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ABSTRACT 1 

Co-solvent assisted interfacial polymerization (CAIP) has been widely used to increase the 2 

water permeability of thin-film composite (TFC) reverse osmosis (RO) membranes. However, 3 

its outcomes are often poorly understood or unpredictable. To bridge the gap between 4 

conventional wisdom and the real effects of the co-solvent, we report—for the first time, to 5 

the best of our knowledge—empirical evidence in terms of the actual interfacial tension 6 

between two immiscible solutions used in CAIP. According to our results, dimethyl sulfoxide 7 

(DMSO), which is frequently used as a co-solvent, influences IP by interacting with 8 

trimesoyl chloride (TMC). The dipole-dipole interaction between DMSO and TMC was 9 

estimated to increase the TMC concentration at the interface and, thereby, the reaction rate. 10 

Due to the fast reaction, the diffusion barrier forms quickly, reducing the thickness and 11 

roughness of the active layer. The cross-linking degree was also determined to decrease due 12 

to the incomplete reaction that occurs when one of three acyl chloride groups interacts with 13 

Sδ+−Oδ- electrostatic dipoles of DMSO at the interface, as evidenced by the variation in 14 

unreacted acyl chloride groups in the active layer and by the nitrogen/oxygen ratio. Such 15 

morphological changes were consistent with the trend in the performances of the RO 16 

membranes prepared with different amounts of DMSO, and were used to interpret the 17 

possible transport phenomena. 18 

Keywords: Interfacial polymerization, Thin-film composite, Co-solvent, Polyamide, 19 

Interfacial tension 20 

21 
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1. Introduction 22 

Interfacial polymerization (IP), which has been widely used to produce thin-film composite 23 

(TFC) membranes for desalination, has been improved substantially over the past few 24 

decades [1]. As a result, the water permeability of TFC membranes prepared via IP has 25 

become high enough that hydraulic overpressures are not excessive, making reverse osmosis 26 

(RO) using the TFC membranes energy-efficient [2]. Instead, the TFC membranes demand 27 

high selectivity, not only to improve treated water quality but also to reduce the costs of the 28 

pre- and post-treatments [3].  29 

However, it does not necessarily mean that maximizing salt rejection always assures 30 

more benefits. For example, a TFC membrane with extremely high selectivity would 31 

inevitably have too low water permeability due to the constraint imposed by the trade-off 32 

between water permeability and water/salt permselectivity. Low water permeability can entail 33 

great expense in terms of a large footprint and membrane area to produce the same amount of 34 

fresh water per unit area and time, which could cause additional costs due to greater demand 35 

for membrane replacement and chemical cleaning agents [4]. Therefore, to achieve both high-36 

quality treated water and high productivity at a minimum cost, a TFC membrane must be 37 

optimized to balance water permeability and water/salt permselectivity. 38 

For a fine modulation of these two parameters, it is necessary to comprehensively 39 

understand the formation mechanism of TFC membranes. However, it is challenging to fully 40 

determine the detailed IP mechanism because the reaction is not only too fast to observe but 41 

is also affected by many factors (e.g., the organic solution temperature [5]) simultaneously. 42 

Especially, it becomes much more complicated in IP where additives are used. For instance, 43 

Tang et al.[6] reported that lithium cation (Li+) appeared to induce a dense skin layer by 44 

interacting with alcohol amines and thereby increasing the density and reactivity of their 45 
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hydroxyl group while it also seemed to form a hydrophilic and loose surface by making acyl 46 

halides prone to the hydrolysis via complexation. It is also true for co-solvent assisted IP 47 

(CAIP). For this reason, CAIP has mainly been investigated based on the characteristics of 48 

the films obtained after the reaction, and the phenomena have been interpreted with ex-post 49 

information such as morphology and surface chemistry. In many cases, however, such an 50 

interpretation is limited, as it is strongly dependent on the point of view of the observer due to 51 

limited information about the reaction process compared to direct observation and can result 52 

in analysis based on only fragmentary evidence.  53 

To better understand the mechanism underlying CAIP, several studies have put forth the 54 

idea that a co-solvent is likely to promote m-phenylenediamine (MPD) diffusion because it 55 

can reduce the solubility difference or interfacial tension between the two immiscible 56 

solutions [7-13]. However, although the co-solvents reported in the literature were known to 57 

play a similar role, CAIP has shown different morphological features. As such, the complex 58 

system leaves a great deal of room for the interpretation of the phenomena occurring during 59 

IP. This matter can be addressed through an analysis of several aspects of the phenomena and 60 

a broader view. 61 

As part of an effort to grasp the complex system in which CAIP occurs, we scrutinized 62 

the measurable parameters known to affect CAIP in the literature. We chose dimethyl 63 

sulfoxide (DMSO) as a co-solvent and examined how DMSO influences the surface tension 64 

of an MPD aqueous solution, the interfacial tension between the two immiscible solutions 65 

used in IP, and the MPD diffusion rate by measuring them directly. We also tried to clarify 66 

the mechanism underlying IP carried out with DMSO by comprehensively factoring in 67 

several aspects of the DMSO effect. Through our parametric study, we identified another 68 
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previously unknown parameter dictating CAIP and sought to establish a new mechanism 69 

underlying the co-solvent effect based on empirical evidence. 70 

 71 

2. Materials and methods 72 

2.1. Preparation of support membranes 73 

Unless specified otherwise, all chemicals were used as they were received from Sigma-74 

Aldrich. Polymer solutions to fabricate polysulfone (PSf; Udel® P 3500 MB7, Solvay Korea, 75 

Seoul) support membranes were prepared based on the condition recently optimized by our 76 

group [4]. This support membrane features large surface pores, negligible sublayer resistance, 77 

and excellent mechanical strength, which fits the requirements for the support membrane to 78 

prepare high-performance RO membranes [14]. PSf beads (10 wt%) were added and 79 

dissolved in a solvent mixture at a ratio of 1:7 for N-methyl-2-pyrrolidinone (NMP) and N, 80 

N-dimethylformamide (DMF). The dissolved polymer solution was confirmed to have the 81 

viscosity of 5.7×10-2 (±0.5×10-2; n=3) Pa.s (Physica MCR 101, Anton Paar, Austria). Except 82 

for the composition of the solvent mixture, all of the procedures to prepare support 83 

membranes via non-solvent-induced phase separation (NIPS) were carried out as reported 84 

previously [15]. The polymer solution was manually coated on a non-woven fabric using a 85 

casting knife with a gate height of 200 µm and subsequently immersed in tap water at room 86 

temperature for solidification via NIPS. The as-prepared support membrane was stored in a 87 

water bath overnight before use. 88 
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2.2. Preparation of TFC membranes 89 

