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ABSTRACT

A short background on the significance of NOg in
lean-NO,, SCR is given. The mechanism of
plasma oxidation of NO to NOs is then described.
It is discussed why the plasma, by iself, cannot
lead 1o the chemical reduction of NOy to No in
lean-burn gas mixtures. The raie of hydrocarbons
in the plasma oxidation process is explained. In
combinalion with some types of SCR catalyst, tha
plasma can greafly enhance the NOy, reduction,
An example is presented to demanstrate the
improvement in NOy reduction efficiency thatcan
be accomplished by combining a represertative
SCR catalyst with a plasma.

l. INTRODUCTION

Lean-burn engines have altracted ¢ohsiderable
atlention because of their high fuel efficiency and
lower emission of carbon dioxide. These engines
operate under net oxidizing conditions, thus
rendering conventional three-way catalysts
inefiective for controlling the NOy, emission. The
NOy in engine exhaust is composed primarily of
NO; consequently, aftertreament schemes have
focused a great deal on the reduction of NO.
Selective catalytic reduction - (SCR} by
hydrocarbons [1-2] is one of the leading catalytic
aftertreatment technologies for the reduction of
NOy in lean-burn engine exhaust. In lean-NOy
SCR, the oxidation of NO to NOs setves an
importani role in enhancing the efficiency for
reduction of NOy to Ns.

Il. SIGNIFICANCE OF NO» IN LEAN-NO, SCR

Many studies suggest that lean-NOy, SCR
proceeds via ox'dation of NO to NO» by oxygen,
followed by the reaclion of the NOs with
hydrocarbons [3-13). On catalysts that are not
very effective in catalyzing the equilibration of
NO1Oy and NO,, the rate of Ny formation is
substantially higher when the input NOy, is NOs
instead of NO. This has been observed on Na-

ZSM-5 [9], Ce-ZSM-5 [9], —AlaOg [3], H-ZSM-5
[3], ZrOg [14], and GayO4 [14]. It has also been
observed that Group Il metal oxides in general
are much more eifective in the SCR of NO»
compared to NO[15].

The apparent bifunctional mechanism in the SCR
of NOy has prompted the use of mechanically
mixed caialyst componenis, in which one
compenent (for example, MnoOg or MnzOy) is
used to accelerate the oxidation of NO to NOg
and another component (for example, Sn-ZSM-5
or InfAlOg) catalyzes the reaction between NOo
and the hydrocarbon [16-18]. Catalysts that
previously were regarded as inactive for NOy
reduction could therefore bacome efficient when
mixed with an oxidation catalyst.

The apparent role of NOy in the SCR of NOy has
also prompted the use of a multi-stage system in
which an exidation catalyst (for example, Pt-MF
zeolite) is used upstream of a reduction catalyst
[tor exarnple, In-MFl or Zn-MFI zeolite) [19-20].
This latter method works fine particulady for
systems that require hydrocarbon addition; thé
nydrocatbon can be injected between the
oxidation catalyst and the reduction catalyst. For .
a lean-burn exhaust that already has a significant
amount of hydrocarbons, the oxidation catalyst tor
NO [s also active for the oxidation of the
hydrocarbon; this results in a decrease in the
efficiency of the hydrocarbon reductant.

it has been pointed out by Bethke et al. [21] and
Chajar et al. [22] that the formation of gas phase
NOgz does not necessarily precede the formation
of No. On catalysts such as AlpOg that are less
active inthe oxidation of NO to NOy, Bethke etal.
[21] suggests that the N production is higher
using NOa than NO because of the higher surface
coverage of adsorbed NOs. The adsorbed NO»o
lorms an adsorbed oxidized N-containing
hydrocarbon intermediate. The reaction of this
intermediate with NO is then the principal route to
ihe production of Np. For catalysis that deactivate
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due to coking, NO» helps maintain the activity by
removing the surface carbonaceous species,
resulting in an impression that NO5 is a reagent
for N production. In any casg, it is apparent that
preconverting NOQ to NOp opens the opporiunity
tor a wider range of SGH caialysis end perhaps
improves the durability of these catalysts.

. PLASMA PROCESS

A non-thermal plasma [28-25] is a very sffective
means for oxidizing NC to NOg in the gas-phase
under lean-bum engine exhaust conditions. The
use of a plasma can improve the NG, reduction
cificienoy and eliminate some of the deficiencies
encountered in an entirely catalyst-based
approach. The plasma can oxidize NO to NGy
without depleting the amount of hydracarbons
available for SCR of NO2 to N». The function of
the SCH catalyst ¢an thus be greatly simplified by
focusing on the reduction of NOp by the
hydrocarbon. Furthermors, the plasma can
oxidize NO without oxidizing SO», thus making
the process iolerant 1o the sulfur content of the
fuel.

Previous studies [26-28] have shown that all
electrical discharge plasma reactors produce &
plasma with &n average elgctron kinetic energy of
around 3-6 gV. The plasma chemistty In
discharge plasma reactors is therefore very
similar regardiess of elecirode structure or the
way the voltage is delivered to the reactor.

Plasma without Hydrocarbons - In the plasma,
oxidation is the dominant process for exhausts
containing dilute concentrazions of NO in mixtures
of Np, Oo and HaQ, particularly when the Op
concentration is 5% or higher. The Kinetic energy
of the electrons is deposited primarily into the
major gas components, No and Op. The most
useful deposition of energy is associated with the
production of N and O radicals through electron-
impact dissociation:

e+ Nz =>e +NAS) +N(“82D) (1)
e+0p =>0+0(3P) 2 OBR,1ID) (2

where N(4S) and N(ZD) are ground-siate and
metastabie excﬁed-s’tate nitrogen atoms,
respectrvely, and O( P) (simply referred to as O)
and o(1 D) are ground-state and metastable
exclted-state oxygen atoms, respechvely The
N( S) is the only plasma-produced species that

could effectively lead to the chemical reduction of

NO [24,29:

N@#S)+NO =>No+ O (3)
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In the presence of Op, the oxidation pathway
becomes dominant for two reasons:

{a) The dissociation energy of O is smaller than
that of No. For electrical discharge plasma
reaciors, the average electron kinetic energy
is low, around 3-6 eV.[26-28] Under this
condition the rate for dissociation of Oo is
much higher compared to the dissociation of
No.[23-24] The dissociation of Op will
produce only oxidative radlcals The ground-
state axygen atom, O(P), will convert NO to

" NOpvia

OFP) + NO + M => NOs + M (4)
OBP)+ 03+ M =03+ M {5a)
O3+NO =>NOs 10z - {5b)

The melastable oxygen atorn, O(1D), will
react with HaO to produce OH radicals:

O('D) + HyO => 2 OH | ©)

The OH radicals will convert NO and NO» 10
nitrous and nitric acid, respective!y.

{b)} High electron energies are required to
optimize the production of N( S) by electron-
impact dissociation of Np. Under conditions
optimum for the dissociation of N3, & large
number of excited nltrogen atomns, N(€D), is
produced [30-31]. The N( D) species can
lead toundesired reactionsinthe presence of
Os. Rather than reduce NO, the N(ZD)
species would react with Og to produce NO:

N{ED) + Op =>NO+ 0 )

Because of the large rate constant [32] for
reaction (7) and the large concentratmn of 02
relative to NO, the N(2D) species
praferentially reacts with O to produce NO,
In a lean-burn exhaust, the production of NO
by NED) will counterbalance the reduction of
NO by N(¥s), thus effectively leaving
oxidation as the only paihway for NO
conversion. The effect of N( ) on the NC)x
sonversion chemistly has been validated in
gomparison with experimenis [24].

The efficiency for oxidation of NO to NOy drops
as the temperature is increased. At high
temperatures, the NO 1o NOp oxidation reaction
is counteracted by thes reduction reaction:

O+ NCo=>NO+05 (8)




Because of reaction {8}, the oxidation of NO by
the O radicalis not efficient at high temperatures.
We will show in the next seclion that the NO
oxidation efficiency in the plasma can irmprove
dramatically in the presence of hydrocarbons,

Flasma with Hydrocarbons - We next examine
the effect of hydrocarbons on the plasma
processing of NO. Propene was used as a
represeniative hydrocarbon. The dry gas mixture
contained 500 ppm NO in 10% Ox and balance
No. The purpose of this experiment was to
determine how the hydrocarbon aifects the
plasme oxidation of NO to NOy_

The NOy concentrations for the cases without
propene and with 1000 ppm propene are shown
in Figures 1@} and 1(b), respectively, for
processing at 300°C,

For the case without propene (Figurei(a)), less
than 20% of the NO Is converted 1o NOo even at
the high energy densitics.

The number of NO molecules converied to NOg
is determined by the number of O radicals
produced by the plasma, not by the initial NO
concentration. The number of O radicals Is
detemnined only by the energy density input to the
plasma.

At high lemperatures, the -efficiency for
conversion of NO 1o NO» is poor in the absence
of hydrocarbons in the gas stream. Figure 1(b)
showsthe NO,, concentrations when 1000 ppm of
propene is added to this gas stream. The main
fate of NO in the plasma in the presence of
hydrocarbons is the oxidation of NO to NOb.
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Figure 1. Effect of propane on the plasma
oxidation of NO at 300°C. Plasma processing
of 500 ppm NO in 10% Oy, balance Na, (2)
without propene, and (b} with 1000 ppm
propene.

