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A B S T R A C T   

This paper reports conclusions from a recent study completed for the Water Research Foundation and the State of 
California to offer guidance on UV-chlorine advanced oxidation for potable water reuse. The fundamentals of UV- 
chlorine advanced oxidation are discussed, and lessons learned from some of the early adopters of this tech
nology are presented. Important highlights include the significant impact of ammonia and chloramines on UV- 
chlorine treatment, challenges associated with predicting UV-chlorine performance due to complex photo
chemistry, and an ongoing need to monitor potential byproducts and transformation products when employing 
any form of advanced oxidation for potable reuse.   

Introduction 

The ultraviolet (UV)-chlorine (Cl) advanced oxidation process (AOP) 
can be cost-effective for potable water reuse treatment and is growing in 
popularity, particularly following reverse osmosis (RO) as part of the so- 
called “full advanced treatment (FAT)” train. Of the active-design and 
under-construction potable reuse UV-AOP projects in the United States 
recently reported, 76% were pursuing UV-chlorine versus UV-hydrogen 
peroxide (H2O2) (Festger et al., 2021). While UV-chlorine has many 
similarities to UV-H2O2 treatment, there are important differences. The 
municipal water industry is familiar with UV-H2O2 treatment due to 
several decades of experience, but UV-chlorine is new and there is a need 
to disseminate the recent lessons learned, as well as to highlight current 
information gaps to allow the process to be improved. 

The authors recently completed a study funded by the Water 
Research Foundation and the State of California on “UV-Chlorine AOP in 
Potable Reuse: A Guidance Manual to Assessment and Implementation” 
(WRF, 2022). This mini-review summarizes some of the key conclusions 
from this study. It is assumed that the reader has a basic understanding 
of UV-based AOP, so the focus is on specific technical details that 
differentiate UV-chlorine from other AOPs. For additional general 

information, the reader is directed to the original full report (WRF, 
2022), or to “Advanced Oxidation Processes for Water Treatment: 
Fundamentals and Applications” (Stefan, 2018). 

Important fundamentals of UV-chlorine photochemistry 

Several important fundamental principles of UV-chlorine photo
chemistry are highlighted in this section as reminders to help in un
derstanding subsequent concepts presented in this review. 

UV-based AOPs work by adding an oxidant (chlorine or H2O2) that 
absorbs UV photons and decays to form a reactive product that can 
destroy contaminants. In the case of H2O2 decomposition, the main 
useful product is the hydroxyl radical (•OH). Chlorine photolysis also 
produces •OH, but it also produces several reactive chlorine species (RCS), 
including Cl• and ClO•. The efficiency by which UV photolysis forms 
these useful products depends on how well each oxidant absorbs UV 
photons, and in turn, the efficiency by which the resulting photolysis 
produces the •OH and the RCS—i.e., the quantum yield. Fig. 1 illustrates 
that when using low pressure (LP) UV lamps that emit primarily at 254 
nm, both hypochlorous acid (HOCl) and hypochlorite (OCl− ) absorb 
photons about three times more efficiently than H2O2 on a per-mole 

* Corresponding author. 
E-mail address: ron.hofmann@utoronto.ca (R. Hofmann).  

Contents lists available at ScienceDirect 

Water Research X 

journal homepage: www.sciencedirect.com/journal/water-research-x 

https://doi.org/10.1016/j.wroa.2023.100183 
Received 4 April 2023; Received in revised form 22 May 2023; Accepted 23 May 2023   

mailto:ron.hofmann@utoronto.ca
www.sciencedirect.com/science/journal/25899147
https://www.sciencedirect.com/journal/water-research-x
https://doi.org/10.1016/j.wroa.2023.100183
https://doi.org/10.1016/j.wroa.2023.100183
https://doi.org/10.1016/j.wroa.2023.100183
http://crossmark.crossref.org/dialog/?doi=10.1016/j.wroa.2023.100183&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Water Research X 19 (2023) 100183

2

basis. Medium pressure (MP) lamps emit photons not only near 254 nm 
but also in the 290–350 nm range, which are absorbed by HOCl and 
OCl− but not effectively by H2O2. 

