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ABSTRACT

Competitive adsorption of malachite green (MQ) in single and binary system on microwave activated epicarp of Ricinus
communis (MRC) and microwave assisted zinc chloride activated epicarp of Ricinus communis (ZRC) were analyzed.
The preparation of ZRC from Ricinus communis was investigated in this paper. Orthogonal array experimental design
method was used to optimize the preparation of ZRC. Optimized parameters were radiation power of 100 W, radiation
time of 4 min, concentration of zinc chloride of 30% by volume and impregnation time of 16 h, respectively. The MRC
and ZRC were characterized by pHzpc, SEM-EDAX and FTIR analysis. The effect of the presence of one dye solution
on the adsorption of the other dye solution was investigated in terms of equilibrium isotherm and adsorption yield. Ex-
perimental results indicated that the uptake capacities of one dye were reduced by the presence of the other dye. The
adsorption equilibrium data fits the Langmuir model well and follows pseudo second-order kinetics for the bio-sorption
process. Among MRC and ZRC, ZRC shows most adsorption ability than MRC in single and binary system.
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1. Introduction

Dyes are widely used in industries such as textiles, lea-
ther, paper, plastics, etc. to color their final products. The
textile industries are the greatest generators of liquid ef-
fluent, due to high quantity of water used in the dyeing
processes [1]. Fifteen percent of the total world produc-
tion of dyes is lost during the dyeing process and is re-
leased in textile effluent. Malachite Green (MG) is a ca-
tionic dye and widely used for the dyeing of leather,
wool and silk, distilleries, jute, paper, as a food coloring
agent, food additive, in medical disinfectant and fish in-
dustries [2,3]. Discharge of MG into the hydrosphere can
cause environmental degradation as it gives undesirable
color to water and reduces sunlight penetration. The con-
sumption of MG has many adverse effects due to its car-
cinogenic, genotoxic, mutagenic and teratogenic prop-
erties of MG are due to presence of the nitrogen.

Dye removal from wastewater effluent is a major en-
vironmental problem because of the difficulty of treating
such streams by conventional physical, chemical, phys-
ico-chemical and biological treatment methods. Many
physical and chemical treatment methods including ad-
sorption, coagulation, precipitation filtration, electrodi-
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alysis, membrane separation and oxidation have been
used for the treatment of dye-containing effluents [4].
Adsorption process is one of the most effective and eco-
nomically feasible methods for the removal of dyes from
aqueous solutions.

Activated carbon was widely used in removal dyes
from textile effluent, which had relatively high sorption
capacity for a wide variety of dyes. Commercially avail-
able activated carbons are usually derived from natural
materials such as wood or coal, therefore, are still con-
sidered expensive [5]. Due to economical reasons, it was
investigated for a long time that agricultural byproducts
and waste materials used for the production of activated
carbon. Examples of these attempts included rattan saw-
dust [6], rice husk [7], lemon peel [8], granular kohlrabi
[9], jute fiber [10] and coconut husk [11].

Two methods are used for the preparation of AC via,
physical and chemical activation. During physical activa-
tion, the raw material is carbonized first at high tempera-
ture and then it is activated by CO, or steam under pres-
sure to increase porosity and surface area of AC. In
chemical activation both carbonization and activation
takes place simultaneously, in which raw material is first
impregnated with activating chemical and then carbon-
ized at desired temperature that varies according to acti-
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vating chemical used [12]. The development of porous
structure is better in the case of chemical activation [13].
Chemical activation is held in presence of dehydrating
reagents such as KOH, K,CO;, NaOH, ZnCl, and H;PO,
which influence pyrolytic decomposition and inhibit tar
formation. The carbon yield obtained is higher and the
temperature used in chemical activation is lower than
that of physical activation. Behaviors of the reagents
during chemical activation show different effects on the
final product. ZnCl, is the widely used as activating re-
agent, since it resulted in high surface areas and high
yield [14,15]. In the use of ZnCl,, the activated carbons
had large surface areas and more micro pore structure [8,
10]. For preparing activated carbon, conventional heating
method is usually adopted, in which the energy is pro-
duced by electrical furnace. Recently, microwave heating
technology has been applied to fabricate activated carbon
due to its rapid heating and uniformity [15].

The application of microwave (MW) heating technol-
ogy for regenerating industrial waste activated carbon
has been investigated with very promising results [16,
17]. The main difference between MW devices and con-
ventional heating systems is in the way of t heating. In
the MW device, the microwaves supply energy directly
to the carbon bed. Energy transfer is not by conduction or
convection as in conventional heating, but microwave
energy is readily transformed heat into inside the parti-
cles by dipole rotation and ionic conduction [16-18]. Re-
cently microwave energy has been widely using in sev-
eral fields of applications on both research and industrial
processes. Although the use of microwave energy chan-
ges the properties of carbonaceous materials very much,
there are relatively few publications that describe the use
of microwaves for producing and regenerating activated
carbons. Nabasis et al., studied on the surface chemistry
modification of activated carbon fibres by means of mi-
crowave heating which was found to be very effective.
Microwave is now being used in various fields in order
to heat dielectric materials because it can considerably
shorten the treatment time and reduce energy consump-
tion.

The aim of the present work was to optimize the MRC
and ZRC preparation conditions using orthogonal array
experimental design method, investigate the ability of a
malachite green dye sorbent prepared from epicarp of
Ricinus communis (RC) is an agricultural waste material
by microwave assisted chemical activation using zinc
chloride as activating agent for the adsorption of mala-
chite green dye from aqueous solution. The adsorption
ability of classical activated Ricinus communis was pre-
viously investigated for the adsorption of MG dye from
aqueous solution [19].

The objective of the present study is to evaluate the
possibility of using the dried epicarp of Ricinus commu-
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nis to develop a new low-cost activated carbon and to
study the effect of several parameters (pH, contact time,
initial metal concentration, pH,,., adsorption isotherms
and kinetics) on the adsorption efficiency of malachite
green (MG) dye from aqueous solution in single and bi-
nary system and compare the performance of MRC and
ZRC for the adsorption of MG in single (MG) and binary
system (MG + Methylene blue).

