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@ MIL-53(Al) as a Versatile Platform for lonic-Liquid/MOF
Composites to Enhance CO, Selectivity over CH, and N,
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Issue
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(Abstract: Five different imidazolium-based ionic liquids (ILs)
were incorporated into a metal-organic framework (MOF),
MIL-53(Al), to investigate the effect of IL incorporation on
the CO, separation performance of MIL-53(Al). CO,, CH,, and
N, adsorption isotherms of the IL/MIL-53(Al) composites and
pristine MIL-53(Al) were measured to evaluate the effect of
the ILs on the CO,/CH, and CO,/N, selectivities of the MOF.
Of the composite materials that were tested, [BMIM][PFl/
MIL-53(Al) exhibited the largest increase in CO,/CH, selectivi-
ty, 2.8-times higher than that of pristine MIL-53(Al), whilst
[BMIM][MeSO,]/MIL-53(Al) exhibited the largest increase in

CO,/N, selectivity, 3.3-times higher than that of pristine MIL—\
53(Al). A comparison of the CO, separation potentials of the
IL/MOF composites showed that the [BMIM][BF,]- and
[BMIM][PF¢l-incorporated ~ MIL-53(Al) composites  both
showed enhanced CO,/N, and CO,/CH, selectivities at pres-
sures of 1-5 bar compared to composites of CuBTC and ZIF-

8 with the same ILs. These results demonstrate that MIL-
53(Al) is a versatile platform for IL/MOF composites and
could help to guide the rational design of new composites
for target gas-separation applications.
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1. Introduction

Metal-organic frameworks (MOFs) are porous solids with high
surface areas, permanent porosities, good thermal and chemi-
cal stabilities, and customizable chemistry and functionality."?
Because of these excellent properties, MOFs have been studied
in a large variety of fields, such as catalysis,”” luminescence sci-
ence, medical applications,” membrane technology,®” and
gas storage, separation, and purification.” Among these appli-
cations, MOFs have received significant interest for CO, cap-
ture and separation, and are thought to be efficient and prom-
ising materials in this field.*'”

MOFs can be synthesized from a wide variety of metal ions
and organic linkers, and their chemical and physical properties
can be tuned by using postsynthetic modification methods.""
Several studies have reported that the gas-adsorption affinity
and selectivity of MOFs can be enhanced by incorporating
functional groups, such as sulfonic acids and amines, into the
pores through ligand modification.">'¥ In this respect, a rela-
tively recent approach was developed, in which MOFs were
combined with ionic liquids (ILs), which are molten salts of or-
ganic or inorganic anions and cations."¥ Theoretically, an infin-
ite number of ILs can be synthesized by combining different
pairs of anions and cations. Such a high number of structural
possibilities offers significant opportunities to tailor the IL
structure for exceptional performance in any desired field.'>'®
For example, if an IL exhibits opposite affinities for two differ-
ent gas molecules, it could be an excellent material for the
separation of these gases.'”’ Moreover, ILs also possess other
useful properties, such as inflammability, negligible volatility,
and relatively high chemical and thermal stabilities,"® in addi-
tion to being an ideal medium for the synthesis of MOFs."?
They have been studied as lubricants,”” electroelastic materi-
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als,”" fuel-cell electrolytes,”” solvents and catalysts,”® and ad-
sorbents.*” Because of the outstanding properties of MOFs
and ILs, the postsynthetic modification of MOFs with ILs holds
great potential for improving the performance of the parent
MOFs in a range of applications, especially in gas separation.””!

Several recent studies have reported the synthesis of IL/MOF
composites and tested them for gas separation. For example,
we investigated the incorporation of 1-n-butyl-3-methylimida-
zolium tetrafluoroborate ([BMIMI[BF,]) into copper benzene-
1,3,5-tricarboxylate (CuBTC; also known as HKUST-1, Hong
Kong University of Science and Technology), and reported an
increase in the selectivity of the MOF for CH, over CO,, N,, and
H,.2 Two ILs, 1-n-butyl-3-methylimidazolium hexafluorophos-
phate ([BMIM][PFs]) and 1-n-butyl-2,3-dimethylimidazolium
hexafluorophosphate ([BMMIM][PF4]), were also incorporated
into CuBTC, and the selectivity of the MOF for both CO,/N,
and CH,/N, was shown to be improved.”” Furthermore, the in-
corporation of [BMIMI][BF,], [BMIM][PF,], and 1-n-butyl-3-meth-
ylimidazolium thiocyanate ([BMIM][SCN]) into zinc 2-methylimi-
dazolate (ZIF-8; ZIF stands for zeolitic imidazolate framework)
led to enhanced CO, selectivity over CH, and N,.2*% Mohame-
dali etal. impregnated 1-n-butyl-3-methylimidazolium acetate
([BMIM][OAc]) and  1-ethyl-3-methylimidazolium  acetate
(IEMIM][OAC]) into ZIF-8 to improve its CO,/N, selectivity.*" In
a different approach, 1-(2-hydroxyethyl)-3-methylimidazolium
dicyanamide ([HEMIM][DCA]) was deposited onto the external
surface of ZIF-8 to enhance its CO,/CH, selectivity.*? As pre-
sented above, almost all of the gas-adsorption and gas-separa-
tion studies on IL/MOF composites reported to date have fo-
cused on one type of MOF, typically CuBTC or ZIF-8, and only a
few types of ILs. However, experimental investigation of the in-
corporation of ILs with different physical and chemical proper-
ties into MOFs with different textural and chemical properties
would play an important role in improving our understanding
of the interactions between ILs and MOFs, which would help
to guide the rational design of new IL/MOF composites with
improved gas-separation performance. Very recently, we ex-
tended this approach to synthesize a MOF that has not previ-
ously been considered for IL/MOF composites, that is, alumi-
num 1,4-benzenedicarboxylate (MIL-53(Al); MIL=Matériaux de
I'Institut Lavoisier).’® We postsynthetically modified MIL-53(Al)
by incorporating 1-n-butyl-3-methylimidazolium methyl sulfate
([BMIM][MeSO,]), which led to a significant enhancement in
the CO, separation performance of the composite compared
to the pristine MOF. These results demonstrated the high po-
tential of MIL-53(Al) for this approach.

