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Abstract: High-concentration biodiesel-diesel fuel blends are an alternative fuel widely used for
compression ignition engines. However, commercial diesel engines are not designed and set up for
high-concentration biodiesel-diesel fuel blends. Hence, the aim of this research was to investigate
the nonthermal plasma (NTP) activities during an NOx reduction and the soot characteristics on an
unmodified diesel engine (Euro V) that is fueled with various biodiesel blends with diesel under a
low exhaust gas temperature (<250 ◦C). The experiment found that the soot composition of biodiesel
fuel produces lower levels of soot when compared with diesel, in terms of both number and mass. In
addition, the activation energies (Ea) of carbon oxidation under an oxygen atmosphere were found to
be approximately 154.57–173.64 kJ/mol.

Keywords: nonthermal plasma; NOx conversion; soot composition; biodiesel

1. Introduction

Compression ignition engines or diesel engines have been used extensively in the
transportation sector due to the distinctive features of high-performance diesel engines,
which are durable and have low fuel economies. The combustion mechanism of diesel
engines is lean diffusion combustion, which leads to the limitation of the time in which
the air-fuel mixture is found to be a homogenous mixture; incomplete combustion is a
significant cause of the formation of particulate matter (PM). The main PM components
consist of carbon in a solid state (soot) in the core and a volatile organic fraction (VOF) or
soluble organic fraction (SOF), which are formed by unburned hydrocarbons (HC) and
lubricant that are burned in the combustion chamber. The electrically charged carbon
atoms from combustion may combine with the adjacent carbon atoms (thermionic electron
capture), causing the size of the carbon to be enlarged by the carbon particles, causing a
direct health hazard to humans. In addition, given the amount of soot, PM10 can enter
the respiratory tract and the pleura. Therefore, it may cause inflammatory diseases of the
respiratory tract. Moreover, it can be harmful to the lungs.

However, biodiesel is widely utilized in many countries, especially in those that
cultivate oil crops. Biodiesel is often made from a range of feedstocks, including palm,
rapeseed, jatropha, and other vegetable or animal fats. Thailand’s palm oil is the most
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promising raw material for the production of biodiesel. This is because the palm oil methyl
ester has much higher oxidation stability when compared to soybeans’ highly saturated
vegetable oil. Energy security strategies are still necessary for Thailand, a net importer
of crude oil, to lessen its reliance on imported oil. As a result, Thailand announced the
mandatory use of B7–B20 across the country at the beginning of 2019. Thailand is interested
in biodiesel because it is homegrown and sustainable. S. K. Hoekman and C. Robbins
have also demonstrated that using biodiesel lowers levels of hydrocarbons (HC), carbon
monoxide (CO), and soot. Although NOx usually increases slightly with the use of biodiesel,
NOx emissions are lower as indicated by the “biodiesel NOx effect” [1]. Additionally, S.
Jaroonjitsathian et al. showed the results of blending the biodiesel fuel component in diesel
fuel for a common-rail DI engine. Low engine power output results from excessive biodiesel
content, because the increased biodiesel content leads to reduced power output [2].

Diesel particulate filters (DPFs) are a type of after-treatment equipment for diesel
engines, which lower particle emissions by up to 80% through the capture and oxidation
of soot; this is undertaken by soot oxidation and trapping on the DPFs wall surface. This
issue can be resolved by heating the temperature to over 550 ◦C, which is known as the
regeneration process. Research has explained soot oxidation with O2 in terms of both
temperature programming oxidation (TPO) and thermo-gravimetric analysis (TGA). P.
Promhuad and B. Sawatmongkhon studied the catalytic oxidation of diesel particulate
matter by using silver and ceria supported on alumina as the oxidation catalyst, which
tested PM from the diesel exhaust gas in TGA. The results showed that, in the case of a pure
PM, the oxidation of soot took place at temperatures of around 500–700 ◦C [3,4]. Similarly,
X. Deng et al. studied the nano-structure of silver/ceria-zirconia as a highly active and
stable catalyst for soot oxidation. They tested soot oxidation in TPO, and showed soot
combustion at temperatures 450–650 ◦C [5]. In addition, the soot oxidation was oxidized
with NO2 at lower temperatures than with O2 [6]. J. O. Müller et al. examined the TGA
results and found that, at temperatures between 200 and 450 ◦C [7–10], the influence of soot
oxidation through NO2 is dominant. The diesel exhaust, NOx, mainly consists of NO and
minor amounts of NO2. Three formation processes are thought to be generally significant.
First, thermal NOx, N2, and O2 could be generated in conditions at high temperatures
(above 1500 ◦C), and the rate of formation increases rapidly with the increasing temperature.
Thermal NOx was believed to be the predominant contributor to the primary source of
total NOx [11–15]. In other words, a timescale of NOx production was comparable to the
duration of combustion in a diesel engine due to the kinetics of the Zeldovich process [16].
As a result, any biodiesel impact that lengthens the amount of time the mixture spends
in the cylinder or raises the temperature inside the cylinder could increase thermal NOx.
Second, prompt NOx only occurs frequently in fuel-rich environments, where there is
a surplus of hydrocarbon to react with N2 in the combustion chamber [17] The prompt
NOx is sensitive to fuel chemistry because it relies on hydrocarbon fragments, whereas
thermal NOx is essentially indifferent to fuel chemistry (Ban-Weiss, G. A. et al.), due to
high levels of unsaturated compounds. The combustion of biodiesel may produce more
hydrocarbon radicals than the combustion of conventional diesel, thus leading to higher
levels of NOx formation [18]. Third, fuel NOx, the combustion process in a diesel engine,
converts fuel species containing nitrogen to NOx. However, as both diesel fuel and biodiesel
have deficient levels of natural nitrogen, this production process is typically insignificant.
However, it becomes more critical with high concentrations of nitrogen-containing fuel
additives.

