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bstract

Studies on a batch sorption process using wheat bran as a low cost sorbent was investigated to remove cadmium ions from aqueous solution. The
nfluence of operational conditions such as contact time, cadmium initial concentration, sorbent mass, temperature, solution initial pH, agitation
peed and ionic strength on the sorption kinetics of cadmium was studied. Pseudo-second-order model was evaluated using the six linear forms as
ell as the non-linear curve fitting analysis method. Modeling of kinetic results shows that sorption process is best described by the pseudo-second-
rder model using the non-linear method. The sorption of cadmium was found to be dependent on initial concentration, sorbent mass, solution
H, agitation speed, temperature, ionic strength and contact time. The value of activation energy (12.38 kJ mol−1) indicates that sorption has a
ow potential barrier corresponding to a physical process. Sorption equilibrium isotherms at different temperatures was determined and correlated
ith common isotherm equations such as Langmuir and Freundlich models. It was found that the Langmuir model appears to well fit the isotherm
ata but a worse correlation was obtained by the Freundlich model. The five Langmuir linear equations as well as the non-linear curve fitting

nalysis method were discussed. Results show that the non-linear method may be a better way to obtain the Langmuir parameters. Thermodynamic
arameters such as �H◦, �S◦ and �G◦ were calculated. These parameters indicate that the sorption of cadmium by wheat bran is a spontaneous
rocess and physical in nature involving weak forces of attraction and is also endothermic.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Heavy metals released by a number of industrial processes
n the environment are some of the major pollutants of soil and
ater resources. The concentration of these pollutants must be

educed to meet ever increasing legislative standards and recov-
red where feasible.

Various physicochemical techniques for removing metal ions
rom wastewaters include chemical precipitation, adsorption,
on exchange, extraction and membrane processes. Chemical
recipitation is the most common utilized conventional tech-

ique. Adsorption has been shown to be an economically
easible alternative method for removing heavy metals from
astewater and water supplies [1,2]. Activated carbon is the
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ost common used adsorbent, however, it is relatively expen-
ive.

Biosorption technology, utilizing natural materials or indus-
rial and agricultural wastes to remove cadmium from aqueous

edia, offers an efficient and cost-effective alternative compared
o traditional chemical and physical remediation and decontam-
nation techniques. Since the cost of this processes are rather
xpensive, the use of agricultural residues or industrial by-
roduct have been studied for years and many references on
his topic can be found in the literature. Recently, application of
number of agricultural materials such as modified cellulosic
aterial [3], bagasse sugar [4], sawdust [5], rice husk [6], spent

rain [7], pine bark [8], rice polish [9], tree fern [10], mod-
fied corn cobs [11], apple residues [12], hazelnut shell [13],

oconut husk [14], etc., have been reported for the removal
f cadmium from aqueous solutions. Biosorption is a rapid,
eversible, economical and ecofriendly technology in contrast
o traditional methods used for removal of heavy metals from

mailto:ohamdaoui@yahoo.fr
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Nomenclature

b Langmuir constant related to the free energy of
sorption (L mg−1)

bM Langmuir constant related to the free energy of
sorption (L mol−1)

C0 the initial concentration of the solute in the bulk
solution (mg L−1)

Ce the equilibrium concentration of the solute in the
bulk solution (mg L−1)

�G◦ Gibb’s free energy change (kJ mol−1)
h initial sorption rate (mg g−1 min−1)
�H◦ enthalpy change (J mol−1)
K1 Lagergren pseudo-first-order rate constant

(min−1)
K2 the pseudo-second-order rate constant

(g mg−1 min−1)
KF Freundlich constant indicative of the relative sorp-

tion capacity of the sorbent (mg1−1/n L1/n g−1)
n Freundlich constant indicative of the intensity of

the sorption
q the amount of solute sorbed at any time t (mg g−1)
qe the amount of solute sorbed per unit weight of

sorbent at equilibrium (mg g−1)
qm the maximum sorption capacity (mg g−1)
R2 Coefficient of determination
Rg universal gas constant (J mol−1 K−1)
RL dimensionless separation factor of Hall
�S◦ entropy change (J mol−1 K−1)
t time (min)
T temperature (K)
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queous streams [15,16]. Biosorption can be defined as the abil-
ty of biological materials to accumulate heavy metals through
etabolically mediated or physicochemical pathways of uptake

17].
Therefore, there is a need for the search of low cost and eas-

ly available biomaterials, which can sorb cadmium. The aim
f this work is to study the sorption characteristics of wheat
ran, an abundant and inexpensive natural material, towards
admium ions from aqueous solutions. Many researchers have
tudied the removal of heavy metals by natural and modi-
ed wheat bran [18–23]. However, in these studies, modeling
f metal ions sorption data by various models (kinetics and
sotherms) was carried out using linear regression analysis. In
he present investigation, linear least-squares method and non-
inear regression analysis method of the widely used equations
n the filed of sorption (pseudo-second-order kinetic model
nd Langmuir and Freundlich isotherms) were compared in an
xperiment examining cadmium ion sorption by natural wheat
ran. Additionally, effects of some operating conditions for the

orption of cadmium by natural wheat bran such as sorbent
ass, agitation speed and ionic strength were not previously

tudied.
r
m
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. Materials and methods

.1. Sorbate and sorbent

Cadmium solutions of desired concentration have been pre-
ared by dissolving the appropriate amount of its sulfate
3CdSO4·8H2O, Fluka) in distilled water. All chemicals used
n this study were of analytical grade.

