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a b s t r a c t

UV-LEDs are considered as the most promising UV light sources, because it has the potential to replace
conventional UV lamps in some water treatment applications in the foreseeable future. In this study, UV-
LEDs at four wavelengths in the UV-C or near UV-C range (i.e., 257.7, 268, 282.3, and 301.2 nm) were used
to investigate the wavelength-dependency on chlorine photolysis and its subsequent radical formation.
The fluence-based photodecay rates of hypochlorous acid (HOCl) and hypochlorite (OCl�) were mono-
tonically correlated to their molar absorption coefficients and quantum yields, and the chlorine photo-
decay rates were much more significantly affected by molar absorption coefficients (b ¼ 0.949) than
quantum yields (b ¼ 0.055). An empirical model that incorporated the chlorine photodecay rate con-
stants, quantum yields, and molar absorption coefficients of HOCl and OCl� was established, validated
and then used to predict the chlorine photodecay rate at any wavelength (257.7e301.2 nm) and pH
(5�10). The modelling results suggested that the maximum fluence-based rate constant
(1.46� 10�4m2 J�1) was obtained at 289.7 nm and pH 9.95. The wavelength dependency was larger at
alkaline pH than at acidic pH, and the pH dependency was the largest at the longest wavelength. The
formation of hydroxyl radicals (HO$) and reactive chlorine species (RCS) decreased with increasing
wavelength at pH 6, and increased with increasing wavelength at pH 7. More HO$ was formed at pH 6
than pH 7, but RCS showed the opposite pH-dependency. The findings in this study provide the
fundamental information in selecting UV-LEDs with specific wavelength for enhancing/optimizing
chlorine photodecay and/or its radical generation at different pHs in real-world applications.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Photolysis of chlorine by ultraviolet (UV) radiation (or sunlight)
occurs in a number of water treatment scenarios. The photo-
dechlorination by UV-C radiation has been used in some recrea-
tional waters (e.g., swimming pool water) and drinking water
containing residual chlorine at households or residential buildings
(Cassan et al., 2006; Weng et al., 2012). The degradation of chlorine
in a multiple-barrier disinfection system is also important. Chlorine
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residuals, from the pre-oxidation process in the multiple-barrier
disinfection system, will absorb UV light and decrease the UV
disinfection efficiency by competing photons that are intended for
inactivating chlorine-resistant pathogens (e.g., Cryptosporidium
and Giardia) (Kashinkunti et al., 2004; €Ormeci et al., 2005; Forsyth
et al., 2013; Zhou et al., 2014). Therefore, the photo-dechlorination
can enhance the overall disinfection efficiency of a multiple-barrier
disinfection system (Kashinkunti et al., 2004). A better under-
standing of the chlorine photodecay could prevent the swimmers
or citizens from exposure to chlorine-ordinated contaminants, and
help design and implement a better multiple-barrier disinfection
system.

UV-C can also activate chemical oxidants, including peroxide
and chlorine, to produce radical species for the destruction of
organic contaminants. The UV/peroxide advanced oxidation pro-
cess (AOP), which produces hydroxyl radicals (HO$) through
photolysis of peroxide at 254 nm using conventional UV mercury
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Fig. 1. The absorption spectra of free chlorine at pHs 5, 6, 7 and 10.
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lamps, is a common strategy for micropollutant abatement in
drinking water treatment and potable water reuse (Rosenfeldt and
Linden, 2007). However, the process is often hindered by its high-
energy demand, due to low absorbance and low quantum yields
of peroxide at 254 nm, as well as the presence of HO$ scavengers
(e.g., natural organic matter and bicarbonate) in real water (He
et al., 2012; Wang et al., 2000). The UV/chlorine AOP based on
the photolysis of free chlorine using conventional UV mercury
lamps (low-pressure and medium-pressure UV lamps) is an alter-
native to the UV/peroxide AOP for degrading micropollutants in
drinking water treatment and potable water reuse (Jin et al., 2011;
Remucal andManley, 2016; Deng et al., 2014; Dotson et al., 2012). It
produces a more diverse spectrum of reactive species including
reactive oxygen species (e.g., ozone and HO$) and reactive chlorine
species (RCS), which complement each other in the contaminant
degradation (Fang et al., 2014; Remucal and Manley, 2016; Sun
et al., 2016; Watts and Linden, 2007; Yang et al., 2016). It is also
more energy efficient and gives higher HO$ yields than the UV/
peroxide AOP at pH 6e7, due to the higher molar absorbance and
quantumyields of hypochlorous acid (HOCl) compared to hydrogen
peroxide (Stefan, 2017; Fang et al., 2014; Yin et al., 2018).

