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A B S T R A C T

In this work, eucalyptus bark, a forest waste, was evaluated for its ability to remove malachite
green (MG) from aqueous solutions. Sorption kinetic experiments were studied in a batch mode
operation at various initial dye concentrations, sorbent dosages, and temperatures. The equili-
brium sorption data of MG by eucalyptus bark were analyzed by Langmuir and Freundlich iso-
therm models. The results indicate that both the Langmuir and Freundlich equations provide
good correlation of the experimental data, but the Langmuir expression fits the equilibrium data
better. The maximum sorption capacity of eucalyptus bark was found to be 59.88 mg g�1 at 20 �C.
Pseudo-first-order, pseudo-second-order, and intraparticle diffusion models were used to analyze
the kinetic data obtained at different concentrations. Among the kinetic models studied, the
pseudo-second-order was the best applicable model to describe the sorption of MG by eucalyptus
bark. The overall rate of dye uptake was found to be controlled by external mass transfer at the
beginning of sorption, while intraparticle diffusion controlled the overall rate of sorption at a later
stage. The results indicate the potential of eucalyptus bark as biosorbent for the removal of basic
dye from aqueous solution.
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1. Introduction

Discharge of colored wastewater from various
industries is currently a major problem for environ-
mental management in many countries. Color is a visi-
ble pollutant and the presence of even very minute
amount of coloring substance makes it undesirable due
to its appearance. Basic dyes have high brilliance and
intensity of colors and are highly visible even in a very
low concentration [1]. Malachite green (MG), a basic
dye, is most widely used for coloring purpose,

amongst all other dyes of its category [2]. MG was
found to be toxic to human cells and might cause liver
tumor formation. The use of this dye has been banned
in several countries and not approved by US Food and
Drug Administration. However, due to its ease and
low cost to manufacture, it is still used in certain coun-
tries with less restrictive laws for non-aquaculture pur-
poses. Hence, the dye removal is of great importance.

Several techniques have been used for the removal
of dyes from industrial effluents. In comparison with
other methods, adsorption has been found to be super-
ior in terms of simplicity of design, initial cost, ease of
operation, and insensitivity to toxic substances.�Corresponding author
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Although activated carbon is the most effective adsor-
bent for adsorption of dye, it is quite expensive and
hence there is an increasing need for equally effective
but cheaper adsorbent. Extensive research has been
undertaken recently to develop alternative and eco-
nomic adsorbents. A number of non-conventional sor-
bents has been reported in the literature for their
capacity to remove MG from aqueous solutions, such
as de-oiled soya [3], agro-industry waste, Prosopis ciner-
aria [4], bagasse fly ash [5], hen feathers [6], iron
humate [7], modified rice straw [8], orange peel [9], rice
husk [10], etc.

In this investigation, we attempt to use eucalyptus
bark as an alternative low-cost sorbent in the removal
of MG from aqueous solutions. To our knowledge, the
sorption of dyes in the solutions using eucalyptus bark
was little studied. Morais et al. [11,12] reported the
adsorption of reactive dyes from aqueous solutions
on eucalyptus bark. Saliba et al. [13] have studied the
removal of reactive dyes (Acid Blue 25, Eriochrome
Blue Black B, and Calmagite) by formaldehyde pre-
treated eucalyptus bark powder. The validity of the
results for basic dyes needs further investigation.

The objective of this work was to investigate the
potential of eucalyptus bark, a forest solid waste, as a
novel sorbent in the removal of the basic dye, MG, from
aqueous solutions. The effects of various operating
parameters such as initial dye concentration, sorbent
dosage, and temperature on dye removal were investi-
gated. The sorption mechanism was determined.

2. Materials and methods

2.1. Sorbate

The cationic basic dye (C.I. 42000; Basic Green 4),
MG oxalate salt, (molecular formula C52H56N4O12,
FW 929), was obtained from Merck and used without
further purification. Fig. 1 displays the structure of
this dye.

