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Abstract 12 

Within the current increasing environmental restrictions, biopolymers tend to replace common 13 

materials in many applications, from daily life items to process engineering facilities. Synthetic 14 

filtration membranes are also of concern. Herein, biopolymer based microfiltration (MF) membranes 15 

were produced with a polyhydroxyalkanoate (PHA), the poly(hydoxybutyrate-co-hydroxyvalerate) 16 

(PHBHV). The membranes were made by evaporation induced phase separation (EIPS) and the 17 

influence of the dope solution composition was studied by adding additives, polyvinylpyrrolidones 18 

(PVPs) and polyethylene glycols (PEGs). The nature, molecular weight and concentration of the 19 

additives were linked to the obtained microstructures. Both types of additives can increase 20 

membrane porosity by acting as pore former agent. However, interesting opposite effects were 21 

obtained in case of PEGs from 300 to 4000 g mol-1 where the additives were observed to act as 22 

plasticizers. The membranes performances were evaluated with pure water permeability and E. Coli 23 

bacteria rejection and correlated to the microstructure analyses. The performances were greatly 24 

improved by selecting the proper additive. This study leads to promising results for the consideration 25 

of PHA as new potential biomaterial intended for membrane fabrication. 26 
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1. Introduction 56 

Today, membrane filtration processes are widely used by the separation industry due to their low 57 

energy requirement compared to thermal facilities. Within the membrane filtration processes, the 58 

pressure driven separations, like microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and 59 

reverse osmosis (RO) are the most industrially implemented. For example, around 80% of the 60 

desalination plants use the RO technology [1]. Among the membranes materials, polymers account 61 

for 95% of the total industrial market [2] : they are relatively cheap, cover a wide variety of thermo-62 

mechanical properties and are easily shaped. Various polymers are now intended for membrane 63 

applications and the most used of them are mentioned in Table 1. 64 
 65 

Table 1 : Commercially available polymers for membrane production.  66 
RO: reverse osmosis, NF: nanofiltration, UF: ultrafiltration, MF: microfiltration, MD: membrane distillation, GS: gas 67 

separation, PV: pervaporation. 68 

Polymer Applications Specificities Polymer source / end of 
life 

Cellulose acetate  
(CA) 

NF, RO, UF, MF, 
GS 

Easy processability 
Low cost 
Hydrophilic 

Partially biobased / 
non biodegradable 

Polyamides NF, RO pH tolerant 
Thermal stability 
Good mechanical properties 

Petro-based / 
non biodegradable 

Polyethersulfone 
(PES) 

UF, MF Easy processability 
pH tolerant 
Thermal stability 
Good mechanical properties 
Chlorine resistant 

Petro-based /  
non biodegradable 

Polysulfone  
(PSf) 

UF, MF, GS Petro-based /  
non biodegradable 

Polyvinylidene fluoride 
(PVDF) 

UF, MF, MD Chemical resistance 
Thermal stability 
Good mechanical properties 
Hydrophobic 

Petro-based /  
non biodegradable 

Polyacrylonitrile  
(PAN) 

UF Chemical resistance 
Thermal stability 
Elasticity 

Petro-based /  
non biodegradable 

Polytetrafluoroethylene 
(PTFE) 

MF, MD, GS Chemical resistance 
Thermal stability 
Good mechanical properties 
Hydrophobic 

Petro-based /  
non biodegradable 

Polypropylene  
(PP) 

MF, MD Organic solvents resistance 
Good mechanical properties 

Petro-based /  
non biodegradable 

Polyethylene  
(PE) 

MF Organic solvents resistance 
Low cost 
Chemical resistance 

Petro-based /  
non biodegradable 

Polyvinyl alcohol  
(PVA) 

PV Easy processability 
Hydrophilic 

Petro-based / 
biodegradable 

Polyimides NF, GS Easy processability 
Chemical resistance 
Thermal stability 

Petro-based /  
non biodegradable 

Polyvinyl chloride  
(PVC) 

UF, MF Low cost 
Chemical resistance 
Thermal stability 
Good mechanical properties 
Hydrophobic 

Petro-based /  
non biodegradable 
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Polysiloxanes NF, GS, PV Oxidative stability 
Good gas permeability 
Thermal stability 
Hydrophobic 

Petro-based /  
non biodegradable 

Polycarbonate  
(PC) 

MF Chemical resistance 
Thermal stability 
Good mechanical properties 
Hydrophilic 

Petro-based /  
non biodegradable 

 69 

However, as specified in Table 1, most of the polymeric membrane materials are non biobased and 70 

non biodegradable. Thus, these conventional polymers consume the limited fossil resources, create 71 

excessive untreated wastes and cause major environmental pollutions [3,4]. Hence, major efforts 72 

have been made to replace these widely used materials, including the development of biopolymers 73 

[5]. The membranes materials are no exception to this transition and the use of sustainable 74 

chemicals to make membranes is now of interest [6–10]. 75 

 76 

Among the selected biopolymers intended for membrane fabrication, cellulose based materials are 77 

widely used thanks to the cellulose abundance. They are continuously under development to still 78 

improve the membranes performances [10–13]. Nevertheless, cellulose based membranes are only 79 

partially biobased since chemical modifications of the cellulose structure are required. Polyvinyl 80 

alcohol (PVA) is a hydrophilic biodegradable polymer used for pervaporation membranes [14]. 81 

Nevertheless, it requires a crosslinking step to overcome its poor mechanical stability and this is the 82 

major research focus for its use in pressure driven processes [15]. Polylactic acid (PLA) is a 83 

biopolyester that has been considered for liquid filtration membranes due to its commercial 84 

availability and easy processing [16–19]. However, PLA production involves chemical reaction steps 85 

and this should be avoided to limit the environmental impact. Other biopolymers, directly extracted 86 

from biomass, have been investigated: alginate [20], starch [21], collagen [22], agarose [9] and -87 

carrageenan [23]. They all have the drawback to be either swellable or soluble in water, hindering 88 

them to be used for water treatment applications. Besides the environmental aspect, some 89 

biopolymers have been investigated for membrane applications owing to their specific properties 90 

offering opportunities for new applications. For instance, chitosan has been considered due to its 91 

antibacterial property [10,24,25]. 92 

 93 

Apart from the above cited biopolymers, the broad family of the polyhydroxyalkanoates (PHAs) 94 

