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Removal of chromium(III) from aqueous solutions using Lewatit S 100:
The effect of pH, time, metal concentration and temperature
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Abstract

The removal of the Cr(III) ion from aqueous solutions with the Lewatit S 100 ion-exchange resin is described; and the performance of this
resin was compared with Chelex-100 resin. The effect of adsorbent dose, initial metal concentration, contact time, pH and temperature on the
removal of Cr(III) was investigated. Lewatit S 100 shows a remarkable increase in sorption capacity for Cr(III). The Batch ion-exchange process
was relatively fast; and it reached equilibrium after about 150 min of contact. The ion-exchange process, which is pH dependent show maximum
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emoval of Cr(III) in the pH range 2.8–4.0 for an initial Cr(III) concentration of 1.0 × 10−3 M. The equilibrium constants were 36.67 at pH value
.5 for Lewatit S 100 and 6.64 at pH value 4.5 for Chelex-100 resin. Both of the resins had high-bonding constants. The equilibrium related to their
on-exchange capacity and the amount of the ion exchange was obtained by using the plots of the Langmuir adsorption isotherm. It was observed
hat the maximum ion-exchange capacity of 0.39 mmol of Cr(III)/g for Lewatit S 100 and 0.29 mmol of Cr(III)/g for Chelex-100 was achieved at
ptimum pH values of 3.5 and 4.5, respectively. The thermodynamic equilibrium constant and the Gibbs free energy flow were calculated for each
ystem. The ion exchange of Cr(III) on these cation-exchange resins followed first-order reversible kinetics. The intra-particle diffusion of Cr(III)
n ion-exchange resin represented the rate-limiting step. The rise in temperature caused a slight increase in the value of the equilibrium constant
Kc) for the sorption of Cr(III) ion for both resins.

2006 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, there has been a growing concern with envi-
onmental protection. The presence of heavy metals in the envi-
onment has been shown to be detrimental to a variety of living
pecies including human beings. The treatment and removal of
eavy metals received considerable attention because of their
ssociation with various health problems. Companies that use
hromic acid for electroplating, anodizing and other surface fin-
shing operations have a difficult and costly problem of waste
hromic acid solution disposal and the treatment of water to
ash parts.
In all metal-finishing operations, chromic acid is reduced to

r(III) and metal salts are formed by dissolution of the met-
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als. Toxicological studies have shown that the degree of toxicity
of some elements depends on the chemical form in which the
element is present. Cr(III) is considered as an essential micronu-
trient for human, plant and animal metabolism. However, the
increasing accumulation of Cr(III) in the environment from
industrial outputs caused great concern [1]. Cr(III) has been
reported to be toxic to animals and humans and is known to
be carcinogenic. Major anthropogenic sources of Cr(III) in the
environment include metal extraction, metal fabrication, and tex-
tile, leather tanning facilities, electroplating, surface finishing,
paints, pigments and manufacture of batteries [2–4].

There are many different ways of treating wastewater. Along-
side numerous processes are available for removing dissolved
heavy metals from industrial effluents, including thermal, bio-
logical and chemical methods such as; coagulation, chemical
precipitation, solvent extraction, electrolysis, ultra filtration,
membrane separation, adsorption and electro dialysis [5]. Sorp-
tion operations, including adsorption and ion exchange, are
potential alternatives for aqueous solutions [6–11].

304-3894/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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Modern ion-exchange materials were prepared from syn-
thetic polymers such as styrene-divinylbenzene copolymers,
which were sulfonated to form strongly acidic cation exchang-
ers. Ion-exchange resins are used in their entire range to improve
water quality, depending on the types and concentrations of the
impurities.

Selective resins were deemed major options for treating
wastewater. Traces of environmentally harmful substances accu-
mulate on the Lewatit S 100 ion-exchange resins and are thereby
removed from the wastewater.

