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a b s t r a c t
The efficient reduction of disinfection by-products (DBPs) is currently a major challenge in water 
treatment facilities due to their high toxicity to human health and long-time residence in the envi-
ronment. In this work, an advanced reduction process (ARP) that combines ultraviolet light irradia-
tion using a low-pressure mercury lamp and sulfite reducing agent (UV-L/sulfite) was investigated 
for the reduction of chlorate, as a model of inorganic chlorination DBPs. The UV-L/sulfite ARP 
was much more effective than single processes such as sulfite alone or UV irradiation alone. The 
higher efficiency of UV-L/sulfite is due to the formation of free reducing radical species (sulfite 
anion radical (SO3

•–), hydrated electron (e–
aq), and hydrogen atom (H•)). Effects of sulfite dose, initial 

pH, initial chlorate concentration, and UV-L light dose on the rate and extent of chlorate reduction 
were evaluated. Chlorate reduction was notable only in an acidic pH environment and its reduc-
tion rate was very slow at neutral and basic pH values. Increasing sulfite dose up to 180 mg/L 
led to increasing the efficiency and accelerated the rate of chlorate reduction. Increasing UV-light 
intensity up to 670 µW/cm2 (10 mg/L chlorate and 180 mg/L sulfite) improved the efficiency and 
accelerated the chlorate reduction rate by producing large amounts of free-reducing radicals. The 
major reaction product from chlorate reduction by UV-L/sulfite ARP was chloride with the forma-
tion of free chlorine as an intermediate and no chlorite was detected. The presence of SO3

•–, e–
aq, and 

H• scavengers affected the efficiency of UV-L/sulfite ARP. A decrease of chlorate reduction yield 
was observed in presence of dissolved oxygen, nitrite, or nitrate confirming the contribution of 
SO3

•–, e–
aq, and H• in the mechanism of chlorate reduction. However, the presence of Fe3+ enhanced 

chlorate reduction yield due to the formation of additional SO3
•– radicals from the photodecom-

position of Fe(III)-HSO3
– complexes. The mechanism of chlorate reduction into chloride involves 

oxygen atom-abstraction and consecutive reactions with the formation of chlorite, hypochlorite as 
intermediates. These results point to conclude that UV-L/sulfite ARP has a great potential to be 
applied in water treatment to control the formation of undesirable DBPs.

Keywords:  Disinfection by-products; Chlorate; Advanced reduction processes; UV-L/sulfite process; 
sulfite anion radicals

1. Introduction

Oxidation–reduction reactions are the primary way in 
which water treatment processes destroy environmental 

contaminants. Although many oxidation–reduction reac-
tions are thermodynamically feasible, most do not occur 
at reasonable rates under normal conditions of tempera-
ture and pressure. A group of treatment processes called 
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advanced oxidation processes (AOPs) overcome this 
problem by producing highly reactive hydroxyl radicals 
(HO•) that are responsible for oxidizing contaminants to 
environmentally benign products [1–3]. Hydroxyl radi-
cals are often produced in AOPs by combining a reagent 
(e.g., hydrogen peroxide, ozone) with a physical acti-
vation method (e.g., ultraviolet light, ultrasound) [4,5]. 
The reactivity of the HO• radical is due to short life-time 
and chemical instability by the presence of unpaired elec-
trons [6–8]. Oxidizing free radicals remove an electron from 
the contaminant being oxidized in order to form a paired 
set of electrons. Applications of free radical chemistry for 
treating water, wastewater and hazardous wastes have 
been limited almost entirely to applying oxidizing free 
radicals such as HO• radical in AOPs. However, there are 
also reductive free radicals that react with contaminants 
by donating an unpaired electron to them. The hydrogen 
radical (H•) and hydrated electron (e–

aq) is an example of a 
reducing free radical [8,9]. Reductive free radicals can also 
be formed and applied to water treatment applications 
that require reduction. Examples of oxidized contaminants 
that are destroyed by reductive treatment include perchlo-
rate, chlorate, chlorite, free chlorine, chromate, chlorinated 
organics, nitrate, nitrite, arsenate, selenate, bromate, and a 
number of radionuclides. Advanced reduction processes 
(ARPs) take the approach of many AOPs of combining 
reagents and activating methods to produce reducing free 
radicals, rather than an oxidizing free radical. ARPs have 
been proposed for destroying oxidized contaminants by 
producing reductive free radicals [10–19].

