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ABSTRACT:  

Polymer ultrafiltration membranes with high water flux have long been pursued to improve 

filtration efficiency and reduce costs of industrial separation processes such as water 

treatment and food processing. However, increasing water flux is usually accompanied by 

decreased rejection property in these membranes. In this paper, we show that by using a 

polymer functionalized with hydrophobically ionizable groups as additive, polymer 

ultrafiltration membranes with an increasing concentration of the additive from the active 

layer to the supporting layer are produced in the membrane casting process due to slow 

hydration of the additive. The hydrated additive becomes hydrophilic after the membrane 

formation. The resulting membranes exhibit dramatically enhanced water permeability while 

maintaining excellent separation property. We demonstrate that polyethersulfone/tris(2,4,6-

trimethoxyphenyl)polysulfone-methylene quaternary phosphonium chloride (PES/TPQP-Cl) 
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membrane exhibits a water permeability of up to 14.6 l m-2 h-1 kPa-1, which is 35 times that of 

PES membrane. The membrane also shows excellent anti-biofouling property. The work 

provides a new methodology for designing high-performance membranes for improving 

separation efficiency and exploring other novel applications. 

Keywords: Ultrafiltration membrane, Polyethersulfone, Tris(2,4,6-

trimethoxyphenyl)polysulfone-methylene quaternary phosphonium chloride, High flux 

 

1. Introduction 

Ultrafiltration (UF) membranes with a pore size range of 2–100 nm are extensively used to 

remove suspended nanoparticulates, bacteria, macromolecules, etc. in various industrial 

processes [1-7]. Many polymers such as cellulose acetate [8], polyacrylonitrile [2], 

polysulfone [9], polyethersulfone [10], poly(vinylidene fluoride) [7], and PS-b-P4VP diblock-

copolymer [11] have been used to produce UF membranes via a non-solvent induced phase 

inversion method that was first developed more than fifty years ago [12]. These polymer 

membranes have an asymmetrically porous structure composed of a thin nanoporous 

selective active layer and a thick macroporous supporting layer. Over the last decades, there 

have been continuing research efforts in developing UF polymer membranes to achieve 

antifouling property and high water flux; the main techniques developed thus far include (1) 

physical coating or chemical grafting of hydrophilic material on the active separation layer, 

and (2) addition of a hydrophilic modifier that tends to segregate on the active layer in the 

membrane formation process[2, 3, 7, 9, 10, 13, 14]. Therefore, in the current UF membranes, 

the active layer tends to be more hydrophilic than the supporting layer. This membrane 

configuration has proven effective for improving the fouling resistance of membrane, but it 

has only resulted in limited improvement in water flux without compromising the rejection 

property.  
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In recent years, tremendous research efforts have been made to explore alternative 

membranes from functional nanoporous materials with extraordinary transport properties 

such as synthetic carbon nanotubes, but the large-scale fabrication of these membranes for 

practical applications still remains a huge challenge.  

In the present paper, we report a new methodology for tailoring the chemistry and porous 

structure of polymer UF membranes to dramatically enhance water flux without sacrificing 

rejection properties. By taking advantage of slow hydration of a polymer additive with 

hydrophobic and charged groups, and its hydrophilicity after hydration, we have for the first 

time demonstrated that polymer UF membranes with an opposite concentration gradient of 

additive and increased porosity can be produced via “oil-water demixing” in the phase 

inversion process, resulting in favorable pore surface chemistry and microstructure for fast 

water transport. This methodology can be readily adopted for industrial production of 

ultrafiltration membranes for practical applications. 

