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In this study, a systematic analysis was conducted to investigate the efficiency and mechanism of methylene blue
(MB) removal from water using blue coke-based activated carbon (AC) as an adsorbent. The investigation
encompassed several critical parameters, including adsorbent dosage, contact time, pH, temperature, initial MB
concentration, and the regeneration capacity of the adsorbent. The adsorption mechanism of MB by AC was
elucidated through instrumental analysis and theoretical models such as adsorption kinetics, isotherm models,
and thermodynamic analysis. The experimental results demonstrated several key findings: the removal efficiency
of MB increased with the adsorbent dosage, although the unit adsorption capacity decreased; the removal rate of
MB rose rapidly with increasing contact time and reached equilibrium after 90 min; the highest removal effi-
ciency was achieved at pH 6; the adsorption capacity increased with higher initial MB concentrations. The
adsorption kinetics conformed to the pseudo-second-order model, indicating that chemical adsorption was the
predominant control step. The adsorption process was identified as a spontaneous reaction, with the Langmuir
model suggesting a maximum adsorption capacity of 2040.696 mg/g at 318 K. Furthermore, AC exhibited an
abundant mesoporous structure and surface functional groups, contributing to the efficient removal of MB. The
adsorption mechanism involved pore-filling, hydrogen bonding, n-n interactions, and electrostatic attraction.
Additionally, AC demonstrated excellent regeneration performance. These findings suggest that AC prepared
from blue coke holds significant potential for industrial applications in MB removal, owing to its high removal
efficiency, low cost, and good regenerative properties, making it highly valuable for practical use.

and tissue necrosis (Makhado et al., 2017). Long-term exposure to low
concentrations of MB may cause metabolic disorders, organ damage,

1. Introduction

MB is an organic dye widely used in the textile, paper, printing, and
pharmaceutical industries (Malatji et al., 2021). It possesses high sta-
bility and is resistant to degradation, allowing it to persist in aquatic
environments for extended periods (Liu, Omer, and Ouyang, 2017). The
presence of MB in water bodies can cause toxicity in fish, plankton, and
other aquatic organisms, leading to physiological dysfunction and even
death (Sen, 2014; Arabzadeh et al., 2023). Consumption of contami-
nated water by humans can result in vomiting, mutations, cancer, res-
piratory issues, diarrhea, eye burns, nausea, shock, cyanosis, jaundice,
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and genetic toxicity in organisms (Makhado et al., 2017). Furthermore,
MB can impede photosynthesis, bioaccumulate in marine organisms,
and induce biomagnification effects within the ecological environment
(Emmanuel and Adesibikan, 2021). To protect water resources and the
ecological environment, various countries have established stringent
regulations on the discharge of dyes such as MB into water bodies,
typically monitored through parameters like chemical oxygen demand.

A variety of water treatment technologies have been developed to
meet the emission standards for MB dye wastewater discharge, including
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adsorption (Li et al., 2019), flocculation (Teixeira et al., 2022), mem-
brane separation (Parakala, Moulik, and Sridhar, 2019), chemical
oxidation (He et al., 2016), electrochemical degradation (Hu et al.,
2022), photocatalytic degradation (Chang et al., 2024), and biodegra-
dation (Nabilah et al., 2023). Among these methods, adsorption stands
out for its flexibility in design, cost-effectiveness, ease of operation and
absence of secondary pollution (Jawad et al., 2022; Kiiciik, 2023; Sahu
et al., 2022). Therefore, the search for efficient, economical and envi-
ronmentally friendly adsorbents for wastewater treatment is particularly
important.

Blue coke is an innovative coke material prepared by a low-
temperature dry distillation process of high-quality Jurassic weakly
viscous coal produced from the Shenfu coal field at a strictly controlled
condition of about 600 °C (Lu et al., 2013). Blue coke is noted for its high
fixed coke content, high specific electrical resistance and remarkable
chemical activity, as well as environmentally friendly attributes such as
low ash, sulphur and phosphorus content (Feng, Xu, and Wang, 2024).
These combined properties augur well for the promising and significant
application of blue coke in industrial applications (Feng and Xu, 2020).
Nevertheless, the potential application value of blue coke powder with
particle size less than 3 mm has not been fully developed and utilised
due to its limitations in traditional industrial applications (Tian et al.,
2022). However, based on its unique physicochemical properties, blue
coke powder is considered an excellent precursor material for the
preparation of high quality activated carbon.