The plasma technique is used to limit the emissions from combustion; it uses an ionized
gas in which enough energy is supplied to release electrons from atoms or molecules and
enable species, ions, and electrons to coexist. The percentage of atoms with lost or acquired
electrons determines the degree of plasma ionization [19]. In nonthermal plasma (NTP),
the electric field transfers energy to gas electrons, which collide to transfer energy to
neutral species [20]. However, the system’s free electrons have a temperature of more than
10,000 ◦C, thus promoting the required chemical changes in the exhaust gas. NTP is used
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to selectively transmit the electrical energy from the input to the electrons. The oxidation
processes begin when the plasma is inside the exhaust gases, and there is oxidation of NOx,
HC, CO, and soot [21,22]. Z. Wang et al. showed that the NTP system could remove NO
with efficiency close to 100% in the NO/N2 system [23]. Despite NOx being reduced to N2
and O2, the plasma treatment of exhaust gases is more strongly related to NO oxidation to
NO2 [24–27]. In addition, P. Wang. et al. present a study of the influence of NTP technology
on the soot emission properties of diesel PM. The results show that NTP treatment can
reduce the PM combustion temperature by nearly 120 ◦C [28].

Thus, NTP shows the potential to improve catalyst selectivity and removal effi-
ciency [29]. It also allows for combustion with the ability to reduce the amount of soot at
low temperatures. NTP also converts NO to NO2, which can improve the efficiency of the
engine exhaust treatment from biodiesel fuel applications, which approximates the engine
exhaust temperature in regular operations.

2. Experimental Design
2.1. Schematic Diagram of the Experimental Setup

In the experiment, we employed the system shown in Figure 1. An unmodified four-
cylinder engine (engine specifications are shown in Table 1) common-rail direct injection
(DI) was instrumented with a 0.1 crank angle (CA) resolution crankshaft encoder, and
a pressure transducer (Kitsler 6052b1) inside cylinder head no.1. Afterwards, a Kitsler
KiBox was added to monitor and record the in-cylinder pressure and heat release. This
engine, which was connected to the eddy current dynamometer (AVL: EMCON 400), was
used to produce different particulate samples at fixed engine-speed operating conditions at
2000 rpm, and adjusted for 3 different Indicated Mean Effective Pressures (IMEP) of 5, 6
and 7 bar (engine load operation conditions are shown in Table 2). The four different types
of diesel fuel tested in this experiment were B7, B10, and B20 (blends of 7, 10, and 20 wt%,
respectively, pure palm oil in low sulfur diesel) and Premium Diesel (PD) based on the
reference standard fuel properties in Thailand.
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Figure 1. Schematic diagram of the experimental design. 

Table 1. Engine specifications. 

Common-Rail Euro Stage V Diesel Engine 
N° of cylinder 4 cylinders, In-line 
Fuel injection Common-rail DI 

Displacement volume (cm3) 2499
Bore × Stroke (mm) 95.4 × 87.4 
Compression ratio 18.1 

Maximum power (kW) 87 @ 1800−2200 rpm 
Maximum torque (Nm) 280 @ 1800−2200 rpm 

Table 2. Engine operation conditions. 

Indicated Mean Effective Pressure: IMEP (Bar) 5 6 7 
Torque (Nm) 16.3 25.2 32.6 

2.2. NTP System Setup 
The structure of the NTP reactor design was based on the dielectric barrier discharge 

(DBD) principle, and consisted of several NTP reactors to improve the exhaust gas capac-
ity. The NTP reactor consisted of a stainless steel stud with a diameter of 10 mm as the 
high–voltage electrode. A stainless–steel tube was used as a reaction body around the 
surface of a quartz glass tube, and functioned as the ground electrode with an inner di-
ameter of 17 mm and an effective discharge length (L = 100 mm). The discharge gap dis-
tance was fixed at 3.5 mm. An alternating current (AC) power supply (TREK 10/10B-HS) 
with adjustable high–voltage from 0, 2, 4, 6, 8, and 10 kV (0, 32, 128, 288, 512, and 800 
watts, respectively) and a fixed frequency of 500 Hz was applied to the electrodes to gen-
erate NTP. The calculation of the power of plasma was used by the power of electric fol-
lowing Equation (1). “P” is the power, “V” is the voltage, and “I” is the electric current. 
The voltage was founded by the ratio of conversion, which is 1 V (peak to peak) input per 
1000 V output. The current could be calculated according to the conversion ratio of the 
transformer used in the experiment, which is 1 V input per 4 mA output. 𝑃 = 𝑉 ×  𝐼  (𝑊) (1)

Figure 1. Schematic diagram of the experimental design.

