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Received: Anodic plasma electrolysis, an advanced oxidation process (AOP), is an alternative method for synthesizing
2 January 2025 formic acid through the oxidation of methanol, known for producing a high amount of hydroxyl radicals
Revised: (OH?®). This study aims to synthesize formic acid using anodic plasma electrolysis at a high power setting
}:CZI;L:EZZOE of 500 W. In addition, it seeks to determine the effects of applied voltage and air injection flow rates on the
6 April 2025 formation of formic acid from methanol and ethanol feedstocks. The experimental setup involved injecting
Published online: air through a cathode pipe into the anodic plasma zone in a Na; SOy electrolyte solution. The process was
10 April 2025 conducted in a 1.2-L batch reactor, varying the voltage and air injection flow rates, using methanol and ethanol

as feed materials. The highest yield of formic acid was 5.077 mmol from methanol oxidation and 7.268 mmol
from ethanol oxidation after 45 minutes of reaction time. Optimal results were achieved at an applied voltage
of 680 V, an air injection flow rate of 0.8 Lpm (L/min), a fixed power of 500 W, and a feed concentration of
2% v/v. The primary by-product identified was nitrate (NO3'), with 2.093 mmol generated from methanol
oxidation and 2.281 mmol from ethanol oxidation. In addition, the morphology of the eroded stainless steel
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electrode revealed a mushroom-like shape with a rough and porous surface.
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1. Introduction

Formic acid, a non-toxic, high-energy-density, and
biodegradable carboxylic acid, is renowned for its wide
utilization across various industries. It is used as a preserva-
tive in animal feed, a tanning agent in leather production, a
dyeing additive in textiles, and a coagulant in rubber latex
[1]. Global demand for formic acid witnessed a substantial
increase of 750,000 tonnes in 2022 and is projected to con-
tinue growing at a rate of 4.48% [2].

Traditionally, formic acid production methods include hy-
drolysis of methyl formate, hydrocarbon oxidation, hydroly-
sis of formamide, and preparation from formate [3]. Among
these, hydrolysis of methyl formate is the most commonly
employed. However, these conventional methods suffer
from drawbacks such as low efficiency, production of un-
wanted by-products, slow reaction rates, high energy con-
sumption, and significant reliance on fossil fuels [3, 4].
Moreover, these processes emit approximately 2.18 tons of
CO, per ton of formic acid produced, stemming from the
formation of steam and syngas in the upstream stages of the
formic acid formation process [5].

In recent years, researchers have explored alternative meth-
ods for producing formic acid, such as CO; photocatalytic

synthesis, methanol oxidation, and electrocatalytic synthe-
sis. For instance, Zhang et al. [6] reported the formation of
formic acid via CO; photocatalysis using a graphene-TiO,
catalyst, yielding 167.79 umol/g of formic acid. Similarly,
Fang et al. [7] achieved formic acid yields of 81 — 82%
through methanol oxidation using Fe-MOR heterogeneous
catalysts. Wei et al. [8] further advanced this synthesis
via the electrocatalytic method, employing CuONS/CF and
mSnO,/CC catalysts at the anode and cathode, respectively.
The study resulted in Faraday efficiencies of 91.3% at the
anode and 80.5% at the cathode. Despite their potential,
these methods are hampered by challenges such as high op-
erating conditions, excessive chemical usage, and complex
catalyst preparation.

Plasma electrolysis presents a promising alternative, oper-
ating under ambient conditions and eliminating the need
for excess chemicals. This method generates plasma by
applying high voltage to electrodes immersed in a conduc-
tive electrolyte solution [9-11]. Plasma can form at the
anode (anodic plasma) or the cathode (cathodic plasma),
with anodic plasma being particularly effective for oxida-
tion processes due to its higher production of *OH radicals.
Anodic plasma electrolysis has been successfully applied
in wastewater treatment [12] and carboxylic acid synthe-
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sis [13]. Tto et al. [13] demonstrated the ability of anodic
plasma electrolysis to oxidize methanol into formic acid
under ambient conditions, achieving a 6.2% yield of formic
acid using low power.

