 𝑙𝑛𝐶𝑒 

Temkin 𝑞𝑒 = 𝑅𝑇𝑏𝑇 𝑙𝑛𝐴𝑇 + 𝑅𝑇𝑏𝑇 𝑙𝑛𝐶𝑒 
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Dubinin-Redushkevich (DR) 𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑞𝑠 − 𝐾𝐷𝑅𝜀2 

 

TABLE 2.7 Various adsorption kinetic models. 

Name of kinetic model Mathematical form 

Pseudo-first order ln(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞e − k1t 
Pseudo-second order 𝑡𝑞𝑡 = 1𝑘2𝑞𝑒2 + 𝑡𝑞𝑒 

Intraparticle diffusion 𝑞𝑡 = 𝑘𝑖𝑑 ∗ 𝑡0.5 + 𝐶𝑖 
 

The nature of the adsorption of MB and RO84 on all prepared ACs were evaluated by 

computing thermodynamic parameters such as change in Gibbs free energy (ΔG), change 

in enthalpy (ΔH) and change in entropy (ΔS) during the process. 

2.5 Regeneration of spent AC 

The cost of adsorption process in waste water treatment can be substantially reduced by the 

reuse of adsorbents. The effective desorption of retained adsorbate from an adsorbent 

should be carried out for regeneration of an adsorbent. The exhausted AC can be 

regenerated by methods such as thermal regeneration, electrochemical treatment and 

chemical regeneration. The thermal regeneration method is a low-cost method compared to 

others. But, the disadvantage of this method is to depreciate the porous structure of AC at 

high temperature. The chemical regeneration method can be cheap if low cost chemicals 

are used for regeneration of AC. Many researchers had worked on regeneration of AC by 

chemical method using different chemicals such as H2SO4, NaCl, HCl, etc. [91-

96,100,124-126,130]. 

 

2.6 Use of Response surface methodology for optimization of various processes 

The RSM is culmination of statistical and mathematical techniques which is helpful to 

model and analyse any problem. When the interested response is affected by more than one 

variable, RSM is used to optimize the response by predicting the optimal process 

conditions [215]. RSM requires range of values of variables through which it can optimize, 

develop and improve the response variable [216-218].  In this situation, the response 

variable y can be expressed as: 

 𝑦 = 𝑓(𝑥1 + 𝑥2) + 𝑒                  2.6 
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where, x1 and x2 are different variables which can affect the response y.   

So, independent variables x1 and x2 are the function of response y and e which is the 

experimental error. The error e includes all type of errors as well as some variations which 

are not accounted in function, known as a statistical error. It is assumed about this error 

that it is distributed normally with variance s2 and zero mean. The correct response 

function is not known for the most of RSM problems. It is necessary to start with lower 

order polynomial in specified region to achieve better approximation for optimum 

function. The response depends on the linear independent variables which indicate a first-

order model of approximating function. The mathematical first-order model having two 

independent variables can be described as: 

 𝑦 = 𝑏0 + 𝑏1𝑥1 + 𝑏2𝑥2 + 𝑒                 2.7 

 

The higher degree polynomial is applied when the response surface has curvature. The 

approximating function which contains squared variables is known as second-order model, 

which can be defined as below: 

 𝑦 = 𝑏0 + 𝑏1𝑥1 + 𝑏2𝑥2 + 𝑏11𝑥112 + 𝑏22𝑥222 + 𝑏12𝑥1𝑥2 + 𝑒                        2.8 

 

Either single or combinations of both models have been used to solve all RSM problems. 

Each factor has a level which is not same to the level of other factors. Collection of data 

through proper experimental design gives the most reliable output by polynomial models. 

The least square method is used to ascertain the co-efficients of polynomials after 

collecting the data. The analysis of response surface is done by usage of fitted surface. 

Generally, the response surface design is made for fitting response surface. The second-

order model analysis is complex and requires computer software. The contour plots and the 

analysis of variance (ANOVA) for data fitting to the second-order has to be used to find 

response surface characteristics. 

A second –order model was fitted by many available designs. Out of them, the most 

common one is central composite design (CCD). In 1978, Box et al. was the first to use 

this. There are three types of points in CCD design: factorial points, central points and 

axial points. Sequential experimentation is the key factor for developing CCD. When lack 

of fit is indicated by a first-order model, CCD develops through adding axial points to the 
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quadratic terms. The important parameters in the CCD design are the distance α of the 

axial runs from the center design and the number of center points nc at the origin [219]. 

The surface curvature information is obtained from center runs. When the curvature is 

significant, the extra axial points permit to the experimenter to achieve an effective 

evaluation of the quadratic terms. The graphical representation of CCD for 3 level and 

value of α at 1.682 is shown in Fig. 2.11. 

 
FIGURE 2.11 Graphical representation of CCD [219]. 
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3. CHAPTER 3 

AIM AND SCOPE OF WORK 

3.1 Introduction 

Various industries such as dye and intermediate, leather, textile, pulp and paper and paint 

rampantly discharge colossal quantities of effluent which contain diverse organic dyes. As 

organic dyes have complex aromatic structure, the bio-degradation is of concern. The 

discharge of effluent without proper treatment may cause severe damage to living 

organism and pollute natural water system. It can cause detrimental effect on living bodies 

which has been elucidated in chapter 1. Therefore, from both health and ecological point of 

view, removal of dyes from effluent is mandatory. Different treatment methods such as 

photo-oxidation, flocculation, adsorption, ion exchange, ozonation, precipitation, 

decomposition, etc. have been explored and applied to eliminate dye from industrial 

wastewater. As the adsorption technique requires simple design facility and requires 

comparatively easy operation, it was considered as a feasible technique. AC is considered 

as the most effective and versatile adsorbent among all adsorbents because of its higher 

surface area and good porous structure. However, traditional AC used for wastewater 

treatment is prepared from conventional and non-renewable sources like coal, lignite, coke, 

bone etc. Agro-waste derived AC can be considered as a potential alternative to the 

commercial ACs. India is known as an agricultural country. Different types of agro-wastes 

are available in mammoth quantities at little or no cost. So, it is a great opportunity to 

prepare AC from agro-wastes and use as an adsorbent to adsorb dye from industrial 

wastewater. In literature, much research has been carried out to prepare AC from different 

agro-wastes. However, many agro-wastes have use as animal fodder or bio-fertilizer which 

is usually incongruent for the preparation of AC. Because, the utilization of these types of 

agro-wastes for the preparation of AC may break the ecological cycle. 

The current research study encompasses the preparation of AC from three different non- 

fodder agro-wastes e.g. Millet cob husk, empty cotton flower and mustard husk. The 

prepared AC from these Indian origins based agro-waste and was characterized with 
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different physico-chemical techniques. The preparation parameters were optimized and 

evaluated. Prepared ACs were used to adsorb dye from its aqueous solution under 

optimized conditions. A preliminary techno-economic analysis was carried out.  

3.2 Objectives of the research work 

 
 To prepare AC from selected agro-wastes (millet cob husk, empty cotton flower 

and mustard husk) using single step chemical activation method. 

 To optimize and analyze the effect of process parameters on the preparation of AC 

using response surface methodology (RSM). 

 To formulate mathematical model of AC preparation from agro-wastes by 

designing experiment software by using five-level and three-factor, Central 

composite design (CCD). 

 To compare all physico-chemical characteristics of the prepared ACs with their 

precursors. 

 To build kinetic and isotherm adsorption models based on the results. 

 To remove methylene blue and reactive orange 84 dyes from aqueous phase by 

ACs developed at optimum conditions and to evaluate the effect of different 

process parameters such as pH, initial concentration of dye, dose of adsorbent, 

temperature and time using RSM. 

 To regenerate spent AC using simple and economically feasible techniques. 

 Techno-economic study of production of AC having plant capacity of 2 tons/day. 
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FIGURE 3.1 Graphical representation of current study. 
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4. CHAPTER 4 

PREPARATION AND CHARACTERIZATION 

OF ACTIVATED CARBON FROM AGRO-

WASTES 

 

In this chapter, various methods for characterization of raw materials and AC are 

discussed. The chapter also contains the method of preparation of AC. The factors which 

affect the preparation of AC were optimized using RSM, are also discussed.  

4.1 Different characterization techniques for precursor and AC 

India is an agricultural country and there are different types of agro-wastes available in 

humongous quantity. Many of them are used as animal fodder, as fuel or to make bio-

fertilizer. Considering this scenario, i.e. to avoid carbon vs. other utility aspect, we have 

selected non-fodder agro-wastes such as Millet cob husk (MC), empty cotton flower (CF) 

and mustard husk (MH) for the preparation of AC. The chemical reagents used in the 

present study were supplied by Renkem, India. 

4.1.1 Proximate analysis 

The main criterion for selection of precursor for production of AC is the composition of 

the precursor. For production of AC, the carbon content of precursor should be high and 

ash content should be low. Therefore, proximate and ultimate analysis of precursor is 

mandatory for its characterization. Proximate analysis reveals %moisture, %volatile 

matter, %ash and %fixed carbon of substance. In this study, the automatic proximate 

analyzer (Model: APA-2, Advance Research Instrument Company, New Delhi, India) was 

used for proximate analysis of three precursors. The standard method of ASTM was 

adopted in this analysis. (Moisture content: ASTM D3173, ash content: ASTM D3174, 

volatile matter content: ASTM D3175 and fixed carbon content by difference: ASTM 

E1131-08).  
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𝐹𝑖𝑥𝑒𝑑𝐶𝑎𝑟𝑏𝑜𝑛(%) = 100 − (𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒, % + 𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑚𝑎𝑡𝑡𝑒𝑟, % + 𝑎𝑠ℎ, %)          4.1 

 

The proximate analyzer is PLC programmed to conduct completely automatic analysis of 

% moisture, % ash, % volatile matter and % fixed carbon present in the agro-wastes 

sample. One can analyze 19 samples simultaneously in one batch. The inert and oxidizing 

atmosphere facility is available as per ASTM guidelines in the analyzer. Introducing a 

reactant gas or sweep gas or removing product during drying and volatilization facility is 

also available in the analyzer. Each of the part of the analyzer such as crucible, its cover, 

sample balance pedestal, etc. are made as per ASTM guidelines. The maximum 

temperature achieved in analyzer is 1000 oC. Two shafts are provided to the furnace cover 

of the instrument for support and stability. There are two thermocouples in the instrument, 

one is for safety purpose and another is for measuring the temperature of the sample. A 

highly accurate electronic weighing balance is in-built in the instrument to weigh the 

sample with the accuracy of 0.1 mg. The precision of the temperature control of the 

analyzer is ± 5 oC. 

4.1.2 Ultimate analysis 

Ultimate analysis reveals elemental content such as C, H, N, S and O of precursor. The 

ultimate analysis was carried out in CHNS analyzer (Model: vario MICRO cube, 

Elementar, Germany) present at the common analytical facility of CSMCRI.  

 𝑂𝑥𝑦𝑔𝑒𝑛(%) = 100 − (𝐶, % + 𝐻, % + 𝑁, % + 𝑆, %)             4.2 

 

Ultimate analysis is also important for agro-waste characteristics. Through this analysis, 

we can measure the percentage of C, H, N, S of the agro-waste and O is estimated by 

difference. Sample preparation is necessary for ultimate analysis. The accurate analysis 

requires uniformly distributed powder form of sample. In this instrument, there are two 

columns: combustion column and reduction column. The temperature of the combustion 

column and reduction column are 1150 oC and 850 oC, respectively. Sulphanilimide is used 

as the standard for this analysis. Oxygen and helium gas are used as the oxidizing agent 

and the carrier gas, respectively. 

4.1.3 Scanning electron microscopy (SEM) 

One of the most traditional and widely used characterization techniques to know about the 

surface morphology is SEM analysis. This analysis can be efficiently used to analyze 



PREPARATION AND CHARACTERIZATION OF AC 

 

52 

samples upto nanometer resolution. The image magnification of SEM is in the range of 10 

to over 2,00,000. It also offers important information of crystal orientation, internal stress 

distribution and elemental analysis. The instrument has an electron gun which emits 

electrons onto a focused beam, having very thin spot side of 5nm. The energy values are 

accelerated by electrons in the range between hundred eV to thousands of KeV [220]. Then 

it displays over the specimen surface through deflection coils. Through the penetration and 

attacking of electron on the surface a many collisions occur that give the electron emission 

and emission of photons from the surface of the sample. So, SEM images are generated 

through the collection of the emitted electrons on cathode ray. In this study, the surface 

morphology of agro-wastes and ACs was carried out by FE-SEM (Model: JSM-7100F, 

JEOL, USA). 

4.1.4 Fourier transform infrared red spectroscopy (FTIR) 

The surface functional groups of the agro-wastes and ACs were determined by FTIR 

analysis. The FTIR spectrometer (Model: Spectrum GX, PerkinElmer Inc., Germany) 

having a resolution of 4 cm-1 was used to perform FTIR analysis. The KBr pellet was used 

to record transmission spectra of the samples between 400 to 4000 cm-1. Approximately, 1 

to 2% of the sample is thoroughly mixed with KBr and then ground in mortar. The 

resultant mixture was pressed by hydraulic press and converted into pellet. In hydraulic 

press, the pressure is increased upto 20,000 prf and then the pressure is released slowly. 

The transparent and homogeneous pellet is then introduced into the FTIR sample holder. 

4.1.5 X-ray diffractometer (XRD) analysis 

XRD is commonly used to evaluate the average spacing between raw atoms or layers, the 

crystalline structure of solids. It finds the structure of crystal which is present in the 

sample. It works on the principle of Bragg’s law. In XRD, the wavelength of X-ray is 

between 0.07 to 0.2 nm, which is diffracted through the crystalline specimen. The 

crystalline phases and their characteristics are identified using the diffraction pattern [221]. 

This analysis is non-destructive in nature and therefore not required for sample 

preparation. In this study, XRD data are determined in the 2θ range between 5 to 80o by 

XRD instrument (Model: Empyrean PIXcel 3D detector, Panalytical, Netherland) which is 

set with Cu-Ka radiation. 

4.1.6 Porosity characterization 

The BET surface area of precursors and prepared ACs was calculated using N2 gas 

adsorption-desorption isotherm at 77 K by surface area analyzer (Model: 3Flex 3500, 
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Micromeritics, USA). The accuracy of an instrument is ± 0.01 m2/g. The sample is first 

degassed at 150 oC for 4 h to eliminate any adsorbed substances. 

The BET surface is calculated using following BET equation. 

 𝑝𝑉(𝑝𝑜−𝑝) = 1𝑉𝑚𝐶 + (𝐶−1)𝑉𝑚𝐶 ( 𝑝𝑝𝑜)                 4.3 

 
where,  𝑉 and 𝑉𝑚 are the adsorbed volume and volume of monolayer capacity at STP 

(cm3/g), respectively 𝑝 and 𝑝𝑜 are the equilibrium and the saturation pressure in Pa, 

respectively and C is the BET constant.  

The total pore volume (Vt) of the sample is computed as the total volume of nitrogen gas 

adsorbed at high relative pressure. The micropore volume (Vmi) and micropore surface area 

(Smi) are evaluated by DR isotherm equation. The DR equation which can be written as: 

 𝑙𝑜𝑔𝑊 = log(�̃�𝑜𝜌) − �̅� [𝑙𝑜𝑔 (𝑝𝑜𝑝 )]2
                4.4 

 
where, 𝑊 is the micropore filling volume of adsorbate, �̃�𝑜 is the total micropore volume, 𝜌 

is the density of liquid adsorbate and 𝑘 is the constant which can be defined as, 

 𝑘 = 2.03𝐾 (𝑅𝑇𝛽 )2
                  4.5 

 
where, 𝛽 is the co-efficient related to affinity and K is the constant, evaluated based on the 

pore size distribution shape. 

4.1.7 Point of zero charge 

The determination of the point of zero charge (pHpzc) of the prepared ACs was carried out 

as follows: 50 cm3 of 0.01 M NaCl solution was placed in a closed conical flask and pH 

was adjusted to a value between 2 and 12 by adding 0.1 M HCl or 0.1 M NaOH solutions. 

0.15 g of each sample of AC was added and the final pH measured after 2 days under 

agitation at normal room temperature. The pHpzc is the point where the curve pHfinal vs. 

pHinitial crosses the line pHinitial = pHfinal. 

4.2 Preparation of AC 

Three different agro-wastes (millet cob husk, empty cotton flower and mustard husk) were 

collected from the rural area of Bhavnagar district, Gujarat, India. The physical impurities 
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such as dirt particles and mud were removed from samples of precursor by washing with 

distilled water. There after they were sun dried followed by oven drying at 105oC for 12 

hrs. Dried samples were crushed and ground with the help of mixer. Ground particles were 

sieved through 40 mesh screen. 

The impregnation of all three precursors (about 30 g) with calculated quantity of activating 

agent (KOH) was carried out to achieve adequate impregnation ratio (IR) and mixed with 

150 mL of distilled water. Constant rpm about 500 was maintained while stirring the 

resultant mixture. 

 𝐼𝑅 = 𝑤𝐾𝑂𝐻𝑤𝑃𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟                  4.6 

 
where, wKOH and wprecursor are the mass of KOH and precursor in g, respectively.  

The excess moisture from the impregnated precursor was removed by drying at 105 °C for 

4 h in the laboratory oven. The output of the oven was charged into a boat and then placed 

in horizontal fixed bed reactor. The activation process for the conversion of precursor to 

AC was carried out under inert atmosphere with heating rate of 10 °C/min. The inert 

atmosphere in the reactor was maintained by N2 gas purging with flowrate of 120 cm3/min. 

The ratio of length to diameter of reactor was 21:1 so that uniform heating was achieved 

inside the reactor. It was equipped with insulating material to minimize the heat loss. The 

reactor and boat were made of stainless steel 316 grade to avoid corrosion. K-type 

thermometer was placed at the middle of the reactor to measure the temperature of the 

sample. The temperature control inside the reactor was controlled by proportional integral 

derivative controller (PID). The temperature and the holding time during activation were 

maintained as per run plan. The vapor formed during activation was condensed using water 

bath. After activation, the sample was allowed to cool naturally to ambient condition. It 

was washed thoroughly with distilled water to remove KOH to neutralize the pH. The 

prepared AC was then dried at 105 oC for 12 h and packed in suitable containers for 

characterization. The schematic diagram of preparation of AC is represented in Fig. 4.1(a). 

The yield of AC was evaluated as follows: 

 % 𝑌𝑖𝑒𝑙𝑑 = 𝑤𝐴𝐶𝑤𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 ∗ 100                 4.7 

 
where, wac is the weight of AC in g and wprecursor is the weight of agro-waste in g. 
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FIGURE 4.1 (a) Schematic diagram of preparation of AC and (b) picture of fixed bed reactor. 
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employed. The concerned variables were Activation temperature (x1, 
oC), Impregnation 

ratio (x2) and Holding time (x3, min). The response variables were MB uptake (y1, mg/g) 

and yield (y2, %). Table 4.1 shows the range and levels of the different factors.  

 

TABLE 4.1 Actual and coded values of process variables for preparation of AC. 

