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ABSTRACT  1 

Fabrication of nanofiltration (NF) membranes using interfacial polymerization (IP) continues to 2 

receive tremendous interest in research and development due to the broad applications of NF in 3 

water treatment, wastewater reuse, and industrial separations. Many approaches have been 4 

explored to enhance the performance of NF membranes by regulating the IP process. Among these 5 

approaches, the use of surfactants has shown strong potential due to its low cost and compatibility 6 

with existing infrastructure for membrane fabrication. While the different roles of the surfactants 7 

have been increasingly elucidated in recent years, little is known for the role of emulsion formation 8 

in the IP process. In this study, we investigate the impacts of nonionic, emulsifying surfactants on 9 

the formation, properties, and performance of the polyamide NF membranes. Two surfactants were 10 

compared, including the hydrophilic Tween 80, which is an oil-in-water (o/w) emulsifier added in 11 

an aqueous solution of piperazine, and the lipophilic Span 80, which is a water-in-oil (w/o) 12 

emulsifier added in the hexane solution of trimesoyl chloride. Our results illustrate the effects of 13 

emulsions as “vehicles” to facilitate monomer transfer and as “microreactors” for providing 14 

additional and distributed interfaces for IP. Depending on whether the surfactants are o/w or w/o 15 

emulsifiers, the resulting membranes have unique physicochemical properties and NF 16 

performance. In both cases, the addition of nonionic surfactants at low-to-moderate concentrations 17 

results in smaller pore sizes and a narrower pore size distribution. Overall, this study provides 18 

important insights into how the IP process and the resulting NF membranes are influenced by the 19 

formation of emulsions. 20 

Keyword: Interfacial polymerization, Emulsion, Nonionic surfactant, Thin-film-composite 21 

polyamide membrane, Nanofiltration  22 
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INTRODUCTION 23 

Growing water scarcity is one of the leading challenges of our time, impacting over one-third of 24 

the world’s population1,2. To address this challenge, research has been actively performed to 25 

explore more effective ways of tapping into unconventional sources to augment drinking water 26 

supply and/or reusing wastewater to reduce water demand2–5. Among the various technical 27 

approaches, membrane-based water and wastewater treatment technologies have received 28 

tremendous interest due to their small footprint, high energy efficiency, modularity, and the 29 

capability of achieving molecular separation2,6–8. Specifically, nanofiltration (NF) is a low-30 

pressure membrane-based process that is widely used in brackish water desalination and 31 

wastewater reclamation9,10. Compared to reverse osmosis (RO) membranes used widely for 32 

seawater desalination, NF membrane typically has a relatively ‘loose’ active layer that enables 33 

operation at a lower pressure and/or a higher flux11. More importantly, NF can also be employed 34 

for selective separation of solutes from a mixed solution based on the various solute exclusion 35 

mechanisms12,13.  36 

Most commercial NF (and RO) membranes are thin-film-composite (TFC) polyamide 37 

membranes formed via a process called interfacial polymerization (IP)14,15. In an IP process for 38 

making NF membranes, a hexane solution of trimesoyl chloride (TMC) is brought into contact 39 

with porous support (typically an ultrafiltration membrane) pre-wetted with an aqueous solution 40 

of piperazine (PIP). The PIP molecules diffuse across the water-hexane interface and react with 41 

the TMC in the hexane phase to form a thin polyamide (PA) layer that serves as the active 42 

separation layer16. While there exist other methods for fabricating NF/RO membranes, the IP 43 

process is the most widely used in the industry because of its high manufacturing efficiency and 44 

the robust separation performance of the resulting TFC-PA membrane9,17–19.  45 

Conventional IP fails to provide effective control of the membrane pore structure (e.g., pore 46 

size and thickness) due to uncontrolled trans-interface diffusion of PIP monomers and the fast 47 

polymerization between PIP and TMC, which lead to the formation of a polyamide active layer 48 

with multiscale heterogeneity and a large distribution of pore size20–24. Fundamental understanding 49 

of the IP process continues to attract research interests due to the wide industrial application of 50 

TFC-PA NF membranes10,25. Extensive research efforts have been devoted to modulate the IP 51 

process to achieve TFC-PA membranes with improved performance and desired properties18.  For 52 

example, the properties and performance of TFC-PA membranes can be controlled by using 53 
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different monomers and additives (including nanomaterials) and adjusting their concentrations26–54 

29. Moreover, the environmental conditions for the fabrication also play an important role in 55 

controlling the properties and performance of the resulting membranes11,30. 56 

One effective approach for modulating the IP process and the properties of the resulting TFC-57 

