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ABSTRACT

The removal of aqueous hexavalent chromium (Cr(VI)) by green walnut shell (GWS) was
investigated in batch experiments. GWS is a readily available and low-cost horticulture solid
waste. The efficiency of this biomass for Cr(VI) removal as impacted by various operational
parameters was characterized. Tested parameters are: initial solution pH (pH0), initial GWS
mass loading ([GWS] (g L− 1)), contact time (t (min)), GWS particle size (d (μm)), initial Cr(VI)
concentration ([Cr(VI)]0 (mg L− 1)), and ionic strength (I(M)). Results revealed that Cr(VI)
chemical reduction (to Cr(III)) followed by adsorption or surface precipitation is the removal
mechanism. The optimal operational conditions for Cr(VI) removal from 50mL of a
[Cr(VI)]0 = 10mg L−1 solution were: pH0 = 3.6, t = 5min, [GWS] = 6 g L−1, and I = 0.1M. The
corresponding removal efficiency was 95%. The kinetic of the reaction was also studied.
Results indicate that using GWS is an affordable, efficient, and applicable method for aqueous
Cr(VI) removal and thus a low-cost material for water treatment.

Keywords: Adsorption kinetics; Bioreduction; Chromium removal; Green walnut shell;
Low-cost biomass

1. Introduction

Heavy metals are significant pollutants of waste-
water. Their toxicity for plants and animals has been
largely documented [1,2]. These ionic species origi-
nated mostly from industrial and mining processes.
Relevant processes include electroplating, metal
finishing, metallurgical work, tanning, chemical

manufacturing, and battery manufacturing [3,4]. Due
to their non-biodegradability, they tend to accumulate
in the vital organs of living organisms causing various
diseases and long-term disorders, as well as deleteri-
ous ecological effects [5]. Some heavy metals are also
known to be carcinogens. Accordingly, growing atten-
tion is being given to develop affordable, applicable,
and efficient technologies for the removal of aqueous
metal ions [6]. The removal of toxic heavy metal ions
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from sewage and from industrial and mining effluents
has been widely studied in recent years [7–9].

Among heavy metals, chromium (Cr) is a common
contaminant in surface water and groundwater result-
ing from numerous industrial activities such as the
preservation of wood, textile dyeing, leather tanning,
electroplating, and metal finishing [10]. Hexavalent
chromium, which is primarily present in the form of
chromate (CrO2�

4 ) and dichromate (Cr2O
2�
7 ), poses sig-

nificantly higher levels of toxicity than the other
valence states [11]. Both the common Cr(VI) anions,
chromate and dichromate, are strong oxidants [12].
The toxicity of Cr(VI) even in small concentrations,
has been studied in the past [13]. The two environ-
mentally stable oxidation states, Cr(III) and Cr(VI),
exhibit very different toxicities and mobilities. Cr(III)
exhibits little toxicity [14]. In contrast, Cr(VI) usually
occurs as the highly soluble and toxic chromate anion
(500 times more toxic than Cr(III)), and is a suspected
carcinogen and mutagen [15–17].

Conventional technologies for metal-contaminated
wastewaters (e.g. Cr(VI) [18]) include chemical precip-
itation and filtration [2], chemical oxidation or reduc-
tion [19,20], electrochemical treatment [21], reverse
osmosis [10], solvent extraction [22], adsorption
[23,24], and ion exchange [25]. These processes have
several disadvantages including high operational cost,
incomplete removal, low selectivity, high energy con-
sumption, and generation of a large amount of toxic
sludge to be disposed of [26,27]. In recent years,
efforts to develop applicable, efficient but affordable
technologies for environmental remediation have been
intensified [28–32]. Alternative approaches mostly use
natural materials as adsorbing agents [33,34]. The
expense of individual removal material varies depend-
ing on the degree of processing required and local
availability [26,35].

Agricultural and horticultural waste materials are
abundant and renewable (eco-friendly) potential
adsorbents for environmental remediation in general
and heavy metal removal in particular [36–39]. Many
researchers have tested various biological materials
such as non-living bacteria, microalgae, fungi, sea-
weed, agricultural and horticultural byproducts, and
industrial bio-waste as removal material for Cr(VI)
ions and some other heavy metals [28,40–42]. It has
been reported that Cr(VI) was completely reduced to
Cr(III) in aqueous and solid phases by non-living
materials of the seaweed [43].

