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NIPHAT KETPRASOET : STUDY OF GAS ADSORPTION IN POROUS
SILICA BY COMPUTER SIMULATION. THESIS ADVISOR : ASST.

PROF. ATICHAT WONGKOBLAP, Ph.D., 121 PP.

GAS ADSORPTION/POROUS SILICA/GCMC SIMULATION

In this study, the simulation for the adsorption of carbon dioxide (CO3), nitrogen
(N2) and argon (Ar) on porous silica are presented. The molecular model of porous
silica is assumed to be composed of SiO4 crystal and the atoms in its surfaces are laid
in different planes of either crystalline or amorphous structures. The CO; is modelled
as a 3-center-Lennard-Jones (LJ) molecule. N2 is modelled as linear molecule. The
Argon is modelled as a spherical Lennard-Jones particle. The simulation adsorption
isotherms and isoteric heat of gas in porous silica were obtained by using GCMC
simulation. For comparison, the adsorption isotherm of gas adsorption will be used to
explore an understanding of adsorption mechanism of gas in porous silica that may be
applied to the environmental investigation. This research is divided into four parts.

The first part is focus on the characterization of porous silica prepared from
laboratory. A study of porous properties of silica by nitrogen adsorption at 77 K using
micrometric gas analyzer. It is found that determination of the Langmuir surface area
equals to 330.0 m?/g, while the BET method is 302.7 m?/g. The total pore volume and
pore size distribution of mesopore analysted by the BJH equation are 0.2145 cm®/g and
range of 20 - 55 A in diameter. The micropore pore volume analysted by the t-plot, DR,
MP, and HK are 0.028 cm®/g, 0.161 cm®/g, 0.0032 cm®/g, and 0.159 cm®/g, respectively.

The second part focus on the adsorption isotherm and heats of adsorption of

CO2, N2 and argon in crystalline porous silica model. The adsorption behavior depend



on the pore width and the quadruple moment. The adsorption capacity depends on
temperature, it increases by decreasing temperature. The adsorption isotherms and heat
of adsorption for polar and non-polar fluids are qualitatively different, due to its
quadruple moment.

The third one focus on adsorption isotherm and heats of adsorption of CO2, N2
and Ar in amorphous porous silica model. An early onset in adsorption isotherm can be
observed in the case of surface roughness model. This is due to the greater interaction
between fluid and solid of disorder surface, trapped molecules of fluid in the hole are
surrounded by more solid particles. However, when the monolayer is completely
formed, the similar behavior can be observed for both surfaces.

The fourth part is abount the determination of pore size distribution (PSD)
developed based on GCMC simulations for the adsorption in ordered (slit) and
disordered (surface roughness) atomistic porous silica. And then the simulation results
are compared with experimental data of CO2 and N2 adsorption in porous glass. The
constructed isotherm obtained from PSD function agrees very well with the
experimental data. The PSD determined by using amorphous surface is smoother than
that obtained by using crystalline surface. The total pore volume evaluated from N2 and
CO; adsorption in disorder surface model are 0.2804 and 0.2444 cm?®/g, respectively. It
is found that CO2 can be adsorbed in the pore width less than 10 A and this lead to the

greather micropore volume.

School of Chemical Engineering Student’s Signature

Academic Year 2015 Advisor’s Signature
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Si (zeolite) - - 2.05 (Calero et al., 2004)
O (zeolite) 93.53 3.0 -1.025 (Pascual, Ungerer,

Tavitian, Pernot, &

Boutin, 2003)
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(2004). Understanding the role of sodium during adsorption: A force field for alkanes in
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Do, D. D. (1998). Adsorption Analysis: Equilibria and Kinetics:(With CD Containing Computer
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Frenkel, D., & Smit, B. (2001). Understanding molecular simulation: from algorithms to
applications (Vol. 1): Academic press.

Johnson, J. K., Zollweg, J. A., & Gubbins, K. E. (1993). The Lennard-Jones equation of state
revisited. Molecular Physics, 78(3), 591-618.

