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Abstract 24 

Nanovoids in polyamide rejection layers of thin film composite (TFC) reverse osmosis 25 

(RO) membranes are responsible for their characteristic “ridge-and-valley” surface 26 

roughness and have profound impact on their separation performance. However, 27 

mechanisms leading to these void-containing roughness features remain poorly 28 

understood. The current work presents compelling evidence that vaporization of the 29 

organic solvent contributes to the formation of nanovoids during the exothermic 30 

interfacial polymerization (IP) process. We used a series of alkane solvents with 31 

systematically varying chain length and vapor pressure to prepare TFC membranes. 32 

Our study revealed that an organic solvent with higher vapor pressure generated more 33 

vapor during the IP reaction, which in turn resulted in larger size of the voids in the 34 

polyamide thin film and higher membrane water permeability. We further designed a 35 

strategy to suppress the vapor effect by preparing polyamide thin films at a free 36 

interface. This led to the disappearance of nanovoids and nearly identical membrane 37 

permeability regardless of the organic solvent used for the IP process, in good 38 

agreement of the weakened confinement to the organic vapor generated by interfacial 39 

heating. The current study provides new mechanistic insights to interpret the formation 40 

of the voids-containing morphology of TFC polyamide membranes, which would 41 

facilitate improved understanding of membrane transport mechanisms and better 42 

control of membrane structural features. 43 
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1. Introduction 49 

Reverse osmosis (RO), the state-of-the-art technology for desalination and water reuse, 50 

relies on polyamide thin film composite (TFC) membranes [1-4]. The polyamide film 51 

is typically prepared on top of a porous substrate by the interfacial polymerization (IP, 52 

Fig. 1A) of m-phenylenediamine (MPD) and trimesoyl chloride (TMC), which occurs 53 

at an interface between two immiscible phases (e.g., water/hexane). It is widely 54 

believed that MPD monomers dissolved in the aqueous phase diffuse into the TMC-55 

containing organic solvent to form the polyamide film [5-8]. This polyamide film, 56 

typically characterized with a “ridge-and-valley” surface morphology [9-11], 57 

encapsulates numerous nano-sized voids [12-17]. The nanovoids-containing roughness 58 

features are widely correlated with the separation performance of RO membranes [14-59 

18]. However, mechanisms leading to these void-containing roughness features remain 60 

poorly understood. 61 

 62 

It has been well documented that the roughness features can be strongly affected by the 63 

solvents used in the IP reaction [19-21]. For example, some studies investigated the use 64 

of co-solvents (e.g., alcohols [22, 23] and dimethyl sulfoxide [18, 24] in the aqueous 65 

phase or acetone [20, 21, 25] in the organic phase). This strategy often results in 66 

enlarged voids size [20, 26, 27], increased effective surface area [18, 24, 28] and/or 67 

reduced intrinsic film thickness [20, 27] (despite its larger apparent thickness [18, 26-68 

28], Fig. 1B), which dramatically enhances membrane permeance. The effects of co-69 

solvents on the morphology of polyamide are commonly explained by the enlarged IP 70 

reaction zone due to the increased miscibility of the two phases and/or the promoted 71 

diffusion of monomers from one phase to the other [18-21, 26]. Nevertheless, these 72 

studies do not provide direct mechanistic explanation on the formation of nanovoids.  73 
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 74 

Ma et al. [29] provided an alternative angle to understand the formation of nanovoids. 75 

According to these authors, the H+ and heat generated by the IP reaction (Fig. 1A) can 76 

promote the interfacial degassing of CO2 bubbles (HCO3
-
 + H+ 

∆
→ CO2↑ + H2O), which 77 

forms the nanovoids and shapes the morphology of the polyamide film [29-31]. 78 

Ukrainsky et al. [32] further investigated the interfacial heating phenomenon and 79 

reported temperatures as high as 90 ℃ near the IP reaction zone in some cases, which 80 

are well above the boiling point of many organic solvents (Fig. 2A). Therefore, we 81 

hypothesize that the vaporization of organic solvents, in addition to any degassing of 82 

CO2, at the interface of the exothermic IP reaction promotes the formation of nanovoids 83 