There are some researches on hard walnut shell
both in natural state and modified form for water
treatment [44–46]. Also, some other researchers used
hard walnut shell as a carbon source. In these studies,
the extracted carbon is employed as an adsorbent

[47,48]. But up to our knowledge there is no investiga-
tion on the potential green walnut shell (GWS) for
water treatment in the literatures.

The aim of this study was to test the suitability of
green walnut shell (GWS) for wastewater treatment
using hexavalent chromium as model pollutant. GWS
is abundantly available in Iran. Cr(VI) removal by
GWS powder was characterized under various experi-
mental conditions (solution pH, contact time, GWS
mass loading, GWS particle size, Cr(VI) concentration,
and ionic strength). The kinetic of the reaction also
was studied.

2. Materials and methods

2.1. Preparation of the solutions

All chemicals used were taken from Merck and
were of analytical grade. Chromium trioxide (CrO3)
with deionized water was used in the preparation of
solutions. Solutions with the initial concentration of
10mg L−1 from CrO3 were prepared. This concentra-
tion was selected because it is within the range of
environmentally relevant concentrations [49]. Also for
investigating the kinetic of the removal reaction, solu-
tions with various initial Cr(VI) concentrations in the
range of 10–40 ppm at the initial pH = 3.6 were pre-
pared. NaNO3 was used for ionic strength studies.
The solution pH was adjusted with a strong acid
(HCl) and/or a strong base (NaOH).

2.2. Preparation of green walnut shell

The raw biomass of green walnut shell was col-
lected from walnut trees in Shiraz, Iran. The biomass
was washed with deionized water to remove extrane-
ous materials and then air-dried for a week. The air-
dried biomass was ground and sieved to particles of
different sizes for subsequent experiments.

2.3. Procedure

In each experiment, an appropriate amount of GWS
was placed in 50mL solution of Cr(VI) with known
concentration, initial pH, and ionic strength. Stirring
speed of 250 rpm was selected to maintain the GWS
particles in suspension. In different time intervals, a
1mL sample extracted from the solution. The GWS
particles were separated by filtration and the Cr(VI)
concentration was determined. Each experiment was
run thrice and the reported data in the figures are the
averaged values.

For determination of point of zero charge, five flasks
containing solutions of the same ionic strength and
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same amount of GWS were prepared. The initial pH
(pHi) values of the solutions were roughly adjusted
between 2 and 10. The suspensions were then manually
shaken and allowed to equilibrate. The final pH (pHf)
values of the supernatant liquid were recorded.

2.4. Analytical procedure

The analysis of Cr(VI) was carried out by colorimet-
ric method [50] using a UV–Visible Spectrophotometer
(UNICO SQ-4802) at λ = 540 nm. Not only Cr(VI) con-
centration but also the total concentration of Cr in the
aqueous phase was analyzed by Varian (Vista-pro
model) Coupled Plasma Mass Spectrometry (ICP-MS).
The pH values of the solutions were recorded with a
Metrohm 780 pH meter.

3. Results and discussion

For the last few decades, an anionic adsorption of
Cr(VI) to cationic functional groups of biological mate-
rials has long been misunderstood as an absolute mech-
anism of Cr(VI) biosorption [40,51,52]. Nowadays
“adsorption-coupled reduction” is widely accepted as
the true mechanism of Cr(VI) biosorption by natural
biological materials under acidic conditions [9,53].
When Cr(VI) comes in contact with biological materials,
especially in an acidic solution, the Cr(VI) can be easily
or spontaneously reduced to the Cr(III) [54], because
Cr(VI) has high redox potential value (above +1.3 V at
the standard condition). Often, the reducing agent can
act as a sorbent for the resultant Cr(III) ion [55].