One drawback of the UV-based dechlorination and AOPs is the
use of UV mercury lamps (low-pressure, medium-pressure and
high-pressure UV lamps). Conventional UV mercury lamps have
short lifespans, contain toxic mercury, and are fragile and oversized
(Song et al., 2016). UV light emitting diodes (UV-LEDs), which are
mercury-free, robust, compact and can turn on and off instantly, are
potential alternatives and regarded as promising UV light sources
(Chen et al., 2017; Würtele et al., 2011). By 2020, the wall plug ef-
ficiency and lifetimes of UV-LEDs are predicted to increase to more
than 75% and 20,000 h, respectively, with a price drop by 40% (Song
et al., 2016). More interestingly, UV-LEDs provide versatility in
emitting light at any designated wavelength. For example, UV-LEDs
make it possible to provide UV-C light at 200e300 nm (Muramoto
et al., 2014) and, at this moment, UVC-LEDs at 255, 265 and 285 nm
are commonly available in the market (Chen et al., 2017; Muramoto
et al., 2014) We anticipate that such versatility facilitates easy
matching of their emission spectra with the absorption and/or
quantum yield maxima of free chlorine to enhance its photo-
reaction. However, this hypothesis has not been verified, and the
fundamentals of this wavelength overlap phenomenon with
respect to chlorine photo-reaction have not yet been established.

HOCl and OCl� have wide absorption spectra that peak at
235 nm and 292 nm, with molar absorption coefficients of
101M�1 cm�1 and 365M�1 cm�1, respectively (Feng et al., 2007).
However, due to the limited availability of UV light sources, the
chlorine photolysis and their quantum yields have only been
examined at the wavelengths of 254 nm (UV-C), 303e313 nm (UV-
B), 355e365 nm (UV-A) and 200e400 nm (MPUV) (Buxton et al.,
1988; Remucal and Manley, 2016; Stefan, 2017). These wave-
lengths can hardly match the highest absorption spectra of free
chlorine to unleash the highest rate of the chlorine photolysis. None
of thesewavelengths matches thewavelengths of UVC-LEDs, which
are more energy efficient with increasing wavelength from 255 to
285 nm, in the present market. Moreover, there has not been any
protocol/model established to predict the chlorine photolysis at
different wavelengths, not to mention to select appropriate wave-
lengths of UV light for chlorine photolysis. The knowledge gap also
exists in the wavelength-dependency on the production of reactive
species from chlorine photolysis and its relationship with the
chlorine photodecay. The chlorine photolysis produces HO$ and Cl$
at wavelengths shorter than 300 nm, but information on the HO$
yield is only available at 254, 303e313 nm (UV-B), and
200e400 nm (MPUV) (Remucal and Manley, 2016; Stefan, 2017).
And the wavelength-dependency on the formation of reactive
chlorine species (e.g., Cl$, ClO$ and Cl2$-) remains unknown.
This study investigated the wavelength dependency on chlorine

photolysis and the subsequent radical generation at four different
wavelengths (i.e., 257.7, 268, 282.3, and 301.2 nm) using UV-LEDs as
light sources. Themolar absorption coefficients and quantumyields
of both HOCl and OCl� at the four wavelengths were obtained, and
used to establish an empirical model to predict the fluence-based
chlorine photodecay rates at wavelength from 257.7 to 301.2 nm
and pHs from 5 to 10. The model was then validated against the
experimental results at the four wavelengths and pHs 6 and 7. The
wavelength dependency on the formation of reactive radical spe-
cies from chlorine photolysis at the four wavelengths and two pHs
(i.e., pHs 6 and 7) were also studied.

2. Materials and methods

2.1. Chemicals and materials

Reagent-grade chemicals, including sodium hypochlorite solu-
tion (4.0e5.0%), sodium sulfite, sodium hydrogen phosphate, so-
dium dihydrogen phosphate, sodium bicarbonate, sodium borate,
nitrobenzene (NB), and carbamazepine (CBZ) were purchased from
Sigma Aldrich and used without further purification. Their stock
solutions were prepared using deionized water (18.2MU cm) pre-
pared by a Nanopure water system (Barnstead).

