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ABSTRACT

Wastewater containing methylene blue, commonly found in dyeing and textile effluents, poses
significant environmental risks if left untreated. It can severely pollute water bodies, disrupt
ecosystems, and threaten human health due to its toxicity. This study examined the ability of activated
carbon to adsorb methylene blue from water. The activated carbon was pre-treated with various
KOH ratios, achieving a maximum adsorption capacity of 619.92 mg/g. The adsorption process was
analyzed using kinetic and isothermal models. Results showed that the process was best described
by the pseudo-second-order kinetic model and the Langmuir isotherm model, both demonstrating
high R2 values. Molecular simulation methods were applied to explore the adsorption mechanism in
greater detail. The findings indicated a multilayer adsorption mechanism dominated by electrostatic
interactions, which facilitate strong bonding between the activated carbon surface and methylene
blue molecules. Overall, the study highlights the potential of activated carbon as an effective solution
for removing methylene blue from polluted water sources.
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1. INTRODUCTION

Methylene blue is a cationic dye widely used in the textile industry for coloring products. A
significant concern with textile wastewater is that it is often highly colored, concentrated, and
resistant to biodegradation [1]. Methylene blue, commonly found in such wastewater, poses
potential health risks, including eye damage in humans and animals [2]. Exposure to the toxins of
methylene blue can result in acute symptoms such as rapid breathing and shortness of breath. When
ingested, it may cause a burning sensation, nausea, excessive sweating, painful urination, and other
adverse effects. From an environmental perspective, methylene blue is a non-biodegradable
pollutant, harming both human and animal life when released into water sources [3]. The efficient
and cost-effective removal of methylene blue from water sources is a pressing issue that has
garnered considerable interest and research efforts from scientists.

Conventional methods for treating methylene blue include chemical and physicochemical
techniques such as neutralization, pH adjustment, coagulation, and oxidation. However, these
approaches are often difficult to implement and involve high investment costs along with the use
of expensive chemicals [4]. Consequently, researchers are increasingly exploring the use of low-
cost, easily manufactured, and eco-friendly adsorbents made from industrial and agricultural waste
materials to treat dye-contaminated wastewater from the textile industry. Activated carbon is one
of the most cost-effective materials for adsorption applications. It features a uniform pore size
distribution, surface functional groups that readily interact with adsorbates, and a large number of
adsorption sites due to its high specific surface area [5]. After the treatment process, activated
carbon can be easily desorbed and reused, which is a significant advantage. This makes activated
carbon an increasingly popular solution for water pollution treatment technologies [6].

Haitham et al. (2022) explored the adsorption of methylene blue and phenol using activated
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carbon produced from lignocellulosic agricultural waste [7]. By applying KOH activation, they
developed a material with a specific surface area of 1771.2 m?g, achieving a 95% removal
efficiency of methylene blue at an initial concentration of 100 ppm. Ali H.J. et al. (2021) studied
methylene blue adsorption using activated carbon derived from dragon fruit peel treated with KOH
[8]. The surface area analysis revealed a value of 756.3 m2/g, with complete methylene blue
adsorption observed. The kinetic data aligned with a first-order kinetic model, while the adsorption
isotherms followed the Langmuir model. These studies underscore the effectiveness of KOH-
activated carbon in removing organic compounds. The focus of this study is to evaluate the
adsorption capacity of activated carbon for methylene blue dye. Methylene blue was chosen not
only because it can be easily adsorbed and captured by mesoporous materials like activated carbon,
but also because it is commonly used as a model compound to study the removal of organic
pollutants and non-biodegradable dyes from water. Additionally, this study employs molecular
simulation tools to investigate the adsorption behavior of methylene blue dye on the surface of
activated carbon. This provides deeper insight into the mechanisms involved in the adsorption of
organic dyes by activated carbon.

2. MATERIALS AND METHODS

2.1. Materials

Activated carbon AC (0.5-1 mm particle size powder — China), methylene blue MB
(C16H1sCIN3S 99.9% — China), sodium hydroxide (NaOH 99.5% — China), potassium hydroxide
(KOH 99.5% — China), acid hydrochloric (HCI 36.5% — China), deionized water (DI) was purified
through a milipore system with a resistivity of 18.2 MQ/cm.

