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Abstract

Cr(VI) is a priority pollutant and has been documented to be harmful to fauna, flora and human beings and chromium containing water and
wastewater are hazardous. Removal of Cr(VI) by adsorption on a non-toxic natural substance, riverbed sand has been investigated. A maximum
removal of 74.3% was noted at 0.50 x 10~ M concentration of Cr(VI) in solution. Kinetic and equilibrium studies of Cr(VI) removal have been
carried out. Chemical analysis of the adsorbent revealed SiO, to be its major component. Kinetic data of adsorption was fitted by Lagergreen’s
model and k,q, the rate constant of adsorption, was found be maximum 2.69 x 1072 min~' at 25 °C with minimum at 35 °C. Values of coefficients of
intra-particle diffusion and mass transfer have been determined at different values of temperature. Langmuir’s model has been used for equilibrium
studies and the constants have been calculated. The studies conducted show the process of Cr(VI) removal to be exothermic in nature.

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

Metals and metallic compounds are vital for industrial growth
of any society. Like other metallic species chromium also occurs
on earths surface but it is found in small proportions [1].
Chromium has applications in a variety of industries. It is fre-
quently used in leather tanning, pigment manufacture, textile
and dyeing, and makes an important component for a number
of alloys [2]. Discharge of untreated effluents from these appli-
cations into water resources is a major source of pollution of
chromium to these resources. Rivers are the major source of
water for mankind and it is a fact that in most cities the indus-
trial effluents are discharged into the rivers. It is obvious that in
ariver system, the metallic species would be distributed in aque-
ous, suspended and in the riverbed sediments. Chromium occurs
in +3 and +6 oxidation states. In +3 oxidation state chromium
is essential for human beings but the water containing Cr(VI)

* Corresponding author.
E-mail addresses: ycsharma@bhu.ac.in, y_sharma_2002@rediffmail.com
(Y.C. Sharma).

0304-3894/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2006.08.078

makes it hazardous. Exposure to hexavalent chromium causes
dermatitis, allergic skin reactions and gastrointestinal ulcers. It
has been reported to be a teratogen and also a carcinogen. It has
high acute toxicity and mutagenicity also.

Main techniques for removal of chromium from aqueous
solutions and industrial effluents are chemical reduction, pre-
cipitation, ion-exchange, and adsorption. Scrap rubber has been
successfully used as an adsorbent for removal of metallic species
from wastewater [3]. Removal of metallic species by adsorp-
tion on activated carbon has been a popular choice of scientific
workers world over [4-8]. Many workers have reported excel-
lent results for the removal of pollutant species by modified
activated carbons [9-12]. Application of activated carbon for
large-scale treatment of industrial effluents is quite expensive
and is unaffordable for developing nations. Emphasizing on
this aspect many workers have used unconventional materials
as adsorbents for removal of metallic species and other pollu-
tants from aqueous solutions and industrial effluents [13-16].

In the present work, bed sediment of river subernarekha has
been used for removal for Cr(VI) from aqueous solutions. Main
purpose of this study is two-fold. First, to understand the adsorp-
tion characteristics of the bed sediments, and second, to suggest
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Nomenclature

b Langmuir constant related to energy of adsorption
(Img™")

Ce adsorbate concentration at equilibrium (mg 1=

Co initial concentration of adsorbate (mg 1-H

C adsorbate concentration at any time (mg1~!)

dp diameter of adsorbent particle (p.m)

D coefficient of pore diffusion (cm?s~!)

k Langmuir’s constant (Qyb) (1 g_l)

kaa rate constant of adsorption (min—!)

kp rate constant of pore diffusion (mg g~! min=0?)

m mass of adsorbent per unit volume of particle free
slurry (g171)

q amount of chromium adsorbed at equilibrium
(mgg™")

qe amount of chromium adsorbed at any time
(mgg™h)

o° Langmuir constant related to capacity of adsorp-
tion (mgg~!)

7o radius of adsorbent particles (cm)

Ss outer surface of the adsorbent per unit volume of
particle free slurry (cm™")

t time (min)

i time for half adsorption of chromium (min=%)

Greek letters

B coefficient of mass transfer (cms™')

Pp density of the adsorbent particles (gcm™)

€p porosity of the adsorbent

an economically viable and non-toxic treatment for the water
and wastewater rich in Cr(VI). The present work deals with the
kinetic and equilibrium studies of the process of removal of
Cr(V]) on riverbed sediments.

