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Abstract: Coal-based activated carbons (CACs) have excellent valuable applications, and have been
industrially produced. However, ultra-fine coal-based activated carbons (UCACs) and their removal
of methylene blue (MB) have rarely been reported in the present literature. Two kinds of UCACs were
obtained in this paper and the adsorption test of MB was carried out. The adsorption performance of
MB on UCAC was simulated by Grand Canonical Monte Carlo (GC-MC) method. The experimental
results were validated by molecular simulation, and the adsorption mechanism was investigated.
The adsorption amount of MB, the d5(, and specific surface area values of the UCACpew (obtained by
the new method) and UCACn (obtained by the conventional chemical method) were 746.95 mg/g,
12.54 um, 1225.36 m? /g and 652.77 mg/g, 12.10 um, 713.76 m? /g, respectively. The results of the
molecular simulation calculations were consistent with the pattern of magnitude of the experimental
results. The peak of the adsorption concentration occurred near 6 A on the pore surface. The
interaction energy of MB molecules with carboxyl groups was much larger than with hydroxyl
groups. Van der Waals forces dominated the adsorption process, with a contribution of >60% in
both cases.

Keywords: ultrafine coal-based activated carbons; molecular simulation; methylene blue; functional
group; acting force

1. Introduction

In addition to the conventional applications of activated carbon, such as adsorbent
materials [1-3], removal of heavy metals [4,5], electrochemical capacitors [6,7], energy
storage [8,9] and catalyst carriers [10,11], ultrafine activated carbon can be applied in
the pharmaceutical field as a negative carrier for the slow release of drugs [12,13], or
removing facial impurities, detoxifying, and relieving inflammation [14,15]. Xu [16] used
ultra-fine coal-based activated carbon (UCAC) obtained by grinding granular coal-based
activated carbon with filter water, and achieved a total organic carbon removal rate of 82%,
which was a 50% increase over coal-based activated carbon (CAC). Granular activated
carbon (40 pm) was ball-milled to produce ultra-fine activated carbon with a particle size
of about 0.72 um, which was used to adsorb endocrine disruptors, pharmaceuticals, and
personal care products in the drinking water [17]. Yener et al. [18] obtained a powdered
activated carbon and applied it to eradicate MB with maximum removal capacities of
91 mg/g. Li et al. [19] obtained an innovative coal-based mesoporous activated carbon and
adsorption capacities (120 min) of MB was 251.8 mg/g.

With the rapid development of computer technology, molecular simulation (MS) has
become a powerful tool for studying the structure and behavior of molecules. In recent
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years, quantum mechanics methods and molecular dynamics methods have been widely
used in chemistry, biology, materials, medicine, food, and other fields [20-23]. Further-
more, the interaction mechanism between the adsorbent and adsorbate [24], the analysis
of experimental results at the molecular level, and the forces acting on the adsorption
mechanism [25] could be revealed by MS. The adsorption of acetone on modified activated
carbon by setting different molar ratios of carbonyl, carboxyl, and hydroxyl groups were
calculated using MS, and the results showed the diffusion coefficient of acetone molecules
in the pore gradually decreased with the increase of carbonyl and carboxyl groups [26].
Huang et al. [27] reported that the adsorption of methylene blue (MB) molecules on the
coal surface was due to the polar interaction between the methyl group of MB and the
hydrophilic sites on the coal surface by using MS. Bergaoui et al. [28] investigated that the
van der Waals forces played an important role in the adsorption process of MB on organic
bentonite using MS. Moreover, the single-layer graphite sheets or multi-layer graphite
sheets models were used to simulate activated carbon [29,30].

Nowadays, there are fewer studies on the adsorption of MB by UCACs using MS.
In this paper, two UCACs were obtained by two different methods, which were used
to adsorb MB from water. The UCAC molecular models were constructed to simulate
the adsorption of MB in water. In order to simplify the simulation process, two oxygen-
containing functional groups-hydroxyl and carboxyl groups, were added. The results could
provide useful references for the development of new-type coal-based carbon adsorbent
materials as well as for the insights of the adsorption mechanism of MB on UCAC.