Preparation variables Unit Code Coded Values 

-⍺ -1 0 +1 +⍺ 

Activation Temperature ºC x1 531.82 600 700 800 868.18 

Impregnation ratio - x2 1.32 2 3 4 4.68 

Activation time min x3 19.01 60 120 180 220.91 

 

CCD estimates the effect of each variable on response and also the deviation in the effect 

of each variable when the levels of the other factors are changed [222]. The interactive 

effect of different variables can be achieved by DoE. CCD has the higher level precision in 

predicting the overall important factor effects and interactive effect of different factors 

[223]. The experimental data was analyzed and processed by Design Expert software 

(version 10.0.6). The regression coefficients were obtained by fitting experimental data to 

the 2nd order polynomial model. A generalized 2nd order polynomial employed in RSM 

study can be described as follow: 

 𝑦 = 𝛽0 + ∑ 𝛽𝑙𝑥𝑙3𝑙=1 + ∑ ∑ 𝛽𝑙𝑚𝑥𝑙𝑥𝑚3𝑙<𝑚=1 + ∑ 𝛽𝑙𝑙𝑥𝑙23𝑙=1              4.8 

 
where, y is the response and β0, βl, βlm and βll are the regression coefficients for intercept, 

linear, interaction and quadratic terms respectively, and xl and xm are the independent 

input variables. The response surface and contour plots displaying the interactive effect of 

two input variables were obtained using Design Expert, whereas the other input variable 

was kept constant at the center point in the 2nd order polynomial model. At optimized 

designed variables, Design Expert predicted securing the desired response. Comparing 

experimental and predicted values at optimized condition the designed model was 

validated. 
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4.3 Results and discussion 

4.3.1 Characterization of agro-wastes 

4.3.1.1 Proximate analysis 

The proximate analysis of all three agro-wastes is shown in Fig. 4.2. Fig. 4.2 indicates that 

the moisture content present in all the three agro-wastes were below 10%. The maximum 

moisture content of 9.9 wt% was found in millet cob husk (MC). In all three agro-wastes 

volatile matter content was abundant in the range of 67.9 to 70.9 wt%. The higher volatile 

matter content can be attributed to thermal decomposition of hemicelluloses and cellulose 

at higher temperature. The fixed carbon content was moderate for empty cotton flower 

(CF) and mustard husk (MH) which was 17.1 and 16.73 wt%, respectively. The higher 

value of fixed carbon is a desirable property of precursor for the preparation of AC. MC 

had only 9.9 wt% of fixed carbon. However, based on the availability and cost-effective 

factors, it was used as a precursor for the preparation of AC. The lower ash content is 

desirable when we select the precursor to make AC because the higher ash content can 

reduce the specific surface area of AC due to the blockage of pores; ultimately it decreases 

the adsorptive power of AC. The value of ash content is lower than 10 wt% for all three 

agro-wastes. 

 

 

FIGURE 4.2 Proximate analysis of three agro-wastes. 
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4.3.1.2 Ultimate analysis 

The ultimate analysis of all three agro-wastes is shown in Fig. 4.3.  As shown in Fig. 4.3, 

oxygen and carbon is dominating in all three agro-wastes. Carbon content varied from 

40.15 to 44.67 wt%, whereas oxygen content was in the range of 49.08 to 53.15 wt%. The 

hydrogen content in all three selected agro-wastes was less than 6 wt%. The lower sulphur 

and nitrogen content is desirable due to the chance of formation of harmful gases like SOx 

and NOx during thermochemical activation process. Thus, all three selected agro-wastes 

are environment friendly precursors for the preparation of AC. 

 

 
FIGURE 4.3 Ultimate analysis of three agro-wastes. 
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FIGURE 4.4 SEM images (a) MC (b) CF (c) MH. 

4.3.1.4 FTIR analysis 

The surface functional groups which were present on the surface of agro-wastes were 

analyzed by FTIR spectroscopy. It was observed that a lot of functional groups with 

different intensities were present in all (Fig. 4.5). In MC, the peak observed between 3434 

cm-1 was because of stretching vibration of OH and CH. The narrow peaks at 2513 and 

2137 cm-1was ascribed to –COOH and –CO stretching group, respectively. The peak at 

1627 cm-1 could be ascribed to conjugated carbonyl stretching in lignin. The peaks 

detected at 1356 cm-1attenuated to C-O stretching and at 616 cm-1 to C-H plane bending at 

aromatic ring. The FTIR spectra of CF showed higher number of functional groups than 

others. The broad peak at 3430 cm-1 corresponded to –OH vibration type. There were large 

numbers of narrow peaks observed at 2817 cm-1, 2735 cm-1, 2514 cm-1, 2170 cm-1, 1922 

cm-1, 1869 cm-1and 1795 cm-1 which corresponded to –C-H weak stretching, -C-H 

aldehyde stretching, C≡C variable stretching, C=O ketone, C=O ester, C=O anhydride and 

–C≡N amide stretching, respectively. The peaks at 1591cm-1 and 1414 cm-1were ascribed 
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to C=C aromatic with strong intensity and CH3 bend with weak intensity. The peaks at 874 

cm-1, 765 cm-1 and 619 cm-1corresponded to carbon-halogen structure. In MH, the broad 

peak around 3205 cm-1 was corresponded to –OH vibration type. Another peak observed at 

2817 cm-1 and 2733 cm-1 are because of the C-H stretching and –C-H aldehyde stretching, 

respectively. Bands because of the presence of C=C and C-H bending could be observed at 

1632 cm-1 and 1589 cm-1, respectively. The sharp peaks at 1349 cm-1 was attributed to the 

C-H bending with methane group. 

 
FIGURE 4.5 FTIR Analysis of the three precursors. 

 
4.3.1.5 XRD analysis 

The XRD pattern of all three precursors is shown in Fig. 4.6. It was observed that the 

major peak was found between 20º to 25º on scale of 2θ. It confirmed the presence of 

cellulose content into all three precursors which renders crystallinity. The difference in 

peak intensity in all three precursors indicated polycrystalline structure which depended on 

the quantity of cellulose available in the precursor. 
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FIGURE 4.6 XRD Analysis of selected agro-wastes. 

4.3.1.6 Porosity characterization of agro-wastes 

The total specific surface area of MC, CF and MH were determined using N2 gas 

adsorption-desorption isotherm by BET equation. The results of BET surface area and pore 

volume of each agro-waste is shown in Table 4.2. It was observed that the BET surface 

area was very less for all three agro-wastes, and lower pore volume was also observed. It 

suggests that, the porous structure was absent in all the samples. Therefore, they could not 

be used directly as an adsorbent for the removal of dye by adsorption. 

 

TABLE 4.2 BET surface area and pore volume of all three agro-wastes. 

Name of agro-waste BET surface area (m2/g) Pore volume (cm3/g) 

MC 1.65 <0.001 

CF 10.23 0.05 

MH 4.67 <0.001 

 

4.3.2 Optimized preparation of AC 

4.3.2.1 Analysis and evaluation of fitted model 

CCD was used to correlate the preparation variables of the AC and responses. The 

complete experimental run sheet along with results obtained from the two responses is 

given in Table 4.3 for all three agro-wastes. According to the sequential model sum of 
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squares, higher level polynomials were applied to select the models. Both the two 

responses were modeled using quadratic model which was suggested by the software. 

Regression co-efficient of the mathematical models of both responses for all three 

precursors are shown in Table 4.3. 

 

TABLE 4.3 Detail experimental run sheet for all three agro-wastes. 

Ru

n 

Activation 

temperature

, ºC 

Impregnatio

n ratio 

Activatio

n time, 

min. 

MC CF MH 

MB 

uptake

, mg/g 

Yield

, % 

MB 

uptake

, mg/g 

Yield

, % 

MB 

uptake

, mg/g 

Yield

, % 

1 700 4.68 120.00 344.54 13.87 372.36 11.96 354.63 12.56 

2 700 3.00 220.90 330.32 14.56 362.3 12.58 345.05 13.21 

3 700 3.00 120.00 302.49 15.12 330.75 14.52 315 15.25 

4 600 2.00 180.00 198.21 21.23 202.84 19.42 193.19 20.4 

5 600 4.00 180.00 210.43 16.81 280.44 14.47 267.09 15.2 

6 600 4.00 60.00 201.21 19.23 259.44 18.01 247.09 18.92 

7 800 4.00 60.00 350.21 12.23 367.6 11.79 350.1 12.38 

8 800 2.00 180.00 354.21 8.97 388.52 8.06 370.02 8.47 

9 700 3.00 120.00 299.32 15.02 342.3 13.42 328.54 14.25 

10 700 3.00 120.00 300.24 14.98 344.96 13.57 326 14.1 

11 700 3.00 19.09 256.34 17.98 320.37 16.57 305.12 17.4 

12 800 2.00 60.00 319.56 14.99 365.4 13.08 348 13.74 

13 868 3.00 120.00 342.89 8.85 360.37 7.32 343.21 7.69 

14 800 4.00 180.00 348.45 9.24 353.85 7.92 337 8.32 

15 700 3.00 120.00 305.56 14.56 348.6 13.32 328.54 14.25 

16 700 3.00 120.00 297.45 15.02 340.2 14.04 332 13.99 

17 700 3.00 120.00 302.45 14.98 343.35 14.19 324 14.75 

18 600 2.00 60.00 179.67 24.45 183.4 21.21 174.67 22.28 

19 700 1.31 120.00 249.21 18.97 282.83 16.95 269.37 17.8 

20 532 3.00 120.00 136.98 16.87 142.24 23.47 135.47 24.65 

 
The regression co-efficients were calculated for both responses by using a least squares 

method through total twenty experimental runs. Table 4.4 shown regression co-efficients 

determined for both the responses for all three precursors. The different model evaluated 
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parameters were computed by the software because due to them fitness of the obtained 

model can be justified. The small values of coefficient of variance (CV) indicated higher 

reproducibility as it quantifies the degree to which the set of data were scattered to relative 

mean. The p-values and coefficient of determination values are important to justify the 

importance of the designed model. The goodness of fitting data was indicated by R2, for 

both the responses for all three precursors were >0.8 which indicated the regression line 

fairly matched the data. However, relatively lower value of R2 obtained for MC yield could 

be attributed to the small scale of experiment and higher process operations involved 

during AC preparation. The same can be concluded from CV value for MC yield (Table 

4.4). The value of predicted R2 was slightly deviated from that of adjusted R2. It is 

desirable that the difference between them should be < 0.2 and this was found for all three 

precursors. The values predicted R2 was slightly deviated with the values of the adjusted 

R2. The smaller standard deviation (SD) and the higher R2 values indicated better fitment 

of the derived quadratic models and showed reasonable agreement between the observed 

and calculated responses within the experimental range. The adequate precision (AP) value 

was found ˃4 also supported model suitability. The above statement is also visible from 

the plots of experimental verses predicted MB uptake and AC yield as shown by Fig. 4.7. 

These plots demonstrate better capability of the developed model to fit the experimental 

data.  
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FIGURE 4.7 Comparison between actual and predicted values of response for (a) MB uptake and (b) % 

yield of AC for MC, (c) MB uptake and (d) % yield of AC for CF (e) MB uptake and (f) % yield of AC for 

MH. 

 
TABLE 4.4 Model assessment parameters and regression co-efficients of predicted models for desire 

responses. 

 MC CF MH 

Parameters MB uptake, 

mg/g 

Yield, 

% 

MB uptake, 

mg/g 

Yield, 

% 

MB uptake, 

mg/g 

Yield, 

% 

Regression coefficients     

Intercepts     

β0 301.41 15.40 341.84 14.29 325.56 15.01 

Actual 

(c) (d) 

Actual 

P
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Linear     

β1 68.04 -3.64 67.08 -4.35 63.88 -4.57 

β2 16.03 -1.52 19.90 -1.32 18.95 -1.38 

β3 13.55 -1.49 8.81 -1.53 8.39 -1.61 

Interactions     

β12 -1.11 - -23.26 0.84 -22.15 0.88 

β13 0.64 - -3.88 -0.44 -3.70 -0.47 

β23 -5.72 - -4.41 -0.075 -4.20 -0.079 

Quadratic     

β11 -22.73 - -32.89 - -31.33 - 

β22 -2.60 - -5.92 - -5.64 - 

β33 -3.85 - -1.06 - -1.01 - 

Model assessment     

Mean  281.49 15.40 314.61 14.29 299.63 15.01 

SD 16.77 1.73 10.22 0.85 9.73 0.89 

CV 5.96 11.21 3.25 5.97 3.25 5.96 

R2
 0.9648 0.8361 0.9753 0.9714 0.9883 0.9715 

Adj. R2
 0.9330 0.8054 0.9523 0.9582 0.9778 0.9583 

Pred. R2
 0.7337 0.7023 0.9108 0.9076 0.9207 0.9078 

Adeq. 

Precision 

20.322 17.241 34.015 29.405 34.017 29.435 

Model degree Quadratic  2FI Quadratic  2FI Quadratic  2FI 

Desirability,di 0.89 0.771 0.89 0.792 0.87 0.65 

 
4.3.2.2 Statistical analysis 

The ANOVA was used to obtain the relationship between responses and variables. It also 

evaluated the significance of the developed model. The ANOVA for the developed 

quadratic models for MB uptake and %yield of AC of all three precursors is shown in 

Table 4.5 to 4.7. The value of standard error, regression co-efficients and importance of 

each co-effiecients were found using F value and p value. 
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TABLE 4.5 The ANOVA results of the response surface model for both response for MC. 

Source MB uptake, mg/g Yield, % 

Sum of 

Squares 

DF Mean 

Square 

F 

Value 

p-value Sum of 

Squares 

DF Mean 

Square 

F 

Value 

p-value 

Model 
76999.68 9 8555.52 30.42 

< 

0.0001a 
243.31 3 81.10 27.22 

< 

0.0001a 

x1-AT 
63223.01 1 63223.01 224.80 

< 

0.0001a 
181.44 1 181.44 60.88 

< 

0.0001a 

x2-IR 3511.07 1 3511.07 12.48 0.0054b 31.40 1 31.40 10.54 0.0051b 

x3-HT 2507.94 1 2507.94 8.92 0.0137a 30.48 1 30.48 10.23 0.0056b 

x1x2 9.83 1 9.83 0.035 0.8554b - - - - - 

x1x3 3.29 1 3.29 0.012 0.9160b - - - - - 

x2x3 261.40 1 261.40 0.93 0.3577b - - - - - 

x1
2 7445.53 1 7445.53 26.47 0.0004a - - - - - 

x2
2 97.31 1 97.31 0.35 0.5694b - - - - - 

x3
2 213.82 1 213.82 0.76 0.4037b - - - - - 

Residual 2812.37 10 281.24   47.68 16 2.98   

Lack of 

Fit 
2771.63 5 554.33 68.03 0.0001a 47.49 11 4.32 112.11 

< 

0.0001a 

Pure 

Error 
40.74 5 8.15 

  
0.19 5 0.039 

  

Cor 

Total 
79812.05 19 

   
290.99 19  

  

a significant value 
b insignificant value 
 
 
TABLE 4.6 The ANOVA results of the response surface model for both response for CF. 

Source MB uptake, mg/g Yield, % 

Sum of 

Squares 

DF Mean 

Square 

F Value p-value Sum of 

Squares 

DF Mean 

Square 

F 

Value 

p-value 

Model 
88308.34 9 9812.04 93.98 

< 

0.0001a 
321.54 6 53.59 73.67 

< 

0.0001a 

x1-AT 
61451.80 1 61451.80 588.59 

< 

0.0001a 
258.54 1 258.54 355.42 

< 

0.0001a 

x2-IR 
5407.04 1 5407.04 51.79 

< 

0.0001a 
23.65 1 23.65 32.51 

< 

0.0001a 

x3-HT 
1060.18 1 1060.18 10.15 0.0097a 32.08 1 32.08 44.10 

< 

0.0001a 
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x1x2 
4329.62 1 4329.62 41.47 

< 

0.0001a 
5.64 1 5.64 7.76 0.0154a 

x1x3 120.67 1 120.67 1.16 0.3076b 1.58 1 1.58 2.18 0.1638b 

x2x3 155.85 1 155.85 1.49 0.2498b 0.045 1 0.045 0.062 0.8075b 

x1
2 

15593.04 1 15593.04 149.35 
< 

0.0001a 

- - - - - 

x2
2 505.27 1 505.27 4.84 0.0525b - - - - - 

x3
2 16.30 1 16.30 0.16 0.7011b - - - - - 

Residual 1044.06 10 104.41   9.46 13 0.73   

Lack of 

Fit 
1044.06 10 104.41 1044.06 10b 8.31 8 1.04 4.54 0.0562b 

Pure 

Error 
183.47 5 36.69 

  
1.14 5 0.23 

  

Cor 

Total 
89352.40 19 

   
331.00 19  

  

a significant value 
b insignificant value 
 
TABLE 4.7 The ANOVA results of the response surface model for both response for MH. 

Source MB uptake, mg/g Yield, % 

Sum of 

Squares 

DF Mean 

Square 

F 

Value 

p-value Sum of 

Squares 

DF Mean 

Square 

F 

Value 

p-value 

Model 80094.84 9 8899.43 93.99 < 

0.0001a 

354.71 6 59.12 73.82 < 

0.0001a 

x1-AT 55736.03 1 55736.03 588.66 < 

0.0001a 

285.23 1 285.23 356.15 < 

0.0001a 

x2-IR 4903.92 1 4903.92 51.79 < 

0.0001a 

26.11 1 26.11 32.60 < 

0.0001a 

x3-HT 961.55 1 961.55 10.16 0.0097a 35.37 1 35.37 44.16 < 

0.0001a 

x1x2 3926.75 1 3926.75 41.47 < 

0.0001a 

6.21 1 6.21 7.76 0.0155a 

x1x3 109.52 1 109.52 1.16 0.3074b 1.74 1 1.74 2.17 0.1644b 

x2x3 141.46 1 141.46 1.49 0.2496b 0.050 1 0.050 0.062 0.8073b 

x1
2 14143.17 1 14143.17 149.37 < 

0.0001a  

- - - - - 

x2
2 458.10 1 458.10 4.84 0.0525b - - - - - 

x3
2 14.75 1 14.75 0.16 0.7013b - - - - - 

Residual 946.83 10 94.68   10.41 13 0.80   



PREPARATION AND CHARACTERIZATION OF AC 

 

68 

Lack of 

Fit 

780.37 5 156.07 4.69 0.0576b 9.15 8 1.14 4.55 0.0560b 

Pure 

Error 

166.46 5 33.29   1.26 5 0.25   

Cor 

Total 

81041.66 19    365.12 19    

a significant value 
b insignificant value 
 
From the Table 4.5, the model F-value and p value were 30.42 and <0.0001 for MB uptake 

and 27.22 and <0.0001 for % yield, respectively. Those values indicated that the model is 

significant. Generally, for the model terms the p value <0.05 indicates the term is 

significant. For the p values >0.1 indicates that the model terms are not significant. Based 

on this, activation temperature, impregnation ratio, holding time and quadratic effect of 

activation temperature were significant model terms. The rest of model terms were 

insignificant, which means their influence on the response was limited. Similarly, the 

ANOVA for the quadratic response surface model for both responses for another 

precursors is shown in Table 4.6 & 4.7. In this case, interaction terms were also significant 

based on that F-value and p value. For lack of fit, insignificant p value is desirable. For 

most of the responses, insignificant p value indicated that the chosen independent variables 

had noteworthy effect on opted responses and the designed models fitted well to the 

experimental data. In case of MC, though lack of fit was significant for DoE suggested 

models for MB uptake and yield, prominent values of other important model parameters 

were obtained. Advantageously, the software suggested models showed the highest F-value 

for overall model, relatively closer value of Adj. R2 and Pred. R2, and higher R2 value. 

