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We report a comprehensive study of the effects of adsorption-induced deformation of carbonaceous
amorphous porous materials due to adsorption of carbon dioxide, methane and their mixtures. The
adsorption process is simulated by using the Grand Canonical Monte Carlo (GCMC) method and the
calculations are then used to analyze experimental isotherms for the pure gases and mixtures with
different molar fraction in the gas phase. The pore size distribution determined from an experimental
isotherm is used for predicting the adsorption-induced deformation of both pure gases and their
mixtures. The volumetric strain (€) predictions from the GCMC method are compared against relevant
experiments with good agreement found in the cases of pure gases.
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1. Introduction
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back to the first experimental evidence of swelling of charcoal by
Meehan [2]| and Bangham and co-workers [3] in the late 1920s.
In microporous materials such as carbons and zeolites, the induced
strain is usually very small (order of 10~3) [4], and this effect has
often been neglected in past discussions and modeling studies of
adsorption experiments. However, this implies large internal stres-
ses on the order of megapascals [5]. Although mechanical proper-
ties of microporous carbons are critically important for various
technological applications, such as characterization of porous
materials, equilibrium separation of fluid mixtures by porous
sieves, and so on [6,7], the basic mechanisms of deformation dur-
ing the adsorption-desorption processes are still not completely
understood. Adsorption deformation is closely connected with
the solvation pressure, which is a vast area of investigation due
to its central role in adhesion, lubrication, pore swelling, adsorp-
tion at geological conditions, and colloid stability [8-11].

Deformation of an adsorbent during adsorption-desorption
cycles depends on the internal structure of porous bodies. The slit
model [7], which represents the material as a disordered collection
of slit geometry pores of different sizes embedded in an amor-
phous matrix [12-17], is usually assumed for the characterization
of activated carbons and has been extensively used in determining
their Pore Size Distribution (PSD) [18-22]. The PSD is the primary
characteristic of the porous solid because of its influence on
adsorption, diffusion, and so on.

Kowalczyk et al. [1,23-25] in particular showed that the defor-
mation effect caused by argon, carbon dioxide and methane
adsorption in micropores may be highly sensitive to the micropore
size distribution of the material under investigation and the kind of
adsorbate applied. However, not many works have been devoted to
the analysis of the solvation or disjoining pressure as applied to
adsorption of a binary gas mixture. Recently, Brochard et al. [26]
simulated the competitive adsorption of carbon dioxide and
methane in CS1000 (a realistic model for microporous coal) and
concluded that the competitive adsorption of the two fluids in
the coal micropores is responsible for the differential swelling phe-
nomenon, a major problem for field application of enhanced coal
bed methane recovery (ECBM).

Furthermore, the adsorptive separation of gases is an important
process in many industrial and environmental applications. In par-
ticular, the separation of CO, from CO,-CH,4 mixtures is a funda-
mental problem in natural gas and biogas purification/upgrading
in energy generation applications [27,28].

The aim of the present paper is to study the microscopic mech-
anism and calculate the adsorption-induced deformation of porous
carbonaceous materials upon adsorption of carbon dioxide,
methane and their mixtures. In order to achieve this purpose, we
use and further explore (and generalize for mixtures) the model
thermodynamic approach developed in Ref. [1] and employ Monte
Carlo simulations to compute the adsorption stress in slit-shaped
carbon pores of various sizes. Finally, we predict the adsorption-
induced deformation for the activated carbon Norit R1 Extra sam-
ple, for three adsorptive concentrations of binary mixtures and dis-
cuss the results.

2. Theory: Thermodynamic methodology

We consider a pure fluid confined between a single slit-shaped
pore separated by a distance H and in equilibrium with a reservoir
of bulk fluid at temperature T and chemical potential p. For a large
separation H, the force per unit area exerted by the fluid on the
walls is the pressure of the bulk fluid p (external pressure), but
as H decreases and becomes of the order of the range of the inter-
molecular forces, the force per unit area, 6s(H, p) differs from the

bulk fluid value. Solvation pressure, solvation force, or disjoining
pressure because of fluid adsorption is the cause of elastic defor-
mation of the adsorbent, which can be measured directly. The cal-
culated solvation pressure may be either positive or negative,
which causes either contraction or swelling, respectively. The sol-
vation pressure p; can be obtained by the following equation:

ps(H,p) = as(H,p) —p (1)

The adsorption stress in a single slit-shaped pore of width H can
be calculated from the grand thermodynamic potential as [8]:

st =4 () ?)

where A is the surface area, , is the grand free energy, H is the pore
width and T is the temperature. Following previous studies [1], the
volumetric strain measured in dilatometric experiments is given by
AV -
= —PYlg. - 3
V k [ s—P } (3)
In the above equation, the effective adsorption stress and bulk
modulus are respectively expressed by

_ [Ho,(H,p)F(H)dH
% = THF(H)dH 4)

K 7 (5)
where ¢ is the porosity, k denotes the elastic modulus, which may
depend on the pore width, HF(H) dH is the differential pore size dis-
tribution which is commonly calculated from the adsorption
isotherms.