" In the absence of hydrocarbons, the number of

NO molecules oxidized to NOy is determined by
the number of O radicals, which is proportional o
the energy density inpul to. the plasma.
Backepnversion of NOp to NO by the O radical
via reaction (8) decreasesthe oxidation efficiency.
In the presence of hydrocarbons, the radical
responsible for the oxidation of NO to NOs is o
langer the O radical. It will be shown in the
following chemical kinetics analysis that the HOp
is the radical that oxidizes NO to NO5 when the
plasma processing is done in the presence of
hydrocarbons. The number of HOs radicals
produced in the plasma is & function of both the
energy density input to the plasma and the
hydrocarbon concentrafion in the gas stream.

The experiments were interpreted with a detailed
chemical Kkinetice model for propene
oxidation [33-35]which included reactions totreat
the plasma 23] and NOy kinetics.
Thermodynamic properties for the relevant
radicals and stable parents were obtained by
group additivity using THERM [38] with updated
H/C/O groups and bond dissociation groups [37].
The themmochemical data allow accurate
calculation of reverse reaction rale constants by
microscopic reversibility. The C mechanism was
updated in a number of ways. The reactions
involving propane were updated from Ref. [38].
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The NOy submechanism from GRIMech [39] has
been added to the C3 mechanism. Most of the
raaction rate constants wara taken from Refs. [40]
and [41].

In the very early stages of reaclion the pjopene is
mainly consumed by the O atom: .

CgHg +0O => CyHs + HCO {9

CgHg + O => CHpCO + CHg + H (10)

CgHg + O => CH3CHCO +H+H (11)
Abstraction reactions by O atoms do not
contribute significantly o propenaconsumptionat

the low temperatures encountered in this study
because of the higher acfivaiion energy of

abstraction reactions compared io - addition

reactions.

Of the total reaction with O atom, reaction (9)
contributes 50%, and reactions (10) and (11)
contribute 25% each. The O atoms ara consumed
mare effectively by reactions (8)-(11} than
reactions {4} and {5): O + NO NO,.

At 300°C and eaHy in the reaction, about 98% of
the O atoms react with propene compared 10 2%
with NO, The rate constants for propene + C are
much faster than that for NO + O. This resuit
means that the propene consumes most of the O
atoms that might othenvise react with NQ to form
NO2. )

After the initial stages of reastion, the OH radical
rather than O aiom becomes the main radical
cansuming propene:

CaHg + OH => CgHgOH (12)
CgHg + OH => CaHs + He0 {13)

where the CgHg radical symbolizes all three
isomers, which were distinguished individually in
the reaction mechanism. The swilch from Oatom
reactions to O reactions is mainly due to OH
being produced by the reaction

NO +HQp =>NOp +OH (14)

Reaction (14) is also the main reaciion that
converts NO to NOg.

In the presence of Hp0Q, electron-impact
dissociation of HoO would produce additional OH
radicals. The metastable oxygenatom, Q{3 D), will
react with HoO 1o aiso produce OH radicals via
reaction (8). These OH radicals will decompose
the hydrocarbons, for example via reactions (12)
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and (13}, and produce hydrocarbon radicals that
sonvert NO to NO2 in the presence of Oa.

The HOo radicals are also praduced from
reactions involving hydrocarbon intermediates of
propene oxidation:

CHz0OH + Oy => CH30 + HOp (19)
CHa0+ Op => CHpO + HO» (16)
HCO + Op =>CO +HO» (17
H+Op =>HOp (18)

Therefore, the propene suppliss HO» radicals that
convert NO to NOo. Without the propene, the
main reaction to convert NO to NOs are reaclions
{4) and (5): O + NO NOp. Radical-radical
reactions hvolving O and OH (such as OH + O
HOp) are not important because of the low
concentrations of these radicals.

Nearlyall the O atoms for conversionare supplied
by electron impact, which has an associated cost
in electrical energy. The prcpene lowers the
energyrequirement by production of HO» radicals
that then become the main radical for conversion
of NO {o NO».

‘The OH produced from reaétion (8) can also react

with NO and NOp to form their related acids:
NO + OH => HONO . (19)

At 300°C, during the time when the propene is
being consumed most rapidly, only about 6% of
the OH react with NO and NOp while the
remainder react mostly with propene and its
aldehydic intermediate producis. At 100°C, 15%
of the OH react with NO and NOs, while the
remainder react mostly with propene and
aldehydic intermediates. The rale constants for
the NO,. +OH reactions are much slower than for
propene + OH reactions, so that OH reacts mainly
with propene rather than NO and NO» [42].

Because the O radical reacts preferentially with
the hydrocarben, the oxidation of NOs 1o nitric
acid is minimized. If SOo is present in the
exhaust, scavenging of the O and OH radicals by
the hydrocarbons will also minimize the oxidation
of SO5 10 803

The hydrocarbon serves important roles not only
on the catalyst, but also in the plasma. For lean-
burn gasoline engine exhausts, the hydrocarbons
are already present - mostly in the form of




prapene - fypically at C4 concentrations about six
times that of NO. For diesel exhausts, the emitied
gaseous hydrocarbon levels are much lower;
however, the volatile crganic fraction of the

particulates could be a useful source of additional .

hydrocarbons.

The hydrocarbons play three important functions
in the plasma: {1} the hydrocarbons lower the
energy cost for oxidation of NGO to NQs, {2} the
hydrocarbons minimize the formation of acid
products, and (3) the hydrocarbons prevent the
oxidation of S04 to SO3.

V. PLASMA-ASSISTED CATALYSIS

Process-The plasma-assisted catalyiic reduction
of NOy, is accomplished in essentially two steps.
First, the plasma oxidizes NO to NO» in ths
presence of a hydrocarbon:

piasma + NQ +HC + Qs =>NOg + HC-products

where HC refers fo a hydrocarbon and HC-
products refersto partially oxidized hydrocarbons.
Second, the catalysi reduces NOp to Np by
selective redudiion using the hydrocarbons:

catalyst + NOp + HC => Ng - COg + Ho0.

There are three key features in the plasma-
assisted catalytic reduction of NO,.

+  First, the plasma oxidation process is partial.
This means the plasma oxidizes NO to NO»
but does notfurther oxidize NOg to nitric acid.
The plasma aiso produces some partially
oxygenated hydrocarbons, but does not
completely oxidize the hydrocarbons to CO»n
and HoO. For some catalysts, the partially
oxygenated hydrocarbohs are much more
effective compared to the original
hydracarbons in reducing NOy to No.

» Second, the plasma oXidation progess Is
selective. This means the plasma oxidizes
NO 1o NO», but does not oxidize 80210 SO3.
This makes the plasma-assisted process
more tolerant to the sulfur content of fuel
compared to conventional lean-NO,
technologies.

* Third, by using a plasma to change the
composition of NOy from NOto NO4, one can
take advantage of a new class of catalysts
that are potentially more durable and more
active than conventional lean-NGy, catalysts.

Test Setup - Figure 2 shows one of the possible
"embodiments of the plasma-assisied catalyst

processor. In this setup the plasma reactor is
located upstream of the catalyst reacior. The
same result is achioved if the catalyst is plaoed
inside the plasma reactor.

The separate -plasma/catalyst configuration
shown in Figure 2 is very flexible. Although we
have used a puised corona reactor, this type of
reactor is not necessarily the only type that
produces the same effact. [t can be used with any
type of plasma reactor and does not require a
speciiic type of high-voliage power supply. All
electrical discharge plasma reactors accomplish
essentially the same gas-phase plasma chemistry
for the same gas mixture (26-281,

The separate plasma/catalyst configurationis also
very flexible with respect to the catalyst support
structure. it can be used with a bed of catalyst
pellets ora monelith. For monolith structures, any
L/D  ({length/diameter) ratio can be
accommodated.

Tests of the plasma/catalyst processor have been
done using both a simulated exhaust gas mixture
and a real exhaust from a Cummins B5.9 diesal
engine.

outlet
CATALYST gas
reduces
NQ, and HC's
to N,, CO,, H,O

PLASMA
oXidizes
NO and HC’s inlet
1o NO, and gas

partial.-ox. HC’s

electrical _.. wire
power electrode

Figure 2. An smbodiment of the plasma-
assisted catalytic reduction process. The
same rasult is achieved if the catalystis
placed inside the plasma reactor.
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Catalysf- The aim of this paper is to demonstrate
the Improvement in NC,, reduction efficiency that
can be accomplished by combining an SCR
catalyst with & plasma. For this purpose we have

chosen v-Als0g as a representative SCR catalyst -

forthree reasons. First, many groups have shown
that y-AloOgq is much mare active as an SCR
catalyst for the reduction of NO, compared 1o NO
[3,43-47]. AloO3 is one of the best non-
proprietary materials for taking advantage of the
presence of NOo. Second, sevaral studies [48-49]
comparing a wide variety of SCR catalysts,
including zeolites and metal oxides, have foundy-
AloOg to be one of the most active for NOy
reduction by hydrocarbons. Third, y-AloOgcanbe
prepared in a hydrothermally stable form, thus
making it a suitable catalyst or catalyst support for
a practical device. Studies using a real diesel
engine exhaust have shown that y-AloQOxg retaing
its NQy reduction activity over a long period of
time [50].

