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ABSTRACT: Dehydration technologies with low energy consumption using non-toxic materials are important in industrial,
residential, and transport applications. Herein, nanocomposite
polymeric hollow ﬁbers with high dehydration capability were
demonstrated with the incorporation of green amino acid-based
ionic liquids. The ionic liquid was encapsulated in designed submicrometer carbon capsules (ENILs) and dispersed in thin
polydimethylsiloxane (PDMS) coating layers. The eﬀect of
diﬀerent coating compositions and operation conditions on the
water vapor permeance and selectivity of water vapor over nitrogen
was investigated using vacuum and sweep gas. Both sorption and
permeation results suggested strong interactions between the water
vapor and the encapsulated ionic liquid. The selectivity greatly
depends on the PDMS coating and the amount of loaded ENIL. A
linear increase of the water vapor over nitrogen selectivity was observed up to 50% ENIL loading in PDMS. The membrane systems
had water vapor permeance up to 10,600 GPU and selectivity of 4500, which are promising characteristics for application in
membrane air dehumidiﬁcation and other dehydration processes.
KEYWORDS: amino acid ionic liquid, carbon capsules, polydimethylsiloxane, vapor permeance, air dehydration

■

INTRODUCTION
Designing energy-eﬃcient processes that could substitute more
energy-intensive ones and the use of non-hazardous substances
are goals addressing principles of green chemistry. This should
be applicable to chemical and petrochemical industries, as well
as widespread domestic operational systems. Important
applications under this category are related to dehydration,
which has been classically associated to high energy
consumption and/or the use of relatively toxic and corrosive
substances. The proposition of an eﬀective low energy
dehydration process with non-toxic materials is the topic of
this work. Membrane dehumidiﬁcation has been increasingly
considered as a sustainable method for ﬂue and natural gas
dehydration,1−3 organic vapor and steam recovery, drying of
packaging material,4 and controlling the humidity at household
and building by heating, ventilation, and air-conditioning
units.5−7 Water vapor can interfere in the targeted separations,
and its presence in streams can also lead to condensation
pipeline rusting.8 Conventionally, methods based on desiccants
or condensation have been used for dehumidiﬁcation with high
operational costs.9 Membrane-based methods of dehumidiﬁcation oﬀer simple operation, lower price, and lower power
consumption with more compact nature.10−12 Air dehumidiﬁcation by membrane processes is driven by a chemical
© XXXX American Chemical Society

potential gradient. As a result, this isothermal air dehumidiﬁcation process can save signiﬁcant amount of energy, which is
generally employed in the conventional condensation-based air
dehumidiﬁcation.12 For instance, Xing et al.13 indicate that
membrane-based air dehumidiﬁcation can achieve 50% higher
energy eﬃciency than conventional vapor compression
systems, if the membrane is designed to have separation
factors higher than 200. The only energy consumed in
membrane-based air dehumidiﬁcation is the power for the
compressor or the vacuum pump.14
A successful membrane dehumidiﬁcation process depends
on the structure of the membranes. Composite membranes
consist of an active skin layer coated on a porous support. The
coating can be constituted from a variety of materials and can
provide advantages compared to plain membranes prepared
from single polymeric and inorganic membranes. A porous
support gives mechanical stability to membranes with high
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Table 1. Elemental and Textural Characterization of Bare and IL-Encapsulated Carbon Capsules

Scheme 1. Steps for the Preparation of Carbon Capsules and the Encapsulation of IL

and Nexar32,33 have been reported with a reasonable water
vapor transport rate and high selectivity.
In the present work, we propose a completely new system,
hybridizing hollow ﬁber membranes with highly eﬀective nontoxic absorbents and amino acid ionic liquids (ILs),
encapsulated in carbonaceous sub-microcapsules (ENILs).
ILs have awakened great attention due to their unique
properties, such as negligible vapor pressure, good chemical
and thermal stability, and high polarity, making them a more
sustainable alternative to conventional solvents. They are
frequently hydrophilic and able to capture water.34 Diﬀerent
encapsulated ILs have been explored before as sorbents for
CO2 and ammonia capture, without incorporation into
membranes.35,36 Although ILs are usually considered green,
this class of materials is broad and this attribute can be
controversial in some cases. In this work, we chose a particular
class of ILs know for their low toxicity, based on amino acids:
(2-hydroxyethyl)trimethylammonium L -phenylalaninate
(structure in Table 1). Amino acids are the building blocks
of proteins and are available at reasonable prices, and the largescale preparation with high purity can be readily performed.

