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Denitrification is an effective strategy to control eutrophication caused by excessive nitrate in water. However,
the comparatively low efficiency of nitrate removal and N2 selectivity remains a challenge in the denitrification
process. Herein, this study proposed a novel photochemical denitrification process by introducing hydrated
electron (e-aq) to reduce nitrate in UV/sulfite system. The results indicated that the optimized UV/sulfite system
could effectively reduce nitrate to N2 with a nearly 100% denitrification efficiency in 90 min. e-aq was identified
as the mainly reactive species to achieve rapid removal of nitrate and nitrite, and the result was verified by
quenching and laser flash photolysis tests. Benefiting from the high dispersion of e-aq in water and the rapid
reaction rate between e-aq and the target, the generated N2O is susceptible to be reduced, leading to a high
selectivity of N2 that was confirmed by 15N-isotopic. Besides, thermodynamic results based on the density
functional theory (DFT) calculations suggested that the photochemical denitrification process was exothermic
process and tend to transform to N2. Significantly, UV/sulfite system applied in the nickel-plating wastewater
showed high denitrification efficiency, demonstrating that the novel photochemical denitrification process is
promising for practical wastewater treatment.
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1. Introduction
Anthropogenic activities including the discharge of wastewater,
extensive utilization of nitrogen fertilizers, and combustion of fossil-fuel
have resulted in alarmingly increased nitrate pollution of water sources
(Garcia-Segura et al., 2018). Excess nitrate in water, including nitrite
and ammonia, would contribute to aquatic biota toxicity, eutrophic
plague and even human health risk (Chauhan and Srivastava, 2021). So,
it is desired to develop effective method to remove nitrate from
waterbody.
Several methods have been developed so far for this purpose. In
general, ion exchange, as a physicochemical process, is widely used to
remove nitrate from groundwater, however, this treatment process can
only separate and concentrate the nitrate instead of destroying it,
generating large amounts of secondary brine wastes and therefore

requires expensive post-treatment (Barrabés and Sá, 2011). Biological
denitrification, catalytic hydrogenation, and electrochemical denitrifi
cation are considered to be promising techniques for converting nitrate
to harmless N2 (Mohseni-Bandpi et al., 2013; Yoshinaga et al., 2002; Li
et al., 2009a). For biological denitrification, it is recognized as a tech
nologically mature and cost-effective method, but the drawbacks of
sludge production and long duration may limit its application (Li et al.,
2009b). Moreover, the high salt concentration in industry wastewater
will retard nitrate removal (Mohseni-Bandpi et al., 2013). Catalytic
hydrogenation and electrochemical denitrification, as heterogeneous
catalytic reactions, require effective combination of nitrate and active
sites on catalysts to achieve denitrification. However, nitrogen species
intermediates are susceptible to desorb from the surface of the catalysts,
resulting in poor efficiency and selectivity to N2 (Duca and Koper, 2012;
Chauhan and Srivastava, 2020). Furthermore, the continuous
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supplement of reducing agent (H2) (Yang et al., 2013), the consumption
of the noble metals (D’Arino et al., 2004) and strong inhibition effects
from competitive species (Li et al., 2009a) limited the application of
these technologies. To the end, it is very urgent to develop a new method
to rapidly and utterly transform nitrate to N2.
Photochemical induced reduction technology provides a promising
alternative for transforming nitrate to N2 owing to its high-efficiency,
cost-effective and environmental-friendly properties (Chong et al.,
2010; Mahajan et al., 2019). Most of the prior studies focused on the
direct photolysis of nitrate, but the photolysis process would produce
more toxic nitrite as the end product, thereby, it is inapplicable as an
individual treatment option (Brezonik and Fulkerson-Brekken, 1998).
Recent studies on photochemical denitrification mainly focused on the
design of new catalysts processing unique catalytic properties or
mimicking natural enzymatic process (de Bem Luiz et al., 2012; Tugaoen
et al., 2018; Zhu et al., 2018). However, the desorption of intermediate
products, and the recombination of conduction band (CB) and valence
band (VB) limit the denitrification efficiency and selectivity to N2
(Garcia-Segura et al., 2018; Sharma et al., 2020). In contrast, few re
searchers emphasized on the homogeneous denitrification process based
on the photo-excited reactive radicals. The generated reactive radicals in
the solution possess more intimate contact with nitrate and intermediate
nitrogen species, allowing a more facile electron transfer. Chen. et al.
(Chen et al., 2019) investigated a photochemical denitrification process
by adding formate to form formate radical (CO2⋅-) and it can reduce
nitrogen species to gas phase nitrogen. While limited by the unfavorable
reaction kinetics between CO2⋅- and N2O (1600 M-1 s-1), this process
resulted in 30% selectivity of N2. Thus, the unique photochemistry
process of adding substances to generation of the short-lived reactive
radicals upon UV irradiation can be harnessed to drive homogeneous
denitrification. Further, the selectivity of N2 needs to be improved by
choosing an optimal radical.
Recently, e-aq as a promising reducing reagent has attracted great
attention, due to the strongest reducing potential (E0 = − 2.9 V) (Gu
et al., 2017a; Sheikhmohammadi et al., 2019). e-aq was thermodynami
cally applicable to convert nitrate to N2 (E0 = (NO-3/N2) = 1.24 V)
(Petzoldt and Uhlmann, 2006) and was proved to possess high reaction
kinetic with nitrogen species (Gonzalez and Braun, 1995). In previous
studies, e-aq has been applied in the reduction of fluorinated organic
compounds (Gu et al., 2016, 2017b), chlorinated organic compounds (Li
et al., 2012; Yu et al., 2018), chromium (Xie et al., 2017) and antimony
(Zhao et al., 2020). While the publication that focused on the application
of e-aq on denitrification is limited and the mechanisms of photochemical
denitrification with e-aq have not been identified. Besides, several
e-aq-based processes have been developed through UV excitation of
substances such as potassium iodide (Sarkhosh et al., 2019), sodium
sulfite (Li et al., 2014; Song et al., 2013), benzoquinone (Gu et al., 2018),
vitamin C (Naumann et al., 2018), nitrilotriacetic acid (Sun et al., 2018),
and even natural organic matter (Zepp et al., 1987). Among these pro
cesses, it is especially attractive that the generation of e-aq in UV/sulfite
system could result in high e-aq yield and generate relatively clean
byproduct under alkaline condition (Yazdanbakhsh et al., 2018; Ente
zari et al., 2019).
In this study, UV induced denitrification process in presence of sulfite
was investigated. The denitrification mechanisms were studied by batch
experiments, quenching experiments, laser flash photolysis and DFT
based methods. Furthermore, the composition of gaseous product was
identified by the 15N-isotopic analysis. The effect of sulfite dosage, so
lution pH, lamp power, and common ions on photochemical denitrifi
cation were investigated. The applicability of this new denitrification
process was evaluated with pre-treatment of the nickel-plating
wastewater.

