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ABSTRACT 

Chromium is a toxic element and exists in two stable oxidation states, Cr(III) and 

Cr(VI) where the later is very toxic to human beings. The presence of strong oxidants in 

soil and water can change Cr(III) into harmful Cr(VI). Therefore, it is necessary to 

remove both the chromium species from aqueous solutions. Thus, the present study 

pertains to the use of commercially available different organic ion exchangers for the 

removal of Cr(III) ions from aqueous solutions. The exchangers used are macroporous 

weak acid exchanger Amberlite.IRC-50 and strong acid exchangers, microporous 

Amberlite.IR-120 and macroporous Amberlyst-15. The sorption studies are conducted 

employing the concentration in the range of 0.962-19.231 mmol/L at different 

temperatures of 293, 313, 323 and 333K. It is observed that Cr(III) sorption increases 

with increasing concentration, time and temperature of the solution. The selectivity of 

exchangers towards Cr(III) ions is found to follow the order Amberlyst-15 > 

Amberlite.IR-120 > Amberlite.IRC-50 which is controlled by the surface morphology, 

functionality and porosity of the resin matrix and mobility of the exchanging ions. The 

maximum exchange capacity observed for macroporous Amberlyst-15(H+) is 1.20 

mmol/g which increases to 1.31 mmol/g at 333K. All the Na+ forms of the exchangers 

particularly the weak acid exchanger Amberlite.IRC-50 are found to co-sorb H+ along 

with Cr(OH)2+ ions. This H+ co-sorption is observed to increase with the increase in 

temperature and is thus endothermic in nature.  

The equilibrium data is subjected to the Langmuir equation to determine the 

maximum exchange capacities (Xm) and binding energy constants (Kb). The Amberlyst-

15 has greatest exchange capacity among the all exchangers due to its porous structure 
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and largest contact area, while the weak acid exchanger Amberlite.IRC-50 has the 

greatest binding energy constants due to stronger interaction of Cr(III) with the  

carboxylic groups as compared to sulphonic groups in strong acid exchangers. The 

thermodynamic parameters (ΔH, ΔS and ΔG) for Cr(III) sorption are also evaluated. The 

values of both ΔH and ΔS are positive showing that process is endothermic and is 

accompanied by the dehydration of Cr(III) ions. Further, these values are found to be 

lower for macroporous Amberlyst-15(Na+) due to the presence of abundant water 

molecules in the resin matrix. The ΔH and ΔS are linearly related showing the process to 

be entropy driven ion exchange. The kinetics data and the interruption tests suggest the 

pre-dominance of particle diffusion mechanism. The macropore diffusion rates are higher 

than micropore diffusion rates in Amberlyst-15. The activation parameters are calculated 

by Arrhenius and Eyring equations. The lower activation energy of weak acid exchanger 

is due to the increased co-sorption of H+ ions at higher temperature which facilitates the 

dissociation of carboxylic group for Cr(III) binding. The IR and XPS studies confirmed 

the electrostatic interaction is the mechanism of chromium binding with the ionogenic 

sites of the exchangers. 

Both the co-ions and counter-ions are observed to have a profound effect on the 

removal of Cr(III) ions by the Amberlyst-15(H+). To find out the co-ions effect, Cr(III) 

sorption is undertaken as a function of time and temperature using CrCl3.6H2O and 

[Cr4(SO4)5(OH)2] solutions, while for counter ions effects, the sorption on H+, Li+, Na+, 

Ca2+ and Al3+ forms is investigated. The rate is found to be governed by the particle 

diffusion for both the co-ions chloride and sulphate and is faster for Cl- solution than 

SO4
2-. The exchange capacities are, however, found to be higher for SO4

2- system than Cl-
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. It is suggested that in case of Cl- solutions, the metal is exchanged as Cr3+, while in case 

of SO4
2- solutions, the metal exchanging specie is CrSO4

+. The selectivity of Amberlyst-

15 is observed to follow the order univalent > divalent > trivalent forms which is 

associated to the electrostatic interaction of ions with the fixed group of the exchanger. 

The thermodynamic and activation parameters reveal that the mechanism of Cr(III) 

sorption for all the counter ions is the entropy driven ion exchange.  

The rate of sorption of three metal ions Cr(III), Ca(II) and Al(III) on Amberlyst-

15(H+) at different temperatures (293, 313 and 333K) is also studied from equimolar 

mixed system. The selectivity of metal ions is observed to be in the order:  Ca(II) > 

Cr(III) > Al(III). The hydration energy changes of metal ions are playing the dominant 

role in determining the selectivity of the resin. The kinetic and thermodynamic 

parameters like activation energy, enthalpy and entropy of activation have also been 

evaluated and their significance is discussed.  
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CHAPTER 1  

Introduction 

Heavy metals like Cr, Cu, Pb, Mn, Hg and Cd are common pollutants in soils 

as well as in waters. Due to the greater stability, they cannot be degraded and 

removed from the environment. They are harmful to aquatic life, and also remain a 

serious public health problem. 

Chromium, one of the above toxic metals consists of various oxidation states 

ranging from 0 to VI. However, only the two forms, trivalent Cr(III) and hexavalent 

Cr(VI) are more stable in the environment (Correa et al., 2013). It is extensively used 

in pigments and paints, leather tanning, fungicides, electroplating, ceramic and glass 

industries (Hughes et al., 2013). Cr(VI) is very toxic to human beings which can 

cause many health hazards like skin and lung cancers, gastrointestinal ulcers, 

dermatitis, liver and kidney damage, brain tumors, asthma, nausea, diarrhea, nasal 

septum, permanent head damage and failure of plants growth (Fang et al., 2013; 

Matos et al., 2013; Oves et al., 2013; Ahmed et al., 2013; Teixeira et al., 2013; Li et 

al., 2012a). Cr(III) is considered as an essential nutrient at low concentrations playing 

an important role in the biological systems such as metabolism of glucose, lipid and 

protein, maintaining of insulin sensitivity, reduction of cholesterol and triglycerides 

but its presence in environment greater than the required limit of 0.05 mg/L, and long 

term exposure can also cause serious health problems like inhibition of plant growth, 

skin irritation and lung cancer (Badruddoza et al., 2013; Fu et al., 2013; Luo et al., 

2013; Luna et al., 2009; Lau et al., 2008; Yang et al., 2006; Lide., 2006). Further, the 

presence of strong oxidants like MnO2, Fe2O3 and NaNO3 in soils and waters can 

readily change Cr(III) to harmful Cr(VI) in basic media which destroys the natural 

balance in the ecosystem (Frei and  Polat., 2013; Wionczyk et al., 2011; Niekerk et 
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al., 2007; Stepniewska and Bucior., 2001). Therefore, it is necessary to remove both 

the chromium species from effluents prior to direct discharge into the water bodies. 

This will not only reduce the risk of environmental pollution but also recover the 

compounds of Cr(III) in order to be reused. 

A lot of work is present in literature on Cr(VI) removal but very limited 

research work is done on the removal of Cr(III) from aqueous solutions (Ciopec et al., 

2012; Lazaridis  and  Charalamous., 2005). The separation techniques that have been 

proposed for the removal of Cr(III) from aqueous solutions, include solvent extraction 

(Luo et al., 2013; Mellah and Benachour., 2007; Wionczyk et al., 2006), ion exchange 

(Cetin et al., 2013; Alguacil et al., 2012; Carmona et al., 2008), co-precipitation 

(Rouff., 2013; Wionczyk et al., 2011; Janin., 2009), membrane processes (Garravand., 

2012; Tor et al., 2009; Walkowiak et al., 2000) and adsorption (Zuo et al., 2013; 

Gupta and Bhattacharyya., 2012; Debnath et al., 2008). Among these methods, ion 

exchange is highly popular and has been widely practiced for metal ions removal. The 

main advantage of this method over the others is that it has high removal efficiency 

and fast reaction rate even at low concentrations, easy handling, no problem of 

secondary pollutants and sludge disposal, regenerable for several sorption/desorption 

cycles and recovery of metals ions in concentrated forms (Alvarado et al., 2013; 

Lutfullah., 2013; Kocaoba and Akcin., 2005; Gode and Pehlivan., 2003).  

Ion exchange is a reversible process where ions from solution are exchanged 

for similarly charged ions attached to an immobile solid surface. As a simple, 

versatile and easy to operate technology, it has a wide range of applications in water 

demineralization and decontamination, chromatography, hydrometallurgy, catalysis 

and medicine.  

http://www.ncbi.nlm.nih.gov/pubmed?term=Stepniewska%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=11820579
http://www.ncbi.nlm.nih.gov/pubmed?term=Bucior%20K%5BAuthor%5D&cauthor=true&cauthor_uid=11820579


 

 

3 

The ion exchangers are generally classified into two major types, inorganic 

and organic ion exchangers. The inorganic ion exchangers consist of clay minerals, 

zeolites, heteropoly acids, hydrous oxides, and insoluble phosphates, natural and 

synthetic silicates. The organic ion exchangers are mostly the copolymers of styrene 

and acrylic or methacrylic acid with divinyl benzene. Ionogenic groups like 

sulphonic, carboxylic and amino are attached to the solid matrix in order to change it 

into cation or anion exchanger. Depending upon the polymeric matrix; different types 

are now available such as microporous or gel type, macroporous or macroreticular 

and mesoporous ion exchange resins. Their type depends upon the difference in size 

of pore diameter: microporous (< 2 nm), mesoporous (2-50 nm), and macroporous (> 

50 nm). In macroporous resins, a porous matrix structure is formed due to the use of 

inert solvent like toluene during the polymerization process. The macroporous 

structure has large internal pores and thus has large internal surfaces. The 

microporous or gel type resins are elastic in nature and have no appreciable porosity 

(Dorfner., 1991: Helfferich., 1962; Kunin et al., 1962b). These organic ion exchange 

resins are found more suitable for the removal of toxic elements due to their fast 

kinetics, ease of regeneration and high exchange capacity (Li et al., 2012b; Ciopec et 

al., 2012; Belkhouche and Didi., 2010).  

It was only in the last decade that the researchers have increasingly focused 

their attention towards the removal of heavy metals by organic ion exchangers. 

Various studies for the exchange of monovalent (Li+, K+, Ag+) and divalent (Cd2+, 

Cu2+, Co2+, Zn2+ Ni2+, Pb2+) metal cations have been reported using the organic cation 

exchangers (Singare et al., 2009a: 2009b; Jha et al., 2009; Kocaoba., 2007; Lee et al., 

2007:2006; Demirbas et al., 2005; Xiong et al., 2005:2010; Amara and Kerdjoudj, 

2004a:2004b; Rengaraj., 2002:2007). The main focus of these studies was to 
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investigate the selectivity and affinity of the exchangers towards the metal cations 

under optimum conditions of time, temperature, pH and dosage. A few studies are 

also available about the sorption of trivalent and quadrivalent cations like Re3+, Fe3+, 

Y3+, In3+, Sm3+, Dy3+, Ce4+ from aqueous solutions (Abo-Farha et al., 2009; Xiong et 

al., 2006:2008: Xiong and Yao., 2008; Huijun and Peng., 2007). As for as Cr(III) is 

concerned, it was found by many researchers that a number of micorporous strong 

cation exchangers like Amberlite.IR-120, Amberlite.IRN97, IRN-77 and SKN-1 and 

weak acid cation exchangers Amberlite.IRC-50, Amberlite.IRC-76 and 

Amberlite.IRC-718 have a strong affinity for the Cr(III) ions (Meshram et al., 2012; 

Carmona et al., 2008; Kocaoba and Akcin., 2008:2005:2003:2002; Kang et al., 2006; 

Alguacil et al., 2004; Rengaraj et al., 2003:2002:2001; Yalcin et al., 2001) .  

The macroporous organic ion exchangers are very unique due to their 

exceptionally high surface areas and more active sites, and their application for the 

removal of toxic metals has proved to be a great advancement in the ion exchange 

technology (Ciopec., 2012; Belkhouche  and  Didi,  2010;  Hosseini et al., 2010). 

However, for Cr(III) sorption, the macroporus ion exchangers containing 

iminodiacetic groups were found to be unsuitable due to its lower capacity and slower 

kinetics (Gode and Pehlivan., 2003; Cavaco et al., 2009). While the present study was 

in progress, two research papers appeared in literarture observing that macroporus 

exchangers containing sulphonic groups are more promissing and better choice for the 

application of Cr(III) removal instead of macroporus resins containing iminodiacetic 

groups (Alguacil et al., 2012; Sahu et al., 2009).  

Therefore in order to propose an efficient ion exchange technology for the 

Cr(III) removal, it is necessary to study its sorption on different ion exchangers and 

determine its kinetic and thermodynamic parameters. The present study, thus, pertains 
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to the removal of Cr(III) by different exchangers, macroporous Amberlyst-15, 

microporous Amberlite.IR-120 and weak acid Amberlite.IRC-50. The Amberlyst-15, 

one of the earliest synthesized macroporous sulfonic acid exchangers, in the past, was 

mostly employed as catalyst in the organic synthesis as it can sorb the large organic 

molecules more easily (Park et al., 2010b; Talukder et al., 2009; Das et al., 2006). To 

the best of our knowledge only a few studies are reported in the literature regarding 

the sorption of inorganics i.e divalent metal ions; Cu(II), Zn(II), Ni(II), Cd(II), Ca(II), 

Mg(II), Sr(II) and Ba(II) on it (Fezani et al., 2013; Otrembska and Gega., 2013; 

Toteja et al., 1991). The present study thus consists of a detailed study of Cr(III) 

sorption on Amberlyst-15(H+) and also takes into account the effect of co-ions and 

counter-ions on Cr(III) sorption, a study which is not reported earlier in the literature. 

The kinetic and thermodynamic parameters of the competitive Cr(III) sorption by 

macroporous Amberlyst-15 in a mixed system of Cr3+, Ca2+ and Al3+ ions is also a 

part of the present study. 
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CHAPTER 2  

LITERATURE SURVEY 

2.1. Chromium Occurrence and Applications: 

The name of Chromium is derived from the Greek word Chroma, meaning colour 

because its compounds are available in many different colours. It is the 21st most 

abundant element in earth’s crust and was discovered in 1797 by a French chemist Louis 

Vauquelin (Shanker et al., 2005; Petura et al., 1998; Barnhart., 1997; Adriano., 1986; 

Rollinson., 1973). It is a transition element having atomic mass 51.996, belongs to d-

Block family and is listed in VIB group of the periodic table. The important ore of 

chromium is chromite (FeO.Cr2O3), which contain 68% chromic oxide (Cr2O3) and 32% 

ferrous oxide (FeO). However, the highest grade of chromite ore may contain 52 to 56% 

chromic oxide (Cr2O3) and 10 to 26% ferrous oxide (FeO). The countries having the 

chromite ores are; South Africa, Russia, Philippines, Southern Zimbabwe, Turkey, 

United States, Albania, Cuba, Brazil, Japan, India, New Caledonia, Pakistan, Iran, and 

the Malagasy Republic (Adriano., 1986). Further in Pakistan, the chromite deposits are 

available in Baluchistan and KPK regions (Khan., 2003). 

The Chromium exists in different oxidation states ranging from 0 to VI. However, 

trivalent Cr(III) and hexavalent Cr(VI) are the most stable forms in the environment. 

Cr(III) is generally immobile in nature because it forms highly insoluble Cr(OH)3 

precipitates and adsorbs easily on organic matter, oxides and hydroxides of iron and 

Aluminium and silicates contents of soils. On the other hand, Cr(VI) is highly mobile and 

is present as extensively water soluble species like chromate (CrO4
2-), bichromate 

(HCrO4
-) and dichromate (Cr2O7), and is weakly adsorbed on the inorganic surfaces 
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(Zhitkovich., 2011; Viamajala et al., 2004; Fendorf., 1995; Rai et al., 1987; Adriano., 

1986). The chemical inter conversion of Cr(III) and Cr(VI) is possible as a result of redox 

reactions which occur in the presence of oxidizing and reducing agents under suitable pH 

condition (Zhitkovich., 2011; Niekerk et al., 2007; Shanker et al., 2005; Rock et al., 

2001; Kozuh et al., 2000; Rai et al., 1989; Adriano., 1986).  

The chromium has a wide range of applications in leather tanning, wood 

preservatives, electroplating, painting, pesticides, textiles, cement, glass and ceramic 

industries (Hughes et al., 2013; Kotas and Stasicka., 2000; Barnhart., 1997). The inert 

nature of chromium oxide leads to its use as an anti-corrosive material in the 

manufacturing of stainless steel and electroplating of materials. The complexation 

property of chromium leads to its extensive use in leather tanning industries, where 

chromium fixes itself forming bridging complex within the proteins of leather. It gives 

the leather more water resisting properties, flexibility, and surface smoothening. The 

chromium helps in wood preservation when introduced into the wood as a mixture of 

copper oxide, arsenic and chromic acids. The organic compounds of wood reduce soluble 

Cr(VI) into insoluble Cr(III) inside the wood, and as a result fixation of copper and 

arsenic along with chromium occurs inside the wood. The copper and arsenic kills the 

microorganisms responsible for decomposition of wood. Thus, the accumulation of 

chromium contents in the environment is the result of the different industrial processes 

using chromium and uncontrolled discharge of their effluents into the soils, rivers, canals, 

lakes and oceans (Shanker et al., 2005; Kotas and Stasicka., 2000; Kimbrough et al., 

1999).  

2.2. Toxicity of Chromium: 
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Toxicity of chromium depends upon its valence or oxidation state. Both Cr(III) 

and Cr(VI) are different in their characteristics, but the later is very toxic than the former. 

At low concentrations, Cr(III) is beneficial and considered as a supplementary diet 

essential for insulin stimulation to maintain the glucose level in blood stream and to 

normalize the metabolism process of carbohydrates and proteins (Sharaf et al., 2013; Lau 

et al., 2008; Yang et al., 2006; Viamajala et al., 2004; Anderson, 1989; Nieboer and 

Jusys, 1988; Schwartz et al., 1959). However, its concentrations exceeding than the 

recommended limit (0.05 mg/L) are also unwanted, as the conversion of Cr(III) into toxic 

Cr(VI) in wastewaters is possible at alkaline pH in the presence of oxidants. This shows 

the importance of removing both Cr(III) and Cr(VI) to protect the environment and 

human health (Niekerk et al., 2007; Zhitkovich., 2011; Rock et al., 2001; Rai et al., 

1989). Cr(VI) is highly mutagenic and carcinogenic to the organisms due to its strong 

oxidizing and diffusing nature into the cells of an organism. The intra-cellular reduction 

of Cr(VI) into Cr(III) generates chromium (IV) and (V) intermediates as well as reactive 

oxygen species H2O2 and O2
− and hydroxyl free radicals (OH.), which interact speedily 

with cell organelles (Ahmed et al., 2013; Teixeira et al., 2013; Sugiyama., 1992). Thus, 

exposure to Cr(VI) can cause cancer, DNA and cell membrane damage, tumors and 

allergic problems (Adams, 1990; Bruynzeel et al., 1988; Polak, 1983:1973; MacKie, 

1981). Some clinical risks are also reported like inflammatory responses, hepatic, liver 

and kidney damage. Further, the entrance of Cr(VI) through respiratory tract can produce 

asthma and nasal septum, ulceration and permanent head damage (Fang et al., 2013; 

Matos et al., 2013). It also disturbs the enzymatic response in plants leading to immature 

development or failure of growth (Oves et al., 2013).  
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It is worth mentioning that no adequate data is available on the carcinogenicity of 

Cr(III), and in the past, mostly toxicities of Cr(VI) were discussed. Some carcinogenic 

effects of Cr(III) are also reported in literature such as chromosomal aberrations in 

human cells (Medeiros et al., 2003; Friedman et al., 1987; Nakamuro et al., 1978), 

inhibition of plants growth by decreasing enzymatic activity (Cervantes et al., 2001; 

Hauschild et al., 1993; Skeffington et al., 1976) and inhibition of DNA replication by 

deactivating nucleotide chains (Snow., 1994; Snow and Xu., 1992:1991:1989).  

2.3. Aquatic Chemistry of Chromium: 

Cr(III) has a lewis acidic character, capable of forming hexacoordinate octahedral 

complexes with different types of ligands like water, ammonia, urea, ethylene diamine, 

and other organic ligands containing oxygen, nitrogen or sulphur donor atoms (Kotas and 

Stasicka., 2000). In aqueous phase, Cr(III) undergoes to hydrolyse continuously by 

deprotonating its hexa-aquachromium tetrahedral structure (pKa~4) according to the 

reactions 2.1-2.3, and produces protons or hydronium ions (Kotas and Stasicka., 2000; 

Rai et al., 1987). 

      3 2

2 6 2 2 5 3( ) ( )( )Cr H O H O Cr OH H O H O                                       (2.1)          

      2

2 5 2 2 2 4 3( )( ) ( ) ( )Cr OH H O H O Cr OH H O H O                             (2.2)              

       2 2 4 2 3 3( ) ( ) ( )Cr OH H O H O Cr OH H O                                        (2.3) 

As result of these reactions, the pH of the system decrease and different 

mononuclear species like Cr(OH)2+, Cr(OH)+
2 and Cr(OH)3 are produced. The Cr3+ is 

predominants at pH < 3.0 while Cr(OH)2+, Cr(OH)+
2 and Cr(OH)3  are dominating at pH 

> 3.5 (Palmer and Puls., 1994). Cr(OH)3 is the only predominant species in the pH range 

5.5-12 (Rai et al., 2002:1987; Ziemniak et al., 1998). Thus, above pH 6, the sorption 
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experiments are mostly avoided due to the precipitation of Cr(OH)3. At higher pH (11.6-

14), Cr(OH)3 can change into the soluble tetra hydroxo complex which indicates the 

amphoteric nature of this specie according to the reaction 2.4 (Kotas and Stasicka., 2000; 

Palmer and Puls., 1994; Rai et al., 1987),  

                  3 2 4 3( ) 2 ( )Cr OH H O Cr OH H O                       (2.4) 

The reported pKa values are 3.5, 9.76, 17.25 and 15.4 for the production of 

Cr(OH)2+, Cr(OH)+
2 , Cr(OH)3 and Cr(OH)4

- species respectively (Lopez-Gonzalez., 

2010; Rai et al., 1987). The temperature has a positive effect on Cr(III) hydrolysis and it 

enhances the production of different hydrolyzed species in the Cr(III) solution (Hiroishi 

et al., 1998; Postmus and King., 1955). At higher concentration of Cr(III) solutions > 10-6 

M and in acidic medium (pH ˂ 3), the polynuclear species of Cr(III) such as Cr2(OH)2
4+, 

Cr3(OH)4
5+ and Cr4(OH)6

6+ can also be formed (Lopez-Gonzalez., 2010; Kotas and 

Stasicka., 2000; Rai et al., 1987; Stunzi and Marty., 1983).  

Cr(VI) undergoes dissociation reactions to produce different species in aqueous 

solution according to the reactions (2.5-2.7) (Escudero et al., 2013; Li et al., 2009; 

Nakajima and Baba; 2004; Kotas and Stasicka., 2000; Chakroborty et al., 1995),  

                2 4 4H CrO HCrO H                                          (2.5) 

                2

4 4HCrO CrO H                                              (2.6) 

                2

4 2 7 22HCrO Cr O H O                                        (2.7) 

HCrO4
- is the predominant species in the pH range 1-6, when the concentration of 

Cr(VI) is upto 10-2 M. The deprotonated specie CrO4
2- exists at pH > 7, while at neutral 

pH, the species present are Cr2O7
2-, CrO4

2- and HCrO4
- (Kotas and Stasicka., 2000; 
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Cotton and Wilkinson., 1980). The pKa values are 0.74, 6.49 and 2.22 for the formation 

of HCrO4
-, CrO4

2- and Cr2O7
2- species respectively (Kotas and Stasicka., 2000; 

Chakroborty et al., 1995; Cotton and Wilkinson., 1980).                                        

The inter-conversion of Cr(III) and Cr(VI) is possible in the presence of oxidizing 

or reducing agents. For example, the oxidizing agent, H2O2 effectively oxidizes Cr(III) 

into Cr(VI) in alkaline media (Rao et al., 2002; Rock et al., 2001; Alexeyev., 1967). The 

chemical reactions involved are,  

                                      3 3-

2 6 6
[ ]   6   [ ]Cr H O NaOH Cr OH                           (2.8) 

             3- 2- -

2 2 4 26
2[ ]   3   2   2   8Cr OH H O CrO OH H O                     (2.9) 

In soils, abundant quantity of poorly crystalline Mn(IV)O2 is present which can 

quickly oxidize Cr(III) to Cr(VI) (Landrot et al., 2012a;2012b; Manceau and Charlet., 

1992; Heary and Ray., 1987; Nakayama et al., 1981). In acidic media, by consumption of 

H+ ions Cr(VI) undergoes reduction process for its conversion back into Cr(III) according 

to the reaction (Silva et al., 2009; Niekerk et al., 2007; Kotas and Stasicka., 2000; 

Chakroborty et al., 1995),  

                     
3

4 27 3 4HCrO H e Cr H O                                           (2.10) 

2.4. Ion Exchange Removal of Cr(III): 

Cr(III) in small quantities is an important food supplement for humans, animals 

and plants. However, its consumption in large quantities may be a great risk (Owlad et 

al., 2009; Yun et al., 2001; Zhitkovich et al., 1996). Also, the presence of Cr(III) in the 

environment increases its chances to convert into extremely poisonous Cr(VI). Thus, the 

removal of both Cr(III) and Cr(VI) is necessary from waste water effluents prior to their 

discharge into the water streams. Both Cr(III) and Cr(VI) forms are stable forms of 
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chromium, and both show toxicity as discussed in the previous section (2.2). Thus, the 

word total chromium is used which considers both forms of chromium i.e Cr(III) and 

Cr(VI). According to the US Environmental Protection Agency (EPA), the recommended 

amount of total chromium in drinking water is 100 ug/L (Environmental Protection 

Agency., 1991). In Pakistani standards, the maximum discharge limit for total chromium 

in wastewater is recommended as 1.0 mg /L (The Gazette of Pakistan., 2000). 

 An extensive literature is available about the removal of Cr(VI) from aqueous 

solutions and wastewaters, while in comparison very little is reported about the removal 

of Cr(III). This can be judged easily from the reviews published in the literature (Farooq 

et al., 2010; Wang and Chen., 2009; Lesmana., 2009; Sud et al., 2008; Mohan and 

Pittman Jr., 2006).   

The methods reported for the removal of Cr(III) ions in the literature are chemical 

precipitation, solvent extraction, membrane separation, adsorption and ion exchange 

(Mousavi et al., 2012; Fu and Wang., 2011; Mohan and Pittman J., 2006; Rengaraj et al., 

2001). The chemical precipitation is a standard method, involving precipitation of Cr(III) 

ions in aqueous phase followed by sedimentation or filtration. The most commonly used 

precipitation processes include hydroxide precipitation, carbonate precipitation, sulfide 

and phosphate precipitation (Guo et al., 2006; Detrisac., 1991; Cushinie., 1994; Sass and 

Rai, 1987). In solvent extraction method, the Cr(III) in aqueous solutions is first alkalized 

followed by extraction into organic phase by a suitable extractant, mostly quaternary 

ammonium compounds. Then stripping of Cr(III) from the organic phase is done by the 

addition of an acid  (Wionczyk et al., 2011; Silva et al., 2005; Flett., 1976). In membrane 

separation technique, Cr(III) can be removed by active transport across semi-permeable 
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membranes for separation of ions. These membranes immobilize Cr(III) by a chemical 

reaction at the interface or reduce Cr(III) concentration by diffusion of metal complex 

across the membranes (Garravand., 2012; Korus and Loska, 2009; Walkowiak et al., 

2000). All the above described methods have poor selectivity and some limitations like 

disposal of hazardous sludge, utilization of chemical reagents, loss of solvents, inability 

to remove chromium from low concentration solutions, extraction in several steps, 

requirement of more energy and are more time consuming. Further, removing of Cr(III) 

from the sludges itself is also a difficult task. Thus, almost all the above methods are least 

effective and costly for the chromium containing waste waters disposal.  

Adsorption technique has attained the front line for the removal of Cr(III) ions 

from contaminated water solutions as it is simple to design and easy to operate. The 

activated carbon, being a universal adsorbent was employed by a number of research 

workers for the treatment of water solutions containing Cr(III) ions (Heydari et al., 2012; 

Mohan et al., 2006; Arivoli et al., 2007; Lyubchik et al., 2004; Leyva-Ramos et al., 

1995). However, the process is costly which limits its use on a larger scale. Further, the 

capacity is generally low and is dependant upon the original material used for the 

preparation of activated carbon. Also, the process has limitations like regeneration and 

loss of material during the activation (Hesas et al., 2013; Lehmonen., 2012; Rivera-

Utrilla et al., 2011; Guptaa and Suhas., 2009).  

In the last decade, the attention of the researchers had changed to the use of 

biosorbents, the adsorbents which are derived from industrial waste sludges, agricultural 

waste products and dead or living biomasses (Zhi-hui et al., 2013; Overah., 2011; 

Karaoglu et al., 2011; Yao et al., 2010; Chojnacka., 2006; Sarin and Pant., 2006; Sawalha 
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et al., 2005; Li et al., 2004; Machado et al., 2002). These are popular due to their low 

cost, environment friendly chemical nature and abundant availability. However, their 

adsorption capacities and selectiveties are also poor. They are facing some challenges 

like selection of a suitable biosorbent with a good sorption capacity, understanding of 

biosorption mechanism, regeneration and subsequent recovery of the metal ions. Low 

capacity, poor selectivity, problems of regeneration and thermal degradation of biomass 

has prevented their application on the industrial scale (Farooq et al., 2010; Wang and 

Chen., 2009; Lesmana et al., 2009; Sud et al., 2008). Further, being the biological 

materials, the properties of biosorbent are difficult to control. The sorption capacities of 

these materials are dependent upon the chemical composition, which is itself dependent 

upon their places of collection. Thus, seaweed biomass Sargassum sp. belonging to the 

different areas had shown different capacities for Cr(III) ions binding, 41.02 mg/g (Sheng 

et al., 2004), 67.60 mg/g (Silva et al., 2003) and 78 mg/g (Tsui et al., 2006). Similarly, 

commonly available wheat straw genus Triticum aestivum had shown different uptake 

capacities for Cr(III) ions, 1.91 mg/g (Rios et al., 1999), 9.98 mg/g (Farooq et al., 2013) 

and 20 mg/g (Chojnacka., 2006). As such, the continuous supply of a biosorbents with a 

good sorption capacity from a single location would be almost an impossible task. 