(Fig. 1). Specifically, an organic solvent with a higher vapor pressure (or a lower boiling 84 

point) may result in larger and/or more voids.  85 

 86 

In order to dissect the role of organic solvents, the current work employed four alkane-87 

based solvents with systematically varying chain length and vapor pressure. We show 88 

that the morphology and separation performance of the prepared membranes are well 89 

correlated to the vapor pressure of the solvents. Additional polyamide films were also 90 

prepared at a substrate-free interface [33, 34] to further resolve the governing 91 

mechanisms. Our study provides compelling evidences on the role of interfacial 92 

vaporization of organic solvents towards the formation of surface roughness of 93 

polyamide membranes. These new mechanistic insights may improve the 94 

understanding of the structure-properties correlation of voids-containing TFC 95 

polyamide membranes and facilitate their better design and optimization.  96 
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 97 

Fig. 1. IP reaction between MPD and TMC for the formation of a polyamide thin film. 98 

(A) The IP reaction generates acid and heat as byproducts. (B) Conceptual diagram of 99 

the interfacial vaporization during IP (left), which shapes the morphology of the 100 

polyamide thin film (right). (C) Transmission electron micrograph (cross-section) of a 101 

TFC polyamide membrane with nanovoids contained in the polyamide layer. 102 

  103 
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2. Materials and methods 104 

2.1. Chemicals  105 

Monomers MPD (99%) and TMC (98%), organic solvents n-octane, n-heptane, n-106 

hexane purchased from Sigma-Aldrich and n-pentane (TCI) were used to perform the 107 

IP reaction and prepare polyamide thin films. Commercial polysulfone (PSf) substrates 108 

(MWCO 67 kDa, Vontron Technology) were used to prepare TFC membranes. 109 

Isopropanol (Dickmann) was used for pretreatment of the substrates. Glycerol 110 

(Dickmann) was used for sample treatment. Sodium chloride (NaCl, Dieckmann) was 111 

used for membrane performance tests. All aqueous solutions were prepared using Milli-112 

Q water (Elix Essential).  113 

 114 

2.2. Measurement of vapor generation 115 

To evaluate the potential of organic solvents for vapor generation, an MPD solution (5 116 

mL, 1 w/w%) was first placed in an airtight flask that was connected to a glass tube 117 

filled with an inked water column for better visualization (Fig. 2A). An organic solvent 118 

(0.1 mL, with or without 0.1 w/w% TMC) was then injected into the flask, and the 119 

vaporization of organic solvents were quantified based on the displacement of the water 120 

column. The volume displaced by vapor (V) can be calculated by the product of the 121 

displacement (∆h in cm, measured at 1 min after the addition of the organic phase) and 122 

the cross-sectional area of the glass tube (0.785 cm2). All experiments were performed 123 

under ambient temperature (~ 25 ℃) and pressure (~ 1 bar). 124 

 125 

To further analyze the composition of the gas/air mixture in the flask, a gas sampling 126 

bag in place of the water column was connected to the flask for collection of the mixture 127 

(Fig. 2A). In this set of tests, a larger volume of organic solvent (1 mL, with TMC) was 128 
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used each time to ensure sufficient vapor generation for sampling, while other 129 

conditions were kept identical to the water column displacement tests. The sample 130 

collected over the first minute was then analyzed using a gas chromatograph (GC, Trace 131 

1310, Thermo Fisher, see Appendix C).  132 

 133 

2.3. Partitioning of MPD in organic solvents 134 

The diffusion of MPD from the water phase to the organic solvent and its solubility in 135 

the latter are commonly believed to strongly affect the morphology of a polyamide film 136 

[5, 7, 20, 35-37]. In this study, the partitioning of MPD between water and various 137 

organic solvents were evaluated. Specifically, an aqueous MPD solution (5 mL, 1 138 

w/w%) was first placed in a centrifuge tube. An organic solvent (5 mL) was gently 139 

added to the top part of the tube, letting the solvent to contact the aqueous phase for 5 140 

min. The MPD-dissolved solvent was then analyzed using an ultraviolet–visible 141 

spectrophotometer (UV/VIS, UH5300, Hitachi) at the wavelength of 294 nm to 142 

determine the MPD concentration (Appendix D) [19, 27, 38]. During the above 143 

partitioning test, the concentration of MPD in the aqueous phase remained nearly 144 

constant since its solubility (36.1 g/100mL [39]) in water is several orders of magnitude 145 

higher than those in the organic solvents. 146 

 147 

2.4. Preparation of TFC polyamide membranes 148 

PSf substrates were presoaked with 25 v/v% isopropanol for 1h under moderate shaking 149 

