RESEARCH PAPER

J Nanostruct 16(2): 4379-4394, Spring 2026

Isotherm and Equilibrium Investigation of Methyl Orange
Adsorption Using Chitosan-Schiff Base-Cr,O, Nanohybrid

Zainab H. Ghanawi, Zaid H. Mahmoud *

Chemistry Department, College of Sciences, University of Diyala, Iraq

ARTICLE INFO

Article History:
Received 09 January 2026
Accepted 19 March 2026

Published 01 April 2026

Keywords:

Adsorption
Chitosan-Schiff Base-Cr,0,
Dye

Nanohybrid

Water treatment

ABSTRACT

A Schiff base-functionalized chitosan/chromium oxide nanocomposite
was synthesized and evaluated as an efficient adsorbent for the removal
of methyl orange (MO) from aqueous solution. Structural, chemical, and
morphological characterization confirmed the successful incorporation of
the Schiff base and Cr,Os nanoparticles into the chitosan matrix, resulting
in a rough, heterogeneous, and porous surface with abundant active
adsorption sites. The fabricated nanohybrid exhibited excellent adsorption
performance, achieving approximately 97% MO removal at an optimum
adsorbent dosage of 0.05 g under acidic conditions. The adsorption process
was strongly influenced by solution pH, with maximum removal observed
at pH 3, whereas adsorption efficiency gradually decreased with increasing
temperature, indicating an exothermic adsorption process. Equilibrium
studies demonstrated that the Freundlich isotherm provided the best fit,
while the Langmuir model estimated a maximum adsorption capacity
of 80.50 mg g~'. The adsorption mechanism was primarily governed by
physisorption through electrostatic attraction, hydrogen bonding, n-n
interactions, and surface complexation, demonstrating the nanocomposite’s
potential for efficient wastewater treatment applications.
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INTRODUCTION

The continuous release of dyes into water
systems poses a serious challenge due to their
low biodegradability, high chemical stability, and
potential toxic effects on both human health
and ecosystems. Many dyes have been linked
to adverse biological impacts, including allergic
reactions, dermatitis, long-term organ toxicity,
and carcinogenicity [1-3]. Additionally, effluents
containing synthetic dyes can significantly
degrade water quality by reducing light
penetration, disrupting the balance of dissolved
oxygen, impairing photosynthetic activity, and
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introducing persistent aromatic structures into
natural water bodies [4-7]. These toxicological and
environmental concerns have made the treatment
of dye wastewater a main focus of water
treatment research. Many advanced treatments
and physicochemical technologies were studied
for dye removal, including membrane separation,
flocculation, photocatalytic degradation, and
adsorption [8-11]. Despite these methods being
active under certain conditions, they suffer from
severe limitations, including sludge generation,
high operating costs, difficult regeneration,
incomplete removal, and the potential generation
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of harmful secondary by-products [12]. In this
context, the adsorption process has emerged
as one of the most effective and practical
methods, owing to its adaptability, simplicity,
ease of operation, and high removal efficiency
at high concentrations, without generating toxic
conversion products[13-15]. Therefore, developing
stable, efficient, and reusable adsorbents
remains a key goal in wastewater treatment
facilities [16]. Among the different adsorbents
reported, chitosan has engaged significant
interest as a biodegradable, naturally abundant,
biocompatible, and environmentally friendly
polymer. Its adsorption behavior is primarily due
to the presence of NH2 and OH groups, which can
interact via electrostatic attraction, H-bonding,
chelation, and surface interactions with different
dyes [17]. Because of these groups, chitosan has
been largely examined for the uptake of heavy
ions, dyes, and other hazardous pollutants.
Despite its appealing adsorption chemistry,
chitosan suffers from a fundamental limitation
that limits its practical applicability, especially
in aqueous systems. These restrictions include
excessive swelling, poor chemical stability in acidic
and basic media, scant mechanical strength, poor
dissolution resistance, and comparatively limited
surface area. This obstacle often leads to reduced
adsorption durability, structural deterioration
under working conditions, and reduced
regeneration performance, thereby limiting
the use of chitosan in realistic water treatment
processes [18]. To overcome these limitations,
efforts have been focused on the structural
and chemical modification of chitosan. Among
the available methods, chemical crosslinking is
widely recognized as one of the most effective
ways to improve the acid resistance, dimensional
stability, and mechanical strength of chitosan-
based adsorbents. Crosslinking can reduce
unnecessary swelling, hinder dissolution, and
create a more rigid polymeric structure better
suited for repeated adsorption cycles [19]. In this
regard, Schiff bases are considered particularly
appealing crosslinking agents due to their high
reactivity, small molecular size, low cost, and
ability to form a close network upon reaction
with the NH, and OH groups of chitosan [20].
Beyond the simple stabilization of the structure,
Schiff base-linked crosslinking may also affect the
accessibility and distribution of adsorption sites,
hence impacting the balance between adsorption
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efficiency and mechanical robustness. Improving
chitosan performance through an inorganic/
organic hybrid has appeared as an active method
for enhancing adsorption capacity [21]. Doping
oxide nanoparticles into a chitosan matrix can
enhance surface heterogeneity, improve chemical
and thermal stability, and provide additional
active sites for pollutant adsorption. Among these
oxides, Cr,0, has been studied extensively due
to its chemical stability, surface area, low cost,
and toxicity, as well as its broad applicability in
functional and environmental materials. However,
Cr,0, NPs tend to agglomerate and are difficult to
recover after use, which limits their reusability and
efficiency. So, introducing Cr,0, into the chitosan
matrix provides a practical method to harness the
reactivity of the inorganic phase while maintaining
the biopolymer’s recoverability and functionality
[22]. Previous works have shown that composite
and crosslinking production can improve
adsorption performance. Especially, chitosan/Cr,0,
nanocomposites have shown significant potential
for H,O treatment; however, their performance
is largely affected by nanoparticle dispersion,
crosslinking degree, pollutant characteristics, and
surface accessibility [23]. Despite this progress, the
mixed impact of Schiff base and Cr,0, doping on the
adsorption site and behavior remains insufficiently
understood. This restriction is particularly relevant
to methyl orange; a permanent anionic azo dye
widely used as a model pollutant. In chitosan/
Cr,0, nanocomposite systems, methylene
orange is expected to occur through H-bonding,
interactions with Cr-based surface groups, and
electrostatic attraction. However, few studies have
investigated how Schiff base crosslinking and Cr,O,
incorporation together affect the physicochemical
properties and adsorption performance of a
single chitosan-based adsorbent. Accordingly,
this work aimed to develop a stable crosslinked
chitosan-Schiff base/Cr,0, nanocomposite for MO
removal from solution, with a focus on material
characterization, process optimization, and
mechanistic interpretation of adsorption behavior.

