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ABSTRACT

In this research, eco-friendly chitosan Schiff base hydrogel derivatives, as new adsorbents for
anionic dye, Methyl orange (MO), were synthesized via coupling with 4-dimethylamino benz-
aldehyde (chitosan Schiff base (I)) and benzophenone (chitosan Schiff base (II)). The adsorbents’
structure was examined and characterized by Fourier-transform infrared spectroscopy, scanning
electron microscopy, thermogravimetric analysis, and differential scanning calorimetry. The MO
adsorption percentage of the developed chitosan Schiff bases hydrogels compared to native chi-
tosan was studied using a batch adsorption system under different adsorption conditions. The
equilibrium time reached after 40 min for the chitosan Schiff bases adsorbents, while it was
found 120 min for the chitosan adsorbent and the adsorption kinetics were found to follow the
pseudo-second-order model. The values of o estimated by Elovich kinetic model are 2.2786 and
2.0489 mg/g which close from the experimental values; 2.415 mg/g for chitosan Schiff base (I), and
chitosan Schiff base (II). Following up the adsorption mechanism performed using intraparticle
diffusion model. The obtained results indicate the governed of the MO diffusion onto chitosan
Schiff bases (I) and (II) by the boundary layer effect only. While that the removal process was gov-
erned by both surface removal and intraparticle diffusion in case of the chitosan adsorbent. At the
same time, the Freundlich isotherm, Langmuir, and Temkin isotherm models have been applied
to the adsorption data and were found to follow the Freundlich isotherm. The Langmuir mono-
layer maximum adsorption capacities were found 19.92, 19.34, and 22.37 mg/g for the chitosan,
chitosan Schiff base (I), and chitosan Schiff base (II), respectively. The thermodynamic nature
of the adsorption process was extracted using Van't Hoff plot. The positive values for the AH
indicate the endothermic nature of the adsorption process.

Keywords: Hydrogel; Chitosan; Schiff bases; Methyl orange; Adsorption capacity; Kinetics; Isotherms;
Thermodynamics

1. Introduction wastewater resulted at the end, which proposed the reuse
of wastewater as a logical solution to respond to the contin-
uous water demands. The resulted wastewater from textile
industries mainly has low transparency and is coloured
caused by very few amounts of dyes [1,2]. The anionic
dyes contribute to the dying processes due to their ability

The accelerated growth of world populations raises
the need for regenerative water resources. The progress
for many industries, especially the textile ones, depends
mainly on consuming large amounts of water and coloured
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to dye a wide range of materials [3-5]. Depending on the
materials dying capability, from 10% to 50% of the anionic
dyes are released in the wastewaters during the dyeing
process [6]. The weak biodegradability of the anionic dyes
comes mainly from their aromatic moieties and results in an
induced serious hazards to aquatic living organisms [7,8].
Many dye removal techniques, including ion exchange,
coagulation and flocculation, adsorption, advanced oxida-
tion and extraction (AOP), membrane filtration and bio-
logical methods, have been investigated. However, most of
these methods have their drawbacks, like the operational
and capital costs, which are considered limiting factors in
applying most of these methods. In addition, there are spe-
cific problems regarding sludge disposal and production
of hazardous by-products. The biological methods are not
regarded as effective and appropriate; time-consuming fer-
mentation processes required for most of these methods and
also inability to remove dyes consistently are the main dis-
advantages, while adsorption shows many advantages such
as; simple design, ease and low operational cost, insensi-
tivity towards the toxic compounds and removal efficiency
even at low concentrations of contaminants, nominate it
as first choice [9]. Chitosan, among other bio-sorbents,
was investigated as an adsorbent for transition metal ions,
organic species as well as coloured material studies [10-16].
Ho et al. [10] investigate the sorption of basic dye, Basic Red
13, from an aqueous solution using tree fern as biosorbent.
Crini [11] reviewed non-conventional low-cost adsorbents
for dye removal. Among them, activated carbon from solid
agricultural wastes was extensively discussed. Fiorentina et
al. [12] studied reactive blue 5G dye biosorption onto drying
orange bagasse in a batch system.

Simple chemical transformation and modifications
are induced due to the possession of different functional
groups like amino (NH,) and hydroxyl (OH) groups along
the chitosan backbone [17-20]. Among these modifications,
Schiff bases obtained by reaction of free amino groups of
chitosan with active carbonyl compounds such as aldehyde
or ketone are considered the most straightforward trans-
formation [21,22]. Moreover, these Schiff bases’ obtained
(-RC=N-) groups offer several potential analytical and
environmental applications by enhancing the adsorption/
complexation properties [23,24].

Eco-friendly chitosan Schiff base hydrogel derivatives
were synthesized in this research via coupling with 4-dime-
thylamino benzaldehyde and benzophenone. The hydrogels’
structure was examined and characterized by Fourier-
transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), thermogravimetric analysis (TGA), and
differential scanning calorimetry (DSC). In addition, Methyl
orange (MO) sorption properties of the developed chitosan
Schiff bases hydrogels compared to native chitosan was
studied via batch adsorption system under different oper-
ational conditions.

2. Materials and methods
2.1. Materials

Chitosan (molecular weight: 100,000-300,000 and degree
of deacetylation >75%) was obtained from ACROS Organics

(USA). Acetic acid (99.8%), hydrochloric acid (37%), Methyl
orange (ACS reagent, dye content 85%), 4-dimethylamino
benzaldehyde, and benzophenone were all purchased from
Sigma-Aldrich (Germany). Sulfuric acid (98%), sodium
hydroxide, and phenolphthalein were purchased from
El-Nasr Pharmaceutical Co for Chemicals (Egypt).

