WD 01/ 30485 PCT/ GB00/ 03943 Reactor for Plasma Treatnent of Gases The

I nvention relates to a reactor for plasna treatnent of gases and nore
particularly to a nethod of 5 manufacturing a reactor utilisin

non- t her WO 0pBe8Sm. There i s increasing interest in the"(ffé‘émBP”ﬁ%n- t her
pl asmas for treatnent of gaseous exhausts and in particular for treatnent
of exhausts from notor vehicles. 10 Treatnent of exhausts invol ves
conversi on of harnf.ul exhaust conponents such as hydrocarbons to carbon

di oxi de and wat er r@acuel e nupsheisesof exhausts to
nitrogen. In the case of Iean burn englnes such as diesels there is a
requi renent for renoval of 15 carbonaceous partlculates by for exanple
oxidation to carbon di,oxide, l.es f non- ther at nent of

exhausts are. descritfed®VRREECR, ”9%% ﬂ\/ﬁnﬁ%ﬁt@r gaﬁfﬂa? 516 (Tecogen)
and US 5, 254, 23deqtBentce bif egbbanrand molnesparuies)la@ 20234mdmoqm

Technol ogy) sdegefd RS ud 148 aEir@&)&ézomttﬁgsiﬁ&aé% t@lﬁerﬂnhﬁsfiaﬁﬁﬂ ssions by
a non- thermal plasma for oxidation of carbonaceous particulates and
reduction of NOX to nitrogen. Plasma can be used to activate or produce
reactant 25 species, which then subsequently react with or wthout

catal ytic enhancenﬂher@olyl dngredminge dntgpesat pindia ase. of menexanpl e, . our

publication. YOR&/mbA623adaasr 6L Stidi mepladibgdd lisC lexBBust s Phds Nt
activated hyd{\ﬁg&&%%f?og tgéggri,‘g o1y, t%?‘{‘%ﬁ & CtIV téat‘?‘%ﬂuc‘% reductlon

of NOx to 30 of "¢ca IS se Rt iof of  NOX
to nit rogeﬁtoar'ér%ﬂﬂmnlt Pht a?ihébt%%rﬂgé’d’lz’éél Ferver Hon 9ﬁ| parmfplini nat e.

Q her net al - exehengad cemphkat s dopsl asThiyarSbembortdntoBeappbepdbseihel 111111
IRE 11111111111 WO 01/30485 PCT/GBOO' 03943 2 zeolite material such as

t hose known asa¥§UWﬁ§955?sFﬂF¥§N?S harmful NO, components of exhausts

to nitrogen. In the case of lean burn engines such as

diesels there is a requirement for removal of

15 carbonaceous particulates by for example oxidation to
carbon dioxide. Examples of non-thermal treatment of
exhausts are. described in US 3,983, 021 {Monsanto), US
5,147, 516 (Tecogen) and US 5,254,231 (Battelle Memorial
Institute). GB 2,274,412 (AEA Technology) describes a

20 method for the treatment of diesel emissions by a non-
thermal plasma for oxidation of carbonaceous particulates

and reduction of NO, to nitrogen.

Plasma can be used to activate or produce reactant
25 species, which then subsegquently react with or without
catalytic enhancement to yleld the des1rab1e products
. For example, our publlcatlon W099/12638 descrlbes the o
' plasma product:.on of plasma activated hydrocarbons as a

precursor to the selective catalytic reduction of NO, to
30 N,. Examples of catalysts for this selective reduction of

NO, to nitrogen are alkali metal-exchanged zeolite Y or

silver aluminate. Other metal-exchanged or metal doped
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5, Co/ZSM5, zeolite beta and hydrogen exchanged zeolites such as HZSM5
are suitable materials. Other suitable catalysts are alum nas including
.al pha, ganmma, chi and 5 other crystalline phases, oxides of titanium

zi r coni umwo tex0#ssm and vanadi um perovskites, spinels arRFTFBOUI4L of
these materials. Metal doped inorganic oxizdes such as cobalt-doped

al um nas are al so suitable mat eri als. Exanples of suitable catalysts are
"al so described in an 10 article 'Selective catalytic reduction_of NOx wth

N-free reduct &RCIitEyRi SR efsYsiib@iSs FBASE nKePEm 3R FWESH -5 phede%25. In
such catal yti ca,l YoguknRrs edz¢bhistem betac ead esydheyerl mxohaciyedt zspettes such

as plasm aCt'%ﬁ&ﬁp ngrﬁﬁﬁrQQQﬁasd@Qa%EeCﬂQtéfwgﬂ?e O%%%%Qa%ﬁgtable

hydr ocar bons, are offen produced as I nternedrat es epw se
deconposi ti on d%abrﬂ?'éﬁs&éa?’é%r%lwqaéaéﬂcéﬁg%ﬁff %)]291150 g@“l‘maanﬁhl’-l@ndV\here t he

reactants arg |dtﬂﬂarrnedyate51ﬂm§i pHased() eatdbysof isidumghiny sekechiwe, to a
gi ven reduct anteq, ;Qpt LitlsSgLh RERGESS, CaRRAOTRALEGHLL of T Nl

i npossi bl e. This |2Btecause t he conp et eness of I"asha reactions and
hence the conceiasf MeResials nt dishedi SoPsdi sPeEFRTHT I%dleér §erFY 2% the
i nput power 25 c(qhaﬂt:eaoped araniils faafe algbvevitaisidenaertibi®.in the

Pl asa 6ot of gl dkeBESh AL Id1i195:8 BOCTBIdotkoditkpacK gased 0

joules per I|tre m ne “the concentration of |nternedi ates
in a plasm 9ea?i‘:’*’t"ti"r‘cle #5?1%95?’?]5? 3t lyisy redretion RAGsEishel-E522 ytic
30 reduction ofrediétantBM Penetskellef eubal shEAED8XE8 Reivt 1985, shown how

t he gas phase W t|on changes with input power expressed as joules per
litre of gas volune exhaust flowin litres per unit tine. This key
parameter, joules/li tre, | s largely fixed by vehicle WD 01/ 30485

PCT/ GBBOO/ 03943 3 constraints, i.e. reactor size, and the acceptable |evel
In such catalytically enhanced plasma processes the

15 reactant species such as plasma activated hydrocarbons,
which can include oxygenated hydrocarbons, are often
produced as intermediates in e.g. the stepwise

decomposition of hydrocarbons by reactions of 0,, 0, OH

and HO,. Where the reactants are intermediates and the

20 catalyst is highly selective to a given reductant,
optimisation of the process can become difficult, if not
impossible. This is because the completeness of the
plasma reactions and hence the concentration of
intermediates is controlled largely by the input power

25 (joules per second) for a given residence time in the
plasma reactor. This leads to the idea of a normalised
unit expressed in joules per litre, which will determine
the concentration of intermediates in a plasma reactor.
For example in an article ‘Plasma assisted catalytic

