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ABSTRACT: Various electrochemical tests were carried out to
elucidate the electrolytic oxidation mechanism of oxalic acid on a
boron-doped diamond electrode in a nitric acid environment.
These included cyclic voltammetry, AC impedance, constant
current electrolysis, and electron paramagnetic resonance spec-
troscopy. The impact of electrode potential, current density, nitric
acid concentration, and electrode plate spacing on the oxidation of
oxalic acid was investigated. In the electrolysis mechanism, indirect
oxidation of *OH plays a major role and direct oxidation at the
electrode plays a minor role. Excessive nitric acid concentration
will reduce the electrooxidation rate of oxalic acid. The optimal
process conditions for electrolyzing oxalic acid are obtained as
follows: the plate spacing is 2 cm, and the current density is 60 mA
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cm™2, Finally, the BDD electrode can electrolyze the oxalic acid concentration to below 0.001 mol/L, which can meet the process

requirements.

1. INTRODUCTION

During the nuclear fuel reprocessing process, oxalic acid in the
plutonium oxalate mother liquor still retains trace amounts of
plutonium and oxalic acid. The potent chelating capability of
oxalic acid toward plutonium consequently impacts the
recovery rate of plutonium in the purification cycle. Hence,
the degradation of oxalic acid becomes crucial for achieving an
effective purification cycle for plutonium.

In the exploration of oxalic acid degradation, various
methods are employed, such as direct chemical reagent
destruction," photochemical degradation,” hydrogen peroxide
oxidation,® electrochemical destruction,” etc. The electro-
chemical oxidation of oxalic acid exhibits a rapid decom-
position rate, minimal waste generation, safe operation, and
thorough destruction. The boron-doped diamond (BDD)
electrode is gaining increasing attention for its ability to
generate hydroxyl radicals easily, resistance to surface
adsorption, wide electrochemical window, and corrosion
resistance.” This electrode yielded promising results across
various wastewater treatment applications. Hence, it can
significantly contribute to the post-treatment of oxalic acid in
the mother liquid. The remarkable oxidation capability of the
BDD electrode relies on hydroxyl radicals, the second
strongest oxidant known after fluorine, possessing an excep-
tionally high standard reduction potential. This property
enables the rapid degradation of organic matter. The hydroxyl
radical has emerged as a noteworthy player in the degradation
of toxic pollutants, owing to its potent oxidizing capabilities
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and nontoxic properties. Hydroxyl radical (*OH) is charac-
terized as “short-lived and difficult to capture,” and there are
two main methods for the detection of *OH. The first is to use
electron spin resonance spectroscopy (ESR) in the presence of
a spin trap, which is a compound that can selectively react with
free radicals to form adduct species that have a lifetime long
enough to be detected by ESR. The second approach uses
probe compounds that react selectively with *OH and often
form adducts that can be analytically detected by conventional
chromatographic techniques. ESR is currently the most
effective research method for detecting free radicals. It is
simple, effective, intuitive, and clear. S,5-Dimethyl-1-pyrroline-
N-oxide (DMPO) has become the most commonly used
trapping agent in ESR detection of *OH due to its high
selectivity for *OH.*” DMPO rapidly reacts with hydroxyl
radicals, forming a relatively stable spin addition product,
DMPO-OH. The ESR technique can detect the signal of
DMPO-OH, generating highly identifiable characteristic
spectral lines. The intensities of these signal spectral lines
can indirectly indicate the relative production of hydroxyl
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radicals. However, spin scavengers may lead to false positive
detection of *OH,* ' which is attributed to reverse sg)in
scavenging,'"'> or the Forrester—Hepburn mechanism.”"’
False positive detection of hydroxyl radicals makes it difficult
to accurately characterize their concentration. Existing
qualitative and quantitative detection methods for hydroxyl
radicals have some deficiencies, and their reliability needs to be
further improved. Therefore, the ESR method can only
qualitatively and semiquantitatively determine hydroxyl radi-
cals.

Martinez-Huitle investigated the electrochemical behavior of
oxalic acid on various electrodes. It was observed that the BDD
electrode exhibits a very low adsorption capacity and high
stability to oxidation on the surface. This characteristic allows
reactants and intermediates to undergo reactions in a
nonadsorbent state, suggesting that hydroxyl radicals may
react with oxalic acid on this electrode.”” Subsequently, the
electro-oxidation reaction of oxalic acid was investigated on the
BDD electrode. The Tafel slope was found to be within the
range of 200—240 mV decade™, and the reaction order was
slightly less than 0.55. There are also many studies on electro-
oxidation on BDD electrodes. For example, some scholars used
cyclic voltammetry and bulk electrolysis to study the anodic
oxidation of 2-naphthol on a synthetic BDD electrode in acidic
media and established a model to explore the electrooxidation
mechanism, in which *OH plays an important role."* The
electrochemical oxidation of iohexol on BDD electrodes has
also been studied, and the current efficiency and COD
elimination rate are consistent with the theoretical model
proposed by Comninellis et al. that assumes mass transfer
control."*~!

