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ABSTRACT

The application of several porous solids for the purification of methane, representing natural gas, from
H,S is studied. Computer simulations yield adsorption isotherms and separation selectivity. All
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investigated materials are suited for the separation, but with different efficiency. For MIL-127(Fe) the

selectivity CH4/H,S reaches values of about 250 at 2 bar and 250 K. The results can be initially
concluded that the potential energy of each gas/material pair, free space inside the material and
metal oxide are important keys for adsorption and separation of H,S from CH,.

1. Introduction

Global energy consumption is increasing year by year [1-7].
There are two main categories of energy: non-renewable and
renewable. The non-renewable energy resources are fossil
fuels such as coal, natural gas and oil that are available in lim-
ited amounts because they take millions of years to replenish.
Moreover, and more important at present, they produce a lot
of CO, and other harmful gases when burned. On the other
hand, renewable energies including solar, hydro and wind
energy are principally unlimited because they replenish them-
selves. However, the availability of renewable energy at any
given moment is limited and their storage is expensive and
needs huge devices as barrier lakes or collections of batteries.
Batteries have limited capacity and lifetime and their pro-
duction is not eco-friendly. Particularly for transport of per-
sons and goods, the operating distance of electro cars is
quite short, and the batteries need, frequently, a long time to
be re-loaded. Therefore, some kinds of non-renewable energy
still are the main energy source [8-13].

The carbon (C) and hydrogen (H) content of the fuel essen-
tially determines the amount of produced energy. When C and
H combine with oxygen (O) during combustion, then heat is
generated. The US Energy Information Administration [14]
reported that natural gas combustion released around 50-60%
less carbon dioxide than coal or oil. The emissions of carbon
dioxide per million British thermal units (Btu) for various
fuels are the following: coal (anthracite) 228.6 pounds, coal
(bituminous) 205.7 pounds, coal (lignite) 215.4 pounds, coal
(subbituminous) 214.3 pounds, diesel fuel and heating oil
161.3 pounds, gasoline 157.2 pounds, propane 139.0 pounds
and natural gas 117.0 pounds. Natural gas is the cleanest source
among the fossils because it has the lowest carbon content.

KEYWORDS
Gibbs-Ensemble Monte-
Carlo (GEMC) simulations;
porous materials; natural gas

The major component of natural gas is methane, which has
higher energy content relative to other fuels, and hence, it pro-
duces less carbon dioxide to energy content. Thus natural gas
is cleaner than coal and reduces climate change [15]. Water
and other elements, i.e. sulphur and noncombustible elements
in some fuels, decrease their heating values and rise their car-
bon dioxide to heat contents.

Natural gas is used in several applications such as in indus-
trial manufacturing, in residential heating or cooling, electric
power, commercial and vehicle fuel. It consists of a hydro-
carbon mixture (i.e. methane, ethane, propane, etc.). It con-
tains also non-hydrogen compounds and various impurities.
One important impurity in natural gas is hydrogen sulphide
(H,S), which needs to be removed before the gas is suitable
for use. Sour gas or acid gas is a common name for natural
gas that contains a significant amount of H,S [16,17]. The
H,S forms a problematic compound for the gas industry
because of toxicity, corrosion of devices and reduced efficiency
of equipment, irritating odour, decreased value of products,
and expanded operation costs. Therefore, H,S elimination is
a significant problem for the natural gas treatment process
[18-23]. The natural gas treatment process includes different
techniques [24-35]. (i) Physical absorption that relies on phys-
ical solvents, e.g. dimethyl ethers of polyethylene glycol
(DEPG) shows no reaction between solvent and sour gas via
counterflow. In this process, it is sometimes required to
decrease the operating temperature to rise sour gas solubility
and to reduce the solvent circulation rate. (ii) Chemical
absorption involves the formation of reversible chemical
bonds between the sour gas and the base solvent such as
monoethanolamide (MEA), diethanolamine (DEA), diglycola-
mine (DGA) and sodium hydroxide (NaOH). In the process,
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the solvent itself undergoes regeneration, which involves bond
breaking. The chemical solvent is good for removing sour gas
but still has a problem with the separation of by-products from
the solution, i.e. salt. (iii) Adsorption processes that use solid
adsorbents such as activated carbon. The activated carbon is
impregnated with alkaline solutions, such as sodium hydrox-
ide (NaOH), potassium hydroxide (KOH), and potassium car-
bonate (K,COj3). Potassium carbonate was proven to be the
best alkaline-impregnated activated carbon for effective
adsorption capacity. However, disadvantages are the need of
chemical inputs and the high cost of activated carbon via alka-
line solutions. (iv) Use of granulates of solids that adsorb
impurities, e.g. metal oxides or molecular sieves like zeolites
or Metal-Organic Frameworks (MOFs). (v) Capillary conden-
sation [33]. (vi) Use of membranes that act as molecular sieves.
The gas is adsorbed at the membrane surface and it diffuses
through barriers where some of the gases can move through
the membrane more easily whereas other gases cannot pass
or can pass in a lower amount. Membrane research for elimi-
nating hydrogen sulphide requires many parameters to study
such as pressure, temperature, concentration of the permeants
and types of membrane [36]. For the separation of com-
ponents, the permeability is ruled by selectivity (selectivity
coeflicient, separation coefficient).

