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Abstract

Chitosan was utilized as adsorbent to remove methyl orange (MO) from aqueous solution by adsorption.
Batch experiments were conducted to study the effects of pH, initial concentration of adsorbate and tem-
perature on dye adsorption. The kinetic data obtained from different batch experiments were analyzed using
both pseudo first-order and pseudo second-order equations. The equilibrium adsorption data were analyzed
by using the Freundlich and Langmuir models. The best results were achieved with the pseudo second-order
kinetic model and with the Langmuir isotherm equilibrium model. The equilibrium adsorption capacity (g.)
increases with increasing the initial concentration of dye and with decreasing pH. The values of ¢g. were
found to be slightly increased with increasing solution temperatures. The activation energy (£,) of sorption
kinetics was found to be 10.41 kJ/mol. Thermodynamic parameters such as change in free energy (AG), en-

thalpy (A H) and entropy (AS) were also discussed.
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1. Introduction

With economic and technological development, water
pollution is a common problem in worldwide. Water
pollution has become more and more serious, especially
regarding dye ions. Dye ions; mainly from dyeing indus-
tries have become serious threats to human beings and
the aquatic ecosystem, due to their toxicity and persis-
tence after being released into the natural water [1,2].
Therefore, discharge regulations are progressively be-
coming more stringent. Many recent studies have been
focused on the development of efficient processes for the
recovery of these organic contaminants from the efflu-
ents of textile industries [3-5]. Usually conventional
techniques such as precipitation, coagulation and floccu-
lation have been used in wastewater treatment although
these techniques are not very efficient for removing sev-
eral common dyes, especially from dilute solutions [3].
Photo-oxidation has also been proposed for the treatment
of dye-containing effluents [4,5], however, this process
is relatively expensive and not appropriate for the treat-
ment of large flows. More recently, biological degrada-
tion has been cited as an alternative process for the de-
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colorization of the reactive dye [6]. On the other hand,
adsorption processes remain the most common useful
techniques for the decontamination of the effluents of
textile and dyeing industries. Many studies have been
made on the possibility of adsorbents using mineral sor-
bents [7], activated carbons [8-10], peat [11,12], chitin
[13-16], rice husk [17], soy meal hull [18] and agro
wastes [19-21]. However, the adsorption capacity of the
adsorbents is not very effective; to improve adsorption
performance new adsorbents are still under development.

It is well known that chitosan (Figure 1(a)) has widely
been used in the preparation of various biomedical prod-
ucts [22-24]. Chitosan is easily prepared from chitin by
deacetylating its acetoamide groups with a strong alka-
line solution. This is the most abundant biopolymer in
nature after cellulose. The high proportions of amino
functions in chitosan have been found to provide novel
adsorption properties for many metal ions [25-27] and
organic dyes [28-36]. The deacetylated amino groups in
chitosan can be protonated and the polycationic proper-
ties of the polymer are expected to contribute to the
charged interactions with a model dye, methyl orange
(MO), which is an anionic azo dye (Figure 1(b)).
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Figure 1. (a) The structures of chitosan 10B; (b) methyl
orange (MO).

In this study, chitosan 10B (100% deacetylated) was
used as an adsorbent to remove dye MO from aqueous
solution. The investigation for dye removal was carried
out through a series of batch adsorption experiments. The
attention has been placed in an understanding of the ki-
netics; mechanisms and equilibrium processes involved
in adsorption of MO onto the chitosan 10B. Treatment of
the chitosan surface with a cross-linking agent was not
utilized in this study since cross-linking may change the
properties of chitosan. The effects of pH, initial concen-
tration of MO and temperatures on the adsorption phe-
nomena have been studied.

2. Materials and Methods

2.1. Chemicals and Preliminary
Characterization of the Chitosan Sample

Chitosan 10B (100% deacetylated, Katokichi Bio Co.,
Ltd., Japan) was used without further purification. The
mass median diameters of the chitosan flakes were esti-
mated to be (228 + 5) um using a laser scattering particle
size analyzer (LDSA-2400A, Tonichi Computer Appli-
cations, Japan) equipped with a dry dispersing apparatus
(PD-10S, Tonichi Computer Applications, Japan).

The dye methyl orange (MO) was from Acros Organ-
ics (New Jersey, USA) and was used without further
purification. The chemical structure of MO is shown in
Figure 1(b). The other reagents used in this study were
of pure analytical grade. Deionized water was prepared
by passing distilled water through a deionizing column
(Barnstead, Syboron Corporation, Boston, USA).