The existence of total Cr in the aqueous phase after
the treatment implies the occurrence of Cr(VI) reduc-
tion to Cr(III) when brought into contact with the
green walnut shell powder. According to the study of
Park et al. Cr(VI) can be removed from an aqueous
system by natural biological materials through both
direct and indirect reduction mechanisms. In direct
reduction mechanism (mechanism I), Cr(VI) is directly
reduced to Cr(III) in the aqueous phase by contact
with the electron-donor groups of the biological mate-
rial, and the reduced Cr(III) forms complexes with
biological materials or remains in the aqueous phase.
Mechanism II (indirect reduction mechanism) consists
of three steps; (I) the binding of anionic Cr(VI) to the
positively charged groups present on the biomass sur-
face, (II) the reduction of Cr(VI) to Cr(III) by adjacent
electron-donor groups, and (III) the release of the
reduced Cr(III) into the aqueous phase due to elec-
tronic repulsion between the positively charged
groups and the Cr(III) ions, or the complexation of the
reduced Cr(III) ions with adjacent groups [56].

3.1. Effect of the initial solution pH

The pH of solution is an important parameter
which influences the removal of heavy metal ions [57].
The effect of pH on removal of Cr(VI) from the solu-
tion was investigated at room temperature (22–28˚C) in
a 50mL solution of 10mg L−1 Cr(VI) containing 0.1 g
GWS (the particle size was 105–210 micrometers) and
0.1M NaNO3. The pH of Cr(VI)–GWS suspension was
adjusted from 2.3 to 6.7. At the end of each experiment,
the concentration of total and hexavalent chromium
were measured by ICP and UV–vis spectrophotometer,
respectively.

As it is obvious from the Fig. 1, by decreasing the
pH of the solution, the efficiency and rate of Cr(VI)
removal increases. It seems that protons participate in
abiotic reduction reaction of Cr(VI) by GWS. This is in
accordance with other researches [43,58,59]. There is a
decrease in the removal when the solution pH is raised
from 2.3 to 3.6 and thereafter the effect becomes negligi-
ble. Similar results were reported by other workers
[60,61]. However, increasing the pH from 3.6 to 6.7
seems to have a little effect on the Cr(VI) removal effi-
ciency. On the contrary, as shown in Fig. 2, comparing
the total chromium concentration (ICP results) and
Cr(VI) concentration (colorimetric method results) in
each pH, it was confirmed that the concentration of
Cr(III) decreases with increasing the pH, and it was
proposed that protons inhibit adsorption reaction
between cationic Cr(III) ions and negatively charged
functional groups of walnut shell and this phenomenon
has been reported in other researches [43].

Another argument for decreasing of metal removal
with increasing pH is the decrease of electrostatic
attraction. As the pH of the aqueous phase is lowered,
a large number of protons can easily coordinate with
these functional groups present on the biomass sur-
face. Thus, low pH makes the biomass surface more
positive. The more positive the surface charge of
the biomass, the faster the removal rate of Cr(VI) in
the aqueous phase, since the binding of anionic Cr(VI)
ion species with the positively charged groups is
enhanced. The low pH also accelerates the redox reac-
tions in aqueous and solid phases, since the protons
participate in these reactions [43,62].

3.2. Effect of GWS mass loading

Biomass concentration in the solution affects the
specific uptake and hence this effect needs to be taken
into consideration in any application of biomass as bio-
sorbents. In order to investigate this parameter, at room
temperature (22–28˚C) in a 50mL solution of 10mg L−1

Cr(VI) and 0.1M NaNO3 and the initial pH of 3.6,
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results of different amounts of GWS (the particle size
was 105–210 micrometers) in the reaction was exam-
ined. Fig. 3 indicates the effect of biomass amounts on
the removal of Cr(VI) ion. It is obvious that the equilib-
rium concentration of Cr(VI) in the solution phase was
decreased with increasing the GWS amount for a given
initial Cr(VI) ion concentration, but changed slightly
when the GWS amount was more than 0.3 g in 50mL.
Thus the optimum GWS amount for removal of Cr(VI)
was found as 0.3 g in 50mL of the experimental solu-
tion. The increase in the Cr(VI) ion removal with an
increase in the GWS amount is due to the increase in
surface area and adsorption sites available for
reduction.

3.3. Effect of contact time

As shown in the previous plots (Figs. 1–3), for the
initial condition of 50mL solution of 10mg L−1 Cr(VI)
and 0.1M NaNO3 at room temperature (22–28˚C), the
removal rate of Cr(VI) ions was high initially and it
was eventually very slow. The initial rate speed of
metal removal was fast and may be explained by the
large number of adsorption sites of the GWS. For the
initial uncovered surface, the sticking probability was
large; consequently removal proceeded with a high
rate. The slower removal rate at the end was appar-
ently due to the saturation of active sites with ions
which is in accordance with previous study by Jang
et al. [61].

