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bstract

In the present study, the dead leaves of plane tree (Platanus vulgaris) were investigated as a novel biosorbent of dyes taking aqueous malachite
reen solutions as a model system. Kinetic data and sorption equilibrium isotherms were carried out in batch process. The effect of different
xperimental conditions such as contact time, sorbent dose, initial concentration of dye, agitation speed, ionic strength, and temperature on the
inetics of malachite green removal was studied. Modeling of kinetic results shows that sorption process is best described by the type 1 expression
f the pseudo-second order model. The sorption rate constant, the sorption equilibrium capacity, and the initial sorption rate were functions of
he sorbent dose, the initial concentration, the temperature, and the ionic strength. The agitation speed showed a limited influence on the removal
inetics. The activation energy of the sorption process was also calculated. The malachite green uptake process was found to be controlled by

2 −4 −1
ore diffusion. The average intraparticle diffusion coefficient (D/d ) was calculated and found to be 6.03 × 10 min . Equilibrium isotherm
ata could be well described by both the Langmuir and Freundlich models, but the Langmuir expression fits the equilibrium data better. The five
angmuir linear equations were discussed. The effect of temperature on the sorption isotherms of dye has been also studied and the thermodynamic
arameters �G◦, �H◦, and �S◦ were determined.

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

Dye pollutants from various industries are an important
ource of environmental contaminations. Most industries use
yes and pigments to color their products, which include tex-
ile, tannery, food, paper and pulp, printing, carpet, and mineral
rocessing industries. Perhaps dyes are the serious polluters of
ur environment as far as color pollution is concerned. Color is
visible pollutant and the presence of even very minute amount
f coloring substance makes it undesirable due to its appearance.
he effluents from dye manufacturing and consuming industries
re highly colored coupled with high chemical and biochemi-
al oxygen demands (COD and BOD) and suspended solids.

ischarge of such effluents imparts color to receiving streams

nd affects its aesthetic value. The dyes are, generally, stable to
ight, oxidizing agents and heat, and their presence in wastew-
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ters offers considerable resistance to their biodegradation, and
hus upsetting aquatic life [1]. Color affects the nature of water
nd inhibits the sunlight penetration into the stream and reduces
hotosynthetic activity [2]. Some of the dyes are carcinogenic
nd mutagenic [2].

The removal of color from dye-bearing effluents is one of the
ajor problems due to the difficulty in treating such wastewaters

y conventional treatment methods. The most commonly used
ethods for color removal are physical or chemical processes.
ll these methods have different color removal capabilities, cap-

tal costs, and operating rates. Liquid phase adsorption processes
ave been shown to be highly efficient for removal of dyes from
ndustrial wastewater. Granular activated carbon (GAC) is the

ost-popular adsorbent, which has been used with great suc-
ess. However, GAC is expensive and its regeneration and reuse
akes it more costly. Sorption process becomes economic, if
he sorbent is inexpensive and does not require any expensive
re-treatment. Thus, there is a continuous search for alternate
ow-cost sorbent material to replace high cost activated carbon
or water and wastewater treatment. The use of biomaterials

mailto:ohamdaoui@yahoo.fr
dx.doi.org/10.1016/j.cej.2007.12.018
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Nomenclature

A0 temperature independent factor in the Arrhenius
equation (g mg−1 min−1)

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

BOD biochemical oxygen demand
C final dye concentration at any time t (mg L−1)
Ce equilibrium concentration of the dye in the bulk

solution (mg L−1)
C0 initial dye concentration (mg L−1)
COD chemical oxygen demand
d the diameter of sorbent (cm)
D the intraparticle diffusion coefficient (cm2 min−1)
Ea activation energy of sorption (kJ mol−1)
GAC granular activated carbon
�G◦ Gibb’s free energy change (kJ mol−1)
h initial sorption rate (mg g−1 min−1)
�H◦ enthalpy change (kJ mol−1)
KF Freundlich constant indicative of the relative sorp-

tion capacity (mg1−1/n L1/n g−1)
K1 Lagergren pseudo-first order rate constant

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

(g mg−1 min−1)
n Freundlich constant indicative of the intensity of

the sorption
q amount of dye sorbed at any time t (mg g−1)
qe amount of dye sorbed at equilibrium (mg g−1)
qm maximum sorption capacity in the Langmuir

model (mg g−1)
Rg gas constant (8.314 J mol−1 K−1)
RL dimensionless separation factor of Hall
R2 coefficient of determination
�S◦ entropy change (J mol−1 K−1)
t time (min)
T solution temperature (K, ◦C)
V volume of solution (L)
W sorbent weight (g)

Greek letter
α initial sorption rate (mg g−1 min−1)
β constant related to the extent of surface coverage
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and activation energy for chemisorption (g mg−1)

s sorbents for the treatment of wastewaters will provide as a
otential alternate to the conventional treatment. Consequently,
any investigators have studied the feasibility of using low-cost

ubstances for the removal of various dyes and pollutants from
astewaters [3]. The plane tree regularly sheds its leaves dur-

ng autumn, which become waste. These leaves can be put to

ood use as a sorbent for removal of color from industrial and
ther effluents. In the present work, plane tree leaves, a waste
iomaterial, has been used as a sorbent for the removal of dyes
rom aqueous solutions. Additionally, the use of plane tree leaves
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s low-cost sorbent for the removal of dyes from water, to our
nowledge, has not been investigated.