This study marks the initial utilization of the BDD electrode
for electrochemical investigations on oxalic acid in a nitric acid
medium. ESR spectroscopy was employed to detect the
electrogenerated hydroxyl radical on the BDD electrode, and
an AC impedance test was carried out; then the process
conditions were explored. This study aimed to ascertain the
mechanism of the electrooxidation of oxalic acid in a nitric acid
medium using a BDD electrode. Through this, the study
sought to preliminarily explore the potential application of the
BDD electrode in the nuclear fuel reprocessing process.

2. EXPERIMENTAL SECTION

2.1. Instruments and Reagents. The electrochemical
experiments were conducted using a CHI-760E Electro-
chemical Workstation and a CHI-1140C Electrochemical
Workstation, both from Shanghai Chenhua Instrument Co.,
Ltd. The analytical balance employed was a GB204 Analytical
Balance by METTLER TOLEDO, with an accuracy of 107 g.
An MS-5000 Spectrometer from Magnettech, Germany, was
utilized for electron paramagnetic resonance spectroscopy. The
concentration of trace oxalic acid was analyzed using the ICS-
5000 ion chromatograph produced by ThermoFisherScientific,
USA. Additionally, ultrapure water was obtained using the
Direct-Q 3UV Ultra-Pure Water Machine by Millipore
Corporation. The chemicals used in the experiments were
sourced from reputable suppliers: oxalic acid dihydrate and
potassium nitrate were obtained in analytically pure form from
Sinopharm Group. Nitric acid with a mass fraction of 65%—
68%, classified as analytically pure, was acquired from
Sinopharm Group. Concentrated sulfuric acid with a mass
fraction of 95%—98%, also analytically pure, was sourced from
the Sinophosphate Group. S,5-Dimethyl-1-pyrroline-N-oxide

(DMPO, with a purity of 97%) was procured from Shanghai
McLean Reagent and was analytically pure.

2.2. Experimental Methods. The procedure involves
quantitatively weighing solid oxalic acid and dissolving it in
various nitric acid concentrations to create a mixed solution.
Ultrapure water was used in the preparation of the solution.
Before use, the BDD electrode was rinsed several times with
deionized water. Three electrodes were employed in the
experiment: the working electrode, BDD electrode (10 mm X
10 mm), the counter electrode, platinum electrode (10 mm X
10 mm), and the reference electrode is saturated calomel
electrode (SCE). Unless stated otherwise, the saturated
calomel electrode was utilized as the reference electrode and
all electrochemical studies were carried out at room temper-
ature.

The constant-current electrolysis method was implemented
by using the CHI-1140C electrochemical workstation to
perform the electrolysis of oxalic acid at various current
densities. The concentration of H,C,0, was determined
through KMnO, titration with timed sampling. The electro-
lytic cell, designed and fabricated in-house, was constructed
entirely from an acrylic material. The cell features a groove to
accommodate the electrodes.

To minimize DMPO consumption and enhance the *OH
concentration in the sample, an electrolytic cell with a plate
spacing of 1 cm was employed. A Nafion 117 diaphragm was
placed in the middle of the electrolytic cell to prevent
interference from materials generated at the cathode. The ESR
experimental setup included a working electrode composed of
BDD (2 cm X 4 cm), an auxiliary electrode made of graphite
(2 cm X 4 cm). And the reference electrode was also a
saturated calomel electrode. The BDD and graphite sheet
electrodes were partially immersed in the solution, with an
immersion area of 2 cm X 3 cm.

Before each experiment, a blank sample was prepared by
combining DMPO and the electrolyte in an unpowered state.
The mixture, consisting of 6.3 mL of electrolyte, was subjected
to ESR testing. This involves using DMPO as a spin trap to
capture *OH in the system, adjusting to various electro-
chemical oxidation reaction conditions.

The measurement parameters of *OH in the X-band were
configured as follows: the center field is set at 336.7 mT, the
scanning width is 10 mT, the scanning time is 30 s, the
microwave frequency is 9.49 GHz, the microwave power is 20
mW, the modulation amplitude is 0.1 mT, and the modulation
frequency is 100 kHz.

3. RESULTS AND DISCUSSION

3.1. Electrochemical Response of Oxalic Acid on a
BDD Electrode. This experiment utilized a titanium-based
boron-doped diamond electrode imported from Beijing
BOLTARA Technologies Co., Ltd, Germany. Scanning
electron microscopy (SEM) was employed to observe this
electrode’s morphology to comprehend its microstructure.
Figure 1 illustrates the side and plane views of the BDD
electrode.