Kuhn, J., Castillo-Sanchez, J. M., Gascon, J., Calero, S., Dubbeldam, D., Vlugt, T. J., . . . Gross, J.

(2009). Adsorption and diffusion of water, methanol, and ethanol in all-silica DD3R:



29

experiments and simulation. The Journal of Physical Chemistry C, 113(32),14290-
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(K] .
[A]
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Oxygen (CO,, f) | 80.507 | 3.033 -0.3256 Yung, 1995)
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Adsorbate Adsorbent Temperature Initial Final Pore width Silica Number of Radius
(K) Pressure | Pressure (A) Length | Defect(-) | defect (A)
(Pa) (Pa) (A)
N, order 77 1 100000 10,20,30,40,50,60 40x40 - -
Roughness Surface 77 1 100000 10,20,30,40,50,60 60x60 0.1 3.1
283 1 4500000 10,20,30,40,50,60 40x40 - -
CO, Order 293 1 4500000 10,20,30,40,50,60 40x40 - -
303 1 4500000 10,20,30,40,50,60 40x40 - -
Roughness Surface 283 1 4500000 10,20,30,40,50,60 60x60 | 0.05,0.1,0.2 | 1.6,3.1,4.65
Ar Order 87.3 1 100000 10,20,30,40,50,60 40x40 - -
Roughness Surface 87.3 1 100000 10,20,30,40,50,60 60x60 0.1 3.1
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[ I
v
\ Energy Calculate _ __| Fluid-fluid energy 12-6
\ Unew<Uold Fluid-solid energy Columb law
T
Yes

_ _)Number insert
Number delete

mcMove Par
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‘ Deletetion ‘
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Energy Calculate Fluid-fluid energy 12-6
Unew<Uold Fluid-solid energy Columb law
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Density (amount adsorbed)

Pressure

Isosteric Heat
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P=Pfinal
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Relative Pressure Volume film thickness ~ Core radius ASP AVp Cum. Pore Volume AVP/Arp ASP/Arp IE AV‘,/Arp
(x) [Vp, cm]/g] [t,nm] [re, nm] [V, cml/g] [cmj/g-nm} A [cml/g- A]
0.9977 189.2 4.603 420.1 0
0.9317 187.0 1.464 13.5 0.031 0.0034 0.0034 0.000 7.52E-05 2198 0.00000
0.8774 186.7 1.193 7.3 0.099 0.0006 0.0040 0.000 0.015269 117 0.00001
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Adsorption and Isosteric heat studies for adsorption
of fluid on porous silica glass using GCMC
simulation

N. Ketprasoet, C. Nimjaroen, C. Tangsathitkulchai and A. Wongkoblap
School of Chemical Engineering, Suranaree University of Technology
Nakhon Ratchasima 30000, Thailand

ABSTRACT

In this study, the simulation for the adsorption of carbon
dioxide (CO»), nitrogen (N») and argon (Ar) on porous
silica glass are presented. Porous glass represents an
important adsorbents because of its high thermal stability
and chemical resistance. The Grand Canonical Monte
Carlo (GCMC) simulation method is used to investigate the
adsorption behavior of different fluid on porous glass
model. The molecular model of glass is assumed to be
composed of SiOy4 crystal and the atoms in it are laid in
different planes. The adsorption isotherm and isosteric heat
obtained by GCMC are presented and compared against the
experimental data for CO» and N> adsorptions. An early
onset in adsorption isotherm can be observed in the case of
small pore width. The adsorption capacity depends on
temperature, it increases by decreasing temperature. The
adsorption of argon in larger pore is different from those of
nitrogen and carbon dioxide. where the capillary
condensation cannot be observed. The adsorption
isotherms and heat of adsorption for polar and non-polar
fluids are qualitatively different. due to its quadmple
moment.

1. INTRODUCTION

The development of new advanced adsorbents for gas
separation processes using adsorption techmology has been
of significant interest to scientists and engineer. However,
these materials need to be characterized for a wide variety
of gases. The interesting in porous glass was investigated,
because these materials have a high thermal. mechanical,
and chemical stability.