remains. PHAs are linear homo- and co-polyesters produced by bacterial fermentation and have 95 

versatile properties. As a result of the diverse production conditions, the PHAs side chain length and 96 

composition can vary [26,27], hence influencing the final thermo mechanical properties of the 97 

macromolecule [28–30]. Today, it is even possible to predict the PHAs monomers composition as a 98 

function of the selected growth media and bacteria [31]. This fact makes PHAs valuable to target 99 

special applications like for the medical field [32–34] and also for more common applications like 100 

cosmetics [35], packaging [28,36–39] or even toys [40]. Among the commercially available PHAs, the 101 

homo-polymer polyhydroxybutyrate (PHB) is the most widespread and the most used in the 102 

literature [41]. One drawback of PHB is its relatively poor mechanical properties when compared to 103 

common polymers [42]. However, the replacement of PHB by its co-polymer poly(hydroxybutyrate-104 

co-hydroxyvalerate) (PHBHV) (or even longer-chain length PHA) (Figure 1) or its blending with 105 

(biobased) plasticizers are current solutions to overcome this issue [43]. In this study, a PHBHV is 106 

employed and is preferred to PHB due to its better flexibility.” 107 
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 108 

 109 

PHAs are opening doors for sustainable applications [43] and some researchers have already thought 110 

to use them for membranes material [8,44–49].  111 

 112 

Figure 1 : Chemical structure of PHBHV 113 

Some studies reported the use of PHAs as additives or co-material to make membranes. For instance, 114 

Nicosia et al. made PLA/PHB filters (with 15 wt% of PHB) for air filtration applications by 115 

electrospinning [45]. The performances were quantified by measuring the penetration of sodium 116 

chloride aerosol particles, ranging from 20 to 600 nm. The best collection efficiency was 98.5%, 117 

corresponding to the 300 nm size particles. Keawsupsak et al. made PLA/PHBHV blend membranes 118 

that were tested by water permeability and rejection of bovine serum albumin (BSA) measurements 119 

[8]. The performances demonstrated a permeability value of 65.2 L m-2 h-1 bar-1 associated with a BSA 120 

rejection of 78.7%. Finger like sub-structures were observed but there was no discussion related to 121 

the performances. Moreover, these results were obtained from a membrane with a small amount of 122 

PHBHV into a PLA matrix (1 wt% of PHBHV). Guo et al. fabricated composite membranes from PHB, 123 

calcium alginate and carboxyl multi walled carbon [50]. Their NF performances demonstrated a pure 124 

water flux around 35 L m-2 h-1 at 2 bar and a 98.2% rejection of brilliant blue. Moreover, the 125 

membranes exhibited good anti fouling properties. Yet, the fabrication method, combining the 126 

properties of different materials and using the electrospinning technique, still requires some efforts 127 

in upscaling applications [51]. 128 

Mas et al. made dense fully PHAs based membranes intended for pervaporation [47]. The 129 

membranes performances were analyzed by separation of an ethanol/water mixture. The flux varied 130 

from 0.008 to 0.027 Kg m-2 h-1 and the separation factor from 5.0 to 12.6 in favor to water 131 

permeation. Similarly, Villegas et al. fabricated a dense PHB based pervaporation membrane [49]. 132 

They tested the membrane for separation of methanol/methyl tertiary butyl ether (MTBE) mixtures. 133 

In the case of 40 mol% methanol/MTBE mixture, a flux of 0.392 Kg m-2 h-1 and a separation factor of 134 

3.98 in favor to the methanol permeation were obtained. The membranes structures were not 135 

discussed. Afterwards, the same authors evaluated a modified PHA membrane by plasma 136 

polymerization with acrylic acid [48]. The authors were able to improve the separation factor up to 137 

18.6.  138 

So far, Mas et al. were the only ones having made fully PHAs based membranes for water filtration. 139 

In a first paper, the authors studied the evaporation induced phase separation (EIPS) and non-solvent 140 

induced phase separation (NIPS) conditions on the membranes performances [46]. The 141 

permeabilities varied from 50 to 1300 L m-2 h-1 bar-1. The best rejection result was obtained with the 142 

least permeable membrane and was measured at 75% for dextran 2.106 g mol-1. Nevertheless, in this 143 

case, the rejection is too low for filtration applications. Moreover, no structural analysis was 144 

performed. In a second paper, the same authors studied the influence of the EIPS and NIPS 145 
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conditions on the microstructures and membranes permeabilities [47]. Asymmetric structures were 146 

obtained with surface pores ranging from 0.25 to 2 µm. If the permeability performances were 147 

measured and went up to 600 L m-2 h-1 bar-1, they were not linked to the microstructures and no 148 

rejection test was performed.  149 

At the end, PHAs are recognized of having good potential as membrane materials [52]. Nevertheless, 150 

knowledge related to structures-performances relationship of PHAs based membranes is scarce and 151 

some efforts must be done to master it and thus to improve the performances of fully PHA based 152 

membranes. 153 

Herein, the PHBHV has been chosen, due to its better mechanical properties compared to PHB [53], 154 

and was used for the fabrication of MF membranes. The membranes were easily made by the EIPS 155 

technique. For the first time with this type of biopolymer, the influence of different additives on the 156 

microstructure was investigated. Polyvinylpyrrolidones (PVPs) and polyethylene glycols (PEGs) of 157 

different molecular weights were added at different concentrations in the dope solution. The 158 

membranes microstructures were characterized by scanning electron microscopy (SEM), pore size 159 

distribution and overall porosity. The performances were then evaluated in terms of pure water 160 

permeability and E. Coli bacteria rejection from water, in order to demonstrate their potential as 161 

biobased MF membranes. Finally, the filtration performances were directly discussed according to 162 

the membranes microstructures. 163 

 164 

2. Experimental section 165 

2.1. Chemicals 166 

PHBHV pellets were supplied by Tianan Biologic Material (China), under the trade name Enmat 167 

Y1000P. It was purified by dissolution in chloroform and precipitation in methanol. The white purified 168 

PHBHV powder was characterized by gel permeation chromatography (GPC) equipped with three 169 

successive columns (2 × ResiPore and 1 × PL gel Mixed C from Agilent) and a Waters UV detector 170 

working at 241nm. The molecular weight was measured at 116 000 g mol-1. Differential scanning 171 

calorimetry (DSC) (TA Instruments - Q10 DSC) was used to determine its crystallinity degree, χc= 62%. 172 

