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Abstract

A plasma reactor with catalysts was used to treat exhaust gas from a gasoline engine in order to decrease particulate matter (PM) emissions
The effect of non-thermal plasma (NTP) of the dielectric discharges on the removal of PM from the exhaust gas was investigated experimentally.
The removal efficiency of PM was based on the concentration difference in PM for particle diameters ranging from Quéita$roeasured
by a particle counter. Several factors affecting PM conversion, including the density of plasma energy, reaction temperature, flow rate of
exhaust gas, were investigated in the experiment. The results indicate that PM removal efficiency ranged approximately from 25 to 57% and
increased with increasing energy input in the reactor, reaction temperature and residence time of the exhaust gas in the reactor. Enhancec
removal of the PM was achieved by filling the discharge gap of the reactor with Cu-ZSM-5 catalyst pellets. In addition, the removal of unburned
hydrocarbons was studied. Finally, available approaches for PM conversion were analyzed involving the interactions between discharge and
catalytic reactions.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Particulate matter; Hydrocarbons; Non-thermal plasma; Dielectric barrier discharge; Gasoline engine

1. Introduction structure that is formed in the combustion chamber by incom-
plete combustion. According to KlingenbdHj, the core has
Gasoline and diesel engines are major sources of urban aira graphite-like structure. Ashes from the metals present in
pollution. They emit a large amount of pollutants, including the lube oil or from engine wear are enclosed in the carbona-
particulate matter (PM), carbon monoxide (CO), unburned ceous core. Volatile organic compounds (VOCS) originating
hydrocarbons (HC) and nitrogen monoxide (NO). Particulate from unburned fuel and lube oil are adsorbed on the sur-
matter may cause respiratory and mutagenic diseases, sucface of the carbonaceous core. Components of sulfur present
as lung and bladder cancer. Hydrocarbons may react within the fuel and in the lube oil can also be adsorbed on the
nitrogen monoxide in the presence of sunlight forming ozone carbonaceous core, but sulfur components also form parti-
that irritates lung$1,2]. Thus, suppressing the emission of cles (partially sulfuric acid aerosol droplets). Water from the
these contaminants from engines is important. combustion process is also present on the surface of the car-
The PM in raw exhaust gas emitted by engines primarily bonaceous core. The relative amounts of these compounds
consists of soot which is a complex material with a com- may differ considerably with different engines and engine
plex structure. According to Johnson et[8] and Kittelson operating conditionfg].
[4], soot consists of a carbonaceous core with an agglomerate  Few studies on soot suppression have been published. The
conventional methods of soot suppression that have been
mponding author. Tel.: +86 25 3793612 0; fax: +86 25 3793612 6 performed ?nCIUde: (@) d.USt collection using a filter and (b)
* Corresponding author. T " soot QX|dat|on (combustlo_n). Howev_e_r, these methods have
E-mail addresses: heretofore@seu.edu.cn (D. Ye), fangu@seu.edu.cn the disadvantage of lowering the efficiency of soot suppres-
(F. Gu). sion.[7] As a result, a non-thermal plasma (NTP) reactor
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was utilized in this study to evaluate the removal rate of exhaustgas sampled from the engine was first passed succes-
PM and HC as a possible new approach for exhaust gassively through a condensator and a dryer filled with CySO
treatment. to remove its moisture content. It was noted that the cooling
The use of plasmas in various industries has increasedand drying process could influence the exhaust gas contents
in recent years. Plasma processes are used widely in thdo some extent due to particle deposition, HC-condensation,
electronics industry to dope semiconductors and in micro- etc. However, this step is inevitable, so all of the experiments
circuit fabrication to etch and deposit thin films. Plasma were carried out under similar cooling and drying condi-
processes are now being considered in air purification sys-tions so as to reduce the potential error caused by this step.
tems to remove trace contaminants by converting themto lessSecond, a fraction of the dried exhaust gas was forced to
harmful species via reactions in a plasma reactor. In NTP, flow into a NTP reactor at a certain flow rate, which was
free electrons gain energy from an imposed electric field and located in a constant temperature electric oven to maintain
lose energy through collisions with neutral gas molecules. constant reaction temperature and was treated by NTP in the
This transfer of energy to the molecules leads to the forma- reactor. Third, the HC concentration of the treated exhaust
tion of a variety of new species, including ions, metastables, gas was measured by an exhaust gas analyzer (model FGA-
atoms and free radicals. These products are all chemically4100) at the outlet of the reactor. Fourth, to accommodate
active and lead to the formation of new stable compounds. the requirement of a particle counter (handheld laser parti-
Thus, in plasma reactors, the applied electric power is spentcle counter (model 3886 GEO-), Kanomax Japan Inc., 2-1
in breaking the bonds in the parent molecules. As there is noShimizu, Suita, Osaka 565-0805, Japan), the treated exhaust
appreciable heating of the gas (the electron temperature is ofgas was diluted in a mixer by Nwith a content of 98%.
the order of a few thousand degrees Kelvin and the atomic Finally, the diluted exhaust gas was passed through the parti-
species are near room temperature), energy is not lost eithecle counter to measure its PM concentration and then the gas
in heating up the gases (as in pyrolysis) or to the surroundingswas vented. The measurable particle sizes ranged from 0.3
[8]. to 5.0um. The data from the exhaust gas analyzer and the
The primary aim of this paper is to investigate the removal particle counter were collected by an online data acquisition
rate of the PM emitted by a gasoline engine using NTP. In system.
addition, the HC removal from exhaust gas was also investi-
gated and the treatment results of HC by NTP were compared? 2. piasma reactor
with those of PM.

