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Enhanced selectivity of CO, over CH, in sulphonate-,
carboxylate- and iodo-functionalized UiO-66
frameworkst

Shyam Biswas,? Jian Zhang,? Zhibao Li, Ying-Ya Liu,® Maciej Grzywa,® Lixian Sun,?*
Dirk Volkmer® and Pascal Van Der Voort*®

Three new functionalized UiO-66-X (X = -SO3H, 1; —CO,H, 2; —I; 3) frameworks incorporating BDC-X
(BDC: 1,4-benzenedicarboxylate) linkers have been synthesized by a solvothermal method using conven-
tional electric heating. The as-synthesized (AS) as well as the thermally activated compounds were charac-
terized by X-ray powder diffraction (XRPD), diffuse reflectance infrared Fourier transform (DRIFT)
spectroscopy, thermogravimetric (TG), and elemental analysis. The occluded H,BDC-X molecules can be
removed by exchange with polar solvent molecules followed by thermal treatment under vacuum
leading to the empty-pore forms of the title compounds. Thermogravimetric analysis (TGA) and tempera-
ture-dependent XRPD (TDXRPD) experiments indicate that 1, 2 and 3 are stable up to 260, 340 and
360 °C, respectively. The compounds maintain their structural integrity in water, acetic acid and 1 M HCl,
as verified by XRPD analysis of the samples recovered after suspending them in the respective liquids. As
confirmed by N, CO, and CH,4 sorption analyses, all of the thermally activated compounds exhibit signifi-
cant microporosity (Siangmuir: 769-842 m? g~"), which are comparable to that of the parent UiO-66 com-
pound. Compared to the unfunctionalized UiO-66 compound, all the three functionalized solids possess

higher ideal selectivity in adsorption of CO, over CH,4 at 33 °C.

Introduction

Next to conventional industrial adsorbents like zeolites, meso-
porous silicas and active carbons, the design and development
of new CO, capture materials is still relevant to improve the
adsorption capacity and selectivity or regeneration ability."
Metal-organic frameworks (MOFs)>™* are a relatively new class
of highly crystalline and nanoporous materials that have been
the subject of tremendous research interest over the past few
years due to their potential applications in a wide range of
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areas such as gas storage/separation,””’ catalysis®® and drug
delivery.'®** Built up from inorganic building units and poly-
topic organic linkers, the modular character of MOFs allows
the systematic tuning of the pore features (dimensions or
surface property) by attaching functional groups (having
different dimensions, polarities, hydrophilicities, acidities,
etc.) to the organic linker, without altering the underlying topo-
logy of the framework. The functionalization of MOFs has
been shown to affect their sorption’*™® and selectivity'®?° as
well as thermal and chemical stability.>*

MOFs might be a potential alternative to zeolites and active
carbons in adsorption technologies. Owing to their many fasci-
nating features, MOFs have shown promising performances
conventional adsorbents in separation of gas
722726 Both experiments> and computational
methods®®?° have demonstrated that the introduction of polar
functional groups in the frameworks significantly enhances
the CO, adsorption capacity of MOFs. Moreover, MOFs with
coordinatively unsaturated metal sites have been shown to
adsorb increased amounts of CO,.>° However, some of the
famous MOFs®*'7* that have shown potential for adsorption/
separation suffer from low physicochemical stabilities (moist-
ure, thermal or acid-base) and thus are not suitable for indus-
trial applications.

over
mixtures.



Fig. 1 Ball-and-stick representations of the 3D cubic framework structure of
UiO-66. (a, b) Parts of the framework showing spatial arrangements of the octa-
hedral and the tetrahedral cages, represented by orange and yellow spheres,
respectively. (¢, d) Magnified views of the octahedral and the tetrahedral cages.
Zr atoms are displayed as octahedra (color codes: Zr, blue; C, gray; O, red). The
hydrogen atoms and guest molecules have been removed from all structural
plots for clarity. The figure was drawn using atomic coordinates provided
in ref. 67.