Therefore, the use of biosorbent is limited mostly to the academic research and only some 

of their applications on industrial scale are mentioned in literature (Michalak et al., 2013). 

To take care of the above mentioned drawbacks, the attention has now been focused on 

immobilized biosorbents (Wang and Chen., 2009; Wang, 2002). 

The ion exchange technology has been extensively adapted for the removal of 

heavy metal ions from aqueous solutions. Ion exchange reaction is the reversible 
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interchange of ions between a liquid and solid in which there is no permanent change in 

its structure, the ion exchangers. The ion exchange materials are classified mainly into 

inorganic and organic ion exchangers. The inorganic ion exchangers like bentonite, 

zeolite, perlite, diatomite, chlorite, illite, kaolinite, goethite, magnetite and titanium (IV) 

oxide were also investigated for Cr(III) removal, and the sorption capacities were 

observed to fall in the range 3-20 mg/g (Luther et al., 2013; Okoye et al., 2012; Chen et 

al., 2012; Guru et al., 2008; Silva et al., 2008; Debnath and Ghosh., 2008; Lazaridis and 

Charalambous., 2005; Chakir et al., 2002; Khan et al., 1995; Koppelman et al., 1980). 

The inorganic ion exchangers are considered to be thermally more stable and selective, 

but their exchange capacities are generally low, and similar to the activated carbons, their 

regeneration ability is uncertain. Also, some inorganic ion exchangers like zeolites and 

metal hydrooxides are pH sensitive, and work well only in a controlled pH range (4-9) 

(Khan et al., 2012; Abd El-Latif., 2008; Technical reports series no. 408., 2002; Dorfner., 

1991; Clearfield., 1982; Helfferich., 1962).  

The organic ion exchangers are more suitable for the removal of toxic metal ions 

due to their better selectivities and exchange capacities, faster kinetics and ease of 

regeneration. Organic ion exchange resins are composed of polystyrene chains which are 

cross linked through divinyl benezene structure (DVB) and functionalized with a suitable 

ionogenic group. The invention of organic ion exchange resins has extended the range of 

application of the ion exchange technology to different areas like water decontamination, 

chromatography, hydrometallurgy, catalysis and medicines (Zagorodhani., 2007; Harmer 

and Sun., 2001; Anand., 2001; Schubert., 1950; Kunin., 1948; Myers et al., 1941). The 

main advantage of using organic ion exchange resins is that they can be easily 
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regenerated and metal ions can be recovered for their reuse. However, these resins have 

limited radiation and thermal stabilities. Radiation dose > 109 rads, and heat treatment > 

150°C reduce the exchange capacity, due to structural changes in the resin matrix (Cetin 

et al., 2013; Carmona et al., 2008; Technical reports series no. 408., 2002; Dorfner., 

1991: Helfferich., 1962; Kunin et al., 1962a).  

Though many researchers had undertaken to study the sorption of Cr(VI) on anion 

exchanger, only a few studies are available about the sorption of Cr(III) by the organic 

cation exchange resins (Dabrowski et al., 2004). They had reported high values of 

exchange capacities of these exchangers for Cr(III) sorption, 64.9 and 67.7 mg/g for 

Amberlite.IR-200 and Amberlite.IR-120 respectively (Alguacil et al., 2012;2004), 64.9 

mg/g for Indion 790 (Sahu et al., 2009), 46.95 mg/g for IRN77H (Kang et al., 2004), 

84.04, 188.67 and 58.14 mg/g for 1200H, 1500H and IRN97H respectively (Rengaraj et 

al., 2003). Thus, from the literature cited above, it can be concluded that the synthetic 

organic ion exchangers have high exchange capacities for the Cr(III) ions removal as 

compared to biosorbents and inorganic ion exchangers. As such, there is a dire need of 

exploring the sorption of Cr(III) on different organic ion exchangers as a function of 

concentration, time, pH, temperature and presence of other cation and anions. 

2.4.1. Effect of pH: 

The pH of solution plays a significant role in the process of exchange of metal 

ions from aqueous solutions. The surface charge, degree of ionization of the exchanger 

and speciation of chromium ions are mainly controlled by pH of solution (Ciopec et al., 

2012; Deng and Bai, 2004; Hamadi et al., 2001).  



 17 

Kocaoba and Akcin investigated the effect of pH on the removal of Cr(III) ions 

using strong acid exchanger Amberlite.IR-120 in H+ and Na+ forms from 10-20 mg/L 

solution, employing the pH range of 1-8. The optimum pH of sorption was found to be 

5.5. At pH 6, the percentage removal of Cr(III) was 63.25 and 67.20 % for H+ and Na+ 

forms of the resin respectively. Beyond pH 6, the precipitation of Cr(OH)3 retarded the 

removal efficiency of the resin (Kocaoba and Akcin., 2002:2005). Similar pH effect on 

Cr(III) sorption was also reported by Sathyaselvabala et al for a strong acid exchanger 

Amberjet.IR-1200 (Sathyaselvabala et al., 2009). For the increased concentrations of 

500-1000 mg/L of Cr(III) solutions, the suitable pH range of 1-4.5 was reported by 

Meshram et al for Amberlite.IR-120. Further, they found that at pH ˂ 1, H+ ions 

competed with Cr(III) and at pH > 4.5, precipitation of Cr(OH)3 decreased the affinity of 

the resin (Meshram et al., 2012). 

The percentage removal of almost 99 % was found by Rengaraj et al in the pH 

range 2-4 for the strong acid exchangers IRN 77 and SKN1, which decreased abruptly 

after pH 4 due to the Cr(OH)3 precipitation (Rengaraj et al., 2001). Similar removal of 

Cr(III) by IRN 77 was also reported by Li et al in the pH range 1-5 and by Rengaraj et al 

for the strong acid exchangers 1200H, 1500H and IRN97H in the pH range 2-6 (Li et al., 

2013; Rengaraj et al., 2003). The maximum uptake at pH 3.5 from 0.03 mmol/L Cr(III) 

solution for strong acid exchanger Lewatit S 100 resin was found by Gode and Pehlivan 

(Gode and Pehlivan., 2006). Sahu et al found 92 % removal for Cr(III) on strong acid 

exchanger Indion 790 in the pH range of 0.5-3.5, which beyond pH 3.5 decreased to 76 

%. The authors suggested that the decrease in removal efficiency beyond pH 3.5 is the 

result of formation of hydroxyl complexes of Cr(III) due to the presence of OH- ions 
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(Sahu et al., 2009). Two strong acid exchangers, Amberlite.SR1L and Dowex 50x8 were 

found to have 95 % removal for the sorption of Cr(III) ions over the pH range 2-3 (Bajpai 

et al., 2013; Yalcin et al., 2001). Similar results of Cr(III) sorption were also reported 

elsewhere for strong acid exchangers Amberlite.200, Amberlite.IRN77 and Purolite.C160 

(Alguacil et al., 2012; Edebali and Pehlivan., 2013). The authors concluded that the 

decrease in sorption in the acidic pH is due to the competition of protons for the same 

active sites and in alkaline pH due to other factors such as hydrated species formation, 

surface charge and hydroxide precipitation. Ciopec et al used strong acid exchangers 

Amberlite.XAD7 impregnated with di-(2-ethylhexyl)-phosphoric acid (DEHPA) in the 

pH range 1-5. The sorption capacity increased sharply with the increasing pH from 1 to 3 

with 90 % removal (Ciopec et al., 2012). 

The weak acid exchangers are more sensitive to the presence of H+ ions in acidic 

medium as compared to the strong acid exchangers. Therefore, the weak acid exchangers 

can not perform well in highly acidic solutions due to H+ ions competition. It was 

observed by the researchers that the removal of Cr(III) was highly disturbed when the pH 

was below 2 due to the competition of hydrogen ions for the Cr(III) uptake by the weak 

acid resins (Cavaco et al., 2009; Chanda, and Rempel., 1997a:1997b; Sule and Ingle Jr., 

1996). Kocaoba and Akcin observed that the percentage removal of Cr(III) by weak acid 

exchanger Amberlite.IRC-76 and chelating exchanger Amberlite.IRC-718 was higher i.e 

95-98 % in comparison to 63-67 % for strong acid exchanger Amberlite.IR-120 in H+ and 

Na+ forms respectively. Further, using the computer speciation program, they observed 

that at pH 5, the chromium species removed by the resin was Cr(OH)2+, being the 

dominant species in aqueous solution (Kocaoba and Akcin., 2002). Fernandes and 
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Gando-Ferreira had also observed an enhancement in removal efficiency of chelating 

resin Diphonix, containing sulfonic and diphosphonic acid groups from 38.94 to 77.16 % 

while increasing pH from 1 to 5 for 500 mg/L Cr(III) solution (Fernandes and Ferreira., 

2011).  Kocaoba and Akcin observed different percent removals of Cr(III) at pH 1, 3 % 

for weak acid resin Amberlite.IRC-76(H+), 19 % for chelating resin Amberlite.IRC-

718(H+) and 50 % for strong acid resin Amberlite.IR-120(H+) (Kocaoba and Akcin., 

2002). Similar results were also observed by Gode and Pehlivan for chelating resin 

Chelex-100 and strong acid resin Lewatit S 100 (Gode and Pehlivan., 2006). The 

competitive effect of H+ ions on Cr(III) removal below pH 2 was also noted for other 

chelating and weak cationic resins like Amberlite IRC86, Amberlite IRC 748, Diaion CR 

11, Diphonix and Chelex-100 (Gode and Moral., 2008; Cavaco et al., 2007:2009).  

The pH effect can be seen more vividly from the studies of Anirudhan and 

Radhakrishnan about the Cr(III) removal using a corboxylate functionalized resin 

prepared from a lignocellulosic residue (SDGPMA-SP-COOH), polymethacrylic acid-

grafted saw dust (SD) with spacer group (SP) containing carboxylate functional group, in 

the pH  range 2-7. The chromium % removal increased from 19 to 99.3 % for 10 mg/L of 

Cr(III) solution, when the pH was increased from 2 to 7 (Anirudhan and Radhakrishnan., 

2007). Further, Petruzzelli et al had investigated a number of ion exchangers like Purolite 

C105, Purolite C106, Amberlite IR120, Amberlite 252 and Purolite C160, and found that 

weak acid exchanger Purolite C106 was more suitable for the removal of chromium from 

tannery wastes. The resin was used in a partially hydrated form and was used to remove 

the Chromium at pH 3.5-4 (Petruzzelli et al., 1995). The process thus developed was 

named as IERECHROM (Ion Exchange Recovery of Chromium) which was shown to be 
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economically feasible for the waste water treatment of tanning industries (Agrawal et al., 

2006).  

2.4.2. Effect of Temperature:  

Temperature is an important parameter in the ion exchange process which helps in 

calculating the thermodynamic parameters. It also gives the information about the 

requirement of energy to run an ion exchange reaction. Further, in the ion exchange 

systems, the temperature of solution controls the relative affinities of exchanging ions, 

exchange capacity, swelling character and porosity of the resin matrix, diffusion 

mechanism, activation of surface, dissociation and degradation of the ion exchange resins 

(Zulfikar., 2013; Fil et al., 2012; Anirudhan and Radhakrishnan., 2007; Gode and 

Pehlivan., 2006; Meena et al., 2005; Dorfner., 1991; Reichenberg., 1953; Partridge and 

Brimley., 1951). The change in temperature has also a significant effect on Cr(III) 

hydrolysis in the aqueous phase which in turn controls the sorption phenomena (Hiroishi 

et al., 1998; Postmus and King., 1955). 

The literature reports regarding the effect of temperature on Cr(III) sorption by 

organic cation exchangers are very few as compared to pH. The data about the 

temperature effect on the chromium exchange reaction is presented in the literature in the 

form of ion exchange isotherms, where the amount taken by the exchanger is plotted 

against the equilibrium concentration of the metal ions at constant temperature. Different 

sorption isotherms derived from different theoretical models are then applied to 

determine the mechanism of the process (Edebali and Pehlivan., 2013; Meshram et al., 

2012; Ciopec et al., 2012; Anirudhan and Radhakrishnan., 2011; Gode and Moral., 2008; 

Cavaco et al., 2009; Xiong., 2008a; Xiong et al., 2008; Kocaoba., 2007; Rengaraj et., 
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2007; Gode and Pehlivan., 2006; Abd El Latif., 2005; Chanda and Rempel., 1997a). The 

linearized form of the two famous isotherms, Langmuir and Freundlich are:  

        

(i)  Langmuir
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where X is the amount adsorbed at equilibrium (mg/g or mmole/g), Ce is the 

equilibrium concentration of the adsorbate (mg/L or mmol/L), Xm (mg/g or mmole/g) is 

the maximum sorption capacity and Kb (L/mg or L/g) is the binding constant,

 

Kf is the 

sorption affinity and n is a constant related to the sorption intensity or surface 

heterogeneity. Of the two isotherms, Langmuir model is preferred by the workers, as it 

helps to determine both the maximum sorption capacity and binding energy (Okeola and 

Odebunmi., 2010; Hussain et al., 2003).  

The sulphonic acid exchanger Amberlite.IR-120 is very famous due to its higher 

affinity for metal ions sorption (Singare et al., 2009a:2010; Lee et al., 2007:2006; 

Kocaoba., 2007; Latif., 2005). Kuan investigated the effect of temperature on Cr(III) 

removal using Amberlite.IR-120 from 1 meq/L initial metal ion concentration at different 

temperatures of 298, 328 and 358K. The Langmuir equation was found applicable to the 

sorption data. The exchange capacity (Xm) was first observed to decrease from 2.12 to 

2.07 meq/g with increasing temperature from 298 to 328K. However, further increase in 

temperature from 298 to 358K, resulted in an increase in the exchange capacity from 2.07 

to 2.65 meq/g. A significant increase, however, was observed in the values of the binding 

constant (Kb), from 59.64 to 562.77(L/meq) (Kuan., 2006). Li et al also studied the effect 
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of temperature on Cr(III) sorption on a strong acid exchanger IRN77 employing the 

concentration range of 50-500 mg/L and temperatures 298, 313 and 328K. The result 

showed a very little increase in the exchange capacity from 1.92 to 1.94 mg/g indicating 

that the sorption capacity was almost independent of the temperature. However, the 

binding energy constants (Kb), were found to increase significantly from 37 to 199 L/g 

with the increasing temperature 298 to 328K (Li et al., 2012a).  

The positive effect of temperature on Cr(III) sorption was observed by Cavaco et 

al using chelating resin Diaion CR11 for different initial concentrations. The exchange 

capacity increased from 5.02 to 11.5 and 24.7 to 30.6 mg/g for H+ and Na+ forms 

respectively with increasing temperature from 298 to 323K. However, the binding energy 

constants (Kb) decreased from 0.130 to 0.053 and 0.207 to 0.039 for H+ and Na+ forms 

respectively with increasing temperature (Cavaco et al., 2007). The positive effect of 

temperature on Cr(III) sorption using chelating resin Diphonix  in  Na+ form was also 

observed by Fernandes and Gando-Ferreira. Both the maximum exchange capacity and 

binding energy constants were observed to increase from 19.73 to 26.50 (mg/g) and 0.59 

to 0.70 (L/mg) with increasing temperature from 298 to 323K. The authors suggested that 

greater effect of temperature on the exchange capacity pointed towards the formation of 

more stable chelate complex between Cr(III) and diphosphonic acid groups of the resin at 

higher temperatures (Fernandes and Gando-Ferreira., 2011). Similar positive effect of 

temperature on exchange capacity and binding energy constant for Cr(III) sorption was 

found by Anirudhan and Radhakrishnan on a weak acid exchanger SDGPMA-SP-COOH 

in the temperature range 303-333K. The Langmuir parameters Xm and Kb were observed 



 23 

to increase from 35.58 to 42.98 mg/g and 0.117 to 0.573 L/mg respectively (Anirudhan 

and Radhakrishnan., 2011).  

Gode and Pehlivan had reported the effect of temperature for a strong acid 

exchanger Lewatit S 100 at pH 3.5 and for two different chelating cation exchangers 

Lewatit TP 207 and Chelex-100 at pH 4.5 using 1×10-3 M Cr(III) solution in the  

temperature range 293-338K. It was observed that distribution co-effecient (Kd) for 

Cr(III) sorption increased only slightly with increasing temperature. They concluded that 

the increase in temperature facilitated the deprotonation of the functional groups of the 

resins which as a result increased the Cr(III) sorption (Gode and Pehlivan., 2003:2006). 

The positive effect of temperature on Cr(III) sorption was also observed by Ciopec et al 

using strong acid exchanger Amberlite XAD7 impregnated with di-(2-ethylhexyl)-

phosphoric acid (DEHPA). The sorption capacity increased from 2.15 to 2.19 mg/g for 10 

mg/L initial Cr(III) concentration with increasing temperature from 298 to 318K. 

Similarly, the distribution coefficient values (Kd) were also observed to increase (Ciopec 

et al., 2012). However, Gode and Pehlivan observed significant decrease in Cr(III) 

sorption with the rise in temperature from 293 to 338K using DAEG-sporopollenin and 

CEP-sporopollenin chelating resins for initial concentration of Cr(III) 1x10-3 mol/L at pH 

5. The log Kd were reported to decrease from 1.75 to 1.25 and 0.5 to 0.35 for DAEG-

sporopollenin and CEP-sporopollenin respectively with increasing temperature from 293 

to 338K (Gode and Pehlivan., 2007). 

Carmona et al had also used the Amberlite.IR-120 resin for Cr(III) sorption at 

different temperatures 283, 303 and 323K at a fixed initial concentrations of 0.1 eq·L-1. 

The values of equilibrium constants obtained from mass action law, were observed to 
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increase from 4.27 to 14.36 (kg·eq-1) for Cr(III) sorption when the temperature was 

increased from 283 to 323K. In addition, the authors also compared the selectivity of 

Amberlite.IR-120 for Cr(III) in competition with Pb2+ and Ni2+ ions, and observed the 

order Cr3+ > Pb2+ > Ni2+ indicating that the resin is more selective for Cr(III) as compared 

to Pb(II) and Ni(II) (Carmona et al., 2008). 

2.4.3. Thermodynamics Parameters: 

The knowledge of thermodynamic parameters like enthalpy change (∆H), entropy 

change (∆S) and Gibbs free energy change (∆G) is essential to know about the nature of 

ion exchange processes, energy changes when ions from the solution phase are 

exchanged with those from the solid resin, the difference in the status of the ions in 

solution and solid phase, and spontaneity of the exchange reaction. Inspite of the 

importance of these studies, relatively little work has been reported so far about the 

thermodynamics parameters of Cr(III) sorption by the organic ion exchange resins. The 

thermodynamic parameters ∆H and ∆S are calculated using the Van't Hoff equation: 

      (iii) Van't Hoff                            
ΔS ΔH

ln K =  - 
R RT

  

where K is either binding energy constant (Kb) or distribution-coeffecient (Kd) or 

equilibrium constant (Kc), T is the absolute temperature (K), R is the molar gas constant 

(J.K-1.mol-1). Similarly the standard free energy change (∆G) is determined using the 

famous thermodynamic relationship:                                                                                                                         

      (iv)                                                ΔG = ΔH  - TΔS  

Some researchers had observed the Cr(III) sorption on ion exchanger to be 

endothermic and spontaneous accompanied by the increased disorder in the system. 

Carmona et al reported the thermodynamic parameters for Cr(III) sorption on strong acid 
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exchanger Amberlite.IR-120 at different temperatures 283, 303 and 323K using the fixed 

concentration of 0.1 mol.L-1. The calculated values of thermodynamic parameters were; 

∆H (7.6861 kJ.mol-1) and ∆S (31.1697 J.K-1.mol-1), and ∆G (-1.1396 kJ.mol-1) at 283K 

(Carmona et al., 2008). Edebali and Pehlivan found similar positive values of ΔH and ΔS 

for two different strong acid exchangers Amberlite IRN77 and Purolite C160. The ΔH 

and ΔS values were found to be 1.28 kJ.mol-1 and 58.72 J.K-1.mol-1 for Amberlite.IRN77, 

and 7.37 kJ.mol-1 and 36.18 J.K-1.mol-1 for Purolite.C160. The ΔG values were found to 

be negative increasing from -4.704 to -5.879 kJ.mol-1 and -3.418 to -4.143 kJ.mol-1 for 

Amberlite.IRN77 and Purolite.C160 respectively with increasing temperature from 298 

to 318K (Edebali and Pehlivan., 2013). Ciopec et al determined the  thermodynamic 

parameters for the sorption  of Cr(III)  ions  by  strong acid exchangers Amberlite  XAD7  

resin  impregnated  with DEHPA using the fixed concentration 10 mg/L of Cr(III)  at 

298, 308 and 318K. The positive values found for ΔH and ΔS were 0.22 kJ.mol-1 and 

4.31 J.K-1.mol-1 respectively. The ΔG values increased from -1.06 to -1.15 kJ.mol-1 with 

increasing temperature from 298 to 318K indicating the feasible and spontaneous nature 

of the process (Ciopec et al., 2012). A novel weak acid exchanger, (SDGPMA-SP-

COOH) was used by Anirudhan and Radhakrishnan for Cr(III) sorption. The 

thermodynamics of Cr(III) sorption were studied at different initial concentrations and 

temperatures at pH 7. The Cr(III) sorption on SDGPMASP-COOH was endothermic ΔH 

(43.27 kJ.mol-1), supported by an increase in entropy ΔS (215.36 J.K-1.mol-1) and 

decrease in Gibbs energy ΔG (-21.96 to -28.52 kJ.mol-1 from 303 to 333K) (Anirudhan 

and Radhakrishnan., 2011).  
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In comparison to the above, few studies have been published showing the 

exothermic and spontaneous nature of Cr(III) sorption reaction. The thermodynamic 

parameters for chelating resins like Chelex-100, Lewatit TP 207, DAEG-sporopollenin 

and CEP-sporopollenin for Cr(III) sorption were reported by Gode and Pehlivan in the 

temperature range 298-338K. The values for Chelex-100 were found to be ΔH -37.36 

J.mol-1, ΔS -113.30 J.K-1.mol-1 and ΔG -33158.24 to -38256.54 J.mol-1 and for Lewatit 

TP 207 ΔH - 46.98 J.mol-1, ΔS -111.36 J.K-1.mol-1 and ΔG -33154.22 to -38253.39 J.mol-

1. The ΔH -28.25 J.mol-1 and ΔS 118.72 J.K-1.mol-1 for b-DAEG–sporopollenin, and ΔH -

7.93 J.mol-1 and ΔS 32.71 J.K-1.mol-1 for CEP-sporopollenin indicated the exothermic 

nature with entropical changes. The ΔG values were negative and observed to increase 

negatively with increasing temperature for all the chelating resins (Gode and Pehlivan., 

2003:2006:2007). Similar exothermic nature of Cr(III) sorption reaction was found 

elsewhere using strong acid exchanger Lewatit S-100. The ΔH, ΔS and ΔG values were 

found to be -103.23 kJ.mol-1, 383.89 J.K-1.mol-1 and -112.374 to -129.650 kJ.mol-1 for 

Lewatit S-100 in the temperature range 298-338K (Gode and Pehlivan., 2006).  

In the view of above reported results of thermodynamic parameters, it can be 

concluded that all the Cr(III) sorption are spontaneous. However, in case of ordinary ion 

exchangers like Amberlite.IR-120, Amberlite.IRN77 and Purolite.C160 both the ΔH and 

ΔS values are small showing that energetically the ions are almost in the same status 

inside the aqueous and resin phases. However, in case of chelating resins like Chelex-

100, Lewatit TP 207, DAEG-sporopollenin and CEP-sporopollenin the magnitude of the 

ΔH and ΔS values is high indicating the definite structural changes when Cr(III) ions 

enter the ion exchangers from aqueous solutions.  



 27 

2.4.4. Kinetics: 

The kinetic study of ion exchange sorption is necessary to understand the speed of 

reaction and the effect of different experimental conditions on it. It also helps to evaluate 

the mechanism of the process for the prediction of the ion exchanger performance in 

separation technology.  

The overall kinetics of mass transport in ion exchange reaction can be divided 

into five steps (Li et al., 2012b; Elshazly and Konsowa., 2003; Sigodina et al., 1964; 

Helfferich 1962; Boyd et al., 1947): 

1. Diffusion of sorbing ions through the film surrounding the resin particle.  

2. Diffusion of sorbing ions inside the resin particles. 

3. Chemical exchange between the exchanging ions at the exchange site in the 

interior of the resin particles. 

4. Diffusion of the displaced ions through the solution away from the resin particles 

(reverse of the step 1). 

5. Diffusion of the displaced ions out of the interior of the resin (reverse of step 2). 

However, the kinetics of ion exchange is governed either by diffusion through the 

surrounding film or inside particle as the steps 3, 4 and 5 are considered to be very rapid. 

A few cases are also reported in the literature, when reaction 3 is found to be the rate 

determining step (Edebali and Pehlivan., 2013; Ciopec et al., 2012; Lyubchik et al., 

2004). For solution having 0.1Μ ionic concentration or greater, particle diffusion is the 

rate determining step, and for solutions having 0.001Μ or less by film diffusion (Boyd et 

al., 1947). According to Matsuzuru and Wadachi, the concentration range of solutions for 

predominantly particle diffusion controlled mechanism is 0.1-0.05Μ, and for film 
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diffusion 0.01-0.001Μ (Matsuzuru and Wadachi., 1975). In addition, the nature of resin 

is also actively involved to control the transport of ions, for highly cross linked or porous 

resins, sorption mechanism is mostly controlled by particle diffusion as compared to low 

cross linked resins (Sigodina et al., 1964). Further, certain other experimental conditions 

like size of the resin beads, stirring rate are also found to be governing the process. The 

film diffusion is inversely proportional to the radius of resin bead, exchange capacity and 

directly proportional to the ionic concentration. In contrast, particle diffusion is inversely 

proportional to the square of radius of resin bead and is independent of exchange capacity 

and ionic concentration. Moreover to distinguish between the two mechanisms a specific 

test termed as interruption test is also performed, where the resin beads are removed from 

the aqueous phase for a brief period of time and remixing again. This period allows time 

for the concentration gradient within in the resin particles to be re-established.  In case of 

particle diffusion control, a distinct increase in rate is observed after remixing than before 

the interruption. However, if the film diffusion mechanism is responsible for controlling 

the rate, there would be no effect of the interruption test (Kocaoba and Akcin., 2008).  

The pseudo first order and pseudo second order kinetic models have also been 

used to study the controlling mechanism of the ion exchange sorption process:  

      (viii) Pseudo first order                          1
e t e

k
log q -q  = log q - t

2.303
 

      (ix) Pseudo second order                           
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t 1 1
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where qt  and qe is the maximum uptake at equilibrium and at time t, respectively 

(mmol/g), k1 (min-1) and k2 (g/mg min) are pseudo first order and pseudo second rate 

constants. 
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 Like the equilibrium, only a few studies are available for the kinetics of Cr(III) 

removal by the organic ion exchangers. Rengaraj et al studied the removal of Cr(III) from 

50-150 mg/L Cr(III) solutions using strong acid exchangers IRN-77 and SKN-1 at pH 3.5 

and 298K. The equilibrium times were found to be 150 and 120 min for IRN-77 and 

SKN-1 respectively. Assuming the spherical geometry of the resin particle, the film and 

particle diffusion co-efficient values were calculated and were found to be in the range 

10-6-10-8 cm2/s.  It was concluded from these values that the process was limited by the 

film diffusion (Rengaraj et al., 2001). Alguacil et al had also observed the film diffusion 

mechanism for Cr(III) sorption on two different strong acid exchangers Amberlite.IR-120 

and Amberlite 200. The kinetic data were interpreted by film diffusion, particle diffusion 

and shrinking core models. On the basis of higher regression co-efficient values (R2), the 

authors made the decision in favor of film diffusion mechanism to be the rate controlling 

step. The film diffusion rate constants for Amberlite.IR-120 were found to be in the range 

of 0.03 to 0.19 min-1 while for Amberlite 200 the rate constants were found to be in the 

range 1.3x10-5 - 5x10-6 s-1. However, for Amberlite 200 they concluded that sorption 

mechanism is either controlled by the film diffusion or particle diffusion at lower particle 

size (246-495 um), while at higher particle size of the resin (495-981 um) the sorption 

was best described by the shrinking core model (Alguacil et al., 2004:2012). A detailed 

kinetic study was performed by Li et al using strong acid exchanger Amberlite IRN77 for 

Cr(III) sorption as a function of time at different temperatures 298K, 313K and 328K. An 

infinite bath method was used for the kinetic study using initial Cr(III) concentration of 

250 mg/L. The times for the maximum uptake were estimated as 120, 90 and 60 min at 

298, 313 and 328K respectively. The kinetic data was explained by both the film and 
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particle diffusion models. The respective increase in film and particle diffusion rate 

constants was observed from 0.042 to 0.075 min-1 and 0.92 to 0.182 min-1 with increasing 

temperature from 298 to 328K. The activation energies obtained were 15 and 18.5 .mole-1 

for film and particle diffusion processes respectively. On the basis of lower activation 

energy of film diffusion and higher R2 values as compared to particle diffusion, the 

authors decided that the rate of Cr(III) sorption was predominantly controlled by the film 

diffusion mechanism (Li et al., 2012b).  