2.2. UV exposure

UV exposure was carried out using quasi-collimated UV-LED
devices (PearlBeam, AquiSense Technologies) that allow selection
of one monochromatic light from four wavelengths at 257.7 (255),
268 (265), 282.3 (285), and 301.2 (300) nm, and their emission
spectra are shown in Fig. 1. The values in the brackets are provided
by the manufacture, which are close to the real peak emission
wavelengths. Figure S2 shows the schematic of the UV-LED setup,
where a rapid-mixed batch glass reactor (5mL) containing reacting
solution (~1.0 cm in depth) was placed below the LED source, and
covered with a quartz sheet to prevent evaporation. The distance of
the UV-LEDs to the solution surface was 7.05 cm. The incident flu-
ence rates (E0) of the UV-LEDs were measured at the surface of the
reaction solution using a radiometer (ILT 2400) with a detector
(SED 270, typically designed for UV-LEDs with emission spectral
range of 215e355 nm), which was supplied by the International
Light Technology and calibrated using a conventional potassium



Fig. 2. Fluence-based rate constants of chlorine photodecay at the four wavelengths
and two pHs. Conditions: [Cl2]0¼ 100 mM (7.1mg L�1 as Cl2), pH¼ 5 and 10.
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ferrioxalate actinometer. The values measured by the radiometer
represent the integrated fluence rates under the emission spectra of
the UV-LEDs and are shown in Table S1.

2.3. Experimental procedures

A testing solution of 5-mL was buffered at a particular pH (5-
mM phosphate or borate buffer), spiked with a NaOCl stock solu-
tion to give an initial chlorine concentration of 100 mM (7.1mg L�1

as Cl2), and then exposed to monochromatic UV-LED light at one of
the four wavelengths each time. The pH values remained the same
before and after the reactions. Neither phosphate nor borate has
significantly impacts on the HO$ or reactive chlorine species con-
centrations (Buxton and Subhani, 1972; Wang et al., 2016). Car-
bonate/bicarbonate did not affects the concentrations of HO$, ClO$
or Cl2$-, but it may react with Cl$ to form carbonate radicals, which
will not contribute the degradation of probe compounds (Wu et al.,
2017; Guo et al., 2017). Samples were collected at pre-determined
time intervals and subjected to the measurement of residual
chlorine concentrations. Tests were also conducted in a similar
manner with 10-mM CBZ and NB coexisting as probing compounds
to investigate the wavelength-dependency on radical generation.
Samples were collected, quenched with freshly prepared sodium
sulfite at a sulfite-to-chlorine molar ratio of 1.5:1, and subjected to
the determination of remaining CBZ and NB concentrations.

2.4. Analytical methods

The concentrations of free chlorinewere determined by the DPD
colorimetric method (APHA-AWWA-WEF, 1998). The concentra-
tions of NB and CBZ were determined using an ultra-performance
liquid chromatograph (UPLC) (VP series, Shimadzu) equipped
with a Waters symmetry C18 column and a UVeVis detector. Elu-
ents of water (pH 3, adjusted using phosphoric acid) and methanol
(55:45, v/v %) were used to separate the NB and CBZ at a flow rate of
1.0mL/min. The UVeVis absorption spectra of chlorine-containing
solutions at different pHs were measured using a UVeVis spec-
trophotometer (Lambda 25, Perkin Elmer Inc., USA) with a quartz
cuvette providing a light path of 1 cm.

2.5. Calculation of apparent quantum yields

The apparent quantum yields, which are defined as the number
of moles of reactant consumed or product formed per einstein of
photons absorbed, are calculated from the fluence-based reaction
rate constants (i.e., pseudo first-order rate constants normalized by
the fluence rate) (Watts and Linden, 2007):

k
0
ðl;pHÞ ¼

1
F
ln
�
C0
CF

�
(1)

F ¼ E0ðPFÞðRFÞt (2)

Fðl;pHÞ ¼
10k

0
ðl;pHÞUl

lnð10Þεðl;pHÞ
(3)

where Fðl;pHÞ is the apparent quantum yield of chlorine; k
0
ðl;pHÞ is

the fluence-based first-order rate constant (m2 J�1); εðl;pHÞ is the
molar absorption coefficient (M�1 cm�1) of chlorine at a particular
wavelength; C0 and CF are the initial and final concentrations of
free chlorine, respectively; F is the fluence (J m�2); E0 is the incident
fluence rate (W m�2); PF is the petri dish factor and RF is the
reflection factor; Ul is the molar photon energy (J einstein�1) of the
UV light at a particular wavelength (Table S1). It should be noted
that the apparent quantum yields reported in this study are the
reaction quantum yields (or named overall quantum yields) of
chlorine photolysis (Stefan, 2017).

