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Abstract

:

Featured Application


Water availability is imperative to the Maltese islands. The lack of natural freshwater bodies and a climate characterized by low annual rainfall and high temperatures increase the pressure on the available freshwater resources to the ever-increasing population. The treatment of greywater to be used as second-class water for WC flushing and agricultural purposes could alleviate the demand put on the desalination plants and groundwater resources of the islands. In recent years, the application of titanium-dioxide-based photocatalytic systems has sparked a great deal of interest within the scientific community, due to its potential in removing pollutants and bacteria from air and water systems. The study at hand aims to provide an insight on the efficacy of TiO2 nanostructures having different morphologies to be used for this purpose and thus identify the ideal TiO2 surface morphology for implementation in a microscale photocatalytic greywater treatment system.




Abstract


The application of titanium oxide nanotubes for the removal of contaminants from freshwater is a rapidly growing scientific interest, especially when it comes to water conservation strategies. In this study we employed four different titanium oxide nanotube surfaces, prepared by a two-electrode anodic oxidation. Two of the surfaces were synthesised in aqueous media, while the other two surfaces were synthesised in ethylene glycol. One of the arrays synthesised in the organic medium was impregnated with silver nanoparticles, while the remaining surfaces were not. The chemical reactivity of the various surfaces was assessed using 2,2-Diphenyl-1-picrylhydrazyl (DPPH) and 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) as free electron sensitive probe molecules, in parallel with tannic acid degradation and copper ion reducing capacity. The potential antimicrobial activity of the surfaces was assessed against a panel of microorganisms composed of yeast, fungi, Gram-positive and Gram-negative bacteria. Field emission scanning electron microscopy revealed that surfaces produced in the aqueous medium had a smaller tube length and a smaller tube diameter. It was noted that one of the materials using sodium sulfate as the supporting electrolyte had the most irregular nanostructure morphology with tubes growing to the side rather than vertically. The structural variation of the surfaces directly reflected both the chemical and biological activity, with the nanotubes formed in ethylene glycol showing the fastest rates in the stabilization of DPPH and ABTS radicals, the fastest tannic acid decomposition under various pH conditions and the fastest metal reducing activity. Furthermore, the surface containing silver and its bare counterpart showed the most effective antimicrobial activity, removing approximately 82% of Gram-negative bacteria, 50% of Gram-positive bacteria, 70% of yeast and 40% of fungi, with Gram-negative bacteria being the most susceptible to these surfaces.
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1. Introduction


In recent years, the application of titanium dioxide based photocatalytic systems has gained interest within the scientific community due to its promising implementation in the removal of pollutants and microorganisms from air and water systems [1,2]. This is attributed to several reasons, including the high photocatalytic activity, excellent long-term physical and chemical stability, cost effectiveness, nontoxicity, and abundance of starting material. The strong redox activity of photoexcited titanium dioxide was first discovered by Fujishima et al. [3] in 1972, who reported the photoinduced decomposition of water on titanium dioxide electrodes. This finding led to the term ‘Honda–Fujishima effect’ being coined.



Titanium dioxide exists in three crystalline forms, anatase, rutile and brookite, which differ in chemical stability and photocatalytic activity [4]. Of the three crystal structures, anatase and rutile are the most common. In view of this, most of the photocatalytic research is conducted on anatase and rutile rather than on brookite [5]. The anatase phase is the most photochemically active of the three; however, it is metastable as it transforms back to rutile when heated [5,6,7]. Rutile alone has a very low photocatalytic activity; however, mixtures of anatase and rutile have in some cases been shown to have a higher activity when compared to the single phases [5,6,7,8]. In the presence of enough light energy, titanium dioxide nanotubes (TiO2-NT) can promote an electron from the valence band into the conduction band. The promotion of electrons leaves an electron void inside the valence band (photohole) and an excess of negative charge (electron) in the conduction band. The hole and electron couple are referred to as charge carriers. The point of excess charge in the conduction band causes the surface to become prone to oxidation, while the positive charge left behind inside the valence band causes the surface to become prone to reduction. This redox duality of the TiO2-NT surface enables the surface to act both as an oxidizing and reducing agent. The use of titanium dioxide as photocatalytic surfaces is not without its limitations. The most significant being the charge carrier recombination rate. On a photocatalyst surface, the excited electron and the photohole coexist at the same time, introducing the possibility of the recombination of the charge carriers. The recombination of electrons and photoholes decreases the rate of the photocatalytic reaction with respect to the light energy absorbed [9,10]. The promotion of electrons to the conduction band is also limited by the amount of energy required to promote an electron from the valence band to the conduction band.



To activate anatase, UVA irradiation (λ ≤ 387 nm) is required as this exceeds the band gap of this TiO2 polymorph (Ebg = 3.2 eV). Visible light, having a longer wavelength, is unable to activate anatase. Given that only 5% of the solar spectrum is composed of UV light, the possible application of such surfaces for photocatalysis using solar radiation is questionable [11,12]. Furthermore, titanium dioxide surfaces tend to be non-porous polar surfaces, thus exhibiting very low absorption of organic compounds [11,13,14], which is partially overcome by using TiO2-NT. Electrochemically prepared TiO2-NT generally forms vertically oriented tube-like structures with circular nanotubular openings that offer a large specific surface area and increased porosity [15]. Whilst the application of a nano structural framework increases the surface area and the porosity, the effect of the specific surface morphology cannot be discounted. In general, thicker nanostructured photocatalyst layers are more active, and wider nanotubes provide better access for pollutant to diffuse through the nanostructure. The thin walls of the nanotubes ensure that the charges generated can easily reach the surface and partake in the electrochemical reactions before these can recombine [16]. A suitable nano structure allows for the production of a template that can be modified further to expand its activity into the visible range.




