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In this work, the adsorption of malachite green (MG) on rattan sawdust (RSD) was studied at 30°C. The
results indicated that RSD can be used as a low-cost adsorbent for the removal of MG dye from aqueous
solutions. Equilibrium data were analyzed by two isotherms, namely the Freundlich isotherm and the
Langmuir isotherm. The best fit to the data was obtained with the Langmuir isotherm. The monolayer
adsorption capacity of RSD was found to be 62.71 mg/g. The adsorption kinetics can be predicted by the
pseudo-first-order model. The mechanism of adsorption was also studied. It was found that for a short
time period the rate of adsorption is controlled by film diffusion. However, at longer adsorption times,
pore-diffusion controls the rate of adsorption. The amount adsorbed on the outer surface was estimated
from the time where film-diffusion stops controlling the adsorption rate.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Wastewaters discharged from different industries such as the
textile, leather tanning, paper production, food technology, hair
colorings, etc. are usually polluted by dyes. For example, mala-
chite green is most commonly used for the dyeing of cotton, silk,
paper, leather and also in manufacturing of paints and printing inks.
Most of the dyes, including malachite green, are toxic and must be
removed before discharge into receiving streams.

Adsorption on activated carbons has been proven to be very
effective in removing dyes from aqueous solutions. However,
activated carbon is still considered expensive and currently the
research is focused on the development of low-cost adsorbents
for this purpose. Low-cost adsorbents include natural, agricultural,
and industrial by-product wastes. They are attractive because of
their abundant availability at low or no cost and their good perfor-
mance in removing dyes from aqueous solutions. Previously several
researchers had proved several low-cost materials such as palm ash
and chitosan/oil palm ash [1,2], pomelo (Citrus grandis) peel [3],
sunflower seed hull [4], oil palm trunk fibre [5], durian peel [6]
and rice straw-derived char [7], biomass fly ash [8], dried biomass
of Baker’s yeast [9], water-hyacinth [10] for the removal of dyes
from its aqueous solutions. Recently, an extensive list of sorbent
literature for dye removal has been compiled by Crini [11].

* Corresponding author. Tel.: +60 4 599 6422; fax: +60 4 594 1013.
E-mail address: chbassim@eng.usm.my (B.H. Hameed).

0304-3894/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2008.02.054

The objectives of our investigation were to investigate the poten-
tial of using rattan sawdust as a low-cost adsorbent to remove
malachite green from aqueous solutions, to model the equilibrium
and kinetics of the process, and to study the mechanism controlling
the rate of adsorption. In the course of studying the mechanism
of adsorption, we noticed a relationship between the amount of
dye adsorbed on the outer surface of RSD and the total amounts
adsorbed at equilibrium. This relationship may be used as a method
for estimating the ratio of the outside surface area to the total sur-
face area available for adsorption.

2. Materials and methods
2.1. Adsorbate

The dye, malachite green oxalate, C.I. Basic Green 4, C.l.
Classification Number 42,000, chemical formula=Cs,Hs54N4013,
MW =927.00, Amax =618 nm (measured value) was supplied by
Sigma-Aldrich (M) Sdn Bhd, Malaysia. The chemical structure of
malachite green oxalate is shown in Scheme 1.

2.2. Adsorbent

The rattan sawdust was collected from a local furniture factory.
It was washed several times with distilled water to remove dust
like impurities. It was then oven dried at 70 °C for 24 h to constant
weight. The dried sample was crushed, sieved to obtain a parti-
cle size range of 0.5-1.0 mm, and stored in plastic bottles for later
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Scheme 1. Chemical structure of malachite green.

use. No other chemical or physical treatments were used prior to
adsorption experiments.

