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ABSTRACT: The solar/chlorine system has been proposed as a
novel advanced oxidation process (AOP) for efficient pollutant
degradation and water disinfection by producing a series of reactive
species including hydroxyl radicals (HO•), chlorine radicals (Cl•),
and so forth. In this study, the role of natural organic matter
(NOM) in the photolysis of free available chlorine (FAC) and the
formation of HO• and Cl• in the solar/chlorine system was
investigated employing nitrobenzene and benzoic acid as selective
chemical probes. The decay rate of FAC was significantly
accelerated in the presence of NOM at pH 5.5 under simulated
solar irradiation, likely due to the photoreaction between FAC and
the photoexcited NOM. The decay rate of FAC increased upon increasing the electron-donating capacity of NOM, which indicated
that phenolic components play a significant role in the photodegradation of FAC. This acceleration mechanism was further verified
using 4-nitrophenol as a model phenolic compound. NOM promoted Cl• formation and quenched HO• in the solar/chlorine
system. The proposed reaction mechanism included the reaction of excited singlet phenolic compounds in NOM with FAC, which
yielded Cl•. This study provides a useful insight into future applications for using the solar/chlorine system as a novel AOP for
wastewater treatment or disinfection.

■ INTRODUCTION
Chlorine is used worldwide to disinfect drinking water and
recreational water.1,2 The combination of chlorine with UV-C
light (UV/chlorine system) is an advanced oxidation process
(AOP) that is highly efficient for degrading organic
contaminants in industrial and domestic wastewater by
producing reactive species (RS) such as HO•, reactive chlorine
species, and so forth.3−9 The main drawback of the UV/
chlorine system is the high operating costs of UV lamps; thus,
employing sunlight as an alternative driving force to initiate
chlorine (solar/chlorine system) has received increasing
attention due to the overlap in the absorption spectrum of
chlorine and the solar spectrum.10−20

The solar/chlorine system relies on the photolysis of
aqueous free available chlorine (FAC), which consists of
HOCl (pKa = 7.5 at 25 °C) and its conjugate base ClO− at
environmentally relevant pH values. Previous studies have
shown that a series of RS are generated during the photolysis
of FAC under solar irradiation.21−23

hHOCl HO Clν+ → +• • (1)

hClO O Clν+ → +− •− • (2)

hClO O( P) Cl3ν+ → +− − (3)

O( P) O O3
2 3+ → (4)

HO /Cl HOCl ClO H O/HCl2+ → +• • •
(5)

HO /Cl ClO ClO HO /Cl+ → +• • − • − − (6)

Cl Cl Cl2+ →• − •−
(7)

As shown in eqs 1−3, RS, including HO•, the conjugate base
of HO• (O•−), Cl•, and O(3P) are generated from the direct
photolysis of FAC. O(3P) can further react with molecular
oxygen to yield O3 via eq 4. In addition, secondary chlorinated
radicals ClO• and Cl2

•− are generated via reactions of HO•/
Cl• with FAC and Cl• with chloride, respectively, as presented
in eqs 5−7. HO• and Cl• are powerful oxidizing species that
can react with most organic compounds through hydrogen
abstraction or addition reactions at almost diffusion-controlled
rates, while O3, ClO•, and Cl2

•− have narrower reactivity
spectra than HO• and Cl• (but still broad) due to their lower
one-electron reduction potentials than HO• and Cl•.24−26

The solar/chlorine system can disinfect and degrade
pharmaceuticals and personal care products (PPCPs) in
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water. For example, a dramatically enhanced inactivation of
Bacillus subtilis spores and Cryptosporidium parvum oocysts was
observed when they were treated by the solar/chlorine system
compared with chlorination or sunlight alone.11,13 HO• and O3

played a critical role in pathogen inactivation. Furthermore, the
solar/chlorine system was also used for the remediation of oil
sand process-affected water (OSPW).12 After solar/chlorine
treatment, the acute toxicity of OSPW toward Vibrio fischeri
was reduced. Similar detoxification was observed in solar/
chlorine-treated herbicides by Kong and co-workers.27

