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ABSTRACT

The contamination of water bodies by heavy metal ions and synthetic dye molecules from
the wastewater streams of industries is a serious environmental problem. Wheat bran is cur-
rently an undervalued agricultural by-product. Therefore, the primary aim of this study was
to develop a new economic wheat bran-based adsorbent with relatively high adsorption
capacity for industrial wastewater treatment. Wheat bran was thermochemically modified
with citric acid to prepare a biodegradable cationic adsorbent. The potential of using the pre-
pared adsorbent for removal of Cu(II) and Malachite Green (MG) from aqueous solutions
was then investigated using batch equilibrium tests. Operational parameters, such as solution
pH, adsorbent dose, initial adsorbate concentration as well as temperature, greatly influenced
the adsorption efficiency of the adsorbent. The Freundlich isotherm model showed excellent
fit to the equilibrium data of Cu(II) while the Langmuir isotherm described best the adsorp-
tion data of MG. The sorption processes followed the pseudo-second-order rate kinetics.
Thermodynamic study showed spontaneous and exothermic nature of the sorption processes.
Results suggest that the use of citric acid modified wheat bran as adsorbent is a thoughtful
and economic attempt for its needy utilization for treatment of industrial effluents.

Keywords: Adsorption; Citric acid-modified wheat bran; Cu(II); Malachite Green; Kinetics;
Thermodynamics

1. Introduction

In today’s modern society, the contamination of
water bodies by heavy metal ions and synthetic dye
molecules from the wastewater streams of industries
represents a wide array of global environmental issues
particularly due to their extreme toxicity towards aqua-
tic life, human beings, and the environment [1,2].
Extensive research by scientists worldwide has led to
the development of a wide range of treatment technolo-
gies (precipitation, ion-exchange, evaporation, oxida-

tion, electroplating, membrane filtration, adsorption,
photo-degradation, biodegradation, photocatalytic-
degradation, destruction, irradiation, and ozonation)
with varying levels of success. Of special interest,
adsorption has been identified as the most efficient and
economically viable sustainable technology for the
removal of heavy metals and dyes from the wastewater
streams of industries [3,4]. The importance and useful-
ness of adsorption in wastewater treatment is well
established [3,4]. A huge number of low-cost adsor-
bents based on natural materials or agro-industrial
wastes have been investigated intensively for removal
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of organic and inorganic pollutants from aqueous
media [3–5].

Wheat is one of the world’s four major cereal
grains (wheat, maize, rice, and barley) and is also the
most important source of calories and dietary proteins
for humans [6]. Most of the grain used for human food
is milled to remove the bran (pericarp) and germ, pri-
marily to meet sensory expectations of consumers.
Thus, a large amount of wheat bran is produced as by-
product during the milling operation [7]. Millers often
dispose of wheat bran because the cost of transporta-
tion is more than it’s worth, and such waste also
causes potential environmental concerns [8]. The
chemical composition and chemical diversity of wheat
bran, however, make it an interesting biomass for fur-
ther applications. Major constituents in wheat bran are
non-starch carbohydrates (�58%), starch (�19%) and
crude protein (�18%), with non-starch carbohydrates
being �70% arabinoxylans, �24% cellulose, and 6%
b-(1,3)(1,4) glucan[9]. Arabinoxylans (a class of
hemicellulose) consist of a backbone of b-(1!4)-linked
D-xylopyranosyl residues substituted in various
proportions witha-L-arabinofuranosyl units at O-2,
O-3 and/or both O-2 and O-3 positions and 4-O-
methyl-b-D-glucopyranosyl uronic acid residues at
position O-2 [10]. Therefore, the primary objective of
this study was to develop a new economic technique
for wheat bran exploitation and utilization.