PA membranes is by adding surfactants31–33. The roles of surfactants are multi-faceted and 58 

dependent on the specific system. The most apparent role is to reduce the surface tension and 59 

thereby promote the wetting of the support layer and stabilize the water/oil interface33–37. It was 60 

found in previous studies that the presence of surfactants has a substantial impact on the 61 

morphology of the resulting PA layer formed from the polymerization between PIP and TMC, 62 

which alters the membrane permeability38. More recently, an additional role of surfactants in 63 

regulating the cross-interface transport of PIP has been recently proposed31. Specifically, it has 64 

been suggested that anionic surfactants, such as sodium dodecyl sulfate (SDS), which form a self-65 

assembled dynamic 2D network at the water-hexane interface, can promote the kinetics and 66 

homogeneity of the PIP transport across the interface and results in a PA membrane with more 67 

uniform pore sizes for precise molecular separation31.  68 

In addition to these effects, some surfactants are also known to be good emulsifiers39–41. The 69 

effects of emulsifying surfactants on the IP process and the properties and performance of the 70 

resulting TFC-PA membrane have not been systematically investigated. The theory on how the 71 

chemical structure of surfactants affects their emulsifying behavior has been introduced by Griffin 72 

who proposed to use a parameter called the hydrophile-lipophile balance (HLB) to estimate the 73 

emulsification behavior of surfacants41.  Surfactants with different HLB values have a different 74 

affinity (or solubility) toward either the water or the oil phase, which results in different 75 

emulsification behaviors. Specifically, surfactants with an HLB value from 8-16 (an approximate 76 

range) are effective water in oil (w/o) emulsifiers, whereas surfactants with an HLB value of 3-6 77 

are effective oil in water (o/w) emulsifiers40,41. Effective emulsifiers of either kind (o/w or w/o) 78 

will likely promote the formation of emulsions near the water/hexane interface and thus affect the 79 

IP process, which in turn affects the properties and performance of the TFC-PA membranes.  80 

In this study, we investigate the impacts of nonionic surfactants on the formation and properties 81 

of the TFC-PA NF membranes. The nonionic surfactants investigated include Tween 80 (HLB=15) 82 

and Span 80 (HLB=4.3). These two non-ionic surfactants were chosen because (1) they have the 83 
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proper HLBs as o/w and w/o emulsifiers, respectively, and (2) the absence of charge in these 84 

surfactants minimizes the complication of the surfactant charge effect in the IP and allows us to 85 

focus the analysis on the emulsification effect. We first fabricate the TFC-PA NF membranes with 86 

PIP and TMC using interfacial polymerization in the presence of either of the two surfactants and 87 

compare the resulting membranes to a reference TFC-PA NF membrane prepared without any 88 

surfactant. We then characterize the surface properties of these membranes and evaluate their NF 89 

performance in terms of water permeance and salt rejection. By comparing TFC-PA membranes 90 

fabricated with and without emulsifying agents, we aim to elucidate the impacts of emulsion 91 

formation on interfacial polymerization and the properties and NF performance of the resulting 92 

PA membranes. 93 

MATERIAL AND METHODS  94 

Materials and Chemicals. Piperazine (PIP, 99%), trimesoyl chloride (TMC, >98%), polysorbate 95 

80 (Tween® 80, BioXtra, Mw ~1310), sorbitan oleate (Span® 80, Mw ~428), beta-carotene (≥ 93%, 96 

oil soluble-dye), basic dye (meta phenylene blue bb c.i. 50255, water-soluble dye), glycerol (≥ 97 

99%), anhydrous D-(+)-Glucose, sucrose (≥99.5%), D-(+)-Raffinose pentahydrate (≥ 98%), 98 

Na2SO4 (≥ 99%), MgSO4 (≥ 99.5%), MgCl2 (≥ 99.99%), CaCl2 (≥ 97%), NaCl (≥ 99%) were 99 

purchased from Sigma Aldrich (St. Louis, MO) and were all used as received. Anhydrous N-100 

hexane and ethanol (HPLC) were purchased from Fisher Scientific. Polyester sulfone 101 

ultrafiltration (NADIR UH050, MWCO 50000 Da) membrane was purchased from Microdyn-102 

Nadir (Germany). 103 

Preparation of polyamide nanofiltration membrane via interfacial polymerization The 104 

reference TFC-PA NF membrane was prepared using piperazine (PIP, 0.25% w/v aqueous solution) 105 

and trimesoyl chloride (TMC, 0.2% w/v in n-hexane) on a commercial polyethersulfone (PES) 106 

ultrafiltration (UF) membrane as the support layer via conventional interfacial polymerization (IP). 107 

The concentration of PIP and TMC remained the same in the following discussion. In a standard 108 

IP process, the PES UF support membrane was first placed on a glass plate and the surface of the 109 

UF membrane was impregnated with the aqueous PIP solution for 30 s. The excess PIP solution 110 

was then gently removed from the UF support membrane surface using a rubber roller. Next, a 111 

hexane solution of TMC was poured onto the UF membrane surface and kept still for another 30 112 

s, which resulted in the formation of a thin PA active layer over the PES support membrane surface. 113 
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The resulting TFC-PA membrane was rinsed with excessive n-hexane to remove unreacted TMC 114 

from the surface and then cured in an oven at 60 oC for 30 min to increase the degree of crosslinking. 115 

