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ABSTRACT:  

 

Poly(vinylidene fluoride) (PVDF) ultrafiltration membranes were prepared by NIPS using a blend of a 

new amphiphilic PVDF-based triblock copolymer (PVDF-b-PEG-b-PVDF) and high molar mass PVDF. 

During the phase inversion step, the triblock copolymer acts both as a pore forming and surface modify-

ing agent. Thanks to the presence of the short PVDF blocks in the triblock copolymer, the hydrophilic 

PEG segment is fixed in the PVDF matrix, thus reducing the gradual loss of hydrophilic additive by 

leaching of the triblock copolymer out of the membrane matrix. The PVDF-b-PEG-b-PVDF triblock 

copolymer additive improved the surface hydrophilicity and significantly increased the pure water flux 

and permeability of the PVDF membrane. The membrane composition was optimized in terms of addi-

tive concentration and compared to membranes prepared with an equivalent amount of commercial PEG 

of similar molar mass. Pure water filtration tests and contact angle measurements suggested that addi-

tion of small amounts of the triblock copolymer additive (2-5% w/w) has a strong impact on the perfor-

mance and hydrophilic characteristic of the PVDF membranes. The control tests showed that less than 

30% w/w of the additive is lost after 9 months, while most commercial PEG (59 % w/w) leached out of 

the membrane matrix in only two months. 

 

1. Introduction:    

 

 

Membrane technology plays a crucial role in water and energy sustainability.[1] Access to water is one 1 

of the keys for economic, social and cultural development. The main reason why membrane technology 2 

has become an important separation technology over the past years is the fact that membranes require 3 

relatively low energy [1,2], are atom-efficient and are nowadays economically viable.[3] 4 

 5 

Polymer membranes lead the membrane separation industry market because they are very competitive 6 

in terms of performance, cost and ease of handling. They can also be relatively easy to functionalize if 7 

additional properties are desired. Many polymers are available, and the choice of the material is the 8 

most important as it dictates the chemical properties and the final performance of the membrane. A pol-9 

ymer must have appropriate characteristics to be used in micro (MF) and ultrafiltration (UF) membrane 10 



 

formulations. It has to tolerate the cleaning conditions (i.e. high pressure backwash with sodium hypo-11 

chlorite solution for example), the driving forces (i.e. pressure) and has to be compatible with the mem-12 

brane fabrication method (e.g. phase inversion, stretching of semi-crystalline polymer foils or hollow 13 

fibers, interfacial polymerization, temperature-induced phase separation (TIPS), non-solvent-induced 14 

phase separation (NIPS)…). Significant effort has been devoted to enhancing the permeation flux,[3–7] 15 

fouling resistance,[6,8–12] operation stability,[13] and service life of membranes.[3,14,15] 16 

 17 

The most common commercial polymers used for fabrication of MF and UF membranes are poly(ether 18 

sulfone) (PES),[16] polyethylene (PE),[17] polypropylene (PP),[14] polytetrafluoroethylene 19 

(PTFE)[18,19] and poly(vinylidene fluoride) (PVDF).[8,20–23] 20 

 21 

Ultrafiltration (UF) and microfiltration (MF) membranes are employed when high separation efficiency 22 

is required.[9,12,21,24] Such filtration membranes as water treatment devices are susceptible to low 23 

fouling resistance.[14] Membrane fouling affects productivity, and generates additional operating costs, 24 

and the need for regular chemical cleaning procedures that shorten the membrane lifetime. Membrane 25 

surface hydrophilicity is generally accepted as the main factor affecting fouling. A hydrophilic mem-26 

brane surface generally has higher fouling resistance compared to hydrophobic membranes.[25–28] To 27 

help solve these problems, materials scientists and chemical engineers are working to develop inexpen-28 

sive, scalable, and sustainable methods to produce hydrophilic membranes for water purification.[8] 29 

 30 

Among all the methods that can be employed for the fabrication of polymer membranes, phase inversion 31 

method is the most popular technique. The non-solvent-induced phase separation (NIPS) method is the 32 

method of choice in industry. In this method, the polymer is dissolved in a suitable solvent, cast into the 33 

desired shape (i.e. flat or hollow fiber) and is then immersed into a non-solvent bath (coagulation bath) 34 

where the phase inversion process takes place. For this method to work, the polymers (membrane form-35 

ing polymer and the additives), need to be insoluble in the non-solvent and solvent and non-solvent 36 

should be miscible. Phase inversion can also proceed via thermally induced phase separation 37 