MATERIALS AND METHODS
Materials

All chemical materials of analytical grade
are employed as received without purification.
4-hydroxybenzaldehyde (C,H.O,, 97%), chitosan

((C6H11NO4)n, 85% degree of deacetylation),
ethanol (C,H,OH, 99.9%), and amine (98%) were
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supplied by Sigma-Aldrich. Chromium nitrate
(Cr(NO,),, 98%) and sodium hydroxide (NaOH,
99%) were procured from Merck Co., while acetic
acid (CH,COOH, 99.5%) and hydrochloric acid (HCI,
35%) were supplied from Loba Chemie.

Synthesis of Schiff base

The Schiff base amino acid was prepared by
a condensation reaction between amine and
aldehyde. Briefly, 4-aminoacetophenone (2.5 g)
was dissolved in 25 mL of absolute ethanol, while
4-hydroxybenzaldehyde (3.3 g) was dissolved in
30 mL of absolute ethanol with 3 drops of acetic
acid. Then, the 4-hydroxybenzaldehyde solution
was added dropwise to the amine solution
with continuous stirring at 30 °C. After that, the
mixture was refluxed in a water bath for 6 h,
filtered at room temperature, and collected before
recrystallization.

Synthesis of Schiff base@chitosan composite

The modification of chitosan was carried out
by reacting the amino groups of chitosan with
carbonyl-containing aldehyde moieties. Chitosan
pellets and 5 g of Schiff base were dispersed in 50
mL of methanol. The mixture was stirred for 3 h
at room temperature, yielding pale-yellow pellets.
The product was filtered, washed with deionized
water and methanol, and dried at 70 °C for 6 h
[24].

Synthesis of chromium oxide nanoparticles (Cr,0,
NPs)

Cr,0, NPs were synthesized by a solution
combustion method employing Cr(NO,), and
urea as the oxidizing and fuel precursors,
respectively. The reagents were mixed to
produce a homogeneous solution, which was
then placed in the muffle furnace and heated at
500 °C for 5 h. During heating, the homogeneous
solution converted into a gel and ignited via self-
combustion. The resulting powder was washed
with deionized water and acetone to remove
residual impurities and froth, and then dried for 4
h to obtain Cr,0, NPs [25].

Synthesis  of base@chitosan
nanocomposite

Surface modification of Cr,0, with Schiff base@
chitosan nanocomposite was carried out. Briefly,
1 g of Cr,0, was dispersed in 100 mL of distilled
water, after which 1 g of Schiff base@chitosan

Cr,0,-Schiff
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was dispersed in 100 mL of 1% acetic acid and
was added to the chromium solution. The mixture
was sonicated at 30 °C for 5 h. The precipitation
material was collected, washed with ethanol, and
dried at 60 °C for 24 h [26].

