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Abstract—Carbon deposition process on activated carbon (AC) in order to produce carbon molecular sieve (CMS)
was simulated using molecular dynamics simulation. The proposed activated carbon for simulation includes micropo-
res with different characteristic diameters and lengths. Three different temperatures of 773 K, 973 K, and 1,273 K were
selected to investigate the optimum deposition temperature. Simulation results show that the carbon deposition pro-
cess at 973 K creates the best adsorbent structure. While at lower temperature some micropore openings are blocked
with carbon atoms, at higher temperature the number of deposited carbons on the micropores does not change signifi-
cantly. Also, carbon deposition process confirms the pseudo-second-order kinetic model with an endothermic behav-
ior. To evaluate the sieving property of adsorbent products, nitrogen and oxygen adsorption on the initial and final
adsorbent products are examined. Results show that there is not any considerable difference between the equilibrium
adsorption amounts of nitrogen and oxygen on the initial and final adsorbents especially at low pressure (P<10 atm).
Although, adsorption kinetics curves of these gases change significantly after the carbon deposition process in compari-
son with the initial sample. These observations indicate that the final adsorbent has high selectivity towards oxygen
compared with the nitrogen, so it can be called a carbon molecular sieve. All simulated results are in good agreement
with experiments.
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Separation

INTRODUCTION

Carbon adsorbents are one of the most popular adsorbent types
for gas and liquid separation equipment [1-6]. Easy accessibility,
low cost and other individual properties of the carbon adsorbents
make them crucial materials in separation processes [2,5]. Carbon
molecular sieves (CMS) are a special class of the carbon materials,
widely used in gas separation system such as methane from car-
bon dioxide [3,4], ethane from ethylene [7,8], propane from pro-
pylene [9,10], and hydrogen from gas mixture [11,12]. In particular,
carbon molecular sieves are used for the air separation to its com-
ponents, nitrogen (N,) and oxygen (O,), on a wide scale [3,13-15].

Many different carbon-based materials, like agricultural residues
and biomasses, are applied as precursors in the CMS production
step [2,4,6]. Pore size control has been examined by a variety of
heat treatment methods, such as carbonization, physiochemical
activation, and chemical vapor deposition (CVD), to achieve a struc-
ture with efficient sieving properties [4,14,16-18]. It is indicated
that controlling the carbon deposition process on the initial pores
has a major effect on the resulted material's structure. However,
because of the practical and limited conditions of the experiments,
some parameters which are impossible to measure can be traced
and investigated by the computational means. In addition, some
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simulation methods help us to find the optimum experimental
conditions. Therefore, complicated and costly serial experiments
can be ignored. In this regard, the theoretical methods have been
developed to carry out studies on the carbon adsorbents. In recent
decades, molecular simulation methods such as Monte Carlo (MC)
and molecular dynamics (MD) simulation have been successfully
employed to simulate the adsorption process [19-25]. Moreover,
the formation process of carbon adsorbent can be simulated; for
instance, the quench MD simulation method has been applied to
simulate CMS formation process using different precursors [26].
Based on this method, a realistic model for amorphous carbon has
been developed [27,28]. Furthermore, the CVD process on the active
carbon to produce a CMS structure has been modeled using the
stochastic method, allowing one to investigate the amount of depos-
ited carbon versus time [29]. Despite these studies, there is a lack
of molecular information in this area. Developing a suitable atom-
istic model that realistically describes the carbon deposition pro-
cess on the pores in the molecular level is necessary. Furthermore,
the capability of the resulted CMS structures for target separation
can be considered as a crucial item for detailed investigations.

We used molecular dynamics (MD) simulation to investigate
carbon deposition on activated carbons and examine the perfor-
mance of the resulting material to segregate air into its components
on a molecular scale. The objectives of this paper are:

(i) Modification of activated carbon by carbon deposition in the
molecular level;

(ii) Analyzing the temperature role on the pore deposition;
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(iif) Calculating some thermodynamics parameters like enthalpy,
entropy and Gibbs free energy in carbon deposition process; and

(iv) Evaluating the modified product behavior for nitrogen and
oxygen separation by determining the isotherm and kinetic curves.

