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ARTICLE INFO ABSTRACT
Keywords: Graphene oxide and chitosan composite material using as a high-efficiency and low-cost granular
Graphene oxide-chitosan adsorbent for methylene blue removal was fabricated via self-assembling method. The effects of

Granular adsorbent
Methylene blue
Recyclic stability

pH value, contact time, initial concentration, adsorbent dose, temperature, and recyclic stability
on the adsorption performance of methylene blue in aqueous solution were investigated in detail.
Desorption process with the effects of solvents, contact time, and temperature were also con-
ducted carefully in this study. The adsorption kinetics and adsorption isotherm of dye adsorption
process showed that dye adsorption process was fitted to the pseudo-second-order kinetic model
and the Freundlich adsorption isotherm, indicating a physical adsorption process with multilayer
adsorption. The intra-particle diffusion model indicated that the dye adsorption by the granular
adsorbent was strongly happened during the first 4 h. The thermodynamic study showed that the
adsorption was a spontaneous and exothermic process and dye ions were condensed onto the
surface of adsorbent. The maximum adsorption capacity of dye on the granular adsorbent was
calculated as 951.35 mg/g and the adsorbent could maintain its adsorption performance after six
cycles. In general, this study provided an efficient, cost-effective, and recyclable the granular
adsorbent for dye separation from aqueous solution.

1. Introduction

In modern society, increase in industrialization and population has occurred fast and resulted in water pollution in many devel-
oping countries and regions. One of the main challenges in wastewater treatments recently is persistent organic compounds [1]. Dye,
one kind of persistent organic compounds, is widely utilized in numerous industrial sectors, i.e. food, textile, cosmetics, printing, and
paper [2]. As a result, organic dye pollution has become one of the most serious risks to human health like immune response,
carcinogen, or chronic effects [3,4], attributing to increasing of organic dyes quantity in the environment, as well as to their aromatic
structures making them stable in the presence of light, heat, or oxidants [1,2]. Consequently, it is critical to find an efficient method to
separate and eliminate the dyes found in wastewater before discharging them into the environment.
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Many methods, including coagulation-flocculation, adsorption, ion exchange, oxidation and advanced oxidation, electrochemical
and photochemical degradation, have been used in recent years to separate dyes in wastewater, becoming the primary research di-
rection of wastewater purification [5-7]. Among these treatment procedures, adsorption has stood out as an appealing way for treating
water pollution, especially in many developing nations, because of easy operation, low cost, and high efficiency [8]. In the adsorption
method, adsorbents play an essential role for removing contaminants. Many adsorption materials have been researched, such as carbon
nanotubes, zeolite, activated carbon, and graphene-based composite materials due to their high surface area, porosity percentage
and/or cation exchange capacity [9,10]. Standing out of these materials, graphene has emerged as a material of interest in these
investigations because of its unique mechanical, thermal, and electrical characteristics. However, its application is limited because of
its poor solubility, easy agglomeration, and difficult synthesis [11]. As an alternative, graphene oxide (GO) is one of several graphene
derivatives created by chemically exfoliating raw graphite. GO has a large specific surface area and a high dispersion of
oxygen-containing groups [11-13]. Nevertheless, it is difficult to recycle GO after adsorption due to its high dispersibility [12]. The
drawback of GO recovery may be efficiently addressed by combining GO and polymers into a gel [13]. The polymers commonly used to
combine with GO to form a gel for wastewater treatment are polyamides [14], epoxy [15], tannic acid [16], and chitosan [17].
Compared to other polymers, chitosan (CS), a high-performance and environmentally acceptable natural polymeric substance with
several sources, has a large number of free amino groups being positively charged throughout a wide pH range. Integrating GO with CS
obtains a versatile adsorbent because of their advantages [18]. To improve its adsorption capacity and enhance the removal efficiency,
the design and functionalization of novel adsorbent still need to be explored [19]. Chitosan has one amino group and two hydroxyl
groups on each glucosamine monomer that act as adsorption sites, especially the amino groups which are strongly interactive with
metal ions. Moreover, the applications of chitosan are limited because of its solubility in acid solutions. Hence, it is necessary to
crosslink chitosan in order to make it stable in acid solutions. The functionalization of chitosan can be done among diverse types of a
polar functional group, i.e. graphene oxide, and numerous graphene-based composite materials have synthesized for the removal of
various environmental contaminants, which combined GO and chitosan through coordination, electrostatic interaction, and covalent
interaction which produces chitosan/GO composites [20,21]. Studies have been conducted on combining the properties of graphene
oxide with chitosan in order to construct hydrogel adsorbent materials [22,23] and GO/Chitosan membranes for adsorption appli-
cations [16,24]. These materials combining GO and Chitosan have demonstrated exceptional adsorption characteristics, but they need
a highly intricate fabrication process, particularly for industrial wastewater treatment using adsorption systems granular adsorbent
material would be the most appropriate choice [25,26].

In our understanding, there is no work published on the process for fabricating GO/CS granular adsorbents, as well as the use of
GO/CS granular adsorbents to remove methylene blue and deeply study the adsorption, kinetic and thermodynamics of using this
material for methylene blue removal.

Furthermore, the economic benefits of recycling adsorbent materials have not been investigated and analyzed yet. In this work, a
GO/CS granular adsorbent has been prepared by self-assembly method, being cross-linked in glutaraldehyde by mutual reaction
between amino groups on CS and oxygen-containing acidic ones on GO. The methylene blue (MB) adsorption capacity of the GO/CS
adsorbent are assessed via affecting parameters, such as pH, contact time, initial concentration, adsorbent dose, and temperature. The
kinetic, thermodynamic and adsorption isotherms of methylene blue adsorption using GO/CS are also evaluated in this study. To assess
potential of industrial application, the adsorbent recycling is conducted by adsorption-desorption evaluation.

2. Materials and methods
2.1. Materials

In this study, expandable graphite (99.8%, 300 meshes) was provided by Qingdao Henglid graphite company in China. Chitosan
(Degree of deacetylation >80%, viscosity average molar mass of 87 kDa) was collected from S-Green company in Vietnam. Xilong
supplied methylene blue (MB, C;6H;gN3CIS-3H20, 99%), acetic acid (CH3COOH, >99.5), hydrochloric acid (HCI, 36-38%), sodium
hydroxide (NaOH, >98%) and glutaraldehyde (37%). Stock solutions of dyes were prepared in deionized (DI) water and further diluted
to the required working concentrations.

