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Abstract 23 

Within the Adenoviridae family, human adenovirus 40 (HAdV40) is the most UV 24 

resistant serotype. This study explores photocatalytic inactivation of the pathogenic 25 

HAdV40 by UV light with TiO2 catalyst in the presence of dissolved organic matter.  26 

Scavenging of reactive oxygen species (ROS) by dissolved organics is significant: 9.6 27 

mg(DOC)/L decreases [OH•] by the factor of ~ 17.4 with respect to that in deionized 28 

water.  Regardless of the pre-filter choice (𝑑𝑝𝑜𝑟𝑒 = 0.03 µm, 0.45 µm, or 0.8 µm), the 29 

removal of the total HAdV40 by photocatalytic UV depends linearly on UV254 fluence, 30 

Φ254, indicating that water quality impacts the DNA damage via fluence attenuation 31 

only.  In contrast, the removal of infectious HAdV40 for the same Φ254 depends on the 32 

nature of dissolved constituents in the sample; at low Φ254, photocatalytic UV 33 

disinfection is more effective when using the smallest pore size (0.03 µm) pre-filter.  The 34 

differences in concentration, molecular weight, and type of organic molecules that pass 35 

through different prefilters should translate into variations in the extent of quenching. 36 

Apparently, filtration through a 0.03 μm membrane produces sufficiently pure permeate 37 

for the adenovirus to become an ROS’s target competitive with remaining organic 38 

scavengers.  Combining a photocatalyst-coated microfiltration membrane  (𝑑𝑝𝑜𝑟𝑒 = 0.8 39 

µm) with UV light into a photocatalytic membrane reactor removes ~ 3.0 log of 40 

infectious HAdV40 in the high throughput continuous flow process with the initial 41 

specific permeate flux of 3322 ± 266 (L∙m-2∙h-1∙bar-1).  The results point to the potential 42 

feasibility of photocatalytic disinfection as a tertiary treatment applied to a relatively high 43 

quality effluent typical for membrane filtration plants. 44 
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1. Introduction 45 

 46 

Adenoviruses, members of the family Adenoviridae, are non-enveloped, double-47 

stranded DNA viruses represented by 7 species (A through G) and over 50 serotypes 48 

[1]. Adenoviruses are ubiquitous in the aqueous environment and have been shown to 49 

be the etiologic agents of various types of diseases, including respiratory infections, 50 

conjunctivitis, gastroenteritis and pneumonia [2].  The viruses can be transmitted 51 

through direct contact, fecal-oral transmission or occasionally waterborne transmission 52 

[2].  The most common symptoms of HAdV infection are fever and coughing; however, 53 

in extreme cases HAdV can cause life-threatening multi-organ diseases [3].  54 

Adenoviruses have been on the Drinking Water Contaminant Candidate List of the U.S. 55 

Environmental Protection Agency (EPA) since 1998 [4]. 56 

 57 

Numerous studies have shown that adenoviruses can be stable for days or even 58 

months in water and on dry surfaces [5, 6].  Moreover, adenoviruses have been 59 

recognized as the most UV-resistant virus known to date, requiring a much higher UV254 60 

dose for disinfection than other EPA regulated viruses [7] (see Supporting Material 61 

(SM), Figure S1).  While low-pressure lamps offer an important advantage of higher 62 

UV254 energy efficiency,  adenoviruses have been recently shown to be more 63 

susceptible to UV irradiation from medium-pressure lamps that emit a broader spectrum 64 

of UV irradiation; the increased damage was attributed to the damage to the protein 65 

capsid of the virus [8]. The resistance to UV254 irradiation is attributed to the double-66 
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stranded DNA that adenoviruses possess; since both DNA strands can serve as a 67 

template for replication, one strand can be used as a template for repair if the other one 68 

is damaged (e.g. by UV irradiation) [9, 10]. The U.S. EPA has specified a UV254 dose of 69 

186 mJ/cm2 for achieving a 4-log inactivation (99.99% removal) of viruses [4].  However, 70 

human adenovirus serotype 40 (HAdV40) requires a UV254 dose of up to 226 mJ/cm2 to 71 

achieve a 4-log reduction [11].  Indeed HAdV40 has been identified as the most UV254 72 

resistant serotype of the adenoviruses [12].  Species F of HAdV40 has been recognized 73 

as a very important pathogenic agent associated with gastroenteritis, primarily in 74 

children [13, 14].  The concerns over the health risks of adenoviruses prompt further 75 

research on the disinfection of these microorganisms. 76 

 77 

Photocatalytic disinfection is effective against a variety of waterborne pathogens and 78 

offers an alternative to approaches that rely on direct UV light or ozone [15-17].  79 

However, most published studies on photocatalytic disinfection focus only on bacteria 80 

[18-20], particularly using Escherichia coli as an indicator organism [21-27].  The studies 81 

that have examined the inactivation of viruses with photochemical methods have often 82 

used bacteriophages (e.g. MS2 and P22) as the targets [28-31].  Human viruses, such 83 

as adenoviruses, have received much less attention, most likely due to the challenging 84 

culturing protocols. 85 

 86 

To our knowledge, there have been only three published reports on the photocatalytic 87 

disinfection of adenoviruses [32-34] and none involved HAdV40, the most UV resistant 88 
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adenovirus serotype.   All three studies used UV as the light source.  Gorvel et al. [33] 89 

and Li et al. [34] coupled UV irradiation with titanium dioxide for inactivation of 90 

replication-deficient recombinant adenoviruses and serotype 5 adenoviruses.  Bounty et 91 

al. [32] used H2O2 in the UV treatment of serotype 2 adenoviruses.  The recognized role 92 

of HAdV40 as an etiologic agent of waterborne disease and its resistance to UV 93 

disinfection, warrant a study on whether photocatalysis can be an effective disinfection 94 

alternative for this virus. 95 

 96 

An important challenge to photocatalytic disinfection is the influence of organic species, 97 

which can quench the reactive oxygen species (ROS) catalytically generated to serve 98 

as disinfectants.  In various settings, including clinical applications and in natural, 99 

aquatic systems, small molecular organics or natural organic matter (NOM) can quench 100 

ROS significantly [35]. Further, a portion of NOM exists as colloids and can scatter light; 101 

such scattering together with light absorption reduce the intensity of radiation available 102 

for disinfection in the bulk of the water sample [36].  Recent work has pointed to the 103 

importance of NOM interactions with photocatalytic processes and noted a distinction 104 

between surface-based and bulk quenching of radicals [37].  None of the 105 

aforementioned studies on adenovirus disinfection by UV investigated the role of 106 

organic quenchers in the photocatalytic process [35].  The nature of these interactions is 107 

important when considering strategies to mitigate ROS scavenging. 108 

 109 
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Applied upstream of the disinfection process, membrane filtration may remove not only 110 

turbidity but also, when the pore size is sufficiently small, key fractions of dissolved 111 

organic matter (DOM) that quench ROS to result in a higher UV fluence at the catalyst 112 

surface.  DOM can be operationally defined as the portion of NOM that passes through 113 

a microfiltration membrane with the nominal pore size of 0.45 µm. In addition, 114 

membranes can serve as a photocatalyst support; the resulting photocatalytic 115 

membrane reactor (PMR) eliminates the need for catalyst recovery and can be 116 

designed to enable permeate side photocatalysis [38-42].  For such PMRs to be 117 

effective, it is critical to understand how permeate quality affects the photocatalytic 118 

process. 119 

 120 

The above considerations motivate the present study. The goal of this work is twofold.  121 

First, we investigate the kinetics of photocatalytic disinfection of HAdV40 in waters with 122 

different organic matter contents using a batch photoreactor.  Components of the virus 123 

growth media (amino acids, glucose, etc.) and natural organic matter from surface water 124 

