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Characterization adsorption method

ABSTRACT: The purpose of this research was to learn more about the primary and
secondary properties of Moroccan natural clay in an effort to better investigate innovative
adsorbents and gain access to an ideal adsorption system. Scanning electron microscopy
coupled with energy-dispersive X-ray spectroscopy analysis (SEM-EDX) and X-ray
fluorescence were employed for identification. SEM revealed clay grains, including tiny
particles and unevenly shaped sticks. First- and second-order rate laws, representing two
distinct kinetic models, were applied in the kinetic approach. Adsorption of dye MB onto
natural clay was studied, and the results agreed with the 2 s order model. The significant
correlation coeflicients support the inference that the adsorption process was governed by
the Langmuir model. Subsequent DFT analyses demonstrated that the methylene blue
dye’s HOMO and LUMO surfaces are dispersed across most of the dye’s components,
pointing to a strong interaction with the clay. To determine how the dye might be adsorbed
onto the clay, we employed quantum descriptors to locate its most nucleophilic and
electrophilic centers. Endothermic reactions are evident during the MB adsorption process on clay, as indicated by the positive
values of AH? and AS° (70.49 kJ mol™'of RC and 84.19 k] mol ™" of OC and 10.45 J mol™* K™' of RC and 12.68 mol™' K™ of OC,
respectively). Additionally dye molecules on the adsorbent exhibit a higher order of distribution than in the solution, indicating that
the adsorption process is spontaneous.

‘The adsorption mechanism DFT and MD

1. INTRODUCTION research studies have reported the efficacy of clays in adsorbing
Today, wastewater resources face severe depletion as a result of contaminants.”*"'* The aim of this research is to examine the
demographic growth and heavy industrialization, leading to the adsorption capacity of two natural clays sampled in the Rabat
discharge of untreated wastewater into the environment. region, specifically focusing on the adsorption of methylene blue
Industrial effluents, especially those from the textile industry, (MB). In order to learn more about adsorbents, we utilized XRF,
contain large quantities of dyes that are not only toxic but also FTIR, XRD, and SEM. Adsorption of MB by OC and RC was
potentially carcinogenic, posing significant hazards to human further investigated by predicting it using kinetic and isothermal

health."” Hence there is the need to develop processes that
protect water resources from pollution by treating polluted
water at the source. Therefore, these industrial effluents must be
treated to lessen their negative effects on the natural world.
Because in light of the gravity of this environmental issue, a lot of
effort has been put into water pollution control, and a number of
pollution control processes have been developed.”* Electro-
dialysis, phothocatalysis, ion exchange, chemical precipitation,

data obtained from experiments. Parameters were determined
by employing both kinetic and isothermal models, and the
results were compared. To identify the most accurate model
variants, R* coefficients of determination were computed.

The characterization of the adsorbent by FTIR and XRD
following MB adsorption, as well as adsorption isotherms, was

nanofiltration, and ion exchange resins are all examples of Received: November 29, 2023
methods,™® such as coagulation,” adsorption, etc. However, Revised:  February 22, 2024
adsorption remains one of the most widely adopted techniques Accepted:  February 27, 2024

due to its insensitivity to toxic substances and its low application Published: March 18, 2024

cost.” For less expensive pollution control, easily accessible and
practical adsorbents like clays are of great interest.”'" Several
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Figure 1. Rough-hewn depictions of clay Rabat-Sale-Morocco operational to date.

employed to assess the investigation of the adsorption
mechanism.

2. MATERIALS AND METHODS

2.1. Preparation of Adsorbents. The clay samples were
collected in Rabat-Sale-Morocco (Figure 1). Next, samples were
washed several times with demineralized water before being
exploited in the experiments. The solid sample was dried at 105
°C for 24 h, crushed, and sieved through a 140 um sieve.

2.2. Preparation of the Solution. Methylene blue was
purchased from Solvachim (Morocco). The structure of the MB
molecule, which is a cationic dye, of chemical formula
Cy¢HsN;SCl and molar mass of 319.85 mol-g ' is given in

Figure 2.
/N
H.C [ I I ] CH
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Figure 2. Structure of methylene blue.

2.3. Experimental Section. 2.3.1. Characterization of
Clays. Physical characterization methods like Fourier transform
infrared spectroscopy (FTIR) were employed to learn more
about the clays before and after their utilization in the
experiments. The FTIR was conducted using Bruker vector 70
spectrometer, and the measurements were taken between 400
and 4000 cm™ at a resolution of 2 cm™. In terms of their
chemical makeup, X-ray fluorescence spectroscopy was used to
differentiate between the two materials, and it was an “Axion”
model used, with a wavelength dispersion of 1 kW. X-ray
diffractometry was used to analyze the clays for the structural
characteristics. Scanning electron microscopy (SEM) was used
to examine the morphologies of both the OC and RC samples.
The HIROX SH-4000 M coupled with energy-dispersive X-ray
spectroscopy (EDX) was employed for this analysis.”*"!