Therefore, DoE suggested quadratic model for MB uptake and linear model for percentage 

yield was opted for MC. 

4.3.2.3 Effect of process variables on MB uptake 

The response surface contour plots which demonstrated the effect of variables on MB 

uptake is shown in Fig. 4.8. Both AT and IR indicated a prominent effect on MB uptake. 

The value of MB uptake raised noteworthy by increasing AT. The similar trend was also 

found with raising IR on the value of MB uptake [224,225]. This was also supported by the 

p values of AT and IR. This statement was supported by previously reported work. But, the 

F-value for AT was higher than the F-value of IR. So, the effect of AT was more 

remarkable the IR for MB uptake. When AT increased from 532 ºC to 700 ºC, the MB 
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uptake hiked by 2.19 times for MC, 2.4 times for CF and 2.42 times for MH. However, 

with an increase in AT from 700 ºC to 868 ºC, the MB uptake increased by 1.12 times for 

MC, 1.09 times for CF and 1.05 times for MH. It shows that at comparatively higher AT, 

the effect of AT was less significant on MB uptake. At higher AT the MB uptake was 

improved because of releasing more quantity of volatile matter from the precursors. 

Therefore, new pores were formed on the surfaces of AC. With an increase in IR from 1.32 

to 3, the MB uptake raised by 1.23, 1.19 and 1.2 times for MC, CF and MH, respectively. 

Whereas, increase in IR from 3 to 4.68, the MB uptake upsurged by 1.08, 1.1 and 1.08 

times for MC, CF and MH, respectively. So, plateau could be achieved for MB uptake at 

high IR value. The role of IR was crucial in pore formation on the surface of AC. At higher 

IR, the pore formation on the surface of AC was accrued because of potassium, 

intercalation in the carbon skeleton [226,227]. The interlayer space between adjacent 

carbon layers became wide due to this phenomenon. It also enhanced catalytic oxidation 

because of KOH so pore volume was improved. But it was observed that MB uptake 

decreased above the specific value of IR. This was probably because of further reaction 

with carbon and therefore, the previously developed pore structure became deteriorated. At 

elevated temperature, probability of steam gasification was enhanced because of higher 

quantity of KOH [228]. The carbon which participated in steam gasification probably 

belonged in the layers between the adjacent pores. Therefore, the layers between pores 

resulted in the formation of macro pores. Macro pores are not favorable for adsorption. 

 

6𝐾𝑂𝐻 +  2𝐶 → 2𝐾 + 3𝐻2 + 2𝐾2𝐶𝑂3               4.9 2𝐾𝑂𝐻 → 𝐾2𝑂 +  𝐻2𝑂               4.10 𝐾2𝑂 +  𝐻2 → 2𝐾 +  𝐻2𝑂               4.11 𝐾2𝑂 + 𝐶 → 2𝐾 + 𝐶𝑂                4.12 𝐶 +  𝐻2𝑂 → 𝐻2 + 𝐶𝑂                           4.13 𝐶𝑂 +  𝐻2𝑂 → 𝐶𝑂2 +  𝐻2               4.14 

 

Fig. 4.8 also shows an interactive effect of HT and AT on MB uptake. It was observed that 

the effect of HT was less significant on MB uptake which was also supported by relatively 

smaller F-value for HT. With an increase in HT from 19.01 min to 120 min at constant AT 

of 700 ºC and IR at 3, the MB uptake upsurged by 7.2 %, 7.1% and 6.65% for MC, CF and 

MH, respectively. Fig. 4.8 depicts the interactive effect of HT and IR on MB uptake. At 
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low HT and IR, the reaction between precursors and KOH was not completed because of 

less quantity of KOH and low reaction time. Therefore, probably a few carbon molecules 

reacted with KOH from the carbon skeleton of the precursor which lead to the poor 

development of porous structure [229]. 

 
       (a)               (b) 
 

    
       (c)               (d) 
 

   
     (e)          (f) 
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FIGURE 4.8 The contour response surfaces for the interactive effect of AT and IR on MB uptake for (a) 

MC, (b) CF, (c) MH; effect of AT and HT on MB uptake for (e) MC, (f) CF, (g) MH and effect of IR and HT 

on MB uptake for (g) MC, (h) CF and (i) MC. 

4.3.2.4 Effect of preparation variables on yield of AC 

Fig. 4.9 depicts the interactive effect of process variables on yield of AC. All three process 

variables demonstrated a noteworthy effect on yield. A remarkable effect of all process 

variables on yield of AC was confirmed by the p-values for all three parameters. But based 

on F-values, the most significant parameters on the response of % yield was AT followed 

by HT and IR. It was observed that the impact of AT and IR was negative on yield of AC. 

With an increase of IR and AT, the yield of AC decreased significantly. With increasing 

AT, from 532 ºC to 868 ºC, the AC yield decreased by 67.2%, 66.5% and 68.8% for MC, 

CF and MH, respectively. The reduction rate of AC yield with AT was nearly linear over 

the experimental temperature range. With increase of IR, from 1.32 to 4.68, by keeping 
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two other variables at center point, the yield of AC dropped by 28.56%, 30.23% and 

29.43% for MC, CF and MH, respectively. At high AT and IR, the rate of releasing of 

volatile content from the precursor through dehydration and elimination reaction increased. 

Furthermore, gasification reaction got enhanced at higher AT, and therefore lower yield 

was obtained [230]. Fig. 4.9 also indicates an interactive effect of HT and AT. It was 

observed that with increasing HT, the yield dropped. As HT, increased from 19 min to 221 

min, the yield decreased by 22.56%, 25.02% and 24.08% for MC, CF and MH, 

respectively. At higher HT, there were sufficient reaction time between carbon and KOH 

which finally resulted in lower AC yield. Fig. 4.9 indicates that at low HT and IR, the 

maximum yield was obtained and it dropped with an increase in HT and IR.  

 
(a)      (b) 
 

     
        (c)             (d) 
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       (e)                          (f) 
 

       
       (g)              (h) 
 

     
        (i)   

FIGURE 4.9 The The contour response surfaces for the interactive effect of AT and IR on % yield for (a) 

MC, (b) CF, (c) MH; effect of AT and HT on % yield for (e) MC, (f) CF, (g) MH and effect of IR and HT on 

% yield for (g) MC, (h) CF and (i) MC. 
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4.3.2.5 The optimization 

In the hunt for industrial production of AC from agro-wastes, greater yield, economic 

viability and higher adsorption or uptake ability are required. But it is not easy to optimize 

both (i.e. uptake and yield) under the same operating conditions. Because, as when yield 

increases, MB uptake decreases or vice-versa. The desirability function was applied to 

optimize the process variables. Table 4.8 shows the optimization constraints which were 

adopted for the study. The goal of optimization for all process variables except AT was set 

at minimum level because of the cost effectiveness factor. As AT showed a negative effect 

on % yield and positive effect on MB uptake, the goal of optimization was fixed within the 

experimental range. The goal of optimization was set to maximize both % yield and MB 

uptake to get better MB uptake and maximum yield. The values of process variables which 

showed the highest desirability were chosen as an optimum solution.  

 
TABLE 4.8 Optimization constraints. 

Name Goal Li Ui Importance 

Activation Temperature, x1 is in range 600 800 + 

Impregnation ratio, x2 Minimize 2 4 +++ 

Activation time, x3 Minimize 60 180 + 

MB Uptake, y1 Maximize 135.47 370.02 +++++ 

Yield, y2 Maximize 7.69 24.65 +++ 

 
The experiment was carried out based on the predicted values of process variables to 

measure the deviation between predicted and experimental results of responses. The 

predicted value for process variables for each agro-wastes is given in Table 4.9. From the 

Table 4.9, the deviation in predicted and experimental values observed for MB uptake 

were 3.42%, 1.20% and 0.96% for MAC, CFAC and MHAC, respectively. The deviation 

for predicted and experimental values observed for %yield was 7.52%, 2.05% and 0.56% 

for MAC, CFAC and MHAC, respectively. 

 
TABLE 4.9 Model validation of ACs prepared from three agro-wastes, preparation variables and responses 

by RSM. 

Name of 

prepared 

AC  

Optimum condition MB uptake  % yield 

Desirability AT 

(ºC) 
IR 

HT 

(min) 
Predicted Actual Predicted Actual 
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MHAC 723.97 2.00 60.00 274.77 265.37 17.53 16.21 0.77 

CFAC 726.31 2.00 60.00 318.73 322.57 16.54 16.20 0.79 

MAC 738.84 2.00 60.00 317.49 320.53 15.99 16.08 0.87 

 

4.3.3 Characterization of ACs 

4.3.3.1 Proximate analysis 

The proximate analysis of all three ACs is shown in Fig. 4.10 shows that the moisture 

content present in all three ACs were below 6%. The maximum moisture content of 5.53 

wt% was found in MHAC. In all three ACs, the volatile matter content was low in the 

range of 15 to 24.9 wt%. During activation process, the volatile matter available in the 

agro-wastes was vented out because of high processing temperature [231]. The fixed 

carbon content was moderate in CFAC and MHAC which was 75.1 and 72.1 wt%, 

respectively, comparable with commercial AC. The ash content of all three ACs was lower 

than 7.5 wt%. The ash content wt% was reduced because of washing with water followed 

by mild HCl treatment.  

 

 

FIGURE 4.10 Proximate analysis results. 

4.3.3.2 Ultimate analysis 

The ultimate analysis of all three prepared ACs is shown in Fig. 4.11. As shown in Fig. 

4.11 carbon is dominating in all three ACs. Carbon content varied from 78.3 to 82.8 wt%. 

The oxygen content was in the range of 12.1 to 18.8 wt%. The oxygen content was reduced 
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because of the carbon burn-off at higher temperature. The hydrogen content in all three 

prepared ACs was less than 5.5 wt%. The lower sulphur and nitrogen content less than 1 

wt% which was desirable. 

 
FIGURE 4.11 Ultimate analysis results. 

4.3.3.3 XRD analysis 

XRD patterns of all three prepared ACs using KOH are shown in Fig. 4.12. The patterns of 

XRD showed that, there were noisy broad bumps having no sharp peaks. This implied that 

the structure of all prepared ACs were mostly amorphous. This is the advantageous 

properties of AC. However, the XRD pattern of the most of the AC exhibited two weak 

and broad bumps at around 2θ values of 24o and 43o which indicated that nature of all 

prepared ACs were non-graphatized with porous structure which was supported by N2 gas 

adsorption isotherms. 
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FIGURE 4.12 XRD analysis results. 

4.3.3.4 SEM analysis 

The surface of prepared ACs were analyzed by SEM. SEM images of MHAC, CFAC and 

MAC were shown in Fig. 4.13.  It observed that in all three prepared ACs had well- 

developed porous structure at elevated magnification. The creation of porous structure on 

the surface of ACs is because of the vaporization of tarry matters and volatile impurities 

present in the agro-wastes. Also, carbon was “burnt-off” due to the reaction between 

carbon and KOH during activation process. The diameter of pores observed in SEM 

images was in micrometer range [232]. These pores can be act as channels to the 

microporous network. As per SEM images, all the ACs had uneven heterogeneous surface 

with rough texture. 
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FIGURE 4.13 SEM analysis (a) MHAC, (b) CFAC and (c) MAC. 

 
4.3.3.5 FTIR analysis 

The FTIR analysis was used to find presence of the surface functional groups of prepared 

ACs at optimized conditions. It can be observed that there is elimination, broadening and 

reduction of the peaks in spectra after thermal activation (Fig. 4.14). In the spectra of 

MHAC, the peak observed between 3435 cm-1 is because of stretching vibration of OH and 

water impurities. The narrow peaks at 2922 cm-1 can be ascribed to –CH stretching type 

alkane group. The peak at 2114 cm-1 can be ascribed to C-H weak stretching. The peaks 

detected at 1635 cm-1 can be due to C=C alkenes stretching and at 1377 cm-1 C-H plane 

bending at aromatic ring. The peaks at 1106 cm-1, 1063 cm-1 and 616 cm-1 can be ascribed 

to C=O ester, -COOH carboxylic acid and –OH bending with aromatic structure. For 

spectra of CFAC, the major peak observed at 3433 cm-1and 1376 cm-1 corresponded to –

OH vibration type and C-H bending type. The other narrow peak observed at 2922cm-1, 

2852 cm-1, 1636 cm-1, 1108 cm-1 and 815 cm-1 were corresponded to -C-H alkanes weak 

stretching, C-H aldehyde stretching, C=C alkenes stretching, C-O ester stretching and –OH 

bending with aromatic structure, respectively. A similar FTIR spectrum was obtained for 

MAC. 

(c) 
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FIGURE 4.14 FTIR analysis of prepared ACs. 

 
4.3.3.6 Porosity characteristics 

The BET surface area of all three prepared ACs at optimum condition was estimated using 

N2 adsorption-desorption isotherm at -196 oC. The BET surface area values were 1129 

m2/g, 1058 m2/g and 1187 m2/g for MHAC, CFAC and MAC, respectively. The N2 

adsorption-desorption isotherm of all prepared ACs is shown in Fig. 4.15. It can be 

observed that the more quantity of nitrogen can be adsorbed even at low relative pressure. 

The hysteresis loop was observed for all three adsorption-desorption isotherm curves at 

relative pressure >0.5. Based on the IUPAC classification, all three isotherm curves is a 

combination of type I and type IV [233]. Type I isotherm can be ascribed to microporous 

adsorbent, whereas the type IV isotherm can be assigned to mesoporous adsorbent. The 

total pore volume and average pore diameter of all three prepared AC is shown in Table 

4.10. Fig. 4.16 (a), (b) and (c) shows the pore size distribution curve for all three prepared 

AC prepared at optimized conditions. 
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FIGURE 4.15 N2 adsorption desorption isotherm for (a) MHAC (b) CFAC and (c) MAC. 
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FIGURE 4.16 Pore size distribution for (a) MHAC, (b) CFAC and (c) MAC. 

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

10 100 1000

dV
/d

D
 P

or
e 

V
ol

um
e 

(c
m

³/
g·

Å
) 

Pore Diameter (Å) 

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

0.055

0.06

0.065

10 100 1000

dV
/d

D
 P

or
e 

V
ol

um
e 

(c
m

3 /
g)

  

Pore Diameter (Å) 



CHAPTER 4 

83 

TABLE 4.10 Textural properties of prepared ACs. 

Name of 
AC 

BET surface area 
(m2/g) 

Micropore area 
(m2/g) 

Pore Volume 
(cm3/g) 

Average pore 
diameter (Ǻ) 

MHAC 1129 317.5 0.64 20.8 
CFAC 1058 417.4 0.70 22.4 
MAC 1187 349.8 0.87 29.3 

 
4.3.3.7 Point of zero charge of ACs 

At pHpzc, the net surface charge on porous AC becomes zero. The cumulative effect of all 

the acidic and basic functional groups of porous AC determined pHpzc. For AC derived 

from MC, CF and MH, the measured pHpzc was 9.5, 8.2 and 7.99, respectively (Fig. 4.17). 

 

 
FIGURE 4.17 pHpzc of ACderived from MC, CF and MH. 

 
4.4 Conclusion 

 Ultimate and proximate analysis suggests that all three agro-wastes are suitable for 

production of AC. 

 For all three selected agro-wastes, AC preparation variables i.e. activation 

temperature, holding time, and impregnation ratio were optimized using RSM. 

 At model optimized condition %yield measured for AC derived from millet cob, 

cotton flower and mustard husk was 16.21, 16.20 and 16.08 wt%, respectively.  

 At model optimized condition BET surface area measured for AC derived from 

millet cob, cotton flower and mustard husk was 1129, 1058 and 1187 m2/g, 

respectively. 
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5. CHAPTER 5 

BATCH ADSORPTION STUDY 

Depending upon the applications, the demand for AC has increased steadily in recent 

times. This chapter elaborately deals with adsorption of dyes by utilizing prepared AC 

adequately. Adsorption of methylene blue (MB) and reactive orange 84(RO84) dyes from 

solution in a batch model was carried out in this study. 

Introduction 

The method used for preparing AC influences its application on adsorption of dyes. 

Chemical activation method was used for preparation of AC from three biomasses. KOH 

was used as chemical activating agent. The adsorbents prepared from millet cob husk, 

empty cotton flower and mustard husk are designated as MHAC, CFAC and MAC, 

respectively. pH, initial dye concentration, contact time, temperature and adsorbent dose 

are the significant process parameters which were investigated in this study. Various 

isotherm models such as Langmuir, Freundlich, Temkin and DR were used to express 

batch adsorption data of MB and RO84 distributed between liquid and solid phases while 

pseudo first order and pseudo second order models were used to interpret experimental 

kinetic data. The determination of rate controlling step in the adsorption process was 

carried out by using intra particle diffusion model. Estimation of various thermodynamic 

parameters was carried out for determination of spontaneity and the nature of adsorption 

process. The exhausted ACs was regenerated by employing feasible technique. 

5.1 Batch adsorption experiments 

Batch adsorption studies of adsorption of MB and RO84 on prepared ACs were performed 

using aqueous solution of MB and RO84. A stock solution of 1000 mg/L of MB and RO84 

were prepared by dissolving stoichiometric quantity of both dye in 1 L distilled water. As 

per requirement, the stock solution was diluted using distilled water. For each experiment, 

250 mL Erlenmeyer flasks were used in which a fixed quantity of AC was taken and 

charged to 100 mL of MB and RO84 solution. All experiments were performed at 
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atmospheric ambience with temperature of 30 oC. Once the desired sample preparation was 

completed, the flasks were put on the vibrating shaker at shaking speed of 120 rpm. The 

concentration of MB and RO84 in solution was determined by UV/Vis spectrophotometer 

(Model: Orion Aquamate 8000, Thermo Scientific, India) at 663 nm and 489 nm, 

respectively. The pH of the solution was adjusted with 0.1M HCL and 0.1M NaOH. 

 
FIGURE 5.1 Picture of UV/V spectrophotometer. 

 
The dye removal percentage (%R) and equilibrium adsorption capacity (qe) were computed 

using following equations: 

%𝑅 = 𝐶𝑜−𝐶𝑒𝐶0 ∗ 100                  5.1 

 
 𝑞𝑒 = 𝐶𝑜−𝐶𝑒𝑤 ∗ 𝑉                   5.2 
 
where, Co and Ce (mg/L) are initial and final concentration of dye in solution, respectively, 

w is the mass of AC in mg and V is the volume of solution in mL. 