When one mole of H2O2 absorbs one mole of photons at 254 nm, it 
produces 1.11 mol of •OH radicals (i.e., the quantum yield is 1.11) 
(Goldstein et al., 2007). The quantum yield of •OH formation from 
chlorine photolysis is less certain, reportedly ranging between 0.46–1.4 
when HOCl undergoes photolysis (Stefan, 2018; Chuang et al., 2017; 
Bulman et al., 2019), and from 0.12 to 0.61 when OCl− is photolyzed 
(Stefan, 2018). Furthermore, the quantum yield of production of RCS via 
chlorine photolysis at 254 nm is uncertain, with Stefan et al. (2018) and 
Chuang et al. (2017) reporting a quantum yield of Cl• formation from 
OCl− and HOCl in the order of 0.3–0.6 at 254 nm. The quantum yields 
associated with MP UV (i.e., with wavelengths other than 254 nm) are 
also unreported. These uncertainties suggest that models to predict the 
amount of •OH and RCS available to treat the water under different 
UV-chlorine treatment conditions may be inaccurate. This is a current 
weakness of UV-chlorine treatment design: performance must be pre
dicted largely on empirical and uncertain evidence. More research in 
this area is needed. 

An additional factor that governs both UV-chlorine and UV-H2O2 
performance is the scavenging of the radicals and reactive species by the 
chlorine and H2O2 themselves. •OH reacts at least 4.5 times more 
quickly with OCl− than with HOCl (Buxton and Subhani, 1972; Anas
tasio and Matthew, 2006), which is a contributing factor that may lead 
UV-chlorine to be more effective at pH values below the pKa of chlorine 
(about 7.5 at 25 ◦C) where HOCl predominates. This has helped 
UV-chlorine to become an attractive option for water reuse treatment 
that employs reverse osmosis (RO). RO permeate typically has a pH of 
5–6 due to anti-fouling acid injection, and may make UV-chlorine more 
cost effective relative to UV-H2O2. Ongoing research is also demon
strating that RCS species may be more effective at higher pH, potentially 
widening the pH envelope of UV-chlorine relative to UV-H2O2 depend
ing on the susceptibility of a specific contaminant to RCS reaction (Guo 
et al., 2017, 2022). UV-chlorine may also be more efficient at higher pH 
if using MP UV lamps. OCl− is a very effective absorber of photons 
emitted at the higher wavelengths by MP lamps (Fig. 1) and, in partic
ular, the photolysis of OCl− leads to not only •OH but also to RCS (Zhou 
et al., 2019). There is little reported about the performance of MP lamps 
at higher pH to treat contaminants, particularly those susceptible to RCS 
reaction. 

Research needs. At present, UV-chlorine treatment design is largely 
empirical. Many of the details of chlorine photochemistry remain un
known. More data must be developed to allow accurate treatment 
models to be advanced. Such models could then be used to optimize 
process design. 

Ammonia, chloramines, nitrate, and nitrite 

The degree of nitrification/denitrification that precedes RO and 
advanced oxidation can be erratic unless the plant is well designed and 
operated for this purpose. As a result, the concentrations of ammonia, 
nitrate, and nitrite arriving at the RO can be widely variable, and RO is 
an incomplete barrier against these species. Furthermore, chloramines 
are often applied as an antifoulant for the RO. As such there can be a 
mixture of all these compounds in the RO permeate. The implications 
are discussed in the following text and in Fig. 2, which shows model 
simulations of the reactions of a fictive scenario whereby free chlorine is 
applied in a RO permeate containing NH3 and/or NH2Cl 180 s upstream 
of the UV reactor (WRF, 2022). 

Ammonia: If ammonia concentrations are high (e.g., > 1 to 2 mg-N/ 
L), UV-chlorine treatment may be cost-prohibitive due to the free 
chlorine demand of the ammonia. Lower ammonia concentrations may 
be acceptable, but they will still exert a chlorine demand. The reaction 
between ammonia and free chlorine is essentially instantaneous at 
neutral and higher pH, but at pH 5.5 the reaction may take tens of 
seconds to complete (Fig. 2). Therefore, one must account for the 
chlorine demand exerted by the ammonia as the water travels from the 
chlorine injection point to both the location of the chlorine analyzer, and 
the entry to the UV reactor, in order to accurately establish the desired 
free chlorine concentration entering the reactor. 

Chloramines: Just like ammonia, chloramines exert a free chlorine 
demand that is not instantaneous. In particular, monochloramine reacts 
with free chlorine over several minutes at pH 5.5 to form dichloramine. 
Thus, the concentration of monochloramine decreases and the 

Fig. 1. Typical UV lamp emission spectra (left) and H2O2 and chlorine adsorption spectra (right) Low pressure and medium pressure lamp emissions are not to scale: 
medium pressure emission is typically much higher than low pressure (from WRF, 2022). 

