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H I G H L I G H T S  

• Anodic nanotubes have been found to be extremely resistant to aging and deactivation following a 12-week aging. 
• High photocatalytic activities were retained despite the fouling of the surfaces. 
• Sustained antibacterial activities at the end of the aging experiment. 
• The inter-tube spaces act as catchment areas where debris can accumulate. 
• Nanotube layers obtained by anodic oxidation show promise for long term use in greywater treatment reactors.  
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A B S T R A C T   

Anodic titanium dioxide (TiO2) nanotubes were found to be highly active photocatalysts which can be used as 
templates for further modification in order to tailor their photocatalytic activity for a specific application. These 
photocatalysts possess a high surface area despite being supported, making them suitable candidates for water 
treatment as no post process recovery is required. 

In this work, three different electrolyte compositions together with different process parameters were used to 
synthesise nanotube arrays having different morphologies. The mechanical and chemical stability together with 
their photocatalytic activity was studied following a twelve-week aging regimen. The nanotubular surfaces were 
exposed to flowing greywater under UV-VIS irradiation to simulate daylight. The mechanical and phase stability 
of the materials were found to be excellent with no degradation and change in crystalline structure being 
observed. The different morphologies provided different levels of resistance towards fouling with the nanotubes 
synthesised in the organic electrolyte being the most resistant surface. This resistance to fouling also resulted in 
the photocatalytic activity being sustained despite the forceful aging conditions. Overall, all the nanotube 
morphologies were stable making anodizing a suitable synthetic strategy to produce surfaces for real-life 
applications.   

1. Introduction 

Honda and Fujishima successfully used a TiO2 electrode to split 
water by photoelectrolysis [1]. Their seminal work, spearheaded 
research into the properties of TiO2 which had long been used as a 
brilliant white pigment. This research was targeted mainly to nano
particles of TiO2 given that their properties at the nanometric scale are 

vastly different to those of bulk TiO2. When exposed to UV light in an 
environment which contains oxygen, these materials can sustain 
photooxidative and photoreductive reactions. Such reactions are ex
amples of photocatalysis and can be exploited for the degradation of 
pollutants both in air and water [2]. This gained insight has led to the 
widespread use of TiO2 most notably self-cleaning glass. TiO2 nano
powders have also been considered as viable candidates for water 
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purification by virtue of their high surface areas which promote high 
photocatalytic activities. Despite the advantages of their high activity, 
low-cost and stability, separation of these particles from the treated 
water is extremely laborious and recovery can never be complete [3,4]. 
The release of nanoparticles into the environment can have a deleterious 
effect including their bioaccumulation in the flora and fauna [5,6]. The 
deposition or binding of the photocatalysts to a substrate like the pre
viously mentioned self-cleaning surfaces can help alleviate the problem 
of the leaching nanoparticles. This approach is however not without its 
limitations and release of TiO2 nanoparticles from paints has been re
ported by Kaegi [7] and Kattan [8] amongst others. Reijnders has also 
been critical of researchers labelling nanocomposites containing semi
conductor particles as being eco-friendly or non-toxic [9]. Whilst a 
structurally sound nanostructure can be considered as safe, degradation 
will always set in to some extent resulting in the release of nanoparticles. 

TiO2 nanotube arrays obtained by anodic oxidation of titanium are 
self-ordered supported photocatalysts, where the substrate is used as the 
medium from which they are synthesised. Even though nanotubes and 
similar nanostructured morphologies can be produced by sol-gel and 
hydrothermal methods amongst others, these photocatalysts need to be 
bound to a substrate. Anodic oxidation provides a facile method where 
nanotubes with a length of several microns can be produced without the 
need of further processes for deposition. Albeit being superior in that 
they are found ready bound to a stable substrate; their stability still 
needs to be assessed. Titanium dioxide is regarded as highly insoluble 
and free from the effects of photocorrosion after undergoing several 
cycles of photooxidation and reduction reactions [10]. The anodic 
nanotubes are however a highly stressed structure with different regions 
along the tubes being under either tensile or compressive stresses. These 
stresses are sometimes relieved without any significant outside manip
ulation resulting in the detachment of the nanotube layer from the 
substrate [11]. Factors which lead to delamination include drying of the 
as-produced nanotubes under forced convection and washing the 
nanotubes after removal from the electrolyte [12]. To address delami
nation of the as-produced samples, strategies such as the formation of a 
base compact layer and a secondary anodisation step at lower voltage 
have been devised [13,14]. Once a stable nanotubular structure is 
established, the long-term stability during use must be determined. This 
is imperative in order to guarantee the successful implementation of this 
technology for water treatment. 

Only a handful of studies on the stability and photocatalytic activity 
of thin coatings have been carried out and these feature materials pro
duced by chemical vapour deposition and sol-gel methods. The stability 
of such coatings and their activity under flow, immersion and flow/UV 
exposure regimes has been assessed [15,16]. Both articles report the 
release of titanium dioxide in nanometric form, despite the inherent 
stability of both TiO2 and the binder keeping the TiO2 immobilised. Even 
in the case of the homogenous sol gel coating developed by Yao et al. on 
washing, the photocatalyst coatings lost some of their activity, which the 
authors attributed to the release of TiO2. Olabarietta et al. reported the 
influence of flow induced mechanical damage was extremely low. A 
much higher release of TiO2 was however recorded when sodium 
chloride was added to the aging solution [16]. 

On the other hand, the stability of anodic TiO2 nanotubes has been 
scantly addressed in research works. Changes to the morphology and 
crystalline structure of non-annealed nanotubes after immersion in 
aqueous media were reported, however no such work was carried out on 
annealed nanotubes [17,18]. At the time of writing, the authors have not 
found reports describing the long-term stability and photocatalytic ac
tivity of anodic titania nanotubes in conditions simulating field use. 
Given that the photocatalytic activity of thermally annealed titania 
nanotubes exceeds that obtained using other annealing techniques, the 
viability of these materials should be assessed [19]. 

