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Abstract

Arundo donax root carbon (ADRC), a new adsorbent, was prepared from Arundo donax root by carbonization. The surface area of the adsorbent
was determined 158 m?/g by N, adsorption isotherm. Batch adsorption experiments were carried out for the removal of malachite green (MG) from
aqueous solution using ADRC as adsorbent. The effects of various parameters such as solution pH (3—10), carbon dose (0.15-1.0 g/100 ml) and
initial MG concentration (10-100 mg/l) on the adsorption system were investigated. The effective pH was 5—7 and the optimum adsorbent dose
was found to be 0.6 g/100 ml. Equilibrium experimental data at 293, 303 and 313 K were better represented by Langmuir isotherm than Freundlich
isotherm using linear and non-linear methods. Thermodynamic parameters such as AG, AH and AS were also calculated. The negative Gibbs free
energy change and the positive enthalpy change indicated the spontaneous and endothermic nature of the adsorption. The adsorption equilibrium
time was 180 min. Adsorption kinetics was determined using pseudo-first-order model, pseudo-second-order model and intraparticle diffusion

model. The results showed that the adsorption of MG onto ADRC followed pseudo-second-order model.

© 2007 Published by Elsevier B.V.
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1. Introduction

As a basic and cationic dye, malachite green (MG) has been
widely used for the dyeing of leather, wool and silk as well as in
distilleries [1,2]. In addition, MG also is used as a fungicide and
antiseptic in aquaculture industry to control fish parasites and
disease. But recently, the compound, a triphenylmethane dye,
has been found exhibiting carcinogenic, genotoxic, mutagenic
and teratogenic properties according to the reports about ani-
mal study [3] due to the presence of nitrogen [2]. The properties
make it difficult to biodegrade MG or remove MG from aqueous
solution [4,5]. Among the techniques for removal of dyes from
wastewater, adsorption has been proved to be an effective and
attractive process [6,7] because of its inexpensive nature and ease
of operation [8]. Gupta et al. have contributed significantly on
dye adsorptive removal for exploiture of many low-cost materi-
als as adsorbents [9—-15]. Low-cost adsorbents for the removal of
various pollutants including dyes have been reviewed by Gupta
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and Ali [16]. In previous study, many adsorbents have been
investigated for the removal of MG from its solution, includ-
ing bottom ash [2], wheat bran [4], waste apricot [17,18], rice
husk-based active carbon [19-21], formaldehyde-treated and
sulphuric acid-treated sawdust [22,23], de-oiled soya [24], hen
feathers [25], activated charcoal [26], bentonite clay [27], lignite
[28], iron humate [29], bagasse fly ash [30], activated slag [31],
sugar cane dust [5] and modified peat [32].

Arundo donax, a hydrophyte, is widely distributed in China.
This plant has a developed tuberous root system and generally
produces large and continuous root masses [33]. After the clump
above soil is harvested for pulp in the paper industry, however,
Arundo donax root is mostly discarded in Nansi Hu area of
Shandong province in China. A survey of literature showed that
no work has been done so far on utilization of Arundo donax
root to prepare carbon as an adsorbent.

In the present study, Arundo donax root carbon (ADRC) pre-
pared from Arundo donax root by carbonization was used as
an adsorbent to remove MG from aqueous solution. The objec-
tive of our work was to examine the possibility of using ADRC
to remove MG. Effects of different parameters including pH,
adsorbent dose, initial dye concentration and contact time were
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studied. The isotherms, kinetics and thermodynamics were also
investigated.

2. Materials and methods
2.1. Preparation of ADRC

Arundo donax root used in this study was obtained from
Nansi Hu area in Shandong province, washed with distilled
water, dried and crushed. The Arundo donax root was carbonized
at 300 °C under nitrogen atmosphere for 1h in a tube furnace
(SRJK-2-13, Beijing) and then cooled to room temperature. The
carbonized product, ADRC, was washed with distilled water and
then dried at 393 K for 3 h. The dried sample was grinded, sieved
by standard sieves (Model ®200) and stored in a desicator until
required. The particle sizes of ADRC used in the study was
140-160 mesh.

