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Healthy drinking water, free of toxic chemicals, is essential for human health. Nitrate ion in water
causes poisoning. Photocatalytic removal of nitrate from water and its conversion to nitrogen gas is

of great importance. Heterogeneous photocatalytic nanocomposite g-C;N,/TiO,/ZnO (CTZ) has been
considered in this study to remove nitrate in the presence of UV light and formic acid as hole scavenger.
The CTZ structure was characterized using FT-IR, SEM, EDS, TEM, BET, and XRD techniques. In this work,
an aqueous solution containing NO;™-N anion (50 mg L™') was examined using different CTZ. Nitrate
removal results showed the highest rate 95.24% in the first 60 min. The use of CTZ was assosiated with
improved results in nitrate reduction under visible light irradiation (91.82% nitrate conversion, 95.39%
N, selectivity). Promising results under visible light are attributed to decrease in the CTZ bandgap, and

thus the ease of electron-hole pair formation.

Environmental pollution, which is caused by the lack of

importance of humans in releasing waste water in nature, is

efficient abatement of antibiotics and Cr(VI) [10] and Bi, WO/
C;N,/carbon fiber cloth composite photocatalyst for efficient

water decontamination [11] have been reported.

a global problem that threatens human life and the future of Contamination of nitrates (NO,") is becoming a significant %
the planet. Therefore, the control of the discharge process and challenge due to groundwater contamination and human health g
how to remove pollutants should be considered [1-4]. The use toxicity such as cancer and the blue-baby disease [12]. The wide g
of efficient and inexpensive photocatalysts with high produc-  US€ of synthetic fertilizers, poor disposal, and highly stable .
tion capability is one of the new solutions that results in the nitrate content in aqueous solutions enable it widely pervasive %
highest conversion and reduction of pollutants with the least [13]. The development of effective nitrate removal methods is an 2
waste. The significant progress of photocatalysts in environ- essential request. General techniques for removing nitrate from -
mental purification in the last few years shows the importance wastewater, such as catalytic reduction, adsorption, chemical, E
of using these composites. Multi-component composites such and biological denitrification, are expensive, difficult to fulfill- m
as Cd, sZn, ;5/Bi,MoOy in oxytetracycline degradation [5], ment and generally require post-treatment of the effluents pro- E
MIL-101(Fe)/BiOBr in the photocatalytic reduction of Cr (VI) duced [14-17]. §

and enrofloxacin [6], Ta;N5/CdS in the photocatalytic removal
of tetracycline and Cr (VI) [7], TCPP/Bi;,0,,C,, for boosting
photodegradation of tetracycline hydrochloride [8], UTSA-16 in
the CH, and CO, adsorption [9], TaON/Bi, WO nanofibers for
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Heterogeneous photocatalysis over semiconductors permits
the use of ultra-violet irradiation in different chemical reactions,
among which overall water splitting is maybe the most common

one owing to the global energy crisis [18]. Numerous research
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documents have been published, prompting fast development
in this direction. On the other hand, the photocatalytic removal
of nitrate ions in an aqueous solution is less studied. The reasons
include that it is challenging to find a competent photocatalyst
fulfilling both high efficiency and high gases nitrogen selectivity
because NO;" is soluble and highly stable in aqueous solution.
The rather complicity in the mechanism of nitrate reduction
[19], compared to water splitting, also contributes to the fewer
achievements in this examination field. Among support materi-
als, titanium dioxide relatively enhances pollutant decrease in
wastewater due to high surface areas, large pore sizes, and good
adsorption ability [20].

As an efficient photocatalyst for environmental decon-
tamination, titanium dioxide surface modification has been
extensively studied due to its unique properties such as strong
oxidation capability, low cost, and thermal and chemical sta-
bility [21-23]. However, its photocatalytic performance is
restricted by the rapid recombination of photo-induced pairs
of electron-hole and considerable band gap energy (3.2 eV for
anatase TiO,). Much research has been done to improve the
photocatalytic performance of TiO, such as deposition of metal
or metal oxide [24, 25], doping with nonmetal elements [26],
surface sensitization [27], and coupling of composite semicon-
ductor [28], which are useful in promoting the photocatalytic
activity of TiO,. Recent studies suggest that the unique elec-
tronic band structure of graphitic carbon nitride (g-C5N,) can
improve composite photocatalytic performance [29]. Because
of its tri-s-triazine-based building blocks, the bandgap in the
indirect semiconductor graphitic carbon nitride is highly stable
under severe thermal and chemical conditions [30]. Previous
works have shown that in the g-C;N,/TiO, composite photo-
catalyst, TiO, is covalently bonded to carbon nitride, resulting in
higher efficiency photocatalytic reactions [31]. Although recent
environmental photocatalysis experiments show a much better
photocatalytic efficiency [32-34], the photocatalytic activity of
g-C;N,/TiO, in nitrate removal from wastewater is still unclear,
and more modification on this composite is needed.

