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bstract

Chromium exists in two forms mainly Cr(III) and Cr(VI) and out of the two forms the later one is highly toxic and is documented as high
riority pollutant. It has attracted the attention of the scientific workers worldwide. The present work was addressed to the use of clay mineral,
ollastonite in order to provide an economically viable treatment of Cr(VI) containing aqueous solutions and industrial effluents. The removal of

hromium is found to be concentration dependent. The removal increased from 47.4 to 69.5% by decreasing the concentration from 2.0 × 10−4

o 0.5 × 10−4 M at pH 2.5, 0.01 M NaClO4 ionic strength, 100 �m adsorbent particle diameter and 30 ◦C temperature. Rate of uptake of Cr(VI)
as found to be 3.0 × 10−2 min−1 under optimum conditions and the process is governed by first order kinetic equation. The process of Cr(VI)
emoval from aqueous solutions and wastewater involves intraparticle diffusion and the coefficient of intraparticle diffusion, D, was found to be
.5 × 10−4 cm2 s−1 under favourable conditions. Thermodynamic parameters for the process of removal have also been calculated to understand
he process better.

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

Chromium is distributed on the earth’s crust at approxi-
ately 100 ppm levels. It exists in many valence states like
etallic chromium, bivalent chromium, trivalent and hexava-

ent chromium but from environmental viewpoint, two of its
orms, viz., trivalent Cr(III) and hexavalent Cr(VI) are impor-
ant [1]. Its hexavalent form is well known highly toxic metal
nd is considered to be a priority pollutant [2,3]. The USEPA
as classified Cr(VI) as a human carcinogen and currently its
aximum contamination level has been fixed as 100 ppb as

otal chromium [4]. Exposure to Cr(VI) causes health prob-
ems including dermatitis, allergic skin reactions and ulceration
f intestine. Chromium has also been reported to be a ter-
togen [5]. In order to detoxify water and wastewater rich in

hromium, the commonly employed methods are solvent extrac-
ion, ion-exchange, reverse osmosis, precipitation, adsorption
n activated carbon, etc. [6–8], but these technologies are cost
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ntensive and are not suitable for developing nations. Ultrafil-
ration complexation has been reported to remove chromium
rom wastewater [9]. Significant removal of metal ions from
ater has also been reported by using tree fern [10]. And Deng

nd Bai [11] reported significant removal of both the forms of
hromium by animated polyacrylonitrile fibres, efforts have also
een made to prepare activated carbon by waste materials to
ring down the cost of water treatment [12,13]. Erdem et al.
14] have reported removal of chromium by natural zeolites. Xu
nd Axe [15] have used iron oxide coated silica for removal of
admium from wastewaters and economically prepared saw dust
ctivated carbon has also been successfully used for reclamation
f chromium rich water [16]. An important work on field obser-
ation of chromium on tannery sludge has been studied [17]. The
resent work addresses to the reclamation of Cr(VI) containing
ater and wastewaters by economically viable material, wol-

astonite, to make the process of treatment cost effective. The
ffect of various important parameters, viz., contact time and

nitial concentration, pH and temperature on the removal has
een investigated. Kinetic modeling of the process of removal
nd possibility of intraparticle diffusion have been carried
ut.
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. Experimental

All the chemicals used were of analytical reagent grade
nd were obtained from B.D.H., Mumbai (India). In order to
aintain the cost effectiveness of the process, the adsorbent,
ollastonite, was used in the experiment without any pretreat-
ent after maintaining a mean particle size of 100 �m. It was

nalyzed chemically using Indian Standard Methods [18]. The
ET method using a Quantasorb Surface Area Analyzer QS-7

Quanta Chrome Corp., USA) was used to measure the sur-
ace area of the adsorbent [8]. pHzpc was determined by elec-
rophoretic method employing a Carlo Erba Series 200 and
ess-Hugill Flask method were used to determine the density
f the sample.