water vapor permeance but no selectivity. The top active skin
layer is the deciding factor, which determines the overall
permeability and selectivity of the entire membrane, and plays
an active role in many applications based on their structure and
aﬃnity. Composite membranes based on diﬀerent materials
have been previously reported with reasonable water vapor
selectivity over other components.15−20
Previously sulfonated polyetherketone,3 cellulose acetatepolyethylene glycol blend,20 polydopamine,17 polydimethylsiloxane (PDMS),21 and poly(vinyl alcohol)22 have been used as
a coating on porous polyethersulfone,17,20 polyacrylonitrile,21,23 and polysulfone15,16 supports for air dehumidiﬁcation. The incorporation of metal−organic framework,19,24 acidactivated bentonite clay,25 graphene oxide-titanium oxides
nanoﬁllers,26 titanosilicates,27 and dopamine17 in the active
layers has been conducted by interfacial polymerization to
form a thin selective nanocomposite layer on porous ﬂat/
hollow ﬁber supports, acting as sorbents for vapor sorption.
More specialized polymers like polybenzimidazole28 with high
thermal resistance, cellulose,29 cyclodextrin,30 and block
copolymers such as Pebax with graphene oxide nanosheets31
B
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Figure 1. (a,b) SEM and (c,d) TEM images of the sub-microcapsules, diﬀerent magniﬁcations.
atmosphere at 823 K for 6 h. The silica spheres were then
impregnated by a solution composed of 0.27 g of AlCl3·6H2O per
gram of templated and calcinated again under the same conditions. A
phenol−formaldehyde resin was later used as a carbon precursor to
obtain mesoporous carbon microcapsules. To introduce the carbon
precursor into the shell, a mixture of 0.374 g of phenol/g template was
added to the initial template and maintained under continuous
stirring for 14 h at 373 K in a rotary evaporator. To the resulting
compound, 0.238 g of paraformaldehyde/g of template was added,
and the temperature was increased to 403 K and maintained under
vacuum for 24 h. The resulting material was heated under a nitrogen
atmosphere for 5 h at 433 K in a vertical furnace and then pyrolyzed
at 1123 K for 7 h. The silica template was removed by washing it with
a hydroﬂuoric acid solution (48 %v/v).
The amino acid IL, (2-hydroxyethyl)trimethylammonium Lphenylalaninate [N1,1,1,2(OH)][L-Phe], was synthesized as described
in the Supporting Information and summarized in Scheme S1. Its
chemical structure and main characteristics are shown in Table 1. The
IL was then encapsulated by ﬁrst dissolving it in ethanol to decrease
the viscosity and to obtain a good dispersion. The IL solution was
added dropwise over the carbon capsules. Vacuum was applied to
remove the ethanol, at 333 K and 1 Pa, at least for 24 h. This
procedure allowed us to impregnate ∼60% of IL (wt, ENIL basis) in
the carbon capsules. Finally, the amount of IL in the capsules was
determined by the weight diﬀerence between the ﬁnal ENIL and the
weight of carbon capsules.
To validate the IL impregnation, elemental analysis (EA) was used.
The IL percentage was derived from the linear relationship previously
proposed, using the percentage of elemental nitrogen, in the
supported-IL materials, and the weight percentage of the IL supported
on mesoporous carbons.39
PDMS/ENIL Coating. 1, 2.5, and 5 wt % PDMS stock solutions in
iso-octane were stirred overnight. The hollow ﬁber membranes were
sealed on both sides, using epoxy, and dip-coated for 5 min with the
respective solution. For ENIL coating, 0.5 and 1 wt % ENIL were
initially dispersed in isooctane. The (1, 2.5, and 5 wt %) PDMS
solutions and (0.5 and 1.0 wt %) capsule dispersions were then mixed
in diﬀerent proportions and sonicated overnight for uniform
dispersion. The ﬁnal solution was used for the ﬁber dip-coating.
Elemental Analysis. The EA (C, H, and N content) of the
capsules before and after ﬁlling with the IL was performed on a LECO
CHNS-932 equipment. The IL amount was quantiﬁed based on the
nitrogen content.