Blue coke based activated carbon is expected to be a new type of
adsorbent material with abundant resources, low price and excellent
adsorption performance. The aim of this study was to evaluate the
treatment effect and application potential of blue coke-based activated
carbon in the simulated wastewater treatment of MB dye through sys-
tematic experimental studies and mechanistic analyses. By exploring the
relationship between the structural properties and adsorption perfor-
mance of the blue coke-based activated carbon under different prepa-
ration conditions, the mechanism of adsorption was revealed to provide
theoretical basis and technical support for its application in practical
wastewater treatment.

2. Experimental methods
2.1. Materials and chemicals

The blue coke powder (LC) utilized in this experiment was supplied
by the chemical plant located in Shaanxi, China. KOH, HNO3, and MB
(C16H18CIN3S) were supplied by Tianjin Kemiou Chemical Reagent Co.,
Ltd.. All of the compounds were analytically pure and utilized directly
without any additional purification.

2.2. Preparation of adsorbent

Samples were prepared with reference to previously published
literature(Wang et al., 2023). LC, having passed through a 200-mesh
sieve, was subjected to ultrasonic cleaning with water and subse-
quently dried in a hot air oven at 105 °C. The pre-treated LC was mixed
with potassium hydroxide at a mass ratio of 1:4, and then placed in a
tube furnace under nitrogen atmosphere at 800 °C for 2 h. The product
was washed with 10 % hydrochloric acid (v/v) three times, and then
washed with deionised water to neutral. The pyrolysis products were
washed three times with 10 % hydrochloric acid (v/v) and then washed
with deionised water until neutral to obtain the AC sample. The AC
sample was stirred in 30 % nitric acid (v/v) at a solid-liquid ratio of 1:20
(g:ml) for 6 h at room temperature, and the filtrate was washed with
water until neutral and then dried to obtain the ACN sample.

2.3. Material characterization

Field emission scanning electron microscopy (FESEM, SIGMA 300,

Arabian Journal of Chemistry 17 (2024) 105898

Germany); X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-
Alpha, USA); Fourier transform infrared spectroscopy (FTIR, TENSOR
27, Bruker, Germany); UV-Vis spectrophotometer (Shanghai Jing Hua,
China); and PHS-3C acidity meter (Shanghai Lei Magnetic, China) are
the principal tools and equipment used for characterizing material
properties.

2.4. Adsorption experiment

A number of parameters, including the adsorbent dosage (20-150
mg), adsorption period (0-240 min), initially concentration of MB
(0-700 mg/L), pH value (2-10), and temperature (298-318 K), were
investigated to determine the factors influencing the adsorption effec-
tiveness of MB. A certain volume of solution was obtained for the
adsorption experiment, and after filtering through a 0.45 pm membrane,
the absorbance was measured at a wavelength of 665 nm. The capacity
for adsorption (qy) and the removal effectiveness (R) of MB were
calculated using formulas (1) and (2), respectively.

q = V(Co — Cp) )

m

R=5"C 100% @
Co

The formulas show that the MB solution’s volume is V (L), and the

adsorbent’s mass is m (g), and Cp and C; (mg-L-1) are the initial and time

t concentrations of MB, respectively.

2.5. Regeneration experiment of AC

The adsorbed AC was subjected to desorption and regeneration by
immersing it in an anhydrous ethanol solution with a 1 g/L solid-to-
liquid ratio. The mixture was constantly stirred for six hours followed
by a solid-liquid segregation achieved via centrifugation. The sample
was then recycled, and the removal efficiency of MB determined after
each cycle of adsorption-regeneration.

2.6. Data analysis methods

All adsorption experimental data were averaged from the results of
three replicate experiments. The adsorption models and equations
employed for adsorption kinetics, adsorption isotherms, and adsorption
thermodynamic analyses are as follows:

o Adsorption kinetics models

First-order pseudokinetic model:
hl(qe - Ch) = 1I1‘1e - klt 3)
Second-order pseudokinetic model:

t 1 t

S = +— 4
q koq? g

Intraparticle diffusion model:
q, = kdfto‘s +C %)

Where the equilibrium is represented by g (mg-g~1). The rate con-
stants for First-order and Second-order pseudokinetic model are,
respectively, ki (min~!) and ko (g-mg~*-min™}). Intraparticle diffusion’s
rate constant is kg (mg-g~ ' min'/?). A constant associated with the
thickness of the boundary layer is denoted by C (mg-g~1).

