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bstract

Arundo donax root carbon (ADRC), a new adsorbent, was prepared from Arundo donax root by carbonization. The surface area of the adsorbent
as determined 158 m2/g by N2 adsorption isotherm. Batch adsorption experiments were carried out for the removal of malachite green (MG) from

queous 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
nitial MG concentration (10–100 mg/l) on the adsorption system were investigated. The effective pH was 5–7 and the optimum adsorbent dose
as 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

sotherm using linear and non-linear methods. Thermodynamic parameters such as �G, �H and �S were also calculated. The negative Gibbs free

nergy change and the positive enthalpy change indicated the spontaneous and endothermic nature of the adsorption. The adsorption equilibrium
ime was 180 min. Adsorption kinetics was determined using pseudo-first-order model, pseudo-second-order model and intraparticle diffusion

odel. 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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. Introduction

As a basic and cationic dye, malachite green (MG) has been
idely used for the dyeing of leather, wool and silk as well as in
istilleries [1,2]. In addition, MG also is used as a fungicide and
ntiseptic in aquaculture industry to control fish parasites and
isease. But recently, the compound, a triphenylmethane dye,
as been found exhibiting carcinogenic, genotoxic, mutagenic
nd teratogenic properties according to the reports about ani-
al study [3] due to the presence of nitrogen [2]. The properties
ake it difficult to biodegrade MG or remove MG from aqueous

olution [4,5]. Among the techniques for removal of dyes from
astewater, adsorption has been proved to be an effective and

ttractive process [6,7] because of its inexpensive nature and ease
f operation [8]. Gupta et al. have contributed significantly on

ye adsorptive removal for exploiture of many low-cost materi-
ls as adsorbents [9–15]. Low-cost adsorbents for the removal of
arious pollutants including dyes have been reviewed by Gupta
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nd Ali [16]. In previous study, many adsorbents have been
nvestigated for the removal of MG from its solution, includ-
ng bottom ash [2], wheat bran [4], waste apricot [17,18], rice
usk-based active carbon [19–21], formaldehyde-treated and
ulphuric acid-treated sawdust [22,23], de-oiled soya [24], hen
eathers [25], activated charcoal [26], bentonite clay [27], lignite
28], iron humate [29], bagasse fly ash [30], activated slag [31],
ugar cane dust [5] and modified peat [32].

Arundo donax, a hydrophyte, is widely distributed in China.
his plant has a developed tuberous root system and generally
roduces large and continuous root masses [33]. After the clump
bove soil is harvested for pulp in the paper industry, however,
rundo donax root is mostly discarded in Nansi Hu area of
handong province in China. A survey of literature showed that
o work has been done so far on utilization of Arundo donax
oot to prepare carbon as an adsorbent.

In the present study, Arundo donax root carbon (ADRC) pre-
ared from Arundo donax root by carbonization was used as

n adsorbent to remove MG from aqueous solution. The objec-
ive of our work was to examine the possibility of using ADRC
o remove MG. Effects of different parameters including pH,
dsorbent dose, initial dye concentration and contact time were

mailto:zhangjian00@sdu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2007.05.036
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tudied. The isotherms, kinetics and thermodynamics were also
nvestigated.

. Materials and methods

.1. Preparation of ADRC

Arundo donax root used in this study was obtained from
ansi Hu area in Shandong province, washed with distilled
ater, dried and crushed. The Arundo donax root was carbonized

t 300 ◦C under nitrogen atmosphere for 1 h in a tube furnace
SRJK-2-13, Beijing) and then cooled to room temperature. The
arbonized product, ADRC, was washed with distilled water and
hen dried at 393 K for 3 h. The dried sample was grinded, sieved
y standard sieves (Model �200) and stored in a desicator until
equired. The particle sizes of ADRC used in the study was
40–160 mesh.

