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Removal of Polycyclic Aromatic Hydrocarbons
Emitted From Diesel Engine Using an Electrostatic

Precipitator and Heat Exchanger
Akinori Zukeran , Member, IEEE, Yuki Nanjo, Kohei Ito, and Takashi Inui

Abstract—The aim of this study is to remove polycyclic aro-
matic hydrocarbons (PAHs) in a marine diesel emission using an
electrostatic precipitator (ESP) and a heat exchanger. The experi-
mental system consisted of a diesel engine, a heat exchanger, and
an ESP. Residue oil (S:0.61%) was used as a test fuel oil. The heat
exchanger can cool the exhaust gas from 130 °C to 20 °C. The ESP
has a parallel plate electrode structure. The high-voltage electrode
has saw-tooth edges on their upstream and downstream sides. The
high-voltage electrode was supplied with negative dc high voltage
to generate a corona discharge. PAHs in the exhaust gas have two
different states, which are particulate and gaseous matters. Their
concentrations were measured using a filter, an absorbent, a soxhlet
extraction and a gas chromatograph mass spectrometer (GCMS).
A total of 24 kinds of PAHs were measured. As a result, it was
shown that the gaseous PAHs transformed into particles due to
the cooling of the exhaust gas in the heat exchanger. The removal
efficiency for the particulate PAHs in the ESP reached 97%. The
removal efficiency for the gaseous PAHs increased with increasing
applied voltage in the ESP and reached 83%. The overall efficiency
for the particulate and the gaseous PAHs in the ESP with the heat
exchanger reached 89% and 88%, respectively. It was indicated
that the ESP with the heat exchanger is effective for removing any
compound of PAHs in the diesel exhaust gas.

Index Terms—Diesel engine, electrostatic precipitator (ESP),
ionic wind, marine engine, polycyclic aromatic hydrocarbons
(PAHs).

I. INTRODUCTION

POLYCYCLIC aromatic hydrocarbons (PAHs), which have
carcinogenicity, mutagenesis, and strong toxicity, are regu-

lated in many countries to protect the air, water, and soil. Marine
diesel emission also contains PAHs, which are generated due to
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incomplete combustion of the fuel. There are many reports mea-
suring PAHs concentrations in port areas of the world. Pong-
piachan et al. [1] investigated the effect of shipping emissions
on the enhancement of PM10 bounded PAHs, and observed a
significant increase of PAHs during the docking period of ships.
Diesch et al. [2] measured PAHs concentration in an emission
control area and showed PAHs account for 0.2% of the submi-
cron aerosol mass.

Therefore, PAHs concentrations in exhaust gases from ma-
rine engines were measured and reported. It is known that the
state of PAHs in an exhaust gas is gaseous and particulate. It
was reported that the gaseous PAHs were low-molecular com-
pounds, such as Naphthalene, Phenanthrene or Pyrene in which
the number of C was lower than 16. PAHs bounded to par-
ticulate matter included high-molecular compounds, such as
Benz(a)anthracene or Chrysene in which the number of C was
greater than 16 [3]. Cooper [4] measured PAHs emission from
high-speed passenger ferries, and showed the greatest PAHs
emissions from auxiliary engines operating at low engine loads.
Imai [5] also indicated PAHs emissions were the highest when
the engine was operated at 25% load using heavy fuel oil (HFO).
Zetterdahl et al. measured emission from a ship used HFO or
a low sulfur residual marine fuel oil. As a result, lighter PAHs
increased with a low sulfur residual marine fuel oil, while heavy
PAH species were reduced [6]. Thus, it is important to develop
PAHs removal system, and PAHs emitted from a ship may be
regulated in the future.

Particulate matters, which include black carbon, sulfate and
soluble organic fraction (SOF), emitted from marine diesels
cause serious problems in human health and coastal environ-
ment. The diesel particulate filter (DPF) has been widely used
to remove particulate matter and PAHs for diesel vehicles. Hu
[7] reported that the after-treatment efficiency in the DPF abated
more than 90% of the total PAHs. Nakajima [8] described in the
paper that DPF was effective for the reduction of particulate
PAH, although particulate matter emitted during regeneration
of DPF consisted of SOF containing PAHs. DPF is developed
for a marine diesel. Maeda [9] showed soot in exhaust gas was
removed, although SOF penetrated in DPF. Kuwahara [10] pre-
sented chemical reactions of DPF regenerations for a diesel
engine with marine diesel oil. However, pressure drops of DPFs
are high, which is between 1 and 3 kPa.

