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ARTICLE INFO ABSTRACT

Keywords: Multifunctional nanocomposites Ag/Al,03/TiO>@p-cyclodextrin-graphene oxide (AATG) incor-
Methylel'fe blue _ porating graphene oxide sheets, TiO», and Ag/Al;0O3 nanoparticles were prepared in two steps.
Combustion synthesis We benefited from the inherent properties of f-cyclodextrin to create a stable aqueous graphene
Adsorption luti ble of self- bling in si io icl h h A
Graphene oxide solution capable of self-assembling in situ grown TiO, nanoparticles on graphene nanosheets. Ag/
Purification Aly0s3 catalysts with a high surface-to-volume ratio were prepared by a combustion technique in

solution with urea as a new fuel. The synthesized nanoparticles were also characterized by X-ray
diffraction (XRD), Brunauer-Emmett-Teller (BET) surface analysis, and BJH pore analysis. FE-
SEM was used to evaluate the morphology of f-cyclodextrin-graphene oxide, Ag/Al,O3 and
AATG nanoplatforms. This research examined the use of AATG as a novel nanocomposite for
removing methylene blue from water and compared its effectiveness with that of TiO.@p-
cyclodextrin-graphene oxide (TG) as an intermediate material to assess the impact of the final
composite and its components on absorption. The effect of pH, temperature, time, and dye
concentration on the reaction rate was investigated. The results showed that at pH above 4, the
adsorption rate of MB by AATG gradually increased to about 98%. The results also show that
methylene blue is more effectively removed at higher temperatures, implying that the adsorption
is temperature dependent and the elimination process is endothermic. The adsorption kinetics,
isothermal studies, and thermodynamic analysis were also evaluated. The adsorption data showed
excellent agreement with pseudo-second order models (R2 > 0.99) and the Langmuir isotherm.

The AATG nanocomposites showed excellent adsorption activity, making them potential can-
didates for water treatment.

1. Introduction

With increasing concern for the safety of drinking water, there is a growing need for efficient methods to remove contaminants such
as toxic organic pollutants and pathogenic bacteria from wastewater [1,2]. In the field of environmental protection, industrial
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wastewater poses a major challenge. Aromatic dyes have a relatively stable chemical structure that is also resistant to degradation,
which means that they are likely to cause severe contamination of drinking water and irrigation systems [3,4].

Among the various organic pollutants, methylene blue (MB) is one of the unsafe colored pollutants that are highly toxic and have
carcinogenic effects [5]. Due to these toxic chemicals, environmental pollution has become a global problem. In contrast, bleached dye
is relatively less toxic and almost harmless after degradation, while colored water is practically useless. When the dyed solution is
bleached to produce colorless water, it can be used for washing, cooling, irrigation, and cleaning [6]. Most synthetic organic dyes are
used in agriculture, textile, printing, leather, paper, cosmetics, food, and pharmaceutical industries. There are many physical and
chemical methods for wastewater treatment, including adsorption, reverse osmosis, precipitation, chemical oxidation, ozonation,
membrane filtration, and ion exchange [3,7]. Among the methods for dye removal, adsorption is the most commonly used and
effective method that gives promising results [8].

