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Abstract: To address the environmental and health hazards of
nitrate (NO; ) in water, a denitrification advanced reduction
process (ARP) using only formic acid (HCOOH) activated by
ultraviolet ( UV)
influencing factors, mechanism, and kinetics of the reduction
were investigated through component analysis and radical
detection. Results show that, after 90 min of UV illumination,

light was proposed. The efficiency,

the reduction and gas conversion ratios of 50 mg/L NO; -N
reach 99.9% and 99. 8%, respectively, under 9 mM of C,
(HCOOH), pH = 3.0, and N, aeration. Meanwhile, 96.7%
of HCOOH is consumed and converted into gas. The NO; -N
conversion process includes the transformation to NO, -N,
followed by a further reduction to gas and a direct conversion
into gas, introducing small amounts of nitrite and ammonia.
The carbon dioxide anion radical ( -+ CO, ) from HCOOH/
HCOO™ is the principal cause of NO; -N reduction by UV/
HCOOH/N, ARP. In contrast, - CO, production is caused
by the hydroxyl radical ( - OH). The NO, -N reduction
efficiency is enhanced by the increase in the light intensity,
considerably affected by the initial pH, and less affected by
inorganic anions, including C1~, H,PO, , and HCO, /CO: .
The initial HCOOH concentration and light intensity are the
main factors that influence the NO; -N reduction rate.

Key words: nitrate reduction; advanced reduction process;
ultraviolet; HCOOH; - CO,

DOI: 10.3969/j. issn. 1003 —7985.2022.01.012

Nitrate (NO; ) is often the focus in the nitrogen (N)
pollution investigation of surface water and shallow

groundwater'"’

. Due to its stability, NO, degrades slowly
under natural conditions, leading to massive and persis-
NO; algal
growth, resulting in eutrophication and hypoxia"™. High
NO, concentrations in drinking water have also been
linked to diabetes, spontaneous abortion, thyroid prob-

lems, and stomach cancer’”. To ensure human health,

. 2 .
tent accumulation'”. Excess stimulates
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the World Health Organization established the maximum
contaminant level (MCL) of 50 mg/L for NO, in drink-
ing water; however, many countries have still exceeded
this MCL for NO, from drinking water sources in recent
years'*™
tion methods with a fast reaction rate and easy operation
are widely adopted. Conventional chemical denitrification
includes metal reduction and catalytic reduction. Chemi-
cal reduction methods use iron", aluminum'”,
and other zerovalent metal as electron donors, and con-
ventional chemical denitrification combines catalysts
(usually metal-doped or carbon-doped semiconductor ma-
terials'"'") and hole scavengers (usually hydrogen or for-

mic acid [ HCOOH]) to obtain electronic interaction and

. To remove NO, from water, chemical reduc-

zinc,

electron transfer. Current research on chemical denitrifi-
cation mainly aims to control the direction and degree of
NO, reduction to avoid nitrite ( NO, ) or ammonia
(NH,) formation and improve gaseous N selectivity.
Recently, advanced reduction processes ( ARPs) that
produce reducing radicals to destroy contaminants by acti-
vating reagents have been widely adopted in the field of
water treatment. Compared with traditional chemical
methods, ARPs have the advantages of higher removal
efficiency, more stable performance over a wide pH
range, and easier combination with ultraviolet (UV) dis-
infection'”™. NO, has been proven to be removable by
UV/S,0;” ARP according to Bensalah et al. """, but sul-
fur and ammonium were introduced to the system. A suit-
able ARP for NO, removal from drinking water should
ensure that the products of reducing radicals are ultimately
removed as well,
( - CO, ) generated from organic acids or salts is an ap-

and the carbon dioxide anion radical

propriate choice. - CO, is a strongly reducing radical
with a REDOX potential of E(CO,/ - CO, ) = - 1.9
V! After being oxidized, - CO, is converted into
CO, that easily discharges into the atmosphere. HCOOH
is regarded as the most favorable - CO, provider because
of its simple carboxylic acid structure!” . Gu et al. """ de-
veloped UV/S,0;  /HCOOH ARP for carbon tetrachlo-
ride degradation, through which - CO, was rapidly pro-
duced. Chen et al."™ adopted UV/H, O,/HCOOH for
NO; reduction and achieved approximately 100% NO,
removal, as well as a maximum gaseous N product selec-
tivity of 80% .
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Inspired by the aforementioned systems, this study
aims to develop a highly efficient denitrification process
utilizing ARPs without producing other pollutants. Here-
in, a simple system with UV as the activation method and

HCOOH alone as the reducing agent was established.