(lake) serve as model organics. Second, we evaluate a photocatalytic membrane 125 

reactor as a treatment method for high throughput inactivation and removal of HAdV40. 126 

  127 
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2. Materials and Methods 128 

 129 

2.1. Reagents 130 

 131 

Aeroxide TiO2 P25 powder was provided by Evonik Industries.  Minimum essential 132 

medium (MEM, Table S1), sodium pyruvate solution (100 mM), trypsin 1×, modified 133 

Eagle’s medium Eagle non-essential amino acid solution, HEPES buffer (1 M), 1×PBS 134 

with ethylenediaminetetraacetic acid (pH=7.4), antibiotic-antimycotic solution, and 135 

kanamycin sulfate solution (5,000 µg/mL) were purchased from VWR International.  Cell 136 

culture Tris-buffered saline solution (10×) was purchased from Fisher Scientific 137 

International, Inc.  Fetal bovine serum (FBS) was purchased from Atlanta Biologicals, 138 

Inc. Ultrapure water (~ 17 MΏ/cm) was produced by a Barnstead E-pure water 139 

purification system (Thermo Fisher Scientific).  Polyelectrolytes used for the layer-by-140 

layer deposition of catalyst on the membrane included reagent grade 141 

polydiallyldimethylammonium chloride (Aldrich, MW 100,000 - 200,000 Da), and 142 

polyacrylic acid (Aldrich, MW 1,800 Da). 143 

 144 

2.2. Batch photoreactor 145 

 146 

Figure 1 shows the schematic of the photoreactor used in batch UV disinfection tests.  147 

The photoreactor has two chambers connected through an opening 9.3 cm in diameter.  148 
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In the upper chamber, a preheated germicidal UV lamp (16 W, model GPH330T5L/4, 149 

Atlantic Ultraviolet Corp.) was positioned above the center of the opening. 150 

 

Figure 1. Schematic diagram of the batch photoreactor. 

 151 

The temperature within the photoreactor was maintained constant by circulating air by a 152 

fan.  A beaker with a solution was placed in the lower chamber and the solution was 153 

mixed with a magnetic stirrer to ensure its homogeneous irradiation by the UV light.  A 154 

shutter positioned between the chambers controlled the time of exposure of UV light to 155 

the solution. In all tests the pH of the solution in the batch reactor was adjusted to 5 to 156 

maintain a constant pH for the HAdV40 culture. The pH value of 5 is on the lower range 157 

of pH values commonly used in water treatment processes (i.e. softening or coagulation 158 

and flocculation) [43]. This pH value falls within the range (pH 5 to 10) where dye 159 
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degradation kinetics by UV-TiO2 produced OH• species were shown to be 160 

approximately constant [44].  In all batch photocatalytic UV tests the loading of TiO2 161 

nanoparticles was 0.83 mg/L. Using a low concentration of TiO2 allows for more 162 

sensitivity in discerning differences in water quality between samples and better 163 

approximates the limited amount of TiO2 coated onto the membrane (see section 2.3). 164 

 165 

2.3. Photocatalytic membrane and membrane reactor 166 

 167 

A tubular ceramic (TiO2) membrane (TAMI Industries) with the nominal pore size of 0.8 168 

µm was coated with TiO2 nanoparticles (80% anatase, 20% rutile) by the layer-by-layer 169 

method as described earlier [42].  The membrane had the interior diameter of 0.55 cm 170 

and the effective length of 14.8 cm. These measurements translated into the internal 171 

effective surface area of 25.57 cm2. The internal diameter, determined using a Vernier 172 

caliper, was somewhat smaller than the 0.6 cm value reported by the manufacturer. The 173 

effective length of the membrane was smaller than the nominal length (25 cm) because 174 

each end the membrane was coated by an impermeable layer. 175 

 176 

The design of the PMR was also described previously [41].  The PMR was operated in 177 

the constant pressure regime with the transmembrane pressure differential of 2.2 ± 0.25 178 

psi. Crossflow rate and permeate mass flow rate were automatically logged into a 179 

computer at 1 s intervals.  The crossflow rate was maintained in the 1.1 to 1.2 L/min 180 
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range, which translates to the crossflow velocity of ~ 0.17 m/s.  The transmembrane 181 

pressure was measured by two pressure gauges installed on the feed and retentate 182 

sides of the membrane unit. 183 

 184 

2.4. Sample collection and storage 185 

 186 

Surface water was collected from Lake Lansing at the boat ramp in Lake Lansing Park 187 

South (Haslett, MI) in November, 2015 and stored at 4 oC.  Lake Lansing is borderline 188 

between mesotrophic and eutrophic [45].  The pH of Lake Lansing water is normally in 189 

the range from 7.0 to 7.8 (e.g. [46]); in all experiments conducted in this study the pH 190 

was adjusted to 5 (see section 2.2). All feed water samples were characterized for 191 

UV/Vis absorbance (MultiSpec 1501 spectrophotometer, Shimadzu) and total organic 192 

carbon (TOC) content.  The TOC in each water sample was measured at least in 193 

triplicate (OI Analytical model 1010 analyzer, OI Analytical).  In batch inactivation tests 194 

(both UV-only and photocatalytic UV), initial solutions were prepared by diluting 1.5 mL 195 

HAdV40 stock (~ 1010 copies/mL) by 148.5 mL lake water. Samples were collected at 0, 196 

1, 5, 10, 15, 20, 30, 45, and 60 min into each experiment and stored in 5 mL cryogenic 197 

vials at −80 °C.  In crossflow filtration tests, feed solutions were prepared by diluting 30 198 

mL HAdV40 stock by 2970 mL 0.45 µm-filtered lake water. Samples of both feed and 199 

permeate solutions were collected.  Feed solution was withdrawn from the feed tank 200 

prior to the start of the filtration test.  Permeate samples were first collected into a foil-201 

wrapped Erlenmeyer flask positioned on an electronic mass balance, and then after the 202 
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filtration, three to four mL of sample was withdrawn from the flask for quantitative 203 

polymerase chain reaction (qPCR) analysis.  Given the high concentration of viruses in 204 

the samples, concentration of the samples was not necessary prior to qPCR analysis.  205 

The remaining permeate solution was transferred to the pressurized tank (see SM, 206 

Figure S2) for concentration using 50 kDa ultrafiltration membrane discs (PBQK06210, 207 

EMD Millipore) and then the concentrated samples were used for cell culture assays 208 

(see section 2.10).  All the samples were stored in a −80 °C freezer. 209 

 210 

2.5. Lake water pre-treatment 211 

 212 

In batch tests, both raw lake water and pre-filtered lake water were tested.  Lake water 213 

was pre-filtered through membranes of one of three nominal pore sizes: 0.8 µm (tubular 214 

TiO2 membrane, TAMI Industries), 0.45 µm (mixed cellulose esters membrane, 215 

HAWP09000, Merck Millipore Ltd.) and 0.03 µm (PVP-treated, low non-specific binding 216 

polycarbonate track etch membranes, PCT0039030, Sterlitech Corp.) and stored in 217 

separate glass flasks at 4 oC.  In all crossflow filtration experiments, lake water pre-218 

filtered through 0.45 µm membrane (HAWP09000, Merck Millipore Ltd.) was used to 219 

prepare the feed solution. 220 

 221 

  222 
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2.6. UV dose quantification  223 

 224 

A UVX Radiometer (UVP, LLC) was used to measure the incident light intensity (254 225 

nm) at the surface of the reaction solution.  Based on the measured value of 425 226 

μW/cm2 for the initial time point, the average fluence throughout the reactor for each 227 

water source was estimated using a standard procedure described by Bolton and 228 

