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A B S T R A C T   

Membrane-based air-dehumidification has been considered as one of the most promising technologies for the 
next-generation heating, ventilation, and air-conditioning (HVAC) systems. Though attractive, polymeric 
membranes suffer from limitation between their H2O/N2 separation performance (i.e., H2O/N2 separation factor 
and H2O permeability) and their mechanical stability. Herein, we propose a facile and effective strategy, 
controlled partial hydrolysis, to improve the H2O/N2 separation performance of polyimide (PI) membranes while 
maintaining their mechanical stability. Controlled hydrolysis turned the PI membranes partially into poly (amic 
acid) (PAA)/PI membranes, exhibiting an asymmetric configuration with the inner layers more hydrolyzed. 
Interestingly, the hydrolysis in a highly concentrated NaOH solution led to formation of localized domains that 
were hydrolyzed (i.e., PAA domains). The localized hydrolysis of mechanically stable PI membranes led to 
formation of hydrophilic PAA channels embedded in the PI, thereby enhancing H2O/N2 separation performance 
(i.e., H2O permeability from ~6400 Barrer to ~11,000 Barrer and H2O/N2 separation factor from ~190 to ~ 
320) while preserving the mechanical strength of the membranes.   

1. Introduction 

Heating, ventilation, and air-conditioning (HVAC) systems are 
essential in our daily life. Tremendous energy is, however, consumed 
and the demand for HVAC increases continuously all over the world [1]. 
Residential and commercial buildings in U.S. consumed more than 76% 
of total electricity and ~35% of total energy (i.e., 13.45 quadrillion Btu) 
for HVAC [2]. In addition, the current air cooling and dehumidification 
of more than 90% relies on vapor compression system using synthetic 
refrigerants, hydrofluorocarbons (HFCs), which are most potent green
house gases [3]. The high energy consumption of the current HVAC 
systems combined with its adverse impacts on environment requires 
urgent needs for a next-generation HVAC technology. 

There have been several potential technologies for the future HVAC 
system such as thermoelastic [4,5], membrane [6,7], desiccant [8,9], 
and etc. Among them, membrane-based air dehumidification technol
ogy has been considered as one of the most promising next-generation 
HVAC technologies by U.S. Department of Energy (U.S. DOE) [10]. 
Membrane-based air dehumidification does not require an additional 
heat source, regeneration, and emission of greenhouse gases. 
Air-dehumidification by membranes can be carried out at a constant 

temperature by a chemical potential gradient of water vapor between 
two sides of a membrane generated by a vacuum pump [11]. The effi
ciency of isothermal membrane-based air-dehumidification (IMAD) has 
been demonstrated by incorporating membranes in hybrid HVAC sys
tems. The combination of a membrane with a desiccant-based system 
increased the efficiency by 30% owing to reduced cooling load variation 
(i.e., extent of difference between minimum and maximum cooling 
loads) [12]. Also, comparing with conventional stand-alone vapor 
compression systems, membrane/evaporative hybrid cooling systems 
showed up to 86.2% greater efficiency with respect to energy saving 
[13]. 

Since the efficiency of the IMAD depends on separation perfor
mances of membranes, it is highly desirable to develop membranes with 
enhanced H2O permeability and H2O/air (H2O/N2) selectivity [14]. Liu 
et al. [11] evaluated that the H2O/N2 separation factor of 200 is mini
mally required to satisfy the coefficient of performance (COP) 50% 
greater than the vapor compression system as proposed by U.S. DOE. 
Several different types of membranes have been reported to achieve 
high H2O/N2 separation performance including polymer [15], zeolite 
[11], polymer/inorganic hybrid [16,17], and hygroscopic liquids [18, 
19]. Especially, polymeric membranes have been widely used and 
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extensively studied for practical applications due to their relatively low 
cost and ease processability [6]. 