To determine the effect of DMSO on IP and the performance of TFC membranes, we 90 

performed IP with the aqueous solution containing 2 wt% MPD and various concentrations of 91 

DMSO (0 to 3 wt%). The as-prepared MPD solutions were used to fabricate TFC membranes 92 

with an organic solution comprising 0.1 w/v% trimesoyl chloride (TMC) and hexane (Merck, 93 

Germany). To precisely weigh the mass of TMC, we first froze the original stock of TMC 94 

(liquid) at −20 ºC and subsequently scraped TMC powder off a frozen solid lump of TMC. 95 

This manner allows us to accurately measure the TMC mass within the error range of ±2%. 96 

Other than the composition of the additives, all of the procedures were carried out as 97 

reported previously [2, 4]. In detail, the as-prepared support membranes were immersed in 98 

the MPD aqueous solutions for 1 min and were then subjected to the rolling process to 99 

remove the excess MPD solution. Subsequently, the MPD-soaked support membranes were 100 

immersed in a TMC solution for another 1 min. The as-prepared TFC membranes were 101 

washed with hexane to remove unreacted TMC monomers and then immediately cured at 102 

60 °C for 10 min. The TFC membranes prepared using 0, 1, 2, and 3 wt% DMSO were 103 

marked as TFC-D0 (control), TFC-D1, TFC-D2, and TFC-D3, respectively.  104 

 105 

2.3. Determination of surface and interfacial tensions 106 

The surface tension of aqueous MPD solutions with different DMSO concentrations was 107 

evaluated based on the Wilhelmy plate method using a tensiometer (DCAT11, Dataphysics, 108 

Germany) at 25±0.5 °C. The aqueous mixture was stirred at 300 rpm for longer than 10 min 109 

at least to make it homogeneous once DMSO was added, and this procedure was also used 110 

when preparing the samples for the interfacial tension measurement. The used Wilhelmy 111 
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platinum-iridium plate (length: 10 mm, width: 19.9 mm, thickness: 0.2 mm) was rinsed with 112 

isopropanol and burned with a Bunsen burner to thoroughly remove the residue in the parts 113 

wetted during the measurement. The test probe was reused to assess the surface tension after 114 

cooled down enough. 115 

A tensiometer was also used to evaluate the interfacial tension between aqueous solutions 116 

(heavier test liquids) and organic solutions (lighter test liquids). The buoyancy force of an 117 

organic solution was first assessed by dipping the test probe in an organic solution (Fig. (1)). 118 

Note that an organic solution should be filled to at least the minimum filling height (13 mm) 119 

to ensure that the test probe is entirely submerged into an organic solution and the buoyancy 120 

is correctly measured (Fig. 1(a)). Next, the surface tension of an aqueous solution was 121 

measured as described above (Fig. 1(b)). The minimum filling height of an aqueous solution 122 

is also 13 mm. An organic solution was carefully poured on top of the aqueous solution along 123 

the wall of the vessel, and the weight was measured while the test probe moved back to the 124 

interface between air and the organic solution (Fig. 1(c)). The measured weight corresponds 125 

to the gravitational force of the interfacial layer and can be used to calculate the interfacial 126 

tension based on the Wilhelmy equation (Eq. (1)). 127 

Fig. 1. Schematic diagram of the measurement of (a) the buoyancy of an organic solution, (b) the 
surface tension of an aqueous solution, and (c) the interfacial tension between organic and aqueous 
solutions. This figure shows the side view of the Wilhelmy plate, which is shown as larger than in 
reality. 
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σ = 
FG

L ·	cosθC
                      (1) 128 

where σ is the interfacial tension, FG is the gravitational force, L is the wetted length of the 129 

plate, θC is the contact angle. 130 

 131 

2.4. Diffusion kinetics of MPD monomers 132 

Ultraviolet-visible (UV-vis) spectroscopy (UV-1800, Shimadzu, Japan) was used to 133 

examine how the diffusion rate of MPD changes with DMSO concentration, as described 134 

previously [9]. We first filled 0.5 mL of an aqueous MPD solution in a quartz cuvette to 135 

make sure the liquid-air interface to be placed below the light source, and then immediately 136 

added 1 mL of hexane on top of the aqueous solution. Then, the UV absorption spectra were 137 

recorded at 288 nm every 3 s for 4 min. 138 

 139 

2.5. Membrane characterization 140 

Electron microscope images of the polyamide active layers were taken using a field 141 

emission scanning electron microscope (FESEM; JSM-7600F, JEOL, Japan). Prior to 142 

acquiring the cross-sectional images, the TFC membranes were freeze-fractured in liquid 143 

nitrogen, dried in air overnight, and then coated with platinum by means of a sputter coater 144 

(JEC-1600, JEOL, Japan). The as-acquired cross-sectional images were used to measure the 145 

active layer thickness, as described previously [2, 4, 16-18]. The average thickness of an 146 

active layer was obtained at five arbitrary locations, and the five average thicknesses were 147 

used to determine the mean of the average thickness. The roughness and surface area of the 148 
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active layer were measured using an atomic force microscope (AFM; NX10, Park Systems, 149 

Korea).  150 

Table 1. Peak assignments of the IR active vibrations of PSf or amide groups. 151 

Polymer Frequency 
(cm-1) Assignment Ref. 

Polyamide 

950 Stretching vibration of acyl chloride groups [19] 

3250-3300 Amide A (N-H stretch in resonance with amide II overtone) [20] 

3080 Amide B [20] 

1663 
Amide I (C=O stretching – dominant contributor, C–N 
stretching, and C–C–N deformation vibration 
in a secondary amide group) 

[21] 

1541 
Amide II (N–H in-plane bending and N–C stretching 
vibration of a –CO–NH– group) 

[21] 

1230-1330 Amide III (N-H bend in plane and C-N stretch) [20] 

625-770 Amide IV (Mainly O=C-N deformation) [20] 

1609 
Aromatic amide (N–H deformation vibration or C=C ring 
stretching vibration) 

[21] 

~1395 COO- (C=O stretch) [20] 

1411 Carboxyl acid group (O-H deformation) [22] 

PSf 

1488, 1504 
~1587  

Aromatic in-plane ring bend stretching vibration [21] 

