
569 

Middle East Journal of Applied Sciences 4(3): 569-578, 2014 

ISSN 2077-4613 

 

Corresponding Author: A.A.Swelam, Department of chemistry, Faculty of Science, Al-Azhar University, Cairo, Egypt  

  E-mail: abdelsamihswelam@yahoo.com 

Recovery of Calcium and Magnesium from Aqueous-Alcoholic Solutions by Cation 

Exchange Resin 
 

A. A. Swelam, A.M.A. Salemand M.B.Awad 
 

Department of chemistry, Faculty of Science, Al-Azhar University, Cairo, Egypt  

 

ABSTRACT 

  

 Recovery of calcium and magnesium from aqueous-alcoholic (methanol, ethanol, isopropanol, diethylene 

glycol and glycerol) solutions was conducted by cation exchange resin,namely, Resinex
TM

K-8H.The uptake of 

calcium and magnesium were used in examining the roles of crowding effect and steric hindrance in the 

adsorption of these metal ions in single and binary systems on the resin. Equilibrium adsorption tests of various 

concentrations of metal-alcohol complexes were measured and analyzed by fitting the experimental adsorption 

data to three empirical isotherm models: Langmuir, Freundlich and Temkin. Pseudofirst-order, pseudo-second-

order and intraparticle diffusion models also areused to fit theexperimental kinetic data. Kinetic parameters, rate 

constants, equilibrium sorption capacities and related correlationcoefficients were calculated and discussed. The 

kinetic studies showed that thepseudo-second-order rate equation was better described by the sorption 

process.Various thermodynamic parameters such as Gibbs free energy (∆G◦), enthalpy (∆H◦) and entropy (∆S◦) 

were also calculated. The sorption processes was endothermic in nature. Depending on types of the electrolytes 

solutions, the removal processes of these metal ions was spontaneous or non-spontaneous in nature.  

 

Key wards: Adsorption, Removal, Kinetics, Thermodynamic, Steric hindrance, Alcohols  

 

Introduction 

 

 Most of the water resources should be treated for purification before consumption. In some countries, 

groundwater is the main safe drinking water resource (Bruggen and Vandecasteele, 2003). In some cases, the 

resource does not satisfy to the desirable levels regarding their chemical properties, such as hardness, nitrate 

contamination, heavy metals, soluble iron, etc. (Teixeir and Rosa, 2006). Among them, water hardness can 

appear problematic in some cases; it can also be considered as an important aesthetic parameter. However, 

because public acceptance of hardness differs remarkably according to local conditions, a maximum acceptable 

level has not been defined. In general, water supplies with total hardness higher than 200 mg/L can be tolerated 

by consumers but are considered as poor resources; while values higher than 500 mg/L are not acceptable for 

most of the domestic consumptions. Hardness in water refers to existing divalent ions, such as iron, manganese, 

calcium and magnesium. Among them, calcium and magnesium are known as the dominant species for water 

hardening (Yan et al., 2008). Although it has been shown that water hardness does not has serious health 

impact, it has been demonstrated that hard water is responsible for the formation of deposits in boiler and 

household facilities, as well as diverse influence on cleaning performances of detergents (Suzuki et al., 2002). 

Formation of precipitates may cause a decrease of heat transfer in boiler, a decrease of fluid rate, bursting of 

water pipeline, the formation of stain in dishes and clothes. Furthermore, high concentrations of magnesium in 

drinking water may induce a bitter taste (Dimirkouet al., 2008). 

 The lowering of the dielectric constant at the interfacial region and interionic attraction due to the presence 

of alcohol molecules resulted in the enhancement of the adsorption of the metal cation from aqueous–organic 

mixed solvents compared to aqueous solvent alone. The sorption of Cu
2+

 in the presence of different solvents 

followed the trend: aqueous–ethanol > aqueous–methanol > aqueous media, which is parallel to the increasing 

order of their dielectricconstants(Mustafa et al., 2008), also, catalytic effect of polar organic solvents enhances 

the desorption rate. This effect is attributed to an increase in the activity of the cyanide ion and a decrease in the 

activity of aurocyanide ion in polar solvents as compared with the situation of water. The capacity of gold 

recovery for these solvents was in the order: acetone> acetonitrile> ethanol> ethanol> isopropanol (Soleimani 

and Kaghazchi. 2008).Severalion-exchange methods for removal of magnesiumand calcium have been 

discussed in the literatures (Yuet al., 2009, Ozeret al.,2013, Coca et al.,2010, Philiswet al., (2013). Some of 

them are based on applyingcomplexing agents for enhancing the removal processes(An et al.,2011). 

