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bstract

The sorption of Cr(III) from aqueous solutions on kaolinite has been studied by a batch technique. We have investigated how solution pH, ionic
trength and temperature affect this process. The adsorbed amount of chromium ions on kaolinite has increased with increasing pH and temperature
hen it has decreased with increasing ionic strength. The sorption of Cr(III) on kaolinite is endothermic process in nature. Sorption data have been
nterpreted in terms of Freundlich and Langmuir equations. The adsorption isotherm was measured experimentally at different conditions, and
he experimental data were correlated reasonably well by the adsorption isotherm of the Langmuir, and the isotherm parameters (qm and K) have
een calculated as well. The enthalpy change for chromium adsorption has been estimated as 7.0 kJ mol−1. The order of enthalpy of adsorption
orresponds to a physical reaction.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Problems associated with the removal of heavy metals in
ffluent waters from several different industries have become
ontroversial issues in the world. Especially, chromium is one
f the undesirable heavy metals which affects human physiol-
gy, accumulates in the food chain, and causes several ailments
1]. It is an element which can exist in several oxidation states,
he most common are the trivalent and hexavalent forms, with
he latter is the more toxic. Chromium(VI) ion in natural waters
as attracted much attention since it is known to be carcino-
enic (even at low concentrations, e.g. ≤50 ppb), mutagenic
nd teratogenic. Chromium(VI) compounds are introduced to
he environment through the wastes of a variety of indus-
ries like chrome plating, electronic, metallurgical, timber, and
eather tanning [2]. Due to the toxicity and commerical value
f heavy metals, it has become increasingly urgent to develop
ew technologies for its reuse. Numerous methods exist for

emoving heavy metals from aqueous solutions. The conven-
ional physicochemical methods used for this purpose, such as
hemical precipitation, electrowinning, membrane separations,
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vaporation or resin ionic exchange, can be very expensive, and
ometimes not very effective. However, this type of technology
as a high energy and chemical requirement and removal effi-
iencies are not always good [3]. Adsorption is a process which
as been examined as an alternative technology and activated
arbon is usually considered to be the adsorbent against which
thers are assessed. Aggarwal et al. studied the adsorption of
hromium by activated carbon from aqueous solution [4]. How-
ver the costs of the activated carbon can be high in recent years.
here have been many studies into the acceptability and appli-
ability of low-cost adsorbents [5]. There are a numbers of study
elated to the adsorption of metal and chromium ions in litera-
ure. Lie and Xue investigated the determination of Cr(III) and
r(VI) species in natural waters by catalytic cathodic stripping
oltammetry [6]; Weerasooriya and Tobschall the adsorption
f chromate onto goethite as a function of pH, electrolyte and
dsorbate loading [7]; Bayat the removal of Cr(VI) and Cd(II)
rom an aqueous solution using two different Turkish fly ashes
8]; Alkan and Doğan the adsorption of copper onto perlite sur-
acesfrom aqueous solutions [9]; Daneshvar et al. chromium
dsorption and Cr(VI) reduction to trivalent chromium in aque-
us solutions by soya cake [10]; Chojnacka et al. biosorption

f Cr3+, Cd2+ and Cu2+ ions by blue-green algae Spirulina
p. [11]; Adebowale et al. the effect of some operating vari-
bles on the adsorpsion of lead and cadmium ions on kaolinite
lay [12].
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Table 1
Chemical composition of kaolinite

Constituent %

SiO2 53.00
Al2O3 26.71
Na2O 0.62
K2O 1.39
CaO 0.57
Fe2O3 0.37
MgO 0.28
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oI, loss of ignition.