Molecular simulation method have been used to
investigate the microscopic properties of confined fluid in
nanopores of different geometries for a long time. For the
purpose of modelling, silica pores can be assumed to be
either parallel-walled of slits or simple cylinder pores with
smooth or structureless walls. Nevertheless. in reality.
porous silica glass are amorphous. However it is found in
the literature that the simple pore model can be used to
describe the adsorption behavior on porous glass quite well
(Xiaoning and Xiaopeng, 2006).

Characterization of porous solids using adsorption has
traditionally been conducted by comparing isotherms from
experiment and theory. This can provide valuable
information about adsorbents and their interactions with the
adsorbates nsed. However. isotherms can be insensitive to
some of the features of the adsorbents properties. meaning
that they can be hard to elucidate using isotherms alone.
Therefore an additional property such as heat of adsorption
should be taken into account (Birkett & Do, 2008). In this
paper we mvestigate the adsorption isotherm and heat of
adsorption behavior for a simple model of porous silica
glass. the finite-length slit pore with SiO4 crystal. The
common adsorbates used for characterization are CO, N,
and argon which were used in this study too.

In this work. we construct a highly mimetic model of
porous silica glass to show the adsorption behavior of single
component. CO;. Nz and Argon in different pore widths. In
section 2. the mimetic model of porous glass and the fluid
model are described. followed by simulation methodology
for adsorption. In section 3, the experimental results for CO,
and N, adsorptions are presented first and then the effect of
pore width and that of different fluid on adsorption behavior
will be discussed. Concluding remark are summarized in
section 4.

2 Model and method
2.1 Preparation of porous glass and
Experimental measurement

In this study. porous glass was prepared from coal fly
ash. The heat treatment conditions of prepared porous
glass were operated at temperature of 650°C and treatment
time of 20 hours, the detail procedure was found in the
literature (Nimjaroen et al.. 2009). While experimental
measurement of adsorption CO, was performed by using
Intelligent Gravimetric Analyzer (IGA). The number of
pressure points were specified and the measurement of the
adsorbed amount at equilibrium for a given temperature.
And adsorption N; was carried out by BET analyzer where
represent adsorption isotherm. BET area and pore volume
of porous glass.
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2.2 Fluid model

In this study. CO2is modeled as a 3-center-Lennerd-
Jones (LT) molecule having LJ mteraction site on the atom
and point charge to account for the quadrupole moment
proposed by Harris and Yung (1995). The C-O bond length
and O-C-O bond angle are fixed at the experimental value
of 1.16A and 180°, respectivety. The parameter set for the
CO: force field 1s listed 1n Table 1.

The N: force field consists of three site. Each mitrogen
atom 15 modeled as Lennard-Jones site separated by the
bond length of 1.10A. The Lennard-Jones parameters for
these sites are listed in Table 1. The gas-phase quadrupole
moment of Nz (Jeffrey and Siepmann. 2001) was produced
by point charges of -0 482 e on each Lennard-Jones site.
To maintain charge neutrality. a point charge of +0.964 e
was placed at the center of mass (COM) of Nz molecule.

Argon 15 modelled as a spherical Lennard-Jones
particle (Maddox et al | 1995).

Table 1 Lennard-Jones Parameters and Partial Charge

Site &y [K] 7 [A] q [e]

C (in CO2) 28.129 2757 +0.6512
O (in CO2) 80.507 3033 03256
N (in N2) 36.0 331 0482
COM (inN2) 0.0 0.0 +0.964
Argon 1198 3410 0.0

O (insilica)  2.708 185 036
Si(insilica) 0.0 0.0 +0.18

Where £ and o are the energy well depth and the collision
diameter, respectively. kv is the Boltzman’s constant,
q 15 the pomt charge on each site. A cut-off radius of five
time the collision diameter of fluid 15 used in this study. The
mteraction energy between fluids 1s calculated using the
Lennard-Jones 12-6 equation (Do et al., 2003).