The exhausts of the engine were controlled by the back pressure valve and kept equal
in all conditions. Then, the exhaust gases were taken by a vacuum pump of 10 L/min to
the NTP treatment system and analyzed by an exhaust gas analyzer (TESTO 350) and an
Engine Exhaust Particle Sizer spectrometer (EEPS: TSI 3090). These were installed with
an adapter at the outlet of the NTP system, and all testing conditions were sampled at the
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same location to ensure that the number, mass, and volume were not impacted by other
factors.

Table 1. Engine specifications.

Common-Rail Euro Stage V Diesel Engine

N◦ of cylinder 4 cylinders, In-line
Fuel injection Common-rail DI

Displacement volume (cm3) 2499
Bore × Stroke (mm) 95.4 × 87.4
Compression ratio 18.1

Maximum power (kW) 87 @ 1800–2200 rpm
Maximum torque (Nm) 280 @ 1800–2200 rpm

Table 2. Engine operation conditions.

Indicated Mean Effective Pressure: IMEP (Bar) 5 6 7

Torque (Nm) 16.3 25.2 32.6

2.2. NTP System Setup

The structure of the NTP reactor design was based on the dielectric barrier discharge
(DBD) principle, and consisted of several NTP reactors to improve the exhaust gas capacity.
The NTP reactor consisted of a stainless steel stud with a diameter of 10 mm as the high-
voltage electrode. A stainless-steel tube was used as a reaction body around the surface
of a quartz glass tube, and functioned as the ground electrode with an inner diameter
of 17 mm and an effective discharge length (L = 100 mm). The discharge gap distance
was fixed at 3.5 mm. An alternating current (AC) power supply (TREK 10/10B-HS) with
adjustable high-voltage from 0, 2, 4, 6, 8, and 10 kV (0, 32, 128, 288, 512, and 800 watts,
respectively) and a fixed frequency of 500 Hz was applied to the electrodes to generate
NTP. The calculation of the power of plasma was used by the power of electric following
Equation (1). “P” is the power, “V” is the voltage, and “I” is the electric current. The voltage
was founded by the ratio of conversion, which is 1 V (peak to peak) input per 1000 V output.
The current could be calculated according to the conversion ratio of the transformer used
in the experiment, which is 1 V input per 4 mA output.

P = V × I (W) (1)

The discharge voltage was measured using a voltage probe (Testec TT-HVP-15HF),
which could obtain an analog signal that could be digitized using an oscilloscope (KEYSIGHT
DSOX 1204G).

Space Velocity (SV) was the ratio between the gas flow rate through the reactor and
the effective volume of the reactor, as shown in Equation (2):

SV =
Qgas

Ve f f

(
h−1

)
(2)

Hence, the SV of the plasma reactor was influenced by two factors: the gas flow rate
inside the plasma reactor (Qgas is the exhaust gas flow rate (m3/h)) and the volume in the
reactor (m3), with the effective length of reactor (if the outside diameter of reactor is fixed).

Reactor length (L) was the length of the region in which the discharge of plasma took
place. This effective length was defined by the length of electrode along the gas flow. The
reactor effective length determined the space velocity (SV) of the reactor and was related to
the residence time of the exhaust gas in the reactor, which affected the chemical processes
of the exhaust gas.
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Reactor Effective Volume

The effective volume of the plasma reactor was the volume inside the reactor in which
the exhaust gas flows through the plasma. In this research, the stud stainless steel high-
voltage electrode was located inside of a quartz tube, so its volume was considered. In
addition, the quartz tube’s diameter was kept constant, and, as such, the effective volume
could be determined by the length of the outside electrode (the stainless steel tube used as
a reaction body around the quartz tube). This was used to calculate the plasma reactor’s
effective volume (Veff). Using a simple cylindrical volume equation to find the volume
between the electrode rod (D) and the quartz tube (d), we obtained Equation (3):

Ve f f = (Atube − Aeletrode)× L (3)

2.3. Experimental Method

Soot was collected using a glass microfiber filter (Whatman GF/C 1.2 µm pore size);
the exhaust gases flow rate of 10 L/min through the filter for 50 L (5 min for a gas flow rate
of 10 L/min). The soot components were analyzed using Thermo-gravimetric Analysis
(TGA: PERKIN Elmer Pyris 1). The TGA heating program is listed in Table 3. The method
was adapted from [30] which was developed to determine the amounts of moisture, volatile
organic compounds, and carbon soot at their known weight loss temperatures. To prevent
the breakdown of the glass fiber filter, a maximum temperature of 600 ◦C was set.

Table 3. Optimized manual TGA heating programmed procedure.