Stock suspensions of the wollastonite sample were prepared
everal weeks prior to experiments to ensure complete hydra-
ion of the solid surface. The batch adsorption experiments
ere then conducted by adding adequate quantity of distilled
ater, NaClO4 (0.01 M) and aqueous solutions of chromium to
set of 250 ml polyethylene bottles. Wollastonite, the adsor-

ent (20 g l−1) was then added from the stock suspension. pH
f the solutions was adjusted to desirable levels by adding 1 M
Cl/NaOH. The initial pH of the wollastonite suspension with-
ut addition of chromium solution was found to be 8.54. After pH
djustment, the sample bottles were agitated in a temperature-
ontrolled thermostat at the desired temperature till equilibrium
as achieved. After equilibrium time the surface of the adsorbent
ets saturated and no further adsorption occurs on it. Moreover,
his time is regarded as the ‘reaction time’. At the end of the
eaction time which is found to be 100 min in present studies,
he solids were removed by centrifugation and the metal concen-
ration of the supernatant was determined by Atomic Absorption
pectrophotometric Method [19].

. Results and discussion

.1. Chemical characterization of the adsorbent
The chemical characterization of wollastonite shows
Table 1) that silica and calcium oxide are its major constituents.
he oxides of other metallic elements are present in traces. It

s, therefore, anticipated that these two major species will be

able 1
haracterization of the adsorbent

onstituents % by weight

iO2 48.52
aO2 48.48
l2O3 0.52
e2O3 0.26
oss of ignition 2.50

urface area (m2 g−1) 1.10
Hzpc 2.60
orosity 0.23
ensity (gm−3) 2.21
ean particle diameter (�m) 100.00
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Fig. 1. Effect of contact time and initial concentration on removal of Cr(VI).

esponsible for the removal of Cr(VI) from the aqueous solu-
ions. Loss on agitation of the adsorbent was found to be 2.50%
nd the surface area 1.10 m2/g. Values of other parameters are
lso presented in this table.

.2. Effect of contact time and concentration

For complete understanding of the process of removal, the
nowledge of effect of contact time and initial adsorbate concen-
ration is very vital. A known amount of adsorbent (20.0 g l−1)
as added to a batch containing 50 ml solution of chromium in
50 ml polythene bottles and as already discussed after attain-
ent of equilibrium, adsorbent was separated from solution by
ltration or centrifugation.

During the experiments, the removal of Cr(VI) increased up
o 100 min and then became constant (Fig. 1). This figure shows
hat the removal (%) increased from 47.4 to 69.5 at 2.5 pH,
0 ◦C temperature, 0.01 M NaClO4 ionic strength by decreas-
ng the Cr(VI) concentration from 2.0 × 10−4 to 0.5 × 10−4 M
n aqueous solutions. The time of equilibrium, 100 min for the
ystem is independent of concentration and other parameters.
he curves of this figure are smooth and indicate the suitability
f adsorption process for the present system. The higher (%)
emoval in low concentration range is of industrial application
20].

.3. Kinetic modeling

The kinetic modeling of the removal of Cr(VI) by adsorption
n wollastonite was carried out by Lagergren’s model [21]:

og(qe − q) = log qe −
(

Kad

2.303

)
t (1)
here qe and q (both in mg g−1) are amounts of Cr(VI) adsorbed
t equilibrium and at any time, respectively, and Kad is the rate
onstant of Cr(VI) removal. Kad was determined graphically
rom the graph of “log (qe − q) versus t” (Fig. 2). The value of
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ig. 2. Lagergren’s plot for kinetic modeling of the process of Cr(VI) removal
y adsorption on wollastonite.

he rate constant of the process of removal is very vital and
ndicates the utility of the process for the system. Its value
or the present system was found to be 3.0 × 10−2 min−1 at
.5 × 10−4 M Cr(VI) concentration, 30 ◦C, 2.5 pH, 100 �m par-
icle diameter, 100 rpm and 0.01 M NaClO4 ionic strength. This
alue of Kad is quite adequate and indicates that the adsorbent
an be used successfully for Cr(VI) removal.

.4. Activation energy study

The study of activation energy deciphers the nature of the
rocesses. In the present studies, value of activation energy for
he present system was calculated graphically by help of Fig. 2
nd using well known Arrhenius equation [22]. Its value for the
resent system was found to be 0.69 kcal mol−1. A low value of
ctivation energy is indicative of flat nature of the energy barrier
nd also the exothermic nature of the process undertaken.

