¢! Desalination and Water Treatment

¢ www.deswater.com
(
doi: 10.1080,/19443994.2013.813102

52 (2014) 5563-5574
August

Taylor & Francis
Taylor & Francis Group

Adsorption of malachite green from aqueous solutions onto lotus
leaf: equilibrium, kinetic, and thermodynamic studies

Xiuli Han*, Jinyi Yuan, Xiaojian Ma

School of Chemical Engineering and Energy, Zhengzhou University, Kexue Road 100#, Zhengzhou,

Henan 450001, P.R. China

Tel. +86 371 67780093; Fax: +86 371 63887311; email: xlhan@zzu.edu.cn

Received 19 January 2012; Accepted 20 May 2013

ABSTRACT

The low-cost and highly efficient adsorbents have been investigated to remove dyes from
aqueous solution. In this study, lotus leaf was used as a biosorbent for the removal of mala-
chite green (MG) from aqueous solutions. The batch experiments used to investigate the effect
of experimental parameters such as contact time, adsorbent dose, initial MG concentration,
solution pH, salt ionic strength, and temperature. The Langmuir, Freundlich, Koble-Corrigan
and Redlich-Peterson isotherm models were considered to evaluate the adsorption behavior.
The adsorption behavior was best described by the Koble-Corrigan, Redlich-Peterson and
Langmuir isotherms. The maximum monolayer adsorption capacities of lotus leaf for MG
were 105.9, 113.8, and 125.3mgg ' at 296, 306, and 316K, respectively. The adsorption pro-
cess followed the pseudo-second-order rate equation which suggested that the adsorption
may be a chemisorption process. Thermodynamic parameters of AG, AH, and AS indicated
the adsorption process was spontaneous and endothermic. A large number of carbonyl and
hydroxyl groups were found on the surface of the lotus leaf through FTIR analysis. The pres-
ent study suggested that lotus leaf has high potential to be used as low-cost adsorbent for MG

removal.
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1. Introduction

Dyestuffs are considered to be color organic
compounds, which are widely used in many industries,
such as the textiles, cosmetics, leather, food, paper and
so on. Around the world, there are about 700,000 tons
and 10,000 types of different commercial dyes and pig-
ments are being produced annually [1]. It is reported
that 10-15% of used dyes enter the environment
through wastes [2]. The discharge of the colored
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effluent will pose a threat to humans and the environ-
ment, because dyes are toxic, it can affect man through
the food chain and the photosynthesis of aquatic plants.
In addition, they also impact the transmission of light
and upset the biological metabolism processes which
cause the destruction of aquatic present in ecosystem
[3]. So the techniques of removal of harmful dyes from
colored wastewater attract more and more attention of
many scientists.

The numerous techniques of dye removal have
been reported by many researchers, and several
physical, chemical, and biological methods have been
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used, such as filtration, membrane filtration,
precipitation, ion exchange, flocculation, electrochemi-
cal and so on [4]. However, these methods suffered
from one or more limitation and not always effective
and economical. The adsorption technique is the sim-
plest and most efficient method. The efficiency of the
adsorption process mainly rests with the economical
and removal capacity of adsorbents. As we all known
that activated carbon has been common used as an
adsorbent but its high cost poses an economical prob-
lem [5]. Nowadays, non-conventional low-cost adsor-
bents such as agricultural waste materials, natural
materials, bioadsorbents attract more attention for the
dye removal [6]. Many low-cost adsorbents have been
studied by home or aboard researchers, such as cory-
nebacterium glutamicum [7], potato peel [8], bentonite
[9], cashew nut shell [10], olive pomace [11], chitin,
rice husk, wood, fly ash and so on [12].

MG is crystalline, belongs to triphenylmethane
dyes. MG is very dangerous and has highly cyto-
toxic property against mammalian cells and also
plays a pivotal role as a liver tumor-enhancing
agent. Various studies have been made to remove
MG from the wastewater. A number of materials
including activated carbon [13,14], neem sawdust
[15], rattan sawdust [16], clayey soil [17], and
mango seed husks [18] have been shown to be suc-
cessful adsorbent materials for the removal of MG
from aqueous solutions.

