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PUCHONG SRILING : STUDY OF METHANE AND HYDROGEN
ADSORPTION IN ACTIVATED CARBON WITH NICKEL ON ITS
SURFACE BY MONTE CARLO SIMULATION. THESIS ADVISOR :

ASST. PROF. ATICHAT WONGKOBLAP, Ph.D., 88 PP

ACTIVATED CARBON/ADSORPTION/MONTE CARLO/SIMULATION/NICKEL

In this work, the activated carbon with nickel on its surface has been prepared
and a Grand Canonical Monte Carlo simulation (GCMC) method is used to study the
adsorption of nitrogen, hydrogen and methane on activated carbon whose surface
contain nickel catalyst. Nickel is placed at the edge of graphene and varied from 0-6%
by weight. Nitrogen adsorption isotherm at 77K were used to analyses the pore size
distribution of activated carbons based catalyst using MP method. The simulation of
hydrogen adsorptions were studied at 298 and 323K, while those of methane were
studied at 298, 303 and 308K. The isotherm obtained by Monte Carlo simulation for
various pore sizes were studied and the effect of nickel on carbon surfaces was also
investigated. It was found that an early onset in adsorption isotherm was observed and
the adsorption isotherm increased with an increase of nickel. The pore size
distribution derived from nitrogen adsorption data was used to predict the adsorption
isotherm for methane adsorption. Adsorption of methane on activated carbon with 1%
nickel on surface was greater than that of homogeneous carbon about 27%. The
temperature effect was found that the adsorption increased when the temperature
decreased which is typically observed for physisorption. The nickel on surface of

activated carbon can be used to enhance the adsorption of methane and hydrogen.
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Abstract In this study, a Grand Canonical Monte Carlo
simulation method is used to study the adsorption of
nitrogen, methane and hydrogen on activated carbon (AC)
whose surfaces contain nickel catalyst. For the solid model,
nickel are placed at the edge of carbon surfaces and varied
from 0 to 6 %. In addition the simulation results together
with the measured isotherm data for nitrogen at 77 K are
used to derive the pore size distribution (PSD) of activated
carbons based catalyst, which are in reasonable agreement
with PSDs obtained from density functional theory method.
The simulation of hydrogen adsorptions are carried out at
298 and 323 K, while those of methane are at 298, 303 and
308 K. The simulation results obtained for various pore
sizes represent the commensurate and incommensurate
packing which results in crossing of isotherms for pores of
different sizes. An early onset in adsorption of methane on
AC based catalyst is then observed and the maximum
adsorption capacity in the case of catalyst is also greater
than that of homogeneous carbon due to the stronger
interaction between fluid and metal. The concentration of
Ni on carbon surfaces is also investigated and it is found
that the adsorption isotherm increases with an increase of
Ni concentration which differs from the experimental data
of N,. While the temperature effect is found that the
adsorption increases when the temperature decrease which
is typically observed for physical adsorption. The similar
adsorption behavior are also observed in the case of
hydrogen, justifying that nickel on AC surfaces can be used
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to enhance the adsorption of methane and hydrogen which
may be developed for energy storage.

Keywords Activated carbon - Adsorption - Catalyst -
Monte Carlo simulation - Nickel

1 Introduction

The development of absorbent for methane and hydrogen
storage as a vehicular fuel has been an attractive research
area because the combustion produces less emission of
pollutants such as sulfur and nitrogen oxide compared with
gasoline. Not only facing the environmental problems but
also gradual depletion of fossil fuels, has served as a
driving force to develop new strategies for using non-fossil,
clean, and long term alternative fuels. Therefore the
research of adsorbents for energy storage remains an active
research area worldwide. Hydrogen has become one of the
energy resources as a replacement for fossil fuels because
its benefit is protection the atmosphere from carbon dioxide
emissions from conventional vehicles. On-board storage of
hydrogen is important development to ensure the effective
use of hydrogen. The four general approaches for on-board
vehicle applications are liquid hydrogen, compressed
hydrogen gas, metal hydrides, and carbon adsorbents.
Hydrogen storage of liquid hydrogen, compressed hydro-
gen and metal hydride, could not be proven as a practical
method to compete with conventional cars, and carbon
nanotubes could not be confirmed to be a promising carrier
of hydrogen for industrial purpose (Zhou et al. 2004a;
Zielinski et al. 2005). On the other hand, adsorptive storage
of hydrogen on activated carbon (AC) still seems inter-
esting (Zhou et al. 2004b). Activated carbon has been
considered for on-board storage of hydrogen as a result of
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Zhou and Zhou (1998), Shindo et al. (2003). The activated
carbon modification of either increasing the interaction
energy of the adsorption sites (Xia et al. 2009; Wu et al.
2010) or increasing the surface area (Ma et al. 2001) have
been proposed to increase hydrogen storage capacity
(Mohammadhosseini et al. 2013). Therefore, a new
approach to store hydrogen is an urgent task, the transition
metals used as catalysts in the preparation of carbons may
play a role in the hydrogen uptake (Lueking and Yang
2003; Zielmski et al. 2005; 2007). The theoretical limits for
storage in carbon as well as the optimal pore dimension of
the carbon have been reviewed by Yang (2003).

