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Abstract

In this work, the adsorption of malachite green (MG) was studied on activated carbon prepared from bamboo by chemical activation with
K,COj; and physical activation with CO, (BAC). Adsorption studies were conducted in the range of 25-300 mg/L initial MG concentration and
at temperature of 30 °C. The experimental data were analyzed by the Freundlich isotherm, the Langmuir isotherm, and the multilayer adsorption
isotherm. Equilibrium data fitted well with the Langmuir model with maximum adsorption capacity of 263.58 mg/g. The rates of adsorption were
found to confirm to pseudo-second-order kinetics with good correlation and the overall rate of dye uptake was found to be controlled by pore
diffusion throughout the entire adsorption period. The results indicate that the BAC could be used to effectively adsorb MG from aqueous solutions.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Synthetic dyestuffs are used extensively in textile, paper,
printing and other industries. Dyes are classified as follows:
anionic-direct, acid and reactive dyes; cationic-basic dyes; non-
ionic-disperse dyes [1,2]. Basic dyes have high brilliance and
intensity of colours and are highly visible even in a very low
concentration [2,3-7]. It is reported that there are over 100,000
commercially available dyes with a production of over 7 x 10°
metric tonnes per year [3,8]. Dyes may significantly affect photo-
synthetic activity in aquatic life due to reduced light penetration
and may also be toxic to some aquatic life due to the presence
of aromatics, metals, chlorides, etc., in them [1-4,8,9].

Malachite green selected in this study has been widely used
in aquaculture as a parasiticide and in food, health, textile and
other industries for one or the other purposes. It controls fungal
attacks, protozoan infections and some other diseases caused by
helminths on a wide variety of fish and other aquatic organisms.
However, the dye has generated much concern regarding its use
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due to its reported toxic effects [10]. Many adverse effects from
the consumption of the dye due to its carcinogenic, genotoxic,
mutagenic and teratogenic properties in animal studies have been
reported [11].

Various attempts have been made for dye removal from
aqueous solutions. These include photodegradation [12,13],
photocatalytic degradation [14,15], adsorption [16] and others
[12]. Adsorption has been shown to be the most promising option
for all on-biodegradable organics for the removal from aqueous
streams, activated carbons being the most common adsorbent for
this process due to its effectiveness and versatility. Our group
have successfully prepared activated carbons using different pre-
cursors such as oil palm fibre [17], rattan sawdust [18], coconut
husk [19], Hevea brasiliensis seed coat [20], and bamboo [21].
The bamboo-based activated carbon was previously prepared
by activation with KOH and gasification with CO; for removal
of methylene blue [21]. In this paper, we report the adsorption
of malachite green on activated carbon prepared from bamboo
by chemical activation with KoCO3 and subsequent physical
activation with CO;. K,COs is not a hazardous chemical and
not deleterious as it is frequently used for food additives [22].
K;,CO3 was used for preparation of activated carbons from palm
shell [22], cork waste [23] and chickpea husk [24]. Thus, the
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Fig. 1. Chemical structure of malachite green oxalate.

objective of the research was to evaluate the adsorption potential
of activated carbon prepared from bamboo for malachite green.
The kinetics of adsorption was also studied and the processes
controlling the rate of mass transfer were determined.

2. Materials and methods
2.1. Adsorbate

The dye, malachite green oxalate, C.I. Basic Green
4, C.I. Classification Number 42,000, chemical for-
mula=Cs5pHs4N4012, MW =927.00, Ayax =618 nm (measured
value) was supplied by Sigma—Aldrich (M) Sdn Bhd, Malaysia
and used as received. Fig. 1 shows the chemical structure of
malachite green oxalate.