2.2. Synthesis of graphene oxide (GO)

In this work, GO was prepared by using the Hummers’ method [27]. In detail, the beaker containing 230 mL of concentrated HySO4
was first added with 5 g of expanded graphite and 5 g of NaNOs, then thoroughly distributed with a magnetic stirrer (MISUNG, HS180).
Subsequently, 5 g of KMnO4 was gently added and fully disseminated in the mixture. The mixture produced by the preceding process
was then carried out and stored in an ice bath at 273 K, atmosphere for 24 h. After that, the mixture was removed out of the ice bath and
heated to 308 K in an oil bath for 30 min while stirring continuously until the mixture turned brownish. While heating, the temperature
of the mixture gradually rose to 371 K and 460 mL of DI water was added to the mixture. The mixture was subsequently agitated to
form a suspension via stirring for 15 min at 371 K. After cooling down to ambient temperature, the suspension was treated with 3%
hydrogen peroxide until becoming brilliant yellow. The metal ions in the solution were removed by washing with 15 mL of HCI 5%.
Next, the suspension was rinsed many times with DI water until neutral. Finally, GO was obtained via drying the solid in vacuum drier
(Memmert VO101) at pressure of 0.6 bar and temperature of 60 °C for 4 h.
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2.3. Synthesis of graphene oxide/chitosan (GO/CS) granules

The GO/CS granules in this study were produced by self-assembly method. To this end, chitosan (DDA >80%) was first dissolved in
1% acetic acid solution for 12 h to prepare CS solutions of 1.5%, 3%, 5%, and 10%. In the meantime, 0.15 g GO was dispersed in DI
water at room temperature via ultrasonic device (Vevey, KQ-300DA) with a power of 300 W for 30 min to obtain a 1.5% GO suspension
mixture (w/v). This GO suspension mixture and CS solutions were magnetically stirred at the speed of 450 rpm for 30 min at room
temperature. The mixture was then placed into a 10-mL syringe and dropped down to a NaOH solution with concentration ranging
from 0.5 to 2 M. The GO/CS granules were subsequently immersed in NaOH solution for 2 h. The GO/CS granules were then removed
out of NaOH solution and washed with DI water until to pH 7.0 before immersing again in a 25% glutaraldehyde solution for 2 h, 3 h, 8
h, and 12 h, respectively. These granules after that were separated out of the glutaraldehyde solution and dried at pressure of 0.6 bar
and temperature of 60 °C for 4 h, and then sieved with standard sieve No. 16 and No. 18 (AS2000 Control, Retsh) to obtain the GO/CS
granular adsorbent in size of 1.0-1.12 mm.

2.4. Characterization of the GO/chitosan

The surface microstructure of the as-synthesized GO/CS granules was characterized via a scanning electron microscopy (S-4800
High-resolution SEM, Hitachi). To evaluate the changes of functional groups on the surface of GO, CS, and both fresh and used GO/CS
granular absorbent, Fourier transform infrared (FT-IR) spectroscopy was employed. The FT-IR spectra are obtained using a NICOLET
6700 (Thermo) spectrophotometer (frequency range from 4000 to 500 cm ') with KBr pellet method. All analyses were conducted
under a dry air purge at co-addition of 256 interferograms collected at 4.0 cm ™! resolution. The specific surface areas and pore size
distribution curves of the materials were calculated using the Brunauer-Emmett-Teller (BET) method in a relative pressure range of
0.05-1.0 and the density functional theory method, respectively (Nova 1000e, Quantachrome). The gas adsorption method is a
common method to measure the specific surface area and pore size distribution of materials.

2.5. MB adsorption experiments

The dye adsorption capacity was examined by placing the adsorbent in aqueous dye solutions, shaking (Digisystem laboratory,
0S350D) at speed of 150 rpm. Before the adsorption process, the adsorbent was washed with DI water until pH around 7.0. The MB
solution was prepared with a concentration of 100 (mg/L) before the adsorption test and diluted to desired concentrations required for
the experiments. The effects of different parameters such as pH (2.0-10.0), initial MB concentration (5.0-30.0 mg/L), contact time
(1-24 h), adsorbent dose (0.1-0.5 g) and temperature (30-50 °C) were conducted via alternating variable method. The concentration
of MB at the beginning and equilibrium state was measured at maximum wavelength (Amax) of 665 nm using UV-vis Spectropho-
tometer (Labomed, UVD-3500) using the standard curve method. The standard curve for analyzing MB concentration and maximum
absorption wavelength is shown in Fig. 1. The adsorption efficiency and capacity of GO/CS granules were calculated by the following
equations:

—C,).
Adsorption capacity (q,4) (mg/g) :W (€))]
—-C
Adsorption efficiency (%) =M x 100 2)

0

where V is volume of MB solution (L), M is mass of adsorbent used (mg), C. is final concentration of MB (mg/L), Cy is initial con-
centration of MB (mg/L).
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Fig. 1. The standard curve equation (a) and the maximum wavelength of MB at different pH levels (b).
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2.6. Determination of pHp,c

The point of zero charge, pHp,c, of GO/CS adsorbent was determined using the method described by Nasiruddin Khan et al. [28].
Potassium chloride in concentrations of 0.1 M was used as a background electrolyte. The initial pH values (pH;) of each solution were
adjusted in range of 2 and 12 by small additions of 0.1 M of HCl or 0.1 M of NaOH and measured on pH meter (Ohaus, ST3100-F). In
each initial solution 20 mL, 0.1000 g of GO/CS adsorbent was added into the beaker shaken at 150 rpm for 24 h at room temperature,
centrifuged at 10,000 rpm for 10 min, and the pH of each supernatant was measured (pH). The pHyy,, of the samples was determined as
the plateau of the curve pH¢ = f(pHj).

2.7. MB desorption experiments

Desorption study of GO/CS adsorbent was performed by using combined effects of thermal, ultrasound and chemical regeneration.
The spent adsorbent was heated to the temperature ranging from 40 to 80 °C with different solvents under effect of contact time from 1
to 6 h. In desorption experiments, the solvents including ethanol 70% (CoHsOH), sodium chloride 1 M (NaCl) and DI water (H,0) were
employed. Desorption capacity and efficiency of GO/CS adsorbent was calculated using equations (3) and (4).

Cr).V
Desorption capacity (q,,) (mg/g) = % 3
. . _(©)
Desorption efficiency (%) = o X 100 (C)]
0

where V is volume of dye solution (L), M is mass of adsorbent used (mg), Cs is concentration of MB in solvent (mg/L), C, is initial
concentration of MB (mg/L).

The standard curve equation used to determine the MB concentration in this study was shown in Fig. 1a and b showed the
maximum absorption wavelength of MB for different pH levels ranging from 4 to 10.

2.8. Adsorption kinetics models

2.8.1. Pseudo-first order model

MB molecules filled sites have a linear relationship with rate of adsorption/desorption. This assumption is made in pseudo-first
order (PFO) reaction kinetics. The adsorption capacity of first-order rate expression can be expressed by equation (5). The intercept
and slope of linear plot log(qe-qy) of versus t give the values of the adsorption rate constant (k;) and equilibrium adsorption capacity
(qe), respectively [29].

K
log(q, —q,) =log g~ 5=t 5)

where k; (1/min) is the adsorption rate constant, k; and q. are determined by plotting a fitted linear graph of log(qe-qp)-

2.8.2. Pseudo-second order model
The pseudo-second-order (PSO) expresses that the square of the number of sites filled by dye molecules have linear relationship
with rate of adsorption/desorption and can be express as follows [29,30]:

t 1 t

= +—
q kg q

(6)

where ko (g/mg.min) represents a pseudo-second-order rate constant. Both ky and q. can be obtained by plotting a fitted straight line
graph with t as the X axis and t/q; as the Y axis.

