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Removal of Cr(VI) From Aqueous Solution by
Turkish Vermiculite: Equilibrium,

Thermodynamic and Kinetic Studies

Ahmet Sari and Mustafa Tuzen
Department of Chemistry, Gaziosmanpasa University, Tokat, Turkey

Abstract: The adsorption of Cr(VI) from aqueous solution by Turkish vermiculite
were investigated in terms of equilibrium, kinetics, and thermodynamics. Experi-
mental parameters affecting the removal process such as pH of solution, adsorbent
dosage, contact time, and temperature were studied. Equilibrium adsorption data
were evaluated by Langmuir, Freundlich and Dubinin–Radushkevich (D–R) iso-
therm models. Langmuir model fitted the equilibrium data better than the Freun-
dlich model. The monolayer adsorption capacity of Turkish vermiculite for Cr(VI)
was found to be 87.7 mg=g at pH 1.5, 10 g=L adsorbent dosage and 20�C. The mean
free energy of adsorption (5.9 kJ=mol) obtained from the D–R isotherm indicated
that the type of sorption was essentially physical. The calculated thermodynamic
parameters (DGo, DHo and DSo) showed that the removal of Cr(VI) ions from
aqueous solution by the vermiculite was feasible, spontaneous and exothermic at
20–50�C. Equilibrium data were also tested using the adsorption kinetic models
and the results showed that the adsorption processes of Cr(VI) onto Turkish ver-
miculite followed well pseudo-second order kinetics.

Keywords: Adsorption, Cr(VI), kinetics, removal, thermodynamics, Turkish ver-
miculite

INTRODUCTION

Environmental pollution resulting from heavy metal pollution is increas-
ing throughout the world with the growth of industrial activities (1). The
removal of heavy metals from waters and wastewaters is important in
terms of protecting of public health and the environment due to their
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accumulation in living tissues throughout the food chain as nonbiode-
gradable pollutants (1,2).

Chromium, a known heavy metal, has widespread industrial applica-
tions; hence, large quantities of chromium are discharged into the
environment. The chromium metal and its compounds have been
involved in many applications such as making alloys, chrome plating,
leather tanning, batteries, refractories, dyes, paints, welding, and catalysis
(3–4). The wastewaters of all of these industries causes major environ-
mental problems. Chromium exists in several oxidation states (�2 to
þ 6), the most stable and common forms are hexavalent Cr(VI) and tri-
valent Cr(III) (5). For example, hexavalent chromium compounds are
known to be very toxic although trivalent ones are somewhat less toxic.
The International Agency for Research on Cancer has determined that
Cr(VI) is carcinogenic to both humans and animals (6). This has led to
the concern over the environmental effects of chromium present in sur-
face water and groundwater. Therefore, several methods are utilized to
remove chromium from industrial wastewater. These include: reduction
followed by chemical precipitation, ion exchange, membrane separation,
reduction, adsorption, biosorption, electrochemical precipitation, solvent
extraction (7–13). Among these methods, adsorption is an effective
method for removing chromium from aqueous solution, particularly
when combined with appropriate regeneration steps (2,14–16). The
removal of chromium ions from the industrial effluents can be achieved
using natural and low-cost adsorbents. However, the literature is still
insufficient to solve this problem, and more work and investigations
are needed to deal with other locally available and cheap adsorbents.

Vermiculite is a clay mineral with 2:1 crystalline structure. It consists of
unit layers composed from two silica tetrahedral sheets attached to a central
magnesium octahedral sheet. Al3þ substitution for Si4þ in tetrahedral
layers, and Al3þ and=or Fe3þ substitutions for Mg2þ in octahedral layers
are responsible for the negative charge of the structure (17). Moreover, high
surface area makes this material suitable adsorbent for adsorption studies
and therefore, it has been successfully used as adsorbent to remove heavy
metals from wastewaters (18–23). However, based on the authors’ literature
survey there is no study on the removal of Cr(VI) using Turkish vermiculite
in literature. In addition, vermiculite is a natural and low-cost adsorbent and
thus easily available in Turkish markets. In this regard, the present work
focused on the potential use of Turkish vermiculite for Cr(VI) removal from
aqueous solution. Experimental parameters affecting the removal process
such as pH, contact time, adsorbent dosage, and temperature were studied.
The equilibrium adsorption data were evaluated by Langmuir, Freundlich,
and Dubinin–Radushkevich (D–R) isotherm models. The removal mechan-
isms were also investigated in terms of thermodynamics and kinetics.
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EXPERIMENTAL