Combining a plasma with 1-AizQ43 can provide
NOy reduction efficiencies much higher than
thuse achieved by lhe conventional approach of
loading a metal on ¥-AlxOg. Figure 3{a} shows the
NO reduction to Na for y-AlbOg, The temperature
operating window ocgurs at a high temperature
and is narrow. The addition of 2 wi% Ag to -
AlpOg increases the NO reduction in the lower
temperature region, as shown in Figure 3(b).
When the input gas feed contains NO» instead of
NO, the NOx reduction activity over 1-AlsOg
increases dramatically over a wide range of
temperature, as shown in Figure 3({c}.

Figure 4(a) shows the NO reduction to N» for 2
wi%e Co/AlnOg. With the same catalyst the
reduction activity in the lowsr temperaturs region
is Increased when the input gas feed contains
NO»o instead of NO, as shown in Figure 4(b).
However, when NOs is used with pure 1-AloOpy,
the NOy reduction activity is higher over a much
wider range of temperalure, as shown in Figure
4(c).

Figure 5 shows the NOy reduction to Ny overa
maonolith washooated with y-AloQOg. The NOy
reduction is much higher when the input NOy is
NO2 instead of NO.

~ Figures 3-5 iliustrate how the conversion of NO to
NOs can significantly increase the SCR activily.
The gas feeds used were dry. It is known that
Hz0 degrades the SCR activity of y-AlpOg. The
negative effect of HaO on the SCR activity of
various catalysis, anc how the effect can he
overcome, isan important topic that is outside the
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scope of this paper. In the next section we will
show the SCR activity of 1-AlsOq for a real diesel
engine exhaust, which ¢ontains about 5% HsO.
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Figure 3. NO, reduction to N, as a function
of temperature. (a) NO overy-Al; 04, (b) NO or
NO, over 2 with AgfAlL04, (¢) NOo over v
Aly0Og. Catalyst weight, 0.25 g. Dry gas feed,

. 1000 ppm NO or NOg, 1000 ppm CgHg, 6%
Q9 balance He at 100 mL/min. Space velocity
= 12,000 fhr. Data taken from Ref. [46].
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Figure 4, NO,. reduction to Np as a function
of temperature. (@) NO over 2 wi%
ColAl03, (b} NO3 over 2 wit%i CofAly04, ()
NO., over 1-Al,04. Catalyst weight, 0.25 g.
Dry gas feed, 1000 ppm NO or NO5, 1000
ppm CaHg, 5% O,, balance He at 100
ml/min. Space velocity = 12,000 /hr. Data
taken from Ref. [47].
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Dissel Engine Exfiaust Data - Figure 6 shows
date on plasma-assisted calalyiic reduction of
NO,, using a slipstream of the exhaust from a
Cummins B5.9 diesel engine. The reactor usedin
this run consisted of a2 pulsed corona plasma
reactor packed with v-AlgOg peliets. The total
plasma + catalyst reactor voitime was 05 L. A
Cummins B5.9 diesel engine running with a 85
kW load was used as the source of NO,. The
engine-out NOy was 800 ppm. The exhaust
temperature was typically between 350 - 400°C
when the engine load is 95 kW. The temperature
of the plasma/catalyst reactor was set at 370°C.
Propene was used as the hydrocarbon reductant,
with a C{/NOy ratio of 5. Figure 6 shows the
amount of NOy reduction at space velocities of
12,000 and 18,000 fhr. The NO, reduction
increases dramatically as the energy density
delivered 1o the plasma is increased.

We have chosen y-AlbOgz as a representative
SCR catalyst that works very well in combination
with a plasma. However, it is not necessarily the
best catalyst for this purpose.

Actual exhaust from a diesel engine contains
around 10% COp and 5% or mare HoO, in
addition to the 10% Og. The HoO component is
known o decrease the SCR efficiency of v-AloOg.
Some studies suggest that #t is possible to
overcome the detrimental effect of HoO on SCR

activity. For example, Maunala et al. [18] have
observed that the aclivity of In/ AloO4 remains
high even in the presence of HxO when the input
NO,, is NOs.
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Figure 6, Plasma-assisted catalytic reduction
-of NGO, 8t 370°C in a puiged corona piasma
rescltor packed with ¥-AlaOg pellets. Totel
plasma+catalyst reactor volume = 0.5 L. The
NO, reduction Is shown as a function of ths
energy densily input 10 the plasma. A
Cummins B5.9 diesel engine running witha 95
KW Joad was used as the source of NQ,.
Propene reductant C/NO, =5, Space velocity:

{a) 12,000 M, and (bf 18,000 Mmr.

V. CONCLUSIONS

The oxidation of NO o NO» serves an important
rate in enhancing the efficiency for SCR of NOy to
N2. A non-thermal plasma is a very effactive
means for oxidizing NO to NOo in the gas-phase
underlean-burn engine exhaust conditions. When
combined with some types of SCR caialyst, the
plasma can greatly enhance the NO, reduction
and eliminate some of the deficiencies
encountered in an entirely catalyst-based
approach. The plasima can efficiently oxidize NO
{0 NOg over a wide range of temperatura without
depleting the amount of hydrocarbons available
‘or SCR of NOs to Na. Furthermore, in the
presence of hydrocarhons the plasma can oxidize
NO without oxidizing SO, thus making the
process tolerant fo the sulfur content of the fuel.
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PLASMA-CATALYSIS FOR DIESEL NOx REMEDIATION
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ABSTRAGY

A dielecttic barrler discharge device has been
built to test nonthermal plasma discharges for
simuiated diesel exhaust NOx removal. The
dovice has alsc been tested with selacted
catalysts contained either in the plasma or afier
the plasma. The test stand and simulated diesel
exhaust are described. Emissions are measured
by conventional automotive emission analyzers,
plus FTIR.

Dlelectric barrier discharges without catalyst
convert input NO to a mix of NO2, HONO, HNOS3,
and organic nitrates. QO3 is not created when
hydrocarbons are presemt. At 30 JA energy
deposition, approximatety 29% of the input NOis
“lost’ - i.e,, not present in any components
measured with the available instruments. Some
of the propene and propane hydrocarbon inputis
converted {o a variely of species, including CO,
CO2, aldehydes, and aleohols.

Piacing a Cu-ZSM pcatalyst after the plasma
device at 180°C eliminates the apparent NOx
conversion seen with the bare plasma. With this
catalyst fcllowing the plasma, only slight NO
conversion is s2en, and all of the input MO is
measured in the output sum of NO, NOZ, HONO,
and HNO3. This indicates that the apparent NOx
conversion of the bare plasma is actually

conversion to some {unmeasured) species which

can be reconverted to NOx by the Cu-ZSM
catalyst. It also indicates that background N2
does not participate in these low-power plasma
discharges. '

Placing a proprietary catalysi within the plasma
results in signifiecant NOx conversion. In this
case, 50% of the input NO is not found in
measured species after the plasma-catalyst
system. Remaining NO is converted primarily to
NO2. Placing a Cu-ZSMcatalyst after this system
does not degrade NOx efficiency.

It is concluded that significant NOx conversion
can be obtained in lean exhaust by employing

both the plasma discharge and an appropriate
catalyst.

INTRODUCTION

Nonthermal plasma systems are being
Investigated for NOxremaval in vehicle exhausts,
particutarly for diesel engines. This paper reports
work done as part of a USCAR Low Emission
Research and Development Partnership (LEP)
CRADA in cooperation with Batelle Pagific
Northwest National Lab (PNNL) and the
Department of Energy (DOE).

"TEST DEVICES

Dielectric barrier discharges are generated by the
device shown in Figure 1. This consists of a pair
of alumina plates, 18 ram wide by 90 mm long.
The plates are bonded together with 2 1.3 mm
gap between them. Gold electrodes are coated
onto the outside of the plates with wires bonded
{0 them for external connection. The device is
placed in a quarfz tube which In tumn is placed in
an oven to control tempermature. Gas blends are
controlied by mass flow controllars.

Figure 1. Dislectric barrier test device
These devices can have catalylic coating placed
on their inner swrfaces. However, for the daia
presented in this paper, catalyst matarials have
been coated on cordierite moncliths placed

downsiream of the plasma device. Two
proprietary catalysts are used for this data:
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« Cu-ZSM is a copper zeolite formulation
provided by a catalyst supplier. The tesl
piece is 25 mm long by 25 mm diameter.

s YA is a proprietary catalyst fomulation
developed by the CRADA paitners. The data
shown here uses two pieces, sach 25 mm
long by 25 mm diameter,

Electrical poweris delivered by a Trex 10/10 high
voltage amplifier, driven by an HP function
generator. Forthe data presented here, the input
waveform is a triangulzer wave with peak voltage
around 5.5 KV at 250 Hz frequency. Previous
testing, not reported here, shows that the results
are hot sensitive to waveform for this device.

Unless othernwise noted, the test conditions are as
shown in tha following tahle.

TWEM VALUE
{Zas Composition

ND § 280 ppm
GO § 400 ppm
H. § 133 ppm
Ar § 1%
O, | 8%
CO, | 7%
QHE 1575 ppm G,
CHy | 525 ppm G,
HO § 7%
N, | Balance
[_Igmperature 180°C
| Flow Rate 25LPM

Enerqgy Deposition 3041
Table 1. Test Conditions

The primary gas composition measurememnt Is
made using Ford’s Real Time Emission Analyzer,
which is based on an FTIR and provides
measurement of as many as 23 gas
goncentrations at three sacond intervals. (1)
Additional gasses can be analyzed by precessing
FTIR interferograms. Additional analysis
equipment included 2 Beckman OM-11 oxygen
analyzer, a Beckman Model 851
chemiluminescent NOx analyzer (CLA), a
Beckman Maodel 400 FID hydrocarbon analyzer
and Beckman Model 864 NDIR analyzers for CO
and CO,.

