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Abstract

The goal of this study was to evaluate the potential of an advanced oxidation process (AOP) for microbiocidal and virucidal inactivation. The
viruses chosen for this study were bacteriophage MS2, T4, and T7. In addition, Bacillus subtilis spores and Escherichia coli were studied. By
using H,O; in the presence of filtered ultraviolet (UV) irradiation (UV/H,0,) to generate wavelengths above 295 nm, the direct UV photolysis
disinfection mechanism was minimized, while disinfection by H,O, was also negligible. Virus T4 and E. coli in phosphate buffered saline (PBS)
were sensitive to >295 nm filtered UV irradiation (without H,O,), while MS2 was very resistant. Addition of H,O, at 25 mg/l in the presence of
filtered UV irradiation over a 15 min reaction time did not result in any additional disinfection of virus T4, while an additional one log inactivation
for T7 and 2.5 logs for MS2 were obtained. With E. coli, only a slight additional effect was observed when H,O, was added. B. subtilis spores did
not show any inactivation at any of the conditions used in this study. The OH radical exposure (CT value) was calculated to present the relationship

between the hydroxyl radical dose and microbial inactivation.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Ultraviolet light (UV) has been shown to be very effective
for the disinfection of drinking water and wastewater [1], due
to its absorption by the DNA or RNA of microorganisms. In
addition to disinfection, direct photolysis for removal of contam-
inants was shown to be effective when the absorption spectrum
of the pollutant overlaps the emission spectrum of the UV lamp,
and the quantum yield of the photochemical process is reason-
ably large. The application of UV in combination with hydrogen
peroxide (UV/H2O») brings about enhanced oxidative degrada-
tion of pollutants by the generation of highly reactive hydroxyl
radical (*OH). When UV light is absorbed directly by H>O3,
hydroxyl radicals are generated by photolysis of the peroxidic
bond (Eq. (1)). The most efficient hydroxyl radical yields are
obtained when short wave UV wavelengths (200-280 nm) are
used.

H,O, 4+ hv— 2°0OH D
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The theoretical quantum yield for generating hydroxyl radi-
cals using UV/H;0, process is 1.0 [2]. A combined UV/H,0,
process can ideally be used for means of both breaking down
pollutants and inactivating microorganisms. Numerous studies
report that the UV/H,0, advanced oxidation process (AOP)
is effective for the destruction of various pollutants such as
pesticides and pharmaceuticals [3-7], however there are very
few available reports on inactivation of microorganisms via OH
radical oxidation.

In general, two primary mechanisms control the oxidant
disinfection efficiency by hydroxyl radicals: (1) oxidation and
disruption of the cell wall and membrane with resulting disinte-
gration of the cell (oxidation ability is due in part to its standard
reduction potential (2.70 V for hydroxyl radicals)), and (2) diffu-
sion of the disinfectant into the cell or particle where it may inac-
tivate enzymes, damage intracellular components, interfere with
protein synthesis, etc. [8]. Diffusion of the disinfecting species
into the cells is a function of the charge, molecular weight, and
half-life of the disinfectant. Hydroxyl radical reacts with most
biological molecules at diffusion-controlled rates. Therefore,
disinfection by hydroxyl radicals may be limited by mass trans-
fer through the cell wall or cell membrane [9]. Titanium dioxide-
mediated poliovirus inactivation, although slow, was reported to
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be four times faster than coliform bacteria inactivation, which
correlates with the diffusion-controlled oxidation that may be
occurring. The lower surface to volume ratio of the viruses may
provide greater rates of hydroxyl radical reaction with intracel-
lular biological molecules compared with the larger bacterial
cells. The relatively slow diffusion of hydroxyl radicals into
viruses, and particularly bacterial cells, may be the cause of its
low disinfection rate, and may limit its use as a disinfectant [9].

The goal of this study was to demonstrate and contrast the
potential of an AOP-UV/H;0,-for microbiocidal and virucidal
inactivation. To minimize the impact of direct UV photolysis in
the AOP system and isolate the effect of the *OH radical, UV
radiation between 200 and 295 nm was filtered out. The viruses
chosen for this study were bacteriophage MS2 (F+ specific,
single-stranded RNA, similar in size and shape to human enteric
viruses, used for UV reactor validation), bacteriophage T4 (one
of the largest of the bacterial viruses, double-stranded DNA),
and T7 (biosensor for solar UV, double-stranded DNA). In addi-
tion, Bacillus subtilis spores (used in UV reactor validation,
possible surrogate for protozoa with ozone) and Escherichia
coli (representative for traditional indicator bacteria in water)
were studied.

2. Materials and methods
2.1. Preparation and enumeration of microorganisms

Bacteria: (a) B. subtilis spores (ATCC 6633) were produced
by a liquid cultivation technique and obtained freeze-dried [10].
Working solution was prepared by resuspending the spores in
water. Spores were enumerated by pour plate technique with
PC-Agar (Oxoid CM 325), at 37°C for two days, as colony
forming units (CFU) per ml [10]. (b) E. coli B (ATCC 11303)
was cultivated using the recommended tryptone based broth in
incubator at 37 °C shaking for 4h till the concentration was
108 cells/ml. Enumeration as CFU was performed by spread
plate with Mcconkey agar and tryptone based agar.