The hydrophilicity of polymeric materials plays a critical role in 
increasing both H2O permeability and H2O/N2 selectivity simulta
neously by enhancing their affinity with water vapor. In many cases of 
air-dehumidification membranes, however, excessive hydrophilicity can 
lead to low mechanical property, thereby resulting in poor stability. 
Hence, the majority of the polymers for air-dehumidification were 
optimized for maximum enhancement in their hydrophilicity and min
imum loss in their mechanical stability. Poly (ethylene oxide) poly 
(butylene terephthalate) (PEO-PBT) copolymer showed both stability 
and high H2O/N2 separation performance (i.e., H2O permeability of 8.5 
x 104 Barrer and H2O/N2 selectivity of 4 x 104) [15]. The high and stable 
separation performance of the membranes was achieved by the hydro
philicity of permeable hydrophilic PEO blocks (56%) and the mechan
ical stability of impermeable hydrophobic PET blocks (44%) [15]. 
Similarly, Pebax®MV1074 made of 45% of rigid hydrophobic nylon 12 
(PA12) blocks and 55% of soft hydrophilic PEO blocks exhibited rela
tively high H2O permeability of 1.6 x 105 Barrer and H2O/N2 selectivity 
of 2 x 105 [20]. Sulfonated poly (ether ketone) (SPEEK) with an optimal 
sulfonation degree of 60% showed high H2O permeability of 6 x 104 

Barrer and exceptional H2O/N2 selectivity of 1 x 107 [20,21]. 
4,4′-(Hexafluoroisopropylidene)diphthalic anhydride (6FDA)-based 

polyimide (PI) polymers have been extensively studied for gas separa
tion due to their high free volume stemming from their bulky tri
fluoromethyl (-CF3) pendent groups, thereby showing high gas 
permeabilities [22]. In particular, 2,4,6-trimethyl-1,3-diaminobenzene 
(DAM) or 2,3,5,6-tetramethyl-1,4-phenylenediamine (durene) moieties 
in 6FDA-PIs provides exceptionally high gas permeabilities due to 
enlarged excess free volume [23,24]. Furthermore, the imide and aro
matic rings provide outstanding thermal and mechanical stabilities [25, 
26]. Despite the extensive studies for gas separation membranes, 
6FDA-PI has yet to be investigated for IMAD applications due to their 
relative hydrophobic property. Hydrophobic PI, nonetheless, can be 
transformed to hydrophilic poly (amic acid) (PAA) through a simple 
hydrolysis reaction [27], potentially leading to formation of hydro
philic/hydrophobic PAA/PI membranes for stable air-dehumidification. 

In this work, we investigated controlled transformation of 6FDA- 
based PI membranes into PAA/PI membranes by partial hydrolysis for 
IMAD applications. The partial transformation of the hydrophobic imide 
rings of the PI membranes to the hydrophilic amide groups and car
boxylic salt groups improved their H2O/N2 separation performance 
while maintaining their mechanical robustness. The partial hydrolysis of 
PI membranes to PAA/PI membranes was controlled by changing the 
reaction conditions such as solution concentrations, reaction times, and 
reaction rates. The physical/chemical properties of the resulting mem
branes were characterized and their H2O/N2 separation performances 
were measured. 

2. Experimental 

2.1. Materials 

6FDA-DAM (4,4-(Hexafluoroisopropylidene) diphthalic anhydride 
2,4,6-trimethyl-1,3-phenylenediamine, Mw: 148k, PDI: 2.14) was pur
chased from Akron Polymer Systems Inc. N,N-dimethylformamide 
(DMF) (C3H7NO > 99.8%, Alfa Aesar) was used as a solvent to 
dissolve the polymer. For hydrolysis, sodium hydroxide (NaOH >

97.0%, VWR Chemicals BDH®) and sodium formate (HCOONa ≥99%, 
Sigma Aldrich) were used. Copper (II) nitrate trihydrate (Cu 
(NO3)2⋅3H2O, ≥ 99%, Sigma Aldrich) and lithium nitrate (LiNO3 ≥ 99%, 
Acros Organics) were used for ion exchange. 

