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 13 

Highlights 14 

 This study elucidates the mechanism behind fouling resistance improvement for a 15 

polysulfone membrane by blending polyvinylpyrrolidone (PVP). 16 

 A surface elemental analysis using X-ray photoelectron spectroscopy and contact 17 

angle measurement is conducted to investigate surface hydrophilicity due to a PVP 18 

additive. 19 

 Atomic force microscopy is used to measure the surface adsorption force of 20 

hydrophobic bonding and clarify the effect of the PVP additive. 21 

 The above experimental trends are phenomenologically investigated using a 22 

molecular dynamics simulation to determine the hydrophilicity mechanism and 23 

improve anti-fouling performance of the membrane. 24 
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Abstract 25 

This study elucidates a mechanism to improve fouling resistance for a polysulfone 26 

(PSf) membrane by blending polyvinylpyrrolidone (PVP). PSf is generally hydrophobic 27 

in nature and tends to be fouled by natural organic matter (NOM) due to a hydrophobic 28 

bonding during membrane filtration. Thus, to reduce hydrophobic bonding, a hydrophilic 29 

treatment is conducted using non-solvent induced phase separation, in which PVP is 30 

added to the PSf membrane. To investigate the chemical properties of the membrane 31 

surface, a surface elemental analysis using X-ray photoelectron spectroscopy and contact 32 

angle measurement of water droplets is conducted. It is found that, with an increase in 33 

PVP additive, macroscopic hydrophilicity increases. Next, to measure the surface 34 

adsorption of hydrophobic bonding, atomic force microscopy (AFM) is used. In this study, 35 

the AFM probe tip is chemically modified with hydrophobic matter that mimics 36 

hydrophobic NOM. With this AFM tip, contact force measurements are conducted in 37 

order to measure the absorption characteristics between the membrane surface and the 38 

NOM. Furthermore, a cross-flow filtration test is carried out to measure adsorption 39 

amounts of tannic acid (as a model hydrophobic substance) into the PSf membrane. 40 

Finally, these experimental results were phenomenologically investigated using a 41 

molecular dynamics simulation to clarify the hydrophilicity mechanism and improvement 42 

of anti-fouling performance of the membrane. 43 

 44 
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1. Introduction 49 

Because of the rapid increase in population and industrialization, water shortages are 50 

becoming a serious issue in the world. Water purification membranes are widely used all 51 

over the world to help provide clean water and reduce these shortages. In general, a 52 

filtration method using porous polymer membrane is superior when compared with the 53 

evaporation method, because it has a lower energy cost and does not require large 54 

facilities. 55 

In their practical applications, many kinds of natural organic matter (NOM) accumulate 56 

on the surface of water purification membranes and become an obstacle for efficient 57 

filtration [1, 2]. This is called membrane fouling and it is a critical problem when 58 

polymeric membranes are used. Membrane fouling caused by NOM cannot be removed 59 

using physical cleaning methods such as back washing and the air wash method. In 60 

addition, membrane fouling tends to grow outward from where hydrophobic NOM 61 

initially adsorbs on the membrane surface (the initial contact site of the NOM). Therefore, 62 

development of an anti-fouling membrane is required. 63 

An effective method of preventing fouling is via hydrophilization of the membrane 64 

surface as hydrophobic bonding is the cause of membrane fouling. Hence, there are 65 

several countermeasures that may be used, such as graft polymerization, application of a 66 

hydrophilic polymer coating, and the hydrophilic polymer blending method, among 67 

others [3-5]. This study focuses on using a polymer blend method to add hydrophilic 68 

polymer (called a polymer blend membrane), because it is one of the most common 69 

fabrication processes. Polysulfone (PSF) with surface modification is widely used for membrane 70 

filtration, and then it is employed as target material in this study [6] [7-10]. However, several 71 

questions remain concerning why membrane fouling occurs and how it can be prevented 72 
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by the hydrophilization of the membrane surface. 73 

The purpose of this study is to investigate, via fabrication of a blended polymer 74 

membrane, the mechanisms of membrane fouling by NOM due to hydrophobic bonding. 75 

