© IWA Publishing 2017 RUEICEI @A I3 (=Te 31 [o][e]:4 | in press | 2017

Investigation of surface and filtration properties of TiO,
coated ultrafiltration polyacrylonitrile membranes
l. Kovacs, G. Veréb, Sz. Kertész, S. Beszédes, C. Hodur and Zs. Laszl6

ABSTRACT

In the present work, the surface and filtration properties of TiO, coated polyacrylonitrile ultrafiltration
membranes were investigated. The membranes were coated using the physical deposition method.
The appropriate TiO, coverage proved to be 0.3 mg/cm?, which formed a hydrophilic cake layer on
the membrane surface. The cleanability without chemicals and the retention of the coated
membranes was compared to the neat membrane after model oily wastewater filtration.

The cleaning sustained of rinsing with distilled water and UV irradiation of the fouled membranes.
The coated membranes have better antifouling properties; higher flux values during oily water
filtration and by the mentioned cleaning process a significantly better flux recovery can be achieved.
The amount of the catalyst and the irradiation time are limiting factors to the effectiveness of the
cleaning process. The UV irradiation increases the wettability of the fouled membrane surface by
degrading the oil layer. The coating, the continuous use, and the cleaning process do not affect
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significantly the membrane retention expressed in chemical oxygen demand.
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INTRODUCTION

The rapid growth of oil and gas, petrochemical, pharma-
ceutical, metallurgical and food industries resulted in large
oily wastewater production. Physical and chemical waste-
water treatment methods are widely investigated, taking into
consideration their efficiency, cost, need of additives, equip-
ment and infrastructure, process time, capacity, etc. (Padaki
et al. 2015). Most of the traditional water treatment methods
are not effective enough to treat stable oil in water emulsions
containing micro sized or smaller oil droplets. Membrane fil-
tration is an efficient process to treat oily wastewaters, without
chemical additives and low energy cost compared to tra-
ditional separation methods (He & Jiang 2008; Hu & Scott
2008; Yi et al. 201; Kiss et al. 2013, 2016). Ultrafiltration is the
most effective treatment, among membrane processes for
this purpose (He & Jiang 2008; Kiss et al. 2013). Polymer
membranes are the most commonly used type of membranes
in water and wastewater treatment. Despite their beneficial
qualities, their separation performance, antifouling property
and long-time stability need improvement (He & Jiang 2008;
Hu & Scott 2008; Yi et al. 2011; Leong et al. 2014; Bet-moushoul
et al. 2016; Molinari et al. 2016).
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In membrane filtration, the membrane fouling is a key
problem; in order to decrease it numerous different
approaches were introduced during the last few decades.
One of these approaches is to modify membranes with
photocatalytic nanoparticles, therefore combining the
advantages of membrane filtration (physical separation)
and the advantage of photocatalysis (non-selective organic
matter degradation). TiO, is one of the most commonly
used photocatalyst due to its good physical and chemical
properties, availability, high photocatalytic activity, and
desirable hydrophilic properties (Hu & Scott 2008; Yi
et al. 20m; Leong et al. 2014; Bet-moushoul et al. 2016;
Molinari et al. 2016). Various techniques were used to
modify the membrane materials with photocatalytic nano-
particles, to entrap them into the membrane material or to
use the membrane as support for deposit. Photocatalyst can
be supported on the membrane surface e.g. by dip coating
(Kim et al. 2003; Bae & Tak 2005; Horovitz et al. 2016), photo-
grafting (Bellobono et al. 1992, 2006; Barni et al. 1995) and
physical deposition of TiO, layer, by filtration of TiO, suspen-
sion through a polymer membrane (Molinari et al. 2002;
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Bai et al. 2010). These modified membranes proved to have
great fouling mitigation during treatment of real waters
and wastewaters (Kim et al. 2003; Bae & Tak 2005), photo-
catalytic bactericidal properties (Kim ef al. 2003) and they
showed considerable photocatalytic activity using model
pollutants like methylene blue, humic acid, 4-nitrophenol
(Molinari et al. 2002; Bai et al. 2010), and recently oily waste-
(Ong et al. 2017), pharmaceutical compounds
(Chakraborty et al. 2017). The membrane material must be
resistant to UV irradiation and to the reactive species gene-
rated during the photocatalytic reaction (Bellobono et al.
2006). Polyacrylonitrile (PAN) is a commonly used polymer
membrane material, which have a great stability under UV
irradiation even after a longer exposure time (Molinari
et al. 2002). Although PAN was claimed to be efficient in
oily wastewater treatment retaining 97.2% of the oil/grease
(Salahi et al. 2010), the flux decline caused by fouling
remains a problem (Jhaveri & Murthy 2016).