Adsorption study

The methyl orange adsorption behavior onto
bare chitosan, Cr,0,, and Cr,O,-Schiff base@
chitosan was systematically examined under
various conditions. Initial methylene orange
concentrations were varied from 10 to 50 mg/L, the
pH of the solution was adjusted between 2 and 11
using HCl or NaOH, contact time was varied from
10 to 40 min, adsorbent dosage ranged from 10
to 50 ppm, and temperatures were varied from 25
to 55 °C. After adsorption, the residual methylene
orange concentrations were determined via UV-
Vis spectroscopy at 420 nm using the Eq. 1:

R% = (Ci — Ce)/Ci * 100% (1)

The adsorption capacity (ge) was calculated
using the Eq. 2:

ge = (Ci-Ce)*V/m (2)

where: Ci and Ce are the initial and equilibrium
concentrations of MO, V is the solution volume (L),
while m is the adsorbent mass.

RESULTS AND DISCUSSION
Structure characterization

The 'H NMR spectra of the prepared Schiff
bases are shown in Fig. 1. The results show
properties consistent with the successful
condensation between the amino group of
4-aminoacetophenone and the aldehyde group
of 4-hydroxybenzaldehyde. A distinctive signal
is observed around 8.4 ppm, which can be
attributed to the -CH=N- group. In the region 6.8-
8.1 ppm, several signals assigned to the aromatic
protons appeared. Moreover, the signals of the
ring containing the -COCH, group appear near
7.8-8.1 ppm, due to the CO group being electron-
withdrawing, while the proton signals of the
phenol ring appear around 6.8-7.4 ppm, due to
the electron-donating effect of the OH group. At
10.0-10.3 ppm, the signal is assigned mainly to the
-OH proton, which is credible due to deshielding
resulting from conjugation and H-bonding with the
aromatic system. On the other hand, the singlet
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around 2.5-2.6 ppm is attributed to the 3H of
-COCH,. However, the peak at 2.50 ppm overlaps
with the DMSO-d6 peak, so the CH, signal may be
merged with the DMSO signal [27].

The XRD of the prepared Cr,0, is shown in Fig. 2.
The results confirm the formation of the a-phase
of a rhombohedral crystal structure with main
diffraction peaks located at 24.45°, 33.61°, 36.17°,
41.50°, 44.14°, 50.10°, 54.86°, 63.33°, 65.14°,
74.05°, 76.86°, and 79.06° are corresponding
to (012), (104), (110), (133), (202), (024), (116),

(214), (300), (1010), (220) and (223) which assign
to a-Cr,0, and two diffraction peaks centered at
39.69° and 58.37° back to Cr,O,. Furthermore, the
results indicate that the (104) diffraction peak is
most intense, suggesting that this crystal plane is
the most discriminatory growth orientation. Onthe
other hand, the narrow and sharp peaks suggest
good structural ordering and high crystallinity. The
blue star-marked diffraction peaks indicate the
existence of a minor Cr,O, phase, indicating that
the formation is predominantly Cr,O, with a small
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Fig. 1. 'H NMR spectra of the prepared Schiff base.
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Fig. 2. XRD of Cr,0, nanoparticles.
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quantity of Cr,O, [28].

The XRD of chitosan is shown in Fig. 3. The
spectrum appears to have two broad diffraction
peaks centered at 9.96° and 19.98°, corresponding
to the (020) and (200) planes. These diffraction
peaks are distinctive of the semi-crystalline
structure of chitosan. The broad diffraction peak
at 9.96° is assigned to the ordered arrangement
of chains and hydrated crystalline regions. In
contrast, the stronger diffraction peak is related
to intramolecular and intermolecular H-bonding
between the glycosidic, hydroxyl, and amino
groups in the chitosan structure. The broad
diffraction peaks suggest that the chitosan is not
highly crystalline, but has both amorphous and
crystalline regions. Furthermore, the absence
of other diffraction peaks indicates high purity
[29]. For Chit-Schiff base, the results showed
that the two diffraction peaks of chitosan (020)
and (200) were still observed after incorporation
of the Schiff base, indicating preservation of the
chitosan backbone. However, the intensity, width,
and position of the (200) peak varied notably,
suggesting that incorporating S compounds
strongly affects the arrangement of chitosan
chains. After adding the Schiff base, the NH, groups
of chitosan reacted with CHO to produce -C=N-
. As a result, in chitosan, the H-bonding network
is partially dissociated and replaced by C=N-
related interactions, pi-pi interactions, H-bonding,

