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Unravelling gas sorption in the aluminum metal-organic
framework CAU-23: CO,, H,, CH,, SO, sorption isotherms,
enthalpy of adsorption and mixed-adsorptive calculations

Christian Jansen,” Niels Tannert,” Dirk Lenzen,” Marco Bengsch,” Simon Millan,”
Anna Goldman,” Dustin Nils Jordan,” Linda Sondermann,” Norbert Stock,”™ and

Christoph Janiak*®

The report is the first broader evaluation of the gas sorption
properties of CAU-23 for the adsorptives CO,, H,, CH,, and SO.,.
CAU-23 is of intermediate porosity among Al-MOFs with specific
BET surface areas of the order of MIL-100 > MIL-53 > CAU-23 >
MIL-160 > MIL-53-TDC > Alfum > CAU-10-H and total pore vol-
umes of the order of MIL-100 > MIL-53 > CAU-23 > Alfum = MIL-
160 > MIL-53-TDC >CAU-10-H. CO, uptake (3.97 mmolg™},
293 K) and H, uptake (10.25 mmolg™', 77 K) of CAU-23 are
second in the series and only slightly smaller than for MIL-160.
The CH, uptake of CAU-23 (0.89 mmolg', 293 K) is unremark-
able in comparison with the other AI-MOFs. The SO, uptake
(8.4 mmolg™', 293K) follows the porosity and higher SO,
uptakes were only observed for MIL-53 and MIL-100. CAU-23 is
one of the best AI-MOFs for high-pressure sorption of CO,, with

Introduction

Metal-organic frameworks (MOFs) are coordination networks,
that consist of metal nodes and bridging organic linkers with a
wide structural diversity."' MOFs are mainly interesting due to
their porosity for a variety of potential applications and proper-
ties, e.g. gas sorption and separation™® catalysis,"®"
luminescence,'*™ conductivity.”™ MOFs can be obtained
through various synthesis routes,® for example under
solvothermal,"” or reflux conditions using microwave-assisted
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an uptake of 33 wt.-% at 20 bar, 293 K. Gas sorption measure-
ments at two different temperatures gave near zero-coverage
enthalpy of adsorptions, AH,y for CO, of —22 kimol™' and of
SO, for —38 kJmol~' which is at the low end of the other Al-
MOFs (—22 to —39 kimol™" for CO, —41 to —51 kJmol ™' for
SO,), yet AH,4, increases for CAU-23 with CO, and SO, to —25
and —57 kimol™', respectively. For CO,/CH, and SO,/CO,
separation, ideal adsorbed solution theory (IAST) predicted gas
selectivities of 5 and 27-50 (depending on molar ratio and
model), respectively, in line with 4.5-6.3 and 17-50, respec-
tively, with most of the other AI-MOFs, where only MIL-53-TDC
with 83 and MIL-160 with 126 gave a higher SO,/CO, selectivity
at a molar ratio of 0.5.

[18] 19]

heating, electrochemical,"® or mechanochemical energy
input, with variation of metal precursor, solvent, concentration
or the presence of modulators.?*"

An important aspect in MOF chemistry and utilization is
their kinetic stability towards ligand exchange, especially
hydrolysis.”? The inertness or lability of a metal ion towards
hydrolysis can be estimated from the Merbach series of rate
constants for the exchange of aqua ligands in metal-aqua
complexes according to [M(H,0),]°" 4+ H,0*—[M-
(H,0),_;(H,0%)]°" +H,0.2*) The most inert main-group metal
ion is APT with a rate constant for the water exchange in
[AI(H,0),*" of k(H,0)=1.3s"". AP" is much more inert than
divalent transition-metal cations from Mn** to Cu?* which have
large rate constants k(H,0) of over 107 s™'. Among the trivalent
metal ions AP™ has an intermediate rate constant and is more
labile than for example Cr*t (k(H,0)=2.4-10"°s"") but less
labile than Fe*" (k(H,0)=180 s') and much less labile than Ti**
(k(H,0)=1.8-10"s7").

