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In the present study, locally available wood charcoal was used as an adsorbent to remove Cr (VI) from water. It was
found to be giving poor removal efficiency whereby only 19% of Cr (VI) was removed. Considering the fact that
wood charcoal possesses a honeycomb structure, an acid treatment was tried with HCl, H

 

2

 

SO

 

4

 

 and HNO

 

3

 

. Treatment
with concentrated hydrochloric acid has improved the removal efficiency of wood charcoal to 94%.

Kinetic studies were carried out with various systemic parameters, namely initial Cr (VI) concentration (0.5, 1,
2 mg/L), adsorbent size (0.11, 0.18, 0.25, 0.36, 0.51 mm) and agitation speed (130 to 180 rpm) to understand and
determine the equilibrium time, order of reaction, rate constants, diffusion coefficients, and to determine the
maximum adsorption capacity and also the rate limiting process. It was found that the uptake of Cr (VI) onto wood
charcoal reached equilibrium within the first 6 h of contact time. Isothermal studies explained by using the Freundlich
model revealed that the maximum adsorptive capacity (Q

 

max

 

) of the treated wood charcoal is 677 

 

µ

 

g/g, which is well
within the standard/feasible value for a wood-based charcoal.

The process limiting the rate of adsorption (rate limiting step) was analyzed using the kinetic data as well as using
various systemic parameters such as initial Cr (VI) concentration, adsorbent size, and agitation speed was finally
confirmed by the multiple interruption test. It was concluded that the adsorption process was controlled by film
diffusion.
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1. Introduction

 

Advances in science and technology have brought
tremendous progress in many spheres of development,
but in the process, have also contributed to degradation
of the environment all over the globe due to very little
attention being paid to the treatment of industrial efflu-
ents. Industrial pollution continues to be a potential threat
affecting waters. The discharge of non-biodegradable
heavy metals into the water stream is hazardous because
the consumption of polluted water causes various health
problems. Waste streams containing heavy metals such
as Cu, Zn, Ni, Pb, Cd, Cr are often encountered in various
chemical industries.

Chromium has both beneficial and detrimental prop-
erties. Two stable oxidation states of chromium persist
in the environment, Cr (III) and Cr (VI), which have
contrasting toxicities, mobilities and bioavailability.
Whereas Cr (III) is essential in human nutrition (espe-
cially for glucose metabolism), hexa-valent compounds
are toxic and several can even cause lung cancer. While
Cr (III) is relatively innocuous and immobile, Cr (VI)

moves readily through soils and aquatic environments
and is a strong oxidizing agent capable of being
absorbed through the skin [1].

Chromium is a priority metal pollutant introduced
into water bodies from many industrial processes.
Chromium occurs in aquatic environment both in tri-
valent and hexa-valent forms. Hexa-valent chromium –
Cr (VI) – is primarily present in the form of chromate
(Cr

 

2

 

O

 

4

 

–) and dichromate (Cr

 

2

 

O

 

7

 

–). The toxicity of Cr
(VI) is well documented and it is considered a hazard to
human health and also to animals [2].

Cr (III) and Cr (VI) are released into the environ-
ment primarily from stationary point sources resulting
from anthropogenic activities. Of the total atmospheric
chromium emissions in the United States, approxi-
mately 64% as Cr (III) comes from fuel combustion
(residential, commercial, and industrial) and from steel
production; about 32% as Cr (VI) comes from chemical
manufacture, chrome plating, and industrial cooling
towers that used chromate chemicals as rust inhibitors
in the past [3].
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Electroplating, leather tanning, and textile industries
release relatively large amounts of chromium into
surface waters. Leaching from top soil and rocks is
the most important natural source of chromium entry
into water bodies [4,5]. Solid wastes from chromate-
processing facilities, when disposed of improperly in
landfills, can be a source of contamination for ground-
water, where the chromium residence time might be
several years. Maximum contaminant level for chro-
mium in drinking water, as set by BIS, Indian Standards
(IS 10500:1991), is 0.05 mg/L [6].

The fact that Cr (VI) pollution originates from
SMEs (small scale enterprises) makes it very relevant
for smaller cities/towns in the developing countries
where a lot of SMEs are clustered and their emissions
norms are either relaxed or not so strictly enforced.
The present study attempts at the removal of Cr (VI)
from water (aqueous) environment using a low cost
adsorbent. It is quite an established fact that char-
coals have potential to uptake metals [1,5,7,8,9].
Therefore, the present study attempts to use treated
wood charcoal to remove Cr (VI) from water. As it is
established that wood charcoal has the potential to
remove metals, the present study attempts to estimate
the design parameters, namely the maximum adsorp-
tion capacity and the process that controls the rate of
removal of Cr (VI).