Meshram et al also used Amberlite.IR-120 specifically for Cr(III) removal from 

two different concentrations of 500 and 1000 mg/L Cr(III) solutions to observe the effect 

of time and concentration at pH 2.7 and 298K. The equilibrium time noted was 15 min 

for both 500 and 1000 mg/L solutions respectively. The kinetics data were analyzed by 

pseudo first order kinetic model and rate constant decreased from 0.297 to 0.129 min-1 

with increasing concentration from 500 to 1000 mg/L of Cr(III). The authors concluded 

that low values of rate constants were an indication of internal particle diffusional nature 

of the sorption process. Further, for the extraction of Cr(III) from tannery wastes, 

Amberlite.IR-120 was found to be the most suitable ion exchanger (Meshram et al., 

2012). The same conclusions were made by the Sahu et al for a strong acid exchanger 

Indion 790 under similar experimental conditions. The maximum uptake was achieved 

within 12 and 16 min from 500 and 1000 mg/L Cr(III) solutions. The pseudo first order 

model was applicable to kinetic data and rate constant decreased from 0.281 to 0.071 

min-1 with the rise in concentration from 500 to 1000 mg/L of Cr(III) solutions (Sahu et 

al., 2009). 
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Rengaraj et al employed the strong acid exchangers 1200H, 1500H and IRN-97H 

for kinetics of Cr(III) sorption using different initial concentrations of 10, 15 and 20 

mg/L of Cr(III) at 298K. Three different kinetic models, reversible first order, pseudo 

first order and Webber Morris were applied to analyze the kinetic data. It was suggested 

that the rate of Cr(III) sorption on the resin was controlled by intra particle diffusion 

mechanism. The intra particle diffusion rate constants were observed to increase from 

4.54 to 10.66, from 5.99 to 13.46 and from 6.36 to 12.63 (mg/gh1/2) for 1200H, 1500H 

and IRN-97H respectively when concentration was increased from 10 to 20 mg/L 

(Rengaraj et al., 2003). Fernandes and Ferreira performed the kinetics of Cr(III) sorption 

on a chelating resin Diphonix in Na+ form under different experimental conditions: initial 

concentration (250, 500 and 750 mg/L),  pH (1, 3 and 5) and resin dosage (0.5, 0.75 and 

1g) for 500 mg/L of Cr(III) at 298K. The results showed that the kinetics of Cr(III) 

sorption increased with increasing concentration, pH and dosage amount. The kinetic 

data were analyzed by pseudo second order, pore diffusion and shrinking core models. 

The mechanism of Cr(III) sorption was found to be controlled by the intra particle 

diffusion. The effective pore diffusivities (Dpef) of Cr(III) were 2.66 x 10-11 m2/s for 250 

and 500 mg/L, and 5.31 x 10-11 m2/s for 750 mg/L (Fernandes and Gando-Ferreira M., 

2011).  

Kocaoba and Akcin investigated the kinetics of Cr(III) removal by using a 

chelating resin Amberlite.IRC-718. The effect of concentration (5-160 mg/L), resin 

amount (5-20 mg), particle size (0.35-1.8 mm) and stirring speed (1000-3500 rpm) on 

kinetics of the process was explored at pH 5. The exchange rate of Cr(III) uptake 

increased with increasing concentration and stirring speed. The rate was observed to be 
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directly proportional to the concentration in solution and inversely proportional to the 

particle radius and ion exchange capacity, indicating the film diffusional nature of the 

process. However, the negative interruption test and observation that increasing the 

particle size, increased the time to reach the equilibrium pointed towards the fact that 

particle diffusion was limiting the process of the Cr(III) sorption. On the basis of these 

experimental facts, the authors made the conclusion that the sorption of Cr(III) by 

Amberlite IRC-718 was controlled by both the film and particle diffusions i.e by mixed 

diffusion mechanism (Kocaoba and Akcin., 2003). Similar mixed diffusion mechanism 

was also reported by the same authors in their study of Cr(III) removal by a strong acid 

exchanger Amberlite.IR-120 using the same experimental conditions of concentration, 

resin amount, stirring speed and pH. The results obtained by the authors were almost 

similar to those for Amberlite IRC-718 except the interruption test, which was found to 

be positive. Thus, the authors suggested that both film and particle diffusion mechanisms 

are equally contributing in controlling the kinetics of Cr(III) sorption on Amberlite.IR 

120 (Kocaoba and Akcin., 2008). They also compared in another work, the kinetics of 

Cr(III) and Cd(II) sorption by Amberlite.IR-120 in H+ and Na+ forms from 20 mg/L 

concentration using the stirring rate of 2000 rpm, temperature 298K and pH 5. The 

equilibrium time was found to be almost 30 min for the sorption of both Cr(III) and 

Cd(II) ions by both forms of the resin. However, it was noted that the initial rate of 

Cr(III) uptake was much higher than Cd(II) ions in case of H+ form of the resin (Kocaoba 

and Akcin., 2005) . 

Gode and Pehlivan used two chelating resins Lewatit TP 207 and Chelex-100 

containing iminodiacetic acid (IDA) groups for Cr(III) removal as a function of time at 
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298K and pH 4.5. The equilibrium times for both the Lewatit TP 207 and Chelex-100 

were within the limits of 80-120 min. The kinetic data were explained by first order 

reversible kinetic model. The rate constants were 0.034 and 0.216 h-1 for 0.06 mmol/L of 

Cr(III) solution by Chelex-100 and Lewatit TP 207 respectively (Gode and Pehlivan., 

2003). The same authors compared the performance of chelating ion exchanger Chelex-

100 to the strong acid exchanger Lewatit S 100 for Cr(III) removal from initial 

concentration of 0.06 mmol/L at 298K and pH 3.8. The initial removal was found to be 

faster for Chelex-100 as compared to Lewatit S 100. However, the maximum uptake was 

achieved in 150 and 120 min for Lewatit S 100 and Chelex-100 respectively. The kinetic 

data was followed well by first order reversible kinetic model. The rate constants were 

observed to be 0.034 and 0.030 h-1 for Chelex-100 and Lewatit S 100 respectively (Gode 

and Pehlivan., 2006).  

Rengaraj et al (2002) compared the kinetics of Cr(III) sorption with Co(II) and 

Ni(II) ions using strong acid exchangers Amberlite IRN-77 at pH 3.3 and 298K 

employing the concentration range of 50-150 mg/L. The time to attain the equilibrium 

was noted as 150, 175 and 200 min for Cr(III), Ni(II) and Co(II) respectively which 

proved the faster kinetics of Cr(III) sorption on strong acid exchanger Amberlite IRN-77 

in comparison to Ni(II) and Co(II) ions. The results were interpreted by pseudo first order 

kinetic model and a small increase in rate constants values was observed with increasing 

concentration from 50 to 150 mg/L, for Cr(III) from 0.986 to 0.987, for Ni(II) from 0.977 

to 0.978 and for Co(II) from 0.983 to 0.985 (L/min). The competitive effect of Ni(II) and 

Co(II) ions on Cr(III) uptake was also determined in the mixed metal system. It was 

observed that Cr(III) predominantly suppressed the sorption of Ni(II) and Co(II) ions 
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indicating the higher affinity of Amberlite IRN-77 for Cr(III) ions. The efficiency of the 

resin was also checked for application to nuclear power plant wastes by preparing a 

solution mixture of 1 mg Co(II), 4mg/L Cr(III) and 15mg/L Ni(II) metal ions. The 

equilibrium time was 100 min for all the ions in competition and was noted that 

interference of trace metals had no significant effect on the exchange capacity of resin 

until the resin was fully saturated with metal ions. This implied that the strong acid 

exchangers can also be considered for an efficient operation in those systems where 

Ni(II) and Co(II) ions are in competition with Cr(III) ions. 

Edebali and Pehlivan compared the kinetics of two strong acid exchangers; 

Amberlite.IRN77 and Purolite C160 using initial concentration of Cr(III) 1x10-3 M at 

298K and pH 4. The equilibrium was attained in 40 and 50 min for Amberlite IRN77 and 

Purolite C160 respectively. Two kinetic models of pseudo first order and pseudo second 

order were applied to evaluate the kinetic data. The pseudo second order model well 

fitted with higher correlation co-efficient (0.99) and also provided close agreement 

between theoretical and experimental values of the sorption maxima than that of pseudo 

first order. It was assumed that the chemical sorption may be the rate controlling step due 

to the sharing of or exchange of electrons between metal and exchanger. The pseudo 

second order rate constants obtained were 0.13x10-2 and 0.15x10-2 (g/mg min) for 

Amberlite IRN77 and Purolite C160 respectively (Edebali and Pehlivan., 2013). The 

Anirudhan and Radhakrishnan investigated the effect of concentration and temperature 

on kinetics of Cr(III) sorption using a weak acid exchanger (SDGPMA–SP–COOH). The 

kinetic experiments were performed using different initial concentrations of 10, 25, 50 

and 100 mg/L of Cr(III) at constant temperature 303K, and for initial concentration of 50 
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mg/L of Cr(III) at different temperatures (303, 313, 323 and 328K). The equilibrium time 

noted was 240 min for all the concentrations and temperatures. The kinetic data were 

analyzed by pseudo first order, pseudo second order and Elovich equations. The higher 

regression co-efficient (0.998) and close relationship of the theoretical and experimental 

sorption maxima supported the responsibility of second order to be the rate controlling 

step in the ion exchange sorption reaction. The pseudo second order rate constants 

decreased from 16.20×10-3 to 3.69×10-3 (g/mg min) with increasing initial Cr(III) 

concentration from 10 to 100 mg/L, while increased from 3.84×10-3 to 4.85×10-3 

(g/mg min) with increasing temperature from 303 to 333K. The activation energy (Ea) 

was found to be 5.85 kJ.mol-1. On the basis of lower activation energy, the authors 

concluded that the mechanism of Cr(III) sorption had a contribution from diffusion. The 

authors suggested that the increase in temperature may lead to greater swelling of the 

resin which had a positive effect upon the diffusion of the ions inside the resin matrix 

(Anirudhan and Radhakrishnan., 2007). Ciopec et al (2012) determined the kinetics of 

Cr(III) sorption by Amberlite.XAD7 impregnated with di-(2-ethylhexyl)-phosphoric acid 

(DEHPA) from 10 mg/L of Cr(III) at pH 3 and different temperatures 298, 308 and 

318K. The equilibrium time was reduced from 60 to 45 min with slight increase in uptake 

when temperature was increased from 298 to 318K. Two different kinetic models pseudo 

first order and pseudo second order were used to explain the kinetic data. The pseudo 

second order equation described well the kinetics with higher regression co-efficient 

(0.999) and close agreement of theoretical and experimental values of the equilibrium 

sorption. The rate constant values were observed to increase from 0.22 to 0.27 

(g/mg min) with increasing temperature from 298 to 318K. The authors concluded that 
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the activation energy (8.05 kJ.mol-1) falls in the range of 8-16 kJ.mol-1 i.e the rate 

determining step was the chemisorption, sharing or exchange of electrons between the 

solid and Cr(III) ions.  

Some reports about the thermodynamic parameters of activations like enthalpy of 

activation (∆H#), entropy of activation (∆S#) and free energy of activation ∆G# for Cr(III) 

sorption by ion exchangers are also available in the literature. These parameters were 

calculated using the well known Eyring equation (Scheckel and Sparks., 2001). Li et al 

found ∆H# (42.98 kJ.mol-1), ∆S# (-128.07 J.K-1.mol-1), and ∆G# 81.14, 83.07 and 84.99 

kJ.mol-1 at 298, 313 and 328K respectively for strong acid exchanger IRN77 (Li et al., 

2012b). Similar thermodynamic parameters of activations were also reported by 

Anirudhan and Radhakrishnan for Cr(III) sorption on weak acid exchanger (SDGPMA–

SP–COOH). The ΔH#, ΔS# and ΔG# were found to be 3.21 kJ.mol-1, -280.85 J.K-1.mol-1 

and 88.312 kJ.mol-1 respectively. It was concluded that the mechanism of sorption was 

endothermic and the entropy driving ion exchange. The large positive ΔG# value 

indicated the requirement of energy to convert the reactants into products (Anirudhan and 

Radhakrishnan., 2007). Further, the negative ΔS# values for Cr(III) sorption in the above 

reported two cases indicate the association nature of the sorption process (Scheckel and 

Sparks., 2001).  
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2.5. Macroporous Cation Exchange Resins: 

Macroporous resins were reported for the first time in the 1960s. It is a class of 

organic ion exchange resins which have a permanent well defined porous structure and 

high surface areas even in the dry state. This porous matrix structure is formed due to the 

use of inert organic solvents like toluene or xylene as a pore forming agent during the 

polymerization process. The organic solvents are then removed from polymerized 

particles by drying which in turn leave a network of pores through the resin beads 

(Sherrington., 1998). The bead of macorporous resin is composed of clusters of small 

polymeric spherical particles of gel type and macropores while the gel resins comprise of 

three dimensional network of micropores distributed over the entire bead (Oancea et al., 

2008). The macroporous resins have 18 to > 50 % DVB while the gel exchangers have 

less than 12 % DVB cross-linking (Vahteristo et al., 2009). The matrix of macroporous 

resins as such is rigid, providing physical and mechanical stability to beads as compared 

to the gel structure resins due to less swelling and shrinking capability. Thus, the 

macroporous resins show more resistant to degradation caused by the osmotic shock and 

oxidation (Nobre., 2009; Dorfner., 1991: Helfferich., 1962; Kunin et al., 1962).  

The structure of macroporous resins has a large number of advantages like the 

larger porosity and surface area which facilitate the diffusion of large molecules and ions. 

Therefore, these resins are now extensively being used as adsorbents in separation and 

purification of waters contaminated with organic pollutants and as catalysts in the organic 

synthesis (Zhao  et al., 2013a:2013b; Qi et al., 2011; Ru-An et al., 2011; Park et al., 

2010b; Nobre., 2009; Talukder et al., 2009; Du et al., 2008; Ying et al., 2007; Das et al., 
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2006;  Huang And Sundmacher., 2006; Xu at al., 2002; Sherrington., 1998; Buttersack., 

1989; Weber and van Vliet., 1981; Kunin., 1976).  

Many reports are now becoming available in the literature showing the 

satisfactory performance of the macroporous resins for the removal of different metal 

ions: like macroporous strong acid exchangers NKC-9 and D72 for Co(II) and Pr(III) 

respectively, macroporous weak acid exchangers D113, D151 and D152 for Dy(III), 

Ni(II) and Pb(II) respectively, and macroporous weak acid exchanger D155 for Gd(III) 

and Ce(III). The exchange capacities evaluated were 361 mg/g for Co(II), 294 mg/g for 

Pr(III), 283 mg/g for Gd(III), 294 mg/g for Ce(III), 292.7 mg/g for Dy(III), 527 mg/g for 

Pb(II) and 152 mg/g for Ni(II) (Xiong et al., 2012:2010:2009; Xiong and Yao., 2011; 

Xiong., 2008a:2008b; Huijun and Peng., 2007). These results showed that the 

macrporous exchangers had a promissing  potential for the removal of metal ions in 

comparison to the gel type ion exchangers. The maximum exchange capacities obtained 

by macroporous resins D152 and D151 are 527 and 152 mg/g for Pb(II) and Ni(II) 

respectively which are much higher than the corresponding values of 84.04 and 48.32 for 

the gel type ion exchangers Amberlite.IR-120, and 7.56 and 47.20 mg/g for Dowex 50W 

(Demirbas et al., 2005; Pehlivan and Altun., 2006). Similarly, Dizge et al also reported 

the higher exchange capacity of Ni(II), of 171 mg/g for a macrporous resin Lewatit 

MonoPlus SP 112 which is much higher than the reported value of 81.82 mg/g by 

Rengaraj et al for a gel resin Amberlite. IRN77 (Rengaraj et al., 2002; Dizge et al., 2009).  

As is the case for the trivalent ions, only a few studies are available about the 

Cr(III) removal by macroporous resins. It was noted that the macroporus resins Amberlite 

200 and Indion 790 containing sulphonic acid groups were more suitable due to their 

http://www.sciencedirect.com/science/article/pii/0923113789900225
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higher exchange capacities and faster kinetics. The exchange capacity estimated for 

Amberlite 200 and Indion 790 was 64.9 and 86.9 mg/g respectively (Alguacil et al., 2012; 

Sahu et al., 2009). However, the macroporus resins containing iminodiacetic groups were 

found to be less suitable due to their lower capacity and slower kinetics for Cr(III) 

sorption. Their exchange capacities were observed to be in the range of 14-31 mg/g for 

Cr(III) sorption (Gode and Pehlivan., 2003; Cavaco et al., 2009). The exchange capacities 

of the macroporous sulphonic acid resins Amberlite 200 and Indion 790 were found to be 

64.9 and 86.9 mg/g respectively which are much higher than those of 35.4 and 20 mg/g 

for gel type of sulphonic acid resins Amberlite.IRN 77 and Lewatit S 100 respectively 

(Rengaraj et al., 2001; Gode and Pehlivan, 2006). As far as the kinetics of Cr(III) 

sorption by macroporous resin is concerned, a study reported by Gode and Pehlivan 

revealed that the process is somewhat faster than the gel type resin (Gode and Pehlivan., 

2006). However, the mechanism of the process is governed either by the film or particle 

diffusion as found for the gel type exchangers (Kocaoba and Akcin., 2008).  

The Amberlyst-15 is a commercial macroporous sulphonic acid exchanger and 

was first reported by Kunin et al (Kunin et al., 1962). It was mostly applied in the past as 

a catalyst in the synthesis of organic compounds (Park et al., 2010b; Talukder et al., 

2009; Das et al., 2006; Huang and Sundmacher., 2006). To the best of our knowledge 

only a few studies are reported in the literature, where this resin has been employed for 

the removal of Cu(II), Zn(II), Ni(II), Cd(II), Ca(II), Mg(II), Sr(II) and Ba(II) ions (Fezani 

et al., 2013; Otrembska and Gega., 2013; Toteja et al., 1991). Therefore, a detailed 

investigation is required to determine the true potential of this resin for the sorption of 

metal cations.  
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From the literature review, it can be concluded that the synthetic organic ion 

exchangers have a very high selectivity and fast kinetics towards the Cr(III) ions. 

However the studies available in the literature in this regard are limited mostly to the 

effect of pH. The effect of temperature is almost neglected, though it can have an effect 

on several ion exchange parameters i.e diffusion, selectivity, exchange capacity and can 

also help in determining the thermodynamic parameters which may help in deciding 

about the mechanism of the exchange process. Also, the competitive studies of ion 

exchange sorption from mixed systems are very important for the determination of the 

true potential of the ion exchange resins. Similarly, the study of sorption process in the 

presence of different counter-ions and co-ions has greater practical implications than in 

the case of a single ion exchange system. The morphology of the resins is also an 

important controlling factor which influences the sorption characteristics of ion exchange 

resins. The macroporous resins are gaining recently more attention in many 

environmental applications due to their greater mechanical stability, more resistance to 

oxidation and osmotic shocks. Thus, the main objectives of our study are the following:  

1. Application of commercially available organic ion exchangers: weak acid 

macroporous exchanger Amberlite.IRC-50, gel structure strong acid exchanger 

Amberlite.IR-120 and macorporus strong acid exchanger Amberlyst-15 for Cr(III) 

removal as a function of concentration, time and temperature, and to evaluate the 

kinetic and thermodynamic parameters of the process.  

2. To find the cation exchanger which has the higher selectivity towards the Cr(III) 

ions.  



 41 

3. To investigate the co ions (Cl- and SO4
2-) effect on Cr(III) sorption by macorporus 

ion exchanger Amberlyst-15.  

4. To investigate the counter ions effect on Cr(III) exchange by Amberlyst-15 after 

converting the resin into Li+, Na+, Ca2+ and Al3+ forms.  

5. To investigate the selectivity of Cr(III) ions in a mixed system composed of Cr3+, 

Ca2+ and Al3+ ions.  

6. To establish the mechanism of the process using different isotherm models, FTIR 

and XPS studies.  
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CHAPTER 3 

 

EXPERIMENTAL 

3.1. Materials and Methods: 

All the chemicals were of analytical grade and were used without further purification. All 

the solutions were prepared in deionized water obtained from Milli-Q water purification system 

Millipore USA. Pyrex glass apparatus was used through out the study. Glass apparatus was 

washed with 10% HNO3 solution and then rinsed with deionized water before use. All pH 

measurements were made with a pH meter (BOECO BT-600, Germony) using a combination 

glass electrode and automatic temperature compensation (ATC) temperature probe NTC30K. 

The pH meter was calibrated with buffer solutions of pH 2.1 and 11.72, prepared from tartaric 

acid and sodium phosphate solutions. The adjustment was performed by using standard HCl and 

NaOH solutions. Different compounds like Hydrochloric acid (HCl), Lithium Chloride (LiCl), 

Sodium Chloride (NaCl), Calcium Chloride (CaCl2.2H2O), Aluminum Chloride (AlCl3.6H2O), 

Sodium hydroxide (NaOH), 5% Hydrogen peroxide (H2O2) and three types of organic ion 

exchange resins like Amberlite.IRC-50(H+), Amberlite.IR-120(H+) and Amberlyst-15(H+) were 

purchased from BDH Chemicals Ltd Poole England. Chromium chloride CrCl3.6H2O and 

Chromium sulphate Cr4(SO4)5(OH)2 were purchased from Sigma-Aldrich Chemie GmbH, 

Germany. 

3.2. Solutions used: 

 

Appropriate amounts of LiCl, NaCl, CaCl2.2H2O and AlCl3.6H2O were dissolved 

separately in 1000 ml of doubly distilled water to obtain the desired concentration of each salt 

equivalent to 0.5M. Similarly, 0.1M NaOH and NaCl were prepared in doubly distilled water. 

The stock solutions (38.462 mmol/L) of both CrCl3.6H2O and Cr4(SO4)5(OH)2 were prepared by 
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dissolving their known amounts in 1000 ml of doubly distilled water and the working solutions 

(0.962-28.846 mmol/L) were prepared by appropriate dilution of stock solutions. Further, the 

working Cr(III) solutions of different concentration (3.85 x 10-2, 7.69 x 10-2, 11.54 x 10-2, 15.38 

x 10-2, 19.23 x 10-2, 28.85 x 10-2 and 38.46 x 10-2 mmol/L) were prepared by dilution of the stock 

Cr(III) solution (19.231 mmol/L). 

3.3. Characteristics of Ion Exchange Resins: 

The physico-chemical properties and specifications of the resins used in the present study 

reported by the supplier and in literature are given in Table 3.1. 

Table 3.1 

Physio-chemical charachteristics of the organic ion exchange resins. 

Amberlite.IRC-50(H+)  

Structure                                                         Macroporous 

Matrix                                                             Methacrylic acid-DVB copolymer 

Functional groups                                           COO 

Density                                                           0.64-0.77 g/cm3 

Physical  form                                                 Insoluble amber beads 

Working  pH range                                         5-14 

Total exchange capacity                                 9.5 mequiv/g 

Moisture content                                             3% by weight 

Particle size                                                     0.3 to 1.18 mm 

Operation temperature (Maximum)                120 oC 

 

Amberlite.IR-120(H+)   

Structure                                                         Microporous or gel 

Matrix                                                             Polystyrene-DVB  

Functional groups                                           SO3
2- 

Density                                                           1.26 g/cm3 

Physical form                                                  Insoluble spherical beads 

Working pH range                                          0-14 

Total exchange capacity                                 5.35 mequiv/g  

Moisture content                                            47.45% by weight 

Particle size                                                     0.45 to 60 mm 

Surface Area                                                    ˂ 0.1 m2/g                   (Alexandratos., 2009) 

Operation temperature (Maximum)                120 oC 

 

Amberlyst-15(H+) 

Structure                                                          Macroporous 
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Matrix                                                               Polystyrene-DVB structure 

Functional groups                                             SO3
2- 

Density                                                             0.76 g/cm3                                                   

Physical form                                                    Insoluble spherical beads 

Working pH range                                            0-14 

Total exchange capacity                                   5 mequiv/g  

Moisture content                                              10% by weight 

Particle size                                                      0.4 to 0.5 mm 

Surface Area                                                    43 m2/g                           (Iborra et al., 2000)                  

Average Pore diameter                                     335 Ao                           (Iborra et al., 2000) 

Operation temperature (Maximum)                 120oC 

 

3.4. Conversion of Amberlite.IRC-50(H+) and Amberlite.IR-120(H+) into Na+ form and 

Amberlyst-15(H+) into Li+, Na+, Ca2+, Al3+ forms: 

10 g of each resin was taken in separate burettes provided with glass wool plug. The 

Amberlite.IRC-50(H+) and Amberlite.IR-120(H+) were converted into Na+ forms by treating 

them with 0.1M NaCl while Amberlyst-15(H+) was converted into different forms of Li+, Na+, 

Ca2+ and Al3+ by treating it with 0.5M LiCl, NaCl, CaCl2 and AlCl3 respectively. The treatment 

continued until the concentration of the effluents also became equal to the concentration of their 

respective salts, showing that the resins were fully saturated with the respective cation. The 

resins were washed with triply distilled water and then placed in air to dry for 24h. Finally, they 

were stored in glass-stoppered bottles for further studies.  

3.5. Determination of Cr(III): 

The concentration of Cr(III) in the aqueous phase was analyzed by first oxidizing it into 

Cr(VI) using H2O2 as an oxidizing agent in the alkaline medium using the method described in 

the literature (Narin et al., 2002; Awan et al., 2003; Namasivayam and Yamuna., 1999; Chanda 

and Rempel., 1997a:1997b; Pettine and Millero, 1990). 5 ml of each standard Cr(III) and 0.1N 

NaOH solutions were mixed in seven different test tubes. Then to each of them, 3 drops of 5% 
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H2O2 were added. The mixture of each of the test tube was heated till the boiling started. The 

solution changed the color from the blue to yellow according to the reactions,  

                                 3 3-

2 6 6
[  ]   6   [  ]Cr H O NaOH Cr OH                   (3.1) 

            3- 2- -

2 2 4 26
2[  ]   3   2   2   8Cr OH H O CrO OH H O            (3.2) 

The oxidized solutions of Cr(III) into Cr(VI) having bright yellow color were placed for 

45 minutes. The absorbance of these oxidized standard solutions was measured on 

spectrophotometer (VIS-1100) using wavelength of 372nm. A standard curve showing 

absorbance verses concentration was prepared and is shown in Fig. (3.1). The concentrations of 

the unknown Cr(III) solutions after oxidizing it into Cr(VI) were read from the standard curve. 

The concentration of Cr(III) in solutions was also determined by Atomic Absorption 

Spectrophotometer using Perkin Elmer AAS 800 (Flame Mode). The concentration determined 

by the two methods in several cases agreed within the limits. It is important to mention here that 

in case of solutions containing Ca2+ and Al3+ ions, Cr(III) can be determined only by the atomic 

absorption spectrophotometer because of the interference due to the formation of Ca(OH)2 and 

Al(OH)3 precipitates in the oxidation method described above. Similar interference of Ca2+ and 

Al3+ ions has also been reported elsewhere (Fendorf et al., 1994). 

The sorption capacity of Cr(III) on the resin can be calculated by using the mass balance 

equation given as, 

 

            

                

( - )

1000

i tV C C
X

m


                                

(3.1) 

 where Ci and Ct are the initial metal ion concentration and the metal ion 

concentration at time t (mmol/L) in the solution phase respectively and X is the amount sorbed 

per unit mass (mmol/g). V and m are the volume of solution (L) and the mass of the exchanger 
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(g). All the experiments were repeated thrice and the data were obtained by taking the mean 

value of three concordant readings. 
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     Figure. (3.1) 

     Calibration curve for determination of Cr(III). 
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3.6. Spectroscopic Measurements: 

A small amount of each resin sample loaded with Cr(III) was thoroughly mixed by 

grinding with dried KBr powder in 1:100 ratio and pressing into discs. The samples for Fourier 

Transform Infra-red spectroscopy (FTIR) measurement were mounted on a SCHIMADZUE 

8202PC. The analysis was made by using 10 scans with spectral resolution of 4cm-1.  

X-ray photoelectron spectroscopy (XPS) analysis was performed with an ESCALAB-

220I-XL (THERMO-ELECTRON, VG Company) device to verify the existence of chromium 

after sorption. The samples were washed with deionized-distilled water, and then freeze-dried in 

a vacuum freeze dryer (Bondiro, ILSHIN Lab Co). After that the samples were transported to the 

spectrometer in a portable, gas tight chamber. Cr2O3, (CH3CO2)7 Cr3(OH)2 (Cr(III)-acetate) and 

CrO3 were used as the Cr(III) and Cr(VI) reference compounds, respectively. Photoemission was 

stimulated by a nonmonochromatized Mg Kα X-ray source (1253.6 eV) for all samples, at 100W 

and pass energy of 0.1eV, with 10 high-resolution scans. The system was operated at a base 

pressure of 2×10−8 m bar. The calibration of the binding energy of the spectra was performed 

with the C1s peak of the aliphatic carbons; 284.6 eV. 

3.7. Thermogravimeteric Analysis: 

Thermogravimeteric analysis (TG) and differential thermal analysis (DTA) of Amberlyst-

15 were recorded on TG/DTA model Perkin Elmer model 6300. The known weights of samples 

were heated upto 800oC with a heating rate of 10oC per minute under air atmosphere. The 

starting temperature was 50oC. The differences in weights of samples before and after heating 

were then calculated. 

3.8. Ion Exchange Studies: 

3.8.1. Equilibrium Studies: 
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For equilibrium studies, Batch adsorption technique was used by mixing 0.2g of each 

Amberlite.IRC-50(Na+), Amberlite.IR-120(Na+), Amberlyst-15(Na+) and Amberlyst-15(H+) with 

30 ml of solutions having known concentrations ranging from 1.923 to 19.231mmol/L in 100 ml 

conical flasks at the desired temperature (293K-333K) in a thermostat shaker bath model 

DAIHAN WSB-30 at a shaking speed of 120 rpm. After 2h of equilibration time, the 

suspensions were filtered using Whatmann filter paper No. 42 and analyzed for Cr(III) according 

to the methods described above. The pH values of Cr(III) solution before and after exchange 

were also noted.  

3.8.2. Kinetics Studies: 

Infinite bath method was used to study the kinetics of sorption of Cr(III). An exactly 3g 

of each Amberlite.IRC-50(Na+), Amberlite.IR-120(Na+), Amberlyst-15(Na+) and Amberlyst-

15(H+) were poured in 100 ml solution of Cr(III) having concentration 19.231 mmol/L in a 

double-walled glass cell attached to the water-circulating bath at the desired temperature with the 

stirring rate of 120 rpm for 2 h. After different time intervals, 1 ml solutions from the mixture 

were taken in the test tube and analyzed for Cr(III) according to the methods described above. 

