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Using grand canonical Monte-Carlo simulations, the adsorption capacities and isos-
teric heats of hydrogen on activated carbons, graphite nanofibers, and bundles of car-
bon nanotubes are estimated for identical thermodynamic states. These computations
allow a systematic, meaningful, and unbiased comparison of the adsorption properties
of hydrogen in such porous materials. The comparison shows that the hydrogen stor-
age capacity can be optimized, but only to a limited extent, in adjusting the material
pore sizes and functionalizing a part of the adsorption sites. Therefore, at room tem-
perature and up to 70.0 MPa, for the three models of carbonaceous adsorbents, the
hydrogen maximal excess adsorption is of the order of 2% of the adsorbent mass.
� 2009 American Institute of Chemical Engineers AIChE J, 55: 538–547, 2009
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Introduction

For the practical applications such as the purification or
storage, the relevant physical property of porous materials is
their capacity to adsorb the gases or fluids.1 This capacity is
characterized by the amount ma of adsorbed gases per gram
of adsorbent material. ma is measured at a macroscopic scale,
but its value results from adsorption processes which, at the
microscopic scale, differ significantly with the size and shape
of the pores. In pores, larger than few nanometers, the central
part of the pores can be filled by a gas with a density and
temperature identical to those of the bulk gas surrounding
the porous material. Clearly, the partial filling of the pore
network by the bulk phase is not characteristic of the adsorbent
properties because it is similar to the gas expansion in an empty
volume. This remark leads to define the excess adsorption me

which, for the adsorption of a pure gas, is given by me 5 ma 2
qb Vf. qb is the density of the gas in the bulk phase per volume

unit and Vf the free volume or volume accessible to gas in the
porous material per gram of adsorbent.2

In this work, for hydrogen at room temperature (293 K),
the values of ma, me, and isosteric adsorption heats qi are
computed for pore models of activated carbons, adsorbents
formed with single-walled (SW) carbon nanotubes, or graph-
ite nanofibers (GNF). In spite of the complexity of pore net-
works at the macroscopic or mesoscopic scales, these models
are expected to describe the types of pores present in the
materials contributing mainly to the adsorption processes.

Similar models, in particular of activated carbons and
adsorbents of SW nanotubes, have been already studied in
the literature by numerical simulations.3–17 In these models,
the potentials describing the interactions between hydrogen
molecules and between these molecules and the adsorbent,
although they are qualitatively similar (van der Waals inter-
action), differ quantitatively. The hydrogen–hydrogen interac-
tion is described by Lennard–Jones (LJ) pair potentials (cf.
definition later) in the works,3–5,8,10,11,14–17 but with various
parametrizations, or by a Silvera–Goldman pair potential18 in
the works.6,7,12,13 In addition, the electric quadrupole of
hydrogen molecules is taken into account in the articles.8,11
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For the hydrogen-material interactions, also of the van der
Waals type, the articles5,10,15,17 use the Steele interaction,19

an interaction averaged on the pair potentials between hydro-
gen and carbon atoms inside the pore walls, the articles6,7

use a different, but similar, interaction, the Crowell–Brown
interaction20 or a modified Crowell–Brown interaction.7 In
the articles,3,5,8,14,16 all pair interactions between hydrogen
molecule and carbon atom, which are described by a LJ
potential, are independently summed. Quantum effects are
considered in the articles.6,8 The simulations, realized near
the room temperature, were performed at temperatures of
175,16 293,3,5,11,14 298,6,7,10,12,13,15,17 or 300 K4 and pressures
below 20.0 MPa.

The set of simulation results, presented in this article, is
free of systematic differences between molecular interactions
or considered thermodynamic states. It allows to appreciate
without any bias the variations between the hydrogen adsorp-
tion and storage efficiencies and isosteric heat values of the
considered adsorbent models, because the specific surfaces
(adsorbent surface per gram of material) and free volumes,
used to compute me, are estimated by identical and coherent
procedures (cf. later).

First, we describe the pore models studied in the simula-
tions and give the essential informations on the Grand Ca-
nonical Monte-Carlo (GCMC) method used for computing
the adsorption properties.21,22 Next, the results obtained for
the different pore models of activated carbons, SW carbon
nanotubes, and GNF are presented. Then, the analysis and
discussion of the simulation results lead to remarks on the
optimization of the storage capacity of carbonaceous adsorb-
ents at room temperature and pressures up to 70.0 MPa.

Description of Adsorbent Models

In the activated carbons, the main type of pores are
expected to be slits with various widths, which have walls
formed by one graphite basal plane or stacks of 2, 3, or
more planes, parallel to the slit.23 In this study, we estimate
the H2 adsorption in such slit pores with walls made up of 1,
2, or 3 graphite basal planes, denoted AC1, AC2, and AC3,
we consider two values of the slit width ds: 1.0 and 2.5 nm.
AC1, AC2, and AC3 correspond to porous materials with
specific surfaces equal to �2600, 1300, and 900 m2/g,
respectively.24,25 The widths correspond to two specific cases
of adsorption: the case where, because of the size of H2 mol-
ecules, at the most, two layers of molecules located near the
walls can be adsorbed inside the pore (width of 1.0 nm), and
that where these layers are in equilibrium with a bulk phase
filling the central part of the pore (width of 2.5 nm).