 

2. Experimental methodology

 

2.1 Preparation of wood charcoal

 

Wood charcoal was purchased from a local market at a
price of Rs.8/ kg.

 

1

 

 Wood charcoal was pulverized to
the required mean size of 256 

 

µ

 

m using a set of Indian
standard sieves. The sieved material was washed thor-
oughly with water and dried at 110

 

°

 

C for 10 h
followed by cooling down to room temperature. This
was done to get rid of foreign matter, impurities and
unwanted moisture. Then the wood charcoal was
treated with concentrated HCl and dried at 110

 

°

 

C for
10 h followed by cooling down to room temperature
[9]. This was done to increase the surface area of wood
charcoal. After acid treatment the treated wood char-
coal (WC

 

T

 

) was washed with distilled water and dried
at 110

 

°

 

C for 10 h followed by cooling down to room
temperature. After cooling down to room temperature
it was stored in airtight bottles for use in adsorption
experiments.

 

2.2 Reagents

 

All the reagents used in this study were of analytical
grade. All glassware used was of borosil make. Distilled

water was used for making synthetic water samples and
is prepared once every day. Working samples for cali-
bration of chromium were made using distilled water
and technical grade potassium dichromate of 98.7%
purity. Working samples were prepared everyday in
order to avoid any deviations in experimental data.

 

2.3 Analytical methods

 

Hexa-valent chromium was determined by molecular
absorption spectroscopy, at 540 nm, after reaction with
1,2-diphenylcarbazide. A calibration curve was made
between known concentrations of chromium and
percentage absorbance. This calibration curve, fitted by
the method of least squares, was used to quantify chro-
mium in the samples of unknown chromium concentra-
tions. To avoid any deviation in measurement of
chromium due to instrumental errors, a standard sample
of known concentration was tested for every run of chro-
mium analysis.

 

2.4 Sample preparation

 

Stock solution of chromium was made according to the
Standard Methods [10]. Working samples were made
by adding required stock solution to the predetermined
quantity of distilled water. Stock solution was made
every second day in order to avoid any experimental
errors.

 

2.5 Kinetic studies

 

Polyethylene bottles (Tarson Co., India) of 125 mL
capacity were used for kinetics experiment. Cr (VI)
spiked synthetic water samples (100 mL) of a particular
Cr (VI) concentration were taken in the bottles and
50 g/L adsorbent was added to them. The sample bottles
were stirred on a mechanical shaker at 150 rpm. The
experiments were carried out at 37

 

°

 

C. After required
contact time the samples were withdrawn and the adsor-
bent from the sample bottles was separated by gravity.
A representative sample was taken from the supernatant
of each bottle and analyzed for chromium. Control
sample (without adsorbent) was also carried out in all
the experimental runs and analyzed with each set of
experiments. This was to avoid any deviations in the
results due to experimental errors. Hence, the standard
error bars are not plotted in the graphical presentation of
the results. This also ensures that the metal is not taken
up by the Tarson bottles themselves, while conducting
the experiments.

Except for the parameter under study, all other
systemic parameters were kept constant in each of the
experiments. The pH was monitored before and after for
all the experiments. All the experiments were carried
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out in three sets and the reading that remained similar in
two samples was considered for the analysis.

 

2.6 Equilibrium studies

 

Isothermal studies were carried out taking different
initial concentration of chromium ranges from 0.25 to
5.00 mg/L and a reaction (equilibrium) time of 6 h was
maintained. The samples with 50 g/L adsorbent added
to each of them were agitated at speed of 150 rpm using
a rotary shaker. After 6 h of contact time, the samples
were removed from the shaker and the adsorbent is
allowed to settle down by gravity. The supernatant was
analyzed for residual Cr (VI) concentration.