In the present study, wheat bran was thermochem-
ically modified with citric acid to prepare a biode-
gradable cationic adsorbent. Citric acid is a low cost
material used extensively in the food industry [11].
The citric acid modification of wheat bran involves
two steps [12]. The first step involves formation of a
reactive internal anhydride (5-member ring formation)
between two adjacent carboxylic acid groups of the
citric acid molecule, resulting in the loss of one mole-
cule of water. In the second step, the anhydride reacts
with the sugar hydroxyl groups to form an ester link-
age between the two substrates and leaves two acid
groups remaining on the citric acid molecule. The
introduced free carboxyl groups of citric acid increase
the net negative charge on the wheat bran fiber,
thereby increasing its binding potential for cationic
contaminants. The modification of wheat bran can be
schematically expressed by the equation:

The potential of using the citric acid modified
wheat bran (CMWB) as adsorbent for removal of

metal ions (copper ion) and dye (Malachite Green,
MG) from aqueous media was further tested
employing a batch experimental set-up. The effect of
parameters like solution pH, adsorbent dose, adsor-
bate concentration, and temperature was studied.
Langmuir, Freundlich, and Dubinin–Radushkevich
(D–R) models were used to describe the equilibrium
data. The sorption mechanism was also evaluated in
terms of kinetics and thermodynamics.

2. Materials and methods

2.1. Preparation and characterization of CMWB adsorbent

Wheat bran was obtained from a local wheat mill
of Durgapur, West Bengal, India. It was washed thor-
oughly with distilled water to remove soil and dust.
The wet bran was spread in a stainless steel tray and
oven dried at 323 ± 1K for 24 h. The dried wheat bran
was then ground and sieved to retain the 20–40 mesh
fractions for further modification.

The ground wheat bran was thermochemically
modified with citric acid according to the procedure
described by Vaughan et al. [13]. Ground wheat bran
was mixed with 0.6M citric acid at a ratio of 1:12
(bran/acid, w/v) and stirred for 30min at room tem-
perature. The acid bran slurries were then placed in a
stainless steel tray and dried at 323 ± 1K in a forced
air oven for 24 h. Then, the thermochemical esterifica-
tion between the acid and the bran was proceeded by
raising the oven temperature to 393 ± 1K for 90min.
The bran was then removed from the oven and
allowed to cool. After cooling, the CMWB was
washed with distilled water until the liquid did not
turn turbid. The wet CMWB was then dried at 323
± 1K for 24 h and stored in a sterile, air-tight glass
bottle for further use as an adsorbent.

In order to get insights on wheat bran morphology
and its modification following the thermochemical
treatment, both natural wheat bran (NWB) and
CMWB were characterized by surface area and poros-
ity analyzer, Fourier transform infrared (FTIR) spec-
troscopy, and scanning electron microscopy (SEM).
The Brunauer, Emmett, and Teller (BET) surface area
and pore size of NWB and CMWB were measured by
a surface area and porosity analyzer (NOVA 2200,
Quantachrome Corporation, USA). A gas mixture of
22.9mol% nitrogen and 77.1mol% helium was used
for this purpose. FTIR spectrum of wheat bran before
and after thermochemical modification was recorded
with a FTIR spectrometer (Spectrum BX-II, PerkinEl-
mer, USA). About 0.001 g of dry sample was mixed
with 0.5 g of spectroscopic grade potassium bromide
powder in an agate pestle and mortar. The powder
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was then compressed into a thin KBr translucent disk
under a pressure of 100 kg cm�2 for 8min with the aid
of a bench press. FTIR spectra were then recorded in
the wave number range 4,000–1,000 cm�1 at 4 cm�1

spectral resolution. The surface structure of NWB and
CMWB was analyzed by a SEM (S-3000N, Hitachi,
Japan) at an electron acceleration voltage of 20 kV.
Prior to scanning, the NWB and CMWB samples were
mounted on a stainless steel stab with double stick
tape and coated with a thin layer of gold in a high
vacuum condition.

2.2. Preparation of Cu(II) and MG solutions

Cu(II) and MG stock solutions (500mgL�1) were
prepared by dissolving accurately weighed quantity
of CuSO4.5H2O (analytical reagent grade) and
C23H25N2Cl (analytical reagent grade) in double-
distilled water, respectively. Experimental solutions of
different concentration (20, 40, 50, 60, 80, 100mgL�1)
were prepared by diluting the stock solution with
suitable volume of double distilled water. The initial
solution pH was adjusted with 0.1M HCl and 0.1M
NaOH solutions using a digital pH meter (LI 127, ELIC-
O, India) calibrated with standard buffer solutions.