1365-1385 C–H symmetric deformation vibration of >C(CH3)2 [21] 

1280-1350 Asymmetric SO2 stretching vibration [21] 

~1245 
C–O–C asymmetric stretching vibration of the aryl–O–aryl 
group 

[21] 

 152 
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The unreacted acyl chloride groups of as-prepared membranes were characterized using a 153 

Fourier transform infrared (FTIR) spectrometer (IR Prestige-21, Shimazu, Japan) equipped 154 

with attenuated total reflection (ATR) right after the IP and curing process. An FTIR analysis 155 

was adopted to effectively distinguish the unreacted acyl chloride groups assigned to 950 cm-156 

1 without superimposed interference from other groups because it is far from other peaks 157 

assigned to PSf or amide groups (see Table 1 for more details).  158 

Meanwhile, the FTIR spectra of acyl chlorides could also be useful in simply 159 

approximating the degree of cross-linking, given that the cross-linked portion does not 160 

contain the functional groups theoretically. However, strictly speaking, it is not appropriate to 161 

quantitatively discriminate the cross-linking degree based on the relative intensity of acyl 162 

chlorides because their hydrolysis can occur even by water vapor in the air (Fig. S1). Instead, 163 

it is possible to estimate the cross-linking degree based on the density of carboxyl groups in 164 

that the linear portion comes to have carboxyl groups, which are not as variable as acyl 165 

chlorides, after full hydrolysis of acyl chlorides whereas the cross-linked one does not. 166 

Unfortunately, however, it is hard to differentiate the peak assigned to a carboxyl group from 167 

those of PSf because the relevant peaks are too close to each other (see Table 1 for more 168 

details). On the other hand, provided that PSf is removed with organic solvents to rule out the 169 

influence of PSf, it could be too difficult to keep a polyamide layer intact and to get reliable 170 

data on account of the possible deformation (e.g., swelling) of a polyamide layer. For this 171 

reason, the cross-linking degree of an active layer was investigated using X-ray photoelectron 172 

spectroscopy (XPS; Axis-HSI, Kratos Analytical, UK) by comparing the relative atomic 173 

concentrations of nitrogen and oxygen in an active layer as described previously [2, 7, 23-25]. 174 

To evaluate the average roughness and N/O ratio, five different samples of each TFC 175 

membrane were used to make sure to thoroughly assess the repeatability.  176 
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The mean pore diameter and molecular weight cut-off of the as-prepared TFC 177 

membranes were estimated based on the Stokes radii of ethylene glycol, diethylene glycol, 178 

and polyethylene glycol (PEG) with various molecular weights (PEG 200, PEG 400, PEG 179 

1,000, and PEG 3,000) used in solute transport along with their rejection. The Stokes radii of 180 

ethylene glycol and diethylene glycol were calculated based on Eq. (2) [26]. 181 

rs = 4.61×10-2 M0.395                (2) 182 

where rs is the Stokes radius (nm) and M is the molecular weight of used solutes. 183 

The Stokes radii of PEG were calculated based on Eq. (3) [27]. 184 

rs = 16.73×10-3 M0.557               (3) 185 

The solute concentration was 1,000 ppm, and the filtration test was conducted at 500 rpm and 186 

10 bar. 187 

Lastly, the surface zeta potential of the as-prepared TFC membranes was measured with 188 

a Zetasizer Nano ZS (ZEN3600, Malvern, UK). Prior to the measurement, all of the TFC 189 

membranes were stored in deionized water for over 24 h for full hydrolysis of acyl chlorides 190 

and air-dried for another 24 h. An electrolyte solution was prepared using a moderate 191 

concentration of NaCl (1mM) to avoid excessive Joule heating. A 10% latex (300 nm) 192 

solution was used as a tracer solution after diluted 1:2000 with the electrolyte solution. 193 
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2.6. Membrane filtration test 194 

The water flux (L m-2 h-1; LMH) and salt rejection (R = 1 − 
Cp

Cf
; %) of three different 195 

samples of each TFC membrane were evaluated using a bench-scale cross-flow filtration 196 

system equipped with a permeation cell (CF042, Sterlitech, Kent, WA, USA) with the 197 

effective membrane area of 42 cm2. Cp and Cf are the salt concentrations of the permeate and 198 

feed solutions, respectively. The cross-flow system was stabilized with a 2,000 ppm NaCl 199 

solution at a hydraulic pressure of 25 bar and a cross-flow rate of 0.8 L min-1 for 30 min 200 

before the permeate solution was collected. The permeate solution was then collected for 201 

another 30 min at 15.5 bar. The volume and conductivity of the permeate solution were 202 

measured to calculate water flux and salt rejection, respectively, as reported previously [2, 4]. 203 

Based on the water flux and salt rejection, the following parameters were obtained: 204 

A = 
Jv

∆P – ∆π
                       (4) 205 

B = 
�1 – R� · A · (∆P – ∆π)

R
            (5) 206 

where A is the water permeability coefficient, B is the salt permeability coefficient, Jv is the 207 

volumetric water flux, ∆P is the pressure difference across the membrane, and ∆π is the 208 

osmotic pressure difference across the membrane. The water/salt permselectivity (αW/S) of the 209 

TFC membranes was acquired from the following relationship: 210 

αW/S = 
PW

PS
                         (6) 211 

PW = 
Rg · T · L · A

Mw
                   (7) 212 

PS = B · L                          (8) 213 
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where PW is the water permeability, PS is the salt permeability, Rg is the ideal gas constant, T 214 

is the absolute temperature, L is the active layer thickness, and Mw is the molecular weight of 215 

water. 216 

 217 

2.7. Statistical analysis 218 

All statistical analyses were carried out with Prism 6 Version 6.04 (GraphPad). One-way 219 

analysis of variance (ANOVA) with Dunnett’s multiple comparison tests and Student t-test 220 

were used to assess the statistical significance of the differences between the surface or 221 

interfacial tensions, which were measured by changing the concentration of DMSO or co-222 

solvent types. The adjusted P values (Padj) were included to allow multiple comparisons. 223 
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3. Results and discussion 224 

3.1. Does DMSO have a direct impact on the interfacial tension and MPD diffusion rate? 225 

Table 2. Comparisons between phenomena observed or characteristics of the active layer 226 
formed from CAIP. This table shows only CAIP where MPD and TMC were used, for valid 227 
comparative studies. The co-solvents used in the literature are known to increase the miscibility 228 
between the two immiscible solutions, to reduce the solubility difference, to decrease the 229 
interfacial tension, or to enhance MPD diffusion. 230 

Additive 
(Phase) 

Active layer 
thickness 

Active layer 
roughness 

Cross-linking degree 
or pore size 

Interfacial 
tension† 

MPD 
diffusion Ref. 

