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ABSTRACT: Large-scale membrane fabrication currently relies on the use of traditional
solvents, such as N, N-dimethylacetamide, 1-methyl-2-pyrrolidinone, and dimethylformamide.
These solvents are toxic, slowly biodegradable and combustible, posing risks to human health
and the environment, and requiring careful safety procedures. Replacing traditional solvents with
green solvents while maintaining or improving the membrane performance is a challenging task
at the forefront of research and development in the field of membrane technology. We employed
a novel green solvent, methyl-5-(dimethylamino)-2-methyl-5-oxopentanoate (Rhodiasolv®
PolarClean), to prepare high-performance poly (vinyl chloride) ultrafiltration membranes. This
green solvent was used to completely replace toxic solvents during membrane synthesis, for the
first time. The effects of polymer concentration, addition of amphiphilic copolymer poly (vinyl
chloride)-graft-poly (ethylene glycol) methyl ether methacrylate concentration, and use of a non-
woven polyethylene terephthalate fabric as support layer were investigated systematically. The
membrane fabricated with 8% PVC, 5% PVC-g-PEGMA, and non-woven PET fabrics as support
layer showed the best overall performance, presenting small and narrowly distributed membrane
pores, high surface porosity, smooth surface, ultrahigh membrane—pure water permeability
coefficients of >5000 L m h ‘bar *-when-pure-water was-used, high sodium alginate rejection of
nearly 98%, and flux recovery ratio of 57 %. This study demonstrates the feasibility of using

green solvent to increase the sustainability and effectiveness of membrane processes.



INTRODUCTION

Membrane separation technologies have wide-range applications in the food, biotechnology,
and dairy industry, as well as in water treatment, thanks to their simple operating equipment,
high efficiency and low energy consumption,® often representing sustainable alternatives to
traditional technologies. 2 Among the numerous membrane materials, poly (vinyl chloride) (PVC)
is one of the most common owing to its low-cost, acid-alkali-microbial resistance, and good
mechanical strength. *° Unfortunately, the application of PVC membranes is limited by their
inherent low flux and because they are prone to fouling. *’ Important efforts are currently spent
to increase the performance and antifouling properties of these membranes.

The most widely adopted modification method to improve PVC-based membranes is blending,
in which hydrophilic or amphiphilic additives are added to the dope solution during casting. The
blending method is simple and reliable. ® Our previous study investigated the amphiphilic
copolymer poly (vinyl chloride)-graft-poly (ethylene glycol) methyl ether methacrylate (PVC-g-
PEGMA) as a blending additive for PVC, allowing the enhancement of the membrane pure water
flux and antifouling properties. *° The solvent used during synthesis was traditional N, N-
dimethylacetamide (DMAC), a well-established favorable solvent for PVC. ™

The solvents used in membrane casting play an important role in dissolving polymers and
additives, and are large determinants of the final membrane characteristics. * ** Unfortunately,
the solvents currently employed by membrane manufacturers are harmful and toxic; their vast
use poses great risks to the environment, health and safety (EHS), and is not in agreement with
the twelve principles of green chemistry. ***> Some greener and more sustainable solvents have
been proposed to substitute traditional solvents in recent years. ‘® Triethyl phosphate (TEP) is a

14,15

safer solvent and only harmful when being swallowed or when in contact with the eyes. *’



However, this compound cannot be defined as a “green” solvent. > TEP has good affinity with
poly (vinylidene fluoride) (PVDF) and has thus been used to fabricate membranes from this
material. > *"%. Dimethyl sulfoxide (DMSO) is a model safer solvent because it is non-toxic,

clean, and recyclable, 2" and it can dissolve many polymers ?*. There has been work on PVDF

22,23 25-27 4® 28

, polyacrylonitrile (PAN) ?*, polyethersulfone (PES) ®?’, and polyimide P8 membranes
fabricated using DMSO as solvent. Other benign solvents have also been reported, for example,
diluent acetyl tributyl citrate (ATBC) ?** or triethylene glycol diacetate (TEGDA). ** lonic
liquids (ILs) are another class of green solvents, which have negligible volatility, and can be

34, 35

recycled and reused repeatedly. ¥ Xing et al. successfully used a 1-ethyl-3-

methylimidazolium acetate ([EMIM]OAC) to fabricate ultrafiltration membranes. Facal and co-

workers

also successfully employed ionic liquids to obtain cellulose-based hollow fiber
membranes.