[40, 41], followed by thorough rinsing by Milli-Q water. A conventional TFC 150 

membrane was prepared by directly performing IP between MPD (1 w/w% [42, 43], 151 

dissolved in water) and TMC (0.1 w/w%, dissolved in octane, heptane, hexane or 152 

pentane) on the substrate. Briefly, the MPD solution was first applied to impregnate a 153 
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PSf substrate for 2 min. After removing the excess MPD solution by a rubber roller, the 154 

substrate was then soaked in the TMC solution for 1 min to form the polyamide layer. 155 

The resulted polyamide membrane was then rinsed by the same organic solvent and 156 

was placed in a 50 °C water bath for 10 min for further polymerization. Since a main 157 

objective of this study was to investigate the role of solvent on the polyamide 158 

morphology, water bath treatment [44-46] was used instead of oven drying to avoid 159 

severe collapse of the roughness features [33, 45]. The prepared TFC membranes were 160 

named as TFC-solvent, e.g., TFC-octane for the one prepared using octane. 161 

 162 

2.5. Preparation of freestanding polyamide thin films 163 

To further resolve the role of organic solvents, we prepared polyamide thin films at a 164 

free interface [8, 47-49]. According to existing literature [33, 34], gas bubbles released 165 

during the IP reaction can easily escape from the free interface due to the lack of 166 

confinement. This would suppress the effect of interfacial-vaporization/degassing on 167 

the polyamide morphology. We followed the method of Song et al. [33] to prepare 168 

polyamide films at the free interface. Briefly, a 1 w/w% MPD solution and a 0.1 w/w% 169 

TMC dissolved in an organic solvent were allowed to react for 1 min. The resulted 170 

polyamide film was then loaded onto the PSf substrate under assistance of a vacuum 171 

suction. The corresponding membrane is denoted as PAfi-solvent according to the type 172 

of solvent used. After the removal of excess TMC solution, the membrane was rinsed 173 

by the same organic solvent before further use.  174 

 175 

2.6. Membrane characterization 176 

Field-emission scanning electron microscopy (FE-SEM, S-4800, Hitachi) operated at 177 

an accelerating voltage of 5.0 kV was used to characterize the surface morphology of 178 
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membranes. All samples were dried and sputter coated with a thin layer of gold before 179 

SEM characterization. Transmission electron microscopy (TEM, CM100, Philips) 180 

operated at an accelerating voltage of 100 kV was used to resolve the cross-sectional 181 

structure of membranes. Samples were soaked in 10 v/v% glycerol/water for 1 h [33] 182 

and dried before TEM characterization. X-ray photoelectron spectroscopy (XPS, 183 

ULVAC-PHI X-tool) with a spectra range of 0-1400 eV was employed to analyze the 184 

elemental composition of membrane surfaces. 185 

 186 

2.7. Membrane separation performance evaluation 187 

Water flux and salt (NaCl) rejection of the membranes were tested using a laboratory-188 

scale cross-flow RO filtration system as reported in our previous work [31]. Each 189 

membrane coupon with effective filtration area of 12.0 cm2 was pre-compacted at 17.0 190 

bar for 2 h. The test was conducted at 15.5 bar using a 2000 ppm NaCl feed solution 191 

with a cross-flow velocity of 22.4 cm/s under room temperature (~25 °C). The water 192 

flux  𝐽𝑣 and permeability A are calculated by: 193 

 𝐽𝑣 =
∆𝑚

∆𝑡×𝑎×𝜌
             (1) 194 

 𝐴 =
𝐽𝑣

∆𝑃−∆𝜋
              (2) 195 

where ∆m is the mass of permeate over a time interval of ∆t,  𝑎  is the effective 196 

membrane area, ρ is the density of water, ∆𝑃 is the transmembrane pressure, and ∆𝜋 is 197 

the transmembrane osmotic pressure. NaCl rejection (R) was calculated by: 198 

𝑅 =
𝐶𝑓−𝐶𝑝

𝐶𝑓
× 100%            (3) 199 

where Cf and Cp are NaCl concentrations in the feed and the permeate respectively, 200 

which were determined based on conductivity measurements (Ultrameter II, Myron L). 201 

  202 
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3. Results and discussion 203 

3.1. Vaporization of organic solvents during IP 204 

As the chain length of an alkane solvent decreases, its vapor pressure increases and 205 

boiling point reduces (Fig. 2B). In this study, we evaluated the amount of vapor 206 

generation by adding an organic solvent (with or without TMC) into an airtight flask 207 

containing an MPD solution and measuring the induced volume displacement (Fig. 2A). 208 