2.2. Preparation of α-alumina supports 

α-alumina disks were as supports and prepared by following a recipe 

previously published [28]. In short, α-alumina powder (CR6, Baikowski) 
was mixed with a polyvinyl alcohol (PVA) binder solution. The binder 
solution was prepared by mixing 3 g of PVA500 (Mw: 22k, Duksan) and 
5 ml of 1 M HNO3 in 95 ml of D.I. water. A proper amount of the powder 
was put into a mold and pressed uniaxially with 200 bar, forming an 
α-alumina disk. The α-alumina disk was sintered at 1100 ◦C for 2 h at the 
ramp rate of 5 ◦C min−1. After that, the disk was polished by a sandpaper 
(grid #1200) to smoothen its surface. The dimensions of the prepared 
α-alumina disk were 2.2 cm in diameter, 2 mm in thickness, and 46% in 
porosity with an average pore diameter of ~200 nm. 

2.3. Fabrication of polymer films 

0.25 g of 6FDA-DAM was dissolved in 12.25 g of DMF to prepare a 2 
wt% polymer dope solution. 2.0 ml of the polymer dope solution was 
dropped on the polished side of an α-alumina disk using a micropipette, 
fully covering the support surface. Immediately, the sample was trans
ferred into a vacuum oven pre-heated at 150 ◦C and soaked at the same 
temperature for 24 h under vacuum. Afterward, the sample was cooled 
down to room temperature. The resulting alumina-supported PI film 
showed the uniform film thickness of 6.3 ± 1.7 μm. 

2.4. Hydrolysis of PI films 

Two different hydrolysis reactions were carried out. For NaOH- 
induced hydrolysis, a PI film was hydrolyzed by immersing in a NaOH 
aqueous solution at various NaOH concentrations (i.e., 1, 2, 3, and 4 M) 
at room temperature for 1 min. Immediately after, the sample was 
washed with D.I. water overnight and then dried at 60 ◦C for a day. For 
NaCOOH-induced hydrolysis, a PI film was hydrolyzed in a NaCOOH 
solution (100 mmol of NaCOOH in 30 ml of D.I. water) at 120 ◦C for 
various reaction times (i.e., 6, 9, and 12 h). The sample was vertically 
loaded on a custom-made Teflon holder and placed in a Teflon-lined 
autoclave containing the NaCOOH solution. After cooling down to 
room temperature, the hydrolyzed polymer film was washed with D.I. 
water overnight. The sample was then dried at 60 ◦C for a day. 

2.5. Plasma etching 

Oxygen plasma etching of films was performed by a plasma cleaner 
(PDC-32G, Harrick Plasma) under vacuum. The air flow rate was 
adjusted to obtain the maximum intensity of plasma. 

2.6. Ion exchange 

A hydrolyzed membrane was immersed for 3 h into 1 M Cu2+ (or Li+) 
aqueous solution prepared by dissolving 24.16 g of Cu(NO3)2⋅3H2O for 
Cu2+ exchange (or 6.90 g of LiNO3 for Li+ exchange) in 100 ml of D.I. 
water. The sample was washed twice in D.I. water overnight. The 
washed sample was then dried at 60 ◦C. 

2.7. Characterizations 

Scanning electron microscope (SEM) images were taken using a 
JEOL JSM-7500F at working distance of 15 mm and acceleration voltage 
of 5 keV. Samples for SEM were prepared by freeze fracturing in liquid 
nitrogen. Composition analysis was performed an energy-dispersive X- 
ray spectrometry (EDS) (Oxford EDS system) operating at working dis
tance of 8 mm and acceleration voltage of 20 keV with secondary 
electron image (SEI) detector. Attenuated total reflectance Fourier 
transform infrared (ATR-FTIR) spectra were taken by a Nicolet iS5 
spectrophotometer equipped with iD7 ATR (Thermo Scientific) in the 
range of 4000–400 cm−1 at a resolution of 2 cm−1 with 16 scans. Contact 
angle measurements were carried out using a microscope camera (Motic 
Moticam 1000) and were analyzed using ImageJ software. Optical mi
crographs were taken using a microscope (Axio Imager A1m, Carl Zeiss). 
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2.8. Permeation measurement 