Following our previous research on environmental reme-
diation [35, 37], we investigated the synergistic effects of Zinc
Oxide (ZnO) nanoparticles, graphitic carbon nitride, and TiO,
on the photocatalytic reduction of nitrate. Although the ternary
nanocomposite g-C;N,/TiO,/ZnO has already been developed
in a different way, it has been used for photocatalytic degrada-
tion of p-toluenesulfonic acid (p-TSA) under visible light [38].
In this research, the ternary nanocomposite g-C;N,/TiO,/ZnO
was prepared in a different way that makes it cost-effective to
produce at higher scales. In fact, the pure ZnO nanoparticles,
graphitic carbon nitride, g-C;N,/TiO, nanocomposite, and
finally, the ternary nanocomposite g-C;N,/TiO,/ZnO were
synthesized and the structure of these compounds was then
carefully characterized. Finally, the photocatalytic effects of the
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aforementioned substances individually on the degradation of
aqueous nitrate under UV-visible irradiation was investigated.
Due to the Vander Waals force and the coordination interac-
tion between the metal ions and the -NH, functional groups in
g-C;N,, Zn** ions were adsorbed into the surfaces g-C;N,/TiO,
layers. The nuclei of the Zn(HCO,), were formed by the addition
of NH,HCO; and gradually grew at increased temperatures on
g-C;N, layers. Finally, the product was produced at a high tem-
perature under N, flow. This research was innovative in terms
of using the ternary nanocomposite g-C;N,/TiO,/ZnO in the

removal of aqueous nitrate.

Photocatalyst characterization

The FT-IR analysis of ZnO, TiO,, g-C;N, and CTZ samples were
shown in Fig. 1. In the FT-IR spectrum of ZnO, a significant
vibration at about 500 cm™! was related to the characteristic
stretching of Zn-O bond. Also, a broad peak ranging from 3000
to 3500 cm™! (stretching) as well as 1300 to 1660 cm™ (bend-
ing) showed the presence of hydroxyl residue that is because
of the atmospheric moisture [39, 40]. FT-IR spectrum of TiO,
showed a peak ranging from 400 to 700 cm™! which could be
related to Ti-O-Ti stretching vibration and a board peak at 3400
cm™! was attributed to ~-OH stretching vibration [41]. In the
FT-IR spectrun of g-C;N, arrtibuted to the stretching and rota-
tional vibration of C-N and C-NH bonds. The broad peak at
2900-3600 cm™! could be related to stretching modes of the NH
group. Also, a sharp peak at 808 cm™! was related to the breath-
ing mode of the s-triazine ring system in the g-C;N, [42]. The
FT-IR spectrum of the CTZ composites exhibited all the main
characteristic peaks of ZnO, TiO, and g-C;N, indicating the
presence of aforementioned compounds in the CTZ composites.
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Figure 1: FT-IR Analysis of ZnO, TiO,, g-C5N,, and CTZ.
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The SEM images of TiO,, g-C3N, and CTZ were shownin  pure g-C;N, in Fig. 2(b) showed a plate-like bulk structure.
Fig. 2. It vividly depicted that TiO, nanoparticles were agglom-  As observed in Fig. 2(c), the nanoparticles of TiO, and ZnO
erated and almost spherical in shape (Fig. 2(a)). The SEM of  are supported on the g-C;N, surfaces. From Fig. 2(c), it was