The bran of wheat was obtained from a market as solid waste
nd was used for sorption experiments without any treatment.
he wheat bran was sieved repeatedly, in order to eliminate
heat semolina, non-wheat bran solids and fine particles of the
aterial, and dried to constant weight. Finally, the sorbent mate-

ial is screened to eliminate fine particles (<0.5 mm) and stored
n a vacuum desiccator before use.

.2. Dynamics

The initial concentration of cadmium solution was
00 mg L−1 for all experiments, except for those carried out
o examine the effect of the initial concentration of cadmium.
or kinetic studies, the batch method was used because of its
implicity. For cadmium removal kinetic experiments, 2 g of
heat bran was contacted with 0.5 L of cadmium solution in a
eaker of 1 L agitated vigorously by a mechanic stirrer using
water bath maintained at a constant temperature. The stirring

peed was kept constant at 400 rpm. At predetermined intervals
f time, samples of the mixture was withdrawn at suitable time
ntervals, and filtered through a paper filter. These were analyzed
y atomic absorption spectrometry (Perkin-Elmer A310) for the
oncentration of cadmium.

The experiments were performed at the pH that resulted from
olving the metal in water (around 5) without further adjustment,
xcept for those carried out to examine the effect of the solution
H.

All experiments were conducted in triplicate, and sometimes
epeated again and the mean values have been reported. The
aximum standard deviation was ±2%.

.3. Equilibrium isotherms

Equilibrium isotherms were determined by contacting a fixed
ass of wheat bran (2 g) with 500 mL of cadmium solutions in

eakers. A range of cadmium concentrations (25–300 mg L−1)
as tested. A series of such beakers was then agitated at a con-

tant speed of 400 rpm in a water bath with temperatures 20, 30
nd 40 ◦C, respectively. After agitating the beakers for 2 h, the
eaction mixtures were filtered through filter paper, and then the
ltrates was analyzed for the remaining cadmium concentration
ith atomic absorption spectrometry (Perkin-Elmer A310). The

xperiments were performed at pH 5, which resulted from dis-
olution of cadmium sulfate in distilled water without further
All experiments were conducted in triplicate, and sometimes
epeated again and the mean values have been reported. The
aximum standard deviation was ±2%.
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Fig. 1. Effect of contact time on the sorption of cadmium by wheat bran.

. Results and discussion

.1. Sorption dynamics

.1.1. Effect of contact time
The rate of metal ion removal is of great significance for

eveloping sorbent-based water technology. The necessary con-
act time to reach the equilibrium depends on the initial cadmium
oncentration and the sorption capacity increases with the initial
etal concentration in all cases. Sorption isotherms are usually

etermined under equilibrium conditions. A series of contact
ime experiments has been carried out with a constant initial
admium concentration of 100 mg L−1, temperature of 20 ◦C
nd constant stirrer speed of 400 rpm. The effect of contact time
n the sorption of cadmium ions by wheat bran is shown in
ig. 1. As seen from this figure, the contact time necessary to
each equilibrium is about 25 min and the amount of cadmium
orbed by wheat bran increases with time and, at some point in
ime, reaches a constant value beyond which no more is removed
rom solution. At this point, the sorbed amount of cadmium by
heat bran is in a state of dynamic equilibrium with the amount
f the cadmium desorbing from the sorbent. The time required
o attain this state of equilibrium of metal at the equilibrium time
eflects the sorption capacity of the sorbent under the operating
onditions.

Dynamics of cadmium sorption by wheat bran can be mod-
led by the pseudo-first-order Lagergren equation and the
seudo-second-order model.
The pseudo-first-order equation (Eq. (1)) and the pseudo-
econd-order expression (Eq. (2)) are given by

n(qe − q) = ln qe − K1t (1)

r
c
s
l

able 1
inear forms of the pseudo-second-order kinetic model

ype Linear form Plot

ype 1 t
q

= 1
K2q2

e
+ 1

qe
t t/q vs. t

ype 2 1
q

= 1
qe

+ 1
K2q2

e

1
t

1/q vs. 1/t

ype 3 q = qe − 1
K2qe

q

t
q vs. q/t

ype 4 q

t
= K2q

2
e − K2qeq q/t vs. q

ype 5 1
t

= − K2qe + K2q
2
e

1
q

1/t vs. 1/q

ype 6 1
qe−q

= 1
qe

+ K2t 1/(qe − q) vs. t
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= K2q
2
e t

1 + K2qet
(2)

here K1 is the pseudo-first-order rate constant (min−1), qe
he amount of cadmium sorbed at equilibrium (mg g−1), q the
mount of cadmium on the surface of wheat bran at any time,
(mg g−1), t the time (min) and K2 is the pseudo-second-order
ate constant (g mg−1 min−1).

The pseudo-second-order equation can be linearized to six
ifferent linear forms as shown in Table 1. Expression of type 6
as previously reported by Blanchard et al. [24] for the exchange

eaction of divalent metallic ions onto NH4
+ ions fixed onto

eolite particles. A type 1 expression as shown in Table 5 was
reviously reported by Ho [25,26]. This is the most used lin-
arized form for the pseudo-second-order equation.