They can be used for the elimination or separation of heavy
metals from aqueous solutions, accumulation and recovery
of heavy metals, removal of heavy metals from water and
process water. Lewatit S 100 is a strongly acidic, gel-like
cation-exchange resin with beads of uniform size based on a
styrene-divinylbenzene copolymer. Its high exchange capacity,
very good chemical, mechanical and thermal stability, good
ion-exchange kinetics make it suitable for the treatment of
electroplating rinse waters. Gel resins usually have higher
efficiencies and cost less.

A macro-pore gives better physical stability, because of its
sponge like structure that gives more stress relief. Lewatit S
100 is suitable for a variety of applications involving the treat-
ment of the solutions containing metal salts. Lewatit S 100 has
sulfonic acid groups and a greater affinity for ions with higher
valances so a predominance of high valance ion can cause a
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exchange kinetics and high exchange capacity [25]. Utilization
of Lewatit S 100 is gaining attention as a simple, effective and
economic means of treating wastewater containing heavy met-
als.

In the present study, Lewatit S 100 and Chelex-100 were
used for the removal of Cr(III) from aqueous solution. The main
objective of this study was to investigate the equilibrium and
kinetic parameters of these ion-exchange resins. In addition, the
parameters that influence ion exchange, such as initial Cr(III)
concentration, pH, isotherm and kinetic studies were investi-
gated.

2. Experimental studies

2.1. Materials

The resins used in the experiments are Lewatit S 100 from
Bayer and Chelex-100 from Merck. The physical and chemical
properties of the resin were shown in Table 1. All solutions were
prepared from analytical grade chemicals and Milli-Q filtered
deionized water. Analytical grade reagent of CrCl3·6H2O was
used from Merck and the pH of which was adjusted and main-
tained constant by adding a small amount of HCl or NaOH. A
stock solution of 1 × 10−3 mol/l of CrCl3·6H2O was prepared
by dissolving 0.2664 g of CrCl3·6H2O in deionized water. The
working solutions 1 × 10−4 to 1 × 10−3 mol/l Cr(III) were pre-
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igher rate of reaction. This resin operates at any pH and requires
substantial amount of regenerant. Chelex-100 is weakly acidic
ation-exchange resin and has carboxylic groups as the exchange
ite. Chelex-100 shows a good capacity, improved kinetics of
on exchange, high resistance to osmotic shock and efficiency
or uptake of Cr(III) from aqueous solution. Of an ion-exchange
rocess, ions in a fluid phase diffuse to the surface of adsorbent,
here they bond with the solid surface or are held there by weak

ntermolecular forces [12–16]. Biological materials or certain
aste products from industrial or agricultural operations have

lso been recognized as inexpensive materials for the sorbents
n the removal of toxic metals but regeneration of used materials
re not possible [17].

Ion exchange is one of the proposed mechanisms for metals
sed in the cation metal sorption and the improved sorption
apacity of ion-exchange resins may have advantages over such
on-specific adsorbents.

The main advantages of ion exchange over other techniques
re the recovery of the metals’ value, high selectivity, less sludge
olume produced and the ability to meet strict discharge spec-
fications. In this regard, ion-exchange resins hold great poten-
ial for the removal of heavy metals from water and industrial
astewater [18–24].
Some research scientists studied the recovery of chromate

rom cooling towers with ion-exchange resins and the pretreat-
ent of tannery wastewaters by ion-exchange process for the

emoval of Cr(III) and the removal of Cr(III) from water and
astewater by ion-exchange resins [25,26].
Lewatit S 100 is a gel which is a strongly acidic resin of

he sulfonated polystyrene group. Its principal characteristics
re excellent physical, chemical and thermal stability, good ion-
ared by appropriate dilution of the stock solutions immediately
rior to their use.