3.8.3. Co-Ions and Counter-Ions Studies: 

To determine the co-ions effects on Cr(III) sorption, Amberlyst-15(H+) was mixed with 

CrCl3.6H2O and [Cr4(SO4)5(OH)2] solutions employing the concentrations in the range 1.923 to 

28.846 mmol/L. However, to investigate the counter-ions effect on Cr(III) sorption, different 

forms of Amberlyst-15 (H+, Li+, Na+, Ca2+ and Al3+ forms) were used for sorption from 

CrCl3.6H2O solution. The rest of the procedure was the same as given in sections 3.7.1 and 3.7.2. 

The concentrations of Ca2+ and Al3+ ions desorbed after Cr(III) sorption were determined by 

atomic absorption spectrophotometer using Perkin Elmer AAS 800 (Flame Mode). 
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3.8.4. Mixed System Studies: 

For competitive sorption in a mixed metal system, Amberlyst-15(H+) was poured in a 

solution prepared from an equimolar mixture of 19.231mmol/L of Ca(II), Al(III) and Cr(III) 

ions. 1 ml solutions were withdrawn from the solution mixture at different interval of time to 

determine the metal ions concentration. The pH of the mixture solutions were also noted. 
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4. RESULTS AND DISCUSSION: 

4.1. Equilibrium and Kinetics Studies:  

4.1 .1. Equilibrium studies: 

4.1. 1.1. Sorption Isotherms: 

  Sorption of Cr(III) on four different cation exchange resins Amberlite.IRC-

50(Na+), Amberlite.IR-120(Na+), Amberlyst-15(Na+) and Amberlyst-15(H+) is studied at 

different temperatures (293-333K) employing concentrations in the range of 0.962 

to19.231mmol/L. The results of the study are shown in Figs. 4.1-4.4, which indicate that 

Cr(III) sorption on these resins increases with increase in the initial concentration and 

temperature. The shapes of sorption isotherms in the present study can be categorized 

into two H and S types according to the Giles classification (Giles et al., 1950:1960). H-

Types of sorption isotherms are observed for Amberlite.IRC-50(Na+), Amberlite.IR-

120(Na+) and Amberlyst-15(H+), which suggest the maximum surface coverage at low 

concentrations and high affinity for Cr(III) ions. The S types of sorption isotherms are 

observed only for Amberlyst-15(Na+), which suggests that the sorption of Cr(III) is less 

at lower concentrations as compared to Amberlyst.15(H+) probably due to the higher 

affinity of the Amberlyst ion exchanger for outgoing Na+ ions. The reason is a lower pore 

diameter for Na+ form of the exchanger (288AO) as compared to H+ form (335Ao). As a 

result, at lower concentrations, it becomes harder for the Cr(III) ions to reach the ion 

exchange sites in Amberlyst-15(Na+) (Attahirua et al., 2012: Patel and Chudasama., 

2010a:2010b; Iborra., 2000; Toteja et al., 1997; Kunin et al., 1962b). Further, the sorption 

isotherms reveal that the effect of temperature is lower on Amberlite.IR-120(Na+) and 

Amberlyst-15(H+) as compared to Amberlite.IRC-50(Na+) and Amberlyst-15(Na+). The 
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lower effect of temperature on Amberlite.IR-120(Na+) and Amberlyst-15(H+) may be due 

to the availability of most of the active sites at lower temperatures and large porosity of 

the resin matrix respectively. 

The maximum exchange capacities (mmol/g) obtained, are found to increase with 

the temperature for all the exchangers under investigation. For Amberlite.IRC-50(Na+), 

Amberlite.IR-120(Na+), Amberlyst-15(Na+) and Amberlyst-15(H+), the amount of Cr(III) 

adsorbed increases from 0.621 to 0.765, 0.97 to 1.05, 1.13 to 1.40 and 1.20 to 1.31 

mmol/g respectively as the temperature is increased from 293 to 333K. The sorption 

capacities of these exchangers are found to follow the order Amberlyst-15(Na+) ≈ 

Amberlyst-15(H+) > Amberlite.IR-120(Na+) > Amberlite.IRC-50(Na+). The difference in 

sorption capacities is linked to the different characteristics of exchangers such as 

functionality, porosity and mobility of ions already present inside the resin phase. Thus, 

the strong acidic sulphonic acid exchangers Amberlyst-15 and Amberlite.IR-120 have 

greater sorption capacities than the weak carboxylic acid exchanger Amberlite.IRC-50. 

Similarly, the macroporous sulphonic acid exchangers Amberlyst-15(Na+) have the 

highest sorption capacity due to its high internal surface area and presence of micro and 

macropores than the gel structure sulphonic acid exchanger Amberlite.IR-120(Na+) 

(Dunnewijk et al., 2006; Riveros., 2004; Saha and Streat., 1998: Alexandratos et al., 

1985; Kunin et al., 1962b; Zvezdov and Ishigure., 2003). 

A comparison of all the exchangers employed in the present investigation with 

some commercially available resins reported in literature is presented in Table 4.1. This 

table clearly indicates that the exchanger Amberlyst-15 used in this study has higher 

exchange capacity for the Cr(III) sorption in both the H+ and Na+ forms and thus can be 
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used for its efficient removal from aqueous solutions and wastewaters. It is interesting to 

note that the exchange capacity for Cr(III) sorption is almost equivalent to the value 

observed by Alguacil et al for macroporous Amberlite IR-200(H+) (Alguacil et al., 2012). 
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      Figure (4.1) 

 

  Cr(III) sorption isotherms on Amberlite.IRC-50(Na+) at different temperatures. 
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 Figure (4.2)   

 

Cr(III) sorption isotherms on Amberlite.IR-120(Na+) at different temperatures. 
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Figure (4.3) 

Cr(III) sorption isotherm on Amberlyst-15(Na+) at different temperatures. 
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Figure (4.4) 

 

 Cr(III)  sorption isotherm on Amberlyst-15(H+) at different temperatures. 
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Table 4.1 
Comparison of maximum sorption capacities (mmol/g) of Cr(III) by various exchangers 

at 293K. 

 

Resins Xm 

(mmol/g) 

References 

IDA Diaion.CR-11(Na+) 

 Amberlite.IRC-86(Na+) 

IDA Amberlite.IRC-748(Na+) 

IDA Diaion CR 11(Na+) 

IDA Lewatit TP 207(Na+)  

IDA Chelex-100(Na+)  

IDA Chelex-100(H+) 

Amberlite.IRC-50(Na+) 

 

Amberlite IR-200(H+)(macro) 

Amberlite XAD7 impregnated 

with DEHPA(macro) 

Amberlite XAD8 impregnated 

with DEHPA(macro) 

Duolite GT-73 (macro)  

Purolite C160(macro) 

Amberlyst-15(H+) (Macro) 

  Amberlyst-15(Na+) (Macro) 

 

Lewatit S 100(Na+) (Gel) 

Diphonix(Na+) (Gel) 

Diphonix(Na+) (Gel) 

 

Amberlite IRN-77 (Gel) 

Amberlite IRN-77 (Gel) 

Amberlite IRN-77 (Gel) 

Amberlite SKN-I (Gel) 

Amberlite.IR-120(H+) (Gel) 

Amberlite.IR-120(Na+) (Gel) 
 

0.588 

0.610 

0.449 

0.475 

0.341 

0.290 

0.521 

0.621 

 

1.25 

 

0.062 

 

0.108 

0.439 

0.297 

1.20 

1.13 

 

0.390 

0.469 

0.379 

 

0.903 

0.680 

0.493 

0.891 

0.814 

0.970 

Cavaco et al., (2007) 

Cavaco et al., (2007) 

Cavaco et al., (2009) 

Cavaco et al., (2009) 

Gode and Pehlivan, (2003) 

Gode and Pehlivan, (2003; 2006) 

Gode and Moral., (2008) 

Present Study 

 

(Alguacil et al., 2012) 

 

(Ciopec et al., 2011) 

 

(Ciopec et al., 2011) 

(Snisarenko and Lee, 2007) 

(Edebali and Pehlivan., 2013) 

Present Study 

Present Study 

 

(Gode and Pehlivan, 2006) 

 (Cavaco et al., 2009)  

(Fernandes and Gando-Ferreira, 

2011) 

(Kang et al., 2004) 

(Rengaraj et al., 2001:2002) 

(Edebali and Pehlivan., 2013) 

(Rengaraj et al., 2001) 

(Carmona et al., 2008) 

Present Study 
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 4.1. 1.2. pH Changes: 

 

The changes in initial pH (pHi), and equilibrium pH (pHe) accompanied by Cr 

(III) sorption at different temperatures (293-333K) are given in Tables. 4.2-4.6. It is clear 

from the table 4.2 that the initial pH of the Cr(III) solutions prior to contact with the 

resins decreases with increase in initial Cr(III) concentration and temperature which is the 

result of the increased hydrolysis of Cr(III) according to reaction 4.1.  

                 3 2

2 ( )Cr H O Cr OH H                                             (4.1) 

This reaction forms protons and divalent Cr(OH)2+ ions, which contributes to an 

increase in the acidity of solutions. Similar conclusions were made by Kratochvil et al., 

(1998).   

The pHe is found to decrease further with increasing sorption after contact with 

the resin Amberlyst-15(H+) as shown in Table. 4.3. It indicates clearly that the sorption is 

the result of Cr(III) exchange with H+ ions of the resin according to reactions (4.2-4.3).  

                            3

33      3RH Cr R Cr H                                            (4.2) 

                     2

22   ( )  ( )   2RH Cr OH R Cr OH H                      (4.3) 

   The equilibrium pH is, however, observed to increase after Cr(III) sorption on all 

the Na+ forms of the resins Amberlite.IRC-50(Na+), Amberlite.IRC-120(Na+) and 

Amberlyst-15(Na+). It was reported by Kratochvil and Machado et al (Kratochvil et al., 

1998; Machado et al., 2002) that two phenomena can contribute to the pH increase of the 

system, frst one is the co-sorption of Cr(OH)2+ and H+ ions by the sorbents according to 

reactions 4.4-4.7 and second one is the decrease in hydrolysis of Cr(III) solutions where 

resin prefers to take most of the chromium in the trivalent form Cr3+ by shifting of 
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equilibrium reaction (4.1) in the backward direction, as a result of which depletion of 

protons occurs in the system, 

           R COONa H RCOOH Na                                         (4.4) 

 2

22 ( ) ( ) ( ) 2R COONa Cr OH R COO Cr OH Na                     (4.5)   

                     3 3R SO Na H RSO H Na                                              (4.6) 

     2

3 3 22 ( ) ( ) ( ) 2R SO Na Cr OH RSO Cr OH Na                      (4.7) 

                3

3 3 3R Na Cr R Cr Na                                                (4.8) 

Mechanistically, the sorption of Cr(OH)+2 along with co-sorption of H+ ions 

according to reactions 4.6 and 4.7, is almost equivalent to sorption of Cr3+ according to 

the reactions 4.8 and as such it seems almost impossible to distinguish between the two 

mechanism for the sorption of chromium. However, as the pH increase after sorption is 

greater in solutions containing low concentration of Cr(III) where the extent of hydrolytic 

reaction would also be minimum, therefore, it can be justified to assume that the main 

reactions responsible for Cr+3 sorption are 4.6 and 4.7, i.e the Cr(OH)+2 sorption is 

accompanied by the co-sorption of H+ ions. Kratochvil et al had also proposed that 90% 

of the chromium was absorbed as Cr(OH)2+ and only 10% taken up as Cr3+ by Kratochvil 

et al (Kratochvil et al., 1998). This competition between H+ and Cr(OH)2+ ions, is 

however, minimized with the increase in the concentration of Cr(III) ions in aqueous 

solutions and temperature. Similar pH changes were also reported in the literature by 

Cavaco et al for Cr(III) sorption on Amberlite.IRC-748(Na+) and Diaion.CR-11(Na+) 

resins (Cavaco et al., 2009).  
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It is also interesting to note that the increase in equilibrium pH is comparatively 

greater for Amberlite.IRC-50(Na+) indicating the greater affinity of protons for the 

carboxylic resin as compared to the sulphonic acid resins as was also reported in the 

literature (Helfferich., 1995). Jha et al had also observed significant co-sorption of H+ 

along with Cu2+ ions at low pH values in case of sulphonic acid exchanger Amberlite.IR-

120(Na+) (Jha et al., 2009). 

The uptake of H+ along with Cr(OH)2+ by the Amberlite.IRC-50(Na+) is also 

confirmed by the following experiments. 30 mL of 100 mg/L of Cr(III) solution were 

taken in three different conical flasks to which 0.2 g of the resin Amberlite.IRC-50(Na+) 

was added. In one of the flask, the pH was adjusted to 3 after two hours when sorption of 

the Cr(III) was almost complete. In the second flask, after putting the resin, the pH was 

adjusted immediately to 3, while the third flask was left without adjustment for two 

hours. The amount of Cr(III) sorption was found to be the highest (0.287 mmol/g) in the 

third flask where no pH adjustment was made. Similarly, the sorption was higher (0.242 

mmol/g) in the system where the pH was adjusted after two hours than in the system 

where pH was adjusted immediately after the resin addition (0.188 mmol/g). The amount 

of Cr(III) adsorbed in the three different systems clearly shows the competition between 

Cr(III) and H+ ions for the resin phase according to reactions (4.4-4.5). Similar 

competition was also observed elsewhere (Kanwal et al., 2012; Cavaco et al., 2009: 

Sathyaselvabala et al., 2009: Xiong., 2008a: Gode and Moral., 2008; Mohan et al., 2006: 

Chanda and Rempel., 1997a: 1997b). 

 Furthermore, ∆pH (pHe-pHi) values for different exchangers are plotted against 

the amount of Cr(III) sorbed (X mmol/g), at 293K and 333K in Figs. 4.5-4.6. For all the 
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Na+ forms of the resins, ∆pH > 0 due to the co-sorption of H+ and Cr(OH)2+ ions. 

Opposite to this behavior ∆pH < 0 for Amberlyst-15(H+), which indicates that here 

Cr(III) is exchanged for H+ ions from the resin. Further, ∆pH values decrease as amount 

of Cr(III) sorbed is increased, because the initial pH values are lower for the solutions 

with higher concentrations of Cr(III). The highest magnitude of ∆pH has been observed 

only for Amberlite.IRC-50(Na+) which proves that the weak acid carboxylic resins are 

very sensitive to co-sorption of H+ ions in comparison to the sulphonic acid resins. For 

sulphonic acid resins, at 293K, the ∆pH for Amberlite.IR-120(Na+) is higher than 

Amberlyst-15(Na+) indicating that macroporous resin has lower affinity for the H+ ions. 

However, at 333K, the ∆pH curves for the two exchangers are almost superimposable; 

indicating that at higher temperatures, the behavior of the two sulphonic acid exchangers 

is almost equivalent to each other. It is interesting to note that the curves in Fig. 4.5 give 

us valuable information about the point where ∆pH values for strong acid exchangers 

reach almost zero at 293K, indicating that H+ co-sorption is almost negligible. By 

extrapolating the ∆pH values to zero, it can be seen that the H+ co-sorption becomes 

almost negligible when Cr(III) sorption is 86.77% for Amberlite.IRC-50(Na+), 41.8% for 

Amberlite.IR-120(Na+) and 34.52%, for Amberlyst-15(Na+). However, at 333K, this 

point is never reached and thus the co-sorption of H+ ions is observed to increase for all 

the exchangers under investigation.  

In order to investigate the Cr(III) aqueous solution concentration effect on the co-

sorption of H+ ions, ∆pH values are also plotted against the initial concentrations of 

Cr(III) solutions at both 293 and 333K in Figs. 4.7-4.8. From the figures, it can be 

observed that the H+ co-sorption decreases by increasing the Cr(III) initial concentrations. 
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A rapid downfall of ∆pH curves for weak acid exchangers at both the temperatures of 

293 and 333K points towards the significant effects of Cr(III) concentrations on H+ co-

sorption. This also reveal that below the aqueous chromium concentration of 6-8 mmol/L, 

the co-sorption is somewhat higher for Amberlite.IR-120(Na+) as compared to 

Amberlyst-15(Na+). The reason for such a behavior could be the ease of availability of 

ion exchange sites in case of former, as discussed in the earlier section. However at 

333K, the behavior of ∆pH curves reveals that the co-sorption of H+ ions on both 

exchangers is similar to each other. 
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Table 4.2 

Concentration and temperature effects on initial pH (pHi) at different temperatures. 

 

Ci(mmol/L) pHi 

      293K               313K               323K                333K 

0.962 

1.293 

2.885 

3.846 

4.808 

5.769 

6.731 

7.692 

11.538 

15.385 

19.231 

3.829 

3.101 

3.141 

3.090 

3.062 

3.019 

3.001 

2.928 

2.860 

2.833 

2.791 

3.661 

2.843 

2.820 

2.762 

2.701 

2.649 

2.668 

2.561 

2.522 

2.471 

2.432 

3.491 

2.680 

2.621 

2.543 

2.502 

2.453 

2.421 

2.362 

2.281 

2.219 

2.181 

3.322 

2.509 

2.428 

2.339 

2.281 

2.252 

2.230 

2.171 

2.091 

2.010 

1.971 

Table 4.3 

Temperature effect on pH changes during Cr(III) sorption on Amberlyst-15(H+). 

 

Ci(mmol/L) pHe 

      293K               313K               323K                333K 

1.923 

3.846 

5.769 

7.692 

11.538 

15.385 

19.231 

2.330 

2.037 

1.867 

1.752 

1.680 

1.665 

1.638 

2.143 

1.843 

1.651 

1.545 

1.449 

1.432 

1.442 

1.933 

1.777 

1.554 

1.475 

1.387 

1.339 

1.282 

1.758 

1.658 

1.358 

1.166 

1.176 

1.179 

1.184 

  

Table 4.4 

Temperature effect on pH changes during Cr(III) sorption on Amberlite.IRC-50(Na+). 

 

 

 

 

 

 

 

 

 

 

 

 

Ci(mmol/L) pHe 

      293K               313K               323K                333K 

0.962 

1.293 

2.885 

3.846 

4.808 

5.769 

6.731 

7.692 

6.616 

5.779 

5.690 

4.847 

4.381 

4.067 

3.992 

3.789 

6.637 

6.028 

6.014 

5.348 

4.429 

3.991 

3.768 

3.671 

6.990 

7.225 

6.171 

5.414 

4.514 

3.528 

3.009 

3.194 

7.909 

7.302 

6.816 

6.274 

4.665 

2.881 

2.756 

2.624 
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Table 4.5 

Temperature effect on pH changes during Cr(III) sorption on Amberlite IR-120(Na+). 

 

Ci(mmol/L) pHe 

     293K            313K             323K              333K 

1.293 

3.846 

5.769 

7.692 

11.538 

15.385 

19.231 

4.238 

3.722 

3.323 

3.157 

2.956 

2.842 

2.772 

4.642 

3.722 

3.355 

3.115 

2.913 

2.808 

2.747 

4.390 

3.680 

3.295 

3.088 

2.907 

2.815 

2.738 

4.128 

3.634 

3.231 

3.060 

2.900 

2.820 

2.728 

 

 

 

 

 

 

Table 4.6 

Temperature effect on pH changes during Cr(III) sorption on Amberlyst-15(Na+). 

 

Ci(mmol/L) pHe 

     293K            313K             323K              333K 

1.923 

3.846 

5.769 

7.692 

11.538 

15.385 

19.231 

3.614 

3.299 

3.282 

3.200 

3.051 

2.970 

2.889 

3.868 

3.582 

3.377 

3.340 

3.112 

3.105 

2.900 

3.879 

3.672 

3.439 

3.250 

3.025 

2.975 

2.826 

3.890 

3.761 

3.507 

3.160 

2.938 

2.845 

2.752 
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Fig. (4.5) 

Plots showing the ∆pH verses X(mmol/g) for different exchangers  

at 293K. 
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Fig. (4.6) 

Plots showing the ∆pH verses X(mmol/g) for different exchangers  

at 333K. 
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Fig. (4.7) 

Plots showing the ∆pH verses Ci(mmol/L) for different exchangers  

at 293K. 
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Fig. (4.8) 

Plots showing the ∆pH verses Ci(mmol/L) for different exchangers  

at 333K. 
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4.1. 1.3. Application of Langmuir Equation: 

 

The Langmuir equation is applied to the present data to determine the maximum 

exchange capacities and binding constants for all the exchangers at different 

temperatures. As is evident from the Figs. 4.9-4.12, the experimental data fitted to the 

linear form of the Langmuir equation expressed in the form,  

e e

b m m

C C1
 =  + 

X K X X
     (4.1) 

where Ce is the equilibrium concentration of metal ions in the solution, X is the 

amount of metal ions sorbed per unite weight of the resin, Xm is the maximum sorption 

and Kb is the binding constant. It can be seen from the table 4.7 that the values of Xm and 

Kb for Cr(III) sorption on all the exchangers increase with increase in temperature. 

Similar increase in Xm and Kb values with increase in temperature has also been reported 

by the researchers for Cr(III) sorption on different organic ion exchangers (Fernandes and 

Gando-Ferreira., 2011; Anirudhan and Radhakrishnan., 2011; Cavaco et al., 2007; Kuan., 

2006).  

The Xm values for different exchangers are found to follow the order; Xm Amberlyst-

15(Na
+

) ≈ Xm Amberlyst-15(H
+

) > Xm Amberlite.IR-120(Na
+

) > Xm Amberlite.IRC-50(Na
+

) which is similar to 

the order discussed for sorption isotherms in a previous section and can be correlated to 

the pore size and availability of active surface sites of the adsorbent (Agrawal and Sahu., 

2006). Therefore, a greater pore size of Amberlyst-15 with a high surface area would be 

responsible for the higher Xm values than Amberlite.IR-120, having gel structure with no 

definite pore structure. The lower Xm values for Amberlite.IRC-50 are due to the weak 

acidic nature of the ionogenic groups.  
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The Kb values are given in Table 4.7, which follow the trend Kb Amberlite.IRC-50(Na
+

) > 

Kb Amberlyst-15(H
+

)  > Kb Amberlite.IR-120(Na
+

) > Kb Amberlyst-15(Na
+

) showing that the carboxylic 

acid exchanger has higher Kb values as compared to the sulphonic acid exchangers. The 

higher Kb values for weak acid exchanger Amberlite.IRC-50 confirm the stronger binding 

of Cr(III) ions with carboxylic acid groups (COO-), while the lower Kb values for strong 

acid exchangers Amberlite.IR-120 and Amberlyst-15 point towards the weaker 

interaction of Cr(III) with the sulphonic acid groups (SO3
-). This result is in accordance 

with the findings of a number of research workers that the strong-field exchange 

mechanism having higher energy is responsible for the uptake of metal cations by weak 

acid group as COO, while in case of SO3
- group only a weak electrostatic field of low 

energy is involved (Rivas et al., 2001; Mustafa et al., 1998; Petruzzelli et al., 1996; Iyer 

et al., 1996; Kanungo and Chakravarti, 1972; Becker et al., 1966).  

For sulphonic acid exchangers, the macroporous exchanger Amberlyst-15(Na+) 

has lower Kb values than the gel type exchanger Amberlite.IR-120(Na+). The lower Kb 

values for macroporous Amberlyst-15(Na+) are an indication of a weaker linkage of 

Cr(III) with Amberlyst-15(Na+) due to a large contacting area (42.5m2/g) with easy 

excess to the active functional sites in comparison to Amberlite.IR-120(Na+) (< 0.1m2/g) 

(Kunin et al., 1962b). Further, for Amberlyst.15, the trend for the values of Kb is 

Amberlyst-15(H+) > Amberlyst-15(Na+) indicating the high affinity of the resin in H+ 

form than the Na+ ions from the exchanger. The reason could be that H+ ions are 

surrounded by more water molecules in the exchanger phase than the Na+ ions. 

According to the Toteja et al, hydration number of H+ ion is 2.9 and for Na+ ion is 2.4 in 

the exchanger Amberlyst-15 (Toteja et al., 1997). Further, from the table 4.8, it can be 
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seen that the maximum Kb values for Cr(III) are 568.48, 37.83, 1.196(L/g) for 

Amberlite.IRC-50(Na+), Amberlite.IR-120(Na+) and Amberlyst-15(Na+) which are 

almost equal to the values 562.77, 39 and 1.7(L/g) reported for Cr(III) sorption on cation 

exchangers Amberlite.IR-120, Lewatit TP 207 and Amberjet 1200H respectively (Kuan., 

2006; Gode and Pehlivan, 2003; Rengaraj et al., 2003). 

The discussion in previous section (4.1.1.2) provides the evidence that carboxylic 

resins have a higher affinity towards H+ ion co-sortion in comparison with the sulphonic 

acid resins. Therefore, an effort has been made to probe the affinity of the 

Amberlite.IRC-50(Na+) for H+ ions during co-sorption with Cr(OH)2+. For the purpose, 

an equation of Langmuir type is used as,  

                                  e e

i e m2 b2 m2

H H 1

H -H X K X
                                                      (4.9) 

where Hi is the initial concentration of H+ ions and He is the concentration of H+ 

ions at equilibrium, Xm2 is the maximum exchange capacity for H+ ions and Kb2 is the 

binding energy constant of H+ ions with the carboxylic acid exchanger. The plots of 

He/Hi-He verses He at different temperatures are given in Fig. 4.13, where straight lines 

are obtained with acceptable regression co-efficients (R2). The values of Xm2 and Kb2 are 

calculated from the slopes and intercepts of the lines in Fig. 4.13 and are given in Table. 

4.8. It can be observed from the table that the Xm2 and Kb2 values increase with increase 

in temperature. The increase in Xm2 values with increase in temperature proves significant 

enhancement of H+ co-sorption for Amberlite.IRC-50(Na+). Similarly, the higher Kb2 

values for Amberlite.IRC-50(Na+) indicate the greater affinity of H+ ions for this 

exchanger.  
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A comparison of Langmuir parameters for Cr(OH)2+ and H+ ions sorption is also 

given in Table 4.8. The table shows that Xm1 > Xm2 at all the temperatures under 

investigation. However, when the temperature is increased from 293 to 333K, the 

difference between the two narrows down. Therefore, it can be inferred that the sorption 

mechanism for chromium sorption shifts from reaction 4.8 to reactions 4.4 and 4.5 with 

the increase in temperature.  As far as the Kb values are concerned, they are very high for 

H+ sorption at 293K as compared to Cr(OH)2+ ions, due to the weakly acidic nature of the 

ion exchanger. However at 333K, the difference between the two values narrows down 

similar to the Xm values, indicating the changes in the ion exchange mechanism as 

suggested earlier. 
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Figure (4.9) 

  Langmuir plots for Cr(III) sorption on Amberlite.IRC-50(Na+) at different temperatures. 
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Figure (4.10) 

Langmuir plots for Cr(III) sorption on Amberlite.IR-120(Na+) at different temperatures. 
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Figure (4.11) 

Langmuir plots for Cr(III) sorption on Amberlyst-15(Na+) at different temperatures. 
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Figure (4.12) 

 

Langmuir plots for Cr(III) sorption on Amberlyst-15(H+) at different temperatures. 
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Fig. (4.13) 

Langmuir plots for H+ ions sorption on Amberlite.IRC-50(Na+) at different temperatures. 

 



 73 

Table 4.7 

 Langmuir adsorption parameters of Cr(III) sorption on different cation exchangers. 

 

 

Table. 4.8  

Comparison of Langmuir Parameters for Cr(OH)2+ and H+ sorption on Amberlite.IRC-

50(Na+) at different temperatures. 

 

 

Temperature  

(K) 

 

Maximum Sorption Capacity 

(mmol/g) 

 

Binding Constant 

 (L/g)  

(Xm1) (Xm2) (Kb1)  (Kb2) 

293 0.62 

 

0.15 44.96 

 

274.87 

313 0.69 0.35 252.91 269.96 

333 0.76 0.64 568.48 418.94 

 

 

 

Resins 

 

Temperature  

(K) 

 

Xm  

(mmol/g) 

 

Kb  

(L/g)  

 

 

Amberlite.IRC- 50(Na+) 

 

293 

313 

323 

333 

 

0.62 

0.69 

0.73 

0.76 

 

44.96 

252.91 

348.43 

568.48 

 

 

Amberlite.IR-120(Na+) 

 

293 

313 

323 

333 

 

0.97 

1.01 

1.03 

1.05 

 

7.97 

22.14 

35.46 

37.83 

 

 

Amberlyst-15(Na+) 

 

 

293 

313 

323 

333 

 

1.13 

1.30 

1.35 

1.40 

 

0.702 

0.864 

1.000 

1.196 

 

 

Amberlyst-15(H+) 

 

 

293 

313 

323 

333 

 

1.20 

1.23 

1.29 

1.31 

 

19.39 

88.37 

158.31 

332.43 
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4.1. 1.4. Thermodynamics Parameters:  

Based on the results of the equilibrium studies, the standard enthalpy and entropy 

changes for metal ion removal can be estimated by using the well known thermodynamic 

equation 

b

ΔS ΔH
ln K  =  - 

R RT
     (4.2) 

where Kb is the binding energy constant (L/g), T is the absolute temperature (K), R is the 

molar gas constant (J/K.mol). The standard free energy changes (ΔG) of the process can 

be calculated by the equation, 

 ΔG = ΔH  - TΔS      (4.3) 

The plots of lnKb versus reciprocal of temperature according to Eq. 4.2 give 

straight lines with slopes and intercepts equal to ΔH/R and ΔS/R as shown in Figs. 4.14-

4.17. The apparent thermodynamics parameters (ΔS, ΔH and ΔG) for Amberlite.IRC-

50(Na+), Amberlyst-15(H+), Amberlite.IR-120(Na+) and Amberlyst-15(Na+) are 

summarized in Table 4.9. The ΔH and ΔS values are positive in all the cases indicating 

endothermic and spontaneous nature of the Cr(III) sorption. The positive values of ΔS 

also indicate that the disorder in the systems has increased, probably, due to the release of 

water molecules as a result of the partial dehydration of the Cr(III) ions before they enter 

the resin phase. The ΔG values are negative for Amberlite.IRC-50(Na+) and 

Amberlite.IR-120(Na+) over the entire temperatures range (293-333K) except for 

Amberlyst-15(Na+) where ΔG values also become negative at higher temperatures 

(323&333K). The increase in negative values of ΔG with temperature shows that sorption 

of Cr(III) on these exchangers becomes more favorable at higher temperatures. Similar 

positive ΔH and ΔS, and negative ΔG values were also reported in literature for Cr(III) 
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sorption on different sorbents (Lutfullah et al., 2013; Luther et al., 2013; Tahir and 

Naeem., 2007; Gode and Pehlivan., 2006; Li et al., 2004).  

