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Abstract 13 

  Hypercrosslinked polymer (HCP) additives were successfully incorporated into two 14 

polymer matrices: glassy polymer with intrinsic microporosity comprising 15 

ethanoanthracene and Tröger’s base (PIM-EA-TB) as well as rubbery 16 

polydimethylsiloxane (PDMS), forming thin-film nanocomposite (TFN) membranes 17 

for organic solvent nanofiltration (OSN) applications. The thermal stability and 18 

surface morphology of TFN membranes were characterized by TGA and SEM. OSN 19 

results showed that HCP additives increased the alcohol permeances for both kinds of 20 

membranes as it provided extra pathways for alcohol molecules to transport through 21 

the membranes. Particularly, the PIM-EA-TB membrane gained above 32% 22 

improvement on methanol and ethanol permeances after loading of 5 wt.% HCP, 23 

whilst maintaining a rejection of 92% for Rose Bengal. Moreover, the physical aging 24 

of PIM-EA-TB membrane was retarded by HCP additives and the swelling of the 25 

PDMS membrane in non-polar solvents was reduced. In small quantities, the HCP 26 

nanoparticles proved to be effective additives to improve the OSN performances for 27 

both glassy and rubbery polymer membranes. 28 

Keywords: Hypercrosslinked polymer; organic solvent nanofiltration; PIM-EA-TB; 29 

PDMS; physical aging; 30 

 31 
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1 Introduction 32 

   Organic solvent nanofiltration (OSN) is emerging as a sustainable and effective 33 

approach for separating solutes (typical Mw = 200-1000 g∙mol
-1

) from organic media, 34 

and has been deployed in pharmaceutical, fine-chemical, biotechnology and 35 

petrochemical industry
[1-2]

. Various polymeric membranes have been studied for OSN, 36 

including glassy polyimide (PI)
[3]

, polyamide (PA)
[4]

, polysulfone (PSf)
[5]

, 37 

poly[1-(trimethylsilyl)-1-propyne] (PTMSP)
[6]

, polymers with intrinsic microporosity 38 

(PIMs)
[7]

 and rubbery poly(dimethylsiloxane) (PDMS)
[8]

. These membranes are easy 39 

to fabricate on low-cost platforms but demonstrate trade-off effects between 40 

membrane permeance, rejection and long-term stability which hinder their widespread 41 

applications
[9]

. For instance, thin-film composite membrane comprising a 250 nm thin, 42 

dense selective layer of PTMSP deposited on a porous polymer support undergoes a 43 

rapid drop in OSN permeance over the first few days due to physical aging
[10]

. 44 

Meanwhile, the benchmark polymer of selective layers in thin-film composite 45 

membranes, PDMS, swells extensively in non-polar solvents, limiting their long-term 46 

operation
[11]

. To overcome these limitations, porous nanomaterials such as zeolites
[12]

, 47 

polyhedral oligomeric silsesquioxane (POSS)
[13]

, metal-organic frameworks 48 

(MOFs)
[14]

 multi-walled carbon nanotubes
[15]

, porous aromatic frameworks (PAFs) 49 

and hypercrosslinked polymers (HCPs) have been incorporated into the polymer 50 

matrix of the selective layer, yielding thin-film nanocomposite (TFN) membranes 51 

with significantly enhanced OSN performances and stability. 52 

    Amongst these additives, HCPs offer high surface areas and a convenient 53 

synthesis route involving low-cost building blocks and catalysts
[16]

. Discovered in the 54 

1960s
[17]

, HCPs have since been deployed as ion exchange resins, adsorbents and 55 

studied for gas and energy storage and catalysis. The microporosity of HCPs was first 56 

exploited to advance the field of membrane separations either as a filler
[18, 19]

, or as a 57 

bulk structure
[20, 21]

 with promising potential in gas separation
[22]

, pervaporation
[23]

 58 

and OSN
[10]