Recently, the solar/chlorine system was employed for the
abatement of PPCPs in simulated drinking water and real river
waters.18,19 The pH-dependent removal of PPCPs and
increasing formation of chlorinated disinfection byproducts
(DBPs) were discovered during FAC photolysis under
simulated solar irradiation. Great efforts have also been
devoted to exploring the influence of pH and irradiation
wavelength on RS formation during the photolysis of chlorine
by Remucal and co-workers.17 Under natural organic matter
(NOM)-free conditions, the highest concentrations of HO•

and Cl• were observed under acidic conditions when irradiated
with lower wavelengths (254 and 311 nm), while the
maximum cumulative concentrations of O3 were observed at
a higher wavelength (365 nm) under alkaline conditions.
In the solar/chlorine system, NOM generally serves as the

principal sink for the added oxidant and generated RS.18 NOM
is a heterogeneous mixture of organic compounds and is
ubiquitous in terrestrial and aquatic systems.28−30 The
chemical composition and physicochemical properties of
NOM vary depending upon its origin (terrestrial or
autochthonous).31−33 When exposed to sunlight, ground-
state NOM is excited to an excited singlet state (1NOM*)
that undergoes intersystem crossing and generates an excited
triplet state (3NOM*).34 Excited states of NOM are both
better oxidants and reductants than their ground states.35−37

Consequently, NOM containing electron-accepting (e.g.,
quinones, aromatic ketones, and so forth) and electron-
donating (e.g., phenols, amines, olefins, anilines, and so forth)
functional groups are susceptible to chemical modifications
during the exposure of NOM to FAC and RS generated in the
solar/chlorine system. Additionally, NOM is the most
important DBP precursor during the chlorination of drinking
water.16,19,38,39

In this study, the decay of FAC was investigated under
simulated solar irradiation at pH 5.5 because the solar/chlorine
system exhibited more efficient pollutant degradation and
water disinfection under acidic conditions than under neutral
or alkaline conditions.14,17 The role of NOM on the FAC
decay rate was also studied with different NOM concen-
trations. Dissolved oxygen (DO) control experiments,
electron-donating capacity (EDC) measurements, and a
model phenolic compound (4-nitrophenol) were employed
to elucidate the role of photoexcited NOM in the acceleration
of FAC photolysis under simulated solar irradiation.
Mathematical models were established to quantitatively
determine the formation of HO• and Cl• in the solar/chlorine
system using nitrobenzene (NB) and benzoic acid (BA) as
selective chemical probes. The effect of NOM on the
formation of HO• and Cl• was examined, and the reaction
mechanism between FAC and the excited singlet phenolic
compound in NOM was proposed.

■ EXPERIMENTAL SECTION

Chemicals. Suwannee River NOM (SRNOM, no.
2R101N), Suwannee River fulvic acid (SRFA, no. 2S101F),
Pony Lake fulvic acid (PLFA, no. 1R109F), and Waskish Peat
fulvic acid (WPFA, no. 1R107F) were obtained from the
International Humic Substances Society. Effluent organic
matter (EfOM) was isolated from the secondary effluent
collected from the Quyang municipal sewage plant in
Shanghai, China. The isolation method previously reported
by Bodhipaksha et al. was used with slight modifications and
provided in Text S1 of the Supporting Information (SI).40,41

NB (99%), BA (99%), trifluoroacetic acid (TFA, 99%),
sodium hypochlorite (NaClO, 4.00−4.99%), 4-nitrophenol
(99%), sodium tetraborate decahydrate (Na2B4O7•10H2O,
99%), and phosphate salts (NaH2PO4 and Na2HPO4, both
99%) were purchased from Sigma-Aldrich. 2,2′-Azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid diammonium salt)
(ABTS, 98%) was purchased from Tokyo Chemical Industry
Co., Ltd. N,N-Diethyl-p-phenylenediamine (DPD) free-
chlorine reagent was provided by HACH Co., Ltd. All
chemicals were used as received except for sodium
hypochlorite, which was standardized using a UV−vis
spectrometer (ε292 = 365 M−1 cm−1). The FAC content was
measured using the DPD colorimetric method.42