Figure la,b show approximately 120-ym-thick boron-doped
diamond coatings on both sides of the Ti substrate, displaying
high density and uniformity. The magnified image at the
junction of Figure lc further illustrates the tight and compact
nature of the coating. In Figure 1 d—i, a flat view is depicted,
showcasing a highly dense structure. The presence of “small
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Figure 1. (a) SEM image of the entire surface of the BDD electrode
(scale bar: S00 pm), (b) SEM image of the side view of the BDD
electrode (scale bar: 200 um), (c) SEM image of the local
amplification of the BDD electrode side (scale bar: 100 um), (d)
SEM image of the plane of the BDD electrode (scale bar: 200 ym),
(e) SEM image of the plane of the BDD electrode (scale bar: 100
um), (f) SEM image of the plane of the BDD electrode (scale bar: SO
um), (g) SEM image of the plane of the BDD electrode (scale bar: S
pum), (h) SEM image of the plane of the BDD electrode (scale bar: 1
um), and (i) SEM image of the plane of the BDD electrode (scale
bar: 500 nm).

black pits” on the surface is attributed to spark splashing during
laser cutting, leading to surface damage on the BDD electrode.

A cyclic voltammetry curve was generated by varying the
oxalic acid concentration, as depicted in Figure 2a, to identify
the position of the oxalic acid oxidation peak. It is evident that
with the rise in oxalic acid concentration, the increase in the
oxidation peak is minimal. A faint oxidation peak is observed at

1.0 V vs SCE, occurring before the onset of the oxygen
evolution reaction.

In order to investigate the impact of adding nitric acid on
the oxidation of oxalic acid, the cyclic voltammetry curve
depicting oxalic acid with increasing nitric acid concentration is
presented in Figure 2b. As the nitric acid concentration
increases, the oxidation current of oxalic acid shows no
significant decrease near 1.0 V vs SCE. However, the oxidation
decomposition current of water notably decreases near 1.8 V vs
SCE. On the BDD electrode, water oxidation and decom-
position produce a substantial amount of *OH.'” The
oxidation of organic matter on the BDD electrode relies on
the indirect oxidation facilitated by *OH."®'* Considering the
potent oxidation capacity of *OH, it can oxidize and
decompose oxalic acid effectively. Following the reaction
H,0 — °*OH + H" + €7, an increase in the nitric acid
concentration shifts the balance to the left, decreasing the
production of *OH. The reduction in current indicates a
decrease in the rate of *OH generation. Therefore, the addition
of nitric acid is not conducive to the oxidation of oxalic acid at
the BDD electrode.

3.2. Study on the Detection and Formation Mecha-
nism of Electrogenic Hydroxyl Radicals on BDD
Electrode. 3.2.1. Effect of Voltage on the Generation of
Hydroxyl Radicals. Until now, limited studies have identified
electrically generated *OH by DMPO in electrochemical
systems.”’ Research indicates two primary reasons for the
challenges encountered in obtaining successful results: (I)
Theoretically, to generate *OH, the anode potential should
surpass the oxygen evolution potential. However, the direct
electron transfer reaction (DET) of DMPO may also inevitably
occur on the anode, rendering it unable to capture *OH
qualitatively. The oxidation potential of DMPO in aqueous
solution is challenging to determine, as only the oxidation
potential of DMPO in nonaqueous solution is established at
1.87 V vs SHE;® (II) the spin adduction of DMPO-OH is
chemically unstable, and subsequent transformations, including
dimerization, disproportionation, DET oxidation, and further
oxidation, may occur in the strong oxidation environment
facilitated by anode polarization. In order to obtain effective
spin trapping of *OH and reliable ESR signals of DMPO-OH
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Figure 2. (a) Cyclic voltammograms of 0.20 mol/L HNOj; and different concentrations of H,C,0,. (b) Cyclic voltammograms of 0.020 mol/L

H,C,0, and different concentrations of HNO;.
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Figure 3. ESR signal spectra at different voltages on the BDD electrode.

adducts, side reactions between DMPO and DMPO-OH
adducts should be minimized, which can be achieved by
adding excessive DMPO during the trapping of electro-
generated *OH. Therefore, all DMPO stock solutions are put
into the electrolytic cell, and the amount added is fixed at S0
uL each time.