Therefore, an electrostatic precipitator (ESP), which has a
low-pressure drop, is developed to collect particulate matter.
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Fig. 1. Principle for the reduction of PAHs.

The ESP may also be capable of removing PAHs. PAHs removal
efficiencies by an ESP in various plants were reported, and high
removal efficiencies were obtained in power plants [11], [12].
It was also indicated by Saiyasitpanich [13] that PAHs emitted
from the diesel engine was removed using an ESP. However, the
removal efficiency was low, which was 31%. And there are a
few reports for removal of PAHs for diesel engines.

The authors investigated that SO2 and diesel particulate mat-
ter (DPM), which are dry soot, sulfate, and SOF, were removed
in an ESP with a heat exchanger [14], [15]. It was indicated that
SO2 was removed. Furthermore, gaseous SOF was transformed
into particles due to condensation in the heat exchanger, and the
particulate SOF was collected with high efficiency in the ESP.
However, the PAHs removal performance was not estimated.
Both PAHs and SOF are generated due to incomplete combus-
tion of the fuel. Thus, it was expected that high PAHs removal
efficiency is obtained due to absorbing gaseous PAHs into par-
ticulate SOF condensed in the heat exchanger, and PAHs are
collected in the ESP. Therefore, the effect was investigated for
24 kinds of PAHs in this study [16].

II. PRINCIPLE FOR REMOVAL OF PAHS

Fig. 1 shows the principle for the reduction of PAHs. The
system consists of a heat exchanger and an ESP. The ESP has
a parallel-plate configuration composed of a high voltage elec-
trode and grounded plate electrodes. The high voltage electrode
has edges at the upstream side of the electrode. The configu-
ration and phenomenon are symmetric between the upper and
the lower in this figure. Corona discharge is generated at tips
of the edges. The exhaust gas discharged at a temperature of
approximately 130 °C contains PAHs as well as SOF and DPM.
PAHs and SOF are in gaseous and particulate forms, whereas
DPM, which is dry soot and sulfate, is in particulate form. The
boiling temperature of residual fuel oil is approximately 150 °C,
thus SOF generated by incomplete combustion of the oil con-
denses into particles by cooling exhaust gas to 20 °C in the heat
exchanger due to homogeneous nucleation and heterogeneous
nucleation. SOF and PAHs are generated due to incomplete
combustion of the fuel, and the resulting SOF particles absorb
PAHs. The SOF particles inclusive of these absorbed PAHs are
charged by field charging and diffusion charging theories [17]
in corona discharge, and trapped by the electric field in the ESP
according to Deutsch’s theory. There are some reports for an
equation to expect a collection efficiency, which are Deutsch’s

Fig. 2. Schematic of the experimental system. (a) Overall of system.
(b) Detail of sampling portion.

TABLE I
SPECIFICATION OF DIESEL ENGINE

equation [17], Robison’s equation [18], and Theodore’s equation
[19]. Thus, PAHs are removed from the exhaust gas. Further-
more, the gas flow is directed to the grounded electrode due
to corona wind. Therefore, gaseous PAHs, which were not ab-
sorbed into SOF particles in the gas, flow toward the grounded
electrode by corona wind, and are absorbed into SOF collected
on the grounded electrode.

III. EXPERIMENTAL SETUP

A. Experimental System

Fig. 2 shows a schematic of the experimental system. In this
study, the authors have proposed an ESP with a heat exchanger
for removal gaseous and particulate PAHs. The system consists
of a water-cooled 4-cycle diesel engine (DA-3100SS-IV, Denyo
Co., Ltd in Japan; cylinder volume, 400 cc; output, 5.5 kW;
Load, 0%), a heat exchanger and an ESP. These specifications
are shown in Table I–III. To reduce PM and SOx emissions,
MARPOL Treaty 73/78 Annex VI of IMO Air Pollution Con-
trol stipulates that the global sulfur fuel limit should be lowered
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TABLE II
SPECIFICATION OF HEAT EXCHANGER

TABLE III
SPECIFICATION OF ESP

Fig. 3. Structure of the ESP.

to 0.5% in 2020. Thus, residue oil (ENEOS LSA fuel oil; sulfur
content, 0.61%), which was almost the same sulfur concentra-
tion as the regulation, was used as a test fuel oil in the experi-
ment, which was an equivalent grade to that used in ships.