The most promising ARP identified so far is the com-
bination of sulfite with low-pressure ultraviolet light 
(UV-L) [20–23]. This ARP is the most promising primarily 
because it appears to have the greatest ability to effectively 
destroy contaminants. It is also attractive since it could be 
developed more rapidly, and it could use available UV-L 
dosing systems that are currently being used to disinfect 
water and wastewater. Nearly complete removal of nitrate 
at the earliest sampling time was observed at moderate 
to high pH with the sulfite/UV-L ARP. The sulfite/UV-L 
ARP was also able to destroy perchlorate to a 17% extent 
[12]. Although this extent of removal is small in itself, it 
is much higher than the perchlorate destruction achieved 
by other chemical reductants [24]. A mechanism for the 
ability of the sulfite/UV-L ARP to successfully degrade 
oxidized compounds is that UV light converts the sul-
fite into highly reactive free radicals [11,21,25]. Sulfite 
solutions absorb UV light with a maximum near 276 nm 
[26,27], so there is a source of energy imparted to the sul-
fite ions that could be used to produce reactive free rad-
icals. Further evidence for the production of highly reac-
tive reductants in irradiated sulfite solutions is that they 
produce hydrogen [28] and react with oxygen more rap-
idly than non-irradiated solutions. The increased ability of 
irradiated sulfite solutions to reduce chemicals is generally 
explained by the production of the aqueous electron (e–

aq) 
[8,29,30], which is a highly reactive reductant. An alter-
native mechanism is that irradiation of sulfite solutions 
results in the formation of the sulfur dioxide radical anion 
(SO2

•–), which is another highly reactive reductant [31]. 
Regardless of the species being formed, irradiation of sulfite 

solutions produces free radicals that promote redox reactions 
that can be used to destroy oxidized contaminants.

Chlorate (ClO3
–) is one of the oxidized contaminants 

detected as disinfection by-products (DBPs) in water disin-
fection by chlorine and its derivatives [32,33]. Chlorate was 
formed during water disinfection by chlorine [34–36], hypo-
chlorites [37–39], chlorine dioxide [40,41], and electro-chlori-
nation [42,43]. The chlorates and other DBPs were detected 
in swimming pools, bathing water, drinking water, and 
groundwater [44–47]. Also, wastewater discharges from 
Chlor-alkali plants and the sodium chlorate manufacturing 
industry are usually contaminated with chlorate [48,49]. 
Recent studies showed that chlorates cause deleterious 
human health concerns [32,50–55]. The regulation of chlo-
rate level to a maximum contaminant level (MCL) of 1 mg/L 
in drinking water is under progress in many countries over 
the world including Europe, USA, and Canada [54,56–59].

Several treatment methods have been applied to remove 
chlorate from water, these include biological, physical, 
chemical, and combined methods [60–64]. Although several 
biological methods were successful to reduce chlorate into 
chloride, they took a very long time to reach the desired 
reduction of chlorate [65,66]. In addition, only partial reduc-
tion of chlorate was achieved by chemical reduction using 
zero-valent iron, carbon-supported iridium catalyst, nickel 
catalysts, and ferrous iron, Fe2+ [60,62,67–69]. Recently, 
Jung et al. [70] investigated the reduction of chlorate using 
dithionite (S2O4

2–)/UV ARP. Very promising results were 
obtained and S2O4

2–/UV system was able to reduce chlorate 
into chloride. However, the complete reduction of chlo-
rate was achieved at pH in the range of 3–4 and a high 
dose of dithionite was required to achieve high efficiency 
of chlorate reduction. The authors claimed that the mech-
anism of degradation involved sulfite ions, among others, 
which are formed by the decomposition of dithionite in an 
acid medium.

