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Highlights
* We study the interaction of functionalized periodic mesoporous phenylene-silica
APTMS@Ph-PMO with CO, and CH4 by dispersion corrected periodic density
functional theory (DFT).
* From a transition state theory based approach using such DFT results, an estimation
of initial CO,/CHj selectivity is presented for a wide temperature range.
* At ambient temperatures (298 K), such determined CO,/CH4 selectivity of 32.2

agrees to a value of 26.1 from previous experiments

Abstract

Separation of CO,/CHy is critical in biogas upgrading, necessitating materials with high
selectivity. Here we simulate it for functionalized periodic mesoporous phenylene-silica
material APTMS@Ph-PMO: Dispersion corrected density functional theory calculations
are carried out to study the interaction of APTMS@Ph-PMO with CO, and CHy, yielding
most stable adsorption energies of -0.30 and -0.14 eV respectively. Relying on these DFT
results, (ad)desorption rates are gained from transition state theory allowing for the
estimation of initial CO,/CHy selectivities at various temperatures. At 298 K selectivity of
32.2 agrees to an experimental value of 26.1, validating the methodology to evaluate

CO,/CH4 adsorption selectivities.

Main text

The production of biogas from anaerobic decomposition of organic matter has been
proposed as a viable source of renewable energy helping in satisfying the rising world
energy demand. Biogas contains mainly methane (50-75%) and carbon dioxide (25-50%)
[1], and traces of H,S, CO, H,, and N; [1,2]. Since impurities may cause corrosion,

deposits, and damage to equipment, the complete removal of contaminant species from

.



biogas is required to produce biomethane. Especially CO, removal is critical if the biogas is
to be upgraded for household applications (standard natural gas) or car fuels, since a high
fraction of CO; reduces the energy content [3—8]. For example, to introduce the biogas at
the natural gas pipelines methane needs to present a level of purification of 97 %, requiring
energy efficient processes for CO, separation from CHy [9,10]. Thus, strong efforts are
being made to develop materials for the separation of these gases [11]. Conventional
adsorbents with different composition and structure such as activated carbons [12—16],
zeolites [9,12,17-20], clays [21,22], metal organic frameworks (MOFs) [12,23,24], and
mesoporous silica-based materials [25,26] have been proposed, but showed low separation
performances.

In recent studies some of the authors have been evaluating the use of functional
periodic mesoporous phenylene-silicas (Ph-PMOs) as adsorbents for CO,/CHs gas
separation since they present high specific surface areas, high pore volumes, and high
thermal stability [27-29]. Additionally, Ph-PMOs display a narrow distribution of both
meso- and molecular-scale periodicities; a clear advantage for adsorbate diffusion within
the pore channels. Moreover, we have seen [30,31] that the modification of the Ph-PMO
with amine groups allows the optimization of their properties for the separation of
CO,/CHa, by improving the interaction with the CO, molecule. Recently, we demonstrated
that aminopropyl groups grafted to the free silanols of Ph-PMO promote selectivity for
CO,/CH4 separation making the resulting APTMS@Ph-PMO so far the most selective of
all PMOs applied in this field, at 25 °C adsorbing 26.1 times more CO, than CHy, as
determined by the ratio of Henry constants [30].

Thus far, selectivity for CO,/CH4 separation for different functionalized PMOs has
been evaluated by using experiments [30,31], while the CO, and CH4 adsorption
mechanisms involved in this materials were clarified using periodic density functional
theory (DFT) calculations [30]. In fact, as we have observed, experimental gas adsorption
data and computational studies are in good agreement and such DFT results proved also
useful to guide the preparation of more efficient PMO materials. Motivated by these results,
we are here assessing gas adsorption data by theoretical modeling, using results of DFT
calculations including dispersive forces in combination with transition state theory. For a

case study, we determine the rates of adsorption and desorption of CO, and CH4 on
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APTMS@Ph-PMO, allowing us to obtain CO,/CHy selectivity over a wide temperature
range. A comparison between the so determined selectivity with the experimentally
obtained value previously reported [30] shows good agreement and justifies the used
models and assumptions.

To study the interaction of CO, and CH4 with the previously described slab model
of APTMS@Ph-PMO [32], periodic DFT calculations have been carried out within the
generalized gradient approximation (GGA) using the Vienna ab initio simulation package
(VASP) [33]. Exchange-correlation effects were described using the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation (xc) functional, adding the van der Waals D2
dispersion correction as proposed by Grimme (PBE-D2) [34-36]. Further computational
details are given in the Supplementary Content, restating here for a better understanding of
the oncoming discussion that favorable adsorption energies, E.qs are defined negative and
that interactions are more favorable for lower values of E.q. As discussed elsewhere, the
PBE-D2 method has proven suitable to describe small molecule adsorption on PMO
models [32].