2.2. Batch Adsorption Experiments

Batch adsorption experiments of MO were carried out in
a 122 mL stoppered bottle at a constant temperature (33
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+ 0.2°C) using a shaking thermostat machine at a speed
of 120 r/min. The effect of pH on the adsorption of MO
was examined by mixing 0.05 g of chitosan 10B with 25
mL of MO (100 pmol/L) solution with the pH ranging
from 4.0 to 9.0. The pH of the samples was adjusted by
adding micro liter quantities of 1 mol/L HCI or 1 mol/L
NaOH. In kinetics studies, 0.05 g of chitosan 10B was
mixed with 25 mL of MO solution with varied initial
concentrations (15-100 pmol/L), and samples were with-
drawn at desired time intervals. In isotherm experiments,
0.05 g of chitosan 10B was added to 25 mL of MO solu-
tion with varied initial concentrations (5—50 pmol/L).

After adsorption, the samples were centrifuged using a
centrifuge machine (Labofuge 200, D-37520 Osterods,
Germany) at a speed of 4000 r/min. The concentrations
of MO in the supernatant liquor were determined by us-
ing standard curve. The absorbance of MO in aqueous
solutions was measured with a Shimadzu UV-1601PC
spectrophotometer at 465 nm, equipped with an elec-
tronically thermostatic cell holder (Shimadzu); the quartz
cell had a path length of 1.0 cm. Before each measure-
ment, the base line of spectrophotometer was calibrated
against solvent. The standard curve was obtained by
plotting absorbance versus concentration of MO.

The amount of MO adsorbed (g.) was determined by
using the following equation:

ge = N(Co — C)/m (M

where Cy and C, represent the initial and equilibrium MO
concentrations (umol/L), respectively; V is the volume of
the MO solution (L) and m is the amount (g) of chitosan
10B. The adsorption kinetics and equilibrium adsorption
were also performed at different temperatures (27, 33, 40
and 45°C), respectively. The amount of adsorption was
determined in the same way as described above.

3. Results and Discussion
3.1. Kinetics of Adsorption

3.1.1. Effect of pH

In order to avoid solubilization of the chitosan in aque-
ous solution at very low pH [37], adsorption experiments
were conducted with the pH ranging from 4.0 to 9.0. The
effect of pH on adsorption kinetics of MO onto chitosan
10B at 33°C is shown in Figure 2, where the initial dye
concentration was 100 umol/L. It indicates that the ad-
sorption rate (dg/df) and adsorption capacity (g;) increase
significantly with decrease in solution pH. After 240 min
of adsorption, the equilibrium adsorption capacity (¢g.) at
pH 4.0 (30.14 umol/g) is more than double of that at pH
9.0 (11.79 umol/g) (Table 1). It can be seen that the pH
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Figure 2. Adsorption kinetics of MO on chitosan 10B at
different pH (initial concentration of MO: 100 pmol/L;
solution volume: 25 mL; chitosan: 0.05 g; temperature: 33
°C; solution pHs: closed circles: pH 4; closed triangles: pH
5; closed squares: pH 6; opened circles: pH 7; stars: pH 8;
opened triangles: pH 9). All solid lines are simulated ad-
sorption kinetics of MO onto the chitosan at respective pHs.
The simulated adsorption Kinetic profiles were generated
using the pseudo second-order model in Equation (3) and
the values of equilibrium adsorption capacity (¢eca)) and
the pseudo second-order rate constant (k,) listed in Table 1.

of aqueous solution plays an important role in the ad-
sorption kinetics of MO onto chitosan 10B and the most

suitable pH is 4.0 among the observed pH ranging from
4.0 to 9.0. Similar results were also observed in the ad-
sorption of reactive [32] and acid dyes [33] on cross-
linked chitosan. Figure 2 also shows that the time to
reach equilibrium adsorption increases gradually with
increase in pH of the aqueous solution. Our data show
that the time to reach equilibrium adsorption is about 60
min for pH 4.0-5.0 and 120 min for pH 6.0-9.0, respec-
tively.

