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ABSTRACT

In this study, cross-linked chitosan-ethylene glycol diglycidyl ether beads (Chi-EGDEB) were prepared
to be potential adsorbent for methyl orange (MO) dye removal from aqueous solution. Adsorption
experiments were performed as a function of contact time (0-240 min), initial dye concentration
(50-200 mg/L), and pH (3-10). The adsorption data of MO on the cross-linked Chi-EGDEB were in
agreement with Langmuir and Freundlich isotherms. The adsorption capacity of the cross-linked Chi-
EGDEB for MO was 112.4 mg/g at 303 K. The kinetic data were well described by pseudo-second-order
kinetic model. The adsorption process was spontaneous and endothermic in nature. The mechanism of
adsorption included mainly hydrogen bonding interaction, electrostatic attractions, and n—m stacking
interaction. This study reveals that the cross-linked Chi-EGDEB as a good candidate for removal of
acid dye from aqueous solution.
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1. Introduction

Due to the fast industrialization, the addition of var-
ious types of pollutants to the water system is one of the
common problems worldwide. Dyes are recalcitrant and
stable toward the environment and some of them are also
carcinogenic and teratogenic offering significant risk to
the aquatic species and human beings [1,2]. Adsorption is
a convenient and well-known technique that is commonly
applied in the removal of dyes compared with other dye
removal methods such as advanced oxidation process, elec-
trochemical destruction, Fenton reaction, oxidation, ozona-
tion, photochemical, ultraviolet irradiation, and adsorption
have been established in countless research papers claiming
successful dye removal [3]. Biopolymers are better described
as the naturally occurring polymers produced by living
species with molecular backbones composed of repeating
units of saccharides, nucleic acids, and sometimes various
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additional chemical side chains contributing to variance in
their functionalities [4,5].

Chitosan (Chi) is a well-known cationic polysaccharide
and abundantly available low-cost biopolymer. Chi is an
ideal adsorbent for removal of unlimited numbers of water
pollutants and various classes of textile and food dyes [5].
The presence of free amino (-NH,) and hydroxyl (-OH)
groups in the molecular structure of Chi can effectively
serve as active adsorption sites. The protonation of amino
groups in acidic media is responsible for increasing the
electrostatic attraction toward anionic dyes [6]. However,
due to the solubility of raw Chi in many organic acids and
high swelling capacity in water, compressible at high oper-
ating pressure, low mechanical strength, and low surface
area limit the application of this material in water treatment
technologies [7].

Several modification methods have been made in order
to improve the physicochemical properties of Chi, which
generally involved physical modification [8], chemical
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modification [9], and photo transformation [10]. Chemical
cross-linking reaction is one of the convenient and practi-
cal ways to improve physical/mechanical properties of Chi,
and reduce its degree of swelling and leachability in aque-
ous system [11]. The cross-linking step is responsible for
reducing the adsorption capacity of Chi, if amine groups are
involved in cross-linking reaction. However, this limiting
effect of chemical cross-linking significantly depends on the
physiochemical properties and concentration of cross-linking
agent, and procedure used for cross-linking reaction [12].

Dialdehyde cross-linking agents are commonly applied
in cross-linking of Chi. However, the adsorption capac-
ity would be greatly decreased by cross-linking reaction,
because the cross-linking agent mainly reacts with -NH,
groups, and as a result, the residual -NH, functional groups
are reduced [9]. The concentration of cross-linking agent is a
key factor to dominate the adsorption capacity of the cross-
linked Chi. Therefore, at low concentrations of cross-linking
agent, a higher adsorption capacity will be obtained due
to more availability of free -NH, functional groups pres-
ent in the Chi backbone [11]. Diepoxy cross-linking agents
such as ethylene glycol diglycidyl ether (EGDE) can play a
significant role to interlink Chi at its backbone by joining
more Chi macromolecules together to increase the molec-
ular weight, and to enhance the physicochemical property
of Chi [13].