Based on the information above, such techniques have
attracted the attention of many scientists for reviewing and
discussing, different processes. All have advantages and disad-
vantages. These must be investigated to increase efficiency and
reduce the cost of separation procedures. The adsorption and
membrane flow processes by porous materials seem to be very
promising for the elimination of hydrogen sulphide from
methane. The efficiency of porous materials depends on the
surface area, porosity, specific function group of adsorbent,
and upon the temperature, pressure and concentration of
hydrogen sulphide. The separation of components of gas mix-
tures using porous materials was already investigated in several
experimental and simulation studies [37-41]. The separation
has been examined under the influence of an additional chemi-
cal reaction [42]. Several materials have extensively attracted
scientists for studied the separation of H,S/CH, mixture, for
instance, UiO-66(Zr) [43], MIL [44,45], zeolite [46] and mol-
ecular sieves [47] which be the candidate materials in this field.

The objective of this work is to compare the separation of the
H.,S impurity from methane if some porous materials are in use.
We consider Zeolitic Imidazolate Frameworks (ZIFs), i.e. ZIF-8,
ZIF-67, Co/Zn-ZIF and a MOF, namely, Materials of Institute
Lavoisier-127 (MIL-127(Fe)). ZIF-8 has been chosen because
it is one of the most common MOFs and one of the few
MOFs that are already commercially produced and sold. Thus
it may be of considerable interest to find out its performance
for important technical processes. ZIF-67 and Co/Zn-ZIF are
modifications of ZIF-8 and it is of scientific but also of practical
interest if such modifications improve its performance for our
purpose. As a contrast to this structure, we have additionally
examined MIL-127(Fe) which showed good separation per-
formance in earlier investigations of our group. This may help
to decide if the ZIF-8 like structures are really optimal.

We try to achieve a better understanding of the mechanisms
and the behaviour of the gases during these processes on a

molecular scale. Moreover, the study should help to find opti-
mal porous materials for the separation of the hydrogen sul-
phide impurity from methane.

2. Simulation methods
2.1. Investigation of adsorption

2.1.1. Gibbs-Ensemble Monte-Carlo (GEMC) simulations

All adsorption isotherms and adsorption selectivities (CH,/
H,S) in the porous materials examined in this work are calcu-
lated in Gibbs Ensemble Monte Carlo (GEMC) simulations by
use of the homemade Gibbon software, that has been used suc-
cessfully in several papers including [42,48-53]. The main fea-
ture of this GEMC simulation method [54-57] is that the
equilibrium between a gas phase and an adsorbed phase is
being investigated directly, hence the input of fugacities from
an empirical equation of state is not necessary. If GCMC is
used, these fugacities are often calculated by the empirical
Peng-Robinson equation of state [58]. For mixtures, this
equation of state requires cross correction coefficients that
are difficult to find in the literature and that, therefore are neg-
lected in many cases. For moderate pressures and small mol-
ecules, this may be a reasonable approximation. We prefer to
do the simulations without the use of an additional empirical
equation and without neglecting cross corrections. However,
a comparison of both methods (see the Supporting Material)
shows that the results of both methods for the present system
agree quite well.