2. Materials and methods
2.1. Materials
Sodium nitrate (NaNO3, >99.0%), nitrogen isotope of sodium nitrate
(Na15NO3, 99% 15N), sodium nitrite (NaNO2, >98.0%), sodium chloride
(NaCl), sodium carbonate (NaCO3), monochloroacetic acid (CH3COOCl,
>99.0%, MCAA) and formic acid (HA) were obtained from Aladdin
Chemical Reagent Co., Ltd. Sodium sulfite (Na2SO3, 97.0%) was of ACS
reagent grade from Sigma-Aldrich. Sodium hydrogen phosphate
(Na2HPO4), monosodium phosphate (NaH2PO4), phosphate acid
(H3PO4), sodium hydroxide (NaOH) and sodium tetraborate (Na2B4O7)
were purchased from Sinopharm Chemical Reagent Co., Ltd. The Ar gas
with purity of 99.9% was used for sparging aqueous solutions of NO-3. All
of the above chemicals are analytical grade (purity >99.0%) and used
without further purification. All solutions were prepared in ultra-pure
water (18.2 MΩ⋅cm) produced by a Milli-Q water purification system.
The practical wastewater was obtained from a nickel-plating factory
located in Dongguan city, Guangdong province, China. The wastewater
was pre-treated to remove metallic nickel and most of chemical oxygen
demand (COD). The major characteristics of the wastewater are listed in
Table S1.
2.2. Experimental procedures
Photochemical denitrification experiments were operated in a 200
mL cylindrical borosilicate glass reactor equipped with a low-pressure
mercury UV-lamp in the center of the reactor (9 W, emission at 253.7
nm, Philip) (Fig. S1). The surface of the reactor was covered by
aluminum foil and the reaction temperature was controlled by a ther
mostatic water recirculation system. Before each UV illumination
experiment, UV lamp was switched on at least 15 min to provide stable
output and the 2 mM NO-3 (150 mL) solution was purged with Ar for 15
min to eliminate dissolved oxygen. The initial pH of Ar-purged solution
was adjusted using phosphate acid solution (0.1 M), phosphate buffer
solution (10 mM), borate buffer solution (10 mM). The buffer solutions
were confirmed showing negligible absorbance at 254 nm. Samples
were withdrawn at the designed time interval and analyzed immedi
ately. The assessment of the photonic flux and the effective path length
in the reactor were achieved by photolysis hydrogen peroxide reported
elsewhere (Li et al., 2012; Beltran et al., 1995). The photon flux (I0,
amount basis) entering solution from the UV source was estimated to be
approximately 1.50 × 10-6 einstein s-1, and the average fluence rate (Is)
was estimated to be 6.27 mW/cm2. The actual path length would depend
on reactor factors, because the UV light in the reactor was
non-collimated beams (Xiao et al., 2017). Therefore, the effective path
length was estimated to be about 1.33 cm. All the experiments in the
present study were performed at least thrice and average values together
with standard deviation are shown in Figures.
2.3. Analytical methods
The solution pH was measured by a pH meter (PHS-3G, Leici Corp.,
China). During the nitrate reduction, different products i.e., nitrite, ni
trogen oxide, nitrogen and ammonium were formed. The concentration
of nitrate and nitrite were analyzed by Dionex ICS-2000 ion chroma
tography equipped with IonPac AG19 guard column (4 × 50 mm) and
IonPac AS19 analytical column (4 × 250 mm). The mobile phase was 20
mM potassium hydroxide at a constant flow rate of 1.0 mL/min-1. The
ammonium was detected by UV–vis spectrophotometer (HACH 5000,
USA). The gas products were analyzed by gas chromatograph-mass
spectrometer system (Nu, England). Laser flash photolysis analyses
were conducted by a Quanta-Ray Lab Lab-190–10 Nd:YAG laser with
266 nm as the excitation source and an Edinburgh LP 980 transient
absorption spectrometer. The energy of the laser was 40 mJ/pulse.
2
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2.4. Computation details