The Zr-based MOF UiO-66>° (UiO: University of Oslo) has
attracted immense interest recently due to its high thermal
and chemical stability as well as promising properties for CO,/
CH, gas separation including good selectivity, high working
capacity and low cost regenerability.’”*® Its cubic 3D frame-
work consists of a centric octahedral cage connected to eight
corner tetrahedral cages through triangular windows (Fig. 1).
The possibility of functionalization of the UiO-66 framework
has been successfully demonstrated without altering the
physicochemical properties of the parent material.>?97%¢
Especially, the amino- and the dimethyl-functionalized UiO-66
solids have shown improved CO, uptakes over the unfunctio-
nalized material.*>*” In an elaborate computational study,*”
the effect of organic functionalization on the CO,/CH, adsorp-
tion selectivity has been explored. The simulations suggested
that the attachment of polar functional groups such as -SO;H
and -CO,H to the UiO-66 framework would lead to improve-
ment of both CO, adsorption capacity and CO,/CH, separation
performance. Very recently, the UiO-66-SO;H compound has
been reported®* to be unstable upon guest removal. In the
same report, a mixed-linker UiO-66 compound incorporating
both BDC (BDC: 1,4-benzenedicarboxylate) and BDC-SO;H has
been prepared. The mixed-linker UiO-66 compound showed
enhanced stability and improved heat of adsorption for CO,
compared to the parent UiO-66. In this article, we wish to
report on the stable version of the UiO-66-SO;H compound,
which has been synthesized by a modification of the literature
route.®* In addition, the carboxylate- and the iodo-

SO;Na CO.H [
07 “OH 07 OH 07 oH
BDC-SO;Na  H,BDC-COOH H,BDC-|

Scheme 1 Functionalized terephthalate linker molecules BDC-X used for
synthesizing UiO-66-X compounds.

functionalized UiO-66 compounds have been prepared. The
thermal and chemical stability as well as the CO,/CH, adsorp-
tion selectivity of the three functionalized UiO-66-X (X =
-SO3H, 1; -CO,H, 2; -I; 3) (Scheme 1) compounds are
discussed.

Experimental
Materials and general methods

The H,BDC-I ligand was synthesized as described previously.*®
All other starting materials were of reagent grade and used as
received from the commercial supplier. Diffuse-reflectance
infrared Fourier transform (DRIFT) spectra were recorded with
a Thermo Nicolet 6700 FTIR spectrometer equipped with a
nitrogen-cooled MCT detector and a KBr beam splitter. The
DRIFT cell was connected to a vacuum manifold. The follow-
ing indications are used to characterize absorption bands: very
strong (vs), strong (s), medium (m), weak (w), shoulder (sh),
and broad (br). Elemental analyses (C, H, N) were carried out
with a Thermo Scientific Flash 2000 CHNS-O analyzer
equipped with a TCD detector. Thermogravimetric analysis
(TGA) was performed with a Netzsch STA-409CD thermal ana-
lyzer in a temperature range of 25-600 °C under an air atmos-
phere at a heating rate of 2 °C min™'. Ambient temperature
X-ray powder diffraction (XRPD) patterns were recorded with a
Thermo Scientific ARL X'Tra diffractometer operated at 40 kV,
40 mA with Cu-Ka (4 = 1.5406 A) radiation. Le Bail fits were per-
formed by using the Jana2006 program.*® Temperature-depen-
dent XRPD patterns were collected with a Bruker D8 Discover
X-ray diffractometer equipped with a Vantec position sensitive
detector (PSD); the XRD patterns were recorded from room
temperature to 500 (3), 700 (1) or 800 (2) °C with a temperature
ramp of 0.1 °C s™' in air flow. Energy-dispersive X-ray (EDX)
analysis was performed with a FEI Quanta 200FEG environ-
mental scanning electron microscope equipped with an EDX
detector. The accelerating voltage used in the EDX measure-
ment was 20 kV. The solution "H-NMR spectra were recorded
on a Bruker AM 300 spectrometer at 300 MHz. The compounds
were digested in 570 pL of dg-DMSO and 30 pL of 48% HF
(caution!) before the NMR measurements. The N, sorption iso-
therms up to 1 bar were measured by using a Belsorp Mini
apparatus at —196 °C. The high-pressure CO, and CH, sorp-
tion isotherms were recorded with a commercial pressure com-
position isotherm (PCI) unit provided by Advanced Materials
Co. (USA) at 33 °C. The methanol-exchanged form of the



compounds was heated at 65 °C for 24 h under dynamic
vacuum prior to the sorption experiments.