DMSO 
(Aqueous) 

Decrease Decrease 

Decrease 
(Cross-linking degree); 

Increase 
(Pore size) 

Not 
significant 

Not 
significant 

This  
work 

DMSO 
(Aqueous) 

N.A. Increase 
Increase 

(Cross-linking degree; 
Pore size & number‡) 

N.A N.A [7] 

DMSO 
(Aqueous) 

Increase Decrease 
Increase 

(Cross-linking degree) 
N.A N.A [8] 

Hexamethyl 
phosphoramide 

(Aqueous) 
Increase Increase 

Increase 
(Cross-linking degree) 

N.A. Increase [9] 

Acetone 
(Organic) 

Decrease Decrease 
Increase 

(Pore size) 
N.A Increase [10] 

Acetone 
(Aqueous) 

Increase N.A. 
Increase 

(Cross-linking) 
N.A. N.A. [11] 

Propanone/ 
Butanone 
(Organic) 

Decrease Decrease 
Increase 

(Pore size) 
N.A. N.A. [12]  

Ethanol/ 
Ethylene glycol/ 

Xylitol 
(Aqueous) 

Increase Variable§ 
Decrease 

(Cross-linking degree) 
N.A N.A [13] 

†Interfacial tension between aqueous solutions containing different concentrations of DMSO and 231 
hexane. 232 
‡Aggregate pores (3.5 to 4.5 Å) increased in size but decreased in number, whereas network pores 233 
(2.1 to 2.4 Å) increased in both size and number. 234 
§The roughness increased when the co-solvents of 1 wt% were added, but further addition (6 wt%) 235 
effectively reduced the roughness. 236 
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We investigated the characteristics of the active layer formed via the IP carried out with 237 

different concentrations (0 to 3 wt%) of DMSO. Our results demonstrated that the thickness, 238 

roughness, and cross-linking degree of the active layer decreased as DMSO loading increased 239 

(Figs. 2(a) to 2(c); see Table 2 for a comparison with the literature). These phenomena can 240 

probably be explained in a similar way to that introduced in the literature [7-13]. On the other 241 

hand, a simulation study [28] showed no significant change in the interfacial tension between 242 

water and hexane within the DMSO concentration range. According to the simulation study, 243 

the interfacial tension between water and hexane was reduced only from 53 to about 50 mN 244 

m-1 as DMSO was added from 0 to 1 mole % (which translates to the variation in the 245 

concentration from 0 to 4.2 wt%). For this reason, we eliminated as much guesswork as 246 

possible and directly measured the surface tension of the MPD/DMSO mixtures and the 247 

interfacial tension between the mixtures and hexane to ascertain the DMSO effect from 248 

various perspectives. To the best of our knowledge, no study has measured the change in 249 

interfacial tension induced by co-solvents. 250 

Fig. 2. (a) The average thickness, (b) roughness, and (c) N/O ratio of the TFC membranes prepared with 
different concentrations of DMSO. See Figs. S2 and S3 for the average thickness and roughness, respectively. 
Error bars indicate the standard deviations of the mean (for (a)) and standard deviations (for (b) and (c)) 
obtained from five different samples. Note that the TFC-D0, TFC-D1, TFC-D2, and TFC-D3 stand for the 
TFC membranes prepared using 0, 1, 2, and 3 wt% DMSO, respectively. 
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We found no significant difference between the surface tension of the MPD solutions 251 

including different amounts of DMSO (Fig. 3). DMSO reduced the surface tension of the 252 

MPD solution from 70.3 to 68.9 mN m-1 even at 3 wt% (Fig. 3). This was also the case for 253 

the interfacial tension between aqueous MPD solutions containing different concentrations of 254 

DMSO and hexane (Fig. 3), which was consistent with the simulation study. Next, we 255 

Fig. 3. Surface and interfacial tensions measured using MPD aqueous solutions with different DMSO 
concentrations. Hexane was used as an organic solvent when the interfacial tension was measured. 
Error bars indicate the standard deviations obtained from three different samples. In Graph Pad 
Prism 6 software, a significant difference is indicated as follows: NS (not significant) P > 0.05 (see 
Tables S1 and S2 for more details). 

Fig. 4. The absorbance variations observed while MPD monomers diffuse into hexane from aqueous solutions 
containing different concentrations of DMSO. Error bars indicate the standard deviations obtained from five 
different samples.  
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attempted to ascertain whether DMSO would enhance MPD diffusion, given that DMSO 256 

probably increases the miscibility of the two immiscible solutions [7, 8, 11, 13]. However, it 257 

was difficult to find any significant difference in the MPD diffusion rates (Fig. 4). The 258 

similar MPD diffusion rates show that DMSO in the transitional zone (or reaction zone) at 259 

the interface is not key to facilitating MPD diffusion within the DMSO concentration (0 to 3 260 

wt%), perhaps because the MPD diffusion rate is already fast enough due to the much higher 261 

concentration compared to that of TMC. 262 

 263 

3.2. A new perspective on the role of DMSO in IP 264 

The effect of DMSO on IP may possibly be associated with TMC rather than MPD. It is 265 

this second belief in the DMSO effect that we put into question in this work. However, it is 266 

quite challenging to predict or compare the behavior of TMC occurring in IP because TMC 267 

rarely diffuses toward an aqueous phase, unlike MPD, which can diffuse into an organic 268 

phase. Instead, we noted that MPD itself decreased the interfacial tension between water and 269 

hexane from 47.1 to 37.9 mN m-1 (Fig. 3), while the surface tension did not show a 270 

significant difference before (72.1 mN m-1) and after (70.3 mN m-1) adding MPD to the water 271 

(Fig. 3). This phenomenon is attributed to the adsorption of solutes onto the interface. 272 

