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Strong corrosive emulsion sewage must be properly treated because it
is not only very harmful to the environment, but also an enormous
waste of chemical resources. Here we fabricated a pine-branch-like
TiO, nanofibrous membrane via an electrospinning and hydro-
thermal process. Besides neutral emulsions, the obtained membrane
could separate various highly corrosive acidic (pH < 0), basic (pH > 14),
and salty oil-in-water emulsions with efficiencies higher than 99%
without extra force assistance, which is highly promising for aquatic
environment protection as well as resource recycling.

The ever-increasing emissions of oily effluent deriving from
textile, printing, leather and metal finishing industrial
processes, and from daily life seriously threaten the ecosystem
and the health of people's lives."” Effective separation of oily
wastewater, especially surfactant stabilized emulsions with
a dispersed droplet size less than 20 um is urgently desired and
has become a tough worldwide challenge.*”® Emulsified oil/
water mixtures composed of complex components are more
difficult to deal with because surfactant is amphiphilic with
water and oil, which results in multiple molecular interactions.®
Traditional emulsion separation techniques, such as electro-
chemical treatment,” centrifugation,®® gravity separation,'
ultrasonic separation,™ air flotation,'” coagulation™ and bio-
logical treatment,'* are usually of low efficiency and high energy
consumption, and sometimes even bring secondary pollution.

In the last decade, membrane technology has been consid-
ered as one of the most efficient methods for oily water treat-
ment because it has many advantages, including a high
separation efficiency, low energy consumption and relatively
simple operation. Specially, membranes with special wetting
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properties and suitable pore sizes attract immense attention
and are widely applied in the field of emulsion separation.**->°
Currently, the emulsion separation membrane materials are
mainly classified into two categories, namely polymeric
membranes and inorganic membranes (ceramics or metals).
The polymer membranes have many merits such as easy
processability, flexibility and tailorability.**** Nevertheless,
polymer membranes usually cannot tolerate organic solvent
dissolution and incline to degradation in strong alkaline
liquids, which are often encountered in industrial emulsions.
Comparatively, inorganic separation membranes are of supe-
rior resistance to organic solvents, but so far most of the re-
ported inorganic membranes, such as Cu(OH),,* SiO,,*
C0304, etc. still cannot resist corrosion by a strong acid or
base, which not only destroys the membranes, but also
releases some environmental toxic substances like Cu** and
Co"". Therefore, development of a high efficiency emulsion
separation membrane that possesses good chemical stability
to organic solvents and strong corrosive liquids is of signifi-
cant importance but still a big challenge. Titanium dioxide
(TiO,) is an environmentally friendly semiconductive oxide
material with a superior chemical stability, which has been
widely used in photocatalysis,**>® coatings,*® cosmetics®"*
and even food additives approved by the FDA.** Moreover, TiO,
has a unique photoinduced superhydrophilic property that
endows it with an outstanding performance in self-cleaning
coatings and functional interfacial materials with special
wettability.>** We have demonstrated that surface modified
TiO, nanofiber membranes could be used for separating free
oil and water and two-phase organic liquids.*® But such
a single structural nanofibrous membrane could not be
applied for the separation of emulsions because the pore sizes
interweaved by cross fibers are too large to intercept the
emulsion droplets. In this respect, drought-enduring conifers
give us inspiration in that the dense needle-like leaves of the
pine branch could effectively reduce water evaporation but not
hinder the transmission of light for photosynthesis.*”*® This
strategy suggests that a dense pine branch structure
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microporous membrane should feasibly intercept small size
oil droplets in the emulsion while keeping a high flux for
water.

Herein, we fabricated a pine-branch-like TiO, membrane
with hairy nanorods on nanofiber structures. The membrane
could separate various neutral and strong corrosive acidic (pH <
0), basic (pH > 14), and salty emulsions in a highly efficient
manner. This versatile separation membrane should be of great
promise for water cleaning and resource recovery.