2.2. Adsorption studies experiment

The activated carbon sample was treated with KOH at a mass ratio of KOH to activated carbon
of 1:4. The resulting mixture was dried at 110 °C for 24 hours, after which the dried solid was
subjected to pyrolysis in a tube furnace at 700 °C for 60 minutes under a nitrogen gas flow
(99.99%) [7]. After pyrolysis, the solid was washed multiple times with distilled water until the
wash water had a neutral pH. The solid was then dried again at 110 °C for 24 hours to obtain the
treated activated carbon. The synthesized materials were analyzed for surface morphology and
structural characteristics using X-ray diffraction XRD (D2 Phaser, Bruker, Germany), scanning
electron microscopy SEM (Hitachi S-4800, Japan), the BET specific surface area was analyzed
using the nitrogen adsorption/desorption method at 77.35 K (PMI’s BET Sorptometer, India). The
Kinetics and isotherms of methylene blue adsorption onto activated carbon were investigated under
varying conditions, including the pH of the methylene blue aqueous solution, as well as key factors
such as adsorption time, the KOH pretreatment ratio (from 1:2 to 1:5), and the initial concentration
of the methylene blue solution (from 100 to 200 ppm). The residual methylene blue concentration
after the adsorption process was measured using a colorimetric method with a UV-Vis
spectrophotometer (wavelength A = 640 nm). From this, the methylene blue adsorption capacity
of the activated carbon was calculated and is expressed by the following equation:

— X
g =G M

Where, m is the mass of activated charcoal, C; and C, are the concentrations at the sampling
time and the initial concentration of methylene blue, V is the volume of the solution.

2.3. Simulation method

Accelrys' Materials Studio software is used to model the molecular structure of activated carbon
and methylene blue. The optimization structure performed with selected parameters is the orbital
polarization function (DNP), a generalized slope approximation (GGA) optimization method with
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a high-precision Perdew-Burke-Emzerhof (PBE) function in the description of van der-Waals
forces. The simulation was performed on the forcite module by configuring the simulation on the
amorphous cell module. COMPASS force was used to assign partial charge to the atoms and the
equations of motion for every 1 ps were integrated [9].

2.4. Mean square displacement

The mean squared displacement measures the deviation of a molecule's position from its
reference point over time. This value serves as a system-level measurement of the spatial extent of
random motion, helping to determine the molecule's diffusion behavior within a particle [10]. The
mean squared displacement is calculated by measuring the positional deviation at a random time
from the molecule's initial position, as shown in equation (2):

MSD = (e (1) =r (0)) = 2 (1) =1 () @

Where N is number molecules; r(t) is Cartesian position vector of the molecules at the time t;
r(0) is the initial position vector of the molecules.

2.5. Radial distribution function

The radial distribution function in a system of molecules moving within a homogeneous
environment describes how the molecular density changes with distance from a reference particle
[11]. Itis given by the following expression:

o(r)- 5o ®

Where r is distance between molecules; n(r) is time average number; p is number density
of molecules.

3. RESULTS AND DISCUSSION

3.1. Characteristics of the activated carbon

The X-ray diffraction patterns of the initial activated carbon and the treated carbon sample are
presented in figure 1.
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Figure 1. X-ray diffraction patterns.

The X-ray diffraction results reveal two peaks at 19° and 26° in the pattern of the treated activated
carbon, corresponding to the miller planes (002) and (120) of the remaining carbon crystals, while
the other components are amorphous and lack a crystalline structure [12]. This can be attributed to
the predominance of the amorphous phase in the initial carbon sample. After surface modification,
conditions became favorable for the transformation into a crystalline structure.
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Figure 2. SEM image of AC (a, b) Figure 3. N2 adsorption — desorption
and KOH-AC (c, d). isotherm.

The SEM images of the material samples (figure 2) reveal that both the activated carbon and
KOH-activated carbon exhibit structures composed of fibers arranged in a random and uneven
manner. These fibers have a cylindrical shape with internal voids, contributing to the material's
enhanced porosity. BET analysis of nitrogen adsorption-desorption isotherms indicates that the
specific surface area of the KOH-activated carbon sample is 1581 m2/g. The interaction between
KOH and the surface of the activated carbon promotes the development of active sites, resulting
in an increased surface area. Despite this modification, the porous structure remains largely intact,
as evidenced by the similarity in the adsorption isotherm curves.

3.2. Adsorption of methylene blue by activated carbon
3.2.1. Adsorption kinetics
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Figure 4. Adsorption kinetic models
(V=400mL, m=049,pH=T7).
The results of the methylene blue adsorption kinetics study on activated carbon are presented
in figure 4.

The results of the experimental study show that as the initial concentration increases, the
adsorption capacity also increases, reaching a maximum value of 200.71 mg/g after 90 minutes of
reaction when the initial concentration is 200 mg/L. This explains the positive charge portion of
the methylene blue molecule's ability to be rapidly adsorbed onto the surface containing functional
groups, making it easier to form adsorption bonds. An increase in the initial concentration leads to
a higher methylene blue molecular density, which creates favorable conditions for the equilibrium
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shift in favor of the reaction. The reaction process occurs quickly within the first 15 minutes and
then gradually reaches a saturation state.

Table 1. Fitting parameters for the adsorption kinetic data of MB on activated carbon.

