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Abstract

:

The deployment of photocatalysis for remediation of water has not yet been realized, although laboratory-scale studies have demonstrated promise. Accomplishing this requires the development of photocatalysis as a process, including studying its efficiencies in remedying water when high volumes of water are processed, and addressing the recovery, possible regeneration and reuse of the photocatalysts. To that end, this work is aimed at demonstrating the use of a custom-built mobile platform for disinfecting large quantities of water. The benchtop platform built is capable of processing 15.14 L (4 gallons) per minute of water, with possibility for further scale-up. Preliminary studies on the catalyst recovery, regeneration and reuse via gravity-assisted settling, centrifugation and air plasma treatment indicated that 77% of Aeroxide® P25 titania (TiO2) nanoparticle and 57% of porous TiO2 nanowire photocatalysts could be recovered and regenerated for further use. Overall, this study indicated that process improvements, including increasing the kinetics of the photocatalysis, and optimization of the efficacies of the catalyst recovery and regeneration processes will make it useful for water remediation on any scale. More importantly, the portable and flexible nature of the benchtop photocatalysis system makes it amenable for use in conjunction with existing technologies for remedying large quantities of water.
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1. Introduction


Drinking water and wastewater treatment, specifically disinfection, has been studied extensively to meet the challenges associated with changes to both the quality of wastewater and the regulations of various government agencies (e.g., US Environmental Protection Agency) [1,2,3]. In order to meet the regulations, new and effective wastewater disinfection technologies or treatment trains are being developed [1]. Contextually, the motivation to overcome drawbacks associated with homogeneous-phase advanced oxidative processes (AOPs) led researchers to study photocatalysis-based AOPs over the last three decades [2,4,5,6]. Tremendous progress has been achieved with the design and development of photocatalyst chemistries, and in the development of an understanding of the mechanisms underlying photocatalysis-assisted water treatment [2,7,8,9]. However, efforts aimed at making process improvements for implementing photocatalysis on a large-scale in water remediation have not been on par with the above-mentioned improvements [2,7]. A recent commentary by Ezra L. Cates clearly emphasizes the need for process improvements to render photocatalysis viable for large-scale applications [7].



A review of the literature shows that a few attempts have been made for scaling up the photocatalysis process to pilot scale. Some of these attempts include the following: the use of hybrids composed of three-dimensional graphene and black titania by Zhao et al. [10], the use of immobilized titania and compound parabolic (solar) collectors by Alrousan et al. [11], the use of helical supports in the annular space of a UV reactor by Yu et al. [12] and the use of slurry-type tubular photocatalytic reactor by Saran et al. [13]. A key aspect that needs to be included in pilot-scale studies is the ability to continuously recover and reuse the photocatalysts [7,14], an aspect that has not been studied extensively. In the literature, a few different approaches employed to tackle this problem are reported. Kacem et al. [15] and Pozzo et al. [16], for example, attempted to use catalysts immobilized on reactor walls or some granular substrates to get around the problem of postprocessing water for the separation of photocatalyst. However, due to the low exposure of the catalyst to the activating light irradiation, these configurations tend to operate with mass transfer limitations [5]. Other studies, including those by Chong et al. [17] and Ochuma et al. [18] demonstrate the use of sedimentation and flocculation to recover the catalysts in a microparticulate form. A third proposed solution to the problem of catalyst separation is the use of membrane photocatalytic reactors, a type of hybrid reactor which operates continuously by retaining the catalyst within the reactor while passing the water through a microfiltration/nanofiltration membrane [19]. While these hybrid reactors show some promise in retaining the catalyst while removing certain organic compounds, their implementation on a large scale is hindered due to the vulnerability of the membranes to degradation upon exposure to UV radiation and the high amounts of reactive oxygen species produced by the photocatalyst, as well as membrane fouling owed to catalyst particles blocking the membrane pores [20]. Biofouling of membranes could potentially be a major problem, especially when photocatalysis is implemented for disinfecting water. Furthermore, there have been reports of photocatalyst activity being lost during the course of the photocatalysis process. While there have been some studies investigating catalyst reactivation in the context of air purification by photocatalysis [21,22,23], information on reactivation of photocatalysts in the context of photocatalytic disinfection of water is lacking.