The heat exchanger can cool the exhaust gas from approxi-
mately 130 °C to 20 °C using a coolant (city water) of approx-
imately 20 °C. The cooled gas passes through the ESP, which
removes PAHs, SOF, and DPM. The exhaust gas requires ap-
proximately 0.35 s to pass through the heat exchanger. The wind
velocity inside the ESP is approximately 2.7 m/s.

B. Structure of ESP

Fig. 3 shows the structure of the ESP. The ESP has a parallel-
plate electrode structure composed of high-voltage application
electrodes (110 × 130 mm) and grounded plate electrodes (130
× 150 mm) alternately arranged with a gap of 9.5 mm. The
high-voltage application electrodes have sawtooth edges on their
upstream and downstream sides, while the grounded electrodes
have no such edges. The electrodes are made of stainless steel
with a thickness of 0.8 mm. The high-voltage application elec-
trodes are supplied with a dc voltage of –6 to –9.5 kV to generate
a negative corona discharge and form an electrostatic field.

C. Measurement of Concentration of PAHs in Exhaust Gas

To investigate the effect of our technique, we measured the
PAHs and DPM concentrations in the exhaust gas. A portion
of the exhaust gas was drawn (20 L/min) and passed through a
teflon-coated glass-fiber filter (TX40HI20-WW, Tokyo Dylec in
Japan) to sample the particulate PAHs. The temperature of the
sampling tube and filter holder was controlled by the tape heater
so that it would be equal to the temperature of the drawn gas,

in order to prevent the natural cooling of the sampling tube that
may possibly cause condensation inside the tube and change the
ratio of components. As shown in Fig. 1(b), which is the detail
of the relationship between the exhaust gas velocity and the
sampling gas velocity, the inner diameter of the duct was 56.5
mm, the exhaust gas flow rate and the velocity at 20 °C were
approximately 6.7 × 10−3 m3/s and 2.7 m/s, respectively. The
tip of the sampling tube was cut at 45o, and the inner diameter
of the sampling tube was 8 mm. The sampling flow rate and
the sampling gas velocity were 20 L/min and approximately 6.6
m/s. The form of the tip of the sampling tube is the more com-
mon way of sampling an exhaust gas from a ship [20]. When
the sampling velocity is greater than the exhaust gas velocity,
measured concentration is underestimated. However, it was re-
ported that the ratio Cs/Co of the concentration at isokinetic
sampling Co to that at anisokinetic sampling Cs was between
0.85 and 1 [21]. Thus, the influence of anisokinetic sampling
on the concentration might be small. The filter was subjected
to a Soxhlet extraction (B-811, BUCHI in Switzerland) with
dichloromethane (200 mL) as the solvent, and the particulate
PAHs concentration was measured by analyzing the extraction
liquid using a gas chromatograph-mass spectrometer (GC-MS.
SHIMADZU in Japan, GCMS-QP 2010 Ultra). Each compound
outputted from GC is broken into charged fragments. These ions
are separated according to their mass-to-charge ratio m/z, and
the concentration is measured by analyzing the target ion using
MS. The number of cycles was set to 5 times/h, the extraction
time was 16 h in the Soxhlet extraction. A total of 24 kinds of
PAHs measured in this study are shown in Table IV. Quebec
Ministry of Environ. PAH MIX, which includes 16 compounds
specified as a priority pollutant by the United States Environ-
mental Protection Agency, was used as the standard reagent.
Target ion, boiling point, and vapor pressure for each compound
are also shown in Table IV. The boiling points and the vapor
pressures were referenced from Environmental Health Criteria
(EHC) published in WHO. It was described in EHC that the
vapor pressure reported in literatures for same PAH vary by up
to several orders of magnitude [22].

