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Abstract: The presence of Dissolved Organic Matter (DOM) can exert a strong
influence on the effectiveness of the UV/chlorine process. This study examined the
impact of five DOM isolates with different characteristics on the degradation kinetics
of model contaminant primidone (PM) during UV/chlorine treatment. The formation
of Disinfection By-Products (DBPs) from DOM after 15-min UV/chlorine treatment
followed by 24 h chlorination was investigated and compared with chlorination alone.
The use of chemical probes and radical scavengers revealed that ‘OH and ClOs were
the main radical species responsible for the loss of PM at acidic and alkaline
conditions, respectively. All tested DOM isolates significantly inhibited the decay of
PM. A strong negative correlation (>0.93) was observed between the decay rate
constants of PM and SUVA of DOM isolates, except for EFOM isolate, which induced
the strongest inhibitory effect due to its higher abundance in sulfur-containing
functional groups (i.e., sink of "OH/CI" radicals). Compared with chlorination, the
formation of Adsorbable Organic Chlorine (AOCI) and Trichloromethane (TCM)
during the UV/Chlorine process was enhanced and hindered for low SUVA isolates
and high SUVA DOM, respectively. However, Dichloroacetonitrile (DCAN)
formation was generally lower for all isolates except for Ribou Reservoir DOM at pH
8.4 because of its high reactive nitrogenous DBP precursors at caustic conditions.
However, when normalized to the chlorine consumed, the UV/Chlorine process

always led to a lower DBPs formation compared with chlorination alone.
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1. Introduction

Recently, the combination of UV irradiation and chlorine has gained increasing
scientific and technological interests as a promising Advanced Oxidation Process
(AOP) for drinking water, wastewater, and reclaimed water treatment. The UV
photolysis of chlorine generates hydroxyl radicals (‘OH) and chlorine radicals (CI°) as
the primary radical species which further react with HOCI/OCI™ and chloride ion,
leading to the formation of CIO" and Cl,™ as secondary radical species (Nowell and
Hoigné, 1992; Feng et al., 2007; Watts and Linden, 2007; Jin et al., 2011; Fang et al.,
2014; Chuang et al., 2017). It is well-known that ‘OH non-selectively oxidizes a
variety of substrates at nearly diffusion-controlled rates; which, however, could result
in a significant loss of efficiency in complex environmental matrices due to a radical
scavenging effect induced by background substances. Compared with ‘OH, Reactive
Chlorine Species (RCS) are relatively less affected by solution chemistry, ascribing to
their more selective characteristics and preferentially targeting organic compounds
containing electron-rich moieties, such as phenols, anilines, olefins, and amines (Guo
et al., 2018; Zhang et al., 2019). Therefore, the diverse radical species simultaneously
present in the UV/chlorine process provide a higher efficiency toward a broader
spectrum of molecular structures and organic contaminants.

However, the radical chemistry of the UV/chlorine process is dependent on water
matrices. The pH affects the generation and transformation rates of radical species by
influencing the speciation of HOCI and OCI" (pKa = 7.5) (Watts and Linden, 2007).

Carbonates are known as important sinks of ‘OH, CI*, and Cl," radicals (k = 10° - 10°
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M™ s, resulting in the formation of a relatively weak oxidizing carbonate radical
(CO3™) (Grebel et al., 2010; Zhang and Parker, 2018). Dissolved Organic Matter
(DOM, a highly heterogeneous mixture of organic molecules ubiquitously present in
aquatic environments) is of special concern because it exerts a strong influence on the
performance of the UV/chlorine process by playing multiple roles. The
light-absorbing chemical structures (i.e., chromophores) in DOM species can
attenuate the intensity of UV irradiation and consequently lead to a loss in photolytic
rate of chlorine decomposition; meanwhile, UV absorbed by DOM can generate
highly reactive species (e.g., *DOM’, *0,, and ‘OH) which will contribute to the
transformation of contaminants (Varanasi et al., 2018; Zhang and Parker, 2018).
Contrariwise, specific functional groups within DOM can induce significant
scavenging of radicals and consequently alter and complex the transformation of both
contaminants and DOM itself. The scavenging capacity of DOM depends on its
molecular composition and the specific reactivity of the existing organic moieties
with radical species. The apparent second-order rate constants for the reaction of
“generic” DOM with "OH, CI', and CIO"are 2.5x10% 1.3x10" and 4.5x10* L mg™ s,
respectively (Kong et al., 2018), suggesting that DOM is more susceptible to CIO’
attack. Particularly, the importance of CIO" in the UV/chlorine process towards some
micropollutants has been recently highlighted due to its high concentration (i.e., 3-4
orders of magnitude higher than those of "OH and CI’) and relatively high reaction
rates (k = 10" — 10° M s™) (Guo et al., 2017). Nevertheless, the molecular diversity

of DOM can influence the overall radical reaction mechanism by promoting/inhibiting



91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

Submission to Water Research By Wang et al

preferential radical attack and, thus, significantly influence the efficiency of the
UV/chlorine process. Hence, exploring the influence of the origin and nature of
aquatic DOM on the underlying radical mechanisms controlled by the overall
scavenging effect is required to better understand the effectiveness of the UV/chlorine
process for removing specific contaminants.