At the microscopic scale, the adsorbent made up of SW
carbon nanotubes26 is composed of parallel nanotubes
arranged on a triangular lattice in a plane perpendicular to
the tube axes. In such arrangements, the nanotubes form bun-
dles. The adsorption capacity of these bundles varies between
the case where the nanotubes are closed and close-packed,
and that where the nanotubes are opened and located on an
expanded triangular lattices.27 For the bundle of 30 close-
packed closed SW nanotubes, considered in our simulations,
the contribution of the external surface to the specific surface
is of the order of �240 m2/g and that of the narrow intersti-
tial domains located between the nanotubes of the order of

�200 m2/g. When in the close-packed bundle, the nanotubes
are opened, the tube internal surface becomes accessible and
the specific surface is �1500 m2/g. For the expanded bundle
of opened nanotubes, the specific surface is �2600 m2/g.
Between the extreme values, all intermediate values of the
specific surface are possible, in particular when the nano-
tubes are partially opened.

We consider GNF materials where, at the microscopic
scale, the pores are slits with walls composed of stacks of
graphite basal planes.28,29 The planes are perpendicular
(GNF1 model) or tilted (GNF2 model) with respect to the
stacking direction.30 With this pore configuration, the GNF
adsorbent surface is constituted by the zigzag edges of graph-
ite basal planes and, so, carbon atoms which, having a pend-
ing chemical bond, are functionalized.31 The properties of
these adsorbent surfaces depend on the type of functional
groups. In our simulations, we consider the groups H and
CH3. The two stacks, limiting the slits, are separated by ds,
the distance between the external functionalized carbon
atoms. For similar reasons to those mentioned for the models
of activated carbons, we consider values of ds ranging from
0.7 to 3.0 nm. The value of the GNF specific surface is
strongly dependent on the transverse size D of the fiber, i.e.,
the thickness of the stack between the slits located at its
boundaries. In our simulations, D is equal to 1.0 nm, i.e., the
extension of about three hexagons of carbon atoms in a
graphite basal plane. With this D value, the specific surface
is �1030 m2/g, similar to that of the AC3 model. Clearly,
larger D values would lead to smaller specific surfaces.

In the literature,32,33 it is mentioned that the GNF structure
could be modified by increasing the spacing dp between the
graphite planes of the stacks. The consequence of such a
change has been studied by considering the adsorption capaci-
ties of the GNF2 model when the graphite basal planes are
spaced at distances dp equal to 0.68 and 0.9 nm. Such arrange-
ments, which, possibly, could be obtained by an intercalation
process, correspond to models of carbonaceous porous materi-
als where important parts (�20%) of adsorption sites are func-
tional groups. When dp becomes equal to or larger than 0.68
nm, H2 molecules can be adsorbed inside the stack of graphite
basal planes, the specific surface increases and can reach a value
of�2600 m2/g, similar to that of the AC1model.

The value of the free volume Vf, needed for computing the
excess adsorption, can be obtained experimentally by the he-
lium displacement method.34 To be in agreement with this
procedure, the helium adsorption has been computed by sim-
ulation at 653 K and a pressure of 0.1 MPa. From the
amount of helium adsorbed in the pore models and by sup-
posing that, as it is done in the experimental procedure, the
excess adsorption of helium is zero, it is easy to determine
Vf from the relation Vf ¼ mHe

a =qHeb where qHeb is the helium
bulk density at 0.1 MPa and 653 K and mHe

a is the mass of
helium adsorbed per gram of adsorbent. The solid skeleton
density is given by qs 5 1.0/(Vt 2 Vf) where Vt is the total
volume occupied by 1 g of adsorbent. In the simulations,3–17

me is not estimated or estimated by different methods. An
effective slit size10 can be used for the calculation of Vf as it
was proposed by Kaneko et al.35 me can be also defined as
the difference between the amount of H2 present in the simu-
lation box with the adsorbent and the amount of H2 present
in this box without the adsorbent.3,4,7
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For the activated carbon models, qs is equal to 2.18
(AC1), 2.25 (AC2), and 2.26 g/cm3 (AC3), close to the value
obtained for a perfect crystal of graphite: 2.26 g/cm3. For the
GNF models, the qs values are similar: 1.9 (compact GNF1
and GNF2 models) or 2.1 g/cm3 (expanded GNF2 model). In
the case of nanotube bundles, qs has a value depending on
the possibility that helium can to be adsorbed inside the
nanotubes. A value of �1.8 g/cm3 is obtained for an
expanded bundle of 30 opened nanotubes and �1.3 g/cm3

for a close-packed bundle of 30 closed nanotubes.
The previous description of the pore models is completed

