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Over the past few years, the quality of water is of very important concern for living 

beings as well prevailing flora and fauna since it has direct connection with the human welfare 

and ecosystem. Numerous unwanted and noxious impurities are discharged in to the aquatic 

ecosystem, which directly affects the aquatic food chain. The major sources of water pollution 

are domestic waste from urban, rural areas and industries wastes which discharged directly into 

the nearby aquatic streams. The large number of water pollutants includes organic and 

inorganic pollutants, sediments, radioactive materials and thermal pollutants. Once they come 

into our body, they perturb our biochemical processes leading to deadly consequences. Several 

techniques like electrochemical oxidation and sensors, sorption, chemical coagulation, solvent 

extraction, bioremediation, photo catalytic degradation and adsorption were reported for the 

removal of noxious impurities from polluted aquatic source, but among all the adsorption was 

proved to be the most economical and efficient method for the removal of noxious inorganic 

and organic impurities from aqueous solution, it has been extensively applied because it is a 

simple and cost effective technique and low cost adsorbents, these adsorbents are particularly 

attractive to current researchers due to its potential applications in the wastewater treatment, 

wastewater management and environmental research areas. The research and development 

(R&D) in the field of wastewater treatment and wastewater management has expanded 

exponentially in terms of financial investment, numbers of paper published, and the number of 

active researchers worldwide. Hence for the remediation of aquatic sources we designed 

efficient and excellent adsorbents, which lead to rapid removal and fast adsorption of these 

noxious inorganic and organic impurities.  

The main objective of the present work is to convert waste products, nanoparticles and 

surface hydrogels in to novel adsorbents for the removal of noxious inorganic contaminants i.e. 

Ni2+, As(III) and As(V) and organic contaminants i.e. Phenols and its derivatives and noxious 

dyes like Acid Blue 129 (AB 129), Congo Red (CR) and Malachite green (MG) from the 

solvent phase. The results of these investigations are incorporated in the present thesis; a 

chapter wise summary of the thesis content is discussed below: 

In Chapter 1, a general introduction and a survey of novel, low cost and potential 

adsorbents reported in the literature, various types of water pollutants i.e. heavy metals, dyes, 

pesticides, biological agents and dissolved and non-dissolved solids are well investigated and 
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reported in this chapter. This chapter also summarised the different sources of the adsorbents 

i.e. Silica gel, Zeolites and ion exchange resins and activated carbon prepared from various 

sources i.e. rubber tire, lignin, fly ash, bagasse ash etc are well elucidated and presented. The 

chapter finally concludes with the scope and objective of the research work undertaken. 

In Chapter 2, the theory which involve during the adsorption phenomenon of various 

noxious impurities is described. Details related to the adsorption isotherms and kinetics will be 

discussed in the different subsections. Several adsorption isotherm models i.e. Langmuir and its 

types such as Type 1, 2, 3, and 4, Fruendlich, Temkin and Dubinin-Raduskevich etc, 

additionally various kinetics model such as Pseudo-first-order, Pseudo-second order and 

Intraparticle-diffusion etc are well investigated and discussed in this chapter. Various analytical 

characterization techniques and adsorbent preparation methods have also been discussed in this 

chapter. 

In Chapter 3, the potential of scrap tire as adsorbent for the rapid removal of Ni2+ from 

the aqueous source is presented. The developed adsorbent is well characterized using SEM, 

EDAX and FT-IR. The activated carbon prepared showed porous morphology and favorable 

surface chemistry for binding to Ni2+. Batch adsorption method is used for the optimization of 

influential parameters such as adsorbent dose, pH, contact time and temperature, the obtained 

optimized data reveals that a 0.5 g/L adsorbent dose was found to be optimum at a pH of 7, 

contact time of 50 min and temperature of 55 °C for achieving ≥95% Ni2+ removal from 

synthetic solution containing 0.1 ppm Ni2+ concentration. Thermodynamic studies revealed the 

feasibility and endothermic nature of the system. The results of the present study suggest that 

scrap tire can be used beneficially for Ni2+ removal from aqueous solution. 

In Chapter 4, waste tire rubber derived activated carbon-alumina composites (ACALs) 

and Tire rubber alumina composite (TRAL) were used as efficient adsorbent for the rapid 

removal of As (III) and As (V). The developed adsorbents i.e. activated carbon-alumina 

composites were synthesized through two-steps pyrolytic technique at 700ºC in the presence of 

N2 gas along with steam and characterized using FE-SEM, EDX and FT-IR. Ratio metric 

preparation of the activated carbon-alumina composites was carried out using activated carbon 

and aluminium hydroxide in 1:1 ratio by weight i.e. activated carbon-alumina composites 

(ACAL) 11, and 1:2 ratio by weight i.e. activated carbon-alumina composites (ACAL) 12 and 
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2:1 ratio by weight i.e. activated carbon-alumina composites (ACAL) 21. Though TRAL has 

greater BET surface area, its adsorptive capacity towards arsenic in aqueous solution is lower 

than that of ACAL11. Further, TRAL contains sulphur derived from tire rubber but ACAL11 is 

free of sulphur as it is prepared from AC-HCl which is free from sulphur as well as other acid 

soluble impurities. Adsorption of As(III) as well as As(V) on ACAL11 and TRAL are best 

fitted to Langmuir adsorption isotherm with pseudo-second order kinetics.   

In Chapter 5, the Rubber tire activated carbon modification (RTACMC) and rubber tire 

activated carbon (RTAC) were prepared from waste rubber tire by microwave assisted 

chemical treatment and physical heating respectively. A greater improvement in porosity and 

total pore volume was achieved in RTACMC as compared to that of RTAC. But both have a 

predominantly mesoporous structure. Under identical operating conditions, an irradiation time 

of 10 min, chemical impregnation ratio of 1.50 and a microwave power of 600W resulted in 

maximizing the efficiency of RTACMC for p-cresol (250 mg/g) at a contact time of 90 min 

while RTAC showed a 71.43 mg/g adsorption capacity at 150 min. Phenol, due to its higher 

solubility was adsorbed to a lesser extent by both adsorbents. Physical nature of interactions, 

pore diffusion mechanism and exothermic nature of the adsorption process was operative in 

both adsorbents. The outcomes support the feasibility of preparing high quality activated 

carbon from waste rubber tire by microwave assisted chemical activation. 

In Chapter 6, a novel adsorbent, copper oxide nanoparticle loaded on activated carbon 

(CuO-NP-AC) was synthesized by a simple, low cost and efficient procedure. Subsequently, 

this novel sorbent was characterized and identified using different techniques such as scanning 

electron microscopy (SEM), X-ray diffraction (XRD), and laser light scattering (LLS). The 

effects of some variables including pH, adsorbent dosage, initial dye concentration, contact 

time and temperature were examined and optimized. The adsorption kinetic data were modelled 

using the pseudo-first-order, pseudo-second order, intraparticle diffusion and Elovich models, 

respectively. 

In Chapter 7, applications of compounds like 2-Hydroxyethylmethacrylate (HEMA), 

2-Hydroxyethyl methacrylate–ethoxy ethyl methacrylate–methacrylic acid (HEMA–EEMA–

MA), and Polyvinyl alcohol (PVA) as an adsorbent for the removal of two hazardous toxic azo 

dyes i.e. Malachite green (MG) and Congo red (CR) from aqueous solutions were well 
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explained and elucidated. The adsorbents under consideration were synthesized and 

characterized by using SEM, and ATR-FTIR. The dye removal depends on the pH of the 

solution, the optimum pH for this experimentation was found to be 9. The adsorption affinity of 

MG onto HEMA–EEMA–MA was increased from 245 to 330 mg/g > CR onto PVA 169–236 

mg/g > MG onto HEMA 130–205 mg/g > CR onto HEMA–EEMA–MA 90–155mg/g > MG 

onto PVA 35–140mg/g > CR onto HEMA 17–57 mg/g, respectively. 
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“A healthy environment makes a healthy man” is well known quote in the English 

literature; hence a hygienic environment is vital for the appropriate development, fitness, and 

the survival of the living organisms as well as prevailing flora and fauna. The conservation and 

the protection of the environment are essential in the present industrialized and developing 

world. The exponential growth in the population of some countries including India is one the 

most prevailing problems of our age, due to this one of the most important natural resource i.e. 

water, which is a vital requirement of life and used for various household as well as industrial 

activities unfortunately exploited the most due the day to day activities of the house hold and 

industries. Today the whole world is facing water crisis because of unrestricted and excessive 

exploitation of water, due to this exploitation, we can quote that “Waste water today, live in 

desert tomorrow”. Rapid urbanization of natural resources like, increase in industries, 

especially textile industries is posing a threat to the water bodies as these discharge effluents 

with various harmful and toxic components. This deteriorates the quality as well a quantity of 

water and makes it unsafe for further use.  

1.1. General introduction 

Water resources are the valuable environmental asset which requires keen attention. It is 

defined as the sources which produce the water for our different types of uses and also those 

source that provide the huge benefit to the life of the living beings. Life on earth is not possible 

without water, which was present long before the origin of life. It is well established that water 

is major constituent of the prevailing flora and fauna including human beings. The water 

available on earth is distributed in an uneven manner. Of the total water content present on the 

earth, approximately 97% is present in the form of oceans and cannot be used without any 

purification. The remaining 3% water is generally available as fresh water, but 68.7% of this 

3% fresh water is locked in the form of ice caps and glaciers, 30.1% of this 3% is available in 

the form of ground water, 0.9% of this 3% is present in other form and rest 0.3% of this 3% is 

present in the form of surface water. A pictorial presentation of this water distribution is shown 

in Figure 1.1. The river, lakes and streams contain only 0.3% of the total [1], which is 

immediately available for use. The quality of water is of very important concern for the 

prevailing flora and fauna including living organisms. A few decades back, when there is no 

industrialization, the water available from lakes, rivers and underground reservoirs was pure 

and suitable for drinking and other daily purposes. However rapid urbanization and 

industrialization leads to numerous unwanted and toxic materials discharged into air, water and 

soil, due to this urbanization, industrialization, modern methods of agricultural and domestic 

activities, the demand for water has increased tremendously which resulted in the generation of 
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large amount wastewater [2, 3] containing a number of chemicals called ‘pollutants’, which are 

harmful to both aquatic flora and fauna including human beings. 

beginning was generally mixed up with natural water resources, which resulted in the 

contamination and depletion of the potable nature of water. 

Figure 1.1 Pictorial presentation of water distribution on earth

According to FAO-UNICEF, India is the largest consumer of groundwater in the world 

with an estimated usage of 230 km3 

required for the agriculture purpose and rest is required for the other useful activities. 

According to the Department of Drinking Water and Sanitation (DDWS) nearly 90% of the 

rural water supply is from the groundwater sources. The Water and health of prevailing flora 

and fauna including human beings are closely related with each other. Unsafe water and poor 

sanitation contributed 7.5% of total deaths and 9.4

About 1/3rd of the total deaths of the children’s of age group 0

diarrhoea and pneumonia [6]. Due to unsafe drinking water, the children’s suffer from several 

diseases which results in the weakening of the immune system, and 

become malnourished and underweight, which alters their learning ability throughout the life. 

According to the Statistical data, inappropriate dispos

contamination in to the nearby aquatic stream

about 38,000 million litres of the toxic waste is generated
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containing a number of chemicals called ‘pollutants’, which are 

harmful to both aquatic flora and fauna including human beings. This wastewater in the 

beginning was generally mixed up with natural water resources, which resulted in the 

contamination and depletion of the potable nature of water.   
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inappropriate dispose off of toxic waste, leads to water 

aquatic streams. As per the CPCB, 2009 reports 

the toxic waste is generated per day, and out of which only 12000 

containing a number of chemicals called ‘pollutants’, which are 

This wastewater in the 

beginning was generally mixed up with natural water resources, which resulted in the 
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become malnourished and underweight, which alters their learning ability throughout the life. 
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million litres per day of toxic waste is treated with the prevailing treatment techniques and 

procedures. Around 39% of the toxic waste treatment plants in India do not meet the general 

standards prescribed under the Environment Protection Rules. This work deals with the rapid 

removal and fast adsorption of noxious impurities from the wastewater. A few decades ago, 

there was a general feeling among many people that nature could effectively handle hazardous 

substances. Although, nowadays human beings are more concerned of their sensitive natural 

environment, pollution is still a problem.  

1.2. Pollution and pollutants 

1.2.1 Pollution 

The word pollution derived from the Latin word “pollutionem” (defilement or to 

contaminate). It is defined as “The addition of any foreign material like inorganic, organic, 

biological or any radiological or any physical change occurring in nature which may harm or 

affect the living organisms directly or indirectly immediately or after a long time.”  

1.2.2. Pollutants 

According to Environment protection act (EPA) [8-10]; the term pollutant is defined as 

“A harmful solid, liquid or gaseous substance present in such concentration in the environment 

which tends to be injurious to environment.” In broad sense it refers to a substance/material that 

changes the nature quality of the environment by physical, chemical, or biological means. 

Pollutants can be classified in a number of ways:  

1. On the basis of their forms they exist in the environment after their discharge: 

 Primary pollutants (NOx, SOx, CO) 

 Secondary pollutants (i.e. substance derived from primary pollutants like Peroxy 

Acetyl Nitrate (PAN). 

      2. On the basis of ecosystem point of view: 

 Biodegradable pollutants are the substances which can be decomposed, removed 

or consumed and thus reduced to acceptable levels e.g. domestic wastes, heat 

etc. 

  Non biodegradable pollutants are those which either do not degrade or degrade 

slowly or partially and hence pollute the environment. 

Thus we can conclude that when the waste products produced by human activities are 

not efficiently assimilated, decomposed or otherwise removed by natural biological or physical 

process, then they affect the prevailing ecosystem and food chain of the aqueous sources. The 

three main activities that mankind indulges in are domestic, agricultural and industrial, due all 
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these activities, large percentage of water fresh water is used, which is later on discharged in to 

the nearby aquatic streams in the form of wastewater containing different pollutants. On the

type of human activity, pollutants are 

[11-13], and biological agents as well as heat and radiations. A 

noxious pollutants on the basis of chemical nature is presented in 

major pollutants are discussed as under.

Figure 1.2 Pictographic appearances 

1.2.2.1. In vivo biological agents  

It may also be termed as biological threat agent or

biological agent is microorganism, which may be a protozoan, parasite, bacterium or fungus. 

These biological warfare agents may be present in the domestic effluent and sewage water. 
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the nearby aquatic streams in the form of wastewater containing different pollutants. On the 

categorised in to inorganic and organic pollutants 

appearance of 

  Some of the 

 

of noxious pollutants on the basis of chemical nature 

biological warfare agent. A 

agent is microorganism, which may be a protozoan, parasite, bacterium or fungus. 

These biological warfare agents may be present in the domestic effluent and sewage water. A 



Introduction Chapter 1 

 

5 
 

number of biological warfare agents [13], such as Bacillus antracis, Brucella abortus, Vibrio 

cholera, Corynebacterium diphtheriae, and Yersinia pestis  causes severe waterborne 

detrimental diseases such as anthrax, brucellosis, cholera, diphtheria and plague respectively. 

For prevention against such severe detrimental diseases, biological warfare agents are needed 

not to be removed from the aqueous source. 

1.2.2.2. Heat  

The term thermal pollution is defined as “The dilapidation in the quality of the aquatic 

sources due to the high temperature waste discharged in the aquatic sources”. The high 

temperature of this wastewater not only affects the aquatic ecosystem but it also causes many 

chemical and bacteriological reactions, such as formation of trihalomethane (THM) and higher 

corrosion activity [14]. These thermal pollutants when discharged in to the aquatic sources then 

it affect the biological oxygen demand, chemical oxygen demand and aquatic food chain of that 

aquatic ecosystem. This aquatic ecosystem deployment due to these thermal pollutants is also 

known as “thermal shock”.  

1.2.2.3. Heavy metals 

Noxious heavy metals in air, soil, and water are global problems that are a growing 

threat to the environment. The wastewater generated from many industries may contain a 

number of heavy metals which have significant toxic effects [15, 16], and thus considered as 

pollutants [17, 18]. There are several sources of heavy metal pollution, out of them the main 

sources are the coal, natural gas, paper, tanning, glassware, ceramics, electroplating industries 

etc. The wastewater of these industries contain heavy metal ions such as Cr(III),Cr(VI), Pb(II), 

Cd(II), As(III), As(V), Cu(I), Cu(II), Fe(II), Fe(III), Mn(II), V(III) and V(V), Ni (II), and Hg 

(II) etc. These heavy metals enter into the ecosystem mainly as: a) deposition of atmospheric 

particulates, b) discarding of metal enriched sewage sludge and other effluents and c) industrial 

wastes. The calculation of metal contribution in the ecosystem from the two later sources i.e. 

(b) and (c) is relatively easy to access. However, atmospheric contribution is difficult to 

calculate accurately because of atmospheric mixing of metal-bearing particulates and different 

metal-discharging sources which contribute to the metal content. These noxious metal ions 

possess severe detrimental effect on the human health and prevailing flora and fauna [19]. 

Table 1 reveals the origin sources and toxic effects of some major noxious metals ion on human 

health.  
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Table 1.1 Origin sources and toxic effects of some major noxious metals ion on human health.  

Inorganic pollutants affecting the aqueous environment 

Pollutant Usage sources Health hazards and detrimental effects 
Aluminum Drainage of mining industries and 

weathering of rock  
Changes water odour and responsible for 
water discoloration, increases water 
turbidity. 

Antimony Municipal wastes, glass, 
retardants, fireworks and natural 
weathering process.  

Changes blood glucose and cholesterol 
levels on long term exposure, decreases 
longevity.  

Barium Enters environment through 
sandstones, soils and limestone 
industry 
 

Cardiovascular disorder, gastrointestinal 
disorder and neurotoxic effect 
 

Beryllium Mining industries, from rocks also 
in low concentration, nuclear 
plants, petroleum industries 
 

Carcinogenic agent, leads to acute and 
chronic toxicity, pleural disorders, 
osteoporosis 

Cadmium Form rocks, petroleum, paints and 
pigment industries, plastic 
plasticizers and stabilizers 
 

Hypertension, renal damage, pleural 
damage, damages testicular cells and 
sometimes anaemia 
 

Chromium Leaching and mining process, 
combustion of fossil fuels. 
Cements plants. 

Cr (VI) ion is toxic and leads to pleurisy 
and renal damage, lead to haemorrhaging, 
dermatitis and stomach ulcers 

Copper Domestic wastes, industrial outlets 
and leaching of minerals 
 

Abdominal and intestinal ulcer, anaemia, 
and nephron damage  
 

Iron Through Sedimentation process of 
rocks, metal industries and mining 
industries 
 

Changes water odour and taste made it 
astringent 
 

Lead Mining, plumbing industries in 
addition to this from coal and 
gasoline products 
 

Affects RBC, mental retardation, causes 
deafening and hypertension in adults, 
sometimes it acts as carcinogenic agent also 
 

Mercury Used in many electrical industries 
and mining as well as pesticide 
manufacturing units 
 

Causes Minimata disease, renal failure and 
respiratory disorder, nuero toxic agent 
 

Zinc Used in metal plating industries, 
plumbing and industrial waste 

Changes water odour and color, changes 
water taste, causes health hazard in very 
high doses only 

 

A detailed study on the adsorption properties of the some of the toxic metal ions such as 

Cr (VI), As (V), Pb (II), and Ni (II) were presented below: 
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1.2.2.3.1 Chromium [Cr (VI)] 

Chromium is a highly toxic metal, which is extensively used industries and it enters the 

aqueous systems from various industries like electroplating, metal finishing, leather tanning, 

wood preserving and manufacturing of dyes and paints. It occurs in both the trivalent and 

hexavalent forms. Cr(III) is the most stable form, but is very insoluble and hence aqueous 

concentrations are well below water quality standards [20]. The Cr(VI) has high solubility in 

water and is more dangerous to living bodies since even low concentrations proved to be 

carcinogenic to the human beings. It exists in several stable forms in aqueous solution 

including Cr2O7
2-, HCr2O7

-, HCrO4
- and CrO4

2- depending on the Cr (VI) concentration and pH 

[21]. Chromate and dichromate ions can affect digestive organs adversely. The maximum 

allowable limit of hexavalent chromium for the discharge into public sewers, marine coastal 

areas, in land surface water [22] is 2, 1, 0.1 and 0.05 mg/L respectively. 

1.2.2.3.2 Arsenic [As(III) and As(V)] 

Arsenic is one of the main pollutants in waste discharges, it occurs in the environment 

in several oxidation states such as 3, 0, +3 and +5. Inorganic arsenic is generally found as 

trivalent arsenite or pentavalent arsenate form in the aqueous solution. It is introduced into the 

surroundings and aqueous system through geochemical reactions, industrial waste discharges 

and pesticides. In surface water under oxidizing conditions, arsenate predominates while 

arsenite becomes stable in anaerobic water under reducing conditions [23]. Arsenic toxicity is 

dependent on its chemical form, solubility and mobility. The As(V) is less hazardous than As 

(III) [24]. The presence of arsenic in the aquatic source leads to severe detrimental and harmful 

affect on prevailing flora and fauna. Chronic arsenic poisoning can occur from the ingestion of 

drinking water containing high levels of arsenic. Acute arsenic poisoning results in the muscle 

disorder, abdominal pain, headache and diarrhoea. Long term exposure of arsenic pollutant 

leads to severe detrimental effect on the vital organs i.e. cardiac diseases [25], bronchial 

disorder [26], diabetes [27] and sometimes it proved to be carcinogenic [28, 29] for living 

beings. According to the US Environmental protection agency, the acceptable value of arsenic 

in drinking water is limited to 10μg/L [30] 

1.2.2.3.3. Lead [Pb (II)] 

Among the heavy metal pollutants, lead is considered as a main environmental 

pollutant. It is commonly used in a wide variety of industrial processes such as textile dying, 

ceramic and glass industries, petroleum refining, battery manufacture and mining operations 

[31]. It has widespread use in electrical industries, fungicides, anti-fouling paints etc. Lead 
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contamination of drinking water occurs as a result of corrosion and leaching from lead pipes 

and Pb/Sn soldered joints associated with the copper used in house-hold plumbing [32]. It 

comes into the environment through effluents from lead smelters, battery manufacturers, paper 

and pulp industries and ammunition industries [33]. Major lead pollution is due to the 

manufacture of storage batteries, painting pigments, solder, plumbing fixtures, automobiles, 

cable coverings, radioactivity shields, caulking and bearings [34, 35]. The removal of lead in 

wastewater is major issue for many years due to their environmental harm and threat to life 

[36]. Lead is a general metabolic poison and enzyme inhibitor. It can cause mental retardation 

and semi-permanent brain damage in young children [37]. All lead compounds are considered 

as cumulative poisons. Acute lead poisoning can affect the nervous system and gastrointestinal 

track [38]. Lead accumulates mainly in bones, brain, kidney and muscles. In addition to this it 

may lead to severe disorders like anaemia, kidney diseases, nervous disorders, sickness and 

even death [39]. Lead ions concentrations approach 200-500 mg/L in the industrial 

wastewaters. This value is very high compared to the water quality standards and it should be 

reduced to 10µg/L [40]. 

1.2.2.3.4. Nickel [Ni (II)] 

Wastewater contaminated by high doses of toxic metal ions has been a serious after 

effect of the rapid industrialization. There has been thus a rapid depletion in the availability of 

fresh water and consequent increase in water borne diseases to humans and aquatic life. Several 

industrial activities like mineral processing, electroplating, production of paints and batteries, 

manufacturing of sulphate and porcelain enamel industries etc. have generated wastewater 

containing nickel ions in doses higher than the limits [41-43]. The U.S. Environmental 

Protection Agency (EPA) requires nickel not to exceed 0.015 mg/L in drinking water [30] and 

the same prescribed by WHO is 0.02 mg/L [44]. Human exposure to nickel ions at higher doses 

is associated with serious health effects like dermatitis, nausea, coughing, chronic bronchitis, 

gastrointestinal distress, and reduced lung function and lung cancer [45, 46]. Because of its 

toxicity, persistency and bioaccumulation in the food chain [47], the nickel ion pollutant is a 

potential threat to the environment and there is a need for its effective removal in order to 

ensure adequately treated effluent quality for various uses. 

1.2.2.4. Dissolved and Non-Dissolved Chemicals 

During the course of domestic, industrial, and agricultural operations, a number of 

chemicals are used or produced and often get mixed up with fresh water, which is then 
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discharged as wastewater. The chemicals present in wastewater may be in a dissolved or non-

dissolved state. 

Non-dissolved substances are generally present as suspended solids in a dispersed form. 

The suspended solids make the water turbid and sometimes they may also slowly settle down 

with the formation of slit. The presence of suspended solids clogs waterways, fills up dams, and 

is harmful to aquatic life in many ways [48]. The most common chemicals [13] found in 

wastewater in a dissolved state and considered as potential pollutants are heavy metals, dyes, 

phenols, detergents, pesticides, polychlorinated biphenyls (PCBs), and a host of other inorganic 

and organic substances. 

1.2.2.5. Colored synthetic compounds 

Dyes are important materials that are currently in use both for domestic and industrial 

purposes. Since the invention of synthetic dyes [49] in 1856, several forms of dyes are now 

available, and more than 8000 dyes are being manufactured and consequently used for specific 

purposes. The dyes in use are both water soluble and insoluble. The big consumers of dyes are 

textile, dyeing, paper and pulp, tannery, and paint industries. Hence, the effluents of these 

industries as well as those from plants manufacturing dyes tend to contain dyes in sufficient 

quantities for them to be considered an objectionable type pollutant for two reasons: they 

impart colour to water, which is not acceptable on aesthetic grounds, and they are toxic and 

adversely affect life [50-53]. Table 2 reveals the health hazards and origin sources of some 

organic pollutants. 

1.2.2.6. Biocides agents 

Whereas many other pollutants are only important in the urban setting, pesticides are 

pre eminently a problem arising from rural activities. Depending on their function, pesticides 

[54] are sub classified as herbicides, algicides, slimcides, bactericides, fungicides, and 

insecticides. Among these, insecticides and fungicide are important pesticides with respect to 

human exposure in food because they are applied shortly before or even after harvesting. 

Herbicides production has increased significantly, as chemicals are being increasingly used 

during the cultivation of land for controlling weeds and now accounts for the majority of 

agricultural pesticides. Although DDT has been banned, various substitutes such as toxaphene, 

lindane, parathion, malathion, heptachlor and endrin can also cause environmental pollution 

(Table 2). The problem of pesticides pollution arises not only due to agricultural operations but 

also from pesticides manufacturing plants.   
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Table 2 Health hazards and origin sources of some organic pollutants. 

Organic contaminants in aqueous environment 

Contaminant Usage sources Health hazards and 
detrimental effects 

Volatile organic 
compounds 

Enters in the ecosystem during the 
manufacturing of plastics, rubbers, 
Pesticides and insecticides, paints 
and pharmaceutical companies 
 

Carcinogenic, pleural 
disorders, anaemia, dermatitis 
and blurred vision, respiratory 
infections. 

Pesticides Enters ecosystem through 
pesticides manufacturing units 
 

Leads to frontal lobe disorder, 
results in intense headache, 
abdominal disorders, 
teratogenic, affects 
reproductive system 
 

Plasticizers, 
chlorinated solvents, 
benzo[a]pyrene, and 
dioxin 

Used as sealants, linings, solvents, 
pesticides, plasticizers, 
components of gasoline, 
disinfectant, and wood 
preservative.  

Carcinogenic, respiratory 
disorder, dizziness, headache 
and teratogenic 

 

1.2.2.7. Phenol and its derivatives 

Like dies and metals, phenols are also considered priority pollutants [55, 56] as they 

impart bad test and odour to water and are also toxic, [57, 58] even at low concentrations. The 

determination and removal of phenols from water is therefore important. These are present in 

wastewater generated from pulp and paper, chemicals, paint, resin, pesticides, gas and coke 

manufacturing, tanning, textile, plastics, rubber, pharmaceutical and petroleum industries.      

1.2.2.8. Detergents 

Most detergents are phosphate based, which are major water pollutants, responsible, for 

42% of human and animal diseases. According to literature “the main problem is that of 

phosphate-based detergents promoting eutrophication of aquatic environments”. Eutrophication 

or nutrient pollution is a process by which water bodies gradually age and become more 

productive.  Sewage perhaps is a particular source of phosphorus when detergents containing 

large amounts of phosphates are drained during washing. Now a days sewage contains 

appreciable quantities of synthetic detergents too [59]. The persistent surfactants like alkyl 

benzene sulphonate (ABS) interfere with waste treatment process by stabilizing the small 

particles as colloidal suspensions and thereby decreasing the activity of biological filter beds 

and activated sludge.  
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1.2.2.9. Polychlorinated biphenyls and Polybrominated diphenyl ether  

The term polychlorinated biphenyls (PCBs) refer to a group of 209 different chemical 

compounds. PCBs were used primarily for lubrication and insulation in electrical equipment 

and are generated in a variety of manufacturing processes which include manufacture of brake 

linings, glass ceramics, grinding wheels, various types of coatings, flame proof paints, 

varnishes, sealants , electrical equipments, plastic coating etc. they so high chemical, thermal 

and biological stability low vapour pressure and high dielectric constants. They do not cause 

biochemical oxygen demand problem in aquatic ecosystem but are extremely toxic [53]. PCBs 

are considered among the most dangerous of life threatening substances created by humans. 

They pollute the food chain and are present as contaminants in wildlife and humans at levels 

thousands of times higher than the surrounding air, water and soil. Many studies have shown 

that PCBs are capable of disrupting the endocrine system and are associated with reproductive 

failure, immune system disorders, behavior and learning disorders and cancers. 

Polybrominated diphenyl ether (PBDE) is a flame-retardant sub-family of the 

brominated flame-retardant group. They have been used in a wide array of household products, 

including fabrics, furniture and electronics. These pollutants are of three main types according 

to the bromine atoms in the molecule i.e. penta, octa and deca. The family of PBDEs consists 

of 209 different substances, which are called congeners. There are two sub group viz. lower 

brominated and higher brominated. Lower brominated PBDEs have 1-5 bromine atoms and are 

regarded as the most dangerous ones, because of the smaller size which can be absorbed by 

living organisms easily. These PBDEs has been known to affect hormone levels in thyroid 

gland [54]. Whereas, higher brominated PBDEs have more than 5 bromine atoms and were 

formerly regarded as environmentally harmless chemical compounds. 

1.2.2.10 Polycyclic aromatic nuclear hydrocarbons   

Polycyclic aromatic nuclear hydrocarbons (PAHs) are chemical compounds that 

consists of fused aromatic rings and do not contain hetero atoms or other substituent. Some of 

them are known as suspected carcinogens. They are formed by incomplete combustion of 

carbon-containing fuels such as wood, coal, diesel, fat or tobacco [55]. PAHs toxicity is very 

structurally dependent, with isomer (PAHs with the same formula and no. of rings) varying 

from being nontoxic to being extremely toxic. Thus, highly carcinogenic PAHs may be small or 

large. One PAH compound, benzoic [a] pyrene, is regarded as first chemical carcinogenic 

agent.  
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1.2.2.11. Hormone mimicking substances 

Dioxins are possibly the most cancer causing chemicals known because their chemical 

structure mimics that of hormones. They are toxic mainly because they are persistent organic 

pollutants [56]. Dioxins can exist in our body for up to seven years before they kill. The only 

known way to destroy dioxins is by burning the contaminated material, by heating it to almost 

1000oC. The reason why dioxins are some of the most toxic chemicals in existence is because 

they do not dissipate naturally. 

1.2.2.12. Radioactive substances 

The radioactive substances [59] are handled with all precautions in view of harmful 

nature of radiations emitted by them. In spite of this, radioactive materials are often found in 

effluents coming from various industries and hospital outlets. Nowadays, many nuclear 

weapons are tested underground which is contaminating ground water radioactively.  

1.2.2.13. Artificial chemicals as pollutants 

A host of other organic chemicals may also be present in effluents generated from 

different industries. These include: trihalomethanes such as chloroform and bromoform, 

trichloroethylene, tetrachloroethylene, aromatic hydrocarbons such as benzene, toluene, xylene 

and biphenyls, halogenated aromatics, such as chlorobenzene, dichlorobenzene, chlorotoluene 

and chloroxylene, halogenated aliphatic compounds, including bromochloromethane, 

dibromomethane and tetrachloromethane, halogenated ethers, polycyclic aromatic 

hydrocarbons, such as naphthalene, acenaphthene, fluorine and phenanthrene, aldehydes, 

esters, alicyclic hydrocarbons and ketones. 

The majority of the chemicals present in wastewater is toxic above certain concentration 

level and is, therefore, considered as pollutants. The lethal effects of the pollutants are well 

documental in literature [51, 60-61]. In view of general awareness created by modern methods 

of communication and information, it has becomes imperative on the part of government, 

industries and municipal authorities to work out methods for pollution control. A number of 

methods are of course available but sometimes cost factors override the importance of pollution 

control. The search for cost effective technology for safe and effective treatment of wastewater 

is always on.                                                                  

1.3. Wastewater Treatment Technologies 

Wastewater treatment and reuse is an important issue and scientists are looking for 

inexpensive and suitable technologies. Water treatment technologies are used for three 
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operations and processes are combined together to provide what is called as primary, secondary 

and tertiary treatment. 
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1.3.2. Secondary Water Treatment Technologies 

 Secondary water treatment includes natural routes for the exclusion of soluble and 

inexplicable impurities by biological organisms [67, 68]. Water is circulated in a reactor that 

maintains a high concentration of microbes. The microbe usually bacterial and fungal strains 

convert the organic matters into water, carbon dioxide and ammonia gases [69-73]. The 

biological treatment includes aerobic [74, 75] and anaerobic digestion [76-81] of wastewater. 

Depending on the materials use, the cost of biological treatment varies between 20 and 200 

UUS/ million litres. The disadvantage of the method is the production of a large quantity of bio 

solids, which require further costly management. The aerobic process is carried out by trickling 

filters or activated sludge processes or oxidation ponds.  