Malachite green is most widely used for coloring purpose,
mongst all other dyes of its category, which is selected as a
odel compound in order to evaluate the capacity of plane tree

eaves for the removal of dye malachite green from its aqueous
olutions. It has wider applications that include coloring paper,
oloring leather products, dyeing cotton, wool, silk, and jute and
lso used in distilleries [4,5]. The dye under consideration is
n important water-soluble dye belonging to triphenylmethane
amily. In the aquaculture, commercial fish hatchery and ani-
al husbandry it also acts as an antifungal, anti-bacterial, and

nti-parasitical therapeutic agent, while for humans it is used as
ntiseptic and fungicidal [6–8]. Its oral consumption is carcino-
enic and that is why it is applied on the external wounds and
lcers [9]. The available toxicological information reveals that
n the tissues of fish and mice malachite green easily reduces to
ersistable leuco-malachite green [5,6], which acts as a tumor
romoter. This dye may enter into the food chain and could
ossibly cause carcinogenic, mutagenic, and teratogenic effects
n humans [10,11]. Thus, the detection of malachite green in
shes, animal milk, and other foodstuff, destined for human con-
umption, alarm the health hazards against human being [7,12].
tudies also confirm that the products formed after degrada-

ion of malachite green are also not safe and have carcinogenic
otential [13,14].

The aim of the present investigation is to study the removal of
alachite green, a cationic dye, from aqueous solutions by the

ead leaves of plane tree. Kinetic data and sorption equilibrium
sotherms are carried out in batch process. The effect of different
xperimental conditions such as contact time, initial concentra-
ion of dye cations, agitation speed, particle size, biosorbent

ass, temperature and ionic strength on the removal kinetics
s studied. Equilibrium isotherm and kinetic data are analyzed
nd modeled using different models. The obtained results may
ontribute to a better understanding of the sorption phenomena
t the liquid/solid interface.

. Materials and methods

.1. Sorbent

The dead leaves of plane tree (Platanus vulgaris) used in
he present study was collected in autumn 2005 from the Sci-
ntific Campus of Savoie Technolac, University of Savoie, Le
ourget du Lac, France. The collected leaves were washed with
ermuted water several times to remove dirt particles and water-
oluble materials. The washing process was continued till the
ash water contained no color. The washed materials were then

ompletely dried in an oven at 50 ◦C for 3 days. The dried leaves
ere then cut into small pieces, crushed, and sieved to elimi-
ate fine particles (<0.5 mm). The obtained material was washed
epeatedly with UHQ water (Elga elgastat 18.2 M�) until the

ash water contained no color and its electric conductivity and
V absorbance were equal to zero and the pH remains constant.
inally, the obtained material was then dried in an air circulating
ven at 50 ◦C for 7 days and stored in a desiccator until use.
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Fig. 1. Chemical structure of malachite green (oxalate salt).

.2. Sorbate and chemicals

A cationic basic dye (C.I. 42000; Basic Green 4), mala-
hite green oxalate salt (molecular formula C52H56N4O12,
W 929), was obtained from Merck and used without fur-

her purification. This dye was chosen as a model compound
f triarylmethane dyes. Fig. 1 displays the structure of this
ye.

Malachite green solutions were prepared by dissolving req-
isite amount of the dye in UHQ water before each experiment.
ll other reagents used were of analytical grade.

.3. Sorption kinetics

For kinetic studies, the batch technique was used because of
ts simplicity. For dye removal kinetic experiments, 0.25 g of
lane tree leaves was contacted with 100 mL malachite green
olutions in a sealed flask agitated vigorously by a magnetic
tirrer using a water bath maintained at a constant temperature
f 25 ◦C. The stirring speed was kept constant at 400 rpm. At
redetermined intervals of time, solutions were analyzed for
he final concentration of malachite green by using a UV–vis
pectrophotometer (Hewlett Packard 8453) set at a wavelength
f 618 nm, maximum absorbance. The wavelength resolution
nd the bandwidth were, respectively, 1 and 0.5 nm. The cal-
bration plot was constructed and repeated five times during
he period of measurements. The linearization of this plot usu-
lly provided determination coefficient close to 0.999. For each
easurement, a volume of 0.5 mL was pipetted and, after the

etermination of absorbance, this volume was returned in the
ask containing the suspension. In all cases, the working pH
about 5.2–5.5) was that of the solution and was not con-
rolled.

The influence of various parameters such as sorbent dose,
nitial concentration of dye, agitation speed, ionic strength, and

emperature on the kinetics of malachite green sorption was stud-
ed. The effect of pH on the sorption capacity was not carried out
ince addition of acid or alkali caused the color of the sorbate to
hange significantly.

w
(
l
s
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The dye uptake q (mg g−1) was determined as follows:

= (C0 − C)V

W
(1)

here C0 and C are the initial and final dye concentrations
mg L−1), respectively, V is the volume of solution (L), and W
s the sorbent weight (g).

All the experiments were carried out in triplicate and the mean
alues are presented.

.4. Sorption isotherm

For the sorption isotherms, 0.05 g of plane tree leaves was
quilibrated separately with 50 mL solutions containing dif-
erent malachite green concentrations (50–500 mg L−1). The
ontact time was determined by kinetic tests using the same
onditions. The temperatures examined were 25, 35, and 45 ◦C.
he suspensions were agitated with a constant speed of 400 rpm

or 24 h. Then, the suspensions were decanted and the solu-
ions were analyzed for malachite green concentrations using
V–vis spectrophotometer. All experiments were conducted in

riplicate, and sometimes repeated again and the mean values
ave been reported.