 

3. Results and discussions

 

Locally available wood charcoal, when used in its fine
granular form as an adsorbent, could remove only 19%
of the Hexa-valent chromium present in a water sample
with initial concentration of 1 mg Cr (VI)/L. As it is
evident from the literature, wood-based charcoal parti-
cles possess a honeycomb structure and hence possess a
potential for surface area enhancement when treated
with acids of different strength [9,11,12,13,14]. Increase
in surface area, as in most cases the adsorption is a
surface phenomena, would increase the adsorption
performance of wood charcoal [9,11]. When treated
with different acids, namely H

 

2

 

SO

 

4

 

, HCl, and HNO

 

3

 

 in
order to enhance the surface area, removal efficiency
of wood charcoal has been improved to 92.4%, 93.5%,
and 92.8%, respectively from its original efficiency of
19%. With the treatment of HCl at a percentage removal

efficiency of 93.5%, uptake of chromium onto wood
charcoal was observed at 20 micro grams per gram of
wood charcoal.

As explained in the literature [11,15], the reason for
the enhancement of removal efficiency could be the
burning off the free and un-cleaned carbon matter in the
pores of wood charcoal. Normally, this would influence
the degree of surface area enhancement. In the present
study, concentrated acids are used in order to achieve the
maximum improvement in efficiency. Based on its
performance, HCl was selected for the treatment of wood
charcoal and HCl-treated wood charcoal (WC

 

T

 

) was
used in all the rest of experiments in the present study.

 

3.1 Removal efficiency of wood charcoal under 
equilibrium conditions

 

The process of adsorption is a two-way process where
adsorbate particles move onto the available sites on the
adsorbent and the part of it gets back to the solution.
This phenomenon, driven by various forces and the
concentration gradient and the availability of adsorption
sites, enters a state of equilibrium where the solute
particles moving onto the adsorbent sites become equal
to particles re-entering solution phase [16]. Hence, at
equilibrium state, theoretically, no further removal of
pollutant is expected. Determination of such time,
termed as ‘equilibrium time’, is important in designing
a treatment system where contact (resident) time is an
important parameter.

Equilibrium time in the present study was deter-
mined by developing time-decay curve as shown in
Figure 1. When the adsorption kinetic profiles became

Figure 1. Time-decay curve for wood charcoal used for the removal of Cr (VI) from water.
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asymptotic to time-axis (change of slope get less than
2%), it shows the state of equilibrium where no further
removal is achieved and the corresponding time was
treated as equilibrium time.

 

Figure 1. Time-decay curve for wood charcoal used for the removal of Cr (VI) from water.

 

As explained by many researchers earlier in the
literature [9,17,18], the major part of the adsorption
took place within the first 3 h, after which the removal
rate decreased. Treated wood charcoal was found to be
at equilibrium in 6 h. Hence, 6 hours of contact time
was maintained in all other kinetic studies conducted.

Two important aspects of adsorption and its design
for practical applications are maximum capacity to
adsorb the pollutant per unit quanitity of adsorbent
(Q

 

max

 

) and the process that limits the rate of adsorption
(slowest one determines the rate) [17]. The following
sections address these two important aspects of adsorp-
tion process.

 

3.2 Determination of maximum adsorption 
capacity (Q

 

max

 

)

 

Rate of adsorption and quantity of Cr (VI) adsorbed
onto the treated wood charcoal also varies with the
changing initial concentration of Cr (VI) and the dose of
wood charcoal. Therefore, in order to assess the maxi-
mum capacity of the adsorbent (WC

 

T

 

) in taking up
adsorbate (Cr (VI)) it is essential to conduct isothermal
studies. An Isotherm, as defined in the literature, is ‘a
functional expression for the variation of adsorption
with concentrations of adsorbate in bulk solution at
constant temperature’ [19]. Commonly, the amount of
adsorbed material per unit weight of adsorbent
increases with increasing concentration, but not in
direct proportion. In the literature there exist various
models such as Langmuir, BET, and Freundlich which
explains the phenomena of adsorption at varying
concentration of adsorbate [16,19]. While the shape of

isotherm developed (a plot between concentration of
adsorbate in solution and on adsorbent) indicates which
model explains it better, the linearized plot of the
chosen model gives the value of maximum adsorption
capacity (slope of the linearized plot).

In the present study, an isotherm was developed for
treated wood charcoal by plotting equilibrium concen-
tration of adsorbate on adsorbent (q

 

e

 

) against the equi-
librium concentration of adsorbate in water (C

 

e

 

), as
shown in Figure 2. As the shape shows, it could be the
case that the Freundlich model explains it better. As a
further confirmation, a linearized plot was used with all
three models namely Langmuir, BET, and Freundlich
and their correlation coefficients were determined.