To our knowledge, no studies have explored the use of high-
power plasma electrolysis for formic acid production. This
research aims to address this gap by employing higher en-
ergy levels to improve formic acid yield through anodic
plasma electrolysis. This study also aims to assess the
impact of varying air injection flow rates, voltage, and feed-
stock (methanol and ethanol) on formic acid formation. The
erosion and surface morphology of the plasma electrodes
will also be analyzed, along with an investigation of by-
products like nitrate.

2. Materials and methods

In this study, an anodic plasma electrolysis reactor was de-
signed to synthesize formic acid from methanol, as shown
in figure 1. The reactor consists of a glass vessel equipped
with a DC diaphragm pump and an air-cooled condenser to
maintain the system at an operating temperature of 50 — 55
°C. The plasma electrode (anode) was made of stainless
steel (AS SUS 316) shaped into a cylinder with a diameter
of 1.6 mm and a length of 15 cm. The cathode, also made
of stainless steel (AS SUS 316), was a pipe with a U-shaped
end featuring a nominal diameter of 1/4 inch and a length
of 20 cm. The plasma electrodes were immersed to a depth
of 5 mm, with a 1.0 cm gap between the anode and cathode
ends.

The electrical setup for the reactor consisted of a multime-
ter, diode bridge, transformer setup, and slide regulator, all
connected to an AC power source. The total solution vol-
ume in the system was 1.2 L, comprising 0.02 M Na;SO4
electrolyte and 2% v/v methanol.

The methanol oxidation process using an anodic plasma
reactor was carried out at a fixed power of 500 W with sev-
eral sets of operating conditions: (1) 640 V, 680 V, and 720
V applied voltages; (2) 0, 0.2, 0.4, and 0.8 Lpm air injec-
tion flow rates; and (3) methanol and ethanol as feedstocks.
Samples were collected at intervals of 5, 10, 20, 30, and 45
minutes during the operation.
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Each sample was analyzed using high-performance liquid
chromatography (HPLC) to determine the concentration
of formic acid produced. By-products, specifically nitrate
compounds, were measured using the NitraVer reagent and
analyzed with an ultraviolet-visible (UV-Vis) spectropho-
tometer. The erosion of the electrode material was assessed
by measuring the mass of the electrode before and after the
process. In addition, the morphological characterization
of the eroded electrode was further examined using scan-
ning electron microscopy-energy dispersive spectroscopy
(SEM-EDS) analysis.

3. Results and discussion

In studying the anodic plasma electrolysis process, under-
standing the correlation between voltage and current is
paramount for optimizing the efficiency and performance
of formic acid synthesis. The variable voltage utilized in
this process has been verified to occur in the glow discharge
region of voltage—current characteristics. This section will
further explore the effects of voltage, air injection, and feed
types (methanol and ethanol) on formic acid formation. Ad-
ditionally, the erosion of the plasma electrode, as well as
the by-products, especially nitrate, will be examined.

3.1 Voltage-current characteristic

Figure 2 depicts a typical voltage—current curve for the
plasma electrolysis process, focusing specifically on an-
odic plasma. This process is characterized by three distinct
stages that lead to plasma electrolysis. The process begins
with Faradaic electrolysis, which occurs in the ohmic zone
and is known as normal electrolysis. During this stage,
small gas bubbles are liberated at both electrodes and the
current increases linearly with the increasing voltage [14].
As the voltage increases further, the resultant Joule heating
induces local vaporization of the electrolyte solvent adjacent
to the smaller electrode. This leads to the coalescence of
fine vapor bubbles, which form a sustained, pulsating, thin
vapor gas envelope surrounding the anode. Faradaic elec-
trolysis will be terminated upon the beginning of gas—vapor
sheath formation, marking the onset of the transitional phase
[14, 15].
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Figure 1. Experimental setup of anodic plasma electrolysis reactor by air injection for formic acid production.
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Figure 2. The voltage—current characteristic without air injection on
anodic plasma electrolysis using stainless steel as plasma electrode and
0.02 M Na, SOy as electrolyte.