After curing, the TFC-PA membrane was stored in DI water at 4oC to facilitate the hydrolysis of 116 

unreacted chloride groups in the polyamide network. 117 

To investigate the effect of nonionic surfactants on interfacial polymerization and the resulting 118 

TFC-PA membranes, the hydrophilic nonionic surfactant was added into the PIP solution for 119 

impregnating the PES support layer, whereas the lipophilic nonionic surfactant was added in the 120 

TMC hexane solution. The first nonionic surfactant, Tween 80, has a hydrophilic-lipophilic 121 

balance (HLB) value of 15 and is thus considered a good oil-in-water emulsifier40. The second 122 

nonionic surfactant, Span 80, has an HLB value of 4.3 and is thus considered as good water-in-oil 123 

emulsifier41.  The concentration of Tween 80 (in water) and Span 80 (in hexane) vary from 0% 124 

w/v to 0.5% w/v to evaluate the effect of surfactant concentration on the resulting polyamide 125 

nanofiltration membrane. 126 

Membrane characterization. We characterized the surface potentials of the TFC-PA NF 127 

membranes using a streaming potential analyzer (SurPASS electrokinetic analyzer, Anton Paar, 128 

Ashland, VA) with a background polyelectrolyte of 1mM KCl solution. We also measured the 129 

water contact angle (WCA) of the TFC-PA membranes using an optical tensiometer (Theta Lite, 130 

Biolin Scientific). Scanning electron microscope (SEM) imaging was performed to characterize 131 

the surface morphology of the TFC-PA NF membranes using a high-resolution Zeiss Merlin SEM 132 

equipped with a GEMINI II column with an accelerating voltage of 3 kV. All SEM membrane 133 

samples were sputter-coated with a 5 nm gold coating to avoid the charging effect. X-ray 134 

photoelectron spectrometry (XPS) was performed using an X-ray photoelectron spectrometer 135 

(ESCALAB 250 Xi, Thermal Fisher Scientific) to obtain the surface elemental compositions of 136 

polyamide active layers prepared from conventional IP and IP with nonionic surfactants. The 137 

chemical structure of the TFC-PA NF membranes was also investigated using Fourier transform 138 

infrared spectrometer (Bruker Tensor 27). Transmittance spectra were collected ranging from 800 139 

to 4000 cm−1 at a resolution of 2 cm−1 for 256 scans. 140 

To evaluate the pore size distribution of the TFC-PA NF membranes, we performed filtration 141 

experiments with a series of neutral organic molecules (e.g., glycerol (92 Da), glucose (180 Da), 142 

sucrose (342 Da), raffinose (504 Da)) using a custom cross-flow NF system. The feed 143 
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concentration was 200 ppm for all species and the applied pressure was 4 bar. We collected feed 144 

and permeate samples and measured the total organic carbon (TOC) using a TOC analyzer (Aurora 145 

Model 1030, OI Analytical, Inc.) to determine the organic concentrations of the feed and permeate 146 

samples. The MWCO and pore size information of the TFC-PA NF membranes were calculated 147 

using the rejection of the organic solutes. Specifically, the MWCO of the membrane is defined as 148 

the molecular weight of solute with a rejection of 90%, whereas the mean pore size corresponds 149 

to the Stokes radius of the neutral solute with a measured rejection rate of 50%. The pore size 150 

distribution of the TFC-PA NF membrane is expressed as the geometric standard deviation of the 151 

probability density function (PDF) curve (Equation 3), which is the ratio of the stokes radius with 152 

a rejection of 84.13% to that with a rejection of 50%42. 153 

𝑑𝑅(𝑟𝑝)

𝑑𝑟𝑝
=

1

𝑟𝑝𝑙𝑛𝜎𝑝√2𝜋
exp⁡[−

(𝑙𝑛𝑟𝑝 − 𝑙𝑛𝜇𝑝)
2

2(𝑙𝑛𝜎𝑝)2
] (3) 

where 𝜇𝑝 is the mean pore size, 𝜎𝑝 is the geometric standard deviation of the PDF curve and 𝑟𝑝 is 154 

the Stokes radius of the organic solute. The Stokes radii of these molecules correlate with their 155 

molecular weight42 (Equation 4): 156 

ln( 𝑟p) = −1.496 + 0.465 ln(𝑀𝑊) (4) 

where 𝑀𝑊 is the molecular weight of each organic solute. Based on this correlation, the Stokes 157 

radii for glycerol, glucose, sucrose, and raffinose are 0.261, 0.359, 0.462, and 0.538 nm, 158 

respectively. 159 

 160 

Dye-partitioning at water/hexane interface. We performed dye partitioning experiments to 161 

investigate how solutes in one phase partition to another phase in the presence of surfactants. 162 

Specifically, we used a water-soluble dye (blue) in the aqueous solution to mimic the partitioning 163 

of PIP from water into hexane during the IP process. We also used a lipid-soluble dye (yellow) in 164 

the hexane to mimic the partitioning of TMC from hexane into the water during the IP. In all cases, 165 

water was first placed in a beaker, and then hexane was on top of the water using a transfer pipet. 166 

