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a b s t r a c t

Highly entangled TiO2 nanowires were directly synthesized by hydrothermal growth on Ti substrates at
180 ◦C utilizing various organic solvents to oxidize Ti. The growth mechanism, microstructure and phase
transition of TiO2 nanowire membranes were investigated in detail. TiO2 nanowires, with diameters of
10–20 nm and lengths up to 100 �m, show a phase transition from Type-B to anatase by annealing at
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700 ◦C. Robust, free standing TiO2 nanowire membranes with millimeter level thickness can be cleaved
from Ti substrates or directly prepared from thin Ti foils. These porous TiO2 membranes, while effective
for mechanical microfiltration, can also photocatalytically degrade pharmaceuticals such as trimethoprim
under UV irradiation.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Pharmaceuticals and personal care products (PPCPs) are con-
idered emerging contaminants of concern as their incomplete
emoval during municipal wastewater treatment has resulted in
he frequent detection of these chemicals in surface and ground
ater around the globe [1,2]. Typical drinking water treatment sys-

ems are only partially capable of removing this diverse group of
hemicals from contaminated water sources, and their occurrence
n drinking water has been recently widely reported [1–3]. The
ost-effective removal of PPCPs and other organic contaminants
rom wastewater and drinking water remains a challenge [4]. Use
f micro/ultra membrane filtration is also only partially effective for
emoval of these chemicals [5]. Nanofiltration is more effective but
he fouling by organic matter, found in most surface water supplies,
imits the application of this technology to relatively clean sources
6,7].

There has recently been a dramatic increase in TiO2 materials’

esearch, spanning disciplines as diverse as photovoltaics, sun-
creens, chemical/gas sensors, commercial pigments, and their use
or photocatalytic degradation of harmful organic materials in air
nd water [8–11]. With respect to the latter application, under UV

∗ Corresponding author.
E-mail address: a2hu@uwaterloo.ca (A. Hu).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.02.033
excitation, TiO2 generates electron–hole pairs which migrate sep-
arately to the materials’ surface to form strong oxidative species
such as hydroxyl radicals. These oxidative species are extremely
efficient at mineralizing most organic contaminants, thereby elim-
inating sludge production and bio-fouling problems inherent to
traditional micro/ultra filtration approaches. TiO2 nanomaterials
have demonstrated their potential as a viable, alternative drinking
water treatment by effectively degrading a variety of emerging and
traditional waterborne environmental pollutants including organic
molecules, PPCPs and bacteria [7–14]. Recently, the multifunctional
nature of TiO2 nanowire/nanotube membranes in concurrently
providing mechanical filtration and photocatalytic degradation of
organic pollutants has been demonstrated [13–15].

Currently, there are multiple approaches to producing and refin-
ing TiO2 materials using various substrates, oxidizing agents, and
thermal environments. Hydrothermal growth of gram level TiO2
nanowires using TiO2 powder in a 5–10 M alkali solution has been
extensively employed [16]. However, TiO2 nanowires synthesized
in this manner form dense, opaque bulks requiring further crush-
ing and grinding prior to deposition into TiO2 membranes. This is
problematic as TiO2 nanowires are relatively fragile, and processes

requiring grinding shorten the TiO2 nanowires, ultimately lower-
ing the mechanical filtration performance of resulting membranes.
Conversely, macroporous TiO2 nanobar films, with a thickness of
a few micrometers, have been synthesized on Ti substrates using
acetone to oxidize Ti at 850 ◦C [17,18]. However, these films are

dx.doi.org/10.1016/j.jhazmat.2011.02.033
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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oo thin, and the processing temperatures too high for large-scale
pplications. In 1 M NaOH solution, TiO2 nanowire films with a
hickness of a couple of micrometers can be grown hydrother-

ally at 230 ◦C for use as a photo-anode of dye-sensitized solar
ells [19,20]. At relatively low temperatures, Wu et al. [21] used
ydrogen peroxide to directly oxidize Ti at 80 ◦C. Oriented titania
anorod films with a thickness of a few micrometers can be pro-
uced on the surface of Ti foils, which after calcination at 450 ◦C,
an be converted to a mixture of anatase and rutile phases. Uti-
izing hydrothermal growth in a 10 M NaOH and 35% (w/v) H2O2
olution at 220 ◦C, Na2Ti2O4(OH)2 nanotube films of a few microm-
ters thickness can be synthesized on Ti substrates and transformed
nto TiO2 nanowires after ion exchanging and calcinations [22,23].
his approach has been further optimized by Wu et al. [24] whereby
orous TiO2 nanowire films of a few micrometers can be fabricated
n Ti substrates at 80 ◦C. Although these thick titania films display
ffective photocatalytic applications [21–24], they are too thin and
echanically fragile to serve as free-standing membranes.
In the present study, we directly grow dense TiO2 nanowire

