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ABSTRACT 

Pore collapse upon drying is a well-known phenomenon in ultrafiltration PES membranes. 

Here we demonstrate how alteration of membrane surface chemistry can be used to control 

the extent of pore collapse and ultimately to tailor membrane properties. Commercial 

hollow-fiber PES membranes were modified via surface-initiated ATRP to obtain different 

polymer-grafted membranes and were subsequently dried to facilitate pore collapse. The 

different polymer grafts could be used for controlling the water flux and solute rejection 

characteristics of the membranes. Controlled membrane pore collapse could be exploited to 

obtain higher rejection of sodium chloride, magnesium sulfate and calcein. Calcein as the 

largest solute showed almost full rejection (98.9 ± 0.3 %) on the membrane. The chemical 

nature of the grafted polymer was directly reflected in the water flux-to-rejection ratio and 

the extent of pore collapse. 
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1 Introduction 

Polysulfone and polyethersulfone (PES) membranes, particularly in the form of hollow 

fibers, have been widely used in industrial applications due to their ease of production as 

well as thermal, chemical and mechanical endurance. PES membranes usually find 

applications in ultrafiltration [1,2]. However, by modification of the membranes, their solute 

rejection can be increased and their application can be extended to nanofiltration [3,4] or 

reverse osmosis [5,6]. Here the PES membrane provides mechanical integrity and the active 

layer of the membrane is formed by surface modification. 

Over time, several approaches for modification of membrane surfaces have been used 

[7]. Due to the relative inertness of polysulfone membranes, surface modification of 

membranes often go through a multistep methodology such as an initial chloromethylation, 

sulfonation, aminomethylation or carboxylation [8–10]. For thicker layers of polymers, 

popular methods have been radical crosslinking on the surface or direct radical graft 

copolymerization [11–13]. With establishment of surface initiated atom transfer radical 

polymerization (SI-ATRP) as a highly efficient method for surface modification [14–18], new 

possibilities to control the thickness and a broader choice of surface grafted polymers arose. 

This was demonstrated on membranes by Bruening [19] and Husson [20], who used 

SI-ATRP for surface modification of membranes. Using this versatile technique, the surface 

chemistry of PES membranes can be altered in a controlled manner by introducing various 

polymers with a wide selection of functional groups [21–27]. To allow SI-ATRP to take place 

from the PES surface, the membrane must first be activated by introduction of an ATRP 

initiator. This is commonly done by homogeneous chloromethylation [8,28] or homogeneous 

lithiation [29,30], which give accurate control over the degree of substitution, but cannot be 

applied to commercial and already-casted membranes, since these methods require 

dissolution of the polymer prior to the reaction. A few heterogeneous methods of 
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introducing the initiator that do not require dissolution of the membrane have been 

published [31,9,32–35]. To our knowledge, the only example of heterogeneous activation of 

hollow-fiber PES membrane was reported by Higuchi et al. [31,9,32], who exploited Friedel-

Crafts acylation for modification of the surface of the hollow fibers. This leads to an easy 

control of the degree of substitution through reaction time. However, severe cross-linking of 

the membrane was observed, causing a significant drop in water flux of the activated 

membrane. As an alternative, heterogeneous ortholithiation has been reported for flat-sheet 

PES membranes by Guiver et al. [33,34], which we recently extended to include acylation 

using a range of acyl chlorides on commercially available polypropylene-supported flat-

sheet membranes [35]. These activation methods all open up for post-modification of 

membranes by SI-ATRP, which ultimately leads to membranes having a very wide selection 

of surface chemistries. 

Another process that has high impact on performance of PES membranes is pore 

stability or pore collapse [36]. Pore collapse in PES membranes is a well-known 

phenomenon resulting in drastic reduction in water flux and loss of the porous 

microstructure upon drying. However, no studies have been found on how pore collapse 

affects the rejection characteristics of membranes. Therefore, we here aim here at exploiting 

a combination of surface modification and intentional pore collapse, targeting commercial 

hollow-fiber PES membranes with higher solute rejection and high water flux. 