The BET surface area was measured by N> adsorp-
tion isotherm at 77 K using QUADRASORB SI automated
surface area and pore size analyzer (Quantachrome Corpo-
ration, USA). Brunauer—Emmett-Teller (BET) method and
Barrett—Joyner—Halenda (BJH) method were used to calculate
the surface area and the pore size distribution of ADRC, respec-
tively. The zeta-potential of ADRC was measured by a zeta
meter (JS94H, Shanghai) to indicate the charges at the surface
of ADRC.

2.2. Dye solution

The dye, MG hydrochloride [C.I.=42,000, chemical for-
mula = Cs3H36N>Cl, molecular weight 364.92; Ap.x =617 nm
(reported)] was supplied by Laiyang Chemicals, Yantai, China.
The molecular structure of MG is illustrated in Fig. 1. The stock
solution (1000 mg/l) of MG was prepared by dissolving accu-
rately weighed amount of the dye in distilled water. All working
solutions of the desired concentration were obtained by diluting
the stock solution with distilled water.

2.3. Batch adsorption equilibrium experiments

Batch adsorption experiments were conducted in order to
evaluate the effects of solution pH, adsorbent dose and ini-
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Fig. 1. Molecular structure of MG.

tial MG concentration. In each batch, the mixture of 100 ml
dye solution of known pH, concentration and a known amount
of ADRC was taken in 250 ml stoppered conical flask and
mechanically agitated in a water bath shaker (SHZ-88) at
a constant temperature. After reaching equilibrium, the mix-
ture was filtered. The dye filtrate was then analyzed using a
UV-vis spectrophotometer (UV-754, Shanghai) by measuring
the absorbance at a wavelength corresponding to maximum
absorbance, namely Apax =615 nm (experimentally obtained by
us). The effect of solution pH on MG removal was inves-
tigated over a pH range of 3-10. The pH of solutions was
measured by pH meter (Model pHS-3C). The pH was adjusted
using 0.10M HCI or 0.10M NaOH aqueous solution. The
experiments were also done by varying the amount of adsor-
bents (0.15-1.0 g/100 ml) and the concentration of dye solution
(10-100 mg/1). For adsorption isotherm, dye solutions of differ-
ent concentrations (30-100 mg/l) were shaken with the known
amount of adsorbent (0.6 g) at 293, 303 and 313 K till the equi-
librium was achieved. And then the residual MG concentration
of the solution was determined. The amount of adsorbed MG
per gram ADRC at equilibrium, g. (mg/g), was obtained by

_ (Co— CV
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where Cy and C. (mg/l) are the concentrations of MG dye at
initial and equilibrium, respectively. V (1) is the volume of the
solution and W (g) is the weight of adsorbent used.
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2.4. Adsorption kinetic studies

For the purpose of investigating the effect of contact time
on the adsorption process and evaluating the kinetic properties,
12 g ADRC was added to 2000 ml dye solutions with the ini-
tial concentration of MG 30, 40 and 50 mg/l. The mixture was
agitated on an electromagnetic stirrer (Model 78-1) at 30 £ 1 °C
and 300 rpm. The stirring rate of 300 rpm was chosen in order
to make ADRC homogenously to be dispersed in solution. At
predetermined time intervals (0—210 min), 5 ml of samples was
drawn and filtered. The filtrate samples were analyzed to deter-
mine the residual dye concentration. The adsorption amount at
time ¢, g; (mg/g), was calculated by the following equation:

_ (CO - Ct)V
w

where Cp and C; (mg/l) are the concentrations of MG dye at
initial and any time ¢, respectively. V (1) is the solution volume
and W (g) represents the mass of ADRC used.
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3. Results and discussion
3.1. Characteristics of ADRC

The surface area of ADRC was found to be 158 m?/g. Total
pore volume is 0.041 cm3/g and average pore diameter is 2.0 nm.
ADRC has a relatively promising surface area although it was
obtained from Arundo donax root only by carbonization process.
Fig. 2 shows the pore size distribution of ADRC.
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Fig. 2. Pore size distribution of ADRC.

3.2. Effect of pH

Effect of solution pH on the adsorptive removal of MG by
ADRC is shown in Fig. 3. As is known, pH can affect the struc-
tural stability of MG and therefore, its color intensity [30]. It
was observed by naked eye during the adjustment of solution
pH in the experiment that the dye color reduction began from
pH 9. It may be due to the structural changes of MG molecules
at higher pH. Hence, the dye removal increased sharply over a
pH range of 8-10.

