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Molecular simulations were performed to study the effect of the nanoporous structure on the
selectivity of carbon materials for the adsorption of carbon dioxide from mixtures of carbon dioxide
and hydrogen at 298 K and for fluid compositions: xco /xn, = 1/9 and 2/8. Both carbon dioxide and
hydrogen were studied using classical Lennard-Jones intermolecular potentials. Typical pore
geometries such as slit-shaped pores and nanotubes were considered, along with a hypothetical foam-
like structure and a carbon model exhibiting a random porous structure with a wide pore size
distribution. Simulation results show that selectivity for carbon dioxide is sensitive to pore structure
and composition; the solid/fluid interactions play a decisive role in the selectivity and most of the
effects can be explained by the independent analysis of the interactions of carbon dioxide with the
pore walls. In the range of pressure and composition studied, nanotubes have the highest selectivity
towards carbon dioxide (100-313), followed by slit (9-63), foam-like (29-35) and random porous
carbon (8-30). Molecular simulations further indicate that predicting the adsorption behavior for a
CO,/H, mixture from pure component isotherms is inadequate due, to the competing effects of the
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molecules with the pore walls.

1. Introduction

Recent interest in hydrogen as an alternative fuel has sparked a
flurry of research into the technological aspects of its production
and distribution. Hydrogen is primarily produced from natural
gas via methane reforming (through syngas), but this process is
not sustainable and cannot serve long-term demand.! Coal
gasification via a HyPr-RING method?? has currently received
much attention and seems to be a promising technology for the
production of large amounts of hydrogen, especially when
considering the large size of the available coal resources.* This
process has several advantages over the conventional coal
gasification process as the H, is produced by co-pyrolysis of
CaO and carbon in a single step, integrating the gas production
and purification in one reactor.>® Despite the apparent
advantages of this process, the purification of hydrogen by
efficient removal of CO, (about 10-15%) from the gas stream
remains a challenging problem.>?

At this stage more research is needed for the efficient
separation of CO, and H, mixtures. Among other H, purifica-
tion methods,*® selective adsorption of CO, on porous material
is considered to be a potential operation for both near term and
long-term application during H, production.* Several novel
carbon-based materials, having different nanoporous structures
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with excellent adsorption properties, can be potential candidates
for H, purification.” " In the context of adsorption of binary
mixtures or gas mixtures in general, apart from a few industrial
reports, not many experimental studies are available in the
literature, due to several technical challenges in performing such
experiments in the laboratory. Thus, in most cases'>!? the
adsorption behavior of gas mixtures is studied using models
based on solution theories.'*'7 Despite the usefulness of these
solution theories, they have their own limitations, one of which is
that they do not consider any mechanism to differentiate solid/
fluid interactions from fluid/fluid interactions. The latter are
expected to play a crucial role in different carbon pore structures
due to the steric and fluid confinement effects, especially at
higher pressure. A few of the experimental works reported in
the literature claim that, regardless of the morphology of the
adsorbent, the storage density of CO, or H, of carbonaceous
materials correlate fairly well with surface area and micropore
volume, depending on a pressure of 298 K.° In contrast to this,
few experimental works'®!? point to the strong influence of the
nature of the material, morphology and pore structure (under
the same experimental conditions) on the ultimate performance
of carbonaceous materials. It is thus not clear what, if any,
morphological traits should be designed for any carbonaceous
material to be used for the separation of CO, from syngas.

For the case of the fluid mixture of interest here, a
considerable amount of work has been carried out for the single
component adsorption of CO, or H, on different carbon pore
structures,'>?°3% but only a little work was focused on the
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adsorption of these fluid mixtures on carbon materials.'**® The
evidence from this work implies that the carbon pore geometry
should play a significant role in the adsorption of this mixture.