2.2. Methods
2.2.1. Preparation of N-functionalized chitosan Schiff base

N-functionalized chitosan Schiff bases were prepared
by modifying Soliman et al. method [25]. In detail, 1 g of the
chitosan was dissolved in 50 mL acetic acid solution (2%)
at ambient temperature overnight. First, filtration of chi-
tosan solution was carried out using cheesecloth to remove
un-dissolved chitosan. Then a 10 mL of absolute ethanol
was added carefully to the chitosan solution, with continu-
ous stirring to have a homogenous solution. Next, 31 mmol
of 4-dimethylamino benzaldehyde or benzophenone previ-
ously dissolved in 10 mL ethanol were added to the above
solution. After that, the temperature was rose to 70°C; the
reaction mixture was left to react under continuous stirring
for 6 h. Then 5 mL of 10% glutaraldehyde was added to the
solution with continuous stirring at 70°C for an additional
1 h. The obtained gels were collected by filtration, washed
several times with ethanol to remove any un-reacted alde-
hydes, and dried at 60°C under reduced pressure. Two
different hydrogels were prepared using 4-dimethylamino
benzaldehyde and benzophenone coded as Schiff base (I)
and Schiff base (II). Both Schiff bases were characterized
and evaluated comparing to chitosan hydrogel (Ch).

2.3. Characterization
2.3.1. Physicochemical characterization
2.3.1.1. Water uptake (%)

The water uptake (%) behaviour of the prepared hydro-
gel was investigated using distilled water. Accurately
weighed amounts of hydrogels were immersed in water
for 24 h at 37°C. The swollen hydrogel was periodically
separated, and the adhered water to the surface of the
hydrogel was removed by blotting them gently in between
two filter papers, immediately followed by weighing.
The water uptake (%) of the samples was determined
according to the following formula [26]:

Water uptake (%) = [(M“]\;MO)} %100 1)
0

where M_ is the weight of the swollen hydrogel and M, is the
initial dry weight.

2.3.1.2. Ion-exchange capacity

A known weight of chitosan or Schiff base hydrogel
was added to 20 mL of 0.1 M H,SO, solution, and the mixture
was kept under shaking for 3 h. Then, the mixture was fil-
tered, and an aliquot was titrated against a standard sodium
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hydroxide solution. Similarly, control titration without
the addition of chitosan was also run. From the difference
in the volume of 0.1 M NaOH required for neutralization,
the ionic exchange capacity was calculated using the
following equation:

(V,-V,) A

w (meq/g)

Ion exchange capacity =

&)

where V, and V| are the volumes of NaOH required for com-
plete neutralization of H,SO, in the absence and presence
of chitosan or chitosan Schiff bases hydrogel, respectively,
A is the normality of NaOH and W is the weight of the
sample taken for analysis [27].

2.3.1.3. Fourier-transform infrared spectroscopy

Infrared spectra were performed with Fourier trans-
form infrared spectrophotometer (Shimadzu FTIR-8400 S,
Japan) to confirm modification and prove the structure of the
developed chitosan or chitosan Schiff bases hydrogel.

2.4. Thermogravimetric analysis

Analysis by TGA of samples was carried out using a
thermogravimetric analyzer (Shimadzu TGA-50, Japan)
under nitrogen, at a gas flow rate of 20 mL/min, to evi-
dence changes in structure as a result of the modification.
In addition, samples were measured their weight loss start-
ing from room temperature to 600°C at a heating rate of
10°C/min.

2.5. Differential scanning calorimetry

Differential scanning calorimetric analysis of chitosan
and chitosan Schiff base samples was carried out using
differential scanning calorimeter device (Shimadzu DSC-
60A, Japan) in the temperature range ambient to 350°C at a
heating rate of 10°C/min under nitrogen flow (30 ml/min).

2.6. Scanning electron microscopy

Samples were coated under a vacuum with a thin layer
of gold before being examined by scanning electron micros-
copy. Morphological changes of the sample’s surface were
followed using a secondary electron detector of SEM (Joel
JSM 6360LA, Japan). Two magnifications factors were used;
1,000X and 5,000X under 10 KeV.

2.7. Batch equilibrium studies

The stock solution of MO dye (1,000 ppm) was prepared
then the used concentrations were obtained by dilution.
All the adsorption experiments were conducted in 100 mL
flasks by adding a given amount of adsorbent to 25 mL dye
solution of different dye concentrations with different pH
values and shaking in an orbital shaker for a given time.
The dye concentrations in the initial and final aqueous solu-
tions were measured at 465 nm using UV-Vis spectropho-
tometer model 33C-B (Pharmacia Biotech. Co., Cambridge,

England). The amount of dye adsorbed was calculated
from the difference between the initial concentration and
the equilibrium one. The values of percentage removal
and the amount of dye adsorbed were calculated using the
following relationships:

Dye removal (%) = (COC;C”) %100 3)

0

. . (CO - Ce)
Adsorption capacity (mg/g): — XV 4)
m
where C, is the initial dye concentration and C, is the final
dye concentration in supernatant, m is the mass of the
adsorbent (g), and V is the volume of the dye solution.

3. Results and discussions

In the current research, new chitosan Schiff bases hydro-
gel was prepared via coupling chitosan amine groups with
4-dimethylamino benzaldehyde or benzophenone fol-
lowed by crosslinking with glutaraldehyde (Fig. 1). The
prepared chitosan Schiff bases hydrogel was characterized
using different characterization tools. The obtained chi-
tosan Schiff bases hydrogel was evaluated as a dye removal
material using Methyl orange as a model for anionic dye.

3.1. Characterization
3.1.1. Physicochemical characterization

Ion-exchange capacity confirms consumption of chi-
tosan amine groups in coupling with aldehydes. Fig. 2
shows a decrease in chitosan hydrogel’s ion-exchange
capacity (4.45 meq/g) by reaction with 4-dimethylamino
benzaldehyde, chitosan Schiff base hydrogel (I), and ben-
zophenone, chitosan Schiff base hydrogel (II), to reach
3.19 and 2.19 meq/g, respectively. This result confirms
the decrease of free amine content in the prepared chi-
tosan Schiff bases. The result refers to a decrease in the ion
exchangeability of aromatic amine derivatives in the sub-
stituted Schiff base (I) compared to aliphatic amine groups
of chitosan. The water uptake shows a similar behaviour
where decrease by Schiff base formation. These phenom-
ena can be attributed to replacing hydrophilic amine
groups of chitosan with hydrophobic aromatic groups.
The water uptake (%) of chitosan Schiff base hydrogel (II)
is much lower than the chitosan Schiff base hydrogel (I)
due to the presence of two aromatic groups in the struc-
ture of the chitosan Schiff base hydrogel (II) compared with
only one of the chitosan Schiff base hydrogel (I).

