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A B S T R A C T   

Even though membranes can lead to more environmentally sustainable separation processes, membrane casting 
typically involves toxic organic solvents. Recently, there has been increasing interest in substituting these toxic 
solvents for green solvents. In this study, polysulfone ultrafiltration membranes were fabricated by nonsolvent 
induced phase separation using two green, bio-derived solvents: Cyrene and gamma-valerolactone (GVL). The 
effect of coagulation bath composition was investigated, with water, ethanol, and water/ethanol mixtures tested 
as nonsolvents in the bath. Membranes were characterized and their performance was tested by dead-end 
filtration. For both Cyrene and GVL, using pure water in the coagulation bath resulted in membranes with re
sidual solvent trapped inside. During dead-end filtration, these membranes were either impermeable (in the case 
of GVL) or had very low bovine serum albumin (BSA) rejection (in the case of Cyrene). Concentrations of ~ 
50–75 v% ethanol in the coagulation bath led to improved solvent removal and better pore formation, as 
indicated by scanning electron microscopy. These membranes also had higher flux and rejection. For example, 
membranes cast using Cyrene with a 65:35 volumetric ratio of ethanol:water in the coagulation bath achieved 
70.1 L/m2/h water flux at 2.41 bar and 96.7 % BSA rejection. Additionally, the effect of humidity on membranes 
cast using GVL was investigated. Membranes cast under moderate humidity had novel surface morphologies with 
porous dimples ~ 1 µm wide. Overall, these results show that Cyrene and GVL are promising solvents for pre
paring polysulfone ultrafiltration membranes. The work highlights the importance of relating membrane prop
erties to casting conditions.   

1. Introduction 

Ultrafiltration (UF) is a mature technology routinely used for the 
removal of dissolved and suspended solutes in the size range 2–100 nm. 
Species that are rejected by the membrane include viruses, bacteria, 
proteins, and colloidal particles [1–3]. UF plays a vital role in many 
industries, including food and beverage production, water purification, 
and pharmaceutical manufacturing [3]. While ceramic UF membranes 
are available, polymers are commonly used. Polymeric membranes are 
often fabricated by nonsolvent induced phase separation (NIPS) [4]. In 
this process, a polymer is dissolved in a solvent, then formed into the 
desired shape (e.g., a sheet or hollow fiber), which is then immersed in a 
coagulation bath containing nonsolvent. The exchange of solvent in the 

dope solution with nonsolvent in the bath induces phase inversion, 
leading to the formation of a porous membrane. 

Membrane processes are frequently claimed to be green, sustainable 
unit operations. Although membrane processes benefit from potentially 
high efficiencies and low energy consumption, there are toxicological 
and environmental concerns associated with the solvents used in 
membrane fabrication. In fact, membrane manufacturing methods 
frequently make use of hazardous organic solvents that are not “green”. 
For typical polymers such as polysulfone (PSf), polyethersulfone (PES), 
and polyacrylonitrile (PAN), the solvents most commonly used in the 
NIPS process are N-methylpyrrolidone (NMP), N,N-dimethylacetamide 
(DMAc), and N,N-dimethylformamide (DMF) [4]. Of these, NMP is a 
reproductive and developmental toxin [5,6], while DMAc and DMF have 
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been found to cause liver damage and developmental harm [7–9]. These 
solvents are becoming increasingly heavily regulated due to their 
toxicity. In the European Union, NMP, DMAc, and DMF are classified as 
substances of very high concern under the Registration, Evaluation, 
Authorisation & Restriction of Chemicals (REACH) regulation, which 
limits industrial usage [10]. Meanwhile, in the United States, the Envi
ronmental Protection Agency found, in a 2022 revision to a risk deter
mination, that NMP “presents an unreasonable risk of injury to health 
when evaluated under its conditions of use”, paving the way for further 
regulations [11]. Additionally, environmental concerns arise since 
membrane manufacturing is estimated to produce 50 billion liters of 
solvent-contaminated wastewater annually [12]. Up to 69 % of the 
wastewater is not treated before disposal, but is sent down the drain as-is 
or with dilution, according to a survey of membrane manufacturers 
[12]. 

These safety, regulatory, and environmental challenges have 
prompted researchers to investigate alternative green solvents for use in 
membrane fabrication. Green solvents have less toxicity and environ
mental impact compared to traditional solvents. Numerous green sol
vents have been investigated, including Cyrene, gamma-valerolactone 
(GVL), Polarclean, methyl lactate, ionic liquids, deep eutectic solvents, 
and organic carbonates [13]. Here, we focus specifically on Cyrene and 
GVL. Given the significant effect solvent properties have on membrane 
morphology, switching to a new solvent is not trivial. 

Cyrene (dihydrolevoglucosenone) is a recently developed solvent, 
first described in 2014, which is produced from cellulose [14]. The 
solubility properties of Cyrene are similar to NMP, although Cyrene’s 
viscosity is notably higher, at 14.5 cP [15], compared to 1.7 cP for NMP 
[16]. Cyrene does not possess known carcinogen, mutagen, or reprotoxic 
characteristics, and has a very low acute toxicity (LD50) of > 2000 mg 
kg−1 [15]. Research groups have used Cyrene to fabricate membranes 
from a variety of polymers including polysulfone (PSf) [17–19], poly
ethersulfone (PES) [19–23], poly(vinylidene fluoride) (PVDF) [19,20], 
polyimide [19], cellulose acetate [19,24], cellulose triacetate [24], and 
polyhydroxyalkanoate [25]. 