The color of MG was found to be stable over the pH range
of 3.3-7. Dye removal by ADRC was minimum (28.4%) at pH
3.3, which increased to 41.8% at the pH of 7 (Fig. 3). Lower
removal was due to the small adsorbent dosage (0.2 g/100 ml).
The ADRC surface may contain large number of active sites
and the MG uptake could be related to the active sites. Fig. 4
shows the plot of zeta-potential of ADRC versus pH. It was
observed that ADRC exhibits negative zeta-potential values at
the experimental conditions (i.e., pH>3.3). As initial solution
pH increased, the number of negatively charged active sites
increased and positively charged sites decreased. Therefore,

90

80

70

60

50

40

dye removal (%)

30

pH

Fig. 3. Effect of solution pH on the adsorption of MG by ADRC (Cp =40 mg/1,
ADRC dosage =0.2 g/100 ml, temperature =30 % 1 °C, =180 min).
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Fig. 4. The plot of the zeta-potential of ADRC vs. pH.

the electrostatic repulsion between the absorbent site and posi-
tively charged dye cations was lowed, which may result in the
increase of the adsorption. Also, lower adsorptive removal of
MG at acidic pH was due to the presence of excess hydrogen
ion competing with MG cations for adsorption [23,30]. It may
be seen from Fig. 3 that the dye removal was approximately
no change in the pH range 5-7. Therefore, further experiments
were performed at pH 5.0.

3.3. Effect of adsorbent dosage

The effect of adsorbent dosage on the adsorptive removal of
MG by ADRC is shown in Fig. 5.

As can be seen, adsorption of MG increased with increas-
ing the amount of ADRC and remained almost constant after
increasing up to a certain limit. This can be attributed to
increased adsorbent surface area and availability of more adsorp-
tion sites [23,30]. The optimum dosage was found to be
0.6 g/100 ml, as the dye removal was 86.4%.
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Fig. 5. Effect of adsorbent dosage on the adsorption of MG by ADRC
(Co=40mg/l, pH 5, temperature =30 &= 1 °C, =180 min).
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Fig. 6. Effect of initial dye concentration on the adsorption of MG by ADRC
(ADRC dosage =0.6 g/100 ml, pH 5, temperature =30 = 1 °C, #= 180 min).

Dye removal increased from 30.1 t0 93.3% as the ADRC dose
was increased from 0.15 to 1.0 g/100 ml, however, adsorption
amount per unit mass of ADRC decreased from 8.0 to 3.7 mg/g.
This may be due to the decrease in total adsorption surface area
available to MG resulting from overlapping or aggregation of
adsorption sites [23].

3.4. Effect of initial MG concentration

The effect of initial concentration on the adsorptive removal
of MG by ADRC is shown in Fig. 6. It can be observed
that unit adsorption increased while the percentage adsorption
decreased with increase in initial MG concentration. The MG
ions around absorbent sites of adsorbent became much more
with the increase of initial MG concentration. Hence, the adsorp-
tion process was carried out more sufficient resulting in the
increase of unit adsorption.

3.5. Adsorption isotherms

Various isotherms [17] such as Freundlich, Langmuir,
Dubnin-Radushkevih (D-R), Redlich—Peterson (R-P) and
Temkin isotherm have been used to describe the equilibrium
characteristics of adsorption in order to design the adsorption
system and evaluate the applicability of sorption process. In
this study, two most common isotherms, namely the Freundlich
and Langmuir isotherm, were applied to analyze the adsorption
equilibrium experimental data.

The Freundlich isotherm [34] is an empirical equation
employed to describe heterogeneous systems. It based on the
assumption of a heterogeneous surface with interaction between
adsorbed molecules and a non-uniform distribution of adsorp-
tion heat over the surface. The Freundlich isotherm equation is
expressed by the following equation:

ge = KpCe'/" &)

where g, is the amount of dye adsorbed at equilibrium (mg/g),
C. the equilibrium dye concentration in solution (mg/1), K the
Freundlich constant ((mg/ g)(l/mg)” ") and 1/n is the heterogene-

ity factor which are related to the capacity and intensity of the
adsorption, respectively. The linear form of Freundlich isotherm
equation is

1
Inge=InKgp+ —InC, “4)
n

Therefore, the values of Kr and 1/n can be obtained from the
slope and the intercept of the plot of In g, versus In Ce.

