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ABSTRACT

Adsorption of methylene blue (MB) and methyl violet (MV) onto camellia seed powder
(CSP) was conducted, and the equilibrium data were fitted with Langmuir, Freundlich and
Dubinin—-Radushkevich (D-R) models to describe the equilibrium isotherms. The kinetics
rates were modeled using pseudo-first-order, pseudo-second-order kinetic equations, and
intra-particle diffusion model. The results revealed that adsorption of MB and MV onto CSP
was affected slightly by the pH value, and the maximum adsorption amount was achieved
at the pH of 5.5, the unadjusted value. For MB, the adsorption process could be depicted
primly by Langmuir function, while for MV, the equilibrium data agree well with all of the
Langmuir, Freundlich, and D-R models. The Gibbs free energy (AGY), enthalpy change
(AH®), and entropy change (AS") for MB were all below zero, which indicated the adsorp-
tion was spontaneous and exothermic process; while for MV, the negative AG’ value and
positive AH” value imply that its adsorption process is spontaneous and endothermic. For
both MB and MYV, the kinetics data were better fitted with the pseudo-second-order kinetic
model and the intra-particle diffusion controls the adsorption rate.
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1. Introduction

Effluents from industries such as food, paper, dye-
stuffs, plastics, and textiles generate considerable
amount of color due to dyes [1]. It is recognized that
public perception of water quality is greatly influ-
enced by the color. The presence of very small
amounts of dyes (even less than 1 ppm for some dyes)

*Corresponding author.

in water is highly visible and aesthetically unpleasant
[2-5]. Furthermore, coloration of water by dyes may
affect photochemical activities of the aquatic system
by reducing light penetration [6-9].

Due to their good solubility, dyes are common
water pollutants and they may frequently be found in
trace quantities in industrial wastewater. Many of these
dyes are also toxic and even carcinogenic, and this
poses a serious hazard to aquatic living organisms
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[10-13]. Methylene blue (MB) is a heterocyclic aro-
matic chemical compound, which has many uses in a
range of different fields, like biology and chemistry. At
doses of 2-4 mg/kg, hemolytic anemia and skin des-
quamation may occur in infants. At doses of 7 mg/kg,
nausea, vomiting, chest pain, fever, and hemolysis have
been described. Hypotension may occur at doses of 20
mg/kg, and bluish discoloration of the skin can occur
at 80 mg/kg [2]. While methyl violet (MV) is an organic
compound that is mainly used as purple dye for tex-
tiles and to give deep violet colors in paint and ink.
MYV is a mutagen and mitotic poison, therefore con-
cerns exist regarding the ecological impact of the
release of MV into the environment [1,2].

There are several methods used for treatment of
dye containing wastewater, including reverse osmosis
[14], chemical oxidation [15], photodegradation [16],
electrocoagulation—electroflotation [17], and adsorption
[4-13,18]. Among these methods, adsorption had
become superior to other techniques for wastewater
treatment in terms of low initial cost, simplicity of
design, and ease of operation. In general, the activated
carbon is used to absorptive removal of dyes from
wastewater [19-22]. However, regeneration and reuse
of activated carbon make it more costly. Therefore, it
is necessary to study the feasibility of using low cost
substances as adsorbents [23].

Camellia seed powder (CSP) is a granulated waste
by-product from tea oil production in south provinces
in China. About 2,000 tons of CSP is processed per
annum just in a county of Guangxi Zhuang Autono-
mous Region of China. Nowadays, CSP is usually aban-
doned or burnt in the open air, not only releasing large
amount of hazardous particles, but also polluting the
environment. Therefore, the utilization of CSP is impor-
tant to environmental protection and the comprehen-
sive usage of forestry resources. Within this paper, the
CSP is used as adsorbent for the first time, to remove
dyes from polluted water, and the corresponding
adsorption kinetic, equilibrium, and thermodynamic
studies were carried out.

