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Abstract

Concerns of energy shortage and pollution, have rapidly increased the demand for efficient separation
processes. In this respect, solvent resistant nanofiltration has become an emerging technology with
great potential as an energy-efficient and waste-free separation method. Unfortunately, the lack of
sufficient stability (especially chemical stability of the support) still restricts the utilization of this
separation technique to the more mild industries, leaving several unexploited. As already detailed in
part | of this research, one promising approach to increase the chemical stability of supports, used
afterwards as starting point for the synthesis of thin film composite nanofiltration membranes, is cross-
linking polymeric UF membranes by UV-irradiation. Whereas in the previous part, the 365 nm UV-
LED light was selected as the best setup to achieve a high cross-linking efficiency at high throughputs,
in this second part the impact of (non-)compositional parameters on the cross-linking efficiency was
investigated. The most important parameters with the largest impact on the degree of conversion (DC)
were shown to be the cross-linker content, the membrane thickness and the incorporation of a non-
woven support. Finally and more importantly, after curing the membranes did not only show enhanced
solvent stabilities (viz. part I), they also exhibited greater physical strength while at the same time
maintaining the retention at a similar level as the non-cured membrane clearly indicating their

industrial importance.
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1. Introduction

Concerns of energy shortage and pollution, have rapidly increased the demand for efficient separation
processes [1,2]. In the chemical and pharmaceutical industry, 40-70 % of the capital and operation
costs are still attributed to separation processes, such as the widely used distillation, crystallization,
extraction and adsorption [3,4]. This indicates the importance of choosing the most efficient separation
technology for every application, not only from a performance point of view, but also with respect to
energy costs. In this search, membrane technology emerges as an attractive option, because it can be
operated continuously and has several attractive properties, like a low energy demand, ease of
operation and mild operating conditions. Moreover, membrane properties can be easily modified to fit
specific separation purposes and membrane technology can be readily combined with other processes
[2,5,6].

Nanofiltration (NF) is a pressure-driven (5-20 bar) membrane process, which is gaining a lot of
attention because of its broad application potential. Originally, large-scale applications of these
membranes mainly included aqueous applications, using hydrophilic polymers [6]. Recently, NF-
membranes have also been used in solvent-based applications, requiring high chemical stability of the
membrane. Solvent resistant nanofiltration (SRNF), also known as organic solvent nanofiltration
(OSN), has thus become an emerging technology with great potential as an energy-efficient and waste-
free separation method e.qg. in food and pharmaceutical industries, or in petrochemical applications [7—
12]. Many membrane materials used for NF applications however, fail under extreme conditions, such
as extreme pH (above 12 or below 2) or in harsh solvents that easily dissolve most polymers used for
NF applications (i.e. aprotic polar solvents, such as dimethylformamide (DMF), N-
methylpyrrolidinone (NMP), dimethylsulfoxide (DMSQO), etc.) [12-15]. Examples of industrial
applications that require such extreme pH conditions, include the treatment of pulp, paper or mining

effluents, and the separation of hemicellulose from concentrated alkaline processes [16-20].

An interesting strategy to obtain SRNF membranes, which are stable in extreme conditions, is to
synthesize thin film composite (TFC) membranes starting from chemically stable asymmetric
ultrafiltration (UF) supports. A more selective top-layer is then deposited on these supports. During
the final application, both layers have to be resistant. Also during the deposition of the top-layer, the
support is supposed to remain stable. As for the support, currently polyacrylonitrile (PAN) [21],
polyimide (PI) [9,22] and polysulfone (PSU) [9,13,23,24] are most often used. The latter, PSU
membranes, for example, have strong thermal and mechanical properties which make it an ideal
support candidate for a broad range of membrane applications [23,25-28]. However, their low

resistance to e.g. N-methylpyrrolidone (NMP), tetrahydrofuran (THF) or ethyl acetate, makes them
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still of limited use as support for SRNF [24,29,30]. These polymeric membranes generally possess an
asymmetric cross-sectional morphology and are called integrally skinned asymmetric membranes
(ISA). ISA membranes consist of a less porous top-layer (0.1 to 1 pum thickness) supported by a much
thicker, porous sublayer (50 to 150 um thickness). These membranes are prepared by non-solvent
induced phase separation (NIPS) where a polymer solution is cast on a support, followed by immersion
in a non-solvent bath where demixing and polymer precipitation occurs [3,5]. To further increase
solvent stability, these membranes have to be modified through cross-linking. Cross-linking the
polymer chains can be achieved by means of e.g. a thermal treatment [31-33], chemical reactions
[29,34-37] or photo-irradiation using IR- [38,39], UV-sources [24,40-43] or electron beam (EB)
[41,44], of which the latter is interesting because of some unique features, i.e. spatial resolution, precise
control of the process, limited use of chemicals, mild conditions, selectivity of chemical reactions, etc.
[45].