In a first step, stable adsorption sites for CO, and CH4 on APTMS@Ph-PMO were
identified by a screening of different starting positions for the gas phase molecules. In total,
stable adsorption of CO, was found on 2 different sites, whereas 4 sites were identified for
CHs. In the oncoming discussion, these sites are numerated as P1-P4 and adsorption
energies are given in Table 1. For a graphical depiction of geometries we refer to Table S1
of the Supplementary Content. The sites P1 and P2 both adsorb CO, and CH,4 and in fact P1
is as previously reported [30] the most stable adsorption site for both molecules with
adsorption energies of -0.30 and -0.14 eV respectively. Adsorption energies on other sites
are only slightly less favorable and competitive especially on P2 with -0.27 and -0.12 eV
respectively or for CHy on P4 with -0.14 eV similarly stable as on P1. An expectable
interaction strength is likely superimposed of contributions from all sites, possibly better
captured by an average adsorption energy. For CO, and CHj this is given as -0.29 and -
0.13 eV and the ratio of both being 2.23. With adsorption energies in this order of
magnitude and geometries of adsorbed CO, and CH4 only slightly differing from the gas

phase molecules, the interaction can be safely described as physisorption.



Given that adsorption energies for CO, and CHy differ and that the interaction is
more favorable for the former, there is clear interest for an estimation of selectivity by
using DFT results. Here such an assessment is done from adsorption and desorption rates,
which can be estimated in the framework of harmonic transition state theory (TST). Hence,
for CO, and CH4 adsorption and desorption rates have been calculated for temperatures
from 40 to 1000 K with necessary quantities obtained from the above commented DFT
calculations. The approach and equations are fully explained in the Supplementary Content.
In short, the adsorption rate 9% of CO, and rSii* of CH4 depend on impingement of the
gas phase molecule to the surface and therefore, on respective partial pressure (pcoz or
Pcua). In total, adsorption rates for each of the two molecules have been calculated at five
partial pressures, namely 0.05, 0.15, 0.5, 1.0, and 5.0 bars, thus allowing an assessment of
the adsorption/desorption equilibrium over a wide pressure range, however with the
restriction of model validity at higher pressures as discussed below. Desorption rates 7}
from each P1-P4 site differ in the employed model, due to dependence on adsorption

energy and adsorbate vibrational frequencies. As above-mentioned, contributions from the

identified sites could be superimposed and it seems reasonable to calculate average

desorption rates 502 and r$H* for CO, and CHy, as
co2 _ 1( P1 + P2 )
rdes - 2 Tdes Tdes (1)
CH4 __ 1( P1 + P2 + P3 + P4
Tdes = 4 Tdes Tdes Tdes Tdes (2)

The so estimated adsorption and desorption rates are graphically given in Figure |
a). Focussing first on the adsorption rates: Values for 0.05 bar partial CO,/CH,4 pressure are
given here whereas for higher partial pressures we refer to Figure S1 of the Supplementary
Content. Overall, the CH4 adsorption rate is higher by a factor of 1.7 compared to CO,,
understandable from the smaller CHs molar mass, see equation (2) in the Supplementary
Content. It should thus be mentioned that the experimentally determined CO, selectivity of
the APTMS@Ph-PMO at equal partial pressures is not explainable from adsorption rates.

Differing rates of CO, and CH4 can thus likely better serve an explanation for

observed selectivity. Focussing first on average desorption rates 52 and 5, both curves

significantly differ, with r$9? showing lower values below a crossing temperature of 645

-5-

Con forn
Revisar le

Elimina



K. A CO; selectivity over CHy is thus possible below this fringe temperature, whereas
towards higher temperatures could become reversed. We will further evaluate such

selectivity, taking also into account the additional influence of adsorption rates, see below.

With rates of adsorption and desorption at hand, fringe temperatures can now be
assessed, below which adsorption prevails and consequently, CO, or CH4 accumulates on
the material. Such a temperature fringe is to be found when desorption starts to exceed
adsoption. For CH4 at 0.05 bar partial pressure this likely happens in the range of the
intersection temperatures T; = 55 K. For CO, this temperature is shifted to higher values of
T, = 145 K in congruence with higher adsorption energy. These fringe temperatures rise for
higher partial pressures, see Figure S1 of the Supplementary Content though in all cases are
found below ambient temperatures. A note of caution should be added when comparing
with higher pressures, as coverage dependence is not accounted for in this approach,

obtained rates better correlate with the low pressure behaviour of the material.