According to the literature [29, 30], if solutes are added and accumulate on the interface, the 273 

adsorption of solutes occurs on the interface and inhibits the coalescence of water droplets at 274 

the interface, while the solutes form larger numbers of hydrogen bonds (or other types of 275 

electrostatic forces such as induced dipole-dipole interaction) with water molecules. For this 276 

reason, the presence of solutes at the interface decreases interfacial tension, and this tendency 277 

becomes more pronounced with an increase in the concentration of solutes at the interface. 278 
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We can therefore estimate that the presence of MPD at the interface was accompanied by the 279 

observed reduction in interfacial tension. 280 

The above observation suggests that the concentration of TMC at the interface could be 281 

indirectly assessed by monitoring the change in the interfacial tension with different DMSO 282 

loadings and could be a measure of the interaction between DMSO and TMC. To test the 283 

hypothesis, we measured the interfacial tension between the TMC solution and the aqueous 284 

solutions including different concentrations of DMSO and verified whether the concentration 285 

of TMC at the interface varies with the added DMSO. As shown in Fig. 5(a), the interfacial 286 

tension between aqueous solutions containing 0 to 3 wt% DMSO and the TMC solution was 287 

reduced to a statistically significant level (from 45.6 to 39.0 mN m-1) with an increase in the 288 

DMSO concentration, which means that the concentration of TMC at the interface increased 289 

with DMSO loading. 290 

 291 

Particularly, the above result piqued our interest in that other polar aprotic solvents (e.g., 292 

NMP, DMF, and acetone) considerably reduced the interfacial tension (Fig. 5(b)) once they 293 

were added in an aqueous solution regardless of the presence of TMC in an organic phase. 294 

This discrepancy results from the different dielectric constants. In detail, a dielectric constant 295 

relates to solvent polarity which indicates the sum of both specific and non-specific 296 

interactions between different molecular species [31, 32]. Accordingly, significantly different 297 

two solvents in the view of dielectric constant should possess quite different polarities, 298 

necessarily making them less miscible. In this context, it is noteworthy that DMSO has the 299 

dielectric constant of 48.9 whereas the others have relatively low values (e.g., 32.2, 36.7, and 300 

20.6 for NMP, DMF, and acetone, respectively. See Table 3 for more details.). In short, the 301 

other polar aprotic solvents seemed more miscible with hexane owing to their lower dielectric 302 
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constants, such that they drastically reduced the interfacial tension between aqueous solutions 303 

and pure hexane. Due to the already lowered interfacial tension, the interfacial tension did not 304 

noticeably differ or slightly changed after TMC was added to hexane (Fig. 5(b)), making it 305 

hard to clearly determine whether the other co-solvents also increased the TMC partition at 306 

Fig. 5. (a) Interfacial tensions between water with different concentrations (0 to 3 wt%) of DMSO and 
hexane or a 0.1 w/v% TMC solution. One-way ANOVA with Dunnett’s multiple comparison test was 
performed to compare interfacial tensions (see Tables S3 and S4 for more details). (b) Interfacial 
tensions between water containing 3 wt% of different co-solvents and hexane or a 0.1 w/v% TMC 
solution. Student’s t-test was conducted to compare interfacial tensions (see Table S5 for more details). 
Error bars indicate the standard deviations obtained from three different samples. In Graph Pad 
Prism 6 software, a significant difference is indicated as follows: NS (not significant) P > 0.05, * P < 
0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001. 
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the interface. In contrast, DMSO was estimated not to be intermingled with hexane as well as 307 

the aforementioned co-solvents on account of its high dielectric constant (Table 3), and thus, 308 

not to be able to effectively vary the interfacial tension for itself within the concentration 309 

range. Based on the above discussion, we could conclude that the reduction in the interfacial 310 

tension shown in Fig. 5(a) stems from the increase in the TMC concentration at the interface 311 

induced by DMSO, and it could be unambiguously discriminated since the dielectric constant 312 

of DMSO possibly lies above the threshold (which is assumed between 36.7 and 48.9) 313 

leading to a dramatic transition in the interfacial tension. 314 

 315 

Table 3. Dielectric constant, dipole moment, and surface tension of different solvents at 20 ºC  316 
[33]. 317 

Solvent Dielectric constant Dipole moment (D) Surface tension 
(mN m-1) 

Non-polar Hexane 1.89 <0.1 18.4 

Polar 
aprotic 

DMSO 48.9 4.00 43.7 

NMP 32.2 4.09 40.8 

DMF 36.7 3.86 37.1 

Acetone 20.6 2.91 23.7 
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Next, we examine the probability that the increased TMC concentration at the interface 318 

and the resulting reduced interfacial tension arise from the interaction between DMSO and 319 

TMC as follows. TMC monomers are expected to be delocalized over a volume of a TMC 320 

solution at the beginning of IP. However, when DMSO exists in an aqueous phase, TMC 321 

monomers could interact with DMSO via the dipole-dipole interaction between the Sδ+−Oδ- 322 

electrostatic dipoles of DMSO and carbonyl oxygens of TMC (Fig. 6) because the carbonyl 323 

oxygens can induce a dipole-dipole interaction [34, 35]. The interaction between DMSO and 324 

TMC can yield a relatively localized TMC distribution (i.e., an increase in the TMC 325 

concentration) at the interface. The accumulated TMC on the interface is assumed to hinder 326 

the coalescence of water molecules surrounding the DMSO at the interface via the interaction 327 

and to eventually decrease the interfacial tension, as shown in Fig. 5. Note that the decrease 328 

Fig. 6. Schematic illustration of how DMSO affects IP via the dipole-dipole interaction between DMSO 
and TMC at the interface. Color scheme: N, black; C, grey; O, red; H, white; S, yellow; Cl, blue. 
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in the interfacial tension arises not from the addition of DMSO itself but from the increased 329 

TMC concentration due to the interaction between DMSO and TMC. As such, DMSO is 330 

thought to increase the TMC concentration at the interface by interacting with TMC rather 331 

than that it alone gives a direct contribution to IP. 332 

Lastly, we attempt to further explore the possibility of whether DMSO could also increase 333 

the TMC concentration at the interface via a dipole-dipole interaction even in the midst of the 334 

reaction between MPD and TMC. For verification, it is first required to examine if DMSO 335 

could encounter TMC at the interface prior to MPD. Here, we zero in on the phenomena 336 

occurring at the interface rather than embracing those over the reaction zone. In order to 337 

estimate the probability, the diffusivity in the aqueous phase and molar ratio at the interface 338 

are important factors to be considered. According to the literature, the diffusivity of DMSO 339 

