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Adsorption equilibrium measurements of pure methane, pure argon, and binary mixtures over exfoliated
graphite were carried for different initial compositions, temperatures, and total pressures in the range of
0.1-1.5Torr using the volumetric static method. Diagrams for gas and adsorbed phase compositions were
constructed for the conditions explored, and isosteric heats of adsorption were calculated. Experimental

results were compared with predictions obtained with Monte Carlo simulations and using the Ideal
Adsorbed Solution Theory (IAST).
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1. Introduction

Adsorption of technologically relevant gas mixtures over dif-
ferent porous solid materials, constitutes a research topic of great
interest due to its potential use for separation, storage, and purifi-
cation applications [1-5]. While industrial scale separations are
carried mainly via distillation; an increasing number of applica-
tions make use of the far less energy-consuming adsorption-based
techniques. Adsorbents used for these purposes include both, clas-
sic materials such as activated carbons (AC) and zeolites, and novel
porous materials belonging to the family of Microporous Coordina-
tion Polymers (also known as Metal Organic Frameworks or MOFs)
[6,7]. Among the most archetypal study cases, CO, separation from
methane or nitrogen mixtures, and olefin/paraffin separations can
be mentioned [8-15].

The problem of differential adsorption of components from
a gas mixture was usually tackled in the literature from the
specific industrial application perspective; i.e., with experiments
conducted on high-pressure regimes [16-18]. There are two
approaches for the study of gas mixtures adsorption; the so-
called static volumetric method, and the breakthrough or dynamic
method. For the static volumetric method, adsorbate gas-mixture
(with a predefined initial molar composition) is allowed into the
measurement cell, where the adsorbent is contained, up to a
given total initial pressure. As a result of the adsorption pro-
cess, the total pressure would asymptotically decrease toward an
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equilibrium final value; in order avoid this and to keep total pres-
sure constant throughout the process, some experimental setups
allow for compensation via controlled volume reduction [19,20].
On the other hand, breakthrough methods are carried by allow-
ing a constant composition/pressure adsorbate gas mixture flux
through an adsorbent-bed, while the effluent composition versus
time is recorded. Dynamic methods require operation under rel-
atively high mass flows and pressures, thus the pressure ranges
below 10 Pa are not accessible [21-24].

Although there is a vast amount of literature dealing the-
oretically with problem of gas mixtures adsorption in terms
of adsorbate-adsorbate and adsorbate-adsorbent interactions
[25,26], a complete understanding of the processes leading to
preferential adsorption is still lacking. It is in this context that
experimental studies exploring the low-pressure regime become
necessary. For example, Rawat et al. [27] predicted recently from
Monte Carlo simulations, a so-called overshoot effect (a kinetically-
driven selectivity reversal) that occurs in the early stages of
adsorption of binary gas mixtures. This effect consists in the
appearing of a local minimum in surface coverage of the strong
binding component, instead of the expected monotonic increase
toward its final equilibrium value; weak-binding species cover-
age also displays a local maximum (hence the name overshoot).
This effect was experimentally confirmed for argon-methane mix-
tures adsorption over exfoliated graphite [28]. Most of the current
interest in adsorption from gas-mixtures has been focused on
new nanostructured adsorbent materials such as metal-organic
frameworks (MOFs) or carbon nanotubes (CNT) [6,29,30]. However,
the lack of complete information regarding the simplest adsor-
bates over the most commonly studied adsorbents (e.g., exfoliated
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graphite) prompts the need of further basic experimental stud-
ies using such materials. This is the task that we undertake in the
present study.

Taking into account the above discussed motivations, we per-
formed gas adsorption experiments of pure Ar, pure CHg, and
several binary mixtures, over exfoliated graphite. Using the static
volumetric method for different temperatures, we constructed
diagrams for compositions of gas phase vs. adsorbed phase. In
order to test the predictive power of commonly used theoreti-
cal tools in multicomponent equilibrium adsorption, experiments
were compared with results obtained both using the Ideal Adsorbed
Solution Theory (IAST) [31] and performing Monte Carlo sim-
ulations on the Grand Canonical ensemble (GCMC). The two
above mentioned calculation methods can be best compared when
applied to systems that fulfill basic assumptions of IAST (although
the range of applicability can be extended by introducing non-
ideality, as recently demonstrated by Furmaniak et al. [32]); i.e.,
weakly interacting mixture components, low surface coverages,
and quasi-homogeneous adsorbent. The hereby studied system
(Ar/CH4 mixtures adsorption over exfoliated graphite) features
the above mentioned characteristics: adsorbate molecules can be
approximately described as spherical weakly-interacting species
adsorbing on a planar, non-porous surface with homogeneous
adsorption energy distribution [33].