2.2. Preparation and characterization of activated carbon

Raw material (bamboo) used for preparation of activated
carbon was procured locally, washed, dried, and crushed to
desired mesh size (1-2mm). A certain amount of raw mate-
rial was soaked with (K,CO3) at impregnation ratio of 1:1. The
mixture was dehydrated in an oven overnight at 105 °C. The
dehydrated sample was placed in a stainless steel vertical tubu-
lar reactor placed in a tube furnace under high purity nitrogen
(99.995%) flow of 150 cm?>/min to a final temperature of 500 °C.
The heating was provided at rate of 15 °C/min for 1 h. Then the
temperature was increased to 850 °C. Once the final temperature
was reached, the gas flow was switched to carbon dioxide and
activation was continued for 2 h. The activated product was then
cooled to room temperature under nitrogen flow and washed
with hot distilled water to remove remaining chemical and fil-
tered. The washing and filtration steps were repeated until the
filtrate became neutral. The washed activated carbon was dried
at 105 °C for 24 h, ground to a particle size 150 pm and stored
a plastic container for further use. The yield of activated carbon
(yield =weight of BAC produced (g)/weight of dried bamboo
(g)) was found to be 19.49.

Textural characterization of the prepared activated carbon
was carried out by N» adsorption at 77 K using Autosorb I (Quan-
tachrome Corporation, USA). The Brunauer—-Emmett—Teller
(BET) surface area and total pore volume of the prepared

activated carbon were then determined. Scanning electron
microscopy (SEM) analysis was carried out for the precur-
sor and the prepared activated carbon to study their surface
textures and the development of porosity. In addition, the sur-
face functional groups of the prepared activated carbon were
detected by Fourier transform infrared (FTIR) spectroscope
(FTIR-2000, PerkinElmer). The spectra were recorded from
4000 to 400 cm ™.

2.3. Adsorption studies

The batch sorption experiments were carried out in 250 mL
Erlenmeyer flasks where 0.20 g of the BAC and 200 ml of the
MG solutions (25-300 mg/L) were added without adjusting pH.
The Erlenmeyer flasks were subsequently capped and agitated
in an isothermal shaker at 120 rpm and 30 °C for 230 min to
achieve equilibration. The concentration of the MG in the solu-
tion after equilibrium adsorption was measured by a double
beam UV/vis spectrophotometer (Shimadzu, Model UV 1601,
Japan) at 618 nm.

The amount of adsorption at equilibrium, g. (mg/g), was
calculated by:

(G —CoV

W ey

€
where Cp and C, (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 adsorbent used.

To study the effect of solution pH, a sample of 0.20 g adsor-
bent was added to dye solution (200 ml, 50 mg/L) at constant
temperature (30 °C). The experiments were carried out at pH
2-8. The Erlenmeyer flasks were subsequently capped and agi-
tated in an isothermal shaker at 120 rpm and 30 °C for 230 min to
achieve equilibration. The concentration of the MG in the solu-
tion after equilibrium adsorption was measured as above. The
pH was adjusted by adding a few drops of diluted 0.1N NaOH
or 0.1N HCI before each experiment. The pH was measured by
using a pH meter (Ecoscan, EUTECH Instruments, Singapore).

Kinetic studies of adsorption were also carried out at various
concentrations of the MG wherein the extent of adsorption was
investigated as a function of time. The amount of adsorption at
time ¢, g; (mg/g), was calculated by:

_(G-Cpv
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3. Results and discussion
3.1. Characterization of activated carbon

Fig. 2 shows the SEM micrographs of BAC sample. It can be
seen that the BAC surface exhibits a heterogeneous type pores.
The multipoint BET surface area, total pore volume and aver-
age pore diameter were 1724 m?/g, 1.071 cm3/g and 2.485 nm,
respectively. The BAC contained relatively large surface area
and total pore volume compared to commercially available acti-
vated carbons. The high BET surface area and total pore volume
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Fig. 2. SEM micrograph of BAC particle (magnification: 500).

of the prepared activated carbon was probably due to the activa-
tion process used, which involved both chemical and physical
activating agents of K;CO3 and CO;.

The FTIR spectra obtained (figure not shown) for the
prepared activated carbon displayed the following bands
(3853.03; 3736.46; 3672.52; 3650.09; 3630.45cm~! (OH
stretch), 3567.95;2374.35 cm~! (NH stretch) and 1031.23 cm ™!
(C=O0 stretch)).