. For example, Hill et al.
[19, 24]

 first demonstrated that HCPs could 59 

overcome the longstanding issue of physical aging in 100 μm thick PTMSP films 60 

whilst increasing the gas separation performances by 50%. Budd et al.
[25]

 also 61 
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reported the same trends in PIM-1 based composites comprising HCPs fillers. In 62 

free-standing HCPs/PTMSP 1.5 μm thin films, Lau and co-workers reported similar 63 

permeation enhancement and aging inhibition effect during OSN testing
[26]

. HCPs 64 

demonstrate high potential to simultaneously overcome membrane stability issues that 65 

are typically associated with polymer chain mobility such as physical aging and 66 

inadequate membrane performances. 67 

    Despite its distinctive advantages over other microporous fillers, to date, there 68 

are only a handful of studies reporting the use of HCPs in TFN membranes for 69 

nanofiltration. For example, Rose et al.
[27]

 reported a solvent-responsive nanofiltration 70 

membrane by introducing HCPs additives into a PSf dense selective layer of a TFN 71 

membrane. The micropores in HCPs were reversibly toggled into an "on" or "off" 72 

state by immersion in organic solvents (iso-propanol or n-pentane) and water. With 40 73 

wt.% HCPs loading, this TFN membrane displayed an iso-propanol permeance of 74 

7.01 L·m
-2

·h
-1

·bar
-1

 without any rejection towards Rose Bengal (RB), while a lower 75 

water permeance of 1.87 L·m
-2

·h
-1

·bar
-1

 was observed with a rejection about 52-73% 76 

for dyes such as RB, methylene blue, crystal violet and congo red. This pore-toggling 77 

capability could be utilized for a new strategy against membrane fouling during 78 

nanofiltration. Xie et al.
[10]

 recently reported that HCPs could enhance methanol 79 

permeances of PTMSP-based TFN membranes by 50% while retarding physical aging 80 

of PTMSP by 20%. Clearly, the incorporation of HCPs as additive in ultrathin films 81 

can overcome OSN membrane separation performance issues ascribing to polymer 82 

chain mobility. However, this has not been demonstrated in PIMs, as well as rubbery 83 

polymers such as PDMS where swelling is typically associated with dilation of the 84 

polymer layer (mobile polymer chains)
[11]

. 85 

    Here we report the preparation of two types of TFN membranes comprising HCP 86 

additive dispersed in PIM-EA-TB and PDMS selective layers deposited on porous 87 

PAN supports (Fig. 1). PIM-EA-TB
[28]

 comprising Tröger's Base (TB) and 88 

ethanoanthracene (EA) units was preferred here over the archetypal PIM, PIM-1
[29]

, 89 

for their higher microporosity and greater chain rigidity. PDMS was also chosen as 90 

the preferred rubbery polymer matrix as it is the benchmark material deployed in 91 
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commercial OSN membranes. The as-prepared TFN membranes demonstrated good 92 

alcohol permeances as well as rejection for RB. This study provides an advanced 93 

understanding of HCPs interactions with different polymer matrices, representing new 94 

material combinations for advanced polymer membranes. 95 

 96 

Figure 1. Membrane preparation and chemical structures of membrane materials 97 

2. Experimental 98 

2.1 Materials 99 

  Analytical grade methanol, ethanol, iso-propanol, n-heptane, chloroform, RB (Mw = 100 

1017 g∙mol
-1

), 1,2-dichloroethane (DCE), ,-dichloro-p-xylene (DCX, 98%) and 101 

iron(III) chloride were purchased from Sigma-Aldrich and used as received without 102 

any further purification. PIM-EA-TB polymer was prepared from the trifluoroacetic 103 

acid mediated reaction between dimethoxymethane and 2,6(7)-diamino-9,10-dimethyl 104 

-ethanoanthracene as reported
[28]

. Polydimethylsiloxane (PDMS, type RTV615) in a 105 

two-component kit (part A and Part B) was purchased from Momentive Performance 106 

Materials, Inc., Germany. The asymmetric polyacrylonitrile (PAN) substrate with the 107 

molecular weight cut-off of 20 KDa was purchased from AMI
®

, USA. 108 

2.2 Synthetic procedure of HCP 109 

  The HCP was synthesized according to a literature procedure
[19]