Kaolinite is a 1:1 alumina silicate comprising a tetrahedral
ilica sheet bonded to an octahedral alumina sheet through the
haring of oxygen atoms between silicon and aluminum atoms
n adjacent sheets. Kaolinite is found as a common constituent of
oils and sediments. Successive 1:1 layers are held together by
ydrogen bonding of adjacent silica and alumina layers [13–16].
hen different types of pollutants in domestic sewage, industrial

ffluents, sludge and other solid wastes are dumped on the earth
urface, the soil particles including clay minerals can interact
ith the pollutants. The clay minerals in soil may therefore play
role in scavenging pollutants from the environment. Kaolinite
as a low CEC of the order of 3–15 mequiv./100 g and there-
ore it is not expected to be an ion-exchanger of high order.
he small number of exchange sites is located on the surface of
aolinite and it has no interlayer exchange sites. Nevertheless,
he small CEC and the adsorption properties may play an effec-
ive role in scavenging inorganic and organic pollutants from
ater [17,18].
Therefore, the aim of this study was to determine chromium

dsorption behavior on kaolinite over a range of physico-
hemical conditions that are important to identify various
atural environmental systems. Adsorption isotherms have
een analysed in terms of Freundlich and Langmuir equa-
ions. Enthalpy of adsorption has also been calculated and
nterpreted.

. Materials and methods

.1. Materials

The kaolinite sample was obtained from Güzelyurt (Aksaray,
urkey). All chemicals used were of analytical reagent grade
nd were used without further purification. The chemi-
al constituent of kaolinite analysed by XRF are given in
able 1 [19].

.2. Instrumentation
The pH of the solution was measured using Orion 920A pH
eter. The shaking was carried out in an orbital shaker incubator.
he centrifugation was done with a Nuve Centrifuge machine at
500 rpm. Chromium amount was spectrophotometrically deter-
ined using Carry 1E UV–vis spectrophotometer [20].
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t
v
r
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.3. Method

The sorption of Cr(III) on kaolinite was studied by a batch
echnique. Stock and test solutions of chromium were prepared
rom Cr(NO3)39H2O. Ultrapure water was used in the all exper-
ments. All the solutions were stored in polyethylene bottles.
he bottles were cleaned thoroughly with water, then soaked in
.01 M nitric acid solution. Before use, the bottles were rinsed
ith ultrapure water. The experiments were conducted using a
rbital shaker incubator at 303 K under natural pH conditions
or a known period of time. Adsorption experiments were car-
ied out in polyethylene flasks of 100 mL using kaolinite 0.5 g
nd chromium ions in a concentration range of 1.92 × 10−5 to
6.90 × 10−5 mol L−1. The equilibration time was found to be
6 h but for practical reasons the adsorption experiments were
un for 24 h. The flasks containing the weighed amounts of kaoli-
ite and chromium solution were kept separately in the incubator
efore mixing for a sufficient period of time to attain the desired
xperimental temperature. pH of solutions was adjusted by using
.1N HCl and 0.1N NaOH and without adding any buffer to
ontrol the pH constantly. Centrifugation was used to remove
aolinite from the aqueous medium. Chromium concentration
as detected by the diphenylcarbazide colorimetric method at
42 nm wavelength [20]. It was investigated the effects of the
ollowing parameters to the adsorption capacity of kaolinite in
he experiments.

.3.1. Effect of pH
The effect of pH to the adsorption capacity of kaolinite was

nvestigated in the pH ranges of 4.5–6.0. The pH of solution was
djusted with NaOH and HCl solutions using a Orion 920A pH
eter.

.3.2. Effect of ionic strength
Ionic strength of chromium solutions was adjusted using

aCl salt in the concentration range of 0–0.1 mol L−1.

.3.3. Effect of temperature
The effect of temperature to the adsorption capacity of kaoli-

ite was investigated in the temperature ranges of 303–323 K.
emperature was kept constant using a orbital shaker incubator.

. Results and discussion

.1. Chromium adsorption

The adsorption trends of chromium on kaolinite in aqueous
olutions were investigated as a function of pH, ionic strength
nd temperature.

