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Graphical abstract

The TiO, nanofibers coated stainless steel mesh as a novel underwater superoleophobic
membrane for the effective separation of contaminated oil-water mixtures is reported.
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ABSTRACT

In this report, we investigated the TLianofibers coated stainless steel mesh as a novel
underwater superoleophobic membrane for the effedeparation of contaminated oil-water
mixtures. The membrane was fabricated by spraysige@o of hydrothermally synthesized TiO
nanofibers on stainless steel mesh. The fabricateshbrane exhibits superhydrophilicity and
supereleophobicity properties in air and underwedspectively allowing the separation of oil-
water efficiently. Randomly deposited Ti@anofibers on mesh exhibit rough surface property
and hence superhydrophilic nature. Water oil sejmeraefficiencies of ~90 and ~99% were
achieved with this filter for less viscous and tyghiscous oil respectively. Additionally, the
TiO2 nanofibers coated mesh can degrade immisciblenargaolecules due to photocatalytic
activity of TiO, nanofibers under UV light. As a result of selfasdeng property of TiQ

nanofibers coated mesh, the durability of therfiteembrane was enhanced.

KEYWORDS: TiO, nanofibers, underwater superoleophobicity, oilexaeparation,

superhydrophilic, photocatalytic activity, superttieg membrane
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INTRODUCION

Water pollution through immiscible and miscible @la major problem that each and
every industrially revolutionized country has t@daDischarge of the oil polluted water to the
environment without purification or pretreatmengaisajor threat to the human beings and to the
whole ecosystem (Fosberg, 1974; Odeigah et al.7;1198 and Diamond, 2005; Olsson, 2015).
Scientists anticipate new advanced techniqueseancup oil spills from water exceeding the
traditional oil wastewater treatment methods sueh @agulation and flocculation techniques
(Bratby, 1980; Al-Shamrani et al., 2002; Inan et, &004), advanced chemical oxidation
techniques (Munter, 2001; Schrank et al., 2004 tiB&uet al., 2008; Xu et al., 2012), adsorption
techniques (Balba et al., 1998; Mitchell et alQ20Gaya and Abdullah, 2008; Gur-Reznik et al.,
2008; Fakhru’l-Razi et al., 2009; Pyrzynska, 201dlgctrochemical/photocatalytic treatment
methods (Ma and Wang, 2006; Chong et al., 2010)amidgical treatment methods (Rosal et

al., 2010; Xia et al., 2010).

On the other hand, currently, enormous demandsxidb@n the special wetting materials
to fabricate oil water separating filter membramdise to their efficiency and the cost
effectiveness (Yao et al., 2011; Xue et al., 2@M4nderdale et al., 2015). These membranes can
be integrated to the existing physical reactorsleéning processes of the oil/water separating
plants. In this respect, materials with superhytodjic and superoleophilic properties have
been intensively investigated in applying wastewatgification in last few decades (Wang et
al., 2006; Lee et al., 2011; Xu et al., 2016). fegor disadvantage of these gravity driven filter
membranes with superhydrophobic and superoleopiditerials is that they easily get blocked
and fouled by viscous/dense oil and affecting tievater separation and hence not suitable for

the large scale oil water separation (Feng et28l04; Zhang et al., 2013). To overcome the
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clogging and fouling of the oil-water separatioliefis, materials having superhydrophilic and
underwater superoleophobic properties have beentegh(Xue et al., 2011; Ding et al., 2012;
Chen and Xu, 2013; Liu et al., 2013; Xu et al., 20Cai et al., 2014; Darmanin and Guittard,
2014; Manna and Lynn, 2015). Various underwateesapophobic materials such as, titanium
dioxide thin films (Sawai et al., 2013; Zhang et 2013; Gondal et al., 2014; Wang and Guo,
2014; Jo and Kim, 2015) polyacrylamide hydrogeltedamesh (Xue et al., 2011), silicates
(Zhang et al., 2013), zinc oxide based mesh (lil.e2015), copper oxide covered mesh (Cheng
et al., 2013; Liu et al., 2013), PANI nanowire fdnfDing et al., 2012) etc. have been reported.
Fabrication of superhydrophilic and underwater sole@phobic membranes is based on the
coating of nano/micro hierarchical coating of higlplolar material on a suitable substrate i.e.
stainless steel (Bellanger et al., 2014; Cai e@l14; Darmanin and Guittard, 2014). According
to the extended Young theories, (Young, 1805) in dae expected that underwater
superoleophobic materials could be superhydrophiliair (Bellanger et al., 2014; Cai et al.,
2014) such that superhydrophilic materials in d&owd be suitable to prepare underwater

superoleophobic solid surfaces.