e Adsorption isotherm

Langmuir model:
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C. C, 1
== ®)
de  Gm qmks
1
RL_1+KL><C0 )
Freundlich model:
Ing, = InKy + ! InC, 8)

n
Where the constants for the Freundlich and Langmuir equilibriums

are, respectively, Kp(mg-g 1) and K;(L-mg ™). An empirical value is the
parameter n.

e Thermodynamics

The enthalpy value (AH), the Gibbs free energy value (AG), and the
entropy change (AS) thermodynamic parameters are used to calculate
the thermal characteristics of the adsorption process. For this, the
following formulas are employed:

G

1 = =

nKy C. 9
AS AH

AG = —RTInK4 an

The graph’s slope and intercept can be used to determine AH and AS.
R is the universal gas constant (8.314 J/(mol-K)), T is the absolute
temperature (K), and K4 is the thermodynamic equilibrium constant.
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3. Results and discussion
3.1. Factors affecting adsorption effectiveness

3.1.1. Adsorption time

Fig. 1a illustrates how the two adsorbents’ capacities to absorb MB
change over time. Between 0 and 90 min, the removal efficiency and
adsorption capacity of AC and ACN for MB improve rapidly, with min-
imal change observed after 120 min Within the first 90 min, AC dem-
onstrates higher removal efficiency and adsorption capacity for MB
compared to ACN. However, this advantage diminishes after 120 min,
indicating that during the initial stage of adsorption, AC initially pro-
vides more active sites conducive to rapid MB adsorption, leading to a
higher rate of adsorption. Over time, the availability of these active
adsorption sites decreases, resulting in a slower MB adsorption rate.
Eventually, both AC and ACN reach adsorption equilibrium and the
adsorption rate stabilizes. After 120 min, there is no significant differ-
ence in MB removal efficiency between AC and ACN. This can be
attributed to the fact that with a sample size of 250 mg and a 300 mg/L
MB concentration, there is a sufficient amount of MB available for both
adsorbents to effectively adsorb, leaving no additional MB in the
aqueous solution for further adsorption.

3.1.2. pH value

The results of an investigation into the efficacy of AC and ACN for MB
removal at various pH levels are displayed in Fig. 1b. In the pH range of
2 to 10, it was found that AC consistently performed better than ACN in
terms of MB removal efficiency. At pH 6, both adsorbents showed the
best removal efficacy for MB. The pH of the solution can impact the
surface charge and other properties of the adsorbent materials. A ma-
terial’s surface charge can be ascertained under various pH conditions
using its pHgpc value: when pH<pHzpc, the material’s surface charge is
positive, and at pH>pHzpc, it is negative(Guzel et al., 2017). The pHype
values of AC and ACN are 7.46 and 8.18, respectively (Wang et al.,
2023). Thus, it can be said that throughout the pH range of 2-6, positive
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Fig. 1. (a)Effect of time on removal capacity of MB by AC and ACN(Co = 300 mg/L; dosage = 250 mg, and V=500 mL). (b)Effect of pH on the removal capacity of
MB by AC and ACN(Cy = 200 mg/L, dosage = 10 mg, and V=50 mL). (c)Effect of adsorbent dosage on removal capacity of MB by AC(Cy = 400 mg/L and V=50 mL).
(d)Effect of initial concentration on removal capacity of MB by AC(dosage = 10 mg and V=50 mL). (e)The effect of the number of reuse cycles on the removal

capacity of MB by AC(Co, = 200 mg/L, dosage = 10 mg, and V=50 mL).
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charges are present on both AC and ACN surfaces.

Lower pH values make the solution more acidic, and higher acidity
increases the H' content in the solution. More positive charges are
present on the adsorbent surface as a result of this protonation, which
increases the electrostatic repulsion of the MB cations and prevents their
adsorption (Elsherbiny, El-Hefnawy, and Gemeay, 2017). Furthermore,
in acidic environments, H" competes with the adsorbent’s active sites
for the MB cations, reducing the adsorption capacity(Miao et al., 2021).
This explains why the MB removal efficiency trend improves as the pH
value rises in the pH 2-6 range. Positive charges on the material surface
diminish as the pH of the solution rises. The surface’s negative charges
allow the MB cations to more easily adsorb when pH is higher than
PHype. Contrary to predictions, Fig. 1b shows that removal efficiency
tends to decrease as pH rises. The reason for this could be that the so-
lution’s OH™ ions, which affect the adsorbent’s active sites (such COO™ or
phenolic hydroxyl groups), impact the electrostatic interaction between
them and MB (Bai et al., 2023b). More research on AC’s adsorption
characteristics is necessary given its superior MB elimination
performance.