30 reduction of NO, by BM Penetrante et al, SAE 982508, it

is shown how the gas phase composition changes with input
power expressed as joules per litre of gas volume for an
exhaust flow in litres per unit time. This key
parameter, joules/litre, is largely fixed by vehicle



of power input to the reactor in as far as all of the exhaust passes
through the reactor. 5 The present invention is based upon an appreC|at|on
of the advantages that follow if one changes the residence tine of

sel ected syodi/ae#85 n t he reactor, and thus breaks the, aRCKIEBIERI3

unavoi dabl e, Iink between joules per li-tge.input power and reactant
species. This 10 would lead to a sinplification I n the design and an

i nprovenent in the ener ef ficienc | asma reactors. Exanpl es have

been given whi CARSREA R 1 G- tﬁ&ﬂ?¥85t% §$1(?991W&ﬁcéﬁéﬁ?taﬁﬂQn%ﬁyeﬂeactors
can produce 150@upoWer|map1m‘ tondési rabteobyirpraad faiksassaml |of aggoci at ed

with partial oxifahk EQyQ&&gg Ropge (S5 cHnal ysis of plasnma-catal ysis
for diesel NOX rened?a.%%ﬁl a?%e éﬁgnﬁﬁﬂ Bal mer, SAE 982429), for

exanple nmethyl nitrate, fornaldehyde. A solution is offered if
hydrocarbons can 20 be retained for relatively long periods of time to
achi eve confl ete cofbersiesento 1GVERREOLCS hewdde uprhdas afpreviiatdgen may

require a ShOfbﬂEﬁéd&i\%&ﬁag@% tﬁaavabﬂloﬁqrmleoehaﬁ &ide 25 it is an
obj ect of the res& ?%I vient i of manufacturing a

a _nmet ho
conponent for ® 9 Iﬁ?%ﬁgﬁ%%cﬁ%erc’\ﬂ? ¢R &gar%%as%%oﬁ h&38 probl ens.
The invention phnslbmgaksnth@neaﬁfpre%enﬁunnﬁvpidableo i deb todeen

manuf act uri ng §oﬁP tllft% anﬁﬁﬂ pHRERIng RledSHBnf e@ﬁé&r gf or phhg
t r eat ment ﬁf f z%;g 1€é rises .asg gnbai g of active
material i ‘I‘H% tngsSBEB:h r%ta’céﬂ”ﬁ i?ﬁ‘ia& BN 1 CH 11
WO 01/ 30485 PC¥WEB®0£@3943H &heeﬁ%$tQXHQ£ﬂkﬂhengga§ Plaamec oreawicbsst or
directing gas to flow through or over the bed of active material,

provi di ng el ectrodes adapted when electrically energised

Examples have been given which show that, without
catalytic enhancement, plasma reactors can produce
15 quantities of undesirable by-products usually associated
with partial oxidation of hydrocarbons (see ‘Analysis of

plasma-catalysis for diesel NO, remediation’ by J Hoard
and M L Balmer, SAE 982429), for example methyl nitrate,
formaldehyde. A solution is offered if hydroéarbons can
20 Dbe retained for relatively long periods of time to
achieve complete conversion to CO and CO,, while oxides of

nitrogen may require a short residence time to avoid
formation of acids.

25 It is an object of the present invention to provide
a method of manufacturing a component for a non-thermal
plasma reactor which addresses these problems.

The invention provides, in one of its aspects, a
30 method of manufacturing a component for a non-thermal
plasma reactor for the treatment of gases, which method
comprises assembling a bed of active material in an
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to generate non-thermal plasma in the gas, characterised 5 in that at |east
a conponent of the active material is selected for its capability to
.adsorb or trap a_ predeterm ned chem cal species in the a3 hereby to
i ncrease WSSt ve residence time of said species rPgﬁ'Zﬁlve to the
residence tinme of species in the gas fl ow4l0 which are not adsorbed or
trapped. Pr eferabl y the said active material or conponent thereof is

sel ected for abi | to adsarb or tra r edet erm ned chem cal

species in the eé'ﬁﬂgré’% € é@x??%v?al%%rlroodu eaugts:saf(?es LS BhE2E ohBust i on
of fuel, and arﬁ,lO‘AhMIrbueh or @Mtﬁhﬁebﬁﬁepél actye tatanidrnal conbustion
engi ne. O furtdefwidihg é@éeltf@déé/%a&tt@al ﬁheﬁreP@@&Q{@ltly 2Bel-geseaf may

be selected for, its ca toa sor.b redet ermi ned chem cal
species in the GadFIs ep?%ﬂu%%eamb l‘?&ﬁsﬁ‘ﬁe%ﬁa?g | L Hva }&ra\%fef%ﬁ f
constituentsS tiertdgit agsleashceorarnmreny o the @%Vé\rﬂ imfveriaghase

ci rcunst ances téaewc%aetfafnm@dca:ﬁwmqaﬂy &beaaesrw REsap RBUt is not

restricted to a_s ies.fr ou apL nitr en, ,oxyge oxi des
of nitrogen suc@?éaee%eﬁ@m ItlQrg%l%es s%ec‘i%;b chgaaS g&Et‘é‘? 30

hydr ocar bons i riglarfiasg §h§u¢ﬁf%@tl‘tﬁ1§£ﬁ}|ﬂ§€l§§ t@y@l% saigt mﬁeésand

un- branched hy dreoaTiR@NE 0 enyg@@ai@éhcéﬂmh@cafb@ﬁécﬁé@mﬁsaﬁ dabydesw
ket ones, £8hol S, .aci ds gt rs a?/éj esters rorratlc hydr ocar bons and
Ageeet

deri vativestOt HBHSSt 3FfcPE OFO%FPE ydr ocar bon conpounds, This
Sheet Has Been Repl aced 1111111111121111111 | I 1 1 I WD 01/30485

PCT/ (B0OOJ' 03943 5 oil fractions, fuel and part i ally burned fuel, air and
ai r/fuel mxes, snolrefeanbdpacksus iphradtdweametentdldmngoridoaenal ubl e

organi c fracti qhgnbcagbaniefide AN its capability to adsorb or trap
a predetermined chemical species in the exhaust gas flow
15 produced as a result of the combustion of fuel, and any
modifier or additive therein, by the internal combustion
engine.

Or further, the said active material or component
20 thereof may be selected for its capability to adsorb or
trap a predetermined chemical species in the gas flow
produced by non-thermal plasma activation of constituents
thereof.

25 In accordance with the invention in these
circumstances the predetermined chemical species may be,
but is not restricted to a species from the group
comprising nitrogen, oxygen, oxides of nitrogen such as
NO, NO;, oxides of carbon such as CO, CO,, water,

30 hydrocarbons including saturated, unsaturated, cyclic,
branched and un-branched hydrocarbons, oxygenated
hydrocarbons such as aldehydes, ketones, alcohols, acids
ethers and esters, aromatic hydrocarbons and derivatives
thereof including poly aromatic hydrocarbon compounds,
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ultrafine fraction, sul phur conpounds including SO2 and 5 sul phates,
organo-ni trogen species, acid gases, conbustion nodifiers/enhancers,
additives such as urea, ammonia, cerium oxide (such as d plasm -
acti vat edpEEMES such as 0, OH, 03 activated hydrocarggﬁéﬁﬁﬁ§$§ding
partially oxygenated hydrocarbons/ 10 ordanic nol ecules and el ectronically
and vibrationally excited state species. The invention includes a

non-thermal plasie Leashs, £ol1 Ui LeRUIR SloHRSSRe1CONRL] 8hq9 @ bed of
active 15 material i_n an enclosure having gas ow conddi s for _directing
gas to flow t HgUIHedr md¥8F - t FRPHRd GFPREEFFRLS Rakicalate| areE}dRI adapt ed
when el ectri cailey seleblesefigatiic garertdoa and- téesaorn fihesendi n t he gas,
characterised _.n that ggﬁléast ogponent of the active material is 20

a
modi fied so asttFaEdsr brRFT1eyp SP eCOPRPTRLE HEHICEPY SBe@™s in the
gals flow tosi h%l%ﬁ%_egbeoﬁééwiﬂMOdeﬁs:BQQB;SQSIia[&d)fga;slgg,s% d ﬁpeCi es
relative to the .resi.dence.tjine o | i e .gas w_whi ch are not
adsor bed or tr%ﬂﬂﬁ&fil?ﬁémg%ﬁéﬁ?ﬁigﬁﬁﬂgo e%%ék??éf é%ﬁﬂngB 38 ¥htf1t he
el ectrode spacimmpndBe €RLBLWHA XA (S¥ciensrBelys) mnddediasmd pl asma

condi tions. Ttg%qﬁ%%ghogpgéiégesﬁ ia\éeor’rabﬁri@%,&&ré-gggggonent t her eof ,

havi ng the ca Ity to adsorb or trap sel éct speci es can be seen as
that of a sel égtdrpeafrbbherihokudinmpagpéeil dy. oxypadtied bpdtrocatisons/

advant agesyo ! hejdad k18b0YEs arkic) oShoeh;bas) PoRin BaBkaeetndddy | 111111111
FEEErrrrrrr WO l/3g4§gagCT|GBC[703943 - 6 which result fromthe
'n

ef fective i ncrgdgee FARTE“Fine of the selected species, such a
selective filter can operate to adsorb or trap the reactants and hold t hem
for