In this work, three different nanotube morphologies obtained using 
different electrolytes were synthesised and aged. The aqueous electro
lytes were chosen due to their low cost whilst producing a well-defined 

nanotubular structure. The experimental parameters for the synthesis 
using the ethylene glycol were selected to ensure the formation and 
retention of an oxide layer between the single tubes. The presence of an 
oxide layer should limit the number of potential sites where debris can 
accumulate. The seminal work of Assefpour-Dezfuly described the for
mation of a nanotubular morphology by anodic oxidation in a chromium 
oxide/ammonium fluoride electrolyte [20]. This work was expanded on 
by Zwilling, whose own contributions have led to anodic TiO2 nanotubes 
being the subject of continued research spanning two decades [21]. The 
facile method together with an excellent process control make this 
synthetic strategy highly attractive. The potential of these materials as 
photocatalysts was described by Macak and the nanotubular arrange
ments have since been used extensively as templates for further modi
fication [22]. Strategies for enhancing the activity of the semiconductors 
include doping, decorating with transition metal nanoparticles and dye 
sensitisation [23–26]. The first syntheses involved the use of aqueous 
baths containing a mixture of hydrofluoric acid and another inorganic 
acid [21,27,28]. Subsequent research introduced the use of organic 
media which led to the synthesis of the most active TiO2 nanotubular 
structures [29–31]. The organic electrolytes are however significantly 
more expensive than their aqueous counterparts. The cost for anodizing 
of titanium is significant if this technology is to be implemented in water 
treatment units for consumer use. 

Samples representing each morphology were exposed to synthetic 
greywater containing both chemical and bacteriological components 
flowing over the surfaces. A UV-VIS light source representing daylight 
was used to provide 12 h of illumination per day, for twelve weeks. This 
set-up exposed the materials to the possible effects of mechanical 
damage to the nanotubes, detachment of the layer, fouling and loss of 
photocatalytic activity by repeated activations. The effect of this expo
sure on the changes in morphology, chemical composition and crystal
line structure of the materials were monitored by scanning electron 
microscopy (SEM) imaging coupled with electron dispersive spectros
copy (EDS) and x-ray diffraction (XRD) respectively. The solar absorp
tance of the materials was calculated from diffuse reflectance values and 
its variation with aging recorded. TiO2 being a wide band gap semi
conductor (~3.0–3.2 eV), UV light is required for the generation of the 
charge carrier pair [32]. The solar spectrum contains about 5% UV and 
thus its absorptance values in this range of wavelengths can help 
determine the suitability of the materials for solar photocatalytic ap
plications [33]. The use of solar radiation to help bolster photocatalysis’ 
position as an effective green technology is still a thriving research area 
[34,35]. The changes in photocatalytic activity were assessed by 
measuring the efficiency in degrading methylene blue (MB) and the 
antibacterial activity towards E.Coli. 

The stability of different morphologies obtained using different 
electrolytes towards exposure to greywater can determine the suitability 
of these facile, scalable, and effective synthesis methodologies. By 
identifying the most stable material, the possibility of using anodic 
nanotubes in greywater treatment solutions is cemented further. A 
highly stable material can aid in significantly offsetting the production 
cost thus increasing its cost effectiveness. 

2. Experimental 

The suitability of the materials for long term use in photocatalytic 
greywater treatment was assessed by designing a flume on which the 
materials were exposed to flowing synthetic greywater and UV-VIS light. 
The synthetic strategies and the characterisation exercises conducted are 
discussed in the section. The methods by which the photocatalytic ac
tivity of both unaged and aged materials is assessed are reported. The 
design and the rationale behind the aging exercise are described in 
detail. 
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2.1. Synthesis of materials 

The nanotube arrays were produced by anodic oxidation (anodizing) 
of commercially pure (99.6%) titanium (Grandis) in a two-electrode set- 
up. The electrodes were composed of equally sized titanium plates 
separated by a distance of 30 mm. Prior to the process, the electrodes 
were sonicated sequentially for 10 min in acetone, followed by iso
propanol with a final sonication in deionised (DI) water. The anodizing 
potential was supplied by a Delta Elektronika SM66-AR-110 power 
supply and the processes were carried out under potentiostatic condi
tions. An electrolyte consisting of 3 wt% deionised (DI) water, 0.5 wt% 
ammonium fluoride (Sigma Aldrich) and ethylene glycol (Scharlau) as 
balance was used. A potential of 70 V was applied for 1 h and the 
resulting TiO2 nanotube array termed TiO2NT-EG. For the anodizing of 
titanium in the aqueous media a lower potential was applied as higher 
potentials result in the loss of the nanostructure. A potential of 20 V was 
applied for both cases. For the first aqueous bath, an acidic electrolyte 
composed of a solution of 0.5 wt% sodium fluoride (Sigma Aldich) in 1 
M phosphoric acid (Scharlau) was used. The process was conducted for 
3 h and the resulting material will be hereafter referred to as TiO2NT-PA. 
In the second aqueous bath, a 0.5 wt% sodium fluoride solution in 1 M 
sodium sulfate (Sigma Aldrich) was the electrolyte employed. In this 
case the arrays produced are termed TiO2NT-SS. The anodizing in the 
last bath required 6 h of processing. For all cases, the as produced 
nanotubes were gently rinsed with acetone in order to remove the 
electrolyte following anodizing. The nanotube arrays were then 
annealed at 450 ◦C for 2 h. The annealed samples were sonicated for 5 
min in isopropanol and air dried. 

2.2. Aging of the nanomaterials 

The simulated greywater used in this investigation was based on the 
findings reported by Thompson et al. [36]. Real greywater was used to 
spike the chemical component of the synthetic greywater with bacteria, 
diluting 1 part of greywater with 19 parts of the chemical mixture. The 
greywater was collected from the capture tank of the MCAST greywater 
treatment facility which collects greywater from the wash hand basins in 
one of the buildings prior to this being treated. The chemical and 
bacteriological parameters of the greywater are presented in Table 1. 
Forty litres of synthetic greywater were circulated over a glass flume 
with an elevation of 6◦ where six sets of three 25 × 25mm samples of 
each material were attached. The synthetic greywater was maintained at 
30 ◦C and flowed over the sample surfaces at a rate of 144 l/h. The flow 
rate was such that the sample surfaces were flooded in 3 mm of water at 
all times during aging. Two 26 W Exoterra UVB-100 bulbs together with 
two 25 W Exoterra Natural Light bulbs served as the light source used to 
mimic daylight. The bulbs were mounted 9 cm above the sample surface. 
The calculated UV component of the irradiance over the 18 coupons was 
found to be between 10 and 12 W/m2. A 24-h aging cycle comprising 12 
h of illumination followed by 12 h in the dark was employed. The 
duration of the aging regimen was of 12 weeks with sampling intervals 
set at 1, 4, 6, 8 and 12 weeks where a set of three samples was removed 

