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a b s t r a c t

The use of low-cost, locally available, highly efficient and eco-friendly adsorbents has been investigated
as an ideal alternative to the current expensive methods of removing dyes from wastewater. This study
investigates the potential use of activated carbon prepared from the epicarp of Ricinus communis for
the removal of malachite green (MG) dye from simulated wastewater. The effects of different system
variables, adsorbent dosage, initial dye concentration, pH and contact time were investigated and opti-
mal experimental conditions were ascertained. The results showed that as the amount of the adsorbent
increased, the percentage of dye removal increased accordingly. Optimum pH value for dye adsorption
was 7.0. Maximum dye was sequestered within 50 min of the start of every experiment. The adsorption
dsorption

astewater
alachite green

picarp
ctivated carbon

of malachite green followed the pseudo-second-order rate equation and fits the Langmuir, Freundlich,
Dubinin–Radushkevich (D–R) and Tempkin equations well. The maximum removal of MG was obtained
at pH 7 as 99.04% for adsorbent dose of 1 g 50 mL−1 and 25 mg L−1 initial dye concentration at room
temperature. Activated carbon developed from R. communis can be an attractive option for dye removal

fluent
G.
from diluted industrial ef
removal percentage of M

. Introduction

Industrial effluents are one of the major causes of environmental
ollution because effluents discharged from dyeing industries are
ighly colored with a large amount of suspended organic solids [1].
ntreated disposal of this colored water into the receiving water
ody either causes damage to aquatic life or to human beings by
heir mutagenic and carcinogenic effect. As a matter of fact, the
ischarge of such effluents is worrying for both toxicological and
nvironmental reasons [2,3].

Conventional wastewater treatment methods for removing
yes include physicochemical, chemical and biological methods,
uch as coagulation and flocculation [4], adsorption [5], ozonation
6], electrochemical techniques [7], and fungal decolonization [8].
mong these methods adsorption has gained favour in recent
ears due to proven efficiency in the removal of pollutants from
ffluents. Activated carbon, as an adsorbent has been widely

nvestigated for the adsorption of dyes [9], but its high cost limits
ts commercial application. In recent years, there has been growing
nterest in finding inexpensive and effective alternatives to carbon,
uch as rice husk [10], chitin [11], orange waste [12], lemon peel

∗ Corresponding author. Tel.: +91 04222401661; fax: +91 04222611146.
E-mail address: ssnilasri@yahoo.co.in (T. Santhi).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.02.076
s since test reaction made on simulated dyeing wastewater showed better

© 2010 Elsevier B.V. All rights reserved.

[13], granular kohlrabi peel [14], raw barley straw [15], eggshell
[16], silica–zirconia mixed oxide [17], akash kinari coal [18] and
TiO2/AC [19].

Annual production of Ricinus communis is estimated to be more
than 1.0 tons globally, of which India accounts for 60% of the pro-
duction. The epicarp of Ricinus is a segregated waste by-product
(35% of production) during segregation of R. communis seed. Since
the epicarp of Ricinus is available free of cost, only the carbonization
of its epicarp is involved in the waste water treatment. Therefore
the main objective of this study was to evaluate the possibility of
using the dried epicarp of Ricinus to develop a new low-cost acti-
vated carbon and study its application to remove malachite green
(MG) from simulated wastewater. The epicarp of Ricinus was pre-
viously investigated to adsorb Crystal violet [20] and Ni (II) [21].
Systematic evaluation of the parameters involved, pH, adsorbent
dose, adsorbent particle size, initial dye concentration and time.

2. Materials and methods

2.1. Preparation of activated carbon from epicarp of R. communis

(CRC)

The epicarp of R. communis was obtained from an agricultural
farm in Coimbatore district (Tamil Nadu). It was air-dried and pow-
dered in a grinder. It was soaked in concentrated H2SO4 for 12 h and

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ssnilasri@yahoo.co.in
dx.doi.org/10.1016/j.jhazmat.2010.02.076
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ashed thoroughly with distilled water till it attained neutral pH
nd soaked in two percent NaHCO3 overnight in order to remove
ny excess acid present. Then the material was washed with dis-
illed water and dried at 110 ± 2 ◦C. The dry biomass was crushed
nto granules, sieved to different particle sizes, and then preserved
n desiccators for use.

