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ABSTRACT: Ultraviolet (UV) radiation alone or in combination
with other oxidation processes is increasingly being considered for
water disinfection because of stringent regulatory requirements for
pathogen inactivation. To fulfill this requirement, an appropriate
UV dose or fluence (mJ/cm2) is applied to combat enteric viruses
in surface or treated water. There is a need for a cumulative review
on the effectiveness of current and emerging UV technologies
against various types of human enteric viruses. We extracted the
kinetics data from 52 selected experimental studies on enteric virus
inactivation using low pressure (LP-UV), medium pressure (MP-
UV), UV-LED, and advanced oxidation processes (AOPs) and
applied a simple linear regression analysis to calculate the range of
UV fluence (mJ/cm2) needed for 4-log10 inactivation. The
inactivation of adenoviruses with LP-UV, MP-UV, and UV/H2O2 (10 mg/L) required the highest fluence, which ranged from
159 to 337, 45, and 115 mJ/cm2, respectively. By contrast, when using LP-UV, the inactivation of other enteric viruses, such as the
Caliciviridae and Picornaviridae family and rotavirus, required fluence that ranged from 19 to 69, 18 to 43, and 38 mJ/cm2,
respectively. ssRNA viruses exhibit higher sensitivity to UV radiation than dsRNA and DNA viruses. In general, as an upgrade to LP-
UV, MP-UV is a more promising strategy for eliminating enteric viruses compared to AOP involving LP-UV with added H2O2 or
TiO2. The UV-LED technology showed potential because a lower UV fluence (at 260 and/or 280 nm wavelength) was required for
4-log10 inactivation compared to that of LP-UV for most strains examined in this critical review. However, more studies evaluating
the inactivation of enteric viruses by means of UV-LEDs and UV-AOP are needed to ascertain these observations.
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1. INTRODUCTION

One of the 2016 United Nations sustainable development
goals (SDG 6) is to provide universal and equitable access to
clean and safe water as well as substantially increasing safe
reuse globally by 2030.1 To achieve SDG 6, water and
wastewater treatment plays a critical role in removing
undesirable microbial pathogens from contaminated water so
that the water is safe for consumption or reuse. Some examples
of microbial pathogens to remove include adenovirus,
calicivirus (including norovirus), enterovirus (including polio-
viruses, coxsackievirus, and echovirus), and hepatitis A virus, all
of which are listed in Contaminant Candidate List (CCL 4) by
the United States Environmental Protection Agency (USEPA).
The inclusion of these viral pathogens in CCL 4 suggests that
they are known or anticipated to occur in public water
systems.2 Given their small sizes (ca. nanometers), viruses
cannot be completely removed through the physical and
biological processes commonly used in water and wastewater
treatment systems.3,4 However, in the case of indirect potable
wastewater reuse, a cumulative 12-log10 removal of viruses is
required in California.5,6 Hence, an effective disinfection step

remains important as the last barrier to inactivate viruses that
may be present in water matrices.
The disinfection methods widely used for water and

wastewater treatment include chlorine and its derivatives
(e.g., chloramine and chlorine dioxide), ozone, and ultraviolet
(UV) radiation.7,8 Chlorinating water containing organic
matter, anthropogenic contaminants, or halogens could give
rise to disinfection byproducts (DBPs) that are harmful.9,10

Similarly, ozone is an effective oxidant but also produces toxic
DBPs (e.g., bromoform, bromoacetic acid, and bromate) in
water with sufficient levels of bromide (e.g., desalinated waters
or municipal wastewaters in areas that rely on desalinated
potable water).11−14 By contrast, UV disinfection has attracted
increasing interest since it has been demonstrated to be
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effective against the (oo)cysts of Cryptosporidium and Giardia,
both of which are highly resistant to chlorination.13

Furthermore, unlike chlorine, UV is not pH dependent and
produces negligible amounts of toxic DBPs.15

Ultraviolet disinfection (UV) typically works within the
germicidal range of 200−300 nm wavelengths. Low pressure
UV (LP-UV) mercury lamps emit monochromatic light at 254
nm, near the wavelength range at which nucleic acids exhibit
an absorption maximum, making them efficient at disinfection.
UV irradiation damages the nucleic acids (DNA/RNA) of the
cell or virus, primarily through the formation of pyrimidine
dimers but also by other photoproducts of nucleic acids and
nucleic acid lesions.16−18 If the damage is not repaired in time,
replication and transcription are blocked, in turn leading to the
inactivation of microorganisms.16,17 By contrast, medium
pressure UV (MP-UV) lamps emit a range of wavelengths,
including those that are absorbed by proteins and have the
potential to damage the viral coat and core proteins in addition
to the dimerization of pyrimidines in genomes.16 Regardless of
the type of lamp, the long-term 2 Enhanced Surface Water
Treatment Rule (LT2ESWTR) recommends a UV dose of 186
mJ/cm2 to achieve viral activation at 4-log10.

19 The German
Gas and Water Association (DGVW), New Zealand
(DWSNZ), and Austrian standard institutes (ONORM)
require a UV system to continuously deliver a minimum
germicidal fluence of 40 mJ/cm2.20−23 The same UV fluence
value of 40 mJ/cm2 is applied in the Canada water supply
system, although it is usually combined with chlorine
disinfection.24 This UV fluence is also recommended by the
U.S. National Sanitation Foundation (NSF) in its ANSI 55
protocol to serve as primary disinfection of bacteria, viruses,
and cysts in contaminated water that could be pathogenic
(Class A systems). The same protocol also recommends a
lower fluence of 16 mJ/cm2 to serve as secondary disinfection
of water (Class B systems).25

Given recent advancements in UV-based disinfection
technologies, the aim of this critical review is to determine
the UV fluence required for a 4-log10 reduction of enteric virus
in water using low pressure (LP) and medium pressure (MP)
UV lamps and to assess the performance of emerging
photocatalytic treatments using UV. The proposed fluence
will be generated by applying a standard Chick−Watson linear
regression model to data sets that were selected using specific
criteria from earlier published studies. In addition, we
recognize recent trends in UV-based technologies. Specifically,
the combination of UV with oxidative radical promoters (e.g.,
H2O2, TiO2), which are otherwise referred to as advanced
oxidation process (AOP) technology, is attracting interest
toward facilitating the removal of chemicals and biological
contaminants from different water types, for example, drinking
water or municipal wastewaters.26 AOP forms strong oxidants,
for example, •HO radicals, and it can be achieved by
simultaneously applying oxidants (e.g., hydrogen peroxide,
H2O2

27) or photocatalysts (e.g., TiO2)
28 in combination with

UV. The presence of radical species can be useful for targeting
pathogens with high resistance to UV alone.29 Similarly, UV-
LEDs are an emerging UV technology that may be suitable for
point-of-use disinfection. Although studies detailing the
inactivation efficiency of UV-AOP and UV-LEDs remain
limited in number to permit a regression analysis, this critical
review addresses some of the recent papers describing the
inactivation efficacy of enteric viruses by both UV-AOP and
UV-LEDs. This approach provides perspectives on whether

these advances in UV disinfection approaches would be
beneficial for improved removal of enteric viruses from water
matrices.

