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Abstract

This paper focuses on the potential of a novel flat sheet nanocomposite titanium dioxide
(TiO,)-halloysite nanotubes (HNTs)/polyvinylidene fluoride (PVDF) membrane as a
photocatalytic separator in the photocatalytic membrane reactor (PMR). The photocatalytic
nanocomposite membrane acted the roles of both degradation and separation for the bilge
water. Both TiO,-HNTs photocatalyst and photocatalytic nanocomposite membranes were
characterized by thermal gravimetric analysis (TGA), Fourier transform infrared (FTIR), X-
ray diffraction (XRD), and field emission scanning electron microscopy (FESEM) combined
energy dispersive X-ray (EDX). The hydrocarbon degradation and removal efficiency of the
PMR was evaluated by gas chromatography mass spectroscopy (GC-MS). It was found that
99.9 % of hydrocarbons were removed by the PMR within 8 h, which is likely due to uniform
distribution and high effectiveness of TiO,-HNTs photocatalyst in the PVDF polymer matrix.
The TiO; leaching from the nanocomposite membrane during the membrane permeation was
analyzed by using flame atomic adsorption spectrophotometer (AAS), which recorded 1.0
ppb of TiO, leaching in the permeate tank.

Keywords: PMR, TiO,-HNTs, PVDF, photodegradation, nanocomp0s1te membrane
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1. Introduction

Bilge water is composed of corrosive mixture of different hydrocarbons (HC) from engine oil
and fuel tank of ships. Bilge water is commonly discharged to the sea without a proper
treatment, which contributing to a major pollution in the seawater and affecting marine
ecosystems and human health '. International Maritime Organization (IMO) has set the
maximum oil content for the ship discharge should not be more than 15 ppm according to
MARPOL 73/78 convention " %. This means that an affective on-board bilge treatment is
necessary for all ships °.

Oil-in-water separators are currently being used to treat bilge water in the ships *. However,
the main weaknesses of this approach are the presence of small organic particles in the
discharged stream > and the extremely long time required for the separation process. In
addition, normal separation techniques such as ultrafiltration, nanofiltration and reverse
osmosis (RO) ° are only able to separate organic compounds from water instead of degrade
toxic pollutants. Previously, biological degradation technique has been used to degrade
hydrocarbon compounds in bilge water ', where, bioreactor system containing
microorganisms was applied to degrade hydrocarbons and treat more than 300 m’ bilge water
each month '. More recently, the efficiency of bio-degradation via different types of bacteria
suspension in bilge water has also been studied '°. Those bacteria were degrading more than
70% of hexane and more than 90% of arenes ''. Furthermore, degradation of hydrocarbon
compounds in bilge water was possible to be enhanced by applying cyclo-dextrins to increase
their solubility in water (e.g. after 120 h of bilge treatment just 15% of hexadecane was un-
degraded while 43% was un-degraded without cyclo-dextrin applying) 2.

Recently, advanced oxidation processes (AOPs) have been shown high performance for
degradation of organic compounds to the harmless materials under sensible condition ' '*!°,
Accordingly, AOPs by the use of TiO, photocatalyst has gained more interest ' since TiO; is
regarded as an acceptable and cheap photocatalyst material '”'® In order to treat the bilge
water samples, photocatalytic reactor combined with membrane filtration has been proposed
in order to achieve total decomposition '* and purification of the oily wastewater *° by
incorporating TiO; in the polymeric membrane.

To prevent the agglomeration of TiO, nanoparticles in the polymer maxtrix, TiO, has been
supported by nanoparticles or nanotubes such as carbon nanotubes 3 graphene * and
magnetic particles »°. Recently, halloysite nanotubes (HNTs) which are made from
aluminosilicate clay exhibited high potential as a supporting photocatalyst *° due to their
nano-tubular structure, presence of hydroxyl groups > and different functional groups at the
inside and outside surface. Thus, immobilizing the TiO, nanoparticles on the HNTs surface
was reported as an effective way to prevent aggregation **. In addition, HNTs showed high
stability, ease of disposal or reusability, high resistance against organic solvents ** and
cheaper price than carbon nanotubes (CNTSs) ’ HNTs can be used as a support layer for the
TiO, nanoparticles *, due to the prence of hydroxyl radicals at its surface. The immobilizing
of TiO, on the HNTs surfaces has shown a great potential for adsorption and photocatalytic
activities, which may enhance efficiency for photocatalytic degradation of different
contaminants .