2.3.2. PH(PZC) at the Zero Charge Point. The zero charge
point (PZC) was found by using a sodium chloride solution.
The PZC is defined as the pH value at which there is no net
charge on the entire surface The PZC is defined as the pH value

at which there is no net charge on the entire surface. In 9
separate beakers, each containing 20 mL of a 0.1 M sodium
chloride solution, both HCl and NaOH (0.1 M) were employed
to adjust the initial pH from 2 to 12. In each beaker, 0.1 g of OC
and RC was added, and the mixtures were stirred using a
magnetic stirrer at room temperature for 24 h. Subsequently, the
supernatant was tested for the pH after centrifugation. The zero
charge point (PZC) was determined as the intersection of the
pH variation curve with the initial pH."*

2.4. Adsorption Studies. 2.4.1. Adsorption Kinetics.
Experiments on adsorption were conducted at pH = 6 and
constant temperatures of T = 20, 40, and 60 °C. The adsorption
duration was set at 3 h with 600 rpm agitation. A methylene blue
solution (25 mL of initial concentration Ci varying between 20
and 500 mg-L™") was in contact with a mass of 0.04 g of the
adsorbents. After the reaction is complete, the mixtures
underwent UV/V analysis after being filtered. UV/visible
filtering and analysis: A UV /visible spectrophotometer calibra-
tion curve was used to calculate residual concentration Ce
(Shimadzu, UV-1240) at 11/4 664 nm. The adsorbed amount is
calculated using the following formula

m
Q—ads = (CO - Ce) X V (1)
Q.4s: adsorption capacity (mg-g_l) , Cy: initial MB concentration
(mg'L™"), C.: residual concentration of MB (mg-L™"), m,qq:
adsorbent mass used (g), and V,,: volume of the MB solution
(L).

2.4.2. Kinetic and Isothermal Modeling. To comprehend the
adsorption mechanism of the MB on the two clays (OC and
RC), adsorption kinetics modeling was performed using the
pseudo-first-order, pseudo-second-order, and intraparticle
Weber—Morris models:

Pseudo-first-order

log (g, — ) = log (g.) —( b )xf

2203 @)
Pseudo-second-order
t 1 1
—=—— + =Xt
9 KyXq; 4, (3)
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Table 1. Data Are from Chemical and Mineralogical Analysis of RC and OC

clay SiO, AL O, Fe,0, MgO CaO Na,O K,0 LOI
orange clay (OC) 53.01 23.59 8.299 1.691 0.4340 0.7626 2.610 7.980
red clay (RC) 47.15 25.44 17.13 0.973 0.3214 0.3053 1753 17.13
2 —— Orange Clay
8000 — —— Red Clay
| =9 g
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Figure 3. X-ray diffraction spectra of the OC and RC.
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Figure 4. Infrared spectra of OC and RC before and after adsorption.
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Langmuir and Freundlich models were used for isotherms
Langmuir
g, X Ky X C,

¢ 1+K XC (s)

Ky : Langmuir constant and ¢,,: maximum amount of solute
adsorption to solid phase in (mg-g™"). The two constants K; and
qim can be calculated from the following linear form
C 1 C

€ €

Q. Kixq,6 4, (6)

3D top-lighted rightwards arrowhead symbol Fruendlich

15177

Q =Ky x " @)

Q.: amount of adsorption in mg-g~', Kg: Freundlich constant

that expresses adsorption affinity (L-mg™'), C.:

. equilibrium
concentration of solute in mg-L ™", and 1/n: Freundlich constant

that translates the adsorption intensity.
The constants K and 1/n can be determined in the following

linear form

log (q,) = log (Ky) + L x log (C,) )
n

Error analysis calculations, including the coeflicient of

determination, proved the accuracy of these models (R?).

https://doi.org/10.1021/acsomega.3c09536
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Figure S. SEM images and respective EDX spectra of the clay’s OC (a) and RC (b).

3. RESULTS AND DISCUSSION

3.1. Characterization. 3.1.1. X-ray Fluorescence Analysis.
According to the data of the chemical and mineralogical analysis
of clays RC and OC presented in Table 1, silicon oxide is the
major constituent for both clays, justified by the presence of free
silica. The highest amount was detected for orange clay (53%).
Aluminum oxide is present with a significant amount in both
clays (>13%). Additionally, red clay exhibits highest amount of
iron oxide (17.13%).