Methyl-5-(dimethylamino)-2-methyl-5-oxopentanoate (Rhodiasolv® PolarClean, in the
following abbreviated as PolarClean) is a new highly promising member of the green solvent
family. This compound is derived from 2-methylglutaronitrile (MGN), a by-product of Nylon 66
manufacturing otherwise needing disposal. **° PolarClean is entirely biodegradable (97% in 18
days) and it is associated with low carbon footprint based on the Rhodia raw material database.
Furthermore, it has no or little environment or health hazards. Finally, it is nonflammable and
has very low vapor pressure. *° LCA analyses have confirmed that PolarClean has much lower
environmental effects compared to other common solvents used for membrane preparation. -
* In summary, the use of PolarClean may reduce the total CO, emission and the environmental

impacts of the membrane manufacturing phase. There are some reports on PVDF, 4% %47 pgg 4.

%9 and Matrimid® 5218 *° membranes cast using the solvent PolarClean. For example, Wang et al.



% fabricated polysulfone (PSF) and PES ultrafiltration membranes, as well as cellulose acetate
(CA) nanofiltration membrane starting from a PolarClean dope solution, thus demonstrating the
general feasibility of this solvent in membrane preparation. As of now, no PVC membrane have
been prepared using PolarClean and this represents a significant deficiency in this field, due to
the importance and applications of PVC membranes.

The great challenge of using green solvents is establishing the correct synthesis route to
achieve comparable performance with that shown by membranes fabricated with traditional
solvents. Our previous study using mixtures of DMSO, NMP, and DMAc to fabricate PVC/PVC-
g-PEGMA membranes has proven that correct recipes and synthesis protocols can provide the
desired performance. *! In fact, the membrane had improved pure water flux, sodium alginate
(SA) rejection, and antifouling properties. In this study, we employ the green solvent PolarClean
to completely replace all the toxic solvents for the fabrication of PVC-based membranes. This
research also explores the effect of several parameters, including the relative concentrations of
PVC and PVC-g-PEGMA in the dope solution and the use of a non-woven polyethylene
terephthalate (PET) fabric. The main objectives are thus to identify the most suitable synthesis
protocol and to demonstrate the feasibility of using single solvent PolarClean to obtain high-

performance PVC-based ultrafiltration membranes.

MATERIALS AND METHODS

Chemicals and Materials. PolarClean was kindly provided by Solvay Specialty Polymers
(Shanghai, China). Poly(vinyl chloride) (PVC, high molecular weight), poly(ethylene
glycol)methylethermethacrylate  (PEGMA, Mn = 500 g¢/mol), 1,1,4,7,10,10-

hexamethyltriethylenetetramine (HMTETA, 97%), copper(I) chloride (CuCl, > 99.995%), 1-



methyl-2-pyrrolidinone (NMP, anhydrous, 99.5%), N,N-dimethylacetamide (DMAc, 99%),
sodium alginate (SA), and sodium chloride (NaCl, reagent grade, 99%) were obtained from
MilliporeSigma (St. Louis, MO, USA). Methanol (99.9 %) and dimethyl sulphoxide-ds (DMSO-
ds, 99.9%) were obtained from Kelong Chemical (Chengdu, China).

Synthesis of the Graft Copolymer PVC-g-PEGMA. The synthesis procedures were similar

to our previous study, * 5

and the details are listed in Text S1 (Supporting Information, Sl). The
successful synthesis was proven by * H nuclear magnetic resonance (NMR, AVANCE AV 11-600,
Bruker, Switzerland). Before NMR analysis, the sample (15 mg) was dissolved in DMSO-dg (0.5
mL) and heated for 24 h to ensure complete dissolution. Subsequently, * H NMR spectra were
recorded at 600 MHz. The * H NMR results and analysis are reported in Figure S1 and Text S5
(SI).

Fabrication of PVC UF Membranes. The compositions of the membrane casting solutions

are shown in Table 1. The membranes were prepared via nonsolvent induced phase separation

(NIPS), and the procedures are presented in detail in Text S2 (SI).



Table 1. Composition of PVC Membrane Casting Solutions.

N PVC PVC-g-PEGMA PolarClean DMAc Additive/PVC Tl;f;l;ﬁsl;’;fe
(8) (8) (8) (8 (W/w %) (um)
MI1-6P° 6 0 94 - 0 }
M2-8P 8 0 92 - 0 -
M3-10P 10 0 90 - 0 -
M4-8DMAc 8 0 . 92 0 ]
MS5-5P-g-P° 8 0.4 91.6 - 5 -
M6-10P-g-P 8 0.8 91.2 - 10 -
M7-15P-g-P 8 1.2 90.8 - 15 -
°M8-5P-g-P*- 8 0.4 91.6 - 5 2942

Note: * P means pure PVC membranes. ° P-g-P means PVC blended PVC-g-PEGMA

membranes. ¢ SL means PVC membranes with support layer.

