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ABSTRACT: Chlorine radicals, including Cl• and Cl2
•−, can be produced in sunlight waters

(rivers, oceans, and lakes) or water treatment processes (e.g., electrochemical and advanced
oxidation processes). Dissolved organic matter (DOM) is a major reactant with, or a
scavenger of, Cl• and Cl2

•− in water, but limited quantitative information exists regarding the
influence of DOM structure on its reactivity with Cl• and Cl2

•−. This study aimed at
quantifying the reaction rates and the formation of chlorinated organic byproducts produced
from Cl• and Cl2

•− reactions with DOM. Laser flash photolysis experiments were conducted
to quantify the second-order reaction rate constants of 19 DOM isolates with Cl• (kDOM−Cl•)
and Cl2

•− (kDOM−Cl2•−), and compare those with the hydroxyl radical rate constants (kDOM−•OH). The values for kDOM−Cl• ((3.71 ±
0.34) × 108 to (1.52 ± 1.56) × 109 MC

−1 s−1) were orders of magnitude greater than the kDOM−Cl2•− values ((4.60 ± 0.90) × 106 to
(3.57 ± 0.53) × 107 MC

−1 s−1). kDOM−Cl• negatively correlated with the weight-averaged molecular weight (MW) due to the
diffusion-controlled reactions. DOM with high aromaticity and total antioxidant capacity tended to react faster with Cl2

•−. During
the same experiments, we also monitored the formation of chlorinated byproducts through the evolution of total organic chlorine
(TOCl) as a function of chlorine radical oxidant exposure (CT value). Maximum TOCl occurred at a CT of 4−8 × 10−12 M·s for
Cl• and 1.1−2.2 × 10−10 M·s for Cl2

•−. These results signify the importance of DOM in scavenging chlorine radicals and the
potential risks of producing chlorinated byproducts of unknown toxicity.
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■ INTRODUCTION

Chlorine atoms (Cl•) and dichlorine radical anions (Cl2
•−)

impact photochemical processes in radical-mediated advanced
oxidation processes (AOPs) for water and wastewater
treatment and in natural waters.1−3 Cl• and Cl2

•− can be
generated from the reactions of sulfate radicals with chloride
ions (Cl−), the electrochemical treatment of high salinity
wastewater, or the photolysis of free chlorine.4,5 Cl• (E0 = 2.55
V vs SHE) and Cl2

•− (E0 = 2.13 V vs SHE) are highly reactive
in transforming a variety group of organic micropollutants.4,6,7

Our research group has determined the reactivity of dozens of
trace organic contaminants (TrOCs) toward Cl• (k = (3.10 ±
0.50) × 109 to (4.08 ± 0.24) × 1010 M−1 s−1) and Cl2

•− (k = <
1 × 106 to (2.78 ± 0.16) × 109 M−1 s−1).8 The transformation
rates of TrOCs are greatly reduced in the presence of dissolved
organic matter (DOM), which is ubiquitous in water and
wastewater and significantly scavenges radicals.6,9−11 However,
few studies have reported the reaction rates between Cl• or
Cl2

•− and DOM,12 especially DOM from different sources.
The only reaction rate constant reported was 1.56 × 108

MC
−1 s−1 for Cl• reacting with Suwannee River NOM, which

was estimated from a modeling analysis of several radicals’
steady-state concentrations in the UV/chlorine treatment.13

The reaction rate constants of Cl2
•− with DOM (k = 10∼1000

L mgC
−1 s−1) were assumed based on the reactivity of Cl2

•−

toward organic compounds.14 DOM in water from different

regions has various components with various function groups,
and they inevitably exhibit different reactivities toward
oxidants, as indicated by studies reporting DOM reactivity
with •OH, SO4

•−, or CO3
•−.9,15,16 The •OH rate constants

with DOMs ranged from (1.4 ± 0.2) × 108 to (4.5 ± 0.5) ×
108 MC

−1 s−1, and the rate constants of •OH with bulk effluent
organic matter (EfOM) could exceed ∼109 MC

−1 s−1.9,10,17,18

DOM also exhibited diverse reactivity toward SO4
•− ((1.84 ±

0.07) × 107 to (2.48 ± 0.12) × 108 MC
−1 s−1) and CO3

•− ((1.8
± 0.5) × 105 to (3.4 ± 1.1) × 106 MC

−1 s−1), depending on
DOM properties.15,16,19−21 Meanwhile, the rate constants of
DOM with •OH and CO3

•− have been reported to correlate
with the DOM properties, including specific UV absorbance at
254 nm (SUVA254), fluorescence index (FI), and weight-
averaged molecular weight (MW).

15,22,23 Establishing relation-
ships between the reactivity of DOM with radicals and the
physicochemical properties of DOM is helpful in under-
standing the reaction mechanisms and can be used to predict
the reactivity of diverse DOM.10,22 Developing the relation-
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ships between the rate constants of Cl• and Cl2
•− with DOM

of variable physicochemical properties allows future research-
ers to understand the variability in TrOC degradation in
different sources of water.
In addition to the scavenging radicals that are capable of

degrading TrOCs, concerns have also been expressed
regarding the possible generation of chlorinated organic
byproducts and adverse health outcomes, from the reactions
of Cl• and Cl2

•− with DOM.24−26 Cl• and Cl2
•− may react with

organics via chlorine addition, single electron transfer (SET),
and H-abstraction.8,27 Among them, chlorine addition is
expected as the most likely pathway leading to the formation
of chlorinated byproducts.28 In fact, the formation of
chlorinated products has been observed from the reactions
of Cl• and Cl2

•− with some organic contaminants. For
example, in a Cl2

•−-dominant oxidation system (UV/persulfate
with excessive Cl−), chlorinated byproducts including O,O-
dimethyl phosphorochloridothioate were observed upon the
degradation of methidathion and dimethoate.29 UV/chlorine, a
process containing diverse reactive chlorine species (RCS,
including Cl• and Cl2