2.8.3. The intra-particle diffusion model
A study on the diffusion mechanism of GO/CS adsorbing MB is conducted by an intra-particle diffusion model. The mathematical
expression of the intra-granular diffusion model is as follows [31].

Aer =k trle/fz +C (7)

12
Q)R 1 _( L)
rer Lref

In the above formula, the intra-granular diffusion constant is k, (mg/! g.min'/?). It can be obtained from the fitted line graph with t'/
2 as the X axis and q as the Y axis. R; value is divided into five zones: Firstly, as R; = 1 and C/qyef = 0, there is no initial adsorption (zone
0). Next, when 1>R; > 0.9 and 0<C/qyef <0.1, a weakly initial adsorption is occurring (zone 1). Then, if 0.9>R; > 0.5 and 0.1<C/
Qref<0.5, this is intermediately initial adsorption (zone 2). Subsequently, as 0.5> R; > 0.1 and 0.5<C/qf<0.9, a strongly initial

(8)
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adsorption is observed (zone 3). Finally, when R; < 0.1 and C/qyef>0.9, the initial adsorption is completely approaching (zone 4) [31].

2.9. Adsorption isotherms

2.9.1. Langmuir and Freundlich isotherm model

The interaction between GO/CS adsorbent and MB can be described by adsorption isotherms, in which Langmuir and Freundlich
isotherm models are normally used to study equilibrium data. The Langmuir model proposes a monolayer adsorbate on the surface of
the adsorbent, and it is based on the assumption that adsorption occurs on the homogeneous surface without interactions between the
adsorbed dyes molecules, and no chemical reaction will occur. The Langmuir expression is as follows:

kace

R L —ch ®

9e

C. 1 C.

_ (10)
e 9uax KL Qiax

where q. (mg/g) is the amount of adsorbate adsorbed per mass of adsorbent; C. (mg/L) is the equilibrium concentration of the
adsorbate; qmax (mg/g) and Ky, (L/mg) are Langmuir characteristic constants indicating maximum adsorption capacity and the energy
of adsorption, respectively [32].

The Freundlich model assumes that adsorption occurs in the heterogeneous surface and it is expressed by equation (10).

g, =ke.C" a1
1
Logq, = H.log C. + logkg (12)

where q. (mg/g) is the amount of adsorbate adsorbed per mass of adsorbent; C. (mg/L) is the adsorbate equilibrium concentration; Kg
(mg/g) and 1/n are Freundlich characteristic constants representing adsorption capacity and adsorption intensity, respectively [33].

2.9.2. Dubinin — radushkevich isotherm model
The Dubinin — Radushkevich (D-R) model is generally used to differentiate between physical and chemical adsorption and its linear
form is given as:

Ing,=Ingq, — f.¢* (13)

where ¢, is the amount of the dye adsorbed per mass of the adsorbent in (mg/g), f is a constant related to the mean free energy of
adsorption per mole of the adsorbate (mol?/J?), ¢ is the Polanyi potential calculated from equation (14):

8:RTln(1+Ci) a4

The values of q, and $ can be computed from the slope and intercept of the plot of In ge. The constant  gives valuable information
about the mean free energy E (kJ/mol) of adsorption per mole of adsorbate and it can be calculated using the following relationship:
1
/ 72[3

The value of E is valuable for appraising the type of adsorption process. When E < 8.0 kJ/mol, the adsorption can be described by
physical interaction. Otherwise, the adsorption is chemical one [34].

E= (15)

2.9.3. The redlich-peterson isotherm model

The Redlich-Peterson equation is widely used as a compromise between Langmuir and Freundlich systems [35]. This model has
three parameters and incorporates the advantageous significance of both models. Redlich-Peterson model can be represented as
follows:

ACe

[1 + B(Ce)p] (10

qe=

where A (L/g) and B (L/mg) are the Redlich-Peterson isotherm constants and p is the exponent reflecting the heterogeneity of the
sorbent, which lies between 0 and 1 [35].

2.10. Thermodynamic study

The parameters such as Gibbs free energy (AG), enthalpy (AH?), and entropy (AS®) are obtained through the Van’t Hoff equation.
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The expression is as follows [36,37].

AG’=AH’ — TAS® Qa7
AH®  AS°
InKe= — —— 4 —
nRe= TR TR
The constant of equilibrium (K¢) that is usually employed is given below:
C, —C,
Ke= T (18)

where, T (K) and R (8.314 J/mol.K) are the absolute temperature and universal gas constant, respectively. K¢ is the constant of
equilibrium. The above mentioned parameters are obtained by drawing a fitted linear line graph of In K¢ relative to 1/T. Ce is final

concentration of MB (mg/L), Cy is initial concentration of MB (mg/L).

2.11. Statistical analysis

The experiments were triplicated and the results were presented in form of mean + standard deviations (SD). In equilibrium
isotherm modeling, no single isotherm can usually fit all the experimental data. The model predicted adsorption capacity, qecal,
therefore, is compared with the experimental adsorption capacity, qe, for each isotherm model in terms of the Sum of the Squares of the
Errors calculated according to Eq. (18). It is indicator for accuracy, in which the best fit of the data can be assessed from the sum-of-
squares value. The smallest value for SSE indicates the best fit data for the model [38].

SSE= Z (qe.ml - qe.exp)z (19)
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3. Results and discussion
3.1. Characterizations of the GO/CS granular adsorbent