    Therefore, in this work the possibility of using commercially available cation exchange resins for removal of 

metal ions in methanol, ethanol, iso-propanol, diethylene glycol, glycerol, acetate and citrate on Resinex
TM

K-

8H, was investigated. The reason for choosing commercially available resins is that they are the most commonly 

utilized cation exchangers for the removal of calcium and magnesium ions from aqueous-organic solutions and 

contain functional groups for metal ion binding and hence effective removal from organic phase matrices. In 

addition, procedures involving adsorption of Ca(II) and Mg(II) in aqueous-short chain alcohols (C1–C4) using 
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commercial cation exchange have not been reported in the literature. The influence of experimental parameters 

on the retention of metal ions by the resins was studied and the optimized procedure was applied to the 

determination of metal ions in commercial alcohol samples. 

 

Experimental: 

 

(A)- Materials: 

 

  All the materials and chemicals (Aldrich, USA) were used as received with analytical grade. Stock solution 

of calcium and magnesium was prepared by dissolving its chloride (AR Grade) in double distilled water. The 

stock solution was diluted with distilled water to obtain the desired concentrations. 

 

(B)- Batch experiments: 

 

 The adsorption experiments were performed according to the batch method. The experiments were carried 

out at 293, 308 and 323 K from aqueous-organic solutions without control of pH, following the previous 

works(Sepehret al., 2013,(Yan et al.,2008)). To five aqueous-alcoholic solutions of methanol, ethanol, 

isopropanol (IP), diethylene glycol (DEG) and glycerol varying in concentrations from 0.025 to 0.1 M on the 

ion exchange behavior of calcium and magnesium was studied at 20
0
C, 0.5 g of the resin, was added. The 

mixture was shaken approximately for about 6 h, which time was found to be enough to reach adsorption 

equilibrium value. In the end of this process, the solids were allowed to deposit and the metal ions in the 

equilibrium concentration were analyzed through EDTA titration (Aw,2005). 

 The adsorption capacity in mmol/g of the adsorbent (qe) and the metal ion adsorption percentage (Ad%)  

were obtained by Eqs. (1) and (2), 

qe = 
 𝐶𝑜−𝐶𝑒 𝑉/1000

𝑊
              (1) 

Ads% = 
 𝐶𝑜−𝐶𝑒 𝑥100

𝐶𝑜
             (2) 

 where C0 and Ce are the initial and final metal ion concentrations (mmol/l), respectively, V is aqueous phase 

volume (ml) and W is the weight of adsorbent used (g). The data of isotherms were obtained after an 

equilibrium time of 24 h. After the equilibrium time, the concentrations were determined. 

 

Theory of adsorption: 

 

      The adsorption equilibrium is usually described by an isotherm equation whose parameters express the 

surface properties and affinity of the adsorbent. To determine the performance of the adsorbent it is important to 

get an accurate equilibrium relationship between the solid- and liquid-phase concentrations. In the present study, 

it is essentially required to test the equilibrium data obtained for Ca(II) or Mg(II) removal using Resinex
TM

K-8H 

resin with different isotherm models. 

 Langmuir model has been widely applied to many metal ions sorption process. The basic assumption of the 

Langmuir theory is that uptake of metal ions occurs on a homogenous surface by monolayer adsorption without 

any interaction between adsorbed ions that is all the adsorption sites have equal adsorbate affinity and that the 

adsorption at one site does not affect the adsorption at an adjacent site (Altinet al.,1998). The model takes the 

following linear form: 
𝐶𝑒

𝑞𝑒
 = 

1

bQo
+ 

𝐶𝑒

Qo
              (3) 

 WhereQo is the quantity of adsorbate required to form a single monolayer on unit mass of adsorbent 

(mmol/g) and qe is the amount adsorbed on unit mass of the adsorbent (mmol/g) when the equilibrium 

concentration is Ce (mmol/l) and b (L/mg) is Langmuir constant that is related to the apparent energy of 

adsorption. Eq.(3) shows that a plot of (Ce/qe) versus Ce should yield a straight line if the Langmuir equation is 

obeyed by the adsorption equilibrium.The slope and the intercept of this line then yield the values of 

constantsQo and b respectively. A further analysis of the Langmuir equation can be made on the basis of a 

dimensionless equilibrium parameter, RL, also known as the separation factor, given by Eq. (4): 

RL=  
1

1 +𝑏𝐶𝑜
              (4) 

 The value of RL lies between 0 and 1 for a favorable adsorption, while RL> 1 represents an unfavorable 

adsorption, and RL = 1 represents the linear adsorption, while the adsorption operation is irreversible if RL =0. 

