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With the growth of natural gas as an energy source, upgrading CO,-contaminated supplies has become in-
creasingly important. Here we develop a single metric that captures how well an adsorbent performs the
separation of CH4 and CO,, and we then use this metric to computationally screen tens of thousands of all-
silica zeolites. We show that the most important predictors of separation performance are the CO, heat of
adsorption (Qs,co,) and the CO, saturation loading capacity. We find that a higher-performing material re-
sults when the absolute value of the CH4 heat of adsorption (Qg;cn,) is decreased independently of Qgco,
but a correlation that exists between Qg ch, and Qg co, in all-silica zeolites leads to incongruity between
the objectives of optimizing Qsico, and minimizing Qs ch,, rendering Qg cH, honpredictive of separation
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performance. We also conduct a large-scale analysis of ideal adsorbed solution theory (IAST) by comparing
results obtained using directly-generated mixture isotherms to those obtained using IAST; IAST appears ad-
equate for the purposes of establishing performance trends and structure-property relationships in a high-
throughput manner, but it must be tested for validity when analyzing individual adsorbents in detail since it
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can produce significant errors for materials in which there is site segregation of the adsorbate species.

Designing adsorbents for the separation of natural gas components requires an understanding of how molecular structure affects gas adsorption. Such

understanding can be gained through high-throughput screenings of material databases, which require a quantitative separation performance metric to
evaluate the adsorbents. In this work, we develop such a metric and then use it to screen tens of thousands of all-silica zeolites in search of filling in crucial

gaps of knowledge that remain in our understanding of CH,/CO, gas separations using nanoporous materials, such as the seeming unimportance of the
CH, heat of adsorption to the design of an adsorbent and the validity of the commonly-used ideal adsorbed solution theory (IAST) to predict mixture iso-

therms from pure-component data.
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1. Introduction

Natural gas, composed largely of (CH,), is a large and grow-
ing part of the domestic and global energy portfolio, with to-
tal domestic production having grown by 35% from 2005 to
2013 and now representing 28% of total American energy
consumption. Although this growth occurred for largely eco-
nomic reasons as a response to the development of shale gas
resources," since the carbon dioxide (CO,) emissions per unit
of electricity are about half as large from natural gas power
plants as from coal power plants, a shift from coal to natural
gas may be an effective way to reduce anthropogenic green-
house gas emissions during the transitory period toward a
sustainable energy economy,” though the practical achieve-
ment of these environmental benefits requires adequate
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controls of fugitive gas emissions.>* Additionally, since natu-
ral gas power plants have lower cycling times and costs than
coal power plants, they can adjust more quickly to fluctua-
tions in grid electricity demands:® an advantage of increasing
importance given the intermittency of many renewable en-
ergy sources such as wind and solar power.

Prior to use, the natural gas must be treated to remove
contaminants including acid gases such as CO, and hydro-
gen sulfide, inert gases such as nitrogen (N,) and helium,
and other species such as water and heavier hydrocarbons.®
CO, is one of the most common impurities, and in addition
to its presence decreasing the natural gas's heating value, it
can cause problems during transportation by corroding pipe-
lines or forming solids in cryogenic tanker trucks, necessitat-
ing purity specifications like <2 mol% CO, for a natural gas
pipeline.®”

Porous solids can be used for the separation of CH, and
CO, via the processes of pressure-swing adsorption (PSA),
temperature-swing adsorption (TSA), or a hybrid process
(PTSA), in all of which the adsorption columns undergo a
cycle of adsorption followed by a regenerating desorption
cycle at conditions of decreased pressure and/or increased
temperature. In order to find the optimal adsorbents for a
particular separation, metrics are necessary to quantify an
adsorbent’'s separation performance. Two of the most
widely used metrics are the adsorption selectivity, defined
as the ratio of the loading mole fractions divided by the ra-
tio of the gas phase mole fractions, and the working capac-
ity for each of the adsorbates, defined as the difference in
loading of each adsorbate at adsorption and desorption
conditions. These metrics are easily calculated from mixture
adsorption isotherms, and many adsorbent screening pro-
jects have examined these metrics individually to evaluate
an adsorbent at given adsorption and desorption
conditions.® > However, the selectivity and working capaci-
ties are not necessarily representative of the economic
drivers that chemical process designers actually con-
sider;">'* in fact, they can even be deceptive, as increasing
the selectivity of an already highly selective material may
provide no true improvement in performance, and recent
process modeling studies have found no significant correla-
tion between selectivity and process cost.">'®

Other metrics have been proposed as being more ap-
propriate for the comparison of adsorbents. Rege and
Yang'” and Wiersum et al.'® suggested multiplying the se-
lectivities and working capacities in different manners to
obtain metrics they called the sorbent selection parameter
(S) and the adsorbent performance indicator (API). As we
will show, these metrics can lead to undesirable results
since they directly include the selectivity, which is un-
bound and can approach infinity. Some studies have cre-
ated metrics that aim to provide a more direct representa-
tion of the process economics. For example, in the CO,/N,
gas separation being investigated for carbon capture and
storage (CCS) from the flue gas of fossil-fuel powered
power plants, the economic driver is the energy cost of

176 | Mol Syst. Des. Eng., 2016, 1, 175-188

View Article Online

Molecular Systems Design & Engineering

the separation, which has been estimated to parasitically
reduce the net output of power plants by 30%.'* This par-
asitic energy has been simply estimated as a sum of the
thermal energy required to desorb the adsorbate and of
the compression work by Lin et al,” and Maring and
Webley'* has developed a simplified process model to esti-
mate the power required for the vacuum pump. Of course,
a full process modeling analysis provides the most realis-
tic cost estimates, but such detailed process modeling can
be computationally expensive and thus unfeasible for a
high-throughput screening study.'®'® Additionally, such
process modeling requires expertise beyond what many re-
searchers studying adsorption science possess.'*