Bacteriophages: (a) MS2 (ATCC 15977-B1) was propagated
and enumerated according to the International standard ISO
10705-1 [11], with host E. coli bacteria C3000 (ATCC 15597).
The sample containing MS2 was diluted as desired and 0.1 ml
was added into a test tube with 4 ml of soft agar and 1 ml of
E. coli host at 108 cells/ml, and kept in water bath at 43—45 °C.
The mixture was immediately poured on TYGA agar plate and
allowed to solidify. The mixture was then incubated upside-
down at 37°C for 18h, after which the MS2 plaques were
counted. (b) Stocks of T4 and T7 were received from Clancy
Environmental Consultants, Inc. (St Albans, VT). Phages were
diluted in PBS (Fisher scientific, USA) for the experiments to
yield 10° counts/ml, and propagated and enumerated according
to Adams [12]. Briefly, E. coli B host (ATCC 11303) was grown
in tryptic soy and sodium chloride broth in incubator at 37 °C
shaking for 4 h till the concentration was 10% cells/ml. 0.1 ml of
the appropriate phage dilution was added into the tube contain-
ing tryptone based top agar tempered at 45 °C and E. coli host.
The solution was mixed and poured on tryptone based bottom
agar in Petri dish. Samples were plated in triplicate, allowed
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Fig. 1. Emission spectrum of the MP lamp after passing through the 295 nm
long-pass filter and molar absorption of H>O,. The insert represents the overlap
between MP lamp emission and molar absorbance of H,O, between 280 and
300 nm.

to solidify, and than incubated upside-down at 37 °C for 5 and
10 h for T7 and T4, respectively. For all bacteriophages, negative
controls (PBS containing host bacteria and top agar only), and
positive controls were also plated. After incubation, plates with
20-200 plaques (PFU) were counted.

2.2. Experimental setup

Photolysis experiments were carried out with a medium pres-
sure (MP) mercury lamp (Hanovia Co., Union, NJ) in bench
scale UV collimated beam apparatus. Experiments were con-
ducted with a 295 nm rectangular long-pass filter (2.5 mm width;
Schott, USA) placed in the light path. The spectrum of the fil-
tered lamp is shown in Fig. 1. A 100 ml sample was spiked
with either E. coli, B. subtilis spores, T4, T7, or MS2 at initial
concentration of 10 CFU/ml or PFU/ml, and irradiated with
gentle stirring in a 70 x S0 mm crystallization dish (34.2 cm?
surface area, solution depth approximately 3.3 cm) open to the
atmosphere. Samples were collected over a minimum of seven
targeted contact times (0, 2.5, 5, 7.5, 10, 12.5, and 15 min,
respectively). Total UV incident irradiance (at wavelength range
between 295 and 400 nm) was 0.78 mW/cm? measured with a
USB4000 spectrometer (Ocean Optics Inc. Dunedin, FL). Addi-
tion of HO; reduced the average dose (fluence) delivered to the
microorganisms by less than 0.5%.

Control experiments were designed to examine if the bac-
tericidal source for inactivation resulted from H,O,, the UV
source, or the combined UV/H,0O; process. One of the chal-
lenges in this study was to separate the outcome of UV/H>O;
OH radical microbial disinfection from UV. It was determined
that using H>O» in the presence of UV irradiation above 295 nm
would result in minimal direct UV disinfection. Thus, the condi-
tions tested in this study were: polychromatic UV source (cutoff
UV <295 nm), HyO, (0-25 mg/l; (30% w/w, Fluka Germany),
and the combined UV/H;05 (0-25 mg/l, UV > 295 nm) on inac-
tivation of test organisms in buffered (PBS) and surface waters
(SW).
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For H;0O, control experiments samples were collected
at a minimum of three targeted contact times (0, 30, and
60 min, respectively), and residual HyO, was measured by
the Kl-thiosulfate method outlined in Kolthoff and Sandell
[13]. Catalase was added in order to destroy residual H,O»
prior to microbial/chemical analysis. The UV/H,O, experi-
ments were designed similarly to the UV experiments but
with the addition of HO, to the PBS or SW suspension
at a beginning target concentration of 0, 10, and 25mg/l
H,0;, respectively, and 10° CFU/ml or PFU/ml of microorga-
nisms.

2.3. Hydroxyl radicals concentration

Hydroxyl radical concentration in aqueous medium was
indirectly determined by the rate of consumption of a probe com-
pound, para-chlorobenzoic acid (pCBA) [14]. The steady state
concentration of the hydroxyl radicals was estimated according
to Eq. (2).

_d[pCBA] _ kompcea [PCBA] [*OH] @

dr
where, konpcpais the rate constant of pCBA with hydroxyl
radicals, 5 x 100 M~ 1s~! (NDRL), at ambient temperature and
pressure, [*OH]; is the steady state concentration of hydroxyl
radicals.

2.4. Analytical methods

pCBA concentration was determined by C-18 (7.5 x
150 mm) reverse phase chromatography using a Varian Prostar
HPLC (Varian, INC., Palo Alto, CA) equipped with a pho-
todiode array detector. Isocratic elution was used with a
mobile phase of 50:50 ACN:H,O at pH 2, at flow rate of
1 ml/min, 100 pl injection, and absorbance detection at 240 nm.
The retention time for pCBA was 4.1 min. The system was
calibrated using aqueous dilution of standards dissolved in
methanol.