mM. When further increasing the sulfite dosage to 60 mM, the robs value
was slightly improved to 0.056 min-1, which could be caused by the
limited utilization of high concentration of sulfite. Consequently, the
faster removal rate of nitrate can be achieved by rationally increasing
the sulfite dosage within an appropriated dosage range. Fig. 1d shows
the denitrification process with 40 mM sulfite in UV/sulfite system. As
nitrate was removed, the nitrite was initially generated and subse
quently degraded to a negligible level within 90 min, and the maximum
accumulate amount of nitrite was around 0.6 mM at 30 min. While
ammonia was not observed throughout the reaction. The total dissolved
nitrogen (nitrate, nitrite and ammonia) was completely eliminated after
90 min, indicating the conversion of nitrate to gas-phase nitrogen.
Compared with previously similar works, this process has a higher ni
trate removal efficiency (Table S2). Therefore, it is reasonable to
conclude that a promising photochemical denitrification process was
obtained by UV/sulfite system.

To obtain a better understanding of the mechanisms of the photo
chemical denitrification process in the presence of e-aq, DFT based
methods were performed to support the homogeneous phase trans
formation of nitrate. The specific computational procedures are listed in
Text S1.
3. Results and discussions
3.1. Photochemical denitrification performance in UV/sulfite system
Photochemical denitrification was investigated in UV/sulfite system
and the results are shown in Fig. 1. As shown in Fig. 1a, neither UV
irradiation nor sulfite alone resulted in significant removal of nitrate.
This should be due to the weak absorption of nitrate at 253.7 nm
(Herrmann, 2007) and relatively weak reducing capacity of sole sulfite
(Song et al., 2013). By contrast, the removal efficiency of nitrate
increased significantly in UV/sulfite system. With increasing sulfite
dosage, the removal rate of nitrate was enhanced obviously and nitrate
was completely eliminated within 90 min with 40 mM sulfite. A
pseudo-first-order decay kinetic model was used to fit the data and the
decay kinetic constant (robs) of nitrate increased with increasing sulfite
dosage (Fig. 1b). As shown in Fig. 1c, the robs values of nitrate increased
from 0.005 to 0.050 min-1 with sulfite dosage increasing from 2 to 40

3.2. The role of hydrated electron
As stated before, photochemical denitrification can be achieved in
UV/sulfite system, and it is essential to determine the mainly reactive
species in photochemical denitrification. Previous studies have proved
(Li et al., 2012, 2014) that the following reactions were involved in
UV/sulfite system:

Fig. 1. (a) Photochemical denitrification by sole UV irradiation, sole sulfite addition and the UV/sulfite system with different [S(IV)]0, (b) the -ln(C/C0) value versus
reaction time, (c) the decay kinetic constants (robs) at different [S(IV)]0. Conditions: [NO-3-N]0 = 2 mM, pH = 9.2, 25 ± 1.0 ◦ C, and UV light intensity = 6.27 mW/
cm2. (d) Nitrogen species distribution in the UV/sulfite process with [S(IV)]0 = 40 mM.
3
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SO23- + hv→SO⋅3- + e–aq

(1)

HSO- + hv→SO⋅- + H⋅

(2)

3

3

NO−3 + H⋅→(NO3 H⋅ )−

As a result,
and H⋅ could be generated in UV/system. To inves
tigate the effect of e-aq and H⋅ on the denitrification, the removal effi
ciency of nitrate and MCAA were studied by adding 2 mM MCAA into
nitrate solution. As is well known, both nitrate and MCAA can react with
H⋅ and e-aq (Eqs. (3)–(6)), respectively, and the reaction rate of e-aq with
nitrate (9.7 × 109 M-1 s-1) is higher than that with MCAA (1.0 × 109 M-1
s-1), while the reaction rate of H⋅ with nitrate (1.4 × 106 M-1 s-1) is lower
than that with MCAA (3.6 × 106 M-1 s-1), so it is approved to compare
the removal efficiency of nitrate and MCAA to identify the mainly
reactive species in photochemical denitrification. As shown in Fig. S2,
the removal efficiency of nitrate was higher than that of MCAA, which
indicated a minor contribution of H⋅. Furthermore, comparing the
removal efficiency of nitrate with adding MCAA to that without adding
MCAA (Fig. 1a), a slight decrease was observed, which is consistent with
the result in Eqs. (3) and (4). Therefore, it is concluded that e-aq was the
mainly reactive species in UV/sulfite system and responsible for
denitrification.
)2− (
)
(
k = 9.7 × 109 M− 1 s− 1
(3)
NO−3 + e−aq → NO⋅3
(

k = 1.0 × 109 M− 1 s−

1

)

k = 1.4 × 106 M− 1 s−

CH2 ClCOO− + H⋅→H2 + ⋅CHClCOO−

e-aq

CH2 ClCOO− + e−aq →CH2 COO− + Cl−

(

(

1

)

k = 3.6 × 106 M− 1 s−

(5)
1

)

(6)

e-aq

To further identify the role of
in photochemical denitrification,
laser flash photolysis tests were conducted. As shown in Fig. 2a, the wide
absorption band with a peak around 690 nm is ascribed to e-aq, which is
consistent with theoretical and experimental e-aq absorption spectra
(Hart and Boag, 1962; Abramczyk and Kroh, 1991). The intensity of the
e-aq absorption peak decreased over time and cannot be observed at
50 µs, indicating its short life span. For the photolysis of pure water, no
absorption peak of e-aq was observed due to the rapid recombination of
e-aq with ⋅OH, H⋅ and H3O+, which demonstrated the role of sulfite in e-aq
generation (Fig. 2b). To study the role of e-aq in the denitrification, the
time-dependent transient decay of e-aq was followed at 690 nm as a
function of the concentration of nitrate and nitrite, respectively. As
shown in Fig. 2c and d, the decay rate of e-aq accelerated with increasing
the concentration of nitrate and nitrite. Furthermore, the decay rate of
e-aq in nitrate solution was faster than that in nitrite solution, since the
reaction rate of e-aq with nitrate is faster than that of nitrite. These results
clearly clarify the role of e-aq in the photochemical denitrification
process.

(4)

Fig. 2. (a) Transient absorption acquired after a laser flash in the presence of 40 mM sulfite at the pH value of 9.2, (b) the decay of e-aq in pure water and 40 mM
sulfite at 680 nm, (c) the decay of e-aq with different [NO-3-N]0, (d) The dacay of e-aq with different [NO-2-N]0.
4
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with insufficient sulfite dosage (Fig. 3a), indicating that no gasous ni
trogen species were generated in the process of reducing nitrate to ni
trite. Upon further increasing the sulfite dosage (Fig. 3b and c), the
elevated removal rate of nitrate was found and the generated nitrite
increased first and then decreased. The removal rate of total dissolved
nitrogen was also significantly improved, which suggested that nitrate
and the generated nitrite were reduced to form gaseous nitrogen species.