.2. Preparation of synthetic solutions

A stock solution of 500 mg L−1 was prepared by dissolving the
ppropriate amount of MG (obtained from S.D. Fine Chemicals,
umbai, India) in 100 mL and made to 1000 mL with distilled
ater. Different concentrations ranged between 25 and 200 mg L−1

f MG were prepared from the stock solution. All the chemicals used
hroughout this study were of analytical-grade reagents. Double-
istilled water was used for preparing all of the solutions and
eagents. The initial pH was adjusted with 0.1 M HCl or 0.1 M NaOH.
ll the adsorption experiments were carried out at room tempera-

ure (27 ± 2 ◦C).

.3. Batch adsorption studies

.3.1. Effect of pH on MG adsorption
The effect of pH on the equilibrium uptake of dyes was investi-

ated by employing an initial concentration of MG (100 mg L−1) and
.2 g 50 mL−1 of CRC. The initial pH values were adjusted with 0.1 M
Cl or 0.1 M NaOH to form a series of pH from 2 to 10. The suspen-

ions were shaken at room temperature (27 ± 2 ◦C) using agitation
peed (150 rpm), the minimum contact time required to reach the
quilibrium (90 min) and the amount of MG adsorbed determined.

.3.2. Effect of CRC dose on MG adsorption
The effect of adsorbent dose on the equilibrium uptake of MG

100 mg L−1) was investigated with CRC concentrations of 0.2,
.4, 0.6, 0.8 and 1 g 50 mL−1. The experiments were performed by
haking known MG concentration with the above different CRC
oncentrations to the equilibrium uptake (90 min) and the amount
f MG adsorbed was determined.

.3.3. Kinetics studies
Adsorption studies were conducted in 250-mL shaking flasks at

solution pH of 7.0. CRC (0.2 g 50 mL−1 was thoroughly mixed indi-
idually with 50 mL of MG solution (50,100,150 and 200 mg L−1)
nd the suspensions were shaken at room temperature. Samples
f 1.0 mL were collected from the duplicate flasks at required time
ntervals viz. 10, 20,30,40,50,60,70,80 and 90 min and were cen-
rifuged for 5 min. The clear solutions were analyzed for residual

G concentration in the solutions.

.3.4. Adsorption isotherm
Batch adsorption experiments were carried out in a rotary

haker at 150 rpm using 250 mL shaking flasks at room temper-
ture for 90 min. The CRC (0.2, 0.6, and 1 g) was thoroughly mixed
ith 50 mL of MG solutions. The isotherm studies were performed

y varying the initial MG concentrations from 25 to 200 mg L−1 at
H 7.0, which was adjusted using 0.1 M HCl or 0.1 M NaOH before
ddition of CRC and maintained throughout the experiment. After
haking the flasks for 90 min, the reaction mixture was analyzed
or the residual MG concentration.

The concentration of MG in solution was measured by using
irect UV–vis spectrophotometric method using a Systronic

pectrophotometer-104 at wavelength of 540 nm. All the experi-
ents were duplicated and only the mean values are reported. The
aximum deviation observed was less than ±4%.
Adsorption of MG from simulated wastewater was studied using

.2 g 50 mL−1 of CRC and MG concentrations 100 mg L−1 at initial
Fig. 1. Effect of system pH on adsorption of MG (100 mg L−1) onto CRC
(0.2 g 50 mL−1) at room temperature (27 ± 2 ◦C), agitation speed 150 rpm for the
minimum contact time required to reach the equilibrium (90 min).

pH 7.0. The amount of dye adsorbed at equilibrium onto carbon, qe

(mg g−1), was calculated by the following mass balance relation-
ship:

qe = (C0 − Ce)V
W

(1)

where C0 and Ce (mg L−1) are the initial and equilibrium liquid-
phase concentration of MG, respectively, V the volume of the
solution (L), and W is the weight of the CRC used (g).