The objective of this work is thus two-fold. Firstly, we explore
the effect of the nano-scale morphology on the selectivity of
CO, by studying, under identical conditions, adsorption onto
four different nanoporous shapes: (i) a slit pore, (ii) an array of
nanotubes that form a unique one-dimensional pore structure,
(iii)) an open nanoporous foam obtained by fusing nanotubes,
and (iv) a random computer-generated model of a disordered
carbon. The second objective is to detail the characteristic
adsorption behavior of single component and binary mixtures of
CO, and H, on the different pore structures, in order to explore
the possibility of applying theoretical models based on solution
theories to predict the selectivity from single-component
adsorption data. The carbon structures are carefully selected so
that they roughly share some common characteristic properties
and thus give a reliable picture at a molecular level of the pore
structure on the characteristic adsorption of the fluid mixtures.
The simulation studies were performed at 298 K for fluids of
composition xco, / xg, = 1/9 and 2/8 (the anticipated
composition in the stream gas of a HyPr-RING process). The
results could provide some useful information at the molecular
level, detailing the effect of pore structure on selectivity, and will
also help to select or design an appropriate material for
hydrogen production.

2. Simulation method

In this work, GCMC simulations are used to study the
adsorption behavior of CO,/H, gas mixtures on nanoporous
carbon materials. Following the work of Cracknell,®! H, is
modeled as a two-site Lennard-Jones fluid with a fixed bond
length. Hydrogen interactions are assumed to be classical, as
opposed to considering quantum effects. Kumar ez al.** showed
that the quantum effects become significant for hydrogen only
for temperatures below 100 K. CO, is modeled as a two centered
(dumbbell) Lennard-Jones plus a point quadrupole fluid. The
fluid/fluid parameters for CO, are taken directly from the
parameterization of Vrabec er al>® and give a quantitative
representation of both the equilibrium vapor/liquid coexisting
bulk densities and the P-V-T behavior of the fluid phases. All
the solid structures described in the next section are composed of
spherical sp”> hybridized carbon sites fixed in space in the
simulation cell with LJ parameters given in Table 1. Monte Carlo
simulations were run up to 107 configurations. The first 5 x 10°
configurations were used to ensure equilibrium, while the later 5
x 10° configurations were used to obtain the ensemble average.
More details are given in the ESI.T Molecular simulations were
performed using a program (GCMCv61.f) developed in-house by
Prof. Erich Miiller, Imperial College London, which was tested

Table 1 Lennard-Jones potential parameters of the fluid molecules and
the solid atoms used in this work

Substance elk (K) o (nm) L (nm) 0 (B) Reference
H, 12.5 0.259 0.074 - 31
CO, 133.22 0.29847 0.24176 3.7938 33
C 28.0 0.34 - - 37

and used earlier to study the adsorption behavior of different
fluids on carbon structures 23283473

3. Nanoporous structures

Four nanoporous structures, which included slit-pore, nanotube,
carbon foam and model carbon with disordered porous structures,
were considered in this work. Hydrogen storage density and
methane selectivity from the mixture of methane and hydrogen on
these structures were discussed in earlier works.?®2® All these
porous media are described in an atomistic way, taking carbon
atoms to be represented by Lennard-Jones spheres and their unit
cell structures are given in the ESIL.f All the carbon models
considered here are composed only of spherical sp? hybridized
carbon sites fixed in space in the unit cell with LJ parameters: occ =
0.34 nm and ecc/k = 28.0 K. No surface heterogeneity is assumed.

Briefly, the slit pore model used in this study has a fixed pore
width of H = 1.5 nm. In this study, we define the pore width, H,
as the distance between the centre of the carbon atom on one
wall to the centre of the carbon atom on the opposite pore wall.
This slit pore can be approximately modeled using the Steele’
potential, and no significant differences were seen in this study
amongst the two (explicit and integrated) potentials. Three layers
of graphene are placed on each wall, with an interlayer distance
of 0.335 nm, to mimic an essentially isolated micropore. An ideal
model for a carbon nanotube bundle is employed consisting of
six parallel single-wall carbon nanotubes (SWCNT) with equal
diameter D. The simulation cell consists of two rows of three
open ended zig-zag (16,0) nanotubes of internal diameter
1.255 nm (measured from the center of the atoms). Only the
endohedral adsorption is considered here.

The in silico generated random porous carbon structure, which
can be taken as a model of real carbons, was constructed from a
collective of flat coronene-shaped graphitic basic units made up
of 24 carbon atoms. The random structure was obtained by
placing a number of these carbon-building units in a simulation
box, avoiding overlapping of the carbon units. There is no
connectivity between the structures and they are artificially fixed
in space within the cell. The random structure used in this work
broadly shares some of the morphological properties as the
other, better defined structures (nanotubes and slits).