by the specification of the interactions between H2 molecules
and adsorbents given in Table 1. The interactions are pair
potentials of LJ type with the generic expression:

vLJðrabij Þ ¼ 4eab rab
.
rabij

� �12

� rab
.
rabij

� �6
" #

where r
ab
ij is the

distance between the atoms or molecular centers of mass i
and j of species a and b in the adsorbed gas or solid adsorb-
ent. The LJ parameters of the cross-interactions are obtained
from Table 1 by using the Berthelot’s rule, expressed by the
relations: rab 5 0.5 (raa 1 rbb) and eab 5 (eaa ebb)1/2. In
the simulations, the LJ potentials are truncated at a distance
of �1.6 nm, i.e., a distance where they are equal to �5 3
1025 times the minimal value of the LJ potential. In addition,
the H2 molecule has a linear quadrupole, which is described
by three effective charges: two located at the proton positions
of values qe and one at the center of mass with a value
22qe.

36* For the activated carbon models, the energy mini-
mum and interaction range are in close agreement with theo-
retical estimates based on density functional theory.37

In the GNF models, the functional groups are described by
using the united atoms approximations.38,39 The LJ potentials
of CH groups are centered on the carbon atoms at the graph-
ite plane ends. The LJ potentials of the CH3 groups are cen-
tered at a distance equal to 0.142 nm of these latter carbon
atoms. For identical ds, the free volume of the GNF function-
alized by CH3 groups is smaller than that of the GNF func-
tionalized by CH groups because of the excluded volume
effects of the CH3 groups.

The total and excess adsorptions have been computed by
using the GCMC method, an algorithm peculiarly adapted to
the simulation of adsorption processes.21,22 The MC runs

comprise an equilibrium phase of 2.0–4.0 3 106 MC trial
moves (displacement, deletion, or insertion of gas molecules)
followed by 12.0–16.0 3 106 MC moves, which allow a
computation of the average values of ma and qi.

21,40 These
quantities are given by:

ma ¼ hNiMH

NCMC þ NHMH

(1)

qi ¼ Hb � hNUi � hNihUi
hN2i � hNi2 : (2)

h..i denotes a GC average and Hb is the enthalpy of the bulk
gas, easily computed by MC simulations. hUi and hNi are,
respectively, the average of the total energy U and number N
of adsorbed gas molecules. MC and MH being the molar
masses of C and H, NC and NH the numbers of carbon and
hydrogen atoms, chemically bonded to carbon atoms in the
adsorbent models, ma is given in g/g. The statistical error on
the ma values is estimated to be of the order of 1–2% that on
qi is larger and equal to 3–5% because its value is obtained
from a fluctuation ratio. The isosteric heat is an important
physical characteristic of an adsorption process, in particular
for a storage application when the entire adsorption–desorp-
tion cycle is considered.41 The optimum values of the
adsorption enthalpy change for hydrogen adsorption proc-
esses are discussed, for instance, by Gigras et al.17 and Bha-
tia and Myers.42

For all systems, the simulation volumes are parallelepipe-
dic cells with periodic boundary conditions. The coordinate
axes being parallel to the cell walls, for the AC1, AC2, and
AC3 models, the slits are parallel to the xoy plane and the
pore walls replicated in the x and y directions, while the pat-
terns constituted by the planes and slits are replicated in the
z direction. In the simulation cell of the AC1 model, there
are six slits with walls made up of one graphite basal plane.
In the cell of the AC2 model, there are three slits with walls
made up of two graphite basal planes, and in the cell of the
AC3 model, two slits with walls made up of three graphite
basal planes. Each graphite basal plane contains 1320 carbon
atoms. For the AC1, AC2, and AC3 models, the sizes of the
cells are equal to 27.44 rH2H2 and 14.40 rH2H2 in the x and
y directions, respectively. In the z direction, for the AC1
model, the size is equal to 20.28 rH2H2 (ds 5 1.0 nm) or
50.71 rH2H2 (ds 5 2.5 nm). For the AC2 and AC3 models,
it is, respectively, equal to 13.53 rH2H2 (ds 5 1.0 nm) or
28.75 rH2H2 (ds 5 2.5 nm) and 11.29 rH2H2 (ds 5 1.0 nm)
or 21.43 rH2H2 (ds 5 2.5 nm).

The bundles of 30 nanotubes are parallel to the y axis and
the tubes are periodically replicated in the y direction. The
simulation cell has the following sizes: 50.88 rH2H2 in the x
direction, 11.52 rH2H2 in the y direction, and 52.22 rH2H2

in the z direction. It contains 16,320 carbon atoms (544 per
nanotube).