Adsorption is a surface phenomenon and can be occurred
by the donor/acceptor complexation mechanism where
atoms of the surface functional group donate electrons to
the sorbate molecules [14]. Even though, the adsorption
capacity of cross-linked Chi expected to be lower than
unmodified Chi due to blocking of some functional groups
by cross-linking reaction, mainly amine (-NH,) groups. On
the other hand, the adsorption capacity on cross-linked Chi
can be also enhanced by increasing the molecular size after
binding with cross-linking agent. In addition to improve
the functionality, hydrogen bonding ability, and Chi chain
branching by cross-linking reaction. Therefore, the objective
of this work is to produce cross-linked chitosan-ethylene
glycol diglycidyl ether (CS-EGDEB) as a low-cost and
environment friendly synthetic biopolymer for removal of
acid dye from aqueous solution. The cross-linking reaction
was carried out at low cross-linking concentration and at
mild condition. Methyl Orange (MO) with poly aromatic
rings and complicated molecular structures was selected
as model pollutants to examine the adsorptive behavior
of Chi-EGDEB.

2. Materials and methods
2.1. Materials

Chitosan (Chi) (68.2% degree of deacetylation), and eth-
ylene glycol diglycidyl ether (EGDE) solution were purchased
from Sigma-Aldrich, Malaysia. Methyl Orange (MO) was
purchased from ACROS, Organics, and chemical formula:
C,H,,N,NaO,S, MW: 327.32, A__ = 465 nm). Hydrochloric
acid (HCl), sodium hydroxide (NaOH), and other reagents
utilized in this work were all of analytical grade. The stock
solution with ultra-pure water was used throughout the

experiments.

2.2. Preparation of Chi-EGDEB

2 g of Chi flakes was dissolved in 70 mL of 5% acetic acid
solution. The viscous solution of Chi was left under gen-
tle stirring for 24 h until all the Chi flakes were completely
dissolved. The beads were formed by dropping the Chi gel
solution into 0.05 M NaOH solution by using 10 mL syringe
(TERUMO, Malaysia, 10 cc/mL). The hydrogetl beads were
washed using distilled water until natural pH was reached.
After that, 200 mL of 1% (v/v) of EGDE solution was added
to the Chi beads and stirred for 4 h at 40°C + 2°C. Then,
the cross-linked Chi-EGDE beads were washed, dried, and
sieved to a constant size of 250-500 pm before use.

2.3. Characterization of Chi-EGDEB

The surface morphology of the cross-linked Chi-EGDEB
was examined via scanning electron microscope (SEM, Zeiss
Supra 40 VP, Germany). Elemental analysis was carried
out by CHNS-O analyzer (Flash 2000, Organic Elemental
Analyzer, Thermo-Scientific, Netherland). The functional
groups of the cross-linked Chi-EGDEB before and after MO
adsorption were identified by Fourier transform infrared
(FTIR) Spectroscopy (PerkinElmer, Spectrum RX I, USA).
X-ray diffraction (XRD) was performed in order to deter-
mine the crystallinity or amorphous nature by XRD in ref-
lection mode (Cu Ka radiation) on an X'Pert Pro X-ray
diffractometer (PANalytical). Textural characterization of
cross-linked Chi-EGDEB was carried out by N, adsorption
using Micromeritics ASAP 2060, USA.

2.4. Batch equilibrium study

The adsorption of MO on the cross-linked Chi-EGDEB
was investigated in batch experiments mode. The exper-
iments were carried out in a series of 250-mL Erlenmeyer
flask containing 100 mL of MO solution with different ini-
tial MO concentrations (50—200 mg/L). The dosage of cross-
linked Chi-EGDEB ranging from 0.05 to 0.5 g in 100 mL were
added to the MO solution with pH varied from 3 to 10 and
agitated with fixed shaking speed of 90 strokes/min at 303 K
by using a thermostat shaker (Memmert waterbath model
WNB7-45, Germany). After shaking the samples, the adsor-
bent was separated by centrifuged (KUBOTA model 2800
at 2,400 rpm for 10 min. The solution pH was adjusted with
0.10 M NaOH or HCI by using a pH meter (Metrohm, 827 pH
lab). The change in MO concentration was determined using
a HACH DR 2800 (USA) direct reading spectrophotometer at
a maximum wave length of 465 nm. The effect of tempera-
ture on MO uptake was performed by following the same
procedures at 303, 313, and 323 K. The adsorption capacity
at equilibrium, g, (mg/g), and the percentage of dye removal
(DR %) of studied dyes were determined using Egs. (1)
and (2), respectively.
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C,: initial concentrations of the MO (mg/L); C,: liquid-
phase concentrations of the MO (mg/L) at equilibrium;
V: volume of the MO solution (L); W: dried weight of the