3.1.2. Effect of Initial Dye Concentration

Figure 3 shows that the effect of initial MO concentra-
tion on the adsorption kinetics of the chitosan 10B at pH
4.0 and temperature 33°C. An increase in the initial dye
concentration leads to an increase in the adsorption ca-
pacity of the dye on chitosan. This is due to the increase
in the driving force of the concentration gradient, as an
increase in the initial dye concentration [32]. Figure 3
also shows that most of the dye is adsorbed to achieve
equilibrium adsorption within 60 min, although the data
were taken for 120 min. The equilibrium adsorption ca-
pacity (q.) at an initial dye concentration of 100 pmol/L
is nearly six times larger than that of 15 pumol/L (Table

1.

3.1.3. Effect of Temperature
The effect of temperature on adsorption kinetics of MO

Table 1. Comparison of the pseudo first- and second-order adsorption rate constants, and calculated and experimental ¢,
values for different pH, initial dye concentrations and temperatures.

Parameters Experimental First-order kinetic model Second-order kinetic model
pH [ﬁl(:(};)l e ki (per min) f:(nia(l))l e k> (g/pmol per min) f:(nia(l))l /e R
4 30.14 0.0545 9.73 0.976 0.0164 30.39 0.999
5 25.52 0.0543 11.29 0.991 0.0127 25.84 0.999
6 16.58 0.0204 9.37 0.908 0.0059 17.09 0.996
7 15.75 0.3026 20.46 0.619 0.0049 16.47 0.994
8 14.02 0.0280 12.92 0.942 0.0046 14.84 0.990
9 11.79 0.0202 9.28 0.970 0.0042 12.58 0.993
Initial dye concentration (umol/L) (pH 4.0)
15 5.53 0.0764 2.71 0.986 0.0642 5.65 0.999
30 11.26 0.0893 4.61 0.982 0.0477 11.43 1.000
40 15.52 0.0693 4.99 0.942 0.0403 15.72 0.999
50 19.08 0.0736 6.85 0.973 0.0310 19.34 0.999
70 24.29 0.0741 10.09 0.994 0.0207 24.75 0.999
100 29.82 0.0545 9.72 0.976 0.0164 30.40 0.999
Temperature (°C) (pH 4.0)
27 18.48 0.0771 7.83 0.927 0.0271 18.90 0.999
33 18.94 0.0755 6.92 0.973 0.0309 19.34 0.999
40 19.40 0.0755 6.65 0.974 0.0322 19.76 0.999
45 20.24 0.0810 6.63 0.971 0.0349 20.61 0.999
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Figure 3. Adsorption kinetics of MO on chitosan 10B at
different initial concentration. (solution volume: 25 mL;
chitosan: 0.05 g; solution pH: 4; temperature: 33°C; initial
concentrations of MO: closed circles: 15 pmol/L; opened
circles: 30 pmol/L; closed triangles: 40 pmol/L; opened
triangles: 50 pmol/L; closed squares: 70 umol/L; opened
circles: 100 pmol/L). All solid lines are simulated adsorp-
tion kinetics of MO onto the chitosan at respective initial
concentrations of dye. The simulated adsorption Kinetic
profiles were generated using the pseudo second-order
model in Equation (3) and the values of equilibrium ad-
sorption capacity (g¢ca)) and the pseudo second-order rate
constant (k) listed in Table 1.

onto chitosan at pH 4.0 is shown in Figure 4 where ini-
tial dye concentration was 50 umol/L. Below and above
the equilibrium time, an increase in the temperature leads
to an increase in dye adsorption rate (dg/df) and adsorp-
tion capacity (g,), this indicates a kinetically controlling
process. However, it can be seen from Figure 4 that the
temperature effects are insignificant. It has been reported
that the variation of wastewater temperature does not
significantly affect the overall decolorization perform-
ance [34]. However, a significant effect of temperature
on the equilibrium isotherms was observed in the adsorp-
tion of trisodium 2-hydroxy-1,1’-azonaphthalene-3,4’,6-
trisulfonate onto chitosan [28] and of Acid Orange II
(acid dye) onto the cross-linked chitosan [33].