Consequently, immobilization of TiO,-HNTs photocatalyst and fabrication of PVDF/TiO;-
HNTs photocatalytic membrane submerged in the PMR was focused by this study. The
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performance of the photocatalytic membrane and PMR were examined and analyzed for
better understanding of this particular PMR system.

2. Experiment
2.1. Materials

Polyvinylidene fluoride (PVDF) Solef 6012 in pellet from Solvay Advanced Polymers,
dimethylacetamide (DMAc, >99.5%) from Merck, were used as polymer and solvent,
respectively. Halloysite nanotubes (HNTs) clay with inner tube diameter of 5-15 nm was
purchased from Sigma Aldrich. N-B-(aminoethyl)-y-aminopropyltrimethoxy silane
(AEAPTMS) from Merck, toluene and tetra hydro furane (THF) from QReC was used for
TiO,-HNTs immobilization. Titanium dioxide (TiO;) P25 nanoparticles (surface area of
50+15 m?/g) were purchased from Degussa.

2.2. TiO,-HNTs photocatalyst preparation

TiO, was chemically immobilized to the HNTs surface via AEAPTMS by the following
procedure; firstly 10 g of AEAPTMS was dissolved in 100 mL toluene by sonication and
then 10 g HNTs and 10 g TiO, were poured into the solution and refluxed at 95 °C for 24 h
under rigorous stirring. Then, the product TiO,-HNTs were washed by centrifuging
consecutively with 500 mL THF and 500 mL distilled water. The TiO,-HNTs were kept in an
oven at 85 °C for 48 h for drying purposes. The schematic diagram of this process is

illustrated in Fig. 1.
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®

Fig. 1. Schematic diagram of the formation of TiO,-HNTs photocatalyst

2.3. Nanocomposite membrane production

Neat PVDF and PVDF/TiO,-HNTs nanocomposite membrane denoted as M1 and M2,
respectively, were fabricated via the wet phase-inversion technique. The casting solution
composition was 18 wt% PVDF and 82 wt% DMAc for M1 and 18 wt% PVDF, 81 wt%
DMACc and 1 wt%TiO,-HNTs for M2. In particular, for M2 the following casting procedure
was adopted to disperse the nanoparticles uniformly. Firstly, TiO,-HNTs nanoparticles were
added into DMAc and sonicated for 6 h before PVDF was poured slowly under vigorous
agitation. The mixture was kept agitated for 24 h, and then sonicated at 65 °C for 4 h to
remove air bubbles. The prepared dope was cast onto a glass plate by a hand-casting knife to
a thickness of 250 pum, prior to immersion into distilled water for 3 days, where the cast film
was solidified and peeled off the glass plate spontaneously. Then, the membrane was
immersed in the 2:1 mixture of methanol:distilled water for 5 h.

3
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2.4. Nanocomposite membrane characterization

Fourier transform infrared (FTIR) analysis of HNTs and TiO,-HNTs was performed at 2 cm™
resolution by FTIR equipment (Thermo Nicolet Corporation, USA) in a range of 400—4000
cm™ using KBr pellets. Typically, 64 scans were signal-averaged to reduce spectral noise.
Thermal gravimetric analysis (TGA) for the neat PVDF and PVDF/TiO,-HNTs composite
membrane was carried out using a TG-DTA, DT-40 system (Shimadzu, Japan), in which 3
mg of each membrane sample was heated (from 0 to 800 °C at the rate 10 °C/min) under
nitrogen flow. XRD analysis was achieved for the photocatalyst, neat PVDF (M1) and
nanocomposite (M2) membrane (at 50 mA and 50 kV). The cross-section and the top surface
of the membrane were observed by field emission scanning electron microscope (FESEM,
Jeol JSM 6701-F) combined with energy dispersive X-ray (EDX- Jeol JED-2300F). The
water contact angle was measured by contact angle analyzer (model IMC-159D by IMOTO
Machinery Co. Ltd.) by dropping of 5 pl de-ionized water to the membrane surface. The

mean pore size, 4, (nm), was determined from the atomic force microscopy (AFM) image of

the membrane surface by the method developed by Singh ef al, **. In membrane filtration
experiments, permeation flux was measured gravimetrically by Eq. (1):

