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This research work mainly discuss the preparation, characterisation and 

adsorption isotherm studies (solid-gas /solid-liquid) of Zr
4+ 

/ nano ZrO2 modified 

carbons based on coconut shells to study surface area and porosity development under 

a set of conditions and steam activation. There are four different series of granular 

activated carbons (GAZR, GACOZR, GACNZR and GACONZR) prepared by 

chemical activation at temperature ranges 383-1273K. The study is presented in seven 

chapters with well defined hypothesis and objectives. 

Activated carbons produced from organic parent sources (coal, coconut shells, 

wood, peat and petroleum based residues) by different carbonization and activation 

conditions have unique properties. Complex pore structure, high surface area and catalytic 

activity of activated carbon make them an essential material for many applications such as 

adsorbents, catalyst support and energy related applications, etc.  Modification / 

incorporation of activated carbon using metal, metal oxides, nano particles, and chemical 

reagents greatly affect the development of surface porosity, surface area and adsorption 

affinity. In this regard zirconium as zirconyl chloride and ZrO2 is being identified as new 

activation agent to improve porosity of coconut shell based GAC. Zirconium (Zr
4+

/ZrO2) 

is an important material because of its use in different fields of chemistry (ceramics, fuel 

cells, biomaterials, thermal barrier coatings and catalysis).   

The change in the chemical composition of activated carbon brought by 

chemical/thermal treatment has been assessed by elemental analysis, Boehm titration, 

fourier transform infrared spectroscopy, x-ray photoelectron spectroscopy, x-ray 

diffraction analysis, scanning electron microscopy and transmission electron microscopy. 

The N2 adsorption-desorption isotherm data at a temperature of 77 K is subjected to BET, 

I plot, Langmuir, Freundlich, Dubinin – Radushkevich (D-R), Alphas S (αS), John 

isotherm, t-plot and Barett-Joyner-Halenda (BJH) methods for measuring surface area and 

pore size distribution. Equilibrium isotherm data obtained from batch experiments using 

phenol, p-nitrophenol and methylene blue were subjected to different isotherm models of 

Langmuir, Freundlich, Dubinin - Radushkevich and John –Sivanandan Achari isotherm 

equations to optimize the design of specific adsorbent/adsorbate system. Adsorption 

process is explained by kinetic models; pseudo first order, pseudo second order and intra 

particle diffusion models. Thermodynamic parameters such as change in free energy 

(∆G), enthalpy (∆H), and entropy (∆S) based on isotherm studies conducted at 283 K – 

323 K for every10 
0
C step wise rise. Ground water collected from a contaminated site, 

whose initial parameters are known is also used to test the adsorption efficiency of new 

carbons towards trace metal ions. Concentration in the treated water samples was 

measured by inductively coupled plasma-mass spectroscopy. Adsorption data were 

subjected to statistical analysis by two way/ three way ANOVA and Pearsons correlation 

coefficient to come out with final inferences. 
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1.1  Introduction   

Activated carbon is a unique form of carbonaceous material having 

properties of high surface area, porosity and pore size distribution; it helps to use 

them as special materials for purification and separation process [1]. The pores on 

carbon surface are created within the structure of activated carbon by reacting 

with activation gas or incorporated with chemical agents at high temperature. The 

relative proportions of pores generated within the activated carbon vary 

considerably according to the nature of raw material and carbonisation/activation 

conditions applied. The chemical activation of char/carbon improves porosity by 

incorporating metal ions in a single stage heat treatment process. Also, ion 

exchange properties can be imparted to the carbon surface by creating surface 

functional groups. For chemical activation of carbon and lignocellulosic 

materials, metal salts like KOH, Al2SO4, NaOH, ZnCl2, etc. are generally used for 

this purpose and acids like H2SO4, HNO3 and H3PO4 are also used. Predominance 

of pores in the micropore range has been found ideal for the adsorption of small 

molecular weight species from gases and solution. The presence of active metal 

on an impregnated activated carbon surface greatly affects the adsorption affinity 

[2-5]. Therefore some organic and inorganic compounds will be adsorbed 

preferentially than that of plane activated carbon.  

1.2  Activated Carbon 

Activated carbons are produced from organic parent sources (coal, coconut 

shells, wood, peat and petroleum based residues) by different carbonization and 

manufacturing processes. During carbonization, these pores are filled with the 
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tarry matter or blocked partially by disorganized carbon. This pore structure in 

carbonized char is further developed and enhanced during the activation process, 

which converts the carbonized raw char material into more efficient activated 

carbons. These have a highly developed porosity and strongly developed internal 

surfaces. 

The adsorption behaviour of an activated carbon cannot be interpreted on 

the basis of surface area and pore size distribution alone. Other factors such as 

surface chemistry are considered when it comes to the commercial application of 

the activated carbon.  Several inorganic and organic reagents present on the 

carbon surface modify the surface behaviour and adsorption characteristics of 

activated carbons. Surface chemistry make them useful for the removal of 

hazardous gases and vapors by chemisorptions and catalytic decomposition.  

Random ordering of aromatic sheets in activated carbon causes variation in 

arrangement of carbon atoms. The carbon atoms at these places have unpaired 

electrons and residual valencies, and are richer in potential energy. These carbon 

atoms are highly reactive and known as  active sites or active centres which 

determine the surface reactivity, surface reactions, and catalytic activity of 

carbons. The adsorptive properties of activated carbon includes very complex 

pore structure, large BET surface area, good catalytic activity, chemical and 

thermal stability, ease of processability and high density. Presence of variety of 

oxygen-containing functional groups on the carbon surface makes it an 

indispensable adsorbent for the national economy.  

Cost, availability, and consistency of quality are considered importantly for 

selecting a source raw material, mostly lignocellulosic for the preparation of 

activated carbon. Due to environmental considerations, agricultural by-products are 

gaining great significance as precursors for the production of activated carbon [6]. 

Coconut shell is one of the best and finest raw materials used for the 

preparation of activated carbon. Compared to other types of activated carbons 

coconut shell-based carbon has the highest hardness, high density and less tarry 

materials are generated during carbonisation, which makes it the ideal carbon for 

separation and purification. Coconut shells (Cocos nucifera L.), is a common crop 



Introduction 

3 Adsorption Isotherm Studies of Granular Activated Carbons:                                                                      
Activation with Zr4+/Nano ZrO2, Porosity, Surface area, Kinetics and Thermodynamics 

 

and shell readily available in rural India from the agricultural sector. Indonesia, 

Philippines, India and Sri Lanka are the major countries known for production of 

coconut shell based carbon (which account for 87 % of world production). 

Several countries in the Association of South East Asian Nations (ASEAN) 

region in recent years have started doing so as well in this sector [7].  

1.2.1  Preparation of Granular Activated Carbon 

Activated carbon is prepared by carbonizing base materials of vegetable 

origin. In the presence of specific organic or non organic compounds as 

impregnating agents offers activated carbon with controlled porous structure and 

high carbon yield.  

Preparation of activated carbon mainly involves two steps, in the first step 

the carbonaceous raw material is carbonized at temperatures below 800°C (400 - 

700°C) in the presence of dehydrating agent (e.g. H2SO4, ZnCl2, KOH and H3PO4) 

in an inert atmosphere. The carbonized product is further activated at higher 

temperature. Thus, all carbonaceous raw materials are converted into activated 

carbon. The final carbon product will have well developed porous structure and 

internal surfaces. The properties of the activated carbon will be different depending 

on the nature of the raw material used, the nature of the activating agent used, and 

the conditions of the carbonization and activation processes followed.  

1.2.2 Physical Activation and Chemical Activation 

Most carbonaceous materials have well developed porosity and an internal 

surface area. This is sufficiently developed during activation of carbonized 

product. In physical activation method air, O2, CO2, steam or their mixtures are 

usually used for activating the precursor for developing pores and internal 

surfaces. The physical activation process is a two-step process, where pyrolysis  

in an inert atmosphere (usually nitrogen) of the precursor is done normally at  

400-900ºC. Thereafter the partial gasification using an oxidizing gas (steam or CO2) 

at 350-1000°C to develop the porosity and surface area. The chemical activation 

process is a one-step process, where the activating agent (typically an acid, strong 

base or a salt) is incorporated into the carbon precursor prior to pyrolysis at a 

temperature of 450-900°C. Chemical activation method involves carbonisation 
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with ZnCl2, H3PO4, KOH, NaOH etc in a single step. Zinc chloride promotes the 

extraction of water molecules from the lignocellulosic structures of parent 

materials. Phosphoric acid act chemically within the lignocellulosic structures and 

reduces the tar formation thereby increasing the carbon yield. The mechanisms by 

which potassium hydroxide activates an existing carbon are more complex and 

involve the disintegration of structure following intercalation as well as some 

gasification by the oxygen of hydroxide. The combination of both physical and 

chemical processes is also possible. The impregnation of metals as ions also 

modifies the gasification characteristics and varies the porous structure of the 

final product. The presence of oxygen is not essential for this type of activation. 

There are no carbon atoms are removed during the stage of activation therefore 

the carbonization yields are improved.  

1.3  Literature Review 

1.3.1 Activated Carbon Surface Chemistry 

Activated carbon can be represented by a model of a twisted network of 

defective hexagonal carbon layer planes which are cross-linked by aliphatic 

bridging groups. Heteroatoms are incorporated into to the edge of these planes. 

The heteroatoms bound to the surfaces react with many reagents during 

modification (treatment / oxidation) process and form surface functional groups. 

These surface groups are decisively influences physico-chemical and surface 

properties of activated carbon. 

The presence of surface groups influence the surface characteristics such as 

the wettability, electrical resistivity, point of zero charge, polarity and acidity,  Also, 

physico-chemical properties such as catalytic, and electrochemical interfacial state 

of the carbon surfaces and ion exchange capacity etc [8]. Moreno-Castilla, 2004 [9] 

suggested that surface chemistry of the carbon has a great influence on both 

electrostatic and non-electrostatic interactions. This can be considered the main 

factor in the adsorption mechanism from dilute aqueous solutions.  

The modification of carbon with oxidizing agent (either in gas phase or in 

solution) instigates the formation of large amount of oxygen-containing surface 

complexes on the surface of activated carbons. Acidic C-O functional groups 
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make the activated carbon more hydrophilic and acidic. Although the chemical 

oxidation results in the fixation of both oxygen and nitrogen functional groups on 

the surface of activated carbon. It does not significantly modify the textural 

properties of activated carbon. This treatment enhances their adsorption efficiency 

and modifies selectivity to aqueous metal cation species [10]. 

For the oxidation treatment, various reagents including concentrated nitric 

acid (HNO3), concentrated sulphuric acid (H2SO4), sodium hypochlorite 

(NaClO2), permanganate (KMnO4), dichromate (K2Cr2O7), hydrogen peroxide 

(H2O2), transition metals and ozone-based gas mixtures have been used as 

oxidizers. 

Oxidation of the new carbon with HNO3 is thought to proceed as shown 

below [2] 

𝐻𝑁𝑂3 +  𝐻𝑁𝑂2  → 2.𝑁𝑂2 + 𝐻2𝑂       (1.1) 

.𝑁𝑂2 + 𝐻+ → 𝐻𝑁𝑂2
+                 (1.2) 

𝐴𝑟 − 𝐶𝐻2 − 𝐶𝐻2 − 𝐴𝑟 + 𝐻𝑁𝑂2
+  → 𝐴𝑟 − 𝐶𝐻 − 𝐶𝐻2 − 𝐴𝑟 + 𝐻2𝑁𝑂2

+ (1.3) 

𝐴𝑟 − 𝐶𝐻 − 𝐶𝐻2 − 𝐴𝑟+.𝑁𝑂2  → 𝐴𝑟 − 𝐶𝐻𝑂𝑁𝑂 − 𝐶𝐻2 − 𝐴𝑟  (1.4) 

𝐴𝑟 − 𝐶𝐻𝑂𝑁𝑂 − 𝐶𝐻2 − 𝐴𝑟 +  𝐻2𝑂 →  𝐴𝑟 − 𝐶𝐻𝑂𝐻 − 𝐶𝐻2 − 𝐴𝑟 + 𝐻𝑁𝑂2 (1.5) 

Oxygen and nitrogen were introduced into the carbon after nitric acid 

modifications.  

The identification and estimation of the carbon-oxygen surface functional 

groups on carbons have been carried out using several physical, chemical, and 

physio-chemical techniques. This includes alkali titration and spectroscopic 

methods such as FTIR spectroscopy and x-ray photoelectron spectroscopy etc. 

Boehm titration methods are widely employed for the quantitative measurements 

of acidic and basic functional groups. In alkali titration method bases such as  

NaHCO3, Na2CO3 and NaOH are used for quantitative measurement of carboxylic 
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acid group, acid anhydrides (lactones and lactols), and phenols. The basic groups 

on the surfaces, namely gamma pyrones and chromenes are quantitatively 

estimated by HCl titration. 

 

Figure 1.1: Surface functional groups on activated carbon 

1.3.2 Application of Activated Carbon 

Relatively simple and well-established production methods make activated 

carbons as one of the main candidates for many demanding applications. Mostly 

as catalyst supports, adsorbents, energy storage in super capacitors, Li-ion 

batteries, and CO2 capture or hydrogen storage application. Carbon-based 

materials have attracted considerable interest in many energy-related applications 

due to their abundance, chemical and thermal stability, processability and 

controlled structural and chemical characteristics [11].  

Due to the improved pore structure and low ash content, activated carbon is 

well- established for the anode reaction in fuel cell [12]. The ash content of the 

active carbon determines the amount of minerals present; it is also an important 

factor for the purification of organic solutions. Activated carbon containing 

oxygen surface functional groups, gives pseudocapacitance effect lead to 

increases the specific capacitance of amount of energy storing in the super 

capacitor [13].  
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Most of the commercial supercapacitors are based on powder activated 

carbon made from coconut shell. Porous carbons are used as electric double layer 

capacitor in electrode materials because of their higher specific capacitance, 

energy density, and power capability. The electric capacity of an electrode is 

affected by physical and chemical properties of activated carbon [14].  

Activated carbons, activated carbon fibers and graphite nanofiber porous 

materials have been extensively studied as potential hydrogen storage materials, as 

they have high surface area, large pore volume, and good chemical stability. These 

properties enhance specific interaction between carbon atoms and gas molecules.  

The major production of activated carbons in industrialized countries is 

utilised for the removal of hazardous substances from industrial exhaust gases. 

Also used for the separation of gas mixtures, recovery of useful and valuable 

components from industrial exhaust gases, purification of process gases from 

undesirable impurities, recovery of solvents and for refining liquid fuels.  

Rodríguez-Reinoso et al. 2008 [15] studied the possibility of using chemically 

activated carbons for the storage of natural gas using a single experiment of 

immersion into dichloromethane. There is relatively a good correlation between 

the methane uptake and the microporosity data obtained from both the adsorption 

of N2 and CO2. 

1.3.3  Catalyst Supported Activated Carbon 

Activated carbon impregnated with sodium hydroxide can be used for 

removing sulphur compounds, including mercaptans from gasoline [16, 17]. 

Activated carbons with better decolorizing power were prepared by the 

carbonization of wood and other high carbon content materials with zinc chloride.  

Impregnation of activated carbon by chlorine using dilute solutions of 

hydrogen chloride or ZnCl2 significantly increases adsorption of mercury species 

probably forming complexes with Hg as [HgCl]
+
, [HgCl2] and [HgCl4]

2- 
[18]. 

Activated carbons impregnated with Fe (III) and Fe (II) can simultaneously 

remove arsenic and organic contaminants from water [19].  Adsorption for copper 

ion could be increased 2.2 times, by modifying coconut shell based activated carbon 
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with sodium acetate [20]. The effects of the addition of copper supported on activated 

carbon enhanced the chemical adsorption of NO, SO2 and cyanide removal [21].  

When the commercial activated carbon was loaded sodium and potassium, it could 

efficiently remove NO and SO2 from waste gases by adsorption [22]. 

The impregnated potassium iodide in granular activated carbon reacts with 

the oxygen groups on the carbon surface and modifies their adsorption behaviour. 

Thereby improves the efficiency of the activated carbon to retain radioactive 

methyl iodide. This property makes to use in nuclear industry for the retention of 

radioactive iodine compounds from coolant release and ventilation systems [23].  

Chen et al. 2002 [24] prepared activated carbon fibers (ACF) from sisal 

fiber as substrate, impregnated them with different concentrations of zinc 

chloride, and heat treated them in nitrogen at 800°C. These ACFs were tested for 

their antibacterial activity against E. coli and S. aureus bacteria. The ACF sample 

impregnated with zinc showed strong activity against E. coli and could kill almost 

all bacteria. Deposition of silver on ACF by treating with Ag (NH3)
2+

 were found 

to improve  the antibacterial activity against S. aureus considerably. 

Modified rayon activated carbon fiber with nitrocellulose combustion, the 

nitrogen and oxygen groups could be increased, and it showed excellent 

adsorption for ammine and carbon disulfide [25]. Tannic acid was employed in 

the modification of the surface properties of granulated commercial activated 

carbon [26]. Tannic acid was found effective to enhance the metal adsorption 

capacity of activated carbon surfaces.  

1.3.4  Zirconium Based Carbon Materials 

Zirconium ion impregnated fibre charcoal showed maximum fluoride up 

take and provided to be most effective de-fluoridating agent followed by 

groundnut shell and coconut shell. Adsorption of zirconium ion from solution by 

solid phase can occur with formation of surface complex between the oxygen 

containing functional group (COOH,-OH, >C=O) and the metal. Once this 

zirconium based Lewis acid sites are generated by chemisorptions on the 

activated charcoals as a monolayer, they are responsible for very strong 

adsorption of Lewis bases such as fluoride ion [27].  
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Peraniemi et al. 1994 [28] studied the adsorption efficiency of zirconium 

loaded activated carbon for the removal mercury, arsenic and selenium.  The 

results showed that the loading of activated charcoal with zirconium 

significantly improved the adsorption power of charcoal towards arsenic 

selenium, and mercury. The oxidation state of metal is of little significance for 

the adsorption onto zirconium impregnated carbon, i.e. As (V) adsorbed better 

than As (III) and Hg(II) adsorbed better than Hg(I) onto zirconium based 

adsorbents. 

Zirconium phosphate impregnated porous polymers shows higher 

adsorption preference towards lead (Pb
2+

) ions. So it can be used for removing 

Pb
2+

 ions from waters [29]. Activated carbon impregnated with zirconium 

hydroxide possesses significantly higher adsorption capacity towards toxic 

chemical gases such as SO2 and cynogen chloride (CNCl) [30]. The metal anions 

of vanadium (V) and chromium (VI) in aqueous solution can be effectively 

adsorbed by Zr(IV)-impregnated collagen fiber (ZrICF) [31].  

Juan et al. 2007 [32] studied the catalytic activity of zirconium sulphate 

supported activated carbon for the esterification of fatty acid. They found that it is 

an efficient catalyst for the esterification of oleic acid by n-butanol. Also they 

found that catalytic activity of supported zirconium sulphate is higher than that of 

conventional acidic resins. 

1.3.5  Structural Characterization of Activated Carbons 

Characterization of activated carbon has been important because a porous 

material is possessed by a wide distribution of pore sizes, shapes and the 

complexity of the pore network. Structural characterization of activated carbons 

includes: surface chemistry, porous texture, and morphology. This can be studied 

by using various techniques such as FTIR, XPS, XRD, SEM, HRTEM, etc. 

In most of the pore size distribution (PSD) methods,  pore size are evaluated by 

assuming the N2 molecules are get arranged into the pores according to their 

dimensions during adsorption. However each method has different theoretical 

approaches to the determination of the pore sizes. 
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Prauchner and Rodriguez-Reinoso, 2008 [33] prepared active carbons 

intended for adsorption of natural gas by combining chemical activation of 

coconut shell with H3PO4/ZnCl2 followed by physical activation with CO2. It shows 

that chemical activation using less proportion of H3PO4 or ZnCl2, are enough to 

generate narrow micro porosity without significantly decreasing the bulk density. 

Subsequent physical activation develops the primary pore structure generated by 

added chemicals. This procedure made it possible to obtain materials with well 

developed porosity compatible with a relatively high bulk density. 

Tan et al. 2008 [34] studied the effect of hydrochloric acid (HCl) treatment 

of activated carbon prepared from oil palm shell on methylene blue (MB) 

adsorption. It shows that, adsorption efficiency enhanced with HCl treatment. The 

Fourier transform infrared spectroscopy (FTIR) measurements showed that the 

surface chemistry of the activated carbon was influenced by the acid treatment 

and produced more acidic groups such as carboxylic and ether.  

Jayabalan et al. 2009 [35] studied the influence of textural, chemical, and 

structural properties on the reactivity of coconut shell based activated carbons in 

air. The results suggest that oxygen present in the form of surface oxygenated 

groups, the mineral content, and the dimensions of the basic structural units 

influence the reactivity of activated carbons. Highly stable carbons were found to 

have less oxygen to carbon ratio, lower mineral content, and larger and better 

stacked polyaromatic layers. 

Bouchelta et al. 2012 [36] prepared activated carbon from biomass of 

Algerian date pits. Pyrolysis process was optimized by varying parameters such 

as temperature, nitrogen flow, heating rate and pyrolysis hold time in order to 

determine their effects on the porous structure. Experimental results showed that 

pyrolysis conditions and activation hold time has significant effects on activated 

carbon porosity. In addition to that they suggested that carboxylic and a phenolic 

group at the surface of active carbon improves the cation-exchange and 

complexation properties.  

Thommes et al. 2011 [37] assessing, surface chemistry and pore structure 

of active carbons by a combination of physisorption (H2O, Ar, N2, CO2), XPS and 
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TPD-MS (Temperature Programmed Desorption with attached Mass 

Spectrometry). They clearly suggest that water adsorption is indeed a sensitive 

tool for detecting differences in surface chemistry between chemically and 

physically activated carbon materials with comparable ultramicropore structure. 

The occurrence of adsorption hysteresis associated with the filling of micro and 

narrow mesopores provides additional structural information, complementary to 

the insights from argon/nitrogen/carbon dioxide adsorption. 

Oda et al. 2006 [38] compared the effect of the oxygen-containing functional 

group on activated carbon fiber in electrodes of an electric double-layer capacitor. 

It shows that larger number of phenolic hydroxyl groups on activated carbon fibre 

promoted the wettability of electrodes thus increasing the capacitance and 

producing pseudo capacitance effects. 

Song et al. 2010 [39] studied surface modification of coconut-based 

activated carbon by liquid-phase oxidation and its effects on lead ion adsorption. 

It is found that adsorption capacity of activated carbon oxidized with HNO3 (10 

mol L
−1

) at 363 K was about 2.5 times higher than that of the original activated 

carbon. This is attributed to the increased oxygen groups, which enhanced the 

hydrophilicity of the activated carbon, and lowered the pH. This made the surface 

more negatively charged, and increased the amount of homogeneous active sites 

available for lead ions.   

Velasco and Ania, 2011 [40] studied the phenol adsorption mechanism of 

activated carbon.  It is found that physisorption of phenol depends strictly on the 

porosity of the activated carbons. Whereas chemisorption depends on the 

availability of the basal planes in the activated carbons 

1.4  Adsorption Isotherms 

The adsorption isotherm is the most extensively employed analytical 

method for representing the equilibrium states of an adsorption system. It can give 

useful information regarding the adsorbate, the adsorbent, and the adsorption 

process. It helps in the determination of the surface area of the adsorbent, the 

volume of the pores, and their size distribution, the heat of adsorption, and the 

relative absorbability of a gas or a vapour on a given adsorbent.  
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1.5  Porosity Study and Surface Area Determinations 

Porosity/pore structure and surface area are the most important 

characteristics of activated carbon. The porosity of activated carbons offers a vast 

surface in which the adsorption can take place. Each type of carbon has its own 

unique distribution of pore sizes. These are classified into three groups, 

micropores (< 2 nm), mesopores (2 - 50 nm), and macropores (> 50 nm).  Walls 

of the pores are comprised of two types of surfaces: the internal (microporous) 

surface and the external surface. Micropore surface area constitutes the walls of 

micropores whereas external surface area constitutes the walls of the meso and 

macropores. Surface area and pore size distribution of activated carbon is 

obtained by applying N2 adsorption data in various isotherm models. The most 

extended technique for the characterization of the porous texture of activated 

carbons is the physical adsorption of gases and vapours. BET nitrogen adsorption 

method introduced by Brunaeur, Emmett, & Teller is now universally accepted as 

a standard procedure for the characterization of a variety of porous materials. 

Some other isotherm models like Langmuir, Freundlich, Dubinin- Radushkevich 

(D-R), John isotherm, t-plot method by Lippens De Boer, alpha S (αs) method and 

BJH ( Barrett-Joyner-Halenda) are also applied for the isotherm analysis for the 

specific surface area, porosity and pore size distributions. 

Lozano-Castello et al. 2005 [41] studied the comparative characterization 

of micropore size distribution (MPSD) of activated carbons by HRTEM image 

analysis and isotherm analysis using Dubinin-Radushkevich isotherm equation 

(D-R equation to the N2 and CO2 adsorption isotherms). The MPSD obtained by 

high-resolution transmission electron microscopy (HRTEM) for the carbon 

molecular sieve is wider than that obtained by CO2 adsorption. Suggests that 

HRTEM is detecting the closed porosity existing in this sample, which is not 

accessible to gas adsorption. Thus, HRTEM combined with image analysis seems 

to be useful for structural analysis of narrow micropores including closed porosity. 

Do et al. 2011 [42] develop a novel method which determined the accessible 

pore volume (the volume space that is accessible to the centre of an adsorbate 

molecule) and accessible pore size (largest sphere that can be accommodated in the 

accessible space) for pores having homogeneous surfaces.  
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Figure 1.2: Schematic representation of pore structure of activated carbon 

1.6  Adsorption Isotherm Models 

The adsorption isotherm models describe the relation between the amount 

of gas adsorbed (specific amount adsorbed in liquid phase, qe) per gram of the 

solid adsorbent at the relative pressure p/p0 (equilibrium concentrations of the 

adsorptive in liquid phase, Ce). Pore structure characteristics of activated carbons 

were determined by N2 adsorption at 77K. This is because of the nonpolar 

character of molecules and its relatively small cross-sectional area of 0.162 nm
2
, 

hence easily accessible to their finer pores, micropores and mesopores.  The data 

obtained from N2 gas sorption experiments were evaluated by different isotherm 

models. These models are successful either at lower pressures (higher adsorption 

potential), prior to monolayer formation or at higher pressure (lower adsorption 

potential) corresponding to the multilayer region in adsorption. Parameters 

obtained from these isotherm models are used for calculating surface area, 

porosity, pore volume, and pore size distribution of GAC.   

1.6.1 Brunauer, Emmett and Teller (BET) Isotherm  

Brunauer, Emmett and Teller (BET) proposed an equation based on the 

assumption of multilayer formation. These workers proposed that the forces acting 

in multimolecular adsorption are the same as those acting in the condensation of 

vapours [43].  

The BET equation could be written as an equation (1.6)  

1

𝑉 (
𝑝0

𝑝 − 1)
=  

1

𝑉𝑚  𝐶
+

𝐶 − 1

𝑉𝑚𝐶
  

𝑝

𝑝0
                                                            (1.6) 
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One important parameter for the characterization of porous materials is their 

specific surface area. The specific surface area (SABET m
2
/g) determined from 

monolayer volume Vm(BET) cm
3
/g  obtained from the slope of the BET plot is the 

most widespread method.  

𝑆𝐴𝐵𝐸𝑇 =  
𝑉𝑚 (𝑐𝑚3 𝑔 )  × 6.023 × 1023 × 0.162 × 10−18

22414
                   (1.7) 

1.6.2 I Plot Method  

The I point method based on a modification of the original BET equation, 

(BET-Scatchard equation) proposed by Pomonis and collaborators [44]. The I 

point plot is nonlinear and gives the value of the specific area by identifying the 

inversion point, where the completion of monolayer occurs so-called I point. This 

SA (I plot) nearly equal to that of the usual BET procedure.  Thus, there may be 

no need for a decision on an appropriate “range” of p/p0 to use in calculating both 

a slope and an intercept, as it is required for the usual BET procedure. 

 𝑉  1 −  𝑝 𝑝0     

𝑝 𝑝0 
 = 𝐶𝑉𝑚 −   𝐶 − 1  𝑉 1 −  𝑝 𝑝0                              (1.8) 

The plot provides an inclined V shaped ( ) graph, i.e. a graph with an 

inversion point termed as I point; the extrapolation of this point towards the x-axis 

yields the monolayer capacity. From the monolayer capacity (Vm), the surface area 

(SA) can be calculated 

𝑆𝐴𝐼𝑝𝑜𝑖𝑛𝑡 = 4.353 𝑉𝑚                                                                                          (1.9) 

1.6.3 Langmuir Isotherm   

The Langmuir isotherm equation is the first theoretically developed 

adsorption isotherm model.  It assumes the concept that adsorption sites on solid 

surfaces are energetically homogeneous and there are no lateral interactions 

between the adsorbed molecules [45]. 

The well-known linear form of expression (solid-gas) system for the 

Langmuir model is given in equation (1.10)  
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P

V
=

1

bVm
+

P

Vm
                                                                                                 (1.10) 

Linear form of Langmuir equation for solid –liquid equilibria is given by 

the equation (1.11)  

𝐶𝑒

𝑞𝑒
=  

1

𝐾𝐿
+

𝑎𝐿

𝐾𝐿
 𝐶𝑒                                                                                             (1.11) 

1.6.4  Freundlich Isotherm 

This isotherm is applicable only in the middle ranges of vapour pressure.  

V =  KFP
1

n                                                                                                       (1.12) 

The value of n is always greater than unity. The equation is of greater 

significance for physical adsorption system explained using equation [46].  

Linear form of the Freundlich equation in the solid –liquid system is given 

in the equation (1.13) 

log 𝑞𝑒 = 𝑙𝑜𝑔𝐾𝐹 +
1

𝑛
𝑙𝑜𝑔𝐶𝑒                                                                            (1.13) 

1.6.5 Dubinin-Radushkevich Isotherm  

Dubinin-Radushkevich equations have been developed primarily for 

microporous adsorbents. It can be expressed analytically by a Gaussian 

distribution equation between the total limiting volume of the adsorption space 

and the adsorption potential [47]. This is further made it possible to obtain an 

equation of the adsorption isotherms and to calculate the appropriate micropore 

volume.    

Linear form the isotherm equation is given as                     

lnV = ln V0 − D  ln
po

p  
2

                                                                          (1.14) 

Linear form of equation in the solid –liquid system is given as 

𝑙𝑛𝑞𝑒 = ln 𝑞𝑚𝑖 − 𝛽𝜀2                                                                                       (1.15) 
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1.6.6 t-Plot Method  

The t-plot is a plot of the amount of nitrogen adsorbed on the test sample as 

a function of the calculated thickness t, of the adsorbed layer. A straight line is 

drawn in the linear region of the t - plot and from the slope and intercept, the 

external surface area & micropore volume were obtained [48]. 

The t-plot procedure was evaluated during preliminary testing, using the 

equation (1.16) 

𝑡 = [13.99 (0.034 − log  
𝑝

𝑝0
 )] 

0.5

                                                           (1.16) 

The external surface area SAExt of the microporous sample can be derived 

from the slope of the t-plot. 

𝑆𝐴𝐸𝑋𝑡 =
𝑆𝑙𝑜𝑝𝑒 × 1010  × 𝐷

𝐹 × 106
                                                                      (1.17) 

Where D is the density conversion factor 0.00015468 and F is a surface area 

correction factor, for most samples it is taken as 1. 

1.6.7 Alpha S (αs) Plots  

Gregg and Sing, 1982 [49] proposed αs method as a variant of t-plot 

method. It involves a comparison in which the isotherm data of a test sample are 

plotted against the corresponding normalized isotherm data of an appropriate 

reference material. Surface chemistry of reference adsorbent should be same as 

that of porous material under investigation.  The reference material should be free 

of micropore adsorption and capillary condensation in the relative pressure (p/p0) 

range used for the plot. Thus, the adsorption at a pre-selected p/p0 is used to 

convert the standard amounts adsorbed into a dimensionless αs form. For this 

purpose, it is usually convenient to take p/p0 =0.4. The uptake of nitrogen Vads at 

each p/p0 divided by that at 0.4 p/p0 gives the αs value. The external surface area 

was calculated from the slope of the linear part of each αs plot by using the 

equation (1.18) 

𝑆𝐴𝑒𝑥𝑡 = 2.86 𝑉
∝𝑆

                                                                                          (1.18) 
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1.6.8 Barrett Joyner and Halenda (BJH) Method 

The mesopore and micropore size distributions were determined using the 

Barret-Joyner-Halanda (BJH) isotherm method [50]. Pore radius is evaluated 

from adsorption and desorption isotherms. Isotherm analysis follows desorption 

of adsorbed volume from the multilayer completed.  

The average pore diameters were calculated using the formula considering 

cylindrical form of the pores 

𝑑𝑎𝑣 = 4
𝑉𝑝

𝑆𝐴𝐵𝐸𝑇
                                                                                                (1.19)  

1.6.9 John Isotherm Model   

P. T. John, an Indian Scientist, formerly developed a semi-empirical 

isotherm model known as John Isotherm for the evaluation of adsorption 

behaviour of porous and finely divided materials. Interaction between adsorbent-

adsorbate differs in the extent of physisorption appears as a phase transition or a 

discontinuity, in John isotherm plots. Each phase on the plots is represented as 

micropore filling, submonolayer coverage, monolayer coverage, mesopore filling 

and capillary condensation [51, 52]. Linear form of isotherm model is given by  

𝑙𝑜𝑔𝑙𝑜𝑔𝑃 = 𝐶 + 𝑛 𝑙𝑜𝑔𝑉                                                                                 (1.20) 

1.6.10 John-Sivanandan Achari Isotherm Plots 

This equation is further extended to study the adsorption potential of 

porous materials from solid - liquid adsorption system known as the John-

Sivanandan Achari (J-SA) isotherm and given in the equation (1.21) [53-55] 

𝑙𝑜𝑔𝑙𝑜𝑔 𝐶𝑒 = 𝐶 + 𝑛𝑙𝑜𝑔 𝑞𝑒                                                                              (1.21) 

Ce is the equilibrium adsorbate concentration, C is a constant, qe is the 

equilibrium adsorbed quantity. Where n is the adsorption constant known as John 

adsorption capacity, is a measure of adsorption efficiency of the material. The 

extrapolation of the straight line curve to the point of saturation to the log qe axis 

gives the monolayer capacity qm(J-SA).  
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1.7  Aim and Scope of The Study  

The aim of this research is to study the process of activation, material 

behaviour and adsorption isotherm studies of a series of  zirconyl chloride 

(ZrOCl2) and nano zirconium oxide (zirconia-ZrO2) activated granular carbon 

(GAC) under different carbonization/ activation temperatures. Also analysing 

their adsorption efficiency in solid-gas using N2 gas at 77K and solid –liquid 

adsorption using phenol, p-nitrophenol and methylene blue (MB). 

This work is realised by preparing a series of granular activated carbon, 

activated with Zr
4+ 

/nano ZrO2 in an inert atmosphere at different activation 

temperature 383 -1273K. This activated carbon is subjected to solid – gas 

equilibria using N2 at 77K to study the development of surface area, pore volume, 

micropore surface area and micropore volume of activated carbons. Evaluation of 

adsorption parameters with respect to solid – liquid equilibrium are used to 

determine the effect of various process parameters such as adsorbent dose, initial 

concentration, contact time, temperature effect and nature of thermodynamic 

parameters on the adsorption efficiency.  

1.8  Objective of The Research Study  

1) Preparation of granular activated carbons (GAC) based on coconut shells 

by chemical activation with zirconium compounds such as zirconyl 

chloride ZrOCl2 (marked as GACZR and GACOZR) and nano zirconium 

oxide ZrO2 (designated as GACNZR and GACONZR) and study of 

activation conditions as a function of temperature. 

2) Study of physico-chemical and the surface characteristics of the 

modified carbons incorporated with zirconyl chloride (ZrOCl2) and 

nano zirconium oxide (ZrO2) specifically, FTIR, XPS, XRD, SEM, 

and TEM methods.  

3) Evaluation of adsorption isotherm behaviour of the modified materials 

with respect to solid-gas (N2/77K) equilibrium and determination of 

surface area, porosity and pore size distribution using standard 

isotherm models BET, I plot, Langmuir, Dubinin –Radushkevich (D-

R), Alpha S (α s,), John isotherm, t-plot and BJH methods. 
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4) Evaluation of the adsorption isotherm behaviour, adsorption kinetics 

and thermodynamic parameters of the modified materials with respect 

to solid-liquid equilibrium using phenol, p-nitrophenol and methylene 

blue (MB) from the liquid phase for temperatures 10
0
C, 20

0
C, 30

0
C, 

40
0
C and 50

0
C. Evaluation of adsorption isotherm behaviour of the 

new carbon adsorption system using Langmuir, Freundlich, Dubinin-

Radushkevich (D-R), John – Sivanandan Achari (J-SA) isotherms and 

comparison of adsorption constants and parameters. 

5) Evaluation of the adsorption efficiency of the carbons for trace metal 

ions in contaminated groundwater (collected from the field) using 

ICP-MS. 

6) Testing and evaluation of the hypothesis using standard statistical 

methods to come out with useful findings.  

There are four series of GAC’s were prepared, and marked as  

a) Carbon GACZR series - Granular activated carbon incorporated with 

zirconyl chloride (ZrOCl2) and activated at 383K, 473K, 673K, 873K, 

1073K and 1273K in a temperature – controlled muffle furnace under 

inert atmosphere.  

b) Carbon GACOZR series - Granular activated carbon oxidized with 

nitric acid, (HNO3) and activated with zirconyl chloride (ZrOCl2) at 

383K, 473K, 673K, 873K, 1073K and 1273K in a temperature – 

controlled muffle furnace under inert atmosphere. 

c) Carbon GACNZR series - Granular activated carbon incorporated 

with nano zirconium oxide (ZrO2) and activated at 383K, 473K, 673K, 

873K, 1073K and 1273K in a temperature – controlled muffle furnace 

under inert atmosphere.  

d) Carbon GACONZR series - Granular activated carbon oxidized with 

nitric acid, (HNO3) and activated with nano zirconium oxide (ZrO2) at 

383K, 473K, 673K, 873K, 1073K and 1273K in a temperature – 

controlled muffle furnace under inert atmosphere.  
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In each study the specific material properties of the newly made carbons 

are compared with basic/native carbons GAC 383 and GACO 383 

GAC 383    Granular activated carbon washed and dried at 383K 

GACO 383 Nitric acid modified granular activated carbon, washed and 

dried at 383K 

1.9  Hypothesis 

1. Whether there is any significant difference in pore volume and surface 

area of Zr
4+

/ZrO2 modified carbons compared to basic carbons GAC 

383 and GACO 383 studied by using BET,  I plot, Langmuir, 

Dubinin- Radushkevich (D-R),  Alpha S (αs),  and John isotherm  

methods in solid-gas equilibria.  

2. Whether there is any significant difference between the pore volumes 

determined for granular activated carbons prepared using Langmuir 

isotherm, Dubinin-Radushkevich isotherm, Alpha S (αs) method and 

John isotherm.  

3. Whether there is any significant difference in micropore surface area 

and external surface area with increase of activation temperature in 

Zr
4+

/ZrO2 modified carbons.  

4. Whether there is any significant difference in amount of phenol, p-

nitrophenol and methylene blue (MB) adsorbed on Zr
4+

/ZrO2 modified 

carbons compared to basic carbons GAC 383 and GACO 383 in solid 

–liquid equilibria. 

5. Whether there is any significant difference in specific adsorption 

capacity determined for granular activated carbons prepared using 

Langmuir, Dubinin- Radushkevich (D-R), John –Sivanandan Achari 

isotherm models. 

6. Whether there is any significant effect of temperature for the 

adsorption of phenol, p-nitrophenol and methylene blue (MB). 
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1.10  Structure of The Thesis   

This bound thesis is organised in seven chapters. 

Chapter 1:  Introduction   

Chapter 2:  Materials and Methods  

Chapter 3: Granular activated carbon prepared by activation with zirconyl 

chloride (GACZR): Preparation, characterization and adsorption 

isotherm studies 

Chapter 4:  Granular activated carbon oxidized and activated with zirconyl 

chloride (GACOZR): Preparation, characterization and adsorption 

isotherm studies.  

Chapter 5:  Granular activated carbon prepared by activation with zirconium 

oxide (GACNZR): Preparation, characterization and adsorption 

isotherm studies. 

Chapter 6:  Granular activated carbon oxidized and activated with zirconium 

oxide (GACONZR): Preparation, characterization and adsorption 

isotherm studies. 

Chapter 7:   Summary and Conclusion  

These chapters are followed by a brief description of Future Scope of the 

study. The chapters and their contents are presented accordingly in the following 

sections for precise reference 

Chapter 1  Introduction  

This chapter gives an overview of the current status of knowledge on 

carbon and carbon science; forms and classification, activated carbon 

preparation, the study of porosity and surface area, isotherm studies, 

isotherm models, and physicochemical methods of analysis. It also 

describes the review of the literature, aim and scope of the study, 

hypothesis, chapters followed by a description of the structure of the 

thesis.  
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Chapter 2  Materials and Methods  

This chapter describes in detail about materials and methods followed 

for the preparation of coconut shell based granular activated carbon 

(GAC) under chemical activation using zirconium (Zr
4+

/ nano ZrO2). It 

mainly includes materials, methods, instrumentation and theory 

followed with respect to different carbonization/activation conditions, 

preparation, characterization (FTIR, XPS, XRD, SEM, TEM) and 

adsorption studies. A detailed description of the various isotherm 

models are discussed for the evaluation of surface area, porosity and 

pore size distribution.  The experimental procedures followed to study 

the liquid phase adsorption behaviour of the modified GACs under 

equilibrium conditions.  

Chapter 3  Granular Activated Carbon Prepared by Activation with 

Zirconyl Chloride (GACZR): Preparation, Characterization and 

Adsorption Isotherm Studies 

In this chapter, preparation, characterization, and adsorption 

isotherm studies of GACZR series (granular activated carbon 

prepared by activation with zirconyl chloride, ZrOCl2) of activated 

carbons are discussed.  Different activation conditions such as 

temperature and Zr
4+

/GAC incorporation ratios are evaluated. 

Textural analysis of activated carbon was carried using established 

physicochemical and spectroscopic techniques. Their adsorption 

efficiency with respect to porosity parameters were determined by 

applying N2 adsorption desorption data in different standard 

isotherm models such as Brunauer-Emmett Teller (BET), I plot, 

Langmuir, Freundlich, Dubinin-Radushkevich (D-R), Alpha S (αs) , 

John isotherm, t-plot and Barrett- Joyner- Halenda (BJH) isotherms. 

Adsorption efficiency of carbon materials in solid-liquid adsorption 

system is tested using phenol, p-nitrophenol and methylene blue 

(MB). Adsorption data obtained at selected temperatures are 

subjected to Langmuir, Freundlich, Dubinin-Radushkevich (D-R)  

and John –Sivanandan Achari isotherm models to test the validity of 

isotherm equations. Kinetic models such as pseudo first order, 
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pseudo second order and intra particle diffusion mechanisms are 

applied to explain the controlling mechanisms. Thermodynamic 

parameters free energy change (∆G), enthalpy change (∆H) and 

entropy change (∆S) were evaluated to understand whether the 

adsorption is exothermic/endothermic and spontaneous in nature. 

Field water collected from contaminated area is used to test the 

efficiency of carbons for trace metal ions. The Hypothesis is tested 

with statistical two factor ANOVA, three factor ANOVA, and t-test. 

This chapter ends with a summary followed by references. 

Chapter 4  Granular Activated Carbon Oxidized and Activated with 

Zirconyl Chloride (GACOZR): Preparation, Characterization 

and Adsorption Isotherm Studies.  

In this chapter the preparation, characterization, and adsorption 

isotherm studies of GACOZR series (granular activated carbon 

oxidized with nitric acid, HNO3 and activated with zirconyl chloride, 

ZrOCl2) of activated carbons are discussed. Textural analysis of 

activated carbon was carried out using several physicochemical 

techniques. The N2 adsorption-desorption isotherms data subjected to 

isotherm model analysis; Brunauer-Emmett-Teller (BET), I plot, 

Langmuir, Freundlich, Dubinin-Radushkevich (D-R), Alpha S (αs), t-

plot, John isotherm and Barrett- Joyner- Halenda (BJH) isotherms for 

assessing the surface area, pore size, and pore volume of the carbons. 

Solid –liquid equilibrium data obtained from phenol, p-nitrophenol and 

methylene blue subjected to Langmuir, Freundlich, Dubinin-

Radushkevich (D-R) and John –Sivanandan Achari isotherms. Kinetic 

data obtained from different time interval is tested using mathematical 

expressions corresponding to various kinetic models, namely: 

Lagergren’s first order equation,   pseudo second-order reaction and 

intra particle diffusion. The thermodynamic parameters of Gibbs free 

energy change (∆G), enthalpy change (∆H), and entropy change (∆S) 

for the adsorption processes are calculated and discussed. Field water 

collected from contaminated area is used to test the efficiency of 

carbons for trace metal ions. The Hypothesis is tested with statistical 
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two factor ANOVA, three factor ANOVA, and t-test. This chapter ends 

with summary followed by references. 

Chapter 5  Granular Activated Carbon Prepared by Activation with 

Zirconium Oxide (GACNZR): Preparation, Characterization 

and Adsorption Isotherm Studies. 

In this chapter, preparation, characterization, and adsorption isotherm 

studies of GACNZR series (granular activated carbon prepared by 

activation with nano zirconium oxide, ZrO2) of activated carbons are 

discussed. Different activation conditions of temperature and 

ZrO2/GAC incorporation ratio are evaluated. Their adsorption 

efficiency and structural parameters were also determined by standard 

isotherm models such as Brunauer-Emmett-Teller (BET), I plot, 

Langmuir, Freundlich, Dubinin-Radushkevich (D-R), Alpha S (αs), t-

plot, John isotherm and Barrett- Joyner- Halenda (BJH). The evaluation 

of liquid phase isotherm study of the modified carbons with respect to 

their efficiency towards phenol, p-nitrophenol and methylene blue are 

presented. Adsorption isotherm analysis using Langmuir, Freundlich, 

Dubinin Radushkevich (D-R) and John – Sivanandan Achari isotherm 

methods are presented. Kinetic models such as Lagergren’s first order 

equation,   pseudo second-order reaction and intra particle diffusion is 

applied to predict the rate-limiting step in an adsorption process. 

Thermodynamic parameters, such as ∆G, ∆H, and ∆S, were calculated 

using adsorption equilibrium constant to conclude whether the process 

is spontaneous or not. Field water collected from contaminated area is 

used to test the efficiency of carbons for trace metal ions. The 

Hypothesis is tested with statistical two factors ANOVA, three factor 

ANOVA, and t-test. This chapter ends with summary followed by 

references. 

Chapter 6 Granular Activated Carbon Oxidized and Activated with 

Zirconium Oxide (GACONZR): Preparation, Characterization 

and Adsorption Isotherm Studies. 

In this chapter the preparation, characterization, and adsorption 

isotherm studies of GACONZR series (granular activated carbon 
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oxidized with nitric acid, HNO3 and activated with nano zirconium 

oxide, ZrO2) of activated carbons are discussed. Their porosity 

development, structural and textural characterization using N2 

adsorption – desorption isotherm and the analysis of this data using 

various gas phase isotherm models such as Brunauer-Emmett-Teller 

(BET), I plot, Langmuir, Freundlich, Dubinin-Radushkevich (D-R), 

Alpha S (αs), John isotherm, t-plot and Barrett-Joyner- Halenda 

(BJH) isotherm models are presented. The liquid phase isotherm 

studies are done to evaluate their adsorption efficiency towards 

phenol, p-nitrophenol and methylene blue. Adsorption data analysed 

using Langmuir, Freundlich, Dubinin-Radushkevich (D-R) 

isotherm, and John –Sivanandan Achari isotherm equations.  Kinetic 

data were tested using pseudo-first-order, pseudo-second-order 

models and intraparticle diffusion models to evaluate the kinetic 

mechanism. The thermodynamic parameters of Gibbs free energy 

change, ∆G, enthalpy change, ∆H, and entropy change, ∆S, for the 

adsorption processes are calculated and discussed in this chapter. 

Field water collected from contaminated area is used to test the 

efficiecny of carbons for trace metal ions. The Hypothesis is tested 

with statistical two factor ANOVA, three factor ANOVA, and t-test. 

This chapter ends with summary followed by references. 

Chapter 7  Summary  

This chapter summarizes the major outcome of this research based 

on critical analysis of the findings as well as on the basis of 

statistical analysis of adsorption isotherm parameter determined. 

The relative merits and demerits of the new activation procedures, 

the physics and chemistry of porosity and surface area development 

brought about by the optimization of activation parameters based on 

statistical principles, tests and evaluation methods followed are 

presented.  

The thesis ends with concluding remarks and a discussion on the future 

scope of the study, followed by a list of publications. 
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MATERIALS AND METHODS     

  

 

2.1  Introduction  

This chapter describes in detail about materials and methods followed for 

the preparation of coconut shell based Granular Activated Carbon (GAC) under 

chemical activation using zirconium (Zr
4+

/ nano ZrO2). It mainly includes 

materials, methods, instrumentation and theory followed with respect to 

carbonization/activation conditions, preparation, characterization (FTIR, XPS, 

XRD, SEM, TEM) and adsorption studies. A detailed description of the various 

isotherm models are discussed for the evaluation of surface area, porosity and 

pore size distribution. The experimental procedures followed to study the 

liquid phase adsorption behaviour of the modified GACs under equilibrium 

conditions. 

The basic/native carbon is procured from a nearby carbon manufacturing 

industry (Indo-German Carbons Limited, Cochin, India) and is purified under 

laboratory conditions, which used as the starting material for the preparation of a 

new series of carbon. The change in the chemical composition of activated carbon 

brought by chemical/thermal treatment has been assessed by different analytical 

techniques. The surface area of carbon is determined by BET method. Batch 

experiments were done to optimize maximum adsorption efficiency of the prepared 

samples using, phenol, p-nitrophenol and methylene blue. Thermodynamic study 

was carried out at 10-50
0
C in 10

0
C steps.  
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Zirconia (ZrO2) which prepared under laboratory conditions and ZrOCl2 (99 % 

purity) purchased from Spectrochem are used as an activating agent in the present 

study. The Zr
4+

/ZrO2 impregnated granular carbon was activated systematically at 

383 - 1273 K under inert conditions with steam. Each series of carbons were suitably 

labelled with a number that specifically indicating their respective activation 

temperature.  

Surface area, pore volume, and pore size distributions are determined by N2 

adsorption data at 77K. Solid-liquid equilibrium studies were carried using phenol,             

p-nitrophenol and methylene blue (MB) for evaluating adsorption isotherm 

behaviour, adsorption kinetics and thermodynamics of a new series of carbons 

produced under laboratory conditions. 

2.2  Materials 

The basic/native carbon is procured from a nearby carbon manufacturing 

industry Indo-German Carbons Limited, Binanipuram, Cochin, Kerala, India 

[Particle size (US mesh) 12 x 40, Iodine No. 1100 mg/g, apparent density 0.50 

g/cc, moisture 5 %, ash 4 %] is used throughout the study as the starting material.  

2.2.1  Preparation of GAC Series 

The granular activated carbon (GAC) washed thoroughly with distilled 

water. The carbon was taken into a glass column and it was washed with 0.5M 

aqueous NaOH solution. Sufficient bed volumes of distilled water were passed to 

remove the traces of alkali left till pH 7.0 is noted in the washings. Then washing 

is repeated with 0.5M HCl. Finally, more than 1L bed volume of distilled water is 

passed through a glass column until a neutral pH was noted. Washed carbon was 

then dried in an air oven at 383 K, it is represented as GAC 383. 

2.2.2  Preparation of GACO Series 

The oxidation of GAC was done in a reaction mixture consisting of 100 g acid 

washed activated carbon, 130ml of 12.94% HNO3 and 540ml of distilled water. It is 

refluxed for 3 hour. After filtration the procedure was repeated by adding fresh 

solution of HNO3 and distilled water in the same ratio as the previous for 1 hour. 

After oxidation, the samples were filtered and thoroughly washed with hot distilled 
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water until the pH became neutral, then dried in an air oven at 383K.  This nitric acid 

treated activated carbon was represented as GACO 383 [1, 2]. 

2.2.3  Preparation of ZrO2  

The hydrothermal method has been widely applied for the preparation of 

fine ZrO2 powders due to its low crystallization temperature simplicity and low 

cost. The starting reagents used in these experiments were analytical grade 

zirconium oxychloride (ZrOCl2.8H2O) and 85% hydrazine hydrate. 0.04M 

zirconium oxychloride and 0.2 M concentration of hydrazine hydrate were mixed 

under continuous magnetic stirring. After 10 minutes of stirring the final solution 

was transferred into a Teflon lined stainless steel autoclave maintained at 150 C 

for 4 hours and then cooled naturally to room temperature. The product was 

centrifuged, filtered out and rinsed with alcohol and deionised water several times 

to remove the ions possibly remaining in the final products. Finally, the product 

was dried at 60
0
C in air [3, 4]. 

 

𝑍𝑟𝑂𝐶𝑙2 +  𝑁2𝐻2  →  𝑍𝑟𝑂𝐶𝑙2  𝑁2𝐻4                                                           (2.1) 

 𝑍𝑟𝑂𝐶𝑙2  𝑁2𝐻4 → 𝑍𝑟4+ + 𝑁2𝐻2 + 𝐶𝑙2𝑂                                                 (2.2) 

𝑁2𝐻4 + 𝐻2𝑂 → 4𝑁𝐻4+ +  𝑂𝐻− + 𝑁2                                                         (2.3) 

𝑍𝑟4+ + 𝑂𝐻− → 𝑍𝑟𝑂2 +  2𝐻2𝑂                                                                     (2.4) 

2.2.4 Preparation of GACZR Carbons 

Different weight of zirconyl chloride (ZrOCl2.8H2O) noted as an impregnation 

ratio (XZr is weight of ZrOCl2.8H2O to carbon GAC weight for every 10 g carbon) 

0.0065, 0.026, 0.052 and 0.078 is used for impregnation. Impregnation was 

done by mixing the GAC 383 and activating agent of zirconyl chloride at 85C 

for 2 hours with a magnetic stirrer. After stirring samples were placed in a water 

bath for about 5-6 hours and finally dried in an air oven at 383 K. The samples 

thus obtained are known hereafter as GACZR 383 [5]. 
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Best Zr
4+

 impregnation ratio for carbon was selected by the value of burn 

off / carbon yield.  It is further activated under steam in a temperature programmed 

furnace designed/maintained in the laboratory at different activation temperatures, 

such as 473 K, 673 K, 873 K, 1073 K and 1273 K. The resulted products were 

labelled as GACZR 473, GACZR 673, GACZR 873, GACZR 1073 and GACZR 

1273. 

2.2.5 Preparation of GACOZR Carbons  

Impregnation was done by mixing the GACO 383 and activating agent of 

zirconyl chloride (same Zr
4+

/carbon ratio, which is chosen for GACZR series) at 

85
0
C for 2h with a magnetic stirrer. After stirring, samples were placed in a water 

bath for about 5-6 hrs and finally dried in an air oven at 383K. The samples thus 

obtained are known hereafter as GACOZR 383.  It is further activated with steam 

in a temperature programmed furnace designed/maintained in the laboratory at 

different selected activation temperatures (473 K, 673 K, 873 K, 1073 K and 1273 K). 

The resulted products were labelled as GACOZR 473, GACOZR 673, GACOZR 

873, GACOZR 1073 and GACOZR 1273 

2.2.6 Preparation of GACNZR Carbons  

Different weight of ZrO2 (zirconia) noted as an impregnation ratio (XZr 

weight of ZrO2 to carbon GAC weight for every 10g carbon) 0.0025, 0.01, 0.02 

and 0.03 is used for impregnation. Impregnation was done by mixing the GAC 

383 and activating agent of zirconia at 85
0
C for 2 hours with a magnetic stirrer. 

After stirring samples were placed in a water bath for about 5-6 hours and finally 

dried in an air oven at 383K. The samples thus obtained are known hereafter as 

GACNZR 383.   

Best Zr
4+

 impregnation ratio for carbon was selected by the value of burn 

off / carbon yield.  It is further activated under steam in a temperature programmed 

furnace designed/maintained in the laboratory at different activation temperatures 

(473 K, 673 K, 873 K, 1073 K and 1273 K). The resulted products were labelled 

as GACNZR 473, GACNZR 673, GACNZR 873, GACNZR 1073 and GACNZR 

1273. 
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2.2.7 Preparation of GACONZR Carbons 

Impregnation was done by mixing the GACO 383 and activating agent of 

zirconia (same Zr
4+

/carbon ratio, which is choosen for GANZR series) at 85C for 

2 hours with a magnetic stirrer. After stirring samples were placed in a water bath 

for about 5-6 hours and finally dried in an air oven at 383 K. The carbon thus 

obtained is known hereafter as GACONZR 383.  It was further activated under 

steam in a temperature programmed furnace designed/maintained in the 

laboratory at different activation temperatures (473 K, 673 K, 873 K, 1073 K and 

1273 K). The resulted products were labelled as GACONZR 473, GACONZR 

673, GACONZR 873, GACONZR 1073 and GACONZR 1273. 

2.3  Carbonisation Procedure 

Carbonisation is a process in which starting material is subjected to heat 

treatment in an inert atmosphere, where volatile components are burned off at 

higher temperatures. This results in a consolidation of the char where carbon 

micro-crystallites are getting reorganised preserving the interlayer lattices. During 

this process of activation carbon content of the resulting product becomes high 

and decreases in the contents of heteroatom due to decomposition of some groups 

which are readily destroyed. The carbonized materials have a developed pore 

structure. These pores on carbonised char is furthermore developed and enhanced 

during the course of the activation process. This converts the carbonized raw 

material into a form that contains the greatest possible number of randomly 

distributed pores of various sizes and shapes. Hence gives extended and 

extremely high surface area of the product. Prior to carbonisation the impregnated 

carbon was transferred into a clean and pre-weighed crucible. It is then placed in a 

temperature-controlled muffle furnace with 50 cm internal diameter and heated at 

different temperature of 383 K, 473 K, 673 K, 873 K, 1073 K and 1273 K in a 

continuous flow of steam into the heating chamber. After this process, the carbon 

was allowed to cool within the furnace to room temperature, and then it is taken 

out and stored in air tight container.  
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Figure 2.1: The experimental setup for the carbonization of the native 

carbon char under steam flow in a temperature programmed furnace 
 

 

 
Figure 2.2: Schematic representation of newly prepared Zr incorporated 

granular activated carbons 
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2.4  Methods 

2.4.1 Carbon Yield and Burn Off 

The yield of activated carbon can be regarded as an indicator of the efficiency 

for the activation process. The yield of activated carbon is calculated as the 

percentage weight of the resultant activated carbon divided by weight of raw carbons. 

𝐶𝑎𝑟𝑏𝑜𝑛 𝑦𝑖𝑒𝑙𝑑  % =
 𝑊𝑡 

   𝑊𝑖 
 ×  100                                                             (2.5) 

Wt is the weight of activated carbon after activation; Wi is the weight of raw carbon. 

Burn off refers to the weight difference between the weight of activated carbon after 

activation and weight of raw carbon divided by the weight of raw carbon. 

𝐵𝑢𝑟𝑛 𝑜𝑓𝑓  % =
𝑊𝑖 − 𝑊𝑡

𝑊𝑖
× 100                                                      (2.6) 

2.4.2 Elemental Analysis 

The percentage of prominent elements C, H, N, and S present in the new 

carbons are analyzed using Elementar Vario EL III, the percentage of oxygen was 

calculated by the difference using the formula  

𝑂𝑥𝑦𝑔𝑒𝑛  % = 100 −  𝐶% + 𝐻% + 𝑁% + 𝑆%                                      (2.7) 

2.4.3  Boehm Titration 

The Boehm titration method was used for the quantitative measurement of 

surface functional groups on the activated carbon. The characterization of acidic 

functional groups carboxyl, lactones and phenols are determined by neutralization 

with 0.05 N solutions of NaHCO3, Na2CO3 and NaOH, respectively. A small 

quantity (0.15g) of powdered carbon was shaken with 30 ml of 0.05N NaHCO3, 

Na2CO3 and NaOH for 20 hours. The content was separated and the filtrate 

collected for the analysis, further this aliquot of the solution was titrated with 

0.05N HCl. Similarly, basic functional groups were estimated by neutralization 

with 30 ml of 0.05 N HCl for 20 hours after that solution is filtered and titrated 

against 0.05N NaOH [6]. 
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2.4.4  Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier transform infrared (FTIR) spectroscopy is the most commonly used 

spectroscopic techniques for the analysis of chemical structure of activated 

carbons. The surface groups of different oxides present on activated carbon were 

identified using “Thermo Nicolet, Avatar 370”. The FTIR spectra were measured 

using KBr disks containing wt % finely ground carbon samples, with a spectral 

resolution of 4 cm
-1

 in the range 4000-400 cm
-1

. 

2.4.5  X-ray Photoelectron Spectroscopy (XPS)  

X-ray photoelectron spectroscopy (XPS) is used to characterize the 

chemical structure such as carbon oxygen complexes on surfaces of granular 

activated carbon. This technique measures the kinetic energy of electrons emitted 

from atoms under the influence of irradiation of the sample with x-rays. XPS 

analysis of carbons was made with a spectrometer (AXIS Supra) equipped with a 

500 mm Rowland circle monochromated Al Kα X-rays source.  

2.4.6  X-ray Powder Diffractometry (XRD) 

X-ray powder diffractometry is one of the most powerful and established 

technique for material structural analysis and it is capable of providing 

information about the structure of a material at the atomic level. An XRD 

analyzer (Bruker AXS D8 Advance) was used to measure powder x-ray 

diffraction patterns of the new GAC series. 

Scherrer equation is used to estimate the crystalline size L (La or Lc) of 

nanophase material. 

𝐿 =  
𝐾𝜆

𝐵𝑐𝑜𝑠 𝜃
                                                                                                        (2.8) 

Where Lc is crystalline height along c-axis, La is the crystalline width along 

a-axis. 𝜆 is the wavelength of the x-ray used to measure the diffractograms, 𝜃 is 

the diffraction angle (Bragg angle) and K is the Scherrer constant. For 

carbonaceous materials, values of K for La and Lc are 1.84 and 0.94. 
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2.4.7 Scanning Electron Microscopy (SEM) and Energy Dispersive 

Spectroscopy (EDS) 

Scanning electron microscope (JOEL Model JSM - 6390LV) and energy 

dispersive spectrometer (JOEL Model JED - 2300) used for high resolution 

surface imaging and elemental analysis. Different elements and surface 

topographies emit different proportion of electrons, due to which the contrast in a 

SEM microgrpah is representative of the surface topography and distribution of 

elemental composition on the surface. 

2.4.8 High Resolution Transmission Electron Microscopy (HRTEM) 

High resolution transmission electron microscopy is a microscopy 

technique.  HRTEM JOEL/JEM 2100 model is used for producing images of 

carbon. In this technique image is formed from the interaction of the electrons 

transmitted through an ultra-thin specimen. 

2.4.9 UV-Visible Spectrophotometery 

Ultraviolet-visible spectrophotometry is used for the quantitative 

determination of different analyte. Cary 50 Probe Spectrophotometer was used for 

the estimation of phenol, p-nitrophenol, and methelene blue (MB) in  the batch 

adsorption studies.    

2.4.10 Inductively Coupled Plasma–Mass Spectrometry (ICP-MS) 

Inductively coupled plasma–mass spectrometry (ICP-MS) combines of two 

well-established techniques, namely the inductively coupled plasma and mass 

spectrometry. The concentrations of trace elements were measured by ICP-MS 

(Thermo scientific iCAP Qc) including QCell technology combining proven He 

KED (kinetic energy discrimination) interference reduction capabilities with a 

flatapole low mass cut-off. 

2.5  Other Instruments  

2.5.1 Water Bath 

Labline water bath incubator Model No. WBIS-3 with temperature control 

was used to get the modified carbons dried.  



Chapter 2 

40 School of Environmental Studies,   
Cochin University of Science and Technology 

 

2.5.2  Water Bath Shaker 

LABLINE shaking water bath having a temperature variation of ± 1.0 was 

used for all the equilibrium batch experiment studies. 

2.5.3  Air Oven 

 LABLINE oven is used for drying the sample. 

2.5.4  Autoclave 

KEMI (15 lbs) made stainless steel autoclave are used for steam generation. 

2.5.5  Muffle Furnace 

A Fourtech model muffle furnace was used for heat treatment steps. The 

temperature range varied between 20
 
-1500 

0
C with an accuracy of 5 C. 

2.5.6  Weighing Balance 

Reagents were weighed on SARTORIUS BP 211D digital weighing device. 

2.5.7 pH 

pH measurements were made using the Digital pH meter MK VI with a 

sensitivity of +/- 0.01was used. 

2.6  Glass Wares 

All the glassware‟s (Borosil make of Grade A) were cleaned with a 

concentrated chromic acid solution followed by rinsing with distilled water. 

2.7  Chemicals 

All the chemicals used were of analytical reagent grade of purity 98% 

purchased from Merck, Alpha chemicals, Spectrochem etc.  

2.8  Solid –Gas Equilibria: Adsorption Studies 

Characterization of GAC by N2 adsorption-desorption isotherms at 77 K 

was carried out volumetrically using Micromeritics TriStar 3000 V6.07 A. Total 

surface area, micropore and mesopore surface area, total pore volume, micropore 
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and mesopore volume, and pore size distribution of the carbons are determined. 

The porous structure of new GACs are analyzed by applying various isotherm 

equations like Langmuir, Freundlich, Brunauer-Emmett-Teller (BET), Dubinin-

Radushkevich (D-R), Alphas S (α s), t - plot, BJH, and John isotherm etc. 

2.9  Solid – Liquid Equilibria: Batch Adsorption Studies 

The adsorption efficiency of the modified GAC‟s with respect to selected 

organic compounds; phenol, p-nitrophenol, and methylene blue (MB) were 

determined using a batch adsorption method. The effect of various parameters 

like initial concentration, contact time and temperature on the efficiency to 

remove adsorbate was investigated. The ultimate analysis was carried out by UV-

Visible spectrophotometer at 268 nm (phenol), 317 nm (p-nitrophenol), and 650 nm 

(methylene blue) respectively. The adsorption equilibrium data were well explained 

by Langmuir, Freundlich, Dubinin-Radushkevich, and John - Sivanandan Achari 

(J-SA) isotherm models. Adsorption data obtained from different time interval are 

subjected to pseudo first order, pseudo second order and intra particle diffusion 

models to determine the rate controlling parameters. The thermodynamic 

behaviour of adsorption system was evaluated by conducting batch experiments at 

five selected temperatures (283, 293, 303, 313 & 323 K).  

2.10  Adsorption – Desorption Isotherm Procedure 

The N2 adsorption-desorption isotherm data were obtained by using 

Micromeritics (TriStar 3000 V6.07 A). The adsorption data are represented by 

several isotherm equations for the determination of the surface area of the 

adsorbent, the volume of the pores, and their size distribution.  

2.10.1 Type of Adsorption Isotherm 

Experimental adsorption isotherms measured on a wide variety of gas-solid 

systems were grouped into six classes in the IUPAC classification [7]  

The Langmuirian isotherm or Type I isotherms are characterized by a 

plateau that is almost horizontal and parallel to the relative pressure axis. The 

adsorption in Type I isotherms does not increase continuously, but attains a 

limiting value shown by the plateau is due to the pores being so narrow that they 
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cannot accommodate more than a single molecular layer. These types of 

isotherms are exhibited by microporous solids having relatively small external 

surface area. The Type II isotherm corresponds to multilayer physical adsorption. 

The shape of isotherm is concave to the x-axis at low relative pressures then 

almost long linear and finally convex to the p/po axis. The point at which the 

linear portion begins was termed as point B and this point was taken as the point 

at which the monolayer is completed. The Type III and Type V isotherms are not 

common and are characterized by being convex to the pressure axis. Type III 

isotherms are convex to the p/po axis over the complete range; it also indicates 

unrestricted multilayer formation process. Adsorption on mesoporous solids 

proceeds via multilayer adsorption followed by capillary condensation results in 

Type IV and Type V isotherms. The most significant characteristic of Type IV and 

Type V isotherms is adsorption-desorption hysteresis. Type V isotherm reaches a 

plateau at fairly high relative pressures, often at p/po higher than 0.51, i.e., in the 

multilayer region. Type VI isotherm or stepped isotherm is relatively rare and is 

associated with layer-by-layer adsorption on a highly uniform surface. The step 

height and sharpness depend on the system and temperature. Amongst the best 

examples for Type VI isotherms are those obtained with Ar or Kr on graphitized 

carbon blacks at liquid nitrogen temperature [8].  

 

 

 

Figure 2.3: The  IUPAC classification 

of adsorption isotherms  

Figure 2.4: The  IUPAC classification 

of  Hysteresis loops 
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Figure 2.4 shows the IUPAC classification of of hysteresis loops. 

According to IUPAC, Type H1 is often associated with porous materials 

consisting of well-defined cylindrical-like pore channels or agglomerates of 

approximately uniform spheres. Type H2 ascribes materials that are often 

disordered where the distribution of pore size and shape is not well defined and 

also indicative of bottle neck constrictions. Materials that give rise to H3 

hysteresis have slit-shaped pores. Type H4 hysteresis is also often associated with 

narrow slit pores [9]. 

2.10.2 Determination of Porosity and Surface area 

The physical properties of the GACs such as specific surface area, pore 

volume and pore size distribution can be found out using Nitrogen (N2) gas 

adsorption-desorption isotherms at 77 K. Some of the isotherms which are 

frequently used by researchers are applied in this study and is discussed in detail 

in the following sections. 

The most commonly used equations to interpret adsorption isotherms are 

Brunauer-Emmet-Teller (BET), I plot method, Langmuir, Freundlich, Dubinin-

Radushkevich (D-R), Alpha S (αS), John Isotherm, t - plot, and BJH  isotherm.  

2.10.2.1 Brunauer-Emmett-Teller (BET) Model 

The basic assumption of the BET theory is that the first layer of adsorbed 

molecules acts as a support for the adsorption of the second layer of molecules, 

which in turn acts as a support for the third layer, and so on, so that the concept of 

localization is maintained in all layers. Furthermore, the forces of interaction 

between the adsorbed molecules are neglected [10].  

The simple or infinity form of the BET equation is given as 

𝑉 =
𝑉𝑚𝐶𝑝

(𝑝0 − 𝑝) 1 +  𝐶 − 1 𝑝
𝑝0

  
                                                                  (2.9) 

It can be rewritten in the linear form as   

1

𝑉 (
𝑝0

𝑝 − 1)
=  

1

𝑉𝑚  𝐶
+

𝐶 − 1

𝑉𝑚𝐶
  

𝑝

𝑝0
                                                          (2.10) 
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A plot gives a straight line with intercept 
1

𝑉𝑚𝐶
 and slope  

𝐶−1

𝑉𝑚𝐶
 , from these 

the monolayer volume Vm and the constant C can be calculated. 

𝐶 =
𝑠𝑙𝑜𝑝𝑒 + 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡

𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
                                                                                (2.11) 

𝑉𝑚 =
1

𝑠𝑙𝑜𝑝𝑒 + 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
                                                                              (2.12) 

From monolayer volume, Vm the specific surface area can be calculated by 

using the relationship 

𝑆𝐴𝐵𝐸𝑇 = 𝑎𝑚  𝑁. 𝑉𝑚                                                                                           (2.13) 

Where Vm is the volume of gas adsorbed, N is the Avogadro number (6.023  10 
23 

molecules/ mole).  

According to the classical BET method, the specific surface area of the 

adsorbent is usually measured by adsorption of nitrogen at 77 K using molecular 

area of nitrogen as 0.162 nm
2
 

𝑆𝐴𝐵𝐸𝑇 =  
𝑉𝑚 (𝑐𝑚3 𝑔 )  × 6.023 × 1023 × 0.162 × 10−18

22414
                 (2.14) 

2.10.2.2 I Plot Method 

The I point method is the one alternative procedure to obtain specific area 

described by Pomonis and collaborators. It uses a nonlinear form of the original 

BET equation, i.e. BET-Scatchard (B-S) equation [11]. 

 𝑝 𝑝0  [𝑉 1 −  𝑝 𝑝0 )  =  1 𝐶𝑉𝑚 +
 𝐶 − 1  𝑝 𝑝0  

𝐶𝑉𝑚
                                 (2.15) 

𝑉 (1 − (
𝑝

𝑝0
 )

𝑝
𝑝𝑜

 
= 𝐶𝑉𝑚 −  𝐶 − 1   𝑉  1 −  

𝑝
𝑝𝑜

                                        (2.16) 

A plot of  V[1-(p/p0 )]/(p/p0 )  versus  V[1-( p/p0)] provided an inclined V-shaped 

graph, i.e. similar to the notation  with an inversion point termed as I point. The 

extrapolation of this point towards the x-axis yields the monolayer capacity VI, 

and from this surface area (SAI), is calculated. 

𝑆𝐴𝐼 = 4.353 𝑉𝑚                                                                                                (2.17) 
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2.10.2.3 Langmuir Isotherm Model 

The Langmuir equation was originated from the basis of dynamic 

equilibrium meaning that the rate of molecules being adsorbed onto the surface 

equal the rate of removing of the adsorbed molecules from the surface i.e. rate of 

adsorption is equal to rate of desorption [12]. 

The rate of adsorption, 𝑟𝑎𝑑 = 𝐾𝑎  𝑃 1 − 𝜃                                                (2.18) 

The rate of desorption, 𝑟𝑑𝑒 = 𝐾𝑑𝜃                                                               (2.19) 

Where θ is a fraction of the total sites occupied by the vapour at an 

equilibrium partial pressure, Kd desorption rate constant, and Ka adsorption rate 

constant 

At equilibrium, 𝐾𝑑𝜃 =  𝐾𝑎  𝑃  1 − 𝜃                                                         (2.20) 

𝜃 =  
𝐾𝑎𝑃

𝐾𝑑 + 𝐾𝑎𝑃
=  

 𝐾𝑎 𝐾𝑑  𝑃

1 +  𝐾𝑎 𝐾𝑑  𝑃
                                                              (2.21) 

𝜃 =  
bP

1 + bP
                                                                                                      (2.22) 

The fraction 𝜃 of the surface covered can also be written as the ratio of 

volume V of the gas or vapour adsorbed at pressure P and Vm, the volume of the 

adsorbate required to form a monomolecular layer. Thus, Equation (2.22) can also 

written as 

𝑉

𝑉𝑚
=

𝑏𝑃

1 + 𝑏𝑃
                                                                                                    (2.23) 

Rearrangement of the above equation gives the linear form of Langmuir 

Isotherm equation 

𝑃

𝑉
=

1

𝑏𝑉𝑚
+

𝑃

𝑉𝑚
                                                                                                 (2.24) 

From this surface area (SAL) can be calculated as 

𝑆𝐴𝐿 =  
𝑉𝑚 (𝑐𝑚3 𝑔 )  × 6.023 × 1023 × 0.162 × 10−18

22414
                     (2.25) 
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2.10.2.4 Freundlich Isotherm Model 

It is applicable only in the middle ranges of vapour pressures. The general 

form of the Langmuir isotherm is written as 

𝑉 =
𝑉𝑚𝑏𝑃

1 + 𝑏𝑃
                                                                                                      (2.26) 

At low pressures, bP is much smaller than unity and, therefore, can be 

neglected in the denominator so that the equation becomes.  

𝑉 = 𝑉𝑚  𝑏𝑃                                                                                                         (2.27) 

Indicating that the amount adsorbed is proportional to the first power of the 

pressure. 

 At high pressures, 𝑉 = 𝑉𝑚                                                                             (2.28) 

The amount adsorbed becomes independent of the pressure. It is thus 

apparent that in the middle ranges of pressure, the amount adsorbed can be 

represented by a fractional exponent 1/n. This will tend to vary between zero and 

unity, depending upon whether the pressure increases or decreases. This can be 

expressed by a general form of the adsorption equation  

𝑉 = 𝑉𝑚𝑏𝑝
1

𝑛                                                                                                      (2.29) 

𝑉 =  𝐾𝐹𝑃
1

𝑛                                                                                                       (2.30) 

on linearization the equation becomes   

log 𝑉 = 𝑙𝑜𝑔𝐾𝐹 + 1 𝑛 log 𝑃                                                                          (2.31) 

2.10.2.5 Dubinin- Radushkevich (D-R) Isotherm Model 

Dubinin - Radushkevich (D-R) model is basically developed for the 

prediction of adsorption process in microporous materials. Dubinin and 

Radushkevich postulated an equation which allows the micropore volume to be 

calculated from the adsorption isotherm [13] [1]. 
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They suggested that for microporous active carbons (or porous materials), 

volume of adsorption space can be expressed as a Gaussian function of the 

corresponding adsorption potential 

𝑉 = 𝑉  𝑒                                                                                                           (2.32) 

𝑉 = 𝑉0 𝑒𝑥𝑝(−𝜀0
2)                                                                                            (2.33) 

Where Vo is the total volume of all the micropores, ε is Polanyi potential 

𝜀 =  
𝜖

𝛽𝐸
                                                                                                             (2.34) 

Where 𝛽 is a constant called the affinity coefficient (0.33 for nitrogen), E is the 

characteristic energy 

𝑉 = 𝑉0 𝑒𝑥𝑝  
−𝜀

𝛽𝐸
 

2

                                                                                         (2.35) 

ε = RT ln
po

p
                                                                                                     (2.36) 

V = V0 exp  
−RT ln

p0
p  

βE
 

2

                                                                      (2.37) 

lnV = ln V0 −  
RT

β𝐸
 

2

 ln
po

p
 

2

                                                                     (2.38) 

lnV = ln V0 − D  ln
po

p  
2

                                                                           (2.39) 

𝐷 =  
𝑅𝑇

𝛽𝐸
 

2

                                                                                                       (2.40) 

A plot of logV versus (log po/p)
2
 gives a straight line at very low p/p0 value 

where the micropores are considered to be completely filled. From the intercept of 

the linear plot the micropore volume can be calculated. Where V is the volume of 

nitrogen adsorbed, V0 is the micropore volume, p/p0 is relative pressure and D is a 

constant related to the micro pore structure.  

𝐸 =
𝑅𝑇

𝛽
 

2.303

𝐷
                                                                                               (2.41) 

Dubinin and Stoeckli proposed that E can be related to the average 

micropore width L, for a carbonaceous adsorbent by the following simple formula  
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𝐿 = 6.6 − 1.79 ln 𝐸 𝑛𝑚                                                                                  (2.42) 

micropore surface area (SAmi) related to pore width according to the following 

empirical formula.  

𝑆𝐴𝐷−𝑅 = 2 ×
103𝑉0

𝐿
    𝑚2 𝑔                                                                        (2.43) 

2.10.2.6 Alpha S (αs) Method 

The Alpha S (αS) method allows assessing the effective micropore volume 

and external surface area of microporous solid. The αS method is based on the 

comparison of the experimental physisorption isotherm of the studied  porous 

sample to that of a non-porous material chosen as a reference. The reference 

isotherm in the Alpha S method is a plot of the amount of gas adsorbed, 

normalized by the amount of gas adsorbed at a fixed relative pressure versus p/p0. 

The reference relative pressure is usually taken as p/p0 = 0.4, and the normalized 

Vads/ Vads(0.4) is plotted. The slope of the plot is equal to the ratio of external 

surface area [14]. 

The external surface area, SAext, is calculated using the equation,   

𝑆𝐴𝑒𝑥𝑡 = 2.86 ×
𝑉

∝𝑠
                                                                                         2.44  

Where V is the amount of N2 gas adsorbed at p/p0 = 0.4 (cm
3
/g STP) and the factor 

2.86 is obtained by calibrating against the BET area of sooty silica‟s.  

2.10.2.7 John Isotherm Model 

John isotherm models
 

are used to express the adsorption phenomena 

exhibited by numerous porous materials. It is applied to various adsorption 

systems in its general form. 

𝑙𝑜𝑔𝑙𝑜𝑔𝑃 = 𝐶 + 𝑛 𝑙𝑜𝑔𝑉                                                                                  (2.45)                                                                      

𝑊𝑒𝑟𝑒, 𝑃 = 𝑝 𝑝0  × 10𝑁                                                                                2.46  

Where p/p0 is the relative pressure, C is a constant, n is the slope of john 

isotherm plot is a measure of adsorption efficiency of the porous material reported 

as adsorbability constant [1].  
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‘N‟ is taken conveniently to make log P positive thereby log log P could be 

found. Different phases of adsorption can be identified that constitute the distinct 

pore filling mechanism. The finer micropore filling, sub monolayer filling, 

monolayer completion has been observed as distinct phases for adsorption on 

microporous carbons [15-17]. 

2.10.2.8 t-Plot Method 

Lippens and de Boer made use of the universal t-plot method as a standard 

isotherm for nitrogen adsorption at 77 K for assessing the micropore volume and 

the external area.  It is a plot of the volume of gas adsorbed as a function of t, 

(standard multilayer thickness). By this method, specific surface area, can be 

calculated from the slope [18, 19]. 

The t values are calculated as a function of the relative pressure using the 

equation. 

𝑡 = [13.99 (0.034 − log  
𝑝

𝑝0
 )] 

0.5

                                                            (2.47) 

Where t is the thickness of the pores and p/p0 is the relative pressure. 

The external surface area SAExt of the microporous carbon can be derived 

from the slope of the t-plot  

𝑆𝐴𝐸𝑋𝑡 =
𝑆𝑙𝑜𝑝𝑒 × 1010  × 𝐷

𝐹 × 106
                                                                      (2.48) 

Where D is the density conversion factor 0.00015468 and F is surface area 

correction factor, for most samples it is taken as 1. 

Micropore volume (cm
3
 liquid/g) is determined by 

𝑉𝑚𝑖 = 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡  𝑐𝑚3 𝑔 𝑆𝑇𝑃  × 𝐷                                                          (2.49) 

The micropore surface area (SAmi) can be calculated from the relation   

𝑆𝐴𝑚𝑖 =  𝑆𝐴𝐵𝐸𝑇 − 𝑆𝐴𝐸𝑥𝑡                                                                                 (2.50) 

Where SABET  is the BET surface area and SAExt is the external surface area 
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2.10.2.9 Barrett Joyner and Halenda (BJH) Method 

In the year 1951 Barrett, Joyner and Halenda proposed a method for the 

estimation of pore volume and surface area of various adsorbents using N2 

isotherm. They proposed this as a correction term for the theories proposed by 

Wheeler, Shull and Outlon, as most of them are insufficient to deal with 

adsorbents with high pore size. The BJH theory is based on the assumption that 

the nitrogen adsorption in the pores takes place by physical adsorption as well as 

capillary condensation. These two factors determine the equilibrium between the 

gas and liquid phase at high p/p0. With this assumption they calculated the pore 

volume and surface area distribution with respect to the pore radius [20]. 

In the BJH method, the distribution curves of pore volume and surface area 

are drawn as a function of pore diameter from the N2 adsorption desorption 

isotherm. The cumulative surface areas, pore volumes and pore width were 

computed from the adsorption as well as desorption branch of the N2 isotherm.  

The cumulative surface area was calculated using the equation 

𝑆𝐴𝑐𝑢𝑚 = 2  
𝑉𝑝𝑖

𝑟𝑝𝑖                                                                                    (2.51) 

The Kelvin equation provides the relationship between the cylindrical pore 

radius (r), adsorbed layer thickness (t), and the adsorbed liquid N2 meniscus radius 

(rK) 

𝑟𝑝 = 𝑡 + 𝑟𝐾 = 𝑡 −
4.5

log(
𝑝

𝑝0
)

                                                                             (2.52) 

𝑡 = [13.99/(0.034 − log(𝑝 𝑝0 ))]0.5                                                         (2.53) 

The average pore diameters were calculated using the formula considering 

cylindrical form of the pores 

𝑑𝑎𝑣 = 4
𝑉𝑝

𝑆
 , where 𝑆 denotes 𝑆𝐴𝐵𝐸𝑇                                                 (2.54) 

The accessibility of pores on new prepared carbon to molecules of given 

size and shape is determined by their pore size distribution (PSD). 
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2.11  Solid-Liquid Equilibrium 

2.11.1 Phenol (P) and P-Nitrophenol (PNP) 

Phenol is an organic pollutant has a molecular weight of 94.11 g/mol, 

appears as transparent crystalline solid. Chemically it is slightly acidic. Inhalation 

of phenol can cause irritate the nose, throat, and lungs. Higher exposures may 

cause a build-up of fluid in the lungs.  Ingestion of as little as 1 gram of phenol 

can be fatal to humans. It can also cause severe eye damage, including blindness. 

P-Nitrophenol is used in this study as an adsorbate/pollutant molecule has 

molecular weight of 139.11 g/mol and appears as light yellow crystalline solid. 

Reagents: The phenol and p-nitrophenol used in the present study were of 

analytical reagent grade (99.99 % pure) supplied by Merck.  The stock solution 

containing 3000 mg/L of standard phenol, as well as p-nitrophenol, was prepared 

by dissolving 3g of AR grade reagent in distilled water and made upto 1000ml. 

Standard solution of phenol and p-nitrophenol (25, 50, 75, 100, 150, 200, 250, 

350, 500, 750, 1000, 1250, 1500, 2000, 2500 mg/L) were prepared by diluting the 

stock solution into appropriate volume by using distilled water. 

2.11.2 Methylene Blue (MB) 

Methylene blue is cationic dyes have been classified as one of the toxic 

colorants. It has a molecular weight of 319.85 g/mol. It causes irritation to the 

gastrointestinal tract with symptoms of vomiting and diarrhoea. Among the various 

industries involved in process of dyes, textile industry ranks first in usage of dyes. 

Reagents: A stock solution of methylene blue (MB) was prepared by 

weighing a given quantity of the chemical and dissolving it in an appropriate 

volume of distilled water. From the stock solution, dilution was done to prepare 

the desired concentration of MB solutions (25, 50, 75, 100, 150, 200, 250, 350, 

500, 750, 1000, and 1500 mg/L).  

2.11.3 Equilibrium Batch Tests 

Adsorption batch experiments were carried out by contacting 0.05g of 

carbon particle with 50 ml of adsorbate solution of different initial concentration. 
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The adsorbant – adsorbate contact was made in 100 ml Erlenmeyer flasks using 

temperature controlled water bath shaker. At the end of the predetermined time 

interval bottles were withdrawn one by one from the water bath shaker and 

adsorbent was filtered off using Whatmann No.1 filter paper. The remaining 

solution has been quantitatively analysed by using UV-Visible spectrophotometer. 

Absorbance of phenol measurements were made at 268 nm, nitrophenol at 317 nm 

and methylene blue were done at 650 nm. The adsorption isotherm plots analysis 

as a function of contact time revealed that 8 hour is enough to reach the 

adsorption equilibrium for phenol and p-nitrophenol. Whereas equilibrium time of 

10 hour is required for methylene blue. Adsorption data obtained from solid-

liquid equilibrium is subjected to various isotherm models such as Langmuir, 

Freundlich, Dubinin –Radushkevich and John-Sivanandan Achari isotherms. 

2.11.3.1 Langmuir Isotherm 

The relationship between the amount adsorbed and the corresponding 

equilibrium concentration can be expressed by Langmuir isotherm in solid-liquid 

equilibria. The linearized form of Langmuir equation is    

𝐶𝑒

𝑞𝑒
=  

1

𝐾𝐿
+

𝑎𝐿

𝐾𝐿
 𝐶𝑒                                                                                             (2.55) 

Where Ce (mg/l) is the equilibrium concentration of the adsorbate, qe (mg/g) is the 

amount of adsorbate adsorbed per unit mass of adsorbent, KL (dm
3
/g) and aL 

(dm
3
/mg) are the Langmuir constants related to maximum adsorption capacity and 

the energy of adsorption. These constants are evaluated from slope and intercept 

of the linear plot. 

The favourability of a Langmuir adsorption process can be determined by a 

dimensionless constant separation factor RL   

𝑅𝐿 =  
1

1 + 𝑎𝐿𝐶𝑜
                                                                                                (2.56) 

RL value implies the adsorption to be unfavourable (RL > I), linear (RL= I), 

favourable (0 < RL < 1), or irreversible (RL = 0).  
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2.11.3.2 Freundlich Isotherm 

The Freundlich isotherm is an empirical equation that can be used for 

heterogeneous systems with interaction between the molecules adsorbed. 

The linear form of the Freundlich isotherm model is given by the following 

equation 

𝑞𝑒 =  𝐾𝐹  𝐶𝑒
1/𝑛

                                                                                                   (2.57) 

log 𝑞𝑒 = 𝑙𝑜𝑔𝐾𝐹 +
1

𝑛
𝑙𝑜𝑔𝐶𝑒                                                                             (2.58) 

The parameter KF is a measure of the adsorption capacity and 1/n 

determines intensity of adsorption. If 1/n is below one it indicates a normal 

adsorption. A plot of  log qe versus log Ce gives a straight line whose intercept is 

log KF and slope is 1/n, from that the values of n and KF can be calculated 

2.11.3.3 Dubinin-Radushkevich (D-R) Isotherm 

In the case of liquid-phase adsorption Dubinin-Radushkevich equation 

assumes that the adsorption in micropores is limited to a monolayer. The linear 

form of D-R equation for liquid phase is expressed as  

𝑞 = 𝑞𝑚 exp  −𝛽𝜀2                                                                                        (2.59)  

𝑙𝑛𝑞 = 𝑙𝑛𝑞𝑚 − 𝛽𝜀2                                                                                           (2.60) 

Where qm is the maximum sorption capacity, β is the activity coefficient 

related to mean adsorption energy, and ε is the Polanyi potential, which is 

defined as 

𝜀 = 𝑅𝑇𝑙𝑛  1 +
1

𝐶𝑒
                                                                                            (2.61)    

The mean free energy, E per molecule of adsorbate (for removing a 

molecule from its location in the sorption space to the infinity) can be computed 

by the relationship  

𝐸 =
1

 2𝛽
                                                                                                           (2.62) 
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2.11.3.4 John – Sivanandan Achari Isotherm  

The originally developed equation for solid - gas equilibria was modified for 

solid-liquid equilibria as John-Sivanandan Achari (J-SA) equation [21-23] 

𝑙𝑜𝑔𝑙𝑜𝑔 𝐶𝑒 = 𝐶 + 𝑛𝑙𝑜𝑔 𝑞𝑒                                                                              (2.63) 

Where, Ce is equilibrium adsorbate concentration Ce = Ce×10
N
 and the significance 

of N is already mentioned above. C is a constant and n is the adsorbability constant. 

From equation 2.63,              

log 𝑞𝑒 =  
𝑙𝑜𝑔𝑙𝑜𝑔𝐶𝑒 − 𝐶

𝑛
                                                                               (2. 64)

 

Where C and ‘n’ are the intercept and slope respectively.‘n’ referred as 

adsorbability constant of John isotherm is a measure of adsorption efficiency. 