The BET surface area was measured by N2 adsorp-
ion isotherm at 77 K using QUADRASORB SI automated
urface area and pore size analyzer (Quantachrome Corpo-
ation, USA). Brunauer–Emmett–Teller (BET) method and
arrett–Joyner–Halenda (BJH) method were used to calculate

he surface area and the pore size distribution of ADRC, respec-
ively. The zeta-potential of ADRC was measured by a zeta

eter (JS94H, Shanghai) to indicate the charges at the surface
f ADRC.

.2. Dye solution

The dye, MG hydrochloride [C.I. = 42,000, chemical for-
ula = C23H26N2Cl, molecular weight 364.92; λmax = 617 nm

reported)] was supplied by Laiyang Chemicals, Yantai, China.
he molecular structure of MG is illustrated in Fig. 1. The stock
olution (1000 mg/l) of MG was prepared by dissolving accu-
ately weighed amount of the dye in distilled water. All working
olutions of the desired concentration were obtained by diluting
he stock solution with distilled water.
.3. Batch adsorption equilibrium experiments

Batch adsorption experiments were conducted in order to
valuate the effects of solution pH, adsorbent dose and ini-

Fig. 1. Molecular structure of MG.
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ial MG concentration. In each batch, the mixture of 100 ml
ye solution of known pH, concentration and a known amount
f ADRC was taken in 250 ml stoppered conical flask and
echanically agitated in a water bath shaker (SHZ-88) at
constant temperature. After reaching equilibrium, the mix-

ure was filtered. The dye filtrate was then analyzed using a
V–vis spectrophotometer (UV-754, Shanghai) by measuring

he absorbance at a wavelength corresponding to maximum
bsorbance, namely λmax = 615 nm (experimentally obtained by
s). The effect of solution pH on MG removal was inves-
igated over a pH range of 3–10. The pH of solutions was

easured by pH meter (Model pHS-3C). The pH was adjusted
sing 0.10 M HCl or 0.10 M NaOH aqueous solution. The
xperiments were also done by varying the amount of adsor-
ents (0.15–1.0 g/100 ml) and the concentration of dye solution
10–100 mg/l). For adsorption isotherm, dye solutions of differ-
nt concentrations (30–100 mg/l) were shaken with the known
mount of adsorbent (0.6 g) at 293, 303 and 313 K till the equi-
ibrium was achieved. And then the residual MG concentration
f the solution was determined. The amount of adsorbed MG
er gram ADRC at equilibrium, qe (mg/g), was obtained by

e = (C0 − Ce)V

W
(1)

here C0 and Ce (mg/l) are the concentrations of MG dye at
nitial and equilibrium, respectively. V (l) is the volume of the
olution and W (g) is the weight of adsorbent used.

.4. Adsorption kinetic studies

For the purpose of investigating the effect of contact time
n the adsorption process and evaluating the kinetic properties,
2 g ADRC was added to 2000 ml dye solutions with the ini-
ial concentration of MG 30, 40 and 50 mg/l. The mixture was
gitated on an electromagnetic stirrer (Model 78-1) at 30 ± 1 ◦C
nd 300 rpm. The stirring rate of 300 rpm was chosen in order
o make ADRC homogenously to be dispersed in solution. At
redetermined time intervals (0–210 min), 5 ml of samples was
rawn and filtered. The filtrate samples were analyzed to deter-
ine the residual dye concentration. The adsorption amount at

ime t, qt (mg/g), was calculated by the following equation:

t = (C0 − Ct)V

W
(2)

here C0 and Ct (mg/l) are the concentrations of MG dye at
nitial and any time t, respectively. V (l) is the solution volume
nd W (g) represents the mass of ADRC used.

. Results and discussion

.1. Characteristics of ADRC

The surface area of ADRC was found to be 158 m2/g. Total

ore volume is 0.041 cm3/g and average pore diameter is 2.0 nm.
DRC has a relatively promising surface area although it was
btained from Arundo donax root only by carbonization process.
ig. 2 shows the pore size distribution of ADRC.