4.1. 1.5. Enthalpy Change (∆H): 

The ∆H values reported for the exchangers are different in magnitude and are 

observed to follow the trend ∆H Amberlite.IRC-50(Na
+
) > ∆H Amberlyst-15(H

+
) > ∆H Amberlite.IR-120(Na

+
) 

> ∆H Amberlyst-15(Na
+
) which is an indication of the greater endothermicity of the Cr(III) 

sorption by weak acid as compared to strong acid exchangers. The partial dehydration of 

in-going metal ion is essential for an ion exchange to occur, and ∆H thus deals with the 

extent of dehydration of the metal ions going into the resin phase. As discussed earlier, 

carboxylate group (COO-) has a strong exchange field as compared to the sulphonic 

group (SO3
-). Thus, extensive dehydration would occur for carboxylic acid as compared 

to sulphonic acid exchangers. Therefore, the process would be highly endothermic for 

sorption on Amberlite.IRC-50 in comparison to the exchangers Amberlite.IR-120 and 

Amberlyst-15. It is also according to the literature reports that strong complexation are 

driven by large positive entropy and enthalpy changes (Ou and Muthukumara., 2006; 

Choppin and Morgenstern., 2000; Benyamin., 1994).   

The low value of ∆H in case of Amberlyst-15(Na+) in comparison to 

Amberlite.IR-120(Na+) is probably the result of the presence of assemblies of micro and 

macropores in the structure of the former, while in the later case, a solid homogenous gel 

structure with no definite pore structure in nature (Li and SenGupta., 2000; Iborra et al., 

2000; Saha and Streat., 1998; Abrams and Miller., 1997; Kunin et al., 1962a:1962b). 

Similarly, the ∆H value for macroporous exchanger Amberlyst-15 is higher in the 

H+ than in Na+ form which may be due to the fact that H+ ions are highly hydrated as 
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compared to the Na+ ions in the exchanger phase. This would result in the higher water 

contents in H+ form of the exchanger as compared to the Na+ form. The TG/DTA curves 

of the Amberlyst-15 in both the H+ and Na+ forms are given in Figures (4.18-4.19) which 

reveal that H+ form has higher water contents than the Na+ form. As can be seen, the 

degradation of Amberlyst-15 involves three steps: first can be associated to the 

dehydration of the exchangers at 100OC, second involves the desulfonation at 260-300OC 

and third is the oxidation of the polymer network at 400-550OC (Ordomsky et al., 2012). 

The weight losses in the first dehydration step at 100-120OC recorded for Amberlyst-

15(H+) and Amberlyst-15(Na+) are 21.42 and 13.50 % respectively. In the view of the 

above results, it can be suggested that higher ∆H value for the H+ form of the exchanger 

is the result of the high energy required to replace the more hydrated H+ ions from the 

exchangers as compared to replace the less hydrated Na+ ions. Reichenberg and Marinsky 

have also proposed that the net enthalpy change for an exchange is determined by the 

difference in hydration energies of the exchanging ions in the two phases (Reichenberg 

and Marinsky., 1966). The ∆H values found in this study are close to the values reported 

in the literature (Lutfullah et al., 2013; Abhilash et al., 2012; Anirudhan and 

Radhakrishnan, 2011; Kuan et al., 2006; Lazaridis and Charalambous., 2005; Lyubchik et 

al., 2004; Toteja et al., 1991). 

4.1. 1.6. Entropy Change (∆S): 

The ∆S values for different exchangers in Na+ form follow the trend ∆S 

Amberlite.IRC-50(Na
+
) > ∆SAmberlite.IR-120(Na

+
) > ∆SAmberlyst-15(Na

+
). This trend implies a higher ∆S 

value for carboxylic exchanger, indicating strong complexation driven by large positive 

entropy change. The magnitude of positive entropy is linked to the extent of dehydration 
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of the exchanging cations caused by complexation with the ionogenic group of the 

exchanger (Choppin, 1997; Jensen et al., 2000; Lewis et al., 2006; Baker and Khalili., 

2003:2007). It is discussed earlier that the electrostatic field attraction of carboxylic acid 

exchangers is stronger than the sulphonic acid exchangers. According to the Eisenman 

model for selectivity, when the electrostatic field of the adsorbent surface increases, the 

tendency to dehydrate the interlayer cations also increases (Teppen and Miller., 2005). 

This model helps to explain that under the influence of COO- group, chromium exchange 

would result in a more water loss to the aqueous phase. In conclusion, the magnitude for 

standard entropy change (∆S) would be higher for carboxylic exchanger in comparison to 

the sulphonic acid exchangers. 

Owing to high cross-linking, macroporous exchanger Amberlyst-15(Na+) are rigid 

in structure having limited swelling ability; while gel type of exchanger Amberlite.IR-

120(Na+) is flexible having a greater swelling ability. It has been reported in the literature 

that Amberlyst-15 have macopores in the range of 400-800Ao with an average of 288-

335Ao (Iborra., 2000; Kunin et al., 1962a:1962b). The presence of these macropores in 

the exchanger leads to higher water content in Amberlyst-15. According to Toteja et al, 

the macroporous ion exchanger Amberlyst-15 contains three different types of water 

molecules inside the resin phase, water associated with strong primary sites, water 

associated with weak sites, and water present in the multilayers (Toteja et al., 1997). This 

higher amount of water inside the resin phase, thus may lead to smaller changes in the 

degree of hydration of exchanging ions resulting in lower value of ∆S in case of 

Amberlyst-15(Na+) than Amberlite.IR-120(Na+). The higher ∆S values for Amberlite.IR-

120(Na+) may also be due to shrinking of exchanger during transformation of the gel 
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resin from sodium to chromium form, which results in release of water molecules, 

imposing a great disorder on the system (Steck and Yeager., 1980).  

The ∆S value is, however, higher for Amberlyst-15(H+) as compared to 

Amberlyst-15(Na+) indicating the greater randomness in Cr(III)/H exchange as compared 

to Cr(III)/Na exchange. The standard entropy changes (∆S) for ion exchange process are 

largely determined by the difference in the hydration entropies of the exchanging ions 

(Boyd et al., 1980). It means that the net ∆S value involves an important contribution 

from the hydration of H+ and Na+ ions when they are displaced from the exchanger by the 

chromium and enter the external aqueous phase. The H+ ions with greater hydration will 

gain more entropy in comparison to Na+ with smaller hydration. The TG/DT-A analysis, 

as discussed in the previous section also points that Amberlyst-15(H+) has more water 

contents than Amberlyst-15(Na+). As such the net transfer of water molecules would be 

greater during Cr(III)/H+ exchange in comparison to Cr(III)/Na+ exchange. The ∆S values 

found in this study have a close match to the values reported in the literature (Lutfullah et 

al., 2013; Abhilash., 2012; Anirudhan and Radhakrishnan, 2011; Kuan et al., 2006; 

Lazaridis and Charalambous., 2005; Lyubchik et al., 2004; Toteja et al., 1991). 

In order to probe further the mechanism of sorption, ΔH values for different 

exchangers are plotted against the corresponding T.ΔS values in Figs. 4.20. The perfect 

linear relationship observed points towards the enthalpy and entropy compensation 

showing that the ion exchange process in the systems is governed by the solvation- 

desolvation of the ions in the two phases. Similar enthalpy entropy compensation was 

reported in a number of studies (Ramesh et al., 2005; Choppin and Morgenstern., 2000; 

Somsonov and Pasechnik., 1969).  
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4.1. 1.7. Gibbs Free Energy Changes (∆G): 

The Free Energy Changes given in table 4.9 are negative for all the exchangers 

except for Amberlyst-15(Na+) at lower temperatures. For this exchanger, the ∆G values, 

however, become negative with the increase in temperature. The negative ∆G values 

indicating spontaneity of the process, reveal that the most favorable exchanger for Cr(III) 

sorption are the carboxylic cation exchanger Amberlite.IRC-50 in Na+ form and the 

macroporous Amberlyst-15 in H+ form. The highly negative ∆G values obtained are due 

to the greater positive ∆S values i.e T.∆S > ∆H. In the case of Amberlyst-15(Na+), the 

positive ∆G values at low temperature are due to the low ∆S values. Similar case of 

positive ∆G values changing into negative at higher temperature were found for 

chromium sorption on NaY zeolites (Tagami et al., 2001). Thus from the ∆G values we 

can conclude that the spontaneity of the chromium exchange follows the order ∆G 

Amberlyst-15(Na
+
) > ∆G Amberlite.IR-120(Na

+
) > ∆G Amberlyst-15(H

+
) ∆G Amberlite.IRC-50(Na

+
). Similar ΔG 

values have been reported in literature by several researchers (Abhilash., 2012; Ghaedi et 

al., 2012; Shah and Shah., 2009; Kuan et al., 2006; Lazaridis and Charalambous., 2005).  
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Figure (4.14) 

Plots of lnKb versus 1/T for the sorption of Cr(III) onto Amberlite.IRC-50(Na+). 

y = -4012.3x + 15.839

R
2
 = 0.9625

0

0.5

1

1.5

2

2.5

3

3.5

4

0.0029 0.003 0.0031 0.0032 0.0033 0.0034 0.0035

1/T(K
-1

)

ln
K

b

 
Figure (4.15) 

Plots of lnKb versus 1/T for the sorption of Cr(III) onto Amberlite.IR-120(Na+).
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Figure (4.16) 

Plots of lnKb versus 1/T for the sorption of Cr(III) onto Amberlyst-15(Na+). 
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Figure (4.17) 

Plots of lnKb versus 1/T for the sorption of Cr(III) onto Amberlyst-15(H+). 
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Figure. 4.18.  

TG/DTA of Amberlyst.15(H+). 

 

 
 

Figure. 4.19.  
TG/DTA of Amberlyst.15(Na+). 
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Figure (4.20) 

Enthalpy-Entropy relationships between different cation exchangers.
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Table 4.9 

Thermodynamics parameters of Cr(III) sorption on different cation exchangers. 

 

 

 

 

 

 

 

 

Resins 

 

 

∆H 

(kJ.mol-1) 

 

 

 

∆S 

(JK-1.mol-1) 

 

 

 

∆G (kJ.mol-1) 

 

 

293K 

 

313K 

 

 

323K 

 

 

333K 

 

 

 

Amberlite. 

IRC-50(Na+) 

 

 

51.45 

 

 

 

 

208.21 

 

 

 

-9.553 

 

 

 

 

-13.717 

 

 

-15.799 

 

 

-17.881 

 

 

Amberlite. 

IR-120(Na+) 

 

 

33.36 

 

 

 

 

131.69 

 

 

-5.226 

 

 

 

 

-7.859 

 

 

-9.176 

 

 

-10.493 

 

 

Amberlyst-15 

(Na+) 

 

 

10.50 

 

 

32.69 

 

 

0.924 

 

 

0.270 

 

 

-0.057 

 

 

-0.384 

 

 

Amberlyst-15 

(H+) 

 

 

 

57.64 

 

 

 

221.37 

 

 

-7.221 

 

 

-11.649 

 

 

-13.862 

 

 

-16.076 
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4.1. 1.8.  FTIR and XPS analysis of Cr(III) sorption mechanism:  

FTIR results for weak and strong acid exchangers prior to and after Cr(III) 

sorption, are shown in Figs.4.21-4.23. Fig.4.21 illustrates the IR-spectra of 

Amberlite.IRC-50(Na+). The characteristic absorption peak at 1392cm-1 is assigned to C-

O stretching in COO- group (Anirudhan and Suchithra., 2010; Park et al., 2010a). As can 

be seen from the figure, the peak at 1392cm-1 is weakened and shifts from 1392cm-1 to 

1384cm-1 indicating the interaction between COO- and Cr(III). This figure also shows that 

the peak at 1392cm-1 does not disappear completely, which suggests that some COO- 

sites remained inert for the Cr(III) sorption. This may be due to the preference of some 

COO- sites for H+ ions as a result of competition between Cr(III) and H+ ions. This has 

been discussed earlier in section (4.1.1.2). Further, the small decrease in cm-1 after Cr(III) 

sorption shows that the interaction is mostly electrostatic in nature (Ibrahim et al., 2009). 

Similar binding mechanism was also reported by Riveros for Fe(III) sorption on 

Amberlite.IRC-50 (Riveros., 2004).  

FTIR spectra for the sulphonic acid exchangers Amberlite.IR-120(Na+) and 

Amberlyst.15(H+) are shown in Figs. 4.22 and 4.23 respectively. The characteristic 

absorption peaks at 1123, 1095, 1030 and 1005cm-1 are attributed to S=O stretching 

vibrations and to the in plane bending vibration of the disubstituted benzene ring with 

sulphonic acid groups (Ordomsky et al., 2012; Raj et al., 2010; Fei et al., 2009; Suhagia 

et al., 2006; Suleiman et al., 2005; Sankir et al., 2004; Kim et al., 2003; Ho., 2002; Xirr-

jun et al., 2002). It can be seen from Figs.4.22 and 4.23 that after chromium Cr(III) 

sorption, the intensity of the bands at 1128 and  1091cm-1 decreases and the bands at 

1010 and 1041cm-1 are shifted by a fewer cm-1, indicating the interaction of sulphonic 
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acid groups with the chromium. As the changes in band intensities and these shifts are 

almost equivalent for the Amberlite.IR-120(Na+) and Amberlyst.15(H+), it can be 

concluded that the interaction of the metal cations is almost similar in both the cases and 

is electrostatic in nature. As such, the metal ions and ionogenic groups interactions have 

very small effect on the overall exchange and selectivity of the two resins towards the 

chromium cations, and the main role being played by the changes in hydration of the 

exchanging ions. The IR studies, thus, also confirm the conclusions already given in the 

previous section of the thermodynamics parameters. Similar changes in characteristic 

peaks in sulphonic acid exchangers are also reported elsewhere (Fei et al., 2009; Jha et 

al., 2009; Salem., 2001).  

To evaluate further the Cr(III) sorption mechanism, the samples after sorption are 

characterized using the high resolution X-ray photoelectron spectroscopy (XPS). The 

XPS survey scans of Amberlyst-15(H+), Amberlite.IR-120(Na+) and Amberlite.IRC-

50(Na+) after sorption of chromium are shown in Fig.4.24, which indicates the presence 

of C, O and Cr in the resins. In addition to C, O, and Cr, XPS peak for oxidized S is also 

evident in Amberlyst-15(H+) and Amberlite.IR-120(Na+) due to the presence of sulphonic 

acid group. Further, from the XPS survey scans, the representative Cr 2p core region of 

Amberlyst-15(H+), Amberlite.IR-120(Na+) and Amberlite.IRC-50(Na+) are also shown in 

Figs. 4.25. The significant band in all the cases appears at the binding energy of 577eV, 

which corresponds to Cr 2p3/2 orbital and shows the presence of Cr+3 ions in the resins 

(Vieira et al., 2011; Hu et al., 2009; Park et al., 2008; Chakir et al., 2002). Thus, it can be 

inferred from the XPS spectra that the mechanism of the Cr(III) sorption on three 

different resins is almost equivalent to each other i.e electrostatic interaction are also 
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revealed by the FTIR spectra. Further, the peak intensity for Cr 2p3/2 decreases in the 

order Amberlite.IRC-50(Na+) > Amberlite.IR-120(Na+) > Amberlyst-15(H+), indicating a 

decrease in the concentration of Cr(III) ions in the resin, which is consistent with their 

respective sorption capacities. Similar decrease in peak intensity of Cr 2p3/2 was observed 

by Chakir et al (Chakir et al., 2002). 
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Fig.4.21. FTIR Spectra of Amberlite.IRC-50(Na+) before and after sorption. 
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Fig.4.22. FTIR Spectra of Amberlite.IR-120(Na+) before and after sorption. 
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Fig.4.23. FTIR Spectra of Amberlyst-15(H+) before and after sorption.  
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Fig.4.24. XPS survey scans of (a) Amberlyst-15(H+) (b) Amberlite.IR-120(Na+) and 

(c) Amberlite.IRC-50(Na+). 
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  (a) 

  (b) 

  (c) 

Figure.4.25. High resolution Cr 2p3/2 spectra of (a) Amberlyst-15(H+), (b) Amberlite.IR-120(Na+) 

and Amberlite.IRC-50(Na+)  after sorption. 
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4.1. 2. Kinetics Studies: 

4.1. 2.1. Kinetics Curves: 

               The kinetic curves for Cr(III) sorption on four different cation exchangers 

Amberlite.IRC-50(Na+), Amberlite.IR-120(Na+), Amberlyst-15(Na+) and Amberlyst-

15(H+) are presented in Figs. (4.26-4.29), which show that the rate of Cr(III) sorption 

onto these exchange resins increases with increase in temperature. The equilibrium is 

attained within 45, 30 and 15 minutes for Amberlite.IRC-50(Na+), 30, 15 and 7 minutes 

for Amberlite.IR-120(Na+), 45, 20 and 7 minutes for Amberlyst-15(Na+), 15, 10 and 5 

minutes for Amberlyst-15(H+) at 293, 313 and 333K respectively. Further these figures 

also reveal that kinetics remains faster in the beginning due to the availability of a large 

number of active sites for Cr(III) sorption. However, with the passage of time, due to the 

shortage of active sites, kinetics slows down. 

The comparative kinetic curves for these exchangers for Cr(III) concentration of 

19.231mmol/L at two different temperatures (293&333K) are presented in Figs. (4.30-

4.31). The general kinetic trend exhibited by these exchangers is Amberlyst-15(H+) > 

Amberlite.IR-120(Na+) > Amberlyst-15(Na+) > Amberlite.IRC-50(Na+). The kinetics of 

Cr(III) sorption by the strong acid exchangers Amberlyst-15 and Amberlite.IR-120 is 

faster than Amberlite.IRC-50 which is a weak acid and has low degree of ionization 

(Pehlivan and Altun., 2006; Helfferich., 1969; Petruzzelli et al., 1995; Pasullian., 1995). 

Riveros et al also suggested that slower kinetics on carboxylic exchangers was the result 

of the weak acidity of methacrylic carboxylic groups for Fe(III) sorption (Riveros., 

2004).  
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Amberlyst-15(Na+) has a slower kinetics as compared to Amberlite.IR-120(Na+), 

although Amberlyst-15(Na+) has a large surface area and porosity. It has been reported 

that swelling character of exchanger has also a profound effect on the inter-diffusion of 

metal ions (Kauspediene and Snukiskis., 2006). It is well-known that the gel exchangers 

involve degree of DVB cross-linking below 12%, while the macroporous exchangers 

involve DVB cross-linking varying from 18 to > 50% (Vahteristo et al., 2009). The 

sulphonic acid exchangers used in the present investigation, Amberlite.IR-120 is made of 

8% DVB cross-linking while the Amberlyst-15 contains 20% DVB cross-linking 

(Singare et al., 2009a; Huang and Sundmacher., 2006). As such, the gel exchanger 

Amberlite.IR-120(Na+) has higher swelling capacity which allows the faster diffusion of 

ions through the polymer matrix. In contrast, the rigid structure of the macroporous resin 

Amberlyst-15(Na+) has a low swelling capability, making the diffusion of ions in the 

cation exchanger slower. Therefore, Amberlyst-15(Na+) has a slower kinetics for Cr(III) 

sorption in comparison to Amberlite.IR-120(Na+). Reichenberg has also shown that 

increase in DVB cross-linking in a resin matrix retards the effective diffusion of metal 

ions within the resin beads (Reichenberg., 1953). Boyd and Soldano have also reported 

the similar effects (Boyd and Soldano., 1953). The slower kinetics for macroporous 

strong acid exchangers in comparison to gel exchangers has also been reported elsewhere 

(Kauspediene and Snukiskis., 2006; Oancea et al., 2001). 

Amberlyst-15(H+) has faster kinetics than Amberlyst-15(Na+). This behavior may 

be the result of faster ionic mobility of H+ in comparison to Na+ ions in the same polymer 

matrix (Patel and Chudasama., 2010b; Valverde et al., 2006; Helfferich., 1962). This is in 

agreement with the observation of Sigodina et al that the exchange of H+ ions with metal 
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ions is faster due to its higher mobility as compared to Na+ ions in sulphonic acid 

exchangers (Sigodina et al., 1964). Another reason could be that Amberlyst-15 has lower 

pore diameter in Na+ form as compared to H+ form, due to aggregation effect, as Na+ ions 

with less hydration energy are electrostaticaly preferred by SO3
-
 groups (Ramkumar and 

Mukherjee., 2007; Teppen and Miller., 2005; Iyer et al., 1996; Sigodina et al., 1964). 

This aggregation effect thus reduces the pore diameter and hampers the rate of inter-

diffusion of ions (Al-Ghouti et al., 2005). Further, as discussed, the swelling has also a 

determining effect upon the kinetics of ion exchange. According to the TG/DT-A 

analysis of Amberlyst-15, given in the previous section (4.1.1.5), water contents are 

higher in Amberlyst-15(H+) as compared to Amberlyst-15(Na+) and thus are responsible 

for more swelling of Amberlyst-15 in H+ form than in Na+ form. This is in accordance to 

the literature report that more swelling form of Amberlyst-15 is H+ form while Na+ ions 

decrease swelling (Honkela et al., 2005). Therefore, Amberlyst-15(H+) has faster kinetics 

in comparison to Amberlyst-15(Na+).  

4.1. 2.2. pH Changes: 

The pH changes before and after Cr(III) sorption are given in Tables (4.10-4.13). 

The initial pH of the Cr(III) solution decreases with the increase in temperature  due to 

increase in hydrolysis of cation according to reaction 4.1. The pH is found to increase 

with the passage of time during Cr(III) sorption on Amberlite.IRC-50(Na+), 

Amberlite.IR-120(Na+) and Amberlyst-15(Na+), while it is found to decrease with time 

during Cr(III) sorption on Amberlyst-15(H+). The increase in pH after sorption reveals 

that both Cr(OH)+2 and H+ ions are being taken up by the resins according to reactions 

(4.4- 4.7). The data in the tables also show that increase in pH after different intervals of 
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times increases with temperature for Amberlite.IRC-50(Na+), indicating an increase in 

co-sorption of H+ ions along with Cr(OH)+2.  The highest pH changes for the different 

Na+ form of exchangers used in the present investigation are also observed for this 

exchanger. This is in accordance with the weak nature of the exchanger having high 

selectivity for the H+ ions as discussed earlier. Further, the co-sorption of H+ ions for the 

Na+ form of the exchangers is observed to followed the order Amberlite.IRC-50(Na+) > 

Amberlyst-15(Na+) > Amberlite.IR-120(Na+). As such the kinetic data also show that for 

carboxylic acid exchangers, the mechanism of sorption is mostly according to reactions 

(4.4) and (4.5) while for sulphonic acid exchangers the main reaction mechanism seems 

to be (4.8). As for as the decrease in pH after sorption of Cr(III) ions by Amberlyst-

15(H+) is concerned, it shows the exchange mechanism of chromium with the H+ from 

the resin according to reaction (4.8). This could be the result of the pH range which is 

much below the value of the first pKh (3.85) of the Cr3+ ions. 

The kinetics of pH changes during Cr(III) sorption on these exchangers at two 

different temperatures (293&333K) are also given in Figs. (4.32-4.33). If the curves in 

Figs. (4.32-4.33) are compared with there in Figs. (4.30-4.31), it can be observed that 

both the curves have almost similar behavior, a very fast reaction in the beginning, which 

gradually slows down as more and more sites are occupied by the in-coming chromium 

ions from aqueous solution. The H+ co-sorption in the beginning seems to be much faster 

as compared to the chromium sorption. This phenomenon can be seen more clearly for 

the carboxylic cation exchanger Amberlite.IRC-50(Na+) while comparing Figs. (4.32-

4.33) and Figs. (4.30-4.31). As such it indicates that in the early stages of the reaction, the 

hydrogen ions replace the Na+ ions according to reaction (4.4) and thus exceeds, the 
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corresponding Cr(OH)+2 sorption according to reaction (4.5). Similar mechanism for 

Cr(III) sorption was proposed by (Cavaco et al., 2009). Ozmetin et al had also proposed 

the preferential hydrogen ions sorption by sulphonate group of the exchanger at low pH 

values (Ozmetin et al., 2009).  



 98 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 10 20 30 40 50

Time(min)

X
(m

m
o

l/
g

)

293K

313K

333K

 

Figure (4.26) 

Kinetics of Cr(III) sorption on Amberlite.IRC-50(Na+) at different temperatures. 
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Figure (4.27) 

Kinetics of Cr(III) sorption on Amberlite.IR-120(Na+) at different temperatures. 
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Figure (4.28) 

Kinetics of Cr(III) sorption on Amberlyst-15(Na+) at different temperatures. 
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Figure (4.29) 

Kinetics of Cr(III) sorption on Amberlyst-15(H+) at different temperatures. 
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Figure (4.30) 

Comparative kinetics curves for Cr(III) sorption at 293K. 

     

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 5 10 15 20

Time(min)

X
(m

m
o

l/
g

)

Amberlite.IRC-50(Na+)

Amberlite.IR-120(Na+)

Amberlyst.15(Na+)

Amberlyst.15(H+)

 

Figure (4.31) 

Comparative kinetics curves for Cr(III) sorption at 333K. 
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Table 4.10 

Temperature effect on pH changes as a function of time during Cr(III) sorption on 

Amberlite.IRC-50(Na+) 

 

Table 4.11 

Temperature effect on pH changes as a function of time during Cr(III)  sorption on 

Amberlite IR-120(Na+) 
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Table 4.12 

Temperature effect on pH changes as a function of time during Cr(III) sorption on 

Amberlyst-15(Na+) 

 

 

Table 4.13 

 Temperature effect on pH changes as a function of time during Cr(III)  sorption on 

Amberlyst-15(H+) 
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Figure (4.32) 

 pH changes as a function of time during Cr(III) sorption at 293K. 
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Figure (4.33) 

pH changes as a function of time during Cr(III) sorption at 333K. 
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4.1. 2.3. Application of Film and Particle Diffusion Models: 

 

The kinetics of the chromium sorption on the resins can be described with the 

help of two types of equations, film diffusion and particle diffusion equations. The 

expression for the film diffusion equation (Boyd et al., 1947) is, 

  u-ln 1-F  = K t       (4.4) 

where F is the ratio of amount adsorbed after time t to the amount adsorbed at 

equilibrium and Ku is the film diffusion rate constant. According to Eq. 4.4, when the 

kinetic data obtained for a series of F values is plotted against t, the straight lines are 

obtained having slopes equal to rate constants (Ku) as shown in Figs. (4.34, 4.36, 4.38 

and 4.40). This indicates that on Amberlite.IRC-50(Na+), Amberlite.IR-120(Na+), 

Amberlyst-15(Na+) and Amberlyst-15(H+) resins, the mechanism of sorption is the 

diffusion of Cr(III) through a thin covering liquid film. Similarly for particle diffusion 

equation, the Bt values can be calculated by using the equations given below 

(Reichenberg., 1953),  

Bt = - 2.30258 log (1-F) - 0.49770     (4.5) 

    
1/2Bt = 6.28318 - 3.2899F - 6.28318 (1 - 1.0470F)                           (4.6)   

 where B is equal to Dπ2/ r2, D being the particle diffusion coefficient and r2 the 

radius of resin particles. Eq. 4.5 is used for values of F > 0.85 and Eq. 4.6 for values of F 

< 0.85. The Bt values calculated from Eqs. 4.5 and 4.6 are plotted against t and again the 

straight lines are obtained (Figs. 4.35, 4.37, 4.39 and 4.41). This shows that sorption is 

also limited due to the diffusion inside the resin particle. Thus, it can be concluded that 

Cr(III) sorption by all these exchanger is a mixed diffusion reaction. Similar mixed 

diffusional nature of Cr(III) sorption on organic cation exchangers was also proposed by 
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several researchers (Abd El Latif, 2005; Kocaoba and Akcin, 2003:2008; Rengaraj et al., 

2003; Mustafa et al., 1992).  

As reported in the literature, the interruption test is a standard method for the 

judgment of the exact rate controlling mechanism (Helfferich., 1962). By stopping the 

stirring and taking out the resin beads from the reaction, sufficient time is given for the 

formation of concentration gradients inside the resin particle. After some time, the 

particles are poured again into the solution, to restart the exchange process. If the particle 

diffusion process is comparatively slower than the film diffusion, a relatively longer 

period of time is required for a pre-interruption particle gradient to be re-established. As a 

result, the rate just after exchange begins is much higher than before the interruption if 

particle diffusion is the rate controlling. Similar interruption tests were conducted by 

many researchers in literature (Dave et al., 2011; Woinarski et al., 2006; Zhang et al., 

2000; Li and SenGupta., 2000).  

The interruption tests were performed to verify either the film or the particle 

diffusion process to be the rate controlling step for Cr(III) sorption on all the exchangers 

under investigation. The resin beads are separated from the Cr(III) solution after a time 

interval of 2 minutes so that the concentration gradients are formed in both the phases 

and then remixed again after 15 minutes. The kinetic curves obtained from the 

interruption test are compared to the kinetic curves without interruption. The results 

given in Figs. (4.42-4.45) reveal an increase in the uptake after the interruption, 

indicating the predominance of the particle diffusion as suggested elsewhere for sorption 

of Cr(III) on organic cation exchangers Amberlite.IRC-718 and Amberlite.IR-120 

(Kocaoba and Akcin., 2003:2008).  
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The particle diffusion process in a macroporous resin is more complicated than in 

gel resins, due to the presence of both the micro and macropores. It was shown by a 

number of researchers (Dizge et al., 2009; Kauspediene and Snukiskis., 2006; Asfour et 

al., 1985) that by plotting the Morris-Weber law of intra-particle diffusion, if more than 

two linear plots are observed, then they can be separately attributed to the macropores 

and micropores diffusion at low and high F values respectively. The mathematical form 

of this law is given by the following equation: 

                                              1/2

difF = k t                                  (4.7) 

where kdif is the intraparticle diffusion rate constant (min-1/2). If F versus t1/2 gives 

a straight line plot passing through the origin, then the sorption process is controlled only 

by intraparticle diffusion. However, if the plots exhibit two or more different slopes, this 

indicates the sorption process is controlled by both the macroporous and microporous 

diffusion at the corresponding F values (Valderrama et al., 2008). The plots of F versus 

t1/2 for Amberlyst-15 in H+ and Na+ forms are given in Figs. (4.46-4.47), where two 

different slopes are obtained for the macropore and micropore diffusions processes. It can 

be seen that for both forms of the Amberlyst-15, the macropore diffusion changes into 

micropore diffusion when the F values are greater than 0.8. This indicates that the Cr(III) 

sorption takes place initially in the macropores structure of Amberlyst-15. Then after 

saturation of macropores, further diffusion proceeds inside the micropore structure of the 

Amberlyst-15. Similar multilinear plots of Morris-Weber equation were also reported by 

a number of workers (Dizge et al., 2009; Valderrama et al., 2008; Oladoja et al., 2008; 

Oancea et al., 2000:2001).  