2.6. Statistical analysis

The correlations between (a) chlorine photodecay rates and
molar absorption coefficients and (b) chlorine photodecay rates
and apparent quantum yields were evaluated by Spearman equa-
tions on Origin 8.0 software. A Spearman correlation coefficient (p
value) of 1 or -1 represents that the selected two tested parameters
are perfectly positive or negative monotonic functions to each
other, respectively. A linear correlation function was used to
examine the dependency of chlorine photodecay rates on molar
absorption coefficients and quantum yields by SPSS version 19.0
(SPSS, Inc., USA), and higher standardized coefficients (b) indicate a
greater effect of the independent variables have on the dependent
variable. The mathematical model was constructed by Matlab
(MathWorks), and the codes are shown in Text S1.

3. Results and discussion

3.1. Chlorine photodecay rates and their dependency on molar
absorption coefficients

Fig. 2 shows the fluence-based rate constants of chlorine pho-
todecay at the four wavelengths (i.e., 257.7, 268, 282.3 and
301.2 nm) and two pHs (i.e., 5 and 10). These two pHs are used to
obtain the dominant (over 99%) species of HOCl and OCl�, respec-
tively, because HOCl has an acid dissociation constant (pKa) of 7.5
(Morris, 1966). At pH 5, the fluence-based rate constants at 257.7,
268, 282.3 and 301.2 nmwere 2.83� 10�5, 1.76� 10�5, 1.42� 10�5,
and 1.41� 10�5m2 J�1, respectively. The fluence-based rate con-
stants of HOCl photodecay (kHOCl) decrease by 49.8% with
increasing wavelength from 257.7 to 282.3 nm, and the value at
301.2 nm is comparable to that at 283.2 nm. On the contrary, at pH
10, the fluence-based rate constants of OCl� photodecay (kOCl�)
increase with increasing wavelength from 257.7 to 301.2 nm
(4.13� 10�5, 8.77� 10�5, 1.36� 10�4, and 1.41� 10�4m2 J�1 at
257.7, 268, 282.3 and 301.2 nm, respectively) and increase by 3.4
times with increasing wavelength from 257.7 to 301.2 nm. The
longer wavelength is found to be more efficient for chlorine
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photodecay at pH 10, though the UV light at shorter wavelengths is
considered to have higher energy.

According to the Grotthuss-Draper law, we anticipated that the
observed wavelength-dependent photodecay rates were partially
attributed to the light absorption of the chlorine containing solu-
tion (e.g., HOCl and OCl�) (Turro, 1965; Wu et al., 2017). Table 1
shows the molar absorption coefficients (εl) of HOCl and OCl�,
which are obtained from the absorption spectra (Figure S3). With
the increasing wavelength of UV-LED from 257.7 to 301.2 nm, εHOCl
decreases from 48.35± 1.22 to 25.21± 0.90M�1 cm�1, while εOCl�
increases from 83.32± 1.07M�1 cm�1 to 316.35± 1.12. εHOCl and
εOCl� are both positively correlated with the fluence-based rate
constants of HOCl and OCl�, respectively (p1¼ p2¼1, Figure S4),
supporting that the wavelength-dependency on the chlorine pho-
todecay is partially attributed to the wavelength-dependent εHOCl
and εOCl�.