2. Experimental
2.1. Sediment sampling and storage

The sediment samples were collected from shallow waters
near the bank from upstream. Samples were taken from upper
5 cm of the sediments where flow rates were low and sedimen-
tation was assumed to occur [17-19]. After sampling, the sed-
iments were stored in polyethylene bags, which were properly
cleaned with 1 M KMnO4 and 1 M HNO3. Sediment samples
were thoroughly washed and passed through sieves to remove
all earthen impurities. Particle sizes of adsorbent samples were
maintained using different sieves. Sieved samples were dried
in an oven at 105 °C overnight and were allowed to remain in
desiccators for cooling. Thereafter, the sediment samples were
stored in airtight containers.

The surface area of the adsorbent was determined by a ‘three
point’ N gas adsorption method using a Quantasorb Surface
Area Analyzer, Model-QS/7 (Quantachrome Corp., USA) and

average particle size was measured by particle Size Analyser,
model HTIAC-320 (ROYCO Instrument Div., USA). The porosity
and density of the adsorbent were measured by using a mercury
porosimeter and specific gravity bottles, respectively. The phys-
ical and surface properties of the adsorbent were determined
by the methods reported elsewhere [20]. Chemical analysis of
the adsorbent sediments was carried out using Indian Stan-
dard Methods [21]. All chemicals used in the experiments were
AR/GR grade and were obtained from BDH, Bombay (India)
and de-ionized water was used throughout the experiments.
Batch adsorption experiments were conducted by taking
50 ml solution of Cr(VI) of desired concentrations in 250 ml
pre-cleaned polyethylene bottles. Afterwards solution pH was
maintained by 1 M NaOH/HCI and was monitored by a con-
trol dynamics pH meter (Model CD 901, Century Instruments
Ltd., Chandigarh, India), 1.0 g of adsorbent was then added to
this solution. Ionic strength of the solutions was maintained
by 0.01 M NaClOy solution. The agitation was carried out in a
temperature-controlled thermostat. For equilibrium studies, the
experiments were carried out at different values of temperature.
The progress of adsorption was measured by determining the
concentrations of Cr(VI) by using Atomic Absorption Spec-
trophotometer (GBC, Australia) at a wavelength of 357.9 nm
[22]. It was ensured that there are no reductants in the samples.

3. Results
3.1. Physicochemical characterization of the adsorbent

In order to understand the adsorption of Cr(VI) onto riverbed
sand, physicochemical characterization of the adsorbent was car-
ried out. The analysis of the adsorbent shows (Table 1) silica to
be its major (86.24%) constituent. Calcium oxide (11.23%) is
the next major constituent of the adsorbent. The oxides of Mg,
Fe, and Al are in traces. The surface area of the adsorbent was
measured and found to be 10.24 m? g~!, which is quite signifi-
cant. Other physical parameters of the adsorbent were analyzed
and are recorded in Table 1.

3.2. Effect of contact time and initial concentration on
removal of chromium

Effect of contact time and initial concentration on removal
of Cr(VI) by adsorption on riverbed sand was studied.

Table 1

Physicochemical analysis of the adsorbent

Components wt. %
Si0, 86.24
CaO 11.23
MgO 0.37
Fey03 0.24
AL O3 0.47
Porosity 0.38
Density (gcm™3) 4.89
Mean particle diameter (m) 100
Surface area (m> g~!) 10.24
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Fig. 1. Effect of contact time and initial concentration on removal of Cr(VI) by
adsorption on riverbed sand.

The concentrations selected for studies were 0.10 x 1074,
0.25x 107%, 0.50 x 1074, and 0.75 x 10~*M, respectively.
These correspond to 1.05, 2.61, 5.23, and 7.84 mg -1 respec-
tively. The results obtained have been plotted as ‘removal (%)
versus contact time’ (Fig. 1). The graph shows that for all the con-
centrations, removal increases in initial stages, goes on increas-
ing and acquires maximum value in 110 min. After 110 min,
there is no increment in removal. This stage is known as equilib-
rium stage. As shown in Fig. 1, the removal of Cr(VI) increased
from 41.7 to 74.3% by decreasing the initial concentration of
chromium from 0.75 x 10~#t00.10 x 10~*Mat2.5pH, 0.01 M
NaClOy ionic strength, temperature 25 £ 0.5 °C, 100 rpm and
at a particle size of 100 wum. The amount adsorbed (mgg~")
increases with increase in initial concentration of the adsorbate.
Anincrease in initial concentration of Cr(VI) resulted in increase
in amount adsorbed of chromium and this can be attributed to
an increase in deriving force of the concentration gradient with
increase in concentration of Cr(VI) in solution. Apparently, the
initial concentration of chromium plays an important role and
affects the adsorption capacity of Cr(VI) on the adsorbent. It is
also clear from Fig. 1 thatin initial stages the removal/adsorption
is faster in lower ranges of concentration. This finding has
industrial importance as in most cases, lower concentrations of
adsorbates and pollutants are encountered in real life systems.