2. Materials and methods

2.1. Adsorbent

CSP was purchased from Beijing Boyangxin Tech-
nology Company Limited, with mesh size less than
0.59 mm. Before usage, the CSP was decolorized with
water and was dried under room temperature. The sur-
face morphology of the adsorbent was studied by an S-
4800 scanning electron microscope (SEM) (Hitachi,
Japan) at an accelerating voltage of 1.0 kV. Surface area
and pore analysis of the adsorbent were measured by
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nitrogen adsorption and desorption at 77K using a
TriStar II surface area and porosity analyzer (Micromer-
itics Instrument Corporation).

2.2. Adsorbate

Two cationic dyes, MB (Sinopharm Chemical
Reagent Co., Ltd. Shanghai, China) with molecular
formula of Cy6H;gN3SCl (FW 319.85g/mol) and MV
(Sinopharm Chemical Reagent Co., Ltd. Shanghai,
China) with molecular formula of Cy5H3oN3-Cl
(FW 408.03 g/mol) were chosen as the adsorbates. The
molecular structures of MB and MV are illustrated in
Fig. 1. The MB and MV were chosen in this study
because of their known strong adsorption onto solids.
The dye stock solutions were prepared by dissolving
accurately weighted MB and MV in ultra-pure water
to the concentration of 100mg/L. The experimental
solutions were obtained by diluting the stock solution
in accurate proportions to the required initial concen-
trations.

2.3. Adsorption equilibrium experiments

One liter solutions of MB with initial concentration
of 60, 80, and 100 mg/L and solutions of MV with initial
concentration of 10, 30, and 50 mg/L were treated with
6, 8, 10g/L of CSP, respectively. The mixtures were
vibrated in constant temperature water bath oscillator with
speed of 150 r/min at different temperatures (298, 303,
308, 313, and 318 K). Three milliliter of the suspension
was taken out using 0.2 um syringe filter (Tianjin Jint-
eng) every given time interval, and the filtrates were
analyzed for the residual MB and MV concentration by
Shimadzu UV-visible spectrophotometer (UV-1240) at
662 and 583 nm, respectively. The amount of MB and
MYV uptake and the removal percentage by CSP in each
flask was calculated using Egs. (1) and (2).

_ (CO - Ce)v
1=—w ¢))
n= (G —C) % 100% %)
Co
H;C.,N,CHg

®

N\
L o Q.
H;C N S I:I .CHj3 H3C"N

\ ) SNH*
CH, CI~ CH; éH! éH!

Fig. 1. Molecular structure of MB (left) and MV (right).
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where g is the amount of dye absorbed by CSP (mg/g),
Co and C, are the initial and final dye concentrations
(mg/L), respectively. V is the volume of the solution
(L), W is the absorbent weight (g), and 7 is the removal
percentage of dye from the solution.

2.4. Effect of pH

In order to investigate the effect of pH on MB
and MV adsorption, 8.0 and 6.0g of CSPs were
added to 1.0 L solutions containing 80 mg/L of MB
and 50 mg/L of MV, respectively. The initial pH val-
ues were adjusted to 3.0, 4.0, 5.0, 6.0, and 7.0 for MB
system, and 3.5, 4.5, 5.5, 6.5, and 7.5 for MV system,
using HCl and NaOH solutions with suitable concen-
tration. The suspensions were filtered through 0.2 ym
syringe filter and analyzed for residual MB and MV
concentration.

3. Results and discussion
3.1. Characterization of CSP

Fig. 2 shows the SEM micrograph of a typical CSP
sample at 10,000 x magnification. The CSP particles
were mostly irregular in shape and were porous. The
surface area of CSP as calculated by the BET method
was found to be 128.7 m?/g; and the total pore volume
is 0.0261 cm®/g

3.2. Effect of pH on the adsorption amount and removal
percentage

The pH of solution is one of the most important
parameters affecting the adsorption capacity of absor-

Fig. 2. SEM image of CSP.
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bents [15,16]. The dependence of pH on the adsorption
of two cationic dyes onto CSP is illustrated in Fig. 3.
The adsorption amount of MB and MV by CSP
increases slightly with pH. It is evident that the
adsorption behavior of each cationic dye is similar
from pH 3.0-7.5. The pH of original CSP solution is
ca. 5.5; and at this pH value, the adsorption amounts
of MB and MV are 9.62 and 8.17 mg/g, respectively.
Therefore, in this study, the pH was unadjusted dur-
ing the adsorption of MB and MV.