3. Results and discussion

3.1. Effect of system pH on MG Uptake

The pH of the system exerts profound influence on the
adsorptive uptake of adsorbate molecule presumably due to its
influence on the surface properties of the adsorbent and ion-
ization/dissociation of the adsorbate molecule. Fig. 1 shows the
variations in the removal of dye from wastewater at different sys-
tem pH. From the figure, it is evident that the maximum removal
of MG color is observed at pH 7. Similar trend of pH effect was
observed for the adsorption of malachite green on activated car-
bon prepared from fly ash [22] and tuncbilek lignite [23]. Which
may be attributed to the hydrophobic nature of the developed
carbon which led to absorb hydrogen ions (H+) onto the surface
of the carbon when immersed in water and made it positively
charged. Low pH value (1.0–3.0) leads to an increase in H+ ion
concentration in the system and the surface of the activated car-
bon acquires positive charge by absorbing H+ ions. On the other
hand, increase of the pH value (7) led to increase of the number of
negatively charged sites. As the CRC surface is negatively charged
at high pH, a significantly strong electrostatic attraction appears
between the negatively charged carbon surface and cationic dye
molecule leading to maximum adsorption of MG [24] from waste
water. The lowest adsorption occurred at pH 2.0 and the highest
adsorption occurred at pH ∼ 7.0. Adsorbent surface would be posi-
tively charged upto pH < 4, and heterogeneous in the pH range 4–6.
Thereafter, adsorbent surface should be negatively charged. More-
over, the increasing in the adsorption of MG with increasing of pH
value is also due to the attraction between cationic dye and excess
OH− ions in the solution.

3.2. Effect of contact time and initial MG concentration
The relation between removal of MG and reaction time were
studied to see the rate of dye removal. The results of percentage
removal of MG at pH 7.0 with increase of contact time using CRC,
the results are presented in Fig. 2. It was found that more than
50% removal of MG concentration occurred in the first 10 min, and
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cients reported in Table 1 showed strong positive evidence on the
ig. 2. Effect of contact time on the removal of different initial concentrations of
G using CRC (0.2 g 50 mL−1) at pH 7.0.

hereafter the rate of adsorption of the MG onto CRC was found to
e slow. The rapid adsorption at the initial contact time is due to
he highly negatively charged surface of the CRC for adsorption of
ationic MG in the solution at pH 7. Later slow rate of MG adsorption
s probably due to the electrostatic hindrance or repulsion between
he adsorbed positively charged adsorbate species onto the surface
f CRC and the available cationic adsorbate species in the solution
s well as the slow pore diffusion of the solute ions into the bulk
f the adsorbent. The equilibrium was attained at 90 min when the
aximum MG adsorption onto CRC was reached.
Also, the effect of initial concentration of MG in the solution

n the capacity of adsorption onto CRC was studied and is shown
n Fig. 2. The experiments were carried out at fixed adsorbent dose
0.2 g 50 mL−1) in the test solution at room temperature (27 ± 2 ◦C),
H 7 and at different initial concentrations of MG (25, 50, 75, 100,
25, 150, 175 and 200 mg L−1) for different time intervals (10, 20,
0, 40, 50, 60, 70, 80 and 90 min). Fig. 2 shows that the percent-
ge of adsorption efficiency of CRC decreased with the increase
f initial MG concentration in the solution. Though the percent
dsorption decreased with increase in initial dye concentration, the
ctual amount of MG adsorbed per unit mass of adsorbent increased
ith increase in MG concentration in the test solution.

It is evident from Fig. 2 that the amount adsorbed on CRC at
lower initial concentration of MG was smaller than the corre-

ponding amount when higher initial concentrations were used.
owever, the percentage removal of MG was greater at lower

nitial concentrations and smaller at higher initial concentra-
ions. The adsorption capacity for CRC was increased from 4.17
o 20.18 mg g−1 as the MG concentration increased from 25 to
00 mg L−1. In the process of MG adsorption initially dye molecules
ave to first encounter the boundary layer effect and then it has to
iffuse from boundary layer film onto adsorbent surface and then
nally, it has to diffuse into the porous structure of the adsorbent.
his phenomenon will take relatively longer contact time.

.3. Effect of adsorbent mass on MG adsorption

The adsorption of MG on CRC was studied by changing the quan-
ity of adsorbent (0.2, 0.4, 0.6, 0.8 and 1.0 g 50 mL−1) in the test
olution while keeping the initial MG concentration (100 mg L−1),
emperature (27 ± 2 ◦C) and pH (7.0) constant at contact times for
0 min (Fig. 3). The adsorption increased from 48.65% to 76.92%,
s the CRC dose increased from 0.2 g to 1.0 g 50 mL−1 at equilib-
ium time (90 min). Maximum MG removal was achieved within
0–50 min after which MG concentration in the reaction solution

as almost constant. Increase in the adsorption with adsorbent
ose can be attributed to increased MG surface area and availability
f more adsorption sites, while the unit adsorbed of MG decreased
ith increase in CRC dose.
Fig. 3. Effect of adsorbent concentration on MG removals (C0: 100 mg L−1, pH 7.0,
agitation speed: 150 rpm, temperature: 27 ± 2 ◦C).