embranes on Ti substrates at 180 ◦C within a 10 M NaOH solu-
ion utilizing various organic oxidizing solvents such as acetone,
ormamide, formic hydrazide, acetamide, and monoethanolamide.

ith the exception of acetone, which limits the growth of TiO2
anowires to a few micrometers in length, these solvents resulted

n the growth of entangled TiO2 nanowires with lengths up
o 100 �m. This allowed us to prepare high performance TiO2
anowire membranes with millimeter level thickness for an eval-
ation of their application for microfiltration and photocatalytic
egradation of several common PPCP contaminants.

. Experimental

TiO2 nanowires were synthesized on 99.99% pure titanium foil
lates (20 mm × 20 mm of 0.25 or 0.127 mm thickness) pre-cleaned

n an ultrasonic acetone bath (10 min), followed by an ultrapure
ater (resistivity 18 M� cm) rinse for an additional 10 min inter-

al. Hydrothermal growth was carried out in a 125 mL Teflon-lined
utoclave with 60 mL of 10 M NaOH solution. Various organic sol-
ents including acetone, formamide, formic hydrazide, acetamide,
nd monoethanolamide were added as 5% (v/v) oxidizing solutions.
or comparison, TiO2 growth in solutions containing only basic
lkaline or only organic solvents was also investigated. The reac-
ion temperature and processing time were 160 ◦C or 180 ◦C and
days, respectively. After the reaction was complete, the autoclave
as naturally cooled to room temperature, and both sides of each

i foil plate were covered by white cotton-like membranes. These
embranes were washed with ultrapure water before immersion

n 0.02 M hydrochloric acid for 8 h. Subsequently the membranes
ere again washed in ultrapure water until the pH value of the
ater solution became neutral. The membranes were then dried

t 100 ◦C for 2 h prior to their separation from the Ti foil plates
ith the help of a shaving knife. A thin Ti foil with a thickness

f 0.127 mm was completely converted into a bilayer membrane
without Ti remaining). Tube-shaped membranes were prepared
y rolling Ti foils. Phase transition of these titanate membranes
as studied after annealing at elevated temperatures in air.

Microstructure and phase identification of titanate membranes
ere investigated with scanning electron microscopy (SEM), X-

ay diffractometry (XRD) and transmission electron microscopy

TEM). TEM samples were prepared by dispersing TiO2 nanowires
n ethanol and then dripping aliquots onto a lacey carbon sup-
ort film composed of a Cu grid. Diffuse reflectance spectra were
easured by a UV–NIR spectrometer with an integrated spherical

etector using BaTiO3 as reference material.
Fig. 1. Typical SEM images of Ti surfaces in (a) 10 M NaOH solution alone, (b) anhy-
drous acetone alone, and (c) 10 M NaOH solution with acetone. Scale is the same for
all three panels.

The porosity of TiO2 nanowire membranes was measured by
the BET method (Quantachrome Instruments NOVA 2200) using
nitrogen gas for adsorption. The permeability of TiO2 nanowire
membranes was characterized using a polycrystalline diamond
suspension and a silver nanoparticle solution. The diamond solu-
tion was prepared by spraying commercial grinding paste (mean
size 250 nm) into ultrapure water. Silver nanoparticle solution
(1 mM) was generated from reduced AgNO3 by sodium citrate
at 90 ◦C with the addition of poly(vinyl pyrrolidone) (PVP). The
concentration of diamond particles was determined by UV–vis
absorption spectra relative to calibration curves of known con-
centration. The permeability measurement was carried out using
a funnel with a porous glass to support the TiO2 nanowire mem-
branes or filter paper (WhatmanTM # 1001042). A slight vacuum
(about 5% lower than standard ambient pressure) was applied
to the sealed flasks to speed up the filtration. Photocatalytic
degradation assessments were evaluated on a suite of 13 pharma-
ceuticals (including norfluoxetine, lincomycin, sulfamethoxazole,
diclofenac, trimethoprim, bisphenol A, fluoxetine, venlafaxin, gem-
fibrozil, atrazine, carbamazepine, ibuprofen, and atorvastatin),

