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A B S T R A C T   

Viruses, Giardia cysts, and Cryptosporidium parvum oocysts are all major causes of waterborne diseases that can be 
uniquely challenging in terms of inactivation/removal during water and wastewater treatment and water reuse. 
Ozone is a strong disinfectant that has been both studied and utilized in water treatment for more than a century. 
Despite the wealth of data examining ozone disinfection, direct comparison of results from different studies is 
challenging due to the complexity of aqueous ozone chemistry and the variety of the applied approaches. In this 
systematic review, an analysis of the available ozone disinfection data for viruses, Giardia cysts, and C. parvum 
oocysts, along with their corresponding surrogates, was performed. It was based on studies implementing pro-
cedures which produce reliable and comparable datasets. Datasets were compiled and compared with the current 
USEPA Ct models for ozone. Additionally, the use of non-pathogenic surrogate organisms for prediction of 
pathogen inactivation during ozone disinfection was evaluated. Based on second-order inactivation rate con-
stants, it was determined that the inactivation efficiency of ozone decreases in the following order: Viruses >>

Giardia cysts > C. parvum oocysts. The USEPA Ct models were found to be accurate to conservative in predicting 
inactivation of C. parvum oocysts and viruses, respectively, however they overestimate inactivation of Giardia cysts 
at ozone Ct values greater than ~1 mg min L-1. Common surrogates of these pathogens, such as MS2 bacterio-
phage and Bacillus subtilis spores, were found to exhibit different inactivation kinetics to mammalian viruses and 
C. parvum oocysts, respectively. The compilation of data highlights the need for further studies on disinfection 
kinetics and inactivation mechanisms by ozone to better fit inactivation models as well as for proper selection of 
surrogate organisms.   

1. Introduction 

Ozone has been widely applied as a disinfectant for water treatment 
for more than a century (Rakness, 2015; von Gunten, 2003a; von 
Sonntag and von Gunten, 2012) and more recently in wastewater and 
water reuse applications (Burns et al., 2007; Gerrity et al., 2012; von 
Gunten, 2018). In the United States, a shift to alternative disinfectants (i. 
e., non-chlorine), including ozonation, was driven by regulations 
implemented by the United States Environmental Protection Agency 
(USEPA). These required drinking water utilities to optimize inactiva-
tion of protozoan pathogens and viruses relative to the potential 

formation of disinfection byproducts (DBPs) primarily related to chlo-
rine disinfection (USEPA, 2006, 1999, 1991). Moreover, ozone treat-
ment provides auxiliary benefits including transformation of bulk 
organic matter and oxidation of trace organics and taste and odor 
compounds (Camel and Bermond, 1998; Lee et al., 2013; Lee and von 
Gunten, 2016; von Gunten, 2003b; von Sonntag and von Gunten, 2012). 

Viruses, Giardia cysts, and Cryptosporidium parvum oocysts are all 
major causes of waterborne diseases that can be uniquely challenging in 
terms of inactivation/removal during water and wastewater treatment 
and water reuse (Betancourt, 2019; Efstratiou et al., 2017; Leclerc et al., 
2002; Soller et al., 2017). Ozone is acknowledged as an effective 
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disinfectant for bacteria, encysted protozoans, as well as viruses (von 
Sonntag and von Gunten, 2012). However, direct comparison of results 
from ozone disinfection studies is challenging due to the complexity of 
aqueous ozone chemistry in addition to the variety of different ap-
proaches utilized to conduct such studies. The goal of this review is to 
systematically analyze available ozone disinfection literature by 
reviewing studies that implemented procedures producing reliable and 
comparable datasets. Specifically, the review aims to evaluate: (a) 
bench-scale inactivation kinetics of the three regulated pathogen groups 
(viruses, Giardia, and Cryptosporidium) and their potential surrogates in 
buffered ultrapure water or surface water, (b) mechanisms of inactiva-
tion, and (c) current research needs as indicated by data gaps in the 
ultimate findings of this review. 

2. Background 

In the United States, the shift to alternative drinking water disin-
fectants was driven by USEPA treatment regulations. Over time, these 
regulations specified the required abatement of viruses, Giardia cysts, 
and C. parvum oocysts and defined maximum contaminant levels (MCLs) 
for DBPs. This rigorous approach is unique to the USA and only partially 
applied in other countries, where ozone is commonly applied as a 
disinfectant for drinking water treatment (von Sonntag and von Gunten, 
2012). Amendments to the Surface Water Treatment Rule (SWTR) 
required drinking water treatment plants to achieve removal and/or 
inactivation of at least 4 log10 for virus and 3 log10 for Giardia cysts. The 
SWTR also introduced the “Ct” concept to establish predicted pathogen 
inactivation levels based on the concentration of the applied disinfectant 
(C) and the contact time (t), which in the case of full-scale systems is the 
retention time at which 10% of the volume has passed through the 
reactor basin, which must be determined via tracer studies (See SI S.1). 
In response to major outbreaks of cryptosporidiosis traced back to 
contaminated water resources (Hrudey et al., 2003; Mac Kenzie et al., 
1994), the Interim Enhanced Surface Water Treatment Rule, and even-
tually the Long Term 2 Enhanced Surface Water Treatment Rule 
(LT2ESWTR) were introduced, extending removal requirements and Ct 
models to C. parvum oocysts and requiring at least 2 log10 abatement 
(USEPA, 2006, 1998). 

Despite its properties as a strong oxidant and disinfectant, there are 
several ozone characteristics that make the study of its disinfection ef-
ficiency difficult. Ozone is unstable in water and decomposes rapidly, 
thereby making it difficult to accurately measure and characterize its 
exposure (von Sonntag and von Gunten, 2012). Furthermore, ozone 
decomposition leads to the formation of hydroxyl radicals, another 
powerful oxidant that can contribute to disinfection and/or oxidation 
(Hoigné and Bader, 1975; Staehelin and Hoigne, 1985; von Gunten, 
2003b). Water quality characteristics such as pH, temperature, dissolved 
organic matter (DOM) concentration/composition, among others, are 
major drivers of ozone decay and hydroxyl radical formation during 
ozonation (Elovitz et al., 2000; Staehelin and Hoigne, 1985). Hydroxyl 
radicals provide a significant benefit during ozonation by enhancing the 
oxidation of organic constituents (Huber et al., 2003; von Gunten, 
2003b), however the impact of hydroxyl radicals on disinfection is not 
well established. In general, it is assumed that hydroxyl radical exposure 
can be neglected for disinfection of drinking water because of the typi-
cally high efficiency of direct ozone reactions and its diffusion limitation 
(von Gunten, 2003a). 

There are several kinetic models that can be utilized to model the 
inactivation of a particular organism and the proper model heavily de-
pends on the disinfectant utilized, the target organism, and the method 
of application (Gyürek and Finch, 1998). The USEPA assumes a 
second-order (or pseudo first-order in certain cases) rate law (Equation 
1) to model the inactivation of viruses, Giardia cysts, and C. parvum 
oocysts in water: 

dN
dt

= − kNC (1)  

where N is the number of viable organisms at time t, C is the concen-
tration of disinfectant at time t, and k is the second-order inactivation 
rate constant. Integrating the rate equation with the assumption that the 
disinfectant concentration remains constant over time provides a model 
in which the disinfectant exposure, or Ct (concentration x contact time, 
discussed further below), can be used to predict the log-reduction of 
pathogens: 

∫N

N0

dN
N

= − kC
∫t

0

dt (2a)  

ln
(

N
N0

)

= − kCt (2b)  

or  

log10

(
N
N0

)

= −
k

ln(10)
Ct (2c) 

There are more complex models that account for non-linear disin-
fection kinetics (i.e., shouldering and tailing behaviors, see Gyürek and 
Finch, 1998), however, the necessity to fit anywhere from 1 - 3 empirical 
constants, with a lack of description as to what these constants physi-
cally represent makes such models difficult to apply to full-scale disin-
fection processes. Therefore, the second-order disinfection model has 
been regularly utilized to estimate disinfection efficacy despite some-
times obvious and often unexplainable deviations from a linear rela-
tionship, particularly when evaluating ozone disinfection. Some of these 
problems are related to the instability of ozone in water, which com-
plicates the application of the disinfection kinetic models used to 
describe and predict inactivation of different microorganisms. One case 
in point is the formation of hydroxyl radicals, which need to be scav-
enged (e.g., by the addition of tertiary butanol (t-BuOH) or DMSO) when 
trying to isolate the contribution from ozone, specifically (Wolf et al., 
2018). Kinetic studies carried out in absence of such a hydroxyl radical 
scavenger are fundamentally problematic to determine second-order 
inactivation rate constants. Furthermore, pH and temperature are two 
factors which need to be carefully monitored, because of their effect on 
ozone stability and inactivation kinetics (von Sonntag and von Gunten, 
2012). 