This study is the second part of our research that deals with the preparation of a semi-interpenetrating
polysulfone/polyacrylate network using UV cross-linking [46]. The complete study can be seen as a
feasibility study towards upscaling a semi-interpenetrating polymer network (SIPN) preparation by
UV cross-linking in order to obtain a more chemically stable UF membrane, which can then be used
in a next step to obtain solvent-stable SRNF membranes. In the first part, the optimal UV-curing unit
was selected using a standard PSU membrane composition and a proof of the chemical stability after
cross-linking was obtained [43,47—-49]. UV-LED curing was thus shown to be an easy and versatile
method to synthesize cross-linked UF supports. In this second part, the impact on the cross-linking
degree of various (non-)compositional parameters, which are essential towards upscaling, will be
investigated. As a UV-LED system was most promising [46], only this setup will be further
investigated. A critical aspect in the parametric screening of the cross-linking degree lays in the choice
of a suitable type and concentration of photo-initiator and cross-linker. The photo-initiator has to be
chosen such that it can (1) produce radicals in the available light spectrum, and (2) ensure penetration
of the UV-light throughout the whole thickness of the solidified membrane. The latter is quite
challenging as membranes are generally opaque and relatively thick. Additionally, the choice of the
cross-linker also influences the UV-curing efficiency, as their functional groups and water solubility
(of importance during the phase inversion process to prevent leaching) can have a major impact on the

resulting cross-linking degree [24].

The aim of this study is thus the practical screening of parameters during NIPS/UV membrane
synthesis using a UV-LED curing system (i.e. type and concentration of photo-initiator and cross-

linker, cast film thickness and choice of support material during UV-radiation), to obtain supports
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which are stable in a wide range of solvents. After screening and tuning of these parameters, the
composition with high degree of conversion (DC) for a short radiation time was selected. These
supports, with a chemical composition as previously described [46] (i.e. acyl phosphine oxide-based
photo-initiator in combination with a pentaacrylate crosslinker), will subsequently be upscaled to
industrial dimensions and used in preparation of more selective SRNF membranes (e.g. TFC

membranes via interfacial polymerization) [9,13].
2. Experimental

2.1. Materials

Commercially available PSU (Udel® P-1700 LCD, M, ~ 21,000 g mol™) was kindly supplied by Solvay
and dried at 100 °C for 24 h prior to use. N,N-dimethylformamdide (DMF, 99.8 % VWR BDH
Prolabo), tetrahydrofuran (THF, anhydrous, containing 250 ppm BHT as inhibitor, > 99.9 %, Sigma-
Aldrich) and Rose Bengal (RB, MW 1017 Da, Sigma Aldrich) were used as received. Acrylate
monomer dipentaerythritol penta-acrylate (SR399LV, Sigma Aldrich) (Table 1), was used as cross-
linker. The acyl phosphines, 2,4,6-trimethylbenzoyl-diphenylphosphineoxide (TPO, Sigma-Aldrich)
and bis(2,4,6-trimethylbenzoyl)-phenylphospineoxide (IR819, TCIl Europe NV) (Table 1), were
applied as photo-initiators.

Table 1. Photo-initiators and cross-linker used in this study.

Compound Name Structure
CH3 CH3
o}
2,4,6-trimethylbenzoyl- Q_ﬂ
TPO diphenylphosphineoxide o)
H;C
(Darocur™ TPO) ’

CH, CH, CHs CHj
(0]
bis(2,4,6-trimethylbenzoyl)- ,L
IR819 phenylphospineoxide o 0
HsC HsC

(Irgacure™ 819)
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Dipentaerythritol penta-acrylate