The curve’s maximum point, known as the breakdown point,
is where the maximum current (/) of 1.45 A begins to de-
crease as the voltage (V) increases to 280 V. The maximum
energy at this point, referred to as breakdown energy (Ep),
is 413 J/s.

When the applied voltage exceeds the breakdown point
threshold, the process enters the transitional phase. Dur-
ing this phase, the gas—vapor envelope surrounding the
discharge electrode thickens, resulting in a decrease in elec-
tric current due to the increased electrical resistance within
the gas and vapor in the envelope [14, 15]. The increased
voltage during this phase becomes sufficiently high to ini-
tiate ionization of the gas—vapor envelope. As this phase
ends, the ionization of the gas vapor in the envelope tran-
sitions into an electrical discharge and ignites a small and
unstable spark at the electrode tip. This phase concludes at
the curve’s minimum point, known as the discharge onset
point. As the voltage increases further beyond the discharge
voltage (Vp) of over 460 V, the current rises from the mini-
mum current, or discharge current (Ip), of 0.2 A. The glow
discharge, which started as a small spark, now extends
across the entire submerged electrode, becoming stable and
brighter [14, 15].

3.2 Effect of Air injection on voltage-current character-
istic
According to figure 3 and Table 1, the Vj in the absence of
air injection (280 V) is lower than that with the air injection
(360 — 380 V) variable. This difference arises due to the de-
creased electrolyte temperature caused by the air injection
bubbles. Plasma formation typically favors high tempera-
tures around the plasma electrode or electrolyte. However,
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Figure 3. The voltage—current characteristic with varying air injection
rates using stainless steel as plasma electrode and 0.02 M Na;SOy4 as
electrolyte.

the introduction of air injection reduces the temperature
around the anode, making the Joule heating evaporation ef-
fect more challenging to achieve. Consequently, forming a
gas envelope requires more energy. This phenomenon aligns
with Sengupta et al. [16], who noted that lower electrolyte
temperatures demand a higher Joule heating effect for local
evaporation, leading to a more prolonged and challenging
gas sheath formation at the electrodes, where the normal
electrolysis process will stop upon reaching its maximum
current (Ig, V). Therefore, the Vg value is lower in the
absence of air injection because the electrolyte temperature
remains higher and more homogeneous around the plasma
electrode, allowing for quicker local evaporation by Joule
heating and easier sheath formation.

In the transition zone, the absence of air injection results in
a very significant decrease in current compared to that in the
presence of air injection. This decrease in current is due to
the formation of a thicker and more continuous gas sheath,
which increases the electrical resistance between the gas
sheath and the electrolyte. By contrast, air injection disrupts
the stability of the gas sheath, causing random and unstable
interactions between the evaporation process bubbles and
the air injection bubbles, leading to a gradual decrease in
current in the air injection variable. Therefore, air injection
requires more energy to establish a stable gas sheath.
Meanwhile, at the discharge onset point (Ip, Vp), the pres-
ence of air injection complicates the formation of a com-
plete plasma flame. The air injection bubbles contribute to
plasma flame instability, often resulting in its disappearance.
This instability necessitates a higher glow discharge current
(Ip) and glow discharge energy (Ep) to stabilize the plasma.
Regarding the air injection flow rate, a 0.5 Lpm air injec-

Table 1. Comparison of Vg, Ig, Vp, and Ip on air injection flowrate variation.