Scheme 1 describes the fabrication and separation processes
of the pine-branch-like TiO, nanofibrous membrane. Firstly,
a poly (vinyl pyrrolidone) (PVP)/TiO, composite nanofibrous
membrane was fabricated by an electrospinning technique.
Then the electrospun membrane was calcined and turned into
an anatase TiO, nanofibrous membrane. After a hydrothermal
reaction, TiO, nanorods grew on the nanofibers and formed
a pine-branch-like membrane. In comparison with a pristine
TiO, nanofibrous membrane, the relatively larger pores of the
hydrothermal treated crossed fibers were bestrewed nanorods,
which largely decreased the pore sizes. Such a pine-branch-like
structure could be used to separate an oil-in-water emulsion.

Morphologies of the TiO, membrane are shown in Fig. 1. The
electrospun PVP/TiO, membrane were composed of non-woven
nanofibers with an average diameter of 630 nm (Fig. 1a and d).
After calcination, the diameter of the nanofibers evidently
decreased to an average value of about 406 nm owing to the
degradation of PVP (Fig. 1b, d and S1f). It is clear that the
nanofibrous TiO, membrane is of large pore size, and is unable
to separate emulsions according to a “size-sieving effect”.*
Inspired by the hierarchical pine branches structure in nature
(Fig. 1g), a hydrothermal strategy was chosen to grow secondary
structure on every single TiO, fiber to narrow the big holes. After
the hydrothermal process, a dense layer of TiO, nanorods
evenly deposited on the nanofibers, thereby forming a pine-
branch-like TiO, membrane (Fig. 1c, e and f). A top view of
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Scheme 1 Fabrication and separation processes of pine-branch-like
TiO, membrane. Firstly, a composite PVP/TiO, membrane is prepared
by an electrospinning technique. Then, the initial electrospun
membrane is calcined to remove PVP and form TiO, nanofibrous
membranes. Finally, the TiO, membrane is placed into an autoclave for
hydrothermal reaction, and then a pine-branch-like TiO, membrane
forms. The resultant pine-branch-like TiO, membrane is used for oil-
in-water emulsion separation.
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Fig. 1 SEM images of (a) electrospun PVP/TiO, nanofibrous
membrane, (b) calcined TiO, membrane and (c) hydrothermal treated
pine-branch-like TiO, membrane. (d) Fiber diameter distribution. (e)
High magnification of the pine branch structures. (f) Cross sectional
image shows that nanorods grew vertically along the fibers. (g)
Photograph of leaves of a pine branch in nature. The as-fabricated
membrane is very similar to natural pine branches. (h) XRD patterns of
TiO, membranes during different stages.