2.3. Adsorption studies

Batch mode adsorption studies of Cu(II) and MG
were carried out in 250-mL glass-stoppered Erlen-
meyer flasks with 100mL of working volume, with a
concentration of 50mgL�1. A weighed amount (3 g) of
adsorbent was added to the solution. The flasks were
agitated at a constant speed of 150 rpm for 6 h in an
incubator shaker (Innova 42, New Brunswick Scien-
tific, Canada) at 303± 1K. The influence of initial solu-
tion pH (2, 3, 4, 5, 6, 7, 8, 9, 10), adsorbent dose (0.5,
1, 2, 3, 4, 5 g), initial adsorbate concentration (20, 40,
60, 80, 100mgL�1), and temperature (293, 303, 313K)
were evaluated during the present study. Samples
were collected from the flasks at predetermined time
intervals for analyzing the residual adsorbate concen-
tration in the solution. The residual amount of Cu(II)
in each flask was determined according to the method
described in paper [14]. The residual MG concentra-
tion was estimated by monitoring the change in
absorbance values at maximum wavelength (kmax) of
618 nm using a UV/VIS spectrophotometer (U-2800,
Hitachi, Japan).

The amount of adsorbate adsorbed per unit adsor-
bent (mg adsorbate per g adsorbent) was calculated
according to a mass balance on the adsorbate concen-
tration using Eq. (1):

qe ¼ ðCi � CeÞV
m

ð1Þ

The percent removal (%) was calculated using the
following equation:

Removal ð%Þ ¼ Ci � Ce

Ci
� 100 ð2Þ

In order to ensure the reproducibility of the
results, all the adsorption experiments were per-
formed in triplicate, and the average values were used
in data analysis. Relative standard deviations were
found to be within ± 3%. Linear regression analyses
were used to determine slopes and intercepts of the
linear plots and for statistical analyses of the data.

3. Results and discussion

3.1. Characterization of CMWB adsorbent

The specific surface area and pore size as esti-
mated by the BET method were found to be
9.15m2 g�1 and 13.49 nm for NWB and 17.62m2 g�1

and 55.10 nm for CMWB, respectively. The surface
area increased about two times after modification. The
increase in the surface area of the wheat bran upon
acid treatment followed by heat activation is attrib-
uted to the removal of water molecules both formed
during acid activation and those inherently present as
crystal water [15]. The pore size in CMWB is larger
than that in NWB. The pores are large enough to
allow the penetration of metal ions and dye
molecules.

SEM micrographs of wheat bran before and after
thermochemical treatment give further insight on
wheat bran morphology and its modification during
the treatment (Fig. 1). Wheat bran before treatment is
characterized by irregular and porous surface. Ther-
mochemical treatment increased the surface rough-
ness, which indicates high surface area as already
inferred from the BET analysis. In addition, distinct
cracks and fissures could be a consequence of the
preferential elimination of the cementing materials of
the interfibrillar region during the treatment process.

The characteristic peaks of NWB and CMWB as
revealed by FTIR analysis are shown in Table 1. In the
spectrum of NWB, the peaks at 4,250 and 3,890 cm�1

represents N–H stretching, suggesting the presence of
amino and amide functional groups. The broad band
at around 3,340 cm�1 is due to the O–H stretching of
the hydroxyl groups. The band at 1,632 cm�1 is attrib-
uted to carbonyl groups of aldehydes and ketones.
Peaks at 1,460 and 1,375 cm�1 correspond to C–H
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bending vibration. The band at 1,050 cm�1 is indica-
tive of C–O–C stretching vibrations in carbohydrates.
Following thermochemical treatment, two new peaks
are observed at 1,743 and 1,616 cm�1, respectively.
The peak at 1,743 cm�1 can be attributed to un-ionized
C=O stretching of carboxylic acid while the peak at
1,616 cm�1 is indicative of C=O stretching of carbox-
ylic group with intermolecular hydrogen bond. These
findings confirm the introduction of free carboxylic
acid groups on the surface of the material.

Owing to the presence of new functional groups,
increased surface area, and larger pore size, CMWB is
expected to possess greater adsorption capacity than
NWB.