2 Experimental 

2.1 Materials 

Hollow-fiber polyethersulfone membranes (PES, Memsino PSH1-1060-B, MWCO 100-

150 kDa, flux 50-200 L m2 h-1, 40 cm long fibers, inner diameter 0.8 mm, treated with 

glycerol) were kindly donated by Aquaporin A/S. n-Butyllithium (n-BuLi, 2.5 M in 
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hexanes), copper(I) chloride (CuCl, purified, > 99 %), 2,2’-bipyridyl (bipy, ReagentPlus®, 

> 99 %), 2-hydroxyethyl methacrylate (HEMA, 97 %), 4-styrenesulfonic acid sodium salt 

hydrate (NaSS) and 1-bromobutane (BuBr, ReagentPlus®, 99 %) were purchased from 

Sigma-Aldrich (Merck). 4-(chloromethyl)benzoyl chloride (CMBC, > 98.0 %) and 1-

vinylimidazole (VI, > 98 %) were purchased from TCI chemicals. HEMA and VI were passed 

through a short plug flow column containing aluminum oxide (Sigma-Aldrich, activated, 

basic, Brockmann I) prior to using for SI-ATRP. All other chemicals were acquired from 

Sigma-Aldrich and were used as received. 

2.2 Characterization 

Fourier-transform infrared spectroscopy was carried out using Nicolet iS50 FT-IR 

spectrometer fitted with a diamond crystal attenuated total reflection accessory, which 

operated at a resolution of 4 cm-1 and 32 scans per measurement. The membrane samples 

were washed with ethanol and dried in air before analysis. The raw membrane spectra were 

normalized to the aromatic C=C stretch at 1485 cm-1. 

X-ray photoelectron spectroscopy (XPS) was conducted on a Thermo Scientific K-Alpha 

spectrometer. Membrane samples were washed with ethanol and placed in a vacuum oven 

at 50 °C for 5 days before the analysis. Monochromatized aluminum Kα radiation beam with 

diameter of 400 µm was used to acquire survey spectra (pass energy 200 eV). Charge 

compensation was achieved using a flood gun. The Thermo Scientific Avantage software 

was used for digital acquisition and data processing. 

Scanning electron microscopy (SEM) was performed on FEI Quanta 400 FEG at 3 °C. 

Membrane samples were washed with ethanol and dried in air. Secondary electron images 

were acquired in low vacuum mode (water vapor pressure 100 Pa) at 10 kV accelerating 

voltage. Wet (deionized water) membrane samples were placed on a cooling stage with 



5 
 

water vapor pressure starting at 800 Pa, which was gradually reduced ending at 200 Pa. The 

images were taken when all water was evaporated. 

2.3 General procedure for synthesis of activated PES-Cl membranes – low-density regime 

PES membranes (20 fibers, each 40 cm long) were first submerged in ethanol for 2 h and 

then in diethyl ether for 0.5 h. Afterwards, a pre-dried round-bottom flask was charged with 

a pre-dried magnetic stirrer and the previously-washed membranes. The reaction flask was 

sealed, evacuated and filled with N2 three times. Diethyl ether (90 mL, bubbled with N2 for 

20 min) was added under N2 atmosphere and n-BuLi (0.9 mL, 2.25 mmol) was added 

dropwise under N2 atmosphere at room temperature while stirring. The reaction mixture 

was stirred for 2 h, thereafter the reaction was cooled to 0 °C and a solution of CMBC 

(516.6 mg, 2.73 mmol, dissolved in 5 mL diethyl ether) was added slowly. After continued 

stirring for another 1 h, the reaction was quenched by addition of ethanol (25 mL). The 

activated PES-Cl membranes were removed from the reaction flask, immersed into ethanol 

and placed on a shaking table for 1 h. The membranes were stored in water at 5 °C until 

further use. 

FT-IR spectrum (cm-1): 3096 (C-H), 3069 (C-H), 1668 (R2N-C=O), 1577 (C=Carom), 1485 

(C=Carom), 1297 (S=O), 1237 (C-O), 1148 (S=O), 1072 (C-O). 

2.4 Synthesis of high-density activated PES-Cl membranes 

High-density activated PES-Cl membranes were synthesized in accordance with the 

general procedure in which PES membranes (3 fibers, each 2.5 cm long), diethyl ether 

(50 mL), n-BuLi (2 mL, 5.00 mmol) and CMBC (1177.3 mg, 2.73 mmol) were used. 