3.3. Proposed mechanisms of photochemical denitrification in UV/sulfite
system
To understand the mechanisms of photochemical denitrification in
UV/sulfite, the comprehensive denitrification kinetic with different
sulfite dosage was depicted in Fig. 3a-d. Firstly, nitrate was reduced to
nitrite, while the total dissolved nitrogen showed no significant decrease

Fig. 3. Nitrogen species distribution in the UV/sulfite system with different [S(IV)]0 (a) 2 mM, (b) 10 mM, (c) 20 mM, (d) 60 mM. (e) Energy profiles of minimum
energy path for the transformation pathway of NO-3 to N2 involved in Scheme 1. Conditions: [NO-3-N]0 = 2 mM, pH = 9.2, 25 ± 1.0 ◦ C, and UV light intensi
ty = 6.27 mW/cm2.
5
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However, since the reaction rate of e-aq with nitrite is slower than that of
nitrate (Fig. 2), nitrite content showed a certain accumulation in the
solution. With increasing the sulfite dosage to 60 mM (Fig. 3d), the
removal rate of nitrate presented a substantial improvement, mean
while, the maximum generation of nitrite decreased and the removal
rate of total dissolved nitrogen accelerated. No ammonia was detected
during the reaction. As a result, the possible major reactions that
controlled the photochemical denitrification can be listed as follows:
(
)2)
(
(7)
NO⋅3 + H2 O→NO2 ⋅ + 2OH- k = 5.5 × 104 M− 1 s− 1
(
)
NO2 ⋅+e−aq →NO−2 k = 4.1 × 109 M− 1 s− 1

(8)

(
)
NO2 ⋅ + NO2 ⋅→N2 O4 k = 4.5 × 108 M− 1 s− 1

(9)

)
(
N2 O4 →NO2 ⋅ + NO2 ⋅ k = 6.9 × 103 M− 1 s− 1
N2 O4 →NO-3 + NO-2 + 2H

(
+

k = 1.10 × 103 M− 1 s−

(10)
)
1

(11)

)2− (
)
(
k = 6.0 × 109 M− 1 s− 1
NO−2 + e−aq → NO⋅2

(12)

(

(13)

NO⋅2

)2-

)
(
+ H2 O→NO⋅ + 2OH- k = 9.0 × 104 M− 1 s− 1

NO⋅+e−aq →NO−

(

k = 3.1 × 1010 M− 1 s−

1

)

(14)

HNO⇆NO- + H+ (pKa = 4.7)

(15)

2HNO⇆N2 O + H2 O (Fast)

(16)

N2 O + e−aq + H2 O→N2 + ⋅OH × OH−

(

Once formed, the NO2⋅would continue to react with e-aq to generate NO-2
(Eq. (8)) or self-recombined to form N2O4, which was then decomposed
(Eqs. (9)–(11)). As an intermediate, NO-2 was rapidly reduced by e-aq to
form (NO2⋅)2- (Eq. (12)) and subsequently formed NO⋅ (Eq. (13)).
Eventually, NO⋅reacted with e-aq to generate HNO (Eqs. (14)–(15)). The
formed HNO rapidly self-combined into N2O (Eq. (16)), which served as
the source of N2 by e-aq reduction (Eq. (17)).
N2O was an important intermediate associated with final products
distributed in the denitrification process. Usually, the complete reduc
tion of N2O to N2 is challenging, especially in heterogeneous catalysis.
Although the N2O is highly soluble in aqueous solutions (Weiss and
Price, 1980), few catalysts are able to reduce it before it desorbs from the
catalyst surface as a product (Garcia-Segura et al., 2018; Duca and
Koper, 2012). In UV/sulfite system, solubilized N2O would be suscep
tible to be reduced due to excellent dispersion of e-aq in water and the
reaction between N2O and e-aq occurred at a diffusion-controlled rate
(Gonzalez and Braun, 1995). This could be the most important reason
for the overall formation of N2 in UV/sulfite. Product analyses by
15
N-isotopic analysis showed that 15N2 was the only gaseous product
resulting from 15NO-3 removal and no 15N2O were detected in the final
gaseous composition (Fig. S3), indicating the excellent denitrification
efficiency in UV/system.

k = 9.1 × 109 M− 1 s−

1

)