These results can help in determining the suitable applications
of these materials. Clays are rich in iron and Al and Ca might be
good candidates for the adsorption of anions due to their affinity
toward these elements.'* The fire loss or LOI shown in Table 1
corresponds to the mass loss resulting from heat treatment of a
sample. Determination of this quantity allows us to estimate the
rate of the organic matter and carbonates present in a sample. It
is observed that the highest value of fire loss was measured for
red clay.">'® This outcome suggests a lower presence of organic
matter compared to that of the mineral fraction, explaining the
total absence of characteristic bands of organic matter in the
infrared analyses for both solids.

3.1.2. X-ray Diffraction. Figure 3 represents the powder
diffractograms X of the two clays, indicating that the clay fraction
of the orange clay consists mainly of muscovite and a low
content of dolomite with the significant presence of calcite. On
the other hand, red clay appears to be a mixture of kaolinite and
muscovite. Additionally, both clays exhibit the noteworthy
presence of quartz as associated minerals.

3.1.3. FTIR Spectroscopy. In order to better define the natural
clay minerals, the FTIR spectra are combined in Figure 4 to
provide a comprehensive analysis.

Both clays’ infrared spectra are displayed in Figure 4.
Generally, the adsorption bands that appear in the 3700—3620
cm™ region correspond to the vibrations of the characteristic
structural hydroxyl groups of kaolinite.'"” The type of bonds in
the molecules determines the location and strength of these

15178

bands. In red clay, these bands appear around 3620.99 cm™,

while in orange clay, they are observed around 3617.5 cm™". The
bands at approximately 3380 and 1631.92 cm™" for orange clay
correspond to the elongation and deformation vibrations of the
adsorbed water OH group.'”"® While the characteristic bands of
carbonates were detected in orange clay around 1416.67 cm ™,
quartz displays the signature deformation vibrational bands
associated with the Si—O bond for red clay around 460.11 and
513.69 cm™!, and the bands at 981.98 and 987.67 cm™' are
attributed to Al-OH—Al deformation."”

The FTIR spectra of OG and RC before and after MB
adsorption are shown in Figure 5. A decrease is observed in the
intensity of the internal OH group bands of the structure, which
are located at 3696.99 and 3314.16 cm™', followed by an
evolution and shift of the valence vibrational bands located
around 1638.98 cm ™!, which can be attributed to aromatic CH—
N and which overlap with the vibrational bands of the adsorbed
OH group.

New peaks appear in the spectra, evolving remarkably locally
for orange clay at around 1398.8 cm™, confirming the presence
of the aromatic C=C group, while bands at around 1353.28 and
1336.82 cm™’, indicate the presence of aliphatic CH, and for the
red clay, around 1200 cm™ could be attributed to the valence
vibration of —C—N and N—N (stretching). It is observed that
the shift in wavenumber corresponds to the variation in the
energy of the functional groups, indicating the existence of an
MB binding process on the clay surface.

3.1.4. SEM/EDX. The elemental chemical composition of the
clay was subjectively estimated with the use of an analytical
microscope (SEM) and an energy-dispersive X-ray spectrometer
(EDX) (Figure 5).

The included EDX spectra and micrographs of OC and RC
depict an assembly like arrangement of sample particles,
including aggregates and small grains. Additionally, these images
reveal larger holes in the OC sample compared to the RC
sample, ! LT#19:20

https://doi.org/10.1021/acsomega.3c09536
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Figure 6. MB adsorption kinetics (Cy = 80 mg-L™") on the OC and RC at pH = 6.0.

Table 2. Kinetic Parameters of MB Adsorption modeling at Different Temperatures on OC and RC

clay orange clay

models Qe-eyp (mg-g™") 39.87 39.91

T (°C) 20 40
LPFO q. (mg-g™) 0.330 0.290

k; (min™") 0.017 0.016

R? 0.966 0.959
LPSO q. (mg-g™") 39.88 39.92

K, (gmg "min~") 0.190 0.208

R 1 1

red clay
39.93 39.76 39.81 39.87
60 20 40 60
0.160 0.920 1.926 0.88
0.012 0.003 0.006 0.002
0.944 0.927 0.926 0.741
39.93 39.76 39.87 39.9
0.340 0.075 0.067 0.104
1 1 1 1

Al, Si, and O can be seen as the most abundant elements in
both clays in the EDX spectra. These findings corroborate the
XRD findings that the primary component of red clay is
kaolinite, muscovite, and quartz. On the other hand, we note the
dominance of carbon in orange clay due to the significant
presence of calcite.'” ™

3.2. Adsorption Studies. 3.2.1. Adsorption Kinetics. The
adsorption kinetics of MB on OC and RC at different
temperatures are illustrated in Figure 6 below. For contact
times less than 4 h at all temperatures, significant amounts of
adsorbate are adsorbed for OC with values at T = 20, 40, and 60
°C being 39.86, 39.39, and 39.92 mg-g~" and for CR being 39.76,
39.81, and 39.87 mg-g~', respectively. Adsorbed mass rises as
temperature rises, which can be attributed to higher temper-
atures breaking down the covalent connections between the dye
molecules and the active sites of the adsorbents.

