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a b s t r a c t

Fired brick clay is an excellent sorbent for the removal of heavy metal ions from waste water, owing to the
availability of pores and interlayer spacing. Consequently, heat treatment of brick clay significantly affects
the extent of interaction between the brick clay sorbent and adsorbates. The interaction between Cr(VI),
available as Cr2O7

2−, and brick clay particles fired at temperatures between 200 ◦C and 600 ◦C follows
pseudo second order kinetics, and the method of initial rates leads to the estimation of the average
vailable online 28 January 2011
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rate of the interaction process. Kinetics modeling suggests that the mass transfer of the interaction be
mainly controlled by time-dependent intraparticle diffusion, as well as immobilization of Cr(VI) species
within interlayer structure of the brick clay matrix and interparticle diffusion, both of which are time-
independent.

© 2011 Published by Elsevier B.V.

ntraparticle diffusion
orption

. Introduction

Industrial activities have no doubt accelerated the pollution
f the environment in an irreproducible way. Different types of
ollutants are added to the environment due to industrial and
nthropogenic activities, causing significant damage to the equi-
ibrium of the ecosystem. When pollutants such as pigments, dyes,

etal ions, acids and bases are released to natural waters, the
quatic ecological system breaks down as a result of decreased dis-
olved oxygen levels and increased amounts of toxic substances.
ne of the most hazardous water pollutants are the group of
eavy metals, such as Pb, Cd, Cr, Sn and Cu [1–3]. Among many
tudies, much attention has been paid on water pollution due to
hromium species as they are heavily used in the industrial sec-
or.

Cr(VI) is used in many industries, such as leather tanning, bat-
ery manufacturing, electroplating, cement and photography [4,5].
herefore, effluents released by these industries contain Cr(VI),
hich should be removed before disposing of effluents to the
atural drainage system. Several conventional techniques, includ-

ng adsorption, electrochemical precipitation and reverse osmosis

re used for treatment of effluents containing metal ions [6]. As
hromium species are not biodegradable, they lead to bioaccumula-
ion in living organisms causing health problems in animals, plants
nd human being. Further, chromium is a carcinogenic element,
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which affects the change in DNA replication, causing problems in
the next generation [7,8].

Many natural and synthetic sorbents, such as fungi, rice husk,
maize cob, fruit waste and different types of clay are used to remove
heavy metals from effluents [9–15]. Equilibrium and kinetics stud-
ies of sorption of many heavy metals on these adsorbents have
already been reported. For example, it has been demonstrated that
adsorption of Cu and Cd on rice husk, and Cr(III) on modified ben-
tonite clay obey both Langmuir and Fruendlich isotherm models
[16,17]. Among adsorption studies of Cr(VI) on adsorbents, adsorp-
tion of Cr(VI) on Rhizopus cohnii biomass and carbon nanotubes is
more accurately explained by the Langmuir model [18,19], while
that on kaolinite and its modified forms show a good fit with both
isotherms [20].

Kinetics of Cr(VI) sorption on adsorbents is a complex issue, and
the mode of interaction, and hence the order of sorption reaction
depends on the type of the adsorbent. For instance, Cr(VI) adsorp-
tion on carbon nanotubes follows pseudo second order kinetics
[19], while that on zeoliteNaX follows first order reversible kinetics
[6]. The low value of the experimentally determined rate constant
for the reverse reaction of the Cr(VI)/zeoliteNaX system indicates
that the adsorption process of Cr(VI) on the adsorbent is highly
favorable. Therefore, this adsorbent can be used for treatment of
potable water as well as industrial effluents for the removal of
Cr(VI). Although kinetics data are useful for design and fabrication

of waste water treatment plants and for investigation of the effi-
ciency of removal of hazardous substances from the environment,
kinetics studies on normal and modified clay types for sorption
of Cr(VI) have been limited [20,21]. Further, effect of heat treat-
ment of clay on adsorption kinetics has not been widely addressed.

dx.doi.org/10.1016/j.jhazmat.2011.01.090
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Table 1
Surface area of fired brick clay.

Firing temperature (◦C) Surface area (m2 g−1)
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200 0.844
400 0.225
600 0.214

herefore, it is important to investigate the kinetics of adsorption
f Cr(VI) on effective adsorbents, such as clay types.