As an exemplar system, we synthesized a hydrophobic and charged polymer, tris(2,4,6-

trimethoxyphenyl)polysulfone-methylene quaternary phosphonium chloride (TPQP-Cl) by 

functionalizing polysulfone with hydrophobic quaternary tris(2,4,6-trimethoxyphenyl) 

phosphonium groups [15, 16]. The hydroxide ion exchanged TPQP-Cl were studied as 

membranes for alkaline fuel cells and desalination [16, 17].   The dried TPQP-Cl having a 

contact angle of 94 (measured from dried dense TPQP-Cl film) was added into 

polyethersulfone (PES) (its contact angle of 75° measured from dried dense PES film) to 

prepare PES/TPQP-Cl composite UF membranes. The membranes were prepared by casting 

polymer solutions with different PES/TPQP-Cl mass ratios. As shown in Fig. 1, due to rapid 

water (as nonsolvent) exchange with dimethylformamide (as solvent) and slow hydration of 

its hydrophobic and charged quaternary phosphonium groups, more hydrophobic TPQP-Cl 

tend to migrate against water penetration. The TPQP-Cl then becomes hydrophilic upon 
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hydration. Therefore, the resulting membrane shows an increase in TPQP-Cl concentration 

from the top surface to the bottom surface (i. e., additive-rich supporting layer). Note that an 

additive-rich active layer results from a more hydrophilic additive in the conventional phase 

inversion process without involving a hydrophobic-to-hydrophilic transition. In this paper, 

PES/TPQP-Cl membranes are investigated in terms of microstructure, chemical gradient, 

surface wettability and water permeation and molecular weight cut-off and antibacterial 

property, and the mechanisms of water permeation enhancement are discussed. 

 

2. Experimental  

2.1. Synthesis of tris(2,4,6-trimethoxyphenyl)polysulfone-methylene quaternary-

phosphonium-chloride (TPQP-Cl)  

TPQP-Cl was synthesized using the reported method [15, 16]. Typically, 5 g of polysulfone 

(with a mass average molecular weight Mw ~35000 Da and a number average molecular 

weight Mn ~16000 Da, Sigma-Aldrich Australia) was dissolved in 250 ml of chloroform 

(anhydrous, ≥99%, Sigma-Aldrich Australia) to form a polysulfone solution. 3.39 g of 

paraformaldehyde (95%, with a molecular weight of 30.03 g/mol, Sigma-Aldrich Australia) 

and 12.3 g of trimethylchlorosilane (≥97%, with a molecular weight of 108.64 g/mol, Sigma-

Aldrich Australia) were added to the polysulfone chloroform solution in a flask equipped 

with a reflux condenser and a magnetic stirrer, and then 0.6 g of stannic chloride (99%, 

Sigma-Aldrich Australia) was added dropwise. The reaction mixture was then stirred at 50 C 

for 72 h. Subsequently the reaction mixture was poured into absolute ethanol, and white 

chloromethylatedpolysulfone (CMPSf) precipitated immediately. The precipitate was 

filtrated, washed thoroughly with ethanol, and dried in a vacuum oven at room temperature 

for 12 h. 0.516 g of as-synthesized chloromethylatedpolysulfone was dissolved in 10 ml of 1-

methyl-2-pyrrolidone (NMP, 99.5%, Sigma-Aldrich Australia), and then 0.8 g of tris(2,4,6-
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trimethoxyphenyl)-phosphine (TTMPP, Sigma-Aldrich Australia) was added. The reaction 

mixture was stirred at 80 C for 12 h, and then poured into a petri-dish to form a thin 

membrane and then dried at 30 C for one week. TPQP-Cl was peeled off in double 

deionized water and dried at 30 C. The chemical structure of CMPSf, TTMPP and TPQP-Cl 

was confirmed by NMR (Supplementary Information Fig. S1 and S2). NMR results 

showed that the degree of chloromethylation was 137% and the degree of quaternary-

phosphorization was about 100%. Therefore, the degree of substitution of TPQP-Cl was 1.37. 

 

2.2.  Membrane preparation  

Commercial polyethersulfone (PES, Ultrason® E 6020 P from BASF, molecular weight = 

51000 g/mol) was used for membrane casting. Dimethylformamide (DMF, ≥99%, Sigma-

Aldrich Australia) was used as a nonsolvent. 200 mL of 15~18 wt% polymer casting solution 

was prepared by dissolving PES and TPQP-Cl (at a PES/TPQP-Cl ratio of 10/0, 9/1, 8/2 and 

7/3) in DMF under stirring for 5 h and then left without stirring until no bubbles were 

observed. The membranes were prepared by using a Gardco® adjustable micrometer film 

applicator with a stainless steel blade (Paul N. Gardner Company, Inc. USA). 5 mL of the 

polymer solution was cast on a clean glass plate with a gap of 200 µm. Thereafter, the 

membrane was solidified in a coagulation bath of double deionized water for several minutes. 