Fig. 2. Simulation of the effect of nitrogen species on water entering a fictive 
UV-chlorine reactor 
(from WRF, 2022). 
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concentration of dichloramine increases (Fig. 2). This has three impor
tant implications:  

(1) It is another complication in measuring the amount of free 
chlorine entering the UV reactor. The free chlorine measurements 
must account for the travel time from the chlorine injection site to 
both the chlorine analyzer and the UV reactor, otherwise the 
measured chlorine will not correspond to what is actually 
entering the reactor.  

(2) Monochloramine is a very strong •OH scavenger (k = 1.0 × 109 M 
− 1s− 1), while dichloramine is weaker (k = 0.62 × 109 M − 1s− 1) 
(Anastasio and Matthew, 2006). The contribution of both species 
must be considered in terms of the overall •OH scavenging in the 
water in the reactor, but if the travel time between free chlorine 
addition and the reactor increases, the chloramine speciation 
becomes arguably more favorable, as monochloramine is con
verted to dichloramine. An example of a fictive RO permeate 
containing a mixture of chloramines, nitrate, and nitrite, is shown 
in Table 1, demonstrating that the chloramines are contributing 
about 30% to the overall •OH scavenging. UV-chlorine perfor
mance will therefore be strongly influenced by the amount of 
chloramines, and the ratio of mono- versus dichloramine.  

(3) Monochloramine has a molar absorption coefficient of about 
twice that of dichloramine at 254 nm (WRF, 2022). This is shown 
in Fig. 3 for a fictive RO permeate, illustrating that monochlor
amine may be the dominant UV absorber, preventing more effi
cient chlorine photolysis to drive the treatment process. This 
suggests that, as with point (2), allowing more time for free 
chlorine to convert monochloramines to dichloramine prior to 
the water entering the UV reactor is beneficial. However, more 
reaction time also allows more free chlorine to be consumed, 
which is detrimental to treatment performance. At present, there 
are no readily available models that a designer can use to easily 
simulate and determine the optimum reaction time between the 
point of chlorine injection and the UV reactor for different com
binations of free chlorine dose and ammonia/chloramine 
concentration. 

Nitrite: While nitrite is unlikely to exist in a UV-chlorine system since 
it is quickly oxidized by free chlorine to nitrate, it can be a problem for 
UV-H2O2 systems. Nitrite is an extremely strong •OH scavenger 
(Table 1). As it is a very strong radical scavenger, it has a strong impact 
on system sizing. Nitrite removal prior to UV-H2O2 treatment is essen
tial. There is also evidence that for very high UVT water (e.g., 98% cm− 1, 
consistent with RO permeate), there is potential for nitrite formation 
inside the UV reactor from nitrate and chloramines, especially for MP 
systems, but also from LP systems (Stefan, 2021). 

Research needs. The mathematical models used here to illustrate the 
influence of chloramines on UV-chlorine performance were developed 
from experiments conducted at much longer reaction times (e.g., tens of 
minutes) than is relevant for UV-chlorine, where the kinetics over 

seconds to several minutes is critical. There is a need to validate or 
recalibrate these models under short reaction times and other conditions 
(e.g., pH, temperature) relevant to water reuse, so that the impact of 
ammonia and chloramines on UV-chlorine treatment can be accurately 
predicted and mitigated. 

Regulatory issues and design goals 

Treatment processes must be designed to meet clear treatment goals. 
If a UV-AOP is to treat water containing a specific contaminant, such as a 
groundwater polluted with trichloroethylene (TCE), the goal is 
comparatively straightforward: the AOP system can be designed based 
on the known or tested reactivity of that contaminant with UV and the 
reactive species being produced, and then eventual performance can be 
confirmed by measuring the concentration of that contaminant in the 
treated water. For water reuse, the situation is far more complex. The 
UV-AOP is to serve as a barrier against potential contaminants that may 
be in the water, possibly with irregular frequency. There is therefore 
complexity in establishing the initial treatment level, and then also in 
how to monitor ongoing treatment performance once the system is 
installed. 

There is no consensus on treatment goals for UV-AOP systems in 
water reuse. In California, UV-AOP for indirect potable reuse treatment 
following RO is required to achieve 6-log “virus” inactivation and 0.5- 
log 1,4-dioxane as a surrogate for organic microcontaminant removal. 
If NDMA is present, a UV dose capable of reducing it to below the 10 ng/ 
L notification level may be a secondary treatment target. As jurisdictions 
continue to develop and promulgate regulations other indicator com
pounds may be suggested. 