2. Experimental
2.1. Materials

Samples of Malachite green (MG) and Methylene blue
(MB) were obtained from Aluva, Edayar (specrum re-
agents and chemicals pvt. Ltd). All other chemicals used
in this study were analytical grade and Purchased from
Aluva, Edayar (specrum reagents and chemicals pvt. Ltd)
and was used without any further purification. The che-
mical structure of malachite green is shown in Figure 1.
Malachite green hydrochloride (C.I. = 42,000) has the
molecular formula of Cy;HpsCIN,, the molecular weight
0f364.92, Apax = 617 nm.

A Stock solution of 500 mg/L was prepared by dis-
solving accurately weighed amounts of MG in doses of
1000 mL distilled water. The desirable experimental
concentrations of solutions were prepared by diluting the
stock solution with distilled water when necessary.

2.2. Preparation of Adsorbent

2.2.1. Preparation of Microwave Treated Ricinus
communis (MRC)

The epicarp of Ricinus communis (RC) was obtained
from an agricultural form in Tirupur district (TamilNadu).
It was air-dried and powdered in a grinder. Dried Ricinus
communis with the mass of 6 g were placed in a MW
heating apparatus (MW71E) which produced by SAM-
SUNG, Malaysia. After a certain heating power of 100
W and microwave radiation time of 4 min, and finally
dried at 150°C in a hot air oven. The MRC was then
stored in an air-tight container for later experimental use.

2.2.2. Preparation of Zinc Chloride Assisted Ricinus

communis (ZRC)
The epicarp of Ricinus communis was obtained from the

]
&
N

Figure 1. Chemical structure of malachite green.
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agricultural form in Tirupur district (Tamil Nadu). It was
air-dried and powdered in a grinder. Dried Ricinus com-
munis with the mass of 6 g were mixed with 30 mL of
ZnCl, to vary concentrations in the range of 30% - 60%
by volume. The slurry was kept at room temperature for
various time spans in the range of 16 - 28 h to ensure the
access of the ZnCl, to the Ricinus communis. After mix-
ing, the slurry was placed in a MW heating apparatus
(MWT71E, SAMSUNG). After a heating power of 100 W -
600 W and microwave radiation time of 10 min - 4 min,
the carbonized sample were washed with 0.5 M HCI, hot
water and cold distilled water until the pH of the washing
solution reached 6 - 7, filtered and finally dried at 150°C
in hot air oven for 6 h. The ZRC was then stored in an
air-tight container for later experimental use.

2.3. Optimization of ZRC Preparation
Conditions

In order to optimize the preparation conditions of the
ZRC, Taguchi experimental design method was used
[19]. An L;¢ orthogonal array with four operational pa-
rameters each in four levels was used to evaluate the
corresponding optimal values. These variables and their
values are summarized in Table 1. The complete design
matrix of the experiments and the obtained results are
shown in Table 2. Todine is considered as probe mole-
cules for assessing the adsorption capacity of adsorbents
for solutes of molecular sizes less than 10 A. Iodine
number was normally listed as specification parameter
for ZRC. Therefore, the responses were iodine number
(Y2, mg/g), yield (Y, %) was obtained at 25°C + 1°C on
the basis of the standard Test method. The yield of the
carbon samples was estimated according to,

M
Y =—x100 1
Vi (M

0

where M is the weight of MRC and ZRC and M is the
weight of air dried Ricinus communis leaves.

2.4. Effect of Independent Variables on ZRC
Preparation Conditions

According to the L4 array designed by Taguchi method,

Table 1. Design and levels.

Range and levels

Independent variables Symbol

1 2 3 4

Radiation power (W) 100 200 400 600
Radiation time (min)

Concentration of ZnCl, (vol%) 50 60

g ao w »
w
=]
IS
=

Impregnation time (h) 16 20 24 28
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Table 2. Experimental design matrix and results.

Variables Responses (Y)
Runs A B C D Iodine number Yield of ZRC
(1, mg/g) (v2» %)
1 1 1 1 1 466.0 35.74
2 2 1 1 1 698.56 54.88
3 3 1 1 1 910.16 72.21
4 4 1 1 1 783.16 69.68
5 1 1 1 1 635.0 43.98
6 1 2 1 1 973.66 53.32
7 1 3 1 1 1164.6 58.75
8 1 4 1 1 466.00 35.74
9 1 1 1 1 466.0 35.74
10 1 1 2 1 762.33 52.62
11 1 1 3 1 804.33 63.11
12 1 1 4 1 719.66 56.94
13 1 1 1 1 466.0 35.74
14 1 1 1 2 740.83 42.16
15 1 1 1 3 402.16 52.95
16 1 1 1 4 825.5 55.97

16 different ZRC samples were prepared. lodine number
and yield of each sample were determined and shown in
Table 2. The effect of operational parameters on responses
of the prepared ZRC samples is shown in Figure 2.

2.4.1. Effect of Microwave Radiation Power on the
Yield and lodine Number of ZRC

Effect of microwave radiation power (Parameter A) on
adsorption capacity and the yield of ZRC were evaluated
under the concentration of ZnCl, (Xz,) of 30 ml and mi-
crowave radiation time of 4 min. Figure 2 shows that the
yield of ZRC samples were increased with the increasing
of microwave power level from 100 - 400 W, and then
decreased with increasing of the level of 600 W. There
were similar tendency of the iodine number on ZRC. The
possible reason was that the higher energy was offered to
the samples with increasing the power level, the more
active sites and pores on the samples. When microwave
power reached a certain level, overfull energy could
make a small quantity of carbon burnt, and the structure
of pores was destroyed. Similar results have been ob-
tained by other researchers [9,21].

