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Abstract The present work aims at providing additional
insight into the crucial effect of pore size and pressure on
the adsorption of H, and D, in porous carbons by means of
Grand Canonical Monte Carlo simulations in model slit
micropores at 77 K. In order to address the quantum
behavior of the molecules the Feynman—Hibbs corrected
LJ interaction potential is used for fluid—solid and fluid—
fluid interactions. Based on the GCMC isotherms for the
two isotopes, D, selectivity over H, is deduced for pores
with different sizes as a function of pressure. Furthermore,
GCMC results are coupled with experimental high pressure
H, and D, adsorption data at 77 K for a commercial carbon
molecular sieve (Takeda 3A).

Keywords H, adsorption - GCMC simulations - Pore size
distribution - Carbon molecular sieves - Quantum sieving
1 Introduction

Carbon Molecular Sieves (CMS) comprise a technologi-
cally important family of porous carbons (Inagaki 2000)
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mainly characterised by the presence of narrow slit-shaped
micropores of molecular dimensions (effective diameter
between 0.4 and 0.9 nm), that allow the separation of
molecular species based on size, shape or chemical affinity
differences. Another attractive option is the possibility to
use CMS as quantum sieves for separating isotopic (e.g.
H,/D,/T,) mixtures, a typically complex and demanding
process due to the similar size and chemical properties of
the individual components (Cai et al. 2012). Quantum
separation occurs upon the preferential adsorption and/or
faster kinetics of the heavier isotopes under spatial con-
finement. The concept of quantum molecular sieving was
first introduced by Beenaker et al. (1995) who described
the adsorption of hydrogen isotopes in a cylindrical pore
using a simple deep potential well model. It was proposed
that if the pore size becomes comparable with the de
Broglie wavelength of an isotope, molecular adsorption
and transport is controlled by quantum effects, originating
from the different mass of the isotope molecules. Such
effects were later confirmed both experimentally and the-
oretically for various adsorbents containing pores in the
subnanometer region (Kaneko et al. 2012; Wang et al.
1999; Tanaka et al. 2005, 2009; Hattori et al. 2006;
Noguchi et al. 2010; Hankel et al. 2012; Kagita et al. 2012;
Liu et al. 2012; Viscor et al. 2012). At low temperatures
and under confinement the translational motion of species
is quantized leading to larger effective diameters for the
lighter isotopes. In this way, narrow sized pores at low
temperatures can possibly be more accessible to the heavier
deuterium than hydrogen.

Based on the above it is clear that an appropriate porous
sieve must contain a large population of pores with size
comparable to hydrogen molecular dimensions to enable
the efficient separation of its isotopic mixtures. As such
quantum sieving performance is greatly affected by the
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pore size distribution (PSD) of the adsorbent matrix, i.e. the
distribution of pore volume (or surface area) with respect to
pore size.

PSD represents the most common way to describe a
nanoporous material. The advance of computational tools
and models have led to the widespread use of density
functional theory (DFT) and GCMC simulations in model
pore systems for PSD calculations based on the analysis of
standard isothermal gas (e.g. N,, Ar) adsorption measure-
ments at cryogenic temperatures (Gregg and Sing 1982).
Such an exercise is inevitably based upon a series of rough,
and quite often oversimplified, assumptions about the
actual architecture (e.g. pore shape/connectivity) and
chemical composition of the porous network (Dombrowski
et al. 2000; Gauden et al. 2006). For instance the micro-
structure of activated carbon materials, although inherently
complex and disordered, is usually contemplated as a
system of independent, slit-like pores with homogeneous,
graphitic walls. The pore size distribution function, f(H), of
this system can be determined by inverting the adsorption
integral equation (Dombrowski et al. 2000; Jagiello et al.
2006; Konstantakou et al. 2007)

Hiin
N(P) = n(P,H)f(H)dH (1)

Hpin

where N(P) is the is the experimentally measured adsorbed
amount at bulk gas pressure P, n(P, H) is the average
density of adsorbate at pressure P in a single model gra-
phitic slit pore of physical pore width H, while H,,;,, and
H,,..x correspond to the smallest and largest pore widths
considered.