For the GNF models, the simulation cell contains two
stacks of 16 graphite planes. Each stack is formed by 2720
carbons atoms, comprising the 544 carbon atoms of the CH3

functional groups, or by 2176 carbons atoms, comprising the
544 carbon atoms of the CH functional groups. The stacks
are parallel to the xoz plane, replicated in the x and z direc-
tions and the pattern constituted by the stacks and slits is
replicated in the y direction. The stacks form two slit pores

*At 293 K, the validity of the hydrogen–hydrogen interaction given in Table 1
is established by comparison between data from the NIST chemistry webbook
(http://webbook.nist.gov) and GCMC simulation results obtained for the bulk
phase. At 0.51 MPa the hydrogen density is 0.2087 (NIST data) and 0.2087 mol/l
(GCMC results), at 1.0, 10.0, 30.0, and 70.3 MPa the densities are 0.4080 and
0.4082, 3.867 and 3.880, 10.35 and 10.43, and 19.79 and 20.0, respectively.

Table 1. Parameters e and r of the LJ potentials for H2

Molecules, C Atoms in Activated Carbons, Nanotubes, or
GNF, and CH or CH3 Chemical Groups in GNF

e (K) r (Å) qe (e) l (Å)

H2 36.7 2.958 0.483 0.3705
C 28.0 3.400 – –
CH 46.0 3.770 – –
CH3 100.0 3.850 – –

l distance to the center of mass along the symmetry molecular axis of the
effective charges qe (unit of electron charge: e) associated to the H2 quadru-
pole.
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in taking into account the periodical boundary conditions.
The cell sizes are equal to 14.13 rH2H2 and 18.11 rH2H2 in
the x and z directions. In the y direction, the size varies
between 10.49 rH2H2 and 26.04 rH2H2 when ds varies
between 0.7 and 3.0 nm.

To perform a GCMC simulation of an adsorption process,
it is needed to know the chemical potential corresponding to
the thermodynamic state of the bulk gas in contact with the
adsorbent. In this work, this correspondence between chemi-
cal potential and pressure was determined by GCMC simula-
tions of H2 bulk gas. For a given volume, temperature, and
chemical potential, the pressure was computed in the GCMC
run by the virial theorem. The value of the chemical poten-
tial was adjusted until the pressure is the required value for
H2 bulk gas. These simulations also give the bulk enthalpy
Hb used in the computation of qi.

Simulation Results

Activated carbon models

Estimates of ma and me for the AC1, AC2, and AC3 mod-
els are presented in Figure 1. For all models, the total
adsorptions are expressed in wt %t defined as 100 ma, ma

being the mass of adsorbed gas per gram of adsorbent (cf.
Eq. 1). For identical slit width and pressure, the ratios of wt
%t values between the different models are close to those
between their specific surfaces. The data show an important
increase of wt %t when the slit width grows from 1.0 to
2.5 nm. For this latter width, wt %t of the AC1 model
reaches �12% at 70.0 MPa.

However, the plots of me, expressed in wt %e (i.e., 100
me), given in Figure 1, show that the wt %t large values cor-
respond, at a large extent, to compression effects. When the

contributions of these effects are removed, the excess adsorp-
tion isotherms are similar for the models with the same spe-
cific surface whatever the slit width. The interpretation of
these data arises mainly from the range and strength of the
interactions between H2 and the pore walls. These character-
istics are manifested by the local density profiles drawn in
Figure 2: the layers of adsorbed molecules are located near
the walls and, in the pore domain where the hydrogen-ad-
sorbent interactions are near zero, the pore is filled with the
bulk gas. Therefore, for a given thermodynamic state of the H2

bulk phase, when the pores have a width sufficient for allowing
the formation of one layer on each wall, the layer density pro-
files andme values depend weakly on the width size.

Small corrections to these qualitative results come from
the excluded volume effects in the adsorbed layers, which
become important at high pressures: in narrow pores the den-
sity in the central part becomes smaller than the bulk density
and, in large pores, the onset of a second adsorbed layer is
clearly visible (cf. Figure 2). These corrections do not mod-
ify appreciably the typical variation of the excess adsorption
isotherms characterized by the saturation of the excess
adsorption for pressures larger than 20.0 MPa. Above this
pressure, the increase of the total adsorption is balanced
almost exactly by that of the bulk gas density.

The value of qi is computed by noticing that Eq. 2 writes
at a given temperature40:

qi ¼ Hb � hUNi � hUihNi
hN2i � hNi2

¼ P
.
qb þ ucb þ uib � uca �

hUi
aNihUi

aihNi
hN2i � hNi2

(3)

Figure 1. Total (wt %t) and excess (wt %e) adsorptions
for activated carbon models AC1, AC2, and
AC3 with slit widths equal to 1.0 nm and 2.5 nm
at T5 293 K.

Figure 2. At T 5 293 K, comparison of density profiles
q(z) at 10 (bottom row) and 70.0 MPa (top
row) for the activated carbon models.