2.2. Sorbent

Eucalyptus bark used in the present work was col-
lected in autumn 2005 from adult trees from the Univer-
sity Scientific Campus of Sidi-Amar, Annaba, Algeria.
The collected bark was washed with permuted water
several times to remove dirt particles and water soluble
materials. The washing process was continued till the
wash water contained no color. The washed materials
were then completely dried in an oven at 80 �C for 24
h. The dried barks were then cut into small pieces,
crushed, and sieved to eliminate fine particles (<0.5
mm). The obtained material was washed repeatedly

with distilled water (conductivity 0.5 mS cm�1 and
pH 6) until the wash water contained no color and its
UV/Vis absorbance (200–700 nm) was equal to zero
and electric conductivity and pH remain constant.
Finally, the obtained material was then dried in an air
circulating oven at 80 �C for 2 days and stored in a desic-
cator until use.

The macroscopic structure of eucalyptus bark parti-
cles is shown in Fig. 2. The surface structure of eucalyp-
tus bark was analyzed by scanning electronic
microscopy (SEM) at two different magnifications. The
textural structure examination of eucalyptus bark par-
ticles can be observed from the SEM photographs at
1000� and 5000�magnifications (Fig. 3a and b). These
photographs reveal that eucalyptus bark exhibits a
caves-like, uneven, and rough surface morphology.

2.3. Effect of initial dye concentration

A mass of 0.4 g of eucalyptus bark was contacted
with 200 mL MG solutions of dye concentrations
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Fig. 1. Chemical structure of MG (oxalate salt).

Fig. 2. Macroscopic structure of eucalyptus bark particle.
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10–50 mg L�1 (pH 5) using water-bath maintained at 20
�C. The agitation speed was kept constant at 400 rpm.
At predetermined intervals of time, samples were ana-
lyzed for the final concentration of MG by a UV/Vis
spectrophotometer (Hewlett Packard 8453) at a wave-
length of 618 nm, maximum absorbance.

The dye removal percentage can be calculated as
follows:

Removal percentage ¼ C0 � Ce

C0

� 100 ð1Þ

where C0 and Ce (mg L�1) are the initial and equili-
brium liquid-phase concentrations of dye, respectively.

2.4. Effect of sorbent dosage

Samples of eucalyptus bark (0.2, 0.4, 0.6, 0.8, and 1.0
g) were added to 200 mL dye solution. The initial dye
concentration was 50 mg L�1 (pH 5) at constant tem-
perature (20 �C) and stirring (400 rpm).

2.5. Effect of temperature

The effect of temperature (at 20, 35, and 50 �C) on
the sorption of MG by eucalyptus bark sorbent was stu-
died at 0.4 g sorbent and initial MG concentration of
50 mg L�1 (pH 5) for 8 h contact time.

2.6. Equilibrium studies

Batch sorption isotherm was carried out by adding
a fixed amount of sorbent (0.4 g) into 200 mL of differ-
ent initial concentrations (25–300 mg L�1) of dye solu-
tion at pH 5. The suspensions were stirred at 400 rpm
and 20 �C for 8 h until equilibrium was reached. Aqu-
eous samples were taken from the solutions and the
concentrations were determined.

3. Results and discussion

3.1. Effect of contact time and initial concentration

Fig. 4 shows the effect of contact time and initial MG
concentration on the removal of dye by eucalyptus
bark. The sorption efficiency of MG increased gradu-
ally with increasing contact times and reached a pla-
teau afterwards. At this point, the amount of dye
being sorbed onto the sorbent was in a state of dynamic
equilibrium with the amount of dye desorbed from the
sorbent. The contact time needed for MG solutions
with initial concentrations of 30 and 50 mg L�1 to reach
equilibrium was 270 min. For MG solution with an
initial concentration of 10 mg L�1, equilibrium time
of 150 min was required. This is due to fact that sorp-
tion sites took up the available dye more quickly at low
concentration, but dye needed to diffuse to the inner
sites of the sorbent for high concentration. Addition-
ally, the curves of contact time are single, smooth, and
continuous leading to equilibrium. These curves
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Fig. 4. Effect of contact time and initial dye concentration on
MG sorption by eucalyptus bark (sorbent dose¼ 0.4 g/200 mL,
T ¼ 20 �C, pH 5).