2. Materials and Methods
2.1. Materials

Granulated anthracite (0.2-0.3 mm) obtained from Ningxia province were used as
raw materials for preparing UCACpew and UCACq,. The UCAC, was obtained by
grinding granular activated carbon according to the conventional chemical method [31].
The UCACew Was obtained by carbonized and activated ultrafine precursor under nitrogen,
which was prepared first by planetary ball mill grinding and blending the anthracite
and KOH.

The UCACpew and UCAC.y were prepared by tube furnace (tube diameter 20 mm,
max. heating temperature 1100 °C) under the same charring and activation conditions, i.e.,
a heating rate of 7 °C/min, a charring temperature of 650 °C, a charring time of 2 h, an
activation temperature of 850 °C, and an activation time of 1.5 h. The addition of KOH was
also the same.

2.2. Particle Size Distribution and Pore Structure Measurement

Both of UCACpew and UCACy, were ground in an agate mortar and dispersed in the
deionized water. The particle size distribution (PSD) tests were performed by particle size
analyzer (SALD-7101, Shimadzu corporation, Japan) after water washing and acid washing
for neutralization. The specific surface area (5SA), pore volume, and pore size distribution
of UCACs were characterized by the BET surface area and porosity analyzer (V-Sorb X800,
Gold APP Instruments Corporation, Beijing, China).

2.3. Preparation of MB Standard Solution and Adsorption Test

A certain amount of MB was placed in a vacuum oven (DGX-9073B-2, Fuma Laboratory
Instrument Co., Ltd. Shanghai, China) for 24 h. The dried MB (0.500 g) was placed in a
1000 mL volumetric flask, while the volumetric flask was filled up by adding deionized
water. Then the standard solution with a concentration of 0.5 mg/mL was prepared. The
standard solution was oscillated at 200 rpm for about 1 h in the constant temperature
(35 °C) incubator shaker (ZQTY-70, Zhichu Instrument Co., Ltd. Shanghai, China) to make
the solution homogeneous.

The different concentrations (0, 1, 2.5, 5, 7.5, 10, 12.5, 15 mg /L) of MB solutions were
prepared by the standard solution. The different concentration of MB was measured by
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UV-visible spectrophotometer (UV1800PC, Mapada Instruments Co., Ltd., Shanghai, China)
at 664 nm [32], which is the maximum absorption peak of MB. The absorbance values of
different concentrations of standard MB solutions at this point were plotted in Figure 1.
The linear fitting was obtained with the correlation coefficient R? = 0.9996 between the
concentration w of MB solution and the absorbance A as Equation (1).
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Figure 1. Relationship between MB concentration and absorbance.

The UCACpew and UCAC, (0.02 g) were added in two beakers, which captained the
same MB solution (100 mL, 150 mg/L). Then, the beakers were swayed and placed in the
constant temperature incubator shaker (35 °C), shaken at 200 rpm. After that, 5 mL of the
obtained solutions were taken at the given time (20 min) interval, and were centrifuged at
2000 rpm for 3 min in the centrifugal machine. The absorbance of supernatant solutions
was measured by UV-visible spectrophotometer, and the concentration was obtained by
comparing the A values to the standard curve. Samples were taken and measured every
20 min for three times. Dilutions were performed where necessary to bring the analyte
solutions within the calibration range. The adsorption amount (., mg MB/g UCAC) was
calculated according to the Equation (2) [32,33].

o= C=COV o

where Cy and C; (mg/L) are the MB concentration in the reaction solution before and
after adsorption, respectively; V (L) is the solution volume; and M (g) is the amount of
the adsorbent.