FT-IR spectrum (cm-1): 3096 (C-H), 3069 (C-H), 1722 (C=O), 1675 (C=O), 1577 (C=Carom), 

1485 (C=Carom), 1297 (S=O), 1237 (C-O), 1148 (S=O), 1072 (C-O). 
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2.5 General procedure for synthesis of grafted membranes via SI-ATRP from PES-Cl membrane – 

grafted mPHEMA membranes 

A round-bottom flask charged with CuCl (850.3 mg, 8.59 mmol) and bipy (2779.3 mg, 

17.80 mmol) was evacuated and filled with N2 three times. HEMA (70 mL, 577 mmol) and 

water:ethanol mixture (70 mL, 1:1, v/v, bubbled with N2 for 1 h) were added. The mixture 

was purged with N2 for 1 h. A second round-bottom flask equipped with a stirrer and 3 low-

density activated PES-Cl membranes was evacuated and filled with N2 three times. The 

purged mixture (40 mL) was transferred under N2 into the round-bottom flask containing 

the membranes and kept under an inert atmosphere. Polymerization took place under 

stirring for 5, 15 and 30 min, respectively at 35 °C. The grafted membranes were removed 

from the polymerization bath, washed with water and ethanol, and then stored in water at 

5 °C until further use. 

FT-IR spectrum (cm-1): 3096 (C-H), 3069 (C-H), 1726 (C=O), 1577 (C=Carom), 1485 

(C=Carom), 1297 (S=O), 1237 (C-O), 1148 (S=O), 1072 (C-O). 

2.6 Synthesis of grafted mPSS membranes via SI-ATRP from PES-Cl membrane 

Grafted mPSS membranes were synthesized in accordance with the general procedure 

in which CuCl (584.3 mg, 5.90 mmol), bipy (1844.2 mg, 11.81 mmol) and water:ethanol 

mixture (160 mL, 1:1, v/v) were used. Here, the monomer NaSS (20 g, 97 mmol) was added 

to the second round-bottom flask together with 3 low-density activated PES-Cl membranes. 

FT-IR spectrum (cm-1): 3096 (C-H), 3069 (C-H), 1577 (C=Carom), 1485 (C=Carom), 1297 

(S=O), 1237 (C-O), 1148 (S=O), 1072 (C-O), 1035 (SO3). 

2.7 Synthesis of grafted mPVI membranes via SI-ATRP from PES-Cl membrane 

Grafted mPVI membranes were synthesized in accordance with the general procedure 

in which CuCl (1232.0 mg, 12.44 mmol), bipy (4316.7 mg, 27.64 mmol), VI (60 mL, 
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662 mmol), water:ethanol mixture (60 mL, 1:1) and 6 low-density activated PES-Cl 

membranes were used. 

FT-IR spectrum (cm-1): 3096 (C-H), 3069 (C-H), 1577 (C=Carom), 1485 (C=Carom), 1297 

(S=O), 1237 (C-O), 1148 (S=O), 1072 (C-O). 

2.8 Synthesis of quarternized mPVIq membrane from grafted mPVI membrane 

A round-bottom flask was charged with a magnetic stirrer, 9 grafted mPVI membranes 

(3 pieces of each polymerization time), ethanol (90 mL) and BuBr (10 mL, 93.13 mmol). The 

flask was heated to 60 °C and the reaction took place under reflux overnight. The 

quarternized mPVIq membranes were washed with ethanol and stored in water at 5 °C until 

further use. 

FT-IR spectrum (cm-1): 3096 (C-H), 3069 (C-H), 1577 (C=Carom), 1485 (C=Carom), 1297 

(S=O), 1237 (C-O), 1148 (S=O), 1072 (C-O). 

 

2.9 Membrane modules preparation 

Single-fiber modules with 5 cm2 effective membrane area (20 cm effective length of the 

fiber) were fabricated in order to test membrane properties. A membrane was immersed 

either in glycerol for 1 h (to protect the pores from collapsing), or ethanol for 2 h (to facilitate 

pore collapse). The glycerol excess on the fiber surface was removed with a paper towel 

before the membrane was installed in the module. The ethanol-treated membranes were 

allowed to dry in air for 2 h before being installed in the modules. Both the protected 

(glycerol-treated) and the collapsed (ethanol-treated) membranes were inserted into 

polyethylene tubes connected with Festo T-shape push-in fittings (for permeate outlet). The 

ends were sealed with epoxy glue (Bison 2K polyurethane adhesive expert) to separate the 
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feed inlet and the permeate outlet. A photograph of the prepared module is shown in Figure 

1. 