Graphene and graphene oxide have a unique 2D structure and properties that make them unique among carbon-based materials
[9]. Graphene oxide has the largest surface area, excellent thermal conductivity and optical transparency, superior charge carrier
mobility, high chemical stability, great mechanical strength, flexibility and low production cost. It is an ideal carrier or promoter as
well as a super platform adsorbent for organic dyes and heavy metal ions [10]. However, graphene sheets are difficult to disperse in
aqueous media without functionalization. Therefore, the modification of graphene oxide is of great importance for the expansion of its
practical application [11]. It has been demonstrated that supramolecular hybrids of nanosheets and graphene oxide conjugated with
cyclodextrin provide high dispersibility in polar solvents. Cyclodextrins are ring-shaped materials with hydrophobic cavities inside and
hydrophilic surfaces outside [12]. Therefore, it is possible to functionalize graphene oxide with cyclodextrin, which can act as a
host-guest inclusion complex that carries various types of chemicals and organic molecules in its cavities. Wang et al. developed
graphene oxide with f-cyclodextrin as an efficient MB and fuchsin acid remover due to host-guest interactions between the cyclo-
dextrin and dye contamination [13]. In other studies, the conjugation of cyclodextrin on graphene oxide surfaces was found to be
highly effective in the adsorption of heavy metal ions from water [11,14]. It is also possible to improve the adsorption capacity of
graphene oxide by mixing it with efficient materials. Recent studies have combined nanoscale particles, such as nano titania nano-
particles and Ag/Al;03 nanocomposite, with graphene oxide to remove MB dye. Due to its physical and chemical stability and larger
surface area, nanoscale titanium oxide provides good mechanical strength to graphene oxide, as well as chemical resistance and
adsorption capacity. TiO5 has a synergistic effect by increasing the adsorption capacity due to charge interactions with the dye [15].
The activity of TiOs is significantly limited by the low electrical conductivity within the TiO5 network. This problem may be overcome
by combining TiO, with noble metals, such as Ag and Ag/Al,03. Noble metal nanoparticles exhibit size-dependent optical, electrical,
and catalytic properties, as well as surface plasmon absorption. Due to electron capture properties, noble metals deposited on TiO5
surfaces can significantly enhance the activity and increase the charge transfer at the interface [16]. Alumina particles have a large
specific surface area and are considered the most inert material in the vicinity of human organisms. They have shown satisfactory
biocompatibility [17].

We have simultaneously produced alumina and silver nanoparticles using the solution combustion synthesis (SCS) process, which is
a simple, rapid, and versatile method for producing various nanoscale materials [18,19].

The objective of this study is to optimize a method for preparing a new nanocomposite that exhibits adsorption activity towards
MB. The nanoadsorption material was prepared by depositing silver-modified alumina and TiO, nanoparticles onto the smooth surface
of p-cyclodextrin-graphene oxide. There are no previous reports on the simultaneous use of all these nanoparticles for the adsorption of
MB from water. It is expected that the combination of TiO,, Ag/Al;03 and graphene oxide with their unique properties, will be an
effective adsorbent for the removal of pollutants from wastewater. In the present work, we attempt to compare dye adsorption studies
for TG and AATG. The adsorption equilibrium studies are carried out under different initial dye concentrations, adsorbent dosages and
temperatures. The obtained data will be processed using adsorption kinetics and isothermal models, and the thermodynamic behavior
of adsorption of cationic dyes will also be evaluated. Further studies are needed to comprehensively investigate other properties of this
nanocomposite, including its photocatalytic properties for pollutant decomposition or antibacterial properties.

2. Materials and methods
2.1. Materials

Graphite powder, B-cyclodextrin, anatase TiO5 powder with a particle size of 25 nm, urea, and 4-dimethylaminopyridine (DMAP)
were purchased from Sigma Aldrich. Hydrogen peroxide (H02, 30%), sulfuric acid (H2SO4), potassium permanganate (KMnOg),
sodium nitrate (NaNOj3), aluminum nitrate nonahydrate (Al(NO3)3.9H,0), silver nitrate (AgNOs; 99.5%), and MB were from Merck Co.
Fluka provided 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride (EDC). Deionized water was used throughout the
experiment.

2.2. Synthesis of p-cyclodextrin-graphene oxide

Based on Hummers’ method, graphene oxide was prepared from natural graphite [1]. The simple method to synthesize $-cyclo-
dextrin-graphene oxide was carried out by the esterification of the carboxyl functional group of graphene oxide with the hydroxyl
groups of B-cyclodextrin using EDC/DMAP, alluding to a previously described procedure [20,21]. A typical procedure consists of
dispersing graphene oxide (0.03 gr) in 7.0 mL ultrapure water and then dissolving EDC (0.15 gr) as a coupling agent. After stirring for
45 min, DMAP (0.03 gr) and p-cyclodextrin (0.3 gr) were added. The mixture was stirred at room temperature for two days (RT). After



N. Einafshar et al. Heliyon 9 (2023) e18162

washing with deionized water, centrifugation at 14000 rpm for 10 min, and lyophilization of the remaining solid, the product was
ready for use.