Moreover, they are biodegradable and non-toxic and have
higher absorption capacity than of most ethanolamine
derivatives. The conﬁnement in nanoporous capsules has the
purpose to reduce any leakage. The ENIL capsules were
incorporated in the PDMS coating layer of hollow ﬁbers and
tested for air dehumidiﬁcation, using vacuum or sweep gas to
promote the transmembrane transport. The high aﬃnity
between the activated carbon and ILs, higher surface area for
sorption, and variation in loading capacity of ILs make them
adaptable for many applications.

■

EXPERIMENTAL SECTION

Materials. Phenol (99%), paraformaldehyde (95−100%), aluminum trichloride (95−100%), ammonia (38%), ethanol (99%), and
hydroﬂuoric acid (48%) were purchased from Panreac. Tetraethylorthosilicate (98%, TEOS), octadecyltrimethoxysilane (90%, C18TMS),
N-methyl-2-pyrrolidone (NMP), ethylene glycol (EG), and isooctane
were purchased from Sigma-Aldrich. Diethylene glycol (DEG) was
obtained from Fisher Scientiﬁc (UK). Polyetherimide, ULTEM 1000,
was purchased from SABIC USA. PDMS (ELASTOSIL E43) was
purchased from Wacker Chemie AG, Germany.
Hollow Fiber Spinning. The polyetherimide hollow ﬁber
membrane was prepared by non-solvent-induced phase separation,
using a dry-jet wet spinning process.37,38 The polymer solution was
composed of 20/10/70 wt % ULTEM/DEG/N-methyl-2-pyrrolidinone (NMP). The solution was mechanically stirred in an oil bath at
70 °C for two to three days until a clear solution was obtained and
degassed overnight prior to spinning. Details of the spinning
conditions can be found in Table S1.
Preparation of Carbonaceous Sub-Microcapsules Filled
with Amino Acid ILs (ENILs). Scheme 1 depicts the synthesis of
the carbon sub-microcapsules (Ccap)39−44 and the encapsulation of
amino acid-based IL. Silica spheres with a solid core and mesoporous
shell were used as a template, having tetraethoxysilane (TEOS) as a
precursor for the silica synthesis reaction, leading to stable silica
nuclei. A volume of 15 mL of TEOS was added to a reaction medium
formed by 12 mL of ammonia, 185 mL of ethanol, and 20 mL of
distilled water with vigorous stirring at 303 K for at least 1 h to form
the silica spheres. Then, a mixture containing TEOS and C18TMS
(2.5:1 v/v) was added to the previous solution to form the
mesoporous shell around them. This step was repeated twice to
increase the thickness of the mesoporous shell. After 1 h total reaction
time, the resulting material was ﬁltered and calcinated under an air
C
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Sorption Characterization. The textural properties of the
capsules, more speciﬁcally the speciﬁc surface area, were characterized
using a Micromeritics apparatus (Tristar II 3020 model) to measure
the Brunauer−Emmett−Teller (BET) nitrogen adsorption−desorption isotherms at 77 K.
Water vapor sorption isotherms were obtained on a IGAsorp, with
the relative humidity (RH) range set from 0 to 90% at an interval of
10%.
Morphological Characterization. The carbon capsules with a
micro/mesoporous shell structure and a hollow core were imaged by
scanning (SEM) and transmission electron microscopy (TEM). The
SEM images were obtained on a HITACHI SU-70 microscope,
operating at 25 kV, after previously coating the samples with a carbon
layer using an Emitech K950X carbon evaporator. The TEM images
were obtained on a Philips 420 JEM-2000 FX microscope.
The morphology of composite hollow ﬁber membranes was
observed on a ﬁeld emission Zeiss SEM microscope. For the crosssection image, the membranes were ﬁrst fractured in liquid nitrogen,
attached to stubs, and then sputter-coated with 5 nm of iridium in a
K575X Emitech equipment.
Performance of Membranes. A mixed water vapor/gas test
method was used to analyze the performance of the composite
membranes.32,33 A sweep gas or vacuum was used to create a constant
driving force. Accurate humidity and temperature readings of the feed
and permeate stream were taken from sensors mounted on both
streams. Detailed information of the experimental setup can be found
elsewhere.32,33
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shown by the isotherms in Figure 2. The IL has a signiﬁcantly
higher aﬃnity to water than the carbon capsule, and the ENIL