3.2. Batch adsorption studies

3.2.1. Effect of pH

The solution pH is an important monitoring
parameter governing an adsorption process. It not
only influences the surface charge of the adsorbent
but also the degree of ionization of the adsorbate spe-
cies present in the solution. Therefore, in the present
investigation, batch experiments as described above
were carried out in the pH range 2–10 to evaluate the
effect of pH on the adsorption efficiency of CMWB. It
is to be noted that copper is present as free Cu(II) spe-
cies along the whole acid pH range. Above pH 7.0, it
starts to precipitate as Cu(OH)2, and thus, no more
“available” for adsorption. Hence, no further experi-
ments were performed beyond pH 7.0 while studying
the effect of pH on Cu(II) adsorption.

The results of the pH profile study are shown in
Fig. 2(a). In both the systems, the percentage removal
sharply increases with increase in pH. The removal
efficiency increases when pH of the solution is raised
above three and is maximum at pH 6 for Cu(II)
adsorption. Maximum adsorption of MG is observed
at pH 8. Quite similar tendency was reported for
adsorption of Cu(II) by chestnut shell [16] and MG by
treated ginger waste [17].

This observed trend of increase in percentage
removal with increase in solution pH can be well
explained by taking into consideration the overall
charge on the adsorbent surface. FTIR analysis of
CMWB showed that the adsorbent contains a variety
of functional groups namely carboxyl, carbonyl,
hydroxyl, amino, amido, etc. With the change in
solution pH, the behavior of each of these functional
groups changes. For example, carboxyl groups are
protonated at highly acidic pHs (pH less than 3)
and act as positively charged species and thus, can

Fig. 1. SEM micrograph of (a) WB (b) CMWB.

Table 1
FTIR absorption peaks of NWB and CMWB

Wavenumber
(cm�1)

Assignment

NWB CMWB

4,250,
3,890

3,960 N–H stretching of –NH2 and –C(=O)
NH2 groups

3,340 3,255 O–H stretching

– 1,743 C=O stretching of –COOH

1,632 1,635 C=O stretching of R–CHO and RC
(=O)R´

– 1,616 C=O stretching of –COOH

1,460 1,432 C–H bending

1,375 1,374 C–H bending

1,050 1,060 C–O–C stretching of carbohydrates
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attract negatively charged ions [18]. On increasing
the pH, deprotonation (ionization) of these functional
groups occur. They become negatively charged
moieties and can attract positively charged ions. In
general, at highly acidic pHs, binding of positively
charged adsorbate ions is reduced due to electro-
static repulsions because of the positive nature of
the adsorbent and the binding increases with the
increase in pH, because the adsorbent becomes
negatively charged.

3.2.2. Effect of adsorbent dose

Fig. 2(b) shows the adsorption profile of Cu(II) and
MG vs. different adsorbent concentration in the range
of 0.5–5.0 g. It is observed that the percentage removal
of Cu(II) and MG increase with increasing adsorbent

dose. The positive correlation between adsorbent dose
and percentage removal can be related to increase in
adsorbent surface area and availability of more
adsorption sites [19]. Maximum percentage removal
(96.35%-Cu(II); 92.68%-MG) is observed at around
3.0 g and further increase in adsorbent dose does not
significantly change the adsorption yield which is
mainly due to the binding of almost all adsorbate ions
to the adsorbent surface and the establishment of
equilibrium between the adsorbate on the adsorbent
and in the solution. Therefore, in the following experi-
ments, the adsorbent dose was fixed at 3.0 g. Similar
behavior for the effect of adsorbent dose was observed
and discussed in the literature for the adsorption pro-
cess of Cu(II) onto Capsicum annuum seeds [20] and
MG onto sea shells [1].

3.2.3. Effect of temperature

Fig. 3(a) illustrates the effect of temperature on the
adsorption of Cu(II) and MG by the thermochemically
modified wheat bran. Temperature was clearly an
important parameter that controlled the adsorption
process. The removal efficiencies decrease with
increasing temperature which may be due to weaken-
ing of the bonds between the adsorbate molecules and
the binding sites of the adsorbent [1]. The observed
trend in decreased removal efficiency with increasing
temperature suggests that adsorption process of Cu(II)
and MG by CMWB is kinetically controlled by an
exothermic process. Similar results have been reported
in literature for adsorption of Cu(II) by chemically
modified orange peel [21] and MG by tamarind fruit
shell [22].