AC1 (solid line and filled circle) and AC3 (dashed line and
filled triangle up) with the slit widths: 1.0 nm (left column)
and 2.5 nm (right column). Horizontal dashed lines: bulk
density values at 10.0 or 70.0 MPa.
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where ucb and uca are the average kinetic energies per mole-
cule, equal to 5 kBT/2 for H2 in the bulk and adsorbed
phases. uib is the internal energy per molecule of the bulk
phase and Ui

a the internal energy of the adsorbed phase. ucb
being equal to uca at the adsorption equilibrium, Eq. 3
becomes:

qi ¼ kBT � hUi
aNi � hUi

aihNi
hN2i � hNi2 ; (4)

when P/qb � kBT and uib � 0.0, i.e., when the bulk phase is
supposed to be a perfect gas.

The results of the qi computation using Eq. 3 are presented
in Figure 3. The confinement of the adsorbed gas modifies
the qi values, which are increased by �30–50% when ds
varies from 2.5 to 1.0 nm. At constant ds, the qi variations
between the three models result from the increase of H2-wall
interactions and are equal to �10%. These quantitative dif-
ferences are closely linked to the density profiles displayed
in Figure 2. For instance at ds 5 1.0 nm, these profiles show
that, the adsorbed layers being distant by �0.35 nm, the
interaction between molecules located in different layers can
significantly contribute to Ui

a. This latter contribution does
not exist in the large pore (ds 5 2.5 nm) where the adsorbed
layers are in equilibrium with the bulk phase. The peak
height of the AC3 density profile is higher than that of the
AC1 profile, in agreement with the increase of the H2-wall
interaction for the AC3 model. At the pressures smaller than
5.0 MPa, it is found that Eqs. 3 and 4 give almost identical
results within statistical errors.

At similar pressures and temperatures, our results are in
agreement with those of previous simulations obtained for
models of slit pores, which are expected to have equivalent
specific surfaces and free volumes. For instance, at 10.0 MPa
and 293 K, the AC1 model with ds 5 1.0 nm gives wt %t 5
1.34 and wt %e 5 0.68. This result can be compared with
those found at 10.0 MPa and 300 K by Rzepka et al.4 for a
slit with ds 5 1.0 nm: wt %t 5 1.30, and by Craknell10 at
10.0 MPa and 298 K, for slits with ds 5 0.9 nm: wt %t 5
1.2 and wt %e 5 0.6, and ds 5 1.2 nm wt %t 5 1.78 and
wt %e 5 0.7.

At 3.0 MPa and 298 K, Gigras et al.17 give wt %t 5 0.48,
0.28, and 0.18 for models similar to AC1, AC2, and AC3
with ds 5 1.0 nm; for an identical slit width, we obtain, at
2.72 MPa and 293 K, wt %t 5 0.44 (AC1), 0.25 (AC2), and
0.17 (AC3). These agreements confirm that there are only
small differences in the estimated adsorption capacities of
slit pore models when the specific surface and free volume
of the models are close and known, and acceptable interac-
tions are used in the simulations.

Single-walled nanotube models

In previous publications, the adsorption on lattices or bun-
dles of (n,0) or (n,n) SW carbon nanotubes at room tempera-
ture has been computed.3,6,8,9,14 In particular, the diameter of
(n,0) SW nanotubes leading to a maximal excess adsorption
was estimated to be equal to Dn 5 1.33 nm ((17,0) SW
nanotube). Here, we report the results of simulations per-
formed for bundles of 30 (17,0) SW nanotubes, packed in a
triangular arrangement. We consider an adsorbent model,

where the bundles are distant in average by more than
�2.0 nm. Because the interaction range near the external sur-
face of a bundle is �0.4 nm, the adsorption properties of the
model are described by those of a single bundle.

When in the bundle, the SW nanotubes are close-packed,
the minimal distance d between the walls of neighboring
tubes is 0.34 nm, similar to that found in the experimental
samples.43–45 The adsorption properties of an expanded bun-
dle where d is equal to 0.6 nm is also computed. This latter
arrangement, which possibly can be obtained by an intercala-
tion molecular process,32 is favorable for the adsorption.
When the nanotubes are opened, both external and internal
surfaces of the walls are accessible to H2 and, for d 5 0.6
nm, the nanotubes stay sufficiently close for minimizing,
inside the bundle, the internal volume where the interactions
between H2 and nanotubes are near zero.

In this model, where does not exist a contribution to the
adsorption induced by cooperative interactions between bun-
dles, ma is not significant. ma results mainly from the com-
pression effects due to the filling by the bulk gas of the void
volume between bundles, and we discuss only the results for
me. Figure 4 displays the wt %e values for the four cases of
closed or opened nanotubes arranged in a close-packed or
expanded bundle. The excess adsorptions isotherms are quali-
tatively similar for the adsorbent four models. The excess
adsorption isotherms of the expanded bundle of opened nano-
tubes and that of the AC1 model are in good quantitative
agreement with a maximal value of wt %e �1.2%, an
expected result because both adsorbent models have similar
specific surfaces and H2-adsorbent interactions.

The maximal value of wt %e of the close-packed and
closed nanotubes is comparable to that of the AC3 model.
This agreement at large pressures (�70.0 MPa) does not stay

Figure 3. Simulation results for qi obtained from Eq. 3.