In addition to altering substrate transformation kinetics and interacting with
photons, DOM incorporates major precursors of Disinfection By-Products (DBPSs)
which are of serious human health and ecological concern during chlorination
processes. The quantities and speciation of DBPs formed are strongly affected by the
origin and character of the DOM (Kitis et al., 2002; Williams et al., 2019). Previous
studies demonstrated that the hydrophobic fraction of DOM rich in aromatic moieties
(e.g., phenolic structures and conjugated double bonds) contributes to a key pool of
DBPs precursors (Reckhow et al., 1990; Onnby et al., 2018). The Specific UV
Absorbance at 254 nm (SUVA), i.e., used as a surrogate parameter to assess the
aromaticity and reactivity of DOM (Weishaar et al., 2003), generally correlates well
with the formation of regulated and unknown DBPs during chlorination (Croué et al.,
2000; Hua et al., 2015). The differential UV (i.e., change in UV absorbance of DOM)
was also observed as a good surrogate for DBP formation (Korshin et al., 1999;
Roccaro and Vagliasindi, 2009).

However, under UV/chlorine process conditions, DOM can be simultaneously
attacked by chlorine, the formed "OH radical, and RCS; thus, inducing the subsequent

modification of its reactivity towards chlorine and radical species (Li et al., 2016;
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Varanasi et al.,, 2018). Therefore, the formation and distribution of DBPs in
UV/chlorine systems may significantly differ from those upon chlorination.
Nevertheless, the concern regarding the side effect of DBPs formation within the
UV/chlorine process is still debated, as previous studies have recorded contradictive
DBPs formations (i.e., probably due to significant differences in experimental setups)
(Lamsal et al., 2011; Li et al., 2016; Wu et al., 2016; Dong et al., 2017; Wang et al.,
2017). However, limited information is available regarding the role of DOM character
and associated correlation to DBPs formation in the UV/chlorine process.

The objective of this study was to investigate the impact of DOM source and
character on contaminant degradation kinetics by the UV/chlorine process and to
assess the formation of DBPs and Adsorbable Organic Chlorine (AOCI). Five DOM
isolates of different origins (four surface waters and one treated urban wastewater)
and varying structural characteristics were examined. The changes in the properties of
DOM during the process were characterized by measuring the variation of the UV
absorption coefficient (cm™). Additionally, the radical chemistry under different
conditions for contaminant removal was elucidated. Primidone (PM), a typical
refractory micropollutant showing resistance to both UV photolysis and chlorination,
was selected as the model contaminant.

2. Materials and method
2.1 Chemical reagents and DOM fractions
Information on chemical reagents is provided in Text S1 in the Supplementary

Information (SI). Five DOM fractions showing significant structural differences and
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previously isolated from various sources were selected for this study: Hydrophobic
acids (i.e., DOM adsorbed onto XAD-8® resin at acid pH and recovered by caustic
desorption) extracted from Suwannee River water (S-HPOA, USA); hydrophobic
DOM fractions (i.e., similar protocol, however, eluted by the acetonitrile/water
desorption method) isolated from Ribou Reservoir (R-HPO, France), Black River
Reservoir (B-HPO, China), Colorado River (C-HPO, USA), and Jeddah Wastewater
(J-HPO, Saudi Arabia). The characteristics of the DOM isolates were summarized in
Table 1.
2.2 Experimental setup and procedures
UV irradiation experiments were conducted with an LP-UV collimated beam

device (Figure S1) equipped with three 15 W low-pressure Hg UV-lamps (A = 254 nm,
UV Technik Meyer, Germany) following the standard operation procedure suggested
by Bolton and Linden (2003). Reactions were performed using a glass petri dish
(inner diameter = 84 mm, volume = 200 mL) positioned on a mini magnetic stirrer to
provide a continuous mixing of the solution during the irradiation period. The average
UV irradiance across the solution reactor was determined as 0.835 mW cm™ after
calibration and correction by a certified UVC radiometer (UV-surface, sglux,
Germany). The detailed information about the setup and the measurement of UV
irradiance are provided in Text S2 (SI).

For kinetic experiments, fluences of 50-750 mJ cm™ (i.e., 500-7500 J m®) were
applied to the prepared solutions unless otherwise indicated. Experiments were

conducted in solutions spiked with 5 uM of primidone and 2.5 mM of phosphate
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buffer (pH 5-9). Preliminary experiments showed that the 2.5 mM phosphate buffer
did not interfere with the degradation efficiency (data not shown). The reaction was
initiated by dosing a specific amount of free chlorine stock solution into the reactor
while simultaneously exposed to UV irradiation. Samples were collected at
predetermined time intervals and the residual chlorine was immediately quenched
with sodium metabisulphite in slight excess before analysis by High-Performance
Liquid Chromatography (HPLC) within 2 h. Experiments with UV alone and chlorine
alone under a free chlorine dose of 70 uM (i.e., 5 mg L™) in the dark were also
conducted to elucidate the role of UV photolysis and chlorination in contaminant
removal.