Step Temperature Program Atmosphere

1 Isothermal hold at 40 ◦C for 10 min. Nitrogen 50 mL/min

2 Heating to 110 ◦C with a ramp rate of 10 ◦C/min. Nitrogen 50 mL/min

3 Isothermal hold at 110 ◦C for 30 min. Nitrogen 50 mL/min

4 Heating to 400 ◦C with a ramp rate of 10 ◦C/min. Nitrogen 50 mL/min

5 Isothermal hold at 400 ◦C for 30 min. Nitrogen 50 mL/min

6 Cooling to 200 ◦C with a ramp rate of 10 ◦C/min. Nitrogen 50 mL/min

7 Heating to 600 ◦C with a ramp rate of 10 ◦C/min. Oxygen 50 mL/min

8 Isothermal hold at 600 ◦C for 30 min. Oxygen 50 mL/min

3. Results and Discussion
3.1. Combustion and Emission
In-Cylinder Pressure and Heat Release Rate

This research was interested in reducing total NOx, NO to NO2 conversion, and soot
composition from biodiesel fuel at low exhaust temperatures, which is a challenge in
attempts to control pollution. The in-cylinder pressure and heat release rate were compared
with the baseline for diesel, B7, B10, B20, and PD. The result shown in Figure 2 were
averaged from 500 consecutive cycles; at light load conditions, the 3 selected IMEPs of
5 bar, 6 bar, and 7 bar were measured. Based on the cylinder pressure data, the combustion
parameters were examined. As a result of common-rail DI with a pilot fuel injection and
main injection occurring at −8 ca before TDC and 1 ca after TDC, respectively, the cylinder
pressure data for all tested fuels are comparable. Only insignificant differences between
all the conditions were observed. On the other hand, B10 and B20 fuels contain a larger
amount of biodiesel, causing the heat release rate to lag slightly, but increasing the heat
release rate in combustion, as a result of the presence of oxygen in biodiesel fuels.
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3.2. Effect of NTP on Emissions

As the in-cylinder pressure and rate of heat release values were similar across all
IMEPs, the IMEP 6 bar was selected for further testing.

3.2.1. Effect of NTP on The CO-to-CO2 Conversion

Figure 3 shows the CO and CO2 concentrations after a high voltage was applied
to the NTP reactor. It should be noted that the effective high voltage slightly increased
CO and CO2 concentrations from amounts of electrons in the discharge region to H2O
and O2 in the exhaust gas (Equations (4) and (5)) [28]. Due to the conversion of CO
into CO2 when applying a high voltage of between 2 and 6 kV, (Equations (6)–(9)) [31],
effective high voltage was seen to marginally increase CO2. On the other hand, according
to (Equations (10)–(14)), a rise in CO occurs at voltages higher than 6 kV [23].

e + H2O→ OH + H + e (4)

e + O2 → O∗ + O∗ + e (5)

CO + OH→ CO2 + H (6)

CO + O→ CO2 (7)

CO + O3 → CO2 + O2 (8)

CO + H2O→ CO2 + H2 (9)

e + CO2 → e + O∗ + CO (10)

e + CO→ e + O∗ + C (11)

CO + 2OH→ CO2 + H2O (12)

3CO + O3 → 3CO2 (13)

CO + O∗ → CO2 (14)

In addition, O radicals combined with O2 to form O3 (Equation (15)) and consolidated
with CO and CO2 in the exhaust gas from the reaction of the surface oxide with O3
(Equations (16)–(21)) [28], which could represent soot oxidation in the NTP discharge. The
oxidation of CO by the OH radicals is represented by Equation (22) [28].

O∗ + O2 → O3 (15)

C + 2O∗ → CO2 (16)
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C + O∗ → CO (17)

C + 2O3 → CO2 + 2O2 (18)

C + O3 → CO + O2 (19)

C + 2OH∗ → CO2 + 2H∗ (20)

C + OH∗ → CO + H∗ (21)

CO + OH∗ → CO2 + H∗ (22)
Energies 2022, 15, x FOR PEER REVIEW 7 of 17 
 

 

 
Figure 3. Effect of NTP on CO and CO2 concentrations at an engine speed of 2000 rpm and IMEP 6 
bar. 

e + H2O → OH + H + e (4) 

e + O2 → O* + O* + e (5) 

CO + OH → CO2 + H (6) 

CO + O → CO2 (7) 

CO + O3 → CO2 + O2 (8) 

CO + H2O → CO2 + H2 (9) 

e + CO2 → e + O* + CO (10) 

Figure 3. Effect of NTP on CO and CO2 concentrations at an engine speed of 2000 rpm and IMEP 6
bar.

3.2.2. Effect of NTP on Hydrocarbon (HC)

The hydrocarbon concentration is shown in Figure 4a, which demonstrates the effect
of high voltage on HC concentrations in the different types of fuel. The results for all fuels
show the reduction of the concentration of HC with increasingly high voltages. As a result
of O and O3 being the primary components of SOF in the PM, they react to create CO2
(Equations (23) and (24)) [28]. Because of an interaction with the elevated oxidative radicals,
PM’s efficiency may decrease while receiving the NTP therapy.

HC + O3 → H2O + CO2 (23)

HC + O∗ → H2O + CO2 (24)
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Figure 4b depicts the oxygen content in various fuels and high voltages ranging from 0
to 10 kV. Compared to the engine out situation, the O2 conversion changes somewhat when
NTP is used at a high voltage of 2–10 kV. Due to the poor conversion of O2 to O3, which
occurs from the exhaust gas flow rate influencing the generation of O3. The formation of O3
was low with high exhaust gas flow rates (>10 L/min), which is consistent with previous
research [32].

3.2.3. Effect of NTP on NO-to-NO2 Composition

It can be observed that the chemical reaction of NTP was able to reduce the amount
of NOx in all fuels. This corresponds to an increase in the biodiesel ratio [1], which was
reduce by up to 30.32% in B10. Figure 5 shows the NO and NO2 concentrations for the NTP
system after the chemical reaction in the exhaust gas for IMEP 5, 6, and 7 bars. It shows
the rise of NO2 at high voltages of 6, 8, and 10 kV, whereby a high voltage of 8 kV was
adequate to change NO completely to NO2 in PD, B7, and B10, and effectively in B20 fuel,
by 89.33%. However, the sum of NOx is changed to N2 according to Equations (26) and
(31).