each at a concentration of approximately 100 �g/L (in ultrapure
water). The persistence of analytes in treatments with and with-
out TiO2 membranes, and in the presence and absence of 100 W
UV irradiation, was evaluated to elucidate degradation efficacy and
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ig. 2. Growth morphology of TiO2 membranes at (a) 160 ◦C and (b) 180 ◦C with a
ndigo surface of Ti substrates and (d) a densified layer between the indigo surface
f) at 800 ◦C for 2 h.

he influence of nanowire UV irradiation and surface absorption.
ssessments of photocatalytic degradation were carried out within
queous solutions at room temperature (around 22 ◦C) with a pH
alue of 6.7 employing 100 mg of TiO2 membranes in 80 mL ultra-
ure water. For comparison, a commercially available TiO2 anatase
owder (Degussa P25, BET area, ca. 50 m2/g; TEM particle size,
0–30 nm), also at a concentration of 100 mg in 80 mL water. The

ow pressure mercury UV lamp was kept 5 cm above the solution
n order to avoid any thermal influences, and the irradiation inten-
ity was 2.7 × 10−4 W/cm2 recorded by a radiometer (International
ight, IL 1700, Harvard) at the same distance. TiO2 membranes were
table for these photocatalytic experiments, with neither remark-
ble microstructure nor phase change occurring, before or after
xperiments, as confirmed by both XRD and SEM characterizations.

To avoid introduction of nanomaterials into the instrument, a
olid-phase microextraction (SPME) technique was employed for
he cleanup of the samples treated by the nanowire based mem-
rane. The samples were centrifuged for 20 min at 15 000 rpm, and
ach supernatant was transferred to duplicate 1.5 mL amber vials
or the SPME extraction, calibrated by standard addition to com-
ensate for potential matrix effects. Polydimethylsiloxane (PDMS)
bers were used as the extraction phase, with 15 h of extraction

ime utilized to ensure equilibrium. The extracted pharmaceuti-
als were desorption into 100 �L of methanol solution containing
.5 ng/mL of lorazepam as an injection standard to calibrate for
ariations in injection volume by the HPLC. The instrumental sepa-
ation and quantification were performed by HPLC–MS/MS (Agilent
ide as the oxygen source. Removal of white-pulp-like surface layers reveals (c) an
hite top membranes. TiO2 nanowire membranes calcined (e) at 700 ◦C for 2 h and

1100 LC and AB Sciex 3200 QTrap). Identification and quantification
of trimethoprim and other PPCPs were performed by comparing
primary and secondary transitions against intensities of standard
spectra of known concentrations with errors minimized by mea-
suring samples in triplicate, as described in detail previously [25].

3. Results and discussion

3.1. Microstructure characterization

Comparative nanowire growth on Ti foils after 72 h in NaOH
alone, acetone alone, and NaOH with acetone is shown in Fig. 1.
A dense film with dispersive nanoparticles and sparse nanowires
growth resulted from the 10 M NaOH solution alone treated at
180 ◦C (Fig. 1(a)); while some nano-rods with an average length
in the tens of nanometer range were formed using 2 mL of pure
acetone (Fig. 1(b)); whereas entangled nanowires of a few microm-
eters in length were synthesized in the presence of 10 M NaOH with
5% acetone (Fig. 1(c)). Although not shown in this paper, XRD pat-
terns demonstrated that the resulting nanorods are pure TiO2 while
the film and nanowires are sodium titanate. Although these results
can be understood in the context of similar growth mechanisms

discussed in previous experiments [17–24], current nanowires are
fabricated by a more facile process. Hydrothermal growth dramat-
ically decreases the required processing temperature from 850 ◦C
[17,18] to 180 ◦C through the use of acetone as the oxygen source
for Ti oxidation. A more alkaline environment also reduces the
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equired processing temperature, with 10 M NaOH adequate for
he growth of titanate nanowires at 180 ◦C while a reaction tem-
erature of 230 ◦C is required if 1 M NaOH is used [19,20]. Notably,
here is little titanate nanowire growth in 10 M NaOH at 180 ◦C
ithout acetone, indicating the initial oxidization step is impor-

ant and the formation of TiO2 facilitates the growth of titanate
anowires. Due to insufficient oxidative radicals in NaOH solu-
ion, the growth of titania nanowires is not favoured on Ti foils.
ence, both the higher concentrations of alkaline solution and ace-

one as the oxygen source are required for the formation of titanate
anowires.