3.3. Adsorption kinetics

Figs. 4 and 5 show the effects of contact time on
the adsorption amount and removal percentage of MB
and MV by CSP. The adsorption amount (7) and
removal rate () of MB and MV by CSP were found to
increase with the increase in contact time, and the
maximum values were reached after 30 min. And the
removal rate rises with increasing CSP amount and
the decreasing of initial concentration of MB and MV,
which may be due to the increasing of the active
adsorption sites. In fact, the less of the initial concen-
tration of MB and MV means the larger ratio of MB
and MV molecules absorbed by CSP and total MB and
MV molecules. For MB and MV, the increase of the
adsorption amounts and removal rates after 30 and 15
min are not significant, and hence it is fixed as the
optimum contact time. The color of MB and MV in
aqueous solution cannot be detected by naked eye
after 30 and 15 min, respectively. Similar results have
been reported in some similar references for the
removal of dyes [24,25].

Kinetic studies are important in order to evaluate
in order to evaluate the mechanism and efficiency of
sorption process. In order to investigate the sorption
kinetic of MB and MV onto CSP, pseudo-first-order,
pseudo-second-order, and intra-particle diffusion
kinetic models were used.

The pseudo-first-order model can be expressed as
follows:

In(ge — qi) = In(ge) — kat 3)

where g, (mg/g) and g. (mg/g) represent the amount of
adsorbates adsorbed at t and at equilibrium time,
respectively. k; (min~') represents the adsorption rate
constant which is calculated from the plot of In (g, — g,
against t.

Pseudo-second-order model is one of the most
widely used kinetic models to predict the relationship
between fexp and gpredicy Which can be expressed as
Eq. 4):
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Fig. 3. Effect of different pH value on the adsorption amount of MB (a) and MV (b).
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Fig. 4. Effect of different initial concentration of MB and CSP on the adsorption amount (a) and removal percentage (b).
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Fig. 5. Effect of different initial concentration of MV and CSP on the adsorption amount (a) and removal percentage (b).

t 1 1

where k; (g/(mgmin)) is the pseudo-second-order rate
constant of sorption. The plot of t/g; vs. t should exhi-
bit a linear relationship, and the g. and k, can be
obtained from the slope and intercept of the plot,
respectively.

Pseudo-first-order and pseudo-second-order models
were used to investigate the adsorption kinetics of MB

and MV adsorption by CSP. The best model was
selected depending on the linear regression correlation
coefficient, R?. Asillustrated in Figs. 6 and 7 and Table 1,
the pseudo-second-order model are suitable for the
adsorption of MB and MV by CSP because of their rela-
tively high R* values, and the experimental data fit well
with the pseudo-second-order model with R*>0.99.
The calculated g, values (9.940 and 8.210 mg/g for MB
and MYV, respectively) from pseudo-second-order
model are consistent with the experimental values
(9.873 and 8.202 mg/g for MB and MV, respectively).
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Fig. 7. Pseudo-order kinetics equation fitting curve of MV sorption onto CSP (a) pseudo-first-order kinetics; (b) pseudo-

second-order kinetics.

Table 1

Parameters of kinetic model of MB and MV adsorption onto CSP

Pseudo-first-order

Pseudo-second-order .
Experimental value

co (mg/L) Dye(g/L) K (min™1) de (mg/g) R? K, (g/mg min 1) ge (mg/g) R? of g (mg/g)
60 MB(8) -0.103 0.990 0.8109 0.134 7.463 1.0000 7.435

80 —0.050 1.835 0.6446 0.101 9.900 0.9999 9.873

100 -0.061 2.988 0.8010 0.082 12.20 0.9999 11.976

10 MV(6) -0.039 0.093 0.3007 0.626 1.597 0.9999 1.601

30 -0.074 0.346 0.6339 0.122 8.210 0.9999 8.203

50 -0.078 0.581 0.4536 0.123 8.211 0.9999 8.202

In adsorption process of dye on the solid surface,
the dye species migrate towards the surface of the
adsorbent. This type of migration proceeds till the
existence of concentration gradient of the adsorbate
species in the bulk of the solution to the surface of the
adsorbent. Once equilibrium is attained, the migration
of the solute species from the solution stops. The rate
of an adsorption process is controlled either by exter-
nal diffusion, internal diffusion, or by both types of
diffusions. And the most commonly used technique

for identifying the mechanism involved in the adsorp-
tion process is using intra-particle diffusion model as
Eq. (5):