2.4.2. Effect of Microwave Radiation Time on the

Yield and lodine Number of ZRC
Effects of microwave radiation time (parameter B) on the
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Figure 2. The effect of operational parameters on responses of the prepared ZRC samples. ((A) Radiation power; (B) Radia-
tion time; (C) Concentration of ZnCl, and (D) Impregnation time).

yield and iodine number of ZRC were evaluated, under
the conditions of Xz, of 30 ml and microwave power of
100 W (Figure 2). It revealed that the yield of ZRC was
increased with increasing the radiation time up to 8 min,
and then decreased, when the time was increased to 10
min. There were same tendency of the iodine number of
ZRC. Similar trends were also found by Li et al., when
they prepared the activated carbon from tobacco stems
using microwave radiation [22]. The activation degree
was much more dependent on the microwave radiation
time. With the prolongation of microwave radiation time,
much more active sites and pores were formed on the
surface of samples. Therefore the adsorption capacity of
ZRC would be increased with the prolongation of mi-
crowave radiation time. However, when microwave ra-
diation time reached a certain value, the pores of carbon
would be burnt off by microwave heating, which would
lower the iodine number, the amount of nickel uptake
and the yield of ZRC.

2.4.3. Effect of Impregnation Ratio of ZnCl, and
Impregnation Time on the Yield and lodine
Number of ZRC

Under the microwave power of 100 W, radiation time of

8 min, the effects of the impregnation ratio (parameter C)

of ZnCl, on the yield and iodine number of ZRC was

studied (Figure 2). With the increasing X, from 30 ml

to 90 ml, the yield, the iodine number and the amount of

MG adsorption of ZRC were all increased. While Xz,

was further increased to 120 ml, these two parameters

were all decreased. With increase in impregnation ratio,
the initial effect of ZnCl, is to inhibit the release of vola-
tile matter, which results in higher yield and iodine
number of ZRC. Subsequently, with the further increase
in impregnation ratio, the zinc chloride assumed a dehy-
dration agent role during activation. It inhibits the forma-
tion of tars and any other liquids that could clog up the
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pores of the sample, the movement of the volatiles
through the pore passages would not be hindered, the
volatiles will be subsequently released from the carbon
surface during activation. Therefore the yield and iodine
number of carbon were all decreased. Similar trends were
also reported by Lua and Yang [23], Guo and Lua [24] in
their studies on the preparation of activated carbon from
pistachio-nut shell and oil-palm shells, respectively.

The results presented in Figure 2 also shows that im-
pregnation time (parameter D) had little influence on the
yield and iodine number. The action of ZnCl, on the lig-
nocellulosic material could be expressed as the following
mechanism.

During impregnation stage the base attacked the cellu-
lar structure of Ricinus communis leaves, forming cleav-
age to the linkages between the lignin and cellulose. It
was followed by recombination reactions, where larger
structural units and strong cross linked solids were form-
ed. This base worked, principally, in early stage during
impregnation and might extended to have a slight effect
in the carbonization stage [25].

2.5. Optimized Conditions

In the production of AC, relatively high product yield
and adsorption capacity were expected. Therefore, more
attention should be paid to improve the carbon yield and
enhance its adsorption capacity for economical viability.
However, it was difficult to optimize both these re-
sponses under the same condition, for the different inter-
est in different region. From the discussions mentioned
above, the microwave radiation power, microwave radia-
tion time, impregnation ratio and the impregnation time
of ZnCl, had significant effects on the yield and the ad-
sorption capacity of the activated carbon from Ricinus
communis leaves with ZnCl, activation by microwave
radiation. Therefore the optimum conditions were ob-
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tained as following: the microwave power of 100 W,
microwave radiation time of 4 min, Xz, of 30 ml and
impregnation time of 16 h. Iodine number and the yield
of activated carbon prepared under optimum conditions
were 69.68% and 783.16 (mg/g), respectively. The ZRC
was used in the characterization analysis and adsorption
experiments which were prepared under optimum condi-
tions.

2.6. Characterization of MRC and ZRC

The surface morphology of MRC and ZRC were identi-
fied by using SEM technique (Jeol jsm-6390). A Fourier
transforms infrared spectroscopy (SHIMADZU, IR Af-
finity-1) with KBr pellet was used to study surface func-
tional groups of the MRC and ZRC, with a scanning
range of 4000 - 400 cm . The zero surface charges
(pHzpc) of MRC and ZRC were determined by using the
solid addition method [20]. The acidity and Basicity of
MRC and ZRC were determined and confirmed by
Boehm’s titration method. The ability of the MRC and
ZRC in the adsorption of MG in single (MG) and binary
system (MG + MB) were investigated by batch isotherm
and kinetic studies. The concentration of MG in single
and binary system were determined using a double beam
UV-vis spectrophotometer (SHIMADZU UV-2450) of
the wavelength of 617 nm.

2.7. Batch Equilibrium Studies

To study the effect of parameters such as adsorbent dose,
dye concentration and solution pH for the removal of
adsorbate on MRC and ZRC, batch experiments were
performed. Stock solutions of MG in single and binary
system were prepared by dissolving MG (S) and MG +
MB (B) in deionized water and further diluted to the 50 -
200 mg/L concentrations for the experiments. pH was
adjusted by adding 0.1 M HCI or 0.1 M NaOH into the
solutions with known initial MG concentrations. Batch
adsorption experiments were conducted in asset of 250
mL stoppered flasks containing 0.2 g of MRC and ZRC
and 50 mL of dye solutions with different concentrations
(50, 100, 150 and 200 mg/L) at pH 5. The flasks were
agitated using a mechanical orbital shaker, and main-
tained at room temperature for 2 h until the equilibrium
was reached. The suspensions were filtered and dye con-
centrations in the supernatant solutions were measured
using a UV-vis spectrophotometer at 617 nm. The amounts
of uptake of MG by MRC and ZRC in the equilibrium (qc)
were calculated by the following mass-balance relation-
ship
(Co — Ce )

:—XV 2
q. W 2

where C, and C. (mg/L) are the liquid phase concentra-
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tions of dye at initial and equilibrium, respectively. V (L)
is the volume of the solution, and W (g) is the mass of
adsorbent used.

Adsorption isotherm is the most important information
which indicates how the adsorbate molecules distribute
between the liquid phase and the solid phase when ad-
sorption process reaches on equilibrium state. When the
system is at equilibrium is of importance in determining
the maximum sorption capacity of MRC and ZRC to-
wards dyes.