Each of the two phases (water or hexane) may or may not contain dyes or surfactants, with all the 167 

experimental scenarios summarized in Table 1. The mixing behavior upon adding hexane to water 168 

was recorded with both photos and videos. 169 

 170 



9 
 

Table 1. Summary of dye-partitioning experiments   171 

Type of surfactant Experiment No. 
Components in each phase 

Water phase Hexane phase 

Tween 80 

1-1 None Dye (yellow) 

1-2 Tween 80 Dye (yellow) 

1-3 Tween 80, dye (blue) None 

Span 80 

2-1 Dye (blue) None 

2-2 Dye (blue) Span 80 

2-3 None Span 80, dye (yellow) 

 172 

Nanofiltration performance evaluation. The performance matrix including permeance and salt 173 

rejection of the TFC-PA NF membranes was evaluated using a custom-made crossflow filtration 174 

system (Figure S1). The crossflow system contains three stainless steel membrane testing cells 175 

connected in parallel. Three membranes were mounted into each of the three cells and tested 176 

simultaneously. Each cell has an active membrane area of 7.1 cm2. The feed solution encounters a 177 

90o degree bend when it enters the cell inlet. The crossflow velocity was 2.5 cm s-1 and the applied 178 

pressure was 4 bar. All membranes were compacted with deionized water overnight prior to any 179 

test with a salt solution. Membrane permeance and salt selectivity were evaluated with five types 180 

of common salt solutions (1000 ppm), including Na2SO4, MgSO4, MgCl2, CaCl2, and NaCl. The 181 

solution temperature was maintained at 25 oC during the test. All measurements were carried out 182 

when the filtration process becomes stable. The permeance of the TFC-PA NF membrane, 𝑃 (L 183 

m-2 h-1 bar-1), was determined using the following equation: 184 

𝑃 =
𝐽

∆𝑃
 (5) 

where 𝐽  is the volumetric flux of water (L m-2 h-1), and ∆𝑃  was the applied pressure (bar), 185 

respectively. The rejection of solute by the TFC-PA NF membrane was determined by measuring 186 

the steady-state electrical conductivity of the feed and permeate solution using the following 187 

equation.  188 

𝑅 = (1 −
𝑐𝑝
𝑐𝑓
) × 100% (6) 
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where 𝑐𝑝 and 𝑐𝑓 are the solute concentration of permeate and feed solution, respectively,  189 

 190 

RESULTS AND DISCUSSION 191 

Membrane surface morphology depends on surfactant type The addition of hydrophilic and 192 

lipophilic surfactants in IP has a substantial impact on the surface morphology of the resulting 193 

TFC-PA NF membranes (Figure 1). As a baseline, the reference TFC-PA NF membrane prepared 194 

from conventional IP (without any surfactant) has a relatively smooth surface (Figure S2). The 195 

addition of hydrophilic nonionic surfactants (Tween 80) in the PIP solution leads to the formation 196 

of nodular structures on the PA surface (Figure 1A). As the Tween 80 concentration increases from 197 

0.005% w/v to 0.05% w/v in the PIP solution, the nodular structure transforms into a crumpled 198 

structure (Figure 1B) and the density of the crumpled structure increases with increasing the Tween 199 

80 concentration (Figure 1C). The formation of nodular and crumpled structures is attributed to 200 

the enhanced wetting of the PIP solution on the PES UF substrate in the presence of Tween 80 201 

(Figure S3)38. In comparison, the addition of lipophilic nonionic surfactants (Span 80) in the n-202 

hexane solution of TMC yields structures of deflated spheres on the PA surface (Figure 1D). The 203 

areal number density of the deflated structures increases with increasing Span 80 concentration 204 

(Figure 1E). At sufficiently high Span 80 concentration, these deflated spherical structures become 205 

interconnected (Figure 1F).  206 
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 207 

Figure 1. SEM images of the surface morphology of TFC-PA NF membranes formed via IP with 208 
the addition of (A, B, C) the hydrophilic nonionic surfactant (Tween 80) and (D, E, F) the lipophilic 209 

nonionic surfactant (Span 80) as a function of surfactant concentrations. 210 

Membrane surface properties depend on surfactant type The streaming potential 211 

measurements reveal no discernable difference between the zeta potentials of the reference TFC-212 

PA NF membrane prepared via conventional IP and the TFC-PA NF membrane prepared via IP 213 

with Tween 80 added in the PIP solution (Figure 2A), suggesting that the addition of Tween 80 in 214 

IP reaction did not alter the surface functional groups of the polyamide active layer. However, the 215 

addition of Span 80 in the TMC solution results in a noticeable reduction of the absolute values of 216 

the surface potential (i.e., the addition of Span 80 in IP reaction makes the TFC-PA membrane less 217 

charged) but without shifting the isoelectric point (IPE), which is likely caused by the reduction 218 
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of the areal density of the surface carboxylic groups due to the integration of the uncharged Span 219 