 

Figure 2. Isotherm developed for wood charcoal.

 

Among the three models tried, r

 

2

 

 value is in the
acceptable range only for the Freundlich model at 0.987
(r

 

2

 

 values for BET model and Langmuir model are 0.392
and 0.222, respectively). Hence, in order to determine
the maximum adsorption capacity (Q

 

max

 

) a linearized
plot of the Freundlich model was used, as presented in
Figure 3. The maximum adsorption capacity (Q

 

max

 

) was
found to be 676.6 

 

µ

 

g of Cr (VI)/gram of treated wood
charcoal. The maximum adsorption capacity reported in
the literature for various wood based charcoals was
in the similar range [11,20,21,22,23] which is testimony
to the correctness in calculating Q

 

max

 

 for Cr (VI)
removal using treated wood charcoal.

 

Figure 3. Linearised form of Freundlich isotherm for wood charcoal.

 

3.3 Determination of rate limiting step

 

There are essentially three consecutive steps in the
adsorption of materials from solution by porous adsor-
bents such as granular activated carbon. The first of
these is the bulk diffusion which usually happens at a
faster rate. The other two are film diffusion and pore
diffusion. Slowest of these two essentially limits the
rate of adsorption [16,24]. This phenomenon in a way

Figure 2. Isotherm developed for wood charcoal.
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presents the ‘rate of change of adsorption capacity’. The
factors that affect the ‘rate of change of adsorption
capacity’ include, apart from the diffusion coefficients
themselves which can explain the process that is faster,
rate of agitation of the solution, initial sorbate concen-
tration, adsorbent dose, and adsorbent size.

In the present study, the rate limiting step was
confirmed by various approaches, namely using kinet-
ics data/diffusion coefficients; effect of rate of agita-
tion; effect of sorbate concentration; effect of sorbent
size; and effect of initial concentration of sorbate. This
was further tested and confirmed by conducting a multi-
ple interruption test suggested by Zogorski [25].

 

3.4 Using kinetic data/diffusion coefficients

 

The sorption of Cr (VI) from liquid phase (L) to the
solid phase (S) can be considered as a reversible reac-
tion with equilibrium established between two phases.
A simple first-order reaction kinetics model was used
to establish the rates of reaction, which can be
expressed as: 

The rate equation for the reaction is expressed as: 

where C

 

s

 

 is concentration of Cr (VI) on the sorbent in
mg/g; C

 

L

 

 is concentration of Cr (VI) in the solution in
mg/L; C

 

so

 

 is initial concentration of Cr (VI) on the
sorbent in mg/g; C

 

Lo

 

 is initial concentration of Cr (VI)

in the solution in mg/L; X

 

A

 

 is fractional conversion of
Cr (VI); k

 

f

 

 is rate constant for forward reaction and k

 

r

 

 is
rate constant for reverse reaction.

A graph was plotted between ln[1-u(t)] and t, where
u(t) is the fractional attainment of equilibrium [26]. 

According to Snoeyink and Jenkins [27], a linear plot
between ln[1-u(t)] and t indicates that the reaction is first
order reversible. Kinetic rate curves for different initial
concentrations of Cr (VI) are presented in Figure 4.

 

Figure 4. First order reversible kinetics for the removal of Cr (VI) using wood charcoal.

 

A near straight line fit was observed for all concen-
trations of Cr (VI) indicating that sorption reaction can
be approximated to first order reversible kinetics. The
initial part of the curve, due to the initial drop, was not
linear and to avoid error in rate calculation, the initial
part was neglected. Only the linear portion was taken
into consideration to calculate overall rate constant K’.
All the rate constants namely overall, forward and
reverse are presented in Table 1.

Assuming spherical sorbent particle, Helfferich [26]
has developed the following expression to correlate the
slope of the first order reversible kinetics profiles to the
pore diffusion and film diffusion coefficients: 

 

L S↔ ( )1

dC

dt

dC

dt
CL

dX

dt
K C K C

K C C X K C C X

s L A
f L r s

f Lo Lo A r so Lo A

= − = = −

= − − +

o

( ) ( ) ( )2

U t
C C

C C

X

X
Lo L

so s

A

As

( ) ( )= −
−

= 3

D
r

tp = 0 030 4
2

2
1

. ( )

D
r C

t CF = ′
0 23 5

1

2

. ( )
δ

Figure 3. Linearized form of Freundlich isotherm for wood charcoal.
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where t

 

1/2

 

 is the time necessary to obtain half the
initial concentration in sec; r is the radius of the
adsorbent particle in cm; D

 

f

 

 and D

 

p

 

 are the film and
pore diffusion coefficients, respectively, in cm

 

2

 

/s; C’
and C are the concentrations of sorbate on the sorbent
and in solution at equilibrium, respectively, in mg/L;
and 

 

δ

 

 is the film thickness in cm. t

 

1/2

 

 can be calcu-
lated using the relationship suggested by Asher 

 

et al.