.2. Batch studies by varying reaction time, pH, initial
oncentration of Cr(III), resin amount and temperature of
olution

Batch ion-exchange studies were conducted by shaking the
asks for a period of time at a controlled temperature to achieve
quilibration. Batch experiments were carried out at 25 ± 1 ◦C
n stoppered glass tubes by shaking (200 rpm) a fixed mass of
.1 g of dry resin, with 30 ml, 1 × 10−3 mol/l Cr(III) solution
ntil equilibrium was reached. After agitation for 150 min, the
olid was removed by filtration through cellulose filter paper.
he final metal concentration in the filtrates as well as in the

nitial solution was determined by ICP-AES (Varian Vista AX
CD Simultaneous ICP-AES). All experiments were performed

n triplicate and the result was taken as the average value of the
xperiment.

able 1
eneral description and some properties of resin

esin Lewatit S 100 Chelex-100

onic form Na+ Na+

unctional group Sulfonic acid Iminodiacetic acid
atrix Crosslinked polystyrene Polystyrene-divinylbenzene

tructure Gel type beads Macroporous
H range 0–14 0–14
ead size 0.315–1.25 mm 0.3–1.0 mm
apacity 2.0 eq/l 0.4 mmol/ml
ppearance Light brown, translucent White, translucent
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The concentration of metal on the resin was calculated as the
difference between the original concentration in the solution and
the concentration in solution, after contact. The amount of metal
ion sorbed at time t, qt, was calculated from the mass balance
equation:

qt = [(C0 − Ct)V ]

m
(1)

when equilibrium was reached; Ct = Ce and qt = qe, then the
amount of metal ion sorbed at equilibrium, qe, was calculated
using Eq. (1) [20].

Sorption isotherms were determined with different initial
concentrations varying from 0.003 to 0.03 mmol/l of metal,
while holding the resin amount at constant value at room tem-
perature. The resin amount in the batch vessel varied from 0.2 to
1.0 g for ion-exchange studies. The shaking speed was 200 rpm
to maintain resin particles in suspension. After the solution’s
pH was stabilized and equilibrated, the resin was filtered and
Cr(III) content in equilibrium solution was measured. Sorption
isotherms were plots of the Cr(III) uptake and the final equi-
librium concentration of the residual sorbate remaining in the
solution. The Langmuir model of ion exchanges was used to
compare the single metal sorption performance and to deter-
mine the capacity of resins for Cr(III) ion.

For the pH effect experiment, 4 h time period was sufficient to
reach equilibrium. The ion-exchange experiments were carried
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Fig. 1. Effect of pH on the ion exchange of Cr(III) using the Lewatit S
100 and Chelex-100. Ion-exchange conditions; initial concentration of Cr(III):
1 × 10−3 mol/l, amount of resin: 0.5 g, volume of ion-exchange medium: 30 ml,
temperature: 25 ± 1 ◦C and stirring time: 200 rpm.

exchanger from 2.0 to 6.0. In pH range of 2.0–2.8, there is little
or no sorption.

The percent ion exchange increases in the pH range of
3.0–4.0. This shows the maximum ion exchange at pH 3.5 for
Lewatit S 100 resin. The sorption of Cr(III) ion on Chelex-100 is
favorable at a pH value of 4.5. After pH 6, because of precipita-
tion of Cr(III), the optimum pH was chosen as pH 3.5 for Lewatit
S 100 resin and pH 4.5 for Chelex-100 resin. It was observed that
the maximum ion-exchange capacity of 0.39 mmol of Cr(III)/g
for Lewatit S 100 and 0.29 mmol of Cr(III)/g for Chelex-100
was achieved at optimum pH values of 3.5 and 4.5, respectively.

Lewatit S 100 showed a remarkable increase in sorption
capacity for Cr(III) in the solution having low pH values. The
equilibrium constant increased from a value of 3.98 (at approx-
imately pH 2) to 36.67 at pH 3.5 for Lewatit S 100 and 0.1–6.64
for Chelex-100. The sites responsible for the ion-exchange pro-
cess are due to the –SO3H groups in the Lewatit S 100 matrix
[27].

This sorption trend can likely be ascribed to the effect of
competitive binding between Cr(III) and hydrogen ions for the
binding sides on the surface of the resins. At low pH, an excess of
hydrogen ions can compete effectively with Cr(III) for bonding
sites, resulting in a lower level of Cr(III) uptake. This increase
is rational for Chelex-100 because the exchanger being weakly
ut at room temperature (25 ± 1 ◦C). The initial pH of the sample
olutions were adjusted in the range of 1.5–6 with 0.1N HCl or
iluted NaOH. All pH measurements were performed with a
enway 3010 digital pH meter.