3.1.3. Dosage

Fig. 1c shows the findings of an investigation into the impact of AC
dosage on MB removal efficiency. The elimination efficiency of MB
exhibited a rising trend with a dosage increase, and its growth rate
eventually leveled off. This suggests that if the dosage is increased, the
number of adsorbed sites on the surface of the adsorbent increases in
addition, offering a enough number of active sites to remove MB from
the solution (Wang et al., 2020). In contrast to the removal efficiency,
the adsorbent’s unit adsorption capacity dropped as the dosage
increased, suggesting a decrease in the adsorbent’s active site use. The
reduced utilization of active sites is the reason for the decline in the unit
adsorption capacity of AC for MB. Using a large amount of adsorbent can
cause adsorbent particles to aggregate or increase competition for
adsorption (Yong et al., 2019), which will ultimately prevent AC’s active
sites from being fully utilized. Even though adding more AC to MB-
containing solutions can somewhat increase the effectiveness of MB
elimination, it would result in the wastage of AC. Therefore, for optimal
results, it is advised to apply the appropriate amount of AC.

3.1.4. The initial MB concentration

The results of an investigation into the impact of the initial con-
centration of MB on the adsorption performance of AC are displayed in
Fig. 1d. The effectiveness of MB removal decreased as the initial con-
centration of MB was elevated from 50 mg/L to 700 mg/L. In contrast,
the adsorption capacity of MB increased from 249.95 mg/g to 1872.64
mg/g. This is because a higher initial concentration can enhance the
mass transfer rate and improve the AC’s ability to adsorb MB (Bello
et al., 2008). As the initial concentration of MB increases, the driving
force for mass transfer increases, providing more opportunities for
contact between MB and the surface active sites of AC. This leads to a
rise in the use of the AC’s active sites, as manifested by an expansion of
AC’s unit adsorption capacity. As the initial concentration of MB con-
tinues to increase, when all the active sites of AC are exhausted, the unit
adsorption capacity no longer increases with the solution’s initial con-
centration increasing until AC’s maximal adsorption capacity for MB is
reached. Due to the limitation of the adsorbent dosage, the adsorption
sites that AC can provide are limited. The efficacy of MB removal de-
creases when the initial concentration of MB increases and AC is unable
to supply enough active sites for MB adsorption. The adsorption equi-
librium conditions limit the concentration of MB in the solid-liquid
phase.

3.1.5. Regeneration and recycling

The adsorption efficiency of the adsorbent decreases with increasing
usage.. This decrease is mainly due to the damage or occlusion of the
structure of the pores on the surface of the adsorbent after many cycles
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of use, leading to a decrease in the availability of active sites and specific
surface area (Ul Alamin et al., 2021). Therefore, the reusability of ad-
sorbents is akey indicators to evaluate their performance. High reus-
ability significantly improves the cost-effectiveness of adsorbents.
Fig. 1e shows the results of cycling experiments using AC as an adsor-
bent after regeneration with anhydrous ethanol. The data show that the
adsorption efficacy of the adsorbent decreases only slightly after the
regeneration treatment. Thus, AC shows excellent stability and superior
reusability, highlighting its advantages as an efficient adsorbent
material.

3.2. Adsorption kinetics analysis

The entire adsorption process may be divided into three stages
(Fig. 2a): the rapid (0-60 min), slow (60-120 min), and equilibrium
(after 120 min). The large concentration differential of MB between the
solution and the AC surface, which produces a significant mass transfer
driving force, is primarily responsible for the faster adsorption rate
observed in the rapid adsorption stage. However over time, the solu-
tion’s and the AC surface’s differences in MB concentration decrease,
which causes the adsorption rate to steadily drop. Furthermore, the
adsorption of MB on AC is slowed down by the repulsion that arises from
MB’s binding to an abundance of active sites on the AC surface. This
repulsion increases the diffusion resistance that prevents the adsorbate
from entering the pores (Yusop et al., 2021). The adsorption steadily
gets closer to equilibrium as the surface of the AC’s active sites fill up.

The adsorption kinetics were examined in order to gain a deeper
understanding of the adsorption process and mechanism. The kinetic
data were fitted using pseudo first and pseudo second order kinetic
models; the fitting curves are displayed in Fig. 2a, and the computed
parameters are included in Table 1.

