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ABSTRACT

The article presents the results of a study on the fabrication and evaluation of certain
properties, morphology, crystal structure of the WOs coating on a Cu substrate. Simultaneously,
the article introduces the preliminary results of evaluating the ability to treat picric acid in water
using the indirect electrochemical oxidation method with a WOs/Cu electrode and HOCI as the
oxidizing agent. The research results show that the WOs coating on Cu substrate has a hexagonal
crystal structure, a density of 6.422 g/cm3, an absorption intensity of 0.8 a.u (A = 420 nm), and an
energy bandgap of approximately 2.8 eV. With an applied potential of +0.8 V (vs. Ag/AgCl) to the
WOs/Cu electrode, the indirect photoelectrochemical oxidation method using the WOs/Cu
electrode and HOCI as the oxidizing agent achieves a 95% treatment efficiency for TNP at a
concentration of 80 mg/L after 105 minutes at room temperature.
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1. INTRODUCTION

2,4,6-Trinitrophenol (TNP), also known as picric acid, is a highly explosive organic compound
widely used in the defense industry, dye production, pharmaceuticals, and pigments. Due to its
high toxicity, stability, difficulty in biodegradation, and accumulation in aquatic environments,
TNP has a negative impact on ecosystems and human health [1].

Recently, several solutions have been proposed for treating compounds containing the phenol
ring in general and nitrophenol compounds in particular in wastewater, including oxidation [2],
electrochemical [3], adsorption [4], biological degradation [5], etc. In which, indirect
electrochemical oxidation (EC) is a method gaining significant attention due to its effective
treatment capabilities, minimal chemical usage, and reduction of secondary waste generation [6].
This method operates based on the main mechanism of dissociating compounds to generate strong
oxidizing agents such as OH’, Os, HOCI, and OCI~, which then attack and degrade organic
compounds [6-7]. Despite its many advantages, the EC method still has limitations due to the
occurrence of electrode corrosion. In order to overcome this limitation, several solutions have been
proposed to reduce corrosion and extend the lifespan of the electrodes, such as the fabrication of
inert electrodes: inert electrode fabrication (graphite, BDD, FesSis, TiOz, PbOy,..), coating with
conductive oxides (RuO, IrOx,...) or applying semiconductor oxides activated by light (TiO,
ZnO, Tax0s, BiVOs,,...) [8]. Recently, WOs has attracted significant research attention due to its
unique physicochemical properties such as electrochromism, photocatalysis, and photochromism.
WO:s is a typical n-type metal oxide with an energy bandgap ranging from 2.4 — 2.8 eV, capable
of absorbing energy in the UV region and part of the visible light spectrum. Additionally, it is
inexpensive, easy to synthesize, and stable in acidic and neutral environments, making WOs an
ideal material for coatings in the fabrication of anodes in electrochemical systems [9].

In order to contribute further to the aforementioned research direction, focusing on the
treatment of TNP contamination in wastewater from defense production, this paper presents the

Journal of Military Science and Technology, 103 (2025), 65-73 65


mailto:TrongnghiaCNM2020@gmail.com

Chemistry, Biology & Environment

results of the study on the fabrication and evaluation of several properties, morphology, chemical
composition, and characteristic bonding of the WOs coating on a Cu substrate. At the same time,
it introduces the preliminary results of evaluating the ability to treat picric acid in water using the
indirect photoelectrocatalytic oxidation method (PEC) with the WOs/Cu electrode and HOCI as
the oxidizing agent.

2. MATERIALS AND METHODS

2.1. Chemicals and equipment
2.1.1. Chemicals

Acid picric (CsHsN3zO7) 98%, Vietnam; Na,W04.2H,0, HCI and other chemicals (NaCl, KCl,
Na2SOa, Etanol, Pluronic (Piss)): PA, S.I Analytics, China.
2.1.2. Equipment

FE-SEM Hitachi S-4800, Japan; UV-Vis DRS spectroscopy, Jasco International, Japan; D8
Advance, Bruker, Germany; COD HI839800-02, Hanna Instruments, USA; HPLC1100, Agilent,
USA; Vera magnetic stirrer, Cole Parmer, USA; DC power supply Agilent, E3631 DE3, USA,
LED lamp, Philips, China, and other available instruments and equipment from the Institute of
New Technology.