Figure 2. Water vapor sorption isotherm (sorption and desorption)
for pristine carbon capsules and 60% IL-loaded ENIL at 25 and 75
°C, at 1 atm.

demonstrates a remarkably improved sorption capacity. In
accordance with Henry’s law, for the ENIL, the mass uptake at
low and intermediate relative humidity (RH < 0.6) linearly
increased both at 25 and 75 °C. Subsequently, an exponential
rise occurred, similar to most hygroscopic ILs.46 The linear
sorption mode is due to physical dissolution of water vapor in
IL, while water cluster formation resulted in the exponential
rise of the isotherm.47 In agreement with the BET results, no
hysteresis was observed at intermediate partial pressures, which
could have arisen from capillary condensation in the
mesopores, if they were not ﬁlled with ILs. The sorption at
25 °C also exhibited a small hysteresis at high RH, possibly
related to the formation of water clusters. The ENIL overall
showed up to 30% capacity change between 5 and 60% RH
with natural regeneration revealing its potential to be used as a
sorbent material for air dehumidiﬁcation. This is signiﬁcantly
higher than the 6−8% desired capacity change for polymeric
adsorbents.48 The Fickian diﬀusion coeﬃcient at each RH was
determined from the initial slope of a plot of Mt/M∞ versus
t1/2,49 where Mt is the water adsorbed at time t and M∞ is the
water adsorbed at inﬁnity time at each RH. The value was
between 1.1 × 10−6 and 3.8 × 10−6 cm2/s until the RH arrived
at 60%. It then reduced by an order of magnitude in the 60 to
90% RH.
Due to the promising high ENIL water vapor sorption, the
capsules were explored for incorporation into membranes for
air dehumidiﬁcation. Hollow ﬁbers were preferred over ﬂat
sheets, mainly due to increased surface to volume ratio, better
packing densities as well as compactness of the module, which
would use less space in the air conditioning unit.
Polyetherimide was selected for the porous ﬁber and PDMS
for the coating matrix, into which the ENILs were dispersed
with limited aggregation. Polyetherimide and PDMS are
commercial polymers of acceptable cost for a later scaling
up. Polyetherimide hollow ﬁbers were spun using a dry-wet jet
spinning procedure with NMP/water as a bore ﬂuid. The
uncoated hollow ﬁbers had a very high water vapor permeance
of up to 14,305 GPU, but negligible water vapor/N2 selectivity
(1.06) when a 600 mbar vacuum pressure was applied on the
lumen side. To improve the selectivity, maintaining a high
water vapor permeation rate, ENIL was dispersed in PDMS