In GEMC, the system consists of two simulation boxes. The
first box (box A), contains the bulk gas mixture while the
second box (box B), contains the porous framework and
adsorbed guest molecules. The temperature, which is an
input quantity in MC, is equal in both boxes. Metropolis
MC translational and rotational moves are performed within
both simulation boxes. Additionally, the molecules can be
swapped between the two boxes, fulfilling the condition of
microscopic reversibility following the algorithm of Rull
et al. [59]. Such a swap move includes the removal of a mol-
ecule in one box and simultaneous insertion of that molecule
in the other box. For details, see the Supporting Material.

The particle exchanges lead to equilibrium between the gas
phase and the adsorbed phase. The GEMC simulation does not
require knowledge of pressure or chemical potential. Instead,
the state of the gas box is determined by the temperature
and n particle densities. Thus (n+1) intensive variables deter-
mine the gas phase in agreement with Gibbs rule. The state
of the adsorbed phase is determined by the condition of equi-
librium with the gas phase. But the pressure can be evaluated
additionally if wished. This is desirable to compare the adsorp-
tion isotherms with experiments because the particle densities
in the gas box are commonly not used (although known) for
the abscissa in the presentation of adsorption isotherms by
experimentalists or by engineers.

2.1.2 The adsorption isotherms

The size of box B was constant during each simulation run in
this work corresponding to the rigid porous solid (4 x 4 x 4
unit cells), while the size of box A was varied to adjust to a



wished ideal gas pressure. Note that the simulation uses only
particle densities and the pressures are only used for the pres-
entation of results. For the final curves, the corresponding real
gas pressure was calculated by use of the Peng-Robinson
equation [58]. Details are explained in the Supporting
Material.

Output quantities are the particle numbers in the gas phase
and in the adsorbed phase in equilibrium. In this work,
adsorption for the mixture CH4/H,S in porous materials is
studied at 250 and 300 K and at pressures from 0.1 bar or
0.5 bar up to 20 bar.

For a better understanding of the high selectivity at 250 K,
also the enthalpy of adsorption AH is evaluated at 250 K for
both sorts at low pressure at which the differences in the
adsorption behaviour of the two kinds of molecules become
particularly clear. For rigid molecules and rigid lattice, at low
density, according to [57,60] the enthalpy of adsorption is

Wy, is the sum of all potential guest-host energies. In the low-
pressure region, where the average of the guest-host inter-
action energy of a given sort Wy, is a linear function of the
number N, of adsorbed molecules this becomes AH = <Upg,>
- RT, where <Ug,> is the average guest host potential energy
per particle and R is the universal gas constant. T is the

temperature.

2.1.3 Adsorption selectivity

If the adsorption behaviour of two gas components i and j of a
mixture are different, then the adsorption selectivity can be
defined by the following equation [61]:

Njadsorbed and Njadsorbed are the numbers of adsorbed mol-
ecules of type i or j, respectively, in the porous material (box
B). N; gas and Nj 4 are the numbers of molecules of type i
or j, respectively in the gas phase (box A). In the present
case, the CH, is sort i and H,S is sort j.

In this work, in the gas phase (box A), the number of H,S
molecules was 5% of all molecules, and that of CH, molecules
was 95% like typically in natural gas [17,62]. The adsorption
selectivity of CH4/H,S in porous materials was examined at
temperatures of 250 and 300 K and pressures between less
than 1 bar (0.1 bar or 0.5 bar depending upon the system)
and 20 bar.

2.2 Computational details

ZIF-8, ZIF-67, Co/Zn-ZIF and MIL-127(Fe) models are con-
structed from the XRD data of the Cambridge Crystallographic
Data Center (CCDC) [63-66]. The cubic frameworks of ZIF-8,
ZIF-67, Co/Zn-ZIF and MIL-127(Fe) for simulations consist of
4 x 4 x 4 unit cells which have the corresponding lattice con-
stants (unit cell edge lengths) of 16.9910 A, 16.9589 A,
17.099 A and 21.985 A, respectively. The structures are illus-
trated in Figure 1 and structural characteristics are in Support-
ing Material.
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(a)

A 1>

Zn** +  2-methylimidazolate >»  ZIF-8
Co* + 2-methylimidazolate »  ZIF-67
Zn* + Co** + 2-methylimidazolate »  Co/Zn-ZIF

Fe**oxide + 3,3',5,5'-azobenzenetetracarboxylate > MIL-127(Fe)

Figure 1. (Colour online) Lattice structure of (a) ZIF-8, ZIF-67 and Co/Zn-ZIF, (b)
MIL-127(Fe) crystals.