Linden [36].  The fluence was re-calculated iteratively after each aliquot was withdrawn 229 

to account for the changes in reaction volume. 230 

 231 

2.7. Photochemical characterization 232 

 233 

The batch photoreactor was used to determine steady state OH• concentrations in 234 

experiments with different waters.  The concentrations of OH• was determined indirectly 235 

by measuring the degradation of a probe compound, para-chlorobenzoic acid (pCBA), 236 

with a known rate constant for reaction with OH• (5×109 L mol-1s-1) [47].  The 237 

concentration of pCBA was measured as a function of irradiation time using high 238 

performance liquid chromatography (Perkin Elmers Series 200; Waters 2487 Dual 239 

Lambda absorbance detector) at 235 nm and a C-18 column. In all tests the initial 240 

concentration of pCBA was 10 µM. 241 

 242 

  243 
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2.8. Total virus quantification with qPCR 244 

 245 

A549 cell line and HAdV40 propagation procedures are described in the SM file. All 246 

samples from batch UV and crossflow filtration tests were subjected to qPCR analysis.  247 

The DNA extraction process was the same as described earlier [41].  The generic 248 

primers and TaqMan probe used for quantification were also described previously [48].  249 

The qPCR analysis started with 15 min denaturation at 95 °C then followed by 45 250 

amplification cycles at 95 °C for 10 s, 60 °C for 30 s and 72 °C for 12 s and finally 251 

cooling at 40 °C for 30 s.  A standard curve was used to relate the crossing-point values 252 

to the numbers of HAdV40 DNA copies [48]. 253 

 254 

2.9. Quantification of infectious virus: Cell culture assays and most probable 255 

number (MPN) calculation 256 

 257 

The concentration of infectious HAdV40 in both batch photoreactor and PMR samples 258 

was quantified by cell culture assays [49]. A cell culture assay of raw lake water was 259 

conducted and no cytopathic effects (CPEs) were observed.  Each sample was serially 260 

diluted (10-1 to 10-4 from an initial concentration of ~ 108 copies/mL) and cell culture 261 

assays were conducted.  First, the monolayer cell line in 25 cm2 tissue culture was 262 

checked for a confluence of at least 80%.  The old medium was then emptied and the 263 

monolayer of cells was rinsed with sterile Tris-buffered saline (1×).  Second, 1 mL of 264 

diluted sample was inoculated into a flask.  Each diluted sample was analyzed in 265 
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triplicate.  Third, flasks were incubated at 37 °C and vigorously shaken for 30 to 60 s 266 

every 15 min for approximately 1 to 1.5 h.  After the incubation, the 1 mL sample was 267 

decanted and 8 mL of maintenance medium was added.  Cytopathic effects, which 268 

indicate viral infection in the cell cultures, were monitored for up to 14 days.  269 

Maintenance media in the flasks was changed every 7 days.  According to the U.S. EPA 270 

protocol [49], flask with the appearance of CPE is counted as a positive sample, and 271 

counted as a negative sample in the absence of CPE.  The mean concentration of 272 

HAdV40 in each sample was estimated based on the numbers of positive and negative 273 

samples by using MPN calculator [50]. 274 

 275 

3. Results and Discussion 276 

 277 

The premise behind combining membranes and photocatalysis is that membrane 278 

filtration can improve photocatalysis efficiency by removing OH• scavengers. To 279 

evaluate this premise, we employed a batch photoreactor system where uncertainties 280 

germane to flow-through system were not a concern. Filtrate from membranes of one of 281 

three different nominal pore sizes (0.03 µm, 0.45 µm, 0.8 µm), was used as the feed 282 

water for the batch reactor. 283 

 284 

  285 
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3.1. OH• radical production and quenching: Effect of water quality 286 

 287 

The feed water for all HAdV40 inactivation tests was prepared by diluting HAdV40 stock 288 

of ~ 1010 copies/mL with pre-filtered lake water (see section 2.2) at a 1:100 ratio.  289 

Because HAdV40 stock solution was based on a maintenance medium that is 92% 290 

MEM (see SM, Table S1), all these samples contained ~0.9% MEM 291 

 

Figure 2. UV254 absorbance and DOC contents of TiO2-containing water samples 

used in photocatalytic tests.  Raw and 0.8 μm-filtered water do not meet 

standard DOC measurement protocol and were therefore excluded.  To 

parallel the photocatalytic batch experiments (Table 1; Figures 3 - 6; 

Figures S4 and S5), each water sample contained TiO2 (0.83 mg/L).  Error 

bars correspond to standard deviations. 

 292 
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After raw feed samples were filtered through a membranes of a certain pore size, UV 293 

absorbance and TOC were measured (Figure 2).  In this study we used TOC as an 294 

estimate of dissolved organic carbon (DOC).  To maintain this assumption, the raw 295 

water and 0.8 μm-filtered solutions were not included in the analysis, as they do not 296 

meet the requirement of 0.45 μm filtration, a criterion used to operationally define DOC 297 

in water.  Hence only data for 0.03 μm-filtered and 0.45 μm-filtered surface water 298 

samples are included in Figure 2. 299 

 300 

The TOC and UV254 absorbance values for DI water containing TiO2 and MEM were 301 

determined to assess the impact of these two constituents on photocatalysis (Figure 2). 302 

Full UV/Vis spectra are provided in the SM file (Figure S3).  The DI water with 0.9% 303 

MEM had ~ 2.6 times lower UV254 absorbance while having ~ 25 times higher DOC 304 

content in comparison with the two pre-filtered lake water samples. Samples filtered 305 

through 0.03 μm membranes had slightly (~ 15%) reduced UV254 absorbance, 306 

compared to the 0.45 μm sample.  TiO2 also exerted broad-band absorption of UV light 307 

(see SM, Figure S3).  The small difference (~ 8%) in DOC between the 0.03 μm-filtered 308 

and 0.45 μm-filtered samples suggests that membrane selection in this pore size range 309 

has limited effect on the DOC rejection by clean membranes. 310 

 311 

Specific UV absorbance (SUVA), a common metric for the aromaticity of organic matter, 312 

is given by UV254 absorbance (in units of m-1) normalized by dissolved organic carbon 313 

(DOC) content of the sample.  Thus, the units of SUVA (L∙mg-1∙m-1) are the same as 314 
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those of absorptivity.  SUVA values of 0.4, 2.5, and 2.7 L∙mg-1∙m-1 were obtained for the 315 

DI water with 0.9% MEM, 0.03 μm-filtered, and 0.45 μm-filtered samples, respectively.  316 

SUVA is known to be a predictor of chemical reactivity of DOC; importantly, disinfection 317 

byproduct formation was shown to increase with increasing SUVA values [51].  Given 318 

that aromatic compounds are electron rich, higher SUVA values may also be predictive 319 

of higher reactivity with OH•.  Increased reactivity of water constituents with OH• would 320 

directly correlate with a decrease in the efficacy of photocatalytic disinfection; thus 321 

waters with high SUVA are likely to inhibit OH• driven disinfection more than those with 322 

lower SUVA.  If this mechanism proves significant in mediating photocatalysis, then 323 

higher photoactivity should be observed in DI water with MEM (low SUVA sample) than 324 

in the lake water samples. 325 

 326 

The observation of pCBA degradation provides a convenient method for the estimation 327 

of a pseudo steady state OH• concentration in a photocatalytic reaction.  The steady 328 

state analysis is possible given the known reaction rate of OH• with pCBA.  The kinetics 329 

of pCBA degradation was consistent with a 1st order reaction (see SM, Figure S4) and 330 

was described by a pseudo 1st order reaction rate constant.  While it was expected that 331 

the presence of organics would impact the photocatalytic production of OH•, the 332 

magnitude of this effect was surprisingly high, given that a recent report showed only a 333 