AC1 model, ds 5 1.0 nm: filled triangle up and ds 5 2.5
nm: open triangle up. AC2 model, ds 5 1.0 nm: filled
square, and ds 5 2.5 nm: open square. AC3 model, ds 5
1.0 nm: filled diamond, and ds 5 2.5 nm: open diamond.
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at lower pressures. The bundle excess adsorption increases
toward its maximum more slowly with the pressure. For
instance, at 20.0 MPa, wt %e is equal to 0.18 for the bundle
and 0.39 for the AC3 model. The bundle excess adsorption is
larger than expected from the value of its specific surface
(�500 m2/g) compared with that of the AC3 model (�900
m2/g). The low value of the bundle specific surface is com-
pensated by the large minimal potential energies, very favor-
able for the adsorption, existing in the narrow and quasi lin-
ear domains (interstices and grooves), located inside and on
the surface of a packed bundle. These domains disappear
when the bundle is expanded, a disadvantage compensated
by the increase of the specific surface.

The isosteric heat of the nanotube adsorbents are plotted
in Figure 5. For the models where the internal and/or exter-
nal surface of the nanotubes is accessible, the qi values are
similar to those of slit pore models. By contrast, the qi values
of the close-packed bundle of closed nanotubes differ
because in this case the adsorption takes place at a large
extent in narrow linear interstitial domains. As for the acti-
vated carbon models, the low pressure estimate of qi is in a
agreement with the exact formula below 5.0 MPa.

A quantitative comparison with previous simulations is
made difficult by the fact that the Vf value of the studied
models generally is not known. Therefore, the reported val-
ues of wt %t include nonestimable compression effects. For
instance, at 10.0 MPa and 298 K, in arrays of opened (9,9)
(Dn 5 1.22 nm) and (18,18) (Dn 5 2.44 nm) SW nanotubes,
Wang and Johnson6 give wt %t 5 0.4 and 0.9. At 10.0 MPa
and 293 K, Guay et al.14 give for an array of opened (20,0)

SW nanotubes with d 5 0.4 and 0.6 nm: wt %t 5 0.7 and
1.2, respectively. Rzepka et al.4 use a simplified nanotube
model, with Dn 5 1.0 nm, they find wt %t 5 0.6 at 10.0
MPa and 300 K. At 3.0 MP and 298 K, Gigras et al.,17 in a
square array of (9,9) SW nanotubes with d 5 0.6 nm, com-
pute wt %t 5 0.41. Clearly, the results are coherent with an
adsorption capacity of the nanotube adsorbents such as wt
%t, and so wt %e, are \1 at room temperature and pressures
smaller than 10.0 MPa. But the model diversity and the only
wt %t values preclude a more precise estimate.

At 298 K, Smith et al.13 determine the excess adsorption
of close-packed bundles containing opened nanotubes of dif-
ferent diameters (average diameter � 1.3 nm) by using an
estimate of Vf, different of that used in this work. They
obtain close values of wt %e for all the considered bundles
and, for instance with d� 0.4 nm, find at 1.0 MPa: wt %e� 0.07
and 4.8 MPa: wt %e � 0.35. Increasing by 30% the solid-hydro-
gen potential and for expanded bundles with d � 0.64 nm, they
find at 1.0 MPa: wt %e � 0.15 and 4.8 MPa: wt %e � 0.9. At
293 K, we obtain for the close-packed bundle (d5 0.34 nm) of
opened (17,0) nanotubes, at 1.0 MPa: wt %e5 0.07, at 5.0 MPa:
wt %e 5 0.27 and 10.0 MPa: wt %e 5 0.43, and for the
expanded bundle (d 5 0.6 nm) of opened (17,0) nanotubes,
at 1.0 MPa: wt %e 5 0.11, at 5.0 MPa: wt %e 5 0.43 and
10.0MPa: wt %e5 0.70.

GNF models

As discussed earlier, the adsorbing surfaces of the nonex-
panded GNF models are formed by functional groups CH or
CH3. It is possible to consider other chemical groups and,
also, surfaces that are not uniformly functionalized by the

Figure 4. At T 5 293 K, excess adsorption isotherms
(wt %e) for bundles of 30 opened or closed
SW nanotubes of diameter Dn 5 1.33 nm.

Closed nanotubes and packed bundle (d 5 0.34 nm): filled
circle. Opened nanotubes and packed bundle (d 5 0.34
nm): filled square. Closed nanotubes and expanded bundle
(d 5 0.60 nm): open circle. Opened nanotubes and
expanded bundle (d 5 0.60 nm): open square.

Figure 5. Isosteric heats qi for bundles of 30 SW nano-
tubes of diameter Dn 5 1.33 nm estimated
from Eq. 3.