J= v
Axt

Eq. (1)

where volume of permeate was V' (L), membrane effective area was 4 (m?%), and sampling
time was ¢ (h). Bilge rejection percentage R(%) was calculated by Eq (2):

R(%)=1- (%) x 100 Eq. (2)

F

where Cp (ppm) is bilge concentration in permeate and Cr (ppm) is the bilge concentration in
the PMR, which remained almost the same during the entire PMR operation. Flux decline,
FD, (%) was calculated by Eq. (3):

J
FD, (%) = (1 —%) x 100 Eq. (3)

P,

where J,; was the flux at time ¢ (Lm™h™), typically # is equal to 1 h, and Jp,i was the initial
flux (Lm?h™), at =0 h from the initiation of filtration. Flux recovery has been caculated
by the Eq. (4)

J
R, =2 x100 Eq. (3)

tl

where J;; was the flux at second time ¢ (Lm™h™) atfter membrane back washing, typically 7 is
equal to 1 h, and J,; was the flux at first time (Lm™h™), at typically ¢ equal to 1 h from the
initiation of filtration.

4
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2.5 Photocatalytic degradation and filtration measurement

The bilge water was obtained from one of the Eastern Malaysian oil tankers. The physical
specifications of bilge water are listed in Table 1.

Table 1

Characterization of bilge wastewater

Parameters Data
Concentration of hydrocarbons in bilge water at initial time 200 (ppm)
Viscosity of bilge water 1.21 (centipoise)
initial bilge droplet in PMR 0.80 (um)
Retentate bilge droplet in PMR 1.84 (um)

The membrane was immersed in the PMR, then bilge water sample was transferred from the
feed tank to the PMR for the following total 8 h operation. Firstly, bilge water was irradiated
by UVC light in the presence of the membrane for 6 h in the switched-off pump (peristaltic
pump on the permeate side) condition. During the last 2 h the pump was switched-on for the
filtration purposes and the permeate side pressure was set at different subatmospheric
pressures (i.e. -0.2, -0.4, -0.6 and -0.8 bar gauge). Since the pressure of PMR is atmospheric
pressure (0 bar gauge), the transmembrane pressure difference was set to 0.2, 0.4, 0.6 and 0.8
bar. The hydrocarbons in PMR, retentate and permeate were identified and quantified by
GC-MS (Agilent system equipped with HP.5-MS column; retention time, 33 min) analysis.
For this purpose 10 mL of samples were collected each 30 min during the entire running
period (8 h). Prior to the GC-MS analysis, liquid-liquid extraction (LLE) technique was
carried out to transfer hydrocarbons to organic solvent.

p '«

p

Feed Tank

Valve Flow Indicator

-

. Water Level
PMR

Photocatalyst

Y
Jl‘ - éj".é:, Photocatalytic Membrane
:/ ‘\1 Peristaltic Pump

Permeation Tank

Fig. 2. Illustration of PMR for bilge water degradation and separation
3. Discussion
3.1 FTIR analysis of photocatalyst TiO,-HNTs

Fig. 3 displays the FTIR spectra of (i) raw HNTs and (ii) immobilized TiO,-HNTs. In TiO;-
HNTs new peaks appeared at 533 and at 465 cm™, which were corresponded to Al-O-Si and
Si-O-Si, respectively. Hydroxyl group signal was also detected at 912 cm™ for TiO,-HNTs
sample, in contrast to the original HNTs. The 1007 cm’ signal of Si-O broad stretching band
shifted to 1029 cm™ due to the presence of hydrogen bonding between outer HNTs surface
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and TiO, nanoparticles. The position of other peaks in HNTs remained unchanged, indicating

that the basic structure of HNTs was retained, which also was in agreement with the literature
27