After equilibrium was reached, the pH of the solution was
easured and recorded. Temperature effects on the sorption

xperiments were carried out in incubator (Gallenkamp Incu-
ator) with 30 ml solution of 1 × 10−3 mol/l chromium solution
t 20, 35, 50 and 65 ◦C. The effect of the adsorbent amount was
tudied with a 30 ml solution of 1 × 10−3 mol/l chromium solu-
ion and varying amounts of adsorbent from 100 to 1000 mg.

. Results and discussion

.1. Effect of pH

In order to optimize the pH for maximum removal efficiency,
he experiments were conducted with 0.03 mmol/l of metal solu-
ion containing 0.1 g of Lewatit S 100 cation-exchange resin and
helex-100 in the pH range 2.0–6.0. The effect of the pH on the

emoval of Cr(III) by the ion-exchange resins was presented in
ig. 1. In general, the experimental conditions such as metal
oncentration and pH level have strong effects on the equilib-
ium constant, Kc; so it can be used as a comparative measure
f the efficiencies of various exchangers.

The interactions of metals with Lewatit S 100 resin are com-
lex, probably simultaneously dominated by adsorption and ion
xchange. The pH dependence of ion exchange may suggest that
he metal ions are adsorbed according to the ion-exchange mech-
nism. The effect of pH on ion exchange of Cr(III) was studied
t room temperature by varying the pH of metal solution-ion
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Fig. 2. Effect of contact time on the ion exchange of Cr(III) using Lewatit S
100 and Chelex-100. Ion-exchange conditions; initial concentration of Cr(III):
1 × 10−3 mol/l, amount of resin: 0.5 g, volume of ion-exchange medium: 30 ml,
temperature: 25 ± 1 ◦C, stirring time: 200 rpm and initial pH: 3.8.

acidic, is practically in the hydrogen form at pH 2 and is grad-
ually converted into metal form as the pH was increasing. To
avoid precipitation of the metal ions, all the experiments were
conducted at a maximum pH of 6.0 [28]. The percentage of ion-
exchange decreases rapidly when the pH is increased above 6.0
due to the formation of Cr(III) precipitation and the formation of
hydroxyl complexes of chromium, Cr(OH)3 at higher pH values
[18].

3.2. Effect of reaction time

Fig. 2 shows the effect of reaction time on the removal of
Cr(III) by Lewatit S 100 and Chelex-100. The Cr(III) removal

increased with time and attained equilibrium at about 150 min
for Cr(III) for 1 × 10−3 mol/l chromium ion concentration used
[29,30]. The percentage of metal removal increased rapidly up to
approximately 70 min for Lewatit S 100 and 45 min for Chelex-
100 resin and thereafter, rose slowly before attaining a saturation
value in 150 min for Lewatit S 100 and 120 min for Chelex-100
resin. A further increase in contact time had a negligible effect
on the percent removal.

The percentage metal removal is higher in the beginning
due to greater number of resin exchange sites available for the
sorption of the metal. The ion-exchange process is the major
mechanism for the removal of metal ions from solution within
the pH range of 2.0–6.0 for Lewatit S 100 and the basic process
is essentially competitive ionic attraction for the ionic site.

When considering Chelex-100 resin involving, it is accepted
that a coordinate bond is formed between Cr(III) and the car-
boxyl group on the surface during the exchange process. Chela-
tion exchange invariably involves an ion-exchange process in
conjunction with the formation of a coordinate bond.