Motivated by these preliminary results on MIL-53(Al) compo-
sites, herein, we report the incorporation of a family of ILs that
comprised the same cation (1-n-butyl-3-methylimidazolium,
[BMIM]™) but different types of anion (tetrafluoroborate, [BF,]";
hexafluorophosphate, [PFl~; trifluoromethanesulfonate,
[CF,S0O5]7; hexafluoroantimonate, [SbF]~; and bis(trifluorome-
thanesulfonyl)amide, [NTf,]7) into this MOF. The new IL/MOF
composites were characterized by using a range of experimen-
tal techniques. Then, we analyzed the CO,, CH,, and N, adsorp-
tion performance of these composites to assess their CO,/CH,
and CO,/N, selectivities. We also compared the CO,/CH, and
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CO./N, selectivities of composites of [BMIM][BF,] and [BMIM]
[PF¢] with MIL-53(Al), CuBTC,?*%"!, and ZIF-8%%2? to understand
the effect of the physical and chemical properties of ILs and
MOFs on their gas-separation performance. Furthermore, we
also provided a comprehensive comparison of the CO,/CH,
and CO,/N, selectivities of IL/MIL-53(Al) composites with some
pristine MOFs. The results presented in this work will provide
new insight into the fundamental principles for selecting the
best IL and MOF couples for the design and development of
new IL/MOF composites with high CO, separation per-
formance.

2. Results and Discussion

Herein, we report the characterization of IL/MOF composites
that were prepared by combining imidazolium-based ILs with
MIL-53(Al) and compared the results with analogous compo-
sites of CuBTC and ZIF-8. These three different MOFs, MIL-
53(Al), CuBTC, and ZIF-8, exhibit different physical, chemical,
and textural properties: MIL-53(Al) is comprised of dicarboxy-
late groups and corner-sharing AlO,(OH), (u,-OH) chains, which
result in a diamond-shaped network with 1D channels.?” The
narrow-pore form of MIL-53(Al) has channels with dimensions
of 2.6x13.6 A%, while the large-pore form has channels with di-
mensions of 8.5x8.5 A%B¥ CuBTC is composed of dimeric
copper tetracarboxylate units,®*” which form a cubic network
with main pores (diameter: 9 A), tetrahedral side pockets (5 A),
and windows in the pockets (3.5 A).***"" On the other hand,
ZIF-8 is composed of zinc ions with imidazole rings. It has
narrow apertures (diameter: 3.4 R), which are connected
through large pores (11.6 A).*? MIL-53(Al) and CuBTC are hy-
drophilic, whereas ZIF-8 is hydrophobic. MIL-53(Al) exhibits ex-
posed hydroxyl bridges, p,(O-H), and CuBTC has unsaturated
metal sites, but ZIF-8 has neither open metal sites nor other
exposed adsorption sites. For a comparison of the physical and
chemical properties of these MOFs (and ILs), see the Support-
ing Information, Table S1 (and S2).

2.1. Characterization of the IL/MIL-53(Al) Composites

We have previously reported that the gas selectivity of an IL/
MOF composite increases as the IL loading increases.”®* Thus,
herein, we planned to use the highest-possible IL loading to
generate the largest-possible improvement in CO, selectivity.
At IL loadings above 30 wt%, the IL/MIL-53(Al) composites
were formed as “muddy” products; thus, we inferred that
30 wt% IL loading was the incipient wetness limit of MIL-
53(Al). Therefore, herein, the composites were prepared with a
target IL loading of 30 wt%, and the actual IL loadings in the
final products were determined by using XRF and ICP-MS anal-
ysis, as shown in Table 1 and Table 2, respectively. For the den-
sities of the ILs, the IL loadings as vol.%, the percentage pore
filling, and the number of IL molecules per unit cell of MIL-
53(Al), see the Supporting Information, Table S3. Boron and flu-
orine elements in [BMIM][BF,] were not detectable by using
XRF; thus, we used ICP-MS analysis for the composite that in-
cluded this IL, namely [BMIM][BF,/MIL-53(Al). Our results
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Table 1. XRF results for MIL-53(Al) and the IL/MIL-53(Al) composites, and
the IL loadings in the IL/MIL-53(Al) composites.

Sample Formula  Conc. Calcd. IL loading
[wt %] [wt %]

pristine MIL-53(Al) CHO 86.4 -

Al 13.1

S 0.3
[BMIM][PF¢]/MIL-53(Al) CHO 87.9 254

Al 9.1

P 2.6

S 0.3
[BMIM][CF;SO5]l/MIL- CHO 885 25.8
53(Al) Al 8.7

S 26
[BMIMI[SbFe]/MIL-53(Al) CHO 819 26

Al 9.3

Sb 8.2

S 0.2

impurities 0.2

[BMIM][NTf,]/MIL-53(Al) CHO 87.7 241

Al 8.8

S 33

Table 2. ICP-MS results of pristine MIL-53(Al) and [BMIM][BF,1/MIL-53(Al).

Sample Aluminum Boron IL loading
[ppm] [ppm] [wt %]

pristine MIL-53(Al) 8.582 0.1823 -

[BMIM][BF,J/MIL-53(Al) 9.4 1.388 25.8

showed that [BMIM][BF,], [BMIM][PF,], [BMIM][CF;SO,], [BMIM]
[SbF¢], and [BMIM][NTf,] were loaded into MIL-53(Al) with com-
positions of 25.8, 25.4, 25.8, 26, and 24.1 wt%, respectively.
The reasons for the lower IL loadings than the target amount
(30 wt%) were nonhomogeneous mixing and the loss of the
ILs on the walls of beaker whilst stirring with the magnetic stir-
rer.

The BET surface areas and pore volumes of pristine MIL-
53(Al) and the IL/MIL-53(Al) composites are listed in Table 3. In
general, the IL-incorporated MOFs exhibited a lower degree of
N, adsorption than pristine MIL-53(Al), as shown in the Sup-
porting Information, Figure S1. The decreases in the surface
areas and pore volumes of all of the IL/MIL-53(Al) composites
compared to those of pristine MIL-53(Al) confirmed that the
pores in the MOFs had been partially occupied by the ILs
upon loading. Pore-size-distribution analysis of pristine MIL-

Table 3. BET surface areas and BJH cumulative adsorption pore volumes
of the composites and pristine MIL-53(Al).

