WO 00/51714 PCT/ GBOO 00714 - 1 Plasnma-Assisted Processing of Gaseous
Medi a The present invention relates to the plasnma-assisted processing of
gaseous‘g§q5 Apd in particular to the 5 reduction of th%xﬁﬂ&ﬁﬁﬁﬁﬂ% of one
or nore of nitrogenous oxides, particulate including carbonaceous
particul ate, hydrocarbons including pol yaromati c hydrocarbons, carbon
nonoxi de and ot her regul ated or unregul ated conbustion products fromthe
exhausts of internal conmbustion 10 engines. One of the major problens
associ ated w th tthesmeAd gt RURCeRELIY eagrfus digid i on engines is
the noxious exhaust em ssions from such engines. Two of the 15 nost

del eterious materials, particularly in the case of _ diesel engines, are
particul ate matt &g FREGRETT YIRS HONR TP 0xF deR} Bre iR TR TNsgGed

I ncreasi ngl breR\Ei nEe b S faecontriad 1 4 egud aih opsral eufHF ctdgchat er nal
conbust i engj ne .and v Q%cle manuf acturers to find nore 20 efficient ways
of renovihg rte%éjscgl% & at'l® i FHEHTEUI AT OFF otd i TOET it RbbudE RS engi ne
exhaust enm ssdiciess, pdnfrduitel nclud practackeonatedss fpamdichbetepnbusti on
nodi ficatio 'quf ' ' i t I ti one of
t he above c%‘%ﬁégﬁs O’S&%?ggﬁ%ﬂﬁ%g&g% d%@%%#@éh @%%g%§é§%§t §%¥%§?ons
tend to wor sEmdtigle sindiatlrr ireFelatednor curreowtdeed PORbEseign of
systems for, tdARRI NG NG thicdll dliea @ SSbensnt & oM 1 NE&hP@k L i 6QMDUStion
engi ne exhausts, have been investigated, particularly in relation to naking
such parkQ cA™t'&*S0 eni ssi on traps capabl e of being regenerated when they
have becone saturated with particulate nmaterial. Exanples of such diese
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development and use of internal combustion engines is the

noxious exhaust emissions from such engines. Two of the
15 most deleterious materials, particularly in the case of

diesel engines, are particulate matter (primarily carbon)
and oxides of Nitrogen (NOy). Increasingly severe

emission control regulations are forcing internal
combustion engine and vehicle manufacturers to find more

20 efficient ways of removing these materials in particular
from internal combustion engine exhaust emissions.
Unfortunately, in practice, it is found that combustion
modification techniques which improve the situation in
relation to one of the above components of internal

25 combustion engine exhaust emissions tend to worsen the
situation in relation to the other. A variety of systems
for trapping particulate emissions from internal
combustion engine exhausts have been invéStigated,
particularly in relation to making such particulate

30 emission traps capable of being regenerated when they
have become saturated with particulate material.

Examples of such diesel exhaust particulate filters
are to be found in European patent application EP 0 010



2 384; US patents 4,505, 107; 4,485,622; 4,427,418; and 4, 276,066; EP O
244 061; EP O 112 634 and EP 0 132 166. 1In all the above cases, the
particul @i 4er is 5 renoved from di esel exhaust gases(pMG?mﬁ%qgle
physical = trapping of particulate matter in the interstices of a porous,
usual ly ceramc, filter body, which is then. regenerated by heating the
filter body to a tenperature at which the trapped di esel exhaust -
particul ates are 10 burnt off. In nost cases the filter body is nonolithic,
al t hough EP 08@10US8dadeas snméntdioon 1t0Ve Uset &5f, &ltiarfi 4 2'beldds, atid e neshes
or netal screensgagel lpp YSpat enty; kA 1418 ¢l S REeS the dse @ ceramic
coated wire of " 'céram’'c fibres. 15 1'n a broader context, the precipitation
of charged, particulate matter by electrostatic forces also is known.
However, in this gaselipred RidAtd @adey madHey ﬁaaklte@ﬂaa&e maLtFtCHt liag ge

pl anar el ectrodes of taI SCr ens 20 GB ate 2,274 i scl oses a

net hod an aﬁﬁﬁ}oé(teés Saﬁser}?%’ncf{ otH% ep(ﬁ YitHifts from

i nt ernal conhu%@mﬁmgemglmanbdunkﬁtqymaxxenrnnMnhﬂ11ﬂuersbdmn5n1©a£es are
passed t hrou h ed roed et f er, referably
ferroelectri % %a\% nu u %‘Lﬁf g: el e?lérl cfslclgtges b@l “".}?l Itoil on o renovi ng
particul ates rb?ge@ﬁrdié:tadorby éspdacing |hhee|fditar Qﬂcbch'a? gﬁe tempdsttake

oxi dati on, ”&‘%r%ﬂl%}fj't%fé%% éaaedféwltléa&aﬁst RS es & HAd ogen, by
t he use of pell ets adapted to 30 catal yse the NOX reduction. Alsq, US

patents 3008bugyt off1.47 I8y @sfid W B £ iRy &Céiﬁf Hes @angiiiiic,

reduction of anithegen mxicdes.o :mw@tﬁs m&&&e&whw cspl@émmcerned
with the 35 red%ftlon of NO.to in %_Ient | ow di s h@rg§J
wire meshes or me scre S as we S patent
4,427,418 discloses the use of ceramic coated wire or

ceramic fibres.

15
In a broader context, the precipitation of charged,
particulate matter by electrostatic forces also is known.
However, in this case, precipitation normally takes place
upon large planar electrodes of metal screens.
20

GCB patent 2,274,412 discloses a method and apparatus
for removing particulate and other pollutants from
internal combustion engine exhaust gases, in which the
exhaust gases are passed through a bed of charged pellets

25 of material, preferably ferroelectric, having high
dielectric constant. In addition to removing
particulates by oxidation, especially electric discharge
assisted oxidation, there is disclosed the reduction of

NO, gases to nitrogen, by the use of pellets adapted to

30 catalyse the NO, reduction.

Also, US patents 3 983 021, 5 147 516 and 5 284 556
disclose the catalytic reduction of nitrogen oxides.
However, US 3 983 021 is solely concerned with the

35 reduction of NO to N in a silent glow discharge, the



WO 00/ 51714 PCT/ GBOQ 00714 3 tenperature of which is kept bel ow a val ue
at which the oxidation of N or NO to higher oxides of nitrogen does not
occur. TR®dR;skA4N0 Mention of any sinmultaneous renoval YHbONS. 5
US patent 5 284 556 di scl oses the renmoval of hydrocarbons 'lPr orp?(lﬁ)nt er nal
conbusti on engi ne exhaust em ssions. The3process involved is one of

di ssociation in an electrical discharge of the so-called "silent' 18 type,

that is to say, a dlscharge whi ch occurs between two el ectrodes at |east
one of whi ch TSR EERPT THel Cliels deCRieske 1 PR P i G hre oplenvidi gl helrge

chamber. Mentd:oidat Somresie 10fot heo p@@smbweﬂe@jaﬁd@, off Oh i BrHn r @8EEi Ng
catal yst on one of the el ectrodes conven£|onal dielectric barrier

pl asma assi st YT eac ?r%uﬁ%:%%:Tﬂ%flﬁ?s% oERY FHYSHELTFPRGti on US

5, 284, 556, cammmﬁaﬂcﬂfehxdfﬁn&rbmmﬂne situated between two el ectrodes at
| east one ©f which has a dielectric 20 barrier in the formof a thick |ayer
of an insulating nediumon its inner,surface. In order to generate a
plasma in such a dévirztenthed 24 enté afliskidses t tlee spamevabt ®€en t he

el ectrodes Misfar2oaF6ach Ar&hifhcalnyal y&@@é@{&téﬁ &@S@ﬁlﬁ%& i gni te.