80 in the PA structure (including the surface). The addition of nonionic surfactants in the IP process 220 

also has a substantial impact on the wetting property of the resulting TFC-PA membrane (Figure 221 

2B). Specifically, the presence of Span 80 increased the water contact angle (WCA) systematically 222 

with a higher Span 80 concentration (in hexane) leading to a higher WCA. In comparison, the 223 

addition of Tween 80 has a less significant effect on the surface wetting property. Specifically, 224 

increasing the dosing concentration of Tween 80 (in water) first slightly reduced the WCA but 225 

then increased the WCA when the Tween 80 concentration exceeded 0.125% (w/v).  226 

 227 

Figure 2. (A) Surface streaming potential of TFC-PA membranes prepared from IP, and IP with 228 

the addition of the hydrophilic nonionic surfactant (Tween 80) and the lipophilic nonionic 229 
surfactant (Span 80). (B) Water contact angle of TFC-PA NF membrane formed via IP with the 230 

addition of the hydrophilic nonionic surfactant (Tween 80) and the lipophilic nonionic surfactant 231 
(Span 80) as a function of surfactant concentrations. XPS survey of polyamide active layer formed 232 

via IP with the addition of (C) the hydrophilic nonionic surfactant (Tween 80) and (D) the 233 

lipophilic nonionic surfactant (Span 80) as a function of surfactant concentrations. 234 

The elemental composition of the TFC-PA surface is also dependent on both the type and 235 

concentration of the dosing surfactants. Analyzing the XPS spectra of the surface of the TFC-PA 236 

membranes fabricated using different conditions (Figure 2C, D) suggests the possible integration 237 
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of surfactants into the PA matrix. Specifically, the N/O ratio decreased systematically with an 238 

increasing Span 80 concentration (Table 2). When Tween 80 was the dosing agent, the N/O ratio 239 

first increased and then decreased when the concentration exceeded 0.125% (w/v) (Table 2). The 240 

integration of Tween 80 in the PA layer is further confirmed by the FT-IR analysis of the reference 241 

TFC-PA membrane and the TFC-PA membrane prepared from IP with Tween 80 (Figure S4). 242 

Specifically, the appearance of additional characteristic peaks at 1735 cm-1 and 1098 cm-1 is associated 243 

with the C=O stretching and the C-O-C stretching of the ester group43,44. 244 

Table 2. Elemental composition of the PA layer formed from IP with Tween 80 and Span 80 245 

Membrane type C(%) N(%) O(%) N/O (%) 
Reference  

(no surfactant added) 
70.24 13.63 15.96 85.4 

Tween 80 

0.05% w/v 70.37 13.71 15.87 86.4 

0.125% w/v 71.04 13.37 15.24 87.7 

0.25% w/v 70.90 13.36 15.55 85.9 

0.5% w/v 71.38 12.68 15.81 80.2 

Span 80 

0.005% w/v 73.40 11.32 15.08 75.1 

0.05% w/v 69.52 12.40 18.08 68.6 

0.25% w/v 71.41 11.03 17.55 62.8 

0.5% w/v 73.62 10.00 16.38 61.0 

 246 

Interestingly, the WCA (Figure 2B) negatively correlates with the N/O ratio (Table 1) in a 247 

semi-quantitative way for both Tween 80 and Span 80 (Figure S5). We note that while N/O ratio 248 

is often used in characterizing the degree of cross-linking in PA, it cannot be used for this purpose 249 

here due to the potential integration of non-ionic surfactants that may contribute substantially to 250 

the N/O ratio. The TFC-PA membranes prepared from IP with Span 80 exhibited an increase in 251 

surface hydrophobicity (WCA) and a decrease in N/O ratio even at an extremely low Span 80 252 

concentration (0.005% w/v). Increasing Span 80 concentration made the membrane more 253 

hydrophobic and reduced the N/O ratio because of the more Span 80 integrated into the PA matrix, 254 

which is also consistent with the observation of reduced absolute values of the surface potential 255 

for TFC-PA membrane prepared using Span. In comparison, very little Tween 80 integration in 256 

the polyamide matrix was observed at low Tween 80 concentrations (below 0.25% w/v), as the 257 
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N/O ratio remains nearly constant. The slight decrease in WCA may come from the increase in 258 

surface roughness (Figure 1A-C, Figure S2), as consistent with Wenzel’s theory45. 259 

The primary difference between Span 80 and Tween 80 in their effectiveness in altering the 260 

PA composition and properties can be explained by the fact that Span 80 was present in the hexane 261 

phase where PA forms. While the formation of PA is referred to as “interfacial polymerization”, 262 

multiple previous studies have suggested that the polymerization occurs in the “hexane side” of 263 

the interface20,21,23. Because Span 80 is soluble in hexane and was dosed in hexane, they are likely 264 

integrated into the PA layer formed in the hexane phase. In comparison, Tween 80 is barely soluble 265 

in hexane and was added to the aqueous solution. For this reason, it is substantially less likely that 266 