Titanium dioxide is one of the heavily used inolnigamaterials in energy and
environmental related applications (Hashimoto et2005; Muneer et al., 2005; Thavasi et al.,
2008). It is a well-known potential semiconductdrofpcatalyst which can degrade various
organic pollutants with the aid of UV light (Turcéi al., 1990; Tayade et al., 2006; Choi et al.,
2007). In the photocatalytic degradation procéss,titanium dioxide surface functions as an
adsorption midpoint to the organic molecules arel adlsorbed molecules oxidize to £4nhd
H>0O with the aid of hydroxyl radicals (Nagaveni et 2004; Choi et al., 2007; Hathway, 2009;

Pan et al., 2012). Hence, when the JpDotocatalyst is fixed in a membrane, TiGoated
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membrane could have both light induced cleaningpgrty as well as underwater

superoleophobic property (Zhang et al., 2013).

For effective oil water separation, a membrane \aithighly rough surface is necessary
to achieve stable superhydrophilic property. Higtygh surfaces can be obtained by deposition
of randomly oriented 1-D structures on suitablessabes (Marmur, 2003). Considering the
hydrophilicity, TiO, with 1-D structures such as nanotubes, nanowireditwous TiQ
structures are suitable materials for the fabrcatf underwater superoleophobic filters. In this
study, we fabricated superhydrophilic, nano-strieduTiO, nanofibers on stainless steel mesh
by the spray coating technique. The synthesis i@, hanofibers is simple and cost effective as
well as TiQ nanofibers exhibit high repellency towards oil uwnder water. The
micro/nanohierarchical coating of nano-structura@®,Tfibers on mesh results in enhanced
surface roughness and underwater superoleophabititg oil-water separation method is
basically forward under gravity and shows excelleitwater separation and the higher oil
contact angle under water with a good recyclingcieificy. Finally, the TiQnanofibers coated

stainless steel meshes possess both  underwpsrokophobicity and self-cleaning properties.

EXPERIMENTAL SECTION

Preparation of TiO, nanofibers and fabrication of TiO, nanofibers coated stainless steel

mesh

TiO, nanofibers were prepared by hydrothermal methodorépare Ti@nanofibers, 2.0
g of TiO; nanoparticles (Degussa P25 }j@as stirred with 30 ml of 10 mol/L NaQdg) (Sigma
Aldrich) solution for 1 h and the suspension wasisferred to a 40 ml volume Teflon chamber

until it filled 75% the volume of the chamber ar tchamber was fixed into a hydrothermal
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autoclave vessel. The vessel was allowed to heaZ@C for 80 h in the furnace and the
hydrothermally synthesized nano sodium-titanat@eunsion was collected at room temperature.
The pH of the nanofibers was taken down to ~7%k8: washing with 1 mol/L HGly and
distilled water (Kim et al., 2006) and separated deytrifuging the suspension. These FiO
nanofibers were coated on the stainless steel &0 micron opening width, size 2"x2”
which were ultrasonically cleaned in acetone aroh thinsed with ethanol and deionized water)
by spraying the Ti@ nanofiber suspension. To prepare Fi@nofibers suspension, 10.0 g of
nanofibers were suspended in 100 ml of 99.9% ethswlation and sonicated for 10 min and
stirred for 4 h. As prepared Ti@anofibers suspension was sprayed to a pre-clestagdess
steel Dby air brush spraying tool. The Ti@anofibers coated mesh was sintered at 450°C5for 4
min and cooled down to room temperature and findlhywas rinsed with deionized water to