at the end of each interval. A separate tank was used for each material, 
keeping all experimental parameters identical. The tanks were cleaned 
weekly together with a replacement of the synthetic greywater. This 
water change functioned to accelerate the degradation rate of the ma
terial, as fresh pollutants were added each week, not allowing any of the 
single components to be wholly depleted. The low angle of elevation of 
the flume ensured a better contact of the greywater with the samples. 
After removal, the samples were gently swabbed with a piece of cotton 
wool and soaked thrice in isopropanol for 10 min followed by three 1-h 
soaking cycles in DI water and the samples air dried. A schematic of the 
aging set-up is provided in Fig. 1. 

2.3. Characterisation 

The unaged nanotubes together with the samples aged for pre
determined time periods were imaged using a Zeiss Merlin Field Emis
sion Scanning Electron Microscope. For the probe, a voltage of 15 kV 
and a current of 1 nA were used. Prior to imaging, the aged samples were 
soaked in deionised water for 10 min to remove any adherent material. 
This process was repeated twice more and the samples dried using ni
trogen. The chemical composition of the active surface was determined 
with an Apollo EDAX EDS detector mounted on the electron microscope. 
An area of 1 × 1μm was scanned with an exposure of 100 live seconds. 
Diffractograms of all the materials during the various stages of the aging 
experiment were obtained using a Rigaku Ultima IV Cu-Source X-ray 
Diffractometer. A step size of 0.02 s with a dwell time of 1 s was used 
spanning from 20◦ to 90◦. 

2.4. Spectral absorptance 

Diffuse reflectance spectra were obtained using a Shimadzu 
SolidSpec-3700 UV-VIS spectrometer housing an integrating sphere. The 
spectra were obtained at 1 nm increments at medium speed over the 
range between 280 and 700 nm. The absorptance values were corrected 
to account for solar global tilt as described in ASTM G173-03 standard 
[37]. The total spectral absorptance was calculated using equation (1). 

α=

∫ λ2
λ1

αλGλdλ
∫ λ2

λ1
αλdλ

1  

Where λ is the wavelength αλ is the absorptance at a specific wavelength, 
Gλ is the spectral irradiance at a specific wavelength. 

2.5. Quantification of photocatalytic activity 

A more holistic assessment of the photocatalytic activity can be 
found in our previous work [38]. In this previous publication, the effect 
of pH on activity and the different reactive oxygen species (ROS) 
involved in the degradation reactions were quantified and identified. 
The microorganisms which are more susceptible to photocatalytic 
disinfection were also identified. In this work, a facile protocol for 
assessing the changes in photocatalytic activity was developed. The 
method described in ISO 10678:2010 was adopted to quantify the 
photocatalytic activity [39]. The volume of the MB solution was reduced 
to 10 mL whilst the other variables described in the standard were left 
unchanged. The samples were initially irradiated for 1 h at a wavelength 
of 365 nm and an intensity of 1.2 mW/cm2 using an Opsytec BS-02 
chamber with a UV MAT controller. This removed any adventitious 
hydrocarbons from the surface [40]. The samples were immersed in 10 
mL of a 1.5 × 10− 5 M methylene blue solution and allowed to reach the 
absorption-desorption equilibrium for 1-h in the dark. The absorbance of 
the solution after irradiation was measured at 30-min intervals over a 
period of 4 h. A scan range between 500 and 800 nm was used to read 
the absorbance maximum at 664 nm on a Shimadzu SolidSpec 3700i. 

A culture of Escherichia coli ATCC® 8739™ was incubated with 
shaking at 37 ◦C at 120 RPM under aerobic conditions for 8 h. The 

Table 1 
Chemical and bacteriological composition of final greywater mixture.  

Chemical or Biological Parameter Concentration 

Cl− 640.00 mg/L 
Ca Hardness 225.00 mg/L 
Total Hardness 380.00 mg/L 
NO3

− 17.40 mg/L 
NO2

− 2.60 mg/L 
NH3 4.67 mg/L 
Total Phosphorus 0.43 mg/L 
Total Surfactants 1.14 mg/L 
Total Coliforms 10285.5 ± 3322.5 CFU/mL 
E.Coli 855.5 ± 610.7 CFU/mL  
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optical density of the culture was adjusted with tryptic soy broth to 0.5 
abs units at 600 nm equivalent to 1.5 × 108 CFU. A 200 μL aliquot of the 
prepared microbial solution was spread uniformly over the sample 
surface using a micropipette and placed in a climatic chamber (ICH 256 
Memmert GmbH) held at 37 ◦C and 80% relative humidity. The aged 
samples and a titanium metal blank were placed on a glass microscope 
slide place over a 5 cm open petri dish. To the petri dish 10 mL of water 
were added to prevent the bacterial solution from drying out. After 1 h of 
irradiation the coupon was transferred into a sterile 5 cm petri dish and 
1 mL of sterile phosphate buffered saline (PBS) was added. The petri dish 
was gently shaken to recover all the bacterial solution. The PBS solution 
was transferred into a sterile Eppendorf tube and from which aliquots 
were taken to prepare a serial dilution with a range of 102 to 106. A 50 μL 
aliquot from each dilution was plated onto total count agar and incu
bated upside down for 10 h at 35 ◦C. The number of colonies cultured 
were counted and the photocatalytic activity with respect to a titanium 
blank was calculated. 

3. Results and discussion 

The morphology of the surfaces was assessed for signs of delamina
tion, photocorrosion and flow assisted degradation. Possible changes to 
the crystalline structure and chemical composition of the surfaces were 
similarly investigated. The photocatalytic activity after the aging 
experiment was determined and corroborated to the physical and 
chemical changes recorded. 