2. Materials and Methods


In this study, we investigate the effectiveness of three nanotubular morphologies, synthesised in electrolytes having different chemistries. One of these three materials is tested both in the as produced form and after having added silver nanoparticles, de facto generating a further different material. Different chemical and biological methods are used to determine the potential application of these in biological contaminate removal. Two stable free radical molecules are also employed to assess the potential application. These probe molecules are used to measure the surface activity in the donation of electrons to the nanotextured surfaces. The results obtained are compared to the potential reducing activity of the surface towards metal ions and the chemical degradation of complex molecules under different pH conditions. The overall chemical activity is complemented with surface antimicrobial activity towards a panel of microorganisms including Gram-positive and Gram-negative bacteria, fungi, and yeast.



The efficacies of the various TiO2NT surfaces were determined using electron-transfer-based methods and antimicrobial assay. The excitation of electrons to the conduction band during UV exposure can be detected by the 2,2-Diphenyl-1-picrylhydrazyl (DPPH) and 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radicals, which in turn brings about a measurable change in absorbance. The change in absorbance was compared to titanium blanks having only the naturally produced oxide film, exposed to the same conditions as the nanotubular surfaces. The use of pure titanium blanks allows for any changes in the molecular probes resulting from the photolysis of water under UV light. In the case of the antimicrobial activity, the titanium blanks were used as the reference for 100% survivability of the microorganisms. The counts obtained with the various TiO2NT surfaces were expressed with respect to the titanium blanks.



2.1. Synthesis of Titanium Nanotubes


TiO2-NT were synthesised at the University of Malta using a two-electrode anodic oxidation process. Titanium sheets (99.6% pure, Grandis) were used as both the positive and negative electrodes. An inter-electrode distance of 30 mm was maintained for all oxidation processes. Three different baths were used for the growth of TiO2 nanotubes. In the first, an electrolyte solution of 3 vol% H2O, 0.5 wt % NH4F and ethylene glycol as the balance was used. A potential of 70 V was applied for 1 h. The samples produced in this way are called TiO2NT. The second bath was composed of 0.5 wt % solution of sodium fluoride (NaF) in 1 M sodium sulfate (Na2SO4). The samples were labelled TiO2NT-S. The third bath contained an electrolyte consisting of 0.5 wt % NaF in 1M phosphoric acid (H3PO4). In this case the samples were labelled TiO2NT-P. Both processes in the aqueous media were carried out at 20 V. The process duration for TiO2NT-S and TiO2NT-P was 6 and 3 h respectively. The as produced nanotubes were rinsed with ethanol, left to dry for 2 h at 80 °C and then annealed at 450 °C for 2 h. The annealed samples were sonicated for 10 min in acetone.



Silver addition to TiO2NT surface was carried out by dipping the surfaces in a solution of silver nanoparticles. In brief, 200 mL of 5 mM trisodium citrate was heated under reflux in a three-neck flask until the solution was boiling. A total of 1 mL of 0.25 mM silver nitrate solution was added and the solution was left boiling for a further 20 min. The solution was left to cool to room temperature and diluted by half with Milli-Q water [17]. The nanotube samples were dipped in the solution and left for 24 h. The samples were then rinsed gently with deionised water.




2.2. Characterisation of Titanium Dioxide Surfaces


Imaging and chemical analyses of the produced nanomaterials were conducted using a Zeiss Merlin Field Emission Scanning Electron Microscope equipped with an Apollo EDAX Energy Dispersive Spectroscopy (EDS) detector. The samples were sonicated in acetone for 3 min to ensure that the materials were fully degreased and dried using nitrogen. The samples were mounted on aluminium stubs using carbon tape. No further measures to increase conductivity were required. A series of magnifications (20 k, 50 k and 100 k) were used, with the 20 k magnifications being presented in this article. A voltage of 8 kV and a probe current of 225 pA were used together with a working distance of 8 mm. EDS measurements were conducted for an exposure time of 500 live seconds over a 1 µm by 1 µm area.




2.3. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Radical Stabilisation of TiO2-NT Surfaces


DPPH is one of the few stable and commercially available organic nitrogen radicals. It is a well-known radical trap (“scavenger”) for other radicals and other electron radical species. The basis of this method was to assess the surface activity through its potential to donate free electrons to DPPH radicals under UV light exposure. DPPH radicals have a deep violet colour with a strong absorption band centred at about 520 nm, becoming colourless or pale yellow when neutralized. Therefore, the rate of reduction of DPPH radicals is used as an indicator of the reaction progress. This property allows for visual monitoring of the reaction, and changes in the initial number of radicals can be accounted by measuring the change in optical absorption at 520 nm.



Figure 1 shows the experimental setup used for the determination of the radical stabilisation activity of the surfaces. In brief, 10 mL of 60 µM DPPH in methanol was placed over the TiO2NT surface in a 5.5 cm Ø petri dish covered with a 5 mm flat quartz glass and placed under a full-spectrum (320–400 nm) UV light at 10 mWcm−2. The absorbance was monitored at specific time intervals. The rate at which DPPH radicals were stabilized was determined using first-order rate kinetics.