For DBPs formation tests, solutions of DOM isolate (5.0 mg-C L™) in 2.5 mM
phosphate buffer at pH 6.2 or 8.4 without contaminant addition were dosed with 70
uM free chlorine and were simultaneously subjected to UV irradiation for 15 min (UV
fluence = 340-550 mJ cm™ depending on the DOM character). Subsequently, the
solutions were immediately transferred into amber bottles, sealed, and kept without
headspace for 24 h in the dark (i.e., chlorination). The chlorine residual was then
measured and quenched before analyzing trihalomethanes (THMSs), haloacetonitriles
(HANSs), and AOCI. For pre-UV experiments, the solutions were subjected to UV
irradiation for 15 min followed by the injection of 70 uM free chlorine for 24 hours.
The reaction was stopped with the addition of the reducing agent in slight excess. For
comparison purposes, DBPs formation from each DOM isolate by chlorination only

was examined using a similar approach without UV exposure. All experiments were
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conducted at room temperature (20+2°C) in duplicate or triplicate, whereby the
average values were presented.
2.3. Analytical methods
2.3.1 Analysis of residual PM, probes, and chlorine

The concentrations of PM, nitrobenzene (NB), and benzoic acid (BA) were
quantified using an Agilent 1100 HPLC system equipped with an Agilent XDB C18
reversed-phase column (5 pum particle size, 250 mm x 4.6 mm) and a Diode Array
Detector; while the wavelengths were set at 218, 270, and 230 nm for PM, NB, and
BA, respectively. The mobile phase was made of 50% methanol/50% phosphoric acid
(0.1%, V/V) and was eluted at a flow rate of 1.0 mL min™. The concentration of free
chlorine was determined using the DPD colorimetric method (Moore et al., 1984).
2.3.2 Characterization of DOM isolates

The specific UV absorbance (SUVA) for each DOM isolate was calculated as the
ratio of the UV absorption coefficient (cm™) at A = 254 nm (Cary 60 UV-vis
spectrophotometer, Agilent, USA) to the concentration of Total Organic Carbon
(TOC) in solution (stock of ~ 5 mg-C L™ of each isolate, Shimadzu TOC-L Analyzer,
Japan).
2.3.3 THMs, HANs, and AOCI analysis

THMs and HANs were analyzed by an Agilent 6890N GC interfaced with an
Agilent 5975 inert mass spectrometer and a headspace autosampler using a method
adapted from previously published analytic methods (Text S3). Samples for AOCI
analysis were enriched through adsorption on activated carbon column using a TOX

10



201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

Submission to Water Research By Wang et al

sample preparatory unit and then measured by combustion and ion chromatography
method using an Automatic Quick Furnace (AQF-100) with online lon
Chromatography (Dionex ICS 3000) (Kristiana et al., 2015).
2.3.4 Kinetic Modeling

The UV/chlorine process was modeled using Kintecus V6.70 simulation software
to evaluate the steady-state concentrations of different radical species (lanni, 2018).
Approximately 110 elementary reactions with rate constants obtained from the
literature were incorporated into the model (Fang et al., 2014; Guo et al., 2018). The
details of the principal reactions involved in this study are provided in Table S1.
3. Results and Discussion
3.1 Kinetics of PM degradation

Preliminary experiments were conducted to investigate the loss of free chlorine (i.e.,
HOCI and OCI") under UV photolysis at pH 5-9, and were reported in the Sl section
(Text S4 and Figure S2). Initial experiments demonstrated that PM was
photo-resistant, resulting in a negligible removal (<4%) at the applied incident fluence
of 750 mJ cm™ across pH 5-9 (Figure S3). The degradation of PM under exposure to
70 uM free chlorine was also insignificant (<5%) due to the recalcitrance of amide
groups toward chlorination (Hureiki et al., 1994). In contrast, PM was efficiently
eliminated (>87%) in the UV/chlorine process because of the simultaneous generation
of 'OH and RCS, as shown in Figure 1. The degradation of PM by the UV/H,0,
process was also investigated for comparison purposes. As shown in Figure 1, the
UV/chlorine AOP demonstrated a considerably higher efficacy for degrading PM.

11



223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

Submission to Water Research By Wang et al

Specifically the observed pseudo first-order rate constant (Kobs, 2.4 x 10 s%) was 2.2
fold higher than that obtained from UV/H,0, AOP (1.1x10™ s™), likely attributed to
the reaction of PM with RCS as well as the higher quantum yields and molar
absorption coefficients of free chlorine species at 254 nm as compared with those of
H,0,. The quantum yields of HOCI, OCI’, and H,O, under UV2s, were reported as
~0.62-1.5, 0.55-1.3, and 0.5-1.1 mol Es™, respectively, while their molar absorption
coefficients were 59, 66, and 19.6 M cm™, respectively (Feng et al., 2007; Watts and
Linden, 2007; Jin et al., 2011; Fang et al., 2014; Sun et al., 2016; Chuang et al., 2017).