It is likely that as temperatures increase, the MB diffuses more
rapidly via the clay minerals’ interior pores. Conversely, this
structural alteration may cause inflation in OC and RC,
potentially impacting the penetration of larger methylene blue
molecules.

The adsorption mechanism of MB on the two adsorbents
must be determined, and the experimental points were analyzed
using the pseudo-first-order kinetic model and the pseudo-
second-order model. To identify the most suitable model,
experimental data were analyzed using R? calculations (Table 2).
The kinetic parameters can be found by solving the
aforementioned linear systems of equations. The values
generated from the various kinetic parameters are shown in
Table 2, and the curves of the pseudo-first-order and pseudo-
second-order models are shown in Figure 7. In light of these
considerations, we find that the experimental data for all three

15179

adsorption temperatures are well described by the pseudo-
second-order model. Table 2 shows that the calculated values of
qea are in close agreement with the experimental values of gy,
Additionally, the values for the pseudo-second-order model’s
velocity constants k, rise from 20 to 60 °C. Coeflicient of
determination values also supported this finding, R* very close to
1.

The diffusion process of the solution’s MB to the external and
internal surface of the OC and RC was studied by plotting g, as a
function of t®°, which was used to test the Weber—Morris
intraparticle model. Using this model for the two adsorbents,
shown graphically in Figure 8, reveals that MB adsorption
proceeds via two distinct phases for each solid. The first step is
surface adsorption, and the second step is intraparticle diffusion.
The kinetic parameters of the diffusion model for the adsorption
of MB by red clay and orange clay are shown in Table 3. The
diffusion coeflicients of the two adsorbents decrease with time
but do not vary with the temperatures. The diffusion constants
for MB by red clay are higher than those for orange clay during
the initial diffusion phase across the three temperatures.
However, for the second adsorption step, the diffusion constants
of the two dyes are very close. This indicates that the adsorption
of MB by red clay is faster than the adsorption of MB by orange
clay during the initial phase of the process.

The activation energies can be calculated from the pseudo-
second-order rate constant (k,) using the Arrhenius equation

Ea

InK,=In(A) —
=) - 2

where k, is the pseudo-second-order rate constant (g-mg™':
min~'), A is the pre-exponential factor (min™"'), R is the gas

https://doi.org/10.1021/acsomega.3c09536
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Figure 7. Representation of the pseudo-first-order model (a) and the pseudo-second-order model (b).

constant (8.314 J-mol™-K™'), T the adsorption temperature
(K), and E, is the apparent activation energy of the adsorption
(Kj'mol™"). By plotting Ln (k,) versus 1/T (the Figure is not
shown), the slopes lead to E, values for MB adsorption onto RC
and OC which are 49.63 and 11. 62 kJ-mol ™, respectively. The
activation energy range is less than S0 kJ-mol™', suggesting a
physisorption mechanism. Indeed, when the rate is controlled by
the film diffusion mechanism, the activation energy is very low
(less than 40 kJ-mol™").

3.2.2. pH Effect. The pH of the aqueous solution is an
important factor in the adsorption of any molecule. The
adsorption capacity of OC and RC showed a progressive
increase in the amount of MB retained with an increase in pH
(Figure 9).

These results can be explained by the point of zero charge
(pzc). The pH,,. of red clay RC and orange clay OC are,
respectively, 7.97 and 8.98. Thus, at higher pH values, A negative
charge exists at the surface, while the surface is positively
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charged at pH levels between 7.97 and 8.98. The increased
adsorption of methylene blue (MB) in basic media is thus
explained by the electrostatic attraction between the surface of
the negatively charged adsorbent and the positively charged MB
molecules.”*™**

3.3. Adsorption Isotherm. MB adsorption isotherm
experiments on RC and OC were studied in the initial
concentration range from 20 to 300 mg-L™". The aim was to
determine the best adsorbent by providing information on the
adsorbent/adsorbate affinity and an understanding of the energy
of the bonds between the adsorbate and the adsorbent. The
experimental points obtained are represented in Figure 10,
which shows the evolution of the adsorbed quantity of MB as a
function of the residual concentration at different temperatures
(20-60 °C).