3.2. Dependency of chlorine photodecay rates on apparent
quantum yields

Table 2 shows the apparent quantum yields of chlorine photo-
decay at the four wavelengths and pHs 5 and 10 calculated using
Eqs. (1)e(3). At pH 5, the apparent quantum yields of HOCl pho-
todecay were 1.18± 0.01, 1.11± 0.03, 0.98± 0.02, and
0.96± 0.03mol einstein�1 at 257.7, 268, 282.3 and 301.2 nm,
respectively, and decreased by 18.6% with increasing wavelength
from 257.7 to 301.2 nm. At pH 10, the apparent quantum yields of
OCl� photodecay were 1.00± 0.03, 0.97± 0.01, 0.82± 0.02, and
0.77± 0.03mol einstein�1 at 257.7, 268, 282.3 and 301.2 nm,
respectively, and decreased by 23.0% with increasing wavelength
from 257.7 to 301.2 nm. No apparent quantum yields of HOCl and
OCl� at the tested four wavelengths have been reported in the
literature, while the decreasing tendency in quantum yields with
increasing wavelengths is similar to that of the HOCl/OCl� photo-
decay at 240, 253.7 and 280.4 nm using xenon-mercury lamps
(Cooper et al., 2007). The apparent quantum yields of HOCl are
positively correlated with the fluence-based rate constants (p4¼1,
Figure S5), suggesting that the wavelength-dependency on the
HOCl photodecay was partially attributed to the wavelength-
dependent apparent quantum yields. Nevertheless, the apparent
quantum yields of OCl� are negatively correlated with the fluence-
based rate constants (p5¼�1, Figure S5), indicating that it was the
molar absorption coefficient, but not the apparent quantum yield,
resulted in the wavelength-dependency on OCl� photodecay.

A more quantitative analysis of the dependency of k
0
ðl; pHÞ on

εðl; pHÞ and Fðl; pHÞ at the four wavelengths and pHs 5 and 10 was
conducted using the linear correlation function in SPSS (Table S2).
The standardized coefficient (b) between k

0
l and the εl (bk0

l
�εl

¼ 0.949) is 17 times higher than that between k
0
l
and Fl (bk0

l
�Fl¼ 0.055) considering all eight conditions at the four wavelengths

and pHs 5 and 10, further proving that the molar absorption coef-
ficient, instead of the apparent quantum yield, is the major
contributor to the wavelength-dependent fluence-based chlorine
photodecay rate constants at the tested wavelengths and pHs.

Supplementary tests were conducted to determine the
Table 1
The molar absorption coefficients (M�1 cm�1) of HOCl and OCl� at the four tested
wavelengths.

Wavelength (nm) εHOCl (pH 5) εOCl- (pH 10)

257.7 48.35± 1.22 83.32± 1.07
268 30.82± 1.04 175.47± 1.05
282.3 26.69± 0.76 305.21± 0.98
301.2 25.21± 0.90 316.15± 1.12
photodecay rates of HOCl and OCl� in the presence of acetate
(5mM, whose concentration is 50 times as high as that of the free
chlorine), to differentiate the quantum yields of the chlorine pho-
todecay by the direct UV photolysis or subsequent radical reactions
(results are shown in Figure S3). Acetate reacts rapidly with HO$
(k¼ 7.50� 107M�1 s�1) and Cl$ (k¼ 3.7� 109M�1 s�1) without
absorbing UV light at the tested wavelengths. More importantly,
both acetate and its daughter radicals generated from the reactions
between acetate and HO$ and Cl$ react slowly with free chlorine
(HOCl or OCl�) (Chuang et al., 2017). In the presence of acetate, the
calculated quantum yields of the HOCl and OCl� photodecay
decreased at all tested wavelengths (Table 2), but the decrease of
the calculated quantum yields of the HOCl photodecay is more
significant than that of the OCl� photodecay. The calculated
quantum yields of the HOCl photodecay does not change signifi-
cantly with increasing HOCl concentrations (3.55e14.2mg L�1 as
Cl2, Figure S4a), but that of the OCl� photodecay decreases signif-
icantly with increasing OCl� concentrations (3.55e14.2mg L�1 as
Cl2, Figure S4b). The results indicate that the radical scavenging by
acetate can isolate the innate quantum yields of the HOCl photo-
decay, but is not effective for the OCl� photodecay, probably due to
the 25-fold lower reaction rate between HO$ and acetate
(7.50� 107M�1 s�1) than that between HO$ and OCl�

(1.85� 109M�1 s�1) (Chuang et al., 2017). The true quantum yields
of HOCl and OCl� photodecay at 257 nm obtained in this studywere
1.13 and 1.18 times as high as those reported by Chuang et al. (2017),
which was probably due to the incomplete radical scavenging of
HO$ by acetate, because the second order rate constant between
HO$ and acetate (k¼ 7.50� 107M�1 s�1) is lower than those be-
tween HOCl (k¼ 5� 108M�1 s�1) and OCl� (k¼ 1.9� 109M�1 s�1),
resulting in the residual radicals contributing to the decomposition
of HOCl and OCl� (Chuang et al., 2017). Moreover, it is speculated
that the acetate daughter radicals still partially contributed to the
free chlorine decomposition (especially for HOCl) and resulted in
the overestimation of the quantum yields of chlorine photodecay,
compared to the values reported by Chuang et al. (2017) by
mathematical modelling (fHOCl¼ 0.62 and fOCl-¼ 0.55). The dif-
ferences between the apparent and true quantum yields indicated
that the direct UV photolysis (reactions with other reactive species)
contributed 72.0% (28.0%), 68.5% (31.5%), 66.3% (33.7%) and 62.5%
(37.5%), respectively, to HOCl photodecay at 255, 265, 285 and
300 nm. And for OCl�, direct UV photolysis contributed 91.0%
(9.0%), 89.7% (10.3%), 93.9% (6.1%) and 93.5% (6.5%), respectively, at
255, 265, 285 and 300 nm.
3.3. Modelling of the chlorine photodecay rates

