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a b s t r a c t
A hierarchical titanate nanotube based ﬁltration membrane was fabricated and successfully applied for
bacteria removal. A facile and effective membrane fabrication method was developed to directly grow a
hierarchical titanate nanotube selective layer onto a porous metal membrane substrate. The method is a
one-pot synthesis method, eliminates the needs for tedious and costly multiple-coating approach. The
resultant membrane possesses a unique porous structure with strong mechanical strength, intrinsically
free of cracks and pinholes, and can be readily regenerated by a simple pressure driven back-ﬂushing
process. Successful separation of E. coli demonstrates the applicability of the titanate nanotube membrane for waterborne pathogens removal, which would be of a great interest to the water puriﬁcation
applications, especially for the puriﬁed recycling water applications. The high selectivity and ﬂux of the
nanotube membrane in addition to its excellent biocompatibility and nontoxic nature make such a membrane highly attractive to medical applications for removal of pathogens and other unwanted biological
constituents with sizes greater than 50 nm from highly complex medium.
Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

1. Introduction
Inorganic membranes have been a hot topic of new membrane
technology development in the past two decades [1–5]. Among
them, nanostructured TiO2 based membranes have become a central focus of this new generation inorganic membranes in the recent
decade, attracting enormous research activities and commercial
interests [5–9]. These are mainly due to the superior chemical,
mechanical and thermal stability of TiO2 and its suitability for constructing membranes with a wide range of pore sizes for different
applications [5,6,8,10]. Since Anderson et al.’s pioneering work in
1988 [11], extensive research activities have been conducted to
fabricate TiO2 based membranes for various applications covering
dairy, beverage, food, pharmaceutical, chemical, biochemical, electronic and water/wastewater treatment industries [1–3,5,6,8,10,12].
In addition, a number of recent reports also revealed some interesting advantages of TiO2 based membranes [13–16]. Albu et al.
[13] and Zhang et al. [14] demonstrated that the photocatalytic
functions of the TiO2 can be utilized in a membrane separation
process. These membrane systems, on one hand, maintain its sizeselective based separation ability, on the other hand, are capable
of simultaneously remove unwanted pollutants by means of photocatalytic decomposition. Sang et al. [15,16] reported the use of
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TiO2 surface absorption properties to remove heavy metal ions.
These studies displayed very promising membrane performance
improvement by utilizing chemical and photochemical properties
of TiO2 .
To date, TiO2 based membranes were fabricated with variety of methods including sol–gel, hydrothermal, chemical vapor
deposition, plasma-enhanced chemical vapor deposition, anodic
oxidation, and slip casting methods. Despite these varieties, all
TiO2 membranes share a common asymmetric structural feature—a
TiO2 dense layer (responsible for selectivity) forms on the top of a
porous membrane substrate (i.e., porous stainless steel, alumina
or silica, responsible for providing mechanical and other supports)
[5,12,14,15,17]. In order to obtain defect-free, crack-free and uniform TiO2 selective layer, most of reported fabrication methods
adopted tedious and costly multiple-coating strategies [3,17,18].
A common problem associated with current fabrication methods
is the blockage of the pores of the porous membrane substrate,
which can lead to a dramatic reduction in ﬂux [3,5]. To solve the
problem, intermediate layers must be formed with larger size TiO2
precursor particles before the desirable size TiO2 particle can be
coated [3,5]. Though these measures have signiﬁcantly reduced
the blockage problem, the ﬂux of the resultant membranes is low,
attributing to the inherent disadvantages of random particle packing and the multi-intermediate layer structures [17,18]. Introducing
the intermediate layers unavoidably increases thickness, leading
to a decrease in ﬂux. Low porosity (i.e., <36%) is another inherent
disadvantage of randomly packed particle structures, due to the
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presence of dead-ended pores that make no contribution to the
membrane permeability [17,18].
In order to overcome the intrinsic disadvantages of the randomly
packed particle structures, we and others recently demonstrated
a new dense layer TiO2 structure formed by randomly packed
nanoﬁbers via ﬁltration and spin-coating methods [6,17,18]. Such
a dense layer structure has distinctive advantages over the randomly packed particle structures. It possesses high porosity (>70%)
[17] and more importantly, no dead-ended pores present in the
porous structure formed by such one-dimensional nanoﬁbers [17].
However, the method has disadvantages. The nanoﬁbers used for
the membrane fabrication need to be hydrothermally synthesized,
and a number of puriﬁcation and treatment steps must be taken
before use. To avoid the blockage problem, it must either use smaller
pore size supporting substrate or adopt a multi-intermediate layer
approach. The pore size and porosity of the resultant membrane
prepared in such a way is almost solely determined by the dimensional parameters of the precursor nanoﬁbers. Nanoﬁbers with
different dimensional parameters, especially the diameters of the
ﬁber, must be purposely synthesized in order to effectively alert the
pore size and porosity of the resultant membrane. In addition, controlling thickness and uniformity of the coating layer are found to
be difﬁcult, especially when the coating area is large. Furthermore,
the resultant coating layer possesses relatively weak mechanical
strength and adhesion between the coating layer and the porous
membrane substrate.
In this work, we fabricated a high performance inorganic
ﬁltration membrane by directly growing titanate nanotube separation layer on a porous titanium membrane substrate. The
resultant titanate nanotube membrane retains superior transport/separation properties of a one-dimensional nanoﬁber based
membrane structure suitable for removal of waterborne pathogens.
In our work, E. coli is selected as test bacteria to demonstrate the
applicability.