3.4. Isotherm data analysis

The relationship between the amount of a substance adsorbed
at constant temperature and its concentration in the equilibrium
solution is called the adsorption isotherm. The adsorption isotherm
is important from both a theoretical and a practical point of view. In
order to optimize the design of an adsorption system to remove the
dye, it is important to establish the most appropriate correlations
of the equilibrium data of each system. Equilibrium isotherm equa-
tions are used to describe the experimental adsorption data. The
parameters obtained from the different models provide important
information on the adsorption mechanisms and the surface prop-
erties and affinities of the adsorbent. The most widely accepted
surface adsorption models for single-solute systems are the Lang-
muir and Freundlich models. The correlation with the amount of
adsorption and the liquid-phase concentration was tested with the
Langmuir, Freundlich, Tempkin and Dubinin–Radushkevich (D–R)
isotherm equations. Linear regression is frequently used to deter-
mine the best-fitting isotherm, and the applicability of isotherm
equations is compared by judging the correlation coefficients.

3.4.1. Langmuir isotherm
The theoretical Langmuir isotherm [25] is valid for adsorption of

a solute from a liquid solution as monolayer adsorption on a surface
containing a finite number of identical sites. Langmuir isotherm
model assumes uniform energies of adsorption onto the surface
without transmigration of adsorbate in the plane of the surface [26].
Therefore, the Langmuir isotherm model was chosen for estimation
of the maximum adsorption capacity corresponding to complete
monolayer coverage on the adsorbent surface. The Langmuir non-
linear equation is commonly expressed as followed:

qe = QmKaCe

1 + KaCe
(2)

In Eq. (2), Ce and qe are as defined before in Eq. (1), Qm is a con-
stant and reflect a complete monolayer (mg g−1); Ka is adsorption
equilibrium constant (L mg−1) that is related to the apparent energy
of sorption. The Langmuir isotherm Eq. (2) can be linearized into
the following form [27,28].

Ce

qe
= 1

KaQm
+ 1

Qm
× Ce (3)

A plot of Ce/qe versus Ce should indicate a straight line of slope 1/Qm

and an intercept of 1/(KaQm).
The results obtained from the Langmuir model for the removal

of MG onto CRC are shown in Table 1. The correlation coeffi-
adsorption of MG onto CRC follows the Langmuir isotherm. The
applicability of the linear form of Langmuir model to CRC was
proved by the high correlation coefficients R2 > 0.99. This suggests
that the Langmuir isotherm provides a good model of the sorption
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Table 1
Comparison of the coefficients isotherm parameters for MG adsorption onto CRC.

Isotherm model Ricinus communis activated carbon concentrations (g 50 mL−1)

0.2 0.6 1

Langmuir
Qm (mg g−1) 5.3305 10.753 27.78
Ka (L mg−1) 4.096 0.0417 0.0203
R2 0.987 0.984 0.993

Freundlich
1/n 0.578 0.5452 0.2613
KF (mg g−1) 1.357 1.189 2.3046
R2 0.982 0.927 0.906

Tempkin
˛ (L g−1) 0.0012 2.071 10.71
ˇ (mg L−1) 9.8921 2.4501 0.9288
b 252.14 1017.99 2685.4
R2 0.9034 0.9709 0.9431

Dubinin–Radushkevich
−1
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Qm (mg g ) 16.33
K (×10−5 mol2 kJ−2) 2.00
E (kJ mol−1) 0.158
R2 0.9201

ystem. The maximum monolayer capacity Qm obtained from the
angmuir is 27.78 mg g−1.

.4.2. The Freundlich isotherm
The Freundlich isotherm model [29] is the earliest known equa-

ion describing the adsorption process. It is an empirical equation
nd can be used for non-ideal sorption that involves heterogeneous
dsorption. The Freundlich isotherm can be derived assuming a log-
rithmic decrease in the enthalpy of adsorption with the increase
n the fraction of occupied sites and is commonly given by the
ollowing non-linear equation:

e = KFC1/n
e (4)

here KF is a constant for the system, related to the bonding energy.
F can be defined as the adsorption or distribution coefficient and
epresents the quantity of dye adsorbed onto adsorbent for unit
quilibrium concentration. 1/n is indicating the adsorption inten-
ity of dye onto the adsorbent or surface heterogeneity, becoming
ore heterogeneous as its value gets closer to zero. A value for 1/n