The hydroxyvalerate (HV) monomer content was measured at 3 mol% by 1H NMR analysis (Brucker 173 

400 MHz). The latter is in accordance to what have been reported previously on this commercial 174 

PHBHV [54]. 175 

Polyethyleneglycol (PEG) 300 g mol-1 was supplied by VWR (U.S.); PEG 1500, 2000, 4000 and 8000 176 

g.mol-1 by Sigma-Aldrich (U.S.); PEG 600 and 1000 g mol-1 by Alfa Aesar (U.S.); PEG 400 g mol-1 by 177 

Acros Organics (Belgium) and PEG 35000 g mol-1 by Fluka AG (Switzerland). Polyvinylpyrrolidone 178 

(PVP) 10000 and 40000 g.mol-1 were supplied by Sigma-Aldrich (U.S.). Chloroform (99% grade) and 179 

methanol (99.9 % grade) were supplied by Fisher Scientific (U.S.). Escherichia Coli (E. Coli) bacteria 180 

were used for the rejection tests. Peptone from soybean and sodium chloride were supplied by Acros 181 

Organics (Belgium). Tergitol 7 agar and TTC 12.5 mg (triphenyltetrazolium chloride) supplements 182 

were supplied by Biokar diagnostics (France). All these chemicals were used without further 183 

purification. 184 

2.2. Preparation of PHBHV based membranes 185 
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The PHBHV based membranes were prepared by solution casting followed by phase inversion 186 

induced by evaporation. First, homogeneous dope solutions were prepared by dissolving the purified 187 

PHBHV powder and additives in chloroform under reflux for 4 hours. The different compositions of 188 

the herein studied membranes are noted in Table 2. The dope solutions were then casted at 250 µm 189 

thickness on a glass plate kept at 25°C and next left for 10 min for solvent evaporation. The obtained 190 

membranes were then soaked 5 min into 2,5 L of demineralized water to remove the remaining 191 

additives and to ensure the membrane detachment. Then, the membranes were dried by gently 192 

removing the water at the membrane surface with absorbent paper. First, they were stored for 12 193 

hours in a desiccator under vacuum, and then finally kept under ambient conditions in a closed box. 194 

Table 2 : References of the various fabricated membranes. Concentrations are in weight percentage (wt%) in respect to 195 
the total dope solution. 196 

 197 

 198 

 199 

 200 

 201 

 202 

 203 

 204 

 205 

2.3. Characterization  206 

2.3.1. Scanning electron microscopy (SEM) 207 

The surface and cross section structures of each membrane were observed by SEM using a JSM-208 

7100F apparatus from JEOL at an acceleration voltage of 5.0 kV and with different magnifications. For 209 

the cross section analyses, the samples were fractured after liquid nitrogen cooling. The samples 210 

were coated with a palladium/gold mixture. 211 

2.3.2. Porosity measurements 212 

The pore size distribution and the membrane porosity were measured by mercury intrusion 213 

porosimetry. The AutoPore IV 9500 apparatus from Micromeritics (United States) was used. The 214 

intrusion pressure range was from 17 PSI (117.103 Pa) to 60.103 PSI (413.106 Pa). 215 

2.3.3. FT-IR spectroscopy 216 

Fourier transform infrared analyses were performed with a Jasco FT/IR-4100 spectrometer equipped 217 

with an attenuated total reflection module and with a zinc selenide crystal. Spectra were done in the 218 

wavelength range of 600-4000 cm-1 at room temperature with 2 cm-1 spectral resolution and 128 219 

scans. 220 

Membrane reference PHBHV 
concentration 

Additives 

Nature Concentration 

PHBHV15 15% 
None 

PHBHV10 10% 

PHBHV/2%PEG300 

10% 

PEG 300 
2% 

PHBHV/5%PEG300 5% 

PHBHV/2%PEG8000 
PEG 8 000 

2% 

PHBHV/5%PEG8000 5% 

PHBHV/2%PEG35000 
PEG 35 000 

2% 

PHBHV/5%PEG35000 5% 

PHBHV/2%PVP10000 
PVP 10 000 

2% 

PHBHV/5%PVP10000 5% 

PHBHV/2%PVP40000 
PVP 40 000 

2% 

PHBHV/5%PVP40000 5% 
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2.3.4. Membranes performances 221 

Membranes performances were evaluated by a pure water permeability measurement followed by 222 

the determination of E. Coli bacteria rejection. 223 

Membranes disks of 44 mm diameter were cut with a cutting knife to fit in the filtration cell. Disks 224 

were soaked into demineralized water for 12 hours before the tests. The filtration cell was a dead-225 

end Amicon stirred cell of 50 mL (model 5122), with a filtration area of 12.6 cm2. A pressurized air 226 

bottle equipped with a pressure regulator was used to ensure pressurization of the system and thus 227 

establish the transmembrane pressure. For all the following steps, experiments were done under a 228 

biosafety cabinet to avoid any contamination of the samples. 229 

2.3.4.1. Pure water permeability 230 

All membranes were soaked in water for 24h before use. For the pure water permeability 231 

measurements, a 5L inox container, from Sartorius Stedim Biotech, was added upstream to the cell. 232 

First, the membranes were conditioned with a transmembrane pressure (TMP) of 2 bars, at 22°C, 233 

until the water flow stabilization. Then, the mean of three measures was achieved. 234 

The pure water permeability (Lp, L m-2 h-1 bar-1) was calculated from: 235 

 236 

Where Q is the water flux (L h-1), S the membrane surface (m2) and TMP the transmembrane 237 

pressure (bar).  238 

2.3.4.2. E. Coli bacteria filtration 239 

Bacteria suspensions were prepared by making a dilution of the E. Coli culture broth in a maximum 240 

recovery diluent solution to give a suspension concentration of 104 cells per mL. The MRD solution 241 

was made by dissolving 0.9 g of peptone from soybean and 7.65 g of sodium chloride in 900 mL of 242 

demineralized water, and was then autoclaved at 121°C for 15 min. Then, 50 mL of the obtained 243 

bacteria suspension were filtered through the membrane under stirring at a TMP of 1 bar. Before 244 

collecting the first permeate sample, 10 mL of the feed solution were filtered. Then the permeate 245 

samples were collected in sterilized vials. Finally, the permeate samples were analyzed by bacteria 246 

enumeration. 247 

To proceed to the enumeration, serial dilutions, from 10-1 to 10-4, were done in sterilized water and 248 

were quantified in triplicate by the pour plate method. For this method, 0.1 mL of each dilution was 249 

spread in different sterile Petri dishes containing a growth solidified medium.  The solidified medium 250 

is a selective and differential medium, TTC Tergitol 7 agar. Then, the plates were incubated at 37°C 251 

for 24h. Finally, the number of bacteria colonies was enumerated and reported in colony forming 252 

unit (CFU). From each Petri dish, the concentration was calculated as follow: 253 

