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h i g h l i g h t s

� Study the correlation between PM, O3 and CO2 under plasma treatment.
� Ozone strongly promotes oxidation of PM.
� When ozone concentration was increased, PM concentration found to be decreased.
� At high levels of discharge power, CO2 dissociation by plasma has been observed.
� PM concentration has been reduced considerably by plasma treatment.
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a b s t r a c t

This study is seeking to investigate the effect of non-thermal plasma technology in the abatement of par-
ticulate matter (PM) from the actual diesel exhaust. Ozone (O3) strongly promotes PM oxidation, the
main product of which is carbon dioxide (CO2). PM oxidation into the less harmful product (CO2) is
the main objective whiles the correlation between PM, O3 and CO2 is considered. A dielectric barrier dis-
charge reactor has been designed with pulsed power technology to produce plasma inside the diesel
exhaust. To characterise the system under varied conditions, a range of applied voltages from 11 kVPP

to 21 kVPP at repetition rates of 2.5, 5, 7.5 and 10 kHz, have been experimentally investigated. The results
show that by increasing the applied voltage and repetition rate, higher discharge power and CO2 disso-
ciation can be obtained. The PM removal efficiency of more than 50% has been achieved during the exper-
iments and high concentrations of ozone on the order of a few hundreds of ppm have been observed at
high discharge powers. Furthermore, O3, CO2 and PM concentrations at different plasma states have been
analysed for time dependence. Based on this analysis, an inverse relationship between ozone concentra-
tion and PM removal has been found and the role of ozone in PM removal in plasma treatment of diesel
exhaust has been highlighted.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

The road sector accounts for about three quarters of transport
emissions and passenger cars and light trucks contribute to a con-
siderable share of these emissions [1]. On the other hand, diesel
engine applications in various heavy-duty and medium-duty vehi-
cles are increasing compared to gasoline engines. The emissions

produced by diesel engines, however, are a ubiquitous air pollutant
consisting of a complex mixture of gases, vapour and particles. The
negative health effects of diesel emissions have been emphasised
in the literature [2,3] and lately, diesel exhaust has been classified
as carcinogenic to humans (Group 1) by the International Agency
for Research on Cancer (IARC) [4].

Carbon monoxide (CO), hydrocarbon (HC), Nitrous Oxides (NOx)
and diesel particulate matter (DPM) have been globally regulated
by diesel emission standards. DPM is basically composed of ele-
mental carbons, which results in agglomerating and also absorbing
other particles to form structures of complex physical and also
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chemical properties [5]. Up until now, several after-treatment
technologies, such as diesel oxidation catalyst (DOC) [6], diesel
particulate filter (DPF) [7], selective catalyst reduction (SCR) [8]
and fuel borne catalyst (FBC) [9] have been employed to reduce
diesel exhaust emissions. However, there are some drawbacks in
using conventional after-treatment systems. For example, SCR cat-
alysts require high temperatures (around 300 �C) for activation and
there is the possibility of ammonia leakage, catalyst poisoning and
catalyst discharge under high temperature conditions [10]. DPFs
also produce an additional pressure drop inside the exhaust gas,
due to the PM deposition. This deposition can cause filter choking
and filter regeneration is required at about 600 �C. These effects
cause more fuel consumption, which is not appropriate for low
emission production and fuel economy. Furthermore, DPFs are
inefficient in trapping small nanoparticles under 100 nm [11].

Considering the increasing environmental concerns and strin-
gent emission standards, there is an imperative to develop new
strategies for emission reduction [12]. Non-thermal plasma (NTP)
technology has shown notable potential for emission control in
various applications [3,13,14]. Plasma is the fourth state of matter
that can be considered as an ionised gas. In the plasma state, suf-
ficient energy is provided to free electrons from atoms or mole-
cules and to allow species, ions and electrons, to coexist. Based
on the relative temperature of the gas, plasmas can be classified
into thermal and non-thermal plasma (NTP) [15]. In non-thermal
plasma, the kinetic energy (temperature) of charged particles and
kinetic energy (temperature) of background gas are similar [16].
In the NTP application for exhaust emission reduction, the input
electrical energy is transferred to the electrons which generates
free radicals through collisions of electrons and promotes the
desired chemical changes in the exhaust gas. While the applied
electric energy in NTP reactors will be consumed for the purpose
of breaking the bonds in the parent molecules, there is no sensible
heating of the gas, and discharged energy is not lost either in heat-
ing up the gas or to the surroundings [17].