The essential mechanism is clarified, and its countermeasure proposed, with this insight 76 

useful for developing new membranes for various water environments, such as surface 77 

chemical treatment, examination of intended water environments and long-term operation 78 

of water purification (i.e., reliable and extended membrane service). 79 

 80 

2. Materials and methods 81 

2.1 Fabrication process of porous polymer membrane 82 

This study fabricated porous polymer membranes using the polymer blending method. 83 

We employed the non-solvent induced phase separation (NIPS) process, since it is a very 84 

common fabrication process. First, we prepared three materials: the base material of the 85 

porous membrane, hydrophilic additives for adding to the membrane, and a solvent for 86 

dissolving the base polymer and additives. In this study, polysulfone (PSf) was employed 87 

as the base material, because it is most frequently used as a base material for ultrafiltration 88 

(UF) membranes [11]. N-methyl-2-pyrrolidone (NMP) and polyvinylpyrrolidone (PVP, 89 

K-30) were used for the solvent and additive, respectively. PVP is an additive that plays 90 

a critical role in hydrophilicity. 91 

By mixing the above three materials, the polymer solution was prepared. It was heated 92 

to 135 °C and stirred for approximately 1 h to dissolve all the materials. In order to 93 

fabricate a membrane with good reproducibility, the polymer solution was degassed at 94 

90 °C using a compressor to remove bubbles. Next, the polymer solution was cast on a 95 

flat glass plate and exposed to the atmosphere. During exposure, the polymer solution 96 
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dried and the solution surface solidified. Subsequently, the cast polymer solution was 97 

immersed in ultrapure water (Milli-Q water) at 40 °C in order to induce phase separation. 98 

The phase separation led a self-organizing porous structure in the solidified PSf and PVP. 99 

Finally, it was immersed in diluted hypochlorous acid (500 mg/L) at 70 °C, and the 100 

membrane was washed via immersion in Milli-Q water at 50 °C for 1 h. These fabricated 101 

membranes were stored in Milli-Q water. 102 

To investigate the effect of the PVP additive on the fouling characteristic of the 103 

membrane, membranes were fabricated by adjusting the amount of PVP additive from 0 104 

wt% to 17 wt%. The membrane morphology was characterized using a field-emission 105 

scanning electron microscope (FE-SEM, JSM-7000F, JEOL Ltd., Tokyo, Japan) 106 

operating at 5 kV. The PSf membranes were coated with osmium for SEM observation. 107 

Figure 1 shows the FE-SEM images of the fabricated PSf membrane (with a PVP content 108 

of 0 wt%). On the membrane surface (Fig. 1(a)), innumerable pores measuring several 109 

tens of nanometers were found (categorizing it as a UF membrane). In Fig. 1(b), the cross 110 

section of the membrane is found to be an asymmetric structure where fine pores are 111 

distributed near the top surface, while large pores are formed at the bottom. 112 

 113 

2.2 XPS measurement 114 

In order to quantitatively evaluate the amount of PVP additive on the membrane surface, 115 

elemental analysis was carried out using X-ray photoelectron spectroscopy (XPS; PHI 116 

5000 VersaProbe III, ULVAC-PHI, Inc. Kanagawa, Japan) with Al K(1486.6 eV) as the 117 

radiation source. As mentioned above, the polymer solution created by mixing the three 118 

materials of PSf, NMP, and PVP was used for the fabrication. During the fabrication 119 

process, NMP was completely removed in the coagulation bath stage. Therefore, only PSf 120 
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and PVP remained in the finished membrane. We thus focused on the existence of 121 

nitrogen (N), which exists only in the molecular structure of PVP. From the changes in 122 

peak intensity of the XPS spectrum, the ratios of N to other elements/compounds on the 123 

sample surface were examined. A survey scan (0–1400 eV binding energy range, 117.4 124 

eV pass energy) and a high-resolution scan of N1s (391–411 eV binding energy range, 125 

23.5 eV pass energy) were conducted for each sample. This spectral analysis was 126 

performed for various membranes with PVP quantities of 0, 1, 3, 4, 6, 7, 10, and 17 wt%. 127 

