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Efficient CO, Removal for Ultra-Pure CO Production by Two
Hybrid Ultramicroporous Materials

Kai-Jie Chen®, Qing-Yuan Yang®, Susan Sen, David G. Madden, Amrit Kumar, Tony
A. Forrest, Nobuhiko Hosono, Brian Space, Susumu Kitagawa, Michael J. Zaworot

Abstract: Removal of CO, from CO gas mixtures is a necessary but
challenging step during production of ultra-pure CO as processed
from either steam reforming of hydrocarbons or CO; reduction. In
this contribution, two hybrid ultramicroporous materials (HUMSs),
SIFSIX-3-Ni and TIFSIX-2-Cu-i, which are known to exhibit strong
affinity for CO,, were examined with respect to their performance for
this separation. The single-gas CO sorption isotherms of these
HUMs were measured for the first time and are indicative of weak
affinity for CO and benchmark CO,/CO selectivity (>4000 for SIFSIX-
3-Ni). This prompted us to conduct dynamic breakthrough
experiments and compare performance with other porous materials.
Ultra-pure CO (99.99%) was thereby obtained from CO gas mixtures
containing both trace (1%) and bulk (50%) levels of CO; in a one-
step physisorption-based separation process.

Carbon monoxide, CO, is a valuable reaction intermediate that,is
utilised for the synthesis of industrially important chemicals sucl
oxo-alcohols, phosgene, acetic acid and various
hydrocarbons.! Moreover, high purity CO (i.e. >99.99%) is a
certified reference material for calibration service
electronics, and semiconductor devices.” Currently, CO |
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r harVesting pure CO from
pressure/vacuum swing
n."" For example, ultra-

such processes:
adsorption (P/VSA

reduces the energy
these trZ
to reduce t by virtue of how facile physisorbents
can be recovered after separation. In this context, metal organic
materials (MOMSs),”®! also known as porous coordination polymers
CPs)“ orﬁl-organic frameworks (MOFs),"” have emerged as
ctive cMllidates for physisorptive separations because they
in pore structures that can be optimized for a particular
Indeed, exquisite control over pore size and pore
can be attained if the MOM in question is amenable to
ing,'"! an aspect that cannot be readily controlled in
us materials such as zeolites, silica, and activated
carbons. Ms, activated carbon and zeolites have been
investigated for separating CO, from CO but they generally suffer
from low adsorption CO,/CO selectivity (<200).'? It is therefore

ubclass of MOMs known as hybrid ultramicroporous materials
(HUMs). ™™

Figure 1. Two hybrid ultramicroporous materials (left: SIFSIX-3-Ni; right:
TIFSIX-2-Cu-i) used in this report, and the second net of two-fold
interpenetrated TIFSIX-2-Cu-i is highlighted in red. Color code: carbon
(grey), hydrogen (white), nickel (purple), nitrogen (blue), silicon (yellow),
fluorine (green), copper (maroon) and titanium (navy).

That a wide range of CO, concentrations (<1% to >50% CO,) can

exist in CO gas mixtures means that a physisorbent based

purification would need to produce high purity CO gas (99.99%)

across a range of gas mixture compositions. Herein, we study both

trace (1%) and bulk (50%) CO, removal from CO using two HUMs

SIFSIX-3-Ni and TIFSIX-2-Cu-i. HUMs are known to exhibit
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Figure 2. CO binding sites, sorption data and isosteric heat of CO and CO, adsorption for SIFSIX-3-Ni and TIFSIX-2-Cu-i. The location of CO molecules is
modeled by density functional theory calculations based upon the crystallographically determined structure of the framework.

benchmark selectivity for CO, capture"” as well as a number of

industrially relevant gas mixtures including CoH/CoH,!™
C;H,/CO,." HUMSs are highly selective towards CO, thanks
combination of ultramicropores (<0.7 nm) that tightly fit CO, and
strong electrostatics from inorganic anions such as Cr,0,>

L = a dipyridyl organic linker; M = divalent transitio
adopt primitive cubic, pcu, topology and exhibit
pore channels. In the case of TIFSIX-2-Cu-i, i de

their CO sorption performance was unknown until this study.
SIFSIX-3-Ni and TIFSIX-2-Cu-i
published procedures.!**'®
synthesize the samples used for pure gas
breakthrough studies (for details, see ex

The higher CO, vs CO uptake at the
in SIFSIX-3-Ni before saturation

can be attributed to the larger Ritetic diameter of CO (3.76 A) vs.