■

RESULTS AND DISCUSSION
The ENIL sorbents were fabricated by incorporating (2hydroxyethyl)-trimethylammonium L -phenylalaninate,
[N1,1,1,2(OH)][L-Phe], into sub-microcapsules of carbon.
Figure 1 shows the SEM and TEM micrographs of the capsules
of ca. 500 nm diameter with a shell thickness of 150 nm. EA of
the ENIL was used to determine the amount of IL
encapsulated, by measuring the percentage of nitrogen in the
ﬁnal materials, which was directly related to the cation and
amino acid anion uptake. The EA results in Table 1 conﬁrmed
suﬃcient encapsulation of the IL (60% in mass).
The porous structures of the carbon capsules and ENIL were
identiﬁed by N2 adsorption−desorption isotherms at 77 K
using the Brunauer−Emmett−Teller (BET) isotherm. The
textural properties (speciﬁc surface area) and the IL loading
are provided in Table 1. The BET results revealed a porous
structure with high surface area (ABET = 1721 m2/g), with
impacts of both micro and mesoporosity, as shown by the high
amount of N2 absorbed in the entire relative pressure range.
With the incorporation of the IL into the carbon capsules, the
measured surface area value drastically decreases, indicating
that the pores are completely ﬁlled by the IL. The amount of
ILs conﬁned inside the carbon capsules can be determined
through a linear regression between the percentage of
elemental N2, obtained by EA, and the weight percentage of
IL incorporated on the support.39,45
Figure S1 shows the thermogravimetric analysis (TGA)
curves of the pure IL and the ENIL capsules before the
incorporation into membranes. The curves emphasize the
eﬀect of the conﬁnement in the capsules on the thermal
stability of IL. As depicted in Figure S1, a sharp decomposition
step starts for the pure IL above 460 K. When encapsulated in
capsules, the sharp decrease happens ﬁrst above 520 K,
although a mild step of around 15% mass loss starts before
that.
The bare carbon capsules absorbed a small amount of water
vapor with no hysteresis, compared to those ﬁlled with IL, as
D
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Figure 3. (a−c) Cross-sectional (increasing magniﬁcations) and (d) surface SEM images of a polyetherimide hollow ﬁber coated with 0.5 wt %
PDMS/0.5 wt % ENIL solution in isooctane.

Figure 4. Performance of hollow ﬁbers coated with (a) PDMS or (b,c) PDMS/ENIL at 600 mbar vacuum pressure: (a) overall water vapor
permeances of the composite membranes and (b) water vapor/N2 selectivity and (c) water vapor permeance calculated for the coating layer.

and dip-coated on the hollow ﬁber to form a thin selective skin
layer. PDMS has a high permeability for gases in general, and it
is industrially used for organic vapor recovery and separation.50
PDMS selectivity values of 34 to 143 have been reported
before for water vapor/N2.51
Solutions with diﬀerent proportions of PDMS and ENIL in
isooctane were used for the dip-coating of the hollow ﬁbers, by
immersion for 5 min, followed by drying for 24 h, before the
module fabrication. Figure 3 shows surface and cross-sectional
SEM images of the membrane, and the coating layer was
prepared with solutions containing 0.5 wt % PDMS and 0.5 wt
% ENIL. The SEM images of the membrane coated with
solutions containing 0.5 wt % PDMS and diﬀerent ENIL
concentrations (0.25 and 0.0625 wt %) are shown in Figure S2.

The ENILs are fairly distributed all over the membrane surface
giving the membrane a rough and highly porous structure
compared to the smoother coating with pure PDMS (Figure
S3).
The dehumidiﬁcation experiments were carried out with the
hollow ﬁber membranes under various coating conditions.
Both feed and retentate are on the shell side, while permeate is
present in the lumen side. The dehumidiﬁcation was operated
under vacuum (600 mbar) or with sweep gas at 0.3 to 0.6 L/
min ﬂow rate, while keeping the humidity at the feed side
constant at about 81%.
Operation under Vacuum. Figure 4 and Table S2 show
the dehumidiﬁcation performance of both the plain PDMS and
the PDMS/ENIL-coated membranes under 600 mbar vacuum
E
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permeance can be estimated, by considering the transport
resistance of the support and selective layers as being
analogous to that of an electric circuit, using the model of
Henis and Tripodi, as detailed in the Supporting Information
(eq S2). The values plotted in Figure 4b,c are therefore relative
to the coating layer, discounting the contribution of the porous
support. Figure 4b shows how the addition of increasing
amounts of ENIL drastically enhances the water vapor/N2
selectivity of the coating layer for any PDMS concentration
evaluated in the range of 0.5−2.5 wt %. Figure 4c shows the
eﬀect of ENIL on the water vapor permeance of the coating
layer. The eﬀect is clearly much higher for coatings with low
PDMS concentration.
Operation with Sweep Gas. Figure 5a,b show the
dehumidiﬁcation performance when the vacuum mode was