Q=Kyt'?+1 ®)

where Ky is the intra-particle diffusion rate constant. If
intra-particle diffusion occurs, then g against /% will
be linear and the line will pass through the origin, if
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the intra-particle diffusion was the only rate limiting
parameter controlling the process. Otherwise, some
other mechanism is also involved. However, in this
study, the linear plots of MB adsorption onto CSP at
each concentration did not pass through the origin,
and shows two linear portions (as shown in Fig. 8), in
which the first part of curve (0-16 min) is attributed to
boundary layer diffusion, and the final linear parts
(16-90 min) indicate effect of intra-particle diffusion.
While for MV adsorption onto CSP, the linear plots
indicate that the effect of intra-particle diffusion plays
an important role (Fig. 9). Values of I give an idea
about the thickness of the boundary layer (as listed in
Table 1). The K4 values increased from 0.334 to 1.534
mg (g min'/?) for MB and 1.043 to 5.169 mg (g min'’/?)
for MV, indicating that intra-particle diffusion controls
the adsorption rate [26]. Simultaneously, external mass
transfer resistance cannot be neglected although this
resistance is only significant for the initial period of
the time [27].

3.4. Adsorption isotherms

Adsorption isotherms describe the amount of
adsorbate adsorbed and remained in the equilibrium
solution at a fixed temperature. Adsorption isotherm’s
parameters obtained from the different models provide
important information on the surface properties of the
adsorbent and its affinity to the adsorbate. Several iso-
therm equations have been developed and employed
for such analysis, and the important isotherms
Langmuir, Freundlich, and Dubinin—-Radushevich
(D-R) isotherms are applied in this study.

The Langmuir equation is based on the assumption
that the adsorption sites at the interface of the

121 O 60mg/L
o 80mg/L
A 100mg/L

ADAAAAA

O

q(mg g”)
]

12

t"*(min"%)

Fig. 8. Intra-particle diffusion plots for MB adsorption on
CSP.
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Fig. 9. Intra-particle diffusion plots for MV adsorption on
CSP.

adsorbent are occupied by the adsorbate [28]. It is
used to estimate the maximum adsorption capacity of
the adsorbent corresponding to the complete
monolayer coverage of the adsorbate on the adsorbent
surface. The Langmuir isotherm is generally expressed

by:
Ce/qe = (1/17)‘10 + Ce/% (6)

where g is the maximum adsorption capacity (mg/g)
of adsorbent, b is related to the energy of adsorption
which indicates the intensity of adsorption (L/mg);
high b values mean strong bonding between the
adsorbate and adsorbent. The constants g, and b can
be calculated from slope and intercept of the plot, and
the parameter values are listed in Tables 2 and 3.

For MB and MV in this study, the Langmuir maxi-
mum capacities of CSP were found to be 9.05 and
3.08 mg/g, (as listed in Tables 2 and 3). The Langmuir
isotherm has generated a satisfactory fit to the experi-
mental data as indicated by correction coefficient. This
may be due to homogeneous distribution of active
sites on the CSP surface, since the Langmuir equation
assumes that the surface is homogeneous [28]. The
monolayer formation for the present system has been
confirmed by linear plot (Figs. 10 and 11).

The shape of the Langmuir isotherm was investi-
gated by the dimensionless constant separation term
(Rp) to determine high affinity adsorption [29,30]. Ry
was calculated as follows:

1

Rp=——
L 14+ bCy

)
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Fig. 10. Langmuir isotherms for adsorption MB by CSP.
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Fig. 11. Langmuir isotherms for adsorption MV by CSP.

where C is the initial dye concentration (mg/L). Ry,
indicates the type of isotherm to be irreversible (R =0),
favorable (0<Ry <1), linear (R =1), or unfavorable
(R >1). The Ry values of MB and MV adsorbed onto
CSP range from 0.045 to 0.140 and from 0.025 to 0.029,
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respectively, which are between 0 and 1, indicating that
both the adsorptions of MB and MV onto CSP are favor-
able.