The potential which appears across the main plasm vo ependent
upon the ratiFoiSIME capHes tRIFRESDF 1HEClWRel B2teRe PhyéisaPeiahb®nof the

gl asga vol Un&.hrb&iiral/@Bectil}“tB@@l td@s@lﬁércj}é est cm@t@oac@@p@&l téilﬁlelﬁ)@t enti al

1 vider. The tla Cross N _vo ne i S inverse

proport i o]ﬁed t@@“? ekéaa?)alcsf’ ?_a%c%ayt haat&risl?%r%%y tHe O%‘F%%rb?’l{‘@een
capaci t ance ofwa hel gf asrde s od unkeas heohewsf wisich hies potentaedéd di ffleeence
across It. -HHéVngQféséfgbed is an open discharge chamber. Mention

is made of the possible deposition of a NO,-reducing

catalyst on one of the electrodes.
15
A conventional dielectric barrier plasma assisted
gas reactor such as that disclosed in specification US
5,284,556, consists of a plasma volume situated between
two electrodes at least one of which has a dielectric
20 barrier in the form of a thick layer of an insulating

medium on its inner surface.

In order to generate a plasma in such a device, the

potential within the space between the electrodes must

25 reach a critical value before the plasma will ignite.
The potential which appears across the main plasma volume
is dependent upon the ratio of the capacitance of the
dielectric layer and that of the plasma volume because
these two entities create a capacitive potential divider.

30 The potential across the plasma volume is inversely
proportioned to its capacitance, that is to say, the
higher the capacitance of the plasma volume, the lower is
the potential difference across it. This effect can
cause a serious problem if the plasma volume is filled

35 with a gas permeable material which has a high dielectric



cause a serious problemif the plasma volune is filled 35 with a gas
perneabl e material which has a high dielectric WO 00/51714 PCT/ GBOQO 00714

4 const P go/S9e, as pellets of bariumtitanate, because tLpgcHGbLGRE! 2l
di fference across such a reactor bed may never reach the critical val ue

for the plasma to ignite unless the supply-voltage is very high, of the
order of tens of 5 kilovolts which my exceed the safe working voltage of
the dielectric barrier, or other high voltage conponents of the power
supply. It i§°oBAt8Bfeceush. efeDSld Afnveeatiivenh Gidanedid .déeceisEn Yhepr oved

reactor for phecpkasNtdasgeseedePhReREY RAH a FLRERAUDLIEMMNMnARGOr di ng
to the invention in _one aspect there is provided a reactor, for the plasm
aé’@gﬁ’? i (RS R %

assi sted proE&8§PnghGr CT1515 AN g 498t Sofare rodes
havi ng faci nghsushapey, vohe agepdrsaticay ofighhe dfaadiheg sdsracss el R

substantial | y.uni form and definj pace _therebetween, d a bady of
dieIectri% n%%ggyg tsp%@ﬁf%bﬁgg'becﬁﬁgh%%ﬁ%E%ﬁ%%?%%ﬁ%ﬁ“%&“’gqﬁ?(ﬁ i de the
20 sai d spac&hehdieberwwer batra il graldtherothigds vwaddsage sondundrarygt hs  of
whi ch ext end petyeeniiRe g%%&ﬁgusurfaces of the el ectrodes and which gas
passages are spaced apart romone another in a direction transverse to
the said facing surfaces so that a substantially uniform 25 distribution

of electric fieldreced snaciBest! RE IPRCprhiveamidin Rireald Qdesside
Accordin%ﬁto t he present invgptigp in.a %ﬁ%&pd %%Pe%%gghere is provided a
react or wiler 8n 1TRE ¥ EFGFEST 36 ard % e 357 18 HS0PTHC TR B 195 ¢
mat eri al whi ehgextends mecriass t he space between the el ectrodes and
includes a plurality of gas passages extending longitudinally of the body

of dielectric material to
According to the invention in one aspect there is

provided a reactor for the plasma assisted processing of

15 a gaseous medium including a pair of electrodes having
facing surfaces, the separation of the facing surfaces
being substantially uniform and defining a space
therebetween, and a body of dielectric material
positioned between the electrodes so as to divide the

20 said space therebetween into a plurality of gas passages
the lengths of which extend between the facing surfaces
of the electrodes and which gas passages are spaced apart
from one another in a direction transverse to the said
facing surfaces so that a substantially uniform

25 distribution of eléctric field occurs across the space
between the electrodes.

According to the present invention In a second

aspect there is provided a reactor wherein the electrodes

30 are embedded in a body of dielectric material which
extends across the space between the electrodes and
includes a plurality of gas passages extending
longitudinally of the body of dielectric material to
provide a plurality of electrically equivalent plasma

35 wvolumes extending in series across the space between the
electrodes.



provide a plurality of electrically equivalent plasma 35 vol unes extendi ng
in series across the space between the electrodes. WO 00/51714

PCT/ BOOWPoid714> Preferably the matrix of gas passages #Br/hﬁﬁ(f/odéiﬁl ectric
medi um between the el ectrodes is adapted to provide a potential difference
across the space between 5 the el ectrodessequal to half the supply voltage.
The potential difference across the space wll vary according to gas
flow, tenperature and gas conposition and therefore the overall size and
shape and position of [|ocation of the reactor.wthin the exhaust systemis

10 sel ected so as tr@fRASHE, thad i Bnees JdHBddisaptimpe condition are
m nimzed. The surfaces of Ihelgﬁgﬁﬁgss es can be coated,_ inpregnated or

general ly tr Y ¥ M| 0y 5T e teRopt Rt e &£ 9mt eri al
whi ch is cat alntviichl lay peaedritvienli riirfed eatdrore taritdies gase afsh @ padwdsul at e

processing. r tigns..t e carri-ed o i he reactor, or th as passages
can be fil eg%v%n t?%r%é:tgr%s&)epsere uaab]1 gtc% (l#an%fqoéh%usclfpl?cilyna\f%]ﬁaaqe?' %{tge geonetry
of the gas p@ssagésadr R tdwenyss gperomsabie figddagviil evamql , acdvahimpy be
dielectric, %n_gta@erfl%la%@attqﬂr@%{%gt#e SARAS 1 V&, ad.rq{é ects of the

catalytic material. Alternatively, the ielectri'c materi of the reactor

can itsel f b&heHsdare ttdpeversytsiee mrkHtarm ans tors Yakomme or
particul ate A%deAees YMG Heeatdd ity i gl rfalHd edailisd nsydie eactor.  The

gas per | e terial filling the passages can be catalytically-active or
non- cat al'yt i @ﬁqfef%ter‘?gﬂ?alqu-tcgm %Mttshi"‘gcr SFIEARIT pricie et At imHan
gaseous nedi wonddlttilougirea rciatiaiytdccal | y-acti ve material may be present 30
on the surface of non-catalytic dielectric material contained in the

reactor as a coating or it nmay be
The surfaces of the gas passages can be coated,

impregnated or generally treated by for example ion

15 exchange or doping with a material which is catalytically
active in relation to the gas and or particulate
processing reactidns to be carried out in the reactor, or
the gas passages can be filled with a gas permeable form
of such a material. The geometry of the gas passages or

20 the gas permeable filling material, which may be
dielectric, can then be adapted to negate the capacitive
effects of the catalytic material. Alternatively, the
dielectric material of the reactor can itself be chosen
to be catalytic in relation to the gas and or particulate

25 processing reactions to be carried out in the reactor.
The gas permeable material filling the passages can be
catalytically-active or non-catalytically thermally-
active with respect to processing of the -gaseous medium
although a catalytically-active material may be present

30 on the surface of non-catalytic dielectric material
contained in the reactor as a coating or it may be
present on or in the gas permeable filling material by
generally treating the material by for example ion
exchange or doping.