and dipole-dipole interactions, depending on
the S structure. For incorporated Cr,0,, the
results illustrated the successful production of
nanocomposites. In all prepared compounds, the
diffraction peaks associated with chitosan are still
observed, corresponding to the semi-crystalline
structure of chitosan. The conservation of these
broad diffraction peaks suggests that the chitosan
structure was preserved after Schiff base and metal
oxides incorporation. For the chitosan-Schiff -Cr,0,
nanocomposite, eight diffraction peaks are shown
and correspond to Cr,0,, containing reflections
associated with the (104), (110), (113), (024), (116),
(214), (300), and (1010) crystal planes. Compared
with bare chitosan, the Cr,0, diffraction peaks are
of comparatively low intensity, indicating better
dispersion and smaller crystallites. The remaining
Schiff base region suggests that the Schiff base
still participates significantly in the composite
structure. In addition, the results appear to show
changes in width, intensity, and shape of the
(200) diffraction peak after incorporation of metal
oxides. These alterations indicate that interactions
between functional groups of chitosan-Schiff
base and metal oxides affect chain packing and
chitosan-Schiff matrix crystallinity. The overlap
between the oxides and chitosan diffraction peaks
suggests interfacial interactions between the
inorganic and organic phases [30].

Fig. 4A-D shows the FESEM images of the
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Fig. 3. XRD of chitosan, chitosan/Schiff base and chitosan/Schiff base-Cr,0,.
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prepared compounds. The results exhibit clear
variation in surface morphology, suggesting
that the structure of the Schiff-base compound
strongly impacts aggregation behavior, particle
growth, and surface organization. The Schiff-base
compound (Fig. 4A) demonstrates an irregular
flake morphology consisting of stacked plates.
Furthermore, it exhibits a highly aggregated and
rough state, which may be assigned to dipole-
dipole, H-bonding, and pi-pi bonding forces
between Schiff-base units. The morphology
indicates the production of closely packed regions

'SEMMAG: 150.00 kx | |
View field- 1 445 ym | Date(midly): 05/07/26

Fig. 4. FESEM of (A) Schiff-base, (B) Cr,0,, (C) chitosan/Schiff base and chitosan/Schiff base-Cr,0,.
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with finite-separation domains. For Cr,0, (Fig.
4B), the results showed that the surface consists
of agglomerated NPs coordinated in cauliflower
morphology. The particles are obtained as tiny
circular grains that are connected to produce a
close agglomerate with a tough surface structure.
This morphology indicates fast nucleation pursued
via agglomeration, which generally results from
the high surface-area energy of freshly produced
NPs. The tough, agglomerated structure can
supply numerous surface-active sites, making it
appropriate for adsorption applications. For Schiff-
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base/chitosan (Fig. 4C), the results reveal that the
original chitosan network is less clearly defined
and is substituted by irregular, closely spaced
areas with granular and plate surface properties.
Various small particles are spread on the chitosan
sheets, resulting in a clearly tougher and more
heterogeneous surface. This morphological
conversion indicates that the Schiff-base units
are deposited over the matrix, thereby changing
the native chain arrangement. The production of
tough granular areas is proportional to improved
intermolecular interactions containing the
aromatic segments, -C=N- groups, and chitosan
chains. For the Schiff base/chitosan-Cr203
nanocomposite (Fig. 4D), the results indicate a
denser and more granular structure. Furthermore,
it appears that there are a higher surface coverage
degree and stronger agglomeration. In addition,
the Cr,0, NPs spread across the external surface
and within the pores, partially filling the porous
spaces. This suggests that Cr,0, NPs may have
a greater tendency toward agglomeration and
nucleation on the Schiff base/chitosan surface. The
intensive granular morphology indicates stronger
interaction between the functional groups of Schiff
base/chitosan and Cr,0, nanoparticles [31-34].