(TIPS),[23,29] vapor induced phase separation (VIPS),[30] and evaporation-induced phase 38 

separation.[31]  39 

 40 

PVDF is one of the most widely used polymers in membrane formulations due to its remarkable proper-41 

ties such as wide chemical compatibility, excellent mechanical properties, relatively easy processing and 42 

high temperature resistance.[2,8,11] However, PVDF is relatively hydrophobic. This hydrophobicity is a 43 



 

problem for the efficiency and energy consumption of membranes designed for water 44 

purification.[21,24,27] Indeed, ultrafiltration and microfiltration PVDF membranes require high operat-45 

ing pressures resulting in high energy consumption to provide acceptable flux values.  46 

 47 

Several studies describe the modification of PVDF membranes with hydrophilic additives such as pol-48 

ymers[3,20] and copolymers[12,32,33] to improve their hydrophilicity. However, most of the added 49 

additives (mainly hydrophilic polymers or nanoparticles[14,15,24,26]) is lost during the membrane 50 

manufacturing process, and through gradual leaching during operation. This is often because there is no 51 

specific interaction between the hydrophilic additive and the PVDF since the two components are simp-52 

ly blended with each other.  53 

 54 

Post-fabrication treatment via physical surface modification (e.g. coating with a hydrophilic polymer 55 

layer)[6,12,21] or chemical treatment (e.g. plasma grafting of polar groups)[7,27,28] are some of the 56 

techniques used to confer hydrophilicity to PVDF membranes. Finding formulations and preparation 57 

methods that optimize fabrication costs, ease of implementation, efficiency, and long-term durability 58 

remains a challenge. Blending PVDF with hydrophilic polymers (e.g. polyvinyl alcohol (PVA), polyeth-59 

ylene glycol (PEG), polyvinylpyrrolidone (PVP)) via phase separation process is the most used method 60 

in membrane industry. This is because; preparing membranes from a mixture of polymers is relatively 61 

easy, convenient and adaptable to the industrial membrane fabrication set-up. 62 

 63 

Numerous studies report the use of additives such as PVP[3,20,25] and PEG[32,34]. These polymers act 64 

as both pore-formers (increasing porosity and hence membrane permeability) and hydrophilic additives. 65 

However, assessing the real and final impact of these polymer additives is difficult, since the relation-66 

ship between the amounts of additive added in the casting solution and their final concentration in the 67 

membrane matrix after coagulation bath is hard to establish/calculate by regular analysis methods. A 68 

systematic study is required each time a new formulation is tested. Likewise, establishing the rate of 69 

migration of the additive retained within the polymer matrix is very difficult.[35,36] For example, when 70 

PEG is blended with PVDF, a large part of it is washed out during the phase inversion step (coagulation 71 

bath). The non-solvent is often water, which dissolves most of the PEG, promoting the formation of the 72 

pores. In consequence only a small amount of the initial added PEG remains in the PVDF membrane 73 

matrix.[32,36] To reach higher hydrophilicity, larger quantities of additive should be added. However 74 

larger quantities of additives also results into higher membrane porosity. Finding the right compromise 75 

between hydrophilicity and porosity is not straightforward. 76 



 

 77 

Here, we describe the use of an ABA triblock copolymer containing a PEG central block and two PVDF 78 

lateral blocks, as a hydrophilic additive for PVDF membranes. This PVDF-b-PEG-b-PVDF amphiphilic 79 

triblock copolymer should increase the wettability of the resulting membrane. In addition, leaching of 80 

the PEG should be reduced both at the preparation and filtration steps, since the PEG and the PVDF 81 

segments would be connected via covalent bond and the two PVDF segments of the triblock co-82 

crystallize with the high molar mass PVDF membrane matrix. Different proportions of triblock copoly-83 

mer additive (PVDF50-b-PEG136-b-PVDF50, with weight fraction of PEG6000  = 0.47) were used in the 84 

casting solution, and the membranes thus prepared via the NIPS process were compared with similar 85 

membranes prepared from casting solutions containing an equivalent amount of PEG6000. The prepared 86 

membranes were aged over 9 months and their performance as well as the amount of additive left in the 87 

membrane matrix was assessed during this period using contact angle, NMR and pure water 88 

flux/permeability measurements. The membranes were also characterized using SEM before and after 89 

aging. 90 

 91 
 92 
2. Experimental 93 

 94 
2.1. Materials 95 

All reagents were purchased from Sigma-Aldrich and were used as received unless otherwise stated. 96 