Syntheses

UiO-66 was synthesized and activated according to a literature
method.®® The usual characterization experiments (XRPD,
TGA, IR spectroscopy, and sorption analysis) were performed
to confirm its purity.

[Zr604(OH),4(BDC-SO;H)4]-1.5(H,BDC-SO;H) (UiO-66-SO;H-AS)
(1-AS). A mixture of ZrOCl,-8H,O (100 mg, 0.31 mmol),
BDC-SO3;Na (83 mg, 0.31 mmol) and formic acid (1.17 mL,
31.03 mmol) in 3 mL of N,N-dimethylacetamide (DMA) was
placed in a glass tube (10 mL). The tube was sealed and heated
in a programmable heating block to 150 °C at a rate of 2.2 °C
min~", held at this temperature for 24 h, then cooled to room
temperature at a rate of 2.2 °C min~". The colorless precipitate
was collected by filtration, and dried in air. The yield was
110 mg (0.04 mmol, 85%). DRIFT (KBr, cm™"): 3408 (br), 3068
(br), 2809 (w), 2474 (br), 1661 (s), 1592 (vs), 1494 (m), 1413 (vs),
1235 (s), 1177 (s), 1079 (s), 1027 (s), 952 (w), 871 (w), 831 (m),
779 (s), 664 (s).

[Zr40,4(OH),4(BDC-CO,H);]-2.0(H,BDC-CO,H) (Ui0-66-
CO,H-AS) (2-AS). A mixture of ZrO(NOj),-xH,O (100 mg,
0.43 mmol), H,BDC-CO,H (182 mg, 0.86 mmol) and benzoic
acid (1.58 g, 12.94 mmol) in 3 mL of N,N'-dimethylformamide
(DMF) was placed in a glass tube (10 mL). The tube was sealed
and heated in a programmable heating block to 150 °C at a
rate of 2.2 °C min™", held at this temperature for 24 h, then
cooled to room temperature at a rate of 2.2 °C min~'. The
colorless precipitate was collected by filtration, and dried in
air. The yield was 160 mg (0.07 mmol, 95%). DRIFT (KBr,
em™): 3068 (br), 2930 (br), 2531 (br), 1921 (w), 1719 (m), 1661
(s), 1597 (vs), 1494 (m), 1401 (vs), 1258 (m), 1177 (m), 1114
(m), 1067 (m), 1027 (w), 934 (w), 871 (w), 831 (w), 814 (w), 773
(m), 722 (m), 664 (s).

[Zrs04(OH)4(BDC-T)6]-2.0(H,BDC-T) (UiO-66-1-AS) (3-AS). A
mixture of ZrCl, (50 mg, 0.21 mmol), H,BDC-I (63 mg,
0.21 mmol) and formic acid (0.24 mL, 6.36 mmol) in 3 mL of
DMF was placed in a glass tube (10 mL). The tube was sealed
and heated in a programmable heating block to 150 °C at a
rate of 2.2 °C min™", held at this temperature for 24 h, then
cooled to room temperature at a rate of 2.2 °C min~". The col-
orless precipitate was collected by filtration, and dried in air.
The yield was 90 mg (0.03 mmol, 85%). DRIFT (KBr, cm™"):
3051 (br), 2923 (m), 2860 (w), 2774 (br), 1661 (s), 1592 (vs),
1471 (s), 1390 (vs), 1281 (w), 1252 (w), 1154 (w), 1096 (w), 1039
(m), 923 (w), 866 (w), 825 (m), 762 (s), 722 (w), 687 (s).

Elemental analyses of the as-synthesized and the activated
forms of the three UiO-66-X compounds have been summar-
ized in Table 1.