Adsorbent, Reagents, and Equipments

The adsorbent used in this work was obtained from DRT Company
(Antalya, Turkey). The mineralogical composition of the dried vermicu-
lite supplied by the company is 42% SiO2, 11.5% Al2O3, 22.5% MgO,
8% Fe2O3, 4% K2O, 2% CaO, 1.4% TiO2, 0.4% MnO, 0.2% Cr2O3,
0.7%Na2O, and 7.3% H2O. The adsorbent was ground in a laboratory
type ball-mill and sieved to give 30–300 mm size fractions using ASTM
standard sieves.

All chemicals used in this work, were of analytical reagent grade and
were used without further purification. A Perkin Elmer A Analyst 700
flame atomic absorption spectrometer with deuterium background correc-
tor was used. All measurements were carried out in an air=acetylene flame.

FT-IR Analysis

The FT-IR spectra of Turkish vermiculite were taken before and after
adsorption by JASCO-430 model spectrophotometer in order to obtain
information on the nature of interactions between the functional groups
of the adsorbent and metal ions. The results are shown in Fig. 1. The broad
band observed at 3415 cm�1 is due to the O�H stretching vibration of the
Si�OH and Al�OH groups. The spectral band at 1646 cm�1 reflects the
bending vibration of water molecules retained in the silica or alumina
matrix. The peak at 996 cm�1 may be attributed to bending vibration of
Si�OH and Al2OH. The band at 676 cm�1 assigns to the deforming modes
of the �Si�O groups of the tetrahedral sheet. After Cr(VI) adsorption,
especially the bands observed at 3412, 996 and 676 cm�1 were shifted
to 3401, 992, and 664 cm�1. The significant changes in the wave number
of specific bands indicated that the Si�OH and Al�OH groups on the
surface of vermiculite mainly involved in the adsorption.

Batch Adsorption Procedure

Adsorption experiments were carried out at the optimum pH value, con-
tact time, and adsorbent dosage level using the necessary adsorbent in a
100 mL stoppered conical flask containing 25 mL of test solution. Cr(VI)
stock solutions were prepared from K2Cr2O7. Initial solutions with differ-
ent concentrations of Cr(VI) were prepared by proper dilution from
stock 1000 mg=L Cr(VI) standards. 0.1 mol=L HCl was used for pH
1. 0.03 mol=L HCl was used for pH 1.5. Sodium phosphate buffer
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(0.1 mol=L) was prepared by adding an appropriate amount of
phosphoric acid to sodium dihydrogen phosphate solution to obtain a
solution of pH 2–3. Ammonium acetate buffers (0.1 mol=L) were pre-
pared by adding an appropriate amount of acetic acid to ammonium
acetate solutions to obtain solutions of pH 4–6. Ammonium chloride
buffer solutions (0.1 mol=L) were prepared by adding an appropriate
amount of ammonia to ammonium chloride solutions to obtain solutions
of pH 8.