Lotus is commonly grown in subtropical and tem-
perate regions of china, lotus leaf as agricultural and
easily available waste contains abundant floristic fiber,
protein, and some functional groups, so lotus leaf can
be used as a low-cost adsorbent for the removal of
dye. The objective of this investigation is to study the
removal of MG from aqueous solution by lotus leaf,
investigated relevant parameters which may affect the
adsorption process.

2. Materials and methods
2.1. Preparation of adsorbents

Lotus leaf used in this research was purchased
from farmland in Jiangsu Province of China. The col-
lected biomaterial was thoroughly washed with tap
water to remove the dust and other impurities then
rinsed with distilled water. Leaves were firstly dried
at room temperature and then in hot air oven at 65°C
for 6h. The dried leaves were grinded, sieved by stan-
dard sieves. Resulting lotus leaves powder were kept
in a glass bottle for use in adsorption experiments.
The particle size of leaves used in the study was
20-40 mesh.
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2.2. Preparation of dye solution

The dye, MG hydrochloride [C.I. no: 42000,
Co3HyeNoCl, FW =364.92] was supplied by Tianjin
Chemical Equipment Company. A stock solution of
MG was prepared by dissolving an appropriate
amount of dye in distilled water. Experimental solu-
tions of the desired concentration were obtained by
successive dilutions.

2.3. Adsorption experiments

The adsorption experiments were carried out in a
batch process by using aqueous solutions of malachite
green. The effect of different experimental conditions
such as pH, biosorbent dosage, initial dye concentra-
tion, contact time, ionic strength, and temperature
were studied. In each adsorption experiment, the pre-
weighed amount of adsorbents were added to 50-mL
conical flasks containing 10mL of known initial con-
centration and initial pH value of MG solution, and
then, the mixture was agitated at 100rpm on a water
bath shaker for a given length of time at a constant
temperature. After shaking, the biosorbent/dye
mixtures were separated from solution by centrifuga-
tion, and the supernatants were analyzed by a WFZ
UV-2102PC Spectrophotometer at characteristic wave-
length (Amax=6181nm) in order to determine the resid-
ual concentration. The pH values of the solutions
ranging from 2 to 10, the initial pH was previous
adjusted with 0.1molL~" HCI and 0.1 molL~" NaOH
using a pH meter. The effect of salt ionic strength was
discussed over the NaCl or CaCl, concentration range
from 0.01 to 0.2molL~". For adsorption isotherm, dye
solutions of different concentrations (30-200mgL ")
were shaken with the known amount of adsorbent at
296, 306, 316K till reached the equilibrium. The kinetic
experiments were carried out by analyzing adsorptive
uptake of the dye of known concentrations from 30 to
200mgL ™" at different time intervals.

The amount of MG adsorbed on per gram lotus
leaf and the percentage removal of MG solution were
calculated by Egs. (1) and (2), respectively:

V(Cy — Ce
e = ( Om ) (1)
R% =0 =Ce 1009 (2)
Co

where g. (mgg™") is the amount of dye adsorbed on
per gram adsorbent at the time of equilibrium, Cy and
C. (mgL™") are the initial and equilibrium concentra-
tions of dye, respectively, V(L) is the volume of solution
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and m(g) is the mass of dry adsorbent, R% is the per-
centage removal of MG.

3. Adsorption models
3.1. Adsorption equilibrium isotherm models

The adsorption isotherms are important for the
description of adsorption system. Isotherm expresses
the relation between equilibrium concentration, tem-
perature of the adsorbate in the solid phase and in the
liquid phase. In this research, Langmuir, Freundlich,
Koble—Corrigan and Redlich-Peterson isotherms were
applied to the equilibrium data of adsorption.

The Langmuir model assumes uniform energies of
adsorption onto the surface without transmigration of
adsorbate in the plane of the surface [19]. The nonlin-
ear equation may be written as follows:

o quLCe
1e=1¥K,C. S

where ¢, (mgg') is the monolayer biosorption
capacity per weight of adsorbent, 4. (mgg ') is the
adsorption capacity per unit weight of adsorbent at
equilibrium, K; (Lmg ') is the Langmuir constant, C,
(mgL™") is the equilibrium concentration of the dye
solution.