In this contribution, we first develop a single simple met-
ric that is representative of the economic drivers behind the
CH,/CO, gas separation required for upgrading various natu-
ral gas sources to pipeline quality, which we call the separa-
tion performance parameter (SPP). We then use this metric
to explore the separation performance and structure-property
relationships of tens of thousands of all-silica zeolites taken
from the International Zeolite Association (IZA) database'®
and the predicted crystallography open database (PCOD) of
hypothetical zeolites,*® using a high-performance GPU grand-
canonical Monte Carlo (GCMC) code to directly-generate mix-
ture isotherms.>'>° Finally, we take the opportunity afforded
by the large amount of data collected in this study to evaluate
the accuracy of ideal adsorbed solution theory (IAST),>” a
prominent technique to generate mixture adsorption iso-
therms. Details of the methods used in this work can be
found in the ESLY

We considered three different sources of natural gas, all at
a temperature of 300 K and assumed to be a binary mixture
of CH, and CO,: (1) landfill fill gas (LFG), produced by micro-
organisms acting upon municipal wastes, assumed to contain
60 mol% CH, at a total pressure of 1 bar, (2) associated pe-
troleum gas (APG), found in oil reservoirs, assumed to con-
tain 90 mol% CH, at a total pressure of 7 bar, and (3) non-
associated gas (NAG), found apart from oil, assumed to con-
tain 90 mol% CH, at a total pressure of 70 bar.® These pres-
sures and temperatures were used as the adsorption condi-
tions. As different materials perform optimally at different
conditions, we evaluated each material at desorption condi-
tions that optimize its SPP to allow for fair comparison.

2. Metric development

We chose to model the natural gas upgrading process as one
in which CO, is selectively adsorbed for several reasons. As
CO, tends to adsorb onto zeolites more strongly than CH,
due to its quadrupole moment, more zeolites will be capable
of performing this separation, with about 90% of the hypo-
thetical zeolites having a CO, selectivity greater than 1 at con-
ditions of 1 bar total pressure, 300 K, and 90 mol% CH,. Fur-
thermore, in making the raffinate the high-value stream,
there is no energetic cost to performing PSA down to

This journal is © The Royal Society of Chemistry 2016
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atmospheric pressure since there is no need to compress the
product,® unlike in CCS and other adsorption processes
where the adsorbed gas is the desired product. Finally, in
adsorbing the minor component in the processes we ana-
lyzed, cycle times and energetic costs are expected to be less.

Upgrading natural gas requires the examination of multi-
ple costs to evaluate the economics of different adsorbents.
The fixed costs vary with the size of the adsorption column
and thus the amount of adsorbent required for the separa-
tion. The variable costs include the energy required for oper-
ating the adsorption column. A high fractional CH, recovery
is also desirable to reduce the variable cost of the feed gas as
well as to reduce the loss of CH, to the atmosphere with the
waste CO,. If equilibrium adsorption and desorption are as-
sumed, ie., the mass transfer zone length approaches 0,
these metrics can be individually calculated given mixture ad-
sorption isotherms, as shown below. They can also be
grouped into a single objective function to form a multiple-
input single-output optimization problem, with the inputs
being the desorption pressure (PSA), desorption temperature
(TSA), or both (PTSA), and the output being the objective
function value (OFV). By varying the inputs to minimize the
OFV, one finds the optimal desorption conditions for a given
adsorbent.”®*® The better-performing adsorbents will have a
lower OFV, which leads us to term the inverse of the OFV the
separation performance parameter (SPP), which we use to
evaluate the screening results.

It would seem that the objective function that most appro-
priately captures the process economics would be a summa-
tion of the capital and operating expenditures of the separa-
tions plant. However, our goal of creating a simple and
nonephemeral metric (the value of which is not dependent
on present market conditions) precludes such a calculation.
Instead, we will assume that the mass of adsorbent, energy,
and fractional CH, recovery are equally important economic
drivers, and we will then go on to show that this assumption
results in a metric that closely agrees with the economic re-
sults of a more detailed process simulation study. Thus we
use as a definition of the OFV and SPP:

M M
OFV = 1 = \Masmr g "

SPP MCH,,.raIT
MCH,Iccd

where M,q4s is the mass of the adsorbent, M; ;. is the moles of
species i in stream k, E is the total energy required for the
separation, “feed” is the adsorption column inlet stream, and
“raff” (raffinate) is the adsorption column outlet stream
consisting of the gas that did not adsorb which contains the
recovered CH,. Note that here and throughout this paper, we
use units of mass for the adsorbent and units of moles for
the adsorbates. The three terms in eqn (1) are given below,
with more details provided in the ESL}
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The first term in eqn (1) is the mass of adsorbent required
per mole of CH, captured in one batch adsorption-desorption
cycle:

M YeH, ratr ~ Ven, feed
Moo ®)
CHyraff Ve, raff [yCH,.feed (AqCH, +Aqco, ) = Aqey, :|

where y; ;. is the mole fraction of species i in stream k and Ag;
is the working capacity for species i. Since this is not the way

ads

that adsorption columns are sized in practice, can

CH, .raff
alternatively be thought of as a proxy for the cycle time of a
batch when comparing equally-sized columns. Eqn (2) may
be further understood in the context of two extremes. A per-
fectly selective adsorbent will have Agcy, = 0, and if ycp, rase

ads Yco, feed

is set to 1, then is simply equal to

CH, .raff Yen, .feequcoz

A
At the other extreme, as a material's ratio of increases,

dco,
CH, .feed

approaching the ratio of 2

, less and less separation
Yeo, feed

ads

will be performed and will approach infinity. Mate-

M

CH, .raff

rials with a working capacity ratio exceeding this limit will
have a required mass of adsorbent that is negative, and can-
not perform the given separation.