The resulting membranes were washed and soaked in the double deionized water for 24 h 

before drying or testing, and denoted x% PES/TPQP-Cl y, where x stands for the 

concentration of polymer casting solution, and y stands of the mass ratio of PES/TPQP-Cl.   

 

2.3. Membrane characterization 

The scanning electron microscope images were taken with a JEOL JSM 7001F microscope 

and a FEI Magellan 400 FEG microscope. The contact angle of the membrane was 
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determined using a contact angle goniometer (Dataphysics OCA20, Dataphysics, Germany). 

A water drop with a volume of 5 µL was dropped onto the membrane with a microsyringe in 

an air atmosphere. At least 5 contact angles at different locations for each membrane were 

averaged to get a reliable value. The standard deviation of contact angle is about 2.6% ~ 

5.6%. Surface elemental analysis was conducted using a Thermo Fisher X-ray photoelectron 

spectrometer system (ESCALAB250) employing a monochromatic Al Kα source (1486.7 eV) 

and an electron takeoff angle of 90° relative to the sample plane. The standard deviation of S 

peak area in XPS spectra is about 1.4%. The detailed calculation of the amounts of TPQP-Cl 

on both membrane surfaces is shown in Fig. S3 (Supplementary Material).  The size and 

relative concentration of micropores within membranes was determined using positron 

annihilation lifetime spectroscopy.  

 

2.4.  Water flux and molecular weight cut-off measurements  

The water flux was measured at room temperature (25 C) using a Sterlitech HP4750 dead-

end stirred cell (Sterlitech Corporation, USA) with a volume capacity of 300 ml and inner 

diameter of 49 mm. The active area of the membrane was 14.6 cm2. The feed side of the cell 

was controlled using compressed nitrogen gas. The pure water flux (Jw1) was calculated by 

           Jw1 = V/(A·t)                                               (1) 

where V was the volume of permeate water (L), A was the active membrane area (m2) and t 

was the permeation time (h). Five samples were tested for each membrane, and the standard 

deviation of water flux was around 14%. The pure water permeability of the membrane in L 

m-2 h-1 kPa-1 was calculated by dividing the pure water flux by the transmembrane pressure 

difference.  

Molecular weight cut off (MWCO) tests were performed by the reported method [13]. 

Polyethylene glycol (PEG) (molecular weight of 6000, 8000, 10000, 20000, 35000, 100000, 
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200000, and 300000 Da, analytical pure, Sigma-Aldrich was used. Rejection measurements 

were performed using the Sterlitech HP4750 dead-end stirred cell at a pressure of 100 kPa 

after a 60 min pre-compaction at 150 kPa, ensuring that the flux reaches a steady state. 100 

ml of PEG solutions with a concentration of 1 g/L were used as the feed solution. Around 20 

ml of permeate was collected at a late stage of each filtration. The feed and permeate solution 

were both diluted by 10 times and then the concentration of each solution was tested using a 

TOC analyzer (TOC-LCSH, Shimadzu, Japan), which adopts the 680 °C combustion 

catalytic oxidation method. The PEG rejection was calculated using 

                                      (2) 

where Cp and Cf were the PEG concentrations of permeate and feed solutions, respectively. 

Three samples were tested under the same conditions for each membrane, and the standard 

deviation of rejection rate was about 5%. The pore diameter of the membrane was defined as 

the hydrodynamic diameter of PEG.  The hydrodynamic radius of PEG was calculated from 

the molecular weight cut-off of the membrane using the equation as follows [13]:  

    r(PEG)=0.262 MW0.5 −0.3 [Å]              (3) 

For comparison, some polymer membranes recently reported in the literature were selected, 

and their MWCO values were used to calculate the pore size using either Equation (3) (for 

PEG MWCOs) or Equation (4) (for dextran MWCOs): 

r(dextran)= (0.096 MW0.59 + 0.128 MW0.5)/2 [Å]      (4) 

 

2.5.  Antibacterial test  

The antibacterial property of the membrane was evaluated by assessing the inactivation of E. 

coli was inoculated in 10 ml LB liquid nutrient medium, and shaken for at least 8 h at 37 ℃ 

[18]. Membranes were cut into 2 cm ×2 cm and sterilized by 80% (v/v) ethanol before use. 