3.1. Morphology and chemical composition 

On analysis of the SEM images of the aged surfaces the reduction in 
exposed surface area due to the build-up of debris was immediately 
noticeable. The percentage exposed area of the array has been estimated 
by image analysis of the SEM images of aged surfaces imaged at 20 K 
magnification (not shown here). The trend with time is plotted in Fig. 2. 
This magnification was found to make quantification easier. The per
centage exposed area for TiO2NT-EG decreases gradually with each 
aging time point, reaching a final value of 86%. For TiO2NT-PA, the 
coverage until the fourth week of aging was relatively low, with around 
89% of the surface being free from debris. However, by the sixth week, 
only 4% of surface was not fouled, eventually reaching a value of 2% by 
the twelfth aging interval. On the TiO2NT-SS surface a large decrease in 
the exposed area is recorded after just four weeks of aging, where the 
value decreases to 61%. This is followed by a further small decrease after 
six weeks. Less than half of the surface was exposed by the eighth week. 
The final value at 27% was extremely low when compared to the final 
value for TiO2NT-EG however the exposed surface area was significantly 
higher than that of TiO2NT-PA. The remainder of this section discusses 
the morphology of the different materials in more detail. 

Image analysis of the array surfaces and their cross section was used 
to determine the tube diameters and array thicknesses. The average tube 

diameter for TiO2NT-EG was around 80 nm and the layer thickness 10 
μm. The TiO2NT-PA arrays were considerably thinner at 700 nm with 
their average tube diameter being about 105 nm. In terms of layer 
thickness, TiO2NT-SS at 1.6 μm was nearly twice as thick as TiO2NT-PA 
but significantly thinner TiO2NT-EG. The average tube diameter was 
around 65 nm. 

The surface morphologies of TiO2NT-EG arrays during the different 
stages of the aging exercise are presented in Fig. 3a to f. The unaged 
array in Fig. 3a shows that the individual nanotubes in TiO2NT-EG 
appear to be fused to their neighbouring tubes with no inter-tube spaces 
visible on the surface. This fused appearance is due to remnants of the 
compact oxide layer formed during the initial stages of the anodizing. 
This layer is etched by the field assisted migration of the fluoride ions 
which leads to the formation of the nanotube morphology [41]. Discrete 
nanotubes were still produced despite the fused appearance, and these 
can be seen in Fig. 4 which presents a cross section view of the arrays 
after the fourth week of aging. This oxide layer was not removed as it 
could serve as a barrier against entrapment of debris in the inter-tube 
spaces, possibly enhancing the fouling resistance of the material. The 
outer diameter of the tubes whilst not very well defined, is noticeable, 
indicating the formation of nanotubes rather than nanopores. A more 
complete etching of the nanotubes could have been achieved by 
applying the potential for longer. Similarly, ultrasonication can help 
detach this oxide layer holding the nanotubes together. The surface 
morphology of the nanotubes in TiO2NT-EG was mostly unchanged after 
one week of aging (Fig. 3b). Supplementary Fig. 1B reveals no dissolu
tion or perforation along the length of the nanotubes. Also, there was no 

Fig. 1. Schematic showing the main components of the aging module.  

Fig. 2. Variation in percentage exposed surface along the aging timeframe.  
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evident structural damage to the nanotubes from the top, and the 
nanotube layer was still adherent to the substrate. The presence of a 
fluoride rich layer at the nanotube bottom-substrate interface has been 
reported by Yu [13] and Habazaki [42] where they report that its 
dissolution can result in delamination of the nanotube layer. Similarly, 
Berger et al. have reported that fluoride rich areas can be found to be 
present along the inside of the nanotubes and in the inter-tube spaces 
[43]. In this study, the as-produced nanotubes were rinsed in acetone to 
avoid dissolution of the fluoride rich bottom layer to avoid delamination 
of the layers. The only slight change in the morphology of the surface 
was that the nanotubes became more defined and the single nanotubes 
could be discerned. This might be due to the fluoride induced etching or 
the removal of loosely bound TiO2 particles by the flow of water over the 
surfaces. This cleaning action has been previously reported and was 
attributed to the combined effect of water flow and the UV irradiation 
[44]. Supplementary Fig. 1c and Fig. 4 reveal that the integrity of the 
tubes was retained even after four weeks of aging. However more 
distinct changes to the nanotube surfaces were recorded as shown in 

Fig. 3c. The outer diameter of the individual nanotubes is even more 
well defined than it was after the first week. Accumulation of debris 
around the tube tops is evident with some of the tubes being occluded by 
the material. Translucent crystals were also deposited over the surface 
with the tube tops clearly visible underneath. An approximate chemical 
composition of the particles was determined by EDX (Fig. 5). The 
translucent particles are most likely kaolin crystals. Kaolin crystals can 
have a hexagonal or prismatic flake morphology [45]. The silicon and 
aluminium content of these shards confirms the identity of the particles, 
the low values are due to the characteristic radiation originating from 
the substrate being picked up by the EDS detector, as the shards are 
extremely thin, thus reducing the overall reported concentration of these 
elements. When these flake-like shards are packed into a more volumi
nous shard, the silicon and aluminium contents are much higher. The 
other elements belong to the salts and the organic compounds making up 
the synthetic greywater. No changes to the nanotubes along their lengths 
were recorded for the remaining aging intervals (Supplementary 
Figs. 1D–F). The condition and the morphology of the surface from the 
sixth week (Fig. 3d) onwards mostly resembled that recorded in the 
fourth week albeit with a higher degree of coverage of the surface with 
debris. The definition of the outer tube diameter was reduced as small 
particles filled the slight depressions around it and is clear by the eighth 
week (Fig. 3e). By the end of the twelfth week of aging, the singular 
nanotubes could not be discerned, however a significant number of tube 
pores remained open (Fig. 3f). Most importantly, no detachment or 
breakage of the nanotubes was visible, indicating that the arrays are 
resistant to mechanical damage by the flowing water, continued fluoride 
assisted etching and photoinduced corrosion. The likely inclusion of 
carbon within the nanostructure when ethylene glycol was used does not 
appear to have any detrimental effect on the stability of the arrays. 
Despite the weekly loading with more solid particles, the nanotubular 
morphology was found to be resistant to extreme fouling. The relatively 
narrow nanotube diameter at around 80 nm, coupled with the absence 
of spaces between the tubes made accumulation of material on the 
surface more difficult. 