The selection of treatment goals should be carefully considered 
because there may be unintended consequences on the resulting 

Table 1 
•OH scavenging of nitrogen species post-RO (pH 5.5).  

Species Concentration k•OH (M − 1 s − 1) Contribution to  
•OH scavenging 

Refs. 

Free chlorine 3 mg/L as Cl2 2.0 × 109 HOCl,  
8.8 × 109 OCl−

71% 2006  

Anastasio and Matthew, 2006 
Monochloramine 2 mg/L as Cl2 1.0 × 109 23% Anastasio and Matthew, 2006 
Dichloramine 1.5 mg/L as Cl2 6.2 × 108 6% Anastasio and Matthew, 2006 
Nitrate 0.8 mg/L as N 4.0 × 105 b < 1% Yin et al. 2020b 

Nitrite Variablea 1.1 × 1010 Variablea Yin et al., 2020 

M − 1s− 1 = per molar per second. 
a Nitrite is likely to be present only in some systems with UV-H2O2, since free chlorine quickly converts nitrite to nitrate. 
b This reaction rate coefficient is reported in a secondary source from an ambiguous primary source, but evidence suggests that the rate is negligible. 

Fig. 3. Example of percent of photons absorbed at 254 nm in a fictive RO 
permeate containing 5 mg/L free chlorine, 3 mg/L monochloramine, 4 mg/L 
dichloramine, and 1.5 mg-N/L nitrate (from WRF, 2022). 
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preference for UV-chlorine treatment versus UV-H2O2 or other methods, 
and in turn, on actual protection against the spectrum of pathogens and 
chemical contaminants. For example, If the treatment goal for chemical 
destruction were to be set at 0.5-log 1,4-dioxane reduction, then both 
UV-chlorine and UV-H2O2 systems could be designed to achieve that 
goal. While 1,4-dioxane is susceptible to destruction by •OH (k = 2.8 ×
109 M − 1s− 1, Patton et al., 2017), it is relatively inert to RCS (Chuang 
et al., 2017). If UV-chlorine and UV-H2O2 were both designed to achieve 
the same level of •OH production to achieve the same level of 1, 
4-dioxane destruction, the RCS that are also being formed by the 
UV-chlorine system would be reacting with and destroying some con
taminants that may be in the water and which are reactive with RCS. 
Thus, in reality, the UV-chlorine system would provide a broader 
treatment barrier than UV-H2O2, despite both achieving equal regula
tory credit based on 1,4-dioxane destruction. If UV-H2O2 were installed 
instead of UV-chlorine based on cost and due only to their similar ability 
to destroy 1,4-dioxane, the added benefit of the role of RCS would be 
overlooked. 

UV-chlorineUV-chlorineResearch needs. Very few jurisdictions have 
established treatment requirements for potable water reuse. The lack of 
clear treatment goals makes it difficult to design UV-chlorine systems (or 
any treatment system). Such goals need to be developed, and they 
should avoid unintended bias against forms of treatment that may be at 
present poorly understood, but which could ultimately prove to be ad
vantageous (e.g., the role of RCS, wavelengths other than 254 nm, etc.). 

Disinfection credit 

A benefit of UV-AOP treatment for water reuse is the combination of 
chemical destruction and disinfection from UV. There is no industry 
consensus about the degree to which a UV-AOP reactor for water reuse 
treatment might be required to provide disinfection, but in California, 
there is a proposal to use UV-AOP to gain a 6-log inactivation credit for 
Giardia, Cryptosporidium, and viruses (Waterboards, 2021). Demon
strating 6-log inactivation of an organism in a UV reactor through 
reactor validation testing is at the boundary of what is possible given the 
need to spike a challenge organism at a concentration high enough to 
measure a million-fold reduction. An alternative method to solve this 
problem is the “combined variable approach” for UV reactor validation 
(Wright et al., 2020). Here, one or (ideally) more challenge organisms 
are used to benchmark UV reactor disinfection performance and certain 
operating conditions required to achieve 6-log inactivation of target 
pathogens are extrapolated. There is some debate among experts about 
the conditions under which such extrapolation should be allowed, but at 
present it is arguably the best method available to demonstrate 6-log 
inactivation of target organisms given the practical challenges in 
doing so directly. 