2.1.3. Experimental model

The experimental model designed to evaluate the ability to treat picric acid in water using the
indirect photoelectrocatalytic oxidation method with the WOs/Cu electrode and HOCI as the
oxidizing agent was referenced from the publication [10]. The general schematic of the

experimental model is as follows:
Water outlet
/Direct current (DC)

Cooling water Water inlet
Cooling water tank \
- e it power supply

g —

Magnetic Stirrer with
Heating Function

Cathode Anode

Figure 1. Experimental model to study and evaluate the ability to treat picric acid.

In this setup, the reaction vessel with a capacity of 1 L is made from 2 mm thick acrylic material,
in the shape of a tube with a flat bottom. The vessel is equipped with two 420 nm wavelength LED
lamps, each with a power of 10 W. The reaction vessel is placed inside a 5 L glass cooling bath,
which is fitted with a built-in temperature sensor for measurement and display.

2.1.4. Fabrication of materials

The WOs coating is synthesized using the hydrothermal method: First, cut, clean, and smooth
the surface of the Cu substrate with an area of 24 cm? (80 x 30 x 1 mm), where the coating area is
15 cm? (50 x 30 mm). Prepare 80 mL of the coating solution consisting of 1.5 g Na:W04.2H:0;
0.5 g NaCl; 1 g Pigs, and 80 mL of distilled water. Adjust the pH of the solution to 2 - 3 using 1M
HCI. Transfer the solution into a 100 mL Teflon flask, then place the Cu substrate into the Teflon
container, seal the lid tightly, and carry out the reaction at 180 °C for 4 - 12 hours continuously.
After the reaction is completed, remove the Cu substrate and rinse it gently with distilled water
until the surface has a neutral pH (tested using litmus paper). Dry it at 80 °C for 10 hours, then at

66 D. T. Nghia, ..., V. T. Vui, “The study on the ability to treat ... with a WOs/Cu electrode.”



Research

120 °C for another 10 hours, and finally calcine it at 300 °C for 2 hours. Allow the sample to cool
naturally, then collect the sample for further analysis.

2.2. Research methods

2.2.1. Research on evaluating some properties, morphology, crystal structure, radiation
absorption capacity of WO; coating on Cu substrate

a. Study on surface morphology

The surface morphology of the WOs/Cu photoanode coating was analyzed using the FE-SEM
Hitachi S-4800 device at the Institute of Materials Science/Institute of Science and Technology,
Vietnam Academy of Science and Technology.

b. Determining the crystal structure and radiation absorption capability of the WOs coating

The crystal structure of WOs was determined through X-ray diffraction (XRD) using the D8
Advance device, Bruker, Germany, at the Institute of Chemistry/Institute of Science and
Technology, Vietnam Academy of Science and Technology. The radiation absorption capability
was measured using the UV-Vis-DRS spectroscopy method with the V-770 device Jasco
International, Japan, at the Institute of Materials Science/Institute of Science and Technology,
Vietnam Academy of Science and Technology.

2.2.2. Study on the ability to treat picric acid in water using the PEC method with a WQOs/Cu
electrode and HOCI as the oxidizing agent

a. Comparison of the TNP treatment efficiency of PEC, EC, and PC

The experiment comparing the TNP treatment efficiency of the PEC, EC, and PC solutions
using the WOs/Cu electrode was conducted under the following conditions: V = 0.8 V (vs.
Ag/AgCI), Swoycu =15 sz, pH =3- 4, Cnac1 =0.15 M, WwW=10 W, A=420 nm, Ctne =50 mg/L,
and a reaction time of 120 minutes. The TNP treatment efficiency was determined using the
following formula:

Co—Ct

H% = x 100 (%) o)

0
Including H is the treatment efficiency (%), Co and C, are the TNP concentrations at the initial
time and time t, respectively (mg/L).
b. Evaluation of the effect of Cnaci

The experiment investigating the effect of Cnaci 0n the TNP treatment efficiency using the PEC
method with the WOs/Cu electrode was conducted under the following conditions: V=0,8 V (vs.
Ag/AgCI), Swoscu =15¢cm?, pH=3 -4, W =10 W, A =420 nm, Ctnp = 50 mg/L, reaction time of
150 minutes, with Cnaci ranging from 0.05 M to 0.2 M. The TNP treatment efficiency was
determined using the following formula (1).

c. Evaluation of the effect of initial Ctnp

The experiment investigates the influence of the initial TNP concentration on the TNP removal
efficiency using the PEC method with the WOs/Cu electrode, conducted under the following
conditions: V = 0.8 V (vs. Ag/AQCI), pH = 3 - 4, Cnaci = 0.15M, W = 10 W, A = 420 nm, time =
105 min, and initial TNP concentrations of 20 mg/L; 40 mg/L; 60 mg/L; 80 mg/L; 100 mg/L; 120
mg/L; 140 mg/L. The TNP removal efficiency is determined according to formula (1).

3. RESULTS AND DISCUSSION

3.1. Results of evaluating the properties, morphology, chemical composition, and
characteristic bonding of the WOs coating on Cu substrate
a. Regarding the morphology

The FE-SEM analysis results of the WOs coating synthesized by the direct hydrothermal
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method on a Cu substrate at pH 2 - 3, using Na2WO4 and P1gs for reaction times of 4, 8, and 12
hours (figure 2), show results that are quite consistent with previous reports. Specifically, after 4
hours of hydrothermal treatment, connections between the WO; material and CuO appear. After 8
hours, the WOs particles form a uniform coating on the Cu substrate, and after 12 hours, the
particles are distributed quite densely with relatively uniform sizes. The process of forming the
WO:s coating occurs in three stages: bond formation, anisotropic crystallization, and the formation
of nanometer-sized particles [11].
. e 4

HY

Figure 2. FE-SEM images of WOs/Cu.

Figure 2 (a, b, ¢): Images of the WOs/Cu anode
after 4, 8, and 12 hours of hydrothermal treatment.

The formation of the WOs coating helps create a double layer of charge due to the ion separation
on the electrode surface, and the electrostatic forces between them will slow down the diffusion of
Cu?* during electrolysis, thereby increasing the lifespan of the electrode [12].

b. Regarding the chemical composition and characteristic bonding of the WO coating

The results of the chemical composition analysis of the WOs coating on the Cu substrate,
determined by X-ray diffraction (XRD), are presented in figure 3.
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Figure 3. X-ray diffraction (XRD) pattern of the WO:s coating.
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The X-ray diffraction (XRD) pattern of the WOs coating in figure 3 shows three sharp
diffraction peaks with strong intensity at 20 angles of 14.1°; 22.9°; 28.2° corresponding to the
crystal planes (010), (001), (200), respectively. Additionally, there are lower-intensity diffraction
peaks at 20 angles of 36.8°; 49.5°; 58.8° corresponding to the crystal planes (110), (011), (002),
characteristic of the hexagonal, monoclinic WOs phase, belonging to the P6/mmm (191) space
group (according to the JCPDS card: 01-075-2187). For the hexagonal crystal phase in the
P6/mmm space group, the atoms are arranged symmetrically around a main axis, characterized by
high symmetry.

The radiation absorption capability of the WO; coating after fabrication was evaluated using the
UV-Vis-DRS spectroscopy method, with a scanning wavelength range from 200 nm to 1400 nm, a
scan speed of 400 nm/min, and a D2/W1 light source. The analysis results are presented in figure 4.
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Figure 4. UV-Vis-DRS spectrum Figure 5. Energy bandgap Eg
of the WO:s coating. of the WO:s coating.

