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Abstract 

Growing demands and increasing scarcity of fresh water resources necessitate potable water 

reuse, which has been implemented with the aid of UV-based advanced oxidation processes 

(UV/AOPs) that remove potentially hazardous trace organic contaminants from reclaimed water. 

During the potable reuse treatment process, chloramines are added to prevent membrane fouling 

that are carried over to the UV/AOP, where hydrogen peroxide (H2O2) is commonly added. 

However, the impact of chloramines on the photolysis of H2O2 and the overall performance of the 

UV/AOP remains unknown. This study investigated the impacts of the photochemistry of 

monochloramine (NH2Cl) and dichloramine (NHCl2) associated with the photolysis of H2O2 on the 

degradation of 1,4-dioxane (1,4-D), a trace organic contaminant ubiquitous in recycled water. 

Results indicated that NH2Cl and NHCl2 alone functioned as oxidants upon UV photolysis, which 

produced HO• and Cl2•– as the two primary oxidative radicals. The speciation of chloramines did 

not have a significant impact on the degradation kinetics. The inclusion of monochloramine in 

UV/H2O2 greatly decreased 1,4-D removal efficiency. HO• was the major radical in the mixed 

H2O2/chloramine system. Results from this study suggest that recognizing the existence of 

chloramines in UV/H2O2 systems is important for predicting UV/AOP performance in the 

treatment train of potable reuse. 
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Introduction 

Potable reuse has become increasingly important to alleviate water shortage in 

drought stricken regions. (1,2) Water reuse treatment trains rely on a sequence of 

processes which remove microbiological, inorganic and trace organic contaminants 

from wastewater effluent that may have adverse health effects. (3−5) Specifically, 

microfiltration (MF) or ultrafiltration (UF) are used to remove bacteria and colloidal 

particles from the wastewater effluent, reverse osmosis (RO) for salt rejection, and 

they are commonly followed by a UV-based advanced oxidation process (UV/AOP) 

for disinfection and removal of trace contaminants. (2) To prevent MF and RO 

membrane biofouling, chloramines are typically introduced in the feedwater, 

through the addition of chlorine which reacts with ammonia present in the 

wastewater effluent: NH3 + HOCl → NH2Cl+ H2O 

NH3 + HOCl→ NH2Cl+ H2O 

NH2Cl+ H2O → NHCl2 + H2O 

Typically, both monochloramine (NH2Cl) and dichloramine (NHCl2) are generated in 
the feedwater, with their speciation depending on solution pH, and ratio between 
free chlorine and ammonia. (6−8) NH2Cl has a greater disinfection efficiency than 
NHCl2 and is the preferred antifouling species. (9) More importantly, because both 
chloramines are small and neutral, they easily diffuse through RO membranes and 
carry over to the UV/AOP step. 

Meanwhile, RO membranes do not efficiently remove small and neutrally charged 
trace organic contaminants including 1,4-dioxane (1,4-D), which is widely present in 
municipal wastewater (10) due to its use as an industrial stabilizer of chlorinated 
solvents and presence in personal care products. (11,12) 1,4-D is classified as a 2B 
carcinogen, (13) and thus, the State of California requires the demonstration of a 
minimum of 0.5-log removal of 1,4-D during AOP for potable reuse and established 
a 1 ng/L notification level. (14,15) Because 1,4-D is not subject to direct photolysis, 
hydrogen peroxide (H2O2) is typically added during UV treatment, where the 
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photolysis of H2O2 at 254 nm produces highly reactive hydroxyl radicals (HO•) that 
degrade 1,4-D and other trace organic contaminants. (16−18) 

Chloramine species have high molar absorptivity coefficients relative to H2O2, i.e., 
388 and 142 M–1cm–1 for NH2Cl and NHCl2 at 254 nm, respectively, compared to 
18.8 M–1cm–1 for H2O2. Chloramines are photolyzed to produce unique radicals 
including NH2

•, NHCl•, and Cl• with differing quantum yields, 0.54 for NH2Cl and 0.82 
for NHCl2. (19,20) The amino radical (NH2

•) reacts with phenol and compounds with 
primary amine functional groups, while NHCl• is relatively 
nonreactive. (21,22) Chlorine atom (Cl•) reacts with a diffusion limited rate constant 
with aromatic compounds and also reacts with chloride to form chlorine dimer (Cl2

•–), 
which reacts with water to form HO• or decays to form chloride. (23−25) The 
photolysis of NH2Cl has also been recently found to degrade 1,4-D via the 
generation of Cl2•– and HO•. (26,27) The photochemistry of trichloramine (NCl3) has 
previously been used to remove it from swimming pool water. (28) 

Current literature on the photochemistry associated with UV/AOPs implemented for 
potable reuse considers pure and single oxidant systems (e.g., UV/H2O2 or 
UV/NH2Cl) but does not consider the de facto coexistence and simultaneous 
photolysis of chloramines and H2O2 during UV/AOP. Although chloramines can 
react with H2O2 without UV irradiation over the course of hours, (29) the impact of 
chloramines on UV/H2O2 with respect to the removal of trace organic contaminants 
remains unknown. It is likely that a unique set of chain reactions controls radical 
generation and treatment efficiency. Therefore, the objectives of this study were to 
evaluate the efficacy of UV/chloramine, especially the impact of chloramine 
speciation (i.e., NH2Cl vs. NHCl2) on 1,4-D removal, and examine the impacts of 
coexisting chloramines on the photochemistry of H2O2. 