Another consideration for disinfection using UV-AOP is the action of 
the oxidant itself. H2O2 is a relatively weak disinfectant on its own (e.g., 
Labatiuk et al., 1993) and is generally not recognized as a viable primary 
disinfectant, but chlorine has well-established CT inactivation kinetics 
for predicting its contribution to disinfection. At present, there has been 
no known discussion among regulators about allowing the oxidant to be 
given regulatory disinfection credit. It is also unclear whether the rad
icals and reactive species would contribute to disinfection, with some 
studies suggesting that their concentration would be too low to 
contribute meaningfully (Mamane et al., 2007; Rattanakul and Oguma, 
2017). Even if their contribution were significant, there would need to 
be a method to monitor radical/reactive species concentrations in real 
time to allow disinfection credit to be obtained, which is not possible, at 
present. 

Research needs. Methods to validate and monitor UV-AOP reactor 
performance for disinfection, and the role of the oxidant in disinfection, 
need to be considered. 

Treatment performance monitoring 

A treatment goal for water reuse might be defined based on the 
theoretical destruction of a contaminant(s) (e.g., 0.5-log 1,4-dioxane, 6- 
log virus), but in practice the actual destruction would not be routinely 
tracked since the contaminants may not be present, or the analysis 
would be too challenging. Instead, treatment performance is tracked 
using some combination of UV and oxidant dose monitoring, coupled 
with data such as flow rate and UV transmittance (UVT). There are 
generally three approaches that can be used to monitor performance:  

(1) Control by minimum electrical energy dose (EED). EED (kWh/ 
volume) measures the power used by the UV lamps, normalized 
to flow rate. The required EED is based on performance testing at 
different flow/UVT/oxidant dose/lamp power combinations that 
are used to define the operating window. This approach assumes 
some minimum allowable chlorine concentration and UVT, and 
perhaps an allowable pH range. As such, unless these parameters 
are all at their limits, the system is always overdosing to some 
extent. This is the simplest and most conservative approach.  

(2) Control by minimum dose. The UV system’s programmable logic 
controller (PLC) calculates the required UV dose applied to the 
water as a function of UV lamp power, flow rate, and UVT using 
an algorithm validated via field testing similar to the EED 
approach. It uses a fixed minimum oxidant dose and potentially 
limits to other parameters, such as pH.  

(3) Control by calculated log reduction. This is the most complex 
algorithm, but theoretically achieves the most efficient treatment 
performance. The PLC calculations account for UV lamp power, 
flow rate, UVT, oxidant concentration, and potentially other 
water quality parameters, to output the predicted log reduction of 
the target contaminant for those instantaneous conditions using 
an algorithm validated via field testing like the previous two 
methods. As of the time of this article, there is one site in Cali
fornia with an operating permit that uses this approach. 

As the control method increases in complexity, so does the required 
validation testing (i.e., number of test conditions) to verify its ability to 
maintain required treatment. From the discussion above, it’s evident 
that a UV-chlorine system must use multiple sensors to ensure sufficient 
treatment. Some important considerations are the following: 

UVT: UVT can be monitored prior to the chlorine addition point, or at 
the entry to the UV reactor. Chlorine has a strong absorbance at 254 nm 
and at other wavelengths (relevant if a MP lamp is used) (Fig. 1), so if 
UVT is monitored only prior to chlorine addition, the PLC must estimate 
the change in UVT due to the chlorine addition. It is important to 
recognize that if ammonia/chloramines are present in the water, the 
UVT may change considerably as they react with chlorine in the travel 
time between the sampling line and the UVT monitor, making the UVT 
reading an inaccurate estimate of what is entering the UV reactor. As 
such, travel times to the UVT monitor should either be kept very short, 
or similar to the travel time between the sampling point and the UV 
reactor inlet. UVT can also be monitored at the reactor exit since some 
UV dose algorithms can use both influent/effluent values for calculation. 
Some RO permeate may have UVT values greater than 97% cm− 1, 
requiring special UVT monitors with longer path lengths (e.g., 2 - 5 cm) 
to achieve accuracy. It is not uncommon for algorithms not to take credit 
for UVT values above 98% due to the uncertainty in the measurement in 
the very high UVT range. 