 

[28]. 

The values of k’ were calculated from the slopes of
the linear portion of the first order reversible kinetic
profiles shown in Figure 4. A film thickness of 0.001
cm was taken as suggested by Helfferich [26]. Film and
pore diffusion coefficients (D

 

F

 

 and D

 

p

 

) were calculated
for different initial concentrations of Cr (VI) and
presented in Table 2.

According to Michaels [29], for film diffusion to be
rate limiting, the value of film diffusion coefficient (D

 

F

 

)
should be in range of 10

 

−

 

6

 

 to 10

 

−

 

8

 

 cm

 

2

 

/s whereas for
pore diffusion to be rate limiting, the pore diffusion
coefficient (D

 

P

 

) should be in the range of 10

 

−

 

11

 

 to 10

 

−

 

13

 

cm

 

2

 

/s for heavy metals. From this explanation, in the
present study, film diffusion appears to be the rate limit-
ing process.

 

3.5 Using the effect of initial concentrations of Cr (VI)

 

Adsorption rate, expressed as milligrams of Cr (VI)
absorbed per gram of treated wood charcoal, keeps
changing over time and also for different initial concen-
trations of Cr (VI). The slope of plot between square
root of time and the adsorption capacity expressed in
terms of mg of adsorbate per gram of adsorbent gives
the rate of adsorption R

 

A

 

 [25]. Figure 5 presents such
plots for different initial concentrations of Cr (VI). The
linear portions of the q versus t

 

1/2

 

 curves were consid-

t 1

2

0 5
6= − ln( . )

( )
k’

Figure 4. First order reversible kinetics for the removal of Cr (VI) using wood charcoal.

 

Table 1. Rate constants for different initial concentrations of
Cr (VI).

Initial concentration 
of Cr (VI)(mg/L)

K’
 (per hour)

k

 

f

 

 
(per hour)

k

 

r

 

 
(per hour)

0.5 0.921 0.854 0.057
1 0.970 0.901 0.068
2 0.891 0.835 0.055

Table 2. Film and pore diffusion coefficients calculated
based on kinetic data for different initial concentrations of Cr
(VI).

Initial concentration 
of Cr (VI) in mg/l

K’ 
(hr

 

−

 

1

 

) t

 

1/2

 

 (h) D

 

F

 

 (cm

 

2

 

/s) D

 

p

 

 (cm

 

2

 

/s)

0.5 0.921 0.752 8.91 

 

× 

 

10

 

−

 

7

 

9.92 

 

× 

 

10

 

−

 

8

 

1 0.970 0.714 7.81 

 

× 

 

10

 

−

 

7

 

10.13 

 

× 

 

10

 

−

 

8

 

2 0.891 0.772 8.88 

 

× 

 

10

 

−

 

7

 

10.81 

 

× 

 

10

 

−

 

7
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ered for calculating the values of adsorption rate R

 

A

 

(mg/g-hr

 

1/2).
Figure 5. Amount of Cr (VI) adsorbed Vs square root of reaction time (t 1/2).According to the earlier work done by Helfferich
[26] and Zogorski et al. [25] a linear fit between the
adsorption rates (RA) for different initial concentrations
of Cr (VI) demonstrates that film diffusion as rate limit-
ing. For the present study, the values of RA (mg/g-hr1/2)
were plotted against respective Cr (VI) concentrations.
With an r2 value over 0.98, it certainly follows a linear
fit which shows that film diffusion is indeed the control-
ling process. Had it been pore diffusion, the curve
would have become non-linear in nature [24,26,30].