Photochemical Experiments. Reaction solutions were
illuminated in a solar simulator (Suntest XLS+ Atlas) equipped
with a 1700 W xenon lamp. A solar filter was employed to
block irradiance below 290 nm. The chamber temperature was
maintained at 25.0 ± 1.0 °C using a temperature control unit
(Suncool). The fluence rate at the surface of the solutions was
set to 40 W m−2 (1.36 × 10−8 E s−1 cm−2) at 290−400 nm.
The absolute irradiance spectra of the simulated solar light and
real sunlight were recorded using a spectra-radiometer (USB-
4000, Ocean Optics, Inc.) and are presented in Figure S1 of
the Supporting Information. Samples (20.0 mL) buffered at
pH 5.5 by 10.0 mM phosphate buffer were placed in specially
made cylindrical quartz containers (diameter = 6.0 cm, height
= 2.0 cm, thickness = 0.2 cm, as described in our previous
study43) and irradiated for 1 h under ambient conditions for
radical yield experiments. The FAC dosage in the solution was
53.7 μM (note: no FAC was detected after 1 h of irradiation).
After illumination, aliquots were removed and analyzed by
HPLC−UV (Agilent 1260). For FAC decay experiments,
100.0 mL of the samples was irradiated for 5 min. After
illumination, aliquots were removed and analyzed using the
DPD colorimetric method. The dissolved organic carbon was
measured using a TOC analyzer (Sievers M9, USA). The
concentration of DO was measured using a DO meter (WTW,
Germany). For the oxygen-dependent experiments, high-purity
nitrogen, oxygen, or mixtures were slowly purged into the
reaction vessel (the flow rate was approximately 150 mL
min−1). Otherwise, the DO concentrations in the reaction
solutions were kept nearly constant (about 250 μM) during 1
h of irradiation under air-saturated conditions. UV−vis
absorbance spectra of FAC (1.34 mM) at pH 5.5 were
collected in a 1 cm quartz cuvette using a spectrophotometer
(Cary 60, Agilent) and are shown in Figure S1 of the
Supporting Information. All solutions were prepared in
deionized (DI) water (18.25 MΩ). The error bars in the
corresponding figures represent the standard deviation of three
replicates.
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Analytical Methods. NB (5−100 μM) and BA (5−200
μM) were analyzed using an high-performance liquid
chromatograph (Agilent 1260 system) equipped with a
photodiode array detector and a C18 column (4.6 × 250
mm, 5 μm, Phenomenex Luna). All separations were achieved
with an isocratic mobile phase consisting of methanol
(MeOH) and water acidified with TFA (0.05%) at a flow
rate of 1.0 mL min−1. The volumetric ratio of MeOH/acidified
water was 50:50, and the column temperature was 30 °C for
both probes. The detection wavelength was 266 nm for NB
and 240 nm for BA.
EDC Quantification. The previously developed liquid

system for quantifying the EDC values in organic matter is
provided in Scheme S1 of the Supporting Information and
briefly discussed below.44 The carrier solution A (50.0 mM
borate at pH 7.8) was continuously delivered through a
quaternary pump (Agilent HPLC 1260) at a flow rate of 0.2
mL min−1. The organic matter samples (100 μL, 5.0 mg-C
L−1) were injected using an LC auto-sampler (Agilent HPLC
1260). Solution B (containing 0.1 mM ABTS•+, 10.0 mM
H2SO4, and 7.0 mM chlorine at pH 4.6) was continuously
delivered through a binary pump (Agilent HPLC 1290) at a
flow rate of 0.08 mL min−1. The two solutions were then
passed through a reaction coil (0.254 mm, 20 m) to ensure the
full oxidation of EDC by ABTS•+. By monitoring the
integrated area of the absorbance peak at 405 nm (character-
istic absorption of ABTS•+), the EDC values were calculated
using eq 8

m
q

A t A t

l
EDC

1 ( ( ) )d

C
V

405 405,baseline

405

∫
ε

= −
−

•

i

k

jjjjjjj
y

{

zzzzzzz (8)

where mc represents the mass of the injected carbon (mg-C),
qV represents the total volumetric flow rate (mL min−1), ε405
represents the molar absorption coefficient of ABTS•+ (31,600
M−1 cm−1), and l is the optical path length (1 cm).