Further, aluminum salts are inexpensive and exhibit low
toxicity.”**” Therefore, aluminum-based MOFs such as MIL-
53,59 Al-fumarate (Basolite® A520; short: Alfum),®'=3 CAU-10,¥
or MIL-160" are frequently investigated in application-oriented
MOF studies (MIL=Matériaux de l'Institute Lavoisier, CAU=Chris-
tian-Albrechts-University).?*#’3¢% |n 2017, Tschense et al. pub-
lished the Al-based MOF [AI(OH)(TDC)] containing the linker 2,5-
thiophenedicarboxylate (TDC*") (Figure 1a) and crystallizing in
the MIL-53 type structure topology.”” This compound was
named MIL-53-TDC and subsequently investigated for water
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Figure 1. Crystal structure of CAU-23: (a) AI**, 2,5-thiophenedicar-
boxylate (TDC*") and hydroxide ions as building blocks, (b) TDC*
linker coordination to {AlO¢} octahedra, (c) chains composed of
alternating segments of four helical cis- and four trans-corner
sharing {AlO¢} octahedra, (d) section of the packing diagram with
the {AlOg} chains connected by the TDC*" linkers to yield square-
shaped channels. The graphics were produced by the software
Diamond®” from the cif-file with CSD-Refcode ZOVHUQ (CAU-23).44

sorption in connection with heat transformation applications,"

for CO, capture,“? and SO, sorption.®

A MOF synthesized with the same starting materials and
having the same composition as MIL-53-TDC, is the polymorph
CAU-23 [AI(OH)(TDQ)], which was reported by Lenzen et al. in
2019." CAU-23 and many structurally similar AI-MOFs are built
from chains of p-OH™ and carboxylate bridged {AlO4} octahedra
which share vertices through the p-OH bridge (Figure 1b). The
dicarboxylate linkers connect these parallel chains to 3D-frame-
work with square to rhombic channels along the chain
directions (Figure 1d). Different to the other AI-MOFs the chains
in CAU-23 have both cis- and trans p-OH-corner-sharing {AlOg}
octahedra (Figure 1c), while MIL-160,%* and CAU-10-H®Y have
only cis- and MIL-53-TDC*” and MIL-53 have only trans-u-OH-
connectivity.®**! CAU-23 was found as an ideal compound for
ultra-low temperature driven adsorption heat pumps (AHPs)
with impressive stability. CAU-23 could operate at the low
regeneration or driving temperature of 60 °C with a low cooling
temperature of 10°C and it has a high uptake capacity of
0.37 g(H,0)/g(sorbent).*¥

Up to now only the sorption properties of CAU-23 to N, at
77 K and H,0 at 298 K*? and the C,H,/CO, separation have
been studied.”® The reported specific surface area (Sgg), micro-
pore volume (Viicopore) and water capacity (H,Oypare) are Sger=
1250 m’g™ " Ser=1320 m*g™" ! V,iopore =048 cm’g™" (at
PP, ' =0.5) and H,0,p=040gg ' In addition to neat
CAU-23, mixed-linker materials of the MOFs CAU-23 and MIL-
160 have been investigated.”” In order to further characterize
CAU-23, we report here gas sorption data of Ar, CO,, H,, CH,,
SO, up to a relative pressure p p, ' of 1, and high-pressure CO,
sorption experiments up to 20 bar.

Results and Discussion

The synthesis of CAU-23 was carried out as described by Lenzen
et al™ The starting materials were AICl;-6 H,0, NaAlO, and
sodium 2,5-thiophenedicarboxylate. The CAU-23 material used
in this gas sorption study has a specific surface area of Sgr=
1176 m*g™" and a total pore volume of Vg pore=0.51 cm*g™"
(at pp, '=0.90) as from N, sorption at 77 K (Table S4). Ar
sorption at 87 K gave a surface area of 1097 m?g ™' (Table S7).

The CO, sorption isotherms at three different temperatures
(195, 273 and 293 K) are presented in Figure 2. Uptakes of
3.97 mmolg™' (293 K), 6.02 mmolg™' (273 K) are observed. It
increases to 10.89 mmolg™' at 195K, which is the condensa-
tion/sublimation point of CO,. The isotherm shows a large
hysteresis, which is probably due to a structural change of the
framework,“” or related to kinetic effects of the desorption of
CO, from the narrow micropores of CAU-23.

Figure 3 compares the CO, uptake of CAU-23 with data of
other AI-MOFs, which were taken from the literature.”® CAU-23
shows a high CO, uptake among AI-MOFs, just somewhat less
than MIL-160 which contains 2,5-furandicarboxylate linker
molecules with Sger=1106 m*g", V,0e =044 cm*g ™" (at pp, ' =
0.90) (this work, Table S6). Furthermore, CAU-23 has a higher
CO, uptake than AI-MOFs with higher specific surface areas, like
MIL-53 (Sger=1338 m*g™") or MIL-100 (Sger=1368 m*g™") (this,
work, Table S6).