.1.1. Effect of pH
As the surface concentration of adsorbate increases, the

hanges in the surface charge may become important. The

dsorption extent is affected by pH as well as the affinity of
he adsorbate for the surface [5]. The pH or acid–base surface
alues played an important role in metal ion adsorption equilib-
ium. A change in pH of the solution, as a result of the change in
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from Fig. 2, the points up to about pH 6.0 has a slope of 1.9,
whereas the slope is 0.9 after pH 6.0. This result means that the
stoichiometry has changed from Eqs. (6)–(8) as equilibrium pH
of the solution increases from 5.4 to 6.8.
ig. 1. Effect of pH for adsorption of chromium on kaolinite at T = 303 K and
onic strength null.

mount of surface groups will change the extent of the positive
harge on the chromic ion and kaolinite [4]. Fig. 1 represents
he chromium sorption by kaolinite at different initial pH val-
es. The pH effect on the adsorption are clearly seen. As the plot
hows, in the range studied higher pH values resulted in higher
hromium sorption.

Alkan et al. [19] found that the kaolinite surface in water
ad a net negative surface charge at natural pH and the iso-
lectrical point (IEP) of kaolinite was at about pH 2.35. The
lectrical charge at the oxide surface/aqueous phase to protona-
ion/deprotonation of the surface hydroxyl can be ascribed as
21]:

MOH + H+ � MOH2
+ (1)

MOH + OH− � –MO− + H2O (2)

nd at IEP

MOH2
+] � [–MO−] (3)

The fact that kaolinite has an IEP shows the reaction respon-
ible for the surface charge of the solid is mainly the reaction in
q. (1) below IEP and in Eq. (2) above IEP, respectively. Increase
f solution pH hydrolyzes Cr3+ to Cr(OH)2+ and Cr(OH)2

+

22]. The co-existence of these chromic species with decreas-
ng charge is resulted in a decrease in the amount of protons
eleased even when the uptake increases. The adsorption of Cr3+

n kaolinite at lower pH (2–3) is due to strong H+ ion compe-
ition for the available exchange sites or a surface adsorption
henomenon in which the adsorbent surface does not favour
he adsorption of positively charged ions at lower pH. The sur-
ace will be positively charged at lower pH and consequently
ill not favour the adsorption of positively charged ions. These

hanges in the charge on the kaolinite surface with increasing
H (4–6) and in the charge on the Cr(III) ions in solution favour

he adsorption of Cr(III) ions because the electrostatic attractive
nteractions between the kaolinite surface and the chromium
ons present in the solution are enhanced [22]. Hydrous species
f Cr(III) in aqueous solutions calculated by a chemical equi-
s Materials 148 (2007) 56–63

ibrium programe, ChemEQL, has been given by Lie and Xue
6]. According to their results, the dominant species of Cr(III) at
Hs about 5.0–6.0 is Cr(OH)2+, while Cr(OH)2

+ at pHs about
.5. The adsorption of Cr(III) can be expressed according to the
ollowing equations:

MOH + Cr(OH)2+ = (MO)2–Cr(OH) + 2H+ (4)

1 = [(MO)2–Cr(OH)][H+]2

[MOH]2[Cr(OH)2+]
(5)

OH + Cr(OH)2
+ = MO–Cr(OH)2 + H+ (6)

2 = [(MO–Cr(OH)2][H+]

[MOH][Cr(OH)2
+]

(7)

If [Cr3+]ads represents the adsorbed amount of Cr(III) in terms
f any one of the reactions (4) and (6), the equations below can
e written:

og
[Cr3+]ads

[Cr3+]e
= [log K1 + 2 log(MOH)] + 2pH (8)

r

og
[Cr3+]ads

[Cr3+]e
= [log K2 + log(MOH)] + pH (9)

here [Cr3+]e is the equilibrium concentration of Cr3+ in the
olution and [MOH] is the concentration of active site of the
urface. A plot of the left-hand side of Eqs. (8) and (9) versus
quilibrium pH of the solution should yield a linear relationship
nd the slope of which gives the stoichiometric coefficient of
he reactions (4) and (6) [23]. The plots of log([Cr3+]ads/[Cr3+]e)
ersus equilibrium pH obtained adsorption experiments, which
s called as a Kurbatov plot, are shown in Fig. 2. As can be seen
Fig. 2. Kurbatov plot.
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ig. 3. Effect of ionic strength for adsorption of chromium on kaolinite at T = 303
and pH 5.5.