The initial sorption rate h (mg g−1 min−1) is given by the
ollowing equation

= K2q
2
e (3)

The pseudo-first-order kinetic constant K1 (min−1) and the
mount of cadmium sorbed at equilibrium qe (mg g−1) based
n pseudo-first-order kinetics can be obtained from the plot of
n(qe − q) versus t. The lower coefficient of determination value
nd the amount of cadmium sorbed at equilibrium determined
sing this model (Table 2) suggest that it is inappropriate to use
his equation to represent the sorption of cadmium by wheat
ran.

Linear regression analysis using the six linear expressions
f the pseudo-second-order equation was used to determine the
odel parameters for the sorption of cadmium by wheat bran.
he obtained results are shown in Table 2. It was observed that

he rate constant, the sorbed amount at equilibrium and the
nitial sorption rate values obtained from the six linear forms
f pseudo-second-order expressions were different. It is clear
hat transformations of non-linear pseudo-second-order kinetic

odel to linear forms implicitly alter their error structure and
ay also violate the error variance and normality assumptions

f standard least-squares method. The very higher coefficient
f determination value for type 1 expression suggests that the
seudo-second-order kinetic expression is the optimum kinetic
xpression to represent the uptake of cadmium by wheat bran.
dditionally, a type 1 pseudo-second-order expression predicts
easonably the theoretical qe value. The lower determination
oefficient values for types 2–6 pseudo-second-order expres-
ions suggest that it is not appropriate to use these types of
inearization.

Parameters

qe = 1/slope; K2 = slope2/intercept; h = 1/intercept

qe = 1/intercept; K2 = intercept2/slope; h = 1/slope

qe = intercept; K2 = −1/(slope × intercept); h = −intercept/slope
qe = −intercept/slope; K2 = slope2/intercept; h = intercept
qe = −slope/intercept; K2 = intercept2/slope; h = slope

qe = 1/intercept; K2 = slope; h = slope/intercept2



118 L. Nouri et al. / Journal of Hazardous Materials 149 (2007) 115–125

Table 2
Pseudo-second-order kinetic parameters obtained by using the linear and non-
linear methods

Type Parameters Values

Type 1

K2 (g mg−1 min−1) 28.71 × 10−3

qe (mg g−1) 10.65
h (mg g−1 min−1) 3.26
R2 0.997

Type 2

K2 (g mg−1 min−1) 51.46 × 10−3

qe (mg g−1) 9.87
h (mg g−1 min−1) 5.02
R2 0.871

Type 3

K2 (g mg−1 min−1) 46.2 × 10−3

qe (mg g−1) 10.08
h (mg g−1 min−1) 4.69
R2 0.793

Type 4

K2 (g mg−1 min−1) 35.37 × 10−3

qe (mg g−1) 10.44
h (mg g−1 min−1) 3.86
R2 0.793

Type 5

K2 (g mg−1 min−1) 42.26 × 10−3

qe (mg g−1) 10.17
h (mg g−1 min−1) 4.37
R2 0.871

Type 6

K2 (g mg−1 min−1) 41.6 × 10−3

qe (mg g−1) 16.34
h (mg g−1 min−1) 11.11
R2 0.877

Non-linear K2 (g mg−1 min−1) 31.83 × 10−3

qe (mg g−1) 10.51
h (mg g−1 min−1) 3.52
R2 0.968

Lagergren K1 (min−1) 10.02 × 10−3
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qe (mg g−1) 7.36
R2 0.936

Additionally, the sorption uptake kinetics for cadmium by
heat bran was analyzed by non-linear curve fitting analy-

is method, using Microcal(TM) Origin® software, to fit the
seudo-second-order equation (Table 2). The pseudo-second-
rder model constants obtained from the non-linear and linear
ethods differed even when compared with the results of type
expression, which had the highest coefficient of determina-

ion (Table 1). It seems that the best fit was obtained by the
xpression of Ho (type 1) as compared with other linear expres-
ions because it had the highest coefficient of determination and
ecause the model parameters were closer to those obtained
sing the non-linear method. Thus, it will be more appropriate
o use non-linear method to estimate the parameters involved in
he kinetic equation.

.1.2. Effect of initial concentration
The initial concentration provides an important driving force

o overcome all mass transfer resistances of solutes between the

queous and solid phases. The effect of initial cadmium concen-
ration on the rate of sorption is shown in Fig. 2. From Fig. 2,
t was observed that the metal removal varied with varying ini-
ial cadmium concentration. It was observed that metal sorption

w
i
a
t

ig. 2. Effect of initial concentration of metal on the sorption of cadmium by
heat bran.

ccurred rapidly. The sorption efficiency of cadmium increased
radually with increasing contact time and reached a plateau
fterward. An increase in initial cadmium concentration leads
o an increase in the sorption capacity of cadmium by wheat bran.
quilibrium uptake increased with the increasing of initial metal

ons concentration at the range of experimental concentration.
he initial rate of sorption was greater for higher initial cad-
ium concentration, because the resistance to the metal uptake

ecreased as the mass transfer driving force increased.
For initial concentrations of 100 and 200 mg L−1, the abil-

ty of wheat bran to sorb maximum amount of cadmium
ithin, respectively, 25 and 30 min indicates that it is an effec-

ive biosorbent for the removal of cadmium from wastewater.
hen initial cadmium concentration was increased from 25 to

00 mg L−1, the equilibrium sorption capacity increased from
.04 to 13.34 mg g−1.