MOLECULAR MODEL AND FORCE FIELD

Molecular dynamics simulations are performed to simulate the
formation of carbon molecular sieve by carbon deposition on an
activated carbon. Also, N, and O, adsorption on the initial pro-
posed AC and resulted material are investigated.

1. Molecular Model and Simulation Parameters

Since activated carbon does not have a certain crystallography
structure, it is assumed that its structure in the molecular scale is
constructed of the graphene layer sheets with various orientations.
Hence, the applied structure is composed of four graphene-based
slit micropores inside a mesopore with the pore width of about 25 A.

In the proposed structure, the micropores include two pores with
characteristic diameters (the distance between graphene slits) of
7 A and depths of 13.5 and 27 A and two other pores with diameter
of 5 A and depths of 13.5 and 27 A. These dimensions are applied
to investigate the effects of pore width and depth on the adsorbent
capacity. It is noted that the microporous (characteristic diameters
less than 2 nm) or the mesoporous (characteristic diameters 2-50
nm) mainly are responsible for gas separation. In practice, strong
adsorption occurs in these pores, specially micropores. Adsorp-
tion in macropores (characteristic diameters larger than 50 nm) is
similar to what occurs on the adsorbent surface, and they work as
conduits for gas transferring to smaller pores in separation pro-
cesses. Hence, only micro- and mesopores are assumed in the struc-
ture. According to the experimental data, the size of the graphene
layer is between 20 and 70 A [30], so the largest linear dimension
of graphene layer has been chosen as 65.38 A. The proposed struc-
ture is depicted in Fig. 1. Simulation is conducted in a box with
the dimensions of 22.35x55.48x67.39 A”. The interlayer spacing
between graphene layers consisting of pore wall is 3.335 A accord-
ing to literature data [31-33]. Simulations are performed at two dif-
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Fig. 1. Proposed AC structure with the box dimensions.
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Fig. 2. Simulation structure in carbon deposition part (atoms are
shown with VDW model in the graphical software).

ferent parts:

i) Carbon deposition on the AC structure. Atomistic carbons
are employed for depositing on the proposed AC. It is assumed
that the atomistic carbons have resulted from benzene cracking
process accorded with ref. [30]. Note that the benzene cracking
process to produce carbon atoms for deposition is neglected from
MD simulation. According to the experimental data, the density
ratio of AC to the atomistic carbons for deposition is 3/1 [30]. There-
fore, for 2168 carbon atoms as the graphene sheet in the AC struc-
ture, 723 atomistic carbons are devoted for deposition. These atoms
are placed on the top of AC pores before the simulation (Fig. 2).

ii) N,/O, adsorption by determining adsorption isotherm and
kinetic curves. To achieve this goal, different MD simulations are
performed at constant temperature and volume with different num-
bers of N, and O, molecules for initial AC and CMS product.

All MD simulations were performed in canonical ensemble (NVT).
In the first part (carbon deposition on the AC), three simulations
investigated the effect of temperature on the carbon deposition
process. In all simulations, the volume and number of atoms were
constant. Selected temperatures according to the experimental data
[30] were 773, 973, and 1,273 K. In all simulations, the volume
and number of atoms were constant. In part (i) (N,/O, adsorp-
tion), two different adsorbents, the initial proposed AC structure
and resulting adsorbent after carbon deposition, were applied. At
this stage and for calculating adsorption isotherms, twelve simula-
tions were performed to create different N, and O, pressure in the
box (six simulations for calculating each N, and O, isotherms).
Different pressures (3 atm<P<22 atm) are created by changing the
number of gas molecules while SRK equation of state governs the
simulation systems. This procedure has been used in similar MD
studies [34,35]. Volume and temperature of the system were con-
stant in all simulations. Temperature was selected as 300 K. The
Nose-Hoover [36] thermostat model was applied to maintain the
temperature during the simulations. The cut-off distance of 1.2 nm
was selected for calculating the non-bonded interactions. Periodic
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boundary conditions were applied in all three directions, and the
adopted simulation time is 5 ns with the time-step of 2 fs.