The results show that at shorter wavelengths (200 - 420 nm), strong absorption peaks appear
due to significant electronic transitions, with an absorption intensity reaching around + 0.9 a.u.
This indicates that the WOs material, after fabrication, has strong absorption capability in the
ultraviolet region and partially in the visible region.

Meanwhile, using the Kubelka-Munk function calculated according to formula (2), by
extrapolating the linear segment in the graph of (F(Roo).hv!”Y) versus hv corresponding to
approximately 2.8 eV, the energy bandgap value Eg of the WOs coating can be determined
(figure 5) [13].

(F(Ry)-m)""" = B(hv — E,) (2)

Thus, from the results displayed in the absorption spectrum and the determination of Eg using
the Kubelka-Munk function, it can be further confirmed that the WOs coating has good absorption
of ultraviolet light and part of the visible light spectrum. Therefore, using the procedure outlined
in section 2.1.3, a successful WOs coating was fabricated on a Cu substrate, with morphological
characteristics and properties similar to those reported in previous studies [12-13].

3.2. Results of the study on the ability to treat picric acid in water using the PEC method
with WQOs/Cu electrode and HOCI as the reactive agent
a. Comparison of the TNP treatment efficiency of PEC, EC, and PC

The survey results show that the PEC solution has the best efficiency in treating TNP, followed
by the PC solution with lower treatment efficiency, while the EC solution is ineffective in treating
TNP (figure 6). This result proves that the PEC solution can generate free chlorine species (FCS),
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while EC cannot generate FCS under the applied potential of + 0,8 V (vs. Ag/AgCI), which is
lower than the minimum potential of 1,36 V (vs. NHE) required for chloride ion oxidation. PC,
having no applied potential, cannot generate FCS.

According to Koo et al (2019) [9], under the influence of visible light, the holes (h*) generated
by the WOs coating will oxidize Cl™ ions and form dissolved Cl. (aq). The Cl. gas then undergoes
hydrolysis and reacts with water to produce HOCI and HCI. This process occurs vigorously in
acidic environments with a pH range from 3 to 5 (equations 3 and 4). These are the necessary
conditions for the PEC solution to operate effectively.

2ht, + 2Cl1~ - Cly(aq)
Cl> + HO = HOCI + HCI
b. Investigation of the effect of NaCl concentration

The results of the investigation into the effect of NaCl concentration on TNP treatment
efficiency are shown in figure 7, indicating that the current density increases as Cnaci increases.
However, the current density decreases over time due to the consumption of Cl™ ions near the
anode surface [16].
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As the NaCl concentration increases in the range of 0.05 M; 0.1 M; 0.15 M; and 0.2 M; the
TNP treatment efficiency also increases, reaching 30%; 39.9%; 94.5%; and 95.2% respectively
(figure 7a), meanwhile the COD value of the treated solution is reduced to 17.4%; 40.3%; 77.2%;
77.1% after 150 minutes of treatment (figure 7b). However, when the NaCl concentration increases
from 0.15 M to 0.2 M, and after 105 minutes of treatment, both the TNP treatment efficiency and
COD remain almost unchanged. This could be due to the saturation of HOCI in the solution at high
NaCl concentrations, where the excess HOCI increases but does not improve the treatment
efficiency, as the reaction rate has reached the dynamic equilibrium limit [9]. Thus, a NaCl
concentration of 0.15 M and a treatment time of 105 minutes are the optimal conditions for
effective TNP treatment in water under the experimental conditions mentioned above.

c. Effect initial TNP concentration

The research results show that the treatment efficiency of TNP tends to decrease as the initial
TNP concentration increases. Specifically, when Cynp increases from 20 mg/L to 140 mg/L, the
treatment efficiency drops from 93.4% to 56.6% (figure 8). For Ctnp > 80 mg/L, the TNP and COD
treatment efficiencies show a significant decrease, which could be due to the insufficient amount
of HOCI in the PEC to oxidize TNP. Additionally, according to Liang et al [17] the intermediate
products of the TNP oxidation process may continue to be oxidized, slowing down the reaction
and reducing the treatment efficiency.