2. Experimental
2.1. Titanate nanotube membrane fabrication
Titanium porous substrate membrane disks with 30 mm in
diameter, 2 mm thickness and average pore size of 1.0 m were
custom-manufactured by Shijiazhuang BEOT Co. Ltd., P.R. China.
Titanate nanotube membrane (TNM) was fabricated by direct growing titanate nanotubes onto a porous titanium membrane substrate
using a pre-prepared titanate seed solution under hydrothermal
condition. For our method, an apposite titanate seed solution is
essential for obtaining the desirable nanotube membrane structure. The titanate seed solution was synthesized by hydrothermal
treatment of metal titanium foil (2.0 g) in 10 M NaOH solution
at 150 ◦ C for 2 h and was then ultrasonically treated for 10 min
to achieve homogeneous dispersion. The resultant seed solution
contains mainly the titanate ﬂoccules (Fig. 1A) that give a milkyturbid appearance (Fig. 1B) distinctively different from the initial
transparent NaOH solution (Fig. 1C). These titanate ﬂoccules act
as precursors/seeds to facilitate the formation of dense titanate
nanotubes under hydrothermal conditions [19]. The formation of
the TNM was carried out by adding 2 mL seed solution to the top
of the porous titanium membrane substrate assembled in a special holder placed in an autoclave at 150 ◦ C for 5 h. The resultant
nanotube membrane was adequately rinsed with 0.1 M HCl and
deionized water. The as-prepared TNM was subsequently calcined
at 500 ◦ C for 2 h to improve the mechanical strength. It should be
noted that in addition to titanate seeds, titanium membrane substrate is also a main titanium source for the titanate nanotube
growth.
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Fig. 1. (A) Typical TEM image of titanate seed solution. (B) and (C) Photos of the
resultant seed solution and 10 M NaOH solution before reaction, respectively.

2.2. Titanate nanotube membrane performance
The separation performance of the obtained TNM was evaluated by ﬁltering 100 mL of dilute polystyrene (PS) microspheres
(or E. coli) solutions under a vacuum of 0.2 bar. PS microspheres
of 50, 100, 200 and 500 nm were purchased from Alfa Aesar, and
0.005 wt.% solutions were prepared by dispersing PS microspheres
in high-purity deionized water (Millipore Corp., 18 M cm). E. coli
were incubated in LB nutrient solution at 37 ◦ C on a rotary shaker
at 150 rpm for 24 h followed by a three repetitive washing process with a sterile physiological saline solution via centrifuging for
10 min at 5000 rpm. The resultant E. coli suspension was diluted to
∼4 × 106 CFU mL−1 with a sterile physiological saline solution and
used as the feed for ﬁltration experiments. The concentrations of PS
microspheres in the feed and permeated solution were measured
by UV–vis spectroscopy [17,18]. The concentrations of E. coli in the
feed and permeated solution were determined using the standard
plate count method and double conﬁrmed with the BacLightTM kit
ﬂuorescent microscopic method (Olympus, DS-5Mc, Japan) [20,21].
The retention (R) of the TNM was determined using Eq. (1):
R (%) =

