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Isothermal membrane-based air dehumidification (IMAD) is much more energy-efficient and economical
than traditional air-dehumidification technologies. There are, however, no practical IMAD process
technologies currently available mainly due to limitations of current membranes. lonic liquids (ILs) are
a promising air-dehumidification membrane material. Current supported IL membranes suffer from poor
stability, limiting their performances. Herein, we propose new stable IL membranes, encapsulated IL
membranes (EILMs) by encapsulating 1-butyl-3-methylimidazolium bromide ([C4MIM][Br]) into ultrathin
polycrystalline UiO-66-NH, metal-organic framework membranes via a ship-in-a-bottle method. The
stability of IL membranes is significantly enhanced due to the IL entrapped in the pore cages of UiO-66-

NH,. The EILMs show unprecedentedly high H,O permeance (~2.36 x 107 mol m=2 s~ Pa™}), an order
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Accepted 21st October 2020 of magnitude greater than that of the most permeable air-dehumidification membranes reported so far.
Furthermore, the encapsulated [C4MIMI[Br] drastically increases the H,O/N, separation factor to ~1560,

DOI: 10.1039/d0ta07780a satisfying the minimally required H,O/N, separation performance for commercially viable air-

rsc.li/materials-a dehumidification.

Introduction

Heating, ventilation, and air-conditioning (HVAC) systems have
been critically important for our daily lives. However, more than
90% of the current HVAC systems rely on an energy-intensive
vapor compression system, consuming more than 76% of
total electricity and ~35% of total energy annually in the U.S.*
Also, the emission of synthetic refrigerants such as hydro-
fluorocarbons (HFCs) used in a vapor compression system
accelerates global warming.” According to the U.S. Department
of Energy (DOE), isothermal membrane-based air dehumidifi-
cation (IMAD) is one of the most promising technologies for
energy-efficient and eco-friendly HVAC.® In theory, an inte-
grated IMAD and evaporative cooling system can reduce energy
consumption by 86.2% as compared to conventional vapor
compression.*

Membranes of hygroscopic organic liquids such as tri-
ethylene glycol (TEG), polyethylene glycol (PEG), and ionic
liquids (ILs) have been explored for energy-efficient air-
dehumidification due to their superior hydrophilicities.>® As
compared to other hygroscopic liquids, ILs are known to be
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more stable due to their negligible vapor pressures as well as
more versatile due to their tailorable properties by the diverse
combinations of cations and anions. Current IL membranes
(i.e., supported ionic liquid membranes (SILMs)), however,
commonly suffer from poor stability and limited perfor-
mances.” In SILMs, ILs are impregnated by capillary force in
macro/mesoporous supports, where the ILs can be leached out
by pressurization, dissolution, evaporation, etc.’® Accordingly,
the IL layers were generally made quite thick (>10 pm) in order
to suppress the loss of ILs.” Another way to form stable SILMs is
to use ILs with high viscosity," which then lower the diffusivity
of water vapor. Furthermore, the separation performances of
the SILMs impregnated with bulk ILs are likely limited by the
slow diffusion of gas molecules from the gas/IL interfaces to the
bulk ILs.*” For example, ILs in contact with CO, at the interface
were rapidly saturated with CO,, resulting in a CO, saturated
dense layer with strong CO,-IL interactions.” Due to the strong
interactions, CO, diffused slowly from the interface into bulk
ILs, lowering the overall efficiency of CO, adsorption.*

In order to address the above-mentioned challenges of sup-
ported IL membranes, there have been several efforts.”'*'* Bara
et al.*® prepared poly(ionic liquid) membranes by radical poly-
merization of IL monomers, showing improved mechanical
stability. However, the polymerization decreased the separation
performance of the membranes due to the restricted mobility of
IL fragments.™ Voss et al.*® developed gelled IL membranes by
forming networks of ILs using low molecular-mass organic
gelators. The membranes showed enhanced mechanical
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stability with preserved separation performances. Nevertheless,
the gelled IL turned back into liquid with increasing tempera-
ture.”® Friess et al' reported polymer/IL mixed-matrix
membranes (MMMs) exhibiting promising results. However,
these MMMs suffered from limited IL concentration and phase
separation due to the stability and the compatibility of ILs." It
is, therefore, highly desirable to develop new strategies to
fabricate IL membranes that can overcome the trade-off
between separation performance and stability.