In the present work, PAN ultrafiltration membranes
were coated with TiO, in order to create a self-cleaning sur-
face that is less prone to fouling during oily water filtration.
To investigate the extent of fouling and the cleanability of
fouled neat and TiO, coated membranes, flux changes
were compared, resistances were calculated and fouling
models were fitted. Wettability and surface free energy
changes were measured to get a closer picture about the
interactions between the membrane surface, the catalyst
particles, and the oil layer.

water

MATERIALS AND METHODS

PAN ultrafiltration membranes (VSEP, New Logic Research
Inc. USA) with 50kDa cut off weight, and membrane
surface area 0.00342m? were used. Commercial TiO,
(AEROXIDE P25, Evonik Industries) was suspended in dis-
tilled water, and was stirred for 30 minutes with 300 rpm
and was used to coat the membrane surface. The model
wastewater (oil in water emulsion) was prepared from
crude oil (Algy6-area, Hungary) and distilled water. First a
1wt.% emulsion was prepared by intensive stirring
(35,000 rpm), then 5 mL of this emulsion was inoculated
into 495 mL of distilled water directly below to the trans-
ducer of an ultrasonic homogenizer (Hielscher UP200S)
resulting the oil in water emulsion (c.; = 100 ppm). Time
of homogenization was 10 minutes, maximal amplitude
and cycle was applied while the emulsion was thermostated
to 25°C. In case of every filtration 250 mL oily water
portion was filtered to volume reduction ratio (VVR) 5.

VRR [, was defined as:

VF
VRR ~WF_VP) (1)

where VF and VP is the volume of the feed and permeate
[m?] respectively at any time.

The membranes were coated with TiO, by filtering
through the membrane different amounts of the catalyst
suspension in a dead-end cell, at 0.1 MPa with 300 rpm
and without stirring. The quantity of the TiO, coating was
measured by weighing the neat and the dried coated
membranes that resulted in 0.3, 0.6 and 1.2 mg/cm? TiO,
coating. The filtration was carried out with a Millipore
batch filtration unit (XFUF04701, Solvent-resistant Stirred
Ultrafiltration Cell, Millipore, USA). For the cleaning
cycles with UV irradiation, its cap was modified so that
the UV light source can be fitted in it. The UV light source
was a low-pressure mercury-vapor-lamp (GERMIPAK Light-
Tech, Hungary, 40 W, 1 =254 nm). Determination of the
chemical oxygen demand (COD) was based on the standard
potassium-dichromate oxidation method; for the analysis,
standard test tubes (Lovibond, Belgium) were used. The
digestions were carried out in a COD digester (ET 108,
Lovibond, Belgium) for 2 hours at 150 °C; the COD values
were measured with a COD photometer (PC-Checklt,
Lovibond, Belgium).

Contact angles were measured using the sessile drop
method (Dataphysics Contact Angle System OCA15Pro,
Germany). The surface free energies of membranes were cal-
culated by the Owens, Wendet, Rabel, and Kaelble (OWRK)
method, using the OCA15 software package (Dataphysics).
Fouling mechanisms were described by using Hermia’s
model (complete pore blocking, gradual pore blocking,
intermediate filtration and cake filtration) to determine the
fouling mechanism of each membrane during filtration
(Hermia 1982; Vela et al. 2008). Resistance-in-series model
was applied to analyze resistances that lead to flux decline
during the ultrafiltration process.

The membrane resistance (R, was calculated as
(Chang et al. 2002; Cai et al. 2010):

_4p
Jwnu

Ry [m~] )
where Ap is the transmembrane pressure (Pa), Jy is the
water flux of the clean membrane and 75y is the viscosity
of the water (Pa s).

The irreversible resistance (Rye,) Was determined by re-
measuring the water flux on the used membrane after the
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filtration, followed by a purification step (intensive rinsing
with distilled water):

[m~] )

RIrrev = - RM

Jwanw

where Jyy4 is the water flux after the cleaning procedure.