SEMHV: 1500 kV  WD: 2.985 mm
SEM MAG: 70.00 kx
View field: 3.095 pm

SEM HV: 15.00 kV
SEM MAG: 140.00 kx
View field: 1.548 um

SEM HV: 15.00 kV WD: 2.985 mm
SEM MAG: 70.00 kx
View field: 3.095 ym
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Figure2: SEM images of (a) TiO,, (b) g-C3N,, (c) CTZ, (d) and (e) TEM images of CTZ.
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clearly observed the formation of g-C,;N, nanoplatelets incor-
porated TiO, and ZnO nanoparticles. Transmission Electron
Microscope (TEM) images of CTZ are indicated in Fig. 2(d)
and e. As shown, the bulk g-C,;N, was etched as a crumpled
coated sheet-like structure. The morphology of nanophoto-
catalyst CTZ was similar to g-C;N, morphology, implying that
TiO, and ZnO nanoparticles were dispersed on the special
graphitic-like structure [43].

The g-C;N,/TiO, and CTZ nanocomposites were ana-
lyzed with EDS, and the results were collected in Table S1. The
atomic percentage of CTZ nanocomposite, including carbon,
nitrogen, oxygen, titanium, and zinc, was 11.45, 5.11, 42.05,
23.36, and 18.03%, respectively. The presence of zinc (34.11%
by Weight) in the CTZ nanocomposite showed that zinc oxide
was properly fixed on the outer layers of the g-C;N,/TiO,
nanocomposite.

The crystalline phases of series composites were repre-
sented by XRD patterns. The X-ray diffraction (XRD) analysis
of ZnO, TiO,, g-C;N,, g-C;N,/TiO, and CTZ were indicated
in Fig. 3. X-ray diffraction peaks confirmed that ZnO with
wurtzite phase (JCPDS: 36-1451) and TiO, with anatase phase
agreed with the reported JCPDS data (21-1272) and no char-
acteristic peaks were observed other than ZnO and TiO, in
both ZnO and TiO, samples, respectively. Also, the XRD dif-
fraction pattern of g-C;N, showed a broad peak at the 26 value
of 27.5°, related to (002) planes that completely matchedwith
JCPDS data (87-1526) for g-C;N,. The peaks for pure ZnO,
TiO, and g-C;N,, were matched well with the correspond-
ing peaks in the CTZ pattern. Characteristic peaks without
observable position changes in pure TiO,, pure ZnO, pure
g-C;N,, g-C;N,/TiO, and CTZ, indicating that the crystal

A A CTZ

g-CyN/TiO,

g-CNy

Intensity (a.u.)

Figure 3: XRD patterns of ZnO, TiO,, g-C3N,, g-C3N,/TiO,, and CTZ.
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type of bulk g-C;N, may not be destroyed by chemical modi-
fication [44-48].

Nitrogen adsorption-desorption isotherms of g-C;N,,
TiO,, ZnO, g-C;N,/TiO,, and CTZ at 77K were measured
(Table S2). Surface areas were determined by BET method
and average pore size distributions were calculated by BJH
method. The surface area and pore volume of CTZ was
enlarged significantly compared with pure g-C;N,, pure
TiO, and pure ZnO, which provided improved adsorptivity
for CTZ.

To investigate the optical properties of prepared sam-
ples, the UV-vis diffuse reflectance spectra (DRS) were
used. The TiO, spectrum was also carried out as a compari-
son (Fig. 4). The absorption edge of TiO, is below 390 nm,
which can only respond to UV light. At wavelengths longer
than 400 nm, all composites show an increased absorption
compared to the absorption edge of pure TiO,. g-C;N, and
TiO,/g-C;N, spectra showed the absorption sharp edges
around 400 nm. The TiO,/g-C;N, nanocomposite exhibited
increased absorption in the visible light region compared to
pure TiO, due to the creation of the heterojunction of TiO,
and g-C;N,. This suggested strong visible light photocata-
lytic activity for TiO,/g-C;N,. Fig. S1 showed the bandgap
values of TiO,, g-C;N,, g-C;N/TiO,, and CTZ, which were
calculated by extrapolating the linear portion of (Ahv)? ver-
sus photon-energy plots at (Ahv)?=0. In the TiO,/g-C;N,
and CTZ composites, the bandgap was lower than TiO, and
g-C;N, (Table S3), which facilitated the generation of photo-
generated charge carriers under visible light illumination
[49, 50].
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— g-GN,y