In the electrolysis process, *OH can be captured using
DMPO only when the applied potential is greater than the
potential generated by the hydroxyl radical; the standard
potential for *OH radical formation is 2.38 V vs SHE. Figure 2
illustrates that the potential of hydroxyl radicals generated
during water electrolysis in the presence of 0.20 mol/L HNO;
+ 0.020 mol/L H,C,0, electrolyte on the BDD electrode is 1.8
V vs SCE. The working electrode was the BDD electrode, with
a graphite plate as the auxiliary electrode. The electrolyte
consisted of 0.20 mol/L HNO; + 0.020 mol/L H,C,0, and 50
uL of DMPO. The DMPO stock solution was introduced
before initiating electrolysis, and experiments were conducted
at varying voltages. The voltage settings for the experiment
were 1.6 V vs SCE, 1.8 V vs SCE, 2.0 V vs SCE, 2.2 V vs SCE,
and 2.4 V vs SCE, with ESR testing conducted at the fourth
minute sampling interval. The outcomes of the experiment are
depicted in Figure 3.

In Figure 3, the detected free radical spectrum exhibits a
peak height ratio of 1:2:2:1, with a g factor of 2.007 and
hyperfine structure parameters of approximately ay = 1.51 mT
and ay = 1.51 mT. These parameters closely align with the
characteristic peak of *OH, as reported in the literature.'”
Consequently, it is established as the characteristic signal peak
of the DMPO-OH adduct.

To facilitate a clearer comparison of the DMPO-OH adduct
signal heights at different voltages on the BDD electrode in
Figure 3, a curve was generated as depicted in Figure 4. This
curve represents the signal value at each voltage when the
magnetic field is set at 335.5 mT.

As depicted in Figure 4, when the potential is 1.6 V vs SCE,
there is virtually no characteristic signal of DMPO-OH.
However, from 1.8 V vs SCE to 2.4 V vs SCE, the signal
intensity of DMPO-OH steadily increases in the ESR test. This
indicates that the concentration of the DMPO-OH adduct also
increases, signifying an elevated production of *OH with
increased potential. This observation validates that for *OH to
be generated on the surface of the BDD electrode, the anode
potential must reach at least +1.8 V vs SCE.

3.2.2. Effect of Nitric Acid Concentrations on the
Generation of Hydroxyl Radicals. The concentration of nitric
acid plays a crucial role in the electrolytic oxidation of oxalic
acid. Consequently, various concentrations of nitric acid were

18V
1.6 V
L . 1 .
338 340
150 -
100
S
=
.20
w
50 |
./
0 1 1 1 1 1
1.6 1.8 2.0 22 24
Voltage/ V

Figure 4. ESR signal values of the BDD electrode at different voltages
with a constant magnetic field of 335.5 mT.

systematically examined here to assess their influence on the
production of hydroxyl radicals. The experimental setup
involved using the BDD electrode as the working electrode
and the graphite sheet as the auxiliary electrode and
introducing 0.020 mol/L H,C,0,, 020 mol/L HNO; +
0.020 mol/L H,C,0,, 0.40 mol/L HNO; + 0.020 mol/L
H,C,0,, 1.0 mol/L HNO; + 0.020 mol/L H,C,0,, 3.0 mol/L
HNO; + 0.020 mol/L H,C,0,, respectively, and 50 pL of
DMPO as the electrolyte before initiating the electrolysis. The
electrolysis experiments were conducted at a constant current
density of 60 mA cm % The ESR testing was performed at
fourth minute of electrolysis. The outcomes of the experiments
are presented in Figure 5.

A curve was generated to facilitate a clear comparison of the
DMPO-OH signal height on the BDD electrode under
different nitric acid concentrations, as depicted in Figure 6.
This curve represents the signal value of each nitric acid
concentration when the magnetic field is set at 335.5 mT.

As observed in Figures 5 and 6, the signal intensity of
DMPO-OH in 0.020 mol/L H,C,0, without nitric acid is
lower than that in 0.20 mol/L HNO; + 0.020 mol/L H,C,0,.
This suggests that a low nitric acid concentration is favorable
for the formation of *OH. Studies have shown that compared
with alkaline environments, OH oxidation is stronger under
acidic conditions.”"

With the gradual increase in nitric acid concentration, the
signal intensity of DMPO-OH gradually decreases, signifying a
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Figure 6. ESR signal values of the BDD electrode at different nitric
acid concentrations, measured at 335.5 mT.

gradual reduction in the concentration of *OH. This indicates
that the progressive increase in nitric acid concentration
inhibits the production of *OH. An excessive amount of H*
shifts the equilibrium of H,O — *OH + H" + e to the left,
decreasing the amount of *OH produced. It is worth notin:

that the oxidation of DMPO is also affected by pH,'”*>** the
pH value also affects the stability of DMPO-OH, so the
reasons for such fluctuations in the signal may be caused by
many aspects and require further investigation. However, as
the acidity gradually increased, the DMPO-OH signal intensity
first increased and then decreased, which was consistent with
the conclusion presented in Figure 2b, that is, too high of an
acidity was not conducive to the electrooxidation of oxalic acid.