3.1.1. FTIR analysis

Fourier Transform-infrared (FT-IR) spectroscopy is a diagnostic method for characterization of chitosan, graphene oxide and GO/
CS cross-linked glutaraldehyde, and the results are shown in Fig. 2. The IR spectrum of the GO/Chitosan cross-linked glutaraldehyde
(Fig. 2d) shows more different characteristic peaks than that of the pure chitosan (Fig. 2a) and the IR spectrum of the GO show in
Fig. 2¢c. The results of the characterization of FT-IR on graphite sample shown in Fig. 2b completely agree with previous studies [39,
40]. It was detected that graphite sample had a C]C bond. Absorption peak in Fig. 1b was found at wavenumber 1514.19 cm ™! showing
the C]Cbond as a characteristic of the graphite vibration band. Some functional group absorption bands were detected at wavenumber
3730.40 cm™}, 2875.02 cm ™}, 2310.82 cm ™! indicating the absorption of the O-H, a methylene group in the C-H, and an acetylene
group in the C " C, respectively. There were a C-O vibration and a C-H bending vibration at wavenumber 1144.80 cm ™! and wave-
number 1291.40 cm ™, respectively. The spectrum of GO (Fig. 2c) shows peaks at 1023.36, 1333.3, 1601.23, 2482.36 and 3452.41
cm ! related to different oxygen containing functional groups corresponding to the C-O-C stretching vibrations, C-OH stretching, C-C
stretching mode of sp? carbon skeleton, C-O stretching vibrations of the -COOH groups and —OH stretching vibration bonds,
respectively. The FT-IR spectrum of GO completely agrees with previous studies [20,37,41]. Fig. 2a presents a peak at 3577.83 cm™!
corresponding to N-H stretching vibration of amino group, a peak at 1635.3 cm™* corresponding to N-H bending vibration of -NH;
and a peak at 1594 cm ™! corresponding to the C]O stretching vibration of amide [42,43]. The FT-IR spectrum of the GO/CS adsorbent
shows a combination of characteristic peaks of CS and GO. Indeed, Fig. 2d presents the shift from peak at 1635.3 cm ™! of chitosan to
peak at 1577.65 cm ™! of GO/CS designating the occurrence of amino-epoxy reaction [44]. A significant peak can be found at 1735.63
em ! corresponding to the formation of imine bond (C]N), i.e. Schiff’s base structure by the reaction of amino groups of chitosan and
aldehyde groups of glutaraldehyde. The formation of graphene oxide-chitosan composite may be due to the formation of covalent
bonds after cross-linking between GO/CS with glutaraldehyde [44]. Finally, the GO/CS granules are successfully synthesized using
self-assembly with glutaraldehyde as a cross-linker.

3.1.2. The UV-vis absorption of graphene oxide

The degree of oxidation can be determined by Amax of UV-vis spectrum [45]. It can be seen from Fig. 3 that the absorption peak
centered at around Apax = 226 nm resembles 1 — ©* transition for C]C double bond of graphene oxide layers [46,47]. A shoulder
observed at around 300 nm is attributed to n — n* transition because of the C-O and C]O bonds on the graphene sheets [48]. The
UV-Vis spectrum shows the higher value of Ay for 1 — n* electronic transition compared to n — n* because the © — n* transitions
require less amount of energy due to the conjugation of C]C bonds of the graphene layers [49]. The results of this study are also
consistent with recent reports on GO synthesis from coal by Sahoo et al. (2022) [50] showing that the synthesized GO had a maximum
absorption wavelength at 226 nm, which characterized for the appearance of resembles © — n* transition for C]C double bond of GO.
From the UV-vis results, it can confirm that GO in this study was successfully synthesized using the Hummers’ method.

3.1.3. FE-SEM analysis
The surface morphology of pure GO and GO/CS granules are determined via digital and FE-SEM images (Fig. 4). Fig. 4a shows the
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Fig. 3. The UV-vis absorption of graphene oxide.
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Fig. 4. Digital image of GO/CS granules (a) and FE-SEM images of pure GO (b) (c) and GO/CS granules (d), (e) at different magnification.

GO/CS granules and its size calculated via integrated sieving method is 1.05 + 0.04 mm. The FE-SEM images of pure GO in Fig. 4b and
c depict further revealing the layered structure of synthesized GO. Materials have wrinkled edges with irregular shapes of dense inter-
connected layers [51]. In the meantime, Fig. 4d and e show the surface morphology of GO/CS granules and indicate that the adsorbents
possess higher surface roughness compared to pure GO. Inside the adsorbent, many macro-pores are observed and these pores generate
a dense network occurring upon formation of a cross-linked between GO and chitosan [52]. Therefore, these variations in morphology
and textural properties provide a microporous structure for GO/CS granules, causing a longer time for the adsorbates to enter the
adsorbent.

3.1.4. Nitrogen adsorption and desorption isotherms

The BET surface area of GO and GO/Chitosan in Fig. 5 and Table 1 was measured from the adsorption/desorption isotherm of N at
77 K. The specific surface area of the GO shown in Table 1 is 99.055 m?/g lower than 253.87 m?/g of GO from the study reported by
Nagi M. El-Shafai et al. (2020) [53], attributing to the application of the modified method and graphite source. The specific surface
area of the GO/CS in Table 1 shows a value of 1.235 m?/g which sharply decreases compared to pure GO. The decrease in surface area
of GO/CS adsorbent can be attributed to the formation of the bonding between GO and chitosan via the formation of the cross-linking.
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Table 1

BET analysis results of GO and GO/CS materials.
Sample SpET [mz/g] Pore diameter [j\] Pore volume [cm3/g] %micropore %mesopore
GO 99.055 36.125 0.081 11.32 88.68
GO/Cs 1.235 35.201 0.076 2.12 97.88

However, porous materials are mostly characterized in terms of pore diameters derived from gas adsorption-desorption data. The
IUPAC conventions have proposed porous materials into six types of physisorption isotherms that reflect the relationship between
sorption and porosity [54]. The classification of adsorption isotherms is characteristic of adsorbents that are microporous (type I),
nonporous or macroporous (types II, III, and VI), or mesoporous (types IV and V). The result of nitrogen adsorption/desorption iso-
therms of GO/CS granular adsorbent in this study at 77 K has a shape of type V with pore diameter of 35.201 A, indicating that the
adsorbent is a mesoporous material [54,55]. Type V implies that the adsorbents possess a certain pore with a slit shape, as well as the
adsorbate-adsorbent interaction is weak [54]. This description is in good agreement with the observation based on FE-SEM images of
GO/CS granular adsorbent. Moreover, with the mesoporous structure, the GO/CS granular adsorbent in this study can adsorb MB
molecules easily because the size of MB molecules is about 14.2 A in length and about 9.5 A in width [56]. Finally, the above findings
suggest that the adsorption of MB onto GO/CS adsorbent may be a weak interaction and mostly happens in the particle’s inner.

3.1.5. Point of zero charge of GO/CS adsorbent

The pH of the point of zero charge (pHy,) is a critical parameter that gives an idea to understand the surface chemistry of an
adsorbent. It is one of the essential physicochemical parameters indicating the net charge of an adsorbent when it comes in contact
with water [57]. The pHp,. is defined as the pH of the solution at which the surface charge of the adsorbent has zero value. The global



H.V.T. Luong et al. Heliyon 10 (2024) 28648

surface charge of the adsorbent is negative at pH higher than pHy,, (i.e., pH > pHy,.) and positive at pH lower than pHp, (i.e., pH <
PHpzc). Published reports revealed that adsorption of cationic dye occurs at pH > pHyy,. due to the existence of some functional groups,
such as COO™ and OH™ [58]. In this work, pHy,. was determined by the salt addition method [37] and the pHy, of GO/CS adsorbent
was calculated to be 8.02 + 0.02 as shown in Fig. 6. This signifies that at pH < pHy,, the adsorbent surface carries positive charge and
at pH > pHyy,, the negative charge exists on the adsorbent surface. In other words, the cationic dye (MB) in this study may be strongly
adsorbed by GO/CS adsorbent at pH greater than pHp,. 8.02 + 0.02.