High molar mass PVDF (Kynar 761; Mw: 441,000 g/mol) was kindly donated by ARKEMA. Deuteri-97 

um oxide (D2O) and dimethylsulfoxide ((CD3)2SO) were purchased from Eurisotop. PVDF-b-PEG-b-98 

PVDF block copolymer was synthesized as reported previously.[37] 99 

2.2. Methods 100 

2.2.1. Preparation of high molar mass PVDF mother solution. 101 

3.75g of PVDF (Kynar 761) was dissolved in 20g of NMP under magnetic stirring at 80 °C for 24h (fi-102 

nal PVDF concentration = 15.79 % w/w). 103 

2.2.2. Preparation of dope solutions containing the triblock copolymer. 104 

The dope solutions were prepared by blending 4 g of the PVDF mother solution with different amounts 105 

of PVDF-b-PEG-b-PVDF triblock copolymer solution (1 to 25% w/w) in NMP (see Table 1). To ensure 106 

homogeneous mixing, the mixture was stirred for 24h at 80 °C.  107 

2.2.2 Preparation of control dope solutions containing PEG homopolymer. 108 

A 15% (w/w) high molar mass PVDF solution in NMP was blended with two different concentrations 109 

of PEG138 for 24h at 80 °C (see Table 1). 110 

2.2.3. Blade casting 111 



 

Membranes of 20 cm in 20 cm were prepared using a blade with a 250 µm clearance using dope solu-112 

tions stored at 80 °C on a glass plate. 60 seconds after film casting, the substrate was transferred to a 113 

water coagulation bath thermostated at 25°C. The membrane was left in this coagulation bath for 24 h, 114 

prior to drying at room temperature for another 24h (see Scheme 1). 115 

2.2.4. Water Contact angle (WCA) 116 

The contact angle measurements, which quantify the wettability/hydrophilicity of the membrane sur-117 

face, were assessed using a monochrome camera B-CAM-21-BW (CCCIR) and a Led R60 lamp pur-118 

chased from CONRAD. For each sample, 10.0 μL of ultra-pure water was deposited on a polymer-119 

coated silica wafer using a micro needle. The images were recorded using One Touch Graber software 120 

and treated using Image J software. 121 

2.2.5. NMR spectroscopy 122 

NMR spectra were acquired in either D2O or a mixture of D2O and (CD3)2SO using a Bruker 300 MHz 123 

spectrometer. All chemical shifts are reported in ppm. 124 

2.2.6. Scanning electron microscopy (SEM) 125 

The porous structure of virgin PVDF membrane and modified PVDF membranes were characterized 126 

using microscopy techniques. SEM analyses were conducted using a Hitachi S-4500 instrument operat-127 

ing at a spatial resolution of 1.50 nm at 15 kV energy. The samples were dried and coated with an ul-128 

trathin layer of electrically conducting platinum deposited by high vacuum evaporation. 129 

2.2.7. Water filtration experiments 130 

For filtration tests, Circles of 2.5 cm in diameter were cut from each membrane and were placed in 131 

sealed petri dishes filled with distilled water. This water was replaced weekly with fresh distilled water 132 

during the study period of 9 months. The membrane was fitted in a 10 mL filtration cell (Amicon 8010 133 

stirred cell). Filtration cell was then connected to a water reservoir and compressed air line. The meas-134 

urements were performed at pressures between 0.1 and 2.0 bar. The mass of the water passing through 135 

the membrane (permeate) was recorded by the Sarto Connect software at regular time intervals. All fil-136 

tration experiments were performed at room temperature with dust free ultrapure water (filtered through 137 

a 400-μm filter). Before recording the water flux, the membranes were conditioned for 2h at 2 bar. The 138 

flux and permeability of the 4 modified membranes were evaluated during the aging period via three 139 

cycles of pure water filtration. The volumetric flux and permeability were calculated according to Dar-140 

cy’s law using equations (1) and (2): 141 

 142 

𝐹𝑙𝑢𝑥 (𝐽𝑣) =  𝑉𝑝 (𝑡 ∗ 𝑆) ⁄ (L h-1 m-2)     (1) 143 

 144 



 