pressure. For the membranes coated with plain PDMS, the
water vapor permeance continuously declined as the
concentration of the PDMS increased (Figure 4a). The reason
is simply that as the PDMS concentration increased from 1 to
5 wt %, the thickness of the coating layer increased from 1.3 to
8.6 μm, increasing the mass transfer resistance.
PDMS is a highly ﬂexible rubbery polymer with high free
volume. It is believed to have a bimodal distribution of space
cavities with sizes of around 0.4 to 0.8 nm for molecular
transport.52 The permeance in dense polymer ﬁlms is governed
by a combination of diﬀusion and solubility (eq S1). It is wellknown that preferential solubility can favor larger organic
apolar permeants over smaller ones through PDMS. However,
in the case of molecules like water and N2 with a low
thermodynamic aﬃnity for PDMS, diﬀusion is the predominant factor for transport and selectivity. As seen in the
Supporting Information, the PDMS solubility coeﬃcients for
water and N2 are around 0.0054 and 0.00167 cm3 (STP) cm−3
cmHg−1, respectively,53 while the value for a completely apolar
molecule, such as benzene, is 2.70 cm3 (STP) cm−3 cmHg−1,
500-fold larger. The kinetic diameters of N2 and water are,
respectively, 0.364 and 0.265 nm. The PDMS diﬀusivity
coeﬃcients for water and N2 are around 1.3 to 2.8 × 10−4 and
0.147 × 10−4 cm2/s, respectively. The previously reported51,53
PDMS permeabilities at room temperature for water and N2
are 40,000 and 250 Barrer, respectively, with a selectivity of ca.
160. By coating the PEI membrane with 1 wt % of PDMS, the
selectivity of water vapor over N2 was 166. Under the same
conditions, the uncoated hollow ﬁber had a selectivity value of
only 1.06. However, the eﬀect of the ENIL introduction is
much more impressive and achieved a value 25-fold higher
(4167) when the hollow ﬁber was coated with 1.25 wt %
PDMS and 0.5 wt % ENIL. The addition of ENIL boosts
mainly the solubility contribution to the water permeance. The
most important contribution of the ENIL is the enhancement
of the aﬃnity of the membrane coating layer toward the
permeant water vapor. The water sorption in ENIL is high (see
Figure 2). The charged cation and amino acid anion groups, as
well as the amine and hydroxyl functional groups of the
encapsulated IL preferentially enhance the water solubility.
Due to the high surface area provided by the meso/
microporous capsules, the IL functional groups were accessible
at high density, resulting in the signiﬁcantly high water vapor
capture. Simultaneously, the added ENIL might also enhance
the permeant diﬀusivity, by creating cavities, or more free
space in the PDMS coating layer. This is particularly more
visible in coatings prepared with lower PDMS content, for
which porosity is clearly observed, as seen in Figure 3. As a
control, when empty capsules were dispersed in the PDMS
coating layer (0.5 wt % PDMS/0.5 wt % carbon capsules), the
water vapor permeance was as low as 836 ± 51 GPU, with a
water to N2 selectivity of 235 ± 7. Overall, a coating solution
with 0.5 wt % PDMS and 0.5 wt % capsules ﬁlled with IL
under the same conditions had a water permeance of 10,605
GPU, 13-fold higher. The conﬁnement of the IL in the
capsules avoid any leaching out during operation.
The transport resistance of a porous support in composite
membranes can be frequently neglected, contributing only for
the mechanical stability. In this work, since the permeability of
the developed coatings for water is particularly high, and the
coating methodology enables the deposition of very thin layers,
the permeance of the porous support cannot be ignored. The
separate contribution of the coating layer to the total

Figure 5. (a) Water vapor permeance and (b) water vapor/N2
selectivity of ENIL/PDMS-coated hollow ﬁbers, operating at 0.3 L/
min sweep gas ﬂow rate.