Ternary phase diagram determination. The cloud points for the casting solutions of M1-M7

were measured by titration. After the complete dissolution of all components in PolarClean or

DMAc, DI water was added to the solutions at 60 °C while stirring at 500 rpm. DI water was

added slowly and up until the solution did no longer become homogeneous within 24

52,53
h.

Characterizations and Analyses. The membrane surface and cross-sectional morphologies

were observed by scanning electron microscopy (SEM) (SU200, Hitachi, Japan). The membrane

samples were fixed onto the conductor tape and sputter-coated with a ~ 2 nm gold layer. Coated

samples were observed with a 5 kV acceleration voltage under different magnifications. The

cross-sectional samples were pretreated with liquid nitrogen for roughly 15 min before sputtering.

The membrane surface roughness was obtained by atomic force microscopy (AFM, MultiMode 8,



Bruker, Germany) with the scan rate of 1.00 Hz and the scan size of 5 um x 5 um. Every
membrane sample was analyzed in at least four different locations and the average value was
calculated.

The elemental composition of near-surface depths < 5 nm was detected by X-ray photoelectron
spectroscopy (XPS) (Axis Supra, Kratos Analytical Ltd., UK). The XPS spectra were obtained in
the range 0-1100 eV of electron binding energy with a resolution of 1 eV. High-resolution
spectra of the C 1s region were also obtained, and peak fitting was conducted under linear
background. Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were
obtained with a FTIR spectrometer (IRTracer-100, Shimadzu Co., Japan). The wavenumber
range was 4000-650 cm ™, and 64 scans were performed with a 2 cm™ resolution. ATR-FTIR
can detect deeper than 300 nm when wavenumbers are below 2000 cm ™. ** The dynamic water
contact angles at the membrane surface were measured with a KRUSS DSA 25S instrument
(KRUSS GmbH, Germany). A 2 uL droplet of DI water was placed onto the membrane surface,
then the contact angle was recorded every 10 seconds for the overall duration of 170 s. For each
membrane, at least nine replicate experiments were conducted to ensure reliable results.

Estimation of Membrane Total Porosity. The membrane total porosity was estimated using
a water soaking method at room temperature, ® > and the details of this method are listed in Text

S3 (SI). The total porosity was calculated by the following equation (1).

g (%):WLV\gxloo @)

P A
where pw (g/cm®) is the density of pure water (0.998 g/cm®) and A (cm?) is the area of the wet
membrane (4 cm?). At least four replicate experiments were performed for every-each membrane.
Ultrafiltration Performance Tests. The steps for the characterization of the membrane

10,51

transport properties were the same as discussed in our previous study, and are presented in



Text S4 (SI). The pure water permeability coefficient of the membrane, which was obtained from

pure-water-flux measurements with pure water as feed solution, is used to describe the membrane

productivity throughout the text. ®°%°” The SA concentrations were obtained using a Shimadzu

total organic carbon (TOC) analyzer (Shimadzu Co., Japan) and the rejection rate was calculated

by eq (2)."°

C
Ren (96)=(1-22) 100 @

f
Long-term fouling tests were performed to obtain information on the antifouling properties of
the membranes. *® The flux recovery ratio (FRR), the total flux decline ratio (DRy), the reversible
flux decline ratio (DR,), and the irreversible flux decline ratio (DR;;) were used as parameters to

describe the fouling behavior: *°

FRR= J—2><100%

4 3)
J
Dth(l-—P]xloO%
. (4)
3,
DR, =22 x100%
% (5)
(3]
DR, =| 1- 22 |x100%
% (6)

where J; (L m*h™) is the pure water flux, J, (L m2h™) is the SA solution flux, and J, (L m2h )

is the pure water flux of the clean membrane.

RESULTS AND DISCUSSION

10



Ternary Phase Diagram. The ternary phase diagram of PVC/solvent (PolarClean or
DMAC)/DI water system with and without the additive PVC-g-PEGMA at 60 °C is depicted in
Figure 1. The data points represent the coagulation value, i.e., the amount of non-solvent that
causes a phase inversion at a certain polymer concentration, which in turn reflects the
thermodynamic stability of the casting solution. > ® M1-M7 had low coagulation values, which
are related to early-stage phase inversion and typically correlated with the formation of porous
membranes. While the PVVC concentrations were the same for M2-8P and M4-8DMAc solutions,
M2 was found to be closer to the polymer-solvent axis, indicating that a lower amount of water is
needed to induce phase inversion, that is, lower thermodynamic stability for the system involving
PolarClean compared to DMAc. The solubility parameter, Ra, of the couple PVC-PolarClean is
slightly higher than that of PVC-DMACc (Table 2), so the compatibility of PVVC-PolarClean is a
bit poorer, meaning that PolarClean had weaker solvent power with respect to PVC. Weaker
solvent power translates into a lower amount of water needed to induce polymer precipitation, *

which is in good agreement with the coagulation value.