1.3.3. Tertiary Water Treatment Technologies 

Tertiary water treatment technologies includes processes like distillation [82], 

crystallization [83], evaporation [84], solvent extraction [85, 86], chemical oxidation carried 

out by potassium permanganate, chlorine, ozone. H2O2, Fenton’s reagent (H2O2 and Fe 

catalyst) and chlorine dioxides [87-95], advanced oxidation method using ozone [96-99], 

combined ozone and peroxide [100], ultra violet enhanced oxidation such as UV/fenton or 

photo-Fenton [101, 102], UV/hydrogen peroxide, UV/ozone [103], UV/air wet air oxidation 

and catalytic wet air oxidation (where air is used as the oxidant), photocatalysis using oxides 

such as TiO2, ZnO, ZrO2, CeO2, etc or sulphides such as CdS, ZnS etc. [104-112], sonolysis 

[113], precipitation [114], ion exchange [115-119], micro and ultrafiltration [120-122], reverse 

osmosis [123-129], and adsorption [130], electrolysis [131-136] and electrodialysis [137-140]. 

A particular treatment process may not be useful in removing numerous noxious 

impurities, in order to eradicate the noxious impurities rapidly from wastewater new techniques 

such as adsorption must be used because it has a capability of removing noxious impurities 

from wastewater. 

In the present thesis we deal with the rapid removal and fast adsorption of various types 

of pollutants, hence it is desirable to survey literature on adsorption methodology. This is being 

discussed in following sections. 

1.4. Adsorption technology 

The ingenuity of adsorption in pollution control has been recognized and the importance 

of adsorption [141-146] in chemical, food, petroleum and pharmaceutical industries is also well 

established. 
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The term adsorption refers to a process wherein a material is concentrated at a solid 

surface from its liquid or gaseous surroundings. It is now customary to differentiate between 

two types of adsorption. If the attraction between the solid surface and the adsorbed molecules 

is physical in nature, the adsorption is referred to as physical adsorption. Generally, in physical 

adsorption, the attractive forces are van der Waals forces, and they are weak, the resulting 

adsorption is reversible in nature. On the other hand, if the attraction forces between adsorbed 

molecules and the solid surface arise due to chemical bonding, the adsorption process is called 

chemisorptions. In view of the higher strength of the bonding in chemisorptions, it is difficult 

to remove chemisorbed species from the solid surface. The strength of bonding in physical 

adsorption and chemisorptions is manifested in the values of enthalpy of adsorption which are 

much lower (≤ 25kJmol-1) for the former as compared to later (of the order 200 kJmol-1). The 

solids adsorbing the material are called adsorbents whereas the substances that are adsorbed are 

called adsorbates. 

Adsorption has been found to be superior compared to the other techniques for water re-

use in terms of initial cost, flexibility and simplicity of design, ease of operation and 

insensitivity to toxic pollutants. Adsorption also does not result in the formation of harmful 

substances and is regarded as one of the most effective and attractive processes with several 

advantages associated with no chemical sludge and high removal efficiency. Liquid-solid 

adsorption operations concern the ability of certain solids to preferentially concentrate specific 

substances from solution onto their surfaces, such as the removal of moisture dissolved in 

gasoline, the decolourisation of petroleum products and the removal of pollutants from aqueous 

effluents. 

1.5. Adsorbents 

Adsorbents are conveniently divided into three classes: inorganic materials, synthetic 

polymers, and carbons. Inorganic materials vary widely like activated alumina, silica gel, clays, 

fuller’s earth and zeolites. Adsorbents based on synthetic polymers, like ion exchange or 

acrylic ester polymers are commonly used in wastewater treatment. Most interesting in this 

connection are carbons. The carbons have non-polar surfaces that are used to adsorb non-polar 

molecules. While activated carbon is especially known for its effectiveness in removing 

organic chemicals from wastewater, it is also surprisingly effective in removing a variety of 

inorganic pollutants. Adsorption plays a significant role in pollution control, where adsorbent 

can adsorb mere traces of solute, making this method especially useful for dilute solutions. 
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Molecules adsorb on virtually all surfaces, the amount they adsorb is roughly proportional to 

the amount of surface.  

To examine the practical ability of a solid sorbent, the following characteristics must be 

considered: porosity, structural stability, reversible uptake and release and capability of surface 

modification for creating molecule-specific adsorption sites [147]. Most of the solid adsorbents 

possess a complex porous structure that consists of pores of different sizes and shapes. In terms 

of the science of adsorption, the total porosity is usually classified into three groups: 

micropores (smaller than 2nm), mesopores (in the range of 2 to 50nm) and macropores (larger 

than 50nm) [148]. The adsorption in micropores is a pore-filling process, because sizes of 

micropores are comparable to those of adsorbate molecules. All atoms or molecules of the 

adsorbent can interact with the adsorbate species. This is the fundamental difference between 

adsorption in micropores and meso- and macropores. The pore size distribution of micropores 

is another important property for characterizing adsorption capacity of adsorbents [149-151]. 

Mono and multilayer adsorption takes place successively on the surface of mesopores and their 

final fill proceeds according to the mechanism of capillary adsorbate condensation [152]. The 

basic parameters characterising mesopores are specific surface area, pore volume, pore size and 

pore volume distribution. Since the specific surface area of macropores solids is very small, 

adsorption on this surface is usually neglected. Hence the important characteristics of good 

adsorbents [153, 154] are their high porosity and consequently larger surface area with specific 

adsorption sites (Figure 1.4). 

 

Figure 1.4 Activated carbon sub divided in the basis of porous nature 
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Figure 1.6 Classification of industrial and agricultural wastes as adsorbents

1.5.1. Conventional adsorbents 
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High cost of these adsorbents is due to their manufacture by private companies and sale as per 

their high profit. As already discussed their use is often restricted due to their high cost and 
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Classification of industrial and agricultural wastes as adsorbents 
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with its particle size 

% purity, costs about US$ 180 per kg. 

The activated alumina comprises a series of non equilibrium forms of partially 

porous solids made by thermal treatment of aluminium 

hydroxide precursors and find applications mainly as adsorbents, catalyst and catalyst support. 

In general, as a hydrous alumina precursor is heated, hydroxyl groups are driven off leaving a 
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porous solid structure of activated alumina. One of the earliest uses for activated alumina was 

removal of water vapors from gases and this remains an important application. Activated 

alumina having surface area ranging from 200-300 m2/g [157], is also used to remove water 

from organic liquids including gasoline, kerosene, oils, aromatic hydrocarbons and many 

chlorinated hydrocarbons. Activated alumina is receiving renewed attention as an adsorbent 

and a wealth of information has been published [158-160] on its adsorption characteristics. The 

cost of alumina used for water purification is about US$ 58 per kg. 

1.5.1.3. Zeolites and Ion exchange Resins 

Zeolites are basically hydrated alumina-silicate minerals with an “open” structure that 

can accommodate a wide variety of positive ions such as Na+, K+, Ca2+, Mg2+ and others. There 

are 40 natural and over 100 synthetic zeolites, among them the more common mineral zeolites 

are: analcime, chabazite, heulandites, natrolite, phillipsite, and stilbite. The zeolite channels (or 

pores) are microscopically small, and in fact, have molecular size dimensions such that they are 

often termed “molecular sieves.” The size and shape of the channels have extraordinary effects 

on the properties of these materials for adsorption processes, and this property leads to their use 

in separation processes. Molecules can be separated via shape and size effects related to their 

possible orientation in the pore, or by differences in strength of adsorption. They are also 

considered as selective adsorbents. Zeolites generally show a surface area in the range 1-

20m2/g [157]. Zeolites-based materials are extremely versatile. Various zeolites have been 

employed for the removal of pollutants [161-162]. A number of ion-exchange resins have also 

been used widely in household and industrial water purifications to produce soft water. This is 

accomplished by exchanging calcium Ca2+ and magnesium Mg2+ cations against sodium Na+ or 

hydrogen H+ cations for the removal of specific compounds e.g. the removal of ammonia-

nitrogen in ammonium chloride wastewater from rare earth smelters by Wang et al. [163], the 

removal of geosmin and methylisoborneol from drinking water by Ellis and Korth [164] and 

the removal of phenols and chlorophenols by Okolo et al. [165]. These adsorbents also have 

widespread applications in petroleum industry. The cost of zeolites, which are usually used for 

water treatment purpose, is about US$ 210 per kg. 

1.5.1.4. Activated carbon 

Activated carbon is the most widely used adsorbent. The graphite structure gives carbon 

it’s very large surface area which allows the carbon to adsorb a wide range of compounds. It 

has the strongest physical adsorption forces or the highest volume of adsorbing porosity of any 

material known to mankind. Activated carbon can have surface area greater than 1000 m2/g. 
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The use of carbon extends so far back in to history that its origin is impossible to document. 

Charcoal was used for drinking water filtration by ancient Hindus in India since 2000 B.C. 

[153, 166], and carbonized wood was used as a medical adsorbent and purifying agent by the 

Egyptians as early as 1500 B.C. Modern development and use has been documented more 

precisely. 

The activated carbon generally exists in two forms (i) powdered activated carbon (PAC) 

and (ii) granular activated carbon (GAC). Since granular form is more adaptable and there is no 

need to separate the carbon from the bulk fluid, most of the work on the removal of pollutants 

from water has been on GAC. On the other hand the use of PAC offers some practical problems 

like requirement of separation of the adsorbent from the fluid. However, in spite of these 

problems, PAC is also used for wastewater treatment due to low capital cost and lesser contact 

time requirements [164]. Two more specific forms viz. Activated carbon fibrous (ACF) and 

activated carbon clothe (ACC) are also in use [165, 167]. The cost of activated carbon varies 

from US$ 2.5-55 per kg depending upon the purity and particle size. 

Activated carbon was first generated industrially in the first part of twentieth century, 

when activated carbon from vegetable material was produced for use in sugar refining [168]. 

The first documented use of activated carbon in a large scale water treatment application was in 

19th century in England, where it was used to remove undesirable odours and tastes from 

drinking water [169]. This carbon was found effective in decolorizing liquids. Activated carbon 

has since been used extensively for this purpose in many industries. In particular, it has been 

commonly used for the removal of organic dyes from textile wastewaters. In recent years, the 

use of activated carbon for the removal of priority organic pollutants has become very 

common. Today, hundreds of brands of activated carbon are manufactured for a large variety of 

purposes [170]. The credit of developing commercial activated carbon goes to Raphael von 

Ostrejko [171] whose inventions were patented in 1900 and 1901. Hassler [172] has 

summarized in his book the successful application of activated carbon in providing potable 

water. In USA, for the first time in 1928, activated carbon was used for the water supplies and 

within ten years the figure of water treatment plants with activated carbon increased to a 

thousand marks. The applicability of activated carbon for water treatment has been 

demonstrated by Weber et al., [173] and Green et al., [174] who talked about the potentiality of 

activated carbon for water and air purification. Stenzel [175] in his article describes the 

adsorption with granular activated carbon to be a proven technology for water purification. 
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It is thus seen wide variety of raw materials have been used to prepare activated carbon. 

However, the activated carbon used in wastewater treatment is generally prepared from coconut 

shells, peat, sawdust, wood chair, lignin, petroleum coke, bone char, anthracite coal etc. [176]. 

Hence activated carbon has become the standard adsorbent for the reclamation of municipal 

and industrial wastewaters to a water potable quality. 

1.5.1.5. Modified activated carbon 

The adsorption efficiency of activated carbons is strongly dependent on their surface 

chemical features. Therefore, the surface chemical modification of carbon is of great interest in 

order to produce materials for specific applications. It has been observed by various workers 

that chemical treatment at the time of activation during the manufacture of activated carbons 

often enhances the adsorption properties [177-178]. This modification has been mainly carried 

out by oxidative methods, producing a more hydrophilic structure with a large number of 

oxygen containing groups. Various reagents have been used as oxidants: concentrated nitric or 

sulphuric acid, sodium hypochlorite, permanganate, bichromate, hydrogen peroxide, transition 

metals and ozone based gas mixtures. It was found that the type of surface structures and the 

extent of their formation depend on the oxidizing agent, the concentration and the pH of the 

oxidizing solution.  

1.5.2. Alternative low cost adsorbents 

As already stated, the activated carbon is the most popular adsorbent for the removal of 

pollutants from wastewater, but it has certain limitations. Activated carbon presents 

disadvantages [179] as it is costly and cannot be afforded at an economical level. The 

regeneration of saturated carbon is also expensive, not straightforward, and results in loss of the 

adsorbent. The use of carbons based on relatively expensive starting materials is also 

unjustified for most pollution control applications [180]. This has led research interest towards 

various natural solid supports, which are able to remove pollutants from contaminated water at 

low cost. Cost is actually an important parameter for comparing the adsorbent materials. 

According to Bailiey et al. [181], a sorbent can be considered as low cost if it requires little 

processing, is abundant in nature or is a by-product or waste material from another industry. 

Certain waste products from industrial and agricultural operations, natural materials and bio 

sorbents represent potentially economical alternative adsorbents. Many of them have been 

tested and proposed for pollutants removal. 
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1.5.2.1. Rural wastes as low-cost adsorbents 

Rural waste materials can also be used as low cost adsorbents due to its rich cellulose 

content. The basic components of the agricultural waste materials include hemicelluloses, 

lignin, lipids, proteins, simple sugars, water, hydrocarbons, and starch, containing variety of 

functional groups. Agricultural waste materials being economic and eco-friendly due to their 

unique chemical composition, availability in abundance, renewable nature and low cost are 

viable option for water and wastewater remediation. Agricultural waste is rich source for 

activated carbon production due to its low ash content and reasonable hardness [182], therefore, 

conversion of agricultural wastes into low cost adsorbents is a promising alternative to solve 

environmental problems and also to reduce the preparation costs. These agricultural waste 

materials have been used in their natural form or after some physical or chemical modification 

(Figure 1.6). 

1.5.2.2. Industrial and municipal wastes as low-cost adsorbents 

Widespread industrial activities generate huge amount of solid waste materials as by-

products. Some of this material is being put to use while others find no proper utilization and 

are dumped elsewhere. The industrial waste material is available almost free of cost and causes 

major disposal problems. If the solid wastes could be used as low-cost adsorbents, it will 

provide a two-fold advantage to environmental pollution. Firstly, the volume of waste materials 

could be partly reduced and secondly the low cost adsorbent if developed can reduce the 

pollution of wastewaters at a reasonable cost. In view of the low cost of such adsorbents, it 

would not be necessary to regenerate the spent materials. Thus, a number of industrial wastes 

have been investigated with or without treatment as adsorbents for the removal of pollutants 

from wastewater (Figure 1.6). Some of them are fly ash or thermal power plant waste [183-

185], steel industry wastes [186-188], red mud, or aluminium industry wastes [189-191], 

carbon slurry, or fertilizer industry wastes [192-193], leather industry wastes [194-195] etc. 

1.5.2.3. Bio sorbents as low-cost adsorbents 

The bio sorbents and their derivatives contain a variety of functional groups which can 

complex dyes. The bio sorbents are often much more selective than traditional ion-exchange 

resins and commercial activated carbons, and can reduce dye concentration to ppb levels. Bio 

sorption is a novel approach, competitive, effective and cheap. Several bio sorbents [196-198] 

can be efficiently used as adsorbents for the removal of noxious impurities from the solvent 

phase. 
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1.6. Problem statement  

Water pollution is a serious threat to mankind in the present scenario and, hence many 

techniques are in use for water treatment. Out of them adsorption is a commonly used methods 

as it is simple, fast and universal in nature. Normally, activated carbon is used as an ideal 

adsorbent for wastewater treatment but it is costly and requires regeneration. The regenerated 

carbon exhibits lower adsorption capacity with further management problem of the effluent 

obtained from its regeneration. These facts have grown interest in many workers towards the 

search for low cost alternatives of activated carbon. Literature indicates some papers on 

adsorption using naturally occurring materials and industrial wastes as substitute adsorbents for 

the removal of water pollutants. 

After the critical evaluation of the reported papers/reports, it was observed that most 

adsorbents show poor adsorption capacities, longer equilibration times, and maximum 

adsorption at extreme pH values. Moreover, the management of the exhausted adsorbent is of 

serious concern which has not been considered in the previously reported papers. Besides, the 

developed adsorbents have not been tested for different pollutants especially under column 

studies. In addition to this, many waste by-products have not been used for the preparation of 

adsorbents. Briefly, a lot of work is required in order to develop the more low cost alternatives 

of activated carbon. In view of the above discussed facts, it has been realized that development 

of low cost alternatives exhibiting good adsorption potential is still required. 

1.6.1. Waste tire and disposal problem 

It is worth mentioning that discarded tires comprise the biggest share amongst waste 

polymers in world. Waste rubber tire does not decompose easily owing to its cross linked 

structure and presence of stabilizers and other additives and hence, traditionally they are being 

disposed by incineration or land filling. Literature study reveals that carbon black obtained by 

untreated rubber tire pyrolysis may be treated physically and/or chemically to develop its 

physic-chemical properties and hence to improve its adsorption behaviour. In this research, as a 

means of reuse, we have developed various forms of novel activated carbon from waste tires 

for potential use in wastewater treatment for adsorption of various types of toxic pollutants. 

1.6.2. Nanoparticles as adsorbents 

Novel adsorbents combining nanotechnology have not only demonstrated high 

adsorption efficiency due to their large surface to volume ratio, but have shown additional 

benefits like ease of synthesis, easy usage, easy recovery, and manipulation via subsequent 

coating and funtionalization, absence of secondary pollutants, cost effectiveness and their eco 
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friendly nature. Materials with the particle size between 1 and 100 nm are defined as 

nanoparticles. With novel size- and shape-dependent properties, nanoparticles have been 

extensively used for the removal of noxious impurities. Nanoparticles should satisfy the 

following criterions:  

(I) The nano sorbents themselves should be non-toxic.  

(II) The sorbents present relatively high sorption capacities and selectivity to the low 

concentration of pollutants.  

(III) The adsorbed pollutant could be removed from the surface of the nano adsorbent easily. 

(IV) The sorbents could be infinitely recycled. 

In the present work, a novel nano-adsorbent i.e. copper oxide nanoparticle was 

synthesized which was further loaded on activated carbon with the aim of exploring its 

feasibility as adsorbent for the removal of Acid blue 129 from the solvent phase.  

1.6.3. Surface hydrogel as adsorbent 

The surface active polymer adsorbent due to its high surface area and pore structure was 

proved to be a promising material for the removal of several noxious impurities. Hence in the 

present study, the surface active agents i.e. polymer modified adsorbents are those which can 

selectively adsorb noxious impurities and should consist of monomer groups such as such as 2-

Hydroxy ethyl methacrylate (HEMA), 2-Hydroxyethyl methacrylate-ethoxy ethyl 

methacrylate-methacrylic acid (HEMA-EEMA-MA), and Polyvinyl alcohol (PVA), each 

having a different prominent role in this relevant process were synthesized and used for the 

rapid removal and fast adsorption of azo dyes i.e., CR and MG. The developed surface active 

polymer adsorbent consists of two groups i.e., one group, which forms a complex with the 

target impurities (removal part) and the other, which allows the polymers to stretch and shrink 

reversibly in response to ecological changes occurring during the removal and adsorption 

processes so that the developed adsorbent adapt accordingly (the responsive part).  

1.7. Objective of study 

I. To develop novel adsorbents 

a) Low cost novel adsorbent i.e., activated carbon-alumina composites (ACALs), Tire 

rubber alumina composite (TRAL), Modified rubber tire activated carbon modification 

(RTACMC) and rubber tire activated carbon (RTAC) from waste rubber tire granules 

by various physical and chemical activation methods for the removal of noxious 

impurities i.e. Ni2+, As (III) and As (V) and phenolic compounds from the solvent 

phase. 
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b) Copper oxide nanoparticles loaded on activated carbon was synthesized through 

solvothermal methods for the removal of noxious dye Acid blue 129 from the solvent 

phase. 

c) 2-Hydroxy ethyl methacrylate (HEMA), 2-Hydroxyethyl methacrylate-ethoxy ethyl 

methacrylate-methacrylic acid (HEMA-EEMA-MA, and Polyvinyl alcohol (PVA), 

were synthesized and used for the rapid removal and fast adsorption of azo dyes i.e., CR 

and MG.  

II. Characterization of activated carbon produced with respect to surface texture, 

morphology, porosity, surface area, surface functional groups and elemental 

composition. 

III. To carry out batch adsorption experiments in order to determine the optimum 

parameters of the adsorption process. 

IV. Modelling of sorption data using various models in order to determine the best fit model 

applicable to the process and to determine mechanism with respect to thermodynamics 

and equilibrium. 

V. To carry out kinetic studies using various kinetic models in order to determine the 

kinetics of the adsorption process and the rate process. 

VI. To carry out column adsorption study to determine the various parameters necessary for 

the development of the fixed bed contractors on to pilot scale and for practical 

application of the technique to real wastewater treatment situations. 

VII. To carry out the sorption and desorption studies of the adsorbent-adsorbate system for 

recycling and regeneration of adsorbents as well as the pollutants which is essential for 

the adsorption technology to have economic significance. 

1.8. Scope of the study 

The research work has focussed on the development of activated carbon from waste 

materials which are available in abundance and have no economic value for the removal of 

various types of pollutants. The wastes studied are waste rubber tires, nanoparticles and surface 

hydrogel polymer i.e. 2-Hydroxy ethyl methacrylate (HEMA), 2-Hydroxyethyl methacrylate-

ethoxy ethyl methacrylate-methacrylic acid (HEMA-EEMA-MA), and Polyvinyl alcohol 

(PVA). These wastes have been processed, converted into surface adsorbents and used for the 

removal of noxious metal ions and dyes by using batch processes. These adsorbents were also 

tried for the removal of the noxious pollutants by using column operations at laboratory scale. 

The results of these investigations are presented in this thesis, which indicate efficiency, 

effectiveness and universal nature of the developed adsorbents. Therefore, the developed 
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adsorbents can be considered and used as low cost alternatives to activated carbon for the 

removal of a wide range of water pollutants from real water samples. 
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Experimental Methods and Materials 

This  chapter  deals  with  the  detailed  study  of  various  reagents,  adsorbents  and 

experimental methods followed during experimental work of this thesis. Besides, mathematical 

background of experimental calculations is also equally important to mention, which have been 

presented.  A  section-wise  description  of  individual  component  of  experimental  work  is 

documented. 

2.1. Reagents and Materials 

Anhydrous  nickel  chloride  (NiCl2)  for  Ni2+,  Analytical  reagent  solid  arsenic  trioxide 

(As2O3)  for  As  (III)  and  sodium  arsenate  (Na2HAs2O7.7H2O)  for  As  (V)  was procured  from 

M/s Merck, India and were worn as under observed noxious pollutant in different experimental 

procedures. Physico-chemical properties and  ill  effects  of  these noxious metals are  shown  in 

Table 2.1.  

Table 2.1 Physico chemical properties of Ni (II), As (III) and As (V) 

Phsico 
chemical 

Properties 

Contaminant 

Ni (II) 

 

Contaminant 

As (III) and As (V) 

 

Atomic 
number 

28  33 

Atomic mass 58.71 g/mol  74.9216 g/mol 

Density 8.9 g/cm3 at 20  C  5.7 g/cm3 at 14 C 

Boiling Point 2913 C  615 C 

Melting point 1453 C  814 C 

Solubility in 
water 

553 g/L at 20  C and 880 g/L at 
99.9 C 

As  (III) hydride 700 mg/L, Arsenic  
(III) oxide 20 g/L 

Sources to 
groundwater 

Power  plants,  waste  incinerators 

electroplating,  stainless  steel  and 

alloy products, mining, and refining. 

Enters  environment  from  natural 
processes,  industrial  activities, 
pesticides,  and  industrial  waste, 
smelting  of  copper,  lead,  and  zinc 
ore. 

Health 
Hazards 

Sickness,  Chronic  bronchitis,  lung 

embolism,  pulmonary  disorder,  Birth 

defects,  Asthma,  Cardio  vascular 

disorder, Skin ulceration, dermatitis. 

 

Causes  abdomen  aches,  RBC  and 

WBC  lethargy,  liver  and  Renal 

damage;  blood  haemoglobin 

decrement, Oncogenic nature 
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Technical  grade  p-cresol  and  phenol  of  98%  purity  were  obtained  from  M/s  Merck, 

India. Physico-chemical properties of p-cresol and phenol are given in Table 2.2. 

Table 2.2 Physico chemical properties of Phenol and p-Cresol 

Phsico chemical 
Properties 

Contaminant 

Phenol 

 

Contaminant 

p-Cresol 

 

Chemical 
formula 

C6H6O  C7H80 

Molar mass 94.11 g/mol  108.14 g/mol 

Odour and 
appearance 

Sweet and tarry, transparent 

crystalline solid 

Greasy-looking solid 

Density 1.07 g/cm3  1.02 g/cm3 , Liquid 

Boiling Point 181.7 C  35.5 C 

Melting point 40.5 C  201.9 C 

Solubility in 
water 

NiCl28.3 g/100mL at 20  C   1.9g/100mL 

Dipole moment 1.224D  1.58 D 

UV-Vis (λmax) 269.9  277 

Sources to 
groundwater 

Paper  pulp,  aluminium,  rubber, 

leather,  plastics,  resins,  and  steel 

industry 

Coal  gasification  and  liquefaction 

industries,  poultry  processing, 

refineries, shape oil,  

Health Hazards  Dermatitis,  lung  edema, 

dysrhythmia,  liver and renal failure, 

Seizures, Carcinogenic in nature 

 

Causes  abdomen  pain,  anaemia, 

liver  and  Renal  damage;  Facial 

paralysis, Nervous disorder,  

 

A technical grade Acid Blue 129 (AB 129) (IUPAC name: 2-anthracenesulfonic acid, 1-

amino-9,  10-dihydro-9,  10-dioxo-4-[(2,  4,  6  trimethylphenyl)amino]-  sodium  salt  (1:1); 

Molecular formula: C23H19N2NaO5S and Molecular weight:458.46) was obtained from Sigma-

Aldrich,  India.  Additionally  the  noxious  dyes  i.e.  Malachite  green  (MG),  which  is  a  green 
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crystalline  powder  (IUPAC  name:  4-{[4-(dimethylamino)phenyl](phenyl)methylidene}-N,N-

dimethylcyclohexa-2,5-dien-1iminium  chloride;  Molecular  formula: 

[C6H5C(C6H4N(CH3)2)2]Cl)  and  molecular  weight:  364.911)and  Congo  red  (CR),  which  is  a 

red  crystalline  powder  (IUPAC  name:  disodium  4-amino-3-[4-[4-(1-amino-4-sulfonato-

naphthalen-2-yl)diazenylphenyl]phenyl]diazenyl  naphthalene-1-sulfonate;  Molecular  formula: 

C32H22N6Na2O6S2;  and  Molecular  weight:  696.665  g/mol)  and  were  purchased  from 

LABCHEM and used without any further purification. Physico-chemical properties of the dye 

Acid Blue 129, Congo red (CR), and Malachite Green (MG) are given in Table 2.3. 

Table 2.3Physico chemical properties of Acid blue 129, Congo red and Malachite green  

Phsico 
chemical 

Properties 

Contaminant 

Acid Blue 129 

 

Contaminant 

Congo Red 

 

Contaminant 

Malachite Green 

Molecular 
formula 

C23H19N2NaO5S  C32H22N6Na2O6S2  [C6H5C(C6H4N(CH3)2)2]Cl 

Molecular 
weight  

458.46g/mol 

 

696.665g/mol  364.911g/mol 

Color Blue crystalline  Red crystalline  Green crystalline powdert 

Melting 
point 

>300 C  >360 C  158-160 C 

Solubility 
in water 

Partly miscible   Soluble in water to 5 mM  Partly miscible 

UV-Vis 
(λmax) 

629nm  498nm  618nm 

Sources to 
water 

dyeing  of 
cotton,  wool, 
silk,  nylon, 
paper  and 
leather 

Majorly Textile 
industries 

Leather,  jute,  wool,  and  silk 
industries 

Health 
Hazards 

Skin  irritation, 
dermatitis, 
irritation  of 
respiratory  tract, 
emphysema, 
chronic 
bronchitis  

Neurotoxic,  Teratogenic, 
Anaphylactic shock and a 
carcinogenic  agent, 
Thrombocytopenia, 
arthritis 

Plueral  adenomas,  carcinogenic 
in  nature,  respiratory  disorders 
and  renal  failures,  moderately 
toxic and extreme irritant 

 



Novel adsorbent for noxious impurities removal 

 

46 
 

Chemicals and reagents used in the experiments such as EEMA, MA and HEMA were 

purchased from Sigma Aldrich, India. These were used as monomers to prepare the polymers in 

the  presence  of  ammonium  peroxo  disulfate  (APS),  and  sodium  disulfite  (SDS)  as  initiator, 

ethylene glycol dimethacrylate (EGDMA) as cross-link agent (all from M/s Merck, India) and 

PVA was also purchased  from Sigma Aldrich,  India. All  reagents  (copper iodide  (I), DMSO, 

oleic  acid,  ethylene-diamine)  were  purchased  from  M/s  Merck,  India.  Besides  the  above 

mentioned  chemicals,  other  reagents,  like  HCl,  HNO3,  H2O2  and  NaOH  were  also  procured 

from Wishwani chemicals and were of analytical grade. 

2.2. Instrumentation 

The  noxious  metal  Ni2+  concentration  was  determined  using  the  atomic  absorption 

spectrophotometer (model Z-7000, Hitachi, Japan) at a wavelength of 232 nm for Ni2+. While 

on  the  other  hand  As  (V)  concentration  in  aqueous  solution  was  determined 

spectrophotometrically  by  standard  Molybdenum  blue  method  using  Shimadzu  UV-Visible 

spectrophotometer (Model UV-2450, Japan). As (III) was analyzed by oxidizing to As (V) by 

adding  KMnO4  and  then  following  the  same  As  (V)  procedure,  in  addition  to  this  the 

concentration of organic compounds i.e. phenols (λmax =269.9), p-cresol (λmax =277), Acid blue 

129 (AB 129, λmax =629nm), Congo red (CR, λmax = 498nm) and Malachite green (MG, λmax 

=618nm)    was  determined  spectrophotometrically  using  Shimadzu  UV-Visible 

spectrophotometer  (Model  UV-2450,  Japan).  The  pH  measurements  were  made  using  a  pH 

meter (Model Cyberscan 510, Singapore) and Metrohm pH-meter (Model 691, Switzerland). A 

high precision electronic balance (Sartorius GMBH) with an accuracy of 0.00001g was used for 

taking  the  weight  of  the  adsorbates  and  adsorbents.  The  surface  textural  and  morphological 

property  of  the  adsorbent  surface  was  analysed  using  the  LEO  435  VP  (Leo 

Elektronenmikroskopie  GmbH,  Germany).  The  elemental  composition  analysis  i.e.  Carbon, 

hydrogen,  and  nitrogen  of  the  adsorbent  and  adsorbate  were  carried  out  using  an  Elementar 

Vario  ELHI  CHNS  analyzer.  The  functional  groups  present  on  the  surface  of  the  developed 

adsorbent  were  analyzed  in  KBr  dics  on  a  Perkin  Elmer  Fourier  transform  infrared 

spectrophotometer  (Model  Perkin  Elmer-1600  Series).  The  specific  surface  area  of the 

adsorbents was  measured  by  Nitrogen  adsorption  adsorption-desorption  isotherm  using 

multipoint  Brunauer-Emmet-Teller  (BET)  and  Barret-Joyner-Halenda  (BJH)  methods, 

respectively  using  surface  area  analyzer  ASAP  2010  (UK)  and  Quantachrome  Nova  2200E 

(Spain). The surface porosity and density of the developed adsorbents was determined using the 

mercury porosimeter (Pascal 440; M/s Spektron Instrument Inc., India) and by specific gravity 

bottles  respectively.  X-ray  measurements  were performed  using  a  D8  advance  (Bruker  AXS 
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company,  Germany)  having  Cu  Kα  radiation  (λ  =  1.541Å)  and  INEL  X-ray  diffractometer 

(model Equinox 3000, France). TEM images of the adsorbents were recorded by Transmission 

Electron Microscope (FEI TECNAI G2 microscope operating at 200 kV). Deionized water was 

prepared using a Millipore Milli-Q (Bedford, MA) water purification system. 

2.3. Methodology 

As stated earlier, the experimental work involves the adsorption studies of noxious Ni2+ 

on  to  the  activated  carbon  prepared  from  scrap  tire,  As  (III)  and  As  (V)  on  to  the  alumina 

composite modified rubber tire, p-cresol and phenol on to the microwave modified rubber tire 

activated carbon, Acid Blue 129 on to the copper oxide nanoparticle modified activated carbon 

and  finally  the  noxious  dye  i.e.  Congo  Red  and  Malachite  Green  on  to  the  surface hydrogel 

polymers such as HEMA, HEMA-EEMA-MA, and PVA as efficient and excellent adsorbent. 