As shown inFig. 2, the plasma reactor consists of a 2 mm
diameter stainless steel rod electrode, a grounded plate type

2. Experimental apparatus and method electrode and a piece of glass on the surface of the plate as a
dielectric barrier. The discharging gap distance is about 3mm
2.1. Experimental setup and the effective discharging length is 70 mm. Pulsed voltages

with a frequency of 15 kHz and adjustable amplitudes from 0
Fig. 1shows the sketch of the experimental setup. A com- to 15 kV were applied to the electrodes to produce NTP. Input
mercial unleaded gasoline was used to produce an exhauspower was measured with a wattmeter connected to the low
gas. The engine was kept running at an idle condition. The voltage side of a step-up transfornf@y10]. The input power
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Fig. 1. Schematic diagram of the experimental setup.
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High voltage electrode 3. Experimental results and discussions
Insulator

3.1. Effect of input power on PM and HC removal rate

Fig. 4 shows the effects of NTP on the removal of PM

Outlet and HC at an exhaust gas flow rate of 0.6 L/min and room
temperature. Iriig. 4(a), the PM concentration decreased
with increasing energy density in the range of lower energy

// : A\ densities. However, when the density was raised from 36 to
Grounded electrode /. H,,L,, \ o L 48.4J/L, the PM concentration increased. This can be seen
- Electrical discharging region more distinctly inFig. 4(b), which shows that the PM removal
rates (based on changes in PM concentration) of the exhaust
gas increased gradually with increasing energy density until
reaching a maximum and then decreased with further increas-

Inlet

Fig. 2. Sketch of the plasma reactor.

Table 1 ing energy density. In general, the PM removal rate in the
The concentrations of each component in the tail gas NTP reactor is primarily based on the number of activated
Parameter Concentration radicals, such as 0,500z, N, etc. Formation of active com-

HC (ppm) 3836 pon_ents as radicals is induced by electrpn impacts with the
NO (ppm) 63 main components of the exhaust gas: nitrogen, oxygen and
CO (%) 3.6 carbon dioxide. The efficiency of production of chemically
CO;, (%) 2.4 active species in the NTP is determined by the reduced elec-
©2 (%) 4.8 tric field or E/N, whereE is the electric field andV is the

density of gas. Because the electric field relates to the energy
density, it can be suggested that the number of the activated
radicals rises with increasing energy density when the energy
density is less than a certain threshold, and then the acti-
vated radicals decrease with the further increasing in energy
2.3. Measurement of original exhaust gas density due to the change in discharging condition. In the
experiments, it was observed that the color of the discharg-
Table 1shows the HC, NO, CO, C£and G contents of  ing region in the reactor changed from violet to salmon pink
the dried and untreated exhaust gas when the gasoline engingshen the energy density exceeded the threshold. This obser-
was in the idle running condition at the air/fuel ratio of 1.352. vation implies that in this case, the electric field strength in
Fig. 3 shows the PM concentration (coungyispectrum of  the reactor was so high that some local arcs occurred, which
the exhaust gas as well as those for the outdoor air and theconsumed some electric energy and reduced the net energy
dilute N, for comparison. The dilution ratio of 1:50 was taken deposited in the exhaust gas.
in the experiment, i.e., the flow rates of the dilutgahd the According to Sato et a]7], soot suppression resulted from
dried exhaust gas were 1800 and 36 L/h, respectively. As canthe oxidation of soot particles. Kimula et f1] further con-
be seen fronfig. 3 the PM concentrations of the dilute;N  cluded that smaller size soot particles burn faster than larger
are much less than those of the exhaust gas, so the effects ofize particles in a high-temperature oxidizing atmosphere.
PM content of the dilute Bon the measure results can be However,Fig. 4b) shows that the highest PM removal rate
neglected. occurs for the 0.pum diameter particles versus the smaller
0.3pm diameter particles, which is unexpected. In fact, this
apparent contradiction was caused by the residence time of

of the dielectric barrier discharge is obtained by subtracting
the transformer loss from the wattmeter reading.