2.7.1. Effect of Adsorbent Dose

To observe the effect of adsorbent dose on dye adsorp-
tion, different amounts of adsorbent varying from 0.2 g/
50 ml, 0.4 g/50 ml, 0.6 g/50 ml, 0.8 g/50 ml and 1 g/50
ml were added into initial concentration of 100 mg/L MG
in single and binary solution. The mixtures were shaken
in 250 mL stoppered flasks at room temperature at pH 5
until the equilibrium time was reached.

2.7.2. Effect of Solution pH

To study the effect of solution pH on MG adsorption,
100 mg/L initial concentration at different pH values (2 -
9) was agitated with 0.2 g of MRC and ZRC in a me-
chanical orbital shaker at room temperature. The effect of
pH on MG adsorption was studied by varying the pH
from 2.0 to 9.0. The concentration of MG solution used
for this study was 100 mg/L and the adsorbent dose was
0.2 g. The initial pH was written as pH;and the solution
pH after adsorption was also measured and written as pHy.
The pH was adjusted with 0.1 M NaOH and 0.1 M HCl
solutions.

2.7.3. Effect of Initial Dye Concentration

In order to study the effect of initial dye concentration on
the adsorption uptake, MG solutions with initial concen-
trations of 50 - 200 mg/L with varying the adsorbent
dose of 0.2 g/50 mL of MRC and ZRC respectively. In
this case, the solution pH was kept as 5.

3. Results and Discussion
3.1. Surface Acidity and Basicity

Surface acidity was estimated by mixing 0.2 g of MRC
and ZRC with 25 mL of 0.5 M NaOH in a closed flask,
the flask was agitated for 48 h at room temperature
(28°C). The Suspension was decanted and the remaining
NaOH was titrated with 0.5 M HCI. The surface basicity
was measured by titration with 0.5 M NaOH after agita-
tion of 0.2 g of MRC and ZRC with 0.5 M HCI. MRC
has the surface acidity of 1.803 mmol/g and 4.06 mmol/g
surface basicity and ZRC has the surface acidity of 2.73
mmol/g and 2.53 mmol/g surface basicity. Acidity and
basicity were confirmed by Boehm titration method.
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Boehm titrations quantify the basic and oxygenated acidic
surface groups on activated carbons [21].

3.2. Zero Surface Charges—The Characteristic
Analysis of MRC and ZRC

The influence on the solution pH on the dye uptake can
be explained on the basis of the pH zero point charge or
isoelectric point of the adsorbent. The value of the pH
necessary to affect a net zero charge on a solid surface in
the absence of specific sorption is called the point of zero
charge, pHzpc.

The zero surface charge of MRC and ZRC were de-
termined by using the solid addition method [20]. The
experiment was conducted in a series of 250 mL glass
stoppered flasks. Each flask was filled with 50 mL of
different initial pH NaNO; solutions and 0.2 g of MRC
and ZRC. The pH values of the NaNO; solutions were
adjusted between 2 to 9 by adding either 0.1 M HNO; or
0.1 M NaOH. The suspensions were then sealed and
shaken for 2 h at 150 rpm. The final pH values of the
supernatant liquid were noted. The difference between
the initial pH (pH,) and final pH (pHy) values (pH = pH,
— pHy) was plotted against the values of pHy. The point
of intersection of the resulting curve with abscissa, gave
the pHype.

Figures 3(a) and (b) shows that the plot between ApH,
i.e. (pHy — pHp and pH, for pHzpc measurement for
MRC and ZRC. The point of zero charge for MRC is
found to be 3.14 and for ZRC is 4. This result indicated
that the pHzpc of MRC and ZRC were depended on the
raw material and the activated carbon. The zero point
charge (pHzpc 3.14 for MRC and pHzpc 4 for ZRC) is
below the solution pH (pH 5) and hence the negative
charge density on the surface of MRC and ZRC increased
which favours the adsorption of cationic dye [22].

3.3. Functional Group Analysis of MRC and
ZRC

The aim of using FTIR analysis is to determine the exis-
tence of functional groups and identification of charac-
teristic peaks is based on the studies reported in the lit-
erature [23-25]. The FTIR spectrum of MRC and ZRC
were shown in Figures 4(a) and (b). The absorption
bands identify in the spectra and it revealed correspond-
ing functional groups.

The broad band at about 3406.29 cm ' was observed,
which was assigned to the O-H stretching vibration of the
hydroxyl functional groups including hydrogen bonding.
The intense bent at about 2927.94 cm™' for the precursor
was attributed to the C-H stretching vibration. The peak
at 1639.49 cm™' was characteristics of the C=O stretch-
ing vibration of lactonic and carbonyl groups. The peaks
occurring at 1396.46 cm ', 1185.00 cm ' were all as-

Copyright © 2013 SciRes.

1 =

0.8

0.6

0.4

pH,-pH,

0.2

0 — T
-0.2 -

2.5 1

1.5 A

pHu'pHF

0.5

-0.5

-1.5 -
pH
(®)
Figure 3. Zero point charges of (a) MRC and (b) ZRC.

cribed to oxygen functionalities such as highly conju-
gated C-O stretching, C-O stretching in carboxylic
groups, and carboxylate moieties. The band located at
2352.6 cm ' and 2332.6 cm™' are attributed to the C=C
stretching is due to the ZnCl, activation [26].

3.4. Scanning Electron Microscopic (SEM)
Studies

Scanning electron microscopy was used to study the sur-
face morphology and the pore size of the samples. Sam-
ples of MRC and ZRC were subjected to SEM studies
and SEM micrograph (Figures 5(a) and (b)) shows many
orderly and developed pores.

It can be seen from the micrographs that the external
surface of ZRC is full of cavities compared with MRC,
and quite irregular as a result of activation and the pores
were different sizes and different shapes. According to
the micrograph, it seems that the cavities resulted from
the evaporation of ZnCl, during carbonization, leaving
the space previously occupied by the ZnCl,. It is clear
that the adsorbent has considerable number of heteroge-
neous pores where there is a good possibility for dye to
be trapped and adsorbed [27].