Feed Retentate
Permeate

 

Figure 1: Single-fiber membrane module with feed inlet, permeate and retentate outlets marked. 

2.10 Membrane properties test setup – Water flux and rejection of NaCl, MgSO4 and calcein 

The modules were connected in parallel to a micro gear pump (LongerPump™ 

WT3000-1JB) and a tank containing a single-solute feed solution (20 L) – NaCl (58 Da, 

500 ppm), MgSO4 (120 Da, 2000 ppm), or calcein (623 Da, 3.1 ppm), respectively. Linear 

velocity of the feed solution through the membrane modules was fixed to 21-25 m min-1. 

Retentate was recirculated back to the feed tank. Pressure on both the feed and the retentate 

side was recorded and was controlled by a valve on the retentate side. The average pressure 

of the two was set to 3 bar. The permeate was collected into separate volumetric cylinders 

until approximately 15 mL was collected. Solute concentration in the permeate was 

quantified by conductivity (NaCl, MgSO4) or fluorescence (calcein). Each measurement was 

done three times. The setup scheme is shown in Figure 2. 
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Figure 2: Scheme of the membrane properties test setup. (1) Feed tank, (2) micro gear pump, (3) rotameter, (4) 

membrane module, (5) volumetric cylinder, (6) pressure gauge and (7) ball valve. 

The water flux J was calculated as 

� = �
�� 

where V is the volume of the permeate (L), S is the effective membrane area (m2) and t is the 

collection time (h). 

The solute rejection R was calculated as 

� = �1 − 
p
f 	100% 

where Xp and Xf are either conductivities or fluorescence intensities of permeate and feed, 

respectively. 

3 Results and discussion 

To investigate the impact of different surface chemistries on pore collapse and rejection, 

a range of different polymer-grafted membranes was prepared (see Figure 3). 
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1. n-BuLi, 25 °C
2. CMBC, 0 °C

diethyl ether, N2 HEMA

CuCl / bipy
H2O : EtOH (1:1, v/v)

35 °C, N2

PES

PES-Cl

mPHEMA

05 15 30

mPSS

05 15 30

mPVI

05 15 30

mPVIq

05 15 30

CuCl / bipy
H2O : EtOH (1:1, v/v)

35 °C, N2

NaSS

VI

BuBr

CuCl / bipy
H2O : EtOH (1:1, v/v)

35 °C, N2

EtOH
60 °C, reflux

 

Figure 3: Reaction scheme for the membrane surface modifications. In the first step, the original PES membrane 

underwent heterogeneous ortholithiation and subsequent acylation to form the activated PES-Cl membrane. 

Subsequently, SI-ATRP with 3 polymerization times (5, 15 and 30 min) was performed to prepare grafted 

mPHEMA, mPSS and mPVI membranes. Finally, the mPVI membranes were converted to poly(ionic liquid) 

membranes through quarternization using 1-bromobutane. 

3.1 Synthesis of activated, grafted and quarternized membranes 

The original hollow-fiber membrane was first activated by heterogeneous ortholithiation 

and subsequent acylation to introduce benzyl chloride groups that serve as ATRP initiators. 

Depending on the concentration of reagents, this step results in a specific grafting density 

[35]. Here we aimed at low grafting density in order to prevent pore blocking. Thereafter, 

surface-initiated ATRP was performed from the activated membranes for short reaction 

times (5, 15 and 30 min) to achieve different chain lengths of the grafted polymers. Three 

monomers were chosen – HEMA to increase hydrophilicity of the surface, NaSS to introduce 
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charged groups and VI to increase hydrophilicity and to introduce polyionic liquid to the 

surface by post-polymerization quarternization. 