Air injection flow rate

Breakdown condition

Discharge condition

(Lpm) Ve (V) Ig(A) Ep(s) Vo (V) Ip(A) Ep(ls)
0 280 1.475 413 460 0.2 92
0.2 360 1.7 612 540 0.25 135
0.5 380 1.9 722 560 0.35 196
0.8 380 1.85 703 580 0.35 203
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tion flow rate produces higher V3 and Ep values (380 V
and 722 J/s) than a 0.2 Lpm flow rate (360 V and 612 J/s).
Increasing the air injection flow rate introduces two fac-
tors: a more significant decrease in electrolyte temperature
around the plasma electrode and increased disturbance in
the stability of the gas sheath. The first factor involves a
greater reduction in electrolyte temperature with a higher
air injection flow rate, making the Joule heating evaporation
process more difficult and the formation of a gas sheath
more energy-intensive.

The second factor relates to the disruption of gas sheath
stability by air injection bubbles. A higher air injection
flow rate increases the shear velocity between the liquid
and air layers, causing a greater disturbance at the liquid-air
interface, as characterized by waves in the liquid-gas layer.
This disturbance makes it more challenging to form a gas
sheath, consistent with the Kelvin-Helmholtz instability the-
ory, which states that shear velocity at the interface of two
fluid layers can cause instability and wave formation in the
interface layer [17]. Therefore, a higher air injection flow
rate makes gas sheath formation more difficult, requiring
more energy.

At the onset of discharge, the discharge energy (Ep) at a flow
rate of 0.8 Lpm (203 J/s) exceeds that of the airflow rates
of 0.2 and 0.5 Lpm, corresponding to 135 J/s and 196 J/s,
respectively. This discrepancy may be attributed to higher
airflow rates destabilizing the formed plasma, necessitat-
ing greater energy input to achieve a stable and luminous
plasma flame. Therefore, selecting an appropriate airflow
rate is crucial for optimal performance.

3.3 Effect of voltage on formic acid synthesis

Voltage testing was conducted within the 640 — 720 V range,
as determined through the analysis of the voltage—current
characterization depicted in figure 2. This range falls within
the glow discharge zone. The study results shown in fig-
ure 4 demonstrate the amount of formic acid produced in
this voltage variation.

Figure 4 shows a clear positive correlation between the
quantity of formic acid generated and the applied voltage.
Specifically, the amounts of formic acid produced were
3.742, 5.077, and 5.088 mmol at 640, 680, and 720 V,
respectively. This correlation highlights the influence of
applied voltage on plasma intensity, as increased voltage
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Figure 4. Formic acid formation at varying applied voltages by anodic
plasma electrolysis (0.8 Lpm air injection flow rate; 2% v/v methanol;
45-minute operating time).
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results in increased plasma intensity, observable through the
size of the plasma flame, as demonstrated by the varying
sizes of the plasma flame shown in Figure 5. The compar-
ative analysis indicates that the plasma flame at 640 V is
considerably smaller than those at 680 V and 720 V, leading
to a reduced formic acid yield at the lower voltage (Fig-
ure 4).

The plasma flame size in the plasma electrolysis process
indicates the number of high-energy electrons excited by
increasingly intense and rapid electron collisions. As sup-
ported by Yan et al. [18], increased voltage results in higher
electron density, which enhances collision intensity, leading
to faster and more stable plasma with a brighter flame [18].
This brighter plasma, in turn, produces a greater number and
variety of active radical species, such as *O and *OH [19].
The *OH radicals formed in this process are particularly
vital in the production of formic acid, thus explaining the
increased yields at higher voltages.

Based on figure 4, the highest formic acid yield of 5.088
mmol was obtained at 720 V. However, the marginal in-
crease from 680 V to 720 V (only 0.011 mmol) suggests
that the voltage might have reached an optimal point. Be-
yond this point, further voltage increases result in more
constant production of *OH radicals, thereby stabilizing
the formic acid yield. This phenomenon is corroborated
by the current—voltage characterization curve in figure 2,
which shows similar current values for 680 V (0.6 A) and
720 V (0.625 A) at an air injection flow rate of 0.8 Lpm.
The comparable plasma flames at these voltages depicted
in figure 5 reinforce this observation. Consequently, 680 V
will be selected for the next stage, as the associated process
risk is lower compared to 720 V.