3.3. Kinetic studies

In order to understand the kinetics of removal of Cr(VI) by
adsorption many models were tried. Finally, the Lagergreen’s

Table 2
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Fig. 2. Lagergren’s plot for determination of rate constants for the removal of
Cr(VI) at different temperatures by adsorption on riverbed sand.

model [23,24]:

kad
1 —q) =1 — t 1
0g(ge — q) = logge (2_303 ) (1

was found suitable for the present system. The straight-line plots
of ‘log(ge — g) versus ¢’ (Fig. 2) indicate that the proposed model
fits well the data of the system studied. The value of k,q, the rate
constant of adsorption, was found to be 2.09 x 102 min~! at
0.10 x 107> M Cr(VI) concentration, 2.5 pH, 0.01 M NaClOq4
ionic strength and 25 °C. The values of k,q were determined at
other values of temperature and have been recorded in Table 2.
Results show that the values of k,q decrease with temperature.
The adsorption of Cr(VI) on bed sediments may also follow
intra-particle diffusion as this has been found to be an important
rate limiting step for many processes which are carried out in
rapidly stirred batches. This possibility was explored by plotting
a graph ‘amount of Cr(VI) adsorbed versus square root of time,
A/t (Fig. 3). These plots show a double straight-line nature:
initial and final stages.

The initial stages indicate boundary layer diffusion [25] and
straight-line portions in final stages indicate that the process of
removal is dominated by intra-particle diffusion in this part of
process [26]. Values of the rate constant of intra-particle dif-
fusion, kp, at different temperatures were calculated by using
slopes of Fig. 3 and have been given in Table 2. It clearly shows
that values of k also decrease with increasing temperature. The

Parameters for adsorption kinetics viz. the rate constant, k,q, the coefficient of pore diffusion, k;, the coefficient for pore diffusion D, the coefficient of mass transfer,

B1, and the rate parameter

Temperature (°C)  kag (min™') (x1072)  k, (min~12) (x1072)

D (cm?s~ 1) (x10711)

Bi (cms™) (x1072) Rate parameter (min~") (x1072)

25 2.69 1.80 1.67
30 1.82 1.71 1.42
35 1.78 1.58 1.10

1.18 12.08
0.88 9.01
0.75 7.68
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Fig. 3. Intra-particle diffusion plot for removal of Cr(VI) by adsorption on
riverbed sand.

following equation [27]:

_ 0.03r(2)
B 2

D (2)
was used for determination of the coefficient of intra-particle
diffusion, D. t1; is time for half adsorption of Cr(VI) on the
adsorbent phase. The values of D (Table 2) were found to be in
order of 10~ ¢cm? s—!, and the values of D indicate that intra-
particle diffusion is the process which decides the rate of uptake

of Cr(VI) [27].
3.4. Mass transfer studies

For any process of removal by adsorption it is important to
know the extent of transfer of pollutant species from bulk to the
surface of the solid adsorbent particles and at the interface of
solid adsorbent particles or at the interface of liquid and solid
particles. For the present studies this probability was examined
by using following mass transfer model [28]:

Ci/Co—1 mk 1 + mk
In | =2 "] =1 -
n[ 1+ mk } n[l—}-mk} [ mk }ﬂlsst )

where ‘k’ is a constant and is the product of Langmuir’s param-
eters.
The values of ‘m’ and ‘S’ have been determined as follows:

m— g )
S 5)
dppp(1 — €p)

where €, is porosity of the adsorbent. Values of B, the coef-
ficient of mass transfer, were calculated at different values
of temperature by the slopes and intercepts of the plots of
‘In[C/Cy — 1/(1 +mk)] versus ¢ (Fig. 4) and the values are
given in Table 2. The value of B;, however, was found to be
1.18 x 1072 cms ™! at 25°C, 100rpm, 0.01 M NaClOy ionic
strength and 2.5 pH.

0.6
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Fig. 4. Mass transfer plot for the removal of Cr(VI) by adsorption on riverbed
sand.