3.1.2. Infrared spectrophotometric

FTIR of chitosan and its Schiff bases hydrogel was
performed and presented in Fig. 3. Charts demonstrate
the functional characteristic bands of the polysaccharide
of the chitosan backbone. Broadband at 3,200-3,600 cm™
corresponds to the stretching vibration of OH and NH.,,.
The broadband Schiff base hydrogel intensity changes
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Fig. 1. Schematic preparation of: (a) chitosan, (b) chitosan Schiff base (I), and (c) chitosan Schiff base (II) adsorbents.
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Fig. 2. Water uptake (%) and ion-exchange capacity of chitosan
and chitosan Schiff bases adsorbents.

show that the amine groups (-NH,) have been consumed
in the Schiff base formation. Group of peaks at 2,850-
1,960 cm™ refer to the aliphatic C—-H bond were recognized.
The appearance of the new band at 3,048 and 3,054 cm™
for chitosan Schiff base (I) and (II) respectively attributed
to aromatic C-H vibration. The transmittance was reduced
in the range of 1,000-1,300 cm™, related to C-O stretching
vibrations of the chitosan chemical structure. Besides, the
appearance of a small peak at 1,467 cm™, associated with
secondary amine groups of the nitrogen atoms in the car-
bon C-2 groups of chitosan. Significant peaks observed
in the Schiff base hydrogels in the range 1,400-1,600 cm™
and 660 cm™ were attributed to the aromatic rings of the
immobilized groups.

3.1.3. Thermogravimetric analysis

The thermal stability of chitosan and its Schiff bases
hydrogels was investigated using thermal gravimetric
analysis. chitosan hydrogels exhibited three degradation
behaviours in Fig. 4. The first weight loss around 100°C
that attributed to the elevation of piping water content
trapped using hydrophilic groups along the polymer back-
bone (i.e., -OH and -NH,). Chitosan hydrogel demonstrates
lower water content than its Schiff base hydrogels with
values 11.41%, 12.52% and 16.09% for Ch, Schiff base (I)
and (II) at 150°C, respectively. That can explain by the
pseudo hydrophilic nature of porous surfaces [28]. The sec-
ond weight loss was recognized at 220°C-320°C. That refers
to distractive degradation of the chitosan glucose ring [29].
The loss of 50% of the tested samples at 385.88°C, 409°C
and 314.45°C for Ch, Schiff base (I) and (II), respectively,
indicates the immobilized Schiff base on the thermal sta-
bility of the developed adsorbents. The third degrada-
tion stage at a higher temperature has resulted in the
degradation of the formed residue in the previous step [29].

3.1.4. Differential scanning calorimetry

Fig. 5 exhibits the DSC curves of chitosan and its
Schiff bases hydrogels. The endothermic peaks before
100°C refer to an elevation of in piping moisture con-
tent attached to the polymer, where recognized at 90°C,
80°C, and 65°C for the chitosan, chitosan Schiff base (I),
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Fig. 3. FTIR of: (1) chitosan, (2) chitosan Schiff base (I), and
(3) chitosan Schiff base (II) adsorbents.
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Fig. 4. TGA of chitosan (Ch), chitosan Schiff base (I) and chitosan
Schiff base (II) adsorbents.

and chitosan Schiff base (II), respectively. The noticed shift
is strongly related to the hydrophilicity of the matrices
where the chitosan has 200% water uptake, while chitosan
Schiff base (I), and chitosan Schiff base (II), have 134%
and 47%, respectively. The first exothermic peaks, which
appearin the temperature range at about 250°C, correspond
to the thermal degradation of the polysaccharide pyranose
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Fig. 5. DSC of chitosan (Ch), chitosan Schiff base (I) and chitosan
Schiff base (II) adsorbents.

ring. The observed behaviour follows our previously pub-
lished results [28]. The second exothermic peaks which
appear in the temperature range at about 250°C-300°C;
chitosan at about 275°C, while chitosan Schiff base (I), and
chitosan Schiff base (II) appear at 285°C and 300°C, respec-
tively, may be related to the decomposition of amine units
[30]. The shift and broadening of this peak in case of the
Schiff base (I) and (II) as attributed to more minor amine
groups due to the formation of Schiff bases from one side
and the hydrophobicity of the immobilized aromatic ring
with two terminal methyl groups of the Schiff base (I),
and the immobilized two aromatic rings of the Schiff base
(II). Similar behaviour was observed by other authors
[31] and through our previously published work [32].

Dos Santos et al. [33] studied the thermal behaviour
of six biopolymeric Schiff bases obtained from the reac-
tion of chitosan and salicylaldehyde derivatives. They
observed a broad endothermic peak in the DSC curves of
chitosan around 83°C related to the loss of water, whereas
the exothermic peak at 303°C corresponds to the decompo-
sition of the biopolymer. The Schiff bases presented simi-
lar DSC profiles, but the endothermic peaks were shifted
to lower temperatures than the chitosan itself. Meanwhile,
the exothermic peaks were shifted to higher temperatures
compared to the pure chitosan.

3.1.5. Scanning electron microscopy

The morphological analysis of chitosan and its Schiff
base derivatives presented in Fig. 6 show transformation
of the chitosan Schiff bases morphology where turned to
porous structure with coupling chitosan with 4-dimethyl-
amino benzaldehyde, Schiff base (I), and benzophenone;
Schiff base (II). The Schiff base (II) has a higher porosity
than the Schiff base (I); magnification 5,000X. That can be
explained by the presence of side chains with a terminal
methylated aromatic ring in the case of the Schiff base (I)
and side-chains with a terminal two aromatic rings in the
case of the Schiff base (II) hydrogels. These chains increase
the spacing between polymer chains. In addition, replac-
ing hydrophilic amine groups with hydrophobic aromatic
groups can distort the polymer crystal structure [34].

3.2. Adsorption process

In this work, we investigated the sorption behaviour
of MO from contaminated water by chitosan and its Schiff
bases hydrogels. Batch experiments were performed. The
adsorption behaviours of the hydrogels towards the MO
were studied under different operational conditions; MO
concentration, adsorption time, adsorption temperature,
adsorption pH, agitation rate and adsorbent dosage.

