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HIGHLIGHTS

* PSf/PVP with ZnO membrane rejected humic acid satisfactory

* Low hindrance of photodegradation when ZnO blended o into PSf membrane with PVP

« Formation of finger-like pores is preferable for low photocatalytic hindrance

ABSTRACT

Photocatalytic membranes exhibit great potential for water treatment since they combine the filtration and photo degradation in a single unit. Although blending photocatalytic
nanoparticles into polymeric thin film remains the simplest method to prepare the photocatalytic membrane, the entrapped photocatalyst showed less catalytic activity due to the
agglomeration and shielding effects in the polymer matrix. In this work, PVP (polyvinyl pyrrolidone) and PVA (poly(vinyl alcohol)) were used to stabilize the photocatalytic
nanoparticles (TiO,, Mn-TiO, and ZnO) in the polysulfone (PSf) membrane. Most importantly, these additives affect the formation of finger-like pores which influence the separation
performance and also the hindrance of photocatalytic activities. The surface hydrophilicity of PSf/PVP/TiO, and PSf/PVP/Mn-TiO, membranes increased by 12.25° and 16.67°,
respectively after adding photocatalysts. On the other hand, the PSf membrane with PVP and ZnO nanoparticles exhibited improvement in water permeability, about 7 times higher
than the neat membrane. The PSf/PVP/ZnO membrane even offered higher rejection of humic acid (HA) than the PSf/PVP/TiO, and PSf/PVP/Mn-TiO, membranes. In the photo
degradation test, ZnO only showed a reduction of 5.41% in its photo activity when it was blended into the PSf membrane with PVP. When PVA was used in the preparation of the
PSf/PVA/ZnO membrane, the permeability improvement was greatly reduced compared to the PSf/PVP/ZnO membrane. PVA also resulted in a great hindrance to the photocatalytic
activity of ZnO in the PSf membrane, more than 37%.

© 2016 MPRL. All rights reserved.

1. Introduction
active under UV light, TiO, is also chemically and thermally stable, cheap,

Photocatalysts are popular due to their ability to remove contaminants
under UV light even when they are used at a very low concentration [1]. One
of the most commonly used photocatalysts is titanium dioxide (TiO,), which
can remove dyes and proteins in water effectively [2-3]. Besides being highly

non-toxic, antimicrobial and hydrophilic [4]. To further enhance its photo-
activity, the doping of TiO, with non-metals, noble metals or transition
metals has been widely reported in the literature. TiO, doped with Mn was
successfully designed to shift its absorption range from the UV light region

* Corresponding author at: Phone: +604-5996425, fax: +60 4 5941013
E-mail address: chcpleo@usm.my (C.P. Leo)



96 H.K. Melvin Ng et al. / Journal of Membrane Science and Research 2 (2016) 95-101

towards the visible light region [S]. Zinc oxide (ZnO) also shows promising
photo-activity although it has a slightly larger band gap (3.3 eV), which
requires higher energy to excite the electron from the valence band to
conduction band [6]. It possesses similar properties to TiO, and they were
widely used in the development of membranes for waste water treatment [7,
8].

Since photocatalysts have lots of advantages, many researches have been
conducted to harness these superior properties. For example, the incorporation
of a photocatalyst into the membrane resulted in a boost in the membrane
performance. Kim ef al. [9] commented that a higher water permeability and a
greater rejection of humic acid (HA) could be achieved by coating TiO, on
the polyethersulfone (PES) membrane compared to that of a neat PES
membrane, causing an increase of as much as 171 % and 19 % respectively.
ZnO nanoparticles were also blended into polyvinylidene difluoride (PVDF),
polysulfone (PSf) and PES membranes. The water permeability of these
membranes increased one to two fold, depending on the particle loading [10-
12]. More polymeric membranes incorporated with photocatalysts were
actually developed for fouling mitigation in the early years. Bae et al. [12-14]
reported on several types of polymeric membranes blended with TiO,
nanoparticles. Membrane fouling was reduced because the hydrophilic TiO,
nanoparticles created a hydrated layer to hinder the accumulation of foulants,
especially HA, on membrane surface. However, the photocatalytic activities
of TiO, in the membrane have not been studied until recently. The
accumulation of HA on a PVDF membrane doped with TiO, could be
effectively reduced when the ultrafiltration was coupled with photocatalytic
degradation [15]. The development of polymeric membranes blended with
photocatalyst has been limited only by the catalyst content so far. This is
because a high content of photocatalysts could cause agglomeration and pore
plugging [16].