NOx removal reactions and NO–NO2 conversion reactions:
In the first group, some of the primary and main NOx removal reactions can be

summarized as follows [33–35] in Equations (25)–(31):

N2 + e→ N + N + e (25)

NO + N→ N2 + O (26)

O2 + O→ O3 (27)

N2 + e→ e + N2(A) (28)

N2(A) + NO→ N2 + N + O (29)

N2(A) + N2O→ 2N2 + O (30)

NO2 + N→ N2 + O2 (31)

where N2 (A) represents the N2 metastable state.
The second group of reactions (which involves the reactions of oxidizing NO to NO2)

can be summarized as follows [34–36] in Equations (32)–(35):

O2 + e→ O + O + e (32)
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NO + O→ NO2 (33)

O2 + O→ O3 (34)

NO + O3 → NO2 + O2 (35)
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3.2.4. Energy Density in Converting NO to NO2

Since the conversion rate is close to 100% at higher energy densities, as shown in
Figure 6, the experiments at higher energy densities were no longer performed (high
voltages more than 8 kV). Higher NO2 concentrations are inversely proportional to NO
concentrations near zero. The reason for this phenomenon is that the probability of NO
collision with O and O3 is higher in the reaction system with the increase in the NO
concentration. The more likely it is that NO will convert to NO2, the more NO will be
eliminated.
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3.3. Soot Composition

The results were analyzed into according to two aspects: by number and by mass.
In Figure 7, turning on all conditions with the NTP system demonstrated a significant
reduction in the concentration of total particulate matter. The NTP system can reduce the
particulate number at every high-voltage input, with a slightly decreased rate at 2 and
4 kV, but increases the efficiency of the NTP system at the reactor’s effective high-voltage
inputs of 6 and 8 kV. This results in the total reduction of diesel particulate matter, with
the total concentration reduced by 22.65–54.15%. This effectiveness resulted in the gradual
reduction in both total mass and mean particulate size by 64.16%, as was found with the
use of the NTP system with a high-voltage input of 10 kV. On the other hand, there was
an increase in the ultrafine particulate matter (6.04–19.1 nm) after the plasma treatment.
This occurs in every fuel due to the energy supplied being enough to disintegrate large
particles into smaller particles. This ultrafine particulate matter would be harmful to human
lungs; therefore, attention should be paid to this problem when using NTP technology.
These phenomena could be sufficiently explained by the fact that large-scale particles
were categorized as accumulating and were primarily made up of electrically conductive
carbon spheres. The nearest soot patch was self selected by the high-voltage electrical
plasma, which then discharged to create the plasma zone [37]. Thus, particulates in the
accumulation mode reacted with the plasma and reduced. This explains why large-size
particulates were effectively reduced.

The association between particle mass and the number of particulates, as shown in
Figure 8, is explained by the finding that the bulk of the mass of particles is covered by
particulates in the accumulation mode. However, despite Kittelson’s [38] assertion that
particulates in this mode comprise more than 90% of the total particle number, the data
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show that particulates in the nuclei mode did not have a high particulate number. However,
the increase in the ultrafine particulate matter in Figure 6 has no influence on the mass
distribution. This is because the increase in mass of the ultrafine particulate matter is very
slight when compared to the dN of mass distribution.
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Figure 7. Effect of NTP on the particulate number distribution at an engine speed of 2000 rpm and
IMEP 6 bar.
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Figure 8. Effect of NTP on particulate mass distribution at an engine speed of 2000 rpm–2000_IMEP
6 bar.
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3.4. Activation Energy

The soot combustion in TGA is shown in Figure 9, which presents the percentage of
weight loss and first derivative (DTG) of the TGA profile under the different temperatures
and types of gas used for testing. The temperature range between room temperature
and 400 ◦C was used for N2 for the removal of moisture (H2O) and to determine the
soluble organic fraction (SOF), and temperatures of 400–600 ◦C were used to study soot
combustion by O2. The fuels under consideration were DP, B7, B10, and B20, which are
shown in Figure 9a–d, respectively. In all cases, the results of DTG showed peaks of
moisture around 100 ◦C and a peak of SOF around 150 ◦C to 250 ◦C. The soot combustion
showed a peak of DTG around 400–500 ◦C, which presented the same peak. It can be seen
from the experiment that the soot from different fuels had the same carbon composition. A
summary of the soot combustion when using flowing DP, B7, B10, and B20 as fuels shows
similarities in terms of both SOF composition and the type of carbon in the soot.
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Figure 10 shows the TGA spectra for the soot before and after NTP at 2000 rpm and
IMEP 6 bar. The percentage of weight loss in the TGA represents the quantity of soot
that was released from combustion, whereby an O2 atmosphere causes weight loss in
the PM sample. Prior to the NTP treatment, the highest rate of the thermal degradation
temperature for the PM samples was 495.99 ◦C. Following the NTP treatment at 6 and 10 kV,
the temperature was reduced by 2.45% and 3.62%, respectively (483.84 ◦C and 478.03 ◦C). It
was also observed that NTP could improve the activity of the low-temperature combustion
of PM. This effect is primarily caused by the abundance of oxidative radicals produced
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by the NTP discharge, which decreases the amount of activation energy needed for soot
combustion [28]. The result of the DTG could indicate the slope of TGA spectra that
present the soot oxidation activity and affect the activation energy of soot combustion. The
amplitude of DTG ranges from high to low in the following order: 0 kV > 6 kV > 10 kV.
This confirms the activation energy part.
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Activation Energy (Ea) to break down carbon bonds in soot. Temperature ranges from
350–600 ◦C were selected based on the slope of the soot weight loss [30]; moisture and VOC
were not taken into consideration, as shown in Table 4. It was found that, when the high
voltage was applied to the plasma at 6 and 10 kV, the Ea decreased by 4.94 and 19.07 kJ/mol
(2.85 and 10.97%, respectively). As a result of NTP, the soot could be broken down more
easily. The activation energy (Ea) can be calculated from Equation (36).