— g-C,N/TiO,
—CTZ

Absorbance (a.u.)
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Figure 4: UV-vis DRS spectra of g-C;N,, TiO,, and TiO,/g-C5N,, and CTZ
photocatalyst.
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Evaluation of photocatalysts performance 100 -
Three forms of products, nitrite, ammonia, and nitrogen gas, 21

are produced during the photocatalytic reduction reaction. 801

Nitrogen gas is the most desirable product, ensuring com- 0

60 4 -+ g-C3Ny
plete nitrate reduction. According to the literature, formic IO
1 L . 50 "
acid is used as the hole scavenger for photocatalytic investi- TiO,

40 4

gation because of the higher nitrate conversion [36]. Before ¢-CN/TiO,

= CTZ

30 4

Nitrate Conversion (%)

light irradiation, the aqueous nitrate solution (50 mg L")

20
containing the various photocatalysts (50 mg) was stirred

in the dark for 1 h to determine the adsorption rate of the ] //

catalyst to study the non-photocatalytic removal. After reach- 0 10 20 30 a0 50 60
Time (min)

ing the equilibrium adsorption state (in the dark condition),
the amount of the pollutant adsorbed onto pure ZnO, TiO,, Figure 5: Nitrate reduction using different photocatalysts: ZnO, TiO,,
g-C;N,, g-C;N,/TiO, and CTZ was approximately calculated ~ g-C3N,, g-C3N,/TiO, and CTZ.

to be 4.3%, 7.1%, 3.6%, 7.4%, and 8.6% of the initial amount

of pollutant, respectively. Consequently, the removal of pol-  of formic acid as a hole scavenger, the photocatalyst would not
lutant in dark condition could be neglected. In the dark, no  affect reducing nitrate (Table 1, Entry 7).
electron-hole pairs can be formed and photocatalytic behav- The N, selectivity for the ZnO, TiO,, g-C;N,, g-C;N,/TiO,

iour of the prepared samples is not induced. The performance  and CTZ photocatalysts in the photoreduction of aqueous
of various synthesized catalysts was measured with varying  nitrate were shown in Fig. 6. The CTZ photocatalyst was the
reaction times. The performance data for the photocatalysts  best in terms of the conversion factor. This suggests that Zn
according to the selectivity and nitrate conversion efficiency  and Ti played a role as a doping ion, facilitating the isolation
under UV irradiation are shown in Table 1. The photocata-  of charge from the photoproduced vacancy-electron pairs via a
lytic system using CTZ exhibited an improved conversion of  permanent electrical field [45]. The CTZ photocatalyst provided
nitrate compared to other photocatalysts (Table 1; Fig. 5). It higher nitrate removal than TiO, and lowered the formation of
highlights the impact of the ZnO layer in the CTZ photo- nitrite and ammonia (higher selectivity), resulting in the highest
catalyst for improved conversion of nitrate and the increased  total nitrogen removal with lower formic acid (highest activity).
selectivity to N,. In conclusion, the CTZ as photocatalyst has  High selectivity of nitrite and low selectivity of N, was obtained
the highest rate of conversion of nitrate to nitrogen gas in  in the first few minutes of the reaction. Nitrogen selectivity
the presence of formic acid (Table 1, Entry 5). Increasing the  reached %90 after 20 min of reaction and then raised gradu-
irradiation time to 120 min did not significantly affect the  ally to %95 after 60 min. The ammonia selectivity was constant
nitrate reduction efficiency (Table 1, Entry 6). In the absence  entire the reaction. This means that nitrate reduction to nitrogen

gas continues by the formation of nitrite. Thus initial selectivity

of nitrite is high, and subsequently, nitrite ions are reduced to

nitrogen gas.

TABLE1: Selectivity to N, and nitrate conversion under UV irradiation®.