Several studies have investigated Cyrene as a solvent for fabricating 
PSf membranes. PSf is one of the most common polymers utilized to 
make membranes and has the advantages of good mechanical, thermal, 
and chemical stability [4]. Bridge et al. [17] fabricated PSf gas separa
tion membranes by a combined dry/wet casting methodology. Cyrene 
was used as a co-solvent in the dope solution, along with tetrahydro
furan and ethanol. During phase inversion, the use of Cyrene led to 
delayed demixing, which suppressed macrovoid formation. Milescu 
et al. [19] casted PSf membranes by NIPS from a solution of 15 wt% PSf 
in Cyrene. They tested membrane performance by dead-end filtration 
with water, finding that the membranes achieved a water flux of up to 
172.9 L/m2/h (LMH) at 5 bar. However, no filtration tests were per
formed using a model solute, so the membranes’ ability to reject solutes 
is unknown. This is particularly important given the strong influence 
membrane morphology has on its performance. Foong et al. [18] casted 
PSf membranes by NIPS, from a dope solution of 18 wt% PSf in Cyrene. 
The membranes had an undesirable wrinkled texture, so for the rest of 
the study, Cyrene was abandoned in favor of other solvents. In all three 
of these studies, water was employed as the nonsolvent in the coagula
tion bath. The difficulties encountered by Foong et al. raise the question 
of whether using a different coagulation bath composition might 
improve membrane morphology and performance [18]. 

GVL is another green solvent, which has some similarities to Cyrene. 
Like Cyrene, GVL is derived from biomass, and has very low toxicity 
[26,27]. In fact, GVL is used in perfumes and as a food additive [26]. 
GVL also has a solubility profile similar to NMP, and a comparable 
viscosity of 2.2 cP [15]. GVL has been used to fabricate membranes from 
PSf [28–31], PES [30,31], polyimide [30,31], cellulose acetate [30,31], 
and cellulose triacetate [30,31]. Dong et al. [28,29] attempted to make 
PSf membranes using GVL as the solvent and water as the nonsolvent in 
the coagulation bath. However, they encountered problems when using 

these fabrication parameters. The resulting membranes were nearly 
impermeable, with a water flux less than 0.6 LMH at 4 bar. Additionally, 
the membranes “would stick to themselves like glue”. These problems 
were resolved by using cosolvent blends of GVL and Polarclean, instead 
of only GVL. Membranes made using the cosolvent blends had drasti
cally improved fluxes of up to 750 LMH at 4 bar. Rasool and Vankelecom 
[30,31] fabricated PSf nanofiltration membranes using GVL as the sol
vent, with dope solutions of 10–20 wt% PSf in GVL. Coagulation baths of 
either pure water or pure ethanol were used. After fabrication, mem
branes were tested by filtration with a rose Bengal solution. Membranes 
cast from 10 wt% PSf were defective, with very low (~5%) rose Bengal 
rejection. Meanwhile, membranes cast from 15 to 20 % PSf in GVL had 
relatively low fluxes of 20 LMH/bar or less. The mixed results from these 
studies – especially the comment from Dong et al. about membranes 
sticking together like glue when GVL was used as the solvent – suggest 
that the PSf/GVL dope solution may have poor compatibility with water 
in the coagulation bath [28,29]. This again raises the possibility of 
improving membrane morphology and performance by using a different 
bath composition. 

Membrane morphology is strongly affected by the composition of the 
coagulation bath. Additives such as acids, bases, and salts can be added 
to a water coagulation bath to influence various membrane properties 
including permeability, solute rejection, and hydrophilicity [32–37]. 
For instance, coagulation baths of water with dissolved KCl salt were 
found to improve flux and hydrophilicity for polyvinyl chloride/ 
bentonite UF membranes [33]. Additionally, the bulk nonsolvent can be 
changed. Although water is the most commonly used nonsolvent in this 
role, the effect of using other nonsolvents has been investigated in 
numerous studies [38–40]. For example, Zuo et al. [38] casted PVDF 
membranes, using DMAc as the solvent and varying the nonsolvent in 
the coagulation bath. Membranes cast into water had a finger-like 
morphology, while those cast into alcohols (methanol, ethanol, and 
isopropanol) developed a sponge-like morphology due to delayed 
demixing. Also, several studies have used ethanol/water mixtures in the 
coagulation bath [41–43]. Effects of ethanol concentration on the 
resulting membranes varied depending on the exact system. For some 
dope solutions, such as PVDF/DMF and functionalized-PSf/DMF, 
increasing concentrations of ethanol in the bath led to membranes 
with larger pores and higher flux [41,42]. Meanwhile, for a dope solu
tion of PVDF/DMAc, increasing concentrations of ethanol in the coag
ulation bath produced membranes with lower porosity and reduced flux 
[43]. 

In summary, substantial investigation has been done in two areas: 
first, the use of green solvents (such as Cyrene and GVL) for membrane 
fabrication, and second, the effects of coagulation bath composition on 
membrane properties. However, little has been done at the intersection 
of these two research areas. Since several of the studies referenced above 
have noted problems with using Cyrene or GVL to fabricate membranes, 
it is worthwhile to investigate whether these problems can be resolved 
by making a simple change to the fabrication protocol. In this study, we 
tested whether using a mixed ethanol/water coagulation bath instead of 
a pure water coagulation bath is a viable solution that would lead to 
membranes with improved filtration performance. 

In addition, there are gaps in the research on the ultrafiltration 
performance of membranes fabricated from Cyrene and GVL. At the time 
of writing, for membranes cast from Cyrene or GVL (not part of a 
cosolvent mixture), we were unable to find any studies which provided 
rejection data for model solutes such as BSA, polyethylene glycol (PEG), 
or dextran. These solutes are routinely used to characterize UF mem
branes. Here, we aimed to explore the ultrafiltration performance of 
membranes fabricated from Cyrene and GVL to evaluate whether these 
solvents can adequately replace traditional solvents. 

In this study, PSf ultrafiltration membranes were fabricated by NIPS, 
using either Cyrene or GVL as the solvent. We choose to study PSf as it is 
one of the most commonly used polymers. PSf membranes are used in 
many industries ranging from biomedical applications, bioseparations, 
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food and beverage production, and water treatment. During membrane 
fabrication, the composition of the coagulation bath was varied: pure 
water, pure ethanol, and mixtures of water and ethanol at various 
concentrations were tested. Membranes were characterized to deter
mine pore morphology and the degree of solvent removal from the 
membrane. Performance was evaluated using dead-end filtration. 
Additionally, cloud point experiments were performed to help elucidate 
mechanisms behind differences in morphology and performance be
tween membranes. Membrane morphology was compared to membrane 
performance. 

