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Abstract

In the present study, a quaternary composite consisting of a-ketoglutaric acid, chitosan, polyaniline, and graphene oxide
(a-CTS-PANI-GO) was synthesized and characterized by Scanning Electron Microscope, Fourier Transform Infrared Spec-
troscopy, and Raman spectroscopy. The adsorption of dye on the film was proved by the X-ray diffraction analysis method.
According to the increase in the intensity of the peak before and after adsorption, it showed the presence of Methylene
Blue (MB) and Acid Orange 7 (AO7). Also, the appearance of peaks related to sulfur in Energy dispersive X-ray (EDX)
and EDX elemental mapping, and X-ray photoelectron spectroscopy data after the adsorption process proved the presence
of dyes compounds and their adsorption by the synthetic film. The simultaneous removal properties of a-CTS-PANI-GO
were evaluated in the removal of cationic and anionic dyes, MB and AO7. Using the Central Composite Decomposition, the
effect of different variables such as pH, temperature, adsorbent dose, and time on AO7 and MB removal was studied. The
regeneration of a-CTS-PANI-GO film was studied and the zero point charge of the synthesized film was also determined.
Various isotherm models, such as Langmuir and Freundlich, were investigated, and the processing of experimental equilib-
rium data confirmed the suitability and application of the Langmuir model. Analysis of experimental adsorption data using
various kinetic models, such as pseudo-first and second-order models, shows the applicability of the first-order equation.
The results showed that in the optimal conditions, the removal percentage was about 95% for AO7 and 80% for MB, which
indicates the successful performance of the synthetic film compared to the method.
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Introduction

One of the major environmental and public problems in the
world is water pollution, which has always received signifi-
cant attention [1] non-availability of clean drinking water
is one of the most important health issues in modern times.
Industrial dyes are one of the dominant chemicals that make
water unfit for drinking [2]. Synthetic dyes are used in differ-
ent industries and the exact amount of dyes discharged from
various industries to the environment are unknown. How-
ever, the release of high amounts of dyes to the environment

< Morteza Bahram
m.bahram @urmia.ac.ir

Department of Analytical Chemistry, Faculty of Chemistry,
Urmia University, Urmia, Iran

Cellular and Molecular Research Center, Cellular
and Molecular Medicine Research Institute, Urmia
University of Medical Sciences, Urmia, Iran

@ Springer

has posed severe challenges to scientists [3].Industries such
as painting, leather, clothing, pulp, paper, textiles, and others
use a variety of dyes [4]. In the textile industry, two types
of dyes are used to dye fabrics: natural dyes and synthetic
dyes. Among the several types of dyes used worldwide, the
largest group is azo dyes that have one or more azo bonds
(=N =N-) in their structure [5]. AO7 is one of the water-
soluble azo dyes which is widely used in paper and textile
industries. In fact, during the dyeing bath on the fibers, there
are pollutants such as dyes and auxiliary products that are
not stabilized in the effluents of industrial paper and textile
factories. In the textile industry, among several categories
of dyes, azo dyes make up about 60—70% of the dyes used.
Some of them, such as AO7, show aquatic toxicity or sen-
sitizing effects, and produce aromatic amines that are car-
cinogenic under reduced conditions [6]. Carcinogenicity is
one of the properties of this dye [7]. MB is one of the large
cation dyes that is present in textile wastewater and is dis-
charged into the environment without proper management,
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especially in developing countries. MB was commonly used
for dyeing cotton wool and silk [8]. Methylene blue is one of
these organic dyes, known as an organic chloride salt with
acidic properties and high toxicity.Also, this organic dye
causes respiratory, digestive, and mental disorders [9]. MB
is toxic, carcinogenic, and non-biodegradable and can be a
serious threat to human health and environmental safety. It
is usually released in natural water sources, which becomes a
threat to human health and living organisms [2]. High costs,
technical problems, and other limitations have prevented
many methods, such as ion exchange resins, filtering mem-
branes, electrodialysis, and biologically active methods for
dye treatment in industrial wastewater. Therefore, nowadays,
there is a need to develop new and more effective decol-
orization strategies that are environmentally friendly and
suitable for industrial use [10]. Different adsorbents have
been suggested to remediate aqueous solutions contaminated
with organics; These include activated carbon, graphene,
zeolites, polymers, metal oxides/hydroxides, waste-derived
materials, and porous silica. In the realm of wastewater treat-
ment, Metal-Organic Frameworks (MOFs), characterized by
superior porosity, stability, and surface area, have garnered
significant attention However, MOFs in powder form pre-
sent challenges in terms of regeneration. To address this, the
creation of membrane materials with fiber strands through
electrospinning offers an effective solution. Electrospinning
is a facile method for producing fibrous nanofibers with high
porosity and a high surface area-to-volume ratio2f [11]. In
particular, carbonaceous materials and their composites have
been widely utilized owing to their exceptional properties,
such as a large specific surface area, abundant pore structure,
chemical stability, ease of physical and chemical modifica-
tion, ability to be tuned for specific applications and their
ability to remove a variety of pollutants [12] Carbon nano-
materials (CNMs) have garnered more attention in the water
treatment field due to their hollow layered structures, n—x
Strong electrostatic interactions and large specific surface
areas.1b [13] At the same time, natural polymers such as
collagen (COL), silk fibroin (SF), and hyaluronic acid (HA)
displayed excellent biocompatibility, high safety, biodegra-
dability, low toxicity, and lower immune resistance.Due to
their poor mechanical strength, high surface tension, and
poor solubility in organic solvents, it is challenging to fabri-
cate nanofibers from natural polymers; however, they could
be combined with synthetic polymers to produce nanofibers
with enhanced mechanical strength2.b [14].