Activation of the compounds

A suspension of the AS-form of each compound amounting to
0.3 g collected from different batches was stirred in DMF
(20 mL) for 12 h at ambient conditions. The filtered solid was
further stirred in methanol (30 mL) for 24 h at ambient

Table 1 Elemental analyses of the as-synthesized and the thermally activated
forms of the UiO-66-X compounds

Compound Cobs./Ceal. (%) Hobs./Hear, (%)
1-AS 28.30/28.66 1.62/1.48
1 25.35/25.39 1.67/1.86
2-AS 36.40/36.82 1.62/1.71
2 27.63/27.90 3.06/3.12
3-AS 25.30/25.59 1.02/1.07
3 23.06/23.13 1.39/1.21

conditions. The methanol-exchanged forms of the compounds
were subsequently heated at 65 °C under dynamic vacuum for
24 h to get the activated forms of the compounds.

Results and discussion
Syntheses and activation

In order to optimize the synthesis conditions of the UiO-66-X
compounds, mixtures of Zr salts (ZrCl,, ZrO(NOs), xH,O or
ZrOCl,-8H,0), BDC-X linkers and modulators/additives*
(H,0, conc. HCI, benzoic acid, formic acid, acetic acid or tri-
fluoroacetic acid) in all possible combinations were heated in
polar amide solvents (DMA, DMF and N,N'-diethylformamide).
For the synthesis of 1 and 3, the molar ratio between the par-
ticular Zr salt and the respective H,BDC-X linker was 1: 1. For
the preparation of 2, maintaining a molar ratio between the Zr
salt and the linker of 1: 2 was found to be crucial. An excess of
the modulator than the required stoichiometric ratio (metal
salt: modulator = 1: 30 for 2 and 3; 1: 100 for 1) was employed
for all the three compounds. It is worth noting that modu-
lators/additives have been formerly employed to synthesize
various Zr-based MOFs,>*1:44:46:50:52°64 compound 1, which
has been synthesized recently** by the solvothermal reaction
of ZrCl,, BDC-SO3;Na and acetic acid in DMF, appeared to be
unstable upon removal of guest molecules. In contrast, the
reaction conditions presented here produced a highly crystal-
line solid that retained its crystallinity after removing the guest
molecules from the pores. We attribute the difference in stabi-
lity between the previously reported solid and the present one
to different synthetic conditions as well as different guest mol-
ecules encapsulated within the pores. The traces of water intro-
duced in the reaction medium through the employment of
ZrOCl,-8H,0 might contribute to the formation of -OH groups
that are part of the [ZrsO,(OH),] structural building units (see
Structure description section). Similar to the previous report,**
the anionic BDC-SO;Na linker becomes protonated during the
synthesis in acidic medium. The absence of sodium in com-
pound 1 has been confirmed by EDX analysis (Fig. S1, ESI}).

In order to verify that the linkers did not undergo any side
reaction (e.g. substitution) during the solvothermal syntheses,
the UiO-66-X solids were digested and solution 'H-NMR
spectra (Fig. S2-S4, ESI{) were measured. The similarity
between the NMR spectra of the digested UiO-66-X materials
and the pure linkers clearly demonstrates the structural



integrity of the pre-functionalized linkers during the solvother-
mal syntheses.

The AS-forms of the three compounds contain non-coordi-
nated H,BDC-X linker molecules encapsulated within the
pores which were removed by a three-step procedure. The
guest molecules were first exchanged by stirring the AS com-
pounds with a polar solvent such as DMF. In the second step,
the DMF molecules were exchanged by stirring the DMF-
exchanged compounds with more volatile and thus easily
removable methanol molecules. In the third step, the metha-
nol molecules were removed from the pores by heating at a low
temperature (65 °C) under dynamic vacuum for 24 h to get the
thermally activated compounds. After cooling to room temp-
erature, the thermally activated compounds adsorb water from
air (denoted as “hydrated form” hereafter).

DRIFT analysis

The DRIFT spectra of the AS and thermally activated forms of
each of the isostructural UiO-66-X compounds (Fig. S5 and S6,
ESIf) are similar, as expected. In the DRIFT spectra of the AS
forms of the three compounds, the strong absorption bands
due to asymmetric and symmetric -CO, stretching vibrations
of the coordinated terephthalate linker molecules are located
in the regions 1593-1596 cm™" and 1392-1412 cm™", respect-
ively.®> The additional strong absorption bands at ca.
1658 cm™", observed in the DRIFT spectra of the AS forms of
the compounds, can be attributed to the protonated form
(-CO,H) of unreacted or guest BDC-X linker molecules.®® The
absorption bands of the occluded H,BDC-X molecules are
absent or significantly reduced in intensity in the DRIFT
spectra of the empty-pore forms of the three compounds,
suggesting almost complete activation. The strong absorption
band at 1710 ecm™" in the DRIFT spectra of 2-AS and 2 can be
attributed to the stretching vibration of the attached -CO,H
group. The stretching vibration of the p;-OH group exhibits
medium absorption bands in the region 3673-3680 cm™" in
the DRIFT spectra of hydrated 1 and 3.%® The asymmetric and
symmetric stretching vibration bands due to the attached
0=S=0 groups are located at 1230 and 1180 cm™" in the
DRIFT spectra of 1-AS and 1.%°