776 J. Zhang et al. / Journal of Hazardous Materials 150 (2008) 774–782

3

A
t
w
p
p
a
p

o
3
r
T
a
s
o
t
p
i

F
A

t
t
i
M
i
b
n
w

3

M

i
i

Fig. 2. Pore size distribution of ADRC.

.2. Effect of pH

Effect of solution pH on the adsorptive removal of MG by
DRC is shown in Fig. 3. As is known, pH can affect the struc-

ural stability of MG and therefore, its color intensity [30]. It
as observed by naked eye during the adjustment of solution
H in the experiment that the dye color reduction began from
H 9. It may be due to the structural changes of MG molecules
t higher pH. Hence, the dye removal increased sharply over a
H range of 8–10.

The color of MG was found to be stable over the pH range
f 3.3–7. Dye removal by ADRC was minimum (28.4%) at pH
.3, which increased to 41.8% at the pH of 7 (Fig. 3). Lower
emoval was due to the small adsorbent dosage (0.2 g/100 ml).
he ADRC surface may contain large number of active sites
nd the MG uptake could be related to the active sites. Fig. 4
hows the plot of zeta-potential of ADRC versus pH. It was

bserved that ADRC exhibits negative zeta-potential values at
he experimental conditions (i.e., pH > 3.3). As initial solution
H increased, the number of negatively charged active sites
ncreased and positively charged sites decreased. Therefore,

ig. 3. Effect of solution pH on the adsorption of MG by ADRC (C0 = 40 mg/l,
DRC dosage = 0.2 g/100 ml, temperature = 30 ± 1 ◦C, t = 180 min).
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t
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F
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Fig. 4. The plot of the zeta-potential of ADRC vs. pH.

he electrostatic repulsion between the absorbent site and posi-
ively charged dye cations was lowed, which may result in the
ncrease of the adsorption. Also, lower adsorptive removal of

G at acidic pH was due to the presence of excess hydrogen
on competing with MG cations for adsorption [23,30]. It may
e seen from Fig. 3 that the dye removal was approximately
o change in the pH range 5–7. Therefore, further experiments
ere performed at pH 5.0.

.3. Effect of adsorbent dosage

The effect of adsorbent dosage on the adsorptive removal of
G by ADRC is shown in Fig. 5.
As can be seen, adsorption of MG increased with increas-

ng the amount of ADRC and remained almost constant after
ncreasing up to a certain limit. This can be attributed to

ncreased adsorbent surface area and availability of more adsorp-
ion sites [23,30]. The optimum dosage was found to be
.6 g/100 ml, as the dye removal was 86.4%.

ig. 5. Effect of adsorbent dosage on the adsorption of MG by ADRC
C0 = 40 mg/l, pH 5, temperature = 30 ± 1 ◦C, t = 180 min).
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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
KF ((mg/g)(l/mg)1/n) 3.93 4.64 5.45
1/n 0.196 0.170 0.156
R2 0.8462 0.8340 0.9335

Langmuir
ig. 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, t = 180 min).

Dye removal increased from 30.1 to 93.3% as the ADRC dose
as increased from 0.15 to 1.0 g/100 ml, however, adsorption

mount per unit mass of ADRC decreased from 8.0 to 3.7 mg/g.
his may be due to the decrease in total adsorption surface area
vailable to MG resulting from overlapping or aggregation of
dsorption sites [23].

.4. Effect of initial MG concentration

The effect of initial concentration on the adsorptive removal
f MG by ADRC is shown in Fig. 6. It can be observed
hat unit adsorption increased while the percentage adsorption
ecreased with increase in initial MG concentration. The MG
ons around absorbent sites of adsorbent became much more
ith the increase of initial MG concentration. Hence, the adsorp-

ion process was carried out more sufficient resulting in the
ncrease of unit adsorption.

.5. Adsorption isotherms

Various isotherms [17] such as Freundlich, Langmuir,
ubnin–Radushkevih (D–R), Redlich–Peterson (R–P) and
emkin isotherm have been used to describe the equilibrium
haracteristics of adsorption in order to design the adsorption
ystem and evaluate the applicability of sorption process. In
his study, two most common isotherms, namely the Freundlich
nd Langmuir isotherm, were applied to analyze the adsorption
quilibrium experimental data.