If yci, ratt iS Set to 1, one obtains the mass of adsorbent re-
quired to capture a mole of CH, in an adsorption column op-
erated until the column is completely saturated. Alternatively,
one may set Yoy, rafr to the purity required for a specific appli-
cation, which corresponds to an adsorption column with a
mass transfer zone length approaching 0 that is operated be-
yond initial breakthrough in order to obtain more product
which on average still meets its specifications. The latter op-
tion was chosen for this study, and ycy, rafr Was set to 98
mol% CH,.

The second term in eqn (1) is the energy required per
mole of CH, captured:

E M
G-

CH, .raff MCHJ.raIT

/8
+Aqcn, Oy cn, + Adco, Do, :| + Iv; -
CH, ,raff

where C,, is the heat capacity of the adsorbent (assumed to
be 0.75 kJ kg™* K™ for all zeolites),>® T, is the desorption
temperature, T,qs is the adsorption temperature, Qs is the
isosteric heat of adsorption at zero loading of species i, and
Whyac is the work required to pull vacuum. Here and through-
out this work, Q refers to the negative value of the enthalpy
of adsorption such that positive values are shown. The energy
term in eqn (3) consists of the sensible energy to raise the
temperature of the bed during a temperature swing, the en-
ergy to desorb adsorbates, and the work to pull vacuum on
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the adsorption column. We approximate the work required to
pull vacuum below 1 bar as the energy required to compress
the desorbed vapor from its vacuum pressure to atmospheric
pressure using the formula for isentropic compression:***>3*

7-1
1 y (P )7 M
—RT. atm —1 (A + ads s
. [ ] ( dcn, qCOZ)M

W e - 71| CH, .raff
My, ar B if 0.1 bar < P, <1 bar
0,
if 1 bar <P,

des

4

where 7 is the vacuum pump efficiency (assumed to be 75%),
R is the gas constant, y is the heat capacity ratio (assumed to
be 1.3 for both CH,; and CO,), P, is atmospheric pressure
(approximated as 1 bar), and Pg4es is the desorption pres-
sure.”® Eqn (4) was considered valid down to a desorption
pressure of 0.1 bar; at lower pressures, the equation may fail
as the efficiency falls below 75%.>"
The third term in eqn (1) is the fractional CH, recovery:

Mg, _ Yen, rar |:yCH4.feed (ALICHJ + g, ) —Adey, :| 5)

My, feea Yen, feed |:yCH4AraIT (Aqm-l4 + Ao, ) —Aqey, :|

Using eqn (2)-(5) we can calculate the OFV and SPP in
eqn (1) at a given desorption pressure and desorption tem-
perature. The components of the objective function given by
these equations can be individually evaluated, but they can-
not necessarily be individually used as the full objective func-
tion to find the optimal desorption conditions because this
can result in desorption conditions that are at the most ex-
treme values allowed. For example, if one were to attempt to
minimize the mass of adsorbent metric for a PSA process,
one would arrive at a desorption pressure of 0.1 bar for every
material as there would be no energetic penalty.

We have placed the computer code we developed for the
screening online with the Open Science Framework, along
with the pure-component and mixture isotherms and the
screening results.”® The code is capable of computing the
SPP at optimized or set desorption conditions either by using
input mixture isotherms or by using input pure-component
isotherms to calculate mixture isotherms with IAST.

Separation performance parameter validity

At this point it is important to mention that a requirement
imposed during the development of the SPP was that it be
practical to compute the metric for thousands of materials,
which precludes a full process design for all zeolites. We
intended for the SPP to be representative of the most impor-
tant economic drivers behind the CH,/CO, gas separation.
However, the particular form of the SPP (a product of factors)
instead of the conventional sum of capital and operating
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costs assumes that all costs scale with the amount of adsor-
bent. In some important cases a significant fraction of the
capital costs is independent of the amount of material, and if
these capital costs dominate, the amount of material can be-
come irrelevant. In addition, our study used isothermal work-
ing capacities to calculate the SPP for PSA processes whereas
industrial adsorption columns operate under adiabatic condi-
tions, which leads to lower working capacities."* It is there-
fore important to compare the SPP with the separation costs
calculated by a more detailed process engineering analysis
which used adiabatic working capacities. First et al.'® conducted
just such a study. From a database of 199 IZA zeolites, the au-
thors selected 86 that topological analysis suggested would
be viable for the CH,/CO, separation, and adsorption isotherms
indicated that 22 of these were highly selective for CO,. These 22
zeolites then underwent PSA process modeling and optimiza-
tion to minimize the separation cost. Of the processes First
et al.'® analyzed, the most similar to one of the three pro-
cesses we analyzed was one which had adsorption pressures
of 3 to 5 bar, desorption pressures of approximately 0.1 bar,
and 90 mol% CH,: conditions quite similar to the APG pro-
cess. The authors found that 8 zeolites could most feasibly
perform the separation (ABW, AEN, AHT, APC, BIK, JBW,
MON, and WEI), with the separation cost being practically
identical among them. Of these top 8 performing zeolites,
the SPP identified 4 as the top 4 materials of the 110 IZA zeo-
lites we investigated, and the remaining 4 as being within the
top 20 (Table S2t). These results indicate that the SPP is a
reasonable indicator of separation performance.

