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Adenovirus is recognized as the most UV-resistant waterborne pathogen of concern to public health micro-
biologists. The U.S. EPA has stipulated that a UV fluence (dose) of 186 mJ cm~? is required for 4-log
inactivation credit in water treatment. However, all adenovirus inactivation data to date published in the
peer-reviewed literature have been based on UV disinfection experiments using UV irradiation at 253.7 nm
produced from a conventional low-pressure UV source. The work reported here presents inactivation data for
adenovirus based on polychromatic UV sources and details the significant enhancement in inactivation
achieved using these polychromatic sources. When full-spectrum, medium-pressure UV lamps were used, 4-log
inactivation of adenovirus type 40 is achieved at a UV fluence of less than 60 mJ cm ™2 and a surface discharge
pulsed UV source required a UV fluence of less than 40 mJ cm 2. The action spectrum for adenovirus type 2
was also developed and partially explains the improved inactivation based on enhancements at wavelengths
below 230 nm. Implications for water treatment, public health, and the future of UV regulations for virus

disinfection are discussed.

UV disinfection is a well-accepted technology for inactiva-
tion of bacterial and protozoan pathogens. Until recently, UV
was also considered a viable technology for disinfection of
viruses. At UV fluences (doses) typically used in water disin-
fection, UV is very effective (>4-log inactivation) against al-
most all known pathogenic viruses, with the one exception of
adenoviruses (5). Adenovirus has been recently listed on the
U.S. EPA Candidate Contaminant List, which indicates that it
is a high priority for possible future regulation and is known or
anticipated to occur in public water systems, but significant
data gaps need to be addressed before regulation can be in-
voked. According to recently published U.S. EPA regulations
(17), the inactivation of adenoviruses to a level of 4 log re-
quires a UV fluence of 186 mJ cm ™2, based on an 80% credible
interval, as presented in the Draft UV Disinfection Guidance
Manual (16). The U.S. EPA-regulated UV fluence for inacti-
vation of all viruses is now based on the conservative case of
adenoviruses. Yates et al. (18) provide an excellent review of
the issues surrounding the UV inactivation of adenovirus.

Although data sets for UV inactivation of adenovirus differ
moderately, they all place adenovirus as the most UV-resistant
health-related virus known. However, all peer-reviewed pub-
lished studies to date have been performed using a low-pres-
sure (LP) mercury vapor UV lamp source characterized by a
monochromatic output in the UV range at 253.7 nm. Based on
these LP UV irradiation studies, the UV fluence necessary to
achieve 4-log inactivation of adenovirus varies from 120 to
approximately 180 mJ cm 2. For adenovirus type 5 (Ad5), the
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required UV fluence is 160 to 170 mJ cm 2 (1), which is similar
to those required for Ad1 (9), Ad2 (1, 5), Ad6 (9), and Ad40
and Ad41 (8). However, there are two studies that report
higher resistance levels among the enteric adenoviruses, with
UV fluences of 109 and 120 mJ cm ™2 required for only 2-log
inactivation of Ad40 and Ad41, respectively (1, 14), compared
to Meng and Gerba’s data (8) (120 mJ cm ™2 for 4-log inacti-
vation) for these same adenovirus types. No studies to date
have been published on the inactivation of adenoviruses by use
of polychromatic UV sources, such as medium-pressure (MP)
and pulsed UV (PUV) lamps.

The goals of this research were to investigate the inactiva-
tion of enteric (Ad40) and respiratory (Ad2) adenovirus types
by use of polychromatic UV irradiation and compare the re-
sults to data generated using an LP monochromatic UV
source. The impacts of wavelength and high irradiance on the
inactivation of adenoviruses were also studied.