2. METHODOLOGY: DATA COLLECTION, SCREENING,
AND ANALYSIS WITH META-ANALYSIS

The data sets were selected according to the 2015 PRISMA-P
meta-analysis protocols.30 These data sets followed the listed
criteria: (1) peer-reviewed articles excluding review papers,
dissertations, online documents or reports, proceedings of a
conference or meeting, (2) peer-reviewed articles containing
original inactivation data from original experiments conducted
by the authors and published from 1984 to January 2020 and
written in English, (3) publications in which an LP-UV or MP-
UV lamp was used as the UV source, with the calculated
fluence determined by using a collimated beam apparatus, (4)
experimental data included obtained from water-related
(buffer, treated water, or reclaimed water) experiments, (5) a
combination of UV fluence (the product of UV irradiance and
contact time) and log10 reduction values (LRVs) from a
standard inactivation study using cell culture-based experi-
ments, preferably a plaque assay based calculation because
these assays exhibit higher sensitivity than comparable cell
culture data when integrated, (6) inactivation data sets
excluded without clear protocol descriptions and details
pertaining to the cell line host and/or qPCR, and (7) long-
range qPCR or RT-PCR or a combination of integrated cell
culture data only included if shown to be comparable to cell
culture infectivity-based methods but excluded when the
authors demonstrate significant differences between the
quantification methods.31,32 The kinetics of the virus infectivity
and UV dose were calculated using the Chick−Watson model
described in the following formula

= −
N
N

kFLog t
10

0

i
k
jjjjj

y
{
zzzzz (1.1)

where Nt is the virus concentration at specific sampling times,
N0 the initial concentration of the viruses at time zero, k the
inactivation rate constant by UV (cm2/mJ), and F the UV
fluence or dose (mJ/cm2).
Data sets published from 1984 to 2020 were obtained from

the NCBI and Google Scholar databases. In the literature, UV
fluence and dose are at times used interchangeably to refer to
the same concept. Hence, the keywords used for the search
were “UV” + “kinetics OR fluence dose OR dose response” +
“virus type”, including “human norovirus” (HuNoV), “ad-
enovirus” (AdV), “echovirus” (EV), “coxsackie B virus”,
(CVB), “poliovirus (PV)”, hepatitis A virus” (HAV), and
“human rotavirus” (HRV). Murine norovirus (MNV), feline
calicivirus (FCV), and Tulane virus (TV) were included as
surrogates for human norovirus due to the unavailability of
robust cell lines for human norovirus infectivity assays.33 All
the listed viruses except rotavirus were chosen for this critical
review because they are listed as viral contaminants in the
Microbial Contaminants − CCL 4.34 Although rotavirus is not
on the CCL 4 list, it is included in this critical review because it
has a common etiology responsible for diarrhea incidence and
mortality in children younger than 5 years old.35 After the
initial screening results were obtained, each paper’s title and
abstract were cross-checked to ensure that the paper fulfilled all
the requirements mentioned above. Duplicate papers found in
both databases were also eliminated. The data were extracted
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from the articles by a single reviewer (name initials: A.T.R.)
and verified by another reviewer (name initials: N.A.). The
extracted data included the UV dose, LRVs, tested virus
strains, virus detection methods, experimental conditions of
the water matrices (pH, turbidity, and temperature), and
correction factors.
Two methods were employed to extract the UV and LRV

doses. First, when the UV dose was available in the selected
paper, the values specified in the manuscript were directly used
either by first digitalizing the plots or from the original data
provided in tabular format. Second, in experiments in which
the UV lamp irradiance (in Watt/area) and inactivation time
were available in the manuscript, including the Supporting
Information, manual calculations were conducted to obtain the
UV fluence by multiplying the irradiance by the exposure time
and assuming no absorbance by the water matrices

= ×F I t (1.2)

where I is the fluence rate of the UV lamp (mW/cm2), and t is
the exposure time in units of seconds.
Table S1 summarizes whether data extracted from the

papers have accounted for absorbance of the water matrices
when calculating the fluence or whether the experiments were
carried out under thin film conditions (<1 cm). Correction
factors from experiments using nonbuffered matrices or
purified water are further detailed in Table S2. Most corrected
irradiances were based on Bolton and Linden,36 which account
for UV absorption, water depth, and some included reflection
off the water surface and the nonuniform distribution of light
across the sample. Moreover, all the MP-UV studies
determined the average irradiance by measuring the irradiance
in the germicidal range of 200−300 nm, which is weighted
based on the DNA absorbance spectrum as previously
described by Linden and Darby37 and using the previously
mentioned Bolton and Linden36 correction factors. The
extracted UV doses and LRVs from the selected articles were
collated together for the same virus species and serotype. A
Chick−Watson linear regression was used to generate the
slope coefficient (k) to calculate the UV dose for 4-log10 virus

inactivation. In the regression models, LRV was used as a
dependent variable, and UV fluence was the independent
variable. Correlation parameters, including the slope, intercept,
and 95% confidence interval range, were generated as the
output, and based on the Chick-Watson results, the y-intercept
was assumed to be 0. For data sets with tailing phenomena,
only exponential decay was considered for the kinetic analysis.
All the linear regressions resulted in an R2 higher than or equal
to 0.93. Variance values among residuals to fitted values were
compared, and the adjusted determination coefficient (R2) was
also calculated. While Chick−Watson linear regression was
suggested for 4-log10 virus inactivation in this critical review, a
simple linear regression model in which the y-intercept was not
assumed to be 0 was also performed (Tables S3−S5) to
account for shouldering effects but was not used in the
comparative analysis discussed in this critical review.
For instances in which the slopes of the regression model

parameters showed no significant differences between different
genotypes/serotypes of a virus type as tested by ANCOVA,
data sets derived from different genotypes/serotypes within the
same virus were combined in the regression analysis. In brief,
for the covariance analysis, a linear ANOVA model was
generated with log10 removal as the response, with the different
serotypes, water matrices, detection methods, or authors as the
factors and the fluence (mJ/cm2) as the covariates. After the
linear model was established, pairwise comparisons were made
using the Tukey method and using the serotype or specified
condition as the term for pairwise comparison to generate an
ANCOVA-adjusted p-value between the tested groups and
factors. All modeling and statistical analyses were conducted
using Microsoft Excel and Minitab for linear regressions and
ANCOVA, respectively.
In total, more than 29,000 articles were considered, and

based on the title and abstract content, 543 articles were
verified for further screening through the employed criteria.
Ninety-four articles were chosen after the initial screening. In
the end, for the LP-UV data sets, we narrowed down the
references to three articles on MNV,38−40 two articles on