Close-packed bundle (d 5 0.34 nm) of closed nanotubes:
diamond and open nanotubes: square. Expanded bundle (d
5 0.60 nm) of closed nanotubes: triangle up and open
nanotubes: circle. Dashed-dotted lines: guide to the eyes.
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same groups. But, CH and CH3 have been chosen, because
they have van der Waals interactions, which are representa-
tive of those of chemical groups (CO, O, OH,...) possibly
bonded to the terminal carbon atoms of graphene sheets.
Among these chemical groups, CH and CH3 belong, respec-
tively, to those with a weak or large van der Waals interac-
tion. It was supposed that the excluded volume effects
between CH3 or CH groups, bonded to same or neighboring
graphite planes, do not preclude a complete and uniform
functionalization of the pore walls.

The total and excess adsorption isotherms of the GNF1
models are displayed in Figure 6 for the pore widths 0.7, 1.0,
1.3, 1.6, 2.5, and 3.0 nm. They correspond to adsorption
capacities similar to those of the AC3 model, which has a
quasi identical specific surface �900 m2/g. Similarly, to the
activated carbon models at a given pressure, wt %t increases
almost proportionally to the pore width, but this increase is
also due to the compression effects as it is seen from the
plots of wt %e in Figure 6. It seems unexpected that the
wt %e values of GNF1-CH are slightly larger than those of
GNF1-CH3 because the van der Waals interaction of CH3 is
stronger than that of CH. This fact mainly results from the
increase of the adsorbent mass because of the addition of the
CH3 groups.

We present in Figure 7 the adsorption data of GNF2 mod-
els with an herringbone structure. In these models, the graph-
ite planes in the stacks forming the pore walls are tilted by
308 with respect to the fiber axis and functionalized at their
ends by CH groups. When the plane spacing dp is equal to
0.34 nm, the total and excess adsorptions are slightly larger

than those of the GNF1-CH model with the same slit width.
This increase (�15–20%) results partly from the fact that the
compression contribution is reduced because the free volume
of the herringbone GNF2, for an identical slit width, is
smaller than that of the GNF1 model.

When the GNF2 model is expanded by increasing dp, the
excess adsorption increases; in particular, for dp equal to 0.9
nm, wt %e becomes of the order of 2% for pressures larger
than 40.0 MPa. These favorable results come from the open
structure of the adsorbents, which allow to add to the adsorp-
tion on the terminal CH groups; the adsorption on the surfa-
ces of the graphite planes estimated from the AC1 model
results to wt %e �1%. The fact that the adsorption because
of the CH groups and the graphite plane surfaces contribute
at the same level is due to the small transverse size of the
graphite plane (D 5 1 nm) in the GNF2 models. For much
larger values of D, the adsorption of the expanded GNF
would be similar to that of the AC1 model, the contribution
of the CH groups becoming marginal.

The isosteric heats of adsorption for GNF models are pre-
sented in Figure 8. The qi values of the GNF1 models
increase almost monotonically with the pressure. They show
that qi decreases with the slit width, as it is found also for
the activated carbon models, and reaches an asymptotic value
for ds of the order of 2.5–3.0 nm. The plots displayed in Fig-
ure 8 show also that qi for the GNF2 models decreases when
the slit width increases and has a similar value to that of
GNF1 model for identical width. The variation of qi for a
fixed slit width and given pressure as a function of dp is non-
monotonic, in particular, at pressures below 30.0 MPa, but it

Figure 6. At T 5 293 K, isotherms of the total (wt %t)
and excess (wt %e) adsorption for the GNF1
models with surfaces functionalized by
groups CH (top row) and CH3 (bottom row)
for different slit widths.

0.7 nm (circle), 1.0 nm (square), 1.3 nm (diamond), 1.6 nm
(triangle up), 2.5 nm (triangle down), and 3.nm (triangle
left).

Figure 7. At T 5 293 K, isotherms of the total (wt %t)
and excess (wt %e) adsorption for the her-
ringbone GNF2 models with surface func-
tional groups CH and different slit widths ds

5 2.5 nm.

Top row and ds 5 1.0 nm: bottom row. Graphite plane
spacing: dp 5 0.34 nm (filled circle), dp 5 0.68 nm (filled
square), and dp 5 0.90 nm (filled diamond).
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is important to remark that this evolution results from a com-
plex process combining adsorption on a heterogeneous sur-
face in different conditions of confinement between the
stacks or the graphite planes.

The complexity of adsorption process in the expanded
GNF is illustrated by the density profiles drawn in Figure 9.
For dp 5 0.34 nm, no H2 molecule can go inside the graphite
plane stack, and the layers of adsorbed molecules are located
on the stack surface. For dp 5 0.68 nm, H2 molecules get
in the space between the graphite planes, but, because of
the excluded volume effects associated to the CH groups,
the molecules are mainly adsorbed at the mid distance of the
graphite plane ends. When dp 5 0.90 nm, the adsorption
inside the interplane space increases and the local density is
larger than the bulk density, although the CH group excluded
volume effects stay yet visible.