For the blank tests (without TMC), solvents with higher vapor pressure (and lower 209 

boiling point) resulted in more vapor generation (Fig. 2C). With the inclusion of TMC 210 

to induce the IP reaction, the displaced volume was further increased. This can be 211 

explained by the heat generated in the exothermic reaction (Fig. 1A) to promote further 212 

vaporization of the solvents. This effect was most obvious for pentane that has the 213 

lowest boiling point.  214 

 215 

To further analyze the composition of the vapor/air mixture in the flask after the 216 

addition of TMC dissolved solvent, we analyzed the mixture by a GC (Appendix C). 217 

The concentration of pentane in the mixture was nearly three order of magnitude higher 218 

than that of hexane (Fig. 2D), while the concentrations of heptane and octane were 219 

below detection. The generation of vapor also reduced the fraction of N2 that was 220 

originally present in the headspace. The GC results provide consistent evidence on the 221 

vaporization of organic solvents during the IP reaction. 222 

 223 
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 224 

Fig. 2. (A) Schematic diagram of the setup for measurement of vapor generation, (B) 225 

vapor pressure and boiling point of the organic solvents [50] ; (C) the displaced volume 226 

induced by each organic solvent without (blank) or with TMC in the airtight flask 227 

prefilled with a MPD solution, and (D) the contents of organic solvents and N2 in the 228 

vapor/air mixture based on GC results (the peak area of N2 in ambient air is 6.36 ± 0.11 229 

mV*min).  230 

  231 
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3.2. Interfacial vaporization tunes the voids features 232 

SEM surface micrographs (top panel of Fig. 3) present typical “ridge-and-valley” 233 

roughness features that are commonly reported for polyamide membranes [14, 15, 17] . 234 

Compared to TFC-octane, TFC-pentane had greater number of large “leaves”. The 235 

TEM photos further highlighted the differences. From TFC-octane to TFC-pentane, the 236 

voids encapsulated in the polyamide layer became more obvious and larger, which 237 

correlates well with the greater tendency of pentane to vaporize (Fig. 2). 238 

Correspondingly, TFC-pentane also had the greatest apparent thickness (~ 334 nm as 239 

shown in Appendix E), largely due to the presence of bigger-size voids. This 240 

observation is consistent with our hypothesis that interfacial vaporization of organic 241 

solvent can enhance the formation of nanovoids and shape the surface roughness of 242 

polyamide films. The IP reaction of polyamide is exothermic and releases heat, which 243 

promotes vaporization of organic solvent at the reaction interface (Fig. 1). With the 244 

mesoporous substrate providing resistance to prevent its escape (i.e., the confinement 245 

effect [33, 34]), the vapor generated at the reaction interface is encapsulated between 246 

the substrate and the nascent polyamide film, leading to the formation of nanovoids 247 

inside the polyamide film. Consequently, greater vapor generation for more volatile 248 

organic solvent promotes more extensive nanovoids formation.  249 
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 250 

Fig. 3. SEM top views and TEM cross-sections of the TFC membranes. 251 

 252 

To further dissect the formation mechanism of nanovoids, we prepared additional 253 

polyamide films by performing IP at a free interface (PAfi). According to previous 254 

works by Song and Peng et al. [33, 34, 51], the lack of substrate would allow degassed 255 

nanobubbles [29-31] to freely escape from the reaction interface due to the lack of 256 

confinement by the substrate. Therefore, if the formation of nanovoids are driven by 257 

interfacial vaporization/degassing, performing IP reaction at a free interface would 258 

largely suppress the ability of degassed nanobubbles to induce the voids-containing 259 

“ridge-and-valley” morphology [33]. In contrast, if the formation of nanovoids are 260 

mainly regulated by the solubility of MPD in the organic phase, we would expect 261 

similar “ridge-and-valley” surface morphologies for PAfi membranes. 262 

 263 

Fig. 4 presents the SEM surface morphology and TEM cross-sections of the PAfi 264 

membranes. Compared to the TFC membranes prepared on the PSf substrate (Fig. 3), 265 
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the PAfi membranes generally gave much flatter surface morphologies with fewer 266 

leave-like features (Fig. 4). The “ridge-and-valley” roughness features were nearly 267 

absent, which is consistent with the interfacial vaporization theory [8, 33, 47]. In 268 

addition, the TEM micrographs (Fig. 4) present less obvious differences between the 269 

cross-sectional morphologies of the PAfi membranes formed with different solvents, 270 

with the nanovoids found in conventional TFC polyamide membranes largely 271 

disappeared. The absence of voids corresponds well to the weakened confinement 272 

effect to allow the escape of vapor. This observation rules out the MPD solubility effect 273 

as a dominant mechanism in shaping the polyamide morphology.  274 

 275 

 276 

Fig. 4. SEM top views and TEM cross-sections of the PAfi membranes. 277 

 278 

3.3. Separation performance of membranes 279 

Fig. 5 presents the separation performance of the TFC and PAfi membranes. Although 280 

the TFC membranes had comparable rejections, their water permeability increased 281 

from 1.0 ± 0.3 Lm-2h-1bar-1 for TFC-octane to 1.7 ± 0.2 Lm-2h-1bar-1 for TFC-pentane 282 