The flexible structure of MIL-53 does not present an
advantage for CO, capture properties. Comparison of the
polymorphs MIL-53-TDC and CAU-23, which contain the same
2,5-thiophenedicarboxylate linker shows a significant increase
in the uptake by CAU-23 which may be due to the different
connectivities of the {AlOg} polyhedra in the two MOFs.

The H, isotherms at 77, 87 and 100K, (Figure 4) show
uptakes of 10.25, 10.46 and 5.71 mmolg™' at around 720 Torr
with no hysteresis upon desorption. At all three temperatures
the H, adsorption isotherms still have a high positive slope at
700 Torr and are not levelling off, which indicates an adsorption
curve far from saturation, which will be reached only at higher
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Figure 2. CO, sorption isotherms of CAU-23 recorded at different
temperatures.
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Figure 3. Comparison of CO, uptake of CAU-23 (shaded area) with
selected AlI-MOFs (grey) at 293 K and 1 bar (Alfum,®® MIL-160,
CAU-10-H,58 MIL-53,58 MIL-53-TDC,*® and MIL-100%®) For uptake
data at other temperatures and the uptake in cm®*g™" or wt-% see
Table S8 in 51164852
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Figure 4. H, sorption isotherms of CAU-23 for different temper-
atures.

pressures. This is an interesting fact for the use of CAU-23 in
possible hydrogen storage applications under high pressure
conditions.

In Figure 5 the hydrogen sorption capacity of CAU-23 at
77 K is compared with values which we measured for the other
Al-MOFs (Table S10, SI). Due to the fact that H, storage is
typically investigated under higher pressure, to the best of our
knowledge no data is available in the literature for H, sorption
of AI-MOFs up to 1 bar, except for Alfum (Table S10). Only MIL-
160 has a higher H, uptake capacity at 1 bar than CAU-23 at
77 K.

The CH, uptake capacity of CAU-23 ranges between 0.89
and 138 mmolg™" at 293 and 273K, respectively (Figure 6,
Table S11 in SI). The CH, adsorption isotherms also did not
reach saturation at 1 bar as seen by their still large positive
slope, far from levelling off. Saturation will require a pressure
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Figure 5. Comparison of H, uptake of CAU-23 (shaded area) with
selected AlI-MOFs (grey) at 77 Kand 1 bar (data for Alfum, MIL-160,
CAU-10-H, MIL-53, MIL-53-TDC, and MIL-100 measured by us). For
uptake in cm®g ™" or wt-% see Table S10 in SI.5*
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Figure 6. CH, sorption isotherms of CAU-23 for different temper-
atures.

above 800 Torr. CAU-23 has no significant hysteresis for the
methane sorption.

The comparison to literature values of other AI-MOFs shows
that CAU-23 has no particular affinity for methane. The uptake
is in the range of other AI-MOFs at similar temperatures (293
and 298 K, Table S11). The effect of the surface area is not so
important and there is also no correlation between the pore
limiting diameter and the uptake. The highest methane uptake
of an AI-MOF near 298 K is observed for Alfum (Figure 7) which
has a lower specific surface area (Sger =898 m?g ") than CAU-23,
MIL-160, MIL-53 and MIL-53-TDC (Sger=973 to 1338 m?g~’,
Table S6).

SO, sorption of CAU-23 at 273 and 293 K (Figure 8) gave
highly reversible Type | isotherms,*® which almost levelled-off
at 760 Torr, a feature which is not always seen for the SO,
uptake in AI-MOFs where saturation is not necessarily reached
at this pressure.®®*” MIL-53 and Alfum have a still positive
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Figure 7. Comparison of CH, uptake of CAU-23 (shaded area) with
selected Al-MOFs (grey) at 293 or 298 K and 1 bar (Alfum,* MIL-

160, CAU-10-H,“" MIL-53,%¥ and MIL-53-TDC*?). For uptake data
at other temperatures and the uptake in cm®g™" or wt-% see