The Freundich isotherm model suggests that
adsorption enthalpy exponentially decreases with the
increasing degree of site occupation [11]. The nonlin-
ear equation is expressed as:

ge = K" (4)

where Kr (mg g’l(L mgfl)l/ "™ and 1/n are Freundlich
constants, C, (mg LY is the equilibrium concentration
of the solution, g. (mgg™') is the adsorption capacity
per unit weight of adsorbent at equilibrium.

Koble—Corrigan model [12] is the combination of
Langmuir and Freundlich isotherm type models. The
following equation represents this model:

AgCM
T =1 BeCy ©

where Ak, Bk, and M are the Koble—Corrigan parame-
ters.

Redlich-Peterson model [20] is an empirical equa-
tion which has been proposed to improve the fit by
Langmuir and Freunlich models. The non-linear equi-
librium equation:
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where A, B, and g are Redlich-Peterson parameters, g
must fluctuate between 0 and 1.

3.2. Adsorption kinetic models

In order to investigate the controlling mechanism
of adsorption process such as diffusion control, chemi-
cal reaction and mass transfer. The commonly used
kinetic models are the pseudo-first-order model, the
pseudo-second-order model and intraparticle diffusion
model.

3.2.1. The pseudo-first-order model

The pseudo-first-order equation is the earliest
known equation describing the adsorption rate. The
equation can be expresses as follows [21]:

d
dqt = ki(qe — qt) (7)
t

Through integration and applying boundary condi-
tions g,=0 at £=0; the equation becomes:

ge=qe(1—e ") (8)

where g. (mgg ') and g, (mgg™") are the adsorption
capacity per unit weight of adsorbent at equilibrium
and at time ¢, respectively, k; (min~!) is the rate con-
stant of the pseudo-first order sorption.

3.2.2. The pseudo-second-order model

The pseudo-second-order model used in this study
is based on the sorption capacity of the solid phase.
The equation of the model is generally given as follow
[22]:

d
= k6. -9 ©)

After integrating the equation for the boundary
conditions ¢,=0 at t=0, the nonlinear form of the
equation becomes:

kzqgt

- (10)

qt

where k, (gmg 'min~') is the rate constant of
pseudo-second order adsorption.
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3.2.3. The intraparticle diffusion model

The intraparticle diffusion model is applied to
explain the mechanisms and rate-controlling steps of
the adsorption kinetics, the adsorption data can be
presented by the equation as follows [23,24]:
qt = kttOAS + C (11)
where k, (mgg ™' min~'/?) is the intraparticle diffusion
rate constant, C (mg g_l) is a constant.

4. Results and discussion
4.1. Characteristic of lotus leaf

Figs. 1 and 2 show the scanning electron micro-
graphs (JEOL 6335F-SEM, Japan) of adsorbent before
and after dye adsorption. The SEM used to character-
ize the surface morphology and fundamental physical
properties of the adsorbent. It is useful for determin-
ing the particle shape, porosity and appropriate size
distribution of the adsorbent. It can be seen from
Fig. 1 that there are a large number of pores. Fig. 2
shows clearly very distinguished dark which can be
taken as a sign for effective adsorption of dye mole-
cules in the cavities and pores of this adsorbent.

The Fourier transform infrared spectrometer (PE-
1710, USA) is an important technique to understand
the chemical structure of the adsorbent. The FTIR
spectrum of lotus leaf and dye loaded-lotus leaf is
shown in Fig. 3. From Fig. 3, it can be seen that the
characteristic function groups of lotus leaf has

Fig. 1. SEM micrograph for lotus leaf.
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Fig. 2. SEM micrograph for lotus leaf after adsorption of
MG.