Langmuir isotherm [35] assumes that sorption occurs at spe-
cific homogenous sites within the adsorbent and the capacity of
the adsorbent is finite. The equation of Langmuir is represented
as follows:

K C
ge = —Am=e. 5)

T 1+ KLCe
where g, is monolayer adsorption capacity (mg/g), K1 is Lang-
muir isotherm constant related to the affinity of the binding sites
and energy of adsorption (I/mg). A well-known linear form of
Langmuir equation is written as
C. Ce 1

=—+ (6)
qe dm KLgm

Therefore, the values of g;, and K1, can be calculated by plotting
Ce/ge versus C.. The essential characteristics of a Langmuir
isotherm can be expressed in terms of a dimensionless constant
separation factor or equilibrium parameter, Ry, [36], which is
defined by

1

- - 7
1+ K1 .Cy @

Ry,
where Cy is the initial dye concentration (mg/l) and Ky is Lang-
muir isotherm constant (1/mg). The Ry, values indicate the type
of the isotherm to be either unfavorable (R, > 1), linear (R, = 1),
favorable (0 <Ry < 1) or irreversible (Ry, =0).

Fig. 7 shows the plots of Inge versus In C, and the plots of
Celge versus C, for the adsorption of MG onto ACRC at 293,
303 and 313 K according to the linear forms of Freundlich and
Langmuir isotherm. The constants values calculated from the
linear forms of the two isotherms are given in Table 1.

From Table 1, the values of 1/n were found to be less than 1
for all temperatures indicating that the adsorption was favorable

Table 1
Isotherm parameters obtained by using linear method for the adsorption of MG
onto ADRC at different temperatures

Temperature (K)

293 303 313
Freundlich

Kg (mg/)(I/mg)'y  3.93 4.64 5.45

1/n 0.196 0.170 0.156

R? 0.8462 0.8340 0.9335
Langmuir

Gm (Mg/g) 8.49 8.69 9.35

Ky (/mg) 0.35 0.58 0.97

Ry 0.028-0.088 0.017-0.054 0.010-0.033

R? 0.9991 0.9997 0.9997
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Fig. 7. Adsorption isotherms using linear method for MG onto ADRC at dif-
ferent temperatures: (a) Freundlich and (b) Langmuir isotherm (Cop = 30, 40, 50,
60, 80 and 100 mg/l, ADRC dosage =0.6 g/100 ml, pH 5, =180 min).

[37]. The Ry value in the range 0-1 also confirmed the favor-
able adsorptive uptake of dye process. Further from Table 1, it
was observed that the values of linear correlation coefficient,
R?, were at a range between 0.8340 and 0.9335 for Freundlich
isotherm, while for Langmuir isotherm were between 0.9991 and
0.9997, indicating that Langmuir isotherm better represented the
experimental adsorption data at all solution temperatures. The
fact that Langmuir isotherm fits the experimental data very well
suggests the monolayer coverage of MG onto ADRC surface as
well as the homogenous distribution of active sites on the ADRC
surface, for the Langmuir isotherm assumes that the surface is
homogenous. Further seen from Table 1, the values of ¢, and
Kr increased with the increase in temperature indicating that the
adsorption process is endothermic in nature.

The adsorption capacities of MG onto some low-cost adsor-
bents are given in Table 2. From Table 2, the adsorption capacity
of ADRC was found to be 8.69 mg/g and was comparable to
those of some other adsorbents.