■ RESULTS AND DISCUSSION

Photolysis of FAC. The decomposition of FAC was
investigated in 10.0 mM phosphate-buffered solution at pH 5.5
under simulated solar irradiation. Under our experimental
conditions, FAC decayed rapidly when exposed to sunlight;
therefore, only the initial photolysis process followed pseudo-
first-order kinetics and was thus employed to investigate the
photolysis of FAC. Figure 1a shows a comparison of the decay
of FAC under dark conditions in the NOM solution, exposure
to simulated sunlight in DI water, and exposure to simulated
sunlight in the NOM solution, where the same initial
concentration of [FAC]0 = 53.7 μM (4 mg L−1) was used.
FAC decomposed slowly in the NOM solution under dark
conditions with a decay rate constant of 0.0036 min−1. Upon
solar irradiation, FAC decayed rapidly in DI water with a decay
rate constant of 0.0167 min−1. Similar to a previous study by
Sun and co-workers,14 a comparable decay rate constant of
FAC in 10 mM PBS was obtained from the photolysis
experiment under simulated solar irradiation at acidic pH (5−
6), but they used a higher initial FAC concentration (7 mg
L−1) and stronger solar intensity. A reasonable explanation was
that we only investigated the initial photolysis process, during
which FAC decayed faster than in the subsequent photolysis
process. In the 1.0 mg-C L−1 SRNOM solution, the FAC decay
rate was significantly accelerated, with a decay rate constant of

0.1025 min−1, which was approximately sixfold higher than
that observed in DI water. Upon continuing to increase the
SRNOM concentration to 2.0 mg-C L−1, a greater FAC decay
rate constant of 0.1443 min−1 was obtained, indicating a
synergistic effect between NOM and solar light; therefore, a
photoreaction must occur between FAC and NOM in the
solar/chlorine system. Two possible scenarios existed in the
photoreaction between FAC and NOM: (i) the excited-state
FAC reacted with the ground-state NOM and promoted the
FAC photolysis rate and (ii) the ground-state FAC reacted
with the excited-state NOM and accelerated FAC photolysis.
NOM is a heterogeneous mixture that can generate a series

of reactive intermediates including 1NOM*, 3NOM*, and
charge-separated species (NOM±) in sunlit surface waters.
These reactive intermediates can also react with DO and
produce a variety of ROS such as HO•, 1O2, O2

•−, and so forth.
Therefore, the latter scenario is plausible, and the specific
pathway that contributed to FAC photolysis including
reactions with ground-state NOM, direct photolysis, and
reactions with excited-state NOM was calculated, as shown in
Figure 1b. Even though excited-state NOM played a crucial
role in the photolysis of FAC in the solar/chlorine system, the
underlying reaction mechanism is still ambiguous.

Mechanism Elucidation. NOM was found to have dual
roles in the photo-transformation of organic contaminants in
surface waters.45−48 Electron acceptors, including aromatic
ketones and quinone moieties, are major contributors to
photoinduced 1NOM* and 3NOM*, while electron donors,
that is, mostly amine and phenolic constituents in NOM, show
quenching effects. To examine the role of NOM during the

Figure 1. (a) Photolysis of FAC vs reaction time and the (b)
contribution of specific pathways to the decay rate of FAC in the
solar/chlorine system. Experimental conditions: FAC concentration
of 53.7 μM, air saturation, 10.0 mM phosphate buffer pH 5.5,
irradiation wavelength of λ > 290 nm, irradiation time 5.0 min, and
NOM concentration of 1.0 or 2.0 mg-C L−1 (SRNOM, no. 2R101N).
The error bars represent the standard deviation of three replicates.
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photolysis of FAC in the solar/chlorine system, the relation-
ship between the FAC decay rate and NOM concentration was
studied. As shown in Figure 2a, the decay rate of FAC
increased upon increasing the NOM concentration in the
range of 0−2.0 mg-C L−1 (it should be noted that low
concentrations of NOM were used in the photochemical
experiments to avoid the light screening effect) under
simulated solar irradiation, which further indicated that a
reaction occurred between FAC and the reactive intermediate
from photoexcited NOM. As mentioned above, reactive
intermediates including 1NOM*, 3NOM*, NOM±, and ROS
were generated in an air-saturated NOM solution under solar
irradiation. 3NOM* and NOM± can react with oxygen to
produce 1O2 and O2