It has been reported that brick clay is a strong adsorbent for
eavy metals. Nature of brick clay, surface area and surface charge
ffect the extent of interaction of adsorbates. As brick clay parti-
les are negatively charged [21], cations are strongly attached to
rick clay particles. Heavy metal cations present in contaminated
ater can easily be removed by such adsorbents. Further, equilib-

ium studies of sorption of Cr(VI) on brick clay (fired and unfired),
nvestigated under optimized conditions, indicate that the removal
f Cr(VI) is about 60% by brick clay [22]. Kinetics aspects of Cr(VI)
dsorption on fired brick clay would thus provide valuable informa-
ion in order to understand the mechanism of the Cr(VI) sorption
rocess and other applications.

Among many kinetics models reported, the intraparticle diffu-
ion model is helpful in understanding the kinetics of interaction
f heavy metals and adsorbents at microscopic level [15,16]. In this
esearch, time dependence of the extent of sorption of Cr(VI) was
sed as a measure of the rate of interaction of Cr(VI) with brick
lay particles, fired at different temperatures. Such kinetics mea-
urements were continuously obtained until the system reached
quilibrium, and used to investigate the validity of kinetics mod-
ls. The method of initial rates was also employed with different
nitial concentrations to determine the rate of interaction of the
bove process.

. Methods and materials

.1. Materials

Standard solutions of Cr(VI) of concentrations varying from
ppm to 40 ppm were prepared using analytical grade K2Cr2O7

BDH Chemicals). This concentration range covers typical Cr(VI)
evels in untreated industrial effluents. Brick clay samples fired in
he laboratory at the predetermined temperatures (200 ◦C, 400 ◦C
nd 600 ◦C) were used for all experiments. After firing, the sam-
les were separated into appropriate sizes using a set of sieves.
ll experiments were conducted with fired brick clay particles of
iameter (d) <1 mm at ambient temperature. Surface area of this
aterial fired at different temperatures, as estimated by methy-

ene blue adsorption experiments, is shown in Table 1 [23]. Brick
lay used in this investigation consists of aluminosilicates contain-
ng other metals such as Na, Mg, Ca, Al and Fe, and quartz based on
RD measurements [23].

.2. Instrumentation

The Carbolite CTF 12/100/900 furnace (Thermal Engineering
ervices, UK) was used to fire brick clay samples. Spectro-Electronic

Series atomic absorption spectrophotometer (Thermo Electron
orporation, UK) was used to measure metal ion concentrations.

.3. Research design
Brick clay, being a natural substance having variable com-
osition, reflects many difficulties in quantitative analysis.
onsequently, the method of sampling and the number of trials
elected should be given sufficient attention. Representative sam-
Fig. 1. Percentage removal of Cr(VI) by brick clay fired at 200 ◦C (�), 400 ◦C (�) and
600 ◦C (�) at different stirring times (t) [50 g brick clay, 500 cm3 of 20 ppm Cr(VI)
solution, d < 1 mm].

ples were thus prepared by grinding many pieces of brick clay
samples randomly obtained from a bulk, followed by firing at
each predetermined temperature. Firing was conducted using the
method reported elsewhere [22]. Cr(VI) solutions of 20 ppm were
used in order to investigate the validity of kinetics models. For this
purpose, mixtures of fired brick clay and aqueous Cr(VI) solutions
in 1:10 (w/v) ratio were stirred and 10.00 cm3 aliquots were with-
drawn in one minute time interval up to a time period of 20 min.
Then, the amount of Cr(VI) sorbed by brick clay samples, each of
which was fired at 200 ◦C, 400 ◦C and 600 ◦C, was determined.

In order to use the method of initial rates, kinetics experiments
were conducted using Cr(VI) solutions of initial concentrations
varying from 5 ppm to 40 ppm. At each initial concentration, the
suspension of Cr(VI) solution and brick clay fired at 200 ◦C was
stirred for 30 s. The solution was quickly separated by filtration,
and atomic absorption measurements were recorded in triplicate.
Three brick clay samples were used for each set of experimental
conditions, and hence a measurement used for calculations was an
average of nine measurements.