The agglomeration of inorganic fillers, especially nanoparticles in the
membrane has been identified as the major challenge in the preparation of
mixed matrix membranes. Strategies such as priming and in-situ synthesis of
particles within the polymeric matrix have been practiced in the preparation
of mixed matrix membranes for gas separation [17]. This similar practice was
not required in the preparation of ultrafiltration membranes with
nanoparticles, mainly because some additives such as polyvinyl alcohol
(PVA), polyvinyl pyrrolidone (PVP), and polyethylene glycol (PEG) are
usually blended together with photocatalysts into the polymer solutions of
ultrafiltration membranes for pore formation [17]. These additives stabilize
TiO, nanoparticles in thin films or in polymer composites to diminish the
particle agglomeration [18-21].

As mentioned earlier, not much work has been reported on the
photocatalytic activity of polymeric membranes blended with photocatalyst
nanoparticles to the best of our knowledge. The main area of study so far has
been on fouling mitigation, and the full potential of these photocatalytic
membranes had not been explored. The magnificent improvement in the
membrane separation performance has led to the oversight of the TiO,
photocatalytic properties. For instance, Jun-Ke Pi et al. [22] only stated the
improved surface wettability and antifouling property of the membrane after
adding TiO, without studying photocatalytic degradation. On the other hand,
those who work on photocatalytic degradation employ the surface coating
method instead of blending [23]. Hence, the photo-activity of different
photocatalysts in PSf membranes is studied in this work. The effects of PVP
and PVA on the photocatalytic membranes are compared in terms of
morphology and separation performance. The presence of various additives is
expected to alter the exchange rate of solvents (NMP) and non-solvents
differently during phase inversion [24]. The changes in the delay-mixing
process can result in the variation of pore formation [25], where finger like
pore structures in the membranes not only aided separation, but also improved
the photocatalytic reaction of nanoparticles in the membranes.

2. Materials and methods
2.1. Materials

PSf polymers (Udel P-1700, Solvay Advanced Polymers) were used for
the fabrication of membranes. The solvent, 1-methyl-2-pyrrolidinone (NMP,
>99.5%) supplied by Merck, was used without further purification. The
additives (PVA and PVP, Mw 10,000) and photocatalysts (ZnO, TiO,, and
Mn-doped TiO,, <100 nm) were supplied by Sigma Aldrich. Distilled water
was used in all coagulation baths.

2.2. Membrane Synthesis

The solvent, 1-methyl-2-pyrrolidinone (NMP) was heated until the
solution temperature reached 40 °C [26]. Then, 2 wt.% of each photocatalyst

(ZnO, TiO, and Mn-doped TiO,) was dissolved slowly into the NMP under
continuous agitation of 250 rpm using a stirring hotplate (WiseStir MSH-
20D). The mixture was ultrasonicated using an Ultrasonic degasser (Elma
S80H) for 2 hours to obtain a well-dispersed solution. The mixture was then
heated with heating (WiseStir MSH-20D). A PSf membrane without any
added photocatalyst was prepared as the control sample. PVP (2 wt.%) was
added slowly into the solution, followed by PSf (Udel P-1700, Solvay
Advanced Polymers). The weight ratio of PSf to NMP was controlled at
1:4.84. The PSf polymer solution was stirred for 4.5 hours at 75 °C and at a
stirring speed of 400 rpm to form a homogeneous polymer solution. It was
then cooled to 25 °C for 1 hour before ultrasonication for 30 minutes. The
casting solution was then left at room temperature to release all bubbles prior
to casting.