3.4. Effect of particle size

Another effective parameter may be the particle
size of GWS. Maximum uptake of removing is a

function of specific surface or external surface of bio-
mass. In Fig. 4 effect of particle size on removing rate
at pH 3.6 in 50mL solution of 10mg L−1 Cr(VI) con-
taining 0.1 g GWS and 0.1M NaNO3 is shown.

It is evident from the figure that changing the par-
ticle size of GWS from 105–210 to 74–105 μm, has not
a significant effect on removal of Cr(VI) ions. It gives
an idea that GWS powders are so highly porous
which would not have significant effect on Cr(VI)
removal at equilibrium.

3.5. Effect of the initial Cr(VI) ion concentration

The effect of Cr(VI) concentration on the removal
of Cr(VI) ions was investigated by varying the Cr(VI)
concentration (10–40 ppm) at initial pH of 3.6 and
0.1 g GWS in 50mL solution (Fig. 5). The removal effi-
ciency at each contact time was decreased with an
increase in the initial concentration of chromium with

Fig. 1. The effect of initial solution pH on the reaction
(T = 22–28˚C, 50mL solution of 10mg L−1 Cr(VI) containing
0.1 g GWS (105–210 micrometers), and 0.1M NaNO3).

Fig. 3. Effect of green walnut shell amount on the reaction
(T = 22–28˚C, 50mL solution of 10mg L−1 Cr(VI) containing
different amounts of GWS and 0.1M NaNO3, initial
pH = 3.6).

Fig. 2. Total Chromium and Cr(VI) concentrations in dif-
ferent pH values (T = 22–28˚C, 50mL solution of 10mg L−1

Cr(VI) containing 0.1 g GWS (105–210 micrometers) and
0.1M NaNO3).
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a constant amount of GWS in the solution. Consider-
ing the identical removal concentration used in the
experiments, a decrease in the Cr(VI) ion removal
with an increase in the initial concentration was attrib-
uted to limited adsorption sites.

3.6. Effect of ionic strength

Effect of ionic strength on Cr(VI) sorption is shown
in Fig. 6 by varying the NaNO3 concentration in the
solutions. The initial pH of this experiment was 3.6
and the 50mL solution of 10mg L−1 Cr(VI) contained
0.1 g GWS, while the NaNO3 concentration varied
from 0.01 to 1M of NaNO3. It is clear from the figure
that Cr(VI) removal is approximately independent
from ionic strength.

3.7. Determination of the point of zero charge

Five flasks which contained solutions of the same
ionic strength (0.1 M NaNO3) and 0.1 g GWS were pre-
pared. The initial pH (pHi) values of the solutions
were roughly adjusted between 2 and 10 by adding
either 0.1M HCl or NaOH solution. The total volume
of the solution in each flask was made 25mL by
adding dionized water. The suspensions were then
manually, shaken, and allowed to equilibrate for 24 h
with intermittent manual shaking. The final pH (pHf)
values of the supernatant liquid were noted. The dif-
ference between the initial and final pH values
(ΔpH = pHi−pHf) was plotted against pHi. The point
of intersection of the resulting curve with the abscissa,
at which ΔpH = 0, gave the pHPZC (Fig. 7). The value
of pHZPC of GWS was found to be 4.5. Below this pH,
the surface charge of the GWS is positive and above
pH 4.5, GWS would have a net negative charge [63].

This result is in accordance with Figs. 1 and 2, as
mentioned before positive surface of GWS enhanced
the reduction rate at pH = 2.3 (electrostatic interaction
between negative chromate ions and surface). But as
the initial pH increases, the surface becomes negative
(above pHPZC) and this time electrostatic interaction
will be introduced between Cr(III) (produced by
Cr(VI) reduction) and GWS, so the total concentration
of chromium will decrease after the treatment. At
pH = 3.6 the total chromium concentration was the
least (Fig. 2).

3.8. Kinetics of hexavalent chromium removal with the
GWS

In short, the removal rate of Cr(VI) is increased
with a decrease in pH or with increases in Cr(VI)

concentration and biomass concentration [41]. In
particular, the initial removal rate of Cr(VI) was the
first-order with respect to initial Cr(VI) concentration
(Fig. 8).