 254 

Then, the rejection was calculated as: 255 
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 256 

Where Cfeed and Cpermeate are respectively the bacteria concentrations, in colony-forming unit per mL 257 

(CFU.mL-1), in the feed and permeate, respectively. 258 

2.4. Hansen solubility parameters 259 

The Hansen solubility parameters (HSP) were used to compare the affinities between the different 260 

chemicals involved in the phase inversion mechanism [55,56]. Here, it will be employed to discuss 261 

the affinities between PEGs, PHBHV and chloroform. By this method, the chemicals are described by 262 

their dispersion parameter (δd), polarity parameter (δp) and hydrogen bonding parameter (δh). The 263 

values of the considered chemicals are displayed in Table 3 and have been calculated using the the 264 

group contribution method and the Hoftyzer-Van Krevelen approach (detailed calculation is given in 265 

Supplementary Information S1). The last parameter introduced by Bagley et al. [57], δv, is an 266 

association of both δd and δp. and is calculated as follow: 267 

 268 

Table 3 : Hansen’s parameters of PEGs, PHBHV and chloroform. 269 

Chemical δd (MPa1/2) δp (MPa1/2) δh (MPa1/2) δv (MPa1/2) 

PHBHV (3 mol% HV) 16,9 7,1 10,1 18,3 

Chloroform 17,8 3,1 5,7 18,1 

PEG200 16,8 5,6 16,7 17,7 

PEG300 16,7 4,4 14,6 17,3 

PEG400 16,6 3,7 13,4 17,0 

PEG600 16,6 2,9 12 16,9 

PEG1000 16,5 2,2 10,8 16,6 

PEG1500 16,5 1,8 10,2 16,6 

PEG2000 16,5 1,6 9,9 16,6 

PEG4000 16,5 1,1 9,3 16,5 

PEG8000 16,4 0,8 9,1 16,4 

PEG35000 16,4 0,4 8,8 16,4 

 270 

To compare the affinities of the compounds between each other, the 2D diagram plotting δv and δh 271 

was displayed [57,58]. 272 

3. Results and discussion 273 

3.1. Effect of the PHBHV concentration on the morphology and performances 274 

First, the MF membranes were made of PHBHV and without the addition of any additive. The 275 

influence of the PHBHV concentration on the membrane structure and performances is discussed. 276 

Experimentally, it was observed that a minimum concentration of 10 wt% of PHBHV was necessary to 277 

Acc
ep

ted
 m

an
us

cri
pt



11 
 

obtain films with good enough mechanical properties to be handled. At lower concentrations, the 278 

obtained membranes were too thin and too fragile. Hence, two PHBHV membranes were tested and 279 

analyzed, one prepared from a dope solution with 10 wt% of PHBHV (PHBHV10) and one obtained 280 

from a dope solution with 15 wt% of PHBHV (PHBHV15). The SEM images of these two membranes 281 

are presented in Figure 2.  282 

 283 

 284 

Figure 2 : SEM images of the membranes prepared with different PHBHV concentrations, 10 wt% for PHBHV10 and 15 285 
wt% for PHBHV15. Top and bottom images are respectively surface and cross-sectional images. 286 

 287 

 288 

Both membranes show rugged structures with pores among the surface and in the cross section. 289 

Similar structures were already observed for PHBHV films intended for vapor permeability tests [59]. 290 

For binary system, polymer/solvent, the film formation has been described by a solid-liquid phase 291 

separation owing to the polymer precipitation [60]. The pores observed on the surface (Figure 2) are 292 

explained by the formation of micro-bubbles or cracks during the drying process as previously 293 

described for the formation of porous PHA films intended for bone and skin regeneration [61].  294 

The membranes thicknesses, porosities and performances are reported in Table 4. 295 

Table 4 : Structural properties and filtration performances of the PHBHV membranes. Influence of the PHBHV 296 
concentration. 297 

Membrane Membrane thickness Porosity Lp E. Coli Rejection 
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(µm) (%) (L m-2 h-1 bar-1) (%) 

PHBHV10 18.0 ± 0.6 9.0 ± 0.5 4.2 ± 2.6 95,00 ± 2.80 

PHBHV15 22.4 ± 0.2 5.0 ± 0.3 0.2 ± 0.1 - 

 298 

The pores observed on Figure 2 seem to be more significant for the membrane made with the lower 299 

PHBHV concentration, PHBHV10. It is confirmed by the higher measured porosity of the PHBHV10 300 

membrane compared to the PHBHV15 membrane (Table 4). Indeed, a lower dope solution 301 

concentration, and hence a lower solution viscosity, tends to increase the solvent evaporation rate 302 

[62]. As a consequence, the molecular chains have less time to flow and the structure is entrapped 303 

faster. It results in a structure with more trapped micro-bubbles and defects, leading to a more 304 

porous membrane. The lower thickness of PHBHV10 membrane is simply explained by a lower 305 

amount of polymer per surface unit. 306 

As a result of the microstructures change, a major variation is observed on their filtration 307 

performances. The PHBHV10 membrane exhibits higher pure water permeability, 4.2 L m-2 h-1 bar-1, 308 

compared to the PHBHV15 membrane, 0.2 L m-2 h-1 bar-1. It is in accordance with the microstructural 309 

analyses: the most permeable membrane also being the most porous and the thinnest. Besides, the 310 

PHBHV10 membrane shows an E. Coli rejection of 95,00%. It was not possible to determine the E. 311 

Coli rejection of the PHBHV15 membrane because of its very low permeability. Regarding its better 312 

filtration performances, the PHBHV concentration of 10 wt% appears to be the best. However, even 313 

at this concentration, the membrane properties are not satisfactory. The effect of additives on the 314 

membrane structure and performances has thus been evaluated to improve the membrane 315 

properties.  316 

3.2. Effect of additives on the morphology of membranes 317 

With the aim of improving the overall porosity of the membrane and its permeability, different 318 

additives, PVPs and PEGs, were added into the dope solution at different concentrations. These 319 

additives have already been widely used as pore former agent for the membrane fabrication 320 