Methane storage could play a key role in fuel cell
technology if an effective catalyst is developed for direct
methane fuel cell (Yang 2003; Policicchio et al. 2013).
Most catalysts are synthesized for methane reforming to
valuable hydrocarbon such as ethylene or synthesis gas,
and the metals used in catalyst are Pt, Rh, Ru, Ir, Ni, and
Cu. In this study, Ni is used as metal on activated carbon
based catalyst due to that the activation energy of forward
reaction is quite near that of reverse reaction (Lin et al.
2002). Therefore, this study intends to synthesize the
activated carbon based catalyst to be an alternative way for
energy storage. The metallic activity on carbon will be
investigated by using a Grand Canonical Monte Carlo
(GCMC) simulation method. In this paper, the adsorption
isotherms of nitrogen at 77 K, methane and hydrogen at
298 and 323 K are obtained for pore widths of 0.6-3 nm by
the GCMC simulation. These widths represent the micro-
pore and mesopore commonly observed in activated car-
bon. The simulation results will be compared against the
experimental data obtained for a commercial activated
carbon in the absence or presence of nickel.

2 Experimental method

The preparation of Ni catalyst supported on activated car-
bon was reported in the literature (Wang and Lu 1997;
1998; Zielinski et al. 2003), therefore the brief method will
be presented in this paper. A commercial activated carbon
(AC) supplied by CGC was treated with 2 N HCI (10 ml/g
of AC) at 60 °C for 24 h in order to remove inorganic
impurities. After the treatment, sample were washed with
distilled water and dried in air at 103-105 °C for 24 h, and
it got ready for preparation of catalyst. The catalysts were
prepared by a wet impregnation method, which the pre-
cursor was impregnated with an aqueous solution of
Ni(NOs);-6H;0 containing 1 g Ni per 100 ml of H,O
(1wt % of Ni). The sample 5 g was impregnated with
50 ml of aqueous solution at 60 °C for 24 h. The textural
parameters of the catalyst were determined by N, sorption

@ Springer

at 77 K, using Belsorp-mini apparatus (BEL Japan).
Specific surface area and specific pore volume were
determined according to BET method.

3 Computational methodology
3.1 Fluid models

The molecular shape of methane is similar to spherical
model due to non-polar molecular and less electrostatic
interaction between carbon and hydrogen atom thus the
interaction energy between fluids is calculated by using the
Lennard-Jones (LJ) 12-6 equation (Sadus 1999; Frenkel
and Smit 2002). The potential energy of interaction
between fluid particle and either carbon atom or Ni atom is
also calculated using the Lennard-Jones 12-6 equation. The
LJ parameters for methane used in this study are 0.373 nm
and 148.0 K for the collision diameter (c¢) and the energy
well depth (gq/k), respectively (Jorgensen et al. 1984).

ov=sa| () -(2)]

where ;; is the interaction energy between sites i and j on
two molecules, 1y, &; and oy; are the distance between the
two sites, the well depth of the interaction potential and the
collision diameter of sites, respectively, and k is Boltz-
mann’s constant.