Free chlorine: The issues associated with measuring free chlorine 
when ammonia and chloramines are present have already been dis
cussed. In short, care must be taken to provide a conservative estimate of 
free chlorine concentration entering the UV reactor, as there are ongoing 
reactions occurring between the species as the water is travelling to both 
the monitor and the reactor from the sampling point. As with UVT 
monitoring, travel times to the chlorine analyzer should either be kept 
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very short, or similar to the travel time between the sampling point and 
the UV reactor inlet. It should be repeated, however, that this compli
cation only exists if ammonia/chloramines are present in the RO 
permeate, otherwise free chlorine application and monitoring is greatly 
simplified. 

Research needs. Practical experience with monitoring UV-chlorine 
processes is limited. As more systems are brought online, stakeholders 
should disseminate the lessons learned. There is limited information 
about real-world UV-chlorine installations in peer-reviewed literature or 
trade journals. 

O&M costs 

UV-chlorine system costing is very reactor-, location-, and 
configuration-specific. WRF (2022) reported an example comparison of 
estimated annual operations and maintenance costs (in California) for 
UV-chlorine relative to UV-H2O2 treatment of potable reuse water 
following RO, when treating to achieve 0.5-log 1,4-dioxane destruction 
and 1.2-log NDMA reduction (Fig. 4). It predicts that energy costs are 
lower for UV-chlorine than UV-H2O2, but that oxidant costs for treat
ment are slightly higher. The major difference in the costs shown in 
Fig. 4 is for quenching residual H2O2. It is assumed that such quenching 
is achieved by application of chlorine. If there is no need to quench 
residual H2O2, the cost of UV- H2O2 will drop significantly, making the 
two options more comparable. 

WRF (2022) reported that in general, low pressure high output UV 
systems will have a higher purchase price than MP due to the greater 
number of lamps and ballasts required, but that annual O&M costs for 
MP systems may be in the order of 50% higher. This is based on very 
limited data. The relative cost of LP vs. MP is also likely to be a function 
of treatment targets. If NDMA photolysis is required, MP is more inef
ficient than LP because the photons emitted by MP at wavelengths 
greater than 254 nm are poorly absorbed by NDMA, however they may 
be efficiently absorbed by chlorine to drive chemical destruction. As 
such, MP might be more cost-competitive if treatment requires only 
chemical oxidation and not NDMA destruction. More research is needed 
to test this theory. 

Source water quality considerations 

The municipal water that supplies potable reuse projects can vary 
widely over time depending on weather events, season and sources of 
contribution to the collection system. Much of this variability may be 
reduced through the upstream treatment train, but nonetheless careful 
consideration should be given to properly characterizing the range of 

water quality to be treated by the UV-chlorine system. Ammonia and 
chloramines are particularly important to characterize if they are pre
sent in the RO permeate for reasons already explained. The range of 
expected UVT is critical. AOP performance is heavily influenced by the 
•OH (and RCS) scavenging capacity in the water. In RO permeate, the 
contribution of such scavenging by effluent organic matter (EFOM) is 
likely to be small compared to the scavenging due to the chlorine and 
chloramines, whose concentrations can be measured or accurately pre
dicted at the design stage. As such, the degree of •OH scavenging in the 
water can be accurately predicted and its impact on treatment perfor
mance determined. In contrast, the scavenging of RCS by these com
pounds is largely unknown, making overall UV-chlorine treatment 
models uncertain. 

Research needs. The role of RCS for treatment performance, and their 
scavenging by constituents in the water, is very poorly understood. Until 
more is learned, it will be difficult to quantify the added benefit of these 
potentially useful species when designing UV-chlorine treatment beyond 
demonstrating log removal of the target compound (typically 1,4- 
dioxane). 

Byproducts and toxicity 

There is concern that the relatively high chlorine concentrations 
needed for UV-chlorine treatment (e.g., 2–5 mg/L), coupled with 
photolysis and the generation of RCS, might lead to the formation of 
toxic byproducts. Partially mitigating this fear is that the chlorine re
action time available to form byproducts is small. This is because 
chlorine is typically added immediately upstream of the UV reactor, and 
a well-designed reactor may lead to the almost complete destruction of 
the chlorine within tens of seconds. Nevertheless, thisan area of current 
research. 