Sample Sger [m*g 7] Voore [cm*g 7]
MIL-53(Al) 472.70 0.189
[BMIMI[BF,J/MIL-53(Al) 28.26 0.043
[BMIM][PF¢l/MIL-53(Al) 39.59 0.059
[BMIM][CF;SO5]/MIL-53(Al) 44.64 0.070
[BMIMI[SbFel/MIL-53(Al) 43.42 0.067
[BMIM][NTf,]/MIL-53(Al) 51.45 0.078
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53(Al) and the IL/MIL-53(Al) composites confirmed that the
composites had lower pore volumes than the pristine MOF
(see the Supporting Information, Figure S2).

SEM analysis of MIL-53(Al) and the IL/MIL-53(Al) composites
showed that all of the samples were composed of needle-like
agglomerates that were formed from cylindrical crystals
(Figure 1 and the Supporting Information, Figure S3). The mor-
phologies of the IL/MIL-53(Al) composites were similar to that
of pristine MIL-53(Al) at all magnifications, thus indicating that
the ILs did not alter the shape and size of the MOF crystals.

XRD analysis of pristine MIL-53(Al) and the IL/MIL-53(Al)
composites, as well as their corresponding peak positions, are
shown in Figure 2 and the Supporting Information, Table S4,
respectively. Pristine MIL-53(Al) showed specific peaks at 26 =
8.8, 9.4, 12.3, 15.2, 17.7, and 26.6°, which indicated the coexis-
tence of both narrow-pore (np) and large-pore (Ip) struc-
tures.” [BMIMI[BF,I/MIL-53(Al) showed peaks at 20=8, 8.5,
11.4, 14.9, 17.0, and 26.7°, which indicated that the MOF in this
composite was in its Ip form, with slightly shifted peaks. Al-
though there were some minor shifts in the peaks, the other
IL/MIL-53(Al) composites all demonstrated similar behavior to
pristine MIL-53(Al). Apparently, all of the composites showed
the coexistence of np and Ip frameworks. We also observed
that the intensities of the 26 peaks of the IL/MIL-53(Al) compo-
sites were different than those of pristine MIL-53(Al). These dif-
ferences could be the result of changes in the electronic envi-
ronment in the MOF structure in the presence of an IL. The co-
existence of np and Ip frameworks, or the transformation into
only np or Ip structures, together with the changes in the in-
tensities of the 26 peaks, could be explained by the interac-
tions between the ILs and the flexible nature of MIL-53(Al).

TGA results for the percentage weight changes and the de-
rivative weights of pristine MIL-53(Al), the bulk ILs, and the IL/
MIL-53(Al) composites are shown in Figure 3 and the Support-
ing Information, Figure S4. The corresponding T, values are
listed in the Supporting Information, Table S5. Although the
samples were stored in a desiccator, almost all of them
showed a weight loss owing to water content at about 100°C,
because of the hydrophilic nature of MIL-53(Al). Consistent
with previous characterizations, the TGA results presented the
following evidence of IL-MOF interactions: 1) all of the IL/MIL-
53(Al) composites had lower T, Vvalues than pristine MIL-
53(Al) and the corresponding bulk ILs. The IL/MIL-53(Al) com-
posites showed two steps, indicative of decomposition at dif-
ferent temperatures, whereas pristine MIL-53(Al) and the ILs
each only showed one step. 2) All of the IL/MIL-53(Al) compo-
sites showed a greater weight loss than pristine MIL-53(Al)
after heating to 700°C under a N, atmosphere. 3) The exact IL
loadings in the IL/MIL-53(Al) composites as obtained from the
XRF results were higher or lower than the weight loss as calcu-
lated from their TGA results. For example, [BMIM][PF4l/MIL-
53(Al) was calculated to have an IL loading of 25.4 wt% from
the XRF measurements. Pristine MIL-53(Al) lost 61.8 wt% of its
initial weight, whilst the bulk [BMIM][PF¢] lost 99.7 wt% of its
initial weight after heating to 700°C (see the Supporting Infor-
mation, Table S5). From the XRF results, we expected that the
composite should lose 71.4 wt% of its weight, but instead we

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. SEM images of a) pristine MIL-53(Al); b) [BMIM][BF,J/MIL-53(Al); c) [BMIM][PF4]/MIL-53(Al); d) [BMIM][CF;SO,]/MIL-53(Al); e) [BMIM][SbF¢]/MIL-53(Al);

and f) [BMIM][NTf,]/MIL-53(Al) (magnification: 100 k x).

only observed a loss as 64.6 wt% from the TGA results. This
difference in weight loss between the XRF and TGA data could
be attributed to a change in the individual decomposition
mechanisms of the IL and the MOF in the IL/MOF composite.
Thus, this change in the decomposition mechanisms indicated
the presence of some strong molecular-level interactions be-
tween the IL and the MOF.

To clarify these interactions, we identified the major features
in the IR spectra of all of the samples. The peak assignments
were performed according to literature reports.*>% Figure 4
and the Supporting Information, Figures S5 and S6 show the IR
spectra of pristine MIL-53(Al), the bulk ILs, and the IL/MIL-
53(Al) composites. The Supporting Information, Tables S6 and
S7 include the assignments of the vibrational IR bands of MIL-
53(Al) and the bulk ILs, respectively. Changes in the MOF- and
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IL-originated peaks in the IL/MIL-53(Al) composites are listed in
the Supporting Information, Tables S8 and S9, respectively, in
which the colors denote the magnitude of the red or blue
shifts. Both pristine MIL-53(Al) and the bulk ILs exhibited char-
acteristic peaks in the 2000-400 cm™' region; thus, it was chal-
lenging to determine whether the peaks belonged to the MOF
or the IL. However, all of the ILs had characteristic peaks in the
3200-3000 cm™' region (Figure 4a); thus this region was very
useful for determining the IL-related peaks in the IL/MIL-53(Al)
composites. Moreover, the Supporting Information, Figure S7
shows the p,(O—H) vibrations, which are characteristic of MIL-
53(Al).