The performance of the CSP in dye removal from
the aqueous solution has also studied using the Fre-
undlich isotherms [9-12,31,32]. The Freundlich iso-
therm is an empirical equation which assumes that
the adsorption of adsorbent increases with the concen-
tration of the adsorbate. It is used to estimate the
adsorption intensity of the adsorbent towards the
adsorbate. It is generally given by:

logge. = log K¢ + (1/n)log C. ®

where K; is the amount of adsorbate that adsorbed in
per unit adsorbate. High K; values indicate easy
uptake of the adsorbate. The slope 1/n of Freundlich
equation indicates the surface heterogeneity of the
adsorbent, where 1/n values of closer to zero is indic-
ative of relative energy distribution on the adsorbent
surface (or surface heterogeneity). As listed in Tables
2 and 3, for MB, the 1/n values decrease from 0.117 to
0.014, implying that high temperature favors higher
heterogeneity. While for MV, the 1/n values were big-
ger than one, indicating the lower heterogeneity of
MYV onto SCP [33].

The D-R isotherm assumes that sorption has a
multilayer character with heterogeneity of surface
energies, involves van der waals forces and is applica-
ble for physical sorption process, and which is used to
determine the characteristic porosity and the apparent
free energy of adsorption [34-36]. The mechanism of
MB and MV adsorption from solution onto CSP sur-
face was then examined with D-R equation:

logg. = logqm — Kpré? 9)

where Kpr is a constant related to the mean free
energy of adsorption (mol*/J%), g, is the theoretical
saturation capacity (mol/g), ¢ is the polanyi potential
(J/mol), which is related to the equilibrium concentra-
tion C, (mg/L) as follows:

Table 2
Parameters of intra-particle diffusion model

Ky i Ka
cpp(mg/L) 0-8 min 8-90 min 0-8 min 8-90 min cmv(mg/L) 0-90min !
60 0.334 0.016 6.155 7.293 10 0.010 1.519
80 1.494 0.048 4.187 9.376 30 0.023 4.696
100 1.534 0.064 5.569 11.366 50 0.069 7.706
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Table 3

Constants of Langmuir, Freundlich, and D-R isotherms for MB and MV adsorption by CSP at different temperatures

Langmuir Freundlich D-R

T(K  gexp(mg/g)  Gmax(mg/g)  Ki(L/mg) R Ke(L/g) 1/n R? Kpr EkJ/mol) R?

MB
298  9.05 9.19 0.266 0.9824  6.877 0.117 0.6949 0.034 3.824 0.8565
303 715 7.31 0.159 0.9678  6.370 0.095 0.3961 0.091 2.343 0.7331
308  6.02 6.19 0.128 0.9585  6.370 0.068 0.1648 0.149 1.835 0.5471
313 4.65 4.84 0.094 0.9346  6.645 0.027  0.0222  0.108  2.150 0.2974
318 357 3.75 0.077 0.9055  7.159 0.014 0.0038 0.102 2210 0.1459

MV
298 155 1.71 0.674 0.9880  4.535 3433 09813 0751 0.816 0.9492
303 156 1.80 0.700 0.9971  5.454 3.241 09509 0.629  0.892 0.9169
308 157 2.27 0.707 0.9750  6.790 2813 09511 0470 1.031 0.9092
313 158 2.45 0.751 0.9924  8.504 2718 09629 0401 1.116 0.9213
318 159 3.08 0.776 0.9900  10.671 2438 09840 0311  1.269 0.9451

Table 4 16 kJ/mol, the adsorption type is chemical ion

Thermodynamic parameters for sorption process of MB
and MV on CSP at different temperatures

Ky AG® AS°® AH®

T/K (L/mg) (kJ /mol) (J/mol/K) (kJ /mol)
MB

298 127,973 -29.14 -62.33 —47.47

303 76,228 -28.32

308 61,322 -28.23

313 45,024 -27.88

318 37,072 -27.81
MV

298 322,819 -31.43 124 5.54

303 335,264 -32.05

308 338,452 -32.60

313 359,846 -33.29

318 371,652 -33.91
e=RTIn(1+1/C,) (10

The slope of the plot of Ing. vs. & gives Kpr and
intercept yields the adsorption capacity gn. The mean
free energy of adsorption (E, kJ/mol) was calculated
from Eq. (11):