[12,60,63–67]. Indeed, from a thermodynamic point of view, the additives can act as a non-solvent 321 

and consequently tend to increase the membrane porosity [65]. On the other hand, from a kinetic 322 

point of view, the additives can decrease the phase inversion rate, by increasing the viscosity of the 323 

dope solution, which results in an increased coarsening time that favors the formation of larger pores 324 

[60].  325 

3.2.1. Effect of PVP 326 

PVP is a common additive employed for the membrane fabrication [12,64]. Additionally to its pore 327 

former effect, this additive is also used as hydrophilic additive, thus improving the membrane water 328 

permeability [68]. The molecular weights of the PVPs used for this study are 10000 and 40000 g mol-329 
1. 330 

Figure 3 represents the membranes SEM images. The SEM images of the membranes show 331 

symmetric sponge like structures. Membranes surfaces are smooths with visible pores. These pores 332 

are smaller than those observed without any additive (PHBV10, Figure 2).  333 
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334 
Figure 3: SEM images of the membranes prepared with different PVPs molecular weights and concentrations. Surface on 335 
the left, cross section on the right. PVPs concentrations in weight percent into the dope solution. With a constant PHBHV 336 

concentration of 10 wt%. 337 

 338 

 339 

Figure 4 displays the membranes pore size distribution. The results obtained by measuring the pore 340 

size distribution displays a volumetric distribution peak centered around a value greater than 1 µm 341 

(mean pore size 1.71 µm, Table 5) for the PHBHV10 membrane. By adding PVP, the peak shifts to 342 

smaller pore size. The average pore diameter of membranes containing PVPs vary from 0.53 to 0.89 343 

µm. 344 

 345 

 346 

 347 

 348 

 349 

 350 
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 351 

Figure 4 : Pore size distribution of the various membranes made with PVPs as additives. 352 

 353 

 354 

In this case of ternary system, polymer/solvent/additive, the phase inversion mechanism occurs 355 

through a liquid-liquid demixing, between a polymeric rich phase and a polymeric lean phase, 356 

followed by solidification [60,69]. The polymeric rich phase is made of a majority of PHBHV and a 357 

minority of solvent while the polymeric lean phase is made of the additive (acting as non-solvent) 358 

and the remaining solvent. In the early stage of the liquid-liquid demixing, a co-continuous structure 359 

is firstly formed but then the coarsening effect leads to fragmented particles of the polymeric lean 360 

phase and then spherical particles. The later would make the final pores of the membrane. 361 

Meanwhile, the polymeric rich phase would solidify yielding the final membrane matrix.  362 

This mechanism is fundamentally different from the solid-liquid demixing described previously for 363 

the membranes without additive. Hence, while the pores of PHBHV10 membrane resulted from 364 

trapped micro-bubbles and defects here they result from a homogeneous growth of a liquid 365 

polymeric lean phase. Thus, it explains the change of the pore size when PVP is added to the dope 366 

solution. In addition, by adding PVP, the dope solution viscosity can be increased thus decreasing the 367 

phase inversion rate [12] and preventing the formation of defects by giving more time for the 368 

macromolecular chains rearrangement. 369 

Then, the increasing of additive concentration tends to shift the volumetric distribution to higher 370 

pore size. Indeed, because the viscosity increases with PVP concentration [12], the coarsening time 371 

too thus leading to the formation of bigger pores [60]. Furthermore, the main distribution peak is 372 

even wider when the concentration of additive is higher, what means a wider pore size dispersity. 373 

Asymmetric membranes with wide pore size distributions are due to an additive concentration 374 
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gradient across the thickness during the evaporation and are favored with the increasing of the non-375 

solvent concentration [69,70].  376 

 377 

 378 

Two other structural parameters, the membrane thickness and porosity, are reported in Table 5. 379 

Table 5 : Thickness and porosity of the different membranes made with PVPs as additives. 380 

Membrane Membrane thickness (µm) Porosity (%) Mean pore 
size (µm) 

PHBHV10 18.0 ± 0.6 9.0 ± 0.5 1.71 

PHBHV/2%PVP10000 25.6 ± 0.3 15.9 ± 0.8 0.53 

PHBHV/5%PVP10000 35.0 ± 0.3 16.1 ± 0.8 0.89 

PHBHV/2%PVP40000 23.7 ± 0.3 17.4 ± 0.9 0.61 

PHBHV/5%PVP40000 36.0 ± 0.8 26.1 ± 1.3 0.61 

 381 

The addition of PVP10000 or PVP40000 increases the porosity compared to the PHBHV10 382 

membrane. This confirms the porogeneous effect of PVP10000 and PVP40000. Since they could act 383 

as non-solvent, adding these compounds or increasing their concentration, increase the polymeric 384 

lean phase volume and hence the final membrane porosity. In case of PVP10000, the addition of 2 385 

wt% or 5 wt% leads to similar porosity values, respectively 15.9% and 16.1%, while the thickness 386 

increases with the concentration. The fact that the thickness increases with the concentration 387 

without influencing the porosity would indicate that between 2 and 5 wt% the PVP10000 mainly 388 

remains in the PHBHV matrix. Meanwhile, in case of PVP40000, increasing the concentration tends to 389 

increase the membrane porosity and thickness. Hence, it could be stipulated that PVP10000 acts 390 

more like a plasticizer within the range of 2 and 5 wt% but PVP40000 continue to act as a pore 391 

former agent within that concentration range.  392 

To highlight the plasticizing effect as a function of the PVP molecular weight, the membranes 393 

chemistry was analyzed by ATR-FTIR and compared to the PHBHV10 membrane. Figure 5 gives the 394 

FTIR spectra for PHBHV10 and membranes containing PVP10000. The main bands of PHBHV10 are 395 

assigned to C-O-C asymmetric stretching (1178 cm-1), C-O stretching (1228 and 1280 cm-1), C-O-C 396 

asymmetric stretching (1178 cm-1), C-H bending (1379 and 1457 cm-1), C=O stretching (1720 cm-1) 397 

and C-H stretching (2930 and 2970 cm-1). These bands are in accordance with what was previously 398 

observed in the literature [71]. For PHBHV/5%PVP10000 and PHBHV/5%PVP40000 membranes a 399 

new band emerges at 1650 cm-1. This band refers to the C=O amide bond and reveals the presence of 400 

remaining PVP into the membrane matrix [72].  401 Acc
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 402 