To measure the gaseous PAHs concentration, a portion of the
exhaust gas was drawn (2.7 L/min) and 10-hold diluted by the
diluter at the same temperature as the exhaust gas. Furthermore,
the gaseous PAHs were sampled on the synthetic absorbent
(XAD-2, ORGANO in Japan) in a gas holder at the gas flow
rate of 20 L/min, and the concentration was measured as with
the particulate PAHs.

The DPM was sampled on the filter similarly to the particu-
late PAHs, and the mass concentration was calculated from the
difference between the filter masses measured before and after
the sampling. The size distributions based on the number and
the volume were measured using a scanning mobility particle
sizer (TSI in USA, 3936NL76).

IV. RESULT AND DISCUSSION

A. Effect of Heat Exchanger

The relationship between the DPM concentration and the
gas temperature was measured to investigate the influence of
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TABLE IV
TOTAL OF 24 KINDS OF PAHS

condensation in the heat exchanger. The size distribution based
on the number and the volume of the particle is shown in Fig. 4.
Although the peak value in the case without the heat exchanger
was approximately 106 part/m3 at the diameter of 74 nm as
shown in Fig. 4(a), the value at 74 nm in the case with the heat
exchanger increased to 1.3 × 106 at 74 nm due to condensation.
The size distributions based on the particle volume as shown
in Fig. 4(b), which have the peak value at 126 nm, were also a
similar tendency with the distribution based on the number. The
peak diameter at the case with the heat exchanger was the same
with that without the heat exchanger. The condensation may be
depended on homogeneous nucleation, but not heterogeneous
nucleation.

The relationship between dust concentration based on weight
and the gas temperature is shown in Fig. 5. The number of the
experiment times was 5 times, and the average value was indi-
cated with the standard deviation. The concentration at the gas
temperature of 20 °C was 31.3 mg/m3, whereas the concentra-
tion at 130 °C was 21.2 mg/m3. It was reported in the reference
[15] that particulate SOF concentration included in the dust in-
creased due to the effect of condensation in the heat exchanger.
Thus, increasing mass concentration of 10.1 mg/m3 depended
on increasing particulate SOF concentration.

The relationship between PAHs concentrations and the gas
temperature is shown in Fig. 6. The number of the experiment
times was between 3 and 8 times. From the result of 130 °C, 97%
of PAHs was gaseous, and particulate PAHs were 3%. The par-
ticulate PAHs increased with decreasing gas temperature, and

Fig. 4. Size distribution with/without heat exchanger. (a) Number. (b) Volume.

Fig. 5. Relationship between the DPM concentration and the gas temperature.

the gaseous PAHs decreased. This result shows that the gaseous
PAHs turn into the particulate PAHs. The gaseous PAHs were
absorbed into the SOF particles, which increased the concen-
tration as shown in Fig. 5, and transformed into particles. The
likely reason why the total PAHs concentration decreased was
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Fig. 6. Relationship between PAHs concentrations and the gas temperature.

Fig. 7. Particulate PAHs concentration for each compound.

that they deposited on the water vapor generated in the heat ex-
changer, although PAHs concentration in the condensed water
was not measured.

The particulate PAHs concentration for each compound is
shown in Fig. 7. The horizontal axis indicates the serial number
of the compound name of PAHs as shown in Table IV. The
vertical axis indicates the concentration greater than 0.1 µg/m3

considering the measurement accuracy. The number of exper-
iment times at 130 °C and 20 °C is 5 times and 8 times. The
particulate PAHs in the diesel exhaust gas at the gas temper-
ature of 130 °C were No. 10, No.11, and No.16, which were
Benzo[a]anthracene, Chrysene, and Benzo[e]pyrene. And, the
PAHs were not between No. 1 and No.3, which were Naph-
thalene, Acenaphthylene, and Acenaphthene. The tendency in
this study corresponds with the references [3], [5]. Takahashi
et al. [3], [5] reported that the variety of PAH in the exhaust gas
depended on that in the fuel oil and the lubricating oil, and high
molecular PAH was generated by the combustion of high molec-
ular hydrocarbon. In comparison with the result at 130 °C, the

Fig. 8. Gaseous PAHs concentration for each compound.

concentrations of most of the compounds at 20 °C increased.
In particular, the increasing amount of Phenanthrene (No. 5),
Anthracene (No. 6), and Pyrene (No. 8), which has a high boil-
ing point and a low vapor pressure as shown in Table IV, were
greater than that of low-molecular compounds between No. 1
and 4.