The invention includes a non-thermal plasma reactor

for the treatment of gases, comprising a bed of active

15 material in an enclosure having gas flow conduits for
directing gas to flow through or over the bed of actiwve
material, electrodes adapted when electrically energised
to generate non-thermal plasma in the gas, characterised
in that at least a component of the active material is

20 modified so as to adsorb or trap a predetermined chemical
species in the gas flow to increase the effective
residence time of the said species relative to the
residence time of species in the gas flow which are not
adsorbed or trapped. The combination of packing material

25 and the electrode spacing are chosen so as to generate
the desired plasma conditions.

The function of the active material, or component
thereof, having the capability to adsorb or trap selected
30 species can be seen as that of a selective filter for
that species.

In addition to the advantages, referred to above,
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suff|C|ent time for themto be activated by a plasma 5 and/or sel ected
filter to a state where they can react with for exanple NOX to yield
-desirable products. In this role the filter material or trag ed species in
the preswedd3IMBS a pl asnma can be nmade to appear to act 59’5‘”@ g ¢ ytic
surface but inportantly neither the plasma-nor 10 the selective filter nor
.the trapped species alone need have catalytic properties. One exanple of a

trapped species i s car bon ceou ate.material, from, a di esel
engi ne, for ekﬂ?ﬁﬂher?&l'}?t c%?‘?g esf{ésec%évﬁl Y5 ea%E e MeF9€8FBon. In the

pl asma regi on ot dfetbreselécespEmatites  pbashna geebecitiod fpadterschor

exanpl e oxygen,pdit /s tonMQSBbaépr&acﬂ t%h%aekaﬁf@ S HALEneRCELES MY
diffuse into, adsorh a [ eac W|th SQ O her, ge% é_aggﬂﬁrated speci es

i ncl ude but ar®® C1|e§‘§t FiBEe trr}"eﬂ—i OO?Eaﬁati'\@ £82it is known
oxygen atong 2éhd/mr dieflegsedi fi bremdio anéthbenvhede iz togme rgaotips on  the

surface. Oxygen f er ent. tLvate ytigc properties
to non- oxygena“l’l"eﬂéﬂA %c%t exﬁﬁpiﬁ?ﬂé&x gt ?8 %séﬂ%]:ecéjr(?%aufﬁg g‘&t ant
materi al, e.g.tleds hane ithet fanséﬁmménnanom caapﬂ:gfdstspélﬁe% S.ﬁ| enki ve

filter accordi he -pLe [ royi Vi o

nodi fi cation EF’l"gaéreglscltedgrj;c‘(r:al nga rrerﬁéh%%dgf 9§0g§$ Tﬁb toS C% tclEence
optinising t hec%ﬁ@tlﬁqlﬁu?%ﬁaﬁ? ]B‘r“bcl’d?ﬂorstﬁé‘ﬁﬂéfsn?%%?’é @@ ;ﬂl&§ﬁ'ﬁ PeHCt or
with a signdfithntsedegtéeeofiineependanee trhppeif spaeciad eloneaaked sSi ze or

ener gy densi typa ieaclalBod BLoSONIA! | MeaBLaRENC PR ieﬁagg,ga the

distribution of pro uct specl es %/?lncuearre 0 I'm sing the
desorption of IPREISH dét F@EP?n?‘F‘F‘? RPTFCY L aRecratesiade &5 R Bl aced

11111111111111d1edel engihd]lfdr VxOdy10 400 tPERACBOMM IO mainly of
elemental carbon. In the plasma region soot becomes

15 exposed to plasma generated species for example oxygen
atoms. Oxygen atoms or other plasma generated species
may diffuse into, adsorb and react with soot. Other
plasma generated species include but are not restricted

to OH, 03 and NO,. For -example it is known oxygen atoms

20 can diffuse into soot and form aldehyde-type groups on
the surface. Oxygenated soot has different activated and
catalytic proﬁerties to non-oxygenated soot. In this
example the surface of the reactant material, e.g. carbon
is transformed into a catalyst.

25

A selective filter according to the present
invention provides, by selective modification of
residence times, a method of controlling and hence
optimising the distribution of product species from a

30 plasma reactor with a significant degree of independence
from flow rate, reactor size or energy density. The
method of controlling and hence optimising the
distribution of product species may include a method for
optimising the desorption of the selectively filtered
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speci es or by-product fromthese species following nmaterial or plasm
activation, for exanple by variation of the tenperature or the filter
material. 5 Followi ng the selective filtration of carbongcgepsesdagrti cul ate
in the pl a@'ﬁé’”f"@ﬁ% on the operation of the selective filter according to
the present invention also allows for théd desorption and/or deconposition
by reactive or thermal nethods of the carbon functionalities 10 fornmed on-

the surface or ddactihg BHl Ky-Siiidhcds thoh exasP| SpedldieBpdealyRe 9r oups
formed on the surface

However, an,_ . nportanf aspect _of this functioning of
the sel octive THUTAALi SP{RLATHR SHEAVRRAERT ofOF OERIBoRKCERTEASER Lo be
oxi di sed at | owf ¢ingctetperstuxe @ thedfCO-en Snaratii@dr.i | y, car bonaceous
soot conbusts at high tenperature in excess of 500C whereas, utilising
this function of the selective filter, the soot can be oxidised

effectively at te@%i‘&%g%gaﬁ%é %ﬂl%%tlggcfiafvﬂﬂéi& S o3 WRLBLLAdVANce over
prior art soot oxidation Z0 catalysts where téenperatures are typically
| oner ed to 250 partiggtapespecilis PlasF8drASHED oFhe Iperaraani of W8 | now be

SlﬁjscL i blefl by waeiefctewanpieran tétdoeﬁ?hgnee tie thresdntacaosneivh g s a\é\/i ngs,
ich illustrat t € £.0r t .af actor and its
bed of active aﬁla]t%g’r%i gfﬁ' ?ltr%é t%%ﬁﬁgv}ﬁoﬁ gﬁ&&? c£e o§1§RP§‘né§?t udj nal

ur IS
section of the Haa&diye, or sthermplrmeiheds f§ 'g“%cﬂ?ér?ﬂ’i EuprehPRHVEIRF t he
gas flow paph fdrmedgbnt bike r antaee o Ehgthe HyllRefstichi ag for Fsgmpael, a

reactor for thﬁllgieglx _L#%%&O%@mggémg%%cgﬁg AswevdLd an

processi ng of t] aust em ssions fraom 1 nter ustion engines to
r enove noxiOUS'%@WﬁﬁSﬁgﬁt§SpeCt of this functioning of the selective

filter is that it provides for the carbomaceous socot to
be oxidised at low temperatures to CO, and CO.