3.4. Effects of pH, lamp power and typical ions
Fig. 4a shows the effect of pH on the photochemical denitrification.
The removal rate of nitrate was obviously improved with increasing pH
from 5.1 to 9.2, and further increasing pH from 9.2 to 11.1 resulted in a
slight enhancement. The value of robs increased from 0.0023 to
0.05 min-1 with the pH increased from 5.1 to 9.2 (Fig. 4b). These results
suggest that the e-aq-induced denitrification process is more effective
under the alkaline conditions, which is consistent with the previous
results in UV/sulfite system (Gu et al., 2017b; Li et al., 2014). This
pH-dependent removal efficiency should be attributed to sulfite distri
bution in different pH (Fig. S4). Sulfur (IV) species include sulfite (SO23 ),
hydrogen sulfite (HSO-3), pyrosulfite (S2O25 ) and sulfurous acid
(H2O⋅SO2), among which SO23 possesses the highest UV absorption (Li
et al., 2012). At pH 5.1, HSO-3 is the dominant component in solution,
and the contribution of HSO-3 to nitrate removal could be ruled out due
to its weak UV absorption as well as low photo-activity (Hayon et al.,
1972). With the pH increasing, the mole fraction of SO23 increased and
reached over 98% at pH higher than 9.0, which resulted in elevated
formation of e-aq by irradiating the SO23 . As a result, it can largely
enhance nitrate removal and avoid the nitrite accumulation, conse
quently accelerating the dissolved nitrogen removal (Fig. S5). In addi
tion, the ammonia formation was negligible, when the pH ranged from
5.1 to 11.1. As a result, the photochemical denitrification by UV/sulfite
system was enhanced at high pH conditions.
The low-pressure UV lamps with power output of 5, 9 and 18 W were

(17)

In order to have a more comprehensive understanding of mecha
nisms of photochemical denitrification, the change of Gibbs free energy
of each reaction was calculated based on DFT methods, and the values
are depicted in Table S2. It can be observed that the changes of Gibbs
free energy of the reactions were all negative values (except that of Eq.
(15)), indicating that the transformation pathway of NO-3 to N2 with the
presence of e-aq were exothermic process that tend to transform to N2.
Especially, reaction Eq. (15) was an endothermic reaction with the
change of Gibbs free energy of 13.40 kcal mol-1, while it could be sup
plied by the released energy from the previous reaction Eq. (14).
Further, the energy profiles of minimum energy path for the trans
formation pathway of NO-3 to N2 is shown in Fig. 3e, the change of Gibbs
free energy of entire denitrification process was − 273.37 kcal mol-1.
Finally, the reaction pathways of photochemical denitrification in UV/
sulfite system are illustrated in Scheme 1. It can be concluded that
photochemical denitrification in UV/system is a multistep one electron
transfer process. Under UV light irradiation, SO23 was first decomposed
to form e-aq (Eq. (1)), and the generated e-aq rapidly reacted with NO-3 to
form (NO3⋅)2- (Eq. (3)), which subsequently generated NO2⋅(Eq. (7)).

Scheme 1. Major reaction pathways in photochemical denitrification process.
6
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Fig. 4. (a) Effect of pH on photochemical denitrification in the UV/sulfite system, (b) the decay kinetic constants (robs) as the function of pH value. Conditions: [NO-3N]0 = 2 mM, [S(IV)T]0 = 40 mM, 25 ± 1.0 ◦ C. UV light intensity = 6.27 mW/cm2.

applied to evaluate the effect of UV light power on denitrification. As
shown in Fig. S6, all the lamps showed emission at 253.7 nm and the
intensity increased with increasing the lamp power. Fig. 5a illustrated
that the removal rate of nitrate increased significantly with increasing
the lamp power, and the robs values showed a linear correlation with the
UV light intensity (Fig. 5b). Furthermore, the removal efficiency of ni
trite and the dissolved nitrogen were also enhanced with increasing the
lamp power (Fig. S7). It indicates that increasing the UV intensity results
in enhanced denitrification efficiency. According to previous studies
(Botlaguduru et al., 2015; Liu et al., 2013), UV energy can be absorbed
by the reductants to produce reductive species. Therefore, introducing
more energy into system would produce more reactive species, which
accounted for the improvement in denitrification efficiency.
In order to evaluate the implication of the practical application of
UV/sulfite system for denitrification, it is necessary to investigate the
effects of the abundant co-existing substances in aquatic systems. Two
typical inorganic ions (Cl- and HCO-3/CO23 ) were involved in this study.
As shown in Fig. 6a, the removal efficiency of nitrate presented insig
nificant changes with increasing the amount of Cl- from 2 to 20 mM,
indicating that the presence of Cl- would not affect nitrate removal.
Furthermore, robs value showed a mild decrease from 0.0497 to
0.0425 min-1 with increasing the addition of Cl- from 2 to 20 mM
(Fig. 6b). In addition, the existence of CO23 also showed an insignificant