•−), generated more chlorinated by-
products than chlorination alone in some studies.30−33 Studies
on the dominant sources of chlorinated byproducts in AOPs
remain conflicting, with some suggesting chlorinated by-
products originated mainly from the direct addition of chlorine
atoms into DOM, but others inferred that the primary
chlorinating agent was hypochlorous acid/hypochlorite
(HOCl/ClO−).34−36 So far, there is no direct evidence to

prove that Cl• or Cl2
•− can induce the formation of chlorinated

byproducts from the reaction with DOM.
The objectives of this study are to determine the second-

order rate constants of DOM with Cl• and Cl2
•− and their

dependence with the properties of DOM, plus to quantify the
Cl• or Cl2

•−-induced formation of chlorinated byproducts.
Nineteen DOM isolates from different locations were procured
(Table 1), including 11 DOM isolates purchased from
International Humic Substances Society (IHSS) and eight
previously characterized DOM isolates fractionated from
natural water and wastewater effluents in Arizona. First, the
reaction rate constants with Cl• were determined using laser
flash photolysis and those with the Cl2

•− reaction were
determined using steady-state competition kinetics. Second,
statistical relationships were established between the reaction
rate constants and the physicochemical properties of DOM
(i.e., UV/vis absorbance, fluorescence, molecular weight, total
antioxidant capacity (TAC)). Third, the generation of
chlorinated byproducts from the reactions of Cl• or Cl2

•−

with DOM was quantified using total organic chloride (TOCl).
The evolution profile of TOCl yield versus oxidant (Cl• or
Cl2

•−) exposure was quantified. The results of this study
improve the understanding of the Cl• and Cl2

•− reaction
kinetics and products from the reaction with DOM.

■ MATERIALS AND METHODS
Chemicals. Eleven DOM isolates were purchased from the

International Humic Substance Society (Table 1). These
include reverse-osmosis isolates from surface waters (Suwan-

Table 1. DOM Properties and the Second-Order Rate Constants for the Reactions of Cl•, Cl2
•−, and •OH with DOM

No. full name abbreviation
MW

a

(Da)
E2/
E3b FIc

SUVA254
d (L

mg−1 m−1)

TACe

(mgGA/
mgC)

kDOM−Cl• (10
8

MC
−1 s−1)

kDOM−Cl2•− (107
MC

−1 s−1)
kDOM−•OH (108
MC

−1 s−1)

1 Suwannee River I
NOMf,g

SRNOM I 2200 4.45 1.35 4.36 0.26 3.71 ± 0.34 1.71 ± 0.21 3.013

2 Suwannee River II
NOMh

SRNOM II 1940o 4.85 1.39 4.00 0.24 4.12 ± 0.32 1.64 ± 0.35

3 Nordic Lake NOM NLNOM 1795o 4.60 1.44 4.03 0.28 4.50 ± 0.30 1.31 ± 0.17
4 Upper Mississippi

River NOM
UMNOM 1510 4.67 1.78 3.55 0.15 5.93 ± 0.29 2.18 ± 0.18

5 Suwannee River II
FAi

SRFA 2019 4.61 1.34 4.13 0.30 6.60 ± 0.63 2.27 ± 0.21 1.60 ± 0.249 2.06
± 0.0918

6 Pahokee Peat FA PPFA 1894 4.17 1.27 6.25 0.19 10.17 ± 0.80 2.75 ± 0.53
7 Nordic Lake FA NLFA 1698o 4.28 1.41 4.64 0.34 10.38 ± 1.02 2.93 ± 0.36
8 Pony Lake FA PLFA 1517 5.00 1.55 2.52 0.29 7.40 ± 0.78 0.99 ± 0.10 6.9 ± 0.5318

9 Pahokee Peat HAj PPHA 2977 2.81 0.89 6.90 0.31 4.26 ± 0.42 2.61 ± 0.48
10 Leonardite HA LHA 3320o 2.54 1.24 6.91 0.39 5.20 ± 0.27 3.57 ± 0.53
11 Elliott Soil IV HA ESHA 3089 2.33 0.84 6.51 0.21 5.30 ± 0.49 2.80 ± 0.61 1.21 ± 0.0918

12 Salt River HPOAk SR−HPOA 1584 4.84 1.33 2.75 0.13 9.85 ± 0.45 0.61 ± 0.11
13 Salt River HPONl SR−HPON 1023 5.49 1.21 1.88 0.07 11.20 ± 0.64 0.75 ± 0.13
14 Salt River TPIAm SR−TPIA 980o 6.31 1.46 2.13 0.11 12.60 ± 1.15 0.82 ± 0.12
15 Salt River TPINn SR−TPIN 892o 6.82 1.62 2.01 0.09 15.17 ± 1.56 0.98 ± 0.10
16 Saguaro Lake