2. Materials and methods
2.1. Experimental details

Adsorption measurements with binary argon-methane mix-
tures were conducted on exfoliated graphite in the 0.1-1.5 Torr
pressure range for different final total pressures at two temper-
atures using the volumetric static method (mass of adsorbent
sample 0.2165 g, and research grade Matheson gases with purity
99.9995%). Our in-house built experimental setup allows for
temperature control over the range 20-300K, and gas phase
composition analysis through the use of a differentially pumped
Quadrupole Mass Spectrometer residual gas analyzer (QMS-RGA),
which is connected to the measurement cell via a finely controlled
needle valve which allows for very small openings to minimize the
amount of gas being removed by the turbo-molecular pump. In this
way equilibrium state attained by the system remains unperturbed
during gas phase composition measurements (see, e.g., Ref. [34] for
detailed description of the setup).

In order to map the system behavior We explored four differ-
ent values for initial pressure and three different gas phase mixture
compositions (namely, 0.25:0.75, 0.50:0.50, and 0.75:0.25, Ar:CHy4
proportions), additionally to the pure components. Our experimen-
tal procedure can be summarized as follows: (i) a known amount
of gas mixture is admitted into the cell containing the graphite
adsorbent (the initial total pressures, P, ; used were always in the
range of 0.1-1.5 Torr); (ii) the gas phase composition is determined
as it changes in the initial stages (during the first 1000s) of the
adsorption process by opening the needle valve which connects the
measurement cell to the QMS-RGA (the valve was opened in such
way that pressure in the QMS never rises above 5 x 10~8 mbar, thus
ensuring that perturbation of the system as a result of mass loss is
negligible during this time period); (iii) the total pressure decrease
due to adsorption is monitored continuously, from the moment in
which the gas is admitted into the cell until equilibrium is attained,
at this point the total final pressure (P ¢), and final composition
are recorded; (iv) the cell is brought to room temperature and the
sample is evacuated at ambient temperature; then steps (i) to (iii)
are repeated for a new value of the initial pressure, Po;; (v) after
completion of experiments for all four initial pressure values, steps

Table 1
Parameters used in the experiments.

Temperature Prog Initial gas phase
(K) (Torr) composition (CH4:Ar)
84 0.31 1.00:0.00
0.57 0.75:0.25
135 0.50:0.50
0.25:0.75
0.00:1.00
94 1.00:0.00
1.04 0.75:0.25
0.50:0.50
0.25:0.75
0.00:1.00

(i)to(iv) were repeated for the new initial gas mixture composition.
Using measured values for final total pressure, final gas phase com-
position, and the corresponding final adsorbed phase composition,
the following diagrams were constructed for every (T, Pyo f) param-
eter pair explored: (i) Yy vs. X; (where 1=Argon, 2 =Methane, and
X and Y stand for molar fractions in the adsorbed phase, and in the
gas phase respectively); (ii) N,4s, N1 and Ny vs. Y7 (where N, is the
total amount of gas adsorbed and N; and N5 are the total amounts
of argon or methane initially admitted into the system).

In each individual measurement (i.e., for each dose of gas mix-
ture admitted into the cell) the time that we allowed for the
system to attain equilibrium was 24 h. Adsorption isotherms of
pure gases were used to obtain isosteric heats and approximate
monolayer completion values. The gas mixtures were prepared in
a volume attached to the dosing volume using ultra-high purity
gases, and the amount of mixture prepared was calculated in such
way that it was enough for the whole set of experiments (two
temperatures and 4 different final equilibrium pressures). Table 1
summarizes the parameter values explored. It should be noted that
Pyor ¢ values obtained depend on both Py ; and on the initial com-
position [35]. In order to establish meaningful comparisons for the
entire data set, we used the equilibrium Py value obtained in
the first round of experiments for the complete set of composi-
tions tested. That is to say, if the first round of experiments was
performed using (0.75:0.25) Ar-CH4 mixture, and for an initial
pressure Py j = 1.50 Torr used, yielded a Py, ¢ = 0.50 Torr value, then
the experiments carried using the remaining compositions were
performed in such way that a Py ¢=0.50Torr was also obtained
for the sake of the validity of comparisons made. This is not a triv-
ial task because of the above mentioned dependence on the gas
mixture composition used. In order to solve this problem, multi-
ple experiments with slightly different initial total pressures were
carried for each composition. Typically, values above and below
the targeted equilibrium Py, ¢ value were obtained. These values
were then used to obtain, via linear interpolation, the results for
the desired targeted final pressure value.