The Freundlich isotherm [34] is an empirical equation
mployed to describe heterogeneous systems. It based on the
ssumption of a heterogeneous surface with interaction between
dsorbed molecules and a non-uniform distribution of adsorp-
ion heat over the surface. The Freundlich isotherm equation is
xpressed by the following equation:

1/n

e = KFCe (3)

here qe is the amount of dye adsorbed at equilibrium (mg/g),
e the equilibrium dye concentration in solution (mg/l), KF the
reundlich constant ((mg/g)(l/mg)1/n) and 1/n is the heterogene-
Materials 150 (2008) 774–782 777

ty factor which are related to the capacity and intensity of the
dsorption, respectively. The linear form of Freundlich isotherm
quation is

n qe = ln KF + 1

n
ln Ce (4)

herefore, the values of KF and 1/n can be obtained from the
lope and the intercept of the plot of ln qe versus ln Ce.

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

e = KLqmCe

1 + KLCe
(5)

here qm is monolayer adsorption capacity (mg/g), KL is Lang-
uir isotherm constant related to the affinity of the binding sites

nd energy of adsorption (l/mg). A well-known linear form of
angmuir equation is written as

Ce

qe
= Ce

qm
+ 1

KLqm
(6)

herefore, the values of qm and KL can be calculated by plotting
e/qe versus Ce. The essential characteristics of a Langmuir

sotherm can be expressed in terms of a dimensionless constant
eparation factor or equilibrium parameter, RL [36], which is
efined by

L = 1

1 + KLC0
(7)

here C0 is the initial dye concentration (mg/l) and KL is Lang-
uir isotherm constant (l/mg). The RL values indicate the type

f the isotherm to be either unfavorable (RL > 1), linear (RL = 1),
avorable (0 < RL < 1) or irreversible (RL = 0).

Fig. 7 shows the plots of ln qe versus ln Ce and the plots of
e/qe versus Ce for the adsorption of MG onto ACRC at 293,
03 and 313 K according to the linear forms of Freundlich and
qm (mg/g) 8.49 8.69 9.35
KL (l/mg) 0.35 0.58 0.97
RL 0.028–0.088 0.017–0.054 0.010–0.033
R2 0.9991 0.9997 0.9997
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Fig. 7. Adsorption isotherms using linear method for MG onto ADRC at dif-
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Table 2
Comparison of adsorption capacities of MG onto low-cost adsorbents

Adsorbent qm (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]
S
A

t
p
c
b

χ =
qe,cal

(8)

where qe,exp and qe,cal are experimental and calculated qe values,
respectively. If data from model are similar to the experimental
erent temperatures: (a) Freundlich and (b) Langmuir isotherm (C0 = 30, 40, 50,
0, 80 and 100 mg/l, ADRC dosage = 0.6 g/100 ml, pH 5, t = 180 min).

37]. The RL value in the range 0–1 also confirmed the favor-
ble adsorptive uptake of dye process. Further from Table 1, it
as observed that the values of linear correlation coefficient,
2, were at a range between 0.8340 and 0.9335 for Freundlich

sotherm, while for Langmuir isotherm were between 0.9991 and
.9997, indicating that Langmuir isotherm better represented the
xperimental adsorption data at all solution temperatures. The
act that Langmuir isotherm fits the experimental data very well
uggests the monolayer coverage of MG onto ADRC surface as
ell as the homogenous distribution of active sites on the ADRC

urface, for the Langmuir isotherm assumes that the surface is
omogenous. Further seen from Table 1, the values of qm and
F increased with the increase in temperature indicating that the
dsorption process is endothermic in nature.