We investigated other organic solvents as alternative oxygen
ources to optimize the growth of titania nanowires. Fig. 2 illus-
rates the growth morphology at 160 ◦C (Fig. 2(a)) and 180 ◦C
Fig. 2(b)) after 72 h when acetone is replaced by 5% acetamide.
bviously, both processing temperatures and solvents have a sig-
ificant effect on the final structure of titania films. A lower
emperature of 160 ◦C leads to the growth of a flower-shaped struc-
ure with petals composed of curved titania sheets only a few
anometer in thickness. Copious amounts of tweed nanowires are
rown at 180 ◦C, each with diameters of 10–15 nm and lengths
p to 100 �m. Similar growth to that illustrated can be obtained
y replacing acetamide with formamide, formic hydrazide or
onoethanolamide. As comparable growth of TiO2 nanowires is

btained with any of these oxidizing solvents, it appears the com-
on carbonyl groups in these compounds are providing the oxygen

ource for Ti oxidization. However, the substitution of acetone leads
o the synthesis of longer titania nanowires compared to the results
hown in Fig. 1. However, acetamide appears to be the best oxi-
ant choice since significant amounts of TiO2 nanoparticles are also
ynthesized when using other organic solvents as oxidants.

To elucidate the details of the nanowire growth mechanism, we
emoved the white pulp-like nanowires on the uppermost layer
f the membrane until a dense, thin white layer appeared, the
extured nanoribbon morphology of which is shown in Fig. 2(c).
igging deeper and removing this dense thin layer, the Ti foil

eveals a slight indigo color. The microstructure of this indigo
ayer appears like grainy islands of approximately 10 �m size
nterspersed with irregular cracks (Fig. 2(d)). Detailed structural
xamination revealed the grains are assembled from multiple thin
ayers. These grains are likely formed by broken films arising from
he differential thermal expansion coefficients of the surface film
nd metallic substrate. The post-annealing processes do not dra-
atically change the morphology of the titanate nanowires, as they

emain stable after treating at 700 ◦C for 2 h (Fig. 2(e)). However,
nnealing at 800 ◦C (shown in Fig. 2(f)) leads to partial melting of
he titanate nanowires, with thinner nanowires changing into a
hain shape associated with some spherical nanoparticles.

.2. Phase transition and growth mechanism

XRD patterns of titanate nanowires after annealing at ele-
ated temperatures are shown in Fig. 3. The dominant diffraction
eaks can be indexed on a H2Ti3O7 structure (JCPDS 41-0192) for
ashed titanate nanowires, TiO2-B (JCPDS 46-1238) for annealed
anowires at 400–500 ◦C, and anatase phase (JCPDS 21-1272) after
nnealing at 700 ◦C. Two small peaks added at approximately 22◦

nd 43◦ correspond to TiO2-B phase, indicating the governed phase
f titanate nanowires annealed at 700 ◦C is dominantly anatase
denoted as A), with a minor amount of TiO2-B phase (denoted as B
n Fig. 3) as is consistent with numerous other studies [24,26–29].

t is well accepted that during hydrothermal reactions, Ti–O–Ti
onds of TiO2 are broken and Ti–O–Na and Ti–O–H are formed,

eading to the growth of (Na,H)2Ti3O7 nanowires [26,27,29]. Utiliz-
ng ion exchange through washes in water and diluted HCl, Na+ is
ventually replaced by H+. TiO2-B phase is formed by dehydration
Fig. 3. XRD patterns of TiO2 nanowire membranes with washing in water and
diluted HCl and calcined at different temperatures. A: Anatase phase and B: TiO2-B
phase. ?: unidentified phase.

during annealing at 200–500 ◦C [26–29]. After elevated tempera-
ture annealing over 600 ◦C, TiO2-B is converted into TiO2 anatase
phase, as was confirmed by high resolution TEM observations.