This work aims to investigate chlorate reduction in 
water by UV-L/sulfite ARP and elucidate the mechanisms 
involved under different operating conditions and deter-
mine the conditions under which the sulfite/UV-L ARP can 
rapidly degrade chlorate. Although sulfite (SO3

2–) is a partic-
ular anion, it will be used thereafter in this article as a gen-
eral term to describe the group of sulfurous acid (H2SO3), 
bisulfite (HSO3

–) and sulfite (SO3
2–) ions. The extent of reduc-

tion was measured by the decrease of chlorate concentra-
tion and the increase of chloride concentration. Additional 
experiments were conducted to evaluate the effects of pH, 
sulfite dose, chlorate concentration, UV-L intensity, and 
the presence of hydrated electron (e–

aq) and free radicals 
scavengers (dissolved oxygen (DO), nitrate, and carbonate).

2. Experimental

2.1. Chemicals

Sodium chlorate (NaClO3), sodium chlorite (NaClO2), 
sodium chloride (NaCl) were of analytical grade from 
Sigma-Aldrich Pty. Ltd., (Germany). Sodium sulfite (anhy-
drous ≥ 98.0% ACS) was received from VWR and used without 
any further purification. Sodium hydroxide (NaOH), sodium 
carbonate (Na2CO3), sodium nitrate (NaNO3), phosphoric acid 
(H3PO4) were bought from Fisher Scientific UK Ltd., (UK).  
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All the aqueous solutions were prepared using deoxygen-
ated and deioni zed water. Deionized water was obtained 
from the Milli pore Milli-Q purification system (resistivity 
18.2 MΩ cm, TOC ≤ 5 ppb). Deoxygenation of the solutions 
was carried out by purging pure nitrogen gas in the solutions 
for 2 h, and then keep them inside an anaerobic chamber 
where the photochemical experiments for chlorate reduction 
were conducted.

2.2. Analytical methods

Chlorates, chlorites, chlorides, and sulfates were moni-
tored using Dionex ICS-2000 ion chromatograph equipped 
with EGC Eluent Generator, IonPac AS19 (4 mm × 250 mm) 
analytical separation column, ASRS 300–4 mm suppressor, 
and DS6 conductometric cell. The standard solutions were 
prepared by successive dilution of 50 mg/L stock solutions. 
The method detection limit by IC method was found to be 
5, 6, 1, and 160 µg/L for chlorates, chlorites, chlorides, and 
sulfates, respectively. Free chlorine was analyzed using DPD 
colorimetric method [71]. Linear calibration curves were 
obtained for all the analytes with a regression factor R2 > 0.99. 
pH was monitored using a pH-meter (SevenCompact S210, 
METTLER TOLEDO®). DO was measured using an oxy-
gen probe (Extech Heavy Duty Dissolved Oxygen Meter) 
with automatic temperature compensation.

2.3. Photochemical experiments

Chlorate reduction experiments were performed in 
batch mode in a photochemical box chamber. The photo-
chemical box chamber was accommodated inside a flexible 
anaerobic chamber (Coy Laboratory Products Inc., USA) 
under a nitrogen gas (99.99%) atmosphere equipped with 
an oxygen detector and a palladium catalyst STAK-PAK to 
ensure an oxygen-free environment. Batch kinetic exper-
iments were performed in quartz cells (Starna 32/Q/10, 
Spectrosil® Quartz) fitted with a PTFE stopper with a total 
volume of 17 mL and 10 cm optical path length. UV irradi-
ation of the solutions was conducted using a low-pressure 
mercury lamp (G64T5L/4, UV-Consulting Peschl, Germany) 
emitting polychromatic UV-C light with a power input 
of 75 W (30 W at 254 nm). The UV radiation power was 
monitored using a UVM-CP digital UV meter positioned 
in a UV-C sensor. During UV irradiation experiments, the 
photochemical chamber was closed to ensure safe opera-
tion and to prevent the entrance of external light. The con-
trol of the UV light intensity was possible by adjusting the 
distance between the lamp and the quartz cells. Chlorate 
reduction experiments started when the lamp was switched 
on. Samples were withdrawn at the desired times and 
directly sent to analysis. No quenching of the samples was 
required based on preliminary experiments confirming no 
reaction between sulfite and chlorate is possible.