2.2. Monte Carlo simulations details

We have considered for all the simulations presented in this
letter the pairwise interaction potential between Ar and CHy4 as
described by the 1-center Lennard-Jones (L]) model. The L] param-
eters used in the simulations are listed in Table 2. The potential

Table 2
Lennard-Jones interaction parameters.
EXX/KB Txx/A
CH4 (X=f) 148.1 3.81
Ar (X=f) 1175 3.405
Graphite (X=s) 28 3.40
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Figure 1. Experimental and simulated: (a) methane and (b) argon isotherms at 110K and 120K temperature.
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Figure 2. (right column) Isotherms for pure components in the region explored within the mixture adsorption measurements and (left column) determined isosteric heats
of adsorption (behavior for wider temperature range used for isosteric heat calculation is presented in Sup. Inf.).

energy of interaction between two fluid particles was calculated

using the L] 12-6, as described in the following equation:

[
Uff(r) = 48ff |:(’j‘7

]

where r is the separation distance between the two particles. The
interaction energy between a fluid particle and a carbon atom was
calculated using the same equation, Eq. (1), with oy and &g being
replaced by o and &g, respectively. These cross-molecular param-
eters are calculated from the usual Lorentz-Berthelot rule, see
Eq.(2)
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1
Esf = (Sssgjf)l/za Osf = j(o'ss +og) (2)

Assuming that pairwise additivity holds, the total energy is
calculated by summing the pairwise interactions between fluid par-
ticles, and between individual carbon atoms and fluid particles, as
follows:

U= =D+ adr— ) (3)
ij>i ik

where r; and r;j are the positions of fluid particlesiand j, respectively,

ry is that of a carbon atom, g;; is the pair interaction potential energy

between fluid particles, and ¢y is that between particle i and carbon
atom k.

2.3. Isosteric heat of adsorption calculations

The isosteric heat of adsorption for the ith component of an ideal
gas mixture (qs;), can be calculated using the following expression:

Asti |:d In pi}
n

RT2 = | dr (4)

i

and ideal phases. U%¢ is the configurational part of the inter-
action energy, which includes both adsorbate-adsorbate and
adsorbate-adsorbent interactions. Assuming that the gas behaves
as an ideal gas, Eq. (5) becomes:

oyac
Qst,i = RT — (6)
ON® ) e

Here 0U%¢/0N can be obtained either by numerical differentiation
or from fluctuation theory:

U\  f(U,N)
ONa |~ f(N,N)
Here the brackets, <X> indicate the mean value of the quantity
X. The heat of adsorption of the ith component of a binary mix-

ture can be obtained from the simulations solving the following
expressions:

Jua.c
Gti = RT — ( W) 8)
i T,Va,Nf#i

where f(X,Y)=(XY) - (X) (Y) (7)

. . u-< aue< OBtk
where p; =P y; stands for the partial pressure of the ith component oNa | = Z 3B TN 9)
(P and y; are total gas pressure and molar fraction in gas phase) in k M T.VaN i /TVaN
equilibrium with n; moles in the adsorbed phase, T is the temper- 7
ature; and R is the gas constant. However, Eq. (4) is not a practical where
method for calculating the isosteric heat because the data required qua-c .
are rarely found in the literature. In Monte Carlo simulations the 3Bk =f(U,Ng) (10)
. . a
isosteric heat can be calculated from VN
oue 0Bu1 0B
i = (H? — H*b) 4+ RT - 5
st = ( ) N ) ®) Uz U FING.N) FNS,NG) o
where the superscripts a, b, and * respectively denote the 3ﬂliaz aﬁliaz F(N§, N$) f(Ng,NS)
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Figure 3. Simulations for adsorption from mixtures of methane and argon at T=110 K with different gas phase composition CH4:Ar: (a) 0.1:0.9, (b) 0.25:0.75, (c) 0.5:0.5, (d)
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Isosteric heats (Qs) (values reported by Cole et al. also presented for comparison).