50% reduction in relative degradation for a similar system in the presence of 20 mg/L of 334 

humic acid (Table 1; Figure S4) [52]. 335 

 336 
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In the range of DOC concentrations tested, MEM alone and NOM alone were sufficient 337 

to decrease photocatalytic degradation of pCBA substantially, and it can be seen that 338 

the SUVA values were not predictive of quenching potential (Table 1): 339 

1) The effect of MEM alone – a 17.3 ± 2.6 times decrease in 𝑘𝑝𝐶𝐵𝐴/Φ254 – is 340 

apparent from the comparison of DI/TiO2 and DI/TiO2/MEM samples;   341 

2) The effect of NOM alone - a 17.6 ± 2.6 times decrease in 𝑘𝑝𝐶𝐵𝐴/Φ254 - is seen 342 

when comparing DI/TiO2 and 0.45 µm-filtered/TiO2 samples; 343 

3) The individual effects of NOM and MEM were additive as pCBA degradation in 344 

0.45 µm-filtered/TiO2/MEM samples where both NOM and MEM was present 345 

(𝑘𝑝𝐶𝐵𝐴/Φ254 = 0.180∙10-3 ± 0.025∙10-3 (cm2∙J-1∙s-1)) was lower than in 346 

DI/TiO2/MEM samples where MEM but not NOM was present (𝑘𝑝𝐶𝐵𝐴/Φ254 = 347 

0.227∙10-3 ± 0.031∙10-3 (cm2∙J-1∙s-1)) and in 0.45 µm-filtered/TiO2 samples where 348 

only NOM but not MEM was present (𝑘𝑝𝐶𝐵𝐴/Φ254 = 0.224∙10-3 ± 0.032∙10-3 349 

(cm2∙J-1∙s-1)). The differences were statistically significant with 𝑝 < 0.04 and 𝑝 < 350 

0.05, respectively. 351 

It is important to note that pCBA underwent partial degradation in the absence of 352 

TiO2, due to direct photolysis.  For DI water, the steady state OH• concentration was 353 

estimated to be (1.23 ± 0.07)∙10-13 M based on a direct subtraction of the 354 

degradation caused by photolysis (see SM for the calculation). Experiments 355 

conducted in the absence of TiO2 were used to discern the role of photolysis by 356 

direct UV alone (DI/MEM and 0.03 µm-filtered/MEM samples) as an effect separate 357 

from the photocatalytic degradation of pCBA (DI/TiO2/MEM and 0.03 µm-358 
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filtered/TiO2/MEM samples).  For both DI water and 0.03 µm-filtered lake water, 359 

pCBA degradation was statistically more significant in the presence of TiO2 (DI/MEM 360 

< DI/TiO2/MEM (𝑝 < 0.03) and 0.03 µm-filtered/MEM < 0.03 µm-filtered/TiO2/MEM (𝑝 361 

< 0.01)). 362 

 363 

Table 1: Pseudo 1st order reaction rate constant of pCBA degradation 

normalized by UV254 fluence, Φ254, for different water types with and 

without TiO2 and minimal essential medium (MEM) in the solution.  

Errors correspond to 95% confidence intervals for the linear fit of the 

dependence of pCBA degradation rate on Φ254. 

 364 

Water 
type 

Prefilter 
Other constituents  

of the water samples 

1

Φ254

ln (
[pCBA]

[pCBA]0
)10-3, 

cm2/(J∙s) MEM, % v/v TiO2, mg/L 

DI 
water 

none 

0.9 - 0.184 ± 0.008 

- 0.83 3.931 ± 0.197 

0.9 0.83 0.227 ± 0.031 

Lake 
water 

0.03 µm 0.9 - 0.127 ± 0.032 

0.45 µm - 0.83 0.224 ± 0.032 

0.03 µm 

0.9 0.83 

0.195 ± 0.013 

0.45 µm 0.180 ± 0.025 

0.8 µm 0.187 ± 0.027 

none 0.202 ± 0.025 

 365 

The challenge of quantifying differences in photoactivity inhibition between water 366 

samples is compounded by the complexity of the water matrices, which have different 367 

UV absorptivities. Rather than calculating steady state concentrations of 368 

photocatalytically-generated OH• based on incorrect assumptions, pCBA degradation 369 

rates were normalized by Φ254 (Table 1) and used as a parameter to compare the 370 

combined effects of photolysis and photocatalysis. Calculating the degradation rates as 371 
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described effectively normalizes the effects of photolysis and allows for a direct 372 

comparison of photocatalytic activity between different water types. 373 

 374 

Comparing data for DI water with TiO2 to data for any other TiO2-containing water, it is 375 

clear that organics exert a strong quenching action on OH•: after normalizing by Φ254, 376 

the pCBA degradation rate was ~ 20 times lower in DOC-containing samples, 377 

regardless of the type of pretreatment, in comparison with DI/TiO2 sample. At the same 378 

time, the largest difference in pCBA photocatalytic degradation rate between prefiltered 379 

lake water samples was only 8% (between 0.03 µm-filtered and 0.45 µm –filtered) 380 

indicating that, in the range of DOC concentrations tested, even the smaller size 381 

organics (such as those capable of passing the 0.03 µm pore size filter) are effective 382 

quenchers.  This conclusion is consistent with the observation that 0.9% v/v MEM (a 383 

mixture of small MW compounds) quenches OH• to approximately the same extent as 384 

the NOM present in the lake water.  The finding that OH• were not quenched more in 385 

the high SUVA (2.7 L∙mg-1∙m-1) lake water than in the low SUVA (0.4 L∙mg-1∙m-1) 386 

DI/MEM solution indicates that, in the range of DOC concentrations and SUVA tested, 387 

SUVA does not control quenching.  Viruses may provide a more sensitive observational 388 

tool for understand the quenching effects of DOC; if viruses react with OH• more readily 389 

than pCBA does, then enhanced viral inactivation by photocatalytically produced OH• 390 

can be expected even in the presence of organics.  391 

 392 

  393 
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3.2. HAdV40 removal and inactivation in a batch photoreactor 394 

 395 

Batch experiments were conducted to investigate the removal and inactivation of 396 

HAdV40 in four different waters: (1) raw lake water, (2) lake water prefiltered through 397 

0.8 µm membrane, (3) lake water prefiltered through 0.45 µm membrane and (4) lake 398 

water prefiltered through 0.03 µm membrane.   399 

 400 

 

Figure 3. Log removal of total HAdV40 (as measured by qPCR) by photocatalytic UV 

in batch inactivation tests with unfiltered surface water and surface water 

pre-filtered by membranes of different pore sizes.  All samples contained 

MEM (0.9% v/v).  Error bars represent standard deviations (n = 3). 