A reliable PSD analysis in the particular case of CMS,
having pores in the subnanometer scale, requires in
addition to a realistic representation of the overall
structure, the use of “probe” molecules with sufficiently
small size. The largest fraction of the CMS pore network
may not be accessible to N, or Ar, the most commonly
used “probe” adsorbate molecules, especially at cryo-
genic temperatures (Nguyen and Bhatia 2012; Jagiello
and Thommes 2004) while concurrent diffusional limi-
tations often met in microporous systems can lead to
significant underestimation of the adsorption isotherm
(Rodriguez-Reinoso and Linares-Solano 1988). It has
been suggested that accessibility and kinetic constraints
can be overcome, by using e.g. CO, at 273 K and
especially H, at 77 K, which might provide more infor-
mation in the ultra-micropore range (<0.7 nm) (Jagiello
and Thommes 2004; Jagiello et al. 2006). H, is consid-
ered ideal for this purpose due to its small size, but also
because it is supercritical gas at 77 K ensuring fast
equilibration kinetics (Konstantakou et al. 2007). Wang
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and Bhatia (2009) used the CO2 (273 K) derived PSD of
Takeda 3A (a commercially available CMS) to estimate
its HD/H, selectivity at 40 and 77 K, based on path
integral Monte Carlo simulations, while Nguyen et al.
(2009) interpreted D, adsorption data on the same
carbon.

The present work combines experimental and simula-
tion studies aiming to provide additional insight into the
crucial effect of pore size on the adsorption of hydrogen
in microporous carbons but also to show that hydrogen
adsorption data are highly useful for the characterization
of carbon molecular sieves. The adsorption of H, and D,
is studied by means of Grand Canonical Monte Carlo
(GCMC) simulations in model graphitic slit micropores
at 77 K and pressures up to 20 bar, based on an
approach that we recently reported (Gotzias and Steriotis
2012). Based on the GCMC isotherms for the two iso-
topes, D, selectivity over H, is deduced for pores with
different sizes as a function of pressure. It should be
stressed that although it may be considered thermody-
namically inaccurate, for simplicity we define here
“selectivity” as the ratio of amounts adsorbed normal-
ized by the ratio of bulk fluid densities. In a next step,
GCMC results are coupled with experimental high pres-
sure H, and D, adsorption data at 77 K for a commercial
carbon molecular sieve, i.e. Takeda 3A with a nominal
pore size in the range 0.3-0.4 nm. In brief, the experi-
mental H, adsorption data are combined with the model
H, adsorption isotherms (for individual pores) to derive
the PSD of Takeda 3A carbon, which is then used for the
calculation of the D, sorption isotherm at 77 K and
pressures up to 20 bar. The calculated results are in good
agreement with experimental high pressure D, adsorption
data on Takeda 3A.

2 Experimental

Takeda 3A carbon (denoted hereafter as T3A), produced by
carbon deposition on a microporous substrate resulting
from the carbonization of a coconut shell, was provided
from Takeda Chemical Industries Ltd., Japan (commercial
code name: SHIRASAGI MSC-3 K-Type 172) in the form
of cylindrical pellets with approximate diameter 1.9 mm.

H, and D, adsorption isotherms were measured at 77 K
up to 20 bar, using a PCTPro-2000 automatic volumetric
system (SETARAM). In each case appropriate outgassing
of the sample (heat treatment at 250 °C for at least 24 h
under high vacuum) was performed prior to measurement.
Volume calibrations were carried out with helium at room
temperature in order to minimize helium sorption errors at
77 K.
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3 Simulation details

In order to derive the PSD of a microporous carbon matrix
according to Eq. 1, it is necessary to construct the n(P, H)
kernel congregating model adsorption isotherms in isolated
single pores of given widths. In this context, a previously
reported GCMC approach (Gotzias and Steriotis 2012) was
adapted for the simulation of H, and D, adsorption in
single graphite slit-like pores. The pore walls were repre-
sented by parallel graphene honeycomb lattices placed at a
varying distance H (noted also as H,;,) between 0.575 and
2.0 nm, defining the respective physical pore width. Taking
into account that hydrogen and deuterium molecules con-
fined in very narrow spaces at low temperatures, cannot be
treated as classical Lennard—Jones (LJ) particles due to
quantum effects, the Feynman—Hibbs corrected LJ inter-
action potential (Sese 1995; Wang et al. 1997; Stan and
Cole 1998; Pantatosaki et al. 2008) was used to describe all
solid—fluid and fluid—fluid interactions, according to:

2
VA(ULs(r)) (2)

Urn = Uwy(r) + 241kgT

where Up; denotes the classical LJ potential, % is the
Planck’s constant divided by 2, T is the temperature, u is
the reduced mass of the interacting species and r is the
distance between them. It should be mentioned that
although this approach is considered adequate at 77 K, for
lower temperatures more elaborate approaches (such as
path integral methods) are required.