1 − Cpermeate
× 100
Cfeed

(1)

where Cpermeate and Cfeed are the concentrations of PS microspheres
or E. coli permeate collected and the feed, respectively.
2.3. Sample characterization
SEM and TEM images of the samples were obtained using a
JEOL JSM-6300F ﬁeld emission scanning electron microscopy and
FEI Tecnai 20 transmission electron microscopy, respectively. XRD
patterns were obtained using a Shimadzu XRD-6000 diffractometer, equipped with a graphite monochromator. Cu K␣ radiation
( = 1.5418 Å) and a ﬁxed power source (40 kV and 40 mA) were
used. For each sample (feed and permeated ﬂuid), the UV–vis
spectroscopy was recorded from 190 to 800 nm using a Shimadzu
(Tokyo, Japan) UV 1691 spectrophotometer. The absorbance at
225 nm was used to determine the concentration of PS microspheres solution. The E. coli SEM samples were prepared using
the E. coli retained on the TNM. The TNM with retained E. coli
was pretreated with 3% glutaraldehyde for 1 h at room temperature and washed with 0.1 M cacodylate buffer (pH 7.4) for 10 min
to immobilize the retained E. coli onto the TNM. The sample was
then subjected to a 20 min post-treatment process with 1% osmium
tetraoxide followed by a dehydration process using a graded series
of ethanol (70, 90 and 100%) and 100% amyl acetate 2 times, each
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Fig. 2. (A) Schematic illustrating a direct hydrothermal growth method for fabrication of TNM. (B) Typical SEM image of the porous titanium membrane substrate. (C) Typical
SEM image of an as-synthesized TNM. (D) Typical SEM image of an annealed TNM.

for 10 min, respectively. The samples were then dried using Denton
Vacuum critical point dryer (Denton Vacuum Inc., USA), and ready
for SEM characterization.
3. Results and discussion
3.1. Construction of titanate nanotube
separation layer
Fig. 2A schematically illustrates TNM fabrication process. The
porous titanium membrane substrate has a mean pore size of
1.0 m and porosity of 25% (Fig. 2B). After hydrothermal reaction,

the hierarchical titanate nanotube structure was shown in Fig. 2C.
The as-prepared TNM was subsequently calcined at 500 ◦ C for 2 h
to improve the mechanical strength. Fig. 2D shows SEM image of
typical surface morphology of the annealed TNM. Such morphology was found to cover the entire coating surface (3.1 cm2 ). The
average length of the titanate nanotubes was found to be in a submillimeter range. XRD patterns suggested that the composition of
the nanotube layer after hydrothermal reaction was titanate (curve
a in Fig. 3). After calcination, the obtained XRD data conﬁrmed that
there was no phase transformation occurred and the titanate was
the domination composition of the annealed nanotubes, attributing to the high sodium content in the resultant titanate nanotubes
(curve b in Fig. 3) [22,23]. A detailed examination revealed that the
formed titanate nanotube layer possessed a hierarchical structure
with a 0.35 m dense nanotubular surface layer interconnected to
a 2.5 m intermediate nanotubular layer. It is to note that an initial
attempt to fabricate the titanate nanotube layer by directly immersing the porous titanium membrane in 10 M NaOH solution under
various hydrothermal conditions was failed due to the blockage of
the titanium substrate pores that caused by the formation of dense
titanate particle layer within the pores, and between the substrate
and nanotube structures [24–26]. It is also to note that comparison experiments were performed using the procedure shown in
Fig. 2A excepting that the seed solution was replaced by 2 mL of 10 M
NaOH solution. The resultant titanate porous membrane revealed
a ‘bird-nest’ structure with pore sizes up to 700 nm (Fig. 4).