The adsorption capacities of MG onto some low-cost adsor-
ents are given in Table 2. From Table 2, the adsorption capacity
f ADRC was found to be 8.69 mg/g and was comparable to
hose of some other adsorbents.
The non-linear method [38] was also used in this study
o determine the best-fit isotherm. The experimental data and
he predicted equilibrium curves using non-linear method for

F
d
5

ugar cane dust 4.88 [5]
ctivated charcoal 0.179 [26]

he two isotherms are shown in Fig. 8. The obtained isotherm
arameters were listed in Table 3. In this paper, the non-linear
hi-square test statistic, χ2 [39], was examined to confirm the
est-fit isotherm for the adsorption system. χ2 is expressed by

2
∑ (qe,exp − qe,cal)2
ig. 8. Adsorption isotherms using non-linear method for MG onto ADRC at
ifferent temperatures: (a) Freundlich and (b) Langmuir isotherm (C0 = 30, 40,
0, 60, 80 and 100 mg/l, ADRC dosage = 0.6 g/100 ml, pH 5, t = 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
KF ((mg/g)(l/mg)1/n) 4.15 4.88 5.63
1/n 0.178 0.151 0.142
r2 0.8713 0.8467 0.9285
χ2 0.211 0.262 0.145

Langmuir
qm (mg/g) 8.44 8.70 9.10
KL (l/mg) 0.37 0.59 1.23
RL 0.026–0.082 0.017–0.053 0.008–0.026
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r2 0.9593 0.9788 0.9634
χ2 0.067 0.034 0.082

ata, χ2 will be a smaller number; if they are different, χ2 will be
larger number. The non-linear correlation coefficient, r2, and
2 were obtained and also shown in Table 3. Seen from Table 3,
igher r2 value and smaller χ2 value of Langmuir isotherm
ompared to the r2 value and χ2 value of Freundlich isotherm
onfirmed that Langmuir isotherm was the better fit isotherm to
epresent the experimental data.

.6. Thermodynamics study

Thermodynamic parameters including Gibbs free energy
hange (�G), enthalpy change (�H) and entropy change (�S)
ere calculated from the following equations [2,36]:

G = −RT ln K (9)

G = �H − T�S (10)

here R is the gas constant, T is temperature in K and K is Lang-
uir constant (l/mol, obtained from slop and intercept of Ce/qe

ersus Ce (mol/l) plot) at different temperatures. The values of
H and �S were determined from the slope and intercept of the

lot of �G versus T. Thermodynamic parameters obtained are
hown in Table 4.

From Table 4, the values of �G were found to be −28.61,
30.90 and −33.24 kJ/mol at 293, 303 and 313 K, respectively.
he �G value is negative for all the temperatures, indicating

hat the adsorption is spontaneous process. The positive values

f �H as shown in Table 4 indicate the endothermic nature of
he process. The values of �S are positive, reflecting the affinity
f the adsorbent material towards MG.

able 4
hermodynamic parameters for the adsorption of MG onto ADRC at different

emperatures

emperature (K) �G (kJ/mol) �H (kJ/mol) �S (kJ/mol K)

93 −28.61 39.16 0.231
03 −30.90 39.16 0.231
13 −33.24 39.16 0.231

t

f

w

v
F
i
p

ig. 9. Effect of contact time on the adsorption of MG by ADRC (C0 = 30, 40
nd 50 mg/l, ADRC dosage = 0.6 g/100 ml, pH 5, temperature = 30 ± 1 ◦C).

.7. Effect of contact time

Fig. 9 shows the effect of contact time on the removal of MG
y ADRC for different initial dye concentration. The adsorp-
ion was rapid in the initial 30 min and thereafter, the rate of
dsorption decreased gradually. At some point in time, when
he amount dye being adsorbed onto the adsorbent was equal to
he amount dye being desorbed from the adsorbent, the adsorp-
ion process reached a dynamic equilibrium and the adsorption
mount remained approximately a constant. It was observed
rom contact time curves that the equilibrium time was 180 min
or all dye concentration. This is the reason why the optimum
ontact time was 180 min in above batch equilibrium experi-
ents. The curves are single, smooth and continuous leading to

aturation, also indicating the possible monolayer coverage of
ye on the surface of the adsorbent [40].