35



present on or in the gas perneable filling material by generally treating
the material by for exanple ion exchange or doping. 35 WO 00/51714

PCT/ CBOQyhokt7146 Gas perneable dielectric filling mat eri',@bci;&{/)oogn‘e
reactor can be in the formof spheres, pellets, extrudates, TIDres,

sheets, wafers, frits, neshes, coils, f-o®&rs, nenbrane, ceram c honeyconb
nmonolith or granules 5 or as a coating on any of the above shapes or-on a
ceram ¢ foamor ceram c honeyconb nonolith. In addition to optimsing the
pl asma di schar ge aﬁ@sgE@rﬁﬁééé§sﬂhale€H5F§cfé#ﬂé?GC@?tééﬁBﬂnﬁ@Foﬁ@eof one

or nore of thecabeye ceanpbeidseHet Boemeatesphebikt epesteugture with a non
10 uniform surface aéea and gorosi%% for eﬁgngle a.graded gor05|t when
presented to Thet BXRaGE gé@ Bart PREREPY yWeWRER  cOREEPni RGSPSFr i EGFafes as
descri bed i n padesnt mspbrahecateoamPCThGBEDEO0M0D78onGastheoregbbaudieel ectric
filling materjial_that : a LS| re r.15 _can al so be
housedgoutéid%?o?étﬁecgggéﬁg ?%g%%% %? #ﬁg Eggggtgﬁgggst gtgPhg gaseous
medi a can ei tperapassiepmnoaghceranscnheeevapmbefonelénher Ingatfiétpbasm

region or passo bBfoM9Bihhi sheebeskAk aitehaPgeshig %QEOBQBcEQEiﬁ%aSm
regi on. When pl aced outside the reactor, dielectric 20 filling material can
be repl aced byPREFGRFELISpOF§nefPEPSRAtABREI PECORBL BFi BPTENOEhEhgaaboVer m

described aboyenfiee utbe dbeteetticaflEliling matertake {Hhehegtnbg-filling
n act.as a selective filt as descrihed in the specification

mat eri al _ r (
of our aphli cattHRE" CBI66%550865% aTia B9'€B 58 26771°BAMPLEpRCTFIRFS.
Di el ectri c maperoaltprwhénappedespedi es bhei exhauthegpbaparttanlbelfade to
?EgﬁgL néftﬁg§b§§eé%ﬁgé%%¥%%fp§ﬁéi88?a£8stQS 885-PERESSEh "G, LERCLI Ons even
specification PCT/GB0O0/00079. Gas permeable dielectric
filling material that can be placed inside the reactor
15 can also be housed outside of the plasma region of the
reactor so that the gaseous media can either pass through
this material before entering the plasma region or pass
through this material after passing through the plasma
region. When placed outside the reactor, dielectric
20 filling material can be replaced by ceramic, polymeric or
metallic material in the same form described above for
the dielectric filling material. Dielectric filling
material can act as a selective filter as described in
the specification of our applications GB 99 24999.7 and
25 GB 99 29771.5. respectively. Dielectric material or
trapped species on it in the plasma can be made to appear
to act as a catalytic surface to the gas processing
reactions even though neither the plasma nor the
dielectric material nor trapped species alone need have
30 catalytic properties as described in the specification of
our application GB 99 29771.5.

When the gaseous medium comprises the exhaust gases
containing nitrogenous oxides and particulate material
35 such as carbonaceous particulate that are derived from an
internal combustion engine supplied with combustion fuel,



dielectric material nor trapped species al one need have 30 catal ytic
properties as described in the specification of our application GB 99

29771.5.“MWﬁgrﬁge gaseous nedi um conprises the exhaust gaﬁgﬁcB&ﬁﬁﬁﬁining
ni t rogenous oxi des and particulate material 35 such as carbonaceous

particul ate that are derived froman internal conbustion engi ne supplied
with conbustion fuel, WO 00/51714 PCT/ GOQO 00714 7 the exhaust gases can
contai n hydrocarbon either added separately or residually derived fromthe
fuel conbusttilen extirarsx RS A coritr i xdepszaPordel thee addedng as a

carbon combusddon-Lata) st tdtaiSt B tdeFiPedr £5@Atchdi ti&] |y in the fuel
or added separately to the _ exhaust and whose function is to | ower. the

combustion tEHHMHANE anthorefiRPSase® R nePrd t? of FRABYERL ordditive
car bonaceous gmiaid als Lardrorc ordaist s oo atat ysyscarhde ienecapisatat ed

i t hi dt fugiti ddi t.i that 10 ically d duri
or short1y” altere ol M EObUSE Bh THTeT Vol e38i AT TRe SR £ 5571 RSoCkRe 1 uel
or exhaust. dtwpdtesnl Wardont conbisti bs tat ddyst stlae ecombuat ionet a
salts, such as LN AT LAl £, 08604 Dodo | o OB 20 232 £15,8 cgg! um oxt de,

al kal i - et al anum oxi de- vanadi um oxi de, perovskites such as
La0. 9K0. 1CoO3- aiffePraa sepryayed edl prek ovska¥le@n ofopanadade ortatvabi aaki bAs of

such mat eri alg, @ ghoughesuehc ok bop peerbUshi Onr et el ¥8t 838801 AL Sehat
constitute aIHlor_ art of the dielectric fllllngEnaterlal ﬁ;frlbed above.

The 20 noHe of 46 P EFOTERRFC T 2t G YRY sOF sSHREEtY bRECFH

speci fi cat i oncdER 3B 00079 . rdheasisieg oftha sddboive conbasthenfaal abyst can

reduce the power_requirenents to .t S eactor fo reatin

car bonaceous %%h??%%1al SR %?i%f g%ﬁgégdgggg?%glg%l%%%a%ys %t?g

material. 25 alkali-metal salts such as lithium nitrate described in
GB 2 232 613 B, cerium oxide, alkali-metal doped

15 lanthanum oxide-vanadium oxide, perovskites such as
Lag ¢Ky.1Co0; and also layered perovskites or vanadate or

combinations of such materials although such carbon
combustion catalysts can also constitute all or part of
the dielectric filling material described above. The

20 mode of operation of such catalysts is described in our
specification PCT/GB00/00079. The use of a carbon
combustion catalyst can reduce the power reqguirements to
the plasma reactor for treating carbonaceous particulate
material and reduce the volume of active material.

25

For the reduction of nitrogenous material for which

zeolites are particularly useful materials, the plasma
can produce activated hydrocarbon from hydrocarbon
reductant in the exhaust as described in our publication

30 W099/12638 and/or convert nitrogenous oxides to nitrogen
dioxide as described in W0S59/12638 and PCT/GB00/00079.
It should be appreciated that material that is not
catalytic for the reduction of nitrogenous material when
not exposed to a plasma may develop catalytic properties

35 for this reduction when exposed to a plasma due for



For the reduction of nitrogenous material for which zeolites are
particularly useful materials, the plasma can produce activated

hydr ocar hydrocarbon reductant in the exhaust a j in our
RbolEAT ol e

publ i cation 99/ 12638 and/ or convert nitrogenous oOXi 0 nitrogen
di oxi de as described in W99/12638 and PC§/ GBOO 00079. It should be
appreciated that material that is not catalytic for the reduction of

ni trogenous material when not exposed to a plasma may devel op catal ytic
properties 33¥amplciw raduicid biomhien @xdloses @0 athptasphasne- f or WO