3.2.4. Effect of initial adsorbate concentration

Batch adsorption experiments were also carried
out to study the effect of different initial adsorbate
concentration on the adsorption of Cu(II) and MG by
CMWB. Data obtained from the experiments is pre-
sented in Fig. 3(b). The experimental data indicate that
the amount of adsorbate adsorbed per unit mass of
the adsorbent increase with increase in initial
adsorbate concentration from 20 to 100mgL�1. This
behavior is a result of the increase in the driving force
from the concentration gradient [1]. Also at higher
adsorbate concentrations, the active sites of the adsor-
bent are surrounded by more adsorbate ions, and the
adsorption phenomenon occurs more efficiently. So
the value of qe increases with the increase of initial
adsorbate concentration [23]. Similar results were
previously reported for adsorption of Cu(II) by Hevea

Fig. 2. (a) Effect of pH on adsorption of Cu(II) and MG by
CMWB (experimental conditions: C0 = 50mgL�1, m= 3 g/
0.1 L, agitation speed= 150 rpm, T= 303K± 1, contact time:
6 h) (b) Effect of adsorbent dose on adsorption of Cu(II)
and MG by CMWB (experimental conditions: C0 =
50mgL�1, pHCu(II) = 6.00, pHMG=8.00, agitation speed=
150 rpm, T= 303K± 1, contact time: 6 h).
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brasiliensis leaf powder [24] and MG by Ananus como-
sus leaf powder [25].

3.3. Adsorption isotherms

The equilibrium sorption isotherm is fundamental
in describing the interactive behavior between the
adsorbate and the adsorbent and is important in the
design and analysis of sorption systems. Adsorption
equilibrium data are widely evaluated by different
isotherm models. In the present investigation, the
Freundlich, Langmuir, and D–R isotherm models
were used to describe the equilibrium adsorption
data [2].

Langmuir:
Ce

qe
¼ Ce

qm
þ 1

KLqm
ð3Þ

Freundlich: log qe ¼ logKF þ 1

n

� �
logCe ð4Þ

Dubinin�RadushkevichðD�RÞ: ln qe ¼ ln qm � be2 ð5Þ

The parameters and correlation coefficients
obtained from the plots of Freundlich (log qevs.

logCe), Langmuir (Ce=qe vs. Ce), and D–R (ln qe vs. e2)
are listed in Table 2. For Cu(II)–CMWB system, the
correlation coefficient values (R2) at different temper-
atures were < 0.95, indicating that the equilibrium
data did not fit the Langmuir model. The correlation
coefficients at different temperatures were consider-
ably high (R2 > 0.99) for the Freundlich isotherm,
which suggests that the system followed the Freund-
lich model. The applicability of the Freundlich iso-
therm for the mathematical description of the
relationship between the amount of Cu(II) adsorbed
and its equilibrium concentration in the solution
implies that adsorption of Cu(II) by CMWB was
multilayer adsorption applicable to heterogeneous
surfaces. In contrast to Cu(II)–CMWB system, the
equilibrium adsorption data of MG–CMWB system
show a better correlation for the Langmuir than the
Freundlich isotherm model, which indicates that MG
is adsorbed onto the surface of CMWB forming a
monolayer. The maximum monolayer adsorption
capacity of CMWB for MG was calculated to be
67.54mgg�1.

In the Freundlich constant, n is an empirical
parameter that varies with the degree of heterogeneity
and is related to the distribution of bonded ions on
the sorbent surface. In general, n> 1 illustrates that
adsorbate is favorably adsorbed on an adsorbent, and
the higher the n value the stronger the adsorption
intensity. In particular, the value of n is significantly
higher than unity at all the temperatures studied for
both the systems.

The applicability of D–R isotherm model on the
equilibrium adsorption data of Cu(II) and MG was
also tested. The very low correlation coefficient values
(R2 < 0.90) for adsorption of both Cu(II) and MG by
CMWB suggests that this model was not appropriate
for describing the equilibrium adsorption data of Cu
(II) and MG. The D–R model constant b, however,
gives an idea about the mean free energy of adsorp-
tion (E) which in turn gives information about the nat-
ure of the adsorption process. The value of E is
computed using the relation [1]:

E ¼ 1ffiffiffiffiffiffi
2b

p ð6Þ

Fig. 3. (a) Effect of temperature on adsorption of Cu(II)
and MG by CMWB (experimental conditions: C0 = 50
mgL�1, pHCu(II) = 6.00, pHMG= 8.00, m= 3 g/0.1 L, agitation
speed= 150 rpm, contact time: 6 h) (b) Effect of initial
adsorbate concentration on adsorption of Cu(II) and MG
by CMWB (experimental conditions: pHCu(II) = 6.00,
pHMG= 8.00, m=3 g/0.1 L, agitation speed= 150 rpm,
T= 303K± 1, contact time: 6 h).
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The magnitude of E may characterize the type of the
adsorption as chemical ion exchange (E= 8�16 kJ
mol�1), or physical sorption (E< 8kJmol�1) [1]. The
mean free energy of adsorption for the present study
was found to be> 8 kJmol�1 at different temperatures
for both the contaminants (Table 2) implying that
the ongoing adsorption processes involve chemical
adsorption.

3.4. Adsorption kinetics

The pseudo-first-order and pseudo-second-order
kinetic models were used to study the adsorption
kinetics of Cu(II) and MG onto CMWB [26].

Pseudo-first-order: logðqe � qtÞ ¼ log qe � k1
2:303

t ð7Þ

Pseudo-second-order:
t

qt
¼ 1

k2q2e
þ 1

qe
t ð8Þ

The values of pseudo-first-order rate constants, k1
and qe were calculated from the slope and intercept of
the plots of logðqe � qtÞ vs. t. The k1 values, the corre-
lation coefficients, and theoretical and experimental
equilibrium adsorption capacity qe for both the adsor-
bates are listed in Table 3. The low correlation coeffi-
cient values at all temperatures for both Cu(II) and
MG suggest that the pseudo-first-order kinetic model
is not suitable for describing the kinetics of the
adsorption processes. Also, the theoretical and experi-
mental equilibrium adsorption capacities (qe) differ
widely for both Cu(II) and MG, confirming that
adsorption of Cu(II) and MB onto CMWB does not
follow pseudo-first-order kinetics. On the other hand,
the pseudo-second-order kinetic model shows excel-
lent fit to the experimental adsorption kinetic data of
Cu(II) and MB by CMWB at all temperatures studied.

The pseudo-second-order rate constants, k2 and qe for
adsorption of Cu(II) and MG at different temperatures
as calculated from the plots of t=qt vs. t and the corre-
sponding correlation coefficients values are given in
Table 3. All the correlation coefficients at different
temperatures for both the adsorbate are considerably

high (R2 > 0.99). In addition the theoretical qe values
show good agreement with the experimental qe values
for both Cu(II) and MG, confirming that the ongoing
adsorption processes proceed via a pseudo-second-
order mechanism involving sharing or exchange of
electrons between the adsorbate ions and the
adsorbent.

In a well-agitated batch adsorption system, there is
a possibility of intraparticle pore diffusion of adsor-
bate ions, which can be the rate-limiting step. There-
fore, the possibility of intraparticle diffusion resistance
affecting the adsorption process was explored by
using the intraparticle diffusion model [26].

Intraparticle diffusion: qt ¼ kit
0:5 ð9Þ

According to Eq. (8), if a plot of qt vs. t
0.5 is linear

and passes through the origin, then intraparticle dif-
fusion is the sole rate-limiting step. In the present
study, the plots of qt vs. t

0.5 were linear at all temper-
atures for Cu(II) as well as MG, but the plots did not
pass through the origin, implying that although
intraparticle diffusion is involved in the adsorption
processes, but it is not the sole rate-controlling
step and that some other mechanisms also play an
important role.

3.5. Activation energy and thermodynamic parameters

The activation energy Ea of the adsorption
processes was calculated by the Arrhenius equation
[27]:

Table 2
Isotherm constants for adsorption of Cu(II) and MG by CMWB

Adsorbate T (K) Langmuir Freundlich D–R

qm
(mg g�1)

KL

(Lmg�1)
R2 KF (mgg�1)

(Lmg�1)1/n
n R2 qm

(mgg�1)
b
(mmol2 J�2)

E
(kJmol�1)