Table S11 in S1.55545"
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Figure 8. SO, sorption isotherms of CAU-23 at different temper-

atures.
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Figure 9. Comparison of SO, uptake of CAU-23 (shaded area) with
selected AI-MOFs (grey) at 293 K and 1 bar (Alfum,*® MIL-160,""
CAU-10-H,%® MIL-53, MIL-53-TDC,"*” and MIL-100°#). For uptake

data at other temperatures and the uptake in cm®*g™" or wt-% see

Table S12 in SI.B¥

at 0.4 bar.®¥ The SO, uptake in MIL-53 follows a Type F-I
isotherm.®**® The high SO, uptake of MIL-100 with
365.3 cm?g~'/16.3 mmolg™" at 293 K is due to its high surface
area and total pore volume (Table S6).

Finally, the CO, adsorption of CAU-23 was also studied up
to 20 bar. The MOF has a CO, uptake of 493 mgg™' at 20 bar
(33 wt.—%), which is at the high end of the other AI-MOFs
(Figure 11). MIL-53 appears to be the AI-MOF with the highest
uptake of 31 or 37.8 wt.-% at 30 bar/304 K or 20 bar/298 K.F*¢"
The S-shape of the high-pressure CO, isotherm (Figure 10 and
Figure S18) is typical for a small group of AI-MOFs and was also
observed for MIL-53,% and MIL-53-TDC (this work). Al-MOFs,
like Alfum,”® MIL-160,% CAU-10-H®® or MIL-100"* have more a
Type | shape for the high-pressure isotherm with an immediate
and high uptake already in the 1-2 bar range (Table $13), which

slope, signaling unsaturation.®® For MIL-53-TDC and CAU-10-H
the slope near 760 Torr (1 bar) is only slightly positive. Only
MIL-160 exhibits a fully levelled-off Type | isotherm. CAU-23 and
MIL-160 also show a similar isotherm shape with a high uptake
already at low pressure (below 50 Torr, 0.07 bar) and a small
hysteresis. CAU-23 gives SO, uptakes of 8.4 mmolg™' at 293 K,
9.9 mmolg™" at 273 K and 760 Torr and 15.5 mmolg™' at 263 K
and 610 Torr, before a strong uptake increase due to condensa-
tion (Figure S17, boiling point of SO, is 263 K).

Figure 9 compares the SO, uptake data of CAU-23 with
other AI-MOFs at 1 bar and 293 K289 A similar uptake is
found for MIL-53-TDC. The MOFs MIL-53 and MIL-100, both
having a higher specific surface area and pore volume
(Table S6), have significantly higher SO, uptakes. The large
uptake of MIL-53 can be related to the structural flexibility of
the MOF with a breathing effect between 0.4 to 0.5 bar, after
which the SO, uptake at 1 bar becomes about twice as high as

CO, uptake [mg g™']
N w
o o
o o

-

o

o
1

o

¥
\
°

1o High-pressure CO, o

8 10 12 14 16 18 20 22

Pressure [bar]

Figure 10. High pressure CO, adsorption isotherms of CAU-23

recorded at 293 K.
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Figure 11. Comparison of high-pressure CO, uptake of CAU-23
(shaded area) with selected Al-MOFs (grey) at different temper-
atures and pressures (Alfum,“® MIL-160,%% CAU-10-H,*® MIL-53,%
MIL-53-TDC (this work), and MIL-100"%). For uptake data in wt-%
and further details (pressure and temperature) see Table S13 in
Sl.[sﬂ

is also seen for UiO-66-type Zr-MOFs.®™ CAU-23 has a similar
uptake capacity and isotherm shape at 20 bar/293 K as its
polymorph MIL-53-TDC. The steep rise of the S-shaped CO,
isotherm of CAU-23 between 6 to 12 bar is shifted to lower
pressures, that is, between 5 to 10 bar in MIL-53-TDC. As both
CAU-23 and MIL-53-TDC have the same 2,5-thiophenedicarbox-
ylate ligand, this shift is due to the different crystal
structures.Po404

Enthalpy of Adsorption for CAU-23. The isosteric enthalpy of
adsorption (AH,g,) of CO,, H,, CH, and SO, was determined from
two adsorption isotherms at different but still close temper-
atures (AT=10 or 20 K) by applying the isosteric method based
on the Clausius-Clapeyron equation or the virial analysis of
adsorption isotherms.®™ CO,, H, and CH, isotherms could be
well fitted with the Freundlich-Langmuir model for the
Clausius-Clapeyron approach (Figure S13, S14, and S16). For the
SO, adsorption isotherms a virial fit was used as preferred in the
literature (Figure S$17).%' The virial fit was also used for the CO,
adsorption data (Figure S13) in the higher pressure range.