The Murthy et al.’s nitrogen model is used in this study, it is
treated as two dispersive sites located at the centers of nitrogen
atoms which the separation distance is 0.11 nm, a positive
charge at the centre of symmetry of the molecule and two
negative charges at the nitrogen atoms. The molecular
parameters of this model are the collision diameter of
0.332 nm, the energy well depth of 36.4 K, the electrostatic
value of positive charge of 0.810e and that of negative charge of
—0.405e (Murthy 1983). Beside the interaction among L sites,
the interaction between two charges takes the form of a Cou-
lomb law of electrostatic interaction (Frenkel and Smit 2002).

1 q¢
cp gyl = E % r—q (2)
where &, is the permittivity of free space.

In this study, hydrogen molecule is treated as struc-
tureless spherical particle. Therefore the interaction
between hydrogen molecules, hydrogen and carbon atom
and hydrogen and Ni can be calculated from LJ potential.
We also use the Feynman—Hibbs (FH) effective potential
which introduced quantum corrections to the statistical
properties predicted from GCMC simulations in this study
(Tanaka et al. 2005).
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h2
Qg = Q5+ (W) Vo, (3)

where yu ="/, is the reduced mass of a pair of interacting
molecules. The energy well depth and collision diameter
for hydrogen are 36.7 K and 0.2958 nm, respectively (Gu
et al. 2001).

3.2 Solid model

The solid model used in this study is the carbon-based
adsorbents’ structure whose pores typically have a slit-
shaped geometry. A simple slit pore of finite length is
modeled as a parallel pair of finite length walls which
consist of graphite layers and perpendicular to the z-axis
(Wongkoblap et al. 2005). Each of two walls consists of
three graphene layers, and these layers are stacked on top
of each other with an interlayer spacing of 0.3354 nm. The
width H of this slit pore model is defined as the distance
between a plane passing through all carbon atom centers of
the outmost layer of one wall and the corresponding plane
of the other wall. We choose values for pore width from 0.6
to 3 nm, to represent the micropore and mesopore in
activated carbons. The configuration of carbon atoms in
each layer takes the form of condensation of aromatic rings
of six carbon atoms and the adjacent carbon—carbon dis-
tance is 0.142 nm (Ruthven, 1984; Patrick, 1995; Do
1998). The LJ parameters for carbon, o and &/k, are
0.34 nm and 28 K, respectively. It is reported in the liter-
ature that the heteroatoms chemically combined with car-
bon atoms on the graphene layers are mainly located at the
edges and corners (Skalny et al. 1971), the acid treatment
can influence the surface properties of nickel catalysts by
moving nickel atoms from edge to the inner pore (Wang
and Lu 1998). However in this paper, we choose only
nickel atoms positioned at the edges of carbon surfaces to
study the effects of nickel on adsorption of methane and
hydrogen. The LJ dispersive site of nickel is located at a
distance of 0.22 nm from the graphene layer and it is
perpendicular to the pore wall (Galasheva and Polukhinb
2013). The Ni collision diameter and energy well depth
used in this study are 0.22808 nm and 6022.3 K, respec-
tively (Hildebrand and Abeyaratne 2008).

3.3 Simulation method

We adopt the Metropolis algorithm in the Monte Carlo
(MC) simulation (Frenkel and Smit 2002) and the GCMC
ensemble is used to obtain the adsorption isotherms of Nj,
CH, and H,. The simulation box for this ensemble is a
finite length carbon slit pore, and has a linear dimension of
6 nm in x and y directions. We assume that the top and the
bottom of the simulation box are two walls of the slit pore,

and each wall consists of three graphene layers, for clarity
we show only one graphene layer for each wall, as shown
in Fig. 1. In this figure, grey spheres represent carbon
atoms while white spheres represent nickel atoms which
allocated at the pore mouth. This simulation box represents
the edge topology of impurity used in this study. We
specify the volume of the box (i.e. pore volume), the
chemical potential and the temperature of the system to
obtain the adsorption equilibrium. One GCMC cycle con-
sists of one thousand displacement moves and attempts of
either insertion or deletion with equal probability. Twenty
thousand cycles are typically needed for the system to
reach equilibrium, and additional 20,000 cycles are used to
obtain ensemble averages. For each point on the adsorption
branch, we use an empty box as the initial configuration,
and the simulation is carried out until the number of par-
ticles in the box does not change (in statistical sense). In
the finite length pores, the usual periodic boundary con-
ditions are not applied. Instead the particle move is rejected
if the attempted displacement puts the selected particle
outside the simulation box. The pressure of the bulk gas
corresponding to a given chemical potential are calculated
from the equation of state proposed by Johnson et al.
(1993). Although there are some differences between the
spherical and two-center Lennard-Jones models for the
adsorption behavior of nitrogen on carbonaceous materials,
the adsorption energies for the spherical model are close to
those for the non-spherical model at 74 K and a significant
difference can be observed at 90 K (Bottani and Bakaev
1994). However in this study, the adsorption of nitrogen in
activated carbons are carried out at its boiling point of