cross-linked Chi-EGDEB (g).

3. Results and discussion
3.1. Characterization of the cross-linked Chi-EGDEB
3.1.1. XRD analysis

The XRD pattern of the cross-linked Chi-EGDEB is shown
in Fig. 1. XRD pattern is indexed based on a standard dif-
fraction reference pattern (JCPDS no. 89-8487). Appearance
of a broad diffraction background and the absence of a sharp
peak reveal a partially crystalline structure polysaccharide
due to its regular chain and have a single reflection fall at
20 = 24° in the spectrum. The signature at 20 assigned to the
crystal form was enhanced in the cross-linked Chi-EGDEB
after cross-linking reaction with EGDE.

3.1.2. Elemental and surface area analysis

The elemental analysis (CHN) result of the cross-linked
Chi-EGDEB is given in Table 1. It was found that content
carbon, hydrogen, and nitrogen content is quite compa-
rable with the unmodified Chi [7], and the changes in the
elements content were minor at the best. This observation
indicates that the cross-linking reaction with EGDE at low
concentration did not alter much the molecular structure of
Chi. As for textural properties, cross-linked Chi-EGDEB has
a low BET surface area of 0.39 m?/g. Pore sizes are classified
in accordance with the IUPAC classification system (USA),
where pores may possess variable diameter (d): micropores
(d < 2.0 nm), mesopores (2.0 nm < d < 50 nm), and macro-
pores (d > 50 nm). The textural properties are listed in
Table 1 and clearly indicate that cross-linked Chi-EGDEB is
a mesoporous material.

3.1.3. FTIR spectral analysis

FTIR spectral analysis of the cross-linked Chi-EGDEB
before adsorption (Fig. 2a), and after MO adsorption (Fig. 2b)
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Fig. 1. XRD pattern of cross-linked Chi-EGDEB.

Table 1
Elemental analysis results for cross-linked Chi-EGDEB

Elemental analysis (wt.%) Value
C% 38.30
H% 7.40
N% 5.23
O% (by difference) 49.07
Textural properties

Total pore volume (p/p°= 0.990) (cm?/g) 0.0011
BET surface area (m?/g) 0.39
Mean pore diameter (nm) 11.28

was performed. From Fig. 2a, the characteristic bands of
the cross-linked Chi-EGDEB shown at ~3,400 cm™ (O-H
and N-H stretching vibration), ~2,800 cm™ (C-H stretch-
ing vibrations in -CH and -CH,) [14]. A band at ~1,650 cm™
(Vibration of N-H band). Other bands at ~1,420 cm™
(-NH, bending vibration of the primary amino group), and
~1,050 cm™ (C-O-C stretching vibration of pyranose ring)
[15,16]. After MO adsorption (Fig. 2b), a new band appears
at ~1,500 cm™ (C=C stretch in aromatic ring) can be assigned
to the poly aromatic ring of MO dye loaded onto the cross-
linked Chi-EGDEB.