SR399LV ° o 0
(Sartomer™ SR399 LV) ”ZC%\H/ j‘/\cm
o
)\/ o /j'\/ o

2.2. Membrane preparation and UV cross-linking

An asymmetric, polymeric membrane was synthesized from PSU via NIPS (Figure 1) [7]. A viscous
21.0 wt% PSU solution in DMF was stirred at 80 °C for 3 h. After cooling, 2.5 wt% of cross-linker,
3.0 wt% of a photo-initiator (Phin) and THF, as volatile co-solvent, were added unless stated
otherwise. The DMF/THF ratio was set to 85/15. The solution was then covered by aluminum foil and
stirred until a homogeneous mixture was obtained. Subsequently, the mixture was left overnight for
degassing. Next, membranes with a wet film thickness of 200 um were cast on a glass plate at a speed
of 1.29 m/min using an automated casting knife (Braive Instruments, Belgium). Prior to immersion in
the coagulation (i.e. deionized water) bath, the cast film was exposed to air for 30 s in order to
evaporate THF and create a thin, denser top layer. Afterwards, the resulting membrane was stored in
the dark in deionized water until UV-curing. All steps were performed in the dark at of 20 + 2 °C under
ambient atmosphere with a relative humidity (RH) of 30 £ 10 %. The temperature of coagulation bath
was 18 °C. The membrane was then cut into strips of 15 x 45 mm samples and dipped dry with tissue
paper before passing them through a UV-LED unit by fixing them on a black non-porous metallic
substrate.

UV cross-linking was performed under ambient atmosphere using UV-LED irradiation of 365 nm.
After UV-curing, the samples were kept in aluminum foil until physicochemical characterization. The
method described here is referred to as the NIPS/UV method.
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Figure 1. Non-solvent induced phase separation (NIPS), followed by UV-LED curing.
After selection of the most optimal chemical composition, a new membrane coupon was used for

each subsequent experiment where the other parameters (e.g. coupon dimension, photo-initiator type,

film thickness, etc.) were changed.

UV-light emitting diode (LED)
Two UV-LED systems, i.e. OmniCure® - AC8300 (Polytec GmbH, DE) and Semray® - UV4003 (UVio
Ltd., UK), were used for UV-curing. Both lamps have a specific wavelength of 365 nm, a typical peak

irradiance of 2.0 W/cm? at a distance of 35.0 mm from the substrate and at an exit angle of 60°. As
both systems have comparable specifications, they will result in comparable curing efficiencies. The
reader is referred to the online available literature for additional technical data concerning the lamps
[50,51]. The parameters controlled here were peak power, frequency and duration. It Is important to
note here that for every parameter setting, a fresh, untreated membrane sample was taken. Firstly, the
UV-LED system from Polytec was used to screen compositional parameters and to optimize the
chemical composition towards maximum degree of conversion (DC). Secondly, the UV-LED system
from Semray was used to screen non-compositional parameters and finally for comparison with the
UV-LED system of Polytec.

2.3. Filtration experiments
A high-throughput filtration setup containing 8 membrane positions, with an active filtration area of
0.2 x 10 m2 operated at 5 to 15 bar, was used to evaluate the membrane performance. This set-up has
the capacity to simultaneously screen membrane coupons (min. 2 of each membrane type) in a dead-
end mode. An aqueous solution of 17.0 uM RB was used as feed and stirred at 360 rpm to minimize

concentration polarization. First permeate samples were discarded to allow for the membranes to reach
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a steady state before starting the collection of permeate samples (at least 2 ml) for actual analysis. The

permeance (P) was determined by the following equation (1);

%4
pP=
A.t. AP

1)

with V as permeate volume (L), A as active membrane area (i.e. 0.2 x 103 m?), t as permeate collection

time (h) and 4P as pressure (bar). The retention (R) was determined by equation (2);
Cp

Rz( ——).100% @)
Cr

with C, and Cs as permeate and feed solute concentration, respectively. The dye concentrations in feed
and permeate were analyzed using a Shimadzu UV — 1800 UV/VIS spectrophotometer at room

temperature.
2.4. Membrane characterization

24.1. ATR-FTIR
The cross-linking efficiency was determined by following the conversion of the acrylate double bonds
to single bonds by an Attenuated Total Reflectance — Fourier Transform Infrared Spectroscopy (ATR-
FTIR) spectrometer (VARIAN 620 IR FT-IR Imaging Microscope). The spectrometer is equipped
with a Germanium Slide PN 066-4903 ATR crystal with a resolution of 4 cm™ [52]. The top of each
membrane sample was scanned on 2 or 3 spots for 64 times between 4000 and 400 cm™. The
conversion efficiency was then calculated by the ratio between UV-cured and non-cured membranes,
which were kept in aluminum foil until measurement, according to the following equation:
. =)
Degree of conversion = |1 — =544 — ) ,100 (3)
< (E)non—cured>
with absorbance peaks for the C=C group between 800 and 820 cm™ and for the C=0 group between
1715 and 1735 cm™ [53]. The C=0 group absorbance does not alter during curing and thus serves as
a reference. It is believed that polymer degradation might take place simultaneously with the cross-
linking process. However, when comparing the ATR-FTIR spectra of a membrane coupon treated with
only one pulse to that of a coupon that underwent 10 pulses and showed clear signs of degradation (i.e.
visually observed color changes [46]), no significant differences can be observed. Especially, no new
peaks seem to arise that could be attributed to degradation.