The reversible resistance (Rge,), caused by not adhered
oil layer and concentration polarisation layer can be
calculated as:

RRev =7 — errev - RM [mil] (4)

Jenww

where Jc is the flux at the end of the filtration and 7, is the
wastewater viscosity (Pa s). The total resistance (Ry) can be
evaluated from the steady-state flux by using the resistance-
in-series model:

Rr = Ry + Ry + RRew [m71] ®)

RESULTS
Surface properties of the TiO, layer

The surface and filtration properties of neat and TiO, coated
PAN ultrafiltration membranes were investigated. The
membranes were coated using the physical deposition
method (Bai et al. 2010). The stability and evenness of the
formed layer were investigated at different amounts of
deposited catalyst.
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Contact angle measurements were carried out to map
the evenness of the coating and the wettability changes of
the surface. The average contact angle for the neat
membrane was 38° + 2.5° (Figure 1(a)), for the membrane
coated by 0.3 mg/cm? TiO, without stirring was 6° + 2°
(Figure 1(b)), and for the membrane coated while stirring
(300 rpm) was 19° + 3.3° (Figure 1(c)). Commercial TiO,
P25 has a primer particle size of ~0.025 um (Veréb et al.
2012), in a suspension it forms aggregates nearly 1um in
diameter (Mogyorési et al. 2010), and the membrane pore
size is ~0.006 um (50 kDa). These facts, concerning size
and contact angles, implicate that the TiO, on the surface
of the membrane forms a hydrophilic layer, which increases
the wettability of the surface. The difference between the
wettability of the two membranes coated with or without
stirring could be the result of non-homogeneous deposition
of the catalyst on the membrane surface, by filtering the
TiO, suspension through the membrane without stirring
results in a homogeneous more even catalyst layer. The
reason for this is that the shear stress inflicted on to the
membrane surface as a result of stirring radially changes
which causes the catalyst to deposit unevenly (Becht et al.
2008). For this reason, the non-stirring method was used in
further experiments. The same tendencies were observed
in case of the 0.6 and 1.2 mg/cm? TiO, coated membranes.

It was found that the hydrophilic TiO, layer on the PAN
ultrafiltration membrane made with and without stirring
does not change the surface free energy (neat membrane:
58 £ 6 mN/m, TiO, coated without stirring 62 + 4 mN/m,
with stirring 60 = 8 mN/m) and the water flux (neat
membrane: 420 + 30 Lm 2 h™!, TiO, coated without stirring
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Figure 1 | Contact angles of the (a) neat, (b) 0.3 mg/cm? TiO, coated (without stirring during filtration, 0 rpm) and (c) 0.3 mg/cm? TiO, coated (stirring during filtration, 300 rpm) PAN50

membranes.
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Table 1 | Water turbidity changes in case of 24 h 300 rpm stirring, flux changes in the presence of 0.3, 0.6 and 1.2 mg/cm? TiO, coated PAN membranes and 1 h UV irradiation

Ratio of resuspended TiO, (%); after 24 h
stirring, based on turbidity (NTU) changes)

water flux (Lm=2h™") after
4 h of UV irradiation

water flux (Lm~2 h™") before
4 h of UV irradiation

neat PAN membrane

0.3 mg/cm? TiO, coated PAN 2.8
0.6 g/cm? TiO, coated PAN 2.1
1.2 mg/cm? TiO, coated PAN 1.4

420 = 30 422 + 35
415+ 28 419 = 32
409 =21 413 + 24
406 = 23 408 £ 22

415 + 28 Lm > h~!, with stirring 413 + 35 Lm 2 h~!) values
significantly.

To determine the stability of the membrane and the cata-
lyst layer under operational conditions, initially the effects of
the amount of the catalyst, UV irradiation, and stirring on
the coated membrane water flux were investigated. In the
first series of experiments the stability of the TiO, layer
deposited on the membrane surface (0.3, 0.6, 1.2 mg/cm?)
was investigated by means of stirring experiments: 100 mL
distilled water with 300 rpm for 24 hours was stirred over
the coated membranes in the cell during which the TiO,
coating did not washed off, the water flux remained constant
and the turbidity of the distilled water did not change signifi-
cantly (Table 1), indicating that the catalyst did not
resuspended. It means that the layer remains stable on the
surface of the membrane during filtration too.