All MD simulations were conducted by GROMACS 4.5.5 pack-
age [37]. Although GROMACS performs the MD simulation, it
can also perform the energy minimization (EM) to make sure the
provided structure is properly energy minimized. Thus, before the
main MD simulations, the EM stage was performed for 200 ps with
a time step of 1 fs. All the graphics in figures are visualized by VMD
package [38].

2. Force Field

The interactions between molecules in this study; ie, O,, N,, atom-
istic carbon, and Graphene sheet atoms, were modeled by GRO-
MOS 96 [39] force field. According to GROMOS96 force field, the
interactions between the atoms are divided into non-bonded and
bonded. Non-bonded interactions are between any pair of atoms
within a given cutoff radius presented by Lennard-Jones (12-6) (L])
potential and other atoms out of the cut off radius are excluded
from calculations. In the current simulation, graphene layer is as-
sumed without partial charge. In addition, N, and O, are assumed
electrically neutral . Thus electrostatic interactions were omitted
from the calculations.

The nonbounded interaction will be included:

Unh=Z,.<j{4£,--[(%)“ (%)6}} )

where r; is the interparticle distance, &; is the L] energy and o is
the size parameter. Values of the parameters are ¢;=3.360, 2.625,
and 2.975 A and £=0.406, 1.724, and 0.877 kJ/mol for C, O, and
N, respectively [40].

Bonded interactions between atoms connected chemically con-
sist of stretching, covalent bond angle, and the dihedral terms. This
potential energy U, is written as:

U,=U+UgtU,, )
where U; is bond-stretching and given by

1
US - Zbonds 'Jzku(rt] - lo)z’ (3)

here r; is center to center distance of atoms i and j, [, equilibrium
bond length, and k; force constant. For C-C in the graphene lay-
ers, 0-O in O, molecules, and N-N in N, molecules, the value of
parameters are, [,=1.37, 1.208, and 1.098 A and k,-j:4.18><105 , 4.18%
10°, and 9.45x10° kJ/mol nm” for C-C, O-O, and N-N, respectively
[40].

Potential of bond angle changes Uy, is given by

1 2
Up=>. a’éka,k( O~ H?jk) > 4)
where ng is the angle in equilibrium and ky, force constant. For
C-C-C the values of parameters are ¢;=120° and k,,=418.4KkJ/
mol rad® [40].

Torsional rotational potential U, representing potential energy as-
sociated with dihedral angle changes, is a periodic function given by:

U= 3k l1+ cos(mg— go)] 5)

March, 2015

where kj, m, ¢, is a force constant, the dihedral multiplicity, and
the equilibrium value of angle, respectively. In present simulation,
the value of k, is k,;=15.15 kJ/mol for C-C-C-C. The values of param-
eters m and ¢, are taken to be m=3 and ¢,=180° [40].

In this study, the self-diffusion of atomistic carbons and also N,
and O, molecules inside pores was investigated. According to a pre-
vious study [41], the frozen and flexible structures of graphitic slit
pores have very similar effect when self-diftusivity is investigated.
It has been also reported that the structure of the pore walls (fro-
zen or flexible) has little effect on kinetic separation factors of binary
mixture in graphitic slit pores; while the temperature of the sys-
tem and the pore size strongly influence it [42]. Hence, the frozen
structure was selected for graphitic layers.

RESULTS AND DISCUSSION

In all simulations, it is necessary to show the system equilibra-
tion. To do so, total energy at both carbon deposition and N,/O,
adsorption simulations is monitored. Results are shown in Figs.
3(a) and 3(b). As the figures show, systems are fully equilibrated in
less than 50 ps, so further analyses can be performed.