Similarly for the kinetic studies, the impact of starting
concentration was studied using linear versions of the Langmuir
and Freundlich models. Parameter values resulting from these
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Figure 8. Intraparticle diffusion model for adsorption of MB on the OC and RC.
Table 3. Intraparticle Diffusion Model Parameters
red clay (RC) orange clay (OC)
temperature T (°C) K; (mg/gmin®®) R? K’y (mg/gmin®®) R* K; (mg/gmin®®) R? K’y (mg/gmin®) R?
T=20°C 0.207 0.594 0.011 0.896 0.030 0.957 0.006 0.853
T =40°C 0.267 0.687 0.010 0.791 0.027 0.946 0.006 0.853
T=60°C 0.220 0.610 0.009 0.853 0.018 0.704 0.004 0.887
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Figure 9. pH,,

models are reported in Table 4, and the linear curves of these
models at different temperatures are shown in Figures 11 and 12.
In addition, linear modeling was performed to determine the
best model to represent the adsorption isotherms of MB on the
two clays. The R* values for MB adsorption show that the two
clays behave similarly (Table 4). Adsorption of MB on both
adsorbents was well-correlated with the Langmuir model over
the examined temperature and concentration ranges, suggesting
that adsorption sites on the surface are energetically
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homogeneous and that the adsorption process occurs in a
monolayer.** ™

The parameters calculated using the Langmuir and Freund-
lich models for MB are presented in Table 4. According to these
results, orange clay is the most effective clay for eliminating MB
with an adsorption capacity (79.61 mg-g™"') greater than that of
red clay (67.79 mg-g™'), the Kp values increase, and the
parameter 1/n is less than unity, which indicates that the
adsorption affinity of the two solids is favorable to MB.*”
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Figure 10. MB adsorption isotherms for clays: orange clay and red clay.
Table 4. Langmuir and Freundlich Parameters for MB at Different Temperatures
Langmuir Freundlich
temperature Ky, (L~mg_1) Qmax(mg-g_l) R? Kg (L~mg_1) 1/n n R?
red clay 20 °C 1.05 77.76 0.998 47.436 0.058 17.185 0.854
40 °C 0.60 80.06 0.999 48.043 0.064 15.479 0.894
60 °C 0.33 88.65 0.999 48.300 0.068 14.652 0.068
orange clay 20 °C 1.73 79.61 0.999 46.01 0.062 16.180 0.891
40 °C 1.37 84.96 0.999 47.41 0.067 14.940 0.933
60 °C 1.35 88.65 0.999 48.27 0.069 14.510 0.934

3.4. Adsorption Thermodynamics. Adsorption of the MB
on the OC and RC was analyzed using the following relations to
calculate standard thermodynamic parameters, including
enthalpy (AH), entropy (AS), and Gibbs free energy (AG)

ik, 2 AS_ AH

R RT ©)

where the values for R (8.314 J-K™"mol™"), Ky (L-mg™"), and T
(K) for the values of the gas constant and solution temperature,
respectively.

Straight lines with slope AH can be obtained by plotting Ln
(Ky) vs 1/T (not shown in Figure 13).

Table S summarizes the values of AHo, ASo, and AGo.
Positive values of AHo and ASo, respectively, indicate the
endothermic nature which corresponds to the adsorption
isotherm, and a good affinity of BM toward the two clays. The
values of AHo (<40 kJ mol™") indicate that MB adsorption on
both solids is physical in nature, while those of ASo show that
MB molecules were more ordered on RC than on OC. The
negative values of AGo indicate that the MB adsorption process
is spontaneous and that its adsorption is more favorable at higher
temperatures on both solids. Similar findings in other studies
have also revealed that the adsorption of cationic dyes on clays is
spontaneous and endothermic.””**

3.5. Adsorption Mechanism. Figure 14 shows how the
natural clay may change the MB dye if exposed to it. The
adsorption process is influenced by the morphology of the clay
as well as the functional activity and selectivity of the MB dye
molecule.
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The flat structure of clay makes it ideal for adsorption of the
organic dye adsorbent via van der Waals forces and heteroatomic
interactions. The adsorption phenomenon is unusual in that it
depends on the strength of electrostatic contacts.””*

3.5.1. DFT Study. Methylene blue was drawn by the use of
Avogadro software’”*’ and geometrically optimized using
MOPAC2016"" via the PM6 semiempirical model. The
MOPAC output was optimized via the use of Gaussian’'l6
software via the use of B3LYP/6-311+G(d,p)* ™" level of
theory. The highest occupied and lowest unoccupied molecular
orbitals (HOMO and LUMO) and their energies and the
Mulliken charges and NPA charges were extracted using the
Gauss view program.