2.3. Adsorption studies

Batch equilibrium studies were carried out by adding a fixed
amount of RSD (0.30g) into 250-mL Erlenmeyer flasks contain-
ing 200 mL of different initial concentrations (25-300 mg/L) of dye
solution. The flasks were agitated in an isothermal water-bath
shaker at 130rpm and 30°C for 210 min until equilibrium was
reached. Aqueous samples were taken from the solutions and the
adsorbent separated by filtration then the concentrations were ana-
lyzed. At time t=0 and at equilibrium, the dye concentrations were
measured by a double beam UV/vis spectrophotometer (Shimadzu,
Model UV 1601, Japan) at 618 nm. The amount of equilibrium
adsorption, ge (mg/g), was calculated by:

_ (G -GV
qE - T
where Cy and Ce (mg/L) are the liquid-phase concentrations of dye
at initial and equilibrium, respectively. V (L) is the volume of the
solution and W (g) is the mass of dry sorbent used.

To study the effect of solution pH on dye adsorption, 0.30 g of
RSD was agitated with 200 mL of dye solution of dye concentration
100 mg/L using water-bath shaker at 30°C. The experiment was
conducted at different pH value ranging from 2 to 12. Agitation was
provided for 210 min contact time which is sufficient to reach equi-
librium with a constant agitation speed of 130 rpm. At equilibrium,
the dye concentrations were measured by a double beam UV/vis
spectrophotometer (Shimadzu, Model UV 1601, Japan) at 618 nm.
The pH was adjusted by adding a few drops of diluted 0.1N NaOH or
0.1N HCl and was measured by using a pH meter (Ecoscan, EUTECH
Instruments, Singapore).

For kinetic studies, 0.30 g of RSD was contacted with 200 mL
malachite green solutions of dye concentrations 25-300 mg/L using
a water-bath shaker at 30°C. The agitation speed was kept con-
stantat 130 rpm. At predetermined intervals of time, solutions were
analyzed for the final concentration of malachite green.

(1)

3. Results and discussion

3.1. Effect of solution pH on dye adsorption

In this work, the effect of pH on the MG adsorption onto RSD was
studied while the initial dye concentration, shaking time, amount
of RSD and temperature were fixed at 120 mg/L, 210 min, 0.30 g and
30°C, respectively. The effect of pH on the adsorption of MG by the
RSD is presented in Fig. 1. The effect of pH on adsorption of dye
was studied within pH range 2-12. Solution pH would affect both
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Fig. 1. Effect of pH on equilibrium uptake of MG (W=0.30g; V=0.20 L;
Co=100mg/L).

aqueous chemistry and surface binding-sites of the adsorbent. The
equilibrium sorption capacity was minimum at pH 2 (1.22 mg/g)
and increased up to pH 4, reached maximum (38.02-42.53 mg/g)
over the initial pH 4-9. Further increase was noticed at pH 10-12.
The absence of sorption at low pH can be explained by the fact that
at this acidic pH, H* may compete with dye ions for the adsorp-
tion sites of adsorbent, thereby inhibiting the adsorption of dye.
At higher solution pH, the RSD may get negatively charged, which
enhances the adsorption of positively charged dye cations through
electrostatic forces of attraction. Also a change of solution pH affects
the adsorptive process through dissociation of functional groups on
the adsorbent surface. Such behavior leads to a shift in equilibrium
characteristics of adsorption process. A similar result of pH effect
was also reported for the adsorption of methylene blue onto jute
fibre carbon [12].

3.2. Equilibrium isotherms

Two commonly used isotherms, Langmuir [13] and Freundlich
[14], were employed in the present study. The nonlinear Langmuir
and Freundlich isotherms are represented by Eqgs. (2) and (3):

1/n

ge = KrCe (2)
 gmKaCe
e = T7K.Ce (3)

where Ce (mg/L) is the equilibrium concentration, g (mg/g) is the
amount of dye adsorbed at equilibrium, and g, (mg/g) and K,
(L/mg) are Langmuir constants related to adsorption capacity and
energy of adsorption, respectively. K¢ (mg/g)(L/mg)!/" is the Fre-
undlich adsorption constant and 1/n is a measure of the adsorption
intensity [15].