In this regard, the aim of the research presented in this paper is two-fold: (i) build a pilot-scale mobile unit for the disinfection of water using photocatalysis; (ii) demonstrate the ability to recover and reuse, at least partially, the photocatalyst from the pilot-scale mobile unit following the disinfection of water. Specifically, the inactivation of Escherichia coli (E. coli) from water using ultraviolet-A (UV-A) light sources for photoactivating TiO2 nanowire and nanoparticle photocatalysts, followed by the recovery, regeneration and reuse of the photocatalyst is discussed in detail in this paper. While TiO2 was specifically chosen as the material in this study owing to its wide use in photocatalysis [24,25] and its availability from commercial vendors (e.g., Aeroxide® P25 TiO2 nanoparticles by Evonik), UV-A light sources were specifically chosen to delineate the effects of UV-assisted disinfection and photocatalysis-assisted disinfection. Such a delineation was not possible when UV-C light sources were employed, as UV-C light by itself is a potent disinfectant [26].




2. Materials and Methods


All the valves, fittings and piping required for constructing the mobile benchtop photocatalysis system were obtained from Swagelok® (Swagelok Southeast Texas, Houston, TX, USA). In addition, a MultiPure® UV water purifier was procured from Atlantic UV corporation® (Hauppauge, NY, USA) and integrated into the photocatalysis system. A Bactiquant® Water bacteria quantification system obtained from Mycometer, Inc. (Tampa, FL, USA) was also added for the rapid assessment of E. coli inactivation. This served as a supporting method in the enumeration of viable bacteria, which was also performed using the spiral plating method (using an IUL Eddy Jet 2W spiral plater (IUL S.A., Barcelona, Spain), described below). GE® inline filters (GE appliances, Rapid City, ND, USA) served dual purpose of filtering both incoming water and water after its disinfection. Magnetic utility drive pumps (from Danner Manufacturing, Inc., Islandia, NY, USA) helped in moving water continuously through the photocatalysis system. Tanks for storage of both incoming water and disinfected water were obtained from Tamco® Industries (United States Plastic Corp., Lima, OH, USA). An electronic overhead mechanical stirrer from Velp Scientific, Inc. (Bohemia, NY, USA) helped in mixing the inlet water containing E. coli with the photocatalysts.



Two different types of TiO2 photocatalysts were employed in this study. Porous TiO2 nanowires were obtained from Advanced Energy Materials, LLC (Louisville, KY, USA), while Aeroxide® P25 TiO2 nanoparticles were obtained from Acros Organics (Thermo Fisher Scientific, NJ, USA). TiO2 nanowires were synthesized by atmospheric pressure plasma jets using a solvo-plasma approach as reported previously [27,28,29].



The growth of E. coli for the disinfection experiments was performed using the following procedure. Aliquots of E. coli (ATCC® 51739) preserved in glycerol stock at −80 °C were transferred into 250 mL of nutrient broth (LB Broth Miller) aseptically. The culture was then incubated at 37 °C and slowly shaken using an orbital shaker for 18–20 h. This suspension was then centrifuged at 3000 RCF for 10 min. The supernatant was removed, leaving behind only the separated cells. Nanopure water was then added to the centrifuge tube containing the cells and the suspension was vortexed to wash the cells. The suspension was centrifuged again at 3000 RCF for 10 min. The cells were then washed another time using the same procedure outlined above. The supernatant of the final wash was removed and replaced with 250 mL Nanopure water and mixed, creating a resuspension of ~108 CFU/mL of E. coli.



The procedure employed to study the efficacy of the benchtop system is explained in the results and discussion section, along with the results obtained. To compare the efficiency of the benchtop photocatalysis system in disinfecting E. coli, small-scale disinfection experiments using quartz beakers as photocatalyst reactors were also performed using the following procedure. A 30 mg aliquot of the catalyst was added to 29.7 mL of Nanopure water within a quartz beaker. This mixture was mixed for at least 2 h. An aliquot (0.3 mL) of the E. coli suspension was added to the nanowire suspension and allowed to mix for at least 15 min. For each photocatalysis run, the beaker was placed within 2.54 cm of the UV-A light source (SunLite® 20 W, 15 Lumens Blacklight obtained from Sunlite, Brooklyn, NY, USA). The light source and the sample were placed within a cardboard box with the inside covered in aluminum foil. All samples were continuously mixed for the duration of the experiment.