Fig. 3. SEM micrograph of eucalyptus bark particle:
(a) magnification 1000� (b) magnification 5000�.
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indicate the possible monolayer coverage of dye on the
surface of eucalyptus bark. From Figs. 4 and 5, it was
observed that the dye removal varied with varying
initial MG concentration. It was noticed that an
increase in initial dye concentration leads to an
increase in the sorption capacity of MG by eucalyptus
bark. Equilibrium uptake increased with the increase
of initial dye concentration at the range of experimental
concentration (Fig. 5). This is a result of the increase
in the driving force the concentration gradient, as
an increase in the initial dye concentrations. When
initial MG concentration was increased from 10 to
50 mg L�1, the equilibrium sorption capacity increased
from 4.84 to 20.02 mg g�1. The initial rate of sorption
was greater for higher initial MG concentration (Fig. 4),
because the resistance to the dye uptake decreased as
the mass transfer driving force increased. The rapid
sorption observed during the first 20 min is probably
due to the abundant availability of active sites on the
eucalyptus bark particle surface, and with the gradual
occupancy of these sites, the sorption becomes less effi-
cient. It is also noticed in Fig. 5 that an increase in the
initial MG concentration leads to a decrease in the per-
centage of MG removal. As the initial MG concentra-
tion increases from 10 to 50 mg L�1 the equilibrium
removal of MG decreases from 99.4% to 80.1%. This
effect can be explained as follows: at low dye/sorbent
ratios, there are number of sorption sites in eucalyptus
bark structure. As the dye/sorbent ratio increases,
sorption sites are saturated, resulting in decreases in
the sorption efficiency.

The sorption process could be divided into three
regimes (Fig. 4): the sorption is increased instantly at
initial stages (due to rapid attachment of dye to the sur-
face of the sorbent), and then keeps increasing gradu-
ally until the equilibrium is reached and remains
constant. The second regime was slower possibly
because adsorption took place in the sorbent network.

3.2. Effect of sorbent dosage

The effect of sorbent dosages on the amount of MG
sorbed at equilibrium and the removal percentage of
dye is shown in Fig. 6. An increase in the eucalyptus
bark dose from 0.2 to 1 g/200 mL increases the percen-
tage of dye removal from aqueous solution from 48.8%
to 99.2%. This may be attributed to increased sorbent
surface area and availability of more sorption sites
resulting from the increased dose of the sorbent. On the
other hand, the amount of MG sorbed at equilibrium
decreases from 24.41 to 9.92 mg g�1 with an increase
in sorbent dosage between 0.2 and 1 g/200 mL. The
increase in sorbent dose at constant dye concentration
and volume will lead to unsaturation of sorption sites
through the sorption process. At higher eucalyptus
bark to dye concentration ratios, there is a superficial
sorption onto the sorbent surface that produces a lower
dye concentration in the solution than when the sor-
bent to dye concentration ratio is lower. This is because
a fixed mass of eucalyptus bark can only sorb a certain
amount of dye. Therefore, the higher the sorbent
dosage is, the larger the volume of effluent that a fixed
mass of eucalyptus bark can purify is. The decrease in
the amount of MG sorbed with increasing sorbent dose
is due to the split in the flux or the concentration gradi-
ent between MG concentrations in the solution and on
the sorbent surface. Additionally, this decrease may be
attributed to overlapping or aggregation of sorption
sites resulting in decrease in total sorbent surface area
available to dye and an increase in diffusion path
length [14].