© Carbon
o Nickel
Fig. 1 The schematic simulation box used in this study

@ Springer




75

Adsorption

77 K, which the quadrupole may not affect the calculation
of bulk pressure corresponding to the chemical potential.

4 Results and discussion

We shall start our discussion by presenting the experi-
mental data for N, at 77 K and the physical properties of
activated carbon based catalysts obtained from nitrogen
adsorption isotherms. Next we shall discuss the adsorption
isotherms of CH,, H, at 298 K and that of N, at 77 K in
finite length pore with different widths to show the effects
of pore width on the adsorption isotherm and then later the
effects of nickel and its concentration on carbon surface on
the adsorption isotherm for methane and hydrogen. And
then the adsorption isotherms obtained using GCMC at
different temperatures will be compared. Finally the sim-
ulation results of H, and N, in finite length pore and
measured isotherm data will be used to characterize these
activated carbon samples and compare with pore size dis-
tribution (PSD) determined by using nitrogen adsorption
isotherms at 77 K. These PSDs will be used in the
molecular models to predict the adsorption isotherms of
methane in AC based catalysts.

4.1 Porous properties of the adsorbent

The structural properties of activated carbons in the pres-
ence and absence of nickel determined from nitrogen
adsorption isotherms at 77 K are shown in Table 1, while
the adsorption isotherms of nitrogen at 77 K in activated
carbon based catalysts are presented in semi-log and linear
scales in Fig. 2a and b, respectively. The similar behaviour
can be observed for all samples, the experimental data
show a gradual increase in that of isotherm at low relative
pressures. This is a typical isotherm observed for many
micropore adsorbents corresponding to the porous proper-
ties of activated carbons used in this study, which contains
micropore about 99 % and larger pores about 1 %. We
have found that the adsorption of nitrogen in activated
carbon in the presence of Ni are greater than that in the
absence of Ni and this is due to the greater surface area and

Table 1 Porous properties of adsorbents used in this study
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Fig. 2 Adsorption isotherms of N, at 77 K in modified and
unmodified activated carbons, a semi-log and b linear scales

pore volume of modified activated carbon, an early onset in
adsorption isotherm in the case of AC contained Ni is due
to the greater interaction between metal and nitrogen
molecules. Another observation is that the adsorption
capacity of N, in activated carbon with Ni content
decreases with the increase of nickel loading which is
similar to those observed for hydrogen uptake in AC sup-
ported Ni catalyst (Zieliniski et al. 2005). This may be
indicated that the maximum capacity for energy storage

Sample preparation Sample code BET area (m%/g)

Original AC 1710 1157.8
AC with acid treatment 171H 1161.0
AC contained 1 % Ni 171HNil 1307.4
AC contained 3 % Ni 171HNi3 1239.6
AC contained 5 % Ni 171HNi5 11552

Total pore Micro pore Meso and macro
volume (cmS/ 2) volume (cmS/ ) pore volume (cm 2)
0.5134 0.5084 0.0050

05219 0.5019 0.0200

0.5937 0.5924 0.0013

0.5580 0.5534 0.0046

0.5264 0.5205 0.005%
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Fig. 3 Adsorption isotherms for CHy in slit pore of various pore
width with Ni loading 3 % at 298 K

depends on the properties of AC rather than the dispersion
of Ni.

Treatment of AC with acid solution results in the
removal of inorganic compounds and lead to the increase
of BET area and total pore volume. Impregnation of Ni on
carbon surfaces also generally enhances the BET area and
total pore volume due to an increase of surface of Ni
particles. However they are declined by an increase of
nickel concentration, and this is due to the Ni blocking at
the pore edges which is also observed in the study of
Zielinski et al. (2005). Larger Ni loading (5 %) almost does
not change the BET area and pore volume while low Ni
loading of 1 or 3 % show a significantly increase of both
area and total pore volume.