2.4. Molecular Simulation Methods

The MB and UCAC models were constructed using the Materials Visualizer module
in MS 8.0. The UCAC model was simplified into a slit pore model [26] formed by parallel
graphite sheets. The MB molecular model was constructed based on the molecular struc-
tural formula, as shown in Figure 2. MB was usually depicted as salt, with negative charge
on chloride, and positive charge on =5— part of the molecule. The newly constructed model
was geometrically optimized due to its high energy and unstable structure. Based on the
energy minimization principle, the geometry optimization of MB molecules was performed
using the DMol3 module.
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Figure 2. Molecular model of MB.

The electron density was determined by the sum of squares of the individual atomic
orbitals and was converted by the Schrodinger equation [34], where the potential energy
term calculus has no way to get an exact solution mathematically. In this paper, the
Generalized Gradient Approximation (GGA)-Perdew—Burke-Enzerhof (PBE) generalized
function was chosen for the treatment. GGA-PBE has a strong physical background and is
mainly used in solid state calculations [35]. Due to its reliable numerical computational
performance, it is often used in density generalized theory (DFT) [36]. The relativistic effects
of electrons inside the nucleus were important [37], and the calculations were corrected
by the density functional theory semi-core pseudopots (DSPP). The relevant calculation
parameters used are shown in Table 1 (Ha was the energy units, 1 Ha = 27.211396 eV).

Table 1. Calculation parameters set in this paper.

Parameters Parameter Value
XC functional GGA-PBE
Core treatment DSPP
Basis set DNP
SCF convergence accuracy (Ha) 1.0 x 107®
Energy convergence accuracy (Ha) 1x10°°
Maximum force convergence accuracy (Ha/ A) 0.002
Maximum displacement convergence accuracy A) 5x 1073

Starting from graphite crystals [38], the UCAC model surface was first constructed.
The construction process of UCAC model was shown in Figure 3.

Figure 3. The construction process of UCAC model (a) constructing graphite crystals according to
the data (space group P63/MMC,a=b =246 A, c =680 A, x = = 90°; y = 120°); (b) performing
crystallographic surface cutting; (c) extending the above carbon atomic surface network; (d) adding
hydroxyl and carboxyl functional groups.
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The surfaces were constructed and combined. The total pore volumes were calcu-
lated to obtain different layer spacing by Equation (3) [39] (UCACem: 13.80 A; UACA ew:
26.80 A). The bilayer models with different d. were used to simulate UCAC with different
total pore volumes (as shown in Figure 4).

Vi=LxHxd.xN,+M, 3)

where L is the length of the carbon atomic surface network, A; H is the width, A; d. is the
layer spacing, A; N, is the Avogadro constant, N, = 6.022 x 102 mol—1; M, is the molecular
weight of a single cell, Da.

369A
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Figure 4. UCAC model diagram (a) Top view; (b) Side view.

The geometry optimization, subsequent adsorption, and molecular dynamics sim-
ulations of UCAC model were based on molecular mechanics. The parameters related
to the energy calculation involved in the molecular mechanics simulations in this paper
are shown in Table 2. The COMPASS (condensed-phase optimized molecular potentials
for atomistic simulation studies) force field is a molecular force field that can accurately
predict molecular structure by ab initio algorithm calculation, which has the advantages
of high accuracy, but only few types of atoms and functions can be calculated [40]. The
COMPASS 1I force field combines the results of quantum mechanical calculations to further
improve the COMPASS force field, which not only has higher accuracy but also covers a
wider range [41]. Ewald Coulomb’s summation method is suitable for systems with large
spatial potential differences.

Table 2. Setting of relevant parameters for energy calculation.

Calculated Parameters Setting Result
Force field COMPASS 1T
Charge calculation method Forcefield assigned
Van der Waals force calculation method Atom based
Van der Waals force calculation cut-off radius (A) 12.5
Calculation method of electrostatic force Ewald
Calculation accuracy of electrostatic force (kcal/mol) 1x 1073

Sorption module based on the GC-MC principle was used for the simulation of
adsorption process. Geometrically optimized MB molecule was set as sorbate. Fixed
pressure mode was used in the simulation, and the adsorption temperature and pressure
were set to 308 K and 100 kPa, respectively (i.e., laboratory adsorption test temperature
and pressure). The Monte Carlo sampling method was set to “Metropolis”. A total of
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1 x 10° steps were conducted for the simulation, and the parameters related to energy
calculation are given in Table 2.