Typical TEM images demonstrating that the synthesized titanate
nanowires are crystalline are found in Fig. 4. A lattice fringe of
titanate nanowires without annealing corresponds to a d-spacing
of 0.20 nm, which is consistent with the spacing of (2 0 4) planes of
H2Ti3O7. For annealing at 700 ◦C, nanowires displayed near single
crystalline structure with a fringe spacing of 0.352 nm, correspond-
ing to the spacing of (1 0 1) planes of TiO2 anatase phase [23,30].
For annealing at 400 ◦C and 500 ◦C, most of the area shows a spac-
ing of 0.36 nm, which corresponds well to (1 1 0) lattice planes
of TiO2-B. It is apparent there are different crystalline orienta-
tions when annealing at intermediate temperatures. These areas
of differing orientation form small grains (3–5 nm in diameter,
larger when annealed at 500 ◦C than at 300 ◦C) which supports
the oriented attachment growth [29,31]. Associated with the crys-
talline growth of TiO2-B from the hydrogen titanate phase, the
small TiO2-B grains rotate and re-arrange themselves with elim-
inating dislocations. The further phase transition from TiO2-B to
anatase leads to the synthesis of single crystalline TiO2 anatase
nanowires.

A schematic diagram of the formation of TiO2 membranes on Ti
substrates is illustrated in Fig. 5(a). In the initial reaction, a TiO2
layer is formed on the surface of Ti due to oxidization. Using the
hydrothermal process, the carbonyl group of one of the numerous
potential oxidizing solvents provides the oxygen source. Subse-
quently, the oriented titanate nanosheets grow on the surface of
the TiO2 grains by the continuing diffusion of Ti cations through the
network of TiO2 grain boundaries [17]. These oriented nanosheets
should be layered Na2Ti3O7, as confirmed by their conversion into
H2Ti3O7 following ion exchange of Na+ for H+ [32]. These Na2Ti3O7
nanosheets do not block the diffusion of the Ti cation, allowing
the growth of membranes assembled by (Na,H)2Ti3O7 nanowires
on top of these nanosheets. It is important to point out that these
nanowires are not formed during the water and diluted HCl treat-
ments as the tweed nanowires are confirmed by SEM observation
prior to washing (Fig. 5(b)). Due to different thermomechanical
properties between Ti substrates and grown layers, the top-layer

membranes can be easily cleaved from Ti substrates. A square-
shaped TiO2 nanowire membrane (2.5 cm2; 0.5 mm thick) is shown
in Fig. 5(c). Fig. 5(d) is a tube-shaped TiO2 membrane with a diam-
eter of 2.5 cm and length of 5 cm converted from a rolled Ti foil. To
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ig. 4. TEM micrographs of TiO2 nanowires (a) with washing in water and diluted H
o (c) corresponds to the area delineated by the circle.

void residual Ti fragments inside the membranes, the growth time
as been extended to 4 days.

.3. Porosity characterization

The specific surface area of TiO2 nanowire membranes is

6.7 m2/g, which is lower than that of the commercial P25 powder.
ig. 6 presents the UV–NIR absorbance spectra for 250 nm diamond
nd 50 nm Ag nanoparticle solutions filtered by either two-layer
lter paper or TiO2 membranes, with pure H2O provided for com-
arison. The 250 nm diamond particles pass easily through the

ig. 5. (a) Schematic diagram for TiO2 nanowire membranes grown on Ti substrates. (b) A c
rior to washing and post-annealing. (d) A tube-shaped TiO2 nanowire membrane.
d calcined at different temperatures: (b) 400 ◦C, (c) 500 ◦C and (d) 700 ◦C. The inset

paper filter, with no remarkable changes in concentration following
two filtering passes (data not shown). However, TiO2 membranes of
0.5 mm thickness removed 95% of the 250 nm diamond particles.
The mixture of 50–100 nm nanoparticles with Ag nanowires and
some Ag nanobars is clearly observed (Fig. 6, inset). Ag nanowires
have a length up to a few micrometers and a diameter of 10 nm,

while Ag nanobars have lengths of 100–300 nm and diameters of
20–50 nm. After filtration (Fig. 6(b)), only Ag nanoparticles less
than 100 nm and some narrow nanobars (diameter around 20 nm)
are present, with long nanowires almost completely removed. In
a commensurate reduction, the full-width-half-height (FWHH) of