00/ 51714 PCT/{RIDUA 4 r& Qx4 Bs 1O A6 L Y34 £ 08 by, O BE OB QLnOtheLs

pl asma- generated free radicals or activation by plasm generated species
such as acti VREEH FHdardo RS ah P 679 Y ooeir Pt xdde. OF tRERBe¥ e be
appreci at ed thiasxidie. ditel Qeduid Be fapdiagi ABeErtvdt Ctﬁ&ﬂe%ﬁ?l@@tﬁi@CEd f
outside t asma _zone and out si the reactor wth, tiplicity o

addi tive ?ﬁjgéﬁi6ﬁK%6W? e%ﬁgﬁé%%?i%ﬁﬁP{hFV@g%ﬁﬁéG%%?Sl%ﬁ?g??tEiaﬁm%perties
can be furt heroreugmehtad dide hehe etexttor wieh da andl bipbidety char ged
speci es pres "y} 10. adi t o] r ant ot her

t han hydrocar(%ﬂnﬁgi %%%ﬁﬁ£ﬁﬁ?¢?%éﬁt?%d@%?é%??%ﬁg%ﬁnw%ﬁ%{g?ﬁ?%g speci es
such as ammoria:a liffels Rreguree Caieile Wwekher mugmegeredony athéng speci es

is used as aeleductantidQ dndrogedenss Oxideededuct{on grdoeparihcylarly
useful ¢ H@Iys . i s vanadi um pent oxi de- titani um di oxi de. en using a
ni trogen Cont3t IATRPT reyUctait 3R TRIL TR xi Yy TFLECRRT ueHeeEafhal so be
made after thhelmfddralent neas passestt hroughr-t heuphasiae zZogen of the reactor
bef ore cont ac i 1. %Qf ] yst g@ T?e invention wiltl now be described,
by way of ef%%%ﬁ%%h%m H é?g%%ﬁ%é o T he accomhanyThg dr @ RYsCin

acid. When a nitrogen containing species is used as a

reductant for nitrogeneous oxide reduction a

15 particularly useful catalyst is vanadium pentoxide-

titanium dioxide. When using a nitrogen containing

reductant species, mixing with effluent can also be made

after the effluent has passed through the plasma zone of

the reactor before contact with the catalyst.

20
The invention will now be described, by way of
example, with reference to the accompanying drawings, in
which
25 Figure 1 is a perspective view of the operative part

of a reactor embodying the invention for the plasma
assisted processing of a gaseous medium, and

Figure 2 is a transverse section of a second
30 embodiment of the invention.

Referring to Figure 1 of the drawings, the operative
part of a reactor for the plasma assisted processing of a
gaseous medium includes two planar electrodes 1 and 2 to
35 one of which is connected a high voltage supply cable 3.
The other electrode has a cable 4 connected to it by



which 25 Figure 1 is a perspective view of the operative part of a reactor
enbodyi ng the invention for the plasma assisted processing of a gaseous
medi um re 2 is a transverse section of a second j ment  of
t he |nvéﬁ@10n E@ferrlng to Figure 1 of the draw ngs, the‘§§8r§?|3@ part
of a reactor for the plasma assisted-proocessi ng of a gaseous nmedi um

i ncludes two planar electrodes 1 and 2 to 35 one of which is connected a

hi gh vol tage supply cable 3. The other el ectrode has a cable 4 connected
to it by WPI0F5271¥hpel EBOORDOPE4CODNCRESAS tof awhilékabiecan be connect ed

to a SUIéaifﬁun%ig@nﬁbﬂ?tpohmhe ém@cek@gbeodeana Qnar% éh@réuhﬁeaﬂded and
separate a_bo a di i c_mat orts_the

el ect r odes® %% %ﬁ8?¥?583 byga aggﬁ Eaﬂﬁlﬁl§§e§eGﬁFFSrW?§§5ggétlUHISP their
faci ng suréappsrtihéhedeééecrbdesnabethat thereqlsr adstbsranftainyt her ma

stabili% Pé?m Ségﬁggtgéneégagﬁgl?a§ag§ggerﬁ%ggﬁggﬁrﬁggis sel ected from

such ma er|a s as a um nas te ceramcs,
cordieritedigl¢tepncinatcarbhdelisnubtiisedr ta melidabie dhekmefiri c ceranic

material sgehpasit gaH}6§SGQU§a n%@SéfNEQﬁIHEBNbaé t%g%kg%ﬁge's”aﬂw pgte”t

speci fication W99 er of identical gas passages 6 exten
through theS PBHGCEeSf LHPBI BEER| BoRBEARLE 2FaraPlel 208 REMA| ect rodes 15 1

and 2 and §p@ﬁ§ﬂagpaaluﬁﬁﬁ6bQm@caﬂ@tb@kamﬂcé dbb@a&bemtetrgmizebﬁe to the
sai d f§§|n§ syrfaces ig Ehat a u% Egrgh |st t|on of electric field
occur s—acr o35 tHe’ sPa bethedn™ 309?8 riﬁ FHRE2HAS passages 6 are
separ at ed hyteegabnsuZhoés dhelmctaceonedgmasmhMmhAaHERMfaequal t hi ckness
and paralbel.{gsthe; gl g6hr gdeant QBQc§f§8a@§o£°w59§756373. A

number of identical gas passages 6 extend through the

body 5 of dielectric material parallel to the electrodes

15 1 and 2 and spaced apart from one another in a direction

transverse to the said facing surfaces so that a uniform

distribution of electric field occurs across the space

between the electrodes.

20 The gas passages 6 are separated by regions 7 of
dielectric medium which are of equal thickness and
parallel to the electrodes 1 and 2 so as to form a
distributed dielectric barrier between the electrodes 1
and 2.

25

The electrical isolation of the gas passages 6 from
one another prevents the plasma from forming a short
circuit between the electrodes 1 and 2. Also, it can be
shown that the maximum coupling of power into the plasma

30 volume between the electrodes 1 and 2 occurs when the
potential drop across the plasma volume is équal to half
the supply voltage. This can be achieved by a suitable
choice of the number and cross-section of the gas
channels 6. The supply voltage can be derived from a

35 resonant power supply that is adjacent thus in close
proximity to the reactor as described in our publications



distributed dielectric barrier between the electrodes 1 and 2. 25 The
el ectrical isolation of the gas passages 6 from one another prevents the

pl asma fmos?%m ng a short circuit between the el ect rOdﬁiﬂéB?‘g@ﬁé Al so,
30

it can be  shown that the maxi num coupling of power into

vol une between the electrodes 1 and 2 occuw s- when the potential drop
across the plasma volune is equal to half the supply voltage. This ean be
achieved by a suitable choice of the nunber and cross-section of the gas
channel s 6. TR SUFAGL 914 ddee Eredie deat e 9F ovwn a5l fesiohamt power

supply that ig@dgsrefotdws in close proximity to the reactor as
described in our publications WO 00/51714 PCT/ GBOQO 00714 - 10 W99/05400

and the specification of our application PCT/G0OQO 00108. If desired, the
gas channels 6 canteiddidet, wHd gas Tigamers neadde hodyi nesle wici@n

i nsul atin i al i.ch .is,.cat tic or non-catalytic towards fhe gas
and or pa?jt %%tp%rﬁn\rlgécpgsesibr?éiyr (%agd(%o fg S &) Jbrés%]a%}r ey et n8icRact or .
Al ternativel s tdegaslintfiar e ofort +us tyelsy tpias Sagesrd 6 e gpess paidreabl e filling
mat eri al can g ceafed Widh ; [ erl.al r_the. entire
body of di elp(%ctri Cc can l?e r%%eégﬁ]slﬁec aférr%/tgt et%l)ani?é. %ic%%i%%to Hothe

mat eri al , wWhitf@REET by At BPe et al§he cwifaess chtElytdas ipasdroes

presence or absaNeROfpdhea11as 8,11 dapendse 9k 1 heaf egui F MBI S, 19, process
ni trogen Qus 15 oxi destﬁ%:?[ articul ate material and other_ em ssions
p

descri bed pr &iBugt 2 Mt St i 1T oS refppee R35BEIYs on it in the
pl asma can belirdde trd cappenrbd makd oM welcat ahatd i SUr fage dnihe gas

processing r?r%(f:teir%%sl . GHaL lanl‘f:rg}Eyneiittshe § t]ohee cDa|Lt:aaslrgac1ncoroxt hr?or(lj—i electric

catalytic in the presence or absence of the plasma,
depends on the requirements to process nitrogeneous

15 oxides or particulate material and other emissions
described previously. Dielectric material or trapped
species on it in the plasma can be made to appear to act
as a catalytic surface to the gas processing reactions
even though neither the plasma nor the dielectric

20 material nor trapped species alone need have catalytic
properties. Gas permeable dielectric filling material
that can be placed inside the reactor can also be housed
outside of the plasma region of the reactor so that the
gaseous media can either pass through this material

25 Dbefore entering the plasma region or passes through this
material after passing through the plasma region. It will
be appreciated that the same material can be used in the
plasma zone as outside the plasma zone or combinations of
different materials can be used in the plasma zone and

30 outside the plasma zone and that exhaust gas and or
particulate processing reactions can be carried out by
combinations of identical or different materials in or
out of the plasma zone.