In this work, the GEMC simulations have been done with
rigid frameworks, which would not be possible for MD simu-
lation of the diffusion of methane in ZIF-8, ZIF-90 and Co/Zn-
ZIE. The diffusion selectivity depends strongly upon fluctu-
ations of channel and aperture sizes in flexible frameworks.
For example, for the separation of H,/CH, the flexibility of
the ZIF-8 framework changed the membrane selectivity by
orders of magnitude because CH, diffusion in the rigid frame-
work is much smaller than in the flexible one [38]. The reason
is that the size of the methane molecule is not very different
from the size of the windows connecting adjacent cavities.
The influence of the flexibility on adsorption is much smaller
because the fluctuations of the window sizes influence the
speed of approximation to the adsorption equilibrium, but
they have a small influence on the adsorption equilibrium.
However, this is true only for cases in which no phase tran-
sition of the structure of the MOF happens. Such phase tran-
sitions can happen in some cases (see, e.g. 67,68). For the
systems which are examined here, such effects have not been
observed.

The interactions of Lennard-Jones parameters for the lattice
atoms and its partial atomic charges as well as the parameters
of CH, and H,S are summarised in the Supporting Material.
The GEMC simulations are first equilibrated at target tempera-
tures using 21 runs of 10® simulation steps. Further, a run of
10® simulation steps is carried out for evaluation.

3. Results and discussion
3.1 Adsorption isotherms and adsorption selectivity

3.1.1 Pure gases

Figure 2 shows the adsorbed amounts of pure gases in several
materials at 300 K as a function of the pressure. The adsorbed
amount of H,S is larger than that of CH,. To obtain an effec-
tive separation the difference in the adsorption of the two gases
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Figure 2. (Colour online) Adsorbed amounts of the pure gases (a) H,S and (b) CH, in several materials at 300 K for various pressures.

should be as large as possible. Up to 10 bar, the adsorption of
CHy, is almost the same for ZIF-8, ZIF-67 and the mixed metal
ZIF. That for MIL-127(Fe) is larger. At low pressure, the
adsorption of H,S in MIL-127(Fe) increases more rapidly
with increasing pressure than for the other materials. Hence
the separation seems to be most effective if MIL-127(Fe) at
low pressure is applied. Nonetheless, it will be interesting to
see, if this is also true in the case of competitive co-adsorption
in the mixture and with the concentration ratio as it is usually
found in natural gas.

Figure 3 shows the same at 250 K. As to be expected the
adsorption is stronger at the lower temperature. An exception
is the adsorption of H,S, for which saturation is reached at
both 250 and 300 K. The temperature dependence of adsorp-
tion at low coverage can be described by the Boltzmann factor
for adsorption exp(-U,/kT) where U, is the absolute value of
an effective depth of a potential minimum at an adsorbing sur-
face (see F. Keil [69]).

At 250 K at ambient pressure, particularly the mixed metal
ZIF seems to be a promising material for the separation while
at pressures below 0.5 bar ZIF-8 and MIL-127(Fe) seem to
have a better performance. As mentioned above the separation
H,S/CH,4 must be investigated at realistic concentrations in the

T=250 K
HoS ZIF-8 ——

H,S ZIF-67
H,S Co/Zn-ZIF o |

H,S MIL-127(Fe) —
5 10 15 20
p (bar)

adsorbed amount (mmol/g)

mixture before drawing valid conclusions. It turns out that at
250 K the adsorption of H,S surprisingly quickly reached sat-
uration. The partial pressure of H,S in the gas phase is 5% of
the total pressure in the equilibrium state for all of our simu-
lations. Hence, the sudden saturation of the adsorption within
the porous material has nothing to do with the lack of H,S in
the gas phase.

It may be interesting to compare the amount of adsorbed
gases from our simulations with experimental values. We
found isotherms of different groups of researchers. Note, how-
ever, we found that the adsorption of CO, in ZIF-8 which
measured adsorption isotherms from five different groups
showed very different results [70]. The smallest and the largest
values differed by a factor of about 2. Hence, such comparisons
have to be done with care.