15 Ordinarily, carbonaceous soot combusts at high
temperature in excess of 500°C whereas, utilising this
function of the selective filter, the soot can be
oxidised effectively at temperatures as low as 100°C.
This is a major advance over prior art soot oxidation

20 catalysts where temperatures are typically lowered to 250
- 300°C

A specific embodiment of the invention will now be
described by way of example with reference to the
25 accompanying drawings, which illustrate one suitable form
for the structure of a reactor and its bed of active
material. In the drawings:

Figure 1 is a longitudinal section of the reactor,
30 and

Figure 2 is a schematic view showing the gas flow
path through the reactor of Figure 1,
Referring to Figure 1, a reactor for the plasma




t herefrom consists of a reactor chanmber 300 which has inlet and outl et
stubs 301, 302, respectively, by neans 5 of which it can be incorporated
into the exhaust.system of an internal conbustion engine. Inside the
‘react or cwemheess800 there is an inner el ectrode 303 whFERGBARM oy t ed
within a dielectric tube 10 304, nmade fg -exanple out of .-alum na which
has its upstream end cl osed by a spherical done 305 to facilitate the flow

‘of exhaust gases through the reactor. The inner electrode 303 is supported
in the diel ectassiatgdePBogessing \Rf SHicdexhaupporRssHEs $EP™ The i nner
surface of theidierdiagl ecibictichemandse toetahbvs atbxidds aompbaknegating in
order to incregse p ' cont .0de d
dielectric tub%?erﬁ%%lsnu%é%%%%%ﬁsaa%eggﬁéggga%‘%% ﬁ&\ﬁ&r{}% tggg I nput
terninal 308 \izlet 2@6r guEEer nstipld e'iﬁjf'eé823099§%e‘?%’a‘feg]é"pé’bfef‘i‘?ﬁﬁﬁ of the
20 order of skidpwlilch i@ tensbefinddmporatedantts epips i dstiptustf kggueRci es in

the range 50 to, 500Q J ._the inner electrode 303.
R L e S

Concentric wt e i nnéer "dielectric tube 304 is a
grounded outer electrode 310 nade for exanple of stainless steel. The 25
diel ectric tube 304rmAdeouher reheedy atandbb 306 SHEPOriLctn Vinhbirn t he

reactor chanbeélg,&o’io@é %%kih%ﬂ’i%%ré&%%eaf wiPflid nz?"&fé]iter&ri?r g%&.
material, such as alum na. conpli a eal _resistant nateria i s
i nt er posed10beddkemadee foFeekrBaL SAIPp STt -32iumpne tWoich didscitEc tube 30

304. The spaceupsivean ehieclibst@chy i< dpHeriddd aodetd®s wutfeciaieateode 310
(s f11ed withege BadyPloratkhdfisr W& AnriRln $HOWA & OUhel 1nhilt
re or cilar ty f representa as ow

omtted from FIrgu r of . 1 ron of the %
paths. This Shteetyede BééniRrepraRedted i the1dieiequniq fuber B0OCY1/ 30485

PCT/ GB00/ 03943tw® spider supports 306, 307. The inner surface of the

15 dielectric tube can be metallised with a metal coating in
order to increase the physical contact between the
electrode and dielectric tube. The support 307 is
connected to a high voltage input terminal 308 via a
ceramic insulated feed 309 so that a potential of the

20 order of kilovolts to tens of kilovolts and repetition
frequencies in the range 50 to 5000 Hz can be applied to
the inner electrode 303. Concentric with the inner
electrode 303 and dielectric tube 304 is a grounded outer
electrode 310 made for example of stainless steel. The

25 dielectric tube 304 and outer electrode 310 are supported
within the reactor chamber 300 by disks 311, 312 made of
an insulating ceramic material, such as alumina. A&
compliant heat resistant material 313 is interposed
between the electrode support 311 and the dielectric tube

30 304.

The space between the dielectric tube 304 and the
outer electrode 310 is filled with a bed of active
material 320, shown in Figure 1, but omitted from Figure

35 2 for clarity of representation of the gas flow paths.
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As shown in Figure 2, the outer electrode 310 has a ‘series of baffles 314
and slots 315 315a. The baffles 314 extend fromthe outer electrode 310 to
the inner _surface of the wall of the reactor chanber 398.1.%%?0,&?}3 as 5

gr oundi ng YOMAE ons as wel | as causing the exhaust gases 10 T0llow a
convol uted path which has both axial, ar¥ circunferential conponents and
being at least partially helical. There is also a radial conponent of

flow, initially in s.the. ty ansfer rom 10 ouf si he outer
el ectrode 310 to ;\A}ggg%@% %Ieltglle%%% hzre’ r%eegfl}% egi%clroro d3g§3 Ad®t hen
outwardl y as tBerigs of dpffAsst 31e@nd Fle%codtsi §bSa he Thet dafélest r ode 310.

~ Thus thgre ig aitsoe::acﬁa&m E2bmC H® ONeTEr iefleTcthoEEOSMaO I TR gﬁﬁfﬁke 314 is
arranged to diyi t he ce t t ctrode 31 n e [eactor
chamber 300 i % Ig&"scf‘_ax °s§e§?rr1§n g?fA&ﬁ%’ee q%sa%ik:ﬁref:ﬁ%r%’f 080 <5 EREses
segment s ar & copRefliglsf coPNgTRacny A 3s4canpinxitdie eghgubtow and t he

[) enai ni nght hr?gamrwtfsala.be @p@?}h&&\%da)bh&h @RSCH | i]da;tﬁ@l hhﬁaﬁpace )
etween the e r I r_30Q. .These latter three
segnents are %ﬁ%s%ﬁ‘%g?‘% %53?3? g%ibgqéﬁ%%f %Faggguégasa odtelagt% end of the
reactor. Consebigfitalivt helgaal: sThficd® PdSpadsradrl slasposeBtrafially into
the Spi'if?e belt WEBSW | Higrialiagliodesatil 3% mddgala tfammﬁsif&gmi n at |east a
partially [ . r r 9§§'| Ladi viat next sl.ot 315a
into the nggt é‘g%snledr%r&g'% Sggég %le \/\/eerﬁﬂ%IBelgt F%dgﬂ%létpaaé:r?d%e}:gsg?o%h%hanber
300. The baf f | elsawrqdesy 33 0opedh i1 andéfepneubvardly gas thet bas end,

al Ihovw ng exhausétwind e Qitr eadw b yasdellthe bhted ld1hersgenstbat the |
exhaust gases er_a eave. : | | t.he ctor 300 along
t he surface ofT st‘elnl:glﬁétryeer ELg’l ég?éo%esepﬁ%%a%gh.aﬁggﬁél%Lttrh%déﬁgﬁbports 311, 312
have reliefs at their circunferences which are so positioned as to permt
this 35 tolbBappen. THeudafdlea3dpd vien ayasngetiotot Jividee thessgesge tine of

the exhaust gagas,ddh the €he6ifdde f319) dnbiSthe reactor chamber 300
into six segments. At the gas inlet end three of these
segments are closed off at 314a, 314b and 314c to axial
gas flow and the remaining three segments are open to

20 axial gas flow into the space between the electrode 310
and the reactor chamber 300. These latter three segments
are closed off by the baffle 314 at the gas outlet end of
the reactor. Consequently the gas is forced to pass via
slot 315 radially into the space between the electrodes

25 303 and 310 then passing in at least a partially helical
manner before passing radially via the next slot 315a
into the next segment of space between electrode 310 and
reactor chamber 300. The baffle 314 leaves open this
segment at the gas outlet end, allowing exhaust of the

30 treated gas. Thus it will be seen that the exhaust gases
both enter and leave the main part of the reactor 300
along the surface of the outer electrode 310 and the
electrode supports 311, 312 have reliefs at their
circumferences which are so positioned as to permit this

35 to happen. Thus for a given gas velocity, the residence
time of the exhaust gases in the electric field is