Transmittance (%)

1029

4000 ' 35'00 ' 30'00 ' 25‘00 ' 20]00 ' 15'00 ' 10'00 ' 560
Wavenumber (cm™)
Fig. 3. FTIR spectra of (i) HNTs and (ii) TiO,- HNTs

3.2 Photocatalytic nanocomposite membrane characteristics
3.2.1 Thermo gravimetric analysis of photocatalytic nanocomposite membrane

The thermal characteristics of M1 and M2 were shown by Fig. 4. The thermal decomposition
(T4) of M2 was higher than M1, i.e. T4 of 338.67 °C for M1 has moved to 369.73 °C for M2.
This proved that the addition of TiO,-HNTs into the PVDF polymer matrix has increased the
thermal stability of M2. Moreover, T, of PVDF increased by the incorporation of TiO,-HNTs
due to the interaction between the macromolecular chain and the polar group at the
immobilized TiO,-HNTs surface, which is in agreement with the report in the literature™

M2
M1

Weight %

0

0 200 400 600 800
Temperature (°C)

Fig. 4. Thermo gravimetric curves of M1(green) and M2 (red)

3.2.2 X-ray diffraction patterns

Fig. 5 shows the X-ray diffraction (XRD) characteristics for (a) TiO,-HNTs , (b) M1 and (c)
M2. TiO,-HNTs showed the 3 crystalline spectra at 26 of 13.6, 28.3, 45.46, 56.1, 62.3, 64.1
and 72.64°, which were also found by the other studies 31 M2 also possessed crystalline
patterns at 20 of 27.61, 45.46, 56.10, 62.30, 64.10 and 72.31°, which are almost the same as
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TiO,-HNTs. This probably indicates the tetrabutyl titanate formation by TiO, nanoparticles
with hydrolytic reaction in the M2 **3'. Additionally, the peaks at 20.61 and 23.47° in M1 are
regarded as the diffractions at 020 and 021 planes, respectively, of the a-phase structure of
PVDF. The peak at 23.41° in (c) comes from the diffraction in the 110 and 200 planes of the
B-phase structure of PVDF. It shows clearly the TiO,-HNTs were dispersed successfully to
the PVDF matrix, which has affected the PVDF crystal structure (transition from a-
crystalline E)hase to B-crystalline phase) in the M2 as it was also observed by other
researchers .

Intencity (CPS)
1

10 20 30 40 50 60 70 80
20(°)

Fig. 5. XRD curves of (a) TiO,-HNTs photocatalyst, (b) M1 and (c) M2
3.2.3 Membrane morphology

The presences of elements in M1and M2 have been confirmed by EDX analysis and listed in
Table 2. The surfaces of both membranes have more than 60 wt% of F element which comes
from PVDF, however, M2 shows relatively lower wt% compared to M1. On the other hand,
Ti of 0.6 wt% is present in the M2 surface due to incorporation of TiO,-HNTs. Another two
elements (i.e. Si and Al) are the evidence for the presence of HNTs in M2. The element
mapping from FESEM images in the BSE mode is illustrated in Fig. 6a and bl for M1 and
M2, respectively. Overall cross-sectional morphology and element mapping of M2 (Fig. 6bl
and 6b2) shows the presence of Ti (from TiO;) and Si, Al (from HNTs) over the entire cross-
section. As well, a longer finger-like structure was formed in M2 compared to M1 (Fig. 6(a)),
suggesting enhanced permeate flux of M2. Fig. 6b2 was showing the uniform TiO, dispersion
over the membrane surface, which is marked particularly. This uniform distribution of TiO,
immobilization on the HNTs surface is believed that due to the sonication process that has
been performed prior to adding PVDF polymer **.