CAU-23 shows varying degrees of affinity for the four
measured gases, as quantified by the affinity constants K from
the isotherm fits (Table S14). Among the four gases the affinity
towards CO,, H, and CH, is rather low at zero coverage, while
SO, has the highest affinity, due to its dipole moment. Thus, it
can interact with the p-OH bridge, the thiophene S atom and -
system as well as the thiophene carboxylate and C—H groups.
DFT calculations on MIL-160, Zr-fumarate and the nickel DMOF-
TM have identified these groups as higher-energy binding
Sites.[38'59'66]

Figure 12 shows the isosteric enthalpies of adsorption as a
function of uptake of CO,, H,, CH, and SO,. For AH,4(n) of H, a
steady decrease is observed which is expected upon initial
interaction with the highest-energy binding sites and saturation
of the binding sites with sequentially lower energy upon

60
50 —=—CO, (273 & 293 K)
1 —=—H, (77 & 87 K)
— 404 = CH, (273 & 293 K)
g ] —=— S0, (273 & 293 K)
S 30
2,
Em 20 _/
| o
10
0 T T T T T T T T I"!h_\

o 1 2 3 4 5 6 7 8 9 10 M

Amount adsorbed n [mmol g™]

Figure 12. Isosteric enthalpy of adsorption AH,4(n) of CO,, H,, CH,
and SO, as a function of uptake from the adsorption isotherms at
the given two temperatures.

increasing uptake. The isosteric enthalpy of adsorption for CH,
stays rather invariant with coverage in the overall low uptake
regime (up to 1 mmolg™). For CO, and SO, a somewhat
unexpected increase in AH,4 with the uptake is seen, which is
different from the behavior of Alfum, Zr-fumarate, NH,-MIL-
53(Al),*¥ but was also observed for MIL-160.5" As just noted,
more typical is a decrease in the enthalpy of adsorption with
increased loading as the higher-energy sites are occupied first.
A rationalization may be that a phase transition takes place
where higher-energy binding sites become available. In MIL-160
such a phase transition was invoked from an activated, empty
phase | to a SO,-loaded phase Il which was also seen in water
sorption studies.”**”

The isosteric enthalpy of adsorption near zero coverage for
CO, was calculated to —22 kJmol™ for CAU-23 (Figure 12),
which in comparison with the literature for other AI-MOFs is at
the low end (cf. —37 kJmol™" for MIL-160,*" —39 kJmol~" for
MIL-53,%" Table 1). Noteworthy, AH,, for CAU-23 and CO,
increases to —25 kJmol™" at the uptake of 1 bar. This is related
to the sigmoidal shape of the isotherm (Figure 2, Figure S13b),
that is, the at first slowly increasing uptake. Yet, the calculated
value of ~-—22kJmol™ (Figure S19, virial fit) is in good
comparison with the literature data (Table 1).“ When AH,,° for
CO, and CAU-23 was calculated from a Freundlich-Langmuir fit
(Figure S13b), then a value of only —2 kimol™' was obtained
(Figure S19). The virial analysis should be superior over the
Freundlich-Langmuir fit/Clausius-Clapeyron fit in order to obtain
rational AH,, values, as the Freundlich-Langmuir fit can
deviate more at low-uptake data.”*

AH,,° for H, was calculated to —4 kJmol™' for CAU-23. Due
to lack of data in the literature, values for the other AI-MOFs are
not available for comparison. Usually only H, adsorption studies
at high-pressure are reported for MOFs which are typically
measured only at one temperature. The isosteric enthalpy of
adsorption near zero coverage for CH, was —14.8 kimol™' for
CAU-23 and is only slightly lower than —17.3 kJmol™" for MIL-
160, or —18.3 kJmol™' for MIL-53 (Table 1). AH,,° for SO, is
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Table 1. Isosteric enthalpy of adsorption (near zero coverage) of aluminum MOFs for CO,, H,, CH, and SO,.