In another series of experiments, the coated membrane
surface was UV irradiated for 4 hours after which the coated
membrane water flux did not change significantly, showing
that the membrane surface was not in this way noticeably
(Table 1) damaged by the oxidative compounds produced
by the catalyst during the photocatalytic reaction.
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The effect of the TiO, layer on filtration properties in
case of oily emulsion filtration

The difference between the fouling properties of the neat and
TiO, coated membranes were investigated. The flux decline
in case of the TiO, coated membrane was significantly lower
compared to the neat membrane (Figure 2(a)). Reversible
and irreversible resistances were calculated to obtain
additional information using the resistances-in-series
model. It was found that the filtration of oily water through
the neat membrane results in lower constant fluxes due to
the high reversible resistance caused by the oil deposition
on the surface (Figure 2(b)). This layer can be removed by
rinsing the membrane with water. The flux is higher and
the reversible and irreversible resistances in case of the
TiO, coated membrane are lower than in case of the neat
membrane and lower than the membrane resistance, which
makes them marginal. The TiO, coating on the membrane
surface slightly increases the membrane resistance. The
neat and TiO, coated membrane oil retention was similar,
96 + 2%, which is a similar value to that previously reported
for 100 kD PAN membranes (97.2%) (Salahi ef al. 2010).
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Figure 2 | (a) Flux decline and fitted fouling models during oily water filtration through the neat and TiO, coated PAN membranes in the function of VRR. (b) Resistances in case of oily

water filtration through the 0.3 mg/cm? TiO, coated and neat PAN membranes.
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Table 2 | Fouling mechanisms, in case of neat and 0.3 mg/cm? TiO, coated PAN membranes during oily water filtration

Filtration law and constant pressure

Fouling mechanism filtration (JoA = const.)

0.3 mg/cm? TiO, coated

Results of fitting neat membrane PAN membrane

J = Joe ket
111]:11'1]0 —kb -t

Complete pore blocking
Gradual pore blocking
(standard pore blocking)

— 1 1
7:7+ks.t
I n

ks = 0.5K,A%5

J = Jo(l+ 3 Ks(A-Jo)"* -0

-1
Intermediate filtration J=Jo-(L+Ki-A-Jo-1)

3 1 1
_:_+k..t
ki = KiA

Cake filtration J=Jo(1+2Kc(A - Jo)* - 1)*°

e S 1 1
ke = 2KcA2

R? 0.909 0.987
k(s7h 412107 1.2:.107°
Jo Lm™2h™) 343 517

R? 0.974 0.982

k (L7%%mh0%™) 1.88.107* 3.13.107°
Jo Lm™2h™) 425 531

R? 0.995 0.975

k (m? L™ hs™) 3.69-107° 3.26:107°
Jo Lm2h™) 1,160 546

R? 0.96 0.954

k (m*h%L %Y 8.3-1077 1.79-1078
Jo Lm2h™) 118 602

In order to get a more sophisticated explanation about
the fouling mechanism, Hermia’s filtration models were
fitted to the measured data. The fitting clearly shows that
in case of the neat membrane the initial stage of the filtration
is best descried by intermediate pore blocking (Figure 2(a),
Table 2) that is followed by the cake layer formation in
accordance with the high reversible resistance mentioned
previously. In case of the TiO, coated membrane, all
blocking models fit the measured data similarly (Figure 2,
Table 2), for that the explanation lies in the extension of
fouling, in the marginal reversible and irreversible resistance.

Cleanability of the TiO, coated oil fouled membranes

After oily water filtration, the membrane cleanability by
means of photocatalysis (without any additional chemicals)
was investigated. The fouled membrane was taken out of the
cell and rinsed with 500 mL distilled water with a wash
bottle to remove the oil layer if possible; chemical cleaning
agents were avoided. Then, the membrane was left in the
cell filled with 100 mL distilled water and irradiated with
UV light for an hour, the water flux and contact angle
changes were measured after every step. This cycle was
repeated in every case. To examine the cleaning efficiency,
relative water fluxes and contact angles of the fouled and
cleaned surfaces were compared (Figure 3). It was found

that the oil remaining on the TiO, coated membrane surface
after filtration significantly increases the membrane surface
hydrophobicity. In case of the neat membrane, contact
angles remain constant after washing with water, while in
case of the TiO, coating contact angles decrease. The sur-
face hydrophilicity can be further increased and total flux
recovery can be achieved within 1 hour of irradiation of
the fouled TiO, coated membrane, showing that it can be
effectively cleaned with UV irradiation, while UV
irradiation of fouled neat membrane does not show any
change neither in flux nor in wettability. Even though that
1 hour is sufficient time to achieve nearly total water flux
recovery, which remains constant in case of extended time
of UV irradiation, the contact angle values show that the
oil layer does not decompose entirely (Figure 3), which
may cause more extended fouling in repeated filtration/
cleaning cycles (Lujan-Facundo ef al. 2015). A way to
improve the oil layer decomposition rate could be to
increase the time, the intensity of the irradiation (Ku &
Jung 2001), and the amount of the catalyst.