3. Results and discussion

Fig. 1a displays the effect of sulfite dose on the 
changes of chlorate concentration with time during pho-
tochemical chlorate reduction using UV-L/sulfite ARP 
(initial chlorate concentration: 10.5 mg/L, initial pH = 5.4, 

DO = 0.21 mg O2/L). The results showed that chlorate con-
centration decreased with time for all the sulfite doses in the 
range of 0–360 mg/L. UV-L alone reduced 14.2% of initial 
chlorate concentration, while sulfite (360 mg/L) alone did 
not result in a detectable change in chlorate concentration. 
The increase of sulfite dose from 0 to 360 mg/L enhanced the 
kinetics and the yield of chlorate reduction. These results 
confirmed that the combined ARP system of UV-L/sulfite 
is very effective in chlorate reduction. It is presumed that 
activation of sulfite solutions with UV-L results in the for-
mation of reductive species that are capable of destroying 
chlorate in water. Further discussions about the formation 
of radical species will be given in the subsequent sections.

All the kinetic results shown in Fig. 2a can be mod-
eled using a pseudo-first-order kinetics model. The pseu-
do-first-order rate constant, kapp, increased linearly with 
the increase of sulfite dose from 0 up to 180 mg/L, with 
decreasing slope for sulfite doses higher than 180 mg/L 
(Fig. 1b). Chlorate decay yields at the end of the experi-
ments (after 420 min) were 42.6%, 62.0%, 70.9%, 81.8%, 
91.6%, 98.2%, and 99.0% for sulfite doses of 10, 30, 60, 90, 
180, 240, and 360 mg/L, respectively. In addition, the times 
required to reach ≤1 mg/L chlorate concentration were 360, 
300, and 240 min for sulfite doses 180, 240, and 360 mg/L, 

 

 

(a) 

(b) 

Fig. 1. Changes of (a) chlorate concentration with time at differ-
ent sulfite doses, (b) changes of pseudo-first-order rate constant 
(kapp) with sulfite dose during photochemical chlorate reduction 
using UV-L/sulfite ARP. Experimental conditions: sulfite dose: 
0–360 mg/L; initial chlorate concentration: 10.5 mg/L; initial 
pH = 5.4; T = 25°C; DO = 0.21 mg O2/L; UV-L power output: 75 W; 
UV light intensity: 670 µW/cm2.
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respectively. Lower sulfite doses than 180 mg/L did not 
achieve chlorate concentrations ≤1 mg/L. These results 
demonstrate that sulfite doses ≥180 are sufficient to reduce 
chlorate concentration to less than the proposed MCL of 
1 mg/L. Higher doses than 180 mg/L are not cost-effective 
since they did not significantly enhance the kinetics of the 
reaction. This indicates that a molar ratio (sulfite/chlorate) 
of 18 is required to keep the chlorate concentration less than 
MCL within a reasonable period of time.

The oxidation–reduction photochemistry of sulfite 
solutions has been widely studied in atmospheric sciences, 
because of the importance in atmospheric chemistry of the 
oxidation of sulfurous acid to form sulfuric acid [72,73]. 
Sulfite solutions absorb UV light with a maximum in the 
range of 240–280 nm [74–76]. UV irradiation of sulfite solu-
tions has been generally reported to produce three reducing 
radicals [Eqs. (1)–(3)]: sulfite radical anion (SO3

•–), hydrated 
electron (e–

aq) and hydrogen atom (H•) [27,74,75,77]. The sul-
fite radical anion (SO3

•–) has been identified [29] and it can 
act as both oxidizing and reducing radically. The aqueous 

electron has been identified in irradiated sulfite solutions 
[27,30] and it is known to be a strong reductant.