Table 2
EDX element composition detection

Elements (wt%)

Membrane F Ti Si Al Others
MI 62.23 0.00 0.00 0.00 37.77
M2 60.31 0.60 0.20 0.07 38.82
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D: 9.5 mm

0.00 %} Mapping_342
MAG: 10000 x _D: 8.2 mm

Fig. 6. FESEM images of (BSE mode) for (a) M1, (bland b2) M2 cross-section and (b3) M2
top surface

Other M1 and M2 properties such as mean pore size, contact angel, tensile strength and
elongation at break are summarized in Table 3. From Table 3, the mean pore size and the
contact angle decreased by the incorporation of TiO,-HNTs. Thus, the membrane surface
became more hydrophilic. The stated results for contact angel and mean pore size were
shown a promising specification for M2, which may affected in the membrane performance.
The tensile strength increased and elongation at break decreased by the incorporation of
TiO,-HNTs due to suppression of macro voids as well as the interaction among inorganic
photocatalyst and polymer, according to Li Yun et al. *'.

Table 3 Mean pore size, contact angle, tensile strength and elongation at break of the
membranes

Membrane Mean pore Contact :;::;llfh Elongation at
types size, (nm) angel (°) (MP ag) break (%)
M1 52439 78.50+3.1 1.63 159.39

M2 47412 46.36+1.4 2.19 125.74

Page 8 of 14
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3.3 Performance of membrane in PMR

3.3.1 Effect of UV photodegradation of hydrocarbons

The performance of the membrane in terms of photodegradation for bilge water was achieved
by GC-MS analysis. As it mentioned earlier, hydrocarbons in bilge water (e.g. arenes) are
highly toxic, hence, their degradation is necessary before discharging to environment.
Accordingly, the photocatalytic degradation was conducted for 8 h via UVC irradiating to the

submerged membrane surface.

‘
(a) (b)
100 4 100 4
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2
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Fig. 7. GCMS chromatograms quantity of component for (a) original bilge water in feed tank,
(b) bilge water retentate after 8 h UV irradiation in PMR on the submerged M1 surface, (c)
bilge water retentate after 8 h UV irradiation in PMR on the submerged M2 surface, and (d)
permeate water for M1 and M2

Fig. 7 depicts four different GC spectra; (a) original bilge water in the feed tank, (b) bilge
water retentate after 8 h UV irradiation in PMR on the submerged M1 surface, (c) bilge water
retentate after 8 h UV irradiation in PMR on the submerged M2 surface, and (d) represents
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the permeate from M1 and M2, at 0.8 bar transmembrane pressure difference. Figs. 7(a) and
(b) are practically the same, indicating that no photodegradation took place when M1 was
installed in PMR. On the other hand, in Fig. 7(c) many peaks appearing in Fig. 7(a) were
either completely removed or reduced in their intensities, indicating that photodegradation
took place at the surface of M2. The total area of the peaks was reduced more than 90% from
Fig. 7(a) to 7(c). Figure 7(d) represents permeate from M1 and M2. It seems hydrocarbons
could be effectively removed by filtration by both M1 and M2. pH of each sample was also
measured. The pH values for the samples that correspond to Figs. 7(a), (b), (c) and (d) were
8.56, 5.98, 4.79 and 6.37, respectively. This indicates that acidic substances are formed by
hydrocarbon degradation and they are removed by membrane filtration.

3.4.2 Effectiveness of membrane separation
3.4.1 Permeation flux

As mentioned earlier, after 6 h of UV irradiation in the PMR the peristaltic pump was

turned on to collect permeate from the membrane for the following 2 h, during which period
the permeate flux, decreased gradually due to membrane fouling.
The permeation flux (J) obtained after 1 h filtration operation (# = 1 h) is shown in Fig. 8 for
4 different transmembrane pressure differences (0.2 - 0.8 bar).,In the figure, M2 showed
higher fluxes than M1, due to M2’s higher surface hydrophilicity (Table 3) and larger number
of finger-like pores (Fig. 6). The flux increased with an increase in the transmembrane
pressure difference, but the increase was not necessarily proportional to the transmembrane
pressure difference, which is typical to the gel layer formation at the membrane surface.