𝑃𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (𝐿𝑝) = 𝐽𝑣 𝛥𝑃⁄  (L h-1 m-2 bar-1)     (2) 145 

 146 

Where Vp = Permeate volume, t = Time, S = Surface area and ΔP = pressure difference. 147 

 148 

 149 

 150 
Scheme 1. Membrane preparation via NIPS process from a blend of high Mw PVDF and PVDF50-b-PEG136-b-PVDF50 triblock 151 

copolymer in NMP.  152 

 153 

2.2.8. Porosity and Pore Size Determination   154 

The porosity of the membrane was determined from its dry and wet masses. The membrane was im-155 

mersed in water for 24 h. After that, the mass of the wet membrane was measured after wiping off ex-156 

cess water using filter paper. Then, the wet membrane was dried in an oven under vacuum for 10 h at 157 

25°C and the mass of this dried membrane was measured. The porosity was calculated using the follow-158 

ing equation[38]: 159 

𝜀(%)  =  

(𝑤𝑤 − 𝑤𝑑)
𝜌𝑤

(𝑤𝑤 − 𝑤𝑑)
𝜌𝑤

+
𝑤𝑑

𝜌𝑝

 × 100%            (3) 160 

 161 

where ԑ is the membrane porosity, 𝑤𝑤 is the wet membrane mass (g), 𝑤𝑑 is the dry membrane mass (g), 162 

𝜌𝑤 is the pure water density while 𝜌𝑝 is the density of the polymer. The densities of the polymer blends 163 

were estimated using the weight fractions of PEG and PVDF. Since 𝜌𝑃𝑉𝐷𝐹 =  1.78 g·cm-3 and 𝜌𝑃𝐸𝐺  = 164 

1.20 g·cm-3. Thus, the density of the blend containing 2 % w/w of triblock (i.e. 0.81 % w/w of PEG) was 165 

estimated to be 1.775 g·cm-3 while the density of the blend containing 5% w/w of triblock (or 1.95 % 166 

w/w of PEG) was 1.769 g·cm-3. 167 

The mean pore radius (rm) was calculated from the pure water flux (PWF) value and porosity data ob-168 

tained previously using the Guereout-Elford-Ferry equation as follows[39]: 169 



 

𝑟𝑚  =  √
(2.9 − 1.75 ∙ 𝜀) ∙ 8 ∙ η ∙ 𝑙 ∙ 𝑄

𝜀 ∙ 𝐴 ∙ 𝛥𝑃
 170 

(4) 171 

Where η is the viscosity of water (mPa·s) (1.002 at 20°C), 𝑙 is the membrane thickness (m) (150-172 

200µm), 𝑄 is the pure water flux (m3·s-1), 𝐴 is the area of membrane (m2) (d = 2.5cm) and 𝛥𝑃 is the 173 

operating pressure (mPa) (2 bar = 2·108 mPa). 174 

2.2.9. Additive Loss Assessment   175 

 176 

 177 

𝐴𝑑𝑑𝑖𝑡𝑖𝑣𝑒 𝑙𝑜𝑠𝑠(%) = 100 −  
∫ 𝐶𝐻2(𝑃𝐸𝐺)𝑎𝑔𝑒𝑑 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒  

3.55

3.47

∫ 𝐶𝐻2(𝑃𝐸𝐺)𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑡 = 0  
3.55

3.47

𝑥 100 178 

(5) 179 

Note: The integral of PVDF signal at 2.8 ppm were used as reference. 180 

 181 

 182 

1. Results and discussion 183 

The well-defined triblock copolymer PVDF50-b-PEG136-b-PVDF50 was synthesized according to our 184 

previously published work.[40] This triblock copolymer was then used as the hydrophilic additive in the 185 

preparation of PVDF membranes. A series of dope solutions (composed of high molar mass PVDF and 186 

the triblock copolymer) containing different mass fraction of this triblock copolymer was prepared. The 187 

mass fraction of the high molar mass PVDF in NMP was fixed at 15 % (w/w). To ensure complete dis-188 

solution of PVDF in NMP, the solutions were heated at 80 °C under stirring for 24h. Different amounts 189 

of the triblock copolymer PVDF50-b-PEG136-b-PVDF50 (1, 2, 5, 10, 15 and 20 % w/w) were then added 190 

to the homogeneous PVDF solution. These mixtures were stirred at 25°C until homogeneous. A series of 191 

membranes were prepared via the NIPS process using dope solutions containing different amounts of 192 

the triblock copolymer (see Table 1). Additionally, control membranes were made from dope solutions 193 

containing commercially available PEG. The quantities of PEG added to the casting solutions were 194 

carefully calculated to match the amount of PEG present in the casting solutions containing the triblock 195 

copolymer as additive.  196 

  197 



 