Figure 5 : Typical FTIR spectra of different membranes with or without PVP. 403 

 404 

 405 

A method has been developed to quantify the amount of remaining PVP into the membrane, in 406 

respect to the pure membrane PHBHV10. This method is based on the ratio calculation between the 407 

band at 1650 cm-1, attributed to PVP, and the band at 1720 cm-1, attributed to PHBHV. The ratio of 408 

remaining PVP was calculated as follow: 409 

 410 

The calculation was made for all the membranes with PVP10000 and PVP40000 prior to membrane 411 

filtration performance evaluation (i.e. after membrane soaking into water for 24h). Then, the results 412 

Acc
ep

ted
 m

an
us

cri
pt



17 
 

obtained for ɸPVP are correlated to the initial amount of PVP introduced into the dope solution, see 413 

Figure 6.  414 

 415 

 416 

Figure 6: ɸPVP as a function of the PVP concentration into the dope solution. 417 

 418 

 419 

The peak ratio, ɸPVP was found to be in the range 4.0 ± 1.3 and 7.5 ± 1.3 % for all membranes. These 420 

results also support the fact that the additive is never completely leached out from the PHBHV 421 

matrix, what has been previously reported [73]. Actually, PVP has already been blended with PHA in 422 

order to improve the thermal properties of PHA films [74], hence confirming the compatibility 423 

between these two polymers. In addition, no additional leaching of the additive was observed during 424 

membrane uses (see supplementary material S2). In addition, no influence of the initial PVP 425 

concentration in the dope solution was observed. 426 

The membranes performances are shown on Figure 7.  427 
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 428 

Figure 7 : Pure water permeability and E. Coli rejection of the PHBHV membranes with different PVPs as additives. 429 

The addition of PVP10000 or PVP40000 improved the E. Coli rejections to values over 98,5%. Indeed, 430 

when PVP is added, it was previously observed on Figure 4 that the pore size distribution was 431 

decreased from 1 µm to values ranging between 0.2 µm and 0.8 µm. Knowing that the E. Coli 432 

bacteria have a typical size of 1 to 3 µm [75], it could explain the much better rejections of 433 

membranes with PVP. The permeabilities where not improved with the addition of PVP10000 but 434 

were improved by factor three with PVP40000.  435 

In microfiltration, membrane permeability depends on membrane structural parameters such as 436 

membrane thickness or membrane porosity. In our case, it was observed that the permeabilities are 437 

correlated to the membranes porosities (Figure 8) but no trends was found between the membrane 438 

permeability and its thickness (See supplementary material S3). At similar porosities values, case of 439 

membranes PHBHV/2%PVP10000 and PHBHV/5%PVP10000, similar permeabilities were measured. It 440 

seems that a higher porosity tends to increase the permeability as observed for PVP40000. 441 

Nevertheless, the permeabilities were not improved between PHBHV10 membranes and PVP10000 442 

membranes, despite the increased porosity. It could be explained by the decrease of the pore size 443 

distribution when PVP10000 is added, presumably leading to less inter connected pores and hence 444 

having an opposite effect on the permeability. Difference in pore tortuosity could also contribute to 445 

explain this observation. 446 Acc
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 447 

Figure 8 : Pure water permeability as a function of the membrane porosity. For membranes with PVPs as additives. 448 

 449 

 450 

Finally, adding PVP in membranes made by EIPS tends to decrease the pore size distribution and 451 

increase the overall porosity of the membrane matrix, resulting in better rejection behaviors and 452 

slightly better permeabilities. Nevertheless, due to low membranes porosities, the permeabilities 453 

were still very low. Hence, another alternative additive, the PEG, was further investigated to improve 454 

the PHBHV based membranes performances. 455 

3.2.2. Effect of PEG 456 

If PEG is less commonly used for the membrane fabrication, it has already been described  as a pore 457 

former agent and a hydrophilic additive in order to increase the membrane permeability [76].  458 

3.2.2.1. Effect of the PEG molecular weight on the membrane porosity 459 

As it was shown with PVP, a part of the additive stay in the final membrane, potentially acting as a 460 

plasticizer, in parallel to the pore former effect. For PEGs, this effect has already been reported by Xu 461 

et al. [77]. The authors demonstrated the macrovoid suppressor effect of PEG600 on polyetherimide 462 

membranes and showed that PEG remained in the membrane and acted as a plasticizer. Moreover, 463 

PEGs have already been intensively used as plasticizers for PHA based materials [78,79]. Hence, it 464 

could be expected that some PEGs will be more plasticizers than pore former agents. In order to 465 

select the best pore former PEG, the influence of the PEG molecular weight on the final membrane 466 

structure was firstly investigated.  Different PEGs, with molecular weight ranging from 300 to 35000 467 

g.mol-1, were added into the dope solution containing the PHBHV. The dope solution concentrations 468 

are fixed at 10 wt% of PHBHV, 2 wt% of PEG and 88 wt% of solvent. The membrane porosity is 469 

presented as a function of the additive molecular weight on Figure 9. 470 
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 471 

Figure 9: Membrane porosity as a function of the PEG molecular weight. The reference membrane is PHBHV10. 472 

 473 

The membrane porosity is strongly influenced by the molecular weight of PEG. At a PEG 474 

concentration of 2 wt%, for molecular weights of 4000 g mol-1 or below, the presence of additive 475 

leads to lower porosities or of the same order of magnitude than the PHBHV10 membrane. It 476 

suggests that these PEGs do not act as a non-solvents and do not increase the porosity. It can be 477 

noticed that, in previous studies dealing with PHBHV/PEG blends, only PEGs with molecular weights 478 

below 4000 g mol-1 were studied [78,79]. In the present work, PEGs of 8000 or 35000 g mol-1 479 

significantly increase the porosities thus implying their non-solvent effect. These high molecular 480 

weight PEGs act as pore former agents. It has to be kept in mind that the nature of the effect of the 481 

additives (i.e. plasticizer or pore former) can also depends on the additive concentration.  482 