Ea (kJ/mol) = (Slope of liner plot (negative) × Gas constant (J/mol. K))/1000 (36)

Table 4. Activation Energy (Ea).

High Voltage (kV) Activation Energy (kJ/mol)

0 173.64

6 168.70

10 154.57

4. Conclusions

NTP technology presents the advantageous possibility of enhancing NOx and soot
reduction. The chemical reaction in NTP affects the total NOx content, and is able to
effectively reduce the total NOx in all biodiesel-diesel fuel blends. It also influences the
NO-to-NO2 oxidation. However, the amount of CO and CO2 was only slightly increased
from the reaction, and it was difficult to control, which is an interesting issue. The NTP
treatment system also reduces particulate emissions, so might be used to ensure compli-
ance with strict emission regulations. NTP reduced the activation energy for particulate
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matter from combustion in all fuels. The activation energy for soot oxidation by NTP was
determined using high voltages (6 and 10 kV), which reduced activation energy by 2.85 and
10.97%, respectively. The high voltage significantly reduced the measured particles’ sizes,
with significant reductions primarily in the range of 25.5 to 165.5 nm (the accumulation
mode). However, it mainly enhanced the nuclei mode (<100 nm), when compared to the
results generated without NTP. Thus, the size of the particulate matter in exhaust gas
conditions depends on an optimized operating system, in order to assist NTP activities in
the combustion of biodiesel-diesel fuel blends.

Author Contributions: Methodology, N.C., T.W. and S.S.; Validation, B.S.; Investigation, T.I.; Data
curation, S.C.; Writing—original draft, T.I.; Writing—review & editing, K.T.; Supervision, N.C. and
K.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Science, Research and Innovation Fund (NSRF),
and King Mongkut’s University of Technology, North Bangkok, with Contract no. KMUTNB-FF-66-
19. T. Iamcheerangkoon thanks King Mongkut’s University of Technology, North Bangkok, and the
National Science and Technology Development Agency, Thailand. Contract No. Grad017/2563, for
supporting his scholarship.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hoekman, S.K.; Robbins, C. Review of the effects of biodiesel on NOx emissions. Fuel Process. Technol. 2012, 96, 237–249.

[CrossRef]
2. Jaroonjitsathian, S.; Noomwongs, N.; Boonchukosol, K. Comprehensive Experimental Study on the Effect of Biodiesel/Diesel

Blended Fuel on Common-rail DI Diesel Engine Technology. Int. J. Automot. Technol. 2016, 17, 289–298. [CrossRef]
3. Serhan, N.; Tsolakis, A.; Wahbi, A.; Martos, F.J.; Golunski, S. Modifying catalytically the soot morphology and nanostructure in

diesel exhaust: Influence of silver De-NOx catalyst (Ag/Al2O3). Appl. Catal. B Environ. 2019, 241, 471–482. [CrossRef]
4. Promhuad, P.; Sawatmongkhon, B. Soot Oxidation in Diesel Exhaust on Silver Catalyst Supported by Alumina, Titanium and

Zirconium. E3S Web Conferences EDP Sci. 2021, 302, 01008. [CrossRef]
5. Deng, X.; Li, M.; Zhang, J.; Hu, X.; Zheng, J.; Zhang, N.; Chen, B. Constructing nano-structure on silver/ceria-zirconia towards

highly active and stable catalyst for soot oxidation. Chem. Eng. J. 2017, 313, 544–555. [CrossRef]
6. Christensen, J.; Grunwaldt, M.; Jensen, A.D. Effect of NO2 and water on the catalytic oxidation of soot. Appl. Catal. B Environ.

2017, 205, 182–188. [CrossRef]
7. Yoshida, K.; Kuwahara, T.; Kuroki, T.; Okubo, M. Diesel NOx aftertreatment by combined process using temperature swing

adsorption, NOx reduction by nonthermal plasma, and NOx recirculation: Improvement of the recirculation process. J. Hazard.
Mater. 2012, 231–232, 8–25. [CrossRef] [PubMed]

8. Müller, J.O.; Frank, B.; Jentoft, R.E.; Schlögl, R.; Su, D.S. The oxidation of soot particulate in the presence of NO2. Catal Today 2012,
191, 106–111. [CrossRef]

9. Tighe, C.J.; Twigg, M.V.; Hayhurst, A.N.; Dennis, J.S. The kinetics of oxidation of Diesel soots by NO2. Combust. Flame 2012, 159,
77–90. [CrossRef]