2.11.4 Kinetic Studies 

In order to optimise the design of sorption system we need to analyse the data 

by using kinetic equations which provide valuable insights into the reaction 

mechanism so that it is important to predict the rate at which the pollutant is removed.   

The kinetics of adsorption of organic molecules is described by the solute 

uptake rate that determines the residence time required for the adsorption 

reaction. It is well established that the adsorption kinetics ultimately controls the 

process efficiency. The sorption of organic compounds from liquid phase to a 

solid phase can be considered as a reversible process, with equilibrium being 

established between the two phases. To analyse the adsorption rate of adsorbate 

on GACs, kinetic study was carried out using concentration of 250 mg/L. 

Adsorption data were correlated by using simplified kinetic models including 

pseudo first order, pseudo second order and intra particle diffusion models.  

2.11.4.1 Lagergren Pseudo-First Order Kinetics  

Pseudo first order equation proposed by Lagergren, 1898 [24] based on the 

assumption that the rate of adsorption is proportional to the difference between 

the maximum capacity qe, at equilibrium and the capacity qt at any time, t.  
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𝑑𝑞

𝑑𝑡
= 𝐾1   𝑞𝑒 − 𝑞𝑡                                                                                            (2.65) 

After integration by applying the initial conditions q = 0 at t = 0 and q = qt 

at t = t, Equation (2.65) becomes: 

𝑙𝑜𝑔  
𝑞𝑒

𝑞𝑒 − 𝑞𝑡
 =  

𝑘1𝑡

2.303
                                                                                 (2.66) 

Linearised form of equation is given by  

𝑙𝑜𝑔 𝑞𝑒 − 𝑞𝑡 = 𝑙𝑜𝑔𝑞𝑒 −
𝐾1𝑡

2.303
                                                                   (2.67) 

Where qe and qt are amounts of adsorbate adsorbed (mg/g) at equilibrium and at 

time t respectively, K1 is the first order rate constant for adsorption (min
-1
). 

2.11.4.2 Ho Pseudo-Second Order Kinetics 

It is assumed that the adsorption capacity is proportional to the number of 

active sites occupied on the adsorbent, then the kinetic rate law can be rewritten 

as [25, 26]. 

𝑑𝑞

𝑑𝑡
= 𝐾2(𝑞𝑒 − 𝑞𝑡)2                                                                                         (2.68) 

K2 is the rate constant of sorption (g/mg min), qe is the amount of solute 

adsorbed at equilibrium (mg/g), and qt (mg/g) is amount of solute adsorbate on 

the surface of the sorbent at any time t. 

Integrating above equation at boundary condition t = 0 to t = t and qt = 0 to 

qt  = qt gives  

1

𝑞𝑒 − 𝑞𝑡
=

1

𝑞𝑒
+ 𝐾𝑡                                                                                           (2.69) 

Rearrangement of the above equation gives linearised form of equation  

𝑡

𝑞𝑡
=

1

𝐾2𝑞𝑒
2 +

1 

𝑞𝑒
𝑡                                                                                             (2.70) 
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Equation (2.70) can be rearranged to obtain a linear form 

𝑡

𝑞𝑡
=

1


+

1 

𝑞𝑒
𝑡                                                                                                    (2.71) 

Where h = K2qe 
2
 (mg g

-1
min

-1
) can be regarded as the initial adsorption rate as t→0  

2.11.4.3 Intraparticle Diffusion Model 

The possibility of intraparticle diffusion was examined using the intraparticle 

diffusion model, taking into account that during the course of adsorption the 

adsorbed amount is proportional to the square root of the contact time, t [27]. The 

rate parameters for intraparticle diffusion (Kid)  at different initial concentrations 

are determined using the following equation. 

𝑞𝑡 = 𝐾𝑖𝑑   𝑡
1

2                                                                                                    (2.72)    

Where Kid is the intraparticle diffusion constant (mg/gmin
1/2

). It calculated from 

linear plot of qt versus t 
½
.  

2.11.5 Diffusion Coefficient 

Diffusion coefficient, also called diffusivity, is an important parameter 

indicative of the diffusion mobility. This kinetic expression given by Boyd et al. 

predicts the actual slowest step involved in the adsorption process for different 

adsorbent -  adsorbate systems. It is given by [28] 

𝐹 𝑡 = 1 −
6

𝜋2
 

1

𝑧2
exp  

−𝑍2𝜋2𝐷𝑒𝑡

𝑅𝑎
2                                                       (2.73) 

F(t) = qt /qe is the fractional attainment of equilibrium at time t, De the 

effective diffusion coefficient of adsorbates in the adsorbent phase (m
2
/s), Ra the 

radius of the adsorbent particle and Z is an integer.  

Vermeulen‟s approximation of the above equation fits the whole range                

0< F (t) < t, for adsorption on spherical particles. 

𝐹 𝑡 =  1 − exp  
−𝜋2𝐷𝑒𝑡

𝑅𝑎
2     

1/2

                                                               (2.74) 
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This equation could further be simplified to cover most of the data points for 

calculating effective particle diffusivity. 

𝑙𝑛  
1

1 − 𝐹2(𝑡)
 =  

𝜋2𝐷𝑒𝑡

𝑅𝑎
2                                                                                (2.75) 

Thus the slope of the linear plot of 𝑙𝑛  
1

1−𝐹2(𝑡)
   versus t would give De.  

2.11.6 Thermodynamic Studies 

In order to understand the nature of adsorption the thermodynamic 

parameters such as free energy change (∆G) and enthalpy change (∆H) and 

entropy change (∆S) are calculated. They are calculated using Van‟t-Hoff 

equation. 

∆𝐺 = −𝑅𝑇𝑙𝑛𝐾𝐿                                                                                                 (2.76) 

KL is Langmuir constant, T is the temperature in Kelvin and R is the gas constant 

(8.314 Jmol
-1

K
-1

) 

𝑙𝑛𝐾𝐿 =
∆𝑆

𝑅
−

∆𝐻

𝑅𝑇
                                                                                             (2.77) 

The slope and intercept of the plot of ln KL versus 1/T were used to 

determine the values of ∆S and ∆H. 

Then, the influence of temperature on free energy of the system was 

evaluated using the equations  

∆𝐺 = ∆𝐻 − 𝑇∆𝑆                                                                                             (2.78)  

In general these parameters indicate that the adsorption process is 

spontaneous or not and exothermic or endothermic. The standard enthalpy change 

(∆H) for the adsorption process is: (i) positive value indicates that the process is 

endothermic in nature (ii) negative value indicates that the process is exothermic 

in nature. The (∆S) indicate measure of disorder/ degree of randomness of the 

adsorbed species [29]. 
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The variations of the thermodynamic parameters with distribution coefficient 

(KD) can be obtained by the relation  

𝑙𝑛 𝐾𝐷 =
∆𝑆

𝑅
−

∆𝐻

𝑅𝑇
                                                                                           (2.79) 

2.11.7 Activation Energy 

The apparent activation energy gives an idea about the influence of 

temperature on diffusivity. The activation energy Ea, was obtained from the 

Arrhenius equation, which is given as follows: 

𝐾 = 𝐴𝑒
𝐸𝑎

𝑅𝑇                                                                                                      (2.80) 

𝑙𝑛 𝐾2 = 𝑙𝑛 𝐴 −
𝐸𝑎

𝑅𝑇                                                                                    (2.81) 

Where Ea is the activation energy (kJ/mol), K2 is the pseudo-second- order rate 

constant, A is the Arrhenius constant, R is the gas constant (8.314 J/mol/K), and T 

is the solution temperature (K). The plots of ln K2 versus 1/T were found to be 

straight lines and the values of Ea were determined from the slope of linear plots. 

2.12 Design of Batch Adsorption from Isotherm Data 

Adsorption isotherms can be used to predict the design of single-stage batch 

adsorption system. Based on the best fitting isotherm, a single stage adsorber as 

shown in Figure 2.5 as designed for different solution concentrations [30]. 

The design objective is to reduce the concentration of known volume (V) of 

solution from an initial concentration of C0 to C1 (mg/l). The mass of adsorbent is 

M and the solute adsorbed on the adsorbent changes from q0 (mg/g) to q1 (mg/g). 

At time t = 0, q0 = 0 and as time proceeds the mass balance equation for the 

sorption system in Figure 2.5 can be written as  

The mass balance equation for adsorbent system can be written as 

𝑉 𝐶0 − 𝐶𝑒 = 𝑀 𝑞0 − 𝑞1 = 𝑀𝑞𝑒                                                               (2.82) 

Under equilibrium condition   C1 →C0 and q1 →qe 

𝑀

𝑉
=

𝐶0 − 𝐶𝑒

𝑞𝑒
                                                                                                    (2.83) 
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Langmuir isotherm is used for batch adsorber design. Equation rewritten as  

𝑀

𝑉
=

𝐶0 −  𝐶𝑒
𝑞0𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒

                                                                                                   2.84  

Where qe is obtained from rearranging the Langmuir equation    𝑞𝑒 =  
𝑞0𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
 

 

 
Figure 2.5: Schematic representation of the single stage batch adsorber system 

2.13  Trace Elements Removal by Activated Carbon 

To determine the ability of granular activated carbons to remove trace 

elements, ground water collected from contaminated site with trace elements are 

used in this study. Physico-chemical parameters of this water are known as it is 

collected from fireworks accident (occurred on 10
th
 april 2016) site of Puttingal 

Devi Temple, Paravoor, Kollam. Adsorption experiments were performed using               

50 ml solution with activated carbon dose of 0.05g. Samples were shaken using water 

bath shaker at 30
0
C. The samples were taken at 8hours after reaction time and filtered 

through Whatmann No.1 filter paper. The concentration of trace elements was 

measured by inductively coupled plasma- mass spectroscopy (ICP-MS). 
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2.14 Statistical Analysis 

Data collected for the study were compiled and analysed statistically using 

the following significant tests. (a) Two factor ANOVA technique for comparison 

of row and column effects (b) Three factor ANOVA technique for comparison 

of row, column and treatment effects,  (c) t- test for testing the significance of an 

observed correlation coefficient 

The mathematical model used for framing the two factor anova is  

𝑋𝑖𝑗 = 𝜇 + ∝𝑖+ 𝛽𝑗 +∈𝑖𝑗                                                                                 (2.85) 

Xij is the observation in the i 
th
 raw and j

th
 column, 𝜇 = overall effect 

∝𝑖  = i
th
 raw effect, 𝛽𝑗  = j

th 
column effect, ∈𝑖𝑗  is the random error  

Wherever the treatment effects were found to be significant, least significant 

difference (LSD) at 5 % level was calculated in order to identify the significant 

treatment effects. 

The mathematical model used for the construction of three factors ANOVA is  

𝑋𝑖𝑗𝑘 = 𝜇 + ∝𝑖+ 𝛽𝑗 + 𝛾𝑘 +∈𝑖𝑗𝑘                                                                    (2.86) 

𝛾𝑘    =  k
th
 treatment effect, ∈𝑖𝑗𝑘  = Random error 

Karl Pearson‟s coefficient of correlation was worked  out using the formula 

𝑟 =  
𝑛 𝑥𝑦 −  𝑥  𝑦

  𝑛 𝑥2 − ( 𝑥)2 ×   𝑛 𝑦2 − ( 𝑦)2

                                    (2.87) 

The significance of the observed correlation coefficient was tested using „t „test 

𝑡 =
𝑟 𝑛 − 2

 1 − 𝑟2
                                                                                                     (2.88) 

n-2 is the degree of freedom  

These analytical procedures, methodologies and statistical tools are applied 

to the respective stages of studies to come out with valuable observations. The 

results are discusses with a sound scientific background in the following chapters. 
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CChhaapptteerr  33  

GRANULAR ACTIVATED CARBON PREPARED BY 
ACTIVATION WITH ZIRCONYL CHLORIDE (GACZR): 

PREPARATION, CHARACTERIZATION AND ADSORPTION 
ISOTHERM STUDIES 

  

 

3.1  Introduction 

Granular activated carbons (GACs) have been widely used in separation 

and purification process, particularly in water treatments to remove organic or 

inorganic pollutants. They are good adsorbents for gases because of their 

extended surface area, high affinity, reaction rate, and specific surface reactivity. 

Adsorption of activated carbons depends largely on many kinds of factors, as raw 

materials used, activation process, the nature of pore structure, and their surface 

functionality. Addition of activating agent during carbonisation, space between 

the aromatic sheets of elementary carbon may get filled with tarry matter (or 

blocked partially by the disorganized carbon) is preferentially burnt out. 

Therefore, the closed and clogged pores between the sheets are getting opened. 

This ultimately contributes to the extra number of voids these are termed as pores 

which make activated carbons excellent adsorbents. The impregnation of carbon 

char with metals and their oxides makes them extremely good catalysts for 

industrial processes. The impregnation of metals modifies the carbonisation 

character and alter the porous structure of the final product. It is seen that, the 

adsorption efficiency of carbon can be better improved by the treating carbon char 

with zirconium ions. Zirconium and its compounds are reported to be 

environmentally safe as having low biotoxicity and are relatively cost effective. 

The most important characteristics are their catalytic potential, high reactivity, 
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relatively large surface area, ease of separation, and a large number of active sites 

for interaction with a number of contaminants [1]. 

In this chapter, the porous structure and surface area developments of a 

series of granular activated carbon (GAC) based on coconut shell prepared under 

different activation conditions and Zr
4+

/GAC incorporation ratio are evaluated. 

Their adsorption efficiency with respect to structural parameters was determined 

using standard isotherm models. Carbon products are referred to as GACZR 

carbons. 

3.2  Granular Activated Carbons – GACZR Series 

There are eight carbons labelled/ nomenclatures as GAC 383, GACO 383, 

GACZR 383, GACZR 473, GACZR 673, GACZR 873, GACZR 1073, and 

GACZR 1273 are prepared and tested under lab conditions. GAC 383 is the 

native carbon based on coconut shell, GACO 383 is acid oxidised and others are 

Zr
4+

 activated carbons of GAC 383. The methods of preparation and experimental 

setup for furnace based thermal activation were already discussed in Chapter 2.  

3.2.1 Effect of Zr 
4+

 / GAC Impregnation Ratio 

The effect of the impregnation ratio of Zr
4+

 ions on the yield of granular 

activated carbon was determined by treating different amounts of zirconyl 

chloride with 10 g of granular activated carbon (GAC).   

Table 3.1 shows the different ratio of zirconyl chloride (ZrOCl2), and its 

percentage used for the activation of GAC, incorporation ratio (XZrOCl2 or XZr) 

together with carbon yield, and burn off of the modified carbon produced. The 

percentage of zirconyl chloride [(weight of zirconyl chloride/ weight of carbon) X 

100] and the weight of Zr
4+

 [molecular weight of Zr/ (molecular weight of ZrOCl2 

8 H2O X weight of ZrOCl2 8 H2O)] are given.  XZr is the surface loading ratio of 

the activating agent obtained by dividing the weight of zirconium by the weight of 

carbon. XZrOCl2 is the incorporating ratio of ZrOCl2 obtained by dividing the 

weight of ZrOCl2 by the weight of carbon. 
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Table 3.1: Effect of zirconyl chloride on carbon yield and burn off at 873K as a 
function of incorporation ratio XZrOCl2 or XZr 
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0.065 0.65 0.185 0.0065 0.0018 86.89 13.11 

0.261 2.61 0.740 0.0261 0.0074 85.68 14.32 

0.523 5.23 1.48 0.0523 0.0148 84.72 15.28 

0.785 7.85 2.22 0.0784 0.0222 82.72 17.28 

 
Burn off of carbon is the weight loss during the process of activation. 

Figure 3.1 shows that burn off are found to be varied with increasing amount of 

zirconium (as zirconyl chloride) impregnated. An incorporation ratio 0.2 % shows 

13.1% burn off. Low burn off of active carbon are usually undesirable as they 

lead to the formation of carbon with a low surface area. This in turn may lead to 

low adsorption capacity for target molecules during reactor operations. 

In the present study, burn off is reported to be 13-17 % (Table 3.1), the 

largest development of microporosity in the char without a noticeable increase in 

the volume of micropores is obtained preferentially when the burn off is in 

between 10- 25 % [2, 3]. 

The optimum carbon yield 84.7 % with a burn off of 15.3 % is given by an 

impregnation of 1.5 % zirconium, indicate a stage of progressive carbonization 

(Figure 3.1). Further, incorporation of Zr
4+

 (2.2 %) exhibited marked enhancement 

in burn off (17.28 %) leads to results a lower carbon yield (82.72 %), It is presumed 

that, the impregnation of 1.5 % attributes to a better carbon yield due to uniform 

distribution and large dispersion of Zr 
4+

ions throughout the accessible interior of 

the carbon granules [4]. 

Based on this result, carbons loaded with 1.5 % of zirconium (0.523g 

ZrOCl2) are used for further steam activation at higher temperature for better yield 

and burn off. Because, further impregnation of zirconium may cause the widening 
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of the existing pores as well as the formation of large pores by extra burn off of 

the walls between the adjacent pores in the later stages of activation. 

 

 

Figure 3.1: Variation of carbon yield and burn off with impregnation ratio 
 

3.3  Characterization Studies 

3.3.1  Carbon Yield and Burn Off  

Zirconium impregnated carbon activated with steam at different activation 

temperatures ranging from 473 K to 1273K (Table 3.2) shows a continuous decrease 

in carbon yield with increase of activation temperature. As the activation temperature 

increased the hydrogen (H) and oxygen (O) elements decreased progressively due to 

the steady release of volatile matter leaving a high carbon content.  Successive burn 

off at a higher activation temperature decreased the yield of total active carbon from 

94.5 % to 82.2 %. It shows maximum burn off 17.78 % for GACZR 1273. This low 

burn off even at higher activation temperature (1273 K) indicates the thermal stability 

of GAC achieved by successive impregnation by Zr
4+

 ions. 

3.3.2  Elemental Analysis 

During the process of carbonization the bond at the edge of aromatic sheet 

in activated carbon is broken. This caused the formation of edge carbon atoms 

with unsaturated valencies. These carbon atoms interact with hetero atom like 

nitrogen, hydrogen, oxygen and sulfur. Activated carbons associated with these 

elements are studied using elemental composition analysis. 
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CHNS analysis shows that carbon percentage of GACZR series was found 

to be in the range of 72 - 88 % as shown in the Table 3.2. The percentage of carbon 

was found to be higher at a higher activation temperature of 1073K (88 %) and 

1273K (86 %). The carbon percentage at these temperatures lies in the range of 

typical activated carbon. The edge carbon atoms are highly reactive and are called 

active sites or active centers that determine the surface reactivity, surface 

reactions, and catalytic reactions of carbons.The percentage of hydrogen in 

GACZR series was found to be gradually decreased with heating temperature and 

lies in the range of 2.8 - 0.24 %. For typical activated carbon the percentage of 

hydrogen usually shows 0.5 %. The presence of oxygen on the activated carbon 

surface has an important effect on the adsorption capacity. In GACZR series, the 

percentage of oxygen lies in the range of 25 - 11%. Heat treatment at higher 

temperature resulted in a significant decrease in the oxygen content. Successive 

decomposition of active surface functional groups releases CO2, CO and H2O. 

The nitrogen content of GACZR carbons is very low as compared to that of GAC 

383 (0.36 %) and GACO 383 (0.58 %). From the Table 3.2 we can see that 

carbon content is inversely proportional to percentage of hydrogen and oxygen. 

Elements such as oxygen, hydrogen, nitrogen, and sulfur are eliminated as 

volatile gaseous products during the pyrolytic decomposition. 

3.3.3 Boehm Surface Analysis 

Surface oxygen groups on carbon with acidic character, namely carboxylic 

(-C-OO-H), phenolic (-OH), and lactonic groups are determined by neutralization 

with a base of NaHCO3, NaOH and Na2CO3 respectively whereas basic groups 

are determined by neutralization with HCl. The Boehm titration data of carbon 

series in Table 3.2 shows that the native carbon (GAC 383) has surface groups 

carboxylic (0.40 meq/g), lactones (0.18 meq/g), pyrones (0.5 meq/g), and phenols 

(0.45 meq/g). On HNO3 oxidised carbon (GACO 383) the proportions of surface 

groups are more, as regards to carboxylic (1.38 meq/g), lactones (1.34 meq/g), 

phenols (2.1 meq/g) and pyrones (0.2 meq/g).  This indicates that surface 

modification with nitric acid treatment enhances the oxygenation of C - O acid 

functional groups on the other hand the number of basic sites is reduced. 
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Activation of GAC after incorporation with ZrOCl2 brought marked 

changes in the content of oxygen surface groups that ranges carboxyl (0.393 - 

0.743 meq/g), lactone (0.202 - 0.707 meq/g), pyrone (0.2 - 0.55 meq/g), and 

phenols (0.444 - 0.888 meq/g). Quantitative measurement of surface functional 

groups indicated that surface of carbon is acidic in nature. Carbon- oxygen surface 

functional groups make the carbon surface hydrophilic and polar in character. The 

surface acidities due to carboxylic and lactonic groups are evolved as CO2 and H2O 

on heat treatment. This tends to decrease for the value of carboxylic group from 

0.74 to 0.39 meq/g and decreasing the lactonic group from 0.70 to 0.20 meq/g 

during activation from 383 to 1273 K. The higher temperature treatment causes the 

removal of hydrogen, oxygen, and nitrogen, resulted the carbon network in 

activated carbon becomes more carbonaceous and aromatic in nature. 

Table 3.2: Burn off, carbon yield , elemental composition and Boehm titration analysis 

of carbons GAC 383, GACO 383 and GACZR series activated at temperatures              

383-1273 K 
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GACZR  383 NA NA 72.2 2.9 0.05 25.0 0.74 0.56 0.71 0.20 

473 5.5 94.5 74.3 0.9 ND 24.7 0.61 0.89 0.51 0.40 

673 10.2 89.9 85.2 0.4 0.06 14.4 0.52 0.62 0.40 0.55 

873 15.6 84.7 83.7 0.5 ND 15.8 0.47 0.80 0.30 0.50 

1073 17.1 83.0 88.2 0.3 0.09 11.6 0.44 0.62 0.30 0.55 

1273 17.8 82.2 86.4 0.2 0.02 13.4 0.39 0.44 0.20 0.60 

GAC 383 383 NA NA 89.4 0.6 0.36 9.6 0.40 0.45 0.18 0.50 

GACO 383 383 NA NA 65.1 2.6 0.58 31.7 1.38 2.10 1.34 0.20 
 

3.3.4  Fourier Transform Infrared Spectroscopy (FTIR) Analysis  

The active adsorption sites on new activated carbons can be divided into 

two major types: (i) hydrophobic surfaces comprising of the graphene layers and 

(ii) oxygen functional groups which are primarily hydrophilic. The carbon surface 

of coconut shell activated charcoals has many unsaturated C = C bonds. This on 
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oxidation with concentrated nitric acid enhances the amount of carbon-oxygen 

surface chemical structures by generating more oxygen-containing groups. The 

originally present and surface groups evolved upon oxidation with HNO3 and 

respective temperature treatment under the inert condition is analysed by FTIR 

method and is shown in Figure 3.2 (a) – (h).   

An intensive peak at 3600 - 3100 cm
-1

 in the FTIR spectrum of all the 

carbon is the characteristic of O - H stretching vibrations of surface hydroxyl 

groups and chemisorbed water. Absorbance at 2600 - 3000 cm
-1

 is due to presence 

of C - H stretching bond. The presence of overlapping bands between 1300 and 

1000 cm
-1

 are assigned to C - O stretching and O - H bending modes of alcoholic, 

phenolic, and carboxylic groups existing in different structural environments.  A 

peak at 1121 - 992 cm
-1

 is observed in GACO 383 because of C -OH stretching in 

carboxylic acid. This is the evidence for the generation of more oxygen 

complexes by the surface oxidation of active sites on graphene edges. This is 

further confirmed by the presence of peak at 1029 cm
-1

 (C- O -C) in GACO 383. 

FTIR spectrum revealed that, peaks at 1700 cm
-1 

were missing. This could be due 

to the decomposition of –COOH, which result in a peak due to quinone structure 

(1627 cm
-1

) and  it is stronger as shown in the Figure 3.2 (b) due to surface 

oxidation as more are generated in addition to [5-7]. 

Figure 3.2(c)–(d) is the FTIR profile of GACZR 383 and GACZR 473. It 

gives prominent peaks at 3429 cm
-1 

due to adsorbed water molecule, 2910 cm
-1

 

due to O – H stretching vibration and 1623 cm
-1
 due to quinine structure. Figure 

3.2(e)–(h) is the FTIR profile of GACZR series of carbon activated at 673 K, 873 K 

1073 K and 1273 K. It shows that there are peaks around at 3429 cm
−1

, 2910 cm
−1

, 

2840 cm
−1

, 1620 cm
−1

, 1450 cm
−1

, 1057 cm
−1

 and 589 cm
-1

. Bands at 2910 and 

2840 cm
−1

 are associated with the stretching of the methylene (CH2) groups. The 

presence of the peaks around 1600 and 1620 cm
-1

 suggests the presence of 

carbonyls C = O groups coming from the stretching of the C = C bond. The lines 

observed around 1450 – 1500 cm
-1

 could correspond to the vibrations in the plane 

of the aromatic rings. The peak 1050 cm
-1

 and 1100 cm
-1

 due to –C –  OH 

stretching vibration characteristic respectively of primary and secondary alcohols. 

The band appears at 589 cm
-1

 is due to the Zr – O bending mode [8]. 
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Figure 3.2: Fourier transform infrared (FTIR) spectra of carbons (a) GAC 383 (b) GACO 

383  (c)-(h) GACZR series of  carbons activated at 383-1273K for the evaluation of 

functional groups 

 

(a) (b) 

(c) (d) 

(e) 
(f) 

(g) (h) 
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The broadening of the spectra at 3423 – 2857 cm
-1

 in GACZR series of 

carbon compared to GAC 383 and GACO 383 shows the elimination of aromatic 

and aliphatic chains to a small extent and was convinced by a new peak at 1453 cm
-1
. 

This shows the presence of hydrogen-bonded highly conjugated CO near one of 

the carbon atoms. This observation was supported by a peak at 1057 cm
-1

 due to 

COC asymmetric stretch in carbon GACZR 873, GACZR 1073 and GACZR 

1273. 

3.3.5 X- ray Photoelectron Spectroscopy (XPS) Analysis  

The surface chemistry of the carbonaceous adsorbent was studied using an 

XPS. It provides information corresponding to the outer surface of the studied 

activated carbon particles. The electron binding energies (eV) of the 

photoelectron peaks of C 1s, O 1s, Zr 3d for GACZR 1273 are shown in Figure 

3.3(a) - (c).  

With this analysis, it is possible to determine how much oxygen is bound to 

the carbon. An asymmetric photoelectron peak of C1s observed in Figure 3.3 (a) 

which can be decomposed into six peaks at 283.5 eV, 284.0 eV, 285.3 eV, 286.7 eV, 

287.9 eV and 288.95 eV representing carbon states C1, C2, C3, C4, C5 and C6. 

The binding energy of 285.3 eV, associated with C – C and/or C – H groups. The 

binding energy of 286.7 eV, associated with C – O – H/C– O – C groups. The 

binding energy of 287.9 eV associated with C = O groups, 288.95 eV representing 

O –C = O. 

The photoelectron peak of O1s observed in Figure 3.3 (b). The binding 

energy of O1s in between 531.3–532.6 eV associated with C = O groups (carbonyl). 

Binding energy in between 533.0–534.1 eV associated with C– O– (C or H) groups 

(ether or phenol). Peak at binding energies between 534.4 and 535.0 eV suggest 

the presence of chemisorbed water and/or oxygen on carbons. The binding energy 

530.4 eV of O1s associated with O in ZrO2 [9, 10]. 

XPS measurements give information about the changes in the electronic 

states and chemical environment of Zr and O atoms in ZrO2. It can be seen that   

Zr 3d had strong spin orbit doublet of 3d5/2 (182.6 eV) and 3d3/2 (185.3 eV) and 
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maintain a distance of about 2.7 eV between them. The region of binding energy 

in the Zr 3d spectrum is corresponding to Zr
4+

 in ZrO2. Binding energy in the 

region of Cl 2p was not detected in Figure 3.3. The BE shift to higher energy and 

the shoulder peak on the lower binding energy side can arise due to the existence 

of sub oxide of zirconium. The existence of sub oxide component (with oxidation 

state less than + 4) suggests the occurrence of some reduction in the ZrO2 samples.  

Zr 3d 5/2 binding energies (BE) are 182.4, 183.7 and the Zr 3d3/2 peak shows a BE 

around at 186.6, 187.2, 188, 189.6, and 189 eV. The narrowing of Zr 3d peak 

indicates the more uniform nature of the zirconium chemical state in ZrO2. 

 

  

 

 

 

 
Figure 3.3: X-ray photoelectron spectrum 

(XPS) of carbon GACZR 1273 prepared by 

activating GAC 383 with Zr
4+

 at 1273K. 

Deconvoluted peaks (a) C 1s,  (b) O 1s (c) Zr 

3d  

 

A detailed examination of the C ls and O ls regions of GAC 383 and 

GACO 383 reveals a number of overlapping features corresponding to different 

chemical functionality (Figure 3.4 and Figure 3.5).  

(a) 

(c) 

(b) 
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The C 1s signal of GAC 383 and GACO 383 consists of different 

chemically shifted components which can be deconvoluted into different peaks. 

The component at 284.3 eV attributed to graphitic carbon (C – C), 284.7 – 285.1 eV 

due to ether or hydroxyl group (C – O), 285.6 e V assigned to C – O single bond 

and component at 286.1 eV  corresponds to –C– OH, C– O– C≡, C– O– R and 

287.0 – 287.9 eV is assigned to carbonyl groups or quinone group. 

 

  

Figure 3.4: X-ray photoelectron spectrum (XPS) of GAC 383 (a) C 1s deconvoluted 

peaks (b) O 1s deconvoluted peaks  
 

 

  

Figure 3.5: X-ray photoelectron spectrum (XPS) of GACO 383 (a) C 1s deconvoluted 

peaks (b) O 1s deconvoluted peaks 

 

(a) (b) 

(a) (b) 
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The O 1s XPS spectra for GAC 383 and GACO 383 present one peak 

centred at 532.7 ± 0.1 eV, which is due to oxygen singly bound to sp
2
 carbons. 

531.3 eV owing to oxygen bound to carbon by a double bond (C = O from 

carboxyl groups linked to aromatic rings) and the other at 533.1 eV assigned to 

oxygen singly bound to sp
2 

carbons. Peak at 532.03 eV assigned to oxygen singly 

bonded to aliphatic carbon (C – O), 534.7 eV assigned chemisorbed / adsorbed 

H2O molecule. Peaks at 533.4 eV denoted as phenolic groups (oxygen singly 

bonded to aromatic carbon). Intensity of peak in the O 1s XPS spectra of GACO 

383 is more prominent than GAC 383 reveals formation of additional oxygen 

surface groups [11, 12]. 

Table 3.3: Surface functional groups analysis of carbons GAC 383, GACO 383, GACZR 

1273 by XPS spectra 

C1s O1s 

285.3eV    -   C-C and/or C-H  groups 

286.7 eV   -   C-O-H/C-O-C groups 

287.9 eV   -   C=O groups 

288.95 eV -  O-C=O groups 

531.3–532.6 eV   -  C = O groups (carbonyl) 

533.0–534.1 eV   -  C-O-(C,H) groups  

                                (ether   or phenol) 

534.4 – 535.0 eV -  chemisorbed water  

                                or oxygen on carbons 

530.4 eV              -  Oxygen  in ZrO2  

Zr 3d 

182.6 eV   -     Zr-AC and ZrOx-AC 

183.6 eV   -     Zr4+ in ZrO2 (3d 5/2) 

184.5 eV   -     Zr 3d3/2 suboxide 

185.3 eV   -     3d3/2 region of ZrO2 
 

3.3.6  X-ray Diffraction (XRD) Analysis   

The XRD profile for the carbons GAC 383, GACO 383, and GACZR series 

of carbons are given in Figure 3.6. The occurrence of the broad peak at 25 and 

43 shows the diffraction from (002) and (100) plane of the carbon structures. It 

indicates a well defined regular crystal structure for the carbon that resulted in 

better layer alignment. This microcrystalline structure differs from that of 

graphite with respect to interlayer spacing. For graphitized carbon interlayer 

spacing d002 is found to be 0.335 nm but here d002 for all the carbons studied are 

found to be in between the range of 0.35 to 0.37 nm. This indicates that the 
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GAC samples are non graphitized carbons. Generally, non graphitized carbon shows 

well developed microporous structure that is preserved even during the high carbon 

series temperatures. The nitric acid oxidation caused changes in the micro 

crystallinity of the carbon layers as evidenced by the La, Lc and d002 values as given in 

Table 3.4.  

 

 

Figure 3.6: X-ray diffraction (XRD) spectra of  (a) GAC 383 &  GACO 383 (b) GACZR 

series of  carbons activated at 383-1273K 

 

XRD peak intensity becomes more prominent at higher activation 

temperatures. Three common structural changes could increase the (002) monolithic 

XRD peak intensity (1) an increased average number of graphene sheets per 

turbostratic crystallite (an L growth effect) (2) a narrower distribution of graphene 

sheet spacing in the turbostratic crystallites (a strain distribution effect); or (3) an 

increased amount of carbon from large turbostratic crystallites. The first two 

structural changes would cause a change in the FWHM. Since the FWHM did not 

change appreciably, the increase in (002) monolithic XRD peak intensity was 

attributed to an increased amount of carbon from large turbostratic crystallites [13]. 

La and Lc values are found to be decreased with increase of temperature, Lc 

varies as 1.24 nm – 0.979 nm (GACZR series), 1.14 nm (GAC 383) and 0.97 nm 

(a) (b) 
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(GACO 383), La varies as 2.53 – 2.0 nm (GACZR series), 2.28 nm (GAC 383) 

and 1.94 nm (GACO 383).  Growth effect or strain distribution effect would cause 

a lower FWHM and greater peak intensity. At higher temperature as we can see 

the broadening of the peak was small, which results small FWHM value. 

The sharp 002 diffraction peak at 26.4 indicated a highly organized crystal 

structure, revealing an interlayer spacing of about d002 > 0.335 nm. Oxidation 

treatment caused a decrease in the 002 peak intensity. The orientation of the 

stacks of aromatic sheets is also different, being less ordered in activated carbon 

which leaves free interstices. These interstices give rise to pores, which make 

activated carbons excellent adsorbents 

 

Table 3.4: XRD crystalline parameters of   GAC  383, GACO 383 and GACZR  

series activated at temperatures 383 – 1273 K 

Carbons 
Lc 

(0.9) nm 

La 

(1.84)nm 

d002 

nm 

GAC 383 1.14 2.28 0.364 

GACO 383 0.97 1.94 0.356 

GACZR 383 1.24 2.53 0.352 

GACZR 473 1.07 2.20 0.366 

GACZR 673 1.13 2.30 0.379 

GACZR 873 1.13 2.30 0.382 

GACZR 1073 1.01 2.07 0.377 

GACZR 1273 0.979 2.00 0.371 

 

3.3.7 Scanning Electron Microscopy (SEM) Analysis  

The surface morphology of the prepared activated carbons was examined 

by scanning electron microscope (SEM), and the images are shown in Figure 3.7 

& 3.8. It was clear that the pore structure of the original carbon was originated 

from the basic lignocellulosic fibers of coconut shell (Figure 3.7(a)–(c)). The 

acidic treatment of GAC 383 with con HNO3 showed some distorted pattern in 

the arrangement of stacks. This may be due to the widening of pores and 

destruction of pore walls as seen in the Figure 3.7(d). Compared to GAC 383, 

pores in GACO 383 are apparently more open and broad. 
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Figure 3.7: Scanning electron micrographs (SEM) at different magnifications                  

(a) GAC 383 & (b) GACO 383 at 50µm resolution (c) GAC 383 & (d) GACO 383 at 

10 µm resolutions 

 

Similar to GAC 383, carbon GACZR 1273 is having a heterogeneous 

surface and a variety of randomly distributed pore sizes as seen in Figure 3.8(a)-

(d). In all three activated carbon materials, well-developed porous surface was 

observed at higher magnification. The pores observed from SEM images are 

having a diameter in micrometer (µm) range. These pores are considered as 

channels to the microporous network. This porous structure of the GAC imparts 

high surface area essential for the adsorption purposes. From the Figure 3.8(a)-

(d), it can be observed that all the adsorbents have a rough texture. 

(a) (b) 

(c) (d) 
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Figure 3.8: Scanning electron micrographs (SEM) of carbon GACZR 1273 at 

different resolution (a) 250-100 µm (b) 500-50 µm (c) 10 µm & (d) 5 µm 

 

3.3.8 Transmission Electron Microscopy (TEM) Analysis  

Activated carbon prepared at optimum conditions by different chemical 

activations were characterized by transmission electron microscope (TEM) to observe 

the internal microporous network structure. From the Figure 3.9 – 3.11, it is clearly 

observed that the prepared GACs are highly micropores of uniform pore size.  

High-resolution transmission electron microscopy (HRTEM) image 

indicated that the basic carbon material GAC 383 has a uniform micro porosity. 

The dark regions are the bulk surface of the carbon and light (bright) regions are 

the pore structures. At high resolution (20 nm) the pores were getting visible due 

to the high electron density field of micropore area. These pores were inherent 

(a) (b) 

(c) (d) 
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throughout the surface and are slit-shaped. They were responsible for high energy 

sites of graphene layers (Figure 3.9(a)-(d)). 

 

     

     

Figure 3.9: High resolution transmission electron microscopy (HRTEM) of GAC  383  at 

different resolutions (a) 200 nm (b) 100 nm (c) 50 nm & (d) 20 nm 

 

GAC 383 carbons on chemical activation/oxidation gave GACO 383 with 

dramatic changes on the carbon surface as revealed by HRTEM images of nitric 

acid oxidized carbons. GACO 383 showed a more prominent distribution of pores 

as revealed in Figure 3.10(a)–(d) with a wider dispersion of the bright area. Nitric 

acid treatment etches the surface and oxidises any adsorbed fines and tar forms, 

therefore the inner layers of graphitic spacing become visible. The crystal lattice 

has a circular/ hexagon shaped layers with a thickness of less than 10 nm. Fringes 

patterns are becoming more apparent (Figure 3.10(c) – (d)). The smooth surfaces 

(a) (b) 

(c) (d) 
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of GAC 383 become irregular, and the surface appears to have a collapsed and 

irregular pattern. High-resolution transmission electron microscopic (HRTEM) 

images of GACZR 1273 are given in Figure 3.11. The shapes of the particles 

observed were almost similar to that of GAC 383 [14]. 

 

   

   

Figure  3.10 : High resolution transmission electron microscopy (HRTEM) of GACO  

383  at different resolutions (a) 200 nm (b) 100  nm (c) 50 nm & (d) 20 nm 

 

The obtained micrographs reveal agglomerated microstructures. However, 

plain faces of crystallites can be seen in Figure 3.11(c). Carbon pores are assumed 

to have slit shaped structures, confirmed by parallel planes. GACZR 1273 has 

high disordered and porous microstructure consisting of mainly tightly curled 

single carbon layers. The hexagonal shapes were clearly dominant in GACZR 

1273 but pentagonal arrangements are also seen [15]. 

(a) (b) 

(c) (d) 
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Figure  3.11: High resolution transmission electron microscopy (HRTEM) of GACZR 

1273  at different resolutions (a) 200 nm (b) 100 nm (c) 50 nm & (d) 20 nm 

 

The HRTEM image of GACZR 1273 shows a void region representing the 

pore widening occurs extensively throughout the structure. Figure 3.11(a)-(d) 

indicates the arrangement of microcrystalline lattice fringes with the presence of Zr
4+

 

deposited/ dispersed on the carbon supports with small particle size (as dark areas) 

due to high electron density. The white regions are purely amorphous Zr
4+

 formed on 

the carbons. They were deposited on the carbon surfaces and were not uniformly 

distributed. The stack arrangements are the evidence for the graphene layers. This 

indicates that Zr
4+

 based carbon oxidation resulted in pore widening at high 

temperature and their distribution is homogeneous on the carbon surface. 

3.4  Solid-Gas Adsorption Equilibria  

When a porous material is exposed to a gas, an attractive force acts between 

the exposed surface of the solid and the gas molecules. Liquid nitrogen at a 

temperature of 77 K is used for measuring surface area and pore size distribution.  

(a) (b) 

(c) (d) 
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The N2 adsorption-desorption isotherms (at 77 K) of the GAC impregnated 

with zirconyl chloride prepared at different temperatures ranging from 873 K to 

1273 K were carried out to investigate the porous characteristics.  

3.4.1  Adsorption Isotherm Analysis 

In an adsorption, dynamic phase equilibrium exists between the adsorbent 

and adsorbate. The equilibrium is usually expressed in terms of partial pressure 

and volume of N2 adsorbed per unit mass. 

Figure 3.12 indicates the adsorption isotherm of N2 gas adsorbed on GAC 

383, GACO 383, GACZR 873, GACZR 1073, and GACZR 1273. Isotherm gives 

the features of Type 1 isotherm i.e. concave to the relative pressure (p/p0) axis. It 

rises sharply at low relative pressures and reaches a plateau: the amount adsorbed 

by the unit mass of carbon studied, approaches a limiting value as p/p0 → 1. Type 

1 isotherms are observed for the adsorption of gases on micro porous solids. 

The micropore filling process is dependent on both the ratio of the pore 

width to the molecular diameter (w/d) and the pore shape. If the pore width (w) is 

no more than a few molecular diameters (d), the enhanced interactions lead to 

complete pore filling at very low p/p0.  

 

 

 

Figure 3.12: N2 adsorption  isotherm for GAC 383, GACO 383 

and GACZR series carbonized at temperature 873-1273 K 
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As shown in the Figure 3.12 the isotherms have a steep rise in the initial 

stage of adsorption at lower p/p0 ranges, progressed well to attain saturation at 

higher pressure ranges. Most of the N2 molecule adsorbed at low p/p0 < 0.1 

indicates the filling of narrow micropores. The surface of solid having micropores 

(micropores adsorbent) generally gives Type 1 isotherm. Shape of the isotherm is 

a clear indication of small external surface area due to wide micropores and 

absence of significant mesoporosity. Pores preferentially filled at very low p/p0, 

has been called 'primary micropore filling'. Wider micro pores are filled by a 

'secondary', or co-operative, process over a range of higher p/p0.  

To represent the equilibrium isotherm data different isotherm models such 

as Brunauer- Emmett-Teller (BET), I plot, Langmuir, Freundlich, Dubinin 

Radushkevich (D-R), alpha S (α s), John isotherm, t-plot and BJH are used. Many 

of these isotherm equations are valid over small relative pressure ranges and not 

fit experimental data over the full range of relative pressures. 

3.4.1.1 Brunauer-Emmett-Teller (BET) Isotherm Analysis 

The BET equation is used to give the volume of gas needed to form a 

monolayer on the surface of the sample. This is the first method to measure the 

specific surface of the finely divided and porous solids. 

The original BET treatment involved an extension of the Langmuir kinetic 

theory of monomolecular adsorption to the formation of an infinite number of 

adsorbed layers. 

According to the BET model, the adsorbed molecules in one layer can act 

as adsorption sites for molecules in the next layer and, at any pressure below the 

saturation vapour pressure fractions of the surface are covered by layers of 

adsorbed molecules. 

This linear transformed BET Equation (3.1) provides the basis for the BET 

plot of experimental isotherm data.  

1

𝑉(
𝑝0

𝑝 − 1)
=

1

𝑉𝑚𝐶
+
𝐶 − 1

𝑉𝑚𝐶
  
𝑝
𝑝0
                                                             (3.1) 
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Figure 3.13 shows a linear plot of  
1

𝑉(
𝑝0

𝑝 −1)
  versus  

𝑝
𝑝0
  for GAC 383, 

GACO 383, GACZR 873, GACZR 1073, and GACZR 1273 carbon which gives a 

straight line with intercept 
1

𝑉𝑚𝐶
  and slope  

𝐶−1

𝑉𝑚𝐶
. From these, the monolayer volume 

Vm and C were calculated and given in Table 3.5. The linear part of the plot 

usually extended in the range 0.05 < p/p0 < 0.25. The constant C, which is   given 

by Equation (3.2)  

𝐶 ≈ 𝑒𝑥𝑝  
𝑞1 − 𝑞𝐿
𝑅𝑇

                                                                                            (3.2) 

Here, q1 is the heat of adsorption in the first layer and qL is the heat of 

condensation. It corresponds approximately to the value of the C-parameter at 

the point where the adsorbed monolayer is formed. The determination of                  

C- parameter in the whole range of adsorption (0 < P <1) is unattainable [16]. 

The specific surface area SABET, Vm and C values are given in Table 3.5 

along with total volume VTotal. The C value in many cases is not positive, but for 

an ideal microporous material  it has to be greater than 150 to get full information 

regarding material characteristics [17]. 

 

  

Figure 3.13: BET isotherm plot for carbons GAC 383, GACO 383, GACZR 873, 

GACZR 1073, GACZR 1273 (a) p/p0 up to 0.3 and (b) p/p0 up to 0.1 using N2 at 77K 

 

  

(a) (b) 
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BET specific surface area of modified GAC are given as; GAC 383 (997 m
2
/g), 

GACO 383 (974 m
2
/g), GACZR 873 (1035 m

2
/g), GACZR 1073 (1085 m

2
/g), 

GACZR 1273 (1217 m
2
/g). Surface area and pore volume varies as per the order 

of GACZR 1273> GACZR 1073 > GACZR 873 > GAC 383 > GACO 383. 

Which indicate that Zr
4+

 impregnation on GAC and the steam activation at 

temperature ranges from 873 – 1273K enhances the specific surface area. 

In some cases the range of linearity of BET plot is not extending more than 

p/p0 ≈ 0.35 and in some cases not more than p/p0 ≈ 0.1. Surface area and pore 

volume obtained from linear plot of BET in both p/p0 ≈ 0.35 and p/p0 ≈ 0.1 is 

given in Table 3.5. It indicates that value of surface area increases when the 

relative pressure range changes from p/p0 ≈ 0.35 to p/p0 ≈ 0.1 i.e. surface area 

measurement in BET strongly depends on the range of relative vapour pressure 

used for determination. 

BET  surface area  (SABET) and monolayer volume of GAC 383, GACO 

383, GACZR 1073 and GACZR 1273 carbons increases about 22 – 23% by 

shifting the relative pressure range from 0.3 to 0.1 in the BET plot (Figure 3.13 

(b). 

The linear part of traditional BET-plots are not well determined, then there 

might be some ambiguities in the determination of Vm  and therefore of the surface 

area. In order to overcome these difficulties, the BET equation could be treated in 

the form which separates the C and Vm parameters. This can be done by re-

arranging the BET equation in a Scatchard type form. 

3.4.1.2 The BET–Scatchard (B–S) Plots (I Point Analysis) 

 The BET–Scatchard (B–S) plots in the form given by Equation (3.3) 

[𝑉(1 − 𝑃)]
𝑃 = 𝐶𝑉𝑚 −  𝐶 − 1  𝑉 1 − 𝑃                                                 (3.3) 

Where P is p/p0, plots V (1 – P) /P versus V (1 - P) should provide lines with 

slope equal to (C - 1) at any P and V values.    
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It provides an inclined V shape curve ( ) with an inversion point, termed I 

point. The calculation of the specific surface area requires the estimation of Vm. 

The Projection of the I point on the V (1 - P) axis corresponds exactly to Vm, i.e., 

[V(1 - P)]I-point = Vm [4]. Then the specific surface areas can be calculated easily 

from the trivial relationship Equation (3.4) without any knowledge of C.  

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎, 𝑆𝐴𝐼( 𝑚2𝑔−1) = 4.356 𝑉𝑚                                  (3.4) 

The inversion points (I-points) of the carbons GAC 383, GACO 383, 

GACZR 873, GACZR 1073 and GACZR 1273 are schematically represented in 

Figure 3.14. 

Most carbon has a C parameter (BET) positive for further plotting at 

p/p0 ≤ 0.1 and simultaneously fitting the BET model for confirmation. The surface 

area of materials with positive C values in new BET analysis plots (p/p0 = 0.1) 

has obtained comparable surface area similar to that obtained from I plot.  

Monolayer capacity VI and surface area SAI obtained for the modified 

carbons are given as; GACZR 873 (VI 285.69 cm
3
/g & SAI 1243.64 m

2
/g); 

GACZR 1073 (VI 303.04 cm
3
/g & SAI 1319.21 m

2
/g); GACZR 1273 (VI 340.46 cm

3
/g 

& SAI 1482.10 m
2
/g).  

Monolayer capacity and surface area obtained from series of zirconium 

impregnated carbons activated at different temperature shows that there is a 

progressive development of porosity and surface area (6 %) during activation 

from 873K to 1073K. Further rise of temperature from 1073 K to 1273 K, leads to 

enhancement up to 12 % in porosity. On comparing with basic carbon GAC 383 

(VI 292.98 cm
3
/g & SAI 1275.39 m

2
/g) Zr

4+ 
modified carbon GACZR 1073 has 

3.4% and GACZR 1273 has 16.2 % increment in monolayer volume and surface 

area. Treatment with nitric acid causes, the reduction of monolayer volume and 

surface area as regards to GACO 383. It decreases about 8.68 % of VI and SAI 

compared to basic GAC 383. 
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Figure 3.14: Nitrogen adsorption-desorption 

isotherms and the corresponding I plots for  

(a) GAC 383  (b) GACO 383 (c) GACZR 

873 (d) GACZR 1073 and (e) GACZR 1273  

 

 

C obtained from the linear plot of BET p/p0 up to 0.1 is greater than 200 

which shows significant micropore filling contribution or localized adsorption on 

specific sites. The negative intercept of the BET plot indicates that data are 

outside the valid range of BET equation. The pore volume and surface area 

(a) (b) 

(c) (d) 

(e) 
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obtained from BET p/p0 ≈ 0.1 is close agreement with I point method. It supports 

the validity of linear BET plot up to p/p0 ≈ 0.1. 

Table 3.5: BET and I plot isotherm parameters for GAC 383, GACO 383, GACZR 873, 
GACZR 1073 & GACZR 1273 using N2 at 77K 
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GAC 383 370.4 996.8 229.0 -816 1275.4 293.0 1298.5 298.3 524 1.76 
GACO 383 340.2 974.3 223.8 -119 1164.7 267.5 1186.5 272.6 439 1.77 

GACZR 873 351.8 1035.2 237.8 -114 1243.6 285.7 1263.6 290.3 560 1.72 

GACZR1073 372.8 1085.5 249.4 -105 1319.2 303.0 1328.7 305.2 988 1.73 

GACZR 1273 414.1 1217.2 279.6 -104 1482.1 340.5 1497.3 344.0 873 1.71 

 

3.4.1.3 Langmuir Isotherm Analysis 

Adsorption isotherm model based on scientific and empirical observation 

was first proposed by Irving Langmuir in 1918 [18]. The Langmuir isotherm 

model assumes monolayer adsorption of molecules on a homogeneous surface. 

Langmuir adsorption isotherms for the adsorption of N2 gases for GAC 383, 

GACO 383, GACZR 873, GACZR 1073 and GACZR 1273 are shown in Figure 

3.15(a). This isotherm is generally valid for adsorption of gases on most 

microporous carbonaceous materials. Type I isotherms appear to obey a simple 

form of Langmuir equation over a wide range of pressure. The linear form of the 

Langmuir is given by the Equation (3.5) 

𝑃

𝑉
=

1

𝑏𝑉𝑚
+

𝑃

𝑉𝑚
                                                                                                    (3.5) 

Where V is the specific amount of gas adsorbed at the equilibrium pressure 

P and Vm is the monolayer capacity. From the graph of P/V versus P, a straight 

line is obtained and from the slope and intercept Vm monolayer volume and 

constant b can be calculated.  
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As shown in the Figure 3.15(a) Langmuir isotherm plot assumes perfect 

linearity (R
2
=0.999) with a clear evidence for well defined microporosity 

(monolayer capacity). The respective surface area obtained is high. This indicated 

that the monolayer coverages of these carbons are associated with micropore 

filling. The Langmuir equation is valid only within a small restricted range in 

most cases below a relative pressure range p/p0 < 0.1. The monolayer volume              

Vm (L) obtained from the linear plots differed by 10.5 – 11.5 % from the values of 

surface area measured by BET methods. Though the difference is acceptable for 

physical systems, further evaluation is needed for the material characterization 

and optimization of carbon properties. The linearity of Langmuir isotherm does 

not mean that the adsorption process follows localized monolayer model. This is 

due to the fact that perfectly energetically homogeneous surfaces are rare and 

difficult to obtain. In some cases, the effect of non homogeneity of the surface 

may be compensated by adsorbate – adsorbent interactions and thus give rise to 

linear Langmuir plot. 

The monolayer volume Vm (L) and surface area SAL obtained from Langmuir 

adsorption isotherm of carbon samples are  GAC 383 (Vm 336.6 cm
3
/g & SAL 

1465.27 m
2
/g), GACO 383 (Vm 304.5 cm 

3
/g & SAL 1325.54 m

2
/g), GACZR 873              

(Vm 327.36 cm
3
/g & SAL 1425.04 m

2
/g), GACZR 1073 (Vm 343.88 cm

3
/g & SAL 

1496.97 m
2
/g) and GACZR 1273 (Vm 387.58 cm

3
/g & SAL 1687.23 m

2
/g). 

For comparing the monolayer volume and surface area of series of 

zirconium impregnated carbon activated at different temperature ranging from 

873 K to 1273 K shows that monolayer volume and surface area increases with 

increase of activation temperature. It is seen that as the activation temperature 

rises from 873 K to 1073 K there is 5 % increment and from 1073 K to 1273 K 

there is 11 % increment in monolayer adsorption capacity and surface area in 1.5 % 

of Zr
4+

 ion activated GAC.  The variation of monolayer volume and surface area 

of GACZR 1073 and GACZR 1273 made from basic GAC 383 indicates that the 

impregnation of zirconium and activation with steam above 1073 K enhances the 

adsorption capacity. 

  



Chapter 3 

92 School of Environmental Studies,   
Cochin University of Science and Technology 

 

3.4.1.4 Freundlich Isotherm Analysis  

Freundlich, 1906 [19] expressed an empirical equation for representing the 

isothermal variation of adsorption of a gas adsorbed by unit mass of solid adsorbent 

with pressure. Physisorption of N2 gas on the new carbons was evaluated using the 

Freundlich isotherm given by the relationship; 

𝑉 = 𝐾𝐹𝑃
1
𝑛                                                                                                          (3.6) 

𝑙𝑜𝑔𝑉 = 𝑙𝑜𝑔𝐾𝐹 + 1
𝑛 𝑙𝑜𝑔𝑃                                                                             (3.7) 

Figure 3.15(b) indicates Freundlich isotherm plot of carbons GAC 383, 

GACO 383, GACZR 873, GACZR 1073 and GACZR 1273. The straight line plot 

with high R
2
 value suggested that the Freundlich adsorption isotherm features are 

followed by the carbons. 

 

  

Figure 3.15: Adsorption isotherm plots (a) Langmuir (b) Freundlich for carbons 

GAC 383, GACO 383, GACZR 873, GACZR 1073 & GACZR 1273 using N2 at77K 

 

KF and n are constants obtained from the slope and intercept of isotherm 

plot. It depends upon the nature of adsorbent and N2 gas at a particular 

temperature (Table 3.6). Most cases n should be greater than one (n > 1.0). Value 

of „n’ for zirconium impregnated sample (10.06 – 11.51) is quiet high suggests, 

that the interaction between carbon and N2 gas is prominent than GAC 383 (n = 9.94) 

and GACO 383 (n = 9.37).    

(a) (b) 
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Freundlich constant KF is related to measures of adsorption capacity. The 

KF and n value of carbons are given as GAC 383 (KF =209.82 & n = 9.94), GACO 

383 (KF = 183.51 & n = 9.36), GACZR 873 (KF = 205.99 & n =10.06), GACZR 

1073 (KF = 232.99 & n =11.97) and GACZR 1273 (KF = 258.62 & n = 11.51).  

Freundlich isotherm studies show that GACZR 1073 has 13% more 

adsorption of N2 than GACZR 873. Carbon GACZR 1273 shows 11% more 

adsorption of N2 than GACZR 1073. Progressive activation of basic carbon (GAC 

383) brought about 23% more adsorption capacity in GACZR 1273. 

The isotherm behaviour and porosity development of the new carbon have 

been further evaluated applying the Dubinin - Radushkevich isotherm model [20]. 

Thereafter analyses of N2 isotherm data using the „t’ plot method adopted by 

Harkins and Jura was also applied in the following sections. 

Table 3.6:  Langmuir and Freundlich isotherm parameters for carbons GAC 383, 

GACO 383, GACZR 873, GACZR 1073 & GACZR 1273 using N2 at 77K 
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GAC 383 336.6 1465.3 278 0.99 9.9 209.8 0.99 

GACO 383 304.5 1325.5 246 0.99 9.4 183.5 0.99 

GACZR 873 327.4 1425.0 292 0.99 10.1 206.0 0.99 

GACZR 1073 343.9 1497.0 351 0.99 11.9 233.0 0.99 

GACZR 1273 387.6 1687.2 340 0.99 11.5 258.6 0.99 

 

3.4.1.5 Dubinin - Radushkevich (D-R) Isotherm Analysis 

Adsorption isotherms of pure gases on microporous adsorbents can be 

described by means of Polanyi's potential theory. Each adsorbent system is 

characterized by an adsorption potential E which is influenced in particular by the 

chemical properties of the adsorbent. Dubinin -Radushkevich isotherm analysis is 

used for determining the microporosity of activated carbons. According to 

Dubinin, the adsorption potential equals the work required to bring an adsorbed 

molecule into the gas phase.   
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Adsorption process on microporous activated carbons involves the filling 

of the micropores before the adsorption occurs on surface of wider pores. 

Adsorption isotherm analysis by Dubinin - Radushkevich model (Equations 3.8) 

provide the micropore volume Vmi is more acceptable than the BET method [21]. 

The D-R isotherms are written in logarithmic form so as to give a straight line. 

log 𝑉 = log 𝑉0 −  𝐷 𝑙𝑜𝑔2 (
𝑝0

𝑝)                                                                    (3.8)  

𝐷 = 2.303(
𝑅𝑇

𝛽𝐸0
)2                                                                                              (3.9) 

Where E0 (or E) is the characteristic adsorption energy for the adsorption of 

N2 on carbon, β is the affinity co-efficient or similarity co-efficient (for N2 it is 

0.33), R is gas constant (8.314 J/K/mol) and T is the temperature (77 K). 

D-R analysis was carried out by applying N2 isotherm data of GAC 383, 

GACO 383, GACZR 873, GACZR 1073 and GACZR 1273 (Figure 3.16 (a)). It is 

seen that a plot of logV versus log
2
p0 /p confirms to straight line at a very low p/p0 

where the micropores were considered to be completely filled [22]. From the 

intercept of the linear plot, the micropore volumes V0 or Vmi (D-R) are calculated 

and from the slope the characteristic energy E is calculated. 

To evaluate the data, the region of relative pressure 0.009754 < p/p0 < 0.3 

is preferred. The entire data in this region assumes a straight line. The parameters 

Vmi (D-R), SAD-R, and E (kJ/mol) called the characteristic energy of adsorption 

were calculated. E is related to the average pore width “L” and micropore surface 

area (SAD-R) according to the following empirical formula.  

𝐿 = 6.6 − 1.79 𝑙𝑛 𝐸 𝑛𝑚                                                                                 (3.10) 

Characteristic energy large in magnitude causes the decreasing of pore 

width. Respective pore width calculated by using the Equation (3.10) is given in 

Table 3.7 reveals that the carbon prepared by the activation with Zr
4+

 ion had a 

pore width within the range of 1.53 -1.65 nm.  

The micropores contribute a large proportion of surface area and micropore 

volume, hence it determines the adsorption capacity of a given active carbon to a 
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great extent. There are two types of surfaces; external surface (Sex) and internal 

surface (Smi). Internal surface represents within the walls of the pores and has an 

area of several hundred square meters per gram of the carbon. It is given by the 

relationship (Equation 3.11). 

𝑆𝐴𝐷−𝑅 =
2 × 103 𝑉𝑚𝑖  (𝑐𝑚3/𝑔)

𝐿(𝑛𝑚)
                                                                  (3.11) 

Where SAD-R is the micropore surface area in m
2
/g, Vmi (D-R) is the micropore 

volume in cm
3
/g, and L is the accessible pore width in nanometers. If the pore 

width is very small SAD-R is very large. This surface area is contained predominantly 

within micropores which have an effective diameter less than 2.0 nm. 

The micropore volume and pore width calculated are given in Table 3.7. 

The average pore width of GACZR 1073 (L = 1.50) and GACZR 1273 (L = 1.53) 

gives values less than 2 nm and its value is comparatively smaller than the 

average pore width of GAC 383 (L = 1.68). It indicates that pore having a width 

less than 2 nm are more generated by chemical activation by incorporating with 

Zr
4+

 on coconut shell based precursor.  

Extra microporosity of GACZR 1073 and GACZR 1273 has been confirmed 

by the value of   the micropore volume analysis. GACZR 1073 (356.4 cm
3
/g) and 

GACZR 1273 (401.7 cm
3
/g) have found to be quiet higher micropore volume Vmi 

(D-R) than the basic carbon GAC 383 (351.28 cm
3
/g). There has been a 14.34 % 

increase of Vmi (D-R) in GACZR 1273 compared to that of GAC 383.  

The micropore surface area calculated as per the Equation 3.11 shows that 

impregnation of Zr
4+

 and steam activation at higher temperature enhances the 

micropore surface area. On comparing with GAC 383 (SAD-R 646.5 m
2
/g), a 

modified carbon GACZR 1073 has 14 % (SAD-R = 735.1 m
2
/g) and GACZR 1273 

has 26 % (SAD-R = 814.3 m
2
/g) enhancement in micropore surface area.  

3.4.1.6 Alpha S (αs) Method 

The Gregg and Sing [23] developed a method known as Alphas S (αs) to 

estimate the micropore volume and external surface area by comparing the 

experimental physisorption isotherm of porous material to be studied with that of a 



Chapter 3 

96 School of Environmental Studies,   
Cochin University of Science and Technology 

 

non-porous material chosen as a reference. Alpha S (αs) is the ratio of the amount of 

gas adsorbed to the amount of gas adsorbed at a fixed relative pressure, (p/p0 = 0.4).   

𝛼𝑠 =
𝑉𝑎𝑑𝑠

𝑉𝑎𝑑𝑠 (
𝑝

𝑝0
=0.4)

                                                                                     (3.12) 

 

  

Figure 3.16:   Adsorption isotherm plot (a) Dubinin- Radushkevich and (b) Alpha S (αs)  

for GAC 383, GACO 383, GACZR 873, GACZR 1073, GACZR 1273 using N2 at 77K 

 

The plot is obtained by plotting the volume of gas adsorbed by sample 

versus αs. The calculation of the surface area is obtained by relating the slope of 

the αs -plot of the carbon to the slope of the corresponding plot for a standard 

sample of known surface area. In principle, αs method has many advantages can 

be used with any adsorptive gas, and can be used to re-evaluate the BET surface 

area, and to assess micro and mesoporosity.            

𝑆𝐴𝐸𝑥𝑡 = 2.86 ∗ 𝑠𝑙𝑜𝑝𝑒                                                                                     (3.13) 

The αs plots of the new carbons plotted are given in Figure 3.16(b). The 

micropore volume and external surface area of samples are listed in Table 3.7. All 

the carbons have a linear straight line plot. Straight line of Alpha S (αs) plot 

indicates adsorption of N2 in micropores. The micropore volume Vmi (αS) obtained 

from an isotherm plot of carbons are GAC 383 (351.49 cm
3
/g), GACO 383 

(325.28 cm
3
/g), GACZR 873 (338.82 cm

3
/g), GACZR 1073 (356.07 cm

3
/g) and 

GACZR 1273 (399.59 cm
3
/g). The micropore volumes provided by D-R i.e. Vmi 

(D-R) and Alpha S (Vmi αS) methods are in excellent agreement for all carbons. 

(a) (b) 
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Table 3.7: Dubinin-Radushkevich (D-R) & Alpha S (αS) isotherm parameters of carbons 

GAC 383, GACO 383, GACZR 873, GACZR 1073 & GACZR 1273 using N2 at 77K 

C
a
r
b

o
n

 

Dubinin-Radushkevich (D-R) Alpha S (αS) 

V
m

i (
D

-R
) 

c
m

3
/g

.S
T

P
 

S
A

 D
-R

  
m

2
/g

 

L
 n

m
 

E
  

k
J
/m

o
l 

R
2
 

V
m

i (
α

 S
) 

c
m

3
/g

. 
S

T
P

 

S
A

ex
t 

  
(m

2
/g

) 

GAC 383 351.3 646.5 1.68 15.6 0.99 351.5 1005.3 

GACO 383 322.8 570.2 1.75 15.0 0.98 325.3 930.3 

GACZR 873 340.5 638.4 1.65 15.9 0.99 338.8 969.03 

GACZR 1073 356.4 735.1 1.50 17.3 0.99 356.1 1018.4 

GACZR 1273 401.7 814.3 1.53 17.0 0.99 399.6 1142.8 
 

3.4.1.7 John Isotherm Analysis 

John isotherm models
 
can be used for the evaluation of adsorption behaviour of 

porosity on microporous (as well as mesoporous) materials [24] [49]. 

The general form of the John isotherm equation is  

𝑙𝑜𝑔𝑙𝑜𝑔𝑃 = 𝐶 + 𝑛𝑙𝑜𝑔 𝑉                                                                                 (3.14) 

Where P = p/p0 X 10
N
, N‟ is taken conveniently to make log P positive thereby 

log log P could be found. C is a constant, and n is adsorbability constant 

The equation (3.14) is further extended to study the adsorption potential of 

porous materials, from solid - liquid adsorption system known as the John - 

Sivanandan Achari isotherm given by [50].   

𝑙𝑜𝑔𝑙𝑜𝑔 𝐶𝑒 = 𝐶 + 𝑛𝑙𝑜𝑔 𝑞𝑒                                                                           (3.14 𝑎) 

The John isotherm plots, based upon N2 uptake data (Equation 3.14) provide 

three distinct phases for GAC 383, GACO 383, GACZR 873, GACZR 1073, and 

GACZR 1273 are presented in a Figure 3.17. Overall adsorption comprises of three 

phases. For all these carbons molecular sieve effect (phase I) occurs within the 

range of relative pressure (p/p0; 9.6×10
-3 

- 3.5×10
-2

),
 
monolayer completion (phase 

II) occurs within the range (p/p0; 3.5×10
-2 

-1.97×10
-1

) and finally saturation (phase 

III) within the relative pressure range (p/p0 1.97×10
-1

-9.85×10
-1

). This suggests 
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the prominences of three different pore filling mechanisms operating from the 

lower to the higher relative pressure range. Total pore volume (VT) obtained from 

the John isotherm plot is the sum of  Vmse, Vm (J) and Vc (J) it is found to be well in 

agreement with the total pore volume obtained from BET.  

From the first phase of the isotherm plot, we can calculate the molecular sieve 

effect which is mainly due to the finer micropores (ultra micropore) having a 

width less than 0.8 nm. The Vmse (phase I) of carbons are given as follows GAC 

383 (289.95 cm
3
/g), GACO 383 (264.10 cm

3
/g), GACZR 873 (283.38 cm

3
/g), 

GACZR 1073 (305.92 cm
3
/g) and GACZR 1273 (340.45cm

3
/g).  Out of the total pore 

volume  VT (J), the molecular sieve effect Vmse (J) contributes more than 75 % for all 

carbon studied. The percentage contribution of Vmse (J) in VT (J) for each carbon given 

as follows GAC 383 (80.9 %), GACO 383 (82.9 %), GACZR 873 (82.86 %), 

GACZR 1073 (79.30 %) and GACZR 1273 (78.20 %).  The molecular sieve effect 

is prominent for N2 atoms for all the carbon studied, suggest that micropore filling 

of carbon pores smaller than 1nm occurs at very low pressures, i.e. contribution of 

finer micropores in total pore volume is higher for all these carbons.  

Table 3.8: John adsorption isotherm parameters of GAC 383, GACO 383 and GACZR 

873, GACZR 1073 and GACZR 1273 

Carbons 

Adsorption Capacity (cm
3
/g) 

Vmse  (J) 

cm
3
/g. STP 

Vm (J) 

cm
3
/g. STP 

Vc (J) 

cm
3
/g. STP 

VT (J) 

cm
3
/g. STP 

GAC 383 289.95 

n = 3.76 

43.61 

n = 2.85 

32.05 

n = 3.60 

365.61 

GACO 383 264.10 

n = 3.43 

52.06 

n = 2.42 

21.55 

n = 3.78 

337.72 

 

GACZR 873  

 

283.38 

n = 3.74 

46.50 

n = 3.03 

20.16 

n = 4.79 

350.04 

 

GACZR 1073  305.92 

n = 4.33 

36.30 

n = 3.58 

26.66 

n = 4.32 

368.88 

GACZR 1273  340.45 

n = 4.13 

47.95 

n = 3.51 

22.46 

n = 5.11 

410.85 

 
 

From the second phase of the John isotherm plot, we can calculate monolayer 

volume (or limiting micropore volume) due to pores having a width in between            

0.8 - 2.0 nm in range. The Vm (J) (phase II) of carbons are given as follows GAC 383 

(43.61 cm
3
/g), GACO 383 (52.06 cm

3
/g), GACZR 873 (46.50 cm

3
/g), GACZR 1073 

(36.30 cm
3
/g) and GACZR 1273 (47.95 cm

3
/g).  
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This part of pore volume is contributed by pores having a width in between 0.8 

- 2.0 nm.  GAC 383 contributes 11.67 % Vm (J) in total micropore volume VT (J). The 

percentage contribution of Vm in total pore volumes for other carbons are GACO 383 

(15.42 %), GACZR 873 (13.28 %), GACZR 1073 (9.84 %), GACZR 1273 (11.67 %). 

 

  

  

 

 

 

 

Figure 3.17: John Isotherm plot of  

carbons (a) – (c) GACZR series carbonized 

at temperature 873-1273 K, (d) GAC 383,   

& (e) GACO 383 using N2 adsorption 

data at 77K 

 

(a) (b) 

(c) (d) 

(e) 
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Wider micropores Vc (J) (pore width greater than 2 nm) contribution in 

GACZR 1273 shows comparatively less than that of GAC 383. It is clearly 

indicated that impregnation of zirconium in GAC preserves most of the existing 

micropores without changing the pore size even at higher activation temperature.  

Also, it will help to create new additional micropores on GAC surfaces during the 

process of progressive activation. 

Boehm data for phenolic surface groups have been GACZR 873 (0.799 meq/g), 

GACZR 1073 (0.622 meq/g) and GACZR 1273 (0.444 meq/g). Content of phenolic 

groups on the surface of carbon decreases the Vm (J) value, this indicate marked 

changes in the surface chemistry and porosity of the carbon [25]. 

A comparison of total micropore volume (Vmse + Vm) obtained from the John 

isotherm model with other isotherm models (D-R, Alpha S, and Langmuir) are 

schematically represented in the Figure 3.18. It shows that John (J), and Langmuir 

(L) isotherm models offer almost identical values of monolayer volumes for all the 

carbon studied. Whereas micropore volume obtained from D-R and Alpha S (αs) 

isotherm shows comparatively higher values than obtained from John isotherm.  

However the value obtained from D-R and Alphas S (αs) does not deviate more 

than 5 % from the value obtained from John isotherm. 

Table 3.9: John, Dubinin-Radushkevich (D-R), Alpha S (αs) and Langmuir isotherm:  

comparison of pore volume obtained from Isotherm models 

Carbon 

Pore volume 

John 

(Vmse + Vm) 

cm
3
/g  STP 

D-R 

Vm (D-R) 

cm
3
/g STP 

αs 

Vm (αs) 

cm
3
/g STP 

Langmuir 

Vm (L) 

cm
3
/g STP 

GAC 383 333.56 351.28 351.49 336. 60 

GACO 383 316.16 322.75 325.28 304.5 

GACZR 873 329.88 340.54 338.82 327.36 

GACZR 1073 342.22 356.43 356.07 343.88 

GACZR 1273 388.39 401.7 399.59 387.58 
 

3.4.1.8  t - Plot Method 

In porosimetry study both the microporous and mesoporous volumes are 

determined by the t-plot method. Lippens and de Boer [26, 27] proposed a method 

for the determination of micropore volume and external surface area by plotting 
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the thickness of adsorbed layer t against quantity of N2 adsorbed. This has been 

applied to test the new carbon materials as shown in the Figure 3.19. It gives 

isotherms uptake specific to micropore and mesopore filling. Evaluated external 

surface area SAext, micro pore surface area, and micropore volume for carbons are 

given in the Table 3.10. 

The GAC has the distinct steep rise with respect to quantity adsorbed 

(mmol/g) in„t’- plot in the initial range of adsorbed thickness, to attain maximum 

with a round knee. Finally become oriented slightly parallel to the x-axis at the 

higher ranges of adsorbed thickness. A straight line is drawn in the linear region 

of the t plot, and from the slope and intercept the external surface area and 

micropore volume were calculated respectively.  

𝑡 =   
13.99

0.034 − 𝑙𝑜𝑔  (
𝑝
𝑝0
 )

 

0.5

                                                                      (3.15) 

Where t is the thickness of the pores and p/p0 is the relative pressure. External 

surface area of the microporous materials can be determined from the slope of the 

t-plot, 

𝑆𝐴𝑒𝑥𝑡 =
𝑠𝑙𝑜𝑝𝑒 × (1010𝐴0/𝑚)  ×  𝐷

𝐹 × 106
                                                        (3.16) 

Where D is the density conversion factor and is equal to 0.0015468. F is a surface 

area correction factor, for most samples it is taken as 1. 

From the intercept of isotherm plot we can calculate micropore volume  

Vmi = intercept (cm
3
/g STP) × D                                                        (3.17) 

The micropore surface area (SAmi) can be calculated from the relation as 

given below, Here BET surface area is taken as total surface area  

Micropore surface area (m
2
/g),   SA mi = SABET - SAEXT.                        (3.18)                              

Where SABET is the BET surface area and SAEXT is the external surface area. 

The region between the two linear portions represents the transition that occurs as 
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the micropores become filled while multilayer adsorption continues to occur in 

the larger pores. The t-plot (Figure 3.19) indicates that there is curve between two 

linear portions it is an indication of wider distribution of micropores. 

High external surface area of GACO 383 reveals that nitric acid modified 

carbon possesses a significant amount of larger pores. This is evidenced, by an 

increase in the external surface area up to 6.28 % compared to basic carbon GAC 

383. Increasing of external surface area is being caused by reduction of micropore 

volume up to 15.32 % due to the widening of existing micropore. Activation of 

carbon granules GAC 383 with Zr
4+

 enhances 28.40 % (GACZR 1273) of the 

micropore volume, shows that the activated carbon GACZR 1273 generated is 

consisting of predominantly micropores. In fact, of the total surface area of this 

carbon (ST), micropore surface area contributes 70.0 % and the remaining 30 % 

contribute external surface area, i.e. Zr
4+

activation  leads to the acceleration of 

porosity development on the activated carbon matrix of GAC 383. 

 

 
 

Figure 3.18: Comparison of pore 

volumes obtained from John, D-R, 

Alpha S, & Langmuir isotherm models  

Figure 3.19:  t-plot  analysis of  GAC 383, 

GACO 383, GACZR 873, GACZR 1073, 

and GACZR 1273 

 

3.4.1.9 Barrett-Joyner-Halenda (BJH) Method 

Distribution of pores with respect to their volume or surface area as a 

function of pore diameter based on adsorption-desorption isotherm branches of N2 

uptake at 77K is regarded as a significant step for the characterisation of porous 
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materials. This can be measured, and distribution pattern can be studied in terms 

of cumulative surface area in the region of the hysteresis loop. The pore size 

distributions were obtained from desorption branches of nitrogen isotherms by 

using the Barrett-Joyner-Halenda (BJH) method [28]. 

The distribution functions of mesopore volume calculated for nitrogen 

desorption isotherms by using the BJH method. In Table 3.10, the BJH average 

pore diameters are also given.  

 

  
 

Figure 3.20: BJH isotherm analysis (a) Adsorption cumulative pore volume                       

(b) Desorption cumulative pore volume for GAC 383, GACO 383, GACZR 873, 

GACZR 1073 and GACZR 1273 using N2 adsorption/desorption data at 77K 

 

  
Figure 3.21: BJH isotherm analysis (a) Adsorption dV/dw pore volume                     

(b) Desorption dV/dw pore volume for GAC 383, GACO 383, GACZR 873, 

GACZR 1073 and GACZR 1273 using N2 adsorption/desorption data at 77K 

 

(a) (b) 

(a) (b) 
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Figure 3.22: BJH isotherm analysis (a) Adsorption dV/dlogw pore volume and             

(b) Desorption dV/dlogw pore volume for the carbons, GAC 383, GACO 383, GACZR 

873, GACZR 1073 and GACZR 1273 using N2 adsorption/desorption data at 77K 

 

The pore size distribution was determined by the BJH method from both 

adsorption and desorption values of N2 isotherm. The nitrogen adsorption−desorption 

isotherms of GACs and its corresponding pore width distribution are shown in Figure 

3.20 - 3.22. BJH analysis indicated that the maxima pore size distribution centers at 

approximately 3.5 nm. This result reveals the widening of micropores occurs due to 

extra burn off. The adsorption cumulative surface area (ADCSA) of GAC 383 was 

found to be 226.2 m
2
/g for an equivalent adsorption cumulative pore volume 

(ACPV) of 0.138 cm
3
/g (89.26 cm

3
/g.STP). The desorption cumulative surface 

area (DCSA) of the respective pore are 220.5 m
2
/g for a desorption cumulative 

pore volume (DCPV) of 0.134 cm
3
/g (86.67 cm

3
/g.STP). The respective 

adsorption pore width and desorption pore width of the GAC 383 carbon are 

24.35Å (2.44 nm) and 24.3 Å (2.43 nm).  

 The adsorption and desorption cumulative surface area of nitric acid modified 

carbon sample GACO 383 are high (ADCSA; 250 m
2
/g and DCSA; 242.8 m

2
/g) 

compared to the starting carbon GAC 383. This constitutes adsorption and desorption 

cumulative pore volume of 0.142 cm
3
/g (91.85 cm

3
/g.STP) and 0.137 cm

3
/g (88.61 

cm
3
/g) respectively. The respective adsorption-desorption pore widths are 2.28 and 

2.26 nm respectively for this carbon.  

(a) (b) 
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For GACZR 1273, the adsorption cumulative surface area (ADCSA) of the 

respective pore is 196.07 m
2
/g for a cumulative pore volume (ACPV) of 0.117 cm

3
/g 

(75.68 cm
3
/g.STP). Their desorption cumulative surface area (DCSA) found to be 

207.5 m
2
/g for a cumulative pore volume (DCPV) of 0.121 cm

3
/g (78.26 cm

3
/g. 

STP). The respective adsorption pore width and desorption pore width are 2.39 nm 

and 2.32 nm. However, this value is comparatively lower than the starting carbon 

GAC 383. The lower adsorption and desorption cumulative surface area indicates 

that small proportions of mesopores is formed during activation with Zr
4+

 at 

1273K.    

 

Table 3.10: t-plot and BJH  isotherm parameters of carbons GAC 383, GACO 383 GACZR 

873, GACZR 1073 and GACZR 1273 using N2 at 77K 
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GAC 383 226.7 588.7 408.1 226.2 220.5 0.138 0.134 2.44 2.43 

GACO 383 192.0 540.3 433.7 250.0 242.8 0.142 0.137 2.28 2.26 

GACZR 873 231.2 683.0 352.2 193.2 183.5 0.113 0.107 2.33 2.33 

GACZR 1073 257.0 763.9 321.1 182.5 178.2 0.114 0.114 2.50 2.49 

GACZR 1273 291.1 863.8 353.4 196.1 207.5 0.117 0.121 2.39 2.32 

∗ 𝑉𝑚  𝑐𝑚3 𝑔  =  
𝑉𝑚  𝑐𝑚3 𝑔  .𝑆𝑇𝑃 × 28

22414 × 0.808
 

 

Among the four carbons selected, desorption pore size distribution has a 

peak within the range 2.0 - 4.0 nm supports the existence of the fractional 

mesoporosity. The adsorption pore width and desorption pore width for zirconium 

impregnated activated carbon are less (in the range 2.26 - 2.39 nm) compared to 

GAC 383 (2.43 nm). A decrease in the micropore width enhances the adsorption 

energy and hence micropore filling occurs at a lower relative pressure (p/p0 ≤ 0.1) 

as evidenced by BET and I plot method (Table 3.5). 
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3.5  Solid – Liquid Equilibria: Adsorption Studies 

The adsorption efficiency of the modified GAC‟s with respect to selected 

organic compounds; phenol, p-nitrophenol, and methylene blue (MB) are 

determined using a batch adsorption method. The effect of various parameters 

like initial concentration, contact time and temperature on the efficiency to 

remove adsorbate is analysed. 

3.5.1  Effect of Adsorbent Dose 

The effect of adsorbent dose was studied by using four different adsorbent 

dosage 0.05 g, 0.1 g, 0.2 g and 0.3 g in 50 ml solution of phenol (1000 mg/L) and 

MB (500 mg/L). The results are shown in Figures 3.23(a)&(b).  

 

  

Figure 3.23: Specific amount of (a) phenol and (b) methylene blue (MB) adsorbed on 

different carbon dose in 50 ml solution of adsorbate 

 

The increases in the adsorbent carbon dose causes the decrease in the 

amount of phenol and methylene blue (MB) adsorbed per gram of the adsorbents 

(qe). This is mainly because of unsaturation of adsorption sites through the 

adsorption process or may be due to the aggregation of adsorbent particles that 

leads to a decrease in the effective surface area of adsorbent available for 

adsorption. Therefore 0.05 g of carbon was selected as the optimum adsorbent 

dosage for further research studies [29, 30].  

 

(a) (b) 
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3.5.2 Effect of Contact Time 

A preliminary kinetic analysis with each adsorbent (carbon) - adsorbate 

(phenol, p-nitrophenol and methylene blue) system was carried out to determine 

the required equilibration time.  The equilibrium time for the adsorption of phenol 

and p-nitrophenol on GAC is found to be 8 hours but for methylene blue it has 

been 10 hours.  

  

 

 

 

Figure 3.24: Effect of contact time for the 

adsorption of (a) phenol [C0 1000 mg/L], 

(b) p-nitophenol [C0 1000 mg/L] and                                 

(c) methylene blue [C0 500 mg/L] 

 

3.5.3 Selection of Carbon in GACZR Series for Solid-Liquid Equilibria 

To choose the best carbon from the GACZR series for solid –liquid 

adsorption studies were noted by shaking 0.05 g carbon in 50 ml solution of 

phenol (1000 mg/L), p-nitrophenol (1000 mg/L) and methylene blue (500 mg/L) 

and it was placed on a water bath shaker for required equilibration time at 30C. 

The residual adsorbate solution concentration was determined at a corresponding 

(a) (b) 

(c) 
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absorbance (𝜆 max) in UV-Visible spectrophotometer. Among the series of 

GACZR carbons studied, GACZR 1273 shows comparatively higher adsorption 

efficiency in liquid phase than others, which also possess a high surface area and 

pore volume. So this carbon has been selected for further solid-liquid equilibrium 

studies along with basic carbons GAC 383 and GACO 383.  

  

 

 

 

Figure 3.25: Adsorption efficiency of 

GACZR series of carbons in              

(a) 1000 mg/L phenol (b) 1000 mg/L 

p-nitrophenol and (c) 500 mg/L 

methylene blue solution 

 

3.5.4  Adsorption Studies of Phenol, P-Nitrophenol and Methylene Blue  

The equilibrium experimental data obtained from the solution of non 

electrolyte by the adsorption of microporous adsorbent is of great significance. 

The need for efficient removal of organic pollutants is becoming increasingly 

important. Phenols being anionic in natural waters are highly toxic and are present 

in the effluents of a number of industrial units. Here, also methylene blue was 

selected as an organic and cationic dye. This dye has been chosen to study 

because of its known strong adsorption onto solids, and it often serves as a model 

(a) (b) 

(c) 
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compound for removal/adsorption study of organic contaminants from aqueous 

solutions [31]. In this section an attempt is made to report the adsorption 

characteristics of phenol (P), p- nitrophenol (PNP) and methylene blue (MB) on 

GAC 383, GACO 383 and zirconyl chloride  impregnated granular activated 

carbon (GACZR 1273). 

3.5.5 Equilibrium Adsorption Isotherm  

Equilibrium isotherm data obtained from batch experiments were subjected 

to different isotherm models of Langmuir, Freundlich, and Dubinin-Radushkevich 

equations to optimize the design of specific adsorbent/adsorbate system. Figure 

3.26(a)-(c) shows adsorption isotherm of phenol, p-nitrophenol and methylene 

blue on GAC 383, GACO 383, and GACZR 1273 at 303K. 

The experimental data obtained from the adsorption isotherm studies show 

that adsorption of phenol, p-nitrophenol and methylene blue on GAC 383, GACO 

383 and GACZR 1273 appears to be a Type I isotherm according to IUPAC 

classification (Figure 3.26(a)-(c)). Isotherms of Type 1 or L type are concave to 

the concentration axis (IUPAC 2015). Type L isotherm having a long well-

defined plateau is generally associated with monolayer adsorption of the solute 

and minimal competition from the solvent [32]. 

It can be seen that the adsorption capacity of activated carbon increased 

progressively with the equilibrium concentration of solute (phenol, p-nitrophenol 

and MB) and reached saturation. This could be due to the increasing driving force 

of the concentration gradient. The increase in solute concentration could 

accelerate the diffusion of adsorbate molecules onto granular activated carbons. 

The adsorption capacity of activated carbons was calculated according to the 

following Equation (3.19) 

𝑞𝑒 =
 𝐶0 − 𝐶𝑒  𝑉

𝑀
                                                                                             (3.19) 

Where C0 and Ce represent the initial and equilibrium concentrations of adsorbate 

(phenol, p-nitrophenol and MB) in aqueous solution (mg/L), V is the volume of 

the solution (L), and M is the mass of the adsorbent (g). 
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Nitric acid oxidised carbon (GACO 383) showed comparatively less 

adsorption among all the three adsorbate. This is due to the presence of extra              

C - O acidic functional groups, that (carboxylic/lactonic) suppresses the adsorption 

of phenol, p-nitrophenol and methylene blue.  

  

 

 
Figure 3.26: Equilibrium adsorption 

isotherm plots for carbons GAC 383, 

GACO 383, and GACZR 1273 at 30
o
C         

(a) phenol [C0; 25-3000 mg/L],                         

(b) p-nitrophenol [C0; 25-3000 mg/L] and 

(c) methylene blue [C0; 25 -1500 mg/L] 

 

The adsorption affinity of GAC towards selected adsorbate varies in the 

order p-nitrophenol > phenol >  methylene blue. The presence of the nitro group 

on para position make the phenol ring more positive (electron acceptor) and 

therefore increasing electron donor acceptor interaction between adsorbent and 

adsorbate. This results more adsorption of p-nitrophenol on the carbon surface 

compared to phenol molecule. The adsorption rate of methylene blue is 

comparatively lower than phenolic compounds. It was suggested that some of the 

micropores in active carbons were not accessible to methylene blue dye molecules 

due to large molecular size (cross sectional area is 1.2 nm
2
). 

(a) (b) 

(c) 
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Equilibrium data analysed by using various solid-liquid isotherm models such as 

Langmuir, Freundlich, Dubinin – Radushkevich and John – Sivanandan Achari 

isotherm models are discussed in the following sections. 

3.5.5.1 Langmuir Isotherm for Solid – Liquid Equilibria 

The Langmuir Isotherm model assumes that adsorption occurs on a 

homogeneous surface by monolayer coverage and there is no subsequent 

interaction occurs between adsorbed species. The isotherm is based on the 

theoretical principle that only a single adsorption layer (monolayer) exists on an 

adsorbent. The linear form of Langmuir equation is given as follows [33]. 

𝐶𝑒
𝑞𝑒

=
1

𝐾𝐿
+

𝑎𝐿

𝐾𝐿
𝐶𝑒                                                                                               (3.20) 

Where qe is the adsorbed amount per gram of adsorbent (mg/g), Ce 

represents the equilibrium concentration of the adsorbate in solution (mg/L), KL 

and aL is the Langmuir constants (L/mg), is related to the affinity of the binding 

sites, and KL/aL (or qm) represents the monolayer adsorption capacity of the 

adsorbent (mg/g). The values of qm and KL are calculated from the slope and 

intercept of the linear plot of Ce /qe  against Ce. 

3.5.5.2 Freundlich Isotherm for Solid – Liquid Equilibria 

The Freundlich model is an empirical model based on multilayer adsorption 

on heterogeneous surfaces. The equation is commonly described as 

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1
𝑛                                                                                                      (3.21) 

𝑙𝑜𝑔𝑞𝑒 = 𝑙𝑜𝑔𝐾𝐹 +
1

𝑛
log 𝐶𝑒                                                                             (3.22) 

KF and n are the Freundlich constants that represent the adsorption capacity 

and adsorption strength, respectively. The magnitude of 1/n quantifies the 

favourability of adsorption and the degree of heterogeneity of the surface. If n >1, 

suggesting favourable adsorption, then the adsorption capacity increases and new 

adsorption sites are formed.  KF and n can be obtained from the intercept and 

slope of the linear plot of log qe versus log Ce.  
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3.5.5.3 Dubinin-Radushkevich Isotherm for Solid-Liquid Equilibria 

Equilibrium data are applied to the linear form of the Dubinin-Radushkevich 

isotherm model to test the nature of adsorption assigned as chemical or physical. The 

equation is represented as  

𝑞𝑒 = 𝑞𝑚𝑖   𝑒
−𝛽𝜀2

                                                                                                (3.23) 

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑞𝑚𝑖 − 𝛽𝜀2                                                                                        (3.24) 

Where qmi (D-R) is the Dubinin-Radushkevich adsorption capacity (mg/g), β is 

activity coefficient related to the mean free energy, and ε is the Polanyi potential 

which is related to the equilibrium concentration as follows 

𝜀 = 𝑅𝑇𝑙𝑛  1 +
1

𝐶𝑒
                                                                                          (3.25) 

Where R is the gas constant (8.314 J/mol K) and T (K) is the absolute 

temperature.  The constant β gives the mean free energy (E) of adsorption. It is 

energy per molecule of the adsorbate for transferring to the surface of the solid 

from infinity in the solution and can be computed using the relationship 

𝐸 =
1

 2𝛽
                                                                                                           (3.26) 

The saturation limit qmi (D-R) may represent the adsorption monolayer in 

micropores. The slope of the plot of ln qe versus ε
2
 gives β (mol

2
/J

2
) and the 

intercept yields the adsorption capacity, qmi (D-R) (mg/g).  