Based on the EDAX results, the elementary analysis of
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Figure 5. SEM images of (a) MRC and (b) ZRC.

the MRC and ZRC are presented in the Figures 6(a) and
(b). The elements, percentage mass of elements pre-
sented in MRC and ZRC are summarized in Tables 3
and 4.

3.5. Effect of Solution pH on MG Dye
Adsorption

The effect of solution pH is very important when the
adsorbing molecules are capable of ionizing in response
to the current pH [24]. The uptake of MG from aqueous
solution was greatly affected by the variation of pH value,
as shown in Figure 7. When the pH was lower than 3,
the uptake went up sharply with the increase of pH. The
maximum MG uptake was obtained at pH = 5. At the
initial dye concentration of 100 mg/L, removal efficiency
was 19.43%, 36.10% at a solution pH of 2.0 for MRC
and ZRC, respectively, but it increased when solution pH
increases from 2 to 5. At pH 5, the removal efficiency
was 48.58%, 63.56% for MRC and ZRC, respectively.
The optimum pH value for the adsorption of MG onto
MRC and ZRC (pH = 5) was observed. That may be at-
tributed to the hydrophobic nature of the developed car-
bon which led to absorb hydrogen ions (H') onto the
surface of the carbon when immersed in water and make

Copyright © 2013 SciRes.

Table 3. Data for the elements presented in MRC.

Element (keV) Mass % Atom % K

CcC K 0.277 81.56 87.06 1

O K 0.525 14.55 11.66 0.3805

K K 3312 3.89 1.28 0.4333
Total 100 100

Table 4. Data for the elements presented in ZRC.

Element (keV) Mass % Atom % K

C K 0.277 76.02 84.53 1

0O K 0.525 16.76 14 0.3805
ZnL 1.012 7.22 1.47 1.2304
Total 100 100

it positively charged. Low pH value (1.0 to 4.0) leads to
an increase in H' ion concentration in the system and the
surface of the activated carbon acquires positive charge
by absorbing H' ions. On the other hand, increase of the
pH value led to increase of the number of negatively
charged sites. As the adsorbent 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 from waste water [28]. The lowest
adsorption occurred at pH 2.0 and the greatest adsorption
occurred at pH ~ 5.0. Adsorbents surface would be posi-
tively charged up to pH < 4, and heterogeneous in the pH
range 4 - 5, thereafter it should be negatively charged.
Moreover, the increasing in the adsorption of dye with
increasing of pH value is also due to the attraction be-
tween cationic dye and excess OH ions in the solution
[29]. When solution pH increases, high OH ions accu-
mulate on the adsorbent surface [30]. Therefore, electro-
static interaction between negatively charged adsorbent
surface and cationic dye molecule caused the increase in
adsorption. Furthermore, the solution pH is above the
zero point of charge (pH,,., 3.14 for MRC and pH,,, 4.0
for ZRC) and hence the negative charge density of the
surface of the adsorbents were increased which favors
the adsorption of cationic dye [22].

3.6. Effect of Adsorbent Dose on MG Adsorption

The adsorbent dose is an important parameter in adsorp-
tion studies because it determines the capacity of ad-
sorbent for a given initial dye concentration of dye solu-
tion. The effect of adsorbent dose on MG dye removal
percentage is shown in Figure 8. The effect of adsorbent
dose was observed by keeping the optimum pH at equi-
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Figure 7. Effect of pH on the adsorption of MG onto MRC
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Figure 8. Effect of adsorbent dose on the removal of MG
onto MRC and ZRC (MG concentration 100 mg/L, contact
time 2 h, solution pH 5).

librium times for each adsorption process. It was ob-
served that the percentage of adsorption increases with
increase in adsorbent dose from 0.2 g to 1 g in MG with
the concentration of dye solution of 100 mg/L. The in-
crease in % dye removal was due to the increase of the
available sorption surface and availability of adsorption
sites [31]. A similar observation was previously reported
for the removal of malachite green dye from aqueous
solution by bagasse fly ash and activated carbon [32].
Therefore, 0.2 g/mL of adsorbent was chosen for later
studies on MG adsorption.

3.7. Effect of Initial MG Dye Concentration

The data for the uptake of MG onto MRC and ZRC as a
function of initial dye concentration is presented in Fig-
ure 9. It can be seen (Figure 9) that the amount of MG
adsorbed per unit mass of adsorbent increased with the
increase in initial concentration and attained saturation
after equilibrium time, although percentage removal de-
creased with the increase in initial concentration. The
percentage removal shows that, with an increase in the
initial concentration of dyes, the percent removal was

Copyright © 2013 SciRes.
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Figure 9. Effect of Initial dye concentration on the removal
of MG onto MRC and ZRC (adsorbent dose 0.2 g/L, contact
time 2 h, solution pH 5).

decreased from 79.10% to 35.04% (MG onto MRC),
88.24% to 55.60% (MG onto ZRC) for the dye concen-
tration of 50 to 200 mg/L.

This may be attributed to an increase in the driving
force of the concentration gradient with increase in the
initial dye concentration [33,34].

3.8. Adsorption Isotherm Studies for MG in
Single System

The Langmuir, Freundlich, Temkin and Dubinin-Radush-
kevich isotherm models were used to describe the rela-
tionship between the amount of MRC, ZRC adsorbed and
its equilibrium concentration in solutions.