(Fig. 5A). This enhancement in permeability can be explained by their voids-containing 283 

roughness features in Fig. 3. The larger voids of TFC-pentane correspond to greater 284 
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roughness of the polyamide film thus a greater effective surface area for water filtration 285 

[18, 24, 28]. In addition, the larger voids could also provide enhanced gutter effect [16, 286 

49] and reduced intrinsic thickness [27] of the polyamide film to allow more efficient 287 

water transport through the polyamide rejection layer.  288 

 289 

In contrast to the obvious differences in water permeability of the various TFC 290 

membranes (Fig. 5A), Fig. 5B shows only marginal differences between the PAfi 291 

membranes formed at free interfaces (Fig. 5B). Noticeably, we could not observe the 292 

enhancement effect on permeability for PAfi membranes formed with more volatile 293 

organic solvents. This observation is consistent with the interfacial vaporization theory 294 

and could be readily explained by the ineffectiveness in forming nanovoids (Fig. 4) due 295 

to the weakened confinement effect [33, 34]. Indeed, all the PAfi membranes had 296 

similar permeability to that of TFC-octane, a TFC membrane that had diminished void 297 

formation (Fig. 3) due to the low vapor pressure of octane (Fig. 2B). Even though TFC-298 

octane contained some voids, the relatively smaller size of these voids may explain their 299 

ineffectiveness in water transport. A recent study [51] also reveals the critical 300 

importance of the connectivity of the nanovoids to the substrate pores on water transport. 301 

The ineffective voids formation may weaken such connectivity, a topic that requires 302 

further investigation.  303 

 304 

In this study, the PAfi membranes generally presented higher rejections compared to 305 

the TFC membranes. This result is consistent with the lower O/N ratios (an indication 306 

of higher crosslinking degree) for the PAfi membranes (Table F1 in Appendix F), which 307 

can possibly be attributed to the greater MPD supply from the bulk aqueous solution 308 

for the case of PAfi. This enhanced “MPD reservoir” effect [34, 48, 52] would 309 
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potentially allow a more complete IP reaction. Alternatively, the generated H+ in the 310 

reaction could also be more readily neutralized by the alkaline MPD solution [31], 311 

which favors dense polyamide films with higher rejection.  312 

 313 

 314 

Fig. 5. Separation performance of (A) the TFC membranes and (B) the PAfi membranes. 315 

 316 

3.4. Mechanistic insights 317 

Conventional wisdom generally attributes improved roughness formation in polyamide 318 

membranes to enhanced diffusion of MPD monomers and/or their greater solubility in 319 

the organic phase [7, 20, 36, 37]. Fig. 6 presents the amount of MPD that partitions 320 

from an aqueous solution into various organic solvents. Clearly, greater amount of 321 

MPD had diffused to and dissolved in the shorter-chain alkanes (pentane > hexane > 322 

heptane ~ octane). This trend appears to be consistent with the rougher surfaces 323 

observed for TFC-pentane and TFC-hexane (Fig. 3). The explanation is also apparently 324 

supported by the observed greater roughness formation with increased MPD 325 

concentrations under otherwise identical IP conditions [8, 36]. Nevertheless, the 326 

diffusion/solubility effect would have resulted in a similar trend for the PAfi 327 

membranes formed with different organic solvents, which contradicts with the 328 

experimental observations (Fig. 4). Indeed, had the roughness formation been 329 
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dominated by the diffusion/solubility effect, one would expect a rougher polyamide 330 

formed at a free interface compared to that formed on a substrate as a result of greater 331 

availability of MPD (and thus increased effective MPD concentration in the organic 332 

phase) for the former case [36]. In this respect, the interfacial vaporization/degassing 333 

theory provides more consistent explanations to the formation of nanovoids-containing 334 

surface roughness features [29, 33, 34, 51], the effect of the availability and solubility 335 

of dissolved CO2 [29-31], the vapor pressure of organic solvents (Fig. 2B), and the 336 