Tween 80 molecules could be integrated into the PA layer, especially considering that IP is a rather 267 

rapid and self-terminating process. Based on both the results of WCA and N/O values, a small 268 

degree of Tween 80 integration was observed only when the Tween 80 concentration exceeded 269 

0.25% w/v. The above explanation on the effect of the surfactants in PA membrane properties 270 

focuses primarily on whether the surfactant molecules exist in the hexane phase where PA is 271 

formed. However, surfactants may have an additional effect via the formation of emulsions, which 272 

will be discussed in the following section.  273 

Emulsions as vehicles and microreactors Like all other surfactants, Tween 80 also promotes 274 

better wetting of the support layer (Supporting Information Figure S3), and both Tween 80 and 275 

Span 80 reduces the interfacial tension between water and hexane (Figure 3A). However, Tween 276 

80 and Span 80 differ from some common surfactants in that their HLB values fall into the ranges 277 

of effective emulsifiers39.  For example, Tween 80 (HLB~15) is a good oil-in-water (o/w) 278 

emulsifier (HLB range: 8-18), whereas Span 80 (HLB~4.3) is a good water-in-oil (w/o) emulsifier 279 

(HLB range: 4-6). To illustrate the effectiveness of these surfactants in emulsification, we 280 

performed experiments to show the stability of the oil/water interface when the surfactants are 281 

added into one of the two phases. Specifically, the oil phase was dosed with an orange, water-282 

insoluble dye (beta carotene) and the water phase was dosed with a blue, oil-insoluble dye (meta 283 

phenylene blue) to clearly show the oil/water interface.  284 

With no surfactants added, the water/hexane interface was relatively clear and stable (Figure 285 

3B, E). No oil dye partitions into the clear water phase (Figure 3B), and no water dye partitions 286 

into the clear oil phase (Figure 3E). When Tween 80 was added into the clear (undyed) water phase 287 
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which was put into contact with the hexane phase containing orange dye, the water phase became 288 

muddy and orange, which indicates the formation of o/w emulsion containing the orange dye 289 

(Figure 3C).  Similarly, when Span 80 was added into the transparent hexane phase which was put 290 

into contact with the blue-dyed water phase, the hexane phase also showed clear evidence of the 291 

formation of w/o emulsions containing the blue dye (Figure 3F).   292 

 293 

Figure 3. (A) Interfacial surface tension of water and hexane as a function of Tween 80 294 
concentration in water (red square) or Span 80 concentration in hexane (blue circle). 295 

Demonstration of the presence of Tween 80 in water leading to the formation of oil-in-water 296 
emulsion upon mixing of water and hexane: (B) control experiment: when tween 80 is absent, no 297 

emulsion (yellow color) is observed in water. (C) the presence of Tween 80 results in the formation 298 
of oil-in-water emulsion (yellow bubbles) in water. (D) control experiment: Tween 80 does not 299 

lead to the formation of water-in-oil emulsion (no blue color) in hexane. Demonstration of the 300 
presence of Span 80 in hexane leading to the formation of water-in-oil emulsion upon mixing of 301 

water and hexane: (E) control experiment: when Span 80 is absent, no color (emulsion) is observed 302 
in hexane. (F) The presence of Span 80 results in the formation of water-in-oil emulsion (blue 303 

bubbles) in hexane. (G) control experiment: Span 80 does not lead to the formation of oil-in-water 304 

emulsion (no yellow color) in water. 305 

In the experiments shown in Figure 3C, F, the dyes, and the surfactants were added into 306 

different phases, which does not clearly show if emulsions also formed in the dyed phase. 307 

Therefore, we performed additional experiments where dyes and surfactants were added in the 308 

same phase. Specifically, when both Tween 80 and water-soluble dye were added into water, no 309 

formation of the blue emulsion was observed in the clear oil phase (Figure 3D). The absence of 310 

emulsification in the oil phase is attributable to the fact that Tween 80, being a good o/w emulsifier, 311 

is a poor w/o emulsifier. Similarly, when both Span 80 and the oil-soluble dye were added into the 312 

oil phase, no o/w emulsion was observed in the water phase (Figure 3G), because Span 80, though 313 

being an effective w/o emulsifier, is a poor o/w emulsifier. 314 
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The emulsification behaviors in the presence of non-ionic surfactants as illustrated using dyed 315 

solutions provide important insights into how interfacial polymerization (IP) can be affected by 316 

these surfactants. Specifically, we consider the effect of monomer transporting via emulsions 317 

containing those monomers, i.e., the emulsions serve as “vehicles” to bring the monomers into 318 

another phase.  For example, when Tween 80 was added into the PIP solution, o/w emulsions 319 

formed in the aqueous solution brought the emulsified oil droplets containing TMC into the water 320 

phase. These emulsified oil droplets served as microreactors for local interfacial polymerization 321 

that led to the formation of short PA fragments. These disconnected segments forming in the water 322 

phase were unlikely integrated into the continuous PA layer formed on the hexane side of the 323 

water/hexane interface. Instead, these segments were likely subject to fast hydrolysis, became 324 

embedded underneath the PA active layer, and had limited impact on the properties of the PA layer.  325 