1.1.1. Effect of PVDF50-b-PEG136-b-PVDF50 on the membrane formation.  198 

 199 

The membranes were prepared via the NIPS process using a water coagulation bath. As mentioned be-200 

fore, different concentrations of the triblock copolymer (1, 2, 5, 10, 15, 20% w/w) were employed to 201 

prepare the membrane casting solutions (Table 1). Membranes prepared from triblock copolymer solu-202 

tions of concentration higher than 5% w/w were very soft and swollen after immersion in the coagula-203 

tion bath. They seemed to retain large amounts of water that caused the membranes to become unstable 204 

and fall apart (Figure S4). For this reason only the membranes prepared with 1, 2 and 5% (w/w) of 205 

triblock copolymer were used in the rest of the present study. 206 

SEM images of the stable membranes (Figure 1) showed asymmetric structures with a thin top skin po-207 

rous layer supported by a finger-like sublayer. Formation of finger-like structure is typical in mem-208 

branes prepared via a liquid-liquid phase separation process such as NIPS, in which polymer-rich and 209 

polymer-poor phases are developed. The surface and cross-section images of the membranes showed 210 

that increasing the PVDF-b-PEG-b-PVDF content in the dope solution led to more porous surfaces. This 211 

observation is in agreement with previous reports [34,41–43] and is not surprising as the PEG segment 212 

of the triblock copolymer retains water and facilitates the formation of pores. In NIPS process the phase 213 

separation happens very fast. This causes the PVDF blocks of the copolymer to precipitate along with 214 

the high molar mass PVDF forming the matrix of the membrane. This co-precipitation of the two types 215 

of PVDF chains is also likely accompanied by co-crystallization. This combined phenomena likely re-216 

sult in the immobilization of the triblock copolymer in the membranes matrix, reducing the possibility 217 

for this copolymer additive to migrate and leach out. 218 

 219 

 220 
 221 

 222 

 223 

a c b 

Figure 1. SEM images of the surface and cross-section of PVDF membranes prepared from dope solutions containing (a, a’) 0%, 

(b, b’) 2% and (c, c’) 5% w/w of PVDF-b-PEG-b-PVDF triblock copolymer. 



 

 224 

The relevant changes in the number and size of the macro voids with the increasing amount of the addi-225 

tive could not be calculated using the SEM cross-section images. All the analyzed membranes presented 226 

large macro voids. This may be ascribed to the presence of the hydrophilic PEG segments in the triblock 227 

copolymer which enhances the in-flow/out-flow of solvent and non-solvent molecules in the membrane 228 

structure resulting in high porosity. 229 

 230 

1.1.2. Effect of PVDF50-b-PEG136-b-PVDF50 on the surface hydrophilicity of the PVDF mem-231 

branes. 232 

 233 

As explained above the addition of PEG-containing triblock copolymer resulted in a general higher sur-234 

face porosity. As observed by SEM (Figure 1), membranes formed from solutions containing larger 235 

mass fractions of triblock copolymer displayed higher surface porosity. This porosity was rather irregu-236 

lar which resulted in large pore size distribution as well as increased roughness of the membrane sur-237 

face. As expected, the hydrophilicity of the surface of the membranes increased with increasing the ad-238 

ditive concentration in the dope solutions.     239 

 240 

 241 
Table 1. Dope solution formulations for the preparation of the hydrophilic PVDF membranes.  242 

Note: *calculated masses of PEG from copolymer additive or commercial PEG. 243 

 244 

Water contact angle (WCA) measurements (Table 1 and Figure 2) were performed to evaluate the mem-245 

brane surface hydrophilicity/wettability. 246 

WCA of the pure PVDF membrane (Triblock0 in Table 1) at t = 10 s was (105 ± 18°). The PVDF sur-247 

face of this membrane was thus slightly hydrophobic as expected. The membrane prepared using dope 248 

solution containing 1% (w/w)  triblock copolymer displayed a much lower water contact angle (74 ± 6°) 249 

at t = 10 s. This value decreased to 54±5°, 39±6° and 10±10° at t = 10 s when dope solutions containing 250 