.5. Intraparticle diffusion study

There are many ways by which the mass from bulk can go on
o the solid surface and if the adsorbent is porous in nature, there
xists a strong possibility of transfer of the dissolved mass onto
he solid surface by the process of intraparticle diffusion. The
resent system was examined for this possibility and intraparti-
le diffusion was found to play a role in the process of removal.
he rate of the process of diffusion is indicated by the coefficient
f intraparticle diffusion [22,23]:

= 0.03

t1/2
r2

0 (2)

here D (cm2 min−1) is the coefficient of intraparticle diffusion,

1/2 (min−1) time for half adsorption of Cr(VI) on wollastonite,
nd r0 (cm) is radius of the adsorbent particles. The value of

was calculated to be 3.5 × 10−10 cm2 s−1 at 0.5 × 10−4 M
r(VI) concentration, 30 ◦C and at other optimum conditions.

e
c
s
a

ig. 3. Maximum removal of Cr(VI) by adsorption on wollastonite at different
H values.

his value of the coefficient suggests that intraparticle diffusion
s rate controlling step for the present system. Our findings are
upported by earlier workers [22].

.6. Effect of pH

pH has been reported to be an important parameter and is
ermed as ‘master variable’ in many adsorption processes. In the
resent experiments the extent of removal decreases from 77.3
o 11.8% by increasing the pH from 2.5 to 8.5 (Fig. 3) at initial
hromium concentration of 0.5 × 10−4 M, 0.01 M NaClO4 ionic
trength and 30 ◦C.

It is clear from the characterization of the adsorbent that it
s rich in various oxides (Table 1). These oxides undergo sur-
ace hydroxylation forming surface hydroxyl compounds. As a
esult of their subsequent dissociation these give negatively or
ositively charged surfaces as follows [23]:

(3)

here ‘S’ stands for Si, Ca, Fe, etc. It is clear from the above
cheme that with decrease in pH of the solution, the positive
harge density on the adsorbent surface increases and hence the
dsorption of Cr(VI) also increases.

Further, the pHzpc of the adsorbent is 2.6 (Table 1) and this
ndicates that the surface of the adsorbent is positively charged
t a pH of approximately 2 and will be quite favourable for the
emoval of dominating HCrO4

− species. Significant adsorption
t neutral and negatively charged surface, however, cannot be

xplained on the basis of electrostatic attraction only. Specific
hemical interactions and surface complexation have also been
uggested to describe the removal of adsorption of Cr(VI) from
queous solutions and wastewater. The adsorption beyond 4.5
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ill include CrO4
2− ions and the following surface complexa-

ion scheme has been suggested [24]:

(4)

uch type of model has also been reported by Davis and Leckie
25]. An alternative scheme based on chemisorption includes
CrO4

− and CrO4
2− for chromium removal [26,27].

.7. Effect of temperature and adsorption isotherm

Most adsorption processes occurring in the environment are
xothermic in nature and the cases of endothermic adsorption
rocesses are rather scanty [28]. In all cases temperature has
pronounced effect on the process of adsorption. The experi-
ental results for the present system revealed an endothermic

ature of the process of removal of Cr(VI) by adsorption on wol-
astonite. The results obtained have been presented in Fig. 4. The
emoval increased from 69.5 to 91.7% by increasing the temper-
ture from 30 to 50 ◦C at 0.5 × 10−4 M Cr(VI) concentration, 2.5
H and at an ionic strength of 0.01 M NaClO4. The increasing
rend of the removal at higher values of temperature indicates
ndothermic nature of the process of Cr(VI) removal. The graphs
f Fig. 4 are smooth and indicate a significant removal by adsorp-
ion.

The values of rate constants of adsorption for the removal of
r(VI) at the selected values of temperature were determined and

he results obtained are plotted in Fig. 2. The values of the rate
onstants for the removal process were found to be 2.4 × 10−2,
.6 × 10−2 and 3.5 × 10−2 min−1 at 30, 40 and 50 ◦C, respec-
ively. The increasing trend of the values of rate constants at

igher temperatures is indicative of endothermic nature of the
rocess.

In order to understand the equilibrium behaviour of the
rocess, the equilibrium data was examined using Langmuir’s

ig. 4. Removal of Cr(VI) by adsorption on wollastonite at different values of
emperature.
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ig. 5. Langmuir’s isotherm for the removal of Cr(VI) by adsorption on wollas-
onite.

odel [29]:

Ce

qe
= 1

Q◦b
+ Ce

Q◦ (5)

here Ce (mg l−1), qe (mg g−1) are the concentration of
hromium and amount of chromium adsorbed at equilibrium,
espectively. Q◦ (mg g−1) and b (l g−1) are the terms related to
apacity and energy of adsorption, respectively, and are known
s Langmuir’s constants. For equilibrium studies, adsorption
xperiments were conducted for all the selected adsorbate con-
entrations at the various values of temperature, viz., 30, 40 and
0 ◦C. Then the equilibrium data was plotted for ‘Ce/qe versus
e’ (Fig. 5).