Nitrate 100
SelectivitytoN,  conversion
Photocatalyst [%] [%] 0
80
1 Zn0O 36.12* 33.54* 2
2 TiO 53.44* 67.09%* g N
e ’ ’ 7' 60 Zn0O
3 g-GN, 43.67* 18.30* e TIO,
) >, 50
4 g-CoN,/TiO, 65.34** 78.91%* g, ¢-C;N,/TiO,
5 crz 97.56%+* 95.24%%% 3 - CIZ
6 cTzb - 53.73* @ ¥
7 Tz 97.82%+* 95.80%+* »
10
*Being equal to 1%, **being equal to 1.5% and ***being equal to 2%. 0 ; ; ; ; ; .
a A _ h | ) 0 10 20 30 40 50 60
Conditions: NO;~ (100 mL, 50 ppm), Photocatalyst (0.05 g), reaction Time (min)

time (60 min dark, 60 min UV irradiation), HCOOH (0.02 mol L™"), UV

lamp (17W, 254 nm), t=25 °C. Figure 6: The N, selectivity for the ZnO, TiO,, g-C;N,, g-C;N,/TiO,, and
bWithout HCOOH. CTZ photocatalysts.

“Reaction time =120 min.
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In order to complete our experiments, nitrate removal
experiments were performed under visible light irradiation,
which the results were shown in Table 2. As predicted, the use
of photocatalysts ZnO, TiO, and g-C;N, in the presence of
visible light irradiation is not associated with objective results
(Table 2, Entries 1-3). Fortunately, the use of composite photo-
catalysts g-C;N,/TiO, and CTZ in these experiments yielded
excellent results in nitrate reduction under visible light irra-
diation (Table 2, Entries 4, 5). Promising results in aqueous
nitrate reduction under visible light irradiation are attributed
to decrease in the nanocomposite bandgap, and thus the ease of
electron-hole pair formation.

Ammonia was not produced throughout our experiments
because no absorption was detected at 420 nm. No related
absorption was observed in our study, and thus, we conclude
that no ammonia can be produced if CTZ was used as the pho-
tocatalyst. Since nitrite and ammonia are harmful products, the
significance of the present photocatalyst is its selectivity toward
nitrogen gas. In terms of photocatalytic activity, the CTZ photo-
catalyst was the best, indicating that ZnO nanoparticles facilitate
the separation of charge from the photoproduced vacancy—-elec-
tron pairs via a permanent electrical field [51]. Higher nitrate
removal and higher selectivity (decreased nitrite and ammonia
formation) was achieved using CTZ photocatalyst compared

with TiO,, resulting in the highest total nitrogen reduction.

Reusability of the photocatalyst

The reusability of photocatalysts is an effective parameter to
reduce cost of the process and the amount of waste. After each
test, the photocatalyst was separated from the solution and
washed three times with distilled water and dried in an oven at
90 °C for 6 h. All of the photocatalysts were reused for 6 cycles
under obtained optimal conditions and the results were shown
in Fig S2. Based on the obtained results, after six cycles the con-
version of nitrate was 11.9%, 27.1%, 60.2%, 70.1% and 90.3%
for g-C;N,, ZnO, TiO,, g-C;N,/TiO, and CTZ, respectively. So,

TABLE 2: Selectivity to N, and nitrate conversion under visible light
irradiation®.

Nitrate
SelectivitytoN,  conversion
Photocatalyst [%] [%]
1 ZnO Trace Trace
2 TiO, Trace Trace
3 g-GN, Trace Trace
4 9-G3N,/TiO, 71.43** 67.05**
5 1z 95.39%** 91.82%**

*Being equal to 1%, **being equal to 1.5% and ***being equal to 2%.

2Conditions: NO;~ (100 mL, 50 ppm), Photocatalyst (0.05 g), reaction
time (60 min visible light irradiation), HCOOH (0.02 mol L™, LED lamps
(4x40W), t=25"°C.

©The Author(s), under exclusive licence to The Materials Research Society 2024

these results showed that CTZ nanocomposite was stable and
active during the photocatalytic process.