An empirical model that incorporated εðl; pHÞ,Fðl; pHÞ and Ul was
then established to predict the k

0
ðl; pHÞ at wavelengths from 257.7 to

301.2 nm and pHs from 5 to 10 using Eq. (4) and Matlab:

k
0
ðl; pHÞ ¼

lnð10ÞFðl; pHÞεðl;pHÞ
10Ul

(4)

where Ul¼ hcNA
l , and h is the Planck constant

(6.6,260,690� 10�34 J s), c is the speed of light
(2.9,972,458� 108m s�1), NA is the Avogadro number
(6.0221,418� 1023mol�1) and the wavelength l is in meters. Ul can
be described as a function of wavelength by Eq. (5).

Ul ¼
hcNA

l
¼ 1:19599� 108

l
(5)

εðl;pHÞ andFðl; pHÞ of the chlorine containing solution at a certain pH
can be described by Eqs. (6) and (7) (Feng et al., 2007):



Table 2
The apparent quantum yields (mol einstein�1) of HOCl and OCl� in the presence/absence of acetate (5mM) at the four tested wavelengths.

Wavelength (nm) FHOCl FOCl- FHOCl w. acetate FOCl- w. acetate

257.7 1.18± 0.01 1.00± 0.03 0.85± 0.02 0.91± 0.02
268 1.11± 0.03 0.97± 0.01 0.76± 0.01 0.87± 0.02
282.3 0.98± 0.02 0.82± 0.02 0.65± 0.03 0.77± 0.01
301.2 0.96± 0.03 0.77± 0.03 0.60± 0.01 0.72± 0.03

Fig. 4. Comparison between the modelled and experimental results of the fluence-
based rate constants of chlorine photodecay at the four wavelengths and three pHs.
[Cl2]0¼100 mM (7.1mg L�1 as Cl2), pH¼ 6, 7 and 8.
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εðl; pHÞ ¼ f εHOCl þ ð1� f ÞεOCl� (6)

Fðl; pHÞ ¼
f εHOCl

f εHOCl þ ð1� f ÞεOCl�
FHOCl

þ ð1� f ÞεOCl�
f εHOCl þ ð1� f ÞεOCl�

FOCl� (7)

f is the fraction of HOCl existing in solution at a certain pH and can
be described by Eq. (8):

f ¼ 1
1þ 10pH�7:5 (8)

εðl; pHÞ of HOCl and OCl� were measured experimentally and can be
obtained from Fig. 1. The Fðl; pHÞ of HOCl and OCl� at wavelengths
from 257.7 to 301.2 nm were modelled empirically by fitting the
experimental data (obtained from Table 2) to two equations (Fig. 3)
(Cooper et al., 2007):

FHOCl ¼ �5:2556� 10�3lþ 2:5149 R2 ¼ 0:886 (9)

FOCl� ¼ �5:7346� 10�3lþ 2:4802 R2 ¼ 0:928 (10)