Due to the 5 reactive groups of the cross-linker, a DC of 40% or more was considered to be a minimal
requirement for successful reaction. Theoretically, a minimal DC of 40% would imply that a reaction
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occurred between at least 2 of the 5 reaction groups of the cross-linker with 2 other acrylate groups.

This would at least result in a polymer network system.

Each composition or type of membrane was radiated as function of time with a 365 nm UV-LED lamp,
i.e. going from 10 to 400 s. The range of radiation times was determined by a combination of passage
speed through the anticipated pilot-scale system (0.1-3.0 m/min) [54] and the available emission
window of the UV unit (300 mm x 45 mm). The DC for each type of membrane or chemical
composition, are the highest DC that could be achieved by altering the radiation time within the

available time frame (0 to 400 s).
2.4.2. ATR-FTIR Measurement spots for large samples

Figure 2 shows schematically the top view of a large membrane coupon. ATR-FTIR measurements

were taken according to spots indicated in the Figure.

| 150 mm

45 mm “ “ x “ a a

Figure 2. Schematic of the large membrane coupon and the locations of each point of measurement.

2.4.3. UV/VIS spectrophotometer
To verify the wavelength of maximal absorption of the different Phins, their UV/VIS spectra (range
190 — 1100 nm) were measured utilizing 3.0 wt% solutions of Phin in DMF on an Agilent 8453
UV/VIS spectrophotometer at room temperature. A quartz cell with a path length of 10 mm was

used.
2.4.4. Tensile strength measurements

Immediately after UV-curing, the membrane coupons were cut in pieces with a width of 10 mm and a
length of 50 mm. Next, they were wrapped in aluminium foil and stored in a light-proof container until
the measurements. The tensile strength measurements were performed at room temperature on an
Instron 5943 (USA) tensile machine with a 1 kN load cell. The membrane coupon was fixed by two

vertical clamps and calibrated for length and load before stretching. The two clamped ends were pulled
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apart at a rate of 1.0 mm/ min. The load (N) and tensile extension at load (mm) were measured as
function of time (s) for a constant tensile strain of 5 mm. From these measurements, the maximum

load and the tensile extension at maximum load were determined at the rupture point of the sample.
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3. Results and discussion

3.1. Screening of compositional parameters

The acrylate conversion under UV-radiation has to be as high as possible to improve membrane
stability and thus applicability. During screening of the radiant range from 0 to 400 s, the concentration
of PSU was kept constant at 21.0wt% while the ratio between cross-linker and photo-initiator was
varied, as shown in Table 2. The concentrations of cross-linker SR399LV and photo-initiator TPO
were varied between 2.5-10.0 wt% and 3.0-12.0 wt%, respectively. Even higher concentrations of both
resulted in incomplete dissolution, thus making it impossible to cast defect-free membranes. For every
compositional parameter, two variables were analyzed and will be discussed in this research: (1) the
change of conversion with radiation time and (2) the maximum conversion that could be achieved.
The hypotheses tested were that higher DC values are obtained at increased cross-linker
concentrations, and that an optimum exists for the Phin in free radical polymerizations.

Impact of cross-linker content

The DC as a function of the radiation time was first studied for a constant photo-initiator concentration
of 3.0 wt% and a variable acrylate monomer concentration (M1-M4). The UV absorption spectrum of
acrylate monomer SR399 (in ethanol) showed no significant UV absorption at 365 nm, as given in
Figure 3. Therefore, it was considered that no polymerization could start upon UV radiation nor could

the monomer largely influence the UV light penetration depth by absorption [55].

As the acrylate concentration increases, longer radiation times are required to reach that first maximum
(Figure 4), as there are simply more functional groups to react. Longer radiation times than those
indicated on Figure 4 resulted in a changed visual appearance of the samples (i.e. turning brown and
later on even black; in addition, some kind of melting appeared). Possibly, these colour changes can
be linked to occurrence of side reactions, e.g. disproportion reactions, as mentioned in Hancock et. al.
[55]. Whether they are a direct consequence of the irradiation or rather an indirect consequence through
the increased temperature of the samples, remains unclear. Indeed, the temperature, as measured at 1
cm above e.g. the M4 sample, was found to be 32 °C after 25 s of irradiation and 134 °C after 200 s.
The black stainless steel substrate to which the membrane samples were fixed, thus clearly converted
the radiation into heat.