35 In practice, of course, the operative part of the
reactor is contained in an envelope which includes inlet



20 material nor trapped species alone need have catalytic properties. Gas
perneable dielectric filling material that can be placed inside the

react or be housed outside of the plasma region of the reactor so
t hat thé&gggékﬁgs medi a can either pass through this mat rGUFBYDREr or e

entering the plasma region or passes through-this material after passing
through the plasma region. It will be appreciated that the sane nateri al
can be used in the | asma zone as outside the plasma zone or conbinations
of differentan®a@%¥fétsséﬁhsbbYu@@énFnOﬁh@hpthswé ganebandn80rpotrsidd t he

pl asma zone apg ébﬁéw@%ﬁaﬂﬁ£oﬁéﬁ @Hﬁcﬁrth@aéghéHhétﬁeB%?ﬁeﬁé' B reactions
can be carried out inations o i ca erent materials in
or out of th%r%$%§%%dzbﬁeca§§e@ntﬁrQ%PWCéDdOWeEBEr§@r EREUSpBEPatheE part

of the react@lllSh@O@éﬁdn@ds@ﬁuanméﬂyﬁhOpasmébChhtﬂﬁbhdgﬁelQb@t WO

00/ 51714 RgT/ g;l - 11 and outlet stubs by neans of which it can be
i ncor por at ed |n pemnrk through which the gaseous mediumto be processed
is caused to flom/and means for ensuring that all the said gaseous nedi um

passes through the gas £ passagesnt. 1ALhovgh hle b@ggn&ggcrgéédbee“

described in terns of g anar geonetry as shown Tn
equal | y appll%%EW% ®h a.p ?m?ﬁdgﬁ@@?tﬁﬁoﬁﬁt$90§3 Shoﬁmgune1® Figuie 2,

al t hough in té‘qlsalllslﬁeapﬁhﬂcé@ﬂéa{:ot@l @i@@ﬁ@ﬁsﬁca@fgéaﬁeg@ Bassages ol
have to v in or de uniformradial potential g i eved.

The enbo %u%ﬁ éEa%f%?oﬂ%§c+?bEHlFnc?ﬁ%setﬁiaﬁ%@é%l ickpesgage
catalytic conwbnemmsgmg mQS$mgéalwgﬂlaha@artooﬁaﬁ§ an erassi ers-cont rol

ol s asei st it an ot dEkE Cho PHRELar JBL38 B EOR R A ne erfal combust i on
embodiments of reactor described in these examples may
include catalytic components or be installed as part of

15 an emissions control system employing catalysts or other
emission control devices for the plasma assisted
treatment of the exhaust gases from internal combustion
engines. Such other emission control devices may comprise
exhaust gas recirculation (EGR), variations in ignition

20 timing, fuel injection timing and fuel injection pulse
rate shaping. . The reactor of these examples can be used
in conjunction with a power supply and engine management
system as described in the specification of our
application PCT/GB00/(Filing data awaited Ref:15367 LgCm

25 priority from GB99 04069.3). An article ‘Stop go systems
get the green light’ in European Automotive Design, April
1998, pages 24-26 describes an example of an integrated
starter alternator damper system (ISAD).-Such an ISAD can
be used as part of a power supply system to power a

30 plasma assisted emissions control system of which a
reactor as described herein is part. In addition, other
power sources such as but not limited to fuel cells, gas
turbines, solar cells and heat exchangers can be the
primary or part-provider of the electrical-generating

35 power source that can also be used to power the power
supply system for the reactor.



engi nes. Such other em ssion control devices may conprise exhaust gas
recirculation (EGR), variations inignition 20 timng, fuel injection

tining injection pulse rate shaping. The reactof of %e e
exanpl es g”%%§é4used in conjunction with a power supply %ﬁﬂcgﬁ %ﬁg

managenment systemas described in the spe %hjlcatlon of our application
PCT/ &B00/ (Filing data awaited Ref: 15367 Lg 25 priority from GB99 -

04069.3). An article 'Stop go systens get the green light' in European
Aut onot i ve Design RAPetrting998, Fpgges 24a26ydésdribed apaexampbedef 2an

Loegorated | SLARLELee Lel PALOC, 3MRET AYSLEMLLLBARL HPahad, SeRiER" e

used as part of a power supp temto St 45si &
eni ssi ons con@?@le@?@@@ﬁﬁoﬁomﬁkéﬁléy #éaét@ylagd@é§éﬂlb@dyhéﬁepﬁ Bs part.

I'n addition, @éﬂﬁéra@ey\@rrégugegﬁtsaqalaétwb ﬂgke&hw edgbetugl chel I's,
gas turbi sol ar _ce at exchan ers can be the primary or

part - provi ere%?CFﬁ%d%Feair?E | £ geﬁéﬁaﬁl 185 ROWEPTEBLEESCt HEE can al so

be used to popessa@espgmebf eymmhﬁrsyaueﬁbtmrséb@rée@@t@y r&@hﬁ@l5l7l4
PCT/GBOC)’OO?léu - Ref e ?g g gure 2_a c Ilaﬁrlcal react or gy 20
consists of tWoERy n%?|03 ¢t 8 85997 RAGS39SSuhircATCaPre anbaade

co-axially inthacythﬁﬁracalSDDdy1@306Edaraﬂeaﬁéyaandeeaeh|granp difebaetric

material . Belucen.ibe SacleriLafends! ndn2?.aceoa 89TLes phocapgentr o gas

passages 24 o rica orm separate webs 25.
The gas pé@sa@%s 2@ 5¥@u§@ ér?@h@@émeﬂﬁapftﬁéﬁ aﬁ§egﬁp@nlnpé@e@yradoally

and each grouﬁlﬁésgéﬁ §§S§§§§§g8é QQérgﬁgﬁﬂdintQhEh@réﬁﬁhSSaQEhgﬁéh
passages 6 10, of tﬂf ﬂ% gure nt o%?t e invention. (Only t ri ngs
S

of gas passagks %t mﬂpPﬁeFﬁ@tﬁ ﬁé SPEnSBYRNELPIWLEI NBE appreC|ated
that the inventésonitsedoto ﬁSéthCbﬁ(ﬂyt awusefotuenl yihye)of such rings).

15 Unlike the Figure 1 embodiment of the invention, the
radial widths of the gas passages 24 are not the same,
but are a function of the distance of the centres of the
gas passages 24 from the inner electrode 22. This is
because the radial distribution of the electric field

20 between the electrodes 21 and 22 also is a function of
the radial distance from the surface of the inner
electrode 22. By a suitable choice of radial widths for
the gas passages 24, these two effects can be made to
cancel out, giving substantially equal radial electric

25 fields in each of the gas passages 24.

In this case, the inner electrode 22 is arranged to
be the high voltage electrode.