In order to investigate the importance of the hydrophili-
city recovery, other than the flux recovery during cleaning,
and to determine the extended effect of the TiO, coating
even after repeated use and cleaning the previously described
cycle was repeated three times in case of the neat and coated
(0.6 and 1.2 mg/cm?) membranes; ten times in case of the
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Figure 3 | Average contact angles and average flux values of the neat, 0.3 mg/cm? TiO, coated and then fouled and cleaned PAN membranes.

0.3 mg/cm? TiO, coated membrane. The flux of the neat
membrane further decreased and both rinsing and irradiation
had no significant effect on the membrane permeability, and
the membrane was not further reusable. The results show
(Figure 4) that by rinsing the membrane with distilled water
does not have a consistent result on the flux recovery, regard-
less of the coating. The UV irradiation proves to be an
effective cleaning method in case of the TiO, coated mem-
branes, since even after numerous repetition of the process
it results in a significant flux recovery. The difference
between the relative water flux after rinsing and after UV
irradiation state increases as the repetition goes on. The foul-
ing mitigation during repeated cycles increased with
increased amount of catalyst in case of 0.6 mg/cm? TiO,,
but no further increase was observed applying 1.2 mg/cm?
TiO,. The coated membranes had significantly higher relative

water flux and higher flux recovery than the neat membrane
(Figure 6), the decreasing flux recovery during repeated
cleaning processes indicate that the remaining oil on the sur-
face hinders the total flux recovery. When comparing the
coated membranes, appropriate flux recovery was obtained
in case of the 0.3 mg/cm2 TiO, coated membrane, thus
higher amount of TiO, is not necessary (Figure 4(b)-4(d)).

CONCLUSIONS

TiO, coated PAN (50 kDa) ultrafiltration membrane was
prepared using physical deposition method by filtering
TiO, suspension through the membrane with and without
stirring. Filtering the TiO, suspension through the mem-
brane with stirring results in a less even catalyst layer, thus
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Figure 4 | Relative water fluxes after oily water filtration and rinsing the membrane with water and water fluxes of fouled membranes after 1 hour UV irradiation for the neat and different

TiO, coated membranes.
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only deposition without stirring results in appropriate even
layer. TiO, forms a hydrophilic layer on the membrane sur-
face, which stays stable during operation. The presence of
the TiO, coating decreases the membrane fouling during
oily emulsion filtration compared to the neat membrane,
due to the hydrophilicity of the coating. The neat and
coated membrane oil retention was similar, 96 + 2%. The
coated membrane can be effectively cleaned with UV
irradiation without additional chemicals and a significant
flux recovery can be achieved. Monitoring of the cleaning
process by following the membrane surface wettability
showed that the recovery of flux does not mean total
decomposition of the fouling contaminants, and the remain-
ing oil in the surface hinders the cleaning efficiency of the
photocatalytic process in further filtration cycles.

ACKNOWLEDGEMENTS

This project was supported by the Janos Bolyai Research
Scholarship of the Hungarian Academy of Sciences. The
authors are also grateful for the financial support provided
by the project Hungarian Science and Research Foundation
(NKFI contract number K112096).

REFERENCES

Bae, T. H. & Tak, T. M. 2005 Effect of TiO, nanoparticles on
fouling mitigation of ultrafiltration membranes for activated
sludge filtration. Journal of Membrane Science 249, 1-8.

Bai, H., Liu, Z. & Sun, D. D. 2010 Hierarchically multifunctional
TiO, nano-thorn membrane for water purification. Chemical
Communications 46, 6542-6544.

Barni, B., Cavicchioli, A., Riva, E., Zanoni, L., Bignoli, F. &
Bellobono, I. R. 1995 Laboratory-scale photodegradation of
phenol in aqueous solution by photocatalytic membranes
immobilizing titanium dioxide. Chemosphere 30, 1847-1860.

Becht, N. O., Malik, D. J. & Tarleton, E. S. 2008 Evaluation and
comparison of protein ultrafiltration test results: dead-end
stirred cell compared with a cross-flow system. Separation
and Purification Technology 62, 228-239.