Membrane M4 clearly showed the highest DC over the complete radiation time range. No statistical

difference in conversion could be observed for M1-3. As radiation time increased, a certain decrease



Page |12

in DC was surprisingly observed. Possibly, this could be due to thermally induced side reactions,
taking into account the very high temperatures realized in the samples.

4 SR-399 (mg/mL)
— 1192

Absorbance (a.u.)

270 290 310 330 350 370 390 410
Wavelength (nm)

Figure 3. UV absorption spectra of SR399 dispersed in ethanol for 3 different weight percent values of C=C concentrations: 100 %
(1,192 mg mlt), 80 % (875.6 mg ml-*) and 40 % (437.8 mg ml). Adapted from [57].

A maximum DC of 70.0 + 2.1 % was observed for a cross-linker concentration of 10.0 wt% (Table 2).
As the concentration of cross-linker increases for a constant photo-initiator content, the probability
increases for photo-initiator radicals to react with cross-linker monomer and thus potentially
polymerize, explaining the higher conversion [45]. This can be observed from the increasing
conversion of M1 to M4 and supports the stated hypothesis.

80,0
70,0
60,0

500
S

0 100 200 300 400
Radiation time (s)
—_— M1l — =M2 ——--- M3 ceeeeeene M 4

Figure 4. DC for increasing cross-linker concentration (%) as a function of UV radiation time (s). UV-radiation
was performed with UV-LED from Polytec.
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Table 2. DC as a function of membrane compositions for different photo-initiator and cross-linker ratio. UV-
radiation was performed with UV-LED from Polytec.

Membrane Cross-linker  Photo-initiator Maximum DC Radiation time of

no. (wt %) (wt %0) (%) maximum DC
(s)

M1 2.5 3.0 450+£4.1 125

M2 5.0 3.0 489+ 2.6 175

M3 7.5 3.0 55.4+3.9 175

M4 10 3.0 700+21 225

M1 2.5 3.0 450+£4.1 125

M5 2.5 6.0 75+23 35

M6 2.5 9.0 128+2.2 35

M7 2.5 12.0 105+ 15 35

M1 2.5 3.0 450+£4.1 125

M8 5.0 6.0 39.2+4.4 105

M9 7.5 9.0 39.9+37 65

M10 10.0 12.0 41.0+35 78

Impact of photo-initiator content

Next, the radiation time range for a constant cross-linker concentration of 2.5 wt% and a variable
photo-initiator concentration was studied (Figure 5). A significant decrease in radiation time was
observed when increasing the photo-initiator concentration above 3 wt% since samples M5-M7
visually changed color at radiation times longer than 65, 85 or 105 s, respectively. Therefore, the
investigated radiation time range was shortened to 105 s. It was suggested that the efficiency of
absorption of the incident radiation by the Phin increases with the Phin concentration, resulting in
more radicals. A possible explanation, according to [24,45,58-60], is that increasing the Phin
concentration results in a large amount of free radicals, which quickly generate a polymer network.
Within this concept of chain-growth polymerization, the kinetic chain length (i.e. average number of
monomers reacting with a given radical from its initiation to its termination) was known to be inversely
proportional to the radical concentration. Therefore, the average length of the polymers in this network
was suggested to decrease with increasing Phln concentration. Additionally, according to [61,62], an
increase in Phin content at constant cross-linker concentration will result in a decreased probability of
spontaneous collision of the PhIn with the cross-linker and an increase in recombination of the radicals.

Moreover, some Phin molecules will go from the triplet state to the ground state due to their short life,
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making them quench before being used in polymerization. These reactions influence the
photopolymerization and result in a decreased acrylate chain-growth polymerization. These combined
effects could explain the weaker physical properties of the membrane and thus lower decomposition
temperature (i.e. decreased radiation time) of the obtained polymer network [45,60]. As shown in
Figure 3, one clear DC maximum was observed at a same radiation time of 35 s for the M5-M7
membrane compositions. Additionally (Table 2), after the initial decrease in DC (from M1 to M5), the
PhiIn concentration only has a minor impact on the DC. A maximum DC of only 12.8 + 2.2 % was
obtained for composition M 6 in particular. The lower DC in presence of higher TPO contents, is
believed to be caused by the larger number of generated radicals that negatively influences the chain-
growth polymerization (as mentioned before). These low molecular weight decomposition products of

the Phin in the membrane could act as plasticizers [24,60].