 401 
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Figure 3 shows log removal values for total HAdV40 (𝐿𝑅𝑉𝑡𝑜𝑡) as a function of Φ254 in 402 

photocatalytic UV batch inactivation tests. Since the qPCR method quantifies the 403 

number of organisms by counting the number of target DNA sequences in the sample, 404 

the only direct way to reduce the qPCR count is to damage the DNA.  Thus, the 405 

increased 𝐿𝑅𝑉𝑡𝑜𝑡 can be attributed to the UV-induced DNA damage, including 406 

dimerization and oxidation of DNA by ROS formed in the photocatalytic UV process 407 

[16].  All experiments were conducted with identical sampling time points.  408 

 409 

Table 2.    Parameters of linear regressions 𝐿𝑅𝑉𝑡𝑜𝑡 = 𝑚Φ254 + 𝑏 based on the data 

presented in Figures 3 and 4. Error estimates correspond to 95% confidence 

intervals. 
 410 

Water type Test type (𝑚 ±  ∆𝑚)∙103 𝑏 ± ∆𝑏 𝑅2 

Raw (unfiltered) surface water 

P
h

o
to

c
a

ta
ly

ti
c
 U

V
 1.28 ± 0.40 0.028 ± 0.060 0.89 

Prefiltered through 0.8 µm 1.13 ± 0.45 0.070 ± 0.073 0.83 

Prefiltered through 0.45 µm 1.06 ± 0.65 0.053 ± 0.102 0.69 

Prefiltered through 0.03 µm 0.99 ± 0.41 0.040 ± 0.077 0.82 

Prefiltered through 0.45 µm 

U
V

 o
n

ly
 0.97 ± 0.42 0.106 ± 0.081 0.78 

Prefiltered through 0.03 µm 1.02 ± 0.47 -0.026 ± 0.092 0.82 

 411 

The removals were generally low: at the Φ254 of 186 mJ/cm2 the 𝐿𝑅𝑉𝑡𝑜𝑡 was ~ 0.21. The 412 

fluence was highest for the experiments conducted with 0.03 µm–filtered samples, due 413 

to the lower UV254 absorbance in that water type.  Each dataset was fit by a linear 414 

dependence of 𝐿𝑅𝑉𝑡𝑜𝑡 on fluence: 𝐿𝑅𝑉𝑡𝑜𝑡 = 𝑚Φ254 + 𝑏 (Table 2).  415 
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Figure 4. Comparison of 𝐿𝑅𝑉𝑡𝑜𝑡 of HAdV40 (as determined by qPCR) by direct UV 

(-∆-, -▲-) and by photocatalytic UV (-○-, -●-) in batch inactivation tests 

with surface water pre-filtered by membranes of different pore sizes.  The 

data points representing photocatalytic tests are the same as shown in 

Figure 3.  All samples contained 0.9% v/v of MEM.  Error bars represent 

standard deviations (n = 3). 

 416 

While Figure 3 shows averages and standard deviations for 𝐿𝑅𝑉𝑡𝑜𝑡 at each of the eight 417 

values of Φ254, linear regressions were obtained for entire datasets (24 𝐿𝑅𝑉𝑡𝑜𝑡 values in 418 

each) to ensure that the error estimate accounted for the scatter in measured 𝐿𝑅𝑉𝑡𝑜𝑡 419 

(see SM, Figure S7).  For each photocatalytic test, the 95% confidence interval of the 420 

intercept, 𝑏, included the (0;0) point. There was no statistically significant difference 421 
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between slopes, 𝑚, for any pair of datasets; the smallest 𝑝 value (for raw water vs 0.03 422 

µm-filtered sample comparison) was 0.13. The apparent linearity of 𝐿𝑅𝑉𝑡𝑜𝑡 dependence 423 

on Φ254 and the fact that there was no statistically significant difference between slopes, 424 

𝑚, indicate that Φ254 is the main determinant of DNA damage for HAdV40 in 425 

photocatalysis.  In other words, water quality impacted the DNA damage pathway via 426 

fluence attenuation only.  427 

 428 

Comparison of total HAdV40 removal with and without the photocatalyst was performed 429 

in 0.03 µm-filtered and 0.45 µm-filtered lake water samples (Figure 4).  430 

For each pretreatment, no significant differences in the removal of total virus with and 431 

without TiO2 were observed (Table 2): t-test comparison of slopes, 𝑚, obtained in UV 432 

only and photocatalytic UV tests with 0.03 µm-filtered water yielded 𝑝 = 0.85; in the 433 

case of prefiltration by 0.45 µm membrane, 𝑝 value was 0.72. In the same way as was 434 

done for photocatalytic UV data (Figure 3), linear regressions were performed for entire 435 

datasets (24 𝐿𝑅𝑉𝑡𝑜𝑡 values in each) to ensure that the error estimate was accurate (see 436 

SM, Figure S8).  Thus, the presence of TiO2 catalyst did not cause an increase in the 437 

removal of total HAdV40.   438 

 439 

UV fluence was measured following the procedure described in section 2.7.  The 440 

concentration of infectious HAdV40 virions was quantified using MPN counting (see 441 
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section 2.10). The concentration of total HAdV virions (i.e. both infectious and non-442 

infectious) was measured using the qPCR method (see section 2.9). 443 

 444 

Thus, we conclude that UV-induced damage, such as dimerization, rather than 445 

oxidation by the ROS generated during the photochemical process, was the main 446 

mechanism for the total HAdV40 removal in filtered lake water. Although more pCBA 447 

degradation was recorded in 0.03 µm-filtered/TiO2/MEM samples than in 0.03 µm-448 

filtered/MEM samples (Table 1), the difference in [OH•]ss did not lead to a statistically 449 

significant difference in total HAdV40 counts.  The conclusion holds for the relatively low 450 

TiO2 loading (0.83 mg/L) employed in this work and may not be valid at higher catalyst 451 

loadings. 452 

 453 

Figure 5 shows values of log removal for infectious HAdV40 (𝐿𝑅𝑉𝑖𝑛𝑓) in different waters.  454 

Because of the limitation of the measurement method (MPN counting), no infectious 455 

virus could be detected after 10 min in all experiments.  Thus, only four samples (initial, 456 

1 min, 5 min and 10 min into the experiment) were analyzed for infectious virus 457 

concentration in each test.  Because for the same time into the test fluence on the virus 458 

was higher in optically more transparent samples, the data points corresponding to 459 

same sampling times do not align along the X-axis. 460 
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Figure 5. Log removal of infectious HAdV40 (as determined by MPN counting) in 

photocatalytic UV batch inactivation tests with unfiltered surface water and 

surface water pre-filtered by membranes of different nominal pore sizes.  All 

samples contained 0.9% v/v of MEM.  Error bars represent standard 

deviations (n = 3). 

 461 

An increase in 𝐿𝑅𝑉𝑖𝑛𝑓 with the irradiation time was observed for each water type.  The 462 

𝐿𝑅𝑉𝑖𝑛𝑓 values were much higher (Figure 5) than 𝐿𝑅𝑉𝑡𝑜𝑡 (Figure 3).  For example, in 0.45 463 

µm-filtered water, average 𝐿𝑅𝑉𝑡𝑜𝑡 and 𝐿𝑅𝑉𝑖𝑛𝑓 values were 0.09 and 1.68 at the same 464 

Φ254 of 59.3 mJ/cm2.  This enhanced removal efficacy is attributed to the fact that in 465 

addition to the UV-induced DNA damage, the oxidation by ROS may also lead to the 466 

loss of viability [16].  The cell culture method is more sensitive to oxidation effects 467 

resulting in loss of viability than the qPCR technique, which quantifies a specific 468 

segment of DNA regardless of the state of rest of the virus.  The 𝐿𝑅𝑉𝑖𝑛𝑓 values were 469 
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much higher (Figure 5) than 𝐿𝑅𝑉𝑡𝑜𝑡 (Figure 3).  For example, in 0.45 µm-filtered water, 470 

average 𝐿𝑅𝑉𝑡𝑜𝑡 and 𝐿𝑅𝑉𝑖𝑛𝑓 values were 0.09 and 1.68 at the same Φ254 of 59.3 mJ/cm2.  471 

This enhanced removal efficacy is attributed to the fact that in addition to the UV-472 

induced DNA damage, the oxidation by ROS may also lead to the loss of viability [16].  473 