The hydroxyl and carboxyl groups were constructed as shown in Figure 5. The Forcite
module of MS software was used to perform molecular dynamics simulations. The co-
efficient setting was constant-volume/constant-temperature dynamics (NVT), which is
a simplified expression of the stability distribution and is most suitable for calculating
the macroscopic properties of substances in adsorption equilibrium [39]. The initial ve-
locity was Boltzmann random distribution. The simulation temperature was at 308 K.
The time step was 1 fs. The total simulation time was 500 ps, and the resultant config-
uration was output every 1 ps for a total of 501 frames (including the first frame). For
the molecular dynamics simulations, the relevant parameters for the energy calculations
were set as described in Table 2. The system equilibrium was analyzed after the molecular
dynamics calculation. The adsorption energy and its contribution were calculated by the
equilibrium configuration.

Lwo-cn

Figure 5. Model of hydroxyl and carboxyl groups. (a) Top view of hydroxyl group; (b) side view of

hydroxyl group; (c) top view of carboxyl group; (d) side view of carboxyl group.

3. Results and Discussion
3.1. Adsorption Test Results

The MB adsorption results of UCACpew and UCAC, are shown in Figure 6. Most
of the MB was removed in 20 min for the UCACpew. From 20 to 60 min, the adsorption
amounts of the UCACpey, were 740.63, 743.57, and 746.95 mg/g, and the removal rates were
98.75%, 99.14%, and 99.59%. The adsorption amounts of the UCAC.y, were 597.14, 623.88,
and 652.77 mg/g, and the removal rates were 79.62%, 83.18%, and 87.04%, respectively.
The adsorption amounts difference between UCACpew and UCACy, was 94.08 mg/g at
60 min. Thus, the adsorption capacity of UCACpew was larger than that of UCACcp,.
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UCA Cnm\' UCACcm

20min 40min 60min 40min

Figure 6. The adsorption results of UCACpew and UCACem.

3.2. PSD and Pore Structure

The PSD of UCACpew and UCACy, is shown in Figure 7. It can be seen that the
PSD of both UCACew and UCAC., showed an overall eccentric distribution, with the
majority of fine particle size. The dsg and dmax of the UCAChpey were 12.54 pm and 89.22 pm,
respectively. About 39.96% of the particles were below 10 um. The dsy and dmax of the
UCACy, was 12.10 um and 100.1 pm, respectively. Moreover, 40.82% of the of particles
were below 10 um. Obviously, the PSD difference between UCACpew and UCACy, was
negligible. The granular activated carbon prepared by conventional method was easy to
be crushed because they were rich in pores. When the particles were crushed, a large
number of ultrafine particles were produced by stripping. Due to the poor mobility and
easy agglomeration of particles, some particles were not fully crushed, resulting in a high
content of large particles.

o n-n_pmn—r—ie——————a < 100
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Figure 7. The PSD UCACpew and UCAC .

The N adsorption-desorption isotherm of UCACpew and UCAC, at 77 K is shown
in Figure 8a, and the corresponding pore size distribution of UCACpew and UCACm
displaced type IV isotherm from desorption according to the International Union of Pure
and Applied Chemistry system [42]. The hysteresis loop area of UCACpew was larger than
that of UCACcn, indicating the presence of a larger number of mesopores and micropores.
As shown in Figure 8b,c, most of the pores in UCACpey had pore diameters in the range
of 2-10 nm, and the integral pore area of mesopores of 2-10 nm accounted for the largest
percentage. The differential pore volume of pores above 10 nm was smaller, but the integral
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pore volume share of this part of the pores was larger. UCACc, had a larger percentage of
the integral pore area for mesopores below 5 nm and a larger percentage of the integral
pore volume for pores below 4 nm. As can be seen in Figure 8d, the micropore pore size of
UCACpew and UCACy, was mainly concentrated below 1 nm.
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Figure 8. The correlation curve of the pore structure: (a) isothermal adsorption curve; (b) BJH pore
size distribution curve; (c) BJH pore area distribution; (d) micropore distribution.