Having large amounts of amino and hydroxyl functional
groups that can be complexed with pollutants is one of the
important characteristics of chitosan (CTS) [15]. Antifungal
and antimicrobial activities are other characteristics of this
polymer [16]; hence, it is used in the food storage indus-
try, wound healing, and drug delivery systems [17, 18].
Of course, the use of chitosan is limited due to its lack of

strong mechanical properties and its hydrophilic properties
[19]. One effective modification is the transformation of the
amino group to N-glutaric acid by Schiff base reactions [20].
Therefore, we used a-ketoglutaric acid for modification of
CTS to obtain a functional polymer, which contains Schiff-
base groups. These kinds of CTS derivatives have powerful
complexation ability and great adsorption characteristics.

Due to the interaction of polyaniline (PANI) with organic
dyes by electrostatic interactions, hydrogen bonding, and
n—7 interactions between aromatic parts of organic dyes and
polyaniline, the use of polyaniline in removing organic dyes
is of great interest. In addition, PANI has good environmen-
tal stability. As well, the synthesis of PANI is simple and
cheap [21]. According to the literature, CTS and PANI have
been used for methylene blue dye removal previously [19].
The removal efficiency of CTS film was only 44% after 16
h, while the CTS/PANI film had a removal efficiency of 98%
within 2 h. It is reported that CTS/PANI /Fe;0, nanocom-
posite has been applied to the removal of reactive red dye
[22]. The results show that the highest removal percentage
was 94.25% with a mass ratio of CS/PANI (1:1), and the
lowest removal percentage was 86.95% for the mass ratio
of CTS/PANI (1:2). Therefore, we tried to maximize the
removal of dyes by using PANI in the synthesis process of
a-CTS flexible film.

The incorporation of graphene oxide (GO) into the poly-
mer as the water treatment agent is very attractive for many
purposes. Two-dimensional structure, the ability to increase
negative surface charges, excellent electron transfer, creating
a high surface area, harmlessness, and remarkable chemical
stability are among its unique properties. Dispersibility in
water, flux, surface hydrophilicity, and mechanical resist-
ance are increased by using GO [23]. Due to the structure of
(GO), which contains various oxygenated functional groups
(for example, carboxyl (-COOH), carbonyl, epoxy (C-O-C),
and hydroxyl (-OH) groups), it has negative charges in the
sheets. Then, cationic dyes can have strong electrostatic
interactions with these groups [24]. Also, GO reveals good
biocompatibility [25]. In addition, the preparation of GO is
easy and provides the potential for the synthesis of low-cost
and large-scale productions. In a study, GO/PANI nano-
composite was used to remove brilliant green (BG) [26].
The adsorption of BG onto GO/PANI nanocomposite had a
monolayer adsorption capacity (qm) of 142.8 mg/g. In other
study, the preparation of graphene oxide @chitosan (GO @
CS) composite beads was investigated via continuous drop-
ping techniques to remove methylene blue (MB)-dye from
an aqueous media.The adsorption of MB onto GO@CS
composite beads had a maximum adsorption capacities of
23.26 mg/g.1a [27] Accordingly, due to all the aforemen-
tioned advantages, most importantly, excellent mechanical
strength and excellent cationic dye adsorption, we rationally
used GO for the improvement of the a-CTS-PANI film.
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In this work, for the first time, we used four materials:
a-ketoglutaric acid, chitosan, polyaniline, and graphene
oxide for the synthesis of a strong and flexible adsorbent
film. After synthesizing the film, we evaluated the ability
of dye adsorption by placing it in dye solutions prepared
from MB and AO7. We also investigated the changes in the
adsorption behavior of the film at different times, pH, and
adsorbent concentrations. Moreover, we proved the adsorp-
tion properties of the film by different methods such as EDX,
XPS, and XRD. According to the obtained results, it was
found that all four components of the synthetic film affect
the removal mechanism of the dyes. Another advantage of
the synthetic film is that it can be easily separated from the
solution without using a separation process such as cen-
trifuging. Also, it should be mentioned that this synthetic
film is cheap, reusable, easy to synthesize, environmentally
friendly, and has high physical resistance. There are no
noticeable disadvantages for the adsorbent used.

Materials and Methods
Materials

Alpha-Ketoglutaric Acid (AKA) was purchased from Sigma.
Chitosan and aniline monomers were purchased from
Dr.Gholami (Iran) and Borhan (Iran), respectively. Acetic
acid, graphite powder, sodium nitrate (NaNO;), potassium
permanganate, sulfuric acid, sodium borohydride (NaBH,),
hydrogen peroxide, and glycerol were purchased from
Merck. Hydrochloric acid (Merck) and sodium hydroxide
(Merck) were used for the preparation of the solution (0.1
M) for pH adjustment. AO7 (Merck), MB (Merck), 1.5 ppm
stock solution of AO7 and MB was prepared by dissolv-
ing suitable amounts of dyes in water. Deionized Water was
used all over the experiments. All chemicals were used as
purchased without further purification.

Synthesis of Polyaniline (PANI)

For this purpose, 50 ml of 1 M hydrochloride was placed
in an ice bath, then 0.66 ml of distilled aniline (monomer)
was added and stirred for 15 min. Finally, oxidant solution
(APS 0.01 (mg/L) dissolved in 1 M HCI) was added to the
monomer solution for 30 min under stirring at 0—4 °C. After
4 h, the precipitate was separated from the solution and was
washed 3 times with deionized water and dried in air at
70 °C into an oven by 5 h [28].

Synthesis of Graphene Oxide (GO)

The Hummers method was used to synthesize GO. Syn-
thetic graphite powder was purchased from Merck. The
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GO synthesis method was as follows: A 500 ml balloon
was placed in an ice bath and kept at 5 °C. Graphite (1 g),
sodium nitrate (NaNO;, 0.50 g), and concentrated sulfuric
acid (H,SO,, 23 ml) were added while stirring constantly.
After 5 min, potassium permanganate (KMnO,, 3 g) was
gently added to the balloon to prevent a severe reaction. The
reaction was kept at 5 °C for 2 h, and then the reaction tem-
perature was slowly raised to 35 °C and stirred for another
30 min. Deionized water (DI) (46 ml) was added to the sus-
pension, increasing the temperature of hydration temperature
to 98 °C. The reaction was kept at this temperature for 30
min. Then, at the end of the reaction, deionized water (140
ml) and hydrogen peroxide (10% by volume, 10 ml) were
added to the balloon. The resulting brown/yellow product
was separated from the solution by vacuum filtration. To
remove residual manganese ions and acid, the obtained GO
powders were washed 5 times with diluted HCI solution (5%
200 ml) and hot deionized water (70 °C) and then were dried
at 60 °C in an oven for 12 h [29].