The incorporated model was validated against the experimental
results of chlorine photodecay at the four tested wavelengths (i.e.,
257.7, 268, 282.3, and 301.2 nm) and three environmentally rele-
vant pHs (i.e., pHs 6, 7 and 8). As shown in Fig. 4, the predicted
fluence-based rate constants of chlorine photodecay (shown by the
lines) are in reasonable good agreement with the experimental
results (shown by the dots) at pHs 6, 7 and 8 (the difference is
within 10%).
Fig. 3. Correlation between apparent quantum yields of HOCl and OCl� photodeacay
and wavelengths. Conditions: [Cl2]0¼ 100 mM (7.1mg L�1 as Cl2).
Fig. 5 displays the modelling results of the wavelength- and pH-
dependency on the chlorine photodecay rate. The wavelength de-
pendency is larger at alkaline pH than at acidic pH, and the largest
wavelength dependency occurs at the highest pH. As for the pH
dependency, the chlorine photodecay rate constants increase with
increasing pHs at any wavelength, and the pH dependency is the
largest at the longest wavelength. Moreover, the maximum
fluence-based rate constant (1.41� 10�4m2 J�1) obtained from the
model is at 292 nm and pH 9.95, and the minimum
(1.09� 10�5m2 J�1) is obtained at 291 nm and pH 5. The results
verify our hypothesis that the maximum photolysis rate is obtained
Fig. 5. Modelled results of the fluence-based rate constant of chlorine photodecay
versus wavelength and pH.
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near the maximum absorption of the oxidant precursor, OCl�,
which has a maximum absorption at 292 nm (Feng et al., 2007).
Fig. 6. The fluence-based steady-state concentrations of (a) HO� and (b) ClO� at the
four wavelengths and three pHs. [Cl2]0¼100 mM (7.1mg L�1 as Cl2),
[CBZ]0¼ [NB]0¼ 10 mM, pH¼ 6, 7 and 8.
3.4. Wavelength- and pH-dependency on radical formation from
chlorine photolysis

Nitrobenzene (NB) and carbamazepine (CBZ) were used as
probes to quantify the HO$ and reactive chlorine species (RCS)
generated from the chlorine photolysis at the four tested wave-
lengths (i.e., 257.7, 268, 282.3, and 301.2 nm) and three environ-
mentally relevant pHs (i.e., pHs 6, 7 and 8). NB exhibits high
reactivity towards HO$ (k¼ 3.9� 109M�1 s�1) but hardly reacts
with RCS (Buxton and Subhani, 1972; Fang et al., 2014). CBZ reacts
rapidly with HO$ (k¼ 8.8� 109M�1 s�1), Cl$
(k¼ 5.6� 1010M�1 s�1) (Wang et al., 2016) and ClO$
(0.92� 108M�1 s�1) (Guo et al., 2017). Also, it has been reported in
the literature that the steady-state concentrations of Cl$, ClO$ and
Cl2$- are in the order of 10�14, 10�10, and 10�14M in the UV/chlorine
process under the environmentally relevant conditions similar to
the current study (Guo et al., 2017). Based on the information on the
rate constants and the concentrations of the radical species, the
contribution of ClO$ to CBZ degradation in the UV/chlorine process
is thus around 2 magnitudes higher than that of Cl$, and much
higher than that of Cl2$-. Therefore, ClO$ was selected as the repre-
sentative RCS and its second order rate constant was used to
calculate the steady-state concentration of RCS in this study (such
assumption may cause the overestimation of the steady-state
concentrations of ClO$, and it was only recommended to be used
to compare the wavelength- and pH-dependency on radical for-
mation in this study). In addition, it should be noted that both NB
and CBZ are inert to direct UV-LED photolysis and dark chlorination
in the time scale of the current study (less than 5%, as shown
Figure S7). Therefore, the NB and CBZ degradation can be expressed
by Eqs. (11) and (12):

�dCNB
dt

¼ kHO$�NB½HO$�ssCNB ¼ kO;NBCNB (11)

�dCCBZ
dt

¼ kHO$�CBZ ½HO$�ssCCBZ þ kClO$�CBZ ½ClO$�ssCCBZ
¼ kO;CBZCCBZ (12)

where kHO$�NB and kHO$�CBZ are the second-order rate constants of
HO� towards NB (k¼ 3.9� 109M�1 s�1) and CBZ
(k¼ 8.8� 109M�1 s�1), respectively; and kClO$�CBZ is the second-
order rate constant of ClO$ towards CBZ (k¼ 0.92� 108M�1 s�1);
kO;NB and kO;CBZ are the apparent pseudo first-order rate constants
of the NB and CBZ degradation (shown in Figures S8 and S9),
respectively. ½HO��ss and ½ClO��ss are the steady-state concentra-
tions of HO$ and ClO$, respectively.