In order to calculate the volumetric strain, one first has to com-
pute the adsorption stress in individual pores and then to average
this stress with the pore size distribution function. As we can see,
the distribution is key to this problem.

2.1. Calculation of the solvation pressure and the volumetric strain

For the purpose of considering the effects of swelling and
shrinkage, the next steps are followed:

(1) The adsorption stress in individual slit-shaped pores is cal-
culated from Eq. (2). This method requires the thermody-
namics integration along the simulated isotherm for each
size pore H, which allows to compute the grand thermody-
namic potential Q,(u, T) and, subsequently, the differentia-
tion of Qp(u, T) with respect to H:

"
Qp(uT) = o, T) — [ Ndpe (6)
(#r
Np) o
as(p,H) = kgT 855)+8—H/Ndlnp (7)

Inpr

Here, N(H, T, p) is the number of adsorbed molecules per surface
area in the pore of width H at given environmental conditions,
pressure p, temperature T and ideal gas as reference state (r). Con-
sidering the grand potential for more than one adsorbate in an
isothermal system [29]:

dQ = - Nidp; = —ksT ) | %"dfi (8)
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At constant grand potential and constant temperature, Eq. (8)
reduces to the isothermal, isobaric Gibbs-Duhem:

> Nidp; = O(constant, T, Q)

Therefore, under the restriction of constant grand potential,
adsorbed solutions can be handled as ideal or non-ideal solutions
using the same methods and equations developed for
vapor-liquid equilibria. Assuming phase equilibrium, the chemical
potentials of the adsorbed species are calculated from the specified
temperature, pressure, and composition (Y) of the bulk gas phase
using an appropriate equation of state. In this study, the chemical
potential was calculated using the Peng-Robinson equation [30].

It is possible to generalize the Eq. (7) to more than one species
as:

ONi(fy @ [
a(pH) =ty |00 0 [ g 9)

Inf}

where f;is the fugacity of species i. Note that the fugacity coef-
ficient depends on the molar fraction of the species in the mixture.

(2) The effective adsorption stress is calculated from Eq. (4). One
has to average the adsorption stress o5(H, p) with a pore size
distribution (PSD) function. In the present work, the PSD is
obtained from a kernel of simulated isotherms of a pure
gas. This method is explained below.

(3) Finally, the volumetric strain € from Eq. (3) can be predicted,
considering different values of elastic modulus and the PSD
calculated in the previous step.

3. Molecular simulation

The adsorption isotherms were computed by the GCMC. The
implementation of this simulation method is well established
[31-33].

The interaction between adsorbate molecules is modeled using
the truncated Lennard-Jones potential

Up(r) =45y | (%2) = (1) (10

where gf and oy are the energetic and geometrical parameters of
the L] potential and r is the molecular separation. Each wall of the
model graphitic slit pore was represented by a series of stacked
planes of L] atoms. The interaction energy between a fluid particle
and a single pore wall at a distance z (measured between the cen-
ters of the fluid atom and the atoms in the outer layer of the solid)
was described by the Steele’s 10-4-3 potential [33].
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(11)

where A is the separation between layers in graphite (0.335 nm), p.
is the number density of carbon atoms per unit volume of graphite
(114 nm™3), &r and oy, are the solid-fluid Lennard-Jones parameters.
The cross L] parameters are determined using the standard Lorentz-
Berthelot combining rules (arithmetic mean for collision diameter
and geometric mean for well depth). The values of the parameters
included in the interaction potentials (Eqgs. (9) and (10)) are given
in Table 1 [34,35].

Four types of elementary steps are performed randomly in each
attempt of the GCMC simulation [31,36] displacement, adsorption,
desorption, and identity-swapping. Transition probabilities for
each Monte Carlo attempt are given by the usual Metropolis rules.

Table 1

Parameters used in the LJ potentials for the GCMC simulations.
Molecule o (nm) eglks (K) of (nm) egslkg (K)
CO, 0.3615 241.7 0.3507 81.3
CH4 0.3751 147.8 0.3575 64.3
N> 0.3615 101.6 0.3507 56.3
Carbon 0.3400 28.0 - -

Boltzman constant kg = 1.380/650424 x 1023 (J/K).