.8. Adsorption kinetics study

Three kinetic models were applied in this study to investigate
he adsorption process of MG onto ADRC.

The pseudo-first-order Lagergren equation is given as [41]:

og(qe − qt) = log qe − k1

2.303
t (11)

here qt and qe are the amount adsorbed at time t and at equi-
ibrium (mg/g) and k1 is the pseudo-first-order rate constant for
he adsorption process (min−1).

The pseudo-second-order model can be represented in the
ollowing form [42]:

t

qt

= 1

k2qe
2 + 1

qe
t (12)

here k2 is the pseudo-second-order rate constant (g/mg min).
The plots of log(qe − qt) versus t and the plots of t/qt
ersus t for different initial dye concentration are shown in
igs. 10 and 11. Kinetic constants calculated from slope and

ntercept of plots for the two models are given in Table 5. For
seudo-first-order model, the obtained R2 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

C0 (mg/l) qe,exp (mg/g) Pseudo-first-order Pseudo-second-order

k1 (min−1) qe,cal (mg/g) R2 k2 (g/mg min) qe,cal (mg/g) R2

30 4.87 0.0265 1.96 0.9396 0.0456 4.94 0.9990
40 5.58 0.0260 2.43 0.9509 0.0340 5.67 0.9984
50 6.49 0.0249 3.18 0.9575 0.0233 6.63 0.9975

F
d
5

s
t
m
a
o
o
b
t

F
t
p

Table 6
Parameters of intraparticle diffusion model for the adsorption of MG onto ADRC
at different initial dye concentrations

C0 (mg/l) kint (mg/g min1/2) C (mg/l) R2

30 0.129 3.45 0.9801
4
5

t
p
e
m
s
f
0
t
s
c
t
p

d
r

ig. 10. Pseudo-first-order kinetics plots for MG onto ADRC at different initial
ye concentrations (C0 = 30, 40 and 50 mg/l, ADRC dosage = 0.6 g/100 ml, pH
, temperature = 30 ± 1 ◦C).

mall and the calculated qe values (qe,cal) were much lower than
he experimental qe values (qe,exp). For pseudo-second-order

odel, the qe,cal values agreed very well with the qe,exp values
nd the R2 values were also closer to 1. Therefore, the adsorption

f MG onto ADRC can be well described by the pseudo-second-
rder model. Similar adsorption kinetic results of MG have also
een obtained in literature [28,30]. From Fig. 11, the plots of
/qt versus t were straight lines at the whole contact time for all

ig. 11. Pseudo-second-order kinetics plots for MG onto ADRC at different ini-
ial dye concentrations (C0 = 30, 40 and 50 mg/l, ADRC dosage = 0.6 g/100 ml,
H 5, temperature = 30 ± 1 ◦C).

[

q

F
c
t

0 0.173 3.66 0.9917
0 0.251 3.74 0.9819

he initial concentrations studied, suggesting that the adsorption
rocess followed the pseudo-second-order kinetic model at the
ntire sorption time, which supported the assumption for the
odel that the adsorption is due to chemisorption [43]. Further

een from Table 5, the R2 value increased from 0.9396 to 0.9575
or pseudo-first-order model while decreased from 0.9990 to
.9975 for pseudo-second-order model with the increase in ini-
ial dye concentration from 30 to 50 mg/l, which supported the
tudy results of Azizian [44] that with increasing initial con-
entration of the solute, the correlation of experimental data
o pseudo-first-order kinetic model increases while that to the
seudo-second-order model decreases.