The initial dose of chlorine can affect the process efficiency by influencing the
speciation of radical species. The removal of PM significantly increased from 63% to
96% as chlorine dose increased from 10 to 50 uM. As a result, the corresponding Kops
increased 2.7 fold (Figure 2a and b), suggesting a promoted radical exposure.
However, further increment in the chlorine dose to 100 uM resulted in minimal
enhancement of PM removal. The kinetic modeling indicated that under similar
conditions, the average ClO" content ranged from 10™°to 10®° M; specifically, 3~4
orders of magnitude higher than "OH content (Figure 2¢). The modeled concentration
of CI" was ~20% of the ‘OH concentration. Cl,” was present at a considerably lower
level compared with other radicals. Both "OH and CI’ radicals gradually increased as
the chlorine dose increased from 10 to 50 uM, then leveled off due to the scavenging
effect of excess HOCI/OCI" or CI" (i.e., present at ~equimolar of free chlorine
contributed from hypochlorite stock solutions); consequently, yielding more CIO™ and
Cl," radicals (egs. 1-5). As a result, the enhanced formation of the secondary CIO" and

12
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Cl," radicals was calculated from the model with increasing chlorine concentration.
However, the nonlinear increase in the rate constants of PM degradation suggests that
the reactivity of CIO™ with PM was not fast enough to offset the contributions of "OH

and CI’ scavenged by excess chlorine.

HOCI + "OH — CIO" + H,0 k=2.0x10°M's? 1)
OCI" + ‘'OH — CIO" + OH’ k=8.8x10°M's? (2)
CI'+HOCI - CIO"+H"+CI k=30x10°M*s? (3)
ClI'+0OCI'— CIO" + CI k=83x10°M*s? (4)
Cl'+ClI' - Cl," k=85x10°M*s? (5)

3.2 Contribution of different radical species

For differentiating the contribution of reactive radicals to PM decay in the
UV/chlorine process, the ‘OH and CI” concentrations were experimentally determined
based on the degradation of NB and BA as relevant radical probes (Figure S4,
calculation detailed in SI Text S5 and S6). Besides, the second-order rate constant of
CI' reaction with PM (kcy., pv) Was determined as 3.19x10"° M™ s at pH 5 based on a
similar approach and competition kinetics of PM and BA degradation in the
UV/chlorine process. Under higher pH condition, the suspected contribution of CIO’
led to a second-order rate constant higher than the diffusion-controlled rate constant.

Figure 3 illustrates the overall rate constants of NB, BA, and PM loss at pH 5-9 and
the specific rate constants of PM degradation. Remarkably, the radical chemistry and
the degradation of PM were not significantly affected by the presence of probes
except for pH 5 (i.e., a condition that favors the production of ‘OH radicals) (Figure

13
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S5). The performance of the UV/chlorine process was maximized at pH 5 with
complete removal of PM at 15 min. An increase in solution pH from 5 to 8.4 resulted
in a substantial decrease in the degradation rate of both probes and PM, while the rate
constants were not affected at alkaline conditions. Primidone (i.e., pksy of ~12.3)
mainly occurred as one species and exhibited a similar photolysis rate under the
investigated pH range (Figure S3) (Schaffer et al., 2012). Thus, the significant pH
dependence of the UV/chlorine process efficiency in degrading PM was most likely
attributed to the shift in chlorine speciation toward OCI" at increasing pH. The higher
abundance of OCI  could enhance the scavenging of ‘OH and CI" and simultaneously
increase the production of CIO" radical. As shown in Figure 3b, ‘OH was the main
radical species responsible for the loss of PM at acidic pH, while the degradation of
PM at alkaline conditions was mainly attributed to RCS species. At pH 7, both ‘OH
and RCS participated in the PM decay under similar ratios (~42% and 55%,
respectively). As the solution pH increased from 5 to 9, k.oy decreased from 3.5x107°
to 2.5x10*s™, while the contribution of "OH to the overall kqps of PM loss decreased
from 88.8% to 14.7%. On the contrary, the corresponding contribution of RCS
increased from 9.4% to 82.5%.

To further distinguish the specific roles of individual RCS (i.e., CI’, Cl," and CIO")
on the degradation of PM, the impact of other radical promoter or scavenger was
investigated. The addition of 10 mM tert-butyl alcohol (TBA, a strong scavenger of
"OH and CI') decreased the overall ko, of PM degradation by 90% (from 4.29 x 107
to 4.3 x 10™*s™, Figure S6). TBA quenched >99% of "OH, which contributed to 88.8%

14
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of PM decay at pH 5. This finding suggested an insignificant involvement of CI" for
PM transformation. The presence of 10 mM chloride had negligible effect on the
degradation rate of PM (Figure S7), although Cl,” content increased by ~4 orders of
magnitude and the concentration of other radicals remained unchanged (Table S2).
This result supports the hypothesis that the role of Cl,™ radical was insignificant. The
presence of 100 mM HCOj at pH 8.4 only resulted in a 1.7% and 7.6% decrease of
PM removal and decay rate, respectively (Figure S8). The kinetic modeling showed
that ~94% of "OH and CI" were quenched by 100 mM HCOg', whereas CIO" was not
affected due to its low reactivity toward HCO3;. Meanwhile, the model simulation
indicated that a relatively high concentration of CO5™ (5.37x10™° M) was formed in
the system. Nevertheless, the contribution of CO3;™ on the degradation of PM was
negligible because PM exhibited high resistance to CO3;™ oxidation (Text S7 and
Figure S9). The above observations suggest that CIO" is the predominant reactive
radical responsible for the decay of PM at alkaline conditions. This result confirmed
the importance of CIO" in degrading some micropollutants, as previously reported
(Wu et al., 2016; Kong et al., 2018). TBA is a known efficient scavenger of both ‘OH
and CI’; however, its reactivity toward CIO- is still unclear. The second-order rate
constant for the reaction of TBA with ClO- was recently determined as 1.3 (x0.1) x
10 M™* s (Wu et al., 2017). However, our results showed that this value might be
highly overestimated given the minimal effect of 10 mM TBA on the degradation of
PM at pH 8.4 (Figure S8). Considering the predominant role of CIO" in PM
transformation at alkaline conditions, the second-order rate constant of CIO" with PM

15
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was roughly estimated as 1.12x10° M s at pH 8.4 by taking the specific krcs as
Kcio- and using its steady-state concentration from the model simulation. This value
was more than an order of magnitude lower than the one recently determined by Guo
et al. (2018) using competition kinetics. The reason for this difference is currently
unknown.