Adsorption performance
Optimization parameters

As can be seen from (Fig. 5A), the adsorption
percentage of the dye (methyl orange) is found to
be higher as the adsorption time is longer for all
the adsorption surfaces studied. The adsorption
process was very fast, particularly in the first stage,
the first 30 minutes, as a result of the number of
active sites on the surface of the adsorbents. The
surface hydroxyl groups of these sites can interact
with the molecule of methyl orange via hydrogen
bonding, electrostatic interactions, surface
coordination, and n—mt interactions. After this very
fast period, the amount of adsorption decreased
and levelled off between 90 and 120 minutes. The
dye reduction adsorbed could be attributed to the
continual saturation of the active sites with dye
and to the decrease in the concentration of dye in
the solution as the dye is being drawn towards the
surface of the adsorbent. The performance of the
adsorption efficiency for Chit—Cr,03/Schiff base >
Chit > Cr,03. The lowest adsorption efficiency of
chitosan is explained by the less protonation of
the amino groups of chitosan at neutral pH as
compared to the other pH values, thus decreasing
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the electrostatic attraction between the anionic
dye (methyl orange) and chitosan. At the same
time, adsorption of chromium oxide was slightly
higher than chitosan because of the presence of
the Cr—OH groups and the metal oxide surface
sites, which can bind the dye. However, the
addition of Cr,Os; to chitosan added a lot of
improvement, suggesting that it has a synergistic
effect when combined with chitosan. The presence
of amino group, hydroxyl groups in chitosan and
hydroxyl groups and more metal active centers in
chromium oxide. This is further modification of
the Chit—Cr,Os composite material with Schiff
bases, which further enhanced the adsorption
performance. This is mainly because of the
presence of other functional groups like
azomethine C=N, phenolic OH, carbonyl C=0 and
aromatic rings. As the number of adsorption sites
increases, the number of interactions between
molecules of methyl orange increases; hence,
these groups are more interactive with the active
groups. The m—m interactions of the aromatic
structure of the Schiff bases could also be
responsible for their involvement in the aromatic
system of the methyl orange [35]. The influence of
pH on the adsorption of methyl orange is evident
from (Fig. 5B) which shows that the rate of removal
of the dye is strongly dependent on the acidity or
basicity of the medium. The results indicated that
the best percentage of removal was achieved at
pH 3 and the percentage of removal decreased
with increasing pH (5, 7, 9 and 11) for all the
adsorbents used. The behavior can be scientifically
explained as it is an anionic dye containing mainly
—SO;3~ group which will have a stronger affinity
towards the positive charge on the surface of the
adsorbent in acidic condition. In the reaction given
below the amino groups of chitosan gets
protonated, thereby making the surface of the
adsorbent positively charged and the electrostatic
force of attraction between the adsorbent and the
negative charge of the molecule of Methyl orange
increases: —NH, + H* > —NH3* Moreover, surface
hydroxyl groups of chromium oxide can be
protonated under acidic conditions to form a
positive surface site e.g. Cr—OH,*. Thus, in an
acidic environment, chitosan is able to enhance
the interaction between dye and surface and the
adsorption efficiency is maximum for chitosan and
chromium oxide. If the pH is greater than 5 the
degree of surface protonation will be less, but not
significantly less than the pH 3, and the pH will not
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be as effective as the pH 3 in removing the
contaminant. The moderate adsorption observed
from the previous result (neutral contact time) is
displayed in the following result. Also, the
protonation of the amino group of chitosan is
small, as is the electrostatic attraction between

the surface of chitosan and the methyl orange.
Hence, non-electrostatic forces like hydrogen
bonding, m—m interaction, surface complexation
and hydroxyl, carbonyl or azomethine groups are
more significant for the adsorption at pH 7. In the
alkaline condition the pH is 9 and 11, the
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Fig. 5. Effect of (A) contact time, (B) pH, (C) dosage adsorbent, (D) dosage of dye, (E) temperature for adsorbing MO on
prepared nanocomposites.
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adsorption efficiency is greatly reduced. This is
becauseaminosand hydroxylscanbedeprotonated
on the surface of the adsorbent, thus decreasing
the positive surface charge, and possibly increasing
the negative surface charge. Besides, the
concentration of OH™ ions are high in alkaline
solution and this will compete with the
concentration of OH™ ions available in the
adsorption sites in the presence of methyl orange.
This leads to a lesser interaction of the adsorbent
surface with dye which decreases the percentage
of dye removal. The removal efficiency was the
least for chitosan as it had the most dominant
adsorption property of amino and hydroxyl groups,
which is less effective at neutral and alkaline
conditions. The surface hydroxyl groups and active
sites of chromium oxide are shown to be beneficial
for its performance than chitosan. The adsorption
efficiency was noted the combination of chitosan
and chromium oxide (Cr,0,) in a synergistic
manner. The modification of surface by a Schiff
base yielded the best adsorption efficiency
composites. This is because it contains other active
functional groups (C=N, OH, C=0 and aromatic
rings). These groups create more adsorption sites,
and by forming various interactions with the
molecule of the methyl orange, such as hydrogen
bonding, m-m interactions, polar and surface
complexation. The highest results were given by
Chit—Cr,03/Schiff base which may be attributed to
the greater percentage of the effective binding
groups (phenolic hydroxyl groups) available to
interact with the methyl orange in the entire pH
range [36,37]. The effect of adsorbent dose on
removal efficiency of the methyl orange under
optimized condition, is shown in Fig. 5C, where the
dose of adsorbent has been varied between 0.01 g
and 0.05 g. The overall percentage removal was
found to be a function of the dosage of all the
adsorbents used on all surfaces investigated. This
effect is attributed mainly to the increase in the
active adsorption sites that results with the
increase of mass of the adsorbent. The more the
other functional groups such as —OH, —NH,, C=N,
C=0 and Cr—OH groups which can interact with the
molecule of methyl orange, the higher the dose.
The removal efficiency of chitosan went up from
about 58% to around 74% with increase in the
amount of chitosan used from 0.01 g to 0.05 g.
Chitosan has amino and hydroxyl functional
groups and the removal efficiency, the lowest
among all other adsorbents studied, was found to