R(%) = 1−
Cp

C f









 100
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And then the membranes were soaked into LB solution containing E. coli and shaken for 12 

h. After shaking, the membranes were retrieved from E. coli/LB solution and washed using 

sodium phosphate (PBS) buffer solution with a pH value of 7.4. The total volume of PBS 

solution collected from the washed solution was 5 ml. These 5 ml of washed solution was 

then diluted by a factor of 1000-100,000. Then 50 μl of washed solution was spread onto the 

agar plate and all plates were incubated at 37 ℃ for 24 h. The numbers of colonies on the 

plates were determined by the plate count method.  

 

3. Results and discussion 

3.1. Microstructure and chemical structure  

The microstructure of the membranes was observed by SEM. As shown in Fig. 2 and Fig. 

S4-10 (Supplementary Material), all PES and PES/TPQP-Cl membranes exhibit a typical 

asymmetrical microstructure with a thin nanoporous active layer and a finger-like 

macroporous supporting layer. Uniformly distributed nanopores are clearly seen on the active 

surface (Fig. 2c), and asymmetrically porous channels are present on the cross section of the 

active layer (Fig. 2b). Fig. 2d shows that the bottom layer is macroporous, having a pore size 

of sub-micron to 1–2 µm. The microstructure (pore size and porosity) of the membrane is 

affected by the amount of TPQP-Cl and the concentration of casting solution (Table S2, 

Supplementary Material). In general, the porosity and pore size of the supporting layer is 

more significantly increased by addition of TPQP-Cl compared with the active layer. In the 

membrane casting process, the solvent DMF exchanges with the nonsolvent water rapidly 

resulting in an instant precipitation of PES. Hydrophobic, non-hydrated TPQP-Cl in the 

casting solution is pushed down to the supporting layer while it is being hydrated. Slow 

precipitation and segregation of TPQP-Cl leads to an increase in the thickness of PES/TPQP-

Cl membrane; given the same polymer concentration of the casting solution for the PES 
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membrane and the PES/TPQP-Cl membrane, the greater thickness means the greater porosity 

in the PES/TPQP-Cl membrane as compared with the PES membrane.  

The X-ray photoelectron spectroscopy (XPS) measurements show that the TPQP-Cl content 

increases from 3.6% to 23.2% on the active surface, and from 18.8% to 32.2% on the bottom 

surface when the overall amount of TPQP-Cl is raised from 10% to 30% (Fig. 3). Note that 

the TPQP-Cl contents obtained from XPS are the average values within a couple of microns 

thickness from the surface due to the effect of X-ray penetration; it is clear that there is a 

TPQP-Cl concentration gradient in the PES/TPQP-Cl membranes. This is consistent with the 

contact angle result that the bottom surfaces are more hydrophobic than the active surface in 

all dried PES/TPQP-Cl membranes (Fig. S11 and S12, Supplementary), indicating that 

more TPQP-Cl migrated to the supporting layer. The positron annihilation lifetime 

spectroscopy (PALS) results (Table S1, Supplementary Material) show the addition of 

TPQP-Cl does not affect the Ångstrom-sized free volumes of these membranes, indicating 

that the water permeation mainly results from water flow through the nanoporous channels 

(14-20 nm in diameter) of the membranes. Compared with the 14-20 nm pores, the water 

flow through the micropores (5.4Å) should be negligible. 

 

3.2. Contact angle of wet membranes  

To investigate the effect of the TPQP-Cl concentration gradient on the water flux, the water 

contact angle of wet membranes was determined since the polymer membranes are always 

fully hydrated in filtration processes. The contact angle for the active surface of all 

membranes and the bottom surface of the control 15% PES membrane remains steady (Fig. 