HPOA
SL−HPOA 1258 9.70 1.89 2.42 0.06 5.64 ± 0.33 0.46 ± 0.09 1.73 ± 0.049

17 Saguaro Lake TPIA SL−TPIA 1104o 7.23 1.52 2.06 0.08 8.30 ± 0.40 0.65 ± 0.12 1.45 ± 0.029

18 Nogales WWTP
HPOA

WWTP
HPOA

1376 5.52 1.87 1.12 0.13 8.42 ± 0.51 1.55 ± 0.29

19 Nogales WWTP−
TPIA

WWTP−
TPIA

992 8.20 2.39 1.29 0.13 13.05 ± 0.89 1.37 ± 0.12 3.63 ± 0.319

Averages 1746 5.18 1.46 3.61 0.20 7.99 ± 0.61 1.68 ± 0.25 2.517

a: Mw = weight-averaged molecular weight. b: E2/E3 = absorbance at 254 nm divided by absorbance at 365 nm. c: FI = fluorescence index. d:
SUVA254 = specific UV absorbance at 254 nm. e: TAC = total antioxidant capacity, GA = gallic acid. f: NOM = natural organic matter. g: 1R101N.
h: 2R101N i: FA = fulvic acid. j: HA = humic acid. k: HPOA = hydrophobic acid. l: HPON = hydrophobic neutral. m: TPIA = transphilic acid. n:
TPIN = transphilic neutral. o: Estimated from the established correlation between MW and SUVA280 for the aquatic NOM sample.23
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nee River, Mississippi River, and Nordic Lake), fulvic acid from
surface waters (Suwannee River, Pony Lake, and Nordic Lake),
and humic or fulvic acid from soils (Pahokee Peat, Leonardite,
and Elliott Soil IV). A range of well-characterized hydrophobic
to hydrophilic acid and neutral DOM fractions were isolated
from surface waters (Saguaro Lake, Arizona; Salt River,
Arizona) or wastewater effluents (Nogales wastewater treat-
ment plant (WWTP), Arizona).37−40 DOM from different
sources (aquatic, soil, and microbial origins) and of different
types (HA, FA, and EfOM) are chosen in this work because of
their different structures and polarities. Previous studies by our
group and Rosario-Ortiz’s group showed that the DOM source
and structure can result in the •OH radical reaction rates
varying by over one order of magnitude.17,22 Our objectives are
to examine the reaction kinetics and mechanisms between the
Cl• and Cl2

•− reactions with DOM having differing sources
and structures, and investigate how such differences are related
to the reaction rates with Cl• and Cl2

•−. The details of DOM
fractionation experiments were depicted in Text S2. The
acronyms for each DOM fraction can be identified using Table
S1. Other reagents used in this study are described in Text S1.
All the solutions were prepared using ultrapure water (≥18.2
MΩ).
Determination of the Reaction Rate Constants of Cl•

with DOM. The second-order reaction rate constants of DOM
with Cl• (kDOM−Cl•) were measured using a laser flash
photolysis system (LKS80, Applied Photophysics). All the
experiments were conducted at room temperature (25 ± 2
°C). For each sample, the kinetics signals were averaged from
10 replicate laser shots. The pH of the solutions was adjusted
to 7.0 ± 0.3 by adding NaOH or HClO4. The details are
provided in Text S3. Briefly, Cl• was generated by 266 nm laser
photolysis of 10 mM chloroacetone (eq 1).41

CH COCH Cl hv CH COCH Cl3 2 3 2+ → +• •
(1)

A conventional SCN− competition kinetic method by fixing
the SCN− concentration was applied to determine the rate
constants of Cl• with DOM (Figure S2). The kinetics were
also conducted by fixing the DOM concentration for
comparison to minimize the potential interference induced
by the inner filter effects of DOM. Meanwhile, a transient
decay kinetics method was also applied by tracking the
abatement of Cl• absorbance for cross-validation (Figure S2).
Moreover, the rate constants of Cl• with model compounds
were determined using conventional SCN− competition
kinetics.8 The details are provided in Text S4.
Determination of Reaction Rate Constants of Cl2

•−

with DOM. A steady-state competition kinetics method using
phenol as a reference compound was used to determine the
reaction rate constants of Cl2

•− with DOM (kDOM−Cl2•−).
Briefly, Cl2

•− was generated by reacting excessive Cl− (0.5 M)
with SO4

•−, which was formed upon the 254 nm UV
irradiation of 5 mM S2O8

2−.29 The pH of solutions was
adjusted to 7.0 ± 0.3 using 4 mM phosphate buffer, and 10
mM tert-butanol (TBA) was dosed to minimize the potential
effects of •OH. The competition can be analyzed using the
following expression (eq 2):15

k

k

k

k
1

DOM

phenol
phenol( DOM 0 )

phenol( DOM )

DOM Cl

phenol Cl

2

2

′
′

= +
[ ]
[ ]

[ = ]

[ ]

−

−

•−

•− (2)

where [DOM] and [phenol] are the molar concentrations of
DOM and phenol, respectively. The pseudo-first-order decay

rate constant of phenol (k’) decreased with the increase in the
concentration of DOM. Given the known rate constant of
Cl2

•− with phenol (kphenol−Cl2•− = (2.2 ± 0.1) × 108 M−1 s−1 at
pH 7.0),8 the second-order rate constants of Cl2

•− with DOM
(kDOM−Cl2•−) could be obtained (Figure S3). All the errors of
rate constants determined in this work were obtained at a 95%
confidence interval, and triplicate tests were performed. The
details are shown in Text S5.
While ClO• is another RCS reported to form during

photolysis of chlorine solutions, it was not the focus of this
project. It would require different solution chemistry to
selectively generate ClO•, and the ClO• reaction kinetics
would be affected by other coexisting radicals.6,42

DOM Characterization. The UV absorbance DOM was
measured using a UV−vis spectrophotometer (UV − 2700,
Shimadzu) to obtain SUVA (specific UV absorbance at 254
nm, UV254/DOC) and E2/E3 (UV254/UV365). A fluorescence
spectrometer (Aqualog, Horriba) was used to determine the FI
of DOM, taken as the ratio of fluorescence at 370 nm
excitation and 470/520 nm emission.43 DOC was quantified
using a total organic carbon analyzer (TOC−VCPH, Shimadzu).
High-performance size-exclusion chromatography (HPSEC)
was used to determine the molecular weight distribution of
DOM.23 The TAC of DOM was quantified using a Folin−
Ciocalteu (F−C) assay.44 The details are presented in Text S6
and Figure S5. The physical−chemical properties of DOMs
studied in this work are listed in Table 1, including the MW,
E2/E3, FI, SUVA254, and TAC values.