Synthesis of a-CTS-PANI-GO Film

The adsorbent was prepared as follows. In brief, CS (3
g) was dissolved in 10 ml (1 wt%) acetic acid, and alpha-
ketoglutaric acid (4 g) was added to the solution and stirred
for 24 h at 37 °C. Then sodium borohydride (0.4 g) was
added and further stirred for 10 h. Graphene oxide(0.05 g)
and polyaniline(0.05 g) were dispersed in a (1 wt%) acetic
acid. It was then added to the CS and alpha-ketoglutaric acid
and stirred at 120 rpm for 4 h. At the end of the reaction, 10
drops of glycerol were added to the mixture. The prepared
(a-CTS-PANI-GO) film was dried in an oven at 50 °C for
24 h.

Characterization of a-CTS-PANI-GO Film

The characterization evaluations were done on the final film,
a-CTS-PANI-GO. The FTIR spectra were recorded With a
Thermo Nicolet Nexus-670 Fourier transform infrared spec-
trophotometer (USA). The Raman spectra were recorded
using a Thermo Nicolet Almega Dispersive Raman Spec-
trometer. The morphological studies were carried out by a
ZEISS Sigma VP scanning electron microscope (FE-SEM,
C26 DME—9550E, DME-SPM Company, Denmark). A
PG-Instruments T80+ UV-Vis spectrophotometer was
used for recording the absorbance of solutions at selected
wavelengths. X-ray diffraction (XRD) patterns of the com-
posites and their components were recorded using GNR
APD 2000 PRO X-ray diffractometer, Cu—Ka radiation
source was operated at 40 kV and 30 mA in the scanning
range of 20 =5-90° and scan rate of 0.02° s~!. The mor-
phology was examined using JEOL, JSM-6340F. Moreover,
measurements were conducted on an ESCALAB Xi+ X-ray
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photoelectron spectrometer (Thermo Fischer, USA) with
an Al Ko X-ray source (hv=1486.6 eV) as the excitation
source and a vacuum pressure of 8 X 10-10 Pa in the analyti-
cal chamber. The pass energy used for the high-resolution
scan was 100 eV. it should be noted that all instruments were
calibrated. As well we repeated each test at least 3 times.

Synthetic Wastewater Preparation

In the preparation process of the stock solution, 0.05 g of
MB (C,¢HsN5SCl) and AO7 were weighed and added into
two different 1 L of Erlenmeyer flasks. After that, distilled
water was poured into each flask in the specified amount of
1000 ml, and complete dissolution was performed using a
glass stirrer. Then, different working solutions were prepared
using the concept of the dilution process. Finally, the two
solutions were mixed to obtain the final solution.

Treatment Method

In this study, after the synthesis of the a-CTS-PANI-GO
film, solutions with different concentrations of dyes AO7
and MB were prepared. Then, using the experiment design
software, various parameters such as temperature, adsorp-
tion percentage, and time were checked. 20 ml of dye solu-
tion with different amounts of adsorbent were tested at dif-
ferent temperatures and times, and the adsorption percentage
at specific wavelengths for each dye was measured before
and after adding the adsorbent. To investigate the synergistic
effect of different adsorbents was synthesized, and the effect
of each factor was investigated.

Theoretical Background
Adsorption Isotherms

To obtain the adsorption isotherm using two common mod-
els, Langmuir and Freundlich adsorption isotherms, the
experiment was performed using initial concentrations of
MB and AO7 (0.5, 1, 1.5, 2, 2.5, and 3 mg/]) at a constant
adsorbent dose of 0.004 g, contact time 60 min, and pH 6.
The Langmuir isotherm assumes that each adsorption site
can adsorb only one species, and adsorption is done mon-
olayer on the surface of the adsorbent. The linear shape of
the Langmuir isotherm model is shown in Eq. 1:

r_1 ., 1
9e I(lqmaxc (1)

qmax €

where ¢q,,,, (mg/g) is the maximum adsorption capacity of
the MB and AO7 adsorbed per unit mass of (ACS-P-G) film,
K; (I/mg) is the Langmuir constant, which is related to the

equilibrium adsorption constant. C, (mg/L) is the equilib-
rium value of MB and AO7 concentration, and g, (mg/g) is
the value of MB and AO7 adsorption capacity. In addition,
the constant (R} ) of Langmuir adsorption, which is called
the dimensionless constant parameter separation, was meas-
ured using Eq. 2:

1
R = —1
LT 14K G, @

where C, (mg/L) is the initial MB and AO7 concentration.
The linearized form of the Freundlich isothermal equation
used in this study was described using Eq. 3:

1
Logq, = LogK; + ;Loque 3)

where K; [(mg/g) (I/mg)/n] is the Freundlich constant, which
represents adsorption capacity, and ‘n’ (unitless) represents
adsorption intensity. Basically, ‘n’ is used to describe the
favorability of the adsorption process [30].

Kinetic Models

The equation of the pseudo-first-order kinetic model is Eq. 4:

K
e - 1 t (4)
qd.—9q; 2.303

Log

where q, refers to the amount of dye adsorption (mg g™!) at
equilibrium, and q, refers to the the value of dye adsorption
(mg g~!) at different times, t (min). The equilibrium rate
constant of the pseudo-first-order sorption is k; (min~").