3.3. Effect of the adsorption” time and sorption kinetics

Fig. 7 illustrates the adsorption process as a function
in time. The ability to MO removal was increased as the
contact time increase. It is recognized that MO removal
has almost been completed after only 15 min, where 87%
and 93% removal percentage for Schiff bases (I) and (II)
were reached. Then the slight increase of the removal per-
centages to about 95% was obtained after further 25 min,
where the equilibrium was reached at 40 min adsorption
time for Schiff bases (I) and (II). A slower rate of adsorp-
tion behaviour was observed by chitosan, where only 33%
of MO was removed after 15 min, and the equilibrium
was reached after 120 min, where about 85% of MO was
removed. However, the experiment was conducted for
180 min to make sure that a complete equilibrium was
attained.

This phenomenon was attributed to the fact that many
active surface sites were available for adsorption at the ini-
tial stage, in addition to different charges between adsor-
bent surface and dye molecules. Then competition between
dye molecules to the remaining vacant surface sites with
the same charge of previously adsorbed dye molecules
challenged the adsorption process closed to equilibrium.

The ion-exchange capacity of the prepared chitosan
Schiff bases had shown a decrease in the absorbent charge
compares to chitosan. Many studies linked positive chitosan
charges and their affinity to anionic dye [35-37]. Contrarily,
the chart demonstrates the promotion of adsorption capac-
ity by consuming amine groups and S chitosan Schiff bases
formation. The performance of chitosan involves two fac-
tors, mainly hydrophobic interactions and the possibil-
ity of chain association through hydrogen bridges. The
hydrophobic interactions are due to the methyl group of
the acetamide function (in partial acetyl amine groups)
and to the -CH and —CH, groups of the glucose ring.

Immobilization of aldehyde molecules on chitosan
let increase the hydrophobic interaction between dye
and chitosan surface. Moreover, crystal structure distor-
tion generates a rough and porous microstructure that
produces a higher adsorbent surface area.

For a better understanding of the sorption process,
the obtained data were treated by various kinetic mod-
els, namely; pseudo-first-order and pseudo-second-order
models, to recognize the possible rate-controlling steps
involved in the process of adsorption [38,39]; Fig. 7b-c.
The kinetic models are represented by the following linear
form Egs. (5) and (6);

ln(q‘, —q,)zlnqe -kt (5)
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Fig. 6. SEM pictures of chitosan (Ch), Schiff base (I) and Schiff base (II) hydrogels.
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where g, and g, (mg/g) are the MO dye sorption capacity
at equilibrium and time t (min). k; (min™) and k, (g/g min)
are the pseudo-first-order and pseudo-second-order sorp-
tion’s constant rate parameters. The kinetic parameters
extracted from Fig. 7b—c are tabulated in Tables 1 and 2.
From the tabulated results, it is evident that the
sorption process data fitted very well with the pseudo-
second-order models since they provided fair values of
the correlation coefficient (all values of R* are close to 1).
The theoretical (q,,,) and the figured (q,,) values of the
MO adsorption capacity are presented in Tables 1 and
2 and indicated that the sorption behaviour of chitosan
Schiff bases adsorbents is best described by the pseudo-
second-order models [40]. This result agrees with many

published results [41,42-45], which demonstrated that
the kinetic of MO adsorption process fitted well with
pseudo-second-order reaction kinetic.

The simple Elovich model recently has also been applied
to describe the adsorption process kinetic of pollutants
from aqueous solutions using linear form of the following
equation [46]:

g, =o+p Int )

The Elovich constants are o (mg/g min), the initial
sorption rate, and [3 (g/mg); the extent of surface coverage
and activation energy for chemisorption.

Fig. 7d illustrates the plot of g, against Int for the sorp-
tion of the MO anions onto the chitosan and its Schiff
bases (I) and (II). The estimated Elovich equation parame-
ters were obtained (Table 3). The value of {3 is indicative of
the number of sites available for adsorption, 0.5731, 0.0318,
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Table 1 Table 2
Adsorption parameters of pseudo-first-order kinetic model Adsorption parameters of pseudo-second-order kinetic model
Parameter Ch Schiff base (I) Schiff base (II) Parameter Ch Schiff base (I) Schiff base (II)
k, (min™) -0.0399 -0.0189 -0.0244 k, (min™) 10.739 0.275 0.4832
q,.. (mg/g) 3.1124 12.87 7.14 qocn (M8/8) 2.56 244 245
0y (ME/8) 2.161 2.437 2437 T, (MB/B) 2.161 2.437 2.437
R 0.9814 0.9389 0.8332 R 0.9928 L0 10
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Fig. 7. (a) Effect of the adsorption” time on the removing percent (%) of MO using chitosan (Ch), chitosan Schiff base (I) and chitosan
Schiff base (II) adsorbents (5 ppm MO, pH 4.0, 40°C, 250 rpm, 0.05 g), (b) pseudo-first-order model, (c) pseudo-second-order model,
(d) Elovich model, and (e) intraparticle diffusion model.
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Table 3
Adsorption parameters of Elovich kinetic model
Parameters Ch Schiff base (I) Schiff base (II)
B (g/mg) 0.5731 0.0318 0.0816
o (mg/gmin)  0.6393  2.2786 2.0489
R? 0.9364  0.8776 0.6916

and 0.0816 g/mg for chitosan and chitosan Schiff bases (I)
and (II), respectively. While o value is 0.6393, 2.2786, and
2.0489 mg/g, for chitosan and chitosan Schiff bases (I)
and (II), respectively, is the adsorption quantity when Int
is equal to zero, that is, the adsorption quantity when t
is 1 h. The values of a, 2.2786 and 2.0489 mg/g, are close
from the experimental values; 2.415 mg/g. These values are
helpful in understanding the adsorption behavior of the
first step [47].

Following up the adsorption mechanism of any ions
onto solid from aqueous phase is going through a multi-
step process. Initially, two steps are recognized in the lig-
uid phase. The first step is the transport of the ions from
the aqueous phase to the surface of the solid particles
which is known as bulk diffusion. This step followed by
diffusion of the ions via the boundary layer to the sur-
face of the solid particles (film diffusion). The last step is,
consequently, happened in the solid phase where the ions
transport from the solid particles surfaces to its interior
pores, known as pore diffusion or intraparticle diffusion.
This step is likely to be slow and therefore, it may be con-
sidered as the rate-determining step.