. AY ' g. At
U.(ry=4-=e- [—H—J — =L (1)
i i r I

Where r 15 the separation distance Beside the interaction
between two LJ sites, the interaction between two charges
should be taken mto account for polar molecules of CO;
and Na. The interaction between two charges, each of which
15 on different molecule, takes the form of a Coulomb law
of electrostatic interaction.

(n=—"1— 99 @

if T if
4:1:50I s

Where £; is the permittivity of free space. 77 is the distance
between two charges 7 and .

2.3 Solid model

The solid model used in this study 15 the 510, crystal
which formed tetrahedral structure. a silicon atem 1s at the
center of a tetrahedron and the four oxygen atom are
positioned at the vertices of the tetrahedron. These four
sites represent the dispersive sites and have negative
charge -0.36 e while the positive charge of +0.18 e 1s that
of silicon atom (Burchart et al., 1992). The molecular
parameter of 5104 used in this study are e../k, of 185.0K,

G of 2.708A (He and Seaton, 2003) and the angle of
0-51-0 about 147° (Calero et al. 2004). Two layers of
crystal are stacked on each other with the pore width (H).
The configuration of the solid model is represented in
Figure 1. The length of porous silica has linear dimension
of 40A in x and y directions.

* % WUNRAR .- o
" Ay .

Pore width

- '’
L | 1 'J‘o
i "'f

Figure 1 The porous silica model with
$104 crystal structure

2.3 Monte Carlo simulation
In this study, the Grand Canomical Monte Carlo
(GCMC) simulation was used to mvestigate the adsorption
1sotherm and 1sosteric heat of adsorption on porous silica.
The volume of the simulation box (1.e. pore volume), the
chemical potential and the temperature of the system are
specified to obtain the adsorption equilibrium. One GCMC
cycle consists of one thousand displacement move and
attempts of either msertion or deletton with equal
probability. For an adsorption branch of the isotherm 30000
cycles are typically needed for the system to reach
equilibrium, and additional 30000 cycles are used to obtain
ensemble average, we use an empty box as the initial
configuration. and the simulation 1s carmed out until the
number of particle i the simulation box does not change
{in statistical sense). The pressure of the bulk gas
corresponding to a given chemical potential are calculated
form the equation of state proposed by Johnson et al
(1993). Isosteric heat of adsorption and pore density
(adsorption capacity) were evaluated by equation 3 and 4,
respectively.
Uy -iN) — (U-N)

4= +kT (3)
SN — (- (N
N
p: &nsrde (4}
pore

Where U715 energy of configuration, N is number of particle
and < = 1s defined as an average.

3. Results and Discussion
3.1 Experimental results

The adsorbed amount versus relative pressure (P/Py) for
N; adsorption 1n porous silica glass denved from coal fly
ash at 77K are present in Figure 2. The adsorption isotherm
show type IV isotherm (type II with hysteresis loop)
indicting that the adsorbent 15 dominantly mesoporous.

It 1s seen that the porous glass mostly composed of
mesopores (87.6%), average pore size is 38 A and its total
pore volume is 0.293 cm’/g. In the chemical composition
of prepared porous glass m our laboratory consist of 510,
of 70% and AlO: of 10%. Therefore. we choose the
structure of S107 as the solid model in our simulation.
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Figure 2 N, adsorption 1sotherm at 77K of prepared

porous glass.

Furthermore, the adsorption 1sotherm of CO; obtamed
for porous glass at 283, 293 and 303K are shown in Figure
3. The same behavior can be observed, the experimental
data show a gradual increase in that of isotherm at low
pressure. The adsorption capacity decreases when the
temperature increases. Indicating that the adsorption of CO2
n porous silica is physical adsorption.