MOF AH,.X(CO,) Ref. AH,¢(H,) Ref. AH,¢ (CH,) Ref. AH,,’(SO,) Ref.
[kJmol™"] [kJmol "] [kJmol™"] [kJmol ]

CAU-23 ~—22% our work —4 our work —14.8° our work —38° our work
(=29
—20.0° [46]

Alfum -22° [53] - - —42f 138]

MIL-160 —37¢ [59] - —17.26° [68] —42¢ [59]
—28.03° [68] - - -

CAU-10-H ~—25% [50] - - -

MIL-53 —264" [51] - —183" [51] —50.6' [60]
-39 [69] - - -

MIL-53-TDC - - - —41.0° [60]

MIL-100 - - - -

? Virial fit, see Figure S19, ® Freundlich Langmuir fit, see Figure $19; <’ calculation temperatures: © 273/293 K, ¢ 77/87 K, © 273/298 K,

293/303 K, ¢ 273/295 K, " 288/303 K, ' 303/308 K, ' 273/296 K. * Visually read from a figure in the referenced literature (273/296 K).

—38kJmol™" for CAU-23, only somewhat lower than
—42 kJmol™' for MIL-160 or —51 kJmol™" for MIL-53 (Table 1).
Again, H.4 increases for CAU-23 with SO, and reaches
—57 kimol ™" at the uptake of 1 bar.

IAST (Ideal Adsorbed Solution Theory) for CAU-23. If one
envisions the use of MOFs in adsorptive gas separation, CO,/
CH, separation for natural gas sweetening,”*”" and SO,/CO,
separation for flue gas desulfurization”’® are possible areas of
application. CO, can be regarded as the main competitor to SO,
for a potential adsorptive separation during flue gas desulfuriza-
tion. Therefore, the ideal adsorbed solution theory (IAST)
selectivity of CO,/CH, and SO,/CO, was evaluated (Figure 13).
The IAST model estimates on the mixed-gas adsorption
behavior of an adsorbent based on data determined from
single-gas adsorption experiments at the same temperatures.
IAST-based estimations are most suitable when the following
conditions are fulfilled: (i) the same accessible surface area is
available to all adsorbates, (ii) low pressures (<1 bar), and (iii)

€01 a—co/cH, IAST with Toth
50|+ SO,/CO, IAST with Totn
L] SOZ/CO2 IAST with DSLAI Sips ./.»-—l"
> i
S 40 e
© /.’.'-’.
3 1"a-n-nmnm
2 30_.7...'.'.'..........*..-.'..-..*.
)
< 20
104
1E-E-E-E-H-E-E-E-E-E-E-E-E-E-E-E-E-E-E-E-E-E-E-E-E-E
0 g T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

Molar fraction X of X/Y

Figure 13. IAST selectivity for CAU-23 between CO,/CH, and SO,/
CO, with Toth and DSLAI Sips model.

similar polarity of adsorbates.”” IAST selectivities in this work

were calculated with the “3P sim” software (see Supporting
Information) by fitting the adsorption isotherm data points with
the Toth or dual-site Langmuir Sips model (DSLAI Sips).””
Parameters are listed in Table S15. IAST selectivities for SO, and
CO, gas mixtures for CAU-23 are displayed in Figure 13. CAU-23
shows a low IAST selectivity for CO, and CH, with the Toth
model, simulated in a pressure range up to 1 bar. The IAST
selectivity of ~5 is in the range of values reported for other Al-
MOFs (Table 2).

Al-MOFs in general have a low selectivity towards CO, and
CH, separation. The common channel structure of most Al-
MOFs with the lack of open metal sites” prevents targeted
adsorption of gases, especially of gases with low dipole
moments. It is probably mostly the difference in kinetic
diameter between CO, (3.30 A) and CH, (3.80 A) which yields to
a size-dependent separation.

The IAST selectivity of SO, and CO, was calculated with two
different models, to investigate also the influence of the model.
The Toth and Dual-Site Langmuir Sips model was chosen. The
IAST selectivity difference between the two models varies
between 34 (Toth) and 27 (DSLAI Sips) at 0.01 molar ratio and

Table 2. CO,/CH, IAST selectivities at 293 K of aluminum MOFs.