 128 

2.3 Contact angle measurement 129 

Contact angle measurements of water droplets (wettability) are widely used for the 130 

characterization of the hydrophilicity of polymeric surfaces, including polymeric 131 

membranes [12]. Since this study aims to understand the hydrophilicity and 132 

hydrophobicity of the membrane surface, which may depend on the amount of PVP 133 

additive (from 0 to 17 wt%), the contact angles of water droplets on the PSf membranes 134 

were measured using a contact angle meter (DMs-401, Kyowa Interface Science Co., Ltd. 135 

Saitama, Japan). Indeed, Higuchi et al. carried out surface modification of a hydrophobic 136 

PSf membrane using covalently binding PVP for use in artificial dialysis. They reported 137 

that the contact angle of a water droplet was reduced, indicating that the surface 138 

hydrophilicity was improved [3, 13]. In this study, Milli-Q water was used for a 1-L 139 

droplet. However, the droplet may have been absorbed gradually because the PSf 140 

membrane surface had a porous structure (see Fig. 1(a)). Therefore, all measurements of 141 

the contact angle were carried out at 40 s after dripping the droplet. The contact angle was 142 

calculated using the /2 method, which can roughly estimate the contact angle from the 143 

height and radius of the droplet. 144 
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 145 

2.4 AFM adsorption measurement 146 

Since NOM adsorption on the membrane surface plays a critical role in membrane 147 

fouling, atomic force microscopy (AFM; E-SWEEP, Hitachi High-Technologies Co. Ltd, 148 

Tokyo, Japan) was used to measure the surface adsorption forces between the NOM and 149 

the membrane at the nanometer scale. This was done so that we could investigate the 150 

effect of hydrophilization due to the PVP additive on the membrane fouling 151 

characteristics. For this purpose, this study manufactured a new AFM colloidal probe with 152 

chemical modifications. In other words, the AFM probe tip mimicked NOM chemically. 153 

First, polystyrene (PS) particles (Micromod Partikeltechnologie GmbH Co. Ltd., Rostock, 154 

Germany) were prepared. These particles had a diameter of 6.0 m and had functional 155 

groups to simulate organic substances. This study used PS particles, which were 156 

chemically modified by an Octa Decyl Silyl group (C18 group). Indeed, C18 is a 157 

surrogate for hydrophobic substances like proteins, humic substances, etc. In parallel, an 158 

AFM probe (Plateau, NanoWorld Corp., Neuchâtel, Switzerland) with a spring constant 159 

of 0.3 N/m was prepared. It should be noted that this AFM tip has a flat surface with a 160 

circular cross-sectional area of approximately 2 m in diameter. Epoxy resin was used to 161 

adhesively attach the PS particle to the AFM tip. The resin was scooped up with a tungsten 162 

probe using a micromanipulator (MN-4, MMO-203, Narishige Scientific Instrument Lab, 163 

Tokyo, Japan) and placed on the tip of the AFM probe. Next, the PS particle was picked 164 

up using another tungsten probe, and the particle was adhered to the tip of the AFM probe. 165 

After that, it was dried for a few minutes to cure the epoxy resin to achieve strong 166 

adhesion. Figure 2 shows the SEM image of the fabricated AFM colloidal probe. It can 167 

be confirmed that a PS particle with a 6-m diameter was precisely adhered to the AFM 168 
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probe tip. 169 

We measured the interaction force between the AFM tip and the membranes. This 170 

measurement has two steps: an approaching step and a retraction step. In other words, the 171 

AFM probe is pressed down vertically against the membrane surface and then is 172 

withdrawn until complete separation. During the test, the force–displacement curve can 173 

be continuously measured. During the retraction step, the point when minimum force 174 

occurs can be defined as that when the colloidal probe separates from the PSf membrane 175 