The equation of the pseudo-second-order kinetic model
is Eq. 5:

L _1 + kyt 3
de=d 4 ©)
where the equilibrium rate constant of the pseudo-second-
order adsorption is k, (g mg~! min~"). Eq. 5 can be rewritten
as follows to obtain a linear form of Eq. 6:

1__1t 1,
4 kg q ©)

Optimization of MB and AO7 Adsorption

An experimental design was used to optimize the factors.
Central Composite Design (CCD) has resulted in 30 adsorp-
tion runs, as indicated in Table S1 (Supplementary Informa-
tion). As well, we repeated each run at least 2 times. Also, the
ANOVA analysis of each color is shown in Tables S2 and S3
(Supplementary Information). The main advantage of using
experimental design to optimize the effective factors in an
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experiment is to evaluate the interaction between the adsorp-
tion factors and their effect on the adsorbent performance. The
combination of each factor with a lower and higher level of
the run was done randomly. 3 ml of MB and AO7 solution
was poured into a beaker and mixed with different amounts
of adsorbent at different temperatures and pH. The (a-CTS-
PANI-GO) film was then easily separated from the filtration
solution.

Finally, the concentration of MB and AO7 was determined
using a UV-visible spectrophotometer at a wavelength of 668
and 500 nm, respectively the graph of adsorption percentage
in different states of the synthetic film is shown in Fig. 16. The
percentage removal of MB and AO7 was determined using
Eq. 7.

C-G

R% = x 100 )

Results and Discussion

Synthesis and Characterization of a-CTS-PANI-GO
Film

Due to some advantages of CTS, such as low cost, renewable,
non-toxic, good reactivity, and environmental compatibility,
we chose CTS as the main precursor for the film preparation.
As a powder material, CTS has inadequate mechanical prop-
erties and is difficult to remove from the water. In addition,
the pKa values of amine groups on the backbone of CTS are
5.5-6.5 [31]. Therefore, the CTS surface charge is diminished
in the physiological environment, and the CTS application is
restricted to a great extent [32]. Accordingly, to optimize the
physicochemical properties as well as enhance the mechani-
cal strength of CTS, it can be modified by alpha-ketoglutaric
acid to obtain functional a-CTS containing Schiff-base groups
which have stronger pollutants adsorption characteristics than
the non-functional CTS [33]. In the next step, we added PANI
to the synthesis process of a-CTS to enhance the interaction
ability of the film with organic dyes. Subsequently, to enhance
the mechanical strength and dye adsorption ability of prepared
CTS film GO was added to the film structure. The improve-
ment of mechanical properties is attributed to the increase in
film rigidity in the presence of GO. Finally, we investigated the
effect of each component on the dye removal rate by compar-
ing the removal ability of all CTS films prepared in this work.

X-Ray Photoelectron Spectroscopy (XPS) Analysis
XPS was used to study the stability of the synthesized film
and also prove the adsorption of dye by it. As can be seen

from Fig. 1a, peaks centered at 284.6 eV, 532.4 eV, and
402.3 eV are assigned to C (1s) [34], O (1,) and N(1,) [35]

@ Springer

respectively, which there are in the structure of chitosan,
graphene oxide, and polyaniline. The appearance of peaks
centered on 232.3 eV [36] and 152 eV [37] in the spectra
of Fig. 1d and f, as well as the increase in the value of the
N(1s) spectrum in Fig. 1h compared to Fig. 1c, e and g,
respectively, can be attributed to the presence of MB and
AQ7 absorbed by the a-CTS-PANI-GO film.

Determination of Point Zero Charge (pHpzc)

To obtain information about the nature of a charge on
the surface, the zero point charge (pHpzc) of the a-CTS-
PANI-GO film was determined. The film surface will have
a negative charge at a pH higher than pHpzc and a posi-
tive charge at a pH lower than pHpzc [38]. The pHpzc of
a-CTS-PANI-GO film was found to be at pH 4.6 (Fig. 2).
Therefore, it is estimated that due to the deprotonation of
functional groups in higher pH, the composite has a negative
charge. Due to the positive surface charge at pH less than
4.6, the synthesized film can adsorb more anionic dye (AO7)
by electrostatic interactions, which is proved by the results
obtained from the experimental design. The highest adsorp-
tion percentage at pH 2 is about 97.5%. Also, according to
the results obtained from the experimental design, at pH 8§,
due to the negative surface charge of the layer, the removal
percentage of cationic dye (MB) has reached its maximum
value is about 84%.According to the experimental design
data, the highest percentage of adsorption was at 25°c.

Energy Dispersive X-Ray Spectroscopy (EDX)

From the EDX spectrum of the film, before the dye adsorp-
tion (Fig. 3b), the presence of carbon, oxygen, and nitrogen
elements in the spectrum before adsorption indicates the
presence of four compounds, a-ketoglutaric acid, chitosan,
polyaniline, and graphene oxide in the structure of the syn-
thetic film. After the dye adsorption, we found that both
dye compounds were absorbed by the film (Fig. 3a). The
increase in weight of carbon and sulfur elements on the film
after adsorption indicates the adsorption of dye compounds.
In addition, EDX elemental mapping (Fig. 4a) shows the
uniform distribution of carbon, sulfur, and nitrogen on the
surface. The data obtained from the analysis concluded that
anionic and cationic dyes were absorbed simultaneously.

X-Ray Diffraction Analysis (XRD)

The crystallinity of the polymer is a very important fac-
tor that determines its mechanical properties as well as
its stability and biological response. In Fig. 5a, the sharp
peak at 15.48° in the (chitosan/graphene oxide) pattern is
the result of the anhydrous crystalline structure in the CTS
matrix. (CTS-PANI-GO) composite showed a significant
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increase in the peaks assigned to CS crystalline forms.  and PANI as crosslinkers. As shown in Fig. 5b, all the
Two peaks were found at 18 and 20 degrees. This phe-  samples of a-ketoglutaric acid-based composites showed

nomenon can be attributed to the synergistic effect of GO

@ Springer



Journal of Polymers and the Environment (2024) 32:4244-4267

4251

0.001 cps/eV
1000 €

|
(o]

800—

Element | Wt%
C 47.33
0] 50.12
N 2.47
S 0.08

Fig.3 EDX spectrum a after adsorption, b before adsorption

an amorphous or almost completely amorphous charac-
teristic, the increase in the intensity of the spectrum as
well as its width after the adsorption process indicated
the presence of new carbon compounds. The increase in
peak strength related to carbon and nitrogen atoms after
adsorption can be related to the dyes absorbed by the syn-
thesized film.
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Regeneration of a-CTS-PANI-GO Film