A detailed discussion on the IR spectra of the samples is pro-
vided in the Supporting Information. Briefly, the interactions
between the IL molecules and the MIL-53(Al) framework could

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. XRD patterns of (bottom to top) pristine MIL-53(Al), [BMIM][BF,l/
MIL-53(Al), [BMIM][PFc]/MIL-53(Al), [BMIM][CF;SO;]/MIL-53(Al), [BMIM][SbF]/
MIL-53(Al), and [BMIM][NTf,]/MIL-53(Al).

be interpreted as follows: 1) based on the red shifts for the
Y(C2—H), v, (C4(H)—C5(H)), v (Al-O-Al), v,(Al-O—Al), 5(O—H),
U(0—H), v,(BF,), and v,(PF.) peaks, together with the un-
changed v(C—C) peaks of the organic linker, we inferred that
[BMIM][BF,] and [BMIM][PF,] might be interacting with the alu-
minum backbone and with the bridging (O—H) group of MIL-
53(Al), but not with the organic linker. 2) For [BMIM][CF;SO,],
the v(S0;) and v,(SO;) peaks were both red-shifted, whereas
the v(C4(H)—C5(H)) and v(C2—H) peaks were blue-shifted, and
the v(Al-O—Al), »(C—C), and 6(C—C—C) peaks were unchanged.
Therefore, [BMIM][CF;SO5] and MIL-53(Al) might have interact-
ed through the SO; side of the anion, thereby causing the CF;
side of the anion to become stronger, as evidenced by a blue
shift of the v, (CF;) peak. 3) The shifts for the »(C4(H)—C5(H)),
Ux(0—H), v(C—C), 6(C—C—C), and v(Al—O—Al) peaks in the spec-
tra of [BMIM][SbF¢/MIL-53(Al) and [BMIM][NT,]/MIL-53(Al)
were smaller than the spectroscopic resolution, whilst v(C2—H)
was red-shifted in both cases. Moreover, the v(SbFy) peak in
[BMIM][SbF¢] and the v(C-S) peak in [BMIM][NTf,] were slightly
blue-shifted. These results might indicate that the anions in
[BMIM][SbF¢] and [BMIM][NTf,] interacted with MIL-53(Al),
thereby strengthening the Sb—F and C—S bonds, as indicated
by the blue shifts of the v(SbF,) and v(C—S) peaks. Taken to-
gether, these results showed that all of the ILs and MIL-53(Al)
strongly interacted with each other in the corresponding com-
posite samples. Based on these data, we inferred that the ILs
with small anions, [BMIM][BF,] and [BMIM][PF], preferred to be
located near the aluminum backbone of MIL-53(Al) and the
U>(O—H) moiety of MIL-53(Al), similar to FTIR results for the
[BMIM][MeSO,l/MIL-53(Al) composite.’® However, the bulky
ILs, [BMIM][CF;SO,], [BMIM][SbF,], and [BMIM][NTf,], preferred
to be located near to the organic linker. Our findings are con-
sistent with previous reports.?5=%
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2.2. Gas Adsorption and Gas-Separation Performance of the
IL/MIL-53(Al) Composites

The CO,, CH, and N, adsorption isotherms of pristine MIL-
53(Al) and the IL/MIL-53(Al) composites were measured at
25°C and 0.1-5 bar (Figure 5). The dual-site Langmuir model
was used to fit the adsorption isotherms, and the fit parame-
ters are given in the Supporting Information, Table S10. All of
the IL/MIL-53(Al) composites showed a lower CO,, CH,, and N,
uptake than pristine MIL-53(Al) over the entire pressure range.
This decrease was expected, because the pore volumes of the
IL/MIL-53(Al) composites were lower than that of pristine MIL-
53(Al) (Table 3). The CO,, CH,, and N, solubilities of the bulk ILs
were estimated by using COSMO-RS calculations, which are
widely used to predict and screen the solubility of gases in
ILs.*% According to these results (see the Supporting Infor-
mation, Figure S8), the order of the gas solubilities in the bulk
ILs was quite different to that of the gas uptakes by the corre-
sponding IL/MOF composites. This dissimilarity was attributed
to interactions between the IL and MIL-53(Al), which resulted
in a change in the affinity of the corresponding IL towards the
gas molecules. Moreover, to show the reversibility of the ad-
sorption, we measured the adsorption/desorption isotherms of
pristine MIL-53(Al) and the IL/MIL-53(Al) composites for CO,,
CH,, and N, (see the Supporting Information, Figure S9). These
results did not show any hysteresis upon desorption of the
gases, thus indicating that our composites offer a high poten-
tial for applications in separation processes.

The ideal selectivities of the composites were calculated by
dividing the adsorption amount of the more adsorbed gas by
that of the less adsorbed gas. To better evaluate the impact of
IL incorporation on the CO, selectivity of MIL-53(Al), we calcu-
lated the normalized selectivities of the IL/MIL-53(Al) compo-
sites by dividing the selectivity of the composite by the selec-
tivity of pristine MIL-53(Al) at the same pressure. The normal-
ized CO,/CH, and CO,/N, selectivities of the IL/MIL-53(Al) com-
posites are shown in Figure 6. [BMIM][BF,]/MIL-53(Al), [BMIM]
[PF¢]/MIL-53(Al), and [BMIM][MeSO,]l/MIL-53(Al) all contained
ILs with small anions, as shown in the Supporting Information,
Table S2, and they afforded higher CO,/CH, selectivities at all
pressures compared to the composites that contained bulky
ILs (Figure 6a). These composites also afforded higher CO,/CH,
selectivities than that of MIL-53(Al) over the entire pressure
range. The IR spectra of the IL/MIL-53(Al) composites showed
that the smaller anions, [BF,]”, [PFs]~, and [MeSO,]~, were lo-
cated near the aluminum backbone and the bridging O—H
group of MIL-53(Al), instead of the organic linkers.® This pref-
erence might be the reason for the higher CO, selectivity.
Gupta et al. reported molecular simulations which showed that
smaller anions [BF,]”, [PFs]~, and [SCN]~ preferred locations
near the metal cluster of IRMOF-1 (also known as MOF-5), and
that these anions increased the selectivity of IRMOF-1 for CO,
more than the [Tf,N]~ anion, which was located proximal to
the phenyl rings of IRMOF-1.5% Herein, [BMIM][BF,J/MIL-53(Al),
[BMIMI[PF,]/MIL-53(Al), and [BMIM][MeSO,1/MIL-53(AI)®*
showed similar behavior: their normalized selectivities in-
creased up to 0.2-0.4 bar and then decreased on further in-

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. TGA curves of MIL-53(Al) (red lines), the bulk ILs (blue lines), and the IL/MIL-53(Al) composites (black lines)where the IL is: a) [BMIM][BF,]; b) [BMIM]

[PF4l; ) [BMIM][CF;SO;]; d) [BMIM][SbF]; and e) [BMIM][NT(,].

creasing the pressure. [BMIM][PF4]/MIL-53(Al) showed the high-
est normalized CO,/CH, selectivity among the IL/MIL-53(Al)
composites that were tested: 2.8-times that of pristine MIL-
53(Al) at 0.3 bar. [BMIM][BF,J/MIL-53(Al), [BMIM][PF4]/MIL-53(Al),
and [BMIM][MeSO,]/MIL-53(Al) also exhibited higher CO,/N, se-
lectivities than the other composites and pristine MOF (Fig-
ure 6b). Furthermore, among the composites that were consid-
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ered, [BMIM][MeSO,J/MIL-53(Al) showed the highest normal-
ized CO,/N, selectivity: 3.3- and 2.4-times higher than that of
pristine MIL-53(Al) at 0.01 and 1 bar, respectively.