Adsorption isotherms of CH, in ZIF-8, ZIF-67 and Co/Zn-
ZIF at 273 K up to 1 bar are published [65]. From the graph, we
estimate values at 1 bar of about 0.45 mmol/g for ZIF-8, of
about 0.54 mmol/g for ZIF-67 and of 0.36 mmol/g for Co/
Zn-ZIF. We found in our simulations at 300 K and 1 bar
0.56 mmol/g in ZIF-8, 0.58 mmol/g for ZIF-67 and
0.55 mmol/g for Co/Zn-ZIF. For adsorption isotherms of
CH, in MIL-127(Fe) at 303 K from 1-10 bar are reported

10 L
- (b) R
S 8r - |
=
E
€ 6r // |
=3 F 4
o i
£ /
% 4r/ T=250 K ]
g ‘ CH, ZIF8 ——
2 2 CH, ZIF-67 ]
© | 4
© 1y CH, CO/ZN-ZIF v
ol : CH, MIL-127(Fe) ~
g 5 10 15 20

p (bar)

Figure 3. (Colour online) Adsorbed amounts of pure gases (a) H,S and (b) CH, in several materials at 250 K for various pressures.



[71]. From the illustration, the adsorption capacity at 5 and 10
bar are approximately 2.8 and 4.3 mmol/g, respectively. In our
simulations at 300 K obtained 4.0 mmol/g for 5 bar and
5.4 mmol/g for 10 bar. The H,S capacity was investigated for
unmodified and modified ZIF-8 at 298 K from 1-10 bar
[72]. Unmodified ZIF-8, i.e. DS-ZIF-8 (dry) and WS-ZIF-8
(suspension in methanol) show adsorption capacities at 10
bar about 9 and 18 mmol/g, respectively. This work demon-
strated 12.0 mmol/g at 300 K and 10 bar. The adsorption
values from simulations are not fitted to experiments. It is
quite frequently the case in such comparisons of simulations
and experiments. This disagreement can be caused by trans-
port hindrances in real crystals such as lattice defects, grain
boundaries, and pore blocking which do not exist in the
ideal crystal of the simulations [73] . The adsorption of e.g
CH, and CO, in ZIF-68 and ZIF-69 the hypothesis of partial
pore blocking was checked. Blocking some pores randomly
is the one choice of blocking obtained a very good agreement
of simulations with experiment using unfitted generalised
force field parameters.

3.1.2 CH,/H,S mixture in ZIF-8

Figure 4(a) shows the amount of the gases, that are adsorbed
within the ZIF-8 in equilibrium with the gas phase of the mix-
ture mentioned above. Interestingly at 250 K, the adsorbed
amount of CHy at p = 2 bar is larger than at higher pressures.
This is clearly the consequence of competitive co-adsorption
because for pure substances at constant temperature the
adsorbed amount would be a monotonic function of the
pressure. The adsorbed amount of CH, at 300 K is larger
than that of H,S as to be expected because in the gas phase
(box A) the H,S content is only 5%. Therefore, also at
300 K, the adsorption selectivity is larger than 1 although
more CH, than H,S is adsorbed. This can be seen in Figure
4(b). Interestingly, the selectivity increases with increasing
pressure. This is in contrast to the separation of CH, from
air in ZIF-78 as shown by Channajaree et al. [48]. The selectiv-
ity is calculated by Equation (2) where N; g5 = Ncpg,a is the
number of CH4 molecules in box A (gas phase). Njadsorbed =
Ncha p is the number of CH, molecules in box B (adsorbed

I T
14 - CHy 300 K (a)-
5 H,S 300 K
S 12 | CHy 250 K oo 2
H,S 250 K ———
E w0} ? .
=
3 8r i
&
= 6 ZIF-8 =
8
5 4r ]
S | [
© 2 T R e e -
0 Z ! | ! I
0 5 10 15 20
p (bar)
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phase) and so on. The selectivity increases with increasing
pressure.

At 250 K the selectivity as a function of the pressure shows
an inflection at about 2-3 bar. For ZIF-8 this inflection is less
pronounced than for ZIF-67 and Co/Zn-ZIF. The values for
the adsorption selectivity at 1 and 10 bar are given in Support-
ing Material.