3.5.6  Adsorption of Phenol on GACZR 1273, GAC 383 and GACO 383 

at Temperatures 

The effect of temperature on the adsorption system was studied by performing 

experiments at different temperatures. 

The equilibrium adsorption isotherms for phenol at 283 K, 293 K, 303 K, 

313 K, & 323 K on GAC 383, GACO 383 and GACZR 1273 from an aqueous 

solution were measured at contact time 8 hour, concentration of phenol ranges 

from 25 - 3000 mg/L, and adsorbent dose taken as 1 g/L (0.05g carbon in 50 ml 

solution of phenol). 
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The variation of Langmuir, Freundlich and Dubinin – Radushkevich isotherm 

parameter of phenol at above temperatures are noted quantitatively evaluate the 

adsorption capacities. 

The Langmuir plots of phenol adsorption on GAC 383, GACO 383 and 

GACZR 1273 with respect to five temperatures are given in Figure 3.27(a)–(c). 

The monolayer capacity qm (KL/aL) and Langmuir constant KL were calculated 

from the slope and intercept of the corresponding plots. The KL/aL increases with 

temperature, suggesting that the adsorption is favoured at high temperatures. This 

suggests an endothermic adsorption mechanism. The high Langmuir constants 

KL/aL (qm) and KL are because of the highest uptake capacity and strong affinity for 

adsorbate. The monolayer capacity of new carbons at 323 K are given as follows; 

GACZR 1273 (qm = 467.29 mg/g & KL = 5.79 Lg
-1
), GAC 383 (qm = 352.11 mg/g 

& KL = 2.68 Lg
-1

), GACO 383 (qm = 237.0 mg/g & KL = 2.59 Lg
-1
).  

 

  

 

 

 

Figure 3.27: Langmuir  isotherm plot for 

the adsorption of  phenol on carbons at 

temperatures of 283 - 323 K and C0;                

25-3000 mg/L (a) GACZR 1273,                   

(b) GAC 383 and  (c) GACO 383 

(a) (b) 

(c) 
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The phenol molecules find large potential adsorption sites on the GACZR 

1273 sample compared to GAC 383 and GACO 383. At 323 K (50C) zirconium 

impregnated GACZR 1273 shows 32 % increment in monolayer capacity 

compared to the GAC 383. Whereas nitric acid modified GACO 383 shows 33 % 

decrease in monolayer volume. Langmuir constant KL is related to the equilibrium 

adsorption and enthalpy change and it varies for new carbons as GACZR 1273 

(3.25 – 5.79 Lg
-1
), GAC 383 (2.33 – 2.68 Lg

-1
), and GACO 383 (2.17 – 2.59 Lg

-1
). 

Phenol adsorption on carbon involves dispersive forces between the 𝜋 electrons in 

phenol and the 𝜋 electrons in carbons. 

The Freundlich plots of phenol adsorption on GAC 383, GACO 383 and 

GACZR 1273 with respect to five temperatures are given in Figures 3.28(a) –(c). The 

KF and n were calculated from the intercept and slope of the linear plots of Freundlich 

isotherm and are given in Table 3.11. The Freundlich constant, 1/n between 0.1 < 1/n 

< 1.0 represent relatively good adsorption of phenols onto activated carbon.  

 

  

 

 

 

Figure 3.28 : Freundlich  isotherm plot 

for the adsorption of  phenol on carbons 

at temperatures of 283 - 323 K and C0; 25 

- 3000 mg/L (a) GACZR 1273, (b) GAC 

383 and  (c) GACO 383 

(a) (b) 

(c) 



Granular Activated Carbon Prepared By Activation with Zirconyl Chloride (GACZR): … 

 

115 Adsorption Isotherm Studies of Granular Activated Carbons:                                                                      
Activation with Zr4+/Nano ZrO2, Porosity, Surface area, Kinetics and Thermodynamics 

 

The Freundlich constant, KF for phenol adsorption at 283 – 323K on GAC 

has been found to be varies as GACZR 1273 (31.44 – 36.17 L/g), GAC 383 

(16.38 – 17.38 L/g), GACO 383 (19.16 – 21.66 L/g)   respectively. It is noted that 

the measured KF increased with increasing solution temperature and reached a 

maximum at 323 K, results easy uptake of adsorbates with relatively high 

temperatures. 

The increase in KF can be attributed to the increase in surface area and 

porosity. The increased porosity due to impregnation of zirconium influences the 

adsorption of phenol. Adsorption of phenol at low and moderate concentrations 

are very much dependant on the microporous nature and surface area of the 

activated carbons. Hence, the increase of porosity and surface area of GACZR 

1273 promotes adsorption of large numbers of phenol molecules into it compared 

to GAC 383 and GACO 383. The high KF of phenol adsorption on GACZR 1273 

carbon can be ascribed strong interaction of the 𝜋 electrons of the aromatic 

nucleus of phenol with surface of GACZR 1273. 

The Dubinin–Radushkevich (D-R) plot of ln qe against [RT ln (1+1/Ce)]
2 
of 

phenol adsorption on GAC 383, GACO 383 and GACZR 1273 with respect to 

five temperatures are given in Figure 3.29(a)–(c). The parameters such as qmi (D-R), 

𝛽, and the mean free energy (E) were determined from the appropriate plot and are 

given in Table 3.11.  

Schematic representation of D-R isotherm shows an increasing trend of qmi 

(D-R) with temperature for all GACs and only lower points is connected to the 

straight line. The adsorption capacity increased with rise of temperature from 283 

to 323K. The percentage of increment for GAC is given as GACZR 1273 (11 %), 

GAC 383 (7 %), and for GACO 383 (6.3 %). The mean energy „E‟ gives an idea 

about the type of adsorption. The E increases slightly with temperature for all 

GACs but not exceed the limit of physisorption (< 8 kJ/mol) [34]. 

The results showed that the phenol uptake is dependent on both the porosity 

and surface chemistry of the carbons. Phenol adsorption has strongly dependence 

on the number of carboxylic acid groups due to two factors: (1) phenol reacts with 

carboxylic groups on the carbon surface, forming an ester bond, and (2) carboxylic 
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groups on the carbon surface, remove the π-electron from the activated carbon 

aromatic ring matrix, causing a decrease in the strength of interactions between 

the benzene ring of phenol and the carbons basal planes, which decreases the 

uptake of phenol on GACO 383 [35]. 

 

  

 

 

 

Figure 3.29: Dubinin–Radushkevich  
(D-R) isotherm plot for the adsorption of  

phenol on carbons at temperatures of 283 - 

323 K and C0; 25-3000 mg/L (a) GACZR 

1273, (b) GAC 383 and (c) GACO 383 

 

Overall analysis indicates, the fitness of Langmuir isotherm model to 

Phenol-GAC adsorption system, suggesting a monolayer adsorption of phenol on 

the surface of GAC. Quantitative evaluation of adsorption efficiency of GAC in 

aqueous solution of phenol shows that at higher temperatures the rate of diffusion 

of phenol molecule within the pores of the GAC leads to a high rate of adsorption. 

Higher adsorption with temperature may also be due to increase in the number of 

adsorption sites generated as results of breaking of some internal bonds near edge 

of active surface sites of GAC [36-38]. 

(a) (b) 

(c) 
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Table 3.11: Langmuir, Freundlich and Dubinin-Radushkevich isotherm parameters of 

phenol on GACZR 1273, GAC 383 and GACO 383 at temperatures of 283-323 K 
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G
A

C
Z

R
 1

2
7
3
 283 243.9 3.25 133 0.996 3.54 31.4 0.922 67.7 1.30 0.966 0.622 

293 298.5 3.91 131 0.998 3.24 32.0 0.943 68.4 0.89 0.970 0.747 

303 342.5 4.83 141 0.998 3.10 33.9 0.947 69.2 0.62 0.968 0.897 

313 427.4 4.88 114 0.996 2.87 34.3 0.960 73.2 0.54 0.968 0.966 

323 467.3 5.79 124 0.998 2.80 36.2 0.962 72.8 0.39 0.970 1.130 

G
A

C
 3

8
3
 

283 266.7 2.33 87.3 0.998 2.60 16.4 0.935 55.5 7.00 0.966 0.267 

293 284.9 2.46 86.5 0.998 2.56 16.7 0.935 56.6 6.00 0.966 0.288 

303 312.5 2.48 79.4 0.998 2.49 16.7 0.945 57.4 5.10 0.966 0.293 

313 336.7 2.53 75.1 0.998 2.44 17.0 0.951 58.4 4.40 0.966 0.338 

323 352.1 2.68 76 0.998 2.42 17.4 0.951 59.2 3.80 0.966 0.362 

G
A

C
O

 3
8
3
 

283 188.3 2.17 115 0.998 3.17 19.2 0.885 46.9 0.94 0.906 0.258 

293 199.6 2.34 117 0.998 3.13 19.9 0.889 56.1 6.70 0.966 0.273 

303 209.6 2.48 119 0.998 3.12 20.7 0.895 57.4 5.50 0.970 0.302 

313 225.7 2.52 112 0.998 3.05 21.1 0.903 58.8 4.70 0.968 0.328 

323 237.0 2.59 109 0.998 3.02 21.7 0.904 59.3 3.90 0.966 0.359 

 

3.5.7 Adsorption of P-Nitrophenol on GACZR 1273, GAC 383 and 

GACO 383 at Temperatures 

Batch adsorption isotherm studies for p-nitrophenol were carried out at five 

selected temperatures, 283 K, 293 K, 303 K, 313 K and 323 K (at contact time 

8hour, concentration of p-nitrophenol 25 – 3000 mg/L, adsorbent dose 1 g/L) .  

Equilibrium data of p-nitrophenol at five temperatures is applied to linear 

form of Langmuir equation and is schematically represented in Figure 3.30(a) –

(c). Linear plots with high correlation coefficients suggest that the adsorption of 

p-nitrophenol on these carbons is in agreement with the Langmuir equation. The 

asymptotic nature of the Langmuir model gives stable adsorption at the maximum 

adsorptive capacity. Therefore, it will perform better when used in industrial 

applications [39]. 
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Figure 3.30: Langmuir  isotherm plot 

for the adsorption of  p-nitrophenol on 

carbons at temperatures of 283 - 323 K 

and C0; 25-3000 mg/L (a) GACZR 

1273, (b) GAC 383 and  (c) GACO 383 

 

The monolayer capacity KL/aL (qm) of GACZR 1273, for p-nitrophenol 

adsorption is as high as 564 mg/g at 323 K. The corresponding monolayer 

adsorption capacities at other temperatures are given as; 283 K (400 mg/g), 293 K 

(425.5 mg/g), 303 K (478.5 mg/g), and 313K (518.1 mg/g) respectively. The 

monolayer capacity increases up to 41 % with rising the temperature from 283 K 

to 323 K. Whereas, GAC 383 shows 48 % increase in monolayer capacity and 

GACO 383 shows 22 % increment in uptake. This indicates that, adsorption of   

p-nitrophenol on activated carbon is favoured at high temperatures. Zirconium 

impregnation is shown to have significant influence on the monolayer capacity of 

the new carbon. 

Monolayer capacities of activated carbon for phenol and p-nitrophenol, 

shows that at low concentration range, p-nirophenols gives more intense 

adsorption capacity compared to phenol. This higher adsorption can be related to 

the electron withdrawing properties of the -NO2 group at the para position in the 

(a) (b) 

(c) 
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phenol ring [40]. The adsorption of phenolic compounds on GAC can be 

explained by interactions of 𝜋 e
-
 in aromatic rings and graphene layers. Electron 

withdrawing groups on the aromatic rings reduces the electron density of 𝜋 

electrons thus enhance the 𝜋 – 𝜋 interactions by diminishing the repulsive electro 

static interactions between the aromatic rings [41-43]. 

The Freundlich plots of p-nitrophenol adsorption on GAC 383, GACO 383 

and GACZR 1273 with respect to five temperatures are given in Figures 3.31(a)–

(c). It shows the deviation from linearity at higher concentration indicating that 

significant adsorption takes place at low concentrations [44]. 

  

 

 

 

Figure 3.31: Freundlich  isotherm plot 

for the adsorption of  p-nitrophenol on 

carbons at temperatures of 283 - 323 K 

and C0; 25-3000 mg/L (a) GACZR 1273, 

(b) GAC 383 and  (c) GACO 383 

 

The Freundlich constants KF and n are determined is given in Table 3.12. 

The Freundlich constant, KF, varies at 283 – 323 K is given as; GACZR 1273 (56.53 

– 70.80 L/g), GAC 383 (53.49 – 59.9 L/g) and GACO 383 (18.48 – 20.04 L/g). 

(a) (b) 

(c) 
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Large KF can be attributed to large adsorption of p-nitrophenol and it increases 

with solution temperature. Impregnation of Zr
4+ 

on GAC also makes the KF into a 

high value. The extra porosity due to activation with zirconium influences the 

adsorption of p-nitrophenol at low and moderate concentrations. This is very 

much dependant on the microporous nature and surface area of the activated 

carbons. 

The Dubinin–Radushkevich plot of lnqe against [RT ln(1+1/Ce)]
2
 of                

p-nitrophenol adsorption on GAC 383, GACO 383 and GACZR 1273 with 

respect to five temperatures are given in Figures 3.32(a)–(c). The parameters qmi 

(D-R), 𝛽 and the mean free energy, E were determined from the appropriate plot 

and are given in Table 3.12. 

 

  

 

 
Figure 3.32: Dubinin–Radushkevich 

(D-R) isotherm plot for the adsorption of 

p-nitrophenol on carbons at temperatures 

of 283 - 323 K and C0; 25-3000 mg/L  

(a) GACZR 1273, (b) GAC 383 and            

(c) GACO 383 

 

(a) (b) 

(c) 
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The percentages of micropore adsorption capacity qmi(D-R) increases for 

new carbons by rising the solution temperature from 283 K to 323 K is given as 

follows; GACZR 1273 (10 %), GAC 383 (7 %) and GACO 383 (6.3 %). The 

mean energy gives an idea about the type of adsorption. The value of mean free 

energy E obtained from Dubinin - Radushkevich isotherm has value less than              

3 kJ/mol for GAC 383, GACO 383 and GACZR1273. This suggested that 

physical adsorption is dominating in the adsorption process between the                         

p-nitrophenol and new carbons. 

 

Table 3.12: Langmuir, Freundlich and Dubinin-Radushkevich isotherm parameters of 

p-nitrophenol on GACZR 1273, GAC 383, GACO 383 at temperatures of 283- 323K 
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 283 400.0 4.99 125 0.990 3.76 56.5 0.897 92.5 0.24 0.970 1.45 

293 425.5 5.99 141 0.992 3.73 60.5 0.906 93.4 0.17 0.972 1.72 

303 478.5 8.39 175 0.996 3.55 64.0 0.918 96.5 0.13 0.978 1.97 

313 518.1 11.9 229 0.998 3.45 67.1 0.925 98.2 0.10 0.980 2.26 

323 564.9 14.7 261 0.998 3.35 70.8 0.929 103 0.09 0.984 2.42 

G
A

C
  

3
8
3
 

283 272.5 7.61 279 0.998 4.26 53.5 0.861 75.8 0.23 0.966 1.60 

293 304.9 8.36 274 0.998 4.06 55.0 0.880 77.0 0.18 0.966 1.75 

303 340.1 9.03 265 0.998 3.88 56.6 0.893 78.2 0.15 0.966 1.90 

313 377.4 9.40 249 0.998 3.73 58.1 0.906 79.5 0.12 0.966 2.07 

323 403.2 10.7 265 0.998 3.64 59.9 0.914 81.2 0.10 0.966 2.21 

G
A

C
O

 3
8
3
 

283 201.6 2.06 102 0.998 3.05 18.5 0.925 49.6 4.63 0.951 0.33 

293 213.2 2.14 101 0.998 3.01 18.9 0.927 50.6 3.97 0.953 0.36 

303 224.2 2.24 100 0.998 2.97 19.3 0.929 51.3 3.35 0.951 0.39 

313 235.3 2.31 98 0.998 2.94 19.7 0.931 52.1 2.92 0.951 0.41 

323 245.7 2.41 98 0.998 2.91 20.0 0.933 52.7 2.51 0.949 0.45 
 

3.5.8 Adsorption of Methylene Blue (MB) on GACZR 1273, GAC 383, 

and GACO 383 at Temperatures 

The equilibrium adsorption capacity of GAC 383, GACO 383, and GACZR 

1273 towards methylene blue is evaluated at five temperatures (283 K, 293 K, 
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303 K, 313 K and 323 K). The isotherm experiments were carried out at contact 

time of 10 hours at which the equilibrium is attained. Batch experiments were 

conducted by taking the methylene blue (MB) concentration ranges from 25 - 

1500 mg/L and also keeping the adsorbent dosage as 1 g/L. 

The linear form of the Langmuir equation was applied to evaluate the 

adsorption characteristics of methylene blue adsorption on the equilibrium 

adsorption data. The plots of Ce/qe versus Ce, at five different temperatures are 

given in Figure 3.33(a)–(c). The linearity of plots suggests that methylene blue 

adsorption agrees with the Langmuir model. The parameters KL/aL (or qm), KL and 

aL are given in Table 3.13. 

 

  

 

 

 
Figure 3.33: Langmuir  isotherm plot for 

the adsorption of  methylene blue (MB) 

on carbons at temperatures of 283 - 323 

K and C0; 25 - 1500 mg/L  (a) GACZR 

1273, (b) GAC 383 and  (c) GACO 383 

 

(a) (b) 

(c) 
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The Langmuir isotherm plots for GAC 383, GACO 383, and GACZR 1273 

are found to be smooth straight line graphs with intercept near to origin. At the 

higher concentrations, the spread of the data varies widely. This may be due to the 

preferential filling of the mesopores by the dye molecules rather than its limited 

accessibility to the micropores. Being the molecule is larger in size the micropores are 

not much exposed for adsorption. At higher equilibrium concentrations, mass transfer 

occurs to mesopores by diffusion. Langmuir KL/aL varies at 283 - 323K for GAC 

are given as GACZR 1273 (159.7 – 315.5 mg/g), GAC 383 (150.6 – 229.4 mg/g) and 

GACO 383 (108.0 – 172.4 mg/g). This suggested that increasing of solution 

temperatures enhanced the adsorption capacity due to penetration of more MB 

into pores of GAC [45, 46]. 

The monolayer capacity, KL/aL for methylene blue adsorption on all carbon 

is lower than that for phenol and p-nitrophenol adsorption. This can be explained 

by considering the size of these molecules. When a large molecule, like 

methylene blue, and smaller, or solvent molecules, like water, are adsorbed on a 

porous solid with a distribution of pore sizes the effective adsorbent surface 

available to the larger molecule is limited by pore screening or molecular sieving. 

The cross sectional area occupied by a molecule of methylene blue has been 

reported to be 1.2 nm
2
. Hence the finer micropores in the activated carbon 

structure are not available as adsorption sites for methylene blue molecules due to 

their large size. Hence, methylene blue adsorption on activated carbons is less 

compared to phenol and p-nitrophenol molecule. 

Freundlich constants KF (Lg
-1

) and n are given in Table 3.13 and is seen that 

KF increases with temperature. As regards to Freundlich isotherm constants the 

zirconium modified carbon (GACZR 1273) exhibit relatively high dye uptake. 

The value of 1/n <1 is an indication of favorable adsorption and is 

classified to L-type isotherm. This isotherm reflects a relatively high affinity 

between the solute and the solid phase. 

KF increased with increasing solution temperature and reached a maximum 

at 323K, indicating that easy uptake of methylene blue (MB) with high adsorptive 

capacity would be achieved at relatively high solution temperatures  
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Figure 3.34: Freundlich  isotherm plot 

for the adsorption of  methylene blue 

(MB) on carbons at temperatures of 

283 - 323 K and C0; 25 - 1500 mg/L  

(a) GACZR 1273, (b) GAC 383 and  

(c) GACO 383 

 

 

The equilibrium data were also applied to the linear form of the 

Dubinin−Radushkevich isotherm model to test the nature of adsorption assigned 

as chemical or physical. The isotherm constants were calculated from this isotherm 

and given in Table 3.13.  

The micropore adsorption capacity qmi (D-R) of GACZR 1273 increases 10 %, 

GAC 383 increases 9 % and GACO 383 increases 12.6 % by rising the solution 

temperature from 283 K to 323 K. Energy constant E calculated are all below             

5 kJ/mol, suggesting that physical adsorption was dominating in the adsorption 

process. 

 

 

(a) (b) 

(c) 
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Figure 3.35: Dubinin-Radushkevich              

(D-R) isotherm plot for the adsorption of  

methylene blue (MB) on carbons at 

temperatures of  283 - 323 K and C0; 25 - 

1500 mg/L  (a) GACZR 1273, (b) GAC 

383 and (c) GACO 383 

 

Adsorption mechanism that may occur in the case of solutes containing 

conjugated system such as the dye molecules studied here corresponds to π–π 

dispersive interactions. This mode of interaction can take place between the 

aromatic rings and –N=C– C=C–system of methylene blue (MB) [47]. 

  

(a) (b) 

(c) 
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Table 3.13: Langmuir, Freundlich and Dubinin-Radushkevich isotherm parameters of 
methylene blue on GACZR 1273, GAC 383, GACO 383 at temperatures 283 – 323 K 
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283 159.7 4.04 253 0.996 4.67 36.7 0.982 4.06 57.8 71 0.939 2.66 

293 194.6 4.45 229 0.992 4.33 39.5 0.990 4.09 59.5 50 0.933 3.16 

303 228.3 5.29 232 0.992 4.08 42.4 0.990 4.11 61.1 37 0.937 3.65 

313 271.7 6.01 221 0.992 3.84 45.4 0.992 4.13 62.2 32 0.939 3.93 

323 315.5 6.92 219 0.988 3.66 48.4 0.994 4.15 63.5 23 0.943 4.64 

G
A

C
 3

8
3
 

283 150.6 3.74 248 0.992 1.58 37.7 0.982 4.05 57.4 66 0.943 2.75 

293 169.5 4.54 268 0.992 1.61 40.7 0.984 4.07 58.8 47 0.935 3.26 

303 190.1 4.80 252 0.992 1.63 42.9 0.990 4.10 60.3 36 0.935 3.75 

313 209.6 5.13 245 0.988 1.66 45.3 0.992 4.12 61.6 28 0.937 4.21 

323 229.4 5.51 240 0.988 1.68 47.8 0.994 4.14 62.8 23 0.941 4.68 

G
A

C
O

3
8
3
 

283 108.0 2.89 268 0.996 6.27 35.1 0.968 3.99 54.2 65 0.972 2.77 

293 122.4 3.37 275 0.992 5.92 37.7 0.976 4.03 56.3 47 0.960 3.26 

303 138.7 3.60 259 0.992 5.61 39.8 0.982 4.06 58.0 36 0.955 3.74 

313 154.3 4.31 279 0.992 5.33 42.3 0.984 4.09 59.5 28 0.951 4.19 

323 172.4 4.59 266 0.992 5.12 44.6 0.988 4.11 61.0 23 0.953 4.66 
 

 

 

3.5.9 John-Sivanandan Achari (J-SA) Isotherm for Solid- Liquid 

Equilibria 

John and Achari [48] extended the application of John isotherm model 

originally designed for solid-gas equilibrium to solid-liquid equilibrium, applicable 

over a wide range of concentration. The separation of adsorption and pore filling 

phenomena as visible through different phases in the solid-liquid adsorption in 

John –Sivanandan Achari (J-SA) isotherm [log log Ce = C + n log qe] are very 

much helpful to recognize and thereby interpret both specific and non-specific 

interactions occur during the adsorption process [49, 50]. 
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John–Sivanandan Achari (J-SA) isotherm
 
for solid-liquid is expressed as 

𝑙𝑜𝑔𝑙𝑜𝑔 𝐶𝑒 = 𝐶 + 𝑛 𝑙𝑜𝑔 𝑞𝑒                                                                             (3.27) 

𝑊𝑒𝑟𝑒 ;  𝐶𝑒 =  𝐶𝑒  × 10𝑁                                                                               (3.28) 

𝑞𝑒 =  𝑞𝐼 + 𝑞𝐼𝐼 + 𝑞𝐼𝐼𝐼                                                                                        (3.29) 

The newly developed carbons GACZR 1273, GAC 383 and GACO 383 are 

evaluated for their adsorption efficiency using John-Sivanandan Achari isotherm 

models for methylene blue (MB), phenol (P) and p-nitrophenol (PNP) adsorption. 

The adsorption efficiency on GACZR 1273 obtained from J-SA isotherm model is 

compared to Langmuir (L), Dubinin-Radushkevich (D-R) and Freundlich (F) 

isotherm models.  The John-Sivanandan Achari isotherm plots of methylene blue 

adsorption exhibited three distinct phases (marked by lines) of adsorption. The 

different pore filling mechanisms are explained over distinct phases. Isotherm has 

three distinct phases marked by kinks or distinct lines for phase change 

The adsorption of MB on activated carbon in phase I, qI(J) is found to be 

GACZR 1273 (79.50 mg/g), GAC 383 (67.48 mg/g), GACO 383 (66.62 mg/g) 

and the total adsorption capacity qT(J) determined from logqT (J)  corresponding 

to the highest log log Ce is given as GACZR 1273 (226.06 mg/g), GAC 383 

(191.87 mg/g), GACO 383 (138.41 mg/g). This means 34.5 % of the total 

adsorption takes place during the phase I with specific adsorption mechanism. 

Low concentration adsorption given in the phase I is generally attributed to the 

presence of surface functional groups. While in phase II, adsorption given by 

GAC follows as, GACZR 1273 – 126.43 mg/g (61.8 %), GAC 383 – 124.39 mg/g 

(64.8 %), GACO 383 – 71.79 mg/g (51.9 %) adsorption. It is the highest 

adsorption quantity noted among three phases. The remaining 3.67 % of 

adsorption in GACZR 1273 is contributed by phase III (qIII (J) 8.3mg/g) it is 

probably due to the adsorption of methylene blue in accessible mesopores. 

A comparison of adsorption capacity V (J) and surface area SA (J) 

determined in comparison with other isotherm models are given in Table 3.14. 

There is an almost perfect agreement between qT (J-SA) and qm (L). 
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Figure 3.36: John-Sivanandan Achari 

isotherm (J-SA) plot for the adsorption 

of  methylene blue (MB) on carbons at 

303 K  and C0; 25- 1500 mg/L (a) GAZR 

1273 (b) GAC 383 and (c) GACO 383 

 

The successive filling of phenol on GACZR 1273, GAC 383 and GACO 383 

is represented by three distinct phases. Adsorption of phenol in phase I of J-SA 

isotherm plots given as GACZR 1273 (85.15 mg/g), GAC 383 (72.87 mg/g), 

GACO 383 (56.39 mg/g). The percentage contribution of  phase I in total 

adsorption for GAC is calculated and given as GACZR 1273 –24.9 %, GAC 383 – 

24.13% and GACO 383 – 26.58 %. Whereas phase II indicate extensive interaction 

of finer micropores (0.8 – 2 nm) and phenol molecule. The foremost adsorption in 

GACZR 1273 and GAC 383 i.e. about 65% adsorption will occur in phase II. 

Adsorption of phenol in phase II of GAC follows GACZR 1273 - 220.26 mg/g 

(64.5%), GAC 383 – 209.82 mg/g (69.5%), GACO 383 – 93.11 mg/g (43.8%). The 

remaining adsorption is contributed by phase III in John –Sivanandan Achari 

isotherm; GACZR 1273 - 35.99 mg/g (10.5%), GAC 383 -19.24 mg/g (6.4%) and 

(a) (b) 

(c) 
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GACO 383 – 62.68 mg/g (25.9%) which is probably due to the adsorption of 

phenol in mesopores.  

 

  

 

 

 

Figure 3. 37: John-Sivanandan Achari 

isotherm (J-SA) plot for the adsorption of 

phenol on carbons at 303 K and C0;          

25- 3000 mg/L (a) GACZR 1273 (b) GAC 

383 and (c) GACO 383 

 

The J-SA plots of p-nitrophenol adsorption exhibited three phases of 

adsorption for GACZR 1273 and GACO 383, whereas GAC 383 shows only two 

distinct phases. In phase I GACZR 1273 adsorb 159.01 mg/g out of total 

adsorption qT (J) of 478.63 mg/g and GACO 383 adsorb 52.27 mg/g of                       

p-nitrophenol. The percentage contribution of phase I in total adsorption is given as 

GACZR 1273 (32.68 %), GACO 383 (23.53 %). There is no separation between 

molecular sieve effect and monolayer filling for adsorption of p-nitrophenol in GAC 

383. Adsorption of p-nitrophenol in phase II for carbons are GACZR 1273 

(141.84 mg/g), and GACO 383 (85.59 mg/g). The total adsorption (Phase I + phase 

II) constitutes monolayer filling in GAC 383 give 210.15 mg/g. The contribution of 

(a) (b) 

(c) 
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phase III in p-nitrophenol adsorption is given by GACZR 1273 (185.74 mg/g), 

GAC 383 (134.1 mg/g) GACO 383 (84.24 mg/g). 

 

  

 

 

 
Figure 3.38: John-Sivanandan Achari 

isotherm plot for the adsorption of               

p-nitrophenol on carbons at 303 K and 

C0; 25- 3000 mg/L (a) GAZR 1273            

(b) GAC 383 and (c) GACO 383 

 
The comparison of adsorption capacities of J-SA isotherm model qT (J-

SA) mg/g, with Langmuir isotherm model qm(L) are presented in Table 3.14. Total 

adsorption capacity of carbons obtained from J-SA isotherm qT (J-SA) for the 

adsorption of phenol, p-nitrophenol and methylene blue are found to be close 

agreement with qm (L). 

  

(a) (b) 

(c) 
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Table 3.14: Comparison of  adsorption capacity (mg/g) and surface area (m
2
/g) for 

the adsorption of  phenol, p-nitrophenol and methylene  blue on carbon  GACZR 

1273, GAC 383 and GACO 383 using  John-Sivanandan Achari, Langmuir, D-R 

and Freundlich isotherm models (T = 303 K) 
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*MB 

(1.2) 

79.5 

(179.7) 

126.4 

(285.7) 

21.2 

(47.9) 

226.1 

(510.8) 

228.3 

(515.9) 

73.0 

(165.0) 

42.4 

(95.9) 

*P  

(0.522) 

85.2 

(284.5) 

220.3 

(735.9) 

36.0 

(120.2) 

341.4 

(1140.0) 

342.5 

(1144.0) 

76.1 

(254.4) 

33.9 

(76.9) 

*PNP 

(0.525) 

159.0 

(361.4) 

141.8 

(322.4) 
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(1088.0) 

478.5 
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MB 67.5 

(152.5) 

124.4 

(281.1) 

*ND 

  

191.9 

(433.6) 

190.1 

(429.6) 

60.3 

(136.3) 

42.9 

(96.9) 

P 72.9 

(243.4) 

209.8 

(701.0) 

19.2 

(64.3) 

301.9 

(1008.7) 

312.5 

(1044.0) 

57.4 

(191.7) 

16.7 

(55.9) 

PNP *ND 

 

210.2 

(477.7) 

134.1 

(304.8) 

345.2 

(784.7) 

334.5 

(760.2) 

78.2 

(177.7) 

60.7 

(138.1) 
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MB 66.6 

(150.5 

71.8 

(162.2) 

* ND 

  

138.4 

(312.8) 

138.7 

(313.4) 

58.0 

(131.0) 

39.8 

(90.0) 

PNP 56.4 

(188.4) 

93.1 

(311.1) 

62.7 

(209.4) 

212.2 

(708.8) 

209.6 

(700.2) 

57.4 

(191.8) 

20.7 

(69.2) 

P 52.3 

(118.8) 

85.6 

(194.6) 

84.2 

(191.5) 

222.1 

(504.9) 

224.2 

(509.7) 

51.3 

(116.6) 

19.3 

(43.9) 

*MB -  Methylene blue *P  - phenol, *PNP  -  p-nitrophenol,  *ND – not detected 

*𝑆𝐴(m2/g) =
q  mg g  ×6.022 ×1023 ×cross  sectional  area  of  adsorbate (nm 2)

Molecular  weight  of  adsorbate
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3.5.9.1 John - Sivanandan Achari Isotherm for Phenol, P-Nitrophenol and 

Methylene Blue Adsorption on GACZR 1273 at Temperatures 

John – Sivanandan isotherm plots are made at temperature 283 – 323 K. 

Distinct phase changes in the plot with respect to adsorption of phenol,                

p-nitrophenol and methylene blue on carbon GACZR 1273 are given in Table 

3.15. The temperature rise shows a systematic quantitative enhancement in 

adsorption.  

 

  

  

Figure 3.39: John –Sivanandan Achari  isotherm plot for phenol adsorption on 

GACZR 1273 at temperatures (a) 283K (b) 293K (c) 313K  and (d) 323K 

 

For phenol adsorption on carbon GACZR 1273 in phase I show only a 

slight enhancement from 71.23 mg/g to 91.76 mg/g by rising the solution 

temperature from 283K to 323K. However, in phase II shows significant 

enhancement from 143.15 mg/g to 308.9 mg/g by rising the solution temperature. 

(a) (b) 

(d) (c) 
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This is because more and more adsorption sites are activated and becomes 

accessible with increase of temperature. Further increment of solution temperature 

causes the diffusion of more phenol molecules into wider pores.  As there are few 

wider pores available for effective uptake  of phenol at lower solution temperature 

(32.77 mg/g at 283K)  however, as the solution temperature increases more 

phenol molecule get diffused into wider pores and adsorption in phase III 

increased to 65.09 mg/g at 323K. 

 

  

 
 

Figure  3.40:  John –Sivanandan Achari  isotherm for p - nitrophenol adsorption on 

GACZR 1273 at temperatures (a) 283 K  (b) 293 K  (c) 313 K and  (d) 323 K 

 

Compared to phenol molecules, the amount of p-nitrophenol adsorbed in 

the first phase is two times more than that of phenol molecule. It indicates that 

𝜋 − 𝜋 interaction between p-nitrophenol and GACZR 1273 is more prominent than 

phenol molecule. Quantity of p-nitrophenol adsorbed in first phase increases from 

146.55 mg/g to 163.53 mg/g, whereas in phase II it increases from 113.9 mg/g to 

(a) (b) 

(c) (d) 
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142.16 mg/g and in phase III quantity of adsorption increased from 145.41 mg/g 

to 242.30 mg/g by rising the solution temperature from 283 K to 323 K. It can be 

seen that as the solution temperature increases more p-nitrophenol molecule get 

diffused into wider pores. 

 

  

 
 

Figure 3.41: John –Sivanandan Achari  isotherm for methylene blue (MB) adsorption 

on GACZR 1273 at temperatures (a) 283 K (b) 293 K (c) 313 K and  (d) 323 K 

 
Compared to phenol and p-nitrophenol adsorption qT (J), methylene blue 

(MB) adsorption is less favoured. Small micropores hinder the entry of 

methylene blue molecules inside micropores due to size restrictions. This pore 

restriction during adsorption towards large molecules is well indicated by an 

additional phase for the John-Sivanandan Achari isotherm plots (Figure 3.41). 

  

(a) (b) 

(c) (d) 
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Table 3.15: John - Sivanandan Achari Isotherm parameter for the adsorption of 
phenol, p-nitrophenol and methylene blue on carbon GACZR 1273 at 283 - 323K 
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283 71.2 

(238.0) 

143.2 

(478.2) 

32.8 

(109.5) 

146.6 

(333.1) 

113.9 

(258.9) 

145.4 

(330.5) 

71.3 

(161.1) 

79.0 

(178.4) 

10.4 

(23.5) 
 

293 80.9 

(270.1) 

184.0 

(614.7) 

33.7 

(112.6) 

159.0 

(361.4)  

130.6 

(296.9) 

139.7 

(317.6) 

75.1 

(169.8) 

105.5 

(238.3) 

14.0 

(31.7)  
 

303 85.2 

(284.5) 

220.3 

(735.9) 

36.0 

(120.2) 

159.0 

(361.4) 

141.8 

(322.4) 

185.7 

(422.2) 

79.5 

(179.7) 

126.4 

(285.7) 

21.2 

(47.9) 
 

313 86.2 

(288.0)  

297.5 

(993.9) 

43.0 

(143.6) 

161.2 

(366.5) 

142.3 

(323.5) 

210.9 

(479.3) 

81.8 

(184.9) 

172.0 

(388.8) 

14.6 

(33.0) 
 

323 91.8 

(306.6) 

309.0 

(1032) 

65.1 

(217.5) 

163.5 

(371.7) 

142.2 

(323.1) 

242.3 

(550.8) 

83.9 

(189.6) 

213.3 

(482.0 

13.9 

(31.4) 

 

3.6  Comparison of Adsorption Isotherms for the Adsorption of 

Phenol, P-Nitrophenol and Methylene Blue on GACZR 1273  

In order to assess the different isotherms and their ability to correlate with 

experimental results, the theoretical isotherm plot has been made by the 

experimental data. The predicted Freundlich, Langmuir, D-R, J-SA isotherm 

equation for phenol, p-nitrophenol and methylene blue (MB) onto GACZR 1273 

is given in the Table 3.16. 

Figure 3.42(a) shows the different isotherm curve for phenol onto GACZR 

1273 at a constant solution temperature of 30
0
C along with experimental data. It is 

plotted in the form of an amount adsorbed (qe) per unit mass of GACZR 1273, 

against the concentration of phenol remaining in solution (Ce.). It was observed 

that equilibrium data are well represented by Langmuir and John – Sivanandan 

Achari isotherm compared to Freundlich and Dubinin – Radushkevich isotherm 
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Figure 3.42: Comparison of the adsorption 

isotherms model to the observed isotherm 

data for the adsorption of (a) phenols,             

(b) p-nitrophenol and (c) methylene blue 

(MB) on to activated carbon GACZR 1273 

 

 

 

Comparison of the model fit of various isotherms to the observed isotherm 

data for the adsorption of p-nitrophenols onto activated carbon GACZR 1273 is 

given in the Figure 3.42(b). It shows the best fit of equilibrium data in the 

Langmuir isotherm equation and J-SA isotherm equation. It indicates that 

adsorption of p-nitrophenol on GACZR 1273 confirms equilibrium data are well 

represented by these two isotherm equations. 

Comparison of the model fit of various isotherms to the observed isotherm 

data for the adsorption of methylene blue (MB) onto activated carbon GACZR 

1273 is given in the Figure 3.42(c). It indicates that in the entire concentration 

range of equilibrium data of methylene blue best fitted to Langmuir isotherm 

model. 

(a) (b) 

(c) 
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Table 3.16: The predicted non linear form of  Freundlich, Langmuir, Dubinin – 
Radushkevich, and  John –Sivanandan Achari  isotherm equations for GACZR 1273 

Isotherms Phenol p-nitrophenol Methylene Blue 

Langmuir   
𝑞𝑒 =

𝐶𝑒  𝑋 4.83

1 + 0.0141𝐶𝑒
 𝑞𝑒 =

𝐶𝑒  𝑋 8.39

1 + 0.0175𝐶𝑒
 𝑞𝑒 =

𝐶𝑒  𝑋 5.29

1 + 0.02319𝐶𝑒
 

Freundlich   𝑞𝑒 = 33.85 𝑋 𝐶𝑒
0.323 𝑞𝑒 = 63.97 𝑋 𝐶𝑒

0.282  𝑞𝑒 = 42.32 𝑋 𝐶𝑒
0.2451  

*D-R 𝑞𝑒 = 69.21 𝑋 𝑒0.6221𝜀2
 𝑞𝑒 = 96.47 𝑋 𝑒0.1286𝜀2

 𝑞𝑒 = 61.07 𝑋 𝑒0.0374𝜀2
 

*J-SA 
𝑞𝑒 = 𝑒

𝑙𝑜𝑔𝑙𝑜𝑔 𝐶𝑒+0.6487

0.5028  𝑞𝑒 = 𝑒
𝑙𝑜𝑔𝑙𝑜𝑔 𝐶𝑒+1.246

0.7028  𝑞𝑒 = 𝑒
𝑙𝑜𝑔𝑙𝑜𝑔 𝐶𝑒+1.9653

1.13  

*D-R  Dubinin-Radushkevich isotherm  *J-SA John-Sivanandan Achari isotherm 

 

3.7  Adsorption Kinetic Studies 

In order to examine the controlling mechanism of adsorption processes, 

including mass transfer and chemical reaction, a suitable kinetic model is applied 

and analyzed.   

3.7.1  Kinetic Studies of Phenol, P-Nitrophenol and Methylene Blue   

Adsorption kinetics expressed as the adsorbate removal rate that controls 

the residence time of the molecules in solid-solution interface. The procedure 

used for kinetic tests was identical to that used for adsorption equilibrium 

experiments. The kinetic studies were carried out at a fixed initial concentration 

of 250 mg/L with an adsorbent dosage of 0.05 g in 50 ml solution of adsorbate at 

five different temperatures.  

The aqueous samples of phenol and p-nitrophenol were taken at time 

intervals of 10 - 360 min (10 min, 20 min, 30 min, 40 min, 60 min, 120 min, 180 

min, 240 min, and 360 min). Whereas, methylene blue adsorption taken at time 

intervals of 10 - 480 min. The concentrations of phenol, p - nitrophenol and 

methylene blue (MB) were measured by UV-Visible spectrophotometer at their 

corresponding wavelength. The uptake of phenol, p-nitrophenol and methylene 

blue at time t was calculated by using the Equation (3.30). 

𝑞𝑡 =
 𝐶0 − 𝐶𝑡 𝑉

𝑀
                                                                                             (3.30) 
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The three basic models such as pseudo-first order model [51], pseudo- 

second order model [52] and intraparticle diffusion model [53] were applied to 

analyze the kinetic data of phenol, p-nitrophenol and MB adsorption on GACZR 

1273, GAC 383 and GACO 383.  

3.7.1.1 Pseudo-First Order Kinetic Study  

The integral form of the pseudo-first order equation proposed by Lagergren 

to describe the adsorption system expressed as follows [51] [54]. 

log 𝑞𝑒 − 𝑞𝑡 = 𝑙𝑜𝑔𝑞𝑒 −
𝐾1𝑡

2.303
                                                                    (3.31) 

Where qe and qt (mg/g) are the amount of adsorbate (phenol, p-nitrophenol and 

methylene blue) adsorbed at the equilibrium and at time t (min), respectively and 

K1 (min 
-1

) is the rate constant. The values of K1 and qe were calculated from the 

slopes and intercepts of log (qe – qt) against the t plots. 

3.7.1.2 Pseudo-Second Order Kinetic Study  

The adsorption kinetics may also be described by a pseudo-second order 

kinetic model. The linearized integral form of the model is represented as  

𝑡

𝑞𝑡
=  

1

𝐾2𝑞𝑒
2 +

1

𝑞𝑒
𝑡                                                                                            (3.32) 

Where qe and qt (mg/g) are the amount adsorbed at the equilibrium and at 

time t (min), respectively, and K2 is the pseudo-second order rate constant of 

adsorption (g/mg min). The initial adsorption rate, h (K2qe
2
), has been widely used 

for evaluation of the adsorption rates. This model is based on the assumption that 

the rate of occupation of adsorption sites is proportional to the square of the 

number of unoccupied sites [55, 56]. 

3.7.1.3. Intraparticle Diffusion Model  

To predict the rate limiting step in an adsorption process it is important to 

understand the mechanism associated with it. The intra-particle diffusion model is 

used to study the functioning of diffusion controlled adsorption system [57]. 
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The intra-particle diffusion equation is expressed in the following form 

𝑞𝑡 =  𝐾𝑖𝑑 𝑡
1

2 + 𝐶                                                                                            (3.33) 

Where qt is the amount adsorbed (mg/g) at time, t (min), Kid is the intra particle 

diffusion coefficient and C represent the thickness of the boundary layer. 

3.7.2  Kinetic Study of Phenol on GACZR 1273, GAC 383, and GACO 

383 at Temperatures 

The first order kinetic plots of phenol adsorption onto three adsorbents 

(GAC 383, GACO 383 and GACZR 1273) at 283, 293, 303, 313 and 323 K 

temperatures are given in Figure 3.43(a)–(c).  

 

  

 

 

 

Figure 3.43: Pseudo-first order kinetic 

plot of carbons for the adsorption of 

phenol at 283 – 323 K and C0; 250 mg/L 

(a) GACZR 1273 (b) GAC  383 and  

(c) GACO 383 

(a) (b) 

(c) 
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Conformity between the experimental data qe (exp) and the model predicted 

data qe (cal) was expressed by the correlation co-efficient. Theoretical qe value 

obtained from the pseudo-first order kinetic model doesn‟t vary with qe 

experimental value. Linear plot shows lower regression co-efficient, this suggest 

that this adsorption system is not a pseudo-first order reaction. Deviation from 

straight line can be attributed to the control of boundary layer over phenol 

adsorption at the initial stages [58]. The percentage of error between the 

experimental qe (exp) and calculated qe (cal) of GACZR 1273 shows 43 – 46 %, 

GAC 383 shows 34 – 58%, and GACO 383 shows 42 – 63 %. The percentage of 

error is more prominent at higher solution temperatures. 

The second order kinetic plots of phenol adsorption onto three adsorbents 

(GAC 383, GACO 383 and GACZR 1273) at five temperatures are given in 

Figure 3.44(a)-(c). Kinetic parameters along with correlation co-efficient for 

pseudo-second order kinetic model are listed in the Table 3.17.  

  

 

 
 

Figure 3.44: Pseudo-second order kinetic 

plot of carbons for the adsorption of 

phenol at 283 – 323 K and C0; 250 mg/L 

(a) GACZR 1273 (b) GAC  383 and                 

(c) GACO 383 

(a) (b) 

(c) 
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The correlation coefficient of the second order kinetic model was found to 

be higher than that of pseudo-first order kinetic model. The calculated qe (cal) 

obtained from the pseudo-second order also agree well with the experimental qe. 

The difference between the experimental qe and calculated qe of pseudo-second 

order kinetic are GACZR 1273 (3.4 – 5.3 %), GAC 383 (4.3 – 10%), and GACO 

383 (2.6 – 5.0 %) for the temperatures studied. The difference between qe (exp) 

and qe (cal) is decreased with rise of temperature for all carbons. These indicate 

that the adsorption system studied belongs to the second order kinetic model. 

An assumption made on pseudo-second order kinetics is that the number of 

molecules adsorbed on the surface of carbon is proportional to the square of the 

number of vacant sites. The initial adsorption rate, h (K2qe
2
) obtained from the 

intercept of the pseudo-second order plot, has been widely used for evaluation of 

the adsorption rates. The values of „h’ increase with rise of temperature for all 

carbons, indicating that more phenol molecule gets adsorbed on activated carbon 

with rise of temperature.  

Two phases in the intra-particle diffusion plot suggest that the adsorption 

process proceeds by surface adsorption and intra-particle diffusion. The Kid is the 

intra-particle diffusion coefficient and C is the boundary layer effect. Higher the 

intercept more the contribution of surface adsorption in the rate limiting step. The 

intra-particle diffusion starts with a rapid transport of adsorbate molecules into 

macropores and wider mesopores and then, penetrating the smaller meso and 

micropores at much slower speed. 

The plot of qt versus t 
0.5

 shows two stages of adsorption with deviation of a 

straight line from the origin that may be because of the difference in the rate of 

mass transfer between initial and final stages of adsorption. The initial steep 

portion is a measure of boundary layer diffusion effects [59] i.e. instantaneous 

adsorption on the external surface of the carbon. The second linear portion shows 

a steady increase in adsorption result of intraparticle diffusion effects, i.e. the 

transfer of adsorbed molecule from the surface to the intra-particular active sites 

which determine the rate limiting step [60]. 
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Figure 3.45: Intra-particle diffusion plot of 

carbons for the adsorption of phenol at 283 

– 323 K and C0; 250 mg/L (a) GACZR 

1273 (b) GAC  383 and (c) GACO 383 

 

Slope of the first linear portion is high due to the availability of larger 

surface area and adsorption sites. The lower slopes of second portion due to the 

gradual decrease in the concentration of an adsorbate in a solution, which makes 

the diffusion of adsorbate in to the micropores of the adsorbent, it indicate that 

intra particle diffusion is slowing down the adsorption process. 

The value of C increases directly with the temperature shows temperature 

affects both the adsorption capacity and the adsorption mechanism of phenol. 

  

(a) (b) 

(c) 
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Table 3.17: Kinetic parameters of carbons GACZR 1273, GAC 383, GACO 383 for 

the adsorption of phenol at temperatures ranging from 283 - 323K [C0 = 250 mg/L] 
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G
A

C
Z

R
 1

2
7
3
 283 147 84 82 0.98 154 23 5.6 0.99 14 6 0.99 1.8 109 0.98 

293 156 87 81 0.98 164 24 6.4 0.99 14 9 0.99 2.2 110 0.99 

303 164 92 79 0.98 171 24 7.1 0.99 14 16 0.99 2.2 118 0.99 

313 175 96 80 0.98 182 25 8.1 0.99 13 28 0.99 2.2 127 0.99 

323 186 99 79 0.98 192 25 9.3 0.99 14 33 0.99 2.2 138 0.99 

G
A

C
 3

8
3
 

283 122 87 71 0.98 135 12 2.3 0.99 15 -30 0.98 3.2 53 0.99 

293 126 89 72 0.98 138 14 2.7 0.99 14 -25 0.98 3.4 55 0.99 

303 130 84 67 0.97 140 16 3.1 0.99 15 -25 0.98 3.2 62 0.99 

313 135 85 72 0.98 143 18 3.8 0.99 14 -13 0.97 3.2 67 0.98 

323 139 80 67 0.97 145 21 4.4 0.99 14 -7 0.96 2.9 76 0.99 

G
A

C
O

 3
8
3
 283 118 76 56 0.97 125 18 2.8 0.99 11 -10 0.9 2.8 56 0.99 

293 122 73 53 0.96 126 21 3.3 0.99 11 -4 0.99 2.7 61 0.98 

303 126 71 57 0.96 130 23 3.9 0.99 11 0 0.99 2.4 71 0.98 

313 130 70 60 0.97 134 25 4.5 0.99 11 7 0.99 2.4 76 0.99 

323 133 69 61 0.97 136 27 5.0 0.99 11 15 0.99 2.4 80 0.99 

 

3.7.3  Kinetic Study of P-Nitrophenol on GACZR 1273, GAC 383, and 

GACO 383 at Temperatures 

The first order kinetic plots of p-nitrophenol adsorption onto three 

adsorbents (GAC 383, GACO 383 and GACZR 1273) at five temperatures are 

given in Figure 3.46 (a)–(c). The adsorption capacity at equilibrium obtained from 

both experimentally qe(exp) and kinetic model qe(cal) are given in Table 3.18. It 

shows the percentages of difference between these two values are more prominent 

with increasing of temperature. For GACZR 1273 shows 25 – 46 %, GAC 383 

shows 24 – 35%, and GACO 383 shows 31 – 44 %. Rate constant K1 obtained 

from the slope of the plot for GACZR 1273 increases from 78.9 x 10
-4

 min
-1

 to 

84.2  10
-4

 min
-1

 with rise of temperature from 283 K to 323 K. 
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The deviation of straight line plot and non conformity between the 

experimental data and the model predicted values indicate that, the adsorption of 

p-nitrophenol on GAC 383, GACO 383 and GACZR 1273 is not following a 

pseudo-first order reaction similar to that of phenol for all temperatures studied. 

 

  

 

 

 

 

Figure 3.46: Pseudo-first order kinetic 

plot of carbons for the adsorption of                  

p-nitrophenol at 283 – 323 K and C0;              

250 mg/L (a) GACZR 1273 (b) GAC  383 

and (c) GACO 383 

 

Figure 3.47 (a)-(c) shows the second order kinetic plots of p-nitrophenol 

adsorption onto three adsorbents (GAC 383, GACO 383 and GACZR 1273) at 

five temperatures. The rate constant K2, initial adsorption rate h, and predicted qe 

can be calculated from the plot and the corresponding linear correlation 

coefficient are given in the Table 3.18.  

(a) (b) 

(c) 
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Figure 3.47: Pseudo-second order kinetic 

plot of carbons for the adsorption of                   

p-nitrophenol at 283 – 323 K and C0;            

250 mg/L (a) GACZR 1273 (b) GAC  383 

and (c) GACO 383 

 

All the three activated carbons show high correlation coefficient (close to 

unity) for second order kinetic model compared to pseudo-first order kinetics. It is 

confirmed that the adsorption of p-nitrophenol by the new activated carbons 

followed pseudo second order kinetics. The calculated qe obtained from pseudo-

second order also agrees well with the experimental qe. The percentages of 

difference between the experimental qe and calculated qe of pseudo-second order 

kinetic at five different temperatures varies as GACZR 1273 (4.1 -11.1 %), GAC 

383 (5.9 -10 %), and GACO 383 (2.8 - 8.4 %). This shows adsorption system 

studied belongs to the second order kinetic model. The values of „h’ followed the 

trend GACZR 1273 > GAC 383 > GACO 383 indicating that GACZR 1273 

adsorbs p-nitrophenol more rapidly than GAC 383 and GACO 383. 

(a) (b) 

(c) 
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 The intra-particle diffusion plots of p-nitrophenol adsorption onto three 

adsorbents (GAC 383, GACO 383 and GACZR 1273) from 283 to 323K are 

given in Figure 3.48(a)–(c) The plots of qt against t½ at different temperature 

showed multi-linearity with two steps occurred during the adsorption process. 

 

  

 

 

 

 
Figure 3.48: Intra-particle diffusion plot of 

carbons for the adsorption of p-nitrophenol 

at 283 – 323 K and C0; 250 mg/L                          

(a) GACZR 1273 (b) GAC  383 and                    

(c) GACO 383 

 

The initial steep portion is due to the instantaneous adsorption of                    

p-nitrophenol on the external surface and the second step is the gradual adsorption 

stage, where intra-particle diffusion is the rate controlling. The larger slopes of 

the initial steep sections indicate that the rate of p-nitrophenol adsorption is higher 

in the beginning due to the instantaneous availability of larger surface area and 

adsorption sites. The lower slope of the second portion is due to the decreased 

concentration gradient which makes the diffusion of p-nitrophenol ions into the 

micropores of the adsorbent. The two steps of the process suggested that, the 

(a) (b) 

(c) 
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intra-particle diffusion is not only the rate controlling step for the adsorption of    

p-nitrophenol on GAC 383, GACO 383 and GACZR 1273. 

Table 3.18: Kinetic parameters of carbons GACZR 1273, GAC 383, GACO 383  for the 

adsorption of  p-nitrophenol at temperatures  ranging from  283 - 323K  [C0 = 250 mg/L] 
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283 200 150 79 0.98 222 8 0.99 3.9 20 -33 0.99 5 101 0.95 

293 214 141 80 0.98 229 11 0.99 5.9 21 -14 0.95 4 123 0.96 

303 220 133 81 0.98 232 14 0.99 7.4 20 4 0.93 4 135 0.95 

313 224 124 83 0.98 234 17 0.99 9.0 18 24 0.95 4 149 0.96 

323 226 121 84 0.98 235 18 0.99 9.7 18 32 0.95 3 154 0.95 

G
A

C
  

3
8
3
 

283 202 154 67 0.98 221 8 0.99 3.7 17 -16 0.98 6 80 0.99 

293 210 152 65 0.98 226 9 0.99 4.3 17 -8 0.98 5 89 0.99 

303 213 151 69 0.98 229 9 0.99 4.8 17 -2 0.97 5 98 0.99 

313 217 151 76 0.98 232 10 0.99 5.5 16 9 0.96 5 108 0.99 

323 219 143 75 0.98 232 12 0.99 6.2 17 10 0.97 5 117 0.99 

G
A

C
O

 3
8
3
 

283 120 83 53 0.91 130 12 0.99 2.1 13 -28 0.98 3 52 0.97 

293 125 85 57 0.93 133 14 0.99 2.5 13 -21 0.96 3 56 0.99 

303 129 84 57 0.93 137 16 0.99 2.9 13 -16 0.97 3 62 0.99 

313 134 81 59 0.94 140 19 0.99 3.7 12 -5 0.96 3 68 0.99 

323 139 78 55 0.94 143 21 0.99 4.3 12 5 0.99 3 67 0.99 

 

Rate constants (Kid) and correlation coefficients (R
2
) were presented in 

Table 3.18. It was observed that the Kid continuously decreased with increase in 

temperature for GACZR 1273 and GAC 383. 
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3.7.4  Kinetic Study of Methylene Blue (MB) on GACZR 1273, GAC 

383 and GACO 383 at Temperatures 

Kinetic studies were performed at five different temperatures. The first 

order kinetic plots of methylene blue  (MB) adsorption onto three adsorbents 

(GAC 383, GACO 383 and GACZR 1273) at five temperatures are given in 

Figure 3.49(a)–(c). The parameters K1, qe, and the correlation coefficient (R
2
) are 

given in Table 3.19.   

  

 

 
 

 

Figure 3.49: Pseudo-first order kinetic 

plot of carbons for the adsorption of 

methylene blue (MB) at 283 – 323 K and 

C0; 250 mg/L (a) GACZR 1273 (b) GAC  

383 and (c) GACO 383 

 

The correlation coefficient R
2
 for pseudo-first order kinetic plot has low 

value, i.e. equation of Lagergren does not fit well with the whole range of contact 

time. The difference between the experimental qe and calculated qe for GACZR 

1273 varies 33.6 - 38.0 %, whereas GAC 383 shows 40.9 - 50.9 %, and GACO 

383 shows 33.6 - 54.3 %. The percentage difference between the experimental 

(a) (b) 

(c) 
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and calculated qe increase with temperature for all the three carbon samples. The 

large difference between theoretical qe and experimental qe and lower correlation 

coefficient of linear plot suggest that this adsorption system is not following 

pseudo-first order reaction. 

The straight line fit of the experimental data of methylene blue (MB) to 

pseudo-second order kinetic model at different temperatures (Figure 3.50) 

indicate the favourability of pseudo-second order kinetic model for all adsorbents. 

The kinetic constant and parameters are given in Table 3.19.  

  

 

 
 

Figure 3.50: Pseudo-second order kinetic 

plot of carbons for the adsorption of 

methylene blue (MB) at 283 – 323 K and 

C0; 250 mg/L (a) GACZR 1273 (b) GAC  

383 and (c) GACO 383 

The correlation coefficient of the second order kinetic model is found to be 

higher than that of pseudo-first order kinetic model. The calculated qe obtained 

from pseudo-second order agrees well with the experimental qe. The difference 

between the experimental qe   and calculated qe of pseudo-second order kinetic for 

(a) (b) 

(c) 
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carbons at 283 -323 K is given as; GACZR 1273 (2.3 – 5%), GAC 383 (1.6 – 2.3 

%) and GACO 383 (0.3 – 2.2 %). Initial adsorption rate indicated by ‘h’ increased 

with temperature due to increased mobility of the methylene blue solute and an 

enhanced diffusion at higher temperature. 

Intra particle diffusion model at different temperature for the adsorption of 

methylene blue on GACZR 1273, GAC 383 and GACO 383 are shown in the 

Figure 3.51(a)-(c). The rate constants and correlation coefficient are given in 

Table 3.19.  

  

 

 

 

Figure 3.51:Intra-particle diffusion plot 

of carbons for the adsorption of 

methylene blue (MB) at 283 – 323 K 

and C0; 250 mg/L (a) GACZR 1273  

(b) GAC  383 and (c) GACO 383 

Double linear plot indicates that more than one step involved in the 

adsorption process, i.e. external mass transfer, intra-particle diffusion or both. The 

external mass transfer is significant only in the early stages of adsorption is 

represented by the first sharper portion. The second linear portion is the gradual 

adsorption stage which controlling intra-particle diffusion. 

(a) (b) 

(c) 
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Table 3.19: Kinetic parameters of carbons GACZR 1273, GAC 383, GACO 383 for the 
adsorption of methylene blue at temperatures ranging from 283 - 323K. [C0 = 250 mg/L] 
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 283 104 69 52 0.97 109 19 2.2 0.99 7.6 0.10 0.99 2.0 55 0.99 

293 120 75 49 0.97 124 20 3.0 0.99 6.9 16.7 0.99 2.3 63 0.99 

303 128 81 55 0.98 134 21 3.8 0.99 5.2 37.3 0.99 2.4 70 0.99 

313 133 83 52 0.98 136 22 4.1 0.99 4.5 45.8 0.98 2.6 70 0.99 

323 136 84 58 0.98 139 23 4.5 0.99 4.3 51.4 0.99 2.7 72 0.99 

G
A

C
  

3
8
3
 

283 102 60 48 0.94 104 24 2.6 0.99 8.5 1.80 0.98 2.1 51 0.96 

293 117 64 48 0.98 119 25 3.5 0.99 7.2 21.2 0.97 2.5 56 .0.99 

303 124 67 54 0.94 126 25 4.0 0.99 5.8 38.0 1.00 2.6 61 0.94 

313 132 66 49 0.98 134 26 4.6 0.99 5.6 45.8 0.99 2.7 67 0.99 

323 138 68 56 0.96 140 27 5.4 0.99 6.1 49.3 0.98 2.5 79 0.99 

G
A

C
O

 3
8
3
 

283 81 54 42 0.96 82 23 1.6 0.99 0.51 17.6 0.96 0.06 44 0.99 

293 91 54 42 0.97 92 26 2.2 0.99 0.46 28.9 0.96 0.07 52 0.99 

303 98 55 44 0.98 100 28 2.7 0.99 0.48 34.0 1.00 0.06 64 0.99 

313 111 57 39 0.95 110 28 3.4 0.99 0.58 41.0 0.98 0.06 72 0.99 

323 118 54 44 0.94 118 33 4.6 0.99 0.68 46.5 0.98 0.05 87 0.99 

 

The slope of the second stage characterizes the rate parameter corresponding to 

the intra-particle diffusion, whereas the intercept of this portion is proportional to 

the boundary layer thickness (C) and is found to be increased with temperature.  

Larger rate of surface adsorption of methylene blue than intra-particle 

diffusion is proven by the high value of slope obtained from the first linear 

portion. The R
2 

value for first and second linear portion is ≈ 0.99. This indicates 

that the adsorption of methylene blue onto GAC 383, GACO 383 and GACZR 

1273 can be followed by both external mass transfer and intra-particle diffusion 

simultaneously.  
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3.8  Thermodynamic Parameters  

Thermodynamic behaviour of the adsorption of phenol, p-nitrophenol and 

methylene blue on GAC 383, GACO 383 and GACZR 1273 is investigated using 

thermodynamic parameters such as change in free energy (∆G), enthalpy (∆H), 

and entropy (∆S) based on isotherm studies conducted at 283 K – 323 K for 

every10 
0
C step wise rise. 

The thermodynamic parameters obtained from Langmuir constant (KL) 

indicate a chemical, feasible, spontaneous and endothermic adsorption. The 

thermodynamic parameters obtained from Langmuir constant (KL) are given by 

Equation (3.34). The ∆H and ∆S parameters for phenol, p-nitrophenol and methylene 

blue on GAC 383, GACO 383 and GACZR 1273 carbons can be calculated from the 

slope and intercepts of the plot of In KL versus 1/T (Figure. 3.51). 

ln 𝐾𝐿 =
∆𝑆

𝑅
−
∆𝐻

𝑅𝑇
                                                                                            (3.34) 

The values of ∆𝐻 and ∆𝑆 were computed from the slope  and intercept of 

the plot. From the value of ∆H and ∆S calculated the change in free energy using 

the following Equation (3.35).  

∆𝐺 = ∆𝐻 − 𝑇∆𝑆                                                                                              (3.35) 

The free energy change (∆G) indicates the degree of spontaneity of the 

adsorption process. ∆H explains the nature of adsorption, i.e. whether it is 

exothermic or endothermic and the value of ∆S is the measure of degree of disorder. 

Table 3.20: Thermodynamic parameters for adsorption of phenol onto  GAC 383, 
GACO 383 and GACZR 1273 

Carbon (∆H) 

kJ/mol 

(∆S) 

J/mol.K 

∆G (kJ/mol) 

283K 293K 303K 313K 323K 

GAC 383 2.33 15.32 -2.00 -2.15 -2.31 -2.46 -2.61 

GACO 383 3.28 18.20 -1.86 -2.05 -2.23 -2.41 -2.59 

GACZR 1273 10.51 47.17 -2.84 -3.31 -3.78 -4.25 -4.73 

 

The value of ∆H, ∆S and ∆G for the adsorption of phenol are given in 

Table 3.20. The ∆H calculated for phenol adsorption on GAC 383 gives the value 

of 2.33 kJ/mol, GACO 383 give 3.28 kJ/mol and GACZR 1273 give 10.51 kJ/mol 
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respectively. The positive ∆H of all adsorbents indicates the endothermic nature 

of adsorption i.e the adsorption of phenol is favoured at higher temperatures it 

follows the order of GACZR 1273 > GACO 383 > GAC 383. Also, magnitude of 

∆H gives knowledge on the type of adsorption, which can be either physical or 

chemical. For all this adsorbent, ∆H doesn‟t exceed the 40 kJ/mol indicate the 

physisorption process. 

The positive ∆S suggests the randomness of the adsorption process, also 

greater stability of an adsorption process with no structural changes at the solid-

liquid interface. The magnitude of ∆S for GAC is given as GAC 383 (15.32 

J/mol.K), GACO 383 (18.20 J/mol.K) and GACZR 1273 (47.17 J/mol.K) 

respectively. The high positive ∆S of GACZR 1273 suggests an increase in the 

randomness at adsorbate-solution interface during the adsorption process by the 

impregnation of Zr
4+

 in GAC. 

∆G indicates spontaneous adsorption and the degree of spontaneity of the 

reaction as it is negative. Gibbs free energy change (∆G) ranges from -2.0 to -2.61 

kJ/mol for GAC 383 at temperature from 283 K to 323 K. For GACO 383 it 

ranges from -1.86 to -2.59 kJ/mol and for GACZR 1273 ranges from -2.84 to -

4.726 kJ/mol. The increasing negative value of ∆G with temperature indicates an 

increase in the feasibility of adsorption at higher temperatures due to the increase 

in number of adsorption sites generated as a result of breaking of some internal 

bonds near edge of active surface sites of adsorbent [35].  

∆H, ∆S and ∆G for the adsorption of p-nitrophenol are given in Table 3.21. 

The ∆H calculated for adsorption of p-nitrophenol on GAC are given as; GAC 

383 (6.04 kJ/mol), GACO 383 (2.94 kJ/mol) and GACZR 1273 (21.6 kJ/mol) 

respectively.  

Table 3.21:  Thermodynamic parameters for adsorption of p-nitrophenol onto GAC 
383, GACO 383 and GACZR 1273 

Carbon (∆H) 

kJ/mol 

(∆S) 

J/mol. K 

∆G (kJ/mol) 

283K 293K 303K 313K 323K 

GAC 383 6.04 38.2 -4.77 -5.15 -5.53 -5.92 -6.30 

GACO383 2.94 16.4 -1.70 -1.87 -2.03 -2.19 -2.36 

GACZR 1273 21.6 89.3 -3.67 -4.56 -5.46 -6.35 -7.24 
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The thermodynamic parameter of p-nitrophenol adsorption on all the three 

carbons shows the positive value of ∆H, which shows 21.6 kJ/mol for zirconium 

activated carbon same as that of phenol adsorption but comparatively higher than 

that for phenol adsorption. Positive value of ∆H indicates the endothermic nature 

of adsorption process. This is attributed to an increase in the entropy of the 

adsorbate due to the dissociation of the molecule during the process of adsorption. 

∆S for the adsorption of p-nitrophenol on zirconium impregnated carbon 

shows 89.3 J/mol.K which is comparatively higher than for GAC 383 (38.2 

J/mol.K) and GACO 383 (16.4 J/mol.K). The high value of ∆S indicates degree of 

disorder for the adsorption of p-nitrophenol on GAC increase by modification 

with zircomium and the degree of disorder for the adsorption of p- nitrophenol is 

comparatively higher than that of phenol.  

Gibbs free energy change (∆G) for the adsorption of p-nitrophenol on GAC 

383 ranges from -4.77 to -6.30 kJ/mol, for GACO 383 it ranges from – 1.70 to -

2.36 kJ/mol and for GACZR 1273 this ranges from – 3.67 to -7.24 kJ/mol. The 

negative value of ∆G indicates spontaneous adsorption and the degree of 

spontaneity of the reaction increases with rise of temperature. Higher negative ∆G 

reflects a more energetically favourable adsorption. 

Table 3.22: Thermodynamic parameters for adsorption of  methylene blue (MB) 

onto GAC 383, GACO 383 and GACZR 1273 

Carbon (∆H) 

kJ/mol 

(∆S) 

J/mol. K 

∆G (kJ/mol) 

283K 293K 303K 313K 323K 

GAC 383 6.87 35.60 -3.20 -3.56 -3.92 -4.27 -4.63 

GACO383 8.91 40.35 -2.51 -2.91 -3.32 -3.72 -4.12 

GACZR 1273 10.44 48.31 -3.23 -3.71 -4.20 -4.68 -5.16 

 

∆H, ∆S and ∆G for the adsorption of methylene blue are given in Table 

3.22. The ∆H calculated for methylene blue adsorption gives; GAC 383             

(6.87 kJ/mol), GACO 383 (8.91 kJ/mol) and GACZR 1273 (10.44 kJ/mol) 

respectively. Positive ∆H indicates the endothermic nature of the reaction which 

is an indication of the existence of strong interaction between activated carbon 

and methylene blue. For the movement of methylene blue through solution and 

reaching the adsorption sites, it is necessary for them first to become out of their 



Granular Activated Carbon Prepared By Activation with Zirconyl Chloride (GACZR): … 

 

155 Adsorption Isotherm Studies of Granular Activated Carbons:                                                                      
Activation with Zr4+/Nano ZrO2, Porosity, Surface area, Kinetics and Thermodynamics 

 

hydration shell, this process requires enough energy input. Thus the positive ∆H 

indicates that adsorption is increased with temperature [61]. 

The thermodynamic parameters suggested that the adsorption of methylene 

blue onto GACZR 1273, GAC 383 and GACO 383 is physisorption, spontaneous 

and endothermic in nature. 

 

  

 

 

 
Figure 3.52:  Plot of ln KL versus 1/T for the 

estimation of thermodynamic parameters  

for the adsorption of (a) phenol,                         

(b) p-nitrophenol and  (c) methylene blue 

(MB) on carbons GACZR 1273, GAC 

383, and GACO 383 

 

3.8.1  Thermodynamic Parameters from Distribution Coefficient 

To understand how the thermodynamic parameters change with 

concentration of solution can be explained by plotting thermodynamic 

equilibrium constant (KD) ln KD versus 1/T. Then the slope and intercept of the 

lines are used to determine the values of ∆H and ∆S for each concentration of a 

solution using the equation (3.36). 

𝑙𝑛 𝐾𝐷 =
∆𝑆

𝑅
−
∆𝐻

𝑅𝑇
                                                                                           (3.36) 

(a) 

(b) 

(c) 
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The distribution coefficient KD  is defined as the ratio of solute concentration 

in the adsorbed phase to solute concentration in the equilibrium phase [62]. 

𝑤𝑒𝑟𝑒 𝐾𝐷 =  
𝐶𝑜 − 𝐶𝑒

𝐶𝑒
                                                                                    (3.37) 

It is clear that distribution coefficient decreases with increase the 

equilibrium concentration of adsorbate.  

Table 3.23: Thermodynamic parameters obtained from plot of ln KD versus 1/T for 

the adsorption of  phenol 

GACZR 1273 - phenol  GAC 383 - phenol GACO 383 -  phenol 
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25 63 12 -6 -6 -7 -8 -8 27 5 -3 -3 -3 -4 -4 32 6 -3 -3 -3 -4 -4 

50 63  12 -6 -6 -7 -7 -8 27  5 -3 -3 -3 -4 -4 32 6 -3 -3 -3 -4 -4 

75 62 13 -5 -6 -6 -7 -7 26  5 -2 -3 -3 -3 -3 30 6 -2 -3 -3 -3 -3 

100 59  13 -3 -4 -4 -5 -6 23  5 -2 -3 -2 -2 -3 27 6 -2 -2 -2 -2 -3 

150 58 14 -2 -3 -4 -4 -5 22  5 -1 -1 -2 -2 -2 24 6 -1 -1 -1 -1 -2 

200 57 14 -2 -3 -3 -4 -4 19  5 0 -1 -1 -1 -1 21 6 0 -1 -1 -1 -1 

250 57 15 -1 -1 -2 -2 -3 18  5 0 0 0 0 -1 18 5 0 0 0 0 0 

350 55 16 1 0 -1 -1 -2 16  5 1 0 0 0 0 16 6 1 1 1 1 1 

500 53 16 2 1 0 0 -1 14  5 1 1 1 1 1 11 5 2 2 2 2 2 

750 49 16 3 2 2 1 1 11  5 2 2 2 2 2 7 5 3 3 3 3 3 

1000 48 17 3 3 2 2 1 10 6 3 2 2 2 2 2 4 4 4 4 4 4 

 

The change in ∆H for the adsorption of phenol (in the concentration range of 

25 mg/L - 1000 mg/L) on  GAC are given as follows GACZR 1273 (12 - 16 kJ/mol), 

GAC 383 (4.9 - 5.5 kJ/ mol), and GACO 383 (4.4 - 6.4 kJ/mol), The change in ∆S for 

phenol adsorption on GAC are given as GACZR 1273 (63 – 48 J/mol.K), GAC 383 

(27.2 - 10.4 J/mol.K), GACO 383 (32.2 - 2.1 J/mol.K). 

The change in ∆H values for the adsorption of p-nitrophenol (25 mg/L -

1000 mg/L) on GAC varies in the range; GACZR 1273 (13.7 - 16.5 kJ/mol), GAC 

383 (9.4 - 10.8 kJ/ mol), and GACO 383 (4.3 - 4.7 kJ/mol). The change in entropy ∆S 

for p-nitrophenol adsorption on GAC are given as GACZR 1273 (80 - 51 J/mol.K), 

GAC 383 (64 - 29 J/mol.K), GACO 383 (28 – 2.0 J/mol.K).  
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Table 3.24: Thermodynamic parameters obtained from  plot of ln KD versus 1/T for 
the adsorption of  p-nitrophenol 

GACZR 1273 - p-nitrophenol  GAC 383- p-nitrophenol GACO 383- p-nitrophenol 
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25 80 14 -9 -10 -11 -11 -12 64 9 -9 -9 -10 -11 -11 29 5 -3 -4 -4 -4 -5 

50 80 14 -9 -10 -11 -11 -12 63 10 -8 -9 -10 -10 -11 26 5 -3 -3 -3 -3 -4 

75 79 14 -8 -9 -10 -10 -11 62 10 -7 -8 -9 -9 -10 23 5 -2 -2 -2 -3 -3 

100 78 14 -8 -9 -9 -9 -11 59 10 -7 -8 -8 -9 -9 22 5 -2 -2 -2 -2 -3 

150 76 15 -7 -8 -8 -9 -10 55 10 -6 -6 -7 -7 -8 17 5 0 0 -1 -1 -1 

200 76 15 -6 -7 -8 -9 -10 49 10 -4 -5 -5 -5 -6 16 5 0 0 -1 -1 -1 

250 68 16 -3 -4 -4 -5 -6 47 10 -3 -4 -5 -5 -5 16 5 0 0 0 0 0 

350 61 16 -1 -2 -2 -3 -4 40 10 -1 -1 -2 -2 -3 12 4 1 1 1 1 1 

500 57 16 0 0 -1 -2 -2 35 11 1 0 -1 -1 -1 8 4 2 2 2 2 2 

750 53 17 1 1 0 2 -1 31 11 2 2 1 1 1 5 4 3 3 3 3 3 

1000 51 17 2 2 1 1 0 29 11 3 2 2 2 2 2 4 4 4 4 4 4 

 
 

Table 3.25: Thermodynamic parameters obtained from plot of ln KD versus 1/T for 

the adsorption of  methylene blue 

C
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∆
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∆
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3
1
3
 

3
2
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8
3
 

2
9
3
 

3
0
3
 

3
1
3
 

3
2
3
 

2
8
3
 

2
9
3
 

3
0
3
 

3
1
3
 

3
2
3
 

25 110 21 -11 -12 -13 -14 -15 106 19 -11 -12 -13 -14 -15 105 19 -11 -12 -13 -14 -15 

50 97 20 -7 -8 -9 -10 -11 91 18 -7 -8 -9 -10 -11 91 19 -7 -8 -9 -10 -11 

75 83 19 -4 -5 -6 -7 -8 79 18 -4 -5 -6 -7 -7 75 18 -3 -4 -4 -5 -6 

100 73 19 -2 -3 -4 -4 -5 61 14 -3 -4 -4 -5 -5 67 18 -1 -2 -3 -3 -4 

150 68 18 -1 -2 -2 -3 -4 53 14 -1 -1 -2 -3 -3 57 17 0 0 -1 -1 -2 

200 64 18 0 -1 -1 -2 -3 44 13 0 0 -1 -1 -2 44 14 1 1 0 0 -1 

250 61 18 1 0 -1 -1 -2 35 11 1 0 0 0 -1 36 12 2 1 1 1 0 

350 55 17 1 1 0 0 -1 31 10 2 1 1 1 0 28 11 3 2 2 2 1 

500 51 17 2 2 1 1 0 26 10 3 2 2 2 2 25 11 4 3 3 3 3 

750 47 17 3 3 3 2 2 21 10 4 3 3 3 3 21 10 4 4 4 4 4 

1000 44 17 4 4 3 3 2 18 9 4 4 4 4 4 18 10 5 5 5 5 4 

The change in ∆H values for the adsorption of methylene blue (25 mg/L - 

1000 mg/L) on GAC varies in the range; GACZR 1273 (20.6 - 16.6 kJ/mol), GAC 

383 (19.3 - 9.3 kJ/mol), and GACO 383 (19.3 - 10.1 kJ/mol). The change in 

entropy ∆S for MB adsorption on GAC are given as GACZR 1273 (109.7 - 44.4 

J/mol. K), GAC 383 (105.6 -18 J/mol. K), GACO 383 (105.3 - 17.6 J/mol. K).  
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Figure 3.53: Plots of In KD versus l/T of carbons  GACZR 1273, GAC 383 and 

GACO 383 for the adsorption of (a-c) phenol,  (d-f) p-nitrophenol  and  (g-i) methylene 

blue 

 

For the range of concentrations studied for phenol, p-nitrophenol and 

methylene blue (MB) shows that adsorption system belongs to an endothermic 

nature. Its value does not vary much more even at wide concentration range. It 

indicates the physical adsorption. The degree of disorder ∆S decreases with 

increase in solution concentration. Means that the adsorbent – adsorbate 

interaction decreases with increase of solution concentration. The small value of -

∆G with increasing concentration indicate the lower feasibility of adsorption.   

 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 
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3.9  Diffusion Coefficient  

The effective diffusion co-efficient for adsorption onto activated carbon 

was computed by assessing particle phase control govern by Fickien law.  

𝑙𝑛  
1

1 − 𝐹2 (𝑡)
 =  

𝜋2𝐷𝑒𝑡

𝑅𝑎
2                                                                               (3.38) 

        

Where F= qt / qe ,  qt  and qe are the amounts of uptake at time t and equilibrium 

respectively. Ra is the particle radius and De is the diffusion coefficient. From the 

slope of a straight line plot of ln [1/1-F
2 

(t)] versus t, the diffusion coefficient De is 

calculated. 

3.9.1  Determination of Diffusivity for Phenol on GACZR 1273, GAC 383, 

and GACO 383 

The diffusion coefficient of adsorption of phenol on GAC 383, GACO 383 

and GACZR 1273 are determined from the linear plot of ln [1/1-F
2 

(t)] versus t 

which is given in the Figure 3.54(a)-(c) and are listed in the Table 3.25.  

  

 

 
 
Figure 3.54: Plot of ln[1/1-F

2
(t)] versus 

time for the estimation of diffusion 

coefficient for the adsorption of phenol 

on carbons (a) GACZR 1273 (b) GAC 

383 and (c) GACO 383 

(a) (b) 

(c) 
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The effective diffusion coefficient of phenol on GACZR 1273 lies within 

the range of 2.14 x 10
-10

 - 2.41 x 10
-10

 m
2
/s.  For GAC 383 it is found to be in the 

range of 1.5 x 10
-10

 - 1.71 ×10
-10

. For GACO 383 it is 1.21 x 10
-10

 - 1.47×10
-10

m
2
/s, 

respectively, for phenol. The overall pore diffusion rate of GACZR 1273 has high 

comparing with GAC 383 and GACO 383. This indicates that diffusion of phenol 

occurs within the pores and electrostatic interaction at the surface of GAC 

increased by the activation of zirconium. It is known that structural and chemical 

changes on GAC affected the adsorption process of the phenol [63]. 

3.9.2  Determination of Diffusivity for P-Nitrophenol on GACZR 1273, 

GAC 383 and GACO 383. 

The diffusion coefficient of adsorption of p-nitrophenol on GAC 383, 

GACO 383 and GACZR 1273 are determined from the linear plot of ln [1/1- 

F
2
(t)] versus t  which is given in the Figure 3.55(a)-(c) and values are listed in the 

Table 3.25. 
 

 
 

 

 

 

Figure 3. 55: Plot of ln[1/1-F
2
(t)] versus 

time for  the estimation of diffusion 

coefficient for the adsorption of                     

p-nitrophenol on carbons (a) GACZR 

1273 (b) GAC 383 and (c) GACO 383. 

(a) (b) 

(c) 
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The effective diffusion coefficient of p-nitrophenol on GACZR 1273 lies 

within the range of 2.23 – 2.48 x 10
-10

 m
2
/s which is higher than the diffusion 

coefficient of phenol.  Similarly, GAC 383 (1.5 - 1.71 ×10
-10

) and GACO 383 

(1.14 - 1.29 ×10 
-10

) also gave higher diffusion coefficient of  p-nitrophenol.  

Large diffusion coefficient suggested that diffusion of p-nitrophenol on GACZR 

1273, GAC 383 and GACO 383 is higher than for phenol molecule. Adsorbent-

adsorbate interactions will change the diffusivity of each component and alter its 

adsorption energy, leading to changes in adsorption capacities [64]. 

3.9.3 Determination of Diffusivity for Methylene Blue (MB) on 

GACZR 1273, GAC 383 and GACO 383 

The diffusion coefficient of adsorption of MB on GAC 383, GACO 383 

and GACZR 1273 are determined from the linear plot of ln [1/1-F
2 

(t)] versus t 

which is given in the Figure 3.56(a)-(c) and are listed in the Table 3.26. Straight 

line plot for different temperature indicate the validity of the equation. 

  

 

 

 

Figure 3.56: Plot of ln[1/1-F
2
(t)] versus 

time for  the estimation of diffusion 

coefficient for the adsorption of 

methylene blue (MB) on carbons                     

(a) GACZR 1273 (b) GAC 383 and                  

(c) GACO 383. 

(a) (b) 

(c) 
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The effective diffusion coefficient of methylene blue (MB) on GACZR 

1273 lies within the range of 1.13 -1.32 x 10
-10

 m
2
/s.  For GAC 383 it is found to 

be in the range of 0.25×10
-10 

– 1.34 ×10
-10

. For GACO 383 it is 0.98 ×10
-10 

– 

1.08×10
-10 

m
2
/s for methylene blue adsorption.  These results suggest that, 

diffusion on the activated carbons GAC 383, GACO 383 and GACZR 1273 was 

not much faster for methylene blue than phenol and p-nitrophenol according to 

the value of the effective diffusion coefficient. 

Table 3.26: Effective diffusion coefficient of carbons for the adsorption of phenol,           
p-nitrophenol and methylene blue at 283-323K. 

Carbons T ( K ) 

Phenol p-nitrophenol Methylene Blue 

De x 10 
10

 

(m
2
/S) 

R
2
 De x 10

10
 

(m
2
/S) 

R
2
 De x 10 

10
 

(m
2
/S) 

R
2
 

G
A

C
Z

R
 1

2
7

3
  283 2.41 0.988 2.41 0.998 1.22 0.988 

293 2.24 0.990 2.49 0.992 1.14 0.986 

303 2.15 0.984 2.23 0.992 1.26 0.996 

313 2.19 0.990 2.23 0.992 1.17 0.998 

323 2.22 0.986 2.40 0.992 1.32 0.990 

G
A

C
 3

8
3
 

283 1.63 0.988 1.53 0.984 1.13 0.984 

293 1.69 0.986 1.50 0.984 1.16 0.984 

303 1.57 0.980 1.63 0.982 1.34 0.982 

313 1.71 0.986 1.83 0.980 1.230 0.980 

323 1.62 0.978 1.80 0.984 0.250 0.984 

G
A

C
O

 3
8

3
 283 1.28 0.976 1.14 0.958 0.978 0.958 

293 1.21 0.964 1.27 0.968 0.984 0.968 

303 1.33 0.958 1.28 0.968 1.070 0.968 

313 1.43 0.970 1.38 0.974 0.940 0.974 

323 1.47 0.970 1.29 0.972 1.080 0.972 

 

3.10  Activation Energy   

The nature of the forces involved in the process of adsorption can be 

determined by their activation energy value. Arrhenius relationship was used to 

evaluate the activation energy of adsorption represent the minimum energy that 

reactants must have for the reaction to proceed.  
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𝑙𝑛 𝐾2 = 𝑙𝑛 𝐴 −
𝐸𝑎  

𝑅𝑇
                                                                                          (3.39) 

Where K2 is the rate constant obtained from the pseudo-second order 

kinetic model, Ea the Arrhenius activation energy of adsorption, A is the 

Arrhenius factor, R is the gas constant, and is equal to 8.314 J mol
-1

 K
-1

, and T is 

the solution temperature. When ln K2 is plotted against 1/T, a straight line with 

slope -Ea /R is obtained. 

lnK2 versus 1/T plot of  phenol on GACZR 1273, GAC 383, GACO 383 is 

given in the Figure 3.57 and activation energy obtained is given in Table 3.27. 

  

 

 

 

Figure 3.57:    Plot of ln K2 versus 1/T for 

the  estimation of activation energy of 

carbons GACZR 1273, GAC 383, GACO 

383 for the adsorption of  (a) phenol,              

(b) p-nitrophenol and (c) methylene blue    

 

 

 

The magnitude of activation energy gives an idea of a type of adsorption, 

which is mainly physical or chemical. In the case of physical adsorption, the heat 

of adsorption is of the same order as the heat of condensation and does not usually 

(a) 

(b) 

(c) 
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exceed 40 kJ/mol. Whereas in chemisorption the heat of adsorption is usually 40 

to 400 kJ/mol. 

The activation energy of any reaction process depicts the energy barrier that 

the reactants must overcome before any reaction could take place. The activation 

energy obtained for the adsorption of phenols on carbons is given as GAC 383 

(9.95 kJ/mol), GACO 383 (7.59 kJ/mol) and GACZR 1273 (1.32 kJ/mol). This 

indicates that the adsorption of phenol on all the three activated carbon can be due 

to physical adsorption. This result is also consistent with thermodynamic results. 

It suggests that molecules of phenol are bound to the surface of GAC by relatively 

weak van der Waals forces.  

ln K2 versus 1/T plot of  p- nitrophenol on GACZR 1273, GAC 383, GACO 

383 are given in the Figure 3.57(b) and activation energy obtained is given in 

Table 3.27. The activation energy for the adsorption of p-nitrophenol on GAC is 

found to be GAC 383 (7.71 kJ/mol), GACO 383 (10.32 kJ/mol) and GACZR 

1273 (15.10 kJ/mol) respectively. This indicates that the adsorption of                          

p-nitrophenol onto all the three activated carbon occurs by physical adsorption as 

evidenced by thermodynamic principle and parameters determined. 

lnK2 versus 1/T plot of  methylene blue on GACZR 1273, GAC 383, 

GACO 383 are given in the Figure 3.57(c) and activation energy obtained is given 

in Table 3.27 

Activation energy for the adsorption of MB in this study is found to                 

be GAC 383 (2.14 kJ/mol), GACO 383 (7.59 kJ/mol) and GACZR 1273                  

(4.29 kJ/mol) respectively. This indicates that the adsorption of MB onto all the 

three activated carbon can be assigned that physical adsorption controls the 

adsorption of methylene blue (MB) on GAC. 

Table 3.27: Activation energy of carbons  GAC 383, GACO 383 & GACZR 1273 
for the adsorption of phenol , p-nitrophenol and methylene blue  

Carbon phenol p-nitrophenol Methylene blue 

Ea 

kJ/mol 
A x 10 

4
 

Ea 

kJ/mol 
A 

Ea 

kJ/mol 
A x 10 

4
 

GAC 383 9.95 84.00 7.71 0.001995 2.14 5.95 

GACO 383 7.59 46.30 10.33 9.84E-07 7.59 46.22 
GACZR 1273 1.32 4.06 15.10 0.052241 4.29 11.52 



Granular Activated Carbon Prepared By Activation with Zirconyl Chloride (GACZR): … 

 

165 Adsorption Isotherm Studies of Granular Activated Carbons:                                                                      
Activation with Zr4+/Nano ZrO2, Porosity, Surface area, Kinetics and Thermodynamics 

 

GACZR 1273 shows activation energy 15.10 kJ/mol for p-nitrophenol 

adsorption whereas for phenol adsorption Ea is 1.32 kJ/mol and for methylene 

blue Ea  is given as 4.29 kJ/mol. This shows that diffusion of p- nitrophenol into 

the finer pores of GACZR 1273 may require more activation energy than phenol 

and methylene blue. 

3.11 Design of Batch Adsorption from Isotherm Data 

Adsorption isotherms can be used to predict the design of single-stage 

batch adsorption system. Based on the best fitting isotherm, a single stage 

adsorber as shown in Figure 3.58 are designed for different solution 

concentrations [65]. 

The design objective is to reduce the solution of volume V, from an initial 

concentration of C0 to C1 (mg/L). The mass of adsorbent is M and the solute 

adsorbed on the adsorbent changes from q0 (mg/g) to q1 (mg/g). At time t = 0, q0 

= 0 and as time proceeds the mass balance equation for the adsorption system in 

Figure 3.58 can be written as equation 3.40 

The mass balance equation for adsorbent system can be written as 

𝑉 𝐶0 − 𝐶𝑒 = 𝑀 𝑞0 − 𝑞1 = 𝑀𝑞𝑒                                                               (3.40) 

Under equilibrium condition C1 →C0 and q1 →qe   

𝑀

𝑉
=

𝐶0 − 𝐶𝑒
𝑞𝑒

                                                                                                    (3.41) 

Adsorption isotherm studies confirm that the equilibrium data for phenol, 

p-nitrophenol and methylelne blue onto GAC 383, GACO 383 and GACZR 1273 

fitted well in Langmuir isotherm. So the Langmuir isotherm is used for batch 

adsorber design. So equation rewritten as  

𝑀

𝑉
=

𝐶0 −  𝐶𝑒
𝑞0𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒

                                                                                                  (3.42) 
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Figure 3.58: Schematic representation of the single stage batch adsorber system 

 

The amounts of carbon required for treating different adsorbate (phenol,              

p-nitrophenol and methylene blue) at different concentrations are given in the 

Figure 3.59(a)-(c). It shows that for treating all the three adsorbate the amount 

required for GACZR 1273 is comparatively lower than that of GAC 383 and 

GACO 383. It indicates the efficiency of materials varies as per the order of 

GACZR 1273 > GAC 383 > GACO 383.  