5.2 Effect of process parameters 

5.2.1 Effect of pH 

In the adsorption process of various pollutants from effluent, the paramountcy of different 

process parameters has been mentioned. pH of the solution is one of those important 

parameters on which the adsorption of dye depends. ACs prepared from various biomasses 

was investigated for removal of MB and RO84 in the range of pH values from 2 to 10. For 

MB, Initial dye concentration (400 mg/L), contact time (6 hr), adsorbent dose (1 g/L), 
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temperature (30oC) are parameters which were predefined to perform preliminary 

experiments to investigate the effect of pH. For RO84, all the other parameters except 

initial dye concentration (300 mg/L) were the same as that of MB for performing 

preliminary experiments. Figs. 5.2 (a) and (b) show that the removal of MB is preferred at 

basic pH and removal of RO84 is preferred at acidic pH. It is evident from the Figs. 5.2(a) 

and (b) that the removal capacity of AC prepared from empty cotton flower was somewhat 

higher than other two ACs. The percentage removal of MB with CFAC adsorbent was 

maximum at about 99.82% at basic pH and the removal percentage of RO84 with CFAC 

adsorbent was maximum at 94.78% at acidic pH. Maximum percentage removal of MB 

with MAC and MHAC were observed to be 98.43 and 98.12, respectively. Maximum 

percentage removal of RO84 with MAC and MHAC were found to be 93.12 and 92.89, 

respectively.  

 
FIGURE 5.2 Effect of pH on (a) MB and (b) RO84 removal by prepared ACs. (Initial dye concentration - 

400 mg/L, contact time - 6 hr, adsorbent dose -1 g/L, temperature -30oC). 

 

At acidic pH condition, It can be hypothecated that the electrostatic repulsion occured 

between cationic MB dye and positively charged adsorbents, due to the absorption of H+ 

ions on the surface of ACs which in turn reduces the adsorption [234-235]. In contrast, at 

the basic pH condition, there exists electrostatic attraction between negatively charged 

adsorbents and cationic MB dye which results in higher MB removal percentage. For 

adsorption of RO84, under acidic pH condition, the protonation takes place on the surface 

of adsorbent which increases the percentage dye removal. At elevated pH, the gradual 

decrement in the degree of protonation of the surface occurs which in turn decreases 

percentage removal of RO84 [236-239]. 
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ACs has amphoteric character; so, depending on the pH of the solution, their surfaces 

might be positively or negatively charged. At pH > pHpzc the carbon surface becomes 

negatively charged favoring the adsorption of cationic dye. On the other hand, adsorption 

of anionic dye will be favoured at pH < pHpzc. Though, MB is a cationic dye, its  

adsorption was observed below pHpzc, which was consistent for all three prepared ACs. 

The same was observed for RO84 at pH higher than pHpzc. Two parallel adsorption 

mechanisms, one involving and second involving electrostatic interactions may be used to 

describe the adsorption of dyes on ACs. Therefore, only the role of dispersive interaction 

cannot be neglected. 

5.2.2 Effect of adsorbent dose 

The effect of adsorbent dose for adsorption of MB and RO84 using MHAC, CFAC and 

MAC are depicted in Fig. 5.3. The preliminary experiments were carried out with different 

adsorbent doses from 0.5 to 1.4 g/L for MB and 0.5 to 2.0 g/L for RO84. All the other 

process parameters such as pH (7), temperature (30oC), contact time (6 hr) and initial 

concentration of dye (300 mg/L) were constant during the preliminary experiments. 

Maximum adsorption of MB was achieved at 1.2 g/L of adsorbent dose for CFAC. 

Maximum adsorption of RO84 was achieved at 1.8 g/L of adsorbent dose for CFAC. The 

adsorption capacities of ACs decreased incessantly with increase in adsorbent dose. By 

increasing the adsorbent dose from 0.5 to 1.4 g/L, the adsorbent capacity of CFAC for 

removing MB declined from 399.74 to 213.61 mg/g. By increasing the adsorbent dose 

from 0.5 to 2.0 g/L, the adsorbent capacity of CFAC for removing RO84 decreased from 

148.86 to 213.61 mg/g. In case of MHAC and MAC, the adsorption capacity decreased 

from 375.9 to 212.48 mg/g and 385.13 to 213.56 mg/g for MB and 296.15 to 148.57 and 

280.34 to 147.23 mg/g for RO84, respectively. The low adsorption percentage illustrates 

that saturation is achieved on the active sites above a certain concentration of adsorbate. 
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FIGURE 5.3 Effect of adsorbent dose on (a) % MB removal by prepared ACs (b) equilibrium adsorption 

capacity, qe of prepared ACs on adsorption of MB (c) % RO84 removal by prepared ACs (d) equilibrium 

adsorption capacity, qe of prepared ACs on adsorption of  RO84. 

 
For all samples, it was observed that with increase in adsorbent dose, there was a gradual 

increase in both dye removal percentage which probably results due to availability of more 

vacant sites [236,239]. For CFAC and MAC, increase in the adsorbent dose above 1.1 g/L 

was observed, and the observed change in percentage dye removal of MB was negligible 

while for MHAC observed value was 1.2 g/L. For CFAC, increase in the adsorbent dose 

above 1.8 g/L, the observed change in percentage dye removal of MB was negligible while 

for MHAC and MAC, the observed value was 1.9 g/L. This trend in the above Fig. 5.2 is a 

consequent to the increase in number of adsorbent particles which probably results in 

attachment of more molecules of dyes to the active sites [240]. 

5.2.3 Effect of initial MB and RO84 concentration 

In industrial effluent, the concentration of dyes varies over a wide range which makes the 

initial concentration of dyes in the given sample an important parameter to be evaluated. 

The adsorption trend of ACs at various initial concentrations of MB and RO84 is shown in 

Fig. 5.4 at predefined experimental parameters such temperature (30 oC), contact time (10 

hrs), pH (7.0), adsorbent dose (1 g/L). In general, the concentration of dye in the effluent 

stream of textile industry is usually in the range between 100 to 500 mg/L. The adsorption 

behaviour of MB dye revealed that adsorption capacity increased from 99.72 to 353.2 mg/g 

with increase in initial MB concentration from 100 to 500 mg/L. In case of MAC and 

MHAC, the adsorption capacity also increased from 99.72 to 338.56 and from 99.65 to 

316.76 mg/g with increase in initial concentration of MB from 100 to 500 mg/L. The 
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adsorption behaviour of RO84 dye denoted that adsorption capacity increased from 98.16 

to 275.02 mg/g with increased initial MB concentration from 100 to 500 mg/L. In case of 

MAC and MHAC, the adsorption capacity increased from 93.22 to 263.01 and from 90.00 

to 264.21 mg/g with increase enhancement of concentration of RO84 from 100 to 500 

mg/L. However, for all the samples, the MB and RO84 removal percentage of MHAC, 

CFAC and MAC decreased continuously with increase in initial dye concentrations. 
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FIGURE 5.4 Effect of initial dye concentration on MB removal by (a) MHAC, (b) CFAC, (c) MAC and 

RO84 removal by (d) MHAC, (e) CFAC, (f) MAC.  (Adsorbent dose – 1 g/L, contact time - 6 hr, pH -7.0, 

temperature -30oC). 

 

It was observed that at initial stages, adsorption was very rapid due to the availability of 
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from liquid to the surface of AC which reached at equilibrium state because of the slower 

rate of mass transfer within the adsorbent [241,242]. 

5.3 Adsorption equilibrium study 

The accurate description of the equilibrium study between two phases gives the effective 

representation of dynamic behavior of adsorptive separation of adsorbate from the effluent 

by an adsorbent. In adsorption, the equilibrium is achieved when the rate of adsorption and 

the rate of desorption are at par [243]. Various adsorption isotherms were constructed by 

plotting the concentration of solute in solid phase and in liquid phase. The design of any 

adsorption process depends on the explanation of interaction between adsorbent and 

adsorbate. The above explanation is given by various adsorption isotherms such as 

Langmuir, Freundlich, Temkin and D-R isotherm. In the present investigation, these 

isotherms were used to describe the experimental data of adsorption of MB and RO84 on 

MHAC, CFAC and MAC under different process parameters. 

5.3.1 Langmuir Isotherm 

This isotherm can be applied only to homogeneous sorption process in which the sorption 

activation energy of all sorbate molecules is equal. The mathematical representation of this 

isotherm is as follows [244,245]: 

𝑞𝑒 = 𝑄𝑜𝐾𝐿𝐶𝑒1+𝐾𝐿𝐶𝑒                   5.3 

 
where, qe (mg/g) is the concentration of sorbate in solid phase at equilibrium, KL (L/g) is 

the Langmuir constant and Qo (mg/g) is the monolayer adsorption capacity. 

The linear form of above equation is given as 

 𝐶𝑒𝑞𝑒 = 𝐶𝑒𝑄𝑜 + 1𝑄0𝐾𝐿                   5.4 

 
 
The linear form of Langmuir isotherm is used for the analysis of the adsorption data. The 

linear plot of Ce/qe vs Ce for MB and RO84 indicated that the adsorption data closely 

approached the Langmuir isotherm as indicated in Fig. 5.5. The slope and the intercept of 

linear plot were used to compute the Langmuir constant, KL and monolayer adsorption 

capacity, Qo.  The Langmuir constants evaluated for MB and RO84 dye and three 

adsorbents are tabulated in Table 5.1 and 5.2. For all three adsorbents, the adsorption data 

closely approached the Langmuir isotherm with high values of regression co-efficient.   
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FIGURE 5.5 Langmuir isotherms of different prepared ACs for (a) MB adsorption and (b) RO84 adsorption 

at 30 oC. 

 

The separation factor (RL) is a dimensionless constant used to explain the important 

characteristic of Langmuir isotherm. It is defined as: 

 𝑅𝐿 = 11+(1+𝐾𝐿𝐶𝑜)         5.5 

 
where, Co (mg/L) is the initial concentration of dye and KL (L/g) is the Langmuir constant. 

The value of RL for all three derived ACs was between 0 to 1 indicating the consummate 

ease of adsorption process in the present study. 
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5.3.2 Freundlich isotherm 

This isotherm can be applied to heterogeneous, multilayer or multisite sorption process. It 

is characterized by the factor of heterogeneity 1/n. The equation of Freundlich is given 

below: 

 𝑞𝑒 = 𝐾𝑓𝐶𝑒1/𝑛                   5.6 

 
where, qe (mg/g) and Ce (mg/L) are the concentration of sorbate in solid phase and in liquid 

phase at equilibrium, respectively. Kf and 1/n are the Freundlich constant and the 

heterogeneity factor, respectively. The selectivity of adsorption depends on the magnitude 

of n. the value of n less than one indicates poor characteristics of adsorption [246]; value of 

n between 1 to 2 suggested that adsorption characteristics are moderately good. For 

adequate adsorption characteristics and selectivity, the value of n should be in the range of 

2 to 10. The linear equation of Freundlich isotherm is given as: 

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝐾𝑓 + 1𝑛 𝑙𝑛𝐶𝑒                  5.7 
 
where, the intercept lnKf indicated the adsorption capacity and the slope 1/n indicated the 

adsorption intensity. 

Unlike Langmuir isotherm, the Freundlich isotherm is not restricted to the monolayer 

adsorption. The value of correlation co-efficient for the plot of this isotherm was found to 

be in the range from 0.85 to 0.97 which indicated that the experimental data closely 

approached the linearity as shown in Fig. 5.6. However, the Langmuir isotherm showed the 

better congruence of the adsorption data as compared to the Freundlich isotherm. The 

Freundlich constants evaluated for MB and RO84 dye using the three adsorbents is 

tabulated in Table 5.1 and 5.2. The value of Kf was highest with the CFAC adsorbent 

which signified higher adsorption capacity of CFAC for MB and RO84 as compared to 

MHAC and MAC [247]. 
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FIGURE 5.6 Freundlich isotherms of different prepared ACs for (a) MB adsorption and (b) RO84 adsorption 

at 30 oC. 

5.3.3 Temkin isotherm 

This model gives specific information for the interaction between adsorbent and adsorbate 

particles. It can be assumed that the adsorption was result of equal distribution of binding 

energy. It is also assumed that there is a linear diminution of heat of adsorption of all the 

molecules covered in a layer which results in repulsion between adsorbate molecules. The 

linear form of Temkin equation can be written as [248]: 

𝑞𝑒 = 𝑅𝑇𝑏𝑇 𝑙𝑛𝐴𝑇 + 𝑅𝑇𝑏𝑇 𝑙𝑛𝐶𝑒        5.8 

 
where, RT/bT = BT is related to the heat of adsorption, AT (L/mg) is the equilibrium 

binding constant corresponding to the maximum binding energy and R is the universal gas 

4
4.2
4.4
4.6
4.8

5
5.2
5.4
5.6
5.8

6

-3 -2 -1 0 1 2 3 4

ln
q e

 (m
g/

g)
 

lnCe (mg/L) 

MHAC
CFAC
MAC

4.6

4.7

4.8

4.9

5

5.1

5.2

5.3

0 1 2 3 4

ln
q e

 (m
g/

g)
 

lnCe (mg/L) 

MHAC
CFAC
MAC

(a) 

(b) 



CHAPTER 5 

 

97 

constant (8.314 J/mol K), T (K) is the absolute temperature, qe (mg/g) and Ce (mg/L) are 

the concentration of sorbate in solid phase and in liquid phase at equilibrium, respectively. 

The calculated values of BT were found positive which suggested that the process of 

adsorption is exothermic which outrightly contradicts the results carried out 

experimentally. The results have been presented in Fig. 5.7. Eventhough, the R2 values 

obtained are high, the adsorption data do not dovetail well to the Temkin model as that to 

the Langmuir model. 

 

 

FIGURE 5.7 Temkin isotherms of different prepared ACs for (a) MB adsorption and (b) RO84 adsorption at 

30 oC. 

5.3.4 Dubinin-Redushkevich isotherm 

The linear equation of D-R isotherm is given below [249]: 

 𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑞𝑠 − 𝐾𝐷𝑅𝜀2                  5.9 
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Straight lines were obtained when lnqe was plotted against ε2 which indicated that 

experimental data intimately approached the D-R isotherm. The apparent energy (E) of the 

adsorption can be evaluated from D-R isotherm by using following equation. 

𝐸 = 1√2𝐾𝐷𝑅                            5.10 

 
The mean free energy and constants from D-R isotherm are tabulated in Tables 5.1 and 5.2. 

It is represented in Fig. 5.8. The value of R2 found from the experiments were moderately 

high which signifies that the D-R isotherm gives a moderate fit for MB and RO84 

adsorption data. The type of adsorption was determined by the value of the activation 

energy. The activation energy is not used for determining the rate controlling step, for this 

study, it gives the insight into the process under consideration. If the value of E > 40 

kJ/mol [250-252], the adsorption type couldbe explained by chemisorption. The values of 

E obtained in the present study were in the range of 3.5 to 4.0 kJ/mol for MB and 0.3 to 

0.75 kJ/mol for RO84 which indicates physical adsorption was predominant [253]. 
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FIGURE 5.8 D-R isotherms of different prepared ACs for (a) MB adsorption and (b) RO84 adsorption at 30 
oC. 

TABLE 5.1 Different isotherm constants for the adsorption of MB on three prepared ACs. 

Isotherm parameters MHAC CFAC MAC 

Langmuir 

KL (L/mg) 4.00 3.00 3.24 

Qo (mg/g) 250 333.33 333.33 

RL 8.3*10-4 1.1*10-3 1.02*10-3 

R2 0.99 0.99 0.98 

Freundlich 

KF [(mol/g) (mol/L)n] 165.00 250.38 178.03 

N 7.09 4.08 6.99 

R2 0.92 0.85 0.91 

Temkin 

BT 96.74 50.35 93.54 

AT (L/mg) 5.75 154.16 7.09 

R2 0.96 0.84 0.95 

D-R 

qs (mg/g) 224.30 230.67 297.66 

KDR (1/(J/mol)2) 3*10-8 3*10-8 4*10-8 

E (J/mol) 3535.35 4082.48 5874.56 

R2 0.92 0.91 0.91 
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TABLE 5.2 Different isotherm constants for the adsorption of RO84 on three prepared ACs. 

Isotherm parameters MHAC CFAC MAC 

Langmuir 

KL (L/mg) 0.30 0.23 0.45 

Qo (mg/g) 225 321.33 250 

RL 2.12*10-2 1.59*10-2 1.08*10-2 

R2 0.98 0.99 0.98 

Freundlich 

KF [(mol/g) (mol/L)n] 38.09 89.65 83.68 

n 1.82 4.27 3.55 

R2 0.98 0.94 0.97 

Temkin 

BT 32.60 60.48 75.24 

AT (L/mg) 0.28 3.65 2.82 

R2 0.98 0.91 0.92 

D-R 

qs (mg/g) 191.71 177.32 169.69 

KDR (1/(J/mol)2) 5*10-6 1*10-6 9*10-7 

E (J/mol) 316.22 707.10 745.35 

R2 0.98 0.93 0.95 

 

5.4 Adsorption kinetic study 

The efficacy of adsorption is determined by the adsorption kinetic study. To ascertain the 

adsorption mechanism and its rate controlling step (mass transfer and chemical reaction), 

various kinetic models have been used to analyze the experimental data. Various kinetic 

models such as pseudo-first order, pseudo-second order and intra-particle diffusion model 

are generally used. 

5.4.1 Pseudo first order model 

This model was proposed by Lagergren. The kinetics of many adsorption systems can be 

described by using this model. The mathematical equation of this model is given below 

[254]:  ln(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞e − k1t                          5.11 
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where, qe and qt (mg/g) are the quantity of dye that was adsorbed at the equilibrium and at 

time t (min), respectively. k1 (1/min) is the rate constant.  

From the slopes and intercepts of ln (qe-qt) vs t, the values of k1 and qe were evaluated. 

These values are tabulated in Table 5.3. The plots of pseudo-first order of MB and RO84 

adsorption on MHAC, CFAC and MAC are shown in Fig. 5.9.  The lower values of R2 and 

high degree of deviation in the values of qe,exp and qe,cal indicated that the adsorption of MB 

and RO84 dye on prepared ACs does not follow the pseudo-first order kinetics [255]. 

 

 

 

FIGURE 5.9 Pseudo-first order plots for (a) MB adsorption and (b) RO84 on prepared ACs at 30 oC. 
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5.4.2 Pseudo-second order model 

This model is also used to explain the adsorption kinetics [256]. The linearized equation of 

this model is given below: 

𝑡𝑞𝑡 = 1𝑘2𝑞𝑒2 + 𝑡𝑞𝑒                 5.12 

 
where, qe and qt (mg/g) are the quantity of dye that was adsorbed at the equilibrium and at 

time t (min), respectively. k2 (g/mg min) is the rate constant. Presumably, the rate of 

occupation of active sites for adsorption is proportional to the square of no. of vacant sites 

[257,258]. 

From the slopes and intercepts of t/qt vs t, the respective values of k2and qe were obtained. 

These values are tabulated in Table 5.3. The plots of pseudo-second order of MHAC, 

CFAC and MAC for MB and RO84 adsorption are shown in Fig. 5.10. The experimental 

qe values closely approached calculated qe values and high R2 values were achieved. This 

phenomenon showed that adsorption of MB and RO84 on all three types of prepared ACs 

followed pseudo-second order model. The initial adsorption rate, h followed the trend 

MAC > CFAC > MHAC, which indicates that MAC adsorbs MB and RO84 at higher rate 

than CFAC and MHAC. 
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FIGURE 5.10 Pseudo-second order plots for (a) MB adsorption and (b) RO84 on prepared ACs at 30 oC. 

 

TABLE 5.3 Different kinetic constants for the adsorption of MB and RO84 on three prepared ACs. 