In all subsequent experiments, the equilibrium time was
maintained at 150 min, which was considered as sufficient for
the removals of Cr(III) ion by both resins [6,27,28,31–33]. The
metal uptake versus time curves, are single, smooth and contin-
uously leading to saturation suggesting the possible monolayer
coverage of metal ions on the surface of the adsorbent. The
Batch ion-exchange process was relatively faster for Chelex-
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ig. 3. Sorption isotherm of Cr(III) on Lewatit S 100 and Chelex-100 as a func
r(III): 1 × 10−4 − 1 × 10−3 mol/l, amount of resin: 0.5 g, volume of ion-exch
ewatit S 100 and pH: 4.5 for Chelex-100.
00 than Lewatit S 100 but the cation-exchange capacities of
ewatit S 100 is higher than Chelex-100 reached in this study
nd the exchange capacities are 0.39 and 0.29 mmol for Cr(III)
er gram of resins, respectively. The maximum recoveries of
r(III) (about 99% for Lewatit S 100 at pH 3.5 and about 80%

or Chelex-100 at pH 4.5) were found as shown in Fig. 2.

.3. Sorption isotherms as a function of initial metal
oncentration

The percentage uptake is highly dependent upon the initial
oncentration of the Cr(III) ion and the resin. The initial Cr(III)

f initial metal concentration. Ion-exchange conditions; initial concentration of
medium: 30 ml, temperature: 25 ± 1 ◦C, stirring time: 200 rpm, at pH: 3.8 for
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concentrations tested were 1 × 10−4, 2 × 10−4, 4 × 10−4,
6 × 10−4, 8 × 10−4, 1 × 10−3 mol/l at an amount of adsorbent
of 0.5 g (Fig. 3). The data indicates that the initial metal
concentration determines the equilibrium concentration, and
also determines the uptake rate of metal ion and the kinetic
character of the process.

In the case of low concentrations, the ratio of the initial num-
ber of moles of Cr(III) ion to the available surface area is larger
and subsequently, the fractional ion exchange becomes inde-
pendent of initial concentrations. The rapid metal removal has
significant practical importance, as this will facilitate with the
small amount of resins to ensure efficiency and economy.

Equilibrium isotherm, the relation between the amount
exchange (qe) and the remaining concentration in the aqueous
phase (Ce), is important to describe how solutes interact with
the resins and so is critical in optimizing the use of the resins.

Cr(III) sorption isotherms of Chelex-100 and Lewatit S 100
resins are presented in Fig. 3 as a function of the equilibrium
concentration of metal ions in the aqueous medium at room
temperature (25 ◦C) for 150 min of contact time.

The amount of Cr(III) ions adsorbed per unit mass of the resin
increased with the initial metal concentration as expected. To
obtain maximum sorption capacities or reach the plateau values
that represent saturation of the active groups which are available
for interaction with Cr(III) ions on the resins, the initial concen-
t
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maximum removal of 10 mg/1 of Cr(III) ion in 100 ml requires
a minimum resin amount of 100 mg for Lewatit S 100 resin. For
the quantitative removal of 0.001 M Cr(III) in 30 ml, a minimum
resin dosage of 0.8 g of Chelex-100 resin is required.

It is apparent that, the amount of adsorbed metal ion per unit
mass increases by increasing the resin amount and the sorption
density. It was found that the retention of Cr(III) increased with
increasing amount of the Lewatit S 100 up to 0.50 g and the
Chelex-100 up to 0.80 g. These values were taken as the optimum
amount for other trials. Since the fraction of metal removed from
the aqueous phase increases as the sorbent dosage is increased
in the batch vessel with a fixed initial metal concentration, the
curves in Fig. 4 approach asymptotic values from 0.5 to 1.0 g
resin. An increase in the sorbent amount resulted in a decrease
in the contact time required to reach the equilibrium.

It may be concluded that by increasing the adsorbent
dose the removal efficiency increases but ion-exchange den-
sity decreases. The decrease in ion-exchange density can be
attributed to the fact that some of the ion exchange remains
unsaturated during the sorption process; whereas the number of
available ion-exchange sites increases by an increase in sorbent
and this results in an increase in removal efficiency [33]. As
expected, the equilibrium concentration decreases with increas-
ing adsorbent doses for a given initial Cr(III) concentration,
because increasing adsorbent doses provide a greater surface
area or ion-exchange sites for a fixed initial solute concentration
[
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ration were increased from 0.1 to 1.0 mmol/l Cr(III) for both
esins. Both resins were saturated at relatively low concentra-
ions indicating strong binding for Cr(III).