4.2 Simulation isotherms

The simulation isotherms versus pressures for CHy, and H,
at 298 K and those for N, at 77 K in single carbon slit
pores of various pore widths (from 0.6 to 3 nm) are
obtained by using the GCMC method, as shown in Figs. 3,
4 and 5, respectively. The simulation isotherms of CH, and
H, in the slit pore model show the continuous pore filling
of a single layer. The isothermi drops with increasing of
pore widths and this is due to the weak interaction between
fluid and solid as the pore width increases. However the
number of molecules adsorbed in the larger micropores
increases with pore width. The cross in adsorption iso-
therms is also observed, at pressures lower than 1000 kPa
the adsorption of methane in 0.95 nm width is greater than
that in 0.11 nm width, however the opposite is true when

Pore density (kmol m™)

Pressure (MPa)

Fig. 4 Adsorption isotherms for Hj in slit pore of various pore width
with Ni loading 5 % at 298 K
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Fig. 5 Adsorption isotherms for N in slit pore of various pore width
with Ni loading 3 % at 77 K a semi-log and b linear scales
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pressures greater than 1000 kPa. In the case of hydrogen
adsorption, this behavior is observed in 0.6 and 0.9 nm
widths, it is also observed for pore width of 0.85 nm and
widths range between 1.5 and 2 nm for nitrogen isotherms.
This is due to the packing effect that leads to the difference
in maximum density in each pore.

The high maximum density of 0.65 nm pore for H, and
N, is due to the reason that fluid particles can tightly fit
inside the pore as a single layer. While the high maximum
density for CH, is occurred in 0.7 nm pore because the
diameter of methane (g = 0.373 nm) is larger than those
of Hy (o =0.2958 nm) and N; (o = 0.332 nm).
Therefore the maximum gas uptake depends on the pore
size that can be fitted tightly with the single layer of
adsorbate, temperature and specific surface area. For larger
pores, fluid molecules can form a monolayer along the pore
wall and then the additional layers next to the monolayer.
In the case of nitrogen adsorption, the monolayer and pore
filling mechanism can be observed for the larger pore
widths and the clear capillary condensation is observed for
the width larger than 1.7 nm.

4.3 Effects of Ni loading on adsorption isotherm

Having seen the effects of pore width on the adsorption
isotherm, now we examine how the Ni loading influents the
methane and hydrogen storages in activated carbon based
catalyst at room temperature. The adsorption isotherms of
CH, and H, at different Ni contents obtained for 0.7 nm
width using the GCMC method are shown in Figs. 6 and 7,
respectively. The early onset of adsorption isotherm can be
observed due to the stronger interaction between nickel and
fluid which is similar to that found in the experimental
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Fig. 6 Adsorption isotherms for CHy in slit pore of 0.7 nm width
with various nickel loading at 298 K
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Fig. 7 Adsorption isotherms for H; in slit pore of 0.7 nm width with
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25
~ 20
<
£
@
& 154
2
[72]
3
8 10
ol
(]
o
57 —e— 208K
w0 303K
00000 —y— 308K
0 ;

0.001 0.01 01 1 10
Pressure (MPa)

Fig. 8 Adsorption isotherms for CHy in slit pore of 0.7 nm width
with 1 % nickel loading for various temperatures

study of N, adsorption. In the absence of Ni, hydrogen can
be adsorbed in small amount of 1.8 kmol/m® at 2000 kPa
and is increased to 2.6 kmol/m> at 3000 kPa. However, in
the presence of Ni, the hydrogen adsorption dramatically
increases to 5 and 6.5 kmol/m> at 2000 and 3000 kPa,
respectively, which is greater than the homogeneous AC
about 1.5 times.