A variety of research studies, concerning different aspects of
NTP application for NOx removal, have been documented in the lit-
erature [3,18]. NTP NOx reduction generally can be divided in two
groups: NOx removal reactions that result in NOx reduction to N2

and NO to NO2 conversion reactions which is more dominant [3].
In comparison with the large amount of research conducted on
the influence of plasma on NOx removal, much less has been ded-
icated to the effect of plasma on PM removal. Okubo et al.
employed indirect or remote NTP for DPF regeneration [19,20]. In
this method, plasma is not introduced into the exhaust gas directly.
Instead, plasma was introduced into the air and the NTP-treated air
was injected into the exhaust gas, which causes the NO oxidation
to NO2. This induced NO2 with other produced activated oxygen
species by plasma oxidise deposited carbon soot on the DPF surface
effectively. Furthermore, the simultaneous PM, HC and NOx

removal efficiency of about 80%, 70% and 65% was reported in lit-
erature from the exhaust gas [21].

Few studies on PM removal of diesel engines have been con-
ducted in the literature and removal mechanisms have not been
studied extensively [3,22,23]. Furthermore, most of the research
in this area was considered simulated diesel exhaust instead of
actual exhaust. Many electron-impact reactions such as momen-
tum transfer, dissociation, ionisation reaction, etc. and also numer-
ous secondary reactions induced by products of the electron-
impact reactions are possible in the plasma state [24]. This would
be more complicated when plasma treatment of the diesel exhaust
which is a complex mixture of thousands of gases is targeted.
Therefore, the results of experiments for actual diesel exhaust
may be different from what is happening in simulated exhaust.
Furthermore, recently ozone has been studied as a possible solu-
tion for PM removal even in industries [12]; however, the

advantage of ozone production in NTP systems for PM removal is
not well established.

The objective of this paper is to investigate the effect of NTP on
reduction of PM emitted by a diesel engine and oxidise it to less
harmful combustion products (essentially carbon dioxide) at dif-
ferent discharge voltages and repetition rates. Furthermore, the
mechanism of PM removal has been discussed in detail and the
effect of ozone as the key parameter for PM removal has been high-
lighted. To examine the system in real condition which is the first
step towards the applicability of NTP as an after-treatment system,
the actual exhaust emission has been examined in this research.

2. Experimental apparatus and method

2.1. Experimental setup

The experiments have been conducted using a modern turbo-
charged 6 cylinder Cummins diesel engine. The engine has a capac-
ity of 5.9 L, a bore of 102 mm, a stroke length of 120 mm, compres-
sion ratio of 17:3:1, and maximum power of 162 kW at 2500 rpm.
All experiments have been conducted at a speed of 1500 rpm and
at the load of 160 Nm to achieve the most uniform exhaust gas per-
formance. For all experiments, exhaust gas from the exhaust pipe
was passed through the dilution tunnel before flowing into the
DBD reactor. The role of the dilution tunnel is to reduce the tem-
perature and concentration of exhaust gas before flowing into
the measurement instruments. By manipulating the flow direction
at the reactor inlet using a three way valve, the emission concen-
tration has been measured before and after plasma treatment.
Flow rate was 12 L/min and kept constant during the experiments.
The schematic diagram of the experimental set-up is shown in
Fig. 1.

2.2. Dielectric barrier discharge reactor

In all experiments, a conventional DBD reactor was used, as
shown in Fig. 2. The overall dimensions of the DBD were also
shown in this figure. It consists of two concentric quartz tubes with
dimensions of 400 mm long and wall thickness of 1.5 mm. The
outer diameters of the tubes are 20 and 25 mm, respectively. The
diesel engine exhaust generated by the diesel engine was passed
through the gap between these two quartz tubes. With its pre-
designed geometry, the discharge gap was 1 mm. The reactor is
equipped with external and internal electrodes which can be ener-
gised through a pulsed power supply. The internal electrode is a
copper cylinder and the external electrode is made of copper mesh
that wraps the exterior part of the outer quartz tube. The elec-
trodes were located in the middle of the DBD reactor, the length
of which was 100 mm. The quartz tubes were installed by using
two Teflon caps at both ends of the DBD reactor. The diesel engine
exhaust enters the reactor at the angle of 45� and then flows
throughout the gap; it leaves the reactor with the same angle as
well. The mean residence time of 0.13 s can be calculated for the
given geometry and flow rate for the exhaust gas passing through
the DBD reactor.

2.3. Electrical and pulsed power system

Rapid release of stored energy as electrical pulses into a load,
thereby resulting in the delivery of large amount of instantaneous
voltage over short period of time, is known as pulsed power. Pulsed
power technology has been previously considered by different
researchers in different applications [25]. Furthermore, pulsed
power technology for NTP generation in pollution control applica-
tion has gained a lot of advantages [3,26,27] and using power
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