To investigate the possibility of reusing a-CTS-PANI-GO
film, it was regenerated by washing in HCI at a concentra-
tion of 0.01 M. After the treatment, a-CTS-PANI-GO film
was used to absorb pollutants in fresh wastewater under
the same optimal conditions. Acid washing allows the use
of regenerated a-CTS-PANI-GO film. This is due to the
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presence of acid concentration It leads to repulsive electro-
static interactions [39] between the a-CTS-PANI-GO film
and pollutants, which leads to the repulsion of more dyes
from the a-CTS-PANI-GO film surface. Also, the adsorp-
tion capacities of the regenerated film decreased with the
increase in the number of regenerations (Fig. 6), because
the regeneration of a-CTS-PANI-GO film with any of the
chemicals cannot completely remove all the adsorbed pol-
lutants. When a-CTS-PANI-GO film was used repeatedly,
the accumulation of dyes on the surface of a-CTS-PANI-GO
film increased, leading to a decrease in the number of avail-
able adsorption sites on a-CTS-PANI-GO film.

Fourier Transform Infrared Spectroscopy (FTIR)

According to (Fig. 7a), various oxygen configurations in the
structure include the vibration modes of epoxide (C—O-C)

@ Springer
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(1230-1320 cm™"), sp>-hybridized C=C (1500-1600 cm™!,
in-plane vibrations), carboxyl (COOH) (1650-1750 cm™!
including C—OH vibrations at 3530 cm™!), and hydroxyl
(namely phenol, C-OH) (3050-3800 and 1070 cm™!) with
all C—OH vibrations from COOH and H,O (a) [40]. In the
FTIR spectrum of PANI (Fig. 7b), a broad band at 3446
cm™! was assigned to the free N-H stretching vibration. The
ring stretching of quinoid and benzenoid form is observed at
1563 and 1476 cm™!, respectively. The C—N stretching band
of an aromatic amine appears at 1296 cm™'. Polyaniline
shows a strong band at 1110 cm™!, which has been explained
as electronic-like adsorption of N=Q =N (Q=quinoid ring)
[41]. For the CTS, the characteristic adsorption bands of
amide structures appeared at 1624 cm™! (amide I, C=0
stretching vibration), 1544 cm™! (amide II, N-H bending
vibration), and 1461 cm™! (amide III, C-N stretching vibra-
tion) (Fig. 7¢) [42]. The peak located at 3100-3600 cm™!
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is attributed to the stretching vibration of -OH and —NH,.
For FTIR spectra of a-CTS film (Fig. 7d), it can be clearly
seen that the chemical modification significantly altered the
FTIR spectrum of CTS; the new adsorption band located at
1718 cm™! corresponds to the stretching vibration of C—O.
In addition, the new adsorption bands located at 1560 and
1399 cm™! correspond to the antisymmetric and symmetric
stretching vibration of C=0. which is a multi-electron con-
jugated system in which two C-O oscillations are coupled
[20]. The a-CTS-PANI hybrid shows the significant charac-
teristic bands of both a-CTS and PANI with some redshifts
to the lower wave numbers, which can explain the interaction
between CTS and PANI chains. The characteristic band at
3448 cm™! is assigned to the stretching vibration of O-H
and N-H groups of CTS and PANI. The bands at 2924 cm™!
prove the presence of —CH groups of PANI, and the band at
1629 cm™! is assigned to C=C of the quinonoid structure of
PANI. The band observed at 1120 cm™! is assigned to the
secondary hydroxyl group (characteristic peak of -CH-OH
in cyclic alcohol, C-O stretch) and the primary hydroxyl

4 5 6 7 8 9 10 11 12 13 14 15

Number of regeneration

group (characteristic peak of -CH,—OH in primary alcohol,
C-O0 stretch) of CTS, respectively (Fig. 7e) [43]

According to Fig. 8, the FT-IR spectrum of (a-CTS-
PANI-GO) film revealed characteristic peaks at around 3420
and 1736 cm™' corresponding to O—H and C-O stretching
frequencies of the -COOH group, respectively. The peaks
corresponding to aromatic C—C bending, phenolic C-O
stretching, and epoxy C—O-C stretching were identified at
1628, 1226, and 1052 cm™', respectively [44]. In compari-
son with the results obtained for a-CTS-PANI-GO film,
after adsorption of dyes, the intensity of all specific peaks
of a-CTS-PANI-GO film, which are related to the - O-H
and —C—O groups, is decreased. These results indicate the
adsorption of MB and AO7 onto the film.

Scanning Electron Microscope (SEM) and Raman Analy-
sis Surface morphology in each step of film synthesis has
been studied by FE-SEM image. Figure 9a shows the FE-
SEM image of a bare chitosan film. As can be seen, the
chitosan layer has a smooth and uniform surface structure.
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Fig.7 FTIR spectrum of GO (a), PANI (b), chitosan (c), chitosan-a-ketoglutaric acid (d), chitosan-a-ketoglutaric acid-PANI (e)
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Fig.7 (continued)

Figure 9b shows the FE-SEM Image of the film, where
GO and PANI are placed on the surface of CTS. Raman
investigation is a useful method to study and investigate the
disorder in the crystal structure and is used to identify the
compounds of graphene and its derivatives. Figure 10 shows
the Raman of a hydrogel sample containing CS chitosan,
GO graphene oxide, and PANI polyaniline. The presence
of two adsorption bands, D and G, in the Raman format is
characteristic of the formation of graphene oxide, and struc-
tural irregularities are determined from the intensity ratio of
these two bands, I/I;, and the ratio of the intensity of these
two peaks, I/, is approximately 0.96 [45]. According to
the Fig. 11, the presence of adsorption bands D at 1345
ecm~! and G at 1603 cm™! is a confirmation of the irregu-
larities of the graphene oxide network and the interaction
with CS and PANI. The G band is related to the E,, photons
of sp2 carbon atoms, the carbon—carbon double bond, and
the D band is related to the sp® carbon atom vibrations in
the graphene oxide structure [46]. The double and wide 2D
band of another characteristic of graphene oxide (Fig. 11) at
2835 and 2932 cm™! indicates the formation of multilayered