Total organic carbon (TOC) was measured by a Tekmar
Dohrmann Apollo 9000 total carbon analyzer in accordance
with Standard Method 5310A [15]. Turbidity was determined
using Hach 2100N turbidimeter. pH of the solution was deter-
mined by using a Thermo Orion 920A pH meter. Alkalinity and
total hardness were measured according to the standard meth-
ods 2320 and 2340, respectively [15]. Anion concentration was
measured with DX-120 Dionex ion chromatograph equipped
with an AS 14A column, eluent 8 mM Na,COj3, and 1 mM
NaHCOs.

Table 1
SW quality obtained from Durham water treatment plant

2.5. Surface water

Natural water was collected from the intake to the Wilson
water treatment plant in Durham NC, USA. Samples were taken
10-20 cm below the water surface, and collected in 4 liter amber
glass bottles. Samples were filtered under vacuum the same day
of sampling using washed Millipore glass fiber filters of 0.45 pm
pore size. The filtrate was refrigerated in amber glass bottles in
the dark at 4 °C. Experiments were conducted within a week
of sampling. The water quality of the SW water is presented in
Table 1.

2.6. Data presentation

Mean concentration of microorganisms spiked in suspension
without UV exposure was taken as the initial concentration, Ny.
Mean concentration of microorganisms spiked in suspension
with UV exposure was taken as concentration per time (Ng).
The logo transformation for No/Ng was plotted as a function of
time or *OH exposure. The linear curve was described by the
following equation where k is the rate constant:

N
log o <0> =kxt 3)
Ny

3. Results and discussion
3.1. Effect of H,O;

The goal of this study was to obtain data on the inactivation
of microorganisms with *OH generated via UV/H,0, AOP in
water. At first, control experiments were conducted to test the
effect of H>O; alone on inactivation of the targeted microorgan-
isms. Results showed no inactivation of any microorganisms at a
H>0O; dose of up to 25 mg/1 at 60 min contact time. These results
are in good agreement with previously published data. Sommer
et al. [16] showed that H,O» at a concentration of 50 mg/1 with
3 h contact did not have any virucidal activity and showed weak
bactericidal activity. Cho et al. [17] showed inactivation of E.
coli at higher H>O; concentration, and longer contact times than
used in this research. Bianchini et al. [18] did not find any influ-
ence of HyO» on coliform inactivation at a dose of 20 mg/1 H,O»
and contact time of 30 min.

3.2. Effect of filtered UV (A > 295 nm)
The next step was to test the effect of filtered UV alone

(A>295nm) on microorganisms using a polychromatic MP
UV source and a 295 nm long-pass filter (See Fig. 1). Fig. 2

pH Alk TH TOC (mg/1C) Conductivity (us) Turbidity (NTU) C1™ (mg/l) NO3 ™ (mg/l) PO43~ (mg/l) S04~ (mg/)
mg/1 as CaCO3
7.0 21.0 145 104 90.0 0.3 7.7 0.7 0.1 5.7
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Fig. 2. Time based response curve for T4, T7, E. coli, and MS2 by UV/H;0, in PBS (A >295nm, B 0mg/l H,O;, ¢ 10 mg/l H,0,, and A 25 mg/l H,0,).

illustrates the time based inactivation of E. coli, T4, T7, and
MS2 by UV (A>295nm) and UV/H>0; (A >295nm, 10, and
25 mg/l H,0O») in PBS. The time based inactivation of E. coli,
T4, T7, and MS2 by filtered UV alone in PBS is displayed
as the Omg/L H,O» plots. E. coli inactivation by filtered UV
light was more rapid (up to four logs at 5 min exposure time)
compared to the viruses. The rapid inactivation of E. coli was
followed by a tailing plateau after 5 min of exposure. T4 virus
also reached four logs of inactivation, but required 10 min of
exposure, while T7 was more resistant, and achieved only two
logs of inactivation at similar time. On the other hand, the
virus MS2 was unaffected (resistant) by UV wavelengths above
295 nm.

Filtered UV includes wavelengths in the UVB range
(290-320nm), UVA range (320-400nm), and in the visible
range above 400 nm. UVB radiation is a minor part of the solar
spectrum; however it has a disproportional metabolic effect on
microorganisms [19]. Two possible mechanisms of microbial
inactivation in the UVB wavelength range were proposed: (a)
direct photolysis (dimer production), and (b) natural occurring
indirect oxidative damage through production of intercellular
reactive oxygen species (ROS). ROS include species such as
superoxide radical, hydroxyl radical, hydrogen peroxide, per-
oxyl, and peroxynitrite. These species are mostly short lived and
unstable, and can cause lipid per-oxidation, DNA strand break-
age, and oxidative damage in cells [20]. Under UVB radiation,
the formation of ROS depends on, but is not proportional to,
the UVB dose. At high doses of UVB, formation of pyrimidine
dimers and other photoproducts that are lethal, result in direct
cell death [20]. In this study, the role of ROS production in cells
as compared to direct damage by formation of dimers was not
evaluated, as the relative cause for cell death due to UVB expo-

sure was determined as a control study, and not the goal of this
study.