Fig. 4. Effect of particle size on the reaction (T = 22–28˚C,
0.1 g GWS in 50mL solution of 10mg L−1 Cr(VI) and 0.1M
NaNO3, initial pH = 3.6).

Fig. 5. Effect of initial Cr(VI) ion concentration on the reac-
tion (T = 22–28˚C, 50mL solution of different concentration
of Cr(VI) containing 0.1 g GWS and 0.1M NaNO3, initial
pH = 3.6).

Fig. 6. Effect of ionic strength on the reaction (T = 22–28˚C,
50mL solution of 10mg L−1 Cr (VI) containing 0.1 g GWS
and different concentration of NaNO3, initial pH = 3.6).
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The concentration of Cr(VI) vs. time was examined
at various initial Cr(VI) concentrations in the range of
10–40 ppm at the initial pH = 3.6. When removal rates
of Ln[Cr(VI)] were plotted vs. Ln[Cr(VI)]0, ([Cr(VI)]0 is
the initial concentration), data were plotted on a
nearly straight line, indicating that the reaction might
be first-order with respect to Cr(VI) concentration (the
coefficient of regression, R2, was 0.993).

The concentration of Cr(VI) vs. time was also
examined at various amounts of GWS in the range of
0.1–0.4 g in 50mL at the initial pH = 3.6. When initial
removal rates were plotted vs. amounts of GWS, the
plot almost produced a straight line, indicating that
the reaction was pseudo-first-order with respect to the
amount of GWS (Fig. 9).

The kinetic model could be developed from a con-
cept based on the redox reaction between Cr(VI) and
the biomass as Park et al. suggested [41,60].

Bþ CrðVIÞ ! BðoxidizedÞ þ CrðIIIÞ (1)

where B is the biomass. When pH is constant, the rate
equation of Cr(VI) reduction is represented as follows:
[41,60]

d½CrðVIÞ�
dt

¼ �k½OC�½CrðVIÞ�ðmmol L�1 h�1Þ (2)

where OC represents the equivalent organic com-
pound capable of reducing Cr(VI), [mM], and k pre-
sents its rate coefficient. For a given time, the
concentration of OC is as follows:

½OC� ¼ ½OC�0ð1� XoxiÞ ðmmol L�1Þ (3)

where Xoxi represents the fraction of OC oxidized, and
can be calculated as follows, when considering equiva-
lent reaction between the OC and the Cr(VI):

Xoxi
D½CrðVIÞ�
½OC�0

¼ ½CrðVIÞ�0 � ½CrðVIÞ�
½OC�0

(4)

Also, the initial concentration of OC, [OC]0, can be
evaluated as follows:

½OC�0 ¼ C�
OC½B� ðmmol L�1Þ (5)

C�
OC indicates the content of equivalent organic com-

pound per unit gram of the biomass, mmol g−1.
Combining Eqs. (2)– (5) gives:

d½CrðVIÞ�
dt

¼ �k½CrðVIÞ�ð½CrðVIÞ� þ C�
OC½B� � ½CrðVIÞ�0Þ

(6)

and rearranging Eq. (6).

1

½CrðVIÞ� �
1

½CrðVIÞ� þ C�
OC½B� � ½CrðVIÞ�0

� �
d½CrðVIÞ�

¼ �kðC�
OC½B� � ½CrðVIÞ�0Þdt

(7)

Fig. 7. Determination of the point of zero charge.

Fig. 8. First-order behavior for Cr(VI) in the reaction.

Fig. 9. Pseudo-first-order behavior for GWS in the reaction.
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Finally, the integration of Eq. (7) yields a model equa-
tion in the general form, as follows: [41]

½CrðVIÞ� ¼ C�
OC½B�½CrðVIÞ�0 � ½CrðVIÞ�20

C�
OC½B� expðkC�

OC½B� � ½CrðVIÞ�0tÞ � ½CrðVIÞ�0
(8)

where k and C�
OC are model constant parameters and

t is a variable.
With the aid of Sigma Plot V 11.00, a weighted

least squares linear regression using experimental data
obtained in this study gave constant values of k and
C�
OC as shown in Table 1. The values were used to

describe the Cr(VI) behavior in the aqueous solution
when brought into contact with GWS (Fig. 10). The
regression value which was found to be 0.99 means
that the Cr(VI) removal behavior was well fitted by
the simplified reduction equation, explained above.