2, 5 and 10% (w/w) triblock copolymer were used respectively. When more concentrated dope solutions 251 

Membrane ID 

Composition of the casting solution 
Copolymer 

% (w/w) 
mcopolymer/mPVDF MPEG*/mPVDF 

WCA 

(°) 
mPVDF 

(g) 

mCopolymer  

(g) 

mPEG 

(g) 

mNMP 

(g) 

Triblock0 0.750 - - 4.85 0 - - 105±18 

Triblock1 0.750 0.056 - 4.79 1.00 7.47 10-2 2.94 10-2 74±6 

Triblock2 0.750 0.112 - 4.74 2.00 14.93 10-2 5.63 10-2 54±5 

Triblock5 0.750 0.279 - 4.55 5.00 37.20 10-2 12.51 10-2 39±6 

Triblock10 0.750 0.554 - 4.23 10.00 73.87 10-2 21.09 10-2 10±10 

Triblock15 0.750 0.814 - 3.86 15.00 108.53 10-2 27.13 10-2 - 

Triblock25 0.750 1.4 - 3.45 25.00 186.67 10-2 36.42 10-2 - 

PEG2eq 0.816 - 0.046 4.74 - - 5.64 10-2 61±7 

PEG5eq 0.920 - 0.115 4.55 - - 12.50 10-2 47±5 



 

were used (> 5% w/w) the water droplets were rapidly absorbed into the membranes (≤10 s). Figure 2 252 

shows the evolution of WCA with time for pure PVDF membrane and those prepared using solutions 253 

containing 2 and 5% triblock copolymer. In the case of the pure PVDF membrane the WCA remained 254 

stable at around 105 ° for the duration of the monitoring (25 s). In contrast, the WCA decreased drasti-255 

cally reaching 0° within 25 s for the membranes prepared from dope solutions prepared with 2 and 5% 256 

(w/w) triblock copolymer. 257 

These results show that addition of even small amounts (1-5% (w/w) in the dope solution) of triblock 258 

copolymer enhances the hydrophilicity of the PVDF membranes drastically. This is probably due to the 259 

fact that most of the added triblock copolymer stays in the membrane matrix thanks to the presence of 260 

the two short PVDF blocks acting as anchoring points for the PEG segments to the high molar mass 261 

PVDF chains forming the bulk of the membrane. In addition, the presence of this short PVDF blocks 262 

likely promotes a more homogeneous distribution of the PEG segments in the membrane matrix com-263 

pared to the commercially available PEG used as additive.  264 

 265 

 266 

 267 

 268 

 269 

 270 

 271 

 272 

 273 

 274 

 275 

 276 

1.1.3. Membrane ageing and its effect on WCA, flux, and permeability. 277 

 278 

To test the hypothesis that the presence of the short PVDF blocks of the triblock copolymer is responsi-279 

ble for the strong interaction of the triblock copolymer with the high molar mass PVDF leading to im-280 

mobilization of  the PEG segments in the membrane matrix, ageing experiments were carried out over 9 281 

months. For these experiments two 10 cm x 10 cm membranes were prepared using dope solutions with 282 

Figure 2. Evolution of the WCA versus time: Pure PVDF membrane (black squares), and membranes pre-

pared using 2 and 5% (w/w) triblock copolymer solutions (blue triangles and red dots respectively). 



 

2 and 5% w/w triblock copolymer (Triblock2 and Triblock5 in Table 1). In addition, two membranes 283 

(100 cm2) were prepared from dope solutions containing equivalent amounts of commercial PEG ho-284 

mopolymer. These membranes (PEG2eq and PEG5eq in Table 2) were used as control experiments.  285 

 286 

WCA was monitored over 9 months to assess the loss of hydrophilicity with time. The WCA measure-287 

ments (Table 2) indicate a small loss of hydrophilicity for membranes containing triblock copolymer; 288 

the WCA increased by 13° and 14° in 9 months for membranes prepared from the 2 and 5 % (w/w) dope 289 

solutions (Triblock2 and Triblock5 in table 2). These membranes remained hydrophilic during the study 290 

period with WCA < 70°. In contrast, over the same period of time, the WCA of the membranes prepared 291 

with PEG homopolymer increased much more: 29° and 41° respectively (PEG2eq and PEG5eq mem-292 

branes). At the end of the study period the WCA reached values (90°) close to those observed for pure 293 