Materials and Methods 
 

All chemicals were of ACS or reagent grade. A majority of experiments were 
prepared in deionized (DI) water (18.2 MΩ•cm, Millipore), and in some experiments 
real RO permeate from a water reuse treatment facility was used. A 5% NaOCl 
solution (Arcos Organics) was standardized by KMnO4 method prior to use. (30) A 
50 mM NH2Cl stock solution was prepared daily by titrating 30 mM (NH4)2SO4 with 
50 mM NaOCl at a N-to-Cl2 molar ratio of 1.2. The (NH4)2SO4 solution was buffered 
at pH 8.8 using 4 mM borate. The final NH2Cl stock solution had a pH of 8.8 and 
was equilibrated for at least 1 h. prior to use. A 25 mM NHCl2 stock solution was 
prepared by lowering the pH of the NH2Cl solution below 5.5 using HClO4 and 
equilibrating for 10 min. The concentrations of chloramine stock solutions were 
confirmed by standard DPD method. (30) 

To start an experiment, DI water was purged with N2 gas for 20 min to lower 
dissolved O2 and inorganic carbon levels similar to those observed in RO permeate. 
This was followed by the addition of 250 μM 1,4-D and radical probe compounds 
(20 μM nitrobenzene and 10 μM benzoic acid). Chloramines and H2O2 were then 
added in their specified concentrations as required. The concentrations of 1,4-D 
and oxidants were higher than those in RO permeate to provide useful insight into 



reaction kinetics and radical chemistry. (26) In the single chloramine systems 
(UV/NH2Cl or UV/NHCl2), the concentration of NH2Cl and NHCl2 was varied between 
0.2 and 6 mM with a fixed concentration of 1,4-D (250 μM), resulting in a molar ratio 
of chloramine-to-1,4-D between 0.8 and 24. In experiments to study the impact of 
mixed oxidants, stock solutions of NH2Cl, NHCl2, and H2O2 were made separately, 
and working solutions were prepared prior to UV irradiation. Mixtures of 
chloramines were found to be stable for the duration of the experiments. All 
experiments were conducted at pH 5.8 which is typical for reverse osmosis 
permeate and maintained with 40 mM phosphate buffer at 20 °C which was 
maintained by air circulation in the reaction chamber. 

The prepared solution was dispensed into sealed 8 mL quartz reaction tubes 
placed in a carousel UV reactor (Ace Glass) equipped with a low-pressure Hg lamp 
(Ultra Sun Technologies). Samples were taken at 5 min intervals under UV 
irradiation for a total of 25 min (UV dosage ≈ 3500 mJ/cm2). Upon removal from the 
UV reactor, chloramine and H2O2 concentrations were immediately measured by 
DPD and KI methods, respectively. (31) In preparation for organic analysis, the 
residual oxidants in the remaining sample were quenched with 5.5 mM thiosulfate. 
Concentrations of probe compounds and 1,4-D were quantified by HPLC-UV (Text 
S1 of the Supporting Information, SI). A competition kinetic method (32) was used 
to calculate steady-state radical concentrations (Text S2). In brief, the 
experimentally measured pseudo first-order degradation kinetics of probe 
compounds and the literature reported second-order rate constants of reactions 
between probe compounds and radicals were used to calculate the steady-state 
radical concentrations. In all cases, the addition of probe compounds consumed a 
negligible fraction of radicals and did not interfere with 1,4-D degradation. Probe 
compounds and 1,4-D were found not to directly photolyze in control experiments. 

Nitrogen product analysis from chloramine decay was carried out by a combination 
of methods. Total nitrogen was measured by a TOC analyzer equipped with a 
nitrogen detector (OI Analytical Aurora 1030). Ammonia was measured by the 
standard phenate method. (33) Nitrate was determined using the salicylic acid 
method, (34) and nitrite was determined using the sulfanilamide 
method. (30) Organic nitrogen was determined by subtracting nitrate, nitrite, and 
ammonia from total nitrogen. Gaseous nitrogen formation was calculated by 
subtracting the initial total nitrogen from total dissolved nitrogen measured after 
exposure to 3500 mJ/cm2. 

Results and Discussion 
Photochemistry of NH2Cl and NHCl2 

In this study, we first examined the capability of NH2Cl and NHCl2 to remove 1,4-D 

under UV photolytic conditions analogous to the treatment of RO permeate at a 

wastewater recycling facility. The rate of 1,4-D removal under NH2Cl photolysis was 

approximately 60–80% higher than with NHCl2 when the chloramine dosage was 

less than 2 mM. At concentrations less than 4 mM, NH2Cl was more efficient at 

removing 1,4-D than NHCl2 and reached the maximal rate at 2 mM compared to 4 

mM for NHCl2 (Figure 1A). NH2Cl has a greater molar absorptivity coefficient at 254 
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nm, but a lower quantum yield (0.54 vs 0.82) than NHCl2. (20) The combined effects 

led to similar photolysis rates between NH2Cl and NHCl2 at 2 mM (Figure S1). 