Photochemical reactions for inactivation are most effi-
cient with wavelengths close to the maximum absorbance
(~260nm) of pyrimidine (thymine, cytosine, and uracil) and
purine (adenine and guanine) nucleobases [21]. Thus, inactiva-
tion mechanisms at 260 nm may be different from wavelengths
above 295 nm. In the environment, the ozone layer filters out the
UVC component of the sunlight, therefore UV irradiation that
actually reaches earth is between wavelengths of 295-400 nm
[22], similar to the UV wavelengths used this study. Within the
solar spectrum, E. coli is primarily inactivated by direct absorp-
tion of the UVB portion of sunlight by DNA [23]. However,
wavelengths between 370-550 nm are responsible for restor-
ing infectivity by inducing light repair mechanisms in bacteria
and some viruses through removal of pyrimidine dimers [24].
Because the MP UV system used in this research also emits
wavelengths in the visible region (data not shown) it might
result in co-occurring repair of dimers formed by UVB wave-
lengths, although it is not expected to significantly effect the
inactivation of the microorganisms due to the short time of
exposure.

The sensitivity for inactivation of the viruses studied to fil-
tered UV followed a decreasing order of: T4 >T7>MS2, while
MS2 did not show any inactivation when exposed to wave-
lengths above 295 nm. T4 and T7 phage have been proposed
as biosensors for solar radiation [25], thus it was expected
that both T4 and T7 would be sensitive to wavelengths above
295 nm. Similar order of sensitivities was reported by Clancy
et al. [26] using a 254 nm lamp, where a two log inactivation
resulted from a dose of less than 5, 8, and 40 mJ/cm? for T4,
T7, and MS2 inactivation, respectively. Templeton et al. [27]
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found that at 254 nm, MS2 showed two log inactivation at a
dose of 33 mJ/cm?, while T4 was much more sensitive requir-
ing only a dose of 2.5 mJ/cm?. Inactivation of viruses at 254 nm
is mainly due to damage of nucleic acids, as DNA and RNA have
the highest 254 nm absorption coefficient between 200-300 nm
as compared to other viral components. However, similarity in
the order of the phages sensitivities at 254 nm, and at filtered
UV further support the assumption that even for filtered UV,
the dimer formation is a major inactivation mechanism of direct
photolysis rather than ROS species. DNA based viruses are pos-
sibly more sensitive to direct UV compared to RNA viruses [28].
Moreover, dimer repair due to UV exposure is less efficient with
uracil dimers (nucleotide base of RNA) compared to thymine
dimers (nucleotide base of DNA) [29]. Hence, MS2 which is an
RNA virus is more resistant to filtered UV as compared to the T
series viruses which are DNA viruses.

UV 265 nm was found to be very efficient in microbial inacti-
vation of MS2 resulting in two log inactivation at 30 mJ/cm? with
higher sensitivity (three-fold) at wavelengths below 220 nm [30],
where protein absorption is significant [28]. MS2 inactivation at
293 nm was only about 25 percent as effective as 265 nm, sug-
gesting the lack of effectiveness of wavelengths above 295 nm
for MS2 phage.

3.3. UV/H20; (A > 295 nm)

Fig. 2 illustrates that advanced oxidation by UV/H,0,
(25 mg/l H,0») did not have any additive effect as compared
to UV >295 nm on the T4 virus up to 15 min of reaction time.
The same UV/H,O; conditions resulted in an additional one
log inactivation for the T7 virus in PBS with advanced oxida-
tion compared to UV alone. E. coli under UV/H,0O, (10 mg/1)
showed similar inactivation to UV >295 nm at up to 15 min reac-
tion time. E. coli under UV/H>O;, (25 mg/l) showed a slight
additional effect at 7.5 min of reaction time but it was not pos-
sible to obtain data over an extended reaction time because the
microorganism enumeration was near the detection limit. An
additional two log inactivation of MS2 virus occurred with the
combined UV/H>0O; (up to 25 mg/l) process as compared to
UV >295 nm. Similar results were reported by Cho et al. [31]
who showed that while MS2 phage was inactivated by *OH
radical, the same level of *OH radicals hardly played a role
in the inactivation of E. coli. These results were explained by
the differences in the sizes and surface structures of these two
microorganisms.

UV/H70; brings about oxidation by the generation of the
highly reactive *OH radical. Hydroxyl radicals are able to kill
bacteria and viruses mainly by destroying their cell membrane
or walls [9,32]. Inactivation of MS2 is induced by denatur-
ing the protein of the capsid, whose structure is simple and
rigid, therefore requiring high oxidation power [31]. Gehringer
et al. [33] reported exceptionally high sensitivity of MS2 to
radical attack formed by electron beam radiation. The differ-
ences in OH radical sensitivity between the phages could not
be explained by current literature but may have been overshad-
owed by the high direct UV >295nm activity on the T4 and
T7 phage.