In this study, ZnO modified g-C;N,/TiO, photocatalyst CTZ was
synthesized and characterized. The synthesis of the mesoporous
and chemically stable CTZ photocatalyst with relatively high
photocatalytic activity to selective nitrate reduction under UV
irradiation was described here. An improved UV-visible light
activity of CTZ in nitrate reduction was recorded, attributed
to the synergistic effect of g-C;N,, ZnO, and TiO,. The results
of CTZ nanocomposite analysis using FT-IR, SEM, EDS, BET,
and XRD instruments have clearly shown that the surface of
the g-C;N,/TiO, is homogeneously incorporated with ZnO
nanoparticles. XRD spectra confirmed the stabilization of the
anatase phase by calcination at high temperatures. EDS analysis
confirmed the existence of ZnO nanoparticles on the photocata-
lyst surfaces. The surface area of CTZ (57.04 m?/g) was enlarged
significantly compared with pure g-C;N, (8.21 m%*/g), TiO,
(51.27 m*/g) and ZnO (14.31 m?/g), which provided improved
adsorptivity for CTZ. The UV-visible absorption increases by
immobilization of the ZnO nanoparticles on the surface of the
g-C;N,/TiO,. Formic acid as a hole scavenger increased selectiv-
ity to nitrogen gas due to the formation of CO,". The photocata-
lyst CTZ displayed the highest nitrate photoconversion com-
pared to other materials used in this research (95.24% in the first
60 min). The application of CTZ was assosiated with improved
results in nitrate reduction under visible light (91.82% nitrate
conversion, 95.39% N, selectivity). In the TiO,/g-C;N, and
CTZ composites, the bandgap was lower than TiO, and g-C;N,,
which facilitated the generation of photo-induced charge carri-
ers under visible light illumination. The photocatalyst CTZ with
improved photochemical properties could be further examined
for possible application under solar light to remove nitrate from

drinking water in industrial applications.

Nanocomposite characterization

The chemicals were prepared from the Merck and Fluka Compa-
nies.The functional groups of photocatalyst surfaces were deter-
mined using Fourier transform infrared spectroscopy (FT-IR;
Bruker-Alpha). Field emission scanning electron microscopy
(FESEM) images were captured using a Hitachi S4160 Cold
Field Emission instrument. The surface elemental analysis was
performed using energy-dispersive X-ray spectroscopy (EDS;
SAMXx). Transmission electron microscopy (TEM; Jeol JEM-
1230, with an acceleration voltage of 100 kV) was performed to
characterize the catalyst morphology. X-ray diffraction (XRD)
was determined using a diffractometer (INEL Equinox 3000).
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The specific surface areas (Sppy) of nanoparticles were deter-
mined by the BET method, and the pore size distributions were
measured using the Barrett-Joyner-Halenda (BJH) method.

Synthesis of g-C;N,/TiO, nanocomposite

The nanocomposite g-C;N,/TiO, ws synthesized similar to that
described by wang and et al. [38]. An uniform mixture of tita-
nium dioxide (2.5 g) and melamine (2.5 g) was inserted into
a crucible. It was incubated in a digital oven at 500 °C for 2 h.
Finally, g-C;N,/TiO, was washed with ethanol and deionized
water in an ultrasonic bath for 30 min to obtain a light yellow

powder.

Synthesis of g-C;N,/TiO,/Zn0 nanocomposite (CTZ)

A 0.1 M solution of zinc chloride was used as the precursor
for zinc oxide nanoparticles. As-prepared g-C;N,/TiO, (0.50 g)
was ultrasonicated for 2 h in a precursor solution of zinc chlo-
ride (100 mL, 0.1 M) to produce a homogeneous suspension,
in which Zn** ions are adsorbed uniformly onto the surface
of the g-C;N,/TiO, composite. Then, an aqueous solution of
NH,HCO; (100 mL, 0.1 M) was added gradually into the mix-
ture at 60 °C, and the mixture was further stirred at 60 °C for
3 h. As observed in Scheme S1, the g-C;N,/TiO, nanocom-
posite was prepared via a thermal approach and then ZnO
nanoparticles were inserted through the g-C,N,/TiO, layers
by hydrothermal approach. The obtained precipitate was fil-
tered, washed with deionized water three times, and dried at
60 °C for 24 h. To obtain the g-C;N,/TiO,/ZnO nanocompos-
ites, the product was calcinated at 550 °C for 2 h under an N,
atmosphere. Also, in a similar experiment for comparison, ZnO
nanoparticles were prepared with the same procedure without
g-C;N,/TiO,.