Fig. 2 shows the fitted equilibrium data in Freundlich and Lang-
muir isotherms. The fitting results, i.e. isotherm parameters and
the coefficients of determination, R, are shown in Table 1. It can be
seen in Fig. 2 that Langmuir isotherm fits the data better than Fre-
undlich isotherm. This is also confirmed by the high value of R? in
case of Langmuir (0.999) compared to Freundlich (0.986) and this
indicates that the adsorption of MG on RSD takes place as mono-

Table 1
Isotherm constants for MG adsorption on RSD at 30°C

Langmuir isotherm

dm (mg/g) 62.7+1.27

K (L/mg) 0.023+0.0014

R2 0.999
Freundlich isotherm

Kr 5.88+1.135

n 2.41+0.231

R2 0.986
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Fig. 2. Isotherm plots for MG adsorption on RSD at 30°C.

layer adsorption on a surface that is homogenous in adsorption
affinity.

The RSD adsorbent used in this work had a relatively large
adsorption capacity (62.71 mg/g) compared to some other adsor-
bents reported in the literature, such as bentonite clay (7.72 mg/g)
[16] and arundo donax root carbon (8.70 mg/g) [17]. This indicates
that RSD is effective to remove MG from aqueous solutions.

The essential characteristics of the Langmuir isotherm can be
expressed by a dimensionless constant called the separation factor,
Kg, [18] which is defined by

1

Kr =7 T KxCo (4)

where K; is the Langmuir constant and Cy is the initial dye con-
centration (mg/L). Kr values indicate the type of isotherm to be
irreversible (Kg =0), favorable (0<Kg < 1), linear (Kg=1), or unfa-
vorable (Kg > 1). For adsorption of MG on RSD, Kg values obtained
are shown in Fig. 3. The Ky values for the adsorption of MG onto
RSD are in the range of 0.128-0.638, indicating that the adsorption
is a favorable process and that at high initial MG concentrations the
adsorption is nearly irreversible.

3.3. Adsorption kinetics

In order to investigate the adsorption processes of MG on
RSD, Lagergren’s pseudo-first-order model (Eq. (5)) [19], and Ho’s
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Fig. 3. The separation factor for MG adsorption on RSD at 30°C.
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Fig. 4. The fitting of pseudo-first-order model for MG on RSD for different initial
concentrations at 30°C.

pseudo-second-order model (Eq. (6)) [20] were used

q=ge(1—eht) (5)
_ qikyt
=7 + gekat (6)

where ¢e (mg/g) is the amount of adsorbate adsorbed at equilib-
rium, q (mg/g) is the amount of adsorbate adsorbed at time ¢, k;
(1/min) is the rate constant of pseudo-first-order adsorption, k;
(g/mg min) s the rate constant of pseudo-second-order adsorption.
The fittings of the experimental kinetic results to Egs. (5) and (6)
were done by nonlinear regression. The fitting results are shown
in Figs. 4 and 5, and the values of the estimated parameters are
presented in Table 2. The figures show that the adsorption rate
(dg/dt) decreases with time until it gradually approaches the equi-
librium state due to the continuous decrease in the driving force
(ge — qt). The plots in Figs. 4 and 5 also demonstrate that the adsor-
bate uptake, g, increases with increasing the initial concentration. It
can be seen in Table 2 that the values of the coefficients of determi-
nation, R%, of the pseudo-first-order model are all higher than those
of the second-order model, and also the estimated ge values from
the first-order model are much more accurate. The goodness of fit
and the accurate prediction of ge both indicate that the pseudo-
first-order model better describes the adsorption of MG on RSD.
The g versus t plots do not tell much about how close the adsorp-
tion system at time t is towards its equilibrium state. For a batch
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Fig. 5. The fitting of pseudo-second-order model for MG on RSD for different initial
concentrations at 30°C.
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Table 2

Kinetic models parameters for the adsorption of MG on RSD at 30°C and different initial MG concentrations (Co: mg/L; ge: mg/g; k1: 1/min; k,: g/mg min, K;: 1/min)

Co Gexp Pseudo-first-order Pseudo-second-order
Qe ki R? e ky x 103 R?