J Nanostruct 16(2): 4379-4394, Spring 2026
(@)er |

depend on the amount of these functional groups
of the polymer. The compound’s higher
performance compared with chitosan (from about
64% to almost 79%) could be due to the hydroxyl
groups present in the surface of the compound
and the presence of metal-oxide active sites. The
composite of Chit—Cr,03 improved significantly as
compared to chitosan and Cr,03 in which Cr,03
removal increased from ~75% to ~89%,
respectively. This is another proof of the synergic
effect of the surface of the inorganic chromium
oxide and the organic matrix chitosan. The results
indicated that the main reasons for the better
adsorption of MO on the chitosan/Cr,03; composite
were the amino and hydroxyl groups of the
chitosan molecule, and the hydroxyl groups and
metal-active centers of the Cr,0s;. The highest
removal efficiencies in all the range of dosage
were achieved with the use of the modified
composites by Schiff base. The introduction of
additional functional groups like the azomethine
C=N, the phenolic OH, the carbonyl C=0 and
aromatic rings due to the presence of Schiff base
structures has been proposed as the source of this
improvement. The presence of these groups
(which can hydrogen bond, electrostatically attract
and interact with m-electrons and even surface
complex with the molecules of methyl orange) can
facilitate the adsorption process. In this regard,
Chit—Cr,0s3/Schiff base exhibited the maximum
removal efficiency at 0.05 g with almost 97% dye
removal efficiency as it may possess a greater
number of active binding sites with more
interaction with dye molecules. Moreover, it is
observed that the removal efficiency does not
improve significantly with the increase of dose,
particularly in the dose range 0.04—0.05 g. This
means that the adsorption is very close to the
limiting value of adsorption which corresponds to
a further increase in the amount of adsorbent
added it would result in very little increase in
adsorption. Therefore, it is concluded that a
removal percentage of 0.05g is the optimum one
but 0.04g gives almost the same removal
percentage with a lesser amount of adsorbent
[38,39]. In the case of the dye used, the efficiency
of removal was found to be lower with higher
initial dye concentration (10 to 50 ppm) for methyl
orange (MO) (Fig. 5D). This is because there are
only a few adsorptive sites at the surface of the
adsorbent. At these sites with low dye
concentration, these sites are adequate to bind
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most of the dye molecules and so a high percentage
of dye is removed. But at higher concentrations,
the number of molecules of methyl orange will be
greater to compete for the limited number of sites
and the efficiency of removal will be less since the
surface would be saturated. The dye binding was
enhanced compared to hydrogen bonding,
electrostatic attraction, m—m interaction and
surface complexation due to the increased number
of active groups present in the Schiff base modified
composites which includes C=0, OH, C=N, aromatic
rings etc. In these, the maximum efficiency was
found with Chit—Cr,03/Schiff base, where a higher
number of efficient adsorption sites was available.
As the concentration of the dye increases, the
removal percentage was observed to decrease;
however, the adsorption capacity is expected to
increase since more dye molecules is more to be
loaded onto the surface of the adsorbent [40].
Methylene orange adsorption on the prepared
adsorbent was affected by the prepared adsorbent,
as depicted in Fig. 5E, which shows the effect of
temperature. The sorption of methyl orange
showed a slight decrease with increasing
temperature from 25 to 55 °C, indicating that the
sorption process was mostly exothermic. The

molecules of methyl orange are more strongly
adsorbed on the surface of the adsorbent in the
cold state, and hence it is more efficient. The
interactions can be electrostatic attraction,
hydrogen bonding, m—m interaction, and surface
complexation. The molecules of the dye have
more energy at higher temperatures. This results
in the formation of less stable molecules of methyl
orange, which are absorbed onto the surface, and
some molecules desorb. Furthermore, there is a
possibility that the interaction between the
molecules of dye and the adsorbent surface will
be reduced as the temperature is increased. Thus,
the removal efficiencies are lower at 35 °C, 45 °C
and 55 ° C than that at 25 ° C. The removal
efficiency of the Schiff base modified composites
was found to be higher as some of the active
functional groups (azomethine C=N, hydroxyl OH,
carbonyl C=0 and aromatic rings) were present in
the modified composites. The number of
adsorption sites increases and more interactions
with the molecules of methyl orange are enhanced
in these groups. This gave the best results for the
composition Chit—Cr,0s/Schiff base, which can be
correlated with the number of effective binding
sites [41].