However, the effective yield of reactive radicals from the photolysis of NH2Cl was 

higher than NHCl2 at a chloramine dosage less than 2 mM. 

 

Figure 1. Degradation of 1,4-dioxane in UV photolysis of chloramine. (A) The 

removal rate constant of 1,4-dioxane vs the dosage of chloramine. (B) The 

correlation between 1,4-dioxane removal rate constant and chloramine photolysis 

rates. pH = 5.8, [1,4-dioxane] = 250 μM, [chloramine] = 0.2–6 mM, [NB]0 = 20 μM, 

[BA]0 = 10 μM, TOTPO4 = 40 mM. 

 

Upon UV photolysis, both NH2Cl and NHCl2 generate Cl• in addition to the formation 

of NH2
• and NHCl•, respectively (Scheme 1, R1–R2). The majority of Cl• reacts with 

residual chloride present in the chloramine solution and forms Cl2
•– (Scheme 1, R3), 

with only 0.05% and 1% of Cl• reacting with 1,4-D and BA, respectively. Therefore, 

essentially all reactive chlorine species is generalized as Cl2
•–. Chloride is present at 

an equal molar concentration to chloramine due to the hydrolysis of aqueous Cl2 to 

form hypochlorous acid during the preparation of chloramines: 

Cl2+ H2O → HOCl + H+ + Cl- 



 

Scheme 1. Photolysis of Monochloramine, Dichloramine, And Hydrogen Peroxide in 

a Mixed System with Respect to 1,4-Dioxane Removal 

 

Cl• and Cl2•– undergo further hydrolysis to form HO• (Scheme 1, R4–R7). (35) Both 
Cl2•– and HO• are major contributors to 1,4-D removal (Scheme 1, R8–R9), resulting 
in an increase in the 1,4-D degradation rate constant with increasing chloramine 
dosage with chloramine concentrations lower than 1 and 2 mM for NH2Cl and 
NHCl2, respectively (Figure 1A). 

As the chloramine dosage increased beyond the optimal level, the scavenging of 
Cl2•– and HO• by NH2Cl and NHCl2 (Scheme 1, R10–R13) competed against the rate 
of radical production, resulting in a decline in 1,4-D removal efficiency (Figure 1A). 
Furthermore, the UV fluence normalized rate constant of 1,4-D degradation 
exhibited a bell-shape correlation with the photolysis rate of NH2Cl and NHCl2, 
respectively (Figure 1B), revealing a radical promoting regime at lower chloramine 
photolysis rates, and a radical scavenging regime at higher chloramine photolysis 
rates. At the maximal 1,4-D removal rate constants, NH2Cl reacted with 52% of 
HO• and 96% of Cl2•–, and NHCl2 reacted with 53% of HO• and 95% of Cl2•–. As the 
chloramines exceed their optimal concentrations, a greater percentage of HO• and 
Cl2•– reacted with chloramines instead of 1,4-D (Texts S3–S4 and Figures S2–
S3 in SI). 

Radical distributions obtained with probe compounds confirmed that HO• was the 
major reactive radical contributing to 1,4-D degradation through chloramine 
photolysis, followed by Cl2•– (Figure 2). However, the contribution of Cl2

•– to 1,4-D 
degradation was greater with NHCl2 photolysis than with NH2Cl photolysis at 
concentrations greater than 2 mM. NH2Cl reacts with Cl2•– approximately 2.6 times 
faster than NHCl2 (Scheme 1, R11, 1.14 × 107 M–1 s–1 vs R12, 4.4 × 106 M–1 s–

1), (36) leading to a greater steady-state concentration of Cl2•– in the NHCl2 system. 
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The net effect is an increased Cl2•– contribution to 1,4-D removal in the HCl2 system 
as well as a shift in the optimal chloramine concentration. 

 

Figure 2. Contributions of reactive radicals to 1,4-dioxane degradation in UV 

photolysis of NH2Cl or NHCl2. Contributions based on steady-state concentrations of 

radicals derived from the competition kinetic method. Error bars relate to radical 

distribution and not to 1,4-dioxane removal rate constant. [1,4-dioxane] = 250 μM 

and pH = 5.8. 

Impacts of Chloramine Speciation 

The impacts of the relative percentage of NH2Cl and NHCl2 in the chloramine 
mixture on the efficiency of 1,4-D degradation under UV photolysis were 
investigated. The 1,4-D removal rate constant increased by 37% as the NH2Cl-to-
NHCl2 ratio increased (solid bars in Figure 3). The percentage contribution of 
radicals to 1,4-D degradation remained unchanged regardless of the chloramine 
composition, averaging at 70% from HO• and 30% from Cl2•–. The photolysis of a 
mixture of NH2Cl and NHCl2 behaves as a gradient between the two species, where 
the photolysis of one species does not aid the photolysis of the other (solid bars 
in Figure 3). However, the observed rate constants of 1,4-D degradation were lower 
than the calculated theoretical values without considering radical scavenging 
effects (striped bars in Figure 3), suggesting that the simultaneous photolysis of 
NH2Cl and NHCl2 resulted in a scavenging effect on reactive radical generation. The 
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theoretical values were calculated based on photon absorption and radical 
contributions from both NH2Cl and NHCl2 (calculations in Text S5 of SI). 