(compression is positive, and tension is negative). Therefore, this minimum value was 176 

defined as the adsorption force. As mentioned above, since the C18 group was used to 177 

modify PS particles on the probe surface, the measured adsorption force indicates the 178 

interaction force between the PSf membrane and hydrophobic substances (like NOM). In 179 

this study, each measurement was conducted more than 100 times to evaluate the 180 

adsorption tendency. During the measurement, we use a buffer solution that contained 1 181 

mmol/L sodium hydrogen carbonate (NaHCO3) and 25 mg/L calcium ion (Ca2+) with a 182 

pH of 7.0. This AFM measurement was conducted for various membranes containing 183 

different PVP amounts. For each sample, the AFM measurements were conducted at 184 

twelve different locations in a 10 m × 10 m area, and nine different areas on the 185 

membrane surface were selected. The AFM tip moved (i.e., approached and retracted) 186 

with a speed of 2000 nm/s with a trigger point of 900 nm. 187 

 188 

2.5 Adsorption amount during cross-flow filtration 189 

To verify the hydrophilicity of the membrane due to the PVP additive, the adsorption of 190 

the hydrophobic substance was measured during cross-flow filtration. For this test, the 191 

Milli-Q water solution was mixed with a hydrophobic organic substance and circulated 192 
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along the membrane surface (like cross-flow filtration). Every few minutes, a small 193 

amount of solution was extracted to analyze the chemical components in the solution. It 194 

is expected that when the hydrophobic substance in the solution adsorbs to the membrane 195 

surface, the amount of hydrophobic substances in the solution decrease in the circulating 196 

solution. This trend is dependent on the amount of PVP additive and the circulation time. 197 

For a model hydrophobic substance, this study used tannic acid, which has a benzene ring 198 

in the molecular structure. 199 

Spectroscopic analysis was carried out with an ultraviolet (UV) and visible-light 200 

spectrophotometer (UV spectrometer; UV-1800, Shimadzu Co. Ltd., Kyoto, Japan) for a 201 

chemical component analysis in the circulated solution. When UV light with a wavelength 202 

of 260 nm is irradiated on the solution and measured with a UV spectrometer, the UV 203 

light is usually absorbed by the benzene ring contained in the tannic acid. Thus, if we 204 

track the changes in UV absorbance, it is possible to determine the decreasing content of 205 

tannic acid in the solution, and thus understand the adsorption trend of hydrophobic 206 

substances on the membrane surface. We theorize that adsorption of hydrophobic 207 

substances is the initial stage of membrane fouling. 208 

For this measurement, cross-flow circulation was carried out for 180 minutes, and three 209 

different membranes with PVP contents of 0 wt%, 0.5 wt%, and 6 wt% were investigated. 210 

As a measurement condition, a buffer solution was used that contained 1 mmol/L of 211 

NaHCO3 and 25 mg/L calcium ion (Ca2+) at pH of 7.0. In addition, the solution flow rate 212 

(flowing through the cross-flow cell) was set to 0.0257 m/s. For the tannic acid solution, 213 

the mixture was constantly stirred at 400 rpm using a magnetic stirrer (RS-4DN, AS ONE 214 

Co. Ltd., Osaka, Japan) in order to prevent the fluctuation of chemical components and 215 

solidification of tannic acid in the solution. 216 
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 217 

3. Results and discussion 218 

3.1 XPS measurement 219 

The spectrum from the high-resolution scan was used to calculate the N concentration. 220 

The result is shown in Fig. 3(a), showing that the peak near 399 eV (of the N spectrum) 221 

increases with the addition of PVP. This indicates that this peak is derived from the C–N 222 

bond, which is contained in the PVP molecular structure. The ratio of N on the PSf 223 

membrane surface was calculated from the peak intensity of the XPS spectrum. The result 224 

is shown in Fig. 3(b), showing that the concentration of N increased with increasing PVP 225 

additive. Since this measurement was contacted only once for the beam area (beam 226 

diameter of 100 m), this data may have some scatter; however, the N concentration 227 

tended to monotonically increase with respect to the amount of PVP additive. In addition, 228 