The accuracy of the synthesis and evaluation of the binding rate of cyclodextrin to graphene oxide was checked by Fourier-
transform infrared spectroscopy and thermogravimetric analysis.

2.3. Synthesis of Ag/Al,03 nanoparticles

As previously reported, Ag/Al;03 nanocomposite was synthesized using solution combustion and urea as fuel [19]. The
silver-promoted materials were prepared by dissolving an appropriate amount of AgNO3 (1.56 gr) and Al(NO3)3.9H20 (7.36 gr) in DI

B-cyclodextrin + GO

Ag/ALO3+ TiO: + B-cyclodextrin + GO

O Ag/ALO3
O TiO:

Fig. 1. Schematic of the synthesis of AATG nanocomposite.
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water and using urea (3.49 gr) as a combustion fuel. The use of urea resulted in the production of Ag/a-alumina. After the solution was
stirred, it was placed in a furnace for 30 min at different temperatures (400 and 500 °C) and then calcined at 900 °C for 1 h. It was
found that this particular process provided sufficient heat of combustion to produce Ag/Al;03 nanocomposites.

2.4. Synthesis of Ag/Al>03/TiO2@p-cyclodextrin-graphene oxide (AATG) nanocomposite

A two-phase method for the synthesis of AATG nanocomposites was developed. We dispersed (0.05 gr) p-cyclodextrin-graphene
oxide in 10 mL DI water under sonication for 1 h. The (0.01 gr) TiO2 and (0.01 gr) Ag/Al»0O3 nanoparticles (with equal weight) were
mixed with 5 mL toluene and added to the aqueous B-cyclodextrin-graphene oxide solution. Then the TiO3 and Ag/Al,03 nanoparticles
were allowed to stir for 12 h to ensure that they coordinated with the B-cyclodextrin-graphene oxide layers. The AATG nanocomposites
were precipitated by adding acetone and centrifugation. Residual materials were removed by washing the nanocomposites with THF.
The final AATG nanocomposites were freeze-dried and stored dry until use.

Fig. 1 shows a schematic representation of the synthesis process for the final AATG nanocomposites.

2.5. Characterization

The FTIR spectra of the different samples were measured with an FTIR spectrometer (Bruker, USA). The morphology of the samples
was determined with FE-SEM using a Mira III FEG (TESCAN, London, UK, Ltd). The surface area was calculated using Brunauer-
Emmett-Teller (BET). An analysis of BET using MicroActive for TriStar II Plus version 2.03. Barret-Joyner-Halenda (BJH) models
were then used to measure the pore sizes of B-cyclodextrin-graphene oxide and Ag/Al,03 nanoparticles. Further TGA-DTA (ther-
mogravimetric analysis) was performed using a TGA instrument (model TGA 50, Shimadzu, Japan) under air atmosphere at RT up to
800 °C with a heating rate of 10 'C/min. The absorbance values were recorded using a UV-Vis spectrophotometer (Varian CARY 100,
California, USA) to determine the MB concentration. The Ag/Al;03 was also analyzed using D8-Advance Bruker Cu Ky (A = 0.15406
nm) X-ray diffraction (XRD).

2.6. Adsorption of organic pollutants

The amount of adsorbed MB on AATG and TG composites was determined by adding 1 mg of each compound to 20 ppm MB so-
lutions. After centrifugation at 12000 rpm for 5 min, unreacted materials were filtered out. Quantitative analysis was performed by
measuring the absorbance of the filtered solution at the maximum wavelength of 665 nm and determining the absorbance capacity of
the dye MB using equation (1) and 2 [22]:

Adsorption (%) =Cy - C, / Cy * 100 )
Q=Cy-C.*V/m 2

Cy is the absorbance of the dye at time zero, C; (mg.L_l) is the absorbance of the dye at time (t), V is the volume of the solution (L), and
m is the mass of the adsorbent (gr).