WO 01/ 30485 PCT/ GBOO/03943 10 increased conpared with either purely axial
or radial flow Note that in Figure 2 part of the electrode 310 has been
.shown cut _away at 316. This cut away is shown in the Fi PHoys t O
iIIustrat@’(’c%é"@Fow of the exhaust gases 5 as they pass P%g{(%ggngtshe

el ectrodes 303 and 310 and does not replesent a structural feature of the
reactor. For a reactor suitable for the present invention there may be

i s e T e

specification in_ other_e | ment s scribed 1n the

speci fi cati onfdpPvouliotefthatt iRpBRERERI PPETEB th6/ 681881rodnsd H tharke

materi al 320beeApshe@s ol Wikl ar 8E6 amiitis autreiall ie shdwtiial thehi ch can
be in the form; p o] X tes, 1 [ coils,
granul es, waf g?%?’lr%e%ﬁie%,sc% B"fitll'sl,%rt%?ggn%l?yg%rﬁggngh%oggﬁ??#r(;b%?érﬁsasnbr ane in

the pl asma d r &§i 6RCHIPRFR BEFWeCReChEl ShrESIRESS oM ARt dhS 9 SIR*SHr  nore

of the above man beprssshid G crreateuaadt fextune ofi tthe aeaotiexini f orm surf ace
area and porosity, for exanple a 20 graded porosity, when presented to the
gas. Foans and nonoliths can be ceramc, nmetallic or polynmerjc and

exanpl es of foans BRE FofRAGHO%s SMAERRNE K the BYEsenti inYeREIRN al uni na,
Zi rcpni a, ti tgtmje&e newl bdé adoptedoany atbex astdhertiurel Sbh:ncm car bi de,

al um na, zgpl !dtﬁgcgggedzﬁx %E&r%a't%tf Qbedi yimo@epebgsg, r&actor. The
active material can also be a carben copbustion catalyst for_ exanple

ceri um oxi de, CkbRE| prpditents escoiPrdnthaMfinSREEIFELaFkar i o heuy
oxi de/ vanadi umpapient oxpplki catdrad #CFYCGBSQC 08 Inet ahenadates maiderial

pyrovanadat es.3oft chegsisds 301GERARENEePint e ACtig1REERLAL 320 1S

selected or npdified i n order tg adsorb aor trap a_predeterm ned chem cal
speci es in th&Pgg8 FRRWPE Ht P £OX et eSRRERSRy PEALELE! vBXT B RIS Te tine
I n the redd ofibkethesheseth, spddisesgrehuleve wafarse meshdenceritawe of

unadsorbed O foams, honeycomb monolith or membrane in the plasma

region of the non-thermal plasma. Combinations of one or
more of the above can be used to create a structure with
a non-uniform surface area and porosity, for example a

20 graded porosity, when presented to the gas. Foams and
monoliths can be ceramic, metallic or polymeric and
examples of foams and monoliths include but are not
limited to alumina, zirconia, titanié, zeolite for foams
and cordierite, silicon carbide, alumina, zeolite and

25 Fecralloy for a honeycomb monolith reactor. The active
material can also be a carbon combustion catalyst for
example cerium oxide, alkali metal oxide, or lanthanum
oxide/alkali metal oxide/vanadium pentoxide, wvanadates
such as metavanadates and pyrovanadates. At least a

30 component of the active material 320 is selected or
modified in order to adsorb or trap a predetermined
chemical species in the gas flow thereby to increase the
effective residence time in the reactor of the said
species relative to the residence time of unadsorbed or

35 untrapped species in the gas flow. The active material
320 may comprise a plurality of components each of which



35 untrapped species in the gas flow. The active material 320 nmay conprise
a plurality of conponents each of which WO 01/30485 PCT/ GBOO/ 03943 - 11
adsorbs or traps a different chem cal species thereby to increase the :
effective WOMNGMIEe time in the reactor of each of the &FTICEBAYRP43adsor bed
or trapped chem cal species. It will be Bppreciated that a selected or 5
nodi fi ed conponent of the active material nay adsorb or trap nore than one
sel ected cheni ¢ Ios ecges. Als%zaf@?%Egng lurality of.congone ts is

provi ded each SFSRAPENCT adsTrDHs P FaApE - a~ aF M SHemPoChERi ERFFSPedi®s, the
respective adsdngsriesas way dffefitiver sasifenceatimel Gndithkereattadsef bed or
trapped speci esachhbg PREOVA DI MG-eht §8EHEBEQNGH Napdiaf ERERNLa] NCrease in
the effective sresi.denceIti oEﬁeaCh oé.gge dgfﬂgrent adsorbed or trapped
speci es. 15 SuiCESTE nontt Mt P PRERECHRETT ord tafe SEABEESDOF t he

ferroel ectriz Pedifypd compinerithgfatbedastiveinatedialcoayaadsorbeiween two
el ectrodes, di el@gt fib€ebelidd &nedliselstoat clémidal 3pek¥Bg, PA&ed corona

di scharge reactQr _or rf di sc ge reactor or ¢ i natjon_of .reactors.
20 When a gas t?'f’n%leggu?egf?%é}af% ar?%l_g,%&%éﬁ?%c%rlb?oﬁr P(tlggg e3Ch RE ¢ I
plasma it resi @§orkst pe paghe daféerent achepiaal seecddsofthe ne known as
thfe resi dencef Frie@@ec‘_ﬂﬁilﬁéWi:;ﬁﬂ@mspﬁhyrﬁéﬁiﬁ&e%%ﬂfgﬁcé'échV\_hen a _
sel ective id.t.er_in_ accor resent invention js present in
the plas m':lzj;:begid(%trfl%fe heht e3t erﬂ%er(],jc t% an%%%?§g§e %ec(fle?(f’gz&guﬁoﬁ”é%‘(ﬂéelé‘g’l i the

pl asma regi on icegreapendingly sliffepenhiusecreass dot éegatfentiszul e on
enterinP t he hﬁbgiagné@n@h&§<ﬂﬁ%ﬁbgedfothérdﬁ%fﬁie@mtgdgaﬁbéﬁﬁﬁﬁcg of 30
material int a t hen be activated, react an esorb at a

| ater time fro%rgﬁgegugg%cg%k“rhe nol ecule now in the gas phase can

readsorb onto different regions

15 Suitable non-thermal plasma reactors are those of
the ferroelectric bed type'comprising a bed of material
contained between two electrodes, dielectric barrier or
silent discharge type, pulsed corona discharge reactor or
surface discharge reactor or combination of reactors.

20

When a gas molecule, for example, hydrocarbon enters

a non-thermal plasma it resides in the plasma zone for a
given period of time known as the residence time
whereupon chemical reactions can occur. When a selective

25 filter in accordance with the present invention is
present in the plasma region the residence time of
selected gas molecules in the plasma region increases.
This is because a selected gas molecule on entering the
plasma zone is adsorbed or trapped onto the surface of