Table 3 shows the pseudo-second-order kinetic parameters
or different initial concentrations of cadmium obtained utilizing
he non-linear curve fitting analysis method. The sorption of
admium by wheat bran for different solute initial concentrations
as found to be adequately represented by the pseudo-second-
rder kinetic model. Increasing the initial metal concentration
nhanced both the initial sorption rate and theoretical amount
orbed at equilibrium. Conversely, the pseudo-second-order rate
onstant decreased with initial cadmium concentration.

.1.3. Effect of sorbent mass
The effect of a variation of sorbent mass on the dynamics

f sorption of cadmium by wheat bran is reported in Fig. 3.
he sorption of cadmium increases with an increase in sorbent
mount. This may be attributed to increased sorbent surface
rea and availability of more sorption sites resulting from the
ncreased mass of the sorbent. But amount of metal sorbed
er unit mass of sorbent decreases with an increase in sorbent
mount. At higher wheat bran to solute concentration ratios,
here is a very fast superficial sorption onto the sorbent surface
hat produces a lower solute concentration in the solution than

hen the biomaterial to solute concentration ratio is lower. This

s because a fixed mass of wheat bran can only sorb a certain
mount of metal. Therefore, the higher the sorbent dosage is,
he larger the volume of effluent that a fixed mass of biosorbent
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Table 3
Pseudo-second-order kinetic parameters obtained by using the non-linear method for different initial cadmium concentrations

Parameters 25 mg L−1 50 mg L−1 100 mg L−1 200 mg L−1 300 mg L−1

K2 (g mg−1 min−1) 85.91 × 10−3 55.55 × 10−3 31.83 × 10−3 22.91 × 10−3 21.28 × 10−3

qe (mg g−1) 3.75 6.62 10.51 12.64 13.94
h (mg g−1 min−1) 1.21 2.43 3.52 3.66 4.14
R2 0.980 0.989 0.968 0.950 0.969
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ig. 3. Effect of sorbent dose on the sorption of cadmium by wheat bran.

an purify is. The decrease in amount of cadmium sorbed with
ncreasing sorbent mass is due to the split in the flux or the con-
entration gradient between solute concentration in the solution
nd the solute concentration in the surface of the sorbent. Thus,
ith increasing sorbent mass, the amount of cadmium sorbed
nto unit weight of sorbent gets reduced, thus causing a decrease
n sorption capacity with increasing sorbent mass concentration.

The experimental dynamic data were modeled by the pseudo-
econd-order equation using the non-linear curve fitting analysis
ethod. The determined parameters of the model are shown in
able 4. The removal of cadmium by wheat bran can be suffi-
iently represented by the pseudo-second-order kinetic equation.
he theoretical amount sorbed at equilibrium decreases from
5.43 to 2.8 mg g−1 when the sorbent mass increases from 0.5
o 12 g, respectively. The initial sorption rate decreased with the
ncrease in the mass of sorbent.

.1.4. Effect of solution initial pH
The pH value of the metal solution plays an important role

n the whole sorption process and particularly on the sorption

apacity. Any sorbent surface creates positive or negative charge
n its surface. This charge is proportional to the pH of the solu-
ion, which surrounds the sorbent particles. In order to study,
he effect of this parameter on the metal sorption by wheat

p
c
a
b

able 4
seudo-second-order kinetic parameters obtained by using the non-linear method for

arameters 0.5 g 1 g 2 g

2 (g mg−1 min−1) 57.09 × 10−3 47.76 × 10−3 31.83 ×
e (mg g−1) 25.43 18.53 10.51
(mg g−1 min−1) 36.92 16.40 3.52
2 0.994 0.994 0.968
ig. 4. Effect of solution initial pH on the sorption of cadmium by wheat bran.

ran, solution initial pH was varied within the range 2–5. This
H range was chosen in order to avoid metal solid hydroxide
recipitation. The effect of solution initial pH on the sorption
ynamics for cadmium onto wheat bran is shown in Fig. 4.
his figure depicts that the pH significantly affects the extent of
orption of cadmium by wheat bran and the cadmium sorption
mount increases from 6.28 to 9.95 mg g−1 when the solution
H increases from 2 to 5. The variation in the removal of cad-
ium by wheat bran with respect to pH can be elucidated by

onsidering the surface charge of the sorbent materials and the
peciation of cadmium(II). According to the Cd(II) speciation
iagram [27], Cd2+ is the predominant ionic species at pH ≤ 6.
he minimal sorption amount obtained at low pH is partly due

o the fact that protons are strong competing sorbate because of
heir higher concentration and high mobility and partly to the
act that the solution pH influences the sorbent surface charge.
he surface charge of the wheat bran is positive at pH < PZC, is
eutral at pH = PZC, and is negative at pH > PZC. At pH > PZC,
he Cd2+ ions in solution are attracted to the surface of sorbent,
hus favoring sorption. At higher pH values, the lower number of

rotons and greater number of negative charges results in greater
admium sorption. The effect of pH on the sorption kinetics is
ttributed to electrostatic attraction existing between the wheat
ran surface and the Cd2+ ions in solution.

different sorbent mass

5 g 8 g 12 g

10−3 95.1 × 10−3 162.29 × 10−3 250.82 × 10−3

5.64 3.74 2.8
3.03 2.27 1.97
0.984 0.984 0.983



120 L. Nouri et al. / Journal of Hazardous Materials 149 (2007) 115–125

Table 5
Pseudo-second-order kinetic parameters obtained by using the non-linear method for different solution pH

Parameters pH 2 pH 3 pH 4 pH 5

K2 (g mg−1 min−1) 54.05 × 10−3 39.34 × 10−3 46.24 × 10−3 31.83 × 10−3

qe (mg g−1) 6.67 7.82 8.65 10.51
h (mg g−1 min−1) 2.4 2.41
R2 0.96 0.98
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ig. 5. Effect of agitation speed on the sorption of cadmium by wheat bran.