2.4. Cupric ion Reduction Capacity of TiO2-NT Surfaces Using a Modified CUPRAC Assay


The reducing capacity of the coupons was determined using cupric ion reducing antioxidant capacity (CUPRAC) and an Apak et al. method with minor modifications [18]. This assay is based on the chromogenic reduction of bis(neocuproine) copper (II) (Cu(II)-Nc) cation, which acts as an outer sphere electron transfer agent capable of receiving valence electrons from the TiO2NT surface. The result of the reaction is a bright yellow product of Cu(I)-Nc chelate formed by the redox reaction with a maximal light absorption wavelength of 450 nm. In this assay, the TiO2NT surfaces were submersed in a solution of 1mM ammonium acetate (NH4Ac) buffer adjusted at pH 7.0, an equal amount of ethanolic 7.5 mM neocuproine and equal amount of 10 mM CuCl2 solution. The reaction mixture was mixed thoroughly, placed under a full-spectrum UV light at 10 mWcm−2 in a 5.5 cm Ø petri dish covered with a 5 mm flat quartz glass. The absorbance at 450 nm was monitored at specific time intervals against a reagent blank.




2.5. Determination of ABTS Radical Cation Stabilisation Activity of TiO2-NT Surfaces


ABTS assay measures the relative ability of the of TiO2-NT surfaces to stabilise ABTS radical cations that are generated in an aqueous phase. The ABTS radical cations are generated from the reaction between strong water-soluble oxidizing agent potassium persulfate and the ABTS chloride salt. The oxidation of the ABTS salts results in the formation of a blue green ABTS radical cation. The TiO2-NT surfaces can reduce back the radical cation through the donation of surface excited electrons, causing the suppression of its characteristic longwave 734 nm absorption maxima, thus enabling the visual monitoring of the reaction. The ABTS•+ was produced by the reaction of 7 mM stock solution of 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) with 2.45 mM potassium persulfate. Before use, the mixture was allowed to stand overnight in the dark and at room temperature. The concentration of the blue green ABTS radical solution was adjusted with methanol to an absorbance of 0.700 (0.020 ± mean ± 1 SD) at 734 nm. A total of 10 mL of previously adjusted ABTS radical solution was placed over the TiO2NT surface in a 5.5 cm Ø petri dish covered with a 5 mm flat quartz glass and placed under a full-spectrum UV light at 10 mWcm−2. The absorbance was monitored at specific time intervals. The rate at which the ABTS radical cations were stabilized, was determined using first-order rate kinetics.




2.6. Determination of Chemical Degradation Activity of the of TiO2-NT Surfaces under Different pH Conditions


The potential application of TiO2-NT surfaces as solid-state wastewater decontamination surfaces was tested against the removal of tannic acid. Tannic acid is a high-molecular-weight, water-soluble hydrolysable tannin found in several different plants. Its presence in industrial wastewaters is a rising challenge because of its toxic influence on natural ecosystems [19,20]. Furthermore, tannic acid has been found to be very resistant to conventional biological treatments and other methods [21,22,23,24,25,26]. In this experiment, a stock solution containing 2 mg/L of tannic acid was prepared and adjusted to pH 2, 3, 6, 7 and 9 using 1M hydrochloric acid and sodium hydroxide. A total of 10 mL of the resultant solutions was placed over the TiO2NT surface in a 5.5 cm Ø petri dish covered with a 5 mm flat quartz glass and placed under a full-spectrum UV light at 10 mWcm−2. The absorbance was monitored at specific time intervals using a UV-Vis spectrophotometer (Shimadzu 1800), a full spectrum was recorded between 190–390 nm in order to check if secondary peaks appear during the oxidation and the absorbance at 276 nm was used as the λmax as a direct measure for the amount of tannic acid.




2.7. Determination of Antibacterial and Antifungal Activity of the of TiO2-NT Surfaces


A panel of microorganisms composed of an equal amount of three Gram-negative bacteria Escherichia coli ATCC® 8739™, Pseudomonas aeruginosa ATCC® 9027™ and Brevundimonas diminuta ATCC® 19146™, three Gram-positive bacteria composed of Bacillus subtilis subsp. spizizenii ATCC® 6633™, Staphylococcus epidermidis ATCC® 12228™ and Staphylococcus aureus ATCC ® 12600™, two yeast cultures composed of Candida albicans ATCC® 10231™ and Saccharomyces cerevisiae ATCC® 9763™, and three fungal cultures composed of Aspergillus brasiliensis (niger) ATCC® 9642™, Cryptococcus albidus ATCC® 34140™ and Penicillium chrysogenum ATCC® 10106™ were all purchased as certified Culti-Loops from Thermo Scientific™ Oxoid™.



The loops were rehydrated in 50 mL of previously sterilized tryptic soya broth (TSB Oxoid™). A. brasiliensis and P. chrysogenum were rehydrated in a sterile Sabouraud-dextrose broth (SDB Oxoid™) supplemented with 0.05% of Tween 80. The addition of Tween 80 prevented the formation of cellular clumps and allowed the formation of single-celled cultures. C. albidus and A. brasiliensis were rehydrated in SDB without Tween 80. All the cultures were incubated with shaking at 37 °C at 120 rpm for 8 h under aerobic conditions. The microbial suspensions were individually adjusted with broth to 0.5 abs units at 600 nm which corresponded to 1.5 × 108 CFU. The resulting solution was used to test the antimicrobial activity of the coupons at full spectrum UV radiation. A total of 200 µL of microbial solution was uniformly placed on each coupon through the aid of a micropipette and placed into a climatic chamber (ICH 256 Memmert GmbH) set at 37 °C and 80% relative humidity. Figure 2 shows the typical experimental setup used. The coupons were placed onto a clean microscope slide and elevated on top of a 5 cm open petri dish [27]. To further prevent the microbial suspension from drying out the petri dish, over which the slide was placed, the petri dish filled with 10 mL of water. After 1 h of irradiation, the microbial solution was transferred into a sterile 5 cm petri dish and 1 mL of sterile 1× PBS was added. The contents of the petri dish was mixed gently to ensure that all the bacteria were recovered from the surface of the coupons. The PBS solution was transferred into a sterile microcentrifuge tube and aliquots were taken to prepare a serial dilution ranging from 10−2–10−6. From which 50 µL were taken and plated onto previously prepared plates of total count agar for bacteria and Sabouraud-dextrose agar (SDA Oxoid™ Basingstoke, United Kingdom) for yeast and fungi. The plates were incubated upside down for 10–20 h at 35 °C. The resultant colonies were counted, and the percentage antimicrobial activity of the surface was expressed relative to untreated titanium blank coupons. The experiment was repeated using the same conditions without UV light to ensure that the observed antimicrobial activity could be attributed to the effect of UV light and coupons.