050
055 - X tCr
v oo ] o oo, P
7 7 - o~
045 ] » 040 v 025 | e
040 035 .
] o o - Fquatify=a t|| @ 020 4 : _
=03 " [Euation [y=a+b* =030 1 ;x'/ o 10D g / Equation |y =a+b*
O 301 ) Plot Ot © o ] - | o] © 01 Pt |Chi-Cr-@2
el tercept [0.16387 £ . nierce)”. > Inercept [0 06731 &
17 Sope[00T622z]| 0207 7 Slope |00147) - 0104 - Siope 001266+
029, RSquare | 097529 || 451+ R-Squ |0.9756 . RSquare| 007467
016 ] pa RS 00T || 1 Adj R|0%e75|| 0881 Ad] RSq| 096622
T T T T T - T T T T T T T T T T T T T
5 10 15 2 2% 5 10 15 20 2 4 6 B 10 12 1 16 18
Ce Ce Ce
025 [ ® ChitCr,0451 .
~
0201 .
o5 .
8 P " [Eauation [y=a+b
040 Pl [Chi-Cr(2)0)
_/.'/ Intercept |0.04662+ 0.
005 | e Slope | 0.012422 0,
e R-Square(| 097532
Ad] R-5qu| 096709
oo l———— 2
2 4 6 8 10 12 14 16
Ce
Fig. 6. Langmuir isotherm for adsorbing MO on prepared materials.
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Isotherm study

The adsorption isotherms were obtained and
the behavior of the isotherm was studied by
various MO dye and prepared adsorbents, such
as Langmuir, Freundlich and Temkin and Dubinin—
Radushkevich adsorption isotherms. The Langmuir
plots (Fig. 6) demonstrate that there is a high linear
correlation coefficient for all the adsorbents tested
with a relatively high R? value that is around 0.97.
The adsorption of dye (methyl orange) perfectly
obeyed the Langmuir adsorption isotherm, which
suggests the dye is adsorbed in a monolayer on
the surface of the available adsorption active sites
of the adsorbents.

The Langmuir fitting is represented by:

Ce/ge = 1/(q,, K) + Ce/q,,, (3)

Where gmax is the maximum flow, K is the
degradation rate and Lis the biomass at the start of
the simulated time. By observing the plots, it could
be noticed that the slope which is determined by
the slope of the graph, decreased with the increase
in the amount of chitosan modified to Chit—
Cr,03/Schiff base after the modification, thereby
increasing the adsorption capacity (gmax). This
will give rise to an enhancement in the surface
adsorption capacity upon incorporation of Cr,0s
and Schiff base groups. Compared with the other

polymers, the Langmuir capacity of chitosan is the
lowest because of its number of available active
adsorption sites, which are mainly —OH and —NH,
groups, are few. The surface-active sites of the
metal oxides in Cr.O3 and Cr — OH groups in Cr,03
are helpful to improve the adsorption capability.
The surface centers of chromium oxide and the
functional groups of chitosan are present in the
composite material (Chit—Cr,03) which is the
reason for the high capacity of the composite
material and its better fitting. The other groups
present in the Schiff base modified composites
(C=N, OH, C=0 and aromatic ring) exhibited
the best Langmuir behavior. These groups can
provide additional binding sites, and increase the
interaction with the methyl orange via hydrogen
bonding, electrostatic attraction, m—mt interaction
and potential surface complexation [42].

As shown in Freundlich isotherm plots (Fig.
7) all the used adsorbents have good linear
relationship between adsorption capacity (log
ge) and equilibrium concentration (log Ce) for
the adsorption of methyl orange. The results of
the adsorption data have been well correlated
with Freundlich model and the value of R? ranges
from 0.991-0.994. This implies that the adsorption
energy of the adsorption sites on a heterogeneous
surface is not the same and the molecules of
methyl orange can be adsorbed. The Freundlich
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Fig. 7. Freundlich isotherm for adsorbing MO on prepared materials.
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model is given by:
log ge =log KF + (1/n) log Ce (4)

In Plots are linear and the slope is equal to 1/n
and the intercept is equal to log KF. The values of

indicates that the adsorption process is favorable.
This also shows that as the binding strength
increases, the concentration of the molecule of
the dye also increases at different binding sites as
expected in a composite material functionalized
with chitosan, chromium oxide and Schiff base.

1/n obtained are < 1 for all the adsorbents, this However, the Freundlich constant (KF) was
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Fig. 8. Temkin isotherm for adsorbing MO on prepared materials.

Table 1. Adsorption isotherm parameters for methyl orange on the prepared adsorbents using the Langmuir, Freundlich,
Temkin, and Dubinin—Radushkevich models.