1 Materials and Methods
1.1 Chemicals

HCOOH, sodium nitrate, and phosphate were pur-
chased from Tianjin Kemiou Chemical Reagent Co.,
Ltd. ( Tianjin, China). 5, 5-Dimethyl-1-pyrrolidine
N-oxide( DMPO) was purchased from Aladdin ( Shang-
hai, China). such as potassium
chloride, potassium bicarbonate, and potassium dihydro-
gen phosphate, were provided by Sinopharm Group
Chemical Reagent Co., Ltd. ( Shanghai, China). All
chemicals were of analytical grade.

The other chemicals,

1.2 Experimental procedures

Experiments were conducted in a 250 mL quartz photo-
chemical reactor with an inner condensing trap. All solu-
tions were prepared with deionized deoxygenated water
with a resistivity of more than 18 M() at room tempera-
ture. The initial concentration of NO, -N was 50 mg/L
(3.57 mmol/L). Solutions were first aerated with N, or
O, for five min and then subjected to the REDOX reaction
under UV light. UV irradiation was conducted using
high-pressure mercury lamps emitting polychromatic UV
light between 200 and 650 nm. The lamps were warmed
up for 15 min to reach a constant output before starting
the irradiation experiments. Samples were taken every 15
min, and the reaction duration was 90 min.

1.3 Analytical methods

The analysis of N-containing compounds was per-
formed using a UV-visible spectrophotometer ( UV-
1800PC) according to the national standards HJ/T 346—
2007 (NO, ), GB 7493—1987 (NO, ), HJ 535—2009
(NH,), and HJ 636—2012. Total organic carbon ( TOC)
was measured using a TOC analyzer ( OLTOC1030W).
The concentration of HCOOH was measured by sodium
hydroxide titration. Radicals were detected by electron
paramagnetic resonance ( EPR) with a Bruker A300 EPR
spectrometer. Each sample was mixed with the spin trap-
ping agent DMPO and injected into capillary tubes with
puncture needles for detection.

2 Results and Discussion
2.1 NO; reduction efficiency by UV/HCOOH/N,

The denitrification efficiencies of UV/HCOOH/N,,
UV/HCOOH/0O,, and UV/HCOOH were compared. The
initial concentration of HCOOH was 10 mmol/L, and the
power input of UV light was 125 W. The initial dissolved
oxygen (DO) concentration of the solution was less than

0.1 mg/L under N, aeration, 26.0 mg/L under O, aera-
tion, and 7.8 mg/L without aeration. The removal ratio
of NO; -N at 90 min was 100%, 93.7%, and 98.9%.
Reducing radicals can be rapidly consumed by O,, lead-
ing to a decrease in the NO, -N removal ratio as the DO
concentration increases. This finding indicates that the re-
ducing atmosphere promotes NO, -N reduction. There-
fore, the basic condition in this study was determined to
be UV/HCOOH/N,.

Then, the effect of the initial HCOOH concentration
(C,) on denitrification was investigated for optimal dos-
age determination, and the results are presented in Fig. 1.
As the C,(HCOOH) concentration increased from 1 mol/
L to 9 mmol/L, the reduction ratio of NO, -N increased
from 22.4% to 98.7% within 60 min, and the gas con-
version ratio increased from 1.0% to 97.6% . At the end
of the reaction, the reduction and gas conversion ratios of
NO; -N were 99. 9% and 99. 8%, respectively, with
C,(HCOOH) =9 mM, which was the highest. The re-
duction and gas conversion ratios were numerically simi-
lar, indicating that the dominant product of reduced NO,
was gas.
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Fig.1  Effect of C,(HCOOH) concentration on NO; -N re-