For a representative comparison, we measured the isosteric
heats of adsorption (Q,,) for CO,, CH,, and N, as a function of
gas uptake in MIL-53(Al) and [BMIM][PF¢]/MIL-53(Al). The fitting
parameters to the virial-type thermal adsorption equation for

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. IR spectra of pristine MIL-53(Al), the bulk ILs, and the IL/MIL-53(Al)
composites within the regions a) 1800-600 cm ™' and b) 3200-3000 cm .
Red: pristine MIL-53(Al); black: [BMIMI[BF,J/MIL-53(Al); blue: [BMIM][PF4]/
MIL-53(Al); orange: [BMIM][CF;SO;]/MIL-53(Al); violet: [BMIM][SbF¢]/MIL-
53(Al); pink: [BMIM][NTf,]/MIL-53(Al). The overlapping thin black lines
denote the IR spectra of the corresponding bulk ILs: v(BF,) (a), v.s(BF,) (b),
Vas(PFe) (C), 45(SO3) (d), v,4(SO5) (), v45(CF3) (), v(SbFy) (), v(C=S) (h), v4(S—N)
(1), v25(S—N) (j), 7(SO,) (k), v,5(SO,) (1), v4(CF3) (m), v,(AI-O—Al) (*), and v (Al—
O—Al) (**). as =asymmetrical stretch, ss=symmetrical stretch.

the CO,, CH,, and N, isotherms at 10 and 20°C are shown in
the Supporting Information, Table S11. Accordingly, MIL-53(Al)
and [BMIM][PF.]/MIL-53(Al) had Q, values within the range 21—
33 kJmol ™" and 28-35 kJmol™" for CO,, 16-17 kJmol™" and 11—
14 kJmol™' for CH,, and 12-13 kJmol™" and 10-11 kJmol™" for
N,, respectively. These ranges were consistent with the previ-
ously reported Q, values for [BMIMI[MeSO,l/MIL-53(A1).2 The
higher Q,, value of the composite for CO, compared to the
pristine MOF indicated that its affinity for CO, molecules was
enhanced, with a corresponding decrease in the Q. values for
CH, and N,. This result further clarified the improvement in the
CO,/CH, and CO,/N, selectivities upon the incorporation of
[BMIM][PF,] into MIL-53(Al).

Chem. Asian J. 2019, 14, 3655 - 3667 www.chemasianj.org

3661

CHEMISTRY

AN ASIAN JOURNAL
Full Paper

2.3. Effect of the IL and MOF on the CO, Selectivity of the
IL/MOF Composites

To elucidate the effect of IL incorporation on MOFs with differ-
ent properties, we compared the gas-separation performances
of the [BMIM][BF,J/MIL-53(Al) and [BMIM][PF¢]/MIL-53(Al) com-
posites with those of previously reported composites [BMIM]
[BF,]/CuBTC,*® [BMIM][PF]/CuBTC,*” [BMIMI[BF,l/ZIF-8,*® and
[BMIM][PF.]/ZIF-8 (all of these composites had comparable
near-saturation IL loadings).”” The ideal CO,/CH, and CO,/N,
selectivities of [BMIMI[BF,]- and [BMIM][PF]-incorporated
CuBTC,*?" 7IF-8,%57 and MIL-53(Al) are shown as a function
of pressure in the Supporting Information, Figure S10. As
shown in Figure 7a,b, the incorporation of [BMIM][BF,] and
[BMIM][PF,] into CuBTC decreased the CO,/CH, selectivity of
the MOF, which was attributed to the open metal sites in
CuBTC.®*% Accordingly, the interaction of the open metal sites
of the MOF with the IL molecules prevented the subsequent
interaction of CO, molecules with the open metal sites, and so
the composite material did not exhibit any enhancement in
CO, selectivity. On the other hand, the incorporation of [BMIM]
[BF,] and [BMIM][PF] into ZIF-8 enhanced its CO,/CH, selectivi-
ty at low pressures (2.5- and 4-times higher than that of pris-
tine ZIF-8, respectively), but, at high pressures, the presence of
an IL did not cause a significant change in the CO,/CH, selec-
tivity of ZIF-8. The incorporation of [BMIM][BF,] and [BMIM]
[PF¢] into MIL-53(Al) improved the CO,/CH, selectivity of the
MOF over the entire pressure range. The normalized CO,/CH,
selectivities of the MIL-53(Al) composites were 1.6-2.6 and 1.6-
2.8 with [BMIM][BF,] and [BMIM][PF], respectively. Taken to-
gether, these results suggested that the incorporation of
[BMIM][BF,] and [BMIMI[PF,] improved the CO,/CH, selectivity
of MIL-53(Al), whilst only enhancing the selectivity of ZIF-8 at
low pressures, and not causing any remarkable change in the
selectivity of CuBTC.