MOF CO,/CH, IAST Ref.

selectivity at

CO,/CH,

molar ratio of 0.5
CAU-23 (Toth) 5.3 (293 K) our work
Alfum 4.5 (273 K) [53]
MIL-160 6 (295 K)? [68]
CAU-10-H - _
MIL-53 6.3 (298 K) [77]
MIL-53-TDC - -
MIL-100 - -

? Visually read from a figure in the referenced literature.
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Table 3. SO,/CO, IAST selectivities at 293 K of aluminum MOFs.
MOF IAST selectivity at SO,/CO, Ref.
molar ratio
0.01 0.1 0.5
CAU-23 (Toth) 34 34 48 our work
CAU-23 (DSLAI Sips) 27 28 28 our work
Alfum 34 35 36 [38]
MIL-160 - - 126 [59]
CAU-10-H 29 27 25 [38]
MIL-53 17 22 43 [38]
MIL-53-TDC 24 48 83 [38]
MIL-100 17 18 38 [38]

48 and 28 at 0.5. Especially the values at a molar ratio of 0.5 are
quite different, which could be related to the low R? value of
0.989625 for the Toth fitting of SO, (cf. Table S15).

The increase in IAST selectivity, simulated with the Toth
model, is also observed for comparable, other structurally
similar AI-MOFs in the literature.’® MIL-53 is a MOF with an
even steeper increase of the SO,/CO, IAST selectivity. The
calculated IAST selectivity with the DSLAI Sips model has no
significant variation over the whole molar fraction range and
remains steady around 27-28. Depending on the used model,
CAU-23 is in the middle or the higher range of IAST selectivities
for AI-MOFs, but compared to MIL-53 or MIL-100 it has a higher
selectivity at low molar ratios or low SO, pressures (Table 3).
This is an important aspect in considering to use MOFs in a
possible technical adsorptive desulfurization application, be-
cause they may probably be aimed to remove low SO,
concentrations from N,/CO,/SO, gas mixtures, that is the
selective adsorption of SO, traces below 500 ppm (low partial
pressure, p <0.01 bar).

In comparison with zirconium MOFs CAU-23 has similar
selectivity values to, for example, DUT-67 and NU-1000, but
lower than Zrfum and MOF-808.°8 Zr-MOFs are frequently
investigated for applications due to their high hydrothermal
stabilities.

Conclusions

CAU-23 is one of the least studied Al-MOFs. Within this study,
different gas sorption properties of CAU-23 were examined and
the isosteric enthalpy of adsorption and IAST selectivites were
calculated from the single-gas adsorption isotherms. The gas
uptake of CAU-23 was compared with literature data. Further-
more high-pressure CO, sorption was performed up to 20 bar
and compared with the polymorph MIL-53-TDC. CAU-23 shows
promising properties in gas separation of SO, and CO,, as well
as in high pressure CO, sorption. With its high water stability,
CAU-23 is an interesting MOF for possible technical applica-
tions.

Experimental Section

Materials and Methods

All chemicals were used as received from the suppliers (see section
S1, Table S1 in the SIt).

Powder X-ray diffraction (PXRD) patterns were obtained at ambient
temperature on a Bruker D2 phaser (Bruker AXS, Karlsruhe,
Germany) using Cu—Ka radiation (\=1.54182 A) between 5°<
20 < 50° with a scanning rate of 0.0125°s (300 W, 30 kV, 10 mA).
The diffractograms were obtained on a flat “low background
sample holder”, where at low angle the beam spot is strongly
broadened so that only a fraction of the reflected radiation reaches
the detector, hence the relative intensities measured at 20 <7° are
low. Analyses of the diffractograms were carried out with Match
3.1.0 software.

Karl-Fischer-titrations were carried out on an ECH AQUA 40.00 (ECH,
Halle (Saale), Germany) with repeated determinations. Elemental
analysis was acquired on a vario MICRO cube (Elementar Analy-
sensysteme, Langenselbold, Germany). Thermogravimetric analyses
(TGA) were carried out on a Netzsch TG209 F3 Tarsus (Netzsch,
Selb, Germany) device under nitrogen atmosphere with a heating
rate of 5 Kmin™' to the target temperature of 600°C. Infrared (IR)
spectra were acquired on a Bruker Tensor 37 FT-IR device (Bruker
AXS, Karlsruhe, Germany) as KBr pellets in the range of 4000-
400 cm™'. Scanning electron microscopy (SEM) images were
recorded on a JEOL JSM-6510 Advanced electron microscope (Jeol,
Akishima, Japan) with a LaBg cathode at 5-20 keV. The microscope
was equipped with an Xflash 410 (Bruker AXS, Karlsruhe, Germany)
silicon drift detector for energy dispersive X-ray spectroscopy (EDX).