Bellobono, I. R., Bonardi, M., Castellano, L., Selli, E. & Righetto,
L. 1992 Degradation of some chloro-aliphatic water
contaminants by photocatalytic membranes immobilizing
titanium dioxide. Journal of Photochemistry and
Photobiology A: Chemistry 67, 109-115.

Bellobono, I. R, Stanescu, R., Costache, C., Canevali, C.,
Morazzoni, F., Scotti, R., Bianchi, R., Mangone, E. S., de
Martini, G. & Tozzi, P. M. 2006 Laboratory-scale
photomineralization of -alkanes in gaseous phase by
photocatalytic membranes immobilizing titanium dioxide.
International Journal of Photoenergy Article ID 73167.

Bet-moushoul, E., Mansourpanah, Y., Farhadi, Kh. & Tabatabaei,
M. 2016 TiO, nanocomposite based polymeric membranes: a
review on performance improvement for various applications
in chemical engineering processes. Chemical Engineering
Journal 283, 29-46.

Cai, M., Zhao, S. & Liang, H. 2010 Mechanisms for the
enhancement of ultrafiltration and membrane cleaning by
different ultrasonic frequencies. Desalination 263, 133-138.

Chakraborty, S., Loutatidou, S., Palmisano, G., Kujawa, J.,
Mavukkandy, M. O., Al-Gharabli, S., Curcio, E. & Arafat, H. A.
2017 Photocatalytic hollow fiber membranes for the degradation
of pharmaceutical compounds in wastewater. Journal of
Environmental Chemical Engineering 5 (5), 5014-5024.

Chang, L. S.,, Clech, P. L., Jefferson, B. & Judd, S. 2002 Membrane
fouling in membrane bioreactors for wastewater treatment.
Journal of Environmental Engineering 128, 1018-1029.

He, Y. & Jiang, Z. W. 2008 Technology review: treating oilfied
wastewater. Filtration+Separation 45 (5), 14-16.

Hermia, J. 1982 Constant pressure blocking filtration laws —
application to power-law non-Newtonian fluids. Transactions
of the Institution of Chemical Engineers 60, 183-187.

Horovitz, 1., Avisar, D., Baker, M. A., Grilli, R., Lozzi, L., Di
Camillo, D. & Mamane, H. 2016 Carbamazepine degradation
using a N-doped TiO, coated photocatalytic membrane
reactor: influence of physical parameters. Journal of
Hazardous Materials 310, 98-107.

Hu, B. & Scott, K. 2008 Microfiltration of water in oil emulsions
and evaluation of fouling mechanism. Chemical Engineering
Journal 136, 210-220.

Jhaveri, J. H. & Murthy, Z. V. P. 2016 A comprehensive review on
anti-fouling nanocomposite membranes for pressure driven
membrane separation processes. Desalination 379, 137-154.

Kim, S. H., Kwak, S. Y., Sohn, B. H. & Park, T. H. 2003 Design of
TiO, nanoparticle self-assembled aromatic polyamide thin-
film-composite (TFC) membrane as an approach to solve
biofouling problem. Journal of Membrane Science 211,
157-165.

Kiss, Zs. L., Kertész, Sz., Beszédes, S., Hodur, C. & Laszlo, Zs.
2013 Investigation of parameters affecting the ultrafiltration of
oil-in-water emulsion wastewater. Desalination and Water
Treatment 51, 4914-4920.

Kiss, Zs. L., Kovacs, 1., Veréb, G., Hodtr, C. & Ldszl6, Zs. 2016
Treatment of model oily produced water by combined
pre-ozonation-microfiltration process. Desalination and
Water Treatment 48-49, 23225-23231.

Ku, Y. & Jung, L. L. 2001 Photocatalyitic reduction of Cr(VI) in
aqueous solutions by UV irradiation with the presence of
titanium dioxide. Water Research 35 (1), 135-142.

Leong, S., Razmjou, A., Wang, K., Hapgood, K., Zhang, X. &
Wang, H. 2014 TiO, based photocatalytic membranes: a
review. Journal of Membrane Science 472, 167-184.

Lujan-Facundo, M. J., Mendoza-Roca, J. A., Cuartas-Uribe, B. &
Alvarez-Blanco, S. 2015 Evaluation of cleaning efficiency of
ultrafiltration membranes fouled by BSA using FTIR-ATR as
a tool. Journal of Food Engineering 163, 1-8.