The non-linear method [38] was also used in this study
to determine the best-fit isotherm. The experimental data and
the predicted equilibrium curves using non-linear method for

Table 2

Comparison of adsorption capacities of MG onto low-cost adsorbents
Adsorbent gm (mg/g) Reference
Bagasse fly ash 170.3 [30]
Waste apricot 116.3 [17]
Activated slag 74.2 [31]

Iron humate 19.2 [29]
Arundo donax root carbon 8.69 This study
Bentonite clay 7.72 [27]
Sugar cane dust 4.88 [5]
Activated charcoal 0.179 [26]

the two isotherms are shown in Fig. 8. The obtained isotherm
parameters were listed in Table 3. In this paper, the non-linear
chi-square test statistic, X2 [39], was examined to confirm the
best-fit isotherm for the adsorption system. x is expressed by

2
2 2y Weow — deca)”

2 ®)
ge,cal

where ge exp and ge ¢ are experimental and calculated g, values,
respectively. If data from model are similar to the experimental

10
8
&
=]
E 6
3
4 = + experimental data (313K)
A experimental data (303K)
2 ® experimental data (293K)
0 . . . . .
0 10 20 30 40 50 60
Ce (mg/l)
10
8
~ 6
e
=)
g
e
4 # experimental data (313K)
4 experimental data (303K)
& ® experimental data (293K)
0 L L L L L

0 10 20 30 40 50 60
Ce (mg/l)

Fig. 8. Adsorption isotherms using non-linear method for MG onto ADRC at
different temperatures: (a) Freundlich and (b) Langmuir isotherm (Cp =30, 40,
50, 60, 80 and 100 mg/l, ADRC dosage =0.6 g/100 ml, pH 5, =180 min).
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Table 3
Isotherm parameters obtained by using non-linear method for the adsorption of
MG onto ADRC at different temperatures

Temperature (K)

293 303 313
Freundlich

Kr (mg/g)(/mg)'™y 415 4.88 5.63

1/n 0.178 0.151 0.142

2 0.8713 0.8467 0.9285

%2 0.211 0.262 0.145
Langmuir

gm (Mg/g) 8.44 8.70 9.10

Ky, (I/mg) 0.37 0.59 1.23

Ry 0.026-0.082 0.017-0.053 0.008-0.026

” 0.9593 0.9788 0.9634

¥ 0.067 0.034 0.082

data, X2 will be a smaller number; if they are different, X2 will be
a larger number. The non-linear correlation coefficient, 72, and
x2 were obtained and also shown in Table 3. Seen from Table 3,
higher 7 value and smaller x> value of Langmuir isotherm
compared to the 2 value and x2 value of Freundlich isotherm
confirmed that Langmuir isotherm was the better fit isotherm to
represent the experimental data.

3.6. Thermodynamics study

Thermodynamic parameters including Gibbs free energy
change (AG), enthalpy change (AH) and entropy change (AS)
were calculated from the following equations [2,36]:

AG = —RTInK 9
AG = AH — TAS (10)

where R is the gas constant, T is temperature in K and K is Lang-
muir constant (I/mol, obtained from slop and intercept of Ce/g.
versus C (mol/l) plot) at different temperatures. The values of
AH and AS were determined from the slope and intercept of the
plot of AG versus 7. Thermodynamic parameters obtained are
shown in Table 4.

From Table 4, the values of AG were found to be —28.61,
—30.90 and —33.24 kJ/mol at 293, 303 and 313 K, respectively.
The AG value is negative for all the temperatures, indicating
that the adsorption is spontaneous process. The positive values
of AH as shown in Table 4 indicate the endothermic nature of
the process. The values of AS are positive, reflecting the affinity
of the adsorbent material towards MG.

Table 4
Thermodynamic parameters for the adsorption of MG onto ADRC at different
temperatures

Temperature (K) AG (kJ/mol) AH (kJ/mol) AS (kJ/mol K)
293 —28.61 39.16 0.231
303 —30.90 39.16 0.231
313 —33.24 39.16 0.231
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Fig. 9. Effect of contact time on the adsorption of MG by ADRC (Cp =30, 40
and 50 mg/l, ADRC dosage =0.6 g/100 ml, pH 5, temperature =30 % 1 °C).

3.7. Effect of contact time

Fig. 9 shows the effect of contact time on the removal of MG
by ADRC for different initial dye concentration. The adsorp-
tion was rapid in the initial 30 min and thereafter, the rate of
adsorption decreased gradually. At some point in time, when
the amount dye being adsorbed onto the adsorbent was equal to
the amount dye being desorbed from the adsorbent, the adsorp-
tion process reached a dynamic equilibrium and the adsorption
amount remained approximately a constant. It was observed
from contact time curves that the equilibrium time was 180 min
for all dye concentration. This is the reason why the optimum
contact time was 180 min in above batch equilibrium experi-
ments. The curves are single, smooth and continuous leading to
saturation, also indicating the possible monolayer coverage of
dye on the surface of the adsorbent [40].