3.2. MB adsorption studies

3.2.1. Effect of the CS solution and reaction time in glutaraldehyde solution on MB adsorption efficiency

The GO/CS granular adsorbent in this study was synthesized via self-assembly method with effect of two parameters, including
concentration of CS solution and cross-linking reaction time. To evaluate the optimum condition for the adsorbent synthesis, the
comparison of MB adsorption efficiency at every condition was conducted and the results were shown in Fig. 7. As can be seen from
Fig. 7, the MB adsorption efficiency of the GO/CS granular adsorbent decreased as the amount of chitosan added and reaction time in
glutaraldehyde solution increased. This may be interpreted as follows as the chitosan content rose, the total surface area of the GO/CS
granular adsorbent decreased due to the fact that chitosan covered more the surface of GO leading to reduce the number of functional
groups on the surface of GO as well as pore diameter of the adsorbent [59]. Furthermore, as the reaction time with glutaraldehyde
increased, the MB adsorption capacity decreased due to the impact of cross-linking creation. The extensive cross-linking decreased the
pore size and porous structure of the adsorbent, preventing the diffusion of MB molecules to the surface of adsorbent resulting in
decrease of MB adsorption efficiency [60]. Thoroughly the evaluation of the MB adsorption capacity of GO/CS granular adsorbent with
different chitosan contents and the time required for the reaction in glutaraldehyde solution, the GO/CS granular adsorbent syn-
thesized via a CS solution 1.5% and the reaction time in glutaraldehyde solution of 2 h was selected for further adsorption studies.

3.2.2. Effect of critical factors on MB adsorption

Adsorption of dyes are affected by several factors, and solution pH is one of the most important factors because of its impact on both
the active sites of the adsorbent and the ionization process of the dye molecules in the solution [61]. The effect of solution pH on the
adsorption process of MB is shown in Fig. 8a. When the pH increased from 4 to 6, the MB adsorption capacity slightly increased from
67.15 + 0.04 mg/g to 70.86 + 0.05 mg/g due to similarity in surface charge of adsorbent and the molecular charge of MB. At a low pH
environment, there were plenty of protons competing with cationic MB for the same adsorption site on the adsorbent, resulting in steric
hindrance. In the meantime, these protons promote the protonation of amine groups of the adsorbent to form NH3 groups. This also
caused an electrostatic repulsion with positively charged MB ions. According to the point of zero charge (pH; 8.02 = 0.02) shown in
Fig. 5, the predominant functional groups of the adsorbent surface were positive at pH < pHy,; hence, in acidic condition, the hy-
drophilic adsorption via hydrogen bonding became dominant in the adsorption mechanism [61]. When the pH was greater than 6.0,
the adsorption capacity was relatively high. When the pH varied from 6.0 to 8.0, the adsorption capacity increased to 73.44 + 0.01
mg/g. If further changed to pH 9.0 and 10, the adsorption capacity increased by about 4 mg/g to around 77.5 + 0.02 mg/g. At this pH
range, the GO/CS material could be deprotonated, enhancing its electrostatic attraction with MB ions, thereby accelerating its
adsorption capacity [62]. Therefore, to carry out further studies, pH 8.0 was considered as an optimum value.

To evaluate adsorption rate, the effect of the contact time on adsorption capacity was conducted and the results were depicted in
Fig. 8c. As can be seen from Fig. 8c, the adsorption capacity rose sharply from 22.53 + 0.04 mg/g at the first 30 min to 73.23 + 0.03
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Fig. 6. Point of zero charge of GO/CS granular adsorbent.
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mg/g at 4 h. This may be explained by the fact that at first cationic dyes adsorbed onto the outer surface of the granular adsorbent, then
they diffused from the surface to inner parts of the granular adsorbent. Herein, many surface active sites were accessible for adsorption
of MB on the surface of GO/CS granular adsorbent [63,64]. After 4 h, the adsorption capacity increased slightly as time went on; thus,
the growth rate became less noticeable, and it gradually got close to the adsorption equilibrium after 24 h. Indeed, the adsorption
capacity was only enhanced from 73.23 + 0.02 mg/g at 4 h to 76.64 + 0.03 mg/g at 24 h. For adsorption efficiency, it just rose from
91.54% to 95.79% when the contact time extended from 4 h to 24 h. This insignificant efficiency within a very long time adsorption
was attributed to saturation of surface active sites [64]. Besides, adsorbent used in this study was a granular form, so MB ions had to
take more time to diffuse from bulk solution to central granule. Moreover, after the first 4 h, the concentration of MB ions was low,
causing a decrease in gradient concentration between bulk solution and inner part of granule [65]. Therefore, the subsequent tests
were conducted with contact time of 4 h.

Besides pH and contact time, initial concentration plays an essential role in the adsorption process. This study evaluated the effect
of initial MB concentration on MB adsorption using GO/CS granular adsorbent, and presented in Fig. 8b. In general, both adsorption
efficiency and adsorption capacity increased with increasing MB concentration. However, adsorption efficiency moderately rose from
85.68 + 0.03% to 98.67 + 0.01% when initial MB concentration went from 5 mg/L to 40 mg/L. In the meantime, adsorption capacity
went almost linearly from 37.23 + 0.03 mg/g to 295.09 + 0.04 mg/g at the identical concentration range. At the low concentration,
there were much more active sites on the surface of adsorbent compared to the adsorbate; hence, although more than 85% of MB was
adsorbed, the adsorption capacity was just 37.23 + 0.03 mg/g. When initial concentration of MB stepwise rose to 40 mg/L, the
adsorption capacity increased corresponding to 295.09 + 0.04 mg/g. This increase was attributed to the fact that the concentration of
dye molecules outside of the GO/CS granules was much greater than the concentration inside the GO/CS granules, causing a strongly
chemical driving force to enhance diffusion of MB ions into the granular adsorbent [64,65]. Moreover, due to the increasing con-
centration gradient, the dye molecules diffused into the GO/CS granules, increasing the osmotic pressure inside the granules and
causing the swelling of GO/CS granules [65]. This allows MB ions to diffuse deeper into central regions of the adsorbent.

In contrast to initial concentration, increase in adsorption dose causes a growth-up of adsorption efficiency, but a reduction of
adsorption capacity. In this study, the effect of adsorption dose was conducted in a range of 5-50 mg, and shown in Fig. 8d. When the
quantity of adsorbent rose from 5 mg to 10 mg, the MB adsorption efficiency improved fast from 82.41 + 0.02% to 97.69 + 0.03% due
to increase of surface active sites of the adsorbent. However, the adsorption efficiency mostly remained unchanged when the adsorbent
dosage continued to increase to 50 mg, attributing to constant of MB concentration. For adsorption capacity, it went down fast from
82.41 £ 0.02 mg/g to 23.79 + 0.03 mg/g as the adsorption dose varied from 5 mg to 50 mg. This fall is due to the fact that adsorption
capacity was inversely proportional to the adsorbent amount [66].