. Briefly, DCX 110 
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monomers (0.076 mol, 13.34 g) was dissolved in anhydrous DCE (90 mL) prior to 111 

mixing with a DCE solution (90 mL) of FeCl3 (0.076 mol, 12.35 g). The resulting 112 

mixture was stirred in an open vessel at 80 °C. The precipitated HCP was washed 113 

vigorously with water and methanol (until the filtrate was clear) and dried in a 114 

vacuum oven at 110 °C for 24 h. 115 

2.3 Preparation of membranes 116 

  HCP/PIM-EA-TB TFN membranes: The PAN porous support was pretreated by 117 

immersion in distilled water at room temperature for 5 h to fill the pores with water, 118 

and then quickly wiping off the surface water with a filter paper once removed from 119 

water. 1 wt.% PIM-EA-TB was dissolved in chloroform and 5–10 wt. % (with respect 120 

to PIM-EA-TB content) HCP was added to this solution. This mixture was stirred for 121 

24 h followed by ultrasonication for 30 min. The mixture was poured and spread over 122 

the surface of the pretreated PAN porous supports using a coating knife (Elcometer 123 

3580). Finally, the as-cast membranes were left at room temperature for 24 h before 124 

use. Free-standing, dense HCP/PIM-EA-TB films were also fabricated for TGA 125 

analysis. 126 

  HCP/PDMS TFN membranes: The fabrication protocol of these membranes was 127 

largely the same as HCP/PIM-EA-TB TFN membranes, except for the polymers used 128 

in the coating solution and the post-treatment thermal protocol. The coating solution 129 

was prepared with 10 wt. % PDMS (part A and part B, ratio of 10:1), 5–10 wt. % HCP 130 

(with respect to PDMS content) and n-heptane. The as-cast membrane was left for 30 131 

min at room temperature to evaporate the solvent and subsequently transferred to a 132 

vacuum oven at 90 °C overnight for complete curing. Free-standing, dense 133 

HCP/PDMS films were fabricated for TGA analysis and membrane swelling test. 134 

2.4 Characterization  135 

  The Brunauer-Emmett-Teller (BET) surface area of HCP was determined by 136 

nitrogen adsorption-desorption isotherms under 77 K (Quadrasorb-Evo, 137 

Quantachrome Corporation, USA). The sample was degassed under vacuum at 120 °C 138 

for 24 h before characterization.  139 

  Dynamic light scattering (DLS) experiments were performed using a Zetasizer 140 
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Nano ZS90 (Malvern Instruments, Worcestershire, UK) at room temperature. 141 

Solutions were placed in a square glass cuvette. The chemical structure of HCP 142 

closely resembles that of polystyrene, hence a refractive index of 1.5865 was chosen 143 

for the analysis. The refractive index (1.444) and viscosity (0.5420 mPa·s) of 144 

chloroform at 25 °C were used. 145 

  Thermal gravity analysis (TGA) was performed using a STA 449C Simultaneous 146 

Thermal Analyzer (Netzsch Corporation, Germany) over a temperature range of 30 °C 147 

to 800 °C, at a heating rate of 5 °C·min
-1

 with nitrogen flow of 40 mL·min
-1

. Water 148 

contact angle (WCA) measurements were performed on a First Ten Angstroms (FTA 149 

32) instrument. SEM micrographs of HCP particles, surface and cross-section 150 

morphologies of TFN membranes were obtained using a JEOS JSM-IT100 Scanning 151 

Electron Microscope.  152 

  Membrane welling test was carried out by immersing dense HCP/PDMS films in 153 

different solvents (ethanol, iso-propanol, ethyl acetate and n-heptane) at room 154 

temperature. The swelling degree was calculated using the masses of the dry and 155 

swollen membrane by: 156 

-
Swelling degree =  100%

swollen dry

dry

W W

W
                     (1) 157 

2.5 Organic solvent nanofiltration  158 

  The filtration experiments were carried out at room temperature using a self-made, 159 

stainless steel dead-end pressure cell with an effective membrane area of 0.003318 m
2
. 160 