During each study, a set of methodology was followed, which involves a particular sequence of 

experimental steps which enabled us to understand the adsorption behaviour of the adsorbent, 

kinetics and thermodynamics of adsorption. Stepwise explanation of these certain experiments 

and methods used are given in succeeding sub-headings 

2.3.1. Preparation of adsorbents 

In the present experimental work, three different materials viz waste rubber tire, copper 

oxide  nanoparticles  and  surface  hydrogel  polymers  have  been  converted  into  low-priced 

adsorbents. These materials have been processed in the following manner so that  they can be 

used  as  adsorbents.  During  the  last  decade  many  elementary  studies  were  reported  on  the 

production  of  activated  carbon  prepared  from  pyrolysis  of  waste  tires  using  two  famous 

conventional methods i.e. physical and chemical activation. The potential of these products as 

possible adsorbents for various pollutants has been assessed and from the results obtained it is 

clear  that  they  can  be  used  efficiently  as  excellent  adsorbent  in  the  field  of  wastewater 

treatment.  The  most  up-to-date  approach  in  activated  carbon  production  technology  is 

physiochemical activation. This method  is derived  from a variety of combination of  the both 

physical  and chemical activation method. From  the  literatures,  it was  found  that  this method 

could  present  a  very  high  quality  activated  carbon  in  terms  of  surface  area,  pore  volume, 

porosity  and  favourable  chemistry  [1].  The  main  purpose  of  this  work  is  to  prepare  highly 

mesoporous  activated  carbon  from  waste  tires  and  to  develop  efficient adsorbents  which are 

capable  of  rapid  removal  and  fast  adsorption  of  the  noxious  impurities  from  the  aquatic 

ecosystem and food chain.  
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2.3.1.1. Preparation of activated carbon from scrap tire 

Approximately  20  g  of  scrap  tire  pyrolytic  carbon  after  initial  cleaning  i.e.  thorough 

washing with deionized water and  then dried  in an oven at 100˚C for 2h. The dried material 

was  then  heated  to  500°C  for  5h  for  carbonization.  This  was  followed  by  treatment  with 

Hydrogen  peroxide  (10%)  for  24h  at  60°C  to  oxidize  the  adhering  organic  impurities.  The 

material was washed with deionized water three times to remove hydrogen peroxide and dried 

at 110º C for 2h in a vacuum oven. The dried material was now heated in a muffle furnace to a 

preset temperature of 900˚C held isothermally for 5h in a covered silica crucible. The crucible 

was now removed from the furnace and cooled in desiccators to the final temperature of 110oC. 

The  material  were  then  treated  with  1M  HCl  solution  to  remove  the  ash  content  and  then 

washed with deionized water. The obtained product was now chemically activated using 1M 

nitric  acid,  stirred  and  refluxed  to  increase  the  porosity  and  surface  active  sites.  This  was 

followed  by  drying  the  materials  for  24h  at  100oC.  The  resultant  dried  product  is  our 

physiochemical  activated  carbon  which  is  used  for  the  rapid  removal  and  fast  adsorption  of 

noxious Ni2+ from the aqueous ecosystem 

2.3.1.2. Preparation rubber tire derived activated carbon modified with alumina 

composite 

  In  this  method,  waste  rubber  tire  is  used  as  precursor  material  for  the  preparation  of 

adsorbents. Finely grinded granules of waste rubber tire were washed thoroughly and dried in 

natural light. The obtained dried granules were then pyrolysed at 700°C in a tube furnace under 

the  inert atmosphere of N2 combined with steam. The obtained yield of pyrolysed tire rubber 

was  31.86%.  Thereafter,  the  prepared  pyrolysed  raw  carbon  was  then  further  grinded  and 

treated with 5M hydrochloric acid  for 24 h  to  remove all acid  soluble  impurities, which was 

thoroughly  washed  with  deionised  water  until  it  was  free  from  chloride  and  the  obtained 

product was named as AC-HCl, which was kept in oven at 100°C for 24 h.  

  Two-step  and  single-step  procedures  were  applied  to  obtain  activated  carbon-alumina 

composite.  In  two-step procedure,  the AC-HCl and aluminium hydroxide were mixed  in 1:1, 

1:2 and 2:1 ratios by weight, grinded in mortar for thorough mixing and activated at 700°C in 

presence of N2 gas along with steam. The heating rate was fixed at 10°C/min and flow rate of 

N2 gas was 50 ml/sec. The composite was heated in isothermal condition at 700°C for 1 h and 

then  cooled  to  room  temperature.  The  percentage  losses  in  weight  were  8.57,  7.92  and  9.15 

respectively.  These  three  activated  carbon-alumina  composites  were  named  as  ACAL11, 

ACAL12 and ACAL21, respectively.  
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On the other hand, tire rubber-alumina composite (TRAL) was prepared in single step, 

by pyrolysis of mixture of fine pieces of  waste tire rubber and aluminium hydroxide powder in 

1:1 ratio by weight in at 700°C in tube furnace in inert atmosphere of N2 gas along with steam  

as mentioned above. The percentage yield was 45.35%. All the adsorbents were sieved through 

BSS 200 mesh size sieve and stored in air tight plastic containers. 

2.3.1.3. Preparation of RTAC and RTACMC 

The  ground  tire granules were  cleaned,  thoroughly washed  with deionized water,  and 

then  dried  in  an  oven  at  1000C  for  2  h.  The  dried  material  was  heated  to  500°C  for  5  h  for 

carbonization [2]. This was followed by treatment with hydrogen peroxide solution for 24 h at 

60°C to oxidize adhering organic impurities. The material was washed with deionized water for 

three times to remove hydrogen peroxide and dried at 110 0C for 2 h in vacuum oven. The dried 

material  was  activated  to  900°C  for  2  h  in  a  covered  silica  crucible  by  heating  in  a  muffle 

furnace. The crucibles were removed from the furnace and cooled in desiccators. The material 

was then treated with 1 M HCl solution to remove the ash content and was further washed with 

deionized  water.  This  was  followed  by  drying  of  the  material  at  100°C  for  24  h.  The  dried 

product of particle size 150–200 μm is referred to as RTAC throughout the study and stored in 

separate vacuum desiccators until required. 

The  char  obtained  after  carbonization  was  mixed  with  potassium  hydroxide  (KOH) 

pellets with varied KOH/char impregnation ratio of 0.5, 1, 1.5 and 2.  

The impregnation ratio=
����������� (�)

������������ (�)
                       (1) 

The activation step was performed in a glass reactor placed inside a microwave oven of 

input  power  set  at  200,  400,  600  and  800W  and  an  irradiation  time  of  5,  10,  15  min.  After 

several trials, the process conditions of microwave cum chemical impregnation activation were 

optimized.  A  maximum  94%  p-cresol  removal  was  demonstrated  by  the  resultant  AC  viz. 

RTACMC  which  was achieved  under optimum conditions of chemical  impregnation  ratio of 

KOH/char of 1.50, microwave power of 600W and an irradiation time of 10 min. This sample 

was washed with deionized water until the pH of the solution was neutral and stored for further 

characterization and adsorption tests. 

2.3.1.4. Preparation of CuO-NP-AC 

Among  the  various  chemical  approaches  for  the  synthesis  of  nanoparticles,  the 

solvothermal  method  was  chosen  to  synthesize  CuO  nanoparticles.  In  fact,  solvothermal 

synthesis  is  a  method  for  preparing  a  variety  of  materials  such  as  metals,  semiconductors, 

ceramics, polymers and nanocrystals. One of the most important characteristics of solvothermal 
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method  is  to  allow  for  the  precise  control  over  the  size,  shape  distribution,  and  crystalline 

nature of metal oxide nanoparticles or nanostructures. These charact

changing  certain  experimental  parameters,  including  reaction  temperature,  reaction  time, 

solvent  type,  surfactant  type,  and  precursor  type.  CuO  nanoparticles  in  DMSO  were 

synthesized  by  the  following  method  (

DMSO, the solution was heated to 80 °C under a constant stirring rate. Then, 1.5 and 0.1 mL of 

ethylenediamine  and  oleic  acid  were  added  to  the  solution,  respectively.  The  gray  solution 

turned black and after a few minutes copper oxide particles were precipitated at the bottom of 

the experiment dish. The mixture was maintained at 80°C for 2 h and the color of the reaction 

solution  became  black  completely.  The  resultant  black  products  were  separated  from 

reaction mixture and washed thoroughly with DMSO to remove CuI crystals  if remained and 

dried at ambient condition (in a vacuum oven, 0.1 MPa)  for 6 h prior  to being characterized.

Then,  1.2  g  AC  was  added  to mixture and  stirred  for  48  h and  subsequent

Finally, the CuO-NP-AC was precipitated and washed with distilled

at 100ºC. 

Scheme 2.1 Solvothermal method for preparation of CuO nanoparticles
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method  is  to  allow  for  the  precise  control  over  the  size,  shape  distribution,  and  crystalline 

nature of metal oxide nanoparticles or nanostructures. These characteristics can be altered by 

changing  certain  experimental  parameters,  including  reaction  temperature,  reaction  time, 

solvent  type,  surfactant  type,  and  precursor  type.  CuO  nanoparticles  in  DMSO  were 

synthesized  by  the  following  method  (Scheme  1):  After  dissolving  3.1  g  of  CuI  in  42.5  mL 

DMSO, the solution was heated to 80 °C under a constant stirring rate. Then, 1.5 and 0.1 mL of 

ethylenediamine  and  oleic  acid  were  added  to  the  solution,  respectively.  The  gray  solution 

after a few minutes copper oxide particles were precipitated at the bottom of 

the experiment dish. The mixture was maintained at 80°C for 2 h and the color of the reaction 

solution  became  black  completely.  The  resultant  black  products  were  separated  from 

reaction mixture and washed thoroughly with DMSO to remove CuI crystals  if remained and 

dried at ambient condition (in a vacuum oven, 0.1 MPa)  for 6 h prior  to being characterized.
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2.3.1.5. Preparation and synthesis of 

For  synthesis  of  poly  2

HEMA monomer, 0.5% percent weight EGDMA as cross

initiators. Also for synthesis of poly 2

methacrylic  acid  (HEMA

monomers was changed. The amount of

used  as  initiator  for  surface.  All  surfaces  were  dried  at  105°C

distilled water several  times to

surfaces were similar to other cited references [

1 cm of diameter and 0.5 mm thick pieces. It is notable that, HEMA

but HEMA-EEMA-MA has

2.3.2. Methods of adsorbent characterization

2.3.2.1. Fourier Transform Infrared Spectroscopy (FT

The  technique  of  Infrared  spectroscopy  is  well

characterization  of  inorganic  and  organic  compounds.  It  is  the  adsorption  measurement  of 

different IR frequencies by a sample positioned in the path of an IR beam. The principle of FT

IR spectroscopy exploits  the fact  that molecules or groups have specific 

these vibrate corresponding to the discrete energy levels.

is shown in Figure 2.1 

Figure 2.1 Schematic diagram of FT
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2.3.1.5. Preparation and synthesis of HEMA and HEMA-EEMA-

synthesis  of  poly  2-Hydroxyethylmethacrylate  (HEMA),  99.5%  percent  weight 

HEMA monomer, 0.5% percent weight EGDMA as cross-link agent, APS and SDS are used as 

for synthesis of poly 2-Hydroxyethyl methacrylate-ethoxy ethyl methacrylate

acrylic  acid  (HEMA-EEMA-MA),  weight  percentage  of  EEMA

was changed. The amount of EGDMA was fixed at 0.5%, than APS and SDS are 

initiator  for  surface.  All  surfaces  were  dried  at  105°C  for  24h,  then  washed  with 

everal  times to remove dust and other water-soluble  impurities. The

surfaces were similar to other cited references [3-5].HEMA and HEMA

and 0.5 mm thick pieces. It is notable that, HEMA 

MA has negative charge, because MA is a polar monomer.

2.3.2. Methods of adsorbent characterization 

2.3.2.1. Fourier Transform Infrared Spectroscopy (FT-IR) 

technique  of  Infrared  spectroscopy  is  well-known  for  identification  and 

haracterization  of  inorganic  and  organic  compounds.  It  is  the  adsorption  measurement  of 

different IR frequencies by a sample positioned in the path of an IR beam. The principle of FT

IR spectroscopy exploits  the fact  that molecules or groups have specific 

these vibrate corresponding to the discrete energy levels. The schematic diagram of the FT

Schematic diagram of FT-IR 
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 The  frequencies  are  determined  by  the  shape  of  the  molecular  potential  energy 

surfaces,  the  masses  of  the  atoms  and  by  the  associated  vibrating  coupling  [

frequency  of  the  vibrations  can  be  associated  to  a  particular  bond  type.  Complex 

have many bonds with vibrational conjugations; leading to FT

frequencies, which are related to functional

on  the  surface  of  an  adsorbent  is  identified  in  functio

determined in exploiting finger print region.

2.3.2.2. X-ray Diffraction Analysis  

X-ray  diffraction  is  now a widespread  practice  for  the  study  of  crystal  structures  and 

atomic  spacing.  The  basis  of  X

monochromatic X-rays and a sample which is crystalline. A cathode ray tube produces X

filtered to make monochromatic radiation, collimated to focus and directed toward the sample. 

The  interaction  of  the  incident  rays  with  the  sample  results  constructive  interference  when 

conditions are favourable to satisfy Bragg’s 

nλ=2dhklSinƟ           (2) 

where, λ is wavelength of incident radiation, d

is the diffraction angle and hkl  are Miller indices. 

Figure 2.2 Bragg’s diffraction at lattice planes
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The  frequencies  are  determined  by  the  shape  of  the  molecular  potential  energy 

surfaces,  the  masses  of  the  atoms  and  by  the  associated  vibrating  coupling  [6

frequency  of  the  vibrations  can  be  associated  to  a  particular  bond  type.  Complex 

have many bonds with vibrational conjugations; leading to FT-IR absorptions at 

functional groups. The presence of particular functional group 

on  the  surface  of  an  adsorbent  is  identified  in  functional  region  while,  complete  structure  is 

determined in exploiting finger print region. 

 

ray  diffraction  is  now  a  widespread  practice  for  the  study  of  crystal  structures  and 

atomic  spacing.  The  basis  of  X-ray  diffraction  is  the  constructive  interference  of 

rays and a sample which is crystalline. A cathode ray tube produces X

filtered to make monochromatic radiation, collimated to focus and directed toward the sample. 

ays  with  the  sample  results  constructive  interference  when 

favourable to satisfy Bragg’s equation given below by equation 2: 

where, λ is wavelength of incident radiation, dhkl is the distance between lattice planes

are Miller indices.  
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filtered to make monochromatic radiation, collimated to focus and directed toward the sample. 

ays  with  the  sample  results  constructive  interference  when 

is the distance between lattice planes (hkl), Ɵ 
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Hence this law gives relationship between the wavelength of electromagnetic radiation, 

the diffraction angle and the d-spacing in a crystalline sample (Figure 2.2). These diffracted X-

rays  are  then  examined,  processed  and  counted.  Because  of  the  random  orientation  of  the 

powdered material,  all possible diffractions of  the  lattice  should be obtained by scanning  the 

sample material through a range of 2Ɵ angles.  The diffraction peaks are then converted into d-

spacing which in turn helps in identifying the sample mineral because each mineral has got a 

set  of  distinct  d-spacing  values.  In  general,  the  d-spacing  of  the  given  sample  are  compared 

with standard reference patterns and the material is confirmed. 

2.3.2.3. Scanning Electron Microscopy (SEM) Studies 

Scanning electron microscopy (SEM) is used to ascertain the topography, morphology, 

composition  and  crystallographic  information  of  the  adsorbent  material.  SEM  authorizes  the 

observation of materials in macro and submicron ranges. SEM uses a beam of highly energetic 

electrons  to  examine  objects  [7].  SEM  generates  high  energy  electron  beam  of  these  fast 

moving  electrons  is  focussed  on  a  sample.  These  electrons  are  absorbed  or  scattered  by  the 

specimen and electronically processed into an image. The instrument is capable of generating 

three dimensional images for analysis of topographic features. Most electron microscopes use 

to  study  materials  with  image  generation  up  to  10   A.  The  working  principle  of  SEM  is 

presented in Figure 2.3 

 

Figure 2.3 Principle of SEM 
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2.3.3.4. Energy-Dispersive X-ray Spectroscopy (EDX) 

 Energy-dispersive X-ray spectroscopy (EDX) is a widely used technique to analyze the 

chemical components in a material. EDX is frequently used in the analysis of adsorbents [8, 9]. 

This method relies on the investigation of X-rays produced as a result of electron interactions 

with  the  sample.  The  elemental  analysis  is  based  on  the  fundamental  principle  that  each 

element  has  a  unique  atomic  structure  which  generates  unique  set  of  peaks  on  its  X-ray 

spectrum [10]. For stimulating the emission of X-rays, a high energy electrons or a beam of X-

rays,  is  focused  to  the  sample  under  investigation.  The  incident  beam  may  eject  an  electron 

from  inner  shell,  creating  a  hole.  An  electron  from  a  higher  and  the  lower  energy  shell  is 

released  in  the  form  of  an  X-ray.  The  energy  of  the  X-rays  emitted  is  characteristic  of  the 

element and data is processed to obtain the percentage of each measured element present in the 

given sample particles. 

2.3.3.5. Thermal Gravimetric Analysis 

Thermal Gravimetric Analysis (TGA) determines the amount and rate of change in the 

mass  of  a  material  as  a  function  of  temperature  or  time  in  a  controlled  atmosphere.  These 

measurements are used mainly to determine the composition of materials and to calculate their 

thermal stability at temperatures up to 1000°C. This method can explain materials that showing 

mass  loss or gain due to chemical changes such as decomposition, oxidation, or dehydration. 

Figure 2.4 describes the schematic working of TGA. 

 

Figure 2.4 Schematic presentation of TGA working 
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2.3.3.6. Determination of Surface Area 

The Brunauer-Emmett-Teller (BET) and Barret-Joyner-Halenda (BJH) surface area was 

measured by N2 adsorption-desorption technique using Surface area analyzer ASAP 2010 (UK) 

and Quantachrome Nova  2200E  (Spain). A pictorial  presentation of  the Quantachrome Nova 

2200E (Spain) is shown in Figure 2.5. The cross-sectional area of nitrogen molecule was taken 

as 16.2 x 10-20 m2. Before adsorption, the sample was out gassed overnight at 140°C. The BET 

method is widely used in surface science for the calculation of surface areas of solid catalysts 

and adsorbents and the values obtained are seemed to be perfectly satisfactory. 

 

Figure 2.5A pictorial presentation of the Quantachrome Nova 2200E (Spain) 

2.3.3.7. Elemental Analysis 

CHNS  analysis  of  the  adsorbent  samples  was  carried  out  using  an  Elementar  Vario 

ELHI CHNS analyzer at Indian Institute of Technology, Roorkee. The analyzer operates on the 

basis of the combustion dynamics of the sample. The sample is weighed on a tin capsule and is 

introduced  along  with  a  quantity  of  oxygen,  through  an  automatic  sampler,  in  a  reactor  of 

combustion. After combustion, the gases produced, N2, CO2, H2O and SO2 are transported by a 

stream of Helium  through a  layer of copper, contents of  the  reactor,  and  then  separated by a 

column of GC and finally detected by a thermal conductivity detector (TCD). The time needed 
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for the total analysis is 12 min. The equipment is completely controlled by computer, through 

software and at the end of the analysis a full report showing the percentage of CHNS values is 

issued. 

2.3.3.8. Determination of Point of Zero Charge (PHpzc) 

Surface  and  interface  properties of metal  oxides play  an  important  role  in  the  overall 

behaviour and their surface get changed when exposed to the external environment. In aqueous 

media hydroxide groups develop on the surface of metal oxides create electrical charges. The 

formation  of  surface  charge  is  proton  balance  between  the  oxide  surface  and  the  suspension 

which is determined by their acid-base behaviour. The nature and magnitude of surface charge 

on  metal  oxides  depend  upon  the  concentration  and  pH  of  the  aqueous  media  [11].  The  pH 

dependent surface charging of mineral oxide in aqueous media is very important, therefore, it 

become necessary  to  find an  important parameter called point of zero charge  (PZC)  for  such 

systems. The point of zero charge (pHpzc) is related to adsorption, which is pH of the mineral 

surface in the aqueous medium at which that surface has a net neutral charge. At the point of 

zero charge, protonated positive surface sites are balanced by an equal number of deprotonated 

negative  surface  sites  [12, 13]. PZC  is  a  tool  for  the determination of chemical properties of 

mineral oxides and hydroxides [14]. The study of PZC plays an important role in the process of 

adsorption of colloidal particles on the surface [13].  

The surface charges of adsorbent may be positive or negative or neutral, which depends 

on pH of the medium. PZC is one of the most important parameters used to describe variable-

charge  surfaces  [15]. At higher pH of a medium  than PZC,  the  surface will  acquire negative 

charge  and  exhibits  an  ability  to  exchange  cations,  while  the  solid  will  attract  anions 

electrostatically  if  its  pH  is  below  PZC.  Several  methods  have  been  proposed  for  the 

determination of the point of zero charge on the solids. In the present study, pH of point of zero 

charge (pHpzc) was determined by salt addition method reported in the literature [16, 17]. 50.0 

mL of 0.1 M KNO3 solution was taken in a series of 100 mL Erlenmeyer’s flask. A range of 

initial pH value of the adsorbate solution was adjusted at 2, 4, 6, 8, 10 and 12 by adding 0.1 M 

HNO3 or NaOH. 0.2 g of adsorbent was added  to each flask. The suspension was shaken on 

magnetic stirrer for 30 min and allowed to equilibrate for 48 h. The suspension was centrifuged 

at 5000 rpm for 5 min and final pH values of the supernatant liquid were recorded. The pHpzc 

is the point where the curve of the final pH versus initial pH crosses each other [18].  
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2.3.4. Adsorption Experimental Method

Several experimental techniques have been investigated by many researchers in order to 

make  an  intimate  contact 

pollutants  from  water.  Both  batch  and  column  techniques  were  used  for  investigations. 

Adsorption isotherms were determined

Further,  it permits convenient evaluation of parameters  that  influence  the adsorption process. 

Column studies were also carried out to know the feasibility of the process in practice. These 

batch and column experimental technologies are discussed below.

2.3.4.1. Batch Adsorptio

The  development  of  batch  adsorption  process  involves  the  plotting  of  isotherm;  a 

typical  isotherm  plot  is  shown  in  Figure  2.

adsorbate  concentrations  on per  gram  of  adsorbent  (q

equilibrium (Ce). Basically, maximum adsorption of the adsorbate on a particular adsorbent can 

be  achieved  by  optimizing  various  parameters  of  adsorption.  The  parameters  affecting  the 

adsorption process and considered for study were pH, adsor

concentration of adsorbate, contact time and temperature.

Figure 2.6 Typical adsorption isotherm from batch experiment

For  the  optimization  purpose,  the  first  experimental  was  indented  to  determine  the 

effect of contact time and minimum time to reach equilibrium condition by adsorbate
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2.3.4. Adsorption Experimental Method 

Several experimental techniques have been investigated by many researchers in order to 

make  an  intimate  contact  between  adsorbate  and  adsorbent  for  the  maximum  uptake  of 

pollutants  from  water.  Both  batch  and  column  techniques  were  used  for  investigations. 

Adsorption isotherms were determined by batch method which is simple and easy to perform. 

nvenient evaluation of parameters  that  influence  the adsorption process. 

Column studies were also carried out to know the feasibility of the process in practice. These 

batch and column experimental technologies are discussed below. 

2.3.4.1. Batch Adsorption Method 

The  development  of  batch  adsorption  process  involves  the  plotting  of  isotherm;  a 

typical  isotherm  plot  is  shown  in  Figure  2.6. This  an  equilibrium  graph  plotted  between 

concentrations on  per  gram  of  adsorbent  (qe)  and  in  aqueous  phase  re

equilibrium (Ce). Basically, maximum adsorption of the adsorbate on a particular adsorbent can 

be  achieved  by  optimizing  various  parameters  of  adsorption.  The  parameters  affecting  the 

adsorption process and considered for study were pH, adsorbent dose, and particle size, initial 

concentration of adsorbate, contact time and temperature. 

Typical adsorption isotherm from batch experiment 

For  the  optimization  purpose,  the  first  experimental  was  indented  to  determine  the 

effect of contact time and minimum time to reach equilibrium condition by adsorbate
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Several experimental techniques have been investigated by many researchers in order to 

between  adsorbate  and  adsorbent  for  the  maximum  uptake  of 

pollutants  from  water.  Both  batch  and  column  techniques  were  used  for  investigations. 

by batch method which is simple and easy to perform. 

nvenient evaluation of parameters  that  influence  the adsorption process. 
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bent dose, and particle size, initial 

 

For  the  optimization  purpose,  the  first  experimental  was  indented  to  determine  the 

effect of contact time and minimum time to reach equilibrium condition by adsorbate-adsorbent 

mental 

Theoretical 
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system.  A  fixed  amount  of  the  adsorbent  was  added  to  100  Ml  of  adsorbate  (Metal 

ions/dyes/phenols)  solution  of  a  fixed  concentration  in  a  number  of  250  mL  stopered 

Erlenmeyer  flask,  which  were  placed  in  thermostat  shaking  assembly.  The  solutions  were 

agitated  at  constant  temperature  on  an  orbital  shaker  at  100rpm and  Erlenmeyer  flasks  were 

taken out from shaker after a regular period of time. The solution was filtered with 0.2 µm rated 

nylon  membrane.  The  filtrate  was  analyzed  to  determine  the  remaining  concentration  of  the 

adsorbate  in  solution.  Remaining  Erlenmeyer  flasks  were  analyzed  similarly  until  two 

successive  Erlenmeyer  flasks  showed  nearly  equal  adsorption  and  results  so  obtained  were 

enabled to draw a progressive extent of adsorbent with the passage of  time. The contact  time 

after which adsorbent showed no noticeable adsorption is termed as equilibrium contact time. 

This optimized time period is generally employed in the succeeding experiments  to study the 

effect of other factors. 

To study the effect of  the particle size of adsorbent on  the extent of adsorption,  three 

particle  sizes  i.e.  100-150,  150-200  and  200-250  BSS  were  used  in  three  different  series  of 

Erlenmeyer  flasks;  each  series contains  a  range of  adsorbate  solution. The  experiments  were 

carried out upto the optimum contact time and at fixed temperature. The samples were analyzed 

and  results  were  plotted  in  terms  of  isotherms,  which  showed  comparative  performance  of 

various  particle  size.  The  finest  particle  size  (200-250  BSS)  shows  maximum  adsorption 

capacity among them, due to larger surface area. 

Likewise,  similar  sets,  containing  a  range  of  adsorbate  concentration,  with  different 

adsorbent dose were analyzed. The isotherms obtained from results were helpful to determine 

the optimized dose for maximum removal. 

The  pH  of  solution  can  alter  the  surface  properties  of  adsorbent  and  adsorbate  and 

therefore, affect the adsorption behaviour and extent of adsorption. In view of this phenomenon 

adsorption  experiments  were  carried  out  at  various  pH  values.  For  this  purpose  a  series  of 

Erlenmeyer  flasks  containing  fixed  adsorbate  solution  at  different  pH,  depending  on  the 

physiochemical  stability  on  the  physiochemical  stability  of  adsorbent  or  adsorbate  at  certain 

pH; were used. pH of solution was adjusted with the use of 0.1 M HNO3 and 0.1 M NaOH as 

per requirement. These experiments are useful especially to explore the adsorption mechanism. 

The results were plotted as the extent of adsorption against pH of solution. 

Similarly,  temperature  is  also  an  important  factor  which  influences  the  adsorption 

process. To observe the effect of solution temperature on the extent of adsorption, three sets of 
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experiments  are  conducted  at  different  solution  temperatures.  The  results  showed  the 

adsorption  process  as  endothermic  (increases  with  increase  in  temperature)  or  exothermic 

(decrease  with  increase  in  temperature).  The  resulting  data  were  plotted  as  isotherms  which 

were very useful in predicting the adsorption characteristics of adsorbent.  

The adsorbate uptake qe (mg/g) was determined as follows by equation 3: 

 
m

VCC
q e

e


 0                 (3) 

Where  0C and  eC  (mg/L) are the liquid-phase concentration of dyes at initial and equilibrium, 

respectively. V is the volume of the solution (L) and m is the mass of adsorbent (g).  

The  data  analysis  was  carried  out  using  correlation  analysis  employing  least-square 

method and the average relative error (ARE) [19, 20] is calculated using the following equation 

4: 





n

i
i

icali

q

qq

n
ARE

exp,

exp,,100
(%)

                      

(4) 

Where n is the number of data points, qi,exp and qi, cal are experimental and calculated amount of 

adsorbed MG per unit weight of adsorbents (mg/g), respectively.  

2.3.4.1.1. Adsorption Isotherms 

 The  equilibrium  isotherm  is  a  significant  criterion  for  the  design  of  the  adsorption 

system. It essentially expresses the relation between the concentrations of the solute in solution 

at equilibrium with the concentration of the solute adsorbed at constant temperature. To analyze 

the validity of  the adsorption data Langmuir, Freundlich, Temkin and Dubinin-Radushkevich 

isotherm  adsorption  models  were  used.  Besides,  linear  regression  analyses  of  the  adsorption 

data  were  carried  out  to  select  the  suitable  adsorption  model.  The  shape  of  the  adsorption 

isotherm gives quantitative information about the adsorption process and the extent of surface 

coverage by the adsorbate. 

2.3.4.1.2. Classification of isotherms 

A  general  systematic  classification  of  isotherm  was  first  proposed  by  Brunauer, 

Deming, Deming and Teller (BDDT) in 1940 containing five types of isotherms, I to V. Later 

Sing  et  al  [21]  included  one  additional  type  giving  six  types  by  IUPAC  classification  of 

isotherms  as  illustrated  in  Figure  2.7.  Type  I  isotherm  are  characteristic  of  microporous 
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adsorbents. The detailed  interpretation of such  isotherms  is 

obtain an estimate of the micorpore volume from Type I isotherm. Type II  isotherm indicates

that the solid is non-porous while the Type IV isotherm is characteristic of a mesoporous solid. 

From both types f isotherm it is possible  to calculate  the surface area of the solid. From both 

types  of  isotherm  it  is  possible  to  calculate  the  surface  area  of  the  solid.  From  the  Type  IV 

isotherm the pore size distribution may also be evaluated.  Isotherms of Type III and Type V 

seem  to  be  characteristic  of  systems  where  the  adsorbent

weak, and  are much  less  common  than  those of  the other  three  types. The  stepped  isotherm, 

appropriately  designated  Type  VI,  though  relatively  rare,  is  of  particular  the

Finally Type VI represents stepwise multilayer adsorption on a uniform non

Figure 2.7 The IUPAC classification of adsorption isotherm

In 1960 Giles et al. [22] divided all isotherms in to four main classes according to the 

initial slope. They are (i) S type (Sigmoid); (ii) L type (Langmuir); (iii) H type

and  (iv)  C  type  (constant  partition)  and  are  shown  in  Figure

characterized  by  a  small  slope  at  low  surface  coverage  that  increases  with  adsorbate 

concentration. S curve suggests that affinity of the adsorbent for the adsorbate is less than that 

of aqueous solution when the solution concentration of the adsorbate

occurs when (a) solute molecule is mono functional (b) has moderate intermolecular 
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adsorbents. The detailed  interpretation of such isotherms  is controversial, but  it  is possible  to 

obtain an estimate of the micorpore volume from Type I isotherm. Type II isotherm indicates

porous while the Type IV isotherm is characteristic of a mesoporous solid. 

is possible  to calculate  the surface area of the solid. From both 

types  of  isotherm  it  is  possible  to  calculate  the  surface  area  of  the  solid.  From  the  Type  IV 

isotherm the pore size distribution may also be evaluated.  Isotherms of Type  III and Type V 

to  be  characteristic  of  systems  where  the  adsorbent-adsorbate  interaction  is  unusually 

weak, and  are much  less common  than  those of  the other  three  types. The  stepped  isotherm, 

appropriately  designated  Type  VI,  though  relatively  rare,  is  of  particular  theoretical  interest. 

Finally Type VI represents stepwise multilayer adsorption on a uniform non-porous surface.

The IUPAC classification of adsorption isotherm 

] divided all isotherms in to four main classes according to the 

type (Sigmoid); (ii) L type (Langmuir); (iii) H type (high affinity) 

and  (iv)  C  type  (constant  partition)  and  are  shown  in  Figure  2.8.  The  S  type  isother

at  low  surface  coverage  that  increases  with  adsorbate 

concentration. S curve suggests that affinity of the adsorbent for the adsorbate is less than that 

of aqueous solution when the solution concentration of the adsorbate is low. S curved isotherm 

occurs when (a) solute molecule is mono functional (b) has moderate intermolecular 

controversial, but  it  is possible  to 

obtain an estimate of the micorpore volume from Type I isotherm. Type II isotherm indicates 

porous while the Type IV isotherm is characteristic of a mesoporous solid. 

is possible  to calculate  the surface area of the solid. From both 

types  of  isotherm  it  is  possible  to  calculate  the  surface  area  of  the  solid.  From  the  Type  IV 

isotherm the pore size distribution may also be evaluated.  Isotherms of Type III and Type V 

adsorbate  interaction  is  unusually 

weak, and  are much  less  common  than  those of  the other  three  types. The  stepped  isotherm, 

oretical  interest. 

porous surface. 

 

] divided all isotherms in to four main classes according to the 

(high affinity) 

.  The  S  type  isotherm  is 

at  low  surface  coverage  that  increases  with  adsorbate 

concentration. S curve suggests that affinity of the adsorbent for the adsorbate is less than that 

is low. S curved isotherm 

occurs when (a) solute molecule is mono functional (b) has moderate intermolecular attraction 
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and (c) meets strong competition for substrate sites, from the solvent molecules or of another 

adsorbed species.  

Figure 2.8 Giles classification of isotherm shapes 

The  L  type  is  the  most  commonly  encountered  type  of  adsorption  isotherm  in 

wastewater treatment. L type isotherm indicates that the adsorbate has a relatively high affinity 

for the adsorbent surface a low surface coverage; 

affinity of the adsorbate for the adsorbent surface decreases. The L curve implies that either the 

adsorbed solute molecule  is not vertically oriented or there is no strong competition from the 

solvent. The H type isotherm is an extreme version of the L type isotherm in which the solute 

has high affinity that in dilute solutions it gets completely adsorbed or there is no measurable 

amount remaining in solution. The initial part of the isotherm is therefor

isotherms are defined by a constant sorption affinity. This characterised by constant partition of 

solute  between  solution  and  substrate,  right  up  to  the  maximum  possible  adsorption.  The 

adsorption  of  non-ionic  and  hydrophobic  organic  comp

isotherm. 