30 A particular use for such reactors is to reduce the
emissions of one or more of nitrogeneous oxides,
particulate including carbonaceous particulate,
hydrocarbons including polyaromatic hydrocarbons, carbon
monoxide and other regulated or unregulated combustion

35 products from the exhausts of internal combustion
engines. In this case, suitable dielectric materiéls for



15 Unlike the Figure 1 enbodi ment of the invention, the radial w dths of
t he gas passages 24 are not the sane, but are a function of the distance

of the c qf the gas passages 24 fromthe inner el This is
because ta’rg)te raofl al distribution of the electric field ZOE%&/%@%&?

el ectrodes 21 and 22 also is a function df3 the radial distance fromthe
surface of the inner electrode 22. By a suitable choice of radial w-dths

for the gas pas t hese two effects c made to cancel out,
gi vi ng substaﬁi zﬁﬁf eq’u;ﬂ G iR @B TS5 aﬁf@r?%s ceHeott® he gas

passages 24. muiltihies, caseyintdiesiinnert el eotanndss 223131@:15:11 angeid®, be the
hi gh vol tage nﬁ_lcgaf(\cté’&%e m&%&l@rééﬁﬁl{fés L?L?cﬁ As %\%LE&{%;IO 5 | S)ftt?regs?duce

the em ssions one or nore of nit rogeneous oxi parti CU

i ncl udi ng carBord@ssus Prrtals aﬁaetalwd? geairoral | Hotudiary Jpol ysedmt i ¢

hydr ocar bcms,fdzrarclamuf@rt% denranch et her dregulal edh s ag egul at egly -
conbusti on 35 oducggag{ t he exhausts of internal conbustion engi nes.
In this case,“Sui%ad leq?e?& Ering SF G 0 559 A9 EBIY 00714

- 13 the botyntn tdre é&lq)]}‘ea:tﬁd’nct gfamm@ uﬂfatrmzslappr@bleréiagpléméé ide,
alum no sili a SI|ICOI’1 car bi de abl e_ceram cs
such as M CA é%ﬁ%# rn><lﬁ%¥?ln tHESE &, e cé#g é $kﬁ%ﬁ?al t hat
can be used 5:flgrovwe ertinufaties ,SLDYE%ES Bfed Hellgva:ma:hahme@% &lumind or use
as the dijgle Jddd n ep |t| onto the dielectric
filling rr;dt er%ltofarlldci orééexgx ”%é%{ﬂd’lg uglt ?lr?g' %r%e %q%mlrrllgg’ KT 437D 350,
CT 530, Condé&xqﬂilqsowfeﬁhqmwé@SWP@rm%Wm rreg t 9 162s adwah nes 10

cordierite, aidrandy RANAASrBNGAUH Nas: Gl NN, i xtures of these

phases, ferroelectric materials such as titanates parficularly barium
titanate: tltgﬁg%cularly in the anatase phase; zlrconla, vana 1a,

silver aluminate, perovskites, spinels, metal- doped and

15 metal oxide-doped or exchanged inorganic oxides such as
cobalt oxide-doped alumina, vanadates and pyrovanadates
and metal-doped zeolites. Examples of zeolites are those
known as ZSM-5, Y, beta, mordenite all of which may
contain iron, cobalt or copper with or without additional

20 catalyst promoting cations such as cerium and lanthanum.
Other examples of zeolites are alkali metal containing
zeolites in particular sodium-Y zeolites that are
particularly useful for treatment of nitrogeneous oxides.

Examples of perovskites are La,CuQ4, Laj ¢Kg. 1 CUg, gs Vg.504

25 and Lag ¢Ky 1C003. Examples of vanadates are potassium

metavanadate, caesium metavanadate, potassium
pyrovanadate and caesium pyrovanadate. Mixtures of these
compounds can also be used.

30 Gas permeable dielectric filling material for the
reactor can be in the form of spheres, pellets,
extrudates, fibres, sheets, wafers, frits, meshes, coils,
foams, membrane, ceramic honeycomb monolith or granules
or as a coating on a ceramic foam or ceramic honeycomb

35 monolith. Combinations of one or more of the above can be



particularly in the anatase phase; zirconia, vanadia, silver alumnate,
perovskites, spinels, netal-doped and 15 netal oxi de-doped or exchanged

i norgani ¢, g%ﬂ;ﬁ such as cobalt oxide-doped al um na, vanﬁeggﬁﬁwgﬂghose

pyr ovanada and metal -doped zeolites. Exanples of zeolltve:

known as ZSM5, Y, beta, nordenite all of mhich may contain iron, cobalt or
copper with or without additional 20 catalyst prompting cations such as
ceriumand | anthanum Qher exanples of zeolites are alkali netal

contai ning z&bi§% & iR i Ul Bkt Fodt Uit yRelwiek a heen awelfamticul arly

useful for treatnende efrdd tarﬂgw%ith{jdf@% %WKO ] es é’%(d?&i?;‘!é%%%fv@yare
La2Cu®™4, Lal.9K0. 1 Cu0, 95 VD. 05 n ao. . : anpl es

vanadat es are%qplﬁoetnas%rleusrﬁnq:r?e avan t?ﬁq%%%%i%?ﬁ n%rféxv)%%d%%]el,lr‘p%t assi um

pyr ovanadat e awdegdesl wapyals@nadarcdd xturesdofof hgse pTosmo unes: ean

al so be used. 30 Fs pey le dielectric filling material for the reactor

can be in the formof spheres, pellets, extrudates, fibres, sheets, .
wafers, frits, neshes, coils, foans, nmenbrane, ceram c honeyconb nonolith

or granules or as zgioald Rk B GErAn %é@@{eﬁafﬁ%%egf%r%%lfom 35

nonol i t h. Conhi nati ons of_one or nore of the above can ) 51714
PCT/ GBOQ 00714 T 4N G g HIFQIERIPEE 191188 Stk R av i tesmormdini f or m

surface area amchgdeatesi taye fralr ea Imﬁ_ﬂﬁllm@ﬂeﬂlﬂwggsjéal/tmé/ﬁ@d rb%)r_ezen'z)fedt':]g
t he exhaust t filll teria an al.so be aced out side

pl asma reSleoo% 5 o?lat%go%éefcatror S Zeo15 % e ?Ié?‘fsﬁ‘fjstejasr épadhrat]ist%lbﬁl y useful
for treat nenPagit ifinleggenemes Wxifdes adnibisqre noamskidleo fand t naradaies ar e

particularly uselds i 3Lt @f L &arbonaceous particul ates.
Perovskites can also be particularly useful for conbined renoval of

ni t rogeneous
Thus, exhaust gases containing hydrocarbon reductant

15 residually-derived from the fuel combustion or added
separately or containing a nitrogen-containing reductant
for reduction of nitrogeneous oxides and or containing a
carbon combustion catalyst as described earlier is passed
through the plasma region of the plasma reactor

20 containing dielectric material that is catalytically-
active for gaseous processing reactions or is passed
through such material before entering the plasma region
or 1s passed through such material after passing through
the plasma region. When a nitrogen-containing reductant

25 1is used the reductant can be added to exhaust leaving the
plasma region of the reactor and before passage over
catalytically-active dielectric material.