Based on the findings in Figure 2a,b and the results of the
ESR test, the inferred oxidation mechanism of oxalic acid on
the BDD electrode in the nitric acid system is illustrated in
Figure 7.

The electrooxidation of oxalic acid on the BDD electrode
leads to the production of CO,, representing the direct
electron transfer step. The indirect oxidation involving *OH is
manifested in the generation of *OH through water electrolysis
at the BDD electrode, followed by its adsorption on the
electrode. An increase in the nitric acid concentration reduces
the overall quantity of *OH generated in this reaction.
Subsequently, the adsorbed free radical reacts with oxalic
acid to produce HCO,, CO,, and H,0O. Additionally, HCO,
reacts with the BDD electrode to generate CO,. The reaction

49843

of adsorbed *OH with oxalic acid also directly yields CO, and
H,O0.

3.3. AC Impedance Characteristics of Oxalic Acid on
BDD Electrode in Nitric Acid Medium. The AC impedance
test in this experiment was conducted using an electrochemical
workstation CHI-760E. A small-amplitude AC positive voltage
of 5 mV was the perturbation signal. Moreover, the frequency
ranged from 0.01 to 100,000 Hz. The AC impedance of a 0.20
mol/L HNO; + 0.020 mol/L H,C,0, solution was measured
using the BDD electrodes as working electrodes at the open-
circuit voltage.

Figure 8 represents the Nyquist diagram of oxalic acid in a
nitric acid medium on the BDD electrode. Typically, AC
impedance measurement results are fitted to an equivalent
circuit. This circuit represents the physical processes
transpiring in the entire electrochemical reaction system,
encapsulating the comprehensive electrical characteristics of
the electrochemical system. The elements within it can
elucidate the properties of the solution. However, a single
element in the fitting circuit does not always accurately portray
the system’s genuine physical and chemical characteristics. The
circuit diagram is illustrated in Figure 9.

In Figure 9, R1 symbolizes the solution resistance in the
system, Rct represents the electrochemical reaction charge
transfer resistance, Rdm denotes the BDD electrode resistance,
Cdm refers to the double-layer capacitance of the BDD
electrode, and Cdl signifies the double-layer capacitance of the
solution. The fitting results are presented in Table 1,
demonstrating close alignment with the actual physical and
chemical parameters. The electric double-layer capacitance of
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other conditions kept constant. The oxalic acid removal rate
s ®  Experimental value during electrolysis under different current densities is
—e— Fitting value illustrated in Figure 10. As the current density increases, the
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2
St 2
R 0,
- §60/o F
Gt
o
g
0 B 40% -
g
L 1 L 1 L 1 3
0 15 30 45 A

7'/ Q

Figure 8. Nyquist diagram and fitting diagram for 0.20 mol/L HNO;
+ 0.020 mol/L H,C,0, on the BDD electrode.

R1 Ret Rdm

Cdl Cdm

Figure 9. Equivalent circuit diagram corresponding to the Nyquist
diagram using 0.20 mol/L HNO; + 0.020 mol/L H,C,0, on the
BDD electrode.

Table 1. Simulation Results of the Equivalent Circuit on the
BDD Electrode

R1/Q Rct/Q Rdm/Q Cdl/F Cdm/F
3.6 2.6 31.6 8.0 x 107° 82 x 107°

the boron-doped diamond electrode is comparable to the
values obtained by Yoshimura et al.**

In the Nyquist diagram, a smaller semicircle diameter and
lower Rct correspond to smaller charge transfer resistance for
oxalic acid oxidation. Consequently, oxalic acid in a nitric acid
medium exhibits a high reaction rate on the BDD electrode.
This observation aligns with the mechanism of the BDD
electrode oxidizing oxalic acid. The oxidation of oxalic acid on
the BDD electrode occurs via two pathways. One is the direct
oxidation of oxalic acid on the electrode, playing a secondary
role. The other is the oxidation of oxalic acid by hydroxyl
radicals generated by the BDD electrode, which plays a
primary role.

3.4. Studies on Electrolysis of Oxalic Acid in Nitric
Acid Medium. 3.4.1. Influence of Current Density on the
Electrolysis of Oxalic Acid. The BDD electrode was employed
to investigate various factors influencing the electrolysis of
oxalic acid in a nitric acid medium. These factors include the
current density, initial nitric acid concentration, initial oxalic
acid concentration, and different plate spacings. The study
aimed to optimize the process conditions for the electrolysis of
oxalic acid and provide a preliminary discussion on the
electrolytic kinetic characteristics of H,C,0,.