The casting process was performed using a pneumatically controlled
casting machine. The solution was spread on a clean flat glass plate using a
casting knife at a gap of 150 um. The film was left for evaporation (30 s) to
form a dense layer at ambient atmosphere. The prepared membrane film was
then rapidly immersed in a coagulation non-solvent bath (distilled water).
After primary phase separation, the membrane was stored in fresh distilled
water for 24 hours to guarantee the complete phase separation and removal of
the residual solvent. Then, the membrane was peeled off and rinsed with
distilled water for at least 30 minutes. At the final stage, the membrane will
be dried for 24 h at room temperature before characterization. The membrane
consisting of PVA was synthesized by the same method, by replacing PVP
with PVA. All the photocatalysts were maintained at 2 wt.% except for 1
membrane that consists of 4 wt.% ZnO (which is denoted as PSP/PVA/ZnO-
4%).

2.3. Membrane characterization

The surface and cross-sectional structure of the membrane samples were
examined using a field emission scanning electron microscope (FESEM,
Quanta 200 FESEM, FEI). The membranes were fractured using liquid
nitrogen and coated with a thin layer of gold prior to scanning. Energy
dispersive X-ray (EDX) analysis was also conducted using an INCA
instrument, (Oxford Instruments, England) to confirm the elements present in
the membranes. Meanwhile, the changes of surface hydrophilicity were
studied by measuring the water contact angle on the surface of the membrane
that was dried overnight. The contact angle was measured using a Rame’-Hart
model 200 standard contact angle goniometer with DROP image Standard
Software. Media used for contact angle measurement were ultrapure water
and air at ambient temperature (22-23 °C).

2.4. Separation test

Membrane permeability was determined using a dead-end stirred cell,
Sterlitech HP4750 (Sterlitech Corporation, WA) and ultrapure water at room
temperature. The dead-end filtration cell had an active membrane area of 14.6
cm’. Permeability of the membrane was tested in the pressure range of 1 to 4
bar after compaction using nitrogen gas. In the fouling study, the aqueous
solution containing 5 mg/L of HA acid at a pH of 7 was filtered at 4 bar. The
rejection of HA was measured by determining the HA concentration in the
permeate samples using a UV-Vis spectrophotometer (UV-Vis Cary 60).

2.5. Photocatalytic Test

Free photocatalysts were mixed into the HA solution (concentration
5mg/L, pH7) at a weight ratio of 5x10°:1. The HA degradation with the
presence of UV light was studied. A control solution was tested in the dark
where no UV was present. Samples were taken at an interval of 10 minutes
and the concentration of HA was determined by using a UV-Vis
spectrophotometer (UV-Vis Cary 60). The experiments were repeated using
membranes with different photocatalysts. The membrane samples with an
area of 30.19 cm® were used for testing, under the assumption that they
contained a similar amount of photocatalysts, and did not experience loss
during synthesis.

3. Results and discussion
3.1. Morphological, hydrophilic and chemical changes on membranes

The changes in membrane morphology due to the addition of PVP, PVA
and photocatalysts are shown in Figures 1 and 2. All PSf membranes with
PVP exhibited asymmetric structures which consisted of a thin dense layer at
the top and a sub-layer with finger-like pores at the bottom. The addition of
hydrophilic PVP improved the pore interconnectivity, resulting in finger-like
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pores even when photocatalysts had not yet been added into the PSf/PVP
membrane [27]. Matsuyama et al. [28] reported a similar finding that finger-
like pores were formed when PVP was added into the membrane formulation.
The thermodynamic instability of the membrane caused by the presence of
PVP greatly promoted the growth rate of pores. The excessive formation of
nuclei was inhibited and hence the formation of spongy structures was
prevented [29].