3.1.3 CH/H,S mixture in ZIF-67

Figures 5(a) and (b) show that the adsorption and selectivity
for the two gases in ZIF-67 are very similar to the correspond-
ing curves for ZIF-8. The inflection of the selectivity curve at
about 2.5 bar is more pronounced for ZIF-67. The reason
for a stronger than linear increase of the H,S adsorption at
this pressure is that ‘already adsorbed’-H,S molecules will
attract new ones. Note, that the mass of a Zn atom is higher
than that of a Co atom. Therefore, an equal amount of
adsorbed gas measured in mmol/g corresponds to more
adsorbed gas molecules in ZIF-8 as can be seen in Table S5
as shown in the Supporting Material.

3.1.4 CH,/H,S mixture in Co/Zn-ZIF

Figures 6(a) and (b) show that the adsorption and selectivity
for the two gases in the mixed metal ZIF are slightly different
from the corresponding curves for ZIF-8 and ZIF-67. This
would agree with the (i) structural component, i.e. metal clus-
ter and organic liker; (ii) structural characteristic, i.e. window
aperture, surface area and pore volume. There are no statistical
differences between ZIF-8, ZIF-67 and Co/Zn-ZIF as men-
tioned in Supporting Material.

The adsorption and selectivity for CH4/H,S mixture in ZIFs
results (Figures 4-6) are lower than MIL-127(Fe) as shown in
Figure 7. The explanation is as follows: (i) The structural fea-
ture of ZIFs, i.e. ZIF-8, ZIF-67 and Co/Zn-ZIF, that have two
types of window aperture such as six-membered ring (~3.4 A)
and four-membered ring (too small). Whereas MIL-127(Fe)
has two types of pores such as an accessible one-D channel sys-
tem around 6 A and cages of cavity around 10 A accessible
through window apertures of around 4 A that fit well to the
kinetic diameter of CH, (3.8 A) and H,S (3.6 A) molecules.
(ii) Radial distribution functions (in Section 3.2) and density

120 T 1

(b)

100 .
80

60

selectivity Sy

40

20

Figure 4. (Colour online) (a) Adsorbed amounts and (b) adsorption selectivity of CH, and H,S in ZIF-8 as a function of the pressure and temperature.
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Figure 5. (Colour online) (a) Adsorbed amounts and (b) adsorption selectivity of CH, and H,S in ZIF-67 as a function of the pressure and temperature.
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Figure 6. (Colour online) (a) Adsorbed amounts and (b) adsorption selectivity of CH, and H,S in Co/Zn ZIF as a function of the pressure and temperature.

plot (in Supporting Material) show the adsorption site of gas
molecules in MIL-127(Fe) including -COO cluster, organic
linker and pore channels. However, ZIFs no adsorption site
near metal cluster (ZnN4 o CoN, or Co/ZnN,). (iii) Gas mol-
ecule could be adsorbed at organic linker in MIL-127(Fe)
easier than ZIFs because of space-size of linker,
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electronegativity of atom (O =344 and N=3.04) as
confirmed by the enthalpy of adsorption between gas and por-
ous materials in Table 1 and no geometric hindrance effects at
O atom in MIL-127(Fe). These reasons are also found in Zho’s
reported [74].
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Figure 7. (Colour online) (a) Adsorbed amounts and (b) adsorption selectivity of CH, and H,S in MIL-127(Fe) as a function of the pressure and temperature.



The inflection of the selectivity curve at about 2.5 bar is
more pronounced than for ZIF-8. The selectivity at 250 K is
about 15% smaller than for ZIF-8 and ZIF-67.

The numbers of guest molecules that are adsorbed in equi-
librium in ZIF-67 and the mixed metal ZIF. Like for ZIF-8 at 1
bar about 3 times more CH, than H,S is adsorbed. Note, how-
ever, that in the gas phase that is in equilibrium with these
adsorbed species, 95% of the particles are CHy. In Table S5
in the Supporting Material, we compare the numbers of
adsorbed particles.

3.1.5 CH,/H>S mixture in MIL-127(Fe)

The adsorption and selectivity for CH,/H,S mixture in ZIFs
results (Figures 4-6) are lower than MIL-127(Fe) as shown
in Figure 7. It becomes apparent that the adsorption and selec-
tivity depend on the pore size and window aperture of porous
materials. The structural feature of ZIFs, i.e. ZIF-8, ZIF-67 and
Co/Zn-ZIF, have two types of window aperture such as 6-
membered ring (~3.4 A) and 4-membered ring (too small).
Whereas MIL-127(Fe) has two types of pores such as an acces-
sible 1D channel system around 6 A and cages of cavity around
10 A accessible through window apertures of around 4 A.
Therefore, it is the main reason for increasing adsorption
and selectivity.