10. Abián, M.; Martín, C.; Nogueras, P.; Sánchez-Valdepeñas, J.; Rodríguez-Fernández, J.; Lapuerta, M.; Alzuetaa, U. Interaction
of diesel engine soot with NO2 and O2 at diesel exhaust conditions. Effect of fuel and engine operation mode. Fuel 2018, 212,
455–461. [CrossRef]

11. Fernando, S.; Hall, C.; Jha, S. NOx reduction from biodiesel fuels. Energy Fuels 2006, 20, 376–382. [CrossRef]
12. Sun, J.; Caton, J.A.; Jacobs, T.J. Oxides of nitrogen emissions from biodiesel-fuelled diesel engines. Prog. Energy Combust. Sci. 2010,

36, 677–695. [CrossRef]
13. Bowman, C.T. Kinetics of Pollutant Formation and Destruction in Combustion. Prog. Energy Combust. Sci. 1975, 1, 33–45.

[CrossRef]
14. Moser, B.R.; Williams, A.; Haas, M.J.; McCormick, R.L. Exhaust emissions and fuel properties of partially hydrogenated soybean

oil methyl esters blended with ultra low sulfur diesel fuel. Fuel Process. Technol. 2009, 90, 1122–1128. [CrossRef]
15. John, B. Heywood, Internal Combustion Engine Fundamentals, 2nd ed.; McGraw Hill: New York, NY, USA, 1976.
16. Andre, L.B.; Charles, G.C.M.; Mueller, J. An Experimental Investigation of the Origin of Increased NOx Emissions When Fueling

a Heavy-Duty Compression-Ignition Engine with Soy Biodiesel. SAE Int. Am. Univ. Beirut 2018, 8, 789–816.
17. Fenimore, C.P. Formation of Nitric Oxide in Premixed Hydrocarbon Flames. Symp. Combust. 1971, 13, 1. [CrossRef]
18. Ban-Weiss, G.A.; Chen, J.Y.; Buchholz, B.A.; Dibble, R.W. A numerical investigation into the anomalous slight NOx increase when

burning biodiesel; A new (old) theory. Fuel Process. Technol. 2007, 88, 659–667. [CrossRef]
19. Gomez, E.; Rani, D.A.; Cheeseman, C.R.; Deegan, D.; Wise, M.; Boccaccini, A.R. Thermal plasma technology for the treatment of

wastes: A critical review. J. Hazard. Mater. 2009, 161, 614–626. [CrossRef] [PubMed]

http://doi.org/10.1016/j.fuproc.2011.12.036
http://doi.org/10.1007/s12239-016-0029-6
http://doi.org/10.1016/j.apcatb.2018.09.068
http://doi.org/10.1051/e3sconf/202130201008
http://doi.org/10.1016/j.cej.2016.12.088
http://doi.org/10.1016/j.apcatb.2016.12.024
http://doi.org/10.1016/j.jhazmat.2012.06.026
http://www.ncbi.nlm.nih.gov/pubmed/22771347
http://doi.org/10.1016/j.cattod.2012.03.010
http://doi.org/10.1016/j.combustflame.2011.06.009
http://doi.org/10.1016/j.fuel.2017.10.025
http://doi.org/10.1021/ef050202m
http://doi.org/10.1016/j.pecs.2010.02.004
http://doi.org/10.1016/0360-1285(75)90005-2
http://doi.org/10.1016/j.fuproc.2009.05.004
http://doi.org/10.1016/S0082-0784(71)80040-1
http://doi.org/10.1016/j.fuproc.2007.01.007
http://doi.org/10.1016/j.jhazmat.2008.04.017
http://www.ncbi.nlm.nih.gov/pubmed/18499345


Energies 2022, 15, 9330 15 of 15

20. Tendero, C.; Tixier, C.; Tristant, P.; Desmaison, J.; Leprince, P. Atmospheric pressure plasmas: A review. Spectrochim. Acta Part B
At. Spectrosc. 2006, 61, 2–30. [CrossRef]

21. Babaie, M.; Davari, P.; Zare, F.; Rahman, M.; Rahimzadeh, H.; Ristovski, Z.; Brown, R. Effect of pulsed power on particle matter in
diesel engine exhaust using a DBD plasma reactor. IEEE Trans. Plasma Sci. 2013, 41, 2349–2358. [CrossRef]

22. Okubo, M.; Kuwahara, T. New Technologies for Emission Control in Marine Diesel, 1st ed; Butterworth-Heinemann: Oxford, UK,
2019.

23. Wang, Z.; Kuang, H.; Zhang, J.; Chu, L.; Ji, Y. Nitrogen oxide removal by non-thermal plasma for marine diesel engines. RSC Adv.
2019, 9, 5402–5416. [CrossRef]

24. Bernie, M.P.; Shirley, E.S. Non-Thermal Plasma Techniques for Pollution Control Part B: Electron Beam and Electrical Discharge Processing,
1st ed.; Nato ASI Subseries G; Springer Science & Business Media: Berlin, Germany, 1993; Volume 34.