The observed SSA, total pore volume (V), total micropore volume (Vgg), average pore
size (P), average mesoporous pore size (Pgjy), and average micropore pore size (Psg) of
both UCACpew and UCACn, are given in Table 3.

Table 3. Pore structural parameters of two types of UCACs.

Sample Name UCAChew UCACcm
SSA (m?/g) 1225.36 713.76
Vi (em3/g) 0.99 0.51
Vs (cm3/g) 0.52 0.32

P (nm) 3.24 2.77
PB]H (nm) 228 210
Pgk (nm) 0.75 0.71

3.3. Simulation Results

The energy changes during the optimization of the MB model are shown in Figure 9.
It can be seen that by the 10th step of the optimization, the energy had basically ceased to
change and gradually stabilized.

The adsorption process of MB molecules on the UCAC surface was necessarily sensi-
tive to the charge nature of the surface, so the optimized electrostatic potential diagram of
MB molecule was analyzed in Figure 10. It indicated the charge positivity and numerical
magnitude of different regions with different colors, which could visualize the charge
distribution characteristics on the MB molecule. The negative charge was concentrated on
Clions. The positive charge was mostly concentrated on H ions of methyl. In addition, it
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was calculated that the MB molecule occupied a volume of 301.0 A% and a surface area of
307.4 A2,

-1641.80

T

-1641.85F
-1641.90

T

(Ha)

-1641.95} '

T

-1642.00

Energy

-1642.05 \
]

-1642.10 .

T

-1642.15
0 5 10 15 20 25 30
Optimization Step

-

Figure 9. Energy change during optimization of MB molecular model.

711.00
273.60
—0.02
=0.06
=0.10

Figure 10. Molecular electrostatic potential diagram of MB.

The model energy changed during the geometric optimization of the bilayer model
are shown in Figure 11. The energy was basically stable after the 40th step of optimization.
Probably because the initial placement of UCACpew functional groups was messy, which
led to more steps of its final optimization.

The adsorption amounts of the UCACpew and UCACqy, models obtained from GC-MC
simulations are shown in Table 4. The GC-MC simulation method could qualitatively
reflect the strength of the MB adsorption capacity of the UCACew and UCAC¢y models.
The size patterns presented by the simulation results matched well with the experimental
measurements. Compared to the experimental values, the results of GC-MC simulations
were all larger, because the UCAC models were constructed according to the total pore
volume. In the actual adsorption process, due to the larger MB molecules, the pore channels
with smaller pore size cannot provide enough space to accommodate the adsorbed MB
molecules [43-45]. Thus, the measured values were smaller than the simulated values.
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Figure 11. Energy change during optimization of UCACpew and UCACc, models.

Table 4. Simulated adsorption amounts of UCACpew and UCACcy models.

MB Molecular Simulated Adsorption
Average Number of

Model Name Adsorbed MB Molecules Capacity (mmol/g)
Simulated Value Experimental Value
UCACm model 34.94 2.73 2.04
UCACew model 57.00 4.46 2.34

The adsorption density and adsorption sites are shown in Figure 12a,b. It can be seen
that the adsorbed MB molecules distributed unevenly. The actual adsorption configuration
is shown in Figure 12¢,d. The density of MB near the functional groups of UCAC was
higher, and the adsorption amount in this region was large. In the pore hollow region (as
black dashed frame in the figure), the density of MB was small, and the adsorption amount
in this region was small.

The relative concentration of adsorption is shown in Figure 13. The relative concen-
tration of MB had a peak near 6 A on the surface of UCACpew and UCAC.y, models, with
smaller values in the pore hollow region. Compared to UCACy,, there was a step in
the adsorption concentration of MB molecules on the UCACey surface. The adsorption
concentration in the pore hollow region of UCAC, was about 1/3 of the peak and that of
UCACew was 2/5.