The use of identity-swapping (only for mixture) trials did not affect
the GCMC averages; however, as it was expected [37,38], it
improved convergence, considerably reducing the magnitude of
standard deviations.

The lateral dimensions of the cell for the slit geometry were
taken as L =25 oy and periodic boundary conditions were used in
these directions. The cutoff distance, beyond which the potential
is neglected, is set to be 5c. Equilibrium was generally achieved
after 108 MC attempts, after which mean values were taken over
the following 10 MC attempts for configurations spaced by 10°
MC attempts, in order to ensure statistical independence.

The accessible pore volume could be defined in a way such that
the center of the molecule should be available in the volume space
where the solid-fluid potential is negative. Thus, if we let zo be the
distance at which the solid-fluid potential is zero, we will take the
accessible width for adsorbate molecule as:

H =He — 220 +5 (12)

Here, H. is the physical width of the pore, which is defined as
the distance from the plane passing through all carbon atoms of
the outermost layer of one wall to the corresponding plane of the
opposite wall. This formula was first suggested by Everett and Powl
[39], and later by Kaneko et al. [40]. In this way, the adsorption
excess (and therefore the adsorption isotherm), as well as other
thermodynamic quantities of interest, like the isosteric enthalpy
of adsorption, can be calculated.

4. Calculating the pore-size distribution

Davies et al. [19] and Davies and Seaton [41,42] have addressed
in detail the problem of calculating PSDs from adsorption data.
Therefore, we present here only the most important aspects of
the solution procedure.

The theoretical overall adsorption isotherm (6™°") can be
expressed as a superposition of isotherms corresponding to each
pore size (H;), pressure P and temperature T, called local isotherms,
0, each one with a weight corresponding to the pore size distribu-
tion, f{H;):

0" =" 0u(H; Py, T) f(H;) oH; (13)
j=1

where m is the number of quadrature intervals used in the analysis,
and H' is the midpoint of each quadrature interval. Eq. (4) cannot
be solved directly due to the ill-posed and ill-conditioned properties
of these equations. The detrimental effect of both of these properties
can, however, be minimized by employing regularization. The PSD is
then obtained by fitting Eq. (4) plus the regularization term, as pro-
posed by (Davies et al. [19]; Davies and Seaton [18]), numerically
via a fast non-negative least square algorithm. This is the most com-
monly used method to stabilize the result, incorporating additional
constraints that are based on the smoothness of the PSD (Wilson
[43]; Szombathely et al. [44]; Merz [45]; Whaba [46]; Hansen [47]).
Physically, this method corresponds to recognizing that a real PSD
is more likely to be relatively smooth and centered around a few
dominant pore sizes rather than highly fragmented and spiky. One
complicating factor in employing regularization is that it requires
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the identification of an optimal smoothing parameter to be used in
the analysis; we have used L curves to determine the optimal amount
of smoothing. L curves (Jagiello [48]) are a plot of some measure of the
error of the fit to the data against the smoothing parameter. In gen-
eral, the error of the fit to the data increases as the value of the
smoothing parameter increases. However, below a threshold value
of the smoothing parameter, the increase in the error is often negligi-
ble, while above the threshold the error increases rapidly. Plots of the
error against the smoothing parameter, therefore, resemble an “L”
lying on its side. These curves are used to identify this threshold
value, which is taken to be the optimal extent of smoothing. PSD solu-
tions satisfying minimum L-curve and the generalized cross-
validation criteria have been shown to have superior predictive per-
formance compared to other possible PSD solutions (Davies et al.
[19], Davies and Seaton [41] and Pinto Da Costa [49]).

Pore size distributions for slit pores have been calculated with
kernels containing 51 pore sizes between 0.28 and 7 nm and 31
relative pressure points (2.8 x 1074 — 4.3 MPa) for CO,, and 53
pore sizes between 0.28 and 7 nm for CH, and 17 relative pressure
points (2.8 x 1073 - 5.7 MPa). Gusev et al. [50] recognized that for
a given set of data, there is a maximum pore size that can be iden-
tified reliably in a PSD analysis. Differentiating large pores from
one another is difficult because the extent of adsorption is virtually
indistinguishable from one pore to another. This difficulty arises
when the adsorption onto the opposite walls of a single pore
occurs essentially independently (that is, the pore walls become
too far away from each other to enhance adsorption). The pore size
above where this occurs depends on the adsorptive and it is a func-
tion of the temperature and the pressure. Gusev et al. [50] there-
fore introduced the concept of a “window of reliability” (WR)
into PSD analyses. This “window” extends from the smallest pore
that the adsorptive can enter to the largest pore that can be reliably
distinguished from the next largest pore. Since the adsorption in all
the pores larger than those in the window of reliability is essen-
tially indistinguishable, assigning a single quadrature interval to
this region makes a better use of the experimental data [19].