30 material in the bed, and can then be activated, react and
desorb at a later time from the surface. The molecule
now in the gas phase can readsorb onto different regions
of the bed. This process of adsorption or trapping,
activation or reaction, desorption and readsorption can



of the bed. This process of adsorption or trapping, activation or
reaction, desorption and readsorption can WO 01/30485 PCT/ GB00103943 12
.occur throughout the plasnma region thus increasing residence tines of

sel ected MOUBMBs entering the plasma region al | owi ng XHF&RAI43 eact i ons
to occur nore extensively. Controlled-atligorption and desorption nmay be 5
.used as an overall strategy to control the gas mxture exiting the

reactor. In anotherggﬁgngéc%tvg% gh%% V?eggbktéﬁuéf?ﬁé¥¥§%19 or trap

species prior TP pl n /or-surface deconposi fi on and
subsequent  demsigienss. tines neff S9ACTEENPOIFERLAS EEriaG §heyPIBSTBr onst ed
and Lew s aci d:é‘gltcelshummg%rzamqmr &e3ld@ens POrGcEiZ notiest ri buti on,

surface area aé}&en Q%E%g(r:{:?%b{;&le\igg a.cfi%og_%glﬁ g@? C{%e Ipttq_o%f ;ng%t gl fferent

resi dence times nventiron 1s further
i1 lustratedd U’}S%ﬁﬁ aar Prigrahk %‘-’ﬁ@c‘qefgyc tex aApFECbfthe@ad mg=xtearbonaceous
particul ate i re;hlﬁrigorcﬁwi—ea@mr At edidtherhasanpbe e sgedtitendst prior

art 20 rrangerms gt Da.Lelnyal al, ndLadsnoprldes, Jidiaut

consi deration of 5 ases cont ai ni ng
t he nitrogen cﬁ@fdlé@t%mdas@é@rf%#rquee ﬁ@oﬁhﬁb@grﬁ@ gueRkl pl asma

Leactor whi ch a&gurpting . norgnat::kawm Qi’dn@bsﬁdﬁ]ﬁﬂpkéﬁb{%&ﬁmt}/, fol  owed 25
y a suita i_we MSho T, ole o e mis to
convert {) f\%ov a\éaakgrgg&igrbcgﬁ% @lxﬁ%tsgﬁapgré o A fmg%'r %i’tlal
steps of this mngndaﬁerl et} @ve FULS A58 ééﬁén%l%ﬁltchﬁ?@ﬁtteﬁés‘r:éﬁétlon of
0 atons, for masidy dahebalﬁscnafmn tdo Bfdeecaghonsrai dedidendghtamdd chain
nechanlsn1(|nw£&% OH reactions with the hydrocarbons and
products of- the 3 hydro arbon reactions) form peroxy species which are
inmplicated in the NOto NO2 oxidation reaction. The NO2 in the presence

15 The method of the invention is further illustrated
by considering the specific example of removing
carbonaceous particulate in the form of soot.

Attention has been focussed in most prior art
20 arrangements on the removal of nitrogen oxides, without
consideration of soot removal, typically by passing the
gases containing the nitrogen oxides .and soot for
treatment through a non-thermal plasma reactor which
contains no packing material (unpacked reactor), followed
25 by a suitable selective reduction catalyst. The role of

the plasma is to convert NO to NO, via a peroxy oxidation

chain mechanism. The initial steps of this mechanism are
believed to be dependant upon the reaction of 0 atoms,
formed by the plasma, with hydrocarbons which through a

30 chain mechanism (involving O, and OH reactions with the

hydrocarbons and products of the 0 and hydrocarbon
reactions) form peroxy species which are implicated in

the NO to NO, oxidation reaction. The NO, in the presence

of hydrocarbons in the exhaust gas is reduced to nitrogen



of hydrocarbons in the exhaust gas is reduced to nitrogen WO 02/ 30485
PCTI GB00/ 03943 13 by the catalyst by a hydrocarbon. selective catalytic
reducti on mechani sm Renoval of soot by non-thermal plasma oxidation as 5-
it flows tMOUGHBEN unpacked reactor would require a rePSHCHWGMI gh
energy input (joules per litre) achieved,.by either applying a considerable
I ncrease in applied energy or a considerable decrease in the exhaust gas
flow to an inpractical level. Trapping the soot so as to 10 increase its
resi dence ti nmebynthdecgiadyst bgdacmgitdiagrboanerlgct beglideat@ifticl n t he
pl asma region, L Be S nlBeadEes. €xposed to oxidative radicals such as O,
OH, 03 which then oxygenate the soot. The oxygenated soot has different
activated and catalytic properties to 15 unoxygenated soot, which result
in, for exanple, it ldati t ; t han _woul d_be
observed wusing a %ﬁ%ﬂ lt%grgg?@f%%ﬁﬁﬁ{J%gggﬁéa%%%%ﬁéeﬁx#h_FlPﬁeaQselective
filter for Phist ?Yt?sé\}lil@uﬁhi ARr FPRA ERAFEPT VRl igduiyret 8 trap soot.
Eeads of gluniﬁe}iﬁiﬂia@)hﬁ@hpéﬂ&#@ﬁ it uabhgeﬁaﬁéfixﬂtrkgrahhﬁév?@rpose,

ut may esir . t [ yist rbal or a
nore soot-phill %ﬂ%%%ﬁ%%ghggggm%ﬁ%%%vénen?&%n?ﬁﬁgég%%eﬁ%ﬂ%%?igF ectiveness
of the nateri JFNFEFY K& Fr 6PRdedeHRPLe SIRTSAESt nchide gxhsfustth@apof HeWn whi ch
the material iso2mn igaEpeiskidléven. I drebpingt BB ssotSpRCiaki €al | y whet her
|t 1S inconBor aleddy LR LEEMOhoSNERE 1n BhET 51 MBS k! Hhis COI IS,
spheres, pellets, extrudate, granules, I bres, “Toans ‘or honeyconb nonolith
or as a coati nSPYFEY AFREEeTGRFer R Y Rdesmp Fegionpighe sefkeres, pellets,

30 extrudates, p@écHuY @kpobbll €6 SkidiexcealiaRNS! itdh Oy ouororendrane.
However, it is to be appreciated that using a packing material to trap
soot in this viEgiehediliens opxygenate the soot. The oxygenated soot has

different activated and catalytic properties to

15 unoxygenated soot, which result in, for example, its
oxidation at lower temperatures than would be observed
using a purely thermal technique. The material for the
selective filter for this purpose is primarily chosen for
its ability to trap soot. Beads of alumina (CT530)

20 provide a suitable material for this purpose,.but may
desirably be combined with a combustion catalyst material
or a more soot-philic compound. Some improvement in the

trapping effectiveness of the material may be provided by
appropriate choice of the form in which the material is

25 incorporated in a reactor, that is specifically whether
it is incorporated in the form of shéets, wafers, meshes,
frits, coils, spheres, pellets, extrudate, granules,
fibres, foams or honeycomb monolith or as a coating on
sheets, wafers, meshes, frits, coils, spheres, pellets,

30 extrudates, granules, fibres or honeycomb monolith, foam,
or membrane.

However, it is to be appreciated that using a
packing material to trap soot in this way results in
35 competition for the O-atoms and other oxidative species



35 conpetition for the O-atons and ot her oxidative species WO 01/ 30485
PCT/ GB00O/ 03943 14 which woul d ot herwi se be involved in the NO to NO2
-peroxy oxidation chain nechanism The rates of reactiogcg,fGBgomg d ot her
oxi dat i veVOIMMEY with soot are faster than the hydrocarbon oxl dation
reaction so that conversion of NO5 to-ND2 s nuch less |likely to occur.
~This is then an exanple of how using a selective filter approach can
significantly change the chem stry of A a system In this exanple, a

doni nant honog8H&Bu o8 PBNEFELEE R ATTVER VREC hBNFRIN NG| ts A®2eRBEPEEd NO t o