2500

2000
Wavenumbers(cm1)

1500 1000 500

graphene oxide along the c axis in the studied composition
[44]. For the PANI compound, the C-H bending vibration
in the benzenoid ring is 1169 cm™!, the C-N* stretching
vibration is 1329 cm™!, the C=N stretching vibration is
1509 cm™!, and the C=C stretching vibrations in the qui-
noid are in 1597 cm™' appear, which show the presence of
PANI structure on graphene oxide [47, 48]. In confirmation
of the presence of CS species in this structure, the stretch-
ing region of C_C 1290-1350cm™', amide-IIT 1445 cm™!,
amide-II 1580 cm™!, and amide-I 1639 cm™! appears [49],
which overlaps with other peaks to some extent, but the
presence of adsorption bands at 935 cm™! (CN), 1587 cm™!
(NH) and 1639 cm™' (C=0) indicates the presence of CS in
this compound [50]. The desired composition was studied
and investigated for absorbing two pollutants, AO7 and MB.
Figure 12 shows the comparison of the Raman spectrum of
the studied sample before and after adsorption. According to
the shape of the spectrum after adsorption, it shows changes
in the intensity ratio of Ij,/I5, which decreased from 0.96 to
0.84 [51]. This value shows the change in the electron states
of graphene oxide in the adsorption process. The increase
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Fig.8 FTIR spectrum of (a-CTS-PANI-GO) film, before adsorption (A), after adsorption (B)

in the intensity of the G band, which represents carbon—car-
bon double bonds, can be attributed to the existence of 7—x
stacking interactions between the benzene rings in graphene
oxide and MB and AO7 [52]. Also, all three compounds
of GO, CTS, and PANI have active groups OH, 0%, NH,
and N*, which are active sites for absorbing various anionic
and cationic pollutants. As a result, the presence of these 3
types in a composition can increase its adsorption capac-
ity. The increase in the intensity of the peaks in the region
between 1450 and 1550 cm™', which indicates the stretch-
ing vibrations of C=N groups in PANI, can be proof of the
presence of interactions between pollutant species with this
site of PANI. Also, the increase in intensity of the peak at

@ Springer

1160-1230 cm™! (C-N* stretching vibration) can be attrib-
uted to the interaction with MB cationic dye [53, 54]. The
CTS is also active in the adsorption process due to having
amine and hydroxyl groups, and the shift of its characteristic
peak to 1639 cm™! can also be a reason for creating a new
interaction with polluting species [55, 56].

Central Composite Design (CCD) Model and Data
Analysis

An experimental design was used to optimize the fac-
tors. Central Composite Design (CCD) has resulted in 30
adsorption runs, as indicated in Table S1 (supplementary
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Fig.9 FE-SEM images of chitosan (a) and a-CTS-PANI-GO film (b)

PANI - 5 g
GO Z =23
CTS

Intensity (a.u.)

Z
m/\u

900 1000 1100 1200 1300 1400 1500 1600 1700 1800
Raman Shift (cm™)

Fig. 10 Raman spectrum of (a-CTS-PANI-GO) film sample before adsorption of polluting dyes

information). Also, the ANOVA analysis of each coloris  Y(AO7) = 86.0815 + —9.04727 % A +4.41893 * B

shown in Tables S2 and S3 (supplementary information). +5.56758 % C + 4.83872 % D + 3.95924 % AB
I i i f th
ndependent parameters described in terms of the coded + 132084 5 AC + —1.18682 % BC

parameters, Adsorbent (g) D, Temperature (°C) C, Time
(min) B, pH A, by the second-order polynomial equation as +=0.457775 * BD + =0.976375 « CD

given in Eqs. 8 and 9 for AO7 and MB, respectively + —1.54549 % A% 4+ 1.55238 = ABC
+ —1.3824 % ACD + —1.49009 = BCD
+—1.32344 « A’B + —4.04649 x A’C

+8.61482 *« AB?
®
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Fig. 12 Comparison of Raman spectrum of (a-CTS-PANI-GO) film sample before and after adsorption of polluting dyes

Y(MB) = 69.8429 + 3.8111 % A + 0.60785 % B
+2.58619 % C + 6.43953 D + 2.56853 % AB
+ —1.02627 % AC + 1.05576 % AD
+ —0.5012 * BD 4+ —0.2234 % CD
+ —1.07156 % A? + 1.10524 % B?
+0.28008 * C? + —0.493013 % ABC
+ —0.386175 « ABD + 3.8221 % A’B

+—=2.52296 % A’D + —2.60479 * AB>
9

The correlation coefficient (R?) was used for the deter-
mination of the relationship between experimental and

@ Springer

predicted data, and the values of 0.9652 and 0.9532 were
provided by the model for MB and AO7, respectively. Fur-
thermore, the analysis of variance (ANOVA) was used to
determine the adequacy of the model [Tables S2 and S3
(supplementary Information)]. The complete diversity of
the results obtained by ANOVA is divided into two varia-
tions: One is related to the model and the other is related
to experimental errors and thus determines whether the
change is significant from the model or not. It is calculated
by the factor F-value which is expressed as the square-
to-residual error ratio of the mean model. The F-value
obtained in the present study was 19.55 and 22.50, which
suggested the fitness of the response surface model for
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Fig. 13 Combined effect of factors A—C on adsorption percentage MB (a), Combined effect of factors B—C on adsorption percentage AO7 (b)