The chamber above the membrane was filled with about 500 mL feed solution to 161 

maintain solute concentration on the same level during the experiment. The feed 162 

solution was pressurized with 5–7 bar nitrogen. During filtration, the feed solution 163 

was stirred at 700 rpm to avoid concentration polarization. Membrane sample was 164 

pre-compacted for 30 min and then permeate (about 5 mL) was collected in capped 165 

flasks, weighed, and analyzed. The solvent permeance (P) was calculated using the 166 

following equation: 167 

W
P =

ρAΔtΔp
                           (2) 168 
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where W (g) represents the mass of collected permeate;  is the density of solvent; A 169 

is the effective membrane area (m
2
); t is the operation time (h); and Δp is 170 

trans-membrane pressure (bar). 171 

 The solute rejections of OSNF membranes were calculated using the following 172 

equation: 173 

1 100%
p

f

C
R

C

 
   
 
 

                   (3) 174 

where Cp and Cf are the solute concentrations in the permeate and feed solution, 175 

respectively. RB concentration in ethanol were measured with a UV−vis 176 

Cintra20-GBC apparatus (λmax of RB = 558 nm). 177 

3. Results and discussion 178 

3.1 HCP particles  179 

  The HCP particles were synthesized by Friedel-Crafts catalyzed self-condensation 180 

of ,-dichloro-p-xylene (DCX). The BET surface area of this HCP was 1233 m
2
·g

-1
 181 

(Fig. 2a). These particles exhibited good thermal stability with a temperature of 5% 182 

weight loss (T5%) of 365 °C under a nitrogen atmosphere (Fig. 2b). SEM image shows 183 

that the HCP has a roughly spherical shape with a diameter of approximately 20 nm 184 

(Fig. 2c). DLS indicated that the hydrodynamic diameter (Dh) of HCP particles 185 

dispersed in chloroform was approximately 336 nm (Fig. 2d), much larger than the 186 

particle size observed from SEM. This could be attributed to both nanoparticle 187 

aggregation and swelling
[30]

. Benzaqui et al.
[31]

 reported that the average diameter of 188 

ZIF-8 was about 35 nm when measured by SEM, while a Dh of 180 nm in THF was 189 

detected by DLS. It is well established that HCPs swell greatly in organic solvents 190 

such as toluene, methanol and heptane with volume increasing by a factor of 1.4, 1.4 191 

and 1.5, respectively
[32]

. The presence of polymers in HCP/chloroform solution 192 

further increased the Dh (Fig. 2d). This could be ascribed to the wrapping of polymer 193 

chains on the surfaces of HCP aggregates and the formation of HCP/polymer 194 

interactions at the expense of interparticle interactions between HCP nanoparticles. 195 

The Dh of HCP/PDMS was 166 nm larger than that of HCP/PIM-EA-TB, indicating 196 



8 

 

greater aggregation of the HCP in PDMS due to the weaker interactions between HCP 197 

particles and PDMS chains. The relatively poor compatibility between PDMS and 198 

HCP was observed through SEM where HCP particles agglomerated in larger clusters 199 

on membrane cross-section, while HCP agglomerations were not observed in 200 

HCP/PIM-EA-TB films (Fig. 2e). 201 

 202 

Figure 2. (a) N2 adsorption isotherm measurements at 77K, (b) TGA curve, (c) SEM image for 203 

HCP, (d) HCP particle size distribution by dynamic lighting scattering (DLS) and (e) 204 

Cross-section images of TFN membranes with 5 wt.% loading of HCP. 205 

3.2 HCP/PIM-EA-TB membranes 206 
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  TFN membrane fabrication involved coating a thin selective layer of 5 or 10 wt.% 207 

HCP particles dispersed into a PIM-EA-TB matrix onto a porous PAN support. 208 

Control TFN membrane with only PIM-EA-TB was also fabricated. The cross-section 209 

and surface morphologies of the TFN membranes were examined by SEM (Fig. 3). 210 

The PAN porous supports contained finger-like macrovoids in the cross-section and a 211 

porous surface with 20-100 nm pores. The cross-section images of the TFN 212 

membranes (top row of Fig. 3) revealed a defect-free dense selective layer with a 213 

thickness of 600-800 nm that was tightly adhered to the surface of the PAN support 214 

with or without HCP. As with other PIM-based membranes
[33, 34]