The hypothetical carbon foam structures described by Yakobson’s
group®®* were originally obtained by conceptually fusing SWCNTs
of similar diameters, in order to obtain a three-dimensional porous
network. The particular carbon foam used in this work was obtained
by welding armchair (10,10) with zigzag (17,0) SWCNTs.

The two structures, carbon foam and random porous carbon
(RPC) go beyond the conventional models (slits and tubes) and
the four structures reflect the geometry, topology and surface
heterogeneity that characterize almost every form of nanoporous
carbon. The detailed pore size distribution, surface area and
accessible volume of these structures obtained using a geome-
trical method that involves a Monte Carlo integration proce-
dure*®*? are detailed in the ESL¥

4. Results and discussion

Fig. 1 shows the plot of selectivity at 298 K in different pore
structures as a function of pressure at two different compositions.
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Fig. 1 Plot of selectivity versus pressure: (a) in different carbon pore
structures for xco,/xn,: 2/8, (b) in different carbon pore structures for
Xco,/xn,: 1/9 and (c) in carbon nanotubes at different compositions (plot
of the secondary axis corresponds to partial pressure of CO, vs. amount
adsorbed, n, from a CO,/H, mixture of Xco,/xn,: 2/8) (M: slit-pore; A:
foam; ®: random).

The selectivity plot for nanotubes is shown separately for the sake
of clarity. The term selectivity is used here to estimate the
effectiveness of the carbon pores for the adsorptive separation of
CO, from the mixture with H,, and is defined as the ratio of molar
compositions, x, of the components in the pore with respect to the
ratio present in the bulk gas phase:

(XC02 /tz )pore

(xCOz /tz )bulk

()

Sco, =

Fig. 1 clearly shows that both pore structure and composition
play an important role on the selectivity at the range of pressures
studied. The carbon with tubular structure exhibits the highest
selectivity, ranging from 100 to 313, depending on the molar

composition and total bulk gas pressure. In the case of other
materials considered here, irrespective of the molar composition,
carbon porosity with a slit structure excels at high pressure,
whereas carbon foam excels in the lower pressure range and
notably, the random structure exhibits a poor selectivity for CO,
at the entire range of pressures considered.

In the case of nanotubes, the selectivity was sensitive to both
loading and composition. A peculiar trend between selectivity
and pressure is observed in this structure, with two distinct steps:
a sharp increase in selectivity with increasing pressure, reaching a
maximum, followed by a gradual decrease in selectivity. The
peak in the selectivity plot was noticed at a total bulk gas
pressure of 5 and 14 bar, for xco,/xy, = 2/8 and xco /xy, = 1/9,
respectively. In order to get a clear insight into this trend, the
binary adsorption isotherms of CO, and H, (Fig. 2) are analyzed
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Fig. 2 Plot of partial pressure versus absolute adsorption of CO, or H,
in (a) nanotube and (b) slit-pore structures.
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(d)

Fig. 3 (a) Adsorption of binary mixtures CO, (mauve) and H; (ice-blue) (snapshots are captured at different angles for the sake of clear illustration) in
carbon nanotubes at 100 bar of xco,/xp,: 2/8 (left panel) and at 100 bar of xco,/xp,: 1/9 (right panel); (b) adsorption of H, from its pure fluid at 100 bar
(left panel) and from a mixture of CO, and H, at 100 bar of composition xco /xp,: 2/8 (right panel h; (c) adsorption of CO, and H, from their
mixtures of Xco,/xp,: 2/8 in the random structure at 5 bar (left panel), 20 bar (middle panel) and at 100 bar (right panel) and (d) adsorption of CO, and
H, from their mixtures of xco /xy,: 2/8 in carbon foam at 5 bar (left panel), 20 bar (middle panel) and at 100 bar (right panel).

individually, with some evidential support from snapshots
captured during the course of the simulation (Fig. 3). Fig. 2
shows the plot of absolute adsorption of CO, or H; (xco /xH, =
2/8 and xco/xy, = 1/9) from their fluid mixtures of different
composition in the nanotube as a function of its partial pressure.
It can be deduced from the figure that the CO, isotherm exhibits
a sharp increase in adsorption at lower partial pressure, with no