2. Experimental 

2.1. Materials 

Cyrene, gamma-valerolactone (GVL), sodium phosphate dibasic 
(anhydrous), sodium phosphate monobasic (monohydrate), and sodium 
hydroxide were purchased from Sigma-Aldrich (St. Louis, MO). Potas
sium dihydrogen phosphate was purchased from Beantown Chemical 
(Hudson, NH). Polysulfone (60,000 M.W.) was purchased from Acros 
Organics (Geel, Belgium). Ethanol (pure, 200 proof) was purchased from 
Decon Labs (King of Prussia, PA). Methanol was purchased from Milli
poreSigma (Burlington, MA). Sulfhydryl-blocked bovine serum albumin 
(BSA) was purchased from Lee Biosolutions (Maryland Heights, MO). 1 
kDa, 10 kDa, 40 kDa, 70 kDa, and 500 kDa dextrans were purchased 
from Pharamacosmos (Holbaek, Denmark). 4 kDa dextran was pur
chased from Serva (Heidelberg, Germany). Ultracel regenerated cellu
lose UF membranes with a 30 kDa molecular weight cutoff (MWCO) 
were provided by MilliporeSigma (Burlington, MA). All water used was 
deionized (DI). 

2.2. Membrane fabrication and treatment 

PSf membranes were fabricated by NIPS. First, dope solutions of 12 
wt% PSf in Cyrene and 15 wt% PSf in GVL solutions were prepared in a 
sealed Erlenmeyer flask. The polymer concentration was higher in GVL 
solutions than in Cyrene solutions to compensate for the fact that GVL is 
less dense than Cyrene (1.05 vs. 1.25 g/mol) and has a much lower 
viscosity than Cyrene (2.2 cP vs. 14.5 cP) [15]. The solutions were mixed 
on a hot-plate at 100 ◦C (for Cyrene solutions) or 66 ◦C (for GVL solu
tions) until the PSf was dissolved (6–8 h). Then, the solutions were 
degassed by allowing the flasks to sit overnight at room temperature (21 
± 3 ◦C). Next, a film of polymer dope solution was cast on a glass plate 
using a doctor blade set to 250 μm. (The film shrinks during NIPS. Final 
thicknesses are provided in section S1 of the supplementary informa
tion.) After 10 s, the plate was submerged in a coagulation bath of either 
water, ethanol, or a water/ethanol mixture. Membranes were left in the 
coagulation bath for 4 h after casting, then stored in water until further 
testing. Batches of membranes were named based on the solvent used 
and the volumetric ratio of ethanol in the coagulation bath (Table 1). For 
example, the Cyr25 membranes were cast from a 12 wt% PSf in Cyrene 
solution, into a coagulation bath composed of a 25:75 volumetric ratio 
of ethanol to water. We originally chose volumetric ratios in increments 
of 25 %. However, we found that Cyr75 membranes had drastically 
different performance characteristics compared to other membranes in 
the series. Therefore, we also added Cyr65 and Cyr85 membranes to 
gauge the effects of changing bath composition around 75 % ethanol. 

In addition to investigating the effects of solvent choice (Cyrene vs. 
GVL) and coagulation bath composition, several additional batches of 
membranes were fabricated to test the effect of other parameters. Cyr0-T 
membranes were cast into water but treated by soaking in 70 v% ethanol 
for 4 h immediately before testing or characterizing the membranes. 
Additionally, for membranes cast using GVL as the solvent, we noticed 
that films of dope solution were exceptionally sensitive to ambient hu
midity, with visible phase inversion starting to occur within only a few 
seconds of exposure to air of moderate (~52 %) humidity. (When using 

Cyrene, this occurred significantly more slowly, so there was less of a 
noticeable effect after 10 s.) Therefore, for “GVL” membranes, several 
additional batches were cast to gauge the effect of humidity on mem
brane morphology and performance. While most “GVL” membranes 
were prepared at conditions of moderate (52 ± 4 %) humidity (“-M”), 
we prepared two additional sets of membranes at low (26 ± 2 %) hu
midity (“-L”). 

Lastly, the performance of commercial Ultracel regenerated cellulose 
ultrafiltration membranes (30 kDa MWCO, “Ultracel”) was tested to 
provide a point of comparison with our fabricated membranes. Ultracel 
membranes were treated to remove preservatives by soaking them in 50 
v% ethanol for 30 min, followed by 25 v% ethanol for 30 min, then 
water for 30 min. 

2.3. Fourier transform infrared spectrometry 

Fourier transform infrared spectrometry (FTIR, PerkinElmer Fron
tier, Waltham, MA) with attenuated total reflection (ATR) was used to 
detect the presence of residual solvent in membranes fabricated using 
different coagulation baths. After the membranes were fabricated and 
stored in water for 24 h, samples were cut from each batch of mem
branes and air-dried for 24 h before being analyzed by FTIR spectros
copy. For the “Cyr0-T” membranes, the 4 h treatment with 70 v% 
ethanol was done just before the air-drying step. During FTIR analysis, 4 
scans were taken at 2 cm−1 resolution. 

2.4. Scanning electron microscopy 

The morphology of fabricated membranes was examined using 
scanning electron microscopy (SEM, FEI Nova Nanolab 200, Hillsboro, 
OR). To prepare top surface samples, pieces were cut from membrane 
sheets and air-dried. To prepare cross-sectional samples, pieces were cut 

Table 1 
Fabrication conditions for membranes.  

Name Dope 
solution (wt 
%) 

Volumetric ratio of 
EtOH:water in 
coagulation bath 

Other conditions/ 
treatments: 

Cyr0 12 % PSf in 
Cyrene 

0:100  

Cyr0-T 12 % PSf in 
Cyrene 

0:100 Treated by soaking in 70 v 
% EtOH. 

Cyr25 12 % PSf in 
Cyrene 

25:75  

Cyr50 12 % PSf in 
Cyrene 

50:50  

Cyr65 12 % PSf in 
Cyrene 

65:35  

Cyr75 12 % PSf in 
Cyrene 

75:25  

Cyr85 12 % PSf in 
Cyrene 

85:15  

Cyr100 12 % PSf in 
Cyrene 

100:0  

GVL0-M 15 % PSf in 
GVL 

0:100 Cast at moderate humidity 
(52 %). 