The rapid decay of ozone makes the determination of the Ct value (i. 
e., ozone exposure) in real reactors more complicated than simply 
multiplying the final residual concentration and contact time (i.e., the 
“effluent” method), which underestimates the true ozone exposure due 
to ozone instability in solution. Ozone decay can be taken into consid-
eration for Ct determination through the following: 

C(t) = C0e− k′ t (3)  

where C(t) is the concentration of ozone at time (t), C0 is the initial 
ozone concentration, and k’ is the first-order ozone decay rate constant. 
Accounting for time dependence of C in (1) by substituting (3) into (2a) 
and integrating results in: 

ln
N
N0

= − k
C0

k′

(
1 − e− k′ t) (4)  

which is equivalent to the area under the ozone decay curve (if ozone 
exhibits first order decay). The “integral method” requires the collection 
of a time series of ozone residual measurements throughout the reaction 
time for accurate calculation of the decay rate constant. Other methods 
for estimating the area under the ozone decay curve can be utilized to 
estimate ozone exposure, particularly when ozone does not display first- 
order decay (von Gunten and Hoigne, 1994). 
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Alternative methods of Ct calculation encountered in bench-scale 
ozone disinfection studies include calculating the geometric mean of 
the initial and final ozone residual and multiplying by the elapsed time, 
which is a simple and relatively accurate method if ozone displays first- 
order decay as described above and can also be used at full scale with 
respect to different reaction chambers (Rakness et al., 2005). Other 
methods include estimating C as the arithmetic mean of the initial and 
final ozone residual, as well as simply substituting the final residual. The 
variety in Ct calculations among studies adds an additional layer of 
complexity for comparison of data, more so if the Ct calculation method 
is not specified. 

The inactivation rate constants (k) utilized to predict microorganism 
inactivation are typically derived from bench-scale studies evaluating 
log inactivation vs. Ct. There are several methods for evaluating ozone 
disinfection at bench-scale, with specific implications associated with 
each method. Bench-scale studies include (but are not limited to) true 
batch, semi-batch, and quench-flow reactor systems. True batch tests are 
conducted by applying a pre-determined dose of aqueous ozone to a 
closed batch reactor with constant agitation. The aqueous ozone stock 
solution is produced by bubbling gaseous ozone/oxygen gas mixture 
through ultrapure water in a chilled reactor to obtain an aqueous ozone 
concentration in equilibrium to the gas phase concentration according 
to Henry’s law (Hoigne and Bader, 1994; Rakness, 2015; von Sonntag 
and von Gunten, 2012). Due to the instability of ozone in aqueous so-
lutions, proper determination of ozone exposure during a batch test 
should include a time series of ozone residual measurements (Hoigne 
and Bader, 1994; von Sonntag and von Gunten, 2012). Additionally, the 
added stock solution produces a diluting effect on the test solution which 
must be accounted for. 

One limitation to batch systems is the inability to accurately char-
acterize the initial phase of ozone decay, low-exposure scenarios, and 
examining fast reacting compounds or microorganisms (Buffle et al., 
2006; Hoigne and Bader, 1994). These problems have been addressed 
using continuous quench-flow systems or reaction systems in which the 
ozone exposure was controlled by addition of an ozone-reactive com-
pound (e.g., cinnamic acid) (Buffle et al., 2006; Criquet et al., 2015; 
Czekalski et al., 2016; Torii et al., 2020; Wolf et al., 2018). In 
quench-flow systems, a mixed sample/ozone solution is pumped with a 
fixed velocity/flow regime through a thin reaction tube, the length of 
which can be altered to allow for different contact times. This system is 
ideal for evaluating fast reacting compounds, however, proper imple-
mentation can be challenging, and special consideration should be given 
to mixing and flow characteristics through the reaction tube. Careful 
calibration with known ozone reactions is required (Buffle et al., 2006; 
Criquet et al., 2015). 

Semi-batch tests are conducted by applying ozone gas directly to the 
test solution, allowing the system to reach steady state (i.e., the dis-
solved ozone in solution remains constant with time), and directly 
applying organism to the constant gas/ozone mixture (Rakness, 2015). 
Ozone exposure can be estimated based on the steady state aqueous 
ozone residual and contact time. A benefit to this approach is the 
reduction in effort necessary to account for ozone decay within the 
system. Additionally, there is no need to account for a dilution effect that 
occurs when dosing with an aqueous stock solution. However, such 
systems require greater expertise for proper implementation; improper 
design and implementation can produce misleading results. For 
instance, if the solution is not fully saturated, the determined kinetics 
are a mixture of both ozone mass transfer and inactivation. Additionally, 
for many inactivation processes, the steady-state concentrations in the 
reactor are very high and require extremely low residence times to 
achieve realistic ozone exposures, which is often not feasible. Therefore, 
the preferred method for evaluating inactivation kinetics of microor-
ganisms by ozone is through the use of true-batch systems (for slower 
inactivating/more resistant microbes such as C. parvum oocysts), and 
modified batch systems (i.e., addition of cinnamic acid) or quench-flow 
systems (for faster inactivating/less resistant microbes, such as viruses). 

There are many parameters that can influence the efficacy of ozone 
treatment, including pH, temperature, alkalinity, and other intrinsic 
properties of the water matrix. These parameters generally affect ozone 
demand/decay or oxidant scavenging kinetics. When pH decreases, 
ozone becomes more stable (Staehelin and Hoigne, 1985). The role of pH 
with respect to inactivation of microorganisms is unclear. pH can in-
fluence the surface properties of microorganisms (Harden and Harris, 
1952; Hsu and Huang, 2002; Michen and Graule, 2010; Righetti and 
Caravaggio, 1976), however, the extent to which this influences reac-
tivity with ozone is not well understood. Temperature also plays an 
important role in the stability of ozone in aqueous solutions. Increasing 
temperature increases the first-order ozone decay rate which therefore 
reduces the stability of ozone in solution. However, increased temper-
ature also increases the rate of ozone inactivation for microorganisms 
(Finch and Li, 1999; Li et al., 2001; Roy et al., 1982). Therefore, tem-
perature changes will affect inactivation kinetics in a complex interplay 
between ozone stability and susceptibility of microorganisms. 

Other water quality parameters, such as dissolved organic matter 
(DOM), are more complex with respect to ozone stability and hence 
disinfection efficacy (von Gunten, 2003b; von Sonntag and von Gunten, 
2012). Therefore, disinfection studies in DOM-containing matrices can 
be difficult to conduct and interpret. In addition, interaction of micro-
organisms with organic matter (e.g., coating of membranes) may alter 
the susceptibility of microorganisms to ozone. In DOM-heavy matrices 
such as wastewater, it may be difficult to establish an ozone Ct with low 
ozone doses due to rapid ozone demand/decay. However, these low Ct 
or ‘sub-residual’ dosing scenarios can still achieve inactivation of some 
microorganisms (Gerrity et al., 2012), potentially necessitating alter-
native crediting frameworks. This is also the case when ozone is sup-
plemented with hydrogen peroxide to preferentially drive the formation 
of hydroxyl radicals (i.e., advanced oxidation process), drastically 
reducing (or eliminating) ozone Ct (Acero and von Gunten, 2001). At the 
bench scale, many of these issues can be avoided by using quench-flow 
reactors to understand disinfection kinetics in the early reaction phase. 

An empirical approach avoiding complications with ozone chemistry 
relies on non-Ct based frameworks for obtaining disinfection credit in 
such cases. For example, Gamage et al. (2013) and Gerrity et al. (2012) 
evaluated the correlation of non-Ct based parameters such as O3:DOC 
ratio, ΔUV254 absorbance, and ΔTF (total fluorescence) with inactiva-
tion of B. subtilis spores, Escherichia coli, and MS2 during wastewater 
ozonation. Another study evaluated ΔUV254 absorbance and oxidation 
of carbamazepine as surrogate parameters to evaluate disinfection of 
viruses in surface water and wastewater (Wolf et al., 2019). Despite the 
potential value of these emerging non-Ct frameworks, this review fo-
cuses on characterizing ozone disinfection efficacy based on the more 
traditional Ct framework. 

3. Methods 

3.1. Literature review 

Literature was compiled with the goal of analyzing ozone disinfec-
tion efficacy for three pathogen groups regulated in water treatment (i. 
e., viruses, Giardia cysts, and C. parvum oocysts), and their potential 
surrogates. Web of Science core collection was searched during 
September 2020 using search criteria containing a combination of the 
following key words: Ozon* AND water AND (inactivation OR kinetics 
OR disinfection) AND (virus OR protozoa OR pathogen OR bacteria OR 
microb* OR adenovirus OR enterovirus OR calicivirus OR MS2 OR B. 
subtilis OR giardia OR cryptosporidium). Articles which were peer- 
reviewed, written in English, and published after the year 1980 were 
considered for inclusion within the review. Search results were sub-
jected to an initial screening of the titles and abstracts. Articles were 
included for full-text review if the title and/or abstract indicated (a) 
ozone was among the disinfectants being analyzed, (b) disinfection in 
water was evaluated (i.e., excluding ozone as a surface disinfectant or in 
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the gas phase), and (c) microbial inactivation was analyzed (i.e., 
excluding proxies for microbial disinfection). The “Materials & 
Methods” sections of selected articles were evaluated via random 
assignment between three reviewers. The evaluated articles were orga-
nized by (a) whether disinfection kinetics or mechanisms were evalu-
ated, (b) scale of research (i.e., bench-, pilot-, or full-scale), (c) reactor 
set-up (i.e., batch vs. semi-batch vs. quench-flow vs. miscellaneous), 
and water matrix (i.e., buffered ultra-purified water vs. surface water vs. 
wastewater; pH ranges of 5-8; use of hydroxyl radical scavengers). The 
publications which evaluated disinfection kinetics in buffered ultra- 
purified water or surface water in batch or quench-flow reactors at 
bench-scale were selected for further analyses. Due to the aforemen-
tioned complexities of ozone in DOM heavy matrices, studies evaluating 
wastewater were excluded. Articles which evaluated inactivation 
mechanisms of ozone for the different pathogen groups were also 
selected for further review. Articles that did not fall into either of these 
categories were omitted from the review. The reviewing process and the 
applied selection criteria are summarized in Figure S1. Additionally, 
while the core literature search was performed in September 2020, there 
were no additional relevant publications identified in a subsequent 
search spanning September 2020 through January 2022. 