 

Figure 3. Degradation of 1,4-dioxane in a mixed chloramine system, the 

contribution of the primary oxidative radicals and the calculated contribution of the 

individual chloramines. Percentage of NH2Cl refers to the percentage of total 

chloramine that exists as NH2Cl. [Total chloramine] = 2 mM, pH = 5.8, TOTPO4 = 40 

mM, [1,4-dioxane] = 250 μM, [NB] = 20 μM, and [BA] = 10 μM. 

In the NH2Cl/NHCl2 mixture, the experimentally observed 1,4-D removal rate 
constants were between 30% and 50% lower than the theoretical rate constants not 
accounting for radical scavenging effects (Figure 3). The reactive radicals (i.e., 
HO• and Cl2•–) were scavenged by the respective chloramines and account for the 
difference (Scheme 1, R10–R13). For example, with 50% NH2Cl in the mixture, 
NH2Cl scavenged 30% HO• and 68% of Cl2

•–, and NHCl2 scavenged 15% of HO• and 
26% of Cl2•–. With 90% NH2Cl in the mixture, NH2Cl scavenged 48% of HO• and 92% 
of Cl2•–, while NHCl2 scavenged a negligible percentage of radicals (Figure S4, 
detailed calculations in Texts S6–S7 of SI). 

Furthermore, the kinetics of 1,4-D removal was positively correlated with the NH2Cl 
photolysis rate and negatively correlated with the NHCl2 photolysis rate (Figure 
S5A). This is because NHCl2 is less effective at lower concentrations, as 
demonstrated previously, and absorbs less light. NH2Cl has a higher molar 
absorptivity coefficient at 254 nm than NHCl2, forming more active radical species 
as the photolysis rate increases. The total chloramine concentration in the mixture 
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was held constant at 2 mM. Therefore, the optimum concentration for NH2Cl existed 
initially and increases in NHCl2 were below the optimum concentration for NHCl2. 
Increases in NHCl2 photolysis rate in the mixture led to a decline in overall radical 
production. Related to this, the rate of chloramine photolysis positively correlated 
with chloramine concentration (Figure S5B). When the proportion of the mixture 
that is NH2Cl or NHCl2 increased, the UV light absorbed by either component 
increased (Figure S6), leading to a higher photolysis rate. 

Impacts of NH2Cl Photolysis on UV/H2O2 

The impact of NH2Cl during the UV photolysis of H2O2 and associated 1,4-D removal 
was subsequently investigated. Results showed that the presence of NH2Cl 
dramatically decreased the removal rate constant of 1,4-D (solid bars in Figure 4A). 
Compared to conditions without NH2Cl, the addition of 0.2 mM NH2Cl to 2 mM 
H2O2 resulted in a 24% decrease in the 1,4-D removal rate constant under UV 
photolysis. As additional NH2Cl up to 2 mM was added, the overall 1,4-D removal 
rate constant continued to drop, reaching a minimum at only 37% of the rate 
constant of H2O2 alone. As the NH2Cl concentration increased, the difference 
between the experimental and theoretical values, in absence of scavenging, 
increased up to 70%, with the experimental values much lower than theoretical 
predictions (solid bars vs striped bars in Figure 4A). 
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Figure 4. Impact of NH2Cl that coexists with H2O2 on the degradation of 1,4-dioxane 
and oxidant consumption under UV photolysis. (A) 1,4-D degradation rate constant 
and (B) oxidant photolysis rates. The concentration of H2O2 was fixed at 2 mM in the 
mixture, [1,4-dioxane] = 25 μM, [Cl–] = 2 mM, and pH = 5.8. 

These results suggest that radical scavenging occurred with the inclusion of even a 
low concentration of NH2Cl with H2O2 during UV photolysis. Two factors contributed 
to this trend. First, the coexistence of NH2Cl with H2O2 dramatically reduced the 
HO• steady-state concentration. For example, a 75% decrease in the 
HO• contribution was observed when NH2Cl was increased from 0 to 2 mM (solid 
bars in Figure 4A). The decrease in HO• is due to scavenging by NH2Cl (R10 
in Scheme 1), which generates NHCl• that is not reactive with 1,4-D. Specifically, 
NH2Cl reacted with 51% of the HO•, with 39% left to react with 1,4-D (Text S8). The 
percentage of HO• reacting with 1,4-D decreased as NH2Cl concentration increased 
(Figure S7). Conversely, the Cl2•– contribution to degradation increased from 18% at 
0.2 mM NH2Cl to 33% at 2 mM (solid bars in Figure 4A), which resulted from 
enhanced NH2Cl photolysis. However, the majority of Cl2

•– generated (i.e., 95% at 2 
mM NH2Cl) was scavenged by NH2Cl (Text S9, Figure S8). 

Second, photon screening associated with the presence of NH2Cl significantly 
impacted the AOP. With the coexistence of 0.2 mM NH2Cl and 2 mM H2O2, the 
percentage of UV light absorbed by H2O2 decreased by 67% compared to 
H2O2 alone, vastly reducing the photolysis rate of H2O2 and the production of 
HO• (Figure S9). As the NH2Cl concentration increased further, UV-light absorption 
by NH2Cl increased, increasing the photolysis rate and production of NH2

• and 
Cl• (Figure 4B). As a result, a net loss of oxidative radical production was observed 
instead of promoting increased 1,4-D degradation. 