3.3 Impact of DOM character on the performance of the UV/chlorine process

In this study, the observed rate constants (Wu et al., 2017; Guo et al., 2018) were
used over the fluence-based rate constants (Miklos et al., 2019) to express the overall
reactivity of the processes because the UV irradiation absorbed by DOM also
generates highly reactive oxygen species (i.e., photosensitizer property) that can
contribute to the radical chemistry.

All 5 DOM isolates (5 mg-C L™) considerably inhibited the transformation of PM
in the UV/chlorine process; nevertheless, the degree of inhibition varied distinctively
depending on the character of the DOM isolate and the solution pH as shown in
Figure 4 and Figure S10. The rate constants for UV irradiation and chlorination only
were not plotted in the figures due to their negligible contribution to the degradation
of PM. The overall rate constants koys, Specific rate constants K.oy, and krcs for PM
decay at pH 6.2 decreased by 54%-74%, 58%-82%, 44%-69%, respectively. The
addition of DOM at pH 8.4 induced a relatively slight decline in the process
performance compared with those at pH 6.2 with an 18%-37% and 19%-42%
decrease for kops and krcs, respectively. A strong negative correlation (>0.93) was
observed between the kops 0f PM degradation and SUVA except for J-HPO isolate. It is

16
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well known that EfOM is enriched in organic sulfur (CHOS and CHNOS) originated
from detergents (Gonsior et al., 2011; Niu et al., 2018). S-containing functional
groups (e.g., sulfides) are preferentially susceptible to CI" attack via single electron
transfer, donating electrons to C-H bonds, and resulting in enhanced H-abstraction by
‘OH/CI’ (Varanasi et al., 2018). Consequently, the J-HPO isolate (i.e., with a relatively
low SUVA but higher abundance in CHOS and CHNOS-compounds compared with
the four surface water DOM isolates) exhibited the strongest inhibitory effect on the
UV/chlorine process at pH 6.2 when 'OH and CI" were relatively abundant in the
system. Except for the J-HPO isolate, the good correlation is consistent with the fact
that DOM isolates enriched with electron-rich moieties (e.g., conjugated double bond,
olefins, and amines) are more vulnerable to both ‘OH and RCS attack (Wang et al.,
2017; Zhang and Parker, 2018). Compared with the control at pH 6.2, the presence of
S-HPOA DOM isolate (i.e., which showed the highest SUVA: 5.11) suppressed >70%
of both ‘OH and CI’ based on the decay of probes; therefore, resulting in a 70%
decrease in kgps Of PM decay from 3.53x10° to 1.05x10° s, while the C-HPO
fraction (i.e., characterized by the lowest SUVA:1.92) exhibited the lowest inhibitory
effect. A good correlation could be established for k.op at pH 6.2 and krcs at pH 8.4,
with SUVA. Nevertheless, krcs at pH 8.4 showed considerably higher linearity with
SUVA (R? = 0.98), suggesting that the aromatic components of DOM isolate are the
predominant sinks of CIO". In contrast, other components (i.e., except for the
electron-rich groups) also contributed to the consumption of ‘OH. As elucidated by
Varanasi et al. (2018), ‘'OH can induce distinct transformation in the aliphatic
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component of DOM. This may explain the significantly stronger inhibitory impact of
DOM at pH 6.2 than that of pH 8.4.

Since the UV absorbance of the DOM solution generally correlates well with the
activated aromatic moiety content, changes in UVys4 during the UV/chlorine process
were recorded. The differential UV 5415 absorbance (AUV 25415 = UVasa, 0 — UVas4, 15
min), Which refers to the cleavage of unsaturated C=C bonds of aromatic rings and
olefins, was calculated as a surrogate for DOM transformation. In agreement with
previous studies (Wang et al., 2017; Gao et al., 2019), UV/chlorine co-exposure
induced a more significant decrease in the UV absorbance of the DOM solutions;
while there was a minor decay by chlorine only and no significant decay by UV only.
The higher the initial SUVA, the larger the AUVs4/15 (Figure S11). Strong correlations
could be established between AUVs4/15 VS. K.on and Kops at pH 6.2 or krcs and Koqps at
pH 8.4 (Figure 4), indicating that both ‘OH and CIO" play an important role in
degrading the conjugated structure of the chromophoric groups. Interestingly, the
relationship between AUVjs415 and k.op or Kres (established at pH 6.2 and pH 8.4,
respectively) fitted into the same linear correlation (Figure 4). This finding may
indicate that "OH and CIO- exert similar reactivity toward aromatic moieties.