3. Results


3.1. Characterisation of Titanium Dioxide Surfaces


The nanotubular structures are presented in panel form in Figure 3. The different synthetic methods resulted in the complete formation of nanotubes rather than just nanopores. The nanotube arrays synthesised in ethylene glycol had the more ordered and regularly shaped tubes (Figure 3A,B). The TiO2NT-S nanostructure is the most irregular, with tubes having vastly different diameters and with tubes growing to the side rather than vertically. The TiO2NT-P array on the other hand is more regular than that of TiO2NT-S. The materials produced in the organic electrolyte, whilst having a well-defined nanotubular structure, does not have prominent voids between the tubes. The separate tubes in Figure 3C can be attributed to the over etching of the more reactive titanium grain boundaries. Similar features can be seen in Figure 3D. The TiO2NT-Ag morphology differs from that of TiO2NT in that there are spherical silver nanoparticles on the surface. This indicates the successful deposition of silver nanoparticles resulting from the simple dipping process.



The morphological parameters of the surfaces produced are presented in Table 1. The most marked difference in morphology is in the thickness of the different nanotube arrays. The arrays produced in ethylene glycol are significantly thicker than those formed in the aqueous solutions. The difference in thickness between TiO2NT-S and TiO2NT-P indicates the effect of the longer process duration of the former. The nanotubes synthesised in the organic medium are also wider, whilst there is no appreciable difference in wall thickness.




3.2. Chemical Composition of the TiO2-NT Surface


EDX measurements were used to obtain information on the composition of the different nanotube varieties. The results are presented in Table 2. The nanotubes synthesised in the aqueous solutions have elements belonging to their corresponding solution, i.e., phosphorus and sulfate. The difference between the two arrays produced in ethylene glycol is the silver content in TiO2NT-Ag. The reading for silver in the TiO2NT-Ag indicates to an area devoid of visible nanoparticles, therefore suggesting that silver could have formed nanoparticles deep inside the tube structure, rendering them invisible.




3.3. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Radical Stabilisation of TiO2-NT Surfaces


The DPPH assay was used as a measure of the catalytic activity of the surfaces. The reaction behind the decolourisation of the DPPH radicals seems to follow a pseudo first-order rate of reaction. This can be seen from Figure 4, where the plots of the logarithm of the absorbance at 532 nm against reaction time give straight lines for the different materials. The reaction rate constants, k, were determined from the gradient of each line. Figure 4 reveals that TiO2-NT and TiO2NT-Ag silver had a significantly higher rate of DPPH stabilisation when compared to the nanotubes formed in aqueous media.




3.4. Cupric Ion Reduction Capacity of TiO2-NT Surfaces Using a Modified CUPRAC Assay


The potential reducing activity of the surfaces against Cu2+ ions was found to follow a second-order rate of reaction. This can be demonstrated in Figure 5, where the plots of the reciprocal absorbance at 450 nm against reaction time give straight lines for the different materials. The reaction rate constants k was determined from the gradient of each line. From Figure 4, it was shown that the TiO2-NT and the surfaces containing silver had a significantly higher rate of Cu2+ reduction when compared to TiO2NT-S and TiO2NT-P.




3.5. Determination of ABTS Radical Cation Stabilisation Activity of TiO2-NT Surfaces


As with the DPPH radical stabilization, the potential of ABTS radical cation stabilization was used as a measure of the catalytic activity of the surface. The reaction behind the decolourisation of the ABTS radicals seems to follow a pseudo first-order rate of reaction. This can be demonstrated in Figure 6, where the plots of the logarithmic absorbance at 734 nm against reaction time give straight lines for the different nanomaterials.




3.6. Determination of Chemical Degradation Activity of the of TiO2-NT Surfaces under Different pH Conditions


Tannic acid was used as a model recalcitrant contaminant and its degradation rate was recorded using UV-Vis spectroscopy. The absorbance at 276 nm was used as a direct measure of the amount of tannic acid present in solution. To determine the effect of pH on the surface activity, the 2 mg/L tannic acid was adjusted at four different pH’s. The absorbance of tannic acid decomposition was measured for each surface under different pH conditions, and the rate constant was determined using first-order reaction kinetics. The results shown in Figure 7 indicate that the rate constant varies with the type of surfaces as well as different pH conditions.




3.7. Determination of Antibacterial and Antifungal Activity of the of TiO2-NT Surfaces


The potential application of TiO2 nanotube layers as antimicrobial surfaces was determined against a panel of microorganisms composed of three Gram-positive and three Gram-negative bacteria, together with two yeast and three fungal organisms. The individual percentage mean survivability of the microorganisms tested on different surfaces is shown in Figure 8. The selection of microorganisms was based on cell wall variation and the experiment was designed to determine whether the cellular outer protective layer affects the susceptibility of microorganisms to the photocatalyst surfaces. Figure 9 shows the % survival rate of the microorganisms grouped combined into four groups, according to their characteristics using different materials.