All the values of mass transfer coefficient are indicative of
a sufficiently rapid transfer of adsorbate species from bulk to
the surface/interface [29]. A value of S in the order of 1073
or greater shows that the rate of transfer of mass from bulk
to the solid surface is rapid enough [25] and the system of
‘Cr(VD)-riverbed sand’ can be recommended for removal of
Cr(VI) from wastewaters. This is interesting to note that the rate
parameter, ‘(155" has the dimensions of k,q, the rate constant for
adsorption and its values have also been found to be in the same
order and this further approves the validity of used mass trans-
fer model [29]. Further, though at laboratory scale the adsorbent
used has shown good results but the commercial extraction of
riverbed sand can create problems to biota. Thus, keeping this
fact in mind, this adsorbent should also be regenerated the way
other adsorbents are regenerated.

3.5. Equilibrium studies

Equilibrium studies for any process of removal are of
immense importance, specially to recommend the process for
large-scale application. The equilibrium studies for the present
process were carried out by using Langmuir’s isotherm model
[30]. Further, the isotherm studies are carried out to determine
the adsorption capacity of the adsorbent:
Ce 1 Ce

qe Qob * Qo

The plots of ‘Cc/qe versus C¢’ (Fig. 5) at different tempera-
tures were found to be linear and indicate that the used model
fits well the data of studies performed. Further, the Langmuir’s
model is based on assumption that adsorption takes place at spe-
cific homogenous sites at and within the adsorbent. The model
has been used to explain many adsorption processes successfully
[20-25].

The values of the Langmuir’s parameters namely, ‘Q,’, the
term related to the capacity of adsorption and ‘b’, the term
related to energy of adsorption were found tobe 0.15 mg g~! and

(6)
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Fig. 5. Langmuir’s plot for equilibrium modeling of removal of Cr(VI) by
adsorption on riverbed sand.

Table 3
Langmuir’s constants for the removal of Cr(VI) by adsorption on riverbed sand

Temperature °C) Q% (mgg™!) b(1mg~1) K (=Q%) (1g™")
(x107h) (x1071) (x1072)

25 1.50 6.34 9.50

30 0.82 5.82 470

35 0.75 479 3.60

0.6341g~ ! at 25°C, 100 rpm, 0.01 M NaClOy ionic strength and
2.5 pH. Values of these parameters at other temperatures have
been calculated and have been given in Table 3. On perusal of
the values of the Langmuir’s parameters ‘Q,’ and ‘b’, it is clear
that the values are in decreasing pattern with temperature and
hence confirm the exothermic nature of the present process [19].

Table 4 provides an interesting review of the adsorption
capacities of some clay minerals viz. wollastonite [31], china
clay [32], waste materials, namely exhausted coffee, nutshell,
saw dust, wall nut shell, fly ash, dead biomass, etc. [33-37]. In
all the cases the reported adsorption capacities were significant.

Dead biomass showed an adsorption capacity of 162.23 mgg~".

Table 4
Adsorption capacities of some non-conventional and commercial adsorbents
used for adsorption of Cr(VI)

Adsorbents Adsorption capacity (mgg™!)
Wollastonite 0.686
China clay 1.083
Exhausted coffee 1.42
Nut shell 1.47
Saw dust 16.05
Wall nut shell 1.33
Chitosan 27.3
Dead biomass 162.23
Zeolite 0.65
Fly ash 1.24
Activated carbon (column) 188.20
Activated carbon (column) 212.12

Zeolite displayed a capacity of 0.65mgg~! and the adsorption

capacity for chitosan [38] was reported to be 27.3 mg g~!. Com-
mercially available activated carbons were reported to have the
maximum adsorption capacities of 188 and 212 mg g~! [39,40].
Riverbed sand, the adsorbent used in the present work has an
adsorption capacity of 6.34 mg g~ ! and this value is quite signif-
icant. It is important to note that the adsorbent once used for the
removal of Cr(VI) from aqueous solutions/wastewater should
be regenerated for reuse. Recovery of the adsorbed species from
the used adsorbent can also be done but the cost aspect has to
be given due consideration. At last, the completely exhausted
adsorbent has to be safely disposed by following well known
methods of disposal of wastes of similar category.

4. Conclusions

On the basis of the results the following conclusions may be
drawn:

i. Riverbed sand can be successfully used for Cr(VI) removal
from aqueous solutions.

ii. The data generated on various studies can be used to design
various treatment plants for the treatment of Cr(VI) rich
wastewaters.

iii. Process adopted is simple and economically viable.

iv. Langmuir’s constants show suitability of riverbed sand as
adsorbent for Cr(VI) removal.

v. Mass transfer analysis shows the process of transfer of
Cr(VI) onto the adsorbent surface to be rapid enough and
confirms its suitability for the present system.

Further, river bed sand is a natural material and may provide a
non-toxic process of Cr(VI) removal. It seems that riverbed sand
can make a good choice for treatment of Cr(VI) rich wastewaters
and industrial effluents.
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