remove excess or unbound Li@nofibers.
Oil/water separation experiments

The oil/water separation setup was prepared bydixiiO, nanofibers coated stainless
steel mesh into a PVC union setup as shown in €@l in the supporting information. The
water/oil mixture was prepared by mixing 15 g ofiee oil (SAE 10W-30) and 40 g of water.
The TiQ, nanofibers coated mesh was pre-wetted with wagore initiating the filtration and
the water/oil mixture (8:3 w/w) was poured to thigrdtion set up (~ 20 cfrarea of the mesh
surface coated with ~6.0 mg of Ti@anofibers having surface area of 37ghat the rate of 2.0
ml/s under the gravity. Water was collected intoeaker under the PVC union setup. TheTiO
nanofibers coated mesh was rinsed with distilletewt remove the trapped oil droplets from
the mesh after every filtration step. The sepamagfficiency ¢ ) was calculated by3= (m

remaind/ (M initiar) X100%, where Memainsand Mminiia are the mass of the oil before and after the
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separation. The procedure for measurement of thmass in the experiment is given in the Sl.
The recycle efficiency was obtained by repeatirggghocedure for 20 cycles and the procedure
was repeated for several oils (silicon oil, 1-oetzhe, rapeseed oil and kerosene) to get the

efficiency and stability of the filter for differémils.
Flow-down (membrane) photocatalytic activity

To check the flow through photocatalytic organicification activity of TiQ, nanofibers
coated stainless steel mesh, Ti@nofibers coated mesh was fixed between a umdrb8 ml
of 20 ppm methylene blue (MB, Aldrich) aqueous soluwas subjected to flow at a rate of 1.6
ml/min from a peristaltic pump (Watson Marlow p&ltc pump 120S, 1-32 rpm, 102R single
channel pump head, tube bore 0.8 mm, rate 1.6 m)l/mto the TiQ nanofibers coated mesh.
UV light was irradiated on top of the union at 25267 by Atlas Suntest CPS plus UV range
300-800 nm. This procedure was applied to com@éteycles. The concentrations of the MB
solutions during the cycles were obtained by meaguhe maximum absorbance of the blue

colored solution at 665 nm.
Instrumentation and characterization

Scanning electron microscope (SEM) images was tdkerCarl Zeiss EVO LS15
scanning electron microscope, Fourier transformaneld spectroscopy (FTIR) was recorded
from Thermo Nicolet 6700 FTIR machine, UV-Visiblpestroscopy data were taken from
Shimadzu 2450 UV-vis spectrophotometer. Contadeantages were taken from the JYSP-360
united test contact angle goniometer. Crystallogi@plata was taken from Ultima IV X-ray

diffractometer.
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RESULTS AND DISCUSSION

In this study, we fabricated 1-D Tihanofibers on stainless steel mesh to achieve
superior superhydrophilicity properties. Nanofbef TiO, were synthesised by hydrothermal
method using Ti@® powder and NaOH. In the process of formation afafibers, the TiQ
powder reacted with NaOH to form sheet-like titengte. layered sodium titanate) and
subsequently these nanosheets were transformedthmo structures like nanotube, wires, fibers
etc., by exfoliated from layered sodium titanatee Tetail mechanism of formation of different
TiO, structures can be found in  previous studies yBiavet al., 2004; Tsai and Teng, 2004;
Morgan et al., 2008). The SEM image of as synieesiriQ nanofibers is shown in Figure la
and the magnified SEM image of Ti@anofibers is shown in Figure S2 of SI. The SEMge
of as synthesized TiOnanofibers reveals that the average length andthedex of the
hydrothermally synthesized titania nanofibers adguégh and 150 nm respectively. A detailed
analysis of nanofibers shown in Figure S2 indicatetividually grown nanofibers are not
connected to each other. Interestingly most naedfikexhibit rigid structure. These TiO
nanofibers were coated on the stainless steel.umbeated stainless steel mesh surface angd TiO
nanofibers coated stainless steel meshes areralledtin Figure 1b and 1c respectively. As
shown in Figure 1c, the smooth stainless steelasaris completely covered with randomly
oriented TiQ nanofibers resulting in a highly rough surfacee Thickness of the coated TiO
nanofibers on stainless mesh can be estimatedlaw$pthe pore diameter of bare mesh which
is 150 um (Figure 1b) has been reduced to ~130ffenaating of TiQ nanofibers (Figure 1c)
on the mesh and hence it can be deduced a ~ 10ipkniTiO, layer on the surface of the mesh.
The magnified SEM image of Tigdanofibers coated mesh (Figure 1d) indicatestti®at TiG