5. Results and discussion

5.1. Adsorption isotherms of pure gases, PSDs and solvation pressure in
individual pores

Adsorption-induced deformation of activated carbons can be
easily predicted from an assumed pore size distribution and bulk
modulus. Unlike previous studies where the pore size distribution
(PSD) was modeled by the Gaussian functions [1,24], in the current
paper, the PSD is derived by means of solution of the integral adsorp-
tion equation, which presents the experimental isotherm (N2 at 77
K) as the convolution of the kernel of simulated isotherms.

In other words, we propose, as a starting point, a PSD obtained
on the assumption that the solid is rigid (nondeformable). Under
normal adsorption conditions (low pressure), a rigid pore model
should be a good approximation to the deformable model investi-
gated here [51].

Fig. 1 presents the PSDs calculated from the collection of N,
simulated isotherms at 77 K using our own GCMC, and using
NLDFT (Quantachrome’s data reduction software) and the corre-
sponding theoretical fit. The experimental data were obtained by
Dreisbach et al. [52] on activated carbon Norit R1 Extra. As a first
examination, it can be observed (inset in Fig. 1) that the PSDs
obtained fit satisfactorily the experimental isotherm. This result
indicates that the PSD obtained by GCMC simulations represents
properly the considered activated carbon. Therefore, in this work,
we propose to use this PSD (GCMC) to predict the volumetric strain
for both pure gases (CO, and CH,) and mixtures.
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Fig. 1. Pore size distribution using GCMC simulation and NLDFT methods. Inset: N,
(77 K) adsorption isotherm on activated carbon Norit R1 Extra, experimental data,
GCMC and NLDFT fit.

The resulting PSD (NLDFT) shows a gap of pores around 10 A.
This feature is supposed to be an artifact introduced by the perfect
graphene sheets modeling assumptions. This problem could be
fixed with the QSDFT method [53]. It is important to keep in mind
that the PSD was obtained using the independent pore models (Eq.
(13), therefore the deformation in a solid would depend on the
connectivity of its pores.

The variation of adsorption stress versus slit-shaped carbon
pore size and versus the external bulk pressure is shown in Fig. 2
for both pure gases (CO, and CH,4). The characteristic nonmono-
tonic dependence of the adsorption stress on the pore size in the
range of micropores is found.

It has been proposed by several authors [8] that the maxima in
the adsorption stress correspond to “ordered” states, where the
molecules are efficiently arranged in layers, and the available space
is utilized in the best way. The computed adsorption stress is high
in the smallest pores because of high adsorption and compression
of adsorbed gas molecules. For example, in the CO, case (Fig. 3a),
the solvation pressure in a 2.9 A micropore reaches 1800 MPa. As
pore size reaches 3.7 A for CO, and 3.9 A for CH,, the solvation
force crosses zero and it is further negative. Further expansion of
the pore size results in a fast reduction of the solvation force.

The volumetric strain was calculated from Eq. (3) for pure gases
using the differential PSD-GCMC previously obtained (Fig. 1). The
corresponding CO, and CH, induced deformation curves at 298 K
are shown in Fig. 3. The observed behavior can be understood con-
sidering the molecular size and the interaction energy of each spe-
cies, which is regarded by the potential parameters (Ggs/Ogg, €gs/Egg)
[8]. This ratio plays a crucial role in the balance between the
attractive and the repulsive interactions. The effect of molecular
size on salvation pressure (and therefore in strain volumetric) is
to cause a phase shift and also a change in amplitude of the oscilla-
tions while interaction energy only affects oscillations amplitude.

On the one hand, the CO, molecule is smaller than CH, with
stronger binding energy, therefore, the smallest pores size, which
presents only expansion, will be mainly involved in the
adsorption-induced deformation process. On the other hand, it can
be noticed that adsorbed CH,4 induces lower deformation of porous
carbon than CO,, as well an initial contraction and further
expansion.