R2

Cu(II) 293 73.159 1.431 0.948 17.367 7.562 0.998 55.681 2.029� 10�9 15.732 0.895

303 71.922 1.094 0.945 15.984 6.988 0.991 52.193 2.352� 10�9 14.586 0.898

313 70.072 0.936 0.949 14.083 6.217 0.994 50.462 2.816� 10�9 13.339 0.892

MG 293 67.547 1.208 0.995 12.685 6.791 0.967 42.079 2.551� 10�9 14.002 0.891

303 64.781 0.962 0.999 10.499 6.085 0.962 39.911 2.874� 10�9 13.199 0.896

313 61.165 0.877 0.997 8.821 5.678 0.966 37.268 3.197� 10�9 12.519 0.887
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ln k ¼ lnA� Ea

RT
ð10Þ

Ea was determined from the slope of the plots of
ln k2 vs. 1=T and was calculated as 52.61 kJmol�1 for
Cu(II) and 44.38 kJmol�1 for MG. The magnitude of
activation energy gives an idea about the type of
adsorption which is mainly physical or chemical. Low
activation energies (<40 kJmol�1) are characteristic of
physical adsorption process, while higher activation
energies (>40 kJmol�1) suggest chemical adsorption
[27]. Thus, it can be rightly said that adsorption of
both Cu(II) and MG onto CMWB proceeds via a
chemical-ion exchange mechanism.

Thermodynamic parameters, namely Gibbs free
energy change (DG0), enthalpy (DH0), and entropy

(DS0) were calculated using the following equations
for the temperature range 293–313K [27]:

DG0 ¼ �RT lnKC ð11Þ

KC ¼ Ca

Ce
ð12Þ

DG0 ¼ DH0 � TDS0 ð13Þ

The values of DG0 were calculated as (�8.96,
�7.36, and �5.29) kJmol�1 for Cu(II) and (�6.26,
�5.38, and �4.32) kJmol�1 for MG at T= (293, 303,

and 313K), respectively. Negative values of DG0 indi-
cate the thermodynamically feasible and spontaneous

nature of the adsorption processes. The values of DH0

and DS0 were determined from the slope and inter-

cept of the plots of DG0 vs. T (Fig. 4). Negative values

of DH0, �62.79 and �34.68 kJmol�1 for Cu(II) and MG
respectively, imply that the adsorption phenomenona

are exothermic. In addition, negative DS0 values for
both Cu(II)-CMWB (�183.41 Jmol�1) and MG-CMWB

(�96.13 Jmol�1) systems suggest that the adsorption
processes are enthalpy driven.

3.6. Comparison of CMWB with other adsorbents

A comparative study of the Cu(II)/MG adsorption
capacity of CMWB has been carried out with other
reported adsorbents and is presented in Table 4. The
capacity given for Cu(II) is not the qmax, as it does not
follow Langmuir model. This was calculated from the
data obtained during batch experiments. From Table 4,
it is evident that the maximum adsorption capacity of
CMWB for Cu(II) and MG is comparable and moder-
ately higher than that of many corresponding sorbent
materials. Differences in the uptake capacity are due
to the properties of each sorbent material such as
structure, functional groups, and surface area. The
easy availability and low preparation cost are some
additional advantages, suggesting CMWB to be a bet-
ter adsorbent for treatment of industrial effluents.

Fig. 4. Plot of Gibbs free energy change vs. temperature
for adsorption of Cu(II) and MG by CMWB.

Table 3
Kinetic parameters for adsorption of Cu(II) and MG by CMWB

Pseudo-first-order Pseudo-second-order

Adsorbate T (K) qe,exp (mgg�1) qe,cal (mg g�1) k1 (min�1) R2 qe,cal (mgg�1) k2 (gmg�1min�1) R2

Cu(II) 293 77.732 58.279 6.021� 10�2 0.924 78.178 7.342� 10�4 0.999

303 75.133 56.881 3.283� 10�2 0.917 76.016 4.756� 10�4 0.996

313 73.851 55.642 1.945� 10�2 0.932 74.641 1.861� 10�4 0.998

MG 293 63.358 47.118 9.150� 10�2 0.906 63.587 7.997� 10�4 0.999

303 62.176 45.093 8.479� 10�2 0.913 62.992 4.962� 10�4 0.997

313 60.923 43.789 6.388� 10�2 0.911 61.623 2.518� 10�4 0.999
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4. Conclusion