The adsorption isotherms are mathematical models that describe the distribution of the 

adsorbate  species  among  solid  and  liquid  phases,  and  are  important  data  to  understand  the 

mechanism of  the adsorption. Sev

Experimental Methods and Materials 

61 

(c) meets strong competition for substrate sites, from the solvent molecules or of another 

assification of isotherm shapes  

The  L  type  is  the  most  commonly  encountered  type  of  adsorption  isotherm  in 

wastewater treatment. L type isotherm indicates that the adsorbate has a relatively high affinity 

for the adsorbent surface a low surface coverage; it reveals that as the coverage increases, the 

affinity of the adsorbate for the adsorbent surface decreases. The L curve implies that either the 

adsorbed solute molecule is not vertically oriented or there  is no strong competition from the 

type isotherm is an extreme version of the L type isotherm in which the solute 

has high affinity that in dilute solutions it gets completely adsorbed or there is no measurable 

amount remaining in solution. The initial part of the isotherm is therefor

by a constant sorption affinity. This characterised by constant partition of 

solute  between  solution  and  substrate,  right  up  to  the  maximum  possible  adsorption.  The 

ionic  and  hydrophobic  organic  compounds  is  usually  described by C  type 

The adsorption isotherms are mathematical models that describe the distribution of the 

adsorbate  species  among  solid  and  liquid  phases,  and  are  important  data  to  understand  the 

mechanism of  the adsorption. Several models have been described in literature to explain the 

Chapter 2 

(c) meets strong competition for substrate sites, from the solvent molecules or of another 

 

The  L  type  is  the  most  commonly  encountered  type  of  adsorption  isotherm  in 

wastewater treatment. L type isotherm indicates that the adsorbate has a relatively high affinity 

it reveals that as the coverage increases, the 

affinity of the adsorbate for the adsorbent surface decreases. The L curve implies that either the 

adsorbed solute molecule  is not vertically oriented or there is no strong competition from the 

type isotherm is an extreme version of the L type isotherm in which the solute 

has high affinity that in dilute solutions it gets completely adsorbed or there is no measurable 

amount remaining in solution. The initial part of the isotherm is therefore vertical. The C type 

by a constant sorption affinity. This characterised by constant partition of 

solute  between  solution  and  substrate,  right  up  to  the  maximum  possible  adsorption.  The 

ounds  is  usually  described  by  C  type 

The adsorption isotherms are mathematical models that describe the distribution of the 

adsorbate  species  among  solid  and  liquid  phases,  and  are  important  data  to  understand  the 

eral models have been described in literature to explain  the 
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experimental  data  of  the  adsorption  isotherms.  Langmuir,  Freundlich,  Temkin  and  Dubinin-

Radushkevich isotherm adsorption models are the most frequently employed models. 

2.3.4.1.2.1. Langmuir Isotherm 

The  Langmuir  isotherm  is  a  theoretical  isotherm  model  and  is  based  on  few 

assumptions [23]. All sites are identical and energetically equivalent. Thermodynamically this 

implies  that  each  site  can  hold  one  adsorbate  molecule,  adsorption  cannot  proceed  beyond 

monolayer.  The  ability  of  a  molecule  to  be  adsorbed  at  a  given  site  is  independent  of  the 

occupation of neighbouring sites, which mean,  there will be no interactions between adjacent 

molecules on the surface and immobile adsorption, i.e. trans-migration of the adsorbate in the 

plane of the surface is precluded. The heat or energy of adsorption is constant over the entire 

surface.  The  volume  of  monolayer  and  the  energy  of  adsorption  are  independent  of 

temperature.  Hence  according  to  the  Langmuir  model  during  the  uptake  of  metal  ions  on  a 

homogenous  surface  all  sites  are  identical  and  energetically  equivalent,  the  adsorbent  is 

structurally  homogeneous  without  interaction  between  molecules  adsorbed  on  neighbouring 

sites [24-26]. Langmuir adsorption isotherm is given by the equation 5: 

)1( eL

eLm
e
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CKq
q


               (5) 

This equation can be remodelled and rearranged into four different linear types by the 

following equations 6-8: 
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Where,  qe  is  the  adsorption  capacity  at  equilibrium  (mg/g);  qmis  the  maximum 

adsorption capacity (mg/g); Ce is the equilibrium concentration of metal ions in solution (mg/L) 

and  KL  is  the  Langmuir  constant  (L/mg).  The  values  of  isotherm  constants  (qm  and  KL)  are 

defined  from  the  slope  and  intercept  of  the  linear  plot  of  Ce/qe  versus  Ce,  respectively.  The 
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linear  forms of  the  isotherms at  all  temperature and  the correlation  coefficients  were used  to 

predict if the adsorption data closely follow the Langmuir model of sorption. 

Hereby, a dimensionless constant, commonly known as separation factor  (RL) defined 

Webber and Chakkravorti [27] can be represented by equation 10: 

L

L 0

1
R =    

1+ K C
       (10)

 

where  KL  (L/mg)  is  the  Langmuir  constant  related  to  rate  of  adsorption  and  Co  is 

denoted  to the adsorbate  initial concentration (mg/L). In  this context,  lower RL value  reflects 

that adsorption is more favourable. In a deeper explanation, RL value indicates the adsorption 

nature  to  be  either  unfavourable  (RL>1),  linear  (RL=1),  favourable  (0<  RL<1)  or  irreversible 

(RL=0). 

2.3.4.1.2.2. Freundlich Isotherm 

Freundlich (1906) proposed an empirical equation, which can be applied for solutions in 

the  low to  intermediate concentration  range. This model assumes a heterogeneous adsorption 

surface with sites that have different energies of adsorption and are not equally available. The 

Freundlich isotherm is derived by assuming an exponential decay energy distribution function 

inserted into the Langmuir equation [28]. It describes reversible adsorption and is not restricted 

to the formation of the monolayer. The Freundlich equation is an empirical equation employed 

to describe heterogeneous systems, in which it is characterized by the heterogeneity factor 1/n. 

When  n=1/n,  the Freundlcih equation  reduces  to Henry’s  law. Hence,  the  empirical equation 

can be written as equation 11: 

�� = ����

�

�                       (11) 

Where Kf is the Freundlich constant (L(mg1-1/ng)-1) which is an indicative of relative adsorption 

capacity of the adsorbent, and 1/n is the heterogeneity factor. A linear form of the Freundlich 

expression can be obtained by taking logarithms of equation 12: 

eFe C
n

Kq log
1
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(12) 

Therefore,  the plots  of  logqe  versus  log Ce were drawn  to calculate  the values of Kf  and  1/n 

from the intercept and slope respectively. The linear forms of the isotherms at all temperature 

and  the correlation coefficients were used  to predict  if  the adsorption data closely  follow the 

Freundlich model of sorption. 
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2.3.4.1.2.3. Dubinin-Radushkevich (D-R) isotherm  

Dubinin-Radushkevich  (D-R)  isotherm  [29]  is  an  empirical  model  initially  conceived 

for  the  adsorption  of  subcritical  vapors  onto  micorpore  solids  following  a  pore  filling 

mechanism.  It  is  generally  applied  to  express  the  adsorption  [2  13]  with  a  Gaussian  energy 

distribution onto a heterogeneous surface. The model has often successfully fitted high solute 

activities and the intermediate range of concentration data well. 

A linear expression of the D-R equation is: 

2lnln Dme
Kqq                       (13) 

Where KD is a constant related to the adsorption energy and ε is the Polanyi potential which is 

related to equilibrium concentration through the expression: 
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When ln qe is plotted against ε2, the mean adsorption energy (E) is: 

K D

E
2

1
           (15) 

The  magnitude  of  E  may  characterize  the  type  of  the  adsorption  as  chemical  ion 

exchange (E= 8-16 kJ/mol) describes the chemical ion exchange or physical adsorption (E< 8 

kJ/mol). 

2.3.4.1.2.4. Temkin isotherm 

The dependence of temperature on equilibrium capacity can be identified based on the 

heat of adsorption value using the Temkin equation. The Temkin isotherm contains a factor that 

explicitly takes into account adsorbate/adsorbate interactions. The heat of adsorption of all the 

molecules  in  the  layer would decrease  linearly with coverage because of adsorbate/adsorbate 

interactions.  The  Temkin  isotherm  can  be  used  to  describe  binding  site  [30].  The  Temkin 

equation is expressed as 

�� =
���� (���)

�
                    (16) 

Where 
��

�
=B is the Temkin constant related to heat of sorption (Jmol-1), A the Temkin isotherm 

constant (Lg-1) corresponding to the maximum binding energy, R the gas constant (8.314Jmol-

1K-1) and T the absolute temperature (K). 
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2.3.4.1.3. Thermodynamic Study 

In  order  to  study  the  feasibility  of  adsorption,  three  thermodynamic  equations  17-19 

were  applied  to  equilibrium  adsorption  isotherms  to  calculate  the  related  parameters  (Free 

energy (ΔG), enthalpy (ΔH), and entropy (ΔS)) for the adsorption systems. 

ΔG° = - RT ln b         (17) 

H° = 
�����

�����
��

��

��
    (18) 

S° = 
�°� �°

�
              (19) 

Where b, b1 and b2 are Langmuir constants at different temperatures and other terms have their 

usual  meanings.  The  negative  value  of  free  energy  (ΔG°)  reflects  feasibility  of  adsorption 

system and vice versa. The positive and negative values of enthalpy ( H°) show endothermic 

or  exothermic  nature  of  adsorption  respectively.  Similarly,  positive  or  negative  values  of 

entropy  ( S°)  change  give  an  idea  about  increase  or  decrease  in  randomness  in  adsorption 

process. 

2.3.4.1.4. Adsorption Kinetic Models 

Adsorption  process  is  significant  since  the  sorption  process  reach  the  equilibrium 

rapidly  with  the  increase  in  adsorption  capacity  with  time.  Hence  adsorption  is  a  time 

dependent  process.  Measurement  of  sorption  rate  constants  and  order  of  the  reaction  are 

important  physic-chemical  parameters  to  evaluate  the  basic  qualities  of  a  good  sorbent. 

Prediction  of  kinetics  is  necessary  for  the  design  of  sorption  systems.  More  than  25  models 

have been put forward to describe or predict the adsorption kinetics. Each of these models has 

its own limitations and strengths and is derived according to certain initial conditions based on 

specific experimental and theoretical assumptions. Normally adsorption kinetic models can be 

divided into two main types: reaction based models and diffusion based models [31]. 

2.3.4.1.4.1. Reaction based models 

2.3.4.1.4.1.1. Pseudo-First-Order Model 

The pseudo-first-order equation suggested by Lagergren [32]  is considered as  the first 

rate equation for the adsorption of solid/liquid systems. A pseudo-first-order Lagergren model 

is based on the assumption that the rate of adsorbate seizing the adsorption sites is proportional 

to the amount of untaken adsorption sites. It can be expressed as 

303.2
log)log( 1tk

qqq ete 
                    

(20) 
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Where qe  is  the adsorption capacity at equilibrium (mg/g); qt  is  the adsorption capacity at  the 

time of t (mg/g); and k1 is the first order rate constant (1/min).The values of kinetic constants 

(qe and k1) are defined experimentally from the slope and intercept of the linear plot of log (qe-

qt) versus t, respectively. In many cases, pseudo-first-order does not fit well over the range of 

contact times under investigation. It fits the experimental data for an initial period of the first 

reaction step only. 

2.3.4.1.4.1.2. Pseudo-Second-Order Model 

For  the  pseudo-second-order  model  reaction  the  rate  limiting  step  may  be 

chemisorptions  or  chemisorptions  involving  sharing  or  exchange  of  electrons  between  the 

adsorbent and adsorbate. The rate of  the  reaction may be dependent on  the amount of metals 

ions  on  the  surface  of  the  adsorbent  and  the  amount  of  metal  ions  sorbed  at  equilibrium.  It 

means  that  the  rate  of  reaction  is  directly  proportional  to  the  number  of  active  sites  on  the 

surface of the adsorbent. The pseudo-second-order rate equation developed by Ho and Mckay 

[33], can be expressed as 

2
2 )( tedt

dq qqkt    (21) 

Equation (21) can be linearized into four different linear types by the following equations 22-

25: 
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Where qt and qe are the amount adsorbed at any time t and at equilibrium and k2 is the second 

order  rate  constant  (g/mg  min).The  values  of  kinetic  constants  (qe  and  k2)  are  defined 
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experimentally  from  the  slope  and  intercept  of  the  linear  plot  of  t/qt  versus  t,  respectively. 

Pseudo-second-order model predict the behaviour over the whole concentration range and is in 

agreement with chemical sorption being rate-controlling step. 

2.3.4.1.4.2. Diffusion-based models 

The adsorption process involves particle diffusion or film diffusion. Three consecutive 

steps, which occur in the adsorption of an asorbate by a porous adsorbent, are: 

1. Transport of the adsorbate to the external surface of the adsorbent (film diffusion); 

2. Transport of the adsorbate within the pores of the adsorbent (particle diffusion); 

3. Adsorption of the adsorbate on the interior surface of the adsorbent. 

Step 3  is  considered  to be very rapid and does not  represent  the  rate-determining step  in  the 

uptake of adsorbate. The following three distinct possibilities exist for the remaining two steps 

in the overall transport process: 

Case I: External transport> Internal transport. 

Case II: External transport< Internal transport. 

Case III: External transport ≈ Internal transport. 

In cases I and II, the rate is governed by the particle and film diffusion, respectively, but 

in  case  III,  the  transport  of  ions  to  the  boundary  may  not  be  possible  at  a  significant  rate, 

thereby, leading to the formation of a liquid film with the formation of a concentration gradient 

at the adsorbate particle. 

To investigate  the actual process  involved in the adsorption process,  the mathematical 

treatment  recommended  by  Boyd,  Bangham  and  the  intra  particle  diffusion  model  were 

employed. 

2.3.4.1.4.2.1. Boyd model 

The mathematical treatment recommended by Boyd et al. [34] was employed to explore 

whether  the  adsorption  process  involves  particle  diffusion  or  film  diffusion.  A  quantitative 

treatment of  the sorption dynamics was employed with  the help of  the  following expressions 

26-28: 

� = �
�

�� � �
�

��� ���( ����)
�

                    (26) 

� =
��

�   
                                                                       (27) 

� =
����

���
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Where, F is the fractional attainment of equilibrium at time t, n is the Freundlich constant of the 

adsorbate and Bt is the time constant; Qt and Q  are the amounts adsorbed (mgg-1) after time 

t  and  after  infinite  time,  respectively;  B  is  the  time  constant  after  time  t,  Di  is  the  effective 

diffusion coefficient of the adsorbate and ro is the radius of spherical adsorbent particle. 

Based on the values of Fractional attainment, Bt values are derived from Reichenberg’s 

table  [35]. The  linearity of  the Bt vs  time plots with straight  lines passing  through  the origin 

will suggest  that  the rate determining process is particle diffusion where external  transport of 

the adsorbate ions is much favoured than the internal transport. 

2.3.4.1.4.2.2. Bangham’s Equation 

The applicability of the following Bangham’s equation [36] to kinetic study was tested 

to learn about the slow step occurring in the adsorption process: 

��� ��� �
��

�

��
������

� = ��� �
����

�.����
� +  � logt                (29) 

Where  C’o  is  initial  concentration  of  the  adsorbate  in  solution  (mgL-1),  Vv  the  volume  of 

solution  (mL),  m’  the  weight  of  adsorbent  used  per  litre  of  solution  (gL-1),  q’  (mgg-1)  the 

amount  of  adsorbate  retained  at  time  t  and  � (<1) and  ko  are  constants.  Log  log 

�
��

�

��
������

�values  were  plotted  against  log  t  in  Bangham’s  plot.  The  linearity  of  these  plots 

confirms  the  applicability  of  Bangham’s  equation  and  indicates  that  diffusion  of  adsorbate 

molecules  into  pores  of  the  adsorbent  mainly  controls  the  adsorption  process  rather  a  film 

diffusion controlled process. 

2.3.4.1.4.2.3. Intraparticle Diffusion 

In a well-agitated batch adsorption system, there can also be a possibility of intraparticle 

pore diffusion [37] of adsorbate ions, which can be the rate limiting step. 

Itkq it  5.0     (30)       

Where qt is the adsorption capacity at the time of t (mg/g); ki is the second order rate constant 

(mg/g min) and  I  indicates  the  thickness of  the boundary  layer  (mg/g). The values of kinetic 

constants (ki and I) are defined from the slope and intercept of the linear plot of qt versus t0.5, 

respectively. 

The linearity of the plots of qt versus t0.5 with straight lines passing through the origin 

will  imply  that although  intraparticle diffusion  is  involved  in  the adsorption process,  it  is not 

the sole rate controlling step and that some other mechanisms may play an important role. 



Experimental Methods and Materials

 

 

2.3.4.2. Column Adsorption Method

Column-type  continuous

studies. The main objective of flow through column experiments is to provide a more sensible 

simulation  of  how  the  adsorbent  material  adsorbs  the  noxious  contaminant.  Although 

adsorption studies provide parameters which are useful for the application of adsorbents for the 

removal  of  noxious  contaminants  yet  column  experiments  are  also  necessary  to  provide 

operational information with respect to the adsorption a particular adsorbent

[38].  Additionally  column  experiments  also  provide  a  much  closer  approximation  of  the 

physical  conditions  and  chemical  processes  rather  than  the  batch  experiments.  Hence,  the 

practical  applicability  of  the  product  for  column  operations  has  also  been  studied

some parameters necessary for a factual design model. In this method, a column of adsorbent is 

loaded, saturated and effluent is allowed to pass through it at a definite rate. The adsorbent has 

to be granular with sufficient particle size; other

The effluent from the column is taken and analyzed for the concentration of the adsorbate and 

breakthrough  curves  are  obtained.  These  investigations  provide  information  regarding  the 

optimum  mass,  height  and  area 

permit best treatment of the wastewater. 

In  the present work, a glass column (30 x 2.5cm)  is  fully  loaded with adsorbent on a 

glass wool support. A schematic diagram of column, used in the experim

2.9.  

Figure 2.9 Schematic presentation of the column used for the adsorption experiment
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rption Method 

continuous  flow  operations  have  many  distinct  advantages  over  batch 

studies. The main objective of flow through column experiments is to provide a more sensible 

simulation  of  how  the  adsorbent  material  adsorbs  the  noxious  contaminant.  Although 

vide parameters which are useful for the application of adsorbents for the 

removal  of  noxious  contaminants  yet  column  experiments  are  also  necessary  to  provide 

operational information with respect to the adsorption a particular adsorbent

].  Additionally  column  experiments  also  provide  a  much  closer  approximation  of  the 

physical  conditions  and  chemical  processes  rather  than  the  batch  experiments.  Hence,  the 

practical  applicability  of  the  product  for  column  operations  has  also  been  studied

some parameters necessary for a factual design model. In this method, a column of adsorbent is 

loaded, saturated and effluent is allowed to pass through it at a definite rate. The adsorbent has 

to be granular with sufficient particle size; otherwise the column becomes choked in no time. 

The effluent from the column is taken and analyzed for the concentration of the adsorbate and 

breakthrough  curves  are  obtained.  These  investigations  provide  information  regarding  the 

optimum  mass,  height  and  area  of  the  column  and  the  rate  of  the  effluent  flow  which  will 

permit best treatment of the wastewater.  

work, a glass column  (30 x 2.5cm)  is  fully  loaded with adsorbent on a 

support. A schematic diagram of column, used in the experim

Schematic presentation of the column used for the adsorption experiment
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flow  operations  have  many  distinct  advantages  over  batch 

studies. The main objective of flow through column experiments is to provide a more sensible 

simulation  of  how  the  adsorbent  material  adsorbs  the  noxious  contaminant.  Although 

vide parameters which are useful for the application of adsorbents for the 

removal  of  noxious  contaminants  yet  column  experiments  are  also  necessary  to  provide 

operational information with respect to the adsorption a particular adsorbent-adsorbate system 

].  Additionally  column  experiments  also  provide  a  much  closer  approximation  of  the 

physical  conditions  and  chemical  processes  rather  than  the  batch  experiments.  Hence,  the 

practical  applicability  of  the  product  for  column  operations  has  also  been  studied  to  obtain 

some parameters necessary for a factual design model. In this method, a column of adsorbent is 

loaded, saturated and effluent is allowed to pass through it at a definite rate. The adsorbent has 

wise the column becomes choked in no time. 

The effluent from the column is taken and analyzed for the concentration of the adsorbate and 

breakthrough  curves  are  obtained.  These  investigations  provide  information  regarding  the 

of  the  column  and  the  rate  of  the  effluent  flow  which  will 

work, a glass column (30 x 2.5cm)  is  fully  loaded with adsorbent on a 

support. A schematic diagram of column, used in the experiments, is given as Figure 

 

Schematic presentation of the column used for the adsorption experiment 
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Double  distilled  water  was  used  to  rinse  the  adsorbent  and  to  remove  any  bubbles 

present.  A  dye/phenols/metal  ions  was  poured  into  the  colum

taken and the concentration of the solute (Noxious impurities under investigation) determined 

from time to time by spectrophotometric/AAS method is required. This process is continued till 

the concentration  in  the column efflu

the adsorbate in the column effluent and volume of the effluent provide breakthrough curves.

2.3.4.2.1. Breakthrough Curve 

The efficiency of column operations  is understood  in  terms of breakthrough 

breakthrough curve is obtained by plotting

or  the  time of  treatment or  the number of bed volumes  (BV)  treated. A  typical breakthrough 

curve is shown in Figure 2.10.  

Figure 2.10 Breakthrough Curve (Co

A  breakthrough  curve  is  a  plot  of  the  column effluent  concentration  as  a  function  of 

either volume treated or the time of treatment or the number of bed volumes (BV) treated. The 

important  features  of  a  breakthrough  curve 

capacity (EC) and degree of column utilization (DOC). The definition of breakthrough capacity 

is  the mass of adsorbate eliminated by  the adsorbent at breakthrough concentratio

turn  is defined as utmost acceptable  (desired) concentration. When  the effluent concentration 

touches this value, at that time the developed adsorbent may be replaced. The DOC utilization 
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was  used  to  rinse  the  adsorbent  and  to  remove  any  bubbles 

present.  A  dye/phenols/metal  ions  was  poured  into  the  column  and  the  column  effluent  was 

taken and the concentration of the solute (Noxious impurities under investigation) determined 

from time to time by spectrophotometric/AAS method is required. This process is continued till 

the concentration  in  the column effluent becomes constant. The plots of  the concentration of 

the adsorbate in the column effluent and volume of the effluent provide breakthrough curves.

The efficiency of column operations  is understood  in  terms of breakthrough 

breakthrough curve is obtained by plotting column effluent concentration versus volume treated 

or  the  time of  treatment or  the number of bed volumes  (BV)  treated. A  typical breakthrough 

Co: Concentration of influent; C: Concentration of effluent).

A  breakthrough  curve  is  a  plot  of  the  column  effluent  concentration  as  a  function  of 

either volume treated or the time of treatment or the number of bed volumes (BV) treated. The 

features  of  a  breakthrough  curve  [39]  are  breakthrough  capacity  (BC),  exhaustion 

capacity (EC) and degree of column utilization (DOC). The definition of breakthrough capacity 

is  the mass of adsorbate eliminated by the adsorbent at breakthrough concentratio

turn  is defined as utmost acceptable  (desired) concentration. When  the effluent concentration 

touches this value, at that time the developed adsorbent may be replaced. The DOC utilization 

was  used  to  rinse  the  adsorbent  and  to  remove  any  bubbles 

n  and  the  column effluent  was 

taken and the concentration of the solute (Noxious impurities under investigation) determined 

from time to time by spectrophotometric/AAS method is required. This process is continued till 

ent becomes constant. The plots of  the concentration of 

the adsorbate in the column effluent and volume of the effluent provide breakthrough curves. 

The efficiency of column operations  is understood  in  terms of breakthrough curve. A 

column effluent concentration versus volume treated 

or  the  time of  treatment or  the number of bed volumes  (BV)  treated. A  typical breakthrough 

 

: Concentration of influent; C: Concentration of effluent). 

A  breakthrough  curve  is  a  plot  of  the  column  effluent  concentration  as  a  function  of 

either volume treated or the time of treatment or the number of bed volumes (BV) treated. The 

are  breakthrough  capacity  (BC),  exhaustion 

capacity (EC) and degree of column utilization (DOC). The definition of breakthrough capacity 

is  the mass of adsorbate eliminated by  the adsorbent at breakthrough concentration, which in 

turn  is defined as utmost acceptable  (desired) concentration. When  the effluent concentration 

touches this value, at that time the developed adsorbent may be replaced. The DOC utilization 
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may be defined as the ratio of mass adsorbed at breakthrough to the mass adsorbed at complete 

saturation  i.e.  when  effluent  concentration  becomes  equal  to  or  nearly  equal  to  influent 

concentration. The EC is defined as the mass of the adsorbate removed by one unit weight of 

the adsorbent at the point of saturation. Various factors [39, 40]effects the breakthrough curves 

like adsorbate nature and adsorbent nature, pH, concentration of solute, adsorption mechanism 

(Rate  limiting  step),  equilibrium conditions,  size  of  particle,  column  geometry  and  operating 

condition.  At  extremely  high  adsorption  rate  and  favorable  adsorption  isotherm  the  point  of 

breakthrough  and  the  point  of  exhaustion  coincide  practically  and  the  breakthrough  curve 

becomes sharp [41]. Mass transfer rate effect the sharpness of the breakthrough curves, as the 

transfer  of  mass  are  finite  breakthrough  curve,  which  are  diffuse  and  S  shaped.  For  most 

adsorption  operations  in  water  and  wastewater  treatment,  breakthrough  curves  exhibit  a 

characteristic S shape but with varying degree of steepness [40] (Figure 2.11).  

 

Figure 2.11 Representation  of  the  movement  of  the  adsorption  zone  and  the  resulting 

breakthrough curve 
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Weber  [40] explained  the  relationship between the nature of breakthrough curves and 

the fixed bed absorber as shown in Figure 2.11. When the feed water is introduced through the 

inlet of the column, the solute is adsorbed most rapidly and effectively by the upper few layers 

of the fresh adsorbent during the initial stages of operations. These upper layers are: of course; 

in contact with the solution at its highest concentration level, Co (Concentration of the influent). 

The small amounts of solute which escape adsorption in the first few layers of the adsorbent are 

then removed from the solution in the lower strata of the bed, and essentially no solute escape 

from  the  adsorbent  initially  (effluent  concentration,  C=0).  The  primary  adsorption  zone  is 

concentrated near the top or influent end of the column. As the polluted feed water continues to 

flow  in  to  the  column,  the  top  layers  of  the  adsorbent  become  practically  saturated with  the 

solute and become less effective for further adsorption. Thus, the primary adsorption zone now 

moves  downward  to  regions  of  fresher  adsorbent.  The  wave  like  movement  of  this  zone, 

accompanied by a movement of the Co concentration front, occurs at a rate which is generally 

much slower than the linear velocity of the feed water. As the primary adsorption zone moves 

downwards, more and more solute tends to escape in the effluent, as indicated in Figure 2.11. 

The plots  of C/Co  versus  time  or volume,  for  a  constant  flow  rate, depict  the  increase  in  the 

ratio of effluent to influent concentration as the zone moves through the column. 

The  breakpoint  on  the  curve  has  been  adopted  by  various  workers  differently  to 

determine the breakthrough capacity of the column [42, 43]. The calculation [44] of the BC, EC 

and DOC utilization have been evaluated from the breakthrough curves as per equation 31-37 

and Figure 2.11 using a Excel worksheet, developed to calculate curve area. 

������������ �������� = ���� � × ��                                (31) 

���������� �������� = (���� � + ���� �) × ��               (32) 

������ �� ������ ����������� (%) = [�����/(���� � + ���� �) × ���  (33) 

Another method of calculating the various experimental parameters was as follows: 

���� = �� × � ×
�� ��

����
                                  (34) 

��(��) = �� × � ×
�����

����
                             (35) 

����(��) = �� × � ×
��

����
                                (36) 

%�� =
����

����
× ���                                               (37) 

Where  qtot  and  qb  are  the  adsorbate  adsorbed  by  the  column  at  saturation  and  breakpoint 

respectively,  ts  and  tb  are  time  at  saturation  and  breakpoint  respectively,  F  is  flow  rate 

(mL/min), Co and Cs are the concentration of the metal ion (mg/L) at saturation and breakpoint 
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respectively. Mtot is the total adsorbate supplied to the column and RM is the adsorbate removal 

rate by the column. 

2.3.5. Desorption and Regeneration Experiments 

Desorption  studies  help  to  elucidate  the  mechanism  of  adsorption  as  to  recover  the 

pollutants  from  the  spent  adsorbent  apart  from  protecting  the  environment  from  solid  waste 

disposal  problem.  After  the  column  is  exhausted  by  the  studied  adsorbate,  acidic  or  basic 

solution or buffers or organic solvents were used for desorbing the adsorbate depending on the 

type  of  pollutants  adsorbed  on  the  adsorbent.  The  desorbing  medium  is  passed  through  the 

column at  a  constant  flow  rate  1.5 ml/min. Once complete elution of  the  adsorbate  from  the 

column had taken place the columns were washed properly with distilled water. The amount of 

pollutant desorbed from the adsorbate is thereby calculated. 

Regeneration  of  the  adsorbent  for  repeated  use  is  of  crucial  importance  in  industrial 

practice for pollutant removal from wastewater. This fulfils an important criterion for advanced 

adsorbents.  Reusability  study  of  adsorbent  was  carried  out  by  following  the  adsorption-

desorption study for 5 cycles. The adsorption efficiency in each cycle was analyzed. Both the 

adsorption and desorption experiments were followed as described above. 

2.3.6. Test with Simulated and Real Industrial Effluents 

Since  the ultimate objective of  the adsorption  technology  is  the  removal of pollutants 

from  the  industrial  or  real  wastewaters  that  often  contain  varied  types  of  pollutants 

simultaneously,  column  adsorption  experiments  were  conducted  with  actual  industrial 

wastewater. Urban wastewater  from IIT Roorkee  campus was collected and  was  spiked  with 

the studied dyes, pesticides and metal  ions  to obtain wastewater which is simulated an actual 

textile,  pesticides  metal  plating  and  electroplating  industry  effluent.  The  noxious  pollutant 

removal  was  carried  out  in  the  laboratory  column  set  up  filled  with  the  standard  adsorbent 

having bed depth of 15 cm and flow rate of 1.5 mL/min. 

2.3.7. Quality assurance/Quality control 

In order to establish the accuracy, reliability and reproducibility of the collected data, all 

the  batch  isotherm  tests  are  replicated  thrice  and  the  experimental  blanks  are  run  in parallel. 

Check  standards  and  blanks  are  run.  Multiple  sources  of  National  Institute  of  Standard  and 

Technology  (NIST)  traceable  standards  are  used  for  the  instrument  calibration  and  standard 

verification. All jars, conical flasks, and containers used in the study are prepared by soaking in 

5% HNO3 solution for a period of 3 days before being doubly rinsed with distilled, deionized 
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water and oven dried. In different experiments, blanks are run and corrections made wherever 

necessary. All observations are recorded in triplicate and average values are reported. 
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3.1. Introduction 

Wastewater contaminated by high doses of toxic metal ions leads to the rapid depletion 

of aquatic sources and likewise it causes exponential increase in the severe detrimental water 

borne diseases, which act as life threatening agent for humans and prevailing aquatic flora and 

fauna. Large number of industries viz., mineral processing, electroplating, alkali and paints 

production units, manufacturing of sulphate etc have generated wastewater containing Ni2+ in 

doses higher than the limits prescribed by WHO and EPA [1-3]. The maximum permissible 

limit for noxious metal nickel in the aqueous solution according to U.S. Environmental 

Protection Agency (EPA) and WHO is 0.015 and 0.02 mg/L respectively [4, 5]. High amount 

of Ni2+ consumption causes serious health hazards like dermatitis, nausea, coughing, chronic 

bronchitis, gastrointestinal distress, and bronchospasmic carcinoma [6, 7]. Due to its toxic 

impact, persistency and its ability to bio accumulate in tropic levels [8], the Ni2+ as pollutant is 

a potential threat to the ecosystem and it is necessitate requirement of the living beings to 

remove this noxious metal rapidly and effectively for the aqueous sources. Several previously 

developed techniques processes have been employed for the removal of nickel ions from water 

and wastewater and these include chemical precipitation, ion exchange, flotation, membrane 

filtration, electrochemical treatment and coagulation–flocculation [9]. However, these methods 

were either inefficient or expensive when heavy metal exists in lower concentrations [10]. 

Among all the developed techniques adsorption technology in wastewater treatment for the 

removal of diverse metal pollutants from the water bodies especially at trace concentration is 

fast gaining momentum due to its environmental friendliness, enhanced efficiency and cost 

effectiveness as compared to other treatment technologies. Various effective adsorbents for 

large scale use in water decontamination have been developed from industrial and agricultural 

wastes and used for the removal of various micro pollutants [11].  

The present study thus focuses on the synthesis of activated carbon from scrap tire as 

low cost novel adsorbent for the rapid removal and fast adsorption of noxious Ni2+ from the 

solvent phase. This study provides a systematic investigation of the adsorption characteristics 

exhibited by activated carbons produced from the scrap tire. The results can be used to 

determine the potential use of these carbons in industrial applications that require the removal 

of a range of toxic metal ions. Activated carbon derived from scrap tire was characterized on 

the basis of porosity, surface textural and morphological properties and chemistry. The 

developed scrap tire derived activated carbon was later investigated for its adsorption 

characteristics using the Ni2+. The influential parameters such as pH, contact time, temperature, 

adsorbent dose and initial concentration was optimized using batch adsorption method. The 
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experimental data were modelled to the various adsorption isotherms and kinetic models to 

determine the adsorption capacities and reaction kinetics of the adsorption phenomenon. 

surface properties of the activated carbon were assessed by various analy

to understand the nickel ion removal mechanism. Finally, the developed adsorbent was 

assessed for its practical role in the rapid

industrial wastewater.  