 The Freundlich isotherm theory says that the ratio of the amount of solute adsorbed onto a given mass of 

sorbent to the concentration of the solute in the solution is not constant at different concentrations. The heat of 

adsorption decreases in magnitude with increasing the extent of adsorption (Agrawal et al., 2004). The linear 

Freundlich isotherm is commonly expressed as follows: 

lnqe= lnkf+ (1/n) lnCe             (5)  
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 whereKf and n are the Freundlich constants characteristics of the system, indicating the relative adsorption 

capacity of the adsorbent related to the bonding energy and the adsorption intensity, respectively. A plot of lnqe 

versus lnCe yielding a straight line indicates the confirmation of the Freundlich isotherm for adsorption. The 

constants which are Kf, and 1/n can be determined from the slope and the intercept respectively. 

 Temkin isotherm model (Baker, 2009)assumes that the heat of adsorption of all the molecules in the layer 

decreases linearly with the coverage of molecules due to the adsorbate–adsorbate repulsions and the adsorption 

of adsorbate isuniformly distributed and that the fall in the heat of adsorption is linear rather than logarithmic. 

The linearized Temkin equation is given by Eq. (6): 

 

qe= BTlnAT+ BTlnCe             (6) 

 

 where BT = RT/bT, T is the absolute temperature in K and R is the universalgas constant (8.314 Jmol
−1

 K
−1

). 

The constant BT is related to the heat of adsorption, AT is the equilibrium binding constant (L min
−1

) 

corresponding to the maximum binding energy. The slope and the intercept from a plot of qe versus lnCe 

determine the isotherm constants AT and BT. 

 

Adsorption kinetics: 

 

 Lagergren showed that the rate of adsorption of solute on the adsorbent is based on the adsorption capacity 

and followed a pseudo-first-order equation (Ho and Mckay, 1998) which is often used for estimating k1 

considered as mass transfer coefficient in the design calculations. The linear form of the pseudo-first-order 

equation is described by Eq. (7): 

 

ln(qe− qt) = lnqe− k1t                                                                                     (7)  

 

 whereqe and qt are the amounts of Ca(II) or Mg(II) adsorbed (mmol/g) atequilibrium time and at any instant 

of time t, respectively, and k1 (L/min) is the rate constant of the pseudo-first-order sorption.The plot of log(qe− 

qt) versus t gives a straight line for the pseudo first-order adsorption kinetics, from the adsorption rate constant, 

k1, is estimated. 

     Ho developed a pseudo second-order kinetic expression for the sorption system of divalent metal ions using 

sphagnum moss peat (Ho, 2006). This model has since been widely applied to a number of metal/sorbent 

sorption systems.The adsorption of Ca(II) or Mg(II) onto the Resinex
TM

K-8H resin at a shorttime scale may 

involve a chemical sorption which implies the strong electrostatic interaction between the Resinex
TM

K-8H 

functional groups surface and Ca(II) or Mg(II). The second-order kinetics equation is described in the following 

form:  

 
𝑡

𝑞𝑡
 = 

1

𝑘2𝑞𝑒
2  +  

𝑡

𝑞𝑡
              (8) 

 

 Wherek2 (g/mg min) is the second-order rate constant. The product k2qe
2
 is the initial adsorption rate 

“h”(mg/g min): 

 

h = k2qe
2                

(9)  

 

 h can be regarded as the initial sorption rate as tapproaches 0. Under such circumstances, the plot of 

t/qtversus t should give a linear relationship, which allows the computation of qe and k2. 

 

Results and Discussions 

 

1-Effect of contact time on removal of calcium and magnesium in single system: 

 

     Time taken for the adsorption process to attain thermodynamic equilibrium is very important in 

characterization and prediction of both the efficiency and the feasibility of an adsorbent for its use in water-

miscible non-aqueous solvents pollution control. Perusal of Figs.1and 2  reveals that the time taken for the 

uptake of the calcium and magnesium ions depends on the nature of the water-miscible alcoholicsolutions. As 

shaking time increases the polymer gets more time for adsorption, hence uptake increases. Among the six 

aqueous- alcoholic solutions taken for the study, the calcium percentage uptake (%) follows the order 

glycerol˃methanol =ethanol=isopropanol˃diethylene glycol. However, the magnesium percentage uptake (%) 

follows the order glycerol˃methanol =ethanol=isopropanol=diethylene glycol. 

 

http://www.sciencedirect.com.zdl.zu.edu.eg:81/science/article/pii/S0304389412012150#tbl0050
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Fig. 1: Effect of conta time on Ca(II) uptake persenta ge in different aqueou s-alcohol systems in single and 

binary solution 

 
Fig. 2: Effect of contact time on Mg(II) uptake persentage in different aqueous-alcohol systems in single and 

binary solution 

 

 The observation indicates that the time required for the metal ion uptake depends on the nature of the metal 

ions and the ionic size of the metal ions. In general, the ion exchange rate of Ca(II) was faster than that of 

Mg(II) and the equilibrium exchange capacity of Ca(II) was higher than that of Mg(II) in this study. The Lewis 

acidity of the cations should follow the charge density of the ions. For this reason considering the charge/ionic 

radius ratio(Mg(II) 0.72˚A, Ca(II) 0.99˚A) the less acidic (Ca(II)) cation would be also the higher active 

(Muravievet al., 1996). 