Current density is a crucial factor influencing the electrolytic
rate and the operational costs. To examine the impact of oxalic
acid electrolysis using the BDD electrode under various current
densities, the following settings were applied: 20 mA cm ™2, 40
mA cm~2, 60 mA cm ™2, and 90 mA cm 2. The electrolytes for
all cases were 3.0 mol/L HNO; + 0.30 mol/L H,C,0,, with

20% -

0% 1 1 1

0 60 Time/ min 120 180
Figure 10. Effect of Current Densities on the electrolysis of oxalic
acid.

destruction rate of oxalic acid gradually rises within the same
time frame. Moreover, the higher the current density, the more
potent the ability to degrade oxalic acid. At a current density of
20 mA cm™% the removal of oxalic acid is notably slow.
However, at current densities of 60 mA cm™ and 90 mA cm ™2,
the removal rates reached 93% and 98%, respectively, after 180
min. Despite the current density of 90 mA cm™> being 50%
higher than that of 60 mA cm™2, the final removal rate of oxalic
acid is only 5% higher. This suggests a higher energy loss at a
higher current density. Consequently, a current density of 60
mA cm™? is deemed more suitable as the process condition for
subsequent electrolysis.

Current density serves as an indicator of the electrochemical
reaction rate. Therefore, the reaction kinetics of oxalic acid
degradation under different current densities were examined,
and the results are depicted in Figure 11. The degradation of
oxalic acid by the BDD electrode at different current densities
follows a quasi-first-order reaction. The apparent reaction rate
constant gradually increases from 0.0035 min~" at 20 mA cm™>
to 0.0240 min~' at 90 mA cm > The increase in current
density leads to higher energy input into the oxalic acid system
in the nitric acid medium. Consequently, there is an increase in
the total amount of *OH produced through electrolysis on the
surface of the BDD electrode. This increase enhances the
probability of contact between oxalic acid and °OH,
accelerating the reaction rate between *OH and oxalic acid
and resulting in a more effective degradation of oxalic acid.

The current efficiency under different current densities is
calculated, and the results are presented in Table 2.

As indicated in Table 2, the current efficiency experiences a
gradual decline with the increase of current density.

The first reason for this phenomenon is that under higher
current conditions, electrolytic products may not have
sufficient time to detach from the electrode surface, and
reactants may not diffuse to the electrode promptly, resulting
in a decrease in current efficiency. Second, typically at low
current densities, there is no noticeable formation of hydroxyl
radicals in the electrolytic cell, and the °*OH produced
primarily reacts with the target for degradation or some
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Figure 11. Relation between electrolytic oxalate In (C/C,) and
reaction time at different current densities.

Table 2. Current Efficiency of Electrolytic Oxalic Acid at
Different Current Densities

Current density/mA cm™ Current efficiency (%)

20 48.8
40 35.2
60 30.5
90 21.5

intermediate products. However, the surplus *OH does not
react with the degradation substance as the current density
increases. However, it consumes itself, leading to an oxygen
evolution side reaction,” as illustrated in eq 1.

2°0H — O, + 2H" + 2¢~ (1)

With the escalation of the oxygen evolution side reaction,
the proportion of current utilized for the degradation of the
target pollutant in the increased current reduces. This decrease
results in a reduction in the current efficiency. At a current
density of 60 mA cm™?, the current efficiency is only slightly
less than 5% lower than that at 40 mA cm ™2, but it is 9% higher
than the 21.5% observed at 90 mA cm™2. Therefore, a current
density of 60 mA cm™ is more suitable for subsequent
electrolysis. Considering the degradation rate, reaction rate,
and current efficiency of oxalic acid under different current
densities, 60 mA cm™? was chosen as the suitable current
density for the subsequent electrolysis process.

3.4.2. Effect of Nitric Acid Concentration on the
Electrolysis of Oxalic Acid. All other conditions remained
unchanged at a constant current density of 60 mA cm™2. The
impact of different concentrations of nitric acid on the
electrolysis of oxalic acid was investigated by using the BDD
electrode, and the results are depicted in Figure 12. From the
graph, it is evident that there is minimal difference in the curve
of oxalic acid destruction rate over time from 0.50 mol/L
HNO; to 3.0 mol/L HNO;. Only the curve of the oxalic acid

oxalic acid.

destruction rate over time at 0.050 mol/L HNOsj is higher than
the other three curves after 90 min. Furthermore, the oxalic
acid destruction rate exceeds 92% under these four nitric acid
concentrations at 180th minute. The curve corresponding to
0.050 mol/L of HNOj achieves a 98% oxalic acid destruction
rate.