3.2. Results and discussion 

3.2.1. Characterization of activated carbon prepared from scrap tire

The SEM image of the activated carbon as shown in Fig

morphological and microstructure characteristics 

represent the presence of varied mixture of mesopores and micropores. Adsorption of metal 

ions onto the activated carbon shows a changed morphology as evident from Fig

Figure 3.1 (a) SEM image of activated carbon (before adsorption) 

carbon after Ni2+ adsorption 

The EDAX spectrum as evident from Fig

and oxygen elements in the activated carbon particles; thereby revealing its carbonaceous 

nature. This is further evident from the EDAX quant

carbon as summarized in Table 3.1. 
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experimental data were modelled to the various adsorption isotherms and kinetic models to 

determine the adsorption capacities and reaction kinetics of the adsorption phenomenon. 

surface properties of the activated carbon were assessed by various analytical methods in order 

to understand the nickel ion removal mechanism. Finally, the developed adsorbent was 

the rapid removal of Ni2+ from a real metal fabrication 

Characterization of activated carbon prepared from scrap tire 

The SEM image of the activated carbon as shown in Figure 3.1a reveals the 

morphological and microstructure characteristics favourable for metal adsorption. The particles 

presence of varied mixture of mesopores and micropores. Adsorption of metal 

ions onto the activated carbon shows a changed morphology as evident from Figure

of activated carbon (before adsorption) (b) SEM image 

The EDAX spectrum as evident from Figure 3.1a confirms the presence of only carbon 

and oxygen elements in the activated carbon particles; thereby revealing its carbonaceous 

This is further evident from the EDAX quantitative microanalysis of the activated 

experimental data were modelled to the various adsorption isotherms and kinetic models to 

determine the adsorption capacities and reaction kinetics of the adsorption phenomenon. The 

tical methods in order 

to understand the nickel ion removal mechanism. Finally, the developed adsorbent was 

from a real metal fabrication 

1a reveals the 

for metal adsorption. The particles 

presence of varied mixture of mesopores and micropores. Adsorption of metal 

ure 3.1b.  

 

SEM image of activated 

confirms the presence of only carbon 

and oxygen elements in the activated carbon particles; thereby revealing its carbonaceous 

itative microanalysis of the activated 
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The quantitative analysis calculated from the peak areas of the EDAX spectrum. The 

occurrence of adsorption of Ni

of Ni2+ in the EDAX spectrum (Fig

Figure 3.2 (a) EDAX of activated carbon from scrap ti

activated carbon from scrap ti

 Table 3.1 EDAX quantitative microanalysis of th

 

The FTIR spectrum of the activated carbon sample (Figure 

prominent bands at 3428.74 cm

inferred to the presence of a OH group of 

cm 1 bands are ascribable to the C=O stretching vibrations of the carboxyl and carbonyl groups 

Activated Carbon

Element Weight%

C K 95.75

O K 4.25

Total 100.00
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The quantitative analysis calculated from the peak areas of the EDAX spectrum. The 

occurrence of adsorption of Ni2+ on the surface of activated carbon is evident from the presence 

in the EDAX spectrum (Figure 3.2b) and from the quantitative analysis (Table 3.

f activated carbon from scrap tire (before Ni2+

activated carbon from scrap tire (after Ni2+ adsorption) 

quantitative microanalysis of the activated carbon from scrap ti

IR spectrum of the activated carbon sample (Figure 3.3

prominent bands at 3428.74 cm¯1, 1736.21 cm-1, 1591 cm-1 and 1103.28 cm

inferred to the presence of a OH group of phenols and C=O group of esters.

bands are ascribable to the C=O stretching vibrations of the carboxyl and carbonyl groups 

Activated Carbon 

Weight% Atomic% 

95.75 93.84 

4.25 6.16 

100.00  

 

Activated Carbon after Ni

Element Weight%

C K 94.14

O K  4.70

Ni K  1.16

Total 100.00

Chapter 3 

The quantitative analysis calculated from the peak areas of the EDAX spectrum. The 

on the surface of activated carbon is evident from the presence 

he quantitative analysis (Table 3.1b) 

 
2+ adsorption) (b) EDAX of 

e activated carbon from scrap tire 

3.3) reveals the presence of 

and 1103.28 cm-1 which can be 

phenols and C=O group of esters. The 1736 and 1591 

bands are ascribable to the C=O stretching vibrations of the carboxyl and carbonyl groups 

Activated Carbon after Ni2+ adsorption 

Weight% Atomic% 

94.14 96.20 

4.70  3.50 

1.16  0.30 

100.00  
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in acidic oxygen surface groups. Such acidic oxygen surface groups are usually taken in 

account for the removal of metal ions from aqueous solution.  

 

Figure 3.3 FTIR spectrum of activated carbon from scrap tire 

3.2.2. Prefatory experimental adsorption studies 

Contact time, metal ion concentration, pH, temperature etc are important parameters 

that controls the characteristics of the adsorbent surface and the metal binding capacity of the 

adsorbent are mainly controlled by the contact time, metal ion concentration, pH, temperature 

etc [12]. So batch adsorption studies were carried out on the developed adsorbent to observe the 

effects of these above said parameters.  

3.2.2.1. Effect of pH and the adsorption mechanism 

pH of the aqueous medium plays an important role in the adsorption of the metal ions, 

as speciation of the metal ions is generally observed. This is related to the pH as it affects the 

chemical speciation and behaviour of the metal adsorbates. The pH of the solution also affects 

the mechanism of adsorption and it is related to the physic-chemical interactions of the 

adsorbate-adsorbent [13]. The batch adsorption of Ni2+ at different pH values would enable for 

the determination of the optimum pH range favorable for the adsorption process.  

The investigation of adsorption capacity of scrap tire derived activated carbon for Ni2+ 

at different values of pH of 1–9 at constant adsorbate concentration of 20 ppm, adsorbent dose 

of 0.1 g/L and contact time of 50 min is depicted in Figure 3.4. It shows that the uptake 
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capacity increased significantly with increase in pH up

and thereafter decreases rapidly. A maximum capacity was observed at pH of 7 at 55°C and a 

pH range of 6-8 can be considered as favorable for Ni

Figure 3.4 Effect of solution pH on the adsorption capacity of activated carbon for Ni

(adsorbent dose of 0.1 g/L, Ni

The observed trend can be 

The hydroxyl group and

spectrum (Figure 3.3) may play a dominant role in the Ni

surface of the adsorbent undergo protonation at lower pH values as follows:

–S-C-OH + H+  –S-C-

–S-C-O- +2H+  –S-C-O

At pH < pHpzc (pHpzc of the activated carbon is 6.5), 

carbon surface having high positive charge density make the Ni

to electrostatic repulsion.

decrease Cd2+ adsorption [

But, at   pH > pHpzc, –

adsorbent surface. They undergo electrostatic attraction for Ni

complexes [16], this complex formation leads to the enhancement of Ni

activated carbon prepared from scrap tire.
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capacity increased significantly with increase in pH up to 6 but gradually slows down up

reafter decreases rapidly. A maximum capacity was observed at pH of 7 at 55°C and a 

8 can be considered as favorable for Ni2+ adsorption.  

Effect of solution pH on the adsorption capacity of activated carbon for Ni

(adsorbent dose of 0.1 g/L, Ni2+ concentration of 20 ppm, temperature of 55°C)

The observed trend can be attributed to the surface charge of the adsorbent 

The hydroxyl group and the carbonyl group on the activated carbon as revealed by the FTIR

) may play a dominant role in the Ni2+ adsorption. Such groups on t

surface of the adsorbent undergo protonation at lower pH values as follows:

-O-H2
+                                            (2)       

O-H2
+                                             (3)               

of the activated carbon is 6.5), –S-C-O-H2
+

carbon surface having high positive charge density make the Ni2+ adsorption unfavorable due 

to electrostatic repulsion. Also, stiff competition between H+ and Cd

adsorption [14, 15]. 

–S-C-OH and –S-C-O- are the dominant deprotonated species on the 

t surface. They undergo electrostatic attraction for Ni2+ and result 

], this complex formation leads to the enhancement of Ni

activated carbon prepared from scrap tire.  
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to 6 but gradually slows down up to 8 

reafter decreases rapidly. A maximum capacity was observed at pH of 7 at 55°C and a 

 

 

Effect of solution pH on the adsorption capacity of activated carbon for Ni2+ 

concentration of 20 ppm, temperature of 55°C) 

attributed to the surface charge of the adsorbent and pHpzc. 

the carbonyl group on the activated carbon as revealed by the FTIR 

adsorption. Such groups on the 

surface of the adsorbent undergo protonation at lower pH values as follows: 

(3)                

+ species on the activated 

adsorption unfavorable due 

and Cd2+ for the active sites will 

are the dominant deprotonated species on the 

and result in the formation of 

], this complex formation leads to the enhancement of Ni2+ adsorption on to the 
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From the following equation 4-5 it can be explained that ion exchange and 

complexation are principle mechanism in the adsorption process. 

2[–S-C-OH] + Ni+2 → [–S-C-O]2Ni2+ + 2H+                                              (4) 

2[–S-C-O-] + Ni+2 → [–S-C-O]2Ni2+                                                                             (5)            

The sharp decline in uptake at higher pH values (> 8) can be ascribed due to the formation of 

Ni(OH)2, which tends to precipitate at higher pH values.  

3.2.2.2. Effect of initial concentration  

Batch adsorption experiments were carried out at various initial concentrations of Ni2+ 

solutions (0.1, 1, 2, 10, 20, 40 ppm) at pH 7, adsorbent dose of 0.1 g/L and varying contact time 

(5-120 min); the results obtained are presented in the form of Figure 3.5. It was observed that 

the adsorption capacity increases with increase in initial Ni2+ concentration indicating that the 

initial adsorbate concentration provided a powerful driving force to overcome the mass transfer 

resistance between the aqueous and solid phases [17]. However, the steeper increase in the 

value of the adsorption capacity was observed on increasing the Ni2+ concentration to 20 ppm, 

which was later followed by a gradual and very slow increase at further higher concentrations 

i.e. 40 ppm. Hence a fixed Ni2+ concentration of 20 ppm is selected as optimized initial 

concentration for further batch adsorption studies. 

3.2.2.3. Effect of contact time 

In order to determine the equilibration time for maximum uptake of noxious Ni2+, its 

adsorption at fixed concentration (20 ppm) on activated carbon derived from scrap tire was 

studied as a function of contact time. The results obtained from Figure 3.6, revealed that 

irrespective of initial metal ion concentration, the adsorption of Ni2+ onto the activated carbon 

is relatively fast in the starting phase, however it decreases later and finally reaches the 

equilibrium. This initial rapid adsorption can possibly be attributed to the greater availability of 

the active sites on the surface of the adsorbent indicating surface diffusion. Later on these 

active sites become saturated at the equilibrium stage and adsorption proceeds via pore 

diffusion [18]. Also, it was quite interesting to observe that the equilibrium was resulted within 

50 min of contact time, signifying that the adsorbent owns greater adsorption performance with 

high adsorption kinetics. Initial concentration doesn’t affect the equilibrium time and Figure 3.6 

depicted the similarity among the shapes of the curves. This also indicates that Ni2+ ions form a 

monolayer on the external surface of the adsorbent and that the adsorbent surface has a fixed 

number of active sites.  
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Figure 3.5 Effect of initial Ni

for Ni2 (fixed contact time of 50 min

Figure 3.6 Effect of contact time and initial Ni

activated carbon for Ni2+

3.2.2.4. Effect of Adsorbent Dose

The effect of adsorbent dosage was studied by varying 

(0.5-4 g/L) at fixed Ni2+
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Effect of initial Ni2+ concentration on the adsorption capacity of activated carbon 

(fixed contact time of 50 min, adsorbent dose of 0.1 g/L, pH of 7, temperature of 55°C)

Effect of contact time and initial Ni2+ concentration on the adsorption capacity of 

2+ (adsorbent dose of 0.1 g/L, pH 7, temperatur

Effect of Adsorbent Dose 

The effect of adsorbent dosage was studied by varying the amounts of activated carbon 

2+ concentration of 20 and 0.1 ppm under optimum pH and contact time. 
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concentration on the adsorption capacity of activated carbon 

, adsorbent dose of 0.1 g/L, pH of 7, temperature of 55°C) 

 

concentration on the adsorption capacity of 

.1 g/L, pH 7, temperature 55°C) 

amounts of activated carbon 

concentration of 20 and 0.1 ppm under optimum pH and contact time. 
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The obtained results at a fixed Ni2+ concentration 

obtained facts revealed that the adsorption capacity decrease

the adsorbent dosage. The same trend is observed in Fig

i.e. 0.1 ppm and fixed contact time 

established that lower adsorbent dose results in a higher adsorption capacity. Many researchers

[19, 20] have quoted that at a lower adsorbent 

adsorbent surface are entirely exposed resulting in its faster saturation and a higher q

Figure 3.7 (a) Effect of adsorbent dose on the adsorption capacity of activated carbon for Ni

(Ni2+ concentration of 20 ppm, pH 7, temperature 55°C)

But at a higher adsorbent dose, the availability of higher energy sites decreases with a 

larger fraction of lower energy sites being occupied, resulting in a lower q

other hand it was observed that the removal of Ni

g/L (Figure 3.7c). Further increase in adsorbent dose from 0.5 g/L to 1, 2 and 4 g/L showed a 

Ni2+ ions removal of 96, 97 and 98% respectively. Hence, for achieving >95 % Ni

removal from aqueous solution having a Ni

dose is considered as optimum at a pH of 7, contact time of 50 min
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concentration i.e. 20 ppm is presented in Fig

the adsorption capacity decreases continuously with an increase in 

adsorbent dosage. The same trend is observed in Figure 3.7b at a fixed Ni2+ 

0.1 ppm and fixed contact time i.e. 50 min. Hence from the results observations it is 

lower adsorbent dose results in a higher adsorption capacity. Many researchers

adsorbent dose all the active sites present on the developed 

are entirely exposed resulting in its faster saturation and a higher q

Effect of adsorbent dose on the adsorption capacity of activated carbon for Ni

concentration of 20 ppm, pH 7, temperature 55°C) 

But at a higher adsorbent dose, the availability of higher energy sites decreases with a 

larger fraction of lower energy sites being occupied, resulting in a lower qt value. 

removal of Ni2+ ions showed an obvious increase up

. Further increase in adsorbent dose from 0.5 g/L to 1, 2 and 4 g/L showed a 

ions removal of 96, 97 and 98% respectively. Hence, for achieving >95 % Ni

removal from aqueous solution having a Ni2+ ion concentration of 0.1 ppm, a 0.5 g/L adsorbent 

pH of 7, contact time of 50 min and temperature of 55°C.

Figure 3.7a, the 

continuously with an increase in 

 concentration 

Hence from the results observations it is 

lower adsorbent dose results in a higher adsorption capacity. Many researchers 

present on the developed 

are entirely exposed resulting in its faster saturation and a higher qt value.   

 

Effect of adsorbent dose on the adsorption capacity of activated carbon for Ni2+ 

But at a higher adsorbent dose, the availability of higher energy sites decreases with a 

value. While on the 

ions showed an obvious increase up to 0.5 

. Further increase in adsorbent dose from 0.5 g/L to 1, 2 and 4 g/L showed a 

ions removal of 96, 97 and 98% respectively. Hence, for achieving >95 % Ni2+ ions 

ion concentration of 0.1 ppm, a 0.5 g/L adsorbent 

and temperature of 55°C. 
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Figure 3.7 (b) Effect of adsorbent dose on the adsorption capacity 

concentration of 0.1 ppm, pH 7, temperature 55°C)

of Ni2+ (Ni2+ concentration of 0.1 ppm, pH 7, temperature 55°C)

3.2.2.5. Adsorption isotherm 

To find out the most suitable ads

simulated, by the well known 

values of regression coefficients obtained from these model’s plots were also evaluated, which 

were used as a fitting criteria to find out suitable model. 

i.e. correlation coefficients

1/Ce), Freundlich (log q

Results obtained 

correlation coefficients (R

higher than 0.99, indicating the applicability of the Langmuir model with the metal ions get

adsorbed onto the adsorbent surface to form a monolayer.

25.00 mg/g at 35, 45, and 

of affinity of metal ions to the adsorbent with increasing tempe

45°C (4.05)> 55°C (4.82). 

model was found to be 3.89 at 

of adsorption of Ni2+ ions onto the developed activated carbon
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Effect of adsorbent dose on the adsorption capacity 

concentration of 0.1 ppm, pH 7, temperature 55°C); (c) Effect of adsorbent dose on % removal 

concentration of 0.1 ppm, pH 7, temperature 55°C) 

sotherm modelling  

To find out the most suitable adsorption model, the isotherm data thus obtained were 

simulated, by the well known mathematical equations of Langmuir and Freundlich

values of regression coefficients obtained from these model’s plots were also evaluated, which 

ing criteria to find out suitable model. The results of their linear regression

i.e. correlation coefficients and the parameters obtained from the plots of Langmuir (1/q

1/Ce), Freundlich (log qe versus log Ce) are listed Table 3.2.  

Results obtained from Figure 3.8a and 3.8b and Table 3.2 clearly reveals that the 

correlation coefficients (R2) at three different temperature i.e. 308, 318, and 328 K for Ni

higher than 0.99, indicating the applicability of the Langmuir model with the metal ions get

adsorbed onto the adsorbent surface to form a monolayer. The value q

, and 55°C respectively. The b values (L/mg) indicated an ascending series 

of affinity of metal ions to the adsorbent with increasing temperature as follows: 

(4.82). Additionally the value of n (Table 3.2) of the Freundlich isotherm 

was found to be 3.89 at 35°C, 4.42 at 45°C and 5.29 at 55°C 

ions onto the developed activated carbon from scrap tire

Chapter 3 

 

Effect of adsorbent dose on the adsorption capacity of activated carbon (Ni2+ 

Effect of adsorbent dose on % removal 

orption model, the isotherm data thus obtained were 

mathematical equations of Langmuir and Freundlich model. The 

values of regression coefficients obtained from these model’s plots were also evaluated, which 

he results of their linear regression 

parameters obtained from the plots of Langmuir (1/qe vs 

and Table 3.2 clearly reveals that the 

) at three different temperature i.e. 308, 318, and 328 K for Ni2+ are 

higher than 0.99, indicating the applicability of the Langmuir model with the metal ions getting 

The value qm was 19.53, 21.28, and 

The b values (L/mg) indicated an ascending series 

rature as follows: 35°C (3.39)> 

of the Freundlich isotherm 

 reveals the physical nature 

from scrap tire.  
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Table 3.2 Langmuir and Freundlich isotherm parameters for adsorption of Ni2+ at different 

temperature on activated carbon prepared from scrap tire 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 (a) Adsorption isotherms at three different temperatures (b) Langmuir model 

isotherms 

 

 

Isotherm 
parameters 

 
35°C 

 

 
45°C 

 
55°C 

Langmuir isotherm 

qm (mg/g) 
 

19.53 21.28 25.00 

b (L/mg) 3.39 4.05 4.82 

R² 0.994 0.997 0.999 

Freundlich isotherm 

Kf 7.55 9.77 12.88 

N 3.89 4.42 5.29 

R² 0.993 0.991 0.991 
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3.2.2.6. Thermodynamic study and the effect of temperature 

The values of free energy change (ΔG˚), enthalpy change (ΔH˚) and entropy change 

(ΔS˚) for adsorption process were calculated and are summarized in Table 3.3. The enthalpy 

change ΔH˚ in case of activated carbon prepared from the scrap tire is positive (Endothermic) 

due to increase in adsorption on successive increase of temperature. A possible explanation is 

that the metal ions in aqueous suspension are well hydrated and will require breaking of the 

hydration sheath so as to proceed for adsorption. This in turn requires high energy for which a 

higher temperature is favoured [21]. Further negative ΔG˚ values dictate the spontaneous nature 

of the adsorption process in addition to this positive ΔS˚ reveals the increased randomness at 

the solid-solution interface during the fixation of Ni2+ on the active sites of the adsorbent. As 

the value of ΔH˚ (14.768 kJ/mol) indicates that the adsorption process is purely physical rather 

than physicochemical or chemical, as the heat of physicochemical and chemisorptions 

adsorption lies in the range of 40-80 kJ/mol and 80-200 kJ/mol respectively. 

Table 3.3 Thermodynamic parameters for adsorption of Ni2+ at different temperature on 

activated carbon prepared from scrap tire 

 

 

 

 

 

 

 

 

 

3.2.2.7. Adsorption Kinetics 

Two kinetic models namely pseudo-first-order and pseudo-second-order have been 

applied and were used to test adsorption kinetics data in order to investigate the mechanism 

involved during the adsorption of Ni2+ onto the developed activated carbon adsorbent.  

Table 3.4 lists the results of the kinetic parameters of the two models as well as their 

regression coefficients (R2) at different concentration ranging from 40 ppm to 0.10 ppm of Ni2+ 

ions. The value of correlation coefficient (R2) for the pseudo-second-order kinetic model is 

comparatively high (>0.99), and the adsorption capacities calculated by the model are also 

close to those values which are obtained experimentally. Figure 3.9 and Figure 3.10 indicates 

Isotherm 
parameters 

 
308K 

 

 
318K 

 
328K 

Thermodynamic Parameters 

ΔG (kJ/mol) -3.13 -3.70 -4.29 

ΔH (kJ/mol)        14.768 

ΔS (kJ/mol/K)          0.058 
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the linear plots of t/qt vs. T for Ni2+ showing the applicability of the pseudo-second-order 

model and thus can be concluded to be more suitable to describe the adsorption kinetics of the 

Ni2+ onto the activated carbon prepared from scrap tire. 

Table 3.4 Kinetic Parameters for the adsorption of Ni2+ onto activated carbon from scrap tire 

 

3.2.2.8. Mechanism of the adsorption process  

Prediction of the rate- limiting step is an important factor to be considered in the 

adsorption process. For solid-liquid adsorption process, the solute transfer process is usually 

characterized by either external mass transfer (boundary layer diffusion) or intraparticle 

diffusion or both. In the present study, intraparticle diffusion plot of qt vs. t0.5 (Figure 3.11) 

were plotted for Ni2+. From Figure 3.11, the adsorption process tends to be followed by three 

phases the first phase was quite sharp and it is finished under 50 min therefore indicating the 

instantaneous mass transfer of the adsorbate molecules from aqueous phase to the activated 

carbon surface; also the second linear phase was the gradual adsorption stage signifying the rate 

limiting step being the intraparticle diffusion of the dye molecules and in the end the third 

phase shows the final equilibrium stage signifying the saturation of the carbon surface and also 

the presence of very low adsorbate concentration in aqueous solution. 

Ni2+ conc.  (ppm)  40  20 
 

10 
 

2 
 

1 
 

0.10 
 

exp qe (mg/g) 24.60 22.50 20.40 12.70 8.80 0.94 

Pseudo First Order 

qe(mg/g) 
(theoretical) 

 

22.54 19.50 17.02 13.80 8.91 1.30 

k₁(min-¹) 0.0684 0.0682 0.0670 0.0580 0.0539 0.0518 

R² 0.991 0.989 0.989 0.956 0.956 0.956 

Pseudo Second Order 

qe(mg/g) 
(theoretical) 

25.45 23.47 21.28 13.33 10.20 1.035 

k₂ (g/mg/min) 0.0024 0.0024 0.0025 0.0019 0.0036 0.092 

R² 0.999 0.999 0.999 0.993 0.994 0.997 
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Figure 3.9 Pseudo-second order plots for the adsorption of Ni

various concentrations ranging from 10 ppm to 40 ppm

Figure 3.10 Pseudo-second order plots for the adsorption of Ni

various concentrations ranging from 0.1 ppm to 

Again, as evident from Fig

ppm, the intra particle diffusion rate as well as the thickness of the boundary layer 
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second order plots for the adsorption of Ni2+ onto the activated carbon

various concentrations ranging from 10 ppm to 40 ppm 

second order plots for the adsorption of Ni2+ onto the activated carbon

various concentrations ranging from 0.1 ppm to 2 ppm 

Again, as evident from Figure 3.11 and Table 3.5 at low adsorbate concentration of 0.1 

ppm, the intra particle diffusion rate as well as the thickness of the boundary layer 
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onto the activated carbon at 

 

onto the activated carbon at 

at low adsorbate concentration of 0.1 

ppm, the intra particle diffusion rate as well as the thickness of the boundary layer was very 
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low as indicated by the slope and intercept of the second region. On increasing the adsorbate 

concentration to 2 ppm there is a simultaneous steep increase in the slope and intercepts 

thereby signifying an enhancement of the driving force for the adsorption process as well as the 

increase in the thickness of the boundary layer. But further increase in the Ni2+ concentration to 

40 ppm showed a gradual increase in the slope and intercept. But none of the linear plots of the 

second and third region passed through the origin. The deviation from the origin however can 

be due to the difference in the rate of mass transfer in the initial and final stages of adsorption. 

This further indicates the interplay of film and particle diffusion during the transport of Ni2+ 

from aqueous phase to the solid phase and that the intraparticle diffusion is not only the rate-

limiting step. 

Table 3.5 Intraparticle diffusion model parameters for the adsorption of Ni2+ onto activated 

carbon from scrap tire 

 

3.2.2.9. Testing under industry effluent simulation condition 

The prime objective of the adsorption technology using the activated carbon prepared 

from scrap tire as adsorbent is removal of Ni2+ from the industrial and real wastewater that 

often contains several metal ions simultaneously. Metal fabricated industrial wastewater was 

collected from Roorkee city and analyzed as per standard methods [22]. The wastewater 

revealed the presence of Ni2+ ions which were present to the tune of 4.16 ppm. Besides, other 

metal ions present were chromium (1.05 ppm), cadmium (0.30 ppm) and zinc (6.66 ppm). The 

waste effluent had an alkaline pH of 9.8. The discharge standards as recommended by WHO 

and EPA are very stringent and require that a limit of 0.1 ppm be met for chromium, 0.01 ppm 

for cadmium, 0.2 ppm for nickel and 1 ppm for zinc. 

Ni2+ conc.  (ppm)  40  20 
 

10 
 

2 
 

1 
 

0.10 
 

exp qe (mg/g) 24.60 22.50 20.40 12.70 8.80 0.94 

Intraparticle diffusion 

ki(mg/g/min1/2) 1.39 1.36 1.31 1.25 1.19 0.10 

C 14.44 12.08 10.52 0.184 0.155 0.126 

R² 0.99 0.99 0.985 0.988 0.990 0.996 
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Figure 3.11 Weber Morris plots at varying initial Ni

Under such conditions, the practical application of the 

by undertaking batch adsorption experiments as stated earlier under optimum conditions of pH 

and contact time. Results reveal (Table 3.6

also other toxic metal ions present w

with the developed adsorbent.

Table 3.6 Testing of activated carbon from scrap tyre under metal fabricating industrial waste 

effluent condition 

 

 

 

Quality of waste water before treatment

Maximum discharge limit 

Quality of waste water after treatment

% metal ions removal 
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Weber Morris plots at varying initial Ni2+ concentration 

Under such conditions, the practical application of the developed adsorbent was tested 

by undertaking batch adsorption experiments as stated earlier under optimum conditions of pH 

ct time. Results reveal (Table 3.6) that not only 95 % of Ni

also other toxic metal ions present were removed to a significant extent as a result of treatment 

with the developed adsorbent. 

Testing of activated carbon from scrap tyre under metal fabricating industrial waste 

pH Ni2+ 
Ppm 

Zn2+

ppm

of waste water before treatment 9.8 4.16 6.66

Maximum discharge limit  6-9 0.20 1.0

Quality of waste water after treatment 7.00 0.17 0.82

  95.9 87.7

Chapter 3 

 

 

developed adsorbent was tested 

by undertaking batch adsorption experiments as stated earlier under optimum conditions of pH 

) that not only 95 % of Ni2+ ions were removed, but 

ere removed to a significant extent as a result of treatment 

Testing of activated carbon from scrap tyre under metal fabricating industrial waste 

2+ 
ppm 

Cr6+ 
Ppm 

Cd2+ 
ppm 
 

6.66 1.05 0.30 

1.0 0.10 0.01 

0.82 0.08 0.009 

87.7 92.3 97.0 
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3.2.2.10. Comparison with other reported adsorbents 

The adsorption capacity (values of Qmax derived from the Langmuir equation) of Ni2+ 

adsorption on activated carbon with other previously developed adsorbents, is summarized in 

Table 3.7. The obtained summarized data clearly revealed that the developed activated carbon 

from scrap tire possess higher adsorption capacity in comparison to the other previously 

developed adsorbent [4]. 

 

Table 3.7 Comparison of maximum adsorption capacity for the removal of noxious Ni2+ by 

different previously developed adsorbents. 

 

Adsorbent Metal ion Adsorption 

capacity (mg g-1) 

Ref. 

Calcined phosphate Ni2+ 15.53 [4] 

Red mud Ni2+ 13.69 [4] 

Clarified sludge Ni2+ 14.3 [4] 

Activated carbon prepared from scrap tire Ni2+ 25.00 [Present 

Study] 

 

3.3. Conclusion  

 This study was focused on assessing the adsorptive capacity of activated carbon 

prepared by physico-chemical treatment of scrap tire pyrolytic carbon for removal of noxious 

Ni2+ from a real industrial waste effluent which is fabricated with metal. The following 

conclusions are bulletined: 

1. The carbonaceous activated carbon revealed porous topological features and favorable 

surface chemistry for adsorption of cationic metal ions.  

2. The optimum levels for maximizing the efficiency were revealed by the batch 

adsorption studies. 

3. Results obtained revealed that a 0.5 g/L adsorbent dose was found to be optimum at a 

pH of 7, contact time of 50 min and temperature of 55°C for achieving ≥ 95 % Ni2+ 

removal from synthetic solution. Similar performance of the developed adsorbent was 

found for Ni2+ from a industrial wastewater fabricated with metal  
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4. The adsorption equilibrium data was well fitted and found to be in good agreement with 

Langmuir isotherm model; so it benefitted in the marking of the basic mechanism of 

adsorption process. 

5. Kinetic modelling revealed the applicability of the pseudo-second-order model and intra 

particle diffusion to be more suitable to describe the adsorbate-adsorbent system.  

6. Endothermic nature and feasibility of the developed system was depicted by 

thermodynamic studies. 

7. Summarily, the developed adsorbent i.e. activated carbon prepared from scrap tire has 

the potential for removal of Ni2+ from wastewater to a significant extent (≥95%). 
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4.1. Introduction 

Arsenic is well known naturally occurring steel grey metalloid. It is generally present in 

two forms i.e. inorganic and organic arsenic. Arsenic combined with elements such as oxygen, 

chlorine and sulfur is referred to as inorganic arsenic and arsenic combined with carbon and 

hydrogen is referred to as organic arsenic. Organic forms of arsenic are less harmful than the 

inorganic form. Arsenic beyond the safe limit possesses severe detrimental and hazardous 

effect on the human health and hence, excess level of arsenic in drinking water is now a day’s 

great concern of environmental pollution problem [1]. Arsenic enters the ecosystem through a 

combination of natural processes and anthropogenic activities. Dissolved arsenic reaches the 

ground water primarily due to soil leaching [2]. The United States Environmental Protection 

Agency [3] has decreased the old standard of 50ppb to a new arsenic standard of 10ppb as the 

maximum permissible limit for drinking water. 

 Arsenic is generally found as trivalent arsenite or pentavalent arsenate form in the 

aqueous solution. In surface water under oxidizing conditions, arsenate predominates while 

arsenite becomes stable in anaerobic water under reducing conditions [4]. As(V) is less 

hazardous and mobile than As(III) [5]. Several traditional techniques like Ion exchange, reverse 

osmosis, adsorption, coagulation, precipitation, adsorption-coprecipitation with hydrolyzing 

metals are used as efficient methods for removal of toxic metal ions from water but among 

them, adsorption appears to have the best potential for overall treatment, and it can be expected 

to be useful for a wide range of compounds [6]. Several adsorbents [7-23] are used for the 

arsenic removal from the aqueous solutions but the removal and adsorption caused by these are 

not efficient as well as expensive. Therefore a keen attention and serious effort is required to 

generate the more efficient and low cost adsorbent so that the rapid removal and fast adsorption 

of noxious arsenic from the aqueous solution will take place.  

A composite of activated carbon and alumina may be used as an effective adsorbent for 

the removal of different types of water pollutants. To the best of our knowledge, activated 

carbon obtained from waste tire rubber festooned with alumina is not reported yet, in the 

present study we focused on the development of low cost waste tire rubber derived activated 

carbon alumina composite for the rapid and active removal of As(III)  and As(V) from aqueous 

solution. 
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4.2. Results and Discussion 

4.2.1. Characterization of adsorbents 

 The BET surface area, total pore volume, pore size and average pore radius of the 

adsorbents ACAL11, ACAL12, ACAL21 and TRAL are summarized in Table 4.1.Among the 

three developed ACAL adsorbents, ACAL11 possesses the highest BET surface area, total pore 

volume and average pore radius. The pore size data of all four adsorbents reveals that the 

developed adsorbents are microporous in nature. The N2 adsorption desorption graph of 

ACAL11 and TRAL are shown in Figure 4.1. 

Table 4.1 The physical properties of adsorbents. 

Adsorbent 

 

 

 

  ACAL11 

BET specific 

surface area 

(m2/g) 

Total pore 

volume 

(cc/g) 

Pore 

size 

(nm) 

Average 

pore radius 

(nm) 

 

147.35 

 

0.0648 

 

< 0.97 

 

1.84 

 

  ACAL12 

 

100.39 

 

0.0394 

 

< 0.91 

 

1.55 

 

   ACAL21 

 

139.94 

 

0.0543 

 

< 0.90 

 

1.51 

TRAL 175.68 0.0687 < 1.01 1.29 

The XRD pattern of ACAL11 and TRAL are presented in Figure 4.2. These XRD patterns 

confirm that the developed adsorbents i.e. ACAL11 and TRAL have mixed crystalline and 
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amorphous nature. The XRD result of ACAL11 possesses some weak peaks of alumina and 

carbon while that of TRAL shows weak peaks of γ-alumina only. 