To further justify the need to use the SPP, we can compare
it to alternative metrics that have been given earlier, such as
the sorbent selection parameter (S) of Rege and Yang:'’

2
a Aq

CO,.CH, ad CO,
S= 2> 4,3ds % 2 (6)

Qco, cm s Dden,

ql/q_j . .. L.
where a;;=———"——— is the selectivity for species i over spe-
yi,feed /yj.feed

cies j at adsorption or desorption conditions. The sorbent se-
lection parameter seemingly has the advantage of being sim-
pler than the SPP in eqn (1), though the only additional data
required by eqn (1) are the heats of adsorption and an esti-
mate for the specific heat of the adsorbent (with the latter be-
ing unnecessary for the evaluation of a PSA process). Indeed,
we found that the sorbent selection parameter compared as
favorably with the results of First et al.'® as the SPP, with the
8 top performing zeolites all being within the top 20 zeolites
as ranked by the sorbent selection parameter (2 were tied for
first with 11 zeolites that had infinite selectivity for CO,, and
6 were ranked within 12-20), so a justification for the value
of the SPP is wanted.

Fig. 1 shows the relationship between the SPP developed
in this work and the sorbent selection parameter for the APG
process carried out with PSA at a set desorption pressure,
which is representative of the results for the other two

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 A correlation between the SPP and the sorbent selection

parameter for the APG process carried out with PSA at set desorption

conditions of 1 bar and 300 K. Hypothetical zeolites are shown as

black dots, IZA zeolites are shown as blue diamonds, and the

hypothetical zeolites in Table 1 are shown as green circles.

processes as well. A close correlation between the two metrics
can be observed, though the metrics begin to differ for the
top-performing materials, with the sorbent selection parame-
ter being more variable than the SPP due to the selectivity be-
ing unbound. We examine a subset of materials selected for
their deviating SPP and sorbent selection parameter in
Table 1. Here, the undesirability of having a performance
metric dependent on the unbound selectivity is demonstrated
as all the materials in Table 1 have sufficiently low Agcy,
values such that additional decreases in Agcy, should have
little effect on separation performance, yet the sorbent selec-
tion parameter continues to increase as Aqcy, is negligibly
decreased despite much more significant decreases in Agco,;
for example, compare PCOD8294501 and PCOD8310046 in
Table 1: both have Agcy, two orders of magnitude lower than
Agco, and thus effectively zero, yet the sorbent selection
parameter of PCOD8294501 1is greater than that of
PCOD8310046 despite the latter's much larger Agco,. Further-
more, for materials which do not load any CH, at all, the se-
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lectivity for CO, goes to infinity and yields sorbent selection
parameter that are uncomparable. Overall, the use of the sor-
bent selection parameter can thus mislead scientific efforts
focused on finding the highest-performing materials."*

In addition, the sorbent selection parameter cannot be
used to find the optimal desorption conditions for a given
adsorbent,'* as we found that the ratio of working capacities
was almost always more sensitive to a change in desorption
conditions than the selectivity at desorption conditions (the
selectivity at adsorption conditions does not change as a
function of desorption conditions). For example, with PSA
the sorbent selection parameter was almost always maxi-
mized at either the lowest or the highest allowed desorption
pressure, simply depending on whether the relative change
in Agcp, or Aqco, is greater as a function of desorption pres-
sure (it was very rare for the relative changes to become equal
in the desorption pressure range allowed). This can be
unrelated to the adsorbent's performance, e.g., for an adsor-
bent very selective for CO, one may find that the sorbent se-
lection parameter is maximized at a high desorption pressure
because negligible changes in Agcy, have a greater impact on
the working capacity ratio than significant changes in Agco,.
Thus, the sorbent selection parameter cannot be used if one
is interested in finding optimal desorption conditions.

We similarly compared the SPP to the alternative metric of
the adsorbent performance indicator (API) given by Wiersum
et al.:'®

APl = (aCOZ,CHLads - I)AQCOZ )

Qsl.COz

However, the adsorbent performance indicator is highly
correlated with the sorbent selection parameter, and suffers
from much the same problems (Fig. S17).

3. Results and discussion
3.1 Screening

We first investigated the relative merits of PSA and TSA by ex-
amining the optimal desorption pressure and desorption
temperature for the IZA zeolites undergoing PTSA processes.
For all three process, less than 10% of the zeolites displayed
an optimal desorption temperature above 305 K, with most

Table 1 A selection of hypothetical zeolites with deviating SPP and sorbent selection parameter (S) values, shown in order of increasing Aqco,. The first
three zeolites have smaller SPP but larger sorbent selection parameter than the last two zeolites. The values shown are for materials undergoing the
same process conditions as in Fig. 1, where these zeolites are circled in green. Note that PCOD8238989 exhibits a higher SPP than PCOD8310046 de-
spite having a higher Aqcy, and a lower Agco,, Which is due to it having a lower Qi co,

Adsorbent Agcu, (mol kg ™) Agco, (mol kg™) SPP (mol® kg™ kJ ™) S

PCOD8294501 1x107° 0.005 0.01 3.6 x 107
PCOD8164653 8x10° 0.063 0.16 1.5 x 10°
PCOD8306302 4x10°° 0.192 0.54 2.3 x 10"
PCOD8238989 7 %1072 2.359 8.18 9.9 x 10°
PCOD8310046 3%x1072 2.550 7.71 6.6 x 10*

This journal is © The Royal Society of Chemistry 2016
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materials benefiting more from pulling vacuum than from a
temperature-swing (Fig. S27). For the few zeolites that had a
higher optimal desorption temperature, PTSA only negligibly
increased the SPP from its value with PSA, so the
temperature-swing does not appear to be truly beneficial for
any material; conversely, PTSA significantly increased the SPP
of several materials compared to that obtained with TSA,
demonstrating that pulling vacuum can be truly beneficial
(Fig. S31). In industrial practice as well, PSA is generally pref-
erable to TSA due to a shorter cycle time and lower complex-
ity.° It was thus concluded that only PSA processes need be
analyzed for the larger datasets studied herein.