MB and AO7, respectively. The values of Prob > F less
than 0.0500 showed that the terms are significant [57].
It is found that A, C, D, AB, and A? were the significant
model terms, whereas BD, CD, A2, and B? were the insig-
nificant terms for adsorption of MB and A, B, C, D, AB,
A?, ABC, ACD, BCD and AB? were the significant model
terms, whereas AC, BC, BD and A’B were the insignificant

terms for adsorption of AO7. Figure 13a represents the 3D
surface plot of the adsorption percentage MB at a constant
initial MB concentration as a function of temperature (C)
and pH of the solution (A). It can be seen that with the
increase in pH and temperature, the adsorption percent-
age of MB reaches its maximum. Figure 13b represents
the 3D surface plot of the adsorption percentage AO7 at
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Table 1 Calculated values of the various kinetic models’ constants
and their correlation coefficients (R2) for adsorption of MB and AO7

Kinetic model Qe R? K RMSE
Pseudo-first-order 0.06 0.99 0.0166 0.01
Pseudo-second-order 0.10 0.95 0.2077 0.00

Table 2 Calculated values of the various isotherm model constants
and their correlation coefficients (R2) for adsorption of MB and AO7

Model Parameter

Langmuir AO7 Qoo =285.71 k;=0.099 R>=0.9873
MB Quax =232.56 k,=0.12 R?=0.9874
Freundlich AO7 n=0.29 K;=1.45 R*=0.9732

MB n=0.3 K;=1.04 R>=0.9558

a constant initial AO7 concentration as a function of tem-
perature (C) and time (B). It can be seen that with the
increase in temperature and time, the adsorption percent-
age of AO7 reaches its maximum.

Kinetic Study

The obtained adsorption data were used to study the dynamic
of the adsorption process in terms of the order of rate con-
stant. Firstly, kinetic data was studied with the quasi-order
kinetic model. By plotting log (q./q,) in terms of t values
of equilibrium adsorption capacity (qe) values, the velocity
constant (k;), the root mean square of the errors (RMSE),
and the correlation coefficient (R?) were calculated, which

Fig. 14 Langmuir isotherm plot
of AO7 (a), MB (b)
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are presented in Table 1. RMSE estimated the error of the
residues obtained from regression lines made to obtain
kinetic parameters. The calculated equilibrium adsorption
capacities agree with experimental values. The calculated
(q.) values have a very good correlation with the labora-
tory data, which shows that the adsorption of MB and AO7
follows the quasi-order kinetic model. The correlation coef-
ficient for the quasi-order kinetic model is higher than 0.99
in this case.

The quasi-second-order kinetic model was used to study
the kinetic data [45, 58]. If the plot of t/q, versus t shows a
linear relationship, we can say that the second-order kinet-
ics is quasi-applicable. The equilibrium adsorption capacity
(q.), the correlation coefficients (R?), the second-order rate
constant (k,), and the root mean square of the errors (RMSE)
obtained from the regression line are shown in Table 2. The
calculated equilibrium adsorption capacities do not agree
with experimental values. This indicated that the adsorption
of MB and AO7 onto (a-CTS-PANI-GO) film is not a quasi-
second-order kinetic reaction.

Adsorption Isotherms

MB and AO7 adsorption was studied at different initial MB
and AO7 concentrations of 0.5, 1, 1.5, 2, 2.5and 3 mg/L
at the fixed adsorbent dose of 0.004 g/50 ml, contact time
60 min, and pH 6. Langmuir and Freundlich’s isotherms
were used to study the homogeneity and heterogeneity of the
adsorbent surface. The linearized Eq. (10) of the Langmuir

................... ,O
........ Oo
......... Orereeee?
0.2 04 0.6 0.8 1
Ce (mg/L)
............ ')
Qo™
o
0.2 0.4 0.6 0.8 1 g
Ce (mg/L)
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isotherm was used and the design results are shown in
Fig. 14.

C, 1 1
= —Ct

qe ‘L’nax gmax

(10)

From the plot of C, vs. C./q,, the value of ¢,,, was cal-
culated from the slope (1/gmax) of the linearized equation
of the Langmuir for each of MB and AO7. Thus, the g,,,,
value of 232.56 and 285.71 was found for MB and AO7,
respectively. Similarly, the Langmuir constant (K} ) was cal-
culated from the intercept of the graph (1/(g,,,« K ), and its
result of 0.12 for MB and 0.099 for AO7 was recorded. The
calculated R? value obtained was 0.98 and 0.98 for MB and
AQ7, respectively. Based on this analysis, the experimental
data AO7 was also best fitted with the Freundlich isother-
mal model. In general, the adsorption of AO7 on (a-CTS-
PANI-GO) film was favorable, and the value of R? from the
diagram was close to 1, which indicates that the adsorption
process is a homogeneous and single layer, and the Lang-
muir model describes the best adsorption mechanism. All
the isotherm data are shown in Table 2.

The Mechanism of Adsorption

The adsorption mechanism of MB and AO7 dye by chitosan
can be elucidated through two primary modes of interac-
tion, as depicted in Fig. 15: (1) Electrostatic interactions:
MB contains a positively charged group (S+), which can

Fig. 15 The mechanism of the adsorbsion

]
I
I
!
I
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oM ! \

]

'

i

]
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interact with the negatively charged groups on chitosan
(-COCH3), leading to electrostatic attractions between the
two molecules. (2) Hydrogen bonding: MB dye contains
nitrogen atoms in its structure, which can act as hydrogen-
bond acceptors [59]. From the chemical structure of MB,
we could speculate that the adsorption of MB also involves
n—x stacking interactions. In addition, hydrogen bonding
between the hydroxyl of GO and the nitrogen of MB The
probable adsorption mechanism of MB by GO is schemati-
cally represented in Fig. 15 [60]. In many cases, the adsorp-
tion of dyes such as AO7 on CTS is executed by the involve-
ment of electrostatic interactions, electrostatic attraction,
and hydrogen bonding.