the pine-branch-like TiO, membrane is presented in Fig. 1c and
e at different magnifications, which shows a uniform hairy
branch morphology. A high magnification cross-sectional
morphology of a single fiber (Fig. 1f) demonstrates that the
nanorods grew vertically along the fibers leading to the forma-
tion of hierarchical structures. The average lengths and diam-
eters of the nanorods were 584.2 + 6.3 nm and 76.0 + 2.2 nm,
respectively. In the hydrothermal process, the length and
density of pine-branch-like TiO, nanorods increased with pro-
longing the reaction time and increasing the concentration of
titanium butoxide (TBT) (Fig. S2 and S3t). When fixing the
hydrothermal solution concentration in a volume ratio of
deionized water/hydrochloric acid/TBT = 30/30/1.5 and a reac-
tion temperature at 150 °C, a sparse layer of TiO, nanoparticles
deposited on single smooth TiO, fibers during the first hour.
When prolonging the reaction time from 2 h to 6 h, the nano-
particles grew to nanorods whose lengths increased from 247.6
+ 11.2 nm to 602.7 £+ 10.5 nm, resulting in smaller pore sizes
(Fig. Ss21). Similarly, when fixing the hydrothermal reaction
system at 150 °C and the reaction time for 4 h, but changing the
TBT concentration in different volume ratios (deionized water/
hydrochloric acid/TBT = 30/30/0.5, 30/30/1.0, 30/30/1.5, 30/30/
2.0, 30/30/2.5 and 30/30/3.0), the nanorod lengths changed
from 94.4 + 9.3 nm to 811.7 £ 40.3 nm via adjusting the TBT
concentrations (Fig. S31). These results demonstrated that the
morphology of the hierarchical membrane can be controlled by
tuning the reaction time and TBT concentration. By comparing
the different morphologies produced in various reaction
conditions, a reaction time of 4 h, deionized water/hydrochloric
acid/TBT = 30/30/0.5 (v/v/v) and a reaction temperature of
150 °C were selected as the proper conditions for an efficient oil-
in-water emulsion separation on the basis of energy consump-
tion and time saving. Meanwhile, we characterized the crystal
forms of the membranes. From the XRD patterns in Fig. 1h, it
can be seen that the diffraction peaks of a pine-branch-like
membrane matched well with anatase (JCPDS 21:1272) and
rutile TiO, (JCPDS 21:1276) (black line).**** As a comparison,
the peaks of a pristine calcined nanofiber membrane matched
well with anatase (JCPDS 21:1272) (red line).*
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Besides a suitable pore sizes, the membrane's wetting
behavior is also important for emulsion separation. The
wettability properties of the membrane were characterized by
measuring the water contact angles (WCAs) in air, oil contact
angles (OCAs) and adhesion forces under water. WCAs on TiO,
nanofibrous  membranes and pine-branch-like TiO,
membranes were nearly zero, while the underwater OCAs
(gasoline) were 151.1 + 0.5° and 158.8 + 0.9°, respectively
(Fig. 2a). The underwater OCAs of other oils on the membrane
were further measured (Fig. 2b). Results showed that OCAs on
the pine-branch-like TiO, membrane are all greater than 150°
(petroleum ether (156.7 £+ 0.8°), toluene (155.1 + 0.6°), hex-
adecane (156.0 & 1.2°), isooctane (153.5 £ 1.3°), gasoline (158.8
=+ 0.9°) and diesel (153.5 £+ 1.3°)), higher than those on bare
TiO, nanofibrous membranes (petroleum ether (147.9 + 2.9°),
toluene (151.1 + 1.6°), hexadecane (149.7 + 3.0°), isooctane
(149.1 £ 1.3°), gasoline (151.1 £ 0.5°) and diesel (146.4 + 0.7°)).
This difference mainly results from the higher roughness due to
the formation of pine-branch-like structures.** This is because
when the as-prepared membrane is underwater, the water is
first trapped into the rough structure, forming a thin water layer
and avoiding direct contact between oils and membrane
surfaces. In other words, it formed an oil/water/solid three-
phase interface,®** and thus the oil droplet kept super-
oleophobic underwater. The pine-branch-like TiO, membrane
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Fig. 2 Wettability characterization of membranes. (a) Water contact
angle and underwater oil contact angle of a bare TiO, nanofibrous
membrane (left) and a pine-branch-like TiO, membrane (right). (b)
Statistics of underwater oil contact angles on two kinds of membranes.
(c) and (d) Adhesion force curve of diesel and toluene on a pine-
branch-like membrane. (e) and (f) Water spreading behavior of the
pine-branch-like TiO, membrane before and after UV irradiation.
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also exhibited an extremely low oil-adhesion force whose value
is nearly 0 pN for diesel (Fig. 2c) and 0.015 pN for toluene
(Fig. 2d). The detail processes of a 4 pL droplet touching and
leaving the membrane surface were recorded (Fig. S4t). The
underwater superoleophobicity and extremely low adhesive
property are greatly advantageous to the antifouling property of
the membrane.®