The amount of GAC required for treating 3000 mg/L phenol in one liter 

solution is given as GACZR 1273 (7.53 g), GAC 383 (11.7 g), GACO 383 (17.54 g). 

For attaining the same efficiency for removing the phenol pollutant GAC 383 

needed more than 55 % weight and GACO 383 requires more than 2.3 times 

weight compared to GACZR 1273.  

For treating p-nitrophenol (3000 mg/L) the amount of carbon is given as 

follows GACZR 1273 (5.67 g), GAC 383 (8.13 g) and GACO 383 (17.28 g). It 

indicates GAC 383 requires more than 43 % weight compared to Zr
4+

 loaded 

carbon, whereas GACO 383 requires 3times more weight.  
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The amount of carbon required for the 99 % removal of methylene blue 

(1500 mg/L) from one litre of aqueous solution is given as GACZR 1273 (5.4 g), 

GAC 383 (9.53 g) and GACO 383 (10.59 g). Basic carbon GAC 383 and nitric 

acid modified GACO 383 requires approximately 2 times more weight compared 

to GACZR 1273 for achieving the same efficiency.  

  

 

 

 

Figure 3.59: Adsorbent mass (M) against 

concentration of (a) phenol (b) p-nitrophenol 

(c) methylene blue (MB) for 99% removal 

of effluent in  one liter of solution 

 

3.12 Adsorption of Trace Metal Ions by carbon GACZR Using 

Contaminated Groundwater  

To determine the ability of granular activated carbons to remove trace 

metal ions, contaminated ground water (whose initial parameters are already 

known) with trace elements is used in this study. Adsorption experiments were 

performed by batch experiments using field ground water with 8 hours of contact 

time. 

 

(a) (b) 

(c) 
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Table 3.28: Efficiency of carbons GAC 383, GACO 383 and GACZR 1273 for 
removing trace metals in ground water 

Trace 

metals 

 

Initial concentration 

(ppb) 

Concentration after adsorption (ppb) 

GACZR 1273 GAC 383 GACO 383 

7Li 4.5 3.94 4.29 3.83 

(% Removal) (12.4) (4.7) (14.9) 

9Be 0.22 ND 0.01 ND 

(% Removal) (100.0) (95.5) (100.0) 

24Mg 2905.63 2341.45 2802.3 2395.43 

(% Removal) (19.4) (3.6) (17.6) 

27Al 257.22 6.46 2.84 2.18 

(% Removal) (97.5) (98.9) (99.2) 

52Cr 1.5 0.64 0.92 1.05 

(% Removal) (57.3) (38.7) (30.0) 

55Mn 85.73 22.71 7.34 10.05 

(% Removal) (73.5) (91.4) (88.3) 

56Fe 48.78 23.36 33.15 27.34 

(% Removal) (52.1) (32.0) (44.0) 

58Ni 5.46 2.02 1.82 4.51 

(% Removal) (63.0) (66.7) (17.4) 

59Co 2.81 0.04 0.13 0.23 

(% Removal) (98.6) (95.4) (91.8) 

63Cu 21.90 2.44 3.17 4.46 

(% Removal) (88.9) (85.5) (79.6) 

64Zn 40.77 7.58 17 28.46 

(% Removal) (81.4) (58.3) (30.2) 

75As 1.89 0.4 0.34 0.27 

(% Removal) (78.8) (82.0) (85.7) 

114Cd 0.62 0.21 0.16 0.57 

(% Removal) (66.1) (74.2) (8.1) 

138Ba 89.02 38.26 42.77 21.25 

(% Removal) (57.0) (52.0) (76.1) 

205Tl 0.08 0.02 0.04 0.04 

(% Removal) (75.0) (50.0) (50.0) 

208Pb 6.18 0.06 0.24 0.23 

(% Removal) (99.0) (96.1) (96.3) 
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The Percentage removals of each trace element with respect to their initial 

concentration by carbons are given in the Table 3.28. Granular activated carbons 

have more than 95 % removal efficiency towards Be Al, Co and Pb elements with 

respect to their initial concentration. Among the carbon studied, GACZR 1273 has  

more than 80 % efficiency towards Cu (88.9 %) and Zn (81.4 %), more than 75 % 

efficiency towards As (78.8 %) and  Tl (75 %) whereas GAC 383 and GACO 383 

shows only 58.3 % and 30.2 % efficiency towards Zn and  50 % removal efficiency 

towards Tl. The removal efficiency of GACZR 1273 for Cr and Cd gives 57.3 % 

and 66.1 % respectively, which is comparatively higher than basic carbons.  

Trace elemental analysis by activated carbons GAC 383, GACO 383 and 

GACZR 1273 reveals that there are several factors, such as specific surface area, 

pore-size distribution, pore volume, surface charge, and presence of surface 

functional groups, affect the adsorption of metal ions on activated carbon. 

3.13  Statistical Analysis of the Data 

The statistical significance of the ratio of mean square variation due to 

regression and mean square residual error was tested using ANOVA.  

Hypothesis 1:  Whether there is any significant difference in pore volume and 

surface area of carbons obtained from BET and I-plot method  

To test the Hypothesis 1,  pore volume and surface area obtained from 

BET and I plot for GAC 383, GACO 383, GACZR 873, GACZR 1073 and 

GACZR 1273 is given in Table 3.5 are analysed statistically using three way 

ANOVA test by keeping GACO 383 as constant.  

Based on the statistical parameters givens in Table 3.29 i.e. sum of squares 

(SS), degree of freedom (df), mean square (ms), variance ratio (F) and level of 

significance (P value) observations are summarised below. 

Table 3.29: Three way ANOVA analysis of pore volume and surface area obtained 
from BET and I-plot method   

Source SS df ms F P-value 

Total 4191142.5429 15    

I point and BET 417.8959 1 417.8959 0.130 P>0.05 

carbons 81266.0366 3 27088.6789 8.4392 P< 0.05 

SA and Vm 4077360.0466 1 4077360.047 1270.262 P< 0.001 

Residual  32098.5638 10 3209.8564   
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P less than 0.05 indicate model is significant. Here the pore volume 

obtained from both BET and I plot shows significant differences between carbons 

(P < 0.05). GACZR 1273 gives significantly higher values than the rest. Whereas 

no significant difference is shown between BET (p/p0 0.1) and I plot method               

(P > 0.05). P less than 0.001, indicates very high significant difference between 

surface area and pore volume (P < 0.001).  

Hypothesis 2:   Whether there is any significant difference between the pore 

volume of carbons (N2/77K adsorption isotherm data) obtained 

from Langmuir, Dubinin-Radsuhkevich (D-R), Alpha S (αs) and 

John isotherm. 

To test the Hypothesis 2, pore volume obtained from Langmuir, Dubinin-

Radushkevich (D-R), Alpha S (αs) and John isotherm for GAC 383 GACO 383, 

GACZR 873, GACZR 1073 and GACZR 1273 is given in Table 3.9 are 

statistically analysed by two way ANOVA test. The results are interpreted based 

on the constants in Table 3.30. 

 

Table 3.30: Two way Anova analysis of pore volume obtained from Langmuir, 

Dubinin-Radushkevich (D-R), Alpha S (αs) and John Isotherm 

Source SS df ms F P-value 

Total 14243.44 19 3621.667   

methods 906.1883 3 302.0628 41.07119 P< 0.05 

carbons 13249 4 3312.25 450.3635 P< 0.001 

Residual  88.25537 12 7.354614   

 

High significant difference (P< 0.001) indicates the large difference exists 

in pore volume between the carbons. GACZR 1273 gives significantly higher 

values than rest. Statistical analysis reveals that there is a significant difference 

exists between pore volumes (P< 0.05), which obtained from four isotherm 

methods (Langmuir, D-R, Alpha S, and John isotherms). Among the four 

isotherms studied D-R and Alpha S is comparatively higher than Langmuir and 

John isotherm. 
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Hypothesis 3:  Whether there is any correlation between activation temperature and 

micropore volume [Karl Pearson‟s Coefficient of correlation/ t-test]. 

To test the Hypothesis 3, correlation between micropore volume and 

activation temperature is statistically analysed by Karl Pearson‟s co-efficient of 

correlation using Dubinin–Radushkevich micropore volume (Vm (D-R)) of 

GACZR series of carbons  (Table 3.9) activated at different temperatures (873 K, 

1073 K, 1273 K). It gives a significant positive correlation between activation 

temperature and micro pore volume (r =0.99674, t = 12.35, P <0.01). This 

indicates that with increasing of activation temperature micropore volume also 

increases.  

Hypothesis 4:  Whether there is any significant difference in quantity adsorbed 

and surface area between the samples for the adsorption of 

phenol, p-nitrophenol and methylene blue (MB). 

To test the Hypothesis 4, adsorption rate and surface area of carbons 

GACZR 1273, GAC 383 and GACO 383 with respect to solid –liquid equilibria 

using phenol, p-nitrophenol and MB  obtained from Langmuir, D-R and J-SA 

isotherms (Table 3.14) are analysed statistically using three way ANOVA test. 

The results are interpreted based on the constants in Table 3.29 

 

Table 3.31: Three way ANOVA statistical analysis of adsorption system in solid-

liquid equilibria with respect to quantity of phenol, p-nitrophenol and methylene 
blue adsorbed on GACZR 1273, GAC 383 and GACO 383 

Source SS df ms F P-value 

Total 628403.0304 26    

Phenol, PNP,MB 108617.4512 2 54308.7560 51.547 P< 0.001 

carbons 11238.5767 2 5619.2884 5.339 P<0.05 

methods 487495.3055 2 243747.6828 231.578 P< 0.001 

Residual  21051.6970 20 1052.55   

 

Three way ANOVA method is used for analysing the adsorption rate of 

carbons towards different adsorbate. Between phenol, p-nitrophenol and 

methylene blue adsorption rate varies significantly (P < 0.001). Significant 

difference between carbons with respect to adsorption rate indicates by P < 0.05 
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and GACZR 1273 is having a significantly higher adsorption rate than GAC 383 

and GACO 383. Different isotherm methods also exhibit a significant difference 

in adsorption rate (P < 0.001). Between the John-Sivanandan Achari isotherm and 

Langmuir the difference is not significant.   

 

Table 3.32: Three way ANOVA statistical analysis of adsorption system in solid-

liquid equilibria with respect to surface area of GACZR 1273, GAC 383 and 

GACO 383 

Source SS df ms F P-value 

Total 3182711.8535 26    

carbons 293640.9700 2 146820.4850 6.7075 P<0.01 

methods 1916774.3012 2 958387.1506 43.784 P< 0.001 

Phenol, PNP,MB 534518.8357 2 267259.4179 12.2098 P< 0.001 

Residual  437777.7466 20 21888.8873   

 

There is a significant difference between carbon with respect to surface 

area and GACZR 1273 is having significantly higher surface area compared to 

others (P < 0.01). Phenol showed a significant high surface area compared to 

nitrophenol and methylene blue. 

Hypothesis 5:  whether there is any correlation between temperature and 

adsorption of phenol, temperature and adsorption of p- nitro 

phenol & temperature and adsorption of methylene blue [Karl 

Pearson‟s Co efficient of correlation/ t-test]. 

To test the Hypothesis 5, Langmuir adsorption capacity of GACZR 1273 

towards phenol (Table 3.11), p-nitrophenol (Table 3.12) and methylene blue 

(Table 3.13) at five solution temperature (283 K, 293 K, 303 K, 313 K and 323 K) 

are correlated by Karl Pearson‟s Coefficient. 

There is a significant positive correlation between temperature and 

adsorption of phenol on GACZR 1273 (r = 0.9941, t = 15.82, df = 3, P < 0.01). 

This indicates that as temperature increases adsorption of phenol also increases. 

There is a significant positive correlation between temperature and adsorption of 

p-nitrophenol on GACZR 1273 (r = 0.9957, t = 18.51, df = 3, P < 0.01). This 

indicates that as temperature increases adsorption of p-nitrophenol also increases. 
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There is a significant positive correlation between temperature and adsorption of 

methylene blue on GACZR 1273 (r =0.9980, t = 27.5, df = 3, P < 0.01). This 

indicates that as temperature increases adsorption of methylene blue  also 

increases. 

3.14  Conclusions 

Chemical activation of GAC with ZrOCl2.8H2O brought marked changes in 

the surface chemistry of GAC. Successive burn off at a higher activation 

temperature decreases the yield of total active carbon from 94.53 % to 82.22 % in 

GACZR series. High temperature treatment of GACZR series carbons, burn off 

does not exceed more than 20 %. It indicates that the thermal stability of GAC is 

achieved by successive impregnation of Zr
4+

 into it.  

On heat treatment from 383 to 1273 K surface oxygen group varies as 

carboxylic group (0.74 - 0.39 meq/g), phenolic group (0.56 - 0.89 meq /g), 

lactonic group (0.70 - 0.20meq/g), pyrone (0.2 - 0.6 meq/g) for the new series of 

carbon. A spectroscopic technique such as FTIR and XPS indicates the presence 

of Zr
4+

 in GAC. FTIR band appears at 589 cm
-1

 is attributed to the Zr - O bending 

on the surface of GAC.  The binding energy of Zr 3d region corresponding to Zr - 

AC and ZrOx - AC at 182.4 eV is associated with Zr
4+

 in ZrO2. This again 

showed, that the Zr
4+

 is better dispersed on the carbon surface of zirconium 

impregnated carbon. The nitric acid oxidation of GAC 383 caused changes in the 

micro crystallinity of the carbon layers as evidenced by the La, Lc and d002 with 

distinct changes. The sharp 002 diffraction peak at 26.4
0
 indicated a highly 

organized crystal structure, revealing an interlayer spacing of about d002 > 0.335 

nm. Carbon has well-defined and well-interconnected pore structure as evidenced 

by SEM and HRTEM results. The acidic treatment of GAC 383 with con.HNO3 

showed some distorted pattern in the arrangement of stacks. 

The pore volume and surface area obtained from BET p/p0 ≈ 0.1 is close 

agreement with I point method. It supports the validity of linear BET plot up to 

p/p0 ≈ 0.1. The critical evaluation of isotherm constants by BET and I-plot 

method shows that monolayer volume and surface area of zirconium impregnated 

carbon samples increases with activation temperature from 873K to 1273K. The 
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Dubinin-Radushkevich isotherm shows that Zr
4+

 modified carbon GACZR 1073 

has 14% (SAmi = 735.1 m
2
/g) and GACZR 1273 has 26 % (SAmi = 814.3 m

2
/g) 

enhancement in micropore surface area compared to basic carbon GAC 383 (SAmi 

= 646.5 m
2
/g). The micropore volumes provided by D-R and αs methods are in 

excellent agreement with all carbons. John isotherm suggests the three different 

pore filling mechanisms of N2 molecule in GAC.  The molecular sieve effect is 

found to be prominent for N2 atoms for all the carbon studied. This suggests that 

most of the N2 molecules fill in carbon pores smaller than 1 nm in size. The t - plot 

method shows that among the total surface area of GACZR 1273 (ST), micropore 

surface area contribute 70.0 % and external surface area contribute 30 % i.e. Zr
4+

 

activation leads to the acceleration of micropores on the activated carbon matrix 

of GAC 383. Pore size distribution studies (PSD) showed that adsorption and 

desorption pore width ranges 2.3 -2.5 nm for zirconium activated carbon series. 

The experimental data obtained from the adsorption isotherm studies shows 

that nitric acid oxidised carbon (GACO 383) showed comparatively less 

adsorption among all the three adsorbate. The adsorption affinity of GAC towards 

selected adsorbate varies in the order of p-nitrophenol > phenol > methylene blue. 

Nitro group in para position enhances electron donor acceptor interaction between 

adsorbent and adsorbate which results more adsorption of p-nitrophenol on 

carbon surface compared to phenol molecule. Adsorption rate of methylene blue 

is comparatively lower than phenolic compounds. It was suggested that some of 

the micropores in active carbons were not accessible to methylene blue dye 

molecules (cross sectional area is1.2 nm
2
). Best fitting of isotherm models to the 

observed isotherm data for the adsorption of phenols, p-nitrophenol and 

methylene blue onto activated carbon gives the order Langmuir > John – 

Sivanandan Achari  > Freundlich > Dubinin-Radushkevich.  

A kinetic study shows that the adsorption system studied belongs to the 

second order kinetic model. Two phases in the intraparticle diffusion plot suggest 

that adsorption process proceeds by surface adsorption and intraparticle diffusion. 

Activation energy obtained from Arrehenius equation shows that physical 

adsorption control the adsorption of phenol, p-nitrophenol and methylene blue. 

The positive ∆H of all adsorbents indicates endothermic nature of adsorption i.e 
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the adsorption is favoured at higher temperatures. The high positive ∆S suggests 

an increase in the randomness at adsorbate-solution interface during the 

adsorption process. The increase in -∆G values with increasing temperature shows 

an increase in feasibility of adsorption at higher temperatures due to the increase 

in number of adsorption sites generated as a result of breaking of some internal 

bonds near edge of active surface sites of adsorbent. Trace elemental analysis by 

ICP-MS shows that granular activated carbon can effectively remove trace 

elements from field groundwater. Statistical analysis shows that there is 

s ignif icant  difference exist between surface area and pore volume of carbon 

samples (P < 0.001). A positive correlation exists between activation temperature 

and micro pore volume of GACZR series of carbons.  The significant difference 

exists between carbons with respect to the adsorption rate in solid liquid 

equilibria. GACZR 1273 is having a significantly higher adsorption rate (P < 

0.05) for phenol, p-nitrophenol and methylene blue. Different isotherm methods 

also exhibit a significant difference in adsorption rate (P < 0.001). Between the 

John-Sivanandan Achari isotherm and Langmuir the difference is not significant. 

There is a significant positive correlation between temperature and adsorption rate 

of phenol, p-nitrophenol and MB on GACZR 1273. 
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CChhaapptteerr  44  

GRANULAR ACTIVATED CARBON OXIDISED AND 
ACTIVATED WITH ZIRCONYL CHLORIDE (GACOZR): 

PREPARATION, CHARACTERIZATION AND 
ADSORPTION ISOTHERM STUDIES  

  

 

4.1  Introduction  

The presence of carbon-oxygen surface functional groups on GAC has a strong 

influence on the adsorption capacity in solid - gas /solid - liquid equilibria. Chemical 

structure of the carbon surface is one of the important factors as that of surface area 

and porosity to determine its efficiency. The identification and estimation of the 

carbon-oxygen surface groups have been carried out using several physical, 

chemical, and physicochemical techniques. The acidic functional groups present on 

the surface of activated carbon have been identified as carboxyl, lactones, and 

phenols. Basic groups have been postulated as pyrones and chromene structures. 

Acidic groups on the surface of the activated carbons make it more hydrophilic. 

They affect the surface area and pore texture of the activated carbons. The 

incorporation of surface groups by reactions modify the surface behaviour and 

adsorption characteristics of activated carbons and these surface functional groups 

interact differently in different environments. Presence of oxygen-containing surface 

functional group on GAC determines the ion exchange capacities of carbon material. 

This chapter insightfully discusses the preparation, characterization, and 

adsorption isotherm studies of zirconium as zirconyl chloride impregnated nitric 

acid modified granular activated carbons (GACOZR). The carbon, whose textural 

analysis was previously done, was further subjected to adsorption isotherm 

studies (N2/gas at 77K), and solid –liquid equilibrium studies using phenol,                   

p-nitrophenol and methylene blue to identify their material applications.  
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4.2  Granular Activated Carbons – GACOZR Series 

There are eight carbons GAC 383, GACO 383, GACOZR 383, GACOZR 

473, GACOZR 673, GACOZR 873, GACOZR 1073, and GACOZR 1273 are 

used in this study. GAC 383 is the native carbon based on coconut shell, GACO 

383 is acid oxidized and others are Zr
4+

 activated carbons of GACO 383. The 

methods of preparation and experimental setup for furnace based thermal 

activation were discussed in Chapter 2.  

4.3 Characterization Studies 

4.3.1  Carbon Yield and Burn Off  

Burn off of GACOZR series of carbon was calculated by dividing the 

weight loss during carbonisation between the original carbon and the final carbon 

product by the weight of the original carbon. GACOZR series gives the various 

extent of burn off depending upon their activation temperature. At the higher 

activation temperature the observed carbon yield is low. The maximum burn off 

of 23.62 % is obtained in activation temperature 1273 K and lowest burn off 

about 14.53 % is obtained in activation temperature of 473 K.  After that there is a 

less noticeable change in burn off when activating up to 673 K (15.28 %). 

Increasing the activation at 873K (21.02 %) gives comparatively higher burn off 

than at 673K. This is almost consistent upto 1073 K and there is a small 

increment in burn off (23.62 %) for further rise of the temperature upto 1273 K. 

Burn off of GACOZR series of carbon lies in between 14 - 24 % in the 

temperature range of 473 - 1273K; it means that thermal decomposition of GAC 

is prevented by the presence of Zr
4+

 in GAC.  

4.3.2  Elemental Analysis  

Elemental composition of GACOZR series activated at different activation 

temperatures varies as, C (65.77 % - 89.71 %), O (8.83 % - 32.9 %), H (0.3 % - 3 %), 

and N (0.47 % - 0.60 %) given in the Table 4.1. 

It can be seen that oxidation with nitric acid increases the oxygen content 

of granular activated carbon GACOZR. This is due to the formation of surface 

oxygen complexes by the oxidation of surface carbons. At the higher activation 
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temperatures, oxygen percentage is found to decrease from 32.9 % to 8.83 %. 

Sure to believe that more C - O functional groups is evolved as a volatile 

substance during activation. The oxygen percentage level maintains 10 – 8 % at 

the activation temperature of 1073 – 1273 K. An increase in carbon percent was 

observed with the rise of temperature and it is found to be in the range of 65.8 - 

89.7 % for GACOZR series. For typical activated carbon, the carbon percentage 

is reported to be 88 % [1]. And this can be achieved by GACOZR series when 

activating at temperatures above 873 K.  

4.3.3 Boehm Analysis  

The surface oxygen groups on a GAC with acidic (carboxyl, lactone, phenol), 

as well as basic properties are determined by the Boehm titrimetric method. The 

surface functional groups, which differ in their acidities, are distinguished by 

neutralization with different solutions, i.e. HCl (for basic groups) and NaHCO3, 

Na2CO3 and NaOH (for acidic groups).  

Table 4.1:  Burn off, carbon yield and elemental composition & Boehm titration analysis of 

GACOZR  series activated at  temperatures 383-1273K , GAC 383 and GACO 383 
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GACOZR  383 NA NA 65.8 1.3 0.60 32.9 1.38 2.8 1.5 0.01 

473 14.5 85.5 67.5 3.0 0.54 29.5 1.20 3.7 1.3 0.01 

673 15.3 84.7 76.7 3.0 0.47 20.3 0.69 1.9 0.99 0.09 

873 21.0 79.0 76.4 0.7 0.50 22.8 1.01 2.2 1.2 0.24 

1073 21.7 78.3 89.2 0.3 0.57  10.5 0.32 1.9 0.29 0.38 

1273 23.6 76.4 89.7 1.5 0.53  8.8 0.23 1.5 0.18 0.38 

GAC 383 383 NA NA 89.4 0.6 0.36 9.6 0.40 0.45 0.18 0.5 

GACO 383 383 NA NA 65.1 2.6 0.58 31.7 1.38 2.10 1.34 0.2 

Surface oxygen complexes on carbon materials are found to be decreased 

during chemical activation at higher temperatures. The variation observed in the 

quantity of functional groups is given as follows, carboxylic (1.38 - 0.229 meq/g), 

lactonic (1.52 - 0.175 meq/g) and phenolic (2.83 - 1.52 meq/g). Surface oxygen 
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complexes on carbon materials decompose upon heating by releasing CO and 

CO2. The desorption of CO2 from carboxylic group is prominent at the 

temperature range of 383 – 673 K. This is attributed to the reduction of carboxylic 

group from 1.38 to 0.689 meq/g. The lactonic group gets decomposed at the 

temperature range of 473 – 973 K and this is the main reason for the reduction of 

lactonic groups from 1.52 to 0.292 meq/g.  

These functional groups on the surface of carbon modify the surface behaviour 

and adsorption characteristics of activated carbons. It can be observed, that the 

amount of basic groups was significantly lower than the total amount of acidic groups 

on all the activated carbons studied. This suggests that all carbons in GACOZR series 

had an acidic character due to the presence of carbon-oxygen surface chemical 

structures, decided by carboxyl and lactones. It can be stated that acidic character of 

GAC makes the carbon surface hydrophilic and polar in nature. 

4.3.4. Fourier Transform Infrared Spectroscopy (FTIR) Studies 

The FTIR spectra of GAC 383, GACO 383 and GACOZR series are given 

in Figure 4.1(a)-(h). Most FTIR spectra give broad peaks at 3430 cm
-1

 

(interstitially adsorbed H2O) and 3362 cm
-1 

(OH stretching vibrations). The 

intensity of peaks in this region is relatively less for GACOZR  series activated in 

873 and 1073K compared to those at 473 and 673K Figure 4.1(d)-(g). Results of 

elemental analysis results support this observation, as we can see the loss of 

hydrogen content from 3.03 to 0.30 % at this temperature range. Peak at 2924 and 

2881 cm
-1

 can be assigned to the –C – H – stretching of methyl group [2]. The 

intensity of this peak is sharper in GACO 383 compared to GAC 383.  

FTIR spectra of Figure 4.1(c)&(d) shows band at 1365 - 1385 cm
-1

 attributed 

to the O - H bending deformation or C = O stretching in carboxylic acid (it is almost 

absent in GAC 383). At higher temperature this signal shifted to 1403 - 1429 cm
-1
 as 

seen in Figure 4.1(e)-(h) can be assigned to ν(C - O) vibration in the carboxylate 

group.  

The band located at about 1584 - 1638 cm
-1
 is attributed to the carbonyl 

group (C = O) in quinones. The intensity of this peak in GACOZR series is 

gradually decreased by increasing the activation temperature from 673 - 1073K. 
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Compared to GAC 383, sharp peak is visible at 1635 cm
-1

 (C = O) for GACO 

383. The band at 1112 and 1030 cm
-1

 could be assigned to the alcohol (R - OH) 

groups [3].  The presence of carboxylic and phenolic groups improves the cation-

exchange and complexation properties of new carbon materials [4].  

  

  

  

  
Figure 4.1: FTIR spectra of  carbons  (a) GAC 383 (b) GACO 383  (c)-(h) GACOZR 

series of  carbons activated at 383-1273K for the evaluation of functional groups 

(a) 

(c) (d) 

(b) 

(e) (f) 

(g) (h) 
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4.3.5 X-ray Photoelectron Spectroscopy (XPS) Analysis 

X-ray photoelectron spectroscopy (XPS) has been frequently used as a 

technique for the investigation of the surface chemical composition of carbon 

materials. The XPS spectra of C 1s and O 1s indicates that carbonyl groups were 

introduced to the surface at low oxidation potentials, and the concentration of 

alcohol-ether groups increased at high oxidation potentials. 

Deconvolution of the O 1s, C 1s and Zr 3d peaks are shown in Figures 4.2. 

An asymmetric photoelectron peak of C 1s gives the binding energy of 284.0 eV 

indicate graphite (C - C), 284.4 eV associated with –C = C– non functionalised 

sp
2
 carbon, 285.3 eV associated with C – C and/or C – H groups. The binding 

energy of 286.4 eV associated with C– O –H/C – O –C, –C–O–C ≡ groups,  

287.6 eV is associated with –COOC– groups, and  289.07 eV representing COOH 

carboxylic acid group. 

The binding energy of 531.0 – 531.8 eV is associated with C = O group 

(oxygen doubly bonded to aromatic carbon), 533.1 eV attributed to the C – O 

group (oxygen singly bonded to sp
2
 carbon) or –C (O) OH groups, 534 eV is 

related with anhydride is observed, 534.6 eV is due to the chemisorbed                    

H2O molecule and the binding energy 530.4 eV of O 1s associated with O in 

ZrO2 [5, 6]. 

Most of the XPS measurements of the Zr 3d photoelectron spectrum had 

main peaks in between 180 eV – 190 eV. The peaks located at 181.3 and 186.8 

eV are attributed to the spin-orbit splitting of the Zr 3d components, i.e. Zr 3d5/2 

and Zr 3d3/2. The binding energy of O 1s in ZrO2 is located at 530.4 eV.  The Zr 

3d spectrum had the strong spin-orbit doublet Zr 3d5/2 - Zr 3d3/2 with splitting of 

2.3 eV. It was fitted by a single component (Zr - O) with the binding energy of 

182.7 6 ± 0.2 eV for the Zr 3d5/2. 

The values of 182.03 eV, 183.3 eV, 182.2 eV and 182.60 eV have been 

associated with the presence of pure ZrO2 phase [7].  
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Figure 4.2: X-ray photoelectron spectrum 

(XPS) of GACOZR 1273. Deconvoluted 

peaks (a) C 1s (b) O 1s and (c) Zr 3d  

 

The average binding energy (BE) values of 180.996 ± 0.05 eV, and 

182.106 ± 0.05 eV gives a strong evidence for the formation of Zr sub-valence 

states Zr
2+

 and Zr
3+

 components [8].  

 

Table 4.2: Surface functional groups  analysis of carbons GAC 383, GACO 383 

and GACOZR 1273 by XPS spectra 

C1s O1s 

284.5 eV  -  C =C bonds with sp 2 hybridization 

284.8 eV  -  C -C bonds with sp3 hybridization 

285.7 eV  -  C -O and C -OH functionalities 

286.7 eV  -  epoxide groups 

289.4 eV  -  carboxyl groups 

532.3 eV  -    presence of C O/C O bonds 

533.3 eV  -    C-OH bonds 

534.7 eV  -    oxygen in water molecules 

532.0 eV  -    carboxylic acid 

[531.1, 532.3, 533.1 eV]  - single and 
double bond between O and C. 

Zr 3d 

182.3 eV                   -     ZrO2 

180.99 6± 0.05 eV    -    Zr sub-valence states Zr2+ 

182.10 6 ± 0.05 eV   -    Zr sub-valence states Zr2+
 

 

(a) (b) 

(c) 
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4.3.6 X-ray Diffraction (XRD) Analysis 

Crystalline nature of the carbon was studied by using x-ray powder 

diffractometry. The crystalline size data were calculated from the XRD profiles 

using Scherrer analysis. X-ray diffractograms for activated carbon GAC 383, 

GACO 383 and GACOZR series are shown in Figures 4.3. The interlayer spacing 

values, d002, and the crystallite size along the c (Lc) and a (La) axis of the carbon 

are given in Table 4.3. 

 

  

Figure 4.3: X-ray diffraction (XRD) spectra of  (a) GAC 383 &  GACO 383                 

(b) GACOZR series of  carbons activated at 383-1273K 

 

The two broad peak around 2𝜃 = 25
0
 and 43.6

0
 is ascribed to (002) and 

(100) diffraction peak of turbostratic carbon structure. Broad peak at 25
0
 obtained 

instead of the sharp peak indicate the poor crystalline nature, which is one of the 

beneficial property for most well defined carbon materials [9]. 

The crystalline sizes vary as Lc (1.15 - 1.36 nm), La (2.35 - 2.77 nm) for 

GACOZR series. The interlayer spacing d002, are in the range of 0.349 to 

0.364 nm, which is slightly larger than that of graphitic carbon structure.                    

It might be due to the presence of hetero atoms such as oxygen and hydrogen 

between the graphene layers of GAC [10]. These non graphitized carbons have 

well developed micropore structure during high temperature activation 

treatment. 

 

(a) (b) 
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Table 4.3: XRD crystalline parameters of GAC 383, GACO 383 and GACOZR 
series activated at temperatures 383 - 1273K 

Carbons Lc (0.9) nm La (1.84)nm d002 nm 

GAC 383 1.14 2.28 0.364 

GACO 383 0.97 1.94 0.356 

GACOZR 383 1.15 2.35 0.352 

GACOZR 473 1.28 2.61 0.358 

GACOZR 673 1.21 2.47 0.354 

GACOZR 873 1.16 2.38 0.349 

GACOZR 1073 1.36 2.77 0.356 

GACOZR 1273 1.31 2.68 0.362 

 
No visible structural changes were observed in the crystallinity for 

GACOZR series of carbons upon successive activation until 873 K. The new peak 

at 2θ = 30
0
 is obtained in activation temperature of 1073 and 1273 K for 

GACOZR series. This is attributed to the diffraction from (101) plane of 

tetragonal ZrO2. It indicates, generation of ZrO2 from ZrOCl2 into the porous 

structure of GAC at a higher activation temperature [11].  

4.3.7  Scanning Electron Microscopy (SEM) Analysis 

The SEM micrographs of GACOZR 1273 are given in the Figure 4.4. In 

SEM micrographs, a beam of electrons is used to scan the surface of a carbon. 

This analysis makes possible the direct observation of its surface features at the 

micro and submicro levels. There are several well developed pores are formed on 

the surface of GACOZR 1273. Comparison of these micrographs with GAC 383 

indicates that the activation process enlarges the diameters of the pores on the 

surface of GACOZR 1273. The nitric acid oxidation/modification causes the 

widening of existing pores and the formation of large pores by burn out of the 

walls between the adjacent pores.  



Chapter 4 

192 School of Environmental Studies,   
Cochin University of Science and Technology 

 

  

  

Figure 4.4: Scanning electron micrographs (SEM) of GACOZR  1273 at different 

resolution (a) 250-100 µm  (b) 500-50 µm (c) 10 µm and (d) 5 µm 

 

Different size of pores are distributed over the surface of carbon, which 

is due to the removal of volatiles during carbonization and activation, leads to 

the creation of additional pores and widening of existing pore networks. 

Largest possible number of randomly distributed pores of various shapes and 

sizes, give rise to a carbon product with an extended and extremely high 

surface area. 

4.3.8. Transmission Electron Microscopy (TEM) Analysis 

The structure of GACOZR 1273 is studied by using TEM images (Figure 

4.5(a)-(d)). It shows very complex pore configurations, having various dimensions 

and irregular shapes. 

(a) (b) 

c) (c) (d) 
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Figure  4.5: High resolution transmission electron microscopy (HRTEM) of GACOZR 

1273 at different resolutions (a) 10nm (b) 5 nm (c) and (d) 2 nm  

 

TEM image shows that carbon has a highly disordered and porous 

microstructure. Here the bright spots represent the centres of the individual rings 

of carbon atoms. Pores are having slit shaped structure confined by parallel planes 

and in some parts of the carbon GACOZR 1273, activation has produced cavities 

of mesopore size. 

4.4  Solid-Gas Adsorption Equilibria 

The equilibrium and dynamic adsorption behaviour of active carbon have 

been studied by using N2 adsorption data for assessing the surface area, pore size, 

and pore volume of the carbons. 

(a) (b) 

(c) (d) 
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The N2 adsorption-desorption isotherms of the oxidised granular activated 

carbon impregnated with zirconyl chloride and activated at 1073 and 1273 K were 

carried out to investigate the porous characteristics.  

4.4.1 Adsorption Isotherm Analysis 

The adsorption isotherm of N2 (77K) gas adsorbed on GAC 383, GACO 

383, GACOZR 1073 and GACOZR 1273 are given in Figure 4.6.  

 

 
Figure 4.6: N2 adsorption  isotherm for GAC 383, 

GACO 383 and GACOZR  carbonized at temperature 

1073 and 1273 K 
 

It is expected to give the same isothermal behaviour as that of GACZR 

series (discussed in Chapter 3).  Type1 isotherm behaviour of GACOZR 1073 

and GACOZR 1273 indicates that N2 molecules are progressively getting 

adsorbed on the micropores of these carbons, which are developed during activation 

process.  

The nitrogen equilibrium data analysed by Brunauer-Emmett-Teller (BET), 

Langmuir, Freundlich, Dubinin-Radushkevich (D-R), Alpha S (αs), John isotherm, t-

plot and Barrett Joyner Halenda (BJH) models are used for comparing the porosity 

and surface area. 
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4.4.1.1 Brunauer-Emmett-Teller (BET) Isotherm Analysis 

The surface area of carbons is determined from the N2 isotherm by the BET 

method, based on surface coverage mechanism. This linearised BET equation 

provides the basis for the BET plot of experimental isotherm data.  

1

𝑉(
𝑝0

𝑝 − 1)
=

1

𝑉𝑚𝐶
+

𝐶 − 1

𝑉𝑚𝐶
  

𝑝
𝑝0

                                                             (4.1) 

Since the range of linearity of BET plot is usually taken in the relative 

pressure upto p/p0 ≈ 0.35 and in some cases not more than p/p0 ≈ 0.1. Surface area 

and pore volume obtained from a linear plot of BET at p/p0 ≈ 0.35 and p/p0 ≈ 0.1 

is given in Table 4.4.  

Surface area and pore volume obtained from BET (p/p0 0.3) increases as 

per the order of GAC 383 (SABET = 997 m
2
/g & Vm = 228.97 cm

3
/g) > GACOZR 

1273 (SABET = 976.25 m
2
/g & Vm = 224.26 cm

3
/g) > GACO 383 (SABET = 974 m

2
/g            

& Vm = 223.81 cm
3
/g) > GACOZR 1073 (SABET = 920.15 m

2
/g & Vm = 211.37 

cm
3
/g).   

All the carbons show surface area greater than 900 m
2
/g. But surface 

modification with nitric acid (GACO 383) reduces the specific surface area by 7 % 

compared to basic GAC 383.  The reduction in surface area is more pronounced 

in oxidised carbon GACOZR 1073 (specific surface area less by 13 % than 

GAC 383). Degree of activation makes the pore walls thinner and is easily 

destroyed by the HNO3 treatment [12]. GACOZR 1073 (920.15 m
2
/g) and 

GACOZR 1273 (976.25 m
2
/g) clearly shows that surface area and pore volume of 

GACOZR series is enhanced by activation temperature.  

SABET calculated from p/p0 upto 0.1 and 0.3 are different as shown in the 

Table 4.3 which indicate that SABET depends on the range of p/p0 used for the 

determination. The relative pressure range when shifted from 0.3 to 0.1 there is an 

increment of the surface area about 30.3 % in GAC 383 (1298.483 m
2
/g), 21.8 % 

in GACO 383 (1186.476 m
2
/g), 22.8 % in GACOZR 1073(1130.349 m

2
/g) and 

24.2 % in GACOZR 1273 (1212.188 m
2
/g).  
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Figure 4.7: BET isotherm plot for GAC 383, GACO 383,GACOZR 1073 and GACOZR 

1273 (a) p/p0 up to 0.3 and (b) p/p0 up to 0.1 
 

 

4.4.1.2 The BET–Scatchard (B–S) Plots (I Point Method Analysis)     

 The rearrangement of BET equation for calculating the specific surface 

area is given by the equation (4.2) 

[𝑉(1 − 𝑃)]
𝑃

 = 𝐶𝑉𝑚 −  𝐶 − 1  𝑉 1 − 𝑃                                                 (4.2) 

Where P is p/p0, it provides inclined V type graphs, (i.e. >) with an inversion 

point, termed I point. The calculation of the specific surface area requires the 

estimation of Vm. The projection of the I point on the V (1 - P) axis corresponds 

exactly to Vm, i.e., [V (1 - P)]I-point = Vm . Then the specific surface areas can be 

calculated easily from the trivial relationship equation (4.3) without any 

knowledge of C.  

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎, 𝑆𝐴𝐼( 𝑚2𝑔−1) = 4.356 𝑉𝑚                                  (4.3) 

The plots are shown in Figure 4.8, and the results are given in Table 4.4.  

(a) (b) 



Granular Activated Carbon Oxidised and Activated With Zirconyl Chloride (GACOZR): Preparation… 

 

197 Adsorption Isotherm Studies of Granular Activated Carbons:                                                                      
Activation with Zr4+/Nano ZrO2, Porosity, Surface area, Kinetics and Thermodynamics 

 

 
 

  

Figure 4.8 : Nitrogen adsorption-desorption isotherms and the corresponding I plots 

for (a) GACOZR 1073 (b) GACOZR 1273 (c) GAC 383 and (d) GACO 383 carbons 
 

 

Table 4.4:  BET and I plot isotherm parameters for GAC 383, GACO 383, GACOZR 1073 
& GACOZR 1273 using N2 at 77K  
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GAC 383 370.4 996.8 229.0 -816 1275.4 293.0 1298.5 298.3 524 1.76 

GACO 383 340.2 974.3 223.8 -119 1164.7 267.5 1186.5 272.6 439 1.77 

GACOZR 1073 316.3 920.2 211.4 -106 1114.8 256.1 1130.4 259.7 715 1.73 

GACOZR 1273 343.4 976.3 224.3 -103 1193.2 274.1 1212.2 278.5 563 1.75 

 

(a) (b) 

(c) (d) 
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The monolayer capacity VI and surface area SAI obtained for the modified 

carbons are GACOZR 1073 (VI = 256.09 cm
3
/g & SAI = 1114.83 m

2
/g) and 

GACOZR 1273 (VI = 274.10 cm
3
/g & SAI = 1193.23 m

2
/g). The pore volume and 

surface area obtained from BET p/p0 ≈ 0.1 is close agreement with I point 

method. It supports the validity of linear BET plot up to p/p0 ≈ 0.1 [13, 14]. 

4.4.1.3 Langmuir Isotherm Analysis 

Adsorption equilibrium in homogeneous adsorbents can be measured by 

using the standard Langmuir isotherm model. The linear form of the equation is  

𝑃

𝑉
=

1

𝑏𝑉𝑚
+

𝑃

𝑉𝑚
                                                                                                    (4.4) 

Where V is the specific amount of gas adsorbed at the equilibrium pressure 

P and Vm is the monolayer capacity. From the graph of P/V versus P, a straight 

line is obtained and from the slope and intercept Vm (L) monolayer volume and 

constant b is calculated. Langmuir adsorption isotherms for the adsorption of N2 

gases on GAC 383, GACO 383, GACOZR 1073 and GACOZR 1273 are shown 

in Figure 4.9(a) 

The straight line plot indicates that the Langmuir equation is valid for this 

entire range. The monolayer volume obtained for GAC 383 is 336.60 cm
3
/g, 

whereas GACO 383 is 304.5 cm
3
/g, indicates 9.5 % decrease in monolayer 

volume by surface modification with nitric acid. For GACOZR 1073 shows 

monolayer volume 292.8 cm
3
/g, reveals that activation of GACO 383 with Zr

4+
 at 

1073K further decrease the monolayer volume up to 3.8 %. At the activation 

temperature of 1273K, carbon GACOZR 1273 (314.1 cm
3
/g) shows an 

enhancement in monolayer volume of 7.2 % compared to that of GACOZR 1073. 

4.4.1.4 Freundlich Isotherm Analysis  

 The relationship between the magnitude of adsorption (amount of gas 

adsorbed) and relative pressure, P can be expressed mathematically by an 

empirical equation of Freundlich isotherm model. 

𝑉 = 𝐾𝐹𝑃
1

𝑛                                                                                                          (4.5) 

log 𝑉 = 𝑙𝑜𝑔𝐾𝐹 + 1
𝑛 𝑙𝑜𝑔𝑃                                                                              (4.6) 
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Freundlich adsorption isotherm plot of GAC 383, GACO 383, GACOZR 1073 

and GACOZR 1273 are shown in the Figure 4.9 (b) 

 

  

Figure 4.9:  Adsorption isotherm plots  (a) Langmuir (b) Freundlich for GAC 383, 

GACO 383, GACOZR 1073 & GACOZR 1273 using N2 at 77K 

 

On plotting log V versus log P gives a straight line with intercept log KF 

and slope 1/n. The constant are given in Table 4.5.  KF and n are depends upon 

carbon and N2 gas at a particular temperature. Straight line with high correlation 

coefficient (R
2
 = 0.99) shows the strong interaction of N2 molecule on the surface 

of carbons. 

The KF and n obtained for new carbons are GAC 383 (KF   is 209.82 & n is 

9.94), GACO 383 (KF is 183.51 & n is 9.36), GACOZR 1073 (KF is 190.58 & n is 

11) and GACOZR 1273 (KF is 196.45 & n is 10.08) respectively.  

Table 4.5:  Langmuir and Freundlich isotherm parameters for GAC 383, GACO 
383, GACOZR 1073 & GACOZR 1273 using N2 at 77K 

 

 

Carbons 

Langmuir  Freundlich  

V
m

 (
L

) 

c
m

3
/g

.S
T

P
 

S
A

L
 (
m

2
/g

) 

b
 

R
2
 

n
 

K
F

  
L

/g
 

R
2
 

GAC 383 336. 6 1465.3 0.278 0.999 9.9 209.8 0.999 

GACO 383 304.5 1325.5 0.246 0.999 9.4 183.5 0.999 

GACOZR 1073 292.8 1274.6 0.301 0.999 11.0 190.6 0.999 

GACOZR 1273 314.1 1367.3 0.274 0.999 10.1 196.5 0.999 

(a) (b) 
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Freundlich parameter n value, which is regarded as adsorption intensity is 

comparatively lower for nitric acid modified carbons (GACO 383, GACOZR 

1073 and GACOZR 1273) than basic carbon GAC 383. 

4.4.1.5 Dubinin-Radushkevich Isotherm (D-R) Analysis 

The D-R isotherm measures the pore filling mechanism within the 

micropores. The micropore volume Vmi (D-R) (or V0) and characteristic adsorption 

energy E (or E0) within micropore is obtained from the intercept and slope of the 

plot log V versus log
2 

(p0/p). This method makes possible to calculate micropore 

volume at low relative vapour pressure 

log 𝑉 = 𝑙𝑜𝑔 𝑉0 −  𝐷 𝑙𝑜𝑔2 (
𝑝0

𝑝 )                                                                  (4.7) 

𝐷 = 2.303(
𝑅𝑇

𝛽𝐸0
)2                                                                                                (4.8) 

E0 is related to the average pore width ‘L’ according to the following 

empirical formula.  

𝐿 = 6.6 − 1.79 ln 𝐸0  𝑛𝑚                                                                                 (4.9) 

 Relationship between L value and surface area are given by the equation.  

𝑆𝐴𝐷−𝑅 =
2 × 103 𝑉𝑚𝑖  (𝑐𝑚3/𝑔)

𝐿(𝑛𝑚)
                                                                  (4.10) 

Where SAD-R is the surface area in m
2
/g. Vmi (D-R) is the micropore volume in 

cm
3
/g, and L is the accessible pore width in nanometres. Parameters are calculated 

and given in Table 4.6. 

Figure 4.10(a) shows that equation is valid over a range of relative 

pressures p/p0 0.00998 to 0.3 which corresponds to 85 to 95% filling of the 

micropores. GACO 383 (Vmi = 322.75 cm
3
/g) shows 8.1% decreases of micropore 

volume compared to that of GAC 383 (Vmi = 351.3 cm
3
/g). The Zr

4+
 activated 

oxidised carbons GACOZR 1073 (Vmi = 304.5 cm
3
/g) shows 5.65 % lesser 

micropore volume compared to that of GACO 383 and 13.3 % decrease of 

micropore volume compared to that of GAC 383 (Vmi =  351.3 cm
3
/g). By rising 

the activation temperature up to 1273K, the Zr
4+

 impregnated oxidised carbon 
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samples GACOZR 1273 (327.76 cm
3
/g) shows 7.6 % enhancement in micropore 

volume compared to that of GACOZR 1073 but lower than that of GAC 383. All 

these results indicate that oxidation of GAC with HNO3 and activation of GACO 

with Zr
4+

 could not achieve higher micropore volume compared to GAC 383. 

Calculated pore width (equation (4.9) increases from 1.59 nm to 1.66 nm for Zr
4+

 

impregnated oxidised GAC by rising the temperature from 1073 K to 1273 K.  

4.4.1.6 Alpha S (αs) Method 

The external surface area (SAext) and micropore volume (Vmi) can be 

calculated by using Alpha S (αs) plots. The fitting of isotherm data on equations 

gives plot with respect to the carbon samples GACOZR 1073, GACOZR 1273, 

GAC 383 and GACO 383 (Figure 4.10 (b)). It is obtained by plotting the volume 

of gas adsorbed by carbon versus αs and it is directly proportional to specific 

surface area of carbons.  

𝛼s =
𝑉𝑎𝑑𝑠

𝑉𝑎𝑑𝑠 (
𝑝

𝑝0
=0.4)

                                                                                             (4.11) 

The plot gives a straight line from the region of 0.7 > αs < 1.10. From the 

slope and intercept of plot, the external surface area (corresponds to mesopore) 

and micropore volume can be calculated (values are listed in Table 4.6). The 

micropore volume obtained from two independent methods i.e Dubinin –

Radushkevich (D-R) and Alphs S (αs) method shows close agreement. 

  

Figure 4.10: Adsorption isotherm plots (a) Dubinin - Radushkevich and (b) Alpha S 

(αs) for GAC 383, GACO 383, GACOZR 1073 & GACOZR 1273 K using N2 at 77K 

(a) (b) 
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Surface modification of GAC 383 with HNO3 decreases the external 

surface area from 1005.27 m
2
/g (GAC 383) to 930.30 m

2
/g (GACO 383) and pore 

volume from 351.5 cm
3
/g (GAC 383) to 325.3 cm

3
/g (GACO 383) respectively. It 

is noted that 7.45 % decrease in the external surface area and pore volume in 

GACO 383 compared to GAC 383. Further modification of GACO 383 with Zr
4+ 

(GACOZR 1073) gives 6.4 % decrease in SAext and Vmi compared to GACO 383.  

This result shows that surface modification with nitric acid (GACO 383) and their 

higher degree of activation (GACOZR 1073) cause decrease in the external 

surface area compared to basic GAC 383. This might be due to the partial 

destruction of meso and macropore network of thinner pore walls.   

The carbon GACOZR 1273 gives 7.6 % enhancement of external surface 

area and pore volume compared to that of GACOZR 1073. Increasing of SAext 

suggests the widening of the micropores without the destruction of pore walls. 

Increases of micropore volume from 304.43cm
3
/g to 327.65 cm

3
/g indicates the 

generation of new micropores in GACOZR 1273 compared to GACOZR 1073. 

Table 4.6: Dubinin-Radushkevich (D-R) & Alpha S (αS) isotherm parameters of GAC 
383, GACO 383,GACOZR 1073 and GACOZR 1273K using N2 at 77K 

 

 

Carbons 

Dubinin-Radushkevich (D-R) Alpha S  

S
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D
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2
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) 

V
m

i  
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-R
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.S
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m
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J
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o
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R
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V
m

i  
(α

 S
) 

c
m

3
/g

.S
T

P
 

S
A

ex
t 
 (

m
2
/g

) 

GAC 383 646.5 351.3 1..68 15.6 0.986 351.5 1005.3 

GACO 383 570.2 322.8 1.75 15.0 0.979 325.3 930.3 

GACOZR 1073 593.9 304.5 1.59 16.5 0.990 304.4 870.7 

GACOZR 1273 609.0 327.8 1.66 15.8 0.991 327.7 937.1 

 

Comparison of the relative values of the micropore volume (Vmi/VT) and the 

mesopore surface area (SAext /SABET)  shows  similar value for  GAC 383, ( Vmi/VT 

= 0.95, SAext/SABET = 0.77), GACOZR 1273(Vmi/VT = 0.95, SAext/SABET = 0.77),  

GACO 383 (Vmi /VT = 0.95, SAext/SBET = 0.78) and GACOZR 1073 (Vmi/Vt = 0.96, 
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SAext/SABET = 0.77). This means that these carbons have rather uniform microporous 

structure [15].  

4.4.1.7. John Isotherm Analysis 

The general form of John isotherm equation applied to the N2 adsorption 

data to study the pore filling mechanism [16].  

𝑙𝑜𝑔𝑙𝑜𝑔𝑃 = 𝐶 + 𝑛𝑙𝑜𝑔 𝑉                                                                                  (4.12) 

Where P = p/p0 X 10
N
   ‘N’ is taken conveniently to make log P positive thereby 

log log P could be found, and n is adsorbability constant. 

The equation (4.12) is further extended to study the adsorption potential of 

porous materials, from solid - liquid adsorption system known as the John - 

Sivanandan Achari isotherm given by  

𝑙𝑜𝑔𝑙𝑜𝑔 𝐶𝑒 = 𝐶 + 𝑛𝑙𝑜𝑔 𝑞𝑒                                                                           (4.12 𝑎) 

The John isotherm plots, based upon N2 uptake data provide three distinct 

phases for GAC 383, GACO 383, GACOZR 1073, and GACOZR 1273 are presented 

in a Figure 4.11. 

Total pore volume (VT) calculated by John isotherm method shows good 

agreement with the total pore volume obtained at p/p0 0.9 (Table 4.4).  The total pore 

volume VT (J) comprises into three different phases. Molecular sieve effects (mse), 

cause major adsorption to take place in phase I i.e. Vmse(J), equal to an adsorption 

capacity 289.95 cm
3
/g  (GAC 383), 264.10 cm

3
/g ( GACO 383), 255.82 cm

3
/g 

(GACOZR 1073), 270.59 cm
3
/g ( GACOZR 1273). This indicates that the majority of 

N2 molecule will get adsorbed into the pores having dimensions less than 0.8 nm. 

The presence of micropores having width 0.8 – 2.0 nm indicated by Phase II 

i.e. Vm (J) and it is equal to 43.61 cm
3
/g (GAC 383), 52.06 cm

3
/g (GACO 383), 37.06 

cm
3
/g (GACOZR 1073) and 41.84 cm

3
/g (GACOZR 1273). Contribution of wider 

pores (pore width > 2nm) represented by phase III its value Vc is obtained by 

subtracting the (Vmse + Vm) from VT. The lower values of Vc(J) indicate the lower 

contribution of wider micropore in total pore volume i.e it contribute 6.4 - 8.9 % only 

in total pore volume whereas Vmse (J) contribute 78 - 80% in total pore volume VT (J). 
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Figure 4.11: John Isotherm plot  for carbons  (a) GACOZR 1073  (b) GACOZR 

1273  (c) GAC 383 and (d) GACO 383  

 

Table 4.7 : John  adsorption  isotherm parameters of GAC 383, GACO 383, 

GACOZR 1073 and GACOZR 1273  

Carbons 

Adsorption Capacity (cm
3
/g) 

Vmse(J) 

cm
3
/g.STP 

Vm(J) 

cm
3
/g.STP 

Vc(J) 

cm
3
/g.STP 

VT(J) 

cm
3
/g.STP 

GAC 383 289.95 

n = 3.76 

43.61 

n = 2.85 

32.05 

n = 3.60 

365.61 

GACO 383 264.10 

n = 3.43 

52.06 

n = 2.42 

21.55 

n = 3.78 

337.72 

 

GACOZR 1073 255.82 

n = 3.96 

37.06 

n = 3.27 

23.19 

n = 4.21 

316.07 

 

GACOZR 1273 270.59 

n = 3.61 

41.84 

n = 2.93 

30.58 

n = 3.67 

343.008 

 

(a) (b) 

(c) (d) 
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A comparison of total micropore volume (Vmse + Vm) obtained from the john 

isotherm model with other isotherm models (D-R, Alpha S, and Langmuir) are 

schematically represented in the Figure 4.12.  All the isotherm model offer almost 

identical values of monolayer volumes for all the carbon studied.  

Table 4.8: John, Dubinin-Radushkevich (D-R), Alpha S (αs) and Langmuir 

isotherm:  comparison of pore volume obtained from Isotherm models 

Carbons Pore volume 

John 

(Vmse + Vm) 

cm
3
/g  STP 

D-R 

Vm (D-R) 

cm
3
/g STP 

Alpha S 

Vm (αs) 

cm
3
/g STP 

Langmuir 

Vm(L) 

cm
3
/g STP 

GAC 383 333.6 351.3 351.5 336.6 

GACO 383 316.2 322.8 325.3 304.5 

GACOZR 1073 292.9 304.5 304.4 292.8 

GACOZR 1273 312.4 327.8 327.7 314.1 

 

4.4.1.8. t- Plot Method 

The t - plot isotherm analysis was done for the GACOZR carbon series, and 

the thickness of the pores was calculated using the equation  

𝑡 =   
13.99

0.034 − 𝑙𝑜𝑔  (
𝑝

𝑝0
 )

 

0.5

                                                                      (4.13) 

The t - plot method is applied to calculate the micropore volume and 

external surface area. The mesopore volume was calculated by subtracting the 

micropore volume from the total pore volume. Figure 4.13 gives the plot of 

mmol/g of N2 gas adsorbed versus thickness for carbon GAC 383, GACO 383, 

GACOZR 1073 and GACOZR 1273. A straight line is drawn in the linear region 

of the t - plot, and from the slope and intercept the external surface area and 

micropore volume are calculated. 

The external surface area obtained from the slope of the t-plot is given in 

the Table 4.9. It shows that surface modification of GAC with HNO3 enhances 

6.27 % external surface area compared to that of GAC 383, is a marked evidence 

for enlargement of microporosity. But the chemical activation of GACO with Zr
4+ 

lowers the external surface area by 27.2 % in GACOZR 1073 and 19.8 % 

decreases in GACOZR 1273 compared to basic GAC 383.  
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Figure 4.12: Comparison of pore volumes 

obtained for John (J) /D-R/ Alpha S/ 

Langmuir models for the adsorption  of N2 

at 77 K for newly prepared microporous  

carbons 

Figure 4.13: t-plot analysis of carbons 

GAC 383, GACO 383 and GACOZR 

1073 and GACOZR 1273 

 

Micropore surface area obtained by subtracting the SAext(t) from SABET is 

given in Table 4.9 for all carbon studied. It can be seen that micropore surface 

area SAmi(t) and external surface area (SAext(t)) are inversely related. Carbon which 

has a less external surface area (GACOZR 1073 and GACOZR 1273) provides 

high micropore surface area. 

Comparison of GACOZR 1073 and GACOZR 1273 shows that, micropore 

surface area SAmi(t) and micropore volume Vmi (t) of GACOZR 1273 (SAmi 628.4 m
2
/g 

& Vmi 219.58 cm
3
/g) is high compared to GACOZR 1073 (SAmi 604.44 m

2
/g & Vmi 

207.7 cm
3
/g). It illustrates that the extent of pore formation in GACOZR series is 

continued even at higher activation temperatures (1273K) without the loss of 

porosity or destruction of pore wall. 

4.4.1.9 Barrett-Joyner-Halenda  (BJH) Method 

BJH analysis used to determine pore area and specific pore volume using 

N2 adsorption and desorption techniques. The pore size distribution obtained by 

the BJH method for the activated carbons GAC 383, GACO 383, GACOZR 1073 

and GACOZR 1273 is given in the Figure 4.14–4.16.  

Barrett-Joyner-Halenda (BJH) pore-size distributions were determined 

from both the adsorption and desorption techniques of the isotherms of N2 gas for 

the carbons. 



Granular Activated Carbon Oxidised and Activated With Zirconyl Chloride (GACOZR): Preparation… 

 

207 Adsorption Isotherm Studies of Granular Activated Carbons:                                                                      
Activation with Zr4+/Nano ZrO2, Porosity, Surface area, Kinetics and Thermodynamics 

 

Pore size distribution obtained from desorption shows a single peak near to 

30 A
0
. For all the carbons main peak is located at same pore width except GACO 

383, which is shifted to higher pore width region (near to 50 A
0
). 

The area under the pore size distribution curves of GAC 383 is higher 

compared to that of GACOZR 1273, GACOZR 1073 and GACO 383. 

For GACOZR 1073 the adsorption cumulative surface area (ADCSA) of 

the respective pore is 174.7 m
2
/g for a cumulative pore volume (ACPV) of 

0.102544 cm
3
/g (66.30 cm

3
/g.STP) and corresponding desorption cumulative 

surface area (DCSA) is found to be 181.1 m
2
/g for a cumulative pore volume 

(DCPV) of 0.10348 cm
3
/g (66.94 cm

3
/g.STP). The respective adsorption pore 

width and desorption pore width are 2.35 nm and 2.29 nm.  

For GACOZR 1273 the adsorption cumulative surface area (ADCSA) of 

the respective pore is 204.04 m
2
/g for a cumulative pore volume (ACPV) of 

0.12294 cm
3
/g (79.49 cm

3
/g.STP) and corresponding desorption cumulative 

surface area (DCSA) found to be 205.76 m
2
/g for a cumulative pore volume 

(DCPV) of 0.12275 cm
3
/g (79.36 cm

3
/g.STP). The respective adsorption pore 

width and desorption pore width are 2.41 nm and 2.39 nm. The adsorption pore 

width and desorption pore width for zirconium impregnated oxidised granular 

activated carbon are high (in the range 2.35 – 2.41 nm) compared to GACO 383 

(2.25 - 2.28 nm). 

 

  

Figure 4.14: BJH isotherm analysis (a) Adsorption cumulative pore volume                            

(b) Desorption cumulative pore volume for GAC 383, GACO 383, GACOZR  1073 & 

GACOZR 1273 

(a) (b) 
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Figure 4.15:  BJH isotherm analysis (a) Adsorption dV/dw pore volume  (b) Desorption 

dV/dw pore volume for GAC 383, GACO 383, GACOZR  1073 & GACOZR 1273 
 

  

Figure 4.16: BJH isotherm analysis (a) Adsorption dV/dlogw pore volume and               

(b) Desorption dV/dlogw pore volume for the carbons, GAC 383, GACO 383, 

GACOZR  1073 & GACOZR 1273 
 

Table 4.9: t - plot and BJH isotherm parameters of  carbons GAC 383, GACO 383, 

GACOZR 1073 and GACOZR 1273 
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GAC 383 226.7 588.7 408.1 226.2 220.5 0.138 0.134 2.44 2.43 

GACO 383 192.0 540.3 433.7 250.0 242.8 0.142 0.137 2.28 2.25 

GACOZR 1073 207.7 604.4 315.7 174.7 181.1 0.103 0.104 2.35 2.29 

GACOZR 1273 219.6 628.5 347.8 204.0 205.8 0.123 0.123 2.41 2.39 

∗ 𝑉𝑚  𝑐𝑚3 𝑔  =  
𝑉𝑚  𝑐𝑚3 𝑔  . 𝑆𝑇𝑃 × 28

22414 × 0.808
 

(a) (b) 

(a) (b) 
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4.5  Solid – Liquid Equilibria: Adsorption Studies 

To choose the best carbon in GACOZR series for solid –liquid adsorption, 

batch adsorption experiments were performed by contacting 0.05 g of selected 

carbons in 100 ml  Erlenmeyer flask with 50ml solutions of phenol (C0 1000 

mg/L, equilibrium time 8hours), p-nitrophenol (C0 1000 mg/L, equilibrium time 

8hours) and MB (C0 500 mg/L, equilibrium time 10 hours). The experiments were 

performed in a water bath shaker at controlled temperature (30 ± 2
0
C) for a period 

of appropriate equilibrium time. The residual adsorbate solution concentration 

was determined by UV-Visible spectrophotometer at 268 nm for phenol, 317 nm 

for p-nitrophenol and 650 nm for MB. Among the series of GACOZR carbons 

studied, GACOZR 1273 shows comparatively higher adsorption efficiency in 

liquid phase than others. So this carbon is selected for further solid-liquid 

equilibrium studies together with basic carbons GAC 383 and GACO 383.  

  

 

 
 

Figure 4. 17: Adsorption efficiency                  

of GACOZR series of carbons in                      

(a) 1000 mg/L phenol (b) 1000 mg/L                 

p-nitrophenol and (c) 500 mg/L methylene 

blue (MB) 

(a) (b) 

(c) 
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4.5.1 Adsorption Studies of Phenol, P-Nitrophenol and Methylene Blue   

Equilibrium isotherm data obtained from batch experiments were subjected 

to different isotherm models such as Langmuir, Freundlich, and Dubinin - 

Radushkevich (D-R) to optimize the design of specific adsorbent/adsorbate 

system. Figure 4.18(a)-(c) shows adsorption isotherm of phenol, p-nitrophenol 

and methylene blue on GAC 383, GACO 383, and GACOZR 1273 at 303K. 

The amount of phenol adsorbed on the GAC is given as follows GACOZR 

1273 (275 mg/g), GAC 383 (301 mg/g) and GACO 383 (209 mg/g). The amount of 

p-nitrophenol adsorbed is given as GACOZR 1273 (410 mg/g), GAC 383 (341 mg/g) 

and GACO 383 (220 mg/g). Methylene blue adsorbed on GAC given as GACOZR 

1273 (140 mg/g), GAC 383 (190 mg/g) and GACO 383 (138 mg/g). 

 

  

 

 
 
 
Figure  4.18: Equilibrium adsorption 

isotherm plots for carbons GAC 383, 

GACO 383 and GACOZR 1273 at 30
0
C 

(a) Phenol [C0; 25-3000 mg/L],                       

(b) p-nitrophenol [C0; 25-3000mg/L] and 

(c) Methylene Blue [C0; 25 -1500 mg/L] 

(a) 

(c) 

(b) 
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Zirconyl chloride impregnated oxidised GAC (i.e. GACOZR 1273) shows 

high adsorption (≈ 32 % more phenol adsorption, 86 % increment in p-nitrophenol 

adsorption and 1.45 % increment in methylene blue adsorption) compared to that of 

GACO 383. 

Adsorption of mehylene blue on oxidised carbon such as GACOZR 1273 

and GACO 383 has no significant difference in adsorbed quantity. Adsorption of 

methylene blue (MB) on activated carbon depends on the pH of the solution. 

Adsorption of this cationic dye is favoured by an increase in initial solution pH. 

As the surface functional group content is more on activated carbon it causes a 

decrease of solution pH.  Therefore, it decreases the electrostatic interaction 

between the oxidised carbon samples and dye molecules [17].  

4.5.2 Adsorption of Phenol on GACOZR 1273, GAC 383 and GACO 

383 at Temperatures 

Adsorption of phenol on GACOZR 1273, GAC 383 and GACO 383 at five 

temperatures from 283 to 323 K is studied and plotted as per isotherm models. 

The parameters obtained from Langmuir, Freundlich and Dubinin - Radushkevich 

isotherm equations along with the values of the correlation coefficient determined 

(R
2
) for the best fits of adsorption data at various temperatures are given in Table 

4.10. A linearised form of Langmuir isotherm equation applied is [18-20] 

𝐶𝑒

𝑞𝑒
=

1

𝐾𝐿
+

𝑎𝐿

𝐾𝐿
𝐶𝑒                                                                                              (4.14) 

The Langmuir plots of phenol adsorption on GAC 383, GACO 383 and 

GACOZR 1273 with respect to five temperatures are given in Figures 4.19(a)–(c).  

Straight line plot of Ce/qe versus Ce at each temperature has R
2
 value 0.99 

indicates the applicability of Langmuir isotherm. 

The qm and KL are given in Table 4.10. Isotherm constants obtained from 

GACOZR 1273 are compared with the values obtained for GAC 383 and GACO 

383.  

The qm (or KL/aL) increases with solution temperature, for GACOZR 1273 it 

is given as; 283K (250.0 mg/g), 293K (266.0 mg/g), 303 K (280.9 mg/g), 313 K 
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(303.95 mg/g) and 323 K (315.46 mg/g), suggesting that the adsorption is 

favoured at high temperatures. This shows an endothermic adsorption mechanism. 

 

 
 

 

 

 

 

Figure 4.19: Langmuir  isotherm plot 

for the adsorption of  phenol on carbons 

at temperatures of 283 - 323 K and C0; 

25-3000mg/L (a) GACOZR 1273,               

(b) GAC 383 and  (c) GACO 383 

 

For every temperature the monolayer adsorption capacity of GACOZR 

1273 is found to be comparatively lesser than basic carbon GAC 383. At higher 

temperature (303 K, 313 K and 323 K) the difference in the monolayer adsorption 

capacity of GACOZR 1273 and GAC 383 is greater than 10%.  

The adsorption equilibrium constant KL for new carbons varies as; 

GACOZR 1273 (1.54 - 3.13 Lg
-1
), GAC 383 (2.33 - 2.68 Lg

-1
) and GACO 383 

(2.17- 2.59 Lg
-1

) for the temperature range of 283 K to 323 K. An increase of 

Langmuir constant (KL) with temperatures indicates that higher heat of adsorption 

by the rise of temperature [21]. It is clearly suggesting the endothermic nature of 

(a) (b) 

(c) 
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adsorption i.e. the adsorption rate of phenol on GACOZR 1273, GAC 383 and 

GACO 383 is favoured at higher temperatures. Weak hydrogen bonding at higher 

temperature makes the phenol molecules freely available for adsorption [22]. The 

increasing order of adsorption rate of phenol at different temperatures is given as 

323K > 313K > 303K > 293K > 283K. 

The linearized form of Freundlich isotherm equation applied is given by the 

following equation 

𝑙𝑜𝑔𝑞𝑒 = 𝑙𝑜𝑔𝐾𝐹 +
1

𝑛
log 𝐶𝑒                                                                             (4.15) 

Plot of log qe versus log Ce at five different temperatures are given in the 

Figure 4.20(a)-(c). The calculated Freundlich constant and correlation coefficient 

are given in the Table 4.10.  

 

  

 

 

 
 

Figure 4.20: Freundlich isotherm plot 

for the adsorption of  phenol on carbons 

at temperatures of 283 - 323 K and C0; 

25 – 3000 mg/L  (a) GACOZR 1273,                  

(b) GAC 383 and  (c) GACO 383   

(a) (b) 

(c) 
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The n indicates favourability of adsorption, it lies in the range 1< n <10. It 

varies at 283 – 323 K for new carbons as, GACOZR 1273 (3.92 - 4.08), GAC 383 

(4.02 - 4.08) and GACO 383 (3.85 - 4.05). Therefore, the adsorption of phenol on 

GACOZR 1273, GAC 383 and GACO 383 appears to be favourable. 

For GACOZR 1273, KF is increasing with solution temperature and varies 

from 17.18 Lg
-1

 to 26.02 Lg
-1
. It indicates that adsorption rate also increases with 

the solution temperature [23].  

The linear form of the Dubinin - Radushkevich (D-R) isotherm model 

applied to the data is  

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑞𝑚𝑖 − 𝛽𝜀2                                                                                        (4.16) 

The Dubinin - Radushkevich plot of ln qe against [RT ln (1+1/Ce)]
2
 of 

phenol adsorption on GAC 383, GACO 383 and GACOZR 1273 with respect to 

five temperatures are given in Figures 4.21(a)–(c).  

  

 

 

 
Figure 4.21: Dubinin - Radushkevich              

(D-R) isotherm plot for the adsorption of 

phenol on carbons at temperatures of  283 

- 323 K and C0; 25 – 3000 mg/L                      

(a) GACOZR 1273, (b) GAC 383 and               

(c) GACO 383 

(a) (b) 

(c) 
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Isotherm parameters qmi(D-R), 𝛽 and the mean free energy (E) are 

determined from the appropriate plot and are given in Table 4.10. Dubinin-

Radushkevich (D-R) isotherm assumes that characteristics of the adsorption 

curves are related to the porosity of the adsorbent. From the linear plot of D-R 

isotherm of GACOZR 1273, micropore adsorption capacity qmi (D-R) is 

determined and is given as; 283 K  (qmi = 50.45 mg/g & E = 0.344 kJ/mol), 293 K (qmi 

= 53.13 mg/g & E = 0.401 kJ/mol), 303 K (qmi = 55.51 mg/g & E = 0.492 kJ/mol), 

313 K (qmi = 57.71 mg/g & E = 0.579 kJ/mol) and 323 K (qmi = 58.97 mg/g &                    

E = 0.690 kJ/mol). Mean free energy E indicates the nature of physisorption 

process. As the increasing of temperature, more phenol molecules are occupied on 

the available pores on carbon therefore increasing the qmi (D-R) with temperature. 

 

Table 4.10: Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherm 
parameters of phenol on GACOZR 1273, GAC 383 and GACO 383 at temperatures 

283 – 323K 

C
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r
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n

s 
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K
el
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J

2
 

 R
2
 

E
 (
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G
A

C
O

Z
R

 1
2
7
3
  
  

283 250.0 1.54 62 0.994 2.82 17.2 0.979 50.5 4.2 0.977 0.344 

293 266.0 1.81 68 0.996 2.84 18.9 0.98 53.1 3.1 0.975 0.401 

303 281.0 2.11 75 0.997 2.87 21.0 0.981 55.5 2.1 0.974 0.492 

313 304.0 2.53 83 0.996 2.90 23.9 0.975 57.7 1.5 0.973 0.579 

323 315.5 3.13 99 0.998 2.92 26.0 0.974 59.0 1.1 0.975 0.690 

G
A

C
 3

8
3
 

       

283 266.7 2.33 87 0.999 2.60 16.4 0.967 55.5 7.0 0.983 0.267 

293 284.9 2.46 87 0.999 2.56 16.7 0.967 56.6 6.0 0.983 0.288 

303 312.5 2.48 79 0.999 2.49 16.7 0.972 57.4 5.1 0.983 0.293 

313 336.7 2.53 75 0.999 2.44 17.0 0.975 58.4 4.4 0.983 0.338 

323 352.1 2.68 76 0.999 2.42 17.4 0.975 59.2 3.8 0.983 0.362 

G
A

C
O

 3
8
3
 283 188.3 2.17 115 0.999 3.17 19.2 0.941 46.9 0.9 0.952 0.258 

293 199.6 2.34 117 0.999 3.13 19.9 0.943 56.1 6.7 0.983 0.273 

303 209.6 2.48 119 0.999 3.12 20.7 0.946 57.4 5.5 0.985 0.302 

313 225.7 2.52 112 0.999 3.05 21.1 0.950 58.8 4.7 0.984 0.328 

323 237.0 2.59 109 0.999 3.02 21.7 0.951 59.3 3.9 0.983 0.359 
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A comparison of coefficient of determination for three isotherms has been 

made and listed in Table 4.10. The high value of the correlation coefficient in 

case of Langmuir models compared to Freundlich and Dubinin - Radushkevich 

(D-R) isotherm models suggest that the Langmuir isotherm model is the best fit 

model for equilibrium isotherm data. This concludes the fact that all the three 

adsorbent follows monolayer adsorption on a surface that is homogenous. 

4.5.3 Adsorption of P-Nitrophenol on GACOZR 1273, GAC 383 and 

GACO 383 at Temperatures 

The effect of temperature for the removal of p-nitrophenol on GAC 383, 

GACO 383 and GACOZR 1273 is studied in the temperature range of 283 – 323 K. 

The removal efficiency of p-nitrophenol increases with solution temperature and 

maximum adsorption take place at 323 K due to dispersive interaction between 

the p-nitrophenol and GACs is increasing at high solution temperature. 

The Langmuirian isotherm curve (L curve) obtained for the adsorption of  

p-nitrophenol on new carbon indicates that there is no strong competition between 

solvent and the adsorbate to occupy the adsorbent surface sites [24].  

Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherm models 

are used to describe the mechanism and adsorption behaviour of p-nitrophenol on 

GAC 383, GACO 383 and GACOZR 1273 at selected temperatures. 

The Langmuir plots of p-nitrophenol adsorption on GAC 383, GACO 383 

and GACOZR 1273 with respect to five temperatures are given in Figures 

4.22(a)–(c). The monolayer capacity KL/aL (or qm) and Langmuir constant KL are 

calculated from the slope and intercept of the corresponding plots and are given in 

Table 4.11. The monolayer capacity (qm) increases with temperature, suggesting 

that the adsorption is favoured at high temperature. 

The percentage increments of monolayer adsorption capacity for new 

carbons on rising the adsorption reactor temperature from 283 K to 323 K are 

given as; GACOZR 1273 (19 %), GAC 383 (48 %) and GACO 383 (22 %). The 

maximum monolayer capacities of new carbons at 323 K are given as; GACOZR 

1273 (448.43 mg/g), GAC 383 (403.23 mg/g) and GACO 383 (245.7 mg/g).  
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On comparing with GAC 383, the percentage increments of monolayer 

adsorption capacity of GACOZR 1273 at different temperatures are 283 K (28 %), 

293 K (23 %), 303 K (17 %), 313 K (13 %) and 323 K (10 %) respectively. 

Similarly for comparing with GACO 383 the qm of GACOZR 1273 is, 283 K (47 %), 

293 K (46 %), 303 K (45 %), 313 K (46 %) and  323 K (45 %).     

 

  

 

 
 
Figure 4.22: Langmuir  isotherm plot for 

the adsorption of p-nitrophenol on 

carbons at temperatures of  283 - 323 K 

and C0; 25 – 3000 mg/L  (a) GACOZR 

1273, (b) GAC 383 and  (c) GACO 383 

 

Large Langmuir constant (KL) implied a strong bonding on a finite number 

of binding sites. Langmuir constants (Table 4.11) slightly increased with 

temperature indicating an endothermic process of the p-nitrophenol adsorption on 

studied activated carbons. This observation could be attributed to the strong 

interaction between adsorbent carbon and adsorbates at higher temperatures [25].  

The coefficient of correlation (R
2
) obtained from Langmuir isotherm give ≈ 

0.99 which indicate that the adsorption of p-nitrophenol on GAC follows the 

Langmuir isotherm. 

(a) (b) 

(c) 
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The isotherm data for p-nitrophenol adsorption on GAC 383, GACO 383 and 

GACOZR 1273 were fitted into the Freundlich equation. Plots of log Ce versus log qe 

are given in Figures 4.23(a)–(c). The KF and 1/n were evaluated from the intercept 

and slope of the linear plot of log qe versus log Ce and are listed in Table 4.11.  
 

 
 

 

 

 

Figure 4.23: Freundlich isotherm plot 

for the adsorption of  p-nitrophenol on 

carbons at temperatures of 283 - 323 K 

and C0; 25 – 3000 mg/L  (a) GACOZR 

1273, (b) GAC 383 and  (c) GACO 383  

 

The Freundlich constant, ‘n’ varies for new GAC are given as GACOZR 

1273 (3.35 - 4.44), GAC 383 (3.64 - 4.26), GACO 383 (2.91 - 3.05).  For all the 

carbons ‘n’ lies within the range of 1< n <10. It represents good adsorption of               

p-nitrophenols onto activated carbon. Larger the ‘n’ indicates the stronger the 

interaction between adsorbent and adsorbate. 

Freundlich constant KF related to adsorption capacity.  For GACOZR 1273, 

its value at different solution temperatures are given as; 283 K (43.27 Lg
-1

), 293 K 

(46.89 Lg
-1

), 303 K (50.52 Lg
-1

), 313 K (53.69 Lg
-1

), and 323 K (56.85 Lg
-1

). KF 

increases with temperature suggest the endothermic nature of adsorption i.e. 

adsorption is favoured at high temperature.  

(a) (b) 

(c) 
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The Dubinin-Radushkevich (D-R) plot of lnqe against [RT ln(1+1/Ce)]
2
 for                    

p-nitrophenol adsorption on GAC 383, GACO 383 and GACOZR 1273 with 

respect to five temperatures are given in Figures 4.24(a) –(c).  

 

  

 

 

 

Figure 4.24: Dubinin - Radushkevich (D-

R) isotherm plot for the adsorption of                      

p-nitrophenol on carbons at temperatures 

of 283 - 323 K and C0; 25 – 3000 mg/L  

(a) GACOZR 1273, (b) GAC 383 and                

(c) GACO 383 

 

Intercept of the Dubinin-Radushkevich (D-R) plots defines the micropore 

adsorption capacity (qmi) and slope 𝛽 related to the adsorption energy. Parameters 

were determined from the appropriate plot and are given in Table 4.11. With the 

increasing of solution temperature from 283 K to 323 K, the micropore adsorption 

capacity, qmi (D-R) of GACOZR 1273 increases from 75.87 mg/g to 81.21 mg/g, 

for GAC 383, it increases from 75.77 mg/g to 81.24 mg/g and for GACO 383 

increases from 49.61 mg/g to 52.74 mg/g. 

The magnitude of E are found to be varying and it ranges for new carbons 

are; GACOZR 1273 (1.31-2.49 kJ/mol), GAC 383 (1.6-2.2 kJ/mol) GACO 383 

(0.329-0.414 kJ/mol). 

(a) (b) 

(c) 
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Table 4.11: Langmuir, Freundlich and Dubinin-Radushkevich isotherm parameters of 

p-nitrophenol on GACOZR 1273, GAC 383, and GACO 383 at 283 - 323K 
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283 377.4 4.90 13.0 0.994 3.35 43.3 0.941 75.9 0.29 0.872 1.31 

293 393.7 5.75 14.6 0.996 3.38 46.9 0.941 78.1 0.21 0.889 1.54 

303 409.8 6.68 16.3 0.996 3.42 50.5 0.943 78.7 0.14 0.889 1.88 

313 432.9 7.15 16.5 0.996 3.42 53.7 0.947 79.8 0.10 0.895 2.20 

323 448.4 8.21 18.3 0.996 3.44 56.9 0.949 81.2 0.08 0.899 2.49 

G
A

C
 3

8
3
 

283 272.5 7.61 27.9 0.998 4.26 53.5 0.861 75.8 0.23 0.966 1.60 

293 304.9 8.36 27.4 0.998 4.06 55.0 0.880 77.0 0.18 0.966 1.75 

303 340.1 9.03 26.5 0.998 3.88 56.6 0.893 78.2 0.15 0.966 1.90 

313 377.4 9.40 24.9 0.998 3.73 58.1 0.906 79.5 0.12 0.966 2.07 

323 403.2 10.7 26.5 0.998 3.64 59.9 0.914 81.2 0.10 0.966 2.21 

G
A

C
O

 3
8
3
 283 201.6 2.06 10.2 0.998 3.05 18.5 0.925 49.6 4.63 0.951 0.33 

293 213.2 2.14 10.1 0.998 3.01 18.9 0.927 50.6 3.97 0.953 0.36 

303 224.2 2.24 10.0 0.998 2.97 19.3 0.929 51.3 3.35 0.951 0.39 

313 235.3 2.31 9.8 0.998 2.94 19.7 0.931 52.1 2.92 0.951 0.41 

323 245.7 2.41 9.8 0.998 2.91 20.0 0.933 52.7 2.51 0.949 0.45 

4.5.4 Adsorption of Methylene Blue (MB) on GACOZR 1273, GAC 

383 and GACO 383 at Temperatures 

Equilibrium adsorption isotherm for the removal of methylene blue (MB) from 

aqueous solution using activated carbons GAC 383, GACO 383 and GACOZR 1273 

has been investigated at different temperature 283, 293, 303, 313 and 323 K. It shows 

that adsorption capacity of all the carbon studied increases with solution temperature. 

An increasing number of molecules acquire sufficient energy to undergo an 

interaction with active sites at the surface with rise of temperature [26].  

The amount of methylene blue (MB) adsorbed at the equilibrium time 

reflects its maximum adsorption efficiency of the carbons. The amount of MB 

adsorbed increases with initial concentration and solution temperature. The mass 

transfer driving force become larger, when the initial concentration is increased 

and hence resulting in higher adsorption of MB [27]. 



Granular Activated Carbon Oxidised and Activated With Zirconyl Chloride (GACOZR): Preparation… 

 

221 Adsorption Isotherm Studies of Granular Activated Carbons:                                                                      
Activation with Zr4+/Nano ZrO2, Porosity, Surface area, Kinetics and Thermodynamics 

 

Adsorption equilibrium is represented with Langmuir, Freundlich and 

Dubinin - Radushkevich (D-R) isotherm models. 

The Langmuir plots of MB adsorption on GAC 383, GACO 383 and 

GACOZR 1273 with respect to five temperatures are given in Figures 4.25(a)–(c).   

 

  

 

 

 

 
Figure 4.25 : Langmuir  isotherm plot 

for the adsorption of  methylene blue on 

carbons at temperatures of 283 - 323 K 

and C0; 25 – 1500 mg/L  (a) GACOZR 

1273, (b) GAC 383 and  (c) GACO 383 

 

Straight line plot of Ce/qe versus Ce indicates that the adsorption of MB 

follows Langmuir isotherm model. As shown in the Table 4.12 the monolayer 

capacity (KL/aL) and KL increases with temperature for all the carbons. Increasing 

the solution temperature from 283 K to 323 K, the monolayer volume of new 

carbons increases as; GACOZR 1273 (113.77 mg/g to 174.22 mg/g), GAC 383 

(150.60 mg/g to 229.36 mg/g), and GACO 383 (107.99 mg/g to 172.41 mg/g). 

This means that a rise of solution temperature makes MB molecule free to move, 

i.e. mobility of dye molecule increases and more MB get adsorbed on the surface of 

(a) (b) 

(c) 
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the carbon. Adsorption is said to be an endothermic in nature. Increasing the 

temperature reduces the swelling effect within the internal structure of adsorbent, 

which causes further penetration of larger dye molecules within the pores [28, 29]. 

The high value of correlation coefficient (R
2
 is 0.99) of Langmuir isotherm 

assumes a monolayer coverage and uniform activity distribution on the adsorbent 

surface.  

The Freundlich plots of methylene blue (MB) adsorption on GAC 383, 

GACO 383 and GACOZR 1273 with respect to five temperatures are given in 

Figures 4.26(a)–(c). KF and n obtained from the slope and intercept of the straight 

line plot log Ce versus log qe are given in the Table 4.12. 

 

  

 

 

 

Figure 4.26: Freundlich isotherm plot for 

the adsorption of  methylene blue (MB) on 

carbons at temperatures of 283 - 323 K and 

C0; 25 – 1500 mg/L  (a) GACOZR 1273, 

(b) GAC 383 and  (c) GACO 383 

Favourability of adsorbent/adsorbate system indicate by the n value, which 

varies as GACOZR 1273 (4.45 - 4.29), GAC 383 (1.58 - 1.68) and GACO 383 

(5.12 - 6.27). These values confirm the favourability of the adsorption.  

(a) (b) 

(c) 
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KF is a measure of adsorption capacity. The variation of KF for GACOZR 

1273 at different temperature is, 283 K (24.08 Lg
-1

), 293 K (26.54 Lg
-1
), 303 K 

(28.11 Lg
-1

), 313 K (33.45 Lg
-1
) and 323 K (35.94 Lg

-1
).  

The Dubinin - Radushkevich (D-R) plot of ln qe against [RT ln (1+1/Ce)]
2
 

for methylene blue (MB) adsorption on GAC 383, GACO 383 and GACOZR 

1273 with respect to five temperatures is given in Figures 4.27 (a)–(c). 

qmi (D-R) obtained from isotherm plot is increased with temperature, which 

is related to maximum adsorption efficiency. The micropore adsorption capacity 

increment for new carbons by rising the solution temperature from 283 K to 323 K is 

given as; GACOZR 1273 (44.07 - 60.55 mg/g), GAC 383 (57.43 - 62.78 mg/g) and 

GACO 383 (54.15- 60.98 mg/g). GACOZR 1273 shows the highest increment in 

qmi (D-R) i.e. about 37.4 %, whereas GAC 383 shows 9.32 % and GACO 383 

shows 12.61 % increment by rising solution temperature. 

 

  

 

 

Figure 4.27: Dubinin-Radushkevich 

(D-R) isotherm plot for the adsorption 

of methylene blue (D-R) on carbons at 

temperatures of 283 - 323 K and C0; 

25–1500 mg/L (a) GACOZR 1273,                

(b) GAC 383 and  (c) GACO 383 

(a) (b) 

(c) 
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E calculated for carbons given as, GACOZR 1273 (1.30 - 2.31 kJ/mol), 

GAC 383 (2.75 - 4.68 kJ/mol), GACO 383 (2.77- 4.66 kJ/mol). This indicates the 

adsorption process occurs through physical interaction, i.e. forces existing 

between the adsorbent and adsorbate is Van der Waals forces. 

 

Table 4.12: Langmuir, Freundlich and Dubinin-Radushkevich  isotherm  parameter of 

methylene blue on GACOZR 1273, GAC 383, GACO 383 at temperatures 283-323 K 

C
a
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s 

T
e
m

p
er

a
tu

r
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Langmuir isotherm Freundlich Dubinin-Radushkevich 
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L
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𝛽
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J
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E
  
 (

k
J
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o
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G
A

C
O

Z
R

 1
2
7
3
 

283 113.8 2.39 210 0.998 4.45 24.1 0.984 44.1 0.296 0.949 1.30 

293 128.4 3.00 234 0.998 4.33 26.5 0.980 47.6 0.218 0.962 1.51 

303 143.3 3.40 237 0.998 4.17 28.1 0.982 49.4 0.154 0.953 1.80 

313 160.8 4.00 249 0.998 4.36 33.5 0.958 57.9 0.130 0.998 1.96 

323 174.2 4.81 276 0.998 4.29 35.9 0.960 60.6 0.094 0.998 2.31 

G
A

C
 3

8
3
 

283 150.6 3.74 248 0.996 1.58 37.7 0.982 57.4 0.066 0.943 2.75 

293 169.5 4.54 268 0.996 1.61 40.7 0.984 58.8 0.047 0.935 3.26 

303 190.1 4.80 252 0.994 1.63 42.9 0.990 60.3 0.036 0.935 3.75 

313 209.6 5.13 245 0.994 1.66 45.3 0.992 61.6 0.028 0.937 4.21 

323 229.4 5.51 240 0.994 1.68 47.8 0.994 62.8 0.023 0.941 4.68 

G
A

C
O

 3
8
3
 283 108.0 2.89 268 0.996 6.27 35.1 0.968 54.2 0.065 0.972 2.77 

293 122.4 3.37 275 0.996 5.92 37.7 0.976 56.3 0.047 0.960 3.26 

303 138.7 3.60 259 0.996 5.61 39.8 0.982 58.0 0.036 0.955 3.74 

313 154.3 4.31 279 0.996 5.33 42.3 0.984 59.5 0.028 0.951 4.19 

323 172.4 4.59 266 0.996 5.12 44.6 0.988 61.0 0.023 0.953 4.66 
 

4.5.5 John-Sivanandan Achari (J-SA) Isotherm for Solid-Liquid 

Equilibria 

The separation of adsorption and pore filling phenomena of adsorbate 

(phenol, p-nitrophenol and methylene blue) on newly developed carbons 

GACOZR 1273, GAC 383 and GACO 383 are evaluated in the solid-liquid 

equilibria using John –Sivanandan Achari (J-SA) isotherm models [30, 31]. The 

adsorption efficiency obtained from J-SA isotherm model is compared to 

Langmuir (L), Dubinin-Radushkevich (D-R) and Freundlich (F) isotherm models.  
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John–Sivanandan Achari (J-SA) isotherm
 
model is given by 

𝑙𝑜𝑔𝑙𝑜𝑔 𝐶𝑒 = 𝐶 + 𝑛 𝑙𝑜𝑔 𝑞𝑒                                                                             (3.27) 

𝑊𝑒𝑟𝑒 ;  𝐶𝑒 =  𝐶𝑒  × 10𝑁                                                                              (3.28) 

𝑞𝑒 =  𝑞𝐼 + 𝑞𝐼𝐼 + 𝑞𝐼𝐼𝐼                                                                                        (3.29) 

C and ‘n’ are the intercept and slope of the plot log log Ce versus log qe 

The J-SA plots of methylene blue adsorption exhibited three distinct phases 

of adsorption. Steep rise in phase I indicate prominent molecular sieve effects. 