 It is therefore likely that the size of the ligands played a role in the order of the calcium and magnesium 

complex adsorption, where the adsorption capacities was influenced by the steric hindrance and the crowding 

effect associated with the comparative bulkiness of the organic ligands in the metal complexes. 

 

2-Effect of contact time on removal of calcium and magnesium in binary system: 

 

 To examine the competitive effects the metal exert on each other in binary-metal solutions, the removal 

efficiencies of Resinex
TM

K-8H for each metal (50 ml/0.5g)  and binary solutions (100 ml/1.0g) in aqueous- 

alcoholic solutions of 0.025M at 20
0
C were compared in Figs.1,2  It can be seen that the percentage removal 

(%) of Ca(II) and Mg(II) in single-metal system (non-competitive) slightly increased than the binary-metal 

system, Ca(II)-Mg(II). It can be also noticed that equilibrium time in binary-metal system were higher compared 

to the equilibrium time values observed in single ion adsorption tests, which can be attributed to a competition 

between the two cations for occupying the active sites leading to a slower saturation of the adsorbent in the 

simultaneous presence of calcium and magnesium-aqueous-organic systems. Nevertheless and similarly to the 

single ion adsorption tests, calcium showed higher adsorption (%) compared to magnesium, indicating a higher 

selectivity of the adsorbent for calcium for all aqueous-organic systems studied. These results also showed the 

efficiency of the resin for the removal of both calcium and magnesium from aqueous-organic streams.Compared 

with acetate and citrate in single systems, adsorption percentages for both calcium and magnesium were lower 

in binary systems, whereas the contact time was higher (Figs.1 and2), this was attributed to competitive effect 

between calcium and magnesium ions on the active sites on the resin surface. 
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3- Effect of aqueous-alcohol solution concentrations on removal of calcium and magnesium: 

 

 In order to explore the potentiality of the Resinex
TM

K-8H for the removal of metal ions. Adsorption studies 

for calcium and magnesium ions were performed in different solvent systems. The uptake of metal ions depends 

on the nature of solvent medium. Generally, addition of water- alcoholic solution will alter the uptake of metal 

ions as a result of pronouncing organic-metal ion complexes (Deepatana and Valix, 2008). The variable metal 

ions uptake capacity of Resinex
TM

K-8H may be due to the strong or weak complex formation between water-

miscible non-aqueous solution and the metal ion according to this equation; 

 Aqueous-organic solution + Metal ion solution + Resin → Organic–metal ion complex + Resin–metal ion 

complex. 

 If organic–metal ion complex is weaker than the resin–metal ion complex, the resin can break easily the 

organic–metal complex which generates more number of free metal ions which can easily complexes with the 

resin and hence uptake of metal ion increases. Further, if organic–metal ion complex is stronger than the Resin–

metal ion chelates, more number of metal ions will try to form strong complex with the organic which in turn 

decreases the metal uptake capacity of the resin. In our studies we observed that in the aqueous- alcohol-calcium 

systems, the selectivity scale of the amount of Ca(II) uptake by Resinex
TM

K-8H was 

glycerol˃ethanol˃isopropanol˃diethyleneglycol˃methanol. This may be due to the stability constant values of 

resin–calcium ion complexes. 

 

 
Fig. 3: Effect of differeat  concentrations of alcohols on  Ca(II) uptake in different aqueous-alcohol systems 

 

 However, in the aqueous- alcohol- magnesium systems, the selectivity scale of the amount of Mg(II) uptake 

by Resinex
TM

K-8H was isopropanol˃ ethanol ˃diethylene glycol=glycerol˃methanol. This may be due to the 

stability constant values of resin–magnesium ion complexes. 

 

 
Fig. 4: Effect of differeat  concentrations of alcohols on  Mg(II) uptake in different aqueous-alcohol systems 

 

 The influences of different alcohols, methanol, ethanol, isopropanol, diethylene glycol and glycerol at 

various concentrations (0.025, 0.05 and 0.1 M) on the ion exchange behavior of calcium and magnesium were 

studied at 20
0
C, and the column graphs are shown in Figs. 3 and 4. It reveals that the various alcohol solutions 

have different effects on the adsorption for both calcium and magnesium when the solvent contains an 

appreciable proportion of water, where the amount of metal ion taken up by the given amount of Resinex
TM

K-

8H depends on the nature and concentration of the alcohols-calcium systems (Fritz andPietrzyk, 1961, Vieira et 

al.,2013), in general, are higher on the position of metal chelates at equilibrium compared to that of these 
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alcohols-magnesium systems. This may be explained on the basis of the stability constants of the complexes 

with these metal ions. The stability of the complexes depends on the charge of the metal ions and nature of the 

alcohol. Hence the overall calcium uptake capacity by the resin is higher compared to magnesium. These types 

of trends have already been observed by other investigators (Sepehr, 2013,Navalonet al., 2009, Yuet al., 2009).  