18 7

161

Amaount ads abad (mmaig)

Pressure {P.kPa)
Figure 3 CO: adsorption 1sotherm at 283, 293 and 303K
of prepared porous glass.
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" monascomesmmoigy |+
Figure 4 Isosteric heat of CO; adsorption
of porous glass

The effect of CO: adsorption loading on the isosteric
heat of adsorption 1s numerically obtained from Van't Hoff
equation and 1ts plot 1s shown in Figure 4. It 15 observed that
the heat of adsorption decrease continuously with
increasing CO; loading, and there is a tendency to approach
a constant value at lugh loading. The heat adsorption 1s lugh
mitially owing to be strong mteraction between the
adsorbate molecule and the surface adsorption sites. At
higher surface coverage, however, weak dispersive forces
among adsorbate molecules start to play an important role,
thus releasing less amount of heat of adsorption. The slow
decrease of heat of adsorption with increased surface
loading could result from the large value of permanent
quadruple moment of CO:z that could promote additional
interaction with the polar surface of porous glass by
electrostatic contribution.

ap 02

3.2 GCMC simulation results

The simulation isotherm versus pressure for CO;z at
283K, Nz at 77K and Argon at 87 3K in porous silica of
various pore width (from 10-60 A) up to saturation pressure
obtained by GCMC method, are shown in Figures 5, 6 and
7, respectively. While the isosteric heat of adsorption with
loading for CO2, N> and Ar are also shown m Figures 8, 9
and 10, respectively.
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Figure 5 Simulation results of CO; 1n porous silica
at 283K
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Figure 6 Simulation results of N> in porous silica
at 77K
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Figure 7 Simulation results of Argon in porous silica
at 873K

The simulation 1sotherms of CO;, N, and argon in the
porous silica model show the single layer of particles in the
pore width of 10A. The maximum capacity at saturation
condition decreases with inereasing in pore widths. This
may be due to the packing effect that leads to the difference
in maximum density in each pore. For COz adsorption in
pore larger than 10 A, CO- can form a monolayer along the
pore wall and then the additional layer next to the
monolayer, however the capillary condensation cannot be
observed which differs from that observed for nitrogen and
argon. In contrast for argon adsorption at pore larger than
30A (see Figure 7), the surface affinity is very low the pore
15 not filled, even when the pressure approaches saturation
wvapour pressure. This phenomenon has been observed
previously in the literature where weak adsorption occurs,
for example, Thommes et al. (2002) found the argom
adsorption n controlled pore glass (CPG) and Zukal (2006)
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found the adsorption of krypton in silica. The effects of the
surface affinity are also reflected in the plots of isosteric
heat versus loading, where higher heat 1s observed for the
stronger interaction between fluid and surface, especially in
the sub-monolayer coverage region. At higher loadings, the
heats are about the same, and this is due to that
fluid—fluid 1nteraction 1s dominant at high loadings.

The 1sosteric heat for CO; and N3 1s mitially high and
then decreases with loading which 1s the contribution of
the fluid-solid interaction including the electrostatic force
between charges. The 1sosteric heat obtamed from
simulation agrees well with the experimental result
However in the case of argon, the isosteric heat is less than
those for COz and N: and 1t increases with loadings until
reaches the maximum and then decreases. At high loadings
for all fluads, the 1sosteric heat becomes constant and close
to the heat of liquefaction.
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Figure 8 Isosteric heat of CO; adsorption using GCMC
simulation
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Figure 9 Isosteric heat of Nz adsorption using GCMC
simulation

wostardc haat flimal)

Ampunt adsorbed (mmolig)
Figure 10 Isosteric heat of Argon adsorption using
GCMC simulation at pore width 20 (filled symbols) and
504 (unfilled symbols)
The CO; and N, adsorption from GCMC simulations
were used to determune the pore size distnibution (PSD).
The total pore volume of 0.3064 cm’/g obtained for CO:

adsorption at 273K is quite closed to that of 0.2787 cm/g
obtained for N> adsorption at 77K. The combined 1sotherm
obtained from PSD of both CO2 and Nz are plotted against
the experimental data and they are satisfied as shown 1n
Figure 11 for CO; adsorption.
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Figure 11 PSD for CO: adsorption

Conclusion

We have studied adsorption 1sotherm and heats of
adsorption of CO2, N2 and argon in porous silica model.
The adsorption behavior depend on the pore width
The quadruple moment of fluid affects the adsorption in
porous silica glass.
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