According to Figure 15b,c, it can be seen that the electron
densities of both the HOMO and LUMO surfaces are
concentrated overall in the molecular moiety of the MB,
indicating that there is a charge transfer due to the delocalization
of the z-electrons. These results indicate that MB has different
electron-rich and electron-poor regions, which makes its
removal expected by either calcite or SiO,. Molecular electro-
static potential map (Figure 15d) provides a detailed qualitative
map of the locations responsible for nucleophilic and electro-
philic assaults (areas rich in electrons and areas low in electrons,
respectively). The given map is identified by the color grade,
which is switched from negative to positive potential as follows:
red (—ve) < orange < green < blue (+Ve) color (Figure 15d).
The strong red color characterizes the electron-rich regions,
while the strong blue color characterizes the electron-poor
regions.”’ =" The dark brown color in the middle part of the
map corresponds to the chloride ion. Inspection of the ESP map
indicates that the nitrogen atoms as well as some carbon atoms
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Figure 11. Langmuir isotherm for MB adsorption onto clay.

when located in the delocalized 7-electron region of the two
phenyl groups are mapped with red color, indicating that these
regions are responsible for electrophilic attacks. Whereas, the
sulfur atom and some of carbon atoms in the two phenyl groups
are mapped with blue color, signifying that these parts of the
molecules are responsible for nucleophilic attacks. These results
can be also visualized and confirmed by looking at the total-
density map at HOMO and LUMO (Figure 15e,f). These results
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are also confirmed by mapping the charge distribution. The full
set of numerical mulliken and NBO charges is listed in Table 6.

The energy gap and some global quantum chemical
descriptors of MB are also shown in Figure 15h. As can be
seen in the figure, the MB dye is characterized by a high value of
HOMO and a low value of LUMO, which makes the ability to
donate or accept electrons to or from the surface very high. The
small energy gap of the MB (2.522 V) indicates the high
chemical reactivity and the kinetic instability of the MB
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Table S. Thermodynamic Parameters for the Adsorption of MB on RC and OC
clay T AS°(J-Kmol™) AH° (J-mol K ™") R? AG(kJ-mol™)
RC 20 °C 70.49 10.45 0.781 =7.97
40 °C -9.38
60 °C —10.7
oC 20 °C 84.19 12.68 0.992 -1.19
40 °C —1.36
60 °C -1.53

molecule. Moreover, the excitation process is permitted due to
the high contact between HOMO and LUMO.

3.5.2. Molecular Dynamics (MD) and Monte Carlo (MC)
Simulations. To comprehensively investigate the complex
interaction between MB (methylene blue) molecules and a
simulated clay surface, the utilization of Monte Carlo (MC)
simulations proved to be absolutely crucial. These computa-
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tional simulations involved the examination of two distinct types
of surfaces, represented as spherical nanoclusters with a
diameter of 12 Angstroms: (1) SiO,—OH and (2) calcite (as
illustrated in Figure 16a). These surfaces were immersed in an
adsorption environment containing a single MB molecule along
with 2500 water molecules. These simulations played a pivotal
role in enabling us to thoroughly explore the dynamic behavior

https://doi.org/10.1021/acsomega.3c09536
ACS Omega 2024, 9, 15175—-15190


https://pubs.acs.org/doi/10.1021/acsomega.3c09536?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09536?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09536?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09536?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09536?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09536?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09536?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09536?fig=fig13&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

N
OS0!
2
1 >n Z N— + CaCO3
/ Cl |

N/ \SnunllO—C—onmmnS\ N + CaCl2
//

N
/S \

N
A
(LI ) ¢ s
/ Cl |

. W,
R K:(]@( y
N
h— S

——Qumumnns
\ /N

N \SmmnO— + CaCI2

II|I||I|II|II||II|%IIHHIIII“””

Nz
/
z
%\ /f
—Z
\ —

98
SN

~ { (e)
§ Erymo=-3.922 > : oh
: I
S AE=2.522 4 6 I
N Eroro=-5.922

© ®

@

Color Range: -1.078 | to

0.0079
(6]
Electronegativity | 4.660
“ Hardness 2.522
Softness 0.198
Electrophilicity 4.306
. Nucleophilicty 0.232
-0.0079

Figure 15. (a) Optimized structure, (b) electron density distribution of HOMO, (c) electron density distribution of LUMO, (d) electrostatic potential
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global descriptors of the methylene blue dye calculated at B3LYO/6-311+g(d,p)//PM6 in aqueous solution.

of molecules®™>* and their binding characteristics with MB on

both surface models. As a result, they provided invaluable
insights into the intricate nature of these interactions,
significantly advancing our understanding of how MB is
adsorbed onto clay surfaces.”” This knowledge serves as a
foundation for further research in the field, enhancing our grasp
of the underlying mechanisms at play.