Kinetic parameters MHAC CFAC MAC 

MB RO84 MB RO84 MB RO84 

Pseudo-first order 

k1 (1/min) 0.01 0.01 0.014 0.012 0.012 0.011 

qe,exp (mg/g) 276.32 228.25 289.32 246.99 282.21 238.46 

qe,cal (mg/g) 95.87 131.36 81.53 110.27 87.26 135.09 

R2 0.93 0.98 0.94 0.92 0.94 0.98 

Pseudo-second order 

k2 (g/ mg min) 5.29*10-4 2.46*10-4 6.34*10-4 2.67*10-4 8.13*10-4 3.91*10-4 

qe,exp (mg/g) 276.32 228.25 289.32 246.99 282.21 238.46 

qe,cal (mg/g) 300 250 304.54 254 307.23 253 

h (mg/ g min) 47.61 15.38 58.76 17.24 76.76 25.00 

R2 0.99 0.99 0.99 0.99 0.99 0.99 

 

5.5 Adsorption mechanism 

To understand the adsorption mechanism, it is indispensable to identify the rate limiting 

step. In an adsorption process involving solid and liquid phases, the transfer of solute 
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follows either intraparticle diffusion or external mass transfer or both. The adsorption 

mechanisms in the adsorption process are categorized into three types as follows [259]: 

1. Dye molecules from the bulk liquid to the solid-liquid interface or boundary layer 

surrounding the ACs. 

2. Film diffusion: Transport of dye molecules from the boundary layer to the exterior 

surface of the ACs. 

3. Particle diffusion: Transfer of dye molecules from the external surface to the intra-

particular active sites. 

4. Adsorption of dye molecules on the active sites of ACs. 

In the first step, the adsorbent is not involved and in the fourth step, the process is very 

rapid hence these two steps are excluded in the rate controlling step. Because of this, the 

rate controlling steps involve either particle diffusion or film diffusion. 

5.5.1 Intra-particle diffusion 

This model was proposed by Weber and Morris for prediction of the rate controlling step 

[260,261]. It is imperative to understand the mechanism of diffusion when the rate 

controlling step is mass transfer.  The diffusion rate evaluated from intra-particle diffusion 

model is given as: 𝑞𝑡 = 𝑘𝑖𝑑 ∗ 𝑡0.5 + 𝐶𝑖                5.13 
 
where, qt (mg/g) is the quantity adsorbed at time t, kid is the rate constant and t1/2 (min1/2) is 

the square root of time. Intercept, Ci gives the idea about the thickness of boundary layer of 

stage i. The values of kid and Ci were determined from the slopes and intercepts of qt vs t1/2. 

The plots of qt vs t1/2 for MHAC, CFAC and MAC are shown in Fig. 5.11. From the graph, 

it is clear that there exist two steps showing multi linearity characteristics during the 

process of adsorption [262]. The steep portion of the plot in the initial step indicated 

instantaneous adsorption of MB and RO84 on the prepared ACs while the second step of 

the plot indicated slow adsorption stage where intra-particle diffusion is predominant. In 

the initial step, the rates of adsorption of both dyes were higher because of the availability 

of large number of adsorption sites and surface area [263]. However, in the second portion 

of the plot, the rate of adsorption decreased because of the decrement in the concentration 

gradient. Based on these two steps, we can conclude that the intra-particle diffusion is not 

the only rate controlling step for the adsorption of MB and RO84 on all three prepared ACs 
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[264]. The computed values of kid, Ci and R2 are tabulated in Table 5.4. The adsorption of 

MB and RO84 on all three prepared ACs are intricate phenomena which involved more 

than one mechanism of diffusion. 

 

 
FIGURE 5.11 Intraparticle diffusion plots for (a) MB adsorption and (b) RO84 on prepared ACs at 30 oC. 

TABLE 5.4 Intraparticle diffusion constants of MB and RO84 adsorption on three prepared ACs. 

Intraparticle diffusion parameters 
MHAC CFAC MAC 

MB RO84 MB RO84 MB RO84 

kid (mg/g min0.5) 8.89 8.75 9.06 9.50 9.02 9.16 

Ci 128.6 75.27 146.1 90.55 138.1 79.99 

R2 0.56 0.78 0.51 0.72 0.54 0.77 
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5.6 Adsorption thermodynamic study 

The estimation of various thermodynamic parameters was carried out to envisage the 

thermodynamic nature of the adsorption process of MB and RO84 on the all three prepared 

ACs. The following equations were used to compute the changes in the thermodynamic 

parameters such as enthalpy (ΔH), Gibbs free energy (ΔG) and entropy (ΔS) [265,266]. ∆𝐺 = −𝑅𝑇𝑙𝑛𝐾𝑐                5.14 

 
where, Kc can be calculated as, 

 𝐾𝑐 = 𝑞𝑒𝐶𝑒                 5.15 

 𝑙𝑛𝐾𝑐 = 𝛥𝑆𝑅 − 𝛥𝐻𝑅𝑇                5.16 

 

Eq. (5.16) is the Van’t Hoff equation. The plot of lnKc vs (1/T) for MB and RO84 are 

shown in Fig. 5.12. The computed value of aforesaid thermodynamic properties for MB 

and RO84 adsorption on to all three prepared ACs are tabulated in Tables 5.5 and 5.6, 

respectively. The positive value of ΔH suggested that adsorption of both dyes on ACs was 

endothermic process. The negative value of ΔG suggested that the adsorption process was 

impulsive in nature and the process was feasible. The positive value of ΔS indicated that 

the randomness increased at the solid-liquid interface which might have led to some 

structural changes on the adsorbent surface.  

  
FIGURE 5.12 Plots of Van’t Hoff equation for (a) MB adsorption and (b) RO84 on prepared ACs. 
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TABLE 5.5 Thermodynamic parameters of MB adsorption on three prepared ACs. 

Name of AC ΔG (kJ/mol) ΔH (kJ/mol) ΔS (kJ/mol) 

303 K 318 K 333 K 

MHAC -2.73 -3.93 -4.77 17.96 0.08 

CFAC -4.26 -5.41 -6.77 21.03 0.05 

MAC -3.46 -4.06 -5.09 12.92 0.06 

 

TABLE 5.6 Thermodynamic parameters of RO84 adsorption on three prepared ACs. 

Name of AC ΔG (kJ/mol) ΔH (kJ/mol) ΔS (kJ/mol) 

303 K 318 K 333 K 

MHAC -0.07 -0.09 -1.28 5.02 0.018 

CFAC -1.20 -1.57 -1.87 5.55 0.022 

MAC -0.09 -1.27 -1.53 4.79 0.019 

 

5.7 Regeneration of spent AC 

The disposal of dye loaded spent AC is insecure because of environmental regulations. 

Therefore, it is crucial to develop regeneration method so the adsorbent can be reused 

which in turn will drastically abate the environmental pollution menace. 

In this study, regeneration approach of spent AC was carried out using NaOH solution. The 

ability of NaOH to weaken the van der Walls bond between the micropore surface of AC 

and the adsorbate as well as the chemical bond between the surface functional groups and 

the adsorbate is high compared to other chemical reagents i.e. HCl, H2SO4. Also, NaOH 

can convert organic adsorbate into soluble salt which can simply ionized in water. 

Therefore, the surface of exhausted AC was cleaned. The nature of NaOH is basic so it 

cannot damage the porous structure of AC [267]. 50 mL of 2N NaOH solution was used to 

regenerate 1 g of spent AC. The resultant mixture was stirred for 3 h at 120 rpm at 

atmospheric conditions. Then the solid-liquid phase was separated using filtration method 

which was ensued by neutralized with distilled water. Then neutralized regenerated AC 

was oven dried at 105 oC for 12 h. The dried regenerated AC was again used for adsorption 

of MB and RO84. Five regeneration cycles were performed in this study. The following 

equation was used to determine regeneration efficiency. 
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𝑅𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦(%) = 𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑟𝑒𝑔𝑒𝑛𝑟𝑎𝑡𝑒𝑑 𝐴𝐶𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑓𝑟𝑒𝑠ℎ 𝐴𝐶 × 100                5.17 

 
 
Table 5.7 shows the regeneration efficiency of all three prepared ACs for MB and RO84 

adsorption. According to the data of regeneration efficiency, all three prepared ACs are 

absolutely conducive for industrial application. Loss of blockage of active sites or 

deterioration of AC structure because of continuous adsorption-desorption cycle could be 

the sole reason of decreased regeneration efficiency.  

TABLE 5.7 Regeneration efficiency of three prepared ACs for MB and RO84 adsorption. 

Regeneration cycle 

Regeneration efficiency (%) 

MHAC CFAC MAC 

MB RO84 MB RO84 MB RO84 

1 100 100 100 100 100 100 

2 96.49 92.15 95.54 93.28 94.43 93.59 

3 88.52 86.35 91.03 87.43 89.76 87.24 

4 86.19 82.19 86.46 84.01 85.09 83.82 

5 82.97 79.34 83.67 81.12 83.14 80.79 

 

5.8 Conclusions 

 Basic pH was favorable for MB adsorption while acidic pH was favorable for 

RO84 adsorption. 

 The removal percentage of both dyes increased with increase in dose of adsorbent 

but the value of equilibrium adsorption capacity decreased with increase in 

adsorbent dose. 

 The value of equilibrium adsorption capacity for both MB and RO84 increased 

with increase in initial dye concentration. 

 The Langmuir model of adsorption isotherm was give better fitment for 

experimental adsorption data of MB and RO84. 

 The pseudo-second order kinetic model could better explain the adsorption kinetic 

of MB and RO84 and intraparticle diffusion could not only the rate limiting step for 

adsorption of MB and RO84. 

 CFAC showed maximum adsorption capacity compared to others. 
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 Thermodynamic study indicated that the adsorption process was spontaneous and 

exothermic with increased the disorder degree of the process.  

 Regeneration of the ACs was carried out for five cycles. Around 82% of MB and 

80% of RO84 could be adsorbed by all three spent ACs, after fifth cycle. 
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6. CHAPTER 6 

ADSORPTION OF RO84 ON CFAC USING 

PACKED BED COLUMN 

This chapter encompasses the use of CFAC as an adsorbent to adsorb RO84 dye from its 

aqueous solution using fixed bed column. Several process parameters such as flowrate, 

initial dye concentration and bed height were investigated. The kinetic data from 

experiments were correlated with three different kinetic models viz. Thomas model, Yoon-

Nelson model and Bed depth service time (BDST) model. 

Introduction 

Adsorption studies are generally carried out by two methods i. e. batch study and 

continuous flow study. Normally, batch study is preferred by most researchers instead of 

continuous study because it needs only small quantity of adsorbent to perform the 

experiment and also less time is required to complete adsorption study [268]. At laboratory 

scale, batch study is simple to operate but it is not feasible in industrial applications. A 

small quantity of wastewater is treated by the batch operations [269,270]. Batch 

equilibrium adsorption experiment determines the adsorption capacity of the adsorbent. 

From this experiment, the effectiveness of adsorbate-adsorbent system can be measured. 

However, in the treatment of wastewater at industrial level column operation, there is no 

sufficient contact time to achieve the equilibrium and thus batch adsorption equilibrium 

data is not applicable to such a system [271]. It means that, scale-up of adsorption system 

cannot be successfully completed on the basis of the data calculated from the batch studies.  

Therefore, it is crucial to test the ability of adsorbent when it is used in continuous flow 

mode. For the treatment of wastewater at large scale level and continuous adsorption-

desorption cycle, the continuous flow mode such as column operation is an effective 

process. The breakthrough curve (BTC) can be obtained from experimental data of 

adsorption column studies. This BTC is useful to gauge the exhaustion time of bed and 
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time required for regeneration. The fundamental engineering design data can also be 

predicted through continuous flow systems. The data obtained from adsorption of various 

pollutants like dyes, pesticides, VOC, etc. from wastewater by ACs using continuous mode 

is found to be appropriate and reliable. However, a few researchers’ work on the 

adsorption of different types of reactive dyes using AC, it is found that the reported work 

on the adsorption of RO84 using AC by fixed bed continuous adsorption column is scanty. 

 

6.1 Experimental set up 

The dynamic behavior of adsorption of RO84 dye on CFAC was carried out using a pyrex 

glass column as shown in Fig. 6.1. The dimension of length and column inside diameter 

were 18 and 2.2 cm, respectively. The column was fed with predefined quantity of CFAC 

to achieve specific bed height which was supported by two layers of cotton wool. 

Peristaltic pump of variable speed was employed to maintain the flow rate of influent 

solution. This study was performed at 5.9 pH and room temperature. The experiments were 

carried out with varying influent flowrate (10, 15 and 18 mL/min), initial concentration of 

RO84 dye (100, 150 and 200 mg/L) and bed height (3, 5 and 7 cm). The measurement of 

residual concentration of RO84 dye in effluent sample was carried out using UV-Vis 

spectrophotometer at regular intervals. The experimental Break through curves (BTCs) and 

their parameters were correlated with various kinetic models. 

 
FIGURE 6.1 Experimental set-up of fixed bed column adsorption study. 
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6.2 Column adsorption process analysis 

6.2.1 Mathematical modeling of fixed-bed adsorption column 

BTC is defined as the plot between exit concentration and throughput volume or lapse time 

for a specific bed height of column. It is imperative to determine BTC trend and breakpoint 

time for adequate designing of fixed bed column [272]. These parameters are also 

paramount for finding feasibility of the adsorbent for given process. The BTC concept is 

based on the adequate analysis of the operating characteristics of a packed bed. The 

graphical shape of concentration vs. time of BTC depends on flowrates, inlet 

concentrations, and diameter of column and height of packed bed [273-275].  The 

schematic representation of BTC is shown in Fig. 6.2. In this experimental probe, 

breakthrough point (Cb) was obtained when the concentration of effluent reached upto 10% 

of initial concentration (Co). It is axiomatic that adsorbent is exhausted when concentration 

of dye in the effluent stream is almost same as that in the influent stream. 

 

 
FIGURE 6.2 Schematic representation of breakthrough curve. 

The various parameters of fixed-bed column can be determined using following equations. 

Total time which is proportionate to total capacity is estimated as [276]: 

𝑡𝑡 = ∫ (1 − 𝐶𝑡𝐶𝑖)𝑡=∞𝑡=0 𝑑𝑡 = 𝐴1 + 𝐴2                 6.1 
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Time equivalent of usable capacity of bed can be calculated as [276]: 

𝑡𝑢 = ∫ (1 − 𝐶𝑡𝐶𝑖)𝑡𝑏𝑡=0 𝑑𝑡 = 𝐴1                 6.2 

Calculation of area, A2 and convenient capacity of bed in line for the breakthrough time 

(tb) gives unused bed height, or 𝑡𝑢 ≈ 𝑡𝑏. 

Eqs. (6.1) and (6.2) are used to compute the value of breakthrough time (tu) and total time 

(tt). The ratio of tu to tt provides the fraction of the total bed length used upto the 

breakthrough point. Area under the curve can be calculated using numerical integration or 

graphical method. The total time is the time required upto the exhaustion of adsorbent in 

the column. Thereafter, no more adsorption occurred in the column. In this study, the value 

of tt was taken when the exit concentration of RO84 was found to be 90% of the inlet 

concentration of RO84. As adsorption takes place inside the column, mass transfer zone 

(MTZ) was formed in the column bed and different factors such as nature and 

characteristics of adsorbent, particle size and weight of adsorbent, pH of solution, solution 

flowrate, bed depth and adsorbate concentration were controlled the depth of MTZ. 

The MTZ or unused bed length (HUNB), cm can be determined as [276]: 

𝐻𝑈𝑁𝐵 = (1 − 𝑡𝑢𝑡𝑡 ) 𝐻𝑇 = (1 − 𝑡𝑏𝑡𝑡) 𝐻𝑇                6.3 

where, HT is the total bed length, cm. 

 𝑀𝑇𝑍 = 𝐻𝑈𝑁𝐵                   6.4 

 

The utilized bed length (HB), cm for the breakthrough point is computed as [276]: 

 𝐻𝐵 = (𝑡𝑏𝑡𝑡) 𝐻𝑇                   6.5 

 

The total treated volume (Veff), mL is determined as: 

 𝑉𝑒𝑓𝑓 = 𝑄𝑡𝑡                   6.6 

 
where, tt (min) is the total flow time and Q (mL/min) is the volumetric flowrate. 

The total quantity of adsorbed RO84 dye is computed as [276]: 
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𝑞𝑡𝑜𝑡𝑎𝑙 = 𝑄𝐴 1000⁄ = (𝑄𝐶𝑜 1000⁄ ) ∫ 𝐶𝑎𝑑𝑑𝑡𝑡=𝑡𝑡𝑜𝑡𝑎𝑙𝑡=0               6.7 

 
where, qtotal (mg) is the amount of RO84 adsorbed, A is the area under the BTC, Cad (Ci-Ct) 

(mg/L) is the adsorbed concentration and t (min) is the time which can be tt or tsat (min) 

showing either total flow time or the saturation time. 

The total quantity of RO84 (mtotal), mg entered into the column can be calculated as 

follows [276]: 

𝑚𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑜𝑄𝑡𝑡 1000⁄                  6.8 

The total RO84 removal (%) is computed as [276]: 

% 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 = ( 𝑞𝑡𝑜𝑡𝑎𝑙𝑚𝑡𝑜𝑡𝑎𝑙) × 100                6.9 

 

6.2.2 Error analysis 

It is a study related to deviation in the output of any system as the parameters of the system 

that fluctuates adjacent to mean value which is required to examine the experimental data. 

For this study, error analysis collaborated with regression co-efficient, R2 was used to 

analyse the best fitted model. The error analysis was carried out using two different 

techniques as follows: 

The sum of the squares of the errors (SSE) 

𝑆𝑆𝐸 = ∑ (𝑦𝑐 − 𝑦𝑒)𝑖2𝑛𝑖=1                6.10 

 

The average relative standard error (ARS) 

 𝐴𝑅𝑆 =  √∑[(𝑦𝑐−𝑦𝑒)/𝑦𝑒]2𝑛−1                6.11 

where, yc and ye are the calculated and experimental data respectively and n is the number 

of experimental data points. 
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6.3 Adsorption column behavior 

6.3.1 Effect of influent flowrate 

It is indispensable to evaluate the effectiveness of an adsorbent when it is used in industrial 

process. The influent flowrate is one of prime parameter to evaluate the effectiveness of an 

adsorbent. In the current studies, different values of influent flowrate (10, 15 and 18 

mL/min) was used to determine the effect of initial flowrate on the adsorption of RO84 by 

CFAC. The bed height (5 cm) and the initial concentration of RO84 (150 mg/L) were kept 

constant while altering the influent flowrate. The effect of changing of flowrate on BTC is 

shown in Fig. 6.3. From the Fig. 6.3, it can be seen that higher value of flowrate gives 

rapid occurrence of BTC. Elution of dye particle became quick when velocity increased. 

As the flowrate was increased from 10 mL/min to 18 mL/min, the breakthrough time was 

reduced from 240 min to 65 min. Table 6.1 shows the important parameters of BTC. At 

higher flowrate, formation of adsorption zone is rapid so breakthrough point was achieved 

very quickly compared to lower flowrate.  The adsorption capacity and dye removal 

percentage reduced with higher flowrate which is indicated in Table 6.1. Similar 

observation for other adsorption system was reported by many researchers [277-279]. 