1. Carbon Deposition Analysis
1-1. Carbon Deposition

In the first step, it was necessary to remove unadsorbed carbon
atoms in the deposition process. To do this, the distance criterion
for counting the deposited carbon was chosen based on the radial
distribution function (RDF) curve (g(r)). The RDF yields the prob-

2.5454
2.5452
2.545
2.5448 -
2.5446
2.5444
2.5442
2.544
2.5438 |
2.5436 |
2.5434 t — . . .
0 50 100 150 200
Time (ps)

total energy (kJ/mole*107)

2.546 T

b b
2.5455 - ®)

2.545 -
2.5445 -

2.544 -

2.5435 -

2,543 +

total energy (kJ/mole*107)

25425 Fo . :
0 20 40 60 80 100
Time (ps)

Fig. 3. Total energy curve for (a) carbon deposition process at (i)
1,273 K, (ii) 973 K, and (iii) 773, and (b) total energy curve
for (i) O, adsorption (ii) N, adsorption.



Molecular dynamics simulation of carbon molecular sieve preparation for air separation 497

2.5

15 4

glr)

05 4

r(nm)

Fig. 4. RDF curve of atomic carbons versus graphitic carbon atoms.
This curve is plotted for atomic center of mass.

ability of existence of a particle in a certain distance (r) from other
particles. The first peak of the RDF implies minimum distance
between deposited carbon and graphitic adsorbent. The RDF for
deposited carbon atoms at 773 K versus their distance from gra-
phitic adsorbent is shown in Fig. 4. This figure expresses that the
first peak of g(r) occurred in r=0.34 nm. Similar values were ob-
tained at other temperatures. Accordingly; the carbon atoms in 0.34
nm distance of the AC remain in system as the deposited carbon,
and the others are removed. This simulation stage is equivalent to
what happens in experiment [30]. In other words, removing unde-
posited carbon from the simulated system based on the RDF curve
is similar to nitrogen flow in the experiment for eliminating the
unadsorbed carbon atoms on the substrate. Fig. 5 shows schemat-
ics of the resulting adsorbents obtained after carbon deposition at
different temperatures, and Fig. 6 shows the amount of deposited
carbon atoms on the micropore, mesopore and both of them ver-
sus adsorbent mass. From Fig. 5, there is not any deposited car-
bon inside micropore with the characteristic diameter of 5 A. At
lower temperature, these micropores are blocked with the carbon
atoms, while at higher temperature there is not any deposited car-
bon on the mouth of the pores. In contrast, carbons are diffused
inside pores with the characteristic diameters of 7 A, and conse-
quently change size of the pores. Furthermore, multilayer carbon
deposition occurred in mesopore, whereas one layer deposition
happened in micropores. Also, Fig. 6 shows that by increasing the
temperature from 773 K to 1,273 K, the total amount of deposited
carbons on the mesopores increased, while this value initially in-
creased for micropores and then decreased at higher temperature.

m773 0973 m1273

micro meso total

Fig. 6. Amounts of deposited carbon in micropores, mesopores and
proposed AC at temperatures of 773 K, 973 K, and 1,273 K.

But, totally increasing the temperature increased the total amount
of deposited carbons on meso- and micropores, which indicates
an endothermic process. Since in N,/O, separation by CMS, micro-
pores play a key role in the separation efficiency; the produced adsor-
bent from the system in the temperature of 973 K is selected for
N,/O, adsorption.
1-2. Kinetic Model of Carbon Deposition

To model the dynamics of the deposition process, kinetics of
the process was studied. Two kinetic models, the pseudo-first- and
second-order models, were used for the deposition kinetic data to
investigate the behavior of this process. In pseudo-first-order model
[43], the adsorption kinetics rate is simply determined based on
the adsorption capacity using the following equation:

dq
7 -Ki@.-a) ©6)

where g, and q, (mg/g) are amount of adsorption at any time t (min)
and adsorption capacity in equilibrium corresponding to the mono-
layer adsorption, respectively. K; (min ") is the rate constant of the
pseudo-first-order adsorption.