3.2. Data analysis 

To explore the state-of-the-art of bench-scale inactivation of viruses, 
Giardia cysts, and C. parvum oocysts by ozone, analyses of log10 inacti-
vation as a function of ozone Ct/exposure, as well as reported inacti-
vation rate constants, were conducted. Articles which measured the 
disinfection kinetics in bench-scale settings (i.e., not inactivation 
mechanisms) were subject to additional screening which examined (a) 
the ability of ozone Ct/exposure data to be extracted or calculated 
directly from the article, (b) the method of ozone Ct/exposure calcula-
tion utilized/allowed for with the provided data (i.e., if Ct was not 
calculated within the manuscript, Ct was calculated to the best of our 
ability using the provided residual data), (c) proper implementation of 
the batch reactor or quench-flow reactor set-up, (d) utilization of 
methods which either directly examine or infer microbe viability (i.e., 
exclusion of molecular methods), and (e) basic water quality parameters 
such as temperature and pH. 

The analyses consisted of the determination and comparison of 
ozone Ct/exposure values and corresponding survival ratios (provided 
as log10(N/N0)) and second-order inactivation rate constants (k). If 
applicable, ozone Ct data and second-order inactivation rate constants 
were extracted directly from the article. If ozone Ct data were provided/ 
calculated using the integral Ct method, this value was prioritized, 
otherwise priority was given in the following order: geometric mean Ct 
> arithmetic mean Ct (select studies which only provided Ct information 
in such form) > final residual (“effluent”) Ct. If not provided in a study, 
second-order inactivation rate constants were calculated in R using least 
squares linear regression. Datasets with at least five data points were 
selected for determination of second-order inactivation rate constants. If 
the resultant inactivation slope (i.e., k) could not be determined statis-
tically different (p < 0.05) from 0, the dataset was excluded. If the 
regression model had a non-significant (p > 0.05) y-intercept, the model 
was fitted through the origin. Otherwise, the y-intercept model was 
accepted under the assumption that a positive y-intercept provides a 
more conservative estimate of inactivation based on the resulting 
reduced slope, and a negative y-intercept indicates the presence of a lag- 
phase. Data which contained a significant lag-phase (i.e., a phase in 
which no inactivation occurs despite of ozone Ct/exposure) were fitted 
to the delayed Chick Watson model (Rennecker et al., 1999), with the 
Ctlag value provided: 

ln
N
N0

=

{
0; if Ct ≤ Ctlag

− k
(
Ct − Ctlag

)
; if Ct > Ctlag

(5) 

The USEPA Ct models for ozone disinfection of viruses, Giardia cysts, 
and C. parvum oocysts, described in the SWTR and LT2ESWTR were 
utilized for comparison of the extracted inactivation data: 

LRVvirus = 2.1744 × 1.0726Temp × CT (6)  

LRVGiardia = 1.0380 × 1.0741Temp × CT (7)  

LRVCryptosporidium = 0.0397 × 1.09757Temp × CT (8) 

Extracted data were grouped based on organism and temperature, 
regardless of pH. 

4. Results and discussion 

4.1. Literature review and data analysis 

The aforementioned search criteria yielded 1,399 articles, which 
were subsequently reviewed through several iterations (Figure S1). This 
ultimately resulted in 28 articles from which inactivation vs. ozone Ct/ 
exposure data and/or second-order inactivation rate constants were 
extracted, as well as 10 articles that evaluated ozone inactivation 
mechanisms for specific pathogen groups. Datasets from each organism 
were separated into three temperature ranges: 1-9 ◦C, 10-19 ◦C, and 20- 
25 ◦C. The pH examined in the different datasets ranged from 5 – 8. Due 
to the overall lack of data, datasets with and without hydroxyl radical 
scavengers were ultimately grouped together, which could introduce an 
additional source of variation within datasets, even though the contri-
bution of hydroxyl radical to inactivation is likely minimal. 

4.2. Inactivation of viruses 

While viruses encompass a variety of morphologies that may influ-
ence their resistance to disinfectants (Sigstam et al., 2013), to remain 
consistent with USEPA categorization, all mammalian virus data were 
compiled together regardless of viral species. For analyses of mamma-
lian virus surrogates, bacteriophage data were analyzed separately. Six 
studies met inclusion criteria for the development of log10 inactivation 
plots and/or inactivation rate constant compilation (Helmer and Finch, 
1993; Lim et al., 2010; Sigmon et al., 2015; Torii et al., 2020; Wolf et al., 
2018; Young et al., 2020). Six mammalian viruses were evaluated, 
including coxsackieviruses B3 and B5 (laboratory and environmental 
strains), poliovirus 1, echovirus 11, human adenovirus 2, and murine 
norovirus. Bacteriophages MS2, fr, Qβ, GA, φX174, T4, T1, and PRD1 
were evaluated. All inactivation data were collected using cell culture 
most probable number (MPN) or plaque assays respective to each virus 
type. Experiments were conducted in either batch or quench-flow 
reactors. 

Fig. 1a-d provide an overview of the compiled log10 inactivation of 
viruses as a function of ozone Ct (i.e., exposure) for three temperature 
ranges. Overall, viruses are highly reactive with ozone, indicating that 
efficient inactivation occurs even at very low ozone Ct/exposure. The 
USEPA models shown as dashed line in Fig. 1a-d provide a conservative 
estimate of virus inactivation, underestimating inactivation in most 
cases. The USEPA model was developed using data from Roy et al. 
(1982), who evaluated poliovirus inactivation using a CSTR. Because of 
the reactor setup, this study did not pass our article selection process and 
was therefore not analyzed. Torii et al. (2020) discussed the shortcom-
ings in how the data from this study was utilized for USEPA models, 
including the use of the average hydraulic residence time as a substi-
tution for the contact time, which would lead to an overestimation of 
ozone Ct/exposure. Hydraulic considerations, combined with incom-
plete mixing, and the additional safety factor of 3 applied by the USEPA, 
may account for the overly conservative nature of the model. 

The data points which cluster directly at or below the USEPA models 
for temperatures ranging from 20 – 25 ◦C (Fig. 1c) belong to a single 
study examining murine norovirus inactivation. These data imply that 
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murine noroviruses may be relatively less susceptible to ozone inacti-
vation than other mammalian viruses. However, the ozone Ct/exposure 
values determined from this study may be inaccurate. Specifically, the 
study suggests that with ozone decay constants upwards of 5 min-1 and 
an applied ozone dose of 1 mg L-1, there was still measurable ozone 
residual at the end of the experimental contact times (greater than two 
minutes). With these parameters a residual ozone concentration of 
4.5×10-5 mg/L can be calculated, which is far below the detection for 
ozone in aqueous solution (Eq. 3) (Bader and Hoigné, 1981). This may 
indicate potential interferences in the ozone residual measurements, or 
other issues with the experimental set up, which would lead to less 
reliable ozone decay data. Nevertheless, as the only representative of the 
virus family Caliciviridae, which contains notable human pathogen 
human norovirus, it was necessary to include the data in this review. 

Interestingly, mammalian viruses appear slightly more resistant to 
ozone than most bacteriophages at all temperature ranges. Figures S2a,b 
(SI) indicate that bacteriophage MS2 and closely related ssRNA phages 
(fr, GA, Qβ) (blue symbols in Figure S2) are the least resistant to ozone, 
while the DNA phages T4, PRD1, and φX174 are more resistant (red 
symbols in Figure S2). Bacteriophages, particularly MS2, are often uti-
lized as surrogates for enteric, mammalian virus inactivation during 
water/wastewater treatment due to the ease of culturing and enumer-
ation as compared to mammalian viruses (Amarasiri et al., 2017). The 
results from our assessment indicate that MS2 may provide a slight 
overestimation of viral pathogen inactivation by ozone. Bacteriophage 
T4 or φX174 may be more suitable for conservatively predicting virus 
inactivation by ozone, however further research is necessary. 