elow 1 indicates a normal Langmuir isotherm while 1/n above 1
s indicative of cooperative adsorption. Eq. (4) can be linearized in
he logarithmic form (Eq. (5)) and the Freundlich constants can be
etermined:

og qe = log KF + 1
n

log Ce (5)

he applicability of the Freundlich adsorption isotherm was also
nalyzed, using the same set of experimental data, by plotting
og(qe) versus log(Ce). The data obtained from linear Freundlich
sotherm plot for the adsorption of the MG onto CRC is presented
n Table 1. The correlation coefficients (>0.98) showed that the Fre-
ndlich model is comparable to the Langmuir model. The 1/n is

ower than 1.0, indicating that MG is favorably adsorbed by CRC.

.4.3. The Tempkin isotherm
Tempkin adsorption isotherm model was used to evaluate the

dsorption potentials of the CRC for MG. The derivation of the
empkin isotherm assumes that the fall in the heat of adsorption is
inear rather than logarithmic, as implied in the Freundlich equa-

ion. The Tempkin isotherm has commonly been applied in the
ollowing form [30–32]:

e = RT

b
ln(ACe) (6)
7.349 5.263
4.00 0.008
0.1118 2.500
0.9455 0.9404

The Tempkin isotherm Eq. (6) can be simplified to the following
equation:

qe = ˇ ln ˛ + ˇ ln Ce (7)

where ˇ = (RT)/b, T is the absolute temperature in Kelvin and R is the
universal gas constant, 8.314 J(mol K)−1. The constant b is related
to the heat of adsorption [33,34]. The adsorption data were ana-
lyzed according to the linear form of the Tempkin isotherm Eq. (7).
Examination of the data shows that the Tempkin isotherm fitted
well the MG adsorption data for CRC. The linear isotherm constants
and coefficients of determination are presented in Table 1. The
heat of MG adsorption onto CRC was found to increase from 0.252
to 2.685 kJ mol−1 with increase of CRC dose from 0.2 to 1.0 g L−1.
The correlation coefficients R2 obtained from Tempkin model were
comparable to that obtained for Langmuir and Freundlich equa-
tions, which explain the applicability of Tempkin model to the
adsorption of MG onto CRC.

3.4.4. The Dubinin–Radushkevich (D–R) isotherm
The D–R model was also applied to estimate the porosity appar-

ent free energy and the characteristics of adsorption [35–37]. The
D–R isotherm dose not assumes a homogeneous surface or constant
adsorption potential. The D–R model has commonly been applied
in the following Eq. (8) and its linear form can be shown in Eq. (9):

qe = Qm exp(−Kε2) (8)

ln qe = ln Qm − Kε2 (9)

where K is a constant related to the adsorption energy, Qm the theo-
retical saturation capacity, ε the Polanyi potential, calculated from
Eq. (10).

ε = RT ln
(

1 + 1
Ce

)
(10)

The slope of the plot of ln qe versus ε2 gives K (mol2(kJ2)−1) and
the intercept yields the adsorption capacity, Qm (mg g−1). The mean
free energy of adsorption (E), defined as the free energy change
when one mole of ion is transferred from infinity in solution to

the surface of the solid, was calculated from the K value using the
following relation [38]:

E = 1√
2K

(11)
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The calculated value of D–R parameters is given in Table 1.
he saturation adsorption capacity Qm obtained using D–R
sotherm model for adsorption of MG onto CRC is 16.33 mg g−1

t 0.2 g 50 mL−1 adsorbent dose, which is close to that obtained
10.753 mg g−1) from Langmuir isotherm model (Table 1). The val-
es of E calculated using Eq. (11) is 0.158–2.500 kJ mol−1, which

ndicating that the physico-sorption process plays the significant
ole in the adsorption of MG onto CRC.

.5. Kinetic models applied to the adsorption of MG onto CRC

Several steps can be used to examine the controlling mecha-
ism of adsorption process such as chemical reaction, diffusion
ontrol and mass transfer; kinetic models are used to test exper-
mental data from the adsorption of MG onto CRC. The kinetics
f MG adsorption onto CRC is required for selecting optimum
perating conditions for the full-scale batch process. The kinetic
arameters, which are helpful for the prediction of adsorption
ate, give important information for designing and modeling the
dsorption processes. Thus, the kinetics of MG adsorption onto CRC
ere analyzed using pseudo-first-order [39], pseudo-second-order

40], Elovich [41–43] and intraparticle diffusion [44,45] kinetic
odels. The conformity between experimental data and the model-

redicted values was expressed by the correlation coefficients (R2,
alues close or equal to 1). The relatively higher value is the more
pplicable model to the kinetics of MG adsorption onto CRC.