The diffusion rate equations inside particulate of intra-
particle model was used to calculate the diffusion rate
of the MO anions onto the chitosan and chitosan Schiff
bases (I) and (II). The adsorption process via intra-parti-
cle diffusion resistance [48] using the intra-particle dif-
fusion model described as follows:

g, =kt +1 8)

The k, is the intra-particle diffusion rate constant.
Kannan et al [48] have figured out the thickness of the
boundary layer from the values of I. Greater boundary
layer effect was noticed with larger intercept [49]. The plot
of g, vs. 1 was presented in Fig. 7e. Usually two separate
linear portions that represent each line observed. These
two linear portions in the intraparticle model suggest
that the removal process consists of both surface removal
and intraparticle diffusion. While the initial linear por-
tion of the plot is the indicator of exist of the boundary
layer effect, the second linear portion is due to intrapar-
ticle diffusion [50]. In our case, only one linear portion is
obtained with very good R? values (0.989) chitosan Schiff
bases (I) and (IT) which indicates the exits of the bound-
ary layer effect. Two separate linear portions that repre-
sent each line observed in chitosan curve suggest that
the removal process consists of both surface removal
and intraparticle diffusion. The intraparticle diffusion
rate (k,), 0.03315, 0.0033, and 0.0033 mg/g min, calculated
from the slope and the values of I (the intercept); 1.7583,

2.3926, and 2.3926 mg/g provides an idea about the thick-
ness of the boundary layer. The larger the intercept, the
greater is the boundary layer effect [49]. Accordingly,
the boundary layer effect in our case is higher in
case of chitosan Schiff bases (I) and (II) adsorbents.

In case of involving the intraparticle diffusion in the
sorption process, then a linear relationship would result
from the plot of g, vs. 2, and the intraparticle diffusion
would be the controlling step if this line passed through
the origin [51]. Fig. 7e confirms straight lines not passed
through the origin.

3.4. Effect of the adsorption” temperature

The effect of adsorption temperature, in the range
between 25°C and 80°C, on the removal percent (%) of
MO using chitosan and its Schiff bases adsorbents was
investigated and the results presented in Fig. 8a. For chi-
tosan adsorbent, the elevation of temperature shows
improvement in the adsorption process. The increase of
temperature enhances the mobility of the large dye ions
and accelerates their random movements in solution; thus,
it enhances the rate of collisions with the absorbent surface.
Also, it produces a swelling effect on the internal structure
of the absorbent, thus allowing the giant dye molecules
to penetrate further. Therefore, the adsorption capacity
largely depends on the interaction between the functional
groups on the adsorbent surface and the adsorbate and
should increase as the temperature rises [52]. There is no
significant temperature effect on the prepared Schiff base
adsorbents that can be referred to the high number of active
adsorption sites compared to the available number of dye
molecules for the tested sample.

From engineering aspects, the values of thermodynamic
parameters such as the enthalpy change (AH), the free
energy change (AG), and the entropy change (AS) should
be taken into consideration to conclude the spontaneity of
the adsorption process. An automatic system will display a
decrease in AG and AH values with increasing the tempera-
ture. All the thermodynamic parameters calculated from
the following equations [53,54]:

InK, = AS_AH )
R RT
Where
q
K, === 10
= (10)
AG =—RT InK, 11)

where R is the gas constant (8.314 J/mol K), and T is the
temperature in K. Table 4 lists down the values for the
thermodynamic parameters (Fig. 8b). The positive values
for the AH indicate the endothermic nature of the process,
which explains the increase of the MO anions adsorption
efficiency as the temperature increased in the case of the chi-
tosan adsorbent. A less significant effect of the temperature
increase was noticed in the cases of the chitosan Schiff bases
adsorbents. As informed by Alkan et al. [55], the enthalpy
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Table 4
Thermodynamic parameters of the adsorption capacity for the
MO dye by various chitosan adsorbents

Temperature (°C) AG (kJ/mol)
Adsorbent

Ch Schiff base (I)  Schiff base (II)
25 -0.0215 -0.077 -0.073
30 -0.0263 -0.076 -0.073
40 -0.0300 -0.077 -0.073
50 -0.0358 -0.074 -0.074
60 -0.0366 -0.072 -0.072
70 -0.0364 -0.070 -0.070
80 -0.0398  -0.068 -0.068
Adsorbent Ch Schiff base (I)  Schiff base (II)
AH (KJ/mol) 13.75 2.099 4.71
AS (J/mol K) 5317 3023 37.7

change values resulting from the chemisorption are between
40 and 120 kJ mol, which are more significant than that
caused by the physisorption. Consequently, the low values
of the heat of adsorption acquired in this study indicate that
the adsorption of the MO anions is probably attributable to
the physisorption.

Conversely, in the kinetics study, it was described that
the adsorption is chemisorption. Thus, it is evident from the
low AH values that the physisorption also takes part in the
adsorption process in which the MO anions adhere to the
adsorbent active sites only through hydrophobic-hydropho-
bic interactions. The positive values for the entropy change,
AS (53.17, 30.23, and 37.7 J/mol K), illustrating the disor-
derliness at the solid/liquid interface during the adsorption
of the MO anions onto the chitosan and the chitosan Schiff
bases adsorbents. The AG values reflect the feasibility of the
process.
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3.5. Effect of the agitation’ rate

Fig. 9 shows the effect of varying the agitating rate from
50 to 250 rpm on adsorption of MO using chitosan and its
Schiff base (I) and (I) hydrogels with constant kinetic param-
eters. The study shows two stages. The first stage, from 50 to
150 rpm, shows a significant increment of the MO adsorption
percent (%), where doubled for Ch adsorbent and its Schiff
base (I), while shows more significant improvement reach-
ing 2.7 folds in the case of Schiff base (I). The second stage,
from 150 to 250 rpm, shows a slower rate of MO removal (%)
where the MO removal (%) improved by only 15%, 8% and
finally 2% for the Ch adsorbent, the Schiff base (I) adsorbent,
of the Schiff base (II) adsorbent, respectively, relative to their
values at 150 rpm. These results can be associated with the
fact that the agitation speed increases the diffusion of MO
towards the surface of the adsorbents. Ruthven proposes
that intraparticle diffusivity value hugely depends on adsor-
bents’ adsorption capacity and surface properties (Ruthven,
1985) [56]. Thus, increasing the agitation rate will overcome
the thickness of the liquid film and the mass-transfer resis-
tance for the three tested adsorbent surfaces. Consequently,
these also mean that a shaking rate of 150 rpm is sufficient
to ensure that all the surface binding sites are made readily
available for Methyl orange uptake for the chitosan Schiff
base adsorbents [57,58].