Photocatalytic reaction conditions and calculations

The aqueous solution containing 50 ppm NO, -N was used as
the nitrate source. Photocatalytic experiments were performed
in a 250 mL quartz jacketed photoreactor in a cooling tank at
25 °C and irradiated by a low-pressure Hg lamp (17 W; 254 nm)
as a UV source for photocatalytic experiments and located in a
double-walled quartz jacket (Scheme S2). To evaluate the pho-
tocatalytic activity under visible light irradiation, 4 LED lamps
(40 W) with a total power of 160 W were used. Spectral outputs
of the UV and visible light sources were illustrated in Fig. S3.
The photocatalyst (50 mg) was suspended under magnetic stir-
ring in a solution of model water (100 mL) containing 50 ppm
NO3_-N and formic acid (4.5 mM) as a hole scavenger. This opti-
mum ratio of the hole scavenger concentration to the nitrate

concentration was previously shown in the literature [52]. The

©The Author(s), under exclusive licence to The Materials Research Society 2024

initial pH was dependent on formic acid concentration. Before
irradiation by a UV lamp, the aqueous nitrate solution contain-
ing the photocatalyst was stirred in the dark for 1 h to determine
the adsorption rate of the photocatalyst to study the non-pho-
tocatalytic removal. The total duration for irradiation with UVC
light was 60 min.

A set of parallel experiments were performed without
nitrate, hole scavenger, irradiation, photocatalyst, respectively.
During the experiments, samples were withdrawn every 10 min.
At the end of the reaction, the photocatalyst was immediately
removed from the solution by centrifugation, and the filtrate
was analyzed to determine the residual concentration of nitrate.
To evaluate the adequate conditions, experiments were carried
out by varying the photocatalyst amount and UV irradiation,
keeping the concentration of nitrate constant (50 mg L™!) under
the experimental conditions. Experiments were also carried out
using various photocatalyst dosages to determine the impact
of photocatalyst concentration on nitrate removal, keeping the
other parameters constant under the experimental conditions.
Different photocatalytic systems previously prepared were
performed applying the above conditions. To determine the
actual effect of the photocatalytic systems, experiments were
conducted with ZnO, TiO,, g-C;N,, g-C;N,/TiO,, and g-C;N,/
TiO,/ZnO under UV irradiation and visible light irradiation,

respectively.

Analytical methods for the determination of nitrogen
compounds

After photocatalytic reactions, samples were analyzed for nitrate,
nitrite, and ammonia concentrations. Nitrate and nitrite anions
were measured using a UV-Vis spectrophotometer operated at
220 and 275 nm, respectively. The concentration of ammonia
and total dissolved nitrogen (TDN) were determined using
colorimetric methods (Hach DR2000 UV-VIS, Kit #TNT827,
and Hach DR2000 UV-VIS, Kit #TNT830, respectively). The
samples were analyzed after collection to determine the pH and
concentrations of nitrate (NO;"), nitrite (NO,"), ammonium
(NH,"), TOC, and TDN. The initial pH was about 2.5 because of
the addition of formic acid, which slowly increased and reached
3.5 after 60 min due to acid consumption. Nitrate ions may be
photocatalytically reduced to generate ammonia (Egs. 1, 2),
which would then be decomposed to form hydrogen and nitro-
gen (Eq. 3) [53]. Formic acid appears as a hole scavenger and
produces gaseous carbon dioxide, anion radical carbon dioxide,

and hydrogen (Eq. 4).

NOj + 2¢~ + H,0 — NO; +20H™ 1)
NO; + 6e” +7H" — NH; + 2H,0 )
2NH3 — N, + 3H, (3)
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2HCOO™ + k'™ — CO, + CO; +H, (4)

The selectivity to N, and nitrate conversion were evalu-
ated using Eqgs. 5 and 6, respectively [54]. The most effective
photocatalyst is that achieved the highest mentioned values.
Nitrogen selectivity is described as the ratio between nitrate
concentrations reduced to nitrogen and total nitrate concentra-
tion reduced, assuming no by-products are produced other than
NO,™ and NH;.

N,
Selectivity to N (%) = % x 100
[N O3 - N ]reduced
_ (NT; — NTy) (5)
[NO; — NJ; — [NO; — NI,

[NOj — NJ; — [NO; — N,
[NO; — NJ;

Nitrate conversion(%) = x 100

(6)
where i is initial concentration, ¢ is concentration at time ¢ and

(NO;™-N) is nitrogen present as nitrate.
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