4. Conclusions

The use of GWS biomass for the detoxification of
Cr(VI) from contaminated waters may be a novel and
cost-effective alternative for the conversion of toxic
Cr(VI) into less toxic or non-toxic Cr(III). The use of
GWS is advantageous because it is abundant and
cheap. Simplified reduction equation in the form of
d½CrðVIÞ�

dt ¼ �k½OC�½CrðVIÞ� was used as a kinetic model
for the Cr(VI) biosorption by biomass and successfully
predicted the time-dependent concentration of Cr(VI)
in the aqueous phase. In conclusion, the main
mechanism of Cr(VI) removal by natural biomass is
“adsorption-coupled reduction.”

References

[1] D. Ozdes, A. Gundogdu, B. Kemer, C. Duran, H.B.
Senturk, M. Soylak, Removal of Pb(II) ions from aque-
ous solution by a waste mud from copper mine indus-
try: Equilibrium, kinetic and thermodynamic study, J.
Hazard. Mater. 166 (2009) 1480–1487.

[2] X. Zhou, T. Korenaga, T. Takahashi, T. Moriwake, S.
Shinoda, A process monitoring-controlling system for
the treatment of wastewater containing chromium(VI),
Water Res. 27 (1993) 1049–1054.

[3] S. Kang, J. Lee, K. Kim, Biosorption of Cr(III) and Cr
(VI) onto the cell surface of pseudomonas aeruginosa,
Biochem. Eng. J. 36 (2007) 54–58.

[4] S. Wasi, S. Tabrez, M. Ahmad, Toxicological effects of
major environmental pollutants: An overview, Envi-
ron. Monit. Assess. 185 (2013) 2585–2593.

[5] S. Loutseti, D.B. Danielidis, A. Economou-Amilli,
C. Katsaros, R. Santas, P. Santas, The application of a
micro-algal/bacterial biofilter for the detoxification of
copper and cadmium metal wastes, Bioresour. Tech-
nol. 100 (2009) 2099–2105.

[6] I.A.H. Schneider, J. Rubio, New trends in biosorption
of heavy metals by freshwater macrophytes, in: C.A.
Jerez, T. Vargas, H. Toledo, J.V. Wiertz (Eds.), Biohy-
drometallurgical Processing. University of Chile, Chile,
1995, pp. 247–256.

[7] M.E. Argun, S. Dursun, C. Ozdemir, M. Karatas,
Heavy metal adsorption by modified oak sawdust:
Thermodynamics and kinetics, J. Hazard. Mater. 141
(2007) 77–85.

Table 1
Kinetic model parameters for Cr(VI)removal in aqueous phase

Biomass concentration
(g L−1)

Initial Cr(VI) concentration
(mg L−1)

C�
OC

(mmol g−1)
Overall rate coefficient; k
(μM−1 h−1) R2

2 10 0.24 1.130 0.99
2 20 0.50 0.013 0.95
2 40 0.31 0.009 0.97
4 10 0.28 1.590 0.99
6 10 0.16 2.580 1.00
8 10 0.26 2.620 1.00

Note: Experiments were conducted at pH 3.6 and room temperature.

Fig. 10. Comparison of experimental data with simulation
results using Eq. (8) (conditions: 10mg L−1 initial Cr(VI)
concentration, 0.1 g GWS in 50mL solution, initial pH 2.3).
The Cr(VI) removal behavior was well fitted by the

simplified reduction equation in a form of d½CrðVIÞ�
dt ¼

�k½OC�½CrðVIÞ�.

H.R. Zafarani et al. / Desalination and Water Treatment 55 (2015) 431–439 437



[8] N. Ahalya, T.V. Ramachandra, R.D. Kanamad, Bio-
sorption of heavy metals, Res. J. Chem. Environ. 7
(2003) 71–79.

[9] D. Park, S.-R. Lim, Y.-S. Yun, J.M. Park, Development
of a new Cr(VI)-biosorbent from agricultural biowaste,
Bioresour. Technol. 99 (2008) 8810–8818.

[10] A.P. Padilla, E.L. Tavani, Treatment of an industrial
effluent by reverse osmosis, Desalination 126 (1999)
219–226.