3.2. Effect of initial concentrations and agitation time on
dye adsorption

Fig. 3 shows the effect of initial MG concentration on the
adsorption of the dye at pH 5, BAC dosage 0.20 g, and 30 °C.
An increase in the initial MG concentration leads to a decrease
in the MG removal. As the initial MG concentration increases
from 25 to 300 mg/L the equilibrium removal of MG decreases
from 98.60 to 84.45%. It is also noticed in Fig. 3 that large frac-
tions of the total amount adsorbed of MG were removed in the
initial rapid uptake phase. In the first 20 min, the fractions of
total amounts adsorbed are about 95, 89, 92, 87, 77, 60 and 51
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Fig. 3. Effect of initial concentration and contact time on MG adsorption
(W=0.20 g; temperature =30 °C.).
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Fig. 4. Effect of pH on equilibrium uptake of MG (W=0.20g; V=0.20L;
Co=50mg/L).

for initial MG concentrations 25, 50, 100, 150, 200, 250 and
300, respectively. This is due to the high concentration gradient
in the beginning of adsorption which represents a high driving
force for the transfer of MG from solution to the surface adsor-
bent. It is also clear from Fig. 3 that the contact time needed for
MG solutions with initial concentrations of 25-50 mg/L to reach
equilibrium was less than 50 min. For MG solutions with initial
concentrations of 100-300 mg/L, the equilibrium time ranged
between 80 and 170 min was required. However, the experi-
mental data were measured at 230 min to make sure that full
equilibrium was attained.

3.3. Effect of solution pH on dye adsorption

To study the effect of solution pH on MG adsorption, the
experiment was conducted at initial concentration of 50 mg/L,
0.20 mg adsorbent at 30 °C. The effect of pH was studied in the
range pH 2-8. The result is shown in Fig. 4. The amount of
dye adsorbed at equilibrium, g increases from 26.25 to 50.11
with increase in pH from 2 to 8. The maximum ¢, was observed
at pH 4 and beyond that pH it attains almost constant value.
Since no significant change in the adsorbed amount of dye was
observed after pH 5, it was suggested that the increase in adsorp-
tion depended on the properties of the adsorbent surface and
the dye structure. The behavior clearly indicates the protona-
tion of MG in acidic medium and with the rise in pH the dye
becomes more and more de-protonated. In lower pH range, the
low adsorption of dye also exhibits possibility of development
of positive charge at activated carbon surface, which inhibits the
adsorption of dye over it [25]. However, in the basic medium the
formation of electric double layer changes its polarity and con-
sequently the dye uptake increases. A similar result was reported
for adsorption of malachite green onto activated carbon prepared
from Tuncbilek lignite [26].

3.4. Equilibrium isotherms

The thermodynamic assumptions of adsorption isotherms
and their estimated parameters provide insight into both the
properties of the surface and also the mechanism of adsorp-
tion. In this study, two isotherms were used for describing the
experimental results, namely the Freundlich isotherm and the
Langmuir isotherm.
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Fig. 5. Isotherm plots for MG adsorption on BAC at 30 °C.

The Freundlich isotherm is suitable for non-ideal adsorption
on heterogeneous surfaces. The heterogeneity is caused by the
presence of different functional groups on the surface, and sev-
eral adsorbent—adsorbate interactions. The Freundlich isotherm
is expressed by the following empirical equation [27]:

ge = KpCY/" 3)

where Kr (mg/g) (L/mg) """ is the Freundlich adsorption constant
and 1/n is a measure of the adsorption intensity.

Langmuir isotherm is derived on the assumption of mono-
layer adsorption on a homogenous surface. It is expressed by
[28]:

gmKaCe
ge =

— ImPare 4
1+ KoCe @)

where C. is the equilibrium concentration (mg/L), ge is the
amount of dye adsorbed (mg/g), ¢n, is g. for complete monolayer
adsorption capacity (mg/g), and K, is the equilibrium adsorption
constant (L/mg).