S.00E+09 exhaust gas in the reactor. Because of the limitation of reactor
Mliai size, the residence time of exhaust gas in the reactor is not
”;E :2::::;3 long enough for the larger particles to be completely oxidized
|- il by NTP and their residuals become smaller particles, which
£ 2.50E+09] | increase the numbe_r of smaller particles and causes the feint
E 200409 BDilwe N2 that the smaller particle has lower removal rate.

& 1.50E+09H D Out door Air There are only a few studies on the mechanisms for PM
E i-”‘”‘f*“‘)’ _ removal using plasma. Based on the experiments, a two-step

S RE process could be proposed for the removal of the engine-

000E+ 503 05 1 3 5 um emitted PM in NTP. First, the VOCs on the surface of the

Particle size

carbonaceous core of the HB| are released due to the heat
Fig. 3. Result of the numbers of PM from the exhaust gas in different sizes pr(_)d_l"C(':'(_j by NTP and then th_e released gaseous VOCs are
and its comparison to other testing condition. oxidized immediately by the oxidants produced by NTP. Sec-
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ond, the carbonaceous core is exposed to NTP and reacts with
5.00E+009 - i ;“;ﬁa}m the activated radicals of plasma as described by Cuesta et al.
S —a—16 JL [12] and Perez-Mendoza et §L3].
4.00E+009 \ —v—26.6J/L Fig. 4(c) shows the relationship between HC removal rate
. e 32 ) iﬁ (based on its changes in weight) and energy density. Accord-
3.00E+009 - R \ : ing to Tonkyn et al[14], HC plays an important role in the
318:3 plasma oxidation of NO to N& Nevertheless, in our exper-

iments, the concentration of NO is much less than that of
HC (seeTable 1), because the HC is oxidized mainly by the
activated radicals produced by NTP. So, the HC is oxidized
by activated radicals, such as 03,3, N, etc., produced

Particle number ( connt/nf)
— )
g B
& &
] ]

0.00E-+000 . — — ; by NTP in the reactor in a similar manner as the PM, and
0 ! 2 3 4 3 the removal rate of the HC mainly depends on the number of
@ Particle size (m) the activated radicals. Consequently, the relationship between
the HC removal rate and energy densityKig. 4(c)) is sim-
] ilar to that between PM removal rate and energy density (in
504 |—=—03um Fig. 4b)).
—a—0.5 um
—4— 1.0 yum
= B | g 3.0 pm 3.2. Effect of exhaust gas flow rate on PM and HC
s ——5.0um removal rate
D
‘?: In Fig. 5, the effect of exhaust gas flow rate on PM and
2z 35 HC removal at an energy density of 36 J/L and room temper-
E ature is shown. As shown IRig. 5a), the PM concentration
g 304 decreased with increasing flow rate. As showRio 5b and
o c), the removal rates of both PM and HC decrease apparently
254 withthe increase in flow rate. The decrease of the removal rate
- results from the reduction of residence time of the exhaust

0o 1o 20 30 40 50 gas in the plasmareactor, such that there is not sufficient time
for the removal reactions for PM and HC.

(b) Energy density (J/L)

3.3. Effect of reacting temperature on PM and HC

removal rate
50

| |
\'\ Fig. 6(a) shows the size distributions for the PM in the
45 " exhaust gases at five different ambient temperatures before
and after NTP treatment. The experiments were carried out
at an energy density of 36 J/L and a flow rate of 0.6 L/min.
40 - / Fig. 6(b) shows the PM removal rate as a function of the
ambient temperature. The removal rates of different sizes of
PM increase as the temperature increases. Higher ambient
temperature may reduce the heat loss of plasma, thereby,
ensuring a more stable state to NTP. Consequently, VOCs
30 adsorbed on the surface of the particle carbonaceous core are
. . — released more rapidly at a higher temperature and upon being
0 10 20 30 40 50 released, they are oxidized by plasma more completely. On
(© Energy density (J/L) the other hand, the removal rate of HC has a similar tendency
to that of PM as shown ifig. 6(c).
Fig. 4. Effect of the input power on PM and HC removal rates. The flow

rate was 0.6 L/min and the temperature was held at room temperature. (a)3 4. Effect of catalyst on PM and HC removal rate
Particle-size distributions of PM in variable energy density; (b) PM removal

rate vs. energy density; (c) HC removal rate vs. energy density.