4.1. 2.4. Particle and pore diffusion rate constants: 
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The values of particle diffusion rate constants (B) obtained from both equations 

4.5 and 4.6 at different temperatures are presented in Table (4.15). The order obtained for 

the particle diffusion rate constants is B Amberlyst-15(H
+
) > B Amberlite.IR-120(Na

+
) > B Amberlyst-

15(Na
+
) > B Amberlite.IRC-50(Na

+
) which is similar to the order discussed for kinetics curves in 

the previous section (4.2.1.1). The macropore and micropore diffusion rate constants 

(kid1, kid2) are tabulated in Table 4.14, from where it can be seen that the macropore 

diffusion rates (kid1) are much higher than micropore diffusion rates (kid2) for both the 

Amberlyst-15(H+) and Amberlyst-15(Na+). Further, the rates for both the exchangers are 

observed to increase with the increase in temperature. This may be attributed to the 

widening of pore size at higher temperature as suggested elsewhere (Namasivayam and 

Yamuna., 1999). The table 4.14 also shows that the macropore and micropore diffusion 

rates for Amberlyst-15(H+) are almost double to Amberlyst-15(Na+), showing that 

sorption of Cr(III) is much faster for H+ form of the resin as was also indicated in section 

(4.1.1.1).  

4.1. 2.5. Activation Energy: 

The energy of activation (Ea) of particle diffusion process can be calculated using 

the Arrhenius equation as,                                                                                                                                                                   

aE
ln B = ln A - 

RT
      (4.8) 

where B is particle diffusion  rate constant, A is Arrhenius factor, T is absolute 

temperature and R is the molar gas constant. The plots of ln B versus 1/T according to 

Eq. 4.8 for particle diffusion process are shown in Fig. (4.48) where straight lines are 

obtained with a slope and intercept equal to Ea/RT and ln A. The values of activation 
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energies for the particle diffusion process are given in Table (4.15). The activation energy 

values obtained in the present studies are also less than the limit of 42kJ/mol reported by 

Sheckel and Sparks which confirm the diffusional nature of the process (Sheckel and 

Sparks., 2001) 

The order for activation energies for all the exchangers is obtained as Ea Amberlyst-

15(Na
+
) > Ea Amberlite.IR-120(Na

+
) > Ea Amberlite.IRC-50(Na

+
) > Ea Amberlyst-15(H

+
). Thus the weak acid 

exchanger Amberlite.IRC-50(Na+) has lower activation energy in comparison to strong 

acid exchangers Amberlyst-15(Na+) and Amberlite.IR-120(Na+). Further, it is observed 

from table 4.15, that the effect of temperature on rate constants for Amberlite.IRC-

50(Na+) is very small as compared to the strong acid exchangers. The low values of the 

activation energy seem to be related to the increased co-sorption of H+ ions with the 

increase in temperature which leads to an increase in the pH of solution, equalizing it 

almost to the dissociation constant of the exchanger. The apparent pKa for the carboxylic 

acid exchanger is equal to 5.47 (Riveros., 2004).  This increase in pH not only helps in 

the increased dissociation of the carboxylic acid groups, but also lowers the activation 

energy for the Cr(III) sorption by the exchangers. 

The value of activation energy is higher for Amberlyst-15(Na+) as compared to 

Amberlite.IR-120(Na+). The lower activation energy for Amberlite.IR-120(Na+) is due to 

the plenty of mobile Na+ ions available externally at the gel surface for exchange, which 

results in faster diffusion. In Amberlyst-15(Na+), however, Na+ ions are relatively 

immobile due to the structural rigidity of the macroporous resin which results in slower 

diffusion rate and hence an increase in the activation energy of the system.  
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The activation energy for Amberlyst-15(H+) is lower as compared to Amberlyst-

15(Na+), indicating the difference in status of H+ and Na+ ions inside the macroporous ion 

exchanger Amberlyst-15. Jayswal and Chudasama has reported that the activation energy 

is directly related with the mobility of exchanging ions, which deals with the accessibility 

of active sites within the resin beads (Jayswal and Chudasam., 2007). According to 

Sigodina et al, the activation energy is highly associated with the work required for 

creating the vacancy for the in-going ion as it travels through the exchanger medium 

(Sigodina et al., 1964). Thus, the lower activation energy of Amberlyst-15(H+) than 

Amberlyst-15(Na+) may be directly related with the mobility of H+ and Na+ ions inside 

the resin phase. It was reported by Toteja et al that in the resin Amberlyst-15, the number 

of water molecules in the primary hydration shell of Na+ was 1.7, while for H+ it was 

found to be 2.7. While the number of loosely bound water molecules was observed to be 

8.7 and 8.8 for H+ and Na+ ions respectively (Toteja et al., 1997). As the macroporous 

resin Amberlyst-15 has micropores of various lengths, therefore it was easier for Na+ ions 

to penetrate in its rigid structure as compared to H+ ions after the desolvation necessary 

for the ion exchange to take place. Similar conclusion was made by Watanabe et al that in 

the alkali metal cations, the hydration number of Na+ ion decreased sharply in the highly 

cross-linked resin phase due to the interionic attraction with the sulphonic acid groups of 

the exchanger as a result of the low free space available inside the cation exchanger 

(Watanabe et al., 2011).   Thus, the lower activation energy value also indicate that H+ 

ions are more mobile inside the resin phase as compared to the Na+ ions due to their 

presence inside the micropores. The slow kinetics of Na+ desorption as compared to H+ is 

also evident from the figure (4.49), where the pH changes during the following reactions 
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(4.9-4.10) are recorded for Amberlyst-15 in H+ and Na+ forms in contact with 1mM 

NaOH and HCl. Similar conclusions were made by Honkela et al (Honkela et al., 2005).  

 2RH NaOH RNa H O                            (4.9) 

                           RNa HCl RH NaCl                              (4.10) 

 

It is interesting to note from figure (4.50) that activation energies for Na+ forms of 

all the exchangers are directly related to the time required for the reversal of 

concentration gradients formed inside the resin particle as a result of interruption given in 

figures (4.42, 4.44 and 4.45). Their linear relationship also confirms that particle 

diffusion is the rate controlling step in Cr(III) sorption for all the exchangers under 

investigation in the present study. The activation energies for all the exchangers in the 

present study are very close to the values reported in the literature (Xiong et al., 

2008:2010a; Xiong and Yao., 2008; Zeng-nian., et al., 2007).  

A comparison of equilibrium times and the maximum exchange capacities for the 

exchangers at different temperatures are given in table (4.15). It can be seen from the 

table (4.15) that the Amberlyst-15(H+) exhibits fastest kinetics and highest capacity for 

Cr(III) ions as compared to exchangers Amberlite.120(Na+), Amberlyst-15(Na+) and 

Amberlite.50(Na+) at all the temperatures and thus can be considered as the most suitable 

adsorbent for the recovery of Cr(III) from aqueous solutions. Amberlyst-15(H+) though 

very popular because of its catalytic role in the synthesis of many organic compounds yet 

very little is reported about its ion exchange properties (Das et al., 2006; Talukder et al., 

2009; Park et al., 2010b; Toteja et al., 1991). In the view of above discussion, Amberlyst-

15(H+) is selected for the Cr(III) exchange studies as a function of co-ions, counter-ions 

and presensence of other cations like Ca(II) and Al(III). These studies are necessary as 
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Cr(III) in the environment is available in the presence of many other cations and anions. 

These studies would thus help in recognizing the true potential of macroporous ion 

exchangers for Cr(III) removal  from aqueous solution. 
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Figure (4.34) 

Film diffusion plots for Cr(III) sorption on Amberlite.IRC-50(Na+)  

at different temperatures. 
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                                                          Figure (4.35)   

Particle diffusion plots for Cr(III) sorption on Amberlite.IRC-50(Na+)  

at different temperatures. 
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Figure (4.36) 

Film diffusion plots for Cr(III) sorption on Amberlite.IR-120(Na+) 

at different temperatures. 
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Figure (4.37) 

Particle diffusion plots for Cr(III) sorption on Amberlite.IR-120(Na+) 

at different temperatures. 
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Figure (4.38) 

Film diffusion plots for Cr(III) sorption on Amberlyst-15(Na+) 

at different temperatures. 
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Figure (4.39) 

Particle diffusion plots for Cr(III) sorption on Amberlyst-15(Na+)  

at different temperatures. 
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                                                           Figure (4.40)   

Film diffusion plots for Cr(III) sorption on Amberlyst-15(H+)  

at different temperatures.                                                        
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 Figure (4.41) 

Particle diffusion plots for Cr(III) sorption on Amberlyst-15(H+)  

at different temperatures. 
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Figure (4.42)   

 Interruption test for Cr(III) ions removal on Amberlite.IRC-50(Na+) 
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  Figure (4.43)   

 Interruption test for Cr(III) ions removal on Amberlite.IR-120(Na+). 
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  Figure (4.44)   

 Interruption test for Cr(III) ions removal on Amberlyst-15(Na+). 
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Figure (4.45) 

Interruption test for Cr(III) ions removal on Amberlyst-15(H+). 
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Figure (4.46) 
F vs t1/2 for Cr(III) ions removal on Amberlyst-15(H+). 
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Figure (4.47) 
F vs t1/2 for Cr(III) ions removal on Amberlyst-15(Na+). 
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Figure (4.48) 

Arrhenius plots for particle diffusion on different exchangers at different temperatures 

(293-333K). 
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Table 4.14  

Macroporous and Microporous Rate Constants (kid) for Amberlyst-15 

 

Table 4.15 

 Kinetics parameters for Cr(III) sorption on different cation exchangers. 

 

Resins Temp 

(K) 

Macroporous Rate 

Constants (kid1) min-1/2 

Microporous Rate 

Constants (kid2) min-1/2 

Amberlyst-15 

(H+) 

293 

313 

333 

0.410 

0.664 

1.014 

0.118 

0.101 

0.115 

Amberlyst-15 

(Na+) 

293 

313 

333 

0.201 

0.357 

0.640 

0.034 

0.070 

0.113 

Resins Temp 

(K) 

Equilibrium 

Time 

(min) 

Rate 

Constants (B) 

min-1 

Activation 

Energies (Ea) 

(kJ.mole-1) 

Amberlite.IRC-

50(Na+) 

293 

313 

333 

45 

30 

15 

0.087 

0.174 

0.241 

 

20.71 

Amberlite.IR-

120(Na+) 

293 

313 

333 

30 

15 

7 

0.195 

0.364 

0.640 

 

24.15 

Amberlyst-15 

(Na+) 

293 

313 

333 

45 

20 

7 

0.112 

0.230 

0.586 

 

33.36 

Amberlyst-15 

(H+) 

293 

313 

333 

15 

7 

5 

0.339 

0.548 

0.732 

 

15.69 
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Figure (4.49) 

pH Changes with time due to the Na+/ H+ ion sorption on Amberlyst-15. 
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Figure (4.50) 

Relationship between activation energy and concentration gradient in macroporous cation 

exchangers.  
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4. 2. Co-Ion Effect on Cr3+ Sorption by Amberlyst-15(H+) 

4.2 .1. Equilibrium studies: 

4.2. 1. 1. Chromium (III) Sorption Isotherms 

Sorption of Cr3+ ions on Amberlyst-15(H+) from both the Cl- and SO4
2-

 systems at 

two different temperatures (293K and 333K) is studied in the concentration range of 

1.923-28.846 mmol/L. The results of the studies are given in Fig. 4.51 which show that 

Cr3+ sorption on Amberlyst-15(H+) increases with increase in initial concentration and 

temperature in both the Cr3+/Cl- and Cr3+/SO4
2-

 systems. The amount of Cr3+ sorbed from 

its sulphate solution is higher as compared to chloride solution. It is also necessary to 

mention here that at low concentrations (1.923 mmol/L-7.692 mmol/L), almost complete 

Cr3+ sorption takes place in Cl- system. For example at low concentrations of 1.923, 3.486 

and 7.692 mmol/L, the respective amount of Cr3+ exchanged is 99.9%, 99.9%, 97.1% for 

Cr3+/Cl- and 87.4%, 87.1%, 76.1% for Cr3+/SO4
2-

 system at 293K which increased to 

99.9%, 99.9%, 99.1% and 93.2%, 88.04%, 81.3% by increasing the temperature to 333K. 

Cetin et al reported that at lower initial concentrations, the isotherms for Cr3+/SO4
2- 

system resemble like those of the non preferred species. This is due to the fact that Cr3+ is 

mostly present in the monovalent CrSO4
+ form, which because of it size, might not be 

preferred over hydrogen ions (Cetin et al., 2012). However, at higher initial 

concentrations, as is evident from Fig. 4.51 the exchange capacity of resin for Cr3+/SO4
2- 

system is higher than Cr3+/Cl-. 

The % speciation of Cr3+ concentration of 19.231 mmole/L for both the systems at 

293K in the pH range (1-3) is calculated using the computer program visual MINTEQ 

and the results are given in Tables 4.16 and 4.17. The most abundant species found for 
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Cr3+/Cl- are Cr3+, Cr(OH) 2+  while for Cr3+/SO4
2-  are Cr3+  and CrSO4

+. As such, it can 

be suggested that in case of Cl- system, the chromium species being exchanged is Cr3+ 

while in case of SO4
2- system, the resin prefers CrSO4

+. The higher sorption capacity for 

Cr3+/SO4
2- system may thus be, due to the possibility that Cr(III) is exchanged by the 

resin mostly in the univalent form CrSO4
+ along with some in trivalent Cr3+. Chanda and 

Rempel have also found similar results (Chanda and Rempel., 1997).  

4.2. 1. 2. pH Changes during Sorption  

The comparative plots of equilibrium pH (pHe) during Cr3+ sorption for 

Cr3+/SO4
2- and Cr3+/Cl- systems are given in Fig. 4.52. It is clear from the figure that pHe 

decreases during sorption for both the systems due to the exchange of Cr(III) with H+ ions 

from the resin according to reactions (4.11-4.13) but the decrease is more pronounced in 

case of Cr3+/Cl- than Cr3+/SO4
2- system. These results also indicate that the Cr3+ is 

exchanged in divalent or trivalent form in case of Cl- system leading to a greater decrease 

in pH as compared to the SO4
2- system where the metal is exchanged mostly in the 

univalent forms.     

3

3 3 33 -   ( )    3R SO H Cr RSO Cr H        (4.11) 

  2

3 3 22 -   ( ) ( ) ( )   2R SO H Cr OH RSO Cr OH H                    (4.12) 

 
3 4 3 4-      R SO H CrSO RSO CrSO H                  (4.13) 

4.2. 1. 3. Application of Langmuir Equation 

Langmuir Equation was applied to the sorption data for both the Cr3+/SO4
2- and 

Cr3+/Cl- systems to determine the maximum exchange capacity at different temperatures. 

As is evident from the Fig. 4.53, the experimental data fit well to the linear form of the 

equation. Xm the maximum sorption and Kb, the binding constant, computed from the 
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slope and intercept of the lines in Fig. 4.53 and are given Table 4.18. It can be seen from 

this table that there is an increase of Xm values with temperature indicating that the 

exchange capacity of the resin for the both systems increases with the increase in 

temperature. While the increase in the Xm values is comparable, there is a very large 

increase in the Kb values for the Cr3+/Cl- system, when the temperature is increased from 

293K to 333K. It can also be seen from the table that Amberlyst-15(H+) has higher 

maximum sorption capacity (Xm) values for Cr3+/SO4
2- system as compared to Cr3+/Cl-.  

Xm values of Amberlyst-15(H+) are found to be 1.31 mmol/g and 1.65 mmol/g for 

Cr3+/Cl- and Cr3+/SO4
2- systems respectively. The Xm values obtained here for Cr3+/Cl1- 

systems are much higher than 0.341 mmol/g and 0.29 mmol/g for the two macroporous 

cation exchangers LewetitTP-207 and Chelex-100 reported by Gode and Pehlivan (Gode 

and Pehlivan., 2003). The greater Kb values for Amberlyst-15(H+) in Cr3+/Cl- system 

indicate the stronger interaction of Cr(III) with the resin as compared to Cr3+/SO4
2- 

system. This is also in agreement with the earlier observation that in the chloride system 

the metal is exchanged as Cr3+ and Cr(OH)2+ while in sulphate system the resin prefers 

the CrSO4
+ cations. The maximum Kb values for Cr3+/Cl- and Cr3+/SO4

2- systems are 

close to the values reported in literature (Gode and Moral., 2008; Gandhi et al., 2010). 

4.2. 1. 4. Exchange Stoichiometry 

In order to find out the stoichiometry of the exchange reactions for Cr3+/Cl- and 

Cr3+/SO4
2- systems, the equation 4.9 was applied to the sorption data (Mustafa et al., 

2010; Waseem et al., 2011),   

                      log    log   log( - )           d mK K n X X                                           (4.9) 

where Kd is called the distribution coefficient (X/Ce), X is the concentration of 

Cr(III) in the resin phase and Ce is the concentration  in aqueous phase after sorption, Xm 
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is the maximum sorption capacity, n is the slope of straight line which indicates the 

stoichiometric ratio of M3+/H+ exchange. The plots of log Kd vs log(Xm-X) for Chromium 

ion exchange are shown in Figs. 4.54-4.55 which indicate that the equation is applicable 

to present the sorption data. For Cr3+/Cl- system, n is observed to increase form 1.7 to 2.6 

with the increase in temperature showing that the resin prefer Cr(OH)2+ ion at low 

temperature and Cr3+ at 333K. However, for Cr3+/SO4
2- system, n values are in the range 

0.85-0.90 indicating the predominant exchange of CrSO4
+ within the resin. Thus, the 

exchange stoichiometry is in accordance with the Kb values observed for the two systems.           

4.2. 1. 5. Thermodynamic Evaluation of Sorption Process 

Thermodynamic parameters for Cr3+/SO4
2- and Cr3+/Cl- systems are estimated by 

using the well-known thermodynamic equation 

                 
2

1 2 1

1 1
ln     - -b

b

K H

K R T T

   
   

  
                        (4.10) 

Kb1 and Kb2 are the binding constants at temperature T1 and T2. The standard free 

energy change (ΔG) and entropy change (ΔS) of the process are calculated from the 

following relationships, 

                       -  ln bG RT K                       (4.11) 

                       -  .G H T S                                                                         (4.12) 

The values of thermodynamic parameters for both the systems thus calculated are 

given in Table 4.19. It can be seen from the table that the ΔG values are negative at both 

the temperatures. Their decrease from lower to higher temperature shows that the process 

is spontaneous in nature and is favored at high temperature. Similar negative ΔG values 

were also observed by Gode and Pehlivan using macroporous cation exchangers Lewetit 
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S-100 and Chelex-100 for Cr3+ sorption (Gode and Pehlivan., 2006). Negative ΔG values 

for Cr3+ sorption are also observed by other researchers (Kang et al. 2004; Lyubchik et al.  

2004). 

The values of both ΔH and ΔS are found to be positive for the both systems and 

follow the order: Cr3+/Cl- > Cr3+/SO4
2-. The higher value of ΔH for the sorption of Cr3+ in 

Cr3+/Cl- system shows that the process is more endothermic here as compared to the one 

occurring in Cr3+/SO4
2- system. Further, it suggests that more energy is required for the 

Cr3+ ions sorption in Cr3+/Cl- system as compared to the Cr3+/SO4
2- system. The higher 

positive ΔH value in this case is the result of the larger increase of the Kb values with 

temperature and is in agreement with the stoichiometeric ratio, as divalent chromium 

sorption is replaced by the trivalent chromium. The very low values of ΔH and ΔS for 

sulphate solutions indicate the predominance of the sorption of CrSO4
+ i.e a univalent 

exchange with the H+ ion. Similarly, higher value of ΔS for Cr3+/Cl- system than 

Cr3+/SO4
2- system shows two or three point attraction of the chromium ion, necessitating 

the desorption of two ore three hydrogen ions along with the greater dehydration of Cr3+ 

ions while entering into the resin phase as compared to CrSO4
+ ions.  

Similar positive ΔH and ΔS values are reported by Shah et al for Cr3+ using 

weathered basalt andesite products as sorbent. For fixed Cr3+ concentration of 200 mg/L, 

the reported ΔH and ΔS values were 54.57 kJ.mol-1 and 236.74 J.K-1.mol-1 which are 

almost close to 57.64 kJ.mol-1 and 221.37 J.K-1.mol-1 observed for Cr3+/Cl- system in the 

present study (Shah et al. 2009).    
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Figure (4.51) 

Effect of Cl- and SO4
2- ions on Cr3+ sorption isotherm by Amberlyst-15(H+) at 293 and 

333K. 
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Table 4.16 

Distribution of the chromium species at 293K for Cr3+/Cl- system 

Species pH = 1 

% 

pH = 2 

% 

pH = 3 

% 

Cr3+ 99 98.52 84.58 

Cr(OH) 2+ 0.087 1.372 13.04 

CrCl2+ 0.044 0.077 0 .075 

 

Table 4.17 

Distribution of the chromium species at 293K for Cr3+/SO4
2- system 

 

Species 

pH = 1 

% 

pH = 2 

% 

pH = 3 

% 

Cr3+ 93.11 62.84 46.27 

Cr(OH) 2+ 0.077 0.798 6.366 

CrSO4
1+ 6.814 36.27 45.14 

Cr(OH)SO4 - 0.069 0.88 

Cr2(OH)2
2+ - 0.023 1.309 

Cr2(OH)2 SO4 2+ - - 0.018 
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Figure (4.52) 

Effect of Cl- and SO4
2- ions on pHe during Cr3+ sorption by Amberlyst-15(H+) at 293 and 

333K. 
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Figure (4.53) 

Langmuir plots for Cr3+/Cl- and Cr3+/SO4
2- systems on Amberlyst-15(H+) at 293 and 

333K. 
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Table 4.18 

Langmuir parameters for Cr3+/Cl- and Cr3+/SO4
2- systems on Amberlyst-15 (H+) 

Ion Exchange 

System 

Temperature 

K 

Xm 

mmol/g 

Kb 

L/g 

R2 

Cr3+/Cl- 293 1.20 19.39 0.9997 

333 1.31 332.43 1 

Cr3+/SO4
2- 293 1.56 1.128 0.9994 

333 1.65 1.321 0.9986 
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Figure (4.54) 

Plot of log Kd vs log (Xm-X) for Cr3+/Cl- system on Amberlyst-15(H+). 
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Figure (4.55) 

Plot of log Kd vs log (Xm-X) for Cr3+/SO4
2- system on Amberlyst-15(H+). 
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Table 4.19 

Thermodynamics parameters for Cr3+/Cl- and Cr3+/SO4
2- systems on Amberlyst-15(H+) 

Ion Exchange 

System 

Temperature 

K 

∆G 

kJ.mol-1 

∆H 

kJ.mol-1 

∆S 

J.K-1 mol-1 

Cr+3/Cl- 293 -7.222 57.63 221.34 

333 -16.075 

Cr+3/SO4
-2 293 -0.293 3.20 11.92 

333 -0.771 
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4.2. 2. Kinetics Studies:  

4.2. 2.1. Kinetics Curves 

The results of the study for Cr3+/Cl- and Cr3+/SO4
2- systems (Fig. 4.56) show that 

the rate of Cr3+ sorption by the resin increases with the increase in temperature. The 

equilibrium is attained within 15 and 5 minutes in both Cr3+/Cl- and Cr3+/SO4
2- systems at 

293K at 333K respectively. The data also suggest that the rate of sorption is faster in case 

of Cr3+/Cl- as compared to Cr3+/SO4
2- system. For example, it can be seen from the Fig. 

4.56, that after five minutes of contact at 333K, the amounts of Cr3+ sorbed in chloride 

and sulphate systems are 0.625 and 0.526 mmol/g respectively. It is interesting to note 

that the Cr3+ removal kinetics by macroporous cation exchange in our case is much faster 

than the one reported in the literature (Rengaraj et al. 2002).  

4.2. 2.2. pH Changes during Sorption  

The pH changes accompanying the sorption for Cr3+/Cl- and Cr3+/SO4
2- systems 

are given in the Table 4.20. The initial pH of 19.231mmol/L Cr+3 solution decreases from 

2.893 to 1.708 and 3.299 to 2.770 with the increase in temperature which is due to 

increase in the in hydrolysis of Cr3+ ions in aqueous solution. The pH is also found to 

decrease further with the passage of time during the Cr3+ sorption. This decrease in pH 

during the sorption of the Cr3+ shows its exchange with the (H+) from the resin according 

to reactions (4.11-4.13). 

The initial pH for the same concentration of Cr3+ solutions is lower in Cr3+/Cl- 

system than the Cr3+/SO4
2-, which is due to the fact that the Cl- anion is a strong 

conjugate base as compared to SO4
2- and hence produces a stronger acid in its aqueous 

solution. 
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The comparative plot of pH changes during Cr3+ sorption for both the systems is 

shown in Fig. 4.57. Although the decease in pH with time is observed in both the systems 

but in Cr3+/Cl- system the decrease is greater than Cr3+/SO4
2-. Thus, the pH changes (Fig. 

4.57) resemble the sorption curves in Fig. 4.56, indicating that the processes responsible 

for Cr3+ sorption in both the systems are according to reactions (4.11-4.13). 

4.2. 2.3. Particle and Intra-Particle Diffusion Kinetic Model  

The ion exchange sorption of metal cations is reported in literature (Alguacil et al. 

2004; Mohan et al. 2006) to be controlled by film and particle diffusion or both. 

However, in the case of macroporous exchangers, the particle diffusion is observed to be 

dominant to control the exchange process (Oladoja et al., 2008; Kauspediene and 

Snukiskis., 2006). The particle diffusion plots for both Cr3+/Cl- and Cr3+/SO4
2- systems 

are given in Fig. 4.58. The rate constants values (B) calculated from the slopes in Fig. 

4.58 are presented in Table 4.22. Similar to the kinetic curves, the rate constants for 

Cr3+/Cl- system are found to be higher than Cr3+/SO4
2- and increase with increase in 

temperature. Further, following the Morris-Weber model (Eq. 4.7) for intra-particle 

diffusion, F vs t1/2 plots for Cr3+/Cl- and Cr3+/SO4
2- systems are also given in Figure 

(4.59), where it can be observed that the plots for both the systems splits into two linear 

sections with different slopes. As discussed earlier, the first linear section is attributed to 

the macro-pore diffusion and the second one to micro-pore diffusion. The values 

of kid1 and kid2 obtained from the slopes of straight lines are listed in Table 4.21, where it 

can be seen that the macropore diffusion rates (kid1) are much higher than micropore 

diffusion rates (kid2) for both the systems. This indicates that the diffusion is faster in 

macrpores due to the readily available active sites. While in micropores, diffusion is 

http://www.sciencedirect.com/science/article/pii/S014372080600307X#tbl6
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comparatively slower due to the less accessible active sites for sorption. Further, the rates 

for both the systems are observed to increase with the increase in temperature. The 

energy of activation (Ea) for particle diffusion process is calculated by using the 

Arrhenius equation (4.13) and is given in Table 4.22.  

                
2

1 2 1

 1 1
ln    

B Ea

B R T T

   
     

   
                                     (4.13) 

 

The values of activation energies for both the systems are almost equal to each 

other and are below the limit of 42kJ.mol-1 showing the process to be controlled 

diffusionaly (Sheckel and Sparks 2001; Ayoob et al. 2008).  
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Figure (4.56) 

Co-ion effect on kinetics of Cr3+ sorption on Amberlyst-15(H+) at 293K and 333K. 
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Figure (4.57) 

pH changes as a function of time for Amberlyst-15(H+) at 293K and 333K. 
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Table 4.20 

Temperature effect on pH changes as a function of time during chromium (III) sorption 

for Cr3+/Cl- and Cr3+/SO4
2- solutions on Amberlyst-15(H+) 

 

Time(min) 

   pH of Ion Exchange Systems 

    Cr3+/Cl-                Cr3+/SO4
2-             Cr3+/Cl-              Cr3+/SO4

2- 

         293K                    293K                    333K                     333K 

 

0 

2 

3 

5 

7 

10 

15 

 

2.893 

1.558 

1.451 

1.339 

1.284 

1.239 

1.209 

 

3.299 

2.088 

2.014 

1.938 

1.901 

1.876 

1.863 

 

1.708 

0.547 

0.480 

0.434 

0.420 

0.420 

0.420 

 

2.770 

1.370 

1.308 

1.270 

1.263 

1.263 

1.263 
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Figure (4.58) 

Particle diffusion plots for Cr3+/Cl- and Cr3+/SO4
2- systems at 293K and 333K. 
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Figure (4.59) 

F vs t1/2 for Cr3+/Cl- and Cr3+/SO4
2- systems at 293K and 333K. 