H2O/N2 separation performance of membrane was measured by the 
custom-made permeation measurement system presented in Fig. S1. The 
humidified feed flow was prepared by mixing a proper ratio of dry N2 
and water-saturated N2. The feed flow rates were controlled by needle 
valves with the total flow rate of 200 cm3 min−1 and were monitored by 
mass flow controllers (MFC, DFC, AALBORG). The feed pressure was 
maintained at 1.5 bar using a back-pressure regulator equipped on the 
retentate side. The relative humidity and temperature of the feed flow 
were kept at > 95% and 35 ◦C, respectively, and were monitored by dew 
point meters (HMP7, Vaisala). The permeate side was preserved under 
vacuum condition (i.e., ~0.03 bar) using a diaphragm pump (N 820.3 
FTP, KNF). Not to underestimate the performances by water vapor 
adsorbed onto the downstream membrane/support surfaces, the argon 
sweep gas was provided to the permeate side of the membrane cell with 
a flow rate of 50 cm3 min−1. The composition of the permeated flow was 
determined using a gas analyzer (QGA, Hiden Analytical) and the 
permeated flow rate was measured by a bubble flow meter. The 
permeability of component i (Pi) was calculated using the following 
equation [11]. 

Pi =
ṅp × xp,i × l

A
(
pf × xf ,i − pp × xp,i

)

where, ṅ is the total flow rates, xi is the mole fractions of component i, l is 
the membrane thickness, A is the area of the membrane, p is the pres
sure, and the subscripts p and f represents the permeate side and feed 
side, respectively. The separation factor (αij) was obtained using the 
equation below; 

αij =
xp,i

/
xp,j

xf ,i
/

xf ,j  

3. Results and discussion 

3.1. Hydrolysis of 6FDA-DAM polyimide membranes 

A 6FDA-DAM polyimide (PI) film was prepared by drop-casting on a 
porous α-alumina substrate with thickness of 6.3 ± 1.7 μm. The PI film 
was partially hydrolyzed in a NaOH aqueous solution, turning a part of 
the film into 6FDA-DAM poly (amic acid) (PAA). As shown in Fig. 1, the 
hydrolysis reaction involves nucleophilic hydroxides attacking the 

carbonyl carbons of the imide rings, thereby breaking the imide rings 
[29], forming hydrophilic amide groups and carboxylic salt groups co
ordinated with sodium ions (Fig. 1). There are various variables 
affecting the hydrolysis reaction including pH, time, temperature, and 
concentration [29]. 

The hydrolysis was performed by immersing the PI film facing up in 
1 M NaOH aqueous solution. The degree of hydrolysis (i.e., degree of 
deimidization) was investigated as a function of the film depth by 
carefully etching the polymer layer using oxygen plasma. As shown in 
Fig. 2, the intensities of the peaks at 1723 cm−1 and 1356 cm−1 corre
sponding to C––O and C–N of the imide ring, respectively, decreased as 
compared to that of C–C of the benzene ring at 1485 cm−1 as the film 
thickness reduced by the etching [30]. The degree of deimidization (DD) 
was determined as follows [30,31]. 

Degree ​ of ​ deimidization ​ (DD)(%) =

[

1 −
(I1356/I1485)specimen

(I1356/I1485)standard

]

× 100  

Where, I is the FT-IR peak intensity and subscripts 1356 and 1485 are 
the wavenumbers of the peaks of C–N of the imide ring and C–C of the 
benzene ring, respectively. As the polymer layer was etched from the top 
surface, the DD linearly increased, indicating the gradual hydrolysis 
(Fig. S2), suggesting more hydrolysis in the bottom layer than in the top 
layer (hereafter denoted as asymmetric hydrolysis). This was unex
pected given that the top layer was in direct contact with the base so
lution while the bottom layer was in contact with the alumina support. It 
is noteworthy here that the oxygen plasma did not affect the DD (see 
Fig. S3). 