Also, suitable supply voltages are obtained from a
30 power supply adapted to produce pulses having a potential
of the order of kilovolts to tens of kilovolts and
repetition freguencies in the range 50 to 5000 Hz,
although higher frequencies of the order of tens of
kilohertz can be used. Pulsed direct current is

35 convenient for automotive use, but alternating potentials



oxi des and particulate material. Thus, exhaust gases contai ni ng hydrocarbon
reductant 15 residually-derived fromthe fuel conbustion or added

separat e r ntalnlng a nitrogen-containing reductant _for i on of
nitrogen%ﬂgﬂﬁ%9 Hdes and or containing a carbon conbustloﬁczﬁﬁﬂwgﬁﬁI
described earlier is passed through the pbasma region of the plasma
reactor 20 containing dielectric material that is catalytically- active for
gaseous processing reactions or is passed through such nmaterial before
entering the g?ﬁsgﬁaWB FoﬁrlBPgP%aﬁa§§e&lpﬁrWﬁgﬁsseéhtﬁﬁtéﬁﬂ&lOéfter
passi ng throughmiiae phasaateedgsoncsWeen deniuksiedgen-contai ni ng reductant 25
is used the reductant can be added to exhaust |eaving the plasma region of
the reactor and before passage.over catalytically-active dielectric
material. Al so, suitable supply voltages are obtained froma 30 power
supply adapted to produce pul ses having a potential of the order of
kilovolts to tens of kilovolts and repetition frequencies in the range 50
to 5000 Hz, although higher frequencies of the order of tens of kilohertz
can be used. Pulsed direct current is 35 convenient for autonotive use, but
alternating potentials WO 00/51714 PCT/ GBOO' 00714 15 for exanple
triangul ar or sine waves of the sanme or simlar characteristics can be
used. WO 00/51714 PCT/GBOQJ 00714 - 16 Cdainms 1. Areactor for the plasna
assi sted processing of a gaseous nediumincluding a pair of electrodes

(1, 2;21,22) 5 having facing surfaces, the separation of the facing

surfaces bei ng substantially unlforn1and defining a space t her ebet ween,
characterised by a body (5;23) of



dielectric material positioned between the electrodes (1,2;21,22) so as to
divide the said space therebetween 10 into a plurality of gas passages (6;
24) the lengths of which extend between the facing surfaces of the

el ect r od¥: 0@%,15;421, 22) and whi ch gas passages are spaced P%%ﬁ??”’?"?’d‘m one
another in a direction transverse to thejgsaid facing surfaces so that a
substantially uniform 15 distribution of electric field occurs across the
space between the _electrodes (1,2;21,22). 2. A reactor according to claim
1, further charaél@i@ed in that the el ectrodes (1,2;21,22) are 20
enbedded in a body (5;23) of dielectric material which extends across the
space betmeealthe electrode% (1,.2;2 ,2%%.and,includes a plurality of gas
passages (6:24) BXEERGTY IFGHgitTiHATIR St asbRFrqeRemPYnDiof i el ectri ¢
material to geseocds amepliumeliirtcol uafindd selpedtr iofald e cqdaed ent, Pl asim )

vol unes ext endi i rj ross the space hetween the el ectrodes (1, 2;
21, 22) . 3%’ Aﬁgé’g%tgo?aa%% r%‘?lr%%tc%ssd atl%n% o A é{}f %#&Cl%

char act er i se@Uriackest beiaadissibsdarnte atdtve nirdlf drsn seide ctedfid nifrrooma tdreaagy oup

consi sting ofhakRhe tHecdd MR IR WARAS e YL (Ul 4 _teg%f al um no
silicate cer m(is, si.licon carbide, mcacéous glass or rrllx ures of these.
35 4. A react'oF 86EGHGi RGeS 1@ lamnst tarrn@daibatyesn dihe mlestyagasher

characteri sedli,2;that2hhecgas passdgasid &h4)saWl QYR khRCHBAAP0714 -
17 are apt. t t..a catalytical |y active surface to _gaseous

medi um pgtgsi %ggphgoﬁgﬁ% Eér%y @_% R &E56 gg(,stlﬁdi%ﬁ]d P HETIHES (Ut t her 5
pharacterisewhﬂﬁhtﬁatemdebgamﬁﬁmegh@ff@@dnga$up&$$&gg$ﬂf&ﬁkﬁ4) are coat ed,
i npregnat ed @f ctkeaked ?g’PQP?Q§%ha%%% w%ﬁc%pg%ggpﬁggg%é% are spaced

catal ytically-active mater . .
apart from one another in a direction transverse to the

said facing surfaces so that a substantially uniform
15 distribution of electric field occurs across the space
between the electrodes (1,2;21,22).

2. A reactor according to claim 1, further
characterised in that the electrodes (1,2;21,22) are

20 embedded in a body (5;23) of dielectric material which
extends across the space between the electrodes
(1,2;21,22) and includes a plurality of gas passages
(6;24) extending longitudinally of the body (5;23) of
dielectric material to provide a plurality of

25 electrically equivalent plasma volumes extending in
series across the space between the electrodes
(1,2;21,22).

3. A reactor according to claim 1 or claim 2, further

30 characterised in that the dielectric material is selected
from the group consisting of alpha or gamma aluminas,
cordierite, mullite, alumino silicate ceramics, silicon
carbide, micaceous glass or mixtures of these.

35 4. A reactor according to claim 1 or claim 2 or claim
3, further characterised in that the gas passages (6;24)



6. A reactor according to claim4 or claimb5, further 10 characterised in
that that the catalytically active surface is catalytically active towards

the red i f the em ssions of one or nore of nitrogeng oxi des,
parti culu‘gbé)wighﬁi‘udi ng carbonaceous particulate, hydr ocar%ﬁéwoﬁ@ ai ng
pol yaromati ¢ hydrocarbons, carbon 15 nonoxi-de and ot her regul ated or
unregul ated conbustion products fromthe exhausts of internal conbustion

engines. 7. A reactor according to claim4 or claim5 or claim 20 6,
further chara@fér Pse@tiad thmtonaserdataal oatiadatt ycadcty et Ivet eniiades to

sel ected fromghhe 0w GAIPHS N Algiiangid cgama al um nas and m xtures
of these phases, ferroelectric materials such as titanates, including

bariumtitanate, titania, including anatase phase 25 titania, zirconia,
vanadi a, silver. al arireaieorpercsiiites td naldidi ng, |Aweangd- perovskites and

La2Cu4, Lal. . 95V0. 0504 .a Lao._ 9Ko .1Co03 , spinel s ,
met al - dopeg %ﬁgr#egtﬂ%lrlg’f%déndos%ea& orkg‘eeféw i%r%i%%ﬁaﬁaQQ%cl udi ng
cobal t oxi de- dépéd )akus w2 beghadatesdnediadiany 3eyeidass Uerreharnadat e,
caesi um et avapadaleng Pye¥ARAdales Jincluding Aot assium pyrovanadat e and

e uding ™ ze

caesi um pyrovanadat e, netal - dop zeoli1tes I'nc i I'ites known as
ZSM5, Y, beta, nordenite all of which =zeolites nay contain iron, cobalt

or copper with.or 35rwaldtemt saddiddionalt£atialivsts ROMLIRY catd gns, such as
WO 00/ 51714 PC%QGBOQ’ 00714 .- 18 .cerium %%d | ant han,umalg?ka'l i_urret aelsiu
cont ai ni ng - zedPt 8§ A 1555 i LEGURRe FedIalvds cald vimieatdves of any of
these materi ahgfabe8isAcaeadtyar caddyr diord vieo tamiarels e plecediiRg, ¢rai s,
further charactgribgedch h S S s(.6;.24) ~contai,n a gas
per neabl e body of _anglsrlngﬁl%at%itfnté)%% I%% H‘Sﬁ% %%em%rog)enous oxiaes,
particulate including carbonaceous particulate,
hydrocarbons including polyaromatic hydrocarbons, carbon
15 monoxide and other regulated or unregulated combustion
products from the exhausts of internal combustion

engines.

7. A reactor according to claim 4 or claim 5 or claim

20 6, further characterised in that the catalytically-active
material is selected from the group comprising alpha and
gamma aluminas and mixtures of these phases,
ferroelectric materials such as titanates, including
barium titanate, titania, including anatase phase

25 titania, zirconia, vanadia, silver aluminate, perovskites

including layered perovskites and La,Culy,

Lal . 9K0 . ICUO N 95V0 . 0504 and Lao . 9K0 . 1COO3 ’ Spinels ' metal -doped

and metal oxide-doped or exchanged inorganic oxides
including cobalt oxide-doped alumina, vanadates including

30 potassium metavanadate, caesium metavanadate,
pyrovanadates including potassium pyrovanédate and
caesium pyrovanadate, metal-doped zeolites including
zeolites known as ZSM-5, Y, beta, mordenite all of which
zeolites may contain iron, cobalt or copper with or

35 without additional catalyst promoting cations such as



material. 10 9. A reactor according to claim8, further characterised in
that the insulating filling material conprises a dielectric material. 10.