MATERIALS AND METHODS

Adenovirus propagation and enumeration. Two different types of adenovirus
were investigated. Ad40 was propagated and enumerated according to previously
reported procedures (14) at the USDA laboratories in Lincoln, NE. Briefly, virus
propagation and infectivity assays were conducted using a PLC/PRF5 cell line
and a most-probable-number method was used for determining viral concentra-
tions before and after UV exposure. The Ad2 propagation and enumeration
methods are detailed in Malley et al. (7) and were performed at the University
of New Hampshire. In brief, virus was propagated in an A549 cell line, which was
also used for infectivity assays. The 50% tissue culture infective dose method was
used to determine the log inactivation.

Bench scale UV dosimetry. For the Ad2 testing, the LP and MP UV dosime-
tries were based on measurement of incident UV irradiation (253.7 for LP and
the 200- to 300-nm range for MP) by use of a calibrated International Light
radiometer (IL-1700, SED240/W detector), which was then corrected for various
factors (see reference 2) to derive the average germicidal irradiance in the
completely mixed batch system. A germicidal weighting of the UV wavelengths
emitted from the polychromatic UV source relative to the DNA absorbance
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FIG. 1. Description of the geometry and a photograph of the CB
apparatus used in the testing (with front cover removed).

spectrum was applied. The average irradiance was multiplied by the exposure
time to generate the desired UV fluence.

For Ad40 testing, the quantitative spectra of all lamps, including conventional
LP and MP mercury lamps and a pulsed surface discharge (SD) lamp (11, 12, 13),
were measured using a multichannel spectrometer, convenient for capturing the
entire UV spectra of polychromatic lamps. The measurements used an Ocean
Optics (model USB2000) multichannel spectrometer with 2,048 elements over
the wavelength range of 200 to 800 nm. Calibration was with a deuterium lamp
with NIST traceable calibrated spectral irradiance. The MP and PUV polychro-
matic UV sources were weighted similarly to those in the experiments with Ad2.

The test setups included both a standard collimated-beam (CB) and a high-
intensity (HI) test cell, a new method for evaluating the effects of light intensity
on inactivation (4). The CB setup was configured using the guidelines recom-
mended by Bolton and Linden (2) and shown in Fig. 1.

The HI cell pictured in Fig. 2 has the liquid in contact with the lamp envelope
so that the irradiance of light entering the water sample is the same as that in a
UV reactor. The UV fluence was determined using a Monte Carlo approach.
This approach uses the geometric ray trace program OptiCAD, which includes
the detailed geometry, the lamp emission spectrum, and all aspects of light
propagation, absorption, and reflection, and which is detailed in Grapperhaus et
al. (4). Inactivation differences between the CB and HI setups are a measure of
irradiance-induced inactivation.

Action spectra. A complement of optical band-pass filters from Andover
Corporation (Salem, NH) was used for action spectrum testing of Ad2. Band-
pass filters provided a 10-nm half-peak bandwidth with peaks at 222, 228, 239,
260, 280, and 289 nm. The LP lamp was used without a filter for testing con-
ducted at a wavelength of 254 nm. Details of the filters and the UV dosimetry are
described in Linden et al. (6). All the samples for the action spectrum experi-
ments were tested in phosphate-buffered laboratory water. Samples for LP and

Test Ccl]—-_,‘w

o~ Sleeve

Fused Silica Tube

FIG. 2. Description of the geometry for the test cell used to eval-
uate the effects of high-peak irradiance on disinfection of adenovirus.
The test cell is in close proximity to the lamp, which provides substan-
tially higher peak irradiance than that in the CB configuration.
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FIG. 3. Action spectrum for the inactivation of Ad2 with UV light.
Data are from two experiments, each performed in duplicate, and
represent the effectiveness for a 3-log inactivation relative to the re-
sponse at 254 nm. Significant differences were found between the
relative effectiveness of the 220 and 228-nm wavelengths compared to
all the others and between the 260-nm and both the 239- and 289-nm
wavelengths, based on the Tukey HSD test. In experiment 1, the 280-
and 289-nm wavelengths were also significantly different.

MP exposures were tested in both buffered laboratory water and finished filtered
drinking water. An optical filter consisting of a solution of nitrate contained in a
quartz vessel was used to generate light from an MP source, with the wavelengths
below 240 nm cut off.