There are only a few reported studies of the formation of conven
tional drinking water disinfection byproducts (DBPs) from UV-chlorine. 
Wang et al. (2015, 2019) and evaluated conventional DBP formation in 
bench-, pilot-, and full-scale UV-chlorine drinking water systems treat
ing surface waters (TOC ranging from 1.5 - 3.5 mg-C/L, chlorine ranging 
up to 10 mg/L), and generally reported minimal THM and HAA for
mation (< 13 μg/L total formation) across the UV reactors. Pisarenko 
et al. (2013) reported similar minimal THM/HAA formation when 
treating Colorado River water at bench-scale using UV-chlorine. There is 
some consensus (albeit with very preliminary data) that haloacetonitrile 
formation may be enhanced across UV-chlorine, but still in the order of 
< 10 μg/L. Nevertheless, despite not being regulated in jurisdictions 
known to the authors, these N-containing byproducts are reported to be 
more toxic than common regulated DBPs (Muellner et al., 2007; Plewa 
et al., 2008). 

Interestingly, Wang et al. (2019) found that adsorbable organohalide 
formation (AOX—a measure of all organohalide byproducts) increased 
by 70 μg-Cl/L across UV (MP)-Cl treatment compared to a chlorine-only 
control, but only at pH 6.5 and not pH 8.0. This implies that the increase 
in AOX precursors was due to the role of •OH rather than RCS, since RCS 
is formed more significantly at higher pH. 

Research has also examined the potential formation of toxicity as 
measured by bioassays across UV-chlorine. Wang et al. (2018) suggested 
that •OH has a theoretical > 80% probability of generating trans
formation products from a survey of a large number of different 
micropollutants. In experiments, however, Huang et al. (2017) and Li 
et al. (2016) both reported a reduction in cytotoxicity and estrogenicity 
of specific micropollutants due to UV-chlorine, and Sun et al. (2019) 
reported that UV-chlorine led to 22–27% less overall cytotoxicity and 
genotoxicity than UV-H2O2 after post-chlorination. In contrast, Chaves 
et al. (2020) reported that transformation products of 17β-estradiol and 
17α-ethinylestradiol were more cytotoxic following UV-chlorine than 
UV-H2O2. Plewa et al. (2012) found that LP and MP UV-chlorine treat
ment of reclaimed Ohio River water were equally or less genotoxic and 
cytotoxic than water treated in chlorine-alone controls. Hua et al. (2021) 

Fig. 4. Comparison of annual O&M Costs for UV-chlorine and UV-H2O2 for a 
12-mgd reuse installation with low ammonia and nitrite; LPHO lamp-based UV- 
AOP systems (from WRF, 2022). 
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reported that UV-chlorine treatment of secondary wastewater effluent 
led to a 19–76% reduction in acute toxicity and genotoxicity, 
respectively. 

Of unique concern to UV-chlorine treatment is the potential presence 
of chlorate and bromate. Chlorate can be found in sodium hypochlorite, 
especially if it is stored for long periods, with jurisdictions setting limits 
in the order of 0.7–1.0 mg/L (WHO, 2017; Health Canada, 2008). The 
application of relatively high chlorine doses for UV-chlorine treatment 
can therefore directly lead to chlorate in the finished water since it is not 
destroyed by the AOP. Furthermore, UV- chlorine photolysis inevitably 
forms chlorate, with the molar yields reportedly ranging from 5 to 20% 
of the chlorine that undergoes photolysis (Buxton and Subhani, 1972; 
Wang et al., 2015). If bromide is present in the source water, the 
UV-chlorine process can convert it to bromate, which can have a low 
drinking water limit (10 μg/L) in some jurisdictions (USEPA, 2023). The 
chemistry of this formation pathway is complex, with some water con
ditions being much more susceptible to bromate formation than others. 
The reader is referred to WRF (2022) for details of this phenomenon, and 
mitigation measures. 

Research needs. Our understanding of byproducts, transformation 
products, and toxicity, when applying UV-chlorine is limited. However, 
the research to date generally shows no indications of any such out
comes that would prevent the use of UV-chlorine for potable reuse. 
However, much more research on this topic is warranted, but similar 
research is also warranted for other oxidation strategies that could be 
applied in the context of potable water reuse—or indeed, for other reuse 
applications such as crop irrigation. 

Conclusions 

UV-chlorine is a new treatment technology that is well suited for 
potable reuse treatment following RO. While this mini-review points to 
uncertainties and challenges associated with UV-chlorine, none of these 
prevent its more widespread adoption. The community of end users are 
encouraged to continue a dialog to share the lessons learned as its use 
grows. The research community is encouraged to try to resolve some of 
the key unanswered questions associated with chlorine photochemistry 
to advance best practices and process optimization. 
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