Wheat bran can be readily modified with citric
acid by a simple thermochemical procedure to
develop a cationic adsorbent. FTIR analysis confirmed
the introduction of free carboxylic acid groups during
the treatment process. Increased surface area and
larger pore size as inferred from the BET studies sug-
gests that CMWB possess greater adsorption capacity

than NWB. Operational parameters, such as solution
pH, adsorbent dose, initial adsorbate concentration as
well as temperature, greatly influenced the adsorption
efficiency of CMWB. The adsorption equilibrium data
was analyzed using the Langmuir, Freundlich, and
D–R isotherm models. Cu(II)–CMWB system followed
Freundlich model whereas MG–CMWB system
followed Langmuir model. Pseudo-second-order
model was found to describe the kinetics of the
adsorption processes. Intraparticle diffusion model
was not the sole rate-limiting step. The DG0 values
showed spontaneous and feasible nature of the
adsorption processes. The adsorptions were also exo-
thermic in nature. The comparison of adsorption effi-
ciency of CMWB for Cu(II) and MG with a number of
other reported adsorbents indicates its effectiveness
for wastewater treatment. Both wheat bran and citric
acid are easily available, cost effective and, biodegrad-
able, and the modification process is simple. There-
fore, the present strategy of improving the sorption
property of wheat bran can be adopted to help
increase its utility for contaminated water treatment.

Nomenclature

A Arrhenius constant

Ca equilibrium adsorbate concentration on the
adsorbent (mgL�1)

Ce equilibrium adsorbate concentration in solution
(mgL�1)

Ci initial adsorbate concentration (mgL�1)

E mean free energy (kJmol�1)

Ea activation energy (kJmol�1)

DG0 Gibbs free energy change (kJmol�1)

DH0 enthalpy of reaction (kJmol�1)

I intraparticle diffusion model constant

KC distribution coefficient for adsorption

KF Freundlich constant (mgg�1) (L g�1)1/n

KL Langmuir constant (Lmg�1)

k rate constant

ki intraparticle diffusion rate constant (mgg�1min�0.5)

k1 pseudo-first-order rate constant (min�1)

k2 pseudo-second-order rate constant (gmg�1min�1)

m mass of adsorbent (g)

n Freundlich adsorption isotherm constant

qe equilibrium adsorbate concentration on adsorbent
(mgg�1)

qm maximum adsorption capacity (mgg�1)

qt amount of adsorbate adsorbed at time t (mg g�1)

R universal gas constant (8.314 Jmol�1 K�1)

R2 correlation coefficient

DS0 entropy of reaction (Jmol�1 K�1)

Table 4
Comparison of Cu(II) and MG adsorption capacity of
CMWB with other reported low-cost adsorbents

Sorbent Adsorption
capacity
(mgg�1)

Reference

Cu(II)

Cinnamomum camphora leaves
powder

17.87 [28]

NaOH-pretreated Marrubium
globosum ssp. globosum
leaves powder

16.23 [29]

Pecan nutshell 85.90 [30]

Tea waste 48.00 [31]

Lentil shell 9.59 [32]

Wheat shell 17.42 [32]

Rice shell 2.95 [32]

Groundnut shell 7.60 [33]

Hazelnut shell activated
carbon

58.27 [34]

Rose waste biomass 55.79 [35]

Pre-treated arca shell biomass 26.88 [36]

Tamarindus indica seed
powder

133.24 [14]

CMWB 77.73 This
study

MG

Arundo donax root carbon 8.69 [37]

Waste apricot 116.27 [38]

Bentonite 7.72 [39]

Sugarcane dust 4.88 [40]

Degreased coffee bean 55.3 [41]

Sea shell powder 42.33 [1]

Hen feathers 26.1 [42]

Iron humate 19.2 [43]

Rubber wood sawdust 36.45 [44]

Maize cob powder 37.037 [45]

Lemon peel 51.73 [46]

Rattan sawdust 62.7 [47]

Ricinus communis based
activated carbon

27.78 [48]

Pineapple leaf powder 54.64 [25]

CMWB 67.54 This
study

6046 S. Chowdhury and P.D. Saha / Desalination and Water Treatment 51 (2013) 6038–6048



T temperature (K)

V volume of the solution (L)

b D–R isotherm constant (mmol2 J�2)

e Polanyi potential (Jmmol�1) =RT lnð1þ 1=CeÞ
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