 141 

                                                    Table 4.21  

Macroporous and Microporous Rate Constants (kid) for Amberlyst-15 

 

Table 4.22 

 Particle diffusion kinetics parameters for Cr3+/Cl- and Cr3+/SO4
2-

 on Amberlyst-15(H+) 

Ion Exchange 

Systems 

Temperature 

K 

Rate Constant (B) 

min-1 

Activation Energy 

(Ea) 

kJ.mol-1 

Cr3+/Cl- 293 0.339 15.61 

333 0.732 

Cr3+/SO4
2- 293 0.313 15.73 

333 0.680 

 

 

 

Ion Exchange Systems Temp 

(K) 

Macroporous Rate 

Constants (kid1) min-1/2 

Microporous Rate 

Constants (kid2) min-1/2 

Cr3+/Cl- 293 

333 

0.410 

1.014 

0.118 

0.115 

Cr3+/SO4
2- 293 

333 

0.371 

0.528 

0.076 

0.140 



   

                                                                        142 

                                                                            

 

 

 

4.3. Counter-Ions Effect on Cr(III)  Sorption by Amberlyst -15. 

4.3.1. Kinetics Curves:  

The results of the study for the kinetics of chromium sorption on different forms of 

the resin Amberlyst-15 at 293K are given in Fig. 4.60. As can be seen, the equilibrium is 

attained within 15, 30, 60, 90 and 120 minutes for (H+), (Li+), (Na+), (Ca2+) and (Al3+) 

forms respectively. Almost similar results are found for other temperatures shown in 

Figs.  4.61-4.62. The Amberlyst-15 being a strong acid exchanger has the fastest kinetics 

for Cr (III) sorption in H+ form followed by Li+, Na+, Ca2+and Al3+ forms. The respective 

electronegativeties are 0.98, 0.93, 1.36, and 1.55 for Li+, Na+, Ca2+, and Al3+counter ions. 

The increase in electronegativety would result in an increase in the electrostatic 

interaction of counter ions with the functional group of the exchanger. The Cr3+ ions 

having electronegativety equal to 1.61 would, thus, exchange metal cations with 

univalent form of the resin more rapidly as compared to divalent and trivalent forms. Lee 

and Volesky have done a detailed investigation about the interaction of counter ions like 

Na+, Ca2+ and Al3+ with the carboxyl functional groups of a biosorbent on the basis of 

their displacement by H+ from the aqueous solution (Lee and Volesky., 1997). According 

to the authors, the observed binding strength for the counter ions followed the order Al3+ 

> Ca2+ > Na+ which was in accordance with their elctronegativeties. Boyed et al have also 

reported that exchange of the cations is governed by electrostatic interactions according 

to the coulomb, s law (Boyed et al., 1947). The trend for H+, Ca2+  and Al3+ desorption in 

Cr3+/ H+, Cr3+/ Ca2+ and Cr3+/ Al3+ systems is similar to that of Cr3+ sorption, as can be 

seen from the Fig. 4.63. Similar results for desorption are also observed at 333K. 
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4. 3.2.  pH Changes: 

The pH changes observed in Cr(III) sorption are reported in Fig. 4.64. It is clear 

from the Fig. 4.64 that the decrease in pH with time is observed only in H+ form of the 

exchanger because of exchange of H+ from the resin for Cr(III) from the solutions 

according to reactions (4.14-4.15). However, an increase in pH is observed for 

Amberlyst-15 in Li+, Na+, Ca2+ forms showing the co-sorption of H+ ions along with Cr3+ 

ions by the resin according to reactions (4.16-4.18). However, no reasonable change in 

pH is observed for Cr(III) sorption in case of the resin in Al3+ form showing that the 

exchange occurs according to reaction (4.20). The pH changes show that consumption of 

H+ ions during the exchange process follows the trend Li+ > Na+ > Ca2+ > Al3+.   

            2+ 2+ +

22R-H +Cr(OH) R Cr(OH) +2H                            (4.14) 

                      3+ +

33R-H +Cr R Cr+3H                                      (4.15) 

             2+ 2+ +

22R-Li+Cr(OH) R Cr(OH) +2Li                            (4.16) 

               2+ 2+ +

2   
2R-Na+ Cr(OH)  R Cr(OH)  + 2Na                           (4.17) 

               2+ 2+ 2+

2   
2R-Ca+ Cr (OH)  R Cr (OH)  + 2Ca                        (4.18) 

                           +R-X+H RH+X                                        (4.19) 

                               where      X    = Li+, Na+ and Ca2+ 

   2+ +2 2+ 2+

2 2R -Al(OH) +Cr(OH) R Cr(OH) +Al(OH)                 (4.20) 

4. 3.3. Exchange Stoichiometery: 

 

The molar ratios of H+, Ca2+ and Al3+ ions desorbed per Cr3+ ions sorbed at two 

different temperatures are given in Tables (4.23-4.27) except for H+/Cr3+ ratios at 333K, 
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as at high temperatures the hydrolysis would have significant contribution towards the 

decrease in pH of the aqueous solution. The pH of the solution being 2.893, most of the 

chromium will be present in the form of Cr3+ in the solution. The experimental ratio in 

Table (4.23) is equal to 3 which is almost the theoretical ratio specific for an ideal Cr3+ 

and H+ exchange according to the above given reaction (4.15). Further, it is clear from 

the Tables (4.24-4.25), that the Ca2+/Cr3+ ratios calculated from the experimental data is 

2.1-2.2 which are in accordance to the mechanism given in reactions (4.18) and (4.19).  

As far as with the Al3+/Cr3+ ratios are concerned (Tables 4.26-4.27), it can be seen 

that in the beginning, the rate of Al3+ desorption is slower as compared to Cr3+ sorption. 

However, after about 90 minutes at 293K and 333K, the ratios increases to almost one, 

the theoretical value for the ideal exchange between Al3+ and Cr3+ i.e. one mole of Al3+ 

on the exchanger is replaced by one mole of Cr3+ from the solution. Thus the molar ratios 

given in Tables (4.23-4.27) confirm the mechanism of exchange represented in reactions 

(4.14-4.20). 
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Figure. 4.60 

Kinetics of chromium adsorbed on different forms of Amberlyst-15 in H+, Li+, Na+, Ca2+, 

Al3+ forms at 293K.                                
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Figure.  4.61 

Kinetics of chromium adsorbed on different forms of Amberlyst-15 in H+, Li+, Na+, Ca2+, 

Al3+ forms at 313K. 
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Figure. 4.62 
Kinetics of chromium adsorbed on different forms of Amberlyst-15 in H+, Li+, Na+, Ca2+, 

Al3+ forms at 333K. 

        

0

0.5

1

1.5

2

2.5

0 20 40 60 80 100 120 140

Time(min)

X
(m

m
o

l/
g

)

H+

Ca++

Al+++

 

Figure. 4.63 
Kinetic Curves for H+, Ca2+ and Al3+ desorption accompanying the Cr3+ sorption at 293K. 
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Figure.  4.64 

pH changes as a function of time for Amberlyst-15 in H+, Li+, Na+, Ca2+, Al3+ forms at 

293K. 
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 Table 4.23 

  Cr3+/ H+ exchange ratio at 293K 

Table 4.24 

Cr3+/ Ca2+ exchange ratios at 293K 

 

Table 4.25 

Cr3+/ Ca2+ exchange ratios at 333K 

Time 

(min) 

  Cr3+ 

adsorbed 

(mmol/L) 

 H+  

desorbed 

(mmol/L) 

                H+  desorbed  

Ratio =  

               Cr3+  adsorbed 

 

2 

3 

5 

7 

10 

15 

20 

 

11.61 

13.38 

16.20 

17.34 

18.24 

18.63 

18.63 

 

27.67 

35.40 

45.81 

52.00 

57.68 

61.80 

61.80 

 

 

2.38 

2.64 

2.83 

3.00 

3.16 

3.32 

3.32 

 

 

Time 

(min) 

 Cr3+ 

adsorbed 

(mmol/L) 

 H+  

adsorbed 

(mmol/L) 

 

Ca2+  

desorbed 

 (mmol/L) 

               Ca2+ desorbed 

 Ratio =                       

               Cr3+ adsorbed 

 

10 

15 

20 

30 

45 

60 

90 

120 

  

8.19 

8.82 

9.63 

10.71 

11.64 

12.21 

12.75 

12.96 

 

0.615 

0.663 

0.690 

0.718 

0.739 

0.748 

0.748 

0.748 

 

 

18.80 

19.68 

21.47 

23.88 

25.40 

26.42 

27.20 

28.66 

 

     2.29 

     2.23 

     2.23 

     2.23 

     2.18 

     2.16 

     2.13 

     2.10 

 

Time 

(min) 

 Cr3+ 

adsorbed 

(mmol/L) 

 H+ 

adsorbed 

(mmol/L) 

 

 

Ca2+ 

desorbed 

 (mmol/L) 

              Ca2+ desorbed 

Ratio =  

             Cr3+ adsorbed 

 

10 

15 

20 

30 

45 

60 

90 

120 

  

11.33 

12.03 

12.93 

13.65 

14.01 

14.16 

14.16 

14.16 

 

4.70 

5.56 

6.64 

7.41 

7.43 

7.54 

7.14 

7.14 

 

 

26.58 

27.67 

29.48 

30.98 

31.52 

31.15 

31.01 

31.01 

 

     2.35 

     2.30 

     2.28 

     2.27 

     2.25 

     2.20 

     2.19 

     2.19 
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Table 4.26 

Cr3+/ Al3+ exchange ratios at 293K 

 

Table 4.27 

Cr3+/ Al3+ exchange ratios at 333K 

 

Time 

(min) 

Cr3+ adsorbed 

(mmol/L) 

Al3+ desorbed 

(mmol/L) 

                Al3+ desorbed  

Ratio =  

             Cr3+ adsorbed  

10 

15 

20 

30 

45 

60 

90 

120 

5.79 

6.93 

7.32 

8.67 

9.78 

10.38 

11.31 

11.94 

2.63 

3.91 

4.59 

5.68 

6.62 

8.30 

9.72 

10.88 

0.45 

0.56 

0.63 

0.65 

0.68 

0.80 

0.86 

0.91 

Time 

(min) 

Cr3+ adsorbed 

(mmol/L) 

Al3+ desorbed 

(mmol/L) 

               Al3+ desorbed  

Ratio =  

              Cr3+ adsorbed  

10 

15 

20 

30 

45 

60 

90 

120 

9.50 

10.54 

11.42 

12.53 

13.28 

13.88 

14.41 

14.53 

4.76 

6.64 

7.37 

8.56 

9.83 

11.53 

13.47 

15.19 

0.50 

0.63 

0.64 

0.68 

0.74 

0.83 

0.94 

1.05 
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4. 3.4. Application of Particle Diffusion Model 

Following equations 4.5 and 4.6 as discussed earlier, the particle diffusion plots 

for the resin in H+, Li+, Na+, Ca2+, Al3+ forms are given in Figs. 4.65-4.69. The values of 

the rate constants determined from the slopes of the particle diffusion plots are given in 

Table 4.28. The energy of activation (Ea) for the particle diffusion process is calculated 

using the Arrhenius equation (4.8). The Arrhenius plots are shown in Fig. 4.70 and 

energies of activation (Ea) are presented in Table 4.28. Similar to the kinetics curves in 

Figs. 4.60-4.62, the rate constant values obtained for the particle diffusion are higher in 

case of Amberlyst-15 in univalent forms as compared to divalent and trivalent forms, 

while no such order is observed in case of activation energies, which follow the trend, 

Na+ > Li+ > H+ > Al3+ > Ca2+, as Ca2+ and Al3+ counter ions having greater 

electronegativeties bound more strongly to the resin as compared to Li+ and Na+. Thus 

Cr3+ ions experience more hindrance during exchange with divalent and trivalent counter 

ions, leading to higher values of the energies of activation. As for as the univalent ions 

are concerned, their activation energies are found to be a linear function of their ionic 

radii as is evident from the Fig. 4.71. This dependence of the energy of activation 

indicates that hydration/dehydration phenomena play a key role in determining the 

kinetic of the exchange process. The role of hydration is also visible from Fig. 4.72, 

where the values of activation energies are plotted against the hydration enthalpies of the 

counter ions. From where it can be seen that the activation energies decrease with 

increase in hydration enthalpy of counter ions from Li+ to Al3+. The energy of activation 

calculated for Cr(III) sorption in the present study is 15.69 kJ/mol which is very close to 

the reported value of 14.1 kJ.mol-1 for Sm(III) sorption on macroporous  acid exchange 
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resin D152 (Xiong et al., 2008). The activation energy values obtained are less than the 

limits (42kJ/mol) reported by Sheckel and Sparks and confirm the diffusional nature of 

the process (Sheckal and Sparks., 2001). 

The enthalpies and entropies of activation of ion exchange are estimated using the 

slopes and intercepts of the Eyring equation in the form (Laidler and Meiser., 1999) 

                                     ln ln BK H K S

T RT h R

  
                                                          (4.14)   

where R is the molar gass constant, T is absolute temperature and Ea the energy 

of activation. K is the particle diffusion rate constant (B), KB is the Boltzmann constant 

and h is the Planck, s constant. The Eyring plots are shown in Fig. 4.73. The free energies 

of activation of the process are calculated with the help of following equation.  

                                    G H T S                                                       (4.15) 

The values of ∆H≠, ∆S≠ and ∆G≠ thus determined are listed in Table 4.29. The 

values of ∆H≠ are positive and ∆S≠ are negative. The positive ∆H≠ values indicate that the 

Cr3+ exchange requires considerable energy while the negative ∆S≠ values show that the 

movement of the Cr3+ ions in the exchanger is more restricted as compared to the 

outgoing ions. Therefore, the positive value of ∆H≠ and negative values of the ∆S≠ are 

related to the mutual changes in hydration/dehydration of the ions in the exchanger and 

aqueous solutions. The entropy of activation ∆S≠ values are also plotted against the ionic 

radii of the monovalent counter ions shown in Fig. 4.74. The values of ∆S≠ increase with 

increase of ionic radii of the univalent counter ions showing that the monovalent ions 

enter the exchanger in the unhydrated form. El-Naggar et al have also reported the 

negative ∆S≠ values of activation for the exchange of Cs+, Co2+ and Eu3+ with H+ on 
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amorphous zirconium silicate as cation exchanger (El-Naggar et al., 2007a:2007b). 

Similar positive values of ∆H≠, ∆G≠ and negative values of ∆S≠ were also reported by 

Anirudhan and Radhakrishnan for Cr(III) sorption on carboxylic cation exchanger 

(SDGPMA-SP-COOH) synthesized from lignocellulosic residue (Anirudhan and 

Radhakrishnan., 2007). Their ∆G≠ value for exchange was found to be 88.312kJ/mol, 

which is very close to the values reported in the present investigation. 

Further a linear relationship between ΔH≠ and T.ΔS≠ is observed in Fig. 4.75, 

which indicates that the mechanism of sorption on Amberlyst-15(H+, Li+, Na+, Ca2+, Al3+ 

forms) is entropy driven ion exchange and is dependent upon the ionic radii and charge of 

counter ion initially present inside the resin.  
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Figure.  4.65 

Particle diffusion plots for Cr(III) sorption on Amberlyst-15(H+) at different 

temperatures. 
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Figure.  4.66 

Particle diffusion plots for Cr(III) sorption on Amberlyst-15(Li+) at different 

temperatures. 
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                                                          Figure.  4.67  

Particle diffusion plots for Cr(III) sorption Amberlyst-15(Na+) at different 

temperatures.  
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Figure.  4.68 

Particle diffusion plots for Cr(III) sorption on Amberlyst-15(Ca2+) at different 

temperatures. 
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Figure.  4.69 

Particle diffusion plots for Cr(III) sorption on Amberlyst-15(Al3+) at different 

temperatures. 
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Figure.  4.70 

Arrhenius plots for particle diffusion process on Amberlyst-15 (H+, Li+, Na+, Ca2+, Al3+) 

at different Temperatures. 
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Table 4.28 

Kinetics parameters of Cr (III) sorption on different resin forms at different temperatures. 

 

 

 

 

Resin 

 

 

Rate Constant (B) min-1at 

temperature 

 

 

Activation Energy (Ea) 

kJ.mol-1 

 

293K 

 

313K 

 

333K 

 

Amberlyst- 

15(H+) 

 

0.339 

 

0.548 

 

0.732 

 

15.69 

 

Amberlyst- 

15(Li+) 

 

0.147 

 

0.275 

 

0.519 

 

26.25 

 

Amberlyst- 

15(Na+) 

 

0.112 

 

0.230 

 

0.586 

 

33.55 

Amberlyst- 

15(Ca2+) 

0.059 0.078 0.092 9.14 

Amberlyst- 

15(Al3+) 

0.027 0.033 0.045 11.02 
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Figure.  4.71 

 Relationship between Activation Energy and Ionic radii of counter ions on Amberyst-15                              
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Figure.  4.72 

 Relationship between Activation energy and Hydration Enthalpy of counter ions on 

Amberyst-15 
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Figure.  4.73 

Erying plots for Cr(III) sorption  on Amberlyst-15 (H+, Li+, Na+, Ca2+, Al3+) at different 

Temperatures. 
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Figure.  4.74 

Relationship between Entropy of activation and Ionic radii of counter ions on Amberyst-

15 
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Table 4.29 
Activation parameters for the kinetic data of Cr (III) sorption on different resin forms at 

different temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

Resin 

           

      ΔH≠ 

(kJ/mol) 

        

       ΔS≠ 

(J/K-1.mol) 

 

  ΔG≠ 

  (kJ/mol) 

 

 

 

 

                           293K         313K           333K 

 

    

Amberlyst- 

15(H+) 

13.08     -208.93   74.30         78.48           82.65 

 

 

 

 

Amberlyst- 

15(Li+) 

22.95     -182.52  76.43          80.08           83.73 

 

 

 

 

Amberlyst- 

15(Na+) 

30.83 

 

   -158.20  77.18          80.35           83.51  

 

 

 

Amberlyst- 

15(Ca2+) 

6.45    -246.19  78.58          83.51           88.43  

 

 

 

Amberlyst- 

15(Al3+) 

7.70    -248.71  80.57          85.55           90.52 
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Figure.  4.75 

Enthalpy-Entropy relationships between different forms of Amberlyst-15 (H+, Li+, Na+, 

Ca2+, Al3+). 
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4.3. 5.  Sorption Isotherms: 

The isotherms for Cr(III) sorption in the concentration range 1.923-19.231, on 

different forms of Amberlyst-15 are presented in Figs. 4.76-4.78 which show that the 

Cr(III) sorption affinity at all the temperatures follow the order; H+ ˃ Na+ ˃ Li+ ˃ Ca2+ ˃ 

Al3+. As such, the ease of exchange for Cr(III) is univalent ˃ divalent ˃ trivalent, which 

indicates the order of electrostatic interaction of metal cations with the sulphonic acid 

groups of the resin. As for as the univalent forms (H+, Na+ and Li+) are concerned, their 

affinity is related to the hydration changes of the sorbing chromium and desorbing    

univalent ions between the resin phase and aqueous solutions. The effect of hydration on 

selectivity has been discussed in detail elsewhere (Watanabe et al., 2011; Teppen and 

Miller., 2005). Further, the difference between the sorption affinities of Cr(III) on Ca2+ 

and Al3+ forms of exchanger decreases with the increase in temperature and at 333K, the 

Cr(III) sorption on Ca2+ and Al3+ forms of the resin almost equivalent to each other as can 

be seen from figure (4.78). These results show that at 333K, the status of the Ca2+ and 

Al3+ ions in the exchanger phase and aqueous solution are almost similar to each other.  

The pH changes before and after Cr(III) sorption are given in the tables (4.30-

4.34). The pH is observed to increase after Cr(III) sorption for Li+, Na+, Ca2+ and Al3+ 

forms of the resin showing the co-sorption of Cr(OH)2+ and H+ ions according to 

reactions 4.16-4.18. However, for H+ form, there is a general decrease in pH after Cr(III) 

sorption because of displacement of H+ ions from the resin to the solution according to 

reactions 4.14-4.15 as given in the previous section. The plots for ∆pH verses Cr(III) 

sorbed (Xm mmol/g), at 293 and 333K are also given in Figs. 4.79-4.80. The uptake of H+ 

ions is observed to follow the trend as univalent ˃ divalent ˃ trivalent at all the 
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temperatures. This indicates that the H+ co-sorption is highly dependant on the nature of 

counter-ions and their ease of replacement by the chromium from the resin. Further, the 

figure also shows that the H+ co-sorption is less at lower temperature (293K), and 

proceeds till the amount of Cr(III) sorbed is 0.995, 1.00, 0.420 and 0.152 mmol/g for Na+, 

Li+, Ca2+ and Al3+ forms respectively. However, at higher temperature (333K), the H+ co-

sorption is enhanced upto the maximum uptake of Cr(III) and no intersection points of 

∆pH verses Xm are obtained. Similar co-sorption was also observed elsewhere (Kanwal et 

al., 2012; Cavaco et al., 2009: Sathyaselvabala et al., 2009: Xiong., 2008a: Gode and 

Moral., 2008; Mohan et al., 2006: Chanda and Rempel., 1997a: 1997b). 

 



   

                                                                        164 

                                                                            

 

 

 

 

       

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 5 10 15 20

Ce (mmol/L)

X
(m

m
o

l/
g

)

H+

 Li+

Na+

Ca++

Al+++

 
Fig. 4.76 

Cr(III) sorption isotherms for different forms of Amberlyst-15 in H+, Li+, Na+, Ca2+, Al3+ 

forms at 293K. 
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Fig. 4.77 

Cr(III) sorption isotherms for different forms of Amberlyst-15 in H+, Li+, Na+, Ca2+, Al3+ 

forms at 313K. 
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Fig. 4.78 

Cr(III) sorption isotherms for different forms of Amberlyst-15 in H+, Li+, Na+, Ca2+, Al3+ 

forms at 333K. 
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Table 4.30 

Temperature effect on pH changes during Cr(III) sorption on Amberlyst-15(H+). 

Ci(mmol/L) 293K 313K 333K 

pHi pHe pHi pHe pHi pHe 

1.923 

3.846 

5.769 

7.692 

11.538 

15.385 

19.231 

3.101 

3.090 

3.019 

2.928 

2.860 

2.833 

2.791 

2.330 

2.037 

1.867 

1.752 

1.680 

1.665 

1.638 

2.843 

2.762 

2.649 

2.561 

2.522 

2.471 

2.432 

2.143 

1.843 

1.651 

1.545 

1.449 

1.432 

1.442 

2.509 

2.339 

2.252 

2.171 

2.091 

2.010 

1.971 

1.758 

1.658 

1.358 

1.166 

1.176 

1.179 

1.184 

 

Table 4.31 

Temperature effect on pH changes during Cr(III) sorption on Amberlyst-15(Li+). 

 

Table 4.32 

Temperature effect on pH changes during Cr(III) sorption on Amberlyst-15(Na+). 

 

 

Ci(mmol/L) 293K 313K 333K 

pHi pHe pHi pHe pHi pHe 

1.923 

3.846 

5.769 

7.692 

11.538 

15.385 

19.231 

3.101 

3.090 

3.019 

2.928 

2.860 

2.833 

2.791 

3.600 

3.347 

3.174 

3.128 

2.902 

2.733 

2.755 

2.843 

2.762 

2.649 

2.561 

2.522 

2.471 

2.432 

3.868 

3.589 

3.480 

3.357 

2.945 

2.745 

2.719 

2.509 

2.339 

2.252 

2.171 

2.091 

2.010 

1.971 

4.060 

3.738 

3.500 

3.368 

2.960 

2.730 

2.746 

Ci(mmol/L) 293K 313K 333K 

pHi pHe pHi pHe pHi pHe 

1.923 

3.846 

5.769 

7.692 

11.538 

15.385 

19.231 

3.101 

3.090 

3.019 

2.928 

2.860 

2.833 

2.791 

3.614 

3.299 

3.282 

3.200 

3.051 

2.970 

2.889 

2.843 

2.762 

2.649 

2.561 

2.522 

2.471 

2.432 

3.868 

3.582 

3.377 

3.340 

3.112 

3.105 

2.900 

2.509 

2.339 

2.252 

2.171 

2.091 

2.010 

1.971 

3.890 

3.761 

3.507 

3.160 

2.938 

2.845 

2.752 
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Table 4.33 

Temperature effect on pH changes during Cr(III) sorption on Amberlyst-15(Ca2+). 

 

Table 4.34 

Temperature effect on pH changes during Cr(III) sorption on Amberlyst-15(Al3+). 

 

Ci(mmol/L) 293K 313K 333K 

pHi pHe pHi pHe pHi pHe 

1.923 

3.846 

5.769 

7.692 

11.538 

15.385 

19.231 

3.101 

3.090 

3.019 

2.928 

2.860 

2.833 

2.791 

3.468 

3.254 

3.127 

2.981 

2.843 

2.773 

2.698 

2.843 

2.762 

2.649 

2.561 

2.522 

2.471 

2.432 

3.523 

3.295 

3.115 

2.991 

2.853 

2.767 

2.680 

2.509 

2.339 

2.252 

2.171 

2.091 

2.010 

1.971 

3.525 

3.313 

3.112 

2.997 

2.880 

2.797 

2.715 

Ci(mmol/L) 293K 313K 333K 

pHi pHe pHi pHe pHi pHe 

1.923 

3.846 

5.769 

7.692 

11.538 

15.385 

19.231 

3.101 

3.090 

3.019 

2.928 

2.860 

2.833 

2.791 

3.273 

3.075 

2.930 

2.840 

2.683 

2.638 

2.585 

2.843 

2.762 

2.649 

2.561 

2.522 

2.471 

2.432 

3.060 

2.853 

2.801 

2.733 

2.645 

2.560 

2.471 

2.509 

2.339 

2.252 

2.171 

2.091 

2.010 

1.971 

2.809 

2.637 

2.506 

2.420 

2.441 

2.403 

2.358 
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Fig. 4.79 

Plots showing the ∆pH verses X(mmol/g) for different forms of Amberlyst-15 in H+, Li+, 

Na+, Ca2+, Al3+ at 293K. 
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Fig. 4.80 

Plots showing the ∆pH verses X(mmol/g) for different forms of Amberlyst-15 in H+, Li+, 

Na+, Ca2+, Al3+ at 293K. 
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4.3. 6.  Application of Langmuir Model: 

The Langmuir equation (4.1) is used to find out the maximum sorption capacity of 

Cr(III) and its energy of interaction with the functional group of the resin at different 

temperatures (293K-333K). The Langmuir plots for Li+, Na+, Ca2+ and Al3+ forms of the 

resin are given in Figs. 4.81-4.85 which show that the sorption data fits well to the linear 

form of the equation. Langmuir constants calculated from the slope and intercepts of the 

lines in Figs. 4.81-4.85 and are mentioned in Table 4.35. It can be seen from the table that 

there is an increase of Xm values with increase in temperature for all forms of the resin. 

As expected, the Xm values for Cr(III) sorption obeyed the order; univalent ˃ divalent ˃ 

trivalent which shows that the surface coverage is greater for univalent form of the resin 

followed by di and trivalent forms. This order as discussed earlier is related to the 

electrostatic interaction of the ions with the fixed group of the exchanger.  

However, for Kb values, the observed order is different; univalent ˃ trivalent ˃ 

divalent form. The Kb values are higher for univalent form of the resin as compared to di- 

and trivalent forms of the resin. For the univalent forms (H+, Li+ and Na+), Kb values are 

found in the same order as the maximum extent of the chromium sorption. The higher Kb 

values for H+ form is due to the greater hydration number of H+ in the exchanger phase as 

compared to Li+ and Na+ forms. According to the Toteja et al, hydration number of H+ 

ion is 2.9 and for Na+ ion is 2.4 in the exchanger Amberlyst-15 (Toteja et al., 1997). 

However, for more complicated exchange systems Ca2+/Cr3+ and Al3+/Cr3+, the Kb values 

do not follow the order of the Xm values showing the effect of the other factors like 

changes in hydration/dehydration of the ions and the accompanying co-sorption of H+ 

ions etc. Further, the Table 4.35 shows that the temperature has a positive effect on Kb 
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values for all uni, di and trivalent forms of the resin showing an increase in binding 

energies of Cr(III) with the functional groups with increasing temperature. 

The values of enthalpy and entropy changes change (∆H and ∆S) are estimated 

from the slope and intercept of the plot (lnKb verses 1/T) shown in Fig. 4.86. Gibbs free 

energy change (∆G) is calculated with the help of standard Gibbs equation 4.36. The 

thermodynamic parameters are summarized in Table.4.36. The table shows that both ∆H 

and ∆S values are positive for all forms of the resin, reflecting the endothermic nature of 

process and increase of system disorder by Cr(III) sorption on different forms of the 

resin. However, in case of univalent forms of resin, higher ∆H value for the H+ form of 

the exchanger is the result of the high energy required to replace the more hydrated H+ 

ions from the exchangers as compared to replace the less hydrated Na+ and Li+  ions. 

Higher the valence of the cation inside the resin, higher is the energy required to replace 

it with chromium from the aqueous phase. The ∆H value for Ca2+ and Al3+ forms of the 

exchangers depends upon the difference in interaction with the active sites and also on 

the relative energy contribution of hydration and dehydration of exchanging ions. The 

trend followed by the ∆S values is similar to ∆H values. Further, the ∆H values are 

plotted against the hydration enthalpy of the counter-ions in Fig. 4.87. As evident from 

this figure; a linear relationship obtained here confirms that the mechanism of exchange 

depends mostly upon the hydration/dehydration of the exchangeable ions.  

Moreover, the ∆H and T.∆S are co-related in Fig. 4.88 and a perfect linear 

relationship is observed showing enthalpy-entropy compensation. This compensation 

validates that the disorder imposed in the ion exchange system is a function of charge 

densities of counter-ions present inside the resin. The ∆G values are observed to decrease 
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with increasing temperature indicating the spontaneity of the exchange sorption for all 

forms of the resins. Similar, positive ∆H and ∆S values and decrease in ∆G values with 

increasing temperature were also found for Cr(III) sorption on different sorbents (Tahir 

and Naseem., 2007; Li et al., 2004; Tagami et al., 2001). Toteja et al, had also found the 

similar thermodynamic trend for the sorption of other metal cations like Mg(II), Ca(II), 

Sr(II) and Ba(II) using Amberlyst-15 (Toteja et al, 1991).  
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Fig. 4.81 

Langmuir plots for Amberlyst-15 in H+ form at 293-333K. 
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Fig. 4.82 

Langmuir plots for Amberlyst-15 in Li+ form at 293-333K. 
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Fig. 4.83 

Langmuir plots for Amberlyst-15 in Na+ form at 293-333K 
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Fig. 4.84 

Langmuir plots for Amberlyst-15 in Ca2+ form at 293-333K 
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Fig. 4.85 

Langmuir plots for Amberlyst-15 in Al3+ form at 293-333K 
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Fig. 4.86 

Van,t-Hoff plots for different forms of Amberlyst-15 in H+, Li+, Na+, Ca2+, Al3+ forms at 

293-333K.
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Table  4.35 

Langmuir parameters of Cr(III) sorption for different forms of Amberlyst-15.  