Fig. 3(b) shows that the N concentration rapidly rose from 1.2 wt% to approximately 2.2 229 

wt% and after that it gradually increased. Such a trend qualitatively agrees with the 230 

previous report [14]. 231 

 232 

3.2 Contact angle measurement of water droplet 233 

Figure 4 shows the contact angle versus the amount of PVP additive. This result was 234 

obtained from five measurements for each membrane. It was found that the contact angle 235 

of a water droplet decreased as a function of the PVP amount. This trend suggests that 236 

adding PVP encourages surface wettability of the PSf membrane, indicating that the 237 

membrane is hydrophilic. In addition, the contact angle abruptly decreased from 0 wt% 238 

to 3 wt% of the PVP additive (from 76° to 62°). Alternatively, when the amount of PVP 239 

was 3 wt% or more, the contact angle remained almost constant. From this result, the 240 



11 
 

hydrophilicity abruptly increases with the PVP additive and when the PVP exceeds a 241 

certain amount, the hydrophilicity characteristic does not change. This result corresponds 242 

to the measurement result of XPS for N concentration (Figure 3). 243 

 244 

3.3 AFM adsorption measurement 245 

This section presents the results of the adsorption force measurement by AFM. Figure 246 

5(a) shows the transition of adsorption force between the C18 group and PSf membrane 247 

with respect to the PVP additive. In this figure, raw data is indicated by gray marks and 248 

the averaged data by red marks. For the case of no PVP additive (0 wt%), a large 249 

adsorption force with 80 nN as the maximum value was measured. Alternatively, with a 250 

larger amount of PVP, the adsorption forces tended to be smaller. Therefore, when the 251 

PVP additive increases, the PSf membrane becomes hydrophilic, and C18 (as NOM) is 252 

no longer able to adsorb on the surface. As described above, a large adsorption force 253 

between the C18 and the PSf membrane may accelerate membrane fouling due to NOM. 254 

Therefore, relatively smaller amounts of PVP additive (<1 wt%) play a good role in 255 

surface hydrophilization, resulting in less hydrophobic bonding to prevent membrane 256 

fouling by NOM. 257 

Figure 5(b) shows representative results for the adsorption force frequency. Four 258 

samples with different PVP additive amounts are presented in this figure. For PVP 259 

amounts of 0 and 0.1 wt%, there is a relatively large adsorption force with large data 260 

dispersion. With increasing PVP amount, the adsorption force tends to be smaller and the 261 

data dispersion becomes lower. In Fig. 5(b), it is also found that the adsorption force 262 

appears almost constant after a PVP amount of 1 wt%. This trend agrees well with the 263 

above contact angle measurement and XPS measurement results. Therefore, it is 264 
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concluded that one can improve the resistance of membrane fouling due to NOM by 265 

hydrophilizing the PSf membrane when PVP is added. 266 

 267 

3.4 Adsorption amount during cross-flow filtration 268 

Figure 6 shows the results of UV absorbance due to tannic acid during circulated water 269 

flow (cross-flow filtration). Spectroscopic measurements were carried out for PSf 270 

membranes with PVP amounts of 0 wt%, 0.5 wt%, and 6 wt%. The initial absorbance was 271 

adjusted to be zero, i.e., the initial absorbance was subtracted from the data. It was found 272 

that the absorbance decreased in all PSf membranes. Specifically, almost the same 273 

decreasing trend was observed among the membranes with PVP amounts of 0.5 wt% and 274 

6 wt%. This indicates that both samples may have had similar amounts of adsorption of 275 

tannic acid (as a hydrophobic substance). On the other hand, the membrane with a PVP 276 

amount of 0 wt% shows a larger decrease in absorbance. Thus, the PVP additive promotes 277 

less adsorption of tannic acid into the membrane surface. This is due to hydrophilization 278 

resulting from the PVP addition. This trend agrees well with the results of AFM 279 

adsorption measurement (Figure 5). 280 

 281 

3.5 Fouling mechanism 282 

Based on these results, we discuss the mechanism of membrane fouling by hydrophobic 283 

organic matter (i.e., NOM) in this section. Figure 7 shows a hypothetical schematic of the 284 

membrane fouling mechanism. This illustration shows a “PSf membrane” (left) and a 285 