PSA screening was then performed for the three processes
using all IZA and hypothetical zeolites. Optimal desorption
pressures and the resulting SPP are given for the IZA zeolites
in Tables S1-S3,i from which a list of top-performing mate-
rials can be identified. For the hypothetical zeolites, we plot
the SPP as a function of Qg co, and the CO, saturation loading
capacity (as obtained by fitting the pure-component isotherm)
in Fig. 2, and we illustrate topologies and potential energy sur-
faces of some of the highest-performing frameworks in Fig. 3.
The LFG, APG, and NAG processes exhibit different ranges of
optimal Qg co,, centered around approximately 37, 35 and 32
kJ mol™ respectively, decreasing with an increase in adsorp-
tion pressure as predicted by theory.** Although these optimal
Qst,co, values are different from each other, they are not so
different that the zeolites' SPP for different processes are not
well-correlated with each other (Fig. S41). However, this find-
ing of zeolite performance being correlated between processes
may be specific to our choice of processes, which exhibit some
overlap in the CO, partial pressures over which they cycle;
processes with a smaller overlap may in fact exhibit unique
optimal adsorbents.®>'! Our optimal Qg,co, values are larger
than those found in a screening of a large database of hypo-
thetical metal-organic frameworks (MOFs) by Wilmer et al.,"*
where processes similar to the LFG and APG processes
showed optimal sorbent selection parameter with materials
having Qs co, values centered around approximately 29 and
31 kJ mol™, respectively. This is likely due in part to the dif-
ferent performance metric, pressures, and mole fractions used
between our studies, and in part due to zeolites being more
confining materials than MOFs, with typically smaller pores
and void fractions®® that provide a larger decrease in entropy
upon adsorption of CO, and thus a larger optimal Qy.co,.”*

Within the optimal ranges of Qg co, the best materials
are those with a sufficiently large CO, saturation loading ca-
pacity. The range of the SPP for all materials spans several or-
ders of magnitude; by selecting only those materials with
near-optimal Qgco, values, the range is reduced but still
spans orders of magnitude, and by filtering out the materials
with too low a CO, saturation loading capacity the variability
is reduced further. As others have found in large database
screenings, bounds on the optimal performance of materials
appear to follow simple functions of descriptors, but a given
material's performance cannot be perfectly predicted with
these same descriptors.'""?
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Fig. 2 SPP of the hypothetical zeolites as a function of Qg co, and the
CO; saturation loading capacity for the (a) LFG, (b) APG, and (c) NAG
processes, all carried out with PSA. The materials are plotted in random
order such that the data shown are representative of the materials
hidden due to having similar Qco, and SPP. For the same plot with the
IZA zeolites overlaid, see Fig. S5.f Similar results are also seen when
using the CO; Henry coefficient in place of Qg co, (Fig. S6+).

3.2 Performance prediction

One wishes to find material descriptors that allow one to pre-
dict a zeolite's performance. For this purpose there exist

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Visualization of the (top) CH4 and (bottom) CO, potential energy surfaces of some of the top-performing hypothetical zeolites for the APG
PSA process. From left to right, the zeolites shown are PCOD8284104, PCOD8246225, PCOD8184913, PCOD8246205, and PCOD8310046. Con-
tours correspond to potential energies of -30 kJ mol™ (purple), -10 kJ mol™ (blue), 0 kJ mol™ (green), and 37.4 kJ mol™ (gray), with the last
representing the limits of accessible channels, approximately defined as 15R x 300 K, which our GPU GCMC code uses to determine blocked
pockets inaccessible from the gas phase, which are then eliminated from use as possible adsorption sites.?! The second and fourth zeolites from
the left demonstrate some CH4 blocked pockets. Both cage- and channel-containing topologies are seen in these top-performing materials.
Framework silicon and oxygen atoms are beige and red. The CO, potential energy shown at each grid point is a Boltzmann-weighted average of
1000 random rotations of the CO, molecule about the carbon atom which remains stationary at the grid point.?%22

several well-established geometric descriptors of porous me-  atom probe), crystal density, accessible surface area, largest
dia including void fraction (as measured using a helium included sphere diameter (largest sphere that can fit inside

This journal is © The Royal Society of Chemistry 2016 Mol. Syst. Des. Eng., 2016, 1, 175-188 | 181
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the material), and largest free sphere diameter (largest sphere
that can diffuse through the material).>®*” In addition, the
pure-component isotherm descriptors Qg and saturation
loading capacity are available for each adsorbate. To deter-
mine which of these descriptors are the most important pre-
dictors of an adsorbent's performance, we used a random for-
est machine learning algorithm,*®?° a method that Simon
et al.* used to screen similar materials for a Xe/Kr separation
process and which provides a quantitative measure of a de-
scriptor's importance to improving the quality of prediction.
Since it has been shown that the helium void fraction and
the crystal density are strongly negatively correlated while the
largest included sphere diameter and the largest free sphere
diameter are strongly positively correlated,”® we did not in-
clude the crystal density and the largest free diameter as de-
scriptors in the regression; we verified that switching these
choices did not give qualitatively different results.