•−, respectively.35,49,50 The disproportio-
nation reaction of O2

•− accounted for the main degradation
pathway with a reported rate constant of 4.0 × 104 M−1 s−1,51

which simultaneously produced H2O2. Fenton’s reaction, one
of the formation pathways of HO•, can cause the decay of
H2O2 when a trace amount of ferrous ion is present.52

Therefore, the concentrations of 3NOM*, NOM±, and ROS
were highly related to the DO concentration in the solution
except for 1NOM*. To distinguish which reactive intermediate
played a major role in accelerating FAC photolysis, the decay
rate of FAC against the DO concentration was determined
under simulated solar irradiation. As shown in Figure 2b, a DO
concentration in the range of 3.2−1143.7 μM had a negligible
influence on the decay rate of FAC, which indicated that
1NOM* seemed to be the most plausible reactive intermediate
responsible for accelerating the FAC decay rate in the solar/
chlorine system.
The EDC value has been widely employed to investigate the

redox properties of NOM (i.e., antioxidant).40,53−55 To

elucidate the reaction mechanism between FAC and 1NOM*
in the solar/chlorine system, the EDC values from various
organic matters including the reference NOMs and EfOM
were measured using a previously developed method with a
liquid system as presented in Scheme S1 of the Supporting
Information.44 The EDC values calculated based on eq 8 are
shown in Table S1 of the Supporting Information. In
accordance with previous studies,44 terrestrial-origin WPFA
(4.37 mmole‑ g-C−1), SRFA (3.72 mmole‑ g-C−1), and
SRNOM (2.47 mmole‑ g-C

−1) have higher EDC values than
EfOM (0.73 mmole‑ g-C

−1) and autochthonous-origin PLFA
(1.13 mmole‑ g-C−1). The autochthonous-origin PLFA and
EfOM had similar EDC values, suggesting that they might
possess similar redox properties during photochemical
reactions under identical reaction conditions.41,56−58 The
relationship between the FAC decay rate and EDC values in
the solar/chlorine system was investigated. As shown in Figure
2c, the FAC decay rate increased upon increasing EDC values
and followed an exponential relationship. Higher FAC decay
rates were discovered in terrestrial-origin NOMs due to their
higher EDC values compared with those of autochthonous-
origin PLFA and EfOM. This suggests that the electron-
donating components in organic matter played a vital role in
promoting the FAC photolysis rate. Phenol and its derivatives
were widely used as model electron-donating components in
environmental photochemistry.35,59 To further explore the
mechanism for the reaction between 1NOM* and FAC, 4-
nitrophenol was employed to mimic the electron-donating
components in NOM macromolecules. 4-Nitrophenol is an
ideal model compound because the electron-withdrawing nitro
group can decrease the reactivity of phenol, which prevented
the direct reaction of 4-nitrophenol with FAC under dark

Figure 2. Decay rate of FAC vs (a) NOM concentration, (b) DO concentration, (c) EDC of organic matter, and (d) 4-nitrophenol concentration
in the solar/chlorine system. Experimental conditions: FAC concentration of 53.7 μM, air saturation, 10.0 mM, phosphate buffer pH 5.5,
irradiation wavelength of λ > 290 nm, and irradiation time of 5.0 min, (a) NOM concentration of 0, 0.2, 0.4, 1.0, and 2.0 mg-C L−1 (SRNOM, no.
2R101N), (b) NOM concentration of 2.0 mg-C L−1 (SRNOM, no. 2R101N), DO concentration of 3.1, 150.4, 268.8, 640.6, and 1143.8 μM, (c)
organic matter concentration of 2.0 mg-C L−1 (including reference NOMs and EfOM), and (d) 4-nitrophenol was spiked at eight different
concentrations of 0, 0.5, 1.0, 2.0, 5.0, 10.0, 20.0, and 40.0 μM. The error bars represent the standard deviations of three replicates.
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conditions. As shown in Figure 2d, an exponential relationship
between the FAC decay rate and 4-nitrophenol concentration
was also observed, which indicated that excited singlet
phenolic compounds in NOM might play a key role in
promoting the FAC decay rate in the solar/chlorine system.
Yields of HO• and Cl• in the Solar/Chlorine System.