The strain volumetric can be calculated to describe experimen-
tal data. The deformation curves obtained from differential PSD
consider an appropriate value of elastic modulus (7 GPa and 15
GPa), which are compared to experimental dilatometric curves
obtained by Yakovlev et al. [54] and Kowalzcyk et al. [24] to CO,
and CH,4 adsorption respectively (Fig. 4). The bulk modulus value
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Fig. 3. Strain volumetric computed on the basis of pore volume distributions. The assumed elastic modulus K is indicated in plots.

to carbide-derived activated carbon was reported in previous
works as 7 GPa [1]. Despite considering different activated carbon
and different temperatures, the predicted behavior of strain
volumetric agrees with the experimental data.

5.2. Binaries mixtures.
Adsorption isotherms were simulated for CO,-CH,4 binaries mix-

ture considering three different molar fractions: Yco, = 0.78, Ycoz =
0.46 and Yco, = 0.046. The strain volumetric to mixture gases can

be predicted from Eq. (8) using the kernels of simulated pure CO,
and CH4 local isotherms, and the PSD shown in Fig. 1. The
adsorption stress versus slit-shaped carbon pore size to three
molar compositions is shown in Fig. 5.

As it was mentioned above, the adsorption stress or salvation
pressure curves depend on the relation of potential parameters
(Ogs/Ogg €gs/€gg) for both gases and the molar fraction of each
other in the mixture. In Fig. 6a, it is shown the adsorption stress
curves corresponding to the fraction molar with more CO,, and a
similar behavior to pure CO, gas can be observed (Fig. 2a), due to
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Fig. 6. Predicted adsorption-induced deformation curves for the different binary mixtures at 298 K computed on the basis of pore volume distribution displayed in Fig. 1.

this mixture containing a smaller CH; molar fraction. When a
molar composition approximately equal is considered (Fig. 5b),
the competition between two gases determines the behavior of
adsorption stress curves. Therefore, because of CO, molecule is
smaller than CH,4 with stronger binding energy, it can be expected
that carbon dioxide is preferentially adsorbed to methane. More-
over, in Fig. 5¢ a molar fraction, where the CO, concentration is
very low, is presented and, as expected, the adsorption stress
curves are similar to CH4 pure gas (Fig. 2c).

Finally, we can predict the strain volumetric for the three differ-
ent concentrations presented in this work, from Eq. (3) by using
the differential PSD previously calculated and tested (Fig. 1), and
considering various elastic modulus values.

In Fig. 6(a)-(c), it can be observed the predicted adsorption-
induced deformation for binary mixture CO,-CH, at a different
concentration, which is computed on the basis of pore volume
distribution obtained for the activated carbon Norit R1 Extra
(Fig. 1). A similar behavior is found for both molar fractions
Yco2=0.78 and Yco, =0.46, and furthermore, this behavior is
found for the pure CO, gas (Fig. 3a). The strain volumetric curves
for the last molar fraction, as expected, show a similar behavior
to pure CH4 gas.

These observations are clearly shown in Fig. 7, where our
results (set at K =7 GPa) were confronted against both the experi-
mental data and GCMC simulations of pure gases. Note that the
adsorption of fraction molar near to pure gases (Ycoz =0.78 and
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Ycoz = 0.046) induces greater adsorption stress than CO, and CHy4
pure adsorption respectively.

6. Conclusions

The main result of this work is to study and determine
adsorption-induced deformation of pure components and binary
mixtures of methane and carbon dioxide at 298 K in a specific
activated carbon Norit R1 Extra [52] by GCMC simulation and
thermodynamic model used in a previous study [1].

The shape of deformation curve strongly depends on the inter-
nal pore structure of porous body; consequently, the differential
PSD that what chosen to obtain the strain volumetric from
Eq. (3) is crucial to predict the deformation correctly. In this study,
we propose to obtain the differential PSD from N2 experimental
isotherm at 77 K. In Fig. 1, it was shown that the differential PSD
calculated from experimental and simulated isotherms reproduces
the experimental data and therefore, it is adequate to predict the
adsorption-induced deformation of both pure gases and binary
mixture in this kind of system.

Our calculations reproduce qualitatively the CO, and CH4
stress-strain isotherms on activated carbon whose data were
experimentally reported by Yakovlev et al. and Neimark et al.
(Fig. 4). The elastic modulus value used to adjust experimental
data were 7 GPa and 15 GPa. respectively, which are comparable
with the reported data for vitreous carbons and polycrystalline
graphite [1].

From the thermodynamic model of adsorption- induced defor-
mation generalized to more than one species and knowing the pore
size distribution of the investigated porous carbon, we can predict
the strain volumetric of the thermodynamic model of adsorption-
induced deformation not only for pure gases but also for binary
mixture CO,-CH4. The results obtained can be useful for the
interpretation of coal swelling/contraction upon adsorption of both
carbon dioxide and methane.
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