The cell culture method is more sensitive to oxidation effects resulting in loss of viability 474 

than the qPCR technique, which quantifies a specific segment of DNA regardless of the 475 

state of rest of the virus. 476 

For fluence values < 40 mJ/cm2, 𝐿𝑅𝑉𝑖𝑛𝑓 of HAdV40 in 0.03 µm-filtered lake water were 477 

significantly higher than that in the other water samples (i.e. than in raw, 0.8 µm-filtered, 478 

and 0.45 µm-filtered samples).  Despite a lack of observed difference in 479 

photodegradation of pCBA in waters treated with prefilters of different pore sizes (Table 480 

1), this result can be explained by the higher quality of this filtered water where ROS are 481 

scavenged by the background organics to a lower degree, given that viruses are more 482 

sensitive to OH• than pCBA.  Indeed, the difference in pCBA degradation in 0.03 μm-483 

filtered lake water between the cases of direct UV and photocatalytic UV (0.03 µm-484 

filtered/MEM vs 0.03 µm-filtered/TiO2/MEM samples; Table 1) was small but statistically 485 

significant (𝑝 < 0.01): the values of the pseudo 1st order reaction rate constant (s-1) 486 

normalized by Φ254 (mJ/cm2) were (0.13 ± 0.03)∙10-3 and (0.20 ± 0.01)∙10-3 cm2/(J∙s), 487 

correspondingly.  Thus it is possible that the lower concentration of organics in the 0.03 488 

μm-filtered lake water was a contributing factor making viruses an ROS’s target 489 

competitive with organic scavengers. Normalization of reaction rate constants by 490 

fluence factors out some, but not all variability in the water quality: the same optical 491 

transparency at 254 nm can potentially be observed for samples with different 492 
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concentrations and compositions of the dissolved organic fraction. It is this difference 493 

(unaccounted for via the normalization by Φ254) that can possibly explain the higher 494 

𝐿𝑅𝑉𝑖𝑛𝑓 in 0.03 µm-filtered lake water. The DOC in the permeate of the smaller pore size 495 

filter should be composed of smaller MW compounds that are also likely to differ from 496 

their larger MW counterparts in terms of the relative abundance of functional groups 497 

they present. We speculate that it is the chemical nature of these compounds that 498 

makes them less competitive than viruses for ROS species. 499 

 500 

Another possible interpretation of the result is the “protective coating” hypothesis: one 501 

can speculate that by adsorbing on the virus capsid, organic molecules form a 502 

protective layer that shields the virus from the incident UV radiation.  The results 503 

presented in Figure 5 are consistent with the hypothesis if one assumes that smaller 504 

organics capable of passing through the 0.03 μm pre-filter do not form as good a 505 

protective coating on the virus surface as larger MW organic molecules. The 506 

disappearance of the difference in 𝐿𝑅𝑉𝑖𝑛𝑓 at higher Φ254 (≳ 60 mJ/cm2) can be due to a 507 

finite UV absorbance capacity of the protective coating. While this interpretation does 508 

provide an explanation for the removal of infectious HAdV40 in different quality waters, 509 

it is speculative and requires further testing. 510 

 511 

The kinetics of HAdV40 inactivation in lake water pre-filtered through 0.03 µm 512 

membrane fit the Collins-Selleck model [53, 54] very well (𝑅2 = 0.9999) with Collins-513 

Selleck coefficient 𝛬𝐶𝑆 = 0.8513 and with the lag coefficient 𝑏 = 0.3836 mJ/cm2  (see 514 
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SM, Figure S5)  The decelerating kinetics showed that at higher Φ254, the inactivation of 515 

HAdV40 exhibited a “tailing” effect, where large increases in fluence resulted in 516 

disproportionally smaller increases in 𝐿𝑅𝑉𝑖𝑛𝑓.   517 

 

Figure 6. Comparison of infectious HAdV40 removal by direct UV (-∆-, -▲-) and by 

photocatalytic UV (-○-, -●-) in batch inactivation tests with surface water 

pre-filtered by membranes different nominal pore sizes.  The data points 

representing photocatalytic tests are the same as shown in Figure 5.  Error 

bars represent standard deviations (n = 3). 

 518 

Similar “tailing” effects were also reported in other studies on photocatalytic inactivation 519 

of viruses [55, 56].  Possible reasons for tailing include the presence of resistant 520 

subpopulation due to genetic or morphological differences [57], aggregated state of 521 
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viruses [58] and the competition for adsorption sites between infectious viruses and 522 

remnants of viruses already inactivated [55]. 523 

 524 

The data on virus inactivation in 0.03 µm-filtered and in 0.45 µm-filtered lake water due 525 

to direct UV and photocatalytic oxidation are summarized in Figure 6.  In both water 526 

matrices, the values of removal due to direct UV were similar, which indicates that water 527 

quality has little effect on the viral DNA damage due to dimerization.  In the water pre-528 

filtered through a 0.03 µm membrane, photocatalytic oxidation appeared to contribute 529 

significantly to HAdv40 inactivation, where the removal due to direct UV was 530 

approximately one log lower than that observed in the photocatalytic process.  However, 531 

the inactivation of HAdV40 in water pre-filtered through a 0.45 µm membrane was 532 

mostly due to direct UV, especially at low UV fluence.  This result is attributed to the 533 

effect of organics, which consume the OH• produced by the photocatalytic process, 534 

thereby reducing the effects of photocatalysis. 535 

 536 

3.3. Virus removal and inactivation in photocatalytic membrane reactor 537 

 538 

Three different processes: (1) MF only, (2) MF–UV process with an uncoated 539 

membrane, and (3) MF–UV process with a photocatalyst coated membrane (i.e. 540 

photocatalytic membrane reactor), were conducted using HAdV40-seeded surface 541 

water and a crossflow filtration system.  The nominal pore size of the uncoated 542 
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membrane was 0.8 µm.  The pore size of the coated membrane was not determined but 543 

is expected to be very similar because the coating did not alter the pure water 544 

permeability of the membrane.  545 

 546 

To minimize membrane fouling, the lake water used this study was pre-filtered through 547 

0.45 µm membrane.  However, a decrease in the permeate flux was still observed in all 548 

filtration tests (see SM, Figure S6).  During 60 min of filtration, the permeate flux 549 

showed a 67 ± 10% decline in the MF-only process, 55 ± 5% decline in the MF-UV 550 

process with an uncoated membrane and 31 ± 20% decline in the PMR process. 551 

Membrane fouling increases the cost of separation and is generally undesirable. In the 552 

context of a PMR, however, the fouling layer may serve a useful purpose of removing a 553 

portion of DOC thereby functioning as a surrogate pre-filter. Given that the HAdV40 554 

inactivation tests in the batch reactor showed the benefit of the pre-filter for 0.03 µm but 555 

not 0.45 µm pore size, one may expect PMR fouling to be beneficial in this regard. 556 

 557 

The removal of total HAdV40 was quantified by qPCR for all three processes and 558 

expressed in terms of 𝐿𝑅𝑉𝑡𝑜𝑡 at two different sampling times: 30 min and 60 min into the 559 

filtration experiment.  In absence of fouling, identical 𝐿𝑅𝑉𝑡𝑜𝑡 for the two time points 560 

would be expected. With the observed flux decline, however, a change in 𝐿𝑅𝑉𝑡𝑜𝑡 could 561 

be possible due to the development of the fouling layer.  For the photocatalytic process, 562 

the 𝐿𝑅𝑉𝑡𝑜𝑡 values at 30 min and 60 min of filtration time were statistically the same (𝑝 = 563 