To better understand the solar/chlorine system, it is critical to
quantify the effect of NOM on radical production. Since FAC
decays rapidly under our reaction conditions, radical yields
were investigated instead of their steady-state concentrations.
Based on the Beer−Lambert law and pKa value of HOCl (7.5
at 25 °C), HOCl (approximately 99%) was predominant in the
FAC solution at pH 5.5. Consequently, two reactive radicals
(HO• and Cl•) were generated from the photolysis of FAC
under simulated solar irradiation at pH 5.5 via eq 1. Chemical
probes NB and BA were employed together to measure the
yields of HO• and Cl• in the solar/chlorine system. Cl• only
reacted with BA, and HO• reacted with both probes. In the
presence of NB, the formation of HO• was the sum of the
consumption of the probe NB and solution scavengers (mainly
FAC and NOM). In the presence of BA, both BA and solution
scavengers contributed to the decay of HO• and Cl•. Thus,
mathematical models were established to study the decom-
position of the chemical probes NB and BA as presented in eqs
9 and 10, respectively

F
k

k k
NB

NB

NBHO
HO , NB

HO , NB HO , S
Δ = ×

[ ]
[ ] +

•
•

• • (9)

F
k

k k

F
k

k k

BA
BA

BA
BA

BA

HO
HO , BA

HO , BA HO , S

Cl
Cl , BA

Cl , BA Cl , S

Δ = ×
[ ]

[ ] +

+ ×
[ ]

[ ] +

•
•

• •

•
•

• • (10)

where ΔNB (mol) and ΔBA (mol) represent the degradation
of NB and BA, respectively; FHO• (mol) and FCl• (mol)
represent the formation of HO• and Cl•, respectively; (note: to
facilitate the calculation of the radical yield, both sides of the
equation were multiplied by the reaction time); kHO•,NB (M

−1

s−1) and kHO•,BA (M
−1 s−1) are the second-order rate constants

for the reactions of HO• with NB and HO• with BA,
respectively; kCl•,BA (M

−1 s−1) is the second-order rate constant
for the reaction between Cl• and BA; kHO•,S (s−1) and kCl•,S
(s−1) are the pseudo-first-order rate constants for solution
scavengers. Previously reported second-order rate constants
were employed and are shown in Table S2 of the Supporting
Information.60,61 It should be noted that the degradation of
NB and BA under chlorination in the dark and under direct
solar photolysis was negligible under our reaction conditions.
Different concentrations of NB and BA were employed to

trap HO• and Cl• during the photolysis of FAC in DI water or
NOM solutions at pH 5.5 under simulated solar irradiation. As
shown in Figure 3a, the decays in NB versus NOM
concentration followed exponential trends, which were fitted
in Matlab with eq 9, and the formation of HO• was calculated.
Meanwhile, the decays of BA versus the NOM concentration
were fitted in Matlab employing eq 10, as displayed in Figure
3b. With the known value of the formation of HO• obtained
from Figure 3a, the formation of Cl• was then calculated.
The yields of HO• and Cl• in the solar/chlorine system are

shown in Figure 4. The yield of HO• from the photolysis of
FAC in DI water was 21.2 μM with a yield factor (radical

yield/[FAC]0) of 28.4%, which was slightly higher than the
yield of Cl• (20.7 μM) with a yield factor of 27.8%. Under our
reaction conditions, HO• and Cl• were quenched by HOCl

Figure 3. Photodegradation as a function of the probe concentration
in the solar/chlorine system for (a) NB and (b) BA. Experimental
conditions: NB and BA were spiked at different concentrations of 5.0,
10.0, 20.0, 50.0, and 100.0 μM for NB and 5.0, 10.0, 20.0, 50.0, 100.0,
and 200 μM for BA, FAC concentration of 53.7 μM, NOM
concentration of 0, 0.2, 0.4, 1.0, and 2.0 mg-C L−1 (SRNOM, no.
2R101N), air saturation, 10.0 mM phosphate buffer pH 5.5,
irradiation wavelength of λ > 290 nm, and irradiation time of 1.0 h.
The error bars represent the standard deviation of three replicates.