Conversion of NOx is measured as percert
remaoval, comparing the inlet concentration to the
ouilet concentration. The REA FTIR measures
NO, NO,, HONC, NH,, and N,O. In addition,
several cther rnitrogen-containing species ave
measured by analysis of the spectra. The CLA
measures “NOx" by passing the sample gas over
a heated catalyst and then through the
chemiluminescent detection cell. The catalystis
designed io convert NO, to NO without
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conversion of NH; to NO. However, the effisiency
of the catalyst and the accuracy of the detector
call are known to be affacted by intetference from
other compounds, particularly formaldshyds.
Thus, 25 ppm of formaldehyde (CH,D) is
expected to read as approximately 3.5 ppm NOx
in the CLA. 32 ppm of methanol {CH,OH) will
read as 0,6 ppm NQOx. The REA FTIR instrument
has no such interference, and is used to
measured CH,0 and CH,OH inthe present study.

In the following section, we will compare the NOx
conversion efficiency as measured by several
different analytical methods.
PLASMA-CATALYST RESULTS

Four configurations were tested in this study:

« The plasma device without a catalyst

» The plasma device followed by a Cu-ZSM
catalyst

+ The plasma devics followed by catalyst “A”

« The plasma device followed by catalyst “A”
followed by the Cu-ZSM catalyst

Figure 2 shows results for the bare plasma.
Several gas concentrations are listed both with
and without power to the plasma. The plasma

- gonverts hearly all of the input NO. A large

fraction is converted to NO, with smaller
guantities of N,O, nitric- and nitrous- acid (@bout
equal quantities) and methy! nitrate, “sumHC” is
an REA FTIR measurement which uses generic
hydrocatbon bands to measure the total HC
conceritration; it corelates well with FID
measurement. The plasma partially oxidizes
inputHGC. Asusual inpartial-oxidation processes,
this results in CH,O formation along with a large
vatiety of hydrocarbon species.




Plasma |Conversion

Component Formula off  on %
nikic axide NO 267 k3 o7
nirogen diok. NQ2 8 170
{ritous ouide NZO !

acids HONOsHNO3 | ~ 4

aunHO “+Her 1937 1857 a0
mettynirale [ CHaoNOz | ~ | 16
methanol CH30H g 3
fomnaldehyde CHA0 ter

Sum N species 276 | 205 26
CLANOX 285 | 218 18
CLA Adj. CH20, CH3DH 265 | 168 29

*Befuw Ustection fmit

Figure 2. Test results for plasma
device without catalyst.
Concentrations are ppm.

NOx conversion is calculaled at the boitom of
the figure, in three diffsrent ways.  First, the
concentrations of all the nitrogen-containing
species as measured by the REA FTIR are
added. Next, the CLA urnadjusted NOx
reading are and compared to the CLA
readings that are adjusted forthe presence of
CH,O and CH,OH. It can be seen that the
uncomrected CLA meesurement gives
significantly lower NOx efficiency. The
corrected CLA measurement agrees well with
the REA FTIR daia.

Figure 3 shows FTIR specira taken during
this test. The upper trace is with the plasma
power off. The second trace hasthe plasma
power on. The third frace is the difference
between the top two; that is, a spectrum of
the products of the plasma operation. C M,
(the large peak just above 900 cm™ has also
been subiracted out of this trace for clarity.
The fourth trace is a reference spectrum of
methyl nitrate, CH;ONO,, which was taken at
Ford Research Labs by Tim Wallington and
his co-workers. The boltcrn trace is a
reference spectrum of methanol, CHyOH. It
is readily apparent from these traces that
methy! nitrate is formed in the plasma.

Figure 4 shows fest results for the plasma
fallowed by CuZSM catalyst. Unlike the bare
plasma, in this case the NO is largely
unconverted. Sinece the plasma device is
unchanged, this means that the CuZSM has
reconverted the plasma reaction producis
back to NO. Ncte that the acids and methyl
nitrale are alsp reconverted. There &
essentially no reduction of NOx to N2 over
this combination.

I Plasme off

Plagsma on

Abgordance
BREBE
L E

Wavenumber {om™)

1100

i’-’igure 3. FTIR spectra for the plasma

without eatalyst.
Plasma |Conversion
compoenent Formula ot | on %%
TN NO 284 | 260 )
nirogen diox. NO2 B h
nirous oxice N20 4 a
[acids HONO+HNOS [ *
[sumkic "HC 1678 {1852 28
Jethyiniate | cCHzONOD2 | * .
methancl CH3OH Tl 2a
jiormatdetyde CH20 6 136
{sum N specias 281 | 287 5
GLANOX 261 | 253 3
GLA Adj. GH2O, CHIOH 260 | 215 17
* Below detection mit

Figure 4, Test resulis for plasma device
tollowed by Cu-ZSM catatyst.

Note also that in Figure 2 an apparent NOx
conversion of 29% is measured. That is, the
combination of CLA and FTIR did not detect
the fate of 20% of the input NO. In the
absence of other analytical data this NO loss
may have beeninterpreted as NO reduction to
N,. However, since the NO reappears over
the CuZsM, it is apparent that in fact the
gonversion is io some other, unmeasurad,
product.

Figure 5 shows results for the plasma device
followed by the proprietary catalyst “A”, With
this calalyst, virtually all of the remaining NOx
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isin the form of NO, There are no detectable
acids or nitrates. As befcre, HC is pagially
oxidized and CH,O and CH,OH are formed.
NOx conversion is about 50%. Again, noie
the low measurement of conversion by the
uncorrected CLA.

Plagma | Conversion
Gomponent Formuln off | On %
nitric oxide NQ 280 | 117 538
nitrogan diox. NOZ K
nitrous axide N20 ST
Jacids HONOsHNO3 | ~ | 7
sumHC “HC? 1932 11335 31
memyinirale | CHaONQZ | |
mathanol CH3CH = 24
tormaldehyde CH20 7 | 146
|sum N species 286 | 142 50
CLA NOX 290 | 17¢ 39
CLA Adj, €H20, CH30H 200 | 137 53
*Balow detsclion bl

Figure 5. Test results for plasma device
"followed by proprietary catalyst “A”

Figure & shows the FTIR speclra for gas
samples taken downstream from both the
plasma and the proprietary catalyst. When
these specira are compared to the FTIR
vesults shown in Figure 3, where there was
no catalyst after the plasma, it can be seen
that after the proprietary catalyst the mazthyl
nitrate product is reduced 1o insignifcant
guantities.

Figure 7 shows test results for plasma
followed by catalyst “A° followed by CuZSM
catalyst. Unlike the second case, where the
apparent NOx efficiency of the bare plasma is
turned off by the CuZSM, in this case the
CuZSM reduces measured NOx efficisncy
only a smali amount. It cannot be concluded
that the product is N, but it can be
concluded that the CuZSM does not convert
any products Dack to NOx.
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i /,‘L\
CH,OH
00 a0 " 1108
Wavenumber (cr™)

Figure 6. FTIR spectra for plasma

followed by catalyst “A”
. Plasma |Gonversion

Gomponent Formula Of | on k.
TtiG Oxde NG Z77 1341 | 48]
nitogen dlox. NOZ > i
nivaus oxide N20 * 6
2cids , HOMOWHNOS | *
sumHG HC 1813 | 1225 g2
methyt nitrate CHAONC2 ” i
methanol CH3OH T 2z
formaldehyde CH2D 8 181
Sum N spedies 279 i 152 45
CLA NOx 277 1 185 33
CLA Adj. CH20, CH3DH 276 | 148 46

_ *Below detection Kt

figure 7. Test resuits for plasma
followed by catalyst “A” followed by CuzZsm,

NOx conversion results are summarized in
Table 2. It can be ssen that the CLA
consistently underestimates NOx conversion,
primarly due to the interference from
formaldehyde.



Config. INO+NO, AW CLA  CtAad.
+HONO  Species for
Plasma kS 29 1& 29
Without
Plasma - 8 5 3 17
CuZsM
Plssma - 55 50 39 53
IAF i
Plasma - 49 48 3% 46
“A’ -

Table 2. Summary cf'_NDx conversion for
four test configurations and four NOx
measurement techniques.

NO, YERSUS NC INPUT

It has been specufated (for instance,
Penetrante etal, (3) ) that an imporiant
mechanism of plasma-catalyst reactions is
conversion of NO 1o NQ. in the plasma,
followed by heferogeneous reaction of NO,
with HC over a cafalyst. As a test of this
hypothesis, we replaced the NQ in our feed
stream with an equal amount of NQ,. The
same plasma test device and proprietary
catalyst “A” (but not CuZSM) wete used.
Figure 8 shows HGC and NOx conversion
efficiency with NO, and NO as the input. The
left most pair of bars is for the NO, feed with
plasma power off. The secon¢ set is NO,
with plasma poweron. The third setis forire
NO feed with power off, and the finai pair is
NO with plasma power on. It can be seen
that there is no NOx conversion when the
input gas Is NO,, oither with or without
plasma power. HG conversion is roughly the
sarme with power on, with eithar NO or NO,
input,

L=l

Figure 8. HC and NOx canversion with NO,
versus NO, with and without plasma power.