The adsorption of MB on activated carbon in phase I, qI (J) is given as; GACOZR 

1273 (54.13 mg/g), GAC 383 (67.48 mg/g), GACO 383 (66.62 mg/g) and the total 

adsorption capacity qT(J) determined from log qT (J)  corresponding to the highest 

log log Ce is given as GACOZR 1273 (141.5 mg/g), GAC 383 (191.87 mg/g), 

GACO 383 (138.41 mg/g). After the molecular sieve effect the monolayer adsorption 

capacity is revealed by phase II. Adsorption in phase II is given by GAC follows 

as, GACOZR 1273 – 73.39 mg/g (51.87%), GAC 383 – 124.39 mg/g (64.8%), 

GACO 383 – 71.79 mg/g (51.9%) adsorption. It is the highest adsorption noted 

among three phases. The remaining 9.87 % of adsorption in GACOZR 1273 is 

contributed by a third phase (qIII J - 13.97mg/g) it is probably due to the adsorption 

of MB in mesopores/large- wide micropores.  

The successive filling of phenol on GACOZR 1273, GAC 383 and GACO 

383 is represented by three distinct phases. The carbonyl surface oxygen groups act 

as an electron donor and the aromatic ring of the phenol molecule act as electron 

acceptors and the adsorption becomes effective probably constitute the phase I of 

John-Sivanandan Achari (J-SA)  isotherm plot. 

Adsorption of phenol in phase I of J-SA isotherm plots is given as 

GACOZR 1273 (58.86 mg/g) GAC 383 (72.87 mg/g), GACO 383 (56.39 mg/g). 

The percentage contribution of phase I in total adsorption for GAC is calculated 

and is given as GACOZR 1273 (21.16 %), GAC 383 (24.13 %) and GACO 383                  

(26.58 %).  
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The phenol adsorption in micropores is given by phase II. Here phenol 

adsorption might have dominantly governed by the dispersion interaction between 

the basal plane of carbon and the aromatic ring of the adsorate. Adsorption of 

phenol in phase II and the percentage of the contribution in the total adsorption of 

GAC is given as GACOZR 1273 – 200.18 mg/g (71.95 %), GAC 383 – 209.82 mg/g 

(69.5 %), GACO 383 – 93.11 mg/g (43.8 %).  

The third phase in J-SA isotherm is due to the adsorption of phenol in wide 

micropores/ mesopores. The total contribution of wider pores for the adsorption of 

phenol on GAC is given as GACOZR 1273 – 19.17 mg/g (6.89 %), GAC 383 -

19.24 mg/g (6.4%) and GACO 383 – 62.68 mg/g (25.9%). 

The interaction between p-nitrophenol and GAC is the same as that of 

phenol. But electron withdrawing groups on para position make it more electron 

deficient and increases the donor acceptor interaction. So more p-nitrophenol get 

adsorbed on GAC compared to phenol molecule.   

The John –Sivanandan Achari plots of p-nitrophenol adsorption exhibited 

three phases of adsorption for GACOZR 1273 and GACO 383 whereas GAC 

383 shows only two distinct phases. The percentage contribution of phase I in 

total adsorption is given as GACOZR 1273 (33.26 %), GACO 383 (23.53 %). In 

GAC 383 molecular sieve effect is not clearly separated from monolayer filling. In 

phase II, adsorption of p-nitrophenol is given as GACOZR 1273 (165.13 mg/g), 

GAC 383 (210.15 mg/g) and GACO 383 (85.59 mg/g).  The contribution of phase 

III for p-nitrophenol adsorption is given by GACOZR 1273 (114.49 mg/g), 

GAC 383 (134.07mg/g) and GACO 383 (84.24 mg/g).  A comparison of adsorption 

capacity qT(J) and surface area SA(J) determined from J-SA isotherm model is 

in excellent agreement with Langmuir isotherm. Accordingly, the results of the 

above set of isotherm data are presented in Table 4.13. The above results 

indicate that the adsorption efficiency of the same carbon is different towards 

different adsorbates.  

 

 



Granular Activated Carbon Oxidised and Activated With Zirconyl Chloride (GACOZR): Preparation… 

 

227 Adsorption Isotherm Studies of Granular Activated Carbons:                                                                      
Activation with Zr4+/Nano ZrO2, Porosity, Surface area, Kinetics and Thermodynamics 

 

Table 4.13: Comparison of  adsorption capacity (mg/g)  and  surface area (m
2
/g) 

for the adsorption of  phenol, p-nitrophenol and methylene blue (MB) on carbon  

GACOZR 1273, GAC 383 and GACO 383 using  John-Sivanandan Achari, 
Langmuir, D-R and Freundlich isotherm models (T = 303K) 
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G
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C
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*MB 

(1.2) 

54.1 

(122.3) 

73.4 

(165.85) 

14.0 

(31.56) 

141.5 

(319.7) 

143.3 

(323.8) 

49.4 

(111.6) 

28.1 

(63.5) 

*P 

(0.522) 

58.86 

(196.6) 

200.18 

(668.8) 

19.17 

(64.0) 

278.21 

(929.4) 

281.0 

(938.7) 

55.51 

(185.4) 

21.0 

(70.2) 

*PNP 

(0.525) 

139.3 

(316.7) 

165.1 

(375.4) 

114.5 

(260.3) 

418.9 

(952.3) 

409.8 

(931.5) 

78.7 

(179.0) 

50.5 

(114.8) 

G
A

C
 3

8
3
 

MB 67.5 

(152.5) 

124.4 

(281.1) 

 

ND 

191.9 

(433.6) 

190.1 

(429.6) 

60.3 

(136.3) 

42.9 

(96.9) 

P 72.9 

(243.4) 

209.8 

(700.9) 

19.2 

(64.3) 

301.9 

(1008.7) 

312.5 

(1044.0) 

57.4 

(191.7) 

16.7 

(55.9) 

PNP  

ND 

210.15 

(477.7) 

134.07 

(304.8) 

345.22 

(784.7) 

334.5 

(760.2) 

78.2 

(177.7) 

60.7 

(138.1) 

G
A

C
O

  
3
8
3
 

MB 66.6 

(150.5) 

71.8 

(162.2) 

 

ND 

138.4 

(312.7) 

138.7 

(313.4) 

58.0 

(131.0) 

39.8 

(90.0) 

PNP 56.4 

(188.4) 

93.1 

(311.1) 

62.7 

(209.4) 

212.2 

(708.8) 

209.6 

(700.2) 

57.4 

(191.8) 

20.7 

(69.2) 

P 52.3 

(118.8) 

85.6 

(194.6) 

84.2 

(191.5) 

222.1 

(504.9) 

224.2 

(509.7) 

51.3 

(116.6) 

19.3 

(43.9) 

 

*MB -  Methylene blue *P  - phenol, *PNP  -  p-nitrophenol,  *ND – not detected 
 

∗ 𝑆𝐴(m2/g) =
q  mg g  × 6.022 × 1023 × cross sectional area of adsorbate(nm2)

Molecular weight of adsorbate
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Figure 4.28: John-Sivanandan Achari 

isotherm plot for carbon GACOZR 

1273 at 303 K for the  adsorption of           

(a) methylene blue, C0 25 - 1500 mg/L 

(b) phenol, C0 25 -3000 mg/L and                  

(c) p-nitrophenol, C0 25 - 3000 mg/L 

 
4.5.5.1 John-Sivanandan Achari Isotherm for Phenol, P-Nitrophenol and 

Methylene Blue (MB) Adsorption on GACOZR 1273 at Temperatures 

Selected phase changes for the adsorption of phenol, p-nitrophenol and 

methylene blue (MB) at 283, 293, 303, 313 and 323 K in John – Sivanandan 

Achari isotherm plots are given in Table 4.14.  

The temperature enhancement is showing systematic quantitative enhancement 

in adsorption. For phenol adsorption in phase I show only a slight enhancement 

from 52.77 mg/g to 63.57 mg/g by rising the solution temperature. However, in 

phase II shows significant enhancement from 169.33 mg/g to 230.31mg/g by 

rising the solution temperature. This is because more and more adsorption sites are 

activated and becomes accessible with increase of temperature. The wider 

micropores provided an easy access of phenol molecules to the finer micropores 

and results in the phase II adsorption in J-SA isotherm plot. 

(a) (b) 

(c) 
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Figure 4.29:  John –Sivanandan Achari  (J-SA)  isotherm plot for phenol adsorption 

on GACOZR 1273 at selected temperatures (a) 283 K (b) 293 K (c) 313 K  and 
(d) 323 K 
 

Total adsorption of p-nitrophenol (PNP) is found highest than phenol.  

Hydrophobic group present in p-nitrophenol make it to be less soluble in water 

and therefore adsorbed strongly than phenol. Quantity of p-nitrophenol adsorbed 

in first phase increases from 133.64 mg/g to 143.9 mg/g, whereas in phase II 

increases from 134.75 mg/g to 201.13 mg/g. 

 

(a) (b) 

(c) (d) 
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Figure 4.30: John –Sivanandan  Achari (J-SA)  isotherm plot for p-nitrophenol adsorption on 

GACOZR 1273 at temperatures (a) 283 K (b) 293 K (c) 313 K and (d) 323 K 
 

  

  

Figure 4.31: John –Sivanandan Achari  (J-SA)  isotherm plot for  methylene blue (MB)  
adsorption on GACOZR 1273 at temperatures (a) 283 K (b) 293 K (c) 313 K and (d) 323 K 

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 
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John –Sivanandan Achari isotherm plot of methylene blue (MB) on 

GACOZR 1273 at different temperatures shows that isotherm become steeper 

with a rise in solution temperatures. It indicates that more adsorption sites are 

activated and becomes accessible for MB.  

Quantity of methylene blue (MB) adsorbed on GACOZR in phase 1 

increases from 47.78 mg/g to 60.48 mg/g, whereas in phase II quantity adsorbed 

enhanced from 50.42 mg/g to 101.96 mg/g. Methylene blue molecule has 

molecular cross sectional area 1.2 nm
2 

and the carbon has large micropores of 

pore diameter greater than 1.5 nm
 
so that the adsorptive removal of the target 

adsorbate (MB) is enhanced. 

Table 4.14: John - Sivanandan Achari Isotherm parameter for the adsorption of phenol, 
p-nitrophenol and methylene blue (MB) on carbon GACOZR 1273 at 283 - 323K 
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283 52.8 

(176.3) 

169.3 

(565.7) 

25.0 

(83.7) 

133.6 

(303.8) 

134.7 

(306.3) 

117.5 

(267.1) 

47.8 

(108.0) 

50.4 

(113.9) 

13.5 

(30.6) 

293 56.0 

(187.2) 

180.0 

(601.5) 

28.8 

(96.2) 

137.7 

(312.9) 

152.1 

(345.6) 

110.2 

(250.5) 

51.2 

(115.6) 

62.5 

(141.2) 

14.0 

(31.6) 

303 58.9 

(196.6) 

200.2 

(668.8) 

19.2 

(64.0) 

139.3 

(316.7) 

165.1 

(375.4) 

114.5 

(260.3) 

54.1 

(122.3) 

73.4 

(165.9) 

14.0 

(31.6) 

313 61.8 

(206.6) 

217.9 

(728.1) 

23.8 

(79.7) 

143.0 

(325.0) 

181.1 

(411.7) 

116.3 

(264.3) 

57.3 

(129.4) 

87.3 

(197.2) 

13.6 

(30.6) 

323 63.6 

(212.4) 

230.3 

(769.4) 

23.3 

(77.8) 

143.9 

(327.1) 

201.1 

(457.2) 

115.0 

(261.3) 

60.5 

(136.7) 

102.0 

(230.4) 

10.1 

(22.9) 
 

4.6 Comparison of Adsorption Isotherms for Adsorption of 

Phenol, P-Nitrophenol & Methylene Blue on GACOZR 1273 

In order to assess different isotherms and their ability to correlate with 

experimental results, the theoretical plots from each isotherm have been shown by the 

experimental data. The predicted Freundlich, Langmuir, Dubinin-Radushkevich, John 

–Sivanandan Achari isotherm equation for phenol, p-nitrophenol and MB onto 

GACOZR 1273 is given in Table 4.15 
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Table 4.15 : The predicted Freundlich, Langmuir, Dubinin – Radushkevich (D-R), John –
Sivanandan Achari  (J-SA) isotherm equations for GACOZR 1273 

Isotherms Phenol p-nitrophenol Methylene Blue 

Langmuir   
𝑞𝑒 =

𝐶𝑒  𝑋 3.13

1 + 0.0099𝐶𝑒

 𝑞𝑒 =
𝐶𝑒  𝑋 8.21

1 + 0.0183𝐶𝑒

 𝑞𝑒 =
𝐶𝑒  𝑋 4.81

1 + 0.0276𝐶𝑒

 

Freundlich   𝑞𝑒 = 26.02 𝑋 𝐶𝑒
0.3422  𝑞𝑒 = 56.85 𝑋 𝐶𝑒

0.2911  𝑞𝑒 = 35.94 𝑋 𝐶𝑒
0.2329  

*D-R 𝑞𝑒 = 67.38 𝑋 𝑒−1.22𝜀2
 𝑞𝑒 = 81.21 𝑋 𝑒−0.0806𝜀2

 𝑞𝑒 = 60.55 𝑋 𝑒−0.1041𝜀2
 

*J-SA 
𝑞𝑒 = 𝑒

𝑙𝑜𝑔𝑙𝑜𝑔 𝐶𝑒+1.424

0.7869  𝑞𝑒 = 𝑒
𝑙𝑜𝑔𝑙𝑜𝑔 𝐶𝑒+1.237

0.7099  𝑞𝑒 = 𝑒
𝑙𝑜𝑔𝑙𝑜𝑔 𝐶𝑒+1.177

0.8052  

*D-R Dubinin Radushkevich * J-SA John-Sivanandan Achari isotherm 

 

Figure 4.32(a)–(c) shows the different isotherm curve for phenol, p-nitrophenol 

and methylene blue onto GACOZR 1273 at a constant solution temperature of 303 K. 

It is plotted in the form of an amount adsorbed (qe) per unit mass of GACOZR 1273, 

against the concentration of adsorbate remaining in solution, Ce. It was observed that 

equilibrium data were well represented by Langmuir and John –Sivanandan Achari 

isotherm compared to Freundlich and Dubinin-Radsuhkevich (D-R). 
 

  

 

 

 

Figure 4.32: Comparison of the model 

fit of various isotherms to the observed 

isotherm data for the adsorption of                

(a) phenol (b) p-nitrophenol and                     

(c) methylene blue (MB) onto activated 

carbon GACOZR 1273 

 

 

(a) (b) 

(c) 
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The best fit of equilibrium data in the Langmuir isotherm equation and John –

Sivanandan Achari isotherm indicates that adsorption data of phenol, p-nitrophenol 

and MB on GACOZR 1273 are well represented by these equations. 

4.7 Adsorption Kinetic Studies 

To analyze the adsorption kinetics, data obtained from different time 

interval is tested using mathematical expressions corresponding to various 

models, namely: Lagergren’s first order equation,   pseudo-second order reaction 

and intra particle diffusion model. 

4.7.1 Kinetic Study of Phenol on GACOZR 1273, GAC 383 and 

GACO 383 at Temperatures 

The first order kinetic plots of phenol adsorption onto three adsorbents 

GAC 383, GACO 383 and GACOZR 1273 at 283, 293, 303, 313 and 323 K are 

given in Figure 4.33(a)–(c). 

< 

  

 

 

 
Figure 4.33: Pseudo-first order kinetic 

plot of carbons for the adsorption of 

phenol at 283 – 323 K and C0; 250 

mg/L (a) GACOZR 1273 (b) GAC  383 

and (c) GACO 383  

(a) (b) 

(c) 
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The linear form of pseudo-first order equation is 

log 𝑞𝑒 − 𝑞𝑡 = 𝑙𝑜𝑔𝑞𝑒 −
𝐾1𝑡

2.303
                                                                   (4.17) 

The slope and intercept obtained from the straight line plot of log (qe − qt) 

versus t are used to determine the first-order rate constant K1. Rate along with 

correlation coefficient are given in Table 4.16.  

The second order kinetic plots of phenol onto three carbons GACOZR 

1273, GAC 383 and GACO 383 at five different temperatures are given in Figure 

4.34 (a)-(c).   

Linear form of pseudo-second order equation is 

𝑡

𝑞𝑡
=  

1

𝐾2𝑞𝑒
2 +

1

𝑞𝑒
𝑡                                                                                     (4.18) 

A plot of t/qt versus t should give a straight line from which qe and K2 can 

be determined. These are listed in the Table 4.16.  
 

  

 

 

 
Figure 4.34: Pseudo-second order kinetic 

plot of carbons for the adsorption of 

phenol at 283 – 323 K and C0; 250 mg/L 

(a) GACOZR 1273 (b) GAC  383 and 

(c) GACO 383 

(a) (b) 

(c) 
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Percentages of error between the experimental qe and calculated qe (pseudo-

second order kinetics) of carbon GACOZR 1273 are given as follows; 283 K 

(5.74 %), 293 K (5.39 %), 303 K (5.17 %), 313 K (4.85 %), 323 K (4.49 %). 

Percentages of error vary with temperature for GAC 383 is (10 % - 4.5 %) and 

GACO 383 is (11 % - 4.5 %). This shows that the error percentage between qe 

experimental and qe calculated from pseudo-second order is within the limit of 

10%. Less percentage of error between the qe experimental with qe calculated 

suggested that adsorption of phenol on all these carbons following the pseudo-

second order kinetics. Less percentage of error at higher temperature indicates 

that adsorption system follows more favourably the pseudo-second order kinetics 

at higher temperatures. Conformity between the experimental qe and calculated qe 

is also given by straight line plot with the high correlation coefficient (R
2 
≈ 0.99). 

To describe whether the adsorption process is controlled by diffusion in the 

adsorbent particles and consecutive diffusion in the bulk of the solution, the plot 

of qt, (the amount of adsorbate adsorbed per unit weight of adsorbent) versus 

square root of time t has been used. The plot of qt versus t 
1/2

 for adsorption of 

phenol on GACOZR 1273, GAC 383 and GACO 383 at five temperatures are 

given in the Figure 4.35 (a)-(c).  

𝑞𝑡 =  𝑘𝑖𝑑 𝑡
1

2 + 𝐶                                                                                              4.19  

From the slope and intercept, intra particle diffusion parameters Kid1, Kid2 

and C are obtained which are given in the Table 4.16 

Two linear plots suggest that the adsorption process proceeds by surface 

adsorption and intraparticle diffusion. Kid is the intraparticle diffusion coefficient 

and C is the boundary layer effect. Greater the intercept greater the contribution 

of surface adsorption in the rate limiting step. 

The plot of qt versus t 
0.5

 shows two stages of adsorption with deviation of a 

straight line from the origin that may be because of the difference in the rate of 

mass transfer between initial and final stages of adsorption. The initial linear 

portion refers to the external mass transfer effect or boundary layer effect and the 

latter portion is due to the intra particle diffusion. External mass transfer 
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coefficient Kid1 given by GACOZR 1273 at different temperatures are 283K 

(13.58), 293K (13.92), 303K (14.39), 313K (14.88) and 323K (15.26), found to  

be increased with temperature. Whereas, intraparticle diffusion coefficient Kid2                   

is 283K (1.71), 293K (1.76), 303K (1.83), 313K (1.72), and 323K (1.6). Higher Kid1 

value compared to Kid2 indicates that external mass transfer is more predominating 

than intra particle diffusion for the adsorption of phenol on GACOZR 1273. This 

could be attributed to the limitation of the available vacant sites for the diffusion 

and nature of pore blockage [32, 33].  

 

  

 

 

 
Figure 4.35: Intra-particle diffusion 

kinetic plot of carbons for the adsorption of 

phenol at 283 – 323 K and C0; 250 mg/L         

(a) GACOZR 1273 (b) GAC  383 and                   

(c) GACO 383 

 

The C increases directly with the temperatures, suggests a high boundary 

layer effect. This indicates that temperature affect both the adsorption capacity 

and the adsorption mechanism of phenol. 

(a) (b) 

(c) 
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Table 4.16: Kinetic parameters of carbons GACOZR 1273, GAC 383 and GACO 383 for 

the adsorption of phenol at temperatures ranging from 283 - 323K [ C0 = 250 mg/L] 
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G
A

C
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Z
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 1
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7
3

 

283 144 87 105 0.98 153 24 5.7 0.99 14 2 0.99 1.7 109 0.97 

293 151 88 104 0.98 159 25 6.2 0.99 14 6 0.99 1.8 114 0.98 

303 158 91 107 0.98 166 25 6.8 0.99 14 9 0.99 1.8 120 0.98 

313 165 91 110 0.98 173 26 7.8 0.99 15 13 0.99 1.7 129 0.98 

323 169 88 107 0.97 177 27 8.5 0.99 15 16 0.99 1.6 136 0.99 

G
A

C
3

8
3
 

283 122 87 71 0.96 135 12 2.3 0.99 15 -30 0.97 3.2 53 0.98 

293 126 89 72 0.97 138 14 2.7 0.99 14 -25 0.97 3.4 55 0.98 

303 130 84 67 0.95 140 16 3.1 0.99 15 -25 0.97 3.2 62 0.98 

313 135 85 72 0.96 143 18 3.8 0.99 14 -13 0.95 3.2 67 0.97 

323 139 80 67 0.95 145 21 4.4 0.99 14 -7 0.93 2.9 76 0.99 

G
A

C
O

3
8

3
 

283 118 76 56 0.94 125 18 2.8 0.99 11 -10 0.98 2.8 56 0.99 

293 122 73 53 0.93 126 21 3.3 0.99 11 -4 0.99 2.7 61 0.97 

303 126 71 57 0.93 130 23 3.9 0.99 11 0 0.99 2.4 71 0.98 

313 130 71 60 0.94 134 25 4.5 0.99 11 7 0.98 2.4 76 0.99 

323 133 69 61 0.95 136 27 5.0 0.99 11 15 0.99 2.4 80 0.99 

 

4.7.2 Kinetic Study of P-Nitrophenol on GACOZR 1273, GAC 383 and 

GACO 383 at Temperatures 

The slope and intercept obtained from the straight line plot of log(qe − qt) 

versus t were used to determine the first-order rate constant K1.The rate constant 

along with correlation coefficient are given in Table 4.17 . 

Percentages of error calculated between the experimental qe and calculated 

qe of GACOZR 1273 is given as; at 283K (25.9 %), 293K (26.98 %), 303K (30.85 

%), 313K (35.32 %), 323K (45.18 %). This shows that the error percentage 

between qe experimental and qe calculated from pseudo-first order is increased 

with temperature and varies for new carbons as; GACOZR 1273 (25.9 % - 45.18 
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%), GAC 383 (23.80 % - 34.63 %), and GACO 383 (30.79 % - 43.58 %) for the 

temperature range of  283 to 323K. The high percentage error between the qe 

experimental with qe calculated suggested adsorption of p-nitrophenol on all these 

carbons is not following the pseudo-first order kinetics. 

 

  

 

 

 

 
Figure 4.36:Pseudo-first order kinetic 

plot of carbons for the adsorption of              

p-nitrophenol at 283 – 323 K and C0; 

250 mg/L (a) GACOZR 1273 (b) GAC  

383 and (c) GACO 383 

 
 

The second order kinetic plots of p-nitrophenol adsorption onto three 

adsorbents GACOZR 1273, GAC 383, and GACO 383 at five temperatures are 

given in Figure 4.37 (a)-(c).  Plots of t/qt versus t should gives straight lines 

from which qe and K2 can be determined are listed in the Table 4.17.  

(a) (b) 

(c) 
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Figure 4.37: Pseudo-second order kinetic 

plot of carbons for the adsorption of               

p-nitrophenol at 283 – 323 K and C0;                       

250 mg/L (a) GACOZR 1273 (b) GAC 

383 and (c) GACO 383. 

 
Percentages of error calculated between the experimental qe and calculated 

qe (second order kinetics) of GACOZR 1273 at 283 - 323K are given as 283 K 

(9.69 %), 293 K (8.94 %), 303 K (7.97 %), 313 K (6.80 %), 323 K (4.98 %).  

Close agreement between two qe values (calculated and experimental) and 

correlation coefficient R
2 

≈ 0.99 suggest that adsorption system follows pseudo-

second order kinetics. 

Intra particle diffusion plot of (qt versus t
½
) p-nitrophenol at five different 

temperatures are given in the Figure 4.38. From the slope and intercept intra 

particle diffusion parameters Kid1, Kid2 and C are obtained which are given in the 

Table 4.17. 

 

(a) (b) 

(c) 
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Figure 4.38: Intra particle diffusion 

kinetic plot of carbons for the adsorption 

of p-nitrophenol at 283 – 323 K and C0; 

250 mg/L (a) GACOZR 1273 (b) GAC  

383 and (c) GACO 383 

 
The plots consisted of two linear sections indicating that two steps 

contribute to the adsorption process. This suggested that the adsorption of                       

p-nitrophenol on GACOZR 1273, GAC 383 and GACO 383 was controlled       

by external mass transfer followed by intra particle diffusion. External mass 

transfer coefficient Kid1 given by GACOZR 1273 at 283 - 323K are given as; at 

283K (18.15), 293 K (18.37), 303 K (19.56), 313 K (18.96) and 323 K (20.29 mg/g 

min
1/2

) where as intraparticle diffusion coefficient Kid2 at temperatures are 283K  

(3.03), 293K (3.13), 303K (3.03), 313K (3.06), and at 323K (2.144 mg/g min
1/2

).  

 

 

(a) (b) 

(c) 
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Table 4.17: Kinetic parameters of carbons GACOZR 1273, GAC 383 and GACO 383 

for the adsorption of p-nitrophenol at temperatures ranging from 283 - 323K [ C0 = 

250 mg/L] 
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283 179 133 104 0.99 196 12 0.99 4.5 18 -21 0.97 3.0 116 0.89 

293 189 138 106 0.99 205 12 0.99 5.1 18 -15 0.98 3.1 124 0.89 

303 194 134 105 0.99 209 13 0.99 5.8 20 -15 0.96 3.0 131 0.89 

313 198 128 97 0.98 212 14 0.99 6.4 19 -6 0.97 3.1 135 0.90 

323 203 111 108 0.96 213 20 0.99 9.3 20 4 0.98 2.1 159 0.85 

 G
A

C
  
3
8
3
 

283 202 154 67 0.98 221 8 0.99 3.7 17 -16 0.98 5.6 80 1.00 

293 210 152 65 0.98 226 9 0.99 4.3 17 -8 0.98 5.1 89 0.99 

303 213 151 69 0.98 229 9 0.99 4.8 17 -2 0.97 5.3 98 0.99 

313 217 151 76 0.98 232 10 0.99 5.5 16 9 0.96 5.1 108 0.99 

323 219 143 75 0.98 232 12 0.99 6.2 17 10 0.97 4.8 117 0.99 

G
A

C
O

 3
8
3
 

283 120 83 53 0.91 130 12 0.99 2.1 13 -28 0.98 3.0 52 0.97 

293 125 85 57 0.93 133 14 0.99 2.5 13 -21 0.96 3.1 56 0.99 

303 129 84 57 0.93 137 16 0.99 2.9 13 -16 0.97 3.0 62 0.99 

313 134 81 59 0.94 140 19 0.99 3.7 12 -5 0.96 3.0 68 0.99 

323 139 78 55 0.94 143 21 0.99 4.3 12 5 0.99 3.2 67 0.99 

 

4.7.3 Kinetic Study of Methylene Blue (MB) on GACOZR 1273, GAC 

383 and GACO 383 at Temperatures 

The effect of temperature on the adsorption of methylene blue dye onto 

GACOZR 1273, GAC 383 and GACO 383 was studied by batch contact-time 

experiments. Adsorption data are applied to kinetic models such as Lagergren 

pseudo-first order, Ho pseudo-second order and intra particle diffusion models. 

Pseudo-first order plot log (qe - qt) versus t at five different temperatures on 

GACOZR 1273, GAC 383 and GACO 383 is given by the Figure 4.39 (a)-(c).  
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Figure 4.39: Pseudo-first order kinetic 

plot of carbons for the adsorption of 

methylene blue (MB) at 283 – 323 K 

and C0; 250 mg/L (a) GACOZR 1273 

(b) GAC  383 and (c) GACO 383 

 
The calculated equilibrium adsorption capacities qe (cal) were by far lower 

than the experimental values. Percentages of error calculated between the 

experimental qe and calculated qe value of GACOZR 1273 at 283-323K are 

determined as; at 283K (12.87 %), 293K (17.14 %), 303K (23.99 %), 313K 

(21.68 %), 323K (22.09 %). Percentages of error vary for new carbons at 283 -

323 K are given as; GACOZR 1273 (12.87 % - 22.09 %), GAC 383 (40.86 % - 

50.88 %) and GACO 383 (33.60 % - 54.27 %). The straight line relationship was 

not valid in the whole range of contact time, i.e. the adsorption of methylene blue 

by the carbons GACOZR 1273, GAC 383 and GACO 383 investigated is not an 

ideal first order reaction. 

Figure 4.40 represents the plot of t/qt versus t for the adsorption of 

methylene blue onto GACOZR 1273, GAC 383 and GACO 383 at 283, 293, 303, 

(a) (b) 

(c) 
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313 and 323K. Kinetic parameters K2, qe and R
2
 for methylene blue - activated 

carbons system at five different temperatures are listed in Table 4.18. 

 

  

 

 

 

Figure 4.40: Pseudo-second order kinetic 

plot of carbons for the adsorption of 

methylene blue (MB) at 283 – 323 K            

and C0; 250 mg/L (a) GACOZR 1273                         

(b) GAC 383 and (c) GACO 383 

 

Percentages of error calculated between the experimental qe and calculated 

qe value of GACOZR 1273 shows 14.61 % (at 283 K), 11.59 % (at 293 K), 7.97 % 

(at 303 K), 6.41 % (at 313 K) and 4.20 % (at 323K). The lower percentage of 

error indicates calculated qe is more close to experimental qe and the value of R
2
 is 

close to unity indicating that the adsorption of methylene blue fits very well with 

the pseudo-second order kinetics.  

The possibility of intra-particle diffusion for the adsorption of methylene 

blue on activated carbon can be explained by using the intra-particle diffusion 

model. A plot of qt versus t
½
 is given in the Figure 4.41(a)–(c). Adsorption of 

methylene blue on GACOZR 1273, GAC 383 and GACO 383 are influenced by a 

two step process confirmed by the two linear plots.  

(c) 

(a) (b) 
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Figure 4.41: Intra particle diffusion kinetic 

plot of carbons for the adsorption of 

methylene blue (MB) at 283 – 323 K and 

C0; 250 mg/L (a) GACOZR 1273 (b) GAC 

383 and (c) GACO 383. 

 

The first sharper linear portion evidence that, the external resistance to 

mass transfer surrounding the particles is significant in the early stages of 

adsorption followed by controlled intra particle diffusion as indicated by the 

second linear portion. 

External mass transfer coefficient Kid1 given by new carbons at 283 - 323 K 

are; GACOZR 1273 (4.85 - 9.16 mg/g min
1/2

), GAC 383 (5.59 – 8.49 mg/g min
1/2

) 

and GACO 383 (0.460 - 0.678 mg/g min
1/2

). Where, intraparticle diffusion 

coefficient Kid2 is given as; GACOZR 1273 (2.36-2.54 mg/g min
1/2

), GAC 383 

(2.07 -2.72 mg/g min
1/2

) and GACO 383 (0.051-0.066 mg/g min
1/2

). 

Extrapolation of the linear portions of the plots back to the y-axis gives the 

intercepts, which provide the measure of the boundary layer thickness. Higher the 

C value indicates higher boundary layer effect. 

(c) 

(a) (b) 
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Table 4.18 : Kinetic parameters of  carbons GACOZR 1273, GAC 383 and GACO 383  for 
the adsorption of methylene blue (MB) at temperatures  ranging from  283 – 323 K [ C0 = 250 

mg/L] 
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283 96 84 71 0.99 110 10 1.2 0.99 8.3 -18 0.98 2.4 39 0.99 

293 101 83 73 0.99 112 11 1.4 0.99 9.2 -17 0.99 2.4 43 0.99 

303 111 85 69 0.99 120 13 1.9 0.99 8.6 -8 0.99 2.5 51 0.99 

313 120 94 68 0.99 127 16 2.5 0.99 6.2 15 0.99 2.6 59 0.98 

323 129 100 81 0.99 134 17 3.1 0.99 4.9 31 0.98 2.5 67 0.99 

G
A

C
  

3
8

3
 283 102 60 48 0.94 104 24 2.6 0.99 8.5 2 0.98 2.1 51 0.97 

293 117 65 48 0.98 119 25 3.5 0.99 7.2 21 0.97 2.5 56 0.99 

303 124 67 54 0.94 126 25 4.0 0.99 5.8 38 0.99 2.6 61 0.97 

313 132 66 49 0.98 134 26 4.6 0.99 5.6 46 0.98 2.7 67 0.99 

323 138 68 56 0.96 140 27 5.4 0.99 6.1 49 0.98 2.5 79 0.98 

G
A

C
O

 3
8

3
 283 81 54 42 0.96 82 23 1.6 0.99 0.51 18 0.96 0.06 44 0.99 

293 91 54 42 0.97 92 26 2.2 0.99 0.46 29 0.96 0.07 52 0.99 

303 98 55 44 0.98 100 28 2.7 0.99 0.48 34 0.99 0.06 64 0.99 

313 111 57 39 0.95 110 28 3.4 0.99 0.58 41 0.98 0.06 72 0.99 

323 118 54 44 0.94 118 33 4.6 0.99 0.68 47 0.98 0.05 87 0.99 

 

4.8  Thermodynamic Parameters 

Thermodynamic parameter ∆H and ∆S is obtained from the slope and 

intercept of the plot of adsorption equilibrium constant obtained from Langmuir 

isotherm (ln KL) versus 1/T. The ∆G obtained from the relationship between ∆H, 

∆S and reaction temperature. 

ln 𝐾𝐿 =
∆𝑆

𝑅
−

∆𝐻

𝑅𝑇
                                                                                            (4.20) 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆                                                                                              (4.21) 
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The thermodynamic study of phenol adsorption on GACOZR 1273, GAC 383 

and GACO 383 are given in the Figure 4.42(a). The thermodynamic parameters of 

Gibbs free energy change ∆G, enthalpy change ∆H and entropy change ∆S, for the 

adsorption processes are calculated and are given in Table 4.19. 

 

Table 4.19:  Thermodynamic parameters for adsorption of phenol onto  GAC 383, GACO 
383 and GACOZR 1273 

Carbons (∆H) 

kJ/mol 

(∆S) 

J/mol.K 

∆G (kJ/mol) 

283K 293K 303K 313K 323K 

GAC 383 2.33 15.32 -2.0 -2.15 -2.31 -2.46 -2.61 

GACO 383 3.28 18.20 -1.87 -2.05 -2.23 -2.41 -2.59 

GACOZR 1273 13.28 50.32 -0.96 -1.46 -1.97 -2.47 -2.97 

 

The ∆H calculated for phenol adsorption on GAC is given as; GAC 383 

(2.33 kJ/mol), GACO 383 (3.28 kJ/mol) and GACOZR 1273 (13.28 kJ/mol). 

These enthalpies represent the interaction energy of the amount adsorbed on the 

absorbent - adsorbate interface.  The positive ∆H of all adsorbents indicates the 

endothermic nature of adsorption i.e. large amount of heat must be input into the 

phenol-solvent systems for adsorption of phenol on GAC 383, GACO 383 and 

GACOZR 1273 [34]. Also magnitude of ∆H differentiates between physical and 

chemical adsorption processes. Enthalpy change values are less than 20 kJ/mol 

therefore; it follows behaviour of physisorption in the process. 

The spontaneity of the process appears to be associated with a highly 

ordered system going to a less-ordered. The positive value of ∆S suggests the 

randomness of the adsorption process. It indicates the greater stability of an 

adsorption process with no structural changes at the solid-liquid interface. The 

magnitude of ∆S for GAC is given as GAC 383 (15.32 J/mol.K), GACO 383 

(18.20 J/mol.K) and GACOZR 1273 (50.32 J/mol.K). Positive ∆S value for the 

adsorption of phenol on GAC means that the increase in the degrees of freedom at 

the phenol-solvent interface during the process of adsorption of phenol molecules 

on the active sites of the adsorbent. 

Negative ∆G indicates spontaneous adsorption and the degree of spontaneity 

of the reaction. The Gibbs free energy change (∆G) obtained ranges from 283 to 
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323 K for respective GAC are given as; GAC 383 ( - 2.0 to - 2.61 kJ/mol),  

GACO 383 (-1.86 to -2.59 kJ/mol) and for GACOZR 1273 (-0.96 to-2.97 kJ/mol). 

It was also observed that with an increase in temperature the ΔG become more 

negative. It indicates that adsorption of phenol on GAC studied, was spontaneous 

and thermodynamically favourable by an increase in temperature. 

Figure 4.42 (b) indicates thermodynamic study of adsorption process of               

p-nitrophenol on GACOZR 1273, GAC 383 and GACO 383. The thermodynamic 

parameters of Gibbs free energy change ∆G, enthalpy change ∆H, and entropy 

change ∆S for the adsorption processes are calculated and are given in Table 4.20. 

Table 4.20: Thermodynamic parameters for adsorption  of p-nitrophenol onto GAC 

383, GACO 383 and GACOZR 1273 

Carbon (∆H) 

kJ/mol 

(∆S) 

J/mol.K 

∆G (kJ/mol) 

283K 293K 303K 313K 323K 

GAC 383 6.04 38.2 -4.77 -5.15 -5.53 -5.92 -6.30 

GACO383 2.94 16.4 -1.70 -1.87 -2.03 -2.19 -2.36 

GACOZR 1273 9.53 6.98 -3.77 -4.24 -4.71 -5.18 -5.65 

 

The ∆H calculated for p-nitrophenol adsorption on GAC follows, GAC 383 

(6.04 kJ/mol), GACO 383 (2.94 kJ/mol) and GACOZR 1273 (9.53 kJ/mol) 

respectively. The positive ∆H of all carbon adsorbents indicates the endothermic 

nature of adsorption. The Low value of the adsorption energy indicates the 

physical nature of adsorption. The high degree of disorder of an adsorption 

system gives a positive value of ∆S as it varies for carbons as; GAC 383 (38.2 

J/mol.K), GACO 383 (16.4 J/mol.K) and GACOZR 1273 (46.98 J/mol.K) 

respectively.  

The negative values of ∆G confirm the feasibility of the process and the 

spontaneous nature of adsorption with a high preference of p-nitrophenol by 

GACOZR 1273, GAC 383 and GACO 383.  The Gibbs free energy change (∆G) 

determined ranges at temperature 283 K to 323 K for new carbons are; GAC 383  

( -4.77 to  -6.30 kJ/mol), GACO 383 ( -1.70 to -2.36 kJ/mol) and GACOZR 1273 

(-3.77 to -5.65 kJ/mol). The decrease in the negative value of ∆G with an increase 
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in temperature indicates that the adsorption process of p-nitrophenol on GAC 

studied becomes more favourable at higher temperatures. 

Figure 4.42(c) shows thermodynamic study of adsorption process of 

methylene blue on GACOZR 1273, GAC 383 and GACO 383. The thermodynamic 

parameters of Gibbs free energy change ∆G, enthalpy change ∆H, and entropy 

change ∆S for the adsorption processes are calculated and are given in Table 4.21. 

Table 4.21: Thermodynamic parameters for adsorption  of methylene blue (MB) onto  

GACOZR 1273, GAC 383 and GACO 383 

Carbon (∆H) 

kJ/mol 

(∆S) 

J/mol.K 

∆G (kJ/mol) 

283K 293K 303K 313K 323K 

GAC 383 6.87 35.60 -3.20 -3.56 -3.92 -4.27 -4.63 

GACO 383 8.91 40.35 -2.51 -2.91 -3.32 -3.72 -4.12 

GACOZR 1273 12.81 52.59 -2.08 -2.60 -3.13 -3.65 -4.18 

 

  

 

 
 

Figure 4.42: Plot of ln KL versus 1/T for the 

estimation of thermodynamic parameters 

for the adsorption of (a) phenol,                         

(b) p-nitrophenol and  (c) methylene 

blue (MB) on carbons GACOZR 1273, 

GAC 383, and GACO 383 

 

(a) (b) 

(c) 
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As seen in Table 4.21, positive values of ΔH (GAC 383: 6.87 kJ/mol, 

GACO 383: 8.91 kJ/mol, and GACOZR 1273: 12.81 kJ/mol) show the 

endothermic nature of adsorption. The negative values of ΔG indicate the 

spontaneous nature of adsorption for methylene blue. It varies for new carbons as; 

GAC 383 (- 3.20 to - 4.63 kJ/mol), GACO 383 (- 2.51 to - 4.12 kJ/mol) and 

GACOZR 1273 (-2.08 to -4.18 kJ/mol). The high negative value of ΔG indicates 

higher adsorption capability at higher temperature. At higher temperature organic 

molecule could overcome space hindrance while diffusing into GACs [35]. The 

positive values of ΔS (GAC 383: 35.60 J/mol.K, GACO 383: 40.35 J/mol.K, and 

GACOZR 1273: 52.59 J/mol.K) suggest the increased randomness at the 

solid/solution interface during the adsorption of methylene blue on GAC 383, 

GACO 383 and GACOZR 1273. 

4.8.1  Thermodynamic Parameters from Distribution Coefficient 

Thermodynamic parameters were calculated from the variations of                

the thermodynamic equilibrium constant (KD) by plotting of ln KD versus 1/T 

[36]. 

𝑙𝑛 𝐾𝐷 =
∆𝑆

𝑅
−

∆𝐻

𝑅𝑇
                                                                                           (4.22) 

The slope and intercept of the lines are used to determine the ∆H and ∆S 

using the equations (4.23).  

Distribution coefficient (KD) is defined as the ratio of the quantity of the 

adsorbate adsorbed per mass of the solid to the amount of the adsorbate remaining 

in solution [37].  

𝑤𝑒𝑟𝑒 𝐾𝐷 =  
𝐶𝑜 − 𝐶𝑒

𝐶𝑒
                                                                                    (4.23) 

The obtained values of ΔH, ΔS and ΔG for the adsorption of phenol uptake 

on the new carbons are summarized in Table 4.22. 
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Table 4.22: Thermodynamic parameters obtained from plot of ln KD versus 1/T for the 

adsorption of  phenol 
 

GACOZR 1273 - phenol  GAC 383 - phenol GACO 383 -  phenol 

C
0

  
m

g
/L

 

∆
S

  
 J

/m
o
l.

K
 

∆
H

  
k

J
 /

m
o
l ∆G kJ/mol 

∆
S

 J
/ 

m
o
l.

K
 

∆
H

 k
J
 /

m
o
l ∆G kJ/mol 

 ∆
S

 J
/ 

m
o
l.

K
 

∆
H

  
k

J
 /

m
o
l ∆G kJ/mol 

2
8
3
 

2
9
3
 

3
0
3
 

3
1
3
 

3
2
3
 

2
8
3
 

2
9
3
 

3
0
3
 

3
1
3
 

3
2
3
 

2
8
3
 

2
9
3
 

3
0
3
 

3
1
3
 

3
2
3
 

25 89 18 -7 -8 -9 -10 -11 27 5 -3 -3 -3 -4 -4 32 6 -3 -3 -3 -4 -4 

50 72 17 -3 -4 -5 -6 -6 27 5 -3 -3 -3 -4 -4 32 6 -3 -3 -3 -4 -4 

75 59 15 -1 -2 -2 -3 -4 26 5 -2 -3 -3 -3 -3 30 6 -2 -3 -3 -3 -3 

100 52 14 -1 -1 - -2 -3 23 5 -2 -3 -2 -2 -3 27 6 -2 -2 -2 -2 -3 

150 44 13 1 0 0 -1 -1 22 5 -1 -1 -2 -2 -2 24 6 -1 -1 -1 -1 -2 

200 35 12 3 2 2 2 1 19 5 0 -1 -1 -1 -1 21 6 0 -1 -1 -1 -1 

250 36 12 2 1 1 1 0 18 5 0 0 0 0 -1 18 5 0 0 0 0 0 

350 33 12 2 2 2 1 1 16 5 1 0 0 0 0 16 6 1 1 1 1 1 

500 28 11 3 3 3 2 2 14 5 1 1 1 1 1 11 5 2 2 2 2 2 

750 24 11 4 4 4 4 3 11 5 2 2 2 2 2 7 5 3 3 3 3 3 

1000 18 10 5 5 5 4 4 10 6 3 2 2 2 2 2 4 4 4 4 4 4 

 

The change in ∆H values for the adsorption of phenol (in the concentration 

range of 25 mg/L - 1000 mg/L) on  GAC are given as follows GACOZR 1273 (18.2 - 

10.1 kJ/mol), GAC 383 (4.85 - 5.45 kJ/mol), and GACO 383 (4.4 - 6.4 kJ/mol), The 

change in ∆S for phenol adsorption on GAC are given as GACOZR 1273 (89.3 – 18.0 

J/mol.K), GAC 383 (27.2 - 10.4 J/mol.K), GACO 383 (32.2 - 2.1 J/mol.K).  

The obtained values of ΔH, ΔS and ΔG of adsorption for p-nitrophenol 

uptake on the new carbons are summarized in Table 4.23. 

Table 4.23: Thermodynamic parameters obtained from plot of  ln KD versus 1/T for the 
adsorption of  p-nitrophenol 

GACOZR 1273 - PNP GAC 383 -  PNP GACO 383 - PNP 

C
0
 m

g
/L

 

∆
S

  
 J

/m
o

l.
K

 

∆
H

  
k

J
 /

m
o

l ∆G kJ/mol 

∆
S

 J
/ 

m
o

l.
K

 

∆
H

 k
J

 /
m

o
l ∆G kJ/mol 

∆
S

 J
/ 

m
o

l.
K

 

∆
H

  
k

J
 /

m
o

l ∆G kJ/mol 

2
8

3
 

2
9

3
 

3
0

3
 

3
1

3
 

3
2

3
 

2
8

3
 

2
9

3
 

3
0

3
 

3
1

3
 

3
2

3
 

2
8

3
 

2
9

3
 

3
0

3
 

3
1

3
 

3
2

3
 

25 92 18 -8 -9 -10 -11 -12 64 9 -9 -9 -10 -11 -11 29 5 -3 -4 -4 -4 -5 

50 83 16 -7 -8 -9 -10 -10 63 10 -8 -9 -10 -10 -11 26 5 -3 -3 -3 -3 -4 

75 76 15 -6 -7 -8 -9 -9 62 10 -7 -8 -9 -9 -10 23 5 -2 -2 -2 -3 -3 

100 71 14 -6 -7 -8 -8 -9 59 10 -7 -8 -8 -9 -9 22 5 -2 -2 -2 -2 -3 

150 65 13 -5 -6 -7 -7 -8 55 10 -6 -6 -7 -7 -8 17 5 0 0 -1 -1 -1 

200 50 11 -3 -4 -4 -5 -5 49 10 -4 -5 -5 -5 -6 16 5 0 0 -1 -1 -1 

250 45 10 -2 -3 -3 -4 -4 47 10 -3 -4 -5 -5 -5 16 5 0 0 0 0 0 

350 37 9 -1 -2 -2 -2 -3 40 10 -1 -1 -2 -2 -3 12 4 1 1 1 1 1 

500 27 8 0 0 0 -1 -1 35 11 1 0 -1 -1 -1 8 4 2 2 2 2 2 

750 20 7 1 1 1 1 1 31 11 2 2 1 1 1 5 4 3 3 3 3 3 

1000 16 6 2 2 2 2 1 29 11 3 2 2 2 2 2 4 4 4 4 4 4 
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The change in ∆H values for the adsorption of p-nitrophenol (25 mg/L - 

1000 mg/L) on GAC varies in the range; GACOZR 1273 (17.8 - 6.5 kJ/mol), 

GAC 383 (9.38 - 10.78 kJ/ mol) and GACO 383 (4.27 - 4.68 kJ/mol). The change 

in entropy ∆S for p-nitrophenol adsorption on GAC are given as GACOZR 1273 

(91.7 - 15.8 J/mol.K), GAC 383 (64 - 29 J/mol.K) & GACO 383 (29 -2 J/mol.K).  

The obtained values of ΔH, ΔS and ΔG of adsorption for methylene blue 

uptake on the new carbons are summarized in Table 4.24. 

 

Table 4.24: Thermodynamic parameters obtained from plot of ln KD versus 1/T for the 
adsorption of  methylene blue (MB)  

 GACOZR 1273 - MB   GAC 383 -  MB   GACO 383 -  MB 

C
0

 m
g
/L

 

∆
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∆
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9
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3
1
3
 

3
2
3
 

2
8
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2
9
3
 

3
0
3
 

3
1
3
 

3
2
3
 

25 89 18 -7 -8 -9 -10 -11 106 19 -11 -12 -13 -14 -15 105 19 -11 -12 -13 -14 -15 

50 72 17 -3 -4 -5 -6 -6 91 18 -7 -8 -9 -10 -11 91 19 -7 -8 -9 -10 -11 

75 59 15 -1 -2 -2 -3 -4 79 18 -4 -5 -6 -7 -7 75 18 -3 -4 -4 -5 -6 

100 52 14 -1 -1 -2 -2 -3 61 14 -3 -4 -4 -5 -5 67 18 -1 -2 -3 -3 -4 

150 44 13 1 0 0 -1 -1 53 14 -1 -1 -2 -3 -3 57 17 0 0 -1 -1 -2 

200 35 12 3 2 2 2 1 44 13 0 0 -1 -1 -2 44 14 1 1 0 0 -1 

250 36 12 2 1 1 1 0 35 11 1 0 0 0 -1 36 12 2 1 1 1 0 

350 33 12 2 2 2 1 1 31 10 2 1 1 1 0 28 11 3 2 2 2 1 

500 28 11 3 3 3 2 2 26 10 3 2 2 2 2 25 11 4 3 3 3 3 

750 24 11 4 4 4 4 3 21 10 4 3 3 3 3 21 10 4 4 4 4 4 

1000 18 10 5 5 5 4 4 18 9 4 4 4 4 4 18 10 5 5 5 5 4 

 
The change in ∆H for the adsorption of methylene blue (25 mg/L - 1000 mg/L) 

on GAC varies in the range; GACOZR 1273 (18.3 -10.1 kJ/mol), GAC 383 (19.3- 

9.34 kJ/ mol), and GACO 383 (19.3 - 10.1 kJ/mol). The change in entropy ∆S for 

methylene blue adsorption on GAC are given as GACOZR 1273 (89.3 -18 J/mol.K), 

GAC 383 (105.6 -18 J/mol.K), GACO 383 (105.3 - 17.6 J/mol.K).  

ΔH demonstrates that the sorption process is by endothermic nature in all 

cases. This behaviour indicates that higher temperatures are more preferred for 

higher adsorption. The calculated negative standard Gibbs energy changes in high 
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temperature depict that the adsorption reactions are largely driven towards the 

methylene blue but it becomes positive with increase of concentration of 

solutions. A positive value of ΔS theoretically means that more disorder is 

associated with the adsorption process. It decreases with an increase in the 

solution concentration. It reveals that the adsorption capacity is varied with 

respect to the concentration of solute and the solution temperature. 

 

  

 

 

 

 

Figure 4.43: Plots of In KD versus l/T of 

carbon GACOZR 1273 for the adsorption 

of (a) phenol, (b) p-nitrophenol and                

(c) methylene blue (MB) 

 
 

4.9 Diffusion Coefficient 

Diffusion coefficient for the adsorption of phenol, p-nitrophenol and MB 

on GAC 383, GACO 383 and GACOZR 1273 are calculated and discussed in the 

following sections. 

(a) (b) 

(c) 
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4.9.1  Determination of Diffusivity for Phenol on GACOZR 1273, GAC 

383 and GACO 383 

The diffusion coefficient of adsorption of phenol on GAC 383, GACO 383 

and GACOZR 1273 is determined from the linear plot of ln [1/1-F
2
(t)] versus t  

which is given in the Figure 4.44(a)-(c) and values are listed in the Table 4.25. 

Straight line plot for different temperature indicate the validity of the equation. 

𝑙𝑛  
1

1 − 𝐹2 (𝑡)
 =  

𝜋2𝐷𝑒𝑡

𝑅𝑎
2                                                                               (4.24) 

  

 

 

 
 

Figure 4.44: Plot of ln[1/1-F
2
(t)] versus 

time for the estimation of diffusion 

coefficient for the adsorption of  phenol  

on carbons (a) GACOZR 1273 (b) GAC 

383 and (c) GACO 383 

 

Effective diffusion coefficient describes the transport of a phenol molecule into 

the GAC through a unit section area of GAC per unit of time. It is expressed in unit of 

m
2
/s. As shown in the Table 4.25 the effective diffusion coefficient of phenol on 

GAC is given as follows GACOZR 1273 (2.65×10
-10

 – 2.81 x 10
-10

 m
2
/s), GAC 383 

(1.63×10
-10 

– 1.71×10
-10

), GACO 383 (1.21×10
-10

 – 1.47×10
-10 

m
2
/s). The 

(a) (b) 

(c) 
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diffusion coefficient increases with the rise of the solution temperatures. It means 

that, the rate of diffusion of the adsorbate molecules across the external boundary 

layer and in the internal pores of the adsorbent particle increased with increase in 

temperature [38].   

4.9.2 Determination of Diffusivity for P-Nitrophenol on GACOZR 

1273, GAC 383 and GACO 383 

The diffusion coefficient of adsorption of p-nitrophenol on GAC 383, GACO 

383 and GACOZR 1273 are determined from the linear plot of ln [1/1-F
2
(t)] versus t  

which is given in the Figure 4.45(a)-(c) and values are listed in the Table 4.25. 

Straight line plot for different temperature indicate the validity of the equation. 

 

  

  

 

 

Figure 4.45: Plot of ln[1/1-F
2
(t)] versus 

time for  the estimation of diffusion 

coefficient for the adsorption of                         

p-nitrophenol  on carbons (a) GACOZR 

1273 (b) GAC 383 and (c) GACO 383 

 

In order to compare the uptake of p-nitrophenol from solution by GACOZR 

1273, GAC 383 and GACO 383, effective diffusion coefficient is calculated. It 

varies for carbons as; GACOZR 1273 (2.42 - 2.77×10
-10 

m
2
/s), GAC 383 (1.5-1.83×              

(a) (b) 

(c) 
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10
-10 

m
2
/s) and GACO 383(1.14 - 1.38×10

-10 
m

2
/s) respectively. The higher diffusion 

rate of p-nitrophenol on GACOZR 1273 indicates that, interaction between the                       

p-nitrophenol and GACOZR 1273 is higher. Therefore, more molecules of                            

p-nitrophenol get diffused into the pores of zirconium impregnated GACO than that 

of GAC 383 and GACO 383. Spontaneous movement of p-nitrophenol from solution 

(higher concentration region of p-nitro phenol) to GACOZR 1273 (lower 

concentration region of p-nitro phenol) is higher [39]. Increasing order of 

effective diffusion coefficient calculated for carbons is GACOZR 1273 > GAC 

383 > GACO 383.  

4.9.3  Determination of Diffusivity for Methylene Blue (MB) on 

GACOZR 1273, GAC 383 and GACO 383 

The diffusion coefficient of adsorption of methylene blue on GAC 383, GACO 

383 and GACOZR 1273 are determined from the linear plot of ln [1/1-F
2
(t)] versus t  

is given in the Figure 4.46 (a)-(c) and values are listed in the Table 4.25. Straight line 

plot for adsorption at different temperature indicate the validity of the equation. 

 

  

 

 
 
Figure 4.46: Plot of ln[1/1-F

2
(t)] versus 

time for  the estimation of diffusion 

coefficient for the adsorption of methylene 

blue (MB) on carbons (a) GACOZR 1273                   

(b) GAC 383 and (c) GACO 383 

(a) (b) 

(c) 
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The effective diffusion coefficient obtained for GAC is given as follows; 

GACOZR 1273 (1.31x 10
-10

 – 1.53×10
-10 

m
2
/s), GAC 383 (1.13x10

-10 
-1.34×10

-10 

m
2
/s) and GACO 383 (0.94x10

-10
 - 1.08×10

-10 
m

2
/s). The diffusion coefficient 

value obtained for methylene blue adsorption is lower than that of the value 

obtained for phenol and p-nitrophenol adsorption. It means that larger molecular 

weight species have lower diffusion coefficients. 

Table 4.25: Effective diffusion coefficient of  carbon  for phenol, p-nitrophenol and  
methylene blue (MB) 

Carbons 
T  

(K) 

phenol p-nitrophenol methylene blue 

De x 10 
10

 

(m
2
/S) 

R
2
 

De x 10
10

 

(m
2
/S) 

R
2
 

De x 10 
10

 

(m
2
/S) 

R
2
 

G
A

C
O

Z
R

 1
2

7
3
 

283 2.65 0.990 2.58 0.996 1.39 0.990 

293 2.65 0.990 2.63 0.998 1.48 0.974 

303 2.72 0.990 2.62 0.996 1.31 0.984 

313 2.81 0.988 2.42 0.992 1.53 0.978 

323 2.76 0.978 2.77 0.968 1.31 0.992 

G
A

C
 3

8
3
 283 1.63 0.988 1.53 0.984 1.13 0.984 

293 1.69 0.986 1.5 0.984 1.16 0.984 

303 1.57 0.980 1.63 0.982 1.34 0.982 

313 1.71 0.986 1.83 0.978 1.23 0.978 

323 1.62 0.978 1.8 0.984 0.25 0.984 

G
A

C
O

 3
8

3
 283 1.28 0.976 1.14 0.958 0.978 0.958 

293 1.21 0.964 1.27 0.968 0.984 0.968 

303 1.33 0.958 1.28 0.966 1.07 0.966 

313 1.43 0.970 1.38 0.974 0.94 0.974 

323 1.47 0.970 1.29 0.972 1.08 0.972 
 

4.10 Activation Energy   

The linear plot of lnK2 versus 1/T for the adsorption of phenol on GACOZR 

1273, GAC 383 and GACO 383 are given in the Figure 4.47 (a). The activation 

energy Ea and pre-exponential factors A, obtained is given in Table 4.26. 

𝑙𝑛 𝐾2 = 𝑙𝑛 𝐴 −
𝐸𝑎  

𝑅𝑇
                                                                                          (4.25) 

The result obtained for activation energy for the adsorption of phenol on 

the GAC is; GAC 383 (9.95 kJ/mol), GACO 383 (7.59  kJ/mol) and GACOZR 



Granular Activated Carbon Oxidised and Activated With Zirconyl Chloride (GACOZR): Preparation… 

 

257 Adsorption Isotherm Studies of Granular Activated Carbons:                                                                      
Activation with Zr4+/Nano ZrO2, Porosity, Surface area, Kinetics and Thermodynamics 

 

1273 (2.03 kJ/mol) respectively. Low activation energy means that physical 

adsorption controls the removal of phenol from aqueous solution by GAC 383, 

GACO 383 and GACOZR 1273. The lower activation energy of GACOZR 1273 

shows that very small energy is required to interact between GACOZR 1273 and 

phenol molecules therefore adsorption rate of phenol on GACOZR 1273 is fast as 

compared to that of GAC 383 and GACO 383.  

ln K2 versus 1/T plot of  p - nitro phenol on GACOZR 1273, GAC 383, 

GACO 383 are given in the Figure 4.47(b) and activation energy obtained is 

given in Table 4.26. The result obtained for activation energy for the adsorption 

of p-nitrophenol on the GAC is; GAC 383 (7.71 kJ/mol), GACO 383 (10.32 

kJ/mol) and GACOZR 1273 (9.44 kJ/mol). The lower magnitude of activation 

energy indicates that adsorption of p-nitrophenol on all the GAC studied follows 

the physical type of adsorption.  

ln K2 versus 1/T plot of methylene blue (MB) on GACOZR 1273, GAC 

383, GACO 383 are given in the Figure 4.47(c) and activation energy obtained is 

given in Table 4.26 

 

Table 4.26 : Activation energy obtained from Arrhenius equation 

 

Carbons 

phenol p-nitrophenol methylene blue 

Ea 

kJ/mol 
A x 10 

4
 

Ea 

kJ/mol 
A 

Ea 

kJ/mol 
A x 10 

4
 

GAC 383 9.95 84.00 7.71 0.001995 2.14 5.95 

GACO 383 7.59 46.30 10.33 9.84E-07 7.59 46.22 

GACOZR 1273 2.04 5.71 9.44 0.006001 11.24 115 

 

 The result obtained for activation energy for the adsorption of methylene 

blue on GAC follows GAC 383 (2.14 kJ/mol), GACO 383 (7.59 kJ/mol) and 

GACOZR 1273 (11.24 kJ/mol).  Lower magnitude of activation energy indicates 

that adsorption of methylene blue (MB) on all the GAC studied follows the 

physical type of adsorption.  
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Figure 4.47: Plot of ln K2 versus 1/T 

for the  estimation of activation energy 

of carbons GACOZR 1273, GAC 383, 

GACO 383 for the adsorption of                       

(a) phenol, (b) p-nitrophenol and                

(c) methylene blue (MB)    

 

 

 

4.11  Design of Batch Adsorption from Isotherm Data 

Adsorption isotherms can be used to predict the design of single-stage 

batch adsorption systems [40]. The mass balance equation used for calculating the 

amount of adsorbent required to treat phenol, p-nitrophenol and methylene blue is 

given in equation (4.26)  

𝑀

𝑉
=

𝐶0 − 𝐶𝑒

𝑞𝑒
 =

𝐶0 −  𝐶𝑒
𝑞0𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒

                                                                             (4.26) 

Figure 4.48(a) shows the weight of adsorbents required for the 99 % 

removal of different concentration phenol from one litre aqueous solution. It 

shows that nitric acid modification on GAC decreases the efficiency towards 

phenolic compounds. Therefore, weight of adsorbent required for the removal of 

phenol from aqueous solution is higher than that of untreated native carbon.  

(a) 

(b) 

(c) 
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For achieving the same efficiency towards phenol  GACO 383 requires the 

weight of carbon 48 - 50 % more compared to GAC 383 whereas GACOZR 1273 

requires only 5 - 7 % more carbon. It indicates that the presence of zirconium in nitric 

acid modified carbon enhances the efficiency towards phenol molecule. For the 99 % 

removal of 3000 mg/L phenol from one litre aqueous solution GACOZR 1273 

requires 12.54 g carbon, whereas GACO 383 requires 17.5 g of carbon and GAC 

383 requires 11.7 g of carbons. 

Figure 4.48(b) shows the weight of carbon required for the 99 % removal 

of different concentration p-nitrophenol from one litre aqueous solution. Here, we 

can see that presence of zirconium in nitric acid modified carbon (GACOZR 

1273) shows far better efficiency compared to GACO 383 and also shows little bit 

higher efficiency compared to GAC 383.  

GACO 383 requires more than 2 times weight of carbon compared to 

GACOZR 1273 for achieving the same efficiency towards p-nitro phenol. For the 

99 % removal of 3000 mg/L p-nitrophenol from one litre aqueous solution, 

GACOZR 1273 requires 7.5 g carbon, whereas GACO 383 requires 17.3 g of 

carbon and GAC 383 requires 8.13 g of carbons. 

Figure 4.48(c) shows the weight of carbon required for the 99 % removal of 

different concentration of methylene blue from one litre aqueous solution. Nitric 

acid modified carbons GACO 383 and GACOZR 1273 requires more amounts 

compared to basic carbon GAC 383 for the same efficient removal of methylene 

blue from aqueous solution. Compared to GAC 383, nitric acid modified carbons 

GACO 383 requires 10 – 11% and GACOZR 1273 requires 8 – 9 % more carbons 

for attaining the same efficiency. For the 99 % removal of 1500 mg/L methylene 

blue from one litre aqueous solution GACOZR 1273 requires 10.4 g carbon 

whereas GACO 383 requires 10.6 g of carbon and GAC 383 requires 9.53 g of 

carbons.  
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Figure 4.48: Mass of adsorbent against 
concentration of (a) phenol, (b) p-nitrophenol, 

and (c) methylene blue  (MB) solution 

 

 

 

 

4.12 Adsorption of Trace Metal Ions by GACOZR Using 

Contaminated Groundwater  

Trace element analysis of water samples is important for the potential 

application of carbon adsorbents in filtration system. Ground water collected 

from a contaminated area, whose initial parameters are known is used to study 

adsorption efficiency of carbons towards trace metal ions. Concentration in the 

treated water samples was measured by inductively coupled plasma-mass 

spectroscopy. The percentage adsorption is calculated and presented in                  

Table 4.27.  

  

(a) (b) 

(c) 
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Table 4.27: Efficiency of carbons GAC 383, GACO 383 and GACOZR 1273 for 

removing trace metals in groundwater. 

Trace 

metals 

Initial 

concentration (ppb) 

Initial concentration (ppb) 

GACOZR 1273 GAC 383 GACO 383 

7Li 
4.5 4.4 4.29 3.83 

(% Removal) (2.2) (4.7) (14.9) 

9Be 
0.22 0.01 0.01 ND 

(% Removal) (95.5) (95.5) (100.0) 

24Mg 
2905.63 2211.08 2802.3 2395.43 

(% Removal) (23.9) (3.6) (17.6) 

27Al 
257.22 6.73 2.84 2.18 

(% Removal) (97.4) (98.9) (99.2) 

52Cr 
1.5 0.55 0.92 1.05 

(% Removal) (63.3) (38.7) (30.0) 

55Mn 
85.73 1.31 7.34 10.05 

(% Removal) (98.5) (91.4) (88.3) 

56Fe 
48.78 22.79 33.15 27.34 

(% Removal) (53.3) (32.0) (44.0) 

58Ni 
5.46 1.37 1.82 4.51 

(% Removal) (74.9) (66.7) (17.4) 

59Co 
2.81 0.02 0.13 0.23 

(% Removal) (99.3) (95.4) (91.8) 

63Cu 
21.9 2.67 3.17 4.46 

(% Removal) (87.8) (85.5) (79.6) 

64Zn 
40.77 8.11 17 28.46 

(% Removal) (80.1) (58.3) (30.2) 

75As 
1.89 0.34 0.34 0.27 

(% Removal) (82.0) (82.0) (85.7) 

114Cd 
0.62 0.18 0.16 0.57 

(% Removal) (71.0) (74.2) (8.1) 

138Ba 
89.02 33.49 42.77 21.25 

(% Removal) (62.4) (52.0) (76.1) 

205Tl 
0.08 0.02 0.04 0.04 

(% Removal) (75.0) (50.0) (50.0) 

208Pb 
6.18 0.12 0.24 0.23 

(% Removal) (98.1) (96.1) (96.3) 

 

GACOZR 1273, GAC 383 and GACO 383 shows more than 95 % 

efficiency towards Be, Al, Mn, Co and Pb. GACOZR 1273 give more than 80% 
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efficiency towards Cu, Zn and As and 75 % efficiency towards Ni, Tl. Whereas, 

basic carbon GAC 383 (Mg -3.6 %, Cr – 38.7 %, Zn- 58.3 %, Ni – 66.7 %) and 

GACO 383 (Mg – 17.6 %, Cr – 30 %, Zn - 30.2 %, Ni – 17.4 %) shows only 

lower efficiency towards Mg, Cr, Zn and Ni compared to GACOZR 1273                

(Mg - 23.9 %, Cr – 63.3 %, Zn - 80.1 %, Ni – 74.9 %).  

4.13  Statistical Analysis of the Data 

The statistical significance of the ratio of the mean square variation due to 

the regression and mean square residual error is tested using analysis of variance 

(ANOVA) and significance of correlation is tested by Pearson Correlation 

Coefficient. 

Hypothesis 1:  Whether there is any significant difference in pore volume and 

surface area of carbons obtained from BET and I-plot method  

To test the Hypothesis 1, pore volume and surface area obtained from BET 

and I plot for GAC 383, GACO 383, GACOZR 1073 and GACOZR 1273 is 

given in Table 4.4 are analysed statistically using two way ANOVA test  

Based on the statistical parameters givens in Table 4.28 i.e. sum of squares 

(SS), degree of freedom (df), mean square (ms), variance ratio (F) and level of 

significance (P value) observations are summarised below. 

 

Table 4.28: Two way ANOVA analysis of pore volume and surface area obtained 
from BET and I-plot method   

Source SS df ms F P-value 

Total 2332178.195 11    

carbons 10299.1280 3 3433.0427 3.504 P >0.05 

SA and Vm 2316000.199 2 1158000.099 1181.860 P < 0.001 

Residual  5878.867 6 979.8112   

P greater than 0.05 indicates that there is no significant difference in 

between the pore volume of carbons whereas significant difference ( P < 0.001) 

exist between pore volume and surface area, which is obtained from BET and I 

plot method. 
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Hypothesis 2: Whether there is any significant difference between the pore volume 

of carbons obtained from Langmuir, Dubinin-Radushkevich, Alpha 

S and John isotherm. 

To test the Hypothesis 2, pore volume obtained from Lanmuir, Dubinin-

Radushkevich, Alpha S and John isotherm for GAC 383 GACO 383, GACOZR 

1073 and GACOZR 1273 given in the Table 4.8 are chosen.  

The sum of squares (SS), degree of freedom (df), mean square (ms), 

variance ratio (F) and level of significance (P value) are givens in Table 4.29. 

Based on this result, observations are summerised below. 

 

Table 4.29 : Statistical analysis of pore volume obtained from from Langmuir, 

Dubinin-Radushkevich, Alpha S and John isotherm by three way ANOVA 

Source SS df ms F P-value 

Total 4893.314 15    

Langmuir, D-R, 

Alpha S and John 
794.7434 3 264.9145 29.21996 P< 0.01 

carbons 4016.975 3 1338.992 147.6902 P< 0.001 

Residual 81.59596 9 9.066217   

 

The result presents that the F value calculated for four isotherm models and 

carbons are higher than table value. This suggests that there is a 99.9 % 

probability of difference in pore volume between carbons (P < 0.001). And also 

four isotherm methods differ significantly among themselves (P < 0.01) i.e. 99 % 

probability. Alpha S and Dubinin-Radushkevich method showed significantly 

higher values than John and Langmuir isotherm. 

Hypothesis 3:  Whether there is any significant difference in quantity adsorbed 

between the samples for the adsorption of phenol, p-nitrophenol 

and methylene blue.  

To test the Hypothesis 3, adsorption rate of carbons GACOZR 1273, GAC 

383 and GACO 383 with respect to solid – liquid equilibria using phenol,                    

p-nitrophenol and methylene blue obtained from Langmuir, Dubinin-Radushkevich 
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and John-Sivanandan Achari isotherm given in Table 4.13 is subjected to three 

way ANOVA method. 

Based on the statistical parameters given in Table 4.30, observations are 

summerised below. 

Table 4.30: Statistical analysis of adsorption system in solid-liquid equilibria with respect 
to quantity of phenol, p-nitrophenol and methylene blue adsorbed on GACNZR 1073, 

GAC 383 and GACO 383 by three way ANOVA 
 

Source SS df ms F P-value 

Total 353286.7045 26    

carbons 22604.1747 2 11302.0874 4.201 P < 0.05 

methods 214232.0684 2 107116.0342 39.811 P < 0.001 

Phenol, PNP,MB 62638.3373 2 31319.1687 11.640 P < 0.001 

Residual  53812.1241 20 2690.6060   

 

The results indicate that there is a significant difference between the 

carbons (P < 0.05). Among the carbon studied GAC 383 and GACOZR 1273 are 

significantly higher than GACO 383. Between GAC 383 and GACOZR 1273, the 

difference is not significant. 

The amount of rate obtained from three isotherm showed a very high 

significant difference (P < 0.001). Among the three isotherm methods studied 

John - Sivanandan Achari and Langmuir methods shared significantly high 

adsorption compared to Dubinin - Radushkevich. Between John - Sivanandan and 

Langmuir isotherm models, the difference of quantiy adsorbed is not significant. 

There is a significant difference between methylene blue, phenol and                 

p-nitrophenol (P < 0.001) with respect to their adsorption rate. Among the three 

adsorbate, p-nitrophenol shared significantly higher adsorption and methylene 

blue shared significantly lower adsorption. 

Hypothesis 4: whether there is any correlation between temperature and 

adsorption of phenol, temperature and adsorption of p- nitro 

phenol & temperature and adsorption of methylene blue. 

To test the Hypothesis 4, Langmuir adsorption capacity of carbons  GACOZR 

1273 for phenol (Table 4.10), p-nitrophenol (Table 4.11) and methylene blue 
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(Table 4.12) at five solution temperature (283 K, 293 K, 303 K, 313 K and 323 K) 

are selected. 

There is a significant positive correlation between temperature and 

adsorption of phenol on GACOZR 1273 (r = 0.9961, t = 19.428, df = 3, P < 0.01). 

This indicates that as temperature increases adsorption of phenol also increases. 

There is significant positive correlation between temperature and adsorption of 

p-nitrophenol on GACOZR 1273 (r =0.9978, t = 26.2013, df = 3, P < 0.01). This 

indicates that as temperature increases adsorption of p-nitrophenol also increases. 

There is a significant positive correlation between temperature and adsorption 

of methylene blue on GACOZR 1273 (r = 0.99341, t = 47.689, df = 3, P < 0.01). This 

indicates that as temperature increases adsorption of methylene blue also increases. 

4.14 Conclusions 

Basic carbon oxidised with HNO3 (GACO 383) and its zirconyl chloride 

impregnated series of carbons (GACOZR) has more surface functional groups as 

evidenced by FTIR, Boehm and XPS analysis. Low burn off of GACOZR series of 

carbons even at high activation temperature (1273 K) indicates that high thermal 

decomposition prevented by the presence of Zr
4+ 

in GAC. The elemental carbon 

percentage in GACOZR series increases with activation temperature and lies in the 

range of 65.8 - 89.7 %. XRD analysis shows that carbon GACOZR 1073 and 

GACOZR 1273 gives a new peak around at 2θ = 30
0
 due to diffraction from (101) 

plane of tetragonal ZrO2.
 
It indicates the generation of ZrO2 from ZrOCl2 into the 

porous structure of the GAC at higher activation temperature. SEM images show that 

nitric acid oxidation/modification, causes the widening of existing pores and the 

formation of large pores by burnout of the walls between the adjacent pores. 

Adsorption isotherm studies (N2 at 77 K) of this carbon series following Type I 

isotherm character. It gives strong evidence for microporosity due to the effective 

incorporation of activating agent. Surface modification with nitric acid decreases the 

surface area and porosity of GAC. On comparing with GAC 383, carbon GACOZR 

1073 has 13 % and GACOZR 1273 has 6.6 % less specific surface area.  This might 

be due to the partial destruction of meso and macropore network of thinner pore 
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walls.  GACOZR 1073 (920.15 m
2
/g) and GACOZR 1273 (976.25 m

2
/g) clearly 

shows that surface area and pore volume of GACOZR series is enhanced with 

activation temperature.  By rising the activation temperature up to 1273K, carbon 

GACOZR 1273 (327.76 cm
3
/g) shows 7.6 % enhancement in micropore volume 

compared to that of GACOZR 1073. However, it is comparatively lower than that of 

GAC 383. It  indicates that oxidation of GAC with HNO3 and activation of GACO 

with Zr 
4+

 could not achieve higher micropore volume compared to basic carbon 

GAC 383. The t-plot method shows that surface modification of GAC with HNO3 

enhances 6.27 % external surface area compared to that of GAC 383, indicates 

enlargement of microporosity. However on comparing with GAC 383, carbon 

GACOZR has 27.2 % and  GACOZR 1073 has 19.8 % less external surface area.  

Adsorption of phenol, p-nitrophenol and methylene blue on carbons indicates 

that GACOZR 1273 has  high adsorption (≈ 32 % more phenol adsorption, 86 % 

increment in p-nitrophenol adsorption and 1.45 % increment in methylene blue 

adsorption) rate compared to that of GACO 383. But for all solution temperature 

studied the monolayer adsorption capacity of GACOZR 1273 is found to be 

comparatively lower than that of basic carbon GAC 383. The successive filling of 

phenol, p-nitrophenol and MB can be represented by different phase changes in John-

Sivanandan Achari isotherms (J-SA) and total adsorption capcity obtained from J-SA 

is more comparable to Langmuir isotherm. According to the nature of pores 

distributed over the carbon surface different phase changes will occur on plotting 

loglog P or loglog Ce  against log V or log qe ( John isotherm and John-Sivanandan 

Achari isotherm). Adsorption system studied belongs to a second order kinetics and 

intra particle diffusion is the rate limiting step. Enhancement of adsorption capacity 

with rise of solution temperature indicates that adsorption is endothermic in nature. 

The low activation energy obtained from the Arrhenius equation indicates that 

adsorption is physical in nature. Trace elemental analysis using carbons shows that 

GACOZR 1273 have more efficiency compared to basic carbons towards many 

elements such as Cu, Zn ,As, Ni, and Tl.  

Statistical analysis reveals that there was a significant difference exists 

between carbon samples (P < 0.001). In solid –gas equilibria, isotherm methods 

differ significantly among themselves,  Langmuir and Dubinin-Radushkevich 
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isotherm pore volume values were significantly higher than the rest (P < 0.001). A 

significant difference exists between carbon samples with respect to the 

adsorption rate of phenol, p-nitrophenol and methylene blue. Among the carbon 

studied, GAC 383 and GACOZR 1273 are significantly higher than GACO 383. 

Between GAC 383 and GACOZR 1273, the difference is not significant. John and 

John-Sivanandan Achari isotherms are agreeing well with Langmuir for the 

adsorption system studied. A significant positive correlation exists between 

temperature and adsorption rate in solid-liquid equilibria indicate that adsorption 

rate increases with increase in solution temperature.  
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CChhaapptteerr  55  

GRANULAR ACTIVATED CARBON PREPARED BY 
ACTIVATION WITH ZIRCONIUM OXIDE (GACNZR): 

PREPARATION, CHARACTERIZATION AND 
ADSORPTION ISOTHERM STUDIES 

  

 

5.1  Introduction 

The porous nature of the activated carbons is well suited to many applications, 

including molecular sieving, adsorption and catalytic reactions of small molecules. 

Metal-loaded carbons have been also investigated as efficient adsorbents for 

organic and inorganic molecules. They have high pore volume as well as having 

specific interactions with the supported metals. Considerable interest in the 

synthesis of carbons with high surface areas and pore structures is prevalent in 

these days. 

In the previous chapters were discussing about how ZrOCl2 affect the 

surface complexes, porosity and pore size distribution of activated carbon. It is 

observed that ZrOCl2 promotes ideal porosity and surface area development to 

granular activated carbon. 

This chapter discusses about the porosity and surface area developments of 

a series of coconut shell based GAC, prepared under different activation 

conditions of temperature and ZrO2/GAC incorporation ratio are evaluated. 

Adsorption efficiency and structural parameters were determined by standard 

isotherm models. Compared with other metal oxide porosity development on 

GAC by zirconium oxide and its adsorption enhancement towards organic 

pollutant are less reported. Zirconium dioxide is commonly known as zirconia is a 
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white powdered inorganic material has excellent resistance and strength. It is 

chemically stable, non toxic and insoluble in water. They are existing in both 

amorphous and crystalline nature. Properties of this material include high fracture 

toughness, high density, high hardness, good frictional behavior and high 

temperature capability up to 2400
0
C [1].  

5.2  Granular Activated Carbons – GACNZR Series 

There are eight carbons GAC 383, GACO 383, GACNZR 383, GACNZR 

473, GACNZR 673, GACNZR 873, GACNZR 1073, and GACNZR 1273 are 

used in this study. GAC 383 is the native carbon based on coconut shell, GACO 

383 is acid oxidised and others are ZrO2 activated carbons of GAC 383. The 

methods of preparation and experimental setup for furnace based thermal 

activation were already discussed in Chapter 2. ZrO2 is prepared in the laboratory 

following a standard procedure. 

5.3  Characterization of Nano Zirconia (ZrO2) 

Zirconium oxide nano particles were prepared by a simple hydrothermal 

process is characterised by using XRD, EDS and TEM. 

Crystalline nature of nano particles is characterised by XRD analysis. 

Broad, low-angle peak occurred in the XRD a pattern of synthesized zirconia is 

shown in Figure 5.1, which indicates very poor crystallization. One broad peak 

appeared at 2𝜃 ≈ 31.5
0
 is due to diffraction from (1 0 1) plane of tetragonal ZrO2 

phase. The largely broad peak and weak peak signal strongly suggest that zirconia 

(ZrO2) is an amorphous material and the particles might be ultrafine [2, 3]. 

Energy dispersive x-ray spectroscopy (EDS) is used for the elemental 

analysis of metal oxides. Elemental composition of zirconium and oxygen are 

seen in Figure 5.2. The tabulated results provide a semi-quantitative view of the 

elemental composition in units of both weight percent and atomic percent. The 

results reveal that Zr and O are the main elements present within the inspection 

field, with Zr being the most abundant. The atomic percentage of  Zr (78.59 %) 

and O (21.41%) in synthesised zirconia is comparable to atomic percentage of Zr 

(74%) and O (25.96 %) in pure ZrO2.  
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   Figure 5.1: XRD spectra of Nano ZrO2 prepared    Figure 5.2: EDS analysis of ZrO2 prepared  

 

Morphology of nano particles is determined by TEM images. TEM samples 

were made by dispersing a thin film of ZrO2 powder on Cu grid pre-coated with 

thin and flat carbon film. 

Figure 5.3 indicates a HRTEM image of ZrO2 nanoparticles. It shows that, 

nano particles have mostly consisted of spheres in shape and the size is found to be 

within the range of 1-5nm. It is clear that agglomeration takes place as a result of 

nanoparticle interaction. The broad ring pattern in the selected area electron 

diffraction pattern (SAED) indicates the short range order confirm that ZrO2 is 

amorphous in nature and the crystalline structure could be observed only on few 

particles [4].  

 

Figure 5.3: TEM images of prepared nano ZrO2  and its scattered 

area electron diffraction pattern  
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5.3.1 Effect of Zr 
4+

 / GAC Impregnation Ratio 

The yield and burn off are studied in relation to the different ratio of 

zirconia used in the chemical activation process. Figure 5.4 shows visually the 

burn off obtained for samples by applying different zirconium/carbon ratio. A 

significant amount of micro porosity is formed in the activated carbons as the 

degree of burn off increases. Variation of burn off and carbon yield with a 

different impregnation ratio are given in Table 5.1. The yield of activated carbon 

produced is also an important factor to be considered. This would set a limit on 

burn-off that has to be achieved [5]. 

 
Figure 5.4: Variation of burn off with impregnation   ratio 

 

From the series of impregnated carbon samples, 2% of zirconia impregnated 

(0.2g ZrO2 in 10g carbon) carbons is used for activation with steam at different 

temperature.  For this ratio burn off value less than 10% and yield is within the 

limit of 90%. Further impregnation of zirconium in carbon will not make much 

more effective on burn off and carbon yield.  

Table 5.1: Effect of ZrO2 on carbon yield and burn off at 873K as a function of 
incorporation ratio XZrO2 or XZr 

Amount of 

nano ZrO2 

% of  nano 

ZrO2 
% of Zr X ZrO 2 XZr 

Carbon 

yield % 

Burn off 

% 

0.025 0.2 0.185 0.00025 0.0018 98.3 1.71 

0.1 1 0.740 0.001 0.0074 95.9 4.11 

0.2 2 1.481 0.002 0.0148 90.8 9.18 

0.3 3 2.221 0.003 0.0222 89.7 10.30 
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5.4  Characterization Studies 

5.4.1 Carbon Yield and Burn Off  

The pore development in coconut shell based activated carbon depends 

strongly on the activation temperature. Zirconium impregnated carbon, activated 

with steam at activation temperatures ranging from 383 K to 1273 K is given in 

the Table 5.2. It shows that the yield continues to decrease from 95.5 % to 86.9 %, 

whereas burn off increase from 4.5 % to 13.1 % with a rise of  activation 

temperature  from 473 K to 1273 K. Burn off, percentage of GACNZR series of 

carbon samples was found to be less than 15 %.  The mesopore volume is rather 

insignificant, when burn off is less than 20 %.  

5.4.2 Elemental Analysis 

CHNS analysis shows that C % increases with activation temperature, 

whereas the percentage of O and H are decreased. High carbon content is found to 

be in GACNZR 1273 (92.4 %), whereas other ZrO2 impregnated carbons show 

carbon content is given as follows; GACNZR 383  (63.62 %), GACNZR 473 

(71.75 %), GACNZR 673 (82.13 %), GACNZR 873 (83.15 %), and GACNZR 

1073 (88.84 %). Percentages of oxygen in all carbons were found to be decreased 

with a rise of activation temperatures; it varies as GACNZR 383 (36.12 %), 

GACNZR 473 (26.55 %), GACNZR 673 (15.3 %), GACNZR 873 (16.5 %), 

GACNZR 1073 (10.8 %), GACNZR 1273 (6.96 %). Other elements such as 

hydrogen and nitrogen were also present in trace quantities.  

5.4.3  Boehm Surface Analysis 

Table 5.2 showed the acid/base properties of the adsorbents determined by 

the Boehm titration method. It can be observed that the amount of acidic groups is 

significantly higher than the total amount of basic groups. These results suggest 

that all carbon materials have an acidic character. 

Surface oxygen complexes on GACNZR series carbon materials are found to 

be decreased by heating at higher temperature. In carbons of GACNZR series, the 

carboxylic groups vary from 0.40 to 0.27 meq/g, lactonic group varies from 0.21 to 

0.11 meq/g, and phenolic group varies from 0.46 to 0.36 meq/g. Surface oxygen 
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complexes on carbon materials decompose upon heating by releasing CO and CO2 at 

different characteristic temperatures. Large reduction in the carboxylic group from 

0.40 to 0.310 meq/g is observed in the temperature range of 383 – 873 K. This is 

clearly indicated as the decomposition of carboxylic acid into CO2, which is occurring 

mainly in the temperature range of 373 – 673 K. Decomposition of lactonic group is 

initiated at the temperature range of 463 - 923K which is further confirmed by the 

reduction of lactonic group from 0.21 to 0.11 meq/g at the activation temperature of 

873 K (GACNZR 873). Decomposition of phenol will take place only at higher 

activation temperatures and it gives CO at 973 - 1253K [6].  

Table 5.2: Burn off, carbon yield, elemental composition & Boehm titration analysis of 
GACNZR  series at different temperature 383-1273K, GAC 383 and GACO 383 
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GACNZR  

383 NA NA 63.6 0.28 ND 36.1 0.40 0.46 0.21 0.5 

473 4.5 95.5 71.8 0.18 ND 26.6 0.35 0.36 0.21 0.5 

673 7.3 92.7 82.1 0.16 ND 15.3 0.35 0.46 0.21 0.6 

873 9.2 90.8 83.2 0.20 ND 16.5 0.31 0.59 0.11 0.6 

1073 12.2 87.8 88.8 0.26 ND 10.8 0.27 0.41 0.11 0.7 

1273 13.1 86.9 92.4 0.13 0.27 7.0 0.27 0.41 0.11 0.7 

GAC 383 383 NA NA 89.4 0.60 0.36 9.6 0.40 0.45 0.18 0.5 

GACO 383 383 NA NA 65.1 2.61 0.58 31.7 1.38 2.10 1.34 0.2 

5.4.4  X-ray Diffraction (XRD) Analysis  

The XRD patterns of the GAC 383, GACO 383 and GACNZR series of 

samples are shown in Figure 5.5. All samples showed broad peaks at around 2θ ≈ 

26 and 42. It is typically observed in amorphous materials with micrographitic 

structure and pyrolytic carbon corresponding (0 0 2) and (1 0 0) diffraction peak.  

Diffraction lines due to Zr
4+

 or ZrO2 is not detectable at lower activation 

temperature for GACNZR series. When activation temperature exceeds 873K, 
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new diffraction peaks appear in the region 2θ value of 31
 
corresponds to (101) 

plane of ZrO2. A small percentage of Zr
4+

 used for impregnation of GAC may be 

dispersed as clusters of ZrO2 which are not detectable by XRD. But as the 

activation temperature increases, zirconia crystallizes progressively and it will 

give the diffraction line at 31.  

 

 
 

Figure 5.5: XRD spectra of  (a) GAC 383 &  GACO 383 (b) GACNZR series of  

carbons activated at 383-1273K 

 

The lattice parameters of activated carbon at different temperature are 

calculated through XRD patterns. GACNZR series of carbons lattice parameters 

are distorted slightly as compared with that of GAC 383. With increasing 

temperature, Lc and La increases for GACNZR series of carbons, c-axis 

correlation length (Lc) varies from 1.02 to 1.35 nm; a-axis correlation length 

(La) varies from 2.08 to 2.77 nm. It corresponds to the transition from near- 

graphitization region to graphitization region at higher activation temperature. 

The interlayer spacing d002 (0.350 – 0.378 nm) in this structure is larger than the 

spacing in a graphite single crystal (0.335nm). The differences in the XRD 

patterns are caused by the lowering of crystallites of the activated carbon during 

the activation process [7].  

 

 

 

 

 

(a) (b) 
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Table 5.3: XRD crystalline parameters of  carbons GAC 383, GACO 383 and 
GACNZR  series at different temperature 383-1273K 

Carbons 
Lc 

(0.9) nm 

La 

(1.84) nm 

d002 

nm 

GAC 383 1.14 2.28 0.364 

GACO 383 0.97 1.94 0.356 

GACNZR 383 1.02 2.08 0.350 

GACNZR 473 1.04 2.13 0.369 

GACNZR 673 1.13 2.31 0.378 

GACNZR 873 1.16 2.37 0.374 

GACNZR 1073 1.35 2.77 0.374 

GACNZR 1273 1.35 2.77 0.372 

 

5.4.5 Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

FTIR spectra of all the samples have a strong hydroxyl stretching (3425 – 

3435 cm
-1

) vibrations of physically adsorbed water. The band at 2892 cm
-1

 present 

in the GAC 383 is shifted to higher frequency 2924 cm
-1
 in GACO 383. For ZrO2 

impregnated GAC it is found to be at 2886 cm
-1

 which is attributed to the C-H 

interaction with the surface of the carbon [8].  