Results from performing the random forest regression on
all three processes are shown in Fig. 4. The CO, isotherm de-
scriptors show the greatest influence. Fig. 2 and 4 both show
that for the high-pressure NAG process, the SPP becomes less
dependent on Qg co, and more on the CO, saturation loading
capacity, which can be easily rationalized based on the shape
of a Langmuir isotherm, which is more sensitive to the Henry
coefficient (and thus Q) at low pressures and saturation
loading capacity at high pressures.

0.7
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0.6 Bl APG
B NAG
0.5
8 04
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©
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Fig. 4 Importance of geometric and isotherm descriptors to the SPP
of the hypothetical zeolites undergoing PSA processes, as determined
using a random forest of decision trees. The importance of a
descriptor is calculated by summing the reductions in mean squared
error brought about at each node where that descriptor splits a
decision tree, averaging over all decision trees, and normalizing.**
Here, sat. load. is the saturation loading capacity, D; is the largest
included sphere diameter, Accessible SA is the accessible surface area,
and He void frac. is the helium void fraction.
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That the isotherm descriptors proved more important
than the geometric descriptors is not altogether surprising.
Separation performance is directly dictated by a material's
adsorption isotherms, which in turn are determined by a zeo-
lite's topology; thus, the geometric descriptors are at least
one step further from separation performance than isotherm
descriptors. Less intuitive is the seemingly minor role taken
by the CH, isotherm descriptors. The low importance of the
CH, isotherm descriptors cannot be attributed to the pres-
ence of a correlation with the CO, isotherm descriptors
corrupting the regression results, as scatter plots show no
clear relationship between CH, isotherm descriptors and the
SPP, while the CO, isotherm descriptors are seen to create upper
and lower limits on an adsorbent’s performance (Fig. S7-S97).

The effect of the CH, isotherm descriptors’ influence on
separation performance is complicated by the fact that the
CH, and CO, isotherm descriptors are correlated (Fig. 5).
While saturation loading capacities of the two species may be
difficult to decouple due their heavy dependence on an ad-
sorbent's topology, Qg cx, and Qs co, can be separately tuned
by taking advantage of the molecules’ difference in electro-
statics. It would therefore be useful to observe the effect of
removing this correlation and then varying the Qg of one ad-
sorbate while keeping the Qs of the other adsorbate constant.
We accomplished this by varying the guest-host force field
parameters for one adsorbate at a time, i.e. to see the individ-
ual effect of Qg cn, the CH;~O,c, epsilon parameter of the
Lennard-Jones potential was varied above and below its origi-
nal value, while the individual effect of Qg co, was observed
by varying the Cco,-O,co and Ogo,~O,c, epsilon parameters.
The resulting Qg are shown along with the SPP of the PSA
APG process for a subset of the IZA zeolites in Fig. 6. It can
be seen that lowering Qg,cn, independently of Qg co, in-
creases performance for a range of zeolites nearly uniformly,
with the SPP approaching limiting values where no CH, ad-
sorbs at all. Conversely, Qg,co, exhibits an optimal value
unique to each zeolite and process, with performance getting
worse as Qg,co, decreases or increases from this optimal
value. For several of the zeolites, the Qg co, graph is broadly
peaked, with the SPP remaining near its maximum value over
a range of about 10 kJ mol™. The top-performing zeolites
seem to exhibit a Qg co, near their optimal values, but there
clearly exist materials which would perform poorly even at
their optimal Qg co, due to a low CO, saturation loading ca-
pacity. Overall, an ideal material with uncorrelated heats of
adsorption for CH, and CO, would exhibit a very small Qg cy,
and an appropriately-sized Qg,co,-

To understand these trends, consider the argument of
Bhatia and Myers®* that the working capacity of a single-
component gas in a porous material is maximized at a partic-
ular Qg, which is simply demonstrated by finding the analyti-
cal maximum of the difference between loadings at two pres-
sures of a Langmuir isotherm, and positing that the entropy
of adsorption is similar in many materials. One expects a
similar argument to hold for CO, in our multicomponent
separation, and one might also expect that to maximize the

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Correlations between (left) Qg cH, and Qsco, and (right) saturation loading capacities of CH,; and CO,. Hypothetical zeolites are shown as
black dots and IZA zeolites are shown as blue diamonds. The stripes seen in the CH,4 saturation loading capacity are due to that variable being

more likely to be integer values of CH4; molecules per unit cell (Fig. S107).
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Fig. 6 SPP of a subset of IZA zeolites undergoing the APG PSA process as a function of (left) Qgch, and (right) Qg co,. The points with white
marker color represent the data with original guest-host epsilon parameters of the Lennard-Jones potential (115 K for CH3-O,eo, 50.2 K for Cco,~
Ozeor and 84.93 K for Oco,~Ozeo). (Left) The CH,-O,¢, epsilon value was varied between 75 K and 155 K in increments of 5 K (4.35% of the original
value), with larger values resulting in a larger Qgcy,. (Right) The Cco,~O.eo epsilon value was varied between 32.128 K and 88.603 K in increments
of 2.259 K while the Oco,-O,eo epsilon value was concurrently varied between 54.354 K and 149.904 K in increments of 3.822 K (both 4.50% of
the original values), with larger values resulting in a larger Qgco,- When Qg ch, was brought too high or Qs co, was brought too low, the material
would become unfit for the separation, so these points are not shown. Note that the SPP of the zeolite WEI does not change with Qg c, because
CHj, loading is negligibly low at all Qg ch, values. Qualitatively similar results for the LFG and NAG processes are shown in Fig. S11 and S12.f