4. Discussion


High-quality surfaces were produced using the three electrolytes and correspondingly different process parameters. The nanotube tops were completely etched open and devoid of any significant debris. The separation of the nanotubes produced in ethylene glycol into separate bundles shown in Figure 3C,D is due to the accelerated etching over the highly reactive grain boundaries. The grain boundaries are etched at a faster rate than the areas within the grain. The absence of this separation in Figure 3A,B is due to the lower potentials used. In Figure 3A,B, bright areas can be seen, which indicate that the nanotubes are growing over the high energy grain boundaries. The high potential used to produce TiO2NT and TiO2NT-Ag sustained a high dissolution rate, causing the separation of the tubes into bundles. The coverage of the TiO2NT-Ag surface with silver nanoparticles was relatively low, indicating that the dipping time was not sufficient or that the deposition could be aided by employing an electrophoretic method [28]. The effect of the potential on the layer thickness and tube diameter is immediately evident when the parameters presented in Table 1 are assessed. The higher potentials employed in the synthesis of TiO2NT-O and TiO2NT-Ag resulted in thicker arrays with wider tube diameters. The longer duration required for the production of TiO2NT-S resulted in a thicker layer than that in TiO2NT-P; however, the lower potential used still could not support the formation of layers as thick as those produced in ethylene glycol.



The approximate elemental compositions presented in Table 2 show that the differences between TiO2NT, TiO2NT-S and TiO2NT-P are due to the electrolyte being used. The phosphorus and sulfur detected in TiO2NT-P and TiO2NT-S, respectively, indicate the impregnation of the structure with the electrolyte. The efficiency of the cleaning process is limited by the nanostructure in the material that is trapped within the tubes and requires a more laborious process for its complete removal. Similarly, the silver content in TiO2NT-Ag can be attributed to the component of the solution that did not coalesce to produce nanoparticles. This might limit the effect of the integration process as the silver in this shape might not be suitable to form the Schottky junction required for the increased charge transfer separation [29,30].



The application of electron-based antioxidant assays on TiO2-NT surface allowed for the determination of the surface activity towards the stabilisation of DPPH and ABTS radicals. Figure 3, Figure 5 and Table 3 show that surface synthesised at 20V (TiO2NT-S and TiO2NT-P) had a significantly lower rate of DPPH and ABTS radical stabilisation potential when compared to TiO2NT and TiO2NT-Ag. The stabilisation of these radicals was attributed to the photogenerated electrons, as well as other intermediates generated from the participation of the solvent and oxygen present in the solution. The latter reacted with surface generating free radicals stabilising ABTS•+ and DPPH radicals. This indicates that the surfaces produced in the organic medium had a higher electron and reactive oxygen species production rate. The direct interaction of the oxidizing agent with the excited conduction band electrons were considered for these molecular probe experiments. In the case of ABTS•+, the reaction was possible by considering the standard potential of ABTS•+ (Equation (1)) reduction coupled with water oxidation in aqueous media, along with the TiO2 conduction band potentials (Equation (4)) as determined by Kadnikova and Kostic [31] and Yoneyama [32]. Similarly, the feasibility of the reaction with respect to DPPH radicals (Equation (3)) was determined using the electrode potentials determined by Zhuang et al. [33]. Both reactions were found to be thermodynamically feasible with a positive overall electromotive force. Similarly, in the case of CUPRAC, the redox potential of Cu(II,I) chelated to neocuproine was found to be E0 = 0.6 V (Equation (2)), as determined by Apak et al. [18] This is close to that of ABTS•+/ABTS (E0 = 0.68 V); hence, the electron transfer from the TiO2-NT surface conduction band was also thermodynamically feasible.


ABTS•+ + e− → ABTS [0.68V]



(1)






Cu(Nu)2+ + e− → Cu(Nu)+ [0.60V]



(2)






DPPH• + e− → DPPH−[0.62V]



(3)






TiO2 + e− → TiO2 (e−) [−0.50V]



(4)






ABTS•+ + TiO2 (e−) → TiO2 + ABTS [1.18V]



(5)






Cu(Nu)2+ + TiO2 (e−) → TiO2 + Cu(Nu)+ [1.10V]



(6)






DPPH + TiO2 (e−) → TiO2 + DPPH− [1.12V]



(7)







The variation in the rates of reaction for the different TiO2 morphologies can be explained in terms of both (1) the structural variation caused by the electrolyte being used and (2) the manipulation of the structural growth on the surface influenced by the different process parameters, namely the potential. In TiO2, the absorption of light containing sufficient energy results in electrons being promoted from the valence band to the conduction band leaving behind voids, or photoholes (h+), in the valence band. The promoted electrons migrate to the surface and can later react with other chemical compounds. However, the most reactive form of TiO2, anatase, has a low quantum yield and the promoted electrons can rapidly recombine with the void holes generated in the valence band. The scope of controlling or obtaining a specific morphology is to increase the reactivity of the TiO2 through enhancing the ability of the surface to interact more with the pollutant or the light.



The results obtained showed that layer thickness, rather than wall thickness, and tube diameters had the largest effect on the rate of reaction. In fact, with respect to DPPH, ABTS and Cu2+ ions, the reaction rate was found to decrease by almost half when the TiO2NT-S and TiO2NT-P surfaces were compared to TiO2NT and TiO2NT-Ag surfaces. Of the different morphological features presented in Table 1, photocatalytic activity is largely reliant on the thickness of the nanomaterial layer, and hence the exposed area. This is inferred when the thickness of the samples prepared in ethylene glycol, namely the TiO2NT and TiO2NT-Ag surfaces are compared to the TiO2NT-S and TiO2NT-P surfaces, prepared in the aqueous media. The thickness of the former is several times larger than that of the other two materials. The difference in activity between TiO2NT-S and TiO2NT-P towards the redox probes is not a clear cut and indicates different affinity of the molecules to the surface. This may be due to a different number of hydroxyl groups on the surface. The addition of silver to the bare TiO2NT did not provide any appreciable benefits. This could be due to the low surface coverage with the spherical nanoparticles. The high content of impregnated silver can be misleading, in that while it is present it is not contributing to the formation of the Schottky junction which will promote a higher activity. This is likely to be due to the silver being incorporated along the tube length, resulting in little to no contact with the solution or the UV source.