.5.1. Pseudo-first-order equation
The adsorption kinetic data were described by the Lager-

ren pseudo-first-order model [39], which is the earliest known
quation describing the adsorption rate based on the adsorption
apacity. The differential equation is generally expresses a follows:

dqt

dt
= k1(qe − qt) (12)

here qe and qt are the adsorption capacity at equilibrium and at
ime t, respectively, (mg g−1), k1 is the rate constant of pseudo-first-
rder adsorption (L min−1). Integrating Eq. (12) for the boundary
onditions t = 0–t and qt = 0–qt gives

og
(

qe

qe − qt

)
= k1

2.303
t (13)

q. (13) can be rearranged to obtain the following linear form:

og(qe − qt) = log(qe) − k1

2.303
t (14)

In order to obtain the rate constants, the values of log(qe − qt)
ere linearly correlated with t by plot of log(qe − qt) versus t to give
linear relationship from which k1 and predicted qe can be deter-
ined from the slope and intercept of the plot, respectively (Fig. 4).

he variation in rate should be proportional to the first power of

oncentration for strict surface adsorption. However, the relation-
hip between initial solute concentration and rate of adsorption
ill not be linear when pore diffusion limits the adsorption process.

ig. 4 shows that the pseudo-first-order equation fits well for the
rst 50 min and thereafter the data deviate from theory. Thus, the

able 2
omparison of the first- and second-order adsorption rate constants and calculated and e

Parameter First-orde

CRC concentration (g 50 mL−1) MG (mg L−1) qe (experimental) k1

0.2 50 4.875 0.02
100 13.16 0.03
150 22.50 0.04
200 34.00 0.04

1 (min−1), k2 (g (mg min)−1), qe (mg g−1), h (mg (g min)−1).
Fig. 4. Pseudo-first-order kinetics for MG adsorption onto CRC. Conditions: adsor-
bent dosage 0.2 g 50 mL−1, pH 7.0, temperature 27 ± 2 ◦C.

model represents the initial stages where rapid adsorption occurs
well but cannot be applied for the entire adsorption process. Fur-
thermore, the correlation coefficient R2 are relatively low for most
adsorption data (Table 2). This shows that the adsorption of MG
onto CRC cannot be applied and the reaction mechanism is not a
first-order reaction.

3.5.2. Pseudo-second-order equation
The adsorption kinetic may be described by the pseudo-second-

order model [40]. The differential equation is generally given as
follows:

dqt

dt
= k2(qe − qt)

2 (15)

where k2 (g (mg min)−1) is the second-order rate constant of
adsorption. Integrating Eq. (15) for the boundary conditions
qt = 0–qt at t = 0–t is simplified as can be rearranged and linearized
to obtain:(

t

qt

)
= 1

k2q2
e

+ 1
qe

(t) (16)

The second-order rate constants were used to calculate the ini-
tial sorption rate, given by the following equation:

h = k2q2
e (17)

If the second-order kinetics is applicable, then the plot of t/qt

versus t should show a linear relationship. Values of k2 and equi-
librium adsorption capacity qe were calculated from the intercept
and slope of the plots of t/qt versus t (Fig. 5). The linear plots
of t/qt versus t show good agreement between experimental and
calculated qe values at different initial MG and adsorbent concen-
trations (Table 2). The correlation coefficients for the second-order
kinetic model are greater than 0.95, which led to believe that the
pseudo-second-order kinetic model provided good correlation for
the bioadsorption of different initial of MG onto CRC.
The values of initial sorption (h) that represents the rate
of initial adsorption, is practically increased from 0.1348 to
1.865 mg(g min)−1 with the increase in initial MG concentrations
from 50 to 200 mg L−1 onto CRC dose 0.2 g mL−1 (Table 2). It
was observed that the pseudo-second-order rate constant (k2)

xperimental qe values for different initial MG and CRC (0.2 g 50 mL−1).

r kinetic model Second-order kinetic model

qe (calculated) R2 k2 qe (calculated) h R2

4.354 0.952 0.004 5.64 0.14 0.946
14.54 0.958 0.003 14.56 0.73 0.960
26.62 0.919 0.002 27.70 1.17 0.973
39.14 0.926 0.001 41.66 1.87 0.973
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Fig. 5. Plot of the pseudo-second-order model at different initial MG concentrations,
CRC 0.2 g mL−1, pH 7.0, temperature 27 ± 2 ◦C.
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Fig. 7. Intraparticle diffusion model plot for the adsorption of MG onto CRC
(0.2 g 50 mL−1) at different initial dye concentration (50, 100, 150 and 200 mg L−1).