(10-5 cm2 s-1 [36]) in the aqueous phase is known to be similar to that of MPD (8.4×10-6 cm2 340 

s-1 [37]). Therefore, DMSO is presumed to be able to diffuse to the interface at a similar rate 341 

to MPD, which means that the probability to meet TMC monomers at the interface would 342 

depend more on the DMSO/MPD molar ratio. Although it is hard to predict the exact molar 343 

ratio at the interface because it should be different from in the bulk (0.7, 1.4, and 2.1 for 1, 2, 344 

and 3 wt% DMSO/2 wt% MPD), we could at least estimate from the above discussion that a 345 

certain portion of TMC monomers could be exposed to DMSO even during CAIP and 346 

thereby dynamically delocalized at the interface via a dipole-dipole interaction. 347 
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3.3. Thin and smooth polyamide films resulting from the interaction between DMSO 348 

and TMC 349 

We attempt to explain the phenomena observed in this study by correlating the obtained 350 

data in terms of the active layer characteristics with the interaction between DMSO and TMC. 351 

We think that the concentration of TMC at the interface increases due to the interaction 352 

between DMSO and TMC as more DMSO is added, which in turn leads to the faster reaction 353 

rate of IP given that the reaction rate has a positive correlation with the concentration of the 354 

reactant [38]. As a result of the fast IP reaction, the diffusion barrier can be formed more 355 

quickly before MPD diffuses deep into an organic phase, seemingly resulting in a thin and 356 

Fig. 7. (a) The average thickness and (b) roughness of the TFC membranes prepared with different 
concentrations of TMC. An aqueous solution containing only 2 wt% MPD was used for IP. See Figs. S4 
and S5 for the average thickness and roughness, respectively. Error bars indicate the standard 
deviations of the mean (for (a)) and standard deviations (for (b)) obtained from five different samples.  
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smooth active layer. This hypothesis is also in line with the assumption that the thickness of a 357 

reaction-diffusion boundary layer is inversely proportional to the square root of the initial 358 

TMC concentration [37]. To further verify how the variation in the TMC concentration 359 

induced by DMSO can impact the thickness and roughness of the active layer, we attempted 360 

to create a similar situation by intentionally adjusting the added amount of TMC in hexane 361 

and inquired into what happens during IP when the TMC concentration becomes higher as 362 

more TMC is added. It is evident in Figs. 7(a) and 7(b) that the thickness and roughness of 363 

the active layer gradually decrease as the TMC concentration increases with more TMC 364 

loading. These results support the hypothesis that the IP, which is accompanied by the 365 

interaction between DMSO and TMC, possibly forms a thin and smooth active layer as the 366 

TMC concentration at the reaction zone increases upon DMSO loading. 367 

 368 

3.4. Empirical evidence suggesting that the interaction between DMSO and TMC alters 369 

the cross-linking degree 370 

 371 

Also noteworthy is the change in the cross-linking degree. According to the literature [7], the 372 

ratio of nitrogen to oxygen (N/O ratio) of polyamide films prepared via IP using MPD and 373 

TMC can be used for the relative comparison of the cross-linking degree. The N/O ratio falls 374 

between 0.5 and 1, where values closer to 0.5 and 1 indicate lower and higher cross-linking 375 

degrees, respectively. Given the trend in the N/O ratio shown in Fig. 2(c), we can conclude 376 

that the cross-linking degree decreased with DMSO loading. The lowered cross-linking 377 

degree as the content of DMSO was increased can also be understood in relation to the 378 

interaction between DMSO and TMC. As indicated in Fig. 6, only two of three acyl chloride 379 
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groups of TMC are used to form the linear portion, whereas all the three groups should react 380 

with MPD to cross-link polyamide chains, which indicates that the cross-linking degree 381 

depends on the extent of the incomplete reaction between MPD and TMC. Based on this 382 

point, we investigated whether one of the acyl chloride groups was not used for the reaction 383 

with MPD but intercepted while interacting with the Sδ+−Oδ- electrostatic dipoles of DMSO 384 

(Fig. 6). To obtain the empirical evidence of the incomplete reaction, we zeroed in on the 385 

Fig. 8. FTIR spectra showing the change in the peak, which is assigned to acyl chloride groups, 
observed at 950 cm-1 (a) before and (b) after washing the TFC membranes prepared using different 
concentrations of DMSO with deionized water (i.e., before and after the hydrolysis of acyl chloride 
groups). Note that the TFC-D0, TFC-D1, TFC-D2, and TFC-D3 stand for the TFC membranes 
prepared using 0, 1, 2, and 3 wt% DMSO, respectively. FTIR spectra observed at 950 cm-1 (c) before 
and (d) after washing the prepared TFC membranes prepared using different concentrations of TMC 
with DI water. Note that the TFC-TMC0.1, TFC-TMC0.2, TFC-TMC0.4, and TFC-TMC0.8 stand for 
the TFC membranes prepared using 0.1, 0.2, 0.4, and 0.8 w/v% TMC, respectively. 
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FTIR peak at about 950 cm-1. We noticed the peak for the following reasons: i) the peak 386 

appeared (Figs. 8(a) and 8(b)) only before the as-prepared membranes were washed with 387 

deionized water (i.e., Fig. 8(a) was obtained when the unreacted acyl chloride groups were 388 

left intact, whereas Fig. 8(b) was done after they were hydrolyzed) and ii) it is known from 389 

the literature to be assigned to the stretching vibration of acyl chloride groups [19]. Fig. 8(a) 390 

shows that the relative intensity of acyl chloride groups was higher in all of the TFC 391 

membranes prepared with DMSO as compared to the TFC-D0. Considering that more 392 

unreacted acyl chlorides stems from a more linear portion, Fig. 8(a) conversely accounts for 393 

that less cross-linking occurred as more DMSO was added. Overall, this result indicates that 394 

the interaction between DMSO and TMC leads to an incomplete reaction between MPD and 395 

TMC, thereby reducing the cross-linking degree. Although an accurate quantitative 396 

assessment could not be made regarding the cross-linking degree only with the trend in the 397 

FTIR peaks assigned to unreacted acyl chloride groups (observed at 950 cm-1), we believe 398 

that the approach using FTIR spectra is likely to contribute to interpreting the phenomena 399 

during CAIP from various angles along with the N/O ratio data. 400 

 401 

3.5. Second thoughts about whether the cross-linking degree could be affected by other 402 

factors than the interaction between DMSO and TMC 403 

Meanwhile, we also tried to weigh the possibility of whether the cross-linking degree 404 

could be more affected by other factors than the interaction between MPD and TMC, to see 405 

the other side of the process where a polyamide layer is cross-linked and thereby to avoid the 406 

above interpretation being only half the story. According to Ghosh et al. [39], cross-linking 407 

was assumed to be negatively related to MPD solubility whereas it seemed to have a positive 408 

correlation with MPD diffusivity. Unfortunately, however, we could not attempt to interpret 409 
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the phenomena regarding the cross-linking degree based on the relevant characteristics of 410 