Whilst ABTS, DPPH and CUPRAC assays are based on the reduction-based reactions, the removal of tannic acid and microorganisms are attributed to the oxidation reactions that occur at the surface of the titanium dioxide nanotubes. This photodegradation mechanism is based on the conversion of organic compounds into harmless gaseous CO2 and water. This can occur through the direct interaction between tannic acid and the generated holes to produce an oxidized product (Equation (17)) or else through the photolysis of water, which generates free oxidizing radicals (Equation (18)) that, in turn, oxidize tannic acid. The generation of free radicals generally follows a ten-step process. The initiation step involves the absorbance of UV light by TiO2 (Equation (8)), which causes an electron propagation to the conduction band and a positive hole generation in the valence band [34,35]. The photohole generated reacts with water causing photolysis of water to H+ and OH• (Equation (9)). Furthermore, the photoholes neutralize OH− groups to produce more OH• radicals (Equation (10)). The promoted electron in the conduction band reacts with dissolved oxygen found within the solvent to produce superoxide anions (Equation (11)), which are neutralized by protons in solutions to form perhydroxyl radicals (Equation (12)) that combine and form hydrogen peroxide (Equation (13)) [36]. The hydrogen peroxide formed under UV light decomposes to release more hydroxyl radicals and anions (Equation (14)). The oxidation of tannic acid occurs through the reaction with hydroxyl radicals generated through the photolysis of water [37].


TiO2 + hν → e CB− + hVB+



(8)






TiO2(hVB+) + H2O → TiO2 + H+ + OH•



(9)






TiO2(hVB+) + OH− → TiO2 + OH•



(10)






TiO2(eCB−) + O2 → TiO2 + O2−•



(11)






O2− • + H+ → HO2•



(12)






2HO2• → H2O2 + O2



(13)






H2O2 + e− → OH• + OH−



(14)






Tannic acid + OH• → degradation products



(15)






Tannic acid + hVB+ → oxidation products



(16)






Tannic acid + eCB− → reduction products



(17)







Figure 7 shows the rate constants obtained for the different TiO2NT surfaces under different pHs. The results indicate that, in general, as the pH values decrease, the rate of tannic acid decomposition decreases; however, this does not vary in a linear fashion. To understand the influence of pH on photocatalytic degradation, several factors need to be taken into consideration, including the charge of the surface and the tannic acid at each pH and also the concentration of radical precursors in solution. The surface charge is greatly affected by the pH of the solution. An isoelectric point at approximately pH 6 is widely reported for titanium dioxide surfaces in contact with aqueous solution [38,39,40]. Thus, it is expected that, below the isoelectric point, the TiO2 surfaces would be positively charged, while, above the isoelectric point, the TiO2 surfaces would be negatively charged due to the following ionization reactions.


TiOH + H+ → TiOH2+



(18)






TiOH + OH− = TiO− + H2O



(19)







Similarly, tannic acid being a weak organic acid (pKa = 6), at acidic pH, the molecule exists at its protonated or undissociated form, while, in alkaline conditions, above pH 6, it exists as a deprotonated dissociated form of anions. Thus, it is expected that, at low pH conditions (pH 2 and 3), there would be an electrostatic repulsion between the positive charges carried onto the surface and the tannic acid molecule; in turn, the rate of degradation would be much slower. The rate of reaction increases drastically at pH 6, which correspond to the isoelectric point of both the tannic acid and surface, thus resulting in an equal amount of attraction and repulsive forces between the two. Increasing the pH beyond 7 results in a slight drop in the reaction constant. This is attributed to the repulsive forces between the negative surface and the deprotonated forms of tannic acid. A further increase in pH should surely cause the Coulombic repulsion [41,42] to be accentuated; however, similar to what was observed by a number of researchers [43,44], this was not the case, as the rate of reaction increased drastically. It has been proposed [45] that a higher concentration of OH• radicals is generated by photogenerated holes due to the high concentration OH- ions. Table 4 summarizes the electrostatic forces and the charges that occur with an aqueous solution of tannic acid exposed to TiO2 surfaces. Figure 7 further demonstrates that TiO2NT and TiO2NT-Ag surfaces had a larger rate constant irrelevant of the pH of the medium. This further indicates that the layer thickness had an effect where a lower generation of photoholes decreases the production of hydroxyl radicals and active sites for the oxidation of tannic acid.