In fact, the streaming potential measurements reveal almost no difference in surface potential 326 

between the PA layers formed with and without Tween 80 (Figure 2A). The presence of Tween 327 

80 has a relatively small impact (as compared to Span 80 to be discussed) on the WCA and 328 

elemental composition of the PA layer (Figure 2B, C and Table 2), which is likely attributable to 329 

the integration of Tween 80 in the PA layer. We note that the integration of a small amount of 330 

Tween 80 does not affect the surface potential of the PA layer because Tween 80 does not partition 331 

into the hexane phase and is thus not present on and near the surface of the resulting PA layer.  332 

Similarly, the changes in WCA and elemental composition were hardly observed if oil-insoluble 333 

and non-emulsifying surfactants (e.g., SDS or SDBS) were used 31. These observations are all 334 

consistent with the above hypothesis regarding how Tween 80 may affect the PA formation.  Lastly, 335 

the emergence of the nodular and crumpled structures (Figure 1A-C) results from the improved 336 

wetting of the PES substrate by the surfactant-dosed PIP solution, which has been well elaborated 337 

in the work by Niu et al.38 338 



17 
 

 339 

Figure 4. Schematic illustration of the polyamide active layer formation via IP with the addition 340 

of (A) the hydrophilic nonionic surfactant (Tween 80) and (B) the lipophilic nonionic surfactant 341 

(Span 80). 342 

In comparison, adding Span 80 into the hexane TMC solution has a very different impact on 343 

interfacial polymerization. As Span 80 is a highly effective w/o emulsifier, PIP encapsulated in 344 

water-in-hexane (w/o) emulsions transport to the hexane phase via the “vehicle effect”.  The 345 

emulsion-facilitated transport of PIP adds to the trans-interface diffusion of PIP from water to 346 

hexane. These w/o emulsions also serve as microreactors for interfacial polymerization. In this 347 

case, however, the PA formed around the emulsified water droplets because PA tends to form in 348 

the hexane side of the water/hexane interface. These PA fragments are less susceptible to 349 

hydrolysis as they are in the hexane phase and are thus given the opportunity to continue to react 350 

with other PA fragments forming from the reaction between TMC and the PIP diffusing across the 351 

interface between the bulk water and bulk hexane. Eventually, these “PA vesicles” forming at the 352 

w/o emulsion interface merged with the PA film forming at the interface between the bulk phases. 353 

When the PA membrane was dried, the evaporation of water inside these vesicles led to the 354 

formation of collapsed vesicles as observed in Figure 1D-F. In this case, the Span 80 surfactants 355 

were trapped in the collapsed PA layers and contributed substantially to the chemical composition 356 

of the PA layer (Table 1) and the physical properties of the PA layers such as surface potential 357 

(Figure 2A) and WCA (Figure 2B).  358 
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Membrane performance and pore structure. The additions of Tween 80 in water and Span 80 359 

in hexane resulted in distinct membrane performance. When Tween 80 was added into the aqueous 360 

phase, the membrane permeability slightly increased at low Tween 80 concentration due to the 361 

creation of crumpled structure on the membrane surface which increased the specific surface area, 362 

then decreased as the pore size of the TFC-PA membranes decreased at high Tween 80 363 

concentrations (Figure 5A). The measured salt rejection of the TFC-PA NF membranes increased 364 

when Tween 80 concentration increased from 0% w/v to 0.125% w/v (Figure 5A). But when the 365 

Tween 80 concentration exceeded 0.5% w/v, the salt rejections for several salts (except Na2SO4) 366 

declined. The initial increase of the salt rejection was attributable to a reduction of the molecular 367 

weight cut-off (MWCO) of the TFC-PA membranes prepared in the presence of Tween 80 (Figure 368 

5B and inset). In particular, the TFC-PA membranes prepared with a Tween 80 concentration of 369 

0.125% w/v exhibited a remarkable performance for separating divalent and multivalent ions (e.g., 370 

Zn2+, Mg2+, SO4
2-, Fe(CN)6

3-, etc.) from monovalent salt (K+, Na+, NO3
-, etc.) (Figure S6).  371 

This enhancement in the solute separation precision by Tween 80 is similar to what has been 372 

observed in surfactant assembly-regulated interfacial polymerization (SARIP) using SDS31. 373 

Similar to the sulfate group in SDS, Tween 80 has abundant hydroxyl groups on its hydrophilic 374 

end, which can attract the positively charged PIP molecules. Also, the self-assembled Tween 80 375 

network at the water-hexane interface regulates the trans-interface diffusion of PIP from the water 376 

phase to the hexane phase and thereby improves the homogeneity of the pore size distribution of 377 

the resulting PA membrane (Table 3). However, when the Tween 80 concentration reached 0.5% 378 

w/v, the separation performance became compromised as the rejections of divalent cations became 379 

substantially lower (Figure 5A) and the MWCO of the membrane became larger (Figure 5B).  380 