.5. Sorption kinetic models

.5.1. Pseudo-first order equation
A simple kinetic analysis of sorption can be performed with

pseudo-first order equation as suggested by Lagergren [15]

dq

dt
= K1(qe − q) (2)

here K1 (min−1) is the rate constant of the pseudo-first order
orption, qe (mg g−1) is the amount of dye sorbed on the sorbent
urface at equilibrium, and q (mg g−1) is the amount of dye
orbed at any time t (min).

Eq. (2) above can be integrated to the following form by
pplying the boundary conditions q = 0 at t = 0

n

(
qe − q

qe

)
= −K1t (3)

his rate expression is known as the Lagergren pseudo-first order
quation. The value of K1 can be determined by the slope of
inear plots of ln[(qe − q)/qe] versus t.

.5.2. Pseudo-second order equation
An expression of the pseudo-second order rate based on the

olid capacity has been presented by Blanchard et al. [16]

dq

dt
= K2(qe − q)2 (4)
here K2 is the pseudo-second order rate constant
g mg−1 min−1), qe is the amount of dye sorbed at equi-
ibrium (mg g−1), and q is the amount of dye cation on the
urface of the sorbent at any time t (mg g−1).
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Table 1
Linear forms of the pseudo-second order kinetic model

Type Linear form Plot Parameters

Type 1 t
q

= 1
K2q2

e
+ 1

qe
t t/q vs. t qe = 1/slope; K2 = slope2/intercept; h = 1/intercept

Type 2 1
q

= 1
qe

+ 1
K2q2

e

1
t

1/q vs. 1/t qe = 1/intercept; K2 = intercept2/slope; h = 1/slope

Type 3 q = qe − 1
K2qe

q

t
q vs. q/t qe = intercept; K2 = −1/(slope × intercept); h = −intercept/slope

Type 4 q

t
= K2q

2
e − K2qeq q/t vs. q qe = −intercept/slope; K2 = slope2/intercept; h = intercept

Type 5 1 = − K q + K q2 1 1/t vs. 1/q q = −slope/intercept; K = intercept2/slope; h = slope
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s
cess. The effect of different experimental conditions such as
contact time, sorbent mass, dye initial concentration, agitation
speed, ionic strength, and temperature on the kinetics of mala-
chite green removal was investigated.

Table 2
Freundlich and Langmuir isotherms and their linear forms

Isotherm Linear form Plot

Freundlich qe = KF · C
1/n
e ln qe = ln KF + 1

n
ln Ce ln qe vs. ln Ce

Langmuir-1 1
qe

= 1
bqm

1
Ce

+ 1
qm

1/qe vs. 1/Ce
t 2 e 2 e q

ype 6 1
qe−q

= 1
qe

+ K2t 1/(qe − q) vs

Integrating Eq. (4), considering that q = 0 when t = 0 and that
= q when t = t, results in the expression

1

qe − q
= 1

qe
+ K2t (5)

hich is the integrated equation for pseudo-second order.
Eq. (5) was previously reported by Blanchard et al. [16] for

he exchange reaction of divalent metallic ions onto NH4
+ ions

xed onto zeolite particles. This equation can be linearized to six
ifferent linear forms as shown in Table 1. A type 1 expression as
hown in Table 1 was previously reported by Ho [17,18]. This
s the most used linearized form for the pseudo-second order
quation.

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

= K2 · q2
e (6)

.5.3. Elovich equation
The Elovich equation is given as follows [19]

dq

dt
= α e−βq (7)

he integration of the rate equation with the same boundary con-
itions as the pseudo-first and pseudo-second order equations
ecomes the Elovich equation.

= 1

β
ln(αβ) + 1

β
ln t (8)

here α is the initial sorption rate (mg g−1 min−1), and the
arameter β is related to the extent of surface coverage and
ctivation energy for chemisorption (g mg−1).

.6. Sorption equilibrium isotherm models

.6.1. Langmuir model
The Langmuir model assumes uniform energies of adsorption

nto the surface and no transmigration of adsorbate in the plane
f the surface. The Langmuir equation may be written as
e = qmbCe

1 + bCe
(9)

here qe is the amount of solute sorbed per unit weight of sor-
ent (mg g−1), Ce is the equilibrium concentration of the solute

L

L
L
L

e 2

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

n the bulk solution (mg L−1), qm is the monolayer sorption
apacity (mg g−1), and b (L mg−1) is the constant related to the
ree energy of sorption.

Eq. (9) can be linearized to five different linear forms as
hown in Table 2.

.6.2. Freundlich model
The Freundlich equation can be written as

e = KF · C1/n
e (10)

here qe is the amount of solute adsorbed per unit weight of
dsorbent (mg g−1), Ce is the equilibrium concentration of solute
n the bulk solution (mg L−1), KF is a constant indicative of the
elative adsorption capacity of the adsorbent (mg1−1/n L1/n g−1),
nd n is a constant indicative of the intensity of the adsorp-
ion. The Freundlich expression is an exponential equation and
herefore, assumes that as the adsorbate concentration increases,
he concentration of adsorbate on the adsorbent surface also
ncreases. The linear form of the Freundlich isotherm is shown
n Table 2.