Statistical analyses. Linear models were used to test the effects of UV fluence,
lamp types, and UV wavelengths on the log inactivation of adenovirus. For
analysis of the effects of UV fluence, lamp type (LP, MP, PUV), and water type
on adenovirus inactivation, the statistical models included the inactivation as the
response and the effects of UV fluence (continuous variable), lamp or water type
(discrete nominal variable), and their interactions. In the model for the effects of
the different wavelengths on adenovirus inactivation, the discrete nominal vari-
able was wavelength. Analyses were performed using JMP software version 4.0.4
(SAS Institute Inc.), and all significance is reported at an o value of 0.05.

RESULTS AND DISCUSSION

Experiments were performed with both Ad2 and Ad40, un-
der either filtered UV irradiation, LP and MP continuous-
wave UV sources or a PUV source.

Action spectrum of Ad2. The effectiveness of different UV
wavelengths was evaluated for Ad2. Two sets of experiments
were performed at different times. In the first set, filters pro-
ducing six different parts of the MP UV spectra were used, and
UV fluences of 30, 60, and 90 mJ - cm™ 2 were delivered in
duplicate. In the second set, the two lower wavelengths were
repeated, but with UV fluences of 8, 16, and 24 mJ cm™?
performed in duplicate, and exposures with other filters were
repeated once at the same fluences previously used. From
these data, the log inactivation was plotted as a function of
UV fluence and regression equations were developed for the
UV fluence response of each wavelength investigated. The UV
fluences required for 3-log inactivation were determined from
the regression equations as a function of wavelength and
form the action spectrum reported in Fig. 3.

The results illustrated in Fig. 3 represent the effectiveness of
different wavelengths for a 3-log inactivation of adenovirus
relative to the response at 254 nm and indicate that the ger-
micidal effectiveness against adenovirus differs at different
wavelengths. Wavelengths around 220 and 228 nm were most
effective for inactivation of Ad2 and significantly different from
the other wavelengths in both experiments, based on the Tukey
honestly significant difference (HSD) test. There was no sig-
nificant difference between the effectiveness of the 254-nm
exposure and that of the 239-, 260-, 280-, or 289-nm wave-
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FIG. 4. Inactivation of Ad2 with UV light by MP, MP without wavelengths below 240 nm, and LP UV (254 nm). Error bars indicate 1 standard
deviation. Note that MP and MP cutoff fluences are germicidally weighted by the DNA absorbance spectrum.

lengths in either experiment. In experiments 1 and 2, the dif-
ferences were significant between the 260-nm and both the
239- and 289-nm wavelengths, and in experiment 1, the 280-
and 289-nm wavelengths were significantly different.

Continuous LP and MP UV inactivation of Ad2. LP and
full-spectrum MP UV sources were examined for inactivation
of Ad2. A set of experiments was also performed using the MP
UV source with a 240-nm cutoff filter to eliminate the wave-
lengths below 240 nm from the MP spectrum. This method
simulated the use of “doped” UV lamps or sleeves to minimize
the production of unwanted nitrite or the production of other
by-products, as stipulated under the German and Austrian
guidelines (3, 10), and was compared to the full-spectrum MP
UV irradiation. As indicated in Fig. 4, the LP UV inactivation
of Ad2 was similar to other data previously reported in the
literature (cited above), with approximately 30 mJ cm ™2 re-
quired for each log inactivation. The full-spectrum MP UV
source was significantly more effective than the LP UV source
or any other wavelength range in the action spectrum, aside
from the two lowest wavelengths tested. This result indicates
that a majority of the effectiveness of the MP UV source for
adenovirus was likely due to the lower wavelengths.

When the lower wavelengths (<240 nm) were eliminated
from the full-spectrum MP irradiation, the inactivation was
approximately 1 log lower than that without the lower wave-
lengths cut off, as indicated in Fig. 4. The filtered MP irradi-
ation was also approximately doubly more effective than the
LP irradiation alone, while the full-MP-spectrum light was
almost three times more effective than the LP source.