TOCl and Specific Byproduct Formation. The solutions
containing target DOM and precursor to generate Cl• or Cl2

•−

were mixed and then irradiated by pulsed laser (laser duration
4∼6 ns) at pH 7.0. The photolysis of chloroacetone is not
suitable for generating Cl• for TOCl determination, as
chloroacetone also contains organic chlorine. The removal of
chloroacetone without interfering the TOCl analysis is not
successfully achieved. Therefore, Cl• was generated by reacting
a low concentration of Cl− (0.2 mM) with SO4

•−, and a careful
evaluation was conducted (Text S7).45,46 Cl2

•− was generated
by reacting excessive Cl− (0.5 M) with SO4

•−. To achieve
different Cl• or Cl2

•− exposure, the samples were treated under
multiple pulses of laser irradiation, rotating and moving the
samples between each laser irradiation to make the reactor
receive nearly equal irradiation (Scheme S1). After irradiation,
the samples were either extracted using activated carbon for
TOCl determination or subjected to the volatile trichloro-
methane (TCM) analysis. The concentrations of TOCl were
determined on a TOX analyzer (Xplorer, TE Instruments, the
Netherlands), and the details are described in Text S7. The
concentrations of TCM were determined according to the
USEPA Method 551.1. The samples were extracted using
methyl tert-butyl ether (MTBE) and analyzed using a gas
chromatograph (Agilent 7890A) system equipped with an
electron capture detector and a HP-5 fused silica capillary
column (30 m × 0.25 mm, 0.25 mm, Agilent J&W
Scientific).47 The detection limit of TCM is 0.1 μg L−1. The
reactive chlorine oxidant (Cl• or Cl2

•−) exposure (units of M·
s) was calculated from the integral area of the optical
absorption traces of Cl• or Cl2

•− (Figure S6).

■ RESULTS AND DISCUSSION
Rate Constants between DOM and Cl•. Table 1

summarizes the obtained rate constants from the laser flash
photolysis experiments, the raw data and data analysis results
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of which are presented in the Supporting Information. Values
for kDOM−Cl• ranged from (3.71 ± 0.34) × 108 MC

−1 s−1

(SRNOM I) to (1.52 ± 0.16) × 109 MC
−1 s−1 (SR−TPIN)

with an average of (7.99 ± 0.61) × 108 MC
−1 s−1. The only

reported rate constant of DOM with Cl• (1.56 × 108 MC
−1 s−1

for SRNOM I), which was estimated from a modeling analysis
of the steady-state concentrations of several radicals in the
UV/chlorine treatment,13 is approximately half of our
experimentally determined value of (3.71 ± 0.34) × 108

MC
−1 s−1. The reaction rate constant determined from complex

kinetic modeling suffered from multiple factors (e.g., errors
from simplified kinetic equations and optional kinetic
parameters) that often differ from the data determined using
transient kinetics.48,49 The rate constants measured by laser
flash photolysis or pulse radiolysis are reliable,49 and allowed
us to continue to compare the reaction rates among the 19
DOM samples studied in this work (Table 1). The kDOM−Cl•
for fulvic acids (FA) ((6.60 ± 0.63) × 108 to (10.38 ± 1.02) ×
108 MC

−1 s−1) were higher than the kDOM−Cl• for humic acids
(HA) ((4.26 ± 0.42) × 108 to (5.30 ± 0.49) × 108 MC

−1 s−1)
(p < 0.05). Generally, FA exhibits lower MW and higher
hydrophilicity than HA; thus, FA is perhaps more accessible to
the Cl• reactions on a per-carbon atom basis.22 Additionally,
kDOM−Cl• of the transphilic DOM isolate was higher than that
of the hydrophobic DOM isolate from the same source (e.g.,
kSL−TPIA−Cl• > kSL−HPOA−Cl• and kWWTP−TPIA−Cl• >
kWWTP−HPOA−Cl•). The reactivity of EfOM toward Cl•

(kEfOM−Cl• = (8.42 ± 0.51) × 108 to (13.05 ± 0.89) × 108

MC
−1 s−1) was relatively high compared to the other DOMs

tested. The relatively higher abundance of N- and S-containing
functional groups may be partially responsible for the high
reactivity of EfOMs.50,51 Organic nitrogen and sulfur bonds are
enriched with electrons and are prone to attack by Cl•.12,52

Our previous work also concluded that N- and S- containing
TrOCs showed quite a high reactivity toward Cl• (e.g. k =
(3.12 ± 0.40) × 1010 to (4.08 ± 0.24) × 1010 M−1 s−1 for
sulfonamides).8 Despite the differences in the Cl• reaction rate
constants with HA, FA, and EfOM, the values of kDOM−Cl• vary
within a relatively narrow range ((3.71 ± 0.34) × 108 to (1.52
± 1.56) × 109 MC

−1 s−1), which is similar to •OH (kDOM−•OH
= (1.4 ± 0.2) × 108 to (4.5 ± 0.5) × 108 MC

−1 s−1)9,17 but
different from the highly selective radicals (e.g. SO4

•− and
CO3

•−).15,16,20,21

The kDOM−Cl• value represents an averaged value for the Cl•

reactions with diverse moieties of DOM and via different
reaction channels. Here, we selected seven model compounds
to represent different moieties in DOM, including phenol
(electron-donating aromatics), benzoic acid and nitrobenzene
(electron-withdrawing aromatics), acetic acid and isobutyric
acid (aliphatic acids), acetylacetone (ketones), and tyrosine
(amino acids). The kDOM−Cl• value was calculated using eq 3:

k kDOM Cl i i∑ α=− • (3)

where αi is the carbon proportion of a specific model
compound i in the whole DOM molecule, and ki is the
second-order reaction rate constant of model compounds with
Cl• expressed in moles carbon. Given the typical DOM
aromatic carbon content range of 10−37%,22 the kDOM−Cl•
values calculated using eq 3 are in the range of 1.03−1.23 ×
109 MC

−1 s−1 (Table S2). Overall, the model compound
experiments showed a relatively small range of kDOM−Cl• values,

which is consistent with the relatively narrow range of the
experimental kDOM−Cl• values in this study.