M1-6P
M2-8P
M3-10P
M4-8DMAc
M5-5P-g-P
M6-10P-g-P
M7-15P-g-P
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0.00 0.05 0.10°
DI water

Figure 1. Ternary phase diagram of PVC/solvent (PolarClean or DMAC)/DI water system with

and without the amphiphilic additive PVC-g-PEGMA at 60 °C.
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Table 2. Hansen Solubility Parameter and Ra Values of PVC and Different Solvents.

Hansen solubility parameters

Materials Ra
3, 5, 5,

pVC % 18.7 10.0 3.1 -

DMAc ® 16.8 11.5 10.2 8.19

PolarClean ** 4 15.8 10.7 9.2 8.45

When the amphiphilic additive was added to the membrane casting solution, the cloud point
significantly shifted towards the polymer-solvent axis, and shifted more with the increase of the
additive amount. This result indicates that the presence of PVC-g-PEGMA can accelerate the
precipitation rate. Faster precipitation rate commonly promotes the formation of macrovoids in
the sublayer and of larger pores at the surface. ® This mechanism was corroborated by higher
overall porosities and larger pore size than in the case of pure PVC membranes, as summarized
below in Table 3.

Membrane Morphology. The results of surface and cross-section morphologies are
summarized in Figure 2 and Figure 3. For each composition, several randomly selected images
were binarized using Image Pro Plus V.7.0 software (Media Cybernetics, USA). The following
statistical information was obtained from the SEM images and is summarized in Table 3,
together with the total membrane porosity values: average pore diameter (Dayerage), maximum
pore diameter (Dmax), pore density, and surface porosity. The surface porosity is defined as the
total surface area enclosed by pore inlets divided by the unit area of the entire separation surface.

% It is different from the total porosity, which is the proportion of pore volume to total volume of

12



membrane in its entire thickness, and is determined according to Eq (1). Figure 2 presents the
effect of PVC concentrations on membrane morphology. With the increase of PVVC concentration,
the membrane structure became denser, with a lower density of pores of smaller size at the
surface, as well as a smaller total porosity. This result can be explained by the higher viscosity of
the dope solutions containing higher PVC concentrations, which hindered the exchange of
solvent and non-solvent and slowed down the rate of phase inversion. **° Concurrently, the root
mean square (RMS) roughness values decreased significantly with the increase of PVC
concentration, as lower porosity and smaller surface pores are usually correlated with smoother
surfaces. ®

It is interesting again to compare M4-DMAc with M2-8P, both cast from solutions with the
same PVC concentration 8%, but with completely different final morphologies. The only
possible conclusion is that the effect of solvent on membrane morphology was significant. When
the traditional solvent DMAc was used, the resulting membrane had larger pore sizes and a wider
range of pore distribution on the surface compared to the membrane fabricated using PolarClean.
While the use of PolarClean promotes an earlier phase separation, PolarClean has lower

diffusivity in water than DMAc, which led to smaller and more uniform pores when solvent and

non-solvent exchange occurred.
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Rq=28.0+0.49 nm Rq=24.2+2.29 nm Rg=15.5£1.69 nm Rq=14.8+3.75 nm

Figure 2. Representative SEM micrographs of the membrane surfaces and cross-sections and
AFM images of the membrane surfaces. The membranes were made from PVC dissolved in the
solvent PolarClean at different polymer concentrations (M1-6P, M2-8P, M3-10P) and from PVC
dissolved in DMAC at one concentration (M4-8DMAC). All surface images were obtained under
magnification 50 Kx, while the cross-sectional images were obtained under magnification 500%,

except for M3-10P, for which the magnification was 300x.