, round craters could 215 

be observed from the top surface of the PIM-EA-TB films deposited on porous 216 

supports. The incorporation of HCP into PIM-EA-TB appeared to inhibit the 217 

formation of such craters whilst encouraging the formation of ridges. These ridges 218 

were enlarged as HCP content increased from 5 to 10 wt.%, possibly due to 219 

aggregation of the HCP particles at the surface. HCP additives were dispersed 220 

uniformly in the cross-section of the PIM-EA-TB matrix. However, HCP 221 

agglomeration, in the form of ridges, could be observed at the surfaces of 222 

PIM-EA-TB/HCP TFN membranes (bottom row of Fig. 3).  223 

224 

Figure 3. SEM images and WCA of HCP/PIM-EA-TB TFN membranes 225 

  The membrane surface can be classified as hydrophobic or hydrophilic if WCA is 226 

more than or less than 90°, respectively. The WCA of PAN porous support layers 227 

deployed here was approximately 49° indicating a hydrophilic surface (inset of 228 

bottom row of Fig. 3). A coating of pristine PIM-EA-TB increased the WCA to 98°, 229 
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transforming hydrophilic PAN supports into hydrophobic PIM-EA-TB/PAN thin-film 230 

composites. The addition of HCP additives in PIM-EA-TB matrix reduced the WCAs 231 

of resultant TFN membranes, from 98° to 93-92°. This slight reduction in WCA might 232 

be ascribed to the relatively low WCA of HCP (71°)
[35]

 compared to PIM-EA-TB. 233 

Generally, all of the PIM-EA-TB based TFN membranes can be defined as 234 

hydrophobic.  235 

    The thermal properties of the HCP/PIM-EA-TB selective layer were investigated 236 

by TGA using free-standing, dense membranes. All of the “as-cast” membranes 237 

readily released nearly 3% residual solvent (chloroform) under 50 °C (Fig. 4). As the 238 

membranes were prepared at room temperature to evaporate the solvent, it is possible 239 

that some chloroform molecules were trapped in the membranes due to its high 240 

affinity towards the Tröger’s base groups in PIM-EA-TB
[36]

. The HCP/PIM-EA-TB 241 

membranes presented analogous degradation mechanism to that of pure PIM-EA-TB 242 

membrane. Nevertheless, the presence of HCP shifted the T5% to a slightly higher 243 

value for HCP/PIM-EA-TB and generated a higher char yield at 800 °C.  244 

 245 

Figure 4. TGA curves of HCP/PIM-EA-TB membranes 246 

The OSN performances of HCP/PIM-EA-TB TFN membranes were measured 247 

using a dead-end permeation cell under magnetic stirring at 5 bar. To remove residual 248 

solvent from casting, as-cast HCP/PIM-EA-TB based membranes were soaked in 249 

methanol for 1 h before OSN characterization
[36]

. The TFN membranes comprised of 250 
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a porous PAN support (MWCO 20 KDa), which shows ethanol permeance of 756 251 

L·m
2
h

-1
bar

-1
 and a RB rejection rate of 7%. The deposition of PIM-EA-TB selective 252 

layers improved RB rejection rates to 83% at the expense of lower ethanol permeance 253 

(2.49 L·m
2
·h

-1
·bar

-1
, Fig. 5a). The OSN performances of PIM-EA-TB based TFN 254 

membranes were attributed to the skin layer. Fig. 5 shows the OSN performances of 255 

PIM-EA-TB based TFN membranes. The pure PIM-EA-TB membrane exhibited 256 

initial alcohol permeances in the following order: methanol (5.35 L·m
2
·h

-1
·bar

-1
) > 257 

ethanol (2.49 L·m
2
·h

-1
·bar

-1
) > iso-propanol (1.10 L·m

2
·h

-1
·bar

-1
). The incorporation 258 

of 5 wt.% HCP enhanced initial methanol and ethanol (polar solvents) permeances by 259 