MPD because we verified that there was no significant distinction in both solubilities (Fig. 3) 411 

and diffusivities (Fig. 4) of MPD regardless of the addition amount of DMSO due to the 412 

already high concentration of MPD monomers. On the other hand, it may be possible that 413 

DMSO addition might enhance the solubility and diffusivity of TMC in the aqueous phase, 414 

which could change the MPD/TMC stoichiometry at the reaction zone and the cross-linking 415 

degree of a polyamide active layer. In this case, we cannot make light of the influences of 416 

DMSO on the TMC’s solubility/diffusivity in discussing the cross-linking. 417 

First, we performed an FTIR analysis for the TFC membranes prepared using different 418 

concentrations (0.1, 0.2, 0.4, and 0.8 w/v%) of TMC at 950 cm-1 in order to determine 419 

whether the incomplete reaction between MPD and TMC monomers and the consequent 420 

cross-linking degree can be altered simply by the MPD/TMC stoichiometry at the reaction 421 

zone as the cases of the thickness and roughness. According to the FTIR spectra (Fig. 8(c)), 422 

there was no noticeable change in the FTIR peaks although the peaks were observed before 423 

the unreacted acyl chloride groups were hydrolyzed. This result implies that all of the as-424 

prepared TFC membranes possessed unreacted acyl chloride groups at a similar level to one 425 

another regardless of the used TMC concentration, and furthermore, the incomplete reaction 426 

between MPD and TMC was not governed single-handedly by the MPD/TMC stoichiometry 427 

at the reaction zone. This fact corroborates that DMSO did more (e.g., the interaction with 428 

TMC at the interface) during CAIP than changed only the MPD/TMC stoichiometry at the 429 

reaction zone. From the above case, we could rule out the possibility that the MPD/TMC 430 

stoichiometry at the reaction zone for itself may dominate the incomplete reaction between 431 

MDP and TMC and thereby the cross-linking degree in explaining how DMSO affects the 432 

cross-linking degree. 433 
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It is also important in the context of the DMSO effect to consider the possibility of 434 

whether the solubility and diffusivity of TMC in the aqueous phase could be improved by 435 

DMSO. When it comes to the solubility, it is known that polar solvent molecules can attract 436 

the oppositely charged ends of solute molecules via electrostatic dipole-dipole interaction, 437 

thereby taking a chance to solvate the solute molecules [40]. Given that the Sδ+−Oδ- 438 

electrostatic dipoles of DMSO and carbonyl oxygens of TMC can interact via the dipole-439 

dipole interaction [34, 35], it is in the realm of possibility that DMSO probably increases the 440 

solubility of TMC in the aqueous phase (However, it is true that the solubility of TMC in the 441 

aqueous phase has never been characterized experimentally). On the other hand, the 442 

diffusivity is debatable since it could vary with kinds of solutes. For instance, ions are known 443 

to deform the interface to minimize the free energy of the system, facilitating ion’s transport 444 

[28]. On the contrary, surfactant molecules tend to aggregate at the interface because they 445 

increase the free energy barrier while moving from one phase to another, making the 446 

diffusion of solutes quite tricky [28]. As such, the diffusivity of TMC in the aqueous phase 447 

remains a toss-up. Given the above facts, it is de rigueur to experimentally address the 448 

solubility and diffusivity of TMC in the aqueous phase before we jump to conclusions 449 

without adequate factual basis. Unfortunately, however, it is unachievable in the aqueous 450 

phase to directly observe the TMC’s behavior to evaluate its solubility and diffusivity due to 451 

the diffusion resistance of TMC (Note that TMC is almost insoluble not only in the aqueous 452 

phase [41-43] but also in the formed polymer film [44]). To the best of our knowledge, there 453 

is no way to estimate the two indeterminate properties of TMC in the aqueous solution on 454 

account of the lack of the available technologies as of now, unlike MPD of which the 455 

diffusivity in an organic phase can be measured [37]. Alternatively, we attempt to establish a 456 

possible mechanism to describe how DMSO affects the active layer formation solely based 457 

on the interaction between DMSO and TMC rather than expanding the interpretation of the 458 
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DMSO effect with keeping its influence on the solubility and diffusivity of TMC in the 459 

aqueous phase on the table. What we have discussed about the effect of the interaction 460 

between DMSO and TMC on cross-linking thus far could be summarized as follows.  461 

(1) When DMSO exists in the aqueous phase, it can interact with carbonyl oxygens of 462 

TMC via a dipole-dipole interaction near the interface, which was verified by the 463 

change in the interfacial tension (Fig. 5(a)). 464 

(2) Some of the carbonyl oxygens could be intercepted near the interface during CAIP 465 

while interacting with DMSO for a short period of time. 466 

(3) Since the interaction is not strong enough to keep the products with unreacted acyl 467 

chloride groups at the interface, the products would be transported into an MPD-lean 468 

organic phase along with other products moving away from the interface. 469 

(4) Given that the probability of the collision and reaction between amines and the 470 

unreacted acyl chlorides of the products would be much lower in an MPD-lean 471 

organic phase compared to at the interface, the acyl chlorides left intact are assumed 472 

to remain unused for cross-linking at a relatively high rate. This assumption is 473 

supported by the acyl chloride peaks observed in the FTIR analysis (Fig. 8(a)). 474 

 475 

3.6. Filtration performance of the TFC membranes prepared via IP carried out with 476 

DMSO 477 

Lastly, we examined how the structural transition induced by DMSO alters the 478 

permselectivity of the TFC membranes (Figs. 9(a) to 9(c)). Considering that the IP using 479 

DMSO creates a thinner and looser active layer, DMSO loading was expected to induce a 480 

synergistic effect on enhancing the water flux of the as-prepared TFC membranes although 481 
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the active layer roughness was gradually reduced. As expected, all of the TFC membranes 482 

prepared with DMSO were superior to the control membrane (TFC-D0) in terms of water 483 

flux (Fig. 9(a)). However, the TFC membranes prepared with DMSO also showed an obvious 484 

trade-off between water flux and salt rejection. The relationship between the cross-linking 485 

degree and water/salt permselectivity is of utmost importance to determine where the 486 

behavior of the as-prepared TFC membranes comes from. Indeed, the trend seen in salt 487 

rejection (Fig. 9(a)) bears a striking resemblance to that of the N/O ratio (Fig. 2(c)). 488 