.4. Effect of resin amount on ion exchange

Fig. 4 presents the removal of Cr(III) as a function of resin
mount using Lewatit S 100 in a solution at pH 3.5 and Chelex-
00 in a solution pH 4.5. The resin amount varied from 0.1
o 1.0 g; and it was equilibrated for 24 h. It is clear that the

ig. 4. Effect of amount of resin on the ion exchange of Cr(III) using the Lewatit
100 and Chelex-100. Ion-exchange conditions; initial concentration of Cr(III):
× 10−3 mol/l, amount of resin: 0.1–1.0 g, volume of ion-exchange medium:
0 ml, temperature: 25 ± 1 ◦C, stirring time: 200 rpm and initial pH: 3.8 and 4.5.
6,18,27,30,32,33].

.5. Thermodynamic evaluation of the process

The ion exchange of Cr(III) ions at different temperatures
sing Lewatit S 100 at pH 3.5 and Chelex-100 at pH 4.5 are
resented in Fig. 5. The effect of temperature on the equilibrium
onstant, (Kc) for the ion exchange of metal ions onto resins was
nvestigated in this stage. Equilibrium constants for Cr(III) were

ig. 5. Effect of temperature on the ion exchange of Cr(III) using the Lewatit S
00 and Chelex-100. Ion-exchange conditions; initial concentration of Cr(III):
× 10−3 mol/l, amount of resin: 0.5 g, volume of ion-exchange medium: 30 ml,

nitial pH: 3.8 and stirring time: 200 rpm.
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high and ion exchange increased slightly with temperature for
both resins.

This is due to the exothermic ion-exchange reactions of
Cr(III) ion with resins. The equilibrium constants for such reac-
tions slightly increase with temperature. The carboxylic groups
of iminodiacedic acid resin are partially protonated at all temper-
atures but their deprotonation degree increases with temperature,
resulting in slight increase in metal capacities at high temper-
ature. Where only ion exchange is involved, the temperature
effect on retention time is relatively small.

The ion-exchange mechanism (i.e., chemical or physical)
is often an important indicator to describe the type and level
of interactions between the adsorbate and adsorbent. If ion
exchange decreases with increasing temperature, it may be
indicative of physical ion exchange and the reverse is generally
true for chemisorption. The type of ion exchange may be deter-
mined through such thermodynamic quantities as free energy of
ion exchange (�G0) and the enthalpy of ion exchange (�H0)
both of which can be obtained from the ion-exchange data given
in Fig. 5.

The “chelate effect” concerns a large positive change in
entropy on formation of a chelate complex, which means that
the change of Gibbs free energy with temperature will be nega-
tive. Considering other thermodynamic factors, it is possible that
the entropy change in chelation reactions may have less impor-
tant bearing effects on temperature than the enthalpy of sorp-
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The negative value of free energy of ion exchange calculated
according to all models indicates that the ion exchange of Cr(III)
ions onto resin is spontaneous [27,32–36].

3.6. Ion-exchange isotherm

Sorption process modeling is a topic of interest for the predic-
tion of metal partitioning between the aqueous solution and the
solid surface. In particular, the non-competitive Langmuir and
Freundlich isotherms have been useful tools for the description
and comparison of heavy metal sorption by different sorbents
[37,38]. These isotherms relate metal uptake per unit weight of
adsorbent q to the equilibrium adsorbate concentration in the
bulk fluid phase Ce.

The Langmuir isotherm is given as:

Ce

q
= 1

(Asb)
+ Ce

As
(4)

where As and b are Langmuir constants related to ion-exchange
capacity and energy of ion exchanges, respectively. The Lang-
muir model represents one of the first theoretical treatments of
non-linear sorption, and has been successfully applied to a wide
range of systems that exhibit limiting or maximum sorption
capacities. The model assumes uniform energies of ion exchange
onto the surface and no transmigration of the adsorbate in the
p
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R �G0

T = 2

L −11
C −33
ion. Thus, as the temperature increases, the resulting �G0 will
ecome negative and so the equilibrium constant will decrease
lightly as temperature increases for Chelex-100.