Structure description

The refined lattice parameters (Table 2) of the thermally acti-
vated forms of the three functionalized compounds deter-
mined from their XRPD patterns collected at ambient
conditions are similar to the unfunctionalized UiO-66 com-
pound.’® The three functionalized compounds are thus

Table 2 Molecular formulae and refined lattice parameters for the thermally
activated 1, 2 and 3 having cubic unit cells

Compound  Molecular formula a(A) V(A%

1 [Z1604(0H)4(CsH,0,8)6]-7(H,0)  20.824(1)  9029.8(6)
2 [Z1604(0H)4(CoH,06)6]-22(H,0)  20.8202(3)  9025.1(1)
3 [Z1604(0OH)4(CgH3I0,4)6]-4(H,0)  20.8076(5)  9008.8(2)
Ui0-66°° [Zr606(CsH404)6] 20.7004(2)  8870.3(2)

isostructural with UiO-66. Le Bail fits of the XRPD patterns of
the UiO-66-X compounds are presented in Fig. S7-S9, ESL.{ As
described by Lillerud’s group,*® the hydroxylated form of
UiO-66 is constructed from hexanuclear [ZrsO,(OH),] building
units in which the triangular faces of the Zrgs-octahedron are
alternatively capped by ps;-O and p3;-OH groups. The Zrg-poly-
hedra are interconnected along the edges through carboxylates
of twelve BDC linkers to form a cubic, three-dimensional (3D)
framework (Fig. 1a, b). Each Zr atom is coordinated with eight
O atoms, forming a square-antiprismatic geometry. One
square face of the square antiprism consists of O atoms from
the carboxylates, whereas the second square face is built up of
O atoms from the p;-O and p;-OH groups. In the resulting
microporous framework, each centric octahedral cage (Fig. 1c,
free diameter: ~11 A) is linked with eight corner tetrahedral
cages (Fig. 1d, free diameter: ~8 A) through trigonal windows
(~6 A). In the AS-forms of the functionalized compounds, the
cages are occupied by guest H,BDC-X linker molecules at
ambient conditions. The guest molecules are removed by a
three-step activation procedure leading to the empty-pore
forms of the compounds.

Thermal and chemical stability

To examine the thermal stability of all the three compounds,
thermogravimetric analyses (TGA) were performed on the
different forms of the compounds in an air atmosphere. On
the basis of the TG analyses, 1, 2 and 3 are thermally stable up
to 260, 340 and 360 °C, respectively. The thermal stabilities of
2 and 3 are comparable to that of unfunctionalized UiO-66
(430 °C). Noticeably, 1 possesses significantly lower thermal
stability compared to 2 and 3, in spite of having the same
framework topology.

In the TG curves of the AS forms of the compounds
(Fig. S10, ESIf), one weight loss step that occurs below the
decomposition temperature of the frameworks can be assigned
to the removal of the guest H,BDC-X linker molecules. Below
the decomposition temperature, the hydrated forms of all the
three compounds (Fig. 2) also display one weight loss step due
to the removal of adsorbed water molecules. For the different
forms of 1, 2 and 3, the observed weight losses are consistent
with the calculated ones as well as the elemental analyses
(Table 1 and Table S1, ESI}), indicating phase purity of the
compounds.

The high thermal stability of the compounds has also been
verified by temperature-dependent XRPD (TDXRPD) measure-
ments. According to the TDXRPD patterns (Fig. S11-S13, ESIY),
1, 2 and 3 are stable up to 220, 360 and 450 °C, respectively. It
should be noted that the thermal stabilities obtained from the
TDXRPD measurements (6 °C min™') can not be compared
with those observed from TG analyses (2 °C min™") due to the
employment of different heating rates in the two types of
measurements.