.1.2. Effect of ionic strength
Increasing the concentration of the salt has the effect of reduc-

ng the activity coefficient of ions in solution and so can cause
large change in the activity of the various ions. This change

n solution activity can result in a shift in the partition of ions
etween the surface and the solution phase [24,25]. Fig. 3 shows
he influence of ionic strength on Cr(III) uptake from aque-
us solutions. As Fig. 3 indicates, there is an opposite effect
f increasing ionic strength to the sorption of chromium onto
aolinite. The ionic strength was changed by four orders of
agnitude from 0.1 to 0 M. We have found that increased con-

entration of electrolyte depresses the sorption of Cr(III). The
onic strength enters into electrical double layer calculations and
ffects the coulombic interactions between the charged surface
nd the sorbing ions through the number of counter ions in the
iffuse double layer and the extent of co-ion exclusion. This
n turn affects the possible charge development on the surface.

hen a positive ion sorbs into a region of negative electrostatic
otential, then it will be subject to an attractive coulombic force.
his attractive force will be reduced if the negative electrostatic
otential is decreased by increasing the ionic strength. Thus at
onstant solution activity of the sorbing cation, the sorption will
e lower at high ionic strength provided that the ions making up
he salt concentration are truly indifferent [24,25]. Moreover, the
ounter-ion shielding effect at high ionic strength decreases both
he repulsion from the surface and the free energy of the cation in
olution. The double-layer theory predicts that increasing ionic
trength will decreases the diffuse layer potential and reduce
he attraction between the surface and the specifically adsorb-
ng ion. The double layer model accounts for the effect of ionic
trength on ion adsorption through the explicit dependence of
ouy–Chapman–Stern–Grahame (GCSG) diffuse layer charge
n the ionic strength, which for a 1:1 electrolyte is given
y [26]:
1

κ
= 3

ZC1/2 (10)

here 1/κ is the thickness of the diffuse layer (Å), Z denotes
he valency and C represents the ion concentration (mol L−1)

m
t
a

ig. 4. Effect of temperature for adsorption of chromium on kaolinite at pH 5.5
nd ionic strength 0.001 mol L−1.

27]. This formula indicates that for the same valency the con-
entration of salt contributes significantly to the thickness of the
lectrical double layer (EDL) and consequently causes a reduc-
ion in the adsorption capacity. Thus the variation of the ionic
trenght of the medium results in a change in the thickness of
he double layer.

.1.3. Effect of temperature
A study of the temperature dependence of adsorption reac-

ions gives valuable information about the enthalpy change
uring adsorption [9]. The adsorption of chromium on kaolinite
as studied as a function of temperature in the range 303–323 K.
he results are presented in Fig. 4. There is an increase in the
mount of adsorption with a rise in temperature which may be
ue to higher adsorption caused by an increase in the thermal
nergy of the adsorbate. This indicates that the adsorption pro-
ess is endothermic in nature when temperature was increased
rom 303 to 323 K (Fig. 4). The effect of temperature is fairly
ommon and increasing temperature results in an increase in
he rate of approach to equilibrium. In addition, the temperature
oefficient for the reverse reaction is lower than for the forward
eaction and consequently the equilibrium capacity increases
ith increased temperature.

.2. Isotherm analyses

The adsorption isotherms of the systems as presented by the
espective parameters were examined with regard to their rep-
esentative shapes. The equilibrium based adsorption models
ave been used to describe adsorption on surfaces. In this study,
he adsorption results were analysed in terms of Freundlich and
angmuir isotherms.

.2.1. Langmuir isotherm

The Langmuir model assumes that each site accepts only one

olecule, that sorbed molecules are organised as a monolayer,
hat all sites are energetically equivalent and that there is no inter-
ction between sorbed molecules [28]. The Langmuir equation
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s given by Eq. (11):

Ce

qe
= 1

qmK
+ 1

qm
Ce (11)

here qe is the equilibrium copper concentration on adsorbent
mol g−1), qm the maximum amount of adsorption (mol g−1), K
he affinity constant (L mol−1) and Ce is the solution concentra-
ion at equilibrium (mol L−1). From a plot of Ce/qe versus Ce,
m and K can be determined from its slope and intercept.