nanofibers coated stainless steel mesh has botio @zl nanoscale surface roughness which is
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more important for manipulating the advance surfa@dtability. This type of micro/nano
surface structure of the modified stainless steehms more favorable to attract water and repel
oil underwater which exhibits underwater superohexdycity as a result of high surface
roughness properties of these micro/nano surfagetstes (Wang et al., 2015).

It is known that the surface wetting behavior dejsenon chemical composition of the
surface. Hence, in addition to the micro/nano molgdical structure of the material, the wetting
properties of a surface also highly depend on tremical composition of the surface (Shin et
al., 2016). Therefore, surface bonding propertiagpper exposed layer of T¥danofibers were
characterized by the FTIR analysis and shown inféi@. The broad band at the 3450"camd
a week band at 1658 ¢hrcan be attributed to O-H vibrational stretching moand the
vibrational bending mode with the adsorbed watetemdes respectively. These peaks reveal
that the hydrothermally modified taitanate surfhas outer layered and interlayered O-H groups
(Ferreira et al., 2006). Specially the broadeniffgce at the band near 3500 ¢rimdicate the
formation of different O-H groups on the Ti-OH &ge due to adsorption of water molecules
on hydrothermally synthesized Ti@anofibers (Xu et al., 2014). The dominantnseeband at
457 cm*and 730 crit could be attributed to different types of Ti-O-Tbsations (Nikoli et al.,
2008) and the peak at 920 ¢indicates the Ti-O non bridging oxygen bonds anualy assign
to Ti-O-Na bond types in the titanate structurek@li et al., 2008). Such chemical composition
and the bond polarity favor attraction of waterilgasn the surface of Ti@nanofibers coated
mesh permitting it to acts as superhydrophilic memaé.

The X-ray diffraction patterns of TigOnanofibers calcined at 450 °C were investigated
and the results are given in the supporting infaionain Figure S3. XRD analyses indicate the

existence of three possible crystals structurestéae TiQ TisOg and NaTizOzs) in the
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synthesized nanofibers and details of crystallinectures are given in Sl. The binding property
of TiO, nanofibers on to the mesh is an important paraméien fabricating filters. However, a
clear bonding mechanism between Ji@hd stainless steel mesh is unknown, but it has be
proposed a diffuse bonding (it is a combination neéchanical compaction and chemical
formation) between Ti@and steel mesh (Kliemann et al., 2011). Intergbtiradhesion test
(see Figure S4) confirms that Ti@anofibers are firmly bound to mesh and only Ibpseund

TiO, nanofibers are detached from the surface.

Wetting performance and underwater contact angel ofthe TiO, nanofibers coated

membranes

For efficient oil-water separation, the wettabilidy the filter plays a big role and it is an
important parameter. Despite the Fi@anofibers coated mesh exhibits superhydrophiliag
well as oleophilicity in air, wetting rates of watend oil on the Ti@nanofibers coated mesh are
different. i.e. water droplets spread completelytba TiQ: nanofibers coated mesh instantly
(with a static contact angle of ~ 0°) while contplepreading of an oil droplet on the FiO
nanofibers coated mesh takes ~ 10 s in air. As showrigure 3a, the bare stainless steel mesh
exhibits the water contact angle of ~ 96° in aid at the same time it exhibits underwater
oleophilicity with a contact angle of ~ 68° (FiguBd). As explained earlier and shown in Figure
3b and 3c, Ti@ nanofibers coated mesh shows superhydrophilicedsas oleophilic natures
respectively in air. Interestingly, the Ti@anofibers coated mesh shows underwater oleophobic
property as shown in Figure 3e. The underwaterambrangle of 1,2- dichloroethane with BiO

nanofibers coated membrane is shown in the Figur&s3shown in Figure 3f, an underwater oil
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contact angle of 162° confirms the superoleophpboperty of the Ti@ nanofibers coated mesh

in underwater condition.