changed after adsorption. Fig. 3(a) displays some
adsorption peaks which indicate the structure of the
adsorbent. There is a strong peak at 3,424cm ™' repre-
senting the stretch vibration of bonded hydroxyl
groups on the surface of material. The peak at
2,922 cm ™! indicates the asymmetrical stretch vibration
of —CH,;. The band observes at about 2852cm !
could be attributed to the symmetrical stretch vibra-
tion of ~CH,. The appearance of peak at 1622cm ™" is
the characteristic of stretch vibration of C=0O from
carboxylic acid with intermolecular hydrogen bond.
The peaks near around 1055cm ™' can be due to the —
OH bending and C-O-C bending in lignin structure of
the material. These groups such as carbonyl and
hydroxyl groups may function as proton donors, and
hence, deprotonated hydroxyl and carboxyl groups
may be involved in coordination with positive dye
ions. Dissolved MG ions are positively charged and
will undergo attraction on approaching the anionic
lotus leaf structure. The adsorption of MG ion on
lotus leaf may likely be due to the electrostatic attrac-
tion between these groups and the cationic of MG. On
this basis, it is expected that an MG ion will have a
strong sorption affinity by lotus leaf.

It is observed from Fig. 3 that after adsorbing MG
on lotus leaf there were changes in intensity and
slight shift in position of the peaks, which suggested
that there was a binding process taking place on the
surface of the adsorbent. A new peak at 1,585cm ™'
appeared after lotus leaf was loaded with MG, which
is assigned to aromatic ring of MG [25]. These obser-
vations confirm the interaction between MG and the
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Fig. 3. FTIR spectra of lotus leaf (a) and lotus leaf adsorbed MG (b).

lotus leaf. From the result of the FTIR spectra analysis,
it was clear that lotus leaf possessed several functional
groups such as carbonyl and hydroxyl groups and
these groups could be the potential active sites for the
adsorption of dye.

4.2. Influence of contact time

Contact time is an essential factor influencing
adsorption of MG on lotus leaf. It can be well-known
that the removal efficiency of dye by biosorbents
increases with increasing contact time. Fig. 4 shows
the effect of contact time on the adsorption of MG by
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Fig. 4. Effect of contact time on the adsorption of MG

(Cp=100mg L~!; adsorbent concentration=1 g L~!; initial
pH 4.5, T=293K).

dried leaves. It is showed rapid adsorption of dyes in
the first 150min and, thereafter, the adsorption rate
decreased gradually and the adsorption reached equi-
librium in about 400 min. Further increase in contact
time did not enhance the adsorption. The initial high
adsorption rate may be explained by a large number
of active vacant sites on the surface of lotus leaf are
available for adsorption. After lapse of some time, the
adsorption rate becomes slower and its attribute to
the decreased availability of binding sites on the sur-
face of biosorbents.

Adsorption equilibrium was nearly established in
virtue of the repulsive forces between the dye mole-
cules on the solid surface and the bulk phase [26]. The
contact time was fixed at 420min for the rest of the
batch experiments to make sure that equilibration was
reached.

4.3. Influence of initial pH

The pH of dye solution has significant effect on
the biosorption efficiency of MG through present stud-
ies. Fig. 5 shows the effect of pH on MG removal by
lotus leaf. This figure indicates that the biosorption
capacity of biomass for MG increased from 48 to 84%
with increase in pH from 2 to 4. The removal then did
no significant variations in the pH range from 4 to 9.
It can be seen that the dye biosorption was lower at
pH 2 and reached a maximum level at pH range from
4 to 8. Similar trends of pH were reported for the
adsorption of MG onto Pyracantha coccinea berries
and Macrophyte Alligator Weed [27,28]. The low
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Fig. 5. Effect of pH on the adsor]?tion of MG (Co=100mgL"";
adsorbent concentration=1gL™"; t =420 min; T =293 K).

biosorption of MG under low pH is probably
explained by the competition of excess H* ions with
the dye cation MG" for the adsorption sites. On the
other hand, as the solution pH increased, the adsor-
bent surface became predominantly negatively
charged, a strong electrostatic attraction appears
between the cationic dye molecule and the negatively
charged leaf surface. However, because of the slightly
change of adsorption capacity at the pH range of 4-9,
the mechanism for dye adsorption is not only electro-
static mechanism but also have chemical reaction
mechanism. The original pH of MG was about 4.5, so
the research of other experiments were all use the ini-
tial pH of the dye solution.