leaved TiO2 nanowire membrane. (c) A low resolution image of titanate membranes
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Fig. 6. UV–NIR absorbance spectra of suspended 250 nm diamond colloid solution
b
A
w
A

a
t
t
t
t
t
s
b
p
t
m
a
h
b
[
t
f
a
i
d
g
b
p

3

a
o
c
o
p
c
t
f
i
t
B
s
t
O

confirmed as the mechanism of trimethoprim removal since there
is little change in the concentration of this PPCP in the absence
of UV-irradiation of the TiO2 nanowires. It is notable that TiO2
nanowire membranes display a better degradation effect than P25
efore (d) and after (T) filtration; and as-grown Ag nanoparticles solution from
gNO3 reduced by sodium citrate before (a) and after (b) filtration relative to pure
ater (W). Inset: SEM images of (a) As-grown Ag nanoparticles solution, (b) filtered
g nanoparticles.

bsorbance curves became much narrower after membrane filtra-
ion relative to that of the as-grown solutions. This indicates that
he pore size of TiO2 membranes is about 100 nm, which is effec-
ive for the removal of Ag nanowires. It is important to note that
he pore size of TiO2 membranes is controlled by the membrane
hickness and density; the thicker and denser the membrane, the
maller the pore size. However, the present TiO2 nanowire mem-
ranes have low mechanical strength to withstand a high hydraulic
ressure, as would be required for any practical filtration applica-
ion. Additional investigations to produce a carbon fiber composite

embrane which would possess enhanced mechanical properties
re under way. Besides a requirement to withstand significant
ydraulic pressure, any nanofiltration membrane must address
iofouling, a notorious issue surrounding any nanofiltration system
33]. Although the ceramic nature of TiO2 nanowires and effec-
ive photocatalytic dissociation can partially mitigate biofouling,
urther improvements are required prior to the development of

practical TiO2 nanowire membrane truly resistant to biofoul-
ng. With the exception of surface adsorption of contaminants, as
escribed for pharmaceuticals in the following section, the current
eneration of TiO2 nanomembranes, while potentially removing
acteria [6,13] does not provide effective ultrafiltration due their
ore size.

.4. Photocatalytic degradation

The diffuse reflectance spectra of titanate nanowires annealed
t different temperatures are shown in Fig. 7, with the spectrum
f P25 provide for comparison. The absorption margins dramati-
ally increase with annealing temperature, indicating a shrinkage
f the energy gap. The optical gap can be estimated from the Tauc
lot of (˛h�)s vs. photo energy h� with s = 0.5 for an indirect semi-
onductor [34,35]. From the inset to Fig. 7, the intercepts of the
angents yield 3.30 eV for hydrogen titanate nanowires and 2.9 eV
or titanate nanowires annealed at 400–700 ◦C while for compar-
son, the commercially available P25 is 3.0 eV. It is well-known

hat the optical gap is 3.2 eV for anatase [6], 3–3.22 eV for TiO2-
[36,37], and 3.27 eV for H2Ti3O7 nanowires [38]. The slight blue

hift of H2Ti3O7 nanowires is probably due to the size quantiza-
ion effect from the remaining (Na,H)2Ti3O7 nanosheets [39,40].
n the other hand, the decreasing energy gaps of both TiO2-B and
Fig. 7. UV–vis diffuse reflection spectra of TiO2 membranes with washing in water
and diluted HCl and calcined at different temperatures. The spectrum of a com-
mercially available powder, P25, is presented for comparison. Inset: Tauc plot to
determine the optical energy gap.

anatase should arise from doping [24,34]; a further investigation
on the surface state of nanowires can help to elucidate this issue.
Regardless, the current results demonstrate titanate nanowires
fabricated through organic solvent-assisted hydrothermal growth
have enhanced visual excitation.