duction. (a) Reduction ratio; (b) Gas conversion ratio

2.2 Safety evaluation of UV/HCOOH/N,

The TOC concentration and the residual HCOOH con-
centration were detected for toxicity evaluation. Fig.2(a)
presents the dramatic decrease in TOC concentration with
time under different C,( HCOOH) concentrations, indica-
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ting that HCOOH was depleted continuously with gas as
the dominant product. When the C,( HCOOH) concentra-
tion was less than 7 mmol/L, the eventual TOC concen-
tration was lower than the limit set in the Hygienic Stand-
ard for Drinking Water ( GB 5749—2006; i.e., 5 mg/
L), and the highest NO, -N removal and gas conversion
ratios reached 93. 5% and 84. 2%, respectively. When
the C,(HCOOH) concentration was 9 mmol/L, the re-
moval and gas conversion ratios exceeded 99. 8%, but
the final TOC concentration was the highest (i.e., 11.9
mg/L). In short, NO, reduction by UV/HCOOH/N,
ARP involves the risk of secondary pollution. If the re-
quirement for NO, removal is strict, then excessive
HCOOH may cause the TOC concentration in the solution
at the end of the reaction to exceed the limit of the sanita-
ry standards for domestic drinking water.
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Fig.2 TOC and HCOOH evaluation. (a) TOC concentration un-
der different C, ( HCOOH) concentrations; (b) TOC and residual
HCOOH concentrations when C,( HCOOH) =9 mM

To guarantee the reduction effect, the C, ( HCOOH)
concentration used in subsequent studies was 9 mmol/L,
and the trends of the TOC and HCOOH concentrations
were further analyzed (see Fig.2(b)). At the end of UV
illumination, more than 96. 7% of HCOOH was con-
sumed, and the residual HCOOH concentration was at a
negligible level (0.3 mmol/L).

2.3 Reaction mechanism analysis

In addition to gas, the possible by-products of NO, in

the UV/HCOOH/N, reduction process include NO, and
NH,. Thus, their formation was quantitatively analyzed.

Fig. 3 shows that NO, -N accumulated during the NO,
reduction process. As the C,(HCOOH) concentration in-
creased, the concentration of NO, -N gradually decreased
at 90 min of the reaction, indicating that part of NO, -N
participated in the reduction reaction to produce NO, -N
and was further reduced. NO, -N production showed a

trend of first increasing and then decreasing, except at
C,(HCOOH) =3 mmol/L, peaking at 60, 45, and 30 min.

50 15
- o
?40 12__]

on
=4 9 E
2 30 =<
|'M Z'
% 20 6 5.
© 0 3 %
0
0 90

5 )
E ?
z 2
S
& S
N S
0 1 1 1 1 1 0
0 15 30 45 60 75 90
t/min
(b)
50 115
- - NO,-N ~
T, 40+ - NO,-N 112 4
2 2
E30t 19 £
z z
20k 16 '
S 10+ 13 T
O 1 1 1 1 1 O
0 15 30 45 60 75 90
t/min
(¢)
415
2 112 5
E on
= 1o £
% z
S 16 &
z 2
& 13 ©

0 1 1 | 0
0 15 30 45 60 75 90

t/min
(d)

Fig. 3 NO, -N formation from NO; -N reduction. (a) C,
(HCOOH) =3 mmol/L; (b) C,(HCOOH) =5 mmol/L; (c) C,
(HCOOH) =7 mmol/L; (d) C,(HCOOH) =9 mmol/L
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With C, (NO, -N) =50 mg/L and C, (HCOOH) =9
mmol/L, the highest NO, -N concentration (i.e., 3.9
mg/L) was achieved at 30 min. As the reaction procee-
ded, NO, began to degrade, and its concentration de-
creased accordingly. Complete NO, -N degradation was
reached at 90 min. Consequently, NO, reduction by
UV/HCOOH/N, ARP did not induce NO, pollution.
NH;-N generation is shown in Fig. 4. HCOOH dosage
had a certain influence on the amount of NH,-N. Howev-
er, in general, NH,-N concentration remained at a low
level and tended to reach a certain value. This finding
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Fig. 4 NH;-N formation from NO; -N reduction. (a) C,
(HCOOH) =3 mmol/L; (b) C,(HCOOH) =5 mmol/L; (c) C,
(HCOOH) =7 mmol/’L; (d) C,(HCOOH) =9 mmol/L

indicates that NH, is irreversible in the NO, reduction
process, thus determining the final denitrification and gas
conversion efficiencies. When the C;( HCOOH) concen-
tration was 9 mM, the NH, concentration was always less
than 0. 3 mg/L. At 90 min, when the degradation of
NO; and NO, was completed, NH,-N production was
less than 0.6% .