3.2. Morphological and structural characteristics

Fig. 3. X-ray diffraction patterns of the as-synthesized TNM (curve a), and the TNM
annealed at 500 ◦ C for 2 h (curve b).

Fig. 5A displays a high magniﬁcation SEM image of TNM surface
after calcination. It revealed that the top dense nanotube layer
responsible for membrane selectivity was formed by the directly
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Fig. 4. Surface (A) and cross-section (B) SEM images of the titanate porous membrane hydrothermally fabricated using 2 mL of 10 M NaOH solution at 150 ◦ C for 5 h and then
annealed at 500 ◦ C for 2 h.

grown interwoven nanotubes. Such a network formed by the
ultra-long interwoven nanotubes possesses strong mechanical
strength and enables a uniform coverage to produce crack-free
and pinhole-free membrane structure. The structural parameters
of individual nanotube were investigated by high resolution TEM
(see the insert in Fig. 5A). The internal and outer diameters of the
nanotube were found to be about 6 and 12 nm, respectively. The
thickness of the nanotube wall was approximately 3 nm, and the
measured interlayer spacing was about 7.8 Å. These parameters
are similar to those obtained via a normal hydrothermal method
[27]. In addition, the cross-section SEM image shown in Fig. 5B
demonstrates a well preserved hierarchical nanotube structure
after calcination. A further investigation revealed that such a
hierarchical nanotube structure can be perfectly preserved when
the calcination temperature was below 500 ◦ C. A calcination temperature of 550 ◦ C led to a partially collapsed nanotube structure.
The nanotube structure was found to be completely destroyed
when the temperature was greater than 650 ◦ C.
With the randomly packed nanoﬁbers structure, the pore size
and porosity are determined by the diameter of the precursor
nanoﬁbers [17,18]. The pore size equals the precursor nanoﬁbers’
diameter would be the smallest achievable pore size for the randomly packed nanoﬁbers structure. In this regard, the directly
grown nanotube structure is advantageous. This is because the
pore size and porosity of the network structure formed by interweaving smaller diameter nanotubes (i.e., ∼12 nm) can be tuned
by controlling the density and thickness of the top layer. The pore
size distribution of the TNM was found to be ranged from 10 to
110 nm, determined by a liquid–liquid displacement method [28].

The obtained data also revealed that over 80% of pores were within
the range of 25–50 nm while only less than 0.5% of pores having
sizes greater than 100 nm. For this reason, we deﬁne the obtained
TNM as a microﬁltration membrane although over 90% of pores
were within the ultraﬁltration membrane pore size range. A membrane with such a pore size distribution can be used for a wide range
of applications, particularly, for removal of waterborne pathogens
and viruses [29–34].
3.3. Transport and separation properties
The permeability and separation performance of the
TNM were evaluated. A steady pure water permeability of
680 ± 28 L m−2 h−1 bar−1 was obtained. The separation characteristics were evaluated by ﬁltering 100 mL water dispersed
with 0.005 wt.% of polystyrene (PS) microspheres under a constant applied pressure of 0.2 bar. Fig. 6A shows the effect of PS
microsphere size on the steady permeability and the percentage
retention. The steady permeability obtained from all microsphere
sizes investigated were within 615 ± 25 L m−2 h−1 bar−1 , suggesting the size of the PS microsphere has an insigniﬁcant inﬂuence on
the membrane permeability. A near 100% retention was achieved
for all microsphere sizes investigated (50, 100, 200 and 500 nm
in diameter). The lowest retention obtained from ﬁltrating 50 nm
microspheres was as high as 97%. These results demonstrate that
the TNM has the ability to ﬁlter out particles with sizes greater than
50 nm. The strong mechanical strength is one of the advantages
of inorganic membranes. The TNM fabricated in this work utilizes
a porous titanium membrane substrate (30 mm in diameter and