Figure 1. Standard linear regression models for LP-UV inactivation of Caliciviridae. Blue squares, orange triangles, and gray diamonds represent the
data sets for murine norovirus (MNV),38−40 feline calicivirus (FCV),38,41 and Tulane virus (TV),42 respectively. Closed shapes represent buffered
matrices, while green- and white-filled data points signify data from municipal wastewater and drinking water, respectively. The regression slopes for
MNV, FCV, and TV are described with blue, orange, and gray lines, respectively. The 95% confidence interval is indicated by the shaded area. The
black-filled diamond represents a data point that reached the limit of quantification,42 and the dashed gray line represents the linear regression
omitting this point.
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FCV,38,41 one article for TV,42 10 articles for PV,43−52 one
article for HAV,53 five articles for HRV,31,43,51,53,54 two articles
for EV,38,44 three articles for CVB,44,47,53 and 14 articles for
AdV.17,29,32,41,44,50,55−62 For MP-UV, five studies related to
adenovirus serotype 217,56,57,60,63 were selected for data
analysis. Regarding the UV-AOP studies, one paper for
inactivation by UV + H2O2 for both adenovirus serotype 229

and one paper regarding UV + TiO2 inactivation using MNV40

were extracted. Regarding UV-LEDs, four studies49,63−65

included the inactivation of AdV,63,64 FCV,65 EV,49 enter-
ovirus,49 PV,49 and CVB.49 The papers that fulfilled our
selection criteria used phosphate buffer solution (PBS),
minimal essential media MEM, buffered demand-free (BDF)
water, purified water, drinking water, groundwater, and treated
wastewater as matrices for the virus inactivation studies. The
significances of the groups, water matrices, and detection
methods in all the data sets in which there was more than one
water matrix used for a given serotype are further detailed in
Tables S6−S8.

3. RESULTS
3.1. Enteric Virus Inactivation Using LP-UV. LP-UV

generates monochromatic irradiation in the UV-C region with
a peak wavelength of 253.7 nm. Within the Caliciviridae family
(nonenveloped, single-stranded RNA), inactivation studies
using LP-UV were conducted on murine norovirus (MNV),
Tulane virus (TV), and feline calicivirus (FCV) as human
norovirus HuNoV surrogates (Figure 1). The Chick−Watson-
based linear regression showed correlation coefficient (k)
values of 0.154, 0.136, and 0.058 with R2 values of 0.98, 0.97,
and 0.93 for MNV, FCV, and TV, respectively (Figure 1). TV
was significantly more persistent in response to LP-UV than
both MNV and FCV (ANCOVA p-value < 0.001), while MNV
and FCV were not significantly different (ANCOVA p-value =
0.558). Specifically, the mean UV doses required for 4-log10
reduction of MNV, FCV, and TV are 26, 29, and 69 mJ/cm2,
respectively.
LP-UV data were also collected for the Picornaviridae family

(nonenveloped single-stranded RNA), namely, poliovirus
(PV), coxsackievirus (CVB), echovirus (EV), and hepatitis A
(HAV) (Figure 2). Poliovirus and hepatitis A data set analyses

by linear regression revealed coefficient correlation k-values of
0.141 and 0.99 with R2 values of 0.96 and 0.99, respectively,
and the mean required doses were 28 and 16 mJ/cm2. LP-UV
disinfection of PV resulted in a significant tailing effect
beginning at 50 mJ/cm2 which is after the mean required dose
of 28 mJ/cm2. The two viruses within Picornaviridae with
various serotypes were coxsackievirus and echovirus. The
sensitivities of CVB 3 and CVB 5 to UV radiation were not
significantly different (ANCOVA p-value = 0.63), nor was
echovirus 1, 11, and 12, with ANCOVA p-values of 0.422,
0.934, and 0.33 when comparing 1 vs 11, 1 vs 12, and 11 vs 12,
respectively. Considering that the CVB and EV serotypes were
collated due to statistical insignificance, the required doses for
4-log10 reduction were 36 and 33 mJ/cm2, respectively. All the
calculated doses within the 95% confidence are listed in Table
1.
Rotaviruses of the family Retroviridae, which have double-

stranded (ds)RNA segments as their genome, showed a level
of resistance with evident tailing after 50 mJ/cm2 (Figure 3).
To avoid giving a false sense of persistence, only exponential
decay was used for the linearly fit model. The mean slope
coefficient was 0.107, and R2 was 0.97. This linear regression
resulted in a prediction of a 38 mJ/cm2 dose to achieve a 4-
log10 reduction, and the doses within 95% confidence are listed
in Table 1. However, the tailing effects for rotavirus are
particularly relevant, because this added persistence begins
around the 4-log10 reduction mark.
Adenovirus, a double-stranded DNA virus, is the most

resistant to UV radiation compared to all the enteric viruses.
The AdV data sets included in this study were categorized
based on different serotypes, in which AdV2, 5, 15, 40, and 41
were analyzed (Figure 4). The k-values generated from the
linear regression for all AdV strains were 0.025, 0.025, 0.024,
0.019, and 0.012, with R2 values of 0.95, 0.98, 1.00, 0.97, and
0.93, respectively (Figure 4). Serotypes 40 and 41 were
significantly different from the others and from each other
(ANCOVA p-values < 0.001 for 40 vs 2 and 41 as well as 41 vs
2, 5, and 15 with 40 vs 5 = 0.005 and 40 vs 15 = 0.002).
However, AdV2, 5, and 15 were not significantly different from
each other (ANCOVA p-values of 1.0 for 2 vs 15, 0.085 for 2
vs 5, and 0.661 for 5 vs 15). The difference in kinetics is

Figure 2. Standard linear regression models for LP-UV inactivation of Picornaviridae. (A) Blue squares and orange triangles represent the data sets
for poliovirus PV43−52 (PV) and CVB (B344 + B544,53), respectively. Closed shapes represent buffered matrices, while green- and white-filled data
points signify data from municipal wastewater and drinking water, respectively. The regression slopes for PV and CVB are described with blue and
orange lines, respectively. All the CVB serotypes were included as a single regression due to a lack of significant differences, and the tailing effect
from 40 mJ/cm2 was not included in the linear regression. (B) Blue squares and orange triangles represent the data sets for hepatitis A (HAV39)
and echovirus EV (1,44 11,44 1238), respectively. The regression slopes for HAV and EV are described with blue and orange lines, respectively, in
which there was no significant difference based on the EV serotype, and they were therefore modeled by a single linear regression. The 95%
confidence interval is indicated by the shaded area.
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exemplified by the required doses (mJ/cm2) for the 4-log10
removal of each serotype. In the AdV2 + 5 +15 group, 40, and
41 were 160, 216, and 337 mJ/cm2, respectively, and the
required doses based on the 95% intervals are listed in Table 1.
Within our search criteria, adenovirus serotype 2 had received
the most attention in the literature, including 10 papers
compared to the 2, 1, 1, and 3 papers found for AdV5, 15, 40,
and 41, respectively. However, AdV2 was among the most
sensitive of the serotypes, while AdV41 was the most resistant
virus included in this critical review, requiring more than
double the LP-UV dose compared to AdV2.
3.2. Enterovirus Inactivation Using MP-UV. In contrast

to LP-UV, MP-UV emits a broad range of wavelengths that are
also capable of leading to cellular damage and ultimately to
inactivation at less than half the fluence (i.e., based on AdV2
shown in Tables 1 and 2). Due to the broader spectrum of
MP-UV lamps, they will lead to enhanced damage to critical

proteins, enzymes, and other microbial constituents in addition
to nucleic acid damage and may also limit or prevent
photoreactivation in neutral pH and at room temperature.16,66