25. Penetrante, B.M.; Brusasco, R.M.; Merritt, B.T.; Vogtlin, G.E. Environmental applications of low-temperature plasmas. Pure Appl.
Chem. 1999, 71, 1829–1835. [CrossRef]

26. Yoshida, K. Diesel NOx aftertreatment by combined process using temperature swing adsorption, nonthermal plasma, and NOx
recirculation: NOx removal accelerated by conversion of NO to NO2. J. Taiwan Inst. Chem. Eng. 2013, 44, 1054–1059. [CrossRef]

27. Yoshida, K.; Kuroki, T.; Okubo, M. Diesel emission control system using combined process of nonthermal plasma and exhaust
gas components’ recirculation. Thin Solid Films 2009, 518, 987–992. [CrossRef]

28. Wang, P.; Gu, W.; Lei, L.; Cai, Y.; Li, Z. Micro-structural and components evolution mechanism of particular matter from diesel
engines with non-thermal plasma technology. Appl. Therm. Eng. 2015, 91, 1–10. [CrossRef]

29. Talebizadeh, P.; Babaie, M.; Brown, R.; Rahimzadeh, H.; Ristovski, Z.; Arai, M. The role of non-thermal plasma technique in NOx
treatment: A review. Renew. Sustain. Energy Rev. 2014, 40, 886–901. [CrossRef]

30. Rodríguez-Fernández, J.; Oliva, F.; Vázquez, R.A. Characterization of the diesel soot oxidation process through an optimized
thermogravimetric method. Energy Fuels 2011, 25, 2039–2048. [CrossRef]

31. Khani, M.R.; Pour, E.B.; Rashnoo, S.; Xin, T.; Barat, G.; Babak, S.; Ali, K.; Seyed, I.H. Real diesel engine exhaust emission control:
Indirect non-thermal plasma and comparison to direct plasma for NOx, THC, CO, and CO2. J. Environ. Health Sci. Eng. 2020, 2,
743–754. [CrossRef]

32. Pu, X.; Cai, Y.; Shi, Y.; Wang, J.; Gu, L.; Tian, J.; Li, W. Diesel particulate filter (DPF) regeneration using non-thermal plasma
induced by dielectric barrier discharge. J. Energy Inst. 2018, 91, 655–667. [CrossRef]

33. Kossyi, I.A.; Kostinsky, A.Y.; Silakov, A.A.M.V.P. Kinetic scheme of the non-equilibrium discharge in nitrogen-oxygen mixtures.
Plasma Sources Sci. Technol. 1992, 1, 3. [CrossRef]

34. Sathiamoorthy, G.; Kalyana, S.; Finney, W.C.; Clark, R.J.; Locke, B.R. Chemical reaction kinetics and reactor modeling of NO(x)
removal in a pulsed streamer corona discharge reactor. Ind. Eng. Chem. Res. 1999, 38, 1844–1855. [CrossRef]

35. Zhao, G.B.; Hu, X.; Yeung, M.C.; Plumb, O.A.; Radosz, M. Nonthermal Plasma Reactions of Dilute Nitrogen Oxide Mixtures: NOx
in Nitrogen. Ind. Eng. Chem. Res. 2004, 43, 2315–2323. [CrossRef]

36. Rajanikanth, B.S.; Kumar, S.; Ravi, V. Unfiltered Diesel Engine Exhaust Treatment by Discharge Plasma: Effect of Soot Oxidation
Related content A Cascaded Discharge Plasma-Adsorbent Technique for Engine Exhaust Treatment B S Rajanikanth, A D
Srinivasan and B Arya Nandiny-Non-Conventional Plasma Assisted Catalysts for Diesel Exhaust Treatment: A Case Study.
Plasma Sci. Technol. 2004, 6, 2475–2480.

37. Williams, A.M.; Garner, C.P.; Harry, J.E.; Hoare, D.W. Low Power Autoselective Regeneration of Monolithic Wall Flow Diesel
Particulate Filters. SAE Pap. 2009, 1, 1927. [CrossRef]

38. Kittelson, D.B. Engines and Nanoparticles: A Review. J. Aerosol Sci. 1998, 29, 5–6. [CrossRef]

http://doi.org/10.1016/j.sab.2005.10.003
http://doi.org/10.1109/TPS.2013.2270015
http://doi.org/10.1039/C8RA09217F
http://doi.org/10.1351/pac199971101829
http://doi.org/10.1016/j.jtice.2013.05.024
http://doi.org/10.1016/j.tsf.2009.07.171
http://doi.org/10.1016/j.applthermaleng.2015.08.010
http://doi.org/10.1016/j.rser.2014.07.194
http://doi.org/10.1021/ef200194m
http://doi.org/10.1007/s40201-020-00500-0
http://doi.org/10.1016/j.joei.2017.06.004
http://doi.org/10.1088/0963-0252/1/3/011
http://doi.org/10.1021/ie980544y
http://doi.org/10.1021/ie049934c
http://doi.org/10.4271/2009-01-1927
http://doi.org/10.1016/S0021-8502(97)10037-4

	Introduction 
	Experimental Design 
	Schematic Diagram of the Experimental Setup 
	NTP System Setup 
	Experimental Method 

	Results and Discussion 
	Combustion and Emission 
	Effect of NTP on Emissions 
	Effect of NTP on The CO-to-CO2 Conversion 
	Effect of NTP on Hydrocarbon (HC) 
	Effect of NTP on NO-to-NO2 Composition 
	Energy Density in Converting NO to NO2 

	Soot Composition 
	Activation Energy 

	Conclusions 
	References