1

E =
v2Kpr

1D

The mean free energy of adsorption is the free energy
change, when 1 mol of ion is transferred to surface of
the solid from infinity in the solution, which is useful
to estimate the type of adsorption. If its value is below
8kJ/mol, the adsorption type can be explained by
physical adsorption. If its value ranges from 8 to

exchange, and the value beyond 16kJ/mol can be
explained by chemical adsorption [26,27]. The E values
for both MB and MV adsorption onto CSP in this study
are below 8kJ/mol, indicating that the corresponding
adsorption processes are physical adsorption.

As listed in Table 3, based on the correlation coeffi-
cients (R* values) of all the isotherms studied, it was
found that, for MB, Langmuir isotherm was the most
suitable isotherm for the experimental data. While for
MYV, Langmuir, Freundlich, and D-R isotherms are all
suitable.

3.5. Thermodynamic parameters

The thermodynamic parameters of the adsorption
were determined using Egs. (12) and (13).

AG® = —RTInK; (12)
AS®  AHO

where K; is the distribution coefficient at different tem-
peratures (298, 303, 308, 313, and 318 K) and is equal to
the ratio of the equilibrium amount adsorbed (g. in
mg/g) to the equilibrium concentration (C, in mg/L) at
different temperatures. R is the gas constant. Eq. (13)
was applied to calculate the standard Gibbs free ener-
gies AG” and the standard entropy AS’. The values of
AH® and AS° were obtained from the slope and intercept
of the linear plot of log K{, vs. 1/T, respectively, as illus-
trated in Table 4. For the MB adsorbed onto CSP, the
negative value of AH" (—47.47 k] /mol) implies that this
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adsorption process is exothermic. The negative value of
AS° (-62.33]/(mol K)) shows decreased randomness at
the solid-solution interface during the adsorption of MB
onto CSP. In general, AG’ for physical adsorption is
between —20 and 0kJ/mol, but it ranged from —80 to
—400kJ/mol for chemical sorption. For MB adsorbed
onto CSP, the calculated AG® values varied from —27.81
to —29.14kJ/mol, when temperature decreased from
318 to 298 K. According to values of AG’, the sorption
process of MB onto CSP could be controlled by mainly
physical sorption and partially chemical sorption. The
negative values of AG® indicated that the adsorption
process is feasible and spontaneous nature on the
adsorbent [3-7,34-36].

For the MV adsorbed onto CSP, the positive value
of AH? confirmed the adsorption process is endother-
mic. Generally, a high AH® value may show chemi-
sorptions (40-120kJ/mol) rather than physisorptions
(<40kJ /mol). The AH’ value of MV adsorption onto
CSP in this experiment was 5.54 k] /mol, implying the
adsorption process was physisorption process. And
the positive value of AS revealed the increased ran-
domness at the solid-solution interface. The calculated
AGP values varied from —31.43 to —33.91 kJ/mol, when
temperature decreased from 318K to 298 K. Based on
the values of AG’, the spontaneous sorption process of
MYV onto CSP may be controlled by mainly physical
sorption and partially chemical sorption [23,37-39].

4. Conclusion

Equilibrium and kinetic studies were performed for
the adsorption of MB and MV, two cationic dyes, from
its aqueous solutions by CSP. The results reveal that the
adsorption processes are exothermic and endothermic
for MB and MV, respectively, based on their corre-
sponding AH’ values. Both adsorption processes for MB
and MV onto CSP are spontaneous because their AG®
values are below zero. And these two sorption pro-
cesses could be mainly controlled by physical sorption.
The equilibrium data have been analyzed against Lang-
muir, Freundlich, and D-R models; for MB, adsorption
equilibrium data fitted well to Langmuir isotherms, and
for MV its adsorption data fitted well to all three mod-
els. Logistic models agree very well with dynamic
behavior for the kinetic sorption data when compared
to pseudo-second-order kinetic model.
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