The two kinetic models have high correlation coefficients (Rz) that
exceed 0.956, as shown in Table 2. Nearly identical to the experimental
value of 276.5 mg/g are the computed equilibrium adsorption capacities
from both models, which are 279.8 mg/g and 279.7 mg/g, respectively.
This implies that both chemical and physical adsorption properties are
involved in the adsorption of MB onto AC (Deng et al., 2022).

The intra-particle diffusion model provides a more realistic
description of the adsorption process. Consequently, the intra-particle
diffusion model was also used to fit the contact time data in this
study. This linear fitting is shown in Fig. 2b, and the obtained parame-
ters are listed in Table 2. The fact that none of the three fitting curves
cross the origin implies that there are other rate-limiting phases besides
intra-particle diffusion and that both surface adsorption and intra-
particle transport play significant roles in the adsorption process. The
adsorption process comprises three steps:: firstly, from the liquid film to
the external surface of AC, MB diffuses fastest, with the lowest constant
C value and the highest diffusion rate constant (Kg1).; secondly, MB is
transferred through the adsorbent’s internal pores; and thirdly, MB is
adsorbed and desorbs between the active sites on AC, reaching the
equilibrium stage, with the lowest Kq4r3 value and the highest C value
(Khasri, Bello, and Ahmad, 2018). It’s important to note that the diffu-
sion rate constant Kgy is significantly greater than Kgep and Kggs, sug-
gesting that the interface is where MB is largely adsorbed (Han et al.,
2022). A larger C value indicates a bigger influence of the boundary
layer thickness and slower MB adsorption rate. The C value tells us how
thick the boundary layer is. This information is derived from the
quantity of active sites covered by MB on the surface of the AC
(Sundaran et al., 2019). As a result, the third stage of the overall
adsorption process is the rate-controlling step.

3.3. Adsorption isotherm analysis
As shown in Fig. 3a, the ability of MB absorbed on AC rises with

temperature at the same initial concentration. This suggests that MB
adsorbs endothermically on AC (Vasiraja, Prabhahar, and Joshua,



Y. Luoyang et al.

a 300

250

200

150

q.(mg-g™)

100 [

- - - - Pseudo-first-order model

50 ] Pseudo-second-order model

0 T T T T T T T
0 50 100 150 200 250 300 350 400

t(min)

Arabian Journal of Chemistry 17 (2024) 105898

b 300
275 4 o o o9
2 K,=0.471
K,=3.521
250 -
—"90 )
8 225
£
= / K=18.141
/
200 /
/
é
175
150 T T T
4 8 12 16 20
0.5

t

Fig. 2. (a)Fitting curves of pseudo-first-order and pseudo-second-order kinetic models, and (b)fitting curve of the internal diffusion model.

Table 1
The kinetic parameters of MB adsorption on AC.

AC Pseudo-first order kinetic model Pseudo-second-order dynamics

Co (mg'L™) Qecexp) (mg-g™") Qe(cany (mg-g ) k; (min) R? Qeceany (mg-g™) ko (mg-g 'min~") R?

350 276.5 279.8 0.013 0.956 279.7 3.51 x 10 0.992
Table 2

The parameters of the intraparticle diffusion model for the adsorption of MB on AC.

Co (mg-L'h) kgr (mg-g~'-min~1/2) C (mg-g™h) R?

kqr» (mg-g~-min~1/2)

C (mg-g™h) R? kqr3 (mg-g~-min~1/2) C(mg-g™) R?

350 18.141 90.389 0.989 3.520

227.501 0.953 0.470 266.952 0.886

2023). With increasing starting concentration, temperature has a greater
effect on AC’s adsorption ability for MB; however, this difference
gradually stabilizes. This can be explained by the following analysis: at
lower initial concentrations, there is little variation in MB concentration
between the solid and liquid phases, and temperature has little effect on
mass transfer. The influence of temperature, however, becomes
increasingly noticeable as the concentration gradient rises, and this
difference stabilizes when the solute adsorption equilibrium between
the liquid and solid phases is attained.

Adsorption isotherms are crucial instruments for determining an
adsorbent’s maximum adsorption capacity and comprehending how
adsorption works. Fig. 3b and 3c show the adsorption isotherm values
fitted with the Freundlich and Langmuir models, respectively. Table 3
provides a summary of the fitted parameters. It is evident that the
Langmuir model’s correlation coefficients (Rz) are higher than the
Freundlich model’s at various temperatures. As a result, the Langmuir
adsorption model, which suggests that MB adsorption on AC occurs as
monolayer adsorption process, and the highest adsorption capacity of
AC for MB at 318 K is 2040.696 mg/g (Table 3). A reversible adsorption
process is indicated by the separation factor (Ry) values from the
Langmuir model at various temperatures (Table 3), which range from
0 to 1 (Somyanonthanakun et al., 2023). Table 4 compiles the adsorp-
tion capacities of various adsorbents for MB as reported in the literature.
Analysis indicates that AC exhibits an adsorption capacity significantly
higher than other adsorbents, demonstrating its superior adsorption
performance.