These low grafting density modifications target very thin surface layers, which are not 

easily observed by traditional analytical methods, but would be expected to result in 

improved membrane properties. Nevertheless, FT-IR spectroscopy and XPS were used to 

investigate the chemical compositions of the prepared surfaces as shown in Figure 4 and 

Table 1. 
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Figure 4: Normalized FT-IR spectra of original (glycerol removed) PES, low- and high-density activated PES-Cl, 

grafted mPHEMA, mPSS and mPVI, and quarternized mPVIq membranes with polymerization times 5, 15 and 

30 min. 
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The first synthetic step leading to the activated PES-Cl membrane results in two new 

bands at 1675 cm-1 and 1722 cm-1 in the FT-IR spectrum (Figure 4, PES-Cl high). The band at 

1675 cm-1 is assigned to a carbonyl stretch in conjugated ketones originating from the 

benzophenone part of the activated PES-Cl membrane as expected. The second carbonyl 

stretch at 1722 cm-1 is assigned to an ester group in phenyl benzoates that can be formed by 

hydrolysis of the ether link in the PES backbone. Therefore, both introduced functionalities 

(ketone and ester) are covalent modifications. In order to obtain modified membranes with 

low grafting density, concentrations of the reagents in the activation step were decreased. 

This resulted in a lower degree of modification, which could no longer be confirmed by 

FT-IR (Figure 4, PES-Cl low), but was confirmed by XPS as discussed later.  

After SI-ATRP, FT-IR spectrum of the grafted mPHEMA membrane shows a carbonyl 

stretch at 1726 cm-1 coming from the surface-grafted polymer side chains. FT-IR spectrum of 

the grafted mPSS membrane shows a weak sulfonate stretch at 1035 cm-1. In both cases 

(mPHEMA and mPSS), the assigned bands increase in intensity with increasing 

polymerization time showing control over of the chain length by adjusting the 

polymerization time. Grafting and subsequent quarternization in the mPVI into mPVIq 

membranes could not be conclusively confirmed by FT-IR spectroscopy, due to the similar 

chemical compositions of these surfaces. 

The very subtle changes in FT-IR spectra after modifications compared to the pristine 

PES membrane correlate well with the targeted low degree of surface functionalization. XPS 

analysis corroborated the polymer grafting via SI-ATRP, as shown in Table 1. 

In general, the atomic compositions of all the modified membranes are very similar to 

that of the original PES membrane (Table 1). This confirms that the intended very thin layer 

(units of nm) of grafted polymer was introduced on the membrane. After the activation 

reaction, chlorine from the ATRP initiator could be detected and the composition of the 

membrane changed in agreement with the predicted trends (see Table 1 in Supporting 
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Information). The atomic compositions of the polymer grafted membranes (mPHEMA, 

mPSS, mPVI and mPVIq) were compared with the composition of the activated PES-Cl 

membrane, which confirms that the grafting took place. Increase in oxygen content is 

observed in the mPHEMA grafted membrane; mPSS membrane gives a sulfur content 

increase; and both mPVI and mPVIq membranes show slightly higher nitrogen content. 

Halogens were observed on the surfaces after grafting. However, the concentrations are 

generally lower than theoretically predicted, which was attributed to possible uncontrolled 

termination reactions as well as loss of halogens during analysis, as has also been observed 

by others [37]. 

Table 1: XPS data of the original PES, low-density activated PES-Cl, grafted mPHEMA, mPSS and mPVI, and 
quarternized mPVIq membranes. 

Name 

C 1s N 1s O 1s S 2p Cl 2p 

(atom %) 