S SIS H MEEH 1EIZH x5t Sum

Fig. 1. SEM images of the surface (left) and cross section (right) of (a) PSf/PVP,
(b) PS{/PVP/TiO,, (c) PS{/PVP/ZnO and (d) PSf/PVP/Mn-TiO, membranes.

The PSf/PVP membrane showed a smooth surface without any defect.
When different types of photocatalysts were added into the PSf/PVP
membranes, asymmetric structures were observed in all these membranes.
Serious agglomeration of particles was not found in the SEM images of
PS{/PVP membranes with photocatalysts. The absence of agglomeration in
this work could be related to the low loading of photocatalysts, as compared
to the loading specified in other literature [30]. Furthermore, PVP helps in
particle stabilization and prevents particle agglomeration as reported by others
[31, 32]. The asymmetric structure of PSf/PVA, PSf/PVA/ZnO and
PSt/PVA/ZnO-4 % membranes, is comprised of an ultrathin dense layer at the
top and a sub-layer with macro voids at the bottom. The macro voids grew
larger in PSf/PVA/ZnO membrane and they even grew into finger-like pores
in the PS{/PVA/ZnO-4% membrane compared to the PSf/PVA membrane.

The formation of finger-like pores depended on the permeability of the non-
solvent into the membrane [33]. The addition of hydrophilic ZnO attracted
more water for demixing and caused the nuclei to grow bigger during phase
inversion, resulting in larger pores with good connectivity in the
PSt/PVA/ZnO-4% membrane. The organic additive affected membrane
morphology more significantly than the inorganic fillers. In addition, PVP
was proven to be a better hydrophilic additive compared to PVA in the
formation of finger-like pores for good separation performance.
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Fig. 2. SEM Images of the Cross Section (a) PSf/PVA, (b) PSf/PVA/ZnO, and (c)
PS{/PVP/ZnO-4%.
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Fig. 3. Water contact angle on membrane samples.
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Fig. 4. FTIR patterns of the photocatalytic membranes.

Besides resulting in variations of membrane morphology, the addition of
different photocatalysts also resulted in a variation of surface hydrophilicity
as shown in Figure 3. The water contact angle on the PSf/PVP/TiO,
membrane was 59.06 °, about 12 ° lower than that of the PSf/PVP membrane
(71.31 ©). This is because TiO, has high affinity towards water [34]. As
expected, the Mn-doped TiO, nanoparticles caused a similar enhancement on
membrane hydrophilicity because the doped nanoparticles consist of 99%
TiO,. Both PSf/PVA/ZnO and PSf/PVP/ZnO membranes only showed slight
improvements in surface hydrophilicity, compared to the PS{/PVA membrane
and PS{/PVP membrane, respectively. The surface hydrophilicity was
improved only if a greater amount of ZnO nanoparticles were added into the
PSf/PVA/ZnO-4% membrane. It was observed that ZnO nanoparticles settled
faster than TiO, particles in the doped solution during the preparation of the
membrane due to the density difference. Hence, it is reasonable to predict that
less ZnO nanoparticles appeared on the surface of PSf/PVA/ZnO and
PSf/PVP/ZnO membranes for the improvement of surface hydrophilicity
compared to the PSf/PVA/TiO, membrane.

In addition, it is important to study the chemical changes on the
membrane, due to the addition of additives and inorganic fillers. This is
because the surface chemistry affects the separation performance of a
membrane significantly. The functional groups of the PSf polymer