30 ppm

Absorbance

300 330 360 390 420 450 480 S10 540 570 600 630 660 690 720 750 780

Wavelength (nm)

Fig. 2. UV-Vis spectra of MB dyes at different concentrations.
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3. Results and discussion
3.1. Characterization

MB absorption spectra at different concentrations are shown in Fig. 2. Peaks at 300 nm confirm the presence of an aromatic ring,
while peaks at 600-700 nm indicate the absorption of the conjugated n-n structure.

The phase composition of the nanopowders was investigated using XRD analysis. To measure the crystallite size, the strongest
peaks in the XRD patterns of Ag/Al,Oswere filtered out using the Scherrer formula (D = 0.94/p.Cos6), where D is the crystal size, A is
the X-ray wavelength, 6 is the Bragg angle, and p is the peak broadening [18]. Fig. 3 shows different XRD patterns for the synthesis of
Ag/Al,03 nanocomposites at 400 and 500 °C. It was found that the crystallite size was 2.355 A at 400 °C and 2.356 A at 500 °C. The Ag
phases were observed at 20 of 38.2°, 44.3°, 64.5°, and 77.4°, corresponding to the lattice planes (111), (200), (220), and (311) of the
face-centered cubic (fcc) structure of metallic silver in all samples. This observation could be due to the crystalline phase of Ag species
on the Ag/Al,03 [18,23]. The formation of Ag nanoparticles dispersed in thin AloO3 films was confirmed by these results [24,25]. The
XRD data yielded peaks that also confirmed the presence of a-Al;Os, as in 2 theta angles of 35.1° corresponding to (104) [26].

XRD is not the optimal technique for characterizing p-cyclodextrin-graphene oxide due to potential interference from f-cyclo-
dextrin, which could affect the XRD analysis of graphene oxide. This interference results in a reduction in the characteristic peak
intensity associated with the graphene oxide sheets, making it difficult to identify the diffraction peak in the XRD pattern. The presence
of B-cyclodextrin, a cyclic oligosaccharide, can disrupt the orderly stacking of graphene oxide layers on a micrometer scale and lead to
disorder in the arrangement of carbon atoms within those layers [27]. Therefore, complementary analytical techniques were utilized to
confirm the synthesis of p-cyclodextrin-graphene oxide.

The FTIR spectra of graphene oxide, p-cyclodextrin-graphene oxide, and the prepared nanocomposites were investigated (Fig. 4).
All samples exhibited peaks at 3424 , 1720 and 1380 cm™! as the stretching vibration adsorption peaks of hydroxyl, carboxyl and
carbonyl groups in graphene oxide, respectively, and the band at 1583 cm™! was attributed to C=C stretching mode of the sp? hy-
bridization carbons of skeletal network. Additionally, the peaks at 1055 and 1230 cm ™! were indicative of the stretching vibrations of
the epoxy groups [28]. To confirm the synthesis of p-cyclodextrin-graphene oxide composites, FTIR of the composite was performed.
The peak at 2925 cm ™! appeared to correspond to the asymmetric G-H stretching vibration. The peaks at 1030 and 942 cm™! cor-
responded to the antisymmetric glycosidic (C-O-C) vibrations and the R-1, 4-bond framework vibration of cyclodextrin, respectively.
All characterized bands confirmed the successful synthesis of the f-cyclodextrin-graphene oxide composite [29]. The FTIR spectrum of
the TG and AATG nanoparticles shows a broad peak at 550-800 cm ™! caused by the Ti-O-Ti band. The peak at 3400 cm ™! confirmed
the presence of hydroxyl groups on the surface and the peak at 1626 cm™! was assigned to the vibrations of OH bonds on the surface of
TiO, [30]. A broad peak at 400-1000 cm ™, indicated the characteristic peaks confirming the presence of Al,O3 in composite. For the
Al;03 NPs, the characteristic peaks in the FT-IR spectra near 3300-3400 em ™! and 1628 em ™! indicate the stretching vibration and the
bending vibration of the hydroxyl group peaks on the surface of the Al,O3 particles, respectively. Both bands confirm the presence of
physically absorbed water molecules [31].