In this work, the temperature effect on MB adsorption using GO/CS granular adsorbent was assessed and presented in Fig. 8e. The
adsorption effectiveness decreased as the temperature rose from 303 K to 333 K. This observation is in good agreement with the
adsorption of MB using sulfuric acid-treated orange peel [67]. The results show that the adsorption of MB onto GO/CS granular
adsorbent is exothermic in nature. The decrease in the MB adsorption efficiency with increase in temperature may be due to weakening
of the adsorptive forces between the MB molecules and the active sites of GO/CS granular adsorbent [68]. Moreover, high temper-
atures enhanced the solubility of MB and reduced attractive forces between the adjacent molecules of the adsorbed phases. This caused
an increase in desorption rate or decrease in the adsorption capacity [65].
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Fig. 8. Effect of pH (a), initial concentration (b), contact time (c), adsorbent dose (d), and temperature (e) on MB adsorption by GO/CS adsorbent.

3.3. Adsorption kinetics

Kinetic equations are applied to determine the adsorption mechanism providing useful data to enhance the adsorption capacity and
practicability of scale-up. In this work, the mechanism of MB adsorption using GO/CS adsorbent was investigated by fitting PFO and
PSO to the experimental data. The results were presented in Fig. 9a and the important parameters were shown in Table 2. The data
obtained for MB adsorption using GO/SC adsorbent show that the adsorption kinetics were well fitted to the PSO model because of the
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Fig. 9. Pseudo-first-order model and Pseudo-second-order model (a), Intra-particle diffusion model (b) for MB adsorption by GO/CS adsorbent.

Table 2
Kinetic parameters and coefficients of PFO and PSO model.
Kinetic model Parameters Definition Values
pseudo-first-order Qe, cal (mg/g) Calculated adsorption capacity 157.61 + 0.03
kq Rate constant —0.18 £+ 0.01
R? Correlation coefficient 0.989
SSE Sum of the squares of the errors 1.474
pseudo-second-order Qe, cal (mg/g) Calculated adsorption capacity 179.65 + 0.03
ko Rate constant 0.11 £+ 0.02
R? Correlation coefficient 0.999
SSE Sum of the squares of the errors 1.054
Table 3
Intra-particle diffusion model of Adsorption of MB on GO/Chitosan.
Kinetic model Parameters Definition Values
Stage 1 kp1(mg/ g.min'/?) Rate constant at stage 1 0.3382
C Intercept at stage 1 2.9191
Ri; The initial adsorption 0.2437
R? Correlation coefficient 0.924
C/Qref 0.7805
Zone 111
Stage 2 kpz(mg/g.minl/ 2 Rate constant at stage 2 0.0234
Cy Intercept at stage 2 3.7242
Riy The initial adsorption 0.0297
R? Correlation coefficient 0.6265
C/Qres 0.971
Zone v

13
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goodness of fit R? highly closing to 1. The applicability of PSO model to describe the kinetics of MB adsorption were also reported by
Kumar et al. (2014) [67] using sulfuric acid-treated orange peel and Jia et al. (2018) [56] using bone char.

Moreover, Table 2 shows that the obtained calculated q. (179.65 + 0.03 mg/g) was consistent with the obtained experimental g
(150,32 + 0.03 mg/g). It can be seen from Table 2, the slope of the quadratic symbolic equation, a = 0.25, was compatible with the
stated item MB adsorption capacity. According to Fig. 9a, dependability grew fast as the slope of the tiny slope increased. The lower the
slope coefficients, the lower the t/q;. Because q; is inversely proportional to t/q, a slight slope will enhance data processing speed in
MB.

In this work, the adsorbent is granules, so it is necessary to employ an intra-particle diffusion model to study. Fig. 9b and Table 3
described the application of the intra-particle diffusion model to MB adsorption using GO/CS granular adsorbent. It can be seen in
Fig. 9b, in the first stage, the slope of the straight line was sharp, and the slope was large k;,;—0.3382 (mg/, g.min'/2), indicating the fast
outer surface adsorption of the adsorbent boundary layer diffusion [31,68]. The values of Ri; and C/qy.f obtained for the adsorption of
MB on GO/CS obtained in the initial adsorption were respectively 0.2437 and 0.7805. These values show that they belonged to zone 3,
indicating a strongly initial adsorption of MB on GO/CS granular adsorbent. This statement is in good agreement with the result of
contact time effect on adsorption capacity in Fig. 8c.

The slope of the second stage kpz = 0.0234 (mg/g.min'"?) decreased and corresponded to the adsorption generated by intra-
granular diffusion; this is progressive adsorption. The values of Rip = 0.0297, C/qref = 0.971 in Table 3 showed the initial adsorp-
tion belonging to zone 4. In other words, the initial adsorption of MB onto the surface of GO/CS granular adsorbent was approaching
completely initial adsorption or the initial adsorption took into account for more than 90% of the adsorption process [31]. Fig. 9b also
shows that the two linear fitting straight lines did not pass the origin point to indicate that the adsorption of MB by GO/CS granular
adsorbent, in addition to the particle diffusion rate control, could be controlled by other steps [63].

3.4. Adsorption isotherms

Adsorption isotherms are frequently applied to assess the adsorption capacity of adsorbents. These models describe adsorbent and
adsorbate interaction, as well as the surface properties of adsorbent [36]. The experimental data in this work was fitted to two common
adsorption isotherm models, including the Langmuir and Freundlich model. According to Eq. (10), the nonlinear Langmuir model was
shown in Fig. 10a and the Langmuir constants ki, (L/g) and qmax (mg/g) were listed in Table 4. As can be seen from Table 3, the
adsorbent had the maximum adsorption capacity of 951.35 + 0.03 mg/g at 303 K with R? = 0.974. However, the regression coefficient
is a little far from 1, so the experimental data in this study are not totally fitted to the Langmuir adsorption isotherm.

The Freundlich model simulates multilayer coverage on the surface of the adsorbent as well as surface heterogeneity [32]. In this
study, Fig. 10b shows the nonlinear Freundlich model and Table 4 tabulates the obtained isotherm constants and coefficients which
were calculated from the linearized model. Table 4 indicates that the regression coefficient, R = 0.997, was high and could state that
the MB adsorption by GO/CS adsorbent was more consistent with the Freundlich model than the Langmuir model. For the Freundlich
model, when n = 1.117 or 1/n = 0.895, the adsorption process was favorable because the slope of the straight line was low. The
adsorption of MB on the surface of GO/CS adsorbent was also reversible with different adsorption energy between adsorbate and
adsorbent as well as the adsorbent could adsorb multilayer of MB on its surface [69].

Table 4 lists adsorption systems of MB fitted with the R-P isotherm equation. Large molecule adsorption, as in dyes, is not easy in
accordance with the theory of monolayer adsorption upon which the Langmuir isotherm equation is based [35]. This is because
impediments exist between pores and adsorbate so the p value is usually less than 1 [70]. Subramani et al. also reported that when
studying the R-P isotherm model when using Chitosan beads to adsorb dye, the value p is also less than 1 [71].
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Fig. 10. Langmuir, Freundlich,Dubinin- Radushkevich Non-linear isotherm for MB adsorption on GO/CS granular adsorbent.
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Table 4
Isotherm parameters and coefficients of Langmuir, Freundlich, and Dubinin Radushkevich model of MB
adsorption using GO/CS adsorbent.