The presence of peak at 2347 cm
-1
 in GAC 383 is shifted to 2358 cm

-1
 for 

nitric acid modified GAC. For ZrO2 impregnated GAC samples at higher 

temperature, it shifted to the region of 2367 - 2398 cm
-1
. This peak corresponds                

to the absorption of atmospheric CO2. A narrow band of big intensity at 1615 - 

1635 cm
−1

 indicated the presence of C=O groups. Peaks of weaker intensity at 1164 

- 968 cm
−1

 indicate the vibration of C=O, C-O and –OH from carbonyl, lactones 

and phenolic groups. A peak at 1307-1308 cm
-1

 is given by GACNZR 1073 and 

GACNZR 1273 denoted a combination of Zr-O vibration bonds. A weak vibration 

band in 1067-1069 cm
−1

 is given by  GACNZR series of carbons except GACNZR 

1073 and GACNZR 1273 which was related to Zr - O from ZrO2 [9]. The band at 

1067 cm
-1
 shifted to 1105 cm

-1
 for GACNZR 1073. For GACNZR 1273 it is shifted 

to 1077 cm
-1

, which is attributed to the bending vibrations of hydroxyl groups on 

metal oxides. 
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Figure 5.6:   FTIR spectra of  (a) GAC 383 (b) GACO 383  (c)-(h) GACNZR series 

of carbons activated at 383-1273 K for the evaluation of functional groups 

 

A new peak at 883 cm
-1

, 903 cm
-1

, 884 cm
-1
 present at GACNZR series of 

carbons at  higher activation temperatures indicating the presence of Zr-O-H groups 

in the hydrous zirconium oxide [10].  

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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The region 450-750 cm
-1

 are associated with the in plane and out-of-plane 

aromatic ring deformation vibrations. Peaks at 598 and 680 cm
-1

 are assigned to 

the out-of-plane C - H bending mode. 

5.4.6 X-ray Photoelectron Spectroscopy (XPS) Analysis  

Chemical composition and surface chemical states of the samples were 

examined by x-ray photoelectron spectroscopy. The specific binding energy of 

each electron corresponds to a Gaussian peak, representing a type of functional 

group. The distribution of C and O structures can be derived from C 1s and O 1s 

spectra (Figure 5.7(a)–(b)). The C=C peak at 284.4 eV corresponded to sp
2
 carbon 

bonding. It is in good agreement with C 1s level at 284.34 eV for GACNZR 1273 

and 284.66 eV for GAC 383 and GACO 383.   

 

  

 

 

 
Figure 5.7: X–ray photo electron 

spectrum (a) C 1s spectrum of GAC 

383, GACO 383 and GACNZR 1273 

(b) O 1s spectrum of GAC 383, GACO 

383 and GACNZR 1273 (c) Zr 3d 

spectrum of GACNZR 1273  

 

 

The binding energy of O 1s showed peak in the region of 532 eV. XPS 

analysis showed the decrease in the intensity of the O 1s signal for GACNZR 

1273 with a binding energy between 532 and 533 eV which corresponds to 

(a) (b) 

(c) 
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oxygen complexes such as C-O, C=O, and -COO-. However, GACO 383 showed 

a considerable increase in oxygen surface complexes which can be explained by 

nitric acid modification of granular activated carbon. 

XPS spectrum of GACNZR 1273 in the Zr 3d level is given in the Figure 

5.7(c) It can be seen that the binding energy of Zr 3d5/2 region corresponding to 

182.6 eV which is in good agreement with 182.3 eV of Zr
4+

 in ZrO2.   

 

 
 

Figure 5.8: X-ray photoelectron spectrum (XPS) of GACNZR 1273. Deconvoluted 

peaks (a) C 1s and (b) O 1s  
 

C 1s signal of GACNZR 1273 consists of different chemically shifted 

components. sp
2
 peak of the C 1s envelope centered at 284.5 eV. Deconvoluted  peak 

at 284.6 eV indicate C=C /C-C in aromatic rings. The component at 285.86 eV is 

assigned to C atoms directly bonded to oxygen in hydroxyl (C-OH) configurations, 

287 eV is characteristic of slightly oxidized carbon atoms in compounds such as 

alcohol or ethers. The binding energy at the region of 288.1 - 289.3 eV attributed to  

C (=O) – (OH). The band at 290.6 eV indicates the delocalized π conjugation.  

For curve fitting of the O1s peak, the functions as shown in Figure 5.8(b) 

were considered, namely C=O groups at 530 ± 0.1 eV, carbonyl oxygen atoms in 

esters, amides, anhydrides. Oxygen atoms in hydroxyls or ethers (C-O-C) are at 

532.3 ± 0.3 eV, the ether oxygen atoms in esters and anhydrides (COOCO) at 

533.4 eV and the oxygen atoms in carboxyl groups (COOH) at 534.2 eV [11].  

 

(a) (b) 
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5.4.7  Scanning Electron Microscopy (SEM) Analysis  

The surface morphology of the prepared activated carbons is examined by 

scanning electron microscope (SEM), and the images are shown in Figure 5.9. It 

gives the external surface of activated carbon with full of open cavities, voids and 

many small pores. Highly developed porosities of these samples may increase the 

internal pore diffusion to the adsorption sites. Large pores were developed on the 

surface of the activated carbon due to some of the volatiles being evolved at 

higher activation temperature. 

The GAC appeared to have an effect on the morphology of the zirconium 

nanoparticles in the GACNZR 1273. The ZrO2 gets distributed around the pore edges, 

and it is almost irregular in shape. They appeared as white points of different sizes 

and it will be confirmed by FTIR spectra in the same study. Acidic functional group 

on the surface of carbon exhibits negative charge in neutral or slightly acidic pH 

environments providing for lower isoelectric points. The positively charged Zr 

precursor ions are attracted by these negative surface charges which results 

distribution of the zirconium precursor material on the surface [12].  

  

 

 

 
 

 
Figure 5.9: Scanning electron micrographs 

(SEM) of GACNZR 1273 at different 

resolution (a) 250-100 µm (b) 500-50 µm 

and (c) 10 µm  

(a) (b) 

(c) 
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5.4.8  Transmission Electron Microscopy (TEM) Analysis 

TEM micrograph analysis of GAC impregnated with ZrO2 nano particles 
are shown in the Figure 5.10 (a) & (b) 

 
Figure 5.10:  High resolution transmission electron microscopy (HRTEM) of 
GACNZR 1273  at different resolutions (a) 50 nm and  (b) 20 nm 

 
Transmission electron microscopy of GACNZR 1273 shows that nano 

zirconia was dispersed onto the inner surface of the porous granular activated 
carbon and deposited at various positions throughout the surface.  The presence of 
zirconium is indicated by the bright spot. Higher atomic number elements appear as 
bright relative to low atomic number element carbon. It shows that nano ZrO2 is 
well distributed in impregnated GAC. Due to their distinct crystal lattice fringes, 
ZrO2 particles are easily differentiated from the highly disordered (amorphous) 
phase of GAC material as a background [13].  

5.5  Solid-Gas Adsorption Equilibria  

5.5.1  Adsorption Isotherm Analysis 

The nitrogen adsorption–desorption isotherms for the four selected activated 
carbons GACNZR 1073, GACNZR 1273, GAC 383 and GACO 383 are presented 
in the Figure 5.11. The shape of N2 adsorption–desorption isotherms are similar for 
all the four carbon studied. As it is clear from the Figure 5.11, the amount of N2 
uptake increases with an increase in the relative pressure, and adsorption 
approaches to a limit gradually when the adsorbent monolayer is saturated. This 
isotherm belongs to Type 1 behaviour as per the IUPAC classification [14]. 

(a) (b)
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On comparing with different activated carbons, it is suggested that the 

relative affinity for N2 adsorption for each activated carbon is different. It 

indicates the differences in pore volume or accessibility among the activated 

carbon surfaces. The Figure 5.11 shows that the adsorption of nitrogen on 

GACNZR 1073 is higher than that of GACNZR 1273, i.e. adsorption decreases 

with increasing the activation temperature from 1073 K to 1273 K in GACNZR 

series. This may be due to the destruction of the walls between adjacent pores by 

activating sample above 1073 K.  

 

 

Figure  5.11:  N2 adsorption  isotherm for GAC 383, GACO 

383 and GACNZR series carbonized at temperature 1073 

and 1273 K 
 

 

 

 

5. 5.1.1 Brunauer-Emmett-Teller (BET) Isotherm Analysis 

The surface area (SABET) of ZrO2 impregnated activated carbon was 

estimated by BET (Brunauer–Emmett–Teller) method by applying N2 adsorption 

data in the classical BET equation.  

1

𝑉(
𝑝0

𝑝 − 1)
=

1

𝑉𝑚𝐶
+

𝐶 − 1

𝑉𝑚𝐶
  

𝑝
𝑝0

                                                             (5.1) 

The surface areas and pore volumes of each carbons prepared under 

different activation conditions are given in the Table 5.4. 



Granular Activated Carbon Prepared By Activation with Zirconium Oxide (GACNZR): Preparation… 

 

285 Adsorption Isotherm Studies of Granular Activated Carbons:                                                                      
Activation with Zr4+/Nano ZrO2, Porosity, Surface area, Kinetics and Thermodynamics 

 

From Table 5.4  it can see that standard N2 adsorption isotherm data p/p0 

upto 0.1 has large CBET value. It may be concluded that the BET monolayer 

volume Vm (BET) seems to be more reliable at the relative pressure range p/p0 up                 

to 0.1.  

The chemical activation of GAC with zirconia (ZrO2) has a significant 

influence on surface area and porosity of granular activated carbons. On comparing 

with basic carbon GAC 383 (1298.48 m
2
/g), ZrO2 impregnated granular activated 

carbons shows 12 % (GACNZR 1073) and 5.24 % (GACNZR 1273) increment in 

surface area (SABET) and monolayer volume (Vm BET). Whereas for comparing                 

with GACO 383, these Zr
4+

 modified carbon shows 22.58 % (GACNZR 1073) and 

15.17 % (GACNZR 1273) increment in SABET and Vm (BET). 

The BET surface area (p/p0 up to 0.1) and the total pore volumes of the ZrO2 

activated carbons are decreased from 1454.35 m
2
/g  (VT  409.4 cm

3
/g) to 1300.47 m

2
/g 

(VT  397.2 cm
3
 /g) by rising the activation temperature from 1073 K to 1273 K.  

  

  
 

Figure 5.12: BET isotherm plot for GAC 383, GACO 383, GACNZR 1073 & 

GACNZR 1273 (a) p/p0 up to 0.3 and (b) p/p0 up to 0.1using N2/77K 

 

The high monolayer volume and surface area of GACNZR 1073 compared 

to GACNZR 1273 indicates that carbonization temperature upto 1073 K 

accelerates thermal degradation and the volatilization process of the ZrO2 

impregnated carbon. This process leads to increases in the surface area and pore 

development. A further rise in activation temperature may have induced shrinkage 

in the carbon structure, resulting in narrowing and closing up to some of the 

(a) (b) 
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pores, causes the reduction in surface area and a pore volume [16]. Average pore 

size obtained from the pore volume is found to be in the range of 1.74 - 1.80 nm 

which indicates that pores are typically micropores.  

5.5.1.2 The BET–Scatchard (B–S) Plots (I Point Analysis)  

The N2 adsorption isotherm data subjected to modified BET equations                

(I point analysis) for the calculation of specific surface area of carbons. This 

novel method employs plots of [V (1 - P)]/P versus [V (1 -P)] which provides 

inclined V type ( ) curve with an inversion point termed I point [17]. This I point 

corresponds exactly to V (1 - P) = Vm, i.e., the volume of nitrogen necessary for 

the formation of a monolayer.  

[𝑉(1 − 𝑃)]
𝑃 = 𝐶𝑉𝑚 −  𝐶 − 1  𝑉 1 − 𝑃                                                 (5.2) 

 

  

  

Figure 5.13 : Nitrogen adsorption-desorption isotherms and the corresponding I 
plots (a) GACNZR 1073 (b) GACNZR 1273 (c) GAC 383  & (d) GACO 383 

(c) 

(b) 

(d) 

(a) 



Granular Activated Carbon Prepared By Activation with Zirconium Oxide (GACNZR): Preparation… 

 

287 Adsorption Isotherm Studies of Granular Activated Carbons:                                                                      
Activation with Zr4+/Nano ZrO2, Porosity, Surface area, Kinetics and Thermodynamics 

 

The plots are shown in Figure 5.13, and the results are given in Table 5.4, 

the values of the monolayer capacity (VI) and surface area (SAI) obtained for the 

modified carbons were GACNZR 1073 (SAI 1424.89 m
2
/g & VI  327.32 cm

3
/g) 

and GACNZR 1273 (SAI 1340.25 m
2
/g &  VI  307.88 cm

3
/g). 

The monolayer volume and the corresponding specific surface area 

obtained from BET (up to p/p0 ≈ 0.1) and I plot method is comparable. It shows 

only 1 – 2 % error difference between values obtained from these two methods. 

This indicate that I plot method provide an alternative method for determining the 

surface area and monolayer volume. 

 

Table 5.4: BET and I plot isotherm parameters for GAC 383, GACO 383, GACNZR 1073 
& GACNZR 1273 using N2/77K  
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GAC 383 370.4 996.8 229.0 -816 1275.4 293.0 1298.5 298.3 524 1.76 

GACO 383 340.1 974.3 223.8 -119 1164.7 267.5 1186.5 272.6 439 1.77 

GACNZR1073 409.4 1161.5 266.8 -100 1424.9 327.3 1454.3 334.1 514 1.74 

GACNZR1273 397.2 1087.6 249.9 -96 1340.3 307.9 1366.5 313.9 572 1.80 

 

5.5.1.3 Langmuir Isotherm Analysis  

The maximum amount of N2 adsorbed per gram of adsorbent for the 

formation of monolayer is determined by using the Langmuir equation. This 

equation describes microporus material exhibiting Type I isotherms. 

𝑃

𝑉
=

1

𝑏𝑉𝑚
+

𝑃

𝑉𝑚
                                                                                                    (5.3) 

Slope and intercept of the linear fit of the plot were used for the calculation 

of monolayer capacity. 
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As shown in the Figure 5.14(a) the Langmuir model gives a good fit to the 

experimental data for all the four activated carbons studied. This indicates large 

surface coverage and high interactions between the N2 molecules for the entire 

range of pressure studied [18]. The monolayer capacity and corresponding surface 

area are given in Table 5.5. The monolayer capacity Vm (L) and surface area SAL 

obtained for the modified carbons are GACNZR 1073 (Vm = 376.83 cm
3
/g & SAL 

= 1640.43 m
2
/g) and GACNZR 1273 (Vm = 354.04 cm

3
/g & SAL = 1541.19 m

2
/g) 

respectively. Impregnation and activation at high temperature increases the pore 

volume and surface area of about 11.95 % for GACNZR 1073 and 5.18 % for 

GACNZR 1273 compared to basic carbon GAC 383. On comparing with nitric 

acid modified GACO 383 impregnated carbons shows 23.76 % (GACNZR 1073) 

and 16.27 % (GACNZR 1273) enhancement in monolayer volume and surface 

area. 

The calculated Langmuir surface area is more than 11.72–12.79 % 

compared to SABET (p/p0 = 0.1) for all prepared carbons. Surface area based on 

Langmuir model that considers a surface coverage with a monomolecular layer 

while SABET is based on a model that considers the multilayer coverage.  

5.5.1.4 Freundlich Isotherm Analysis 

Isothermal variation of a quantity of gas adsorbed by unit mass of solid 

adsorbent with pressure can be expressed by Freundlich equation. According to 

this equation extent of gas adsorption varies directly with pressure raised to the 

power 1/n until saturation pressure is reached. 

log 𝑉 = 𝑙𝑜𝑔𝐾𝐹 + 1
𝑛 𝑙𝑜𝑔𝑃                                                                              (5.4) 

 

The plots are shown in the Figure 5.14 (b), it indicates that it is generally 

valid in a limited range of pressure (p/p0=0.3). The empirical constants KF and n 

for the modified carbons are given in Table 5.5. The constants varies for carbons 

are, GACNZR 1073 (KF = 233.86 L/g & n = 9.79), and GACNZR 1273                     

(KF = 223.91 L/g & n = 10.19) respectively.   
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Figure 5.14:  Adsorption isotherm plots  (a) Langmuir (b) Freundlich for GAC 383, 

GACO 383, GACNZR 1073 & GACNZR 1273 using N2/77K 

 

Freundlich constant KF is a measure of adsorption capacity, which shows 

11.46 % increment in GACNZR 1073 and 6.72 % increment in GACNZR 1273 

compared to basic carbon GAC 383. On comparing with GACO 383 it shows 

27.44 % (GACNZR 1073) and 22.02 % (GACNZR 1273) increment in KF value. 

The measure of heterogeneity can be expressed in value of n, it is increased from 

9.79 to 10.19 for GACNZR series on changing the activation temperature from 

1073 K to 1273 K. The correlation coefficient of determination (R
2
) is greater 

than 0.99 which indicate that nitrogen adsorption data at 77K is suitably fit to this 

isotherm model for the relative pressure range up to 0.3. 

 

Table 5.5: Langmuir and Freundlich isotherm parameters for GAC 383, GACO 383, 

GACNZR 1073 and GACNZR 1273 using N2/77K 

 

 

Carbons 

Langmuir Freundlich 

Vm (L) 

cm
3
/g.STP 

SAL(m
2
/g) bx10

3
 R

2
 n 

KF   

L/g 
R

2
 

GAC 383 336.6 1465.3 278 0.999 9.9 209.8 0.999 

GACO 383 304.5 1325.5 246 0.999 9.4 183.5 0.999 

GACNZR 1073 376.8 1640.4 282 0.999 9.8 233.9 0.999 

GACNZR 1273 354.0 1541.2 294 0.999 10.2 223.9 0.999 
 

5.5.1.5 Dubinin-Radushkevich (D-R) Isotherm Analysis 

Dubinin - Radushkevich equation is applied to nitrogen adsorption data of 

GACNZR 1073,GACNZR 1273, GAC 383 and GACO 383, for the determination 

of the process of micro pore filling. The D-R equation is based on a plot of log V 

(a) (b) 
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versus log
2
 p0/p that leads to a straight line at very low relative pressure, in which 

the micropores are completely filled at the relative pressure of p/p0 ≈0.01 - 0.3 

log 𝑉 = log 𝑉𝑜 −  𝐷 𝑙𝑜𝑔2 (
𝑝0

𝑝)                                                                    (5.5)  

From the linear plot D-R isotherm, micropore volume Vmi (D-R) cm
3
/g (or V0) 

and characteristic adsorption energy E0 is obtained. From the E0 (or E) value we can 

calculate the pore width (L) from the empirical correlation between E0 and L. 

𝐿 = 6.6 − 1.79 ln 𝐸0  𝑛𝑚                                                                                 (5.6) 

 

From Vmi and L value , SA D-R can calculate using equation [19]        

 

𝑆𝐴 =
2 × 103 𝑉𝑚𝑖  (𝑐𝑚3/𝑔)

𝐿(𝑛𝑚)
                                                                            (5.7) 

 

The plots are shown in the Figure 5.15 (a), and the results are given in Table 5.6.  

Analysis of the data using the Dubinin- Radushkevich models gives 

micropore (< 2 nm) volumes Vmi (D-R) and SAD-R of carbons as; GACNZR 1073 

(Vmi =392.8 cm
3
/g & SAD-R  = 723.0 m

2
/g) and GACNZR 1273 (Vmi = 368.9 cm

3
/g 

& SAD-R = 691.3 m
2
/g). These  are comparatively higher than basic carbons GAC 

383 (Vmi = 351.3 cm
3
/g &  SAD-R = 646.5 m

2
/g) and GACO 383 (Vmi = 322.8 cm

3
/g          

& SAD-R = 570.2 m
2
/g). 

This characteristic energy E depends only on the nature of adsorbent, its 

value for GACNZR 1073 (15.63 kJ/mol) and GACNZR 1273 (15.88 kJ/mol) is 

comparatively higher than basic carbons GAC 383 (15.61 kJ/mol) and GACO 383 

(15.02 kJ/mol). The pore width (L) determined for all new carbons lies in the 

range of 1.65 - 1.75 nm, which indicates that carbons are microporous in nature. 

5.5.1.6 Alpha S (αs) Method 

It is used for the determination of micropore volumes and the external surface 

area (from the slopes of linear portions of Alpha S curves) of carbon materials. 

𝛼s =
𝑉𝑎𝑑𝑠

𝑉
𝑎𝑑𝑠 (

𝑝
𝑝0

=0.4)

                                                                                              (5.8) 
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The αs isotherm analysis of GACNZR 1073 and GACNZR 1273 carbons is 
shown in the Figure 5.15(b) and the results are tabulated in Table 5.6. 
 

 
Figure 5.15: Adsorption isotherm plots (a) Dubinin - Radushkevich  (b) Alpha S (αs) 
for GAC 383, GACO 383,GACNZR 1073 & GACNZR 1273  using N2/77K 
 

This method is a highly sensitive analytical method because it covers all 
the range of pressure, thus their values are more reliable. For the carbon samples, 
micropore volume Vmi(αS) varies as; GACNZR 1073 (391.30 cm3/g) and GACNZR 
1273 is (368.59 cm3/g). The micropore volume Vmi(αS) obtained from the αs method is 
more comparable to the value that obtained from Dubinin-Radushkevich method Vmi 
(D-R)  (Table 5.6).  

Chemical activation of GAC with ZrO2 enhances the external surface area 
SAext of about 11.32 % in GACNZR 1073 (1119.13 m2/g) and 5 % in GACNZR 
1273 (1054.17 m2/g) compared to basic raw material GAC 383 (1005.3 m2/g). 

 

Table 5.6: Dubinin-Radushkevich (D-R) & Alpha S (αS) isotherm parameters of GAC 383, 
GACO 383, GACNZR 1073 and GACNZR 1273 using N2/77K 

 
 

Carbons 

Dubinin-Radushkevich (D-R) Alpha S (αS) 
SA D-R   
m2/g 

Vmi  (D-R) 
cm3/g.STP L nm E  

kJ/mol R2 Vmi (α S) 
cm3/g.STP 

SA ext     
m2/g 

GAC 383 646.5 351.3 1.68 15.61 0.986 351.5 1005.3 
GACO 383 570.2 322.8 1.75 15.02 0.979 325.3 930.3 
GACNZR1073 723.0 392.8 1.68 15.63 0.990 391.3 1119.1 
GACNZR1273 691.3 368.9 1.65 15.88 0.989 368.6 1054.2 

(a) 

(b)
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5.5.1.7 John Isotherm Analysis 

John isotherm plots for the adsorption of N2 at 77 K on GACNZR 1073 and 

GACNZR 1273 are given in the Figure 5.16. It shows three distinct phase changes 

such as molecular sieve effect, monolayer filling and wider pore filling. 

Monolayer completion has been observed as distinct phases for adsorption on 

microporous carbons [20-22]. The general form of John isotherm equation applied 

to the N2 adsorption data to study the pore filling mechanism 

𝑙𝑜𝑔𝑙𝑜𝑔𝑃 = 𝐶 + 𝑛𝑙𝑜𝑔 𝑉                                                                                (5.9) 

Where P = p/p0 X 10
N
  

N’ is taken conveniently to make log P positive, thereby log log P could be 

found, and n is adsorbability constant. 

The equation (5.9) is further extended to study the adsorption potential of 

porous materials, from solid - liquid adsorption system known as the John - 

Sivanandan Achari isotherm given by  

𝑙𝑜𝑔𝑙𝑜𝑔 𝐶𝑒 = 𝐶 + 𝑛𝑙𝑜𝑔 𝑞𝑒                                                                             (5.9 𝑎) 
 

 
 

Figure 5. 16: John Isotherm plot  for carbons (a) GACNZR 1073 (b) GACNZR 1273 

 

Molecular sieve effects (mse), causes an adsorption to take place in pores 

having a width less than 0.8 nm. It is represented by the phase I of the isotherm, the 

amount of N2 adsorbed  in first phase  for carbon samples are given as follows; 

(a) (b) 
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GACNZR 1073 (323.31 cm
3
/g) and GACNZR 1273 (304.03 cm

3
/g). These indicate 

that the contribution of finer pores is 79 % for total microporosity of the material.  

Table 5.7: John adsorption isotherm parameters of GAC 383, GACO 383, GACNZR 1073 

and GACONZR 1273 

Carbons 

Adsorption Capacity (cm
3
/g) 

Vmse 

cm
3
/g.STP 

Vm(J) 

cm
3
/g.STP 

Vc(J) 

cm
3
/g.STP 

VT(J) 

cm
3
/g.STP 

GAC 383 289.95 

n = 3.76 

43.61 

n = 2.85 

32.05 

n = 3.60 

365.61 

GACO 383 264.10 

n = 3.43 

52.06 

n = 2.42 

21.55 

n = 3.78 

337.72 

 

GACNZR 1073  323.31 

n = 3.68 

54.34 

n = 2.88 

31.51 

n = 3.94 

409.16 

GACNZR 1273  304.03 

n = 3.81 

50.36 

n = 3.07 

28.45 

n = 3.82 

382.84 

 

 

Monolayer completion is represented by phase II in which molecules fill in 

the pores having width 0.8-2 nm. The amount of N2 adsorbed  in this phase for carbon 

samples are given as follows; GACNZR 1073 (54.34 cm
3
/g) and GACNZR 1273 

(50.36 cm
3
/g). This indicates the prominence of molecular sieve effects and more 

accessibility of N2 into the porous structure of ZrO2 impregnated carbons. 

Phase III indicates wider pore filling this phase change will give comparatively 

lower values such as 31.51 cm
3
/g (GACNZR 1073) and 28.45 cm

3
/g (GACNZR 

1273). After wider pore filling saturation will occur, this is the characteristic of 

most Type I porous materials. 

Pore volume obtained from John, D-R, Alpha S and Langmuir isotherms 

shows comparable values as shown in the Figure 5.17. 

5.5.1.8 t-Plot Method 

The t-plot isotherm analysis is used for the determination of micropore 

volume, micropore surface area and external surface area of carbons GAC 383, 

GACO 383, GACNZR 1073 and GACNZR 1273. 

𝑡 = [ 13.99 
(0.034 − log(

𝑝
𝑝0

 ))] 
0.5

                                                       (5.10) 
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The plots are shown in the Figure 5.18, and the results are given in Table 5.8. 

The prepared activated carbon is mainly microporous, but it also contains 

mesopores that are crucial in facilitating the access of the adsorbate molecules to 

the interior of the carbon particles. External surface area of the microporous 

materials can be determined by using the Equation (5.11) 

𝑆𝐴𝑒𝑥𝑡 =
𝑠𝑙𝑜𝑝𝑒 × (1010𝐴0/𝑚)  ×  𝐷

𝐹 × 106
                                                       (5.11) 

 

Micropore volume Vmi (t) and micropore surface area SAmi (t) obtained                 

for carbons are given as follows; GACNZR 1073 (Vmi = 262.66 cm
3
/g &                     

SAmi = 743.01m
2
/g) and GACNZR 1273 (Vmi = 248.93cm

3
/g & SAmi = 701.05m

2
/g). 

The external surface area SAext(t) calculated for carbons are GACNZR 1073 

(418.47 m
2
/g) and GACNZR 1273 (386.60 m

2 
/g) respectively.  

There is not a sufficient increment in the external surface area of GACNZR 

1073 compared to GAC 383, whereas micropore surface area increases from 

588.65 m
2
/g to 743.01 m

2
/g. This indicates that chemical activation of GAC with 

ZrO2 at 1073 K generates additional micropores without the widening of existing 

micropores in GAC 383. 

 

 
 

Figure 5.17: Comparison of Pore volumes 

obtained from John (J), D-R, Alpha S and 

Langmuir models for the adsorption  of N2 

at 77K for microporous  carbons 

Figure 5.18: t-plot  analysis of  GAC 

383, GACO 383 and GACNZR series 

carbonized at temperature 1073- 1273 K 

(a) (b) 
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Micropore surface area decreases from 743.01 m
2 

/g to 701.05 m
2 

/g and 

external surface area decreases from 418.5 m
2 

/g to 386.60 m
2
/g by rising 

activation temperature from 1073 K to 1273 K for GACNZR series of carbons. It 

may be due to the activation temperature 1273 K may have induced shrinkage in 

the carbon structure, resulting in a reduction in surface area and a pore volume. 

5.5.1.9 Barrett-Joyner-Halenda (BJH) Method 

The pore size distribution of the prepared activated carbon was determined 

by BJH (Barrett–Joyner–Halenda) model using N2 adsorption-desorption isotherms. 

The nitrogen adsorption−desorption isotherms of pore width distribution are 

shown in Figure 5.19 - 5.21. It is seen that maxima pore size distribution centers 

occur approximately at 3.48 nm (GACNZR 1073), and 3.42 nm (GACNZR 1273) 

respectively. 

 

 
 

Figure 5.19: BJH isotherm analysis (a) Adsorption cumulative pore volume                     

(b) Desorption cumulative pore volume for GAC 383, GACO 383, GACNZR  1073 

& GACNZR 1273 

 

For GACNZR 1073 the adsorption cumulative surface area (ADCSA) of the 

respective pore is 237.3 m
2
/g for a cumulative pore volume (ACPV) of 0.1416 cm

3
/g 

(91.58 cm
3
/g.STP). Desorption cumulative surface area (DCSA) found to be 

229.8 m
2
/g for a cumulative pore volume (DCPV) of 0.137 cm

3
/g (88.61 

cm
3
/g.STP). The respective adsorption pore width and desorption pore width are 

2.387 nm and 2.388 nm. 

(a) (b) 
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Figure  5.20: BJH isotherm analysis (a) Adsorption dV/dw pore volume  (b) Desorption 

dV/dw pore volume for GAC 383, GACO 383, GACNZR  1073 & GACNZR 1273 

 

  
 

Figure 5.21: BJH isotherm analysis (a) Adsorption dV/dlogw pore volume and                      

(b) Desorption dV/dlogw pore volume for the carbons, GAC 383, GACO 383, GACNZR  

1073 & GACNZR 1273 

 

For GACNZR 1273 the adsorption cumulative surface area (ADCSA) of 

the respective pore are 224.281 m
2
/g for a cumulative pore volume (ACPV) of 

0.1524 cm
3
/g (98.69 cm

3
/g.STP) and desorption cumulative surface area (DCSA) 

of the respective pore found to be 228.30 m
2
/g for a cumulative pore volume 

(DCPV) of 0.15244 cm
3
/g (98.96 cm

3
/g.STP). The respective adsorption pore 

width and desorption pore width are 2.719 nm and 2.673 nm. 

 

(a) (b) 

(a) (b) 
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Table 5.8: t-plot and BJH isotherm parameters of GAC 383, GACO 383, GACNZR 
1073 and GACNZR 1273 
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GAC 383 226.7 588.7 408.1 226.2 220.5 0.138 0.134 2.44 2.43 

GACO 383 192.0 540.3 433.7 250.0 242.8 0.142 0.137 2.28 2.26 

GACNZR 1073 262.7 743.0 418.5 237.3 229.8 0.142 0.137 2.39 2.39 

GACNZR 1273 248.9 701.1 386.6 224.3 228.3 0.152 0.153 2.72 2.67 

∗ 𝑉𝑚  𝑐𝑚3 𝑔  =  
𝑉𝑚  𝑐𝑚3 𝑔  . 𝑆𝑇𝑃 × 28

22414 × 0.808
 

 

5.6  Solid-Liquid Equilibria: Adsorption Studies 

  

 

 

 

Figure 5.22: Adsorption efficiency 

of  GACNZR series of carbons in                 

(a) 1000 mg/L phenol (b) 1000 mg/L 

p-nitrophenol and (c) 500 mg/L 

methylene blue (MB) 

 

Maximum efficiency of GACNZR series of carbons towards phenol,                   

p-nitrophenol and MB is determined by batch tests. Here 0.05 g carbon in 50 ml 

solution of phenol (Co 1000 mg/L. equilibrium time 8 hour), p-nitrophenol               

(Co 1000 mg/L, equilibrium time 8 hour) and MB (Co 500 mg/L, equilibrium time 

(a) (b) 

(c) 
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10  hour) and placed on a water bath shaker for a required equilibrium time at 30
0
C. 

Finally the filtered solution is analysed by uv-visible spectrophotometer at the 

appropriate wavelength. Among the series of GACNZR studied, GACNZR 1073 

shows maximum efficiency towards phenol, p-nitrophenol and methylene blue (MB) 

and which also having a high BET surface area and pore volume. This selected 

GACNZR 1073 is further used for studying solid –liquid equilibria along with GAC 

383 and GACO 383. 

5.6.1 Adsorption Studies of Phenol, P-Nitrophenol and Methylene Blue   

Figure 5.23(a)-(c) depicts the equilibrium adsorption isotherm of phenol,  

p-nitrophenol and methylene blue onto GAC 383, GACO 383, and GACNZR 

1073 at 30
0
C. The entire isotherm might be classified of Langmurian type. 

Among the carbon studied GACNZR 1073 shows high affinity towards phenol,      

p-nitrophenol and MB compared to GAC 383 and GACO 383. This behaviour 

indicates that GACNZR 1073 surface may have more readily accessible sites for 

adsorbate than that of other two activated carbons. 

  

 

 
Figure 5.23: Equilibrium adsorption 

isotherm plots for carbons GAC 383, 

GACO 383, and GACNZR 1073 at 

30
0
C (a) Phenol [C0; 25 -3000 mg/L], 

(b) p-nitrophenol [C0; 25-3000mg/L] 

and (c) methylene blue [C0; 25 -1500 

mg/L] 

(a) (b) 

(c) 
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Figure 5.23(a) shows the plot between the amount of phenol adsorbed (qe) 

against equilibrium concentration (Ce) at 303 K. The amount of phenol adsorbed (qe) 

on GAC given as follows;  GACNZR 1073 (382 mg/g), GAC 383 (301 mg/g) and 

GACO 383 (209 mg/g). The amount of p-nitrophenol adsorbed on GAC follows as 

GACNZR 1073 (507 mg/g), GAC 383 (341 mg/g) and GACO 383 (220 mg/g). The 

amount of methylene blue adsorbed on GAC follows as; GACNZR 1073 (279 mg/g), 

GAC 383 (190 mg/g) and GACO 383 (138 mg/g). Increasing order of the adsorption 

capacity of GAC studied towards phenol, p-nitrophenol and MB follows GACO 383 

< GAC 383 < GACNZR 1073. The adsorption capacity of GAC increased by 

impregnating and activating with ZrO2. Compared to GAC 383, carbon GACNZR 

1073 shows 26.9 % more adsorption efficiency for phenol, 49 % more adsorption 

efficiency for p-nitrophenol and 47 % more efficiency for MB. 

5.6.2 Adsorption of Phenol on GACNZR 1073, GAC 383 and GACO 

383 at Temperatures 

There were three isotherm models were applied to describe the experimental 

data. They are, Langmuir, Freundlich and Dubinin-Radushkevich isotherm 

models. 

The Langmuir isotherm plot (Ce against Ce/qe) for phenol adsorption on 

GAC 383, GACO 383 and GACNZR 1073 with respect to five temperatures are 

given in Figures 5.24(a)–(c) 

Change in monolayer adsorption capacity for GACNZR 1073, GAC 383 

and GACO 383 at five different temperatures is given in the Table 5.9. For carbon 

GACNZR 1073 these values are; 283 K (344.8 mg/g), 293 K (380.2 mg/g), 303 K 

(401.6 mg/g), 313 K (469.5 mg/g), and 323 K (502.5 mg/g). It can be seen that 

the enhancement of monolayer capacity compared to basic carbon is more 

prominent at higher temperature. Percentage of enhancement in monolayer 

capacity of GACNZR 1073 compared to basic carbon at different solution 

temperature is given as follows; 283 K (29.3 %), 293 K (33.5 %), 303 K (28.5 %), 

313 K (39.4 %), and 323 K (42.7 %). The Langmuir constant KL also influenced 

by solution temperature and varies as; 283 K (1.81 Lg
-1

), 293 K (2.21 Lg
-1
), 303 K 

(2.90 Lg
-1

), 313 K (3.27 Lg
-1

), and 323 K (4.14 Lg
-1
). 
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𝐶𝑒

𝑞𝑒
=

1

𝐾𝐿
+

𝑎𝐿

𝐾𝐿
𝐶𝑒                                                                                               (5.12) 

 

  

 

 

 

Figure 5.24: Langmuir  isotherm plot 

for the adsorption of phenol on carbons 

at temperatures of 283 - 323 K and C0; 

25-3000 mg/L (a) GACNZR 1073,   

(b) GAC 383 and  (c) GACO 383 

 
As the temperature of phenol solution increases, the surface activity and 

kinetic energy of phenol also increased. This caused the interaction forces 

between the solute and adsorbent to become stronger than solute and solvent [23]. 

Linear fits of the equilibrium data in the Langmuir model indicate that the 

adsorption sites of the GACNZR 1073, GAC 383 and GACO 383 surface are 

homogeneous and accessed equally by the phenol molecule. 

The Freundlich isotherm plots for phenol adsorption on GACNZR 1073, 

GAC 383, and GACO 383 are given in Figures 5.25(a)–(c).  

𝑙𝑜𝑔𝑞𝑒 = 𝑙𝑜𝑔𝐾𝐹 +
1

𝑛
log 𝐶𝑒                                                                             (5.13) 

 

(a) (b) 

(c) 
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Figure 5.25: Freundlich isotherm plot 

for the adsorption of phenol on carbons 

at temperatures of 283 - 323 K and C0; 

25-3000 mg/L (a) GACNZR 1073,   

(b) GAC 383 and  (c) GACO 383 

 

Freundlich parameter KF for GACNZR 1073 is increased with solution 

temperatures. Its values are given as follows; 283 K (13.45 Lg
-1

), 293 K (14.69 

Lg
-1

), 303 K (16.15 Lg
-1

), 313 K (17.58 Lg
-1
) and 323 K (19.44 Lg

-1
). The higher 

magnitude of KF with temperature indicates the endothermic nature of adsorption. 

Freundlich constant n (2.20 - 2.30) indicates favourable adsorption for all 

temperatures studied. Suggests a high affinity of phenol molecule on the surface 

of granular activated carbon. Lower correlation coefficient (R
2
) compared to 

Langmuir isotherm indicates adsorption data are not well fitted to Freundlich 

isotherm.  

The Dubinin-Radushkevich plot ln qe against [RT ln (1+1/Ce)]
2 

for phenol 

adsorption on GAC 383, GACO 383 and GACNZR 1073 at five solution 

temperatures are given in Figures 5.26(a)–(c).  

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑞𝑚𝑖 − 𝛽𝜀2                                                                                        (5.14) 

 

(a) (b) 

(c) 
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The constant such as qmi (D-R), 𝛽 and the mean free energy, E were 

determined from the appropriate plot and are given in Table 5.9. The micropore 

adsorption capacities obtained from D-R isotherm plot for GACNZR 1073 at 

different temperatures are given as; 283 K (52.7 mg/g), 293 K (56.94 mg/g), 303 

K (59.06 mg/g), 313 K (61.9 mg/g) and 323 K (61.24 mg/g). 

𝐸 =
1

 2𝛽
                                                                                                           (5.15) 

The mean free energy is defined as the free energy to transfer one mole of 

solute from infinity (in solution) to the surface of the adsorbent [24]. It varies 

between 0.272- 0.491 kJ/mol for GACNZR 1073 at the temperature range of             

283 – 323 K. 

 

  

 

 

 
Figure 5.26: Dubinin-Radushkevich 

isotherm plot for the adsorption of phenol 

on carbons at temperatures of 283 - 323 

K and C0; 25-3000 mg/L (a) GACNZR 

1073, (b) GAC 383 and  (c) GACO 383 

 

Among the three isotherm models studied Langmuir isotherm give better fit 

of the data, which indicate higher correlation coefficient (R
2
) compared to other 

(a) (b) 

(c) 
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isotherm models. This suggests that Langmuir isotherm model correlate the 

adsorption equilibria of the adsorbate as well. 

Table 5.9: Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherm 
parameters for the adsorption of phenol on carbons GACNZR 1073, GAC  383 and 

GACO 383 at 283 – 323 K 
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 1
0
7
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 283 344.8 1.81 53 0.994 2.30 13.5 0.968 52.7 6.7 0.941 0.272 

293 380.2 2.21 58 0.996 2.27 14.7 0.966 56.9 5.6 0.958 0.298 

303 401.6 2.90 71 0.998 2.25 16.2 0.947 59.1 4.1 0.956 0.348 

313 469.5 3.27 70 0.998 2.20 17.6 0.956 61.9 3.8 0.955 0.391 

323 502.5 4.14 82 0.998 2.20 19.4 0.953 61.2 2.1 0.945 0.491 

G
A

C
 3

8
3
 

283 266.7 2.33 87 0.998 2.60 16.4 0.935 55.5 7.0 0.966 0.267 

293 284.9 2.46 87 0.998 2.56 16.7 0.935 56.6 6.0 0.966 0.288 

303 312.5 2.48 79 0.998 2.49 16.7 0.945 57.4 5.1 0.966 0.293 

313 336.7 2.53 75 0.998 2.44 17.0 0.951 58.4 4.4 0.966 0.338 

323 352.1 2.68 76 0.998 2.42 17.4 0.951 59.2 3.8 0.966 0.362 

G
A

C
O

 3
8
3
 

283 188.3 2.17 115 0.998 3.17 19.2 0.885 46.9 7.5 0.906 0.258 

293 199.6 2.34 117 0.998 3.13 19.9 0.889 56.1 6.7 0.966 0.273 

303 209.6 2.48 119 0.998 3.12 20.7 0.895 57.4 5.5 0.970 0.302 

313 225.7 2.52 112 0.998 3.05 21.1 0.903 58.8 4.7 0.968 0.328 

323 237.0 2.59 109 0.998 3.02 21.7 0.904 59.3 3.9 0.966 0.359 
 

5.6.3 Adsorption of P-Nitrophenol on GACNZR 1073, GAC 383 and  

GACO 383 at Temperatures 

Adsorption efficiency (qe mg/g) of granular activated carbons towards        

p-nitrophenol from aqueous solutions as a function of temperature is studied by 

using different isotherm models  

The Langmuir isotherm plot Ce against Ce/qe of p-nitrophenol adsorption on 

GAC 383, GACO 383 and GACNZR 1073 with respect to five temperatures are 

given in Figures 5.27 (a)–(c). 
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Figure 5.27:  Langmuir  isotherm plot for 

the adsorption of  p-nitrophenol on carbons 

at temperatures of 283 - 323 K and C0; 25-

3000 mg/L  (a) GACNZR 1073, (b) GAC 

383 and  (c) GACO 383 

 

The monolayer capacity of GACNZR 1073 at different temperatures are 

given as 283 K (344.8 mg/g), 293 K (380.2 mg/g), 303 K (401.6 mg/g), 313 K 

(469.5 mg/g), and 323 K (502.5 mg/g). Considerably high value of qm at 323 K 

indicates that temperatures had a major effect on p-nitrophenol adsorption. The 

modified carbon GACNZR 1073 shows 40 – 47 % enhancement in monolayer 

volume compared to basic GAC 383. Langmuir constant KL also varies with 

temperature of solution and it ranges 5.84 – 14.3 Lg
-1 

at 283 – 323K.   

A plot of log Ce versus log qe (Figure 5.28) gave straight line with less fit 

indicating that the adsorption process did not follow the Freundlich model. Constant 

KF and n were generated from slope and intercept of plot. It is given in the Table 5.10. 

KF varies from 59.2 to 73.6 Lg
-1
 by rising the solution temperature from 283 to 323 K. 

Freundlich constant n is lies within the range  of 3.8 - 3.4 Lg
-1
. High KF and n value 

for GACNZR 1073 compared to GAC 383 reveals the higher adsorption capacity of 

GACNZR 1073 towards  p-nitrophenol. 

(a) (b) 

(c) 
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Figure 5.28: Freundlich isotherm plot 

for the adsorption of  p-nitrophenol on 

carbons at temperatures of 283 - 323 K 

and C0; 25-3000 mg/L  (a) GACNZR 

1073, (b) GAC 383 and  (c) GACO 383 

 

The Dubinin-Radushkevich plot of ln qe against [RT ln (1+1/Ce]
2 

for               

p-nitrophenol adsorption on GAC 383, GACO 383 and GACNZR 1073 with 

respect to five temperatures are given in Figures 5.29(a)–(c). The constant such as 

qmi (D-R),  𝛽 and the mean free energy, E were determined from the appropriate 

plot and are given in Table 5.10. 

The mean free energy of adsorption from D-R gave 4.54 to 4.64 kJ/mol. It 

specifies the physisorption of p-nitrophenol on GAC. The micropore adsorption 

(qmi) obtained from the intercept of D-R plot enhances from 94.12 mg/g to 

103.99 mg/g with the increasing of solution temperature (283 K – 323 K).  The 

qmi (D-R) for the uptake of p-nitrophenol onto GACNZR 1073 shows more than 

23 – 28 % enhancement compared to basic GAC 383. 

 

 

(a) 
(b) 

(c) 
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Figure 5.29: Dubinin-Radushkevich   

(D-R) isotherm plot for the adsorption of  

p-nitrophenol on carbons at temperatures 

of 283 - 323 K and C0; 25-3000 mg/L  

(a) GACNZR 1073, (b) GAC 383 and  

(c) GACO 383 

 

Table 5.10: Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherm 
parameters for the adsorption of p-nitrophenol on carbons on GACNZR 1073,GAC 383, 

and GACO 383 at 283 – 323 K 
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 1
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3 283 401.6 5.84 145 0.990 3.89 59.2 0.901 94.1 0.20 0.980 4.5 

293 434.8 7.31 168 0.994 3.71 62.9 0.901 96.3 0.15 0.980 4.6 

303 505.1 8.95 177 0.996 3.49 65.6 0.927 96.8 0.11 0.980 4.6 

313 529.1 12.9 244 0.998 3.42 69.2 0.925 100.9 0.10 0.980 4.6 

323 581.4 14.3 245 0.998 3.36 73.6 0.931 104.0 0.08 0.980 4.6 

G
A

C
 3

8
3
 283 272.5 7.61 279 0.998 4.26 53.5 0.861 75.8 0.23 0.966 1.6 

293 304.9 8.36 274 0.998 4.06 55.0 0.880 77.0 0.18 0.966 1.8 

303 340.1 9.03 265 0.998 3.88 56.6 0.893 78.2 0.15 0.966 1.9 

313 377.4 9.40 249 0.998 3.73 58.1 0.906 79.5 0.12 0.966 2.1 

 323 403.2 10.7 265 0.998 3.64 59.9 0.914 81.2 0.10 0.966 2.2 

G
A

C
O

3
8
3
 283 201.6 2.06 102 0.998 3.05 18.5 0.925 49.6 4.63 0.951 0.33 

293 213.2 2.14 101 0.998 3.01 18.9 0.927 50.6 3.97 0.953 0.36 

303 224.2 2.24 100 0.998 2.97 19.3 0.929 51.3 3.35 0.951 0.39 

313 235.3 2.31 98 0.998 2.94 19.7 0.931 52.1 2.92 0.951 0.41 

323 245.7 2.41 98 0.998 2.91 20.0 0.933 52.7 2.51 0.949 0.45 

(a) (b) 

(c) 
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5.6.4 Adsorption of Methylene Blue on GACNZR 1073, GAC 383 and  

GACO 383 at Temperatures 

The effective removal of methylene blue (MB) from aqueous solution by 

GACNR 1073, GAC 383 and GACO 383 at different temperature are expressed 

by different isotherm methods.  

The Langmuir isotherm plot Ce against Ce/qe of MB adsorption on GAC 

383, GACO 383 and GACNZR 1073 with respect to five temperatures are given 

in Figures 5.30 (a) – (c). The constants are evaluated from slope and intercept of 

the linear plot are given in Table 5.11.  

 

  

 

 

Figure 5.30: Langmuir  isotherm plot 

for the adsorption of  methylene blue 

(MB) on carbons at temperatures of 

283 - 323 K and C0; 25-1500 mg/L  

(a) GACNZR 1073, (b) GAC 383 

and  (c) GACO 383 

 

The Langmuir adsorption maxima (KL/aL) for MB adsorption on GACNZR 

1073 at different solution temperature are given as follows; 283K (204.5 mg/g), 293K 

(238.7 mg/g), 303K (283.3 mg/g), 313K (332.2 mg/g), and 323K (374.5 mg/g). As 

the solution temperature rises the percentage of monolayer volume increases from 

(a) (b) 

(c) 
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35.8 % to 63.3 % compared to GAC 383. Langmuir equilibrium constant KL 

varies with temperature are given as; 283 K (3.94 Lg
-1

), 293 K (5.24 Lg
-1

), 303 K 

(6.00 Lg
-1

), 313 K (6.91 Lg
-1

), 323 K (8.18 Lg
-1

). The high correlation coefficient 

shows that Langmuir equation gives excellent fit to the adsorption isotherm data. 

 

  

 

 

 
Figure 5.31: Freundlich isotherm for 

the adsorption of  methylene blue (MB) 

on carbons at temperatures of  283 - 323 K 

and C0; 25-1500 mg/L (a) GACNZR 

1073, (b) GAC 383 and  (c) GACO 383 

 

 

The Freundlich plots for methylene blue adsorption on GACNZR 1073, 

GAC 383, and GACO 383 are given in Figures 5.31(a)–(c). KF values for 

GACNZR 1073 increased with temperatures and given as 283 K (40.95 Lg
-1

), 293 

K (44.99 Lg
-1

), 303 K (48.38 Lg
-1

), 313 K (52.68 Lg
-1

) and 323K (57.37 Lg
-1

). 

Table 5.11 reveals that for all the temperature conditions, KF of GACNZR 1073 is  

higher than that of GAC 383 and GACO 383 i.e. carbon GACNZR 1073 perform 

better than other two carbons. Freundlich constant n values are found to be within 

range (4.40 - 3.70) of favourable adsorption.  

(a) (b) 

(c) 
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Figure 5.32: Dubinin Radushkevich 

isotherm for the adsorption of  methylene 

blue (MB) on carbons at temperatures of                 

283 - 323 K and C0; 25-1500 mg/L                 

(a) GACNZR 1073, (b) GAC 383 and  

(c) GACO 383 

 

 

The Dubinin–Radushkevich (D-R) plots for methylene blue adsorption on 

GACNZR 1073, GAC 383, and GACO 383 are given in Figures 5.32 (a)–(c). The 

Adsorption energy (E) obtained from D-R isotherm at different temperatures are 

given as 283 K (3.27 kJ/mol), 293 K (3.83 kJ/mol), 303 K (4.31 kJ/mol), 313 K 

(4.96 kJ/mol) and 323 K (5.63 kJ/mol). Lower E suggests that the uptake of MB 

on to GACNZR 1073 is physisorption. The adsorption capacity obtained from the 

D-R isotherm equation for GACNZR 1073 at different solution temperatures are 

given as follows; 283 K (60.78 mg/g), 293 K (63.61 mg/g), 303 K (65.52 mg/g), 

313 K (67.42 mg/g) and 323 K (68.90 mg/g). On comparing with GAC 383, 

percentage enhancement of qmi (D-R) for the uptake of MB onto GACNZR 1073 

is given as, 283 K (5.83 %), 293 K (8.12 %), 303 K (8.66 %), 313 K (9.48 %) and 

323 K (9.75 %).  

 

 

(a) (b) 

(c) 



Chapter 5 

310 School of Environmental Studies,   
Cochin University of Science and Technology 

 

Table 5.11: Langmuir, Freundlich and Dubinin-Radushkevich isotherm parameters of              

methylene blue on carbons  GACNZR 1073,GAC 383, and GACO 383 at 283 – 323 K 
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 283 204.5 3.94 193 0.994 4.40 41.0 0.984 60.8 0.047 0.984 3.3 

293 238.7 5.24 219 0.996 4.17 45.0 0.984 63.6 0.034 0.986 3.8 

303 283.3 6.00 212 0.994 3.94 48.4 0.986 65.5 0.027 0.988 4.3 

313 332.2 6.91 208 0.994 3.78 52.7 0.988 67.4 0.020 0.992 5.0 

323 374.5 8.18 218 0.992 3.70 57.4 0.988 68.9 0.016 0.994 5.6 

G
A

C
  

3
8
3
 283 150.6 3.74 248 0.996 1.58 37.7 0.982 57.4 0.066 0.943 2.8 

293 169.5 4.54 268 0.996 1.61 40.7 0.984 58.8 0.047 0.935 3.3 

303 190.1 4.80 252 0.996 1.63 42.9 0.990 60.3 0.036 0.935 3.8 

313 209.6 5.13 245 0.994 1.66 45.3 0.992 61.6 0.028 0.937 4.2 

323 229.4 5.51 240 0.994 1.68 47.8 0.994 62.8 0.023 0.941 4.7 

G
A

C
O

 3
8
3
 283 108.0 2.89 268 0.998 6.27 35.1 0.968 54.2 0.065 0.972 2.8 

293 122.4 3.37 275 0.996 5.92 37.7 0.976 56.3 0.047 0.960 3.3 

303 138.7 3.60 259 0.996 5.61 39.8 0.982 58.0 0.036 0.955 3.7 

313 154.3 4.31 279 0.996 5.33 42.3 0.984 59.5 0.028 0.951 4.2 

323 172.4 4.59 266 0.996 5.12 44.6 0.988 61.0 0.023 0.953 4.7 
 

5.6.5 John-Sivanandan Achari (J-SA) Isotherm Plots for Solid- Liquid 

Equilibria 

Systematic evaluation of different solid-liquid adsorption systems are 

analysed and evaluated using John – Sivanandan Achari isotherm models [22, 25] 

𝑙𝑜𝑔𝑙𝑜𝑔 𝐶𝑒 = 𝐶 + 𝑛 𝑙𝑜𝑔 𝑞𝑒                                                                             (5.16) 

 

The adsorption system selected for applying the J-SA isotherms are given as (i) 

MB adsorption of surface treated microporous carbon GACNZR 1073, GAC 383 and 

GACO 383
 
(ii) Phenol adsorption on GACNZR 1073, GAC 383 and GACO 383

 
(iii) 

p-nitrophenol adsorption on GACNZR 1073, GAC 383 and GACO 383.  

It shows that surface treatment of porous materials through physico-

chemical activation leads to changes in porosity and pore dimensions. Therefore, 
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adsorption of different adsorbate on these carbons occurs through a series of 

phase change phenomena. 

  

 

 

 
Figure 5.33: John-Sivanandan Achari 

isotherm plot for the adsorption of            

(a) methylene blue (MB), (b) phenol 

and (c) p-nitrophenol on carbon 

GACNZR 1073 at 30
0
C 

 

Figure 5.33(a) indicates the J-SA isotherm plot of carbon for MB 

adsorption. Isotherm has three distinct phases marked by kinks or distinct lines for 

phase change. Adsorption of MB in  phase 1 for GACNZR 1073 is 68.52 mg/g. A 

sharp kink obtained at the end of phase I indicate the change in adsorption 

mechanism into phase II, in which quantity of MB adsorbed for GACNZR 1073 

is 186.67 mg/g. Here adsorption occurs at the edges of graphene layers. Surface 

functional groups present on the edges of graphene layers are ionised and exist 

as negatively charged. It shows strong electrostatic attraction towards cationic 

dye like MB. Therefore, considerable increase in the adsorption occurs in this 

phase. The adsorption capacity during phase III is found to be 25.86 mg/g. It 

indicates the wider pores accessible for adsorption of MB in micro porous carbon. 

The J-SA plots of phenol and p-nitrophenol adsorption exhibited three 

distinct phases of adsorption as shown in the Figure 5.33(b)&(c). In J-SA 

(a) (b) 

(c) 
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isotherm, molecular sieve effect indicated by phase1 will adsorb 142.56 mg/g of 

phenol and 210.62 mg/g of p-nitrophenol for GACNZR 1073.  Electron donor 

acceptor interaction between surface of carbon and aromatic rings of phenol 

constitute phase I of J–SA isotherm plot.   

 

Table 5.12: John-Sivanandan Achari (J-SA), Langmuir, Dubinin-Radushkevich                 
(D-R) and Freundlich isotherm models: comparison of adsorption capacity (mg/g) 

and surface area (m2/g) for the adsorption of phenol, p-nitrophenol and MB on 

carbon GACNZR 1073, GAC 383 and GACO 383 (T = 303K) 
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 *MB 

(1.2) 

68.52 

(154.8) 

186.67 

(421.8) 

25.86 

(58.4) 

281.05 

(635.1) 

283.29 

(640.2) 

65.52 

(148.1) 

48.38 

(109.3) 

*P  

(0.522) 

142.56 

(476.2) 

200.88 

(671.1) 

42.47 

(141.8) 

385.91 

(1289.2) 

401.61 

(1341.7) 

59.06 

(197.3) 

16.15 

(54.0) 

*PNP 

(0.525) 

210.6 

(478.8) 

56.82 

(129.1) 

250.63 

(569.7) 

518.07 

(1177.6) 

505.05 

(1148.0) 

96.75 

(219.9) 

65.62 

(149.2) 

G
A

C
 3

8
3
 

MB 67.5 

(152.5) 

124.4 

(281.1) 

 

*ND 

191.9 

(433.6) 

190.1 

(429.6) 

60.3 

(136.3) 

42.9 

(96.9) 

P 72.9 

(243.4) 

209.8 

(700.9) 

19.2 

(64.3) 

301.9 

(1008.7) 

312.5 

(1044.0) 

57.4 

(191.7) 

16.7 

(55.9) 

PNP  

*ND 

210.15 

(477.7) 

134.07 

(304.8) 

345.22 

(784.7) 

334.5 

(760.2) 

78.2 

(177.7) 

60.7 

(138.1) 

G
A

C
O

  
3
8
3
 

MB 66.6 

(150.5) 

71.8 

(162.2) 

 

*ND 

138.4 

(312.7) 

138.7 

(313.4) 

58.0 

(131.0) 

39.8 

(90.0) 

PNP 56.4 

(188.4) 

93.1 

(311.1) 

62.7 

(209.4) 

212.2 

(708.8) 

209.6 

(700.2) 

57.4 

(191.8) 

20.7 

(69.2) 

P 52.3 

(118.8) 

85.6 

(194.6) 

84.2 

(191.5) 

222.1 

(504.9) 

224.2 

(509.7) 

51.3 

(116.6) 

19.3 

(43.9) 

*MB -  Methylene blue *P  - phenol, *PNP  -  p-nitrophenol,  *ND – not detected  

*𝑆𝐴(m2/g) =
q  mg g  ×6.022×1023 ×cross  sectional  area  of  adsorbate

Molecular  weight  of  adsorbate
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Higher adsorption of p-nitrophenol attributed to the electron withdrawal group in 

para position.  Finer micropores accessible for adsorption are indicated by phase 

II; for GACNZR 1073, this phase will adsorb 200.88 mg/g of phenol and 

56.82mg/g of p-nitrophenol respectively. The phase III  in J–SA isotherm is 

probably due to wider pores, in which 42.47 mg/g of phenol and 250.63 mg/g of            

p-nitrophenol will get adsorbed and ultimately saturation occur at the final stage.  

The percentage contribution of each phase for the adsorption of phenol is given as 

follows; phases I (37%), phase II (52%), phase III (11%). Whereas for                

p-nitrophenol, phase I (41%), phase II (11%), phase III (48%). Adsorption 

capacity evaluated from Langmuir isotherm shows agreeable results with that of 

John-Sivanandan Achari isotherm. The results are presented in Table 5.12.  

5.6.5.1 John – Sivanandan Achari Isotherm for Phenol, P-Nitrophenol and 

Methylene Blue Adsorption on GACNZR 1073 at Temperatures 
 

Systematic enhancements of adsorption for phenol, p-nitrophenol and 

methylene blue in three distinct phases by rising the temperature from 283 K to 

323 K are represented by John-Sivanandan Achari isotherm. 

  

  
Figure  5.34: John-Sivanandan Achari isotherm for phenol adsorption on GACNZR 
1073 at temperatures (a) 283 K (b) 293 K (c) 313 K & (d) 323 K 

(a) (b) 

(c) (d) 
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Different phase changes for the adsorption of phenol at different 
temperature are given in the Figure 5.34. Quantity of phenol adsorbed in each 
phase will increase with a rise of solution temperature from 283 K to 323 K. 
Phenol adsorbed in phase I increases from 127.1 mg/g to 164mg/g, In phase II 
adsorption increases from 170.3 mg/g to 267.5 mg/g and in phase III adsorption 
increases from  33.3 mg/g to 51.5 mg/g.  

 

 

 
Figure  5.35 :  John-Sivanandan Achari isotherm for p-nitrophenol adsorption on 
GACNZR 1073 at temperatures (a) 283 K (b) 293 K (c) 313 K (d) 323 K 

 
Figure 5.35 indicates John – Sivanandan Achari isotherm for p-nitrophenol 

adsorption on GACNZR 1073 at different temperature. Compared to phenol, 
adsorption of p-nitrophenol in the first phase is high and it varies from 192.9 mg/g to 
227.6 mg/g in the temperature range of 283-323K. Second phase of adsorption 
changes from 38.4 mg/g to 65.6 mg/g and third phase changes from 182.4 mg/g to 
290.6 mg/g.  

(a) (b)

(c) (d)
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Figure 5.36:  John-Sivanandan Achari isotherm for methylene blue   adsorption on 

GACNZR 1073 at temperatures (a) 283 K (b) 293 K (c) 313 K and  (d) 323 K 
 

Table 5.13: John - Sivanandan Achari (J-SA) isotherm parameter for the adsorption of 

phenol,   p-nitrophenol and methylene blue on carbon GACNZR 1073 at 283 - 323K 
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283 127.1 

(426.6) 

170.3 

(568.9) 

33.3 

(111.3) 

192.9 

(438.5) 

38.4 

(87.3) 

182.4 

(414.6) 

66.8 

(150.9) 

117.9 

(266.4) 

18.2 

(41.1) 

293 132.8 

(443.7) 

190.8 

(637.4) 

39.5 

(132.0) 

205.4 

(466.9) 

48.8 

(110.9) 

194.3 

(441.7) 

68.5 

(154.8) 

147.3 

(332.9) 

21.2 

(47.9) 

303 142.6 

(476.4) 

200.9 

(671.2) 

42.5 

(142.0) 

210.6 

(478.7) 

56.8 

(129.1) 

250.6 

(569.6) 

68.5 

(154.8) 

186.7 

(332.9) 

25.9 

(47.9) 

313 159.0 

(531.2) 

239.1 

(798.8) 

48.6 

(162.4) 

218.1 

(495.8) 

62.8 

(142.8) 

251.7 

(572.1) 

73.3 

(165.6) 

220.5 

(498.3) 

37.4 

(84.5) 

323 164.0 

(547.9) 

267.5 

(893.7) 

51.5 

(172.1 

227.6 

(517.4) 

65.6 

(149.1) 

290.6 

(660.6) 

164.0 

(370.6) 

270.8 

(611.9) 

51.8 

(117) 

(a) (b) 

(c) (d) 
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J-SA isotherms for MB adsorption on GACNZR 1073 at different 

temperature are given in the Figure 5.36. As given in the Table 5.13, first phase 

change increases from 66.8 mg/g to 164.0mg/g. Second phase change increases 

from 118.0 mg/g to 270.8 mg/g and third phase changes from 18.2 mg/g to 

51.77mg/g.  

5.7  Comparison of Adsorption Isotherms for the Adsorption of 

Phenol, P-Nitrophenol and Methylene Blue on GACNZR 1073 

In order to predict the design of single-stage batch adsorption systems we 

need to know the best fitted isotherm model. Figure 5.37 shows Langmuir, 

Freundlich, Dubinin-Radushkevich and John–Sivanandan Achari adsorption 

isotherms for the adsorption of phenol, p-nitrophenol and methylene blue on 

GACNZR 1073 by nonlinear analysis and corresponding equations for Freundlich, 

Langmuir, Dubinin-Radushkevich, and John–Sivanandan Achari isotherm is given in 

Table 5.14. 

 

Table 5.14: The predicted non linear form of Freundlich, Langmuir, Dubinin-Radushkevich 

and John –Sivanandan Achari isotherm equations for GACNZR 1073 
 

Isotherms Phenol p-nitrophenol MB 

Langmuir  
𝑞𝑒 =

𝐶𝑒  𝑋 4.14

1 + 0.0082
 𝑞𝑒 =

𝐶𝑒  𝑋 12.45

1 + 0.0214𝐶𝑒

 𝑞𝑒 =
𝐶𝑒  𝑋 8.18

1 + 0.0218𝐶𝑒

 

Freundlich 𝑞𝑒 = 19.4 𝑋 𝐶𝑒
0.456 𝑞𝑒 = 72.98 𝑋 𝐶𝑒

0.2910.306  𝑞𝑒 = 57.37 𝑋 𝐶𝑒
0.23290 .271 

*D-R 𝑞𝑒

= 70.10 𝑋 𝑒−2.38𝜀2
 

𝑞𝑒 = 103.9 𝑋 𝑒−0.0761𝜀2
 𝑞𝑒 = 77.27 𝑋 𝑒−0.0178𝜀2

 

*J-SA 
𝑞𝑒 = 𝑒

𝑙𝑜𝑔𝑙𝑜𝑔 𝐶𝑒+0.955
0.5456  𝑞𝑒 = 𝑒

𝑙𝑜𝑔𝑙𝑜𝑔 𝐶𝑒+3.17
1.33  𝑞𝑒 = 𝑒

𝑙𝑜𝑔𝑙𝑜𝑔 𝐶𝑒+1.79
0.894  

*D-R : Dubinin-Radushkevich    *J-SA:  John-Sivanandan Achari 

 

Compared to all other isotherms Langmuir isotherm gives the best fit to 

experimental data for all the studied solid- liquid adsorption systems. Therefore, 

by comparison, order of the best fits isotherm for three sets of experimental data 

in this study is given as Langmuir > John –Sivanandan Achari > Freundlich > 

Dubinin –Radushkevich isotherms. 
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Figure 5.37: Comparison of the model 

fit of various isotherms to the observed 

isotherm data for the adsorption of                  

(a) phenol, (b) p-nitrophenol and                 

(c) methylene blue (MB) onto activated 

carbon GACNZR 1073 

 

 

 

5.8  Adsorption Kinetic Studies 

The adsorption kinetics data obtained from particular time interval for the 

initial concentration of C0 is 250 mg/L is applied in various kinetic models. The 

pseudo-first order and pseudo-second order equations are applied to investigate 

the controlling mechanism of adsorption processes such as mass transfer and 

chemical reaction. Intaparticle diffusion model is applied to predict the rate-

limiting step in an adsorption process. 

5.8.1  Kinetic Study of Phenol at Temperatures 

The first order kinetic plots log (qe-qt) versus t  for phenol adsorption onto 

three adsorbents( GAC 383, GACO 383 and GACNZR 1073) at 283, 293, 303, 

313 and 323 K temperatures are given in Figure 5.38 (a)–(c). Kinetic parameter 

(a) (b) 

(c) 
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along with correlation co-efficient for pseudo -first order kinetic model is listed in 

the Table 5.15.  

log 𝑞𝑒 − 𝑞𝑡 = 𝑙𝑜𝑔𝑞𝑒 −
𝑘1𝑡

2.303
                                                                   (5.17) 

 

 
 

 

 

 
Figure 5.38: Pseudo-first order kinetic 

plot of carbons for the adsorption of 

phenol at 283 – 323 K and C0; 250 mg/L 

(a) GACNZR 1073 (b) GAC  383 and              

(c) GACO 383 

 

It shows that data does not fit well with the whole range of contact time and 

is generally applicable over the initial stage of the adsorption processes. 

Percentages of error calculated between the experimental qe and calculated 

qe for GACNZR 1073 at different solution temperature are given as; 283 K (47.6 %), 

293 K (45.9 %), 303 K (43.5 %), 313 K (45 %), and 323 K (44.2 %). The high 

percentage error between the qe value and lower correlation coefficient suggested 

that adsorption of phenol on this carbons is not following the pseudo-first order 

kinetics. 

(a) 
(b) 

(c) 
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The second order kinetic plots of phenol adsorption onto three adsorbents 

GACNZR 1073, GAC 383, and GACO 383 at five different temperatures are given in 

Figure 5.39(a)-(c).  Correlation co-efficient R
2
 and experimental equilibrium uptake, 

qe obtained from pseudo second order kinetics is listed in the Table 5.15. 

𝑡

𝑞𝑡
=  

1

𝑘2𝑞𝑒
2 +

1

𝑞𝑒
𝑡                                                                                            (5.18) 

  

 

 

 

Figure 5.39: Pseudo-second order plot 

of carbons for the adsorption of phenol 

at 283 – 323 K and C0; 250 mg/L                 

(a) GACNZR 1073 (b) GAC 383 and 

(c) GACO 383 

 

Percentages of error calculated between the experimental qe and calculated 

qe value of GACNZR 1073 at different solution temperature are given as; 283 K 

(4.1 %), 293 K (3.3 %), 303 K (3.2 %), 313 K (2.4 %), and 323 K (2.3 %). Lower 

percentage error between the two qe indicates that, experimental value and 

theoretical value are very close to each other and also the difference between 

these two values decreasing at high solution temperature. The R
2
 value close to 

unity suggests that kinetic data fitted well into pseudo second order kinetics 

equation. This confirms that adsorption of phenol on all these carbons following 

the pseudo second order kinetics [26, 27]. 

(a) (b) 

(c) 
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Intra particle diffusion plots of (qt versus t
½
) phenol at five different 

temperatures are given in the Figure 5.40(a)-(c). From the slope and intercept of 

the plot, intra particle diffusion parameters Kid1, Kid2 and C are obtained, which is 

given in the Table 5.15. 

𝑞𝑡 =  𝑘𝑖𝑑 𝑡
1

2 + 𝐶                                                                                             (5.19) 
 

  

 

 

 

 
Figure 5.40: Intra particle diffusion  

kinetic plot of carbons for the adsorption 

of phenol at 283 – 323 K and C0; 250 mg/L                         

(a) GACNZR 1073 (b) GAC  383 and                   

(c) GACO 383 

 

The adsorption data exhibit double linear plots, i.e. two steps influence the 

adsorption process. High concentration of phenol on the surface pushes the 

adsorbed particle from the surface through the pores (intraparticle diffusion) to 

the internal sites of the adsorbent [28].  

The first linear portion is due to external resistance to mass transfer, which 

is significant only in the early stages of adsorption. The second linear portion is 

the gradual adsorption stage, which controlling intra-particle diffusion.  

(a) (b) 

(c) 
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External mass transfer coefficients Kid1 for GACNZR 1073 at different 

temperatures are given as; 283 K (8.84 mg/g min
1/2

), 293 K (9.99), 303 K (10.4), 

313 K (9.28) and 323 K (9.13 mg/g min
1/2

). Whereas intraparticle diffusion 

coefficient Kid2 at different solution temperatures are; 283 K (1.42 mg/g min
1/2

), 

293 K (1.79), 303 K (1.81), 313 K (2.07), and 323 K (1.93 mg/g min
1/2

). Higher 

Kid1 value compared to Kid2 indicates that external mass transfer is more 

predominating than intra particle diffusion for the adsorption of phenol on 

GACNZR 1073. Smaller values of second linear portion compared to first 

(external mass transfer coefficient) indicate that there was very little intra-particle 

diffusion resistance because of the rigid pore structures of the GAC. 

 

Table 5.15:  Kinetic parameters of  carbons GACNZR 1073, GAC 383, GACO 383  for 
the adsorption of  phenol at temperatures  ranging from  283 – 323 K [C0 = 250 mg/L] 
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283 114 60 81 0.96 119 35 0.99 9 16 0.95 1.4 84 0.98 

293 129 70 84 0.98 133 36 0.99 10 23 0.98 1.8 91 0.97 

303 137 77 94 0.98 141 37 0.99 10 28 0.98 1.8 99 0.95 

313 148 81 85 0.97 152 37 0.99 9 45 0.98 2.1 104 0.96 

323 159 89 91 0.97 163 38 0.99 9 55 0.99 1.9 118 0.97 

G
A

C
3

8
3
 

283 122 87 71 0.96 135 12 0.99 14 -30 0.97 3.2 53 0.98 

293 126 89 72 0.97 138 14 0.99 14 -25 0.97 3.4 55 0.98 

303 130 84 67 0.95 140 16 0.99 15 -25 0.97 3.2 62 0.98 

313 135 85 72 0.96 143 18 0.99 14 -13 0.95 3.2 67 0.97 

323 139 80 67 0.95 145 21 0.99 14 -7 0.93 2.9 76 0.99 

G
A

C
O

3
8
3

 283 118 76 56 0.94 125 18 0.99 11 -10 0.98 2.8 56 0.99 

293 122 73 53 0.93 126 21 0.99 11 -4 0.99 2.7 61 0.97 

303 126 71 57 0.93 130 23 0.99 11 0 0.99 2.4 71 0.98 

313 130 71 60 0.94 134 25 0.99 11 7 0.98 2.4 76 0.99 

323 133 69 61 0.95 136 27 0.99 10 15 0.99 2.4 80 0.99 
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5.8.2 Kinetic Study of P-Nitrophenol at Temperatures 

The plot of the log (qe - qt) as a function of t is given in the Figure 5.41(a)–

(c), which provides K1 and qe from slope and intercept. The kinetic parameters at 

various temperatures are given in Table 5.16.  

 

  

 
 

 
 
Figure 5.41: Pseudo first order kinetic 

plot of carbons for the adsorption of               

p-nitrophenol at 283 – 323 K and C0; 

250 mg/L (a) GACNZR 1073 (b) GAC  

383 and  (c) GACO 383 

 

Large deviation noticed between the experimental qe (exp) and 

calculated qe (cal) and the percentages of error between these two values for 

GACNZR 1073 is given as; at 283 K (29.7 %), 293 K (33.7 %), 303 K (42.05 %), 

313 K (50.58 %), and 323 K (56.67 %). The high percentage error between the 

two values suggested poor fit of the data with the pseudo first order kinetic 

model.  

(a) (b) 

(c) 
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The pseudo second order plots at various temperatures are given in Figure 

5.42(a)-(c) and results are listed in the Table 5.16. The plots t/qt versus t provided 

excellent linearity, which gives R
2
 > 0.99. 

 

  

 

 
Figure 5.42: Pseudo second order kinetic 

plot of carbons for the adsorption of                

p-nitrophenol at 283 – 323 K and C0;  

250 mg/L (a) GACNZR 1073 (b) GAC  

383 and (c) GACO 383 

 

 

The experimental qe (exp) and calculated qe (cal) values are comparable. 

Percentages of error calculated for GACNZR 1073 at a different solution 

temperature are: 283 K (8.75 %), 293 K (6.92 %), 303 K (5.73 %), 313 K (3.49 %) 

and 323 K (2.48 %). It indicates that the adsorption of p-nitrophenol by GACNZR 

1073 is explained well by pseudo second order kinetics. 

Intraparticle diffusion plot of qt against t
½ 

for the adsorption of p-nitrophenol 

on carbons are given in the Figure 5.43(a)-(c). 

 

(a) (b) 

(c) 
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Figure 5.43: Intra particle diffusion kinetic 

plot of carbons for the adsorption of                

p-nitrophenol at 283 – 323 K and C0; 

250 mg/L (a) GACNZR 1073 (b) GAC  

383 and (c) GACO 383 

 
 

The linear portion of the plot does not pass through the origin. This is due 

to the variation of mass transfer in the initial and final stage adsorption. Two 

linear portions are occurring in the plot. The first sharper portion due to external 

surface adsorption or instantaneous adsorption stage gives high Kid1 for GACNZR 

1073, which is given as  283 K (19.6 mg/g min
1/2

), 293 K (15.6), 303 K (15.6), 

313 K (16.7) and 323 K (14.8 mg/g min
1/2

). The second portion is the gradual 

adsorption stage where the intra particle diffusion is rate-controlled and for 

GACNZR 1073 it is given as; at 283 K (4.09 mg/g min
1/2

), 293 K (3.83), 303 K 

(3.61), 313 K (3.27), and at 323 K (2.97 mg/g min
1/2

). High value of Kid1 indicates 

that external mass transfer is more predominating than intra particle diffusion for 

the adsorption of p-nitrophenol on GACNZR 1073 [29]. 

 

(a) (b) 

(c) 
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Table 5.16:  Kinetic parameters of  carbons GACNZR 1073, GAC 383, GACO 383  for the 
adsorption of  p-nitrophenol at temperatures  ranging from  283 – 323 K. [C0 = 250 mg/L] 
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 283 208 146 80 0.98 226 10 0.99 20 -19 0.99 4.1 121 0.97 

293 214 142 98 0.98 229 11 0.99 16 19 0.99 3.8 132 0.96 

303 220 127 82 0.98 233 15 0.99 20 11 0.99 3.6 145 0.96 

313 229 113 82 0.98 237 20 0.99 17 46 0.99 3.3 160 0.96 

323 234 101 82 0.98 240 24 0.99 15 71 0.99 2.9 172 0.96 

G
A

C
 3

8
3
 

283 202 154 67 0.98 221 8 0.99 17 -16 0.98 5.6 80 0.99 

293 210 152 65 0.98 226 9 0.99 17 -8 0.98 5.1 89 0.99 

303 213 151 69 0.98 229 9 0.99 17 -2 0.97 5.3 98 0.99 

313 217 151 76 0.98 232 10 0.99 16 9 0.96 5.1 108 0.99 

323 219 143 75 0.98 232 12 0.99 17 10 0.97 4.8 117 0.99 

G
A

C
O

 3
8
3
 

283 120 83 53 0.91 130 12 0.99 13 -28 0.98 3.0 52 0.97 

293 125 85 57 0.93 133 14 0.99 13 -21 0.96 3.1 56 0.99 

303 129 84 57 0.93 137 16 0.99 13 -16 0.97 3.0 62 0.99 

313 134 81 59 0.94 140 19 0.99 12 -5 0.96 3.0 68 0.99 

323 139 78 55 0.94 143 21 0.99 12 5 0.99 3.2 67 0.99 
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5.8.3 Kinetic study of Methylene Blue (MB) at Temperatures 

Pseudo first order equation by Lagergren is used for the adsorption of 

methylene blue (Co  = 250 mg/L) on new GAC. log (qe-qt) versus t at 283, 293, 

303, 313, and 323 K are shown in the Figure 5.44(a)-(c).  

 

  

 

 
 

Figure 5.44: Pseudo first order kinetic 

plot of carbons for the adsorption of 

methylene blue (MB) at 283 – 323 K 

and C0; 250 mg/L (a) GACNZR 1073 

(b) GAC  383 and (c) GACO 383 

 
 

Intercept of the straight line plot should be equal to log qe. Percentages of 

error calculated between the experimental qe and calculated qe of GACNZR 

1073 shows 36.63 – 58.29 % at 283 – 323 K. It indicates that reaction is not 

likely to be first order even the plot has high correlation co-efficient with 

experimental data. 

The straight line plots of t/qt versus t at five different temperatures are 

schematically represented in the Figure 5.45(a)-(c).  Kinetic parameters are listed 

in the Table 5.17. 

  

(a) 
(b) 

(c) 
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Figure 5.45: Pseudo second order 

kinetic plot of carbons for the 

adsorption of methylene blue (MB) at 

283 – 323 K and C0; 250 mg/L                     

(a) GACNZR 1073 (b) GAC  383 and  

(c) GACO 383 

 

Percentages of error calculated between the experimental qe and calculated 

qe of GACNZR 1073 at 283 – 323K are given as; 283 K (4.64 %), 293 K (3.1 %), 

303 K (1.03%), 313 K (0.3%), and 323 K (0 %). The equilibrium adsorbed capacities 

obtained from the slope of this plot are equal to the experimentally obtained 

equilibrium capacity, suggesting that system following pseudo second order kinetics. 

Variation of rate constant (K2) with solution temperature for GACNZR 1073 is given 

as; (20.8x10
-5
 - 27.1x10

-5 
g/mg min

-1
), GAC 383 (24.2x10

-5
 - 27.3x10

-5 
g/mg min

-1
) 

and GACO 383 (23.3x10
-5

 - 33.2x10
-5 

g/mg min
-1

). Enhancement of K2 with 

the solution temperature indicates that the increment of temperature leads to a 

decrease of system viscosity thereby increasing the adsorption rate [30].  

As seen from the Figure 5.46(a)–(c), the intra particle diffusion plot were 

not linear over the whole time range. It implies that more than one process 

affected the adsorption of methylene blue (MB) on GAC.  

 

 

(a) (b) 

(c) 
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Figure 5.46: Intra particle diffusion 

kinetic plot of carbons for the adsorption 

of methylene blue (MB) at 283 – 323 K 

and C0; 250 mg/L (a) GACNZR 1073                 

(b) GAC 383 and (c) GACO 383 

 

The double linear natures of these plots explain boundary layer 

diffusion and intra particle diffusion. On comparing the slope of two liner 

portions, shows that the first linear portion is generally greater than second 

linear portion. External mass transfer coefficient Kid1 for GACNZR 1073 at 

various temperature is; 283 K (7.85 mg/g min
1/2

), 293 K (6.09), 303 K (4.44), 

313 K (3.85) and 323K (4.13 mg/g min
1/2

). Intra particle diffusion coefficient 

Kid2 is given as; 283K (1.85 mg/g min
1/2

), 293K (2.21), 303K (2.64), 313K 

(2.62), and 323K (2.76 mg/g min
1/2

). It corresponds to an enhanced diffusion 

of dye molecule from the exterior surface of adsorbent. It indicates that 

external mass transfer is more predominating than intra particle diffusion for 

the adsorption of methylene blue on GACNZR 1073. 

 

 

(a) (b) 

(c) 
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Table 5.17: Kinetic parameters of  carbons GACNZR 1073, GAC 383, GACO 383  for the 
adsorption of  methylene blue at temperatures ranging from  283 – 323 K. [C0 = 250 mg/L] 
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283 112 71 60 0.98 117 21 0.99 7.9 7 0.99 1.90 67 0.99 

293 126 73 56 0.99 130 23 0.99 6.1 30 0.99 2.20 73 0.99 

303 146 71 47 0.99 147 24 0.99 4.4 60 0.99 2.60 81 0.99 

313 151 67 45 0.98 152 26 0.99 3.9 71 0.99 2.60 86 0.99 

323 156 65 43 0.97 156 27 0.99 4.1 78 0.99 2.80 88 0.99 

G
A

C
  

3
8
3
 

283 102 60 48 0.94 104 24 0.99 8.5 2 0.98 2.10 51 0.97 

293 117 64 48 0.98 119 25 0.99 7.2 21 0.97 2.50 56 0.99 

303 124 67 54 0.94 126 25 0.99 5.8 38 0.99 2.60 61 0.97 

313 132 66 49 0.98 134 26 0.99 5.6 46 0.99 2.70 67 0.99 

323 138 68 56 0.96 140 27 0.99 6.1 49 0.98 2.50 79 0.98 

G
A

C
O

 3
8
3
 

283 81 54 42 0.96 82 23 0.99 0.5 18 0.96 0.06 44 0.99 

293 91 54 42 0.97 92 26 0.99 0.5 29 0.96 0.07 52 0.99 

303 98 55 44 0.98 100 28 0.99 0.5 34 0.99 0.06 64 0.99 

313 111 57 39 0.95 110 28 0.99 0.6 41 0.98 0.06 72 0.99 

323 118 54 44 0.94 118 33 0.99 0.7 47 0.98 0.05 87 0.99 

 

5.9  Thermodynamic Parameters 

Thermodynamics analysis provides an insight into the energy changes that 

are associated with the process of adsorption. 

ln 𝐾𝐿 =
∆𝑆

𝑅
−

∆𝐻

𝑅𝑇
                                                                                            (5.20) 

 

Figure 5.47(a) indicates thermodynamic study for the adsorption of phenol 

on GACNZR 1073, GAC 383 and GACO 383. The thermodynamic parameters of 
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Gibbs free energy change ∆G, enthalpy change ∆H, and entropy change ∆S, for 

the adsorption processes are calculated and are given in Table 5.18 

 

Table 5.18: Thermodynamic parameters for adsorption of phenol onto carbons GAC 383, 
GACO 383 and GACNZR 1073 

Carbon 
(∆H) 

kJ/mol 

(∆S) 

J/mol.K 

∆G (kJ/mol) 

283K 293K 303K 313K 323K 

GAC 383 2.33 15.32 -2.01 -2.16 -2.31 -2.47 -2.62 

GACO 383 3.28 18.20 -1.87 -2.05 -2.23 -2.42 -2.60 

GACNZR 1073 15.56 59.87 -1.38 -1.98 -2.58 -3.18 -3.78 

 

Enthalpy change for GAC - phenol system is given as follows; GACNZR 

1073 (15.56 kJ/mol), GAC 383 (2.33 kJ/mol) and GACO 383 (3.28 kJ/mol). 

Positive value of ∆H indicates endothermic nature of adsorption and it is less than 

40 kJ/mol, indicates physical adsoption for GAC-phenol systems. This enthalpy 

represents the interaction energy for the amount adsorbed on the absorbent-

adsorbate interface. The free energy change ∆G obtained were negative, 

suggesting spontaneity of adsorption process. The high temperatures increase the 

entropy factor T∆S to a large extent hence ∆G become more negative. The 

entropy change ∆S for GAC is given as follows; GACNZR 1073 (59.87 J/mol. 

K), GAC 383 (15.32 J/mol. K) and GACO 383 (18.20 J/mol. K). Positive values 

of ∆S suggest that the arrangement of the adsorbate in the solid-solution interface 

becomes more random. Higher ∆S for surface modified carbons such as 

GACNZR 1073 and GACO 383 is inferred that more water molecules are 

displaced by phenol molecule with higher substitution degrees on the surface of 

these carbons [31]. 

Figure 5.47(b) indicates thermodynamic study for the adsorption of                 

p-nitrophenol on GACNZR 1073, GAC 383 and GACO 383. The thermodynamic 

parameters of Gibbs free energy change ∆G, enthalpy change ∆H, and entropy 

change ∆S, for the adsorption processes are calculated and given in Table 

5.19. 
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Table 5.19:  Thermodynamic parameters for adsorption  of p-nitrophenol onto  GAC 383, 

GACO 383 and GACNZR 1073 
 

Carbons (∆H) 

kJ/mol 

(∆S) 

J/mol. K 

∆G (kJ/mol) 

283K 293K 303K 313K 323K 

GAC 383 6.04 38.22 -4.78 -5.16 -5.54 -5.92 -6.31 

GACO 383 2.94 16.38 -1.70 -1.86 -2.02 -2.19 -2.35 

GACNZR 1073 17.90 77.75 -4.10 -4.88 -5.66 -6.44 -7.21 

 

Enthalpy change for GAC- p-nitrophenol system is given as follows; 

GACNZR 1073 (17.90 kJ/mol), GAC 383 (6.04 kJ/mol) and GACO 383 (2.94 

kJ/mol). Enthalpy reflects the interaction between the p-nitrophenol with the 

granular activated carbons. Smaller value ∆H for GAC modified with HNO3 

corresponds to lower interaction between GACO 383 and p-nitrophenol. ∆H for 

ZrO2 impregnated GAC (GACNZR 1073) is high related with high adsorptive 

capacity and extra physicochemical properties of GACNZR 1073 due to 

incorporated ZrO2. Hence nano ZrO2 incorporated carbons have better material 

properties. 

The free energy value (-∆G) of GAC follows in the order of GACNZR 

1073 > GAC 383 > GACO 383. This indicates that thermodynamic results are 

well agreement with adsorption capacity obtained from well known isotherm 

models. The high free energy change (-∆G) obtained for p-nitrophenol adsorption 

indicates, there is more interaction between PNP and GAC and therefore more              

p-nitrophenol get adsorbed on GAC. 

 

Table 5.20:  Thermodynamic parameters for adsorption of methylene blue (MB) onto 
GAC 383, GACO 383 and GACNZR 1073 

Carbon 
(∆H) 

kJ/mol 

(∆S) 

J/mol.K 

∆G (kJ/mol) 

283K 293K 303K 313K 323K 

GAC 383 6.87 35.60 -3.20 -3.56 -3.92 -4.27 -4.63 

GACO 383 8.91 40.35 -2.51 -2.91 -3.32 -3.72 -4.12 

GACNZR 1073 13.25 58.56 -3.32 -3.91 -4.49 -5.08 -5.66 

 
Figure 5.47(c) indicates thermodynamic study for adsorption of methylene 

blue on GACNZR 1073, GAC 383 and GACO 383. The thermodynamic parameters 
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of Gibbs free energy change ∆G, enthalpy change ∆H, and entropy change ∆S, for 

the adsorption processes are calculated and given in Table 5.20. 

 

 
 

 

 

 

 
Figure 5.47:   Plot of ln KL versus 1/T 

for the estimation of thermodynamic 

parameters for the adsorption of                         

(a) phenol, (b) p-nitrophenol and                         

(c) methylene blue  (MB) on carbons 

GACNZR 1073, GAC 383, and GACO 

383 

 

Enthalpy change for GAC - methylene blue system is given as follows; 

GACNZR 1073 (13.25 kJ/mol), GAC 383 (6.87 kJ/mol) and GACO 383 (8.91 

kJ/mol). Positive value of ∆H indicates endothermic nature of adsorption and 

further indicates physical adsorption for GAC- MB systems. ∆G value is 

consistently negative at all temperatures measured, which revealed the adsorption 

process was feasible and spontaneous in nature. 

The entropy change ∆S corresponds to the movement of H2O molecule 

adsorbed by adsorbate. High positive value of ∆S for GACNZR 1073 (58.56 

(a) 

(b) 

(c) 
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J/mol.K) indicate that more water molecule is displaced by methylene blue 

molecule from the surface of carbon. 

5.9.1 Thermodynamic Parameters from Distribution Coefficient 

Relation between distribution coefficients KD and solution temperatures are 

given by the equation  

𝑙𝑛 𝐾𝐷 =
∆𝑆

𝑅
−

∆𝐻

𝑅𝑇
                                                                                           (5.21) 

 

𝑤ℎ𝑒𝑟𝑒 𝐾𝐷 =  
𝐶𝑜 − 𝐶𝑒

𝐶𝑒
                                                                                    (5.22) 

Equation indicates that distribution coefficient not only depends on 

adsorbed concentration, but also depends on temperature of solution.  Distribution 

coefficient is decreased with increasing the concentration of adsorbate in aqueous 

solution, whereas increases with rise of the solution temperature. 

Table 5.21: Thermodynamic parameters obtained from plot of ln KD versus 1/T for the 
adsorption of phenol on GACNZR 1073 

C0 

mg/L 

∆S 

J/mol.K 

∆H 

kJ/mol 

∆G kJ/mol 

283K 293K 303K 313K 323K 

25 52.3 11.9 -2.9 -3.4 -3.9 -4.4 -4.9 

50 52.7 12.4 -2.6 -3.1 -3.6 -4.1 -4.7 

75 53.2 12.8 -2.3 -2.8 -3.4 -3.9 -4.4 

100 53.1 13.2 -1.9 -2.4 -2.9 -3.5 -4.0 

150 51.4 13.5 -1.0 -1.5 -2.1 -2.6 -3.1 

200 50.4 14.1 -0.2 -0.7 -1.2 -1.7 -2.2 

250 49.6 14.3 0.3 -0.2 -0.7 -1.2 -1.7 

350 48.8 14.5 0.7 0.2 -0.3 -0.7 -1.2 

500 47.9 14.9 1.4 0.9 0.4 -0.1 -0.5 

750 47.3 15.3 2.0 1.5 1.0 0.5 0.1 

1000 45.6 15.4 2.5 2.1 1.6 1.2 0.7 

 

Thermodynamic parameters obtained from the distribution co-efficient for 

the adsorption of phenol is given in Table 5.21. Negative values of ∆G shows that 

the adsorption of phenol on GACNZR 1073 is spontaneous. The ∆H calculated 

was positive, indicates that the adsorption of phenol is favoured at higher 
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temperatures. The ∆H increased with an increase in the initial concentration of 

phenol solution. The variation of ∆H in a range of concentration 25 – 1000 mg/L 

for phenol is given as; GACNZR 1073 (11.9 – 15.4 kJ/mol). Smaller values of ∆H 

indicate the loose bonding between the adsorbate molecules (phenol) and the 

adsorbent (GACNZR 1073) surface [32]. The entropy change (∆S) is also 

calculated for phenol adsorption on new carbons. For GACNZR 1073 the entropy 

change is found to be in the range of 45.57 - 52.28 J/mol. K. These are most likely 

to be due to structural changes occurred to the adsorbate as well as to the 

adsorbent [33]. 