95
100 Fluxat1lh
86
79

75 72.1
= M1
£
> 50 42 u M2
x 37.12 38.39 40.01
T

25

0

P (bar)

Fig. 8. Permeation flux as a function of transmembrane pressure difference for M1 (black)
and M2 (violet)

3.4.2 Anti-fouling behavior

Fig. 9 represents fouling of the fabricated membranes at 1 h of filtration for all operating
pressures, which was calculated based on Eq. (3). From Fig. 9, M1’s FD is greater thn M2,
possibly because of more hydrophilic nature of M2’s membrane surface, which prevents
deposition of oily foulant. Regarding M2, FD becomes greater as the transmembrane pressure
difference increases. A plausible explanation for this effect is as follows. Generally,
membrane fouling is caused by the following two parameters; i) pore blocking **, and ii)

10 |
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concentration polarization and deposition of foulant at the membrane surface *. Pore
blocking takes place in the earlier stage of filtration and concentration polarization and oil
layer deposition become more severe at the later stage. The FD of membranes is more
significant at the higher pressure, which can be related to the mechanism of pore blocking as
reported by Vela ez al. in 2008 **. On the other hand, the increase in the fluid movement at
higher transmembrane pressure difference may cause enhanced collision number between the
emulsion droplets. In the last period of experiment, where the retentate contains a large
amount of hydrocarbon droplets, oily wall begins to form above the membrane surface and is
compacted. Membrane swelling caused by the contact with oily droplet may also have caused
the reduction in the flux. Thus, the FD increases with an increase in transmembrane pressure
difference. On the other hand, Fig. 10 was showed anti-fouling properties of M1 and M2
against hydrocarbon of bilge water, which was calculated by using Eq. (4). Accordingly, M2
was showed anti-fouler behavior as it is clearly seen in Fig. 10. Believably, successful
immobilization and effective back wash solution which was hydrochloric acid and water
(1:10) were the main cause of this behavior.

3.4.3 Rejection

The rejection percentage (%R) of hydrocarbons in bilge water after separation process has
been calculated by Eq. (2) and is depicted in Fig. 11. It is found that both membranes have
more than 90% rejection in all applied pressures. Moreover, the rejection percentage went
down as the transmembrane pressure difference increased, sincehigher pressure forced
hydrocarbon droplets to pass through the membrane pores and would block the smaller pore
after some time. The rejection of M1 was lower than M2, which can be attributed to the
higher hydrophilicity and the superior morphological structure in the top- and sub-layer of
M2, especially for the oil separation. It is also worth to note that, according to the standard set
by the European Union (EU), the oil and grease (source of hydrocarbons) in the wastewater
should not be more than 5 mg/L. Hence it can be concluded that the nanocomposite
membrane (M2) has met the EU requirement. Ti detection in the permeate water has been
checked by using the flame AAS analyzer. The AAS analysis has detected 1.0 ppb of Ti
element in treated water, which is considered insignificant.

30 1
25
20

15
M1

Fouling (%)

M2
10 4

0.2 0.4 0.6 0.8

Pressure (bar)

Fig. 9. Fouling after 1 h of operation at different transmembrane pressure differences for M1
(black) and M2 (violet)
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100
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% Flux Recovery

M2
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Fig. 10. Flux recovery after 1 h of operation at different transmembrane pressure differences
after back wash for M1 (black) and M2 (violet)

M1

Rejection (%)

M2

0.6

Prewssure (bar)

Fig. 11. Rejection of membrane at different transmembrane pressure differences for M1
(black) and M2 (violet)

4.0 Conclusions

Photocatalytic membrane reactor (PMR) was constructed and tested for the photocatalytic
degradation and removal of hydrocarbons from bilge water. Neat PVDF membrane (M1) and
nanocomposite TiO,-HNTs/PVDF membrane (M2) were installed in the PMR to know the
effect of the incorporation of photocaltalyst TiO,-HNTs in the PVDF matrix. The
performance of the PMR has shown more than 99.9% of hydrocarbon removal from the bilge
water when M2 was used. Significant photodegradation and separation efficiency were
depicted from the experimental results obtained for M2. It was concluded that TiO,
immobilization on the surface of HNTs allowed uniform dispersion of the photocalatysts
when embedded to the PVDF polymer matrix, showing high photocatalyst activity,
reasonable permeation flux and anti-fouling properties. Finally, by the GC-MS analyses of
the hydrocarbon concentration in the permeate side, it was found to be below than the
standard set by EU.
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