The sorption dynamics of cadmium by wheat bran for differ-
nt solution pH were fitted by the pseudo-second-order model
sing the non-linear curve fitting analysis method. The deter-
ined kinetic parameters are given in Table 5. The sorption of

admium using wheat bran was found to be well described by
he pseudo-second-order kinetic model. Increasing the initial

etal solution pH enhanced both the initial sorption rate and
heoretical amount sorbed at equilibrium.

.1.5. Effect of stirring speed
The effect of stirring speed on the removal of cadmium by

heat bran at different stirring speeds, ranging from 0 (no stir-
ing) to 1200 rpm, is shown in Fig. 5. The data shown in Fig. 5
ndicates that the difference of sorption rate was significant as
he stirring speed increases.

The amount of cadmium sorption increases with the increase
f the stirring speed from 0 to 400 rpm. When increasing the
tirring speed, the diffusion rate of metal ions from the bulk
iquid to the liquid boundary layer surrounding sorbent particles

ecame higher because of an enhancement of turbulence and
decrease of the thickness of the liquid boundary layer. The

hange in sorption rate was insignificant as the stirring speed
ncreases from 400 to 800 rpm. For a stirring speed of 1200 rpm,

s
k
s
s

able 6
seudo-second-order kinetic parameters obtained by using the non-linear method for

arameters 0 rpm 60 rpm

2 (g mg−1 min−1) 62.72 × 10−3 45.5 × 10−3

e (mg g−1) 5.72 8.44
(mg g−1 min−1) 2.05 3.24
2 0.985 0.977
3.46 3.52
0.981 0.968

higher sorbed amount at equilibrium was obtained. This can be
xplained by the decrease of the sorbent particle size that affects
he sorption capacity.

The sorption dynamic data for cadmium by wheat bran at dif-
erent stirring speeds was analyzed by the non-linear curve fitting
nalysis method to fit the pseudo-second-order kinetic equation.
able 6 shows the kinetic parameters obtained using the non-

inear curve fitting analysis method. Increasing the stirring speed
nhanced both the initial sorption rate and theoretical amount
orbed at equilibrium. However, the pseudo-second-order rate
onstant decreased with the stirring speed.

.1.6. Effect of ionic strength
In water, salt is present in a wide range of concentrations

epending on the source and the quality of the water. The pres-
nce of salt or co-ions in solution can affect the sorption of
etal ions. The effect of salt concentration (ionic strength) on

he amount of cadmium sorbed by wheat bran was analyzed
ver the NaCl concentration range from 0 to 20 g L−1. The
ffect of ionic strength on sorption rate of cadmium by wheat
ran is presented in Fig. 6. As seen in Fig. 6, the presence
f NaCl significantly influences the sorption rate of cadmium.
he metal sorption decreases with increasing NaCl concentra-

ion. This behavior could be attributed to the competitive effect
etween cadmium ions and cations from the salt (Na+) for the
ites available for the sorption process. Additionally, salt screens
he electrostatic interaction between sorbent and sorbate and
he great ionic strength influences on the activity coefficient of
admium, which should decrease the sorbed amount with an
ncrease of NaCl concentration.

The experimental results for different NaCl concentrations
ere modeled by the pseudo-second-order equation using the
on-linear curve fitting analysis method. The determined param-
ters of the model are given in Table 7. The sorption of cadmium
y wheat bran was found to be well represented by the pseudo-

econd-order kinetic equation. The pseudo-second-order
inetic constant, initial sorption rate and theoretical amount
orbed at equilibrium decreased with the increase in ionic
trength.

different agitation speeds

400 rpm 800 rpm 1200 rpm

31.83 × 10−3 32.38 × 10−3 20.48 × 10−3

10.51 10.44 11.62
3.52 3.53 2.77
0.968 0.970 0.953
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ig. 6. Effect of ionic strength on the sorption of cadmium by wheat bran.

.1.7. Effect of temperature
The temperature has two major effects on the sorption pro-

ess. Increasing the temperature is known to increase the rate
f diffusion of the sorbate, owing to the decrease in the viscos-
ty of the solution. In addition, changing the temperature will
hange the equilibrium capacity of the sorbent for a particu-
ar sorbate. In this phase of study, a series of experiments were
onducted at 10, 20, 30 and 40 ◦C to investigate the effect of
emperature on the sorption dynamics. Fig. 7 depicts the effect
f contact time on the sorption dynamics of cadmium by wheat
ran at four different temperatures. The measurement of kinet-
cs of the process at different temperatures exhibits an increase
n the cadmium removal with the increase in temperature. The
esult again confirms endothermic nature of the process. Addi-
ionally, the present results show that by increasing temperature
rom 10 to 40 ◦C the necessary time to reach equilibrium does
ot change.