In the pseudo-second-order model, the adsorption kinetic data
is described by:

R @

q Vo q
V0=K2q§ ®)

where V, (mg/g-min) is the initial rate of adsorption [44].

These two models are examined for the carbon deposition re-
sults. Constant values of the kinetic models are calculated from the
linear forms of the above-mentioned equations. Results are shown

Fig. 5. The resulting structure after carbon deposition process from the front view at (a) 773 K, (b) 973 K, and (c) 1,273 K.
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Table 1. Pseudo-first-order and pseudo-second order calculated

Table 2. Thermodynamic parameters of carbon deposition process

parameters for carbon deposition process on AC
Pseudo-first-order model ~ Pseudo-second-order model AS” (J/mol-K) AH® (J/mol) AG’ (J/mol)
© . q R k, 9 R 68.73 4768 773K 973K 1273K
(I/ns) (mg/g) (g/mgns) (mg/g) 57942 71543 92343
773 1.20 2.39 0.421 341 3831 0991
973 110 7.89 0.782 0.43 44.05  0.994
1273 010 916  0.240 025 4673 0988 defined by the ratio of deposited carbon concentration in equilib-
rium q, (mg/g), and the equilibrium concentration of carbon in
0.14 bulk C, (mg/L). The values of AH’ and AS’ are extracted from the
ot 773K slope and intercept of Eq. (11), respectively. Results are presented
' m973K in Table 2 (figure is not shown). Positive value for AH’ confirms
~ o1 A1273K an endothermic process, which is in agreement with our previous
® 008 results (see section 3.1.1). The positive value of AS’ elaborates in-
o creasing of randomness at the solid/gas interface. In addition, the
— 0.06 . 0 . .
5 negative values of AG” at different temperatures describe the spon-
004 1 taneous nature of the process.
0.02 2.N,/O, Adsorption Analysis
Y 2-1. Adsorption Isotherm
o 1 5 3 4 5 6 In this stage, adsorption isotherms are calculated for N, and O,

time(ns)

Fig. 7. Pseudo-second-order kinetic model plots for carbon deposi-
tion process on the proposed AC at (a) 773K, (b) 973 K, and
(c) 1,273 K.

in Table 1: the pseudo-second-order kinetic model can predict the
calculated results carefully (R*>0.98). Fig. 7 confirms these results.
1-3. Thermodynamic Parameters

The thermodynamic parameters including change in standard
Gibbs free energy (AG’), entropy (AS"), and enthalpy (AH) are ob-
tained from the following equations [45]:

C

Kc:q—e ©)

AG’=-RTInK, (10)
0 0

anc:A?S - ARiT (11)

here K. (g/L) is the standard thermodynamic equilibrium constant
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gas molecules, separately on the initial proposed AC and resulting
adsorbents. The produced structure after carbon deposition at 973K
is applied for this goal. Fig. 8 shows the isotherm curves. From this
figure, it can be found that at low pressure (p<10 atm), the adsorp-
tion amounts of N,/O, gases on the two types adsorbents are equal.
At high pressure, the amount of adsorbed O, on the resulting ad-
sorbent increases in comparison to the initial proposed AC, while
the amount of adsorbed N, on the resulted adsorbent decreases.
However, these changes are not significant. Considering the kinetic
diameters of O, and N, which are too close (do,=3.46 A and dy,=
3.64 A), their equilibrium concentrations on the adsorbent are ap-
proximately equal. This supports the results reported in [30]. These
changes in N,/O, adsorption amounts are not too high to create
reasonable separation efficiency for these two gases.