3.8. Adsorption kinetics study

Three kinetic models were applied in this study to investigate
the adsorption process of MG onto ADRC.
The pseudo-first-order Lagergren equation is given as [41]:

ki
1 - =1 -t 11
0g(ge — q1) 0gdge 2303 (1D

where g; and g, are the amount adsorbed at time ¢ and at equi-
librium (mg/g) and k; is the pseudo-first-order rate constant for
the adsorption process (min~1!).
The pseudo-second-order model can be represented in the
following form [42]:
t 1 1

= + —t (12)
qr kZQez gde

where k; is the pseudo-second-order rate constant (g/mg min).

The plots of log(ge —g;) versus ¢ and the plots of /g,
versus ¢ for different initial dye concentration are shown in
Figs. 10 and 11. Kinetic constants calculated from slope and
intercept of plots for the two models are given in Table 5. For
pseudo-first-order model, the obtained R? values were relatively
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Table 5
Parameters of pseudo-first-order and pseudo-second-order models for the adsorption of MG onto ADRC at different initial dye concentrations
Cop (mg/l) Qe exp (ME/) Pseudo-first-order Pseudo-second-order
ki (minil) qe.cal (mg/g) R? ka (g/mg min) qe.cal (mg/g) R?
30 4.87 0.0265 1.96 0.9396 0.0456 4.94 0.9990
40 5.58 0.0260 243 0.9509 0.0340 5.67 0.9984
50 6.49 0.0249 3.18 0.9575 0.0233 6.63 0.9975
1 Table 6
Parameters of intraparticle diffusion model for the adsorption of MG onto ADRC
at different initial dye concentrations
* 50mg/l
A 40mg/l Co (mg/l) kine (mg/g min'’?) C (mg/l) R?
0 r ® 30mg/l 30 0.129 3.45 0.9801
= 40 0.173 3.66 0.9917
2 50 0.251 3.74 0.9819
o
=
1k
the initial concentrations studied, suggesting that the adsorption
process followed the pseudo-second-order kinetic model at the
entire sorption time, which supported the assumption for the
i . : : : . model that the adsorption is due to chemisorption [43]. Further
0 20 40 &0 80 100 120 140 160 seen from Table 5, the R? value increased from 0.9396 to 0.9575

t (min)

Fig. 10. Pseudo-first-order kinetics plots for MG onto ADRC at different initial
dye concentrations (Cp =30, 40 and 50 mg/l, ADRC dosage =0.6 g/100 ml, pH
5, temperature =30 £ 1 °C).

small and the calculated g values (ge ca1) were much lower than
the experimental ge values (geexp). For pseudo-second-order
model, the g ca values agreed very well with the ge exp values
and the R? values were also closer to 1. Therefore, the adsorption
of MG onto ADRC can be well described by the pseudo-second-
order model. Similar adsorption kinetic results of MG have also
been obtained in literature [28,30]. From Fig. 11, the plots of
t/q; versus t were straight lines at the whole contact time for all

40
35
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éo 25 F
3
g L
E 20
sl
* 50mg/l
10 A 40mg/1
® 30mg/l
5 g
0 . L . L .

0 20 40 60 80 100 120 140 160 180 200
t (min)
Fig. 11. Pseudo-second-order kinetics plots for MG onto ADRC at different ini-

tial dye concentrations (Co =30, 40 and 50 mg/l, ADRC dosage =0.6 g/100 ml,
pH 5, temperature =30+ 1 °C).

for pseudo-first-order model while decreased from 0.9990 to
0.9975 for pseudo-second-order model with the increase in ini-
tial dye concentration from 30 to 50 mg/l, which supported the
study results of Azizian [44] that with increasing initial con-
centration of the solute, the correlation of experimental data
to pseudo-first-order kinetic model increases while that to the
pseudo-second-order model decreases.