Figure 9 shows NO and NG, concentrations
for six conditiors. The left most pair of bars
.shows NO, input with flow bypassed around
the reactor and catalyst. This shows, as

expected, that all the NOx is NO, in the input.
The second pair of bars shows NQ, input,
power off, flow through the reactor and
catalyst. The catalyst convetis about 30% of

. the NO, to NO, but the sum (NO+NO,) is

constant. The third set of bars is for the same
input conditions as the second set and shows
essentially no change when the plasma power
Is tumed on. The fourth set of bars is for NO
input, bypassing the reactor. There is sfight
conversion of NQ to NO, in the heated
stainless steel lines. The fifth set of bars
shows NO input, power off, flow through the
reactor. There is no difference in oulput
concentrations betwean this and the bypass
condition. The final pair of bars where
conditions are NO input with power on and
flow through the plasma and catalyst about
50% NOx reduction, and most of the
remaining NOx as NO.

e

B
: -
e % 3 &z

L S

-4
4

Ha -

Figure 8. NO and NO, concentrations in ppm.

These results indicate that for catalyst “A” the
NOx reduction is not a simple reaction
between NO, and HC over the catalyst. With
or without plasma, NO, input does not result in
net NOx reduction. Since eatlier data showed
that the bare plasma coed indeed convert NO
to NO2, then it is apparent that there are
important species created in the plasma in
addition to the NO, that play a key role in the
reduction reaction and that ars not created
when NG, is passsd through the catalyst
without the plasma. Further work is neededto
fully understand this phenomenon.

CONCLUSION

+ In these experiments, plasma without a
catalyst does not give real NOx reduction,
only conversion 10 a variety of species
which ¢an be reconverted to NOx by
CuZSM catalyst at 180°C.
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+ A suitable catalyst such as “A” can
produce larger conversion, and the
products are not reconverted by CuZSM

« Plasmas can create a wide variety of
reaclion products, including - CH.Q,
CH,OH, and CH,ONO,,.

+ Use of standard chemiluminescent NOx
analyzer can lead to incorrecl
measurement of NOx efficiency if
interference species are present.
Suitable instrumentation needs to be
used to reduce this possibility.

+ The NOx reduction mechanism is more
complicated than a simple NO, selective
catalytic reduction with HC. Furtherwork
s needed to elucidate the machanism.
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NITROGEN MEASUREMENT FROM NOx REDUCTION FOR A PLASMA
CATALYST SYSTEM IN SIMULATED DIESEL EXHAUST

M. Lou Balmer, Russ Tonkyn, and I. Steven Yoon
Pacific Northwest National Laboratory

John Hoard
Ford Motor Company

ABSTRACT

Recent work has shown that ensrgy efficiencies
as well as yields and selectivities of the NO,
reduction reaction can be enhanced by camhbining
a plasma discharge with select catalysts, While
analysis of gas phase species wih a
chemiluminescent NO, meter and mass
spectrometer shows that significant removal of
NO, is achieved, high background concentiations
ofnitrogen preclude the measurement of nitrogen
produced from NO, reduction. Results presenied
inthis paper show that N, from NO, reduction can
be measured il background N, is replaced with
helium. Nitrogen production results are presented
for a catalyst system where the catalyst Is in the
plasma region and where the catalyst is
downstream from the plasma. The amount of N,
produced s compared with the amount cf NO,
removed as measured by the chemiluminescent
NO, meter. Consicderabie varation inthe amount
of N, measured as a resuit of NOx raduction has
been observed. The measured nitrogen from NO,
reduction accounts for 715% of the ltotal NO,
removed in a single stage ccnfiguration and
50"6% for a two stags configuration. Analysis of
product gases by Fourier transform infrarad
spectroscopy revealed that specios such as, NJO,
HONO, HNQO,;, NO,, and CH,ONO, are not
present in detectable quantitiss.

INTRODUCTION

Non-themmat dielectric barrier discharge systems
are being examined for reduction of nitrogen
oxides in diese] and lean burn vehicle exhaust.
While theoretical and experimental wotk has
shown that gas phase discharges can lower NO,
and hydrocarhon concentrations in simualaied
vehicle exhaust, the energy efficiency and
selectivity is low, [1,2] - Recent work has shown
that energy efiiciencies as well as yields and
selectivilies of the NQ, reduction reaction can se

enhanced by combining the discharge with select .

maferial surfaces. [2,3]
Dicsel and lean bum exhausts contain a complex
mixture of components that contribute to the

overall chemistry promoted in the gas phase and
on the surfaces of catalysts. The interactions
between hydrocarbons, NO,, water, oxygen, and
hydroxyl radicals created in the plasma can
potentially lead to a number of unwanted reaction
by-products such as NO,, N,O, HONO, HNQ,,
CH_.0 and organo-niirates.

Direct delection of N, from the reduction of NO,
has not been demonstrated due to high
concentrations of N, in the exhaust streams and -
relatively minuie starting concentrations of NO
(50-500ppm}. Thereiore, reporied NO, reduction
is derived from the amount of NO, that
Adisappears@ and which is not detected as other .
by-product species. Potentially large erors inthe
amount of NO, Areduced@ can occur if the
appropriate suite of analysis equipment is not
used to measure all product gases or if surface
adsorbed NO, is not measured.

The purpose of the study described in this paper
Is to determine if nitrogen from NO, reduction can
be detected and quantified downstream of a
plasma catalyst system that shows apparently
high NO, reduction efficiency. An earfier study [4]
using the same catalyst found that only 45% of
NOx that disappeared was converted to nitrogen,
however, quantification of nitrogen was affecied
by large variations in background nitrogen
concentrations. Inthis study background nitrogen
levels were dramatically reduced and
quantification techniques were improved.

EXPERIMENTAL

A proprietary catalyst was iésted in two
configurations. In the first configuration, the
catalyst is in the discharge region in a dieleciric
barrier packed bed reactor. In the second
configuration, the catalyst is placed downstream
from the region in which the discharge acours.
These two configurations are shown
schematically in Figure 1.
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configuration where the catalyst is -
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A dielectric barrier packed bed reactor described
in Tonkyn &t al. [2] was used fo generaie the
plasma. The feed gas conditions were varied for
each experiment and are describad inthe resuits
section. The product gases were analyzed witha
chemiluminescent NO, analyzer {CLA), a mass
spectrometer, and a gas chrornatograph (ge).

The power deposited into the reactor was
measured with & capacitive circuit and a high
voltage probe. [2] The beta (B) parameter, which
is used to characterize the energy efficiency of
the discharge trealmenl, is represented as
follows:
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[NOJ = INOJ; + (INOJ, - [NOJ) * &™*

where [ is the first order decay parameter in
Joules/standard liter, [NOJ] , is the initia) NOx
concentration and [NO,], is the final limiting NO,
goncentration.

RESULTS AND DISCUSSIONS

Two experiments were conducted using the
single-stage configuration shown in Figure 1a. in
the first experiment the exhaust gas mix
simulated diese! andiean burn conditions withthe
fallowing concentration of gases: 250 ppm NO,
525 ppm CHe, 75 ppm CH8, 7% H,0O, 8% O,
7% CO,, 5000 ppm A, 400 ppm CO, 180 ppm H,

- and nitrogen balance. The temperature was

mairitained at 180£C and the gases were flowed
at 4 LUmin {o give an hourly space velocity of
12,000 hr* over the catalyst. The NO and NO,
concentrations as a function of input energy as
measured by the CLA are shown in Figure 2. The
differance in NO and NO, measurement is the
amount of NO that is oxidized to NO,. The data
show that a maximum of 67% of NO, is removed
and presumably reduced to N,.
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Figure 2: NO, conversion as a function of
input energy for a lean NO, gas mixture at
180°C and 12,000 hsv,

In the second set of experiments the N, carrler
gas was replaced with He so that N, from NO
reduction could be detecled using a gas
chromatograph and mass spectrometer. The gas
mix contained less CO, (4%) and water (2%) than
the mix with the nitrogen carrier. Removal of CO,
CO,, H, and Ar from the gas stream does not
affect the distribution of NO and NO, in the have
shown that hydrocarbon and oxygen

- concentrations do affect the NO, reduction

product gas stream. Earlier unpublished resuits
chemistry in similar plasmarcatalyst systems. In




addition, the presence of water affecis the
chemistry in the range of 0-2%, however, no
change in product distribution is observed with
increasing water concentration above 2%. The
temperature and space velocity was 200gC and
9000 hr! respectively. Figurs 3 shows the
percent of NO and NO, remaved as a function of

input energy for this mixiure.
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Figure 3: NO, conversion as a function
of input energy for a gas mixture
cantaining, 250 ppm NO, 700 ppm C,H,;,
8% )., 9% H,0 and balance He.

Comparison of Figure 2 and Figure 3 reveals that
while the energetics of NC, destruction are more
efficient in the He mixture, the product distribution
(NO and NO,) appears to be similar. K is worth
noting that this result does not prove that the
predominant chemical mechanisms in He and N,
carier gases are the same.