In order to evaluate the chemical stabilities of the three
functionalized UiO-66-X compounds, the samples were stirred
in water, acetic acid, 1 M HCI and 1 M NaOH solutions for
12 h. Subsequently, the solids were collected by filtration and
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Fig. 2 TG curves of hydrated 1 (black, solid line), 2 (grey, solid line), 3 (black,
dotted line) and UiO-66 (grey, dotted line) recorded in an air atmosphere in the
temperature range 25-600 °C.

(a) as-synthesized
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(c)inH0
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2 Theta ()

Fig. 3 XRPD patterns of 1 in different forms: as-synthesized (a), thermally acti-
vated (b), treated with water (c), acetic acid (d) and 1 M HCl (e).

characterized by XRPD analysis (Fig. 3 and Fig. S14-S15, ESIY).
All of the three solids maintained their crystallinity after treat-
ment with water, acetic acid and 1 M HCI solutions. However,
all of them lost their crystallinity and became completely
amorphous after treatment with 1 M NaOH solution. X-ray flu-
orescence analyses were carried out with the solutions
obtained after filtration of the suspensions of the solids in 1 M
HCIL. No zirconium was detected in the solutions, which
further corroborated the fact that the solids maintained their
structural integrity in 1 M HCI. The chemical stabilities of the
functionalized compounds are similar to those of unfunctiona-
lized*® and other functionalized UiO-66-X (X = -Br, -NO,,
-NH,, -(CH3),)*"*° compounds.

Gas sorption properties

The N, sorption measurements performed on the thermally
activated compounds reveal type-I adsorption isotherms for 2
and 3, whereas a small sub-step is observed for 1 below

400 [ ]
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Fig. 4 Low pressure N, adsorption (closed symbols) and desorption (open
symbols) isotherms of the thermally activated 1 (circles), 2 (squares), 3 (triangles)
and UiO-66 (stars) recorded at =196 °C.

Table 3 Specific Langmuir surface areas and micropore volumes of the
UiO-66-X compounds determined from N, adsorption isotherms

Specific Langmuir Micropore volume”

Compound surface area” (m* g ™) (em® g™)
1 769 0.26
2 842 0.29
3 799 0.27
Uio-66 1086 0.38

“The specific Langmuir surface areas have been calculated from the
N, adsorption isotherms. ”The micropore volumes have been
calculated at p/p, = 0.5.

plpo = 0.2 (Fig. 4). The sub-step at p/p, = 0.13 that has been
reproducibly observed in the N, adsorption isotherm of com-
pound 1 can be tentatively assigned to the filling of two
different types of cages (smaller tetrahedral and larger octa-
hedral cages) present in the framework. The micropore
volumes calculated from the N, adsorption isotherm of com-
pound 1 at p/p, values of 0.13 (sub-step region) and 0.8 (satu-
ration region) are 0.23 and 0.27 cm® g7, respectively. The
micropore volumes (Table 3) derived from the N, adsorption
isotherms of all the compounds at p/p, = 0.5 exhibit consider-
able porosities, which are lower than the ones reported for
unfunctionalized UiO-66.%°

The high pressure CO, and CH, sorption isotherms (Fig. 5)
measured on the thermally activated compounds at 33 °C
show type-1 isotherms. The CO, and CH, adsorption capacities
of all the compounds at 33 °C and 25 bar are summarized in
Table 4. The UiO-66-CO,H compound shows the highest CO,
uptake at 25 bar. The CO, adsorption capacity of 1 equals that
of unmodified UiO-66 at 25 bar. The decreasing order of CO,
uptake values at 25 bar is 2 > 1 = UiO-66 > 3. As predicted in a
previous report by computational methodology,?” the introduc-
tion of polar functional groups such as -CO,H and -SO;H in
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Fig. 5 High pressure (a) CO, and (b) CH,4 adsorption (closed symbols) and de-
sorption (open symbols) isotherms of the thermally activated 1 (circles), 2
(squares), 3 (triangles) and UiO-66 (stars) measured at 33 °C.