One of the effective strategies to stabilize ILs is to use the
composite of ILs with microporous materials such as metal-
organic frameworks (MOFs).**2° For example, IL-encapsulated
MOFs were found to be effective as catalysts,** sorbents,>* fuel
cell membranes,® desulfurization,” and gas separation
membranes.>?® There have been several preparation methods
reported for IL/MOF composites which can be divided broadly
into two categories: (1) ionothermal synthesis and (2) post-
impregnation. In ionothermal synthesis, IL/MOF composites
were prepared by in situ synthesizing MOFs in ILs as a solvent
and structure-directing agent.*®* In contrast, post-
impregnation methods are more straightforward since ILs
were impregnated in preformed MOFs.'®'* One common post-
impregnation method is wet impregnation, where an IL
diluted in a solvent is impregnated into MOFs followed by
solvent removal.”” Though this post-impregnation method is
simple, leaching of ILs trapped in MOFs is a common issue.
Another post-impregnation method is the ship-in-a-bottle
method where smaller IL precursors are impregnated and
subsequently reacted to form bulkier ILs in MOF cages.*” It is
much less likely for the bulkier ILs encapsulated in the
micropore cages of MOFs to leach even under harsh
conditions.?

Here, we present a new class of supported IL membranes
named encapsulated ionic liquid membranes (EILMs). EILMs
were prepared by encapsulating ILs in polycrystalline MOF
membranes by a ship-in-a-bottle (SIB) strategy. We chose 1-
butyl-3-methylimidazolium bromide ([C,;MIM][Br]) and UiO-
66-NH, MOF membranes as the IL and microporous
supports, respectively. The EILMs were thoroughly charac-
terized and the amounts of IL encapsulated were fully
determined. The water vapor transport properties of the
encapsulated IL were investigated in terms of water vapor
sorption and diffusion. Lastly, the H,O/N, separation
performances of the EILMs and their stability were tested
under various conditions.

Experimental

Materials

For UiO-66-NH, synthesis, zirconium(v) chloride (ZrCly,
>99.5%, Sigma Aldrich), 2-aminoterephthalic acid (H,BDC-
NH,) (H,NCeH;-1,4-(CO,H),, 99%, Acros Organics), acetic acid
(CH3CO,H, >99.7%, Alfa Aesar), and N,N-dimethylformamide
(DMF) (HCON(CH3;),, >99.8%, Alfa Aesar) were used. For ionic
liquid synthesis, 1-methylimidazole (1-MIM) (C,HgN,, 99%,
Sigma Aldrich) and 1-bromobutane (C,Br) (CH3(CH,);Br, 99%,
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Sigma Aldrich) were used. All chemicals were used without
further purification.

Preparation of a-alumina supports

a-Alumina supports were prepared by following a recipe re-
ported previously.*® In a typical preparation, 1.9 g of a-alumina
powder (CR6, Baikowski) was homogeneously mixed with 0.2 ml
of a polymer binder solution. The binder solution was prepared
by dissolving 3 g of polyvinyl alcohol (PVA) (M,,: 22k, Duksan) in
a mixture of 5 ml of 1 M HNO; and 95 ml of D.I. water. An o-
alumina disk was formed by pressing a mold filled with 2.1 g of
the alumina/binder mixture uniaxially at 200 bar. Afterwards,
the disk was sintered at 1100 °C for 2 h at a ramp rate of
5 °C min~". The sintered o-alumina disk was polished using
sandpaper (grid #1200). The prepared o-alumina disk was
2.2 cm in diameter, 2 mm in thickness, and had 46% porosity
with an average pore diameter of ~200 nm.