The dynamic results were correlated with the pseudo-second-
rder rate equation by using the non-linear curve fitting analysis
ethod and the obtained parameters are listed in Table 8. The
heoretical amount sorbed at equilibrium, pseudo-second-order
inetic constant and initial sorption rate increased with the
ncrease in temperature.

d
h

able 7
seudo-second-order kinetic parameters obtained by using the non-linear method for

arameters 0 g NaCl 0.5 g NaCl

2 (g mg−1 min−1) 31.83 × 10−3 26.96 × 10−3

e (mg g−1) 10.51 9.73
(mg g−1 min−1) 3.52 2.55
2 0.968 0.986

able 8
seudo-second-order kinetic parameters obtained by using the non-linear method for

arameters 10 ◦C 20 ◦C

2 (g mg−1 min−1) 17.17 × 10−3 31.83

e (mg g−1) 10.27 10.51
(mg g−1 min−1) 1.81 3.52
2 0.982 0.968
Fig. 7. Effect of temperature on the sorption of cadmium by wheat bran.

Arrhenius equation for pseudo-second-order kinetic model is
iven as follows:

2 = A0 exp

(
− Ea

RgT

)
(4)

here A0 is the temperature independent factor (g mg−1 min−1),
a the activation energy of sorption (kJ mol−1), Rg the gas con-
tant (8.314 J mol−1 K−1) and T is the solution temperature (K).
he slope of plot of ln K2 versus 1/T is used to evaluate the
ctivation energy (Fig. 8). The magnitude of activation energy
ives an idea about the type of sorption, which is mainly physical
r chemical. Low activation energies (5–40 kJ mol−1) are char-
cteristics for physisorption, while higher activation energies
40–800 kJ mol−1) suggest chemisorption [28]. The obtained
esult (12.38 kJ mol−1) for the sorption of cadmium by wheat
ran indicates that the sorption has a potential barrier and cor-
esponds to a physisorption.

.2. Equilibrium isotherms
Sorption equilibrium isotherms are basic requirements for
esigning any sorption system. The sorption isotherm indicates
ow the sorbate distributes between the liquid phase and the

different ionic strength

1 g NaCl 5 g NaCl 10 g NaCl

21.95 × 10−3 12.49 × 10−3 26.79 × 10−3

9 7.78 5.14
1.78 0.76 0.71
0.971 0.974 0.988

different temperatures

30 ◦C 40 ◦C

× 10−3 43.7 × 10−3 52.6 × 10−3

11.11 11.46
5.39 6.91
0.966 0.916
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Table 9
Freundlich and Langmuir isotherms and their linear forms

Isotherm Linear form Plot

Freundlich qe = KFC
1/n
e ln qe = ln KF + 1

n
ln Ce ln qe vs. ln Ce

Langmuir-1

qe =
qmbCe
1+bCe

1
qe

= 1
bqm

1
Ce

+ 1
qm

1/qe vs. 1/Ce

Langmuir-2 Ce
qe

= 1
qm

Ce + 1
qmb

Ce/qe vs. Ce

Langmuir-3 qe = − 1
b

qe
Ce

+ qm qe vs. qe/Ce

Langmuir-4 qe
Ce

= −bqe + bqm qe/Ce vs. qe

L 1 1

t
fi
m
l
L
i
m
m
i
e
F
t
a
w
e
from Langmuir-2 expression indicate that there is strong pos-
itive evidence that the sorption of cadmium by the biosorbent
follows the Langmuir isotherm.

Table 10
Parameters of the Langmuir and Freundlich isotherms obtained using the linear
method
ig. 8. Plot of ln K2 vs. reciprocal temperature for the sorption of cadmium by
heat bran.

olid phase when the sorption process reaches an equilibrium
tate. Fig. 9 presents the amount of cadmium sorbed at 20, 30
nd 40 ◦C plotted against its concentration in aqueous phase
t equilibrium. Isotherm data obtained with a range of initial
admium concentration showed an increase in the amount of
admium sorbed when the initial metal concentration was raised
rom 25 to 300 mg L−1. Additionally, the amount of metal sorbed
ncreased following an increase in temperature from 20 to 40 ◦C.
he shape of the curves clearly indicated that the isotherms for
ll temperatures belong to L-type according to the classification
f equilibrium isotherm in solution by Giles et al. [29].

Sorption equilibria provide fundamental physicochemical
ata for evaluating the applicability of sorption process as a unit
peration. The analysis of the isotherm data by fitting them to
ifferent isotherm models is an important step to find the suitable
odel that can be used for design purposes. In the present inves-

igation, the equilibrium data were analyzed using the Langmuir
nd Freundlich isotherm models. Linear regression is frequently
sed to determine the best-fitting isotherm, and the method of
east squares has been used for finding the parameters of the

sotherms. However, the Langmuir isotherm can be linearized
s five different types (Table 9). The more-popular linear forms
sed are Langmuir-1 and Langmuir-2. The linear form of the
reundlich model is also shown in Table 9.

ig. 9. Equilibrium isotherms of cadmium sorption by wheat bran at different
emperatures.