351

HC removal rate (%)

The effect of catalyst on PM removal at an energy den-
sity of 36 J/L, a flow rate of 0.6 L/min and room temperature
is shown inFig. 7(a). The experiment was carried out in a
packed reactor that was full of the catalyst pellets of Cu-
ZSM-5 between its two electrodes. Comparitig. 4(b) with



D. Ye et al. / Journal of Hazardous Materials B127 (2005) 149-155 153

—=— initial —=— initial
i 5.00E-+009 -
5.00E+009 & 0.6 L/min . —a—10 °C
. .\.“-. —4— (.8 L/min — 1 " —a—50 °C
"8 4.00E+009- —v— L0 L/min E  4.00E+009 1 \ —v—70 °
= —#— 1.2 L/min S | o0 c
£ —<— 1.5 L/min 2
S 3.00E+009- 5 3.00E+009
2 5
= =
E 2.00E+009] E  2.00E+009
= =
= -
=} 23
£ 100E+009- £ LOOE+009-
o o
- i
0.00E-+000+— . : : . — 0.00E+000 —— ] ] . .
0 1 2 3 4 5 0 1 2 3 4 5
(a) Particle size (um) (a) Particle size (pm)
50 - 57
48] —u—03 uym
] 56-] —a—0.5 um /E
46 ! /@/g
—4— 1.0 pum A
s 4] 551 i
=S 1 —_ —v—3.0 um —
< 42 e s
2 0] s 54+ &— 5.0 um
= 2
8 384 g 534
e o
E 361 g 52
= 34 g
= 5} 514
[ 321 =
30 = 50
28 A
. ; ; ; ; . 49
06 0.8 1.0 12 14 16
(b) Flow rate ('lein) 48 — T T T T T T T T
40 50 60 70 80 90 100 110 120 130
b Temperature ( °C)
50 4
481 57+
= 46 -
2 ]
s ] 56 -
2 . e
=3
= 42 4 — 55
= *
2 407 Y
= 44
E 38 £ ]
= =
g 36+ z 534
34 - g J
& 52
32 . Q ]
==}
30 51+
T T T T T T T T T T 1 4 "
0.6 0.8 1.0 1.2 1.4 1.6
(C) . 50 T T T T T T T T 1
Flow rate (L/min) 40 50 60 70 80 90 100 110 120 130
© Temperature ("C)

Fig. 5. Effect of the exhaust gas flow rate on PM and HC removal rates. The

energy (_jensit_ywa_s 3(.3 ‘JIIT andtheten.ﬁpera.ture was heldatroom temperatureFig' 6. Effect of the reacting temperature on PM and HC removal rates.
(@) Partlgle-sme .dlstn:')gtlons of IIDM n varfllable flow rate; (b) PM removal The energy density was 36 J/L and the flow rate was 0.6 L/min. (a) Particle-
rate vs. flow rate; (c) removalrate vs. flow rate. size distributions of PM in variable temperature; (b) PM removal rate vs.

. . temperature; (c) HC removal rate vs. temperature.
Fig. 7(b), the enhanced plasma in the packed reactor has

higher PM removal efficiency than that in non-packed reac-

tor. Mizuno et al[10] and Lang and co-worke[&5] reported increases the number and power of the activated radicals of
that the surface discharges on the catalyst pellets, which wereNTP, which resultsin higher PM removal rafiég. 7(c) shows

also observed in this experiment, could enhance the electricthe removal rate of HC under the same condition. The gaseous
field strength and electron density in the packed-bed reac-HC oxidization is enhanced by the catalyst directly and its
tor. The enhanced electric field strength and electron densityremoval rate rises.
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— thermal plasma was found to remove the PM and HC effec-
3-00E+0091 . - Z’;;’f’clmlyst tively. However, there is a threshold of the energy density
— . —a— catalyst applied to the NTP reactor such that increasing the energy
£ 4.00E+009 density below the threshold promotes the removal rate of PM
E and HC, whereas increasing the energy density above the
% 3.00E:+009] threshold hinders the removal rate of PM and HC. Increas-
2 oo ing reaction temperature, prolonging the residence time of
E 2.00E+009+ ‘“ﬁ*ﬁ;\\‘\\_\ exhaust gas in the reactor and using appropriate catalysts are
2 beneficial to the removing of the PM and HC.
£ 1.00E+009+
£
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