Fig. 5. SEM images of the resultant TNM annealed at 500 ◦ C for 2 h. (A) A typical surface SEM image; the inset is a TEM image of individual titanate nanotube. (B) A typical
cross-section SEM image.
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Fig. 6. (A) Effect of PS microsphere size on permeability and retention of TNM. (B) TNM ﬁltration performance of 50 nm PS microspheres over ﬁve consecutive back-ﬂushing
regeneration cycles. (C) SEM image of retained PS microspheres on TNM surface. (D) A cross-section SEM image of the TNM after ﬁltration of PS microspheres mixture.

2.0 mm in thickness) fabricated by compressing titanium powder
under high pressure and temperature. The mechanical strength
of the substrate is sufﬁcient to sustain the pressure required to
drive a microﬁltration or an ultraﬁltration process. Nevertheless,
the mechanical properties of the membrane are also largely determined by the mechanical properties of the nanotubular layer and
the adhesion between the two parts. The directly grown titanate
nanotubes possess strong adhesion to the porous substrate. The
entire nanotube network (separation layer) was formed by the
interwoven ultra-long nanotubes network directly grown to the
substrate. The high temperature calcination further enhances the
mechanical strength of the nanotube network and their adhesion
to the substrate. Because of these, the resultant TNM possesses
strong mechanical strength. The membrane regeneration is an
important practical issue. The superior mechanical properties of
the TNM can be utilized to regenerate membrane by a means of
back-ﬂushing. In this work, the performance of the regenerated
TNM was evaluated using 0.005 wt.% of 50 nm PS microspheres.
The steady permeability was measured during each ﬁltration cycle
and a cycle was terminated when the measured permeability
decreased to 50% of its steady permeability. The ﬁltrated volume
was measured and equal volume of water was added back to
the feed. The membrane was then regenerated by back-ﬂushing
compressed air under a controlled pressure of 0.5 bar for 2 min. The
retained microspheres by the membrane were re-dispersed back to
the feed by the back-ﬂushed air. The concentration of microspheres
in the feed should be equal to their original concentration if all
retained microspheres were re-dispersed during the back-ﬂushed
regeneration process. There should not be any signiﬁcant change
in the steady permeability and the percentage retention of consecutive ﬁltration cycles if the back-ﬂushing regeneration method
is effective. Fig. 6B shows the membrane performance obtained
from 5 consecutive back-ﬂushing regeneration cycles. A near 98%
retention was observed from all cycles, implying that there was
no structural damage occurred, as the result of back-ﬂushing
actions. More importantly, no signiﬁcant decrease was observed

from the steady permeability of consecutive cycles, indicating the
membrane can be effectively regenerated by the simple procedure
of back-ﬂushing air. The retention of PS microspheres by the
TNM was characterized using SEM technique. A mixture of PS
microspheres was prepared by mixing the original 0.005 wt.% PS
microsphere dispersions of 50, 100 and 200 nm in a ratio of 1:1:1
(v/v/v). Fig. 6C and D shows the surface and cross-section SEM
images of the TNM after ﬁltration, respectively. It can be seen
that different size PS microspheres were retained by the dense
nanotube layer (Fig. 6C) and no microsphere was able to penetrate
through the dense nanotube layer (Fig. 6D). These observations
demonstrate the superior structural properties of the TNM.
For comparison purpose, the titanate porous membrane (Fig. 4)
fabricated using 2 mL of 10 M NaOH solution rather than seed
solution was examined by ﬁltrating different size PS microsphere
dispersions. Retentions of 42%, 13%, 6.3%, and 0.5% were obtained
for PS microspheres of 500, 200, 100, and 50 nm, respectively
(Fig. 7A). Except for 50 nm PS microspheres, a higher permeability of approximate 1000 L m−2 h−1 bar−1 was obtained for all other
PS microsphere sizes (Fig. 7A). Higher ﬂux (∼1130 L m−2 h−1 bar−1 )
obtained from 50 nm microsphere can be attributed to the larger
pore size (Fig. 4) that allows 50 nm PS microsphere directly ﬁltrating
through the membrane without the pores being blocked. The lower
ﬂuxes obtained from PS microsphere sizes greater than 100 nm may
be due to the blockage of pores as a result of PS microspheres
retained inside of the pores. Cross-section SEM image shown in
Fig. 7B revealed that the PS microspheres with 50, 100 and 200 nm
in diameter can be found inside of the pores. These results further conﬁrm that the titanate seed solution plays an important role
in the formation of the dense titanate nanotube layer with high
selectivity.
3.4. E. coli removal
Serious global fresh water shortage problems force us to recycle/reuse water. Effective removal of biohazards (e.g., waterborne
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Fig. 7. (A) Filtration properties of the titanate porous membrane tested with a 0.005 wt.% PS microspheres feed containing different size PS microspheres of 50, 100, 200 and
500 nm in diameter. (B) A cross-section SEM image of the titanate porous membrane after ﬁltration of PS microspheres mixture.