Adsorption isotherm Parameters Values
Langmuir Qmax (Mg/g) 951.35 + 0.03

ki, (L/mg) 0.298 + 0.02

R? 0.974

SSE 1.124
Freundlich kr (L/mg) 4.157 + 0.04

1/n 0.895

R? 0.997

SSE 1.087
Dubinin- Radushkevich E (kJ/mol) 0.98 + 0.03

R? 0.996

SSE 1.278
Redlich-Peterson Kip 2.531

pa 0.964

R? 0.053

SSE 0.995

1.167

To investigate the adsorption free energy and characteristic porosity, the Dubinin-Radushkevich (D-R) model is applied [27].
Besides these two characteristics, one of the unique features of the D-R isotherm model is temperature dependent, indicating the
non-homogeneous surface of the adsorbent [38]. This study used Eq. (12) linearized to Eq. (13) to plot D-R graph in Fig. 10. From the
linear plot of D-R model, the mean free energy was determined to be E = 0.98 + 0.03 kJ/mol (Table 4). The value of E was valuable for
appraising the type of adsorption process. When E < 8.0 kJ/mol, the adsorption type can be described by physical adsorption [34]. In
this study, the value of E is 0.98 + 0.03 kJ/mol, suggesting that the adsorption process of MB onto adsorbent is monolayer to be
physical in nature. However, the regression coefficient (R%) of D-R model in this study is 0.996, indicating that the experimental data
partially agreed with the D-R model. Finally, the adsorption of MB onto the surface of GO/CS granular adsorbent was well described by
the Freundlich adsorption isotherm model.

3.5. Thermodynamic study

The critical thermodynamic parameters such as Gibbs free energy, enthalpy and entropy change are determined via evaluation of
the temperature effect on MB adsorption by GO/CS adsorbent [37]. The influence of these parameters on MB adsorption was deter-
mined based on Eq. (16) and Eq. (17), and the results were presented in both Fig. 11 and Table 5. The above mentioned parameters
were obtained by drawing a fitted straight line graph of In(K¢) relative to 1/T. It can be seen from Fig. 11 that the adsorption capacity
of the GO/CS for MB decreased with increasing temperature. Table 5 shows that the Gibbs free energy (AG®) for MB adsorption was
negative at all temperatures, indicating that the adsorption of MB by the GO/CS was spontaneous and thermodynamically favorable.
As can be seen that the value of Gibbs free energy varied from —11.7 + 0.01 (kJ/mol) to —3.12 + 0.02 (kJ/mol) when the temperature
increased from 303 to 333 K, which pointed out that the adsorption of MB on GO/CS adsorbent at lower temperature was more
spontaneous. The negative change of enthalpy AH® = —98.358 + 0.03 (kJ/mol) indicated that the adsorption of MB by the GO/CS
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Fig. 11. Van’t Hoff plot for the adsorption of MB on GO/CS adsorbent.
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Table 5
Thermodynamic Parameters for MB adsorption on GO/CS adsorbent.
T (K) AG? (kJ/mol) AH? (kJ/mol) AS° (J/mol K)
303 —11.7 £ 0.01 —98.358 + 0.03 —0.286 + 0.04
308 —10.27 £+ 0.02
313 —8.84 + 0.03
318 —7.41 £ 0.04
323 —5.98 + 0.01
333 —3.12 + 0.02

granules was an exothermic process, which was in good agreement with the results obtained from the study of Othman et al. (2020)
using alginate-based beads to adsorb methylene blue from water [72] and Durrani et al. (2022) using palm based activated
carbon-alginate membrane to adsorb MB from aqueous solution [73]. However, it is interesting that several articles have been reported
an endothermic process of MB ions adsorption onto different biomass based adsorbent such as cellulosic olive stones [63], activated
carbon developed from Ficus Carica bast [74], or peat [75]. The negative value of entropy change (AS) states that the randomness on
the granule-MB interface was reduced. In other words, MB ions were condensed on the surface of the adsorbent [76,77].

The mechanism of adsorption mainly depends upon morphology properties and chemistry of both adsorbent and adsorbate [37]. In
this study, the main mechanism of MB adsorption onto GO/CS granular adsorbent was depicted in Fig. 12. According to the electrical
characteristics of GO/CS adsorbent and MB following hydrolysis, both include carboxyl groups and benzene rings. It is hypothesized
that MB adsorption on GO/CS surface could be attributed to the following three forces such as an electrostatic attraction between the
GO/CS and MB molecules, establishment of hydrogen bonds of carboxyl groups of GO/CS with MB and a stacking action between the
benzene rings of GO/CS and MB [78].

3.6. Desorption of MB

3.6.1. Effect of solvent, contact time, and temperature on MB desorption

Reusing the spent adsorbents are considered as an essential aspect in reducing economic consumption [74]. To evaluate the
recycling of adsorbents, it is necessary to conduct a desorption process to understand the mechanism of the adsorbed MB on the GO/CS
granules. For desorption, solvents are critical to evaluate releasing ability of adsorbate [79]. As a sustainable development approach,
this study used three solvents including sodium chloride solution 1 M, ethanol 70% and DI water in order not to produce hazardous
leachates and the results were presented in Fig. 13a. Sodium chloride solution 1 M had a desorption efficiency of 72.85 + 0.03% and a
release capacity of 85.4 + 0.04 mg/g while the desorption efficiency of using ethanol was 82.68 + 0.03% and the desorption capacity
was of 96.92 =+ 0.02 mg/g. Thus, ethanol had a favorable effect to release MB compared to sodium chloride, similar result is found in
study of Daneshvar et al. (2017) using sodium chloride and ethanol for desorption of MB from brown macroalga [79]. The lower
desorption capacity of using sodium chloride solution 1 M may be due to the fact that huge amount of Cl”~ ion from NaCl could increase
the anionic characteristics of GO/CS adsorbent and give it a more favorable and stronger electrostatic interaction with the cationic MB,
preventing the MB desorption from the spent GO/CS adsorbent. Meanwhile, the solvent’s polarity, solubility of MB in ethanol, and the
ease of penetration to the pores were attributed to successful release of MB into ethanol [80]. Fig. 13a also shows that when using DI
water, the desorption efficiency and desorption capacity were 80.46 + 0.05% and 94.32 + 0.04 mg/g, respectively, being lower
compared to using ethanol. The reason could be that the polarity of the DI water solvent is relatively high compared to that of ethanol.
Moreover, surface tension of water at 323 K is 68.45x10° N/m while surface tension of ethanol 70% is 22.15x10% N/m at the same
temperature [81]. This allows ethanol 70% dispersed deeply and faster into GO/CS granules, accelerating the desorption process of
MB. However, the desorption efficiency of using DI water was not much lower than that of using ethanol 70%, and using chemical
reagents like sodium chloride and ethanol could produce potentially hazardous leachates compared to using DI water [82]. Therefore,
the desorption solvent for further experiments was DI water.