. Results and discussion

.1. Kinetics

Information on the kinetics of solute uptake is required for
electing optimum operating conditions for full-scale batch pro-
qe =
qmbCe
1+bCe

angmuir-2 Ce
qe

= 1
qm

Ce + 1
qmb

Ce/qe vs. Ce

angmuir-3 qe = − 1
b

qe
Ce

+ qm qe vs. qe/Ce

angmuir-4 qe
Ce

= −bqe + bqm qe/Ce vs. qe

angmuir-5 1
Ce

= bqm
1
qe

− b 1/Ce vs. 1/qe
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represent the uptake of malachite green by plane tree leaves.
Additionally, a type 1 pseudo-second order expression predicts
reasonably the theoretical qe value. The lower determination
ig. 2. Sorption kinetics of malachite green by the dead leaves of plane tree
100 mL, 50 mg L−1, 0.25 g, 400 rpm).

.1.1. Effect of contact time
The contact time between the dye molecules and the sor-

ent is of significant importance in the wastewater treatment by
orption. The effect of contact time on the sorption of malachite
reen was studied for an initial dye concentration of 50 mg L−1,
sorbent mass of 0.25 g, a solution volume of 100 mL, an agi-

ation speed of 400 rpm, and a temperature of 25 ◦C. The effect
f contact time on the removal of dye by the studied sorbent is
hown in Fig. 2. The obtained results reveal that the uptake of
orbate species is fast at the initial stage of the contact period
90 min), and thereafter, it becomes slower near the equilibrium.
n between these two stages of the uptake, the rate of sorption
s found to be nearly constant. This is obvious from the fact that
large number of vacant surface sites are available for sorption
uring the initial stage, and after a lapse of time, the remaining
acant surface sites are difficult to be occupied due to repul-
ive forces between the solute molecules on the solid and bulk
hases. The contact time necessary to reach equilibrium is about
00 min. At this point, the sorbed amount of dye by plane tree
eaves is in a state of dynamic equilibrium with the amount of
he dye desorbing from the sorbent. Additionally, the curve of
ontact time is single, smooth, and continuous leading to equi-
ibrium. This curve indicates the possible monolayer coverage
f dye on the surface of plane tree leaves.

The experimental kinetic results for the sorption of malachite
reen by the leaves of plane tree were fitted to the pseudo-
rst order kinetic expression, the six linearized forms of the
seudo-second order model, and the Elovich expression. The
seudo-first order kinetic constant (min−1) based on pseudo-first
rder kinetics can be obtained from the plot of ln[(qe − q)/qe]
ersus t. The way to obtain the pseudo-second order kinetic
odel constant K2 (g mg−1 min−1), the amount of malachite

reen sorbed at equilibrium qe (mg g−1), and the initial sorption
ate h (mg g−1 min−1) are explained in Table 1. The initial sorp-
ion rate α (mg g−1 min−1) and the parameter β (g mg−1) of the
lovich equation can be determined from the plot of q versus ln t.
inear plots of ln[(qe − q)/qe] versus t, t/q versus t, and q versus
n t are shown in Fig. 3. The calculated kinetic constants and the
alues of determination coefficients were shown in Table 3.

For Lagergren pseudo-first order equation, the lower coef-
cient of determination value (Table 3) suggests that it is

F
(

ering Journal 143 (2008) 73–84 77

nappropriate to use this equation to represent the sorption of
alachite green by the dead leaves of plane tree.
From the Table 3, it was observed that the rate constant, the

orbed amount at equilibrium, and the initial sorption rate val-
es obtained from the six linear forms of pseudo-second order
xpressions were different. It is clear that transformations of
on-linear pseudo-second order kinetic model to linear forms
mplicitly alter their error structure and may also violate the error
ariance and normality assumptions of standard least-squares
ethod [20,21]. The extremely higher coefficient of determina-

ion value for type 1 expression suggests that the pseudo-second
rder kinetic expression is the optimum kinetic expression to
ig. 3. Modeling of sorption kinetics by different models: (a) pseudo-first order
Lagergren), (b) pseudo-second order (Ho), and (c) Elovich.
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Table 3
Parameters of the kinetic models

Model Type Parameters

Lagergren – K1 = 0.017 min−1 R2 = 0.904

Pseudo-
second
order

1 K2 = 2.91 × 10−3 g mg−1 min−1 qe = 18.25 mg g−1 h = 0.969 mg g−1 min−1 R2 = 1
2 K2 = 3.55 × 10−3 g mg−1 min−1 qe = 17.64 mg g−1 h = 1.104 mg g−1 min−1 R2 = 0.996
3 K2 = 3.24 × 10−3 g mg−1 min−1 qe = 17.96 mg g−1 h = 1.046 mg g−1 min−1 R2 = 0.984
4 K2 = 3.18 × 10−3 g mg−1 min−1 qe = 18.03 mg g−1 h = 1.033 mg g−1 min−1 R2 = 0.984
5 K2 = 3.52 × 10−3 g mg−1 min−1 qe = 17.67 mg g−1 h = 1.099 mg g−1 min−1 R2 = 0.996
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6 K2 = 10.4 × 10−3 g mg−1 min−1

lovich – α = 3.068 mg g−1 min−1

oefficient value for type 6 pseudo-second order expression sug-
ests that it is not appropriate to use this type of linearization. The
heoretical amount sorbed at equilibrium value determined using
his expression (type 6) is negative that is experimentally and
ractically impossible. The initial sorption rate calculated using
he type 6 expression is unacceptable since it is very different
rom those calculated using the five other linear expressions.

The values of Elovich parameters are presented in Table 3.
he determination coefficient indicates that Elovich equation
escribes the sorption kinetics of malachite green by plane tree
eaves, but the type 1 expression of the pseudo-second order
inetic model fits the kinetic data better.

Among the tested models, the best fit of the experimental
inetic data is obtained by using the type 1 expression of the
seudo-second order kinetic model because the highest coeffi-
ient of determination is calculated from the fitted equation.