To determine viable E. coli counts, 500 μL samples were drawn at pre-determined time intervals. Serial dilutions were performed as needed, vortexing each dilution to ensure complete mixing, and spiral plated on Brain Heart Infusion Agar using an IUL Eddy Jet 2W spiral plater. The plates were then incubated for 24 h at 35 °C following which colonies were counted using the IUL SphereFlash® automatic colony counter (IUL S.A., Barcelona, Spain) to enumerate the number of viable organisms at each time point.



Gravity-assisted settling and centrifugation and air plasma treatment were employed for the recovery and regeneration of the photocatalysts, respectively, in this study. These procedures, along with the results obtained, are also included in the results and discussion section. Brunauer, Emmett and Teller (BET) analysis was employed to determine the specific surface areas of various photocatalysts employed in this study. For the BET analysis the nitrogen adsorption–desorption isotherms were recorded at a bath temperature of 77.25 K using a Micromeritics ASAP 2020 Plus instrument (Micromeritics, Norcross, GA, USA). A JEOL JSM-7500F FE-SEM microscope (JEOL USA, Inc., Peabody, MA, USA) was used to study the morphologies of the photocatalysts before and after their use in E. coli inactivation. A Jenway 6705 UV/Visible scanning spectrophotometer (Cole-Parmer, Vernon Hills, IL, USA) was used to obtain ultraviolet–visible (UV–Vis) spectra of the photocatalyst suspensions.




3. Results and Discussion


The benchtop system constructed for processing 15.14 L (4 gallons) per minute (GPM) of water is depicted in Figure 1. The intent of ensuring that the unit could be fabricated and deployed for any type of stakeholders (e.g., households, farmers) led to the use of only commercially available components in its construction. Additional consideration in the design of the benchtop system was that it be leak-proof and easy to assemble/alter/disassemble. Therefore, the continuous loop flow system was designed using Swagelok® 3/8″ diameter stainless steel pipes connected together via Swagelok® and national pipe thread (NPT) connections. As shown in Figure 1, the system is composed of a series of GE® inlet filters that offer the ability to filter incoming water. The system is flexible enough to allow changing the type of pretreatment filters used, depending on the quality of the inlet water. The use of GE® filter housings allows for numerous types of GE® filters to be interchanged into the system easily, giving greater filtration capabilities owing to the wide variety of GE® filters available. The current system employed three filters operating in series for pretreatment. These filters include a 5-micron sediment filter, a five-micron granular activated carbon filter, and a five-micron CTO (chlorine, taste and odor) carbon block filter. These three filters were chosen as they are commonly used in most reverse osmosis (RO) systems. Following filtration, water enters an 18.92 L (five-gallon) inlet tank that is equipped with an electronic overhead mechanical stirrer. Measured quantities of the photocatalysts are added to the water and stirred continuously before being sent into the MightyPure® UV purifier system. The UV purifier processes 15.14 L (4 gallons) per minute of water and provides high exposure to the UV lamp within. The purifier initially comes with a UV-C lamp encased within a quartz tube that spans the length of the purifier; however, the lamp is removable. For this study, the UV-C lamp was removed and replaced with UV-A LEDs (365 nm, Waveform Lighting, Vancouver, WA, USA). After the water is processed in the UV system, the water is sent through a series of GE® filters and the disinfected water is collected in a second tank. The system is flexible in that each component discussed above, the inlet filtering system, the UV water treatment system and the outlet filtering system, could be bypassed upon necessity.



To study the kinetics of photocatalytic disinfection, the inlet filter was bypassed as the samples used in the experiment consisted only of Nanopure water, suspended E. coli and the appropriate photocatalyst. The outlet filter was also bypassed, as the experimentation aimed at obtaining the kinetics of the photocatalytic disinfection process did not necessitate the removal of the photocatalyst. In lieu of collecting the disinfected water in the outlet tank after each pass through the system, the outlet stream was fed back into the inlet tank. This allowed for a continuous cycling of the water and an increase in the residence time, i.e., an increase in the time the water containing both E. coli and photocatalyst was activated by UV-A light. In between multiple passes of water through the system, samples were intermittently gathered for spiral plate analysis of bacterial counts. At the end of the experimental run lasting a few hours, the water was finally collected for further analysis and experimentation. In short, the setup was run in a semicontinuous mode.