3.4 DBPs formation from DOM isolates

Several series of experiments were conducted with five DOM fractions at pH 6.2

and pH 8.4 to compare the formation of DBPs upon chlorination only, UV followed

by chlorination, and combined UV/Chlorine process. AOCI, trichloromethane (TCM),
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and dichloroacetonitrile (DCAN) were considered in the following discussion (i.e., no
noticeable amount of trichloroacetonitrile was detected in the chromatograms).
3.4.1 Chlorination alone and Pre-UV chlorination

The results obtained from chlorination experiments were in agreement with
previous findings (Hwang et al., 2001; Hua and Reckhow, 2008; Wang et al., 2015a).
For all fractions, the production of AOCI and DCAN was higher at pH 6.2 compared
with that at pH 8.4. Contrariwise, the formation of TCM was higher at pH 8.4 than at
pH 6.2. As previously observed (Wang et al., 2012), pre-UV irradiation led to the
decrease of TCM (i.e., no decrease with C-HPO) and DCAN production (Table S3);
however, no noticeable impact was observed for AOCI formation.

The formation of AOCI and TCM increased linearly with the SUVA of the DOM
fractions (Figure S12). For AOCI formation, a unique correlation for the two pH
conditions was obtained with the differential UV 25424 absorbance values (AUV 5424 =
UV2s40 — UVas424n); however, distinct correlations were observed for TCM (Figure 5).
Good exponential relationships were obtained between DCAN formation and C/N
ratio (Figure S13); the lower the C/N ratio, the higher the formation. R-HPO showed
the highest production of DCAN, a DOM fraction enriched in carboxyl-rich aliphatic
molecules (CRAM) incorporating nitrogen isolated from the Ribou Reservoir that is
known for being impacted by algal blooms (Niu et al., 2018).

3.4.2 Combined UV/chlorine treatment

UV/chlorine experiments were conducted using similar chlorination conditions as

the one used for chlorination alone (5 mg-C L™ of DOM, 70 uM free chlorine). In the
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presence of DOM, 50% to 90% of the injected chlorine was consumed after 15-min
irradiation (i.e., higher chlorine demand at pH 6.2 compared with pH 8.4), while only
15% was degraded in the absence of DOM (Figure S2 and S14). Overall, the higher
the SUVA, the higher the chlorine demand. A strong correlation was established
between the chlorine demand at 15 min and AUV3s415 (Figure 6). This correlation
excluded J-HPO which exerted a higher chlorine demand than expected from this
correlation.

No chlorine residual was recorded after 24 hours following 15-min UV/chlorine
treatment, except for C-HPO (lowest SUVA DOM), for which the chlorine residual
was 0.17 and 1.7 mg L™ at pH 6.2 and 8.4, respectively. As shown in Figure S11, the
chlorination reaction following the UV/chlorine co-exposure did not significantly
increase AUV 5415 (i.e., AUV2s4704), Which increased with SUVA and was higher at pH
6.2 than pH 8.4. However, the difference in AUVgs4/15 between UV/chlorine and
chlorine only was also observed with AUVjs424, €specially for low and medium
SUVA DOM. This difference can be ascribed to the significant chlorine
consumption/degradation occurring during the UV/chlorine process, leading to the
production of radical species (i.e., more abundant at pH 6.2 than at pH 8.4) that are
highly reactive with aromatic moieties (Westerhoff et al., 1999; Varanasi et al., 2018).

The production of DBPs during chlorination and UV/chlorine processes is shown in
Figure S15. The ratios of the DBPs produced with the two processes were plotted as a
function of SUVA for comparing the results (Figure 7). At pH 6.2, good relationships
were obtained when excluding J-HPO from the data set; specifically, the lower the
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SUVA, the higher the DBP ratios. The unique reactivity feature of J-HPO at pH 6.2
has been previously discussed; its higher sulfur-containing character enhanced its
reactivity with "OH/CI" by H-abstraction, which was apparently associated with the
degradation of DBP precursors. For low SUVA isolates C-HPO (1.92) and B-HPO
(2.45), the UV/Chlorine process enhanced AOCI and TCM formation but decreased
DBP productions for high SUVA S-HPOA (5.11). At pH 6.2, moderate SUVA R-HPO
(3.24) showed no AOCI and TCM difference between the two processes. At acid pH,
the AOP treatment showed lower DCAN formation for all isolates. At pH 8.4, good
relationships were also established when excluding the high THM and DCAN ratios
obtained for R-HPO, a fraction of DOM enriched in nitrogenous DBP precursors
originating from algal blooms (i.e., the base form of amino acids at pH 8.4 is more
reactive than the zwitterion form at pH 6.2). Except for DCAN results (i.e.,
comparable at both pH conditions), the difference between the two sets of data was
more significant at acid pH.