25 11.07 11.07 + 0.076 0.141 + 0.0053 0.996 11.64 + 0.305 222 + 4.73 0.9617

50 20.00 20.00 + 0.111 0.049 + 0.0010 0.999 22.46 + 0.603 2.79 + 0.370 0.982
100 33.25 34.03 + 0.509 0.032 + 0.0016 0.994 40.72 + 1.745 0.81 + 0.148 0.976
200 45.92 46.29 + 0.193 0.029 + 0.0004 0.999 56.18 + 1.337 0.51 + 0.005 0.993
300 53.19 53.54 + 0.649 0.023 + 0.0008 0.997 67.30 + 1.331 0.32 + 0.002 0.999
adsorption operation, the temporal approach to equilibrium can 3
be illustrated by a plot of the fractignal uptake f against tinlle. t, _6- h, esmated from pseudo first order model (mgig.min)
where f=q/qe. Fig. 6 shows that the time needed to reach equilib- 25l - h, estimated from pseudo second order model (mg/g.min)
rium increases with increasing the initial MG concentration. It also - <O k, (x10) estimated from the slope of C/C, vs tplot (min™)
shows that the fractional uptake f decreases with increasing the -%
initial MG concentration, although this tendency is not so obvious 5 2
within the high concentration range at short adsorption times. This §
observation is corroborated by examining the values of k; in Table 2, s 15}
where the values of the rate constant k; decrease with increasing o
the initial concentration of MG from 25 to 300 mg/L. A larger k; E 11
value implies that it will take a shorter time for the adsorption g
system to reach the same fractional uptake. Therefore, the trend -
that k; decreases with increasing initial concentration in the range 05¢
25-300 mg/L means that it is faster for an adsorption system with
a lower initial concentration to reach a specific fractional uptake. 0 . . . T "

0 50 100 150 200 250 300

The initial rates of adsorption were calculated from Lagergren'’s
model and the pseudo-second-order model from the equations:

ho,1 = kiqe (7)
ho,2 = kag? (8)

and the results are plotted in Fig. 7. The general trend seen in
the figure is a decrease in the initial rate of adsorption with increas-
ing the initial MG concentration. This is in contradiction to the fact
that ge increases with the increase of Cy thus increasing the driv-
ing force for adsorption, (ge — qp), assumed in the derivation of the
pseudo kinetic models. Therefore, it is concluded that the initial
rate of adsorption is not dependant on chemical reaction, and that
the good fit of the pseudo-first-order model to our experimental
results should be considered an empirical correlation without any
implications regarding the actual mechanism of adsorption.

The rate constants of external mass transfer at the beginning of
adsorption were calculated using the plot of C/Cy against time at
different initial MG concentrations shown in Fig. 8. Second-order
polynomials were fitted to the data, and d(C/Cy)/dt were calculated
from the first derivative of the polynomials at t=0. The values of
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Fig. 6. The fractional approach to equilibrium with time for different initial MG
concentrations 30°C.
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Fig. 7. The variation of the initial rate of adsorption with the initial MG concentra-
tion.

the mass transfer constant, ks (1/min) are presented in Table 3 and
plotted in Fig. 8. Itis observed that unlike hg; and hg, the values of
ks decrease steadily with the increase of Cy. The estimation of the
initial rate of adsorption by ks is more reliable than hg; and ho, for
two reasons:

- ks is calculated directly from the temporal change of C/Cy without
any theoretical assumptions about the mechanism of adsorption;