The thermal stability of an adsorbent is a critical factor affecting its application. The thermal stability of p-cyclodextrin-graphene
oxide was investigated using TGA. Fig. 5 shows the TGA curves and the corresponding derived weight loss (DTA) curves for graphene
oxide, pB-cyclodextrin-graphene oxide and Ag/Al;O3. When the temperature is below 100 °C, graphene oxide loses a little weight
(~17%), which is mainly due to the evaporation of water. The rapid weight loss of graphene oxide started at 200 °C and mass
equilibrium was reached at 500 °C. The mass loss (~72%) could be mainly due to pyrolysis of the oxygen-containing groups.

Rapid mass loss occurred only at temperatures above 200 °C, indicating that the prepared graphene oxide has reasonable thermal
stability at lower temperatures, which seems to be sufficient for most wastewater treatment requirements [32]. Additionally, we
should mention that the energy required to evaporate the solvent and remove the oxidation products from graphene is completely
different from the heat required to remove the added organic groups on graphene. Therefore, the amount of cyclodextrin, grafted onto
graphene oxide, can be calculated by this method. In addition, the amount of B-cyclodextrin grafted onto graphene oxide was
calculated to be 36 wt% based on the thermal decomposition [27]. The DTA curves of the Ag/Al,03 powder showed an endothermic
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Fig. 3. the XRD patterns of Ag/Al,O3 nanocomposites at different temperatures.
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Fig. 5. The TGA/DTA analysis of graphene oxide, p-cyclodextrin-graphene oxide and the DTA analysis of Ag/Al;O3.

peak at 120 °C related to water evaporation. The exothermic peak found at about 270 °C could be caused by the decomposition and
combustion of organic molecules. The exothermic peak at about 380 °C could be due to the formation of Ag particles, while the broad
peak at 520 °C could be related to the formation of AloO3. Taken together, the results indicate that the organic components of the films
were completely eliminated before the formation temperature of the Ag/Al,03 nanoparticles was reached [24].

This particular surface area is an important parameter for an adsorbent that directly affects adsorption performance. A larger

Table 1

Surface properties of Ag/Al,03 and B-cyclodextrin-graphene oxide samples.
Sample BET surface area (m%g 1) Total pore volume (cm®.g™?) Pore diameter BJHm)
Ag/Al,03 3.7796 0.016000 3.12
p-cyclodextrin-graphene oxide 22.0871 0.067877 9.88
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surface area provides more adsorption sites on the surface, thus increasing the adsorption efficiency. We used the BET method to
measure the surface area, while the pore size (pore diameter and volume) was measured using the BJH method [30]. The specific
surface area of p-cyclodextrin-graphene oxide and Ag/Al;,03 were 22.087, and 3.779 m? g1, respectively, and the total pore volumes
were 0.06787 and 0.01600 cm>.g~! for p-cyclodextrin-graphene oxide and Ag/Al,0s, respectively (Table 1). The BET measurements
reveal that the values for p-cyclodextrin-graphene oxide are comparatively lower than those reported in the literature for graphene
oxide [33]. The presence of p-cyclodextrin molecules on the surface of graphene oxide may change the chemistry and properties of the
surface, affect the absorption of gases, and lead to a decrease in BET values. On the other hand, the small size and the presence of many
pores in the synthesized nanocomposite promise better performance as an absorbent.

The FE-SEM analysis was used to evaluate the morphology of nanocomposites. The FE-SEM image of the p-cyclodextrin-graphene
oxide (Fig. 6A) showed uniform spherical shapes on the smooth surface, indicating the presence of cyclodextrin on the graphene oxide
sheets. Fig. 6B showed the morphology of Ag/Al,03, where the larger particles were probably Al,O3 powders, while the smaller bright
particles represented the Ag powders. The morphology analysis of the AATG powders indicated a complete coverage of the graphene
oxide surface by particles of titanium oxide and silver oxide and Alumina (Fig. 6C). The AATG nanocomposites possessed a narrow
poly-dispersity index and the obtained mean diameter of the particle size was about 30 + 7.7 nm (Fig. 6D).

3.2. Effect of the contact time

The contact time is one of the most important parameters for the successful use of the adsorbent for practical application. MB
adsorption rates on the AATG composite were measured under the conditions (the reaction temperature is 25 °C and the concentration
of adsorbent is (0.4 g L™!) and primary MB (20 mg L™1). We measured the adsorption of MB over a range of times from three to Half-
hour.