3.3. Effect of temperature

The sorption studies were carried out at three differ-
ent temperatures 20, 35, and 50 �C, and the results of
these experiments are shown in Fig. 7. Both the sorp-
tion capacity and the removal percentage of MG
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Fig. 5. Evolution of dye removal percentage and sorbed
amount at equilibrium versus initial concentration (sorbent
dose ¼ 0.4 g/200 mL, T ¼ 20 �C, pH 5).
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Fig. 6. Evolution of dye removal percentage and sorbed
amount at equilibrium versus sorbent dosage (C0 ¼ 50 mg
L�1, T ¼ 20 �C, pH 5).
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increase with the increasing temperature, indicating
that the sorption is an endothermic process. This may
be a result of increase in the mobility of the dye with
increasing temperature. Furthermore, the enhance-
ment in the sorption capacity might be due to the
enhancement of sorptive interaction between the active
sites of sorbent and sorbate ions, creation of some new
sorption sites or the increased rate of intraparticle dif-
fusion of MG molecules into the pores of the sorbent
at higher temperatures [15–17]. The removal percen-
tage of MG increased from 80.1% to 92.8% with the rise
of temperature from 20 to 50 �C, respectively. The
amount of dye sorbed at equilibrium is determined
as 20.02, 22.14, and 23.21 mg g�1 at 20, 35, and 50 �C,
respectively.

3.4. Isotherm analysis

The distribution of MG between the sorbent and the
aqueous solution at equilibrium has been expressed
using the two widely used models the Langmuir and
the Freundlich isotherms.

3.4.1. Langmuir model

The Langmuir model assumes uniform energies of
adsorption onto the surface and no transmigration of
adsorbate in the plane of the surface. The Langmuir
equation may be written as

qe ¼
qmbCe

1 þ bCe

ð2Þ

where qe is the amount of solute sorbed per unit
weight of sorbent (mg g�1), Ce is the equilibrium con-
centration of the solute in the bulk solution (mg L�1),
qm is the monolayer sorption capacity (mg g�1), and b
(L mg�1) is the constant related to the free energy of
sorption.

Eq. (2) can be linearized as follows:

Ce

qe

¼ 1

qm

Ce þ
1

qmb
ð3Þ

The sorption data were analyzed according to the
linear form of the Langmuir isotherm. The plot of
Ce/qe versus Ce gives a straight line of slope 1/qm and
intercept 1/bqm (figure not shown). The isotherm was
found to be linear over the entire concentration range
studied with a good linear regression coefficient
(R2 ¼ 0.993), showing that data correctly fit the Lang-
muir model. The Langmuir parameters are tabulated
in Table 1. The monolayer saturation capacity was
found to be 59.88 mg g�1. The fact that Langmuir iso-
therm fits the experimental data very well confirms the
monolayer coverage of dye onto sorbent particles and
also the homogenous distribution of active sites on the
material, since the Langmuir equation assumes that the
surface is homogenous.

The favorable nature of sorption can be expressed in
terms of dimensionless separation factor of equili-
brium parameter, which is defined by [18]:

RL ¼
1

1 þ bC0

ð4Þ

where b is the Langmuir constant and C0 is the
initial concentration of the sorbate in solution.

The values of RL indicates the type of isotherm to
be irreversible (RL ¼ 0), favorable (0 < RL < 1), linear
(RL ¼ 1) or unfavorable (RL > 1). The calculated
RL values versus initial MG concentration were repre-
sented in Fig. 8. From this figure, it was observed that
sorption was found to be more favorable at higher con-
centrations. Also the value of RL in the range of 0–1 at

70

75

80

85

90

95

20 35 50

T (°C)

R
em

ov
al

 p
er

ce
nt

ag
e

19

20

21

22

23

24

q e
 (m

g 
g–1

)

Fig. 7. Evolution of dye removal percentage and sorbed
amount at equilibrium versus temperature (sorbent dosage
¼ 0.4 g/200 mL, C0 ¼ 50 mg L�1, pH 5).

Table 1
Parameters of the Langmuir and Freundlich isotherms for the sorption of MG by eucalyptus bark

Langmuir Freundlich

qm (mg g�1) b (L mg�1) � 103 R2 KF (mg1�1
n L

1
n g�1) n R2

59.88 72.93 0.993 8.41 2.55 0.986
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all initial dye concentrations confirms the favorable
uptake of MG process.