 489 

Table 4. Comparisons of parameters determined from solute transport data of ethylene glycol, 490 
diethylene glycol, and PEG. 491 

Membrane 
Mean pore 

diameter (Å) 
MWCO 

(nm) 

Proportion of pores 
smaller than (< 7.2 Å) 
hydrated Na+ ion (%) 

Proportion of pores 
smaller than (< 6.6 Å) 
hydrated Cl- ion (%) 

TFC-D0 4.00 1.12 76 74 

TFC-D1 4.76 1.44 67 64 

TFC-D2 5.68 1.41 63 58 

TFC-D3 6.68 2.44 53 49 

TFC-D5 8.70 2.87 41 38 

 492 

A small amount of DMSO (e.g., 1 wt%) appeared to reduce the cross-linking degree to a 493 

moderate extent, increasing both water and salt permeability coefficients with balance (Fig. 494 

9(b)). The balance between water and salt permeability coefficients is highly likely due to the 495 

fact that the pore size became larger, but a considerable portion of pores was still smaller than 496 

hydrated ions (Fig. 9(d) and Table 4). As a result of the balance, the observed salt rejection 497 
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could be maintained while the water flux increased. Furthermore, provided that more 498 

carboxyl groups are formed by the hydrolysis of unreacted acyl chlorides (Fig. 9(e)), the 499 

water/salt permselectivity may even increase in some cases by effectively separating hydrated 500 

ions by electrostatic repulsion although the pore size slightly increases with a decrease in the 501 

cross-linking degree. We think that this explanation can account for how the TFC-D1 could 502 

exhibit a higher water/salt permselectivity (Fig. 9(c)) than TFC-D0, even though it was less 503 

cross-linked (Fig. 2(c)). However, excess DMSO tips the balance against permselectivity (Fig. 504 

9(c)), as it causes too little cross-linking to separate ions properly (Fig. 2(c)). Also, the 505 

imbalance against permselectivity is thought to become more pronounced due to the reduced 506 

surface area accompanied by the effect of cancelling out the increased density of carboxyl 507 

groups with DMSO loading, which is evidenced by the negative zeta potential and surface 508 

Fig. 9. (a) Water flux and salt rejection, (b) water and salt permeability coefficients, and (c) water/salt 
permselectivity of the TFC membranes prepared with different concentrations of DMSO. Note that the TFC-
D0, TFC-D1, TFC-D2, TFC-D3, and TFC-D5 stand for the TFC membranes prepared using 0, 1, 2, 3 and 5 
wt% DMSO, respectively. The TFC-D5 was additionally tested to show a clearer trend of the flux and 
rejection. (d) Plots between the Stokes radii of solutes (ethylene glycol, diethylene glycol, and PEG) with 
different molecular weights and their rejection by the TFC membranes prepared with different 
concentrations of DMSO. (e) Surface zeta potential and surface area of the as-prepared TFC membranes. 
The scanning area is 9 µm2. Error bars indicate the standard deviations obtained from three different 
samples except for those of the surface area obtained from five different samples.  
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area that did not significantly change since they reached a certain value at the TFC-D2 (Fig. 509 

9(e)). We guess that such changes exponentially raised the salt permeability coefficient (Fig. 510 

9(b)), and the salt rejection drastically dropped as DMSO content exceeded 2 wt% (Fig. 9(a)). 511 

These results imply that it is necessary to carefully modulate the formulation of the additive 512 

system to obtain the best performance. 513 

 514 

4. Concluding remarks 515 

We performed systematic studies to consider CAIP in depth and made efforts to draw a solid 516 

conclusion with empirical evidence. We obtained data to determine what happens to the 517 

interface during IP using DMSO and attempted to establish the influence mechanism of 518 

DMSO on IP based on experimentally measured data that are consistent with one another. 519 

According to our results, the thickness, roughness, and cross-linking degree of the active 520 

layer were reduced when the active layer was formed via the IP where DMSO was used as a 521 

co-solvent; this was ultimately due to the dipole-dipole interaction between DMSO and TMC. 522 

Due to the interaction, the TMC concentration at the interface increased as more DMSO was 523 

added, as evidenced by the decreased interfacial tension between DMSO and TMC solutions 524 

with DMSO loading. As the TMC concentration at the interface increased, the reaction rate 525 

became more rapid, such that the diffusion barrier formed faster. A series of the above-526 

mentioned phenomena gave rise to a thinner and smoother active layer. The interaction 527 

between DMSO and TMC was also confirmed to reduce the cross-linking degree by inducing 528 

incomplete reaction between MPD and TMC, which was supported by the FTIR data 529 

showing the transition in the peak with regard to acyl chloride groups and the N/O ratio. Such 530 

morphological variances induced by DMSO improved the water flux remarkably. However, 531 

excess DMSO impaired the membrane performance by substantially lowering the cross-532 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

33 

 

linking degree and thereby upsetting the balance between the water and salt permeabilities. 533 

Therefore, it is necessary to find the optimal balance between the two parameters. 534 

We also think that an increase in TMC concentration at the interface could be found in IP 535 

with the assistance of other kinds of additives, which are also likely to interact with TMC and 536 

thereby increase the partition of TMC at the interface. Therefore, we suggest examining the 537 

change in TMC concentration at the interface based on the interfacial tension between an 538 

aqueous solution and a TMC solution for future work for a more comprehensive 539 

understanding of additive-assisted IP. Meanwhile, it is also worth noting that CAIP led to a 540 

smoother surface which is known to have a lower fouling tendency [45] in that it could offer 541 

a successful strategy to develop antifouling membranes. Lastly, it is still early to draw general 542 

conclusions on the effect of a co-solvent due to the lack of relevant research as shown in 543 

Table 1. Accordingly, more researches are encouraged to collate related data/information and 544 

thereby to get definitive conclusions. We hope that our findings will contribute to a greater 545 

understanding of the CAIP and provide insights into how to make full use of co-solvents to 546 

prepare high-performance TFC membranes with high productivity. 547 
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Highlights 675 

� The interaction between DMSO and TMC was considered as a parameter dictating IP. 676 

� DMSO increased the TMC concentration at the interface during IP.  677 

� The increase in the TMC concentration led to a faster but incomplete IP reaction. 678 

� The faster and incomplete IP changed the morphological features of polyamide films. 679 

� A new mechanism was proposed to clarify the DMSO effect based on empirical evidence. 680 
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