Co = Co = Co =

Models Equation Parameters Unit 100 150 200

_ ppm ppm ppm
PFO rate » ks 1/min 0,32 151,69 | 200,32

model Q=Q.01-¢e) Qe mg/g 95,59 0,26 0,23
R? - 0,9999 | 0,9998 | 0,9994

o/

PSO rate o - _thQ: e (mLmin) | >° 2% | 199
model t 1+1tk,Q, Qe mg/g 95,91 152,86 | 202,63
R? - 0,9999 | 0,9998 | 0,9997

To explain the occurring Kinetics, first-order and second-order kinetic models were selected for
the study. The methylene blue adsorption process on activated carbon best fits the second-order
kinetic model, with high fitting coefficients (R? > 0.9997) in all investigations. The kinetic
parameters in the study are presented in table 1.

3.2.2. Adsorption isotherms
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Figure 5. Adsorpiton isotherm models
(V=25mL, m=0,025g,t =180 min, pH =7).
The results of the methylene blue adsorption isotherm on activated carbon are shown in figure
5. The results above show that the adsorption capacity increases rapidly as the concentration varies
in the study from 50 to 1000 mg/L, reaching a maximum value of 619.92 mg/g for the sample

1000
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pretreated with KOH (ratio of 1:4). When the activated carbon undergoes activation, it triggers a
reaction between KOH and the molecules in the carbon chain, thereby expanding the micropore
surface area, which increases the adsorption sites that favor the formation of bonds with methylene
blue molecules. This value decreases when the amount of KOH in the activation process is
increased to a ratio of 1:5, at which point excess KOH reduces the specific surface area and pore
structure of the activated carbon due to the destruction of the micropore structure. The adsorption
isotherm study using the Langmuir, Freundlich, and Tempkin models reveals that the methylene
blue adsorption process on activated carbon best fits the Langmuir model, with the maximum
adsorption capacity calculated by the model being 1371.42 mg/g.

Table 2. Fitting parameters for the adsorption isotherm data of MB on activated carbon.

: [ KOH | KOH | KOH | KOH
Models Equation Parameters | Unit 1:2) | 1:3) (1:4) (1:5)
.  O.C Onm mglg | 561,41 | 604,39 | 1371,42 | 130151
';:‘gt%':r‘#r Qﬁlﬁ—”‘ce ke L/mg | 0,0025 | 0,0023 | 0,00084 | 0,00089
L& R? ~ [0,9801 | 0,9853 | 0,9977 | 0,9971
mg*™".

Freundicn | ) _, o ke g | 1063 | 993 | 405 | 431
isotherm e "F™e n - 1,88 1,82 1,37 1,34
R? ~ [0,9234 | 0,9272 | 0,9849 | 0,9825

. RT/b mglg | 121,36 | 127,89 | 191,95 | 189,29

RT T ’ ’ ’ ’

Ts’%mm Q. =—In(K;C,) Kr g/mg | 0,026 | 0,025 | 0,018 | 0,018
br R? -~ 10,9776 | 0,9806 | 0,9226 | 0,9281

The obtained data serve as a basis for evaluating the effect of the activated carbon surface
structure on its adsorption capacity, which will be presented in the subsequent study.

3.3. Molecular simulation results
3.3.1. Effect of surface structure on activated carbon

The previously obtained experimental results will be evaluated to assess the influence of the
surface structure of activated carbon on its adsorption capacity for methylene blue. The simulation
results are compared with experimental data and are presented in figure 6.
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Figure 6. Adsorption capacity with different structures.

The results obtained indicate that the activated carbon sample in this study has a surface
structure containing oxygen-containing functional groups. Its adsorption capacity is similar to that
of the simulated structures featuring -HSOs and -OP(OH),=0 functional groups. According to the
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simulation, activated carbon with an inert surface, devoid of functional groups, exhibits the highest
adsorption capacity. The considerable differences in adsorption capacity among the structures
suggest that the pore size of activated carbon plays a critical role in its ability to adsorb methylene
blue. Bulkier functional groups reduce the pore space, leading to a lower capacity for methylene
blue molecule adsorption within the pores [13]. To better understand the adsorption process, this
study conducted molecular dynamics simulations to examine the adsorption behavior of methylene
blue on the surface of activated carbon.

3.3.2. Diffusion coefficient — mean square displacement
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Figure 7. Mean square displacement.

The mean square displacement was determined using the molecular dynamics method as a
function of pressure. The parameters of Brownian motion are illustrated in figure 7, where n
represents the number of spatial dimensions in the model, which in this case isn = 3.

The diffusion coefficients of methylene blue and activated carbon were determined to
describe their kinetic characteristics in an agueous environment. For activated carbon, the
diffusion coefficient is smaller due to the influence of large molecular size, as these molecules
tend to adsorb methylene blue molecules, thereby reducing thermal motion. Methylene blue
molecules tend to approach the surface of activated carbon, characterized by a high diffusion
coefficient of D = 0,3 (A%ps).