 

Figure4.1Nitrogen adsorption desorption isotherms of (a) ACAL11 and (b) TRAL 

 

Figure4.2 X-ray diffraction patterns of (a) ACAL11 and (b) TRAL 
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Figure4.3 FE-SEM images of (a) ACAL11, (b) ACAL11 after As(III) adsorption, (c) ACAL11 

after As(V) adsorption and (d,e,f) corresponding EDX spectra. 

The FE-SEM images and corresponding EDX spectrum of the adsorbents ACAL11 and 

TRAL before and after adsorption of As(III) and As(V) are presented in Figure 4.3andFigure 

4.4 respectively. 
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Figure4.4 FE-SEM images of (a) TRAL, (b) TRAL after As(III) adsorption, (c) TRAL after 

As(V) adsorption and (d, e, f) corresponding EDX spectra. 

The FE-SEM images of the developed adsorbents are presented inFigure 4.3(a) and 

Figure 4.4(a), the obtained results reveals the heterogeneous and porous topology of the 

surface. The surface morphology of the adsorbents was changed after adsorption of As(III) and 

As(V). 
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The EDX spectrum of TRAL in Figure 4.4(d)shows the presence of elements C, O, Al 

as the major elements along with other elements Si, Na, Zn, Mg, Ca, Cl and S while that of 

ACAL11 in Figure 4.3(d)shows presence of only C, O, Al and Si. The extra elements present in 

TRAL are derived from the raw tire rubber used in its preparation.The EDX spectra of both 

ACAL11 and TRAL after adsorption of As(III) and As(V) show peak of As which are shown in 

Figure 4.3 (e)and(f)and Figure 4.4 (e)and(f) respectively. The elements Na, Cl and S present in 

TRAL are disappeared after adsorption of As(III) and As(V). These elements may be leached 

to the adsorbate solution during adsorption process. 

The FT-IR spectrum of HCl treated pyrolytic char of waste tire rubber, namely AC-

HCl, in  Figure 4.5(a) shows the prominent peaks of –OH group at 3388.36 cm-1, C-C stretch in 

ring at 1560.15 cm-1 and 1398.16 cm-1, C-O-C stretch at 1268.95 cm-1, C-O stretch at 1103.10 

cm-1 and alkyne hydrocarbon C-H bending at 642.18 cm-1. There is distinct difference in peak 

size of the –OH group of AC-HCl with that of ACAL11 and TRAL as shown in Figure 4.5(b) 

andFigure 4.5(c). The broad peak of ACAL at 3428.86 cm-1 and that of TRAL at 3432.72 cm-1 

can be attributed to hydrogen bonded -OH stretching vibration on the alumina surface. The 

appearance of small peak at 1635.36 cm-1 in ACAL11 and 1637.29 cm-1 in TRAL correspond to 

presence of Al-OH stretching bond. The difference in region at 600-700 cm-1 of ACAL11 and 

TRAL with that of AC-HCl is due to Al-O stretching vibration of alumina [24]. Remaining 

other peaks of AC-HCl is also slightly shifted in the alumina composites. 

4.2.2. Preliminary batch experiment 

 Results of the preliminary batch experiment carried out for As(III) adsorption on 

ACAL11, ACAL21 and ACAL12 are summarized in Table 4.2. It shows ACAL21 has the 

lowest adsorptive capacity towards As(III) adsorption while ACAL11 and ACAL12 have 

nearly equal capacity. The aim of this study is to develop good adsorbent using waste tire 

rubber. Furthermore, BET surface area, pore volume and pore size of ACAL11 are also greater 

than that of ACAL21 and ACAL12. Hence, ACAL11 was chosen for further experiments. 

4.2.2.1.Effect of initial pH 

 Arsenate species exist in aqueous phase as H3AsO4 at pH less than 2.2, H2AsO4
 at pH 

between 2.2 and 6.98, HAsO4
-2 at pH between 6.98 and 11.5 and AsO4

-3 at pH above 11.5 [2] 
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while Arsenite species exist as neutral H3AsO3 at pH range between 1 and 9 and AsO2
- at pH 

higher than 9 [25]. 

 

Figure4.5 FTIR spectra of (a) AC-HCl, (b) ACAL11 and (c) TRAL 

Table 4.2 Result of preliminary batch experiment 

 

 

 

 

Adsorbent Qe for different initial As(III) concentration 

(mg/g) 

20mg/L 30mg/L 40mg/L 100mg/L 

 

ACAL11 

 

2.52 

 

3.60 

 

4.21 

 

8.95 

 

ACAL12 

 

1.34 

 

2.18 

 

2.98 

 

6.78 

 

    ACAL21 

 

2.49 

 

3.54 

 

4.29 

 

9.10 
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Adsorption process is highly influenced by the surface charge density of the adsorbent. 

The pHpzc of ACAL11 and TRAL were found to be 3.98 and 3.89 respectively which was 

shown in Figure 4.6. It was found that the adsorption of As(V) is more favorable at lower pH 

where surface of the adsorbent is positively charged. The arsenic adsorption as a function of 

initial pH of solution is shown in Figure 4.7. It reveals that the optimized pH for the removal of 

As(V) using ACAL11 as well as TRAL was 3. 

 

Figure4.6 Determination of pHpzc of (a) ACAL11 and (b) TRAL. 

On the other hand removal of As(III) from both ACAL11 and TRAL were found to be 

favorable in range of pH 6 to 9. At pH greater than 9 As(III) exists in anionic form and its 

adsorption on the negatively charged surface is unfavorable. Hence, in all the further study, 

initial pH of As(V) and As(III) solutions were adjusted at pH 3 and 9 respectively. 

4.2.2.2. Effect of adsorbent dose 

The effect of adsorbent dose on the adsorption of As(III) and As(V) on ACAL11 and TRAL is 

presentedin Figure 4.8, the obtainedresults revealed that the percentage removal of As(III) on 

both of the adsorbents increased rapidly with increase in adsorbent dose up to 4g/L, it was later 

followed by slow increase with increase in adsorbent dose up to 8g/L. 
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Figure4.7 Effect of initial pH on arsenic removal at concentration 20mg/L, adsorbent dose 

2.0g/L and contact time 8 h 

The maximum percentage removal of As(III) by ACAL11 and TRAL were nearly 57% 

and 52% respectively, while on the other hand, the removal percentage of As(V) increases 

sharply with the increase in adsorbent dose up to 2g/L for both the adsorbents, which was later 

followed by slow increase in removal percentage of As(V) with the increase in adsorbent dose.  

The maximum percentage removal of As(V) by ACAL11 and TRAL were found to be 

around 80% and 65% respectively.In addition to this a significant decrease in the adsorptive 

capacity (Qe) with increase in adsorbent dose from 1g/L to 8g/L in all cases is observed. Hence, 

4g/L and 2g/L were fixed as optimized adsorbent dose for As(III) and As(V) removal 

respectively using ACAL11 and TRAL. 

4.2.2.3. Adsorption Kinetic Study 

 Kinetic study describes the time required for the adsorbate uptake at the solid–solution 

interface including the diffusion process to reach equilibrium. The processefficiency of the 

adsorption is controlled by kinetics and, hence, Lagergren’s pseudofirst-order and pseudo 
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second-order models are applied to investigate kinetic data. The regression analysis of resulted 

plots was carried out to observe the suitability of any model. 

 

Figure4.8 Effect of adsorbent dose at initial concentration 20mg/L, pH 9 for As(III) solution, 

pH 3 for As(V) and contact time 8 h. 

The results obtained from Figure 4.9 and Figure 4.10suggests the applicability of the 

pseudo-second-order kinetic model. The kinetic parameters obtained from graph are tabulated 

in Table 4.3. It lists the results of kinetic rate constant studies of pseudo-first order and pseudo 

second order. The value of correlation coefficient R2 for the pseudo-second-order kinetic model 

for both the adsorbents is relatively high (0.999). However the values of R2 for the pseudo-first-

order are not satisfactory. Therefore the entire adsorption kinetics process of As (III) and As(V) 

on to the developed adsorbent i.e. ACAL11 and TRAL are found to be controlled by pseudo-

second-order kinetics with greater coefficient of determination value. 
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Figure 4.9 Effect of contact time on arsenic removal by ACAL11 at initial concentration 

20mg/L, pH 9 for As(III) solution,  pH 3 for As(V), adsorbent dose 4g/L for As(III) and 2g/L 

for As(V). 

 

Figure 4.10  Effect of contact time on arsenic removal by TRAL at initial concentration 

20mg/L, pH 9 for As(III), pH 3 for As(V), adsorbent dose 4g/L for As(III) and 2g/L for As(V). 
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Table 4.3 Kinetic parameters of As(III) and As(V) adsorption on ACAL11 and TRAL 

 

Adsorbent Adsorbate Pseudo-first-order model Pseudo-second-order model 

Qe 

(mg/g) 

K1 (min-1) R2 Qe 

(mg/g) 

K2 (g mg-1min-1) R2 

ACAL11 

 

As(III) 2.094 2.073x10-2 0.953 2.762 1.461x10-2 0.988 

As(V) 5.437 1.381x10-2 0.913 6.896 1.411x10-1 0.999 

TRAL As(III) 2.747 3.915x10-2 0.960 2.631 2.405x10-2 0.988 

As(V) 5.820 1.612x10-2 0.964 5.681 2.884x10-2 0.999 

4.2.2.4. Modelling of Adsorption isotherms 

To find out the most suitable adsorption model, the isotherm data thus obtained were 

simulated, by the well-knownmathematical equations of Langmuir and Freundlich. The values 

of regression coefficients obtained from these model’s plots were also evaluated, which were 

used as a fitting criteria to find out suitable model. Values of resulting parameters and 

regression coefficients (R2) are listed in Table 4.4. 

The adsorption equilibrium data are generally represented by adsorption isotherms 

which correspond to the relationship between the amounts of the solute adsorbed per unit mass 

of adsorbent (Qe) and the solute concentration in the solution at equilibrium (Ce) as shown in 

Figure 4.11 and Figure 4.12 (Solid line: Langmuir, Dotted line: Fruendlich). 

The value correlation coefficient (R2) of Langmuir isotherm model for As(III)on the 

developed adsorbent i.e. ACAL 11 and TRAL is 0.995and 0.991 respectively and the value 

correlation coefficients (R2) of Langmuir isotherm model for As(V) on the developed adsorbent 

i.e. ACAL 11 and TRAL is 0.996 and 0.998 respectively. 
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Figure4.11 Arsenic adsorption model of ACAL11 at pH 9 and adsorbent dose 4 g/L for 

As(III), and pH 3 and adsorbent dose 2 g/L for As(V), contact time 1 h. 

On the other hand the value correlation coefficient (R2) of Freundlich isotherm model for 

As (III) on the developed adsorbent i.e. ACAL 11 and TRAL is 0.966 and 0.956 respectivelyand 

the value correlation coefficient (R2) of Freundlich isotherm model for As (V) on the developed 

adsorbent i.e. ACAL 11 and TRAL is 0.907 and 0.914 respectively as shown in Table 4.4. 

On comparing the results presented in Table 4.4, it can be seen that the plots of 

Langmuir model showed higher correlation (R2>0.99) andthe value of χ2 for Langmuir model is 

smaller than that of Freundlich model which conclude that adsorption of As(III) and As(V) on 

ACAL11 and TRAL. These facts suggest that the adsorption of As(III) and As(V) on to the 

ACAL11 and TRAL involves the monolayer coverage of the heavy metal on the surface of the 

adsorbent. Corresponding RL values are found to be between 0 and 1 which is in agreement 

with the favourable adsorption. 

The values of the free energy change (ΔG°) for the adsorption process are summarized 

in Table 4.4.The negative ΔG° values for ACAL11 and TRAL dictates the spontaneous nature 

of the adsorption process. 
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Figure 4.12 Arsenic adsorption model of TRAL at pH 9 and adsorbent dose 4 g/L for As(III), 

and pH 3 and adsorbent dose 2 g/L for As(V), contact time 1 h. 

4.2.2.5. Effect of competitive ions  

ACAL11 has shown the highest adsorptive capacity towards As(V). Hence the effect of 

competitive ion was studied only for adsorption of As(V) on ACAL11. Real ground water 

contains various metal ions and anions. To study the effect of various ions on adsorption of and 

As(V) in aqueous solution by ACAL11, solutions were prepared from potassium carbonate 

(K2CO3), magnesium sulphate (MgSO4.7H2O), sodium nitrate (NaNO3) and calcium chloride 

(CaCl2.2H2O). Various initial concentrations of these solutions were taken in fixed 10mg/L 

initial concentration of arsenic solution and adsorbent dose was fixed at 4 g/L. Initial pH was 

fixed at 3 and batch experiments were carried out. The results obtained from the experiment are 

presented inTable 4.5.It shows that the competing ions have very less effect towards uptake of 

As(V) from aqueous solution by ACAL11. 

4.2.2.6. Regeneration of adsorbent 

Change in free energy in the adsorption confirmed that the adsorption of As(V) on to 

ACAL11 is physical adsorption. Since the adsorption of As(V) is favorable at low pH, 
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As(V)should be desorbed at high pH. So, 0.1M NaOH was used for the desorption of As(V) 

from As(V) adsorbed ACAL11. 

Table 4.4Langmuir and Freundlich parameters for adsorption of As(III) and As(V) on 

ACAL11 and TRAL 

Adsorbent Adsorbate Langmuir model Freundlich model 

Qmax 

mg/g 

b 

(L/mg) 

R2 G 

(kJ/mol) 

χ2 Kf[(mg/g) 

(L/mg)1/n]  

1/n R2 χ2 

ACAL11 As(III) 14.28 0.021 0.995 -18.548 0.176 0.755 0.540 0.966 1.271 

As(V) 23.80 0.057 0.996 -21.074 1.227 3.614 0.360 0.907 2.479 

TRAL As(III) 13.51 0.020 0.991 -18.532 0.227 0.711 0.540 0.956 1.196 

As(V) 19.60 0.043 0.998 -20.333 0.253 2.218 0.415 0.914 2.343 

 

To determine the regeneration capacity of ACAL11 batch adsorption studies were run 

in succession with the adsorbent being regenerated between every adsorption cycle [26]. 0.5g 

of ACAL11 was added to 10mg/L AS(V) solution at pH 3 and it was shaken for 1 h. The 

percentage removal was determined which was 83%. The adsorbent was then washed, dried at 

110 C and regenerated by shaking it with 0.1M NaOH solution for 1 h. Concentration of As(V) 

in filtrate obtained after regeneration was analyzed.There was more than 95% desorption of 

As(V). The regenerated adsorbent was washed, dried at 110 C again applied for second 

adsorption cycle. The percentage removal was 72%. On further regeneration and adsorption, 

percentage adsorption was only 57%. There was still more than 95% desorption in second 

regeneration. In every adsorption and regeneration, the adsorbent dose was fixed at 4g/L.These 

results show that the adsorbent ACAL11 can be used for arsenic adsorption up to two cycles 

effectively and arsenic can be successfully desorbed from the adsorbent by using 0.1M NaOH 

solution for its safe disposal. 

4.2.2.7. Comparison with other adsorbents 

The adsorption capacity (values of Qmax derived from the Langmuir equation) of 

ACALs and TRALs with other previously developed adsorbents, is summarized in Table 4.6. 
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Table 4.5Effect of co-ions in removal of As(V) on ACAL11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The obtained summarized data clearly revealed that the developed ACALs and TRAL 

possess higher adsorption capacity in comparison to the other previously developed adsorbent 

[61-65]. 

 

 

Concentration (mg/L) %Removal 

As(V) Mg2+ SO4
2- Na+ NO3

- K+ CO3
2- Ca2+ Cl- 

10 - - - - - - - - 83.35 

10 5 19.75 - - - - - - 83.18 

10 10 39.50 - - - - - - 83.01 

10 20 79.00 - - - - - - 82.89 

10 - - 5 13.47 - - - - 82.21 

10 - - 10 26.95 - - - - 83.12 

10 - - 20 53.90 - - - - 81.87 

10 - - - - 10 7.67 - - 80.85 

10 - - - - 20 15.34 - - 79.96 

10 - - - - 40 30.69 - - 78.89 

10 - - - - - - 5 8.89 82. 52 

10 - - - - - - 10 17.79 81.48 

10 - - - - - - 20 35.58 82.01 
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Table 4.6Comparison of maximum adsorption capacity for the removal of noxious As(III) and 

As(V) by different previously developed adsorbents. 

Adsorbent Metal ion Adsorption 

capacity (mg g-1) 

Ref. 

Magnetite maghemite nanoparticles As(III) 

As(V) 

3.69 

3.71  

[27] 

Iron-doped activated micro/ nano carbon 

particles 

As(III) 

As(V) 

15.00 

5.00 

[28] 

Fe-hydrotalcite supported magnetite 

nanoparticle 

As(III) 

As(V) 

0.12 

1.28 

[29] 

MnFe2O4nanoadsorbents As(III) 

As(V) 

0.72 

2.13 

[30] 

Magnetic iron oxide/CNT composites As(III) 

As(V) 

8.13 

9.74 

[31] 

Activated carbon-alumina composites 

(ACALs) 

As(III) 

As(V) 

14.28 

23.80 

[Present 

Study] 

Tire rubber alumina composite  (TRALs) As(III) 

As(V) 

13.51 

19.60 

[Present 

Study] 

 

4.3. Conclusion 

The focus of the present study was to assess the feasibility of activated carbons prepared 

from waste rubber tire modified with alumina composite, the developed adsorbent i.e. ACAL 

and TRAL for the removal of hazardous As(III) and As(V) from the solvent phase. The 

following conclusions are bulletined: 

1. Ratio metric preparation of the ACAL was carried out using activated carbon and 

aluminium hydroxide in 1:1 ratio by weight i.e. ACAL11, 1:2 ratio by weight i.e. 

ACAL12 and 2:1 ratio by weight i.e. ACAL21. It was observed that ACAL11 has 

greater BET surface area and arsenic adsorptive capacity as compared to other 

developed adsorbent. 
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2. Removal of As(V) is found to be more effective than that of As(III) by both ACAL11 

and TRAL. Though TRAL has greater BET surface area, its adsorptive capacity 

towards arsenic in aqueous solution is lower than that of ACAL11. 

3. Adsorption of As(III) as well as As(V) on ACAL11 and TRAL are best fitted to 

Langmuir adsorption isotherm with pseudo-second order kinetics. 

4. Adsorption of As(III) as well as As(V) on ACAL11 and TRAL are best fitted to 

Langmuir adsorption isotherm with pseudo-second order kinetics. 

5. Regeneration of the adsorbent was possible due to 0.1 M NaOH solution up to 95% of 

As(V) is desorbed form the developed adsorbent. Hence the adsorbent ACAL11 

prepared from activated carbon obtained from waste tire rubber and aluminium 

hydroxide in 1:1 ratio by weight can be effectively applied for arsenic removal from 

arsenic contaminated ground water. 

6. The proposed adsorbent “alumina composite modified waste rubber tire and activated 

carbon prepared from tire rubber” in other words, the adsorbent-adsorbate system is 

cost effective, environment friendly with no generation of secondary pollutant, efficient 

and fast for the removal of dyes from contaminated wastewater. 
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5.1. Introduction 

Phenolic compounds were selected as model adsorbates becauseof their widespread 

prevalence in industrial wastewater asa result of their rampant use in many chemical and 

petrochemicalindustries, oil refinery, ceramic and steel plants, disinfectantmanufacturing, or 

metal refining [1]. Their concentration in someof the industrial wastewaters in India has been 

found to be very high varying from 1000 to 2000 ppm in coal mining, 50–700 ppmin 

petrochemical, 1000 ppm in pharmaceutical and 2000–20,000 ppm in oil refining industries [2]. 

Also, such phenoliccompounds are known to have high toxicity and carcinogenic 

nature.Because of their stability and bioaccumulation, they remain inthe environment for longer 

periods and hence cause considerable damage and possess severe detrimental threat to the 

aquatic ecosystem and humanhealth [3]. They are considered toxic for some aquatic life 

formsin concentrations above 50 ppb and the ingestion of one gram ofphenol has shown fatal 

consequences in humans. Phenols havethe capacity to combine with existing chlorine in 

drinking water,giving rise to chlorophenols, compounds that are even more toxicand difficult to 

eliminate. Hence phenolic compounds have beenincluded in the list of priority pollutants by the 

Environmental ProtectionAgency (EPA) and the European Environmental Agency (EEA) [4–

6]. 

Carbon black from waste rubber tire has been another interestingalternative as a low 

cost adsorbent basically because itscarbonaceous nature resembles that of a commercial AC 

[7,8]. Also since it constitutes approximately 32% by weight of carbon,its recovery and reuse 

as adsorbent would solve the waste tiredisposal problem thereby benefiting the environment in 

a dualway. But the carbon black obtained by untreated tire pyrolysishas a less developed 

porous structure and a lower internal surfacearea [9]. Appropriate activation conditions of 

temperature, timeetc. have been found to enhance both surface area and pore volumeof 

activated carbons developed from carbon black [10–21] and this has resulted in improved 

adsorption behavior.Recent progress has shown the use of microwave assisted physicaland 

chemical methods in the preparation of activated carbonfrom various low cost precursors as a 

substitute to conventionalheating [22]. The advantage associated with using microwaveheating 

is that the treatment time and consumption of gases canbe considerably reduced, which further 

results in the reductionin energy consumption as well. In comparison with conventionalheating 

techniques, microwave heating has been seen to demonstrateinterior heating, higher heating 

rates, selective heating,greater control of the heating process, no direct contact betweenthe 

heating source and heated materials, and reduced equipmentsize and waste. Additionally, 

microwave furnaces are generallysmaller than conventional furnaces. Also, the activated 
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carbonsprepared by microwave heating have been seen to demonstratelesser oxygenated 

functionalities from their carbon surfaces [23]. The textural and chemical properties of the 

carbons thus preparedhave been found to be comparable to those from conventionalheating but 

the time of preparation of the activated carbon is seento be far shortened [24].  

The objective ofthe present study is focused on preparing activated carbons(RTACMC 

and RTAC) by microwave assisted chemical treatmentas well as by conventional physical 

activation respectively fromwaste rubber tire followed by the assessment of their physicaland 

chemical characteristics for the ultimate objective ofdetermining their adsorption capacity for 

organic pollutants likep-cresol and phenol. Experimental data were fitted to variousadsorption 

isotherms and kinetic models in order to determinethe adsorption capacities and rates. 

5.2. Results and discussion 

5.2.1. Effect of pretreatment conditions of microwave on theperformance of activated 

carbons 

Figure 5.1a-creveals the effect of microwave power, impregnation ratioand microwave 

irradiation time on the adsorption capacity of activatedcarbons prepared as well as on the 

percentage removalof p-cresol fromsynthetic wastewaters. Batch adsorption experiments were 

performedat constant adsorbate concentration of 150 ppm and adsorbentdose of 0.6 g/L at pH 

of 7 and contact time of 90 min.While studying the effect of microwave power on the 

adsorptionperformance of the activated carbons at constant chemicalimpregnation ratio of 1.5 

and irradiation time of 10 min, it is seenthat the adsorption performance improves drastically 

(22.50 mg/gto 197.70 mg/g) on increasing the power from 200 to 600W followedby a 

corresponding decrease at higher operating microwavepowers (Figure 5.1a). Increasing the 

microwave power to 600W has inducedhigher internal and volumetric heating leading to the 

developmentof new pores thereby enhancing the adsorption capacity. But highermicrowave 

power of 800W may have destroyed the pore structures[23]. 

While performing the adsorption experiments on activated carbonsprepared under 

constant microwave power of 600W andirradiation time of 10 min but of varying impregnation 

ratios, itwas observed that increasing the chemical impregnation ratio from0.50 to 1.50 

improved the adsorption capacity for p-cresol removalfrom 82.0% to 94.0% (Figure 5.1b). 

Newer pores may have been developedand existing pores may have been widened due to 

thedestruction of volatiles and from impregnated KOH as can be seen from SEM images 

(Figure5.2). 
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Figure 5.1Effect of (a) microwave power (at constant impregnation ratio of 1.5 and irradiation 

time of 10 min) (b) impregnation ratio (at constant microwave power of 600Wand irradiation 

time of 10 min), (c) irradiation time (at constant microwave power of 600W and impregnation 

ratio of 1.5) on the adsorption capacity of RTACMC andremoval% of p-cresol [adsorbate conc. 

150 ppm; temperature 45 C, adsorbent dose: 0.6 g/L, pH-7; contact time-90 min]. 

Studying the effects of the microwave irradiation time on theadsorption capacity under 

constant microwave power of 600Wand impregnation ratio of 1.50 showed a slight 

improvement inthe adsorption capacity on increasing the time from 5 min to10 min (195.00 

mg/g to 197.70 mg/g) followed by a slight decrease.Prolonging the irradiation time would 

obviously cause anincrease in temperature which in turn would increase the reactionrates and 
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devolatilization, thereby developed the porosity and thepore structure. However, further 

increasing the treatment timemight produce local hotspots, leading to the shrinkage 

anddestruction of pore structure [23]. 

5.2.2. Characterization of adsorbent material 

From the textural characteristics of the RTACMC and RTAC, it isrevealed that RTAC 

has a surface area of 562 m2/g with majority ofits porosity retained in mesopores (0.69 cc/g) 

The volume of mesoporesaccounts for 71% of the total pore volume (0.97 cc/g) 

therebysignifying a mesoporous structure in RTAC. But, in case ofRTACMC, both the surface 

area and the total pore volume(1802 m2/g, 1.52 cc/g respectively) are found to be increased 

incomparison with those of RTAC indicating the development andrefinement of pore structure 

during the microwave assisted chemicalactivation stage. There is a probability that the 

microwaveheating has caused the destruction of the volatiles and impregnatedKOH resulting in 

the widening of the AC pores, giving riseto an increase in the total pore volume. The data 

further reveal thatboth the mesopore and micropore volume in RTACMC are increasedto the 

tune of 80.00% and 19.70% of total pore volume. This reveals that the mesoporous structure is 

retained in RTACMC. High surface area and well developed porosity were likewise obtained in 

microwave assisted KOH activated cotton stalk, pineapple peeland rice husk [23,26–28]. Thus 

the microwave assisted chemicalimpregnation method of activation has resulted in 

enhancingthe porosity and pore structure of rubber tire derived activatedcarbon. 

The carbon was found to increase in RTACMC to the tune of87.23% as compared to 

that of RTAC (78.76%) followed by a significantdecrease in oxygen levels (2.12% in 

RTACMC as compared to7.04% in RTAC) thereby revealing the destruction and 

decompositionof organic compounds and decomposition of volatiles undermicrowave 

treatment. This was further confirmed by EDAX data.The enhancement of the carbonaceous 

nature is responsible forthe improved porosity in RTACMC which is further revealed 

fromScanning Electron Micrograph (SEM) images of RTACMC (Figure 5.2).The SEM image 

reveals the presence of highly scattered irregularcavities on the surface of the RTACMC which 

may have been dueto the destruction of the volatile components and the impregnatedKOH 

under microwave heating. Such cavities are found to be distinctlyabsent on the RTAC surface 

as can be seen from SEM imageof RTAC. 

The FTIR spectrum of the RTAC sample, indicates the presenceof carboxylic groups as 

revealed by the characteristic peaks at1710 cm-1 (C=O stretch of acid), 1266 cm-1 (C-O stretch 

of acid)and 2921 cm-1 (O-H stretch of acid) (Figure5.3). The presence of phenolicgroup is 
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corroborated by the presence of additional peaks at3365 cm-1(H bonded OH group) and at 1108 

cm-1 (C-O stretch)on the RTAC surface. 

 

Figure 5.2SEM micrograph and EDAX of (a) RTACMC (b) RTAC before adsorption 
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Figure 5.3FTIR spectra of the RTACMC and RTAC. 

The C=O, C-O and the OH stretch peaks ofacids were found to be significantly absent 

on the RTACMC sample,thereby revealing that microwave heating resulted in the 

decompositionof carbon–oxygen functionalities. The basic nature ofRTACMC is further 

evident from the pHpzc studies (8.50 in RTACMCand 7.00 in RTAC). 

5.2.3. Effect of pH 

The effect of pH on the adsorption of p-cresol onto RTACMC waswell studied and 

elucidated by varying the pH of the medium from 1 to 12 at a fixedadsorbent dose of 0.06 g/L 

with a fixed p-cresol concentration of150 ppm and the results are depicted in Figure 5.4. The 

amount adsorbedwas found to be almost constant between pH of 4.00 and8.50 for RTACMC 

and it showed a gradual decrease as the solutionbecame more basic. These results can be 

explained on the basis ofthe pHpzc value of RTACMC (8.50) and pKa of p-cresol (10.26). 

Atthis pH range, p-cresol exists in the molecular form and is basicin nature due to the electron 

releasing groups of methyl and hydroxyl.Also, RTACMC which has a net positive charge 

(pHpzc = 8.50)has more affinity for the molecular form of p-cresol and this resultsin its high 

adsorption uptake. But at higher pH values of greaterthan 10, there is electrostatic repulsion 

between the negativeRTACMC surface and the anionic form of p-cresol resulting in 

decreasedadsorption uptake. There is also a significant decrease inp-cresol uptake at lower pH 

values as evident from Figure5.4. Underhighly acidic conditions, the lone pair of electron on 
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the hydroxylgroups which is available for hydrogen bonding is protonated[33] thereby causing 

strong electrostatic repulsion for the positivelycharged RTACMC surface.RTAC is more acidic 

and hydrophilic (pHpzc = 7.00) as comparedto RTACMC (pHpzc = 8.50).But the trend of its 

adsorption capacityfor p-cresol removal with change in pH is more or less similar ascompared 

to that of RTACMC. The decreased uptake of RTAC maybe due to the difference in its surface 

properties as compared to RTACMC. 

 

Figure 5.4Effect of pH on the adsorption of p-cresol on the two adsorbents RTACMCand 

RTAC [adsorbate conc. 150 ppm; temperature 45 C, adsorbent dose: 0.6 g/L,pH-7; contact 

time-90 min for RTACMC and 150 min for RTAC]. 

5.2.4. Effect of contact time 

The uptake of p-cresol and phenol onto RTACMC and RTAC depictsthat the adsorption 

is quite rapid initially, gradually slowsdown and then reaches the equilibrium (Figure 5.5). The 

decrease inamount of the adsorbates adsorbed with time may be due to theaggregation of such 

molecules around the adsorbent particles. Thisaggregation may hinder the migration of the 

adsorbate, as theadsorption sites become saturated; thereby resistance to diffusionalso increases 

[25].  

Irrespective of the adsorbates, a distinct differencein the equilibrium time for RTACMC 

and RTAC was observed(90 min for RTACMC and 120 min for RTAC (Figure 5.5) and this 

differencemight be due to differences in the surface properties of theadsorbents caused by 
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microwave heating. Again irrespective ofthe adsorbents, there is a higher uptake of p-cresol as 

comparedto phenol and such high affinity of p-cresol for the adsorbents issomewhat expected 

because of its lower solubility and higherlogKow values in water (Table 5.1). But phenol being 

smaller in sizethe time for attaining equilibrium should have been shorter ascompared to that of 

p-cresol [29]; but this is not visible from theresults obtained. But overall, the high uptake of the 

selected adsorbatesand the fact that equilibrium is attained within 2 h revealsthe effectiveness 

of the developed adsorbents for wastewatertreatment. 

 

 

Figure 5.5Effect of contact time on the adsorption of p-cresol and phenol onto RTACMC and 

RTAC [adsorbate conc. 12 ppm and 150 ppm; temperature 45 ºC; adsorbent dose 0.6 g/L, pH 

7] 

Figure5.5 further reveals that for RTACMC, the adsorption equilibrium,qe increased 

from 16.52 to 201.0 mg/g and from 15.0 to136.50 mg/g for p-cresol and phenol respectively 

(Table 5.1) when their initialconcentration was increased from 12 to 150 ppm. Similar trendwas 



RTACMC and RTAC for phenols and p-Cresol removal Chapter 5 

 

129 
 

observed for other developed adsorbent RTAC for the under observation adsorbates. The above 

facts are dueto the higher concentration gradient which acts as a drivingforce for the adsorption 

process [25].  

Table 5.1Octanol-water partition coefficient values (log Kow) and experimental adsorption 

equilibrium (qe) at different concentration for both RTACMC and RTAC 

Adsorbent  RTACMC  RTAC  

Adsorbate p-Cresol Phenol p-Cresol Phenol 

Log Kow 1.95 1.46 1.95 1.46 

Molecular 

Weight 

108.13 94.11 108.13 94.11 

Concentration 

(in ppm) 

12  150 12       150 12 150 12 150 

Expqe (mg/g) 16.52 201.00 15.00 136.50 9.60 85.50 5.66 37.50 

 

5.2.5. Adsorption isotherm modelling 

To find out the most suitable adsorption model, the isotherm data thus obtained were 

simulated, by the well-known mathematical equations of D-R, Langmuir and Freundlich 

isotherm models. The values of regression coefficients obtained from these model’s plots were 

also evaluated, which were used as a fitting criteria to find out suitable model. The results of 

their linear regression i.e. correlation coefficients and the parameters obtained from the plots of 

D-R (log qe vs ε2), Langmuir (1/qe vs 1/Ce), and Freundlich (log qe versus log Ce) are listed 

Table 5.2. 