3.4.2. Freundlich model

The Freundlich equation can be written as

qe ¼ KF C1=n
e ð5Þ

where qe is the amount of solute sorbed per unit
weight of sorbent (mg g�1), Ce is the equilibrium con-
centration of solute in the bulk solution (mg L�1), KF

is a constant indicative of the relative sorption capacity
of the sorbent (mg1�1

n L
1
n g�1), and n is a constant indica-

tive of the intensity of the sorption. The Freundlich
expression is an exponential equation and therefore,
assumes that as the sorbate concentration increases, the
concentration of sorbate on the sorbent surface also
increases. The linear form of the Freundlich isotherm is

ln qe ¼ ln KF þ
1

n
ln Ce ð6Þ

The equilibrium data were further analyzed using
the linearized form of Freundlich equation using the
same set experimental data, by plotting ln qe versus
ln Ce (figure not shown). The calculated Freundlich iso-
therm constants and the corresponding coefficient of
determination values were shown in Table 1. From
Table 1, it was observed that both the Freundlich and
Langmuir isotherms could well represent the experi-
mental sorption data of MG by eucalyptus bark, but the
Langmuir expression was better.

The magnitude of the exponent n gives an indica-
tion on the favorability of sorption. It is generally stated
that values of n in the range 2–10 represent good, 1–2
moderately difficult, and less than 1 poor adsorption
characteristics [19]. The value of the Freundlich para-
meter n shows that the studied material is good sorbent
for MG.

The applicability of both Langmuir and Freundlich
isotherms to the studied system implies that both
monolayer sorption and heterogeneous surface condi-
tions exist under the used experimental conditions.

Fig. 9 shows the experimental equilibrium data
as well as the theoretical curves predicted by the
Langmuir and Freundlich models. It was observed that
the equilibrium data were well represented by the
Langmuir isotherm equation when compared to the
Freundlich model.

3.5. Modeling of sorption kinetics

In order to investigate the kinetics of MG sorption
by eucalyptus bark, the Lagergren pseudo-first-order
model [20] and the Ho’s linear form [21,22] of the
pseudo-second-order model, developed by Blanchard
et al. [23], were used.

A simple kinetic analysis of sorption can be
performed with a pseudo–first–order equation as
suggested by Lagergren [20]

dq

dt
¼ K1 ðqe � qÞ ð7Þ

where K1 (min�1) is the rate constant of the pseudo-
first-order sorption, qe (mg g�1) is the amount of dye
sorbed on the sorbent surface at equilibrium, and
q (mg g�1) is the amount of dye sorbed at any time
t (min).

Eq. (7) above can be integrated to the following form
by applying the boundary conditions q ¼ 0 at t ¼ 0

ln qe � qð Þ ¼ ln qe � K1t ð8Þ

This rate expression is known as the Lagergren
pseudo-first-order equation.

Since q ¼ 0 at t ¼ 0, the initial rate of adsorption can
be calculated from Eq. (9) as follows:
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h1 ¼ K1 qe ð9Þ

The values of K1 and qe can be determined by the
slope of linear plots of ln (qe � q) versus t (Fig. 10). The
parameters of the pseudo-first-order model are sum-
marized in Table 2. The values of determination coeffi-
cient for the plots were in the range 0.770–0.978.
However, although the coefficient of determination
value is reasonably high for an initial dye concentra-
tion of 50 mg L�1, the calculated sorption capacity
values obtained from this kinetic model do not give
reasonable values compared with experimental sorp-
tion capacity. This finding suggested that the sorption
process does not follow the pseudo-first-order sorption
rate expression of Lagergren.

An expression of the pseudo–second–order rate
based on the solid capacity has been presented by Blan-
chard [23]

dq

dt
¼ K2 ðqe � qÞ2 ð10Þ

where K2 is the pseudo-second-order rate constant
(g mg�1 min�1), qe is the amount of dye sorbed at equi-
librium (mg g�1), and q is the amount of dye cation on
the surface of the sorbent at any time t (mg g�1).