3.6. Effect of the solution” pH

The adsorption process of MO by chitosan and its Schiff
bases was examined in response to the solution’ pH vari-
ations where the chitosan Schiff bases adsorbents show
higher dye removal percent; Fig. 10a. As shown in the fig-
ure, a linear decrease in the dye removal ability of chi-
tosan was observed when the solution” pH was varied from
acidic to alkaline. That may be attributed to the ionization
behaviour of amino groups of the chitosan chain. Chitosan
has primary amino groups with a pKa value around 6.5
[59]. At pH below pKa of chitosan, the amino groups are

(b)
35
3 4 %
2.5 4
- 2
.’Z
- 1.5 4
14 ecn y=-1653.5x +6.3951
R*=0.9624 -
M Schiffbase (I)  v=-252.46x+3.6364
0.5 1 R*=0.651
Schiffbase () Y= -566.54x+4.5351
R?=0.9122
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0.0028 0.0029 0.003 0.0031 0.0032 0.0033 0.0034
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Fig. 8. (a) Effect of the adsorption’ temperature on the removing percent (%) of MO using chitosan (Ch), chitosan Schiff base (I) and
chitosan Schiff base (II) adsorbents (5 ppm MO, pH 4.0, 180 min, 250 rpm, 0.05 g) and (b) thermodynamics Van't Hoff model.
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Fig. 9. Effect of agitation rate on the removing percent (%) of MO
using chitosan (Ch), chitosan Schiff base (I) and chitosan Schiff
base (II) adsorbents (5 ppm MO, pH 4.0, 180 min, 25°C, 0.05 g).

protonated and pair positively charged. Decreasing the pH
of the dye solution offers more protons available to protonate
the amine group of chitosan with the formation of a large
number of cationic amines, which increases dye adsorption
due to increased electrostatic interactions. At pH above the
pKa, chitosan” amino groups are kept in the form of NH,;
the adsorption process was controlled only with hydro-
phobic interaction, leading to lower dye adsorption capac-
ities. A certain amount of dye adsorption at higher pH
implied the presence of different interactions in the adsorp-
tion process simultaneously, such as dye-dye interaction,
dye-adsorbent, physical adsorption, and aggregation [60].
On the other hand, the chitosan Schiff bases show almost
plateau dye removal percent (%) ranged between 90% and
95% at pH ranged between 4.0 and 9.0, which shows the
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dominant hydrophobic interactions role of the Schiff bases
immobilized aromatic hydrophobic moieties in the adsorp-
tion process. At pH 10.0, the chitosan part in the chitosan
Schiff bases lost the adherent water molecules and “precip-
itate”, leading to reduce the pores nature of the chitosan
Schiff bases and consequently the availability of the adsor-
bent active side to the MO molecules where chitosan Schiff
base (I’ dye removal percent decreased from 90% at pH 9.0%
to 74.4% at pH 10.0. While a sharp decline of the chitosan
Schiff base (II)" dye removal percent from 92.54% at pH 9.0
to 47.79% at pH 10.0 was observed, showing the impact of
higher hydrophobicity of the chitosan Schiff base (II), which
was confirmed by the water uptake (%) results presented in
Fig. 2.

To estimate the contribution of the Schiff bases forma-
tion in the dye removal percent, theoretical estimation of the
amine group contents in both Schiff bases was performed
based on the correlation between the IEC values of the chi-
tosan, chitosan Schiff base (I) and chitosan Schiff base (II);
4.45 meq/g, 3.19 and 2.19 meq/g, respectively. Accordingly,
the dye removal percent (%) values under different pH of
the chitosan adsorbent was considered as reference (100%),
and the dye removal percent (%) values of the chitosan
Schiff base (I) and chitosan Schiff base (II) were 71.68% and
49%. The calculated theoretical dye removal percent (%)
for the chitosan Schiff bases, dye removal percent (T) (%),
were compared with the obtained experimental values for
chitosan Schiff bases, dye removal percent (E) (%); Fig. 10a,
and presented in Fig. 10b. The figure shows the difference
between the expected dye removal percents for the chi-
tosan Schiff bases due to the amine groups contents and
their experimental counterparts where the hydrophobic—
hydrophobic interaction occurs. The estimation of the
synergetic impact of the hydrophobic-hydrophobic the-
oretical added values on the dye removal percents (%) for
the chitosan Schiff bases is presented in Table 5. The table
shows the increase of the synergetic effect with an increase
of the adsorption” pH values for the chitosan Schiff bases.
The obtained behaviour may be explained by changing the
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Fig. 10. (a) Effect of the adsorption” pH on the removing percent (%) of MO using chitosan (Ch), chitosan Schiff base (I) and chitosan
Schiff base (II) adsorbents (5 ppm MO, 180 min, 25°C, 250 rpm, 0.05 g) and (b) theoretical MO removal percent of the chitosan Schiff

base (I) and chitosan Schiff base (II) adsorbents.
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Table 5

Theoretical dye removal percent (T), based on the amine groups content (degree of acetylating), of the chitosan Schiff bases compared
with the experimental dye removal percent (E), and the estimated hydrophobic-hydrophobic added synergetic dye removal percent

pH Dyeremoval  Dye removal Hydrophobic-hydrophobic ~ Dye removal Dye removal ~ Hydrophobic-
percent (E) (%) percent (T) (%) theo.added synergeticdye  percent (E) (%) percent (T) (%) hydrophobic theo.
Schiff base (I) ~ Schiff base (I) removal percent (%) Schiff Schiff base (II) ~ Schiff base (II) added synergetic dye
base (I) removal percent (%)
Schiff base (II)