Rate Constants between DOM and Cl2
•−. The

measured rate constants for Cl2
•− with DOMs ranged from

(4.60 ± 0.90) × 106 MC
−1 s−1 (SL−HPOA) to (3.57 ± 0.53)

× 107 MC
−1 s−1 (LHA) with an average of (1.68 ± 0.25) × 107

MC
−1 s−1 (Table 1). This experimentally determined rate

constant range is basically in agreement with Brigante’s
prediction (10 to 1000 L mgC−1 s−1 which equates to 1.2 ×
105 to 1.2 × 107 MC

−1 s−1).14,53 When compared against the
narrow range of the reaction rates for •OH and Cl• with
different sources of DOM (Table 1), the reactivity of Cl2

•−

varied with diverse DOMs. The selectivity of Cl2
•− toward

different DOM structures may be responsible for the large
differences in the kDOM−Cl2• values. Cl2

•− is prone to react with
electron-rich moieties (e.g., phenols and anilines), but it is
resistant to react with electron-poor moieties (e.g., aliphatic
structures and aromatics bearing electron-withdrawing
groups).8,27 For example, the reaction rate constants of Cl2

•−

with TrOCs also vary over several orders of magnitudes (<1 ×
106 to (2.78 ± 0.16) × 109 M−1 s−1).8

In contrast to Cl•, the rate constants of Cl2
•− with FA ((9.90

± 1.00) × 106 to (2.93 ± 0.36) × 107 MC
−1 s−1) seem to be

slightly lower than those with HA ((2.61 ± 0.48) × 107 to
(3.57 ± 0.53) × 107 MC

−1 s−1), but there has been no
significant statistical derivation (p > 0.05). HA is characterized
by higher aromaticity and electron-donating capacity than FA,
which may contribute to the slightly higher kDOM−Cl2•− than
FA.22 Among the eight DOM isolates fractionated from water
and wastewater in Arizona, Cl2

•− exhibits higher reactivity with
EfOM than surface-water DOM (p < 0.05).

Relationships between Reaction Rate Constants and
DOM Properties. As the DOM structure becomes more
aggregated, the ability of the reactive radical species to “diffuse”
with nonplanar DOM structure is restricted. Thus, it could be
expected that higher molecular weight DOM have lower
reaction rates, which is in fact what was observed. Figure 1
shows that kDOM−Cl• decreased with the increasing MW values
of DOM (R2 = 0.62). Cl•-induced reactions may be diffusion-
controlled in some cases.8,45,46 The three-dimensional
configuration of DOM may become more aggregated with
the increase in MW,

54,55 and the highly compacted inner

Figure 1. Relationships between weight-averaged molecular weight
(MW) and the second-order reaction rate constants of Cl• with DOM
isolates (kDOM−Cl•) with the regression line and 95% confidence
interval for the regression. Red dots: NOM, orange dots: FA, olive
dots: HA, blue dots: surface waters (DOM collected from Salt River
and Saguaro Lake in Arizona), magenta dots: EfOM.
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carbons are not accessibly exposed to Cl•; therefore, the
apparent kDOM−Cl• on a per-carbon basis may be reduced. To
verify this hypothesis, the effect of ionic strength (I) on the
kDOM−Cl• values was examined, since the aggregation of DOM
was reported to increase with increasing ionic strength.56

Figure S7 shows that the kDOM−Cl• values for SRNOM II
decreased from (4.12 ± 0.32) × 108 to (2.92 ± 0.29) × 108

MC
−1 s−1, with the ionic strength increasing from 0 to 1 M.

The moderate ionic strength (I ≤ 1 M) has almost no
interference on the kinetics of nonionic reactions (e.g.,
reactions containing neutral reactants such as Cl•);8,57

therefore, the more aggregation of DOM at higher ionic
strength may be responsible for the reduction of kDOM−Cl•
values. The inverse associations between the kDOM−•OH values
and MW have also been reported, and they were verified
directly by the pulse radiolysis study on molecular weight-
fractionated DOM isolates.9,10,54

As shown in Figure S8, there was no relationship (R2 < 0.3)
between kDOM−Cl• and the other four DOM properties (e.g.,
SUVA254, E2/E3, FI, and TAC). SUVA254 is correlated with
the aromatic carbon content,22 and the lack of correlation
between the kDOM−Cl• values and SUVA254 suggests that
nonaromatic moieties in DOMs also react substantially with
Cl•. This has been shown in the literature where acetate and
phenol, which represent aliphatic and aromatic structures
present in DOM, have similar carbon-based second-order rate
constants with Cl• ((1.85 ± 0.20) × 109 MC

−1 s−1 for acetate
and (1.87 ± 0.15) × 109 MC

−1 s−1 for phenol; Table S2).
Despite exhibiting differing molar-based rate constant values,
the rate constant of acetate ((3.7 ± 0.4) × 109 M−1 s−1) is

lower than that of phenol ((1.12 ± 0.09) × 1010 M−1 s−1)).8,41

Additionally, the lack of a correlation between kDOM−Cl• and
the TAC suggests that Cl• would not react selectively with the
antioxidant moieties (e.g., phenolic moieties). Specifically,
phenol and acetate make equal contributions to the apparent
kDOM−Cl• values, but acetate hardly contributes to the TAC.
E2/E3, having an inverse relationship with electron-donating
components,15 also had no correlation with kDOM−Cl•,
indicating that the SET channel from electron-rich moieties
was not the only predominant channel in reactions between
DOM and Cl•. The other reaction channels (i.e., addition and
H-abstraction), which are less sensitive to the electronic
effects, can also happen in the reaction of Cl• with
organics.8,45,46 In addition, the correlation was also poor
between kDOM−Cl• with FI values (a surrogate for microbially or
terrestrially derived DOM) (Figure S8).15