[11] D.C. Sharma, C.F. Forster, Column studies into the
adsorption of chromium (VI) using sphagnum moss
peat, Bioresour. Technol. 52 (1995) 261–267.

[12] S.-S. Chen, C.-Y. Cheng, C.-W. Li, P.-H. Chai, Y.-M.
Chang, Reduction of chromate from electroplating
wastewater from pH 1 to 2 using fluidized zero valent
iron process, J. Hazard. Mater. 142 (2007) 362–367.

[13] V. Sarin, K. Pant, Removal of chromium from
industrial waste by using eucalyptus bark, Bioresour.
Technol. 97 (2006) 15–20.

[14] J. Barnhart, Occurrences, uses, and properties of
chromium, Regul. Toxicol. Pharm. 26 (1997) s3–s7.

[15] D. Mohan, K.P. Singh, V.K. Singh, Removal of hexava-
lent chromium from aqueous solution using low-cost
activated carbons derived from agricultural waste
materials and activated carbon fabric cloth, Ind. Eng.
Chem. Res. 44 (2005) 1027–1042.

[16] R. Saha, R. Nandi, B. Saha, Sources and toxicity of hexa-
valent chromium, J. Coord. Chem. 64 (2011) 1782–1806.

[17] B. Saha, C. Orvig, Biosorbents for hexavalent
chromium elimination from industrial and municipal
effluents, Coord. Chem. Rev. 254 (2010) 2959–2972.

[18] K. Mukherjee, R. Saha, A. Ghosh, B. Saha, Chromium
removal technologies, Res. Chem. Intermed. 39 (2013)
2267–2286.

[19] N. Cissoko, Z. Zhang, J. Zhang, X. Xu, Removal of Cr(VI)
from simulative contaminated groundwater by iron
metal, Process Saf. Environ. Prot. 87 (2009) 395–400.

[20] H.R. Zafarani, M.E. Bahrololoom, M. Javidi, M.H.
Shariat, J. Tashkhourian, Removal of chromate ion
from aqueous solutions by sponge iron, Desalin.
Water Treat. (2013). doi:10.1080/19443994.2013.822335.

[21] G. Chen, Electrochemical technologies in wastewater
treatment, Sep. Purif. Technol. 38 (2004) 11–41.

[22] R. Mauri, R. Shinnar, M.D. Amore, P. Giordano, A.
Volpe, Solvent extraction of chromium and cadmium
from contaminated soils, AIChE J. 47 (2001) 509–512.

[23] P. Thamilarasu, K. Karunakaran, Kinetic, equilibrium
and thermodynamic studies on removal of Cr(VI) by
activated carbon prepared from Ricinus communis
seed shell, Can. J. Chem. Eng. 91 (2013) 9–18.

[24] R. Bazargan-Lari, H.R. Zafarani, M.E. Bahrololoom, A.
Nemati, Removal of Cu(II) ions from aqueous solu-
tions by low-cost natural hydroxyapatite/chitosan
composite: Equilibrium, kinetic and thermodynamic
studies, J. Taiwan Inst. Chem. Eng. (2013). Available
from: http://dx.doi.org/10.1016/j.jtice.2013.1011.1009.

[25] S. Rengaraj, C.K. Joo, Y. Kim, J. Yi, Kinetics of
removal of chromium from water and electronic pro-
cess wastewater by ion exchange resins: 1200H, 1500H
and IRN97H, J. Hazard. Mater. 102 (2003) 257–275.

[26] A. Saeed, M. Iqbal, M. Akhtar, Removal and recovery
of lead(II) from single and multimetal (Cd, Cu, Ni,
Zn) solutions by crop milling waste (black gram
husk), J. Hazard. Mater. 117 (2005) 65–73.

[27] X.S. Wang, J. Huang, H.Q. Hu, J. Wang, Y. Qin,
Determination of kinetic and equilibrium parameters
of the batch adsorption of Ni(II) from aqueous solu-
tions by Na-mordenite, J. Hazard. Mater. 142 (2007)
468–476.

[28] D. Mohan, C.U. Pittman Jr, Arsenic removal from
water/wastewater using adsorbents—A critical
review, J. Hazard. Mater. 142 (2007) 1–53.

[29] M.A. Shannon, P.W. Bohn, M. Elimelech, J.G. Georgiadis,
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