Figure 3 shows the effect of additive amount and of PET support layer on membrane
morphology when both the solvent and the concentration of PVVC were kept constant, namely,
PolarClean and 8%, respectively. Compared with PVC-only membrane M2, adding PVC-g-
PEGMA enlarged the cross-sectional membrane pore size, thus the total porosity, but it
significantly reduced surface porosity. These effects were more pronounced as the proportion of

additive increased. The total porosity in the presence of the amphiphilic additive was larger due

14



to accelerated phase separation, resulting in wider finger-like cross-sectional voids. The
smoother surfaces compared to M2 may also be explained with the lower pore density and
surface porosity of the membranes obtained from blended dope solutions. ®

The use of PET fabrics as support layer also significantly affected the membrane morphology,
specifically increasing all the surface porosity parameters; see M5-5P-g-P and M8-5P-g-P>". The
average pore size, max pore size, pore density, and surface porosity for M5 (no support layer)
were 23 nm, 28 nm, 1.2 x 10" m™?, and 0.48 %, respectively, while those for M8 were 26 nm, 31
nm, 3.5 x 10" m™2, and 2.02 %. This effect of increased surface porosity is consistent with other
studies. °"*®® The PET support layer can promote the formation of surface pores as it hinders the
lateral shrinkage when the membrane is immersed into the coagulation bath. ® These
mechanisms end up causing a lower total porosity (85.548+3.86 % for M8) but a more porous

and smoother membrane surface. ¢’
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Rq=20.4+2.27 nm Rg=18.8+1.78 nm 1 Rq=22.9+2.93 nm

Rg=18.0+0.52 nm

Figure 3. Representative SEM micrographs of the membrane surfaces and cross-sections and

AFM images membrane surfaces. The membranes were fabricated using blends of PVC and

PVC-g-PEGMA dissolved in the solvent PolarClean without PET support layer (M5-5P-g-P,

M6-10P-g-P, M7-15P-g-P) and with PET support layer (M8-5P-g-P°H). All surface images were

obtained under magnification 50 Kx, while the cross-sectional images were obtained under

magnification 500x for M5 and M6, 300x for M7, and 400x for M8.

Table 3. Statistics of Average Pore Diameter (Dayerage), Maximum Pore Diameter (Dmax), Pore

Density, Surface Porosity, and Total Porosity for All Membranes.

. Surface Total
Membrane D Daverage  Dmax  Pore density porosity sorosity
-2
(nm)  (nm) (m™) (%) %)
- 13 88.658 +
M1-6P 27 35 4.8x10 2.98 4798
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M2-8P 24 30 2.8x10% 1.32 88.78+2.72

M3-10P 21 27 3.1x10% 1.01 86.44+3.34
M4-8DMAC 41 55 6.2x10% 115 80.50+7.106
M5-5P-g-P 23 28 1.2x10% 0.48 94.43+3.44
M6-10P-g-P 30 34 3.6x10% 0.27 89.988+4.42
M7-15P-g-P 33 38 2.8x10% 0.26 095.00+3.31
M8-5P-g-P°- 26 31 3.5x10" 2.02 85.548+3.80

Near-Surface Element Composition. The XPS spectra and fitted C 1s regions for M1-M8 are
presented in Figure 4, as obtained by CasaXPS processing software (Casa Software Ltd.,
England). All membranes showed peaks for carbon (C), oxygen (O), and chlorine (CI). For pure
PVC membranes M1-M4, the signal of O should not exist since no oxygen-containing additive
was used in the dope solution. The reason for the small peaks of O 1s may be the adsorption of
H,O from air humidity ® or a small amount of solvent remaining on the membrane surface (the
solvents PolarClean and DMACc all have C=0 bonds).

For M5-M7, the existence of O-C=0 (288.2 eV) and C-O (286.4 eV) groups proved the
successful synthesis and inclusion of PVC-g-PEGMA. During phase inversion, the hydrophilic
PEGMA segments were enriched at the membrane surface and the hydrophobic segments tended
to be entangled with the membrane matrix. "* The mole fraction of PEGMA at the near-surface

was calculated by eq (7): 72,73

A
X PEGMA - A i(j: (7)
COO0 CHCI

where Acoo and Acuc are the areas of the fitted COO and CHCI peaks. The near-surface weight

fraction of PEGMA (¢”=¢™*) was calculated by the molecular weights of PEGMA and that of a

unit PVC. The weight fractions of PEGMA for M5-5P-g-P, M6-10P-g-P and M7-15P-g-P were

17



40%, 38% and 36%, respectively, which implies that the number of PEGMA segments in the
near-surface decreased with the increase of PVC-g-PEGMA amount in the dope solution. Based
on the results of ternary phase diagram, one of the reasons was the quicker precipitation at higher
amount of additive, with PEGMA not having sufficient time to migrate to the near-surface.
M6-10P-g-P had the highest oxygen content of 11.8%, then followed by M7-15P-g-P (9.3%) and
M5-10P-g-P (9.1%). The higher oxygen content tends to result in more hydrophilic membrane
surface and better anti-fouling property. " The oxygen content is not a simple correspondence
with the weight fraction of the -COO functional group, and the spatial arrangement of the
functional groups also plays an important role.