The results presented in Table 5.2clearly reveal the value of correlation coefficients (R2) 

at three different temperatures i.e. 25, 35 and 45C for the p-Cresol and phenol.The correlation 

coefficients at different temperatures were considerablyhigh (R2 > 0.99) for the Langmuir 

model followed by theD–R and the Freundlich isotherm model; the linearity of plots asevident 

from Figure 5.6and from high correlation coefficient valuesin Table 5.2suggests the 

applicability of the Langmuir model withthe p-cresol getting adsorbed onto the adsorbent 

surface to forma monolayer.  
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The values of b are seen to be higher for RTACMCindicating higher affinity of 

adsorbates than for RTAC. This canbe attributed to the fact that the adsorption of the 

adsorbates takesplace onto sites having stronger binding energy. Because of thehigher values of 

Qo and b, RTACMC having favorable pore size distributionis a better option for use in 

The values of n are significantly higher than unity at all the temperaturesstudied 

favorable adsorption [31] and the meanfree energy of adsorption (E

om was foundto be <8 kJ mol-1 at all temperatures (Table 5.2

nature of the adsorption process. 

isotherm parameters for adsorption of p-Cresol and phenols

to different adsorbents i.e. RTACMC and RTAC  

r RTACMCindicating higher affinity of 

adsorbates than for RTAC. This canbe attributed to the fact that the adsorption of the 

adsorbates takesplace onto sites having stronger binding energy. Because of thehigher values of 
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The values of n are significantly higher than unity at all the temperaturesstudied 

he meanfree energy of adsorption (ED) as 

Table 5.2) implying 

Cresol and phenols at different 

 



RTACMC and RTAC for phenols and p-Cresol removal Chapter 5 

 

131 
 

 

 

Figure 5.6Langmuir adsorption isotherms of adsorption of p-cresol and phenol onto RTACMC 

and RTAC at three different temperatures 

5.2.6. Thermodynamic study and effect of temperature 

The values of free energy change (ΔG˚), enthalpy change (ΔH˚) and entropy change 

(ΔS˚) for adsorption process were calculated and are summarized in Table 5.3.The enthalpy 

change ΔH˚ in case of developed adsorbent i.e. RTACMC and RTAC prepared from the rubber 
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tire is negative (Exothermic) i.e. adsorption capacity decreases on successive increase of 

temperature.Further, negative ΔG  values for RTACMC and forRTAC dictate the spontaneous 

nature of the adsorption process [30, 32] and in addition to this the positive value of ΔS  for 

RTACMC and RTAC reveals the increased randomness atthe solid–solution interface during 

the fixation of the aromaticcompounds on the active sites of the adsorbent. 

Table 5.3Thermodynamic parameters for adsorption of p-Cresol and phenol at different 

temperature on to developed adsorbents i.e. RTACMC and RTAC 

 

5.2.7. Adsorption kinetics 

Two kinetic models namely pseudo-first-order and pseudo-second-order have been 

applied and were used to test adsorption kinetics data in order to investigate the mechanism 

Adsorbent 
& 

Adsorbate 

Temp ( C) Thermodynamic Parameters 

 
RTACMC 

ΔG (kJ/mol) ΔH  (kJ/mol) ΔS (kJ/Kmol) 

 
p-Cresol 

25°C -5.94 -7.61 
 
 
 
 
 

-6.71 
 
 
 
 
 
 
 

-4.87 
 
 
 
 
 

-4.75 

0.045 
 
 
 
 
 

0.044 
 
 
 
 
 
 
 

0.041 
 
 
 
 
 

0.040 

35°C -6.30 

45°C -6.78 

 
Phenol 

25°C -6.45 

35°C -6.71 

45°C -7.26 

RTAC  

 
p-Cresol 

 25°C -7.44 

35°C -7.78 

45°C -8.26 

 
Phenol 

25°C -8.00 

35°C -8.38 

45°C -8.85 
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involved during the adsorption of p-Cresol and phenol onto the developed adsorbent i.e. 

RTACMC and RTAC.  

Table 5.4 lists the results of the kinetic parameters of the two models as well as their 

regression coefficients (R2) at different concentration initial concentration 12 ppm and 50 ppm 

of p-Cresol and phenol concentration. The value of correlation coefficient (R2) for the pseudo-

second-order kinetic model is comparatively high (>0.99), and the adsorption capacities 

calculated by the model are also close to those values which are obtained experimentally.  

Table 5.4 Kinetic parameters for the adsorption of p-Cresol and phenol onto RTACMC and 

RTAC 

Adsorbent  RTACMC 

p-Cresol 

 

Phenol 

RTAC 

p-Cresol 

 

Phenol 

Concentration 

(in ppm) 

12  150 12        150 12 150 12 150 

Expqe (mg/g) 16.52 201.00 15.00 136.50 9.60 85.50 5.66 37.50 

Pseudo-first-

order 

 

Theoreticalqe 

(mg/g) 

3.846 26.303 2.582 22.39 2.05 21.38 1.76 19.95 

K1 (min-1) 0.032 0.012 0.0368 0.0138 0.021 0.007 0.028 0.009 

R2 0.976 0.992 0.965 0.993 0.917 0.948 0.944 0.976 

Pseudo-second-

order 

 

Theoretical 

qe (mg/g) 

16.95 200.00 15.15 133.33 9.71 90.91 5.00 37.04 

K2 (g/mg/min) 0.021 0.002 0.089 0.004 0.015 0.001 0.084 0.003 

R2 0.996 0.999 0.999 0.999 0.997 0.993 0.998 0.993 
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Figure 5.7 indicates the linear plots of t/qt vs. T at two different adsorbate 

concentrations for RTACMC and RTAC showing the applicability of the pseudo-second-order 

model and thus can be concluded to be more suitable to describe the adsorption kinetics of the 

p-Cresol and phenol onto the developed adsorbent i.e. RTACMC and RTAC. 

 

Figure 5.7Lagergren pseudo-second order plots at two different adsorbate concentrations for 

adsorbents RTACMC and RTAC. 

5.2.8. Adsorption mechanism 

Prediction of the rate-limiting step is an important factor to be considered in the 

adsorption process [29]. For solid-liquid adsorption process, the solute transfer process is 

usually characterized by either external mass transfer (boundary layer diffusion) or intraparticle 

diffusion or both. In the present study, intraparticle diffusion plot of qt vs. t0.5 (Figure 5.8) were 

plotted for RTACMC for phenol and p-Cresol at two different concentrations i.e. 12 ppm and 

50 ppm. From Figure 5.8, the adsorption process tends to be followed by three phases the first 

phase was very sharp and was completed within 90 minutes thereby signifying the 

instantaneous mass transfer of the adsorbate molecules from aqueous phase to the RTACMC 

surface; the second linear phase was the gradual adsorption stage signifying the rate limiting 

step being the intraparticle diffusion of the dye molecules and in the end the third phase shows 

the final equilibrium stage signifying the saturation of the carbon surface and also the presence 

of very low adsorbate concentration in aqueous solution.  
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Figure 5.8Weber Morris plot of adsorption of p-cresol and phenol onto RTACMC at two 

different concentrations of 12 ppm and 150 ppm. 

Table 5.5Intraparticle diffusion model parameters for the adsorption of p-Cresol and phenol 

onto developed adsorbent RTACMC and RTAC 

Adsorbent  RTACMC 

p-Cresol 

 

Phenol 

RTAC 

p-Cresol 

 

Phenol 

Concentration 

(in ppm) 

12  150 12        150 12 150 12 150 

Expqe (mg/g) 16.52 201.00 15.00 136.50 9.60 85.50 5.66 37.50 

Intra-particle 

diffusion 

 

Kid 

(mg/g/min1/2) 2nd 

region 

0.124 1.944 0.095 1.46 0.182 0.184 0.132 1.592 

C 14.97 173.1 13.84 117.01 6.893 57.90 3.91 15.41 

R2 0.884 0.995 0.794 0.941 0.990 0.989 0.963 0.957 
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For both phenol and p-cresol, (Figure 5.8 and Table 5.5) at low adsorbate concentration 

of 12 ppm, the pore diffusion rate as well as the thickness of the boundary layer was very low 

as indicated by the slope and intercept of the second region. Increasing the adsorbate 

concentration to 150 ppm resulted in a simultaneous increase in the slope and intercept thereby 

signifying an enhancement of the driving force for the adsorption process as well as the 

increase in the thickness of the boundary layer. But none of the linear plots of the second and 

third region passed through the origin thus implying that although intraparticle diffusion is 

involved in the adsorption process, it is not the sole rate-controlling step and that some other 

mechanisms may play an important role. 

5.2.9. Comparison with other reported adsorbents 

The adsorption capacity (values of Qmax derived from the Langmuir equation) of Ni2+ 

adsorption on activated carbon with other previously developed adsorbents, is summarized in 

Table 5.6.The obtained summarized data clearly revealed that the developed activated carbon 

i.e.RTACMC and RTAC possess higher adsorption capacity in comparison to the other 

previously developed adsorbent [30,34-36]. 

Table 5.6 Comparison of maximum adsorption capacity for the removal of noxious p-Cresol 

and phenol by different previously developed adsorbents. 

Adsorbent Adsorbate Adsorption 

capacity (mg g-1) 

Ref. 

Fly ash Phenol 13.16 [34] 

Bagasse fly ash Phenol 0.060 [30] 

Coal fly ash p-Cresol 85.40 [35] 

Wood fly ash p-Cresol 52.50 [36] 

RTAC p-Cresol 71.43 [Present 

Study] 

RTAC Phenol 47.62 [Present 

Study] 

RTACMC p-Cresol 250.00 [Present 

Study] 

RTACMC Phenol 100.00 [PresentSt

udy] 
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5.3 Conclusion 

The focus of the present study was to assess the feasibility of activated carbons prepared 

from waste rubber tire by a microwave induced chemical impregnation technique, the 

developed adsorbent i.e. RTACMC and RTAC for the removal of model phenolic compounds 

from the solvent phase. The following conclusions are bulletined: 

1. The developed adsorbent (RTACMC) upon characterization revealed the improved 

porosity and total pore volume as compared to a fairly acidic RTAC which was 

prepared by the conventional physical activation of rubber tire. Such favorable 

characteristics helped in improving the adsorption capacity and kinetics of RTACMC 

for both p-cresol andphenol removal as compared to RTAC.  

2. Irrespective of the adsorbents,p-cresol showed higher affinity due to its low 

solubilitywhereas phenol shower higher kinetic rate constant due to itssmaller size. 

3. Results obtained revealed that a 0.6 g/L adsorbent dose was found to be optimum at a 

pH of 7, contact time of 90 min and 120 min for RTACMC and RTAC, in addition to 

this the temperature of 45°C is fixed as optimized time for achieving maximum 

removal from the solvent phase. 

4. The kinetic study revealed a pore diffusion mechanismto be operative in all cases. The 

microwave technique thushelped in the development of an enhanced porous 

morphology ina shorter time resulting in the improvement of the cost effectivenessof 

the process.  

5. Finally, a comparative study with otherreported adsorbents reveals the potential of the 

developedactivated carbon for wastewater treatment. 

6. Summarily, the developed adsorbent i.e. RTACMC and RTAC has the potential for 

removal of p-Cresol and phenol from wastewater to a significant extent. 
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6.1. Introduction 

Nowadays, in such an industrial world one of the most important concerns is securing the 

health of human race and environment. Presence of dyes and pigments in wastewaters of 

manufacture and textile industry contain auxiliary chemicals [1] lead to generation of 

hazardous injuries to the animal and human health [2]. Colored dyes are not only aesthetic, 

carcinogenic but also hinder light penetration and disturb life processes of living organisms in 

water.  

Acid Blue 129 (AB129), an acidic dye, it possess severe detrimental effect on human 

health, itcauses eyes irritation, respiratory system, pulmonary disorder and several dermatitis 

problems. Therefore, the removal of such colored agents from aqueous effluents is necessary. 

Recently, adsorption has become one of the most popular techniques because of some 

advantages such as high efficiency and ability to use generable non-toxic and cheap adsorbents 

[3-17]. For this, nanoparticles as sorbents for separation, removal and or pre-concentration are 

applicable for enrichment of trace elements are its effective protocol [18]. 

The objective of the presented work is to investigate the preparation of a new and 

effective sorbent for the adsorption of AB 129 dye. The effects of adsorbent dosage, initial dye 

concentration, pH, contact time and temperature on AB 129adsorption onto CuO-NP-AC were 

studied. Adsorption kinetics, isotherms and thermodynamic parameters were also evaluated and 

reported. 

6.2. Results and discussion 

6.2.1. Characterization of CuO nanoparticles 

XRD analysis as powerful tools was used to study the crystal structures of the CuO 

nanoparticles. Figure 6.1(a) displays the XRD spectrum of CuO nanoparticles, it reveals the 

sample indexes to tenorite, syn CuO (JCPDS number 00-045-0937) although have different 

intensities of crystallinity. The two reflection at 2θ = 35.54 [002] and 2θ = 38.52 [111] were 

observed in the diffraction patterns, and are ascribed to the formation of the CuO monoclinic 

crystal phase. The average size of nanocrystallites (D) was estimated by the Scherer’s formula 

[19].The average crystallite thickness of CuO is estimated about 26.57nm by Scherer’s 

formula. 

The FE-SEM is the primary tool used for characterization of the surface morphology and 

fundamental physical properties of photo-catalyst surface. It is useful for determination of the 

particle size, shape, porosity. Morphology and microstructure of the CuO nanoparticles 
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according to FE-SEM studies (Figure

considerable number of pores, with irregular pore distribution

adsorption of dyes into these pores.  

The volume average hydrodynamic 

determined by the laser light scattering, was found less than 25 nm with narrow size 

distribution of 0.15 polydispersity (Figure

Figure 6.1 (a) X-ray diffraction (XRD) pattern

distribution of the CuO nanoparticles.

6.2.2 Effect of initial solution pH 

The pH of the solution is considered to be the most important controlling parame

adsorption process [20]. Figure 6.2 shows the effect of solution pH o

on the CuO-NP-AC. It was observed that the AB 129 removal was highly dependent on the pH 

of the solution which affected the surface charge of the sorbent. The maximum removal 

efficiency (around 99.9%) occurred at pH 2.0, then

dramatically as the initial solution pH increased from 4.0 to 8.0.At lower pH, both activated 

carbon functional groups and oxygen atoms were protonated and adsorbent acquired positive 

charge and finally AB 129 dye (anionic dye mo
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Figure 6.1 (b)) reveals that the CuO nanoparticles 

, with irregular pore distribution which helps in the

The volume average hydrodynamic diameter for the CuO nanoparticles, which is 

determined by the laser light scattering, was found less than 25 nm with narrow size 

Figure 6.1 (c)). 

ray diffraction (XRD) pattern (b) FE-SEM images and (c) Histogram of 

distribution of the CuO nanoparticles. 

The pH of the solution is considered to be the most important controlling parame

shows the effect of solution pH on the removal of AB 129 

AC. It was observed that the AB 129 removal was highly dependent on the pH 

of the solution which affected the surface charge of the sorbent. The maximum removal 

99.9%) occurred at pH 2.0, then the removal percentage decreased 

dramatically as the initial solution pH increased from 4.0 to 8.0.At lower pH, both activated 

carbon functional groups and oxygen atoms were protonated and adsorbent acquired positive 

charge and finally AB 129 dye (anionic dye molecule) adsorbed onto CuO-NP

) reveals that the CuO nanoparticles possess 

helps in the trapping and 

diameter for the CuO nanoparticles, which is 

determined by the laser light scattering, was found less than 25 nm with narrow size 

 

Histogram of size 

The pH of the solution is considered to be the most important controlling parameter in the 

n the removal of AB 129 

AC. It was observed that the AB 129 removal was highly dependent on the pH 

of the solution which affected the surface charge of the sorbent. The maximum removal 

moval percentage decreased 

dramatically as the initial solution pH increased from 4.0 to 8.0.At lower pH, both activated 

carbon functional groups and oxygen atoms were protonated and adsorbent acquired positive 

NP-AC through 
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attraction forces. Dye adsorption via physical or chemical forces is another alternative possible 

adsorption mechanism. At lower pH, probably surface of adsorbent has positive charge due to 

(protonation of functional

adsorption of the dye over CuO

sites of adsorbent increase 

adsorbent the removal efficiency was decreased. It seems that in alkaline pH, number of OH

ions, on the adsorbent surface significantly increased that led to d

[21, 22]. 

Figure 6.2 Effect of pH on the removal of AB 129 by CuO

adsorbent dosage of 0.045g in 50 mL, contact time of 20 and 25 min for dye concentrations of 

10 and 20 mg L-1, respectively.

6.2.3 Effect of contact time

Equilibrium time is one of the important parameters to design a low cos

treatment system [21]. The effect of the contact time on the adsorption was investigated in the 

range of 1.0 to 30 min at room temperature. The results 

formofFigure 6.3,it shows the removal percentage of AB 129 dye at initi

and 20 mg L-1 at pH 2.0.The adsorption efficiency increases with increasing contact time and 

reaches constant and maximum value after 20 and 25 min. Hence, the optimum time of 20 and 

25 min at 400 rpm stirring rate was selected for 

concentrations of 10 and 20 mg L

AC for removal of noxious Acid Blue 129 

143 

attraction forces. Dye adsorption via physical or chemical forces is another alternative possible 

adsorption mechanism. At lower pH, probably surface of adsorbent has positive charge due to 

(protonation of functional group of CuO-AC in highly acidic solution) which favors the 

adsorption of the dye over CuO-AC. While on increasing pH, the number of negatively charged 

sites of adsorbent increase henceas a result of electrostatic repulsion between dye anions and 

t the removal efficiency was decreased. It seems that in alkaline pH, number of OH

ions, on the adsorbent surface significantly increased that led to decrease in removal efficiency 

Effect of pH on the removal of AB 129 by CuO-NP-

adsorbent dosage of 0.045g in 50 mL, contact time of 20 and 25 min for dye concentrations of 

, respectively. 

6.2.3 Effect of contact time 

Equilibrium time is one of the important parameters to design a low cos

1]. The effect of the contact time on the adsorption was investigated in the 

range of 1.0 to 30 min at room temperature. The results obtained 

shows the removal percentage of AB 129 dye at initi

at pH 2.0.The adsorption efficiency increases with increasing contact time and 

reaches constant and maximum value after 20 and 25 min. Hence, the optimum time of 20 and 

25 min at 400 rpm stirring rate was selected for quantitative adsorption of AB 129 dye at initial 

concentrations of 10 and 20 mg L-1for subsequent works. At higher concentration due to a 
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attraction forces. Dye adsorption via physical or chemical forces is another alternative possible 

adsorption mechanism. At lower pH, probably surface of adsorbent has positive charge due to 

AC in highly acidic solution) which favors the 

increasing pH, the number of negatively charged 

electrostatic repulsion between dye anions and 

t the removal efficiency was decreased. It seems that in alkaline pH, number of OH- 

ecrease in removal efficiency 

 

-AC at room temperature, 

adsorbent dosage of 0.045g in 50 mL, contact time of 20 and 25 min for dye concentrations of 

Equilibrium time is one of the important parameters to design a low cost wastewater 

1]. The effect of the contact time on the adsorption was investigated in the 

obtained are presented in the 

shows the removal percentage of AB 129 dye at initial concentrations of 10 

at pH 2.0.The adsorption efficiency increases with increasing contact time and 

reaches constant and maximum value after 20 and 25 min. Hence, the optimum time of 20 and 

quantitative adsorption of AB 129 dye at initial 

for subsequent works. At higher concentration due to a 
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decrease in the ratio of AB 129 to CuO

decreased. 

Figure 6.3 Effect of contact time on the removal of AB 129at 0.045 g of CuO

mL at pH 2, at room temperature and AB 129 concentration of 10 and 20 mg L

6.2.4 Effect of the amount of adsorbent

Amount of adsorbent is another important parameter 

capacity of adsorbent. The effect of CuO

aqueous solutions was investigated using various adsorbent doses (0.01

AB 129 concentration of 10 and 20.0 mgL

AB 129 by CuO-NP-AC increased sharply as the sorbent dose increased from 0.01 to 0.045

then reached an almost constant value. However, as expected, the adsorption capacities 

decreased with increasing adsorbent mass, due to the reduction in both effective surface area 

and adsorbate/adsorbent ratio [20]. The removal efficiency was maximum w

AC dose was 0.9 g/L, hence 0.9 g/L was chosen as the optimum adsorbent dose for further 

experiments. 
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decrease in the ratio of AB 129 to CuO-NP-AC surface area the rate of diffusion and migration 

Effect of contact time on the removal of AB 129at 0.045 g of CuO-NP

mL at pH 2, at room temperature and AB 129 concentration of 10 and 20 mg L-1. 

6.2.4 Effect of the amount of adsorbent 

Amount of adsorbent is another important parameter which also controls the 

capacity of adsorbent. The effect of CuO-NP-AC dose on the adsorption of AB 129 from 

aqueous solutions was investigated using various adsorbent doses (0.01–0.06 g) at a constant 

AB 129 concentration of 10 and 20.0 mgL-1. As shown in Figure 6.4, the removal efficiency of 

AC increased sharply as the sorbent dose increased from 0.01 to 0.045

then reached an almost constant value. However, as expected, the adsorption capacities 

decreased with increasing adsorbent mass, due to the reduction in both effective surface area 

0]. The removal efficiency was maximum when the CuO

0.9 g/L was chosen as the optimum adsorbent dose for further 

AC surface area the rate of diffusion and migration 

 

-NP-AC in 50 

controls the adsorption 

AC dose on the adsorption of AB 129 from 

0.06 g) at a constant 

, the removal efficiency of 

AC increased sharply as the sorbent dose increased from 0.01 to 0.045g, 

then reached an almost constant value. However, as expected, the adsorption capacities 

decreased with increasing adsorbent mass, due to the reduction in both effective surface area 

hen the CuO-NP-

0.9 g/L was chosen as the optimum adsorbent dose for further 
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Figure 6.4 Effect of adsorbent dosage on the removal of AB 129 at pH 2, at room temperature 

and AB 129 concentration of 10 and 20 mg L

6.2.5 Effect of initial dye concentration on adsorption of AB 129

In order to investigate the effect of initial concentration of AB 129 on adsorption of AB 

129, the effect of AB 129 concentration in the range of 10

the CuO-NP-AC was well investigated and elucidated 

129 removal at different initial concentrations were presented in 

is observable that increase in initial dye concentration has positive correlat

percentage and the percentage of dyes removal was greater at lower initial concentrations and 

smaller at higher initial concentrations. This synergic correlation is assigned to the 

enhancement in the bulk and film diffusion of target compo

adsorbent and their subsequent pore diffusion [2

adsorbent has reverse correlation with equilibrium time. The limiting factor for dye adsorption 

is the available sites on the a

increasing concentration from 10 to 60 mg L

from 99.8% to 85.4%. 

AC for removal of noxious Acid Blue 129 
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Effect of adsorbent dosage on the removal of AB 129 at pH 2, at room temperature 

and AB 129 concentration of 10 and 20 mg L-1. 

6.2.5 Effect of initial dye concentration on adsorption of AB 129 

In order to investigate the effect of initial concentration of AB 129 on adsorption of AB 

129, the effect of AB 129 concentration in the range of 10–80 mg L

was well investigated and elucidated and the amount and percentage of AB 

129 removal at different initial concentrations were presented in Figure

is observable that increase in initial dye concentration has positive correlat

percentage and the percentage of dyes removal was greater at lower initial concentrations and 

smaller at higher initial concentrations. This synergic correlation is assigned to the 

enhancement in the bulk and film diffusion of target compounds to the external surface of 

eir subsequent pore diffusion [23]. Initial dyes concentration at fixed value of 

adsorbent has reverse correlation with equilibrium time. The limiting factor for dye adsorption 

is the available sites on the adsorbent. It is obvious in Figure 6.5, at 0.045 g of adsorbent by 

increasing concentration from 10 to 60 mg L-1of AB 129, the removal percentage decrease 
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Effect of adsorbent dosage on the removal of AB 129 at pH 2, at room temperature 

In order to investigate the effect of initial concentration of AB 129 on adsorption of AB 

80 mg L-1 on its adsorption using 

and the amount and percentage of AB 

Figure 6.5. From Figure 6.5, it 

is observable that increase in initial dye concentration has positive correlation with removal 

percentage and the percentage of dyes removal was greater at lower initial concentrations and 

smaller at higher initial concentrations. This synergic correlation is assigned to the 

unds to the external surface of 

3]. Initial dyes concentration at fixed value of 

adsorbent has reverse correlation with equilibrium time. The limiting factor for dye adsorption 

, at 0.045 g of adsorbent by 

AB 129, the removal percentage decrease 
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Figure 6.5 Effect of initial dye concentration on the removal of AB 129 at 0.045 g of CuO

AC in 50 mL at pH 2.0 at room temperature.

6.2.6 Effect of temperature 

Temperature plays an important factor 

adsorption process is endothermic or exothermic naturally. 

percentage of AB 129 increases with increasing temperature and the maximum adsorption 

occurs at temperature of 333.15 K,

observable fromFigure 6.6 that the temperature has main effect on the adsorption process. 

Figure 6.6 Effect of temperature on the removal of AB 129at 0.045 g of CuO

at pH 2, and AB 129 concentration of 10 and 20 mg L
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Effect of initial dye concentration on the removal of AB 129 at 0.045 g of CuO

at room temperature. 

an important factor in order to determine whether the ongoing 

endothermic or exothermic naturally. Figure 6.6 shows that the removal 

percentage of AB 129 increases with increasing temperature and the maximum adsorption 

 this shows the endothermic nature of adsorption. It is 

that the temperature has main effect on the adsorption process. 

Effect of temperature on the removal of AB 129at 0.045 g of CuO-NP-

at pH 2, and AB 129 concentration of 10 and 20 mg L-1. 

 

Effect of initial dye concentration on the removal of AB 129 at 0.045 g of CuO-NP-

to determine whether the ongoing 

shows that the removal 

percentage of AB 129 increases with increasing temperature and the maximum adsorption 

this shows the endothermic nature of adsorption. It is 

that the temperature has main effect on the adsorption process.  

-AC in 50 mL 
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6.2.7. Adsorption isotherm modelling 

 To find out the most suitable adsorption model, the isotherm data thus obtai

simulated, by the well-known mathematical equations of Langmuir

R, isotherm models. The values of regression coe

were also evaluated, which were used as a fitting criteria to find out suitable model. 

of their linear regression i.e. correlation coefficients and the parameters obtained from the plots 

of Langmuir (1/qe vs 1/Ce),Freundlich (log q

qe vs ε2), are listed Table 6.1. 

The results presented in 

for Acid Blue 129. The correlation coefficient 

Langmuir model followed by the Freundlich, Temkin and D

of plots as evident from 

suggests the applicability of t

the adsorbent surface to form a monolayer. 

Figure 6.7 Langmuir isotherm for adsorption of AB 129 onto 0.045 g of CuO

mL of different initial dye concentration, room temperature, 

The value of RL 

process. The RL value in the range of 0
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Adsorption isotherm modelling  

To find out the most suitable adsorption model, the isotherm data thus obtai

known mathematical equations of Langmuir, Freundlich

. The values of regression coefficients obtained from these model’s plots 

were also evaluated, which were used as a fitting criteria to find out suitable model. 

of their linear regression i.e. correlation coefficients and the parameters obtained from the plots 

vs 1/Ce),Freundlich (log qe versus log Ce), Temkin q

Table 6.1.  

The results presented in Table 6.1clearly reveal the value of correlation coefficients (R

for Acid Blue 129. The correlation coefficient was considerably high (R

Langmuir model followed by the Freundlich, Temkin and D-R, isotherm models; the linearity 

of plots as evident from Figure 6.7and from high correlation coefficient values in Table 6.1 

suggests the applicability of the Langmuir model with the Acid Blue 129 getting adsorbed onto 

the adsorbent surface to form a monolayer.  

Langmuir isotherm for adsorption of AB 129 onto 0.045 g of CuO

mL of different initial dye concentration, room temperature, pH 2. 

 indicates the shape of Langmuir isotherm and nature of the adsorption 

value in the range of 0-1 reveals the favourable nature of the isotherm model. 
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To find out the most suitable adsorption model, the isotherm data thus obtained were 

Freundlich, Temkin and D-

fficients obtained from these model’s plots 

were also evaluated, which were used as a fitting criteria to find out suitable model. The results 

of their linear regression i.e. correlation coefficients and the parameters obtained from the plots 

, Temkin qe vs Ln Ce and D-R (log 

clearly reveal the value of correlation coefficients (R2) 

was considerably high (R2 > 0.99) for the 

R, isotherm models; the linearity 

and from high correlation coefficient values in Table 6.1 

he Langmuir model with the Acid Blue 129 getting adsorbed onto 

 

Langmuir isotherm for adsorption of AB 129 onto 0.045 g of CuO-NP-AC in 50 

indicates the shape of Langmuir isotherm and nature of the adsorption 

1 reveals the favourable nature of the isotherm model. 
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As per results revealed in the Table 6.1 the calculated values of RL were found to be in the 

range of 0–1, indicating that the adsorption process was favorable for CuO-NP-AC. 

From the calculated values of D–R presented in Table 6.1, as the value of E is 5.0 kJ 

mol-1 it reveals that thephysio-sorption process plays an important role in the adsorption of AB 

129 onto CuO-NP-AC. 

Table 6.1 Isotherm parameters correlation coef cients calculated by various adsorption models 

onto 0.045 g of CuO-NC-AC in 50 mL, pH 2, and room temperature. 

Isotherm Values of parameters 

Langmuir  

Qm (mg/g) 65.36 

KL (L/mg) 1.142 

RL 0.0096-0.081 

R2 0.9985 

Freundlich  

1/n 0.2461 

KF (L/mg) 31.35 

R2 0.9777 

Temkin  

B1 7.970 

KT (L/mg) 108.92 

R2 0.9721 

D-R Model  

Qs (mg/g) 48.740 

E (KJ/mol) 5 

R2 0.755 
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6.2.8.Thermodynamic study

 Thermodynamic parameters including change

enthalpy (ΔH0, kJ/mol), and entropy (ΔS

evaluated and investigated. 

temperature confirms the spontaneous nature and feasibility of the adsorption via physical force 

(Table 6.2). The data (Figure 6.8 and Table 6.2) 

endothermic nature of the adsorption.

Figure6.8Vant’s Hoff pl

parameters. 

 Furthermore, the positive values of ΔS° show the affinity of CuO

the increasing randomness at the solid

adsorbates and adsorbents during the adsorption process. To further support the assertion that 

physical adsorption is the predominant mechanism, the values of activation energy (E

sticking probability (S*) were estimated. 

be 3.59×10-12 and 1.68×10

temperature of the system. 
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Thermodynamic study 

parameters including change in the Gibbs free energy (ΔG

, kJ/mol), and entropy (ΔS0,kJ/(mol K)) during the adsorption process 

evaluated and investigated. The negative value of ΔG0and the decrease in its value with raising

temperature confirms the spontaneous nature and feasibility of the adsorption via physical force 

Table 6.2). The data (Figure 6.8 and Table 6.2) show positive values of ΔH

endothermic nature of the adsorption. 

Vant’s Hoff plots of AB 129 dye onto CuO-NP-AC for evaluating thermodynamics 

Furthermore, the positive values of ΔS° show the affinity of CuO

the increasing randomness at the solid–solution interface with some structural changes in the 

adsorbates and adsorbents during the adsorption process. To further support the assertion that 

physical adsorption is the predominant mechanism, the values of activation energy (E

probability (S*) were estimated. The values of S* presented 

and 1.68×10-10that lie in the range 0 < S* < 1 and is dependent on the 

temperature of the system.  
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in the Gibbs free energy (ΔG0, kJ/mol), 

,kJ/(mol K)) during the adsorption process was well 

and the decrease in its value with raising 

temperature confirms the spontaneous nature and feasibility of the adsorption via physical force 

show positive values of ΔHº that indicate the 

 

AC for evaluating thermodynamics 

Furthermore, the positive values of ΔS° show the affinity of CuO-NP-AC for AB 129 and 

solution interface with some structural changes in the 

adsorbates and adsorbents during the adsorption process. To further support the assertion that 

physical adsorption is the predominant mechanism, the values of activation energy (Ea) and 

The values of S* presented in Table 6.2 was found to 

that lie in the range 0 < S* < 1 and is dependent on the 
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Table 6.2.Thermodynamic parameters for adsorption of AB 129 onto 0.045 g of CuO-NP-AC 

at pH 2.0 at initial dye Concentration of 10 and 20 mg/L 

 

6.2.9. Adsorption Kinetics 

Two kinetic models namely pseudo-first-order and pseudo-second-order have been 

applied and were used to test adsorption kinetics data in order to investigate the mechanism 

involved during the adsorption of Acid Blue 129 onto the developed adsorbent i.e. CuO—NP-

AC. 

Table 6.3 lists the results of the kinetic parameters of the two models as well as their 

regression coefficients (R2) at different concentration initial concentration 10 and 20mg/L of 

Acid Blue 129 concentration. The value of correlation coefficient (R2) for the pseudo-second-

order kinetic model is comparatively high (>0.99), and the adsorption capacities calculated by 

the model are also close to those values which are obtained experimentally.  

Co 
mg/L 

Temp 
(K) 

 
 

Thermodynamic Parameters   

 
 

Ke ΔG  
KJ/mol 

ΔH KJ/m
ol 

ΔS  
KJ/Kmol 

Ea 
KJ/ mol 

S* 

 
10 

283.15 10.17 -5.46 61.60 
 
 
 
 
 
 
 
 
 
 

 
   50.94 

 
 

236.18 
 
 
 
 
 
 
 
 
 
 
 

195.67 
 
 
 
 
 
 

48.77 
 
 
 
 
 
 
 
 
 
 
 

44.44 

3.59 × 10-12 

 

 

 

 

 

 

 

 

 

 

 

1.68× 10-10 

293.15 22.55 -7.33 

303.15 50.16 -9.87 

313.15 110.30 -12.24 

323.15 230.89 -14.62 

333.15 471.25 -17.05 

 
20 

 
283.15 

 
7.50 

 
-4.74 

 
293.15 

 
13.61 

 
-6.36 

 
303.15 

 
25.55 

 
-8.17 

 
313.15 

 
49.17 

 
-10.14 

 
323.15 

 
93.78 

 
-12.2 

 
333.15 

 
178.87 

 
-14.37 
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Table 6.3Adsorption kinetic parameters at different initial AB 129 onto 0.045 g of CuO-NC-

AC in 50 mL at pH 2.0 at room temperature and AB 129 concentration of 10 and 20 mg/L. 