Necessary amount of the adsorbent was then added and contents in
the flask were shaken for the desired contact time in an electrically ther-
mostatic reciprocating shaker at 100 rpm. The experiments were repeated
at 20, 30, 40, and 50�C. The time required for reaching the equilibrium
condition was estimated by drawing samples at regular intervals of time
till equilibrium was reached. The contents of the flask were filtered
through blue band filter paper and the filtrate was analyzed for metal
concentration by using flame AAS. The percent removal of metal ion
was calculated as follows:

Removal ð%Þ ¼ ðCi � Cf Þ
Ci

� 100 ð1Þ

where Ci and Cf are the initial and final metal ion concentrations, respect-
ively. Adsorption experiments for the effect of pH were conducted by
using a solution having 25 mg=L of Cr(VI) concentration with a adsorb-
ent dosage of 10g=L. Throughout the study, the contact time was varied

Figure 1. FT-IR spectra of Turkish vermiculite before and after adsorption.
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from 10 to 180 min, the pH from 1.5to 8, the initial metal concentration
from 25 to 400 mg=L, and the adsorbent dosage from 2 to 40 g=L. All
adsorption tests have been done in triplicate and the average results were
taken into consideration.

Desorption and Reusabiliy Studies

A sample volume of 25 mL, containing 10 mg=L of Cr(VI), was trans-
ferred into a beaker; 10 mL of buffer solution was added. After a fast
shaking, 4 g=L of Turkish vermiculite was added and the mixture was
shaken again for 120 min at 100 rpm. The system was filtered with blue
band filter paper. Then the filter and constituents were washed with dis-
tilled water. In order to elute the adsorbed analyte onto Turkish vermicu-
lite, 8–10 mL of 1 mol=L HCl was used. The final volume was completed
to 25.0 mL with 1 mol=L HCl. Analyte contents of the final solution were
determined by flame flame AAS. The same procedure was applied to the
blank solution. In order to use the Turkish vermiculite for next experi-
ment, the Turkish vermiculite was washed with excess of 1 mol=L HCl
and distilled water, sequentially. All desorption tests have been done in
triplicate and the average results were taken into consideration.

RESULTS AND DISCUSSION

Effect of pH

One of the most important factors affecting adsorption of metal ions is
acidity of solution. The effect of pH on the removal efficiency of Cr(VI)
onto Turkish vermiculite was studied by changing pH values in the range
of 1.5–8 and the results were presented in Fig. 2. From this figure it is
clear that the percent removal of Cr(VI) is maximum for all the concen-
trations at pH 1.5 and thereafter decreases with further increase in pH.
This result directly related with competition ability of hydrogen ions with
metal ions to active sites on the adsorbent surface.

Different mechanisms, such as electrostatic forces, ion exchange,
and chemical complexation, must be taken into account when examin-
ing the effect of pH on Cr(VI) sorption. One of the commonly pro-
posed mechanisms is electrostatic attraction=repulsion between
sorbent and sorbate. Adsorption of hexavalent Cr(VI) varies as a func-
tion of pH, with H2CrO4, HCrO�4 , Cr2O2�

7 , and CrO2�
4 ions present as

dominant species. At pH 1–3, HCrO�4 was the dominant species. At
low pH, there is presence of a large number of Hþ ions, which in turn
neutralize the negatively charged adsorbent surface thereby reducing
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hindrance to the diffusion of HCrO�4 ions (24). As the pH rises, the
concentration of OH� ions increases and overall charge on surface of
the sorbent becomes negative which causes repulsion effect against
the negatively charged Cr(VI) species like Cr2O7

2�, CrO4
2�, etc., results

in the decreased sorption of hexavalent chromium ions (15,25). Almost
the same pH results were reported for the adsorption of Cr(VI) on dif-
ferent adsorbents and biosorbents (15,26–28). Moreover, at higher pH
values (6–8), decrease in removal efficiency is due to the formation of
soluble hydroxilated complexes of the chromium and their competition
with the active sites, and as a consequence, the retention would
decrease (7).

Effect of Adsorbent Dosage

To determine the effect of the adsorbent dosage on the removal efficiency
of Cr(VI) by Turkish vermiculite the amounts of adsorbent in solution
were varied from 2 to 40 g=L and the results are presented in Fig. 3.
The removal efficiency of Cr(VI) increased with increasing of the adsorb-
ent dosage as expected. The maximum removal efficiency was attained at
10 g=L and reached a saturation level at higher dosages. This trend could
be explained as a consequence of a partial aggregation of adsorbent at
higher concentration, which results in a decrease in effective surface area
for the adsorption (29).