- ks is precisely calculated at t = 0, from fitting C/Cy values for a short
period at the beginning of adsorption, while hg; and hg ; are calcu-
lated from estimates of ge and k that are obtained from regression
and are affected by the change of q with t throughout the entire
adsorption period.
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Fig. 8. The variation of the C/C, with time at different initial MG concentration.
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Table 3

Diffusion coefficients for adsorption of MG on RSD at 30 °C and different initial con-
centrations (Co: mg/L; ks: 1/min; Dp: cm?/min; k;: mg/g min®>; diffusion period:
min)

Co ks x 100 kiq® Dp x 108 ki2 Pore diffusion
period?
25 6.79 + 0.383 1.36 1.84 - 11.2-21.4
50 2.64 + 0.100 2.31 1.64 - 32.1-57.6
100 1.30 + 0.045 3.23 1.15 - 41.1-75.9
200 0.93 + 0.072 3.90 0.88 1.265 39.9-143.7
300 0.53 + 0.026 3.18 0.44 - 471-149.8

2 Estimated from the start of the second linear segment to the end of the third
linear segment in the pore-diffusion plot.

b Uncertainty analysis can not be applied because some of the slopes were calcu-
lated from only 2 data points.

The decrease of ks with increasing dye concentration was
reported by Allen et al. for the adsorption of basic red 22 and basic
yellow 21 on peanut hulls. [21]. They attributed this trend to the
competition for available surface area for adsorption between the
large numbers of dye molecules, which seems to have more influ-
ence on the initial rate of adsorption than the increasing driving
force caused by higher dye concentration.

3.4. Mechanism of adsorption

At the present time, the models of Boyd [22] and Webber [23]
are widely used for studying the mechanism of adsorption.

Boyd’s model determines whether the main resistance to mass
transfer is in the thin film (boundary layer) surrounding the adsor-
bent particle, or in the resistance to diffusion inside the pores. This
model is expressed as

6 o0
f=1-—

n=1

,,17 exp (—n?Bt) (9)

where f is the fractional attainment of equilibrium, at different
times, t, and Bt is a function of f.

_a
f- (10)

where q; and g (mg/g) are the dye uptake at time t and at equilib-
rium, respectively.

From Eq. (9), it is not possible to calculate the values of B for each
fraction adsorbed. By applying the Fourier transform and then inte-
gration, Reichenberg [24] obtained the following approximations:

for Fvalues > 0.85 Bt =-0.4977 —In(1 —F) (11)

F

and for Fvalues < 0.85 Bt = 3

VI =T = (=-) (12)

B, can be used to calculate the effective diffusion coefficient, D;
(cm?/s), from the equation:

B— JTZD,‘
=5

(13)

where r is the radius of the adsorbent particle assuming spherical
shape.

Egs. (10)-(13) can be used in predicting the mechanism of the
adsorption process. This is done by plotting Bt against time, if the
plot is linear and passes through the origin then pore-diffusion
controls the rate of mass transfer. If the plot is nonlinear or lin-
ear but does not pass through the origin, then it is concluded that
film-diffusion or chemical reaction control the adsorption rate.

Fig. 9 shows the Boyd plots for the first 40 min of MG adsorp-
tion on RSD at 30°C. The plots show a nonlinear segment at short
adsorption times, which means that the experimental data does

6
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Fig. 9. Boyd plots for MG adsorption on RSD at 30°C and different initial MG con-
centrations.

not follow Egs. (11) and (12) and thus pore diffusion does not con-
trol the rate of adsorption in the initial period. This suggests that
film-diffusion or chemical reaction controls the rate of adsorption
during this period.