NO, was replaced with NO, of equal molar concentra-
tion for further mechanism analysis. Under 9 mM of
HCOOH, the reduction rate of NO, -N was higher than
that of NO, -N (nearly complete within 30 min), but
more by-products were generated. As shown in Fig. 5
(a), the decrease in the concentration of NO, -N was ac-
companied by the formation of NH,, the concentration of
which reached the highest value (i.e., 4.2 mg/L) at 45
min and tended to maintain a constant value (i.e., 3.1
mg/L) at the end of the reaction. The production and ac-
cumulation of NH, indicated that NO, was not the only
product of the first conversion of NO, in NO, -N reduc-
tion by UV-activated HCOOH. The direct conversion of
NO; -N into gas also occurred.
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Fig.5 NO, reduction by UV/HCOOH. (a) NH;-N formation
compared with NO; ; (b) NO;, -N reduction products

Fig. 5(b) illustrates the existence of a certain amount
of NO, -N before the reaction started, and the NO, -N
concentration gradually decreased as the reaction procee-
ded. The NO, -N concentration decreased by approxi-
mately 20% after the addition of HCOOH, and the sum
of this concentration and the NO, -N concentration was
nearly equal to the concentration of NO, -N in the solu-
tion before the addition of HCOOH. The possible reason
is that the solution became acidic after the addition of
HCOOH, and NO, -N tended to decompose under acidic
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conditions, producing NO, -N. To confirm this finding,
a parallel experiment was conducted to replace HCOOH
with HCI, the pH was adjusted to 3.0, and a similar con-
centration ratio of NO, and NO, was observed.
HCOOH, HCOOH/NO, -N, and HCOOH/C,H,O
were subjected to in situ illumination and characterized by
EPR for radical detection. HCOOH alone and HCOOH/
NO; -N showed no signal peak in darkness ( see Figs. 6
(a) and (b)). After UV illumination, the signal peak (m
(H) =19.1 g, m(N) =15.8 g) of DMPO- - CO, ' ap-
peared in both systems (see Figs. 6(c) and (d)), confir-
ming the generation of - CO, . The peak intensity of the

UV/HCOOH/NO; -N system was low because of the re-
action between - CO, and NO, -N. Figs. 6(e) and (f)
show the EPR detection of hydroxyl radical ( -+ OH) from
UV/HCOOH/C,H; O and HCOOH/C, H; O, respective-
ly. A signal peak with the strength of 1:2:2:1 appeared
in the UV/HCOOH system, proving the existence of -
OH"™" After the addition of isopropanol as - OH
quencher, the signal peak of - OH weakened evidently
because of the consumption of radicals by the quench-
er. This finding coincides with that reported by Har-
bour et al. '"”', which confirmed that - CO, genera-
tion was caused by - OH.
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EPR spectra of radicals. (a) DMPO- - CO, from UV/HCOOH; (b) DMPO- - CO, from UV/HCOOH/NO; -N; (¢) DMPO- - OH

from UV/HCOOH; (d) DMPO- - OH from UV/HCOOH/C;H;O; (e) HCOOH; (f) HCOOH/NO; -N

From the previously presented discussion, the reaction
paths of NO, reduction by UV-activated HCOOH are
proposed in Fig. 7.

HCOOH/HCOO™
H* A’ \'
CcO & H-CO

OH' —=—V—»=-CO,

N
H,O0+H*
H+
NHR/NHJ*& NO; <C77 NO,” 44/> N,
H,0+CO, H,0+CO,

N,

HT

Fig. 7 Conceptual reaction mechanism of UV-activated
HCOOH denitrification

2.4 Effects of some factors on NO, reduction

High-pressure mercury lamps with light intensities of

125, 175, and 250 W were selected to investigate the
effect of light intensity. After 45 min of irradiation, the
reduction ratios of NO, -N at 125, 175, and 250 W were
88.2%, 97.8%, and 99.0% , respectively. This finding
can be attributed to the enhancement of light intensity that
accelerates the photon excitation rate of HCOOH to pro-
duce - OH, thus generating more - CO, . At the end of
the reaction, the reduction rates of NO, -N at three light
intensities all exceeded 99.9% .