 From the data shown in Figs.3,4 we can observe that in the aqueous- alcohols, the amount of calcium ions 

uptake by Resinex
TM

K-8H decreases with increase of these alcohols concentration. This may be due to the 

alcoholsforming strong chelates with metal ions. However, the amount of magnesium ions uptake decreases 

with increase of these alcohols concentrations. 

 

4- Adsorption isotherms: 

 

 Equilibrium data, commonly known as adsorption isotherms, are basic requirements for the design of 

adsorption systems. Ion-exchange equilibrium of calcium and magnesium onto Resinex
TM

K-8H resin was 

measured at 0.025M under different temperatures and the experimental data were analyzed by the Langmuir, 

Freundlich and Temkin isotherm models (Figs. are hidden). The calculated adsorption parameters and 

correlation coefficient (R
2
) for the three isotherm models by linear regression are listed in Table 1. Based on the 

correlation coefficient (R
2
) value for these isotherm models, it was found that the experimental data of calcium 

and magnesium adsorption on this adsorbent could be described best by the Langmuir model. The correlation 

coefficient of the isotherm models for Resinex
TM

K-8H adsorbent followed the order: Langmuir 

>Freundlich>Temkin.  

 
Table1: Adsorption isotherm parameters of Mg(II) and Ca(II) on ResinexTM K-8H at different aqueous-alcoholic media. 

Metal ion Langmuir parameters Freundlich parameters Temkin parameters 

Qo b RL R2 n Kf R2 AT BT R2 

mg/g L/mg    mg/g  L/g J/mol  

Methanol 

Mg(II) 0.29 0.86 0.13 0.9838 1.93 0.88 0.9957 0.05 0.28 0.9907 

Ca(II) 0.59 6.50 0.02 0.9986 5.65 0.7 0.9990 1.77x10-3 0.11 0.9949 

Ethanol 

Mg(II) 0.48 2.43 0.05 0.9994 3.27 0.74 0.9808 0.02 0.19 0.9989 

Ca(II) 0.77 13.00 9.61x10-5 1.000 56.18 0.76 0.9577 5.1x10-19 0.02 0.9577 

Isopropanol 

Mg(II) 0.57 5.53 0.02 0.9981 3.32 0.73 0.9563 0.02 0.19 0.9371 

Ca(II) 0.65 22.28 5.58x10-3 0.9957 12.45 0.69 0.8603 6.52x10-6 0.06 0.9167 

Diethylene glycol 

Mg(II) 0.70 36.37 3.42x10-3 1.000 16.33 0.72 0.9592 6x10-7 0.05 0.9835 

Ca(II) 0.71 46.67 0.02 1.000 16.69 0.72 0.9363 1x10-7 0.04 0.9843 

Glycerol 

Mg(II) 0.41 1.55 0.07 0.99919 2.5 0.79 0.9888 0.03 0.22 0.9967 

Ca(II) 0.62 20.35 0.05 0.9968 13.28 0.68 0.7186 4.3x10-6 0.05 0.7512 

 

 It was known that Langmuir isotherm model applied to homogeneous adsorbent surface. (Low et al.,2011, 

Zhangaet al.,2010). The values of the separation factor (RL) were calculated for different temperatures and 

constant initial metal concentration and were found between 0 and 1 (0.001–0.02 and 0.001–0.56 for calcium 

and magnesium adsorption on Resinex
TM

K-8H, respectively), indicating a favorable adsorption process, as 

confirmed from the values of the Langmuir model. Maximum sorption capacities according to the Langmuir 

constant (Qo) for calcium and magnesium adsorption using various aqueous-alcoholic solutions are listed in 

Table 1 to allow comparison with the results from the present work. In addition and for various aqueous-

alcoholic solutions, the experimental qe values for calcium sorption were higher than those observed for 

magnesium, confirming the higher affinity of the studied adsorbent for calcium over magnesium. The 

Freundlich isotherm model that is appropriate for heterogeneous systems is expressed by Eq. (5). Large values 

of Kf reveal high affinity of the adsorbate. For a favorable adsorption, the value of the adsorption affinity 

constant (n value) obtained from the Freundlich equation ranged from 1 to 10, which implied favorable 

adsorption of calcium and magnesium for this adsorbent, Temkin constants bT and AT were calculated at all 

temperatures. These isotherm parameters are given in Table 1. The obtained AT values indicated a good 

potential for Ca(II) and Mg(II), the heat of adsorption RT/bT increased by increasing the temperature (Shaikh et 

al.,2013). A comparison of calculated and measured results for different adsorption models at various 

temperatures is tabulated in Table 1. It is obviously that, the Langmuir equation provides the best correlation for 