.1.2. Effect of sorbent dose
The effect of biosorbent concentration on the amount of color

orbed was obtained by agitating 100 mL of dye solution of con-
entration 50 mg L−1 with 0.25, 0.35, 0.5, 0.75, and 1 g of plane
ree leaves at constant temperature (25 ◦C) and constant stirring
peed of 400 rpm. The effect of sorbent dosages on the sorp-
ion of malachite green is shown in Fig. 4. The removal of dye

ations increases with sorbent dosage. This may be attributed to
ncreased sorbent surface area and availability of more sorption
ites resulting from the increased dose of the sorbent. But the
mount of dye sorbed per unit mass of sorbent decreases with

ig. 4. Effect of sorbent dose on the sorption of malachite green by the dead
eaves of plane tree.
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qe = −4.44 mg g−1 h = 0.205 mg g−1 min−1 R2 = 0.894

β = 0.313 g mg−1 R2 = 0.983

n increase in sorbent dose. At higher plane tree leaves to solute
oncentration ratios, there is a very fast superficial sorption onto
he sorbent surface that produces a lower solute concentration in
he solution than when the biomaterial to solute concentration
atio is lower. This is because a fixed mass of leaves can only
orb a certain amount of dye. Therefore, the higher the sorbent
osage is, the larger the volume of effluent that a fixed mass
f plane tree leaves can purify is. The decrease in the amount
f malachite green sorbed with increasing sorbent mass is due
o the split in the flux or the concentration gradient between
olute concentrations in the solution and on the sorbent surface.
rom Fig. 4, it can also be seen that the sorbent dosage has an

nfluence on the contact time necessary to reach equilibrium.
or the smallest chitin dosage (0.25 g/100 mL) equilibrium was
eached after about 300 min, while for the higher sorbent dosage
1 g/100 mL) equilibrium was attained after 90 min. Thus, the
ecessary time to reach equilibrium decreased with an increase
f sorbent dosage. The higher the sorbent dosage, the lower
he time necessary to reach equilibrium is. This is due to the
vailability of sorption sites for higher sorbent dosage.

The experimental kinetic data were fitted to the pseudo-first
rder kinetic expression, the six linearized forms of the pseudo-
econd order equation and the Elovich expression. The sorption
f malchite green by the leaves of plane tree was found to be well
epresented by the type 1 expression of the pseudo-second order
inetic equation (Table 4). The obtained coefficient of determi-
ation is extremely high (equal to unity) for all sorbent dosages.
ncreasing the dose of plane tree leaves enhanced the initial sorp-
ion rate and the rate constant. However, the theoretical amount
orbed at equilibrium decreased with sorbent mass.

.1.3. Effect of malachite green initial concentration
In all experiments, the temperature was maintained at 25 ◦C

nd the agitation speed maintained at 400 rpm. Fig. 5 illustrates
he sorption of malachite green for different initial dye concen-
rations for a sorbent dose of 0.25 g as a function of contact time.
he data also showed that the initial dye concentrations influ-
nced the contact time necessary to reach equilibrium and that
he sorption capacity increased for the higher initial dye con-
entrations. This is a result of the increase in the driving force

he concentration gradient, as an increase in the initial dye ion
oncentrations. The initial rate of sorption was greater for higher
nitial malachite green concentration, because the resistance to
he dye uptake decreased as the mass transfer driving force
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Table 4
Pseudo-second order (type 1) kinetic parameters obtained for different experi-
mental conditions

Parameters K2 (g mg−1 min−1) qe (mg g−1) h (mg g−1 min−1) R2

Sorbent dosage (g/100 mL)
0.25 0.00291 18.25 0.97 1
0.35 0.00738 13.53 1.35 1
0.5 0.02081 9.69 1.95 1
0.75 0.06272 6.47 2.63 1
1 0.21483 4.77 4.89 1

Initial concentration (mg L−1)
5 0.09927 1.86 0.34 1
10 0.05582 3.82 0.82 1
20 0.01265 7.84 0.78 1
30 0.00488 11.75 0.67 1
40 0.00331 15.29 0.77 1
50 0.00271 18.25 0.97 1

Stirring speed (rpm)
0 0.00073 12.17 0.11 0.962
100 0.00241 18.32 0.81 1
200 0.00323 18.25 1.08 1
400 0.00271 18.25 0.97 1
800 0.00244 18.42 0.83 1

Ionic strength (g/100 mL)
0 0.00291 18.25 0.97 1
0.25 0.00202 16.84 0.57 1
2 0.0014 15.31 0.33 0.997

Temperature (◦C)
25 0.00291 18.25 0.97 1
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35 0.00307 18.8 1.09 1
45 0.00349 19.31 1.3 1

ncreased. When initial dye concentration was increased from 5
o 50 mg L−1, the equilibrium sorption capacity increased from
.83 to 17.42 mg g−1. The necessary time to reach equilibrium
s variable according to the initial concentration of dye: about
20 min for C0 = 5 and 10 mg L−1, 180 min for C0 = 20 mg L−1,
40 min for 30 mg L−1, 270 for 40 mg L−1, and 300 min for
0 mg L−1.
The kinetic of dye biosorption by the leaves of plane tree were
nalyzed using pseudo-first order equation, the six linear expres-
ions of the pseudo-second order kinetic model and the Elovich

ig. 5. Effect of initial concentration of dye on the sorption of malachite green
y the dead leaves of plane tree.
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ig. 6. Effect of agitation speed on the sorption of malachite green by the leaves
f plane tree.

elation. The kinetics of malachite green sorption by the biosor-
ent follows the pseudo-second order rate expression of type
. The obtained kinetic parameters are regrouped in Table 4.
he values of the rate constant decrease with increasing ini-

ial dye concentrations. The values of determination coefficient
re extremely high (equal to unity) for all initial dye concen-
rations. The values of equilibrium sorption capacity increase
rom 1.86 to 18.25 mg g−1 with increasing initial dye concen-
ration. These values are in agreement with experimental data
s to be in the effect of sorbent dose. However, there was no
lear trend for changes in the initial sorption rate when initial
ye concentrations were changed in this study.