Integrating Eq. (10), considering that q¼ 0 when t¼
0 and that q ¼ q when t ¼ t, results in the expression
[21,22]

t

q
¼ 1

K2q2
e

þ 1

qe

t ð11Þ

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

h2 ¼ K2 q2
e ð12Þ

By plotting t/q versus t (Fig. 11), qe and K2 can be
determined from slope and intercept. As mentioned
above, the curve fitting plots of ln (qe � q) versus t does
not show good results, while the plots of t/q versus t
give a straight line for all the initial dye concentrations
studied as showed in Fig. 11, confirming the applicabil-
ity of the pseudo-second-order equation. The para-
meters of the pseudo-second-order sorption kinetic
model are tabulated in Table 2. The determination coef-
ficient values of the pseudo-second-order model
exceeded 0.99 and the calculated sorption capacity
values determined from pseudo-second-order model
were more consistent with the experimental values of
sorption capacity. Therefore, the pseudo-second-
order model better represented the sorption kinetics
and thus supports the assumption behind the model.
This suggests that the overall rate of the MG sorption
process appeared to be controlled by chemical process.

3.5.1. Sorption mechanism

From design aspect, it is important to estimate
which is the rate-limiting step (pore or film diffusion)
involved in the sorption process. The three consecutive
steps in the sorption of a sorbate by a sorbent are:

• Transport of sorbate molecules from the bulk solu-
tion to the external surface of the sorbent by diffusion
across the liquid boundary layer (film diffusion).
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Fig. 10. Pseudo-first-order kinetics for sorption of MG onto
eucalyptus bark at 20 �C.

Table 2
Parameters of the pseudo-first-order and the pseudo-second-order models for the sorption of MG by eucalyptus bark for
different initial dye concentrations (sorbent dosage ¼ 0.4 g/200 mL, T ¼ 20 �C, pH 5)

C0

(mg L�1)
qe exp

(mg g�1)
Pseudo-first-order model Pseudo-second-order model

K1

(min�1)
qe calc

(mg g�1)
h1

(mg g�1 min�1)
R2 K2

(g mg�1 min�1)
qe calc

(mg g�1)
h2

(mg g�1 min�1)
R2

10 4.84 1.95 � 10�3 17.56 0.034 0.770 28.24 � 10�3 4.98 0.701 0.999
30 13.60 4.68 � 10�3 14.08 0.066 0.903 3.23 � 10�3 14.58 0.686 0.999
50 20.02 16.10 � 10�3 13.14 0.212 0.978 2.30 � 10�3 21.37 1.048 0.999
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• Diffusion of the sorbate within the pores of the sor-
bent (intraparticle diffusion).

• Sorption of the sorbate on the active sites.

It is generally accepted that the last step is usually
very rapid in comparison to the first two steps. There-
fore, the overall rate of sorption is controlled by either
film or intraparticle diffusion.

Since neither the pseudo-first-order nor the
pseudo-second-order model can identify the diffusion
mechanism, the kinetic results were analyzed by the
intraparticle diffusion model.

The rate parameter of intraparticle diffusion can be
defined as [24]

q ¼ kid t1=2 þ c ð13Þ

where q (mg g�1) is the amount of MG sorbed at
time t, c (mg g�1) the intercept, and kid (mg g�1

min�1/2) is the intraparticle diffusion rate constant.
The kinetic results can be used to determine if par-

ticle diffusion is the rate-limiting step for dye sorption
onto material. Fig. 12 shows the amount of dye sorbed
versus t1/2 for intraparticle transport of MG by

eucalyptus bark at different initial dye concentrations.
It can be observed that the plots had the same general
features and there were three different portions, repre-
senting the different stages in sorption: an initial curve
portion followed by linear portion and a plateau. The
initial curve portion was due to surface sorption and
rapid external diffusion (boundary layer diffusion).
The second linear portion is the gradual sorption stage
where the intraparticle diffusion is rate-controlled. The
plateau (third portion) is the final equilibrium stage,
where the intraparticle diffusion starts to slow down
due to the low solute concentration in solution.