SPP, one would like a Qg cy, that is either much larger or
much smaller than the Qg cn, that maximizes its single-
component working capacity. Since a large Qg cu, takes ad-
sorption sites away from CO,, it instead makes sense that the

This journal is © The Royal Society of Chemistry 2016

SPP increases with a decreasing Qscu,. Indeed, even for the
zeolite FER, in which SPP is seen to increase with increasing
Qs,cu, beyond a certain point, the CO, working capacity is
decreasing, and the improved SPP is due only to the working
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capacity of CH, decreasing at an even faster rate than that of
CO,. Notably, the zeolites do not exhibit a single optimal
Qst,co, but rather a range of optimal Qg co, values, e.g., for
the APG PSA process, the zeolites STI, WEI, and MOR exhibit
optimal Qg co, of 32, 41, and >50 kJ mol?, respectively,
reflecting the negation of the assumption of similar entropies
of adsorption across all materials, which Simon et al.** has
recently demonstrated.

Since Qgicn, and Qg,co, are positively correlated, it be-
comes difficult to obtain an optimal Qg co, while minimizing
Qst,cH, SO Qg,cn, becomes difficult to relate to a zeolite's per-
formance, which explains the low importance of Qg cn,
obtained from the regression. This understanding suggests
that the ability to tune the CO,-host interaction potential in-
dependently of the CH,-host interaction potential can lead to
higher-performing materials; this can be achieved in practice
by changing the charges of framework atoms, more easily
done with different material classes like cation-exchanged ze-
olites or MOFs.

3.3 Structure-property relationships

To aid in the design of new materials, it is preferable to be
able to predict a material's performance based solely on geo-
metric descriptors (e.g., helium void fraction, crystal density,
accessible surface area, largest included sphere diameter,
and largest free sphere diameter), and so we would like to
eliminate the use of isotherm descriptors. Within a material
class, one would expect this to be possible in theory, particu-
larly for purely-siliceous zeolites as they have identical stoi-
chiometric makeup. Since we have shown that isotherm de-
scriptors are well-capable of predicting a zeolite's
performance, if geometric proxies can be found that have a
strong relationship with the important isotherm descriptors,
the necessity for the isotherm descriptors should be able to
be eliminated. However, while it is known that saturation
loading capacities of both CO, and CH, can be predicted by
several simple geometric descriptors, and past studies have
shown a clear relationship between a material's largest
sphere diameter and CH, adsorption energetics,”* more com-
plex descriptors are necessary to predict Qg co, (Fig. S13 and
$147).**** Since we lack a simple geometric proxy for Qs.co,,
we will be unable to remove it from use. Indeed, although
past screening studies have shown that purely geometric de-
scriptors can predict performance for single-component gas
storage of simple molecules like CH,,*® for more complicated
multicomponent gas separation processes involving CO, it
has been found necessary for geometric parameters to be
supplemented by Qs.co, or by both Qg values."™*’ It appears
that the inclusion of Qg co, (or a similar isotherm descriptor
such as the Henry coefficient) as a performance predictor will
be necessary until simple geometric descriptors that are well-
correlated with Qg ¢y, are found.

Conversely, one would expect to find the CO, saturation
loading capacity unnecessary because it seems to have strong
relationships with several geometric descriptors. However,
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the relationship between the geometric descriptors and the
SPP is more ambiguous than that between the CO, saturation
loading capacity and the SPP, so a simple heuristic cannot be
deduced (Fig. S15-5207), though the descriptor is less crucial
for machine learning prediction.

3.4 IAST validity

As we have generated both pure and mixture adsorption iso-
therms for over 80000 zeolites, we can study the validity of
the IAST assumption for nanoporous materials at a larger
scale than has been attempted before. Many studies have
evaluated the validity of IAST for a small number of
materials.*®” Of these, the ones that have focused on mix-
tures of CO, and CH, in zeolites and MOFs have generally
found good agreement between IAST and mixture isotherms
at low pressures but some divergence emerging at pressures
above about 1 bar, with the various studies showing that di-
vergence can manifest itself in several ways."®>>

One reason commonly cited for the violation of IAST is its
assumption that the same adsorbent surface area is available
to all adsorbate molecules,>** an assumption that Myers
and Prausnitz®>” acknowledged is invalid for molecular sieves,
and which tends to be less valid at higher pressures as adsor-
bate molecules compete for adsorption sites and adsorbates
become accommodated at less energetically favorable adsorp-
tion sites. Another reason commonly cited for the violation of
IAST is its assumption of adsorbed-phase ideality,® which
also becomes less valid at higher pressures as higher adsor-
bate loadings are induced.

We compared mixture isotherm loadings obtained directly
with those obtained through IAST, with results shown for a
60 mol% CH, mixture in Fig. 7 and qualitatively similar re-
sults shown for a 90 mol% CH, mixture in Fig. S21.} For
CH,, it can be seen that at low pressures the IAST error is
centered around 0, but as the pressure increases IAST tends
to underpredict the loading, with errors becoming consider-
able by around 5 bar. For CO,, IAST brings about less bias at
all pressures investigated. These divergence trends are simi-
lar to what was seen in Krishna and van Baten,”® where it
was found that different adsorption sites (e.g., windows ver-
sus cages) contain different proportions of the two adsor-
bates; this leads IAST to anticipate greater competition be-
tween the adsorbates than actually occurs, and the loading of
the weaker-adsorbing species is underpredicted. This type of
error brought about by IAST due to site segregation can be
eliminated by using a segregated IAST model.>*