3.1.4. SEM analysis

SEM analysis was carried out to examine the surface
morphology of the cross-linked Chi-EGDEB before and
after adsorption. Fig. 3a shows top-view image of the
cross-linked Chi-EGDEB particle at magnification power
150%. As can be seen, the cross-linked Chi-EGDEB parti-
cle is semi-spherical in shape. The external surface of the
cross-linked EGDEB was further examined at higher mag-
nification power 1,000x as shown in Fig. 3b. According
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Fig. 2. FTIR spectral analysis for (a) cross-linked Chi-EGDEB and
(b) cross-linked Chi-EGDEB after MO adsorption.
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Fig. 3. SEM images for (a) the top-view of the cross-linked Chi-EGDEB particle at 150x, (b) surface of the cross-linked Chi-EGDEB
particle at 1,000, and (c) surface of the cross-linked Chi-EGDEB particle at 1,000x after MO adsorption.

to Fig. 3b, the surface features of the cross-linked are
well-pronounced heterogeneous cavities that distributed
across the cross-linked Chi-EGDEB surface. Therefore,
the SEM image reveals that MO may be adsorbed onto the
cross-linked Chi-EGDEB surface and the accessible pore
domains of the carbonaceous surface. The surface mor-
phology of the cross-linked Chi-EGDEB after MO adsorp-
tion is shown in Fig. 3c. As can be seen, Fig. 3c reveals a
change in the topography of the adsorbent, as evidenced
by the appearance of reduced cavities size and compact
surface features due to the loading of MO dye molecules
on the surface of the cross-linked Chi-EGDEB.

3.2. Batch adsorption study
3.2.1. Effect of solution pH

The acidity of the medium is one of the most significant
parameters in adsorption. Therefore, the effect of initial

solution pH on the MO uptake by the cross-linked Chi-
EGDEB was evaluated within pH range between 3 and 11 is
shown in Fig. 4. It was evident that the maximum MO uptake
was observed at pH 3, and gradual decreases in the MO
uptake can be observed by increasing the pH value toward
basic environment.

In fact, in acidic environment the surface of the cross-
linked Chi-EGDEB will be positively charged due to the
protonation of amine groups (-NH,) on the surface of the
cross-linked Chi-EGDEB [6,8,17]. This protonation process is
responsible for producing more cationic amines groups on the
surface of the protonated cross-linked Chi-EGDEB (Eq. (3)):

NH; "

. 4
[ Protonation y \ 3)
NH; "

NH,
[ chi- + (s
EGDEB + H e=—————> [ I
NH; ~anns process EGDEB
NH, NH‘:{'\
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Fig. 4. Effect of solution pH on the MO uptake onto cross-linked
Chi-EGDEB at [MO] =100 mg/L, temperature 303 K, and mass of
adsorbent 0.3 g/100 mL.

On the other hand, the sulfonate group (-SO,H) in the
molecular structure of the MO dye can be converted in
aqueous medium into active negative sulfonate group (-SO;)

(Eq. (4)).

i H,0 f
(MO)—%éoH Dissociation (MO)—%_O + H+ (4)

Consequently, a strong electrostatic (columbic) attraction
between positively charged protonated amino group of the
cross-linked Chi-EGDEB with negatively charged sulfonate
group of MO, thus increases dye adsorption (Eq. (5)).
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Moreover, the decreasing in the adsorption capacity of
the cross-linked Chi-EGDEB with increasing pH value can
be attributed to the competition between anionic dyes and
excess OH™ ions in the solution. Therefore, the initial pH ~ 3
of the MO solution was selected for further studies.

3.2.2. Effect of the cross-linked Chi-EGDEB dosage

The quantity of the available sorbent in the liquid
phase is an important parameter that strongly affects dye
uptake. Various dosage amounts of the cross-linked Chi-
EGDEB ranging from 0.05 to 0.5 were added to the 100 mL
of 100 mg/L of MO solution. The effect of the cross-linked
Chi-EGDEB dosage on MO removal is shown by Fig. 5. It
is apparent that by increasing the cross-linked Chi-EGDEB
dosage from 0.05 to 0.3 g, the percentage of MB removal
increased from 16.6% to 47.1%. It was also observed from
Fig. 5 that the increase in the MO removal as the cross-linked
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Fig. 5. Effect of adsorbent dosage on the MO removal and
amount of adsorbed MO on the cross-linked Chi-EGDEB
([MO] =100 mg/L and temperature 303 K).