Photoreactivation is a natural process in which cells can
partially recover from ultraviolet damage when visible and UV
wavelengths of light reverse DNA damage by monomerizing
cyclobutene pyrimidine dimers, but this is unlikely to happen
in RNA viruses due to the lack of a cell host repair mechanism
in RNA viruses.66

Among all the known enteric viruses, only AdV, TV, and
HRV inactivation data using MP-UV are currently published.
However, this critical review only included a regression analysis
for data derived from exposing AdV2 because it includes
consideration of typical broad range MP-UV as well as the
aforementioned selection criteria. Data sets for adenovirus
serotype 2 were obtained from five papers using broad range
MP-UV.17,56,57,60,63 Overall, MP-UV provided a significant

Table 1. Summary of UV Doses needed for 4-log10 Reduction in mJ/cm2 for All Analyzed Viruses Using LP-UV [MNV,38−40

FCV,38,41 TV,42 EV(1,44 11,44 1238), CVB(B3,44 B544,53), PV,43−52 HAV,53 HRV,31,43,51,53,54 and AdV(2,17,29,44,50,55−60 5,58,61

15,50 40,41 4132,58,62)]a

aThe doses (mJ/cm2) were calculated based on eq 1.1: Log10(Nt/N0) = −kF (in which the y-intercept is assumed to be 0). The lower and upper
bounds are based on 95% confidence intervals in terms of suggested fluence. Both the R2 and the adjusted R2 are also listed. Light blue, gray, and
light orange shadings indicate single-stranded RNA, double-stranded RNA, and double-stranded DNA viruses, respectively.
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Figure 3. Standard linear regression models for LP-UV inactivation of rotavirus31,43,51,53,54 where the tailing effect from 50 mJ/cm2 was not
included in the linear regression. Closed shapes represent buffered matrices, while green- and white-filled data points signify data from municipal
wastewater and drinking water, respectively. The regression slope is described with a blue line, and the 95% confidence interval is indicated by the
shaded area.

Figure 4. (A) Standard linear regression models for LP-UV inactivation of adenovirus 217,29,44,50,55−60 + 558,61 + 1550 (not significantly different),
AdV40,41 and AdV41.32,58,62 Blue squares, orange triangles, and gray diamonds represent extracted data, while linear regressions are described with
blue, orange, and gray lines for AdV2 + 5, 40, and 41, respectively. The 95% confidence interval is indicated by the shaded area. Closed shapes
represent buffered matrices while green- and white-filled data points signify data from municipal wastewater and drinking water, respectively.

Table 2. UV Dose Needed for 4-log10 Reduction in mJ/cm2 for All Analyzed Viruses When Using MP UV (AdV217,56,57) and
AOP (MNV,40 AdV229)a

aThe lower and upper bounds are based on 95% confidence intervals in terms suggested fluence. The doses (mJ/cm2) were calculated based on eq
1.1: Log10(Nt/N0) = −kF (in which the y-intercept is assumed to be 0). Both the R2 and the adjusted R2 are also listed. Light blue and light orange
shading indicate single-stranded RNA and double-stranded DNA viruses, respectively.
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Figure 5. (A) Standard linear regression models for MP-UV17,56,57 as represented by orange triangles and regression line. LP-UV/H2O2
29 is

represented by blue squares and regression line, with reference to the linear regression model of LP-UV alone, all in adenovirus AdV2 only. The
95% confidence interval is indicated by the shaded area. Closed shapes represent buffered matrices while green- and white-filled data points signify
data from groundwater and surface water, respectively. The papers referenced in this figure employed the germicidal weighting method for MP UV
disinfection proposed by Bolton and Linden.36 (B) Standard linear regression models for the LP-UV/TiO2 inactivation of MNV40 represented by
blue squares and the linear regression model of LP-UV disinfection. The 95% confidence interval for LP-UV/TiO2 is indicated by the shaded area.

Table 3. UV Dose Needed for 4-log10 Reduction in mJ/cm2 for All Analyzed Viruses When Using LED49,63−65,a

aThe doses (mJ/cm2) were calculated based on eq 1.1: Log10(Nt/N0) = −kF (in which the y-intercept is assumed to be 0). The lower and upper
bounds are based on 95% confidence intervals in terms suggested fluence. Both the R2 and the adjusted R2 are also listed. Light blue and light
orange shading indicate single-stranded RNA and double-stranded DNA viruses, respectively.

Environmental Science & Technology pubs.acs.org/est Critical Review

https://doi.org/10.1021/acs.est.1c03092
Environ. Sci. Technol. 2021, 55, 16283−16298

16289

https://pubs.acs.org/doi/10.1021/acs.est.1c03092?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c03092?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c03092?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c03092?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c03092?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c03092?fig=tbl3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c03092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


increase in the removal efficiency for adenovirus serotype 2
compared to LP-UV and LP-UV + H2O2 (5 and 10 mg/L),
with ANCOVA p-values < 0.001. A pronounced tailing effect
was observed with MP-UV inactivation, and the linear
regression model should not be applied at higher fluence
based on these data. When including only the exponential
decay subset of data (data points up to 60 mJ/cm2) for the
Chick−Watson linear regression approach, 45 mJ/cm2 is
required to achieve a 4-log10 reduction of AdV2 when using
MP-UV (Figure 5A, Table 2).
3.3. Enteric Virus Inactivation Using UV-AOP Process

and UV-LED. AOP provides an opportunity to use the high
effectiveness of UV disinfection while reducing possible
persistence by combining UV with specific compounds that
will generate OH radicals, such as H2O2 and TiO2, which are
included in this critical review. OH radicals are strong oxidants
that can inflict damage on components of viral particles outside
of the DNA/RNA damage inflicted by LP-UV, and the results
analyzed in this critical review are listed in Table 2.
AdV2 inactivation data achieved by LP-UV and LP-UV/

H2O2 are shown in Figure 5A. Inactivation was performed in
groundwater and surface water. In that study,29 using the same
Chick−Watson linear regression approach, 214 mJ/cm2 was
needed for a 4-log10 reduction (R2: 0.98) with LP-UV. Adding
5 and 10 mg/L H2O2 significantly (ANCOVA p-values 0.048
and <0.001, respectively) decreased the required UV dose to
126 and 110 mJ/cm2, respectively, to achieve 4-log10
inactivation in this study. OH radicals produced during the
advanced oxidation process are likely able to damage parts of
the virus not targeted by LP-UV, such as attachment proteins,
enhancing UV-induced inactivation. However, the k-value (i.e.,
0.031−0.036) obtained from this study after the addition of 5
and 10 mg/L H2O2 was not significantly different (ANCOVA
p-values > 0.05) from the k-value obtained from the collated
data (i.e., k = 0.025) that we analyzed for the LP-UV data and
AdV2 in this critical review (Table 1).
In addition to the use of H2O2, heterogeneous AOPs using