The surface morphology of the unaged TiO2NT-PA nanotubes is 
presented in Fig. 6a. Cross section images for both materials synthesised 
in the aqueous electrolyte could not be obtained as their low thickness 
resulted in excessive damage when the samples were prepared for im
aging. The nanotubes are very well structured and significant inter-tube 
spaces exist around each tube. After one week, the inter-tube spaces 
proved to be the sites where accumulation of debris was the most severe 
(Fig. 6b). A compact continuous layer of debris can be seen at the four 
corners in this figure with the upper and bottom right-hand corner being 
the more conspicuous. The morphology of this debris layer can be seen 
in more detail in Supplementary Fig. 2. The inter-tube spaces were 
nearly all filled by the end of the fourth week and the surface was 
extensively covered with debris (Fig. 6c). The composition of this ma
terial is close to that observed on the TiO2NT-EG surface with the 
composition at two locations being recorded in Fig. 7. The surface at the 
end of the sixth week shown in Fig. 6d resembled that of week four. The 
coverage with the compact and consolidated layer was extensive, with 
the debris pervading both the nanotube openings and the inter-tube 
spaces. This trend of material accumulation continued into the eighth 
(Fig. 6e) and twelfth week (Fig. 6f), with the debris forming mounds 
over the previously deposited compact layers. The spacing between the 
tubes combined with a larger nanotube diameter of around 105 nm 
greatly facilitated the build-up of debris. One other noticeable change 
from the TiO2NT-EG surface is the development of dark areas which can 
be clearly seen in Fig. 6e and f. This has been attributed by Fischer to be 
due to fouling by organic species [46]. Despite the ability of the mate
rials to degrade organic matter, the weekly addition of cellulose and 
bacteria and other complex organic compounds could limit the effi
ciency of the surface. This loss in efficiency can be derived from the 
coverage and subsequent shadowing of the surface by insoluble 
material. 

Fig. 3. Morphological changes on TiO2NT-EG Surface: a) Unaged b) Week 1 c) 
Week 4 d) Week 6 e) Week 8 f) Week 12. 

Fig. 4. Cross-section SEM image showing the morphology of the discrete 
nanotubes after 4 weeks of aging. 
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The unaged TiO2NT-SS surface shown in Fig. 8a, is less uniform than 
that of TiO2NT-PA. The tubes within the TiO2NT-PA array, at 700 nm, 
are about half as long as those belonging to TiO2NT-SS. The lengths of 
the individual TiO2NT-SS nanotubes are less consistent, with the shorter 
nanotubes appearing as recessed areas. The inter-tube spaces are also 
less well defined. Tubes with more erratic shapes and narrower di
ameters are nested in the voids formed between the tubes having a larger 
diameter. The nanotube tops of TiO2NT-SS show very little occlusion 
after one week which is confined to the top right-hand corner of Fig. 8b. 
The 65 nm wide tubes reduced the ability of the solids to penetrate the 
nanostructure. The nanotubes in the recessed areas appear to not have 
been appreciably affected, with the debris being caught by the longer 
nanotubes. This lower occlusion rate was somewhat retained up to the 
fourth week (Fig. 8c). A compact layer like that observed for TiO2NT-PA 
was eventually formed and can most clearly be seen on the left-hand 
portion of the micrograph. Prismatic particles are also found on the 
surface, but these are thicker than the ones reported in Fig. 3. More 
unobstructed nanotube tops were present than on the TiO2NT-PA sur
face at the same aging time interval. The number of occluded nanotubes 

was however much higher than that found on TiO2NT-EG. Despite the 
increase in deposited material, a significant portion of the surface was 
still uncovered after six weeks of the aging regimen with unobstructed 
tube tops were still visible (Fig. 8d). The accumulation of debris 
continued over the eighth and twelfth week as presented in Fig. 8e and f 
respectively, however rather remarkably, the surface was still not 
completely occluded. 

3.2. Changes in crystalline structure 

The crystalline phases present on the aged coupons are presented in 
Fig. 9. The crystalline composition of TiO2NT-EG is shown in Fig. 9a, 
with anatase being the major phase present. An extremely low peak at 
around the 68.8◦ 2θ value can be attributed to the rutile phase. This 
phase composition is typical of the annealing procedure employed in 
this study, with the reported contribution of the rutile phase towards 
photocatalytic activity being negligible [47,48]. Phase stability has been 
reported by Cao et al. however, the authors did not expose the material 
to UV light and/or to solutions with an organic load [18]. Whilst the 
anatase to rutile transition is unlikely to occur at room temperature, the 
formation of other phases due to repeated photocatalytic activation 
needs to be assessed [49]. X-Ray diffraction analysis conducted on 
samples subjected to the twelve-week aging tests, gave results in which 
the ratio of the peak heights for both phases remained similar despite 
anatase being a metastable phase. This result suggests that there has not 
been any appreciable anatase to rutile transformation in the test sam
ples. Structural changes promoted by photocatalytic activation and the 
possibility of defects during production of the nanotubes possibly might 
cause the phase transformation, however this was not recorded [50]. 
One distinct change was the detection of a peak at 2θ 31.54◦ already 
visible after one week of aging. This peak belongs to halite, indicating 
the presence of sodium chloride onto the surface. Even though sodium 
chloride is very easily soluble in water and that the samples were rinsed 
and immersed in DI water, some of the salt layer remained. One expla
nation for this is that sodium chloride trapped within the nanostructure 
was solubilised with each cleaning and immersion cycle and on drying 
this re-deposited onto the surface. The high ionic mobility of Na+ and 
Cl− in solution could have aided the migration of these ions through the 
nanotubular structure towards the surface [51]. Given that sodium 
chloride was the most abundant salt in the synthetic greywater, its 
detection on the surface of the sample, could be simply a matter of 
quantities. 

The XRD profile of the unaged TiO2NT-PA presented in Fig. 8 re
sembles that of TiO2NT-EG (Fig. 8b) in terms of the phases present. Even 
in the case of TiO2NT-PA, anatase is the prevalent TiO2 polymorph 
produced after annealing. In this case, X-Ray analysis shows the pres
ence of peaks at 2θ 27.46◦ and 31.60◦ originating from halite and were 

Fig. 5. Chemical constituents of translucent quasi-hexagonal particles on the surface of the TiO2NT-EG array aged for six weeks.  