Impacts of NHCl2 Photolysis on UV/H2O2 

The presence of NHCl2 during H2O2 photolysis had an insignificant impact on the 
1,4-D degradation rate, in comparison to NH2Cl. For example, compared to 
H2O2 alone, the presence of 0.2 mM NHCl2 in conjunction with 2 mM H2O2 photolysis 
reduced the removal rate constant of 1,4-D by a negligible amount (i.e., 16%). 
Further increase of NHCl2 concentration up to 2 mM had a minor impact on the 
removal rate constant of 1,4-D compared to the impact of NH2Cl (solid bars 
in Figure 5A). Furthermore, the experimentally measured rate constants were 
similar to the theoretical calculations when the NHCl2 concentration was <1 mM, 
and a significant scavenging effect was most evident when the NHCl2 concentration 
reached 2 mM (striped bars in Figure 5A). 
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Figure 5. Impact of NHCl2 coexistence with H2O2 on the degradation of 1,4-dioxane 
and oxidant consumption. Error bars relate to radical contribution and not to 1,4-
dioxane removal rate constant. (A) 1,4-D degradation rate constant; (B) oxidant 
photolysis rates. The concentration of H2O2 was fixed at 2 mM in the mixture, [1,4-
dioxane] = 25 μM, [Cl–] = 2 mM, pH = 5.8. 

The difference between the impact of NH2Cl vs NHCl2 during H2O2 photolysis was 
attributable to several factors. First, NHCl2 reacts with HO• and Cl2•– at rates of 2.6 × 
108 and 4.4 × 106 M–1·s–1, respectively, and produces nonoxidative NCl2

• that did not 
contribute to 1,4-D removal (Scheme 1, R12–13). (37) Further, the scavenging of 
HO• and Cl2•– by NHCl2 is 45% and 39% of NH2Cl, respectively. As a result, 
NHCl2 scavenged far fewer active radicals than NH2Cl at the same concentrations. 
For example, 5% and less than 1% of HO• and Cl2•–, respectively, were scavenged 
by NHCl2 at 0.2 mM. At 2 mM NHCl2 this demand increases to 34% and 7% for 
HO• and Cl2•–. (Texts S8–S9, Figure S10). 

Second, NHCl2 has a lower molar absorbance coefficient than NH2Cl (142 vs 388 M–

1cm–1 at 254 nm). Therefore, the photon scavenging effects of NHCl2 with respect to 
H2O2 photolysis was much less than NH2Cl. For example, NHCl2 absorbs 43% of the 
UV light at 0.2 mM vs. 67% for NH2Cl at the same concentration. At equimolar 
NHCl2 and H2O2, NHCl2 accounts for 88% of UV light demand vs 95% for NH2Cl 



(Figure S9 vs Figure S11). Thus, the H2O2 photolysis rate in the presence of 0.2 mM 
chloramine decreases by 70% for NHCl2 and 79% for NH2Cl. 

Figure 5B illustrates the relationship between NHCl2 concentration and oxidant 
photolysis rate. With 2 mM NHCl2 and H2O2 the photolysis rate of H2O2 drops by 
slightly less than what is observed with 2 mM NH2Cl (i.e., 76% vs 86%). The rate of 
chloramine photolysis increases with increasing chloramine concentration while the 
rate of H2O2 photolysis drops precipitously at the first introduction of NHCl2. As the 
concentration of NHCl2 increases, more UV light and reactive radicals are 
absorbed, increasing the direct photolysis rate (Figure S11). Further, the greater 
radical and photon absorption from increased NHCl2 concentrations decreases the 
photolysis rate of H2O2. 

The relationship between oxidant photolysis and 1,4-D removal in both NH2Cl and 
NHCl2 with H2O2 is shown in Figure S12. The negative correlation between NH2Cl 
and the 1,4-D degradation rate constant is significantly stronger than the correlation 
between NHCl2 and the 1,4-D removal rate constant (e.g., R2 = 0.94 vs. 0.45). This 
is primarily due to NH2Cl having a greater reactive radical scavenging than NHCl2. 
Thus, NHCl2 has a lesser overall impact on the performance of UV/H2O2 than NH2Cl. 

Nitrogen Products from Chloramine Photolysis 

The photolysis of chloramines produces inorganic nitrogen breakdown products, 
including nitrate, ammonia, gaseous nitrogen, and organic nitrogen products 
(Figure 6). Nitrite was not detected. Overall, ammonia accounted for 60–75% of the 
nitrogen products. The production of ammonia was likely via the breakdown of 
NH2

• that was transformed into the intermediate N2H4 and then NH3. (38) The initial 
formation of nitrite was possible via decomposition of NH2

•; however, the 
subsequent oxidation of nitrite by chloramine generated nitrate. (39) The 
NHCl• radical decayed to produce nitrogen gas and chloride. The nitrate production 
was higher in photolyzed NHCl2 than NH2Cl. Furthermore, the presence of 
H2O2 affected nitrogen product distribution in the NH2Cl system more strongly than 
in the NHCl2 system (Figure 6). More nitrate was produced in conditions involving 
both NH2Cl and H2O2 photolysis due to increased production and subsequent 
oxidation of nitrite by HO•. (40) The production of nitrate leads to depressed 
HO• steady-state due to scavenging reactions between NO3