3.2. Rate Constant Studies

In order to investigate the mechanism of adsorption ki-
netics, the pseudo first-order and pseudo second-order
equations were used to test the experimental data of pH,
initial concentration and temperature, respectively. The
pseudo first-order rate expression of Lagergren and An-
nadurai and Krishnan [38,15] is given as:

log(ge — g0 = logge — (ki/2.303)t ()
where ¢. and ¢, are the amounts of dye adsorbed on chi-
tosan 10B at equilibrium and at time ¢, respectively
(umol/g), and k; is the rate constant of pseudo first-order
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Figure 4. Adsorption kinetics of MO on chitosan 10B at

different temperatures (initial concentration of MO: 50
pmol/L; solution volume: 25 mL; chitosan: 0.05 g; solution
pH: 4; temperatures: closed circles: 27°C; opened circles:
33°C; closed triangles: 40°C; opened triangles: 45°C). All
solid lines are simulated adsorption kinetics of MO onto the
chitosan at respective temperature. The simulated adsorp-
tion kinetic profiles were generated using the pseudo sec-
ond-order model in Equation (3) and the values of equilib-
rium adsorption capacity (¢eca)) and the pseudo second-
order rate constant (k,) listed in Table 1.

adsorption (per min). A straight line of log(g. — ¢;) versus
t suggests the applicability of this kinetic model to fit the
experimental data. The equilibrium adsorption capacity
(g.) is required to fit the data, but in many cases g, re-
mains unknown due to slow adsorption processes. Also,
in many cases, the pseudo first-order equation of Lager-
gren does not fit well to the whole range of contact time
and is generally applicable over the initial stage of the
adsorption processes [38,39].

The pseudo second-order kinetic model [39,40] is ex-
pressed as:

qt= quezt/(1+ quet) (3)
where k, (g/pumol per min) is the rate constant of pseudo
second-order adsorption and can be determined from a
linearized form of this equation, represented by Equation
4):
g = kgl + (1/g01 @)

If second-order kinetics is applicable, the plot of #/q;
versus ¢ should show a linear relationship. There is no
need to know any parameter beforehand and the equilib-
rium adsorption capacity (g.) can be calculated from
Equation (4). Contrary to the other model it predicts the
behavior over the whole range of adsorption and is in
agreement with an adsorption mechanism being the rate-
controlling step [39,40], which may involve interactions
between dye anions and adsorbent.

The slopes and y-intercepts of plots of log(g. — ¢:)
versus ¢ were used to determine the pseudo first-order
rate constant (k) and equilibrium adsorption capacity
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(g.). These results are shown in Table 1. A comparison
of results with the correlation coefficients (R?) is also
shown in Table 1. The values of R* for the pseudo first-
order kinetics model were low. Also, the calculated g,
values obtained from the pseudo first-order kinetic model
do not give reasonable values, which are too low com-
pared with experimental g. values (Table 1). These re-
sults suggest that the adsorption of dye MO onto the chi-
tosan 10B is not a pseudo first-order reaction.

The slopes and y-intercepts of plots of #/g; versus ¢
were used to calculate the pseudo second-order rate con-
stant k, and g.. The straight lines in plot of #/g, versus ¢
(Figure 5) show a good agreement of experimental data
with the pseudo second-order kinetic model for different
initial dye concentrations. The similar straight-line agree-
ments are also observed for data at different pH and
temperature although their plots are not shown in this
paper. The computed results obtained from the pseudo
second-order kinetic model are shown in Table 1. The
values of correlation coefficients (R?) for the pseudo
second-order kinetic model are > 0.999 for almost all the
cases. The values of calculated equilibrium adsorption
capacity (Gean) also agree very well with experimental
data (Table 1). Moreover, the experimental adsorption
kinetic profiles (Figures 2, 3 and 4) are perfectly repro-
duced in the simulated data (each solid line in Figures 2,
3 and 4) obtained from numerical analysis on the basis of
pseudo second-order kinetic model (Equation (3)) using
the values of &, and g listed in Table 1. These results
indicate that the present adsorption system belongs to the
pseudo second-order kinetic model. The similar phe-
nomena were also observed in biosorption of reactive
blue 2 (RB2), reactive yellow 2 (RY2) and Remazol
black B on biomass [20,21]. According to the pseudo
second-order model, the adsorption rate dg/d¢ is propor-
tional to the second-order of (g.— ¢;). Since the chitosan
10B in our experiments have relatively high values of ¢,
(Table 1), the adsorption rates become very fast and the
equilibrium times are short. Such short equilibrium times
coupled with high adsorption capacity indicate a high
degree of affinity between the dye MO and the chitosan
10B [20].