SO h SO eaq3
2

3
− •− −+ → +ν  (1)

e H Haq
� � �� �  (2)

SO e SOaq3 3
2�� � �� �  (3)

Evidence for the formation of active reductants in irra-
diated sulfite solutions can also be found in the production 
of reduced species of the target contaminant. Although the 
mechanisms have not been reported, irradiation of sulfite 
solutions by UV light has promoted their ability to form 
hydrogen [28], their ability to react with oxygen [78] and 
their ability to dehalogenation compounds [74,75].

The observed ability of the UV-L/sulfite ARP to reduce 
chlorate is due to the effectiveness of sulfite radical anion 
(SO3

•–) in reducing chlorate through an oxygen abstrac-
tion mechanism (Taube, 1982). This would produce chlo-
rite (ClO2

–), which in turn is reduced to chloride. The sul-
fate radical anion that is produced would be reduced by 
the aqueous electron. The following equations can explain 
how the oxygen abstraction mechanism would work.

SO h SO eaq3
2

3
� �� �� � ��  (4)

SO ClO SO ClO23 3 4
�� � �� �� � �  (5)

SO e SOaq4 4
2�� � �� �  (6)

Fig. 2a presents the effect of initial pH on the rate 
and extent of chlorate reduction using UV-L/sulfite ARP 
(initial chlorate concentration: 10.5 mg/L, sulfite dose: 
180 mg/L, DO = 0.21 mg O2/L). Although chlorate con-
centration decreased with time for all the initial pH val-
ues in the range 2.8–12.0, the kinetics were much higher 
in acidic conditions than that for the neutral and basic 
environments. The curves at low pH values followed an 
exponential trend confirming pseudo-first-order kinetics 
for the chlorate decay using UV-L/sulfite ARP. The pseu-
do-first-order rate constant, kapp, dropped rapidly with the 
increase of initial pH up to 7.0, then it remains invariant for 
pH > 7.0 as shown in Fig. 2b. Furthermore, chlorate decay 
is more important at pH ≤ 5.4 where chlorate concentra-
tion reached values ≤1 mg/L after 360 min. Almost com-
plete chlorate decay was achieved under the lowest initial 
pH value of 2.8 after 240 min. Since the initial pH value of 
5.4 is the closest to neutral conditions that enabled chlo-
rate decay to levels less than 1 mg/L, it was selected to be 
used for the rest of chlorate destruction experiments to 
avoid any further step of pH acidification or neutralization 
before and after the treatment. This is might be in connec-
tion with the nature of reductive species involved in the 
mechanisms of chlorate decay. It was reported [74,75] that 

 

 

(a) 

(b) 

Fig. 2. Changes of (a) chlorate concentration with time at differ-
ent initial pH values, (b) changes of pseudo-first-order rate con-
stant (kapp) with initial pH during photochemical chlorate reduc-
tion using UV-L/sulfite ARP. Experimental conditions: sulfite 
dose: 180 mg/L; initial chlorate concentration: 10.5 mg/L; initial 
pH = 2.8–12.0; T = 25°C; DO = 0.21 mg O2/L; UV-L power output: 
75 W; UV light intensity: 670 µW/cm2.
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the UV photolytic decomposition of bisulfite (HSO3
–), which 

is the sulfite species present in acidic pH values, forms 
both sulfite anion radical and a hydrogen atom (H•).

HSO h SO H3 3
− •− •+ → +ν  (7)

SO H HSO4 4
•− • −+ →  (8)

In contrast to reports of production of the sulfite radi-
cal anion and the aqueous electron when sulfite solutions 
are irradiated. Pemberton et al. [31] reported that irradia-
tion of sulfite solutions produced the sulfur dioxide radical 
anion (SO2

•–) and the hydroxyl radical (HO•). Since the sul-
fur dioxide radical is reported to be formed by the pho-
tolytic decomposition of HSO3

– [31], the difference in the 
radicals formed (SO3

•– or SO2
•) may depend on pH, because 

sulfite dominates at high pH and sulfurous acid/sulfur 
dioxide dominates at low pH. Being stronger reducing 
reagent than SO3

•–, SO2
• is more effective in reducing chlo-

rate and higher efficiency is observed at acidic pH values 
[Eqs. (9)–(11)].