Synthesis of UiO-66-NH, particles

UiO-66-NH, particles were synthesized solvothermally based on
a recipe reported with a slight modification.** A precursor
solution was prepared by mixing 0.301 g of ZrCly, 0.215 g of
NH,-BDC, and 11.63 g of acetic acid in 30 ml of DMF. The
prepared solution was placed in a Teflon-lined autoclave. A
solvothermal reaction was carried out at 120 °C for 48 h in
a convection oven. After completion of the reaction, the auto-
clave was naturally cooled down to room temperature for 2 h.
The powder sample was washed with DMF (30 ml) and collected
by centrifugation at 8000 rpm for 15 min. The sample was then
further washed with methanol (30 ml) two times. The collected
powders were dried under vacuum at 150 °C for 24 h.

Fabrication of UiO-66-NH, membranes

The UiO-66-NH, membrane was synthesized solvothermally by
an in situ synthesis method. A metal solution was prepared by
mixing 0.471 g of ZrCl, in 15 ml of DMF followed by sol-
vothermal treatment at 120 °C for 2 h in a Teflon-lined auto-
clave. For a ligand solution, 0.364 g of H,BDC-NH, was
dissolved in 15 ml of DMF, followed by addition of 0.014 g of
H,0 and 6.98 g of acetic acid. The ligand solution was poured
into a Teflon-lined autoclave containing the metal solution. The
solution was thoroughly mixed by magnetic stirring. An o-
alumina disk was loaded vertically on a custom-made Teflon
holder and then was placed in the solution mixture. Immedi-
ately after this, the autoclave was heated at 180 °C for 24 h in
a convection oven. The autoclave was cooled down to room
temperature for 2 h. The membrane sample was washed with
DMF overnight and further washed with methanol for 24 h at
room temperature on a lab shaker. It was replenished with fresh
methanol every 12 h. The membrane was dried at room
temperature for 2 h and then activated at 150 °C under vacuum
for 24 h.

This journal is © The Royal Society of Chemistry 2020
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Encapsulation of IL in UiO-66-NH, particles and membranes

An equimolar mixture of 1-MIM and C,Br was used to synthe-
size [C,MIM][Br]. First, UiO-66-NH, powders or membranes
were saturated with 1-MIM by stirring for 24 h at room
temperature. C,Br was then added and continuously stirred for
48 h at room temperature. The sample was washed with
methanol (30 ml) two times. The sample was dried at 80 °C
under vacuum for 24 h.

Fabrication of supported IL membranes (SILMs)

Anodized alumina membranes (Anodisc 25, Whatman) with a pore
diameter of 20 nm were used as supports for [C;MIM]Br]
membranes. [C;MIM][Br] was impregnated into an Anodisc
membrane by immersing the membrane in the liquid state IL
overnight at room temperature. The prepared SILM was rinsed
with methanol and gently blotted by using a Kimwipe. The SILM
was supported on a PVDF membrane (Durapore® Membrane filter
0.1 um, EDM Millipore) to prevent the IL from leaching out.

Characterization

X-ray diffraction (XRD) patterns were taken in a 26 range of 5-40°
with Cu-Ka radiation (A = 1.5406 A) using an X-ray diffractometer
(Rigaku Miniflex II). A scanning electron microscope (SEM, JEOL
JSM-7500F) was used to investigate the morphology of samples at
a working distance of 15 mm and acceleration voltage of 5 keV.
Water droplet contact angle measurements were carried out using
a fixed volume of water droplets of 5 pl at room temperature.
Images were taken using a microscope camera (Motic Moticam
1000) and analyzed by using Image] software. Thermogravimetric
analysis (TGA, TA instruments Q50) was performed in a tempera-
ture range of 25-700 °C with a ramping rate of 10 °C min~" under
an air flow of 50 cm® min~. For membrane samples, the weight of
the substrates was subtracted after measurements. Solution
proton nuclear magnetic resonance (‘"H NMR) spectra were taken
using a Bruker Avance III (400 MHz system). NMR samples were
prepared by dissolving in 40 ul D,SO,-d2 followed by adding 560 pl
DMF-d7. Isothermal N, and water vapor physisorption measure-
ments were performed using an ASAP 2020 plus (Micromeritics) at
77.3 K (—195.85 °C) and 293 K (20 °C), respectively. Heat of sorp-
tion of water vapor was determined by measuring water sorption at
three different temperatures (20 °C, 30 °C, and 40 °C) and an
absolute pressure of 1.15 kPa. Kinetic water vapor sorption
measurements were conducted with sample loadings of ~0.1 g at
20 °C and at p/p, = 0.5 using ASAP 2020 plus (Micromeritics) using
ROA (rate of adsorption) software.