Table 4 CO, and CH,4 uptake values at 25 bar as well as ideal CO,/CH,4 adsorp-
tion selectivity of the UiO-66-X compounds at 33 °C

CO, uptake CH, uptake Ideal CO,/CH,
Compound (mmol g™*) (mmol g™") adsorption selectivity
1 5.6 2.1 4.5
2 6.4 2.7 5.2
3 5.1 2.2 4.7
Ui0-66 5.6 3.2 2.6

the UiO-66 framework enhances the CO, uptake values, in
spite of the lower specific Langmuir surface areas of the func-
tionalized compounds compared to the unfunctionalized
UiO-66. In sharp contrast to the CO, uptake sequence, the CH,
adsorption capacity of the compounds decreases in the order
UiO-66 > 2 > 3 > 1. Interestingly, this CH, uptake sequence is
similar to the order of the specific Langmuir surface area
(Table 3) of the compounds. Thus, the CH, adsorption
capacity of the functionalized compounds is governed by the

pore dimensions, whereas the polarity of the functional groups
plays a crucial role in determining the CO, uptake. From the
initial slope of the single-component CO, and CH, adsorption
isotherms, ideal CO,/CH, selectivities (as ratios of the initial
slopes) were determined.®®”° The ideal CO,/CH, adsorption
selectivities (Table 4) of all the three compounds (4.5-5.2) were
found to be higher compared to that of the parent UiO-66 com-
pound (2.6). This selectivity trend is also in agreement with
the previously predicted sequence of CO,/CH, selectivity of the
compounds.”” It is noteworthy that similar or even higher CO,/
CH, selectivity values have formerly been achieved by a variety
of MOFs.%%71777

In the previous theoretical study,”” the CO,/CH, adsorption
selectivities for their equimolar mixtures in the UiO-66-X com-
pounds have been calculated as a function of the bulk
pressure. On the other hand, the CO,/CH, adsorption selecti-
vities herein have been deduced as ratios of the initial slopes
of the single-component CO, and CH, adsorption isotherms.
Thus, only the trend (but not the absolute values) of CO,/CH,
adsorption selectivities observed in the present work can be
compared with that of the previous theoretical report.

In order to determine the dynamic CO,/CH, adsorption
selectivities of the UiO-66-X compounds, breakthrough exper-
iments have been performed using equimolar mixtures of the
two gases at 298 K. The methods for the breakthrough exper-
iments and the corresponding curves (Fig. S16, ESI}) are pres-
ented in the ESL.t The breakthrough profiles clearly reveal that
the individual retention times of CO, and CH, for the functio-
nalized UiO-66-X (X = -SO3zH, -CO,H, -I) compounds are
higher compared to those of the parent UiO-66 compound.
However, under the present experimental conditions, we have
been unable to achieve higher separation of CO, and CH, for
the functionalized compounds compared to the unfunctiona-
lized compounds.

Conclusions

The synthesis, characterization, stability and sorption analysis
of three new functionalized UiO-66-X (X = -SO3;H, -CO,H, -I)
compounds have been demonstrated. The phase purity of the
compounds was confirmed by a combination of XRPD analy-
sis, DRIFT spectroscopy, thermogravimetric and elemental
analysis. Thermogravimetric analyses show that 1, 2 and 3 are
stable up to 260, 340 and 360 °C, respectively. The high chemi-
cal stabilities of the compounds have been verified by XRPD
analysis of the samples recovered after suspending them in
water, acetic acid and 1 M HCI. The N,, CO, and CH, sorption
analyses exhibit significant microporosity for all the three com-
pounds, which are comparable to the unfunctionalized UiO-66
compound, in spite of a large difference in specific surface
areas between the functionalized and the unfunctionalized
compounds. The CO, and CH, adsorption capacities of the
compounds are governed by the polarity of the attached func-
tional groups and the pore size, respectively. The ideal CO,/
CH, adsorption selectivities of all the three compounds,



measured from single component adsorption isotherms, are
found to be higher compared to that of the pristine UiO-66
compound. The results obtained from single-component CO,
and CH, adsorption isotherms verify the previous theoretical
predictions,”” thus establishing the potential of these functio-
nalized compounds for the purification of biogas and landfill
gas.
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