GVL25- 
M 

15 % PSf in 
GVL 

25:75 Cast at moderate humidity 
(52 %). 

GVL50- 
M 

15 % PSf in 
GVL 

50:50 Cast at moderate humidity 
(52 %). 

GVL75- 
M 

15 % PSf in 
GVL 

75:25 Cast at moderate humidity 
(52 %). 

GVL100- 
M 

15 % PSf in 
GVL 

100:0 Cast at moderate humidity 
(52 %). 

GVL50-L 15 % PSf in 
GVL 

50:50 Cast at low humidity (26 
%). 

GVL75-L 15 % PSf in 
GVL 

75:25 Cast at low humidity (26 
%). 

Ultracel N/A N/A Treated by soaking in 50 v 
% EtOH, then 25 v% EtOH, 
then water.  
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from the membrane sheets, then soaked in methanol and freeze-cracked 
with liquid nitrogen, then air-dried. To reduce charge buildup, samples 
were sputter-coated with gold using a Module Sputter Coater (SPI, West 
Chester, PA) before SEM imaging. Cross-sectional images were taken at 
1,200x magnification and top surface images were taken at 50,000x 
magnification. 

2.5. Contact angle measurements 

Contact angle measurements were performed to gauge the hydro
philicity of fabricated membranes. Membrane samples were air-dried 
overnight before analysis. A contact angle instrument (Future Digital 
Scientific, model OCA15EC, Westbury, NY, USA) was used with a 
droplet size of 2 µL. For each membrane sample, a water droplet was 
deposited on the top surface and the contact angle was immediately 
measured. Measurements were taken at three locations per sample and 
the average angles were calculated. 

2.6. Water and BSA solution filtration 

Dead-end filtration experiments with water and BSA solutions were 
conducted using a Sterlitech HP4750 stirred cell with an effective area of 
13.4 cm2 (Fig. 1). Pressure was applied using a compressed nitrogen 
cylinder. Before filtration, the membranes were precompressed in a 
filtration cell filled with water for 2 h at 2.41 bar (35 psi). Next, water 
was flowed through the membranes at 2.41 bar, with 300 rpm stirring. 
The test was run for 50 min in total: 30 min to allow the flux to come to 
steady state, followed by 20 min where the water flux was acquired by 
tracking the weight of the permeate using an electronic balance. Flux 
was calculated using the following equation [44]: 

J =
Q

(ΔT)A  

where J is the permeate flux, Q is the volume permeated, ΔT is the 
sampling time, and A is the effective membrane area. 

After the test with water was completed, another filtration test was 
performed under the same conditions using 1 g/L BSA solution in 10 mM 
phosphate buffer (pH = 7.2, prepared with sodium phosphate mono
basic and sodium phosphate dibasic). Flux was also measured. From the 
flux values from the two tests, the flux ratio (JBSA/Jwater) was deter
mined. BSA rejection was measured using a UV–Vis spectrophotometer 
(Shimadzu UV-2600i, Kyoto, Japan), based on the absorbance at 279 
nm. Rejection was calculated as follows [44]: 

R = 1 −
Cp

Cf  

where Cp and Cf are the concentrations of BSA in the permeate and feed, 
respectively. 

For each membrane fabrication method, three membranes were 
tested and the average flux values, flux ratios, and BSA rejection per
centages were calculated. 

2.7. Dextran solution filtration 

Dextran filtration experiments were performed to characterize the 
membrane rejection profile (Fig. 2). The protocol used is very similar to 
Wickramasinghe et al. [45]. A dextran feed solution was prepared by 
dissolving a blend of different molecular weight dextrans (Table 2) in 50 
mM KH2PO4 buffer (pH = 7.0, adjusted using sodium hydroxide). Since 
the dextrans are polydisperse, the final mixture contains a continuous 
range of dextran sizes from 1 − 500 kDa. Membranes were fitted in an 
Amicon 50 mL stirred dead-end filtration cell (MilliporeSigma, Bur
lington, MA) with an effective membrane area of 13.4 cm2. The cell was 
filled with dextran solution and stirred at 300 rpm. Membranes were 
equilibrated for 1 h under permeate recycle using a MasterFlex L/S 
peristaltic pump (Cole-Parmer, Vernon Hills, IL) at 0.1 mL/min flow 
rate. Permeate samples (1 mL each) were taken after equilibration. 
Three membranes were tested from several of the fabrication methods 
that performed best in water/BSA filtration experiments. 

To determine the dextran rejection profiles, samples were analyzed 
using an Agilent Technologies (Santa Clara, CA) model 1260 HPLC with 
a refractive index detector (RID). The column used was a Shodex (New 
York, NY) OHpak SB-806 M HQ. The mobile phase was a 50 mM KH2PO4 

Fig. 1. Experimental setup for water flux and BSA filtration experiments.  

Fig. 2. Experimental setup for dextran filtration experiments.  
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buffer (pH = 7.0) with 0.5 mL/min flowrate. The sample injection vol
ume was 10 μL and the column was operated at 25 ◦C. Dextran rejection 
profiles were calculated by comparing the HPLC chromatograms of feed 
and permeate samples (details given in section S2 of the supplementary 
information). The MWCO of each membrane was calculated based on 
the smallest dextran size that was at least 90 % rejected. 

2.8. Cloud point measurements 

Cloud point measurements were performed by first dissolving 
various concentrations of PSf in solvent (Cyrene or GVL). The solutions 
prepared were 2.5, 5, 7.5, 10, and 12 wt% PSf in Cyrene, and 2.5, 5, 7.5, 
10, 12.5, and 15 wt% PSf in GVL. Next, nonsolvent (water or ethanol) 
was gradually pipetted into the solution under stirring at room tem
perature. The test was stopped when the solution became visibly cloudy 
and remained cloudy after 1 h of stirring. 