The apparent differences in resistance towards ozone between 

bacteriophages and mammalian viruses are reflected within the 
compiled second-order inactivation rate constants (k), particularly at 
lower temperatures (Table 1). Inactivation rate constants for bacterio-
phages are 1-2 orders of magnitude higher than for mammalian viruses 
at temperatures from 1-19 ◦C, though this is based on a low number of 
data points (n=4 for mammalian viruses, n=5 for bacteriophages). This 
pattern of the range persists at 20-25 ◦C, however, the median values 
between the two datasets are comparable (2.3-4.7 x 103 mg-1 min-1 L). 

When broken down by individual datasets (Table 2), the majority of 
the second-order rate constants for both bacteriophages and mammalian 
viruses fall in the range of 103 – 104 mg-1 min-1 L for 20-25 ◦C. Second- 
order rate constants outside of this range correspond to bacteriophages 
MS2 and Qβ on the higher end (1.2 – 3.1 x 104 mg-1 min-1 L) and the 
mammalian coxsackievirus B5 and murine norovirus at the lower end 
(0.33 – 6.1 x 102 mg-1 min-1 L). As previously described, the second- 
order rate constants associated with murine norovirus should be 
treated with caution. Disregarding murine norovirus, the higher and 
lower range of second-order inactivation rate constants are all associ-
ated with replicate datasets. MS2, Qβ, and coxsackievirus B5 all have 
additional measured second-order inactivation rate constants which fall 
within 103 – 104 mg-1 min-1 L. Many of the second-order inactivation 
rate constants were determined in studies utilizing either traditional 
batch systems, or highly sophisticated systems which allow for the 
evaluation of very low Ct ranges (<0.01 mg min L-1) (Torii et al., 2020; 
Wolf et al., 2018; Young et al., 2020). The differences between these 
reactor systems may influence the variability experienced within the 
datasets. However, it should be noted that second-order rate constants 
for the reactions between ozone and specific chemical species have been 

Fig. 1. Virus inactivation by ozone at pH 5-8: log10 inactivation as a function of ozone Ct for viruses at (a) 1-9 ◦C, (b) 10-19 ◦C, (c) 20-25 ◦C (d) 20-25 ◦C (magnified 
to highlight low Ct range). 

Table 1 
Range of second-order inactivation rate constants, k, (base e, mg-1min-1L, M-1s-1 provided in parenthesis) of mammalian viruses and bacteriophages by ozone in 
buffered ultra-purified water.   

Mammalian Viruses Bacteriophages 

T (◦C) n Median Min Max n Median Min Max 

1 - 9 2 - 2.1 x 101 (1.7 x 104) 2.9 x 101 (2.3 x 104) 2 - 1.7 x 103 (1.3 x 106) 2.4 x 103 (1.9 x 106) 
10 - 19 2 - 1.5 x 101 (1.2 x 104) 3.4 x 101 (2.7 x 104) 4 1.4 x 103 (1.1 x 106) 8.5 x 102 (6.8 x 105) 3.7 x 103 (3.0 x 106) 
20 - 25 18 2.1 x 103 (1.7 x 106) 3.3 x 101 (2.6 x 104) 4.4 x 103 (3.6 x 106) 11 4.7 x 103 (3.8 x 106) 1.5 x 103 (1.2 x 106) 3.1 x 104 (2.5 x 107)  
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shown to vary up to a factor of 5 for different studies (von Sonntag and 
von Gunten, 2012). Therefore, the variability determined within the 
virus dataset (up to 8-fold within the same viral species) is not too 
outstanding. 

The slight differences in susceptibility between viral groups may be 
explained through inactivation mechanisms. Due to the differences in 
capsid morphology, genome composition, and replication mechanisms 
for different virus groups (e.g., enteroviruses, caliciviruses, coliphages, 
etc.), it is impossible to assign a singular ozone inactivation mechanism 
for viruses as a generalized group at this stage of the knowledge. Studies 
evaluating ozone inactivation mechanisms for the viral genus Enterovirus 
(family Pircornaviridae) are the most abundant. Roy et al. (1981) found 
RNA damage to account for the majority of inactivation for poliovirus 1. 
Torrey et al. (2019) came to a similar conclusion for echovirus 11, which 
was additionally confirmed by Young et al. (2020) for coxsackievirus B5. 
Results from this study also indicate that multiple genome hits are likely 
required for inactivation of echovirus 11 and coxsackievirus B5. Despite 
this, capsid damage cannot be fully ignored as a potential contributor to 
ozone inactivation, as current methodologies limit the ability to fully 
differentiate between the two. It is possible that differences in capsid 
composition/morphology may be an important factor for the differences 
in inactivation kinetics between genetically similar isolates of the same 
viruses determined in (Torii et al., 2021). Ozone inactivation mecha-
nisms for viruses relevant to public health outside of Picornaviridae, such 
as human adenoviruses and Caliciviruses, have yet to be determined. 

In contrast, Kim et al. (1980) was able to confirm capsid damage 
during ozone treatment of bacteriophage f2, though due to the 

analytical limitations of the time, it cannot be concluded that this is the 
primary inactivation mechanisms of ozone over genome damage. 
Bacteriophage f2, along with bacteriophage fr, are no longer considered 
distinct virus species, and have since been merged into the viral species 
MS2 (van Regenmortel et al., 2000). Therefore, it is appropriate to 
interpret these results as descriptive of MS2. MS2 belongs to the viral 
family Fiersviridae (formerly Leviviridae), which includes other closely 
related ssRNA bacteriophages in this review such as Qβ and GA (Call-
anan et al., 2020; Stockdale et al., 2020). Further research utilizing 
updated methods for MS2 and closely related bacteriophages could 
potentially explain their increased susceptibility to ozone disinfection 
compared to Enteroviruses. DNA bacteriophages φX174, T4, and PRD1, 
which behaved more similar to the mammalian viruses, are all taxo-
nomically distinct from MS2 and other members of Fiersviridae up to the 
order of virus realm (ICTV, 2020). Therefore, it is inappropriate to as-
sume that ozone inactivation mechanisms for these particular bacte-
riophages would be similar without further investigations. In general, 
more research is needed to explore the inactivation mechanisms and 
kinetics of DNA phages as well as mammalian DNA viruses (such as 
human adenoviruses). Based on similar inactivation mechanisms and 
kinetics a better surrogate than MS2 could be selected to assess viral 
inactivation during ozonation. 

4.3. Inactivation of Giardia spp. 

Seven studies investigating inactivation of Giardia spp. met the spe-
cific analysis criteria for extracting log10 inactivation vs. ozone Ct/ 

Table 2 
Second-order inactivation rate constants (k, base e) by ozone for specific viral group datasets in ultra-purified buffered waters. CA = trans-cinnamic acid, t-BuOH = tert- 
butanol.  

Organism Genome Viral Family Temp., ◦C pH k, mg-1 min-1 L k, M-1s-1 Notes Reference 