A couple of hypotheses can be made to explain the asymmetric hy
drolysis (i.e., more hydrolysis in the bottom side than in the top side) as 
illustrated in Fig. 3. One is that the hydroxide solution absorbed in the 
porous support was not fully removed from the pores of the support even 
after the washing step immediately followed by the hydrolysis (Fig. 3a), 
thereby leading to further hydrolysis of the bottom layer [29,32,33]. 
The other hypothesis is that the PI film was saturated with the hydroxide 
solution and then the washing step generated the concentration gradient 
of the hydroxide since the top layer was in direct contact with the 
washing solution (Fig. 3b). The hydroxide concentration gradient may 
cause the asymmetric hydrolysis [29,33]. To check the first hypothesis, 
hydrolysis was carried out under the same condition for a PI film coated 
on a non-porous glass substrate with the similar film thickness. Inter
estingly, the bottom layer was found more hydrolyzed than the top layer 
as in the case of the film coated on a porous support. The DD values of 
the top and bottom layers of the hydrolyzed film coated on a non-porous 
substrate were 14 ± 3% and 23 ± 5%, respectively (Fig. S4), suggesting 
the second hypothesis is more likely. To further verify the second hy
pothesis, it was assumed that when the hydrolysis reaction rate is low, 
the reaction rate would be relatively uniform in the polymer at a fixed 
reaction time. In this regard, the PI films were hydrolyzed in a weakly 
basic NaCOOH aqueous solution (3.3 M) at 120 ◦C for 6 h. The films 
were found more uniformly hydrolyzed (DDs of the top and bottom 
layers ~ 19% and ~13%, respectively, see Fig. S5) as compared to those 
hydrolyzed in an NaOH solution (hereafter denoted as symmetric hy
drolysis). Based on these observations, the second hypothesis was 
confirmed more plausible for the asymmetric hydrolysis. Hereafter, 
samples hydrolyzed asymmetrically and symmetrically were denoted as 
A-PAA-nM (n molarity of NaOH solution) and S-PAA-mH (m hours of 
hydrolysis in NaCOOH solution), respectively. 

3.2. Effect of different hydrolysis conditions 

To achieve more hydrophilic membranes while preserving both 
structures (asymmetric or symmetric) and sample integrity, the con
centration of the NaOH solution was increased to 1, 2, 3, and 4 M for a 
fixed reaction time (1 min) for asymmetric hydrolysis while the hy
drolysis reaction time was prolonged to 6, 9, and 12 h in the 3.3 M 

Fig. 1. Hydrolysis of 6FDA-DAM PI to 6FDA-DAM PAA in a NaOH 
aqueous solution. 
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NaCOOH solution for symmetric hydrolysis. It is noted that too 
aggressive hydrolysis led to degradation of the polymer, significantly 
decreasing its mechanical stability [33,34]. The polymer films were 
found disintegrated when the concentration of the NaOH aqueous so
lution exceeded 5 M or the hydrolysis time in the NaCOOH solution was 
longer than 15 h. As the reaction time of the symmetric hydrolysis 
increased, the surface DD increased from 19% to 38%–71% (Fig. S6a). In 
contrast, there were no significant changes in the DD of the sample 
surfaces (i.e., 10, 15, 17, and 16%) as the NaOH concentration increased 
due to the asymmetric hydrolysis (Fig. S6b). 

We attempted to determine how the hydrophilicity of the film was 
affected by deimidization using contact angle measurements. As shown 
in Fig. 4 and Fig. S7, the contact angle showed a strong negative cor
relation with the degree of deimidization for the symmetrically hydro
lyzed samples. Though the asymmetrically hydrolyzed samples (A-PAA- 
2M, A-PAA-3M, and A-PAA-4M) showed similar surface DD (15, 17, 
16%, respectively), their contact angles were dramatically decreased 
(~68.1, ~28.9 and ~13.4◦, respectively). In other words, the 

asymmetrically hydrolyzed samples (A-PAA-3M and A-PAA-4M) 
exhibited much more hydrophilic surfaces than the symmetrically hy
drolyzed sample (S-PAA-9H) given the similar surface DD (Fig. 4 and 
Fig. S7). This can be attributed due to the localized intense hydrolysis on 
the sample surfaces (A-PAA-3M and A-PAA-4M). As shown in Fig. S8, it 
was found that deimidization was not uniform throughout the sample 
surface (A-PAA-4M). In other words, there were regions on the surface, 
exhibiting relatively high DD. One plausible explanation is that when 
the NaOH concentration was sufficiently high, there might be acceler
ated hydrolysis on those regions, thereby leading to formation of 
percolation pathways (Fig. 5). Hence, the regions containing percolation 
pathways on the surface exhibited relatively high DD, thereby more 
hydrophilic with lower contact angle. 