Similar findings have been discussed in the literature. Li et al. (2016) and Wang
et al. (2017) obtained a lower TCM formation with high SUVA DOM after
UV/chlorine exposure, compared with chlorine alone. Wang et al. (2015b) indicated
that the UV/chlorine process increased the DBP formation potential (FP) of low
SUVA treated water; the effect was generally more pronounced at pH 6.5 compared
with pH 8.5. However, contradictory results were also published showing an increase
(Liu et al., 2012; Sun et al., 2019) or no modification (Zhao et al., 2011) of DBPFP
after the UV/chlorine treatment of high SUVA DOM. As previously discussed, pH
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influences the distribution of radical species in solution and in particular controls the
abundance of "OH radical (i.e., more abundant at acid pH). The ‘OH radical may play
a major role in the transformation of organic matter during the UV/chlorine
co-exposure, which does not exclude the possible role of other radicals. The "OH
radical can activate DBP precursors of low SUVA DOM, and degrade DBP precursors
of high SUVA DOM. In accordance with the current results, Dotson et al. (2010) and
Metz et al. (2011) observed an increase in TOX and/or TTHM formation after the
UV/H,0, treatment of low SUVA treated river waters. This observation was attributed
to the reaction of ‘OH radical. Contrarywise, for a high SUVA river water (3.16),
Lamsal et al. (2011) observed a substantial decrease in TTHMFP. A decrease in
THMFP (Sarathy and Mohseni, 2010) and DCAN formation (Chu et al., 2014; Srithep
and Phattarapattamawong, 2017) following UV/H,0, treatment was also observed for
moderate (2.5-3.5) and low (1.3-1.9) SUVA waters.

If the current results are in good agreement with the literature, the experimental
conditions might have accentuated the difference between the chlorination and
UV/chlorine co-exposure results. Unlike the cited publications, only C-HPO showed
residual chlorine at the end of the reaction (24 hours). Results indicated that the
difference in DBPs formation from the two reaction conditions increased with the
amount of residual chlorine present after the 15-min UV/chlorine treatment (Figure
S16), suggesting that DBP formation from the UV/chlorine process could be
underestimated when compared with chlorine only. This finding does not compromise
our previous comments for low and moderate SUVA DOM isolates (C-HPO, B-HPO,
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and R-HPO) and the effect of pH (i.e., no significant difference in chlorine demand
was observed at pH 6.2 and 8.4). For the high SUVA S-HPOA fraction, the significant
difference recorded between the two processes could be reduced with the use of a
higher chlorine dose allowing the presence of residual chlorine after 24 hours of
reaction. Because the chlorine dose applied for this study led to a major reduction of
the UV absorbing moieties (i.e., DBP precursors) during the 15-min UV/chlorine
treatment, the use of a higher chlorine dose should not significantly increase the TCM
formation. The unique reactivity of J-HPO should be further explored.

In Figure 8, DBP formations were normalized to the chlorine consumed to take into
account the significant difference in chlorine demand between the two processes. As
observed by Wang et al. (2017) and for all DOM isolates and pH conditions, the
normalized (norm) DBP formation was always lower after UV/chlorine co-exposure
compared to chlorination and Pre-UV-Chlorination (Figure S17). Pre-UV irradiation
only slightly decreased norm-AOCI; more significant reductions were observed for
norm-TCM and norm-DCAN.

The relative abundances of TCM and DCAN to AOCI were depicted in Figure S18.
At pH 6.2 and for all DOM isolates, TCM/AOCI ratios for the UV/chlorine process
were comparable or slightly higher in comparison with chlorination, while the
DCAN/AOCI ratios were significantly lower with the UV/chlorine process. At pH 8.4,
higher TCM/AOCI ratios were obtained for all DOM isolates with UV/chlorine
co-exposure (except for S-HPOA); nevertheless, DCAN/AQOCI ratios remained lower
in the presence than in the absence of UV irradiation (except for R-HPO which
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showed the opposite trend). However, the difference is less pronounced at pH 8.4.
These results indicate that radicals have diverse impacts on DBPs precursors. The
strong reactivity of nitrogenous organics with ‘OH radicals (Chu et al., 2014)
preferentially degrades DCAN precursors. "OH radicals seem to induce the formation
of TCM precursors while CIO", which is predominant at basic pH, may contribute to
TCM formation.

Finally, we should indicate that our lab-scale experimental conditions are truly
different from real field applications (i.e., irradiation time on the order of seconds
with much more powerful UV irradiance). Previous results obtained from full-scale
UV/chlorine trials suggested that RCS generated during the AOP process do not
significantly contribute to the formation of DBPs. It was proposed that the production
of "OH radicals during the UV/chlorine co-exposure, especially at lower pH, could
enhance the reactivity of DOM with chlorine due to the formation of stronger DBP
precursors susceptible to produce AOX and specific DBPs (i.e., HAN) at very short
contact time i.e., few seconds (Wang et al., 2015b; Wang et al., 2019).