The linear plots of Fig. 5 in the concentration range studied
onfirm the validity of the above model for the present system.
he values of the two constants are determined by the slopes
nd intercepts of these plots and are recorded in Table 3. It is
lear from this table that the values of both the parameters are
n increasing pattern with temperature and this further confirms
he endothermic nature of the removal. It is therefore suggested
hat for better removal of Cr(VI) high temperature should be
mployed.

.8. Thermodynamic studies

Thermodynamic studies were undertaken to elucidate the
echanism involved in the process of removal of Cr(VI) by

dsorption on the selected adsorbent. The following thermo-
ynamic parameters, namely variation of free energy (�G◦),
nthalpy (�H◦) and entropy (�S◦) were determined for the
resent studies [30]:
G◦ = −RT ln K (6)

H◦ = R

(
T2T1

T2 − T1

)
ln

(
K2

K1

)
(7)
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Table 2
Value of Langmuir’s constants for the removal of Cr(VI) by adsorption on wol-
lastonite at different temperatures

Temperature (±0.5 ◦C) Q◦ (mg g−1) b (l g−1)

30 0.686 0.224
40 0.746 0.315
50 0.826 0.323

Concentration of solution 0.5 × 10−4 M, 2.5 pH and 0.01 M NaClO4 ionic
strength.

Table 3
Thermodynamic parameters for the removal of Cr(VI) by adsorption on
wollastonite

Temperature (K) �G◦ (kcal/mol) �H◦ (kcal/mol) �S◦ (kcal/mol)

303 −3.26 +0.50 +13.0
3
3

�

w
e
t
o
d
f
t
p
a
s
t
t
i
t
v
o
i
�

t
e
o
c
t
s

4

t
m

(

e
r
w

R

[

[

[

[

[

[

[

[

[

13 −3.57
23 −3.71

S◦ = (�H◦ − �G◦)

T
(8)

here ‘R’ (cal/mol K) is the gas constant, K1 and K2 are the
quilibrium constants at temperatures T1 and T2 (K), respec-
ively. K is Langmuir’s constant which is equal to the product
f ‘Q◦’ and ‘b’ (Table 2). The values of the above three thermo-
ynamic parameters calculated are given in Table 3. It is clear
rom this table that all the values of �G◦ are negative suggesting
hat the adsorption process involved is spontaneous with high
reference to Cr(VI).The values of �G◦ also suggest that the
dsorption is physical in nature as a value of �G◦ less than 3.82
uggests that the process of adsorption is accompanied by elec-
rostatic attraction between sites and the adsorbed species and
hat is physical in nature. On the other hand, if value of �G◦
s more negative than −7.82 kcal/mol, it indicates the adsorp-
ion attachment of the species with coordinate bonds [31]. The
alues of �G◦ involved in the present process are in the range
f −3.26 to −3.71 kcal/mol suggesting that physical adsorption
s involved in the process of removal. The values of �H◦ and

S◦ are 0.50 and 13.0 kcal/mol and are positive suggesting that
he adsorption is spontaneous and endothermic in nature. Weng
t al. [32] reported significant results on adsorption of Cr(VI)
nto TiO2 from aqueous solutions. In another study authors have
arried out adsorption of chromium onto hydrous concrete par-
icles [33]. Results of the present work are supported by these
cientific workers.

. Conclusions

The studies on the removal of Cr(VI) by adsorption on wollas-
onite provide important information. Broadly the conclusions

ay be drawn as follows:
(i) The adsorbent shows significant removal of Cr(VI) from
aqueous solutions and higher removal has been obtained at
low concentration ranges.

(ii) The process of removal follows first order rate kinetics.

[

[

ing Journal 127 (2007) 151–156 155

iii) Intraparticle diffusion plays an important role in Cr(VI)
removal.

(iv) Higher removal is obtained at low pH ranges.
(v) Temperature studies show that the unlike most adsorp-

tion processes, the present process is endothermic in
nature and thus, higher removal can be obtained at higher
temperature.

Further, as the adsorbent is naturally available, it incurs no
xtra financial burden on the users and hence it can always be
ecommended for the treatment of Cr(VI) containing waters and
astewaters.
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