Langmuir [35] proposed a theory to describe the ad-
sorption of gas molecules onto metal surfaces. The Lang-
muir adsorption isotherm has been successfully applied
to many real sorption processes. Langmuir isotherm mo-
del assumes uniform energies of adsorption onto the sur-
face without transmigration of adsorbate in the plane of
the surface [36]. Therefore, the Langmuir isotherm mo-
del was chosen for the estimation of maximum adsorp-
tion capacity corresponding to complete monolayer cov-
erage on the adsorbent surface. The Langmuir nonlinear
equation is commonly expressed as:

— QmKLCe

3
LK C ®)

In Equation (3), C. and q. are defined as before in
Equation (2), Q, is a constant and reflect a complete
monolayer coverage (mg/g), K is adsorption equilibrium
constant (L/mg) that is related to the apparent energy of
sorption. Langmuir isotherm [37] assumes monolayer
adsorption onto a surface containing a finite number of
adsorption sites. The Langmuir isotherm Equation (3)
can be linearized into the following form [38,39]:

Co__ L 1 "
qc KLQm Qm
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A plot of C./q. verses Ce should indicate a straight line
slope of 1/Q,, and an intercept of 1/K;Q,,. Table 5 shows
the values of the correlation coefficient (R%), sorption
capacity (Q,), and sorption energy (n) calculated from
the plot indicated in Figure 10. The correlation coeffi-
cient (R?) for the adsorption of MG onto MRC (S) and
ZRC (8S) is equal to 0.990 and 0.9960, showing a favor-
able adsorption of MG onto MRC and ZRC in single
system (S).

The value of Q,, obtained was equal to 12.65 mg/g and
24.39 mg/g for MRC (S) and ZRC (S), indicating a very
strong monolayer adsorption of the adsorbate on the sur-
face.

The Freundlich isotherm is an empirical equation as-
suming that the adsorption process takes place on a het-
erogeneous surface through a multilayer adsorption me-
chanism and adsorption capacity is related to the concen-
tration of dye at equilibrium [40]. The Freundlich equa-
tion is given as:

qe = Kfcle/n (5)

where q. is the amount of adsorbate at equilibrium
(mg/g), C. is the equilibrium concentration of the adsor-
bate (mg/L), K¢ is the Freundlich adsorption constant

Table 5. Adsorption isotherm parameters of MG in single
and binary system.

Isotherm model ~ MRC (S) MRC (B) ZRC(S) ZRC (B)
Langmuir

Qn (mgg™h) 12,6500 11.7647 243900  20.4081

b (L'mg) 0.2041  0.0850  0.0073  0.0491

R? 0.9900  0.9800  0.9960  0.9790
Freundlich

1/n 0.0590  0.3570  0.2820  0.3740

Ki(mg-g ") 8.9000  3.7325 59000  2.2542

R? 0.8860  0.9140  0.9780  0.9690

Dubinin-Radushkevich

Qu (mgg ™) 11.7230  10.6400  19.8000  18.177

K (x10° mol*kJ?  1.0000  2.0000  1.0000  1.0000

E(kJ-mol ") 0.0709  0.1581  0.0707  1.0000

R 0.6390  0.9370  0.8350  0.9600
Temkin

a(Llgh 32060  0.1191  2.6050  0.3112

£ (mg-L™) 0.6660  4.7280 43420  0.7370

b 349.53 527530  53.614  235.58

R? 0.8690  0.9400  0.9890  0.9590

Copyright © 2013 SciRes.
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Figure 10. Langmuir adsorption isotherm for MG onto (a)
S-MRC and (b) S-ZRC.

related to adsorption capacity of the adsorbent and 1/n is
the adsorption intensity. A linear form of the Freundlich
equation is generally expressed as follows:

Inq, =InK; +llnCC (6)
n

The values of K¢ and 1/n were calculated from the in-
tercept and slope of the plot of In g, versus In C.. Table 5
shows the calculated Freundlich parameters. The coeffi-
cient Ky, correlation coefficient (R*) was slightly less
than that of Langmuir isotherm and, consequently, was a
less favorable adsorption.

The Dubinin-Radushkevich equation can be expressed
[41] as:

—K'e?

d. =qn€ (7
where ¢ (Polanyi potential) is equal to RT In(1 + 1/C,), qe
is the amount of the dye adsorbed per unit activated car-
bon (mol/g), qn, the theoretical monolayer saturation ca-
pacity (mol/g), C. the equilibrium concentration of the
dye solution (mol/L), K’ is the constant of the adsorption
energy (mol*/kJ?), R is the gas constant (8.314 KJ/mol K),
and T is the temperature (K). The linear form of the D-R
isotherm is:

Inq, =Inq, —k'¢’ ®)

K’ is related to mean adsorption energy E (kJ/mol) as
[42]:
1

9
i )

E =
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The calculated D-R adsorption isotherm parameters
should be summarized in Table 5.

Temkin and Pyzhev considered the effects of some in-
direct sorbate/adsorbate interactions on adsorption iso-
therms, and suggest that the heat of adsorption of all the
molecules in the layer would decrease linearly with cov-
erage due to these interactions [43]. The Temkin iso-
therm has been used in the following form:

g =+ In(K,C,) (10)
where K7 is the equilibrium binding constant (L/g), b is
related to heat of adsorption (J/mol), R is the universal
gas constant (8.314 J/mol K) and T is the absolute tem-
perature (K). Equation (10) can be written as the follow-
ing form:

q. =B, ln(KTCe) (11)

The Temkin adsorption isotherm parameters are cal-
culated and the values are summarized in Table 5.

Adsorption isotherms describe the interaction of ad-
sorbates with the adsorbent materials, and thus are criti-
cal for optimization of the adsorption mechanism path-
ways [44]. Therefore, the correlation of equilibrium data
by the empirical equations is essential to the practical
design and operation of adsorption systems [45]. The
experimental data of MG dye were modeled using
Langmuir, Freundlich, Temkin and Dubinin-Radushke-
vich isotherm models. Isotherm parameters for the ad-
sorption of MG onto MRC and ZRC in single (S) and
binary system (B) were summarized in Table 5. The ap-
plicability of Langmuir isotherm model suggests that the
adsorption takes place on homogeneous sites within the
adsorption site (the adsorbed layer is one molecule in
thickness), with each molecule possess constant enthal-
pies and sorption activation energy. The results also
demonstrate there is no interaction and transmigration of
dyes in the plane of the neighboring surface.