.2.2. Freundlich isotherm
The adsorption effects of chromium ions on kaolinite surface

ere interpreted with the Freundlich adsorption model, which
epends on a heterogeneous surface with a continuous distribu-
ion of adsorption sites. The Freundlich adsorption model can
e expressed by the following equation:

e = KFC1/n
e (12)

here KF and n are Freundlich adsorption isotherm constants,
eing indicative of the extent of the adsorption and the degree
f non-linearity between solution concentration and adsorption,
espectively; qe is the amount of chromium adsorbed per unit
eight of adsorbent; Ce the equilibrium concentration (mol L−1)

2]. By the logarithmic linearization of Eq. (12), the two param-
ters of the Freundlich equation, KF and 1/n could be estimated
rom the intercept and the slope of the straight line, respectively:

n qe = ln KF + 1

n
ln Ce (13)

Adsorption isotherms were obtained in terms of Eqs. (11)
nd (13) by using experimental adsorption results in these equa-
ions. Table 2 has shown the results of Langmuir and Freundlich
sotherm analyses calculated for adsorption chromium on kaoli-
ite from aqueous solutions at different pH, ionic strength and
emperatures. The isotherm data were calculated from the least
quare method and the related correlation coefficients (R2 val-
es) are given in the same table. As seen from Table 2, the
angmuir equation represents the adsorption process very well;

he R2 values were all higher than 0.99, indicating a very good
athematical fit. Fig. 5a–c have shown the plots of Langmuir

sotherm for the date of Figs. 1, 3 and 4. The Freundlich correla-
ion co-efficients are considerably lower than the corresponding
angmuir co-efficients. The fact that the Langmuir isotherm fits

he experimental data very well may be due to homogenous dis-
ribution of active sites on kaolinite surface; since the Langmuir
quation assumes that the surface is homogenous [28].

A comparison between the adsorption capacities of kaolin-
te and other adsorbents under similar conditions is presented
n Table 3. When comparing our results for kaolinite with the
esults of others, it can be concluded that the kaolinite adsorbed

etal ions as effectively as the other adsorbents listed. A lower

aolinite production cost compared to other adsorbents such as
ctivated carbon is another advantage of kaolinite for use as an
dsorbent.

3

t

ig. 5. Langmuir adsorption models for interactions of chromium on kaolinite
nder different conditions of (a) pH, (b) ionic strength and (c) temperature.

.3. Enthalpy of adsorption
The isosteric enthalpy of adsorption, �H◦, from the adsorp-
ion data at various temperatures as a function of coverage
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Table 2
Isotherm constants for chromium adsorption on kaolinite

Temperature (◦C) pH Ionic strength
(mol L−1)

Langmuir isotherm Freundlich isotherm

qm (×105 mol g−1) K (×10−4 L mol−1) R2 KF (×103) n R2

30 4.5 – 3.86 0.26 0.9997 4.96 1.42 0.9883
30 5.0 – 4.09 0.47 0.9915 8.36 1.38 0.9818
30 5.5 – 6.62 1.10 0.9905 19.71 1.43 0.9735
30 6.0 – 4.34 6.64 0.9954 53.83 1.23 0.9258
30 5.5 1 × 10−3 4.40 3.43 0.9993 0.67 2.92 0.8313
30 5.5 1 × 10−2 4.51 0.75 0.9902 1.48 2.07 0.9811
30 5.5 1 × 10−1 5.83
40 5.5 1 × 10−3 4.47
50 5.5 1 × 10−3 4.98