3.4. Hydroxyl radical exposure (CT value)

The OH radical exposure (CT value) represents the OH rad-
ical steady state concentration (C) multiplied by the contact
time (f) from the start of the experiment through sampling
of the microorganisms from the irradiation dish. The steady
state hydroxyl radical CT value was determined in order to
better understand the relationship between *OH radicals gen-
erated and microbial inactivation. The OH radical steady state
concentration was determined via decay data for pCBA degra-
dation (data not shown) using Eq. (2) with high linear coefficient
(R?>0.99 for both 10 and 25 mg/l H,O,). H,O; scavenging of
*OH and light screening from the microorganisms are all taken
into account using pCBA to determine the concentration of *OH
radicals. It is also important to note that the inactivation of the
microorganisms at UV >295 nm was subtracted from the total
inactivation by the UV/H,O; process, hence log(No/Nq) repre-
sents only the effect of the OH radical generated by the AOP
process.

Fig. 3 illustrates the inactivation of T7, E. coli, and MS2
by UV/H,0, (A>295nm, 10, and 25 mg/l H,O,) on a CT
basis. The OH radical CT for achieving 0.5 log inactiva-
tion for T7, E. coli, and MS2 is 1.47 x 10713, 1.47 x 10713,
and 1.18 x 10! M min, respectively. The OH radical CT for
achieving 1.25 logs inactivation for E. coli and MS2 are
2.06 x 10713 and 2.53 x 10~ 13 M min, respectively, while T7
does not reach 1.25 logs from OH radical disinfection. T4 was
not affected by the *OH radicals and is therefore not included
in the discussion regarding the CT. Results plotted on CT basis
showed that up to 0.75 log reduction, a lower CT is required
for T7 as compared to E. coli, while above 0.75 log inactivation
the trend was reversed. These results might be explained by a
sharp inactivation of E. coli at low filtered UV doses that tail off
(Fig. 2), while T7 followed a steady inactivation curve (Fig. 2).
Cho et al. [34] reported a CT value of 1.5 x 107> mg min/I for
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Fig. 3. CT based inactivation of T7, E. coli, and MS2 by UV/H, 03 (A >295 nm,
10 and 25 mg/l H,O;) in PBS. Numbers in the legends refer to HyO, concen-
tration.
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two log inactivation of E. coli. In the current study, a CT value
of approximately 4.5 x 10~ mgmin/l (which corresponds to
2.65 x 10713 M min) was achieved for the same log inactiva-
tion. The differences might be a result of different strains of E.
coli or the methods used to generate *OH radical.

Most of the AOP studies relate inactivation of microorgan-
isms to *OH radicals however a few studies discuss formation
of other species. Bianchini et al. [18] suggested formation of
intermediate free radicals (secondary radicals) during oxida-
tion of wastewater such as hydroxyl radicals and carbon centred
radicals. They found that when AOP with UV photolysis is con-
ducted the hydroxyl radical formation is dominant (although
other species are formed), and with other treatments carbon cen-
tred radicals can be dominant. Kikuchi et al. [35] suggested that
possibly superoxide radicals and hydrogen peroxide can diffuse
into microorganisms’ cell through the membrane, and produce
hydroxyl radicals by the Haber—Weiss reaction. UVB induces
formation of the superoxide species that can react to form hydro-
gen peroxide, and if not scavenged can enhance the production
of intracellular hydroxyl radical through Fenton or Haber—Weiss
reaction [20]. These intracellular ROS species require develop-
ment and application of methods such as fluorescent probes with
combination of flow cytometry or fluorimetry [20], and cannot
be measured by pCBA method as conducted in this study. Thus,
by plotting the experimental data on a CT basis, which con-
siders only the bulk solution concentration of hydroxyl radicals
(extracellular), the effect of other radicals or species formed by
UV/H,0O; or intracellular hydroxyl radicals formed by UVB are
inherently ignored.

Hydroxyl radical concentration in a UV/H2O; system is a
function of the fraction of light absorbed by the hydrogen per-
oxide and competition between the microorganisms, scavengers
present in the background water matrix, and hydrogen peroxide
for hydroxyl radical. In a standard low pressure (A =254 nm) and
MP UV (A =200-300 nm) collimated beam apparatus, the con-
centration of hydroxyl radicals is generally on the order of 10~ 13
to 10~'> M in the presence of 2—10 mg/l hydrogen peroxide. The
lower OH radical concentration in the experimental system used
in this research (10~1* to 10~13 M) was due to the use of UV at
wavelengths >295 nm (i.e. nongermicidal) whereas with nonfil-
tered LP or MP UV sources, there is a better overlap between
lamp emission spectrum and absorption spectrum of hydrogen
peroxide, resulting in higher OH radical concentration. Thus, it
is expected that lower UV fluence would be required to obtain an
equivalent level of OH radical using UVC irradiation. Consider-
ing the fact that different mechanisms account for UV and OH
radical disinfection, the relative contribution of respective UVC
and OH radical based inactivation under engineered water treat-
ment conditions for OH radical generation needs to be assessed
in a quantitative manner to determine the importance of OH in
inactivation of specific pathogens.