Species Qst Qst

(kJ/mol) (kJ/mol)

This work From ref. [36]
Methane 12.2 12.16
Argon 9.5 9.55

The isosteric heat of adsorption of the components of a gas mix-
ture is a helpful quantity for understanding the selectivity of a given
adsorbent. The selectivity S;; of the ith species relative to the jth
species can be defined as follows:

91/
M pi/py”

(12)

Here 6; and 6; are loading for species i and j and p; and p; the
corresponding partial pressures.

2.4. The Ideal Adsorbed Solution Theory (IAST)

The Ideal Adsorbed Solution Theory (IAST) was developed orig-
inally by Myers and Prausnitz [31] and is widely used to predict
mixtures adsorption from data of the pure components. The IAST is
analog to Raoult’s Law for vapor-liquid equilibrium and assumes
that the adsorbed mixture is an ideal solution. Therefore, for a
component i in an ideal solution with mole fraction x;, it follows
that:
pi = p; (7)x; (18)
where p; is the partial pressure of component i and p?(n) is the
pressure of the pure component i at the same spreading pressure

7 of the mixture. The spreading pressure per unit area is related to
p? by the Gibbs adsorption isotherm:

Py
n:RT/ ni(p)dInp (19)
0

where n; (p) is the adsorption isotherm of pure component i given
by any isotherm that fits well with the experimental data. The
amount of gas adsorbed can be calculated by the expression:

Xi
Nim=
o kak/ng(pg)
At a given pressure and composition Egs. (18)-(20) can be solved,
together with the identity:
Dio
— p{()

(20)

=1 (21)

to obtain the adsorbed amount of the individual components in a
mixture.

The set of equations presented cannot, generally, be solved
analytically and therefore must be solved numerically, although
the spreading pressure can be calculated analytically for the Sips
isotherm. The Sips isotherm is an empirical isotherm that satis-
fies the limits of low and high pressures. It is useful for describing
systems at sub-monolayer coverages and has the following form.

(bp)'/"
1+(bp)""
The parameters nmax, n and b are characteristic of each
adsorbate-adsorbent system. The more the parameter n becomes

different from n=1, the more heterogeneous the system under
study is.

(22)

14000

Isosteric heat (0.1:0.9)

<N>

Isosteric heat (0.25:0.75)

Isosteric heat (0.5:0.5)

14030 14003
e .
1220 13¢20 12002
o ®*® °®
°® ]
= = ° = L ]
g 104 o g 12cn-® g 12000
e = 3
3 i %
2 11000 2 11020 1 @ 11000
c 6] ]
1030 10030 100C3
€0 —T— T c20 T — B T —
0 20 43 &) 80 100 120 140 1€0 0 20 40 80 € 100 120 10 180 0 20 40 € 80 1CI 120 140 183
<N> <N> <N>
Isosteric heat(0.75:0.25) Isosteric Heat (0.9:0.1)
14200 15630
el 14620
12300 °® . o %%
a 13¢30 °
= o = ] r4
S 12000 4 S 12090
3 3
> = 11020
] 3
g " & 0c:
c20
10300
8030 ® CH4
Ar
€220 — 720 T —
0 20 40 €0 80 1C) 120 143 160 20 20 €0 & 10 120 140 160

<N>
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3. Results and discussion
3.1. Adsorption experiments and simulations for pure gases

Adsorption experiments and simulations for pure gases over
exfoliated graphite were compared in order to test the accuracy and
suitability of the methods described in previous section, results of
such comparison are presented in Figure 1.

Valuable information for understanding the behavior of the
gas mixtures can be extracted from pure component isotherms.
In particular we can determine the isosteric heat of adsorp-
tion (Qst). Figure 2 shows the isotherms in logarithmic scale
and the isosteric heat of adsorption for the pure component
gases, while Table 2 displays numerical isosteric heat values
obtained. The logarithmic plot in Figure 3b is directly related
to chemical potential. In such a plot, different binding energy

sites will appear as sub-steps in the isotherm. Clearly, in the
range of pressures in which the monolayer is completed, only
one rounded sub-step is present, as is to be expected for the
adsorbent used. Good agreement with previously reported isos-
teric heats was obtained as can be observed in Table 3, where
Q¢ values corresponding to zero coverage limit are presented
[36]. These two species have sufficiently different binding ener-
gies on graphite as to enable us attempt the detection of selective
adsorption.