Fig. 6. Morphological changed on TiO2NT-PA Surface: a) Unaged b) Week 1 c) 
Week 4 d) Week 6 e) Week 8 f) Week 12. 
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extremely prominent after just one week through the aging regimen. The 
identity of the particles was verified through EDS analysis of some of the 
cubic particles present on the surface (Supplementary Fig. 3). The 
relative intensity of the peaks is highest at the twelfth week time point. 
This is indicative of the build-up of debris on the surface, which aided in 
hindering the leaching of the salt during the sequential cleaning steps. If 
the debris particles were not porous enough or the rate of travel of the 
salt through the layer was slow, the debris layer could act as concen
tration sites for sodium chloride and the other soluble salts. The anatase- 
rutile transformation has also not been recorded for this material at the 
conclusion of the aging regimen. 

The TiO2NT-SS array contains anatase as its main semiconductor 
oxide constituent (Fig. 8c). In this case, the peaks at 2θ 27.46◦ and 
31.60◦ were recorded after the fourth week of exposure, with the peak at 
31.60◦ being particularly prominent. The intensity of the halite peaks 
did not vary appreciably after the fourth week, which can be 

corroborated with the relatively unchanged surface recorded for the 
subsequent aging time points. Even for these samples, the anatase 
polymorph was also stable, with no rutile being detected up to the end of 
the experiment. 

3.3. Variation in spectral absorption 

The spectral absorption traces for TiO2NT-EG for each aging time
point are presented in Fig. 10a. An increase in the absorptance of the 
material in the UV region has been noticed in all the aging instances. 
This can be attributed to the loss of reflectance of the surface by the 
coverage of the surface with debris. The top of the nanotube walls can 
act as a mirror, maximizing the reflected light reaching the UV-VIS 
sensor [52]. Superior reflectivity has also been attributed to regular, 
upright morphology of the tubes which limits the loss of light by scat
tering [52]. The deposition of the debris covered the initially reflective 
tube tops. The stacking of debris could also have made UV transparent 
materials such as Kaolin absorb more strongly. The traces for TiO2NT-PA 
(Fig. 10b) vary considerably with no discernible shift in the UV region 
absorption maximum. The deposition of debris has however increased 
the opacity of the surface, as the oscillations recorded in the visible re
gion were absent after the first week of aging. The oscillations are 
characteristic of thin transparent films irradiated by low energy light, 
TiO2NT-PA being an example of such a thin film [53]. Similarly, to 
TiO2NT-EG, an increase in the absorption maximum in the UV region 
was recorded for TiO2NT-SS (Fig. 10c). The UV absorptance of the aged 
materials has increased with respect to that in the as produced state. This 
is likely due to the absorption of light by the debris. The additional 
absorbance of UV light especially 365 nm, does not necessarily imply an 
increased activity with aging. There is no evidence that the energy from 
the additional photons absorbed is in any way transferred to the nano
tubular arrays. The total spectral absorptance for the different arrays 
was calculated and are collected in Table 2 and presented graphically in 
Fig. 11. 

3.4. Photocatalytic activity: degradation of methylene blue 

The effect of different morphologies with respect to organic pollut
ants including MB is the subject of one of our previous works. In the 
article we reported the superior activity of TiO2NT-EG (termed TiO2NT- 
O in the published work) and attributed this mainly to the higher 
thickness of the material produced in the ethylene glycol based elec
trolyte [54]. The anatase content and tube diameters were also 
contributing factors but to a lower extent. The activity of TiO2NT-EG at 
the different aging timepoints is presented in Fig. 12. The TiO2NT-EG 

Fig. 7. Chemical constituents of compacted debris on TiO2NT-PA Surface aged for 6 weeks.  

Fig. 8. Morphological changes on TiO2NT-SS Surface: a) Unaged b) Week 1 c) 
Week 4 d) Week 6 e) Week 8 f) Week 12. 
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array with a rate constant of 0.01425 min− 1 towards the degradation of 
methylene blue is the most active of the three active materials investi
gated. Even though closely packed nanotube layers usually show lower 
photocatalytic activities due to their lower exposed surface area, this 
result is not quite unexpected. The regular upright morphology of the 
TiO2NT-EG coupled with the significant thickness of the layer (≈10μm)

ensures an effective intake of the pollutant within the structure and 
efficient absorbance of light. In addition, the higher exposed volume of 
the photocatalyst ensures the production of more electron-hole pairs and 
electrons at the surface. Despite the appearance of the surface being 

overall similar to that of the unaged samples, there is a significant 
reduction in the activity for the aged samples, with the rate constant 
falling to 0.00646 min− 1 after just one week of aging. Competitive in
hibition mechanisms have been determined to reduce the overall pho
tocatalytic activity [55]. Organic compounds on the surface can 
scavenge the ROS generated and thus reduce their availability for re
action with the pollutant [56–58]. Similarly, the presence of certain 
inorganic anions such as phosphate, nitrate, sulfate, and carbonate in 
solution has been found to lower the overall reaction rate [59–61]. 
These species can either occupy possible adsorption sites on the surface 
or scavenge the ROS directly. Guillard has reported the formation of a 
salt layer on the surface which inhibits the adsorption of methylene blue 
[62]. All the anions mentioned previously are present in the synthetic 

Fig. 9. Changes in crystallographic structure of the nanotube arrays during 
aging regimen (a) TiO2NT-EG (b) TiO2NT-PA (c) TiO2NT-SS. 

Fig. 10. Changes in spectral absorptance of the nanotube arrays during aging 
regimen (a) TiO2NT-EG (b) TiO2NT-PA (c) TiO2NT-SS. 
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greywater and they might have leached into the surface structures 
during aging. Similarly, these anions might have been the components of 
a thin inorganic film deposited on the surface. The presence of halite on 
the surface recorded in the diffractograms corroborates the thesis of the 
formation of an inorganic layer. Rinsing with DI water whilst successful 
in removing the macroscopic material which adhered to the coupons, 
might not have been sufficient for the complete leaching of the adsorped 
species. A further reduction in activity was recorded for the sample 
extracted after four weeks of exposure with the rate constant dropping to 
0.00479 min− 1. The significantly abundant particles most likely hin
dered the approach of the molecules towards the surface, where the 
molecules might have adsorped preferentially to the particles. Despite 
the initial stages of fouling, with the first closure of the tube tops 
occurring, a high level of activity was retained. After the initial reduc
tion in activity recorded in the first four weeks, the activity did not 
decrease much further with subsequent aging. The values of the rate 
constant for the sixth, eighth and twelfth weeks were 0.00449 min− 1, 
0.00452 min− 1 and 0.00433 min− 1 respectively. Relatively high activ
ities were retained notwithstanding the weekly water changes, which 
ensured that the concentration of contaminants in the greywater was 
practically unchanged. This morphology of this material, did not favour 
the clogging of the surfaces with debris, leaving an amply exposed 
surface. The kaolin particles are also transparent to low energy UV, 
allowing our light source to sufficiently irradiate the surface [45,63]. 