Fig. 8. (A) TNM ﬁltration performance of E. coli with an initial concentration of ∼4 × 106 CFU mL−1 . (B) and (C) The ﬂuorescent microscopic images of E. coli feed and permeate,
respectively. (D) A SEM image of retained E. coli on the TNM after ﬁltration (low magniﬁcation) and a high magniﬁcation SEM image (inset). (E) A cross-section SEM image of
TNM after ﬁltration of E. coli.

pathogens) from treated water is one of the most important aspects
to safeguard water recycle/reuse. Owing to their advantageous
properties, the inorganic membranes could play an important role
in the ﬁeld of puriﬁed recycled water. The applicability of the
TNM for removal of waterborne pathogens was therefore investigated using E. coli as a test species. All ﬁltration experiments
were performed under a constant pressure of 0.2 bar using a
feed containing 4 × 106 CFU mL−1 E. coli. Fig. 8A shows the membrane performance characteristics. The membrane permeability
decreased initially with time and reached a near steady permeability of 608 L m−2 h−1 bar−1 after 40 min of ﬁltration. Complete
E. coli removal (i.e., 100% retention) was achieved for all cases
investigated. For all experiments, the bacterial viability in the ﬁltrated solution was determined using the standard plate count
method after 24 h sample incubation at 37 ◦ C and were double conﬁrmed with the BacLightTM kit ﬂuorescent microscopic method
[21]. Fig. 8B and C shows the ﬂuorescent microscopic images of
viable cells in the feed and the ﬁltrated solution, respectively. The

viable cells accumulate Rhodamine 123 appearing as ‘green’ under
ﬂuorescent microscope [21]. It is very obvious that no viable cells
were observed in the ﬁltrated solution, suggesting 100% removal
of E. coli was achieved (Fig. 8C). The surface SEM image shown in
Fig. 8D suggests that the top dense nanotubular layer was responsible for the retention of E. coli. The cross-section SEM image shows
no E. coli was able to penetrate through the dense layer (see Fig. 8E).
4. Conclusions
In summary, a hierarchically structured titanate nanotube
membrane has been successfully fabricated by directly growing
nanotubes onto a porous membrane substrate using a seed solution under hydrothermal conditions. A hierarchically structured
titanate nanotube separation layer constructed by interwoven
ultra-long nanotubes directly grown on the substrate possesses
superior structural and strong mechanical properties. Beneﬁting
from these properties, TNM is intrinsically protected from cracks
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and pinholes, and can be readily regenerated via a simple pressure driven back-ﬂushing process. Successful separation of E. coli
demonstrates the applicability of TNM for waterborne pathogens
removal, which would be of a great interest to the puriﬁed recycled
water applications. The high selectivity and ﬂux of TNM in addition
to its excellent biocompatibility and nontoxic nature make such a
membrane highly attractive to medical applications for removal of
pathogens and other unwanted biological constituents with sizes
greater than 50 nm from highly complex medium.
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