2– and HO•. Additionally, 
gaseous nitrogen production decreased in the presence of H2O2 in UV/NH2Cl but not 
in UV/NHCl2 due to HO• being scavenged by NH2Cl, preventing further oxidation of 
nitrogen products to gaseous nitrogen. Finally, less organic nitrogen was produced 
in the presence of H2O2 also due to the increased reaction between HO• and 
available organic nitrogen products which directly implies that fewer toxic 
transformation products are produced. 
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Figure 6. Nitrogenous products of chloramine photolysis with and without hydrogen 
peroxide. [Chloramine] = 2 mM, [1,4-D] = 250 μM, pH = 5.8. In experiments with 
H2O2, its concentration was 2 mM. Product analysis was based on samples 
exposed to 3500 mJ/cm2 of UV irradiation. 

Engineering Implications 

Both NH2Cl and NHCl2 were found to contribute to UV/AOP by producing a unique 
suite of reactive radicals (HO• and Cl2•–) which degraded 1,4-D. The reactive 
chlorine and amine species produced by chloramines could also remove other trace 
organics which react with them. The inclusion of chloramines into UV/H2O2 during 
water reuse treatment trains can compromise the efficiency of 1,4-D removal by 
H2O2 photolysis, mainly due to radical scavenging and light screening effects from 
chloramines, and NH2Cl exhibited a stronger effect than NHCl2. A chloramine effect 
during UV photolysis of H2O2 was observed in real RO permeate (Text S10, Figure 
S14). The results suggest that the removal of chloramines prior to UV/H2O2 can 
increase the treatment efficiency of trace organic contaminants, especially for those 
compounds with a strong reactivity toward HO•. In the likely event that chloramine 
removal is unfeasible, the chloramine speciation can be shifted toward NHCl2 via 
acidification, however the potential formation of NDMA needs to be 
controlled. (41) Future work is needed to investigate the photolysis of chloramines 
and hydrogen peroxide in a mixed system with a diverse group of trace organic 
chemicals and the associated RO permeate chemistry effects on the UV/AOP. 



 Corresponding Author 

 Haizhou Liu - Department of Chemical and Environmental Engineering, 
University of California, Riverside, California 92521 United 
States;  Program of Environmental Toxicology, University of California, 
Riverside, California 92521 United States;  http://orcid.org/0000-0003-
4194-566; Email: haizhou@engr.ucr.edu 

 Authors 

 Samuel Patton - Department of Chemical and Environmental Engineering, 
University of California, Riverside, California 92521 United 
States;  Program of Environmental Toxicology, University of California, 
Riverside, California 92521 United States 

 Mariano Romano - Department of Civil Engineering, University of Salerno, 
Fisciano, Salerno 84084, Italy 

 Vincenzo Naddeo - Department of Civil Engineering, University of 
Salerno, Fisciano, Salerno 84084, Italy;  http://orcid.org/0000-0002-3395-
3276 

 Kenneth P. Ishida - Research & Development Department, Orange 
County Water District, Fountain Valley, California 92708, United States 

Notes 

The authors declare no competing financial interest. 

Acknowledgments 

This work was supported by grants to H.L. from National Science Foundation 
(CHE- 1611306), and to S.P. from the National Science Foundation Graduate 
Research Fellowship and IGERT Water Sense Fellowship. We thank Wei Li from 
UC Riverside and Chrystal Knox from Jackson State University for participation in 
the project. 

References 
Sedlak, D. L. Water 4.0: The Past, Present, and Future of the World’s Most Vital 

Resource; Yale University Press: New Haven, MA, 2014. 

Asano, T.; Burton, F.; Leverenz, H.; Tsuchihashi, R.; Tchobanoglous, G. Water 
Reuse: Issues, Technologies and Applications; McGraw-Hill: New York, 
NY, 2007. 

Bolong, N.; Ismail, A. F.; Salim, M. R.; Matsuura, T. A review of the effects of 
emerging contaminants in wastewater and options for their 
removal. Desalination 2009, 239 (1–3), 229– 246,  DOI: 
10.1016/j.desal.2008.03.020  

Vidal-Dorsch, D. E.; Bay, S. M.; Maruya, K.; Snyder, S. A.; Trenholm, R. 
A.; Vanderford, B. J. Contaminants of emerging concern in municipal 

mailto:haizhou@engr.ucr.edu


wastewater effluents and marine receiving water. Environ. Toxicol. 
Chem. 2012, 31 (12), 2674– 2682,  DOI: 10.1002/etc.2004  

Bunzel, K.; Kattwinkel, M.; Liess, M. Effects of organic pollutants from wastewater 
treatment plants on aquatic invertebrate communities. Water 
Res. 2013, 47 (2), 597– 606,  DOI: 10.1016/j.watres.2012.10.031  

Vikesland, P. J.; Ozekin, K.; Valentine, R. L. Monochloramine decay in model and 
distribution system waters. Water Res. 2001, 35 (7), 1766– 1776,  DOI: 
10.1016/S0043-1354(00)00406-1  

Valentine, R. L.; Jafvert, C. T. General acid catalysis of monochloramine 
disproportionation. Environ. Sci. Technol. 1988, 22 (6), 691– 696,  DOI: 
10.1021/es00171a012  