3.4 Effect of air injection flow rate on formic acid syn-
thesis

In this study, the direct injection of air from the cathode to
the anode plasma influences the formation of formic acid.
The research results depicted in figure 6 below show the
amount of formic acid produced at each air injection flow
rate.

The addition of air affects the amount of formic acid formed.
Air, which is predominantly composed of oxygen, facilitates
the generation of various reactive oxygen species (ROS) in
substantial quantities during the plasma electrolysis process.
These ROS include singlet oxygen atoms ('0»), atomic
oxygen radicals (*O), hydroxyl radicals (*OH), and super-
oxide radicals (O37). These ROS indirectly enhance the
production of formic acid by serving as precursors that can
be converted into *OH radicals. The *OH radical, known
for its potent oxidizing capabilities, is highly effective in
oxidizing aliphatic alcohol compounds like methanol. The
generation of *OH radicals from ROS can be represented
by equations 1-8 [20].

(1) Oy+e*—=°*0+°0+e"
(2)  *O+ HyO() — *OH + *OH
(3) Oy+e —OCP)+0('D)
4 O('D)+ H0—2°OH
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Figure 5. Plasma flames on anodic plasma electrolysis at (a) 640 V, (b) 680 V, and (c) 720 V.

(5) Oy +*H— *OH +*0
©) Oyfe — 03

@) 205 + 2H* — 0, + Hy0,
(8) H,0,+e~ —°*OH+ OH™

Looking at figure 6, the formic acid formed with air injec-
tion is greater (4.577 mmol) than that without (3.685 mmol).
This could be due to ROS species acting as precursors of
*OH radicals when air is added. The presence of these
ROS species facilitates the formation of more *OH radi-
cals, not just from the dissociation of water and methanol
molecules but also through additional pathways, thereby
augmenting formic acid production. Meanwhile, the spe-
ciation of *OH radicals produced in the variable without
air injection only comes from the dissociation of water and
methanol molecules.

Based on figure 6, the production of formic acid consistently
rises with an increase in the air injection flow rate. A higher
airflow rate leads to the dissociation of a larger quantity of
oxygen compounds in the system, resulting in an elevated
formation of ROS species. These ROS species, in turn,
produce more *OH radicals during the plasma electrolysis
process (as represented by equations 1-8), thereby boosting
the formation of formic acid.

w

4.577 4.517

0.2 0.5

Air injection flow rate (Lpm)

5.077
3.685

0 I I
0 0.8

Figure 6. Formic acid formation at varying air injection flow rates by
anodic plasma electrolysis (680 V, 2% v/v methanol, and 45-minute oper-
ating time).

(5] (¥ s

Formic acid (mmol)
-

When comparing airflow rates of 0.2 and 0.5 Lpm, the pro-
duction of formic acid remains relatively constant, with a
minimal difference of 0.06 mmol. This observation suggests
a potential instability in plasma formation at 0.5 Lpm flow
rate, resulting in a smaller plasma and a nearly equivalent
generation of ROS reactive species compared to 0.2 Lpm
flow rate. However, the increase in formic acid production
to 5.077 mmol at 0.8 Lpm airflow rate is noteworthy. This
substantial rise can be attributed to the continuous air injec-
tion at this flow rate, which results in a thicker gas envelope,
greater plasma stability, and an increased generation of rad-
ical species, particularly *OH radicals, thereby enhancing
methanol oxidation. Therefore, the most effective air in-
jection flow rate for maximizing formic acid production is
identified as 0.8 Lpm, yielding 5.077 mmol of formic acid.

3.5 Effect of methanol and ethanol feed on formic acid
synthesis

This study was further extended to investigate the effects
of methanol and ethanol feed on the amount of formic acid
formation, as shown in figure 7.