3.6 Using the effect of different adsorbent sizes

The diameter of the adsorbent particles has a definite
function with the mechanism of adsorption [31,32,
33,34]. Based on diffusion theory, the rate of adsorption
(RA − mg/g-hr1/2) should increase with some inverse
function of the diameter of the adsorbent particle [26].
When the removal rate is inversely proportional to
particle size, the external transport or film diffusion
controls the rate of reaction; whereas, if removal rate is

inversely proportional to the square of particle diameter,
the internal transport or pore diffusion controls the rate
of adsorption [26]. Figure 6 is a plot between adsorption
rates (mg/g) over time for different sizes of treated
wood charcoal particles (112 µm to 512 µm). With the
increase in the diameter of treated wood charcoal from
112 µm to 512 µm, the rate of adsorption (RA) varied
from 18 mg/g-hr1/2 to 14 mg/g-hr1/2. This could be due
to increasing surface area with decreasing diameter of
the adsorbent particles.
Figure 6. Amount of Cr (VI) adsorbed Vs square root of contact time.The values of RA (mg/g-hr1/2) were plotted against
the reciprocal of diameter as well as square root of the
diameter. Good correlation (with r2 value of 0.967)
between (RA − mg/g-hr1/2) and the inverse of diameter
indicate that the film diffusion may be limiting the rate
of adsorption of Cr (VI) onto the treated wood charcoal.

3.7 Using the effect of different agitation speeds

The rate of agitation, which is one of the prominent
factors influencing adsorption process in continuously
mixed batch reactor, not only helps in the suspension of
solids, but also gives adequate mixing for hydrophobic

Figure 5. Amount of Cr (VI) adsorbed vs. square root of reaction time (t1/2).
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solutes in the reactor. Figure 7 in the present study
depicts the influence of changing the agitation speed
from 130 to 180 rpm on the sorption of Cr (VI) onto
the treated wood charcoal. The adsorption rates (RA −

mg/g-hr1/2) calculated for the agitation speeds of 130 to
180 rpm indicated no change with the increasing agita-
tion speed. RA value should increase with the increasing
agitation speed for the film diffusion to be controlling

Figure 6. Amount of Cr (VI) adsorbed vs. square root of contact time.

Figure 7. Effect of agitation speed on removal of Cr (VI).
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the process. As the rate of adsorption (RA) remained
unchanged it gets inconclusive on which diffusion is
controlling the process in the present study.
Figure 7. Effect of agitation speed on removal of Cr (VI).Based on diffusion coefficients and the effects of
initial concentration of Cr (VI), adsorbent size on the
rate of adsorption it was found that film diffusion is
controlling the rate of removal of Cr (VI) using treated
wood charcoal. However, effect of agitation speed on
the rate removal did not give any conclusive result.
Therefore, it is felt necessary to conduct multiple inter-
ruption test developed by Zogorski et al. [25] in order
to determine, conclusively, the rate limiting process.

3.8 Interruption test

The process that controls the rate of adsorption can be
determined more precisely by performing an interrup-
tion test and the method developed by Zogorski et al.
is very effectively used by many researchers [9,20].
Hence, a multiple point interruption test was adopted
in the present study. The sample was interrupted after
1, 2, 3, 4, 6 h and the sorbent was re-immersed after
30 minutes. Removal of Cr (VI) was monitored at
regular intervals. A similar adsorption test was carried
out without any interruption under the similar condi-
tions. Figure 8 depicts the effect of interruption on
adsorption process. As shown in the figure, there is
no change of slope that could be observed in interrup-
tion test curve and it is almost parallel to the continu-
ous test curve. It indicates that the process is
controlled by external diffusion [25]. During interrup-
tion test, the interruption disturbs the concentration
gradient in the film; however, gradients are assumed
to be established almost instantaneously [26]. The fall

in overall removal efficiency is due to the reduced
contact time in the case of an interrupted sample.
Figure 8. Multiple interruption test for treated wood charcoal.In summary of various parametric tests conducted to
determine the rate limiting step in the removal of Cr (VI)
using treated wood charcoal, diffusion coefficients
calculated based on kinetic data; adsorbate concentra-
tion; adsorbent size; multiple interruption test confirmed
that film diffusion controls the rate of removal. With the
effect of agitation speed remained inconclusive on
which diffusion controls the rate it can be inferred that
film diffusion is the slowest of diffusions and hence
controls the rate of Cr (VI) removal using treated wood
charcoal.

4. Conclusions

These are the conclusions drawn based on the present
study: 

(1) Locally available wood charcoal showed poten-
tial to be used as an adsorbent to remove Cr (VI)
from water. Treatment with concentrated hydro-
chloric acid could improve the removal effi-
ciency of wood charcoal up to 94%.