Chi-EGDEB was increased due to the increase in the sur-
face area of available cross-linked Chi-EGDEB in solution.
A higher adsorbent dosage also reflects a greater number of
active adsorption sites available. Therefore, 0.30 g/100 mL
was selected for further adsorption studies.

3.2.3. Effect of C, and contact time

The influence of contact time and initial MO concen-
tration (50-200 mg/L) on the adsorption capacity of the
cross-linked Chi-EGDB is shown in Fig. 6. The experimen-
tal data reveal that the adsorption capacity at equilibrium
increases from 16.6 to 60.6 mg/g, with increase in the initial
MO concentration from 50 to 200 mg/L. This was attributed
to a greater collision rate between dyes molecules and the
cross-linked Chi-EGDEB by increasing the initial MO con-
centration. Furthermore, the time to reach equilibrium also
increased with the increase in initial MO concentration.
It follows that the MO shows the tendency to move deeper
from the surface of the cross-linked Chi-EGDEB to access
the active adsorption sites.

3.3. Kinetic modeling

In order to figure out the adsorption mechanism, the
non-linear pseudo-first-order (PFO) model and pseudo-
second-order (PSO) models were used to test the experimental
data of initial concentration. The Lagergren [18] PFO model
is expressed by Eq. (6):

g,=q.(1-exp™) (6)

The non-linear form of the PSO model [19] is described
by Eq. (7):

2kt
g, = 9.7 )
1+qk,t

g, amounts of dyes adsorbed by the cross-linked Chi-
EGDEB at equilibrium; g,: amounts of dyes adsorbed by the
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Fig. 6. Effect of initial dye concentrations and contact time on the uptake

temperature = 303 K, and mass of adsorbent 0.3 g/100 mL).

cross-linked Chi-EGDEB at time t; k;: PFO rate constant
(1/min); k,: PSO rate constant (g/mg min); ¢: time (min).

The kinetic data were fit using the non-linear form of the
PFO and PSO models, where the best fit was estimated by
coefficient of determination (R?) represented by Eq. (8) [20]
as follows:

Z(qt.meas “ical )2

R2=1-— 71:1\1] — (8)
q .ca - q .ca
S (07
Dimeas @0 g, are the measured and calculated adsorp-

tion capacity at time ¢, and # is the number of observations.
Fig. 7 shows the predicted PFO and PSO models for MO
adsorption on the cross-linked Chi-EGDEB by the use of

150 200 250

of MO onto cross-linked Chi-EGDEB (pH = 3,

non-linear method. Additionally, the kinetic parameters of
these two models at variable concentration along with the
corresponding values of R? are listed in Table 2. The kinetic
parameters are recorded in Table 2. From Table 2, it was
found that the adsorption of MO dye by the cross-linked
Chi-EGDEB follows the PSO model in terms of higher
correlation coefficient values R2. An accurate fit to the PSO
kinetic model suggests that chemisorption is the possible
rate-determining step that controls the adsorption process,
where the adsorption rate of MO is proportional to the
number of active sites available on the cross-linked Chi-
EGDEB [21].