Methanol, one of the shortest C molecular chains of alcohol,
exhibits higher reactivity compared to other aliphatic alco-
hols, leading to an accelerated ionization process and a more
rapid oxidation process by *OH radicals. The synthesis of
formic acid through this process follows second-order reac-

7.268
7
6
5.077
5
4

3.196 3 162 mMethanol

3 mEthanol
2
1 0.813 0.834 0-977
0 [
5 10 30 45

Time (minute)

Formic Acid (mmol)

Figure 7. Formic acid formation with varied feeds (methanol and ethanol)
by anodic plasma electrolysis (680 V; 0.8 Lpm air injection flow rate; 2%
v/v feed concentration).

2251-7227[https://doi.org/10.57647/j.jtap.2025.1902.23]


https://doi.org/10.57647/j.jtap.2025.1902.23

6/10 JTAP19 (2025) -192523

tion kinetics, meaning that the availability of both methanol
feed and *OH radicals significantly influences the formation
of formic acid. This dynamic is reflected in the substantial
increase in formic acid yield from methanol, reaching 5.077
mmol at 45 minutes (figure 7).

A similar pattern is observed with ethanol, which is the
next most reactive aliphatic alcohol after methanol. The
reactivity of ethanol to *OH hastens the oxidation process
during plasma electrolysis. However, in the initial 5 to 10
minutes, the formic acid yield remains relatively constant,
with only a difference of 0.164 mmol. This could be due
to the complex and branched reaction pathway required
for ethanol to convert into formic acid, necessitating more
time for its formation. This phenomenon is consistent with
the results of this study, where, at longer operating times
of 30 to 45 minutes, formic acid production significantly
increased, reaching 3.162 and 7.268 mmol, respectively
(figure 7). The mechanism for formic acid formation from
ethanol is outlined in equations 9-12 [21, 22].

When comparing both feeds (methanol and ethanol), as
shown in figure 7, ethanol results in a higher formic acid
yield of 7.268 mmol compared to methanol’s 5.077 mmol.
The oxidation of ethanol by *OH tends to produce a larger
quantity of radical species that contribute to the formation
of formic acid. This is attributed to ethanol’s longer C-H
chains, which generate a greater variety of radical species
through the breaking of hydrogen atoms in C-H bonds. The
associated reactions can be described using equations 9-12.

(9) CH3;CH;OH + *OH — CH3°*CHOH + H,0

(10) CH3°*CHOH + O, — CH3C(OO*)HOH

The radical a-hydroxyethylperoxy obtained from equa-
tion 10 can undergo direct dissociation into acetaldehyde
compounds and hydroperoxyl radicals (*HO,), as shown in
equation 11a. However, in the presence of NO, (NO + NO»)
compounds, which are produced by nitrogen compounds
from the air, the o-hydroxyethylperoxy radical reacts faster
with NO compounds and forms the a-hydroxyethyloxyl rad-
ical (CH3CH(O®)OH) and NO,, as shown in equation 11b.

Devi Sijabat et al.

This phenomenon was investigated by da Silva and Bozzelli
[22], who found that at NO concentrations as low as ~ 10
ppb, the ¢t-hydroxyethylperoxy radical preferentially reacts
with NO, outpacing its own decomposition (equation 11).

(11a) CH3C(OO®)HOH — CH3CHO + HO3

(11b) CH3C(OO®*)HOH + NO — CH3CH(O®*)OH +
NO,

(12a) CH3;CH(O*)OH — HCOOH + *CHj
(12b) CH3CH(O*)OH — CH3COOH + *H

The a-hydroxyethyloxyl radicals produced in this process
can dissociate into either formic acid + *CHj3 or acetic acid
+ *H, as demonstrated in equation 12. However, due to the
exothermic conditions present in this study, the decomposi-
tion of oxyl radicals is more likely to favor the formation
of formic acid and *CH3 radicals. This preference is driven
by the higher enthalpy of formation of formic acid and
*CHj3 radicals, which is 4.8 kcal/mol, compared to the 0.3
kcal/mol for acetic acid and *H radicals [22]. Therefore,
the presence of NO compounds in the system introduces a
new reaction pathway that enhances the formation of formic
acid.