.1.4. Effect of agitation speed
In all the experiments in which the effect of agitation speed

as studied, the sorbent dose, initial dye concentration, and
olution temperature were 0.25 g, 50 mg L−1, and 25 ◦C, respec-
ively. Fig. 6 shows the sorption of malachite green by the leaves
f plane tree at different agitation speeds raging from 0 (without
gitation) to 800 rpm. The obtained results show that there is no
ffect of the agitation speeds between 100 and 800 rpm. These
gitation speeds assure a good diffusion of dye cations toward
iosorbent particles. For the experiment conducted without agi-
ation, it is noticed a significant reduction of the equilibrium
orption capacity. The amount of dye sorption increases with the
ncrease of the stirring speed from 0 to 100 rpm. When increas-
ng the stirring speed, the diffusion rate of dye 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. From
ig. 6, it can also be seen that the agitation speed has an influ-
nce on the contact time necessary to reach equilibrium. For an
gitation speed of 100 rpm, the equilibrium was reached after
50 min, while for a stirring speed of 800 rpm equilibrium was
chieved after 300 min.

The kinetic results were fitted to the pseudo-first order kinetic
xpression, the six linearized forms of the pseudo-second order

quation and the Elovich expression. The sorption of malachite
reen by the leaves of plane tree was found to be well represented
y the type 1 expression of the pseudo-second order kinetic
quation (Table 4).
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ig. 7. Effect of ionic strength on the sorption of malachite green by the leaves
f plane tree.

.1.5. Effect of ionic strength
Wastewaters from textile-manufacturing or dye-producing

ndustries contain various types of suspended solids and salts.
he presence of ions leads to high ionic strength, which may
ignificantly affect the performance of the biosorption process.
ig. 7 presents the effect of ionic strength on the uptake of
ye. It was observed that the sorption potential decreased with
ncreased concentration of NaCl in the medium. The adverse
ffect of ionic strength on dye uptake suggests the possibility of
on exchange mechanisms being in operation in the biosorption
rocess. The reason for this is that, on the one hand, hydrated
ations in the aqueous phase compete effectively with positively
harged dye molecules for the same binding sites on the biosor-
ent surface. On the other hand, “ionic atmosphere” may be
rogressively formed around malachite green molecules with
ncreased NaCl concentration and results in the reduction of

alachite green sorption on the tested biomaterial. Another rea-
on is the influence of the great ionic strength on the activity
oefficient of dye, which reduce its transfer to the sorbent sur-
ace.

From Fig. 7, it can also be seen that the sorbent dosage has an
ffect on the contact time necessary to reach equilibrium. The
equired time to attain equilibrium is about 300 min without salt
nd 360 and 460 min for sodium chloride concentrations of 0.25
nd 2 g/100 mL, respectively.

The experimental kinetic data were fitted to the pseudo-first
rder kinetic expression, the six linearized forms of the pseudo-
econd order equation and the Elovich expression. The sorption
f malachite green by the leaves of plane tree was found to
e well represented by the type 1 expression of the pseudo-
econd order kinetic equation. The obtained kinetic parameters
re regrouped in Table 4. The values of the rate constant and
nitial sorption rate decrease with increasing the concentration
f NaCl. The values of determination coefficient are very high
≥0.997). The values of equilibrium sorption capacity decrease
rom 18.25 to 15.31 mg g−1 with increasing NaCl concentration.
hese values are in agreement with the experimental data.
.1.6. Effect of temperature
Temperature has great effect on the sorption process. The

nfluence of temperature on the sorption of malachite green

s
l
o
a

ig. 8. Effect of temperature on the sorption of malachite green by the dead
eaves of plane tree.

y the leaves of plane tree was studied with a constant initial
oncentration of 50 mg L−1, a sorbent mass of 0.25 g and an agi-
ation speed of 400 rpm. Fig. 8 shows the effect of temperature
n the sorption data as a function of contact time. The equilib-
ium sorption capacity increases when the temperature of dye
olutions increases from 25 to 45 ◦C. The fact that the sorption
f dye is in favor of temperature indicates that the process is
ndothermic.

The sorption kinetic results were fitted to the pseudo-
rst order kinetic expression, the six linearized forms of the
seudo-second order equation and the Elovich expression. The
emperature dependence of dye sorption by the dead leaves of
lane tree shows a good compliance with the type 1 expres-
ion of the pseudo-second order equation, which are reflected
y extremely high coefficients of determination (Table 4). The
alues of the rate constant, the sorption capacity at equilibrium,
nd the initial sorption rate increase with increasing solution
emperature.