3.4. Thermodynamic analysis

The results of the thermodynamic calculations are shown in Table 5.

It can be observed that the values of AG at temperatures of 298 K, 308 K,
and 318 K are -22.610, —23.032, and —85.869 KJ/mol, respectively,
indicating that the adsorption of MB on AC is spontaneous. As the
temperature increases, the values of AG decrease, indicating that the
adsorption of MB on AC becomes more favorable (Huang et al., 2018).
Fig. 3d shows the thermodynamic fitting curves of AC at the three
adsorption temperatures. The calculated AH for the adsorption of MB on
AC is 4.781 KJ/mol, further confirming that the adsorption of MB on AC
is an endothermic reaction. The AS for this adsorption process is 91.936
J/(mol-K), indicating an increase in entropy during the adsorption
equilibrium of MB on AC. This suggests that the system tends to stabilize
due to the arrangement and recombination of MB molecules at the sol-
id-liquid interface of AC (Basta et al., 2019).

3.5. Reasons for superior adsorption performance of AC compared to
ACN for MB

After analyzing the data in Sections 3.1.1 and 3.1.2, we found that
AC exhibited superior performance in the removal of MB compared to
ACN. Comparison of FESEM images (Fig. 4) of AC and ACN with MB
absorbed under the same adsorption conditions reveals that more
lamellar structures were formed on the surface of AC after the adsorp-
tion of MB (Fig. 4a), whereas fewer corresponding structures were
formed on ACN (Fig. 4b). In addition, most of the pores of AC were
covered by adsorbed MB, which further verified the higher capacity of
AC in adsorbing MB.

According to the findings from a BET analysis in a prior study (Wang
etal., 2023), although the number of micropores and the specific surface
area of AC were found to be smaller in comparison to those of ACN, the
mesopore volume of AC within the pore size range of 2-4 nm exhibited a
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Fig. 3. (a)Effect of temperature on adsorption capacity of MB by AC(dosage = 10 mg and V=50 mL). (b)Fitting curve of the Langmuir model. (c)Fitting curve of the

Freundlich model. (d)Fitting curve of the thermodynamic model.

Table 3
The adsorption isotherm parameters of MB adsorption on AC.
AC Langmuir Freundlich
K (L/  Qmax R, R? Kg (mg™  n R?
mg) (mg/g) ( x10° Mng )
*)
298 7.183 1847.787 1.99~ 0.996 1430.315 3.103 0.945
K 27.76
308 8.558 1939.488 1.67 ~ 0.998 1565.546 2.964 0.936
K 23.31
318 9.797 2040.696 1.46 ~ 0.999 1725.376 2.805 0.926
K 20.37

contrary trend. This pore structure characteristic of AC was not favor-
able for the adsorption of hexavalent chromium ions, but it was bene-
ficial for the adsorption of MB. Since the diameter of the organic
molecules of MB is larger than that of the hexavalent chromium inor-
ganic salt ions, the screening effect of the micropores actually limits the
adsorption of MB. Although ACN has a smaller average pore size and
larger specific surface area, as well as a more developed microporous
structure, which should supposedly provide more adsorption sites.
Therefore, the experimental data suggest that the pore size structure of
AC is more suitable for MB adsorption and removal.

By analyzing the FTIR (Fig. 5a), It can be observed that the wave
numbers and peak intensities of the functional groups representing
amino (Mani et al., 2023) (3493 cm™!), hydroxyl (Mani et al., 2023)
(3425 cm~!and 1213 cm’l), carboxylic acid lactone group C=0 and C-
0O-C (Bouchelkia et al., 2023) (1719 cm’l) differed before and after the
adsorption of MB by AC, indicating that N-containing and O-containing
functional groups are involved in the adsorption process of MB. The
difference in these functional groups in the AC and ACN structures, in
addition to the sieving effect, is another key factor contributing to the
difference in MB adsorption.