3.6 Erosion of stainless steel as plasma electrode

In this study, the morphology of the eroded surface of the
plasma electrode tip was also observed using scanning elec-
tron microscopy (SEM). Initially, before the plasma elec-
trolysis process began, the surface of the stainless steel
electrode tip appeared relatively smooth, with a uniform
structure and visible streak lines (figure 8 (1)). However,
after the plasma electrolysis process, a significant transfor-
mation was observed on the electrode surface, as shown in
figure 8 (2).

The stainless steel electrode exhibits a swelling at the tip,
resembling a mushroom morphology (figure 8 (2a)). This
swelling is likely attributed to the formation of a protective
oxide layer that mitigates erosion of the stainless steel elec-
trode during the plasma electrolysis process [23]. When the

Figure 8. The surface morphology of stainless steel electrode: (1) before anodic plasma electrolysis and (2) after plasma electrolysis with magnification

at (a) 55x, (b) 500x, and (c) 1500x.
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stainless steel electrode comes into contact with oxygen, the
metal elements within it react to form a metal oxide layer
on the electrode surface. This oxide layer acts as a barrier,
protecting the underlying metal from further degradation.
The energy dispersive spectroscopy (EDS) mapping results
in figure 8 reveal that the composition of Fe, Cr, and O is
more concentrated, as indicated by the higher brightness
and density of points in the EDS map, compared to Mo, Ni,
and C. This suggests that the surface of the stainless steel
electrode is predominantly covered by Fe and Cr oxide lay-
ers, providing additional evidence of the protective nature
of the oxide layer formed during the plasma electrolysis
process.

The EDS composition spectra depicted in figure 9 reveal
detailed insights into the elemental composition of the stain-
less steel electrode before and after plasma electrolysis. The
outermost layer (figure 10 (3) and Table 2) exhibits a com-
position of 52.16% wt Fe, 30.44% wt O, and 3.47% wt Cr.
Similarly, the grey area (figure 10 (2) and Table 2) displays
a composition of 52.97% wt Fe, 35.15% wt O, and 2.83%
wt Cr. The substantial presence of Fe in these layers indi-
cates its strong propensity to migrate toward the electrode
surface relative to Cr.

The Fe oxide layer, observed to be more porous and brittle
due to the high heat intensity of the plasma [23], is evident
in figures 8 (2b—2c) at 500x and 1500x magnifications. Con-
versely, Cr forms a dense and robust CrO; layer, serving as
a passivation layer that effectively reduces further erosion
of the electrode surface [23].

The EDS analysis provides insights into the composition of
the stainless steel electrode, as presented in figure 10 and
Table 2. The 30.44% wt of element O is attributed to the
metal oxide layer resulting from the reaction with oxygen
during the plasma electrolysis process. The composition
of Cr, Ni, and Mo originates from the stainless steel elec-
trode, which initially contained 68.5% Fe, 0.08% C, 2%
Mn, 16 — 18% Cr, 10 — 14% Ni, and 2 — 3% Mo [24].
Meanwhile, the innermost layer, characterized by black
areas, shows the highest amount of carbon (C) composi-
tion, suggesting a carbonation effect on the electrode during
plasma electrolysis. This effect is likely due to carbon com-
pounds in the methanol reactants, which contribute to the

JTAP19 (2025) -192523  7/10

observed carbon deposition.

3.7 Analysis of nitrate formation as by-product of an-
odic plasma electrolysis

Apart from the main product, which is formic acid, nitrate
compounds are also produced as by-products in the plasma
electrolysis process. This study investigates nitrate forma-
tion, given that air injection—comprising approximately
78% nitrogen—introduces nitrogen compounds into the sys-
tem. This study used stainless steel plasma electrodes and
operated under the following conditions: fixed power of 500
W, voltage of 680 V, air injection flow rate of 0.8 Lpm, and
methanol concentration of 2% v/v. Measurements of nitrate
compounds were limited to the liquid phase and conducted
at operating times of 5, 10, 20, 30, and 45 minutes.