From the obtained data, an estimate of low coverage CO, to CHy selectivity Scoz/cms 18
interesting, allowing comparison to the experimentally determined value. Thus, the
equilibrium constants of adsorption and desorption for CO,, Ko, and CHy, K¢y, are set in

relation, allowing a definition of S¢z/cp4 as

Kcoz
Scoz/cHa = Kera (3).

These equilibrium constants are in turn defined as

MX,

Kyy =995 . My =0, orCH 4
MX, — MXy, ’ n — 2 07 4 ()

des

where adsorption rates r<92 and Sl used here had been evaluated at equal partial pressures of

the gas phase molecules. In this form, S¢pz/cha captures material selectivity for a low pressure gas
mixture of CO,/CH,4 in a 50/50 ratio.

The obtained selectivity presented in Figure 1b, displays strong temperature
dependence: Selectivity is predicted higher at lower temperatures, important for evaluation
of an optimum CO; and CHy4 separation temperature from e.g. a biogas output stream.

Given the predicted variation of Scoz/cys With temperature, a simple evaluation of



selectivity by the ratio of adsorption energies (given as 2.23, see Table 1), could only serve
as a first hint, with entropic effects then being neglected.

At 298 K, Scoz/cna shows a of value 32.2, therefore in good agreement with a low

pressure selectivity of 26.1 experimentally found from the ratio of Henry constants [30].
Such an agreement would not be surprising for solid surfaces, where TST is widely used
for evaluation of adsorption and desorption rates [37], take applications to modelling of
temperature programmed desorption for CO; [38] and CHy4 [39], in kinetic Monte Carlo
simulations [40,41] and as a predictive tool [42]. The validity of the approach however was
initially ambiguous for a mesoporous material like APTMS@Ph-PMO with an average
pore size of approximately 2.5 nm [30]: Here, diffusive processes into pores could play an
important role for selectivity but are initially not included in the model. However, the good
agreement to experiment suggests that the initial capture on the exposed surface plays a
determining role for selectivity, thus justifying the use of such a model. In fact, when small,
influence of the subsequent diffusion into pores on adsorption rates could be rather simply
accounted for by adjusting the sticking factor S, such as to capture pore entrance
probability [43]. Here a conservative value was chosen, see also the further discussion in
the Supplementary Content.

In conclusion, for the case study of functionalized periodic mesoporous phenylene-
silicas material APTMS@Ph-PMO, the interaction of CO, and CH4 was rationalized by
periodic DFT at the PBE level with dispersion correction (PBE-D2). In total, two
preferential adsorption sites were identified for CO, and four for CH4 with most stable
adsorption energies on the order of -0.30 and -0.14 eV respectively. Relying only on these
DFT results, a herein presented transition state theory based approach allows a theoretical
estimate of initial CO,/CHy selectivity for the mesoporous APTMS@Ph-PMO over a wide
temperature range. At temperatures of 298 K, the estimated selectivity of 32.2 agrees well
with a value of 26.1 from previous experiments. As DFT results have previously been
demonstrated to capture well the trends in selectivity for a series of functionalized Ph-
PMOs, we propose this model for theory-driven evaluation of further modifications,

possibly helping to achieve even higher CO,/CHj, selectivity.



Supplementary Content

The supplementary content contains computational details, calculated vibrational
frequencies, top views of adsorbate structures, explanation of the used rate model, and

adsorption rates at different partial pressures of CO, and CH4 are presented therein.
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Table 1: Adsorption energies for CO, and CH4 on the
different sites of the APTMS@Ph—PMO model. E,y4 are
for PBE-D2 and given in eV with most stable sites
highlighted in bold. Adsorbate geometries are given in
the Supplementary Content.

P1 P2 P3 P4 1 Avg.

Eus (CO,) <030 -0.27 B 029
_Ew(CHy__-0.14 __-0.12__-0.10 _-0.14_, -0.13 _
1

“ Average (arithmetic mean) of all adsorption energies
for CO; or CH,.
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Figure 1: a) Temperature dependence for calculated rates
of adsorption and desorption of CO, and CHs on the
mesoporous APTMS@Ph-PMO material. b) Initial
COy/CHy selectivity Scoz/cnsa- A vertical gray line in
both graphs indicates ambient temperature (298 K).
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