Tests were performed with both laboratory and filtered
drinking waters (data not shown), but the water matrix did not
significantly change the adenovirus inactivation rate for the LP
(P =10.92) or MP (P = 0.80) UV lamp. There was a significant
difference in adenovirus inactivation between the LP and MP
UV sources (P < 0.001) for the inactivation of Ad2 in these
two water types.

Inactivation of Ad40 with LP, MP, and PUV irradiation.
Ad40 was exposed to UV irradiation from LP, MP, and PUV
irradiation under similar CB conditions. The LP and MP
sources were conventional continuous-wave UV sources, while

the PUV system utilized an SD lamp developed by Phoenix
Science and Technology (Chelmsford, MA) (11, 12, 13). The
UV inactivation data are presented in Fig. 5. The inactivation
of adenovirus under LP UV irradiation was similar to data in
the literature, with a fluence of 80 mJ cm 2 required for
approximately 1.5-log inactivation and a fluence of over 120 mJ
cm 2 required for 4-log inactivation. Both the MP and PUV
sources outperformed the LP UV source by over fourfold, and
the inactivations of Ad40 were determined to be significantly
different (P < 0.001) between the monochromatic and poly-
chromatic lamp types. Based on the Tukey HSD test, the
adenovirus inactivation achieved using the LP lamp was signif-
icantly lower than that achieved using MP or SD lamp; how-
ever, the fluence responses of the MP and SD lamps did not
differ significantly. The response of the SD lamp with the HI
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FIG. 5. Inactivation of Ad40 with UV light by LP, MP, and PUV.
Open symbols indicate that the log inactivation is greater than the
value listed. Polychromatic UV fluences were germicidally weighted
according to the DNA absorbance spectrum. The LP UV fluence
response was significantly different from the MP and PUV data.
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cell appeared to outperform those of all lamp types in the CB
setups.

For 3-log inactivation of Ad40 by use of a polychromatic
source, a UV fluence of approximately 30 mJ cm™2 was re-
quired and a fluence of 40 mJ cm ™2 was estimated to achieve
4-log inactivation. These data for polychromatic UV sources
were more consistent with the UV fluence requirements for
4-log inactivation of most enteric viruses previously studied
(e.g., reference 5) and matched those generated for Ad2 in this
study. In the test with the pulsed SD lamp and the HI cell, one
pulse achieved inactivation below the detection limit (5.2-log
inactivation) (data not shown), at a fluence of 30 mJ cm 2.
Thus, the high irradiance level increased the log inactivation by
at least 2 log compared to that for the CB SD test.

Implications. Recent data showing the high level of resis-
tance of adenovirus to UV light were developed using LP UV
sources at a wavelength of 254 nm (1, 5, 9, 14). Based on the
action spectrum information and the MP and PUV results, it
appears that other wavelengths emitted by the polychromatic
UV lamps are more effective than the 254 nm emitted by LP
UV. One caveat here is that the UV transmittance of a drink-
ing water or wastewater sample may not allow lower wave-
lengths, such as those below 230 nm, to penetrate deep into a
water column. Therefore, in relation to disinfection effective-
ness, these lower wavelengths may be rendered less significant.
However, even when wavelengths below 240 nm were elimi-
nated, the polychromatic MP UV source still outperformed the
monochromatic LP source. In order to assess the importance
of polychromatic UV sources for inactivation of adenovirus, a
flowthrough challenge test should be performed using MP or
PUYV reactors.

Currently, the U.S. EPA has set a fluence level of 186 mJ
cm 2 for 4-log reduction of all viruses, based on adenovirus
data for drinking water. If virus inactivation by use of UV is
required, the UV system will be much larger than what would
be needed for most other viruses as well as bacteria and pro-
tozoan parasites. It is possible that when MP and PUV systems
are used, the required fluences for obtaining virus inactivation
may prove to be significantly lower, resulting in a considerable
savings for water utilities in disinfection costs and protection of
public health to a greater degree than that achieved by com-
parable LP UV systems at similar fluences.
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