3.4. Isotherm modeling

The adsorption isotherm is the most meaningful infor-
mation which describes how the adsorbate molecules
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Fig. 7. Non-linear plots of PFO and PSO models for MO adsorption on the cross-linked Chi-EDGEB.
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Table 2
PFO and PSO kinetic parameters values for adsorption of MO on the cross-linked Chi-EGDEB
[MO], (mg/L) yexp. (MB/B) PFO
9ocar (MB/8) k, (min™) x 10 .
50 16.8 16.9 7.49 0.95
100 28.6 27.4 4.88 0.96
150 46 45 3.89 0.95
200 60.6 59.8 5.20 0.96
[MO], (mg/L) Torp. (ME/B) PSO
Docar, (mg/g) k, (min™) x 10 R?
50 16.8 18.4 5.34 0.97
100 28.6 30.5 2.0 0.98
150 46 51.1 0.99 0.97
200 60.6 62.4 0.92 0.97
distribute between the solid-liquid phases when the adsorp- "
tion process reaches an equilibrium state. Various isotherm
models such as Langmuir, Freundlich, and Temkin were 60 - P 5;'
used to explain the equilibrium characteristics of adsorption. PPt 2=
The Langmuir isotherm model [22] describes the monolayer 50 Pt iad
adsorption process on uniform adsorption sites and is /ﬁff';/
expressed by Eq. (9) as follows: g': L2227
E 40 el g
maKaCe ) > ,j;;/ ®  Experimental
g, =" e - -~ Langmuir
1+ K“Cf 30 1 (,24 - === Freundlich
VA —_— .
q,; Adsorbed amount of dyes at equilibrium (mg/g); C; 47 Temkin
dye concentration at equilibrium (mg/L); g, : Langmuir 20 4 /
maximum adsorption capacity (mg/g); K: Langmuir con-
stant (L/mg). .
The equilibrium data were also fitted to the Freundlich 0 i 0 s M
isotherm model [23], which is expressed by Eq. (10) as
follows: Ce (mg/L)

9. =KC" (10)

K adsorption capacity (mg/g); 1/n: adsorption intensity
of the system.

Temkin isotherm [24] model takes into account the heat
of adsorption of all molecules in the layer which would
decrease linearly rather than logarithmic with coverage [25].
The model is given by Eq. (11) as follows:

_RT

.= Xlm(k,c.) ay

T

K,: Temkin isotherm constant (L/mg); R: universal gas con-
stant [8.314 J/(mol K)]; T: (K) is the absolute temperature (K);
b,: heat of adsorption (J/mol).

The non-linear plots of the tested isotherms models
relate to Egs. (9)-(11) are presented in Fig. 8, where the
corresponding isotherm parameters are recorded in Table 3.
According to high R? values (Table 3), the Langmuir and
Freundlich models provide a satisfactory fit to the iso-
therm results. It can be inferred that adsorption takes
place at homogeneous and heterogeneous surface sites

Fig. 8. Langmuir, Freundlich, and Temkin isotherm plots for the
adsorption of MO on the cross-linked Chi-EGDEB at 303 K.

Table 3
Isotherm parameters of the Langmuir, Freundlich, and Temkin
models for MO adsorption on cross-linked Chi-EGDEB at 303 K.

Adsorption isotherms Value
Langmuir

q, (mg/g) 1124
K, (L/mg) 0.056
R? 0.99
Freundlich

K, (mg/g) 8.69
n 1.54
R? 0.99
Temkin

K, (L/mg) 11.2
b, (J/mol) 106.8
R? 0.92
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that are energetically equivalent. The cross-linked Chi-
EGDEB shows good adsorptive property toward MO dye
with relatively high adsorption capacity of 112.4 mg/g. The
adsorption capacity of MO by cross-linked Chi-EGDEB
was compared with various adsorbents as given in Table 4.
From Table 4, it can be concluded that the cross-linked Chi-
EGDEB possesses a relatively high adsorption capacity,
suggesting that it may be a promising material for the
removal of acid dyes from aqueous solutions.

3.5. Adsorption mechanism

The proposed adsorption mechanism of MO on the
cross-linked Chi-EGDEB is illustrated in Fig. 9. According
to the available functional groups on the surface of
Chi-EGDEB, the adsorption mechanism of MO on the cross-
linked Chi-EGDEB can be assigned to the various interac-
tions, for example, hydrogen bonding interaction (Fig. 9a),
electrostatic attractions (Fig. 9b), and n—m stacking inter-
action (Fig. 9c). Furthermore, the electrostatic interaction
between negatively charged sulfonate (SO;) acid group of
MO and the positively charged cross-linked Chi-EGDEB
improved the adsorption. In this respect, Heibati et al. [37]
attributed the possible adsorption mechanism of Reactive
Black 5 by pumice and walnut activated carbon to the
electrostatic attractions between positively charged adsor-
bents and negatively charged adsorbate. Another important
factor for MO adsorption by the cross-linked Chi-EGDEB
is the n—m stacking interaction (Fig. 9c). In fact, the n-m
interaction generally occurred where the lone pair electrons
on an oxygen atom are delocalized into the 7 orbital of an
aromatic ring of dyes [38].