 

Table 5.22: Thermodynamic parameters obtained from plot of ln KD versus 1/T for 

the adsorption of  p-nitrophenol  on GACNZR 1073 

C0 

mg/L 

∆S 

J/mol.K 

∆H 

kJ/mol 

∆G kJ/mol 

283K 293K 303K 313K 323K 

25 79.5 13.2 -9.3 -10.1 -10.9 -11.6 -12.4 

50 79.5 13.3 -9.2 -10.0 -10.8 -11.6 -12.4 

75 78.2 13.4 -8.7 -9.5 -10.3 -11.1 -11.8 

100 75.5 13.6 -7.7 -8.5 -9.3 -10.0 -10.8 

150 73.1 13.9 -6.8 -7.5 -8.2 -9.0 -9.7 

200 73.6 14.1 -6.7 -7.4 -8.2 -8.9 -9.6 

250 65.0 14.5 -3.9 -4.5 -5.2 -5.8 -6.5 

350 57.9 15.0 -1.4 -2.0 -2.6 -3.1 -3.7 

500 53.6 15.1 0.0 -0.6 -1.1 -1.7 -2.2 

750 51.0 15.5 1.1 0.6 0.1 -0.4 -1.0 

1000 48.2 15.6 1.9 1.4 1.0 0.5 0.0 

 

Thermodynamic parameters obtained from the distribution co-efficient for 

the adsorption of p-nitrophenol is given in Table 5.22. The variation of ∆H in the 

range of concentrations 25 – 1000 mg/L for p- nitrophenol adsorption on 

GACNZR 1073 is 13.2 – 15.6 kJ/mol, positive value suggests an endothermic 

reaction mechanism. ∆H increases with solute concentration in solution. For 

GACNZR 1073 the ∆H shows highest value compared with GAC 383 (9 - 11 kJ/mol) 

and GACO 383 (4 - 5 kJ/mol). The entropy change ∆S decreases with increase of 

concentration of p-nitrophenol. The change in entropy for p-nitrophenol 

adsorption on GACNZR 1073 is 79.5 – 48.2 J/mol.K. It reflects an increase in 

randomness at the solid/solution interface during the p- nitrophenol adsorption. 
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The change in free energy for p-nitrophenol adsorption is more negative at 

lower concentrations and at high solution temperature, it suggests an endothermic 

reaction. 

Table 5.23: Thermodynamic parameters obtained from plot of  ln KD versus 1/T for the 
adsorption of methylene blue (MB) on GACNZR 1073 

C0 

mg/L 

∆S 

J/mol.K 

∆H 

kJ/mol 

∆G kJ/mol 

283 293 303 313 323 

25 124.0 23.6 -11.5 -12.8 -14.0 -15.3 -16.5 

50 114.9 23.0 -9.5 -10.6 -11.8 -12.9 -14.1 

75 90.8 21.5 -4.2 -5.1 -6.0 -6.9 -7.8 

100 84.4 20.9 -3.0 -3.8 -4.7 -5.5 -6.4 

150 76.1 19.8 -1.7 -2.5 -3.2 -4.0 -4.7 

200 67.9 18.5 -0.7 -1.4 -2.1 -2.7 -3.4 

250 62.3 17.8 0.2 -0.4 -1.1 -1.7 -2.3 

350 58.1 17.5 1.0 0.4 -0.1 -0.7 -1.3 

500 53.7 16.9 1.7 1.2 0.6 0.1 -0.4 

750 49.6 16.7 2.7 2.2 1.7 1.2 0.7 

1000 46.7 16.7 3.5 3.0 2.6 2.1 1.6 

 

Thermodynamic parameters obtained from the distribution co-efficient for the 

adsorption of methylene blue is given in Table 5.23. The positive value of ∆H shows 

that the adsorption of methylene blue on GACNZR 1073 is an endothermic process. 

The variation of ∆H for GACNZR 1073 at range of concentration 25 – 1000 mg/L for 

MB is given as 23.6 – 16.7kJ/mol. The ∆H decreases with increase in the 

concentration of solute. The values of ∆H are high enough to ensure strong 

interaction between the MB and the GACNZR 1073. The ∆S shows thef same 

behaviour as that of ∆H,  it also decreases with increasing concentration of MB and 

shows high value for GACNZR 1073 (23.56-16.70 J/ mol. K). High value of ∆S 

compared to basic carbon GAC 383 and GACO 383 indicate higher affinity of 

GACNZR 1073 towards methylene blue. Positive value of ∆S clearly states that the 

randomness increased at the solid–solution interface during the MB adsorption onto 

the GACNZR 1073. The change in free energy (∆G) for MB adsorption at lower 

concentrations was negative and shows an endothermic reaction. The increase in 

adsorption capacity of GACNZR 1073 at higher temperatures may be caused by the 

enlargement of pore size and/or activation of the adsorbent surface.  
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Figure 5.48: Plots of In KD versus  

l/T of carbon GACNZR 1073 for              

the adsorption of (a) phenol,   (b) p-

nitrophenol  (c) methyleneblue (MB) 

 

5.10  Diffusion Coefficient 

Diffusion coefficient for the adsorption of phenol, p-nitrophenol and 

methylene blue (MB) on GAC 383, GACO 383 and GACNZR 1073 are calculated 

and discussed in the following sections. 

5.10.1 Determination of Diffusivity for Phenol on GACNZR 1073, 

GAC 383 and GACO 383 
 

The diffusion coefficient for the adsorption of phenol on GACNZR 1073, 

GAC 383 and GACO 383 are determined from the linear plot of ln [1/1-F
2
 (t)] 

versus t which is given in the Figure 5.49 (a)-(c) and values are listed in the  

Table 5.24. 

The effective diffusivity was found to be rather low; usually it is in the 

order of 10
-10

 m
2
/s. The low value was explained on the basis of restriction of pore 

accessibility associated with small pores. 

(a) 
(b) 

(c) 
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ln  
1

1 − 𝐹2 (𝑡)
 =  

𝜋2𝐷𝑒𝑡

𝑅𝑎
2                                                                               (5.23) 

Adsorbent-adsorbate interactions and competition change the diffusivity of 

each component and alter its sorption energy, leading to changes in adsorption 

capacities. 

 

  

 

 
 

Figure 5.49: Plot of ln[1/1-F
2
(t)] versus 

time for the estimation of diffusion 

coefficient for the adsorption of phenol on 

carbons (a) GACNZR 1073 (b) GAC 383 

and (c) GACO 383 

 

Diffusion coefficient (De) of GACNZR 1073 for the adsorption of phenol at 

different solution temperature are given as; at 283 K (2.07 x 10 
-10 

m
2
/s), 293 K                

(2.04 x 10 
-10

), 303 K (2.27 x 10 
-10

), 313 K (1.95 x 10 
-10

) and at 323 K (2.09 x 10
-10

). 

The effective diffusion coefficient of GACNZR 1073 is found to be greater than 

the GAC 383 and GACO 383. This indicates that diffusion of phenol within the 

pores of wider width and the electrostatic interaction on the surface of GAC 

increases with ZrO2 impregnation and activation at 1073K.  

(a) (b) 

(c) 
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5.10.2 Determination of Diffusivity for P-Nitrophenol on GACNZR 

1073, GAC 383 and GACO 383 

The diffusion coefficient for the adsorption of p-nitrophenol on GACNZR 

1073, GAC 383 and GACO 383 are determined from the linear plot of ln [1/1-F
2
 

(t)] versus t which is given in the Figure 5.50(a)-(c) and values are listed in the 

Table 5.24. 

  

 

 

 
Figure 5.50: Plot of ln[1/1-F

2
(t)] versus 

time for  the estimation of diffusion 

coefficient for the adsorption of                      

p-nitrophenol on carbons (a) GACNZR 

1073 (b) GAC 383 and (c) GACO 383 

 

Diffusion coefficient (De) value of GACNZR 1073 for the adsorption of             

p-nitrophenol at different solution temperature are given as; at 283 K (1.90 x 10 
-10

), 

293 K (1.96 x 10 
-10

), 303 K (2.04 x 10 
-10

), 313 K (2.08 x 10 
-10

) and 323 K (2.11 

x 10 
-10

). Higher De value of GACNZR 1073 compared to GAC 383 and GACO 

383 indicate that it experience lower film and intraparticle resistance. Thus                

p-nitrophenol molecule can diffuse much faster inside the pores of granular 

activated carbon.  Diffusion rate of p-nitrophenol within the pores of GAC is 

enhanced by increasing the solution temperature.  Therefore the mobility of                    

(a) (b) 

(c) 
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p-nitrophenol from solution to solid surface is fast, hence more molecule get 

diffused into the pores [34].  

5.10.3 Determination of Diffusivity for Methylene Blue on GACNZR 

1073, GAC 383 and GACO 383 
 

The diffusion coefficient for the adsorption of methylene blue on GACNZR 

1073, GAC 383 and GACO 383 are determined from the linear plot of ln [1/1-F
2 

(t)] versus t which is given in the Figure 5.51 (a)-(c) and values are listed in the 

Table 5.24. 

   

  

 

 

 

Figure 5.51: Plot of ln[1/1-F
2
(t)] versus 

time for  the estimation of diffusion 

coefficient for the adsorption of 

methylene blue (MB) on carbons                  

(a) GACNZR 1073 (b) GAC 383 and              

(c) GACO 383 

 

Effective diffusion coefficient is decreased as the molecular size of the 

adsorbate is large and it exerts large resistivity to enter into the small pores.  De 

value for GACNZR 1073 ranged from 1.44 x 10
-10

 to 1.07 x 10
-10 

which shows that 

De only varied in a limited extent with increasing the solution temperature from 

283 – 323 K. The internal pores play a significant role in the high adsorption 

(a) (b) 

(c) 
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capacity, but this result cannot be used to explain the diffusion of organic macro-

molecules (such as methylene blue) onto pores. Methylene blue cations cannot 

enter the small micropores of GAC and the major adsorption occurs on the 

mesopores or external surface. 

Table 5.24: Effective diffusion coefficient of  carbon samples on  phenol, p- nitrophenol 

and methylene blue (MB) 

C
a
r
b

o
n

s 

T
 (

K
) 

Phenol p-nitrophenol Methylene blue 

D
e 

 x
 1

0
1

0
 

m
2
/s

 

R
2
 

D
e 

x
 1

0
1

0
 

m
2
/s

 

R
 

D
e 

x
 1

0
1

0
 

m
2
/s

 

R
 

G
A

C
N

Z
R

 1
0

7
3
  

 

283 2.07 0.978 1.90 0.996 1.44 0.994 

293 2.04 0.986 1.96 0.990 1.39 0.993 

303 2.27 0.992 2.04 0.994 1.16 0.998 

313 1.95 0.986 2.09 0.990 1.12 0.999 

323 2.09 0.990 2.11 0.990 1.07 0.995 

G
A

C
  

3
8

3
 

283 1.63 0.988 1.53 0.984 1.13 0.992 

293 1.69 0.986 1.50 0.984 1.16 0.992 

303 1.57 0.980 1.63 0.982 1.34 0.991 

313 1.71 0.986 1.83 0.980 1.23 0.990 

323 1.62 0.978 1.80 0.984 0.25 0.992 

G
A

C
O

 3
8

3
 283 1.28 0.976 1.14 0.958 0.98 0.979 

293 1.21 0.964 1.27 0.968 0.98 0.984 

303 1.33 0.958 1.28 0.968 1.07 0.984 

313 1.43 0.970 1.38 0.974 0.94 0.987 

323 1.47 0.970 1.29 0.972 1.08 0.986 

 

5.11  Activation Energy  

Arrhenius plot of rate constant (ln K2) versus reciprocal of temperature (1/T) 

for the adsorption of phenol on GACNZR 1073, GAC 383, GACO 383 are given in 

the Figure 5.52(a). The activation energy Ea and pre-exponential factors, A, obtained 

is given in Table 5.25. Activation energy parameters for the adsorption of the phenol, 

p-nitrophenol and MB on GAC can be obtained from the following relation.  

𝑙𝑛 𝐾2 = 𝑙𝑛 𝐴 −
𝐸𝑎  

𝑅𝑇
                                                                                         (5.24) 
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For all the three carbons, a plot of ln K2 against the reciprocal of absolute 

temperature 1/T, gives straight lines and the corresponding Ea, were determined 

from the slope of each linear plot. 

The result obtained for activation energy for the adsorption of phenol on 

GAC follows as: GAC 383 - 9.95 kJ/mol, GACO 383 - 7.59 kJ/mol and 

GACNZR 1073 - 1.30 kJ /mol. The obtained value of activation energy confirms 

the nature of physisorption processes of phenol onto these carbons.  

Activation energy of GAC 383, GACO 383 and GACNZR 1073 for the 

adsorption of p-nitrophenol is obtained from the slope of linear relationship 

between ln K2 and 1/T (Figure 5.52(b)). The minimum energy required to initiate 

the adsorption of p-nitrophenol on GACNZR 1073 is higher than that of GAC 383 

and GACO 383. The activation energy for the adsorption of p-nitrophenol on 

GAC is given as; GAC 383 (7.71 kJ/mol), GACO 383 (10.33 kJ/mol) and 

GACNZR 1073 (18.37 kJ/mol) respectively. 

 

  
       

 

 
 
Figure 5.52: Plot of ln K2 versus 1/T 

for the  estimation of activation energy 

of carbons GACNZR 1073, GAC 383, 

GACO 383 for the adsorption of             

(a) phenol, (b) p-nitrophenol and                  

(c) methylene blue (MB)   

 

 

(a) (b) 

(c) 
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The activation energy for the adsorption of MB on GAC is given as; GAC 

383 (2.14 kJ/mol), GACO 383 (7.59 kJ/mol) and GACNZR 1073 (5.08 kJ/mol). 

Small activation energy indicates that, the rate is controlled by film diffusion 

mechanism and more MB molecule can adsorb on the surface of carbon. 

Table 5.25: Activation energy obtained from Arrhenius equation 
 

Carbon 

phenol p-nitrophenol methylene blue 

Ea 

kJ/mol 
A x 10 

4
 

Ea 

kJ/mol 
A 

Ea 

kJ/mol 
A x 10 

4
 

GAC 383 9.95 84.0 7.71 0.001995 2.14 5.95 

GACO 383 7.59 46.3 10.33 9.84E-07 7.59 46.22 

GACNZR 1073 1.30 6.1 18.37 0.2272 5.08 18.12 

 

5.12 Design of Batch Adsorption from Isotherm Data 

Best fitted isotherm model can be used to predict the design of single stage 

batch adsorption system. From this design we can calculate the amount of carbon 

required to treat different concentration of phenol, p-nitrophenol and methylene 

blue in one litre of solutions.  

M

V
=

C0 − Ce

qe
 =

𝐶0 −  𝐶𝑒

𝑞0𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒

                                                                          (5.25) 

The required amount of GAC to reduce 99 % of the phenol content (various 

concentrations) in one litre of solution is well represented in the Figure 5.53(a). 

For  treating one litre of  solution containing 3000 mg/L phenol, the required 

masses of GAC is given as; GACNZR 1073 - 7.4 g, GAC  383 – 11.7 g and 

GACO 383 – 17.5 g. Similarly, for treating different concentration of phenol in 

aqueous solution phase different weight of carbon is required. On comparing the 

efficiency of GACNZR 1073 for treating phenol we can see that, 57.6 – 59.2 % 

more weight of GAC 383 and 2 times more weight of GACO 383  is needed. 

The required amount of GAC to reduce 99 % of the p-nitrophenol content 

(various concentrations) in one litre of solution is well represented in the Figure 

5.53(b). It shows that amount of weight required for treating the same concentrations 

of adsorbate solution vary for different carbon. For treating one litre of solution 
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containing 3000 mg/L p-nitrophenol, the required masses of GAC is given as; 

GACNZR 1073 (5.57 g), GAC 383 (8.13 g) and GACO 383 (17.3g). Compared to 

GACNZR 1073, carbon GAC 383 requires 45.6 – 46.9 % more weight and 

GACO 383 requires more than 3 times weight are needed.  

The required amount of GAC to reduce 99% of methylene blue (various 

concentrations) in one litre of solution is well represented in the Figure 5.53(c). 

For the MB treatment the amount of GAC 383 and GACO 383 needs more than 

two times of weight compared to GACNZR 1073.  

  

 

 

 
Figure 5.53: Adsorbent mass (M) 

against concentration  of (a) phenol          

(b) p-nitrophenol (c) methylene blue 

(MB) for 99% removal of solute from  

one litre of aqueous solution 

 

5.13 Adsorption of Trace Metal Ions by GACNZR Using 

Contaminated Groundwater  

Groundwater collected from a contaminated area, whose initial parameters 

are known is used to study adsorption efficiency of carbons towards trace metal 

ions. Adsorption experiments were performed by batch experiments using field 

groundwater with 8 hours of contact time 

(a) (b) 

(c) 
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Percentage recoveries of elements from solution with respect to their initial 

concentrations are listed in the Table 5.26. 

Table 5.26: Efficiency of carbons GAC 383, GACO 383 and GACNZR 1073 for 

removing trace elements in ground water 

 

Trace 

metals 

Initial concentration 

(ppb) 

Concentration after adsorption (ppb) 

GACNZR 

1073 
GAC 383 GACO 383 

7Li 
4.5 3.45 4.29 3.83 

(% Removal) (21.6) (4.7) (14.9) 

9Be 
0.22 ND 0.01 ND 

(% Removal) (100.0) (95.5) (100.0) 

24Mg 
2905.63 2453.54 2802.3 2395.43 

(% Removal) (15.6) (3.6) (17.6) 

27Al 
257.22 6.2 2.84 2.18 

(% Removal) (97.6) (98.9) (99.2) 

52Cr 
1.5 0.2 0.92 1.05 

(% Removal) (46.7) (38.7) (30.0) 

55Mn 
85.73 2.32 7.34 10.05 

(% Removal) (97.3) (91.4) (88.3) 

56Fe 
48.78 24.04 33.15 27.34 

(% Removal) (50.7) (32.0) (44.0) 

58Ni 
5.46 2.16 1.82 4.51 

(% Removal) (60.4) (66.7) (17.4) 

59Co 
2.81 0.02 0.13 0.23 

(% Removal) (99.3) (95.4) (91.8) 

63Cu 
21.90 4.02 3.17 4.46 

(% Removal) (81.6) (85.5) (79.6) 

64Zn 
40.77 13.21 17 28.46 

(% Removal) (67.6) (58.3) (30.2) 

75As 
1.89 0.41 0.34 0.27 

(% Removal) (78.3) (82.0) (85.7) 

114Cd 
0.62 0.045 0.16 0.57 

(% Removal) (75.0) (74.2) (8.1) 

138Ba 
89.02 40.75 42.77 21.25 

(% Removal) (54.2) (52.0) (76.1) 

205Tl 
0.08 0.02 0.04 0.04 

(% Removal) (75.0) (50.0) (50.0) 

208Pb 
6.18 0.53 0.24 0.23 

(% Removal) (91.4) (96.1) (96.3) 
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All the newly prepared activated carbons show more than 95 % efficiency 

towards Be, Al, Mn, Co, Pb. Percentage removal of Fe, Ni, Zn and Tl by 

GACNZR 1073 (Fe – 50.7%, Ni -60.4% , Zn- 67.6%  Tl - 75%) is comparatively 

higher than basic carbons GAC 383 (Fe – 32.0 %, Ni -66.7 % , Zn- 58.3 %                

Tl – 50 %) and GACO 383 (Fe – 44.0 %, Ni - 17.4% , Zn- 30.2 %  Tl - 50%).  

5.14  Statistical Analysis of the Data 

Data obtained from different isotherm methods (solid- gas/ solid –liquid) 

were compiled and analysed statistically using ANOVA techniques and Karl 

Pearson’s coefficient of correlation/ t-test 

Hypothesis 1:  Whether there is any significant difference in pore volume and 

surface area of carbons obtained from BET and I-plot method 

To test the Hypothesis 1, pore volume and surface area obtained from BET 

and I plot for GAC 383, GACO 383, GACNZR 1073 and GACNZR 1273 given 

in Table 5.4 are analysed statistically using two way ANOVA test. The results are 

interpreted based on the constants in Table 5.27 & 5.28 

Table 5.27: Statistical analysis of pore volume obtained from BET and I plot using 
two way ANOVA 

Source SS df ms F P-value 

Total 3995.9750 7    

carbons 3927.8050 3 1309.2683 4412.768 P < 0.001 

Methods 67.2800 1 67.2800 226.7610 P < 0.001 

Residual 0.8900 3 0.2967   

 

There is a significant difference in pore volume of carbons (P < 0.001). 

GACNZR 1073 significantly higher volume than the rest  

Table 5.28: Statistical analysis of surface area obtained from BET and I plot using two way 
ANOVA 

Source SS df ms F P-value 

Total 75707.6888 7    

carbons 74427.8638 3 24809.2879 4303.7310 P < 0.001 

Methods 1262.5313 1 1262.5313 219.015 P < 0.001 

Residual 17.2937 3 5.7646   
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The surface area between carbons is highly significant (P < 0.001), carbon 

GACNZR 1073 shared significantly higher surface area than others. 

There is a significant difference between I point method and BET                      

(P < 0.001). BET surface area is significantly higher than that of I point method 

(P < 0.001). 

Hypothesis 2:  Whether there is any significant difference between the pore 

volume of carbons obtained from Langmuir, D-R, Alpha S (αs) 

and John isotherm 

To test the Hypothesis 2, pore volume obtained from Langmuir, Dubinin-

Radushkevich, Alpha S and John isotherm for GAC 383 GACO 383, GACNZR 

1073 and GACNZR 1273 are statistically analysed by ANOVA test. The results 

are interpreted based on the constants in Table 5.29. 

Table 5.29: Statistical analysis of pore volume obtained from Langmuir, Dubinin- 
Radushkevich (D-R), Alpha S (αS) and John isotherm by two way ANOVA 

Source SS df ms F P-value 

Total 10733.4394 15    

carbons 9771.5719 3 3257.1906 426.947 P < 0.001 

Methods 893.2069 3 297.7356 39.027 P < 0.001 

Residual 68.6606 9 7.6290   

 

There exists significant different between carbons with respect to pore 

volume (P < 0.001). The pore volume in GACNZR 1073 is significantly higher 

and that in GACO 383 is significantly lower (P < 0.001). 

Methods also exhibited a significant difference between pore volumes 

(P < 0.001). Dubinin-Radushkevich and Alpha S (αs ) method showed a 

significantly higher pore volume compared to John and Langmuir (P < 0.001). 

Between Dubinin-Radushkevich and Alpha S (αs) method the difference is not 

significant. Between John and Langmuir isotherm methods, the difference is 

not significant. 
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Hypothesis 3:  Whether there is any significant difference in quantity adsorbed 

and surface area between the samples for the adsorption of phenol, 

p-nitrophenol and methylene blue.  

To test the Hypothesis 3, adsorption rate and surface area of carbons 

GACNZR 1073, GAC 383 and GACO 383 with respect to solid –liquid equilibria 

using phenol, p-nitrophenol and MB  obtained from Langmuir, D-R and John-

Sivanandan Achari isotherms (Table 5.12) are analysed statistically using two 

way ANOVA test. The results are interpreted based on the constants in Table 

5.30. 

Table 5.30: Three way ANOVA statistical analysis of adsorption system in solid-

liquid equilibria with respect to quantity of phenol, p-nitrophenol and methylene blue 
(MB) adsorbed on GACNZR 1073, GAC 383 and GACO 383 

Source SS df ms F P-value 

Total 514743.1546 26    

carbons 92149.2140 2 46074.607 13.325 P < 0.001 

methods 300528.0214 2 150264.0107 43.456 P < 0.001 

Phenol, PNP,MB 52908.8044 2 26454.4022 7.651 P < 0.001 

Residual 69156.1148 20 3457.8057   

Adsorption capacity varies significantly among carbons (P < 0.001). 

GACNZR 1073 is having significantly higher adsorption capacity than the 

rest. 

Methods also shared a very high significant difference (P < 0.001). John- 

Sivanandan Achari and Langmuir isotherm model showed significantly higher 

values than D-R (P < 0.001). Between John –Sivanandan Achari and Langmuir 

the difference is not significant (P > 0.05) 

Phenol, p-nitrophenol and methylene blue also exhibited a significant 

difference in the amount adsorbed (P < 0.001). Adsorption capacity significantly 

varies high in p-nitrophenol (P < 0.001) and significantly low in methylene 

blue. 
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Hypothesis 4: whether there is any correlation between temperature and adsorption 

of phenol, temperature and adsorption of p- nitrophenol & 

temperature and adsorption of methylene blue 

To test the Hypothesis 4, Langmuir adsorption capacity of carbon GACONZR 

1273 for phenol (Table 5.9), p-nitrophenol (Table 5.10) and methylene blue (Table 

5.11) at five solution temperature (283 K, 293 K, 303 K, 313 K and 323 K) are 

selected. 

There is significant positive correlation between temperature and adsorption 

of phenol on GACNZR 1073 (r =0.98637, t = 10.3856, df = 3, P < 0.01). This 

indicates that as temperature increases adsorption of phenol also increases. 

There is significant positive correlation between temperature and adsorption of 

p-nitrophenol on GACNZR 1073 (r =0.9912, t = 12.9412, df = 3, P < 0.01). This 

indicates that as temperature increases adsorption of p-nitrophenol also increases. 

There is significant positive correlation between temperature and adsorption of 

MB on GACNZR 1073 (r =0.99843, t = 30.847, df = 3, P < 0.01). This indicates 

that as temperature increases adsorption of methylene blue also increases. 

5.15  Conclusions 

Zirconium oxide nano particles prepared in the laboratory by a simple 

hydrothermal process is amorphous in nature and the size lies within the range of 

1-5nm. The porosity and surface area developments of a series of GAC, based on 

coconut shell were prepared under different activation conditions of temperature 

and ZrO2/GAC incorporation ratios are evaluated. It shows that during activation 

the carbon yield continues to decrease from   98.3 % to 94.1 % whereas burn off 

increase from 1.7 % to 5.9 % as the activation temperature increases from 473K 

to 1273K. CHNS analysis shows that C% increases with increase in activation 

temperature where as percentage of O and H is decreases. High carbon content is 

found to be in GACNZR 1273 (94.14%). Acid/base properties of the adsorbents 

determined by Boehm titration method suggest that all carbon materials had a 

acidic character. XRD analysis of samples showed broad peaks at around 2θ = 26
0
 

and 42
0
. It is typically observed for amorphous materials with micro graphitic 
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structure and pyrolytic carbon corresponding (0 0 2) and (1 0 0) diffraction peak. 

FTIR peak at 1307-1308 cm
-1

 is given by GACNZR 1073 and GACNZR 1273 

denoted a combination of Zr-O vibration bonds. Transmission electron microscopy of 

GACNZR 1273 shows that nano zirconia was dispersed onto the inner surface of 

the porous granular activated carbon.  

Surface area and monolayer volume of ZrO2 impregnated granular 

activated carbons GACNZR 1073 (Vm = 334.1cm
3
/g, SA = 1454.3 m

2
/g) and 

GACNZR 1273 (Vm = 313.9 cm
3
/g , SA = 1366.5 m

2
/g) shows enhancement 

compared to basic carbon GAC 383 (Vm - 298.3 mg/g , SA -1298.5 m
2
/g) and 

GACO 383 (Vm = 272.6 cm
3
/g, SA = 1186.5 m

2
/g ).  Analysis of the data using 

the Dubinin-Radushkevich models shows that micro pore ( < 2 nm) volumes (Vmi) 

of GACNZR 1073 is 392.8 cm
3
/g (SA =722.980 m

2
/g) and GACNZR 1273 is 

368.9 cm
3
/g (SA = 691.322 m

2
/g). These values are comparatively higher than 

basic carbons GAC 383 (Vmi = 351.3 cm
3
/g, SA = 646.51 m

2
/g) and GACO 383 

(Vmi = 322.8 cm
3
/g, SA = 570.21 m

2
/g).  External surface area obtained from Alpha S 

method  shows that thermal activation of GAC with ZrO2 enhances the external 

surface area of about 11.32% (GACNZR 1073 -1119.13 m
2
/g) and 5% (GACNZR 

1273 - 1054.17 m
2
/g) compared to basic raw material GAC 383 (1005.30 m

2
/g). John 

isotherm studies shows that monolayer completion has been observed as distinct 

phases for adsorption on micro porous carbons. Results obtained from t-plot analysis 

shows that impregnation and activation with steam at 1073K generate additional 

micro pores without widening existing micro pores of GAC. 

Increasing order of adsorption capacity of GAC studied towards phenol, p-

nitrophenol and methylene blue follows as GACO 383 < GAC 383 < GACNZR 

1073. Among the isotherm model studied Langmuir isotherm give better fit to 

data related to the higher correlation coefficient compared to other isotherm 

models. This indicates that Langmuir isotherm model can be confidently 

employed to accurately correlate the adsorption equilibria of the adsorbate as 

well. Kinetic studies show that adsorption of phenol, p-nitrophenol and methylene 

blue on all these carbons following the pseudo second order kinetics. Intraparticle 

diffusion study shows that external mass transfer is more predominating than intra 

particle diffusion for the adsorption of phenol, p-nitrophenol and methylene blue. 
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Higher negative value of ∆𝐺 suggesting that adsorption process is spontaneous. 

Positive value of ∆𝐻 and ∆S indicate endothermic nature and the organization of 

the adsorbate in the solid-solution interface becomes more random during the 

process of adsorption. The effective diffusivity of phenol, p-nitrophenol and 

methylene blue was found to be rather low, of the order of 10
-10

 m
2
/s. The low 

value was explained on the basis of restrictively effect associated with small 

pores. The obtained value of activation energy confirms the nature of 

physisorption processes. Design of batch sorption from isotherm data indicate that 

ZrO2 impregnated carbon GACNZR 1073 needs comparatively lower weight than 

GAC 383 and GACO 383 for treating the solution of phenol, p- nitro phenol and 

MB. Trace elemental analysis by activated carbon shows that carbon GACNZR 

1073 has comparatively higher adsorption efficiency towards Fe, Ni, Zn and Tl 

than basic carbons GAC 383 and GACO 383 

Statistical analysis reveals that there is a significant difference in pore 

volume between carbons determined by BET, I plot, Langmuir, Dubinin-

Radushkevich, John isotherm method (P < 0.001). GACNZR 1073 has 

significantly higher pore volume than the rest. Isotherm methods in solid –liquid 

equilibria also show very high significant difference (P < 0.001) in adsorption 

capacity. Among the carbon studied, adsorption rate of GACNZR 1073 is 

significantly higher than other carbons. John- Sivanandan Achari and Langmuir 

isotherm showed significantly higher values than Dubinin-Radushkevich (P < 

0.001) isotherm. Between John –Sivanandan Achari isotherm and Langmuir 

isotherm the difference is not significant (P > 0.05). There is a significant positive 

correlation exists between temperature and adsorption rate in solid-liquid 

equilibria. 
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GRANULAR ACTIVATED CARBON OXIDISED AND 
ACTIVATED WITH ZIRCONIUM OXIDE (GACONZR): 

PREPARATION, CHARACTERISATION AND 
ADSORPTION ISOTHERM STUDIES 

  

 

6.1  Introduction 

Adsorption capacity of the activated carbon depends on the porosity as well 

as the reactivity of its surface functional groups. The adsorptive properties of the 

carbons are significantly improved in the presence of such surface complexes. 

Oxygen surface groups which are mainly developed during the activation process 

are the most important.  They influence chemical natures of the carbon surface and 

adsorptive behaviour. The oxidation of porous carbon with air, nitric acids, 

hydrogen peroxide, etc may introduce a dramatic increase in the content of lactone, 

quinone, carboxyl and ether groups. These surface functional groups can make a 

noticeable change in the chemical nature of carbon. So the studies of oxidised 

activated carbons are very important to evaluate the effect of oxygen surface groups 

on the adsorption of molecules with different polarity. 

In this chapter the preparation, characterization, and adsorption isotherm 

studies of zirconium as zirconium dioxide (ZrO2) impregnated nitric acid oxidised 

granular activated carbon are discussed. The carbon, whose textural analysis was 

done, is further subjected to adsorption isotherm studies, to test their efficiency to 

remove phenol, p-nitrophenol and methylene blue from the liquid phase.  

6.2  Granular Activated Carbons – GACONZR Series 

There are eight carbons GAC 383, GACO 383, GACONZR 383, GACONZR 

473, GACONZR 673, GACONZR 873, GACONZR 1073 and GACONZR 1273 
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are prepared and used in this study. GAC 383 is the native carbon based on 

coconut shell, GACO 383 is acid oxidized and others are Zr
4+

 activated carbons of 

GACO 383. The methods of preparation and experimental setup for furnace based 

thermal activation were discussed in Chapter 2.  

6.3  Characterization Studies  

6.3.1  Carbon Yield and Burn Off  

The rise of activation temperature decreases the yield of activated carbon 

continuously. The lower yield and the higher burn off (Table 6.1) with steam 

activation can be related to the effect of the water to go inside of the material, 

causing an efficient removal of volatile material and helping desorption. 

A mass loss of about 14 % (burn off) is obtained by activating the carbon 

(GACONZR series) from 473 K to 673 K is due to carboxylic groups decomposition 

as CO2 [1]. Mass loss of nearly 2 % in the range 673-973 K is due to carbonyl 

groups decomposition as CO complexes and above 973 K, a mass loss of nearly  

3 % occurred probably due to the disintegration of neutral groups [2].  

6.3.2  Elemental Analysis  

The interaction of a molecule on the surface of activated carbon will 

depend upon the presence of hetero atoms like hydrogen, oxygen, nitrogen and 

sulfur present in the form of functional groups. The elemental analyses of carbons 

are given in Table 6.1. It can be seen that on oxidation of GAC with HNO3 acid 

enhances the oxygen content considerably. 

The elemental composition of GACONZR series of carbon, activated at 

different temperatures are given as; C (61.40 - 91.71 %), O (7.89 % - 36.1 %),             

H (0.32 % - 2.57%), N (0.49 % -0.77 %). 

Elemental analysis shows that the percentage of fixed carbon is highest in 

GACONZR 1073 (87 %), and GACONZR 1273 (91.7 %). High carbon content of 

GACONZR series at a higher activation temperature (1073 and 1273 K) indicates 

that the aromatic structure becomes more dominant after steam activation in the 

presence of Zr
4+

. Because at higher activation temperature, the organic substances 
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have decompose into volatile gases and liquid, where the solid carbonaceous 

residue left behind with high carbon content [3].  

6.3.3  Boehm Analysis  

The determination of acidic and basic surface functional groups on the 

activated carbon has been done according to the procedure established by Boehm. 

Table 6.1 indicates the results of surface functional groups of various activated 

carbon determined by the Boehm method. 

The total oxygen containing acidic functional group is 4.352 meq/g with a 

breakdown of 0.917 meq/g carboxylic (21 %), 1.345 meq/g lactonic (31 %), and 

2.09 meq/g phenolic (48 %) groups for GACONZR 383. When activating with 

steam at 1073 K (GACONZR 1073) the total oxygen acid functional group 

decreases to 0.832 meq/g, it indicates the decay of 81 % acid functional group 

compared to the GACONZR 383. The carboxylic group decreases to 0.092 

meq/g, the lactone group decreases to 0.06 meq/g and the phenolic group 

decreases to 0.70 meq/g during higher activation treatment. It is interesting to 

note that the composition among these three oxygen containing functional groups 

remains relatively unchanged even when the activation temperature increases 

from 1073 K to 1273 K. 

Table 6.1: Burn off, carbon yield ,elemental composition & Boehm titration analysis of 

GACONZR  series at different temperature 383-1273K , GAC 383 and GACO 383 
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383 NA NA 61.4 2.48 0.49 36.1 0.92 2.1 1.35 0.05 

473 7.2 92.8 77.6 1.70 0.62 27.3 0.87 2.0 1.11 0.10 

673 13.7 86.3 72.5 2.57 0.66 25.5 0.64 1.5 0.76 0.14 

873 15.6 84.4 74.3 0.34 0.57 22.0 0.51 1.5 0.64 0.24 

1073 18.7 81.3 86.8 0.32 0.67 13.0 0.09 0.7 0.06 0.34 

1273 19.5 80.5 91.7 0.60 0.77 7.9 0.09 0.7 0.06 0.33 

GAC 383 383 NA NA 89.4 0.60 0.36 9.6 0.40 0.5 0.18 0.50 

GACO 383 383 NA NA 65.1 2.61 0.58 31.7 1.38 2.1 1.34 0.20 
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6.3.4 Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

Broad band observed in the spectra are expected from the functional group 

which exist in the wide range of different electronic environment.  

  

  

  

  

Figure 6.1: FTIR spectra of (a) GAC 383 (b) GACO 383  and (c)-(h) GACONZR 

series of  carbons activated at 383-1273 K for the evaluation of functional groups 

(a) (b) 

(c) (d) 

(e) (f) 

(h) (g) 
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FTIR spectra of all carbons present a band around at 3420 - 3450 cm
-1

 

which is assigned to OH stretching vibration of the hydroxyl group. The increased 

intensity of the peak in this region after acid treatment indicates the formation of 

the hydroxyl groups (–OH) on the surface of prepared activated carbon.  The band 

at 2892, 2919 and 2925 cm
-1

 is due to the asymmetric and symmetric C-H 

stretching vibration in aliphatic -CH, -CH2 and -CH3. Physically adsorbed CO2 

will show a characteristic peak at 2345 cm
-1

 [4]. The carboxylate ion (CO2
-
) will 

show its characteristic asymmetric stretching absorption around 1600 cm
-1

 [5].  

The peak around at 1046 cm
-1 

represents the C-O-C functional group. The 

small peaks located at 400 - 700 cm
-1

 could be the C-H out-of-plane bending in 

benzene derivatives that is quite common for activated carbon [6, 7].  

6.3.5  X-ray Photoelectron Spectroscopy (XPS) Analysis 

The XPS C 1s, O 1s and Zr 3d spectra of GACONZR 1273 is shown in the 

Figure 6.2.  

  

 

 
 
 

Figure 6.2: X-ray photoelectron spectrum 

(XPS) of GACONZR 1273                              

(a) deconvoluted peaks C1s,                       

(b) deconvoluted peaks O 1s (c) and Zr 3d 

(a) (b) 

(c) 
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Deconvoluted peaks of C1s spectra shows sp
2
 peak of the graphite component 

envelope centered at 284.5 eV and peak at ∼ 285.5 eV to hydroxyl / phenolic group, 

and its neighbouring peak at ∼ 286.5 eV due to epoxy group should have a larger BE 

compared to hydroxyl groups. 287.54 eV related to carbonyl and carboxyl groups, 

290.21 eV indicates the delocalized π conjugation, a characteristic of the aromatic 

carbon structure. O 1s peaks are corresponding to quinones (530.27 eV), C=O 

(carbonyl and carboxyl, 531.6 eV), C-O (epoxy and hydroxyl, 532.14 eV) and O-H 

(carboxyl, 533.5 eV). XPS spectra of Zr 3d reveals that it consists of two peaks with 

the binding energy of 182 eV and 184.5 eV for Zr 3d5/2 and Zr 3d3/2 respectively. This 

clearly indicates the presence of oxidized zirconium in its Zr
4+ 

state [8]. 

6.3.6 X-ray Diffraction (XRD) Analysis 

X-ray diffractograms of activated carbon GAC 383, GACO 383 and 

GACONZR series are shown in Figures 6.3(a)&(b). The crystalline sizes La, Lc 

and inter planar distance d002 for each carbons are tabulated in Table 6.2.  

 

  

Figure 6.3: XRD spectra of  (a) GAC 383 &  GACO 383 (b) GACONZR series of  

carbons activated at 383-1273K 

 

X-ray diffraction profile of activated carbons shows broad diffraction peak 

corresponding to 2𝜃 ≈25
0
 and 43.6

0
 these are assigned to the disordered graphitic 

(002) and (100) plane respectively.  

 

(a) (b) 
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Table 6.2: XRD crystalline parameters of GACONZR series activated  

at different temperature 383-1273K, GAC 383 and GACO 383 
 

Carbons Lc (0.9) nm La (1.84) nm d002 nm 

GAC 383 1.14 2.28 0.364 

GACO 383 0.97 1.94 0.356 

GACONZR 383 1.29 2.64 0.358 

GACONZR 473 1.18 2.42 0.360 

GACONZR 673 1.11 2.26 0.365 

GACONZR 873 1.18 2.41 0.351 

GACONZR 1073 1.18 2.41 0.351 

GACONZR 1273 1.22 2.50 0.362 

 

Crystalline thickness and crystalline width of GAC 383, GACO 383 and 

GACONZR series shows a slight variation as seen in the Table 6.2. For 

GACONZR series La varies as (2.64 -2.26 nm), Lc varies (1.29 – 1.11 nm) and d002 

varies (0.3578 – 0.3618 nm). Compared to GAC 383, the nitric acid modified 

GACONZR series shows large Lc and La. It indicates that oxidation of granular 

activated carbon increases the crystalline width and thickness. The interplanar 

distance also increases with oxidation. The value of Lc and La of GACONZR 

series diminishes whereas the interplanar distance increases upto activation 

temperature of 673 K. But in none of the above samples the interplanar distance 

reaches a value close to the d002 of graphite (0.335 nm) it indicate highly 

disordered turbostratic structure [5].  

6.3.7 Scanning Electron Microscopy (SEM) Analysis 

The porous properties of the prepared activated carbon samples                    

are analyzed by observing the SEM images. Surface images of granular 

activated carbon GACONZR 1273 at different magnification are given in the 

Figure 6.4. 
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Figure 6.4: Scanning electron micrographs (SEM) of GACONZR  1273 at different 

resolution (a) 250-100 µm  (b) 500-50 µm (c) 10 µm and (d) 5 µm 
 

 

 

SEM image revealed that, it is highly porous in nature. Different pores 

were observed in activated carbon sample. Due to activation, volatiles are 

removed producing a fixed carbon mass with widening of pore networks that are 

present in activated carbon sample.  

Figure 6.4 (a) & (b) indicates that surface is smooth and distributed with 

small pores. Some particles are scattered on the surface of GAC due to metal 

compounds on the GAC. Figure 6.4 (c) & (d) indicates that large pores are 

developed  during activation at higher temperature and it will enable the rapid 

diffusion of solute [9]. 

6.3.8  Transmission Electron Microscopy (TEM) Analysis 

The TEM images of the impregnated carbons are shown in Figure 6.5. The 

carbon particle aggregate structure was observed from TEM observation. No 

(a) (b) 

(c) (d) 
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features indicative of crystalline phases were detected in the impregnated carbon 

by TEM. In the case of heavier elements stronger contrasts observed. It indicates 

the presence of Zr in impregnated carbon samples [10].  

 

  

  

Figure 6.5: High resolution transmission electron microscopy (HRTEM) of 

GACONZR 1273  at different resolutions (a) 50 nm (b) 20 nm (c) 10 nm and (d) 

5 nm 
 

 

6.4  Solid-Gas Adsorption Equilibria 

Surface area, pore size, and pore volume of the carbons is assessed by 

nitrogen adsorption analysis. 

6.4.1 Adsorption Isotherm Analysis 

The adsorption isotherm of N2 gas adsorbed on GAC 383, GACO 383, 

GACONZR 1073 and GACONZR 1273 are given in Figure 6.6. It has a sharp 

initial rise at the lower relative pressures indicate the presence of micropores in 

(a) (b) 

(c) (d) 
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the activated carbons. As the relative pressure is increased, the amount of nitrogen 

adsorbed by the sample becomes more. At higher p/p0, it moves slightly upward 

with deviation which can be attributed to the capillary condensation in mesopores.  

These materials are strictly microporous as they have a typical Type I 

isotherm. As we can see in the Figure 6.6 the oxidation of activated carbon 

(GACO 383) leads to the downward shift of the isotherm. 

The nitrogen adsorption-desorption data is further processed by using 

various isotherm models such as Brunauer-Emmett-Teller (BET), Langmuir, 

Freundlich, Dubinin-Radushkevich (D-R) , Alpha S (αs), John isotherm, t-plot and 

BJH models to obtain the porosity and  surface area.  

 

 

Figure 6.6:  N2 adsorption isotherm for  carbons GAC 

383, GACO 383, GACONZR 1073 and GACONZR 

1273 at 77K 
 

6.4.1.1 Brunauer-Emmett-Teller (BET) Isotherm Analysis 

BET isotherm is applied for the determination of specific surface area of 

GACONZR 1073, GACONZR 1273, GAC 383 and GACO 383. 

1

V(
p0

p −1)
=

1

Vm C
+

C−1

Vm C
  

p
p0

                                                                        (6.1)  
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Figure 6.7 : BET isotherm plot for GACONZR 1073, GACONZR 1273, GAC 383 

and GACO 383 (a) p/p0 up to 0.3 and (b) p/p0 up to 0.1 using N2/77K 
 

BET analysis is done in the range of p/p0 0.01- 0.35 modified carbon samples 

are depicted in the Figure 6.7 (a). Surface area of activated carbon obtained from BET 

(p/p0 = 0.3) along with corresponding monolayer volume Vm (and surface area SABET) 

of carbons is given as follows; GAC 383 (Vm = 228.97 cm
3
/g & SABET = 997 m

2
/g), 

GACO 383 (Vm = 223.81 cm
3
/g & SABET = 974 m

2
/g), GACONZR 1073                    

(Vm = 231.24 cm
3
/g & SABET = 1006 m

2
/g), and GACONZR 1273 (Vm = 239.61 cm

3
/g  

& SABET = 1043 m
2
/g). Impregnation of nano zirconia and steam activation at higher 

temperature enhances the surface area of nitric acid modified GAC.  

The deviation of BET plot from linearity becomes clearly remarkable from the 

relative pressure (p/p0) of 0.1.  A negative 'C' arises from a negative intercept on the 

BET plot is due to data point at too high P/P0 values. The stronger adsorption in 

microporous materials will make the monolayer formation very fast so the data point 

range selected for analysis has to be in the range below p/p0 < 0.3. By shifting the 

p/p0 range from p/p0 0.3 to 0.1, C becomes positive on evaluation.  

BET surface area obtained from N2 adsorption isotherm measuring in the 

relative pressure range up to 0.1 is found to be higher than the BET surface area 

obtained in the relative pressure range of 0.3. Specific surface area obtained by 

plotting relative pressure p/p0 up to 0.1 is followed as; GAC 383 (SABET 1298.5 m
2
/g), 

GACO 383 (SABET 1186.5 m
2
/g), GACONZR 1073 (SABET 1238.046 m

2
/g), and 

GACONZR 1273 (SABET 1279.256 m
2
/g). Percentage of enhancement observed in 

specific surface area by shifting the relative pressure from 0.3 to 0.1 for new 

(a) (b) 
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carbons is given as; GAC 383 (30 %), GACO 383 (22 %), GACONZR 1073               

(23 %), GACONZR 1273 (23 %). The relatively large values of the CBET parameters 

are summarized in Table 6.3. 

6.4.1.2 The BET–Scatchard (B–S) Plots (I Point Method Analysis)     

The rearrangement of the BET equation for calculating the specific surface 

area is given by the equation (6.2) [11, 12]. 

[𝑉(1 − 𝑃)]
𝑃 = 𝐶𝑉𝑚 −  𝐶 − 1  𝑉 1 − 𝑃     𝑤ℎ 𝑒𝑟𝑒 𝑝 =

𝑝

𝑝0
                 (6.2) 

The specific surface area is calculated from the relationship as given in 

equation (6.3). 

Specific surface area, SSA (m
2
g

-1
) = 4.356 Vm                                       (6.3) 

 

  

  

Figure 6.8 : Nitrogen adsorption-desorption isotherms and the corresponding I plots 

for  (a) GACONZR1073 (b) GACONZR 1273 (c) GAC 383 & (d) GACO 383  

(a) (b) 

(c) (d) 
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Specific surface area obtained from I plot method is given as follows; 

GACONZR 1073 (SAI 1213.21 m
2
/g), GACONZR 1273 (SAI 1248.55 m

2
/g) GAC 

383 (SAI 1275.39 m
2
/g) and GACO 383 (SAI 1164.66 m

2
/g). These results are 

similar to the surface area obtained from BET upto relative pressure 0.1. 

 

Table 6.3:  BET and I plot isotherm parameters for GAC 383, GACO 383, GACONZR 

1073 & GACONZR 1273 using N2 at 77K 

 

 

 

Carbons 
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 c
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V
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 c
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3
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. 
S
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C
B

E
T
 

P
o

re
 W

id
th

  
(n

m
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GAC 383 370.4 996.8 229.0 -816 1275.4 293.0 1298.5 298.3 524 1.76 

GACO 383 340.2 974.3 223.8 -119 1164.7 267.5 1186.5 272.6 439 1.77 

GACONZR 1073 348.7 1006.7 231.2 -109 1213.2 278.7 1238.0 284.4 519 1.73 

GACONZR1273 364.1 1043.1 239.6 -114 1248.6 286.8 1279.3 293.9 417 1.75 

 

6.4.1.3 Langmuir Isotherm Analysis 

The Langmuir adsorption model is one of the most common one used to 

quantify the amount of adsorbate adsorbed on an adsorbent as a function of the 

partial pressure at a given temperature. The linear form of the equation is  

𝑃

𝑉
=

1

𝑏𝑉𝑚
+

𝑃

𝑉𝑚
                                                                                                    (6.4) 

Langmuir adsorption isotherms for the adsorption of N2 gases on GAC 383, 

GACO 383, GACONZR 1073 and GACONZR 1273 are shown in Figure 6.9(a). 

The linear form of the Langmuir plot for GACONZR 1073, GACONZR 1273, 

GAC 383 and GACO 383 shows good correlation coefficient. The monolayer volume 

Vm (L) and surface area SAL obtained for the modified carbons are GACONZR 1073 

(Vm 320.75 cm
3
/g & SAL 1396.288 m

2
/g), GACONZR 1273 (Vm 331.52 cm

3
/g & SAL 

1443.17 m
2
/g), GAC 383 (Vm 336 cm

3
/g & SAL 1465.27 m

2
/g) and GACO 383 (Vm 

304.5 cm
3
/g & SAL 1325.54 m

2
/g). 
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On comparing with GACO 383, zirconium impregnated GACO series have 

5.3% (GACONZR 1073) and 8.9% (GACONZR 1273) increment in the Langmuir 

surface area. 

6.4.1.4 Freundlich Isotherm Analysis  

Variation of the extent of adsorption with pressure of gas is also expressed 

using Freundlich isotherm by linear relationship given as  

log 𝑉 = 𝑙𝑜𝑔𝐾𝐹 + 1
𝑛 𝑙𝑜𝑔𝑃                                                                             (6.5) 

Figure 6.9(b) shows that the extent of adsorption varies directly with 

pressure raised to power 1/n until the saturation pressure is reached. The plot of 

log P versus log V gives straight line with slope 1/n and intercept log KF. 

 KF and n obtained from intercept and slope of the linear plot are given in Table 

6.4. The KF and n obtained for carbons are GAC 383 (KF = 209.82 Lg
-1
 & n = 9.94), 

GACO 383 (KF = 183.51 Lg
-1
 & n = 9.36), GACONZR 1073 (KF = 199.29 Lg

-1
 &                

n = 9.80) and GACONZR 1273 (KF = 197.61 Lg
-1
 & n = 9.04) respectively.  

 

  

Figure 6.9: Adsorption isotherm plots  (a) Langmuir (b) Freundlich for GAC 383, 

GACO 383, GACONZR 1073 & GACONZR 1273 using N2 at 77K 

 

The high KF and n for GAC 383 suggests that more nitrogen get adsorbed 

on this carbon compared to all other nitric acid modified carbons.  

 

(a) (b) 
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Table 6.4: Langmuir and Freundlich isotherm parameters for GAC 383, GACO 383, 

GACONZR 1073 and GACONZR 1273  using N2 at 77K 

 

 

Carbons 

Langmuir  Freundlich 

V
m

 (
L

) 

cm
3
/g

.S
T

P
 

S
A

L
  m

2
/g

 

b
 

R
2
 

n
 

K
F

  
  
L

/g
 

R
2
 

GAC 383 336.6 1465.3 0.278 0.999 9.94 209.8 0.999 

GACO 383 304.5 1325.5 0.246 0.999 9.36 183.5 0.999 

GACONZR 1073 320.7 1396.3 0.284 0.999 9.80 199.3 0.999 

GACONZR 1273 331.5 1443.2 0.257 0.999 9.04 197.6 0.999 
 
 

6.4.1.5 Dubinin-Radushkevich Isotherm (D-R) Analysis 

The empirical equation proposed by Dubinin and Radushkevich is used to 

describe the adsorption of N2 gas on the modified carbons. The equation is given 

below [13] 

log 𝑉 = 𝑙𝑜𝑔 𝑉0 −  𝐷 𝑙𝑜𝑔2 (
𝑝0

𝑝 )                                                                  (6.6) 

𝐷 = 2.303(
𝑅𝑇

𝛽𝐸0
)2                                                                                               (6.7) 

𝐿 = 6.6 − 1.79 ln 𝐸0  𝑛𝑚                                                                                 (6.8) 

Relationship between L and Vmi (or V0) gives micropore surface area SAD-R 

as per the equation.  

𝑆𝐴𝐷−𝑅 =
2 × 103 𝑉𝑚𝑖  (𝑐𝑚3/𝑔)

𝐿(𝑛𝑚)
                                                                    (6.9) 

Where SAD-R is the micropore surface area in m
2
/g. Vmi (D-R) is the micropore 

volume in cm
3
/g and L is the accessible pore width in nanometres. The volume of 

the micro pores is obtained by extrapolating the line from the low-pressure region 

(P/P0 < 0.1) to the y-intercept (Figure 6.10 (a)). 

The micropore volume Vmi (D-R) cm
3
/g and micropore surface area SAD-R 

obtained for the modified carbons are GACONZR 1073 (Vmi = 335.08 cm
3
/g &             

SAD-R = 613.79 m
2
/g), GACONZR 1273 (Vmi = 347.99 cm

3
/g & SAD-R = 607.98 m

2
/g), 
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GAC 383 (Vmi = 351.28 cm
3
/g & SAD-R = 646.51 m

2
/g) and GACO 383                             

(Vmi = 322.75 cm
3
/g  & SAD-R = 570.21 m

2
/g). 

GACONZR series shows that the maximum micropore volume is obtained at 

the activation temperature of 1073 K (GACONZR 1073).  Further rise of temperature 

at 1273K causes the widening of existing pores this will cause the lowering of 

micropore volume and micropore surface area. This can be attributed to the increases 

of L value from 1.69 nm to 1.78 nm during activation at 1273 K. Compared to GACO 

383, modified carbons shows 6.7 % (GACONZR 1073) and 6.6 % (GACONZR 

1273) enhancement in micropore surface area, during the ZrO2 activation. 

6. 4.1.6 Alpha S (αs) Method 

In order to construct the Alpha S (αs) plot for a given adsorbent, the amount 

adsorbed is plotted as a function of the reduced standard isotherm, αs. It is used for the 

determination of micropore volumes by extrapolation of curves to αs = 0. The external 

surface area is determined from the slopes of linear portions of Alpha S (αs) curves. 

The αs plots of the carbon samples GACONZR 1073, GACONZR 1273, GAC 

383 and GACO 383 are shown in Figure 6.10(b) and the results are given Table 6.5. 

𝑉𝑎𝑑𝑠

𝑉𝑎𝑑𝑠 (
𝑝
𝑝0

= 0.4)
=  𝛼 𝑆                                                                                     (6.10) 

 

The shape of αs plot gives useful indication of the type of pore structure. It 

shows perfect linearity for all the relative pressure range. 

  
Figure 6.10: Adsorption isotherm (a) Dubinin-Radushkevich (D-R) (b) Alpha S (αs) 

plot of GAC 383, GACO 383, GACONZR 1073 and GACONZR 1273  

(a) (b) 



Granular Activated Carbon Oxidised and Activated with Zirconium Oxide (GACONZR): Preparation… 

371 Adsorption Isotherm Studies of Granular Activated Carbons:                                                                      
Activation with Zr4+/Nano ZrO2, Porosity, Surface area, Kinetics and Thermodynamics 

 

The micropore volume Vmi (αs) and external surface area SAext obtained for 

the modified carbons are GACONZR 1073 (Vmi 335.27 cm
3
/g & SAext 958.88 m

2
/g), 

GACONZR 1273 (Vmi 349.56 cm
3
/g & SAext 999.73 m

2
/g), GAC 383 (Vmi  351.49 cm

3
/g 

& SAext  1005.3 m
2
/g), GACO 383 (Vmi  325.28 cm

3
/g & SAext 930.30 m

2
/g). The 

carbon samples GACONZR 1273 gives 4.3 % enhancement of external surface 

area and pore volume compared to that of GACONZR 1073. 

 

Table 6.5: Dubinin-Radushkevichn (D-R) & Alpha S (αs) isotherm parameters of 

GAC 383, GACO 383, GACONZR 1073 and GACONZR 1273 using N2 at 77K 
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GAC 383 646.5 351.3 1.68 15.6 0.986 351.5 1005.3 

GACO 383 570.2 322.8 1.75 15.0 0.979 325.3 930.3 

GACONZR 1073 613.8 335.1 1.69 15.6 0.989 335.3 958.9 

GACONZR 1273 608.0 348.0 1.77 14.9 0.984 349.6 999.7 

 

6.4.1.7 John Isotherm Analysis 

The general form of John isotherm equation applied to the N2 adsorption 

data is given in equation  (6.11) [14 , 15]. 

𝑙𝑜𝑔𝑙𝑜𝑔𝑃 = 𝐶 + 𝑛𝑙𝑜𝑔 𝑉                                                                                  (6.11) 

Where P =p/p0 x 10
N  

to make p/p0 as a positive integer 

Equation (6.11) is further modified as John – Sivanandan Achari isotherm 

for solid – liquid equilibria 

𝑙𝑜𝑔𝑙𝑜𝑔 𝐶𝑒 = 𝐶 + 𝑛𝑙𝑜𝑔 𝑞𝑒                                                                           (6.11 𝑎) 

The John isotherm plots, based upon N2 uptake data provide three distinct 

phases for GAC 383, GACO 383, GACONZR 1073, and GACONZR 1273, which 

are presented in a Figure 6.11.  
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Figure 6.11: John Isotherm plot of GAC 383, GACO383, GACONZR 1073 and 

GACONZR 1273 using N2 adsorption data at 77 K 

 

Molecular sieve effects (mse), cause higher adsorption to take place in phase I. 

Adsorption of N2 in phase I for new carbons are given as;  GAC 383 (289 .95 cm
3
/g), 

GACO 383 (264.10 cm
3
/g), GACONZR 1073 (275.32 cm

3
/g) and GACONZR 1273 

(282.33 cm
3
/g). This indicates that the contribution of finer pores (pore width less 

than 0.8 nm) is higher for total microporosity of the material. The presence of 

micropores having width 0.8 - 2 nm is indicated by Phase II of John isotherm and 

it is given as GAC 383 (43.61 cm
3
/g), GACO 383 (52.06 cm

3
/g) GACONZR 

1073 (39.85 cm
3
/g) and GACONZR 1273 (45.49 cm

3
/g). 

 

 

(a) (b) 

(c) (d) 
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Table 6.6: John isotherm parameters of GAC 383, GACO 383 GACONZR 1073 & 

GACONZR 1273 using N2 /77K 

Carbons 

Adsorption Capacity (cm
3
/g) 

Vmse 

cm
3
/g.STP 

Vm(J) 

cm
3
/g.STP 

Vc(J) 

cm
3
/g.STP 

VT(J) 

cm
3
/g.STP 

GAC 383 
289.95 

n = 3.76 

43.61 

n = 2.85 

32.05 

n = 3.60 

365.61 

GACO 383 
264.10 

n = 3.43 

52.06 

n = 2.42 

21.55 

n = 3.78 

337.72 

 

GACONZR 1073 
275.32 

n = 3.96 

39.85 

n = 3.27 

33.20 

n = 4.21 

348.37 

 

GACONZR 1273 
282.33 

n = 3.61 

45.49 

n = 2.93 

36.34 

n = 3.67 

364.16 

 

Contribution of wider micropore (Vc(J)) in GAC 383 is  32.05 cm
3
/g, 

GACO 383 is 21.55 cm
3
/g, GACONZR 1073 is 33.20 cm

3
/g and GACONZR 

1273 is 36.34 cm
3
/g. Compared to basic carbons zirconia impregnated GACO 

series shows more wider pore filling, it again confirms the possibility of widening 

of existing pores by rising the activation temperature. 

 

Table 6.7: John, Dubinin-Radushkevich (D-R), Alpha S (αs) and Langmuir isotherm:  

comparison of pore volume obtained from Isotherm models 

 

Carbons 

Pore volume 

John 

(Vmse + Vm) 

cm
3
/g  STP 

D-R 

Vmi (D-R) 

cm
3
/g STP 

Alpha S 

Vmi (αs) 

cm
3
/g STP 

Langmuir 

Vm (L) 

cm
3
/g STP 

GAC 383 333.6 351.3 351.5 336. 6 

GACO 383 316.2 322.8 325.3 304.5 

GACONZR 1073 315.2 335.1 335.3 320.7 

GACONZR 1273 327.8 348.0 349.6 331.5 

 
 

Comparison of pore volumes obtained from John (J), Dubinin-Radushkevich 

(D-R), Alpha S (αs), and Langmuir isotherm models are schematically represented in 

the Figure 6.12. It shows that all isotherms are having the approximately same value 

and error percentages between these values lies within the limit of 10%. 
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6.4.1.8 t – Plot Method 

The t-plot isotherm analysis is used for the determination of micropore 

volume, micropore surface area and mesopore surface area of carbon samples.  

The thickness of the pores is calculated using the equation (6.12) 

𝑡 = [ 13.99 
(0.034 − log(

𝑝
𝑝0

 ))] 
0.5

                                                       (6.12) 

The plots are shown in the Figure 6.13, and the results are given in Table 

6.8. The intercept on the y-axis indicates the volume of the micropores which 

have been filled with nitrogen molecules. This method is widely used to evaluate 

the micropore volume of a porous materials. 

The micropore volume Vmi (t) and micropore surface area SAmi (t) obtained for 

the modified carbons are GACONZR 1073 (Vmi = 215.9 cm
3
/g & SAmi = 617.4 m

2
/g), 

GACONZR 1273 (Vmi = 206.3 cm
3
/g & SAmi = 574.0 m

2
/g), GAC 383 (Vmi =       

226.7 cm
3
/g & SAmi = 588.7 m

2
/g), GACO 383 (Vmi = 192.0 cm

3
/g & SAmi = 540.3 m

2
/g). 

External surface area (SAext(t)) increases from 389.2 m
2
/g (GACONZR 

1073) to 469.1 m
2
/g (GACONZR 1273) by increasing the activation temperature 

form 1073 K to 1273 K for GACONZR series i.e. 20.5 % enhancement in the 

external surface area. 

 

 
 

Figure 6.12: Comparison of pore volumes 

obtained for John (J) /D-R/ Alpha S (αs)/ 

Langmuir isotherm models 

Figure 6.13:  t-plot  analysis of  GAC 

383, GACO383 and GACONZR series 

carbonized at temperature 1073 and            

1273 K. 

(a) (b) 



Granular Activated Carbon Oxidised and Activated with Zirconium Oxide (GACONZR): Preparation… 

375 Adsorption Isotherm Studies of Granular Activated Carbons:                                                                      
Activation with Zr4+/Nano ZrO2, Porosity, Surface area, Kinetics and Thermodynamics 

 

All the carbon studied exhibit relatively high microporosity. On comparing, 

the surface area obtained from the Dubinin – Radushkevich (D-R) equation are 

consistently larger than those obtained from the t-plot methods. Extrapolating the 

Vmi (D-R) from the low-pressure region (P/P0 < 0.1) does not completely reduce 

the effect of mesopores present in the system, causing the value obtained for Vmi 

(D-R) is larger than the real micropore volume of materials[16]. 

6.4.1.9 Barrett-Joyner-Halenda (BJH) Method 

The pore size distributions (PSDs) of activated carbons are calculated by 

applying nitrogen adsorption-desorption isotherms data by Barrett-Joyner-Halenda 

(BJH) method.  

  

Figure 6.14: BJH isotherm analysis (a)Adsorption cumulative pore volume                      

(b) Desorption cumulative pore volume for GAC 383, GACO 383, GACONZR  

1073 & GACONZR 1273 

 

  

Figure 6.15 : BJH isotherm analysis (a) Adsorption dV/dw pore volume  (b) Desorption 

dV/dw pore volume for GAC 383, GACO 383, GACONZR  1073 & GACONZR 1273 

(a) (b) 

(a) (b) 
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Figure 6.16: BJH isotherm analysis (a) Adsorption dV/dlogw pore volume and                  

(b) Desorption dV/dlogw pore volume for the carbons, GAC 383, GACO 383, 

GACONZR  1073 & GACONZR 1273 

 

For GACONZR 1073 the adsorption cumulative surface area (ADCSA) of 

the respective pore is 216.19 m
2
/g for a cumulative pore volume (ACPV) of 0.125 

cm
3
/g (80.85 cm

3
/g.STP) and their desorption cumulative surface area (DCSA) 

found to be 216.99 m
2
/g for a cumulative pore volume (DCPV) of 0.124 cm

3
/g 

(80.20 cm
3
/g.STP). The respective adsorption pore width and desorption pore 

width are 2.31 nm and 2.29 nm.  

 

Table 6.8: t-plot and BJH isotherm parameters of GAC 383, GACO 383, GACONZR 

1073 and GACONZR 1273 using N2/77K 
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GAC 383 226.7 588.7 408.1 226.2 220.5 0.138 0.134 2.44 2.43 

GACO 383 192.0 540.3 433.7 250.0 242.8 0.142 0.137 2.28 2.25 

GACONZR 1073 215.9 617.4 389.2 216.2 217.0 0.125 0.124 2.31 2.29 

GACONZR 1273 206.3 574.0 469.1 260.0 276.9 0.147 0.153 2.26 2.21 

∗ 𝑉𝑚  𝑐𝑚3 𝑔  =  
𝑉𝑚  𝑐𝑚3 𝑔  . 𝑆𝑇𝑃 × 28

22414 × 0.808
 

(a) (b) 
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For GACONZR 1273 the adsorption cumulative surface area (ADCSA)              

of the respective pore is 259.96 m
2
/g for a cumulative pore volume (ACPV) of 

0.147 cm
3
/g (95.08 cm

3
/g.STP) and their desorption cumulative surface area (DCSA) 

found to be 276.85 m
2
/g for a cumulative pore volume (DCPV) of 0.153 cm

3
/g  

(98.96 cm
3
/g.STP). The respective adsorption pore width and desorption pore 

width are 2.26 nm and 2.21 nm.  

6.5  Solid – Liquid Equilibria: Adsorption Studies 

Maximum efficiency of GACONZR series of carbons in solid-liquid 

adsorption is determined by contacting 0.05 g of selected carbons in 100 ml  

Erlenmeyer flask with 50 ml solutions of phenol (C0 = 1000 mg/L, equilibrium 

time 8 hours), p-nitrophenol (C0 = 1000 mg/L, equilibrium time 8 hours) and 

methylene blue (C0 = 500 mg/L, equilibrium time 10 hours).  It placed on a water 

bath shaker for a required equilibrium time at 30
0
C.  

 

  

 

 

 
Figure 6.17: Adsorption efficiency of  

GACONZR series of carbons in                  

(a) 1000 mg/L phenol (b) 1000 mg/L 

p-nitrophenol and (c) 500 mg/L 

methylene blue (MB) 

(a) (b) 

(c) 
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Finally the filtered solution is analysed by uv-visible spectrophotometer at 

appropriate wavelength. Among the series of GACONZR studied, GACONZR 

1273 shows maximum efficiency towards phenol, p-nitrophenol and methylene 

blue. This selected GACONZR 1273 is further used for studying solid –liquid 

equilibria along with basic carbons GAC 383 and GACO 383. 

6.5.1 Adsorption Studies of Phenol, P-Nitrophenol and Methylene Blue   

To evaluate the performance of adsorbents and to interpret the experimental 

data in adsorption processes common adsorption isotherms like Langmuir, 

Freundlich and Dubinin – Radushkevich (D-R) isotherms are used in this study. 

Figure 6.18(a)-(c) shows adsorption isotherm of phenol, p-nitrophenol and 

methylene blue (MB) on GAC 383, GACO 383, and GACONZR 1273 at 303 K. 

  

 

 

Figure 6.18: Equilibrium adsorption 

isotherm plots for carbons GAC 383, 

GACO 383, and GACONZR 1273 at 

30
0
C (a) Phenol [C0; 25 -3000 mg/L], 

(b) p-nitrophenol [C0; 25-3000mg/L] 

and (c) Methylene Blue [C0; 25 -1500 

mg/L] 

 

(a) (b) 

(c) 
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Figure 6.18(a) shows the plot between the amount of phenol adsorbed (qe) 

against equilibrium concentration (Ce). The amount of phenol adsorbed on 

GACONZR 1273 shows maximum of 293 mg/g. Whereas GAC 383 shows 301 mg/g 

and GACO 383 shows 209 mg/g. The carbon GACONZR 1273 has more than            

40 % efficiency towards phenol compard to GACO 383.   

The maximum amount of p-nitrophenol adsorbed at equilibrium time of          

8 hour on activated carbon samples follows GACONZR 1273 (441 mg/g), GAC 

383 (341 mg/g) and GACO 383 (220 mg/g). GACONZR 1273 has twice the 

efficiency compared to GACO 383 and 29 % efficiency compared to GAC 383 

towards p-nitrophenol.  

Adsorption isotherm plot of new carbons for the adsorption of methylene 

blue is given in the Figure 6.18(c). The amount of methylene blue adsorbed on 

GACONZR 1273 has a maximum of 137 mg/g, whereas GAC 383 has value of 

190 mg/g and GACO 383 has 138 mg/g.  

6.5.2  Adsorption of Phenol on GACONZR 1273, GAC 383 and GACO 

383 at Temperatures 

Adsorption of phenol on GACONZR 1273, GAC 383 and GACO 383 at 

five temperatures from 283 to 323K is plotted in the form of different isotherm 

models. The parameters obtained from Langmuir, Freundlich and Dubinin - 

Radushkevich isotherm equations along with the coefficient of determination (R
2
) 

are given in Table 6.9.  

The Langmuir isotherm, which represents monolayer coverage of the 

adsorbate on the adsorbent surface, is expressed as  

𝐶𝑒

𝑞𝑒
=

1

𝐾𝐿
+

𝑎𝐿

𝐾𝐿
𝐶𝑒                                                                                               (6.13) 

 

The Langmuir plots of phenol adsorption on GAC 383, GACO 383 and 

GACONZR 1273 with respect to five temperatures are given in Figure 6.19 (a)–

(c). The monolayer capacity KL/aL (or qm) and KL are given in Table 6.9. 

Isotherms constants obtained from GACONZR 1273 are compared with the 

values obtained from GAC 383 and GACO 383.  
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Figure 6.19: Langmuir  isotherm plot 

for the adsorption of  phenol on 

carbons at temperature of 283 - 323 K 

and C0; 25-3000mg/L  (a) GACONZR 

1273, (b) GAC 383 and  (c) GACO 

383 

 

The monolayer capacity KL/aL (or qm) increases with temperature, indicates 

that adsorption is favoured at high temperatures. As seen from Table 6.9, 

Langmuir isotherm fits well with the experimental data (R
2
 = 0.99). This may be 

due to homogenous distribution of active sites on GAC. The maximum monolayer 

adsorption capacity for GACONZR 1273 at different solution temperature are given 

as follows 283 K (qm = 265.25 mg/g & KL = 1.26 Lg
-1
), at 293 K  (qm = 282.49 mg/g 

& KL = 1.65 Lg
-1
), at 303 K (qm = 295.8 mg/g & KL = 2.14 Lg

-1
), at 313 K                    

(qm = 301.0 mg/g & KL = 3.08 Lg
-1
) and at 323 K (qm = 324.68 mg/g & KL = 3.63 Lg

-1
). 

It is clearly suggesting the endothermic nature of adsorption i.e. the adsorption 

rate of phenol on GACONZR 1273 favouring at higher temperature. There is              

22 % enhancement in monolayer capacity by rising the temperature from 283 K to 

323 K. Percentage of enhancement in monolayer adsorption capacity at each 

temperature by comparing with GACO 383 are given as follows at 283 K (41 %), 

at 293 K (42 %), at 303 K (41 %), at 313 K (33 %) and 323K (37 %). For all the 

temperature studied the percentage of enhancement in monolayer adsorption 

capacity for GACONZR 1273 is more than 30 % compared to GACO 383. 

(a) (b) 

(c) 
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The linearized form of Freundlich isotherm equation applied is given by the 

following equation 

𝑙𝑜𝑔𝑞𝑒 = 𝑙𝑜𝑔𝐾𝐹 +
1

𝑛
log 𝐶𝑒                                                                             (6.14) 

Plots are given in the Figure 6.20(a)-(c). The calculated Freundlich constant 

and correlation coefficient are given in the Table 6.9.  

 

  

 

 

 
Figure 6.20: Freundlich  isotherm plot 

for the adsorption of  phenol on carbons 

at temperature of  283 - 323 K and C0; 

25-3000 mg/L  (a) GACONZR 1273,   

(b) GAC 383 and  (c) GACO 383 

 

Higher the value of n, the more favourable the adsorption and stronger the 

adsorption intensity. KF can serve as a measure of the relative adsorptive capacity. 

Heterogeneity factor n and Freundlich constant KF (Lg
-1

) for GACONZR 

1273 at different solution  temperature are varies  as  283K (KF  = 13.19 Lg
-1

 &            

n = 2.55),  293K (KF = 16.64 Lg
-1 

& n = 2.67),  303 K (KF  =  20.4 Lg
-1 

&                   

n = 2.77), 313K (KF  = 24.99 Lg
-1
 & n = 2.9) and 323K (KF  = 27.99 Lg

-1 
& n = 2.95), 

(a) (b) 

(c) 
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whereas for GAC 383, KF are found to be within the range of 16.38 – 17.38 Lg
-1 

and for GACO 383 it is 19.16 – 21.66 Lg
-1

. As the values of 1/n are less than 

unity, the isotherms are characterized by a concave Freundlich isotherm, indicate 

that significant adsorption takes place at low concentrations, and adsorption 

becomes less significant at higher concentration [17].  

The linear form of the Dubinin-Radushkevich isotherm model applied to 

the data is  

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑞𝑚𝑖 − 𝛽𝜀2                                                                                       (6.15) 

The Dubinin-Radushkevich plot of lnqe against [RT ln (1+1/Ce]
2
 of phenol 

adsorption on GAC 383, GACO 383 and GACONZR 1273 with respect to five 

temperatures are given in Figures 6.21(a)–(c). The parameters such as qmi (D-R), 𝛽 

and the mean free energy, E determined from the appropriate plot are given in 

Table 6.9. 

  

 

 
 

Figure 6.21: Dubinin – Radushkevich 

(D-R)  isotherm plot for the adsorption 

of  phenol on carbons at temperature of 

283 - 323 K and C0; 25-3000 mg/L                   

(a) GACONZR 1273 (b) GAC 383 and  

(c) GACO 383 

 

(a) (b) 

(c) 
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Micropore adsorption capacity qmi (D-R), and characteristic energy E 

obtained from the Dubinin – Radushkevich (D-R) isotherm model for GACONZR 

1273 at different temperature are given as; 283K (qmi = 49.25 mg/g  & E = 0.2728 

kJ/mol), 293K (qmi = 52.78 mg/g & E = 0.3544 kJ/mol), 303K (qmi = 56.66 mg/g 

& E = 0.4564 kJ/mol),  313K (qmi = 59.05 mg/g & E = 0.5872 kJ/mol), and 323K 

(qmi = 61.26 mg/g  & E = 0.7393 kJ/mol). Whereas, for GAC 383 qmi(D-R) ranges 

from 55.52 – 59.22 mg/g and E ranges from 0.267 – 0.362 kJ/mol. For GACO 

383 qmi (D-R) range from 46.9- 59.3 mg/g and adsorption energy E is low and it 

ranges from 0.273 kJ/mol to 0.359 kJ/mol.  

 

Table 6.9: Adsorption isotherm parameter of phenol  on GACONZR 1273, GAC 383 

and GACO 383 at temperatures ranging from 283-323K 
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283 265.3 1.26 47 0.988 2.55 13.2 0.978 49.3 6.7 0.951 0.273 

293 282.5 1.65 58 0.992 2.67 16.6 0.970 52.8 4.0 0.955 0.354 

303 295.8 2.14 71 0.994 2.77 20.4 0.964 56.7 2.4 0.945 0.456 

313 301.0 3.08 103 0.998 2.90 24.5 0.951 59.1 1.5 0.945 0.587 

323 324.7 3.63 112 0.998 2.95 28.0 0.947 61.3 0.9 0.945 0.739 

G
A

C
 3

8
3
 

283 266.7 2.33 87 0.998 2.60 16.4 0.935 55.5 7.0 0.966 0.267 

293 284.9 2.46 87 0.998 2.56 16.7 0.935 56.6 6.0 0.966 0.288 

303 312.5 2.48 79 0.998 2.49 16.7 0.945 57.4 5.0 0.966 0.293 

313 336.7 2.53 75 0.998 2.44 17.0 0.951 58.4 4.4 0.966 0.338 

323 352.1 2.68 76 0.998 2.42 17.4 0.951 59.2 3.8 0.966 0.362 

G
A

C
O

 3
8

3
 

283 188.3 2.17 115 0.998 3.17 19.2 0.885 46.9 0.9 0.906 0.729 

293 199.6 2.34 117 0.998 3.13 19.9 0.889 56.1 6.7 0.966 0.273 

303 209.6 2.48 119 0.998 3.12 20.7 0.895 57.4 5.5 0.970 0.302 

313 225.7 2.52 112 0.998 3.05 21.1 0.903 58.8 4.7 0.968 0.328 

323 237.0 2.59 109 0.998 3.02 21.7 0.904 59.3 3.9 0.966 0.359 
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Experimental data obtained for the adsorption of phenol, p-nitrophenol and 

methylene blue on all the carbon studied are well agreeing with the Langmuir 

model with the high correlation coefficient values being close to one, as compared 

with Freundlich model and Dubinin- Radushkevich model. It represents a 

homogeneous surface of the activated carbon in terms of functional groups and 

bonding energy [7].  

6.5.3 Adsorption of P-Nitrophenol on GACONZR 1273, GAC 383 and 

GACO 383 at Temperatures 

Distribution of p-nitrophenol in the solid -liquid phase adsorption equilibrium 

state can be expressed by Langmuir, Freundlich and Dubinin-Radushkevich isotherm 

models.  

The Langmuir plots of p-nitrophenol adsorption on GAC 383, GACO 383 

and GACONZR 1273 with respect to five temperatures are given in Figures 

6.22(a)–(c).  

 

  

 

 
 

Figure 6.22: Langmuir  isotherm plot for 

the adsorption of  p-nitrophenol on 

carbons at temperature of 283 - 323 K 

and C0; 25-3000mg/L (a) GACONZR 

1273, (b) GAC 383 and  (c) GACO 383 

(a) (b) 

(c) 
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The maximum monolayer adsorption capacity of GACONZR 1273 for the 

adsorption of p-nitrophenol at different temperature are given as follows; at 283K 

(qm = 396.83 mg/g & KL = 4.98 Lg
-1
) at 293K (qm  = 416.07 mg/g & KL = 5.62 Lg

-1
), 

at 303K (qm  = 434.78 mg/g & KL = 6.26 Lg
-1

), at 313K (qm  = 444.44 mg/g &             

KL = 7.45 Lg
-1

) and at 323K (qm = 458.72 mg/g & KL = 8.36 Lg
-1

). Large values 

of the Langmuir constant (KL) implies a strong bonding on a finite number of 

binding sites. Langmuir constants (Table 6.10) slightly increased with 

temperature indicate an endothermic process for the p-nitrophenol adsorption on 

studied activated carbons.  

  

 

 
 
Figure 6.23:  Freundlich  isotherm plot 

for the adsorption of  p-nitrophenol on 

carbons at temperature of 283 - 323 K 

and C0; 25-3000mg/L  (a) GACONZR 

1273, (b) GAC 383 and  (c) GACO 383 

 

Percentage of enhancement in monolayer capacity of GACONZR 1273 for 

the adsorption of p-nitrophenol compared to GAC 383 at temperatures are given 

as; 283K (46 %), 293K (37 %), 303K (28 %), 313K (18 %) and for 323K (14 %). 

On comparing with GACO 383, percentage enhancement at temperatures are 

283K (97 %), 293K (95 %), 303K (94 %), 313K (89 %) and at 323K (87 %). It 

shows that removal was increased with the solution temperature. At higher 

(a) (b) 

(c) 
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temperatures more molecules have sufficient energy to interact with the active 

sites of adsorbent. 

The isotherm data for p-nitrophenol adsorption on GAC 383, GACO 383 

and GACONZR 1273 were fitted into the Freundlich equation is given in Figures 

6.23(a)–(c). Parameters are listed in Table 6.10.  

KF and n values of GACONZR 1273 at temperatures are given as follows; 

283K (KF = 49.69 Lg
-1 

& n = 3.51), 293K  (KF = 52.23 Lg
-1

 & n = 3.49), 303K  

(KF = 54.39 Lg
-1

 & n = 3.47), 313K (KF = 56.73 Lg
-1

 & n = 3.46), and at 323K 

(KF = 59.16 Lg
-1

 & n = 3.47) whereas for GAC 383,  KF values are found to be 

within the range of 53.49 – 59.9 Lg
-1 

and for GACO 383 it is 18.48 – 20.04 Lg
-1

. 

The value of n indicates favourable adsorption when 1< n <10. It varies for 

carbons are given as; GACONZR 1273 (3.46–3.51), GAC 383 (4. 26–3.64), and 

for GACO 383 (3.90–3.97). Therefore, the adsorption of phenol on GACONZR 

1273, GAC 383 and GACO 383 are appears to be favourable. 

 

  

 

 

 

Figure6.24: Dubinin - Radushkevich 

isotherm plot for the adsorption of                   

p-nitrophenol on carbons at temperature 

of 283 - 323 K and C0; 25 – 3000 mg/L  

(a) GACONZR 1273, (b) GAC 383 and  

(c) GACO 383 

(a) (b) 

(c) 
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The Dubinin-Radushkevich (D-R) plot of ln qe against [RT ln (1+1/Ce]
2
 of 

p-nitrophenol adsorption on GAC 383, GACO 383 and GACONZR 1273 with 

respect to five temperatures are given in Figures 6.24(a)–(c). Parameters were 

determined from the appropriate plot and are given in Table 6.10. 

Micropore volume qmi(D-R),and characteristic energy E obtained from 

Dubinin – Radushkevich (D-R) isotherm model for GACONZR 1273 at different 

temperature are given as; 283 K (qmi = 85.81 mg/g & E = 1.40 kJ/mol), 293K            

(qmi = 86.88 mg/g & E = 1.62 kJ/mol), 303K (qmi = 88.14 mg/g & E = 1.80 kJ/mol), 

313K (qmi = 88.69 mg/g & E = 2.01 kJ/mol), and at 323K (qmi = 90.48 mg/g &           

E = 2.23 kJ/mol). Whereas for GAC 383 qmi(D-R) varies 75.77 – 81.24 mg/g and 

E value ranges 1.6 – 2.21 kJ/mol. For GACO 383 qmi(D-R) value varies from 

49.61 – 52.74 mg/g and E value ranges from 0.329 kJ/mol to 0.446 kJ/mol. 

 

Table 6.10: Adsorption isotherm parameter of  p-nitrophenol on GACONZR 1273, 

GAC 383 and GACO 383 at temperatures ranging from 283-323K 
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283 396.8 4.98 125 0.990 3.51 49.7 0.933 85.8 0.26 0.953 1.40 

293 416.7 5.62 135 0.992 3.49 52.2 0.937 86.9 0.19 0.956 1.62 

303 434.8 6.26 144 0.994 3.47 54.4 0.918 88.1 0.16 0.960 1.80 

313 444.4 7.45 168 0.996 3.46 56.7 0.933 88.7 0.12 0.958 2.01 

323 458.7 8.36 182 0.996 3.47 59.2 0.937 90.5 0.10 0.966 2.23 

G
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C
 3

8
3
 

283 272.5 7.61 279 0.998 4.26 53.5 0.861 75.8 0.23 0.966 1.60 

293 304.9 8.36 274 0.998 4.06 55.0 0.880 77.0 0.18 0.966 1.75 

303 340.1 9.03 265 0.998 3.88 56.6 0.893 78.2 0.15 0.966 1.90 

313 377.4 9.40 249 0.998 3.73 58.1 0.906 79.5 0.12 0.966 2.07 

323 403.2 10.7 265 0.998 3.64 59.9 0.914 81.2 0.10 0.966 2.21 

G
A

C
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3
 283 201.6 2.06 102 0.998 3.05 18.5 0.925 49.6 4.63 0.951 0.33 

293 213.2 2.14 101 0.998 3.01 18.9 0.927 50.6 3.97 0.953 0.36 

303 224.2 2.24 100 0.998 2.97 19.3 0.929 51.3 3.35 0.951 0.37 

313 235.3 2.31 98 0.998 2.94 19.7 0.931 52.1 2.92 0.951 0.41 

323 245.7 2.41 98 0.998 2.91 20.0 0.933 52.7 2.51 0.949 0.45 
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6.5.4  Adsorption of Methylene Blue (MB) on GACONZR 1273, GAC 

383 and GACO 383 at Temperatures 

Equilibrium adsorption isotherm for the removal of methylene blue from 

aqueous solution using   activated carbons GAC 383, GACO 383 and GACONZR 

1273 has been investigated at different temperature 283, 293, 303, 313 and 323 K. 

The Langmuir plots of methylene blue adsorption on GAC 383, GACO 383 

and GACONZR 1273 with respect to five temperatures are given in Figures 

6.25(a)–(c).  

  

  

 

 
 

Figure 6.25: Langmuir  isotherm plot 

for the adsorption of  methylene blue 

(MB) on carbons at temperature of 

283 - 323 K and C0; 25 - 1500 mg/L       

(a) GACONZR 1273, (b) GAC 383 and  

(c) GACO 383 

 

The maximum monolayer adsorption capacity of GACONZR 1273 for                  

the adsorption of methylene blue at different temperature are given as; 283                    

K (qm = 107.30 mg/g & KL = 2.77 Lg
-1
), 293 K (qm = 123.61 mg/g & KL = 3.07 Lg

-1
), 

303 K (qm = 139.86 mg/g & KL = 3.46 Lg
-1

), 313 K (qm = 157.73 mg/g &                    

KL = 3.78 Lg
-1

), 323K (qm = 176.06 mg/g & KL = 4.01 Lg
-1

). For GAC 383 

(a) (b) 

(c) 
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monolayer adsorption capacity increases from 150.6 mg/g to 229.36 mg/g and for 

GACO 383 increases from 107.99 mg/g to 172.41 mg/g. 

The monolayer adsorption capacity of GACONZR 1273 increases 15.8 %, 

GAC 383 increases 48 % and GACO 383 increases 22 % by rising the 

temperature from 283 K to 323 K. This indicates that adsorption uptake increases 

with temperature. This phenomenon may be caused by the fact that the adsorption 

reaction is an endothermic process. Higher temperature promotes the methylene 

blue to penetrate inside the carbon pores, and otherwise chemical interaction 

occurred between adsorbate and surface functional group of adsorbent. As a 

result, the adsorption capacity increased along with the solution temperature [18].  

The Freundlich plots of phenol adsorption on GAC 383, GACO 383 and 

GACONZR 1273 with respect to five temperatures are given in Figures 6.26(a)–(c). 

KF and n value are given in the Table 6.11. 

 

 
 

 

 
 

Figure 6.26: Freundlich  isotherm plot 

for the adsorption of  methylene blue on 

carbons at temperature of 283 - 323 K 

and C0; 25 - 1500 mg/L (a) GACONZR 

1273 (b) GAC 383 and  (c) GACO 383 

(a) (b) 

(c) 
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KF and n values of GACONZR 1273 at different temperature are given as 

follows; 283 K (KF = 32.57 Lg
-1 

& n = 5.89), 293 K (KF = 34.29 Lg
-1

 & n = 5.47), 

303 K (KF = 36.03 Lg
-1

 & n = 5.15), 313 K (KF = 37.89 Lg
-1

 & n = 4.9), 323 K 

(KF = 39.59 Lg
-1

 & n = 4.69) whereas for GAC 383, KF values are found to be 

within the range of 37.67 – 47.80 Lg
-1 

and for GACO 383 it is 35.09 – 44.58 Lg
-1

. 

These n values are found to be in the range of 4.69 – 5.89 for GACONZR 

1273, 1.58 – 1.68 for GAC 383 and 6.27 – 5.12 for GACO 383. Therefore, the 

adsorption of methylene blue (MB) on GACONZR 1273, GAC 383 and GACO 

383 are appearing to be favourable. 

The Dubinin-Radushkevich (D-R) plot for methylene blue (MB) adsorption 

on GAC 383, GACO 383 and GACONZR 1273 with respect to five temperatures 

are given in Figure 6.27 (a) – (c). 

 

  

 

 

 

 

Figure 6.27: Dubinin – Radushkevich  

(D-R) isotherm plot for the adsorption of  

methylene blue on carbons at temperature 

of 283 - 323 K and C0; 25 - 1500 mg/L  

(a) GAC 383 (b) GACO 383 and                    

(c) GACONZR 1273 

(a) (b) 

(c) 
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Micro pore volume qmi (D-R) and characteristic energy E obtained from 

Dubinin – Radushkevich (D-R) isotherm model for GACONZR 1273 at different 

temperature are given as;  at 283K (qmi = 50.78 mg/g  & E = 2.62 kJ/mol), 293K 

(qmi  = 52.67 & E = 3.06 kJ/mol), 303K (qmi  = 54.07 mg/g & E = 3.50 kJ/mol), 313K 

(qmi = 55.35mg/g & E = 4.04 kJ/mol), 323K (qmi  = 56.54 mg/g & E = 4.46 kJ/mol). 