The pseudo-second order rate constant is expressed as a func-
ion of temperature using the Arrhenius equation

2 = A0 exp

(
− Ea

RgT

)
(11)

here A0 is the temperature independent factor (g mg−1 min−1);
a the activation energy of sorption (kJ mol−1); Rg the gas
onstant (8.314 J mol−1 K−1), and T is the solution temper-
ture (K). From this equation, Arrhenius constant, A0, is
0.96 × 10−3 g mg−1 min−1 and the activation energy of sorp-
ion Ea is 7.13 kJ mol−1. The activation energy obtained is very
ow, and thus the sorption of malachite green by the dead leaves
f plane tree may involve not only an activated process but a
hysical sorption.

.2. Equilibrium isotherms

The sorption data for malachite green by the leaves of
lane tree at different temperatures were analyzed by a regres-

ion analysis to fit the Freundlich equation and the five
inearized expressions of Langmuir isotherm model. The details
f these different forms of linearized Langmuir equations
nd the method to estimate the Langmuir constants qm and
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Table 5
Parameters of the Langmuir and Freundlich isotherms

Isotherm T (◦C)

25 35 45

Langmuir-1
b (L mg−1) × 103 55.68 70.10 90.91
qm (mg g−1) 77.52 80.65 84.75
R2 0.956 0.911 0.944

Langmuir-2
b (L mg−1) × 103 31.23 33.19 36.08
qm (mg g−1) 85.47 91.74 97.09
R2 0.998 0.997 0.996
�G◦ (kJ mol−1) −25.46 −26.47 −27.55

Langmuir-3
b (L mg−1) × 103 51.31 63.36 83.93
qm (mg g−1) 79.16 83.20 86.79
R2 0.897 0.838 0.842

Langmuir-4
b (L mg−1) × 103 46 53.1 70.7
qm (mg g−1) 80.92 86.13 89.43
R2 0.897 0.838 0.842

Langmuir-5
b (L mg−1) × 103 52.6 61.9 84.4
qm (mg g−1) 78.45 83.21 86.21
R2 0.956 0.911 0.944

Freundlich
n 4.02 3.68 4.01
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KF (mg1−1/n L1/n g−1) 18.68 21.76 21.92
R2 0.991 0.996 0.995

from these plots were explained in Table 2. Out of the
ve different types of linearized Langmuir isotherm equa-

ions, Langmuir-1 and Langmuir-2 are the most frequently
sed by several researchers because of the minimized devi-
tions from the fitted equation resulting in the best error
istribution. Values of the Langmuir constants and the Fre-
ndlich parameters are presented in Table 5 for the sorption
f malachite green by the dead leaves of plane tree at 25,

5 and 45 ◦C. The values of the coefficient of determination
btained from Langmuir-2 expression indicate that there is
trong positive evidence that the sorption of dye by the biosor-

ig. 9. Modeling of sorption isotherms of malachite green by the dead leaves
f plane tree using Langmuir-1 expression.
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ig. 10. Modeling of sorption isotherms of malachite green by the dead leaves
f plane tree using Freundlich model.

ent follows the Langmuir isotherm. Fig. 9 shows the type 2
inear Langmuir equation with the experimental data for the
orption of malachite green by the leaves of plane tree at var-
ous temperatures. It seems that the isotherm obtained from
angmuir-2 expression provided a better fit to the experimental
ata.

Further, the equilibrium data were further analyzed using
he linearized form of Freundlich equation using the same set
xperimental data, by plotting ln qe versus ln Ce (Fig. 10). The
alculated Freundlich isotherm constants and the correspond-
ng coefficient of determination values were shown in Table 5.
rom Table 5, if just the linear form of Langmuir-2 is used for
omparison, Langmuir-2 was more suitable for the experimen-
al data than was the Freundlich isotherm because of the higher
alue of the coefficient of determination. In contrast, if using
he linear form of the other Langmuir equations, the Freundlich
sotherm was more suitable for the experimental data than was
he Langmuir isotherm in most cases. This suggests that both
he Freundlich and Langmuir-2 isotherms could be well repre-
ented the experimental sorption data of malachite green by the
ead leaves of plane tree, but the Langmuir-2 expression was
etter.

A sorption isotherm is characterized by certain constants
he values of which express the surface properties and affin-
ty of the sorbent. The magnitude of the exponent n gives an
ndication of the favorability of sorption. It is generally stated
hat values of n in the range 2–10 represent good, 1–2 moder-
tely difficult, and less than 1 poor adsorption characteristics
22]. The studied material is good sorbent for malachite green
n > 3.6). The favorable nature of sorption can be expressed in
erms of dimensionless separation factor or equilibrium param-
ter [23]: RL = 1/(1 + bC0), where b is the Langmuir constant
nd C0 is the initial concentration of the sorbate in solution. The
alues of RL indicates the type of isotherm to be irreversible
RL = 0), favorable (0 < RL < 1), linear (RL = 1) or unfavorable
RL > 1). The calculated RL values versus initial solute con-
entration at three different temperatures were represented in

ig. 11. From Fig. 11, 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
nitial dye concentrations and at all the three-solution tempera-
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ig. 11. Separation factors for malachite green onto dead leaves of plane tree at
ifferent temperatures.

ure conditions confirms the favorable uptake of malachite green
rocess.

The Langmuir model makes several assumptions, such as
onolayer coverage and constant adsorption energy while

he Freundlich equation deals with heterogeneous surface
dsorption. The applicability of both Langmuir and Freundlich
sotherms to the studied system implies that both monolayer
orption and heterogeneous surface conditions exist under the
sed experimental conditions.