32-36 % and isopropanol (less polar) permeance by 18.7%. This could be ascribed to 260 

the intrinsic microporosity of HCP providing additional solvent transportation 261 

pathways. The discrepancy in alcohol permeance enhancements was due to the 262 

different molecular volume and viscosity of methanol, ethanol and iso-propanol
[37]

. 263 

The RB rejection in ethanol for pure PIM-EA-TB TFN membrane was 83%. Although 264 

a defect-free dense PIM-EA-TB skin layer was cast on the PAN porous support layer, 265 

the surface craters observed by SEM might reduce the rejection of dye. The 266 

incorporation of 5 wt.% HCP in the PIM-EA-TB matrix provides a high rejection rate 267 

of 92% possibly due to the prevention of crater formation on the membrane surface. 268 

However, with 10 wt.% HCP content in PIM-EA-TB where HCP aggregation was 269 

apparent from SEM (Fig. 3), the RB rejection rate was reduced to 67%. Additive 270 

aggregation could lead to the formation of non-selective voids in the membranes that 271 

reduced rejection rate
[38]

.  272 

  High free volume polymers such as PIMs are prone to physical aging, especially in 273 

thin films 
[39, 40]

. Fig. 5(c) shows that even in the presence of 5 wt.% HCP, the ethanol 274 

permeance of PIM-EA-TB based TFN membrane decreased by 47.2% over the first 275 

30 h of continuous operation but then remained stable for further 140 h operation. 276 

This initial 47.2% drop in ethanol permeance was lower than the 64.3% loss in 277 

ethanol permeance of the pure PIM-EA-TB thin film composite membrane. Carta et 278 

al.
[28] 

reported that 181 μm thick PIM-EA-TB dense films presented a 20–33% 279 

reduction in gas permeabilities on aging. The higher reduction in permeance in this 280 
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study was attributed to the thin skin layer, as thin films tend to age much faster than 281 

thick ones
[40]

. Crucially, the ethanol permeance of aged 5 wt.% HCP/PIM-EA-TB 282 

TFN membranes were maintained at 1.74 L·m
-2

·h
-1

·bar
-1

, with RB rejection rates 283 

above 90 %. This was better than the long-term permeance of the PIM-EA-TB TFN 284 

membrane (0.89 L·m
-2

·h
-1

·bar
-1

). Methanol (or ethanol) treatment has been shown 285 

previously to reverse the effect of physical aging for highly permeable glassy 286 

polymers
[41]

. For example, this protocol could recover 45% of the ethanol permeance 287 

of aged PTMSP membrane that have been exposed to ethanol for 100 h
[26]

. Here we 288 

observed that this permeance recovery protocol had a negligible effect on rejuvenating 289 

the collapsed free volume space between PIM-EA-TB polymer chains, particularly in 290 

5 wt.% HCP/PIM-EA-TB composite. 291 

 292 

Figure 5. (a) Solvent permeances, (b) RB rejections of HCP/PIM-EA-TB TFN membranes, (c) 293 

Long-term operation performance of PIM-EA-TB and 5 wt.% HCP/PIM-EA-TB in ethanol at 5 294 

bar and (d) Change of ethanol permeance after aging (170 h continuous separation) and 295 

regenerating (aged membranes soaking in methanol for 7 d under atmosphere). 296 

3.3 HCP/PDMS membranes 297 
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 298 

Figure 6. SEM images and WCA of HCP/PDMS TFN membranes  299 

  PDMS is the benchmark rubbery material deployed in commercial OSN 300 

membranes and therefore it was of interest to study the effect of the HCP additive in 301 

PDMS TFN membranes. Fig. 6 shows the cross-section and surface morphologies of 302 

HCP/PDMS TFN membranes. The skin-layer thicknesses for all membranes were 303 

around 2-4 μm, which were comparable to those of commercial PDMS OSN 304 

membranes. The incorporation of HCP seemed to increase the skin-layer thickness 305 

possibly due to the change in viscosity of coating solution, while no direct 306 

proportional relationship between the thickness and the loading was observed. The 307 

surface of the pure PDMS membrane was smooth. As the HCP content increased from 308 