 

Table  4.36 

Thermodynamic parameters of Cr(III) sorption for different forms of Amberlyst- 15. 

 

 

Resin 

ΔH 

(kJ.mol−1) 

ΔS 

(J.K-1.mol-1) 

ΔG 

(kJ.mol−1) 

293K           313K          333K 

Amberlyst-15 

(H+) 

 

57.64 

 

221.37 

 

7.221         -11.649      -16.076 

Amberlyst-15 

(Li+) 

 

11.33 

 

29.23 

 

2.768          2.183           1.598 

Amberlyst-15 

(Na+) 

 

10.74 

 

33.52 

 

0.919          0.249          -0.421 

Amberlyst-15 

(Ca2+) 

 

15.12 

 

35.88 

 

4.610          3.892           3.175 

Amberlyst-5 

(Al3+) 

 

21.67 

 

60.11 

 

4.061          2.859           1.657 

 

Resins 

Temp 

(K) 

Xm 

 (mmol/g) 

Kb  

(L/g) 
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15(H+) 
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19.39 

88.37 

332.43 
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15(Li+) 

293 

313 

333 

 1.27 

 1.35 

 1.47 

0.328 

0.413 

0.575 
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15(Na+) 
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1.13 
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0.864 

1.196 

 

Amberlyst- 

15(Ca2+) 

293 
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0.871 

0.925 
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0.152 

0.220 

0.321 

 

Amberlyst- 

15(Al3+) 

293 

313 

333 

0.496 

0.675 

0.817 

0.175 

0.392 

0.504 
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Fig. 4.87 

Relationship between Enthalpy and Hydration Enthalpy of counter ions on Amberyst-15 
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Fig. 4.88 

Enthalpy-Entropy relationships between different forms of Amberlyst-15(H+, Li+, Na+, 

Ca2+, Al3+)  
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4.4. Cr(III) sorption in a Mixed System of Ca(II), Al(III) and Cr(III) ions. 

4.4.1. Effect of Time and Temperature: 

The kinetics curves for the sorption of different metal ions Cr(III), Ca(II) and 

Al(III) on Amberlyst-15(H+) from a mixed equimolar solution at different temperatures 

are given in Figures. 4.89-4.91. The period to attain the equilibrium is estimated as 20, 15 

and 10 minutes for Cr(III) at 293, 313 and 333K respectively, while the equilibrium time 

is 20 and 7 minutes for Ca(II) and Al(III) ions respectively in the entire range of 

temperatures. Thus, the figures reveal that the temperature has a positive effect on 

equilibrium time of Cr(III) sorption from the mixed system on Amberlyst-15(H+) while 

for Ca(II) and Al(III) ions, the equilibrium times remain independent of temperature.  

The apparent exchange capacities for these metal ions in a mixed system obtained 

are 0.410, 0.511 and 0.611 mmol/g for Cr(III), 0.640, 0.640 and 0.621 mmol/g for Ca(II), 

0.249, 0.389 and 0.460 mmol/g for Al(III) at 293K, 313K and 333K respectively. The per 

cent removal for each metal ions is observed as 63.88, 79.82 and 95.36% for Cr(III), 

38.79, 60.63 and 71.83% for Al(III) and 99.84, 99.84 and 96.88% for Ca(II) at 293, 313 

and 333K respectively. Further, with an increase of temperature from 293 to 333K, the % 

exchange capacities for Cr(III) and Al(III) ions are observed to increase by 33.04 and 

31.48% respectively, while the exchange capacity for the Ca(II) ions is reduced by 2.96% 

in the mixed system. This indicates that the temperature significantly increases the 

exchange capacities for the trivalent cations Cr(III) and Al(III) ions while for Ca(II) ions, 

the exchange capacity reduced to  a  smaller  extent of 3% at higher temperature (333K). 

This shows that the competitive effects are almost negligible in the mixed system of 

equimolar concentration of the ions under consideration. 
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In the present study, the total exchange capacities of Cr(III), Ca(II) and Al(III) on 

Amberlyst-15(H+) at different temperatures in a mixed metal system is calculated as 1.30 

mmol/g (293K), 1.54 mmol/g (313K) and 1.70 mmol/g (333K). These values are greater 

than the exchange capacities for Cr(III) alone at different temperatures using the 

Langmuir plots (See Table. 4.7). This shows that total exchange capacity of the resin 

Amberlyst-15(H+) is higher in mixed metal system and increases further with the increase 

in temperature. This may be due to the increased concentration of all the exchanging 

cations in the aqueous solution. Similar increase in total exchange capacity of the 

activated carbon was also noticed by Depci et al while studying the sorption of Pb(II) and 

Zn(II) from single and mixed systems (Depci., 2012). Zhang has also reported an increase 

in the total exchange capacity of Dairy manure compost (DMC) from a mixed solution of 

Pb, Cu and Zn ions (Zhang., 2008).  

The kinetic curves in figures 4.89-4.91 clearly demonstrate that the selectivity of 

Amberlyst-15(H+) towards these metal ions follows the order: Ca(II) > Cr(III) > Al(III) at 

293 and 313K. However, at higher temperature (333K), the order is changed into Cr(III) 

> Ca(II) > Al(III). The selectivity behavior of the cations has been reported to be 

dependent on physiochemical properties like ionic or hydrated radii, hydration energy, 

electronegativity, electronic charge and ionic potential (Mahmood et al., 2011; Lim et al., 

2008; Kang et al., 2004). Although usually the trivalent cations are preferred over the 

divalent cations (Mahmood et al., 2011; Kang et al., 2004) but in the present study the 

resin is more selective towards Ca(II) ions as compared to Cr(III) and Al(III) ions. It may 

be due to greater hydration energy of Cr(III) and Al(III) ions than Ca(II) ions i.e. -377.9, -

1105 and -1122 kcal/mole for Ca(II), Cr(III) and Al(III) ions respectively 
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(Kritayakornupong et al., 2004; Barros et al., 2003; Veillard., 1977; Fiat and Connick., 

1968). Teppen and Miller reported the Eisenman model for selectivity of cations on the 

basis of hydration of ions i.e more weakly hydrated ions are easier to dehydrate and 

therefore more likely to be specifically sorbed on the surface (Teppen and Miller., 2005). 

Thus the divalent Ca(II) ions would be preferred over the trivalent Cr(III) and Al(III) ions 

which would prefer to remain in the solution phase due to their greater hydration 

energies. Zhang et al has also reported the higher selectivity of Ca(II) ions as compared to 

Zn2+ and Cd2+ ions due to its lower energy of hydration onto the cation exchangers, ZrP-

001 and D-001 (Zhang et al., 2008).  

It should also be noted that Cr(III) ions are less selective as compared to Ca(II) at 

lower temperatures (< 333K), however, at higher temperature (333K), the selectivity of 

Cr(III) ions is drastically increased. The Ca(II) ions being easily dehydrated even at lower 

temperature could easily penetrate the resin as compared to Cr(III). Barros et al  has also 

suggested the enhanced selectivity of Ca(II) than Cr(III) ions during the competitive 

exchange of four cations, Na(I), K(I), Ca(II) and Cr(III) by NaX Zeolite (Barros et al., 

2003). Barros et al has also reported that lower selectivity of Cr(III) ions as compared to 

Ca(II) at lower temperature (< 333K), is due to the insufficient input of energy to 

promote dehydration due to its greater hydration energy than Ca(II). However, an 

increase in temperature results in supply of sufficient amount of energy for Cr(III) ions to 

undergo dehydration for its effective exchange (Barros et al., 2003).  

4.4.2. Cr(III) sorption kinetics in a Single and Mixed System: 

The comparative kinetic curves for Cr(III) sorption in a single and a mixed metal 

system are given in Figure. 4.92, which show that the kinetics slows down in a mixed 
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system in the presence of Ca(II) and Al(III) ions. The time for the maximum uptake is 15 

and 5 minutes in a single metal system which is increased to 20 and 10 minutes in the 

mixed metal system at 293 and 333K respectively. Further, the results show that the 

exchange capacity of Cr(III) on Amberlyst-15(H+) in a mixed metal system is less than 

that in a single metal system. The respective exchange capacities for Cr(III) are 0.621 and 

0.634 mmol/g in a single metal system and 0.410 and 0.611 mmol/g in a mixed metal 

system at 293 and 333K. Thus, the competitive effects of Ca(II) and Al(III) ions on 

removal efficiency of Cr(III) is more visible at low temperature (293K). However, by 

increasing the temperature to 333K, the interference of Ca(II) and Al(III) ions with the 

sorption of Cr(III) on Amberlyst-15(H+) is observed to reduce. The percentage sorption 

of Cr(III) in the mixed system is increased from 63.88 to 95.36% with the increasing 

temperature from 293 to 333K. The competitive effects of Ca2+ ions on the removal of 

heavy metal ions; Pb2+, Zn2+ and Cd2+ was also discussed by Pan et al using the sulphonic 

aicd exchanger D-001. Their results proved that removal efficiency of Pb2+, Zn2+ and 

Cd2+ is decreased to a very low level when the concentration of Ca2+ ions is increased in 

the solution (Pan et al., 2007). Zhang et al has also reported the competitive effects of 

Ca2+ ions on the sorption of heavy metals Pb2+, Zn2+ and Cd2+ onto hybrid cation 

exchanger ZrP-001. They concluded that in the presence of Ca2+ ions, the removal of 

Zn2+ and Cd2+ ions highly suppressed as compared to Pb2+ ions (Zhang et al., 2008). 

Rivas and Castro employed the carboxylic and sulphonic acid exchangers for Cu(II), 

Hg(II), Cd(II), Zn(II), and Cr(III) ions under the competitive environment. They observed 

that no competitive effect at pH=3 was observed between the single and mixed system for 

Cu(II), Hg(II), Cd(II), Zn(II), and Cr(III) ions (Rivas and Castro., 2003).  
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4.4.3. pH Changes in a Single and Mixed System: 

The pH of the suspension is observed to decrease with the uptake of the metal 

cations (Fig.4.93), indicating the ion exchange mechanisms according to reaction 

(Helfferich., 1995):  

                          +

3    
R-SO -H + M(OH)  2RCr (OH) + H

n n

nn n
                             (4.21) 

where M represents the Ca(II), Al(III) and Cr(III) metal cations. The figure also 

shows the comparative decrease in pH for single and mixed metal systems indicating the 

mechanism of metal/H+ exchange is the same in both the systems. It could also be noted 

that the decrease in pH is greater in single system as compared to mixed system. This is 

probably due to the difference of initial pH for single and mixed metal systems; 2.893, 

1.708 for single system, 3.149 and 2.075 for mixed system at 293 and 333K respectively. 

The low pH values in case of single metal system would lead to a greater co-sorption of 

H+ ions, thus giving rise to higher changes in pH as compared to the mixed metal system. 

Similar pH changes have also been recorded in literature (Ozmetin et al., 2009; Kang et 

al., 2004).  
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Figure (4.89) 

Kinetic curves of sorption of metal cations on Amberlyst-15(H+) at 293K. 
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Figure (4.90) 

Kinetic curves of sorption of metal cations on Amberlyst-15(H+) at 313K. 
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Figure (4.91) 

Kinetic curves of sorption of metal cations on Amberlyst-15(H+) at 333K.  
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Figure (4.92) 

Kinetic of Cr(III) sorption in a single and mixed metal system at different temperatures.  
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Figure (4.93) 

pH Changes in a single and mixed metal system at different temperatures.  
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4.4.4. Particle Diffusion and Arrhenius Plots: 

The particle diffusion plots for the sorption of Ca(II), Al(III) and Cr(III) ions on 

Amberlyst-15(H+) are given in Figs. 4.94-4.96. The values of the rate constant (B), 

computed from the slopes of the particle diffusion plots are given in Table 4.37, which 

show that the increase of temperature leads to an increase of rate constants for all the 

metal ions in the mixed system. The activation energies for the particle diffusion process 

(Ea) are determined from the slopes of Arrhenius plots in Fig. 4.97 and are presented in 

Table 4.37.  

4.4.4. 1. Rate constants (B):  

The particle diffusion rate constants (B) obtained for the metal ions are observed 

to follow the trend: Al3+ > Cr3+ > Ca2+. This order can be co-related with the electrostatic 

interaction of metal ions with the active sites of the resin depending upon their charge 

densities. Depending upon the charge, the rate of diffusion of trivalent Cr3+ and Al3+ 

would be higher as compared to divalent Ca2+ ion. However, for Cr3+ and Al3+ ions 

having similar charge, dehydration tendency is the decisive factor to determine the 

difference of rate constants between them. The greater magnitude of the rate constant 

values for Al3+ ions diffusion may be due to its labile nature replacing its ligand water 

more rapidly than Cr3+ ions in the aqueous phase (Pereira et al., 2012).  

4.4.2. 2. Energy of activation:  

The activation energies values (Ea) are observed to fall into the series of 

following order Cr3+ > Ca2+ > Al3+. The higher activation energy for Cr3+ diffusion than 

Ca2+ is an indicator of high diffusion barrier for its exchange into the resin. It has been 

stated in the literature that the activation energy depends on ease of dehydration of ion; 
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less hydrated ion like Ca2+ requires less energy for its dehydration so as to diffuse 

effectively inside the ion exchanger (Patel and Chudasama., 2010a).  

The kinetic energy for Cr3+ ions diffusion is much higher than that for Al3+. It is 

well known that the both ions are similar in physical characteristics, like ionic radii, 

hydration enthalpies, and acid dissociation constants of the co-ordinated water. However, 

they differ kinetically in their tendency to lose water from their primary hydration shell. 

The shedding of water from primary hydration shell of Al3+ is six times greater than Cr3+ 

even at low temperature. Further the Cr3+ ions though inert at low temperature, but at the 

higher temperature, the exchange of water molecules is accelerated which results in more 

and more dehydration of the Cr3+ ions (Pereira et al., 2012; Ohtaki., 1993). Thus, the 

lower diffusion barrier is expected for the Al3+ ions as compared to Cr3+ and 

consequently, the activation energy of the Cr3+ exchange is much higher as compared to 

sorption of Al3+. The Ea values obtained for these metal ions in this study are close to the 

values reported in the literature (Li et al., 2012b; Xiong et al., 2008:2010; Abd El Latif., 

2005; Varshney et al., 2003). Further, the activation energy values (Ea) are much below 

than the value of 42kJ/mol, corresponding to diffusion controlled exchange mechanism 

(Sheckal and Sparks., 2001).  

4.4.5. Eyring plots and activation parameters:  

Eyring equation was applied to the data and the plots are shown in Fig. 4.98. As 

can be seen that the equation is applicable to the data with higher regression co-efficient 

(R2). This indicates that the activated complex formation takes place between the ingoing 

ions and the ionogenic group of the exchangers. The values of ∆H≠, ∆S≠ and ∆G≠ 

calculated from the slopes of Eyring plots and are given in Table 4.38. The positive ∆H≠ 
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values points towards the fact that considerable energy is required for entering the ions 

into the pores of the exchanger. The ∆H≠ values follow the order: Cr3+ > Ca2+ > Al3+ 

which is similar to the order observed for activation energies. The values of the entropy 

of activation (∆S≠) are negative and follow the order: Ca2+ > Al3+ > Cr3+. The negative 

values of entropy of activation indicate that the activated complex has a more ordered 

structure and that there is no change in the structure of the ion exchanger itself. The 

higher activation parameters for Cr3+ exchange indicate the greater hydration changes 

involved. The hydration of Cr3+ ions is sensitive towards the temperature effects and thus 

increasing temperature upto 333K favors the dehydration of Cr3+ ions for its effective 

exchange in the pores. The large positive ∆G≠ values at all the temperatures indicate that 

energy from an external source is necessary for the formation of the activated complex. 

Similar positive values of ∆H≠, ∆G≠ and negative values of ∆S≠ are also reported for the 

sorption of Cr(III) ions using the cation exchanger (SDGPMA–SP–COOH) (Anirudhan 

and Radhakrishnan., 2007). The ∆H≠ and ∆S≠ values obtained in our system are very 

close to the values reported in literature (Aleem et al., 2012; El-Shorbagy and El-Sadek., 

2012; Mahmood et al., 2011; Thoma et al., 2008; Shah et al., 2008; El-Naggar et al., 

2007a;2007b). 

A comparison of kinetics parameters for Cr(III) sorption in a single and mixed 

metal system are given in Tables. 4.39-4.40. It can be seen from the table 4.39 that the 

rate constants in single metal system are two times higher than the rate constants in the 

mixed system. This may be due to the competition of co-existing Ca(II) and Al(III) ions 

retarding the effective diffusion of Cr(III) in the system. However, the activation energies 

in both the systems are approximately equivalent to each other indicating that the energy 
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barrier for Cr(III) sorption in both the systems is almost similar. The conclusions of the 

similar mechanism of exchange from a single and mixed system can also be drawn from 

the thermodynamic activation parameters given in tables 4.39 and 4.40. As indicated 

earlier, similar sorption of Cr(III) was observed by Rivas and Castro from a single and 

mixed system with Cu(II), Hg(II), Cd(II) ans Zn(II) at pH=3 by both the carboxylic and 

sulphonic acid exchangers (Rivas and Castro., 2003).  
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Figure (4.94) 

Particle diffusion plots for Ca(II) sorption on Amberlyst-15(H+) in the mixed system. 
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Figure (4.95) 

Particle diffusion plots for Al(III)  sorption on Amberlyst-15(H+) in the mixed system. 
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Figure (4.96) 

 

Particle diffusion plots for Cr(III) sorption on Amberlyst-15(H+) in the mixed system. 
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Figure (4.97) 

Arrhenius plots for Ca(II), Al(III) and Cr(III)  sorption on Amberlyst-15(H+). 
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Figure (4.98) 

Erying plots for Ca(II), Al(III) and Cr(III)  sorption on Amberlyst-15(H+). 
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Table 4.37 

Kinetics parameters for the adsorption of Ca(II), Al(III) and Cr(III)  by Amberlyst-15(H+) 

at different temperatures. 

 

 

Metal ions 

Temperature 

(K) 

Rate constant (B) 

(min-1) 

Activation Energy 

Ea (kJ.mol−1) 

 

Ca(II) 

 

 

Al(III) 

 

 

 

Cr(III) 

293 

313 

333 

 

293 

313 

333 

 

293 

313 

333 

0.133 

0.182 

0.200 

 

0.534 

0.617 

0.754 

 

0.151 

0.254 

0.341 

 

 

8.42 

 

 

 

6.96 

 

 

 

16.61 

 

Table 4.38 

Activation parameters for the kinetic data of Ca(II), Al(III) and Cr(III)  sorption by 

Amberlyst-15(H+)  at different temperatures. 

 

 

Metal ions 

∆H#  

(kJ. mol−1) 

∆S#  

(J.K−1. mol−1) 

∆G#  

(kJ.mol−1) 

293K 313K 333K 

 

Ca(II) 

 

 

Al(III) 

 

 

Cr(III) 

 

5.82 

 

 

4.37 

 

14.01 

 

-222.29 

 

 

-216.02 

 

 

-193.28 

 

70.96 

 

 

67.66 

 

 

70.64 

 

 

75.40 

 

 

71. 98 

 

 

74.51 

 

79.85 

 

 

76.30 

 

 

78.38 
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Table 4.39 

Activation parameters for Cr(III) sorption in a Single  and Mixed metal  system. 

 
Table 4.40 

Thermodynamic parameters for Cr(III) sorption in a Single  and Mixed metal  system. 

 

 

 

 

 

 

 

 

  

 

Metal Systems 

 

Rate Constant (B) 

min-1 

 

Activation Energy (Ea) 

kJ.mol-1 T=293K T=313K T=333K 

 

Single  Metal  

System  

 

0.339 

 

0.548 

 

0.732 

 

15.69 

 

Mixed  Metal  

System  

 

0.151 

 

0.254 

 

0.341 

 

16.19 

 

 

Metal Systems 

 

∆H# 

(kJ. mol−1) 

∆S# 

(J.K−1. mol−1) 

∆G#  

(kJ. mol−1) 

T=293K T=313K T=333K 

 

Single  Metal  

System  

 

13.08 

 

-208.93 

 

 

74.30 

 

78.48 

 

82.65 

 

Mixed  Metal  

System  

 

14.01 

 

-193.28 

 

 

70.643 

 

 

74.51 

 

78.38 
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CONCLUSIONS 

       From the above discussion, the following conclusions can be drawn 

1. The organic ion exchangers used in the present investigation Amberlite.IRC-50, 

Amberlite.IR-120 and Amberlyst-15 have an enormous potential for the selective 

removal of Cr(III) from aqueous solutions. Their ability to remove Cr(III) ions is 

highly dependent upon the factors like mobility of ions, morphology, porosity and 

functionality of the resin matrix. The equilibrium sorption of Cr(III) is observed 

to increase with increasing initial metal ion concentration and temperature for all 

the exchangers studied here. The results demonstrate that the exchange capacities 

of the resins followed the order Amberlyst-15 > Amberlite.IR-120 > 

Amberlite.IRC-50. Thus, Amberlyst-15(H+) is found to have the highest capacity 

of 1.20 (mmol/g) at 298K, which further increases to 1.31 (mmol/g) at 333K. 

2. The increase in equilibrium pH after Cr(III) sorption on Na+ forms of the resins; 

Amberlite.IR-120, Amberlite.IRC-50 and Amberlyst-15 shows the co-sorption of 

H+, accompanying Cr(OH)2+ ions and is found to be greater at lower 

concentrations and higher temperatures. Further, weak acid exchanger 

Amberlite.IRC-50 is more sensitive for H+ ions co-sorption as compared to the 

strong acid exchangers. The Langmuir equation is found applicable to the H+ co-

sorption data by the Na+ form of the resin Amberlite.IRC-50. The maximum 

sorption capacity of H+ ions and binding energy constants values are observed to 

increase with the increase in temperature showing an endothermic nature of the 

H+ co-sorption.  
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3. The Langmuir equation is applicable to Cr(III) sorption data by all the resins. 

Langmuir parameters, maximum exchange capacities and binding energy 

constants are observed to increase with increase in temperature indicating that the 

Cr(III) sorption is favorable at higher temperatures. The sorption capacities of 

these cation exchangers for Cr(III) sorption are found to follow the order: 

Amberlyst-15(Na+) ≈ Amberlyst-15(H+) > Amberlite.IR-120(Na+) > 

Amberlite.IRC-50(Na+) showing that macroporous strong acid exchanger, 

Amberlyst-15 has the highest sorption capacity due to its porous structure, having 

the largest contact area.   

4. The binding energy constant values followed the order Amberlite.IRC-50(Na+) > 

Amberlyst-15(H+) > Amberlite.IR-120(Na+) > Amberlyst-15(Na+) indicating the 

requirement of less energy for Cr(III) sorption on macroporous strong acid 

exchanger due to its porous structure with large surface area. The binding energy 

constant values are greatest for weak acid exchanger Amberlite.IRC-50 due to the 

strong interaction of Cr(III) with carboxylic groups COO- as compared to 

sulphonic groups SO3
- in strong acid exchangers Amberlyst-15 and Amberlite.IR-

120.  

5. Thermodynamic parameters are evaluated for Cr(III) sorption. The values of both 

ΔH and ΔS for all the exchangers are found to be positive suggesting that the 

sorption process is endothermic in nature and is accompanied by the dehydration 

of the Cr(III) ions. The values of ∆G are observed to decrease with the increase in 

temperature indicating the sorption of Cr(III) is favored at higher temperatures. 
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6. The trend for both the H and S values for the exchangers is in the order 

Amberlite.IRC-50(Na+) > Amberlyst-15(H+) > Amberlite.IR-120(Na+) > 

Amberlyst-15(Na+). Similar to the binding energy constants, ΔH and ΔS values 

are higher for weak acid exchanger Amberlite.IRC-50(Na+) due to the stronger 

interaction of the ions with carboxylic groups resulting from the extensive 

dehydration of the Cr(III) ions. The presence of abundant water molecule in rigid 

porous structure of the Amberlyst-15(Na+) results in smaller changes in degree of 

hydration of exchanging ions leading to lower S value while the higher S value 

in case of Amberlite.IR-120(Na+) is due to the shrinking capability of its gel 

structure imposing, a great disorder during the transformation of resin from the 

univalent to the trivalent form. Further, Enthalpy and entropy changes in all the 

cases are linearly related to each other for all the exchangers showing that the 

process is the entropy driven ion exchange. 

7. Both the film and particle diffusion models are found applicable to the kinetic 

data. However, the positive interruption test for all the exchangers showed the 

predominance of the particle diffusion sorption mechanism. The values of the 

particle diffusion rate constants are in the order Amberlyst-15(H+) > 

Amberlite.IR-120(Na+) > Amberlyst-15(Na+) > Amberlite.IRC-50(Na+) which is 

similar to the kinetic curves of Cr(III) sorption. Morris-Weber law of intra-

particle diffusion describes well the macropores and micropores diffusions in the 

macroporous Amberlyst-15. The macropore diffusion rates are much higher than 

micropore diffusion rates for both the H+ and Na+ forms of the Amberlyst-15.  
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8. The order for activation energy values is observed as Amberlyst-15(Na+) > 

Amberlite.IR-120(Na+) > Amberlite.IRC-50(Na+) > Amberlyst-15(H+). The weak 

acid exchanger has lower activation energy than Amberlite.IR-120(Na+) and 

Amberlyst-15(Na+) due to the increased dissociation of corboxylic group resulting 

from the increased co-sorption of H+ ions at higher temperatures. Similarly, the 

lower activation energy for Amberlite.IR-120(Na+) is the result of faster diffusion 

due to the availability of mobile Na+ ions externally at the surface of the gel as 

compared to immobile Na+ ions inside the rigid macroporous structure of the 

Amberlyst-15(Na+). The activation energy values obtained in the present studies 

are also less than the limit of 42kJ/mol, confirming the diffusional nature of the 

process.  

9. FTIR analysis showed smaller changes in characteristic absorption peaks showing 

the weak interaction of Cr(III) with carboxylic and sulphonic functional sites in 

the exchangers. The characteristic peak at 1392cm-1 is shifted by 8cm-1 for 

carboxylic group of the Amberlite.IRC-50 and the characteristic peaks of 

sulphonic acid group at 1010 and 1041cm-1 are shifted by 6cm-1 and 4cm-1 in 

Aberlite.IR-120 and Amberlst.15. Such small changes point towards the 

electrostatic interaction of Cr(III) with the ionogenic groups of the exchangers. 

The same conclusion can be drawn from the high resolution XPS spectra of 

Cr(III) sorbed ion exchangers.  

10. The co-ions are observed to have a pronounced effect on the sorption behavior of 

Cr(III) on Amberlyst-15(H+). The kinetics of Cr(III) sorption is faster from its 

chloride solutions than its sulphate solutions. However the maximum sorption 
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capacity for Cr3+/SO4
2- system is higher than Cr3+/Cl- system. Using the pH, 

speciation, Karbatov plots and thermodynamic parameters, it is concluded that the 

exchanger prefers the Cr3+ in case of Cr3+/Cl- system, while CrSO4
+ in Cr3+/SO4

2- 

system.  

11. The kinetics of Cr(III) sorption by different forms of Amberlyst-15 followed the 

order: H+ > Li+ > Na+ > Ca2+ > Al3+ which shows that rate of exchange is the 

highest when monovalent ions from inside the resin are exchanged with the 

Cr(III) ions from the aqueous solution and lowest when trivalent ions are 

exchanged. Except for H+, the rest of the order depends upon the respective 

electronegativities of Li+, Na+, Ca2+ and Al3+ counter-ions. The experimental 

stoichiometeric ratios of exchange are 3, 2 and 1 for H+/Cr3+, Ca2+/Cr3+ and 

Al3+/Cr3+ exchange systems which are almost equal to the theoretical values of 

3H+/Cr3+, 2Ca2+/Cr(OH)2+ and Al(OH) 2+/Cr(OH)2+ exchange processes. The same 

conclusion can be drawn from the pH changes accompanying the sorption 

process. The positive ΔH≠ and negative ΔS≠ values show that Cr(III) is exchanged 

on Amberlyst-15 (H+, Li+, Na+, Ca2+, Al3+ forms) in almost the unhydrated form. 

This is also confirmed by the fact that the energies of activation are a linear 

function of ionic radii in case of Cr(III) sorption on univalent forms of the 

exchanger. The perfect linear relationship between ΔH≠ and T.ΔS≠ also points 

towards the entropy driven mechanism of the ion exchange.  

12. The counter-ions initially present inside the resin also have a significant effect on 

the thermodynamic parameters of exchange. The exchange capacities for Cr(III) 

exchange follows the order monovalent > divalent > trivalent which are related to 
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the electrostatic interaction of the ions with the functional group of the exchanger. 

The linear relationship between the ΔH and T.ΔS confirms that the disorder forced 

in the ion exchange system is a function of the charge densities of counter-ions. A 

linear plot of ∆H verses the hydration enthalpies of the counter-ions confirms that 

the mechanism of exchange depends mostly upon the hydration/dehydration of 

the exchanging ions.  

13. In a mixed equimolar metal system of Ca(II), Cr(III) and Al(III) ions, selectivity 

of Amberlyst-15(H+) followed the trend: Ca(II) > Cr(III) > Al(III) at lower 

temperatures (293 and 313K) which changes at higher temperature (333K) to 

Cr(III) > Ca(II) > Al(III). The temperature has a positive effect on exchange 

capacities of both Cr(III) and Al(III) ions except Ca(II) ions where exchange 

capacity is observed to decrease at higher temperatures. The selectivity behavior 

of the cations can be co-related with the hydration energies of metal ions which 

influence the magnitude of metal ions sorption onto the resin.  

14. The particle diffusion rate constants for each metal ion in a mixed metal system 

are observed to increase with increase in temperature. The particle diffusion rate 

constants obtained for the metal ions are observed to follow the trend: Al3+ > Cr3+ 

> Ca2+. The rate constants for trivalent Cr(III) and Al(III) ions are higher due to 

stronger electrostatic interaction with the active sites of the resin than divalent 

Ca(II) ions. The greater magnitude of rate constants for Al(III) ions than Cr(III) 

ions is connected with its labile nature to replace ligand water more rapidly as 

compared to Cr(III) ions. Similar trend is observed for the activation energies of 

sorption in the mixed metal system.                 
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