For the gas mix with the He carrler, the nitrogen
concentration in the exhaust from the reactor was
monitored using a gas chroraiograph equipped
with a thermal conductivity detector. A 5A
molecular steve column on the gas
chromatograph was used to separate N, and O,.

Figure 4 shows the area under the nitrogen peak
ag a lunction of ime with the plasma on {energy
deposited at 22 J/1) and the plasma off. Figure 5
shows the corresponding NO and NO,
concentrations as measured by the
chemiluminescent NO, meter. It can be seenin
Figure 4 that when the plasma is inifiated (100
min}, the nitrogen signal increases significantly
and a comesponding decrease in NO, is
measured by the NO, meter. There is a slow rise
Innitrogen concentration over the first 50 minutes
after which the nitrogen concentration remains
constant, When the plasma is turned off (300
min.), the N, drops to the background level and
the NO, returns to its original concentration.
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4] W o0 o X L v
Winufes

Figure4: N, production measurediythe
gas chromatograph downstream from
a catalystin plasma with He carrier gas.

300 400 500
Time (minutas)

Figure 5: NO, removal in He as
measured by the chemiluminascenti NO,
meter. This data corresponds io N,
production illustrated in Figure 4.

If the propylene is turned off with the plasma on
(data not shown), the N, drops slowly back to
baseline concentrations over a 25 minute time
period and the NO and NO, concentration
increases concomitantly. This indicates that 1.)
propyiene is necessary for NOx reduction, and
that 2} there is siorage of propylene on the
surface which continues to react to reduce NOx to
N, until the propylene is depleted.

Standard additions of 25, 50, and 75 ppm of N,
were added to the lean mix with the plasma on
and off to calibrate the gas chromatograph
andquantify the concentration of N, The
response of the go as a function of nitrogen
concentration is plotied in Figure 6 forthe plasma
on and the plasma off. It is hypothesized that
the difference in slope of the two lines Isdue toa
minor amount of nitrogen radical formation from
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N, when the plasma is on. The slope of the ling
with the plasma on was used to caloulate the
amount of ritrogen fermed by the plasma to
account for N1 formation from N, produced from
NOx reducticn.
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Figure 6: Gas chromatograph calibration
curve for standard nitrogen additions with
the plasma off and the plasma on.

The slope of the line with the plasma off was used
to calculate the background oncentiation of
nitrogen. From this, 52 ppm of N, is formed with
a corresponding NO, loss as measured by the
NO, meter of 155 ppm. Therefore, if &ll of the
removed NQ, is converted o N, 77.5 ppm of N,
should be produced. Comparing this value to the
amount of nitrogen detacted, 76% of the NO,
removed can be accounied for as nifregen.A
similar set of experiments was performead for the
configuration where the catalyst is downstream
from the plasma reaclor {two-stage). For this
configuration the catalyst was coated onto a
cordierite honeycomb monolith which was placed
downstream from the plasma reactor. Gas
samples were taken between the reactor and the
catalyst bed and downstream from the catalyst
bed. Figure 7 shows the NO, destruction

efficiency as a function of energy deposited inthe -

reactor for the two-stage configuration before and
after the catslyst. The reactor temperature was
1808C and the catalyst temperature was 150=C,
The gas mixture contained 7.5% oxygen, 4%
CO,, 2% water, 0.2% GO, 750 ppm C;Hg and 270
ppm NO. The space velociiy was 7500 hr!. Note
that this mix contains less water than thatused for
the single-stzge fests.

As illustrated in Figure 7a, the primary effect of
the plasma is to convert NO to NO, with little
apparent reduction of NO,. Also, mass
spectrometer measurements (not shown}indicate
that the propylene is partially, but not completely,
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oxidized over tha energy range tested. These
resulis are similar to resulis published in the
literature. [3,5] The maximum apparent NO,
reduction is 80% downstream from the catalyst
bed, (Fig. 7b) which is similar to the vaiue
obtained for the single-stage- reactor, however,
energy efficiency is about ten fimes higherin the
2-stage configuration.
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Figure 7a: NO, destruction efficiency in a
simulated lean NO, mixture afier the plasma
reactor but before the catalyst bed.
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Figura 7b: NO, destruction efficiency
downstream from boththe reactorandthe
catalyst bed.

The NO, removal efiiciency for the two-stage
reactor configuration ina helium carrier with 7.5%
oxygen, 2% waler, 750 ppm C;H;, and 270 ppm
NO ata space velocity of 7500 hr' isillustratedin
Figure 8. Again, the product distribution {NOC and
NO,) in the He mix and in the N, lean bum mix
are the same, with higher energy efficiency in the
He mix.
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Figure 8b: NC, destruction efficiency
downstream from both the reactor and the
" catalyst bed, '

The production of nitrogen and ioss of NO, was
monitored for the two-stage reactor using a gas
chromatograph and NO, meior. Figurs ¢ shows
the area of the ritrogen peask (measursd
downsiream from the catalyst) as a function of
time as well as the corresponding
chemiluminescant NOx meter rearfing. At one
minute the energy density was increased to 3 JL
and the corresponding nitrogen signal increased
while the NOx decreased by 77 ppm {32%
conversion). At 25 minutes known quantities of
nitrogen were added to the gas mix for nitrogen
quaniification. Afterthe standardN, additions (57
min) the power was increased from 3 JA o 7.4
J/L. When the power is increased, the nitrogen
signal increases ang the amount of NOx
removed increases to 94 ppm (39% conversion).

At 80 minutes another N, standard addition was
performed then the plasma power was turned off.
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Figure 9: N, production measured by a
gas chromatograph and NOx loss as
measured by the NOx analyzer
dgownstream from a catalyst in the
2-stage configuration with He carrier gas.

The gc response as a function of nitrogen
concentration is shown in Figure 10 for standard
additions at 3JL and 10JA. Considerable
varation in the amount of N, produced from NOx
reduction results from different interpretations of
the results, The slope of the calibration fine is
lower athigher power, again suggestingthat there
is some N! fornmation in a helium plasma.
Therefore, the calculated amount of NOx
converted to N, is 44% using the low power (3
JA) calibration and 56% using the high power
(7.4 J/) calibration. Interestingly, if we calculate
the increase in N, caused by increasing the power
1o the reactor, the value sxactly maiches the
increase in NOx conversion. For exampie when
the power is increased from 3 ML 10 7.4 J1., 10
ppm more N, is detected for an additional 20 ppm
of NOx converied.

In an attempt to account for all the nitrogen-
containing species, the catalysts were subjected
to long term plasma tests then analyzed for
surface adsorbed species using both tamperature
programmed desorption and wet chemical
analysis. These techniques showed that 13v2%
and 7“2% of the total NOx removed is adsorbed
to the surface in single-stage and two-stage
configurations respectively. While this increases
the nitrogen balance to about 84% and 57% for
single stage and iwo-stage configurations
respectively, it does not aceount for all of the
missing NO,.
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FTIR spectrometry was used to analyze for other
potential nitragen-containing by prod.cts usinga
parailel plate reactor and the same catalyst.
These tests were conducied at Ford Meior Co.
and ate published in detal elsewhere [6]. - The
parzallel plate reactor without the catalyst did not
reduce NO but simply converted it to NO,, similar
1o the reactor used in this study. The FTIR
monitored for NO, NO,, N,O, HONO, HNG;, and
CH,ONO, (meihyl nitrale), as well as for
hydrocarbon species. With the catalyst, the
concentrations of N0, HONO, HNO, and
CHaONO, were all below the detection imit of the
FTIR, which measurad an apparent NO, reduction
of 55%. Therefore, the missing MOx that could
not be quantified as nitrogen ¢an not be
accounted for from by-product formation to these
species, However, thers may be some other
‘hitrogen-coniaining speciesthat goes undetected

by FTIR. Further work nesds to be done to |

identify potential by-products. 1t is possible that
the NO, reduction as measured by the FTIR is
accurate (i.e. there are no additional nitrogen-
containing by-products) znd that the nitrogen
imbalance is 2 rasult of errors in the experimental
conditions used to measure and quantify nitrogen.
Substantial error in the measurement of the
quantity of nitrogen produced could result from
small changes in the background nitrogen levels.