Synergistic Effect

To investigate the synergistic effect of various components
of the film, seven types of fabricated film with different com-
positions were added to the dye solution at the same condi-
tions. By measuring the adsorption percentage for the AO7
at the wavelength of 500 and MB at 668 nm before and after
the adsorption, it was determined that the participation of
GO, PANI, and a-ketoglutaric acid in CTS film preparation
shows a significant synergistic effect in the dye removing
(Fig. 16). According to Table 3, the adsorption capacity
of the film prepared in this work has increased optimally
compared to other similar works. According to the research
work by Zhou et al. for alizarin red removal, mechanisti-
cally, n—r stacking interaction and electrostatic interaction

Chitosan

Hydrogen bonding =

2 Electrostatic interaction - -~ ~-----

T = tinteraction
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Table 3 Comparison of removal and adsorption percentage by different components

Component Dye adsorption capacity or removal rate Reference
GO-PANI alizarin red 58% [61]
Chitosan-graphene oxide Methylene Blue and Congo Red 201-152mg/g [64]
chitosan/polyaniline nanofibrous acid blue 113 814.9 mg/g [62]
composite membranes reactive orange 618.0 mg/g [65]
graphene oxide/chitosan composite methyl orange 271 mg/g [63]
PANI/GO and PANI/RGO Methylene blue 14.2 and This work
a-CTS-PANI-GO Methylene blue 19.2 mg g~
Acid Orange 7 80%

285 mg/g

95%

232 mg/g

played a critical role during alizarin red adsorption on GO-
PANI [61]. Also, according to the study by Liu et al., The
as-prepared nanofibrous membranes exhibited significantly
improved adsorption capacity of 814.9 and 618.0 mg/g
towards acid blue 113 and reactive orange dyes, which were
121.8 and 99.4% higher than that of pure chitosan membrane
[62]. Katowah et al. concluded that nanocomposite-based
cross-linked PANI was created in the presence of hybrid

@ Springer

nano-fillers mixed graphene oxide and single-walled carbon
nanotubes (GO-OXS) doped CuO and coated with chitosan
abbreviated as C—P (ANI-co-PPD)/Cs-GO-OXS/CuO NCs)
is an effective adsorbent for the removal of hazardous dye
from wastewater, which is both convenient and reusable
[63].

Due to the effect of active sites, CTS and CTS-GO films
have caused the adsorption of AO7 and its amount in the
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solution has decreased. The adsorption rate of CTS and
CTS-GO films did not differ in removing MB and in the
presence of both films; the adsorption of MB in the solution
has increased. This phenomenon is attributed to absorbing
some of the available water by films that cause the increase
of MB concentration in the solution. In the case of MB,
the CTS-PANI film follows a similar manner to CTS and
CTS-GO films. As well, in contrast to CTS and CTS-GO
films, CTS-PANI film could not absorb AO7 dye, also. It
may be due to the reduction of the activity of the CTS sites
by the addition of PANI to the CTS film. As a result, the
concentration of both dyes in the solution was increased
with the adsorption of water by the CTS-PANI film. The
a-CTS film showed an insignificant effect on the adsorp-
tion of AO7 and MB dyes. It indicated that the addition of
a-ketoglutaric acid alone does not cause the adsorption of
dyes. The a-CTS-GO film causes efficient adsorption of MB
from the solution and shows more efficiency than the a-CTS
and CTS-GO films. We were able to observe the synergistic
effect of a-ketoglutaric acid and graphene oxide in the pres-
ence of each other. a-ketoglutaric acid endows the CTS film
with more complexation ability and GO with negative charge
endows the CTS film with stronger electrostatic interactions
with cationic dyes.

The a-CTS-PANI film causes the effective removal of
MB and it works much better than the a-CTS and CTS-PANI
films. According to the previous information, the removal
efficiency of CTS film for MB was increased significantly
by the addition of PANI to the CTS film structure [19].
However, CTS-PANI, a-CTS-PANI, o-CTS films did not
perform well in removing the AO7, probably the presence
of PANI and a-ketoglutaric acid prevents the adsorption of
AOQO7 by effective sites of chitosan. The CTS-PANI-GO film
causes both MB and AO7 to be removed, while the CTS-
GO and CTS-PANI films increased the concentration of MB
by removing the AO7 and absorbing water. As it is clear in
the adsorption diagram, according to our expectations, the
addition of all three components (a-ketoglutaric acid, PANI,
and GO) into the CTS film shows a perfect synergistic effect.
The a-CTS-PANI-GO film revealed maximum adsorption
capacity in comparison to all other films.

Conclusion

For the synthesis of the intended film, we used a cheap and
biodegradable substrate. We also increased the adsorption
percentage of target cationic and anionic pollutants of the
synthetic flexible film by using graphene oxide and PANI,
80% for MB and 95% for AO7. We were able to prove,
according to Fig. 16 that four substances, graphene oxide,
PANI, Alpha-Ketoglutaric Acid, and CTS have a synergistic
effect and increase the adsorption percentage and the value

of adsorbent capacity. Morphological analysis of FT-IR and
Raman spectra showed that the intended pollutants were
absorbed by the synthetic film. The adsorption of dye on
the film was proved by the X-Ray diffraction analysis (XRD)
method. According to the increase in the intensity of the
peak before and after adsorption, it showed the presence
of Methylene Blue (MB) and Acid Orange 7 (AO7). Also,
the appearance of peaks related to sulfur in Energy disper-
sive X-ray (EDX) and EDX elemental mapping, and X-ray
photoelectron spectroscopy (XPS) data after the adsorption
process proved the presence of dye compounds and their
adsorption by the synthetic film. Also, by studying the point
zero charge (pHpzc) and the data obtained from the experi-
mental design at a pH lower than 4.6, due to the positive
charge of the film, the adsorption rate of anionic dye (AO7)
was higher. At a pH higher than 4.6. The adsorption rate of
cationic dye (MB) was higher. Also, high physical resist-
ance and very easy separation of the synthetic film from the
aqueous solution are notable features of this adsorbent. Also,
this adsorbent showed a very good removal efficiency for the
simultaneous removal of the mentioned cationic and anionic
pollutants. In general, due to the importance of using hydro-
gels to remove pollutants from aquatic solutions, owing to
its cost-effectiveness, ease of preparation and use, and high
efficiency, it can be given a lot of attention in the future.
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