The intraparticle diffusion model was applied in this paper to
determine if the rate-limiting step is intraparticle diffusion. The

rate parameter for intraparticle diffusion is expressed as follows
[45]:

1/2
i = kimt'* + C (13)
7
* *
*
6 - .
*
. A Ao &
. a 4
5 % * Lk e m B ®m
* a AA n -
s no"
E ta "
F3T * 50mg/l
2 b A 40mg/l
8 30mg/1
l |-
0 . . \ . . : :
0 2 4 6 8 10 12 14 16
t :(minl 2)

Fig. 12. Intraparticle diffusion plots for MG onto ADRC at different initial dye
concentrations (Cp =30, 40 and 50 mg/l, ADRC dosage=0.6g/100 ml, pH 5,
temperature =30+ 1 °C).
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Table 7

Pseudo-first-order (k1 ), pseudo-second-order (k) and intraparticle diffusion (kiy) rate constants for adsorption of MG on various adsorbents

Adsorbent ky (min~1) k2 (g/mg min) Kint (Mg/g min'/?) Reference
Waste apricot 0.0697 2.86 x 1073 472 [18]
Sulphuric acid-treated sawdust 0.0534 [23]
Formaldehyde-treated sawdust 0.0332 [23]
Activated lignite carbon 0.0302 3.85x 1074 9.5 28]
Arundo donax root carbon 0.0260 0.0340 0.173 This study
Hen feather 0.0191 [25]
Bagasse fly ash 0.0168 0.394 6.7 %1073 [30]
Modified peat 6.68 x 1073 2.52% 1073 0.80 [32]
De-oiled soya 23 %107 [24]

where ki is the intraparticle diffusion rate constant
(mg/g min'/?) and C is the intercept (mg/1). If the mechanism of
adsorption process follows the intraparticle diffusion, the plot
of g; versus 12 would be a straight line and the ki and C can
be calculated from the slop of the plot. C gives an idea about the
thickness of the boundary layer, i.e., the larger the intercept the
greater the boundary layer effect [28].

Fig. 12 shows the amount of MG adsorbed versus ¢/> for
different initial dye concentration. As seen from Fig. 12, the
plots were multi-linear and there were three different portions,
indicating the different stages in adsorption. The initial curved
portion was attributed the bulk diffusion and the second linear
portion was due to intraparticle diffusion [46]. The values of kiy
and C were obtained from the second linear portion. The plateau
following the second linear portion was the final equilibrium
stage where intraparticle diffusion started to slow down due to
the low dye concentration in the solution [47]. Table 6 shows the
intraparticle diffusion parameters for the adsorption process. The
values of R? for this model were at a range of 0.9801 and 0.9917,
indicating that the adsorption followed the intraparticle diffusion
model after 25 min. However, the lines did not pass through the
origin. The deviation of the lines from the origin indicated that
the intraparticle diffusion was not the only rate-limiting step
[48] and boundary layer control may be involved in the process.
The values of C were found from Table 6 increasing with the
increase of initial concentration of MG, indicating increase in
the thickness and the effect of boundary layer.

The rate constants (k1, k2 and kin) of MG adsorption onto
ADRC and other low-cost adsorbents are given in Table 7. Since
the experimental conditions are not the same, a direct compari-
son of literature data obtained using different adsorbents is not
possible. However, it was observed that the values of ky, k» and
kin¢ obtained in this study were comparable with those of some
other adsorbents in Table 7.

4. Conclusion

ADRC was prepared from Arundo donax root by car-
bonization and the surface area was 158 m?/g by N» isotherm.
Adsorption of malachite green from aqueous solution onto
ADRC has been studied. The adsorption was independent of
operating variables including solution pH, carbon dose and ini-
tial MG concentration. In this study, the effective pH was 5-7
and the optimum adsorbent dose was found to be 0.6 g/100 ml.

Langmuir isotherm gave a better fit to adsorption isotherms
than Freundlich isotherm using linear and non-linear methods.
Thermodynamic study showed that the adsorption process was
spontaneous and endothermic since AG value was negative
and AH value was positive. Adsorption reached equilibrium
in 180 min contact time. The kinetic study confirmed that the
adsorption followed pseudo-second-order model. The results
of this study show that ADRC can be employed as a low-cost
adsorbent in wastewater treatment for the removal of MG.
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