Another very important thermodynamic parameter in deter-
ining the type of ion-exchange is the heat of ion exchange

�H0). This can be obtained from the Clausius-Clapeyron Eq.
3):

d ln Kc

d(1/T )
= −�H0

R
(2)

he slopes of ln Kc versus 1/T are used via Eq. (3) to calculate the
H0 for each model. The results are presented in Table 2 along
ith the entropy values calculated using Eq. (3) given below:

G0 = �H0 − T�S0 < 0 (3)

he ion-exchange reaction that occurs spontaneously is always
ssociated with a decrease in free energy of the system. Gibbs
ree energy is of the utmost importance since it enables us to
redict which reaction will occur and which will not. The ion-
xchange process is comprised of two contributions enthalpy and
ntropy, which characterize whether the reaction is spontaneous.

able 2
hermodynamic parameters for Cr(III) on resin

esin �H0 (J mol−1) �S0 (J K−1 mol−1)

ewatit S 100 −103.23 383.89
helex-100 −37.36 113.30
lane of the surface [11].
The Freundlich isotherm is the most widely used non-linear

orption model and is given by the general form:

= kC1/n
e (5)

here k relates to sorption capacity and n to sorption intensity
6,9,18,20]. The ion-exchange capacities (k) and ion-exchange
ntensities (n) are presented in Table 3. Values of 1 < n < 10 show
avorable ion exchange of metals on ion-exchange resin. Higher
alue for k indicates higher affinity for Cr(III) [30].

The essential feature of Langmuir equation can be given in
erms of a dimensionless separation factor, RL, for defined as:

L = 1

(1 + bC0)
(6)

here C0 is the highest initial metal concentration. The value
f RL indicates the shape of the isotherm to be favorable
0 < RL < 1). In our work, the value of RL obtained is 0.99 and
isted in Table 3.

The data for the uptake of Cr(III) ion by the resin has been
rocessed in accordance with a linear form of the Langmuir
sotherm equation. The linear model, which describes the accu-

(J mol−1)

98.15 K T = 308.15 K T = 323.15 K T = 338.15 K

2373.92 −118132.13 −123890.35 −129649.57
158.24 −34857.67 −36557.11 −38256.54



336 F. Gode, E. Pehlivan / Journal of Hazardous Materials B136 (2006) 330–337

Table 3
Freundlich and Langmuir isotherm parameters on Lewatit S 100 and Chelex-100 resin with Cr(III)

Resin Freundlich isotherm Langmuir isotherm

k n R2 As b R2 RL

Lewatit S 100 45081.68 0.71 0.89 0.39 6445.75 0.97 0.999
Chelex-100 0.03 1.48 0.89 0.29 0.09 0.90 0.999

k and As: mmol/g resin (capacity of ion exchanger), R2: correlation coefficient.

mulation of solute by sorbent was directly proportional to the
solution concentration. The Langmuir isotherm applies to ion
exchange on a completely homogenous surface with negligible
interaction between adsorbed molecules.

The Langmuir treatment is based on the assumption that
maximum ion exchange depends on the saturation level of a
monolayer of adsorbate molecules on the adsorbent surface, that
the energy of ion exchange is constant, and that there is no trans-
migration of adsorbate molecules in the surface plane.

The Langmuir isotherm parameter was determined by least-
squares fit of the sorption data in Fig. 3. AS and b were deter-
mined from the slope and intercept of the Langmuir plot and
than were shown in Table 3. The Langmuir isotherm equation
provided an excellent fit to the equilibrium sorption data, giving
correlation coefficients of 0.90 and 0.97 on the two sorbents,
respectively. The results obtained showed that resins have the
largest capacity and affinity for the removal of Cr(III) ions from
solutions under the conditions studied.