PES 72.4 ± 0.4 2.8 ± 0.4 19.4 ± 0.2 5.4 ± 0.1 - 

PES-Cl 74.5 ± 0.2 2.4 ± 0.2 17.1 ± 0.2 2.9 ± 0.1 3.1 ± 0.2 

mPHEMA05 71.6 ± 0.3 2.3 ± 0.2 21.4 ± 0.3 3.6 ± 0.2 1.1 ± 0.0 

mPHEMA15 69.8 ± 0.3 2.9 ± 0.4 23.5 ± 0.4 2.9 ± 0.2 0.9 ± 0.0 

mPHEMA30 71.4 ± 0.2 1.9 ± 0.2 22.1 ± 0.3 4.6 ± 0.2 - 

mPSS05 72.9 ± 0.3 3.3 ± 0.1 18.1 ± 0.3 5.8 ± 0.1 - 

mPSS15 72.5 ± 0.3 3.3 ± 0.2 18.5 ± 0.2 5.7 ± 0.1 - 

mPSS30 70.4 ± 0.5 4.5 ± 0.1 19.7 ± 0.5 5.4 ± 0.1 - 

mPVI05 73.6 ± 0.4 2.3 ± 0.6 18.5 ± 0.2 5.5 ± 0.1 - 

mPVI15 71.9 ± 0.8 3.9 ± 0.7 18.9 ± 0.6 5.3 ± 0.3 - 

mPVI30 72.5 ± 0.5 3.8 ± 0.8 18.6 ± 0.1 5.1 ± 0.3 - 

mPVIq05 70.9 ± 0.4 3.4 ± 0.3 19.8 ± 0.2 4.8 ± 0.1 1.0 ± 0.1 

mPVIq15 70.5 ± 0.5 3.9 ± 0.4 19.6 ± 0.1 4.9 ± 0.2 1.1 ± 0.5 

mPVIq30 70.7 ± 0.6 4.4 ± 0.3 19.4 ± 0.4 4.6 ± 0.1 0.9 ± 0.4 

 



14 
 

3.2 Controlled pore collapse and membrane properties 

Before installing the membranes in the single-fiber modules, the modified membranes 

were either treated with glycerol to protect the pores, or else treated with ethanol to collapse 

the membrane by subsequent drying in air. Water flux data of protected and collapsed 

membranes are shown in Figure 5. 
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Figure 5: Water flux J at 3 bar of the original PES, low-density activated PES-Cl, grafted mPHEMA, mPSS, mPVI 

and quarternized mPVIq membranes (protected and collapsed) with increasing polymerization time tp. 

When the pores are protected by glycerol, the impact of the surface modifications on the 

membrane water flux can be observed (Figure 5). After activation (PES vs. PES-Cl), the water 

flux drops to half of its reference value, which is attributed to the change in surface 

chemistry and bulkiness of the modification. The flux is restored after grafting for a short 

polymerization time (5 min). In all cases, the water flux of the grafted and the quarternized 

membranes (mPHEMA, mPSS, mPVI, mPVIq) decreases with increasing polymerization 

time, as the increasing chain length of the grafted polymer blocks the pores to a larger extent 

[28,38–40]. Quarternization (mPVI vs. mPVIq) leads to an increased water flux at all 

polymerization times, which is ascribed to the increased ionic liquid character of the 
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quarternized chains increasing hydrophilicity of the system and stronger repulsion forces 

between the quarternized polymers as compared to the pure polyvinylimidazole chains. In 

general, all modified membranes maintain high water flux compared to the PES membrane 

as long as the pores are protected from collapse. 

Once the membranes are dried, causing the pore collapse, the membranes noticeably 

change their behavior (Figure 5). As expected, the majority of the collapsed membranes 

show significantly reduced water flux as compared to their glycerol-protected counterparts. 

For the collapsed systems, the water flux increases with increasing polymerization time of 

the grafted polymers (mPSS and mPVI). This is ascribed to the polymer grafts on the surface 

controlling the extent of PES membrane collapse. Thus, with increasing polymerization time, 

the extent of pore collapse decreases, leading to higher water flux. In the case of the 

quarternized mPVIq membranes, due to the strong repulsion forces between charged grafts, 

the grafted surface layer very efficiently suppresses the pore collapse already after a short 

polymerization time. Specifically, the quarternized mPVIq after 15 min of polymerization, 

effectively protects the membrane from collapse and the water flux of the protected and the 

collapsed membrane is very similar. Moreover, the water flux in this case remains high in 

both cases, underlining that this could be a solution in cases where the inevitable pore 

collapse cannot be prevented (exposure to air or repeated drying out of membranes). 

Prolonged polymerization time leads to a drop in water flux for both protected and 

collapsed membranes, in line with the increased chain length of the surface-grafted 

polymers. 

In addition, the influence of the surface modifications and subsequent pore collapse on 

solute rejection was studied. Overall, rejection of the two salts (NaCl and MgSO4) is very low 

(see Figure 1 in Supporting Information). Nevertheless, all rejection data show the same 

trends in terms of polymerization time before and after pore collapse, independent of the 
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solute. Therefore, the effects on solute rejection were exemplified using calcein as shown in 

Figure 6. 
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Figure 6: Calcein rejection R at 3 bar of the original PES, low-density activated PES-Cl, grafted mPHEMA, mPSS, 

mPVI and quarternized mPVIq membranes with increasing polymerization time tp. 