The antimicrobial potential of TiO2 nanotube arrays’ surfaces has been determined for the different microorganisms, as shown in Figure 8. To determine whether the observed activity is related to the thickness and chemical composition of the cell wall, the microorganisms were grouped into groups reflecting the cell wall characteristics, as shown in Figure 9. Statistical analysis showed that the data did not deviate from normality, as a p-value of 0.075 was observed for the Shapiro–Wilk normality test. The application of one-way ANOVA using the Tuckey post hoc test showed that TiO2NT and TiO2NT-Ag surfaces were equally effective (p-value 0.999) in the removal of microorganisms, while also being significantly different for TiO2NT-S (p-value 0.003) and TiO2NT-P (p-value < 0.001). Furthermore, there were no significant differences in the observed survivability of microorganisms between TiO2NT-S and TiO2NT-P surfaces (p-value 0.336). These observations further indicate that the activity of the thinner layers is inferior to that of their thicker counterparts. The difference in antimicrobial activity between TiO2NT-S and TiO2NT-P is not immediately evident, possibly indicating that the interaction of the microorganisms with the surfaces might also influence the reaction rate. The formation of organic surface layers that may form after the lysis of the cell membrane might interfere with the interaction of the other bacteria with the oxidising species. The shape of the tubes might provide preferential sites for attachment of the bacteria resulting in a fouled surface. The addition of silver was also ineffective, indicating that it was present in a sub-biocidal dose. Studies carried out by Anitha et al. and Hajjaji et al. [46,47] show that biofilm formation and bacterial inactivation on titanium nanotubes are dependent on the pore diameter, surface roughness and defects. The smaller the pore diameter, the larger the amount of biofilm formed whilst the bacterial inactivation was increased with a decrease in surface defects. Furthermore, Pham et al. [48] showed that the addition of 20 ppm of silver nanoparticles to titanium nanotubes eliminated 99.99% of Staphylococcus aureus after 60 min under sunlight irradiation. In this study, the TiO2-NT-Ag only resulted in the removal of 58.2% of Staphylococcus aureus, indicating that the impreganation process used was not suitable. This could be due to the incomplete adhesion of the particles to the surface, which did not provide a suitable contact area for the formation of a Schottky barrier.



To determine the difference in the susceptibility of a microorganism to TiO2-NT surfaces, these were grouped into four groups depending on the characteristic of the cell walls of different microorganisms, as shown in Figure 9, corresponding to Gram-negative bacteria, Gram-positive bacteria, yeast, and fungi. Statistical analysis showed that there was a significant difference in % survivability between Gram-positive and Gram-negative bacteria (p-value 0.015) and between fungi and yeast (p-value < 0.001). On the other hand, no significant difference was observed in the susceptibility between yeast and Gram-negative bacteria (p-value 0.998). These observations suggest that, apart from the effect of the photocatalyst, the observed susceptibility is also dependent on the group of microorganisms under investigation.



Several different studies have shown that TiO2-NT surface photocatalysis is capable of neutralizing a wide range of organisms, including Gram-negative [49,50,51] and Gram-positive bacteria [52,53], including their endospore forms [54], fungi [55,56], algae [57,58], protozoa [59,60] viruses, and prions [61,62]. The complete mechanism of microbial cell death via photocatalysis is still not completely elucidated [63]; however, it was shown that it is a combination of non-specific oxidation-related damage to the cell wall and DNA [64] via hydroxyl, peroxide and superoxide radicals generated during photocatalysis. This oxidative damage leads to the activation of several genes coding for enzymes and proteins [65] that try to minimize the entry of free radicals inside the cell. Kubacka et al. [66] showed that free radical attack had a significant damaging effect on the cell wall and its components. The disturbance of the cell wall and the cells activates a number of genes and proteins that produce lipids for the cell membrane found immediately below the cell wall as a second line of defence. The results obtained in the study at hand are in line with the literature [65,66], in which it was shown that Gram-positive bacteria were more resistant than Gram-negative bacteria. This difference is usually attributed to the difference in cell wall structure. Gram-positive bacteria have a thicker peptidoglycan layer that buffers the entry of free radicals inside the cell. In the case of yeast and fungi, the cell wall characteristics are more complex than the ones of bacteria. The results showed that yeast cells tend to be more susceptible to free radical oxidation when compared to fungal cells; in fact, Cryptococcus albidus and Penicillium chrysogenum were the most resistant. The difference between the susceptibility of fungi and yeast can also be explained in terms of their cell wall structure. In the case of yeast cells, the inner cell membrane is protected by a cell wall that is composed of an inner chitin layer followed by a layer of β-1,6-glucans and β-1,3-glucans, which connect the inner and outer cell wall [67,68]. The outer most layer of the cell wall is packed with mannoproteins that cross-linked to β-1,6-glucans [69]. In the case of fungi, the cell wall composition is more complex than that found in yeast cells. Fungal genera such as Aspergillus have been shown to mannoproteins and are covalently bonded to the glucanchitin core, while, in the case of yeasts such as S. cerevisiae and C. albicans, these are linked but not covalently bonded [70,71]. Furthermore, Aspergillus genera have been shown to have additional β-1,3-1,4-glucan and α-1,3-glucan apart from of β-1,6-glucan and β-1,3-glucan found in yeast. Furthermore, studies carried out by Costachel et al. [71] and Fontaine et al. [70] showed that the outermost layer is composed of galactosaminogalactan, which is constituted of α-1-4 linked galactose and α-1-4 linked N-acetylgalactosamine residues rather than mannoproteins such as those found in yeast. The additional β-1,3-1,4-glucan, α-1,3-glucan and the presence of a stronger bonding interaction between the chitin layer and mannoproteins could in fact explain the higher percentage survival rate of fungi when compared to yeast.