Fig. 5 shows the fitted equilibrium data to Freundlich and
Langmuir isotherms. The fitting results, i.e. isotherm parameters
and the coefficient of determination, R2, are shown in Table 1.
It can be seen that the fitting to Freundlich isotherm is poor in
comparison to Langmuir isotherm. This is also confirmed by
the relatively high value of R? in case of Langmuir (0.9766)
compared to Freundlich (0.9275). So the Freundlich isotherm
can be rejected for the system MG-BAC.

Table 2 lists the comparison of maximum monolayer adsorp-
tion capacity of various activated carbons derived from different
precursors reported in the literature [29-34] for the adsorption
of MG. It can be concluded that the activated carbon prepared
in this work has very large adsorption capacity.

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

Langmuir isotherm Freundlich isotherm

gm (mg/g) K, (L/mg) R K; n R

263.58 0.3864 0.9766 80.74 3.18 0.9275

Table 2

Comparison of adsorption capacities of various activated carbons for MG
Adsorbent gm (mg/g) T(°C) Reference
Bamboo-based activated carbon 263.58 30 This work

Cyclodextrin-based material 91.9 25 [29]

Groundnut shell-based powdered 222.22 30£1 [30]
activated carbon (GSPAC)

Commercial powder activated 222.22 30£1 [30]
carbon (CPAC)

Activated carbon prepared waste 116.27 30 [31]
apricot

Activated carbons commercial 8.27 30+1 [32]
grade (ACC)

Activated carbons laboratory 42.18 30+1 [32]
grade (ACL)

Arundo donax root carbon 8.69 30 [33]
(ADRC)

Lignite activated carbon 149 25 [34]

Oil palm trunk fibre 149.35 30 [35]

Bentonite clay 7.72 35 [36]

Chitosan bead 93.55 30 [37]

3.5. Kinetic study

The modeling of the kinetics of adsorption of MG on
BAC was investigated by three common models, namely, the
Lagergren pseudo-first-order model (Eq. (5)) [38], Ho’s pseudo-
second-order model (Eq. (6)) [39], and the Elovich model (Eq.
(7)) [40].

q = qe(l —e ki) 5)
2

Gkt

T= 9 gekat ©

q= % In(1 + o) @)

where g is the amount of MG adsorbed at equilibrium (mg/g),
q is the amount of MG adsorbed at time ¢ (mg/g), k; is the rate
constant of pseudo-first-order adsorption (min™'), k, is the rate
constant of pseudo-second-order adsorption (g/mg min), « is
the initial adsorption rate (mg/g min), and 8 is the desorption
constant (g/mg).

The fittings of the experimental kinetic results to the three
models are shown in Figs. 6-8, and the estimated parameters
values are presented in Table 3. It can be seen from the R* val-
ues that the pseudo-second-order model gives the best fit (R”:
0.9952-0.9993) but its predicted g. values are overestimated
as compared to the experimentally observed values (2.3-5.6%
deviation), especially at high MG concentrations. However, ge
values estimated from the pseudo-second-order model are an
extrapolation outside the time period that was experimentally
investigated, the fact still remains that the model accurately
predicts the adsorption kinetics throughout the period of exper-
iments. Therefore, the pseudo-second-order model could be
used for the prediction of the kinetics of adsorption of MG on
BAC. As for the other two models, it is not clear that there
is a second best; Lagergren’s model performs reasonably well
at low MG concentration and the goodness of fit deteriorates
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Fig. 6. The fitting of Lagergren’s model for MG on BAC for different initial
concentrations at 30 °C.
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Fig. 7. The fitting of pseudo-second-order model for MG on BAC for different
initial concentrations at 30 °C.

at higher concentrations, while Elovich model has the poor-
est fitting at low concentrations but improves at higher MG
concentrations.