“PSf with PVP membrane” (right). When the hydrophobic NOM meets the membrane 286 

without PVP, NOM may adhere to the membrane surface as a result of hydrophobic 287 

bonding. This adhesion leads to an accumulation of membrane fouling. Thus, 288 
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hydrophobic adsorption on the surface is very important for fouling growth. This 289 

phenomenon can be explained by the AFM measurements and other data. On the other 290 

hand, the PSf membrane with the PVP additive becomes relatively hydrophilic (right 291 

figure).  292 

Owing to its hydrophilic nature, we hypothesize that water molecules near the membrane 293 

surface are likely adsorbed by the membrane surface and become denser than water. It is 294 

well known that a hydration layer forms just on the surface as a result of hydrogen 295 

bonding [15-18]. Regarding the density of the hydration layer, Cole et al. (2007) 296 

conducted a molecular dynamics (MD) simulation to investigate how water molecules 297 

behave on the surfaces of silicon and silicon oxide. They found that a denser hydration 298 

layer is formed on the silicon oxide, which is relatively more hydrophilic than that of 299 

silicon [19]. This suggests that when hydrophilic groups are present on the solid surface, 300 

stronger interaction occurs between the surface hydrophilic group and the water molecule, 301 

resulting in strongly absorbed water molecules and the formation of a hydration layer. As 302 

shown in Figure 7 (right), a hydration layer forms on the surface due to hydrogen bonding 303 

when PVP is contained in the membrane, leading to that hydration layer inhibiting the 304 

hydrophobic bonding between the membrane and the organic matter (NOM). In other 305 

words, formation of the hydration layer may be a critical step in the investigation of 306 

membrane fouling prevention for this study. 307 

 308 

4. Molecular dynamics simulation 309 

4.1 Simulation cell 310 

In order to verify our hypothesized the fouling mechanism (see Figure 7), an MD 311 

simulation was carried out. The purpose of this simulation was to clarify the effect of the 312 
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PVP additive on the formation of the hydration layer, as well as to determine how the 313 

interaction force between the membrane surface and hydrophobic matter (NOM) changes 314 

because of the PVP additive. This investigation is targeting essential for determining the 315 

mechanism of the initial stage of fouling formation. As shown in Figure 8, this study 316 

created simulation cells of PSf with and without PVP. MD simulations were conducted 317 

using commercial software (JSOL, J-OCTA ver. 4.0 [20] and COGNAC ver. 9.2 [21]). 318 

The degree of polymerization of the PSf molecular chains was 90 and that of the PVP 319 

molecular chains was 360. These correspond to molecular weights of 39,827.6 for PSf 320 

and 40,013.1 for PVP, respectively, which agree with the actual average molecular 321 

weights. This simulation cell had ten molecular chains of PSf with two molecular chains 322 

of PVP added. This corresponds to the system containing 4 wt% of PVP in the PSf 323 

membrane. 324 

As shown in Figure 8, the amorphous structure in the computational cell was created 325 

using a method similar to that proposed by Ikeshima et al. [22]. This method is 326 

summarized as follows. Initially, all molecular chains were randomized to make an 327 

amorphous structure in the simulation cell. This was calculated using Langevin dynamics 328 

with the NVT ensemble (Nosé–Hoover) in order to relax intramolecular forces when 329 

molecules are very close. Next, NPT ensemble (Andersen–Nosé–Hoover) simulation 330 

under hydrostatic pressure was conducted, so that the simulation cell underwent 331 

densification and molecular chains entangled. Subsequently, to optimize density, the NPT 332 

ensemble (Andersen–Nosé–Hoover) simulation was conducted. After that, the 333 

temperature was gradually reduced down to room temperature in NPT and was followed 334 

by a steady-state NPT simulation. The simulation system was further relaxed in NVT to 335 

obtain an equilibrium state for the molecular chains in the simulation cell (i.e., the total 336 
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potential energy was minimized). 337 

The total potential energy consists of five components: bond stretching, bending angle, 338 

torsional angle, van der Waals (vdW) potential energy, and electrostatic interaction 339 

potential energy. The bond stretching is represented in its harmonic forms as: 340 