The temporal variation in activity of TiO2NT-PA is shown in Fig. 13. 
The rate constant of the as-produced TiO2NT-PA array is 0.00715 min− 1 

This is significantly lower than that for the array produced in ethylene 
glycol despite the higher exposed surface area due to the clearly defined 
inter-tube spaces, showing that the tube length is more influential than 
the surface morphology. This array with a thickness of about 700 nm can 
allow a lower volume of pollutant within its tubes together with having a 
lower charge carrier production rate. The lower thickness has been 
attributed to the very fast fluoride mitigated etching when aqueous 
media are employed. For these samples, a significant reduction in ac
tivity was recorded after just one week of testing with rate constant 
dropping to 0.00436 min− 1. It is believed that the occlusion of the 
nanotubes has reduced the ability of the surface to interact with the dye 
and with light. Even so, the activity was not completely stifled as the 
tube tops were still exposed together with several nanotubes not 
becoming occluded. The reaction rate after one month of aging is 
0.00248 min− 1. This can be correlated to the copious amounts of tightly 
adherent debris deposited on the surface. Activity was retained as the 
surface was not wholly fouled, allowing for the photocatalytic activity to 
be sustained. A similar trend to that observed for TiO2NT-EG was also 
obtained. The degradation rates for the last three timepoints were nearly 
identical to that obtained after four weeks of aging had elapsed. Given 
that exposed nanotubes are still present, some level of activity can still 
be sustained. 

Fig. 14 displays the activity of TiO2NT-SS at each experimental time 
point. The rate constant of unaged TiO2NT-SS at 0.00797 min− 1 is close 
to that of TiO2NT-PA, despite the former being nearly twice as thick 

(≈ 1.44μm) as the latter. The narrower tubes limit the rate of transport 
of the dye within the nanostructure. The trend observed for the other 
two nanotube arrays was also recorded for this material. The greatest 
loss in activity occurred over the first four weeks of exposure. An initial 
drop to 0.00566 min− 1 after the first week was followed by the activity 
falling to 0.00323 min− 1at the end of the fourth week of aging. The 
available surface was not significantly reduced after one week, but a 
reduction in activity was still recorded. The further decline in activity 
mirrors the considerable amount of debris accumulated by the second 
aging time point. Further significant changes in activity were not 
recorded. Despite the weekly addition of insoluble material, fouling of 
the nanotubular structure was not complete. This could have been aided 
by the smaller nanotube diameters which reduced the entry of particles 
belonging to a larger size fraction. 

The loss in dye degradation efficiency, expressed in terms of the 
percentage degradation of MB for all three materials, is summarised in 
Fig. 15. For TiO2NT-EG the degradation rate declined from 96% for the 
unaged material to 65% at the end of the aging regime. A drop from 83% 
to 46% over the 12-week period was recorded for TiO2NT-PA. A final 
degradation rate of 51% was obtained for TiO2NT-SS from the initial 
85% of the unaged material. 

3.5. Photocatalytic activity: antibacterial activity 

Despite sharing many similarities, the mechanisms of degradation of 
organic molecules and photocatalytic anti-bacterial activity differ on 
whether contact with the surface is required [64]. Organic molecules 
must be in direct contact with the surface, where the geometry of the 
approach and the strength of adsorption to the surface play a significant 
role in determining the rate of reaction. On the other hand, bacterial 
inactivation or disinfection mechanisms can be sustained at a distance 
from the surface. The ROSs produced can migrate within the solution 
and react with the bacterial cell membrane or diffuse through the cell 
membrane. Lysis of the cell membrane results in the leakage of ions and 
proteins from the cell thus disrupting its function. The diffusion of ROS 
into the bacterial cells can oxidise and thus destroy the structure of DNA. 

The degradation rate of bacteria is closely related to the activity of 
the material towards other types of photocatalyzed reactions. Thus, a 
material having a higher reaction rate towards the degradation of 
organic compounds when compared to another material, will result in it 
having a higher bacterial degradation rate. The anti-bacterial activity of 
the three materials is presented in Fig. 16. 

The as-produced TiO2NT-EG array has an exceedingly high anti
bacterial rate with a reduction of 93.4% of the E.Coli population. The 
loss in the reaction rate towards E.Coli over 12 weeks aging is of just 
13.4%. This value is lower than the loss in activity towards the degra
dation of MB after just one week of aging. There is a gradual small 
decline in activity, where the activity after one week of aging was 90.4% 
whereas that at the end of the aging exercise was 79.61%. There is also 
no evident stabilisation in the rate, with a slight reduction being 
observed at each timepoint. The increase in deposition of non- 

Table 2 
Total Spectral absorptance Values (UV (280–400 nm), UV-365nm, VIS (400–700 nm), Total (280–700 nm)).  