1 Only hydrogen molecules are shown in the first image for the sake of
clear illustration. The close-up shot in the second image shows the
packed hydrogen molecules in between the adsorbed CO, molecules.

significant adsorption thereafter due to pore volume restrictions.
In the case of hydrogen, there is not any significant amount of
adsorption at lower pressures (Fig. 2); however, although the
hydrogen molecules are not preferentially adsorbed on the pore
walls at higher pressures, they tend to regularly fill up in between
the fluid cavities created by the CO, molecules, thus reducing the
selectivity. Snapshots showing these concepts at 100 bar for a
molar concentration of xco/xu, = 2/8 and xco,/xy, = 1/9 are
given in Fig. 3. The presence of a large number of CO, molecules
within the nanotubes creates some porosity where the hydrogen
molecules tend to pack themselves; otherwise surface adsorption
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of hydrogen molecules would not be observed. A close-up
snapshot showing how the hydrogen molecules pack themselves
in between the adsorbed CO, molecules in a nanotube is given in
Fig. 3. In other words, the selectivity, especially at higher
pressures, was determined by the fluid cavities created by the
adsorbed CO, molecules, rather than by the composition of the
bulk fluid. This phenomenon reasonably explains the low
selectivity of the nanotubes for CO, from a binary mixture of
CO, and H; of composition xco,/xg, = 2/8, compared to their
selectivity from a mixture of composition xco,/xy, = 1/9 (Fig. 1).
In any case, in the range of pressure and composition studied,
the selectivity always remained higher than unity as the relatively
stronger solid/fluid interactions between CO, and the pore walls
dominated the adsorption, significantly depleting the hydrogen
from the carbon tubes. The relatively higher selectivity of the
nanotubes when compared to the other structures can be
explained by considering the enhanced solid/fluid potential
between CO, and the carbon atoms, as all the atoms in the
perimeter of the tube add to the interactions. Furthermore, the
small effective diameter of the nanotubes enhances the prefer-
ential adsorption of CO,, in a one dimensional analogue of the
effect reported earlier by Cao and Wu® for the very narrow slit-
shaped pores.

In a slit geometry, which has an open pore structure, unlike in
nanotubes, the selectivity globally increases with increasing total
gas pressure, irrespective of the gas composition considered here.
The increase in selectivity with pressure clearly indicates again
that the adsorption is dominated by CO, throughout the
pressure range studied, due to the strong interactions between
the CO, molecules and the carbon atoms, depleting hydrogen
from the pores. Fig. 4 shows the extent of the differences between
the solid/fluid interactions. Hydrogen molecules experience only
a very weak and short-ranged attraction, whereas CO, molecules
are far more strongly adsorbed. In an earlier theoretical study on
single component adsorption of hydrogen at 77 K, Wang and
Johnson?® showed that a slit-shaped pore that can hold one to
two layers of hydrogen has the optimum pore size to store
hydrogen at lower pressures due to strong-fluid interactions. Our
simulation results do not show this enhanced attraction, either in

z,nm
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Fig. 4 Potential energies, u/k, of a spherical hydrogen site (red) and a
CO, site (blue line) with the walls of the slit-pore structure of width H =
1.5 nm (zp: minimum potential distance).