To conclude, the hypothesis as stated above with respect to the optimum Phin content could neither be
rejected nor accepted as an optimum could still be apparent for lower Phin concentrations although 3

wit% is generally used in literature [24,58,63].

50,0
45,0
40,0
35,0
30,0

250

Q20,0
15,0
10,0

5,0

0,0 &
50 0 50 100 150 200 250 300

Figure 5. DC for increasing photo-initiator concentration (%) as a function of UV radiation time (s). UV-
radiation was performed with UV-LED from Polytec.

Impact of simultaneous increase in cross-linker and photo-initiator content at constant ratio

For Figure 6, both photo-initiator and cross-linker concentrations were varied while their ratio was
kept constant. A clear maximum was observed for compositions M 8-M 10, all reaching quasi the same
DC as membrane M 1, i.e. 45.0 £ 4.1 %. Additionally, the maximum radiation time was lower
compared to those obtained with increasing cross-linker content and higher compared to those

achieved with increasing amount of Phin. This indicates that the impact of changing Phin
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concentration, as described previously, is larger than the effect of the changing cross-linker

concentration.

The optimum conversion that could be achieved was also in between the optimal conversion achieved
when (1) increasing Phin concentration and (2) increasing the cross-linker concentration (Table 2). As
the ratio was kept constant, increasing the cross-linker and photo-initiator concentrations didn’t
significantly improve the DC. It was comparable to the DC of the initial composition with a 2.5

wit%/3.0 wt% cross-linker/photo-initiator ratio.

50,0
45,0
40,0
35,0
< 30,0
‘J 25,0
0 20,0
15,0 -
128 \ ; ™ s
) \
00— s /
0 50 100 150 200 250 300
Radiation time (s)
—_— M1 — —=M8 ===M9 cereeeenn M 10

Figure 6. DC for simultaneous increasing of cross-linker and photo-initiator concentration while keeping their
ratio constant (%) as a function of UV radiation time (s). UV-radiation was performed with UV-LED from
Polytec.

To conclude, a maximal DC of 70.0 + 2.1 % was thus observed for a cross-linker concentration of 10.0
wit% and a 3.0 wt% of photo-initiator. This chemical composition will be further used in the screening

of the non-compositional parameters.
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3.2. Reproducibility of the membrane preparation method
The reproducibility was evaluated for the optimal chemical composition M4 over the complete
radiant time (i.e. 0 - 400 s). A similar trend in DC could be observed for all 3 replica, as given in

Figure 7.

80,0
70,0
60,0
50,0
=7 40,0
30,0
20,0
10,0

0,0
0 100 200 300 400
Radiation time (s)
—MA4(1) ===M4(2) ceeeeeeer M 4 (3)

%)

DC

Figure 7. DC as function of radiation time (s) was repeated for 3 times with membrane composition M 4. UV-
radiation was performed with UV-LED from Semray.

3.3. Sample size
A freshly prepared M 4 membrane coupon was further used to compare the curing efficiency of
samples with a different size of the cured surface area at constant irradiation time (i.e. 125 s). The
cured area ranged from 200 mmz2 (2 cm x 1 cm, small coupon) to 6750 mmz2 (15 cm x 4.5 cm, large
coupon).

Table 3. DC for membrane coupons M 4, for small and large UV - cured area (200 mm?2 and 6750 mm2,
respectively). UV-radiation was performed with UV-LED from Semray.

Membrane type DC Radiation time (s)
(%)
Small coupon 65.1 + 2.9 125
Large coupon 65.4+0.3 125

LAverage value obtained from the reproducibility experiments performed in paragraph 3.2.

Based on the obtained results (Table 3) it can be concluded that the UV-curing occurs homogeneously
also for larger samples, as indicated by the even smaller standard deviations (6 spots were measured

according to location specified in section 2.3). No significant difference was thus observed when the
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cured area was increased by a factor of 34, proving the feasibility of upscaling this curing process for

the given chemical composition with the UV-LED curing system.

3.4. Type of photo-initiator
The photo-initiator TPO, with an optimal absorbance wavelength of 360 nm (Figure 8), was used in
all above experiments. In the next section, another photo-initiator type, IR 819 with a slightly different
optimal absorbance wavelength (i.e. 365 nm which is identical to the wavelength of the UV lamp),
was used for comparison, utilizing a membrane coupon with optimal conditions as determined in the
previous sections (i.e. 3.0 wt%, Phin, 10.0 wt% cross-linker, curing area of 200 mm? and irradiation
time of 250 s).