T
T

ig. 6. Elovich model plot for the adsorption of MG onto CRC (0.2 g 50 mL−1) at
ifferent initial dye concentrations (50, 100,150 and 200 mg L−1).

ecreased from 0.004239 to 0.00107 with increased initial MG con-
entration from 50 to 200 mg L−1 for CRC dose of 0.2 g mL−1.

.5.3. Elovich equation
The Elovich equation is another rate equation based on the

dsorption capacity generally expressed as following [41–43]:

dqt

dt
= BE exp(−AEqt) (18)

here BE is the initial adsorption rate (mg(g min)−1) and AE is the
esorption constant (g mg−1) during any experiment.

It is simplified by assuming AEBEt � t and by applying the bound-
ry conditions qt = 0 at t = 0 and qt = qt at t = t Eq. (18) becomes:

t = 1
AE

(BEAE) + 1
AE

ln(t) (19)

If MG adsorption by CRC fits the Elovich model, a plot of qt ver-
us ln(t) should yield a linear relationship with a slope of (1/AE)
nd an intercept of (1/AE) ln(AEBE) (Fig. 6). Thus, the constants
an be obtained from the slope and the intercept of the straight

ine (Table 3). The initial adsorption rate BE increase from 5.53
o 832.52 mg(g min)−1 with increase of initial MG concentration
rom 50 to 200 mg L−1 on CRC dose of 0.2 g mL−1. Similar pattern is

entioned above for the initial adsorption rate, h, obtained from
seudo-second-order model. The desorption constant, AE, decrease

able 3
he parameters obtained from Elovich kinetics model and intraparticle diffusion model u

CRC concentration (g 50 mL−1) MG concentration (mg L−1) Elovich

AE

0.02 50 0.79
100 0.45
150 0.17
200 0.12
Fig. 8. (a) SEM photograph for CRC (Before adsorption) (b) SEM photograph for CRC
(After adsorption).
from 0.7933 to 0.1169 g mg−1 with increase in the initial MG con-
centration from 50 to 200 mg L−1 over CRC dose of 0.2 g mL−1

(Table 3).

sing different initial MG concentrations.

Intraparticle diffusion

BE R2 Kdif C R2

5.5 0.948 0.45 0.193 0.967
11.03 0.977 1.57 1.473 0.964
12.03 0.948 2.11 3.33 0.988
15.65 0.935 3.09 5.89 0.979
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Table 4
Comparison of adsorption capacities of various adsorbents for MG.

Adsorbent Qm or experimental sorption capacity (mg g−1) Temperature (◦C) Reference

Rubber wood sawdust 25.8–36.3 – [48]
Hen feather 10.3–10.7 30–50 [49]
Commercial activated carbon 8.27 30 [50]
Laboratory grade activated carbon 42.18 30 [50]

3
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q
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s

Arundo donax root carbon 8.69
Lemon peel 3.2–51.7
Ricinus communis 27.78

.5.4. The intraparticle diffusion model
The adsorbate species are most probably transported from

he bulk of the solution into the solid phase through intraparti-
le diffusion/transport process, which is often the rate-limiting
tep in many adsorption processes, especially in a rapidly stirred
atch reactor [46]. Since the MG are probably transported from its
queous solution to the CRC by intraparticle diffusion, so the intra-
article diffusion is another kinetic model should be used to study
he rate of MG adsorption onto CRC. The possibility of intrapartic-
lar diffusion was explored by using the intraparticle diffusion
odel, which is commonly expressed by the following equation:

t = Kdift
1/2 + C (20)

here C (mg g−1) is the intercept and Kdif is the intraparticle diffu-
ion rate constant (in mg g−1 min−1/2). The values of qt were found
o be linearly correlated with values of t1/2 (Fig. 7) and the rate con-

tant Kdif directly evaluated from the slope of the regression line
Table 3). The values of intercept C (Table 3) provide information
bout the thickness of the boundary layer, the resistance to the
xternal mass transfer increase as the intercept increase. The con-
tant C was found to increase from 0.1933 to 28.106 with increase