The gaseous PAHs concentration for each compound is shown
in Fig. 8. The number of experiment times at 130 °C. The
gaseous PAHs in the diesel exhaust gas as shown at 130 °C
were No. 8 which was Pyrene. Naphthalene, Phenanthrene, and
Anthracene, which were No. 1, No. 5, and No. 6, respectively,
were greater than other compounds. The variety of gaseous
PAHs also depended on that in the fuel oil and the lubricating
oil as described in Fig. 7. Compared with the result of particulate
PAHs as shown in Fig. 7, the molecular weight of the gaseous
PAHs was lighter. This tendency corresponds to the references
[3], [5]. In the result at 20 °C, the concentrations of most of the
compounds were lower than that at 130 °C due to the conden-
sation as shown in Fig. 6. In particular, the decreasing amount
of Phenanthrene (No. 5) and Anthracene (No. 6), which has a
high boiling point and a low vapor pressure, were greater than
that of other compounds.

These results evidently prove that the gaseous PAHs
transformed into particles due to condensation by cooling the
exhaust gas.

B. Effect of ESP

As described thus far, the gaseous PAHs can be transformed
into particles by cooling the exhaust gas. Those particles must
be eventually removed. Accordingly, the gaseous and the par-
ticulate PAHs removal capability of the ESP as shown in Fig. 1
was investigated at the gas temperature of 20 °C.

The corona discharge current as a function of the applied
voltage with/without the heat exchanger is shown in Fig. 9.
The corona onset voltages were approximately −4 kV. The
discharge currents increased with increasing the applied voltage.
The discharge current with the heat exchanger was 2.4 mA at
the voltage of −9.5 kV. The air density decreased as the gas
temperature decreased, whereby the corona discharge current
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Fig. 9. Corona discharge current as a function of applied voltage.

Fig. 10. Corona discharge power as a function of applied voltage.

with the heat exchanger was lower than that without the heat
exchanger.

The corona discharge power as a function of the applied
voltage is shown in Fig. 10. The maximum input power with
heat exchanger was 23 W at the applied voltage of −9.5 kV.

The total particulate PAHs concentration as a function of the
applied voltage is shown in Fig. 11. The corona onset voltage
was approximately−4 kV as shown in Fig 9. The applied voltage
was set greater than−6 kV for achieving low concentration. The
number of the experiment times at each voltage was between
3 and 5 times. Although the initial average concentration was
40 µg/m3, the concentration significantly decreased at voltages
greater than 6 kV, and reached 1.1 µg/m3 at −9.5 kV due to the
corona discharge. The total particulate PAHs removal efficiency
as a function of the applied voltage is shown in Fig. 12. The ex-
perimental efficiency was calculated from the average concen-
tration in Fig. 11, and the calculated efficiency was calculated
from Theodore’s equation [19]. The experimental efficiency at
the applied voltage of 6 kV was 92%. The efficiency reached
97% at −9.5 kV, although the calculated efficiency was greater
than 99%.

Fig. 11. Total particulate PAHs concentration as a function of the applied
voltage.

Fig. 12. Total particulate PAHs removal efficiency as a function of the applied
voltage.

The particulate PAHs concentration for each compound is
shown in Fig. 13. The concentrations for any compounds de-
creased as the applied voltage increased. The concentration of
Phenanthrene, which was No. 5, at −9.5 kV was 0.6 µg/m3,
whereas the initial concentration was approximately 17 µg/m3.

The total gaseous PAHs concentration as a function of the
applied voltage is shown in Fig. 14. The number of the exper-
iment times at each voltage was between 2 and 6 times. The
gaseous PAHs concentration also decreased with increasing ap-
plied voltage, and reached 32 µg/m3 at −9.5 kV, whereas the
concentration at the voltage of 0 kV was 183 µg/m3. Fig. 15
shows the total gaseous PAHs removal efficiency as a function
of the applied voltage. The efficiency increased with increasing
applied voltage, and it was 83% at −9.5 kV.

The gaseous PAHs concentration for each compound is
shown in Fig. 16. The concentrations for any compounds de-
creased with increasing applied voltage. The concentration of
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Fig. 13. Particulate PAHs concentration for each compound.