Additionally, the two isotherm models, Langmuir and Freun-
dlich, have been applied to model the isotherm data.

The Langmuir equation and its linear form are given as [43]:

bQ,P
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Fig. 8. N, and O, isotherm curves on the (a) proposed AC, and (b) resulting adsorbent.
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Table 3. Langmuir and Freundlich isotherm parameters for N,
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and O, adsorption on the resulted adsorbent

Freundlich isotherm

Langmuir isotherm

Ke n R Q, R?
0, 0.0116 0.95 0.990 0.019 0.996
N, 0.0157 121 0.993 0.021 0.999
1 1 1
—=—4 13
q Qp bQP 12

where q,, Q), and b are adsorption capacity in equilibrium, maxi-
mum capacity of adsorption corresponding to complete monolayer
coverage, and adsorption affinity; respectively.

The Freundlich model is an empirical model with the follow-
ing equation [46]:

q.=KP)" (14)
Its linear form is:
logq,=logK,+ rlllogPe 15)

where g, is adsorbate concentration at equilibrium, P, is pres-
sure, and K is Freundlich constant. Table 3 shows calculated param-
eters of both models for N, and O, adsorption on the resulted
adsorbent. As illustrated, the adsorption processes strongly follow
the Langmuir isotherm model (R*>0.996). This adequate confor-
mation demonstrates the homogeneous nature of the adsorption
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Fig. 9. Langmuir isotherm in the linear form for N,/O, adsorption
on the resulting adsorbent.

surface. Fig. 9 shows the linear fitting of N,/O, isotherm with Lang-
muir equation.
2-2. Adsorption Kinetics

Although the main criterion in the separation processes is the
difference in equilibrium concentration of the adsorbates, this is
not a practical criterion for the N,/O, separation processes. Thus,
the performance of the CMS adsorbent for the N,/O, separation
should be determined by the adsorption kinetics [47]. So, adsorp-
tion kinetics curves of N,/O, on the proposed AC and resulting
adsorbent at the pressure of 14 atm are investigated (Figs. 10 and

Fig. 10. Adsorption kinetic curves of N,/O, gases on the (a) proposed AC, and (b) experimental AC sample [30].
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Fig. 11. Adsorption kinetic curves of N,/O, gases on the resulted adsorbent in (a) simulation, and (b) experiment [30].

Korean J. Chem. Eng.(Vol. 32, No. 3)



500 E. Yaghoobpour et al.

11). From Fig. 10(a), the amounts of adsorbed N, and O, on the
proposed AC at all the times are equal to each other. In other words,
no separation has occurred by this simulated adsorbent. Interest-
ingly, adsorption kinetics curves on the resulting adsorbent for both
N,/O, gases versus time have been significantly changed, which
may create a good separation efficiency (Fig. 11(a)). O, with smaller
kinetic diameter adsorbs faster than N, on the produced adsor-
bent. These observations are exactly matching the experimental
results (Fig. 10(b) and 11(b)) [30]. Finally; it can be concluded that
the resulting adsorbent has a molecular sieve behavior.

CONCLUSIONS

The carbon deposition process on a proposed activated carbon
structure to produce a carbon molecular sieve adsorbent has been
simulated using molecular dynamics simulation method. The pur-
pose of composing a carbon molecular sieve with narrow pore size
distribution in the target molecular range is utilization for air sepa-
ration. Thus, the capability of resulting adsorbent to segregate air
to its component is investigated as the second goal of this study:
Calculated results from carbon deposition process predict that the
best temperature for carbon deposition is around 973 K. At this
temperature, micropores of the adsorbent, which are mainly respon-
sible for gas separation, change to the narrowest sizes without block-
ing the pores. Applying this resulting material for N,/O, separation
creates significant differences between N,/O, adsorption kinetics
curves, which confirms the sieving mechanism of the resulting ad-
sorbent, whereas the equilibrium isotherms are essentially the same
for both N, and O,.
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