Mogyordsi, K., Balazs, N., Sranké, D. F., Tombécz, E., Dékany, 1.,
Oszké, A., Sipos, P. & Dombi, A. 2010 The effect of particle


http://dx.doi.org/10.1016/j.memsci.2004.09.008
http://dx.doi.org/10.1016/j.memsci.2004.09.008
http://dx.doi.org/10.1016/j.memsci.2004.09.008
http://dx.doi.org/10.1016/j.memsci.2004.09.008
http://dx.doi.org/10.1039/c0cc01143f
http://dx.doi.org/10.1039/c0cc01143f
http://dx.doi.org/10.1039/c0cc01143f
http://dx.doi.org/10.1016/0045-6535(95)00066-H
http://dx.doi.org/10.1016/0045-6535(95)00066-H
http://dx.doi.org/10.1016/0045-6535(95)00066-H
http://dx.doi.org/10.1016/j.seppur.2008.01.030
http://dx.doi.org/10.1016/j.seppur.2008.01.030
http://dx.doi.org/10.1016/j.seppur.2008.01.030
http://dx.doi.org/10.1016/1010-6030(92)85173-R
http://dx.doi.org/10.1016/1010-6030(92)85173-R
http://dx.doi.org/10.1016/1010-6030(92)85173-R
http://dx.doi.org/10.1016/j.cej.2015.06.124
http://dx.doi.org/10.1016/j.cej.2015.06.124
http://dx.doi.org/10.1016/j.cej.2015.06.124
http://dx.doi.org/10.1016/j.cej.2015.06.124
http://dx.doi.org/10.1016/j.desal.2010.06.049
http://dx.doi.org/10.1016/j.desal.2010.06.049
http://dx.doi.org/10.1016/j.desal.2010.06.049
http://dx.doi.org/10.1016/j.jece.2017.09.038
http://dx.doi.org/10.1016/j.jece.2017.09.038
http://dx.doi.org/10.1061/(ASCE)0733-9372(2002)128:11(1018)
http://dx.doi.org/10.1061/(ASCE)0733-9372(2002)128:11(1018)
http://dx.doi.org/10.1016/j.jhazmat.2016.02.008
http://dx.doi.org/10.1016/j.jhazmat.2016.02.008
http://dx.doi.org/10.1016/j.jhazmat.2016.02.008
http://dx.doi.org/10.1016/j.jhazmat.2016.02.008
http://dx.doi.org/10.1016/j.cej.2007.04.003
http://dx.doi.org/10.1016/j.cej.2007.04.003
http://dx.doi.org/10.1016/j.desal.2015.11.009
http://dx.doi.org/10.1016/j.desal.2015.11.009
http://dx.doi.org/10.1016/j.desal.2015.11.009
http://dx.doi.org/10.1016/S0376-7388(02)00418-0
http://dx.doi.org/10.1016/S0376-7388(02)00418-0
http://dx.doi.org/10.1016/S0376-7388(02)00418-0
http://dx.doi.org/10.1016/S0376-7388(02)00418-0
http://dx.doi.org/10.1016/S0376-7388(02)00418-0
http://dx.doi.org/10.1080/19443994.2013.795323
http://dx.doi.org/10.1080/19443994.2013.795323
http://dx.doi.org/10.1080/19443994.2015.1109754
http://dx.doi.org/10.1080/19443994.2015.1109754
http://dx.doi.org/10.1016/S0043-1354(00)00098-1
http://dx.doi.org/10.1016/S0043-1354(00)00098-1
http://dx.doi.org/10.1016/S0043-1354(00)00098-1
http://dx.doi.org/10.1016/j.memsci.2014.08.016
http://dx.doi.org/10.1016/j.memsci.2014.08.016
http://dx.doi.org/10.1016/j.memsci.2014.08.016
http://dx.doi.org/10.1016/j.jfoodeng.2015.04.015
http://dx.doi.org/10.1016/j.jfoodeng.2015.04.015
http://dx.doi.org/10.1016/j.jfoodeng.2015.04.015
http://dx.doi.org/10.1016/j.apcatb.2010.03.007

8 1. Kovacs et al. | Properties of TiO, Coated PAN membranes

Water Science & Technology | in press | 2017

shape on the activity of nanocrystalline TiO, photocatalysts
in phenol decomposition. Part 3: the importance of surface
quality. Applied Catalysis B: Environmental 96, 577-585.

Molinari, R., Palmisano, L., Drioli, E. & Schiavello, M. 2002
Studies on various reactor configurations for coupling
photocatalysis and membrane processes in water
purification. Journal of Membrane Science 206, 399-415.