0.29): 1.69 ± 0.34 and 1.46 ± 0.43, where the error estimates correspond to 90% 564 
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confidence intervals. Similarly, the difference between 𝐿𝑅𝑉𝑡𝑜𝑡 values at 30 min and 60 565 

min (1.51 ± 0.37 and 1.24 ± 0.33, respectively) in MF-UV tests with an uncoated 566 

membrane was not statistically significant (𝑝 = 0.19). The uniformity of 𝐿𝑅𝑉𝑡𝑜𝑡 across the 567 

filtration timeframe (i.e. no statistically significant difference in 𝐿𝑅𝑉𝑡𝑜𝑡 values between 30 568 

min and 60 min into test) suggests that the flux decline did not affect the HAdV40 569 

removal. 570 

 571 

When comparing 𝐿𝑅𝑉𝑡𝑜𝑡 averages over both sampling times (Figure 7a), the MF only 572 

treatment afforded smaller average 𝐿𝑅𝑉𝑡𝑜𝑡 (0.96 ± 0.09) than the non-photocatalytic MF-573 

UV process (1.37 ± 0.20) and its photocatalytic counterpart (1.58 ± 0.20); both 574 

differences were statistically significant (𝑝 < 0.05 and 𝑝 < 0.01, respectively).  That MF 575 

alone showed only ~ 1 log removal of the total virus (𝐿𝑅𝑉𝑡𝑜𝑡 = 0.96 ± 0.08) is expected 576 

as the nominal pore size of the membrane (𝑑𝑝𝑜𝑟𝑒= 0.8 μm before coating) is large 577 

relative to the diameter of HAdV40 (90 to 100 nm) [59].  The difference in 𝐿𝑅𝑉𝑡𝑜𝑡 578 

between the non-photocatalytic MF-UV and photocatalytic MF-UV processes, however, 579 

was not statistically significant (𝑝 = 0.21).  580 
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(a) (b) 
  

  
 581 

Figure 7. Log removal of a) total HAdV40, 𝐿𝑅𝑉𝑡𝑜𝑡, and b) infectious HAdV40, 𝐿𝑅𝑉𝑖𝑛𝑓, in three treatment processes: 

microfiltration only with an uncoated membrane, hybrid MF–UV process with an uncoated membrane, and 

hybrid MF–UV process with a photocatalyst-coated membrane (i.e. photocatalytic membrane reactor).  The 

nominal pore size of the uncoated membrane is 0.8 µm.  Error bars represent 90% confidence intervals. 

The notation of statistical significance follows the following convention: “**”: 0.001 < 𝑝 ≤ 0.01; “*”:0.01 < 𝑝 ≤ 

0.05; “ns”:  𝑝 > 0.05. 

 582 
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The added contributions of UV in these two processes (𝐿𝑅𝑉𝑡𝑜𝑡 ≅  0.41 and 0.62, 583 

respectively) over the 𝐿𝑅𝑉𝑡𝑜𝑡 by MF only are small.  Indeed, high removals of genome 584 

copies are not expected because neither type of disinfection is effective in damaging 585 

DNA (and, therefore, changing qPCR counts): direct UV is not potent with respect to 586 

HAdV40 as it is a UV resistant virus, and photocatalytically generated ROS, while 587 

affecting virus infectivity, have only moderate effect on the DNA. 588 

 589 

Figure 7b shows the log removal of infectious HAdV40 (i.e. inactivation), 𝐿𝑅𝑉𝑖𝑛𝑓, by 590 

each of the three processes. The 𝐿𝑅𝑉𝑖𝑛𝑓 values for MF only process and the non-591 

photocatalytic hybrid MF–UV process are not statistically different (𝑝 = 0.38): 2.21 ± 592 

0.04 and 2.09 ± 0.37, respectively. By contrast, the removal of infectious HAdV40 by 593 

photocatalytic hybrid MF–UV process (𝐿𝑅𝑉𝑖𝑛𝑓 = 3.03 ± 0.59) was significantly higher 594 

than removals by MF only and non-catalytic MF-UV (with 𝑝 < 0.02 in each case).  The 595 

difference is attributed to the photocatalysis by TiO2 immobilized on the permeate 596 

surface of the membrane.  As in the batch tests (Figures 4 and 5), 𝐿𝑅𝑉𝑖𝑛𝑓 > 𝐿𝑅𝑉𝑖𝑛𝑓 597 

although the difference in the membrane reactor is not as large due to the contribution 598 

of the MF process to the removal of total virus. 599 

 600 

  601 
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3.4 Limitations and Implications  602 

 603 

Interpretation of the results presented here should account for certain limitations that 604 

arise from the nature of the experiments. Despite conducting triplicate experiments and 605 

the method’s use by the U.S. EPA, the MPN method is inherently prone to human error 606 

as it involves a subjective judgement during data collection. Further a significant 607 

contribution from the growth medium (MEM) to the carbon content of the samples 608 

prevents describing findings solely in terms of the effects of natural organic matter and 609 

its various fractions. Removing growth media (e.g. by dialysis) after virus propagation 610 

and then seeding the virus into a natural water matrix would help assign observed 611 

trends to the effects of natural organics only. Delineating the effects of organic matter 612 

on photocatalysis, and how to mitigate or overcome these effects, is an important 613 

endeavor warranting additional examination. 614 

 615 

The presented results indicate that the photocatalysis-based disinfection requires higher 616 

quality water than a 0.8 µm membrane provides. Softening plants that rely on 617 

groundwater as the source should produce sufficiently low DOC effluent for effective 618 

photocatalysis.  The relatively low risk of microbial contamination for such waters, 619 

however, makes photocatalysis a less exigent need.  Perhaps the most logical place for 620 

a photocatalytic disinfection unit is a tertiary process in direct or inline filtration plants 621 

treating low turbidity surface water.  Such facilities present an opportunity where the 622 

photocatalytic treatment is both needed (because of a likelihood of microbial 623 
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contamination) and likely to be effective (due to the lower turbidity and DOC in the 624 

effluent). 625 

 626 

Capable of delivering high quality effluent, a membrane filtration plant is another 627 

example of a treatment system that can accommodate photocatalytic disinfection. 628 

Drinking water treatment facilities and, potentially, membrane bioreactor plants could be 629 

considered.  Applying photocatalytic disinfection to the membrane effluent will not be 630 

effective, however, unless the DOC levels are sufficiently low.  Using typical lake water 631 

we demonstrate that the difference in DOC between the 0.03 μm-filtered and 0.45 μm-632 

filtered samples is small (Figure 2) indicating that membrane selection in this pore size 633 

range does not significantly affect DOC rejection by clean membranes.  These pore 634 

sizes are roughly representative of membranes used in membrane bioreactors (e.g. 635 

Kubota’s 0.45 μm and GE’s 0.03 μm pore size membranes).  A difference in DOC 636 

rejection between the membranes may emerge with the development of the membrane 637 

fouling layer as it starts contributing to rejection.  Thus, some level of residual fouling 638 

may be helpful.  Different fouling types (complete pore blocking, intrapore fouling, cake 639 

filtration) should affect DOC rejection to different extents making the choice of the pore 640 

size important for optimizing both water throughput and downstream photocatalysis.  641 

The high removal of infectious, UV resistant virus at a microfiltration-level throughput (> 642 

1000 L∙m-2∙h-1∙bar-1) makes the proposed photocatalytic membrane reactor an attractive 643 

option for scenarios where space is limited (e.g. shipboard treatment system), where 644 

risk mitigation is the primary consideration (e.g. water treatment at a military base), and 645 
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where a large flow rate stream needs to be treated to high standards of microbiological 646 

quality (e.g. ballast water treatment). 647 

 648 

Conclusions 649 

 650 

The present work is the first study on the application of photocatalytic disinfection to 651 

inactivate HAdV40, the most UV resistant adenovirus serotype. The disinfection tests 652 

are performed in photocatalytic batch and membrane reactors.  DOC levels typical for a 653 

borderline mesotrophic/eutrophic lake (~ 10 mg(DOC)/L) decrease photocatalytic 654 

production of OH• by more than an order of magnitude. The OH• quenching effect of the 655 

virus growth medium is commensurate with that of NOM. For all pre-treatment choices 656 

tested, the removal of the total HAdV40 depends linearly on Φ254 indicating that water 657 

quality impacts the DNA damage via fluence attenuation only.  The removal of infectious 658 