3. Results and discussion

3.1. Preliminary kinetics studies

For investigation of kinetics of interaction of Cr(VI) species with
fired brick clay particles, it is important to monitor how fast the
interaction takes place under different experimental conditions.
Percentage removal of Cr(VI) from solution by brick clay particles is
a measure of the extent of interaction which can be monitored as a
function of time. Fig. 1 shows how the percentage removal of Cr(VI)
changes with stirring time for brick clay fired at different temper-
atures. Percentage removal is marginally increased with stirring
time by brick clay fired at 200 ◦C and 400 ◦C, while the extent of
removal by brick clay fired at 600 ◦C shows weaker time depen-
dence. Brick clay fired at 200 ◦C shows the highest removal at all
stirring time periods (t) attempted as compared to that fired at
400 ◦C and 600 ◦C. This is expected based on earlier findings that
Cr(VI) shows the maximum sorption at 10 min stirring time fol-
lowed by 2 h equilibration with brick clay fired at 200 ◦C, among the
firing temperatures from unfired to 900 ◦C, owing to the presence of

chemical species at 200 C that attract Cr(VI) species [22]. Further,
the percentage removal graphs obtained for clay fired at 200 ◦C and
400 ◦C are almost parallel to each other according to Fig. 1, indi-
cating that the rate of interaction of Cr(VI) on brick clay fired at
these two temperatures, which is the rate of change in percentage
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Table 2
Regression coefficients of linearized integrated rate laws for different reaction orders
for the interaction of Cr(VI) with brick clay fired at different temperatures.

Order of reaction Temperature of firing (◦C)

200 400 600

F
(

ig. 2. Concentration of Cr(VI) in solution with respect to the equilibrium concen-
ration at different stirring times (t). Other conditions are as stated in Fig. 1.

emoval, is approximately equal. This subsequently implies that
he rate constant of the rate determining step of the Cr(VI)–brick
lay interaction is approximately equal for clay fired at these two
emperatures.

Further kinetics analysis in terms of models would be necessary
n order to obtain a clear understanding of the overall approach
f Cr(VI) species toward active sites of fired brick clay particles
or its interaction. As the concentration of solution Cr(VI) species
t any given time with respect to the equilibrium concentration
[Cr(VI)]t/[Cr(VI)]eq) shows a negative exponential decay (Fig. 2) as
xpected, reaching a plateau at 20 min, it is clear that sorption of
r(VI) on brick clay particles reaches equilibrium at 20 min. Thus,
xperiments for kinetics modeling should be completed within this
ime frame.

.2. Determination of the order of sorption
For better undestanding of the rate process, Cr(VI) soption was
rst visualized by simple kinetics models. This approach can be ini-
iated with the generalized rate law for a single reactant, assuming
hat the activity of brick clay particles is constant, as shown below

ig. 3. Kinetics models for the interaction of Cr(VI) with brick clay fired at 200 ◦C (�), 400
c) pseudo second order kinetics model.
First order 0.343 0.827 0.558
Second order 0.721 0.318 0.674
Pseudo second order 0.999 0.972 0.973

[15].

dqt

dt
= k′(qe − qt)n (1)

where, k′ is the apparent rate constant, t is contact time, qe and qt are
the masses of Cr(VI) sorbed by unit mass of sorbent at equilibrium
and at time t, respectively, and n is the order of the reaction with
respect to Cr(VI) species. As qt is more conveniently expressed in
mg of Cr(VI) sorbed by 1 g of brick clay, the apparent rate constant
k′ is estimated in s−1 for first order reactions and g mg−1 s−1 for
second order reactions. The integrated forms of the rate law given
in Eq. (1) are linearized as

log (qe − qt) = − k′

2.303
t + logqe (2)

for first order,

1
qe − qt

= k′t + 1
qe

(3)

for second order, and

t

qt
= 1

qe
t + 1

(k′q2
e)

(4)
for pseudo second order kinetics.
Eqs. (2)–(4), when plotted for brick clay fired at different tem-

peratures are shown in Fig. 3. The regression coefficient (R2) of
each graph is given in Table 2. Low R2 values obtained for the
first order and second order rate equations suggest that these two

◦C (�) and 600 ◦C (�) (a) first order kinetics model, (b) second order kinetics model,
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Fig. 4. Modified intraparticle diffusion model: Variation of the amount of Cr(VI)
◦ ◦ ◦

sorption interaction of Cr(VI) on brick clay is further supported by
obtaining high regession coefficients for Eq. (8) (Table 3).