HSO h SO HO3 2
� � �� � ��  (9)

SO ClO SO ClO2 3 3 2
� � � �� � �  (10)

SO HO HSO3 3
� � �� �  (11)

Fig. 3 presents the effect of the initial chlorate concentra-
tion on the changes of normalized chlorate concentration (C/
C0) with time, where C and C0 are the chlorate concentration 

at an instant time t and at t = 0 min, respectively. Initial chlo-
rate concentrations in the range of 3.5–21.2 mg/L were inves-
tigated while maintaining an initial sulfite/chlorate molar 
ratio at 18.0, DO of 0.21 mg O2/L, and an initial pH value 
of 5.4. The higher is the initial chlorate concentration the 
slower is chlorate decay at a constant sulfite/chlorate molar 
ratio. The pseudo-first-order rate constant, kapp, decreased 
from 0.02 min–1 for the lowest initial chlorate concentration 
of 3.5 mg/L to 0.01, 0.006 and 0.005 min–1 for initial chlorate 
concentrations of 6.25, 10.5, and 21.2 mg/L, respectively. 
Complete chlorate decay was achieved for the lowest initial 
concentration of 3.5 mg/L, while 98.5%, 91.5%, and 86.7% 
of chlorate decay yields were accomplished for initial chlo-
rate concentration of 6.25, 10.5, and 21.2 mg/L, respectively. 
Although (sulfite/chlorate) molar ratio was kept constant at 
18, differences were observed in the extent and rate of chlo-
rate reduction for different initial chlorate concentrations 
indicating that there are secondary reactions involved in 
the mechanisms of chlorate reduction by UV-L/sulfite that 
consume the reactive species formed by UV-L irradiation of 
sulfite solutions. Furthermore, the light intensity is main-
tained constant during these experiments, which can be a 
limiting factor for the formation of stoichiometric amounts 
of reactive species when high sulfite doses are used.

Fig. 4 presents the changes of chlorates decay yield 
with the UV-L dose measured at the end of the kinetic 
experiments after a reaction time of 420 min under simi-
lar operating conditions. Initial conditions for these exper-
iments were: chlorate concentration = 10.5 mg Cl/L, sulfite 
dose = 180 mg/L, pH = 5.4, T = 25°C, DO = 0.21 mg O2/L, 
and UV-L power output = 75 W. Chlorate decay yield 
increased from 51.5% for UV-L light dose of 425 µW/cm2 
to 68.3%, 77.7%, 91.5%, 99.6%, and 99.99% for UV-L light 
doses of 525, 585, 670, 750, and 825 µW/cm2, respectively. 
This indicates that the UV-L dose affected significantly the 
efficacy of UV-L/sulfite ARP in eliminating chlorate from 

 

Fig. 3. Effect of initial chlorate concentration on the changes of 
normalized chlorate concentration (C/C0) with time during pho-
tochemical chlorate reduction using UV-L/sulfite ARP. Experi-
mental conditions: initial chlorate concentration: 3.50–21.2 mg/L, 
(sulfite/chlorate) molar ratio: 18; initial pH = 5.4; T = 25°C; 
DO = 0.21 mg O2/L; UV-L power output: 75 W; UV light inten-
sity: 670 µW/cm2.

 

Fig. 4. Changes of chlorates decay yield with UV-L dose 
during chlorate photochemical reduction using UV-L/sulfite 
ARP. Experimental conditions: initial chlorate concentration: 
10.5 mg Cl/L, sulfite dose: 180 mg/L, initial pH = 5.4, T = 25°C, 
DO = 0.21 mg O2/L, UV-L power output: 75 W, UV light intensity: 
425–825 µW/cm2.
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water. The increase of UV-L light dose up to 670 µW/cm2 
enhanced the efficacy of UV-L/sulfite ARP. However, higher 
UV-L light doses had minor improvement in the chlorate 
decay yield. This demonstrates that 670 µW/cm2 is appro-
priately effective in activating sulfite and produces an ade-
quate amount of reactive species able to reduce chlorate 
concentration to levels less than the proposed MCL.