3.6. Adsorption thermodynamics

Adsorption thermodynamics of MO on the cross-linked
Chi-EGDEB was determined from the experimental data
obtained at various temperatures of 303, 313 and 323 K and
the thermodynamic parameters, such as Gibb’s free energy

Table 4
Adsorption capacities for MO by various adsorbents

A.H. Jawad / Desalination and Water Treatment 166 (2019) 377-386

Fig. 9. Schematic illustration of various types of interactions
between MO and the cross-linked Chi-EGDEB: (a) hydrogen
bonding, (b) electrostatic bonding, and (c) n—m interactions.

Adsorbent q,.. (mg/g) pH Reference
Chi-EGDEB 1124 4 This study
Magnetic chitosan beads 779 4 [26]
Cross-linked chitosan/TiO, nanocomposite 416.1 4 [27]
Lapindo volcanic mud 333.3 3 [28]
Chitosan microspheres 207 3.1 [29]
Chitosan-EGDE biofilm 131.2 4 [30]
Protonated cross-linked chitosan 95.69 4.5 [31]
m-CS/y-Fe,O,/MWCNTs 66.09 3.14-6.5 [32]
Chitosan/Kaolin/y-Fe,O, nanocomposites 37 7 [33]
Chitosan 34.83 4 [34]
Chitosan/alumina composite 33 6 [35]
Maghemite/chitosan films 29 3 [36]
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Table 5
Thermodynamic parameters for the adsorption of MO on cross-
linked Chi-EGDEB

T(K) Ink, AGS, (Kmoll) AH® (kJjmoll) AS?, (Jmol?)
303 1.89 498 69.2 2447

313 3.03 -7.42

323 358 -9.87

(AG®), enthalpy (AH°®), and entropy (AS°) were calculated
using the following equations [39]:

q,

k, =t 12

=T (12)

AG® = AH® — TAS® (13)

Ink, = AS?_AH (14)
R RT

where g, is the dyes concentration adsorbed on the cross-
linked Chi-EGDEB at equilibrium (mg/L), C, is the equilib-
rium dyes concentration in the liquid phase (mg/L), and k,
is the distribution coefficient. R is the universal gas constant
(8.314 J/mol K) and T is the absolute temperature (K). The
values of AH® and AS°® were calculated from the slope and
intercept of vant Hoff plots of In k, vs. 1/T, respectively.
The thermodynamic parameters are listed in Table 5. The
negative values of AG® indicate the adsorption of MO on
the cross-linked Chi-EGDEB was spontaneous and more
favorable at high temperature [40]. The positive value of the
enthalpy change (AH°) indicates that the adsorption process
is endothermic in nature. The positive entropy change (AS®)
value corresponds to the increase in the randomness at the
solid—solution interface.

4. Conclusion

A cross-linked Chi-EGDEB was developed in the pres-
ent work for adsorption of MO dye from aqueous solu-
tions. Optimum adsorption conditions of MO were found
at adsorbent dosage of 0.3 g/100 mL, and pH 3, and with
maximum adsorption capacity of 112.4 mg/g. The Langmuir
and Freundlich models were found to fit well with the
experimental data. The kinetic data of the MO adsorption
under all studied initial concentrations fitted well with the
pseudo-second-order kinetic model. Thermodynamic func-
tions show a spontaneous and endothermic nature of the
adsorption process. The mechanism of adsorption included
mainly hydrogen bonding interaction, electrostatic attrac-
tions, and n—mt stacking interaction. Thus, cross-linked Chi-
EGDEB can be considered a potential for removal of acid
dyes from aqueous solution.
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