Table 3
Regression coefficents of intraparticle diffusion model for Cr(VI) sorption on brick
clay particles.
96 N. Priyantha, A. Bandaranayaka / Journa

rders for the interaction of Cr(VI) species with brick clay parti-
les be ruled out. Having high regression coefficients, the most
robable approch of Cr(VI) species on fired brick particles thus fol-

ows the pseudo second order regardless of firing temperatures
ttempted. Among the three temperatures employed for firing
rick clay, the best fit (R2 = 0.999) is observed for 200 ◦C, which is
he firing temperature which leads to the maximum interaction,
ccording to previous studies [22]. The apparent rate constants of
he sorption process on brick clay fired at 200 ◦C, 400 ◦C and 600 ◦C
pseudo second order) are determined to be 11.4 g mg−1 min−1,
.1 g mg−1 min−1 and 99.2 g mg−1 min−1, respectively. For these
alculations, the presence of brick in the reaction mixture was not
onsidered although the composition of brick strongly affects the
orption process. Consequently, the apparent rate constant does
ot reflect the actual rate of the sorption process.

.3. Intraparticle diffusion model

The transfer of adsorbate species from the bulk solution phase
o solid sorbent phase is expected to occur through many steps.
ome processes that would take place during this transfer are:

. Mass tranfer of adsorbate from the bulk solution to particle sur-
face.

. Deposition on the surface of sorbent particles.

. Interparticle diffusion.

. Immobilization in interlayer regions.

. Intraparticle diffusion within the pores of adsorbent particles.

. Adsorption at internal sites.

The simple kinetics models discussed in earlier sections account
or the entire process as a whole, which provide concentration
ependence relationships of the overall rate. Therefore, to obtain
icroscopic level information, the intraparticle difussion model

an be employed.
The simplified mathematical relationship for the intraparticle

iffusion model can be derived from the Fick’s second law of diffu-
ion modified for sperical particles [Eq. (5)].

∂Ct

∂t

)
x

= D

(
∂2Ct

∂x2

)
t

(5)

here Ct is the concentration of adsorbate in solution at time t, D
s the diffusion coefficient of adsorbate and x is the distance in the
irection of diffusion. The above equation is converted to the con-
entration of the adsorbate through Laplace transform, as shown
elow [24].

t = C0erfc
x

2(Dt)1/2
(6)

here C0 is the concentration at t = 0 (initial concentration).Eq. (6)
an be simplified to result in the relationship that the fractional
oncentration of sorption (C0 − Ct)/C0 varies with the function,

Dt/r2)
1/2

, where r is the radius of an adsorbate particle. Therefore,
he amount adsorbed, qt = C0 − Ct

V
W where V is the volume of the

dsorbate solution and W is the mass of brick clay, is proportional
o t1/2, which can simply be written as [15,16],

= 1
t1/2

× qt (7)

here the parameter, k, which is not a rate constant, can be corre-
ated to intraparticle diffusion rate [16,24].
The validity of the intraparticle diffusion model has been
emonstrated for sorption of heavy metal ions on various biosor-
ents [15]. However, due to the layered structure of brick clay, in
ddition to intraparticle diffusion, several other mass transfer pro-
esses would be responsible for the transfer of Cr(VI) to the solid
adsorbed on brick clay (qt) fired at 200 C (�), 400 C (�) and 600 C (�) as a function
of t1/2. The dotted line is the hypothetical intraparticle diffusion line for brick clay
fired at 200 ◦C and 400 ◦C.

brick clay phase. Immobilization of Cr(VI) species through depo-
sition between layers of the brick clay matrix and interparticle
diffusion would be predominant processes that are not consid-
ered in the intraparticle diffusion model. As the interlayer spacing
depends on the temperature of firing, the above stated modes of
mass transfer, and hence the kinetics of Cr(VI) removal is highly
dependent on firing temperature. The layered structure of clay is
not much destroyed when brick clay is fired at 200 ◦C, indicating the
highest contribution to the sorption process. Increase in firing tem-
perature would decrease the interlayer spacing, thereby decreasing
the extent of Cr(VI) removal.