The intraparticle diffusion model was applied in this paper to
etermine if the rate-limiting step is intraparticle diffusion. The
ate parameter for intraparticle diffusion is expressed as follows

45]:

t = kintt
1/2 + C (13)

ig. 12. Intraparticle diffusion plots for MG onto ADRC at different initial dye
oncentrations (C0 = 30, 40 and 50 mg/l, ADRC dosage = 0.6 g/100 ml, pH 5,
emperature = 30 ± 1 ◦C).
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Table 7
Pseudo-first-order (k1), pseudo-second-order (k2) and intraparticle diffusion (kint) rate constants for adsorption of MG on various adsorbents

Adsorbent k1 (min−1) k2 (g/mg min) kint (mg/g min1/2) Reference

Waste apricot 0.0697 2.86 × 10−3 4.72 [18]
Sulphuric acid-treated sawdust 0.0534 [23]
Formaldehyde-treated sawdust 0.0332 [23]
Activated lignite carbon 0.0302 3.85 × 10−4 9.5 [28]
Arundo donax root carbon 0.0260 0.0340 0.173 This study
Hen feather 0.0191 [25]
B 0.3 −3

M 2.5
D

w
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t
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d
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i
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i
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o
t
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i
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t
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b
A
A
o
t
a

L
t
T
s
a
i
a
o
a

A

F

R

agasse fly ash 0.0168
odified peat 6.68 × 10−3

e-oiled soya 2.3 × 10−4

here kint is the intraparticle diffusion rate constant
mg/g min1/2) and C is the intercept (mg/l). If the mechanism of
dsorption process follows the intraparticle diffusion, the plot
f qt versus t1/2 would be a straight line and the kint and C can
e calculated from the slop of the plot. C gives an idea about the
hickness of the boundary layer, i.e., the larger the intercept the
reater the boundary layer effect [28].

Fig. 12 shows the amount of MG adsorbed versus t1/2 for
ifferent initial dye concentration. As seen from Fig. 12, the
lots were multi-linear and there were three different portions,
ndicating the different stages in adsorption. The initial curved
ortion was attributed the bulk diffusion and the second linear
ortion was due to intraparticle diffusion [46]. The values of kint
nd C were obtained from the second linear portion. The plateau
ollowing the second linear portion was the final equilibrium
tage where intraparticle diffusion started to slow down due to
he low dye concentration in the solution [47]. Table 6 shows the
ntraparticle diffusion parameters for the adsorption process. The
alues of R2 for this model were at a range of 0.9801 and 0.9917,
ndicating that the adsorption followed the intraparticle diffusion

odel after 25 min. However, the lines did not pass through the
rigin. The deviation of the lines from the origin indicated that
he intraparticle diffusion was not the only rate-limiting step
48] and boundary layer control may be involved in the process.
he values of C were found from Table 6 increasing with the

ncrease of initial concentration of MG, indicating increase in
he thickness and the effect of boundary layer.

The rate constants (k1, k2 and kint) of MG adsorption onto
DRC and other low-cost adsorbents are given in Table 7. Since

he experimental conditions are not the same, a direct compari-
on of literature data obtained using different adsorbents is not
ossible. However, it was observed that the values of k1, k2 and
int obtained in this study were comparable with those of some
ther adsorbents in Table 7.

. Conclusion

ADRC was prepared from Arundo donax root by car-
onization and the surface area was 158 m2/g by N2 isotherm.
dsorption of malachite green from aqueous solution onto

DRC has been studied. The adsorption was independent of
perating variables including solution pH, carbon dose and ini-
ial MG concentration. In this study, the effective pH was 5–7
nd the optimum adsorbent dose was found to be 0.6 g/100 ml.

[

94 6.7 × 10 [30]
2 × 10−3 0.80 [32]

[24]

angmuir isotherm gave a better fit to adsorption isotherms
han Freundlich isotherm using linear and non-linear methods.
hermodynamic study showed that the adsorption process was
pontaneous and endothermic since �G value was negative
nd �H value was positive. Adsorption reached equilibrium
n 180 min contact time. The kinetic study confirmed that the
dsorption followed pseudo-second-order model. The results
f this study show that ADRC can be employed as a low-cost
dsorbent in wastewater treatment for the removal of MG.
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