4. Conclusions

In this study, the UV/chlorine process exhibited a significant synergetic effect in
eliminating PM (>87%) due to the simultaneous generation of ‘OH and RCS in the
system, while UV alone and chlorine only resulted in negligible PM decay. Modeling
and experimental results indicated that ‘OH is mainly responsible for the loss of PM at
acidic pH, while the degradation of PM at alkaline conditions was mainly attributed to
ClO". The presence of 5 mg-C L™ DOM substantially suppressed the kqps of PM decay
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in the UV/chlorine process by 18%-74%, depending on the DOM character and
solution pH. Except for J-HPO isolate, a strong negative correlation was observed
between the kq,s 0f PM degradation and the SUVA of DOM due to the high reactivity
of electron-rich moieties towards ‘OH and RCS attack. The J-HPO isolate, an EfOM
fraction with a relatively low SUVA but higher abundance in organic sulfur, exhibited
the strongest inhibition effect on the UV/chlorine process, likely resulting from the
enhanced sink of 'OH and CI radicals by S-containing groups. Compared with
chlorination, the UV/chlorine process under our lab-scale experimental conditions
(i.e., UV/chlorine co-exposure during several minutes to reach the desired fluence;
conditions strictly different from few seconds contact time with much more intense
UV light that would be applied with full-scale treatment unit) promoted AOCI and
TCM formation of low SUVA DOM but lowered the DBP productions for high SUVA
DOM. Nevertheless, the formation of DCAN was always lower during UV/chlorine
co-exposure, except for R-HPO, which exhibited higher production of DCAN at pH
8.4 due to its reactive form of nitrogenous DPB precursors at alkaline pH. Although
the irradiation conditions applied at lab-scale (i.e., longer contact time and much
lower UV intensity irradiance) are different from real applications, the observed
impact of DOM character (SUVA, a parameter commonly used by water treatment
plant operators to evaluate the chemical reactivity of DOM; S and N content) on the
degradation kinetics of contaminant and formation of DBPs from this study suggests
that DOM is an important parameter of the water matrix to control for optimizing the
operation of the UV/chlorine process.
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Figure 1. Degradation of PM by UV/chlorine and UV/H»O; processes. Conditions: [PM] = 5

puM, [free chlorine] = [H>0,] = 70 uM, pH = 7.0.
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Figure 2. (a) Degradation of PM under different chlorine dose by the UV/Chlorine process, (b)

the variation in the kops as a function of chlorine dose), and (c) average radical concentrations

modelled for the first 10 min in the system. Conditions: [PM] =5 pM, pH = 6.2.
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Figure 3. (a) Observed rate constants of the degradation of NB, BA, and PM under different
pH by the UV/Chlorine process, and (b) Effect of pH on the specific rate constants of PM decay.

Conditions: [free chlorine] = 70 uM, [PM] =5 uM, [NB] = [BA]=1 puM.
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Figure 4. Effect of DOM isolates on the overall and specific rate constants of PM at pH 6.2 (a)
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constants of PM decay with the initial SUVA of the DOM isolates (c) and the AUV2s4/15 (d).

Conditions: [free chlorine] =70 uM, [PM] = 5 uM, [NB]= [BA]=1 uM, 5 mg C L' NOM.
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Figure 5. The formation of AOCI (a) and TCM (b) as a function of UV absorbance decay by
chlorination and Pre-UV-Chlorination processes. Conditions: [free chlorine] = 70 uM, 5 mg-C

L' DOM, using 2.5 mM phosphate buffer, 24 h of contact time.
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Figure 6. Relationship between the chlorine consumption and AUVa2s415 during the 15-min

UV/chlorine process for the 5 studied DOM isolates. Conditions: [free chlorine] = 70 uM, 5

mg-C L' DOM, using 2.5 mM phosphate buffer.



Submission to Water Research

By Wang et al

(a) 2.5
0O TCM, R’ =0.76
O O DCAN, R*=0.72
= 2.0-A A\ AOCI, R*=0.85
g 2
7 A
815 o~
g N E: B
10 B>
2 o S
~ - == O = \\\\
£ 0.5 Op " ---._ 8
@) J-HPO ©
pH 6.2
0.0 T T T T
2 3 4 5

SUVA (L mg C' m™)

b
(0) 2.5 O TCM, R*=0.92
O DCAN, R* = 0.90
~ A AOCI, R*=0.59
— 2.0+ ’
o 0
&
B 1.5- R-HPO
=l IR
— = 'D\ -
é L e R
= (5\\96\\\:--":“\1_
% 0.5 \‘~\\\\
@) o)
pH 8.4
0.0 T T T T
2 3 4 5

SUVA (L mg C' m™)

Figure 7. Ratios of the DBPs formation by the UV/chlorine process and chlorination as a

function of the initial SUVA of DOM isolates at pH 6.2 (a) and pH 8.4 (b). Conditions: [free

chlorine] = 70 uM, 5 mg-C L' DOM, using 2.5 mM phosphate buffer, 24 h of contact time.
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Table 1. Sources and Characteristics of NOM isolates

NOM source Fraction®  Abbreviation Mass ratio SUVA4®  Arom-C¢ DBE Ar®
(LmgC'm™) averag ©
CH CN C/o % %
Suwannee River ¢ HPOA S-HPOA 11.73 69.56 1.16 5.11 26.1 11.0 13.6
Ribou Reservoir! HPO R-HPO 9.53 18.41 1.27 3.24 16.0 9.9 6.7
Black River Reservoir HPO B-HPO - 29.82 - 2.45 - - -

Colorado River ¢ HPO C-HPO 9.10 352 140 1.92 13.2 9.6 2.5
Jeddah Wastewater © HPO J-HPO 8.98 19.51 2.13 2.63 24 7.0 9.7

* HPOA: Hydrophobic acids; HPO: Hydrophobic.

> SUVALss: Specific ultraviolet absorbance was calculated from the absorption coefficient (cm™) at
254 nm (UV2s4) divided by the corresponding DOC concentration (this study).

C: (Croué et al., 2000)

d: (Hwang et al., 2001).

¢: (Niu et al., 2018)
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