Ca(II) and Mg(II) ions. From the above discussion we can concluded that, the fitness order of Langmuir 

>Temkin≈Freundlich for the isotherm models for magnesium and calcium uptake, showed the favorability 

toward monolayer adsorption. 
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5- Adsorption kinetics: 

 

       For a successful scale-up of hard water softening using the kinetic studies it is essentially describe the 

adsorbate uptake rate, which in turn controls the residence time in the adsorbent–solution interface. In order to 

analyze the adsorption kinetics of hard mineral ions, three kinetic models including the pseudo-first-order (Ho 

and Mckay, 1998), the pseudo-second-order(Ho, 2006) and intra-particle diffusion kinetic models (Tofighy and 

Mohammadi, 2011) were applied to fit the experimental data (Figs. are hidden). The effect of the temperatures 

was investigated to find the best kinetic model. 

 The slope and the intercept of each linear plot are used to calculate the adsorption rate constants (k1,k2 and 

kp) and the amount of adsorption at equilibrium (qe) (Figs. are hidden). The calculated kinetic parameters for 

adsorption of hard mineral ions onto the Resinex
TM

K-8H under different initial hard mineral ion concentrations 

are listed in Table 2. As can be observed, the correlation coefficients (R
2
) of the pseudo-second-order kinetic 

model for various aqueous-organic solutions are higher than those of the pseudo-first-order and intraparticle 

diffusion kinetic model. Also, the experimental qe values are closer to qe values calculated from the pseudo-

second-order kinetic model especially at lower temperature. With increasing temperature, the deviation of the qe 

values calculated from the pseudo-second-order kinetic model from the experimental qe values increases. In 

addition the rate constants (k2) for calcium sorption were higher than those observed for magnesium confirming 

the higher affinity of the studied adsorbents for calcium over magnesium. Accordance of the experimental data 

with the pseudo-second-order kinetic model indicates that the adsorption of hard mineral ions onto the 

Resinex
TM

K-8H is controlled by chemical adsorption (Zouet al., 2006). 

 Chemical adsorption as one basic type of the adsorbate–adsorbent interactions involves valence forces 

through sharing or exchanging electrons between adsorbent and adsorbate.  

 
Table2: Kinetic parameters for Mg(II) and Ca(II) on ResinexTM K-8H at different aqueous-alcoholic media. 

Metal 
Ion 

 Intraparticle diffusion model Pseudo first-order model Pseudo second-order model 

 Kp C R2 qe,cal K1 R2 qe,cal K2 h R2 

Tem

p.(K) 

(mg/g 

min-0.5) 

mg/g  mg/g min-1  mg/g (g/mg 

min) 

(mg/g 

min) 

 

Methanol 

Ca(II) 293 0.02095 0.06841 0.9648 0.44 0.00861 0.9742 0.54 0.0280165 0.008 0.9876 

308 0.02102 0.10985 0.9648 0.44 0.00770 0.9720 0.59 0.0296107 0.010 0.9945 

323 0.02098 0.14307 0.9276 0.42 0.00773 0.9835 0.61 0.0350727 0.013 0.9965 

Mg(II) 293 0.03944 0.09949 0.8924 0.52 0.01910 0.9949 0.75 0.0357112 0.021 0.9980 
308 0.03910 0.13162 0.8688 0.60 0.01985 0.9876 0.76 0.0431227 0.025 0.9979 

323 0.03765 0.18979 0.8147 0.52 0.01960 0.9847 0.77 0.0593503 0.035 0.9988 

Ethanol 

Ca(II) 293 0.03859 0.04187 0.9733 0.64 0.01705 0.9591 0.72 0.0274411 0.014 0.9901 

308 0.03854 0.05936 0.9635 0.64 0.01796 0.9750 0.72 0.0312542 0.016 0.9944 

323 0.03845 0.08124 0.9586 0.63 0.01791 0.9741 0.73 0.0348116 0.018 0.9950 

Mg(II) 293 0.05173 0.21898 0.8231 0.72 0.04294 0.9786 0.86 0.0816319 0.060 0.9996 