impact on the nitrate removal (Fig. 6c), along with robs values displaying
unobvious difference based on the fitted curve in Fig. 6d. Besides, the
removal efficiency of nitrite and dissolved nitrogen also presented an
insignificant impact with adding different amounts of Cl- or CO23,
respectively (Fig. S8). As reported, the reaction rate of e-aq with nitrate
has a much higher rate constant (Eq. (3)) than Cl- or CO23
(both < 1 × 106 M-1 s-1). Thus, it seems that the common ions did not
significantly disturb the photochemical denitrification process.
3.5. The effective quantum efficiency
The denitrification efficiency in UV/sulfite system was evaluated by
calculating the quantum yield (Φ, mol Einstein-1). The effective quan
tum yield is defined as the moles of e-aq formed divided by the moles of
photons absorbed by sulfite and can be calculated using Eq. (18) (Li
et al., 2014):
Φ

=

r0 V
I0 (1-10-εCL )

(18)

Where r0 is the formation rate of the e-aq in the Eq. (1), V is the solution
volume (L), I0 is the photon flux (1.5 × 10-6 einstein s-1), ε is the molar
-1
-1
absorption coefficient of SO23 (17.4 M cm ), C is the concentration of
sulfite (0.04 M) and L is the effective path length (1.33 cm). As shown in

Fig. 5. (a) Effect of Lamp power on photochemical denitrification in the UV/sulfite system, (b) decay kinetic constants (robs) as the function of lamp power value.
Conditions: [NO-3-N]0 = 2 mM, [S(IV)]0 = 40 mM, pH = 9.2, 25 ± 1.0 ◦ C.
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Fig. 6. (a) Effect of the Cl- on photochemical denitrification, (b) the decay kinetic constants (robs) as the function of [Cl-]0, (c) effect of the CO2–3 on photochemical
denitrification and (d) the decay kinetic constants (robs) as the function of [CO2–3]0. Conditions: [NO-3-N]0 = 2 mM, [S(IV)]0 = 40 mM, pH = 9.2, 25 ± 1.0 ◦ C. UV
light intensity = 6.27 mW/cm2.

Fig. 4b, the variation of robs values is not obvious under strong alkaline
condition (pH > 9). It suggests that almost all the generated e-aq was
consumed by nitrate and the influence of side reactions could be
neglected (Buxton et al., 1988). Thus, it is reasonable to apply the
degradation kinetics of nitrate to describe the generation efficiency of
e-aq (Xiao et al., 2017). Assuming that all e-aq participated in Eq. (3) at pH
higher than 9.0, the Φ is 0.079 moles einsteins-1 calculated from the
degradation rate of nitrate at pH 9.2. The Φ (254 nm) here was a little
lower than the reported value of 0.116 moles einsteins-1 (254 nm) for e-aq
formation (Li et al., 2012). It could be speculated that the concentration
of nitrate in UV/sulfite was high, which resulted in low effective
quantum efficiency.

achieved within 120 min when the ratio of N to S is 1:20. As shown in
Fig. 7b, the robs value of nitrate in practical wastewater was lower than
that in deionized water with insufficient sulfite dosage (N:S = 1:10).
When the sulfite dosage is sufficient (N:S = 1:20 and 1:30), no obvious
difference was observed in the removal efficiency of nitrate between
practical wastewater and deionized water. The removal efficiency of
nitrate (Fig. 7c), nitrite and dissolved nitrogen (Fig. S9) in practical
wastewater with different lamp power were also investigated. Results
indicated that the removal rate of the three species gradually increased
with increasing the lamp power, and complete denitrification was ach
ieved within 120 min when lamp power is 5 W. This result is consistent
with the effects of lamp power on photochemical denitrification in
deionized water. In addition, the robs values of nitrate in practical
wastewater were nearly equal to those in deionized water at different
lamp power (Fig. 7d). These results demonstrated that major practical
2wastewater constituents (e.g., Cl-, HCO23 /CO3 , TP, COD, etc) do not
significantly interfere with the photochemical denitrification process.
This process has high adaptability to different water chemical condi
tions, which can be highly effective to treat authentic nitrate
wastewater.
The economic cost analysis of this UV/sulfite system for photo
chemical denitrification was calculated by combining the cost of elec
trical energy and the reductant. The electrical energy consumed by UV
lamp was based on electrical energy per order (EE/UV), which was
defined as the electrical energy in kilowatt hours (kW‧h) required to