4 94.07 55.77 38.30 93.39 38.12 55.27

6 94.75 43.24 51.51 93.73 29.57 64.16

7 95.76 33.22 62.54 94.58 22.92 71.66

8 91.86 24.66 67.20 94.75 16.86 77.89

9 90.00 13.62 76.38 92.54 09.47 83.07

10 7441 00.49 93.92 47.80 00.33 47.47
pHzpc values of the chitosan and the chitosan Schiff bases. —
The pHzpc of a solid is the pH at which the charge on the 8| g5y 026 0FF 06 _‘ic
surface of the solid is neutralized; it becomes zero [61]. }—~—§~_§ H
Thus, the surface of the solid is positively charged below _ fos 038  gag ._;.ég
pHzpc and negatively charged above pHzpc. e

Jozwiak et al. [62] studied the sorption capacity of chi- ) =
tosan having different deacetylation degrees (DD), namely, £
75%, 85% and 90% relative to the Reactive Black 5 in a wide il 5
pH range — from 3 to 11. The sorption capacity was 433.03, 2 0
464.52, and 532.14 mg/g, respectively. They correlate the T
obtained results to the impact of the deacetylation degree on E 75
the sorbent’s pHzpc (zero point of charge). Along with the E
increase in the deacetylation degree, the value of chitosan > 10 .
pHzpc increased as well and at DD = 75% DD = 85% and ) e EonEtpmee
DD =90%, pHzpc amounted respectively 7.6, 7.7 and 7.8. £s neT U
The chitosan used in this study has DD = 75% and —

pHzpc value 7.6. Based on the IEC values, we can assume
that the chitosan Schiff base (I) has DD = 52% and the chi-
tosan Schiff base (II) has DD = 35%. According to the conclu-
sion of Jozwiak et al [56], the pHzpc values of the chitosan
and the chitosan Schiff base (I) and (II) will following the
order: chitosan > chitosan Schiff base (I) > chitosan Schiff
base (II). That results in an additional contribution of the
hydrophobic-hydrophobic interaction.

3.7. Effect of the adsorbent dose

The effect of the adsorbent dose on the MO remov-
ing percent (%) was examined by varying the adsorbent
amount from 0.025 to 0.2 g using 20 mL of MO dye solu-
tion. The observed trend due to variation in chitosan and
its Schiff bases (I) and (II) is represented in Fig. 11. It was
observed that an increase in the adsorbent dose leads to
an improvement in the absorption rate. That could be
associated with the increasing adsorbent amount pro-
viding greater surface area and sorption sites [63,64].
Furthermore, it was remarked that after specific addition
of dose, the removing percent of MO remains constant with
further increase in adsorbent dose, which implied that the
MO concentration gradient between the liquid phase (MO
solution) and the solid phase (adsorbent) almost disap-
peared and consequently the driving force to move the MO
molecules towards the adsorbent surface lost.

002 004 0DE 00F 010 012 014 018 015 020 0.22
Adsorbent dose (g}

Fig. 11. Effect of adsorbent dose on the removing percent (%)
of MO using chitosan (Ch), chitosan Schiff base (I) and chitosan
Schiff base (II) adsorbents (5 ppm MO, pH 4.0, 180 min, 25°C,
250 rpm).

3.8. Effect of the MO concentration

Fig. 12a shows the effect of initial MO concentration on
the removal percent (%). The removal percentage linearly
reduced with an increase in initial MO concentration. This
trend is due to the electrostatic repulsion between the dye
molecules with increasing concentration, resulting in a com-
petition between the dye molecules for the limited active
sites in the adsorbent. A similar effect was observed with
the other anionic dyes [3,19,64,65]. The obtained results
follow the previously published result by the authors
using chitosan derivate Schiff bases obtained from the cou-
pling of chitosan with 1-vinyl 2-pyrrolidone and 4-amino
acetanilide [66].

The results obtained on the adsorption of the MO
anions onto the chitosan adsorbent and the chitosan Schiff
bases were analyzed by the well-known models given by
Freundlich and Langmuir using the linear forms of these
kinds of isotherms.
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The Freundlich model is the earliest known empirical
equation and is consistent with an exponential distribution of
active centres, characteristic of heterogeneous surfaces [67].

Ing, =InK, +1 InC, (12)
n

f

where K, is the Freundlich constant depicts adsorption
capacity, and 1, is a constant indicating adsorption intensity.

Linear fits of sorption data of the MO anions are given
in Fig. 12b. According to the correlation coefficient (R?)
values 0.993, 0.9979, and 0.9944 for the chitosan adsor-
bent and the chitosan Schiff bases (I) and (II), respectively,
it was demonstrated that the removal of the MO anions
using the chitosan adsorbent and the chitosan Schiff bases
(I) and (II) obeyed the Freundlich isotherm. The values of
Freundlich constants n,and K, estimated from the slope
and intercept of the linear plot were presented in Table 6.
From the estimated value of n, it was found that n, > 1
indicating favourable adsorption for the MO anions using
the chitosan adsorbent and the chitosan Schiff bases (I)
and (II) [68].
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The Langmuir model, which is valid for monolayer
sorption onto a completely homogeneous surface with a
finite number of identical sites and with little interaction
between adsorbed molecules, is given by the following
equation [69]:

C_1 .G

— 13

9. 9.K 4, )
where g, is the amount adsorbed (mg/g), C, is the equilib-
rium concentration of the adsorbate ions (mg/L), and g,
and K are Langmuir constants related to maximum adsorp-
tion capacity (monolayer capacity) (mg/g) and energy of
adsorption (L/mg).

Fig. 12c illustrates the linear plot of the Langmuir equa-
tion for the MO anions removal using the chitosan adsorbent
and the chitosan Schiff bases (I) and (II) at various initial
MO anions concentrations ranged between 5 ppm and
50 ppm. The correlation coefficient (R?) values are consid-
ered an indicator of the goodness-of-fit of experimental data
on the isotherm’s model. The R? values were 0.9793, 0.9553,
and 0.9739 for the chitosan adsorbent and the chitosan Schiff
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Fig. 12. (a) Effect of the initial dye concentration on their removing percent (%) using chitosan (Ch), chitosan Schiff base (I) and
chitosan Schiff base (II) adsorbents (pH 4.0, 180 min, 25°C, 250 rpm, 0.05 g), (b) Freundlich isotherm, (c) Langmuir isotherm,

and (d) Temkin isotherm.
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bases (I) and (II), respectively, indicating mathematical fit
adsorption date but less than the Freundlich model.