4.4. Influence of adsorbent dose

Adsorbent dose is an important parameter influ-
encing adsorption processes. Fig. 6 shows the adsorp-
tion removal of MG and the value of g, at different
adsorbent dose. The adsorbent dosages varied from
0.5-8gL " using an MG concentration of 100mgL ™"
and the contact time of 420 min. When adsorbent dos-
age was increased, it can be seen that the R%
increased from 50.3 to 97.5%, but the adsorption
capacity (g.) presented the opposite trend. The MG
removal curve reaches equilibrium when the dosage
of the adsorbent is more than 2gL~". The R% up to
certain limit can be attributed to an increase in the
adsorptive surface area and the availability of more
active binding adsorption sites [17]. Lower biosorption
capacity of MG at a higher adsorbent dose due to the
adsorption competition among adsorbent and the split
in the concentration gradient [29]. As the adsorbent
dose was 1gL*l, the R% and g. were 79.95% and
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Fig. 6. Effect of adsorbent dose on the adsorption of MG
(Co=100mg L~ Initial pH 4.5; t =420 min; T=293K).

79.15mgg ', respectively. Considering both biosorp-
tion capacity and the removal percentage, the biosorp-
tion amount of 1gL~" was chosen for all further batch
experiments.

4.5. Influence of salt ionic concentration

The wastewater from textile-manufacturing or
dye-producing industries contains various high salt
concentration which may significantly affect the
performance of the adsorption process. Fig. 7 shows
the effect of ionic concentration on the adsorption of
MG onto lotus leaf at 0-0.2molL~! NaCl and CaCl,
concentration at 296 K. From the plot, it was observed
that the g. and R% decreased with increased ionic
concentration. The value of g, decreased from 80.1 to
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Fig. 7. Effect of salt ionic concentration on the adsorption
of MG (Cy=100mg L~!; adsorbent concentration=1 g L%
t=420min; T=293K).
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61.9mgg ', 80.1 to 40.7mgg ' for NaCl and CaCl,,
the R% decreased from 81.7 to 62.5%, 81.7 to 41.5%
for NaCl and CaCl,, respectively, as the concentration
of ionic increased from 0 to 0.2molL~". This behavior
may be attributed to competition of Na* and Ca**
with positively charged dye molecules for the same
binding sites on the adsorbent surface in the MG solu-
tion. Similar effect was reported [30]. From Fig. 7, the
effect of CaCl, on the adsorption of MG was stronger
than NaCl. It may be due to unit mol divalent Ca**
contributed more positive charge than unit mol univa-
lent Na™.

4.6. Influence of initial dye concentration

It is well established that temperature and initial
dye concentration have great effect on the adsorption
process. Fig. 8 shows the effect of varying dye concen-
trations on adsorption of MG onto lotus leaf at differ-
ent temperatures 296, 306 and 316K. It is evident
from the figure that g, increased with the increase in
initial dye concentration. The initial concentration pro-
vided a powerful driving force to overcome the resis-
tance to the mass transfer of MG between the aqueous
and solid phases [31]. As shown in Fig. 8, the adsorp-
tion capacity increased when the temperature of dye
solutions increases from 296 to 316 K, which indicates
that the adsorption process in this system is endother-
mic and chemisorption in nature. The fact is that the
adsorption process in favor of high temperature may
be due to the increased penetration of dyes inside
micropores at high temperature or the increased sur-
face activity and kinetic energy of the solute molecules
[32].

120 B
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4.7. Equilibrium modeling

In order to evaluate different isotherms and their
ability to correlate with experimental results, the non-
linear plot of g. against C. at three temperatures for
each isotherm model are shown in Fig. 9. The parame-
ters of different modeling from non-linear method are
listed in Table 1. For the Langmuir model, the maxi-
mum monolayer adsorption of MG onto lotus leaf is
1253 mgg ™' at the temperature of 316 K. The values
of gm and Ky, increased with the increasing tempera-
ture, indicating that increasing temperature induced a
higher maximum adsorption capacity.