To confirm the presence of hydrophilic percolation pathways, the 
asymmetrically hydrolyzed samples were dyed with Cu2+, which has a 
light blue color, via an ion exchange. Due to the higher charge density, 
they can readily exchange the Na+ ions coordinated to the PAA [35]. 
Accordingly, it was expected that the regions where percolation 

Fig. 2. FT-IR spectra of the PAA film resulted from the hydrolysis of a PI film in 1 M NaOH solution (denoted as PAA-1M) treated for various oxygen plasma etching 
times (n min, n = 0, 30, 60, and 90) and the corresponding SEM images in comparison with those of the PI film. 
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pathways were present would exhibit more intense blue color due to the 
higher concentrations of Cu2+ ions present than the other regions. 
Indeed, upon Cu2+ exchange, the PAA samples showed color change 
(Fig. S9). Fig. 6 presents the optical micrographs of the samples hy
drolyzed under different conditions. The symmetrically hydrolyzed 
S-PAA-12H was uniformly blue throughout its surface (Fig. 6a), indi
cating rather uniform hydrolysis. In a stark contrast, the samples hy
drolyzed asymmetrically (Fig. 6b–f) exhibited dispersed spots in more 
intense blue color, suggesting nonuniform hydrolysis. The higher the 
NaOH concentration the more intense the color of the dispersed blue 
spots (Fig. 6b–f). Interestingly, there were parts of the surface of the 
A-PAA-4M sample that displayed more drastic contrast (see Fig. 6f), 
clearly showing the presence of percolation pathways. In other words, 
the more clear and intense color of the dispersed spots from some parts 
of the sample (Fig. 6f) comparing with the other parts of the sample 
(Fig. 6e) strongly suggested presence of the more hydrolyzed regions on 
the surface. In addition, the EDS mapping of A-PAA-4M showed Cu2+

doped channels through the membrane (Fig. S10), indicating the path
ways extended to the sample bottom. 

3.3. Air-dehumidification performance 

Fig. 7 shows the H2O/N2 separation performance of the PAA mem
branes asymmetrically hydrolyzed under different NaOH concentrations 
(see Table S1 for numerical values). As the NaOH concentration 
increased, the H2O permeability and the H2O/N2 separation factor of the 
membranes were improved simultaneously. This indicated that the in
crease in hydrophilicity resulting from the increase in the PAA fractions 
enabled the faster H2O permeation possibly due to the enhanced H2O 
solubility of the PAA samples. On the other hand, the N2 permeability 
remained relatively unchanged although reduced free volume by partial 
hydrolysis might decrease diffusion of both N2 and H2O [36]. This was 
likely due to the enhanced chain flexibility and the swelling by H2O 
molecules saturated in the PAA domains. Particularly, the samples hy
drolyzed with the higher NaOH concentrations (i.e., A-PAA-3M and 
A-PAA-4M) displayed more dramatic enhancement in their H2O/N2 
separation performance. This was likely due to the enhanced chain 
flexibility and the swelling by H2O molecules saturated in the PAA 
domains [37]. The A-PAA-4M showed ~70% enhancement in H2O 
permeability upon the partial hydrolysis, which was comparable or su
perior to those of the composite membranes reported [38,39]. It was 
surmised that the percolation pathways provided low H2O transport 
resistance, thereby enabling facile H2O transport across the membranes. 
Furthermore, the improved air-dehumidification performance was 
relatively well preserved for two weeks despite a slight decrease in the 
H2O permeability possibly due to the aging effect (Fig. S11) [40]. 