3.6. Performance of photochemical denitrification in UV/sulfite system in
practical wastewater
The application of this UV/sulfite system was further assessed in
practical nitrate wastewater treatment (Fig. 7). The major characteris
tics of the wastewater are summarized in Table S1. The initial pH of the
wastewater is 7.2 and reaches 8.7 after adding sulfite, so there is no need
to add additional alkaline to ensure optimal activity. As shown in
Fig. 7a, nitrate was eliminated in 120 min in practical wastewater and
the removal rate of the nitrate increased with increasing sulfite dosage.
Similar results were exhibited in the removal of nitrite and dissolved
nitrogen (Fig. S9). Complete denitrification in practical wastewater was
8
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Fig. 7. Photochemical denitrification in nickel plating wastewater (a) with different [S(IV)]0, (b) the decay kinetic constants (robs) at different [S(IV)]0, (c) with
different lamp power, (d) the decay kinetic constants (robs) at different lamp power.

achieve the degradation of a pollutant by the order of magnitude (90%
removal) in 1 m3 contaminated water. Using 0.08 US$/kW‧h as elec
tricity cost, the electrical energy cost and the total cost per order (cost/T)
can be calculated according to Eqs. (19) and (20), respectively.
EE/UV

Pt1000
( )
=
Vlog CCfi

38.4P (
kW‧h
=
Vr

)
m order-1
− 3

Table 1
Economic cost comparisons of the UV/sulfite system for photochemical deni
trification under different conditions.

(19)

UV lamp Electric
power
(kW)

Molar ratio

EE

sulfite/
nitrate

(kW‧h m3
)

0.005
0.009
0.018

20
20
20

38.21
49.55
82.13

(
)
Electrical energy cost $ m-3 order-1 = EE/UV × electrical cost

(20)

(
)
Cost $ m-3 order-1 = electrical energy cost + reductant cost

(21)

a

where P was the lamp power output (kW), t was the irradiation time (h),
V was the reactor volume (L), r is the first-order rate constant (min-1), Ci
is the initial concentration of target compound (mg L-1), and Cf is the
final concentration of target compound (mg L-1). As shown in Table 1,
the electrical energy cost of the UV lamp was the main economic cost
and the consumption significantly increased with increasing the lamp
power. The energy efficiency can be remarkably enhanced through
further optimizing operational and reaction parameters (Miklos et al.,
2018; von Gunten, 2018). For instance, nitrate possesses a strong ab
sorption and high photolysis quantum yield below 240 nm. Utilization
of UV lamps with photon flux below 240 nm can significantly enhance
the photon-use efficiency, thereby accelerating the reaction kinetics and
reducing the energy consumption.

c

b

UVb

Cost (US$ m3 a
)
Reductantc

Total

3.06
3.96
6.57

2.02
2.02
2.02

5.08
5.98
8.59

Nitrate-N: 40 mg/L.
$0.08 kW‧h (The price of industrial electricity in Beijing, 2020).
Sulfite: $0.28 kg-1.

4. Conclusions
In summary, this study proposed an effective photochemical deni
trification process in UV/sulfite system. Under UV irradiation, e-aq was
generated from sulfite as the mainly reactive species to gradually reduce
nitrate to N2. The laser photolysis results confirmed the pivotal role of
e-aq in high denitrification efficiency and the 15N-isotopic analysis
demonstrated that N2 was the only gaseous product. The 2 mM nitrate
could be completely removed to form N2 in 90 min with adding 40 mM
sulfite at pH 9.2 and denitrification efficiency can be increased with the
increase in sulfite dosage, solution pH and lamp power, respectively.
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Further, high denitrification efficiency was achieved in regulating the
practical wastewater in UV/sulfite system, demonstrating that the pro
posed denitrification technology has a high applicability to different
water chemical conditions. In addition, the residual sulfite in the treated
solution could be transformed into sulfate by using aeration to minimize
its potential adverse effect. Eventually, this facile and easy-to-operate
technology provides a potential supplement for efficient denitrifica
tion and successful application of the studied system demand so further
detailed investigated on optimizing the reaction conditions.
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