𝑈 𝑘 𝑟 𝑟 . 341 

(1) 342 

The potential energy of the bending angles is represented in its harmonic forms as: 343 

𝑈 𝑘 𝜃 𝜃 , 344 

(2) 345 

where kangle is the force constant and 0 is the equilibrium bond angle. The torsional-angle 346 

potential energy is represented as a polynomial function: 347 

𝑈 𝑘 ∑ 𝑝 𝑐𝑜𝑠 𝜙, 348 

(3) 349 

where ktorsion and pn (n = 0, 1, 2, 3, 4, 5, 6) are fitting parameters. The vdW potential 350 

energy is represented as a 12-6 Lennard–Jones (LJ) potential: 351 

𝑈 4𝜀 , r 𝑟 , 352 

(4) 353 

where  is the energy well depth and  is the diameter at which inter-particle potential is 354 

zero.  355 

The electrostatic interaction potential is represented as: 356 

U , 𝑟 𝑟 , 357 

(5) 358 

where qi and qj are the electric charges of atoms i and j, and 𝜖 is the relative permittivity. 359 
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In this study, the cutoff distance rc was set to be 1.13 nm. 360 

The force field parameters for PSf and PVP were employed by general Amber force field 361 

[23, 24], which extended the Amber force field to more molecules in general. In order to 362 

calculate the electrostatic interaction potential, the distribution charge of each atom of 363 

PSf and PVP were determined via the molecular orbital method using software (Firefly 364 

ver. 8.1.1. QC package) [25] written based on the GAMMES [26] source code. As 365 

described later, the relative permittivity was calculated to verify accuracy of each 366 

distributed charge and compared with the actual material. The water model for MD 367 

simulation used the spc/fw model [27], which reproduced the dielectric constant of actual 368 

bulk water. 369 

After creation of the simulation cell, it was found that the volume size of the PSf 370 

membrane was 8.21 nm3 and that of the PSf+PVP membrane was 8.76 nm3. These 371 

correspond to weight densities of 1.19 g/cm3 and 1.18 g/cm3, respectively, which are 372 

comparable to the actual material of PSf [28]. In addition, the dielectric constant of the 373 

PSf membrane was 3.40, and that of the PSf+PVP membrane was 11.8. This is a similar 374 

level to that of the previous experimental results [29]. Therefore, the charge distribution 375 

calculated in this study were able to reasonably represent the distribution charges of both 376 

PSf and PVP. 377 

 378 

4.2 Simulation results 379 

To clarify how a water molecule behaves on the membrane surface, water molecules 380 

with a density of 1.0 g/cm3 were placed on each PSf membrane, as shown in Figures 8(a) 381 

and (b). Figure 9 shows the one-dimensional density distribution of water molecules of 382 

both simulation cells. The density profile of the water molecule is averaged over the 383 
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surface area of the membrane. In both simulations, there exist three layers having a higher 384 

density of water molecules on the membrane surface. These are considered to be 385 

hydration layers [30]. In addition, it was found that hydration layers with a higher density 386 

were formed by PVP addition (the blue line for the PSf+PVP membrane in Figure 9). This 387 

may suggest that hydrophilization of the membrane surface due to the PVP additive 388 

promotes formation of denser hydration layers. Indeed, the difference between the water 389 

densities in Figure 9 is small. Next, we investigate the interaction force between the 390 

membrane surface and the hydrophobic matter via the water hydration layer. 391 

This study further investigated how density differences in the hydration layers (Figure 392 

9) affect the membrane fouling characteristics. We thus calculate the interaction force 393 

between the membrane surface and the hydrophobic matter with the effect of the 394 

hydration layer. In this study, benzene was placed on the hydration layers that formed on 395 

the PSf membrane, as shown in Figure 10(a). Benzene is a typical hydrophobic matter 396 

(like NOM) and it was used in this study as a model substance. The force field and charge 397 