Fig. 5 presents the measured concentrations of chlor-
ate, chlorite, free chlorine, and chloride with time for a set 
of UV-L/sulfite ARP kinetic experiments. The initial condi-
tions of these experiments were: sulfite dose = 180 mg/L, 
initial chlorate concentration = 10.5 mg/L (4.46 mg/L), 
initial pH = 5.4, DO = 0.21 mg O2/L, UV-L power out-
put = 75 W, and UV light intensity = 670 µW/cm2. As it 
can be seen, chlorate decay is accompanied by a simulta-
neous formation of chloride ions from the beginning of 
photochemical treatment. 99% of chlorate was converted 
into chloride ions by UV-L/sulfite ARP after 420 min. No 
chlorite was detected, but a small amount of free chlo-
rine was formed during the photochemical treatment. 
These results indicate that chloride ions are the major 
final products of chlorate reduction using UV-L/sulfite 
ARP. Free chlorine (HClO/ClO–) ions were formed as inter-
mediate species that were rapidly converted into chlorides 
and they were mostly depleted at the end of the treat-
ment. These results reveal that the mechanism of chlorate 
reduction by UV-L/sulfite could involve several steps of 
oxygen abstraction from ClO3

– to ClO2
–, then from ClO2

– 
to ClO– and ends with the release of chloride ions.

Fig. 6 displays the effect of DO on the rate of chlo-
rate reduction. As it can be seen, DO had a significant 
effect on both the kinetics and efficiency of chlorate 
reduction with UV-L/sulfite ARP. The pseudo-first- order 
rate constant (kapp) decreased from 0.006 min–1 when 
DO = 0.21 mg/L to 0.002 and 0.001 min–1 in presence of 
6.12 and 8.50 mg/L DO, respectively. In addition, chlorate 

decay yield decreased from 91.5 at DO = 0.21 to 60.6% 
and 44.8% in presence of 6.12 and 8.50 mg/L DO, respec-
tively (after 420 min). It was reported that molecular oxy-
gen O2 is a scavenger for sulfite anion radical and sulfur 
oxide radical [20,74,79]. The inhibition of chlorate decay 
in presence of dissolved oxygen is due to the quenching 
effect of O2 on sulfite anion radical and sulfur dioxide rad-
ical. These results confirmed the important contribution 
of sulfur radical species (SO3

•– or SO2
•) in the reduction of 

chlorate to chloride. Similar results were reported in the 
literature related to the DO effect on the dehalogenation 
of organic compounds [80–82], and the reduction of 
bromate [21], perchlorate [12], and chromium(VI) [83,84].

Fig. 7 presents the effects of nitrite, nitrate, and iron(III) 
on chlorate decay yield in deoxygenated and oxygenated 
solutions during photochemical chlorate reduction using 
UV-L/sulfite ARP (initial chlorate concentration: 10.5 mg/L, 
sulfite dose: 180 mg/L, initial pH = 5.4, UV-L power output: 
75 W, UV light intensity: 670 µW/cm2). The results show 
that the presence of nitrite, nitrate, and iron(III) affected 
the yield of chlorate decay.

Nitrite and nitrate inhibited chlorate decay in deoxy-
genated and oxygenated solutions. In deoxygenated solu-
tions (DO = 0.21 mg/L), chlorate decay yield decreased from 
91.5% to 78.8% and 83.6% in presence of nitrite and nitrate, 
respectively. In deoxygenated solutions, a similar decrease 
was observed in presence of nitrite and nitrate. This can be 
explained by the scavenging behavior of nitrite and nitrate 
towards the hydrated electron (e–

aq) and a hydrogen atom 
(H•). It was reported that nitrite and nitrate react immedi-
ately with e–

aq and H• formed during UV-L irradiation of 
sulfite solution [Eqs. (12)–(15)] [81,85,86]:

NO e NOaq2 2

2� � � �
� � � �  (12)

 

Fig. 6. Effect of dissolved oxygen (DO) on the changes of chlo-
rate concentration with time during photochemical chlorate 
reduction using UV-L/sulfite ARP. Experimental conditions: 
initial chlorate concentration: 10.5 mg/L; sulfite dose: 180 mg/L; 
initial pH = 5.4; UV-L power output: 75 W; UV light intensity: 
670 µW/cm2.