3.9. Adsorption Kinetics

The kinetics describes the rate of adsorbate uptake on
activated carbon. In order to identify the potential rate
controlling steps involved in the process of adsorption,
four kinetic models were studied and used to fit the ex-
perimental data from the adsorption of MG dye onto
MRC and ZRC. These models are the pseudo-first-order,
pseudo-second-order, Elovich and intra-particle kinetic
models.

3.9.1. Pseudo-First-Order Kinetic Model
The pseudo first-first-order equation of Lagergren is
generally expressed as follows [46,47]:

d
%ﬂ(l (9.-q,) (12)

Copyright © 2013 SciRes.

After integration and applying boundary conditions,
t=0tot=tand q,= 0 to q; = qt; the integrated form of
the above equation becomes:

q =q.(1-¢™) (13)

However, Equation (13) is transformed into its linear
form for use in the kinetic analyses of data can be ex-
pressed as:

ln(qc_qt)zlnqc_Klt (14)

where . (mg/g) and q, (mg/g) are the amount of ad-
sorbed adsorbate at equilibrium and at time t, respec-
tively, and k; (1/min) is the rate constant of pseudo first-
order adsorption. The straight line plots of log (q. — qy)
against t of Equation (14) were made.

The data for the pseudo-first-order kinetic model of
MG onto MRC (S) and ZRC (S) are summarized in Ta-
ble 6. In order to obtain the rate constants, the values of
log (qe — q;) were linearly correlated with time. The plot
of log (qe — q) versus time gives a linear relationship
from which k; and predicted q. can be determined from
the slope and intercept of the plot. The K; values, corre-
lation coefficient values and q. values (experimental and
calculated) are summarized in Table 6. The correlation
coefficient R? is relatively low for the adsorption data.
Besides, the experimental q. values, did not agree with
the calculated values obtained from the linear plots. It
suggests that the kinetics of MG onto MRC and ZRC did
not follow the pseudo-first-order kinetic model.

3.9.2. Pseudo-Second-Order Kinetic Model

The rate of sorption is a second-order mechanism, the
pseudo-second-order chemisorptions kinetic rate equa-
tion is expressed as:

—= +—t 15

q Kao q, ()
where q. and g are the sorption capacities at equilibrium
and at time t, respectively (mg/g) and k is the rate con-
stant of pseudo-second-order sorption (g/mg/min). Where
h can be regarded as the initial sorption rate as g/t tents
to zero, hence:

h=kq? (16)
Equation (16) can be written as:

LIV S (17)

q h q
Equation (16) does not have the disadvantage of the
problem with assigning an effective q.. If Pseudo-sec-
ond-order kinetics are applicable, the plot of t/q, against t
of Equation (17) should give a linear relationship, from
which q., k and h can be determined from the slope and
intercept of the plot (Figure 11) and there is no need to
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Table 6. Comparision of the correlation coefficients of kinetic parameters for MG adsorption onto MRC and ZRC in single
and binary system.

Models Parameters MRC (S) ZRC (S) MRC (B) ZRC (B)

k; (min™") 0.0492 0.0382 0.0391 0.0420

Pseudo first-order model q. (mg/g) 14.4565 28.913 4.6558 5.6720
R’ 0.7700 0.8713 0.9350 0.9180

k, (g/mg/min) 0.0671 0.0593 0.0085 7.9103

q. (mg/g) 11.9047 23.8095 9.9047 11.3457

Pseudo second-order model

h 2.1400 0.9963 13.6979 4.4840

R’ 0.9900 0.9967 0.9620 0.9870

Kqir (mg/(g-min'?)) 1.0354 2.5882 0.0650 0.5750

Intra particle diffusion model C 4.2120 8.1679 0.1500 15.6400
R? 0.8389 0.9862 0.9830 0.9260

Ag (mg(g/min)) 0.4310 0.1660 5.4645 1.7636

Elovich model b (g/mg) 0.2004 0.1979 2.5616 7.5863

R’ 0.9380 0.8154 0.6410 0.5640

MG onto MRC (S) and ZRC (S) are summarized in Ta-
4 ble 6. The corresponding correlation coefficient (R?)
values for the pseudo-second-order kinetic model were
0.9900 for MRC (S) and 0.9967 for ZRC (S), respec-
2 tively, indicates the applicability of the pseudo-second-
1'? / *MRC (S) order kinetic model to describe the adsorption process of
MG onto MRC and ZRC. This led to believe that the
0 pseudo-second-order kinetic model provided good corre-
0 20 40 60 lation for the adsorption. The higher R values confirm
that the sorption process of dyes onto MRC and ZRC
follow a pseudo-second-order kinetic model. Similar
@ trends were observed for dye adsorption onto Zea mays
(maize) cob [48], for adsorption onto ginger waste [30].
It suggested that the adsorption process was controlled

3 by chemisorption process [31].

t/qt (min g/mg)

Time (min)

3.9.3. Intra Particle Diffusion Model

The adsorption of MG dye onto MRC (S) and ZRC (S)
may be controlled by via external flim diffusion at earlier
stages and later by the particle diffusion. The possibility
of intra particle diffusion resistance was identified by

*ZRC (S)

t/qt (min g/mg)

S —~ N W A L O
¢

0 20 4'0 §0 80100 using the following intra particle diffusion model as [49]:
Time (min)
1/2
b) q, = Kt 2+C (18)

Figure 11. Pseudo-second-order kinetics for the adsorption
of MG onto (a) S-MRC and (b) S-ZRC.

know any parameter. The q. and k, values were esti-
mated from the slope (1/q.) and intercept (1/k,q’) of
linear plot of t/q, verses t.

The data for the pseudo-second-order kinetic model of

Copyright © 2013 SciRes.

where Ky is the intra-particle diffusion rate constant
(mg/(g'min"?), C is the intercept. The values of q, corre-
lated linearly with the values of t"* and the rate constant
Kt directly evaluated from the slope of regression line.
The data for the intra-particle kinetic model of MG onto
MRC (S) and ZRC (S) are summarized in Table 6.