The simulation’s MC (Monte Carlo) and MD (molecular
dynamics) computations made use of the well-established
deriding force field,”™® renowned for its adaptability and
proven reliability in scientific applications. In the MD
simulations, we employed the NVT ensemble, maintaining a
temperature of 298 K, which ensured the stability of the system

and closely mirrored real-world conditions. This MD simulation
extended over a substantial duration of 1000 ps, affording us the
opportunity to delve deeply into the intricate molecular
dynamics and interactions within the system over an extensive
time frame, as documented in references.*”**~°' Through these
rigorous calculations, we gained a comprehensive understanding
of how the system behaved and its properties under the specified
conditions, as elucidated in references.®>~®* This thorough
exploration of the system’s behavior enhances our ability to
interpret and apply the results in various scientific contexts.
3.5.3. Molecular Dynamics and Monte Carlo Simulations.
Determining the best setup for adsorption of MB (methylene
blue) molecules in order to accurately measure the different
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Table 6. Natural Population Atomic (NPA) Charges and
Mulliken Charges of the MB Molecule

atom NPA MC atom NPA MC

C1 —0.2386 0.1381 Cl11 —0.2768 —0.1923
C2 0.2533 —0.4720 C12 0.2519 —0.4595
C3 —0.2789 —0.1833 C13 —0.2476 0.1249
C4 —0.1415 0.9891 Cl4 —0.1144 —0.4217
CSs 0.1164 —0.2840 N15 —0.3926 0.0200
C6 —0.1309 —0.4136 C16 —0.3666 —0.3021
N7 —0.3617 0.1321 C17 —0.3670 —0.3011
C8 0.1046 —0.3468 N18 —0.3944 0.0218
(o] —0.1516 0.9462 C19 —0.3673 —0.3068
S10 0.5416 —0.3128 C20 —0.3665 —0.3080

(a)

(MB)

(b)

Figure 16. (a) Optimized structures for MB, SiO,, and calcite
nanocluster and (b) the adsorption of MB onto the SiO2 and calcite
contact was analyzed using MC and MD to determine the lowest energy
geometries.

energy outputs, we need to know which would lead to the most
efficient adsorption process. Important to this study is how the
adsorbate molecule interacts with the clay interface, here
represented by SiO, and calcite. Insights regarding the system’s
energetics and stability can be gleaned from this interaction,
making it a veritable treasure trove of data. Adsorption energy
associated with this approach can be calculated by analyzing this
complex interplay, which is a critical piece of the puzzle. These

adsorption energies serve as key indicators, sheddlng light on the
underlying mechanisms governing the system’s behavior.”>**%
They are also crucial in leading the way for the development of
effective adsorption strategies on clay surfaces, not only for MB
but for molecules with similar characteristics as shown in Figure
17a. To quantitatively determine the adsorptlon energy (E.q),
we can employ the following equation:*”**~

Ea total (Eclay + EMB + Ewater) (10)

where E 4 represents the adsorption energy, E,, is the total
energy of the system, E, signifies the energy of the clay surface,
Eyp denotes the energy of the MB molecule, and E,,.,
represents the energy of the surrounding water molecules. By
solving this equation, we are equipped with a precise measure of
the adsorption energy, which is instrumental in unraveling the
intricate dynamics of the adsorption process.’>****7°

The approach we employed, known as Monte Carlo (MC), to
evaluate the intricacies of molecular interactions, entails the
generation of a multitude of combinations involving species
relevant to the simulation, such as molecules and ions. These
combinations are generated randomly, allowing for a thorough
exploration of a wide array of configurations, as elaborated in refs
60,66,71,72. In Figure 17a, we present the adsorption geo-
metries of the adsorbate molecules, emphasizing their proximity
to the SiO, and calcite interfaces. This proximity results in
robust interactions, which in turn give rise to notably lar%e
negative adsorption energies, as visualized in Figure 17b.*
Adsorption energies are strongly negative, suggesting that MB
molecules have a high affinity for the interface and are quite
stable there. These results give us important information about
how adsorption behaves, shedding light on the intricate
dynamics governing the interactions between MB and SiO, as
well as calcite surfaces. It deepens our understanding of how MB
molecules engage with these surfaces, ultimately contributing to
the body of knowledge surrounding this important process.

Adsorbed adsorbate molecules on SiO, and calcite surfaces
showing a considerable increase in negative E 4 values is
indicative of adsorbate molecules’ strong bmdm% to and
preferential adsorption by adsorbent surfaces.*”®"’*”* The
data presented here lend credence to the hypothesis that the
adsorbent serves as a superior substrate for efficient adsorption,
which may result in greater adsorption capacities and better
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Figure 17. MD run’s effect on the MB molecule’s adsorption temperatures on SiO, and calcite (a) and the adsorption energy probability distribution
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performance in appropriate uses.”® Since there was only a little
amount of temperature drift during the MD simulation, we may
be confident that our results will hold up (Figure 17b).>976L7