Table 3. The parameters of the diffusion model.

Parameters MSD model MB AC
Intraparticle diffusion coefficient D (A%/ps) MSD = 2nDt 0,3 0,086
Coefficient of determination R? (Az) 0,97322 0,89228

The models achieved a high fitting coefficient R?, indicating their suitability for evaluating
molecular distribution based on a multilayer surface mechanism. The distribution of methylene
blue molecules in water, including their mutual interactions, will be further elucidated through the
cross-distribution density function.

3.3.3. Radial distribution functional methylene blue and with respect to activated carbon

The radial distribution function was computed to analyze the interactions and the likelihood of
locating methylene blue molecules within a mixture of methylene blue, activated carbon, and water
(figure 8).

The methylene blue molecules are most likely to be found at a distance of r = 4.01 A, with the
maximum measured g(r) value of 5.07. This value represents the distance from the activated carbon

90 N. T. Tung, ..., N. V. T. Huy, “Investigation of methylene blue ... and molecular simulation.”



Research

surface to the methylene blue molecules, which are adsorbed in a horizontal geometric
arrangement. Furthermore, as illustrated in figure 5, an additional value is observed at r = 7.11 A,
with a corresponding g(r) value of 3.57, which signifies the multilayer adsorption of methylene
blue molecules on the surface of activated carbon. The probability of locating methylene blue
molecules decreases as the radial distance increases, indicating that the adsorption process remains
stable. At equilibrium, the molecules undergo oscillations in the aqueous environment, forming a
unified structure, as shown in figure 9.

st 3 =
5] 1* nearest distance 2]1;]—}3

2" pearest distance

0 5 10 15 20
r(A)

Figure 8. Radial distribution functional of adsorption methylene blue on activated carbon.

Figure 9. Snapshots of adsorption methylene blue on activated carbon by MD simulation.
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4. CONCLUSIONS

This research explored the adsorption capacity of methylene blue onto activated carbon in
water, utilizing both experimental technigues and molecular dynamics simulations. The activated
carbon samples underwent pre-treatment with varying KOH concentrations, resulting in a
maximum adsorption capacity of 619.92 mg/g. Kinetic studies of methylene blue adsorption
revealed that the process most closely aligns with a second-order kinetic model, exhibiting a high
correlation coefficient (R?). Isotherm analysis showed that the adsorption process is best described
by the Langmuir model, with a calculated maximum adsorption capacity of 1371.42 mg/g.
Theoretical calculations further suggested that the surface structure of activated carbon
predominantly consists of oxygen-containing functional groups, which contribute to its adsorption
affinity. The adsorption process follows a multilayer surface bonding mechanism, facilitated by
electrostatic interactions between the methylene blue atoms and the functional groups on the
activated carbon surface. Additionally, the intraparticle diffusion coefficient, calculated from the
model, was found to be 0.3, indicating stable diffusion of methylene blue molecules to the activated
carbon surface. These findings offer valuable insights into the potential use of activated carbon for
treating persistent organic pollutants in aquatic environments.
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TOM TAT
Nghién ctru qua trinh hip phu methylene blue trén bé mit than hoat tinh:
Ket hgp nghién ciru thuc nghiém va mé phéng phan tir

Nube thai ¢é chira methylene blue c6 trong nude thdi dét nhuém néu khong dwoc xu Iy
gay 0 nhiém nghiém trong méi truong nudc, phd hiy sinh thai va mang nhiéu ddc tinh doi
Véi sike khde con ngueoi. Bai bdo ndy da tién hanh nghién ciru kha nang hdp phu methylene
blue ciia than hoat tinh trong mwde. Mau than hoat tinh dwgc tién xir Iy véi cdc ty 1é KOH
khdc nhau cho dung lwong hdp phu methylene blue cao nhdt dat dwoc bang 619,92 mg/g.
Nghién ciru da tién hanh danh gid qud trinh hdp phu bang hé thong cdc mé hinh déng hoc
va dang nhiét hap phu cho két qua qud trinh hdp phu phit hop nhat véi mé hinh déng hoc
bdc hai va mé hinh d‘éng nhiét hap phu Langmuir véi cdc hé sé phit hop R? déu ¢ mike cao.
Nghién ciru ciing tién hanh dp dung cac phwong phdp mé phong phan tir nham lam ré ban
chdt ciia qud trinh hap phu. Két qua chi ra rang, co ché hap phu da 16p Vi luc lién két tinh
dién dac trung cho kha nang tao lién két bén viing gitia bé mdt than hoat tinh va cdc phan
tir methylene blue. Tir két qua ciia nghién civu cho thdy hiéu qua xir Iy 6 nhiém nguon meéc
boi methylene blue cua than hoat tinh.

Tir khoa: Than hoat tinh; Methylene blue; M6 phong phan tir.
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