Based on the data presented in Fig. 7, it can be observed that the adsorption process has a rapid adsorption rate within the first 5
min and that equilibrium is reached after about 30 min, with no time-dependent change in the amount of adsorbed dye. Overall, more
than 99% of MB on the AATG composite was removed within the first 5 min. The researches results show that the removal efficiency of
B-cyclodextrin-graphene oxide is 20% higher than that of graphene oxide, increasing from 70% to 90% in 60 min. However, the new
nanocomposite has achieved a removal rate of up to 99% in less than 30 min. This is due to the fact that adsorption on graphene oxide
occurs mainly on its two-dimensional surface, whereas on f-cyclodextrin-graphene oxide it occurs both on the surface of the graphene
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Fig. 6. FE-SEM images of B-cyclodextrin-graphene oxide (A), Ag/Al,O3 (B) and AATG nanocomposite (C), and particle size distribution of
AATG (D).
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Fig. 7. Effect of time on MB adsorption onto the AATG.

oxide nanosheets and on the shells of the cyclodextrin rings [11]. In addition, the improvement of the surface of p-cyclo-
dextrin-graphene oxide by nano compounds that have a high surface-to-volume has also increased absorption. The sorption process
consisted of two steps: a fast initial phase due to the adsorption of the MB dye on the surface of the composite, and a second step
corresponding to the internal diffusion of the MB dye into the pores of the composite. Therefore, the equilibrium time was set at 30 min
for all other experiments.

3.3. Effect of pH

In the purification of industrial wastewater, pH plays a critical role [34]. The pH of the aqueous solution is an important factor for
the reaction rate. Different pH can affect not only charge transfer and detachment of surface functional groups, but also ionization,
host-guest interactions, and catalyst reactions [35]. We investigated the effect of pH on the adsorption of MB at 25 °C on the AATG
composite in a pH of 2-10. Hydrochloric acid (HCI) and sodium hydroxide (NaOH) were added to adjust the pH. Adsorption of MB at a
concentration of 20 mg L' was enhanced by increasing the pH of the solution. Above pH 4, the adsorption rate of MB gradually
increased by about 88%, while the pH remained stable up to pH 10 and the removal efficiency was stable at 98% (Fig. 8). Since TiO5
and the surface of the composite are negatively charged and methylene blue has a cationic color, the adsorption is more effective at
higher pH values [36]. Based on the results obtained, pH 6-10 was the optimal range for the elimination of MB.

3.4. Effect of temperature

To analyze the effect of temperature on the level of adsorption capacity, four different temperatures were studied (Fig. 9).

The results indicate that MB is more effectively removed at higher temperatures, which means that the adsorption is temperature
dependent and the elimination process was endothermic, possibly due to the increased mobility of the dye at higher temperatures, so
that a large number of molecules could obtain enough energy to interact with the available binding sites on the adsorbent [37].
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Fig. 8. The effects of pH in the initial solution on the adsorption of MB.
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3.5. Adsorption kinetics

Kinetics was investigated to determine the order of the rate constant and to define the dynamics of the adsorption process. Two
different kinetic models were used to interpret the process of dye adsorption on the AATG surface (Fig. 10). According to the pseudo-
first-order kinetic model, the occupation rate of adsorption sites depends on the number of vacancies. However, the pseudo-second-
order kinetics assumes that the adsorption rate is controlled by the chemical adsorption mechanism and chemical adsorption involves
the exchange of electrons between adsorbate and adsorbent.

The kinetic models of absorption include the pseudo-first-order and pseudo-first-order models shown in equations (3) and (4),
respectively.