 

FIGURE 6.3 Effect of influent flowrate on shape of BTCs of adsorption of RO84 on CFAC at the bed height 

(5 cm) and the initial concentration of RO84 (150 mg/L). 

The rate of mass transfer increased with velocity increase and subsequently adsorption rate 

too improved.  So, breakthrough time was low at higher flowrates.  Moreover, the 

residence time of dye molecules inside the column was less at higher flowrates which 

resulted in poor contact time with an adsorbent [280]. As the contact time between 
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adsorbate and adsorbent is less, the intraparticle diffusion phenomenon was not well 

performed. So, equilibrium was not attained and adsorption capacity decreased. At lower 

flowrates, contact time between adsorbate and adsorbent was sufficient which resulted in 

higher adsorption capacity as well as higher dye removal percentage. 

TABLE 6.1 Calculated parameters derived from BTCs of column for adsorption of RO84 on to CFAC at 

different influent flowrate. 

Q  

(mL 

/min)  

t
b
 

(min)  

V
eff

(mL)    t
total 

(min)  

  m
total 

(mg)  

  q
total

 

(mg)  

% 

Removal  

MTZ 

(cm)  

HB 

(cm)  

10  240  12400  1240  1860  563  30  4.03  0.97  

15  90  12300  820  1845  531  29 4.45  0.55  

18  65  10350  585  1575  492  25  4.48  0.52  

 

6.3.2 Effect of initial concentration of RO84 

In the present probe, different values of initial concentration (100, 150 and 200 mg/L) was 

used to determine the effect of initial concentration on the adsorption of RO84 by CFAC. 

The bed height (5 cm) and the influent flowrate of RO84 (15 mL/min) were kept constant 

while altering the initial concentration. The effect of changing of initial concentration of 

RO84 on BTC is shown in Fig. 6.4. 

It was observed that almost similar shape of BTC was obtained from different initial 

concentration of RO84. Lower initial concentration of RO84 dye gave moderate BTC with 

high Mass transfer zone (MTZ). The diffusion co-efficient or mass transfer co-efficient 

was low at lower concentration due to slower transport phenomenon. Important computed 

BTC parameters of adsorption of RO84 dye onto CFAC at different initial concentrations 

of RO84 dye is presented in Table 6.2. Higher value of initial concentration provides high 

concentration gradient which resulted in improvement in percentage removal of dye and 

total adsorption capacity. At lower initial concentrations, the BTC moved to the right side 

because of the more influent volume was to be handled. Steeper shape of BTC was 

obtained at higher initial concentration which has low breakthrough time. This was 

because of higher concentration gradient. 
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FIGURE 6.4 Effect of initial dye concentration on shape of BTCs of adsorption of RO84 on CFAC at the 

bed height (5 cm) and the influent flowrate of RO84 solution (15 mL/min). 

 

Available vacant site for adsorption was also rapidly filled up by adsorbate at higher initial 

concentration of RO84 dye so breakthrough time was drastically reduced [270,271]. 

Maximum dye removal percentage was found at high initial concentration of RO84 dye 

(i.e. 35%). Consequently, column performance was improved at high rate of dye loading 

and initial concentration of dye. Similar observation for other adsorption system was 

reported by many researchers [279-281]. 

 

TABLE 6.2 Calculated parameters derived from BTCs of column for adsorption of RO84 on to CFAC at 

different initial concentration. 

Concentration 

(mg/L)  

t
b
   

(min)  

V
eff

(mL)    t
total 

(min)  

  m
total 

(mg)  

  q
total

 

(mg)  

% 

Removal  

MTZ 

(cm)  

HB 

(cm)  

100  240  16500  1100  1650  449  27  3.91  1.09  

150  90  12300  820  1845  531  29 4.45  0.55  

200  30  10300  690  2070  720  35 4.78  0.22  
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6.3.3 Effect of bed height 

The quantity of adsorbent inside the column is one of the important parameters for 

accumulation of RO84 in the fixed bed column. In the present work, a different value of 

bed height (3, 5 and 7 cm) was used to ascertain the effect of bed height on the adsorption 

of RO84 by CFAC. The initial concentration of RO84 dye (5 cm) and the influent flowrate 

of RO84 (15 mL/min) were kept constant while altering the initial concentration.  

 
FIGURE 6.5 Effect of bed height on shape of BTCs of adsorption of RO84 on CFAC at the initial 

concentration of dye (150 mg/L) and the influent flowrate of RO84 solution (15 mL/min). 

From Fig. 6.5, it could be deduced that the time of breakthrough increased with the higher 

bed height. The dye removal percentage was also hiked from 22% to 34% when the bed 

height increased from 3 to 7 cm.  As the bed height decreased from 7 to 3 cm, more and 

more steeper form of BTC obtained. This was due to the development of shorter mass 

transfer zone in the column. At lower value of bed height, less quantity of adsorbent was 

fed into the column so the adsorption capacity of column was less. On other side, at higher 

value of bed height, more quantity of adsorbent was fed into the column, and the contact 

time and vacant site were increased which resulted in higher removal of dye percentage 

and increased column adsorption capacity [277]. The “sweep efficiency” also increased as 

the bed height was raised from 3 to 7 cm. The enhancement of binding sites was achieved 

at higher value of bed height [278,280]. The value of MTZ was raised from 0.33 to 1.25 

cm when bed height increased from 3 to 7 cm.  More quantity of influent can be treated at 

higher value of bed height because of better intraparticle diffusion. Similar observation for 

other adsorption system was made by several other researchers [282,283]. 
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TABLE 6.3 Calculated parameters derived from BTCs of column for adsorption of RO84 on to CFAC at 

different bed height. 

Bed 

Height 

(cm)  

t
b
(min)  V

eff
(mL)    t

total 

(min)  

  m
total 

(mg)  

  q
total

 

(mg)  

% 

Removal  

MTZ 

(cm)  

HB 

(cm)  

3  55  7500  500  1125  247  22 2.67  0.33  

5  90  12300  820  1845  531  29 4.45  0.55  

7  200  16800  1120  3360  1142  34 5.75  1.25  

 

6.4 Kinetic study of fixed-bed column 

A suitable model describes the column adsorptive behavior and the testing of it in 

industrial application. Many mathematical models have been formulated ascertain and 

predict the dynamic behavior of the bed of the column. Three well known and reliable 

mathematical models (Thomas model, Yoon-Nelson model and BDST model) have been 

used to analyze and ascertain the dynamic behavior of the column. In this work, the 

experimental data was fitted in various dynamic models to find out the most appropriate 

model which could describe the behavior of BTC, adsorption kinetics and evaluating 

column adsorption capacity for removal of RO84 dye. 

6.4.1 Thomas model 

The adsorption by internal and external diffusion is not considered in this model. It 

assumes that the rate driving force follows the Langmuir isotherm and reversible reaction 

kinetics of second order. It assumes the plug flow behavior with no axial dispersion within 

the column. Based on this model, the rate controlling step for adsorption is interphase mass 

transfer and chemisorptions. 

The linear form of Thomas model is given below [284]: 

𝑙𝑛 (𝐶𝑖𝐶𝑡 − 1) = (𝐾𝑇ℎ𝑞𝑠𝑤𝑄 ) − (𝐾𝑇ℎ𝐶𝑖𝑉𝑒𝑓𝑓𝑄 )             6.12 

 
where, kTh (mL/mg min) is the Thomas model constant, qs (mg/g) is the maximum 

concentration of RO84 in solid phase, w (g) is the quantity of CFAC in the column, Ci and 

Ct (mg/L) are the concentration of RO84 at influent and effluent streams respectively, and 

Veff (mL) is the total effluent volume. 

The values of qs and kTh of Thomas model are evaluated from linear plot of ln[(Ci/Ct)-1] vs 

Veff. Fig. 6.6 shows the Thomas kinetic plots of different specified conditions. Undeniably, 
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this model gave better congruence with the experimental data as the higher value of linear 

regression co-efficient was achieved with lower values of SSE as well as ARS. These 

values are tabulated in Table 6.4. Adding to that, values of qs from experiment and 

calculation seemed close to each other at different operating conditions.  When initial 

concentration of RO84 dye was increased, higher value of qs and lower value of kTh was 

achieved. This was due to the increase in the driving force for adsorption (concentration 

gradient of the dye) between two phases. This confirms that higher initial concentration of 

RO84 dye ensures better performance of column. There was a remarkable fall in the values 

of qs and increment in kTh values at elevated flowrates. By increasing the depth of bed, 

values of qs were improved while values of kTh decreased. These outcomes suggested that 

higher bed depth, greater initial concentration of dye and lower flowrate were favourable 

for adequate adsorption of RO84 dye onto CFAC [276,285-287]. 
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FIGURE 6.6 Thomas kinetic plots for RO84 adsorption on CFAC with (a) different influent flowrate, (b) 

different initial concentration of RO84 and (c) different bed height. 

TABLE 6.4 Calculated constants of Thomas kinetic model at different experimental condition. 

Thomas 

Parameters 

Flowrate (mL/min) Initial Dye Conc. 

(mg/L) 

Bed Height (cm) 

10 15 18 100 150 200 3 5 7 

kTh(mL/ min mg) 0.032 0.040 0.078 0.045 0.040 0.035 0.076 0.040 0.028 

qs (mg/g) (exp) 212 161 121 142 161 186 128 161 182 

qs (mg/g) (cal) 208 162 120 148 162 189 130 162 181 

R2 0.90 0.92 0.93 0.91 0.92 0.97 0.90 0.92 0.91 

SSE 0.95 0.84 0.42 0.39 0.84 0.41 1.05 0.84 1.71 

ARS 0.14 0.093 0.084 0.25 0.093 0.094 0.11 0.093 0.09 

 

6.4.2 Yoon-Nelson Model 

Yoon-Nelson model is a very simple model. This model does not depend neither on the 

properties of adsorbate, physical properties of adsorption bed nor on the type of adsorbent. 

The linear form of this model is given below [288]: 

𝑙𝑛 ( 𝐶𝑡𝐶𝑖−𝐶𝑡) = 𝑘𝑌𝑁𝑡 − 𝜏𝐾𝑌𝑁               6.13 

 

where, kYN (1/min) is Yoon-Nelson model constant, t (min) is the sampling time and τ 

(min) is the required time for 50% adsorbate breakthrough.  
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It is simple to describe the behavior of the breakthrough of RO84 dye using Yoon-Nelson 

model. When plotted ln [Ct/((Ci-Ct)] vs T linear graph was obtained and from the slope and 

intercept, the value of kYN and τ is estimated. Fig. 6.7 shows the Yoon-Nelson kinetic plots 

of different specified conditions. The values of linear regression co-efficient were observed 

to be high while values of ARS and SSE were more than that calculated by Thomas model. 

Also, the calculated values of τ did not tally with the experimental values. The calculated 

parameters of this model are tabulated in Table 6.5. The observation suggested higher 

value of kYN was obtained with higher values of flowrate as well as initial concentration, 

but it declined with increase in the height of bed. The higher value of kYN may be because 

of the increased competition among dye molecules for the active sites of adsorption which 

resulted from increase in initial concentration of dye [286,287]. 
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FIGURE 6.7 Yoon-Nelson kinetic plots for RO84 adsorption on CFAC with (a) different influent flowrate, 

(b) different initial concentration of RO84 and (c) different bed height. 

 

TABLE 6.5 Calculated constants of Yoon-Nelson kinetic model at different experimental condition. 

Yoon-Nelson 

Parameters 

Flowrate (mL/min) 
Initial Dye Conc. 

(mg/L) 
Bed Height (cm) 

10 15 18 100 150 200 3 5 7 

kYN(1/min) 0.046 0.063 0.107 0.047 0.063 0.071 0.094 0.063 0.042 

τ (min) (exp) 525 309 205 530 309 268 194 309 336 

τ (min) (cal) 650 351 239 613 351 287 2465 351 453 

R2 0.90 0.91 0.93 0.91 0.91 0.97 0.91 0.91 0.91 

SSE 7.91 4.57 4.44 6.92 4.57 2.94 5.32 4.57 7.86 

ARS 0.65 0.35 0.14 0.63 0.35 0.28 0.58 0.35 0.69 

 

6.4.3 BDST model 

The Adam’s-Bohart model described the basic relationship between Ct/Ci and t in a 

continuous system which is applicable for the explanation of the initial stage of the BTC. 

The linear form of Adam’s-Bohart model is given below [282]: 

 𝑙𝑛 𝐶𝑡𝐶𝑖 = 𝑘𝐴𝐵𝐶𝑖𝑡 − 𝑘𝐴𝐵𝑁𝑜 𝑍𝐹               6.14 

 
where, KAB (L/mg min) is the Adam’s-Bohart kinetic rate constant, Z (cm) is the bed 

height and F (cm/min) is the linear velocity. 
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The basis of this model was Adam’s-Bohart equation which was later edited by Hutchins 

[277]. This model gives linear graph when plotted bed height vs. service time. The linear 

form of this model is given below. 

𝑡 = (𝑁𝑜𝐻𝑇𝐶𝑖𝐹 ) − ( 1𝑘𝑜𝐶𝑖) 𝑙𝑛 (𝐶𝑖𝐶𝑡 − 1)              6.15 

 
where, F (cm/min) is the linear velocity, ko (L/mg min) is the BDST model constant, No 

(mg/L) is the adsorption capacity and HT (cm) is the total bed height of the column. 

This model assumes that intraparticle diffusion type forces and external resistance to mass 

transfer are insignificant. Hence, the adsorption kinetics is controlled by surface 

chemisorptions on adsorbent and adsorbate present in liquid phase [281]. The comparison 

of column capacities under different process parameters was given by this model. The 

experimental data closely fits with the BDST model. The slopes and intercept of linear 

graph shown in Fig. 6.8 gives values of BDST parameters No and ko.  

 

 
FIGURE 6.8 BDST plot. 

This model is capable of explaining characteristics of fixed bed and scaling up operation 

from pilot level to the commercial application. For column operating at constant 

conditions, effectiveness can be measured using BDST model. The values of R2, No and ko 

from experiment are 0.99, 22, 273 mg/L and 0.52 mL/(mg min), respectively. In the 

present experimental condition, the highest adsorption capacity of CFAC using No value is 

49.49 mg/g. the higher value of R2enunciates better fit of this model for the present study. 

Low values of ko indicates moderate size of bed depth is required while for high value of 
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ko short bed depth is required to escape breakthrough [286,289]. The parameters of this 

model show that process can be leveraged for various flowrates. 

6.5 Conclusion 

 The RO84 removal percentage was hiked by 5%, when the flowrate of influent 

increase from 10 to18 mL/min. 

 The RO84 removal percentage was enhanced by about 8%, when the initial 

concentration of RO84 alters from 100 to 200 mg/L. 

 The RO84 removal percentage was increased by about 12%, when the bed height of 

the column increases from 3 to 7 cm. 

 The maximum column adsorption capacity was found at the values of initial 

flowrate, initial RO84 concentration and bed height of 15 mL/min, 200 mg/L and 5 

cm, respectively. It was about 720 mg of RO84 per 4.67 g of CFAC. 

 Thomas model and BDST model gave better fitment to this column experimental 

data. 
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7. CHAPTER 7 

MODELLING OF MB AND RO84 ADSORPTION 

BY CFAC 

 

The modeling of MB and RO84 adsorption on prepared CFAC was performed by using 

Design of Experiment (DoE). A five-level and five-factor CCD was used for modeling of 

the process. Various process parameters like initial concentration of dye, pH, adsorbent 

dose, time and temperature were selected as variable for the DoE matrix. Effect of 

individual variables and their interactive effects on the response were determined. 

Desirability function (D) was applied to determine the optimum condition to attain better 

response i.e. removal percentage of MB and RO84. 

7.1 Design of experimental matrix by using CCD 

The standard operational procedure of any process can be developed only when the 

parameters of process are optimized. Classical or conventional methods of optimizing are 

time consuming.  In this approach, one factor or variable is optimized by keeping other 

variables at constant level so that interactive and quadratic effect cannot be accounted. 

Therefore, these methods are inordinately cumbersome as well as time consuming. These 

disadvantages of conventional methods can be successfully eliminated by statistical 

experimental designs such as CCD in which all the variables are optimized concurrently. 

The numbers of total experiments are reduced by using this approach. 

CCD estimates the effect of each variable on response and also the deviation in the effect 

of each variable when the levels of the other factors are changed. The interactive effect of 

different variables can be achieved by DoE. CCD has the higher-level precision in 

predicting the overall important factor effects and interactive effect of different factors.  

The optimization of adsorption parameters for two different dyes (MB and RO84) on 

CFAC was accomplished using RSM. A five factor and three level central composite 

design with 50 experimental runs including 8 repeated at the center point was employed. 

The concerned design variables were pH of the solution (x1), IDC (x2, mg/L), adsorbent 
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dosage (x3, g/L), adsorption temperature (x4, K), and adsorption time (x5, min). The 

response variable was dye removal (y1, %). Table 7.1 shows the range and levels of the 

different factors. 

TABLE 7.1 Actual and coded values of adsorption variables used for optimization. 

Adsorption variables Unit Code Coded Values 

-⍺ -1 0 +1 +⍺ 

pH - x1 2.80 3 7 11 11.80 

Initial dye concentration mg/g x2 260 300 500 700 740 

Adsorbent dose g/L x3 0.72 0.80 1.20 1.60 1.68 

Temperature K x4 300 303 318 333 336 

Time min x5 16 20 40 60 64 

 

The experimental data was analyzed and processed by Design Expert software (version 

10.0.6). The regression coefficients were obtained by fitting experimental data to the 2nd 

order polynomial model. A generalized 2nd order polynomial employed in RSM study can 

be described as follow: 

 𝑦 = 𝛽0 + ∑ 𝛽𝑙𝑥𝑙3𝑙=1 + ∑ ∑ 𝛽𝑙𝑚𝑥𝑙𝑥𝑚3𝑙<𝑚=1 + ∑ 𝛽𝑙𝑙𝑥𝑙23𝑙=1              7.1 

 
where, y is the response and β0, βl, βlm and βll are the regression coefficients for intercept, 

linear, interaction and quadratic terms respectively, and xl and xm are the independent 

input variables. The response surface and contour plots displaying the interactive effect of 

two input variables were obtained using Design Expert, whereas the other input variable 

was kept constant at the center point in the 2nd order polynomial model. The opted 

adsorption parameters were optimized for dye removal using predictive equations of RSM. 

At optimized designed variables, Design Expert predicted securing the desired response. 

Comparing experimental and predicted values at optimized condition the designed model 

was validated. 

The responses i.e. removal percentage of MB and RO84 along with design matrix by 

CFAC were shown in Table 7.2. 
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TABLE 7.2 Detailed experimental design matrix and experimental data for MB and RO84. 

Run pH IDC, 

mg/L 

Adsorbent 

dose, g/L 

Temperature, 

K 

Time, 

min. 