Figure 2. Effect of pH on the removal efficiency of Cr(VI) by the vermiculite
(metal concentration: 25 mg=L; adsorbent dosage: 10 g=L; temperature: 20�C).
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Effects of Contact Time and Temperature

Contact time is one of the important parameters for successful use of an
adsorbent for practical application and rapid sorption is among desirable
parameters. Figure 4 shows the effect of contact time and temperature on
the removal efficiency of Cr(VI) using 10 g=L of Turkish vermiculite at

Figure 3. Effect of adsorbent dosage on the removal efficiency of Cr(VI) by the
vermiculite (metal concentration: 25 mg=L; pH: 1.5; temperature: 20�C).

Figure 4. Effect of contact time and temperature on the removal efficiency of
Cr(VI) by the vermiculite (metal concentration: 25 mg=L; adsorbent dosage:
10 g=L; pH: 1.5).
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pH 1.5. The removal efficiency increases with increase of contact time till
equilibrium. As shown in Fig. 4, the removal efficiency increased gradu-
ally up to 85% with increasing contact time between 10 and 120 min and
it becomes almost constant. Therefore, the optimum contact time was
selected as 120 min for further experiments.

Figure 4 also shows the experimental results obtained from a series of
contact time studies in which temperature was varied from 20 to 50�C.
The removal efficiency decreased from 85% to 38% with increasing tem-
perature from 20 to 50�C during a 120 min-contact time. The decrease in
adsorption capacity of the vermiculite with temperature indicates an exo-
thermic process. The increase in adsorption with temperature may be
attributed to increasing tendency to desorb metal ions from the interface
to the solution (30–33).The optimum solution temperature was selected
as 20�C for further adsorption experiments.

Adsorption Isotherm Models

An adsorption isotherm is characterized by certain constant values, which
express the surface properties and affinity of the adsorbent and can also be
used to compare the adsorptive capacity of the adsorbent for different
pollutants (34). Several mathematical models have been developed to
quantitatively express the relationship between the extent of sorption
and the residual solute concentration. In this study, three important
sorption isotherm models were selected to fit experimental data, which
are namely Langmuir, Freundlich, and Dubinin-Radushkevich (D-R)
isotherm models.

Langmuir isotherm models the single coating layer on adsorption
surface. This model supposes that the adsorption takes place at a specific
adsorption surface. This model can be written in linear form (35).

1

qe
¼ 1

qm
þ 1

qmKL

� �
1

Ce
ð2Þ

where qe is the equilibrium metal ion concentration on the adsorbent
(mg=g), Ce is the equilibrium metal ion concentration in the solution
(mg=L), qm is the monolayer adsorption capacity of the adsorbent (mg=g),
g), and KL is the Langmuir adsorption constant (L=mg) relating the free
energy of adsorption.

Figure 5 indicates the linear relationship between the amount (mg) of
Cr(VI) sorbed per unit mass (g) of vermiculite against the concentration
of Cr(VI) remaining in solution (mg=L). The coefficient of determination
(R2) was found to be 0.998, indicating that the adsorption of Cr(VI) onto
vermiculite fitted well the Langmuir model. In other words, the sorption
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of Cr(VI) ions onto vermiculite was taken place at the functional group-
s=binding sites on the surface of the adsorbent which is regarded as
monolayer sorption. The maximum adsorption capacity (qm) was found
to be 87.7 mg=g and the KL value was found as 0.06 L=mg. In addition,

Figure 5. Langmuir isotherm plots for the adsorption of Cr(VI) by the vermicu-
lite (adsorbent dosage: 10 g=L; pH: 1.5; contact time: 120 min; pH: 1.5; tempera-
ture: 20�C).