Oxygen-containing functional groups confer hydrophilicity to car-
bon materials (Zheng et al., 2023), thus enhancing the removal of MB.
The FTIR revealed the differences in the types of oxygen-containing
functional groups of LC, AC, and ACN, and Fig. 5b further showed
that the O/C ratios of the three materials were also significantly
different. The highest O/C ratio on the surface of AC indicated that it had
the highest oxygen content and thus the strongest hydrophilicity, which
was very favorable for the removal of MB from the solution. Nitric acid
treatment failed to increase the O/C ratio of the material surface, which
is different from the results of previous studies (Gokce and Aktas, 2014),
and may be due to the difference in reaction conditions. The higher O/C
ratio of AC may be another key factor for its better MB removal
performance.

As an oxygen-containing functional group, the high electron cloud
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Table 4
The maximum adsorption capacities of various reported adsorbents for MB in
the literature.

Adsorbent pH Temp Time Qmax (Mmg/  References
[§9)] (min) )
Lignite modified by 7 50 240 149.0 (Bai et al.
magnesium salts 2023a)
Corn husk 4 25 80 462.96 (Khodaie et al.
2013)
Neem bark (acid - 25 - 47.62 (Tiwari, Singh,
Treated) and Sharma
2015)
Soyabean dreg 9 45 120 1273.51 (Ying et al.
2021)
Bean activated by 9 25 30 45.45 (Kahoul et al.
KOH 2019)
Coal on activation - 30 240 200 (Jawad et al.
with KOH 2018)
Activated carbon 56 30 290 491.7 (Jawad et al.
2019)
Pineapple peel - 30 - 462.1 (Foo and
Hameed 2012)
oil palm fiber - - - 3125 (Foo and
Hameed 2011)
magnetic humic 6 45 180 95.00 (Li et al. 2021)
acid/graphene
oxide composite
This study - 45 120 2040.696
Table 5

The thermodynamic parameters of MB adsorption on AC.

AG°(KJ-mol 1) AH°(KJ-mol 1) AS°(J-(K-mol)™)

298K 308K 318K 4.781
-22.610 -23.032 —85.869

91.936

density of the carboxyl group makes it easy to form hydrogen bonds
(Zhang et al., 2015). Hydrogen bonding plays an important role in MB
adsorption process (Cao et al., 2023). To show the chemical bonding
state of the elements on the surface of the materials more clearly, the
high-resolution spectra of C 1 s (Fig. 6a) and O 1 s (Fig. 6b) of the three
materials as well as the AC with adsorbed MB were split-peak fitted. The
results showed that the intensities and positions of the attributed peaks,
including the carboxyl groups, changed before and after the adsorption
of MB on the AC, which indicated that the adsorption of MB changed the
chemical environments of the elements C and O. The AC contained a
higher proportion (8.70 % higher) of carboxyl groups than ACN
(Fig. 6b), which may be another reason why the AC had a better removal
effect on MB.

>
1pum EHT = 10.00 kV
WD= 6.4mm

Signal A= InLens
Mag= 10.00KX
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The nitrogen-containing functional groups on the surface of the
material also played a positive role in the adsorption of hydrophilic dyes
(Zheng et al., 2023). From the XPS gross spectral analysis (Table 1S), AC
and ACN contain a higher proportion of nitrogen-containing groups than
LC. This is one of the reasons for activation modification enhancing MB
adsorption performance. The presence of basic nitrogen atoms provided
a large number of active sites (Lian et al., 2016). The results were ob-
tained by fractionally fitting the fine spectra of nitrogen-containing
groups of AC and ACN, which are shown in Fig. 7. It can be seen that
AC contains three basic nitrogen-containing functional groups, namely,
amino (-NHj), amine (-NH) and pyridine, which accounted for 83.21 %
of the total nitrogen, with only 16.79 % being acidic graphite N. In
contrast, the basic nitrogen-containing functional groups of ACN, amino
(-NHy) and amine (-NH), accounted for 62.93 %, while the percentage
of the acidic N-containing functional group increased to 19.31 %, and
oxidized N appeared. This may be another reason why AC is more
effective in removing MB than ACN.

To summarize, AC showed better MB adsorption compared to ACN,
which may be attributed to multiple factors such as the limitation of the
molecular sieve effect, the increase in the content of oxygen-containing
functional groups, the influence of carboxyl groups, and the role of
nitrogen-containing functional groups.

3.6. Adsorption process

Numerous elements must be taken into account in the adsorption
mechanism, including the kind of adsorbent, its molecular structure, its
surface chemical characteristics, and the interactions between its func-
tional groups. The adsorption of MB on AC is caused via pore stuffing,
hydrogen bonding, n-n interactions, and electrostatic attraction (Guo
and Du, 2012).