As can be seen from Figures 4 and 9, the
nitrogen produced from NO reduction increases
slowly over time periods of up to 50 minutes until
it reaches steady state. Slow release of Ny from
the catalyst surface afier the plasma is off or non-
steady state conditions when the plasma is on
could also act to lower the measured nitrogen
produced from NOx reduction.
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CONCLUSIONS

Results presented in this papershow thatN, from
NO, reduction can be measured if background N,
in simulated diesel exhaust is replaced with
helium. Two reacior configurations where the
catalyst is contained in the plasma region (single-
stage) andwhere the catalyst isdownstream from
the plasma (two-stage) both produce N, from
NOx reduction. Comparison of the amournt of N,
produced as measured directly by the gas
chromatograph with the amount of NQ, removed
as measured by the chemiluminescent NO,
analyzer shows that 76% and 44-56% of the NO,
removed is reduced 10 nitrogen for single stage
and two-stage configurations respectively. FTIR
analysis of product species on a similar
plasma/calalyst syslem wilh a lean bum mix
containing N; (no He) did not reveal significant
proeduction N0, NO,, HONO, HNO;, or CHH;ONO,.
In addition, less than 13% of the NOx removed is
adsorbed o the catalyst surfaces. Further workis
needed o determine if the discrepancy batween
NO, reduction as measured by the FTIR and the
gaschromatagraphis due o undstected nitrogen-
containing by-product species, orto inaccuracies
in experimental gquantification of nitrogen
produced from NO, reduction.
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EVALUATION OF GAS PHASE PULSED PLASMA EMISSIONS SYSTEM FOR
DIESEL EXHAUST AFTERTREATMENT

K. A. Koshkarian and }A. Chanda
Caterpillar, Incorporated

Vishwesh Palekar and Madhu Ramavajjala
NOxTech, Incorporated

ABSTRACT

With emissions standards for diesei engines used
inon-highway applicaiions becomingincreasirgly
more stringent, the need for exhaust gas
aftertreatment becomes more fikely. Non-thermal
plasmas have received a lot of attention recently
as a lechnology that may hold significant potential
for reducing both NOX and particulate matter.
Caterpillar, Incorporated and NOxTech,
Incorporated have been cooperatively working to
evaluale NOxTech's gas phase pulsed power
plasma emission system for use in the heavy-guty
diesel (HDD) exhaust environment. The system
has been tested on a symthetic gas reactor test
bench using blended gas that simulates HDD
exhaust (without partculaies). In addition,
preliminary tesiing of the devics utllizing exhaust
from a Catemillar 3406 engine has been
performed, Resulis of the svaluation tests will be
presented. . :
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PLASMA MUFFLERS FOR NOx ABATEMENT
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ABSTRACT

This paper reports sfficient treatment of diesel
emission with transient, non-equilibrium plasma
created by a pulsed corona discharge. The
transient plasma {~50 ns) is found to reduce NOx
emission in a flow of 1-10 liters/second with
energy cost ~10-20 eV/molecule, sorresponding
to a fraction of source power of ~5%. The
efficiency of NOx reduction is a2 complex function
of parameters that include pulse width, pulse
polarity, current density, repeiition mie, and
reactor design. It was foundthatbest efficiencies
are correlated with & low current dengity
0.2 A/om®) and high repetition rate (1 kHz) under
high flow rate. Gareful optimization of ail these
parameters is required to reach cost effective
NOx reduction.

INTRODUCTION

Plasma processing for control of effluents from
many different sourcaes including diesel engines,
incinerators, and power plants is currently
receiving considerable aitention because these
approaches have potentially broad impact on the
reduction of hamnful gaseous pollutants. For
example, the removal of nitrogen oxides (NOx) is
an important problem, and has led to rlgid
regulation on the level of NOx emission [1]. E-
beam, pulsed corona, surface and silent
discharges have besn implemented to study
efficiency of NOx rernoval in many experiments
[2]. There are several issyes that affect the
practical application of pulsed plasma devices
including: i) energy cost, ii) byproducts emission,
iii) pulsed power implementation, and iv) reactor
design. Energy costs that have been reported
vary considerably-for example, intermsofenergy
cost per treated molecule from 3 to 500
eVimolscule (this approach to calculating enetgy
costs is discussedinref. 2). To be competitve for
remediation of diesel engine emission, the energy
cost should be <10-20 eV per NOx molecule ‘or
concentrations ~1000 ppm, which would
cotrespond to an overall power consumption <5%
of the iotal engine power. Electron beam

processing has been reported to have low energy
cost [4] following injection of highly energetic
electrons—requiring, however, a level of
sophistication in implementation that is
impractical at presemt for diese] exhaust
treatment. Reactors based on corona and silent
discharges have the advartages of relative
simplicity, scalability and lower capital cost than
exisling e-beam technology. Thus it is of inlerest
te understand the physical mechanisms and
practical imits to energy cost for this competing,
simpler technology. In this paper we preasent
experimental data on NOx reducticn from diesel
engine exhaust by a corona discharge with an
ehergy cost previously considerad aitainable only
by sophisticated electron beam methods.

" EXPERIMENTAL

The experimental apparatus reporied here
incorporated a discharge chambet, pulsed power
modulator, and gas manifold with controlier
gauges and emission analyzer. A number of
reactors were studied; a fypical pulsed corona
reactor consisted of a cylindrical chamber lengih
of 0.4 m and varying diameter—inner electrode 2-
34 mm and outer electrode 20-62 mm, It was
possible to vary the current density and “active®
plasma volume by varying the electrode surface
area. The reactor cathode suriace was typically
threaded to ensure a high local electric field with
increasing radius. The current density entering
the plasma volume was estimated for a nominal
cylinder surface 1 mm above the surface of
central. electrode. The term “active” plasma
volume is used to mean the volume which is
within this oylindrical surface (e.g. volume
enclosing the maximum eleciric field). The active
plasma volume can be visually detected at high
frequency as a bright plasma core a few mm
away from the hot electrode surface.

The pulse geherator supplied high voltage pulses
with amplitude ~40 kV, pulse duration of 50-100
ns (rise time 20 ns}, and repetition rate up to 1
kHz. in eatly experiments pulses reflected from
an unmatched load {the reactor and discharge)
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were absorbed In a matched pulse generator
load. Then we found that pulses reflected from
unmatched modulator load contributed between
5to 20% of energy input main pulse, so in further
experiments we used modulator with unmatched
load. By monitoring voltage and current signals
related to the discharge it was possible to
determine the energy depasition info the gas,
The total currént contains both the discharge
current and the current assoclated with charging
the capacitance of the reactor. The product oithe
discharge current and voltage during the corona
discharge yields the pulse energy E. The energy
cost € was calculated as:

_250eEsf

7 o ANOx [eV fmolecule ]
where fis the frequency in Hz, F is tha flow rate in
liter/s, and ANOX is the NOx reduction in ppm.
The power input into the discharge was varied as
a function of pulse length, voltage amplitude and
repetition rate. - Typical current and voltage
oscillograms during discharge are shown in

_Figure 1.
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Figure 1. A Typical Voltage/Curmrent Trace
for the Corona Discharge Reactor

Three seis of experiments using different diesel
engines were conducted:

L. Initial experiments used a 80 kW sngine
(Volkswagen Rabbit) operated at idle speed and
NO emission concentrations of 1C00-130 ppm.
Hare the exhaust temperature was 40-50°C. We
monitored the oullet gas composition using an
glectrochemical NO analyzer (Bacharach,
Nonoxor ). No other species conceniralions
were measured.

1. Subsequent testing used a 300 kW engine
operated under load with high NO emission (600~
1000) ppm. Exhaust temperature was varied
from 85 to 180° €, A Horba analyzer was used
forthe emission monitaring. This system allowed
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detection of the following components: NO, NO,,
HGC, CO, CO,, SO, [3].

i1 Recent experiments were performedwitha 10
kW diesel motor generator and variable electrical
load. Emission was monitored using a peoriable
glectrochemical LANCOM flue gas anaiyzer.
Typical emission constituents and their
concentrations are: CO — (400-800) ppm, CO2 ~
(2-4)%, NC=(120-400) ppm, NO2 ~{30-60) ppm,
CxHx — 120-800 ppm, 02 — (14-18)%. Here high
values in concentration of exhaust constiuents
refer to a Inaded engine.

Depending on the reactor dimension the flow rate
was varied between 100 and 1500 standard liters
per minute {flow velocity in reactor was between
1 to 8 m/s).

EXPERIMENTAL RESULTS

On varying discharge parameters {pulse width,
voltage amplitude, {requency, pulse polarity) it
was found that the energy cost changes
considerably, and that short pulses (~50 ns) are
more advantageous in energy cost than longer
pulses, in par hecause shart puises allow
operation with a highsr pulse valtage during the
time of treatment of the effluent. We found that

. the energy cost for NO removal is affected by

pulse polarity. The energy cost for posltive
corona (plus at the central electrods) is 1.5-2
times that for negative charging of the central
glectrode. This isbecause positive corona carries
hipher current at a given pulse voltage than
negative, though NOx reduction was aimost the

. same, and current is found here to be a orucial

parametes for determining of energy cost. Data
hereafier refer to negative corana and pulse
duration of 50 ns.

We performed experiments to compare the -
efficiency of pulsed corona discharges with and
without a dielectric insert under otherwise
identical expetimental conditions. As a dielectric
insert we used cetamic eylinder adjoined to the
outer electrode. The voltage amplitude and the
frequency were adjusted in such a way that these
approaches could be compared for the same
level of NO reduction. it was found unexpectedly
that the dielectric insert resulis in higher current
(conductive current, rather than displacement
one) and current density. Reduction of NO is
approximately squal, but energy cost with ths
dielectric insert is 2-3 times greater than for the
discharge without dielsctric. We discuss reason of
this effect later,

The high repetition rate regime is found to be
advantageous for both cases. It was also found




in our data that the energy cost decreases with
increasing frequency. Energy cost lowering
cccurs basically due to the decrease of energy
per pulse with increasing of repatition rate.

Table 1. Emission and energy cost data
obtained with 300 KW engine.