In the case of CH, adsorption, the isotherms at low
pressures show the significant effect of Ni loading on the
adsorbed amount, however this effect becomes less at
higher pressures. For example at pressure 10 kPa, methane
adsorption in homogeneous pore is about 1 kmol/m® while
that in heterogeneous pore with Ni content of 1, 3 and 5 %
is 2, 4 and 8 kmol/m®, respectively. When the pressure
reaches at 3000 kPa, the adsorption capacity for these three
heterogeneous pores are closed to 22 kmol/m® and that for
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Fig. 10 The predicted adsorption isotherms for methane at 298 K in
AC based catalyst with different Ni content

homogeneous pore is about 20 kmol/m’. The methane
uptake at low pressures for heterogeneous pore is greater
than 1 times and it decreases to less than 1 times at higher
pressures. It is noted that in the case of simulation study,
the methane uptake increases with an increase of Ni
loading. This is due to the favorable adsorption of fluid
around Ni particle because of the stronger affinity of the
metal towards fluid. Therefore, when the concentration of
Ni increases, the adsorption isotherm also increases
because of the more available stronger energy sites for fluid
to interact with. However the simulation results are dif-
ferent from that observed in the experimental data that N;
and H, uptakes decrease with the increase of Ni content as
discussed in Sect. 4.1. This may be due to the pore
blocking effect which can be observed in the experiment

Pore size (nm)

study (Zielinski et al. 2003; 2007) while this effect is not
taken into account in the simulation study.

4.4 Temperature effects on gas adsorption

Now turn to how the temperature effects on the adsorption
behavior of methane and hydrogen on carbon based cata-
lyst. The adsorption isotherms for CH, at 298, 303 and
308 K in slit pore of 0.7 nm width with Ni loading of 1 %
are obtained by using the GCMC method as shown in
Fig. 8 while those for H, are shown in Fig. 7. The
adsorption isotherms show the continuous pore filling of a
single layer and this is due to the supercritical fluid
behavior of methane and hydrogen at room temperature
range. However the adsorption isotherm decreases by
increasing temperature which usually observed in the
physical adsorption. This is due to that the adsorption is the
exothermic process and the adsorbed molecules acquire
the greater energy to evaporate. It is noted that in the
case of methane adsorption at low coverages (pressures
<0.05 MPa), the methane adsorption at 303 K is greater
than that at 298 K while the opposite is true. This may be
due to that at 303 K, methane molecules are nucleated
around nickel atoms, once cluster are large enough, and
then methane molecules enter the pore, following the pore-
filling mechanism. However, at 298 K, methane grows
across the pore, forming a bridge which prevents methane
molecules entering the pore interior. This may be suggested
that the rate of formation of methane around nickel atoms
in micropore is kinetically controlled. This behaviour is
also observed in the adsorption of water in carbonaceous
solids (Horikawa and Sakao 2013; Wongkoblap et al.
2013). We will investigate this unusual behaviour with
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other different configurations of nickel positions, and will
present the results in a future communication.

4.5 Pore size distribution (PSD) analysis

The determination of PSD developed based on GCMC
simulations and measured isotherm data proposed by
Samios et al. (1997) is used in this study. The set of sim-
ulation results are compared against the corresponding
experimental isotherm counterpart by using an optimiza-
tion method. The PSD obtained by using adsorption iso-
therms of nitrogen at 77 K for AC1710 and AC171HNi3
AC are shown in Fig. 9. The total pore volume using the
GCMC for AC1710 and AC171HNi3 is 0.5075 and
0.5431 cm’/g, respectively, which are similar to that of
0.5134, and 0.5580 cm®/g using the density functional
theory (DFT) method for the corresponding carbons. The
PSDs derived from N, adsorption data are used in the
molecular models to predict the adsorption isotherms for
methane adsorption in AC based catalysts at 298 K as
shown in Fig. 10. The predicted isotherms agree quite well
with the experimental data as we can see that the decrease
of methane uptake with an increase of nickel concentration,
justifying that use of simple adsorbent model to predict the
adsorption capacity for methane uptake.

5 Conclusions

The adsorptions of CH,, H; and N in finite-length carbon
slit pores in the presence and absence of Ni have been
presented in this paper. The adsorption in heterogeneous
pore is greater than that in homogeneous pore for both
observed in the experimental and simulation studies. The
experimental study shows that when Ni content increases
the adsorption decreases while the opposite is observed in
the simulation study. However the PSDs derived from N,
adsorption isotherms and the GCMC simulation results can
be used to derive the isotherm for methane uptake and good
agreement can be observed.
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