5 to 10 wt.%, the surface of HCP/PDMS TFN membranes became rougher and 309 

riddled with pinholes. The WCA of PDMS increased as a function of increasing HCP 310 

content (inset of bottom row of Fig. 6). It seems that the incorporation of HCP in 311 

PDMS TFN membranes had a different effect on WCA compared to those composed 312 

of HCP/PTM-EA-TB. This reverse trend in WCA was caused by the remarkable 313 

increase in surface roughness for HCP/PDMS nanocomposites (Fig. 6), due to the 314 

poor compatibility between the HCP additive and PDMS matrix. Thus, the highest 315 

surface roughness for 10 wt.% HCP/PDMS resulted in the highest WCA of 140 
o
C. 316 

  Fig. 7a shows that the HCP/PDMS selective layers had a good themal stability, as 317 

the T5% of free-standing membranes were around 420-440
 
°C. The swelling behaviors 318 
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of PDMS and HCP/PDMS nanocomposites were investigated using different solvents 319 

(Fig. 7b). PDMS swelled by 102.1%, 73.4%, 15.8%, 2.1% in the presence of 320 

n-heptane, ethyl acetate, iso-propanol and ethanol, respectively. The embedding of 321 

HCP in PDMS matrix decreased the swelling degree of the membrane in n-heptane 322 

and ethyl acetate. Two factors were responsible for the reduced membrane swelling. 323 

Firstly, the HCP additive was not so susceptible to swelling in the two solvents 324 

relative to PDMS. Secondly, the PDMS chains near the HCP regions were restrained 325 

by interfacial interaction thus suppressing membrane swelling
[42]

. A comparison of 326 

swelling change after incorporation of HCP and other particles into PDMS membrane 327 

is also given in Table SI. Interestingly, with HCP, the swelling of PDMS membrane in 328 

ethanol and iso-propanol increased slightly. This could be ascribed to the relatively 329 

high swelling of HCP in these two solvents as compared to that of PDMS. 330 

 331 

Figure 7. (a) TGA curves and (b) Swelling degrees of HCP/PDMS membranes. 332 

   The OSN performance of the PDMS-based TFN membranes for iso-propanol and 333 

n-heptane under 7 bar is shown in Fig. 8. All membranes were soaked in the testing 334 

solvent for 24 h to reach a swelling equilibrium before OSN. Pristine PDMS TFN 335 

membranes exhibited low permeance towards less polar iso-propanol and high 336 

permeance towards non-polar n-heptane (Fig 8a). This transport property was 337 

regulated by HCP additives where iso-propanol permeance was enhanced but that for 338 

n-heptane permeance decreased. These trends of permeance were in accordance with 339 

the degree of swelling, as also observed in Ti3C2Tx nanosheets filled PDMS 340 

membranes
[43]

. The incorporation of 5 wt.% HCP in PDMS membrane yielded a 34.2 % 341 
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improvement in iso-propanol permeance with a RB rejection rate of 92%. This 342 

enhanced permeability for iso-propanol could be attributed to the extra transport 343 

pathways provided by the porous HCP additive and the enhanced swelling (Fig. 7b) 344 

which caused an expansion of existing transport pores within membrane. Meanwhile, 345 

the reduced permeability for n-heptane was mainly due to swelling suppression of the 346 

PDMS matrix by the HCP additives, preventing the increase of free volume for 347 

solvent transport. 348 

 349 

Figure 8. (a) OSN permeances and (b) Rejections of HCP/PDMS TFN membranes under 7 bar. 350 

  To better understanding the role of HCP in mixed matrix membranes (MMMs), the 351 

mechanisms of interfacial interactions between HCP and polymers were proposed 352 

(Figure 9). Two kinds of interactions at the HCP/PIM-EA-TB interface could be 353 

possible. One is the intercalation of PIM-EA-TB chains into the porous additive and 354 

that chain fixation occurs through the polymer's pendant methyl groups
[19, 44-45]

. The 355 

other one is the sorption of PIM-EA-TB chain on the surface of HCP additives. 356 