PVDF membranes (ca. 105°). It is important to note that the PEG2eq and PEG5eq membranes were less 294 

hydrophilic (showed higher WCA) than their triblock copolymer counterparts at t=0. This indicates that 295 

a significant quantity of the PEG homopolymer is lost during the preparation process (likely in the co-296 

agulation bath). In all membrane samples the additives (both the commercial PEG homopolymer and the 297 

synthesized triblock copolymer) did leach out of the membrane matrix within the first 60 days. Howev-298 

er, the WCA results clearly show that the triblock copolymer loss is marginal (8-9°) compared to that of 299 

the PEG homopolymer (17-26°) confirming that the presence of the short PVDF blocks does help in 300 

retaining the hydrophilic PEG chains in the membrane matrix. 301 

 302 

 303 
Table 2. WCA evolution of the membranes during the ageing experiment. 304 

Membrane ID 
Mean WCA at 10 s [° of change]. 

0 month 2 month 9 month 

Triblock2 54 63 [9] 67 [13] 

Triblock5 39 47 [8] 53 [14] 

PEGeq2 61 78 [17] 90 [29] 

PEGeq5 47 73 [26] 88 [41] 

 305 

To quantify the amount of the additive (triblock copolymer and PEG homopolymer) loss, 1H NMR ex-306 

periments were carried out on the membranes before and after the ageing process. Integrals of the PVDF 307 

(2.6-3.0 ppm) and PEG (3.5 ppm) signals were used to determine the percentage of additive loss (see 308 

Table 3 and S6). The CH2 signal of the PVDF (∫ CH2(PVDF) 
3.01

2.66
) was taken as reference, and the mass 309 

fraction of PEG loss was calculated using equation 5.  310 



 

Table 3. PEG loss after the ageing process. 311 

 Membrane ID  MPEG*/MPVDF 
Additive loss 

after 2 months (%) 

Additive loss 

after 9 months (%) 

 Triblock2  5.63 10-2 * 9.1 21.4 

 PEG2eq  5.64 10-2 41.2 58.8 

 Triblock5  12.51 10-2 * 21.4 27.3 

 PEG5eq  12.50 10-2 41.7 70.8 

Note: the signals of the high molar mass PVDF and the short PVDF blocks of the triblock copolymer overlap. *PEG from the triblock 312 
copolymer additive.  313 

The data summarized in Table 3 shows that the loss of triblock copolymer is much lower than that of the 314 

PEG homopolymer. For the membrane prepared from the 2 wt % triblock copolymer dope solution  315 

(Triblock2), about 21 % of the PEG was lost during the study period (9 months) while about 59 % of the 316 

PEG homopolymer was lost over the same time for the membrane prepared using PEG homopolymer 317 

(PEG2eq). This loss rose to 27 % and 71 % for the membranes prepared from the 5 wt % triblock co-318 

polymer (Triblock5) or PEG homopolymer (PEG5eq) dope solution   respectively. This set of data indi-319 

cates that 2 wt % of triblock copolymer additive is sufficient to confer long-lasting hydrophilicity to the 320 

PVDF membranes. Higher triblock copolymer weight fraction leads to higher loss of the additive. These 321 

results show that more atom-efficient (and maybe cheaper) PVDF membranes endowed with long last-322 

ing hydrophilicity could be prepared using such PVDF50-b-PEG138-b-PVDF50 triblock copolymer addi-323 

tive. 324 

For the Triblock2 membrane, flux reached up to 1400 L/h·m2 at 2 bar right after preparation (t0). After 9 325 

months the flux value halved to around 600 L/h·m2. This decrease is mainly due to the loss of hydro-326 

philicity caused by additive leaching (see Table 2 and 3) and water-retaining ability of the membrane, 327 

and to a lower extent to fouling (bacteria growth) as shown in Figure S5. The Triblock5 membrane fol-328 

lowed a similar trend although the decrease in flux during the ageing period was lower (it only de-329 

creased by 200 L/h·m2). However both membranes present an improvement in terms of flux compared 330 

to membranes prepared from PEG homopolymer as additive. The highest flux values obtained for mem-331 

branes prepared using the PEG homopolymer were 100 and 200 L/h·m2 (for PEG2eq and PEG5eq 332 

membranes during the first filtration experiments) while the membranes containing the triblock copol-333 

ymer reach flux values of 650 and 1400 L/h·m2 (for Triblock2 and Triblock5 respectively). 334 