Comparing M5-5P-g-P with M8-5P-g-P°", the weight fraction of PEGMA decreased when
non-woven PET fabrics support layer was used (40% for M5 and 34% for M8), indicating that
the support layer thwarted the transfer and enrichment of PEGMA segments to some extent.
ATR-FTIR spectra are consistent with this discussion; the spectra results and analyses are

summarized in Figure S2 and Text S6 (SI).

18



100000 100000

=
90000} —— M1-6P S 90000 f —— M2-8P ﬁ & M2:EP PEGMA_q o
80000 A O 80000 °5 B :
» 70000 » 70000 § W&
Z 60000 % At | | Zoooo0f P AL 2 [ N AVA Y
E 50000} C 1s:64.42 ! b | 2 50000} C 1s:65.35 —_ Il § |/
S40000F Cl2p:33.43 =3 ll | S 40000} Cl2p:30.3 O o | g
30000f O 1s:2.15 & T 30000 O 1s:4.35 :
20000 M 20000 “ 2 | e 3 CH
10000 a 10000 %
1200 T000 800 600 400 200 0290289285287 286 285 284 283 282 281 280 1200 7000 800 600 400 200 0290289288 287286 285 284 283 282 281 280
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) D Binding Energy (eV)
100000 = 200000
90000 -M3-10P =& MA:I0P PEGMA 180000} —— M4-SDMAc 2 & M4-8DMAc PEGMA _
80000 O5 B s o =000| 160000 Vg5 AV =0.00
» 70000 CHC / " : i
% fomo] %At | | SV Sl %At I | N
g soo00 € 1s:65.62 - [ \[ S 100000} C Is:6642 2 ] A
S 40000} Cl2p:31.21 5 l' | ¥ S soo00} C12p:2936 © 4 |
30000F O 1s:3.17 e \ 60000f O Is:4.22
20000 MM % | \_hom 40000 /d M cH
10000 o 20000 “ =
0 P 0 \
1200 1000 800 600 400 200 0290289288 287286285 284 283 282 281280 1200 1000 800 600 400 200 0290289288 287286285284 283 282 281 280
Binding Energy (eV) E Binding Energy (eV) Binding Energy (eV) F Binding Energy (eV)
100000 > 200000
90000 M5-5P-g-P = MS-5P-g-P R QPEOMA g 180000 M6-10P-g-P - M6-10P-g-P 4 PEOMA 3¢
s :‘ “ | . [ ' |
« 70000 o, w —_ CHCI Y TR P —_
Zooooof . AL o ‘ < N |/ Z120000f % At o -
£ so000f € 1s:66.03 \ P B £100000f C 1s:66.37 | ‘
S 40000} C12p:24.9 | y ¥ S 80000} Cl2p: 21.84 :
soo00f O 15:907 | Il | cof | 000k 0 15:11.79 | i |
20000 g S €0 40000 I g <
0000 P = <« N 1’\ . 20000 e <
0 o 0 —
1200 1000 800 600 400 200  0290289288287286285284283282281 280 1200 1000 800 600 400 200 0290289288 287286285284 283 282281 280
Binding Energy (eV) G Binding Energy (eV) Binding Energy (eV) H Binding Energy (eV)
100000 200000 - -
90000 } —— M7-15P-g-P ) M7-15P-g-P . PEOMA g 3 180000 f — — M8§-5p-g-P ' = M8-5P-g-PSt L GPEOMA oy,
80000 Oea 3§ - 160000 & A :
» 70000 Y » 140000 » =
Z6oooof VoAt - © Z120000f 7oAt = 2
£ s50000f C 15:6598 O I £ 100000} C 1s:66.01 |
S 40000} CI2p: 24.69 I - S soooof Cl2p:24.9 i :
30000F O 1s:9.33 | I 60000 3 ) |
20000 < [ § AR 40000F |
10000 'ig . . 20000 ;
{500 T000 800 600 400 200 0290289285 287286 285 284 283 282 281 280 1200 T000 800 600 400 200 0290280288 287 286 285 264 283 262 281 280
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 4. XPS spectra and fitted C 1s regions for pure PVC membrane M1-M4 and for
PVC/PVC-g-PEGMA blended membrane M5-M8: (A) M1-6P, (B) M2-8P, (C) M3-10P, (D)
M4-8DMAc, (E) M5-5P-g-P, (F) M6-10P-g-P, (G) M7-15P-g-P and (H) M8-5P-g-P°-. The

elements atom percent and weight fraction of PEGMA are indicated in each graph.