The simulations are more credible and valid since they
coincide with experimental observations. With the MB
molecules’ effective adherence to the surfaces as a starting
point, a consistent and accurate picture of the MB-surface
interactions may be constructed. Our study’s well regulated
temperature conditions were crucial in allowing for a detailed
analysis of molecule motion and interaction. Our confidence in
the accuracy of the data we’ve collected and in the validity of the
observations we’ve made, thanks to the small temperature
swings we've seen, is further bolstered by the fact that they're
consistent with the simulation’s predictions, as shown in the
supporting refs 65,68,76. These results, which are substantiated
in references, add substantially to our understanding of the
behavior and attributes of the system under the conditions we
simulated.*>®*””7® Moreover, computation of the relative
concentration of MB (methylene blue) on the respective
surfaces, as illustrated in Figure 16b, lends additional support to
our findings. This analysis reveals a notable affinity of MB
molecules for the surfaces, demonstrating their effective
adhesion. Our simulations are further validated and strength-
ened by the agreement between our computer results and
experimental data. Our experimental results are supported by
the fact that MB molecules adhere well to the surfaces in issue;
this allows us to make sense of the complex interactions between
MB and the surfaces in question. This convergence between
computational and experimental data enhances the compre-
hensiveness and reliability of our research, providing a robust
basis for further exploration in this field. In a broader context,
these findings exemplify the synergy between theoretical and
experimental methodologies, demonstrating how they can work
harmoniously to advance our understanding of complex
phenomena like adsorption. By providing strong corroborative
evidence, our results showcase the immense value of computa-
tional techniques in refining and validating experimental data,
thereby enriching our comprehension of intricate processes such
as MB adsorption. This symbiotic relationship between theory
and experimentation signifies a powerful approach in advancing
scientific knowledge and solving real-world challenges. It serves
as a testament to the interdisciplinary nature of modern scientific
investigation, where computational tools and experimental

techniques collaborate to push the boundaries of our under-
L 49,54,59,61,79—83
standing.

4. CONCLUSIONS

The study investigating the adsorption of methylene blue (MB)
from aqueous solutions using clay micrographs revealed a clay
raw material with a variable surface magnification, suggesting a
desired multiphase structure for the adsorbents.

After the adsorption of the MB dye to the clay, an EDX
spectrum was taken, revealing a chlorine signal and indicating
that the dye had undergone a complex reaction. Prominent
diffraction lines in the raw clay identified calcite, quartz, rutile
sodium, and magnetite. CaSiO; (calcium silicate) was detected
by the FX method. At a pH of 6.5 and a clay concentration of
0.02 g, adsorption equilibrium was reached after 180 min.

As a result, the dye molecules are more ordered on the
adsorbent than in the solution, and the endothermic nature of
MB adsorption on the clay is proven, as shown by the negative
value of (AH®) and the positive value of (AS°). Adsorption is a
spontaneous process, where the activation energy is negative
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(AGP). For MB concentrations ranging from 80 mg~L_1, the
adsorption capacity varies from the various temperature
adsorbed for OC at T = 20, 40, and 60 °C are 39.86, 39.39,
and 39.92 mg-g_l, respectively, and for CR are 39.76, 39.81, and
39.87 mg-g ", respectively. Pseudo-second-order kinetics is used
to investigate MB adsorption. The Langmuir isotherm, with a
higher R* correlation, provides a more accurate description of
the adsorption process for our clays compared to the Freundlich
isotherm. DFT results showed that the MB molecule has
different sites that are able to donate to accept electrons from or
to the adsorbate surface.

In essence, the paramount objective lies in pinpointing the
most optimal adsorption arrangement for the MB (methylene
blue) molecule. Achieving this precision is essential for
accurately determining diverse energy outcomes and ensuring
an eflicient adsorption process. The success of our investigation
depends on how the adsorbate molecule interacts with the clay
contact, which is represented by SiO, and calcite structures.
Adsorption energies may be evaluated and calculated, thanks to
this interaction, providing essential insight into the energetics
and stability of the system as a whole. These findings are
important because they provide light on the mechanisms at play
and will help researchers design effective methods of adsorbing
MB and similar chemicals onto clay surfaces.

We employ the Monte Carlo (MC) method to create
numerous species combinations for our simulations, enabling a
comprehensive analysis of various scenarios. The observed
significant interactions and large negative adsorption energies
strongly suggest high affinity and durability of MB molecules at
the interface. Correlating our simulation results with exper-
imental findings enhances the credibility of our simulations. This
involves computational analysis of the MB concentration and
monitoring temperature changes during molecular dynamics
(MD) simulations. The alignment of the experimental and
computational data bolsters our confidence in our results. This
integrated approach highlights the crucial role of computational
tools in enhancing our understanding of MB adsorption. It
demonstrates how computational methods can effectively
complement experimental research, creating a synergy that
furthers our knowledge and practical applications in this
domain.
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