MB, Dye 

removal, 

% 

 RO84, 

Dye 

removal, % 

1 11.0 700 0.80 333 20 74.30 55.64 

2 3.0 300 1.60 303 20 99.76 71.73 

3 7.0 500 1.20 318 64 97.61 62.85 

4 7.0 500 1.20 318 40 96.19 60.17 

5 11.0 300 0.80 303 60 99.76 56.85 

6 3.0 300 1.60 303 60 99.57 75.24 

7 7.0 500 1.20 318 16 95.28 60.71 

8 3.0 300 0.80 333 20 97.16 68.11 

9 3.0 700 0.80 333 20 52.75 59.24 

10 3.0 300 0.80 333 60 98.51 70.86 

11 3.0 700 0.80 333 60 55.85 60.22 

12 3.0 700 1.60 333 60 93.69 67.57 

13 7.0 500 1.68 318 40 99.99 66.15 

14 3.0 300 1.60 333 60 99.48 81.96 

15 3.0 700 1.60 303 60 87.91 63.20 

16 11.0 300 0.80 303 20 99.62 54.58 

17 7.0 740 1.20 318 40 52.47 57.71 

18 11.0 700 1.60 333 20 90.58 59.31 

19 7.0 500 1.20 318 40 90.18 62.07 

20 11.0 700 0.80 303 20 64.00 53.56 

21 11.0 700 1.60 303 20 81.15 56.54 

22 3.0 300 0.80 303 20 96.34 62.83 

23 3.0 700 1.60 333 20 91.40 66.04 

24 11.0 700 0.80 303 60 66.20 55.29 

25 7.0 260 1.20 318 40 99.94 67.44 

26 11.0 700 0.80 333 60 74.30 56.40 

27 2.2 500 1.20 318 40 95.38 73.23 

28 3.0 700 0.80 303 20 49.15 56.47 
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29 11.0 300 1.60 333 20 99.62 62.83 

30 11.8 500 1.20 318 40 99.96 58.67 

31 11.0 700 1.60 303 60 90.58 58.76 

32 11.0 300 1.60 303 20 99.64 57.49 

33 7.0 500 1.20 318 40 98.20 62.26 

34 7.0 500 1.20 318 40 97.19 62.17 

35 3.0 700 0.80 303 60 52.31 57.86 

36 7.0 500 1.20 336 40 97.46 64.59 

37 11.0 700 1.60 333 60 99.87 61.05 

38 11.0 300 1.60 303 60 99.57 63.97 

39 3.0 300 0.80 303 60 98.13 56.85 

40 7.0 500 1.20 318 40 93.19 62.17 

41 7.0 500 0.72 318 40 63.66 57.02 

42 7.0 500 1.20 318 40 97.17 62.17 

43 7.0 500 1.20 300 40 94.19 61.39 

44 7.0 500 1.20 318 40 96.17 62.17 

45 3.0 300 1.60 333 20 99.16 78.30 

46 11.0 300 0.80 333 20 99.62 57.49 

47 7.0 500 1.20 318 40 90.17 65.17 

48 11.0 300 1.60 333 60 99.62 66.72 

49 3.0 700 1.60 303 20 68.31 61.19 

50 11.0 300 0.80 333 60 99.73 60.41 

 

With the help of method of least squares and total fifty experimental data, regression 

coefficients and regression equations for percentage removal of dye for both the selected 

dyes were obtained [222,290]. The final regression equation in terms of coded factors of 

independent process variables was developed for MB and for RO84 in Eqs. (7.2) and (7.3), 

respectively. 

 𝑦1 (𝑀𝐵) = 93.25 + 2.99 ∗ 𝑥1 − 12.9 ∗ 𝑥2 + 7.62 ∗ 𝑥3 + 2.22 ∗ 𝑥4 + 1.59 ∗ 𝑥5 + 2.52 ∗𝑥1𝑥2 − 1.75 ∗ 𝑥1𝑥3 + 0.019 ∗ 𝑥1𝑥4 − 0.32 ∗ 𝑥1𝑥5 + 6.47 ∗ 𝑥2𝑥3 + 2.27 ∗ 𝑥2𝑥4 + 1.43 ∗𝑥2𝑥5 + 0.63 ∗ 𝑥3𝑥4 + 0.9 ∗ 𝑥3𝑥5 − 0.61 ∗ 𝑥4𝑥5 + 4.29 ∗ 𝑥12 − 10.62 ∗ 𝑥22 − 6.72 ∗𝑥32 + 3.01 ∗ 𝑥42 + 3.44 ∗ 𝑥52                7.2 
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 𝑦1 (𝑅𝑂84) = 62.45 − 3.96 ∗ 𝑥1 − 3.14 ∗ 𝑥2 + 3.45 ∗ 𝑥3 + 2.11 ∗ 𝑥4 + 0.99 ∗ 𝑥5 + 1.57 ∗𝑥1𝑥2 − 1.14 ∗ 𝑥1𝑥3 − 0.75 ∗ 𝑥1𝑥4 + 0.38 ∗ 𝑥1𝑥5 − 0.98 ∗ 𝑥2𝑥3 − 0.77 ∗ 𝑥2𝑥4 − 0.22 ∗𝑥2𝑥5 + 0.049 ∗ 𝑥3𝑥4 + 0.57 ∗ 𝑥3𝑥5 + 0.14 ∗ 𝑥4𝑥5              7.3 

 

7.2 Modeling of MB and RO84 removal by CFAC 

The analysis of variance (ANOVA) explained descriptive statistics and the stability of 

designed model and the findings are presented in Tables 7.3 and 7.4. In order to justify the 

significance of each variable for the fitted mode, Design Expert calculated coefficient of 

determination (R2) values, model coefficients, F-values, and p-values.  

 

TABLE 7.3 ANOVA for response surface model for MB. 

Source 

For MB 

Sum of 

Squares 
DF 

Mean 

Square 

F 

Value 
p-value 

Model 11476.12 20 573.81 25.33 < 0.0001a 

x1 311.14 1 311.14 13.73 0.0009a 

x2 5803.14 1 5803.14 256.14 < 0.0001a 

x3 2025.14 1 2025.14 89.39 < 0.0001a 

x4 172.48 1 172.48 7.61 0.0099a 

x5 87.73 1 87.73 3.87 0.0587b 

x1x2 202.71 1 202.71 8.95 0.0056a 

x1x3 97.93 1 97.93 4.32 0.0466a 

x1x4 0.011 1 0.011 4.97×10-4 0.9824b 

x1x5 3.33 1 3.33 0.15 0.7043b 

x2x3 1340.07 1 1340.07 59.15 < 0.0001a 

x2x4 164.80 1 164.80 7.27 0.0115a 

x2x5 65.04 1 65.04 2.87 0.1009b 

x3x4 12.78 1 12.78 0.56 0.4587b 

x3x5 25.96 1 25.96 1.15 0.2933b 

x4x5 12.01 1 12.01 0.53 0.4725b 

x1
2 93.02 1 93.02 4.11 0.0520b 
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x2
2 570.62 1 570.62 25.19 < 0.0001b 

x3
2 228.26 1 228.26 10.07 0.0035a 

x4
2 45.73 1 45.73 2.02 0.1661b 

x5
2 59.77 1 59.77 2.64 0.1151b 

Residual 657.02 29 22.66   

Lack of Fit 584.95 22 26.59 2.58 0.1002b 

Pure Error 72.07 7 10.30   

Cor Total 12133.14 49    
a significant value 
b insignificant value 

 

TABLE 7.4 ANOVA for response surface model for RO84. 

Source 

For RO84 

Sum of 

Squares 
DF 

Mean 

Square 

F 

Value 
p-value 

Model 1700.72 15 113.38 34.27 < 0.0001a 

x1 547.98 1 547.98 165.64 < 0.0001a 

x2 344.11 1 344.11 104.02 < 0.0001a 

x3 414.19 1 414.19 125.20 < 0.0001a 

x4 155.22 1 155.22 46.92 < 0.0001a 

x5 33.98 1 33.98 10.27 0.0029a 

x1x2 79.07 1 79.07 23.90 < 0.0001a 

x1x3 41.27 1 41.27 12.47 0.0012a
 

x1x4 18.18 1 18.18 5.50 0.0250a 

x1x5 4.62 1 4.62 1.40 0.2455b 

x2x3 30.58 1 30.58 9.24 0.0045a 

x2x4 18.82 1 18.82 5.69 0.0228a 

x2x5 1.59 1 1.59 0.48 0.4924b 

x3x4 0.078 1 0.078 0.024 0.8789b 

x3x5 10.37 1 10.37 3.14 0.0856b 

x4x5 0.66 1 0.66 0.20 0.6577b 

Residual 112.48 34 3.31   
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Lack of Fit 99.58 27 3.69 2.00 0.1735b 

Pure Error 12.90 7 1.84   

Cor Total 1813.20 49    
a significant value 
b insignificant value 

 

The connotation of specific model term can be explained by magnitude of the p-value of 

that particular term. The p-values < 0.05 indicates the significant model terms. For both 

the designed models, lower p-value for overall model indicated that the designed models 

were momentous. ANOVA suggests that for MB removal, linear and few of the interactive 

terms are significant, whereas more than 50% of the interactive and quadratic terms 

showed insignificant effect on the response. The same trend was observed with RO84 

removal and the quadratic terms were absent due to selected 2FI model. Moreover, the 

insignificant p-value for lack of fit implied that the designed model fitted the experimental 

data and the selected independent variables had considerable effect on the chosen 

response. It was consistent with both the designed models. The coefficient of variance 

(CV) indicated the dispersion of data relative to mean [291]. The smaller value of CV, 

obtained for both the models suggested better reproducibility which is shown in Table 7.5. 

The higher R2 value for both the models indicated that regression line adequately matched 

with the experimental data. The difference between adjusted R2 and predicted R2 was <0.2 

which implied that the model matched with the data and it could be reliably used to 

interpolate. Adequate precision represents signal to noise ratio and value >4 indicated that 

both models had strong enough signals to be used for optimization. 

 

TABLE 7.5 Model assessment terms for MB and RO84 removal. 

Parameters 

MB Dye 

removal, 

% 

RO84 Dye 

removal, 

% 

Mean 88.64 62.45 

SD 4.76 1.82 

CV 5.37 2.91 

R2
 0.95 0.94 

Adj. R2
 0.91 0.91 
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Pred. R2
 0.82 0.85 

Adeq. 

Precision 
18.77 27.30 

Model degree Quadratic 2FI 

 

Prediction of the responses within the operational range of independent variables was 

supported by the obtained statistical data. Fig. 7.1 depicts that predicted and experimental 

values were well synchronized well for both the models. It is further supported by the 

closeness of R2 values to unity and smaller SD.  

 

 
FIGURE 7.1 Predicted vs. actual (a) for % MB removal, (b) for % RO84 removal. 

7.3 Dye adsorption study 

Fig. 7.2 illustrates the interactive effect of adsorption variables on MB and RO84 removal 

in Fig. 7.2. While studying this effect, the remaining adsorption variables were kept 

constant at center point value. 
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FIGURE 7.2 The contour plots for the interactive effect of pH and concentration (a) on MB, (b) on RO84; 

pH and adsorbent dose (c) on MB, (d) on RO84; pH and temperature (e) on MB, (f) on RO84; pH and time 

(g) on MB, (h) on RO84; concentration and adsorbent dose (i) on MB, (j) on RO84; concentration and 

temperature (k) on MB, (l) on RO84; concentration and time (m) on MB, (n) on RO84; adsorbent dose and 

temperature (o) on MB, (p) on RO84; adsorbent dose and time (q) on MB, (r) on RO84; and temperature and 

time (s) on MB, (t) on RO84. 

 

7.3.1 Effect of pH 

ANOVA suggests noteworthy influence of pH on percentage dye removal for both the 

tested dyes and F-value provides relative measure of effect of pH on the adsorption. The 

relatively higher F-value obtained by ANOVA for RO84 than MB more prominent effect 

of pH on RO84 compared to MB. 

By shifting the pH of dye solution from acidic to alkaline, ~4% of rise was observed in 

percentage removal of MB, whereas RO84 removal dropped by ~13%. The observed 

adsorption behavior was consistent with literature [236,237]. Relatively less significant 

effect of pH on MB adsorption compared to RO84 adsorption was further supported by F-

value comparison. As being a cationic dye, MB adsorption was highly favorable at 
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-) 
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better adsorption at acidic pH. The same can be explained for favored adsorption of 

cationic dye (i.e. MB) at alkaline pH. 

7.3.2 Effect of initial dye concentration (IDC) 

The percentage of dye removal decreased with increased IDC in solution and this effect 

was apparent for both the tested dyes. The percentage MB and RO84 removal reduced by 

~23.5% and ~9.6%, respectively with change in IDC from 300 to 700 ppm. The effect of 

IDC on MB was relatively more pronounced than RO84. The higher F-value of IDC for 

MB than that for RO84 further strengthens the observation. It is probably that at higher 

dye concentration, large number of dye molecules promptly saturates the active sites. The 

lack of available active sites at higher IDC results in drop of immediate dye adsorption. 

However, the amount of dye adsorbed per unit amount of adsorbent increases with 

increasing IDC. The effect of IDC on the amount of dye adsorbed was strongest, which 

was steady for both the dyes. The improved adsorbent capacity at higher initial 

concentration could be attributed to higher driving force, which led to better mass transfer 

[293]. Similar observation was obtained with ACs derived from other sources and 

different dyes [239-242]. 

7.3.3 Effect of adsorbent dosage (AD) 

The adsorbent dosage is determining process variable, which measures adsorbent capacity 

at the operating conditions. For both the tested dyes, percentage dye removal increased 

notably with increasing AD. Enhancing the adsorbent quantity from 0.8 to 1.6 g/L, 

increased MB and RO84 removal by ~20 % and ~12%, respectively. It is intuitive that at 

higher adsorbent dosage, the number of available sorption sites will be higher which 

leading to improved dye extraction [294]. Nevertheless, at lower adsorbent dosage, 

quantity of dye adsorbed per unit amount of CFAC increased significantly. The study of 

effect of adsorbent dosage helped to understand methodology the adsorbent to achieve 

maximum dye removal, spending minimum amount of adsorbent [295]. Similar 

observation was reported by the other researchers [236,239,240]. 

7.3.4 Effect of temperature 

The percentage dye removal improved with increasing adsorption temperature. It implied 

that adsorption process of both the dyes in the system were endothermic in nature. Raising 

the adsorption temperature from 303 to 333K, improved the MB removal improved by 

4.2% and increased RO84 removal by 6%. The greater F-value of adsorption temperature 

for RO84 than MB advocated stronger effect on RO84 compared to that on MB. This 
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could be attributed to formation of new active sites or pore size enlargement due to bond 

rupture or increased mobility of dye molecule leading to improved dye penetration into 

micropores at higher adsorption temperature [296-298]. Additionally, it is expected that 

solid-liquid adsorption is exothermic in nature as bond formation between adsorbate and 

adsorbent releases heat [299-301]. However, several researchers have reported that the dye 

adsorption on different kinds of CFAC to be endothermic in nature [236,237,302-304]. 

7.3.5 Effect of time 

At neutral pH, the CFAC adsorbed almost 95% of MB just after 20 min of adsorption time 

and it was higher at the alkaline pH. With three-fold increase in adsorption time from 20 to 

60 min, MB removal was marginally improved by ~3.15%. This indicated that adsorption 

time showed less significant effect on MB removal, which was further supported by 

insignificant p-value of adsorption time for MB removal. With RO84, at neutral pH, 

~61.5% of RO84 was adsorbed on CFAC after 20 min of adsorption time. ANOVA 

suggested that p-value of adsorption time for RO84 was significant, though minor rise of 

3.25% on RO84 removal was experienced with change in adsorption time from 20 to 60 

min.  

Monolayer formation of adsorbate on the CFAC surface occurred in batch adsorption 

system [305]. The probable theory may be that the diffusional rate of dye from the exterior 

to the interior sites of the CFAC control the rate of removal of dye [306,307]. As 95% of 

MB and ~61.5% of RO84 diffused from aqueous phase to the interior sites of CFAC, just 

after 20 min at neutral pH, it can be therefore inferred that rate of diffusion of both the 

dyes were fairly good.  

At any given batch adsorption condition, relatively better MB removal than RO84 can be 

attributed to the smaller molecular size of MB. Probably relatively smaller pores of CFAC 

compared to molecular size of RO84 restrict the diffusion of RO84 from bulk phase into 

the interior sites. It is probable that due to this effect, lower adsorption takes place, as the 

smaller pores remain unoccupied of RO84.   

7.4 The optimization 

To make CFAC commercially attractive and cost-effective, it has to be more efficient in 

terms of percentage dye removal at minimum energy expense. The optimization constraints 

adopted for the current study is shown in Table 7.6. Though at higher concentration, 

percentage dye removal was reduced while the optimization goal of IDC was set to 

maximize in order to exploit all the available active sites of CFAC. By keeping economical 
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constraints in mind, the optimization goal for adsorbent dosage and adsorption time was set 

to minimize. The optimization goal for adsorption temperature was assigned to ‘target’ 303 

K, with an intention to execute adsorption at ambient temperature and study was carried 

out for optimization goal for maximized percentage dye removal. The set of values of 

adsorption parameter that resulted in the highest desirability was selected as an optimum 

solution. The maximum desirability achieved for MB and RO84 was 0.829 and 0.606, 

respectively. The model predicted and experimental values of % MB removal was 85.04 

and 86.19, respectively at optimized adsorption parameters: pH (x1) = 11.0, initial MB 

concentration (x2) = 563.06 mg/L, adsorbent dose (x3) = 0.82 g/L, adsorption temperature 

(x4) = 303.0 K and adsorption time (x5) = 20.0 min. For % RO84 removal, the model 

predicted and experimental values were 59.21 and 60.07, respectively at optimized 

adsorption parameters: pH (x1) = 3.0, initial MB concentration (x2) = 635.62 mg/L, 

adsorbent dose (x3) = 0.92 g/L, adsorption temperature (x4) = 303.45 K, and adsorption 

time (x5) = 20.0 min. For both the dyes, close proximity of model predicted and 

experimental values at optimized adsorption conditions validated the designed models. 

 

TABLE 7.6 Optimization constraints and optimized values. 

 

 

Name Optimization constraints Optimized values 

Goal Li Ui Importance For MB For RO84 

pH, x1 is in range 3 11 +++ 11.00 3.00 

Concentration (mg L-1), x2 maximize 300 700 +++++ 563.06 635.62 

Adsorbent dose (g L-1), x3 minimize 0.8 1.6 +++++ 0.82 0.92 

Temperature (K), x4 target = 303 303 333 +++ 303.00 303.45 

Time (min), x5 minimize 20 60 +++ 20.00 20.00 

% dye removal (MB), y1 maximize 49.15 99.99 +++++ 85.04 

86.19 

- 

% dye removal (RO84), y1 maximize 53.56 81.96 +++++ - 59.20 

60.07 
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7.5 Conclusion 

 Quadratic model and 2-Factor Integration model were suitable to optimize batch-

adsorption conditions for MB and RO84, respectively. 

  R2 values closer to unity and smaller standard deviations indicated that both the 

designed were showed good fit. 

 The model desirability achieved for MB and RO84 were 0.83 and 0.61, 

respectively.  

 At model optimized batch-adsorption conditions, observed deviation in predicted 

and experimental values for MB removal and RO84 removal were 1.33% and 

1.45%, respectively.  
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8. CHAPTER 8 

TECHNO-ECONOMIC ANALYSIS 

 

This chapter contains the process design and techno-economic analysis of AC from CF. 