Kg and n are all Freundlich constants, K is related
to the adsorption capacity of the sorbent and n gives a
measure of favorability of adsorption. The value of
1/n less than 1 represents favorable adsorption
condition. The values of K and 7 at different temper-
ature showed that the adsorption behavior was
carried out easily. The Koble—Corrigan isotherm also
agree very well with the experimental data of MG dye
(R*>0.985), indicating that the Koble-Corrigan model
is suitable for describing the adsorption process. The
Redlich-Peterson isotherm constants are A and B, the
exponent ¢ reflecting the heterogeneity of the sorbent,
the value of g is between 0 to 1. The constant g can
characterize the isotherm as: if g=0, the Freundlich
will be the desirable isotherm, while if g=1, the Lang-
muir will be the preferable isotherm. It can be seen
from Table 1, the value of g tends to 1, which indi-
cates that the isotherms are propinquity Langmuir
form. According to the correlation coefficients, R-P, K-
C and Langmuir isotherms could better represent the
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Fig. 8. Effect of initial dye concentration on the adsorption
of MG (T'=296, 306, and 316K; adsorbent concent-
ration=1g L' +=420 min).

Fig. 9. Langmuir,

Freundlich, Redlich-Peterson and

Koble-Corrigan Isotherms for adsorption of MG on lotus
leaf (T=296, 306, and 316 K; Cy=30-200 mgLfl; adsorbent
concentration=1g L! ; =420 min).
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Table 1
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Langmuir, Freundlich, Koble-Corrigan and Redlich-Peterson constants for the adsorption of MG onto lotus leaf

Model

Langmuir
gm(mg g~)
Ki(L mg™)
RZ

Freundlich

Koble-Corrigan

Ax
Bk
M
R2

Redlich—Peterson

A
B

8
RZ

296

1059+2.3
0.214+0.024
0.985

37.0+4.3
0.239 +0.031
0.984

30.5+1.9
0.261 +0.041
0.748 + 0.046
0.997

31.8+4.5
0.422 +0.102
0.92+0.024
0.994

306 316
113.8+1.4 125.3+2.8
0.362 +0.024 0.541 +0.057
0.994 0.984
46.4+5.5 55.3+6.9
0.214 +0.033 0.205+0.037
0.971 0.869
46.2+1.3 65.1+7.8
0.388 +0.011 0.529 £ 0.064
0.843 +0.026 1.111+0.152
0.999 0.985
50.1+2.2 70.6+13.0
0.530+0.038 0.589+0.192
0.954 +0.007 0.988 +0.039
0.999 0.984

experimental sorption data than Freundlich isotherm.

The comparison of adsorption capacities of MG
onto various adsorbents [9,13-18,33-36] is listed in
Table 2. The data show that the lotus leaf used in this
study had a relatively large adsorption capacity of
MG compared with some data obtained from the

Table 2
Comparison of adsorption capacities of MG onto various
adsorbents

dm (mgg™ ") Adsorbent References
178.6 Bentonite [9]
263.58 Activated carbon prepared from [13]
bamboo
27.78 Activated carbon prepared from  [14]
the epicarp of Ricinus communis
4.35 Neem sawdust [15]
62.71 Rattan sawdust [16]
78.57 Clayey soil [17]
48.48 Palm flower activated carbon [33]
76.92 Activated carbon derived from [34]
rice husks
4.88 Sugarcane dust [35]
479 Mango seed husks [18]
84.03 Treated ginger waste [36]
125.3 Lotus leaf This study

published literature. Lotus leaf is not only an excellent
adsorbent for MG but also very cost-effective. Com-
pared with the activated carbon, one of the most pop-
ular commercial adsorbents used nowadays, lotus leaf
is a waste material from agricultural byproduct which
is even cheaper. The results indicated that the natural
lotus leaf can be considered a promising adsorbent for
the removal of MG from aqueous solutions.

4.8. Kinetic studies

The adsorption kinetics of MG adsorbed on lotus
leaf was study the effect of contact time, temperature
and initial MG concentration on adsorption. In this
investigation, three kinetic models, pseudo-first order,
pseudo-second order and intraparticle diffusion mod-
els were tested to get the related parameters and
adsorption mechanism at different initial concentra-
tion and temperature. The kinetic models for MG
adsorption are displayed in Figs. 10-14 and the kinetic
parameters are presented in Table 3.