HAdV40, however, does depend on water quality: in the low Φ254 domain, for the same 659 

value of fluence the inactivation of HAdV40 is higher in water treated with the smallest 660 

pore size (0.03 µm) pre-filter.  Two possible explanations are offered. The lower DOC 661 

level and a different chemical makeup of the smaller MW organics in the 0.03 μm-662 

filtered water may be contributing factors that help HAdV40 outcompete organic 663 

scavengers as the target for photocatalytically generated ROS. Another interpretation is 664 

that larger MW organics (that smaller pore size membranes reject) form a “protective 665 

coating” on HAdV40 virions shielding the virus from the incident UV light.  Tests with the 666 

photocatalytic membrane reactor show ~ 3.0 log removal of the infectious HAdV40 at a 667 
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microfiltration-level flux (> 1000 L∙m-2∙h-1∙bar-1) pointing to potential applications of 668 

photocatalytic membranes where high efficiency disinfection is needed under 669 

constraints of limited space or time. 670 
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A549 cell line and HAdV40 propagation 867 

 868 

HAdV40 was obtained from the American Type Culture Collection and propagated in 869 

A549 cell lines (human carcinoma cells).  A549 cell lines were propagated in growth 870 

medium (~ 86% MEM, ~ 9% FBS; see Table S1) until the confluence reached 80%; 871 

after that growth medium was replaced with maintenance medium (~ 92% MEM, ~ 2% 872 

FBS, see Table S1) to retain cell activity.  Maintenance medium was renewed every 873 

three or four days. 874 

 875 

Table S1. Composition of tissue culture medium used for A549 cell line growth and 876 

maintenance as well as for HAdV40 propagation. 877 

Composition 
Volume (mL) 

Growth medium Maintenance medium 

Minimum essential medium 500 

FBS 50 10 

HEPES buffer 10 

antibiotic-antimycotic solution 6 

kanamycin sulfate solution 6 

sodium pyruvate solution 6 

Non-essential amino acid solution 6 

 878 

 879 

HAdV40 was propagated in tissue culture medium in 150 cm2 flasks.  The typical yield 880 

of HAdV40 stock from one flask was 50 mL or less with virus concentration varying 881 

between flasks; thus the culture was prepared in multiple flasks (at least 10) to ensure 882 

sufficient amount of HAdV40 for inactivation tests.  When the monolayer cell line 883 

reached confluence of at least 80%, the old medium was emptied from the flask and the 884 

monolayer cell line was rinsed with sterile, Tris-buffered saline. Afterwards, 4 mL of 885 

HAdV40 stock were added into each flask, which was then incubated at 37 °C and 886 

vigorously shaken every 15 min for 1 to 1.5 h.  After the incubation, 46 mL of 887 
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maintenance medium were added to each flask sequentially and then all flasks were 888 

incubated for 3 to 4 days until 90% of the cell monolayer was destroyed.  The flasks 889 

were frozen and thawed three times and the entire mixture was then transferred to 50 890 

mL centrifuge tubes and centrifuged at 12,000g at 4°C for 10 min [37].  After 891 

centrifugation, the supernatant was filtered using 0.22 µm syringe filter to remove cell 892 

debris.  The filtrate was stored at −80 °C and used as HAdV40 stock or, after dilution 893 

with lake water, as the feed in HAdV40 inactivation experiments in both batch and 894 

membrane reactors. 895 

 896 

  897 



© 2017. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0 

 

47 
 

OH• concentration estimation 898 

The kinetics of pCBA degradation were used to quantify a pseudo-steady state OH• 899 

concentration. The known reaction rate constant (kpCBA) between OH• and pCBA of 900 

5∙109 L mol-1s-1 was used after subtracting the degradation attributed to the UV 901 

irradiation.  902 

[𝑂𝐻 •]𝑠𝑠 =  −
ln(

[𝑝𝐶𝐵𝐴]

[𝑝𝐶𝐵𝐴]𝑜
)

UV+TiO2
−ln(

[𝑝𝐶𝐵𝐴]

[𝑝𝐶𝐵𝐴]𝑜
)

UV

𝑘𝑝𝐶𝐵𝐴
  903 

 904 

Figure S1. UV fluence required for 99.9% reduction of representative human enteric 905 

viruses. 906 

Notes: BDF-buffered demand-free; SDW-sterile distilled water; SEW-steriie estuarine 907 

water; PBS-phosphate buffered saline; PBW- phosphate buffered water. 908 

 909 

 910 
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 911 

 912 

 913 

Figure S2 shows the filtration unit for permeate concentration after crossflow filtration. 914 

The stirred dead-end filtration cell (Model 8050, EMD Millipore) was connected to a feed 915 

tank (serial NO. 22111-041, Alloy Products Corp.) which was pressurized by 916 

compressed nitrogen at 30 psi. Biomax® 50 KDa ultrafiltration membrane 917 

discs (PBQK06210, EMD Millipore) was used to concentrate the permeate sample 918 

collected in the previous crossflow filtration. This entire process was stopped when the 919 

volume of residual solution in filtration cell was about 10 mL. Mass weights of initial 920 

permeate from crossflow filtration and final residual solution collected after 921 

concentration were measured by mass balance, which were used to calculate 922 

concentrate ratio for culturable virus quantification. 923 

filtration cell

gas cylinder

feed tank

outletinlet

magnetic stir plate

Electronic Balance

Permeate 
Collected Tank

 924 

Figure S2. Schematic diagram of concentrate system. 925 
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Figure S3: UV absorbance spectra for several experimental conditions. Lake water 927 

solutions and the DI water sample contained 1% MEM to parallel HAdV40 inactivation 928 

experiments.  929 
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 930 

Figure S4: pCBA degradation kinetics in various water sources. The raw water and 931 

0.03 μm-filtered water include 1% MEM to parallel the HAdV40 inactivation 932 

experiments. 933 
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 935 

Figure S5. Inactivation of culturable HAdV in lake water pre-filtered through 0.03 µm 936 

membrane. Error bars represent standard deviations (n = 3). 937 
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Figure S6: Normalized permeability of microfiltration membranes to deionized 

water: A) uncoated membrane; B) uncoated membrane exposed to UV 

light; C) the same membrane with a photocatalytic coating and 

exposed to UV light.  Initial permeate flux values are 3696 ± 493, 2478 

± 1034, and 3322 ± 266 (L∙m-2∙h-1∙bar-1), correspondingly. 
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Figure S7. Log removal of total HAdV40 (as measured by qPCR) by photocatalytic 

UV in batch inactivation tests with unfiltered surface water and surface 

water pre-filtered by membranes of different pore sizes.  All samples 

contained MEM (0.9% v/v).  Error bars represent standard deviations (n 

= 3). For each water type, all three datasets (8 data points in each) are 

shown. Linear regression parameters (slope, intercept, 𝑅2) for each 

dataset are shown in Table 2. 
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 945 

Figure S8. Log removal of total HAdV40 (as measured by qPCR) by direct UV in 

batch inactivation tests with unfiltered surface water and surface water 

pre-filtered by 0.03 um and 0.45 um pore size membranes.  All samples 

contained MEM (0.9% v/v).  Error bars represent standard deviations (n 

= 3). For each water type, all three datasets (8 data points in each) are 

shown. Linear regression parameters (slope, intercept, 𝑅2) for each 

dataset are shown in Table 2. 
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