The Young’'s equation can be used to explain th®aod angel of solid-air, solid-water,
water-air, solid-oil, oil-air interfaces and thiguation can be extended to an underwater oil
droplets in solid surfaces as oil/water/solid syste(Cai et al., 2014). According to extended
Young’s equation, it can be expected that undenmwatgeroleophobic materials could be
hydrophilic in air. From contact angel measuremeritsis clearly demonstrated the
superoleophobic properties of the TFi@anofibers coated mesh in underwater condition
compared to bare mesh. As such, an efficient separaf oil and water with Ti@ nanofibers
coated mesh can be expected. In a very recentcatibl, Jo and Kim et al, reported oil water
separation using TiOnanopartciles on mesh (Jo and Kim, 2015). Yetsystem is different as
we have used Ti©nanofibers with nano/micro hierarchical behavidiewe a higher Cassie-
Baxter state can be expected with Ji@nofibers and hence enhanced liquid repellingerizt
surface underwater. Especially here we have disduske dual properties of underwater

superoleophobicity and self-cleaning and photogataactivity of the membrane.

As described earlier, the Tianofibers coated mesh has a great potentialpel &l
under water due to superoleophobic properties deuwater. In this study, water-oil separation
efficiency was used to investigate the Ti@nofibers modified mesh as an oil-water separatio
filter. The simple water/oil separation setup Isstrated in Figure 4a where the bare mesh (left)
or TiO; nanofibers coated filter mesh (right) is fixedancommercially available PVC union
joint. Mixture of commercial engine oil (SAE 10W-30vater in 3:8 (w/w) ratio was passed
through the pre-wetted filter under the gravityheiit any extra force. In this experiment, water

is blue colored for clarity and the color of thé isibrown. As shown in Figure 4a, both water
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and oil permeated through the bare mesh, while th# TiQ coated mesh, separation of engine

oil (yellow-brown color) and the water (blue col@)clearly visible.

Different types of oil/water mixtures were passetigh the Ti@ coated mesh to check the
feasibility of the separation including silicon,aihpeseed oil, kerosene, 1-octadecene and engine
oil and the individual separation efficiency offdient oils can be seen in Figure 4b after one
separation cycle. As shown in Figure 4b, separaéfiitiencies of ~99 and ~90% can be
achieved with high viscous oil (silicon oil) andMwiscous oil (kerosene) respectively. The filter
made with TiQ nanofibers on the stainless steel mesh was téstets durability by using the
same filer for several separation cycles of oilewvamixture and the oil water separation
efficiency with the separation cycles are showrFigure 4c. From the Oil water separation
results shown in Figure 4c, it is clear that atheseparation cycle, over 97.5 (£1.8)% separation
efficiency was achieved where water in the mixtpessed through the mesh quickly, and no

visible oil was observed in the collected water.

Photocatalytic activity and self-cleaning propertyof the membrane

The TiOG, nanofibers coated stainless steel mesh can funasa heterogeneous catalyst
to degrade toxic organic matters at the same tiitte twe oil water separation and hence it has
the underwater self-cleaning property. To verifg fthotocatalytic property, MB solution was
allowed to flow through the membrane under the igyawvhile the system was subjected to UV
irradiation as shown in Figure 5a. The MB solutwes passed through the mesh for few cycles
to touch the MB solution on the semiconductor Jimanofibers to degrade the organic molecules
more efficiently. The disappearance (or the degradp of MB after passing through the
membrane in the presence of UV light is clearlyblesas shown in the image (right side) of