confinement effects [33, 34]. Despite the dominant role of the interfacial 337 

vaporization/degassing mechanism, the MPD solubility effect could still play an 338 

indirect role: greater MPD supply would result in more heat generation during the IP 339 

reaction (Fig. 1A) and thus promotes interfacial vaporization/degassing [29]. This 340 

indirect effect explains why increasing MPD concentration would form rougher 341 

polyamide surfaces. Future studies need to consider both the direct nanovoid forming 342 

mechanisms (e.g., degassing of CO2 and vaporization of organic solvent) as well as the 343 

indirect effects (e.g., MPD supply) for tailoring membrane morphology and optimizing 344 

their separation performance.  345 

 346 
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Fig. 6. MPD concentration in various organic solvents. For each organic solvent, its 348 

MPD concentration was measured after it had contacted a 1 w/w% aqueous MPD 349 
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solutions for 5 min.  350 
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4. Conclusions 351 

The current study reveals a new mechanism, interfacial vaporization of organic solvent 352 

that can contribute to nanovoid formation and regulate the polyamide morphology. 353 

More extensive voids in the polyamide layer and greater membrane permeability can 354 

be achieved by promoting the vaporization of organic solvent during the exothermic IP 355 

reaction, e.g., by using an organic solvent with higher vapor pressure. This mechanism 356 

may also provide explanation to the commonly reported enlargement effect of 357 

roughness features upon the addition of volatile co-solvents such as acetone [20, 26, 358 

53], alcohols [22, 23], and diethyl ether [53] although additional systematic studies are 359 

required to confirm this explanation. Future studies need to further investigate if water 360 

would be vaporized or even boiled locally given the high temperature at the IP interface 361 

[32]. Other secondary effects, such as the heat dissipation via vaporization, may need 362 

be accounted for. Our work provides a new framework to interpret the formation of the 363 

polyamide morphology. The interfacial vaporization theory, complementary to our 364 

earlier reports on interfacial CO2 degassing [29-31] and confinement effects [33, 34, 365 

51], opens a new door towards controllable membrane nano-architectures for more 366 

efficient separation in various environmental applications.  367 

  368 
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Appendix A. Physical properties of organic solvents 375 

The important physical properties of organic solvents that boiling point, vapor pressure, 376 

specific gravity, surface tension and viscosity are summarized in Table A1. 377 

 378 

Table A1. Common physical properties of water and the organic solvents in this study. 379 

(adapted from Ref. [50]) 380 

 Water Octane Heptane Hexane Pentane 

Boiling point 

(℃ at 1 atm) 
100 126 98 69 36 

Vapor pressure 

(mmHg at 21 ℃) 
2.3 12 40 128 442 

Density 

(g/cm3) * 
1 0.703 0.664 0.659 0.626 

Surface tension 

(mN/m) 
72.8 21.7 19.3 18.4 16.0 

Absolute viscosity 

(cP at 25 ℃) 
0.89 0.51 0.41 0.31 0.24 

Note: * The density is measured at 4 °C for water and 20 °C for the organic solvents. 381 

 382 

Appendix B. Water column for measurement of vapor generation 383 

Fig. B1 shows the photos of water column displacement after injecting an organic 384 

solvent (with or without TMC) in an airtight flask prefilled with an aqueous MPD 385 

solution. The red dotted line is the initial position (0 cm) of the water column. For each 386 

test, injecting the organic solvent with TMC induced greater displacement than that 387 

without TMC. From octane to pentane with increased vapor pressure, greater 388 

displacement was obtained. 389 

 390 



24 

 

 391 

Fig. B1. Photos of the water column displacement after injecting an organic solvent 392 

(with or without TMC) in an airtight flask containing an aqueous MPD solution. 393 

 394 

Appendix C. Gas chromatograph (GC) for measurement of air mixture 395 

The GC (Thermo scientific Trace 1310) was equipped with a capillary column TG-396 

BOND Q (length 30m; Diameter 0.53mm; film thickness 20um) and a TCD detector to 397 

quantify nitrogen gas (N2). Another identical column with an FID detector was used to 398 

quantify organic solvents. The sample injection volume was 50 uL. The carrier gas was 399 

helium at a constant speed of 4 ml/min for N2 and 6ml/min for solvents, with split ratio 400 

of 3 for N2 and no split mode for solvents. The temperatures for N2 quantification were 401 