4a). By contrast, the water droplets spread over the bottom surface of wet PES/TPQP-Cl 

membranes quickly. The contact angle of the bottom surface of wet PES/TPQP-Cl 

membranes drops from 65-70 to around 10 within 120–330 seconds (Fig. 4b). As a result, 



10 
 

the bottom surface is much more hydrophilic than the active surface in the wet PES/TPQP-Cl 

membranes whereas both surfaces of the PES membrane have similar wettability. This is 

because the TPQP-Cl-rich bottom layer becomes more hydrophilic after full hydration of 

quaternary phosphonium groups. Note that TPQP-Cl membrane uptakes 135% water while 

PES membrane only adsorbs 51% water by weighing the dried membrane and wet membrane 

in our experiments. In addition, the greater pore size and porosity of the bottom surface 

(Fig.S and Table S) may also contribute to the decreased contact angle in the wet PES/TPQP-

Cl membranes.   Therefore, unlike the conventional ultrafiltration membranes, there exists a 

hydrophilicity gradient coupled with a positive charge density gradient that increases from 

the active layer to the bottom supporting layer in the PES/TPQPCl membranes. 

 

3.3. Water permeability, molecular weight cut-off and antibacterial property  

The water fluxes of the membranes prepared from different concentrations of polymer 

solutions and different PES/TPQP-Cl mass ratios were determined at different 

transmembrane pressures, and the results are shown in Fig. 5. The water flux for all 

membranes increases linearly with increasing transmembrane pressure (Fig. 5a). Among the 

PES/TPQP-Cl membranes, the water flux varies with the amount of TPQP-Cl and the 

concentration of polymer casting solution due to noticeable changes in the membrane 

structures such as the thickness of skin layer (Table S2, Supplementary Material). But it is 

clear that all PES/TPQP-Cl composite membranes exhibit much higher water flux than the 

control PES membrane. The PES/TPQP-Cl membrane prepared from a 15% polymer solution 

with a PES/TPQP-Cl mass ratio of 8:2 shows the highest water flux. For easy comparison, 

the water permeability (i.e., the slope of the fitted flux-transmembrane pressure curve, in l m-1 

h-1 kPa-1) for each membrane was determined. 15% PES/TPQP-Cl 8/2 membrane exhibits a 

water permeability of 14.6 l m-2 h-1 kPa-1, which is 35 times higher than that of the control 
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15% PES membrane (0.46 l m-2 h-1 kPa-1). Polyethylene glycol (PEG) was used as a probe 

molecule to determine the molecular weight cut offs (MWCOs) and separation properties of 

membranes. As shown in Fig. 5b, the PES/TPQP-Cl membranes exhibit narrow MWCOs and 

thus excellent separation properties at high water permeabilities. The 90% PEG rejection rate 

was taken as MWCO value for each membrane, which was used to calculate the pore size of 

the active layer of the membrane (Table S2, Supplementary Material).  

The water permeability, and pore size of the PES and PES/TPQP-Cl membranes are 

presented in Fig. 6. For comparison, the data on water permeability versus the pore size of 

typical polymer ultrafiltration membranes recently reported in the literature are included in 

Fig. 6 (and Table S3, Supplementary Material). The upper bound line is drawn in Fig. 6 to 

show the highest pure water permeability for a given pore size (MWCO) in polymer 

ultrafiltration membranes reported so far; given a small slope (0.14) of the upper bound line, 

the water permeability strongly depends on  the pore size. However, a sharp increase in the 

water permeability (indicated by the pink dotted line in Fig. 6) is observed in our membranes. 

The slope of fitted line for our membranes is 3.46, which is 24.7 times greater than that of the 

upper bound line; this is a clear indication that high water permeability may be achieved 

without significantly compromising separation property. 

It is noted that PES/TPQP-Cl membranes with 20–30% TPQP-Cl exhibit 4.4–20.3 times 

higher water permeability than those membranes with similar pore sizes. Such water flux 

enhancements in polymer membranes are truly remarkable; these high-flux membranes will 

enable design of compact separation systems with minimal operating pressures, significantly 

improving the industrial separation efficiency and reducing the separation costs. Importantly, 

we have found that PES/TPQP-Cl membranes with charged quaternary phosphonium groups 

exhibit a 76% increase in the antibacterial property (Fig. 7). After the membranes were stored 

in water for over one year, the PES/TPQP-Cl container remains clear while the PES container 
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appears cloudy and smelly. These indicate that the PES/TPQP-Cl membranes have excellent 

anti-biofouling property, which is one of the key requirements for practical filtration 

processes.   