Owing to the above two interfacial interactions, the HCP/PIM-EA-TB exhibited good 357 

compatibility resulting in the absence of HCP aggregation on the cross-section of 358 

membrane, and the anti-aging effect of HCP in PIM-EA-TB matrix.  359 

Figure 2e suggested that HCP and PDMS were not as compatible as HCP with 360 

PIM-EA-TB as agglomerations of HCP could be observed in the PDMS matrix. 361 

Hence, for HCP/PDMS there could be potentially only one form of interaction, most 362 

likely the sorption of PDMS chain on the surface of HCP additives. This could be due 363 

to expulsion of PDMS's pendant methyl groups that were most likely to be adsorbed 364 



16 

 

within HCP pores initially during coating (as per PIM-EA-TB, PIM-1 and PTMSP). 365 

When the solvent evaporated, the flexible PDMS chains folded effectively and the 366 

swollen HCP shrank, potentially forcing the methyl group out from HCP pores. Hence, 367 

relatively poor compatibility between HCP and flexible PDMS chains was presented. 368 

 369 

Figure 9. The schematic diagram for mechanisms of interfacial interactions between HCP and 370 

glassy PIM-EA-TB or rubbery PDMS polymer 371 

   A comparison of OSN performances of TFN membranes prepared in this study 372 

and other membranes from literatures is shown in Fig. 9. The 5 wt.% HCP loaded 373 

PDMS or PIM-EA-TB membranes exhibited higher iso-propanol permeances with a 374 

moderate rejections to RB, compared to PEEK
[46, 47]

 and mixed matrix membranes 375 

containing porous additives such as Cu3(BTC)2
[48]

, ZIF-8
[49]

 or POSS
[13]

. Besides, the 376 

ethanol permeance of 5% HCP/PIM-EA-TB membrane surpassed that of membranes 377 

like sPPSU
[50]

, UiO-66/PI
[51]

, crosslinked PIM-1
[52]

, and ZIF-8/PES
[48]

, and was 378 

comparable to POSS/PDA
[13]

 and PA/PI
[53]

 membranes with a satisfactory retention of 379 

RB.  380 
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 381 

Figure 10. Comparison of the HCP filled TFN membranes in this study with other membranes in 382 

OSN separation of IPA/RB or EtOH/RB mixture. (POSS/PDA
[13]，PEEK

[46]
, PEEKWC

[47]
, 383 

Cu3(BTC)2/PDMS
[48]

, ZIF-8/PES
[49]

, HCP/PTMSP
[26]

, sPPSU
[50],

 UiO-66/PI
[51]

, 384 

Crosslinked-PIM
[52]

, PA/PI
[53]

) 385 

 3. Conclusions 386 

  In summary, we reported the performance of two types of OSN TFN membranes by 387 

incorporating HCP particles into a high free volume glassy polymer (PIM-EA-TB) 388 

and a standard rubbery polymer (PDMS). The porous HCP particles facilitated the 389 

transport of alcohol molecules and enhanced alcohol permeances. Both TFN 390 

membranes acquired better OSN performance for alcohol solvents with 5 wt.% HCP 391 

loading. Different enhancement effects were observed for these two types of 392 

membranes despite using the same additive, and possible interfacial interactions 393 

between HCP additives and glassy/rubbery polymer were proposed. Interactions 394 

between PDMS chains and HCP additives were most likely due to relatively weak 395 

sorption mechanisms that led to poor compatibility between the additives and polymer 396 

matrix. Hence, HCP agglomerated within the cross-section of HCP/PDMS 397 

membranes. The lack of HCP aggregates within PIM-EA-TB matrix was indicative of 398 

better compatibility between these materials, and most probably due to the sorption of 399 

PIM chains on HCP surfaces and intercalation of PIM chains within HCP pores. 400 
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Combined, these mechanisms were key for the observed aging mitigation effect of 401 

HCP in PIM-EA-TB matrix. Overall, the addition of a small amount of HCP particles 402 

improves the OSNF performances for both glassy and elastic polymer membranes.  403 
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