5. Conclusions


Anodically produced titanium oxide nanotube surfaces have great potential in the removal of chemical and microbiological contaminates. The results show that the observed chemical and antimicrobial activity were closely related to the surface morphology. It was shown that the larger the tube length, the faster is the rate of DPPH and ABTS radical stabilization and the faster the rate of tannic acid removal relevant to the pH of solution. The antimicrobial activity against various genera showed a similar trend to that observed for the chemical activity, with TiO2-NT and TiO2-NT-Ag showing the best removal of microorganisms. Furthermore, it was found that the rate of tannic acid removal was highly dependent on the pH of the solution. An increase in the pH caused a significant increase in the rate of tannic acid degradation. This was attributed to the increase in the concentration of hydroxyl anion, one of the primary precursors for hydroxyl radicals. The susceptibility of the various microorganisms tested seems to be highly dependent on the cell wall structure, with Gram-negative bacteria being the most susceptible.
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Figure 1. Diagrammatic representation of the experimental set up used for the determination of the redox activity of the titanium dioxide nanotubes (TiO2-NT) surfaces. 
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Figure 2. Diagrammatic representation of the experimental set up used for the determination of antimicrobial activity of the TiO2-NT surfaces. 
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Figure 3. Surface view of the nanotubular morphology of the different photocatalysts: (A) TiO2NT-P, (B) TiO2NT-S, (C) TiO2NT and (D) TiO2NT-Ag. 
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Figure 4. Rate of reaction for the stabilisation of 2,2-Diphenyl-1-picrylhydrazyl (DPPH) radicals using TiO2 nanotube surfaces with different morphologies. 
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Figure 5. Rate of reaction for the reduction of Cu2+ to Cu+ in the presence of neocuproine and different TiO2 surfaces after exposure to UV at 10 mWcm−2. 
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Figure 6. Rate of reaction for the stabilisation of ABTS radical cations using TiO2 nanotube arrays with different morphologies exposed to 10 mWcm−2 UV. 
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Figure 7. Rate constants for the degradation of tannic acid under different pH using TiO2 nanotube layers irradiated with 10 mWcm−2 UV. 
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Figure 8. Percentage survival rate of various microorganisms belonging to Gram-negative and Gram-positive bacteria, fungi and yeast after being exposed for 1 h to different surface morphologies and UV radiation at 10 mWcm−2. 
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Figure 9. Percentage survivability of various microorganisms classified according to their group. 
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Table 1. Morphological parameters of the different materials.
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	Material
	Tube Length (µm)
	Tube Diameter (nm)
	Wall Thickness (nm)





	TiO2NT-P
	0.65 ± 0.11
	70–100
	12.00 ± 1.54



	TiO2NT-S
	1.51 ± 0.09
	70–100
	13.00 ± 1.17



	TiO2NT
	9.76 ± 0.18
	90–122
	10.15 ± 1.41



	TiO2NT-Ag
	9.65 ± 0.27
	90–125
	10.21 ± 1.36
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Table 2. Approximate surface elemental composition of the four different nanomaterials.






Table 2. Approximate surface elemental composition of the four different nanomaterials.





	

	
TiO2NT-P

	
TiO2NT-S

	
TiO2NT

	
TiO2NT-Ag




	
Element

	
Wt %

	
At %

	
Wt %

	
At %

	
Wt %

	
At %

	
Wt %

	
At %






	
C

	
00.86

	
01.93

	
03.85

	
07.00

	
03.79

	
08.15

	
00.91

	
02.04




	
O

	
35.73

	
60.47

	
28.77

	
49.51

	
39.12

	
60.90

	
38.00

	
63.74




	
F

	
00.97

	
01.38

	
03.53

	
05.11

	
00.44

	
00.76

	
01.47

	
02.07




	
Na

	
00.85

	
01.00

	
-

	
-

	
-

	
-

	
-

	
-




	
P

	
01.31

	
01.14

	
-

	
-

	
-

	
-

	
-

	
-




	
S

	
-

	
-

	
04.29

	
03.69

	
-

	
-

	
-

	
-




	
Ag

	
-

	
-

	
-

	
-

	
-

	
-

	
04.03

	
01.00




	
Ti

	
60.29

	
34.08

	
60.36

	
34.69

	
56.65

	
30.19

	
55.59

	
31.15
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Table 3. Rate constant k for the various electron-transfer-based methods tested using first-order kinetics for DPPH and 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), while second-order kinetics were used for cupric ion reducing antioxidant capacity (CUPRAC).






Table 3. Rate constant k for the various electron-transfer-based methods tested using first-order kinetics for DPPH and 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), while second-order kinetics were used for cupric ion reducing antioxidant capacity (CUPRAC).











	
	DPPH (s−1)
	ABTS (s−1)
	CUPRAC (M−1s−1)





	Blank
	−1.12 × 10−3 ± 5.80 × 10−5
	3.82 × 10−3 ± 6.12 × 10−5 s−1
	1.68 × 10−3 ± 4.76 × 10−4



	TiO2NT
	−2.63 × 10−2 ±2.13 × 10−3 s−1
	−1.03 × 10−2 ± 4.30 × 10−4 s−1
	1.15 × 10−2 ± 9.64 × 10−4



	TiO2NT-Ag
	−2.19 × 10−2 ± 9.87 × 10−4 s−1
	−1.07 × 10−2 ± 1.17 × 10−3 s−1
	1.21 × 10−2 ± 4.62 × 10−4



	TiO2NT-S
	9.73 × 10−3 ± 9.87 × 10−4 s−1
	−7.24 × 10−3 ± 3.34 × 10−4 s−1
	7.09 × 10−3 ± 5.01 × 10−4



	TiO2NT-P
	−1.29 × 10−2 ±5.22 × 10−3 s−1
	−8.58 × 10−3 ± 4.12 × 10−4 s−1
	6.29 × 10−3 ± 6.25 × 10−5
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Table 4. Summary of the charges and interactions under different pH conditions between the TiO2NT surface and tannic acid.
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pH




	

	
pH 2

	
pH 3

	
pH 6

	
pH 7

	
pH 9






	
TiO2NT Surface

	
+ve

	
+ve

	
Neutral

	
-ve

	
-ve




	
Tannic acid

	
+ve

	
+ve

	
Neutral

	
-ve

	
-ve




	
Interaction

	
Repulsion

	
Repulsion

	
Equal

	
Repulsion

	
Repulsion
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