3. Results 

3.1. Cloud point measurements 

Cloud point experiments were performed, where water or ethanol 
was gradually pipetted into PSf/Cyrene and PSf/GVL solutions until the 
solution became cloudy, indicating that phase inversion had occurred. 
The results show that water is a very strong nonsolvent for the PSf/ 
Cyrene system (Fig. 3a) since phase inversion occurred when water 
comprised < 0.4 wt% of the mixture. Ethanol was a much weaker 
nonsolvent – phase inversion occurred at 11–13 wt% ethanol. For the 
PSf/GVL solution (Fig. 3b), water was an extremely strong nonsolvent, 
with minimal water required to cause phase inversion. For dilute solu
tions, phase inversion occurred after the addition of < 0.1 wt% water. 

Ethanol was also a strong nonsolvent for the PSf/GVL solution, although 
not as strong as water. 

3.2. Fourier transform infrared spectrometry 

Samples of fabricated membranes were analyzed by FTIR (Fig. 4, full 
spectrums in supplementary information section S3). Since PSf does not 
have carbonyl groups, while Cyrene and GVL do have carbonyl groups, 
membrane spectra were examined for distinctive carbonyl peaks in the 
1700–1800 cm−1 range to determine whether residual solvent remained 
in the membranes. Dual peaks around 1724 and 1740 cm−1 are char
acteristic of the carbonyl group in Cyrene [46], while a peak at around 
1766 cm−1 is characteristic of the carbonyl group in GVL [47]. For the 
Cyr0 and GVL0-M membranes, there were clear signals of residual sol
vent (Fig. 4a). This was indicated by carbonyl peaks at 1726 and 1743 
cm−1 from Cyrene in the Cyr0 spectrum, and a peak at 1772 cm−1 from 
GVL in the GVL0-M spectrum. 

For membranes cast using Cyrene as the solvent (Fig. 4b), the peaks 
for residual Cyrene vanished in the FTIR spectrum of the Cyr0-T mem
brane. Cyr25 − Cyr100 membranes had reduced peak signal compared 
to Cyr0 membranes, with the Cyr65 sample having the shortest peaks. 
This indicates that ethanol/water mixtures, especially around 65 % 
ethanol, were more effective at removing residual Cyrene than pure 
water. For membranes cast using GVL as the solvent (Fig. 4c), the peak 
for residual GVL was highest for the GVL0-M membrane and fell with 
increasing concentrations of ethanol in the coagulation bath. This shows 
that coagulation baths with relatively high concentrations of ethanol 
were more effective at removing residual GVL than the water coagula
tion bath. 

3.3. Scanning electron microscopy 

Cross sections and top surfaces of membranes were imaged using 
SEM (Fig. 5). Additional SEM images, including enlarged cross-sectional 
images, are provided in supplementary information section S4. All 
membranes had sponge-like morphologies. However, aspects of mem
brane morphology such as pore size and surface texture varied sub
stantially depending on fabrication conditions. 

Cyr0 membranes had wrinkled surfaces with large crevasses. Very 
few circular pores were visible on the surface. Meanwhile, the cross- 
sectional image showed that the polymer-poor domains were largest 
in the middle of the membrane and smaller near the top and bottom. 

Table 2 
Dextran concentrations used in the mixed dextran feed solution.  

Dextran 
Standard 

Avg. MW 
(kDa) 

Feed concentration (g/ 
L) 

Manufacturer 

T1 1  0.74 Pharamacosmos 
T4 4  1.22 Serva 
T10 10  0.54 Pharamacosmos 
T40 40  0.74 Pharamacosmos 
T70 70  0.34 Pharamacosmos 
T500 500  0.27 Pharamacosmos  

Fig. 3. Ternary phase diagrams of polysulfone/solvent/nonsolvent systems with: (a) Cyrene as the solvent and (b) GVL as the solvent.  
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These features can be explained by the slow and limited mixing between 
Cyrene and water (analyzed more fully in the discussion). Residual 
Cyrene remained trapped near the middle of the membrane, with water 
slowly diffusing inward. This allowed polymer-poor domains near the 
middle to coalesce and grow. Although the top surface solidified quickly, 
phase separation was delayed for the lower layers of the membrane, 
which provided time for the top surface to shift and crumple. 

Cyr25 and Cyr50 membranes also had larger domains near the 
middle than near the top and bottom. The top surfaces were rough, with 
few visible pores. The Cyr25 and Cyr50 membranes did not have the 
large wrinkles and crevasses present in the Cyr0 membranes. This was 
likely due to better miscibility between Cyrene and the ethanol/water 
mixtures in the coagulation baths. 

Cyr65 and Cyr75 membranes had typical asymmetric pore mor
phologies, with small pores near the top surface and pore size increasing 
with depth. These morphologies, combined with the FTIR results, indi
cate that the mixed ethanol/water coagulation baths were able to induce 
fast demixing and readily remove Cyrene from the membranes. Both 
Cyr65 and Cyr75 membranes had flat, porous top surfaces. Pores were 
slightly larger for Cyr75 membranes than for Cyr65 membranes. 

Cyr85 and Cyr100 membranes both had rough, nodular surface 
morphologies. Cyr100 membranes also had a unique cross-sectional 
morphology. The domains were very large, indicating that the do
mains had a long time to grow before solidifying. There was also a thick, 
apparently impermeable, top layer. This can be explained by ethanol’s 
relative weakness as a nonsolvent. Ethanol was unable to induce fast 
demixing and produce a porous selective layer. 

GVL0-M, GVL25-M, GVL50-M, and GVL75-M membranes (cast at 
moderate humidity) all had asymmetric sponge-like morphologies. 
GVL0-M membranes had very few pores on the top surface. This is 
consistent with poor mixing between GVL and water, which did not 
allow for many pores to be formed. GVL50-M and GVL75-M membranes 
had much higher densities of pores on their surfaces, as mixtures of 
water and ethanol removed GVL from the films more effectively. Inter
estingly, all of these membranes had top surfaces covered with dimples 
~ 1 µm wide. The dimples can be explained by breath-figure self-as
sembly [48]. This is a process where a film of polymer solution is 
exposed to water vapor, which condenses into droplets at the surface of 
the film. The water droplets act as a template, forming pores or dimples 
in the polymer solution. Typically, in breath-figure self-assembly, the 
polymer solidifies after evaporation of the water droplets and solvent. 
However, in this case, solidification occurs due to NIPS. 