Air injection, containing 78% nitrogen and 21% oxygen,
is effective in forming various radical species in the lig-
uid phase, including °O, *OH, °N, °N3, 'N2+, and *H [25].
These radical species form through molecular activation
by high-energy electrons or interactions with other radicals
during the plasma process. These reactive species can sub-
sequently lead to the formation of nitrate compounds [25].
Comparative data on the concentration of nitrate compounds
from the oxidation of methanol and ethanol are presented
in Table 3.

According to Table 3, the concentration of detected nitrate
compounds increases with extended process duration. This
increase is attributed to the air injection rate being kept con-
stant for 45 minutes, which ensures a continuous supply of
nitrogen and oxygen compounds. Regarding feed variations,
the nitrate yield from ethanol (2.281 mmol) was higher than
methanol (2.093 mmol) after 45 minutes. This phenomenon
occurs because most of the NO compounds formed during
plasma electrolysis are more readily converted into NO,
compounds when they bind to the a-hydroxyethyl peroxy
radical (equation 11b) in ethanol oxidation [22]. As a result,
the higher production of NO; compounds in ethanol oxida-
tion leads to increased nitrate formation.

The quantity of nitrate compounds obtained as a by-product
in this process (2.093 mmol) is immensely lower than the
formic acid yield (5.077 mmol) from methanol oxidation.
This discrepancy is due to the more favorable free Gibbs

Figure 9. EDS mapping of the stainless steel electrode’s surface.
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Figure 10. EDS spectra of the stainless steel electrode’s surface: (1) innermost part-black area, (2) middle part-grey area, and (3) outermost part—white

area.

energy for methanol oxidation compared to nitrate synthesis.
The free Gibbs energy of methanol oxidation to formic acid
is —471.8 kJ/mol, indicating a more spontaneous process,
while nitrate synthesis has a Gibbs energy of —111.3 kJ/mol
[26].

4. Conclusion

This study demonstrates the successful synthesis of formic
acid through anodic plasma electrolysis from the oxidation
of methanol and ethanol. The optimal operating conditions
identified are an applied voltage of 680 V, an air injection
flow rate of 0.8 Lpm, and a 2% v/v methanol concentration,
resulting in 5.077 mmol of formic acid after 45 minutes.

Ethanol oxidation yields a higher amount of formic acid
(7.268 mmol) compared to methanol oxidation (5.077
mmol) due to the greater diversity of radical species formed
during ethanol oxidation, which enhances formic acid
production.

The morphology of the eroded stainless steel electrode tip
reveals mushroom-like swelling. This is attributed to the
formation of a protective layer of CrO, that prevents further
erosion during the anodic plasma electrolysis process. The
by-products obtained were nitrate (NO3’) compounds, with
quantities of 2.093 mmol and 2.281 mmol from methanol
and ethanol oxidation, respectively. The formation of these
nitrate compounds as by-products is linked to the presence
of nitrogen-rich air injection.

Table 2. Composition of various elements on the eroded stainless steel surface after anodic plasma electrolysis based on EDS spectra

Stainless steel electrode surface

Composition of elements (%wt)

Outermost part 52.16
Middle part 52.97
Innermost part 10.01

347 3044 583 6.12 198
283 3515 3.06 546 0.53
1.68 16.14 6779 1.18 3.20

Table 3. Nitrate formation as a by-product of formic acid production in methanol and ethanol feedstocks.

Operating time (minutes)

Nitrate produced (mmol)

Methanol feed  Ethanol feed

5
10
20
30
45

0.133 1.433
0.227 1.603
0.508 1.961
1.830 2.207
2.093 2.281
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