Discussions and Conclusions

Simulations of H2 adsorption have been realized for pore
models of carbonaceous porous adsorbents (AC1, AC2, AC3,
GNF1, and nonexpanded GNF2 models) and adsorbent mod-
els of SW nanotubes. They suppose that H2 adsorption is a
physisorption only because of van der Waals H2-adsorbent
interaction, although more complex chemical processes could
possibly contributed.46 A significant and unbiased compari-
son between the adsorption capacities can be performed,
because each model is characterized in the same way. In par-

ticular, the specific surfaces have been estimated from the
geometric sizes and atomic structures of the pore walls and
the free volumes determine by simulations reproducing the
experimental Helium displacement method.

From the simulations results, it appears that the slit pore
models have an excess adsorption wt %e which, at room tem-
perature, stays smaller than 0.2–0.4 for pressures below 10.0
MPa. wt %e increases toward a maximal values �1.0 for
pressures larger than 40.0 MPa when the model has a spe-
cific surface equal to �2600 m2/g. The agreement with ex-
perimental result is good for the activated carbon models
where the comparison seems the most significant, because
the experimental samples are well characterized and present
a weak amount of impurities.43,44,47–49

For the nanotube adsorbent models, the experiment-simu-
lation comparison is ambiguous. The nanotube samples
often contain a large amount of impurities and the propor-
tion of opened and closed nanotubes generally is not
known.43,44,50,51 It is important to stress that a comparison,
realized with experimental or simulation data on the unique
basis of the total adsorptions, can be misleading if the contri-
bution of compression effects cannot be estimated. When this
latter contribution is known, the excess adsorptions wt %e

computed by simulations or experimentally measured have
the same order of magnitude and are smaller than 1.0%.

The GNF models have been studied to determine the
adsorption capacities of GNF formed by stacks of graphite
planes in the specific case where the adsorbing surface is
constituted by functionalized carbon atoms. The results

Figure 8. Left column: isosteric heats from Eq. 3 for
the GNF1 models functionalized by groups
CH.

Slit widths ds 5 0.7 nm: filled circle, ds 5 1.0 nm: filled
square, ds 5 2.5 nm: filled diamond, and ds 5 3.0 nm:
filled triangle up. Right column: isosteric heats from Eq. 3
for the herringbone GNF2 models functionalized by groups
CH: slit widths ds 5 2.5 nm (top) and ds 5 1.0 nm
(bottom). Graphite plane spacing dp 5 0.34 nm: filled
circle, dp 5 0.68 nm: filled square, and dp 5 0.90 nm:
filled diamond.

Figure 9. At T 5 293 K, density profiles of H2 adsorbed
molecules for the GNF2 model with different
spacings dp between the graphite planes of
the stacks for a pressure equal to 5.0 MPa.

The profiles q(y) are computed in the direction y, perpen-
dicular to the slit pores (width ds 5 1.0 nm). Solid line and
filled circle dp 5 0.34 nm, dashed line and filled square dp
5 0.68 nm, and dashed line and filled triangle up dp 5
0.90 nm. Horizontal dashed line: bulk density.
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obtained for the nonexpanded GNF models give wt %e val-
ues similar to those of the AC3 model. Although the interac-
tion between H2 and adsorbing site of the functionalized
GNF is larger than in the activated carbons, the adsorption
capacity of the GNF models stays close to that of the AC
models mainly because of a low density of adsorbing sites
on the GNF surfaces. For the expanded GNF models where
the adsorption on graphite basal planes and CH sites is com-
bined, it is possible to reach, at pressures above 40.0 MPa, a
wt %e value equal to �2.0.

The isosteric heats of the models vary between 3.5 and 6.5
kJ/mol. At low pressures, qi values equal to �5.0 kJ/mol are
characteristic of adsorption processes in narrow pores (size
\1.0 nm).

With respect to the storage capacity of the carbonaceous
adsorbents, Figure 10 shows, vs. pressure, the H2 amounts
stored in a given volume vg empty or filled by the AC1,
AC2, and AC3 adsorbents with a slit width equal to 1.0 nm.
The amount of H2 stored in vg filled by the adsorbents
exceeds that stored by compression in the empty volume
below 35.0, 15.0, and 5.0 MPa for the AC1, AC2, and AC3
models, respectively. The amount in excess is marginal for
the AC3 model. But it is of the order of �20% between 10.0
and 20.0 MPa for the AC1 model, possibly sufficient so that
an activated carbon with an adsorption capacity near that of
this model can be used at least in a static storage. It is worth
to notice that, obviously, the adsorption capacity of nanopo-
rous carbon materials is very insufficient to allow that these

materials can be used for the storage H2 in a car tank. This
conclusion, obtained at room temperature, stays yet valid at
temperature as lower as 77 K, as it is demonstrated in partic-
ular by GCMC simulations.11,52

In summary, our simulations show that the main classes of
porous carbonaceous materials present similar adsorption
capacities. The quantitative variations of these capacities
induced by the differences of pore types are important but
they stay too small to achieve an efficient storage of H2 at
room temperature.
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