GVL100-M membranes had a morphology similar to Cyr100 mem
branes: larger domains were visible in the cross section and membranes 
had a relatively nonporous top surface. This can again be explained by 
delayed demixing, as ethanol is a relatively weak nonsolvent. 

GVL50-L and GVL75-L membranes (both cast at low humidity) had 
surface morphologies very different from membranes cast at moderate 
humidity. For GVL50-L and GVL75-L membranes, there was a high 
density of pores on the surfaces, and the pores were large. Additionally, 
the surfaces were flat, without dimples. In this case, the humidity was 
too low to allow for breath-figure self-assembly. The effects of humidity 
will be explored more in the discussion. 

Fig. 4. FTIR spectra for: (a) Cyr0 and GVL0-M membranes, showing the locations of peaks for residual Cyrene at 1726 and 1743 cm−1 and residual GVL at 1772 
cm−1. (b) Detail of Cyr membrane spectra at the locations of the Cyrene peaks. (c) Detail of GVL membrane spectra at the location of the GVL peak. 
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3.4. Contact angle measurements 

Contact angle measurements (Fig. 6) showed small variation be
tween membranes, ranging from Cyr85 on the low end, with a water 
contact angle of 55.1 ± 2.3◦, to GVL100-M on the high end, with a water 
contact angle of 76.2 ± 10.1◦. Since all membranes were made from PSf 
and no surface modifications were added, the relatively narrow range of 
contact angles is not surprising. Still, a few notable observations can be 
made. First, Cyr0 membranes had a contact angle (66.9 ± 1.3◦) virtually 
identical to Cyr0-T membranes (67.9 ± 1.2◦), which indicates that the 
treatment with 70 % ethanol did not affect the membranes’ hydrophi
licity. Also, Cyr85 and Cyr100 membranes had the lowest contact an
gles, which is consistent with their rough, nodular surface texture 

observed in SEM images. Surface roughness increases wetting of mate
rials if a smooth surface of the same material has a contact angle < 90◦

[49]. Lastly, for membranes cast using GVL, low humidity generally led 
to lower contact angles. For instance, the contact angle for GVL50-L 
membranes was 63.1 ± 1.0◦, substantially lower than the contact 
angle for GVL50-M membranes, 74.6 ± 2.9◦. This is likely caused by the 
more porous surface of GVL50-L (visible when comparing SEM images), 
since higher porosity allows for more liquid penetration, lowering the 
contact angle [49]. 

3.5. Water and BSA solution filtration 

Dead-end filtration was performed by filtering water and BSA 

Fig. 5. SEM images of cross sections and top surfaces of membranes.  
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solutions through the membranes (Fig. 7). For membranes cast using 
Cyrene, the amount of ethanol in the coagulation bath significantly 
influenced flux and BSA rejection. Cyr0 membranes had a water flux of 
63.4 ± 17.4 LMH and a low BSA rejection of only 12.7 ± 11.5 %. Cyr0-T 
membranes had very close flux and rejection values, indicating that even 
though the treatment with 70 v% ethanol removed residual Cyrene, it 
had no significant effect on membrane performance. The low BSA 
rejection is likely due to the BSA passing through the large crevasses that 
were visible in the SEM images. Cyr25, Cyr50, and Cyr100 membranes 
had very low or zero flux. This is consistent with the lack of pores visible 
on the top surfaces in the SEM images of each of these membranes. Due 
to the near-zero flux, it was not possible to collect BSA permeate samples 
and measure rejection for these membranes. Cyr65 and Cyr75 mem
branes had the best overall performance. Cyr65 membranes had a water 
flux of 70.1 ± 19.5 LMH and BSA rejection of 96.7 ± 1.6 %. Cyr75 
membranes had a water flux of 140.4 ± 55.0 LMH and BSA rejection of 
85.6 ± 6.8 %. 

Among the GVL membranes, those cast into pure water (GVL0-M) 
and pure ethanol (GVL100-M) were both impermeable. However, 
membranes cast into mixtures of water and ethanol had improved flux. 
Water flux was highest for the GVL75-L membranes, at 268.6 ± 32.1 
LMH, although these membranes had low BSA rejection, 23.5 ± 14.5 %. 
BSA rejection was highest for GVL50-M membranes, which had a water 
flux of 37.6 ± 4.6 LMH and a BSA rejection of 92.7 ± 1.8 %. Comparing 
membranes cast at different humidity levels, membranes cast at low 
humidity had much higher fluxes and much lower rejections than those 
cast at moderate humidity. This is consistent with the SEM images 
showing larger pores on the surface for those cast at low humidity. 

One additional trend is that membranes cast from GVL generally had 
a higher flux ratio (i.e. less flux decline during the BSA filtration vs. 
water filtration), compared to membranes cast from Cyrene. For 
example, comparing the two membrane types with the highest BSA 
rejection, GVL50-M membranes had a flux ratio of 0.704 ± 0.033, while 
for Cyr65 membranes it was only 0.362 ± 0.074. In practice, this meant 
that while Cyr65 membranes had a water flux nearly twice as high as 
GVL50-M membranes (70.1 ± 19.5 vs. 37.6 ± 4.6 LMH), their fluxes 
during BSA filtration were virtually the same (26.1 ± 10.8 vs. 26.5 ± 4.1 
LMH). 

Lastly, Ultracel membranes had a water flux of 398.0 ± 69.1, BSA 
flux of 93.7 ± 1.7, and BSA rejection of 98.3 ± 1.1 %. These flux and 
rejection values were higher than the membranes prepared using Cyrene 
and GVL, although the flux ratio was relatively low at 0.241 ± 0.044. 

The filtration performance of membranes fabricated here was 
compared to the performance of PSf membranes fabricated from tradi
tional solvents (DMAc, DMF, and NMP) from the literature (Table 3, 
[50–52]). Membranes with at least 90 % BSA rejection were selected. To 
maintain an even comparison, only data on membranes fabricated using 
a dope solution of PSf/solvent without additives were included. Cyr65 

and GVL50-M membranes generally had filtration performance 
competitive with those cast using traditional solvents, although one set 
of membranes made using DMF [52] and one set made using NMP had 
moderately higher permeability [53]. 