Figure 7(a) shows the amounts of CH, and H,S, that are
adsorbed in MIL-127(Fe), as a function of the pressure and
temperature. Interestingly, the numbers of adsorbed CH, at
T=250 K are smaller than at 300 K. It is well known that
adsorption is usually stronger at lower temperature and this
can be seen in Figure 7 for H,S. Therefore, the higher selectiv-
ity and thus stronger adsorption of H,S must be the reason for
the smaller amount of adsorbed CH, at 250 K in MIL-127(Fe).
By the way, to avoid artefacts due to the strong adsorption of
H,S and the fact that only 5% of the molecules in the gas phase
are H,S the number of molecules in the gas box must be quite
high. A typical run includes about 100 H,S molecules and 2000
CH, molecules in the gas phase in equilibrium.

Figure 7(b) shows the adsorption selectivity of the CH4/H,S
mixture in MIL-127(Fe) as a function of the pressure. At press-
ures of 1-3 bar, the selectivity at 250 K can reach values of
about 250. That means that with MIL-127(Fe) it is possible
to reach high selectivity at low pressures and that this selectiv-
ity is higher than for the other materials examined in this
paper. Interestingly, the selectivity does not depend monotoni-
cally upon the pressure. This fits the fact that H,S is adsorbed
very strongly at low pressure and reaches its saturation value
soon, while the adsorption of CH, is much smaller but
increases monotonically over the whole region of pressure
examined here. Although the highest selectivity occurs at
250 K, even at ambient conditions the selectivity of MIL-127
(Fe) is above 50. This may be particularly interesting for indus-
trial applications because it allows separation under ambient
conditions.

To get some more insight into the high selectivity at 250 K,
it may be of interest to evaluate the enthalpy of adsorption at
low pressure for this temperature.

Table 1 shows the enthalpies of adsorption for CH, and H,S
at 250 K and at low pressure. The very strong negative
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Table 1. Enthalpy of adsorption in kJ/mol for CH, and H,S at 250 K.

Materials CH, H,S

ZIF-8 —-14.73 -21.76
ZIF-67 —-14.73 —-21.30
Co/Zn - ZIF —-14.30 —-20.15
MIL-127(Fe) -21.13 —35.36

enthalpy of adsorption for H,S, particularly in MIL-127(Fe)
illustrates that a high selectivity can be expected.

Note that the potential energy enters the integrand of the
classical canonical partition function in the exponent. This
integrand is essentially the probability density of a state in
phase space. For example, at 2 bar, 250 K (the region of highest
selectivity), the average potential energy of an H,S molecule in
MIL-127(Fe) is —33.29 kJ/mol. The potential energy of a CH,4
molecule in the same run is 20.43 kJ/mol. The integrand of the
classical canonical partition function is, of course, much more
complicated than a simple Boltzmann factor. Nevertheless, the
consideration of a Boltzmann factor may give a feeling for the
importance of energy differences in the exponent. The
Boltzmann factor exp{-U,/kgT} changes its value by a factor
of 486.29 if U,=—33.29 kJ/mol instead of - 20.43 kJ/mol for
T=250K.

3.2 Radial distribution functions (RDFs)

3.2.1 General remarks

The radial distribution function, RDF, is the probability to find
an atom at a radial distance r from a given reference atom. The
evaluation of RDFs between atomic pairs of the binary CH,/H,S
mixtures and the frameworks yields information about optimal
gas—gas and gas-framework distances and possible adsorption
sites. RDFs within ZIF-8 may be representative also for ZIF-
67 and Co/Zn-ZIF that have the same structure. MIL-127(Fe)
has a different structure and it is examined separately. More
RDF curves are provided in the Supporting Material.

3.2.2 CH,/H,S mixture in ZIF-8 at 250 K
Among the three ZIFs with a sodalite crystal structure, ZIF-8
has the best selectivity in the separation of the binary CH,/
H,S mixtures at all conditions thus it was chosen to represent
the structure of each gas inside ZIFs as shown in Figure 8 at
250 K and 1 bar. The C and S labels stand for the atoms C
and S, which are the centres of mass of the CH, molecule
and the H,S molecule respectively. CC and CT are both C
atoms, but at different positions within the lattice, with differ-
ent chemical bonds to their neighbour atoms and hence differ-
ent properties.