(2) The sorption of Cr (VI) onto the treated wood
charcoal was found to be rapid for the first three
hours and reached the state of equilibrium
within 6 h. The reaction followed a first order
reversible kinetic model.

(3) The equilibrium partitioning for Cr (VI) onto the
treated wood charcoal was well described by the
Freundlich isotherm. The adsorption capacity of
the treated wood charcoal was found to be 677
µg/g.

Figure 8. Multiple interruption test for treated wood charcoal.
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(4) Based on kinetic data, diffusion coefficients,
effect of initial sorbate concentration, adsorbent
size, agitation speed film diffusion was found to
be the rate limiting process in removing Cr (VI)
using treated wood charcoal. This was further
confirmed by the multiple interruption test.

Acknowledgement
The authors are thankful to anonymous reviewers for
their valuable suggestions which have helped improve the
manuscript.

Notes
1. US$ is equal to 49 Indian Rupees.

References
[1] [1] G. Park, J.K. Lee, S.K. Ryu, and J.H. Kim, Effect of

two-step surface modification of activated carbon on
the adsorption characteristics of metal ions in wastewa-
ter in Equilibrium and batch adsorptions, Carbon Sci. 3
(2002), pp. 219–225.

[2] [2] N. Daneshvar, D. Salari, and S. Aber, Chromium adsorp-
tion and Cr (VI) reduction to trivalent chromium in aque-
ous solutions using charcoal, J. Hazard. Mater. B94
(2002), pp. 49–61.

[3] [3] Agency for Toxic Substances and Disease Registry,
July 2000.

[4] [4] S. Babel and T.A. Kurniawan, Removal from
synthetic wastewater using coconut shell charcoal
and commercial activated carbon modified with
oxidizing agent and/or chitosan, Chemosphere 54
(2004), pp. 951–967.

[5] [5] C. Modrogan, C. Costache, and D.O. Orbulet, Removal
of hexa-valent chromium from aqueous solutions by
adsorption on peach kernel and nutshell, Proc. The
First International Proficiency Testing Conference,
Sinaia, Romania, October 11–13, 2007.

[6] [6] Central Pollution Control Board (CPCB, 2007).
[7] [7] A.K. Bhattacharya, T.K. Naiya, S.N. Mandal, and S.K.

Das, Adsorption, kinetics and equilibrium studies on
removal of Cr(VI) from aqueous solutions using differ-
ent low-cost adsorbents, Chem. Eng. J. 137 (2008) pp.
529–542.

[8] [8] S. Chand, V.K. Agarwal, and C. PavanKumar, Removal
of hexavalent chromium from wastewater by adsorp-
tion, Ind. J. Environ. Health 36 (1994), pp. 151–158.

[9] [9] S. Yedla and A.K. Dikshit, Removal of endosulfan from
water using wood charcoal adsorption & desorption, J.
Environ. Eng. ASCE 2 (2008), pp. 102–109.

[10][10] APHA-AWWA-WPCF, Standard Methods for Exami-
nation of Water & Wastewater. American Public Health
Association, Washington, DC, 2005.

[11][11] G. Huang, J.X. Shi, and T.A.G. Langrish, Removal of
Cr(VI) from aqueous solution using activated carbon
modified with nitric acid, Chem. Eng. J. 152 (2009), pp.
434–439.

[12][12] R.M. Schneider, C.F. Cavalin, M.A.S.D. Barros, and
C.R.G. Tavares, Adsorption of chromium ions in acti-
vated carbon, Chem. Eng. J. 132 (2007), pp. 355–362.

[13][13] S. Yedla and A.K. Dikshit, Removal mechanism of
endosulfan on to wood charcoal, Int. J. Environ.
Pollut. 15 (2001), pp. 528–542.

[14][14] N. Zhao, N. Wei, J. Li, Z. Qiao, J. Cui, and F. He,
Surface properties of chemically modified activated
carbons for adsorption rate of Cr (VI), Chem. Eng. J.
115 (2005), pp. 133–138.

[15][15] L. Monser and N. Adhoum, Modified activated carbon
for the removal of copper, zinc, chromium and cyanide
from wastewater, Separ. Purif. Tech. 26 (2002), pp.
137–146.

[16][16] W.J. Weber, Jr., Adsorption theory, concepts and
models, In: Adsorption Theory, F.L. Slejko, ed., Marcel
Dekker, New York, 1985.