To begin the experiment, 6.5 L of Nanopure water was added to the inlet tank, along with 700 mg of the desired photocatalyst. The suspension was mixed using the electronic overhead mechanical stirrer for 1.5 h to allow for proper dispersion of catalyst. 500 mL of resuspended bacteria aqueous solution was added to this nanowire dispersion in water and the resulting solution was mixed for another 30 min. A sample was then drawn from this mixture to determine the initial concentration of E. coli. At this point, all the necessary valves were opened and the main pump was turned on, creating flow throughout the system. Once proper flow was established, the UV-A LEDs housed inside the UV system were activated and the timer started. Samples were then collected regularly every 30 min. At the end of each experimental run, any remaining water was autoclaved to remove any remaining E. coli and recover the photocatalyst from water. For comparison purposes, control experiments involving using only UV-A exposure of E. coli suspended in water were performed using the same experimental procedure described above, with one notable exception. In the control studies (referred to as “clear control” in this manuscript), no photocatalyst was added to the water and consequently the initial mixing period was reduced to 30 min.



The kinetics of E. coli inactivation in the benchtop system when Aeroxide® P25 nanoparticles and porous TiO2 nanowires were employed as photocatalysts are depicted in Figure 2. The experiments indicated that over 97% reduction in E. coli CFU is possible with an exposure time of 100 min when porous TiO2 nanowires were employed as the photo-catalyst. A faster, approximately 3-log, reduction in E. coli in a span of 50 min is possible when Aeroxide® P25 nanoparticles were employed for the photocatalysis. In both cases, the concentration of the photocatalysts in water was 0.1 g/L.



These kinetics of E. coli inactivation were similar to those obtained when small-scale experimentations that involved the use of quartz beakers as photocatalyst reactors were employed [30] (See Figure S1 in the supplementary information provided). As shown in Figure S1, three different controls were employed in the small-scale studies. Exposure of E. coli in water to only UV-A light served as one control (clear control). The use of photocatalysts mixed with E. coli in water, without any UV-A activation of the nanowires, served as a second control (referred to as “dark control” in this manuscript). Negative control involved the use of no photocatalysts and no UV-A exposure to E. coli suspended in water. All the controls indicated that the presence of both UV-A light and the photocatalysts are necessary for E. coli inactivation. The results of the clear control experiment on the benchtop experiment (Figure 2) indicate the behavior is consistent with that of the small-scale experiments. These results are also in agreement with the disinfection kinetics reported in the literature. As can be seen in Figure S2 in the supplementary information, previous reports of photocatalytic disinfection of E. coli using TiO2 nanoparticles as catalysts show inactivation kinetics ranging from three orders of magnitude decrease in CFU in two hours to a significantly faster seven orders of magnitude decrease in CFU within 40 min depending upon the conditions of experiments [31,32,33,34,35,36,37]. The results from the small-scale experiments as well as on the benchtop setup fit well within that range, for both the Aeroxide® P25 nanoparticles and the porous TiO2 nanowires. The wide range in kinetic data as shown in Figure S2 is likely a result of the varying experimental conditions, including catalyst concentration, the intensity of UV-A radiation and the reactor geometry. The study of the photocatalytic disinfection process at multiple scales, as shown in this work, will be useful in developing more holistic models for photocatalytic disinfection kinetics [38]. The studies referenced in Figure S2 as well as the current work investigate the disinfection kinetics in isolation, as they study the inactivation rates of E. coli in absence of any other contaminants in the water. The photocatalytic disinfection of water from actual ground and surface water sources, as well as wastewater, needs consideration of the effects of total organic carbon (TOC) and the presence of various salts in the water as reported by Abidi et al. [39], Moncayo-Lasso et al. [40] and Birben et al. [41]. However, such studies need to be performed on a larger scale to better understand the challenges of scaling up the photocatalytic disinfection process.



The lower rates of inactivation of E. coli in the presence of photoactivated porous TiO2 nanowires relative to those observed with Aeroxide® P25 nanoparticles are believed to be because of the lower specific surface areas of the porous TiO2 nanowires, as well as the lack of access to the surface sites for bacterial inactivation, due to the nanoporous nature of nanowire surfaces (the surfaces have pores of sizes on the order of a few nanometers) [30]. Surface area analysis by the Brunauer–Emmett–Teller (BET) method indicated that porous TiO2 nanowires have a specific surface area of 26.11 m2/g, lower than the 50–60 m2/g of Aeroxide® P25 nanoparticles. The changes in the surfaces areas and the morphologies of the two photocatalysts are also believed to have led to differences in the magnitudes of the UV-A light absorbed, and this manifested as differences in the rates of E. coli inactivation of the two different photocatalysts. UV–vis absorption spectra (Figure S3) for 0.05 g/L suspensions of both the porous TiO2 nanowires and the Aeroxide® P25 TiO2 nanoparticles indicated that they both absorb UV-A light (i.e., light in the 315–400 nm range). It is essential to add here that lower concentrations of the photocatalysts were employed for the UV–vis study, as higher concentrations did not allow for obtaining any discernible transmission of light for obtaining the UV–vis spectra. In all, the studies indicated that efficiencies of photocatalytic disinfection of water achieved using small-scale experimentations are replicable in a benchtop setup and that it is possible to accomplish the continuous disinfection of water using photocatalysis.