MS2 ssRNA Fiersviridae 2 6.5 1.7 x 103 1.3 x 106 t-BuOH, batch (w/ CA) Wolf et al. (2018) 
MS2 ssRNA Fiersviridae 2 8.5 2.4 x 103 1.9 x 106 t-BuOH, batch (w/ CA) Wolf et al. (2018) 
Murine Norovirus ssRNA Caliciviridae 5 7 2.1 x 101 1.7 x 104 Batch, see discussion in main text Lim et al. (2010) 
Murine Norovirus ssRNA Caliciviridae 5 5.6 2.9 x 101 2.3 x 104 Batch, see discussion in main text Lim et al. (2010) 
MS2 ssRNA Fiersviridae 12 6.5 2.0 x 103 1.6 x 106 t-BuOH, batch (w/ CA) Wolf et al. (2018) 
MS2 ssRNA Fiersviridae 12 8.5 3.7 x 103 3.0 x 106 t-BuOH, batch (w/ CA) Wolf et al. (2018) 
MS2 ssRNA Fiersviridae 16 7.5 8.5 x 102 6.8 x 105 Batch Sigmon et al. (2015) 
PRD1 dsDNA Tectoviridae 16 7.5 6.3 x 101 5.1 x 104 Batch Sigmon et al. (2015) 
Coxsackievirus B5 ssRNA Picornaviridae 16 7.5 1.5 x 101 1.2 x 104 Batch Sigmon et al. (2015) 
Human Adenovirus dsDNA Adenoviridae 16 7.5 3.4 x 101 2.7 x 104 Batch Sigmon et al. (2015) 
GA ssRNA Fiersviridae 22 7 9.4 x 103 7.5 x 106 Quench Flow Torii et al. (2020) 
MS2 ssRNA Fiersviridae 22 7 1.6 x 104 1.2 x 107 Quench Flow Torii et al. (2020) 
MS2 ssRNA Fiersviridae 22 6.5 1.3 x 104 1.0 x 107 t-BuOH, Quench Flow Wolf et al. (2018) 
MS2 ssRNA Fiersviridae 22 8.5 4.7 x 103 3.8 x 106 t-BuOH, batch (w/ CA) Wolf et al. (2018) 
MS2 ssRNA Fiersviridae 22 6.5 2.4 x 103 1.9 x 106 t-BuOH, batch (w/ CA) Wolf et al. (2018) 
fr ssRNA Fiersviridae 22 7 1.2 x 104 9.7 x 106 Quench Flow Torii et al. (2020) 
phiX174 ssDNA Microviridae 22 7 3.9 x 103 3.1 x 106 Quench Flow Torii et al. (2020) 
phiX174 ssDNA Microviridae 22 6.5 1.5 x 103 1.2 x 106 t-BuOH, batch (w/ CA) Wolf et al. (2018) 
Qβ ssRNA Fiersviridae 22 7 3.1 x 104 2.5 x 107 Quench Flow Torii et al. (2020) 
Qβ ssRNA Fiersviridae 22 6.5 4.1 x 103 3.3 x 106 t-BuOH, batch (w/ CA) Wolf et al. (2018) 
T4 dsDNA Myoviridae 22 6.5 1.6 x 103 1.3 x 106 t-BuOH, batch (w/ CA) Wolf et al. (2018) 
Coxsackievirus B3 ssRNA Picornaviridae 22 7 3.5 x 103 2.8 x 106 Quench Flow Torii et al. (2020) 
Coxsackievirus B3 ssRNA Picornaviridae 22 7 2.3 x 103 1.8 x 106 Environmental culture, Quench flow Torii et al. (2020) 
Coxsackievirus B3 ssRNA Picornaviridae 22 7 1.4 x 103 1.1 x 106 Environmental culture, Quench flow Torii et al. (2020) 
Coxsackievirus B3 ssRNA Picornaviridae 22 7 1.2 x 103 9.6 x 105 Environmental culture, Quench flow Torii et al. (2020) 
Coxsackievirus B5 ssRNA Picornaviridae 22 7 4.4 x 103 3.6 x 106 Quench Flow Torii et al. (2020) 
Coxsackievirus B5 ssRNA Picornaviridae 22 6.5 3.1 x 103 2.5 x 106 Environmental culture, t-BuOH, batch (w/ CA) Wolf et al. (2018) 
Coxsackievirus B5 ssRNA Picornaviridae 22 7 2.4 x 103 1.9 x 106 Environmental culture, Quench flow Torii et al. (2020) 
Coxsackievirus B5 ssRNA Picornaviridae 22 6.5 2.3 x 103 1.8 x 106 t-BuOH, batch (w/ CA) Young et al. (2020) 
Coxsackievirus B5 ssRNA Picornaviridae 22 7 2.3 x 103 1.8 x 106 Environmental culture, Quench flow Torii et al. (2020) 
Coxsackievirus B5 ssRNA Picornaviridae 22 7 1.8 x 103 1.4 x 106 Environmental culture, Quench flow Torii et al. (2020) 
Coxsackievirus B5 ssRNA Picornaviridae 22 6.5 6.1 x 102 4.9 x 105 Environmental culture, t-BuOH, batch (w/ CA) Wolf et al. (2018) 
Coxsackievirus B5 ssRNA Picornaviridae 22 6.5 5.5 x 102 4.4 x 105 t-BuOH, batch (w/ CA) Wolf et al. (2018) 
Echovirus 11 ssRNA Picornaviridae 22 6.5 2.4 x 103 1.9 x 106 t-BuOH, batch (w/ CA) Wolf et al. (2018) 
Echovirus 11 ssRNA Picornaviridae 22 6.5 2.0 x 103 1.6 x 106 t-BuOH, batch (w/ CA) Young et al. (2020) 
Human Adenovirus dsDNA Adenoviridae 22 6.5 1.1 x 103 9.0 x 105 t-BuOH, batch (w/ CA) Wolf et al. (2018) 
Murine Norovirus ssRNA Caliciviridae 20 5.6 4.0 x 101 3.2 x 104 Batch, see discussion in main text Lim et al. (2010) 
Murine Norovirus ssRNA Caliciviridae 20 7 3.3 x 101 2.6 x 104 Batch, see discussion in main text Lim et al. (2010) 
Poliovirus 1 ssRNA Picornaviridae 22 7 3.7 x 103 2.9 x 106 Quench Flow Torii et al. (2020)  
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exposure data (Finch et al., 1993b; Haas and Kaymak, 2003; Labatiuk 
et al., 1994, 1992a, 1992b, 1991; Li et al., 2004). Of these seven studies, 
only two second-order inactivation rate constants are available for re-
view (Haas and Kaymak, 2003; Labatiuk et al., 1992a). The majority of 
studies evaluated Giardia muris, a surrogate for the human pathogen 
Giardia lamblia. G. muris is advantageous in the laboratory setting as it is 
non-pathogenic to humans and maintains reproducible patterns of 
infection in mouse models (Belosevic and Faubert, 1983). There is 
conflicting evidence of the relative resistance of G. muris compared to 
G. lamblia, with some studies indicating higher resistance to ozone 
(Wickramanayake et al., 1985), while others finding no statistical dif-
ferences (Finch et al., 1993b). Three different methods (in vivo mouse 
and gerbil models and in vitro excystation) were utilized to quantify 
Giardia survival ratios in the selected studies, which could lead to 
variability in study conclusions (Labatiuk et al., 1991). However, due to 
the overall lack of available data, studies using either of these methods 
were included for evaluation. 

Compiled log10 inactivation vs. ozone Ct/exposure data at different 
temperature ranges are provided in Fig. 2a-c. All three temperature 
ranges indicate significant inactivation of G. muris cysts in the lower Ct 
ranges (< 1 mg min L-1) with a tailing effect for higher ozone exposures. 
This effect is apparent regardless of the experimental matrix. Because of 
the tailing effect, the USEPA models (dashed lines in Fig. 2) overestimate 
inactivation of Giardia cysts for an ozone Ct > ~1-2 mg min L-1 for most 
temperatures. 

The USEPA model was developed from a single study that did not 
pass through the systematic review protocol due to its use of a semi- 
batch reactor set up (Wickramanayake et al., 1985; USEPA, 1991). 
Additionally, this study was performed at a single temperature (5 ◦C), 
which was used for extrapolation of inactivation models to higher 
temperatures. Based on the limited dataset used to develop the model, it 
is expected that it does not accurately predict Giardia cyst inactivation 
for the data analyzed in this review. This tailing effect highlights one of 
the weaknesses of utilizing a linear kinetic model for predicting 
inactivation. 

The two available second-order inactivation rate constants for 
G. muris cysts are provided in Table 3. The values differ by over a factor 
of 10, and seemingly indicate higher efficiency at lower temperatures. 

However, it should be noted that the second-order inactivation rate 
constant for T=10-19 ◦C (Haas and Kaymak, 2003) was determined at 
very low Ct values (all < 1 mg min L-1), and therefore is reflective of the 
initial rapid inactivation phase evident prior to tailing. The data used to 
calculate second- order rate constants for T=20-25 ◦C (from Labatiuk 
et al., 1992a), examined higher Ct values, and therefore exhibited 
considerable tailing, which resulted in a poor model fit (R2 = 0.374). 
Omitting data points influenced by tailing increased the second-order 
rate constant to 3.73 mg-1 min-1 L but remains almost exactly one 
order of magnitude lower than the second-order rate constants deter-
mined by Haas and Kaymak (2003). The compiled data indicate that a 
linear kinetic model may be inappropriate for estimating inactivation of 
Giardia cysts by ozone at higher Ct/exposure. 

Studies examining the mechanism of Giardia cyst inactivation have 
reported that ozone produces severe degradation of the inner membra-
nous layer of the cyst wall, irregular vacuole formation, and detachment 
of the trophozoite within the cyst (Li et al., 2004). These changes in cyst 
morphology were consistent with cyst inactivation. However, it remains 
unclear if the observed tailing effect is related to the inactivation 
mechanism by ozone. Labatiuk et al. (1992b) determined that Giardia 
cysts are rapidly inactivated within the first two minutes of ozonation, 
with little inactivation occurring thereafter, even in the presence of 
considerable ozone residual. Additionally, it was observed that ozone 
decreased in efficiency with lower concentrations of Giardia cysts, which 
would be the scenario encountered after the rapid initial inactivation 
(Haas and Kaymak, 2003). Regardless of the potential cause of the 
tailing effect, it is evident that at least 1 log10 inactivation of Giardia 
cysts can be obtained by an ozone exposure of ~1 mg min L-1. 

Fig. 2. Giardia spp. cyst inactivation by ozone at pH 5-8: log10 inactivation as a function of ozone Ct for Giardia spp. cysts at (a) 1-9 ◦C, (b) 10-19 C, (c) 20-25 ◦C.  

Table 3 
Second-order inactivation rate constants, k (base e, mg-1min-1L, M-1s-1 provided 
in parenthesis) of Giardia muris cysts by ozone in buffered ultra-purified water.   