The slope of the second linear portion characterizes
the rate parameter corresponding to the intraparticle
diffusion, whereas the intercept of this portion is pro-
portional to the boundary layer thickness. The calcu-
lated kid values for each initial concentration are
given in Table 3. It was found that the rate constant
increased with increasing dye concentration. The
determination coefficient values for this diffusion
model are between 0.910 and 0.994 (Table 3). This indi-
cates that the sorption of MG onto sorbent material can
be followed by an intraparticle diffusion model after 20
min. The double initial nature of the curve reflects the
two-stage external diffusion (mass transfer) followed
by intraparticle diffusion of dye onto sorbent. How-
ever, the results do not pass through the origin (the
plots have intercepts in the range 2.84–8.81 mg g�1),
indicating that intraparticle diffusion is involved in the
sorption process but it is not the only rate–limiting
mechanism and that some other mechanisms also play
an important role. The values of the intercept also give
an idea about the boundary layer thickness: the larger
the intercept, the greater is the boundary layer effect.
Namely, any increase in the value of c indicates the
abundance of solute in the boundary layer. As seen
in Table 3, the value of c increases with increasing
concentration.

3.6. Eucalyptus bark performance

Table 4 compares the sorption capacity of different
types of sorbents used for removal of MG. The value
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Fig. 12. Plots for evaluating intraparticle diffusion rate
constant for sorption of MG onto eucalyptus bark (sorbent
dosage ¼ 0.4 g/200 mL, T ¼ 20 �C, pH 5).

Table 3
Intraparticle diffusion parameters for the sorption of MG at
various initial dye concentrations (sorbent dosage ¼ 0.4 g/
200 mL, T ¼ 20 �C, pH 5)

C0 (mg L�1) kid (mg g�1 min�1/2) c (mg g�1) R2

10 0.197 2.84 0.910
30 0.698 4.45 0.960
50 0.798 8.81 0.994
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Fig. 11. Pseudo-second-order kinetics for sorption of MG
onto eucalyptus bark at 20 �C.
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of monolayer sorption capacity in this study is compar-
able to the sorption capacities of some other sorbent
materials for MG. This suggests that MG could be
easily sorbed by eucalyptus bark.

4. Conclusions

Kinetic and equilibrium studies were reported for
the sorption of MG from aqueous solutions by eucalyp-
tus bark. Results of sorption showed that eucalyptus
bark, an abundant forest waste, can be effectively used
as a sorbent for the removal of dye.

Experimental data indicated that the amount of dye
sorbed was dependent of operating variables such as
contact time, initial dye concentration, sorbent dosage,
and temperature. Modeling of sorption kinetics
showed good agreement of experimental data with the
pseudo-second-order kinetic equation for different
initial dye concentrations.

The equilibrium sorption data were analyzed by
the Langmuir and the Freundlich isotherm equations.
The Langmuir model yielded a much better fit than the
Freundlich model. The monolayer sorption capacity of
eucalyptus bark based on Langmuir model was found
to be 59.88 mg g�1 at 20 �C.

The overall rate of dye uptake was found to be con-
trolled by external mass transfer at the beginning of
sorption, while intraparticle diffusion controlled the
overall rate of sorption at a later stage.
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Nomenclature

b Langmuir constant (L mg�1)
c intercept of the intraparticle diffusion model

(mg g�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)
h1 initial sorption rate for the pseudo-first-order

model (mg g�1 min�1)
h2 initial sorption rate for the pseudo-second-

order model (mg g�1 min�1)
kid the intraparticle diffusion rate constant (mg g�1

min�1/2)
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

sorption capacity of the sorbent ðmg
1�1

n L
1
n g�1Þ

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
RL dimensionless separation factor of Hall
t Time (min)
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