Permeation measurements

H,O/N, separation performances of membranes were tested
using a custom-made permeation system shown in Fig. S1.T A
humid feed stream was provided by adjusting the ratio of dry N,
flow rate and water vapor saturated N, flow rate. The total flow
rates were maintained at 200 cm® min~" by using mass flow
controllers (MFC, DFC, AALBORG). The feed pressure was
adjusted using a back-pressure regulator in the pressure range
of 1.5-3.5 bar. The relative humidity was determined by using
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a dew point meter (HMP7, Vaisala) and was kept at >95%. The
permeate side was swept by an argon purge with a flow rate of
100 cm® min~". The permeate side pressure was maintained at
~0.02 bar using a diaphragm pump (N 820.3 FTP, KNF). The
compositions of the permeate side were determined using a gas
analyzer (QGA, Hiden Analytical). The permeance of component
i (P;) was calculated using the following equation:*

_ Ny X Xp.i
A(Pf X Xfi — Pp X Xp,i)

where, n is the total flow rate, x; is the mole fractions of
component i, A is the area of membranes, p is the pressure, and
the subscripts p and f are the permeate side and feed side,
respectively. The separation factor («;)was obtained using the
equation below;

xp,i/ Xpj

Oéij =
Xt / Xt j

Results and discussion
Fabrication and characterization of EILMs

Fig. 1 illustrates the preparation of EILMs by in situ synthesizing
IL, [C;MIM][Br], in the cages of a polycrystalline UiO-66-NH,
membrane via a SIB method. UiO-66-NH, was selected due to its
stability in water vapor and hydrophilicity as well as its proc-
essability into polycrystalline membranes.? First, a UiO-66-NH,
membrane was fabricated solvothermally on an a-alumina disk
by an in situ method (Fig. 1a). It is noted that there have been
only two reports on the synthesis of UiO-66-NH,
membranes,**** both of which required modification of
substrates in order to obtain intergrown membranes. In
contrast, the membrane was prepared without substrate
modification. Instead, we increased both precursor concentra-
tions (both metal and ligand) and the reaction temperature,
promoting the intergrowth of UiO-66-NH, crystals. The UiO-66-
NH, membrane was then saturated with 1-MIM followed by
addition of C,Br (Fig. 1b). When these two precursors were
reacted, [C;MIM][Br] IL was formed in the cages of the UiO-66-
NH, framework. While the precursor molecules can freely
diffuse through the 3-dimensionally microporous channels in
the framework, the bulkier IL can be trapped in the cages,
forming a [C;MIM][Br]@UiO-66-NH, membrane (hereafter, the
IL@Ui0-66-NH, membrane) (Fig. 1c). To form EILMs via a SIB
method, it is of critical importance to suitably match micro-
porous membranes and ILs. That is to say, IL precursors should
penetrate through the ultramicroporous apertures of
membranes and yet IL, once formed, should be trapped inside
the pore cages.”** UiO-66-NH, possesses two different cages,
tetrahedral and octahedral ones with the diameters of ~7.5 A
and ~12 A, respectively, that are interconnected with ~6 A
apertures (Fig. 1).*' The size of [C,;MIM][Br] was estimated to be
~6-10 A by the Connolly surface method (Fig. S21),* similar to
the diameter obtained from the group contribution method
(i.e., ~8 A).* As such, it can be said that UiO-66-NH, has suit-
able sizes of apertures and cages to suitably encapsulate the IL
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Fig. 1 Scheme of encapsulated ionic liquid membrane (EILM) preparation: (a) preparation of UiO-66-NH, membranes, (b) entrapment of IL
precursors, and (c) formation of IL@UiO-66-NH, membranes upon reaction.