Langmuir Freundlich
Adsorbents gmax KL KF n

Chitosan 65.7007 0.0929 8.7850 1.8861

Cr,03 67.9510 0.1156 10.6685 1.9628

Chit—Cr,03 77.7654 0.1911 16.3692 2.1843

Chit—Cr,03/Schiff 80.4887 0.2665 20.0043 2.2877

Temkin D-R
B KT aqm B E

Chitosan 14.2373 0.9495 38.7896 1.5440 0.5691
Cr,03 14.5376 1.2222 41.5166 1.0780 0.6811
Chit—Cr,03 15.9277 2.2636 49.2557 0.4285 1.0803
Chit—Cr,03/Shiff 15.8486 3.5252 52.5293 0.2445 1.4299
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increased along with the modification of chitosan
by Chit—Cr,03/Schiff base indicating that the
modified chitosan has good adsorption property.
The additional active groups present in the
molecules are —OH, —NH;, C=N, C=0 and Cr-OH
and presence of aromatic rings in the structure of
Schiff base are responsible for this improvement.
These groups enhance the number of adsorption
sites and are able to interact with methyl orange
by hydrogen bonding, electrostatic force and n—n
interactions and surface interactions. The Chit—
Cr,03/Schiff base as the best adsorbent, showing
good Freundlich behavior of the adsorbent, which
is indicated by the best adsorption capacity and
best Freundlich model fit with all the adsorbents.
The result obtained above indicates that surface-
modified S4 has the best adsorption property, as
shown by the above result on the adsorption of
methyl orange. High R? values for the overall also
indicate that the Freundlich model applies to this
adsorption system while the models that assume
the surface of the adsorption system is truly
homogeneous do not apply [43].

As shown in the plots (Fig. 8), a good linear
relationship was obtained between the values of
InCe and ge with relatively high R? values (0.95-
0.97) for all the adsorbents studied showing the
adsorption of methyl orange. This implies that the
Temkin model can be used for adsorption process.
Good fit implies that in addition to availability of
active sites, the interaction between adsorbent-
adsorbate and/or perhaps between adsorbed
dye molecules on the surface is also a factor in
adsorption. Based on the Temkin model (Table 1)
it is believed that the heat of adsorption during
the process of adsorption is not constant but is
gradually decreasing as the surface is covered by
the molecules of methyl orange. This is a natural
phenomenon as in the initial adsorption process
most of the active sites are available which in
turn can be adsorbed by the dye molecule.
Once filled in these sites will be filled at the less
binding energy sites, the energy will decrease
from site to site. The adsorption property of the
modified composites was improved as compared
to that of chitosan and Cr,0s. This is attributed
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to other functional groups which are present in
the modified materials such as C=N, OH, C=0 and
aromatic rings. These would increase the number
of active sites, increase the hydrogen bonding,
electrostatic attraction/ —m interactions between
the methyl orange and surface, and increase the
surface complexation [44].

The Dubinin—Radushkevich (D-R) isotherm
plots of In (ge) versus € for adsorption of methyl
orange on the prepared adsorbents are presented
in Fig. 9. The plots are moderate linear which is
around 0.81-0.83, which shows that the D-R
model can explain the nature of adsorption but
is not the best model to describe the adsorption
equilibrium as compared to the Langmuir model
or the Freundlich model. The negative slope
shown in all plots is consistent with the linear form
of the D—R equation:

In ge = In gm - Be? (5)

The adsorption capacity decreases with this
behavior as the Polanyi potential. The mean
adsorption energy E can be calculated by using
the D-R model. As the heat of adsorption is
less than 8kJ/mol this shows that adsorption is
predominantly physical adsorption. This is because
the interactions between the molecule and the
molecules of the adsorbent are weak to moderate:
(Hydrogen bonding, electrostatic attraction, m—n
interaction and surface interaction between the
molecule and the adsorbent). This indicates that
the adsorption capacity of the modified sample
has increased, which is attributed to the extra
functional groups —OH, —NH,, C=0, C=N and
Cr—OH groups of the modified sample. Based
on the overall conclusion, it can be stated that
the adsorption process that occurs is primarily
physical, as the R? value is small, meaning that the
D-R model is not as suitable as the Freundlich and
Langmuir models, and can describe the behavior
of the adsorption process in equilibrium [45].

CONCLUSION

Schiff base-incorporated chitosan/Cr,0,
nanocomposite was successfully synthesized
and displayed a heterogeneous, granular surface
with abundant adsorption-active sites. The
nanocomposite appeared the highest MO removal
efficiency among the estimated materials, reaching
approximately 97% at an adsorbent dosage of 0.05
g, although 0.04 g produced a comparable result

4392

with lower material consumption. Adsorption was
favored under acidic conditions, particularly at pH
3, and reduced with increasing temperature from
25t055°C, suggesting the exothermic nature of the
process. The equilibrium data were best described
via the Freundlich model, suggesting favorable
adsorption on an energetically heterogeneous
surface, while the maximum Langmuir adsorption
capacity of the nanocomposite reached 80.50

mg/g.
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