The function of AC’s rich hierarchical porous structure in adsorption
performance is illustrated in Fig. 8a. Capillary action is encouraged by
pores, which also cooperatively move MB molecules into the porous
structure of AC (Liu et al., 2023). The conjugated structure in AC and the
benzene ring in MB molecules interact via n-n interactions, as depicted in
Fig. 8b. Due to its high electronegativity, nitrogen has a major effect on
AC surface electron density. Nitrogen atoms reduce the density of
electrons on the surface of AC, hastening the process of n electron
acceptance(Lin et al., 2020). The peak corresponding to C-C/C=C is
found to significantly deviate towards higher binding energy (284.03 eV
— 284.14 eV) when MB is adsorbed by AC. This is caused by electron
transfer and a decrease in electron density. This provides more evidence
that an electron donor-acceptor interaction occurs during the adsorp-
tion phase between 7 systems.

The role of electrostatic pull in MB molecule adsorption is illustrated

EHT = 10.00 kV
WD= 6.6 mm

Signal A= InLens
Mag= 10.00 K X

Date :10 May 2023
Time :17:57:13

Fig. 4. SEM images:(a) AC-MB; (b) ACN-MB.
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Fig. 6. The peak fitting results of the high-resolution XPS spectrum of the sample: (a)C 1 s and (b)O 1 s.

in Fig. 8c. The electrostatic interactions are reflected in the pH, which
affects the capacity of AC to adsorb MB. The interactions of hydrogen
bonds between MB and certain chemical groups of AC, namely carboxyl
groups, are depicted in Fig. 8d. The size and binding energy of the peaks
in the C1 s and O 1 s fine modes change dramatically after AC adsorbs
MB, suggesting that hydrogen bonds are formed during the adsorption
process (Hussain et al., 2018).

4. Conclusion

In this study, we thoroughly investigated the efficient performance of
AC in the removal of MB. The results demonstrate that AC significantly
outperforms ACN in terms of adsorption efficiency. This advantage is
primarily attributed to the 2-4 nm mesoporous structure of AC and its
abundance of carboxyl and acidic nitrogen-containing functional
groups. These properties are crucial in the adsorption process, facili-
tating hydrogen bonding, pore filling, electrostatic attraction, and n-n
interactions.

Various factors affecting the adsorption of MB by AC, including
adsorbent dosage, contact time, temperature, initial MB concentration,
and pH, were systematically analyzed. Adsorption kinetic studies
revealed that the adsorption process of MB on AC can be divided into
three stages: fast adsorption, slow adsorption, and equilibrium. The high
fit (R? > 0.956) of the pseudo-first-order and pseudo-second-order ki-
netic models indicated both physical and chemical characteristics of the
adsorption process. The internal diffusion model’s fitting results further
confirmed the importance of internal diffusion and surface adsorption,

with the pseudo-second-order kinetic model providing a more accurate
description of the adsorption behavior and showing a high consistency
between the predicted equilibrium adsorption capacity and the experi-
mental values.

Adsorption isotherm analysis indicated that the adsorption behavior
of AC was consistent with the Langmuir model, with a maximum
adsorption capacity at 318 K of 2040.696 mg/g, significantly higher
than that of other adsorbents. Thermodynamic analyses demonstrated
that the adsorption process of MB by AC was spontaneous, endothermic,
and accompanied by an increase in entropy. The adsorption efficiency of
AC was significantly improved with increasing temperature, as
confirmed by the calculations of AG, AH, and AS.

Additionally, AC exhibited excellent adsorption efficiency and sta-
bility even after multiple uses and regeneration cycles. Regeneration
experiments using anhydrous ethanol showed that the adsorption per-
formance of AC only slightly decreased after five regeneration cycles,
maintaining over 90 % MB removal efficiency, which proves its feasi-
bility and regeneration capability for practical applications.

In conclusion, AC prepared from low-cost blue coke shows signifi-
cant potential for MB removal, not only due to its efficient adsorption
performance but also because of its good regeneration ability, making it
highly suitable for industrial applications. This study provides a solid
theoretical foundation and technical support for the application of blue
coke-based modified activated carbon in wastewater treatment, and it
reveals its broad application prospects in the field of environmental
protection. Future studies will further explore the application potential
of AC in removing various pollutants and optimize the preparation
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process to enhance its practical effects in environmental remediation.
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