Six pH gradients, i.e., 2.0, 4.0, 6.0, 8.0, 10.0,
and unadjusted pH (i.e., 3.0), were applied to verify
the effect of pH on - CO, denitrification. Fig. 8 illus-
trates that, at 90 min, the NO, reduction ratio (i. e.,
99.9% ) and gas conversion ratio (i.e., 99.8% ) both
peaked under unadjusted pH (i.e., 3.0). When the pH
increased to 4.0, the reduction and gas conversion ratios
of NO; -N still reached high levels at the end of the reac-
tion (i. e., 98. 6% and 98. 2%, respectively) with a
slight decrease in the reduction rate. When the initial pH
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successively increased to 6.0, 8.0, and 10.0, the reduc-
tion efficiency and gas conversion ratio of NO, -N re-
markably decreased. Given that pK,(HCOOH) = 3.75
when pH > 3.75, the main existing form of HCOOH is
HCOO ", whose ability to produce - CO, under UV irra-
diation is weak, thus inhibiting the reduction of NO, -N.
At pH =2.0, the removal and gas conversion ratios of
NO; -N after 90 min were the lowest, i.e., 80.2% and
69.2% , respectively. The decomposition of REDOX-ac-
tive groups in the solution under a hyperacid environment
can explain the decrease in the reduction effect.
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Fig.8 Effects of pH on NO; -N reduction. (a) Reduction ratio;

(b) Gas conversion ratio

Solution pH variation is shown in Fig. 9. When the ini-
tial pH was 2.0 and 10. 0, the solution pH remained un-
changed within 90 min. When the initial pH was 4. 0,
6.0, 8.0, and unadjusted (i.e., 3.0), the solution pH
increased with time and reached a certain value eventual-
ly, indicating that a large amount of HCOOH was con-
sumed in the UV activation process, resulting in the solu-
tion pH changing to neutral and weakly alkaline.
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Fig.9 pH variation with reaction time

Consequently, the initial pH is one of the main factors
that influence the UV/HCOOH/N, denitrification system.
The optimal pH is 3 to 4. Meanwhile, a hyperacid envi-
ronment has an adverse effect on the reduction effect, and
a neutral or alkaline environment also reduces the reduc-
tion effect but to a slight extent.

The influence of common anions in natural water wasin-
vestigated under a 125 W high-pressure mercury lamp. The
concentration of anions was set at 1, 10, and 100 mmol/L.

Cl™ and H,PO, showed no significant effect on NO;
reduction. As the initial anion concentration increased,
the reduction rates slightly decreased. With Cl~ or
H,PO, of 100 mM, the final removal ratio of NO; -N
could still reach 98.0% and 98.9% , respectively.

Fig. 10 shows that, after 90 min, the removal ratio of
NO; -N showed only a slight change under 1 and 10 mM
of HCO, and a3.5% decrease under 100 mM of HCO, .
The addition of HCO, changed the initial pH to 3. 27,
5.64, and 7.68. For the system with 100 mM of HCO, ,
the initial pH was adjusted in the same way as when
HCO, was not added. Moreover, the comparison con-
firms that, under acidic conditions, NO, -N reduction
was less inhibited when HCO, was converted into CO;".
Therefore, HCO, can inhibit NO, -N reduction in two
ways: 1) Under a high HCO, concentration, the increase
in the initial pH of the solution inhibits the reduction of
NO; -N. 2) - OH yielded by UV - activated HCOOH re-
acts with HCO; to produce CO, , blocking the produc-

tion of - OH™ as
. OH + HCO; —H,0 +CO; (1)
1.01 C,(HCO; )/(mmol-L-1):
~0
0.8 -1
-~ 10
_06Ff —+ 100
S ~ 100(pH=3)
© o4l
02}
0 1 1 3

0 15 30 45 60 75 90
t/min

Fig. 10 Effects of HCO; on NO; -N reduction

Furthermore, when the concentration of HCO, further
increases, it reacts with - CO, , as follows™':

- CO, + HCO; —-HCO, + - CO;
Therefore, the presence of HCO, has a certain effect
on the reduction of NO, -N.