Brunauer-Emmett-Teller surface areas (Sg) were determined by
nitrogen (purity 99.999%, 5.0) sorption experiments at 77 K using
liquid nitrogen cooling on a Quantachrome NOVA-4200e instru-
ment (Quantachrome, Odelzhausen, Germany) within a partial
pressure range of 107 <pp, ' <1 and also on a Quantachrome
Autosorb iQ MP instrument (Quantachrome, Odelzhausen, Ger-
many) within a partial pressure range of 107 <pp, ' <1. The
samples were degassed under vacuum (p < 102 mbar) at 150°C for
ca. 3 h, prior to measurement. The gas uptake values are given
@STP, that is at a standard temperature of 0°C (although the
manifold is maintained well above this temperature) and a pressure
of 760 Torr (1 atm) with the associated molar volume for an ideal
gas of 22.414 L®

Argon (purity 99.999 %, 5.0) sorption experiments were performed
at 87 K using a Quantachrome CryoCooler (Quantachrome, Odelz-
hausen, Germany) for appropriate adjustment of 87K on a
Quantachrome Autosorb iQ MP instrument (Quantachrome, Odelz-
hausen, Germany) within a partial pressure range of 1077 <pp,™"
< 1. Activation was achieved under vacuum (p <107° mbar) at
150°C for ca. 3 h. Carbon dioxide (purity 99.995%, 4.5) sorption
isotherms were collected using an ASAP 2020 automatic gas
sorption analyzer (Micromeritics, Aachen, Germany) with oil-free
vacuum pumps (ultimate pressure pp, ' =107%). The temperatures
were set with dry ice/acetone (195 K), water/ice (273 K) and water
(293 K). Samples were activated under vacuum (p < 10~* mbar) at
150°C for ca. 3h before the measurement. Hydrogen (purity
99.999%, 5.0) sorption experiments were carried on the Quantach-
rome Autosorb iQ MP using the CryoCooler for thermostating,
except for 77 K where liquid nitrogen was used. H, sorption was
performed within the partial pressure range of 107 <pp,' <1.
Sample were degassed under vacuum (p < 10~° mbar) at 150°C for
ca. 3 h. Methane (purity 99.995%, 4.5) isotherms were collected
using the ASAP 2020. Sample were activated under vacuum
(PP, "' < 1073 mbar) at 150°C for ca. 3 h.
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Sulfur dioxide (purity 99.999%, 5.0) sorption experiments were
performed at 263 K (boiling point of SO,, set with the CryoCooler),
at 273 K (water/ice bath) and at 293 K (water bath) on the Autosorb
iQ MP within the partial pressure range of 107° <pp, ' <T1.
Activation was done under vacuum (p < 10~° mbar) at 150°C for ca.
3 h. SO,-sorption experiments were prone to limitations from the
corrosive nature of SO,. The uninterrupted measurement time on
the device was limited to 10 h for safety precautions to prevent
damage to the seals.*®*?%¢ At 263 K (boiling/condensation point of
SO, at 1 bar) and above 600 Torr condensation of SO, in the sample
tube takes place. For the Viton® gaskets in the Autosorb iQ MP
device, each SO,-sorption run had to be completed within a
maximum time of 10 h after which the system had to be flushed
with N, for regeneration (see ref. [°] for the chemical compatibility
of Viton® gaskets). The time limit was recommended by Quantach-
rome to prevent damage to the gaskets due to irreversible swelling,
which could cause leaks in the system. Then, after flushing the gas
line with N, several times the line remained under N, atmosphere
for at least 12 h to regenerate the gaskets. For long equilibration
times during adsorption and desorption the adsorption data points
were still collected as complete as possible with long-enough
equilibration times but for desorption fewer data points could then
be measured. This compromise then led to incomplete, i.e. not-
closed desorption branches, due to the safety precautions.

The device for high pressure CO, uptake (HP-CO,) studies was an
IsoSORB  Static (G-HP) (Rubotherm, Bochum - Germany). The
measurements were performed at 293 K and up to 20 bar. The
measurements were done gravimetrically and the blank measure-
ments were made with helium. The mass change was measured
with a magnetic suspension balance (resolution 0.01 mg; reproduci-
bility, i.e. standard deviation 0.03 mg) between 0-20 bar.
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