3.6. Dextran solution filtration 

Dead-end filtration was performed using dextran solutions on four 
sets of membranes (Cyr65, Cyr75, GVL50-M, and GVL75-M) that had 
good overall performance during dead-end filtration with water and BSA 
solution. Additionally, Ultracel membranes were tested as a point of 
comparison. Dextran rejection curves were plotted based on the results 
(Fig. 8). 

For most of the batches of fabricated membranes, there was signifi
cant variability in the rejection curves among the three membranes 
tested. This is likely because membranes were fabricated by hand, so it 
was difficult to precisely control all the variables (i.e. blade draw speed, 
air exposure time, etc.) in order to ensure uniformity between mem
branes. Better consistency could likely be achieved by using automated 
casting equipment. The rejection profiles of the three Ultracel mem
branes were very similar, which indicates that the likely source of the 
variability seen with other membranes is in the fabrication step and not 
the dextran filtration tests. Still, there were clear trends in results be
tween different types of membranes. 

Cyr65 membranes had much lower MWCOs (21.3–42.2 kDa) than 
Cyr75 membranes (93.3–177.3 kDa). This is consistent with the smaller 
pore sizes observed in surface SEM images of the Cyr65 membrane and 
the higher BSA rejection for the Cyr65 membranes, relative to Cyr75 
membranes. GVL50-M membranes had MWCOs of 70.9–78.9 kDa, 
which was a narrower range than GVL75-M membranes, which had 
MWCOs ranging from 66.0 to 118.7 kDa. These results are also consis
tent with GVL50-M membranes having higher BSA rejection than the 
GVL75-M membranes. The Ultracel membranes had minimal variability, 
with MWCOs ranging from 38.4 to 45.8 kDa. Also, Ultracel membranes 
had noticeably sharper rejection profiles than our fabricated 
membranes. 

4. Discussion 

4.1. Significance of Hansen solubility parameters 

Differing interactions between polymer, solvent, and nonsolvent 
play an important role in explaining many of the experimental results 
above. Hansen solubility parameters are commonly used to describe the 
ability of various solvents to dissolve polymers [54]. Three solubility 
parameters – δd, δp, and δh – are used to quantify the dissipative, polar, 
and hydrogen bonding interactions, respectively. Polymers generally 
dissolve in solvents that have similar solubility parameters to the 

Fig. 6. Water contact angles of membranes fabricated from (a) Cyrene and (b) GVL.  
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Fig. 7. Flux and BSA rejection data for (a-d) membranes cast using Cyrene and (e-h) membranes cast using GVL. Membranes without bars shown had zero flux during 
filtration with water or BSA solution. 
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polymer. 
Chemical properties, including Hansen solubility parameters for the 

polymer, solvents, and nonsolvents used in this study, are shown in 
Table 4. The Hansen solubility parameters explain several trends that 
were observed in the cloud point data. Water was a very strong non
solvent for both dope solutions, as its δh value, 42.3, is much higher than 
PSf’s δh value of 7.1. Therefore, minimal amounts of water must be 
added to the dope solution to cause PSf to become insoluble. Ethanol 
was not as strong a nonsolvent since its δh value, 19.4, was markedly 
lower than that of water. 

Additionally, PSf/GVL dope solutions were more sensitive to the 
addition of nonsolvents than PSf/Cyrene dope solutions. This is likely 
explained by the fact that Cyrene has solubility parameters very close to 
those of PSf, while GVL has solubility parameters somewhat further 
away from PSf (especially for the δp parameter, which was 14.0 for GVL 
and 8.2 for PSf). Therefore, PSf is less stable in GVL than in Cyrene. 

4.2. Effect of coagulation bath composition 

When membranes were cast using pure water in the coagulation 
bath, substantial amounts of residual solvent (whether Cyrene or GVL) 
remained trapped in the membranes. This is explained by the relatively 
poor compatibility between these two solvents and water. Although 
both Cyrene and GVL are reported to be miscible in water [10,57], there 
is a large difference between the δh values of Cyrene (6.9) and GVL (8.0) 
compared to the δh value of water (42.3). This difference in the strength 
of hydrogen bonding seems to limit the speed of mixing between the 
solvents and water. For example, Mohsenpour et al. found that water 
and Cyrene remained in distinct phases after 48 h of contact when there 
was no agitation [22]. 

Addition of ethanol to the coagulation bath resolved the problem of 
poor miscibility. When ethanol was added, it increased the hydropho
bicity of the nonsolvent phase, allowing Cyrene and GVL to mix with the 
nonsolvent and diffuse out of the film into the coagulation bath more 
easily. Hence, less residual solvent remained in the membranes and a 
higher density of pores was formed on the surface. 

On the other hand, we found that use of pure ethanol in the coagu
lation bath resulted in impermeable membranes. Cloud point data sug
gests that this is because ethanol is too weak of a nonsolvent to quickly 
induce phase inversion. During phase inversion, the delayed demixing 
led to the formation of membranes with relatively dense top surfaces. 
Thus, pure ethanol should not be used in the coagulation bath. Rather, a 
balance should be struck between the high miscibility of ethanol with 
Cyrene/GVL, and the high nonsolvent strength of water. Here, we tested 
a range of ethanol:water compositions to find the optimal balance. 
Coagulation bath compositions of 50:50–75:25 volumetric ratio ethanol: 
water were best able to strike the balance between miscibility and 
nonsolvent strength, resulting in good pore formation. 

Additionally, we found that Cyr0-T membranes, which were cast into 
pure water during the fabrication process, then treated with 70 v% 
ethanol later, did not have improved dead-end filtration performance 
compared with Cyr0 membranes. This shows that it is important to 
ensure that solvent is effectively removed during the NIPS process itself, 
when pore formation occurs, as opposed to during a post-treatment step 

later. 

4.3. Effect of humidity 

The sensitivity of "GVL" membranes to humidity is explained by the 
extremely high nonsolvent strength of water towards the PSf/GVL dope 
solution. Exposure of the film to moderate humidity levels for even a few 
seconds begins to cause phase inversion on the surface of the film. 
Hence, a relatively dense surface layer forms on the top surface of the 
“-M” membranes before they are submerged in the coagulation bath. 
This leads to smaller pores and higher BSA rejection for these mem
branes, relative to the “-L” membranes (Fig. 9). 