photocatalysts, such as TiO2, are also being considered.
Related research on enteric viruses was published by Lee et
al.40 (Figure 5B). In this particular study, 10 mg/L of TiO2 was
used along with LP-UV to disinfect MNV. To maximize the
yield of reactive oxygen species, a TiO2 suspension was pre-
exposed to 33 mJ/cm2 of LP-UV prior to introducing the virus.
Despite this treatment, the 25 mJ/cm2 required to achieve a 4-
log10 reduction was not significantly lower than the minimum
suggested dose of 26 mJ/cm2 from the generated linear
regression model of MNV inactivation using LP-UV (Figure
1), suggesting that adding TiO2 in this instance did not
significantly enhance the inactivation efficiency.
Recently, some studies about the emerging use of ultraviolet

light emitting diode (UV-LED)-based technology for pathogen
inactivation have been published, although the data for enteric
viruses are also very limited,49,63−65,67−71 such as that of UV-
AOP. UV-LEDs are mercury free, physically robust, and
flexible in regard to the selection of emission wavelengths. Its
operation also permits a faster start-up time with a potentially
lower fluence requirement.65,70 Data using wavelengths of 260,
265, 280, and 285 nm were chosen for their higher efficiencies
compared to that of UV-LED technologies using wavelengths
outside the germicidal range. A summary of the kinetics
regarding UV-LED studies on enteric viruses is summarized in
Table 3. Unlike UV-C, the emission from LEDs is not
monochromatic, and only nominal peak wavelengths are

reported by the authors despite LEDs emitting spectral ranges
rather than a single wavelength.49,63

From two analyzed studies,49,63 UV-LEDs at 260 nm
required fluences of 17, 17, 23, 22, and 112 mJ/cm2 for the
4-log10 inactivation of coxsackievirus A (CVA), PV, EV,
enterovirus 70, and adenovirus 2, respectively, while 21, 20, 25,
24, and 109 mJ/cm2 were required for 4-log10 inactivation at
280 nm, respectively. Furthermore, 18, 18, 23, and 115 mJ/
cm2 for a 4-log10 inactivation of coxsackievirus A (CVA), PV,
enterovirus 70, and adenovirus 2, respectively, were required
using a combination of 260 and 280 nm. Overall, there were no
significant differences in the inactivation performance of UV-
LEDs at 260 and 280 nm or the combination of 260 and 280
nm for any of the viruses tested in these studies. Only in the
case of CVA49 was any significant difference detected based on
these wavelengths, in which 260 nm significantly outperformed
280 nm (ANCOVA p-value = 0.037), but neither was
significantly different from the 260 and 280 nm combination.
A separate study64 on the inactivation of adenovirus 5 using

UV-LED 285 nm showed UV fluences of 171 mJ/cm2 to
obtain 4-log10 inactivation, which is higher than the LP-UV
requirement described in this critical review (Table 1). Last, a
comparison between UV-LED 265 and 280 nm treatments of
feline calicivirus (FCV)65 showed a significant benefit to using
265 vs 280 nm (ANCOVA p-value = 0.037), in which 32 and
38 mJ/cm2 were needed for 4-log10 inactivation, respectively.
In general, UV-LED technology at 260 or 280 nm showed
potential for requiring a lower UV fluence for 4-log10
inactivation compared to LP-UV in most strains examined in
this critical review. However, for more persistent enteric
viruses such as adenoviruses, UV-LEDs only provided a slight
improvement on LP-UV, and MP-UV still remains significantly
more efficient (e.g., referring to AdV2 data in Tables 1, 2, and
3).63

Despite the promise of UV-LEDs for virus inactivation,
some concerns about UV-LED studies include (1) a lack of
uniformity in research materials and methods for UV-LED
disinfection studies, which makes comparison difficult, (2)
some inconsistent results for pathogen inactivation due to
various radiation patterns, such as the emission spectra,
viewing angle, and radiation distribution, and (3) the absence
of a standardized protocol for microorganism inactivation.70

4. DISCUSSION

4.1. Differences in Susceptibility to UV Disinfection
among Viral Species and Serotypes. Viral inactivation is
complicated by the observation that closely related viruses may
exhibit different disinfection kinetics when subjected to
disinfection.72 Enteric virus susceptibility to UV radiation
may differ depending on the genome size, pyrimidine content,
and genome and protein sequences.73 Prior knowledge of the
capsid and genome structure in addition to the sequence will
help in predicting virus particle reactivity to UV radiation.73 In
addition, UV 254 nm damage within the genome and protein
varies per region. For example, in MS2 inactivation with UV, a
decrease in the capsid peptide concentration was observed in
six different peptides (Val44-Arg49), which undergo site-
specific backbone cleavage between Ser47 and Val48
residues.72 Likewise, on the basis of our results, there seem
to be differences in susceptibility among and between
Caliciviridae and Picornaviridae (both ssRNA viruses)
compared to Reoviridae (dsRNA virus) and Adenoviridae
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(dsDNA virus), with the dsRNA and dsDNA viruses being less
susceptible to UV radiation.
TV was the most resistant to LP-UV among the Caliciviridae

family members discussed in this study (Table 1). Although
MNV, TV, and FCV are classified in the same family, they
belong to different genera of norovirus, recovirus, and
vesivirus, respectively, so their different genomes may have
accounted for different susceptibilities to UV radiation.38 A
recent publication by Rockey et al. mentioned that both TV
and HuNoV have similar levels of susceptibility to UV 254 nm
inactivation compared to other Caliciviridae (e.g., FCV and
MNV) when measured for their inactivation kinetics by
qPCR.74 Hence, TV might be a closer surrogate than MNV for
determining the required UV dose needed for HuNoV
inactivation. These differences showed that sensitivity to
disinfectants is species/genotype/serotype specific even if
they are in the same Caliciviridae family. Therefore, depending
on the type of disinfectant that is to be evaluated, different
surrogates, preferably the ones that are the most resistant to
that type of disinfectant, should be considered to provide
information on the maximum required disinfectant dose
needed to achieve the desired log reduction.
Likewise, in the Picornaviridae family, there are different

sensitivities to LP-UV among EV serotypes 1, 11, and 12. By
contrast, there was no difference in LP-UV sensitivity between
CVB3 and CVB5. The lack of difference in susceptibility may
be accounted for by being in the same serotype B, and
therefore, CVB3 and CVB5 share similar structures and have
more than 90% genome sequence similarity.75