20

154

Absorbance (a.u.)

05}

0,0 b 1 " Y (- R
300 350 400 450 500
Wavelength (nm)

Figure 8. UV-vis spectra of TPO and IR 819. Adapted from [24].

Only a statistically insignificant higher DC was achieved when the initial photo-initiator (TPO) was
used: 63.7 £ 3.2 % vs 61.9 + 4.3 . By combining the small difference in optimal absorbance between
the two Phins with the fact that UV-LED systems are known to radiate 5 nm above and below the

maximal wavelength, this lack of difference was actually expected [50].

3.5. Continuous compared to pulsed UV-radiation
The UV-LED system has 2 possible radiation modes: pulsed and continuous. For the optimal chemical
composition, both modes were evaluated using comparable cumulative radiation times (10 x 10 s vs
100 s). The time in between pulses was kept as low as possible (i.e. 5 s) in order to avoid the cooling
down of the sample. As such, it is believed that the impact of temperature differences between both
modes could be reduced to a minimum and will thus not play a significant role in the observed
differences in conversion. Based on these experiments, the continuous radiation mode was selected as
best, as it resulted in a somewhat higher, though strictly not statistically relevant, DC (62.3 £ 7.1 % vs

51.9 £ 7.3 %). The better result for continuous radiation could be expected as it is known that non-
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transparent coatings are challenging for UV-curing. Therefore, it is suggested that a longer UV-
irradiation or higher doses of light are required for depth curing [49]. These results thus support the

use of the UV-LED system in a continuous manner.

3.6. Screening of non-compositional parameters
As a thinner polymer film requires less consumables and thus results in a better cost balance, different
film thicknesses were tested, applying the same optimal conditions as described previously (Table 4).
As the thickness decreased, the DCmax decreased. UV-cured films are known to follow a surface to
depth crosslinking gradient [24,64]. This will imply that a longer UV irradiation, or a higher dose of
light, is required for complete depth-curing of thick films, as can be seen in Table 4. The thinner the
film becomes, the lower the radiation time needed to obtain DCmax (250 s to 125 s for 200 um and 50
pm, respectively). The penetration of UV-light was thus more efficient for thinner films. On the other
hand, as described by Baxter et al., a thicker film led to a considerable increase in the amount of heat
retained in the film immediately after irradiation.[62] A temperature increase is known to improve the
extent of curing. This could be explained by the decreased viscosity upon heating which leads to
increased mobility of the growing polymer chains and of the remaining monomer and Phin radicals,
resulting in a higher probability for collision. This effect was not only observed with an increase in
maximum DC but also when the DC for a constant radiation time of 125 s was measured. Gradually

lower DC values along increasing film thickness were observed.

All these phenomena, linked to the thickness of the film, thus influence the DCrmax after curing. A
thinner film will result in a more efficient UV-radiation over the complete membrane depth and the
maximum DC will be obtained more rapidly. Thicker films need more time for UV depth-curing but

result in an increased maximum DC due to more efficient heat retention in the film.

Table 4. DC (%) for different membrane casting thickness (200, 150, 100, 50 um). UV-radiation was performed
with UV-LED from Semray.

Membrane thickness Maximum DC Radiation time of DCat125s
(um) (%) maximum DC (s) radiation time (%)
200 62.3+2.1 250 40.0+ 3.3
150 44.6 £ 4.6 225 347127
100 40.2+2.2 150 340+25
50 37.2+44 125 -

Next, the polymer mixture was cast on a PP/PE support to increase the mechanical strength of the

resulting membrane and to enhance the practical feasibility during upscaling on a roll-to-roll system
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to synthesize flat-sheet membranes. Using a support results in a lower DC (52.7 £ 8.7 % vs 62.3 £ 2.1
%) and requires a longer radiation time (250 s vs 300 s). This PP/PE support interferes in the
propagation of UV light to the supporting metal plate. This statement is obviously only valid if there
IS interpenetration of the membrane into the support, which can be observed in the SEM images (Figure
9). Indeed, this non-woven support additionally absorbs and scatters the UV-light, decreasing the
exposure of the metal plate to UV-irradiance. Less heat is thus build-up in the plate. In addition, the
heat transfer to the acrylate layer is now less efficient due to the presence of the highly porous PP/PE
support. Hence, the overall membrane temperature of the acrylate layer is much lower.

Figure 9. Cross-sectional SEM image for membrane composition M4 with support and UV radiated for 300 s.