I

L

L

L

L

L

F

angmuir-5
Ce

= bqm qe
− b 1/Ce vs. 1/qe

The sorption data for cadmium by wheat bran at different
emperatures were analyzed by a linear regression analysis to
t the Freundlich and the five linearized expressions of Lang-
uir isotherm models. The details of these different forms of

inearized Langmuir equations and the method to estimate the
angmuir constants qm and b from these plots were explained

n Table 9. Out of the five different types of linearized Lang-
uir isotherm equations, Langmuir-1 and Langmuir-2 are the
ost frequently used by several researchers because of the min-

mized deviations from the fitted equation resulting in the best
rror distribution. Values of the Langmuir constants and the
reundlich parameters are presented in Table 10 for the sorp-

ion of cadmium by wheat bran at 20, 30 and 40 ◦C. The linear
nalysis using different linear forms of the Langmuir equation
ill significantly affect calculations of the Langmuir param-

ters. The values of the coefficient of determination obtained
sotherm T (◦C)

20 30 40

angmuir-1
b (L mg−1) × 103 14.56 21.01 31.62
qm (mg g−1) 19.61 19.08 17.76
R2 0.983 0.978 0.992

angmuir-2
b (L mg−1) × 103 22.14 32.83 44.32
qm (mg g−1) 15.82 15.72 15.75
R2 0.995 0.996 0.998

angmuir-3
b (L mg−1) × 103 20.68 28.9 37.31
qm (mg g−1) 16.28 16.4 16.54
R2 0.887 0.894 0.948

angmuir-4
b (L mg−1) × 103 18.3 25.8 35.4
qm (mg g−1) 17.26 17.21 16.02
R2 0.887 0.894 0.948

angmuir-5
b (L mg−1) × 103 13.8 19.9 31.1
qm (mg g−1) 20.33 19.71 17.91
R2 0.983 0.978 0.992

reundlich
n 2.09 2.37 2.65
KF (mg1−1/n L1/n g−1) 1.11 1.6 2.11
R2 0.901 0.88 0.882
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Table 11
Parameters of the Langmuir and Freundlich isotherms obtained using the non-
linear method and thermodynamic parameters

Isotherm T (◦C)

20 30 40

Langmuir

b (L mg−1) × 103 23.85 33 42.68
qm (mg g−1) 15.71 15.94 16.05
R2 0.992 0.993 0.994
�G◦ (kJ mol−1) −19.23 −20.70 −22.06
�H◦ (kJ mol−1) 22.17
�S◦ (J mol−1 K−1) −141.3

F
n 3.04 2.65 3.38
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reundlich KF (mg L g ) 2.44 1.77 3.03
R2 0.946 0.955 0.944

Additionally, the equilibrium data were further analyzed
sing the linearized form of Freundlich equation using the
ame set experimental data. The calculated Freundlich isotherm
onstants and the corresponding coefficient of determination
alues were shown in Table 10. From Table 10, the five lin-
ar expressions of Langmuir equation were more suitable for
he experimental data than was the Freundlich isotherm because
he values of the coefficient of determination using the linear
xpressions of Langmuir are higher than that calculated utilizing
he Freundlich model. This suggests that Langmuir-2 isotherm
ould be well represented the experimental sorption data, while
worse fit of the equilibrium isotherms is obtained using the
reundlich equation.

On the other hand, the sorption equilibrium isotherms for cad-
ium by wheat bran was analyzed by non-linear curve fitting

nalysis method, using Microcal(TM) Origin® software, to fit
oth the Langmuir and Freundlich models. Table 11 shows the
sotherm parameters obtained using the non-linear method. The
angmuir model constants obtained from the non-linear and lin-
ar methods are different. It seems that the best fit was obtained
y the Langmuir-2 expression as compared with other linear
xpressions because it had the highest coefficient of determi-
ation and because the model parameters were closer to those
btained using the non-linear method. The parameters of the
reundlich equation determined by linear and non-linear analy-
is are different. Moreover, the obtained results indicate that the
angmuir model gave an acceptable fit to the experimental data

han the Freundlich equation. Thus, it will be more appropriate

o use non-linear method to estimate the parameters involved in
he isotherm equation.

The essential characteristics of the Langmuir isotherm can be
xpressed in terms of dimensionless constant separation factor

�

i
w
i

able 12
eparation factor values for cadmium sorption by wheat bran at different temperature

(◦C) b × 103 (L mg−1) RL

25 mg L−1 50 mg L−

0 23.85 0.626 0.456
0 33 0.548 0.377
0 42.68 0.484 0.319
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r equilibrium parameter, RL, given by Hall et al. [30]:

L = 1

1 + bC0
(5)

here b is the Langmuir constant (L mg−1) and C0 is the initial
oncentration of cadmium (mg L−1).

The parameter RL indicated the shape of isotherm as follows:
L > 1, unfavorable; RL = 1, linear; 0 < RL < 1, favorable; RL = 0,

rreversible.
The calculated RL values, determined using Langmuir con-

tants obtained by non-linear method, versus initial solute
oncentration at four different temperatures were shown in
able 12. From Table 12, it was observed that at all temperature
onditions, sorption was found to be more favorable at higher
oncentrations. Also the value of RL in the range of 0–1 at all ini-
ial metal ions concentrations and all the solution temperatures
onfirms the favorable uptake of cadmium.

.2.1. Thermodynamic parameters
For designing sorption systems, the designer should be able

o understand the changes that can be expected to occur and how
ast will they take place. The fast of the reaction can be calcu-
ated from the knowledge of kinetic studies. But the changes in
eaction that can be expected during the process require the brief
dea of thermodynamic parameters.