2.5 Kinetic analysis

The kinetics of NO, -N reduction by UV/HCOOH/N,
was analyzed for further interpretation. The sampling in-
terval was reduced to 5 min, and the experiments were
conducted with a thermostatic magnetic stirrer to stabilize
the temperature at 25 C.
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First, the reduction curve of NO, -N under a 125 W
mercury lamp with C,(HCOOH) =9 mmol/L was fitted
with C/C, and In(C/C,) with ordinate and reaction time
as abscissa. The entire process can be divided into two
stages; namely, a zero-order kinetic reaction in the early
stage and first-order kinetic reaction in the late stage. In
the first 30 min, the reduction process conformed to the
zero-order reaction kinetics, and the corresponding zero-
order rate constant was 1.03 min . At the later stage, the
NO; reduction process fitted the first-order reaction equa-
tion, and the corresponding rate constant was 0.08 min .
The difference between the two stages was caused by the
formation of NO, -N in the NO, -N reduction process.

The influence of C,(HCOOH), initial pH, and light

intensity on the NO, -N reduction kinetics was investiga-
ted. Due to the limitation of the NO, -N removal ratio,
only zero-order kinetic fitting was conducted for degrada-
tion under different light intensities. The kinetic parame-
ters shown in Tab. 1 indicate that C;( HCOOH) and light
intensity are the main factors that influence the NO, -N
reduction rate. Meanwhile, the initial pH has a relatively
minimal influence. The increase in C,( HCOOH) concen-
tration from 1 to 9 mM increased k, of the zero-order
stage from 0.005 8 to 0.021 1 min~' and k, of the first-
order stage by 0. 11 min~'. When the light intensity in-
creased to 175 and 250 W, k, increased to 0.026 and
0.043 min "', respectively.

Tab.1 Kinetic parameters of NO, reduction under different influencing factors

Factors Value Zero-order stage R} First-order stage R
1 y=0.983 5 -0.005 8x 0.902 4 y=0.156 0 +0.001 54x 0.947 3
C, ( HCOOH )/ 3 y=0.997 4 -0.009 3x 0.999 0 y=0.209 4 +0.004 96x 0.946 5
(mmol - L") 5 y=0.9823 -0.015 6x 0.9832 y=0.409 9 +0.009 63x 0.916 2
7 y=0.998 0 -0.018 9x 0.999 7 y=-0.0458+0.033 4x 0.9452
9 y=0.987 8 -0.021 1x 0.995 5 y=-2.4165+0.109 5x 0.9912
125 y=0.987 8 -0.021 1x 0.995 5 y=-2.4165+0.109 5x 0.9912
UV intensity/W 175 y=0.9891-0.026 1x 0.997 7
250 y=1-0.043 2x
2 y=0.9921-0.011 2x 0.996 6 y=-0.188 4 +0.020 2x 0.999 7
y=0.9851-0.015 8x 0.996 6 y=-1.9120+0.070 2x 0.982 0
nitial pH y=0.997 0 -0.013 Ox 0.999 8 y=-1.2031+0.044 Ox 0.976 7
8 y=0.9874-0.012 6x 0.996 6 y=-1.118 5 +0.041 6x 0.986 9
10 y=0.9834-0.012 8x 0.994 5 y=-0.7582 +0.036 1x 0.995 6
Unadjusted y=0.987 8 -0.021 1x 0.995 5 y=-2.4165+0.109 5x 0.9912

3 Conclusions

1) Under the basic conditions of 90 min of UV illumi-
nation, 9 mmol/L of C,(HCOOH), and N, aeration, 99.
9% of NO, -N could be removed, and the gas conversion
ratio of NO, -N could reach 99.8% . The residual HCOOH
concentration was negligible (i.e. ,0.3 mmol/L).

2) NO, reduction by UV/HCOOH/N, ARP was ac-
companied by the generation of NO, and NH, but did not
cause secondary N pollution at the end of the reaction.
NO, was eventually reduced and removed from the solu-
tion, and the concentration of NH, was always lower than
0.3 mg/L. The direct conversion of NO, -N into gas oc-
curred during the reaction process in addition to the for-
mation of NO, -N and subsequent reduction to gas.

3) EPR detection of in situ illumination proved that
NO; -N reduction was caused by - CO,, and - CO,
generation was caused by - OH.

4) The initial HCOOH concentration, UV light intensity,
and initial pH were the main factors that influenced the UV/
HCOOH/'N, denitrification efficiency, and anions in natural
water showed no significant effect on NO, conversion.
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