The degradation of trimethoprim with TiO2 nanowire mem-
branes exposed to UV irradiation is illustrated in Fig. 8. A slight
decrease in trimethoprim concentration was observed in the pres-
ence of UV exposure alone. This may be due to the decomposition
of trimethoprim by UV irradiation. However, the decrease in
trimethoprim is more pronounced in the presence of the TiO2
nanowire membranes alone, likely attributable to simple surface
adsorption of TiO2 nanowires as this effect appears saturable as
it attenuates rapidly with time. Photocatalytic degradation can be
Fig. 8. Concentration of trimethoprim as a function of UV exposure duration only
with TiO2 nanowires membranes(upper triangle), under UV illumination without
TiO2 nanowire membranes (circle), and with TiO2 nanowire membranes under UV
excitation (square). Removal of trimethoprim in the presence of a commercially
available powder, P25, with UV exposure is provided for comparison (down trian-
gle).
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ig. 9. Kinetic curves of norfluoxetine, atorvastatin, trimethoprim and atrazine
egraded by TiO2 nanowire membranes.

owder. Removal by TiO2 nanomembranes cannot be attributed to
ifferences in surface area alone as the specific surface area of the
ommercial P25 powder is actually greater. A possible explanation
s that TiO2 nanowire membranes possess a strong photocatalytic
ffect. Indeed Fig. 7 displays the enhanced visual excitation of
ydrothermal grown TiO2 nanowires, indicating improved energy
arvesting may contribute to the strong photocatalytic effect.

According to previous studies [41–45], the photocatalytic degra-
ation rate of most organic compounds can be described by
seudo-first order kinetics: −dC/dt = KapC, where the C is the
oncentration and Kap is the apparent reaction rate constant. Inte-
ration of the above equation will lead to the concentration as
time function: ln(C0/C) = Kapt Using such kinetic analysis, it is

vident that the photocatalytic degradation of norfluoxetine, ator-
astatin, trimethoprim and atrazine follows the pseudo-first order
inetic (Fig. 9). Notably, similar degradation responses have been
bserved for other PPCPs and bioactive environmental analytes
ncluding fluoxetine, venlafaxin, lincomycin, sulfamethoxazole,
iclofenac, bisphenol A, gemfibrozil, carbamazepine and ibuprofen
Kap is given in Table 1). However, a relatively weak degradation
ffect was observed for carbamazepine and ibuprofen, which are
airly refractory compounds routinely passing through wastew-
ter treatment plants, and consequently often found in surface
aters adjacent urban areas [1,3]. However, this data clearly shows
hat photocatalytic degradation associated with TiO2 nanowire
embranes can effectively remove many PPCP-type pollutants

rom drinking water. Further investigations on the effects of con-
entration, temperature, and irradiation intensity are necessary

able 1
hotocatalytic degradation analyzed by the pseudo-first order kinetics for individual
harmaceutical.

Compound Kap R2

Norfluoxetine 0.1239 0.999
Atorvastatin 0.0688 0.999
Lincomycin 0.0430 0.999
Fluoxetine 0.0408 0.995
Venlafaxin 0.0319 0.997
Sulfamethoxazole 0.0422 0.989
Diclofenac 0.0398 0.999
Trimethoprim 0.0269 0.997
Bisphenol A 0.0227 0.988
Gemfibrozil 0.0159 0.993
Atrazine 0.0155 0.999
Carbamazepine 0.0008 0.971
Ibuprofen 0.0005 0.945

[

[

[

aterials 189 (2011) 278–285

to elucidate the degradation kinetics of pharmaceuticals by TiO2
nanowire membranes. To evaluate the photocatalytic activities
of composite catalysts, it is essential to characterize the extent
of mineralization. To identify the intermediate and final species,
it is necessary to study the degradation of each pharmaceutical
separately, and scan the individual mass spectra of the degrada-
tion products. As there are many degradation pathways for these
compounds [46,47], comparative studies, currently ongoing, are
necessary to fully deduce the mechanisms underlying photocat-
alytic degradation.

4. Conclusions

TiO2 nanowire membranes can be successfully grown on Ti
substrates with hydrothermal processing. Various organic solvents
with carbonyl groups provide the oxygen source for initial Ti oxi-
dization. Sodium titanate nanosheets can be fabricated in 10 M
NaOH solutions. After washing in water and diluted HCl, sodium
titanate can be converted by ion exchange into hydrogen titanate
nanowires, which can be further modified into TiO2-B and anatase
phases by calcinations. These phase transitions do not change
the morphology of TiO2 membranes. Collectively, these experi-
ments demonstrate that TiO2 nanowire membranes can be readily
produced with the requisite properties for use in water treat-
ment applications, where their photocatalytic properties can be
employed in the degradation of emerging environmental pollu-
tants.
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