Langmuir parameters for the MO anions removal, g,, and
K were calculated from the slope and intercept of Fig. 12c
and presented in Table 7. The maximum adsorption capac-
ity for the chitosan, chitosan Schiff (I), and chitosan Schiff
(IT) was found 19.92, 19.34, and 22.37 mg/g, respectively.

To predict whether an adsorption system is favour-
able or unfavourable, (dimensionless separation factor),
which consider essential characteristics of the Langmuir
isotherms, is calculated. R, defined as [70]:

R, = L
1+ KC,

(14)

Values of R, (Table 8) for the MO anions removal falls
between zero and one show favourable adsorption [71],
which confirmed that the adsorption of the MO anions
onto the chitosan, chitosan Schiff (I), and chitosan Schiff
(IT) under the conditions used in this study was favourable
by Langmuir isotherm.

Temkin isotherm considered the effects of indirect
adsorbent/adsorbate interactions on the adsorption pro-
cess. The heat of adsorption of all the molecules in the
layer would decrease linearly with coverage due to adsor-
bent/adsorbate interactions [72]. It can be expressed in the
linear form as [73,74]:

g,=BInK.+BInC, (15)

A plot of g, vs. InC, (Fig. 12d) enables the determination
of the isotherm constants B, and K, from the slope and the
intercept. From Fig. 12d, the calculated K, equal to 1.233,
6.255, and 3.262 L/g for chitosan adsorbent and the chitosan
Schiff bases (I) and (II), respectively, which represent the
equilibrium binding constant corresponding to the max-
imum binding energy however, the constant B, that equal
to 3.858, 3.303, and 4.1767 J/mol for chitosan adsorbent
and the chitosan Schiff bases (I) and (II), respectively, is
related to the heat of adsorption (Table 9).

Table 6
Parameters of the Freundlich isotherm and correlation
coefficients for the adsorption of MO dye

Adsorbent n K. (g/g) R?

Ch 1.576 2.021 0.993

Schiff base (I) 2.205 4.822 0.9979

Schiff base (II) 1.782 4.107 0.9944
Table 7

Parameters of the Langmuir isotherm and correlation coefficients
for the adsorption of MO dye

Parameter Ch Schiff base (I) Schiff base (II)
Q.. (mg/g)  19.92 19.34 22.37

K (L/g) 10.93 11.97 4.64

R? 0.9793 0.9553 0.9739

Table 8
R, values of the Langmuir isotherm
MO, ppm Ch Schiff base (I) Schiff base (II)
5 0.01797 0.01643 0.04132
10 0.00906 0.00828 0.02109
20 0.00455 0.00416 0.01066
30 0.00304 0.00278 0.00713
40 0.00228 0.00208 0.00535
50 0.00182 0.00167 0.00429
Table 9

Parameters of the Temkin isotherm and correlation coefficients
for the adsorption of MO dye

Temkin parameters Ch Schiff base (I)  Schiff base (II)
B, (J/mol) 3858  3.303 4.1767

K, (L/g) 1.233  6.255 3.262

R? 0.9644 0.9229 0.9455

Considering the R? values for the three isotherm models,
the Freundlich isotherm model gave the highest R? values,
showing that the adsorption of the MO anions onto the chi-
tosan adsorbent and the chitosan Schiff bases (I) and (II)
adsorbents was best described by this model. This suggested
that the formation of multi-layers of adsorption [75].

4. Conclusion

Novel crosslinked chitosan Schiff base derivates adsor-
bents were developed by the coupling of chitosan with
4-dimethylamino benzaldehyde, (chitosan Schiff base (I)
and benzophenone, chitosan Schiff base (II)), for the adsorp-
tion of anionic reactive dye (Methyl orange) from aqueous
solutions. The results showed a high-speed adsorption
rate of the MO by the chitosan Schiff base derivates where
removed 87%-94% after only 15 min while chitosan needs
180 min to remove the same MO %. Variation of the initial
dye concentration reduced the removal percentage at a lin-
ear mode using fixed adsorbent dosage. Within the studied
range of MO concentration, the developed chitosan Schiff
bases adsorbents show a constant adsorption ability over
wide ranges of temperature (25°C-80°C) and pH (4.0-9.0) of
the MO contaminated wastewater. The pHzpc values of the
chitosan (pHzpc value 7.6) and the chitosan Schiff base (I)
and (II) adsorbents will following the order: chitosan > chi-
tosan Schiff base (I) > chitosan Schiff base (II). That results
in an additional contribution of the hydrophobic-hydro-
phobic interaction, which increased with pH from 38% to
94% of chitosan Schiff base (I) adsorbent and from 55% to
83% of chitosan Schiff base (II) adsorbent. The adsorption
kinetics of MO dye was found to follow the pseudo-sec-
ond-order model. The values of o estimated by Elovich
kinetic model are 2.2786 and 2.0489 mg/g which close from
the experimental values; 2.415 mg/g for chitosan Schiff base
(I), and chitosan Schiff base (II). Following up the adsorption
mechanism performed using intraparticle diffusion model.
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The obtained results indicate the governed of the MO diffu-
sion onto chitosan Schiff bases (I) and (II) by the boundary
layer effect only. While that the removal process was governed
by both surface removal and intraparticle diffusion in case
of the chitosan adsorbent. At the same time, the Freundlich,
Langmuir and Temkin isotherm models have been applied to
the adsorption data and were found to follow the Freundlich
isotherm. The Langmuir monolayer maximum adsorp-
tion capacities were found 19.92, 19.34, and 22.37 mg/g for
the chitosan, chitosan Schiff base (I), and chitosan Schiff
base (II), respectively. The thermodynamic nature of the
adsorption process was extracted using Van't Hoff plot.
The positive values for the AH indicate the endothermic
nature of the adsorption process. The obtained behaviour
nominates the developed chitosan Schiff bases hydrogels
to work under a wide range of operational conditions.
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