Different correlations between the DOM properties and
reaction rate constants were observed for Cl2

•−, and they were
compared against those for Cl•. Whereas the structure−
reactivity relationships with high levels of confidence can be
obtained for model compounds,8 the heterogeneity of DOM
often results in less statistically significant relationships. The
aromatic carbon content has been widely used as an indicator
for DOM reactivity with oxidants.22,58,59 As shown in Figure
2a, kDOM−Cl2•− appears to be positively correlated with the
aromatic carbon contents of DOM (SUVA254, R

2 = 0.71).
Cl2

•− is highly reactive with aromatics with rate constants in
the range of ∼105−109 M−1 s−1, but it is resistant to aliphatic
structures with rate constants of only ∼102−104 M−1 s−1,8,27,60

which suggest that the aromatic carbons of DOM predom-

Figure 2. Relationships between Cl2
•− reaction rate constants (kDOM−Cl2•−) and different DOM properties (a) SUVA254, (b) TAC, (c) E2/E3, and

(d) MW with the regression line and 95% confidence interval for the regression. Red dots: NOM, orange dots: FA, olive dots: HA, blue dots:
surface waters (DOM collected from Salt River and Saguaro Lake in Arizona), magenta dots: EfOM.
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inantly contribute the overall reactivity of DOM toward Cl2
•−.

The kDOM−Cl2•− exhibits a modest positive correlation (R2 =
0.52) with the TAC values (Figure 2b), indicating that the
reactions between Cl2

•− with the antioxidant moieties of DOM
such as phenolics are important in contributing to the overall
reactions between Cl2

•− and DOM. Figure 2c shows a negative
correlation between the kDOM−Cl2•− values and E2/E3 ratios
(R2 = 0.63), indicating Cl2

•− is prone to react with the
electron-donating components via the SET channels.15 Cl2

•− is
a selective radical which is prone to attack the electron-rich
moieties via the SET mechanism. Although the reaction
mechanisms other than SET also exist in reactions between
Cl2

•− with organics (e.g., H-abstraction for Cl2
•− with

methanol, k = (3.5 ± 0.7) × 103 M−1 s−1),27 their rate
constants are significantly lower than those of SET reactions (k
∼107−109 M−1 s−1), thus resulting in their negligible
contribution to the overall kDOM−Cl2•− values. FI shows no
relationship with kDOM−Cl2•−, indicating that DOM’s micro-
bially or terrestrially source is independent of Cl2

•− reactivity
with DOM (Figure S8e).
Interestingly, the kDOM−Cl2•− values appeared to be positively

related to MW (R2 = 0.60, Figure 2d), which was opposite to
the relationship of Cl• with MW (Figure 1). In contrast to Cl•,
Cl2

•−-induced reactions are activation-controlled but not
diffusion-controlled. Therefore, the molecular size and the
geometry of DOM will not impact the Cl2

•− reactivity from the
perspective of diffusion reactions. In fact, higherMw is found to
be associated with higher SUVA254 values (R

2 = 0.88, Figure

S8f);22 the apparent relationship between kDOM−Cl2•− and MW
may be artificial, and it represents the relationship between
kDOM−Cl2•− and SUVA254.

Chlorinated Byproduct Formation from the Reac-
tions of DOM with Cl• and Cl2

•−. Four representative DOM
isolates with different rate constants with Cl• and Cl2

•−,
including NOM (SRNOM II), fulvic acid (NLFA), humic acid
(LHA), and an EfOM (WWTP−TPIA) were selected to
investigate the formation of chlorinated byproducts during
their reactions with Cl• or Cl2

•− using laser flash photolysis.
The potential generation of HOCl and HOCl-induced TOCl
in such a laser system was reasonably ignored due to their
extremely low concentrations (the details are presented in Text
S7). Figure 3a,b shows the evolution profiles of TOCl yields vs.
Cl• or Cl2

•− oxidant exposure (CT value). The background
TOCl concentrations, without Cl• or Cl2

•− exposure (i.e., time
zero), of the four DOM samples were very low (0.31−0.59
μM) (the details are provided in Table S3) compared against
the TOCl levels observed upon exposure to the chlorine
radicals. The background TOCl may be from inherent
chlorinated compounds in DOM and the potential trace
HOCl from S2O8

2− reacting with Cl− (although the rate
constant between S2O8

2− and Cl− is too low to be
measured).61 Therefore, we report the TOCl oxidant exposure
yields, which is a result of the subtraction of the background
TOCl concentrations from the final TOCl concentrations.
The TOCl yields for the four studied DOMs exhibited

increasing followed by decreasing trends with the increases in

Figure 3. (a, b) Evolution profiles of TOCl concentrations with (a) Cl• oxidant exposure and (b) Cl2
•− oxidant exposure. Conditions: [DOM] =

2.5 mgC L
−1, pH = 7.0. The gray areas represent typical Cl• exposure (3 × 10−15−3 × 10−12 M·s) and Cl2•− exposure (3 × 10−13−3 × 10−10 M·s) in

typical UV-based AOPs. (c, d) Dependence of peak TOCl concentrations formed from DOM reactions with (c) Cl• and (d) Cl2
•− vs SUVA.
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Cl• and Cl2
•− oxidant exposure. For Cl•-induced reactions,