Giardia muris cysts 

T (◦C) n Median 

1 - 9 0 - 
10 - 19 1 3.7 x 101 (3.0 x 104) 
20 - 25 1 1.0 x 100 (8.3 x 102)  
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4.4. Inactivation of Cryptosporidium parvum oocysts and surrogates 

Eight studies met the criteria for inclusion for log10 inactivation vs. 
ozone Ct/exposure analysis of C. parvum oocysts (Cho and Yoon, 2007; 
Craik et al., 2003; Finch et al., 1993a; Finch and Li, 1999; Gyurek et al., 
1999; Lewin et al., 2001; Li et al., 2001; Wohlsen et al., 2007), with six of 
the studies reporting second-order inactivation rate constants (Cho and 
Yoon, 2007; Craik et al., 2003; Finch et al., 1993a; Gyurek et al., 1999; 
Lewin et al., 2001; Li et al., 2001). The evaluated studies utilized either 
in vivo mouse models or in vitro excystation to quantify inactivation of 
C. parvum oocysts. In studies where both in vivo and in vitro methods 
were utilized, in vivo data were preferentially selected for analysis due to 
evidence of in vitro methods underestimating inactivation (Bukhari 
et al., 2000; Finch et al., 1993a). While the studies specifically utilized 
C. parvum, the stocks were largely obtained from different sources or 
batches. In addition to C. parvum oocysts, data evaluating disinfection of 
Bacillus subtilis spores from nine studies were also evaluated to assess its 
potential as a surrogate for C. parvum oocysts (Cho et al., 2006, 2003a, 
2003b, 2002; Choi et al., 2007; Craik et al., 2002; Dow et al., 2006; 
Driedger et al., 2001). 

C. parvum oocyst inactivation data for three temperature ranges are 
provided in Fig. 3a-c. C. parvum oocysts exhibit greater resistance to 
ozone than both viruses and Giardia. The data do not provide evidence of 
a lag-phase or tailing at low or high ozone Cts, respectively. The USEPA 
models (dashed lines) are closely aligned with the inactivation data from 
the compiled studies, providing the most accurate prediction of inacti-
vation of the three selected pathogen group models. The model over-
predicts C. parvum oocyst inactivation for 8% of the 135 total data 

points. Even though this is a good agreement, it is unclear if these de-
viations from the model are due to natural variability of the organism 
(thus indicating the model is not conservative to oocyst inactivation) or 
due to variability in experimental methods. 

The USEPA model for C. parvum oocysts was developed from the data 
of four studies (Li et al., 2001; Oppenheimer et al., 2000; Owens et al., 
2000; Rennecker et al., 1999). Only one of the four studies was included 
in our analysis (Li et al., 2001), as the remainder of the studies either 
utilized semi-batch systems, evaluated inactivation at pilot-scale, or 
were not published in a peer-reviewed article (i.e., only project report); 
all of which were selective constraints of the literature review process in 
this article. The C. parvum oocyst inactivation models developed by 
USEPA utilized a less stringent safety factor due to concerns related to 
bromate formation. Therefore, it is expected that the model would 
provide a less conservative prediction of inactivation in comparison to 
the virus model. 

The inactivation efficiency of B. subtilis during ozonation was also 
examined (Fig. 3d-f, blue symbols). In contrast to C. parvum oocysts, 
there is an apparent shouldering, or inactivation lag-phase, at each 
temperature. This lag-phase appears to change with temperature, but 
with no clear pattern (i.e., the lag-phase in the 10 -19 ◦C range appears 
larger than both 5 – 9 ◦C and 20 – 25 ◦C), despite a clear temperature 
relationship determined in Driedger et al. (2001). This could be due to 
the grouping of data regardless of pH, which has been previously 
demonstrated to influence the lag-phase (Cho et al., 2003b, 2003a, 
2002; Dow et al., 2006). It is also possible that additional water quality 
parameters may be influencing the lag. Dow et al. (2006) evaluated 
parameters influencing the lag-phase of B. subtilis inactivation and did 

Fig. 3. C. parvum oocyst inactivation by ozone at pH 5-8: log10 inactivation as a function of ozone Ct for C. parvum oocysts at (a) 1-9 ◦C, (b) 10-19 ◦C, (c) 20-25 ◦C, 
C. parvum oocysts and B. subtillis spores at (d) 1-9 C, (e) 10-19 ◦C, and (f) 20-25 ◦C. 
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not find any significant influence of bulk DOC concentration or 
turbidity, however, differences in DOM composition were not consid-
ered. It is currently unclear which water quality parameter, if any, may 
be influencing the extent of the lag-phase. 

Table 4 provides second-order inactivation rate constants for both 
C. parvum oocysts and B. subtilis spores, respectively, using either the 
second-order linear model or delayed Chick-Watson model. Overall, 
second-order inactivation rate constants for C. parvum oocysts are much 
lower than for viruses or Giardia cysts, indicating that it is much more 
resistant to ozone. In addition to second-order rate constants in buffered 
solutions, values in various synthetic or natural surface waters are also 
provided for each organism. Based on limited data for both C. parvum 
oocysts and B. subtilis spores, it is not clear that natural or synthetic 
surface water significantly influences the inactivation rate. The median 
second-order inactivation rate constants for both organisms in natural/ 
synthetic surface water fall within the ranges determined in buffered 
solutions, albeit this is based on very limited data in the case of 
C. parvum oocysts. 

To evaluate B. subtilis spores as a surrogate for C. parvum oocyst 
inactivation, the ozone Ct/exposure for 2 log10 inactivation were 
calculated using the respective inactivation models for direct compari-
son. For the temperature range of 20 – 25 ◦C, a Ct/exposure of 4.8 – 8.8 
mg min L-1 would be necessary for 2 log10 inactivation of C. parvum 
oocysts. However, for B. subtilis, a Ct ranging from 0.4 to 12.6 mg min L-1 

is required. The wide variety of factors influencing B. subtilis spore 
inactivation exclude it as a surrogate for C. parvum oocyst inactivation, in 
agreement with Driedger et al. (2001). 

The consistent lag-phase for B. subtilis spores, but not C. parvum 
oocysts, may provide potential evidence of different ozone inactivation 
mechanisms. Shouldering can be indicative of a multiple-hit inactivation 
mechanism, in which multiple areas of an organism must be damaged by 
the disinfectant prior to its inactivation (Kimball, 1953). The shoul-
dering phase dissipates once the necessary number of targets are 
destroyed within the organism, usually leading to an exponential phase 
of inactivation. This contrasts with a single-hit mechanism, in which the 
destruction of one target results in the inactivation of the organism (i.e., 
exponential disinfection begins immediately upon application). It has 
been found that the inner-membrane of the B. subtilis spore is likely the 
site of lethal damage, with ozone damage to the spore coat likely 
necessary prior to destruction of the inner-membrane (Young and Set-
low, 2004). However, it cannot be ruled out that the damage to the inner 
membrane is limited by ozone diffusion through the spore coat. 
Regardless, the ultimate effect remains the same in which the spore coat 
provides an initial resistance to disinfection, resulting in a perceived 
lag-phase and thus supports the use of a delayed Chick-Watson model. 

The mechanism of ozone inactivation for C. parvum oocysts has not 
been evaluated previously, to the best of our knowledge. The oocyst wall 

is likely composed of an outer glycocalyx layer followed by a lipid hy-
drocarbon layer, a layer of cysteine-rich proteins, and ultimately a 
structural polysaccharide layer, underneath which exists the sporozoite 
(Jenkins et al., 2010). The C. parvum sporozoite cannot survive without 
its oocyst, and it is unable to complete its life cycle until it reaches the 
gut of a host, excysts, and attaches to intestinal lining (Smith et al., 
2005). Encysting is a lifecycle requirement for C. parvum. This is in 
contrast with B. subtilis which can freely exist as a vegetative bacterial 
cell without its spore; spore formation is a survival mechanism for 
low-nutrient environmental conditions (Sella et al., 2014). These dif-
ferences in life cycles and the ensuing differences in cell structures likely 
influence the discrepancy in ozone inactivation kinetics between the two 
distinct organisms. Interestingly, studies have determined that in-vitro 
excystation predicts less inactivation of C. parvum oocysts when 
compared to in-vivo mouse models for similar ozone exposures (Bukhari 
et al., 2000; Finch et al., 1993a), i.e., some sporozoites successfully 
excyst when provided gut-mimicking conditions, however, they may 
lack the capability of completing their life cycle once excysted. This 
could indicate damage to the sporozoite by ozone, however, further 
research would be necessary to verify this. In contrast to previous 
studies, the results from this review did not indicate a large discrepancy 
between in-vivo and in-vitro methods (Figure S3, SI). 

4.5. Limitations of previous studies and research needs 

In this review, there were several limitations associated with the 
comparison of inactivation data from different sources. First and fore-
most, a large portion of disinfection studies were excluded during the 
review process due to the use of non-batch or non-quench-flow reactor 
designs. In particular, many of the excluded bench-scale studies utilized 
semi-batch reactors. This drastically reduced the number of studies for 
data extraction (69 of 210 articles omitted for this reason). Semi-batch 
reactors were excluded from examination due to the inherent diffi-
culty in proper application of such systems (Finch et al., 2001). More-
over, as a reviewer, it can be difficult to assess proper implementation of 
semi-batch systems due to the limited information provided within 
manuscripts. A more unified approach to studying ozone disinfection 
kinetics would help to increase the availability of comparable data 
produced in future studies. 