(i.e., 1-MIM & C,Br < aperture of UiO-66-NH, < [C;MIM][Br] =
tetrahedral cage of UiO-66-NH, < octahedral cage of UiO-66-
NH,). In addition, considering the fact that the same IL was
formed in ZIF-8 and the NaY zeolite by SIB strategies,***” it was
inferred that the IL precursors were able to readily pass through
the apertures of UiO-66-NH,.

Fig. 2a presents the XRD patterns of both UiO-66-NH, and
IL@UiO-66-NH, membranes in comparison with a simulated

pattern of UiO-66-NH, powder. The diffraction pattern of the
UiO-66-NH, membrane matched well with the simulated one,
confirming the formation of a phase-pure UiO-66-NH, layer on
an alumina support (Fig. 2a). Upon encapsulation of [C;MIM]
[Br], the XRD of the IL@UiO-66-NH, membrane showed pres-
ervation of all peaks, indicating that there was no compromise
in the crystal structure of UiO-66-NH,. Nevertheless, the inten-
sity of the (111) plane was decreased by around a third. As

a
*arAlz0 Ui0-66-NH,
IL@UiIO-66-NH,
Jh * I
3
< Ui0-66-NH,
[}
UL | .
£
<ls
J & Simulated UiO-66-NH,
U : : : S— . IL@UiO-66-NH,
5 10 15 20 25 30 35 40
2theta (degree)
Cc
Ui0-66-NH, IL@UIO-66-NH,
3541° o

29 +1

Fig. 2 (a) XRD patterns, (b) SEM images, and (c
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) water contact angles of UiO-66-NH, and IL@UiO-66-NH, membranes.
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shown in Fig. $3, the (111) lattice planes are parallel to open
triangular apertures surrounding octahedral cages where the
encapsulated IL molecules are likely present, thereby leading to
the compromise in the diffraction. Fig. 2b presents SEM images
showing that UiO-66-NH, membranes appeared well-
intergrown and defect-free (Fig. 2b top). No crack formation
was observed on the membrane upon IL impregnation (Fig. 2b
bottom). As expected, the thickness of the membrane remained
unchanged at ~2 pm. If confirmed, the IL@UiO-66-NH,
membranes would be one of the thinnest IL membranes re-
ported.®*® Fig. 2c presents water contact angles before and after
IL encapsulation. The contact angle decreased upon IL encap-
sulation, suggesting the presence of hydrophilic [C,MIM][Br] on
the external surface of the EILM.

Quantity analysis of IL encapsulated

Table 1 summarizes the quantity of [C,MIM][Br] encapsulated
in EILMs determined by three different bases (i.e., weight,
volume, and mole ratio). According to TGA analysis (Fig. S41),
the residual weight of the UiO-66-NH, membrane was 40.7 wt%,
which was comparable but slightly lower than the theoretical
residual weight of 43.2 wt% possibly due to the absorbed
moisture. The theoretical residual weight was determined by
assuming that there were no defects in UiO-66-NH, crystals and
all Zr atoms turned into ZrO, upon thermal oxidation. As ex-
pected, the IL@UiO-66-NH, membrane exhibited greater weight
loss upon thermal oxidation than the UiO-66-NH, membrane
due to the decomposition of the encapsulated [C,MIM][Br]
(Fig. S47). Based on the difference in the residual weights of the
two membranes, the loading percentage of IL (i.e., the mass of
IL encapsulated divided by the mass of IL@UiO-66-NH,) was
estimated to be ~19.5 wt%.* It should be mentioned that the
residual weight of an IL@UiO-66-NH, powder sample was
consistent with that of an IL@UiO-66-NH, membrane sample
(see Fig. S5T). Hence, the other two quantitative analyses (i.e.,
volume and mole ratio) were conducted on powder samples
(Fig. S61).