The rate constant k, at different temperatures listed in
Table 1 was used to estimate the activation energy of the
MO adsorption onto chitosan 10B. Assume that the cor-
relation among the rate constant (%), temperature (7) and
activation energy (E,) follows the Arrhenius equation,
which induces the following expression:

Ink, = — E,/R (1/T) + const 6)
where R is the gas constant. The slope of plot of Ink,
versus 1/T was used to evaluate E,. The value of E, was

estimated to be 10.41 kJ/mol. This value seems to be
small and the adsorption rate is not very sensitive to
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Figure 5. Plot of the pseudo second-order model (#/q, versus
t) at different initial dye concentration. (closed circles: 15
pmol/L; opened circles: 30 pmol/L; closed triangles: 40
pmol/L; opened triangles: 50 pmol/L; closed squares: 70
pmol/L; opened circles: 100 pmol/L).

temperature in the range (27—45°C) we studied.
3.3. Equilibrium Adsorption

Adsorption isotherms describe how adsorbates interact
with adsorbents and so are critical in optimizing the use
of adsorbents. Thus, the correlation of equilibrium data
by either theoretical or empirical equations is essential to
the practical design and operation of adsorption systems.
A plot of the equilibrium adsorption capacity, g. (umol/g),
versus the liquid phase MO equilibrium concentration,
C. (umol/L), for various temperatures at pH 4 is shown
in Figure 6. The adsorption capacities of the chitosan
increased slightly when the solution temperature was
increased from 27 to 45°C. The isotherm constants ob-
tained from the linearized plots of Freundlich and Lang-
muir equations and the values of correlation coefficients
(R?) are discussed in the following sections.

3.3.1. Freundlich Isotherm
The well-known Freundlich isotherm [41] used for iso-
thermal adsorption is a special model for heterogeneous
surface energy in which the energy term in the Langmuir
equation varies as a function of surface coverage strictly
due to variation of the sorption. The Freundlich equation
is given as:
de = KFCel/n (6)

Equation (6) can be linearized by taking logarithms to
find out the parameters K¢ and 1/n.

In(g.) = (1/n)In C, + InKk )
where K¢ is roughly an indicator of the adsorption capac-
ity and 1/ of the adsorption intensity. Ky and 1/n can be
determined from the linear plot of In(g.) versus In(C.).
The calculated results are listed in Table 2. The magni
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Figure 6. Equilibrium adsorption of MO on chitosan 10B at
different temperatures (initial concentration of MO: 5-50
pmol/L; solution volume: 25 mL; chitosan: 0.05 g; solution
pH: 4; temperatures: closed circles: 27°C; opened circles:
33°C; closed triangles: 40°C; opened triangles: 45°C). All
solid lines are simulated equilibrium adsorption of MO
onto the chitosan at respective temperature. The simulated
equilibrium adsorption isotherms were generated using the
Langmuir model in Equation (8) and the Langmuir iso-
therm constants listed in Table 2.

tude of the exponent 1/n gives an indication of the fa-
vorability of adsorption. From Table 2, the exponent # is
larger than 1 for adsorption of MO onto the chitosan at
different temperatures indicating favorable adsorption
condition [14]. However, the low values correlation co-
efficients (R>< 0.999) show poor agreement of Freund-
lich isotherm with the experimental data.

3.3.2. Langmuir Isotherm

The widely used Langmuir isotherm [42] has found suc-
cessful application in many real sorption processes and is
expressed as:

de = I<Lce/(1 + aLCe) (8)

The constants K; and a; are the characteristics of the
Langmuir equation and can be determined from a lin-
earized form of this equation, represented by Equation
)

Ce/qe = 1/I<L + (aL/KL)Ce (9)

Therefore, a plot of C/g. versus C, gives a straight
line of slope a1 /K| and y-intercept 1/K. The constant K.
is the equilibrium constant and the ratio a; /K gives the
inverse of theoretical monolayer saturation capacity (gy,).

A linearized plot of (C./q.) versus C. is obtained from
the model as shown in Figure 7. The values of K| and a;
are computed from the slopes and y-intercepts of differ-
ent straight lines representing at different temperatures.
The calculated results are shown in Table 2. The fits are
quite well for all the four different temperatures under
the concentration range studied (correlation coefficient,
R*> 0.999). From the results shown in Table 2, the ca-
pacities of the chitosan for dye adsorption are not sig-
nificantly dependent on the solution temperature al-
though the values of Kj and ¢, slightly increase when
the solution temperature was increased from about 27 to
45°C. These results also suggest that the dye-chitosan
interaction must be an endothermic process.