TOCl reached maximum values at a Cl• exposure range of (4−
8) × 10−12 M·s (Figure 3a). The maximum TOCl yield was
0.75, 0.84, 1.12, and 1.20 μM for WWTP−TPIA, SRNOM II,
NLFA, and LHA, respectively. Overall, the TOCl concen-
trations became lower with continuous higher Cl• oxidant
exposure. For example, the TOCl concentrations decreased by
83% for SRNOM II (from 0.84 to 0.12 μM) and 79% for
NLFA (from 1.12 to 0.24 μM) when Cl• exposure increased
from 4 × 10−12 to 3 × 10−11 M·s. For Cl2

•−-induced reactions,
the maximum TOCl concentrations (e.g., 3.45 μM for
WWTP−TPIA to 7.22 μM for LHA) occurred at a Cl2

•−

oxidant exposure range of (1.1−2.2) × 10−10 M·s (Figure 3b).
TOCl formation decreased by nearly half when Cl2

•− exposure
nearly quadrupled from 2.2 × 10−10 to 8.1 × 10−10 M·s. The
results clearly confirmed that the interactions between DOM
and Cl• or Cl2

•− generate chlorinated byproducts; however,
TOCl appears transient. With longer RCS oxidant exposure,
continued radical reactions dehalogenate TOCl. This was
confirmed by the data shown in Figure S9a,b, where DOM
mineralization (i.e., decreasing DOC) was observed with
prolonged Cl• or Cl2

•− oxidant exposure. The UVA decrease at
extended oxidant exposure (Figure S9c,d) indicated that the
attack on aromatic rings by Cl• and Cl2

•− may result in ring
opening,45,46 thereby converting large molecules to small
molecules, which is complementary to the DOC reduction.
The direct photolysis of chlorinated byproducts during laser
irradiation likely contribute little toward the dechlorination of
chlorinated byproducts due to the extremely short laser pulse
duration (nanosecond levels). However, it cannot be
unambiguously neglected because there is also a possibility
that some generated organic chlorine has quite high quantum
yields and/or molar extinction coefficients. They might still be
photolyzed even if the laser duration is extremely short.
Potentially, extended oxidant exposure could have increased
the polarity of TOCl to such an extent to decrease its affinity
for the activated carbon sorbent used in the TOCl analysis;62,63

thus, the TOCl measured should be considered as a minimum
TOCl formed. In the future, additional analytical tools (e.g.,
LC-QQQ-MS) could be applied to detect lower molecular
weight and much more polar TOCl.
Additionally, the peak TOCl yields seemed to be positively

dependent on the SUVA values of DOMs for both Cl• and
Cl2

•− reactions (Figure 3c,d), suggesting that Cl• − or Cl2
•−-

induced chlorination mainly occurred at the aromatic moieties
of DOM. Notably, Cl• often reacts with aliphatic compounds
via H-abstraction, and it can react with aromatics via chlorine
addition.8,41,46,64 In comparison, the reactions of Cl2

•− with the
aliphatic moieties of DOM may play a minor role due to low
reactivity, and thus the reactions occurring at the aromatic
moieties of DOM dominantly contribute to the TOCl
formation. In typical UV-based AOPs, the Cl• and Cl2

•−

oxidant exposures are estimated to be in the range of 3 ×
10−15−3 × 10−12 and 3 × 10−13−3 × 10−10 M·s, respectively
(gray areas in Figure 3a,b, and the details are provided in Text
S8). Therefore, during such AOP applications, the Cl• − and
Cl2

•−-induced TOCl yields should be lower than 1.5 and 8.0
μM, respectively.
Figure S10 shows the formation of TCM during the

reactions of DOM with Cl• and Cl2
•−. Interestingly, TCM

concentrations kept increasing from ND to 1.79 μg L−1 (LHA)
during the Cl• exposure increase from 0 to 3.0 × 10−11 M·s,
and they increased from ND to 6.80 μg L−1 (SRNOM II)

during the Cl2
•− exposure increase from 0 to 8.1 × 10−10 M·s.

The different trends of TCM (constant increase) from TOCl
(increase then decrease) within the studied CT value might be
due to the low reactivity of TCM with Cl• and Cl2

•−. The
second-order rate constant between TCM and Cl• was only 1.2
× 107 M−1 s−1 (in CCl4), which is significantly lower than
those of Cl• with many organics (∼109 to ∼1010 M−1 s−1,
especially 1.8 × 1010 M−1 s−1 for chlorobenzene).8,41,46,60 The
second-order rate constant between TCM and Cl2

•− was not
available, but it was expected to be very low because of the low
reactivity of aliphatic compounds with Cl2

•−.27 Further
oxidation of TCM by Cl• and Cl2

•− is thus difficult.
Formation Mechanisms of Chlorinated Byproducts.

The mechanisms of TOCl formation from reactions between
DOM and Cl• or Cl2

•− may include the direct addition of Cl•

to DOM, the indirect nucleophilic reactions of Cl− with DOM
intermediates (e.g., unprotonated radical DOM(-H)• and
cation radical DOM•+), and the reactions of Cl• or Cl2

•−

with DOM(-H)• and DOM•+, as shown in Scheme 1. The first

two mechanisms are supported by the findings from the model
compound tests in laser flash photolysis experiments (details
described in Text S10). The key findings are summarized as
follows. First, from the experiments between Cl• and
methylparaben (MPB), a phenolic compound present in
wastewaters, the signal of MPB−Cl• adducts was observed
(Figure 4a). We concluded that the direct addition of Cl• to
DOM can generate DOM−Cl• adducts, which could undergo
deprotonation and/or react with oxygen, followed by releasing
HO2

• to form stable chlorinated products (eq 4).45,46 No
signal of Cl• − adducts (e.g., MPB − Cl• adducts) was
observed from the experiments between Cl2