3.4. Effect of Functional Groups

The introduction of oxygen-containing functional groups on the surface of UCAC
changed its charge properties, so it is necessary to analyze the functional group charge
distribution first. The charge distribution of hydroxyl and carboxyl groups is shown in
Figure 14. The vicinity of H and O atom showed strong positive and negative charge,
respectively, which was the largest region of positive and negative charge in the whole
model. MB, a cationic dye, could be adsorbed by the electrostatic force interaction onto the
negatively charged UCAC surface [46].
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Figure 12. Adsorption site map and conformation diagram of the actual adsorption (a,c) UCACcm

(b,d) UCACpew-
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Figure 13. Distribution of relative concentration in the axial direction (a) UCACcn (b) UCAChew.

Figure 14. Electrostatic potential diagram of two functional groups (a) Hydroxyl group; (b) Carbo-

xyl group.
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To ensure the reliability of the results, the equilibrium of the system was determined
before the results. The forcite dynamics temperature and energies (potential energy, kinetic
energy, non-bond energy and total energy) fluctuated within a narrow range after about
100 ps, indicating that the system had reached equilibrium. The configuration of the system
after equilibrium could be used for the subsequent results analysis.

The calculated equilibrium adsorption configurations of different functional group
models are shown in Figure 15. The adsorption energy was calculated by using the
conformation of the last 100 frames after the adsorption equilibrium, and the energy
contribution was analyzed. The adsorption energies and adsorption force contributions of
the two functional groups to MB were shown in Table 5. The values of adsorption energy
were both negative, indicating that both hydroxyl and carboxyl groups had adsorption
on MB molecules and were spontaneous exothermic processes. The adsorption energy of
the carboxyl model was more negative in value, which indicated that it had a stronger
adsorption effect on MB molecules. The van der Waals forces were the dominant forces in
the adsorption process, contributing more than 60% in both models. In comparison, the
contribution of electrostatic force of the carboxyl model was greater. This was probably
related to the presence of two O atoms in the carboxyl group, which carries a larger negative
electric region.

LY

YV Y VYV VYV VY VYV VYV VY 1wk

¥ VW WYY YT YY Y Y YYW

Figure 15. Equilibrium adsorption conformation. (a) Hydroxyl group-top view; (b) hydroxyl group-
side view; (c) carboxyl group-top view; (d) carboxyl group-side view.

Table 5. Adsorption energy and energy contribution of hydroxyl and carboxyl groups.

Adsorption Standard Contribution of  Contribution of

Model Name Energy Deviation Electrostatic Van der Waals’
(kcal/mol) (kcal/mol) Force Force
Hydroxyl model —43.64 1.85 24.84% 75.16%

Carboxyl model —49.77 2.15 36.31% 63.69%
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4. Conclusions

UCACpew and UCAC, were obtained by two different methods. The differences
in adsorption behavior of MB, PSD and pore structure of UCACpew and UCAC, were
analyzed respectively, and the adsorption properties of UCACpew and UCAC.y, were
verified by molecular simulation. The effect of hydroxyl and carboxyl functional groups
on the MB molecules was explored at microcosmic level. The results showed that the MB
adsorption amount by UCAChew was larger than that of UCACy,. The adsorption size
pattern presented by the molecular simulation results was consistent with the experimental
measurements. The peak adsorption concentration occurred near 6 A on the pore surface
for the UCACpew and UCAC, models. The adsorption concentration value was small in
the hollow region of the pore, about 1/3 to 2/5 of the peak. Furthermore, both hydroxyl and
carboxyl groups had effects on the adsorption of MB molecules, and the effect of carboxyl
group was stronger. The van der Waals forces played a dominant role in the adsorption
process. Compared with the hydroxyl model, the carboxyl model had a larger proportion
of contribution of electrostatic force in the adsorption of MB molecules.
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