slit pores or in other geometries, presumably due to the relative
high temperature. Thermal motions of hydrogen molecules at
298 K are short ranged and fluid interactions are essentially
repulsive, and the fluid/fluid interactions are weak as opposed to
the strong interactions (attractive) between CO, and carbon
atoms; thus, the solid/fluid interactions are essentially weaker for
any significant amount of adsorption to occur through disper-
sion forces (Fig. 4). We described earlier® a similar behavior in a
slit pore structure during the adsorption of equimolar binary
fluid mixtures of methane and hydrogen at 298 K. The strong
energetics of methane dominated the adsorption process, leaving
no active sites for hydrogen. In the case of the methane/hydrogen
system, the selectivity gradually decreased with pressure, due to
the low excess adsorption of methane and the predominance of
the hydrogen packing effect at higher pressure. In the present
case, the strong energetics of CO,, which is nearly twice that of
methane, favors a dense filling of CO, inside the pores, leaving
negligible access to the surface or pore volume for hydrogen.
Close-up snapshots showing the difference in the number of
hydrogen molecules adsorbed on the surface, or in the available
pore volume from its bulk fluid, and from the binary mixture of
hydrogen and carbon dioxide, are given in Fig. 3b (left and
middle panel). The snapshots also show that for the case of
adsorption from the binary fluid mixture of H, and CO,, the
hydrogen molecules are adsorbed in between the adsorbed CO,
molecules and not by surface adsorption (middle and right
panel). It is worthwhile to mention that the snapshots captured
are for illustrative purposes, depicting the possible equilibrium
configuration of the system and they do not characterize the
equilibrium state as a whole, which can only be given by
statistical analysis of many equilibrium configurations.

We further noticed that the composition plays a crucial role in
the selectivity in the slit-shaped pore structure. Selectivity
remains almost constant at higher pressures during the adsorp-
tion from the binary mixture of xco/xu, = 2/8, whereas the
selectivity increases with increasing pressure during the adsorp-
tion from fluid mixtures of composition xco /xu, = 1/9. This can
be easily explained by considering the adsorption pore-filling
process of CO, within this pore structure. In the earlier case, the
pore filling process at higher pressure leaves negligible space for
hydrogen molecules to adsorb or to pack in between the CO,
molecules, thus maintaining a constant composition of these
fluid molecules inside the pores. In the later case, the partial
pressure of CO,, pco,, is not sufficient to fill the pore and we
noticed a linear increase in the composition of both CO, and H,
molecules inside the pores and, in any case, the selectivity tends
to increase continuously as the adsorption is dominated by the
strong solid/fluid interactions between CO, and the slit-pore
walls throughout the range of pressure studied. A plot of partial
pressure of CO, (pco,) or Hy (pn,) versus the amount adsorbed
from their fluid mixtures at different composition confirming
these concepts is given in Fig. 2b.

In the case of a random structure, unlike other geometries,
hydrogen molecules tend to adsorb on the active sites of this
structure even at low pressure, irrespective of the composition.
The pore size distribution plot (see ESI{) suggests that the
random structure contains narrow pores and pores of a size that
can accommodate one layer of hydrogen molecules, where strong
H, adsorption can be expected to occur, provided the adsorption
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is not dominated by CO, due to pore-size restrictions. This
explains the reason for the relatively lower selectivity of the
random structure for CO,, when compared to the other
structures considered here. Some of the captured snapshots in
Fig. 2c show the adsorption behavior of CO, and H, from their
mixtures (xco,/xy, = 2/8) at different pressures (total bulk
pressure) and support the above arguments. These snapshots
also show that, similar to the case of a slit-pore structure, the
hydrogen molecules tend to arrange themselves within the fluid
cavities created by the linear CO, molecules. However, the
selectivity always remains much higher than unity and it
increases with increasing pressure, due to the strong interactions
of CO, with the pore walls. The snapshots further show that,
as opposed to the strong confinement of CO, in a slit pore,
the complex porosity of the random structure disturbs the
arrangements, especially at lower pressures. In fact, in the entire
range of pressure studied, the CO, density within the random
structure is considerably lower when compared to other carbon
frameworks.
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In the case of carbon foam, with a three-dimensional pore
structure that resembles molecular organic frameworks, unlike
the other studied structures, the selectivity seems to be
independent of pressure and composition. In order to have
some clear insight into this behavior, we captured some
snapshots depicting the adsorption of CO,/H, at different
pressures (Fig. 2). It can be observed from the snapshots that
the hydrogen molecules are energetically favored and adsorbed
on the surface of the foam, especially in the neck regions,
although there is no adsorption of hydrogen inside the foam
structure. An earlier theoretical study based on DFT calculations
reported that a curved graphene-like surface binds (atomic)
hydrogen more strongly than a flat graphene sheet.** However,
the scenario is completely different inside the pores of this
structure, where CO, molecules with strong energetics are
preferentially adsorbed, since all the atoms in the periphery of
the carbon framework add to the interactions, thus completely
depleting the hydrogen molecules from the pores. In fact, the
snapshots clearly show that there is no adsorption of hydrogen at
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Fig. 5 Characteristic adsorption of carbon dioxide and hydrogen single components and mixtures xco,/xy, = 2/8 at 100 bar and 298 K in different
nanoporous carbons (for the case of single components: pco, = 20 bar; py, = 80 bar). (@: adsorption of CO, from mixtures; m: adsorption of pure CO»;