In an effort to understand the equilibrium processes
involved in MO adsorption onto the chitosan, a computer
simulation of the adsorption isotherms has been per-
formed numerically on the basis of the Langmuir model
in Equation (8) and using the Langmuir isotherm con-
stants listed in Table 2, and the results are compared
with the experimental data (Figure 6). The observed
curves were obtained from the plots of equilibrium ad-
sorption capacity, g. (umol/g), versus the liquid phase
MO equilibrium concentration, C, (umol/L), at different
temperatures. The simulated curves (all solid lines) were
obtained as described as stated. The adsorption capacities
of the chitosan increased slightly when the solution tem-

Table 2. Freundlich and Langmuir isotherm constants at different temperatures, and thermodynamic parameters for the
adsorption of dye MO onto chitosan from aqueous solution at pH 4.

Parameters Freundlich Langmuir
Temperature Kr 2 4w (Lmol/g) 2
°C) (umol/g) n R K1 (L/g) ar(L/pmol) R
27 1.9776 1.36 0.991 1.8386 0.0647 28.41 0.999
33 2.1338 1.33 0.991 2.0292 0.0657 30.86 0.999
40 2.3556 1.31 0.991 2.3031 0.0684 33.67 0.999
45 2.7385 1.32 0.991 2.7617 0.0793 34.83 0.999
Thermodynamic parameters
Temperature (°C) AG (kJ/mol) AH (kJ/mol) AS (J/K/mol) R
27 -1.52
33 -1.80
40 217 17.29 62.52 0.960
45 —2.68

Copyright © 2010 SciRes.
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Figure 7. Plot of Langmuir model (C./q,. versus C,) at differ-
ent temperatures (closed circles: 27°C; opened circles: 33°C;
closed triangles: 40°C; opened triangles: 45°C).

perature was increased from 27 to 45°C. These features
of the observed data are well reproduced in the simulated
data as shown in Figure 6, supporting that the all iso-
therms data are described well by the Langmuir equation.
The thermodynamic parameters such as change in free
energy (AG), enthalpy (AH) and entropy (AS) were de-
termined using the following equations [35]:
AG =-RTInK;, 9
InK; = AS/R — AH/RT (10)
where K is the equilibrium constant, 7 is the solution
temperature (K) and R is the gas constant. AH and AS
were calculated from the slope and y-intercept of van’t
Hoff plots of InKy vs. 1/T. The results are presented in
Table 2. The negative values of AG and positive value of
AH indicate that the adsorption of MO on chitosan 10B
is spontaneous and an endothermic process. These be-
haviors seem to be explained by the ionic-nature of the
dye MO-chitosan interaction [16,36]. The positive value
of AS suggests that entropy is responsible for making the
AG negative for the adsorption process to be spontaneous.

4. Conclusions

The kinetics and adsorption mechanism of methyl orange
(MO) onto chitosan 10B were studied in the present
work. Batch experiments showed that both the initial dye
concentration and the pH of aqueous solutions signifi-
cantly affect the adsorption capacity of dye MO on the
chitosan 10B. However, the adsorption kinetics of the
dye on chitosan is slightly influenced by the temperature.
The pseudo second-order kinetic model agrees very well
with the dynamical behavior for the adsorption of dye
MO on chitosan flakes under several different pHs, ini-
tial dye concentrations and temperatures in the whole
ranges we studied. The ¢g. values calculated from this
kinetic model are very similar to the experimental g
values obtained from several experiments as shown in
Table 1. Moreover, the experimental adsorption kinetic

Copyright © 2010 SciRes.

profiles are perfectly reproduced in the simulated data
obtained from numerically on the basis of the pseudo
second-order kinetic model in Equation (3) and using the
isotherm constants listed in Table 1. On the contrary, the
pseudo first-order kinetic model fits the experimental
data poorly for the entire range under study. The Lang-
muir equation is the best-fit equilibrium isotherm for the
sorption of dye MO onto chitosan based on a linearized
correlation coefficient. The experimental adsorption iso-
therms also are perfectly reproduced in the simulated
data obtained from numerical analysis on the basis of the
Langmuir model in Equation (8) and using the Langmuir
isotherm constants listed in Table 2. The Gibbs free en-
ergy (AG) demonstrated that the adsorption process is
favorable for the interaction cited and the pronounced
chitosan-dye interaction is reflected in the positive values
of entropy (AS).

It may be concluded that chitosan may be used as a
low-cost, natural and abundant source for the removal of
anionic azo dyes from water and wastewater as an alter-
native to more costly materials such as activated carbon.
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