contributed to the peaks at the specific wave number of 1150 cm™ (symmetric
0=S=0 stretching), 1300 cm (asymmetric O=S=0 stretching), 1250 cm’’
(asymmetric C-O-C stretching), 1490 cm™ and 1580 cm™ (C=C aromatic ring
stretching) as shown in Figure 4 [35]. The PSf membranes with PVP showed
the additional peaks at 690 cm” and 2960 cm’, corresponding to amine
stretching and asymmetric CH, ring stretching [36]. On the other hand, the
distinct difference between the FTIR patterns of PSf/PVA membranes and the
FTIR patterns of PSf/PVP membranes were the broadening of the peak from
3300 to 3500 cm”, which was caused by the vibration of the asymmetric
hydroxyl group (-OH) from PVA [19]. However, the FTIR pattern of
PSf/PVP membranes incorporated with different types of nanoparticles
remained similar to the FTIR pattern of the PSf/PVP membrane without
photocatalysts. The similarity could be related to the low concentration of
nanoparticles that were added to these samples. The presence of
photocatalysts in PSf membranes could only be confirmed using EDX (Figure
5). The element Zn appeared in the EDX result for the PSf/PVP/ZnO
membrane while element Ti appeared in the EDX results for the
PSf/PVP/TiO, and PSf/PVP/Mn-TiO, membranes. As mentioned earlier,
since the amount of Mn in the doped TiO, is negligible, Mn was not detected
in the EDX result for the PSf/PVP/Mn-TiO, membrane.
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Fig. 5. EDX results of (a) PSf/PVP, (b) PS{/PVP/TiO,, (c) PS{/PVP/ZnO and (d) PSf/PVP/Mn-TiO, membranes.
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In addition, the major elements of PSf (C, S, and O) were successfully
detected in all membrane samples as well. EDX results along the cross
sectional lines of PSf/PVP/ZnO, PSf/PVA/ZnO and PS{/PVA/ZnO-4%
membranes are presented in Figure 6. The good dispersion of ZnO in the
PSf/PVP/ZnO membrane was confirmed because a low and uniform intensity
of Zn was detected across this membrane. Large agglomerations of ZnO were
expected to be absent in the PSf/PVP/ZnO membrane. With a similar ZnO
loading, the PSf/PVA/ZnO membrane exhibited a very different EDX result
compared to the PSf/PVP/ZnO membrane. Many peaks with a high intensity
of the Zn element were observed in the EDX result of the PSf/PVA/ZnO
membrane. These peaks were caused by agglomerates of fillers, as reported in
our previous work [37]. A similar pattern was observed in the EDX result of
the PSf/PVA/ZnO-4% membrane with higher ZnO content and more
agglomeration. PVA was an inferior additive compared to PVP when it was
used to disperse the nano—size photocatalysts.
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Fig. 6. EDX results showing Zn composition across cross sectional of (a)
PSf/PVP/ZnO, (b) PSf/PVA/ZnO and (c) PSf/PVA/ZnO-4% membranes.

3.2. Changes in separation performance

Both PSf/PVA and PSf/PVP membranes exhibited a very low water

Table 2
HA degradation using photocatalytic membrane.

permeability of 2.13 L.m™>h".bar" and 3.85 L.m™>.h " .bar’, respectively. The
incorporation of photocataysts (TiO,, Mn-TiO, and ZnO) into the PSf
membrane with PVP caused the water permeability to increase by six-to
sevenfold as shown in Table 1. Increasing the ZnO loading in the PSf
membrane with PVA resulted in permeability improvements as well.
However, the improvement of the permeability of the PSf/PVA membrane
incorporated with ZnO was less impressive. By adding more ZnO into the
PSf/PVA membrane, the water permeability of the PSf{/PVA/ZnO-4 %
membrane increased slightly, up to 9.69 L.m™>h".bar". The improvement of
membrane permeability could be related to the formation of finger-like pores
and hydrophilic surfaces due to the addition of additives and photocatalysts.

Without the presence of photocatalysts, the PS{/PVP membrane showed a
relatively low rejection of HA (31.15 %). The rejection of HA using
PS{/PVP/Mn-TiO, and PSf/PVP/TiO, membranes only increased to 43.65 %
and 49.92 % although these membranes showed great improvement of water
permeability. The PSf/PVP/ZnO membrane on the other hand showed
remarkable improvement of HA rejection, up to 71.76 %. Despite the additive
difference, PSf/PVA/ZnO and PSf/PVA/ZnO-4 % membranes also showed
astonishing HA rejection of 87.6 %. ZnO nanoparticles are preferable in the
preparation of membranes for HA separation. A possible explanation is the
formation of small pores for HA rejection after adding ZnO nanoparticles in
PSf membranes.