To understand the recovery, regeneration and reuse of the photocatalyst, the following experiments were performed. The water from the photocatalytic disinfection experiments was autoclaved first to begin the photocatalyst recovery process. To separate the photocatalyst from water, a combination of gravity-assisted settling and centrifugation was employed. The suspensions of E. coli and catalyst from the reactor were collected in two 4 L polypropylene containers and autoclaved for 1 h at 121 °C. These suspensions were allowed to rest for 1 day to both cool the solutions down to room temperature and also provide time for the photocatalyst to settle (by gravity) and collect at the bottom of the container. The supernatant water was then decanted from the containers carefully, without disturbing the sedimented photocatalyst. This reduced the total volume of the disinfected water to about 0.5 L from the initial volume of 7 L. This suspension was then centrifuged at 3000 RCF for 10 min using 50 mL vortex tubes. The supernatant was again removed and the solutions were then centrifuged again to create new supernatant suspensions of much higher concentrations of photocatalysts. By the end, a 50 mL highly concentrated suspension of the photocatalyst was obtained. These highly concentrated suspensions were transferred to aluminum weighing dishes and heated for a day in an oven at 60 °C to remove any remaining water and recover the solid photocatalyst. The recovered photocatalyst was then crushed into finer particles using a mortar and pestle. This crushed catalyst was then regenerated, i.e., its surface was decarburized using air plasma. For this purpose, low-pressure plasmas generated using a basic plasma cleaner (from Harrick Plasma, Ithaca, NY USA) was employed. The ground photocatalyst that was recovered was spread on a petri dish and exposed to air plasmas for a duration of 30 min. Overall, 77% of the Aeroxide® P25 nanoparticle and 57% of the TiO2 porous nanowire photocatalysts were recovered in our experiments. Further optimization of the process, including the use of inline centrifuges, could be employed to recover a majority of the photocatalysts in a continuous manner from continuous flow-based photocatalytic reactors.



Of key interest is the determination of the efficacy of the recovered photocatalyst. Experimentation performed to determine the kinetics of disinfection of the recovered and regenerated photocatalysts (Figure 3) showed that as-recovered Aeroxide® P25 nanoparticles required a time of 60 min to achieve a three-order-of-magnitude reduction in E. coli. Upon regeneration of the as-recovered catalyst with plasma treatment, the photoactivity increased and led to a four-order-of-magnitude reduction in E. coli in the same 60 min time span (Figure 3a). The experimentation also indicated that as-recovered porous TiO2 nanowires required a time of 120 min to reduce E. coli by one order of magnitude (Figure 3b). Plasma cleaning of the as-recovered porous TiO2 nanowires’ surfaces for regenerating them aided in increasing the photocatalytic activity of the nanowires, leading to a two-order decrease in E. coli in a span of 120 min. In both cases, the photoactivity of the regenerated catalyst when inactivating E. coli was lower than that of the respective original photocatalysts. However, the reduction in photoactivity was more pronounced for porous TiO2 nanowires, relative to that observed in Aeroxide® P25 nanoparticles. A BET surface area analysis of the recovered and regenerated photocatalysts was performed to document surface area changes in the recovered and regenerated photocatalysts. In the case of nanoparticles, agglomeration and/or surface contamination reduced the surface area from 50–60 m2/g to 32.97 m2/g. Upon plasma cleaning of the recovered Aeroxide® P25 nanoparticles, the available surface area increased from 32.97 m2/g to 40.06 m2/g. This trend is in line with the E. coli inactivation kinetics trends described above. However, in the case of porous TiO2 nanowires, the surface area of the recovered nanowires was estimated to be 25.09 m2/g, much closer to that of the original nanowires of 26.11 m2/g. The plasma regeneration of the surfaces in this case only resulted in a negligible increase in the available surface areas from 25.09 m2/g to 25.14 m2/g. This result is also supported by the morphology analysis of the TiO2 porous nanowires before and after their use as photocatalysts (Figure S4). SEM micrographs of the TiO2 porous nanowires before (Figure S4a) and after (Figure S4b) their use in photocatalysis indicated no major changes to the nanowire morphology or the nanowire dimensions. While this clearly indicates that agglomeration and loss of surface area is not a major problem in anisotropic shaped photocatalysts, such as nanowires, and that the recovery and regeneration of the photocatalysts is possible, it does not explain why the photoactivity of porous TiO2 nanowires is lost upon recovery and regeneration despite no loss of surface area. Further optimization of the plasma cleaning process, including using higher power plasmas for removing any adventitious carbon on nanowire surfaces, is necessary to ensure that the photocatalysts are completely regenerated.