replaced by a more economically viable sweep gas operational
mode at a ﬂow rate of 0.3 L/min. The hollow ﬁber membranes
coated with 1.0 and 2.5 wt % plain PDMS solutions exhibited
permeance values of 4063 and 3505 GPU, respectively, with
lower selectivity of 182 and 692. Coating solutions with 0.5 wt
% of PDMS and 0.25 or 0.5 wt % ENIL led to an increase in
permeance to 5014 and 5789 GPU, respectively. The
selectivity of water vapor over N2 for the systems with ENIL
was slightly higher in the sweep gas operational mode than
when using vacuum. For instance, for hollow ﬁber membranes
coated with 0.5 wt % PDMS and 0.5 wt % ENIL, the selectivity
increased from 3234 to 3305, when the system was switched
from vacuum to sweep gas mode. By increasing the sweep gas
ﬂow rate to 0.6 L/min, the water vapor permeance of hollow
ﬁbers coated with 0.5 or 1.25 wt % PDMS and 0.5 wt % ENIL
increased to 6681 and 5953 GPU with a selectivity of 3770 and
5248, respectively. This is due to the relatively higher shearing,
which limits the concentration polarization.
The ENIL incorporation within the membrane skin layer
signiﬁcantly increased both the water vapor permeance and
water/N2 selectivity while plain PDMS coating revealed the
typical trade-oﬀ between permeability and selectivity. However, since the performance of these membranes is in
signiﬁcant part due to the incorporated sorbents, they also
reach saturation. Therefore, during 16 h of dehumidiﬁcation
run, the water vapor permeance of the hollow ﬁbers with
incorporated ENIL reached a maximum permeance of 5745
GPU at about 8 h of operation (Figure 6a) and then started to
decline to a ﬁnal value of 4156 GPU at the end of the
F
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Figure 6. Hollow ﬁber performance. (a) Saturation dynamics of water permeance in polyetherimide hollow ﬁbers coated with solutions containing
0.5 wt % PDMS and 0.5 wt % ENIL (2 cycles of operation). (b) Comparison of water vapor permeance and selectivity with other previously
reported composite hollow ﬁber membranes.

■

experiment. This could be related to the saturation of ENILs in
the dense skin layer, since no ﬂux decline was observed for the
plain PDMS composite membranes during dehumidiﬁcation
experiments. The system needs, therefore, to be regenerated.
The TGA results indicated that the ENIL is thermally stable at
least up to 275 °C and PEI can continuously operate up to 170
°C. Therefore, the saturated membrane can be quickly heated
below this temperature range for regeneration. By merely
raising the system temperature from 25 to 45 °C for 90 min, it
was possible to restore the membrane permeance to 5368
GPU, after 6 h of continuous dehumidiﬁcation. The possibility
to regain the capacity in Figure 6a, as well as the absence of
adsorption−desorption hysteresis in Figure 2, indicates the
stability of the encapsulated IL system during operation.
Hence, intermittent heating of the system to a moderately high
temperature after 8 h of continuous dehumidiﬁcation is
recommended to restore the system performance.

■
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CONCLUSIONS

In summary, a new class of nanocomposite membrane material
was introduced by incorporating IL-encapsulated carbon
capsules suspended in PDMS and coated on polyetherimide
hollow ﬁbers for air dehumidiﬁcation. The composite hollow
ﬁbers had a demonstrated water vapor permeance as high as
10,605 GPU aligned to water vapor to N2 selectivity of 3235.
Figure 6b and Table S3 show the comparison between ENILincorporated composite hollow ﬁbers developed in this work
and other hollow ﬁber membranes explored for similar
applications. Generally, due to lower speciﬁc volume, kinetic
diameter, and more interaction of the water vapor with polar
groups of the ENIL, compared to N2, the hollow ﬁbers
presented here have signiﬁcantly improved permeation and
selectivity out of the typical trade-oﬀ observed for the
polymeric membrane. While some saturation was observed in
long-term experiments, an intermittent heating of the system
to slightly higher temperature was able to solve the issue with
100% capacity regain, making this hybrid material not only
competent in air conditioning but potentially also for industrial
gas dehydration application.
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