Among different factors of mass transfer, effect of immobi-
lization of Cr(VI) ions within the layered structure is probably
much quicker than intraparticle diffusion. Hence it is proposed that
immobilization within layers and intraparticle diffusion be time-
independent, while interparticle diffusion be time-dependent. Eq.
(7) is then modified as,

qt = k t1/2 + I (8)

where I is the contribution from the immobilization of Cr(VI) and
interparticle diffusion, both of which depend on the layered struc-
ture of brick clay, to the overall extent of Cr(VI) removal. Hence,
Eq. (8), the modified intraparticle diffusion model can be used to
model Cr(VI) sorption on brick clay. The plots of qt vs t1/2 obtained
for Cr(VI) sorption on brick clay fired at different temperatures are
shown in Fig. 4. Form these plots, the intraparticle diffusion com-
ponent [Eq. (7)] can be extracted by drawing a parallel line going
through the origin. The difference between the experimental line
and the hypothetical intraparticle diffusion line (broken line) can be
taken as the time independent mass transfer component of Cr(VI)
from the solution phase to the solid brick clay phase.

The validity of the modified intraparticle diffusion model for
Firing temperature of brick clay Regression coefficient (R2) [Eq. (8)]

200 ◦C 0.909
400 ◦C 0.966
600 ◦C 0.882
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Table 4
Initial rates determined for the interaction of Cr(VI) with fired brick clay particles.

Initial concentration (ppm) Initial rate (ppm min−1)

5.0 4.4
8.0 5.1

14.0 5.2
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[23] C. Seneviratne, N. Priyantha, Correlation between firing temperature and deflu-

oridation capacity of brick clay, Int. J. Global Environ. 9 (3) (2009) 239–248.
[24] B. Koumanova, P. Peeva, S.J. Allen, Variation of intraparticle diffusion parameter

during adsorption of p-chlorophenol onto activated carbon made from apricot
stones, J. Chem. Technol. Biotechnol. 78 (2003) 582–587.
30.0 9.7
37.0 10.8
Average 7.0

.4. Method of initial rates

The method of initial rates is widely applied for the determi-
ation of kinetics of a chemical reaction, which is often used in
onjuction with the isolation method. During the investigation of
inetics of Cr(IV)–brick clay interaction, Cr(VI) species should be
solated for the determination of its concentration independently,
s it is not appropriate to change the concentration of the solid brick
lay sorbent.

The initial rates deterrmined for different initial concentrations
f Cr(VI) for brick clay fired at 200 ◦C are shown in Table 4. The
verage rate over the concentration range of 5.0–37.0 ppm Cr(VI)
s 7.0 ppm min−1.

. Conclusion

The interaction between Cr(VI) ions and brick clay particles
red at temperatures between 200 ◦C and 600 ◦C follows pseudo
econd order kinetics. The best fit (R2 = 0.999) is obtained for
rick clay fired at 200 ◦C, the firing temperature which shows the
trongest attraction. For brick clay fired at this temperature, the
seudo second order model leads to an apparent rate constant of
1.4 g mg−1 min−1, while the method of initial rates provides an
verage rate of 7.0 ppm min−1 over the concentration of range from
.0 ppm to 37.0 ppm. It is important that kinetics measurements be
btained within 20 min at which the system reaches equilibrium.
urther, the mass transfer of Cr(VI) ions from the solution to the
olid sorbent phase is not solely controlled by intraparticle diffu-
ion, which is time dependant. It is suggested that an additional
ime independent term responsible for immobilization of Cr(VI)
pecies within the layered structure of the brick clay matrix and
nterparticle diffusion be introduced to the intraparticle diffusion

odel. The validity of the use of the additional term in the intra-
article diffusion model is demonstrated for Cr(VI)–fired brick clay

nteraction. However, this modification is yet to be investigated for
ther adsorbents having layered or pore structures.
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