Table 1. Comparison of adsorption capacity of Turkish vermiculite for Cr(VI)
with that of different sorbents

pH qm (mg=g) Reference

Brown coal (YK) 3 50.9 (3)
Brown coal (KK) 3 47.8 (3)
Pseudomonas sp. 1 95.0 (7)
Staphylococcus xylosus 1 143.0 (7)
Activated bentonite 5 91.7 (15)
Olive oil industry waste 2 13.9 (25)
Modified lignin 2 9.3 (27)
Fucus vesiculosus 2 42.7 (36)
Fucus spiralis 2 5.4 (36)
Ulva lactuca 2 27.6 (36)
Ulva spp. 2 30.2 (36)
Palmaria palmate 2 33.8 (36)
Polysiphonia lanosa 2 45.8 (36)
Tea waste 2 (60�C) 54.7 (37)
Modified oak sawdust 3 1.70 (38)
Turkish vermiculite 1.5 87.7 present study
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Table 1 presents the comparison of adsorption capacity of Turkish ver-
miculite for Cr(VI) with those of various sorbents in literature
(3,7,15,25,27,36–38). From this table, it can be resulted that the Turkish
vermiculite is an effective and alternative sorbent to remove Cr(VI) from
aqueous solution.

Freundlich isotherm is used for modeling the adsorption on hetero-
geneous surfaces. The Freundlich model (39) is

ln qe ¼ ln Kf þ
1

n
Ce ð3Þ

where Kf is a constant relating the adsorption capacity and 1=n is an
empirical parameter relating the adsorption intensity, which varies with
the heterogeneity of the material.

Figure 6 shows the linear Freundlich isotherm obtained for the
removal of Cr(VI) onto vermiculite. The values of Kf and 1=n were found
to be 7.74 and 0.53 respectively. The 1=n values were between 0 and 1,
indicating that the adsorption of Cr(VI) onto vermiculite was favourable
at studied conditions. However, the R2 value was found to be 0.909,
showing that the Freundlich model was not able to adequately to describe
the relationship between the amounts of sorbed metal ions and their
equilibrium concentrations in the solution. In addition, the Langmuir

Figure 6. Freundlich isotherm plots for the adsorption of Cr(VI) by the vermicu-
lite (adsorbent dosage: 10 g=L; pH: 1.5; contact time: 120 min; pH: 1.5; tempera-
ture: 20�C).
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isotherm model best fitted the equilibrium data since it presents higher R2

value than that determined from the Freundlich isotherm.
Another equation that has been used to determine the possible

adsorption mechanism is the Dubinin–Radushkevich equation, which
assumes a constant sorption potential. The linear form of the D-R iso-
therm equation (40) is:

ln qe ¼ ln qm � be2 ð4Þ

where qe is the amount of metal ions adsorbed on per unit weight of
adsorbent (mol=L), qm is the maximum adsorption capacity (mol=g), b
is the activity coefficient related to mean adsorption energy (mol2=J2)
and e is the Polanyi potential which is equal to e ¼ RT lnð1þ 1=CeÞ,
where R (J=mol K) is the gas constant and T (K) is the absolute tempera-
ture. Hence by plotting ln qe against e2 it is possible to generate the value
of qm (mol=g) from the intercept, and the value of b from the slope.

The constant b gives an idea about the mean adsorption free energy
E (kJ=mol) can be calculated using the relationship

E ¼ 1ffiffiffiffiffiffiffiffiffi
�2b
p ð5Þ

The D-R isotherm model well fitted the equilibrium data since the R2

value was found to be 0.991. (Fig. 7). From the intercept of the plots, the

Figure 7. D-R isotherm plots for the adsorption of Cr(VI) by the vermiculite (adsorb-
ent dosage: 10 g=L; pH: 1.5; contact time: 120 min; pH: 1.5; temperature: 20�C).
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qm value was found to be 1.610�3 mol=g. The E (kJ=mol) value gives infor-
mation about adsorption mechanism, physical or chemical. If this value is
between 8 and 16 kJ=mol, the adsorption process takes place chemically
and while E< 8 kJ=mol, the adsorption process is physical (41). The
mean adsorption energy (E¼ 5.9 kJ=mol) indicated that the adsorption
of Cr(VI) onto Turkish vermiculite has physical characteristics because
the E value lies within 1–8 kJ=mol.