Further investigation was conducted into the reaction
kinetics of oxalic acid and its degradation under different
nitric acid concentrations, and the resulting curve is depicted in
Figure 13. Figure 13 reveals that as the concentration of nitric
acid in the system increases sequentially from 0.050 to 3.0
mol/L, the corresponding apparent reaction rate constants are
0.0228 min~’, 0.0158 min~', 0.0156 min~", and 0.0152 min™~".
Consequently, the reaction rate of BDD electrode degradation
of oxalic acid in the nitric acid system decreases with the
increase of nitric acid concentration. This suggests that an

0r
-1
J )
= R*=0.9963
R?=0.9973
3k R*=0.9985
. (0.050 mol/L. INO310.30 mol/L HyCyOy4
® 0.50 mol/L HNO3+0.30 mol/L HyCOy
4 A 1.5mol/L HNO310.30 mol/L 17Cy04 HpR2-0.9902
v 3.0 mol/L HNO3+0.30 mol/L HyC>Oy
1 " 1 1
0 60 120 180

Time/ min

®—0.050 mol/L HNOs+0.30 mol/L H,C,04 , y =-0.0228x + 0.3076
©—0.50 mol/L HNO;+0.30 mol/L H,C,04 , y =-0.0158x + 0.0551
4—1.5 mol/L HNO;5+0.30 mol/L H,C>04 , y =-0.0156x + 0.1100

v—3.0 mol/L. HNO;+0.30 mol/L H,C,04 , y =-0.0152x + 0.1465
Figure 13. Correlation between In(C,/C,) of oxalic acid electrolyzed
with different nitric acid concentrations and reaction time.
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increase in nitric acid concentration hinders the electrolysis of
oxalic acid. This observation aligns with the findings from a
previous study utilizing cyclic voltammetry on the BDD
electrode to investigate the impact of nitric acid on oxalic acid
electrolysis. An excess of H" diminishes the level of production
of *OH, leading to a decrease in the reaction rate with oxalic
acid. Consequently, increasing nitric acid concentration
progressively reduces the BDD electrolytic oxalic acid’s
apparent reaction rate constant.

3.4.3. Effect of Initial Concentration of Oxalic Acid on the
Electrolysis of Oxalic Acid. At ambient temperature,
maintaining a constant current density of 60 mA cm’?
electrolysis was conducted in 3.0 mol/L HNOj; solutions with
different initial oxalic acid concentrations using BDD electro-
des. The results are depicted in Figure 14, revealing variations
in the removal rate of oxalic acid with different initial
concentrations within the first 90 min, with the destruction
rate slowing after 45th minute.

100%

80%

60%

40%

Destruction of oxalic acid

—=—(.050 mol/L H,C,0,+3.0 mol/L HNO,
—e—0.10 mol/L H,C,0,+3.0 mol/L HNO,
—4—0.20 mol/L H,C,0,+3.0 mol/L HNO,

—v— 0.30 mol/L H,C,0,4+3.0 mol/L HNO,
1 1

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

Time/ min

20%

Figure 14. Effect of initial oxalic acid concentrations on the
electrolysis of oxalic acid.

Further investigation was conducted into the reaction
kinetics of oxalic acid degradation at different initial
concentrations. The resulting curve is depicted in Figure 15.
Analysis of Figure 15 reveals that as the initial concentration of
oxalic acid in the system increases from 0.050 to 0.30 mol/L,
the corresponding apparent reaction rate constants are 0.0222
min~!, 0.0235 min~', 0.0213 min~', and 0.0152 min~". Hence,
the reaction rate of oxalic acid degradation in the nitric acid
system by the BDD electrode initially increased and then
decreased with the increase in initial concentration. This
phenomenon could be attributed to the extremely short
existence time of °*OH in the aqueous phase, lasting
approximately 107 s. Under specific initial conditions of the
electrolytic system, the total amount of *OH produced on the
surface of the BDD electrode remains constant for a certain
time. When the oxalic acid concentration in the system is low,
the probability of *OH molecules coming into contact with
oxalic acid molecules is relatively low, within their very short
lifetimes. As a result, the reaction rate is limited. However, as
the oxalic acid concentration increases slightly, a sufficient
amount of *OH becomes available, leading to an increased
interaction with oxalic acid and an elevated reaction rate.
However, when the concentration of oxalic acid is too high, the
total amount of *OH produced on the surface of the BDD
electrode becomes significantly lower than that of the oxalic
acid. Consequently, there is insufficient *OH to effectively
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1 " 1 " 1 " 1 " 1 " 1 n
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Figure 15. Correlation between electrolytic In(C,/C,) of oxalic acid
and reaction time at different initial oxalic acid concentrations.

interact with oxalic acid for degradation. In essence, the
system’s degradation capability is weakened at high oxalic acid
concentrations, leading to a decrease in the reaction rate.
3.4.4. Effect of Plate Spacing on the Electrolysis of Oxalic
Acid. Certainly, the electrode spacing is a crucial parameter in
the electrolysis process. Therefore, a BDD electrode was used,
and the fixed current density was 60 mA cm™> at room
temperature. Figure 16 displays the curves depicting the

100%
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—e—2cm
—4&—3 cm

80%
—v—4.cm

60%

40%

Destruction of oxalic acid

20%

()% 1 1 1
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Figure 16. Effect of the spacings on the electrolysis of oxalic acid.

changes in the oxalic acid electrolytic destruction rate over
time at various plate spacings. Notably, the oxalic acid failure
rate is significantly higher for plate spacings of 2 and 3 cm
compared to 1 and 4 cm. Additionally, the electrolytic failure
rate at a 2 cm plate spacing is superior to that at 3 cm.