Figure 5a. The degradation of MB with the reacttome was monitored by the UV visible
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spectra and shown in Figure 5b. As shown in Fidilmethe concentration of the MB solution
was reduced from 20.0 ppm to 2.6 ppm within 20 eyclThe reduction of MB concentration
could be due to both adsorption and degradatioa.flbwv through process in the dark confirms
that the concentration of the MB solution has dexp@0.0 ppm to 15.0 ppm within 20 cycles
due to adsorption of MB on the surface of Ti@nofibers. As well, a significant concentration
drop (from 20 ppm to 0.6 ppm) is observed whenrtesh allowed to retain in the 20.0 ppm
static MB solution under UV light. In the degradatprocess of MB on Tigphotocatalyst, an
electron can be promoted to the conduction banah fitee valence band at the photoexcitation
which exceeding the energy of the band gap (3.23 @utler and Ginley, 1980; Nogueira and
Jardim, 1993; Zhao et al., 1998) producing an eih. @he excited electron would react with
adsorbed oxygen or reduce the adsorbed MB on.TWhile, the photo induced hole can react
with adsorbed MB or form hydroxyl radical whichatso a strong oxidative species. (Houas et
al., 2001) The organic pollutant MB can be oxidizedCQ, SO4", NH," and NG through

several steps by hydroxyl radicals or holes. (Naiguand Jardim, 1993)

C16H18N3SCl(ag) + 5/2Cq)™>HClaq) + H2SO4aq) +3HNG; (ag) +16CQg) +6HOag) ------ 1)

Figure 5b indicates the degradation of the MBaarg solution through the discoloration of the
blue color. The degradation efficiency is highlypdads on the MB adsorption rate on 7iO
fibers, active area of the mesh and the intensitythee UV light. This underwater

superoleophobic mesh can efficiently remove noty dhle immiscible oil but also organic

contaminants in the water.
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CONCLUSION

Superhydrophilic and underwater superoleophobiatien of the hydrothermally synthesized
TiO2 nanofibers coated stainless steel mesh is inastlg The TiQ nanofibers coated stainless
steel mesh shows the water contact angle of 0h@%lae oil contact angle of 162° at the air and
under water respectively to prove the superhydioplind underwater superoleophobic
nature.The membrane can successfully separatediffetypes of oil from water with a

separation efficiency of over ~99% and the photygtt effect of the membrane helps to

separate not only the immiscible oil but also thearble organics from the water.
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Table 01: Static contact angles of liquids in thediam of water and air

SS mesh waterTiO, nanofibers SS mesh
contact angle contact angle
membrane water

contact angle

oil TiO> nanofibers

coated _
membrane  oil
contact angle

OO

Underwater
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Figure 1
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Figure captions

Figure 1. SEM images of (a) Ti© nanofibers; (b) original bare stainless steel mgg) low
magnification scanning of TiOnanofibers coated stainless steel mesh; (d) higbnification image of
TiO, nanofibers

Figure2. FTIR spectrum of Ti@nanofibers sintered at 450 °C

Figure 3. Air medium wetting properties of (a) water droptet bare stainless steel mesh; (b) water
droplet wetted Ti@ nanofibers coated stainless steel mesh; (c) opldt wetted TiQ nanofibers coated
stainless steel mesh. Underwater wetting propedfeoil droplets on (d) bare stainless steel mésh;
TiO, nanofibers coated stainless steel mesh; (f) cotagle image of oil droplet on Tithanofibers
coated stainless steel mesh underwater obtain@bhiometer.

Figure 4. (a) water-oil separation setup of uncoated (lefesand TiQ nanofibers coated mesh
(right hand side) and separated oil-water from eepe filters; (b) separation efficiencies of
different oil types; (c) recyclable ability of ti@O, nanofibers coated membrane.

Figure 5. (a) Flow-down (membrane) photocatalytic activity p where filter is fixed in the
middle of PVC union and irradiated with Suntest Qig8t source. The inset shows the color
change of MB after irradiation; (b) Change of cartcation of methylene blue (MB) with
recycle time



Highlights

* Highly rough TiOxfibers on stainless steel filter was fabricated

* Themembrane is Superhydrophilic (underwater superoleophobic).

* The membrane can separate range of oil-water mixtures with the separation efficiency
of ~98-99%.

* Themodified mesh can degrade immiscible organic molecules due to the
photocatal ytic activity of TiO, nanofibers