The initial adsorption rates can be calculated from the pseudo-
second-order model by the following equation:

hoo = kag? 8)

Table 3
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Fig. 9. The variation of the initial rate of adsorption with the initial MG con-
centration.

and the results are plotted in Fig. 9. It was found that the ini-
tial rate of adsorption increases with increasing the initial MG
concentration, reaches its maximum value when C, =200 mg/L,
then decreases slightly at higher initial MG concentrations. The
initial increase in hoo is probably caused by the increase in
driving force for mass transfer with increasing concentration,
then at still higher concentrations, the effect of MG dimeriza-
tion becomes apparent [41,42] making the diffusion of large
dimers more difficult in small pores.

Kinetic models parameters for the adsorption of MG on BAC at 30 °C and different initial MG concentrations (Co: mg/L; ge: mg/g; ki: min~'; ky: g/mg min, a:

mg/gmin and B: g/mg)

Pseudo-first-order

Pseudo-second-order

Elovich equation

Co Gexp ge ki R? e ka R? o B R?

25 24.66 24.43 0.228 0.9938 25.24 0.0202 0.9963 451886 0.706 0.9713

50 49.34 48.39 0.201 0.9863 50.33 0.00809 0.9992 37540 0.286 0.9773
100 97.87 96.29 0.236 0.9912 99.61 0.00519 0.9992 1283869 0.175 0.9800
150 147.86 144.71 0.149 0.9872 151.84 0.00180 0.9987 151.84 0.00180 0.9987
200 197.86 190.17 0.105 0.9735 202.87 0.000830 0.9993 433.72 0.0397 0.9796
250 229.02 219.12 0.0662 0.9629 239.46 0.000393 0.9952 89.04 0.0259 0.9897
300 253.63 241.28 0.0530 0.9666 267.96 0.000265 0.9955 53.68 0.0208 0.9927
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3.6. Mechanism of adsorption

For practical applications of adsorption such as process
design and control, it is important to understand the dynamic
behavior of the system. At the present time, Webber’s pore-
diffusion model [43] and Boyd’s equation [44] are the two most
widely used models for studying the mechanism of adsorption.

The model of Boyd was originally proposed for intraparticle
diffusion in ion exchangers and is expressed as:

6\ o=/ 1
F=1- <712> Z <n2) exp(—n’ Bt) 9)

=1

where F is the fractional attainment of equilibrium, at different
times, ¢, and Bt is a function of F/

F=2 (10)

qe
where ¢; and g, are the dye uptake (mg/g) at time ¢ and at
equilibrium, respectively.

From Eq. (9), it is not possible to estimate directly the values
of B for each fraction adsorbed. By applying the Fourier trans-
form and then integration, Reichenberg [45] managed to obtain
the following approximations:

for F values > 0.85, Bt = —0.4977 —In(1 — F) (11)

and for F values < 0.85,

2
2
N n—(ﬁf) (12)

Bt =
B, can be used to calculate the effective diffusion coefficient, D;

(cmz/s) from the equation:

7T2Di
B=—

(13)
,

where ris the radius of the adsorbent particle assuming spherical
shape.

Egs. (10)—(13) can be used in predicting the mechanistic
steps involved in the adsorption process, i.e. whether the rate
of removal of the dye takes place via particle diffusion or film
diffusion mechanism. This is done by plotting Bt against time,
if the plot is linear and passes through the origin then pore diffu-
sion controls the rate of mass transfer. If the plot is nonlinear or
linear but does not pass through the origin, then it is concluded
that film-diffusion or chemical reaction control the adsorption
rate.

On the other hand, Webber’s pore-diffusion model is another
single-resistance model that was derived from Fick’s second law
of diffusion. This model assumes that:

(i) the external resistance to mass transfer is only significant
for a very short period at the beginning of diffusion;
(ii) the direction of diffusion is radial and the concentration;
(iii) the pore diffusivity is constant and does not change with
neither time.

250
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200 4 250 mglL
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100},

2 4 6 8 10 12 14 16
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Fig. 10. Intraparticle diffusion plot for the adsorption at 30°C and different
initial MG concentrations.

The pore diffusion parameter, k; (mg/g min®-) is defined by:
q= ki +c (14)

where ¢ is the amount adsorbed (mg/g) at time 7.