The higher resistance of rotavirus to UV compared to the
Picornaviridae and Caliciviridae families may be caused by
their double-stranded RNA genetic makeup, which leads to
more structural stability and redundancy of information in the
complementary strands.66 The photolysis rate constant of
naked nucleic acids measured by qPCR and normalized by the
number of bases measured in a particular sequence revealed
that naked ssRNA reacted 24 times faster than dsRNA.76 The
double-stranded RNA structure is more stable than single-
stranded RNA in response to UV radiation due to hydrogen
bonding within the helix structure. This structure may lead to a
lower absorbance of UV radiation compared to single stranded
RNA, although more comprehensive experiments should be
performed to confirm this hypothesis.53 Sensitivity to UV
inactivation may also be influenced by multiplicity reactivation
phenomena in which inactivated virus particles may comple-
ment each other such that reproduction can take place in host
cells during multiple infections.77,78 The damaged virus will
not be able to initiate viral infection in the cells without the aid
of companion virus particles; therefore, a large number of
partially damaged viruses may be required for infection. In
higher genome size viruses such as HRV, a greater UV dose is
required to destroy the genome, possibly leading to fewer
partially damaged virus particles needed for multiplicity
reactivation.53 For those reasons, it is understandable that
rotavirus SA11 (>15,000 nucleotides), with its double-stranded
RNA structure, has higher resistance than other single-stranded
RNA viruses, such as MNV and TV (∼7200 nucleotides), PV
(∼7300 nucleotides), and EV 11 (7438 nucleotides).
Adenoviridae, which are dsDNA viruses, have the highest

resistance to UV disinfection, which may be due to their ability
to repair their genome in the cell host during replication in
addition to their large genome size (∼34,000 nucleotides).16,17
Among the adenovirus strains, AdV41 is the least susceptible

to LP-UV compared to AdV2, 4, 5, and 40. Similar results with
other disinfectants also showed gastroenteritis AdV40 and 41
to be less susceptible to UV, free chlorine, and monochlor-
amine compared to AdV5 and other serotypes, which were less
frequently associated with gastroenteritis.58,78−80 These
observed differences in susceptibilities may be due to variations
in the genome sequence and protein structure that
corresponded to the host binding efficiency, with serotypes
associated with gastroenteritis typically showing higher host
binding efficiency that can lead to a higher infection rate by the
surviving viral particle after UV exposure compared to the low
host binding efficiency serotype. Other factors that may
influence the difference in UV sensitivity among different
serotypes are different light absorptivities and photoionization
quantum yields because the most reactive amino acid and
nucleoside monomers varied in capsid structure serotype,
although experimental confirmation should be conducted.81,82

When determining the inactivation rates in different virus
serotypes, the use of different cell hosts to quantify the viability
of viruses may have contributed partly to differences in their
inactivation rates.17 For example, the inactivation rate of AdV5
as measured by HEK 293, PLC/PRF/5, and XP17BE cell lines
showed inactivation rates that ranged from 0.0264 to 0.0765.
These numbers translate to a range of 52−151 mJ/cm2 needed
to achieve a 4-log10 reduction in AdV5.83

4.2. Comparison between LP-UV, MP-UV, UV-LED,
UV/H2O2, and UV/TiO2 toward Enteric Virus Inactivation
and Implications for Detection. MP-UV is polychromatic
with a wide range of wavelengths, including those that are
absorbed by proteins, and thus, it has the potential to disrupt
the virion structure, damaging the viral capsid and core
proteins in addition to the genome.17,83 The basic structure of
viruses includes a genome (single- or double-stranded RNA/
DNA), a protein capsid, and sometimes an envelope.84

Damage to the capsid means there is no protection for the
virus genomic material from the outer environment and leads
to loss of the infectious role of the virus due to loss of protein,
which is required for attachment to the cell host, lysing
endosomes, and facilitating the release of DNA into the host
cell nucleus.60,85 Unlike RNA viruses, DNA viruses such as
AdV have a repair machinery that occurs in the cell host after
UV treatment, so the additional damage in the AdV capsid may
have accounted for the higher efficacy of MP-UV compared to
LP-UV.
Different UV-C wavelengths emitted simultaneously by

polychromatic MP-UV will have different efficacies toward
virus inactivation. Monochromatic 254, 270, and 290 nm
irradiation corresponded to adenoviral genome damage in
AdV2.60 By comparing molecular to infectivity detection
methods of AdV2 detection, it was shown that more nucleic
acid damage was observed than reduction in viral infectivity at
260 nm. At 240 nm and below, the reduction in viral infectivity
was significantly greater than the reduction in DNA
amplification.60 Another study comparing the efficacy of
three UV wavelengths (224, 254, and 280 nm) emitted by
an MP-UV system found that the 260−280 nm wavelength
range was most effective at inactivating AdV serotype 2. UV224
treatment of AdV resulted in conformational changes in the
virus capsid that do not preclude binding to the host cell but
prevent one of the subsequent steps of the infection cycle, such
as internalization to the cytoplasm, endosomal release, or
genome translocation into the host cell nucleus.86 UV254
treatment of viruses also allowed virus−host cell binding, but
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it disrupted the viral genome to a greater extent than UV224,
although it did not cause modifications in the viral capsid.86

UV280 has a peak due to the absorption of tryptophan and
tyrosine amino acids, but it did not seem to inhibit viral
binding association with the host cell either and showed a
higher capacity than that of UV254 to disrupt mRNA
transcription under similar applied fluences.60,86 By targeting
different components of AdV, MP-UV likely created a
synergistic inactivation effect and hence was more efficient
against AdV than LP-UV alone.16,56,57,86

Damage to different components of viruses caused by
varying wavelengths has implications for the accuracy of
detection methods. Molecular methods are a convenient
proposition for enteric virus detection because infectivity
assays for quantification are highly dependent on cell lines and
can take days to weeks to produce cytopathic effects
(CPEs).32,41,83 Long-range qPCR (LR-qPCR) has been
previously used for viral quantification after UV damage29,60,87

and has been shown to give similar results for infectivity-based
methods when using LP-UV.60 While molecular methods are
sensitive and precise, they are only effective in detecting
damage to their specific molecular target. Beck et al. compared
cell infectivity assays to LR-qPCR by using LP-UV and NIST
lasers tuned to emit light monochromatically and tested every
10 nm from 210 to 290 nm.60 They found that there was no
significant difference between the two detection methods when
the LP-UV was applied at 270, 280, and 290 nm. However,
there were highly significant differences at 210, 220, 240, and
260 nm with ANCOVA p-values ranging from 1.4 × 10−4 to
2.6 × 10−9 in the slope coefficient (k), and in all cases in which
there was a significant difference between detection methods
except for 260 nm, LR-qPCR underestimated the inactiva-
tion.60 This finding illustrates that molecular-based methods
are able to detect viruses without infectivity and/or naked
DNA/RNA. Integrated cell culture-quantitative PCR (ICC-
qPCR) overcomes some of the limitations of qPCR by
combining infectivity and nucleic acid detection and can be
performed in 2 days to detect the disinfection of enteric
viruses.55 Nevertheless, some discrepancies in enteric virus
inactivation between ICC-qPCR, ICC-RT-qPCR, and cell
culture-based methods have been reported when using LP-UV,
MP-UV, and UV-LED.32,55,63,88

In addition to MP-UV, the combination of UV254 and
oxidative radical promoters (e.g., H2O2, TiO2) can also cause
chemical modifications in the tertiary and quaternary
structures of proteins and lead to changes in the extent of
the hydrophobicity, pH, protein unfolding, and protein cross-
linking, which in turn increases susceptibility to protease
cleavage.89 In the UV/H2O2 system in clean water, HO•
radicals are the dominant radical. The photolysis of H2O2 will
generate primary radicals (HO•), and then, the primary radical
will react with the water to yield secondary radicals.90 Sun et al.
concluded that the disinfection efficacy91 among different
radicals decreased from HO• > CO3

− > O2−/H2O as a result
of different second-order rate constants toward amino acids.90