The same LJ parameters were used for hydrogen and
deuterium (Table 1), while for deriving reduced mass, g, it
was assumed that mpg, = 2.0159 g/mol, mp, = 2 - myp
and m¢ = 12 g/mol (contrary to commonly used mean
field models, the calculation of u also included the mass of
carbon atoms to account for the interaction between the
isotope adsorbate and the explicitly defined carbon atoms).

Single-component adsorption isotherms of H, and D, in
carbon slit pores at 77 K were simulated in the grand canon-
ical ensemble. Each adsorption isotherm constitutes of n = 30
pressure steps in the range [Py, Prax] = [1 X 107#,20] bar. In
brief, the simulation box contained the slit pore, with periodic

Table 1 Potential model parameters used in GCMC simulations

Adsorbate Lennard—Jones parameters  Reference
c (nm) ek (K) m(g)
D, 0.2958  36.7 2.016 Levesque et al. (2002)
H, 4.028
C (graphene) 0.340 37.26 12 Steele (1973), Nguyen

(2009)

boundary conditions and minimum image convection in x and
y directions (the pore width lies in the z direction). The vol-
ume, temperature and chemical potential were fixed, while in
each Monte Carlo step a random displacement, creation or
deletion of a single fluid molecule was attempted with equal
probability. The grand canonical ensemble utilized an ade-
quate number of configurations in order to deduce the average
values for the total adsorption energy (U) and the number of
encountered particles (N). The chemical potential of the
ensemble was then related to pressure according to
u(i) = kgT'In(P(i)A> /kpT). Here A is the thermal de Broglie
wavelength of a fluid molecule of mass me.g. A = ii/\/mkgT.

In order to correlate experimental data with the com-
puted densities, the latter have to be expressed as excess
adsorption, i.e.:

rex - 1—‘ads - pbu]kvfree (3)

where I, 4, is the total amount adsorbed computed directly by
GCMC (expressed by the total volume of the system), pp,. 1S
the bulk H, or D, gas density (e.g. obtained from the NIST
database), and V., is the free volume, namely the total
volume of the system V,,, minus the volume occupied by the
solid sorbent. The free volume of the pore can be estimated
by a simple “Hit and miss” Monte Carlo volume integration
of the pore space as explained by Do and Do (2006).
According to this scheme, a “success” hit is registered when
a randomly inserted ghost hydrogen molecule in the system
volume, obtains non-positive solid—fluid energy. After mil-
lions of successive iterations the ratio V../V,, converges. In
our case the above ratio denotes also the Hy../H,, ratio.
According to our calculations Hy. and H,,, obtain the rela-
tion: Hpee = 0.99 - H,, — 0.55. The chemical or accessible
width of the slit pore is then defined as w = Hp., + o, where
0 = oy, = op, from Table 1.

4 Results and discussion
4.1 GCMC H, and D, adsorption isotherms

Figure 1 presents the excess isotherms of H, and D,
adsorption (expressed as excess adsorption densities versus
pressure) at 77 K as calculated for an indicative set of slit
pores with size 0.316, 0.391, 0.614, 0.738 and 1.036 nm. In
all cases the adsorbed D, amount is higher than H,, in good
agreement with several theoretical and experimental stud-
ies (Kumar and Bhatia 2005; Kumar et al. 2006; Zhao et al.
2006; Chen et al. 2008; Xu et al. 2009; Wang and Bhatia
2009; Nguyen et al. 2010; Garberoglio and Johnson 2010).
Hydrogen access to the extremely confined environment of
the 0.316 nm pore is strongly hindered, resulting to very
low adsorption densities even in the high pressure range.
The effective size of this pore is just 0.02 nm wider than