For both adsorbates and at all pressures, there exist mate-
rials in which IAST introduces large errors. One of the mate-
rials with the largest introduced error, PCOD8205017, was in-
vestigated in further detail. Pure-component and mixture
isotherms of CH, and CO, in this material are shown in
Fig. 8, where it can be seen that the directly-generated mix-
ture isotherms are similar to the pure-component isotherms,
and that IAST drastically underpredicts CH, loading. The
snapshots in Fig. 8 show that the CH, and CO, adsorbates

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Loadings of (a) CH,4 and (b) CO, at various total pressures, 300 K, and 60 mol% CH,. Data on the x-axis are taken from directly-simulated
mixture isotherms, while data on the y-axis are taken from applying IAST to pure-component isotherms. A line is drawn at y = x for reference. Hy-
pothetical zeolites are shown as black dots, IZA zeolites are shown as blue diamonds, and hypothetical zeolite PCOD8205017 is shown as a green
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circle. Histograms of the fractional IAST error [ X 100%] of the hypothetical zeolites for (c) CH4 and (d) CO; at

direct loading

the same conditions. A line is drawn at x = O for reference. All plots in the left-column are at 0.1 bar, all plots in the middle-column are at 1 bar,

and all plots in the right-column are at 5 bar. A similar plot showing results at 90 mol% CHy, is given in Fig. S21.f

occupy very distinct adsorption sites; these same sites are
also preferentially occupied by each adsorbate during pure-
component adsorption, so during mixture adsorption there is
a lack of competition between adsorbates for adsorption sites
until a pressure is reached at which one of the two sites be-
comes saturated. This extreme case of site segregation illus-
trates the dangers of not verifying the validity of IAST, as

This journal is © The Royal Society of Chemistry 2016

IAST results lead to the prediction that PCOD8205017 is a
much higher-performing material than it actually is.

By further examining the PCOD8205017 isotherms in Fig. 8,
it can be seen that at certain points the uptakes are even larger
in the directly-generated mixture isotherms than in the pure-
component isotherms. This is due to the CH;~Cco, and CH,-
Oco, adsorption site distances both being approximately 1.1
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Fig. 8 (left) Pure-component and mixture isotherms of CH,4 (60 mol%) and CO, (40 mol%) in the hypothetical zeolite PCOD8205017 at 300 K.
Mixture isotherms are shown both as directly-generated from GCMC and as calculated from the pure-component isotherms using IAST.?” Unlike
the isotherms used in the screening, these used the ideal gas equation of state to ensure consistency of units on the x-axis. (right) A snapshot of
CH,4 and CO; in hypothetical zeolite PCOD8205017 taken from the mixture isotherm simulation conducted at CH4 and CO, fugacities of 0.6 and
0.4 bar, respectively, shown at viewing angles orthogonal to each other. Framework silicon and oxygen atoms are beige and red, CH,4 united atoms

are green, and CO, carbon and oxygen atoms are gray and red.

times their Lennard-Jones sigma values, near the potential's
minimum. Thus, rather than following the IAST assumption
that adsorbates compete for the same adsorption sites, this
guest-guest nonideality instead makes the presence of the sec-
ond adsorbate species conducive to the uptake of the first. That
only small deviations from ideality occur despite such position-
ing of adsorption sites lends support to the ideality assumption
of IAST and segregated IAST, as well as to a previous finding that
guest-host interactions give rise to nonideality to a greater
extent than do guest-guest interactions.>®

For the purposes of high-throughput materials screening,
a small number of outliers is less important than the intro-
duction of systematic errors. To test whether IAST brought
about systematic errors, we redid our earlier analysis of de-
scriptors using the IAST results, and we obtained
qualitatively-similar results, with the higher-pressure NAG
process associated with a decrease in the optimal Qg co,
values and an increased dependence on the CO, saturation
loading capacity (Fig. S22 and S23t). Thus, IAST appears to
be adequate for the purposes of performing high-throughput
materials screening to find trends that relate structure to per-
formance, but it must be tested for validity when performing
detailed analyses of individual adsorbents.

4. Conclusions

In this work, we have developed the SPP metric, which avoids
the pitfalls associated with other adsorption metrics such as
the sorbent selection parameter and the adsorbent perfor-
mance indicator: namely that they can overemphasize negli-
gible gains in selectivity at the expense of more important
changes in working capacity. Although the SPP was developed
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specifically for a process in which CO, is adsorbed from a
CH,/CO, mixture, it can be easily adapted for other adsorp-
tion processes.

The screening work that we then undertook with the SPP
is complementary to several recent screening analyses of ma-
terials for CO, capture.®''">*7>%7¢1 gimilarly to several of
these studies®'*'" we found that Qs co, should be neither
too low nor too high to make an optimal material. We built
on this finding to show that the CO, saturation loading ca-
pacity is another important parameter to consider when de-
signing materials, particularly for high-pressure processes.
We then extended the theory of Bhatia and Myers,** initially
developed for storage of a single-component gas, to a
multicomponent gas separation case by demonstrating that
Qst,cn, should be as low as possible to optimize separations,
but that because Qg cn, is positively correlated with Qg,co,, it
misleadingly appears to be an unimportant parameter.

Since we chose to directly generate mixture isotherms
rather than rely on the predictions of IAST, we were also able
to perform a large-scale evaluation of the validity of IAST for
siliceous zeolites. We found that IAST works reliably for the
purposes of using high-throughput screening to find perfor-
mance trends, but above about 5 bar IAST begins to
underpredict the loading of CH,. At all pressures there exist
zeolites for which IAST does not work, which we showed can
be due to site segregation.
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