CO,\& 3 A), which in turn might affect the kinetics of diffusion in the
nels (3.8 A) of SIFSIX-3-Ni.

ption isotherms were also measured at 273 and 298
K (Figure ure S2 and S3, supporting information). Interestingly,
CO shows much lower uptake (0.34 and 0.38 mmol/g) vs CO, (2.74
and 4.27 mmol/g) at 100 kPa and 298 K for SIFSIX-3-Ni and TIFSIX-
-i, respectively. The difference in CO, and CO uptake at 1 kPa,
r again, (2.0 vs. 0.004 mmol/g for SIFSIX-3-Ni and 0.3 vs.
mmol/g for TIFSIX-2-Cu-i). Notably, the CO, uptake of 2.0
ol/g at 298 K and 1 kPa in SIFSIX-3-Ni is above that of materials
eviously studied for this separation, while the CO, uptake of 3.5
mmol/g at 298 K and 50 kPa in TIFSIX-2-Cu-i is only below that of
Zeolite 13X (Table 1). We have attributed the strong affinity of these
HUMs towards CO, to the tight fit, strong electrostatics and induced
polarisation." The situation with respect to CO is very different,
presumably because of its larger kinetic diameter (3.76 A) and
smaller quadrupole moment (2.5 X 10% esu cm?) vs CO; (3.3 A and
4.3 X 10°® esu cm?).”"! To evaluate the energetics of CO, and CO
interactions with these two HUMs, sorption data at 273 and 298 K
were fitted using the virial equation, and the respective isosteric
heats of adsorption (Qs) were calculated using the Clausius—
Clapeyron equation (Figure S4 and S5, supporting information).
Figure 2 reveals that CO (22.9 and 23.1 kJ/mol) exhibits much lower
Qs at low loading in SIFSIX-3-Ni and TIFSIX-2-Cu-i, respectively,
than CO, (50.9 and 35.8 kd/mol). This observation is supported by
molecular simulations of the corresponding binding sites and
interaction energies (Table S1). The simulation experiments reveal
that the primary binding site for CO involves multiple C*-F~
interactions between CO molecules and the inorganic pillars (SiFs>
and TiF¢>, Figure 2). In SIFSIX-3-Ni, CO interacts simultaneously
with electronegative F atoms from four individual inorganic pillars
whereas in TIFSIX-2-Cu-i CO exhibits close contact with only one
inorganic pillar. For direct comparison, CO, was subjected to the
same calculations. The preferred binding sites for CO are similar to

This article is protected by copyright. All rights reserved.
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Figure 3. Comparison of SIFSIX-3-Ni and TIFSIX-2-Cu-i with other porous materials for CO,/CO separation (top: 1/99; bottom: 50/50): (left) CO,/CO
selectivity; (middle) calculated CO, uptake for binary mixture at ambient temperature vs. total pressure (0-1 bar) of gas mixture by IAST calculations; (right)

experimental breakthrough curves in a fixed bed under flow (5 cm®min for 1/99; 1 cm*/min for 50/50) of a CO,/CO gas mixture. CO, was not detectable in the
effluent gas before breakthrough according to a chromatographic analyzer with a detection limit of <100 ppm.

those for CO, but the associated energy is much lower than CO,,
presumably because of lower positive charge on the C atom of CO
(Tables S2 and S3). We also note that the calculated C...F distan
are longer for CO than CO,. Specifically, the C...F distanc
SIFSIX-3-Ni are 3.28 vs 3.23A for CO and CO,, respectively,
whereas in TIFSIX-2-Cu-i they are 2.74 vs 2.59 A (Figure
supporting information). This pore chemistry differs from
performing CO, capture physisorbents such as m
frameworks (e.g. MOF-74 and HKUST-1)?? and
performance of which is related to open metal sites,
Qs values for CO,. However, open metal sites ca
Qs towards CO from strong M-CO interactions and th
not to result in strong selectivity for CO, over CO. Su
interactions can be attenuated by substitution of the metal ion
where possible.”