Fig. 10 shows a plot of nonlinear form of pseudo-
first-order model under different concentration. The
values of k; and g., were obtained from the plot of
nonlinear form. This model does not give theoretical
ge values that agree with experimental g. values. The
non-linear plots of g, versus t at different initial
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Fig. 10. The pseudo-first-order kinetic plot for the
adsorption of MG onto lotus Leaf at dlfferent initial dye
concentrations (Cy=50,100 and 150 mg LY, T=298K;
adsorbent concentration=1gL"'; initial pH 4. 5)
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Fig. 11. The pseudo-second-order kinetic plot for the
adsorption of MG onto lotus leaf at dlfferent initial dye
concentrations (Cy=50, 100 and 150mgL ; T=298K;
adsorbent concentration=1gL""; initial pH 4.5).

concentrations of dye evidence that the pseudo-first-
order equation does not fit well for the process of dye
adsorption.

Figs. 11 and 12 show the nonlinear plot of the
pseudo-second-order model, the correlation coeffi-
cients obtained by pseudo-second-order kinetics at dif-
ferent concentrations and temperatures were all above
0.95. Moreover, it can be seen from the Table 3 that the
theoretical values of g. were close to the experimental
uptake values. It is also observed from Table 3 that the
initial rate of adsorption increases with increasing of
solution temperature, which may be due to the
increase in driving force at higher temperature. The
adsorption capacity g. in this research increased from
47.67 to 106.85mgg ' as the initial concentration of
MG increased from 50 to 150mgL~". The adsorption
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Fig. 12. The pseudo-second-order kinetic plot for

adsorption of MG onto lotus leaf at different temperatures
(T=298, 308, and 318K; adsorbent concentration=1gL"";
initial pH 4.5).
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Fig. 13. The intraparticle diffusion model plot for the
adsorption of MG onto lotus leaf at dlfferent initial dye

concentrations  (Cp=50,100 and 150mgL~"; T=298K;
adsorbent concentration=1gL™"; initial pH 4. 5)
capacity g, increased from 84.63 to 90.57mgg " as the

temperature increased from 298 to 318 K. It is obvious
from the result that the adsorption kinetics of MG onto
lotus leaf obeyed the pseudo-second-order kinetic
model.

The intraparticle diffusion model can also be used
to analyze the kinetic data. Figs. 13 and 14 show the
plot of g. against t'/?, the values of C and kg were
obtained from the intercept and slope. The results
showed that the plots are not linear and can be
divided into a few linear regions, which indicate that
there are more than one adsorption steps taking place
[37]. The stage 1 is the fastest; it should be attributed
to external surface adsorption associated with the
boundary layer diffusion. The second portion is the
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Fig. 14. The intraparticle diffusion model plot for the
adsorption of MG onto lotus leaf at different temperatures
(T=298, 308, and 318K; adsorbent concentration=1 gL’l;
initial pH 4.5).

gradual adsorption stage, the slope of the line
becomes smaller, where intra-particle diffusion rate is
rate-controlling. The third linearity is attributed to the
equilibrium stage [38]. However, none of the lines
pass through the origin, demonstrating that intraparti-
cle diffusion is not the only rate controlling step but
also have some other mechanisms in the whole
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adsorption process, such as some degree of boundary
layer control [39].

In summary, the pseudo-second-order equation is
the best one in describing the adsorption kinetics of
MG on lotus leaf.

4.9. Thermodynamic properties

The thermodynamic properties were obtained by
the adsorption of MG at the temperature of 296K,
306K and 316K. The parameters can evaluate the
orientation and feasibility of the physiochemical
adsorptive reaction [40]. Three thermodynamic
parameters include standard enthalpy (AH), standard
entropy (AS), and standard free energy (AG). The
parameters can be computed by the following equa-
tion:

AG = —RTInK = AH — TAS (12)
AS AH

where K (Lmol ") is Langmuir constant, R is the
universal gas constant (8.314]mol 'K ™), T(K) is the
absolute solution temperature, a plot of AG vs. T

Table 3

The pseudo-first-order, pseudo-second-order and intraparticle diffusion kinetic parameters for the adsorption of MG onto
lotus leaf