The linearity of the plots demonstrated that intra-par-
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ticle diffusion played a significant role in the uptake of
the MG onto MRC and ZRC. However, as still there is
no sufficient indication about it, Ho [50] has shown that
if the intra-particle diffusion is the sole rate-limiting step,
it is essential for the qt versus t' plots to pass through
the origin, which is not the case, it may be concluded that
surface adsorption and intra-particle diffusion were con-
currently operating during the MRC and ZRC interac-
tions. Hence intra-particle diffusion is not a fully opera-
tive mechanism in the sorption of MG onto MRC and
ZRC.

3.9.4. Elovich Kinetics
The Elovich kinetic is another rate equation based on the
adsorption capacity generally expressed as follows:

d "
where Bg is the initial adsorption rate constant (mg
(g/min) and Ag is the desorption constant (g/mg) during
any experiment.
It is simplified by assuming AgBgt > t and by ap-
plying the boundary conditions q;=0att=0and q, =t at
t =t above Equation (19) becomes:

1 1
q, :A_(BEAE)+A_lnt (20)

E E

Q0 _ g ethenn) (19)

If MG adsorption by MRC and ZRC fits the Elovich
model, a plot of g, versus In (t) should yield a linear rela-
tionship with a slope of (1/Ag) and an intercept of (1/Ag)
In (AgBg). Thus the constants can be obtained from the
slope and the intercept of the straight line.

Thus, the constants can be obtained from the slope and
the intercept are shown in Table 6. The parameter 1/Ag
is related to the number of sites available for adsorption
while (1/Ag) In (AgBg) is the adsorption quantity when In
t is equal to zero; ie, the adsorption quantity when t is 1
min. This value is helpful in understanding the adsorp-
tion behavior of the first step [51]. In the case of using
the Elovich equation, the correlation coefficients are
lower than those of pseudo-second-order equation. The
Elovich equation does not predict any definite mecha-
nism, but it is useful in describing adsorption on highly
heterogeneous adsorbents.

The correlation coeffecients obtained for the pseudo-
second-order kinetic model are greater than 0.93 for
MRC (S) and ZRC (S). The theoretical q, values of the
pseudo-second-order kinetic model for MRC (S) and
ZRC (S) are close to the experimental values than those
of the other models. The pseudo-second-order kinetic
model fits the experimental data better than the other
kinetic models in this study.

The Langmuir isotherm and pseudo-second-order ki-
netic model provide best correlation with the experimen-

Copyright © 2013 SciRes.

tal data for the adsorption of MG onto MRC and ZRC for
different initial dye concentrations over the whole range
studied. Both Langmuir isotherm and pseudo-second-
order kinetic model assumes that the MRC and ZRC sur-
face is homogenous and the operating adsorption mecha-
nism is chemisorptions process.

3.10. The Competitive Adsorption of MG in
Binary System

Effects of the presence of MRC and ZRC on the adsorp-
tion of MG were investigated in terms of equilibrium
isotherm and adsorption kinetics. A comparison of the
adsorbed quantity of MG onto MRC and ZRC in single
system at equilibrium between the solutions with MG
present in the binary system (B) was given in Figure 12.
As shown in Figure 12, the results indicated that the
equilibrium uptake of MG onto MRC and ZRC in single
and binary systems.

All the correlation coefficient, R? values and the con-
stants obtained from the four isotherm models and four
kinetic models are summarized in Tables 5 and 6. The
Langmuir isotherm model gave the highest R* values.
Among the four kinetic models pseudo-second-order
model fits well for MG adsorption onto MRC and ZRC
in single and binary system. In the single dye solution,
the maximum uptake obtained at initial concentrations of
MG 100 mg/L, pH 5 was found to be 12.65 mg/g for
MRC (S) and 24.39 mg/g for ZRC (S), while the uptake
obtained in the binary solutions at the same initial dye
concentration of MG and adsorption conditions, was
found to be 11.764 mg/g for MRC (B) and 20.4081 mg/g
for ZRC (B), respectively.

A fixed quantity of MG onto MRC (S) and ZRC (S)
could only offer a finite number of surface binding sites,
some of which would be expected to be saturated by the
competing dye solutions. The decrease in sorption capac-
ity of same activated carbon in target dye solution than
that of single (S) dye may be ascribed to the less avail-
ability of binding sites. In case of binary dye (B) solution,

+MRC (B)
mZRC (B)
MRC (8)
ZRC (S)

t/qt (min g/mg)
S = N A YN
¢
\

o
o
=3
S
=
=N
=}
o
S

100

Time (min)

Figure 12. Comparision of pseudo-second-order kinetics of
MG in single and binary solutions onto MRC and ZRC.
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the binding site is competitively divided among the vari-
ous dye solutions.

Among MRC and ZRC, ZRC shows most adsorption
ability than MRC in single system only onto MG adsorp-
tion from waste water using epicarp of Ricinus commu-
nis.

4. Conclusion

It had indicated that ZnCl, was a suitable activating agent
for the preparation of activated carbon from epicarp of
Ricinus communis by microwave radiation. The effects
of the impregnation ratio of ZnCl,, microwave radiation
power and microwave radiation time and impregnation
time on the yield and iodine number of ZRC were inves-
tigated systematically. The optimum conditions were
microwave power of 100 W, microwave radiation time of
4 min, concentration of zinc chloride of 30% by volume
and impregnation time of 16 h. SEM micrographs showed
that the external surface of the chemically activated car-
bon was full of cavities compared with untreated Ricinus
communis. The activated carbon prepared could effec-
tively used as adsorbent for the removal of basic dye
from aqueous solutions. Adsorption was found to be
maximum in the pH of 5. Langmuir isotherm models
given were fitting better than Freundlich, Temkin and
Dubinin-Radushkevich isotherms interpreting the ad-
sorption phenomenon of MG. MG adsorption system fol-
lows pseudo-second-order kinetic model, based on the
assumption that the rate-limiting step may be chemisorp-
tions process. MG adsorption rate onto MRC and ZRC
was greater in single system (S) than in binary system (B)
due to the competitive adsorption of dye onto the active
site of the activated carbon. Among MRC and ZRC, ZRC
shows most adsorption ability than MRC in single and
binary system.
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