Finally, experiments were performed to understand the effect of photocatalytic inactivation of E. coli on their ability to reactivate through dark repair. The intent here is that this data sheds light on the maximum time disinfected water could be stored before use, in the absence of any residual disinfection. Regrowth experimentation primarily involved collecting water from the outlet of the disinfection tank and quantifying the E. coli levels in that water, followed by its storage at room temperature for 5 days. The samples were stored under dark conditions to negate the effects of any unintended photodisinfection. Samples were then drawn at various time intervals and characterized for E. coli counts.



E. coli counts were obtained not only in water samples treated by photocatalysis, but also control samples, and depicted in Figure 4. For additional comparison purposes, water containing E. coli was also aged alongside the treated water samples and the control samples, and its E. coli concentrations was also obtained at regular intervals of time. As observed in Figure 4b,c, slight reduction on the order of 1-log or lower was observed in both the dark and clear controls. Lack of growth media is believed to be responsible for this reduction in E. coli values. In sharp contrast, the E. coli concentrations remained below the detection limits in water treated by porous TiO2 nanowire photocatalysts. These results clearly demonstrate that dark repair and reactivation of E. coli in water disinfected by photocatalysis did not occur within the 5-day storage period employed in the current study.




4. Conclusions


Two major aspects associated with the development of photocatalysis as a process for the large-scale disinfection of water were addressed in this study, namely (a) the use photocatalysis for processing large quantities of water and (b) the recovery, regeneration and reuse of the photocatalysts. The results indicated that the photocatalytic disinfection kinetics achieved by beaker-and-bottle experimentation are replicated in a benchtop system capable of processing 15.14 L (4 gallons) of water per minute. The benchtop system built for this purpose is comprised of only commercially available components, is mobile and could be retrofitted into the water treatment trains currently used for processing wastewater. Moreover, experimentation in this study indicated that gravity-assisted settling, centrifugation and air plasma surface cleaning could be used to recover and regenerate the photocatalyst for its subsequent use in disinfecting additional quantities of water. Not only are the photocatalyst recovery and regeneration processes scalable, but also rapid. Such a rapid recovery and reuse of photocatalyst is critical for the deployment of photocatalysis as a process useful for water disinfection.
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Figure 1. A picture of the benchtop water disinfection system built for processing 15.14 L (4 gallons) per minute of water. The setup is assembled from commercially available components, and could be mounted on a mobile stand for onsite disinfection of water at any desired location. 
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Figure 2. E. coli inactivation in the benchtop water disinfection system built for processing 15.14 L (4 gallons) per minute of water. The plot indicates that Aeroxide® P25 nanoparticles exhibit faster disinfection kinetics relative to that obtained using TiO2 porous nanowires. The photocatalyst concentration in both cases was 0.1 g/L. 
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Figure 3. Kinetics of E. coli disinfection in recovered and regenerated photocatalysts for: (a) Aeroxide P25® nanoparticles; (b) TiO2 porous nanowires. In both cases, regeneration of the photocatalyst surfaces using plasmas resulted in the increase in the photocatalyst disinfection kinetics, compared to their as-recovered counterparts. 
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Figure 4. Dark repair experimentation plots indicating the concentration of E. coli in water vs. time for water stored in the dark following treatment using the following conditions: (a) photocatalysis using porous TiO2 nanowires, (b) exposure to nanowires that are not excited with UV light (dark control) and (c) exposure to UV light in the absence of photocatalysts (clear control). In all the plots, “before treatment” indicates the concentration of E. coli in water samples that did not undergo any treatment, but aged in a similar manner as the treated samples. 
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