120oC for injector, 60oC for oven, 200oC for detector, and 250oC for filament. Those 402 

for organic solvents were 120oC for injector, 150oC for oven, 250oC for detector. N2 403 

gas with 99.98% purity was taken as a standard to determine its residence time. 404 

Standard pentane, hexane, heptane, and octane were injected to determine their relative 405 

residence time and concentration, respectively. Table C1 shows the results from GC.  406 

 407 
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Table C1. Gas chromatograph (GC) results on the peak area and peak height of N2 and 408 

organic solvents in each sample of gas/air mixture.  409 

Peak height (mV) 

 N2 CO2 Solvent 

Ambient air 104.65 ± 1.51 0.063 ± 0.006 - 

Octane 103.89 ± 0.33 0.065 ± 0.007 Below detection 

Heptane 102.53 ± 0.84 0.067 ± 0.006 Below detection 

Hexane 100.97 ± 3.56 0.070 ± 0.008 3.11 ± 2.53 

Pentane 97.45 ± 3.50 0.084 ± 0.043 2041.14 ± 561.68 

Peak area (mV*min) 

 N2 CO2 Solvent 

Ambient air 6.36 ± 0.11 0.0040 ± 0.0005 - 

Octane 6.34 ± 0.03 0.0045 ± 0.0008 Below detection 

Heptane 6.30 ± 0.06 0.0044 ± 0.0005 Below detection 

Hexane 6.23 ± 0.05 0.0047 ± 0.0012 0.25 ± 0.22 

Pentane 6.18 ± 0.09 0.0054 ± 0.0024 70.55 ± 23.99 

 410 

The ratio between peak areas of CO2 and N2 can indicate the relative content of CO2 in 411 

each sample (Table C2). In the current study, CO2 was contributed from both the air in 412 

the headspace and that degassed during the IP reaction [29]. In contrast, N2 was solely 413 

attributed from the air in the headspace. Using ambient air as a control, the degassed 414 

CO2 can be evaluated. Generally, the CO2 content of the pentane-based IP reaction was 415 

higher than those with solvents of lower vapor pressures. This can be explained by the 416 

greater availability MPD monomers for the IP reaction (Fig. 6) and thus more heat 417 

released to drive the degassing of CO2. Nevertheless, CO2 degassing alone can hardly 418 

enlarge the voids by around an order of magnitude (i.e., TFC-pentane vs. TFC-octane 419 

in Fig. 3). Instead, interfacial vaporization of solvent works synergistically with 420 

interfacial degassing of CO2 to cause the extensive formation of roughness features in 421 

the current study. 422 

 423 
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Table C2. The relative content of CO2 in each sample of gas/air mixture calculated 424 

based on the GC results of the peak areas. 425 

Peak area (mV*min) CO2/ N2 (×10-4) 

 N2 CO2 Total CO2 Degassed CO2 

Ambient air 6.36 ± 0.11 0.0040 ± 0.0005 6.29 - 

Octane 6.34 ± 0.03 0.0045 ± 0.0008 7.10 0.81 

Heptane 6.30 ± 0.06 0.0044 ± 0.0005 6.98 0.69 

Hexane 6.23 ± 0.05 0.0047 ± 0.0012 7.54 1.25 

Pentane 6.18 ± 0.09 0.0054 ± 0.0024 8.74 2.45 

 426 

Appendix D. MPD concentration in organic solvents 427 

The concentration of MPD dissolved in the series of organic solvents were calculated 428 

based on the standard curve (Fig. D1) between the concentration (C, 1~25 ppm) and 429 

absorbance (Abs) of MPD: 430 

𝐴𝑏𝑠 = 0.0173𝐶 − 0.0003 (R2 is > 0.99)         (1) 431 
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 433 

Fig. D1. Standard curve for MPD concentration measurement by an ultraviolet–visible 434 

(UV) spectrophotometer at the wavelength of 294 nm. 435 

 436 

Appendix E. TEM micrographs marked with apparent and intrinsic thickness 437 
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Fig. E1 displays the TEM micrographs marked with the apparent and intrinsic thickness. 438 

The membrane apparent thickness increased from ~125 nm for TFC-octane to ~334nm 439 

for TFC-pentane. The intrinsic thickness was generally in the range of 9-69 nm for 440 

TFC-octane, 13-41 nm for TFC-heptane, 9-65 nm for TFC-hexane, and 7-36 nm for 441 