Pseudo-first-order model:

Log (g.—q,) =log q.— KT 3)

Pseudo-first-order model:
t/a=1/kq; +t/q. ©))

Where ge and q; represent the adsorption capacity of MB (mg.g™!) at equilibrium and at a given time, t is the adsorption time (min),
while k; (min~') and k, (g.mg’l. min~?) refer to the rate constants of the pseudo-first and pseudo-second order models, respectively
[38]. Table 2 summarizes the kinetic constants obtained by linear regression for the two mentioned models. For the pseudo-first order
kinetics, Ry was 0.819 and 0.811, while for the pseudo-second order model it was 1 and 1 for AATG and TG, respectively. Based on the
obtained results, the pseudo-second order model could better explain the adsorption of MB on AATG and TG. Since the pseudo-first
order equation does not fully reflect the range of contact times, it is best suited for the onset of the adsorption process. Therefore,
the pseudo-second order model can better describe the adsorption process from MB to AATG than the pseudo-first order model. It
became clear that the adsorption process was controlled more by chemical actions than by mass transfer.
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Fig. 10. Pseudo-first-order and pseudo-second-order kinetics of the MB adsorption onto the AATG.
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Table 2

Parameters affecting pseudo-first and second-order kinetic models.
kinetic Models Pseudo-first-order Pseudo-second-order
parameter Rate constant K;(min?) qe (mg.g™) R? Rate constant K»(g.mg.min ') g. (mg.g™h) R?
AATG 0.033 —4.147 0.819 0.336 49.751 1
TG 0.015 —0.198 0.811 0.200 50.000 1

3.6. Adsorption isotherms

A study of isotherms shows how the adsorbate interacts with the adsorbents and represents the key parameter for the optimization
of an adsorption system [39]. Langmuir and Freundlich isotherms are two models commonly used to calculate adsorption isotherms.
According to the Langmuir isotherm model, adsorption occurs over homogeneous monolayer surfaces with independent adsorption
energies. It also indicates that there is no interaction between the adsorbed molecules. In Freundlich isotherm, adsorption occurs over
monolayers (chemisorption) and multilayers (physical sorption), and the adsorbate is adsorbed on the heterogeneous surface with
different energies [39].

Equations (5)—(7) represent the Henry, Langmuir, and Freundlich isotherm adsorption models, respectively.

Henry’s equation:

q. =K, C %)
Langmuir equation:

Ce / 9o = Ce/Qa + 1/quuan 6)

Freundlich equation:

Lnq, =InK¢ + l/n In C, (7)

Where qn, (mg.g’l) would be the maximum adsorption capacity. Ky, K, and K are the constants associated with adsorption intensity
and adsorption capacity. The parameters of Henry, Langmuir and Freundlich isotherm equation are shown in Table 3. The results
indicated that the fitting degree of Langmuir isothermal model is much more acceptable than that of Freundlich and Henry isothermal
model, which indicates that the adsorption of MB on AATG and TG is mainly a single layer adsorption process (Fig. 11). At the same
time, the adsorption process is homogeneous. The Freundlich constant (1/n) is less than 1.0, indicating a favorable process. The
comparative gmax calculation according to the Langmuir model shows that the modification of TG with Ag/Al,O3 increases the
adsorption capacity. In comparison, the maximum adsorption capacity values of MB on other previously reported adsorbents are
shown in Table 4.

When comparing the maximum adsorption capacity of MB on the p-cyclodextrin-graphene oxide adsorbent [11] to the AATG
developed in this study, it can be observed that the two compounds have almost the same adsorption capacity. However, AATG reaches
its maximum capacity in a shorter time (around 20 min), while it takes approximately 60 min for f-cyclodextrin-graphene oxide [11].
Therefore, the rate of absorption in the new absorbent is increased. Furthermore, due to the presence of titanium oxide and silver in the
developed product, AATG has potential capabilities such as photocatalytic and antibacterial properties, which require further
investigation in the future.

3.7. Adsorption thermodynamic

The information about spontaneity and natural energetic changes obtained by thermodynamic studies seems to be related to
adsorption [38]. We studied the effect of different temperatures (298-338 K) on the adsorption of MB by AATG and TG composites and
measured the following thermodynamic parameters according to equations (8) and (9):

AG’= —RTLnKd ©))
LnKd = -AG’ /RT = AS" /R — AH’ /RT )

Where R (8.314 Jmol ' K1) is the gas constant, T (K) is the absolute temperature in Kelvin, and Ky is the equilibrium constant. AS (J.
mol 1. K1) is the change in entropy, and AH (kJ.mol 1) represents the change in enthalpy and AG (kJ.mol™!) is the change in Gibbs
free energy for a given process. The results of AS, AH and AG are shown in Table 5.