On the other hand, Webber’s pore-diffusion model was derived
from Fick’s second law of diffusion. The pore diffusion parameter,
k; (mg/g min%°) is defined by:

q = k;t% (14)

where ¢ is the amount adsorbed (mg/g) at time t. It can be seen
from Eq. (14) that if pore-diffusion is the rate limiting step, then
a plot of q against t%> must give a straight line with a slope that
equals k; and an intercept equal to zero. Fig. 10 shows the pore
diffusion plot of MG adsorption on RSD at 30°C. It is clear that the
plots are multilinear, having at least three linear segments. The soft-
ware package NCSS [25] was used to fit the data to the model by
the method of piecewise linear regression. The regression results
are presented in Table 3. For all the multilinear plots in Fig. 10, the
regression results of the first linear segments estimated intercept
values that are significantly different from zero. These intercept
values corroborate the conclusion from the Boyd plots that pore
diffusion does not control the overall rate of adsorption at this early
stage. Therefore, it is confirmed that the first linear segment repre-
sents film-diffusion (or chemical reaction), and that the following
linear segments represent pore-diffusion and equilibrium.

50 | o 25 mg/L
o 50 mg/L
O 100 mg/L
X 200 mg/L
Or A 300 mg/L
]
o 30}
£
o
20 |
10 |
O n n 1 n L L
2 4 6 8 10 12 14
Time®5 (min®%)

Fig. 10. Intraparticle diffusion plot for the adsorption at 30°C and different initial
MG concentrations.
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Fig. 11. The variation of pore diffusion coefficient with the initial MG concentration.

In cases where two pore diffusion periods are found, then two
pore diffusion parameters, k;; and k; , can be calculated from the
slopes of the two corresponding lines. These rate parameters k;;
and k; , represent the diffusion of MG in pores that have two distinct
sizes (macropores and mesopores) [26]. Usually, a decrease in value
of k; from macropore to mespore diffusion is a normal consequence
of reducing the relative free path for diffusion in each pore size.

The results of piecewise linear regression shown in Fig. 10 and
Table 3 also suggest that for all initial MG concentrations except
200 mg/L, there is only one pore diffusion period. This period starts
after the end of a film-diffusion (or chemical reaction) controlled
period, represented by the first linear segment, and continues until
equilibrium is established. Only for Cy =200 mg/L there is evidence
on the existence of two consecutive pore-diffusion controlled peri-
ods before equilibrium. This does not necessarily prove that for
other initial concentrations the mechanism of adsorption has only
one pore-diffusion period, it is possible that our data for these con-
centrations do not contain enough data points during the second
period of pore diffusion, thus lumping the two pore-diffusion peri-
ods and producing one k; value.

It is observed in Table 3 that an increase in the initial MG con-
centration from 25 to 200 mg/L increases the pore diffusion rate
parameter k;; from 1.36 to 3.90 mg/g min®>, but a further increase
of Cp to 300 mg/L decreases k;; to 3.18 mg/g min®>. This discrep-
ancy is resolved by calculating the diffusivity of MG in the pores,
Dy, (cm?/min), from the relation [27].

6ge /Dp

ki = -\ 7 (15)

The values of Dp are given in Table 3 and the relation between
Dp and Cp is shown in Fig. 11 and it is obvious that D, decreases
almost linearly with the increase in Cy. This can be explained by the
increased resistance to diffusion at high MG concentration caused
by the repulsion between charged MG molecules. Similar results
on the relationship between dye concentration and intraparticle
adsorption rate were reported by Ho and McKay for the adsorption
of Chrysordine on Sphagnum Moss peat [28].

4. Conclusions

The present study shows that RSD can be used as an adsorbent
for the removal of MG dye from aqueous solutions. The amount of
dye adsorbed was found to vary with initial of MG concentration
and contact time. The Langmuir adsorption isotherm was found to
have the best fit to the experimental data, suggesting monolayer

adsorption on a homogenous surface. The adsorption kinetics can
be predicted by the pseudo-first-order model. It was found that for
ashort time period the rate of adsorption is controlled by film diffu-
sion. However, at longer adsorption times, pore-diffusion controls
the rate of adsorption.
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