NO2 conversi Qf s {GRANGRL1 RYmd Beartiiei .Ce 10k 2286k 65F iM& AR offi bter to
pronote an alterpative heterogeneous ,soot ., oxidation nechani sm usi t he
same basic speft‘ﬂdeéxﬂ‘&fnﬂx?ﬂatgﬁ% WEEART H ?‘eﬁﬂ?t 13 a8 45 tgﬁ'ﬁo?:ﬂgnt

i npl i cati ons flyrdmersriboadogbdéticmdadOX roensvakhas ¢dnersigypesifsNOhat by

renoving th soqQt in _a packed reactqr you reduce the possibility for NOX
reducti on tg ¥} %eﬁsbﬁ}ggh%sogﬁ%ﬁgx §8I 8EFM¥e 20 catal ytic reduction of
NC2. In accordance with the present invention, to achieve a conbined soot

and NOX removal thisg, sl ter @ﬁ&?n?ﬂ ”eié}x’r%:led&?”h%wé{ }_@%ia[l% 9 W thin the
reactor as a 25 .CONSEGUERCE Of 17appi Ay soot has to be taken into account.
One approach iEikten s@rERashy S R¥IVE ICaRAlYschange the hegiisiey @bped

al um na cat al ystsysrunth 1huBhis oasampile Sal emivehy BevsFdidimdels t he NO and

al so hydrocarbons and/ or _parti‘g}él . oxygenat ed hydrocarbons in 30 the
exhaust and®prRRais FFAHEPE PEIRTT L1 %@@Fﬂ@re anced N 9o™2rectly to N2.

ghe fgnct i on OdordhHrSs i%l \1@; chghg@&ﬂ 1@{) WHeh@hedkal Mﬁta}é‘eiéﬁtiv\éakobﬁ
ependent upon_ithe _type_o roc Qns .an t erformance y be
inproved V[)Ol?%gﬁﬁ% C¥F8g8g¥0§%4§fternatl¢% he%egogeneous soo%a
oxidation mechanism using the same basic species found in
the exhaust stream.
15

This has important implications for combined soot
and NO, removal as this suggests that by removing the
soot in a packed reactor you reduce the possibility for

NO, reduction to nitrogen by a hydrocarbon selective

20 catalytic reduction of NO,.

In accordance with the present invention, to achieve

a combined soot and NO, removal this alteration in the
chemistry taking place within the reactor as a

25 consequence of trapping soot has to be taken into
account. One approach is to use an NO selective catalyst
such as a silver doped alumina catalyst, which functions
by selectively adsorbing both the NO and also
hydrocarbons and/or partially oxygenated hydrocarbons in

30 the exhaust and promoting their reaction together to

reduce NO directly to N,. The function of this silver

doped alumina catalyst in this way is dependent upon the
type of hydrocarbons and its performance may be improved



15 by activation of hydrocarbons in the exhaust gas stream by for exanple
pl asma activation, to form species such as partially oxygenated
hydr ocar bons, for_ exanple formal dehyde (CH20 . The presence of the

non-t her meV O3V 8% na is inportant for this in that it isTEreEMPR or t he

requi red activation of hydrocarbons at _shgnificantly |ower tenperatures

than those required for thermal production of oxygenated hydrocarbons. 10 .

It will be apparent to those skilled in the art that this selective filter
approach may bey sgtivedics of heydreqrrhaaw ipr thesexkaugfaess shyearhaust
sérealrjns. Thedfwtﬁ;r datipil el pIaymbeacelveetion, f o6 f&ﬁ?aéﬁédife)é skéht@strap gr
adsorb a prede ryct f_taxi c waste conpounds
for exanple t h%%[e{ga[l}gl d%?c%&g%%h&galﬁ%t%los&g%%%gésk?%e&ﬁmgﬂ& el ectroni cs and
sem - conduct or foxmhlsichivee. (EHgOpl eThef prkeerce nof wie nopechesmalich as

vol ati |l e organi ¢ conpounds, hal ogen .cont ai_ni pg. conpounds _i.ncl udi ng

perfl ucroca bdﬂi,ﬁmﬁjﬁﬁdﬁPﬂﬁF%ﬁErﬁ%ﬂé: dlﬁrtgﬂ§.1?nﬁ?é%&@ﬁ&lYﬁeg?Esidence
time of these speciemined hetprvasien WL hyidmgcarberect wagrfiflitentlmy resul t

in an increase)dfed hen@lelhe 1886 Veidn dHde rdgEiF &8t # N c1nhA anot her
exanpl e the selective fi e chosen for its ability to

| teri b
trap or adsor PP Fel ?%ﬁ?é‘%‘%&i@ﬁ%gﬁgﬁﬁ' in the plasnma to coat or

nmodify the filter material in some way. 30 The filter material nay be
selected fqp its abid hii¥1 be apper&it adsehbsa SkeURIEri RO SPECLESt

produced in the . plasma to prevent a certain phase m ¢ reaction
occurring. Thi@“ﬁ%lﬁ%eﬁé—'lﬁrs Ejr'% %ntapfcrp?glc?’uf"%gfg%ra‘fp;a%hgg 821"?15 formed or
to act as an i¢igmiqadr procegsedr t9AeS PPds eXheust HelsreREsn Repl aced

The filter material may be selected for its ability

15 to trap or adsorb a predetermined species in the
destruction of toxic waste compounds for example those
used in applications such as the micro-electronics and
semi-conductor industries. Examples of these include
species such as volatile organic compounds, halogen-

20 containing compounds including perfluorocarbons,
hydrofluorocarbons and Freons. Increasing the residence
time of these species in the plasma by using a selective
filter may result in an increase in the efficiency of
their destruction.

25

In another example the selective filter material may
be chosen for its ability to trap or adsorb a pre-
determined species produced in the plasma to coat or
modify the filter material in some way.

30 .

The filter material may be selected for its ability
to trap or adsorb a predetermined species produced in the
plasma to prevent a certain gas phase chemical reaction
occurring. This could be to prevent a pollutant or toxin

35 being formed or to act as an inhibitor for a certain

This Sheet Has Been Replaced
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~ il 11118 111111 111 11" WO 01/ 30485 PCT/ GBOO 03943 16 i soner or

nmol ecule in a chenical process. As an exanple the filter material nmay be
‘selected for its ability to trap or adsorb-a predeterm ned polynmer chain

| ength or woypsm4dsr om t he gas phase in a plasma pol ymeri sedu/6B00/63gas ocess.

The material could be selected to trap the polyner products required or to
take out unwanted by- products to allow #Re-desired product to be collected
downstream WO 01/30485 PCT/ GBOJ 03943 17 - - 1111111111121 VIiIlL M1 11

1111 claims C;donesS or mo'ﬁe@ﬁi@oﬂloé drRiMsfagt EEEQS@ CAIMQN QL a& non-
t hermal pl asma rea’ﬁglor 300%1‘: t he trea men gases 5 _which net hod

conpri ses assenif CeTHBgt 3% P C&Fd( §9 )1ES %mle‘ﬁéfl &8ur e havi ng
gas fl ow conduttap r3@@s80R)afpredetrautineg gadymerf tlowid Hremggh or over the
bed of active gRiLrd @y q._ﬁg%aspﬁgélééillqg aelpq%ts;ngds  3kQnadapt ed when

electrically energised to generate non-t her rra?l{nﬁasrra it he gas,

char act er i séd PrPqSss- dbe ?“@5@’51%1 c‘EﬁP&éiné’r?[ S&ﬂef:ﬁéda’é‘?l‘ifélprr&thérl al is

sel ected for polymsapgrciutyst vequaisoed wmr tior &pka puedeivwntedetbychem cal
speci es in the,ga8,dd-owWdt BehghYch dé"ﬂf%%s%rbﬁﬁcﬁf £§C d Vi 11iRikgence tine
of said speci es relative to the residence 15 tinme of species in the gas

f1 ow whi ch ar B EFEBbed or trapped and so nodify the gas phase and/or
surface chemistry of the treatnment. 2. A method as clained in claim1 for
the treatment of 20 exhaust gases froman internal conbustion engine,
further characterised in that the said active material (320) or



conponent thereof is selected for its capability to adsorb or trap a
predeterm ned chem cal species in the exhaust gas flow produced as a
result of the conbustion 25 of fuel, and any nodifier or additive therein,
by the inwernapsgonbusti on engine. 3. A nethod as cl ai nBET/GRBIG3%3IM 1 or
claim?2, further characterised in that t e said active material (320) or
30 conponent thereof is selected for i t's & apabi |l ity to adsorb or trap a
predet erm ned chem cal species in the gas flow pr r mal
plasma activation of,_.constituents thereof. This mnﬂmwﬁ "mEI aced
FEEEEer  rrrerernnl FEE TErrrrr 1212122 il 1M1%1 Rkl