Margerum, D. W.; Schurter, L. M.; Hobson, J.; Moore, E. E. Water chlorination 
chemistry: Nonmetal redox kinetics of chloramine and nitrite ion. Environ. Sci. 
Technol. 1994, 28 (2), 331– 337,  DOI: 10.1021/es00051a021  

Brodtmann, N. V.; Russo, P. J. Use of chloramine for reduction of trihalomethanes 
and disinfection of drinking water. J. - Am. Water Works 
Assoc. 1979, 71 (1), 40– 42,  DOI: 10.1002/j.1551-8833.1979.tb04289.x  

Adamson, D. T.; Piña, E. A.; Cartwright, A. E.; Rauch, S. R.; Hunter Anderson, 
R.; Mohr, T.; Connor, J. A. 1,4-Dioxane drinking water occurrence data from the 
third unregulated contaminant monitoring rule. Sci. Total Environ. 2017, 596–
597, 236– 245,  DOI: 10.1016/j.scitotenv.2017.04.085  

Kwon, K. D.; Jo, W. K.; Lim, H. J.; Jeong, W. S. Volatile pollutants emitted from 
selected liquid household products. Environ. Sci. Pollut. 
Res. 2008, 15 (6), 521– 526,  DOI: 10.1007/s11356-008-0028-x  

Steinemann, A. C.; MacGregor, I. C.; Gordon, S. M.; Gallagher, L. G.; Davis, A. 
L.; Ribeiro, D. S.; Wallace, L. A. Fragranced consumer products: chemicals 
emitted, ingredients unlisted. Environ. Impact Assess. 
Rev. 2011, 31 (3), 328– 333,  DOI: 10.1016/j.eiar.2010.08.002  

IARC. Monographs on the Evaluation of the Carcinogenic Risk of Chemicals to 
Humans; International Agency for Research on Cancer: Lyon, France, 1999; 
Vol. 71, pp 589– 602. 

Black, R. E.; Hurley, F. J.; Havery, D. C. Occurrence of 1,4-dioxane in cosmetic 
raw materials and finished cosmetic products. J. AOAC 
Int. 2001, 84 (3), 666– 670 



Advanced Treatment Criteria. California Department of Public Health Regulations 
Related to Recycled Water; California Department of Public Health: Sacramento, 
CA, 2014; Section 60320.201, Title 22, 1– 81. 

Narayanasamy, L.; Murugesan, T. Degradation of Alizarin Yellow R using 
UV/H2O2 Advanced Oxidation Process. Environ. Prog. Sustainable 
Energy 2014, 33 (2), 482– 489,  DOI: 10.1002/ep.11816  

Wols, B. A.; Hofman-Caris, C. H. M.; Harmsen, D. J. H.; Beerendonk, E. 
F. Degradation of 40 selected pharmaceuticals by UV/H2O2. Water 
Res. 2013, 47 (15), 5876– 5888,  DOI: 10.1016/j.watres.2013.07.008  

Kim, I.; Yamashita, N.; Tanaka, H. Photodegradation of pharmaceuticals and 
personal care products during UV and 
UV/H2O2 treatments. Chemosphere 2009, 77 (4), 518– 525,  DOI: 
10.1016/j.chemosphere.2009.07.041  

Li, J.; Blatchley, E. R., III UV photodegradation of inorganic chloramines. Environ. 
Sci. Technol. 2009, 43 (1), 60– 65,  DOI: 10.1021/es8016304  

De Laat, J.; Boudiaf, N.; Dossier-Berne, F. Effect of dissolved oxygen on the 
photodecomposition of monochloramine and dichloramine in aqueous solution 
by UV irradiation at 253.7 nm. Water Res. 2010, 44 (10), 3261– 3269,  DOI: 
10.1016/j.watres.2010.03.009  

Neta, P.; Maruthamuthu, P.; Carton, P. M.; Fessenden, R. W. Formation and 
reactivity of the amino radical. J. Phys. Chem. 1978, 82 (17), 1875– 1878,  DOI: 
10.1021/j100506a004  

Poskrebyshev, G. A.; Huie, R. E.; Neta, P. Radiolytic reactions of monochloramine 
in aqueous solutions. J. Phys. Chem. A 2003, 107 (38), 7423– 7428,  DOI: 
10.1021/jp030198k  

Buxton, G. V.; Bydder, M.; Arthur Salmon, G. Reactivity of chlorine atoms in 
aqueous solution Part 1. J. Chem. Soc., Faraday 
Trans. 1998, 94 (5), 653– 657,  DOI: 10.1039/a707377a  

Martire, D. O.; Rosso, J. a.; Bertolotti, S.; Le Roux, C. G.; Braun, A. M.; Gonzalez, 
M. C. Kinetic study of the reactions of chlorine atoms and Cl2

•- radical anions in 
aqueous solutions. II. toluene, benzoic acid, and chlorobenzene. J. Phys. Chem. 
A 2001, 105, 5385– 5392,  DOI: 10.1021/jp004630z  

Fang, J.; Fu, Y.; Shang, C. The roles of reactive species in micropollutant 
degradation in the UV/free chlorine system. Environ. Sci. 
Technol. 2014, 48 (3), 1859– 1868,  DOI: 10.1021/es4036094  