For volume-based quantification, N, adsorption isotherms
were taken on UiO-66-NH, and IL@UiO-66-NH, powder
samples. Both showed a type-I isotherm (Fig. S7t), whereas
[CsMIM][Br] showed only negligible N, adsorption (i.e., type-III).
As can be seen in the isotherms, the pore volume of UiO-66-NH,
was reduced to ~36.5% upon IL encapsulation (Table 1). This
means that ~36.5 vol% of the total pore volume of UiO-66-NH,
was filled with IL. If some cages are filled with the IL, penetrant
precursor molecules are likely to have limited accessibility to
other cages. It is, therefore, expected that there exists an
optimal IL loading.

Table 1 Quantification of encapsulated [C4MIM][Br] in UiO-66-NH,

Journal of Materials Chemistry A

Lastly, [C4MIM][Br] encapsulated was quantified by deter-
mining the molar ratio of the UiO-66-NH, ligand (i.e., H,BDC-
NH,) and [C,;MIM][Br] using "H NMR analysis. As presented in
Fig. S8, the peaks corresponding to [C,MIM][Br] were found in
IL@UiO-66-NH,, demonstrating the encapsulation of the IL in
UiO-66-NH,. The molar ratio of H,BDC-NH, and [C,;MIM][Br]
was estimated to be ~4.1 (Table 1). Since there are 24 ligands
per unit cell, about 5.9 [C,MIM][Br] molecules were encapsu-
lated per unit cell. Based on the molar ratio and the molecular
weights of Ui0-66-NH, and [C;MIM][Br] (i.e., 6848.1 and 219.1 g
mol !, respectively), the IL loading percentage was back-
calculated to be ~15.9 wt%, which is comparable to the TGA
result of ~19.5 wt%. There are four tetrahedral and four octa-
hedral cages in the unit cell (Fig. S91), resulting in the volume of
the cages of ~4502.8 A in a unit cell. Give the molecular volume
of [C,MIM][Br] obtained from the group contribution method
(i.e., 285 A),* it was determined that ~37.3% of the cage volume
was filled by IL molecules, which was consistent with the N,
physisorption result of ~36.5%.

Sorption and diffusion of water vapor

Fig. 3 presents water uptake and uptake kinetics of UiO-66-NH,,
[C,MIM][Br], and IL@UiO-66-NH,. It should be noted that the
measurements were performed on powder samples of UiO-66-
NH, and IL@UiO-66-NH,. As can be seen in Fig. 3a, both UiO-
66-NH, and IL@UiO-66-NH, exhibited Langmuir-type
isotherms while [C,MIM]|[Br] showed a linear isotherm
following Henry's law. These observations are consistent with
the fact that UiO-66-NH, and IL@UiO-66-NH, are microporous
solids while [C,;MIM][Br] is a dense liquid. IL@UiO-66-NH,
showed lower adsorption than UiO-66-NH, because of its lower
micropore volume resulting from IL encapsulation (see Table
1). In the low relative pressure range, UiO-66-NH, displayed
a concave curve while IL@UiO-66-NH, showed a convex curve
(see the inset in Fig. 3a). This implies that IL@UiO-66-NH,
exhibited enhanced interaction with water upon the encapsu-
lation of [C,;MIM][Br],* which was corroborated with the fact
that the heat of sorption of IL@UiO-66-NH, (—54.13 kJ mol )
was lower than that of UiO-66-NH, (—51.76 k] mol ') (Table
S1t). It is noted that [C,MIM][Br] showed the highest heat of
sorption (—40.01 kJ mol "), suggesting that water molecules in
bulk IL were energetically less favorable than those in the
microporous frameworks (Table S17t).**

The kinetics of water vapor adsorption of IL@UiO-66-NH,
was found to be greater than that of UiO-66-NH, upon dosing
the first aliquot (Fig. 3b). This increase was likely due to the
presence of encapsulated [C,MIM][Br]. It is noteworthy to
mention that [C,;MIM][Br] showed the fastest water vapor

Sample Residual weight” (wt%) Pore volume” (cm® g™*) Molar ratio of H,BDC-NH,/[C,MIM][Br]”
UiO-66-NH, 40.7 £ 1.3 0.351 £ 0.008 n/a
IL@UiO-66-NH, 35.6 £ 0.6 0.223 £ 0.005 41+1.6

@ Membrane samples. ” Powder samples.