Wettability of the Membranes. Changes of the contact angles versus time for pure PVC
membranes and PVC/PVC-g-PEGMA blended membranes are shown in Figure 5. For M1-M3,
with the increase of PVC concentrations from 6% to 10%, the contact angles decreased. This

trend is especially pronounced for M3-10P, for which the contact angle was significantly lower
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compared to M1 and M2. As the membrane chemistry was analogous, this result may be
rationalized with smoother surfaces at higher PVC concentrations (see in Figure 2). % For
membranes fabricated by different solvents with the same PVC concentration of 8%, M4-
8DMAC had similar contact angle of M2-8P, even though the roughness value of M4 was only
half of M2. These data may suggest that the solvents used for membrane fabrication can also
affect the wettability of the resulting membrane.

When PVC-g-PEGMA was added in the dope solution, the hydrophilic PEGMA segments
migrated to the surface, resulting in more wettable surfaces compared with pure PVC membranes.
® More PEGMA segments and smoother surface will result in more wettable surfaces. Indeed,
these two factors contributed to obtain a trend of contact angles with the order M5 > M7 >M6.
Regarding the presence of an underlying PET layer, M8-5P-g-P°" had a higher CA than M5-5P-
g-P, which can also be explained by the competition between surface PEGMA amount and

surface roughness.
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Figure 5. Water contact angles as a function of time for: (A) PVC membranes synthesized with
6-10% PVC concentrations using the solvent PolarClean or DMAc, (B) PVC/PVC-g-PEGMA

blended membranes from solutions of 8% PVC in the solvent PolarClean.

20



Transport Performance. The permeabilities, SA rejection rates, and flux recovery ratios of
pure PVVC membranes fabricated using the solvents PolarClean or DMAc are shown in Figure 6A
and Figure 6B. The pure water membrane permeability coefficient dropped from 6241 L
m *h*bar * (M1-6P) to 3419 L m *h ‘bar * (M2-8P) and then to 1560 L m*h *bar * (M3-10P)
when—pure-water—was—used, due to the decrease of average pore diameter, pore density, and
surface porosity (Table 3). ™ The permeability coefficient of M1 is the highest ene-we—have

seenthat has been reported so far for a PVC membrane. The decrease of pore diameter led to the

increase of SA particles rejection from 97.0 + 0.2% (M1-6P) to 98.3 + 0.3% (M2-8P) and to 99.2
+ 0.1% (M3-10P). The rejection rates for membranes fabricated by PolarClean were all higher
than that of membranes fabricated by traditional solvent DMAc (92.3 + 0.3%), because the pores
were much smaller, as discussed above. "® When the SA solution was used as feed, the fluxes for
all membranes dropped rapidly due to SA particle blocking, and then the fluxes reached similar
steady-state levels. After 7 hours of fouling test, a 3 min DI water wash was applied, and the

permeability of pure water was measured again usirg—pure—water—to assess the antifouling

property of the membrane. The flux recovery ratios (FRR) for M1-M4 were all below 45%.
Figure 6C displays the permeabilities of PVC/PVC-g-PEGMA blended membranes
fabricated using the solvent PolarClean. Compared with M2-8P, adding PVC-g-PEGMA reduced

the membrane-pure water permeability of the membrane to some extent due to the much lower

pore densities and surface porosities of blended membranes. (Table 3). However, when the non-
woven PET fabric was used as the support layer, the pure water flux increased and became
higher even than that of M2-8P, reaching a value of 5355 L m h‘bar *. The SA rejection rates
for M5-M8 were all above 97%, suggesting that adding PVC-g-PEGMA and using a support

fabric layer had little effect on the rejection performance. Additionally, the antifouling properties
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for blended membranes were enhanced compared with pure PVC membranes due to the more
wettable surfaces. The FRR values for M5-M8 were 68.8 + 2.5%, 81.2 + 0.5%, 77.4 = 3.5% and
57.0 £ 1.1%, respectively. Other ratios (DR;, DR; and DRj;) to assess the antifouling properties
are summarized in Figure S4 (SI).