Fig. 9. FT-IR photog
30 [51]
32 [52]
27 This paper

of dye concentration from 50 to 200 mg L−1, which indicating the
increase of the thickness of the boundary layer and decrease of
the chance of the external mass transfer and hence increase of the
chance of internal mass transfer. The R2 values given in Table 3 are
close to unity indicating the application of this model. This may con-
firm that the rate-limiting step is the intraparticle diffusion process.
The intraparticle diffusion rate constant, Kdif, were in the range of
0.4505–3.0981 mg g−1 min−1/2 and it increase with increase of ini-
tial dye concentration. The linearity of the plots demonstrated that
intraparticle diffusion played a significant role in the uptake of the
adsorbate by adsorbent. However, As still there is no sufficient indi-
cation about it, Ho [47] has shown that if the intraparticle diffusion
is the sole rate-limiting step, it is essential for the qt versus t1/2 plots
to pass through the origin, which is not the case in Fig. 7, it may be
concluded that surface adsorption and intraparticle diffusion were
concurrently operating during the MG and CRC interactions.
3.6. Comparison with other adsorbents for MG

Many adsorbents for MG removal, including activated carbon,
various biosorbents, were reported in the literature [48–52]. Part

raph for CRC.
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f the data on MG sorption capacity (values of Qm derived from
he Langmuir equation) of various adsorbents, especially the low-
ost adsorbents, is summarized in Table 4. In the present study, the
xperimental values were used in Langmuir equation to describe
he isothermal sorption data. It was found that R. communis is an
xcellent adsorbent for MG.

.7. Spectrochemical characterization

The surface morphology of the activated carbon was examined
sing scanning electron microscopy (SEM) the results are shown

n (Fig. 8a and b). From the SEM analysis, it was found that there
ere holes and cave type openings on the surface of the adsorbent,
hich would have more surface area available for adsorption [53].
owever, following dye adsorption, the particle surface becomes
uch smoother than that of the original particle. It is evident that

he surface morphology of the activated carbon is different before
nd after adsorption.

The FT-IR spectrum of the activated carbon (Fig. 9) showed
hat the most prominent peaks in the spectrum originate from
H vibrations, CH2 and CH3 asymmetric and symmetric stretch-

ng vibrations. The peaks at (1155–1033 cm−1) region related to
ignin. Therefore, it is possible that cellulose, hemicellulose as well
s lignin, having many OH groups in their structure, make up
ost of the absorbing layer. Two strong peaks observed in the

ange between 2963 cm−1 and 2853 cm−1 are assigned to asym-
etric C–H bands and symmetric C–H bands, respectively, present

n methyl and methylene groups. Stretching vibration band around
700 cm−1 is assigned to carbonyl C O group present in aldehyde,
ster, ketone and acetyl derivatives. The strong band at 1600 cm−1

ay be due to C C band. These specific functional groups enhance
he adsorption properties [54].

. Conclusion

The results of this investigation show that activated car-
on developed from R. communis has a suitable adsorption
apacity for the removal of MG from aqueous solutions. The
quilibrium adsorption is practically achieved in 90 min. The
xperimental results were analyzed by using Langmuir, Fre-
ndlich, Tempkin and Dubinin–Radushkevich isotherm models
nd the correlation coefficients for Langmuir, Freundlich, Tempkin
nd Dubinin–Radushkevich equations are well fitted. Adsorption
ehavior is described by a monolayer Langmuir-type isotherm. The
inetic study of MG on CRC was performed based on pseudo-first-
rder, pseudo-second-order, Elovich and intraparticle diffusion
quations. The data indicate that the adsorption kinetics follow
he pseudo-second-order rate with intraparticle diffusion as one
f the rate determining steps. The present study concludes that
he CRC could be employed as low-cost adsorbents as alterna-
ives to commercial activated carbon for the removal of color and
yes from water and wastewater. R. communis has a widespread
eographical distribution and is a rapid growing plant that can
ignificantly increase biomass and has little economic value and
xcellent adsorption capacity for MG, R. communis should be a
romising and cost-effective adsorbent for MG removal in industry.
urther studies on quantitative characterization of this adsorbent
nd involved mechanisms, and feasibility of using this adsorbent for
ther triphenylmethane dyes and for its possible industrial appli-
ation are needed.
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