Similarly, we also compared the CO,/N, selectivities of these
composites. Thus, the incorporation of [BMIMI[BF,] into CuBTC
decreased its CO,/N, selectivity, as was the case for CO,/CH, se-
lectivity. However, the incorporation of [BMIM][PF,] into CuBTC
slightly increased its CO,/N, selectivity at low pressures (<
0.3 bar). The incorporation of [BMIM][BF,] and [BMIM][PF] into
ZIF-8 enhanced its CO,/N, selectivity at low pressures (2.7- and
3.6-times that of ZIF-8, respectively). However, at high pres-
sures, the incorporation of both ILs into ZIF-8 did not cause
any notable improvement in CO,/N, selectivity. [BMIM][PF]/
ZIF-8 showed higher CO,/N, selectivity than [BMIM][BF,l/ZIF-8,
which may attributed to the relative polarities of the anions:
CO, molecules are nonpolar and, thus, [PF;]~, which is less
polar than [BF,]”, is more favorable for CO,.*® The incorpora-
tion of [BMIM][BF,] and [BMIM][PF,] into MIL-53(Al) enhanced
its CO,/N, selectivity by 3.2- and 2.1-times compared to that of
MIL-53(Al), respectively. At high pressures, the incorporation of
these ILs into MIL-53(Al) resulted in a greater degree of im-
provement in CO,/N, selectivity compared to the correspond-
ing composites with ZIF-8 and CuBTC MOFs. Of these two ILs,
the incorporation of [BMIM][BF,] into MIL-53(Al) resulted in a
larger increase in CO,/N, selectivity compared to the incorpora-
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Figure 5. CO, (a), CH, (b), and N, (c) uptakes of pristine MIL-53(Al) and the IL/MIL-53(Al) composites. Dashed lines represent the fitted isotherms. The data for

[BMIM][MeSO,]/MIL-53(Al) are reprinted with permission from Ref. [33].

tion of [BMIM][PF¢], which may be attributed to the relative hy-
drophilicities of the ILs and MOFs: ZIF-8 and [BMIM][PF,] are
both hydrophobic, whereas MIL-53(Al) and [BMIM][BF,] are
both hydrophilic. The lower polarity of the [PF¢]~ anion could
be favorable for CO, adsorption onto hydrophobic ZIF-8, but
unfavorable for adsorption onto hydrophilic MIL-53(Al), which
could affect the CO, selectivity of the IL/MIL-53(Al) composite.
Overall, these results indicated that the incorporation of
[BMIM][BF,] and [BMIM][PF] enhanced the CO,/N, selectivities
of MIL-53(Al) and ZIF-8, and that MIL-53(Al) offers a more ver-
satile platform than its counterparts.

Next, we performed a comprehensive comparison of the
CO,/CH, and CO,/N, selectivities of the IL/MIL-53(Al) compo-
sites with those of selected pristine MOFs to assess the poten-
tial of IL-incorporated MIL-53(Al) composites for CO, separation
applications, such as natural gas and flue gas purification.
Thus, we calculated the ideal selectivities of our IL/MIL-53(Al)
composites as the ratio of their gas uptake. To be able to use
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the gas uptakes at the same pressure, we first fitted the gas
adsorption data to the dual-site Langmuir model and used
these fits to determine the corresponding uptake value for
each gas at any given pressure. Furthermore, we also used
ideal adsorption solution theory (IAST) to calculate the mixture
selectivities for different gas compositions, such as CO,/CH,=
10:90, CO,/N,=15:85, CO,/CH,=50:50, and CO,/N,=50:50, to
allow for comparison with the data shown in Table 4. Our re-
sults showed that the loading of ILs that contained small
anions, [BF,]”, [PF¢]~, and [MeSO,]", into MIL-53(Al) improved
its CO, selectivity over CH, and N,. For example, pristine MIL-
53(Al) had a lower ideal CO./N, selectivity than Cd-L, Cu—
BTTri, Fe—BTT, [Fe,(BPEB);], [Ni(BPEB)], rho-ZMOF, sod-ZMOF,
and ZIF-81, as shown in Table4. On the other hand, the
[BMIM][MeSO,I/MIL-53(A®* composite exhibited the highest
CO,/N, selectivity among all of the IL/MIL-53(Al) composites
that we considered (24.2), and this value is higher than those
for all of the MOFs reported in Table 4. This comparison indi-

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Plots of the normalized selectivities of the IL/MIL-53(Al) composites
for CO,/CH, (a) and CO,/N, (b) as a function of pressure. The left-hand y axis
represents the normalized selectivities of the IL/MIL-53(Al) composites,
which were calculated by dividing the selectivities of the composites by the
selectivity of MIL-53(Al) at the same pressure. The right-hand y axis shows
the ideal selectivity of pristine MIL-53(Al). The data for [BMIM][MeSO,]/MIL-
53(Al) are reprinted with permission from Ref. [33].

cated that MIL-53(Al) represents an excellent platform for IL in-
corporation to develop new IL/MOF composites with excep-
tionally high CO, selectivity.

Finally, we compared the CO,/N, selectivities for the IL/MIL-
53(Al) composites with those of previously reported IL/MOF
composites: [BMIMI[OAC]/ZIF-8 and [EMIM][OACI/ZIF-8.5Y The
[BMIM][OAC]/ZIF-8 composites with IL loadings of 10, 20, and
30 wt% were reported to have CO,/N, selectivities of less than
15 at 1 bar and 30°C. However, at 0.1 bar and 30°C, [BMIM]
[OACI/ZIF-8 (20 wt%) had an ideal CO,/N, selectivity of 54. Al-
though their working temperature (30°C) was slightly higher
than ours (25°C), these data might offer a beneficial bench-
mark for IL/MOF composites in the literature. [BMIM][BF,J/MIL-
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Table 4. Comparison of the CO, selectivities of a range of MOFs with the
IL/MIL-53(Al) composites.

MOF CO,/CH, CO,/N, T[°C] P [bar] Ref.

selectivity selectivity
BUT-10 5.1 22.94 25 1 [67]
Cd-L - 18.4 0 1 [68]
Cu—BTTri - 21 25 1 [69]
Fe—BTT - 10.8 25 1 [70]
[Fe,(BPEB),] - 20 25 1 711
LIFM-10 43® 14,51 25 1 [721
[Ni(BPEB)] - 19 25 1 711
NPC-6 7.3 26.419 20 1 [73]
rho-ZMOF - 226 25 1 [74]
SNU-151 7.29 - 25 1 [75]
sod-ZMOF - 20.4 25 1 [74]
TMU-5 - 23.29 25 1 [76]
ZIF-79 5.40¢ 23.2¢ 25 1 [771
ZIF-81 5.7 23.8 25 1 [771
ZIF-95 430 18" 25 1 [78]
MIL-53(Al) 35 10.1 25 1 this work

7[a] 22.8[C]

6.39 211
IL/MIL-53(Al) composites 3.3-8.6 9-24.2 25 1 this work

4.7-17.2% 14-39.51
4.7-15.59 14.5-36.1

[a] Calculated by using ideal adsorbed solution theory (IAST) for CO,/CH,
(10:90, v/v). [b] Calculated from the breakthrough experiments by using
equimolar CO,/CH, and CO,/N, mixtures. [c] Calculated by using IAST for
CO,/N, (15:85, v/v). [d] Calculated by using IAST with 50:50 (v/v) inlet gas
compositions of CO,/CH, and CO,/N,. [e] Calculated from the slope of the
adsorption isotherm at low pressure; unless otherwise noted, ideal selec-
tivities are reported. BUT =Beijing University of Technology, BTTri=1,3,5-
tris(1H-1,2,3-triazol-5-yl)benzene, BTT =benzene-1,3,5-tristetrazole, BPEB=
1,4-bis[(1H-pyrazol-4-ylethynyl) benzene, LIFM=Lehn Institute of Func-
tional Materials, NPC=nanoporous cage, rho-ZMOF =rhodonite zeolite-
like metal- — organic framework, sod-ZMOF = sodalite zeolite-like metal- —
organic framework, SNU = Seoul National University, TMU = Tarbiat Mod-
ares University.