There are two main parameters used to
a porous material for a given sep

luate the performan

equation, the values for
and TIFSIX-2-Cu-i we
Theory (IAST).”® Fitting
are presented in Figures

the whole pressure range, CO,/CO
is always in excess of 3000 for
SIFSIX-3-Ni. The nature o extremely strong interactions
between CO, and materials exhibited by the SIFSIX-3-M platform

re. Conversely, MOFs with open metal sites (i.e.
MIL-101) exhibit low selectivity (<10) although
moderate selectivity has been reported for DMOF-1, ZIF-70,
activated carbon and NaX.'? SIFSIX-3-Ni not only exhibits the
highest CO,/CO selectivity for a 1/99 gas mixture at 1 bar, its CO,
of 1.96 mmol/g at 1 kPa is exceptional vs that of the previous
mark materials examined in this study (<1 mmol/g). TIFSIX-2-
I was found to exhibit the second highest CO, uptake (3.5
mol/g) from a 50/50 gas mixture at 1 bar behind Zeolite 13X (4.2
mmol/g). The calculated uptakes from IAST calculations are
consistent with those of the single-gas isotherms summarized in
Table 1. The higher CO,/CO selectivity for SIFSIX-3-Ni compared to
TIFSIX-2-Cu-i results from much lower Qg for CO than CO; in
SIFSIX-3-Ni. The tight fit for CO, results from strong interactions
with four SIF¢> anions simultaneously (Figure S18). It should also be
noted that, whereas Zeolite 13X exhibits exceptional CO, sorption
performance, the presence of moisture in gas streams has a
detrimental effect on its sorption performance. In addition, Zeolite
13X can require excessive heat (>250 °C) and energy to remove
adsorbed water molecules and water vapour is present during CO
purification.!'***”

To directly investigate CO, removal from CO by TIFSIX-2-Cu-i and
SIFSIX-3-Ni, dynamic breakthrough experiments using gas mixtures
containing 1% and 50% CO; in CO were conducted at 298 K.
Samples were pre-heated at 50 °C in a flow of He gas for six hours
to remove atmospheric impurities before being cooled to room
temperature. Evolved gas components were continuously monitored
using mass spectrometry (Scheme S1, supporting information). In
the breakthrough experiment containing a 50/50 gas mixture with a
total pressure of 1 bar, CO and CO, were initially co-adsorbed
before adsorbed CO was replaced by CO,. A CO outlet purity
of >99.99% was calculated (Figure 3) from the ratio of the integrated

This article is protected by copyright. All rights reserved.
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Table 1. Comparison of adsorption data and selectivity in HUMs vs other porous materials.

SIFSIX-3-  TIFSIX-2-Cu- Zeolite NaX' Activated DMOF-1 HKUSQML 101" ZIF-70’
Ni i 13X° Carbon? ‘
Sper” 229 585 742 685 N.A 1863 1730
CO; uptake® 2.0/2.6 0.3/3.5 1.0/4.2 0.4/4.3 0.6/1.8 0.02/0.88 0.04/1.4

CO uptake® 0.2/0.34 0.2/0.39 0.6/0.95 0.65/1.1 0.16/0.44 0.01/0.03 ‘2/1 .31 .MO 88 0.12/0.22

Selectivityd >4000 209/62 366/99 26/25 35/115 54/5 5/5 ‘ 3.!/2.3 43/22
N
Reference this work this work 12a 12b 12¢ 12e “ 12e 12f

[a] surface area (m*g) calculated from Brunauer-Emmett-Teller (BET) theory; [b] gravimetric CO, uptake . . 298 K unless noted

/ 0:50 and 1:99 at 298 K and 1
bar of total gas pressure, calculated from IAST theory; [e] at 293 K; [f] at 303 K; [g] at 296 K; [h] at 29 d selectivity for materials except
for HUMs were determined from dual-site Langmuir-Freundlich equation after fitting the raw data extracte corresponding references. More details are

presented in supporting information.
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