 

3.3. Water permeation enhancement mechanisms  

The water fluxes for the PES/TPQP-Cl membranes are at least 91-215 times greater than the 

no-slip hydrodynamic flows predicted by the Hagen-Poiseuille model, and their equivalent 

slip lengths are 45-108 nm (Table S4, Supplementary Material). These water flow 

enhancements are comparable to those attained by carbon nanotubes reported in many 

studies, which could be two orders of magnitude over the continuum predictions [19] (Table 

S4, Supplementary Material). Fast water flow through carbon nanotubes is generally 

attributed to their wall smoothness and hydrophobicity [19-21]. But our hydrophilic polymer 

nanopores unlikely have a similar smoothness to CNTs, although the tortuous pores may 

exhibit a certain degree of smoothness locally arising from the arrangement of hydrated 

aromatic quaternary phosphonium groups on TPQP-Cl. Therefore, the pore surface 

smoothness is not responsible for the high water permeability in our experiments.  

The small increase in the pore size and pore number density of the active layer and the 

moderate increase in the porosity of supporting layer may contribute to enhanced water flux. 

We used finite element analysis (FEA) simulations and a hydrodynamic model of a flow in a 

cone to describe the water transport in our membrane (Figure S13-S14, Supplementary 

Material). Fig. 8(a) and (c) depict the FEA models for the PES and the 15% PES/TPQP-Cl 

8/2 membranes, respectively. The geometry of these membrane models follows the 

measurements in experiments (Figs. S4-S10 and Table S2). There are multiple nano-channels 

in the skin layers connecting to a single micrometer sized channel in the support layer. Fig. 

8(c) and (d) show the pressure distribution in the channels under a total pressure drop of 1 bar 
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across the whole membrane. The pressure drop in the support layer is negligible in 

comparison with that in the skin layer, which is consistent with results of the analytical 

hydrodynamic model (Fig. S13), indicating a negligible role of support layers on the 

permeability of our membrane. The changes in pore size, pore number density, and thickness 

of the membranes would only result in up to 5.8-12 times enhancement in water flux through 

the PES/TPQP-Cl membranes (Figure S13, S14 and their descriptions), which is far smaller 

than the observed 35 times enhancement as compared with the PES control membrane.  The 

limited enhancement in water flux resulting from the porosity increase is in good agreement 

with the experimental observations widely reported in the literature [10].   

The unique chemical gradient in the PES/TPQP-Cl might play an important role in enhancing 

water permeation since the hydrophilicity gradient favors water flow from the active layer to 

the supporting layer by promoting directional water movement [22, 23]. In addition, it is 

speculated that weak interactions between hydrophobic, charged structure and water 

molecules may lead to low resistance for water molecules to flow over the pore surface [24, 

25]. Such pore surface chemistry might mimic biological water-channel proteins where 

ionizable groups encapsulated in the hydrophobic interior of proteins are essential for 

biological energy transduction and fast and selective water transport [26, 27].  

The high-flux polymer membranes with tunable microstructure and pore surface 

characteristics may provide a unique nanoporous system for investigation of fluid transport 

through functional nanopores, thereby advancing our fundamental understanding of mass 

transport processes at the nanoscale. Since a wide variety of hydrophobic and charged 

polymers, such as positively charged diphenyl(3-methyl-4-methoxyphenyl) tertiary sulfonium 

functionalized polysulfone[28], and negatively charged sulfonated poly(2,6-dimethyl-1,4-

phenylene oxide) [29], can be readily synthesized, the strategy described in this study 

provides a platform technique for the engineering of functional nanoporous materials for 
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high-efficiency water filtration and biomolecular separation and a range of other potential 

applications such as salinity power generation [30, 31] and nanofluidic devices [32].  