Comparing with asymmetrically hydrolyzed PAA films (A-PAA), the 
symmetrically hydrolyzed samples (S-PAA) showed moderate and more 
gradual separation performance enhancements as the degree of hydro
lysis increased (Table S1 and Fig. S12). The A-PAA samples hydrolyzed 
under relatively mild hydrolysis conditions showed the similar contact 
angle as the S-PAA samples and exhibited H2O/N2 separation perfor
mance comparable with S-PAA. When hydrolyzed under relatively se
vere conditions, despite their similar contact angles as S-PAA, the A-PAA 
samples (i.e., A-PAA-3M and A-PAA-4M) displayed H2O/N2 separation 
performance largely deviating from the S-PAA samples likely due to the 
formation of percolation pathways. The percolation pathways present in 
the A-PAA samples provided the lower resistance to H2O transport, 
allowing more selective and facile H2O permeation than the more uni
formly hydrolyzed S-PAA. Furthermore, symmetrical hydrolysis (S-PAA) 
led to the formation of defects when the DD exceeded ~70% (i.e., hy
drolysis time longer than ~ 15 h). In other words, the symmetrically 
hydrolyzed samples consisting of uniformly mixed PAA and PI phases 
became mechanical unstable at higher PAA fractions. However, the 
asymmetrically hydrolyzed samples led to formation of the PAA-rich 
domains (i.e., percolation pathways) randomly dispersed in the PI-rich 

Fig. 3. Illustrations of two hypotheses proposed for asymmetric hydrolysis: 
high NaOH concentration at the bottom due to (a) the excess NaOH in the 
support pores and (b) the removal of NaOH from the top surface during the 
washing step. 

Fig. 4. Contact angle measurements for a water droplet.  

Fig. 5. Illustrations of asymmetrically hydrolyzed PAA samples at a low NaOH 
concentration (a) and a high NaOH concentration (b). 
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domains, thereby ensuring the integrity of the films. The A-PAA samples 
with highly hydrophilic channels dispersed in the robust PI-rich do
mains were found to exhibit better microstructures to achieve more 
improved air-dehumidification performance compared to the S-PAA. 

To investigate the effect of charge-balancing cations in PAA on the 
membrane performance, two different cations, Li+ and Cu2+ ions, were 
ion-exchanged with Na+ ions in PAA. With Li+ ions, there were no sig
nificant changes in the H2O/N2 separation performance (Fig. 8). With 
Cu2+ ions, however, both H2O permeability and H2O/N2 separation 
factor decreased significantly (Fig. 8). It was found that upon the Cu2+

exchange, A-PAA became more hydrophobic as evidenced by the 

substantial increase in the contact angles (from ~13.4◦ to ~ 67.5◦ for A- 
PAA-4M and from ~19.8◦ to ~ 77.3◦ for S-PAA-12H) (Fig. S13). The 
decrease in the H2O/N2 separation performance of the A-PAA-4M was 
more predominant than that of the S-PAA-12H (Fig. 8). This might be 
due to the preferential blocking of the percolation pathways in A-PAA- 
4M by Cu2+ ions. Further studies are necessary to elucidate the exact 
mechanism by which Cu2+ ions block percolation pathways. 

4. Conclusion 

Here, we showed transformation of 6FDA-based PI membranes into 
PAA/PI membranes by partial hydrolysis for air-dehumidification under 
two different hydrolysis conditions, leading to formation of symmetri
cally (S-PAA) and asymmetrically (A-PAA) hydrolyzed PAA membranes. 
It was found that asymmetric hydrolysis was enabled by the NaOH 
concentration gradient along the membrane thickness developed upon 
washing. Nevertheless, the greater the degree of hydrolysis, the more 
hydrophilic the membranes, thereby improving their H2O/N2 separation 
performances. In particular, the A-PAA membranes showed dramatic 
H2O/N2 separation performance enhancement (i.e., ~70% increase in 
H2O permeability and ~65% increase in H2O/N2 separation factor) due 
to the presence of exceptionally hydrophilic PAA percolation pathways 
resulting from localized intense hydrolysis. Comparing with the S-PAA 
membranes, the presence of percolation pathways in the A-PAA mem
branes led to 1) further increase in their H2O/N2 separation perfor
mances and 2) higher physical stability due to the mechanically-robust 
PI-rich matrices. Finally, when exchanged with Cu2+ ions, the A-PAA 
membranes showed drastically decreased separation performance, 
likely due to the blockage of the percolation pathways. 
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