Material Spectrum Unaged Week 1 Week 4 Week 6 Week 8 Week 12 

TiO2NT-EG UV 86.1 ± 1.3% 87.9 ± 1.2% 89.3 ± 1.1% 88.7 ± 1.2% 90.2 ± 1.3% 90.0 ± 1.4% 
UV-365 86.7 ± 0.03% 88.5 ± 0.12% 89.5 ± 0.08% 88.6 ± 0.05% 89.2 ± 0.12% 91.4 ± 0.07% 
VIS 84.4 ± 1.2% 86.3 ± 1.5% 86.5 ± 1.2% 85.9 ± 1.1% 87.4 ± 1.3% 85.7 ± 1.1% 
Total 84.6 ± 1.1% 86.7 ± 1.4% 86.8 ± 1.2% 86.1 ± 1.3% 87.7 ± 1.4% 86.1 ± 1.6% 

TiO2NT-PA UV 88.7 ± 1.0% 89.3 ± 1.2% 89.8 ± 1.1% 88.0 ± 1.1% 89.6 ± 1.4% 90.2 ± 1.2% 
UV-365 84.6 ± 0.08% 89.0 ± 0.07% 89.6 ± 0.05% 87.2 ± 0.09% 89.2 ± 0.06% 90.1 ± 0.10% 
VIS 83.9 ± 1.1% 83.4 ± 1.2% 80.7 ± 1.3% 84.3 ± 1.0% 86.3 ± 1.2% 84.8 ± 1.1% 
Total 84.6 ± 1.2% 84.0 ± 1.3% 81.6 ± 1.4% 84.6 ± 1.2% 86.6 ± 1.1% 85.3 ± 1.3% 

TiO2NT-SS UV 84.9 ± 1.0% 86.3 ± 1.1% 90.6 ± 1.3% 91.5 ± 1.2% 89.3 ± 1.1% 89.9 ± 1.4% 
UV-365 88.6 ± 0.17% 86.0 ± 0.08% 90.4 ± 0.06% 91.5 ± 0.05% 89.1 ± 0.09% 89.6 ± 0.08% 
VIS 80.0 ± 1.5% 81.3 ± 1.4% 86.4 ± 1.0% 87.7 ± 1.3% 85.3 ± 1.0% 87.6 ± 1.2% 
Total 80.5 ± 1.4% 81.8 ± 1.0% 86.8 ± 1.1% 88.1 ± 1.4% 85.4 ± 1.2% 87.8 ± 1.5%  
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photocatalytic material through the weekly loading with fresh synthetic 
greywater did not have the same detrimental effect as experienced with 
the MB results. The major effect of the salt layers and the other modes of 
fouling could have been simply to reduce the available surface area for 

the molecule to ‘dock’ onto the surface. Whilst the reduction of exposed 
surface might have hindered the production of ROS, oxidants which 
migrated through the debris layer could react with the bacteria found 
further from the surface. These results are very encouraging as they 
suggest that the aged surface can still retain a high level of its original 
activity. Thus, the possibility exists that on cleaning the surface suffi
ciently much of the activity is restored. 

The antibacterial activity of the unaged TiO2NT-PA nanotubes at 
76.7% was markedly different than that of TiO2NT-EG. This result 
agrees with the MB degradation rate also being lower. A gradual small 
reduction in activity to a value of 70.3% was obtained by the sixth week 
of aging. After the sixth week a more distinct change to 60.3% and 
47.0% after the eighth and twelfth week of aging respectively was ob
tained. This indicates that whilst a certain degree of reduction in activity 
is inevitable with any degree of fouling, there is a certain amount of 
reduction in exposed surface area which results in a significant reduc
tion in the rate of the photocatalytic reaction. The dense layer of debris 

Fig. 11. Variation of spectral irradiance of the nanotube arrays during the 
aging regimen (a) TiO2NT-EG (b) TiO2NT-PA (c) TiO2NT-SS. 

Fig. 12. Temporal variations in methylene blue degradation efficiencies over 
TiO2NT-EG. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 

Fig. 13. Temporal variations in methylene blue degradation efficiencies over 
TiO2NT-PA. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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on the surface can trap or react with the ROS efficiently, making diffu
sion of the oxidising species more difficult, resulting a lower number of 
oxidants being available for the intended reaction. Similarly, the black 
organic residue can react with the available oxidisers which lowers the 
amount being available to interact with the cells. 

The activity level of TiO2NT-SS at 79.00% is close to that of TiO2NT- 
PA and mirrors the results of the MB degradation test. The change in 
activity with aging also followed that of TiO2NT-PA with the first major 
decline in activity occurring after eight weeks of aging, denoted by a 
value of 65.33%. The final activity at the end of the aging cycle was 
45.29%. The reduction in activity can be attributed to the same factors 
which affected the TiO2NT-PA surface. The deposition of inorganic 
debris coupled with the narrower tube tops severely compromised the 
activity of the material, despite its thickness being nearly double that of 
TiO2NT-PA. 

4. Conclusion 

The mechanical stability and photocatalytic activity after twelve 
weeks aging of the three nanotube arrays synthesised in different elec
trolytes was assessed. The materials were all resistant to detachment and 
photo-induced corrosion and had a stable anatase crystalline phase. The 
morphology of the different arrays affected their resistance to fouling 
with the closely packed tubes in TiO2NT-EG having the cleaner surface 
at the end of the aging exercise. The wider and well separated tubes in 
TiO2NT-PA were extremely prone to the deposition of insoluble material 
over the photocatalyst surface. The well-separated but narrower nano
tubes in TiO2NT-SS also provided a degree of protection from fouling. A 
significant level of photocatalytic activity was sustained despite the re
petitive photocatalytic activation and weekly loading with more insol
uble materials. The activity of TiO2NT-EG towards the degradation of 
methylene blue and the antibacterial effect on E.Coli remained the 
highest at the end of the aging cycle. The antibacterial activities of 
TiO2NT-PA and TiO2NT-SS at the end of the twelve-week experiment 
were nearly identical whilst TiO2NT-SS retained a slightly higher 
methylene blue degradation rate. These results indicate that TiO2 
nanotubes with different morphologies can be used in greywater re
actors without laborious maintenance procedures. The increase in UV 
absorbance as material deposited on the surface did not enhance the 
activity. The debris could act as UV absorbers rather than conductors to 
the underlying material. The presence of particles on the surface could 
also stifle the photocatalytic reaction by providing a physical barrier 
towards the pollutant and also serve to degrade the ROS prior to 
reacting. The possibility to reactivate the surface through periodic 
cleaning might bolster the potential use of TiO2NT-SS over TiO2NT-EG. 
The organic electrolyte is more expensive and requires specialised 
treatment prior to disposal. The lower activity of TiO2NT-SS can be 
corrected for by controlling process parameters such as the retention 
time. The ideal synthetic method must be determined through a thor
ough lifecycle costing and upscaling exercise. 
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Fig. 14. Temporal variations in methylene blue degradation efficiencies over 
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Fig. 15. Comparison of methylene blue degradation activities with aging. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 16. Change in antibacterial activity with aging of the photocatalyst.  
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