 

4. Conclusions 

We have developed a new methodology for effective engineering of polymer UF membranes 

for fast water transport. By taking advantage of slow hydration of a polymer with charged 

groups, the composite polymer membranes possess unique wettability and charge gradients 

along the asymmetrically porous channels, and increased porosity, resulting in remarkably 

enhanced water flux. Furthermore, the functional charged groups provide the membranes 

with excellent anti-biofouling property. The methodology reported here can be easily adopted 

for large-scale fabrication of high-flux membranes for practical applications. 
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Figure captions 

Fig. 1. (a) Molecular structure of TPQP-Cl, (b) Molecular structure of PES, (c) Schematic 

illustration of the formation of polymer UF membranes in the phase inversion process: the 

solvent (dimethylformamide) diffuses out of the cast polymer solution (indicated by the red 

arrows) while the nonsolvent (water) diffuses into the polymer solution (indicated by the 

green arrows); this rapid solvent exchange process leads to precipitation of PES and TPQP-

Cl; the color gradient from blue to purple represents an increase in the TPQP-Cl content from 

the top active surface to the bottom surface of the resulting membrane.  

Fig. 2. SEM images of a typical PES/TPQP-Cl membrane prepared from 15% polymer 

solution with a PES/TPQP-Cl mass ratio of 8:2 (denoted 15%PES/TPQP-Cl 8/2): (a) the 

cross section of the active layer showing a nanoporous structure, (b) the cross section of an 

overall membrane; (c) the nanoporous active surface, and (d) the bottom surface.  

Fig. 3.  Actual TPQP-Cl content (determined by XPS) of active layer and bottom layer of the 

15% PES membrane and 15% PES-TPQP-Cl membranes blended with different amounts of 

TPQP-Cl. The PES/TPQP-Cl membranes with a mass ratio of 10:0, 9:1, 8:2, and 7:3 were 

prepared from a 15% polymer solution, and denoted 15% PES, 15% PES/TPQP-Cl 9/1, 15% 

PES/TPQP-Cl 8/2, and 15% PES/TPQP-Cl 7/3, respectively.  

Fig. 4. Effect of TPQP-Cl concentration gradient on surface wettability of the membranes.  

(a, b) The contact angle changes with time for (a) active layer and (b) bottom layer of wet 

15% PES membrane and 15% PES/TPQP-Cl membranes with different amounts of TPQP-Cl. 

Before each measurement, the surface water of the wet membrane was removed using tissue 

paper. 

Fig. 5. Water permeation and separation properties of the membranes. (a) Water flux of PES 

and PES/TPQP-Cl composite membranes as a function of transmembrane pressure, showing 

that water flux increases linearly with transmembrane pressure. The standard deviation of 
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water flux is within 14%.  (b) Polyethylene glycol (PEG) molecular weight cut off (MWCO) 

curves of 15% PES and all PES/TPQP-Cl membranes studied in this work, showing that the 

PES/TPQP-Cl membranes maintain excellent PES rejection properties.  

Fig. 6.  Relation between water permeability and pore size of PES and PES/TPQP-Cl 

membranes. The pore size of membrane was determined by MWCO measurements. The data 

on polymer membranes from recent literature are also included: 15% PES with 10% Pluronic 

F127 (Point 1) [10], 16% PES with 2% polyvinylpyrrolidone (PVP) or 2% PVP and 5% 2-

hydroxyethylmethacrylate (Point 2) [3], 15% polysulfone-poly(ethylene oxide) random 

copolymer with 5% PVP (Point 3)[33], 18% polysulfone (PSf), and 18% PSf with different 

additives (Point 4) [34], commercial PES membranes and modified membranes (Point 5)[13], 

polyacrylonitrile (Point 6)[35], cellulose acetate-aminated poly(ether imide) (Point 7) [8], 

and polyvinylidene fluoride (PVDF)-co-hexafluoropropylene and modified PVDF 

membranes (Point 8)[14]. The details on these membranes (Points 1-8) are provided in Table 

S3.  

Fig. 7. (a) Photograph showing the bacterial culture plates of E. Coli, and (b) The 

antibacterial rate of 15% PES/TPQP-Cl membrane in comparison with 15% PES membrane. 

Fig. 8. FEA models to simulate water flow in the (a) PES and (b) 15% PES/TPQP-Cl 8/2 

membranes under a total pressure drop of 1bar across the whole membrane. (c) and (d) depict 

the pressure distribution in the channels. 

 

 

 