@ Springer



376

Adsorption (2013) 19:373-379

—_—
-]
"

adsorbate
H,

0.040 -
0.035 —
0.030 —
0.025 — -
0.020 -
0.015 4 °
0.010 —

0.005 A

isotope excess density (mol / ml) at 77 K

0.01

(b) o
=200 A
-400 1
ol
=3
5 =600 4
= pore width (nm}
H=0.575, w=0316
-B00 3
= = = deuterium
-1000 4 b hydrogen
T T T T
-0.4 -0.2 0.0 02 04

distance from the pore centre (nm)

Fig. 1 a H, (black symbols) and D, (red symbols) excess adsorption
densities at 77 K, for carbon slit pore models of 0.316 (squares),
0.391 (diamonds), 0.614 (circles), 0.738 (triangles down) and 1.036
(stars) nm chemical width. Lines can be used as a guide for the eye.
b The impact of quantum effects on the solid—fluid interactions (Usf)
for both adsorbates for different slit pore widths

molecular hydrogen, and as such the occurrence of quan-
tum sieving effects is highly probable. This is confirmed by
the respective considerably higher densities observed for
deuterium compared to hydrogen. The 0.391 nm pore
depicts the highest adsorption densities for both adsorbates
in the low pressure range. This effective width induces
optimal solid—fluid interactions as the potentials stemming
from the two walls overlap at the pore center resulting to
enhanced adsorption energy. Furthermore, the excess
adsorption density in the specific pore obtains a negative
slope at high pressures, for both H, and D,. This is due to
the fact that the pore has been already filled and the
adsorbate cannot be further compressed inside the confined
space. The 0.614 nm pore produces similar adsorption
densities at zero coverage for both isotopes and quantum
sieving (that practically initiates at around 0.1 bar)
becomes more pronounced with pressure increase. In
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Fig. 2 n(P, H) kernels of a H, and b D, adsorption in slit carbon
pores at 77 K and up to pressures of 20 bar

addition, this pore size can fairly accommodate two layers
of adsorbate, in close contact with each wall of the slit. Due
to the quantum effect the formation of deuterium layers is
favored against the formation of hydrogen layers. Finally,
the 0.738 nm and the 1.036 nm pores seem to be quite
wide to have any considerable effect on the adsorption
curves of the two isotopes which exhibit practically the
same shape.

The collection of all model, single-pore adsorption iso-
therms, comprising the n(P, H) kernels of Eq. 1, calculated
for H, and D, are collectively shown in the three-dimen-
sional grid of Fig. 2.

4.2 Calculated D,/H, selectivity
The results from the single-component adsorption simula-

tions were used for the calculation of the equilibrium
selectivity of D, over H, at 77 K. The selectivity factor is
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expressed for simplicity as the ratio of the computed
adsorption densities of the two gases within a given single
pore over the respective density values in the bulk phase
(bulk densities were computed by performing GCMC
simulations in empty simulation volumes). Figure 3 illus-
trates the obtained selectivity matrix as a function of
pressure and pore size. It can be seen that quantum sieving
efficiency is limited as expected to the very fine pores
where the effective width is comparable to hydrogen
molecular size. The D,/H, selectivity surface generally
exhibits a decreasing slope towards a deep minimum at the
pore size range 0.4-0.5 nm. A maximum of selectivity
values is observed at around 0.6 nm, extending to the full
pressure scale and becoming progressively pronounced
with pressure. A second maximum appears at approxi-
mately 0.9 nm, implying that the increase of the effective
pore width by one molecular diameter (i.e. 0.3 nm) can
accommodate an additional layer of adsorbate within the
confined pore space. Deuterium layers are formed faster as
they are more localized due to stronger solid—fluid inter-
actions, compared to hydrogen. However there is no further
selectivity enhancement for pores larger than 1.2 nm pore,
as in these cases quantum effects diminish. It should be
noted, that such pore-size selectivity relations refer to
model pore shapes (i.e. slits) with ideal carbon surfaces
(homogeneous). In most cases, “real” materials differ from
this simplified approach both structurally and energetically
(narrow passages close to the outer surface and wider pores
in-between, curved surfaces very rich in functional groups)
(Koresh and Soffer 1980). On the other hand structural
irregularities, may have a profound effect on the kinetic
properties, nevertheless equilibrium characteristics stem
from local confinement at the nanoscale, which is ade-
quately captured by the slit pore model (this is why it is
used to deduce pore size distributions of carbon materials).