3.5. Inactivation in natural water
Inactivation of MS2 was studied in natural SW obtained from

the Durham WTP. The water characteristics are presented in
Table 1. Unexpectedly, the inactivation of MS2 in the SW was
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Fig. 4. CT based inactivation of MS2 by UV/H,0; (A >295nm, 5 and 25 mg/l
H;05) in PBS and SW. Numbers in the legends refer to HoO» concentration.

enhanced as compared to buffered waters, as the SW alkalinity
and natural organic matter (NOM) are OH radical scavengers,
and were expected to decrease the radicals available for disin-
fection. Alkalinity and NOM concentration in the Durham SW
(Table 1) lowered the steady state concentration of OH radicals
in the SW to 35-50% below the buffered water. For example, the
OH radical concentration at 5 mg/l HO, was 8.46 x 10°5M
in PBS and 4.26 x 107> M in SW, and at 25 mg/l HO, was
2.57 x 10~ M in PBS and 1.72 x 10~'* M in SW. Clearly, the
scavenging effect of the SW did not result in decreased inacti-
vation of MS2 (Fig. 4). A similar observation was reported by
Rincon et al. [36] showing an increase in E. coli inactivation
in natural waters as compared to deionized water. This phe-
nomenon might be explained by formation of reactive oxidizing
species other than OH radicals.

NOM in SW plays an important role in sunlight induced
photochemical processes (photosensitizer), not only as a rad-
ical scavenger but also as a precursor for ROS [37]. Maness
et al. [38] reported that ROS (such as, HyO» and *O, 7, etc.),
as well as the OH radical, played a significant role in microor-
ganism inactivation. Davies-Colley et al. [23] suggested that
longer wavelengths absorbed by photosensitizers can result in
photochemical damage to host binding proteins or phage capsid
with F-RNA phage being more sensitive than F-DNA phage.
If the NOM sites related to the radical promotion reaction are
larger compared to that for the radical-scavenging reaction, then
greater OH radical formation can be expected in the presence of
NOM [39], depending on the type of organic matter present in
the water.

Because it was found experimentally that [OH]spps >
[OH]sw it suggests that OH radicals alone did not cause the
enhanced inactivation of MS2 in SW, but that other reactive
species contributed to this phenomena. Therefore, a CT calcu-
lation based on [OH]ss may be misleading in the presence of
other photosensitizers. However, similar inactivation of MS2
was observed in PBS and SW under UV >295 nm irradiation
alone (data not shown) which rules out enhancements from
UV photosensitizing effects (due to presence of NOM). These
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results suggest a possible synergetic effect with other oxidizing
species (variety of radical species (*OOR), for example, radical
cations of aromatic structures, phenoxyl, and peroxyl radicals)
formed by reaction between the *OH radicals (originated by
the UV/H>0; process) and NOM in the SW. This hypothe-
sis will be investigated in future studies by adding OH radical
scavenger (such as ~-BuOH) to SW AOP system quantifying
inactivation resulting from oxidizing species other than hydroxyl
radicals.

3.6. B. subtilis spores

B. subtilis spores did not show any inactivation at any of
the treatments used in this study (i.e HyO,, UV >295 nm, and
UV/H;05,). These results are in good agreement with previously
published data. Riesenman and Nicholson [40] suggested that
spores are resistant to H,O, because the spore coat serves as
a barrier for diffusion of the H,O», or otherwise the coat pro-
teins oxidize it before the H»O, reaches the spore core. Spores
exposed to UV radiation at longer wavelengths (UV >290 nm,
UVB, UVA) exhibit different DNA photochemistry and DNA
repair responses as compared to 254 nm (UVC). For example,
with spores exposed to UVB wavelengths, different photoprod-
ucts are formed compared to UVC with a shift in the major
repair pathways [41]. Spore coat layers are thought to contribute
to spore resistance during UVA and UVB (in sunlight) radia-
tion but not to 254 nm UVC radiation [40]. Therefore, spores
exposed to wavelengths above 295 nm are likely very UV resis-
tant, as found in this study (data not shown). As described above,
the primary OH radical mechanism of inactivating microorgan-
isms is via attack on their cell membrane or walls. Hence, the
spore coat layers are expected to protect the spores against attack
by OH radicals, as indicated in this study. Yet, Cho et al. [42]
reported that under certain experimental conditions, OH radi-
cals, produced by ozone disinfection, played a significant role
in the inactivation of B. subtilis endospores in pH-controlled
ozone-demand-free distilled water.

4. Conclusions

Hydrogen peroxide did not show any microbial activity as
a disinfectant. B. subtilis spores were not inactivated by any of
the treatments applied (i.e. UV >295 nm, H,O;, and UV/H;0,).
The sensitivity of the viruses to filtered UV (A >295nm) fol-
lowed a decreasing order of T4 >T7>MS2, where MS2 did
not show any inactivation when exposed to wavelengths above
295 nm. The larger impact of UV/H20, was observed for MS2,
while UV/H,0; did not result in an additive effect on T4 inac-
tivation, and only slight additional effect on T7 as compared
to UV >295nm. The E. coli bacteria was very sensitive to fil-
tered UV with a slight additional impact by UV/H,O;. Steady
state hydroxyl radical CT for achieving 0.5 log inactivation of
T7, E. coli, and MS2 were 1.47 x 10713, 1.47 x 10~!3, and
1.18 x 10~13 M min, respectively. UV/H, O, efficiency depends
on the microorganism and water type. These results indicate
that for an UV based AOP process, the disinfection due to the
presence of OH radicals is very small compared to the dam-

age from the UV irradiation, although for viruses, there may
be some oxidative enhancements that can assist disinfection
efficacy.