.2.1. Thermodynamic parameters
In environmental engineering practice, both energy and

ntropy factors must be considered in order to determine what
rocesses will occur spontaneously. Gibb’s free energy change,
G◦, is the fundamental criterion of spontaneity. Reactions

ccur spontaneously at a given temperature if �G◦ is a negative
alue. The thermodynamic parameters of �G◦, enthalpy change,
H◦, and entropy change, �S◦, for the sorption processes are

alculated using the following equations

G◦ = −RgT ln b (12)

G◦ = �H◦ − T�S◦ (13)
here b (L mol−1) is the Langmuir-2 constant, Rg the gas con-
tant (8.314 J mol−1 K−1), and T is the solution temperature in
elvin (K).

Fig. 12. Plot of Gibbs free energy change versus temperature.
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ig. 13. Evolution of −log[1 − (q/qe)2] versus time for different concentrations.

A plot of �G◦ obtained using the constant b of Langmuir-2
ersus temperature was found to be linear (Fig. 12). The values
f �H◦ and �S◦ were, respectively, determined from the slope
nd intercept of the plots. The thermodynamic parameter, �G◦,
s shown in Table 5. �H◦ and �S◦ for the sorption process were
alculated to be 5.7 kJ mol−1 and 104.5 J mol−1 K−1, respec-
ively. The negative value of �G◦ confirms the favorability of
he process and the spontaneous nature of sorption with a high
reference for malachite green to sorb onto the leaves of plane
ree. The value of �H◦ was positive, indicating that the sorp-
ion process is endothermic. Finally, the positive value of �S◦
hows the increasing randomness at the solid/liquid interface
uring the sorption of malachite green cations onto the leaves
f plane tree and an affinity of the sorbent toward the dye. The
alue of standard entropy change is not very large and indicates
n increase due to sorption. Normally, adsorption of gases leads
o a decrease in entropy due to orderly arrangement of the gas

olecules on a solid surface. However, the same may not be true
or the complicated system of sorption from solution onto the
ead leaves of plane tree.

.3. Sorption mechanism

From a mechanistic viewpoint to interpret the experimental
ata, prediction of the rate-limiting step is an important factor
o be considered in the sorption process. The sorption dynamics
an be described by the following three consecutive steps: trans-
ort of the solute from bulk solution through liquid film to the
orbent exterior surface, diffusion within the pores of particle,
nd sorption of solute on the interior surfaces of the pores of
orbent. The last step is considered to be an equilibrium reac-
ion. Of the three steps, the third step is assumed to be rapid
nd considered to be negligible. The overall rate of sorption will
e controlled by the slowest step, which would be either film
iffusion or pore diffusion.

If the process is controlled by external resistance, the plot of
n C versus time must be linear [24]. For all the used experimen-
al conditions, the relation was not linear and proved that the

xternal transport was not the limiting step.

Since the sorption of malachite green by plane tree leaves
id not change with the stirring speed and was not con-
rolled by external transport, the sorption kinetics seemed to
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Table 6
Intraparticle diffusion coefficient for malachite green onto plane tree leaves for
different initial dye concentrations

C0 (mg L−1) D/d2 × 104 (min−1) R2

5 12.23 0.983
10 9.15 0.990
20 5.65 0.993
30 3.09 0.989
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0 2.91 0.994
0 3.20 0.994

e controlled by the intraparticle diffusion. Therefore, the sorp-
ion data were analyzed by the Urano and Tachikawa model
25]:

log

[
1 −

(
q

qe

)2
]

= 4π2D

2.3d2 t (14)

here q and qe are the sorbed amounts (mg g−1) at any time t
nd at equilibrium, d (cm) is the diameter of the sorbent, and D
cm2 min−1) is the intraparticle diffusion coefficient based on
he concentration in solids.

Examples of the relationship between −log [1 − (q/qe)2] and
are shown in Fig. 13. Since the relationships were linear, Eq.
14) was adequate. The calculated values of D/d2 determined
rom the slope of plots are tabulated in Table 6. The average
/d2 values were estimated to be 6.03 × 10−4 min−1.

. Conclusion

The results obtained in this study indicate that the dead leaves
f plane tree can be successfully used for the removal of haz-
rdous dye, malachite green from aqueous solutions. The batch
orption process is found dependent upon contact time, sorbent
ose, initial dye concentration, ionic strength, and temperature.
he agitation speed showed a restricted influence on the removal
inetics.

The kinetic data show that pseudo-second order kinetic model
s obeyed better than Elovich and pseudo-first order models since
econd order model provide high degree of correlation with the
xperimental data at various experimental conditions. Among
he six linear expressions of the pseudo-second order kinetic

odel, a type 1 expression very well represent the kinetic uptake
f malachite green by the dead leaves. A type 6 expression is
ound to be the worse fit pseudo-second order kinetic equa-
ion. The obtained value of the activation energy is very low
7.13 kJ mol−1), which indicates not only an activated process
ut a physical sorption. The dye uptake process was found to be
ontrolled by intraparticle diffusion.

Langmuir-2 is the most-popular linear form which had the
ighest coefficient of determination compared with the other
angmuir linear equations. Both the Langmuir and the Fre-
ndlich isotherms had higher values for the coefficient of

etermination, but the Langmuir model is better. Thermody-
amic parameters show that the sorption of malachite green by
he leaves of plane tree is favorable, spontaneous in nature, and
ndothermic.

[

[

ering Journal 143 (2008) 73–84 83

Thus, it can be safely concluded that the waste biomaterial,
ead leaves of plane tree, can be used as excellent sorbent for
he removal of dyes from wastewater.

Further experiments need to be conducted to test the dynamic
orption of malachite green in fixed bed onto the dead leaves of
lane tree.
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