Thus, the optimal conditions for the PEC solution to treat TNP in water are as follows: initial
Crne <80 mg/L, pH =3 - 4, Cnaci = 0.15 M, and a treatment time of 105 minutes.

d. The mechanism for TNP treatment

Under the influence of visible light, the WOs coating can oxidize Cl~ ions without requiring a
potential > 1.36 V (vs. NHE) [16]. This mechanism not only helps reduce energy consumption but
also decreases the risk of HOCI being oxidized into CIO® or OCI™ with a potential > 1.48 V (vs.
NHE), thus minimizing the formation of harmful by-products such as trihalomethanes,
chloramines, chlorinated phenols,... [10]. On the other hand, the molecular structure of TNP
consists of three NOz~ groups at positions 2, 4, and 6, and a hydroxyl group (OH") at position 1.
The aromatic ring exhibits strong electron-donating properties at the ortho and meta positions. The
treatment of TNP with HOCI mainly occurs through an electron substitution reaction on the
aromatic ring. At pH values from 3 - 4, HOCI is an effective oxidizing agent, and it tends to attack
the un-substituted positions, forming intermediate products (CABs) [18]. The oxidation
mechanism of TNP in PEC may proceed as follows:
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€ i G N(‘)_
\ ~ |
Visible h'+ClI—=HOCI - ‘ TNP
—OH° !
: CABs
¢ | O
Cathode CO,

Figure 9. Oxidation mechanism of TNP by the PEC method.
4. CONCLUSIONS

The research team successfully synthesized a WOs coating on a Cu substrate using the
hydrothermal method, applied in the PEC method to treat TNP contamination in water. The WOs
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coating after fabrication has a hexagonal crystal structure, an energy bandgap of approximately
2.8 eV, and the ability to absorb light in the UV region and part of the visible light spectrum,
operating stably in low pH environments. The PEC solution effectively treats TNP with an initial
concentration of 80 mg/L, achieving a treatment efficiency of 95% after 105 - 120 minutes through
the mechanism of HOCI generation by oxidizing CI™ ions with the WOs/Cu anode at a potential of
+0.8 V (vs. Ag/AgCl), helping to reduce energy consumption and avoid the formation of chlorine
by-products. Factors such as NaCl concentration, treatment time, and initial TNP concentration
significantly affect the treatment efficiency.
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TOM TAT

. Nghién ctru kha ning xir ly axit piric trong nwéc
bang phuwong phap quang oxi hoa dién hoéa gian tiep sir dung dién cuwe WO3/Cu

Bai bao gidi thiéu két qua nghién cuu ché tao, danh gid mét s tinh chat, hinh théi hoc,
cau tqo tinh thé cua I6p phiit WOs trén nén Cu. Pong thoi, giGi thiéu két qua danh gid budc
dau vé kha nang xit Iy acid picric trong nude cia phuong phdp oxi héa dién héa gian tiép
stk dung dién cue WO3/Cu va tac nhan HOCI. Két qua nghién ciru cho thdy 16p phii WO3
trén nén Cu cé cdu tric tinh thé luc gide, khoi lwong riéng 6,422 g/em? cuwong dé hdp phu
0,8 a.u (A =420 nm), dai cam nang heong khodng 2,8 eV. Véi dién thé dp dung cho dién cuc
WOs/Cu la +0,8 V (vs. Ag/AgCl), phwong phdp quang oxi héa dién héa gidn tiép sir dung
dién cuc WO3/Cu va tac nhan HOCI cho hiéu sudt xir ly TNP n(;ng do 80 mg/L dat 95% sau
105 phut ¢ nhiét do phong.

Tir khoa: Tungsten trioxide; Dién hoa gian tiép; Acid piric; Xt ly.
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