Molinari, R., Lavorato, C. & Argurio, P. 2016 Recent progress of
photocatalytic membrane reactors in water treatment and in
synthesis of organic compounds. A review. Catalysis Today
281, 144-164.

Ong, C. S., Lau, W. J., Al-anzi, B. & Ismail, A. F. 2017
Photodegradation stability study of PVDF- and PEI based
membranes for oily wastewater treatment process. Membrane
Water Treatment 8 (3), 211-223.

Padaki, M., Murali, R. S., Abdullah, M. S., Misdan, N.,
Moslehyani, A., Kassim, M. A., Hilal, N. & Ismail, A. F. 2015
Membrane technology enhancement in oil-water separation.
A review. Desalination 357, 197-207.

Salahi, A., Gheshlaghi, A., Mohammadi, T. & Madaeni, S. S. 2010
Experimental performance evaluation of polymeric
membranes for treatment of an industrial oily wastewater.
Desalination 262 (1-3), 235-242.

Vela, M. C. V,, Blanco, S. A,, Garcfa, J. L. & Rodriguez, E. B. 2008
Analysis of membrane pore blocking models applied to the
ultrafiltration of PEG. Separation and Purification
Technology 62, 489-498.

Veréb, G., Ambrus, Z., Pap, Zs., Kmetyké, A., Dombi, A., Danciu,
V., Cheesman, A. & Mogyoro6si, K. 2012 Comparative study on
UV and visible light sensitive bare and doped titanium
dioxide photocatalysts for the decomposition of
environmental pollutants in water. Applied Catalysis A:
General 417-418, 26-36.

Yi, X. S, Yu, S. L., Shi, W. X,, Sun, N,, Jin, L. M., Wang, S., Zhang,
B., Ma, C. & Sun, L. P. 2011 The influence of important
factors on ultrafiltration of oil/water emulsion using PVDF
membrane modified by nano-sized TiO,/Al,Os. Desalination
281, 179-184.

First received 12 July 2017; accepted in revised form 21 November 2017. Available online 5 December 2017


http://dx.doi.org/10.1016/j.apcatb.2010.03.007
http://dx.doi.org/10.1016/j.apcatb.2010.03.007
http://dx.doi.org/10.1016/j.apcatb.2010.03.007
http://dx.doi.org/10.1016/j.apcatb.2010.03.007
http://dx.doi.org/10.1016/S0376-7388(01)00785-2
http://dx.doi.org/10.1016/S0376-7388(01)00785-2
http://dx.doi.org/10.1016/S0376-7388(01)00785-2
http://dx.doi.org/10.1016/j.cattod.2016.06.047
http://dx.doi.org/10.1016/j.cattod.2016.06.047
http://dx.doi.org/10.1016/j.cattod.2016.06.047
http://dx.doi.org/10.12989/mwt.2017.8.3.211
http://dx.doi.org/10.12989/mwt.2017.8.3.211
http://dx.doi.org/10.1016/j.desal.2014.11.023
http://dx.doi.org/10.1016/j.desal.2014.11.023
http://dx.doi.org/10.1016/j.desal.2010.06.021
http://dx.doi.org/10.1016/j.desal.2010.06.021
http://dx.doi.org/10.1016/j.seppur.2008.02.028
http://dx.doi.org/10.1016/j.seppur.2008.02.028
http://dx.doi.org/10.1016/j.apcata.2011.12.018
http://dx.doi.org/10.1016/j.apcata.2011.12.018
http://dx.doi.org/10.1016/j.apcata.2011.12.018
http://dx.doi.org/10.1016/j.apcata.2011.12.018
http://dx.doi.org/10.1016/j.desal.2011.07.056
http://dx.doi.org/10.1016/j.desal.2011.07.056
http://dx.doi.org/10.1016/j.desal.2011.07.056
http://dx.doi.org/10.1016/j.desal.2011.07.056
http://dx.doi.org/10.1016/j.desal.2011.07.056

	Investigation of surface and filtration properties of TiO2 coated ultrafiltration polyacrylonitrile membranes
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	Surface properties of the TiO2 layer
	The effect of the TiO2 layer on filtration properties in case of oily emulsion filtration
	Cleanability of the TiO2 coated oil fouled membranes

	CONCLUSIONS
	This project was supported by the J&aacute;nos Bolyai Research Scholarship of the Hungarian Academy of Sciences. The authors are also grateful for the financial support provided by the project Hungarian Science and Research Foundation (NKFI contract number K112096).
	REFERENCES