This journal is © The Royal Society of Chemistry 2020

J. Mater. Chem. A, 2020, 8, 23645-23653 | 23649



Journal of Materials Chemistry A

a

204 [~®—UiO-66-NH,
—o—IL@Ui0-66-NH,
1 |—A—[C,MIM][Br]

15

Water uptake (mmol g)
o

Fig. 3

Paper

-
o
1

o
®

o
?

—m— Ui0-66-NH,
—e— IL@Ui0-66-NH,
—A—[C,MIM][Br]

o
‘?

o
P

Normalized water uptake (M{/M.,)
o
o

0 1 2 3 4 5 6
Time%3 (sec?9)

(a) Water vapor absorption isotherms at 20 °C and (b) uptake kinetics of water vapor at 20 °C and p/po, = 0.5 with the first aliquot dosing.

The inset in (a) shows magnified isotherms in the range of p/p, = 0.00-0.15. For clarity, the water update isotherm of the IL was cut at p/p, ~ 0.78

due to its exceptionally high uptake as compared to the other samples.

adsorption among the samples (see Fig. 3b). Pertaining to the
non-steady state initial sorption rate (i.e., linear region up to 0.5
of the equilibrium values), it was possible to calculate the
effective diffusion coefficients (D.g) graphically using the
sorption-time curves (Table S21). The detailed calculation is
presented in the ESI.f The D values increased in the following
order: 4.91 x 10~ em? s™* for UiO-66-NH,, < 6.01 x 10! cm?
s~ for IL@UIO-66-NH, < 2.22 x 10~" em” s~ " for [C;MIM][Br].
The D¢ of IL@UiIO-66-NH, was ~22% greater than that of UiO-
66-NH,, whereas that of [C,MIM][Br] was four orders of
magnitude higher than that of the other two.** For overall
dosing, however, the absorption rate of bulk [C,MIM][Br] was
significantly lower than those of UiO-66-NH, and IL@UiO-66-
NH, (Fig. S10%). For the first aliquot dosing, the sorption of
water in bulk [C,MIM][Br] occurs mainly at the air/IL interface.
However, once the interfacial region is saturated, water mole-
cules may need to penetrate deeper into the bulk IL, conse-
quently decreasing the overall adsorption kinetics. For the
overall dosing, the water diffusion of IL@UiO-66-NH, was still
faster than that of UiO-66-NH, (Fig. S107). This reveals that
encapsulated [C,MIM]|[Br] was considerably more efficient than
bulk [C,MIM][Br] due to the increased contact surface area of IL
with water molecules. Furthermore, the viscosity effect of
[C4,MIM][Br], which plays a significant role in a bulk phase,
might be negligible since [C,MIM][Br] is dispersed in the cages
at the molecular level, therefore IL@UiO-66-NH, shows
enhanced diffusion of water vapor as compared to [C;MIM][Br].