In studies utilizing similar approaches, there were still many sys-
tematic differences that made comparison difficult, such as differences 
in reactor volumes utilized (5 mL to 5 L) and ozone residual measure-
ment methods (direct absorbance at 260 nm vs. indigo trisulfonate at 
600 nm), the use of hydroxyl radical scavengers (Table S1). Addition-
ally, the purity level of the microbial stocks can influence results and 
skew interpretation due to the interactions between the organic matter 
present in microbial growth media and ozone (Mesquita et al., 2010; 

Table 4 
Second-order inactivation rate constants, k (base e, mg-1min-1L, M-1s-1 provided in parenthesis) and Ctlag (mg min L-1) values (when applicable) of C. parvum oocysts 
and B. subtilis spores by ozone in buffered ultra-purified water (or similarly low DOC matrix) and natural or synthetic surface water.    

C. parvum oocysts B. subtilis spores    

k, mg-1 min-1 L (M-1s-1)  k, mg-1 min-1 L (M-1s-1) Ctlag, mg min L-1  

T (◦C) n Median Min Max n Median Min Max Median Min Max 

Laboratory Buffer 

1 - 9 1 
1.1 x 10-1 

- - 2 - 
6.9 x 10-1 1.2 x 100 

- 3.4 5.1 (9.0 x 101) (5.5 x 102) (9.6 x 102) 

10 - 19 0 - - - 1 
(9.3 x 10-1) 

- - 2.6 - - 
(7.4 x 102) 

20 - 25 4 
7.2 x 10-1 5.3 x 10-1 9.6 x 10-1 

21 
1.7 x 100 4.3 x 10-1 5.2 x100 

1.2 0.3 2.0 (5.7 x 102) (2.4 x 102) (7.7 x 102) (1.3 x 103) (3.4 x 102) (4.2 x 103) 

Natural/synthetic surface water 

1 - 9 0 - - - 4 1.2 x 100 9.7 x 10-1 2.0 x 100 
5.2 4.6 10 

(9.8 x 102) (7.8 x 102) (1.6 x 103) 

10 - 19 0 - - - 2 - 
1.6 x 100 2.8 x 100  

2.7 6.1 (1.3 x 103) (2.2 x 103) 

20 - 25 1 
9.0 x 10-1 

- - 11 
2.9 x 100 1.3 x 100 6.3 x 100 

1.4 0.6 2.9 (7.2 x 102) (2.3 x 103) (1.1 x 103) (5.1 x 103)  
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Wolf et al., 2018). Furthermore, the method in which ozone Ct is 
determined can influence data interpretation. Of the 1,038 data points 
collected for log10 inactivation vs. ozone Ct, 72 data points had sufficient 
information to estimate ozone Ct using the four methods encountered in 
this review (integral, geometric mean, final residual, and arithmetic 
mean). Assuming integration of the ozone residual curve provides the 
most accurate estimation of ozone exposure, comparison of this value 
with the alternative approaches determined that the geometric mean Ct 
method provided the closest estimate of Ct/exposure based on residual 
sum of squares. Fig. 4 demonstrates the ability of the geometric mean Ct 
method to accurately estimate the ozone exposure, which is to be ex-
pected as long as ozone exhibits first-order decay in a specific matrix and 
there is a final residual ozone concentration > 0 (Gyürek and Finch, 
1998). In contrast, as shown in Fig. 4, the arithmetic mean overestimates 
and the final residual (“effluent”) method underestimates the ozone 
exposure. While arithmetic mean deviates less from the integral method 
when compared to the “effluent” method, it requires the same input 
values as the geometric mean (i.e., C0, C, and t). Therefore, there is no 
practical reason to utilize the arithmetic over the geometric mean. 
Figure S4 (SI) provides a conceptual overview of the different ozone Ct 
estimation methods. 

It should be mentioned that while we have demonstrated only slight 
deviations in the different Ct estimation methods, these quick estimation 
methods begin to deviate considerably with increasing ozone decay 
rates, such as those seen during wastewater treatment. Therefore, it is 
not recommended to employ these estimation methods under such 
conditions. If an ozone decay curve cannot be collected for whatever 
reason, a more accurate estimation consists of estimating the first order 
ozone decay rate constant with the initial and final ozone residual 
concentration measurements and time elapsed between the two: 

k
′

= −

ln
(

C
C0

)

t
(10) 

The calculated value for k’ can then be substituted into (4). However, 
this method also requires an assumption of first-order ozone decay. 
Integration of an ozone residual time series is recommended as best 
practice. 

Studies were also eliminated if they did not provide sufficient 

information to confidently compare either log10 inactivation and Ct or 
second-order inactivation rate constants, either through lack of ozone 
decay data, missing pertinent water quality data (i.e., temperature, pH, 
etc.), lack of sufficient reactor set-up description, improper microbio-
logical data reporting, among others. It is recommended that ozone 
disinfection studies should provide the water quality and system char-
acteristics previously described in Hoigné (1994) and Hoigné and Bader 
(1994) as necessary for general ozone related studies. Such character-
istics include water temperature, pH, DOC concentration, alkalinity, 
among others. Additionally, disinfection studies should provide organ-
ism strain/identifier, cultivation and purification techniques, initial 
spike concentrations, and particularly the method used to handle data 
which fall below limits of detection (i.e., avoiding substitution with 
detection limit). 

While the evaluation of virus inactivation via ozone has progressed 
through time with increasingly sophisticated techniques, studies on 
Giardia cysts and C. parvum oocysts have stalled, with the most recent 
publications meeting our selection criteria published more than 14 years 
ago. After several outbreaks of cryptosporidiosis initially spurred in-
terest in this topic (Fox and Lytle, 1996), support for such research 
waned and is still currently lacking. This is likely in large part due to 
limitations in cultivating and assessing viability of each organism, which 
require in vivo animal models. However, particularly in the case of 
Giardia which deviated the furthest from the USEPA models based on 
data within this review, new data would be of great benefit, particularly 
in discerning the cause of the apparent tailing effect. 

Similarly, ozone inactivation kinetics evaluated at varying temper-
ature ranges were sparse, with the majority of studies included within 
this review evaluating inactivation at 20-25 ◦C. Furthermore, very few 
studies evaluated inactivation at varying temperatures within the same 
study. As described previously, systematic differences between studies 
make direct comparisons of data difficult. Therefore, it is difficult to 
provide confident assertations regarding the effect of temperature on 
disinfection efficacy based on these studies alone. Once again, this was 
strikingly evident for Giardia cysts in which k values for the 10-19 ◦C 
range appear significantly larger than the 20-25 ◦C, which is contrary to 
what might be expected. 

There is a lack of mechanistic explanations for the different inacti-
vation kinetics exhibited by the different organisms, largely due to the 
lack of studies evaluating inactivation mechanisms of ozone in general, 
particularly for encysted protozoans. Ozone inactivation mechanisms 
are summarized in Fig. 5. However, there have been advances in the 
study of viral inactivation mechanisms. Torrey et al. (2019) and Young 
et al. (2020) provide novel methodologies for estimating viral inacti-
vation mechanisms, particularly relating to genome destruction. These 
methods could be applied to other virus species, and potentially validate 
the differences in inactivation mechanisms between MS2 and closely 
related bacteriophages and other ssRNA mammalian viruses, as well as 
provide justification for potentially better surrogate candidates such as 
φX174 or T4. 

It is important to recognize that while the reported kinetics of sur-
rogate bacteriophages and mammalian viruses appear to deviate from 
one another, when compared to Ct requirements for Giardia cysts and 
C. parvum oocysts, those apparent differences become negligible (Fig. 6). 
Specifically, drinking water systems designed for 2 log10 inactivation of 
C. parvum oocysts will require a significant ozone Ct/exposure (i.e., 
much greater than 1 mg min L-1), which would ensure considerable 
inactivation of mammalian viruses and bacteriophages (≫ 2 log10 at 20 
◦C). However, in situations where little to no ozone exposure is ach-
ieved, such as in sub-residual water reuse applications or with ozone 
AOP (i.e., supplemented with H2O2), these differences could become 
relevant, and thus further exploration into alternate virus surrogates is 
warranted, particularly with the increasing interest in ozone for water 
reuse applications and the significant virus inactivation requirements in 
such systems. 

Fig. 4. Comparison of Ct calculation methods (at ozone decay rates < 0.5 min- 

1) based on 72 data points from the literature search which provided enough 
information to calculate Ct with the four different approaches (integration of 
residual curve, i.e., “true” ozone exposure, geometric mean, arithmetic mean, 
and final residual). Orange symbols indicate the geometric mean Ct calculation. 
Green symbols indicate the final residual (effluent) Ct calculation. Blue symbols 
indicate arithmetic mean Ct calculation. Linear regression lines with 95% 
confidence intervals are also provided. The dashed line represents a scenario in 
which the alternative Ct approach perfectly predicts the ozone exposure 
determined via integration of the ozone residual curve. 
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5. Conclusions 

Based on a critical review of ozone disinfection the following con-
clusions can be drawn: 

• Ozone is an effective disinfectant against chlorine resistant patho-
gens such as C. parvum oocysts, can effectively inactivate other 
pathogens such as Giardia cysts, and performs rapidly against 
viruses.  