53(Al), [BMIMI[PF/MIL-53(Al), and [BMIMI[MeSO,l/MIL-53(Al)
had ideal CO,/N, selectivities of 42.3, 27.3, and 42.2 at 0.1 bar
and 25°C, and 16.8, 17.3, and 24 at 1 bar and 25°C, respective-
Iy.2¥ Thus, these IL/MIL-53(Al) composites had higher ideal
CO,/N, selectivities than those of [BMIM][OAc]/ZIF-8 (10, 20,
and 30 wt%) at 1 bar and [BMIM][OAc]/ZIF-8 (10 and 30 wt %)
at 0.1 bar, but lower than that of [BMIM][OAc]/ZIF-8 (20 wt %)
at 0.1 bar. A loading of 10 wt% in the [EMIM][OAC]/ZIF-8 com-
posite gave the highest ideal CO,/N, selectivity at 0.1 bar, com-
pared to other wt% loadings in the same composite. At 1 bar,
the ideal CO,/N, selectivities of all of the IL loadings of this
sample were lower than 7.5. According to these values, [BMIM]
[BF,J/MIL-53(Al), [BMIM][PF./MIL-53(Al), and [BMIM][MeSO,l/
MIL-53(Al) all had higher ideal CO,/N, selectivities than those
of [EMIM][OAC]/ZIF-8 (10, 20, and 30 wt%) at 0.1 and 1 bar.
Overall, our IL/MIL-53(Al) composites with small anions offer
greater ideal CO,/N, selectivities under specific conditions,
which further demonstrates the potential of MIL-53(Al) as a
platform for the design of high-performance IL/MOF compo-
sites.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Plots of the normalized CO,/CH, and CO,/N, selectivities of the [BMIM][BF,]- (a, c) and [BMIM][PF4l-incorporated MIL-53(Al) composites (b, d), as well

as CuBTC**?) and ZIF-8,%%?" as a function of pressure.

3. Conclusions

We have studied five different IL-loaded MIL-53(Al) composite
materials. The ILs consisted of [BMIM]* cations and anions with
different chemical and physical properties, such as hydrophilic-
ity/hydrophobicity and bulkiness. The newly synthesized IL/
MIL-53(Al) composites were characterized in detail and we
found that the ILs had been successfully incorporated into the
MIL-53(Al) framework. By comparing the IR spectra of the com-
posites with that of pristine MIL-53(Al), we concluded that ILs
with small anions, [BMIMI[BF,] and [BMIMI[PF,], were prefera-
bly located near the aluminum backbone and the p,(O—H)
moiety of the MIL-53(Al) framework, whereas ILs with bulky
anions were preferably located near the organic linkers. CO,,
CH,, and N, adsorption measurements were performed within
the pressure range of 0.1-5 bar, and [BMIM][BF,J/MIL-53(Al),
[BMIM][PF¢]/MIL-53(Al), and [BMIM][MeSO,l/MIL-53(Al) showed
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the highest CO,/CH, and CO,/N, selectivities among all of the
samples that were tested. The highest level of improvement in
terms of CO,/CH, selectivity was observed for [BMIM][PF]/MIL-
53(Al), which exhibited a selectivity that was 2.8-times higher
that of pristine MIL-53(Al) at 0.3 bar. [BMIM][MeSO,1/MIL-53(Al)
exhibited the highest CO,/N, selectivity, which varied between
1.9- and 3.3-times higher than that of MIL-53(Al) within the ex-
amined pressure range. The effects of using different ILs and
MOFs were studied by comparing the incorporation of [BMIM]
[BF,] and [BMIM][PF] into MIL-53(Al), CuBTC, and ZIF-8. Be-
cause CO, molecules typically prefer open metal sites, the in-
corporation of both ILs decreased the CO, separation per-
formance of CuBTC. ZIF-8 showed a better performance with
[BMIM][PF,] than it does with [BMIM][BF,] for both CO,/CH,
and CO,/N, selectivities. This result was attributed to the
weaker polarity of the [PFs]~ anion, which improved the CO,
attraction because CO, molecules are nonpolar.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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This study suggests that the chemical and physical proper-
ties of both ILs and MOFs and the interactions between them
should be taken into consideration for the design of new IL/
MOF composites with high CO, separation potentials. This
study also presents MIL-53(Al) as a versatile platform for IL/
MOF composites and will hopefully pave the way for further
studies to determine the best IL and MOF couples for the de-
velopment of new IL/MOF composites with high CO, separa-
tion performance.

Experimental Section
Materials

MIL-53(Al) (Basolite A100) and all of the ILs were purchased from
Sigma-Aldrich and stored in an argon-filled glovebox prior to use
(Labconco). Acetone (>99.5 vol.%) was purchased from Sigma-Al-
drich. CO, (99.9 vol. %), CH, (99.95 vol.%), and N, (99.998 vol.%)
were purchased from Linde Gas Company; He (99.999 vol.%),
which was used for the gas adsorption measurements, was pur-
chased from the Messer Group.

Sample Preparation

Prior to the sample preparation, MIL-53(Al) was dehydrated over-
night under vacuum at 200°C. IL/MOF composites with 30 wt% IL
loading were prepared open to air by using the wet-impregnation
method, as reported previously.”® First, the IL was dissolved in ace-
tone (20 mL) by stirring under ambient conditions for 1 h. Then,
dehydrated MIL-53(Al) powder was added to the solution and the
mixture was stirred at 35°C open to air until the acetone had com-
pletely evaporated. The resulting IL/MOF composites were dried at
105 °C overnight and stored in a desiccator to minimize the effect
of humidity and the presence of impurities.