Three sites of the framework atoms have been considered,
Zn of the metal part and CC, CT of the imidazolate part.

The RDFs in Figure 8(a) show that the first maximum of the
RDF of the S atom in H,S with the S atom of another H,S is
somewhat higher than the other two peaks. All of them have
the highest maximum at a distance of 4 A. This is approxi-
mately the sum of the two atom radii. But the height of all
three peaks is moderate and hence they result only from the
kinetic effect that collisions with other molecules are possible
only from outside, if two molecules are close to each other.
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Figure 8. (Colour online) Radial distribution functions (a) between different atoms of the guest molecules, (b) between the C atom in CH, with different atoms of the
ZIF-8 lattice, that are defined in the inlet picture above, (c) between the S atom of H,S with these lattice atoms.

Such collisions push the two molecules toward each other. No
strong attraction and no clustering can be observed.

Figures 8(b) and (c) show the radial distribution functions
of the C and the S atoms with selected lattice atoms. RDFs of
the other atoms of the framework with the atoms in guest mol-
ecules are available in the Supporting Material.

No remarkable adsorption centres can be observed. Hence
the strong adsorption of H,S results from the low potential
energy over larger parts of the pores.

The spatial restrictions make neighbour shells impossible.
Therefore, number integrals would not give much useful
information.

3.2.3. CH,/H5S mixture in MIL-127(Fe) at 250 K

MIL-127(Fe) has the highest selectivity of separation for the
binary CH,/H,S mixtures at 250 K and about 2 bar. Therefore,
the corresponding RDFs are particularly interesting. They can
be found in Figure 9. Two regions of the lattice of MIL-127(Fe)
at the azobenzenetetracarboxylate (NN and CN) and at the
metal cluster (FeO and OD) are examined in Figure 9 while

the other RDFs of MIL-127(Fe) with guest atoms can be
found in the Supporting Material.

Interestingly, the maximum probability of a close approach
between the two C - atoms of different CH, is somewhat higher
than that of a close approach between two H,S molecules in
MIL-127(Fe) in contrast to ZIF-8. The main difference in the
structure of both materials is that the pores of ZIF-8 consist
mainly of cavities, connected by bottlenecks, while the pores
of MIL-127(Fe) are main channels that form a network.
Maybe, the smaller diameter of the channels in comparison to
the cavities causes this effect. But the moderate height of all
peaks leads to the conclusion that there are no remarkable
adsorption centres and hence the low potential energy within
the channels and pores is more important for the adsorption
than accumulation points of the guest molecules.

4, Conclusion

All porous materials that are investigated in this study (ZIF-8,
ZIF-67, Co/Zn-ZIF and MIL-127(Fe)) are suited for separating

r(A)

r(A)

Figure 9. (Colour online) Radial distribution functions (a) between different atoms of the guest molecules, (b) between the C atom in CH4 with different atoms of the
MIL-127(Fe) lattice, that is defined in the inlet picture above, (c) between the S atom of H,S with these lattice atoms.



H,S from natural gas but the efficiency is different. For the
binary mixture CH,/H,S, the H,S is stronger adsorbed than
CHy, in all materials. Due to the larger channels and pores in
MIL-127(Fe) the amount of H,S that is adsorbed is larger
than that in the ZIFs and also the adsorption selectivity is lar-
ger. It turned out that MIL-127(Fe) offers also the highest
adsorption selectivity. This selectivity reaches its maximum
value of 250 at about 2 bar and 250 K. However, even at
300 K the selectivity is between 60 and 80. Therefore, MIL-
127(Fe) can be useful for this separation even at room temp-
erature. The other materials considered in this study show
very good selectivity of up to nearly 100 at 250 K. For 300 K,
their selectivity is much smaller. The selectivity of all materials,
considered here, is higher at 250 K than at 300 K. The sum-
marisation can be pointed out that the important key factors
for H,S separation from natural gas in this work not only
depend on the potential energy of each gas/material pair but
also the structure should have more free space for gas inter-
action and containing metal oxide for increasing the adsorp-
tion site.
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