The deterioration in performance at a relatively high Tween 80 concentration is likely 381 

attributable to the integration of Tween 80 molecules in the PA active layer as indicated by both 382 

the measured WCA (Figure 5B) and active layer composition (Table 2). While the exact 383 

mechanism of Tween 80 integration into the PA network is unclear, we speculate that such an 384 

integration is attributable to both (1) the van der Waals interaction between the hydrocarbon chain 385 

of Tween 80 and PA and (2) the hydrogen bond between the hydroxyl groups of Tween 80 and the 386 

amine groups of the PIP (that are diffusing across the interface) and of the formed PA segments.  387 
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 388 

Figure 5. (A) Pure water permeability (line) and rejection of different salts (columns) by the TFC-PA 389 
membranes (prepared by adding Tween 80 in the PIP solution) as a function of Tween 80 concentration. 390 
(B) Rejection of uncharged organic molecules including glycerol, glucose, sucrose, and raffinose by TFC-391 
PA membranes prepared using different Tween 80 concentrations. Inset: pore size distribution of the PA-392 
TFC NF membranes as derived from the rejection curves of uncharged organic molecules. (C) Pure water 393 
permeability (line) and rejection of different salts (columns) by the TFC-PA membranes (prepared by 394 
adding Span 80 in the PIP solution) as a function of Span 80 concentration. (D) Rejection of uncharged 395 
organic molecules including glycerol, glucose, sucrose, and raffinose by TFC-PA membranes prepared 396 
using different Span 80 concentrations. Inset: pore size distribution of the PA-TFC NF membranes as 397 
derived from the rejection curves of uncharged organic molecules. All measurements were carried out at 398 
an applied pressure of 4 bar. Rejection and flux data are reported as the average of three runs, and the error 399 
bars represent the standard deviation. 400 

 401 

 402 

 403 

 404 

 405 

 406 

 407 
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Table 3. Mean pore size and pore size distribution of the PA layers formed from IP with Tween 408 

80 (in water) and Span 80 (in hexane). 409 

Membrane type Mean pore size (Å) Pore size distribution 

Reference (no surfactant added) 3.312 1.238 

Tween 80 

0.05% 3.126 1.222 

0.125% 2.956 1.189 

0.25% 3.046 1.217 

0.5% 3.175 1.245 

Span 80 

0.005% 3.064 1.233 

0.05% 3.124 1.258 

0.25% 3.209 1.241 

0.5% 3.28 1.243 

 410 

Adding a small concentration of Span 80 resulted in a substantial improvement of divalent 411 

cation rejection (Figure 5C), which is again likely attributable to the mechanism of SARIP. It 412 

requires a lower concentration of Span 80 than Tween 80 to induce similar enhancement in divalent 413 

cation rejection, which is likely because Span 80 has a higher surface excess concentration than 414 

Tween 80 (Figure 3A) and can thus form a denser interfacial surfactant network than Tween 80 at 415 

the same bulk concentration46. However, as Span 80 molecules were integrated into the PA 416 

network by an increasing extent with heightened Span 80 concentration, the rejection of divalent 417 

cations systematically decreased. Because of the hydrophobic nature of Span 80, the implantation 418 

of Span 80 inside the polyamide network led to a reduction of the membrane permeability due to 419 

the reduced surface hydrophilicity (Figure 2B). The changes of MWCO and pore size distribution 420 

as a function of Span 80 concentration also follow the same trend as that for divalent cation 421 

rejection (Figure 5D) and are in general consistent with the dependence of membrane properties 422 

(water contact angles and elemental composition) on the Span 80 concentration (Figure 2B, Table 423 

2). In other words, the addition of Span 80 has competing effects of SARIP and surfactant 424 

integration (into the PA network), with the former having a positive impact and the later having a 425 

negative impact on the membrane pore size (Table 3), rejection of divalent cations and on 426 

achieving precise selective ion separation. 427 

 428 
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CONCLUSION 429 

We show in this comparative study how the addition of emulsifying nonionic surfactants in the IP 430 

process can affect the properties and nanofiltration performance of the resulting TFC-PA 431 

membranes. Our experimental results suggest that in addition to the known effects of surfactants 432 

such as SARIP and improved wetting of the supporting layer, the formation of emulsions also has 433 

interesting impacts on the IP process. In particular, the addition into the hexane phase Span 80, 434 

which is an effective w/o emulsifier, has a substantial impact on the various properties 435 

(morphology, surface potential, wetting properties, and composition) and the NF performance of 436 

the resulting TFC-PA membranes via both the “vehicle effect” and integration of surfactants into 437 

the PA layer. Whereas, the addition of a hydrophilic nonionic surfactant, Tween 80, as an effective 438 

o/w emulsifier, reveals a qualitatively similar effect on the structure-performance properties of the 439 

resulting TFC-PA membranes as an anionic surfactant, SDS. This finding not only demonstrates 440 

the mechanism of nonionic surfactant-mediated IP, but also provides additional guidance for the 441 

surfactant selection to tailor the structure and performance of TFC-PA NF membranes. 442 
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