The important parameters such as equipment sizing, operating cost and capital cost were 

incorporated in this study. The various important economic terms like Rate on investment 

(ROI), Internal rate on return (IRR), Net present value (NPV), payback period and 

breakeven point were determined. The sensitivity analysis was also carried out on the 

important process factors. 

 

8.1 Introduction 

Activated carbon is processed carbon with small, low-volume pores to increase surface 

area for chemical reactions and adsorption. Organic material with high carbon content is 

processed to manufacture activated carbon. In recent years, there has been a rising 

expansion of the activated carbon (AC) global market. According to the Transparency 

Market Research (TMR), the product transactions reached, in 2012, 1.913 billion dollars 

and the predictions are that at the end of 2019 the numbers surpass the mark of 4.180 

billion, presenting an annual increase rate of 11.9% in the 2013-2019 period. Moreover, if 

42.14% of the world market volume in 2012 was directed for water treatment and for 

35.21% air purification, there is a tendency for the activated carbon market to advance 

towards the food, pharmaceutical and medical industry. History of activated carbon clearly 

indicates that it is one of the adsorbent materials both in liquid and gas phases and its 

applications have steeply increased with growth of modern process industries. Considering 

the basic microstructure which works to make the activated carbon a versatile adsorbent 

and the possibilities of modifying the same to make the product suitable for a specific 

adsorption process there are immense possibilities of its very diverse useful applications. 

In previous chapters, it was concluded that a good quality of AC was prepared from the 

three different agro-wastes at laboratory level. It is always desirable to direct research from 
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laboratory level to commercial level. To implement research on commercial level it is 

necessary to investigate techno-economic performance. For this purpose, a deep market 

study is performed to find the market size, costs and revenues etc. Based on the market 

survey and availability of raw materials, the techno-economic analysis was carried out for 

the plant capacity of 2 tonnes per day. The chemical activation method was selected for the 

production of activated carbon. The total numbers of day for the production per year is 300 

days. Three shifts per day were assumed. The quality and quantity of AC was assumed as 

per our laboratory results. According to the laboratory process, a conceptual process plant 

of AC was designed. This is shown in Fig. 8.1. The economic assumptions made during 

the techno-economic analysis are represented in Table 8.1. 

 

TABLE 8.1 Economic assumptions. 

Economic parameter Economic assumption 

Plant location Gujarat, India 

Plant capacity, tonnes/day 2 

Working days per year 300 

Working hours per day 24 

Source of capital  Long term loan from bank 

Discount rate, % 15 

Depreciation method Diminishing balance method 

Raw material price, ₹/ton 500 

KOH price, ₹/kg 45 

Selling price of AC, ₹/kg 300 
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FIGURE 8.1 Process flow diagram. 
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8.2 Plant equipment cost 

Most of the cost information of equipment was collected from the various equipment 

provider vendors and reference books [308-311]. The Marshall and Swift index formula 

(Eq. 8.1) was used to calculate the latest costs of the major equipment necessary for this 

plant. The cost of equipment and its installation cost are given in Table 8.2. 

 𝐶𝑜𝑠𝑡 𝑜𝑓 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 (2019) = 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 (𝑦𝑒𝑎𝑟)  × 𝐶𝑜𝑠𝑡 𝑖𝑛𝑑𝑒𝑥 (2019)𝐶𝑜𝑠𝑡 𝑖𝑛𝑑𝑒𝑥 (𝑦𝑒𝑎𝑟)          8.1 

 

TABLE 8.2 Cost of plant equipment with its installation. 

Particulars of assets proposed  
Quantity 

Rate  

(Rs. in lacs) 

Total  

(Rs. in lacs) 

Indigenous Machineries           

Storage tank 2 1.00 2.00 

Impregnation tank 2 3.00 6.00 

Rotary dryer 2 3.00 6.00 

Washing tank 2 7.00 14.00 

Filter 2 5.00 10.00 

Condenser 3 2.00 6.00 

Evaporator 1 5.00 5.00 

Rotary Kiln 1 30.00 30.00 

Fabrication for Chamber, Hopper, Rope Hoist 1 23.00 23.00 

Rotary Cooler 1 3.75 3.75 

Recovery Dust Fabrication (chamber-boiler -id fan-

wet scrubber-chimney) 
1 16.00 16.00 

100 ft Chimney 1 11.50 11.50 

SS Flap for Recovery Heat Adjustment 2 1.00 2.00 

Bucket Elevator, Belt Conveyor 1 4.25 4.25 

Wet Scrubber 1 3.25 3.25 

Boiler Section - Boiler with additional Accessories 1 18.50 18.50 

Steam Line, Steam Header, Valves, Gages, Glass 

Fiber Insulation 
1 16.50 16.50 

Thermo Couple 4 0.40 1.60 
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Hot Water Tank 1 1.80 1.80 

Crushing Unit 2 7.50 7.50 

Screening Unit 1 8.20 8.20 

Destroying Unit 1 3.25 3.25 

Blending Unit 1 3.20 3.20 

Valves and Pipes 1 6.00 6.00 

Standard Stares  1 7.50 7.50 

Castable for Kiln, Chamber, Recovery Dust 1 12.00 12.00 

Hand Trolley and Forklift  2 9.00 18.00 

Post Activation Structure Fabrication 1 31.50 31.50 

Maintenance Equipments 1 2.50 2.50 

Erection & Installation 1 15.00 15.00 

Miscellaneous Material Handling Equipments 1 2.00 2.00 

Laboratory Equipments 1 5.00 5.00 

    TOTAL 302.80 

 

8.3 Total capital investment 

Total capital investment is the sum of the working capital and the fixed capital investment. 

To compute the remaining of the capital investment, a “Lang” factor formula (Eq. 8.2) was 

applied which was based on the total purchase equipment cost. The accuracy of this 

method is in range of 15 to 30%. The rest of the capital investment is categorized into three 

types: working capital, direct cost and indirect cost. Table 8.3 shows the total capital 

investment based on the estimation of all costs. 

 𝐶𝑓𝑐 = 𝑓𝐿 × 𝐶𝑒𝑞𝑢𝑖𝑝                  8.2 

 

where, Cfc is the fixed capital cost, Cequip is the total delivered cost of all the major 

equipment items and fL is the Lang factor. 

 
TABLE 8.3 Total capital investment breakup. 

Particulars Total (Rs. in lacs) 

Land & Site Development Exp.     
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Land Area cost (for 3000 m2) 15.00 

Land Development Cost, Boundary Wall, Gate & Road etc.   10.00 

 

  

Buildings                        

Factory Building - 109.50 

Office Buildings 0.00 

 

  

Plant & Machineries              

Indigenous Machineries     280.80 

Erection & Installation 15.00 

Laboratory Equipments 5.00 

Miscellaneous Material Handling Equipments 2.00 

Imported Machineries            0.00 

Technical know how 20.00 

    

Office Vehicles 8.00 

Office Automation Equipments (Telephone/ Fax/ Computer) 2.50 

Office Equipment, Furniture plus Other Equipment & Accessories 2.00 

Other Misc. Assets 30.50 

 

  

Pre-operative & Preliminary Expenses 2.00 

Provision for Contingencies 28.75 

    

Total Capital Cost of Project 531.05 

Margin Money for Working Capital 36.45 

Total Cost of Project 567.50 

 

8.4 Total production cost 

The calculation of the required capital investment is one part of a complete cost and 

evaluation estimate. The second important part is the calculation of the total production 

cost. It contains fixed cost, variable cost and general expenses [312]. These all expenses 

are associated with the process or the equipment of the process itself is involved in the 

manufacturing costs. 
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8.4.1 Fixed operating costs 

Generally, it is constant from year to year and may be changed marginally with the rate of 

production. This expense does not depend on the output quantity of product. Different 

costs like maintenance, supervision and clerical, operating labor, plant overhead, plant 

spares, insurances, royalties and patents etc. are covered in this cost [313].  

8.4.2 Variable operating costs 

All expenses which are directly connected with the process are known as variable 

operating costs and it is depend on the quantity of product produced. It consists mainly raw 

material cost and the utility cost. The fixed operating cost and variable operating costs for 

this plant is shown in Table 8.4. 

 

TABLE 8.4 List of fixed and variable operating costs. 

Particulars Operating years / Rs. in Lacs 

 

1-2 2-3 3-4 4-5 5-6 

Expenses/Cost of 

Products/Services/Items           

Raw Material Cost 

1188.0

0 

1188.0

0 

1188.0

0 

1188.0

0 

1188.0

0 

Lab & ETP Chemical Cost 3.00 3.00 3.00 3.00 3.00 

Packing Material Cost 1.20 1.20 1.20 1.20 1.20 

Sub Total of Net Consumption 

1192.2

0 

1192.2

0 

1192.2

0 

1192.2

0 

1192.2

0 

Miscellaneous Cost 6.00 6.00 6.00 6.00 6.00 

Employees Expenses 95.62 105.18 115.70 127.26 139.99 

Fuel Expenses 5.04 5.54 6.05 6.55 7.06 

Power/Electricity Expenses 62.78 69.06 75.34 81.62 87.90 

Depreciation 65.30 56.20 48.40 41.72 35.99 

Royalty & Other Charges 2.00 2.20 2.40 2.60 2.80 

Repairs & Maintenance Exp. 48.16 52.98 58.28 64.10 70.51 

Other Mfg. Expenses 2.26 2.49 2.74 3.01 3.31 

Cost of Output of Goods Sold 

1479.3

6 

1491.8

5 

1507.1

0 

1525.0

8 

1545.7

7 
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8.4.3 General expenses 

The third component of the total production cost is general expenses which includes sales 

expensive, administrative expenses and research and development expenses. Table 8.5 

shows the general expenses cost for this plant. 

 

TABLE 8.5 General expenses. 

Particulars 

Total 

(Rs. in Lacs) 

Administration expense 1.8 

Stationery Exp., Telephone, Postage                1.44 

Repairs and Maintenance 1.44 

Internet Expenses 1.44 

Conveyance Exp.                  3.6 

Publicity Exp.                   3.6 

Total                       13.32 

 

The total production cost is calculated per year for five years. The utility cost, employ 

expenses, maintenance expenses is raised by 10% for every year. The depreciation is also 

considered in total production cost. The production capacity of plant is 2 MT per day. It 

was assumed that up to 5 years plant will work at 100% capacity. As per the current price 

scenario of AC in Indian market, the selling price was taken as Rs. 300/kg. The price of 

AC is depending on the quality. As the surface area of AC high, the price will be high. The 

revenue realization is given in Table 8.6. 

 

TABLE 8.6 Profitability scenario. 

Particulars Operating Years / Rs. in Lacs 

 

    1-2       2-3       3-4       4-5       5-6   

  100 100 100 100 100 

Revenue/Income/Realization           

Gross Sales Realization 1800 1800 1800 1800 1800 

Less: Excise Duties/Levies 0 0 0 0 0 

Net Sales Realization 1800 1800 1800 1800 1800 
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Total Revenue/Income/Realization 1800 1800 1800 1800 1800 

Gross Profit 320.64 308.15 292.9 274.92 254.23 

Administration Expenses 13.32 14.65 16.12 17.73 19.5 

Technical Knowhow Fees & Exp. 2 2 2 2 2 

Financial Charges           

Long/Medium Term Borrowing 47.24 37.03 26.81 16.6 6.38 

On Wkg. Capital Borrowings 12.37 13.59 13.9 14.14 14.39 

Total Financial Charges 59.62 50.62 40.71 30.74 20.77 

Selling Expenses 1 1.1 1.2 1.3 1.4 

Total Cost of Sales 1555.3 1560.23 1567.13 1576.84 1589.44 

            

Net Profit Before Taxes 244.7 239.77 232.87 223.16 210.56 

Tax on Profit                  77.82 80.85 81.67 80.39 77.28 

Net Profit After Taxes           166.88 158.92 151.19 142.76 133.28 

Depreciation Added Back        65.3 56.2 48.4 41.72 35.99 

Technical Knowhow Fees & Exp.  2 2 2 2 2 

Net Cash Accruals                234.18 217.12 201.6 186.49 171.27 

 

8.5 Economic evaluation of the project 

8.5.1 Estimation of return on investment 

A calculation of rate on investment (ROI) is important before doing detailed economic 

evaluation. ROI gives the idea about annual rate of return on total capital investment for 

the proposed project. It is necessary that the value of ROI is in positive so we can think 

that the production cost is less than the annual revenue generated which means the 

proposed plant is profit making. The ROI can be calculated as follows: 

 𝑅𝑂𝐼 = 𝐴𝑛𝑛𝑢𝑎𝑙 𝑝𝑟𝑜𝑓𝑖𝑡 𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 × 100                8.3 

 
 
The net profit after tax is shown in Table 8.5 and based on that ROI has been calculated. 

The average ROI for 5 years was 26.53%. 
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8.5.2 Internal rate of return (IRR) 

It is also defined as the discounted cash flow rate of return. This is equivalent to the rate of 

interest which merely pays off the mortgage of the total investment. Fig. 8.2 indicates the 

correlation between the discount rate and the cumulative cash flow. The IRR of the AC 

plant is found to be 33.12% by calculating through MS Excel programme. 

 

 
FIGURE 8.2 Discount rate vs. cumulative cash flow. 

8.5.3 Payback period 

The payback period is the time necessary to achieve break-even point at that the total cost 

of production equals to the profit from sales revenue. It can be calculated by using the 

correlation between the cumulative cash flow at various discount rates and the total 

number of year in the project time. The payback period achieved after 3 years when the 

discount rate was 0%. The variation in payback period with different discount rate is 

shown in Fig. 8.3. 
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FIGURE 8.3 Number of years vs. cumulative cash flow at different discount rate. 

 
8.5.4 Sensitivity analysis 

The economic performance of the plant is depending on the important factors. For this 

plant, cost of raw materials and the selling price of AC are crucial factors which can lead to 

a variation in cash flow and profitability of the entire project. Fig. 8.4 shows the sensitivity 

of NPV towards selling price and raw material price. In sensitivity analysis, selling price 

and raw material price was varied by ±5% from their base value. It was observed that the 

effect of selling price is more crucial parameter than the raw material price. 

 
FIGURE 8.4 Sensitivity analysis. 
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8.6 Conclusion 

 Techno-economic evaluation for preparation of AC was performed based on 

experimental data and equipment cost was determined based on local equipment 

vendors. 

 For 2 MT/day capacity plant, the total capital investment was Rs. 567.50 lacs. 

 At discount rate of 15% the average ROI for five years and payback time of the 

plant was 26.53% and 3 years and 10 months, respectively.  

 The IRR of the plant was 33.12%.  

 The profitability of the plant found more sensitive to selling price of AC compared 

to the price of raw material. 
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9. CHAPTER 9 

CONCLUSION & FUTURE WORK 

 

The objective of this PhD thesis was to determine the potential of three widely, freely, non-

fodder agro-wastes (millet cob husk, empty cotton flower and mustard husk) as precursor 

for AC production. In addition, it aimed to evaluate the adsorption capacity of the prepared 

ACs for removal of commercial dyes like methylene blue and reactive orange 84 from in 

aqueous medium with an ultimate aim of textile industry wastewater remediation.  

9.1 Conclusions 

Based on the detailed experimental investigation the conclusions derived are as follows: 

 All the three precursors containing %C (> 40%) and %ash content (< 9%) proved 

to be promising precursors for AC preparation. 

 Preparation of AC was influenced by different parameters like activation 

temperature, impregnation ratio and holding time. These three independent 

variables were optimized by response surface methodology study. 

 At model optimized condition, % yield of AC derived from millet cob, cotton 

flower and mustard husk was 16.21, 16.20 and 16.08 wt%, respectively.  

 At model optimized condition, BET surface area measured for AC derived from 

millet cob, cotton flower and mustard husk was 1129, 1058 and 1187 m2/g, 

respectively. 

 More than 98% methylene blue in solution was removed by adsorption for all three 

ACs at process conditions (pH – 9, Initial dye concentration (400 mg/L), contact 

time (6 hr), adsorbent dose (1 g/L), temperature (30oC)). Basic pH was favorable 

for methylene blue adsorption.  

 More than 90% of reactive orange 84 in solution was removed by adsorption at 

process conditions (pH – 2, Initial dye concentration (300 mg/L), contact time (6 

hr), adsorbent dose (1 g/L), temperature (30oC)). Acidic pH was favorable for 

reactive orange 84 adsorption 
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 The Langmuir model of adsorption isotherm was give better fit for experimental 

adsorption data of methylene blue and reactive orange 84 in solution. 

 The pseudo-second order kinetic model could explain the adsorption kinetic of 

methylene blue and reactive orange 84 in a better way and the intraparticle 

diffusion was not the rate limiting step for adsorption of methylene blue and RO84. 

 Thermodynamic study indicated that the adsorption process was spontaneous and 

exothermic with increased degree of disorder.  

 Regeneration was carried out using NaOH solution for five cycles. Around 82% of 

methylene blue and 80% of reactive orange 84 could be adsorbed by all the three 

spent ACs, after fifth cycle. 

 The reactive orange 84 was effectively removed by adsorption on to CFAC using 

fixed bed column. The % removal increased with increasing process variables 

(initial concentration of dye, influent flowrate and bed height). The maximum 

column adsorption capacity was found at initial flowrate of 15 mL/min, initial 

reactive orange 84concentration of 200 mg/L and bed height of 5 cm, respectively. 

It was about 720 mg of reactive orange 84 per 4.67 g of CFAC. 

 Quadratic model and 2-Factor Integration model were suitable to optimize batch-

adsorption conditions for methylene blue and reactive orange 84, respectively. R2 

values closer to unity and smaller standard deviations indicated that both the 

designed were showed good fit. 

 For an AC manufacturing plant having 2 MT per day plant capacity, the average 

ROI for five years was 26.53% and payback time of the plant was calculated to be 

3 years and 10 months, respectively at a discount rate of 15%. The IRR of the 

proposed plant was calculated to be 33.12%. 

9.2 Future work 

 The PhD thesis can serve as an important document for researchers who would like 

to utilize the organic wastes generated from highly polluting industries. They can 

adopt the single stage activation process for converting the organic wastes to value 

added porous carbon having miscellaneous use. 

 Carbon dioxide (CO2) is a major contributor towards global warming, rising sea 

levels and increased acidity of oceans, which necessitates urgent capture of this 

particular gas in a cost-effective manner. So far, CO2 sequestration has been 

overwhelmingly dominated by use of narrow range of adsorbent materials, 
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specifically zeolites. The agro-residue based ACs have the potential to selectively 

capture and store carbon dioxide as a reservoir due to their high specific surface 

area and abundant pore volume and has the possibility to help fossil fuel-fired 

power plants filter out carbon dioxide from their smokestacks. Hence, further work 

on CO2 adsorption studies based on the ACs from the present work is envisaged.  

 The advancement of modern electronic devices depends strongly on the highly 

efficient energy sources possessing high energy density and power density. In this 

regard, super-capacitors show great promise. Due to the mesoporous structure and 

high surface area, these agro-residue based ACs can be used as efficient electrode 

materials in super-capacitors. This work can give a new dimension to the 

valorization of agro-residues. 

 Application of the prepared ACs to handle the various organic pollutants liberated 

in pharmaceutical and agro-chemical industries can also be an option of use of the 

porous carbons. 

 Impregnating the porous carbons with metals like silver, nickel, copper, etc. may 

bring forward their use as catalysts in chemical processes.  
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