A: adsorption of H, from mixtures; ll: adsorption of pure H».)
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298 K inside the carbon foam throughout the pressure range
studied, due to the strong energetics of CO, that favor the
confinement of CO, molecules; thus, H, is completely excluded
from the pores. Despite the domination of CO, within the
carbon foam structure, the curved surfaces of the foam
energetically favor the progressive adsorption of H, with
increasing pressure, thus maintaining a constant molar concen-
tration of CO, and H, within the three-dimensional carbon
framework.

To study the possibility of predicting the adsorption of gas
mixtures from pure component adsorption isotherms, GCMC
simulations were performed at 298 K to obtain pure component
isotherms of a particular fluid at a pressure equivalent to the
partial pressure of the corresponding component in the binary
mixture of xco,/xp, = 2/8 (as a case study) and the results are
given in Fig. 5. Fig. 5 clearly shows that there is no significant
effect of dilution with hydrogen and the adsorption of pure CO,
nearly matches that of the mixture at low pressure; however,
there is a very slight decrease in the adsorption of CO, at higher
pressure, indicating a competition of adsorption within the
porous structure. In the case of hydrogen adsorption from the
binary mixture, there is a significant decrease in hydrogen
adsorption in all the carbon pore structures when compared to
that of the pure component isotherm. The strong electrostatic
forces experienced between the CO, molecules influence the
selectivity, depleting the adsorption of hydrogen by a significant
amount, throughout the range of pressure considered. Thus, it
would be inappropriate to predict the adsorption behavior of the
studied fluid mixtures from single component isotherms. At this
stage, it is worth comparing the results obtained from simula-
tions in the recent experimental work of Hong ez al.,** since their
experimental conditions match with our simulation conditions
(micropore and gas composition of xco/xy, = 1/9). They
reported that the CO, selectivity of activated carbon beads
obtained from TAST (ideal adsorbed solution theory) calcula-
tions tends to decrease with increasing bulk pressure, whereas
our simulation results for a slit-pore structure showed an
opposite trend. This could probably be due to the limitations
of the TAST theory, which ignores the competing effect of the
fluids during adsorption, which seems to play a major role in the
studied system as confirmed by our simulation results. It seems
to be more probable that at 298 K, the solution theory, at least
for the case of microporous carbons and for the fluid
compositions studied here, might underestimate the CO,/H,
selectivity values.

Conclusions

In this work, grand canonical Monte Carlo simulations at 298 K
were used to discuss the effect of pore structure on the separation
of CO, from CO,/H, mixtures. The large variability of the
parameters that are thought to influence the adsorption on
carbons, e.g. pore size distribution, pore geometry and geome-
trical heterogeneities among others, make it practically difficult
to perform such a parametric study from experiments. The
GCMC results show that the pore geometry has a significant
effect on the selectivity of CO,, which was found to be sensitive
to both composition and total bulk pressure. The solid/fluid
interactions play a decisive role in the overall selectivity,

especially in carbon pores with simpler geometries (slit and
tubes). As hydrogen/carbon interactions are relatively weak,
most of the effects can be explained by the independent analysis
of carbon dioxide interactions. An array of nanotubes with a
closed structure shows the highest selectivity towards CO, due to
the enhanced solid/fluid potential, depleting the hydrogen. In the
case of the random structure, with a more complex pore size
distribution, such effects are partial and the complex porosity
also disturbs the arrangement and confinement of the linear CO,
molecules, exhibiting a very low selectivity. The carbon with a
three dimensional porous structure provides some specific
adsorption sites for hydrogen molecules, exhibiting a selectivity
that seems to be independent of pressure. Comparison of single
and binary component isotherms indicates that it would be
inappropriate to predict the adsorption behavior of a binary
mixture from single component information in the carbon
structures at the studied operating conditions.
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