Adsorbent  CuO-NP-AC 

Concentration (in 

mg/L) 

10 20 

Exp qe (mg/g) 11.08 22.16 

Pseudo-first-order   

Calculated qe (mg/g) 5.14 18.20 

K1 (min-1) 0.181 0.192 

R2 0.8668 0.9035 

Pseudo-second-order   

Calculated 

qe (mg/g) 

11.52 23.87 

K2 (g/mg/min) 0.0170 0.085 

R2 0.9957 0.9937 

 

Figure 6.9 indicates the linear plots of t/qt vs. t at two different adsorbate concentrations 

for RTACMC and RTAC showing the applicability of the pseudo-second-order model and thus 

can be concluded to be more suitable to describe the adsorption kinetics of the Acid Blue 129 

onto the developed adsorbent i.e. CuO-NP-AC. 
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Figure 6.9Pseudo-second-order plots at two different adsorba

mg/L for adsorbentCuO-NP-AC 

6.2.10.Adsorption mechanism 

Prediction of the rate- limiting step is an important factor

adsorption process [29]. For solid-liquid adsorption process, the solute transfer process is 

usually characterized by either external mass transfer (boundary layer diffusion) or intraparticle 

diffusion or both. In the present study

were plotted for CuO-NP-AC for Acid Blue 129

and 20 mg/L. 

 A larger C value indicates a greater effect of the boundary layer [50]. The 

correlation coefficient values (R2) values (

suggests the inapplicability of this model 

particle diffusion process. 

impurities removal 
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plots at two different adsorbate concentrations i.e.

limiting step is an important factor to be considered in the 

liquid adsorption process, the solute transfer process is 

usually characterized by either external mass transfer (boundary layer diffusion) or intraparticle 

diffusion or both. In the present study, intraparticle diffusion plot of qt vs. t0.5 

Acid Blue 129 at two different concentrations i.e. 1

A larger C value indicates a greater effect of the boundary layer [50]. The 

values (Table 6.4 and Figure 6.10) from unity indicates 

the inapplicability of this model and hence the rate-limiting step is not 

 

te concentrations i.e.10 and 20 

to be considered in the 

liquid adsorption process, the solute transfer process is 

usually characterized by either external mass transfer (boundary layer diffusion) or intraparticle 

 (Figure 6.10) 

at two different concentrations i.e. 10mg/L 

A larger C value indicates a greater effect of the boundary layer [50]. The deviation of 

) from unity indicates 

not the intra-
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Figure 6.10Plots of Intraparticle diffusion model for 

6.2.11. Comparison with other previously developed adsorbents

The adsorption capacity (values of Q

contact time of Acid Blue 129

adsorbents is summarized in 

developed adsorbent i.e. CuO

time in comparison to the other previously developed adsorb

Table 6.4 Comparison of performance of proposed method with some previously reported acid 

blue dyes adsorption systems.

 

 

 

 

 

 

 

 

 

 

 

 

 

Adsorbent 

Activated carbon cloth

Almond shell 

Bentonite-CTAB

Raw bentonite

CuO-NP-AC 
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lots of Intraparticle diffusion model for dye concentration of 10 and 20 mg/L.

Comparison with other previously developed adsorbents 

The adsorption capacity (values of Qmax derived from the Langmuir equation) 

Acid Blue 129 adsorption on activated carbon with other 

is summarized in Table 6.4.The obtained summarized data clearly revealed that the 

adsorbent i.e. CuO-NP-AC possess higher adsorption capacity

in comparison to the other previously developed adsorbent [24-26

Comparison of performance of proposed method with some previously reported acid 

blue dyes adsorption systems. 

Qmax 

 (mg g-1) 

Contact time 

(min) 

Activated carbon cloth 61.43 498 

 11.95 14 

CTAB 1.54 >100 

Raw bentonite 1.05 >1000 

65.36 1-25 

Chapter 6 

 

dye concentration of 10 and 20 mg/L. 

derived from the Langmuir equation) and 

adsorption on activated carbon with other previously developed 

The obtained summarized data clearly revealed that the 

possess higher adsorption capacity and short contact 

26]. 

Comparison of performance of proposed method with some previously reported acid 

Contact time Ref. 

[25] 

[24] 

[26] 

[26] 

[Present 

Study] 
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6.3 Conclusions 

The focus of the present study was to assess the feasibility of nanoparticle as efficient 

adsorbent for the removal of noxious Acid Blue 129 from the solvent phase. The following 

conclusions are bulletined: 

1. The developed adsorbent i.e. CuO-NP-AC upon characterization revealed the reveals 

that the CuO nanoparticles possess considerable number of pores, with irregular pore 

distribution which helps in the trapping and adsorption of dyes into these pores. Such 

favorable characteristics helped in improving the adsorption capacity and kinetics of 

CuO-NP-AC 

2. Results obtained revealed that a 0.9 g/L adsorbent dose was found to be optimum at a 

pH of 2, contact time of 20 min and 25 min for dye concentration 10 and 20 mgL-1, in 

addition to this the room temperature is fixed as optimized temperature for achieving 

maximum removal from the solvent phase. 

3. The maximum removal efficiency (around 99.9%) occurred at pH 2.0, then the removal 

percentage decreased dramatically as the initial solution pH increased from 4.0 to 

8.0.At lower pH, both activated carbon functional groups and oxygen atoms were 

protonated and adsorbent acquired positive charge and finally AB 129 dye (anionic dye 

molecule) adsorbed onto CuO-NP-AC through attraction forces. 

4. Increase in initial dye concentration has positive correlation with removal percentage 

and the percentage of dyes removal was greater at lower initial concentrations and 

smaller at higher initial concentrations. 

5. Change in activation enthalpy (ΔHº), free energy of adsorption (ΔGº) and entropy (ΔSº) 

show the spontaneous and the endothermic feature of adsorption process. 

6. Finally, a comparative study with otherreported adsorbents reveals the potential of the 

synthesized nanoparticle i.e. CuO-NP-AC for wastewater treatment. 

7. Summarily, the developed adsorbent i.e. CuO-NP-AChas the potential for removal of 

Acid Blue 129 from wastewater to a significant extent. 
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7.1 Introduction 

The presence of several types of hazardous azo dyes in the effluents of industries, such 

as textile, rubber, paper, leather, plastics, cosmetic, printing industries, etc. [1].  The removal of 

azo dyes is of great concern, because they themselves and their degradation products cause 

severe health problems and negative impact on the sustaining ecosystem. 

Congo red (CR), is an anionic, and Malachite green (MG), is an cationic dye, are the 

popular hazardous azo dyes used in many industries, and hence the wastewater containing it 

have to be treated adequately and efficiently with great concern before discharge into the 

environment, because it can be metabolized to the toxic intermediate i.e. benzidine, which is a 

human carcinogen [2, 3]. Among the chemical and physical methods available for dye removal 

from wastewater, adsorption has been recognized as a most attractive separation technique for 

the rapid removal of dyes from wastewater, because of its highly efficient removal rate, 

relatively low-cost technique and simple design [4]. 

Recently, polymeric hydrogels adsorbents with high potential include large surface area 

and pore structure [5] are proved to be the most promising adsorbent for the adsorption 

phenomenon [6, 7] for removal of some ions such as phosphate [8], nitrate [9] and noxious 

heavy metals from aquatic sources [10-12]. Polymers which can selectively adsorb these 

hazardous dyes must consist of monomer groups such as 2-Hydroxy ethyl methacrylate 

(HEMA), 2-Hydroxyethyl methacrylate-ethoxy ethyl methacrylate-methacrylic acid (HEMA-

EEMA-MA, and Polyvinyl alcohol (PVA), each having a different prominent role in this 

relevant process [13]. 

In this study, we investigated the removal rate and extent of adsorption of CR and MG 

onto developed adsorbent i.e. HEMA, HEMA-EEMA-MA and PVA as adsorbents in aqueous 

solutions. The influence of several parameters such as kinetics, contact time, dye concentration, 

solution pH and agitation speed on the removal capacity was very well evaluated and 

elucidated. 

7.2 Results and discussion 

7.2.1 Spectral analysis 

The characteristic of the HEMA, HEMA-EEMA-MA and PVA were analyzed by 

attenuated total reflection-Fourier transform infrared spectrometer (ATR-FTIR, Nicolet Impact 

NEXUS-670), ATR-FTIR spectrum method to examine the surface groups of HEMA before 

and after dye adsorption (Figure 7.1a). The broad band around 3400 cm 1 and the narrow band 

around 1642-1704 cm 1 may be assigned to the –OH stretching vibration and bending 
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vibrations of adsorbed water involved in the forma

at 1421 cm 1 was assigned to the C=O stretching vibration of the CO

adsorption of MG and CR, some new absorption bands were occurred on dye

The band at 1589 cm 1 was assigned to aromatic ring [

1377 cm 1 were due to -CH3 bending vibration. The peak at 1322 cm

in aromatic compound. These groups of MG and CR indicated the dyes were adsorbed onto the 

HEMA. Additionally, the intensity of

HEMA, which implied possibly interactions between the dye ions and

hydrogen bond. 

Fig. 7.1 ATR-FTIR of (a) HEMA, 

adsorption  

The ATR-FTIR spectrum of HEMA

peaks of the HEMA-EEMA-MA, before and after adsorption of MG and CR.

both the HEMA-EEMA-MA--CR and HEMA

stretching vibration band of hydrogen

stretching vibration of the ester group also appeared at 1730cm
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vibrations of adsorbed water involved in the formation of hydrogen bonding [14, 15

was assigned to the C=O stretching vibration of the CO3
2  groups [

adsorption of MG and CR, some new absorption bands were occurred on dye-loaded HEMA. 

as assigned to aromatic ring [17, 18]. The bands at 1389 cm

bending vibration. The peak at 1322 cm 1 represented C

in aromatic compound. These groups of MG and CR indicated the dyes were adsorbed onto the 

HEMA. Additionally, the intensity of-OH group at 3422 cm 1 was weakening in dye

HEMA, which implied possibly interactions between the dye ions and-OH group to form 

 (b) HEMA-EEMA-MA  and (c) PVA before and after 

FTIR spectrum of HEMA-EEMA-MA (Figure 7.1b) shows the absorption 

MA, before and after adsorption of MG and CR. It can be seen 

CR and HEMA-EEMA-MA--MG had the characteristic 

stretching vibration band of hydrogen-bonded alcohol (O–H) around 3450cm

etching vibration of the ester group also appeared at 1730cm 1, and an absorption band with 

15]. The band 

groups [16]. After 

loaded HEMA. 

The bands at 1389 cm 1 and 

represented C-N bond 

in aromatic compound. These groups of MG and CR indicated the dyes were adsorbed onto the 

was weakening in dye-loaded 

OH group to form 

 

PVA before and after 

the absorption 

It can be seen 

MG had the characteristic 

H) around 3450cm 1, the C=O 

, and an absorption band with 
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a weak shoulder around 2950cm 1, which correspond to the stretching of aliphatic –CH2–, C–H 

and –CH3 groups, respectively (Figure 7.1b). On the other hand, several bands appeared in the 

fingerprint region for alkylene glycol units between 1600 and 1000cm 1 on the HEMA-EEMA-

MA--MG structure. These peaks were assigned to the –CH2 scissoring band of alkylene glycol 

units at 1480cm 1 and the anti-symmetric and symmetric stretching bands (–O–R) of alkylene 

glycol units at 1160 and 1080cm 1, respectively. Other characteristic bands represent C–C and 

C–H vibrations of –CH3 and –CH2 groups. 

The ATR-FTIR spectrum of PVA (Figure 7.1c) showed adsorption peaks around 2500–

3500, which is indicative of the existence of bonded hydroxyl groups, and the peak observed at 

2946 cm-1 can be assigned to the C–H group. The peak observed at 1620 cm-1 is due to C=N. 

The peak around 1334 cm-1 is due to the C–C. The peak around 1092 cm-1 can be assigned to 

the C–O. The adsorption band at 410 cm-1 is also ascribed to the symmetric bending of C–O 

and C–C. 

According to the experimental results, combining with the structure and properties of 

the adsorbates and adsorbent, the possible adsorption mechanisms of MG and CR onto the 

HEMA, HEMA-EEMA-MA and PVA  following: (i) Electrostatic interaction between the 

presence of positive charge on cationic dye and the negative charge on HEMA and HEMA-

EEMA-MA presented by ion exchange. (ii) Electrostatic interaction between the presence of 

negative charge on anionic dye and the positive charge on PVA presented by ion exchange. (iii) 

Hydrogen bonding between the nitrogen atoms on dyes and-OH on HEMA, HEMA-EEMA-

MA and PVA surfaces.  

A morphological analysis was carried out using a scanning electron microscopy. Figure 

7.2 represents the scanning electron microscopy (SEM) micrographs of the HEMA, HEMA-

EEMA-MA and PVA before and after adsorption of MG and CR. All of the polymers displayed 

discontinuous porous inner structure. The pore sizes were between 10 and 40 µm. It is known 

that the reaction junctions increased with the increasing EEMA and MA group’s content from 

HEMA to HEMA-EEMA-MA. Thus, the cross linking levels of the polymers improved 

correspondingly, leading to the decreasing average pore sizes of hydrogels from HEMA to 

PVA as shown in Figure 7.2. It is clearly observed that HEMA, HEMA-EEMA-MA and PVA 

show an entangled three-dimensional structured network with many interconnected pores. 

Inside these pores, some lines as the stripes on a leaf are visible. One can anticipate that this 

coarse, porous surface is beneficial for an adsorption process. 
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Figure 7.2 SEM images of HEMA, HEMA

Also, before adsorption, irregular surface structure and many pores in the surface were 

observed, which may exist as adsorption site. It is also considered helpful for mass transfer of 

MG or CR to HEMA, HEMA-EEMA

adsorbent surface became abnormal and a great deal of crystal adhered to the surface

results obtained it was found that dyes was adsorbed by all adsorbent into its pores and 

developed a layer dye substance on the surface.
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SEM images of HEMA, HEMA-EEMA and PVA before and after adsorption

Also, before adsorption, irregular surface structure and many pores in the surface were 

d, which may exist as adsorption site. It is also considered helpful for mass transfer of 

EEMA-MA and PVA.  After adsorption of hazardous dyes, the 

adsorbent surface became abnormal and a great deal of crystal adhered to the surface

results obtained it was found that dyes was adsorbed by all adsorbent into its pores and 

developed a layer dye substance on the surface. 

 

EEMA and PVA before and after adsorption 

Also, before adsorption, irregular surface structure and many pores in the surface were 

d, which may exist as adsorption site. It is also considered helpful for mass transfer of 

MA and PVA.  After adsorption of hazardous dyes, the 

adsorbent surface became abnormal and a great deal of crystal adhered to the surface. From the 

results obtained it was found that dyes was adsorbed by all adsorbent into its pores and 
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7.2.2 Effect of contact time

To establish equilibration time for maximum uptake and to know the kinetics of

adsorption process, the adsorption of MG and CR onto HEMA

as adsorbent was studied as a function of contact time

of uptake of the MG and CR is rapid in the beginning, and 50% adsorption 

90 min onto HEMA, HEMA

adsorption CR by HEMA and 10% adsorption MG by PVA and CR onto HEMA

was observed.  Figure 7.3 a

MG onto HEMA, HEMA

of CR onto HEMA, HEMA

for all equilibrium adsorption studies, the equilibration period was 100 min. In th

concentration each of MG and CR was 50 ppm, pH 7, temperature 298 K, and weight of each 

adsorbent (HEMA, HEMA

Figure 7.3 The effect of contact time on the amount of dyes adsorbed on different adsorbents

The adsorption affinity order of MG and CR onto HEMA, HEMA

PVA surfaces is MG- HEMA

> MG- PVA > CR- HEMA under experimental conditions. It is because the MG is positively 

charged and CR negatively charged

MG onto HEMA-EEMA

HEMA-EEMA-MA and positively charged on PVA [
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7.2.2 Effect of contact time 

To establish equilibration time for maximum uptake and to know the kinetics of

adsorption process, the adsorption of MG and CR onto HEMA, HEMA

as adsorbent was studied as a function of contact time; results are shown 

of uptake of the MG and CR is rapid in the beginning, and 50% adsorption 

90 min onto HEMA, HEMA-EEMA-MA and PVA surfaces, respectively. Less than 5% 

adsorption CR by HEMA and 10% adsorption MG by PVA and CR onto HEMA

was observed.  Figure 7.3 also indicates that the time required for equilibrium adso

MG onto HEMA, HEMA-EEMA-MA and PVA is 80, 90, and 100 min, respectively, and that 

of CR onto HEMA, HEMA-EEMA-MA and PVA is 70, 80, and 100 min respectively. Thus, 

for all equilibrium adsorption studies, the equilibration period was 100 min. In th

concentration each of MG and CR was 50 ppm, pH 7, temperature 298 K, and weight of each 

adsorbent (HEMA, HEMA-EEMA-MA and PVA) is 50 mg/L.  

The effect of contact time on the amount of dyes adsorbed on different adsorbents

adsorption affinity order of MG and CR onto HEMA, HEMA

HEMA-EEMA-MA> CR- PVA> MG- HEMA> CR

HEMA under experimental conditions. It is because the MG is positively 

charged and CR negatively charged at pH experiment. Another reason for higher adsorption of 

EEMA-MA and CR onto PVA is the existence of negatively charged on 

nd positively charged on PVA [19].  Here, MG has a positive charge and 
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To establish equilibration time for maximum uptake and to know the kinetics of the 

, HEMA-EEMA-MA and PVA 

results are shown in Figure 7.3. The rate 

of uptake of the MG and CR is rapid in the beginning, and 50% adsorption is completed within 

MA and PVA surfaces, respectively. Less than 5% 

adsorption CR by HEMA and 10% adsorption MG by PVA and CR onto HEMA-EEMA-MA 

lso indicates that the time required for equilibrium adsorption of 

MA and PVA is 80, 90, and 100 min, respectively, and that 

MA and PVA is 70, 80, and 100 min respectively. Thus, 

for all equilibrium adsorption studies, the equilibration period was 100 min. In this section, 

concentration each of MG and CR was 50 ppm, pH 7, temperature 298 K, and weight of each 
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adsorption affinity order of MG and CR onto HEMA, HEMA-EEMA-MA and 

HEMA> CR-HEMA-EEMA-MA 

HEMA under experimental conditions. It is because the MG is positively 

at pH experiment. Another reason for higher adsorption of 

MA and CR onto PVA is the existence of negatively charged on 

].  Here, MG has a positive charge and 
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HEMA-EEMA-MA a negative surface c

for high adsorption. For adsorption CR onto PVA, MG onto HEMA, CR onto HEMA

MA, MG onto PVA and CR onto HEMA, positive and negative are the main reasons for 

adsorption. According to the literatur

MG and HEMA-EEMA-MA for removal of CR are expected to have a poor adsorption 

capacity for removal comparing with HEMA for removal of MG, PVA for removal of CR and 

HEMA-EEMA-MA for removal of MG.

7.2.3 Effect of pH 

Solution pH is an important parameter that affect

effect of the initial pH of the solution on the MG and CR adsorption by HEMA, HEMA

EEMA-MA and PVA surfaces were assessed at different values, ranging from 1 to 

contact time of 100 minutes. The initial concentrations of each dyes and amount of adsorbent 

were set at 50 ppm and 0.5 g, respectively, for all batch tests in this experiment. As shown in 

Figure 7.4, adsorption of MG onto HEMA

CR onto PVA 169-236 mg/g > MG onto HEMA 130

90-155 mg/g > MG onto PVA 35-140 mg/g > CR onto HEMA 17

the adsorption of MG and CR increased to its maximum value at a pH of 9, the electrostatic 

attraction between the MG molecules (positively charged) and HEMA

(negatively charged) and CR molecules (negatively charged) and PVA surface (positively 

charged) might be the predominant adsorption mechanism. If this were true, increasing solution 

pH would result in increasing adsorption capacity. 

Figure 7.4 The effect of pH on the amount of dye adsorbed on the adsorbent
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MA a negative surface charge; therefore, attraction interaction is main reason 

for high adsorption. For adsorption CR onto PVA, MG onto HEMA, CR onto HEMA

MA, MG onto PVA and CR onto HEMA, positive and negative are the main reasons for 

adsorption. According to the literature reports HEMA for removal of CR, PVA for removal of 

MA for removal of CR are expected to have a poor adsorption 

capacity for removal comparing with HEMA for removal of MG, PVA for removal of CR and 

MA for removal of MG. 

Solution pH is an important parameter that affects adsorption of dye molecules

effect of the initial pH of the solution on the MG and CR adsorption by HEMA, HEMA

MA and PVA surfaces were assessed at different values, ranging from 1 to 

contact time of 100 minutes. The initial concentrations of each dyes and amount of adsorbent 

were set at 50 ppm and 0.5 g, respectively, for all batch tests in this experiment. As shown in 

, adsorption of MG onto HEMA-EEMA-MA was increased from 245 to 330 mg/g > 

236 mg/g > MG onto HEMA 130-205 mg/g > CR onto HEMA

140 mg/g > CR onto HEMA 17-57 mg/g, respectively. Since 

and CR increased to its maximum value at a pH of 9, the electrostatic 

attraction between the MG molecules (positively charged) and HEMA-EEMA

(negatively charged) and CR molecules (negatively charged) and PVA surface (positively 

the predominant adsorption mechanism. If this were true, increasing solution 

pH would result in increasing adsorption capacity.  

The effect of pH on the amount of dye adsorbed on the adsorbent 

harge; therefore, attraction interaction is main reason 

for high adsorption. For adsorption CR onto PVA, MG onto HEMA, CR onto HEMA-EEMA-

MA, MG onto PVA and CR onto HEMA, positive and negative are the main reasons for 

e reports HEMA for removal of CR, PVA for removal of 

MA for removal of CR are expected to have a poor adsorption 

capacity for removal comparing with HEMA for removal of MG, PVA for removal of CR and 

s adsorption of dye molecules. The 

effect of the initial pH of the solution on the MG and CR adsorption by HEMA, HEMA-

MA and PVA surfaces were assessed at different values, ranging from 1 to 11, with a 

contact time of 100 minutes. The initial concentrations of each dyes and amount of adsorbent 

were set at 50 ppm and 0.5 g, respectively, for all batch tests in this experiment. As shown in 

MA was increased from 245 to 330 mg/g > 

205 mg/g > CR onto HEMA-EEMA-MA 

57 mg/g, respectively. Since 

and CR increased to its maximum value at a pH of 9, the electrostatic 

EEMA-MA surface 

(negatively charged) and CR molecules (negatively charged) and PVA surface (positively 

the predominant adsorption mechanism. If this were true, increasing solution 

 



Surfaces of hydrogel polymers 

 

 

The increasing of adsorption of MG from aqueous s

explained by the formation and increasing concentration of 

subsequent competition with the CR molecules for adsorption sites

adsorbents with surface charged positively, on 

vice versa results and increasing H

with the MG molecules for adsorption site. Differences in the adsorption mechanisms of dyes 

by the all adsorbent sur

[21]. The independent behaviour

that in addition to the electrostatic attraction, other adsorption mechanisms such as hydroge

bonding may also be at play

optimum pH for adsorption of dyes by the all adsorbents in the next experiments. Because the 

amount of MG and CR adsorbed by HEMA, HEMA

9, 10 and 11 are almost fixed.

7.2.4 Effect of initial concentration

In batch adsorption systems, available adsorbate initial concentration in solution plays a 

crucial role as a driving force which overcomes mass transfer resistance of adsorbate

aqueous and solid phase [

investigated as a function of initial MG and CR concentration. In the present study, the 

adsorption experiments are performed to study the effect of dy

it from 50 to 200 ppm, while maintaining the amount of adsorbent fixed i.e.  0.5 g and obtained 

results are presented in Figure

Figure 7.5 The effect of initial concentration on the amount of dye adsorbed on the a
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The increasing of adsorption of MG from aqueous solutions at alkaline pH might be 

explained by the formation and increasing concentration of -OH in aqueous solution and 

subsequent competition with the CR molecules for adsorption sites

adsorbents with surface charged positively, on the other hand the acidic pH range lead to the 

vice versa results and increasing H+ concentration in aqueous solution creates a competition 

with the MG molecules for adsorption site. Differences in the adsorption mechanisms of dyes 

by the all adsorbent surfaces can be related to their physicochemical properties and structure 

behaviour of adsorption of the toxic dyes from the liquid pH suggests 

that in addition to the electrostatic attraction, other adsorption mechanisms such as hydroge

bonding may also be at play [22]. According to the above results, a pH of 9 was chosen as the 

optimum pH for adsorption of dyes by the all adsorbents in the next experiments. Because the 

amount of MG and CR adsorbed by HEMA, HEMA-EEMA-MA and PVA surfaces

9, 10 and 11 are almost fixed. 

7.2.4 Effect of initial concentration 

In batch adsorption systems, available adsorbate initial concentration in solution plays a 

crucial role as a driving force which overcomes mass transfer resistance of adsorbate

aqueous and solid phase [23]. The effect of initial concentration on the equilibration time was 

investigated as a function of initial MG and CR concentration. In the present study, the 

adsorption experiments are performed to study the effect of dye initial concentration by varying 

it from 50 to 200 ppm, while maintaining the amount of adsorbent fixed i.e.  0.5 g and obtained 

Figure 7.5.  

The effect of initial concentration on the amount of dye adsorbed on the a
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olutions at alkaline pH might be 

OH in aqueous solution and 

subsequent competition with the CR molecules for adsorption sites [20] on the surface of 

the other hand the acidic pH range lead to the 

concentration in aqueous solution creates a competition 

with the MG molecules for adsorption site. Differences in the adsorption mechanisms of dyes 

cal properties and structure 

of adsorption of the toxic dyes from the liquid pH suggests 

that in addition to the electrostatic attraction, other adsorption mechanisms such as hydrogen 

]. According to the above results, a pH of 9 was chosen as the 

optimum pH for adsorption of dyes by the all adsorbents in the next experiments. Because the 

MA and PVA surfaces for pH of 

In batch adsorption systems, available adsorbate initial concentration in solution plays a 

crucial role as a driving force which overcomes mass transfer resistance of adsorbate between 

]. The effect of initial concentration on the equilibration time was 

investigated as a function of initial MG and CR concentration. In the present study, the 

e initial concentration by varying 

it from 50 to 200 ppm, while maintaining the amount of adsorbent fixed i.e.  0.5 g and obtained 
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The increase in adsorption capacity with increase in dye concentration may be due to 

the higher adsorption rate and utilization of all activated site available to the adsorption at 

higher concentration. 

7.2.5 Effect of agitation speed 

The effect of agitation speeds was investigated within a range from 0 rpm to 150 rpm, 

Figure 7.6 clearly depicts that the adsorption of MG and CR are low without or at low agitation 

speed and increases with the increase in the agitation speed to 150 rpm. This effect can be 

attributed to the decrease in boundary layer thickness around the adsorbent pa

result of increasing the degree of mixing.

Figure 7.6 The effect of agitation speed on the amount of dye adsorbed on the adsorbent

7.2.6 Adsorption kinetics 

Two kinetic models namely pseudo

applied and were used to test adsorption kinetics data in order to investigate the mechanism 

involved during the adsorption of azo dyes onto the developed adsorbent i.e. 

EEMA-MA, and PVA.  

Table 7.1 lists the results of the kinetic parameters of two models as well as their 

regression coefficients (R2) for both the azo dyes i.e. Congo red (CR) and Malachite green 

(MG). The value of correlation coefficients (R

comparatively high (>0/99). Figure 7.7

CR and MG showing the applicability of the pseudo

concluded to be more suitable to describe the adsorption kinetics of the CR and MG onto the 

HEMA, HEMA-EEMA-MA, and PVA.
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The increase in adsorption capacity with increase in dye concentration may be due to 

the higher adsorption rate and utilization of all activated site available to the adsorption at 

f agitation speeds was investigated within a range from 0 rpm to 150 rpm, 

clearly depicts that the adsorption of MG and CR are low without or at low agitation 

speed and increases with the increase in the agitation speed to 150 rpm. This effect can be 

attributed to the decrease in boundary layer thickness around the adsorbent particles being a 

result of increasing the degree of mixing. 

The effect of agitation speed on the amount of dye adsorbed on the adsorbent

Two kinetic models namely pseudo-first-order and pseudo-second-order have been 

applied and were used to test adsorption kinetics data in order to investigate the mechanism 

involved during the adsorption of azo dyes onto the developed adsorbent i.e. HEMA, H

lists the results of the kinetic parameters of two models as well as their 

for both the azo dyes i.e. Congo red (CR) and Malachite green 

(MG). The value of correlation coefficients (R2) for the pseudo-second-order kinetic model is 

Figure 7.7 indicates the linear plots of t/qt vs. T for azo dyes i.e. 

CR and MG showing the applicability of the pseudo-second-order model and thus can be 

ble to describe the adsorption kinetics of the CR and MG onto the 

MA, and PVA.  

The increase in adsorption capacity with increase in dye concentration may be due to 

the higher adsorption rate and utilization of all activated site available to the adsorption at 

f agitation speeds was investigated within a range from 0 rpm to 150 rpm, 

clearly depicts that the adsorption of MG and CR are low without or at low agitation 

speed and increases with the increase in the agitation speed to 150 rpm. This effect can be 

rticles being a 
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order have been 

applied and were used to test adsorption kinetics data in order to investigate the mechanism 

HEMA, HEMA-

lists the results of the kinetic parameters of two models as well as their 

for both the azo dyes i.e. Congo red (CR) and Malachite green 

order kinetic model is 

vs. T for azo dyes i.e. 

order model and thus can be 

ble to describe the adsorption kinetics of the CR and MG onto the 



Surfaces of hydrogel polymers as adsorbent for removal of dyes Chapter 7 

 

167 
 

Table 7.1 Kinetic Parameters for the adsorption of CR and MG onto surface hydrogel polymer 

i.e. HEMA, HEMA-EEMA-MA, and PVA.  

 

 

 

Figure 7.7 Pseudo-second order adsorption kinetics of MG and CR onto HEMA, HEMA-

EEMA-MA and PVA surfaces. 

 

                                   Model 

System   

Pseudo-first order  Pseudo-second order 

 K R2 k R2 

CR onto PVA 2.5 0.971 2.5518 0.999 

CR onto HEMA-EEMA-MA 2.6 0.977 3.6584 0.996 

CR onto HEMA 1.9 0.966 1.8680 0.999 

MG onto PVA 3.2 0.992 1.9856 0.997 

MG onto HEMA-EEMA-MA 2.6 0.980 38.2517 0.999 

MG onto HEMA 18.3 0.9794 2.765 0.998 
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7.2.7 Mechanism of the adsorption process 

Prediction of the rate- limiting step is an important factor to be considered in the 

adsorption process. For solid-liquid adsorption process, the solute transfer process is usually 

characterized by either external mass transfer (boundary layer diffusion) or intraparticle 

diffusion or both. In the present study, intraparticle diffusion plot of qt vs. t0.5 (Figure 7.8) were 

plotted for CR and MG. From Figure 7.8, the adsorption process tends to be followed by two 

phases the first linear phase was the gradual adsorption stage signifying the rate limiting step 

being the intraparticle diffusion of the dye molecules and in the end the second phase shows the 

final equilibrium stage signifying the saturation of the carbon surface and also the presence of 

very low adsorbate concentration in aqueous solution. But none of the linear plots passed 

through the origin. This deviation from the origin may perhaps be due to the difference in the 

rate of mass transfer in the initial and final stages of adsorption. This further indicates the 

interplay of film and particle diffusion during the transport of CR and MG from aqueous phase 

to the solid phase and that the intraparticle diffusion is not only the rate-limiting step. Values 

presented in Table 7.2 give an idea about the thickness of the boundary layer, i.e., the larger 

intercept the greater is the boundary layer effect. 

 

Figure 7.8 Intraparticle diffusion model of MG and CR onto HEMA, HEMA-EEMA-MA and 

PVA surfaces. 
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Table 7.2 Intraparticle diffusion model parameters for the adsorption of CR and MG onto 

surface hydrogel polymer i.e. HEMA, HEMA-EEMA-MA, and PVA.  

 

 

 

 

 

 

 

 

 

 

 

 

7.3 Conclusion 

This study was focused on assessing the adsorptive capacity of surface hydrogel HEMA, 

HEMA-EEMA-MA and PVA for removal of noxious Congo Red (CR) and Malachite Green 

(MG) from industrial waste effluent which is fabricated with metal. The following conclusions 

are bulletined: 

1. The HEMA, HEMA-EEMA-MA and PVA were synthesized and upon characterization 

reveal the entangled three-dimensional structured network with many interconnected 

pores. 

2. Adsorption of MG onto HEMA-EEMA-MA was increased from 245 to 330 mg/g > CR 

onto PVA 169-236 mg/g > MG onto HEMA 130-205 mg/g > CR onto HEMA-EEMA-

MA 90-155 mg/g > MG onto PVA 35-140 mg/g > CR onto HEMA 17-57 mg/g, 

respectively. Since the adsorption of MG and CR increased to its maximum value at a 

pH of 9. 

3. The adsorption capacity increase with increase in dye concentration may be due to the 

higher adsorption rate and utilization of all activated site available to the adsorption at 

higher concentration. 

4. The adsorption of MG and CR are low without or at low agitation speed and increases 

with the increase in the agitation speed to 150 rpm. 

                                   Model 

System   

Intraparticle diffusion 

 kp R2 

CR onto PVA 12.547 0.8906 

CR onto HEMA-EEMA-MA 13.6203 0.881 

CR onto HEMA 14.586 0.8758 

MG onto PVA 1.2560 0.8652  

MG onto HEMA-EEMA-MA 0.3373 0.8924 

MG onto HEMA 5.286 0.9411 
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5. The linear plots of t/qt vs. T for azo dyes i.e. CR and MG showing the applicability of 

the pseudo-second-order model and thus can be concluded to be more suitable to 

describe the adsorption kinetics of the CR and MG onto the HEMA, HEMA-EEMA-

MA, and PVA.  

6. Summarily, the developed adsorbent i.e. HEMA, HEMA-EEMA-MA, and PVA has the 

potential for removal of CR and MG from wastewater to a significant extent. 
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