The steady-state concentrations of HO$([HO$]ss) and ClO$([-
ClO$]ss) were thus obtained and normalized with the fluence rates
and are shown in Fig. 6 (un-normalized data are shown in
Figure S10). At pH 6, the fluence-based [HO$]ss decreased from
1.8� 10�14 to 1.2� 10�14 (W/m2)�1M�1 with increasing wave-
length from 257.7 to 301.2 nm, which decreased by 32.03%. [ClO$]ss
decreased also, by 57.95% (from 9.6� 10�13 to 4.0� 10�13 (W/
m2)�1M�1), with increasing wavelength from 257.7 to 301.2 nm.
Compared to HO$, ClO$ decreased more significantly with
increasing the wavelength from 257.7 to 301.2 nm at pH 6. None-
theless, at pHs 7, the fluence-based [HO$]ss increased from
9.1� 10�15 to 1.2� 10�14 (W/m2)�1M�1 with increasing wave-
length from 257.7 to 301.2 nm, which increased by 30.43%. And the
[ClO$]ss also increased by 32.80%, from 1.2� 10�12 to 1.7� 10�12
(W/m2)�1M�1, with increasing wavelength from 257.7 to 301.2 nm.
At pH 8, the fluence-based [HO$]ss and [ClO$]ss increased by 57.02%
and 58.39%, respectively, with increasing wavelength from 257.7 to
301.2 nm. Compared to the fluence-based [HO$]ss, that of ClO$
increased more significantly with increasing wavelengths from
257.7 to 301.2 nm at pHs 7 and 8. These findings indicate that the
formation of ClO$ is more wavelength-dependent than that of HO$.
And the impact of wavelength on the HO$ and ClO$ formation was
more significant at pH 6, compared to those at pHs 7 and 8. Fig. 5
also shows that, at any wavelength tested, the fluence-based
[HO$]ss decrease with increasing pHs, mainly due to the faster
scavenging rate of HO$ by OCl� (k¼ 8.8� 109M�1 s�1) than that by
HOCl (k¼ 2.0� 109M�1 s�1) and the higher OCl� concentration at
higher pHs (Fang et al., 2014). In contrast, the fluence-based [ClO$]ss
increase with increasing pHs, at any wavelength tested, due to the
weaker scavenging effect of OCl-than HOCl towards ClO$ and the
increasing formation of ClO$ from the scavenging of HO$ by OCl� at
higher pHs (Guo et al., 2017). At higher pHs, the formation of higher
[ClO$]ss offset the scavenging of HO$ for the CBZ degradation in the
process, resulting in the higher apparent rate constants of the CBZ
degradation. In addition, the fluence-based [HO$]ss and [ClO$]ss
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show positive correlation (p6¼ p7¼ p8¼ p9¼1) with the fluence-
based rate constants of chlorine photodecay (Figure S11), indi-
cating that the radical formation exhibited a similar wavelength-
dependency to the chlorine photodecay. The wavelength- and
pH-dependency on the formation of other RCS (e.g., Cl$ and Cl2$-),
and the relationship between the radical yield and the chlorine
photodecay will be further investigated in the future.

4. Conclusions

The photodecay rates of HOCl and OCl� were highly
wavelength-dependent, mainly due to the wavelength-dependent
molar absorption coefficients, instead of quantum yields. As pre-
dicted by the empirical model, the wavelength dependency is
larger at alkaline pH than at acidic pH and the largest wavelength
dependency occurs at the highest pH. As for the pH dependency,
the chlorine photodecay rate constants all increase with increasing
pH at any wavelength, and the pH dependency is the largest at the
longest wavelength.

The modelled results help us better select UV-LEDs at different
wavelengths for chlorine photodecay and micropollutant degra-
dation by the UV/chlorine AOP, based on the pH condition of the
target water. UV light at longer wavelength is more suitable for
photo-dechlorination of chlorine in swimming pools and pollutant
degradation by the UV/chlorine AOP in water (e.g., secondary ef-
fluents and surface water) at neutral and alkaline pH. The wall plug
efficiency of UV-LED at high wavelength (e.g., 301.2 nm) is pre-
dicted to reach 75% by 2020 (Song et al., 2016), which makes it a
promising alternative to the conventional UV mercury lamps for
chlorine photodecay and micro-pollutant degradation by the UV/
chlorine AOP in the near future at neutral and alkaline pH. On the
other hand, the UV light at shorter wavelength is more suitable for
the chlorine photodecay and micropollutant degradation by the
UV/chlorine AOP in water at acidic pH (e.g., <6.5). In these cases,
conventional UVmercury lamps still perform better than UV-LED at
low wavelength (e.g., 257.7 nm), since the wall plug efficiency of
UV-LED at 257.7 nmwill unlikely be significantly improved enough
to compete with the conventional lamps in the foreseeable future.
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