Hem |240 A/S00Hz{ Energy | 4DA/I kHz | Energy
Cone., ppm Gost cone., ppm Cost
in Cut] eV/imet iln Out| eVimel

NQx 1160 | 1010 3G g7¢ § 800 18

NO 1060 | 790 17 8¢ | 770 10

NO, | 100 | 220 80 | 120
co 303 | 352 . a3 | 350
€O% | 042 | D.12 012 | 012
HC 110 | €6 110 | 66

Table 1 and Table 2 list selected experimental
data cbtained in the different sets of experiments.
Despite the vardety of experimental conditions
(engines, reactor design), and analyzing units
(electrochemical and chemiluminescont) we
found that with optimal energy deposition into the
pas, energy effective NOXNO destruction by

putsed corona is feasibie.
Table 2. Encrgy parametars and NOWNO
reduction for various experimental
conditions.
Flow {l/sac} 4 4 24 24
f (Hz) 1000 | 2000 § 1000 | So00
Ep (Wpent®) 3E-5 |} 1855 | 88ES | 155
E* (/o) 2583 | 3E-3 § 1263 | B.3E-3
eNOx {(eVimol) 72 | 8 23 24
£NO (aV/mol) 20 | 46 16 1Cc
ANOY {ppm) 84 a7 113 70
ANO {ppm) 152 167 180 152
ANOX/ANO, 1.24 1.38 153 | 086

Ep is the speclfic input snergy per puise per cm®,
E*is the total specificenergy, ¢ is the energy cost
for NOx, and NO. ANOx and ANO are NOx and
NO reduction it absolute values {ppmy). The last
row is the ratic of ANOx reduction to ANG,
production {ANOx/ANO,).

Figure 2 summarizes experimental data obtained
in all sets of experiments with varlous reactors,
and varying pulse parameters and flow rate. Most
of the data were obtained in the first set of
experiments —this is why the data are plotted on
NGO removal-energy cost coordinates. To
esfimate total NOx reduction one divides the NO

. value roughly by 1.8. The goal of this figure is to

illustrate how the important parameters — the NO

removal and energy cost — are unpredictably

~ related to each other. Careful optimization of

experimental conditions resutted in maximum NO
reduction at reasonable energy cost.
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Figure 2. Total NO Removalasa
Function of Energy Cost for Various
Experimental Conditions

The most important figure of merit is specific
energy deposition in gas (Jiter =Ep times the
nurnbar of pulses, see table 2). it follows from
Table 2 that the energy-effective regitne is
achieved at E*~ 2-3 Jflitar. The anergy input is
related basicallyto the puised current, and current
shows rapid growth with voltage. However,
NO/NOx removal increases more slowly resulting
inincreasing energy cost(see Table 2); therefore,
we also plotted the energy cost vs. puised current
density (Figure 3). This figure seems 1o be
confusing as the extrapolation to zero cutrent
density (input energy) results in the maximum
efliciency. There should be an oplimum in the
energy input {current density). The clue, most
likely, is in the corona discharge uniformity, and
we discuss this later. Another cause for optimal
gnergy input is the competition between
remediation reactions and radical recombination
[4].
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Figure 3. Energy Cost Against the Current
Density for Various Expetimental
Conditions.

1} Reactor with increased “aclive” plasma volume [9], current
density 1.5 Alem?. 2) Reactor with diclactic insert; diameter
of innar slectrode 34 mm, the inner diamastar of ceramxc tubs
58 mm.

At a given enargy cost {e.g. at 5-10 ev/molecule)
meaximum NO removal is proportional to the initial
NC and HC concentration, and ‘aclive® plasma
volume (reactor dasign). We also believe that
NOx removal and energy cost depends on
patrticulate matter concentration, which is varied
fordifferent engines. For example, we found that
ablocking mechanical filter in upstream cf reactor
resuited in lower NOX removal and increased the
energy cost by a factor of 2-3.

The maximum NOx removal obtained in the set Il
experiments was between 10010 120 ppm (about
30%), with energy cost below 10 eV/molecule.
This it appears is a limit for a given reactor and
pulsed power conditions. As an efiective regime
is limited by optimum specific energy input into
the gas (which must be smail enough} the only
way lo increase the percentage of NOx removal
is to increase the ‘active’ plastna volume,

DISCUSSION

Plasma aftertreatment of diesel exhaust
principally relies on the removal of nitrogen
oxides (NOx) and other hazardous componenis
by highly reective radicals produced in corona
discharge by energetic electrons. Duting the high
voltage short pulse, energetic electrons and
radicals are generated and subsequently initiate
chemical reactions. For this, pulsed paramelers
(voltage amplitude and pulse width) must be
optimized in accordance with the reactor design,
and it is observed that these depend in subtie
ways on small variations in design. Short pulse
excitation is followed by a post-pulse period,
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which fasts, from 10s of micreseconds to 100s of
ms or longer [4]. Duwing this time various
remediation and oxidation reactions oceur, which
are as yet not well characterized, although
caleulated optimal time intervals for post-pulse
chemical reactions are ~1 ms [41.

The chemical reactions occur mainly in the gas
phase, but the plasma composition and
characieristics can be affected by heterogeneous
reactions of ions, electrons, and radicals. These
reactions can considerably decrease the energy
cost. For example, the lowest energy cost —
several eV per molecule — has been measured
using e-beam for 8O, decomposition [8,68]. The
authors found that the energy consumption is
affected by pulse duration [5] and current density
[6] decreasing with decreasing current density.
Further, Deminskii et al. [71discussed the kinetics
of a heterogeneous oxidation process which
invoives chemical reactions between gas and
aerosol particles with consideration of dissolved
components, transfer processes in gas and liquid,
and the dyhamics of the formation and decay of

_aerosol particles. They found good agreement

with experimental data and prediclted even less
energy cost ~0.3 eV/molecule. In this work we
attempted to study the relation between current
density and energy cost for corona discharge-
based reactors. Figure 3 shows the energy cost
of NO reduction plotted as a function of current
density.

Thus the energy cost of NO removal by pulsed
corona dischargeis also driven by currentdensity
similar to e-beam processing of SO, [5,6]
Reactor 2 with a dielectric insen, despite the low
current densily exhibits however much higher
energy cost. We had anticipated increased NO
reduction with low energy cost because this
reactor had big plasma volume and large area
cathode: the ratio of innerto-outer electrode
diameter was 0.58 (34 - 58 mm). Here the
dielectric barrier was supposedto prevent arcing.
Despite that, we found that discharge trends to
contract into bright filaments at high repetition
rate. This might be due to the fact that the volume
resistivity of alumina ceramic rapidly drops with
temperature; thus local area heating could
produce current filamentation.

One should note that the uniform plasma is a
major problem of corona discharge. Due to a
strong nonlineardependence of field emission on
the loca! electric field the number of starting
streamers is an exiremely sensitive function of
electricfield and cathode microgeomelry, whichis
bard to control. itis likely that at high current, the
current is carried by a finite number of fllaments,
rather than being equally distributed over the




cathode surface. Thus the energstic electrons
are generaied only in the sieamers whose
volume is a mall part of the total gas voiume {in
the limit the current can flow through a single
channel). This can explain the effect of pulse
polarity an eneruy cost. The streamer velocity is
-higher for a positive hot slectrode, which results
in strong current filamentation. It was visually
observed that at low current and current density
the plasma is more uniformly distributed over the
electrode surface than at high current. A high
repetition rate and flow appears to help smocthing
the current irregularities. This result is still the
subject of further study.

In puise corona discharge NO is parlly corverted
into NO,. The production of NO, was found to
vary with current density, and be minimal at a low
current density ~0.2 Alcim?, corresponding also to
energy efficient operation of the reactor (see
tables 1 and 2).

Thare are two key pathways for NO removal:
Reduction: NO+N-N,+0
And

Oxidation: NO + 070, - A; NONQ, + OH/HC —
A

here A -are various species.

The first reaction is most desiratle and acoording
to ref. 4 has the highest rate constant. However
recent experiments [10,17] indicate that only S to
20% remediation of NO occurs via reduction.

Ye have recently initiated & series of experiments
to study the spafial and temporal distribution of
NO (25-50 pprn in a dry air) in a single streamer
using kser-induced flucrescence (LIF). We found
that NO depletion occurs in & close proximity to
and along the sirsamer channal. Within a few
milliseconds following pulsed excitation NO
dastruction occurs. Thus NO remadiation may
occur slowly, sather than in a few ten’s of
microseconds [4]. This is also implies the
presence of an oxidation process.

Chemistry in heterogeneous media [7} may also
have significart and sometimes beneficial effects
for oxidation. It was found that there is a higher

energy cost fer hot exhaust 180°C, above the

vaporization temperature for water, corresponding
to elimination of droplets. A similar result was
previously reporied. [8]. Hydrocarbons are
favorabie for NO/MNO, oxidation but considerably
increase the pathways for varicus byproduct
productions.

SUMMARY

Energy cost measuremants of NO-NOx removal
from diesel exhaust with a pulsed corona
discharge has been experimentally studied. After
optimization of pulsed parameters (polaity, pulse
width) we found that the energy cost is driven by
current decreasing with corresponding current
density decrease. Best efficiency (<10
eVimolecule) is oblained at current density <0.2
Aferm? and repetition rete (~1 kHz). With
increasing current density (energy deposition into
gas) the removal efficiency decreases. Our
results indicate that a pulsed corona discharge
provides effectivea NO remadiation with energy
cost comparable o e-beam processing. The
spatial and temporal characteristics of streamer
discharge impose limitations on the removal
efficiency at high NO concentration so that reactor
design is ar important consideration. Another
issue that needs studying is a thorough analysis
of by-products generated by plasma reactor,
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