Fig. 14. Total gaseous PAHs concentration as a function of the applied voltage.

Phenanthrene, which was No. 5, at −9.5 kV was 3.9 µg/m3,
whereas the initial concentration was 46 µg/m3. The concentra-
tion of Naphthalene, which was No. 1, decreased to 19 µg/m3

from 80 µg/m3.
In general, it is difficult to remove gaseous matter in an ESP.

However, SOF particles contained in an emission gas from ma-
rine diesel can be collected on plate electrodes in an ESP. It
seems that the SOF thus collected helps to catch gaseous PAHs.
That is, the gaseous PAHs flow toward the grounded plate elec-
trode due to corona wind, and were absorbed into SOF on the
electrodes in an ESP as shown in Fig. 1. The influence of oxi-
dation due to O3 is also considered, although O3 concentration
generated in the ESP was not measured on account of the exper-
imental system. It is necessary to investigate for the mechanism
of removal of gaseous PAHs in the ESP in the future.

C. Overall Removal Effect

As described so far, high removal efficiencies were obtained
for the particulate and the gaseous PAHs in the ESP, when it
was estimated by the concentrations at the temperature of 20 °C.
However, it is important to estimate the overall efficiency by the
concentration in the exhaust gas at 130 °C and the concentration
on the downstream side of the ESP at 20 °C.

Fig. 15. Total gaseous PAHs removal efficiency as a function of the applied
voltage.

Fig. 16. Gaseous PAHs concentration for each compound.

The relationship between PAHs concentration and locations
is shown in Fig. 17. The number of the experiment times for par-
ticulate and gaseous PAHs concentrations were 5 and 3 times,
respectively. The total PAHs concentration in the diesel exhaust
gas at the gas temperature of 130 °C was 283 µg/m3, the particu-
late concentration was 9.9 µg/m3, and the gaseous concentration
was 273 µg/m3. In the gas at the downstream side of the ESP
at −9.5 kV and 20 °C, the particulate PAHs concentration was
1.1 µg/m3, and the gaseous PAHs concentration was 32 µg/m3.
Therefore, the particulate PAHs removal efficiency was 89%,
and the gaseous efficiency was 88%. These efficiencies were
obtained at the discharge input power of 23 W, as shown in
Fig. 10, for the engine output of 5.5 kW.

The particulate PAHs concentration for each compound in
the diesel exhaust gas and in the gas on the downstream side
of ESP is shown in Fig. 18. In any PAHs, the concentration on
the downstream side of the ESP at −9.5 kV and 20 °C was less
than that in the diesel exhaust gas at 130 °C. It is clear that the
concentration of all compounds on the downstream side of the
ESP does not increase due to the influence of gas cooling in the
heat exchanger.

The gaseous PAHs concentration for each compound is shown
in Fig. 19. The concentration of most PAHs on the downstream
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Fig. 17. Relationship between PAHs concentration and locations.

Fig. 18. Particulate PAHs concentration for each compound in the diesel
exhaust gas and in the gas on the downstream side of ESP.

Fig. 19. Gaseous PAHs concentration for each compound in the diesel exhaust
gas and in the gas on the downstream side of ESP.

side of the ESP at −9.5 kV and 20 °C is less than that in the
diesel exhaust gas at 130 °C.

These results indicate that the ESP with the heat exchanger
is effective for removing any PAHs in the diesel exhaust gas.

V. SUMMARY

With the aim of removing PAHs in exhaust gas emitted from
marine diesel, we have studied the effects of the gas cooling cou-
pled with the electrostatic removing, and obtained the following
results.

1) The gaseous PAHs were transformed into particles due to
cooling the exhaust gas in the heat exchanger.

2) The removal efficiency for the particulate PAHs in the
ESP reached 97% at the applied voltage of 9.5 kV.

3) The removal efficiency for the gaseous PAHs increased
with increasing applied voltage in the ESP, and it was
83% at 9.5 kV.

4) The overall efficiency for the particulate and the gaseous
PAHs in the ESP with the heat exchanger reached 89%
and 88%, respectively.

It was indicated that the ESP with the heat exchanger is
effective for removing any compound of PAHs in the diesel
exhaust gas.
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