• USEPA models which were developed more recently using multiple 
datasets (C. parvum oocysts) were more accurate than earlier models 
developed using a single dataset (viruses and Giardia cysts). Com-
parison of the data compiled in this review suggests the need for 
improvements in USEPA models for viruses and Giardia cysts.  

• Further research on the applicability of non-pathogenic surrogates 
such as MS2 and B. subtilis spores is necessary. The data compiled in 
this review indicate that these organisms do not accurately reflect 
the behavior of the pathogens they represent. Studies directly eval-
uating pathogenic organisms are costly and time consuming, there-
fore further investigation of appropriate surrogates may help 

advance the knowledge, and ultimately the prediction, of ozone 
disinfection.  

• Greater emphasis should be placed on minimizing differences in 
ozone disinfection study approaches and development of standard 
protocols. This would allow for better comparability between studies 
and allow for greater consensus on ozone inactivation of pathogens. 
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Bader, H., Hoigné, J., 1981. Determination of ozone in water by the indigo method. 
Water Res 15, 449–456. https://doi.org/10.1016/0043-1354(81)90054-3. 

Belosevic, M., Faubert, G.M., 1983. Giardia muris : correlation between oral dosage , 
course of infection , and trophozoite distribution in the mouse small intestine. 
Expermental Parisitology 56, 93–100. 

Betancourt, W., 2019. Part three: specfic exreted pathoges: environmental and 
epidemology aspects - cryptospororidum spp. Glob. Water Pathog. Proj. 7, 1–49. 

Buffle, M.O., Schumacher, J., Salhi, E., Jekel, M., von Gunten, U., 2006. Measurement of 
the initial phase of ozone decomposition in water and wastewater by means of a 
continuous quench-flow system: Application to disinfection and pharmaceutical 
oxidation. Water Res 40, 1884–1894. https://doi.org/10.1016/j. 
watres.2006.02.026. 

Bukhari, Z., Marshall, M.M., Korich, D.G., Fricker, C.R., Smith, H.V., Rosen, J., Clancy, J. 
L., 2000. Comparison of Cryptosporidium parvum viability and infectivity assays 
following ozone treatment of oocysts. Appl. Environ. Microbiol. 66, 2972–2980. 
https://doi.org/10.1128/AEM.66.7.2972-2980.2000. 

Burns, N., Hunter, G., Jackman, A., Hulsey, B., Coughenour, J., Walz, T., 2007. The 
return of ozone and the hydroxyl radical to wastewater disinfection. Ozone Sci. Eng. 
29, 303–306. https://doi.org/10.1080/01919510701463206. 

Callanan, J., Stockdale, S.R., Shkoporov, A., Draper, L.A., Ross, R.P., Hill, C., 2020. 
Expansion of known ssRNA phage genomes: from tens to over a thousand. Sci. Adv. 6 
https://doi.org/10.1126/sciadv.aay5981. 

Camel, V., Bermond, A., 1998. The use of ozone and associated oxidation processes in 
drinking water treatment. Water Res 32, 3208–3222. https://doi.org/10.1016/ 
S0043-1354(98)00130-4. 

Cho, M., Chung, H., Yoon, J., 2003a. Quantitative evaluation of the synergistic sequential 
inactivation of Bacillus subtilis spores with ozone followed by chlorine. Environ. Sci. 
Technol. 37, 2134–2138. https://doi.org/10.1021/es026135h. 

Cho, M., Chung, H., Yoon, J., 2003b. Disinfection of water containing natural organic 
matter by using ozone-initiated radical reactions. Appl. Environ. Microbiol. 69, 
2284–2291. https://doi.org/10.1128/AEM.69.4.2284-2291.2003. 

Cho, M., Chung, H., Yoon, J., 2002. Effect of pH and importance of ozone initiated 
radical reactions in inactivating Bacillus subtilis spore. Ozone Sci. Eng. 24, 145–150. 
https://doi.org/10.1080/01919510208901605. 

Cho, M., Kim, J.H., Yoon, J., 2006. Investigating synergism during sequential 
inactivation of Bacillus subtilis spores with several disinfectants. Water Res 40, 
2911–2920. https://doi.org/10.1016/j.watres.2006.05.042. 

Cho, M., Yoon, J., 2007. Quantitative evaluation and application of Cryptosporidium 
parvum inactivation with ozone treatment. Water Sci. Technol. 55, 241–250. 
https://doi.org/10.2166/wst.2007.008. 

Fig. 5. Summary of ozone inactivation mechanisms for each pathogen group 
and associated surrogates. 

Fig. 6. Ct required for 2 log10 inactivation of different organisms with ozone as 
determined by compiled inactivation rate constants at 20-25 ◦C. For data see 
Tables 1-3. Shaded area around points provides insight into the distribution of 
Ct values. 

C.M. Morrison et al.                                                                                                                                                                                                                            

https://doi.org/10.1016/j.watres.2022.118206
https://doi.org/10.1002/j.1551-8833.2001.tb09311.x
https://doi.org/10.1002/j.1551-8833.2001.tb09311.x
https://doi.org/10.1016/j.watres.2017.05.035
https://doi.org/10.1016/j.watres.2017.05.035
https://doi.org/10.1016/0043-1354(81)90054-3
http://refhub.elsevier.com/S0043-1354(22)00169-5/sbref0004
http://refhub.elsevier.com/S0043-1354(22)00169-5/sbref0004
http://refhub.elsevier.com/S0043-1354(22)00169-5/sbref0004
http://refhub.elsevier.com/S0043-1354(22)00169-5/sbref0005
http://refhub.elsevier.com/S0043-1354(22)00169-5/sbref0005
https://doi.org/10.1016/j.watres.2006.02.026
https://doi.org/10.1016/j.watres.2006.02.026
https://doi.org/10.1128/AEM.66.7.2972-2980.2000
https://doi.org/10.1080/01919510701463206
https://doi.org/10.1126/sciadv.aay5981
https://doi.org/10.1016/S0043-1354(98)00130-4
https://doi.org/10.1016/S0043-1354(98)00130-4
https://doi.org/10.1021/es026135h
https://doi.org/10.1128/AEM.69.4.2284-2291.2003
https://doi.org/10.1080/01919510208901605
https://doi.org/10.1016/j.watres.2006.05.042
https://doi.org/10.2166/wst.2007.008


Water Research 214 (2022) 118206

12

Choi, Y., Cho, M., Lee, Y., Choi, J., Yoon, J., 2007. Inactivation of Bacillus subtilis spores 
during ozonation in water treatment plant: Influence of pre-treatment and 
consequences for positioning of the ozonation step. Chemosphere 69, 675–681. 
https://doi.org/10.1016/j.chemosphere.2007.05.045. 

Craik, S.A., Smith, D.W., Belosevic, M., Chandrakanth, M., 2002. Use of Bacillus subtilis 
spores as model microorganisms for ozonation of Cryptosporidium parvum in 
drinking water treatment. J. Environ. Eng. Sci. 1, 173–186. https://doi.org/ 
10.1139/S02-012. 

Craik, S.A., Smith, D.W., Chandrakanth, M., Belosevic, M., 2003. Effect of turbulent gas- 
liquid contact in a static mixer on Cryptosporidium parvum oocyst inactivation by 
ozone. Water Res 37, 3622–3631. https://doi.org/10.1016/S0043-1354(03)00285- 
9. 

Criquet, J., Rodriguez, E.M., Allard, S., Wellauer, S., Salhi, E., Joll, C.A., von Gunten, U., 
2015. Reaction of bromine and chlorine with phenolic compounds and natural 
organic matter extracts - electrophilic aromatic substitution and oxidation. Water 
Res 85, 476–486. https://doi.org/10.1016/j.watres.2015.08.051. 

Czekalski, N., Imminger, S., Salhi, E., Veljkovic, M., Kleffel, K., Drissner, D., Hammes, F., 
Bürgmann, H., von Gunten, U., 2016. Inactivation of antibiotic resistant bacteria and 
resistance genes by ozone: from laboratory experiments to full-scale wastewater 
treatment. Environ. Sci. Technol. 50, 11862–11871. https://doi.org/10.1021/acs. 
est.6b02640. 

Dow, S.M., Barbeau, B., von Gunten, U., Chandrakanth, M., Amy, G., Hernandez, M., 
2006. The impact of selected water quality parameters on the inactivation of Bacillus 
subtilis spores by monochloramine and ozone. Water Res 40, 373–382. https://doi. 
org/10.1016/j.watres.2005.10.018. 

Driedger, A., Staub, E., Pinkernell, U., Mariñas, B., Köster, W., von Gunten, U., 2001. 
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