Whereas for GAC 383 qmi (D-R) ranges from 57.43– 62.78 mg/g and E ranges 

from 2.75 – 4.68 kJ/mol. For GACO 383 qmi (D-R) range from 54.15 – 60.98 mg/g 

and E ranges from 2.78 kJ/mol to 4.66 kJ/mol. 

 

Table 6.11: Adsorption isotherm parameter of methylene blue (MB) on GACONZR 

1273, GAC 383 and GACO 383 at temperatures ranging from 283-323K 
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 283 107.3 2.77 260 0.998 5.89 32.6 0.982 50.8 0.073 0.974 2.62 

293 123.6 3.07 250 0.998 5.47 34.3 0.988 52.7 0.053 0.962 3.06 

303 139.9 3.46 250 0.998 5.15 36.0 0.990 54.1 0.041 0.955 3.50 

313 157.7 3.78 240 0.996 4.90 37.9 0.992 55.4 0.031 0.949 4.04 

323 176.1 4.01 230 0.996 4.69 39.6 0.994 56.5 0.025 0.941 4.46 

G
A
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 3
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3
 

283 150.6 3.74 248 0.996 1.58 37.7 0.982 57.4 0.066 0.943 2.75 

293 169.5 4.54 268 0.996 1.61 40.7 0.984 58.8 0.047 0.935 3.26 

303 190.1 4.8 252 0.996 1.63 42.9 0.990 60.3 0.036 0.935 3.75 

313 209.6 5.13 245 0.994 1.66 45.3 0.992 61.6 0.028 0.937 4.21 

323 229.4 5.51 240 0.994 1.68 47.8 0.994 62.8 0.023 0.941 4.68 

G
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C
O
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8

3
 

283 108.0 2.89 268 0.998 6.27 35.1 0.968 54.2 0.065 0.972 2.77 

293 122.4 3.37 275 0.996 5.92 37.7 0.976 56.3 0.047 0.960 3.26 

303 138.7 3.60 259 0.996 5.61 39.8 0.982 58.0 0.036 0.955 3.74 

313 154.3 4.31 279 0.996 5.33 42.3 0.984 59.5 0.028 0.951 4.19 

323 172.4 4.59 266 0.996 5.12 44.6 0.988 61.0 0.023 0.953 4.66 
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6.5.5 John-Sivanandan Achari (J-SA) Isotherm for Solid-Liquid Equilibria 

Systematic evaluation of different solid-liquid adsorption systems are 

analysed and evaluated using John – Sivanandan Achari (J-SA) isotherm models 

[19- 21] 

𝑙𝑜𝑔𝑙𝑜𝑔 𝐶𝑒 = 𝐶 + 𝑛 𝑙𝑜𝑔 𝑞𝑒                                      

Where Ce = Ce X 10 
N
 to make loglog Ce positive. 

The adsorption efficiency of the newly developed carbons GACONZR 

1273 towards methylene blue (MB), phenol (P) and p-nitrophenol (PNP) are 

evaluated using John-Sivanandan Achari isotherm models. The adsorption 

efficiency obtained from John-Sivanandan Achari isotherm model is compared 

to Langmuir (L), Dubinin-Radushkevich (D-R) and Freundlich (F) isotherm 

models.  

The John-Sivanandan Achari isotherm plot for methylene blue (MB) 

adsorption shows three distinct phases in the graph. The quantity of methylene 

blue adsorbed in each phase is given as phase I qI(J) (60.66mg/g),  phase II 

qII(J) (73.36 mg/g), phase III, qIII(J) (5.03 mg/g) and the total adsorption 

capacity qT(J) determined from logqT(J)  corresponding to the highest log log Ce 

is 139.05 mg/g.  

This means 43.6 % of the total adsorption takes place during the phase I 

with specific adsorption mechanism while 52.8 % coverage occurs during the 

second phase and 3.6 % of the total adsorption takes place during the phase III 

with a different adsorption mechanism.  

According to John-Sivanandan Achari (J-SA) isotherm model, 

adsorption of phenol on GACONZR 1273 follows three distinct phase change 

mechanism. For adsorption in Phase I qI(J) is  144.51mg/g,  phase II is 130.28 mg/g, 

Phase III is 22.17 mg/g. These three phase changes indicate that higher 

adsorption of phenol is favoured by the large proportion of micropores in 

GACONZR 1273.  
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p-nitrophenol is less soluble in water due to the presence of a hydrophobic 

group NO2 in it and therefore adsorbed strongly
 
than phenol and methylene blue, 

which indicate the high values of qT(J) equal to 444.73 mg/g.  

 

  

 

 
Figure 6.28: John-Sivanandan Achari 

isotherm (J-SA) plot for the adsorption 

of (a) methylene blue (b) phenol                  

(c) p-nitrophenol on carbons at 303 K  

and C0; 25- 1500 mg/L GACONZR 

1273 

 

Comparison of adsorption capacity (mg/g) obtained for the adsorption of 

methylene blue, phenol and p-nitrophenol using John-Sivanandan Achari (J-SA) 

isotherm, Langmuir (L) isotherm, Freundlich (F) isotherm and Dubinin – 

Radushkevich (D-R) isotherm models are given in Table 6.12.  

Adsorption capacity of carbon obtained from Langmuir and John-Sivanandan 

Achari (J-SA) isotherm models are more comparable. 

  

(a) (b) 

(c) 
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Table 6.12: John-Sivanandan Achari (J-SA), Langmuir, Dubinin-Radushkevich (D-R) 

and Freundlich isotherm models: comparison of  adsorption capacity (mg/g)  and 

surface area (m
2
/g) for the adsorption of  phenol, p-nitrophenol and methylene blue on 

carbon  GACONZR 1273, GAC 383 and GACO 383 (T = 303K) 
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 *MB 

(1.2) 

60.7 

(137.1) 

73.4 

(165.8) 

5.0 

(11.3) 

139.1 

(314.2) 

139.9 

(316.1) 

54.1 

(122.2) 

36.0 

(81.3) 

*P  

(0.522) 

144.5 

(482.8) 

130.3 

(435.2) 

22.2 

(74.1 

297.0 

(992.1) 

299.4 

(1000.2) 

20.4 

(68.2) 

56.7 

(189.4) 

*PNP 

(0.525) 

141.5 

(321.5 

159.9 

(363.4) 

143.4 

(326.0) 

444.7 

(1010.9) 

434.8 

(988.3) 

88.1 

(200.3) 

54.4 

(123.7) 

G
A

C
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3
 

MB 67.5 

(152.5) 

124.4 

(281.1) 

*ND 191.9 

(433.6) 

190.1 

(429.6) 

60.3 

(136.3) 

42.9 

(96.9) 

P 72.9 

(243.4) 

209.8 

(700.9) 

19.2 

(64.3) 

301.9 

(1008.7) 

312.5 

(1044.0) 

57.4 

(191.7) 

16.7 

(55.9) 

PNP *ND 210.15 

(477.7) 

134.07 

(304.8) 

345.22 

(784.7) 

334.5 

(760.2) 

78.2 

(177.7) 

60.7 

(138.1) 

G
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C
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3

8
3
 

MB 66.6 

(150.5) 

71.8 

(162.2) 

*ND 138.4 

(312.7) 

138.7 

(313.4) 

58.0 

(131.0) 

39.8 

(90.0) 

PNP 56.4 

(188.4) 

93.1 

(311.1) 

62.7 

(209.4) 

212.2 

(708.8) 

209.6 

(700.2) 

57.4 

(191.8) 

20.7 

(69.2) 

P 52.3 

(118.8) 

85.6 

(194.6) 

84.2 

(191.5) 

222.1 

(504.9) 

224.2 

(509.7) 

51.3 

(116.6) 

19.3 

(43.9) 

*MB -  Methylene blue *P  - phenol, *PNP  -  p-nitrophenol,  *ND – not detected  
 

*𝑆𝐴(m2/g) =
q  mg g  ×6.022×1023 ×cross  sectional  area  of  adsorbate

Molecular  weight  of  adsorbate
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6.5.5.1  John - Sivanandan Achari Isotherm for Phenol, P-Nitrophenol and 

Methylene Blue (MB) Adsorption on GACONZR 1273 at Temperatures 
 

  

  
Figure 6.29: John-Sivanandan Achari (J-SA) isotherm plots for phenol adsorption 

on GACONZR 1273 at temperatures (a) 283 K (b) 293K (c) 313K and (d) 323K 

 

Adsorption of phenol, p-nitrophenol and methylene blue on GACONZR 

1273 in each phase increases with increase in temperature. Regarding the 

adsorption of phenol, enhancement of adsorption in each phase is given as;            

q1 J-SA (from 115.56 mg/g to 160.25 mg/g), q1I J-SA (from 120.34 to 140.58 mg//g) 

and q1II J-SA (from 18.80 to 30.32 mg/g). 

 

 

 

(a) (b) 

(c) (d) 
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Figure 6.30: John-Sivanandan Achari (J-SA) isotherm plots for p-nitrophenol 

adsorption on  GACONZR 1273 at temperatures (a) 283 K (b) 293K (c) 313K and 

(d) 323 K 

 

 

For p-nitrophenol adsorption, phase change occurs with rise of temperature 

is given as; qI J-SA (139.38 mg/g - 142.50 mg/g), q1I J-SA (134.53 -165.86 mg//g) 

and qIII J-SA (139.27– 156.53 mg/g). 

(a) (b) 

(c) (d) 
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Figure 6.31: John-Sivanandan Achari (J-SA) isotherm plot for methylene blue adsorption on 

GACONZR 1273 at temperatures (a) 283 K (b) 293K (c) 313K and (d) 323 K 
 

Table 6.13: John - Sivanandan Achari (J-SA) isotherm parameter for the adsorption of phenol, p-

nitrophenol and methylene blue (MB) on carbon GACONZR 1273 at 283 - 323K 
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Effective adsorption of methylene blue with rise of temperature in each phase 

is given as; qI J-SA (58.95mg/g - 64.88mg/g), q1I J-SA (44.82-100.55 mg//g), q1II J-SA 

(3.90 – 10.37 mg/g). 

6.6  Comparison of Adsorption Isotherms for the Adsorption            

of Phenol, P-Nitrophenol and Methylene Blue (MB) on 

GACONZR 1273 

Isotherm data were fitted to various isotherm models to establish the most 

appropriate correlation for the adsorption system. In this study nonlinear form of 

Langmuir, Freundlich, Dubinin – Radushkevich (D-R) and John-Sivanandan 

Achari (J-SA) isotherms models were used. Non linear form of isotherm equation 

is listed in Table 6.14. 

 

Table 6.14: The predicted non linear form of Freundlich, Langmuir, Dubinin – 

Radushkevich, John-Sivanandan Achari isotherm equations for carbon GACONZR 1273 

Isotherms Phenol p-nitrophenol Methylene Blue 

Langmuir   
𝑞𝑒 =

𝐶𝑒  𝑋 3.63

1 + 0.0112
 𝑞𝑒 =

𝐶𝑒  𝑋 8.36

1 + 0.0182𝐶𝑒
 𝑞𝑒 =

𝐶𝑒  𝑋 4.01

1 + 0.02278𝐶𝑒
 

Freundlich   𝑞𝑒 = 27.99 𝑋 𝐶𝑒
0.3387  𝑞𝑒 = 59.16𝑋 𝐶𝑒

0.2882  𝑞𝑒 = 39.59 𝑋 𝐶𝑒
0.2132  

*D-R 𝑞𝑒 = 69.5 𝑋 𝑒−1.05𝜀2
 𝑞𝑒 = 90.48 𝑋 𝑒−0.1006𝜀2

 𝑞𝑒 = 62.14 𝑋 𝑒−0.0281𝜀2
 

*J-SA 
𝑞𝑒 = 𝑒

𝑙𝑜𝑔𝑙𝑜𝑔 𝐶𝑒+0.5159
0.455  𝑞𝑒 = 𝑒

𝑙𝑜𝑔𝑙𝑜𝑔 𝐶𝑒+0.4739
0.447  𝑞𝑒 = 𝑒

𝑙𝑜𝑔𝑙𝑜𝑔 𝐶𝑒+2.576
1.47  

*D-R: Dubinin-Radushkevich  *J-SA: John-Sivanandan Achari isotherms 

 

Equilibrium data was getting valid for Langmuir isotherm model while 

John-Sivanandan Achari isotherm, Freundlich, and Dubinin – Radushkevich 

isotherm do not much well represent the experimental data.  
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Figure 6.32: Comparison of the adsorption 

isotherms model to the observed isotherm 

data for the adsorption of (a) methylene 

blue (b) phenols, (c) p-nitrophenol on 

GACONZR 1273 

 

 

6.7 Adsorption Kinetic Study 

In order to evaluate the kinetic mechanism that controls the adsorption 

process, the pseudo-first order, pseudo-second order models and intraparticle 

diffusion models were tested to interpret the experimental data. The pseudo first 

order plots of phenol, p-nitrophenol and methylene blue adsorption on GAC 383, 

GACO 383 and GACONZR 1273 samples at 283-323K are given in the following 

section. 

6.7.1 Kinetic Studies of Phenol on GACONZR 1273, GAC 383 and 

GACO 383 at Temperatures 

The first order kinetic plots of phenol adsorption onto three adsorbents GAC 

383, GACO 383 and GACONZR 1273 at 283, 293, 303, 313 and 323 K temperature  

are given in Figure 6.33 (a)–(c). Kinetic parameters along with correlation co-efficient 

for pseudo first order kinetic models are listed in the Table 6.15.  

ln  𝑞𝑒 − 𝑞𝑡 = 𝑙𝑛𝑞𝑒 − 𝐾1𝑡                                                                            (6.16) 

(a) (b) 

(c) 
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Figure 6.33: Pseudo-first order kinetic 

plot of carbons for the adsorption                    

of phenol at 283 – 323 K and C0;                 

250 mg/L (a) GACONZR 1273                      

(b) GAC  383 and (c) GACO 383 

 

The Table 6.15 shows that the experimental data deviated considerably 

from the theoretical data obtained from pseudo first order model. Percentages of 

error calculated between the experimental qe and calculated qe are found to be 

greater than 40 % for all the carbon studied. Correlation coefficient obtained at all 

temperatures was found to be low. The adsorption equilibrium qe obtained                       

for GACONZR 1273 for the adsorption of phenol at different temperature                  

are given as; 283K (73.203 mg/g), 293K (73.74 mg/g), 303K (77.76 mg/g),               

313K (76.47 mg/g), and 323K (76.70 mg/g). The error percentage varies as; 

GACONZR 1273 (41.6% - 45.9%), GAC 383 (28.46 % - 42.25%) and GACO 

383 (35.95% - 47.81%) by rising the temperature from 283K to 323K. The 

relatively high percentage error between the qe experimental with qe calculated 

and lower correlation coefficient  suggested adsorption of phenol on all these 

carbons do not follow the pseudo first order kinetics. 

 

(a) (b) 

(c) 
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The second order kinetic plots of phenol adsorption onto three adsorbents 

GACONZR 1273, GAC 383, and GACO 383 at five different temperatures are 

given in Figure 6.34(a)-(c).  Kinetic parameters along with correlation co-efficient 

for pseudo second order kinetic model are listed in the Table 6.15.  

𝑡

𝑞𝑡
=  

1

𝑘2𝑞𝑒
2 +

1

𝑞𝑒
𝑡                                                                                           (6.17) 

 

  

 

 

 

 

Figure 6.34: Pseudo second order kinetic 

plot for the adsorption of phenol at 283 – 

323 K and C0; 250 mg/L (a) GACONZR 

1273 (b) GAC  383 and (c) GACO 383 

 

Percentages of error calculated between the experimental qe and calculated 

qe value of GACONZR 1273 at different temperatures are 283 K (6.6 %), 293 K 

(6.3 %), 303 K (5.4 %), 313 K (5 %), 323 K (4.7 %). 

The qe obtained from pseudo second order kinetics is found to be very close 

to qe (exp). The correlation coefficient (R
2
) is closer to one for pseudo second 

order kinetics compared with that of pseudo first order kinetics. It is assumed that 

the adsorption capacity is proportional to the number of active sites occupied on 

the adsorbent surface [22].  

(a) (b) 

(c) 
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Intra particle diffusion plot of (qt versus t
½
) phenol at five different 

temperatures is given in the Figure 6.35(a)-(c). From the slope and intercept intra 

particle diffusion parameters Kid1, Kid2 and C are obtained, which are given in the 

Table 6.15 

𝑞𝑡 =  𝑘𝑖𝑑 𝑡
1

2 + 𝐶                                                                                            (6.18) 

 
 

  

 

 

 
 
Figure 6.35: Intra particle diffusion model 

plot for the adsorption of phenol at 283 – 

323 K and C0; 250 mg/L  (a) GACONZR 

1273 (b) GAC  383 and (c) GACO 383 

 

The plot of qt versus t 
0.5

 shows two stages of adsorption with deviation of a 

straight line from the origin. The first line from 10 min to one hour is attributed to 

the fast diffusion of the adsorbate molecules from the aqueous phase to the 

adsorbent surface. The second line from one hour to eight hours is due to the 

intraparticle diffusion. 

(a) (b) 

(c) 
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External mass transfer coefficient Kid1 given by GACONZR 1273 at 

different temperature are 283 K (13.78), 293 K (14.60), 303 K (13.06), 313 K 

(14.10) and 323 K (14.71 mg/g min
-1

) whereas intraparticle diffusion coefficient 

Kid2 is 283 K (1.56), 293 K (1.47), 303 K (1.78), 313 K (1.64), and 323 K 

(1.59 mg/g min
-1

). The higher Kid1 value compared to Kid2 indicates that external 

mass transfer is more predominating than intra particle diffusion for the 

adsorption of phenol on GACONZR 1273 and it is increasing with temperature. 

This indicates that the intra particle diffusion was the only rate-controlling step. 

 

Table 6.15:  Kinetic parameters of carbons GACONZR 1273, GAC 383, and GACO 383 

for the adsorption of phenol at temperatures 283 - 323K. [C0 = 250 mg/L] 
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Pseudo second 

order kinetics 
Intra particle diffusion 

q
e 

 (
ex

p
) 

m
g

/g
 

q
e 

(c
a

l 
) 

m
g

/g
 

K
1
x

 1
0

4
  
m

in
-1

 

R
2
 

q
e 

 (
ca

l)
 m

g
/g

 

K
2
x

 1
0

5
  
g
 m

g
 -1

m
in

-1
 

R
2
 

K
id

1
  
m

g
/g

 m
in

1
/2

 

C
1
 

R
2
 

K
id

2
  
m

g
/g

 m
in

1
/2

 

C
2
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G
A
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O

N
Z

R
 1

2
7
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283 125 73 104 0.97 134 25 0.99 14 -11 0.98 1.6 93 0.90 

293 130 74 109 0.97 138 26 0.99 15 -11 0.98 1.5 100 0.88 

303 133 78 100 0.98 140 27 0.99 13 0.2 0.97 1.8 96 0.91 

313 137 77 103 0.97 144 29 0.99 14 -0.3 0.97 1.6 103 0.91 

323 142 77 104 0.97 148 30 0.99 15 0.5 0.97 1.6 109 0.91 

G
A

C
3

8
3
 

283 122 87 71 0.96 135 12 0.99 15 -30 0.97 3.2 53 0.98 

293 126 89 72 0.97 138 14 0.99 14 -25 0.97 3.4 55 0.98 

303 130 84 67 0.95 140 16 0.99 15 -25 0.97 3.2 62 0.98 

313 135 85 72 0.96 143 18 0.99 14 -13 0.95 3.2 67 0.97 

323 139 80 67 0.95 145 21 0.99 14 -7 0.93 2.9 76 0.99 

G
A

C
O

3
8

3
 

283 118 76 56 0.94 125 18 0.99 11 -10 0.98 2.8 56 0.99 

293 122 73 53 0.93 126 21 0.99 11 -4 0.99 2.7 61 0.97 

303 126 71 57 0.93 130 23 0.99 11 0.3 0.99 2.4 71 0.98 

313 130 71 60 0.94 134 25 0.99 11 7 0.98 2.4 76 0.99 

323 133 69 61 0.95 136 27 0.99 11 15 0.99 2.4 80 0.99 
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6.7.2 Kinetic Study of P-Nitrophenol on GACONZR 1273, GAC 383 

and GACO 383 at Temperatures 

In order to analyze the adsorption kinetics of p-nitrophenol, kinetic data 

obtained from different time interval is tested using mathematical expressions 

corresponding to various models, namely: Lagergren’s first order equation,   

pseudo – second order reaction and intra particle diffusion. 

The first order kinetic plots of p-nitrophenol adsorption onto three 

adsorbents GAC 383, GACO 383 and GACONZR 1273 at 283, 293, 303, 313 and 

323 K are given in Figure 6.36(a)–(c). Kinetic parameter along with correlation 

co-efficient for pseudo first order kinetic model listed in the Table 6.16.  

  

 

 

 

 

Figure 6.36:  Pseudo first order kinetic 

plot for the adsorption of p-nitrophenol 

at 283 – 323 K and C0; 250 mg/L                      

(a) GACONZR 1273 (b) GAC  383 and 

(c) GACO 383 

 

Error percentage between qe experimental and qe calculated from pseudo first 

order is increased with temperature and it varies for carbons as GACONZR 1273 

(35.62 % to 58.27 %), GAC 383 (23.80 % to 34.63 %), and GACO 383 (30.79 % to 

43.58 %) by rising the temperature from 283K to 323K. On the basis of the 

(a) (b) 

(c) 
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correlation coefficient (R
2
) and the difference between the experimental and 

theoretical adsorption capacities suggested that kinetic data obtained from the 

adsorption of p-nitrophenol on GAC is not following the pseudo first order kinetics. 

The second order kinetic plots of p-nitrophenol adsorption onto three 

adsorbents GACONZR 1273, GAC 383, and GACO 383 at five different 

temperatures are given in Figure 6.37(a)-(c).  Kinetic parameter along with 

correlation co-efficient for pseudo second order kinetic model is listed in the 

Table 6.16.  

 
 

 

 

 

 

Figure 6.37: Pseudo second order kinetic 

plot for the adsorption of p-nitrophenol  

at 283 – 323 K and C0; 250 mg/L                        

(a) GACONZR 1273 (b) GAC  383 and 

(c) GACO 383 

 

Percentages of error calculated between the experimental qe and calculated 

qe of GACONZR 1273 at different temperature are given as; 283 K (6.77 %), 293 K 

(5.96 %), 303 K (5.22%), 313 K (4.64%), and 323 K (2.59 %) respectively. This 

shows that error percentage between qe experimental and qe calculated from 

pseudo second order is less than 10 % for all three carbons i.e. calculated qe is 

more close to experimental qe.  

(a) (b) 

(c) 
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The lower percentage of error at higher temperature indicates that 

adsorption systems follows the pseudo second order kinetics is more favourable at 

higher temperatures. Conformity between the experimental qe and calculated qe is 

also given by a straight line plot with the high correlation coefficient (R
2 
≈ 0.99). 

Intra particle diffusion plot of (qt versus t
½
) p-nitrophenol at five 

temperatures are given in the Figure 6.38. From the slope and intercept intra 

particle diffusion parameters Kid1, Kid2 and C obtained are given in the Table 6.16. 

 

  

 

 

 

 

Figure 6.38: Intra particle kinetic plot 

for the adsorption of p-nitrophenol at 283 – 

323 K and C0; 250 mg/L  (a) GACONZR 

1273 (b) GAC  383 and (c) GACO 383 

Two linear plots suggest that the adsorption process proceeds by surface 

adsorption and intraparticle diffusion. The Kid is the intraparticle diffusion 

coefficient and C is the boundary layer effect. Higher the intercept, greater the 

contribution of surface adsorption in the rate limiting step. 

(a) (b) 

(c) 
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The plot of qt versus t 
0.5

 shows two stages of adsorption with deviation of a 

straight line from the origin because of the difference in the rate of mass transfer 

between initial and final stages of adsorption. The initial linear portion refers to 

the external mass transfer effect or boundary layer effect and the later portion due 

to the intra particle diffusion. External mass transfer coefficient and intraparticle 

diffusion coefficient of GACONZR 1273 at each temperature is given as; 283 K 

(Kid1 = 18.53& Kid2 = 3.08), 293 K (Kid1 =  18.77 & Kid2 = 2.79), 303 K (Kid1 = 18.30 

& Kid2 = 2.98), 313K (Kid1 = 18.23 & Kid2 = 2.77) and 323 K (Kid1= 14.93 mg/g min
1/2 

& Kid2 = 2.27 mg/g min
1/2

).  

 

Table 6.16 : Kinetic parameters of carbons GACONZR 1273, GAC 383, and GACO 383 

for the adsorption of p-nitrophenol at temperatures 283 - 323K [C0 = 250 mg/L] 
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283 189 122 97 0.98 202 15 0.99 19 -7 0.93 3.1 125 0.91 

293 195 118 99 0.98 206 17 0.99 19 -1 0.94 2.8 137 0.91 

303 204 120 89 0.98 215 17 0.99 18 7 0.97 3.0 141 0.96 

313 208 115 89 0.98 217 18 0.99 18 15 0.97 2.8 149 0.97 

323 213 89 92 0.98 218 30 0.99 15 60 0.95 2.3 165 0.92 

G
A

C
  

3
8

3
 

283 202 154 67 0.98 221 8 0.99 17 -16 0.98 5.6 80 1.00 

293 210 152 65 0.98 226 9 0.99 17 -8 0.98 5.1 89 0.99 

303 213 151 69 0.98 229 9 0.99 17 -2 0.97 5.3 98 0.99 

313 217 151 76 0.98 232 10 0.99 16 9 0.96 5.1 108 0.99 

323 219 143 75 0.98 232 12 0.99 17 10 0.97 4.8 117 0.99 

G
A

C
O

 3
8

3
 

283 120 83 53 0.91 130 12 0.99 13 -28 0.98 3.0 52 0.97 

293 125 85 57 0.93 133 14 0.99 13 -21 0.96 3.1 56 0.99 

303 129 84 57 0.93 137 16 0.99 13 -16 0.97 3.0 62 0.99 

313 134 81 59 0.94 140 19 0.99 12 -5 0.96 3.0 68 0.99 

323 139 78 55 0.94 143 21 0.99 12 5 0.99 3.2 67 0.99 
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6.7.3  Kinetic Studies of Methylene Blue (MB) on GACONZR 1273, 

GAC 383 and GACO 383 at Temperatures 

To identify the overall removal rate in the adsorption process pseudo first 

order, pseudo-second order and intra particle kinetic models were tested to fit the 

experimental data.  

Pseudo first order plot log (qe - qt) versus t of methylene blue at five 

different temperatures on GACONZR 1273, GAC 383 and GACO 383 is given by 

the Figure 6.39(a)-(c).  

 

  

 

 
 

 
Figure 6.39: Pseudo first order kinetic plot 

for the adsorption of methylene   blue 

(MB) at 283 – 323 K and C0;  250 mg/L 

(a) GACONZR 1273   (b) GAC  383 and 

(c) GACO 383 

 

The straight line relationship was not valid in the whole range of contact 

time, i.e. the adsorption of methylene blue by the carbons GACONZR 1273, GAC 

383 and GACO 383 investigated is not an ideal first order reaction. Percentages 

of error calculated between the experimental qe and calculated qe value of 

GACONZR 1273 at different solution temperature are; 283 K (15.01 %), 293 K 

(a) (b) 

(c) 
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(9.39 %), 303 K (14.79 %), 313 K (25.74 %) and 323 K (29.15 %). The 

percentage of error between qe experimental and qe calculated from pseudo first 

order is increased with temperature. For GACONZR 1273 error percentage 

increased from 12.87 % to 22.09 %, for GAC 383 it varies 40.86 % to 50.88 % , 

and for GACO 383 it is 33.60 % to 54.27 % by rising the solution temperature 

from 283 K to 323 K.  

Figure 6.40 represents the plot of t/qt versus t for the adsorption of 

methylene blue onto GACONZR 1273, GAC 383 and GACO 383 at 283, 293, 

303, 313 and 323 K. Second order rate constant K2 and equilibrium capacity qe 

were obtained from slope and intercept of the above plot are listed in Table 6.17. 

 

  

 

 

 
Figure 6.40: Pseudo second order kinetic 

plot for the adsorption of methylene             

blue (MB) at 283 – 323 K and C0;            

250 mg/L (a) GACONZR 1273 (b) GAC  

383 and (c) GACO 383 

Percentages of error calculated between the experimental qe and calculated 

qe value of GACONZR 1273 at different temperature are; 283 K (12.15 %), 293 

K (8.85 %), 303 K (7.15 %), 313 K (7.5 %), and 323 K (6.13 %) respectively. The 

(a) (b) 

(c) 
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lower percentage of error indicates that the pseudo-second order kinetic model 

explains the adsorption in a better way. 

The qt versus t
1/2 

for the intraparticle diffusion model (Figure 6.41) of 

methylene blue adsorption onto GAC 383, GACO 383 and GACONZR 1273 has 

been tested to obtain the rate parameters at different temperature. Double linear 

plot, indicate the two stages of adsorption.  

 

 
 

 

 

 
Figure 6.41: Intra particle kinetic plot 

for the adsorption of methylene blue                     

(MB) at 283 – 323 K and C0; 250 mg/L                      

(a) GACONZR 1273 (b) GAC  383 and 

(c) GACO 383 

 

The first sharper linear portion is assumed to be the instantaneous 

adsorption or external surface adsorption. It is significant in the early stages of 

adsorption after that followed controlled intra particle diffusion indicated by the 

second linear portion. 

External mass transfer coefficient Kid1 for GAC varies as; GACONZR 1273 

(6.92 – 8.13 mg/g min
1/2

), GAC 383 (5.59 – 8.49 mg/g min
1/2

) and GACO 383 

(0.460 - 0.678 mg/g min
1/2

). Whereas intraparticle diffusion coefficient Kid2 of 

(a) (b) 

(c) 
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GACONZR 1273 (2.05-2.36 mg/g min
1/2

), GAC 383 (2.07-2.72 mg/g min
1/2

), and 

GACO 383 (0.051-0.066 mg/g min
1/2

). Intra particle diffusion transport is 

considered as a rate limiting step in case of adsorption on porous solid adsorbent 

from aqueous solution. 

 

Table 6.17: Kinetic parameters of carbons GACONZR 1273, GAC 383, and GACO 383 

for the adsorption of methylene blue (MB) at temperatures 283 - 323K  [C0 = 250 mg/L] 
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283 85 72 64 0.98 95 13 0.99 7.7 -15 0.99 2.1 36 0.99 

293 95 86 82 0.99 104 14 0.99 8.1 -12 0.99 2.2 42 0.98 

303 101 86 74 0.99 108 15 0.99 6.9 -2 0.98 2.4 43 0.99 

313 105 78 62 0.99 113 16 0.99 7.6 -2 0.99 2.4 49 0.99 

323 111 79 60 0.99 118 17 0.99 7.1 6 0.99 2.3 55 0.99 

G
A

C
  

3
8

3
 

283 102 60 48 0.94 104 24 0.99 8.5 2 0.98 2.1 51 0.97 

293 117 65 48 0.98 119 25 0.99 7.2 21 0.97 2.5 56 0.98 

303 124 67 54 0.94 126 25 0.99 5.8 38 0.99 2.6 61 0.97 

313 132 66 49 0.98 134 26 0.99 5.6 46 0.99 2.7 67 0.99 

323 138 68 56 0.96 140 27 0.99 6.1 49 0.98 2.5 79 0.98 

G
A

C
O

 3
8

3
 

283 81 54 42 0.96 82 23 0.99 0.51 18 0.96 0.06 44 0.99 

293 91 54 42 0.97 92 26 0.99 0.46 29 0.96 0.07 52 0.99 

303 98 55 44 0.98 100 28 0.99 0.48 34 0.98 0.06 64 0.99 

313 111 57 39 0.95 110 28 0.99 0.58 41 0.98 0.06 72 0.99 

323 118 54 44 0.94 118 33 0.99 0.68 47 0.98 0.05 87 0.99 

 

6.8  Thermodynamic Parameters 

The ∆H and ∆S are obtained from the linear plot of ln KL versus 1/T. The 

∆G obtained from the relationship between ∆H, ∆S and T (reaction temperature). 
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ln 𝐾𝐿 =
∆𝑆

𝑅
−

∆𝐻

𝑅𝑇
                                                (6.19) 

The linearized form of the van’t Hoff equation is depicted in Figure 

6.42(a). The thermodynamic parameters of Gibbs free energy change ∆G, 

enthalpy change ∆H, and entropy change ∆S, for the adsorption processes are 

calculated and are given in Table 6.18. 

Table 6.18: Thermodynamic parameters for the adsorption of phenol onto  GAC 

383, GACO 383 and GACONZR 1273 

Sample (∆H) 

kJ/mol 

(∆S) 

J/mol.K 

∆G (kJ/mol) 

283K 293K 303K 313K 323K 

GAC 383 2.3 15.3 -2.0 -2.2 -2.3 -2.5 -2.6 

GACO 383 3.3 18.2 -1.9 -2.1 -2.2 -2.4 -2.6 

GACONZR 1273 20.8  75.4 -0.5 -1.3 -2.0 -2.8 -3.5 

 

The ∆H calculated for phenol adsorption on carbon gives; GAC 383 (2.3 

kJ/mol), GACO 383 (3.3 kJ/mol) and GACONZR 1273 (20.8 kJ/mol). These 

enthalpies represent the interaction energy of the amount adsorbed on the 

absorbent-adsorbate interface. The positive value ∆H of all adsorbents indicates 

the endothermic nature of adsorption. In endothermic processes where the 

reaction is not favoured energetically, a favourable change in entropy may 

provide the necessary driving force.  

The spontaneity of the process appears to be associated with a highly 

ordered system going to a less ordered. The positive ∆S suggests the randomness 

of the adsorption process, indicated also greater stability of an adsorption process 

with no structural changes at the solid-liquid interface. The magnitude of ∆S for 

new carbon is given as GAC 383 (15.32 J/mol.K), GACO 383 (18.20 J/mol.K) 

and GACONZR 1273 (75.40 J/mol.K). Positive ∆S for the adsorption of phenol 

on GAC shows affinity of the adsorbent toward phenol molecule. 

Smaller values of ∆H and ∆S indicate the existence of the repulsive force 

between the charged carbon surfaces and the phenolate ions which have the same 

charge as the carbon surface. Such electrostatic repulsion causes the weakening of 

the adsorption forces and increases the degree of freedom of the phenol molecules 
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on the carbon surface. To overcome such repulsive forces, the system must take 

some energy from the environment to adsorb the phenolate ions on the activated 

carbon surface. The electrostatic repulsion, which acts against the adsorption 

force, leads to an endothermic process with small values of enthalpy and entropy 

changes [23].  

The obtained values for Gibbs free energy change (∆G) for carbons at 

temperature of 283 K to 323 K are given as; GAC 383 (- 2.0 to - 2.6 kJ/mol ),  

GACO 383 ( -1.9 to -2.6 kJ/mol ) and for GACONZR 1273 ( -0.51 to -3.5 kJ/mol). It 

was also observed that with the increase of temperature the value of ΔG becomes 

more negative, which indicated that adsorption of phenol on GAC leads to a 

decrease in Gibbs energy and confirms the spontaneous nature of the adsorption 

process. 

Figure 6.42(b) indicates thermodynamic study of adsorption process of            

p-nitrophenol on GACONZR 1273, GAC 383 and GACO 383. The thermodynamic 

parameters of Gibbs free energy change ∆G, enthalpy change ∆H, and entropy 

change ∆S for the adsorption processes are calculated and are given in Table 6.19. 

 

Table 6.19: Thermodynamic parameters for p-nitrophenol adsorption on GAC 383, 

GACO 383 and GACONZR 1273 

carbons 
(∆H) 

kJ/mol 

(∆S) 

J/mol.K 

∆G (kJ/mol) 

283 K 293 K 303 K 313K 323 K 

GAC 383 6.0 38.2 -4.8 -5.2 -5.5 -5.9 -6.3 

GACO383 2.9 16.4 -1.7 -1.9 -2.0 -2.2 -2.4 

GACONZR 1273 10.0 48.5 -3.7 -4.2 -4.7 -5.2 -5.7 

 

The ∆H calculated for p-nitrophenol adsorption on GAC follows GAC 383 

(6.0 kJ/mol), GACO 383 (2.9 kJ/mol) and GACONZR 1273 (10.0 kJ/mol) 

respectively. The positive ∆H of all adsorbents indicates the endothermic nature 

of adsorption. Lower adsorption energy indicates the physical nature of adsorption. 

The high degree of disorder of an adsorption system gives a positive value of ∆S for 

new carbons as GAC 383 (38.2 J/mol.K), GACO 383 (16.4 J/mol.K) and 

GACONZR 1273 (48.5 J/mol.K). Positive values of ∆S show the increased 

randomness at the solid/solution interface during the adsorption process. The 
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adsorbed water molecules, which are displaced by the adsorbate species, gain 

more translational energy than is lost by the adsorbate ions, thus allowing the 

prevalence of randomness in the system [24].  

The negative values of ∆G confirm the feasibility of the process and the 

spontaneous nature of adsorption with a high preference of p-nitrophenol by 

GACONZR 1273, GAC 383 and GACO 383.  The obtained values for Gibbs free 

energy change (∆G) at temperature from 283 K to 323 K for new carbons are 

given as; GAC 383 (-4.8 to -6.3 kJ/mol), GACO 383 (-1.7 to -2.4 kJ/mol) and 

GACONZR 1273 (-3.7 to -5.7 kJ/mol). The negative value of ∆G increased with 

temperature, indicating that the spontaneous nature of adsorption is directly 

proportional to the temperature. 

Figure 6.42(c) indicates thermodynamic study of adsorption process of 

methylene blue on GACONZR 1273, GAC 383 and GACO 383. The thermodynamic 

parameters of Gibbs free energy change ∆G, enthalpy change ∆H and entropy change 

∆S for the adsorption processes are calculated and are given in Table 6.20. 

 

Table 6.20: Evaluation of Thermodynamic parameters for methylene blue (MB) 

adsorption on GACONZR 1273, GAC 383 and GACO 383 

Sample 
(∆H) 

kJ/mol 

(∆S) 

J/mol.K 

∆G (kJ/mol) 

283K 293K 303K 313K 323K 

GAC 383 6.9 35.6 -3.2 -3.6 -3.9 -4.3 -4.6 

GACO383 8.9 40.4 -2.5 -2.9 -3.3 -3.7 -4.1 

GACONZR 1273 7.2 34.1 -2.4 -2.8 -3.1 -3.4 -3.8 

 

As seen in Table 6.20 positive values of ΔH  indicate the endothermic 

nature of adsorption, GAC 383 (6.87 kJ/mol) GACO 383 (8.91 kJ/mol), 

GACONZR 1273 (7.23 kJ/mol). The negative values of ΔG indicate the 

spontaneous nature of adsorption of methylene blue. It varies for new carbons as 

GAC 383 (- 3.20 to - 4.63 kJ/mol), GACO 383 (- 2.51 to - 4.12 kJ/mol) and for 

GACONZR 1273 (- 2.41 to - 3.77 kJ/mol) at 283 to 323 K. The high negative 

value of ΔG at higher temperatures means higher adsorption capability at higher 

temperature. At higher temperatures, organic molecule overcome space 

hindrances while diffusing into GACs. The positive ΔS, given by the new carbons 



Granular Activated Carbon Oxidised and Activated with Zirconium Oxide (GACONZR): Preparation… 

415 Adsorption Isotherm Studies of Granular Activated Carbons:                                                                      
Activation with Zr4+/Nano ZrO2, Porosity, Surface area, Kinetics and Thermodynamics 

 

suggest, the increased randomness at the solid/solution interface during the 

adsorption of methylene blue on GAC 383 (35.60 J/mol. K), GACO 383 (40.35 

J/mol. K) and GACONZR 1273 (34.05 J/mol. K). 
 

  

 

 
 

Figure 6.42 : Plot of ln KL versus 1/T for the 

estimation of thermodynamic parameters      

for the adsorption of (a) phenol, (b) p-

nitrophenol and  (c) methylene blue (MB) 

on carbons GACONZR 1273, GAC 383 

and GACO 383 

 

6.8.1  Thermodynamic Parameters from Distribution Coefficient 

Thermodynamic parameters are obtained from distribution coefficient by 

using the equations 

ln 𝐾𝐷 =
∆𝑆

𝑅
−

∆𝐻

𝑅𝑇
                                                                                           (6.20) 

 

Distribution coefficient (KD) is defined as the ratio of the quantity of the 

adsorbate adsorbed per mass of solid to the amount of the adsorbate remaining in 

solution. Usually it is expressed in terms of L/g. 

The ∆G, ∆H and ∆S were computed from the slopes and intercepts of linear 

variations of lnKD with the reciprocal of temperature (1/T) as shown in the Figure 

6.43(a)–(c). 

(a) (b) 

(c) 
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Table 6.21: Thermodynamic parameters obtained from plot of  ln KD versus 1/T for 

the adsorption of phenol on GACONZR 1273 

C0 

mg/L 
∆S 

J/mol.K 

∆H  

kJ/mol 

∆G kJ/mol 

283 K 293K 303K 313K 323K 

25 89.6 22.5 -2.8 -3.7 -4.6 -5.5 -6.4 

50 83.3 21.3 -2.3 -3.1 -4.0 -4.8 -5.6 

75 80.2 20.9 -1.8 -2.6 -3.4 -4.2 -5.0 

100 74.6 19.5 -1.6 -2.4 -3.1 -3.8 -4.6 

150 70.8 19.7 -0.3 -1.0 -1.8 -2.5 -3.2 

200 66.6 19.3 0.5 -0.2 -0.9 -1.5 -2.2 

250 62.0 18.6 1.1 0.4 -0.2 -0.8 -1.4 

350 54.2 17.3 2.0 1.4 0.9 0.3 -0.2 

500 38.3 13.1 2.2 1.9 1.5 1.1 0.7 

750 27.6 10.8 3.0 2.7 2.4 2.1 1.9 

1000 16.9 8.2 3.4 3.3 3.1 2.9 2.7 

 

The change in enthalpy for the phenol adsorption on GACONZR 1273 is in 

the range 22.52 to 8.19 kJ/mol, and entropy of phenol adsorption varied between 

89.56 to 16.88 J/mol. K. The decrease in free energy change with the increase of 

temperature indicates that adsorption of phenol onto activated carbon GACONZR 

1273, GAC 383 and GACO 383 favourable at higher temperature. Entropy 

change during the adsorption of phenol on activated carbon studied decreases 

with increase in concentration of phenol. 

Table 6.22: Thermodynamic parameters obtained from plot of ln KD  versus 1/T for the 

adsorption of p-nitrophenol on GACONZR 1273 

C0 

mg/L 

∆S 

J/mol.K 

∆H 

kJ/mol 

∆G kJ/mol 

283 K 293 K 303 K 313 K 323 K 

25 69.8 11.1 -8.7 -9.4 -10.1 -10.8 -11.5 

50 68.1 10.8 -8.4 -9.1 -9.8 -10.5 -11.2 

75 61.6 10.0 -7.4 -8.1 -8.7 -9.3 -9.9 

100 58.8 9.6 -7.1 -7.6 -8.2 -8.8 -9.4 

150 52.5 9.0 -5.9 -6.4 -6.9 -7.5 -8.0 

200 44.6 8.6 -4.0 -4.5 -4.9 -5.4 -5.8 

250 38.5 8.0 -2.9 -3.3 -3.7 -4.1 -4.4 

350 31.8 7.6 -1.4 -1.7 -2.0 -2.3 -2.7 

500 25.6 7.2 0.0 -0.3 -0.5 -0.8 -1.1 

750 19.8 6.9 1.3 1.1 0.9 0.7 0.5 

1000 15.2 6.2 1.9 1.8 1.6 1.4 1.3 
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The change in ∆H  for the p-nitrophenol adsorption on GACONZR 1273 

was in the range 11.1 to 6.2 kJ/mol, The change in ∆S for p-nitrophenol 

adsorption on GACONZR 1273 is in the range 69.8 to 15.2 J/mol. K. The 

spontaneity of the reaction can be explained by the value of ∆G. Higher negative 

value of ∆G at higher temperature indicate the feasibility of reaction at higher 

temperature. 

 

Table 6.23: Thermodynamic parameters obtained from plot of ln KD  versus 1/T for the 

adsorption of  methylene blue (MB)  on GACONZR 1273 

C0 

mg/L 

∆S 

J/mol.K 

∆H 

kJ/mol 

∆G kJ/mol 

283 K 293 K 303 K 313 K 323 K 

25 102.2 19.0 -10.0 -11.0 -12.0 -13.0 -14.1 

50 74.5 15.1 -6.0 -6.7 -7.5 -8.2 -9.0 

75 56.7 13.8 -2.3 -2.8 -3.4 -4.0 -4.5 

100 49.9 13.3 -0.9 -1.4 -1.9 -2.4 -2.9 

150 43.5 12.6 0.3 -0.1 -0.5 -1.0 -1.4 

200 38.0 11.9 1.1 0.8 0.4 0.0 -0.4 

250 34.3 11.5 1.8 1.4 1.1 0.8 0.4 

350 30.6 11.3 2.6 2.3 2.0 1.7 1.4 

500 27.1 11.2 3.6 3.3 3.0 2.8 2.5 

750 23.1 11.0 4.4 4.2 4.0 3.8 3.5 

1000 20.4 10.9 5.1 4.9 4.7 4.5 4.3 

 

 

The change in enthalpy for the methylene blue adsorption on GACONZR 

1273 is in the range 19.0 to 10.9 kJ/mol, entropy of methylene blue adsorption 

varies 102.2 to 20.4 J/mol. K (GACONZR 1273). Entropy change during the 

adsorption of methylene blue on activated carbon studied decreases with increase 

in concentration of methylene blue in aqueous solution. 
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Figure 6.43: Plots of In KD versus                 

l/T for the adsorption of (a) phenol,                

(b) p-nitrophenol  and (c) methylene 

blue (MB) adsorption on  GACONZR 

1273 

 
 

6.9  Diffusion Coefficient 

Diffusion coefficient for the adsorption of phenol, p-nitrophenol and methylene 

blue on GACONZR 1273, GAC 383 and GACO 383 are elaborately studied 

6.9.1  Determination of Diffusivity for Phenol on GACONZR 1273, 

GAC 383 and GACO 383 

The diffusion coefficient for the adsorption of phenol on GAC 383, GACO 

383 and GACONZR 1273 are determined from the linear plot of ln [1/1-F
2 

(t)] 

versus t is given in the Figure 6.44(a)-(c) and values are listed in the Table 6.24. 

Straight line plot for different temperature indicate the validity of the equation. 

ln  
1

1 − 𝐹2 (𝑡)
 =  

𝜋2𝐷𝑒𝑡

𝑅𝑎
2                                                                               (6.21) 

(a) (b) 

(c) 
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Figure 6.44: Plot of ln[1/1-F

2
(t)] versus 

time for the estimation of diffusion 

coefficient for the adsorption of phenol on 

carbons (a) GACONZR 1273 (b) GAC 

383 and (c) GACO 383 

 

The diffusivity values of phenol into activated carbon for the range of 

concentration studied is found to be between 2.79 x 10
-10

 to 3.12 x 10
-10

 m
2
/s.   

Effective diffusion coefficient describes the transport of a phenol molecule 

into GAC through a unit section area of GAC per unit of time. It is expressed in 

unit of m
2
/s. As shown in the Table 6.24 the effective diffusion coefficient of 

phenol on carbons varies as GACONZR 1273 (2.79 × 10
-10

 – 3.12 x 10
-10

 m
2
/s), 

for GAC 383 (1.57 × 10
-10

 – 1.71×10
-10

) and for GACO 383 (1.21×10
-10

 – 

1.47×10
-10 

m
2
/s) respectively.  

6.9.2  Determination of Diffusivity for P-Nitrophenol on GACONZR 

1273, GAC 383 and GACO 383 

The diffusion coefficient of adsorption of p-nitrophenol on GAC 383, 

GACO 383 and GACONZR 1273 are determined from the linear plot of ln [1/1- 

F
2 
(t)] versus t which is given in the Figure 6.45(a)-(c) and values are listed in the 

(a) (b) 

(c) 
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Table 6.24. Straight line plot at different temperature indicate the validity of the 

equation. 

 

 
 

 

 

 
Figure 6.45: Plot of ln[1/1-F

2
(t)] versus 

time for the estimation of diffusion 

coefficient for the adsorption of                               

p-nitrophenol on carbons (a) GACONZR 

1273 (b) GAC 383 and (c) GACO 383 

 

In order to compare the uptake of p-nitrophenol from solution by 

GACONZR 1273, GAC 383, GACO 383, the effective diffusion coefficient is 

calculated. The effective diffusion coefficient is found to be in the range of new 

carbons as GACONZR 1273 (1.85 ×10
-10

 to 2.12×10
-10 

m
2
/s), GAC 383 (1.5 ×10

-10 
 

to1.83×10
-10 

m
2
/s) and GACO 383 (1.14 ×10

-10 
to 1.38 × 10

-10 
m

2
/s). It shows 

that diffusion is faster at higher temperature and the increasing order of the 

effective diffusion coefficient of GAC is GACONZR 1273 > GAC 383 > 

GACO 383.  

 

(a) (b) 

(c) 
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6.9.3  Determination of Diffusivity for Methylene Blue on GACONZR 

1273, GAC 383 and GACO 383 

The diffusion coefficient of adsorption of methylene blue on GAC 383, 

GACO 383 and GACONZR 1273 are determined from the linear plot of ln [1/1- 

F
2 
(t)] versus t which is given in the Figure 6.46(a)-(c) and values are listed in the 

Table 6.24. Straight line plot for different temperature indicate the validity of the 

equation. 

  

 

 

 
 
Figure 6.46: Plot of ln[1/1-F

2
(t)] versus 

time for the estimation of diffusion 

coefficient for the adsorption of methylene 

blue (MB) on carbons (a) GACONZR 

1273 (b) GAC 383 and (c) GACO 383 

 

The effective diffusion coefficient calculated from the adsorption of 

methylene blue on new carbons is given as follows; GACONZR 1273 (1.2 × 10
-10

 

– 1.5 × 10
-10 

m
2
/s), GAC 383 (1.13 × 10

-10 
- 1.34 × 10

-10 
m

2
/s) and GACO 383 

(0.94 × 10
-10

 - 1.08 × 10
-10 

m
2
/s).  

(a) (b) 

(c) 
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The high diffusion coefficient for GACONZR 1273 compared to GAC 83 

and GACO 383 indicates higher diffusion rates of methylene blue within the 

pores of GACONZR 1273. 

Table 6.24: Effective diffusion coefficient of  carbon on  phenol, p -nitrophenol and 

methylene blue (MB) 

Carbon 
T  

(Kelvin) 

phenol p-nitrophenol methylene blue 

De x 10 
10

 

(m
2
/S) 

R
2
 

De x 10
10

 

(m
2
/S) 

R
2
 

De x 10 
10

 

(m
2
/S) 

R
2
 

 

 

G
A

C
O

N
Z

R
 1

2
7

3
 

283 2.96 0.990 1.85 0.996 1.46 0.980 

293 3.12 0.988 1.92 0.994 1.27 0.986 

303 2.79 0.992 2.00 0.994 1.23 0.990 

313 2.87 0.990 2.08 0.990 1.47 0.988 

323 2.91 0.986 2.12 0.984 1.44 0.984 

 

G
A

C
 3

8
3

 

283 1.63 0.988 1.53 0.984 1.13 0.984 

293 1.69 0.986 1.50 0.984 1.16 0.984 

303 1.57 0.980 1.63 0.982 1.34 0.982 

313 1.71 0.986 1.83 0.980 1.230 0.980 

323 1.62 0.978 1.80 0.984 0.250 0.984 

 

G
A

C
O

 3
8

3
 283 1.28 0.976 1.14 0.958 0.978 0.958 

293 1.21 0.964 1.27 0.968 0.984 0.968 

303 1.33 0.958 1.28 0.968 1.070 0.968 

313 1.43 0.970 1.38 0.974 0.940 0.974 

323 1.47 0.970 1.29 0.972 1.080 0.972 

 

6.10  Activation Energy   

The linear plot of ln K2 versus 1/T for the adsorption of phenol on 

GACONZR 1273, GAC 383, and GACO 383 are given in the Figure 6.47(a). The 

activation energy Ea and pre-exponential factors, A, obtained is given in Table 

6.25. 

𝑙𝑛 𝐾2 = 𝑙𝑛 𝐴 −
𝐸𝑎  

𝑅𝑇
                                                                                          (6.22) 

The result obtained for activation energy for the adsorption of phenol on 

GAC follows GAC 383 (9.95 kJ/mol), GACO 383 (7.59 kJ/mol) and GACONZR 

1273 (0.233 kJ/mol) respectively. Low activation energy means that physical 
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adsorption controls the removal of phenol from aqueous solution by GAC 383, 

GACO 383 and GACONZR 1273. The lower activation energy of GACONZR 

1273 shows that very small energy is required to interact between GACONZR 

1273 and phenol molecules, therefore the adsorption rate of phenol on 

GACONZR 1273 is fast as compared to that of GAC 383 and GACO 383.  

ln K2 versus 1/T plot of  p- nitrophenol on GACONZR 1273, GAC 383, 

GACO 383 are given in the Figure 6.47(b) and activation energy obtained is 

given in Table 6.25. 

The result obtained for activation energy for the adsorption of p-nitrophenol on 

GAC follows as; GAC 383 (7.71 kJ/mol), GACO 383 (10.32 kJ/mol) and 

GACONZR 1273 (10.88 kJ/mol).  Lower magnitude of activation energy 

indicates that adsorption of p-nitrophenol on all the GAC studied follows the 

physical type of adsorption.  

ln K2 versus 1/T plot of  methylene blue on GACONZR 1273, GAC 383 

and GACO 383 are given in the Figure 6.47(c) and activation energy obtained is 

given in Table 6.25 

 

Table 6.25: Activation energy obtained from Arrhenius equation 

sample phenol p-nitrophenol methylene blue 

Ea 

kJ/mol 

 

A x 10 
4
 

Ea 

kJ/mol 

A Ea 

kJ/mol 

 

A x 10 
4
 

GAC 383 9.95 84.00 7.71 0.001995 2.14 5.95 

GACO 383 7.59 46.30 10.33 9.84E-07 7.59 46.22 

GACONZR 1273 0.2331 3.164 10.877 0.014197 4.70 9.44 

 

The activation energy for the adsorption of methylene blue (MB) on GAC 

is given as follows GAC 383 (2.14 kJ/mol), GACO 383 (7.59 kJ/mol) and 

GACONZR 1273 (4.67 kJ/mol).  Lower magnitude of activation energy indicates 

that adsorption of MB on all the GAC studied follows the physical type of 

adsorption.  
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Figure 6.47: Plot of ln K2 versus               

1/T for the estimation of activation 

energy of carbons GACONZR 1273, 

GAC 383 and GACO 383 for the 

adsorption of (a) phenol, (b) p-

nitrophenol and  (c) methylene blue (MB)  

 

 

6.11 Design of Batch Adsorption from Isotherm Data 

Mass balance equation used for calculating the amount of adsorbent 

required to treat phenol, p-nitrophenol and methylene blue is given in equation 

(6.23)  

𝑀

𝑉
=

𝐶0 − 𝐶𝑒

𝑞𝑒
 =

𝐶0 −  𝐶𝑒

𝑞0𝐾𝐿𝐶𝑒
1 + 𝐾𝐿𝐶𝑒

                                                                         (6.23) 

 

Figure 6.48 shows that weight of carbons required for treating the solution 

of phenol, p-nitrophenol and methylene blue having different concentration. For 

treating one litre of solution containing 3000 mg/L phenol, the required masses of 

GAC is given as; GACONZR 1273 (11.78 g), GAC 383 (11.7 g) and GACO 383 

(17.5 g). Similarly for treating different concentration of phenol in aqueous 

solution different weight of carbon is required. By comparing the efficiency of 

material with their weight required for treating the water having phenol, we can 

(a) 

(b) 

(c) 
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see that  GAC 383 and GACONZR 1273 requires approximately equal weight, 

whereas GACO 383 requires 48.9 % more weight compared to GACONZR 1273.  

For  treating one litre of  solution containing 3000 mg/L p-nitrophenol, the 

required masses of GAC is given as; GACONZR 1273 (7.32 g), GAC  383               

(8.13 g) and GACO 383 (17.3 g).  The oxidised carbon (GACO 383) having low 

adsorption efficiency towards phenolic compounds. The impregnation of ZrO2 in 

GACO (GACONZR 1273) can enhance its efficiency and therefore reduces the 

weight into its half for treating the sample. GAC 383 requires 11% more weight 

compared to GACONZR 1273.  

The amount of carbons required for treating the methylene blue solution 

having concentration of 1500mg/L is given as; GAC 383 (9.53 g), GACO 383 

(10.59 g) and GACONZR 1273 (10.64 g). It indicates that approximately equal 

weight is required for both nitric acid modified carbon GACO 383 and GACONZR 

1273. Efficiency of both of these carbons is lower than that of GAC 383. 

 

 
 

 

 

 
Figure 6.48: Adsorbent mass (M) 

against concentration of (a) phenol                 

(b) p-nitrophenol (c) methylene blue 

(MB) for 99% removal of effluent in  one 

litre of solution  

(a) (b) 

(c) 
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6.12 Adsorption of Trace Metal Ions by GACONZR Using 

Contaminated Groundwater  

The newly prepared carbons are applied to trace metal analysis.  

Table 6.26: Efficiency of GACONZR 1273 for removing trace metals in 

contaminated groundwater 

Trace 

metals 

Initial concentration 

(PPb) 

Concentration after adsorption (PPb) 

GACONZR 1273 GAC 383 GACO 383 

7Li 
4.5 3.88 4.29 3.83 

(% Removal) (13.8) (4.7) (14.9) 

9Be 
0.22 0 0.01 ND 

(% Removal) (100.0) (95.5) (100.0) 

24Mg 
2905.63 2421.23 2802.3 2395.43 

(% Removal) (16.7) (3.6) (17.6) 

27Al 
257.22 37.04 2.84 2.18 

(% Removal) (85.6) (98.9) (99.2) 

52Cr 
1.5 0.76 0.92 1.05 

(% Removal) (49.3) (38.7) (30.0) 

55Mn 
85.73 3.76 7.34 10.05 

(% Removal) (95.6) (91.4) (88.3) 

56Fe 
48.78 83.58 33.15 27.34 

(% Removal) (31.2) (32.0) (44.0) 

58Ni 
5.46 3.54 1.82 4.51 

(% Removal) (35.2) (66.7) (17.4) 

59Co 
2.81 0.13 0.13 0.23 

(% Removal) (95.4) (95.4) (91.8) 

63Cu 
21.90 2.47 3.17 4.46 

(% Removal) (88.7) (85.5) (79.6) 

64Zn 
40.77 16.76 17 28.46 

(% Removal) (58.9) (58.3) (30.2) 

75As 
1.89 0.36 0.34 0.27 

(% Removal) (81.0) (82.0) (85.7) 

114Cd 
0.62 0.45 0.16 0.57 

(% Removal) (27.4) (74.2) (8.1) 

138Ba 
89.02 37.69 42.77 21.25 

(% Removal) (57.7) (52.0) (76.1) 

205Tl 
0.08 0.02 0.04 0.04 

(% Removal) (75.0) (50.0) (50.0) 

208Pb 
6.18 0.2 0.24 0.23 

(% Removal) (96.8) (96.1) (96.3) 
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The contaminated groundwater from fireworks accident area is collected and 

subjected to batch experiments for 8 hours with carbons by keeping the 

concentration of adsorbent at 1g/L. Concentration in the treated water samples 

was measured by inductively coupled plasma-mass spectroscopy.  The percentage 

adsorption is calculated and presented in Table 6.26. 

The adsorption capacity of GAC 383, GACO 383 and GACONZR 1273 

shows more than 95 % efficiency towards Be, Mn, Co and Pb. Removal 

efficiency of GACONZR 1273 shows slightly higher for some trace elements like 

Cr (49.3 %), Cu (88.7 %), Zn (58.9 %), Tl (75.0 %) than basic carbons GAC 383 

(Cr – 38.7 %, Cu - 85.5 %, Zn - 58.3 % Tl – 50 % )and GACO 383 (Cr – 30 % Cu 

– 79.6 % Zn – 30.2 % Tl – 50 % ).  Quantity of Li and Mg get adsorbed on 

GACO 383 (Li – 14.9 %, Mg – 17.6 %) and GACONZR 1273 (Li – 13.8 %,            

Mg – 16.7 %) is comparatively higher than GAC 383 whereas Cd and Ni more 

adsorbed on GAC 383 (Cd – 74.2 % Ni – 66.7 %) than oxidised carbons.  

6.13  Statistical Analysis of the Data 

Hypothesis 1: Whether there is any significant difference in pore volume and 

surface area of carbons obtained from BET and I plot method. 

To test the Hypothesis 1,  pore volume and surface area obtained from 

BET and I plot for GAC 383, GACO 383, GACONZR 1073 and GACONZR 

1273 is given in Table 6.3 are analysed statistically using two way ANOVA test  

Based on the statistical parameters givens in Table 6.27 and Table 6.28 i.e. 

sum of squares (SS), degree of freedom (df), mean square (ms), variance ratio (F) 

and level of significance (P value) observations are summerised below. 

Pore volume and surface area of carbons (GAC 383, GACO 383, 

GACONZR 1073 and GACONZR 1273) calculated from BET and I plot are used 

for proving the Hypothesis 1. 
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Table 6.27: Two way ANOVA analysis of  pore volume obtained from BET and I-plot method 

Source SS df ms F P-value 

Total 819.4526 7    

carbons 751.4076 3 250.4692 584.253 P < 0.001 

Methods 66.7590 1 66.7590 155.724 P < 0.001 

Residual 1.2860 3 0.4287   

 

There is a significant difference in volume between carbons (P<0.001). 

Pore volume is significantly higher in GAC 383 and significantly low in GACO 

383 (P < 0.001). 

Methods also showed a significant difference in pore volume between them 

(P < 0.001). The volume by BET method is significantly higher than that I point 

method (P < 0.001). 

 

Table 6.28: Two way ANOVA analysis of  surface area obtained from BET and I-plot method 

Source SS df ms F P-value 

Total 15521.9970 7    

carbons 14238.6017 3 4746.2006 615.7420 P < 0.001 

Methods 1260.2710 1 1260.2710 163.4996 P < 0.001 

Residual 23.1243 3 7.7081   
 

It shows that there is a significant difference in surface area between 

carbons (P < 0.001). Among the carbon studied GAC 383 is having significantly 

higher surface area compared to others. 

There is a significant difference between BET and I plot as far as surface 

area is considered (P < 0.001). Surface area is significantly higher in BET than 

that in the I plot (P < 0.001). 

Hypothesis 2:  Whether there is any significant difference between the pore 

volume of carbons obtained from Langmuir, Dubinin – 

Radushkevich (D-R), Alpha S (αs) and John isotherm 

 

To test the Hypothesis 2, pore volume obtained from Lanmuir, Dubinin-

Radushkevich, Alpha S (αs) and John isotherm for GAC 383 GACO 383, 
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GACONZR 1073 and GACONZR 1273 are statistically analysed by two way 

ANOVA test. The results are interpreted based on the constants in Table 6.29 

 

Table  6.29: Two way Anova analysis of pore volume obtained from Langmuir,                    

Dubinin-Radushkevich (D-R), Alpha S (αs) and John Isotherm  

Source SS df ms F P-value 

Total 2913.9300 15    

carbons 1701.3700 3 567.1233 45.944 P < 0.001 

Methods 1101.4650 3 367.1550 29.744 P < 0.001 

Residual 1110950 9 12.3439   

 

Pore volume of carbons (GAC 383, GACO 383, GACONZR 1073 and 

GACONZR 1273) obtained from four isotherm models i.e. Langmuir, Dubinin – 

Radushkevich, Alpha S (αs) and John isotherm are used to prove the Hypothesis 2. 

The result shows that there is a significant difference between carbons with 

respect to pore volumes (P < 0.001), Pore volume is significantly higher in GAC 

383 and significantly low in GACO 383. 

Methods also showed a significant difference in pore volume (P < 0.001). 

Pore volume is significantly higher in Alpha S (αs) followed by Dubinin – 

Radushkevich (P < 0.001). 

Hypothesis 3:  Whether there is any significant difference in quantity adsorbed 

and surface area between the carbons for the adsorption of 

phenol, p-nitrophenol and methylene blue. 

 

To test the Hypothesis 3, adsorption rate and surface area of carbons 

GACONZR 1273, GAC 383 and GACO 383 with respect to solid – liquid 

equilibria using phenol, p-nitrophenol and MB  obtained from Langmuir, 

Dubinin-Radushkevich and John–Sivanandan Achari isotherms  given in Table 

6.12 are analysed statistically using three way ANOVA test. The results are 

interpreted based on the constants given in Table 6.30 
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Table 6.30: Three way ANOVA statistical analysis of adsorption system in solid-

liquid equilibria with respect to quantity of phenol, p-nitrophenol and methylene blue 

adsorbed on GACONZR 1273, GAC 383 and GACO 383 
 

Source SS df ms F P-value 

Total 405567.1354 26    

carbons 32538.6523 2 16269.3262 7.674 P < 0.01 

methods 237315.8540 2 118757.9270 56.013 P < 0.001 

Phenol, PNP,MB 93309.0262 2 46654.5131 22.006 P < 0.001 

Residual 42403.6029 20 2120.1801   

 

There is a significant difference between carbons in the aspects of amount 

adsorbed (P < 0.01) is considered. Methods also showed a significant difference 

between them (P < 0.01). John - Sivanandan Achari and Langmuir methods 

showed a significantly higher amount of adsorption than Dubinin – 

Radushkevich. Between Langmuir and John – Sivanandan Achari isotherm, the 

difference is not significant. 

Between methylene blue, phenol and p-nitrophenol the adsorption rate 

differs significantly (P < 0.001). Adsorption rate is significantly higher in p-

nitrophenol and significantly low in methylene blue (P < 0.001). 

Hypothesis 4:  whether there is any correlation between temperature and 

adsorption of phenol, temperature and adsorption of p-nitrophenol 

& temperature and adsorption of methylene blue. 

To test the Hypothesis 4, Langmuir adsorption capacity of GACONZR 

1273 for phenol (Table 6.9), p-nitrophenol (Table 6.10) and methylene blue 

(Table 6.11) at five solution temperature (283 K, 293 K, 303 K, 313 K and 323 K) 

are correlated by Karl Pearson’s Coefficient. 

Coefficient of correlation between temperature and adsorption of phenol on 

GACONZR 1273 (r =0.970174, t = 6.93205, df = 3, P <0.01) is significant. This 

indicates that as temperature increases adsorption of phenol also increases. 

There is a significant positive correlation between temperature and 

adsorption of p-nitrophenol on GACONZR 1273 (r =0.99191, t = 13.532, df = 3, 
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P <0.01). This indicates that as temperature increases adsorption of p-nitrophenol 

also increases. 

There is a significant positive correlation between temperature and 

adsorption of methylene blue on GACONZR 1273 (r =0.99959, t = 60.2178, df = 

3, P <0.01). This indicates that as temperature increases adsorption of methylene 

blue also increases.          

6.14  Conclusions  

Nano zirconium can be incorporated into porous structure of oxidised carbon 

GACO to prepare a new series of carbon designated as GACOZR. Carbon series 

GACOZR have shown a burn off vary from 7.2 % to 19.5 % and carbon yield vary 

from 92.8 % to 80.5 % with rise of activation temperature from 383 to 1273 K. 

Elemental analysis shows that the percentage of fixed carbon is highest in 

GACONZR 1073 (87 %), and GACONZR 1273 (91.7 %). Percentage of oxygen was 

found to be decreasing with an increase of activation temperature. High carbon 

content of GACONZR series at a higher activation temperature (1073 and 1273 K) 

indicates that the aromatic structure becomes more dominant after steam activation in 

the presence of Zr
4+

. Compared to GAC 383, the nitric acid modified GACO 383 and 

GACONZR series shows large Lc and La value. It indicates that oxidation of granular 

activated carbon increases the crystalline width and thickness.  

On comparing with GACO 383, zirconia (ZrO2) impregnated GACO series 

shows 5.3 % (GACONZR 1073) and 8.9 % (GACONZR 1273) increment in 

Langmuir surface area. The t-plot method shows that there is a 20.5 % 

enhancement in external surface area by increasing the activation temperature 

from 1073 K to 1273 K for GACONZR carbons. The average pore width 

calculated for GACONZR 1073 and GACONZR 1273 are found to be in the 

micropore range (< 2.0 nm). But the BJH analysis give adsorptive and desorptive 

cumulative pore volume of 2.25 - 2.44 nm in range. This may be due to the 

presence of a small proportion of super micropores (wider micropores) that are 

formed during carbonization. Comparison of pore volumes obtained from John, 

Dubinin -Radushkevich, Alpha S (αs), and Langmuir isotherm models are having the 

approximately same value. 
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On comparing with GACO 383, carbon GACONZR 1273 has 40 %  more 

efficiency towards phenol, and 29 % more efficiency towards p-nitrophenol. 

Intraparticle diffusion shows that external mass transfer is more predominating 

than intra particle diffusion for the adsorption of phenol, p-nitrophenol and 

methylene blue. Activation energy obtained from the Arrhenius equation shows 

that physical adsorption control the adsorption of phenol, p-nitrophenol and 

methylene blue. The positive ∆H of all adsorbents indicates the endothermic 

nature of adsorption. The positive ∆S suggests an increase in the randomness at 

adsorbate-solution interface during the adsorption process. The increase in 

negative ∆G values with increasing temperature indicates the feasibility of 

adsorption at higher temperatures. Trace metal ion analysis using carbon 

GACONZR 1273 shows higher adsorption efficiency for some trace elements like 

Cr, Cu, Zn, and Tl than basic carbons GAC 383 and GACO 383. 

Statistical analysis shows that among the carbon studied GAC 383 is 

having significantly higher surface area and pore volume compared to 

GACONZR 1273. John and John-Sivanandan Achari isotherm agree well with 

Langmuir for the adsorption system studied. A significant positive correlation 

exists between temperature and adsorption rate for phenol, p-nitrophenol and 

methylene blue on GACONZR 1273. 
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CChhaapptteerr  77  

SUMMARY AND CONCLUSION 
  

 

Preparation, material characterization, Isotherm features, adsorption 

efficiency with respect to porosity and surface area of four prominent series of 

Zr
4+

/ZrO2 based carbon (such as GACZR, GACOZR, GACNZR and GACONZR) 

is elaborately presented in this bound thesis. This chapter summarizes the major 

findings and inferences with the support of statistical tools. Detailed examinations 

of thermodynamic properties are also systematically evaluated. 

Major results and conclusions are summarized as  

 Activation of coconut shell based granular activated carbon materials 

using HNO3, ZrOCl2 and ZrO2 as porosity promoting agents results 

new series of carbons (GACZR, GACOZR, GACNZR and 

GACONZR series). Chemical activation under steam – heat treatment 

produced carbon with good yield and fixed carbon. This activation 

causes changes in the structure, porosity, surface area, pore size 

distribution and adsorption efficiency of the modified carbons.   

 XRD pattern of activated carbons reveals the amorphous structure due 

to rupture of C-C bond in aromatic rings. The interlayer spacing (d002) 

vary from 0.352 – 0.382 nm for GACZR series, 0.352 – 0.362 nm for 

GACOZR series, 0.350 – 0.378 nm for GACNZR series, 0.351 – 

0.365 nm for GACOZR series. It is larger than the spacing in typical 

graphitic single crystal (0.335 nm). This observation indicates that 

obtained carbons are composed of turbostratic (fully disordered) 

structures. During activation at higher temperature, slight difference in 

the diffraction pattern is observed, caused by the lowering of 
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crystallites, Lc (height) and La (width). It reveals that the degree of 

ordered graphitization of activated carbon decreases at higher 

activation temperatures. The two broad peak around 2𝜃 at 25
0
 and 

43.6
0
 is ascribed to (002) and (100) diffraction peak of turbostratic 

carbon structure. During activation at a higher temperature Zr
4+ 

crystallizes and gives additional peaks at 30
0
 for Zr

4+
/ZrO2 

impregnated carbons distinct for M-C (C – ZrO2) bond. 

 Elemental analysis of new carbons indicates that activated carbons 

having appreciable amounts of oxygen and hydrogen in addition to 

carbon. All the four series of activated carbons (activated at 1073 -

1273 K) shows the percentage of carbon content more than 85 %. But 

the nitric acid modified carbon GACO 383 has only low carbon 

content as 65 %. During activation at high temperature, most of the 

non carbon elements are eliminated as volatile compounds as revealed 

by low carbon yield and high burn off value. The carbon yield is given 

as; for GACZR series: 94.5 % to 82.22 %, GACOZR series: 85.5 to 

76.4 %, GACNZR series: 98.3 % to 94.1 %, GACONZR series: 92.8 

to 80.5%. Reduction of carbon yield at the temperature range 383 – 

673 K is due to decomposition of carboxylic acid into CO2.  

Decomposition of lactonic group is initiated at the temperature range 

of 473 – 873 K. Decomposition of phenol will take at higher 

activation temperatures and it gives CO at 1073 – 1273 K. 

 The surface functional groups analyzed by FTIR, XPS and Boehm 

titration method suggests the existence of functional groups as 

carbonyls, carboxyls, lactones, quinones, and phenols on the surface 

of activated carbons.  On comparing with GAC 383, nitric acid 

modified carbon GACO 383 has peaks around at 1121-992 cm
-1

 due to 

C-OH stretching in carboxylic acid. This indicates, the generation of 

more oxygen complexes by the surface oxidation of active sites on 

graphene edges. This is further confirmed by the presence of peak 

around at 1029 cm
-1

 (C-O-C) in GACO 383. The band appears at near 

589 cm
-1

 for GACZR series and 1067 - 1077 cm
-1

 in GACNZR series 
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is attributed to the Zr - O from ZrO2. In XPS spectra presence of 

surface oxygen groups and chemisorbed species on a carbon surface 

can be identified by the chemical shift of the C Is peak and O 1s 

peaks.  Uniform dispersion of Zr
4+

 in GAC for GACZR series, 

GACOZR series, GACNZR series and GACONZR series is revealed 

by Zr 3d peaks. XPS spectra of GACZR 1073 and GACOZR 1273 

gives strong spin orbit doublet of 3d5/2 (182.6 eV) and 3d3/2 (185.3 eV) 

in the Zr 3d spectrum corresponding to Zr
4+

 in ZrO2. 

 Microscopic analysis of activated carbons by SEM and TEM at higher 

magnification shows well-developed porous structures on the surface 

of carbons GACZR 1273, GACOZR 1273, GACNZR 1273 and 

GACONZR 1273. Particles of Zr
4+

 get distributed around the pore edges 

as they appeared as white points of different sizes. On Comparison with 

GAC 383, the nitric acid oxidation/modified carbons GACO 383, 

GACOZR 1273 and GACONZR 1273 indicates large diameters of the 

pores on the surface. The nitric acid oxidation/modification causes the 

widening of existing pores and the formation of large pores by burn out of 

the walls between the adjacent pores.  

 Surface area and pore volume analysis using N2 adsorption isotherm at 

77 K indicates that activation temperature has a significant effect on 

porosity and surface area development of ZrOCl2/ZrO2 based carbons. 

For GACZR series as the activation temperature increases from 873 K 

to 1273 K the pore volume Vm (BET P/P0 upto 0.1) increases from 

327.4 to 387.6 cm
3
/g. Whereas, for GACOZR carbons pore volume 

increases from 259.7 to 278.5 cm
3
/g. For GACONZR series, it 

increases from 320.7 to 331.5 cm
3
/g by rising the activation 

temperature from 1073 to 1273 K. But differently, for carbon 

GACNZR pore volume decreases from 376.8 to 354.0 cm
3
/g with 

increasing the activation temperature from 1073 to 1273 K. 

 Zirconyl chloride (ZrOCl2) impregnated carbon, GACZR 1273                  

(Vm = 344 cm
3
/g & SABET = 1497.3 m

2
/g) has 16 % and ZrO2 impregnated 

carbon, GACNZR 1073 (Vm = 334cm
3
/g & SABET = 1454.3 m

2
/g) has a 
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12 % enhancement in BET surface area (SABET) and pore volume (Vm) 

compared to GAC 383 (Vm = 298.3 cm
3
/g & SABET = 1298.5 m

2
/g). It 

indicates that, Zr
4+

 impregnation on GAC and the steam activation at 

higher temperature enhances the specific surface area and pore 

volume. Compared to basic GAC 383, treatment with nitric acid 

causes, the reduction in monolayer volume and surface area of 8.68 % 

in GACO 383 (Vm = 272.6 cm
3
/g & SABET = 1186.5 m

2
/g). The pore 

volume and surface area obtained from BET p/p0 ≈ 0.1 is in close 

agreement with I point method. 

 The monolayer volume Vm(L) and surface area SAL obtained from 

Langmuir adsorption isotherm of carbon are  GAC 383 (Vm = 336.6 cm
3
/g 

& SAL = 1465.27 m
2
/g), GACO 383 (Vm = 304.5 cm 

3
/g & SAL = 

1325.54 m
2
/g), GACZR 1273 (Vm =  387.58 cm

3
/g & SAL = 1687.23 m

2
/g) 

and GACNZR 1073 (Vm  = 376.83 cm
3
/g & SAL = 1640.43 m

2
/g). 

Monolayer volume and surface area of GACZR 1273 and GACNZR 

1073 made from basic GAC 383 indicate that the impregnation of 

zirconium and successive activation with steam enhances the 

monolayer adsorption capacity. 

 Dubinin – Radushkevich (D-R) isotherm analysis using N2 adsorption 

data at 77 K  shows that granular activated carbon incorporated with 

Zr
4+

/ZrO2  series (GACZR  and GACNZR) has a relatively high  

proportion of micropore surface area. Uniform pore generation occurs 

throughout the activation temperature range of 1073-1273 K with 

respect to GACNZR 1073 and GACZR 1273. GACZR 1273 has 26 % 

(SAD-R = 814.3 m
2
/g) and GACNZR 1073 has 12 % (SAD-R = 722.980 

cm
3
/g) enhancement in micropore surface area compared to basic 

carbon GAC 383 (SAD-R = 646.5 m
2
/g). The micropore volumes 

provided by Dubinin-Radushkevich analysis i.e. Vmi (D-R) and Alpha 

S Vmi (αS) methods are in excellent agreement for all carbons.  

 The average pore width calculated from Dubinin-Radushkevich (D-R) 

isotherm for GACZR 1073 (L = 1.50) and GACZR 1273 (L = 1.53) 

gives values less than 2 nm. This value is comparatively smaller than 
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the average pore width of GAC 383 (L = 1.68). It indicates that pore 

having a width less than 2 nm are more generated by chemical 

activation by incorporating with Zr
4+

 on coconut shell based precursor.  

 The t-plot method shows that zirconyl chloride impregnated GAC i.e 

carbon GACZR 1073 has 763.9 m
2
/g micropore surface area (total 

surface area 1085.0 m
2
/g) and GACZR 1273 has 863.8 m

2
/g 

micropore surface area (total surface area 1217 m
2
/g). For ZrO2 

impregnated GAC i.e. GACNZR 1073, has 743.3 m
2
/g micropore 

surface area (total surface area 1161.8 m
2
/g) and GACNZR 1273 has 

701.1 m
2
/g micropore surface area (total surface area of 1087.7 m

2
/g). 

It suggests that 70% total surface area of GACZR 1073 and GACZR 

1273 has contributed by micropore surface area (< 2 nm) and the 

remaining 30 % contributed by external surface area (> 2 nm). 

Whereas, for GACNZR 1073 and GACNZR 1273, 64 % of total 

surface area is contributed by micropore surface. It means that
 
Zr

4+
 

activation leads to the acceleration of micropores on the activated 

carbon matrix of GAC 383 (SAmi = 588.7 m
2
/g & SA ext = 408.1 m

2
/g). 

Pore size distribution studies (PSD) using BJH analysis showed that 

adsorption and desorption pore width ranges 2.3 - 2.5 nm for 

zirconium activated carbon series, which indicate the presence of 

wider micropores on the carbon surface. 

 The  precise information about the phase changes during adsorption 

process are revealed by John isotherm. It suggests the three different pore 

filling mechanisms of N2 molecule in GAC.  Each phase on the plots are 

represented as a molecular sieve effect, monolayer coverage and 

mesopore filling. Among the three phases of adsorption, molecular sieve 

effect (adsorption in pores having a width less than 0.8 nm) is found to be 

prominent for N2 atoms for all the carbon studied. The percentage 

contribution of Vmse (J) in total adsorption (VT) for series of carbon is 

given as GAC 383 (80.9 %), GACO 383 (82.9 %), GACZR 1073 (79.30 

%), GACZR 1273 (78.20 %), GACOZR 1073 (80.9%), GACOZR 1273 

(78.9%), GACNZR 1073 (79.01%), GACNZR 1273 (79.41%), 

GACONZR 1073 (79.03%) and GACONZR 1273 (77.52%). 
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 The experimental data with respect to solid –liquid (GAC – phenol/ p-

nitrophenol/ methylene blue) equilibria obtained from batch 

experiments were subjected to linear and nonlinear equations of 

Langmuir, Freundlich, Dubinin-Radushkevich, John-Sivanandan 

Achari isotherm models. Adsorption capacity estimated from the 

linear equations of isotherm models suggests that the presence of the 

nitro group on para position make the phenol ring more positive 

(electron acceptor) and therefore increasing electron donor acceptor 

interaction between adsorbent and adsorbate. This results more 

adsorption of p-nitrophenol on the carbon surface compared to phenol 

molecule. The adsorption rate of methylene blue is comparatively less 

than phenolic compounds. It was suggested that some of the 

micropores in active carbons were not accessible to MB dye 

molecules due to large molecular size. 

 Linear and Nonlinear form of equation suggest that John – Sivanandan 

Achari and Langmuir isotherm models are best fitted to isotherm data 

than, Freundlich and Dubinin- Radushkevich isotherm for the 

adsorption of phenols, p-nitrophenol and methylene blue onto 

activated carbon. 

 John-Sivanandan Achari isotherm exhibits different phases for the 

adsorption of phenol, p-nitrophenol and methylene blue. The rise of 

solution temperature is showing systematic quantitative enhancement 

of adsorption in each phase. Total adsorption capacity obtained from 

John-Sivanandan Achari and Langmuir isotherms have no significant 

differences.  

 Nitric acid oxidised carbon (GACO 383) showed comparatively less 

adsorption towards phenol, p-nitrophenol and methylene blue. GAC 

383 shows 48.6 % more adsorption towards phenol, 64.1 % more 

adsorption towards p-nitrophenol and 33.1% more adsorprion towards 

methylene blue compared to GACO 383. 

 Impregnation of Zr
4+ 

on GAC enhances the adsorption towards 

phenol, p-nitrophenol and methylene blue. On comparing with GAC 
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383, Zr
4+ 

impregnated GAC such as GACZR 1273 has 32.7 % more 

efficiency towards phenol, 40.1% more efficiency towards p-

nitrophenol and 37.6 % more efficiency towards methylene blue. And 

also GACNZR shows 42.7 % more efficiency towards phenol, 44 % 

more efficiency towards p-nitrophenol and 63 % more efficiency 

towards methylene blue. 

 On comparing with carbon GACO 383, Zr
4+ 

impregnated GACO such 

as GACOZR 1273 has 33.1 % more efficiency towards phenol, 82 % 

more efficiency towards p-nitrophenol and 0.98 % more efficiency 

towards methylene blue. And also GACONZR 1273 has 37  % more 

efficiency towards phenol, 86 % more efficiency towards p-

nitrophenol and 2.15% more efficiency towards methylene blue.  

 The kinetic study shows that the new carbon adsorption system based 

on Zr
4+

/ZrO2 studied follows the second order kinetic model. Two 

distinct phases in the intra particle diffusion plot suggest that the 

adsorption process proceeds by surface adsorption and intra particle 

diffusion. The second phase of adsorption shows a steady increase 

result of intraparticle diffusion effects, i.e. the transfer of the adsorbed 

molecule from the surface to the intra-particular active sites, which 

determine the rate limiting step.  

 Activation energy obtained from the Arrhenius’ equation shows that 

physical adsorption controls the adsorption of phenol, p-nitrophenol 

and methylene blue on new carbons. It suggests that adsorbate 

molecules studied are bound to the surface of the GAC by relatively 

weak van der Waals forces.  

 The positive ∆H of all the carbon studied indicates the endothermic 

nature of adsorption i.e the adsorption is favoured at higher temperatures. 

Enthalpy reflects the interaction of adsorbate molecules with the granular 

activated carbons. The high ∆H obtained for Zr
4+

/ ZrO2 impregnated 

carbons (GACZR 1273, GACOZR 1273, GACNZR 1073, 

GACONZR  1273) are related with high adsorptive capacity and extra 

physicochemical properties of these carbons due to incorporated 
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zirconium. Hence nano Zr
4+

 /ZrO2 incorporated carbons have better 

material properties than basic carbons GAC 383 and GACO 383. 

 The high positive ∆S for GACZR 1273, GACOZR 1273, GACNZR 

1073, GACONZR 1273 suggests, high randomness at adsorbate-

solution interface during the adsorption process due to replacement of 

water molecules on the surface of these carbons by adsorbate. The 

increase in negative ∆G values with the solution temperature indicates 

the feasibility of adsorption at higher temperatures due to the increase 

in number of adsorption sites generated as a result of breaking of some 

internal bonds near edge of active surface sites of carbons. 

 Design of batch adsorption system shows that, on comparing the weight 

of carbon for treating phenol, 35 % less weight is required for GACZR 

1273 than the aweight of GAC 383. Similarly for treating p-nitrophenol, 

GACZR 1273 requires 30 % less weight than that required for GAC 383. 

And also for treating methylene blue, modified carbon GACZR 1273 

requires weight of 43 % less than that needed for GAC 383. 

 On comparing with basic carbon, for treating phenol, 37 % less weight 

is used by GACNZR 1273 than the amount used by GAC 383. 

Similarly for treating p-nitrophenol, GACNZR 1273 requires 31% less 

weight than that required for GAC 383. And also for treating 

methylene blue, modified carbon required for adsorption treatment is 

half than that needed for GAC 383. 

 The percentage adsorption of each trace element present in a natural 

ground water with respect to their initial concentration by carbons 

shows that all granular activated carbons have more than 95 % 

adsorption efficiency towards Be, Al, Co and Pb elements with respect 

to their initial concentration.  

GACZR 1273 has  more than 80 %  adsorption efficiency towards Cu 

(88.9 %) and Zn (81.4 %), more than 75 % efficiency towards As 

(78.8 %) and  Tl (75 %) whereas GAC 383 and GACO 383 shows 

only 58.3 % and 30.2 % efficiency towards Zn and  50 % removal 

efficiency towards Tl. 
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GACOZR 1273 give more than 80% adsorption efficiency towards 

Cu, Zn and As and 75% efficiency towards Ni and Tl. Basic carbons 

GAC 383 and GACO 383 shows only less efficiency towards Mg, Cr, 

Zn and Ni compared to GACOZR 1273 (Mg -23.9%, Cr – 63.3%, Zn- 

80.1%, Ni – 74.9 %).  

The adsorption of Fe, Ni, Zn and Tl by GACNZR 1073 (Fe – 50.7%, 

Ni -60.4%, Zn- 67.6%  Tl - 75%) is comparatively higher than basic 

carbons GAC 383 (Fe – 32.0 %, Ni -66.7 %, Zn- 58.3 %  Tl – 50 %) 

and GACO 383 (Fe – 44.0 %, Ni - 17.4%, Zn- 30.2 %  Tl - 50%).  

The adsorption efficiency of GACONZR 1273 shows slightly higher 

for some trace elements like Cr (49.3%), Cu (88.7%), Zn (58.9%), Tl 

(75.0%) than basic carbons GAC 383 (Cr – 38.7%, Cu - 85.5%, Zn - 

58.3% Tl – 50%) and GACO 383 (Cr – 30% Cu – 79.6% Zn – 30.2% 

Tl – 50%). 

Statistical Analysis 

The pore volume obtained from both BET and I plot method for the new 

carbon series were statistically analyzed by using ANOVA method. It suggests on 

comparing with GAC 383 and GACO 383, the new carbons in GACZR series  

(P< 0.05), GACNZR series (P < 0.001) and GACONZR series (P < 0.001) has 

significant differences in pore volume.  

Statistical analysis (ANOVA) of pore volume obtained from Langmuir, 

Dubinin-Radushkevich (D-R), Alpha S (αs) and John isotherm shows that highly 

significant differences exist between the carbons (P< 0.001) for GACZR series, 

GACOZR series, GACNZR series  and GACONZR series. 

The correlation between pore volume and activation temperatures are 

statistically analyzed by Karl Pearson’s co-efficient of correlation using GACZR 

series of carbons activated at different temperatures (873K, 1073K and 1273K). It 

gives a significant positive correlation between activation temperature and micro 

pore volume (r =0.99674, t = 12.35, P <0.01). This indicates that with rise of 

activation temperature micropore volume also increases.  
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The adsorption rate of phenol, p-nitrophenol and methylene blue varies 

significantly (P< 0.001) and also shows significant differences between carbons 

with respect to adsorption rate. There is no significant difference is exists between 

the Langmuir and John-Sivanandan Achari isotherms. Application of John-

Sivanandan Achari isotherm model is useful for the adsorption characterization of 

porous materials. 

There is a significant positive correlation between temperature and 

adsorption of phenol (r =0.9941, t = 15.82, df = 3, P <0.01), p-nitrophenol                

(r =0.9957, t = 18.51, df = 3, P <0.01) and methylene blue (r =0.9980, t = 27.5,               

df = 3, P <0.01) on GACZR 1273. 

There is a significant positive correlation between temperature and adsorption 

of phenol (r =0.9961, t = 19.428, df = 3, P <0.01),  p-nitrophenol (r =0.9978,               

t = 26.2013, df = 3, P < 0.01)  and methylene blue (r =0.99341, t = 47.689, df = 3, 

P <0.01) on GACOZR 1273. 

There is a significant positive correlation between temperature and 

adsorption of phenol (r =0.98637, t = 10.3856, df = 3, P <0.01), p-nitrophenol           

(r =0.9912, t = 12.9412, df = 3, P <0.01) and methylene blue (r =0.99843,                  

t = 30.847, df = 3, P <0.01) on GACNZR 1073. 

There is a significant positive correlation between temperature and 

adsorption of phenol (r =0.970174, t = 6.93205, df = 3, P <0.01), p-nitrophenol              

(r =0.99191, t = 13.532, df = 3, P <0.01) and methylene blue (r =0.99959,                  

t = 60.2178, df = 3, P <0.01) on GACONZR 1273. 

Future Scope of The Study 

Design and fabrication of an adsorption reactor system for the purpose of 

treating drinking water and industrial wastewater. The study of further application 

of Zr
4+

/ZrO2 loaded carbon materials for catalytic performance and applications, 

as electrochemical hydrogen storage material, energy storage purpose and fuel 

cell applications. 

…..….. 
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