Acknowledgements

The authors gratefully acknowledge professor Regina Som-
mer, Institute of Hygiene, University of Vienna, Vienna, Austria,
for providing B. subtilis spore strains and methods, and Dr.
Zuzana Bohrerova from Duke University for her advice in
microbial analysis. The authors thank Clancy Environmental
Consultants (St Albans, VT, USA) for providing T4 and T7
viruses. At the time of this research, Dr. Mamane was a research
associate in the department of civil and environmental engineer-
ing at Duke University.

References

[1] J.R. Bolton, K.G. Linden, Standardization of methods for fluence (UV
dose) determination in bench scale UV experiments, J. Environ. Eng. 129
(2003) 209-215.

[2] J.H. Baxendale, J.A. Wilson, The photolysis of hydrogen peroxide at high
light intensities, Trans. Faraday Soc. 53 (1957) 344-356.

[3] W. Chu, Modeling the quantum yields of herbicide 2,4-D decay in
UV/H;,0; process, Chemosphere 44 (2001) 935-941.

[4] EJ. Benitez, A.J. Acero, FJ. Real, Degradation of carbofuran by using
ozone, UV radiation and advanced oxidation processes, J. Hazard. Mater.
B 89 (2002) 51-65.

[5] M.M. Huber, S. Canonica, G.Y. Park, U. von Gunten, Oxidation of phar-
maceuticals during ozonation and advanced oxidation processes, Environ.
Sci. Technol. 37 (2003) 1016-1024.

[6] C. Zamy, P. Mazellier, B. Legube, Phototransformation of selected
organophosphorus pesticides in dilute aqueous solutions, Water Res. 38
(2004) 2305-2314.

[7] H. Shemer, Y. Kagar Kunukcu, K.G. Linden, Degradation of the phar-
maceutical metronidazole via UV, Fenton, and photo-Fenton processes,
Chemosphere 63 (2006) 269-276.

[8] J.M. Montgomery, Engineers, Inc. Water Treatment Principles and Design,
John Wiley, New York, 1985.

[9] R.J. Watts, S. Kong, M.P. Orr, C.M. Glenn, B.H. Henry, Photocatalytic inac-
tivation of coliform bacteria and viruses in secondary wastewater, Water
Res. 29 (1995) 95-100.

[10] R.Sommer, A. Cabaj, Evaluation of the efficiency of a UV plant for drinking
water disinfection, Water Sci. Technol. 27 (1993) 357-362.

[11] International standard ISO 10705-1. Water Quality - Detection and Enu-
meration of Bacteriophages—Part 1: Enumeration of F-specific RNA
Bacteriophages, International Organization for Standardization, Switzer-
land, 1995.

[12] M.H. Adams, Bacteriophages, Interscience, New York, 1959.

[13] I.M. Kolthoff, E.B. Sandell, in: E.B. Sandell (Ed.), Textbook of Quantitative
Inorganic Analysis, Macmillan, New York, NY, 1936.

[14] M.S. Elovitz, U. von Gunten, Hydroxyl radical/ozone ratios during the
ozonation processes. I the Rct concept, Ozone Sci. Eng. 21 (1999) 239-
260.

[15] American Public Health Association, American Water Works Association,
Water Environment Federation (APHA, AWWA, WEF). Standard Methods
for the Examination of Water and Wastewater, 19th ed., Washington, D.C.,
1995.

[16] R. Sommer, W. Pribil, S. Pfleger, T. Haider, M. Werderitsch, P.
Gehringer, Microbicidal efficacy of an advanced oxidation process using
ozone/hydrogen peroxide in water treatment, Water Sci. Technol. 50 (2004)
159-164.

[17] M. Cho, Y. Lee, H. Chung, J. Yoon, Inactivation of Escherichia coli by
photochemical reaction of ferrioxalate at slightly acidic and near-neutral
pHs, Appl. Environ. Microbiol. 70 (2004) 1129-1134.



486 H. Mamane et al. / Journal of Hazardous Materials 146 (2007) 479—486

[18] R. Bianchini, L. Calucci, C. Lubello, C. Pinzino, Intermediate free radicals
in the oxidations of wastewater, Res. Chem. Intermed. 28 (2002) 247-
256.

[19] M.A.K. Jansen, R.E. van den Noort, M.Y.A. Tan, E. Prinsen, L.M. Lagri-
mini, R.N.F. Thorneley, Phenol-oxidizing peroxidases contribute to the
protection of plants from ultraviolet radiation stress, Plant Physiol. 126
(2001) 1012-1023.

[20] Y.Y.He, D.P.Hader, Reactive oxygen species and UVB: effect on cyanobac-
teria, Photochem. Photobiol. Sci. 1 (2002) 729-736.

[21] J.L.Ravanat, T. Douki, J. Cadet, Direct and indirect effects of UV radiation
on DNA and its component, Photochem. Photobiol. 63 (2001) 88-102.

[22] V. Mayer, R.H. Reed, Solar disinfection of coliform bacteria in hand-drawn
drinking water, Water SA 27 (2001) 49-52.

[23] J.R. Davies-Colley, A.M. Donnison, D.J. Speed, Sunlight wavelengths
inactivation faecal indicator microorganisms in waste stabilisation ponds,
Water Sci. Tech. Lib. 35 (1997) 219-225.