To summarize, all M1-M8 membranes were characterized byhad high pure water

permeability coefficientsies, larger than 1000 L m *h *bar '-whenpure-water-was—used. Such

high permeability values may be attributed to: (i) the thickness of the surface active layer, shown
in Figure S5 (SI), (ii) the pore density and the surface porosity, and (iii) the nature of the pore
interconnection in the bulk of the membranes. Higher surface porosity and a thinner active layer
will lead to lower resistance to filtration, hence higher water permeability. """ Large total
porosity (>80 %) also has some contribution to water permeability. " % 8 M1 and M8 had
ultrahigh pure water permeabilities >5000 L m™* h™* bar*, much larger than other membranes.
This result is rationalized with the fact that M1 and M8 had the highest values of pore density
(4.8x10" m™? and 3.5x10™ m™®) and surface porosity (2.98 % and 2.02 %) among all
membranes, which promotes the achievement of high water permeability, as also reported by
previous studies. " > # 83 By adding amphiphilic additives PVC-g-PEGMA, the antifouling
properties were enhanced to a great extent and membranes retained high SA rejection rate, but
the presence of the amphiphilic polymer resulted in lower pure water permeability. To overcome
this problem, a non-woven PET may be used as support layer to increase the surface porosity and
thus the permeability. LCA analyses have shown that ultrahigh permeability and improved

antifouling properties may reduce the environmental impacts related to the membrane use phase.

84-87
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Figure 6. (A) Variations of permeability with time for pure PVC membranes fabricated using
PolarClean with 6%, 8% and 10% PVC concentrations and owing DMAc with 8% PVC. (B)
Flux recovery ratios (FRR) and SA rejection rates for pure PVC membranes. (C) Variations of
permeability with time for PVC/PVC-g-PEGMA blended membranes with 8% PVC

concentration fabricated using the solvent PolarClean. (D) Flux recovery ratios (FRR) and SA

rejection rates for PVC/PVC-g-PEGMA blended membranes.

CONCLUSION
In this work, PVC ultrafiltration membranes were prepared via NIPS by using the green

solvent PolarClean for the first time. At the tested conditions, the membranes prepared using
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PolarClean had smaller, more even pores, and narrower pore size distribution compared with the
membranes prepared by traditional toxic solvent DMAc, even at low PVC concentration, leading
to high SA rejection (> 97.0 = 0.2%). Meanwhile, with the increase of PVC concentration from 6%
to 8% to 10%, the pore size, pore density, surface porosity, and roughness decreased with
increased wettability, making the flux decline and SA rejection and antifouling properties
improve.

The optimized PVC concentration was 8%. To further improve the membranes, the
amphiphilic copolymer PVC-g-PEGMA was added. The blended membrane had much higher
FRR with equivalently high SA rejection, however, at the cost of a loss of pure water flux due to
the smaller surface porosity. Using a non-woven PET fabric as support layer was a successful
strategy to maintain a high surface porosity for the blended membranes. The membrane cast
from 8% PVC, 5% amphiphilic additive, and in the presence of a fabric layer had—was

characterized by an ultrahigh pure water permeability coefficient of > 5000 L m *h *bar ‘-when

pure-waterwas-used, high SA rejection of 97.8 + 0.2%, and improved flux recovery ratio of 57.0
+ 1.1%. A final comparison of all PVC membranes investigated in this study is presented in
Figure 7.

The use of PolarClean as a green solvent in PVC membrane fabrication allows a more
sustainable and environmentally friendly manufacturing process, while achieving outstanding
overall membrane performance. In other words, the application of this novel green solvent may
reduce the environmental impact related to both the manufacturing phase and the use phase of
the membrane. In summary, this work indicates that it is possible to use green solvents to replace
traditional toxic ones, achieving the simultaneous goals of sustainable production and high

membrane performance.
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Figure 7. Comparison of the membrane performance of all PVC-based membranes: M1-6P, M2-

8P, M3-10P, M4-8DMAc, M5-5P-g-P, M6-10P-g-P, M7-15P-g-P and M8-5P-g-PS-,
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Representative SEM micrographs of the membrane cross-sections for pure PVC membrane M1-
M4 and for PVC/PVC-g-PEGMA blended membrane M5-M8: (A) M1-6P, (B) M2-8P, (C) M3-
10P, (D) M4-8DMAc, (E) M5-5P-g-P, (F) M6-10P-g-P, (G) M7-15P-g-P, and (H) M8-5P-g-P°".
All surface images were obtained under magnification 20 Kx. Figure S6. Fhe-pPure water flux of
M1-MS8 under different pressures at the temperature of 25 °C. The membrane effective filtration

area was 0.00287 m>.
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Graphic Abstract

. Membrane pores

PET support layer

SYNOPSIS

The green and sustainable solvent PolarClean was used to replace traditional solvents and

fabricate P\VC membrane with improved performance.
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