Desorption Efficiency

Desorption of adsorbed analyte ions onto Turkish vermiculite were also
studied by using HCl and HNO3 at various concentrations in Table 2.
For these studies, 10 mL of each eluent was used. Analyte ions were des-
orbed from Turkish vermiculite with both 1 M HCl and 1 M HNO3. The
highest recovery for both metal ions was found to be 96% using 1 mol=L
HCl. The effects of volume of 1 mol=L HCl as eluent were also investi-
gated in the range of 5.0–10.0 mL. Quantitative recovery values
(>95%) were obtained for both metal ions after 8.0 mL of 1 mol=L
HCI. Subsequent elution with 10 mL 1 M HCl readily strips the sorbed
metal ions from the Turkish vermiculite. The high stability of the Turkish
vermiculite permitted six times of adsorption-elution process along the
studies without a decrease about 10% in recovery of Cr(VI) ions. This
result indicates that the Turkish vermiculite has a good reuse potential
for adsorption of Cr(VI) from aqueous solution.

Adsorption Kinetics

Kinetics is another important aspect in any evaluation of sorption as a
unit operation. Adsorption kinetics depends on the sorbate-sorbent inter-
action and operating condition and examined for their suitability for
practical applications in water pollution control. Several kinetic models

Table 2. Influence of various eluents on the desorption of
Cr(VI) ions from Turkish vermiculite

Eluent Recovery, %

.5 mol L�HCl 75�2
1 mol L�HCl 96�3
0.5 mol L�HNO3 60�3
1 mol L�HNO3 80�3
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are available to understand the behavior of the adsorbent and also to
examine the controlling mechanism of the adsorption process and to test
the experimental data. In this study, the adsorption equilibrium data
were analyzed using two simplest kinetic models, pseudo-first-order
and pseudo-second-order model.

The linear form of the pseudo-first-order rate equation by Lagergren
(42) is given as

lnðqe � qtÞ ¼ ln qe � k1t ð6Þ

where qt and qe (mg=g) are the amounts of the metal ions sorbed at equi-
librium (mg=g) and t (min), respectively and k1 is the rate constant of the
equation (min�1). The adsorption rate constants (k1) can be determined
experimentally by plotting of ln(qe�qt) vs t.

The plots of ln(qe�qt) vs t for the pseudo-first-order model were not
shown as figure because of low R2 values in Table 3 (0.954–0.979). It can
be concluded from the R2 values that the adsorption of Cr(VI) onto ver-
miculite does not follow the pseudo-first-order kinetic model. Moreover,
it can be seen from Table 3 that the experimental values of qe,exp are not
in good agreement with the theoretical values calculated (qe1,cal) from Eq.
(6). Therefore, the pseudo- first-order model is not suitable for modeling
the biosorption of Cr(VI) onto vermiculite.

Experimental data were also tested by the pseudo-second-order
kinetic model which is given in the following form (43):

t

qt
¼ 1

k2q2
e

þ ð 1

qe
Þt ð7Þ

where k2 (g=mg min) is the rate constant of the second-order equation, qt

(mg=g) is the amount of adsorption time t (min) and qe is the amount of
adsorption equilibrium (mg=g).