As expected, calcein rejection of the protected PES membrane is low (Figure 6). After the 

chemical modifications, the rejection increases even in the glycerol-protected systems. With 

increasing polymerization time, the calcein rejection increases in all cases of the glycerol-

protected membranes. 

After allowing the pores to collapse, calcein rejection of the PES membrane rises to 

82.8 ± 0.2 % and all the grafted membranes (mPHEMA, mPSS and mPVI) reach almost full 

calcein rejection (Figure 6) shifting them to a low-pressure nanofiltration mode. Rejection in 

the quarternized mPVIq membranes does not increase as dramatically as in the case of 

grafted membranes, since the pore collapse here is efficiently suppressed by the specific 

surface chemistry. 

By altering the surface chemistry and facilitating pore collapse, the rejection-to-water 

flux ratio can be optimized as shown in Figure 7.  
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Figure 7: Calcein rejection R versus water flux J at 3 bar of all the membranes. 

For instance, the protected mPHEMA membrane grafted for 15 min gives a significantly 

increased rejection (76.9 ± 0.9 %) while still exhibiting an acceptable water flux (96.0 ± 0.5 L 

m-2 h-1), compared to the protected PES membrane. A different example to note is the 

protected mPVI membrane grafted for 15 min, where the water flux is largely maintained 

(148 ± 8 L m-2 h-1) and rejection still noticeably increased (43.3 ± 1.6 %). Overall, these two 

examples show that the surface modification alone is sufficient to tailor the membrane 

properties. It is clearly seen in Figure 7 that most of the collapsed modified membranes 

greatly outcompete the collapsed PES membrane in terms of both rejection and water flux, 

showing the beneficial effect of surface modification on membrane properties. 

 

3.3 Scanning electron microscopy 

Membrane pore collapse upon drying was investigated by environmental SEM, where 

the wet membrane samples were allowed to dry inside the instrument. It was attempted, in 

order to see if we could observe a direct change of the membrane structure during collapse. 
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However, it was not possible to get enough contrast before collapse to actually determine a 

change in surface porosity (see SI-Figure 2). When the pores are protected, the SEM pictures 

show low contrast as can be seen in the glycerol-treated membrane (SI-Figure 3), and it is 

therefore unfortunately not possible to observe the specific surface structure without 

collapse. After washing the membrane to remove glycerol and allowing it to dry out, the 

contrast increases and pores can be observed more clearly. For the modified membranes, 

small clusters in the pores on the shell side (SI-Figure 4) as well as on the lumen side (Figure 

8b-e) are clearly identified in all cases, confirming that grafting has taken place. The 

micrographs at longer polymerization times also show these structures (see SI-Figures 5-7), 

confirming that the polymerizations took place. However, it was not possible directly to 

correlate longer polymerization times and the observed surface modifications to the changes 

in membrane permeability from the micrographs. 
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Figure 8:  Scanning electron microphotographs of the lumen surface of (a) the PES membrane, and the 
membranes grafted for 15 min with (b) mPHEMA, (c) mPSS, (d) mPVI and (e) mPVIq. 
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4 Conclusions 

Ultrafiltration hollow-fiber PES membranes were for the first time surface-modified via 

SI-ATRP. Membranes with a range of surface chemistries were prepared and tested in 

single-fiber membrane modules. The polymer grafting could be used to control the water 

flux and solute rejection characteristics of the membranes. With increasing polymerization 

time of the grafted polymers, water flux decreases and rejection increases when the 

membranes are used as prepared and protected with glycerol. Selective membrane pore 

collapse could be exploited to obtain higher rejection. Here, increasing the chain length of 

the grafted polymer results in a water flux increase at the cost of a decrease in rejection. The 

chemical nature of the grafted polymer is directly reflected in the water flux-to-rejection 

ratio and the extent of pore collapse. 

We have here shown how intentional pore collapse can be used to achieve membranes 

with higher rejection and controlled water flux. This provides a platform for tailoring 

membrane properties to specific applications in terms of rejection and water flux, which 

greatly extends the application range of ultrafiltration membranes. 
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- Surface initiated polymerization selectively grafted hollow-fiber PES 

membranes 

- Water flux and solute rejection of membranes controlled by surface 

modification 

- Intentional pore collapse exploited to obtain higher solute rejection 

- Extent of pore collapse correlates with the surface grafted polymer 
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