3.7. Tensile strength
As a semi-interpenetrating network was formed during UV-LED curing, the tensile extension at
maximum load decreased significantly. For an unsupported 200 um thick polymer film prepared from
3.0 wt% TPO and 10.0 wt% SR 399LV, the non-cured membrane sample has an elongation of 9.3 mm
for a maximum load of 7.9 N compared to a cured membrane sample (with a DC of 52.0 %) with an
elongation of 0.8 mm for a maximum load of 9.0 N. As can be expected for a cross-linked polymer
network, the cured membrane indeed became mechanically stronger as its maximum load increased at

the cost of increased brittleness compared to a non-cured membrane [45].

In Table 5, the tensile strength values are given for different membrane types. For the same chemical
composition but for a different membrane thickness (150 vs 200 um), the tensile strength doubled for
anon-cured membrane (3.9 vs 7.9 N). When both membranes were cured, they became stronger (larger
maximum load) but more brittle when stretch forces were applied. Other chemical compositions with
similar DC were also compared and showed a similar trend.

Table 5. DC (%), maximum loads (N) and tensile extension (mm) for different membrane coupons. UV-
radiation was performed with UV-LED from Semray.
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Tensile extension at

Membrane Thickness DC Maximum load
max. load
type (Hm) (%) (N)
(mm)

200 52.0 9.0 0.8
M5

200 non-cured 7.9 9.3

150 49.0 4.4 0.7
M5

150 non-cured 3.9 3.2

200 55.0 9.2 1.9
M 2

200 non-cured 8.2 54

200 49.0 8.9 15
M 3

200 non-cured 7.3 8.5

200 29.0 8.2 0.8
M 10

200 non-cured 7.3 2.7

3.8. Filtration performance
For filtration experiments, M 4 composition was used. Based on the results described in detail above,
the photo-initiator TPO was selected for the membrane synthesis. An ‘upscaled’ sample of 6750 mm?
was cured by the UV-LED of UVio Ltd. for 125 s. After curing, the membrane samples were stored in
aluminum foil to preserve their moisture content or alternatively soaked for 48 h in a beaker with
conditioning agents, i.e. a 40.0 % (v/v) glycerol solution in propan-2-ol (here referred to as Alu and
IPA, respectively). After curing, a significant impact of the conditioning agent could be observed on
the retention values (31.4 £ 5.2 % vs 50.7 + 6.8 %, see Figure 10). The permeance, on the other hand,
remained rather constant (0.22 + 0.09 vs 0.33 + 0.11 L.m2.h™1.bar?). Thus, it is essential to store the
membranes in a wet state as the lower retention observed for the dry membranes is most likely a
consequence of the formation of small cracks, due to a combination of shrinkage by post-reticulation
and drying of the sample. Next, when cured and non-cured samples were compared, both stored in
conditioning agents, a significant decrease in permeance was observed upon curing (0.33 £ 0.11 vs
2.16 + 0.45 L.m2.h™.bar?, respectively) while the retention was in the same order of magnitude (50.7
+6.8% vs 61.0 £ 10.9 %). This can be explained by the densification of the membrane top layer during
UV-curing. However, formation of defects caused by reticulation explained the absence of an
increased retention. It is important to note here that the average retentions are not problematic as the
as-prepared membranes are not meant to be used as such but as support for a more selective top-layer.

Indeed, the main goal of this work was to prepare a more solvent-resistant membrane.
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Figure 10. Influence of membrane storage conditions and UV-curing on performance of UV-cured PSU-
membranes. UV-radiation was performed with UV-LED from Semray.
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4. Conclusions

Investigating the impact of (non-)compositional parameters on the cross-linking efficiency showed
that the cross-linker has a more important influence on the acrylate DC than the photo-initiator. The
UV-LED system can be considered as a reproducible and feasible method for cross-linking this type
of chemical composition. No significant difference in cross-linking efficiency could be observed
between different UV-LED suppliers while a continuous radiation proved more efficient than a pulsed
configuration. Additionally, a reduced film thickness was applied to reduce costs, but this resulted in
a decreased DC. When implementing a non-woven support underneath the cast film, which would be
essential during upscaling, a reduction in cross-linking degree of about 10.0% needs to be taken into
account. As expected, the UV-curing resulted at the same time in a stronger polymer network, but also
in a less flexible, structure of the membrane. Finally, the filtration performance of UV-cured PSU-
membranes confirmed that the reported fabrication procedure is viable, yielding a more solvent
tolerant PSU UF membrane [46].
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