It is well known that TiO, has been widely applied due to its
photocatalytic property,* self-cleaning,** and photoinduced
wettability change.** To examine the UV-induced wetting
behavior of the pine-branch-like TiO, membrane, we compared
the water spreading time before (Fig. 2e) and after (Fig. 2f) UV
irradiation. The processes were recorded by a high-speed
camera system. When a water droplet (4 pL) contacted the
pine-branch-like TiO, membrane surface, it spread out within
207 ms without irradiation. After UV irradiation, the spread
time is dramatically decreased to less than 70 ms. These results
demonstrated that UV irradiation makes the TiO, membrane
more superhydrophilic due to the UV-induced hydroxyl groups
on the surface of the TiO, nano-needles,** which would increase
the flux during subsequent emulsion separation.

Then the pine-branch-like TiO, membrane was used to test
the emulsion separation performance (Fig. 3a). Tween-20-
stabilized oil-in-water emulsions (oils include gasoline, diesel,
isooctane, hexadecane, toluene, and petroleum ether) were
poured onto the pine-branch-like TiO, membrane to realize
separation driven solely by gravity. During the separation
process, a water/solid interface would form and prevent the
dispersed oil droplets contacting the membrane. The small oil
droplets in the emulsion were captured by the TiO, needle-like
structure and the size of the oil droplets would turn bigger due
to the coalescence effect. Meanwhile, clear water flowed down
and passed through the pine-branch-like TiO, membrane
perfectly finishing a demulsification process.*” Fig. 3b shows
that the original emulsion is milky white with a clear Tyndall
effect, while the filtrate is transparent without a Tyndall effect.
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Fig. 3 (a) Set-up for oil-in-water emulsion separation. (b) Tyndall
scattering phenomenon by using a red light to irradiate the gasoline-
in-water emulsion (left) and filtrate (right). (c) and (d) Optical micros-
copy images of the gasoline-in-water emulsion and the filtrate. (e) Oil
content and separation efficiency of various filtrates. (f) Flux of the
membrane increases after UV irradiation.

This journal is © The Royal Society of Chemistry 2017


https://doi.org/10.1039/c7ta00833c

Published on 20 Marisi 2017. Downloaded by Fail Open on 07/05/2025 10:08:47.

Communication

Optical microscopy images of gasoline-in-water emulsions and
filtrates are shown in Fig. 3c and d; dense oil droplets were seen
in the feed emulsion whereas no droplets were observed in the
filtrate. This indicated that the emulsion had been successfully
separated. Dynamic light scattering (DLS) curves of six kinds of
oil-in-water emulsions are shown in Fig. S5.1 The DLS pattern
indicates that the distribution of the oil droplets is in the range
from 41.1 nm to 313.5 nm, proving that the pine-branch-like
TiO, membrane can separate emulsions with dispersed
droplet sizes in this range. The exact oil concentrations in the
filtrates were measured by an infrared spectrometer oil content
analyzer according to the infrared absorption spectra of oils.
The separation efficiency is defined and calculated by the oil
rejection coefficient R (%) before and after separation according
to the following equation:

= < — %z> x 100% (1)
where C, and C,, are the oil concentration of the original oil/
water emulsion and the collected oil concentration after sepa-
ration, respectively. As shown in Fig. 3e, the oil contents in the
filtrates were all below 45 ppm for oil-in-water emulsions (oils
include petroleum ether 29.1 + 2.6 ppm, toluene 27.8 +
2.5 ppm, hexadecane 41.0 + 2.3 ppm, isooctane 24.3 + 3.5 ppm,
gasoline 27.5 &+ 3.0 ppm, and diesel 15.8 &+ 3.3 ppm) and cor-
responding separation efficiencies all above 99% (petroleum
ether (99.55% =+ 0.04%), toluene (99.29% + 0.03%), hexadecane
(99.44% =+ 0.09%), isooctane (99.65% =+ 0.05%), gasoline
(99.51% = 0.11%), and diesel (99.81% =+ 0.04%)). To testify the
necessity of a secondary TiO, nano-needle structure construc-
tion, we also took an additional separation experiment using
the TiO, nanofibrous membrane. The corresponding separation
efficiencies were all less than 87%, which indicated that
the TiO, nanofibrous membrane lacks separation ability
(Fig. se6t). This means that the suitable pore sizes and
superhydrophilicity/underwater superoleophobicity endow the
membrane with an excellent separating capability. The flux of
the TiO, membrane was calculated by measuring the time
needed for a certain volumes of oil-in-water emulsions. The
fluxes of the Tween-20 stabilized oil-in-water emulsions are in
the range 36-59 L m > h™" for various types of emulsion with
different viscosities (Fig. 3f). Surprisingly, fluxes of filtrate
under UV-irradiation have an evident increase in the range of
50-99 L m ™2 h . The obvious flux comparison between without
UV and with UV mainly results from an UV-induced enhanced
superwetting property (Fig. 2e, f).** Additionally, the antifouling
performance of the pine-branch-like TiO, membrane was
investigated (Fig. S7 and S8t). The stable flux and high sepa-
ration efficiency indicated an outstanding recovery perfor-
mance of the membrane.

Compared to a neutral emulsion, corrosive emulsions are
also commonly encountered in chemical industries or labs.
Therefore, the separating material must be stable in corrosive
environments such as a strong acid, a strong alkali, or high
concentration salt solutions. To test the anti-corrosion stability,
pine-branch-like TiO, membranes were immersed in corrosive
solutions for one week; it is seen (Fig. 4a) that the membranes
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Fig. 4 Chemical stability of the pine-branch-like TiO, membrane. (a)
Gasoline contact angles on pine-branch-like membrane in 4.0 mol L™*
HCLl (pH < 0), NaOH (pH > 14), and NaCl agueous solutions (pH = 7). (b)
The separation efficiency of the pine-branch-like TiO, membrane for
strong acid, basic, and salty emulsions. (c) Left: Gasoline-in-4 M HCl
emulsion (pH < 0), right: pH test paper changes brownish red with 4 M
HCl filtrate (pH < 0). (d) Left: Gasoline-in-4 M NaOH emulsion (pH >
14), right: pH test paper changes dark blue with 4 M NaOH filtrate (pH >
14). (e) Left: Gasoline-in-4 M NaCl emulsion (pH = 7), right: pH test
paper remains yellow with 4 M NaCl filtrate (pH = 7).

still exhibited good superoleophobicity in 4.0 mol L ™" HCI (pH <
0), NaOH (pH > 14) and NaCl aqueous solutions. We also
compared the morphology change before and after immersing
in harsh environments; the results revealed that there were
almost no changes before and after immersion (Fig. S97).
Furthermore, three kinds of corrosive emulsions made from
gasoline and corresponding 4 mol L' HCL, NaOH, and NaCl
aqueous solutions were prepared. The results showed that the
emulsion separation efficiency remained above 99% (Fig. 4b),
which indicates a good chemical stability against strong alkali,
acid and salt conditions. Fig. 4c-e are three bottles of 4 mol L™*
acid, base, and salt corrosive emulsions and the corresponding
filtrates. These results indicate that the pine-branch-like TiO,
membrane has a good environmental stability and is a good
candidate in corrosive industrial oil-contaminated water
treatment.

Conclusions

A pine-branch-like TiO, membrane has been successfully
prepared by electrospinning, calcination and hydrothermal
reaction. The resultant membrane exhibits superhydrophilicity
in air and superoleophobicity underwater, and the pine-branch-
like structure endows suitable pore sizes for emulsion separa-
tion. Due to the strong chemical stability of TiO,, the as-
prepared membrane can be applied for separating emulsions
in a harsh environment, such as strong acidic (pH < 0), basic
(pH > 14) and salt solutions, with a relative high efficiency above
99%. This pine-branch-like TiO, membrane is expected to have
promising applications in the wastewater treatment and
resource recovery.
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