308 0.05944 0.19437 0.8231 0.70 0.04341 0.9911 0.87 0.0853435 0.065 0.9995 

323 0.07205 0.15334 0.8618 0.65 0.04328 0.9942 0.91 0.0805055 0.067 0.9997 

Isopropanol 

Ca(II) 293 0.03804 0.11130 .91751 0.56 .01857 .9973 0.73 .0431859 0.023 0.9979 

308 0.03986 0.11645 0.9159 0.59 0.01880 0.9959 0.76 0.0413462 0.024 0.9981 

323 0.04191 0.12140 0.9343 0.66 0.01869 0.9905 0.70 0.0499343 0.025 0.9971 

Mg(II) 293 0.04370 0.24333 0.8257 0.59 0.02684 0.9959 0.84 0.0545167 0.039 0.9991 

308 0.03996 0.14897 0.8769 0.62 0.02006 0.9883 0.79 0.0454310 0.028 0.9971 

 323 0.04121 0.08939 0.8423 0.59 0.02033 0.9863 0.78 0.0319768 0.020 0.9931 

Diethyleneglycol 

Ca(II) 293 0.04605 0.097 6 0.9782 0.67 0.01728 0.9720 0.83 0.0341488 0.024 0.9895 

308 0.03571 0.27778 0.9782 0.53 0.01988 0.9837 0.82 0.0672011 0.045 0.9945 

323 0.02912 0.37691 0.9603 0.42 0.01840 0.9769 0.80 0.1029314 0.066 0.9973 

Mg(II) 293 0.04537 0.12328 0.8964 0.74 0.01918 0.9909 0.88 0.0322974 0.025 0.9987 

308 0.04706 0.0761 0.9288 0.82 0.01855 0.9636 0.90 0.024025 0.019 0.9980 

323 0.04690 0.0487 0.9498 0.85 0.01827 0.9437 0.89 0.0209812 0.017 0.9956 

Glycerol 

Ca(II) 293 0.03329 0.11987 0.9678 0.53 0.01647 0.9712 0.67 0.0468427 0.021 0.9923 

308 0.03374 0.06839 0.9678 0.55 0.01634 0.9548 0.65 0.0366187 0.015 0.9880 

323 0.03426 0.02533 0.9931 0.54 0.01486 0.9660 0.65 0.0268367 0.011 0.9747 

Mg(II) 293 0.03804 0.14118 0.8940 0.69 0.01283 0.9990  0.0327638 0.023 0.9777 

308 0.03738 0.10310 0.903 0.62 0.01093 0.9898 0.80 0.0280443 0.018 0.9775 

323 0.03121 0.09687 0.892 0.54 0.01235 0.9922 0.67 0.0359110 0.016 0.9746 

 

 In chemical adsorption, it is assumed that the adsorption capacity is proportional to the number of active 

sites occupied on the adsorbent. Generally, the adsorption process can be either electrostatic or chemical in 

nature, and frequently involves both (Yang, 2003). The results demonstrated that the adsorption process of hard 
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mineral ions onto theResinex
TM

K-8H involves both electrostatic and chemical interactions. At higher 

temperature, adsorption is controlled by electrostatic interactions, while at a lower temperature, adsorption is 

controlled by chemical interactions. 

 Taking into account that the kinetic results are fitted very well to a chemisorption model, the intraparticle 

diffusion model was plotted in order to verify the influence of mass transfer resistance on the binding of metal 

ions to the resin (Fig. is hidden). The kinetic results were analyzed by the Weber and Morris intraparticle 

diffusion model (Kumar et al.,2013)to elucidate the diffusion mechanism, which is expressed as: 

qt= kpt
1/2 

+ C                                                                                                 (10) 

 where C is the intercept and kp is the intraparticle diffusion rateconstant, (mg/g min
1/2

), which can be 

evaluated from the slope of thelinear plot of qt versus t
(1/2)

. The intercept of the plot reflects theboundary layer 

effect. The larger the intercept is the greater is the contribution of the surface sorption in the rate controlling 

step.The calculated intraparticle diffusion coefficient kp values are listed inTable 2. If the regression in the plot 

of qt versus t
(1/2)

 is linear and passthrough the origin, then intraparticle diffusion is the sole rate-limitingstep. 

However, the linear plot at each adsorption system did not passthrough the origin. This deviation from the origin 

is perhaps being dueto difference in the rate of mass transfer in the initial and final stagesof adsorption. This is 

indicative of some degree of boundary layercontrol and this further showed that the intraparticle diffusion 

wasnot only rate-limiting step, but also may be controlling the rate ofsorption or all may be operating 

simultaneously. Thus based on thehigh correlation coefficient values (Table 2), it can be inferred thatadsorption 

of metal ions onto Resinex
TM

K-8H followed pseudo-second-ordermodel than that of the intraparticle diffusion 

model, pseudo-firstordermodel. 