Based on fundamental thermodynamic concepts, it is
ssumed that in an isolated system, energy cannot be gained or
ost and the entropy change is the only driving force. In environ-

ental engineering practice, both energy and entropy factors
ust be considered in order to determine which process will

ccur spontaneously. The Gibbs free energy change (�G◦) is
he basic criterion of spontaneity, and a negative value indicates
he reaction to be spontaneous. By using the equilibrium constant
bM) obtained for each temperature from the Langmuir model
sing the non-linear method (Table 11), �G◦ can be calculated
ccording to Eq. (6).

G◦ = −RgT ln bM (6)

G◦ = �H◦ − T�S◦ (7)

A plot of �G◦ obtained using the Langmuir equilibrium con-
tants versus temperature was found to be linear (Fig. 10). The
alues of �H◦ and �S◦ were, respectively, determined from the
lope and intercept of the plot. The thermodynamic parameter,

G , is shown in Table 11. �G is negative and decreases with

ncrease in temperature indicating that sorption of cadmium by
heat bran is spontaneous and spontaneity increases with the

ncrease in temperature. From Table 11, the value of the enthalpy

s

1 100 mg L−1 200 mg L−1 300 mg L−1

0.295 0.173 0.123
0.233 0.132 0.092
0.19 0.105 0.072
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Fig. 10. Plot of Gibbs free energy change: �G◦ vs. temperature.

hange (�H◦ = 22.17 kJ mol−1) indicates that the sorption is
hysical in nature involving weak forces of attraction and is also
ndothermic, thereby demonstrating that the process is stable
nergetically. However, not all the cadmium biosorption sys-
ems are exothermic. Positive values of �H◦ have also reported
or the biosorption of cadmium by spent grain [7], natural and
xidized corncob [31], rice husk [32] and Kraft lignin [33]. The
egative entropy change (�S◦) value (−141.3 J K−1 mol−1) cor-
esponds to a decrease in the degree of freedom of the sorbed
pecies.

.3. Comparison of Cd(II) removal with different sorbents
eported in literature
The sorption capacity of wheat bran for the removal of Cd(II)
ave been compared with those of other sorbents reported in
iterature and the values of sorption capacities have been sum-

able 13
omparison of monolayer sorption capacities of various biosorbents for cad-
ium sorption

iosorbent qm (mg g−1) Reference

raft lignin 137.14 [33]
ice husk 103.09 [32]
ulfuric acid-treated wheat bran 101 [19]
rape stalk 27.88 [34]
aOH-treated spent grain 17.3 [7]
ugar beet pulp 17.2 [40]
ree fern 16.3 [10]
heat bran 15.71 Present study

ea-industry waste 11.29 [38]
etiolar felt-sheath of palm 10.8 [41]
ice polish 9.72 [9]
awdust of Pinus sylvestris 9.29 [5]
ice husk 8.58 [6]
inus pinaster bark 8 [39]
odified lignin 6.7–7.5 [3]
orncob 6.43 [36]
eanut hulls 5.96 [37]
azelnut shell 5.42 [13]
orncob 5.09 [31]
oconut copra meal 4.92 [35]
xhausted coffee 1.48 [42]
heat bran 0.703 [18]

a
m
c
a
i
c
e
l
2
f
w
a
a
i
b

A

H
N

R

Materials 149 (2007) 115–125

arized in Table 13. The values were reported in the form
f monolayer sorption capacity. The experimental data of the
resent investigation show that natural wheat bran exhibits a
easonable capacity for Cd(II) sorption from aqueous solutions.
his result reveals that natural wheat bran is effective sorbent for
admium(II) ions from wastewater. It should be noted that the
alues and comparisons reported for cadmium removal capac-
ty have only a relative meaning because of different testing
onditions (e.g., temperature, pH, stirring speed and wastewater
omposition), type of biomaterials and methods.

. Conclusion

This study clearly suggest that the use of wheat bran as sor-
ent is much economical, effectual and more viable. It can be
fficiently used to remove cadmium ions from aqueous solu-
ion. The different operational parameters observed during the
rocess of investigations reveal that the contact time, initial
oncentration, sorbent mass, solution pH, stirring speed, ionic
trength and temperature govern the overall process of sorp-
ion. The sorption process followed pseudo-second-order rate
inetics. Non-linear curve fitting analysis method was found to
e the more appropriate method to determine the rate kinetic
arameters. Among the six linear expressions of the pseudo-
econd-order kinetic model, a type 1 expression very well
epresent the kinetic uptake of cadmium by wheat bran. The
btained activation energy (12.38 kJ mol−1) for the sorption of
admium by wheat bran indicates that the sorption has a potential
arrier and corresponds to a physisorption.

The analysis of equilibrium data shows that it is not appropri-
te to use the coefficient of determination of the linear regression
ethod for comparing the best-fitting isotherm. Non-linear

urve fitting analysis method was found to be the more appropri-
te method to determine the isotherm parameters. Langmuir-2
s the most-popular linear form which had the highest coeffi-
ient of determination compared with other Langmuir linear
quations. The Freundlich isotherm gives a worse fit of the equi-
ibrium data. The enthalpy change for the sorption process is
2.17 kJ mol−1, which did not indicate very strong interaction
orces between cadmium ions and wheat bran. The �G◦ values
ere negative, which indicates that the sorption was spontaneous

nd the negative value of �S◦ suggests a decreased randomness
t the solid/solution interface and no significant changes occur
n the structure of the sorbent through the sorption of cadmium
y wheat bran.
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