(OPLS-AA) are given in a previous study [31] . 398 

Using molecular kinetics, we calculated the interaction force (i.e., interfacial tension ) 399 

between the hydration layer and benzene, using: 400 

 401 

𝛾 𝐿 𝑃 𝑃 𝑃 . 402 

(6) 403 

In this study, Lz = 1 nm because the layer of benzene is 1 nm thick in Figure 10(a) and Px, 404 

Py, and Pz are the pressures in each direction within the examination volume of benzene. 405 

This interaction force (interfacial tension) is a result of the repulsion force for benzene 406 

from the water molecules. Figure 10(b) shows the interaction forces for both membranes, 407 
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indicating that a larger interaction force acts on the benzene for the PSf+PVP membrane 408 

as compared with the PSf membrane. This means that the denser hydration layer prevents 409 

adsorption of hydrophobic matter (benzene). From the viewpoint of a molecular scale, it 410 

was clarified that hydrophilization of the membrane improves fouling resistance. 411 

 412 

5. Conclusion 413 

This study fabricated blended polymer membranes and investigated the fouling 414 

mechanism due to hydrophobic natural organic matter (NOM). To achieve surface 415 

hydrophilicity, polysulfone (PSf) membranes having different amounts of 416 

polyvinylpyrrolidone (PVP) additive were prepared using the non-solvent induced phase 417 

separation method. X-ray photoelectron spectroscopy revealed that the nitrogen 418 

concentration in the PVP molecular structure increased on the surface of the PSf 419 

membrane. In addition, the contact angle of a water droplet was measured for each 420 

membrane. It was found that addition of PVP led to surface hydrophilicity of the 421 

membrane. 422 

Subsequently, in order to investigate the fouling property of the PSf membrane surface, 423 

the adsorption characteristics for hydrophobic matter (as an NOM model) were evaluated 424 

using atomic force microscopy. The adsorption force between the hydrophobic matter and 425 

the PSf membrane was found to greatly decrease as a result of the addition of PVP, 426 

indicating that the PVP additive plays a critical role in preventing hydrophobic bonding 427 

and creating surface hydrophilicity. It was also observed that the amount of surface 428 

adsorption of hydrophobic substances (e.g., tannic acid) decreased when the membrane 429 

was subjected to circulating flow (i.e., cross-flow filtration). Finally, this adsorption 430 

mechanism was investigated using a molecular dynamics simulation. It was found that a 431 



19 
 

hydration layer with higher density was formed on the membrane surface, with the 432 

hydrophilized membrane (due to the PVP additive) enhancing water density. In addition, 433 

this hydration layer inhibited adsorption of hydrophobic organic matter. This causes the 434 

prevention of membrane fouling by hydrophobic NOM. 435 
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 531 

Figure 1 FE-SEM images of the PSf membrane: (a) surface and (b) cross section. 532 

 533 

 534 

Figure 2 SEM image of the fabricated AFM colloidal probe. 535 

 536 

  537 

(a) (b) 
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 538 

Figure 3 XPS measurement results: (a) N1s spectrum and (b) ratio of N. 539 

 540 

 541 

Figure 4 Measurement results for the contact angle of water droplets on PSf membranes 542 

with respect to PVP additive. 543 

 544 
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 546 

 547 

Figure 5 Relationship between AFM adsorption force and amount of PVP: (a) average 548 

value of adsorption force and (b) frequency of adsorption force. 549 
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 551 

 552 

Figure 6 Measurement results for UV absorbance of tannic acid solution during circulated 553 

flow. 554 

 555 

 556 

Figure 7 Schematic of a fouling mechanism for a PSf membrane and a PSf+PVP 557 

membrane due to hydrophobic natural organic matter. 558 
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 560 

Figure 8 MD simulation models of water molecules on (a) PSf membrane and (b) PSf 561 

with PVP additive. 562 
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 565 

Figure 9 Density of water around the PSf membrane surfaces with and without PVP 566 

additive. 567 
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 570 

 571 

Figure 10 MD simulation model (a) and calculation results (b) for the interaction force 572 

between the membrane and benzene (hydrophobic matter) via the water 573 

hydration layer. 574 
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