 

6- Effect of the temperature: 

 

 The effect of various aqueous- alcoholic solutions at different temperatures in the range of 20–50 ◦C on 

calcium and magnesium adsorption on strong cation exchange of Resinex
TM

K-8H is illustrated in Figs.5 and 6 

As can be seen, the calcium removal tended to increase with the increase of temperatures in all aqueous-

alcoholic solutions exceptionally for calcium- aqueous-isopropanol, diethylene glycol and glycerol 

systemswhich shows a decrease in the equilibrium uptake.  

 

 
Fig. 5: Effect of temperatures on Ca(II) uptake in different aqueous-alcohol systems 

 

 A similar trend was also observed for all magnesium-aqueous- alcohol systems except for aqueous-glycerol 

system, which shows a decrease in the equilibrium uptake. Enhancement of the adsorption capacity at higher 

temperatures may be attributed to the enlargement of pore size and/or activation of the adsorbent surface (Jhaet 

al., 2008). 
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Fig. 6: Effect of temperatures on Mg(II) uptake in different aqueous-alcohol systems 

 

7- Thermodynamic evaluation of the processes: 

 

 Thermodynamic parameters were determined for temperatures ranging from 20 to 50
0
C using the 

equilibrium constant KD (qe/Ce). The change in free energy (∆G◦) was determined as follows (Eq. (11)):  

 

∆G◦ = −RT ln KD            (11) 

 

where, ∆G◦ is the standard free energy (kJ/mol), R is the ideal gas constant (8.314j/mol K).  

 The parameters of enthalpy ∆H◦ (kJ/molK) and entropy ∆S◦ (J/mol) related to the adsorption process were 

calculated from the following equation (Eq. (12)):  

 

ln KD = (∆S◦/R)–(∆H
0
/RT)           (12) 

 

Table3: Thermodynamic parameters for Mg(II) and Ca(II) on ResinexTM K-8H at different aqueous-alcoholic media. 

Alcohol 
 

∆S ∆H ∆G 

(J/mol) (kJ/molK) (KJ/mol) 

  Temperature (K) 

293 308 323 

Methanol 

Mg(II) 31.24 13.84 4.63 4.02 3.76 

Ca(II) 38.33 13.18 -1.83 -1.46 -0.64 

Ethanol 

Mg(II) 8.05 5.33 2.92 2.92 2.66 

Ca(II) 107 29.34 -2.29 -3.48 -5.56 

Isopropanol 

Mg(II) 52.18 17.70 2.24 1.69 0.64 

Ca(II) -191.72 -59.62 -2.29 -3.48 -5.56 

Diethyleneglycol  

Mg(II) 85.14 2.49 -0.1 1.64 2.52 

Ca(II) -72.00 23.64 -2.29 -1.64 -0.05 

Glycerol 

Mg(II) -45.06 -10.33 2.92 3.74 4.22 

Ca(II) -105.17 -35.51 -5.04 -1.05 -2.66 

 

 The parameters of enthalpy (∆H◦) and entropy (∆S◦) can be calculated from the slope and the intercept of 

the linear plot of lnkD versus 1/T (Figs. are hidden). The data obtained from the thermodynamic plots and the 

related parameters are collected in Table 3. The values of ∆H◦ were positive for calcium-aqueous- methanol, 

ethanol and diethylene glycol systems used herein indicating that the adsorption process is endothermic, 

whereas, for calcium-aqueous-isopropanol and glycerol systems shows the sorption process was exothermic in 

nature.  

 However, the sorption process of magnesium in aqueous-methanol, ethanol, isopropanol anddiethylene 

glycol, whereas in aqueous-glycerol was exothermic process. The positive values of ∆S◦ showed the increased 

randomness at the solid/solution interface during the adsorption process in calcium-aqueous- methanol and 

ethanol systems. The adsorbed water molecules, which were displaced by the adsorbate species, gained more 

translational energy than was lost by the adsorbate ions, thus allowing the prevalence of the randomness in the 

system. While the negative ∆S◦ value in calcium- aqueous-propanol, glycerol system characterized a decrease in 

randomness during the sorption process. However, for all magnesium-aqueous- alcoholic systems the change in 

entropy was positive values except in aqueous-glycerol systems. In addition, the values of standard free energy 
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change (∆G◦) were negative as expected for a spontaneous process for calcium adsorption for all aqueous-

organic systemsexcept in aqueous-methanol system under the conditions applied. The values of ∆G◦ becomes 

more negative with the increase of temperature, indicated more efficient adsorption at high temperature and 

hence its adsorption become more favorable, whereas for magnesium, ∆G◦ were positive values for all aqueous-

alcoholic systems indicating that the sorption was not thermodynamically spontaneous (Arias and Sen, 

2009,Samiey and Toosi, 2010). The results derived from the references and this work indicates that the 

thermodynamic parameters are related not only to the nature of metal ions, but also to the roles of crowding 

effect and steric hindrance. 
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