It can be seen from Eq. (14) that if pore diffusion is the rate
limiting step, then a plot of ¢ against /> must give a straight line
with a slope that equals k; and the intercept value, c, represents
the resistance to mass transfer in the external liquid film.

Fig. 10 shows the pore diffusion plot of MG adsorption on
BAC at 30 °C. It is clear that the plots are multilinear, containing
at least three linear segments. The software package NCSS [46]
was used to fit the data to the model by the method of piecewise
linear regression, the regression results are presented in Table 4.
For all the multilinear plots in Fig. 10, the regression estimates
of the first linear segments had intercept values different from
zero, suggesting that pore diffusion is not the step controlling the
overall rate of mass transfer at beginning of batch adsorption.
Film-diffusion control may have taken place and ended in the
early stages of adsorption (from 0 to 5 min), or maybe it is still
controlling the rate of mass transfer in the time period of the first

Table 4
Diffusion coefficients for adsorption of MG on BAC at 30 °C and different initial
concentrations (Co: mg/L; k;: mg/g min®?; diffusion period: min)

Co ki Intercept ki First pore Second pore
diffusion period? diffusion periodb

25 334  10.53 0.51 5.0-16.6 16.6-39.9
50 7.06 17.77 1.92 5.0-12.8 12.8-43.5

100 13.90  39.60 2.76 5.0-12.5 12.5-43.0

150 19.93  43.74 1.40 5.0-22.9 22.9-121.0

200 26.82  38.51 4.79 5.0-23.0 23.0-114.5

250 28.73  25.26 9.21 5.0-25.9 25.9-125.9

300 32.86 9.28 11.47 5.0-26.0 26.0-129.7

 Estimated from the first linear segment in the pore-diffusion model.
b Estimated from the second linear segment in the pore-diffusion model.
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Fig. 11. Boyd plots for MG adsorption on BAC at 30°C and different initial
MG concentrations.

linear segment. A conclusion can be reached from the analysis
of data by Boyd’s model.

Fig. 11 shows the Boyd plots for the first 50 min of MG
adsorption on BAC at 30 °C. The plots are linear in the initial
period of adsorption and all their slopes are not significantly
different from zero, indicating that pore diffusion is the rate
limiting process, and thus corroborating the conclusion that
pore diffusion is the rate limiting step throughout the whole
adsorption period studied (from 5 min until equilibrium). For
adsorption time shorter than 5 min, film-diffusion or chemical-
reaction maybe controlling the overall rate of adsorption. The
absence of experimental data in the period 0-5 min does not
allow the determination of the rate controlling step in this period.

The presence of two pore diffusion periods in Fig. 10 indi-
cates the presence of two pore diffusion parameters, k; | and k; »
as shown in Table 4. The rate parameters k; ; and k; » represent the
diffusion in of MG in pores that have two distinct sizes (macro-
pores and mesopores) [47]. Therefore, the decrease in value of
k for macropore to mesopore diffusion is a direct consequence
of the relative free path for diffusion available in each pore size.
As pore size decreases, the path available for diffusion becomes
smaller, which leads to a decrease in the rate of diffusion. It is
also observed in Table 4 that an increase in the initial MG con-
centration increases the pore diffusion rate parameters. This is
due to the increase in the bulk liquid dye concentration which
increases the driving force of dye diffusion.

4. Conclusions
The results of this work can be summarized as follows:

1. The present study shows that activated carbon prepared from
bamboo can be used as an adsorbent for the removal of mala-
chite green dye from aqueous solutions.

2. The amount of dye adsorbed was found to vary with initial of
malachite green concentration and contact time. Langmuir

isotherm was found to have the best fit to the experimen-
tal data, suggesting monolayer adsorption on a homogenous
surface.

3. The adsorption kinetics can be predicted by the pseudo-
second-order model.

4. The overall rate of dye uptake was found to be controlled by
pore diffusion throughout the entire adsorption period studied
(from 5 min until equilibrium). For adsorption time shorter
than 5 min, film-diffusion or chemical-reaction maybe con-
trolling the overall rate of adsorption.
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