The investigation of the reaction kinetics of oxalic acid
degradation at different initial concentrations is further
explored, and the resulting curve is depicted in Figure 17. It
illustrates that the oxidation degradation of oxalic acid by the
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oL Table 3. Oxalic Acid Concentration at Different Electrolysis
Times
Lem Electrolysis time/min Oxalic acid concentration / mol L™"
af . ‘L 30 692 % 107
=0.9948 60 1.53 x 107
~ R2=v0 9301 150 312 x 107*
O .
o2
= 4, CONCLUSIONS
, In order to investigate the feasibility of using electrooxidation
3 = lem R7=0.9963 to destroy oxalic acid in plutonium oxalate mother liquor, the
® 2cm electrochemical behavior of oxalic acid in a nitric acid medium
4 3em ® on the BDD electrode was studied, and combined with ESR
., v .4 cm 1 . . . R"=10-9948 . method detection of DMPO-OH, the mechanism of electro-
0 60 120 180 oxidation of oxalic acid in a nitric acid medium was speculated.

Time/min
®—]cm , y=-0.0081x + 0.0954
®*—2cm , y=-0.0208x + 0.2764
4—3cm , y=-0.0152x + 0.1465

vy—4 cm , y=-0.0081x + 0.0874

Figure 17. Relationship between the electrolytic In(C,/C,) of oxalic
acid and reaction time for various plate spacing.

BDD electrode adheres to a quasi-first-order reaction under
different plate spacings, with varying apparent reaction rate
constants. The apparent reaction rate constant peaks at a plate
spacing of 2 cm, measuring 0.0208 min~'. In contrast, the
apparent reaction rate constants for plate spacings of 1 and 4
cm are consistent, registering at 0.0081 min~!. This suggests
that a plate spacing of 2 cm is the most suitable configuration
for the electrolysis of oxalic acid. The performance of proton
transfer during electrolysis is affected by the spacing between
the electrode plates. In general, the smaller the plate spacing of
the electrodes, the better the effect achieved by electrolyzing
the target substance. However, if the distance between the
electrode plates is too close, the treatment effect will be
reduced, and in severe cases, the risk of a short circuit between
the electrodes may also be caused.

The most suitable current density and plate spacing for
electrolysis were explored in the previous article. In order to
explore the extent to which the BDD electrode can destroy
oxalic acid, the BDD electrode is used as the working
electrode, and the graphite sheet electrode is used as the
auxiliary electrode. The submerged area of the two electrodes
is consistent with the previous work, and the saturated calomel
electrode is used as the reference electrode. The electrolysis
current density is set to 60 mA cm™? the electrode plate
spacing is 2 cm, and constant current electrolysis is carried out
on 0.040 mol/L KCI + 0.010 mol/L H,C,0,. The oxalic acid
concentration in the sample is detected using an ion
chromatograph. The results are listed in Table 3.

It can be seen from Table 3 that the BDD electrode can
destroy the oxalic acid concentration to below 0.001 mol/L,
which meets the process requirement that the residual oxalic
acid concentration in the plutonium oxalate mother liquor is
less than 0.001 mol/L.

It was found that hydroxyl radicals play a major role in
oxidizing oxalic acid, and direct oxidation of oxalic acid by the
electrode plays a minor role. Moreover, too high of a
concentration of nitric acid will reduce the electrooxidation
rate of oxalic acid, which is also supported in subsequent
electrolysis process optimization research. An AC impedance
test was carried out on oxalic acid in a nitric acid medium using
a BDD electrode. The electric double-layer capacitance of the
BDD electrode was determined to be 8.2 X 107 F, and the AC
impedance test proved that the BDD electrode electrolyzes
oxalic acid quickly. Ion chromatography was used to detect the
concentration of trace oxalic acid, and it was found that the
BDD electrode could finally destroy the oxalic acid
concentration to below 0.001 mol/L, meeting the process
requirement. This substantiates the potential application of
BDD electrodes in the electrolysis of oxalic acid in the
plutonium oxalate mother liquor, offering an efficient means of
degrading oxalic acid without the introduction of additional
waste products.
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