X-ray Fluorescence (XRF)

A Bruker S8 Tiger spectrometer was used for the elemental analysis
of pristine MIL-53(Al) and the IL/MIL-53(Al) composites. An X-ray
tube with a 4 kW rhodium anode was used for the analysis, which
was performed under helium atmosphere. SpectraPlus Eval2
V2.2.454 software was used for the data interpretation.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

The concentrations of boron and aluminum atoms in the samples
were measured by using an Agilent 7700x ICP-MS (Agilent Technol-
ogies Inc., Tokyo, Japan). First, a small amount of pristine MIL-
53(Al) or [BMIM][BF,J/MIL-53(Al) (ca. 5 mg) was dissolved in a con-
centrated aqueous solution of HNO; (65%, 6 mL). Then, the solu-
tion was diluted with deionized water (50 mL). ICP-MS analysis was
performed by using a MicroMist microuptake glass concentric neb-
ulizer, an inert-sample-introduction kit with a sapphire injector
(inner diameter: 2.5 mm; Agilent 7700 series, Agilent Technologies,
Germany), and nickel sampler/skimmer cones. Instrument optimiza-
tion was performed prior to use by using a tuning solution
(1 ugL™") to ensure the short-term stability of the instrument. Ex-
ternal calibration solutions were prepared by using Spex Certiprep
multielement calibration standards (CLMS-2AN for Al, CLMS-4 for
B). Calculations were performed by using the MassHunter software.
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Brunauer-Emmett-Teller (BET) Surface Area and Barrett-
Joyner-Halenda (BJH) Pore-Volume Analyses

A Micromeritics TriStar Il 3020 analyzer was used for the N,-
physisorption analysis. First, pristine MIL-53(Al) and the IL/MIL-
53(Al) composites were activated at 150°C and 100 °C, respec-
tively, for 10 h under vacuum prior to the measurements.
Then, the samples were cooled to —196°C by using liquid ni-
trogen and free-space measurements were performed by
using helium gas. Next, N,-adsorption isotherms were recorded
between x107° and 1 bar at —196°C. The surface area of each
sample was estimated by fitting the nitrogen-adsorption iso-
therms to the BET equation, by using the relative pressure (P/
P,) range 0.06-0.3. The pore-size distributions (PSDs) were cal-
culated from the adsorption branch of the isotherm by using
the Barrett-Joyner-Halenda (BJH) method.

Scanning Electron Microscopy

SEM images of pristine MIL-53(Al) and the IL/MIL-53(Al) composites
were obtained by using a Zeiss Evo LS 15 scanning electron micro-
scope. To mitigate the problem of charging the materials, the sam-
ples were first placed onto carbon tape and then their surfaces
were coated with carbon. The analysis was performed under
vacuum at an accelerating voltage of 3 kV, with working distances
of 4.1-4.5 mm, and magnifications of 100, 50, and 12.5 kx.

X-Ray Diffraction Spectroscopy

XRD patterns were obtained by using a Bruker D8 Phaser in-
strument with a Lynxeye detector at a slit width of 1 mm. An
X-ray generator with a CuKal radiation source (1.54060 A)
was operated at a voltage of 30 kV and a current of 10 mA.
The analysis was performed within the range 26 =5-90° with a
resolution of 0.0204°.

Thermogravimetric Analysis (TGA)

A TA Instruments Q500 Thermogravimetric Analyzer with a plati-
num pan was used for the TGA experiments. First, approximately
15 mg of each sample, pristine MIL-53(Al), the bulk ILs, and the IL/
MIL-53(Al) composites was placed onto the platinum pan, heated
to 100°C at a ramp rate of 5°Cmin~", and held at this temperature
for 8 h. Then, the temperature was further increased to 700°C at a
rate of 2°Cmin~". All of the measurements were performed under
N,-flow rates of 40 and 60 mLmin~' for the balance and purge
gases, respectively. For the thermal decomposition temperatures,
the onset (T,,.) and derivative onset (T .. temperatures were de-
termined from the thermogravimetric (TG) and derivative TG
curves, respectively. Note that the T, values were considered to
be the start of the decomposition temperatures, because T,
values typically overestimate the thermal decomposition tempera-
tures.*”

FTIR Spectroscopy

IR spectroscopy was performed on a Bruker Vertex 80v IR spec-
trometer. We collected 128 and 512 scans for the background and
sample measurements, respectively. The measurements were per-
formed under vacuum within the range 4000-400 cm™' at a resolu-
tion of 2 cm™'. Samples of pristine MIL-53(Al) and the IL/MIL-53(Al)
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composites were directly placed between two KBr windows, whilst
the bulk ILs were mixed with KBr powder (>99%, Merck) prior to
the measurements. IR bands were deconvoluted by using Fityk®"
software with the Voigt function.

Conductor-like Screening Model for Realistic Solvents
(COSMO-RS) Calculations

We used the COSMOThermX software, version C30_1601 (COS-
MOlogic GmbH & Co. KG, Germany),®” to predict the gas solu-
bilities of the ILs at 25°C within the pressure range 0.1-5 bar.
TVZP parametrization was used for the calculations. The solu-
bilities of CO,, CH,, and N, in the ILs were obtained from the
activity coefficients.

High-Pressure Volumetric Adsorption (HPVA) Analysis

The gas-adsorption measurements of the pristine MOF and the IL/
MOF composites were performed on a Micromeritics (Particulate
Systems) HPVA 1I-200 high-pressure volumetric uptake analyzer.*®
Before each measurement, the sample was weighed and this value
was recorded as the wet sample weight. Then, the sample was
loaded into the sample holder and connected to the degas port of
the equipment. Pristine MIL-53(Al) and all of the IL/MIL-53(Al) com-
posites were activated at 150°C under vacuum (P=107° bar) for
10 h. Once the degassing step was complete, the sample holder
was placed in a water bath, which was connected to a circulator to
maintain a constant temperature of 25°C. Then, the sample holder
was connected to the analysis port. To remove the residual gases,
all of the lines were purged with helium three times just prior to
the analysis. All of the measurements were performed within the
pressure range 0.1-5 bar at 25°C. When the measurements were
complete, the sample was weighed and this value was recorded as
the dry sample weight. This weight was used in the gas-adsorption
calculations.
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