 335 



 

 336 

Figure 3. Flux vs. pressure of PVDF membranes prepared using dope solutions containing 2% w/w (left) and 5% w/w (right) 337 
PVDF-b-PEG-b-PVDF block copolymer. The flux measurements were performed right after membrane preparation (black 338 

squares), after 9 months (blue triangles) and compared to flux values obtained for membranes prepared using dope solutions con-339 
taining PEG homopolymer concentrations equivalent to the total PEG concentrations of triblock doped casting solutions (green 340 

inverted triangle) just after preparation (t=0). 341 

The permeability plots (Figure S7) show that the membranes modified with the PEG homopolymer 342 

were almost insensitive to pressure with a low permeability (110-150 L h-1 m-2 bar) over the pressure 343 

range tested (0-2 bar). The permeability profile of the membranes prepared using the 2 and 5% (w/w) 344 

triblock copolymer dope solution showed moderate fluctuations. This is most probably due to the pore 345 

size and pore density of the membrane rather than their degree of hydrophilicity. However, the structur-346 

al integrity of the membranes prepared using PEG homopolymer as additive was higher than that of the 347 

membranes containing the triblock copolymer. This is likely due to the fact that the former effectively 348 

do not retain much PEG in their structure compared to the latter. In consequence their pores do not swell 349 

as much when in contact with water. 350 

Since the SEM images of the membranes prepared using different triblock copolymer dope solutions 351 

(Figure 1) did not show major changes in structure or porosity, water uptake was used as an indirect 352 

method to estimate pore size and porosity (Table 4). Membranes prepared from 5 wt. % triblock copol-353 

ymer dope solution were more porous (76%) than the membranes prepared from the 2 wt. % triblock 354 

copolymer dope solution (61%). However, membrane Triblock2 had larger average pore size (62-73 355 

nm) compared to membrane Triblock5 which featured an average pore size of 43 - 50 nm. These data 356 

are in agreement with the flux values obtained for each membrane. The Triblock5 membrane had lower 357 

flux than the Triblock2 membrane over the entire ageing period. The PEG2eq and PEG5eq membranes 358 

had the smallest mean pore radii (ca. 17 nm for PEG2eq and 23 nm for PEG5eq) hence their low flux 359 

and permeability values.  360 



 

 361 

Table 4. Membrane porosity (ε) and mean pore size (rm). 362 

PVDF Membrane  

 

Porosity 

(%) 

Mean pore  

radii (nm)* 

Triblock2  61 62-73 

PEG2eq  41 17-19 

Triblock5  76 43-50 

PEG5eq  48 23-26 

 *Pore size estimated using two thicknesses (150 and 200µm) 363 

 364 

2. Conclusions  365 
In summary, a well-defined PVDF-PEG-PVDF ABA triblock copolymer synthesized using RAFT and 366 

thia-Michael addition click chemistry was used as a hydrophilic additive for PVDF water filtration 367 

membranes. The triblock copolymer was blended with high molar mass PVDF in different proportions, 368 

and membranes were prepared via the NIPS process. The resulting porous membranes were fully char-369 

acterized using SEM, 1H NMR, WCA and filtration tests. These tests showed that the hydrophilicity of 370 

the membranes increased with increasing additive content. Control experiments performed on PVDF 371 

membranes prepared using PEG homopolymer as additive showed that most of the PEG leached out 372 

during the first 60 days following membrane preparation. It was also demonstrated that only small 373 

amounts of the triblock copolymer (2-5% w/w) were required to confer sufficient and long-lasting hy-374 

drophilicity to the PVDF membranes. Larger amounts of triblock copolymer led to membrane swelling 375 

and structural instability. This study suggests that migration of the copolymer additive towards the air-376 

polymer interface or water-polymer interface and subsequent leaching still occurs. However, these phe-377 

nomena are significantly decreased thanks to the presence of the short PVDF segments covalently at-378 

tached to the PEG. These PVDF segments likely anchors the PEG block in the PVDF matrix by co-379 

precipitation and co-crystallization with the high molar mass PVDF forming the bulk of the membrane. 380 

The strategy proposed here, based on the use of amphiphilic PVDF-containing block copolymers as 381 

hydrophilic additives, is able to significantly extend the operational lifetime of PVDF membranes for 382 

water purification applications.  383 

 384 
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