Some of the recent researches have also shown the improvement of the
membrane in water permeability and humic acid removal. De Sitter et al. [27]
increased the membrane permeability approximately at threefold (20 L.m™.h’
"bar! to 63 L.m>h".bar") by adding 30 wt.% of TiO,. Hamid ez al. [38]
managed to improve the permeation of the hollow fiber membrane from 49.33
L.m>h!bar' to 65.28 L.m>.h'.bar' after adding 2 wt.% of TiO, However,
none of them conducted the photocatalytic degradation test using the
developed membranes. In this work, photocatalytic degradation tests were
carried out to study the efficiency of photocatalysts after they were embedded
in the membranes which will be discussed in the next section.

Table 1
Separation performance of photocatalytic membranes.

Water Permeability Rejection of HA
Membranes
(L.m™h" bar™) (%)

PSf/PVP 3.85 31.15
PSf/PVA 2.13 7198
PSf/PVP/TiO, 24.68 49.92
PSf/PVP/Mn-TiO, 26.90 43.65
PS{/PVP/ZnO 2322 71.76
PS{/PVA/ZnO 5.64 87.65
PSf/PVA/ZnO-4% 9.69 87.64

3.3. Changes in photo activity

Among the free photocatalytic nanoparticles, Mn-TiO, nanoparticles
exhibited the best degradation of HA under UV radiation as summarized in
Table 2. Mn-TiO, performed better than TiO, and ZnO because doping a
photocatalyst with metals can narrow the band gap and lower the chances of
recombining the exited electron with the holes [5].

HA degradation using free HA degradation using .
Photocatalyst: M Diffe %
Gt s particles (%) e particles in membrane (%) tesencel(e)

TiO, 5747 PSf/PVP/ TiO, 42.89 14.58
Mn-TiO, 63.35 PSf/PVP-Mn-TiO, 54.28 9.07

53.48; PS{/PVP/ZnO 48.07 5.41
Zn0 (2%)

50.68 PS{/PVA/ZnO 13.26; 3742
ZnO (4%) 85.80 PSf/PVA/ZnO-4% 3.46 82.34




100 H.K. Melvin Ng et al. / Journal of Membrane Science and Research 2 (2016) 95-101

Inevitably, the photocatalytic hindrance was expected after incorporating the
photocatalysts into the polymeric matrix. The hindrance was due to the
limited transmittance of light and the restricted contact with the contaminant
in the polymeric matrix. However, such hindrance could be reduced by
developing suitable membrane morphology. The PSf/PVP/ZnO membrane
performed immensely better than the PSf/PVA/ZnO membrane in the photo
degradation of HA, although the amount of photocatalysts in these
membranes was the same. The better performance of the PSf/PVP/ZnO
membrane in photocatalytic degradation might be due to the existence of
finger-like structures for HA penetration and the good dispersion of
photocatalysts. The extremely poor performance of the PSf/PVP/ZnO-4 %
membrane under UV light may be due to the serious agglomeration of ZnO
nanoparticles in the polymeric matrix as reported in the literatures [16].

4. Conclusion

Organic additives and photocatalysts play an important role in the
development of photocatalytic membranes as they contribute to
morphological, hydrophilic and chemical changes in membranes. The
formation of finger-like pores was greatly promoted by PVP and slightly
enhanced by photocatalyst loading. The hindrance of photo activity could be
reduced in the presence of these finger-like pores. The contact between HA
and the photocatalyst was less hindered in the polymeric matrix with finger-
like pores. ZnO nanoparticles were suitable in the development of membranes
for HA separation because a high rejection of HA was recorded independently
of the selection of organic additives.
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