Patton, S.; Li, W.; Couch, K. D.; Mezyk, S. P.; Ishida, K. P.; Liu, H. Impact of the 
ultraviolet photolysis of monochloramine on 1,4-dioxane removal: new insights 
into potable water reuse. Environ. Sci. Technol. Lett. 2017, 4 (1), 26– 30,  DOI: 
10.1021/acs.estlett.6b00444  

Chuang, Y.-H.; Chen, S.; Chinn, C.; Mitch, W. A. Comparing the 
UV/monochloramine and UV/free chlorine Advanced Oxidation Processes 
(AOPs) to the UV/hydrogen peroxide AOP under scenarios relevant to potable 
reuse. Environ. Sci. Technol. 2017, 51 (23), 13859– 13868,  DOI: 
10.1021/acs.est.7b03570  

Soltermann, F.; Widler, T.; Canonica, S.; von Gunten, U. Photolysis of inorganic 
chloramines and efficiency of trichloramine abatement by UV treatment of 
swimming pool water. Water Res. 2014, 56, 280– 291,  DOI: 
10.1016/j.watres.2014.02.034  

McKay, G.; Sjelin, B.; Chagnon, M.; Ishida, K. P.; Mezyk, S. P. Kinetic study of the 
reactions between chloramine disinfectants and hydrogen peroxide: 
Temperature dependence and reaction 
mechanism. Chemosphere 2013, 92 (11), 1417– 1422,  DOI: 
10.1016/j.chemosphere.2013.03.045  

Rice, E.; Baird, R.; Eaton, A.; Cleceri, L. 4500-Cl G. In Standard Methods for the 
Examination of Water and Wastewater, 22nd ed.; American Public Health 
Association, American Water Works Association, Water Environment 
Federation: Washington, DC, 2012. 

Patrick, W. A.; Wagner, H. B. Determination of hydrogen peroxide in small 
concentrations. Anal. Chem. 1949, 21 (10), 1279– 1280,  DOI: 
10.1021/ac60034a038  

Zhang, R.; Sun, P.; Boyer, T. H.; Zhao, L.; Huang, C. Degradation of 
pharmaceuticals and metabolite in synthetic human urine by UV, UV/H2O2 and 
UV/PDS. Environ. Sci. Technol. 2015, 49, 3056– 3066,  DOI: 
10.1021/es504799n  

Harwood, J.; Kuhn, A. A colorimetric method for ammonia in natural waters. Water 
Res. 1970, 4 (12), 805– 811,  DOI: 10.1016/0043-1354(70)90037-0  

Cataldo, D. A.; Maroon, M.; Schrader, L. E.; Youngs, V. L. Rapid colorimetric 
determination of nitrate in plant tissue by nitration of salicylic acid. Commun. Soil 
Sci. Plant Anal. 1975, 6 (1), 71– 80,  DOI: 10.1080/00103627509366547  

[Alegre, L.; Gerones, M.; Rosso, J. A.; Bertolotti, S. G.; Braun, A. M.; Mártire, D. 
O.; Gonzalez, M. C. Kinetic study of the reactions of chlorine atoms and 
Cl2

•– radical anions in aqueous solutions. 1. reaction with benzene. J. Phys. 
Chem. A 2000, 104, 3117– 3125,  DOI: 10.1021/jp9929768  



Li, W.; Patton, S.; Gleason, J. M.; Ishida, K.; Liu, H. UV Photolysis of Chloramine 
and Persulfate for 1,4-Dioxane Removal in Reverse Osmosis Permeate for 
Potable Water Reuse; 2017. In Press. 

Gleason, J. M.; McKay, G.; Ishida, K. P.; Mezyk, S. P. Temperature dependence 
of hydroxyl radical reactions with chloramine species in aqueous 
solution. Chemosphere 2017, 187, 123– 129,  DOI: 
10.1016/j.chemosphere.2017.08.053  

Buxton, G. V.; Lynch, D. A. Investigation of the •NH2 radical in aqueous solutions 
up to 200 degrees C by pulse radiolysis. J. Chem. Soc., Faraday 
Trans. 1998, 94 (21), 3271– 3274,  DOI: 10.1039/a805892j  

Margerum, D. W.; Schurter, L. M.; Hobson, J. L.; Moore, E. E. Water chlorination 
chemistry: nonmetal redox kinetics of chloramine and nitrite ion. Environ. Sci. 
Technol. 1994, 28 (2), 331– 337,  DOI: 10.1021/es00051a021  

Goldstein, S.; Rabani, J. Mech Nitrite Formation by Nitrate Photolysis in Aqueous 
Solutions: Role of Peroxynitrite, Nitrogen Dioxide NO2, Hydroxyl Radical. J. Am. 
Chem. Soc. 2007, 129 (34), 10597– 10601,  DOI: 10.1021/ja073609+  

McCurry, D. L.; Ishida, K. P.; Oelker, G. L.; Mitch, W. A. Reverse Osmosis Shifts 
Chloramine Speciation Causing Re-Formation of NDMA during Potable Reuse 
of Wastewater. Environ. Sci. Technol. 2017, 51 (15), 8589– 8596,  DOI: 
10.1021/acs.est.7b01641  