The chemical affinities between PEGs, PHBHV and chloroform can be approached using the Hansen’s 483 

solubility parameters (HSP). The affinity between two chemicals can be predicted by comparing their 484 

respective HSP and the more these parameters are closed, the higher is their affinity. Since the 485 

effects of δd and δp are similar, it has been reported that plotting the 2D diagram δv-δh is a relevant 486 

easy way to represent the molecular interactions [57,58]. On Figure 10, the δv-δh diagram represents 487 

the PEGs points at different molecular weights, PHB and chloroform. The closer are the points on the 488 

diagram, the higher is the predicted affinity. Considering that the PHBHV used for these experiments 489 

has only 3 mol% of HV content, it is here assumed that PHB represent well the overall chemical 490 

structure of the employed PHBHV. In the literature, the HSP of PEGs were determined only for liquids 491 

[80], that is why only PEGs from 200 to 600 g mol-1 are displayed on Figure 10.  492 
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 493 

Figure 10 : δv-δh diagram for PHBHV, chloroform and various PEGs.  494 

 495 

As observed on Figure 10, the position of the PEG on the δv-δh diagram depends of its molecular 496 

weight and this phenomena was previously reported by Liu et al. [80]. Indeed, the HSP of PEG 497 

depend of the OH end-groups, which are inversely proportional to the molecular weight and highly 498 

contribute to the hydrogen bounding parameter (δh). However, it could be expected that this 499 

evolution would stop at a point where the OH end groups effect would be negligible compared to the 500 

entire molecule. 501 

Regardless of their molecular weight, the affinity between PEGs and PHBHV is higher than the one 502 

between PEGs and chloroform. In that sense, it predicts that, during the phase separation, PEGs 503 

preferentially go into the polymeric rich phase without acting as a non-solvent. Then, it would not 504 

contribute to the formation of pores and would even lower the porosity by potentially improving the 505 

chain mobility. So that would explain the lowered porosity, observed on Figure 9, when PEGs 300 to 506 

4000 g mol-1 were added.  507 

However, the addition of PEG 8000 and PEG 35000 g mol-1 give more porous structures, while they 508 

may also have good affinities with PHBHV. Here, it may be due to another aspect: the steric 509 

hindrance. Indeed, the Hansen’s parameters do not consider the steric hindrance of the molecule. It 510 

was demonstrated that besides the chemical interactions, the steric hindrance is playing an 511 

important role in the prediction of the compounds mixing [81]. By increasing the molecular weight, 512 

the PEG increases its length and reduces its chains mobility. There is a point where the steric 513 

hindrance is too high to allow the chains entanglement between PEG and PHBHV. That is why, for 514 

PEG8000 and PEG35000, PEG and PHBHV are not miscible anymore and the PEGs will mainly act as 515 

non-solvent and hence as a pore former agent to give membranes with higher porosities. 516 
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At the end, from the experimental porosity data, it can be argued that PEG 8000 and 35000 g mol-1 517 

are the best pore former agents among the various PEGs investigated. Thus, PEG8000 and PEG35000 518 

are selected for the rest of the study. Nevertheless, Zhao et al. previously reported the importance of 519 

the additive concentration to get the pore former effect [82]. At low concentrations the additive can 520 

disperse in the polymer matrix without influencing the membrane porosity. Hence, PEG300 will also 521 

be kept to see if it could be pore former at a higher concentration. 522 

 523 

3.2.2.2. Effect of the concentration 524 

Once the pore former PEGs are selected, similarly to what was performed with PVP, the effect of 525 

their concentrations on the membrane microstructure and performances will be analyzed. 2 wt% or 526 

5 wt% of PEG was added in the dope solution containing 10 wt% of PHBHV. It has to be mentioned 527 

that, at higher concentration, the films were either too fragile to be tested in filtration application or 528 

visually heterogeneous, thus it was decided to focus only on these two different values of additives 529 

concentration. The SEM images of the different membranes are shown on Figure 11 and the pore 530 

size distributions are displayed on Figure 12. 531 

 532 

Figure 11 : SEM images of the membranes prepared with different PEGs molecular weights and concentrations. Surface 533 
on the left, cross section on the right. PEGs Concentrations in weight percent into the dope solution. With a constant 534 

PHBHV concentration of 10 wt%. 535 
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 536 

Figure 12 : Pore size distribution of the various membranes made with PEGs as additives. 537 

 538 

 539 

Major differences on the microstructure are displayed between membranes with PEG300 and 540 

membranes with other PEGs. Membranes with PEG300 seem to show closed pores while the others 541 

membranes have sponge like structures, suggesting the non pore former effect of PEG300. Then, the 542 

PHBHV/5%PEG35000 membrane visually presents bigger spherical pores, especially at the middle of 543 

the cross section. This clearly reflects the late stage of the liquid-liquid demixing, the coarsening of 544 

the polymeric lean phase yielding to spherical particles [60,69]. Because this membrane was made 545 

with the highest PEG molecular weight, PEG35000, and the highest PEG concentration, 5%, the 546 

solution was the most viscous and hence the one with the longer coarsening time. 547 

Looking at the pore size distributions and considering membranes with PEG8000 and PEG35000, the 548 

distribution peak shift to smaller pores diameters compared to membrane PHBHV10. The main peaks 549 

of membranes with PEG8000 and PEG35000 vary from 0.2 to 0.6 µm (average pore size in the range 550 

0.26-0.59 µm) while the peak of PHBHV10 membrane is greater than 1 µm. This trend was previously 551 

observed for membranes containing PVP and was explained by the change of the phase inversion 552 

mechanism.  553 

Then, the increasing of additives concentration tends to shift the volumetric distribution to higher 554 

pore size but also wider the distribution. Again, the same observations were made with PVP10000 555 

and PVP40000. Because the viscosity increases with the additive concentration [12], the coarsening 556 

time too and leads to the formation of bigger pores [60]. As explained above, the wider pore size 557 

distribution can be explained by an additive concentration gradient across the thickness during the 558 
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evaporation which is favored with the increasing of the non-solvent concentration [69,70]. In that 559 

case, PEG8000 and PEG35000 are the non-solvents. 560 

Concerning the PEG300 as additive, it can be noticed that membranes with 2 wt% and 5 wt% do not 561 

show any particular volumetric pore distribution in respect to PHBHV10 membrane. Again, it 562 

confirms that PEG300 is not a pore former, whatever the concentration, but also hinders the 563 

formation of trapped micro-bubbles or defects.  564 

The effects of the additives on the membrane porosity and thickness are displayed in Table 6. 565 