In AOP, the primary mechanism of virus inactivation by HO•
radicals is not yet fully understood. Inactivation might be due
to damage to the capsid protein, the genome, or a combination
of both. For instance, a study suggested that enhanced AdV
inactivation using HO• radicals was due to capsid damage and
not to DNA damage.29 Generally, HO• is considered
nonspecific, meaning that all amino acids are susceptible to
HO• radical degradation during AOP inactivation.92 However,

proteins are reportedly more susceptible to radical-induced
cleavage, particularly for specific amino acids such as
proline.93,94 Therefore, viruses with high levels of proline in
their protein capsids may be more susceptible to UV/H2O2,
although further experiments and explorations of other amino
acids should be conducted to confirm this hypothesis. The
number of related studies examining the use of UV-AOP to
inactivate enteric viruses remains limited for thorough meta-
data analysis.
Despite studies highlighting that the coupling of a chemical

disinfectant such as H2O2 can generate radicals that facilitate
damage to viral capsids and improve disinfection efficiency in
single studies,29 the UV dose required to reach a 4-log10
reduction in combination with 10 mg/L H2O2 in that study
was not significantly lower than that of LP-UV inactivation of
AdV2 determined in this critical review (p-value = 0.112). The
lower UV fluence needed when coupling the disinfectant with
H2O2 indicated that lower energy is now needed to operate the
UV lamps. However, the economic savings can be depleted by
the costs incurred for chemical disinfectants. The current
market price of hydrogen peroxide (70% by weight) listed by
global producers is marked at approximately $0.08 to $1.60
U.S. per L. By contrast, the average cost of electricity is only
approximately $0.13/kWh in the U.S.
Similarly, another form of AOP, which includes the

combination of UV-C and TiO2 to disinfect water of viruses,
did not significantly reduce the dose needed to disinfect
MNV.40 An earlier study showed significant improvements in
using TiO2 when using UV light in the UV-A (320−400 nm)
and UV-B (290−320 nm) ranges,95 although this approach
was not included in our analysis due to the low disinfection
efficiency of UV light in this range. To exemplify this finding,
in their study, less than a one log10 reduction in MNV was
achieved when using UV-A alone after 1500 mJ/cm2. Further
using their data, a 363 mJ/cm2 dose would be needed for a 4-
log10 reduction of MNV. This result contrasts with our study
suggesting a 26 mJ/cm2 minimum dose to achieve a 4-log10
reduction of MNV using LP-UV (Table 1). Adding 1 g/L of
TiO2 made UV-A viricidal, although approximately 1400 mJ/
cm2 was required, while no significant improvement was
observed in the case of UV-B supplemented with the same
TiO2 concentration.95 The increase in inactivation efficacy
with UV-A was presumed to be due to the photocatalytic
reaction of TiO2, which generates reactive oxygen species
(ROS), such as O2− and HO radicals, that can destroy and
damage the viral capsid protein and genome.96,97 This
observation shows that the fluence needed to generate ROS
is higher than what is needed to achieve a 4-log10 reduction
using LP-UV alone. Thus, there was an increase in energy
consumption and electrical costs as well as the need for TiO2
photocatalysts when using UV/TiO2, which might preclude it
from use in practical applications in full-scale reactors due to
the associated costs. Furthermore, the OH radicals generated
through UV/TiO2 may not be homogeneous throughout the
bulk solutions and were perhaps instead polarized on the TiO2
surfaces. This characteristic limits the reaction kinetics and
does not justify the increase in operational costs for limited
improvements in disinfection efficacy. These observations
suggest that using AOP for the sole purpose of inactivating
viruses may not be economical, although using AOP to
disinfect and remove a wide range of contaminants, including
bacteria, viruses, and pharmaceutical compounds, may justify
the additional costs.98−101

Environmental Science & Technology pubs.acs.org/est Critical Review

https://doi.org/10.1021/acs.est.1c03092
Environ. Sci. Technol. 2021, 55, 16283−16298

16292

pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c03092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


4.3. Comparison of Data with Earlier Review. Overall,
our meta-analysis study showed that the order of lower
sensitivity among enteric viruses to UV fluence is as follows:
Adenoviridae > rotavirus (Reoviridae) > Caliciviridae >
Picornaviridae, which is largely consistent with but now
expands upon results shown by a previous review,102 as
summarized in Figure S1. Our FCV linear regression
coefficient (0.136) is slightly higher than that previously
mentioned by Hijnen et al. (0.106).102 This change in k results
in a lower suggested dose; in our case, 29 mJ/cm2 compared to
the 38 mJ/cm2 required for a 4-log reduction in FCV. This
difference may be caused by the different criteria used to
source the references; for example, the previous review
included a study using UV-B irradiation103 as well as a single
data point from another reference,104 and in this critical review,
we included a study published after this previous review.38

Despite for FCV, our regressions lead to similar suggestions
for the required LP-UV dose for a 4-log10 reduction when
examining the same virus and serotype. Our analysis of HAV
showed a slightly larger regression coefficient value compared
to Hijnen et al.’s results (0.210 and 0.181), and this
discrepancy may again be due to differences in the selection
criteria for data sets. In this study, unlike the earlier review by
Hijnen et al., we did not include results from conference
proceedings. However, the difference in the suggested dose for
a 4-log10 reduction is just 3 mJ/cm2. For CVB5, in which the
data set came from the same references, our UV dose
suggestion for a 4-log10 reduction was again different by just 3
mJ/cm2. Our result for RV is also consistent with the previous
review, at 0.107 in our critical review compared to 0.102 in
theirs, which results in a 1 mJ/cm2 difference in the dose
suggestion for a 4-log10 reduction in RV despite clarity in
establishing the start of the tailing behavior observed with RV.
This tailing inactivation behavior observed with rotavirus SA-
11 has resulted from either viral aggregation or/and the
presence of a resistant subpopulation.54,102 Likewise, our PV
linear regression coefficient result (0.141) is consistent with
the Hijnen study (0.135), again within a 1.2 mJ/cm2 difference
for a 4-log10 reduction,102 despite the inclusion of two
references in this critical review that were not included in
the previous review.48,49 Furthermore, the UV fluence needed
to achieve a 4-log10 reduction in PV as obtained by our linear
regression analysis is still within the range of 17−37 mJ/cm2

reported by IUVA news.105

This critical review did not provide distinct linear
regressions for each individual paper, as was presented in the
Hijnen review.102 However, a statistical analysis using
ANCOVA was performed to establish factors that might affect
the inactivation rates and therefore the suggested doses
required for a 4-log10 reduction of specific viruses. In data
sets in which more than one paper, water matrix, or detection/
quantification method was used across a single serotype, each
of the three factors was tested for statistical significance. For a
given factor, all the differing components were compared using
pairwise comparisons against each other as well as individually
against the rest of the data. These findings showed that the
authors were the biggest significant factor rather than the
detection methods (i.e., CPE, plaque formation, qPCR, ICC-
RT-qPCR, etc.) or water matrices (MWW, DW, MEM, PBS,
etc.) (Supporting Information, Text 1). Multiple cases of
independent studies using the same water matrix, detection
method, virus type and serotype achieving significant differ-
ences in disinfection kinetics highlight the need for more

studies using enteric viruses so that meta-analyses can provide
a more accurate consensus on the efficiency of a given
technology against specific serotypes.