[24] M.G. Weinbauer, S.W. Wilhelm, C.A. Suttle, D.R. Garza, Photoreactivation
compensates for UV damage and restores infectivity to natural marine virus
communities, Appl. Environ. Microbiol. 63 (1997) 2200-2205.

[25] G.Ronto, S. Gaspar, P. Grof, A. Berces, Z. Gugolya, Ultraviolet dosimtry in
outdoor measurements based bacteriophage T7 as biosensor, Photochem.
Photobiol. 59 (1994) 209-214.

[26] J. Clancy, K. Fallon, T. Hargy, Development of Non-pathogenic Surrogates
for Large Scale UV Reactor Validation, in: WQTC Conference, 2004.

[27] M.R. Templeton, R.C. Andrews, R. Hofmann, Impact of iron particles in
groundwater on the UV inactivation of bacteriophage MS2 and T4, J. Appl.
Microbiol. 101 (2006) 732-741.

[28] A.M. Rauth, The physical state of viral nucleic acid and the sensitivity of
viruses to ultraviolet light, Biophys. J. 5 (1965) 257-273.

[29] J.H. Strauss, R.L. Sinshemer, Purification and properties of bacteriophage
MS?2 and of its ribonucleic acid, J. Mol. Biol. 7 (1963) 43-54.

[30] H. Mamane-Gravetz, K.G. Linden, A. Cabaj, R. Sommer, Spectral sensi-
tivity of Bacillus subtilis spores and MS2 coliphage for validation testing
of water disinfection using ultraviolet reactors, Environ. Sci. Technol. 39
(2005) 7845-7852.

[31] M. Cho, H. Chung, W. Choi, J. Yoon, Different inactivation behaviors of
MS-2 Phage and Escherichia coliin TiO; photocatalytic disinfection, Appl.
Environ. Microbiol. 71 (2005) 270-275.

[32] M. Cho, FH. Chung, J. Yoon, Disinfection of Water Containing Natu-
ral Organic Matter by Using Ozone-Initiated Radical Reactions, Appl.
Environ. Microbiol. 69 (2003) 2284-2291.

[33] P. Gehringer, H. Eschweiler, H. Leth, W. Pribil, S. Pfleger, A. Cabaj,
T. Haider, R. Sommer, Bacteriophages as viral indicators for radiation
processing of water: a chemical approach, Appl. Radiat. Isot. 58 (2003)
651-656.

[34] M. Cho, H. Chung, W. Choi, J. Yoon, Linear correlation between inac-
tivation of E. coli and OH radical concentration in TiO2 photocatalytic
disinfection, Water Res. 38 (2004) 1069-1077.

[35] Y. Kikuchi, K. Sunada, T. Iyada, K. Hashimoto, A. Fujishima, Photocat-
alytic bactericidal effect of TiO; thin films: dynamic view of the active
oxygen species responsible for the effect, J. Photochem. Photobiol., A 160
(1997) 51-56.

[36] A.G. Rincon, C. Pulgarin, Evidence of Nonbacterial regrowth after Fe*3
and TiO; Solar Photoassisted Disinfection of E. coli Contaminated Water.
EAAOP-1, Greece, Chania, 2006.

[37] TE. Doll, EH. Frimmel, Removal of persistent pollutants in the
environment-photodegradation by simulated solar UV light-determination
of reaction pathways and identification of intermediates, in: Proceedings
TUVA UV-Karlsruhe, 2004.

[38] P.C. Maness, S. Smolinski, D.M. Blake, Z. Huang, E.J. Wolfrum, W.A.
Jacoby, Bactericidal activity of photocatalytic TiO, reaction: toward an
understanding of its killing mechanism, Appl. Environ. Microbiol. 65
(1999) 4094-4098.

[39] S. Guittonneau, D. Thibaudeau, P. Meallier, Free radicals formation
induced by the ozonation of humic substances in aqueous medium, Catal.
Today 29 (1996) 323-327.

[40] PJ. Riesenman, W.L. Nicholson, Role of the spore coat layers in Bacillus
subtilis spore resistance to hydrogen peroxide, artificial UVC, UVB, and
solar UV radiation, Appl. Environ. Microbiol. 66 (2000) 620—626.

[41] Y. Xue, W.L. Nicholson, The two major spore DNA repair pathways,
nucleotide excision repair and spore photoproduct lyase, are sufficient for
the resistance of Bacillus subtilis spores to artificial UVC and UVB but not
solar radiation, Appl. Environ. Microbiol. 62 (1996) 2221-2227.

[42] M. Cho, H. Chung, J. Yoon, Effect of pH and importance of ozone initiated
radical reactions in inactivating Bacillus subtilis spore, Ozone Sci. Eng. 24
(2002) 145-150.



	Inactivation of E. coli, B. subtilis spores, and MS2, T4, and T7 phage using UV/H2O2 advanced oxidation
	Introduction
	Materials and methods
	Preparation and enumeration of microorganisms
	Experimental setup
	Hydroxyl radicals concentration
	Analytical methods
	Surface water
	Data presentation

	Results and discussion
	Effect of H2O2
	Effect of filtered UV (lambda>295nm)
	UV/H2O2 (lambda>295nm)
	Hydroxyl radical exposure (CT value)
	Inactivation in natural water
	B. subtilis spores

	Conclusions
	Acknowledgements
	References