The complete set of calculated Sips parameters of the pure com-
ponent isotherms are shown in supplementary information. These
results show that the energy related term b is much higher in
Methane isotherms than in argon isotherms, as was expected. The
heterogeneity parameter n is close to one.
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Figure 5. Selectivity calculated as a function of the number of adsorbed molecules,
according to the simulations performed.

3.2. Simulations for binary mixtures adsorption

Simulation results obtained for adsorption of CH4; and Ar
mixtures performed at T=110K with different gas phase com-
positions can be observed in Figure 3. As was the case for the
single-component isotherms, more methane than argon adsorbs on
graphite in all cases for the same pressure. Once the ‘knee’ of the
isothermis reached, (when the number of molecules is approx. 120,
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i.e., at coverage 0.7) the number of adsorbed methane molecules
remain almost constant, and the rate of argon adsorption increases.

Figure 4 shows the isosteric heats determined for Arand CH4 as a
function of total loading corresponding to the conditions described
inFigure 3. The isosteric heat of Ar and CH,4 correspond to the values
of pure gases.

Figure 5 shows the selectivity as a function of the number of
adsorbed molecules. It can be seen that the selectivity is mainly a
function of the adsorbed amount and not of gas phase composition.
The selectivity drops when the coverage is about 0.7 and reaches
its minimum when the monolayer is complete, then it rises again.

3.3. Comparison of IAST calculations and Monte Carlo simulations
with experimental data on binary mixtures adsorption

Diagrams obtained from Monte Carlo (MC) simulations and
IAST calculations for the variation of gas phase composition vs.
adsorbed phase composition are presented in Figures 6 and 7. The
agreement reached for a wide range of total pressures explored,
ensures the suitability of the simulation method (see Supp. Inf. for
additional temperatures explored). Experiments were carried for
mixtures corresponding to the pressures and compositions listed
inTable 1, at 84 K and 94 K temperatures. The results obtained were
included in the corresponding diagrams, which are presented also
in Figures 6 and 7.

Experiments in which total pressure Pro¢ values were increased
for T=84K show that the adsorbed phase in equilibrium becomes
increasingly richer in Ar, as can be observed in Figure 7. Compar-
ing the available Py, measurement for T=94 K with similar range
for T=84K, shows both, a less Ar-rich adlayer, together with better
agreement of experiments and ideal behavior, as can be observed
for 1.04 Torr total pressure in Figure 6. This effect can be under-
stood by considering the higher binding energy of CH4 on exfoliated

graphite; due to its lower binding energy, argon requires higher
pressures to form denser adlayers, thus the trend observed for a
given temperature (see also additional simulation results for 100 K
and 110K temperatures in Sup. Inf.). The results obtained using
IAST and MC simulations are considerably in line with experimental
observations (e.g., no azeotrope was found according to theoretical
predictions), which allows to speculate on a quasi-ideal mixture
behavior. As total pressure values used increase, the behavior devi-
ates from predictions, as can be observed in Figure 7, Pyt = 1.35 Torr.

4. Conclusions

We have performed experiments for the adsorption of Ar—-CH,
gas mixtures at different compositions and temperatures using the
static volumetric approach. The low pressure-low coverages val-
ues used allowed us to compare the experimental results with
numerical Monte Carlo simulations, and to assess the influence of
the adsorbate-adsorbate/adsorbate-adsorbent interaction on the
agreement obtained.

Using pure data isotherms and mixtures adsorption, we com-
pared the experimental results with the IAST predictions in order to
determine whether the system could be considered ideal or not in
the parameter range studied. Conditions for ideal behavior depend
on (i) ratio of the isotherm temperature and the critical temperature
for the adsorbate and (ii) pressures used and difference between
binding energies of the adsorbates on the adsorbent surface.

The selectivity trends observed can be understood by taking
into account that selective adsorption depends on two factors, the
energetic and the entropic contributions. The energetic factor is
related to the enthalpy of adsorption, and the entropic factor is
related to the number of possible configurations that the system
can adopt. While the energetic factor is important at low pressures,
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the entropic factor becomes increasingly more important at higher
pressures.
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