Besides solvents, contact time is an influencer acting on the desorption process of MB. The effect of contact time on MB desorption
was conducted and shown in Fig. 13b. It can be seen that as the reaction time lengthened, desorption efficiency increased. The
desorption capacity gradually increased from 48.84 + 0.04 mg/g up to 104.44 + 0.05 mg/g, and the desorption capacity rate
increased rapidly within the first 4 h, and then slowed down the rate for the last 3 h. This could be caused by the fact that when the dye
was released more into bulk solution, the concentration gradient reduced the driving force of the dye diffusion from inner granule to
bulk solution [30]. Moreover, as time went on, the backward reaction rate increased and caused an increase in the re-adsorption
process of MB onto the solid surface. In other words, reducing dye concentration in the solid phase and solvent saturation may be
responsible for slowing down dye desorption rate.

In the desorption process, temperature is one of important factors playing a significant role in dyes desorption [83]. Therefore, in
this study MB desorption process was conducted in temperature change ranging from 313 to 353 K and the results were shown in
Fig. 13c. The desorption efficiency increased from 45.45 £ 0.01% to 92.88 + 0.04% or the desorption capacity rose from 53.28 + 0.04
mg/g to 108.88 + 0.01 mg/g when the temperature varied from 313 to 333K. However, MB desorption efficiency reduced as the
temperature further improved. According to the adsorption experiment data in this study, adsorption was inhibited by rising tem-
perature or following the thermodynamic study, the adsorption process of MB onto GO/CS adsorbent was exothermic. These findings
imply that the desorption capacity rose as heating up the effluent. Moreover, according to Momina et al. (2020), increasing
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temperature could make an enhancement in desorption efficiency up to a certain limitation, further increasing temperature, however,
resulted in an inactive desorption because MB molecules diffuse more onto solid phase [83].

3.6.2. Lifespan of adsorbent

The goal of regenerative research is to establish the material’s adsorption capacity after a number of successive adsorption/
desorption cycles [83]. Utilizing DI water as the solvent and ultrasound in combination with heat, several adsorption/desorption cycles
were carried out up to seven times and the performance was depicted in Fig. 14.

In general, the MB adsorption efficiency of GO/CS adsorbent decreased from 97.32% of the first cycle to 58% of the seventh cycle.
However, desorption efficiency remained almost unchanged after seven cycles at a value of 91.08%. This decrease might be due to the
fact that active sites on the surface of the adsorbent were saturated, causing a decrease in adsorbent’s surface area and leading to the
reduction in adsorption effectiveness [83]. Additionally, the GO/CS granular adsorbent was broken down after seven cycles of working
because the adsorbent worked under high temperature associated with ultrasonic application for a long time, causing a break in its
structure. Because the mechanism of synthesizing GO/CS material is the electrostatic interaction between the amino group (NH3),
primary and secondary hydroxyl groups (CH2OH, CHOH) of chitosan and the surface of the carboxyl group (COOH) and the hydroxyl
(OH) on GO, combined with the cross-linking of Chitosan and glutaraldehyde. When materials worked under high temperature
conditions combined with ultrasonic waves and for long periods of time, these bonds were degraded by ultrasonic waves and tem-
perature [84,85]. Therefore, these GO/CS granules could not be retrieved.

3.7. Comparison with other GO-based adsorbents

The adsorption capacity of GO/CS material for adsorption of MB is compared with other GO-based adsorbents reported in previous
studies. The calculated maximum adsorption capacity of GO/CS material was 951.35 mg/g, which was mostly higher than the
adsorption capacities of GO-based adsorbents as shown in Table 6. The first group using magnetic combined with cellulose/GO [61],
with chitosan/GO [87] or with GO/sodium alginate [88] to adsorb MB with the calculated qu,.x was 70, 180.8 or 317 mg/g,
respectively. In the meantime, when GO combined with casein or CoFe;04, the computed qmax Was quite high with the value of 437.29
[63] and 355.9 mg/g [89]. However, when GO went with chitosan and carboxymethyl cellulose, the calculated maximum adsorption
capacity was significantly improved and got the highest value of 3190 mg/g [90]. Another study in 2018 conducted by Qi et al. used
GO combined with chitosan to produce a sponge to remove MB in aqueous solution [86], the result showed that the computed qp,ax Was
180.8 mg/g, which was lower the calculated qmax of this study (951.35 mg/g). This could be caused by high chitosan content used (9%)
in their study compared to 1.5% content of chitosan used in this study. The above findings suggest that GO/CS granules may be used as
an excellent adsorbent for the removal of MB from aqueous solution due to the presence of different oxygen functional groups,
mesoporous structure and high adsorption capacity.

4. Conclusion

In this study, the granular adsorbent was successfully synthesized using self-assembly with glutaraldehyde as a cross-linker. The as-
synthesized adsorbent had a diameter of 1.05 + 0.04 mm with specific surface area of 1.235 m?/g and possessed mesoporous structure
with pore diameter of 35.201 A as well as PHpzc of 8.02 & 0.02. Fourier transform infrared analysis confirmed the formation of co-
valent bonds between graphene oxide and chitosan after cross-linking with glutaraldehyde. The optimal adsorption capacity (117.16
+ 0.03 mg/g) was obtained at pH 8.0 with initial concentration of 20 mg/L, adsorbent dose of 10 mg, contact time of 4 h, adsorption
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Fig. 14. Regeneration of GO/CS granular adsorbent (solvent: DI water, t: 4 h, T: 333 K, ultrasound applied).
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Table 6

Comparison adsorption capacities of MB by GO/CS with other GO-based adsorbents.
Adsorbent Calculated qmayx (mg/g) References
Magnetic cellulose/GO composite 70 [61]
CA/GO 437.29 [63]
GO/CS sponge (CS 9%) 275.5 [86]
Magnetic chitosan GO 180.8 [82]
Fe30,@GO@SA 317 [83]
CoFep04/GO 355.9 [84]
CS-GO/CMC-1/1 3190 [85]
GO/CS granular adsorbent 951.35 In this study

temperature of 303 K. The adsorption kinetic showed a good agreement between the pseudo-second-order model and experimental
data while adsorption isotherm of dye onto the adsorbent was consistent with Freundlich model. The physical forces are the main
mechanism of dye adsorption by using the granular adsorbent. The intra-particle diffusion model confirmed that dye adsorption in this
work was also mostly happened within the first stage of adsorption. The thermodynamic study determined dye adsorption using the
granular adsorbent was a spontaneous and exothermic process and dye molecules condensed onto the adsorbent. Furthermore, the
desorption conducted by DI water at 333 K combined with ultrasound showed a 6-time reuse of the adsorbent in this investigation.
Therefore, the granular adsorbent has a great potential to be applied for wastewater treatment of methylene blue or other cationic dyes
in the near future.
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