Table 6: Thickness and porosity of the different membranes made with PEGs as additives. 566 

Membrane Membrane thickness (µm) Porosity (%) Mean pore 
size (µm) 

PHBHV10 18.0 ± 0.6 9.0 ± 0.5 1.71 

PHBHV/2%PEG300 20.1 ± 0.2 4.2 ± 0.2 1.49 

PHBHV/5%PEG300 17.7 ± 0.3 3.9 ± 0.2 2.45 

PHBHV/2%PEG8000 25.8 ± 0.4 17.1 ± 0.9 0.26 

PHBHV/5%PEG8000 42.3 ± 0.4 37.4 ± 1.9 0.40 

PHBHV/2%PEG35000 29.5 ± 0.8 23.2 ± 1.2 0.37 

PHBHV/5%PEG35000 42.0 ± 0.8 29.3 ± 1.5 0.59 

 567 

The addition of PEG8000 or PEG35000 increases the porosity compared to the PHBHV10 membrane, 568 

and a higher PEG concentration leads to higher porosities. These additives act as non-solvents, so 569 

increasing their concentration increases the polymeric lean phase volume and hence the final 570 

membrane porosity. Besides, the thickness increases with the porosity, what makes sense since the 571 

volume of void increases too. And, concerning PEG300, with 2 wt% or 5 wt%, the membrane porosity 572 

is decreased so that finally confirms the non porogeneous effect of PEG300. 573 

Contrary to the membranes with PVPs, the FTIR technique was here not accurate to highlight the 574 

remaining amount of PEG in the final membrane because the typical vibrational bands from PHBHV 575 

overlap the bands from PEG.  576 

As a consequence of the membranes microstructures changes, the membranes performances were 577 

improved (Figure 13). In case of membranes with PEG300, the low porosities lead to very low pure 578 

water permeabilities (below 1 L m-2 h-1 bar-1) so that the E. Coli rejection was not tested. 579 
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 580 

Figure 13 : Pure water permeability and E. Coli rejection of the PHBHV membranes with different PEGs as additives. 581 

 582 

 583 

Similarly to the observations done for PVPs, the addition of PEG8000 or PEG35000 improved the E. 584 

Coli rejections to roughly 99%. When PEG8000 and PEG35000 are added, it was previously observed 585 

on Figure 12 that the pores size distribution was decreased from 1 µm to values ranging between 0.2 586 

µm and 0.6 µm, what would explain the much better rejections of membranes with PEG8000 and 587 

PEG35000. By adding 5 wt% of additives, the permeabilities were greatly improved to 209.5 and 588 

142.2 L m-2 h-1 bar-1, for PHBHV/5%PEG8000 membrane and PHBHV/5%PEG35000 membrane 589 

respectively. These values are getting closer to what is expected from microfiltration membranes, 590 

generally 500 L m-2 h-1 bar-1 [83]. 591 

To obtain more insights into the structure-performances relationship, the membrane permeabilities 592 

have been plotted against structural parameters. Membrane permeability was found to increase with 593 

membrane thickness (See supplementary material S4). According to Poiseuille’s law, for a given 594 

porous structure, the permeability should decrease with increasing thickness. The increase of 595 

membrane permeability with membrane thickness thus underline that the different membranes 596 

have different structural properties (in addition to different thickness) which was obvious from SEM 597 

images and membrane pore size and porosity measurements. However, it was found that the 598 

permeabilities can be correlated to the membranes porosities (Figure 14).  599 

 600 
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 601 

Figure 14 : Pure water permeability as a function of the membrane porosity. For membranes with PEGs as additives. 602 

It seems that the porosity strongly influences the permeabilities of these membranes and a higher 603 

porosity tends to increase the permeability. However, PHBHV/2%PEG8000 membrane has a higher 604 

porosity but smaller permeability compared to membrane PHBHV. It could be explained by the 605 

decrease of the pore size distribution leading to a presumably more tortuous (influence of pore 606 

tortuosity) water pathway and hence having an opposite effect on the permeability.  607 

So far, the addition of these PEGs with the proper molecular weight and concentration seems to be 608 

an efficient way to enhance the performances, both the rejection and the permeability, of PHBHV 609 

based MF membranes produced by EIPS. The relatively modest pure water permeability compared to 610 

commercial MF membranes (in the range 20-10,000 L h-1 m-² bar-1, [84]) can be explained by the 611 

relatively low porosity of the membrane fabricated in this study (5 – 37 %) compared to commercial 612 

MF membranes (65 – 85  %) [85]. However, this study demonstrates the potential of PHBHV, a 613 

biobased/biodegradable polymer, as a new material for microfiltration membrane synthesis. 614 

4. Conclusion 615 

Biobased PHBHV membranes were successfully produced by phase inversion induced by evaporation 616 

and tested for MF applications. The structure-performance relationship was, for this first time, 617 

studied for membranes made of this biopolymer. Different type of additives, PVPs and PEGs, with 618 

different molecular weights and concentrations were added in order to tune the membrane 619 

structures and performances. The studied PVPs were able to increase the membrane permeability 620 

and E. Coli rejection. This improvement was due to the non-solvent effect of the additives which 621 

favors the formation of pores. Nevertheless, it was demonstrated that PVP10000 remains more in 622 

the final membrane matrix than PVP40000, what makes PVP40000 a slightly better pore former 623 

agent. On the other hand, adding PEGs in PHBHV based membranes will have different effects 624 

depending of the PEG molecular weight. Since the PEGs have good chemical affinities with the 625 

PHBHV matrix, the PEGs with low molecular weights, such as PEG300, will not act as non-solvent and 626 
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will hinder the formation of pores. However, the steric hindrance starts to counter balance the 627 

chemical affinity in case of PEG8000 and PEG35000, hence these additives act as non-solvents and 628 

favor the formation of pores. The performances are strongly correlated to the membrane porosity 629 

and pore size. Finally, the membrane with PEG8000 show the best performances so far, with pure 630 

water permeabilities over 200 L m-2 h-1 bar-1 associated to the bacteria rejection of 99.95%, what 631 

makes it promising for MF applications. The next step of this research work would be to replace the 632 

chloroform, herein used as solvent, by a greener alternative in order to make the membrane 633 

fabrication process more sustainable.  634 
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