 

Fig. 5. Changes of chlorine species concentrations with time 
during photochemical chlorate reduction using UV-L/sulfite 
ARP. Experimental conditions: sulfite dose: 180 mg/L, initial 
chlorate concentration: 10.5 mg/L; initial pH = 5.4; T = 25°C; 
DO = 0.21 mg O2/L; UV-L power output: 75 W; UV light inten-
sity: 670 µW/cm2.
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NO e NOaq3 3

2� � � �
� � � �  (13)

NO H NO OH2
� � � �� � �  (14)

NO H HNO3 3
� � � �
� � � �  (15)

These results demonstrate that hydrated electron (e–
aq) 

and a hydrogen atom (H•) contribute with sulfite anion rad-
ical (SO3

•–) in the reduction of chlorate in water using 
UV-L/sulfite ARP.

However, the presence of Fe3+ enhanced chlorate decay 
yield in deoxygenated and oxygenated solutions. Chlorate 
decay yield increased from 91.5% to 96.9% in deoxygenated 
solutions (DO = 0.21 mg/L), and from 60.6% and 44.8% to 
79.2% and 66.5% for 6.12 and 8.50 mg/L DO, respectively. 
It was demonstrated that Fe3+ can form a stable complex 
with HSO3

– [87–91]. These complexes absorb UV light and 
decompose to form Fe2+ and sulfite anion radical SO3

•– 
[Eqs. (16) and (17)]:

n
n

n
HSO Fe Fe HSO3

3
3

3� � �� ��
� � � �  (16)

Fe HSO h Fe HSO H SO3

3 2
3 31( ) + → + −( ) + +

−( )− + − + •−
n

n
nν  (17)

The supplementary amount of sulfite anion radi-
cals formed in Eq. (17) enhances the chlorate decay yield 
observed in presence of Fe3+. This confirms the importance 
of sulfite anion radicals in the reduction of chlorate into 
chloride by oxygen atom abstraction mechanisms.

4. Conclusion

The UV-L/sulfite ARP was efficient to reduce chlorate 
into chloride in water under different operating conditions. 

The effects of sulfite dose, initial pH, initial chlorate concen-
tration, and UV-L light intensity were evaluated. Chlorate 
decay followed a pseudo-first-order reaction in all condi-
tions. The efficiency of UV-L/sulfite was high in acidic con-
ditions when the pH value was ≤5.4 and the reaction rate 
constant increased with the increase of sulfite dose up to 
180 mg/L for the photochemical reduction of 10 mg/L chlo-
rate in deoxygenated solution. An increase in initial chlo-
rate concentration resulted in a decrease in the extent and 
rate of chlorate reduction when sulfite/chlorate molar ratio 
was kept constant at 18. The increase of UV-L light dose 
up to 670 µW/cm2 increased the efficiency of photochemi-
cal reduction of chlorate by UV-L/sulfite but higher doses 
did not show a significant improvement. Chlorate reduc-
tion was retarded in presence of dissolved oxygen due to 
its scavenging effect on sulfite anion radical. Also, it was 
retarded in the presence of nitrite and nitrate ions due to 
their scavenging effects on hydrated electrons. However, 
the presence of Fe3+ enhanced the efficiency of UV-L/sul-
fite ARP in reducing chlorate due to the additional sulfite 
anion radicals formed by photodecomposition of Fe3+-
bisulfite complexes. Based on the results obtained herein, 
the mechanism of chlorate reduction into chloride involves 
sulfite anion radical (SO3

•–), hydrated electron (e–
aq), and 

a hydrogen atom (H•) through oxygen atom-abstraction 
sequence reactions from ClO3

– to ClO2
–, then to ClO–, and 

end by the release of Cl–. Accordingly, UV-L/sulfite ARP has 
great potential to be integrated into water and wastewater 
treatment processes for the removal of chlorination DBPs.
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