3.7. Ion-exchange kinetic model

The kinetics of Cr(III) ion exchange on Lewatit S 100 fol-
lowed the first-order rate expression given by Lagergren:

log(qe − q) = log qe − kad

( t

2.303

)
(7)
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Fig. 6. Kinetic fits for the ion exchange of Cr(III) on Lewatit S 100. Ion-exchange
conditions; Cr(III) amount: 0.06 mmol, amount of resin: 0.5 g, volume of ion-
exchange medium: 30 ml, initial pH: 3.8 and stirring time: 200 rpm.

Table 4
Rate constants for the removal of Cr(III) with Lewatit S 100

Resin Cr(III)
amount
(mmol)

Overall rate
constant
K = k1 + k2 (h−1)

Forward rate
constant k1

(h−1)

Backward rate
constant k2

(h−1)

Lewatit S 100 0.060 0.030 0.030 0.001
Chelex-100 0.060 0.034 0.027 0.007

Hence, in the present study, the kinetics of Cr(III) removal has
been carried out to understand the behavior of these adsorbents.
By using Eq. (7), and the equations given in our earlier previous
work [20] and plotting ln (1–Ut) versus t (Fig. 6), the equilibrium
constant K, forward and backward rate constants k1 and k2 were
calculated and shown in Table 4. The forward rate constants for
the removal of Cr(III) were much higher than the backward rate
constants namely the desorption process (Table 4). This suggests
that the rate of ion exchange is clearly dominant. The kinetics of
the resin Chelex-100 were determined to be slower than Lewatit
S 100.

4. Conclusion

The results here, show that Lewatit S 100 and Chelex-100
can efficiently remove traces of Cr(III) present in aqueous solu-
tions. The kinetic data would be useful for the fabrication and
designing of wastewater treatment plants. Ion-exchange of the
Cr(III) is dependent on the initial concentrations of the adsor-
bent, sorbate, time of contact and pH level. Metal sorption is pH
dependent and maximum sorption for Cr(III) ion was found to
occur at a pH level of about 3.5 for Lewatit S 100 and 4.5 for
Chelex-100; and the equilibrium conditions are attained after
nearly 150 min for Lewatit S 100 and 120 min for Chelex-100.
here q and qe are the amounts of Cr(III) adsorbed (mg/g) at
ime t (min) and at equilibrium time, respectively, and kad is the
ate constant of ion exchange [30,32].

Various mechanisms and steps in ion-exchange phenomena
an control the kinetics. Four major rate-limiting steps are gen-
rally cited [39,40]: (1) mass transfer of solute from solution to
he boundary film; (2) mass transfer of metal ions from boundary
lm to surface; (3) sorption and ion exchange of ions onto sites;
4) internal diffusion of solute. The third step is assumed to be
ery rapid and non-limiting in this kinetic analysis: sorption is
rapid phenomenon. The first and the second steps are external
ass transfer resistance steps, depending on various parameters

uch as agitation and homogeneity of solution. The fourth one
s an internal particle diffusion resistance step.

Experiments were also performed to understand the kinetics
f Cr(III) removal by The Lewatit S 100 resin. It was well estab-
ished that the ion exchange of ions in aqueous system followed
eversible first-order kinetics, when a single species is consid-
red on a heterogeneous surface. Kinetics of sorption describing
he solute uptake rate, which, in turn, governs the residence time
f the sorption reaction, is one of the important characteristics
efining the efficiency of sorption.
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Isothermal data of Cr(III) ion exchange on Lewatit S 100 can
be modeled with the Langmuir isotherm. The capacity of the
resins for ion exchange of Cr(III) can be calculated with this
model. The values for ion-exchange capacity (Kb) and intensity
of ion exchange (As) indicate the greater affinity for Cr(III) by
these resins.

The kinetics of Cr(III) ion exchange by these ion-exchange
resin followed first-order reversible kinetics. A batch contactor
requires about 120–150 min contact time to achieve 80–96%
removal from aqueous solution.

The strong acid cation resin took up Cr(III) ion relatively
efficient and can be used for removal of Cr(III) from aqueous
solutions and application of this ion-exchange resin to wastew-
ater treatment is expected to be economical and efficient.
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