Table 3. Pseudo-first-order and pseudo-second-order parameters for the adsorp-
tion of Cr(VI) onto Turkish vermiculite at different temperatures

Pseudo-first-order Pseudo-second-order

Temperature
(�C)

qe,exp

(mg=g)
k1

(l=min)
qe1,cal

(mg=g) R2
k2

(g=mg min)
qe2,cal

(mg=g) R2

20 0.98 3.4� 10�2 0.21 0.954 0.35 0.87 0.999
30 0.92 2.8� 10�2 0.14 0.974 0.24 0.81 0.998
40 0.71 2.5� 10�2 0.11 0.979 0.18 0.60 0.995
50 0.63 1.8� 10�2 0.08 0.967 0.15 0.45 0.993
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The linear plots of t=qt vs t for the pseudo-second-order model for
the removal of Cr(VI) by Turkish vermiculite at 20–50�C were shown
in Fig. 8. The rate constants (k2), the R2 and the qe values are given in
Table 3. The R2 values in the range, 0.993–0.999 suggested that the
adsorption of Cr(VI)ions onto adsorption well follows the pseudo-
second-order kinetic model. In addition, the theoretical qe2,cal values were
closer to the experimental qe,exp values (Table 3). In the view of these
results, it can be said that the pseudo-second-order kinetic model pro-
vided a good correlation for the biosorption of Cr(VI) onto vermiculite
in contrast to the pseudo-first-order model.

Adsorption Thermodynamics

The thermodynamic behavior of the adsorption of Cr(VI) onto vermicu-
lite was evaluated by the thermodynamic parameters including the
change in Gibbs free energy (DG�), enthalpy (DH�) and entropy (DS�).
These parameters were calculated from following equations

DG� ¼ �RT ln KD ð8Þ

where, R is the universal gas constant (8.314 J=mol K), T is temperature
(K) and KD (qe=Ce) is the distribution coefficient (44).

Figure 8. Pseudo-second-order kinetic plots at different temperatures.
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By considering Eq. (8), the enthalpy (DH�) and entropy (DS�) of
adsorption were estimated from the slope and intercept of the plot of
ln KD vs 1=T yields, respectively (Fig. 9).

ln KD ¼
DS�

R
� DH�

RT
ð9Þ

Gibbs free energy change (DG�) was calculated to be �15.9, �15.7,
�15.6, and �15.5 kJ=mol for Cr(VI) adsorption at 20, 30, 40, and
50�C, respectively. The negative DG� values indicated thermodynamically
feasible and spontaneous nature of the adsorption. The decrease in DG�

values with increase in temperature shows a decrease in feasibility of
adsorption at higher temperatures. The enthalpy of adsorption (DH�)
was found to be �19.6 kJ=mol. The negative DH� is an indicator of exo-
thermic nature of the adsorption. Calculated DS� (�12.7 J=molK) para-
meter implying that Cr(VI) in solid phase (surface of adsorbent) were
in a much less chaotic distribution compared to the relatively ordered
state of bulk phase (aqueous solution). The negative entropy result can
be also associated to decreasing of species in solution after adsorption
such as solvation water when dichromate and chromate anions were
adsorbed.

Figure 9. Plot of ln KD vs 1=T for the estimation of thermodynamic parameters.
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CONCLUSIONS

This study focused on the removal of Cr(VI) using Turkish vermiculite
from aqueous solution. The operating parameters, pH of solution,
adsorbent dosage, contact time, and temperature, were effective on the
removal efficiency of Cr(VI). The maximum removal efficiency was
found as 85% at the conditions of 10 g=L adsorbent dosage, pH 1.5,
120 contact time, and 20�C. Adsorption equilibrium was better described
by the Langmuir isotherm model than the Freundlich model. The mono-
layer adsorption capacity of Turkish vermiculite for Cr(VI) was found to
be 87.7 mg=g ions. The mean energy (5.9 kJ=mol) determined from the
D-R model showed that the adsorption Cr(VI) onto Turkish vermiculite
may be carried out by physical sorption. The thermodynamic calculations
indicated the feasibility, exothermic and spontaneous nature of the
adsorption process at 20–50�C. Kinetic examination of the equilibrium
data showed that the adsorption of Cr(VI) onto Turkish vermiculite fol-
lowed well the pseudo-second-order kinetic model. Based on all results, it
can be also concluded that the Turkish vermiculite is an effective and
alternative adsorbent for the removal of Cr(VI) ions from aqueous sol-
ution because of its considerable adsorption capacity, being of its natural
and low-cost.
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