•− and MPB
(Figure S11a), indicating that there may be other pathways
contributing to the formation of chlorinated byproducts (i.e.,
the indirect nucleophilic reactions). Second, TMB (1,3,5-
trimethoxybenzene) was selected to represent the electron-
donating aromatic moieties of DOM. Figure 4b shows that the
decay rate constants of TMB•+ increased from 2.7 × 106 to 5.9
× 106 s−1 with Cl− concentration increasing from 0 to 1 M, and
the formation of TMB−Cl• adducts was observed. Con-
sequently, we concluded that the nucleophilic reactions
between Cl− and DOM•+ could form chlorinated byproducts
(eq 5). It should be noted that the phenoxy radical (PhO•)
would not react with Cl− to form chlorinated byproducts in
environmental-relevant waters (Figure S11d). Third, the
potential formation of chlorinated byproducts from the
reactions of Cl• or Cl2

•− with DOM(-H)• and DOM•+ was

Scheme 1. Proposed Formation Mechanism of Chlorinated
Byproducts from DOM Reacting with Cl• or Cl2

•−a

aBlue and red arrows represent direct addition and indirect
nucleophilic reactions, respectively. SET represents single electron
transfer mechanism. Dashed arrows represent speculative pathways
from the literature.
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also proposed based on the extensive literature reports (eqs
6−9).29,65−69

DOM Cl DOM Cl adducts Cl DOM+ → ‐ → ‐• • (4)

DOM Cl DOM Cl adducts Cl DOM+ → ‐ → ‐•+ − • (5)

DOM( H) Cl Cl DOM‐ + → ‐• • (6)

DOM Cl Cl DOM H+ → ‐ +•+ • + (7)

DOM( H) Cl Cl DOM Cl2‐ + → ‐ +• •− −
(8)

DOM Cl Cl DOM HCl2+ → ‐ +•+ •−
(9)

Environmental Implications. DOM is an important
scavenger of Cl• and Cl2

•−. The magnitude of the second-
order rate constants of DOM from diverse sources with Cl•

(kDOM−Cl•) and Cl2
•− (kDOM−Cl2•−) and the relationships

between the kinetic values and DOM properties are important
for understanding how not only the DOM concentration but
also the nature of DOM influences the extent of chlorine
radical scavenging. Kinetic models have been widely used to
predict the steady-state levels of radicals and the degradation
kinetics of micropollutants in AOPs.1,2,6,70 The results of this
study provide solid data of Cl• and Cl2

•− reaction kinetics with
DOM and help to make accurate estimation of the Cl• and
Cl2

•− concentrations and associated oxidant exposures.
This study provides direct evidence of the formation of

chlorinated byproducts from the reactions of Cl• and Cl2
•−

with DOM. Although Cl• and Cl2
•− have been known to be

very effective in transforming a variety group of emerging
contaminants,4,6,8 the generation of chlorinated byproducts is
inevitable. Reducing the aromaticity of the DOM before the
AOP treatment may be helpful in reducing the formation of
chlorinated byproducts. This can be accomplished by
preoxidation (e.g., ozone),71 improved coagulation,72 or
adsorption using powder or granular activated carbon.73 The
formation mechanisms include the direct chlorine addition to
DOM and the sequential formation from the nucleophilic
reactions between the DOM intermediates (DOM•+ or
DOM(-H)•) and Cl•, Cl2

•−, or Cl−. Considering the numerous
sources of DOM intermediates in the presence of AOPs and
the ubiquitous Cl− in environmental-relevant waters (e.g.,
∼10−4 M in natural waters),74,75 the contribution of
nucleophilic reactions to the chlorinated byproduct formation
may not be negligible and needs further evaluation in future
research. Under typical Cl• (3 × 10−15 − 3 × 10−12 M·s) and
Cl2

•− exposure (3 × 10−13 − 3 × 10−10 M·s) in AOP processes
(e.g., UV/H2O2, UV/persulfate, and UV/chlorine), it should
be recognized that TOCl is an intermediate. Longer radical
oxidant exposure will degrade and partially mineralize TOCl.
Optimizing AOP operating conditions should therefore not
only consider the effectiveness to oxidize targeted TrOCs but
also limit the formation of TOCl molecular structures and their
potential associated toxicity induced by the Cl• and Cl2

•−

reactions.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.0c05596.

Additional descriptions of chemicals’ and DOMs’
information, DOM fractionation and characterization
methods, laser flash photolysis experiments, Cl• or Cl2

•−

reaction rate constants determination, effects of ionic
strength on the rate constants, TOCl determination, Cl•

or Cl2
•− exposure determination in laser experiments,

estimation of Cl• and Cl2
•− exposure in typical AOPs,

evolution profile of DOC and SUVA variations,
formation of TCM, and time-resolved spectra and
kinetic traces for the investigation of TOCl formation
mechanism (PDF).

■ AUTHOR INFORMATION

Corresponding Author
Xin Yang − School of Environmental Science and Engineering,
Guangdong Provincial Key Laboratory of Environmental
Pollution Control and Remediation Technology, Sun Yat−sen
University, Guangzhou 510275, China; orcid.org/0000-
0001-9860-423X; Phone: +86-2039332690;
Email: yangx36@mail.sysu.edu.cn

Authors
Yu Lei − School of Environmental Science and Engineering,
Guangdong Provincial Key Laboratory of Environmental
Pollution Control and Remediation Technology, Sun Yat−sen
University, Guangzhou 510275, China

Xin Lei − School of Environmental Science and Engineering,
Guangdong Provincial Key Laboratory of Environmental
Pollution Control and Remediation Technology, Sun Yat−sen
University, Guangzhou 510275, China
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− was used for ionic
strength control.
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