4.3 Comparison with experimental data

For the characterization of Takeda 3A carbon it is impos-
sible to use either N, or Ar as their sorption at low tem-
peratures is severely hindered by kinetic and/or size
exclusion reasons (in practice experimental isotherms
reveal zero adsorption). On the contrary H, is supercritical
at 77 K and its molecular diameter much smaller, so sig-
nificant uptake is recorded. In this respect, in order to test
the simulation approach described in the previous sections
we have used the following strategy. Based on the exper-
imental H, sorption isotherm and the GCMC simulated
adsorption kernel for H, (described in Sect. 4.1) we
deduced a pore size distribution for Takeda 3A. We then
predicted a D, adsorption isotherm based on this pore size
distribution and the GCMC D, kernels (Sect. 4.1). The
latter can be directly compared with the experimental D,

selectivity at 77 K

o

D./H

5 -,
§
<

1.2

e
.,EJ
B3
&
g
pore width w (nm)

Fig. 3 D,/H, equilibrium selectivity matrix

isotherm and conclusions on the quality of our approach
can be drawn.

The approach is practically based on solving the
adsorption integral of Eq. 1. For the case of hydrogen,
N(P) is the experimental isotherm, n(P, H) is the H,
GCMC kernel matrix and f{H) is the pore size distribution
sought. Likewise, for deuterium, N(P) is the predicted
isotherm, n(P, H) is the D, GCMC kernel matrix and
f(H) the pore size distribution deduced from the H,
adsorption data. Actually solving the adsorption integral in
order to produce a pore size distribution is an ill-posed
problem and for this reason we used the EO4NCF least
squares minimization routine of the NAG library to fit the
kernel to the experimental data by posing a non-negative
constraint to the resulting pore size distributions. The
actual fitting results are presented in Fig. 4, while
the hydrogen deduced volume distribution in Fig. 5. Given
the simplicity of the employed approach, the deduced PSD
seems to capture adequately the pore system of T3A
revealing a significant pore volume in the ultramicropore
region (<0.7 nm) with a peak around 0.4 nm and a sec-
ondary microporous system in the area of 1.2 nm, in good
accordance with CO, derived PSDs but also in consistency
with the properties of the material, which is actually a
typical microporous sample that has been additionally
treated in order to narrow the pores (or better the pore
mouths) (Nguyen et al. 2009; Rutherford and Do 2000).

As explained before we used the pore size distribution of
Fig. 5, the D, kernels and the adsorption integral in order to
calculate a D, adsorption isotherm. This prediction is com-
pared to the actual experimental data in Fig. 6. It is clearly
seen that although not perfect, the predicted isotherm is in
good agreement with our experimental data. At this point it
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0.008 should be stressed that our approach does not depend sig-
0 00?; nificantly on the choice of models either for the pore walls or
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for the fluid. More specifically we believe that similar results
would have been produced if we had used mean-field gra-
phitic walls or few-layers graphene walls instead of graph-
enes. The same holds for the H,/D, models, where
alternative interactions have been used in the literature. The
reason is that both molecules have actually the same inter-
actions with each other and the pore walls, but their differ-
ences are actually a quantum term that in algebraic terms is
related with the derivatives of the LJ potentials.

5 Conclusions

High-pressure (up to 20 bar) H, and D, adsorption iso-
therms at 77 K were measured on the commercial carbon
molecular sieve Takeda 3A with a nominal pore size in the
range 0.3-0.4 nm. In parallel a GCMC approach, also
including quantum corrections, was adapted for the simu-
lation of H, and D, adsorption in single graphene slit-
shaped pores with widths varying from 0.575 to 2.0 nm.
The whole set of the model single-pore adsorption iso-
therms obtained for H, where used as kernel for the anal-
ysis of the experimental H, adsorption data towards the
calculation of the Takeda 3A PSD. The deduced PSD
captured adequately the pore system of T3A and enabled a
good prediction of D, adsorption in the Takeda 3A carbon
at 77 K and high pressures, as verified by the comparison
with our experimental data, providing additional validation
for our simulation approach.
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