H,O/N, separation performances of EILMs and their stability

The H,O/N, separation performances of EILMs were evalu-
ated by comparing with the previously reported air-
dehumidification membranes (Fig. 4a and Table
§37).>772%43-55 It turned out that there were a couple of studies
reported on the minimally required H,O/N, separation
performances of membranes for energy effective air-dehu-
midification.’®®” According to those studies,*®*” the water
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permeance should be atleast 5 x 10 ®molm>s™ " Pa™ " (i.e.,
14 900 GPU) and the required H,O/N, selectivity ought to be
1000 and greater (Fig. 4a). There were, however, only a few
graphene-oxide (GO) membranes that satisfied the criteria so
far.>*%* Surprisingly, the IL@UiO-66-NH, membranes met the
criteria under mixed gas conditions while both UiO-66-NH,
and [C4MIM][Br] membranes failed to meet the criteria
(Fig. 4a). In particular, the IL@UiO-66-NH, membranes
showed the average H,0 permeance of 2.36 x 10~ * mol m >
s~' Pa~! which is, to the best of our knowledge, the highest
H,0 permeance ever reported (Fig. 4a). This exceptionally
high H,O permeance can be attributed to the ultrathin nature
of the membrane as well as to the enhanced efficiency of
encapsulated [C;MIM][Br]. Meanwhile, the H,O permeance
of the [C,MIM][Br] membranes (i.e., supported IL membrane)
was as low as other supported liquid membranes reported
owing to its lower efficiency as well as its greater thickness.>”
As compared to the UiO-66-NH, membranes, the IL@UiO-66-
NH, membranes exhibited a much enhanced H,O/N, sepa-
ration factor (~1564 vs. ~312) due to the presence of the
highly water selective [C,MIM][Br] (note that the H,O/N,
separation factor of the IL was ~4206).

Stability of the membrane is important for practical appli-
cations. As shown in Fig. 4b, the H,O permeances of both UiO-
66-NH, and IL@UiO-66-NH, membranes were well-maintained
during 7 days of operation. However, the [C,MIM][Br] liquid
membrane showed unstable H,O permeability with time
(Fig. 4b). After a couple of days, the H,O permeability of the
[C,MIM][Br] membrane decreased and then suddenly increased
sharply. Typically, ILs were immobilized in supports by a high
capillary force and a high viscosity.”® As such, the stability of
supported IL membranes is greatly affected by the properties of
both ILs and supports. The unstable performance of the
[CsMIM][Br] membrane is likely due to its relatively low viscosity
and high solubility with the water vapor of the feed stream.>® As
the water content in [C;MIM][Br] increased upon extended

This journal is © The Royal Society of Chemistry 2020
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operation, viscosity of [CAMIM][Br] was likely further reduced,*
thereby leading to leaching of [C;MIM][Br] from the support.*®
On the other hand, [C,MIM][Br] was trapped in the cages of the
UiO-66-NH, membranes, making it difficult for the IL to leach
out even under high humidity conditions. As a consequence,
the EILM showed stable separation performance over 7 days of
operation. The stability of the IL membranes under various
conditions was also tested. At the higher feed pressure and
temperature, the IL@UiO-66-NH, showed significantly
improved separation performances compared to [C;MIM][Br]
membranes (Fig. S11 and S127).

Conclusions

In conclusion, we successfully formed the encapsulated ionic
liquid membranes (EILMs) by encapsulating [C;MIM][Br] in
polycrystalline UiO-66-NH, MOF membranes via a ship-in-a-
bottle method. The resulting EILMs (i.e., [C;MIM][Br]|@UiO-66-
NH, membranes) were ~2 pum thick, one of the thinnest IL
membranes reported. It was found that the loading percentage of
the encapsulated [C,MIM][Br] was ~19.5 wt%, occupying
~36.5vol% of the total cage volume of UiO-66-NH,. Although the
IL-encapsulated UiO-66-NH, membranes showed slightly lower
water vapor uptake due to their reduced free pore volume, they
showed greater affinity to water vapor than the as-prepared UiO-
66-NH, owing to the presence of the hydrophilic IL. The IL@UiO-
66-NH, membranes showed increased water vapor uptake
kinetics, thereby enhancing H,O permeance. The EILMs
exhibited the highest H,O permeance among air-
dehumidification membranes reported due to the (1) enhanced
IL efficiency upon encapsulation and (2) ultrathin nature of the
microporous framework membranes. Furthermore, encapsula-
tion of the IL substantially increased the H,O/N, separation
factor of the membranes from ~312 to ~1564. Finally, the EILMs
displayed noticeably enhanced stability for H,O/N, separation as
compared with the [C,MIM][Br] SILMs under various operation
conditions. The current EILMs are expected to be a major step

This journal is © The Royal Society of Chemistry 2020
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forward in the development of practical air-dehumidification
membranes for energy-efficient HVAC systems.
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