TFC-pentane. It is important to note that, due to the limited resolution of TEM 442 

micrographs and the inherent limitation of TEM sample preparation (Fig. E2), it was 443 

difficult to accurately quantify the intrinsic thickness of polyamide thin films. For 444 

example, the finite thickness of the TEM sample (typically on the order of 100 nm) 445 

could result in an overestimation of intrinsic thickness (Fig. E2). 446 

 447 

 448 

Fig. E1. TEM cross-sections of the TFC membranes with marked thickness.  449 

 450 
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 451 

Fig. E2. Diagram of the cross section of a polyamide void for TEM after sample cutting. 452 

 453 

Appendix F. XPS results  454 

Based on XPS results of membranes, the ratios between O and N (O/N) were calculated, 455 

with a lower O/N ratio indicating a more cross-linked polyamide layer. The PAfi 456 

membranes generally gave lower O/N ratios than the TFC counterparts, which indicates 457 

more extensive cross-linking of the PAfi membranes. Indeed, O/N ratios of PAfi 458 

membranes were below 1, which may be explained by the excess supply of MPD 459 

monomers at the free interface to result in excess amine-terminal groups at the 460 

polyamide surface. In the current study, we did not observe a clear trend on the effect 461 

of solvents on the O/N ratio. 462 

 463 
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 464 

Fig F1. XPS spectrum of TFC (A) and PAfi (B) membranes with the calculated O/N 465 

ratio (C) based on XPS results. 466 

 467 

Appendix G. Additional TFC membranes prepared using equal-w/v% 468 

concentration of TMC 469 

In the current study, TFC membranes were generally prepared using equal 470 

concentration of TMC based on w/w%. However, due to the different densities of the 471 

organic solvents (e.g., 0.626 g/cm3 for pentane and 0.703 g/cm3 for octane, see Table 472 

A1 in Appendix A), the corresponding volumetric concentrations can be significantly 473 

different. To address this issue, two additional membranes were prepared: TFC-474 

pentane-v and TFC-octane-v, both using 0.1 w/v% TMC. Fig. G1 presents the 475 

micrographs of these membranes. From the TEM cross-sections, TFC-pentane-v had 476 

larger voids in its polyamide layer compared to TFC-octane-v. Furthermore, TFC-477 

pentane-v had better separation performance (permeability of 1.5 ± 0.1 Lm-2h-1bar-1 and 478 
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NaCl rejection of 97.3 ± 1.1%) than TFC-octane-v (permeability of 1.0 ± 0.2 Lm-2h-479 

1bar-1 and NaCl rejection of 95.9 ± 0.5%). These trends are consistent with those 480 

observed for their counterparts (TFC-pentane vs. TFC-octane) prepared using equal-481 

w/w% concentration.  482 

 483 

 484 

Fig. G1. SEM top views and TEM cross-sections of TFC-pentane-v and TFC-octane-v 485 

(prepared using 0.1 w/v% TMC).  486 

 487 

Appendix H. Performance of some lab-prepared and commercial TFC RO 488 

membranes 489 
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The performance of TFC-hexane (i.e., permeability of 1.4 ± 0.3 Lm-2h-1bar-1 and NaCl 490 

rejection of 97.3 ± 1.2%) in this work is comparable to many lab-prepared TFC 491 

membranes even some commercial membranes as show in Table H1. It is worthwhile 492 

to note that the relatively low NaCl rejection for the commercial RO membranes (SW30 493 

and SWHR) was due to the relatively low testing pressure [4]. 494 

 495 

Table H1. Performance of lab-prepared TFC membranes and commercial RO 496 

membranes in literature. 497 

Membranes 
Permeability 

(Lm-2h-1bar-1) 

NaCl 

Rejection 

(%) 

Applied 

pressure 

(bar) 

Feed NaCl 

concentration 

(ppm) 

Remark 

TFC-octane 1.0 ± 0.3 95.0 ± 1.3 15.5 2000 This study 

TFC-heptane 1.1 ± 0.3 94.4 ± 1.7 15.5 2000 This study 

TFC-hexane 1.4 ± 0.3 97.3 ± 1.2 15.5 2000 This study 

TFC-pentane 1.7 ± 0.2 95.6 ± 1.9 15.5 2000 This study 

TFC  1.1 ± 0.1 97.0  ± 0.5 10 500 [54] 

TFC 0.8 ± 0.04 93.4 ± 1.1 12.4 2000 [55] 

IP-PA  0.8 ± 0.2 96.8 ± 0.9 15.5 2000 [56] 

SW30  1.0 ± 0.1 96.0  ± 0.2 10 500 [54] 

SWHR  0.9 ± 0.1 92.0 ± 1.9 12.4 2000 [55] 

 498 

  499 
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