Table 3
Summary of adsorption capacity of various adsorbents

Adsorbents qm (×105 mol g−1) References

Activated carbons 6.77–25.60 [4]a

Chryseomonas luteola TEM05 5.77 [29]a

Peat 43.65 [30]a

Saw dust 76.34 [31]a

Coconut husk fibres 55.76 [32]a

Coconut shell based-activated carbon 38.46 [33]
Sugar beet pulp 33.08 [31]a

Palm pressed-fibres 28.85 [32]
Maize cob 26.54 [31]a

Sugar cane bagasse 25.77 [31]a

Biogas residual slurry 11.29 [34]a

Fe(III)/Cr(III) hydroxide 2.75 [35]a

K
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aolinite 3.86–6.62 In this study

a Calculated values from mg g−1.

raction (θ = qe/qm) can be estimated from the following equa-
ion [9]:

�H◦ [
∂(ln Ce)

]

Rg

=
∂(1/T ) θ=0.5

(14)

here Rg is the gas constant. Fig. 6 shows the plot of −ln Ce
gainst 1/T. The values of �H◦ was calculated at a specific

ig. 6. The relation between −ln Ce and 1/T for adsorption of chromium on
aolinite at pH 4.5, initial concentration of cation 7.69 × 10−4 mol L−1 and
onic strength null.

i
q
f
u

0.13 0.9939 7.82 1.31 0.9960
3.51 0.9843 0.44 3.45 0.8854
5.03 0.9950 0.19 5.72 0.9008

overage fraction of 0.5 as 7.0 kJ mol−1. Transfer of ions from
queous solution to solid surface usually involves physical (pre-
ominantly coulombic) and chemical forces. The results show
hat the interaction between surface and adsorbate molecules is a
hysical interaction. Since adsorption is an endothermic process,
t would be expected that an increase in solution temperature
ould result in an increase in adsorption capacity [9].

.4. Single-stage batch adsorption

The schematic diagram for a single-stage adsorption process
s shown in Fig. 7. The solution to be treated contains V L sol-
ent, and the chromium concentration is reduced from C0 to Ce
mol L−1) in the adsorption process. The adsorbent is added to
he extent of W g adsorbate-free kaolinite, and the chromium
oncentration increases from q0 to qe (mol g−1). If fresh adsor-
ent is used, q0 = 0. The mass balance equates the chromium
emoved from the liquid to that picked up by the solid:

(C0 − Ce) = W(qe − q0) = Wqe (15)

For the adsorption of chromium on kaolinite the Langmuir
sotherm has given the best fit to experimental data. Conse-
uently, equation can be best substituted for qe in the rearranged
orm of Eq. (11) giving adsorbent/solution ratios for this partic-

lar system:

W

V
= C0 − Ce

qe
≡ C0 − Ce

((qmKCe)/(1 + KCe))
(16)

Fig. 7. A single-stage batch adsorber.
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ig. 8. Volume of effluent (V) treated against adsorbent mass (W) for different
ercentage chromium removal.

Fig. 8 shows a series of plots derived from Eq. (16) for the
dsorption of chromium ions on kaolinite. An initial chromium
oncentration of 7.69 × 10−4 mol L−1 at 30 ◦C and at pH 4.5 is
ssumed and figure shows the amount of effluent, which can be
reated to reduce chromium ions content by 50, 60, 70, 80 and
0% using various masses of adsorbent [5].

. Conclusions

Analysing the results obtained in this work, the following
onclusions about the removal of trivalent chromium by kaoli-
ite can be made:

Kaolinite can be effectively used for the removal of Cr(III)
from wastewaters.
Adsorption of chromium(III) is pH dependent. The removal
efficiency of adsorbent increases with increase in pH.
The number of protons released per Cr3+ ion adsorbed onto
kaolinite was about 1.9 at pHs about 5.4–6.0 and 0.9 at pHs
about 6.5.
The adsorbed amount of chromium ions decreased with
increase in ionic strength.
The adsorbed amount of chromium ions increased with
increase in temperature.
Adsorption enthalpy reveals that the adsorption of Cr(III) by
kaolinite is endothermic in nature.
The adsorption process follows the Langmuir adsorption
model.

These findings suggest that this material has significant
otential for use as an adsorbent in the removal of Cr(III) from
ndustrial wastewaters.
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