Additionally, exposure to moderate humidity led to the formation of 
dimples on “-M” membranes. Dead-end filtration results indicate 
possible antifouling effects of these dimples. Dimpled membranes 
generally had less flux decline (higher flux ratios) than "Cyr" membranes 
during dead-end filtration tests with BSA. Little work has been done to 
specifically investigate antifouling effects of dimples on filtration 
membranes. However, research has found that micropatterning on 
membranes can induce shear stresses as water flows across the surface, 
which promotes mixing and reduces deposition of foulants [58–60]. 

4.4. Sustainable processing 

As discussed in the introduction, Cyrene and GVL have reduced 
toxicity compared to traditional solvents such as NMP, DMF, and DMAc. 
However, the use of ethanol/water mixtures in the coagulation bath 
could create additional safety issues since ethanol is flammable. The 
flash point of pure ethanol is 12.7 ◦C, while the flash point of ethanol/ 
water mixtures varies depending on concentration – for example, the 
flash point is 23 ◦C for a mixture of 59 v% ethanol in water [61]. Thus, 
while the toxicity of the solvents is reduced, flammability is a concern. 

Although ethanol is flammable, some rankings of chemicals still 
place it as less hazardous than solvents such as NMP, DMAc, and DMF. 
For example, Prat et al. [62], evaluated 51 solvents based on their 
health, safety, and environmental hazards, as given by several solvent 
selection guides. Solvents were ranked into four categories: recom
mended, problematic, hazardous, and highly hazardous. Ethanol was 
ranked in the most favorable category, “recommended”, while NMP, 
DMAc, and DMF were in the second least-favorable category, “hazard
ous”. Thus, the risks associated with ethanol/water mixtures may be 
preferable to the risks associated with NMP, DMAc, and DMF, at least in 
some applications. 

This work suggests that use of the values of the Hansen solubility 
parameters for mixtures of ethanol and water that were successfully 
used in this study could provide a “target” for screening other non
solvents. This could not only provide a more rational way to select 
nonsolvent mixtures for optimizing membrane morphology but also a 
way to survey alternatives to ethanol that are less flammable. 

Though membrane-based separations are often claimed to be much 
more sustainable than competing technologies such as distillation, 
membrane manufacturing processes use highly toxic, environmentally 
unfriendly chemicals that are not sustainable. There is a great need to 
switch to green solvents. However, given the complicated dependence of 

Table 3 
Comparison of flux and BSA rejection with PSf membranes made from traditional solvents.  

Polymer Solvent Polymer wt% Pressure 
(bar) 

Water flux 
(LMH) 

Permeability 
(LMH/bar) 

BSA rejection (%) Source 

PSf Cyrene 12  2.41  70.1  29.1  96.7 This study (Cyr65) 
PSf GVL 15  2.41  37.6  15.6  92.7 This study (GVL50-M) 
PSf DMAc 17.5  3.45  36.8  10.7  90.1 [50] 
PSf DMF 17.5  3.45  11.2  3.2  95.1 [50] 
PSf DMAc 17  4.00  63.0  15.8  96.0 [51] 
PSf DMF 16  2.00  111.5  55.8  95.2 [52] 
PSf NMP 15  3.00  139.0  46.3  >96.0 % [53]  

C. Hackett et al.                                                                                                                                                                                                                                 



Separation and Purification Technology 332 (2024) 125752

11

membrane properties on the casting conditions, solvents and additives, 
replacement of current solvents will be challenging. Here we show that 
by using values of the Hansen solubility parameters combined with 
membrane characterization one can identify likely replacement solvents 
and solvent mixtures for phase inversion membrane casting. 

5. Conclusions 

In this study, PSf UF membranes were fabricated using the green 
solvents, Cyrene and GVL. The effects of coagulation bath composition 

on membrane characteristics were investigated. The following conclu
sions can be drawn:  

• Either Cyrene or GVL can be used as solvents for fabricating PSf UF 
membranes. 

• For both solvents, (Cyrene and GVL,) the coagulation bath compo
sition plays a significant role in shaping membrane properties. Use of 
mixed nonsolvents in the coagulation bath provides more flexibility 
to optimize membrane morphology and hence performance. 

Fig. 8. Rejection coefficients of dextrans (1–500 kDa) for Cyr65, Cyr75, GVL50-M, GVL75-M, and Ultracel membranes. Three membranes were tested per fabrication 
method. MWCO was calculated based on the smallest dextran size that was at least 90 % rejected (light green shading). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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• When water was used in the coagulation bath, substantial residual 
solvent remained trapped in the membranes due to poor mixing 
between the solvents and water. Additionally, the resulting mem
branes were either impermeable or had very low BSA rejection.  

• Using mixtures of ethanol and water (50:50–75:25 volumetric ratio) 
in the coagulation bath removed more residual solvent from the 
membranes than when water alone was used. Using mixtures of 
ethanol and water also improved pore formation, resulting in 
membranes with higher flux and rejection.  

• Humidity had a drastic effect on the morphology of membranes cast 
using GVL. Brief exposure to moderate (52 %) humidity resulted in 
membranes with much smaller pores than membranes cast at low 
(26 %) humidity. Membranes fabricated under moderate humidity 

also had novel ~ 1 µm surface dimples and relatively little flux 
decline during BSA filtration.  

• The use of parameters such as the Hansen solubility parameters 
combined with performance data will be essential to rapidly identify 
optimal membrane casting conditions. 
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Table 4 
Chemical properties of polymer, solvents, and nonsolvents used [15,17,27,55,56].  

Chemical Structure δd (MPa1/2) δp (MPa1/2) δh (MPa1/2) Density (g/cm3) Viscosity (cP) 

PSf 18.5 8.2  7.1  1.24 N/A 
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GVL 16.7 14.0  8.0  1.05 2.2 

Water 15.5 16  42.3  1.00 1.0 

Ethanol 15.8 8.8  19.4  0.79 1.1  

Fig. 9. Comparison of top surface SEM images and BSA rejections of GVL50-M, GVL75-M, GVL50-L, and GVL75-L membranes.  
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