Figure 4. Influence of NOM concentration on the yields of HO• and
Cl• in the solar/chlorine system. Experimental conditions: NB and BA
were spiked at different concentrations with 5.0, 10.0, 20.0, 50.0, and
100.0 μM for NB and 5.0, 10.0, 20.0, 50.0, 100.0, and 200 μM for BA,
FAC concentration of 53.7 μM, NOM concentration of 0, 0.2, 0.4,
1.0, and 2.0 mg-C L−1 (SRNOM, no. 2R101N), air saturation, 10.0
mM phosphate buffer pH 5.5, irradiation wavelength of λ > 290 nm,
and irradiation time of 1.0 h. The error bars represent the standard
deviation of three replicates.
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and yielded ClO• via eq 5, which resulted in low yield factors
for HO• and Cl•. Approximately equal values were observed in
the yield of HO• and Cl•, which indicated that the photolysis
of FAC proceeded through a homolytic reaction via eq 1 at pH
5.5. The negligible difference in their yields could be explained
by the higher bimolecular rate constant for Cl• with HOCl (3.2
× 109 M−1 s−1) compared with the bimolecular rate constant
between HO• and HOCl (2 × 109 M−1 s−1). In NOM
solutions, the formation of HO• decreased upon increasing the
NOM concentration in the range of 0−2.0 mg-C L−1. In
contrast, the formation of Cl• increased upon increasing the
NOM concentration in the range of 0−1.0 mg-C L−1. Upon
further increasing the NOM concentration to 2.0 mg-C L−1,
the increase rate slowed down. The influence of NOM on the
total free radical yield was further investigated. As shown in
Figure S2 of the Supporting Information, the total free radical
yield increased upon increasing the NOM concentration in the
range of 0−2.0 mg-C, which indicated the promoting effect of
NOM on radical formation via the photolysis of FAC under
simulated solar irradiation. Hence, the reaction mechanism
involved the electron transfer from excited singlet phenolic
compounds in NOM to FAC, which yielded Cl• in the solar/
chlorine system. Based on the above results, it can be
speculated that NOM will accelerate the degradation of
“chlorine radicals-controlled” micropollutant and inhibit the
degradation of “hydroxyl radicals-controlled” micropollutant in
the solar/chlorine system.

■ CONCLUSIONS

The solar/chlorine system has been proposed as a novel AOP
that can efficiently abate refractory pollutants and disinfect by
producing a suite of RS including HO•, Cl•, ClO•, O3, and so
forth. Just as with other AOPs, understanding the formation of
RS is essential for future applications of the solar/chlorine
system for water treatment or disinfection. The solar photolysis
of FAC was dramatically accelerated in the presence of NOM
due to the reaction between photoexcited NOM and FAC.
Employing DO control experiments, EDC measurements, and
a model phenolic compound, the reaction mechanism was
elucidated. The influence of NOM on HO• and Cl• formation
by the solar/chlorine system was measured in detail.
Photoexcited NOM might play a significant role in accelerating
the formation of Cl• in the solar/chlorine system at pH 5.5.
These data will be useful in predicting the removal of organic
pollutants from wastewater when treated using the solar/
chlorine process. Toxic chlorinated DBPs are usually generated
from the reaction between chlorinated radicals such as Cl• and
ClO• with NOM. The acceleration of Cl• formation in the
solar/chlorine system by photoexcited NOM should be taken
into account when employing the solar/chlorine system for
advanced oxidation. These findings can also help to explain
some abnormal degradation behaviors in the previous
literature. For example, the high degradation rates of several
PPCPs (N,N-diethyl-3-methylbenzamide, caffeine, and carba-
mazepine) in the solar/chlorine system may have resulted from
the formation of excess reactive Cl• from the reaction between
FAC and photoexcited PPCPs or NOMs, which further
degraded PPCPs in subsequent reactions. In summary, this
study provides a useful insight for the future applications of the
solar/chlorine system as a novel AOP for wastewater treatment
or disinfection.
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