A reacto (ﬂﬁﬁﬁgqing to claim9, further 15 characterised %angaﬁ@égf
: or

dielectric erial is a catalytically active nmaterial.

according to claim9 or claim 10, furtherig characterised in that the
dielectric material is coated, 20 inpregnated or otherwise treated with a
catalytically active material. 12. A reactor according to claim9, further
char act eri seFFHH¥hA"E HETHETEEL r il ek erietaHev@t opnime zeebliyes chtly

active properddres dylat rddeei - eXxesiuieed G asi®e e d Ner 9as, RIS Sagesd 6;
24). 13. A reag}on ccording to any of the preceding clains,” further

char act eri sed 1 tHfat® t he el ectrodes(1, 2;21,22) 30 are planar and the gas
passages(6; 24) have a generally rectangul ar cross-section with their major

transverse @i nensi I t id faci surfaces of
the el ect rodggls'( 1, 2% %%%ch'?ﬂjraéééff&égrg%gt%y aécpc;ot?gél My $o J%i/g &S ns 1 to
12, further fdFdet SHadefbiariignd ithedhd et diat 28 9B)ges @ VI 00/ 51714

PCT/ GB0O 00 7kbntaild 2 ighd @Bl Sy ONCENtIA S, il i0der s and, the gas
passages(24) c%gpr.l Ee a plurality of regularly spaced slots of cylindrical
form 5 15. A& according to any of the preceding clains, further

characterised in that the arrangenment of gas passages(6,24) is such that

the potentd aly drop acr e. - 3RAGE, het ween thBre ?Cectrodes is equal to
appr oxi mately haIBT %hc?gcs%glt [‘l’lacgceO apEﬂCﬂI 3&3 \tAchatlﬁré edctor€a0
characterised in that the insulating filling material ‘

comprises a dielectric material.

10. A reactor according to claim 9, further
15 characterised in that the dielectric material is a

catalytically active material.

11. A reactor according to claim 9 or claim 10, further
characterised in that the dielectric material is coated,

20 impregnated or otherwise treated with a catalytically
active material.

12. A reactor according to claim 9, further
characterised in that the dielectric material develops

25 catalytically active properties by virtue of exposure to
plasma in the gas passages(6;24).

13. A reactor according to any of the preceding claims,
further characterised in that the electrodes(1,2;21,22)

30 are planar and the gas passages(6;24) have a generally
rectangular cross-section with their major transverse
dimensions parallel to those of the said facing surfaces
of the electrodes(1,2;21,22).

35 14. A reactor according to any of claims 1 to 12,
further characterised in that the electrodes(21,22) are



16. A reactor according to any of the preceding clains, further
characterised in that power supply for the reactor is provided by an

i nt egr at t er alternator danper system 15 17. Are r ding to
any of cﬁg?ﬁ§ﬁi£ﬁo 15, further characterised in that fue?gﬁgﬁ*@&%ggs
turbines, solar cells or heat exchangersiare used as primry or
part-provider of an electrical-generating power supply 20 for the reactor.

18. A reactor,according to_any of the preceding clains incorporated as
part of an eniBsFBRsLEbRt PEI C¥psEORFeDETr1g. Crlppdersr aadcohdi wgsto clai m

18, further phasagee(Rgedcompihiat theleressionsrceptok SYSteldey used in

conjunction w n_engi he na nt system 20. A reactor according to
claim 18 or 2%%?%?18? gﬁr%ﬂe%l %ESEQFECterised in that the em ssions

control system includes an additional gas passage outside of the plasma

regi on of thepgeach oyl ri I3t B Lt resaid_g ssages(6, 24),
sai d additional gas pgggggg %gﬁ?gp%?%ggeg§§9 é?n%gglg%8§§§ﬁ§9iEZ%H?Sactive
material . 35 W BOPE17har perreBeefodr14hat poe prrapgemactoprfagesrding to

claim 20, furphesagebasacterisedutn that the patahyiheakhyaghiug mierial
in the said aoglél na%w%as ﬁﬁssage Eongrlses a dielectric "material. 22.
A reactor accordrng-To crai M30SIFGrtREFS tRaPdttér FSeBPPROKARE LERY
catal ytical | ynatfi veemavcbrageé applibé sai dhaddebibesal gas passage conprises
a polymerig or netallic material. 10
l6. A reactor according to any of the preceding claims,
further characterised in that power suppiy for the
reactor is provided by an integrated starter alternator
damper system.
15
17. A reactor according to any of claims 1 to 15,
further characterised in that fuel cells, gas turbines,
solar cells or heat exchangers are used as primary or
part-provider of an electrical -generating power supply
20 for the reactor.

18. A reactor according to any of the preceding claims
incorporated as part of an emissions control system.

25 19. A reactor according to claim 18, further
characterised in that the emissions control system is

used in conjunction with an engine management system.

20. A reactor according to claim 18 or claim 19, further
30 characterised in that the emissions control system
includes an additional gas passage outside of the plasma
region of the reactor in series with the aforesaid gas
passages(6,24), said additional gas passage containing
gas permeable catalytically active material.
35



23. A reactor according to any of clains 20, 21 or 22, further
characterised in that the gas perneable catalytically active material in
the said_additional gas passage is in the form of spheres gellets,

ext rudat WO VBT 1y og  sheets, wafers, frits, nmeshes, coi PET/GRYLGHEI
menbrane, ceram c honeyconb nonolith or grapules or as a coating on a
ceram ¢ foamor ceram c honeyconb nonolith. 24. A nmethod of plasm -

assi sted processing of a gaseous 20 nediumusing a reactor according to any
of the precedi B§. &l aicastocharacterimgedd rwltdhat 20 r ediradtasyt for the

treatment of nj i;des | i t sai d . .gas .
passages( 6, 24) F%%Qggi%%(}gégi t ilglnas_tlﬂagla:&%gsdsag%&%%y Retfod & dddi ng to
claim 24, furthér tBRafadferiddddiongl Kas e Searucicamir icenpra sdsl@ctric
hydr ocar bon ormateriitnqQgen contai ni ng conpound. 26. A nmethod according to
claim 25, further characterised 30 in that the reductant conprises

hydr ocarbon~residually derived fromfuel conbustion. 27. A nethod

according to cPRainm25eaturherccordtiact erd sadin R, hatuddie educt ant
gsgﬁLifgsagi3{%ﬁggg@tggqgéhnﬁ%gt%%tc%%%p%%%é%§€%ggT1;'ggpfyg“%géérﬁgfa or
in the said additional gas passage comprises a polymeric
or metallic material. .
10
23. A reactor according to any of claims 20, 21 or 22,
further characterised in that the gas pérmeable
catalytically active material in the said additional gas
passage is in the form of spheres, pellets, extrudates,
15 fibres, sheets, wafers, frits, meshes, coils, foams,
membrane, ceramic honeycomb monolith or granules or as a

coating on a ceramic foam or ceramic honeycomb monolith.

24. A method of plasma assisted processing of a gaseous
20 medium using a reactor according to any of the preceding

claims, characterised in that a reductant for the

treatment of nitrogeneous oxides is supplied to the said

gas passages(6,24) or said additional gas passage.

25 25. A method according to claim 24, further characterised
in that the reductant comprises a hydrocarbon or a
nitrogen containing compound.

26. A method according to claim 25, further characterised
30 in that the reductant comprises hydrocarbon residually
derived from fuel combustion.

27. A method according to claim 25, further characterised
in that the reductant comprises a nitrogen containing
35 compound selected from ammonia, urea or cyvanuric acid.