Model/C,/T 50mgL" 100mgL™" 150mgL~" 298K 308K 318K
Pseudo first-order

ki (Lmin ") 0.0391 0.0210 0.0311 0.0210 0.0423 0.0543
Geal (mgg ™) 43.93 74.15 96.18 74.16 82.23 84.82
R 0.8592 0.9322 0.8774 0.9322 0.9077 0.8371
Pseudo second-order

ky x 10* 12 3.1 3.8 3.1 7.2 9.3
exp (Mg g™") 46 80 106 80 85 90

fear (mgg™") 47.67 84.64 106.85 84.63 88.65 90.57
R 0.9675 0.9791 0.9653 0.9791 0.9825 0.9646
Intraparticle diffusion

ka 2.68 6.06 7.35 4.35 7.64 7.85
G 13.49 3.45 16.04 9.98 14.41 21.02
R 0.9706 0.9751 0.9569 0.9711 0.9683 0.9688
ki 0.86 2.01 2.41 2.37 1.84 1.75
G 31.59 40.33 57.37 35.07 55.77 59.96
R 0.9797 0.9938 0.9791 0.9942 0.9740 0.9925
ke 0.25 0.77 1.22 0.77 0.026 0.44
Cs 41.23 63.93 81.09 63.93 85.04 80.95
R 0.9920 0.9945 0.8917 0.9945 0.8549 0.9520
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should be a straight line, AH and AS values can be
calculated from the slope and intercept of the plot.
The values of AG for MG were —10.73, —12.43,
and —13.89kJmol! at 296, 306, and 316K, respec-
tively. The value of AH and AS for MG was
35.95kJmol™! and 157Jmol 'K}, respectively. The
negative AG values indicate that the adsorption pro-
cess is thermodynamically feasible at room tempera-
ture and the value of AG was found to decrease in the
temperature increasing from 296 to 316K, indicating
that the adsorption process of MG on lotus leaf
become more favorable at higher temperatures [41].
The positive value of AH implies the endothermic nat-
ure for the adsorption process. The positive values of
AS suggest increased randomness at the solid/solu-
tion interface and significant changes occur on the
surface of the lotus leaf through the dyes adsorption,
since the MG species adsorbed on lotus leaf leads to a
decrease in the number of the water molecules.”

5. Conclusions

In this research, lotus leaf was used as an adsor-
bent for the removal of MG from aqueous solutions.
The Koble—Corrigan, Redlich-Peterson, and Langmuir
isotherm models exhibited a better fit to the MG
adsorption equilibrium data. The maximum mono-
layer adsorption capacity of lotus leaf was found to be
1253mgg ' at 316 K. The adsorption kinetics follows
the pseudo-second-order kinetic model and the
intraparticle diffusion was not the sole rate-controlling
factor. The adsorption processes were spontaneous
and endothermic in nature. The present study
suggests that natural lotus leaf can be used as an
effective and inexpensive adsorbent for the adsorption
of MG from aqueous solutions.

Symbols

A — Redlich-Peterson parameter

Ax — Koble—Corrigan parameter

B — Redlich-Peterson parameter

Bx — Koble—Corrigan parameter

C — intercept

Cop — initial equilibrium concentration of MG, mg Lt

C. — equilibrium concentration of MG, mg L!

K. — Langmuir constant, L mg '

Kg — Freundlich constant, mg g~' (L mg™")'/"

k1 — rate constant of the pseudo-first-order sorption,
min

k, — rate constant of the pseudo-second-order sorption,

g mg 'min!
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k. — intraparticle diffusion rate constant, mg g~ ' min~'/?

K — Langmuir constant, Lmol™!

1/n — Freundlich constant

m — mass of dry adsorbent, g

M — Koble—Corrigan parameter

gJe — adsorption capacity per unit weight of adsorbent
at equilibrium, mgg™

Jcai — calculated value of g,

dexp — experimental value of g,

gm — monolayer biosorption capacity per weight of
adsorbent, mgg ™!

g¢ — adsorption capacity per unit weight of adsorbent
at time t, mgg~

R* — correlation coefficient

R — universal gas constant, 8.314] mol 1K!

t — time, min

T — absolute solution temperature, K

¢ — Redlich-Peterson parameter

V  — volume of solution, L

AH — standard enthalpy, kJmol
AS — standard entropy, ] mol 'K
AG — standard free energy, k] mol ™
R% — adsorption removal of MG
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