5. PERSPECTIVE
5.1. More Studies Are Needed to Evaluate Enteric

Virus Inactivation in Treated Wastewater Matrices.
While collating the literature for this study, we observed that
the majority of the papers demonstrating enteric virus
inactivation used phosphate buffer solution and buffered
demand-free water or groundwater, with relatively fewer
studies using treated wastewater matrices. This information is
needed to understand how the water quality affects the
inactivation efficiencies for different enteric viruses, particularly
when oxidative radical promoters are coupled to UV light.
Turbidity-causing materials such as natural organic matter
(NOM), total suspended solids, biological particles, inorganic
nitrogen, iron salts (primarily ferric iron), and manganese are
important constituents that affect the UV disinfection
efficacy.66 For example, Fe(III) has a UV transmittance
(measurement of how well UV-C will penetrate a given
water or liquid) of ∼100% at 0.2 NTU, which decreases to
38% at 5 NTU.106 The presence of natural organic matter
(NOM) was found to enhance the formation of rotavirus
aggregates, especially in the presence of divalent cations.107 It
also appears that viruses can form aggregates around/within
particles upon association with organic matter.108−110 For
example, human norovirus and rotavirus may bind to the histo-
blood group antigen (HBGA)-like substance produced by
bacteria, which functions as a shield against disinfectants.55

Humic acids can also decrease UV transmittance to 47% at 5
NTU.106 The lower UV transmittance will therefore reduce the
fluence to which viruses are exposed. In addition, humic acid
and activated sludge floc particles (particles with size <2 μm)
shielded MS2 and T4 bacteriophages from UV disinfection (80
mJ/cm2) compared to the controls.111 NH4

+/NH3 and NO2
−

can also inhibit UVA/TiO2 disinfection by reducing the
production of hydroxyl radicals in the water matrix.112

In treated wastewater, the concentrations of Fe(III), natural
organic matter, humic acids, and nitrogenous compounds can
vary depending on the type of wastewater treatment
technology. For example, wastewater cleaned by an anaerobic
membrane bioreactor (AnMBR), an emerging technology that
employs anaerobic fermentation and membrane separation
processes to remove organics, has a higher nitrogenous
concentration than treated water from conventional treated
wastewater113 and may require substantial concentrations of
oxidative radical promoters in concert with UV radiation to
achieve an effective log reduction114 of enteric viruses.
Likewise, the different operating conditions of conventional
activated sludge processes, for example, longer hydraulic and
sludge retention times, would also affect the concentrations of
organics and inorganics in the final treated wastewater. Given
that water quality can affect disinfection efficacies, more
systematic studies should be performed to assess how different
human enteric viruses behave in response to UV disinfection in
various types of treated wastewater that have markedly
different water qualities than buffer or drinking water.

5.2. Need for More Studies Evaluating Enteric Virus
Inactivation by Emerging UV Technologies. While briefly
covered in this critical review, more studies determining the
inactivation kinetics of different enteric viruses upon exposure
to UV-AOP and UV-LEDs are needed to determine their
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comparative efficiency under varying circumstances compared
to MP-UV and LP-UV. In addition to finding only two papers
on treating enteric viruses with UV-AOP fulfilling our selection
criteria, one on MNV40 and one on AdV2,29 some of the
potential benefits of UV-AOP could have been overlooked due
to the sensitivity of many enteric viruses to UV treatments
alone. All of the enteric viruses covered in this critical review,
in addition to adenovirus serotypes, required <70 mJ/cm2

during LP-UV treatment (Table 1), suggesting that the added
oxidative damage potential of radical generation is unlikely to
be significant or necessary. A study on bacteriophage MS2
using a noncytotoxic range of UV light (290−400 nm) showed
that adding H2O2 only had a significant effect after 230 mJ/
cm2 when using 10 and 25 mg/L H2O2,

96 and in the context of
this critical review, this level of exposure would only be
relevant for AdV41. Furthermore, neither of the AOP studies
were performed in water matrices such as municipal waste-
water, in which another potential advantage of UV-AOP could
be highlighted. The generation of hydroxyl radicals throughout
AOP can not only lead to viral damage and disinfection but
can also improve water quality by degrading organic micro-
pollutants that are prevalent in wastewater.
Light-emitting diodes have practical advantages due to their

small size. Multiple LEDs can be designed to emit light at
specific wavelengths and angles and are less limited by their
physical size than when they could be installed in a treatment
train.64,115 Although the relatively small sample size of studies
(four) using UV-LEDs on enteric viruses covered in this
critical review showed a general reduction in the UV dose (mJ/
cm2) compared to LP-UV, the low lamp energy efficiency
indicates that they can require up to 90-fold more energy to
achieve the same log10-reduction of AdV2.63 Furthermore, the
wavelengths provided by the authors of previous studies are
nominal peak wavelengths and do not correspond exactly to
actual peak wavelengths. Hence, users of UV-LED need to be
especially cautious in determining the best optimal wavelength
to use for inactivating enteric viruses.
There are practical advantages of using enteric virus

surrogates, such as bacteriophages, both in terms of
experimental and regulatory implementation. However, despite
the availability of data on using these emerging UV
technologies on these surrogates, high variability was found
in terms of sensitivity, not only for virus stains but also
serotypes, as shown in this critical review, suggesting that there
is still a need for kinetic data on enteric viruses to evaluate the
applicability of these UV-based technologies thoroughly.

■ SUMMARY

In summary, our critical review provides the following insights:

(i) MP-UV required 28% of the LP-UV dose to achieve a 4-
log10 reduction in AdV2.

(ii) On the basis of the limited number of enteric virus
inactivation studies that use UV-AOP, it was observed
that the addition of TiO2 did not significantly enhance
the inactivation efficiency compared to LP-UV and MP-
UV, and the addition of H2O2 requires further
validation.

(iii) On the basis of the limited number of enteric virus
inactivation studies that use UV-LED, UV-LED at 260
or 280 nm provided a slight improvement compared to
LP-UV but not to MP-UV.

(iv) Even among the most resistant enteric viruses evaluated
in this study (AdV), there was a 112% increase in the
UV dose (mJ/cm2) required to achieve a 4-log10
reduction between the most susceptible (AdV2/5) and
resistant (AdV41) serotypes. A slight difference in the
UV dose is also observed among the serotypes of EV and
CVB, although more metadata is needed for these two
enteric viruses. Hence, on the basis of current
observations, the genetic structure alone may not be
enough to classify or predict a virus’s sensitivity to UV
radiation accurately.

(v) Other factors that might affect enteric virus inactivation
rates include water matrix, detection/quantification
method, and interlaboratory groups, with the last factor
playing the biggest significant factor.

(vi) More studies that provide the inactivation kinetics of
various types of enteric viruses by UV-AOP and UV-
LED are needed to facilitate metadata analysis to
provide a more accurate consensus for the efficiency of
these two UV-based technologies.

(vii) More studies are also needed to assess how different
human enteric viruses would be inactivated in the
presence of treated wastewater generated from different
types of treatment technologies and hence with different
water quality parameters.
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