[17][17] E. Malkoc and Y. Nuhoglu, Determination of kinetic and
equilibrium parameters of the batch adsorption of Cr(VI)
onto waste acorn of Quercus ithaburensis, Chem. Engin.
Process. 46 (2007), pp. 1020–1029.

[18][18] M. Sekar, V. Sakthi, and S. Rehgaraj, Kinetics and
equilibrium study of lead (II) onto activated carbon
prepared from coconut shell, J. Colloid. Inter. Sci. 279
(2004), pp. 307–313.

[19][19] W.J. Weber, Physicochemical Processes For Water
Quality Control – A Wiley-Interscience Publication-
John Wiley & Sons, Chichester, 1972.

[20][20] S. Keerthinarayana and M. Bandyopadhyay, Sorption
of Lindane by Wood Charcoal, Indian J. Technol. 31
(1993), pp. 751–757.

[21][21] S. Yedla and A.K. Dikshit, Kinetics of endosulfan sorp-
tion on to wood charcoal, J. Environ. Sci. Health Part-
B (USA) B34 (1999), pp. 587–615.

[22][22] C. Quintelas, B. Fonseca, B. Silva, H. Figueiredo, and
T. Tavares, Treatment of chromium (VI) solutions in a
pilot-scale bioreactor through a biofilm of Arthrobacter
viscosus supported on GAC, Biores. Tech. 100 (2009),
pp. 220–226.

[23][23] S. Lameiras, C. Quintelas, and M.T. Tavares, Biosorp-
tion of Cr (VI) using a bacterial biofilm supported on
granular activated carbon and on zeolite, Biores. Tech.
99 (2008), pp. 801–806.

[24][24] W.J. Weber, Jr. and J.C. Morris, Kinetics of Adsorption
on Carbon from Solution, J. Sanitary Eng. Divn. ASCE
89 (1963), pp. 31–59.

[25][25] J.S. Zogorski, S.D. Faust, and J.H. Haas, Jr., The kinet-
ics of adsorption of phenol by granular activated
carbon, J. Colloid. Inter. Sci. 55 (1976), pp. 329–341.

[26][26] F. Helfferich, Ion Exchange, McGraw-Hill, New York,
1962, pp. 72–94.

[27][27] V.L. Snoeyink and D. Jenkins, Water Chemistry, John
Wiley & Sons, New York, 1980.

[28][28] B.T. Asher, D.L. Sparks, J.D. Pesek, and S. Feigenbaum,
Analyses of adsorption kinetics using a stirred-flow
chamber: I Theory and critical tests, Soil Sci. Soc. Amer.
J. 54 (1990), pp. 1273–1278.

[29][29] A.S. Michaels, Simplified method of interpreting kinet-
ics data in fluid-bed ion exchange, Industrial Eng.
Chem. 44 (1952), pp. 1922–1940.

[30][30] M.X. Loukidou, A.I. Zouboulis, T.D. Karapantsios,
and K.A. Matis, Equilibrium and kinetic modeling of
chromium(VI) biosorption by Aeromonas caviae,
Colloid Surface Physicochem. Eng. Aspect. 242
(2004), pp. 93–104.

[31][31] A.P. Mathews and W.J. Weber, Jr., Effects of external
mass transfer and interparticle diffusion on adsorption
rates in slurry reactors, A.I.Ch.E. Symposium Series 73
(1976), pp. 91–98.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
O

ta
go

] 
at

 0
5:

02
 1

3 
N

ov
em

be
r 

20
15

 



Environmental Technology 1505

[32][32] J.C. Crittenden and W.J. Weber, Jr., Predictive model
for design of fixed-bed adsorbers: parameter estimation
and model development, J. Environ. Eng. Divn. ASCE
104(EE2) (1978), pp. 185–197.

[33][33] W.A. Chudyk and V.L. Snoeyink, Biodegradation of
Activated Carbon under Conditions of Transient Phenol

Loading, Annual Meeting AIChE, Nov. 8–12, New
Orleans, 1981.

[34][34] A.P. Mathews and I. Zayas, Particle size and shape
effects on adsorption rate parameters, J. Environ. Eng.
Divn. ASCE 115 (1989), pp. 41–55.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
O

ta
go

] 
at

 0
5:

02
 1

3 
N

ov
em

be
r 

20
15

 