The value of AG was less than zero, indicating that the adsorption process was spontaneous. The value of AH was positive, indi-
cating that the exothermic effect of MB adsorption was less than the endothermic effect of water solution desorption. The adsorption
and removal efficiency of MB would increase with increasing temperature according to the theory. The AS was greater than zero,
indicating that the molecules move rather randomly at the solution interface [46]. The data also show that the adsorption performance
of MB dye on AATG is satisfactory. Sorption would be more efficient at higher temperatures because MB is readily dehydrated,
resulting in more favorable sorption conditions.
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Table 3
The comparison of parameters of three isotherm models affecting MB elimination through AATG and TG.
isotherm model Henry Langmuir Freundlich
parameter Kp(L.mg™1) R? qm(mg.g™h) K (L.mg™1) R? Kg(mg!™.Lhg™1) n R?
AATG 2.905 0.439 72.993 2.537 0.997 46.163 4.56 0.512
TG 6.575 0.829 68.965 1.726 0.997 39.369 3.23 0.874
0.16
0.14 A
0.12 el
o 7
.'..J' 0.10
o
N p
O 008 pd
= )
S o y
0.06 -
0.04 s
s ~ AATG
e TG
0.02
0.00
0 2 4 6 8 10 12
C. (mg.L)

Fig. 11. Comparison of TG and AATG for the removal of MB by Langmuir isotherm model.

Table 4
A summary of maximum adsorption capacity of MB on various adsorbents.
Adsorbent Conditions Qmax (mg.g’l) Isotherm models kinetic models References
pH Temp
Modified pumice with hydrochloric acid 10 298 15.87 L PSO [40]
MCM-41 5.86 303 47.79 F PSO [41]
C-HNTs - 298 90.25 L PSO [42]
Moroccan Illitic Clay (MIC) 5 293 13.68 L PSO [43]
Olive Stone 7.2 - 13.20 L PSO [44]
brown algae Carolina 7 292 55 L - [45]
p-cyclodextrin/GO - 303 76.4 L PSO [11]
AATG 5 298 72.993 L PSO current study
TG 5 298 68.965 L PSO current study
Table 5
The values of the three thermodynamic parameters.
Parameters T (K) AG® (KJ.mol™) AH® (KJ.mol™ 1) AS® (J molK™ 1)
AATG 298 —0.793 0.6349 2.6656
308 —0.820
318 —0.847
328 —0.873
TG 298 —0.952 0.7838 3.1999
308 —0.984
318 —1.016
328 —1.048
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4. Conclusions

Despite numerous studies on the use of graphene and other adsorbents, for the adsorption and degradation of dyes (especially MB),
there is still potential for new contributions in the field.

In this study, Ag/Al,03 composites were produced by a simple and fast combustion method. By incorporating this adsorption unit
using B-cyclodextrin-graphene oxide conjugated with TiO», a highly efficient reagent for decolorizing water contaminated with MB
was produced. The results presented here positively evaluate the increase in the efficiency of removal MB. The new adsorption pro-
duction could be related to the excellent n-n interactions between graphene oxides and aromatic rings, which facilitated the adsorption
of organic molecules such as MB. Several of operating parameters affected the adsorption process, including contact time, pH, initial
dye concentration, and temperature. The adsorption capacity increased with increasing temperature. When the isotherms for the
adsorption of the dye MB were analyzed, the isothermal Langmuir model was found to fit the data better. Based on the analysis of the
adsorption kinetics data, the pseudo-second order model appears to be a good fit to the experimental data. The positive AH® indicates
that the adsorption is endothermic. In this case, the negative AG® value indicates the feasibility and spontaneity of the adsorption
process. The nanoparticles used in the nanocomposite are actually able to concentrate the substrate for photocatalytic degradation and
antibacterial properties. More advantages in using this composite undoubtedly come from the extensive use of its properties, which
make the long and laborious synthesis process appear economical.
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