01/ 30485 PCT/ GB00/03943 18 4. A nethod as clained in claim?2 or clai m 3,
further characterised in that the predeterm ned chem cal species is from
the group conpiisi ng ndthodgel, maxyfedt urixigd@s compomédt ofgaN assweh-as NO, NO2,

oxi des of carb (LY C

sat ur at ed, ungg?%‘lac‘{]egg'%sgg Fga@%aﬁed fé)%dglf}% gfr%%%ﬁeﬂdtn%hfjglﬁgggf bons,
oxygenat ed ﬁydeé‘éﬁimﬁ@C’sﬂué’ﬁ’m&?ﬁ?% ARRFELLingepohed O%Imes aci ds ethers
and esters, arfgeéiial mmnqcathﬂSemmbsdﬁ:re hatanSga@eEnﬁ\f domhtidisng pol y

10 ar ormat i ¢ "YHSEE PN 2ATBOUDERsnG! dad "SR BNSEnd il A o EHE! | Y

burned fuel, arr Bonaceous particulate
i ncl udi ng t he @6‘%%‘? eaQFrlg’&nF“éteﬁ%%tf%?P)and’ré’HF-ﬁbﬂg 91%%sul trafine
fraction, sul phgo3 I WEEHteaCckheh Nl &G iaad 1gubpdes Bsed Ao genenats ogen

15 speci esa.oa%gngé%eeanaf%ﬁggay £ {RAIJdLT ehePOBEErISeq B UrbkvgE Such as
urea, ammonia, Cerium oxi suc
least a component of the active material is selected for

its capability to adsorb or trap a predetermined chemical
species in the gas flow thereby to increase the effective

residence time of said species relative to the residence

15 time of species in the gas flow which are not adsorbed or
trapped and so modify the gas phase and/or surface
chemistry of the treatment.

2. A method as claimed in claim 1 for the treatment of

20 exhaust gases from an internal combustion engine, further
characterised in that the said activé material (320) or
component thereof is selected for its capability to
adsorb or trap a predetermined chemical species in the
exhaust gas flow produced as a result of the combustion

25 of fuel, and any modifier or additive therein, by the
internal combustion engine.

3. A method as claimed in claim 1 or claim 2, further
characterised in that the said active material (320) or

30 component thereof is selected for its capability to
adsorb or trap a predetermined chemical species in the
gas flow produced by non-thermal plasma activation of
constituents thereof.

e
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Eol ys) and pl asma acti vat ed Bﬁm ,es such as_( OH, 03 activated

hydr ocar bons i ncl udi ng parti H H jﬂ hydrocar bons/ organi ¢ nol ecul es
.and electronically and 20 vi ed state species. 5. A nethod

as cl ai megwgozasy of the precedi ng cl a| ms, further chaP&ECGROV/EYH in t hat
the bed of active material (320) is pr3v8| ded in the formof sheets,
wafers, neshes, 25 frits, coils, spheres, pellets, extrudate, granul es,
fibres, foams or honeyconb nonolith or as a coati-ng on sheets, wafers,
meshes, fritsa.coiAswetypteres clpehedét sn ol tmmeslagmamulfasctkfeirbr es or

honeycortb morehileedOAlla (Of REIDEADS, Spr e ol oltR | hdnasa £l dldmdd n any of

the precedingc aracteri se e act)ve materi al
(320) conpri dsstapel e rQ—‘%?U(Pr CP@PFb%’r%%trF’rré’mner Pénge‘-Thl%XJS?fé%tOfHas Been

Repl aced 11111 ddde ookl BELvol, NvUP O/ 20ABSPCTLGBR0LOI04L ) 7. A

met hod as clainmed 1n any of clains 1 to 5, further characterised in that
t he active sraicer| aka NP hysedcapbbysreinal whiner isalturdt&i, A nmet hod as cl ai ned
inany of clainms 1 to 5 further char%\%éerl ed-in th t .the active material

conprises celRAPEVFAESH T HYCIGC A I‘ﬁ? TEG ANy of the preceding
clains, 10 f&nwﬂhecanhmmtoemgwated hhdrochbant suchbasr abdelydes i al

_g 304% bet \A/fenkreasnséecattlié&foﬁs( 3Q%aaé0étﬁé£§tt&ﬂ@f&§e@sdl&k&ﬁ%ﬁﬁ@ barrl1 e[ g
i scharge typ ctor in_any of_ clains 0
further 15 c(li‘é(gﬁﬁ’%ﬁ’ t%&ﬁvﬁhévﬁfa“cslﬁ% &ué(")ﬂ% BOtEd to provide
a pul sed dﬂoraa'oulasmahwqqqxém@f ceppovRds, 19il Anastiodsasieehianst i n any

of clainms 1 t@a8tibui{hsirndharat episeshd nihdudihaiaksct sasies, are
confi gured tocarbonaceous particulate including the soluble organic

fraction and carbon, fine and ultrafine fraction, sulphur
compounds including SO, and sulphates, organo-nitrogen

15 species, acid gases, combustion modifiers/enhancers,
additives such as urea, ammonia, cerium oxide (such as

Eolys) and plasma activated species such as O, OH, Os

activated hydrocarbons including partially oxygenated
hydrocarbons/organic molecules and electronically and
20 vibrationally excited state species.

5. A method as claimed in any of the preceding claims,
further characterised in that the bed of active material
(320) is provided in the form of sheets, wafers, meshes,
25 frits, coils, spheres, pellets, extrudate, granules,

fibres, foams or honeycomb monolith or as a coating on
sheets, wafers, meshes, frits, coils, spheres, pellets,
extrudates, granules, fibres or honeycomb monclith, foam,
or membrane.

30

6. A method as claimed in any of the preceding claims,
further characterised in that the active material (320)
comprises dielectric or ferroelectric material.
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20 provide a surface d reactor. 12. A method as clained in
any of the preceding C“Eﬂ ﬂm ‘j@ haracterised in that the el ectrodes
(303, 310) are configu explasma in the gas as it flows 25 over

or throughwolew3isgsd of active material (320). 13. A non-t HEVGRA/M43Ss e
reactor for the treatnment of gases when gade by a nmethod as clained in any
of the preceding clains. 30 14. A non- “th pl asma reactor for the
treatment of This Sheet Has Been Replaced I11LITIT TRl 1111111 11
FITTT 11112111 A0 11 b kkthodlads Idldined ikl anyWObH 14 B4R 1PED 6B0SMOE3 20

gases, cONDIi iy gggggggg)ﬁgte%& LR oL 3o 4L Rk Losur e having

gas flow condui directing gas roug over the
bed of active Pokymerig mgBemHal ¢| ectrodes (303, 310) adapted when 5 '
el ectrically energised to generate non-thernmal plasma in the gas,
characterised in that at |east a conponent of the active material (320) is

modified sogag to %dﬁleeﬁo@ras témn@dpaadahﬁraf neth Gherl ¢al sSPegi@sed n the
gas flowto increase |e/ esi_dence tinme qf the said species 10
o inettiae S5

rel ative to ttﬁ?ﬁﬁﬁflﬁﬁﬁﬁ cPESTTR T FPHRIlﬁﬁ?ch are not
adsor bed or trapeedcandteviabdi fy the gas phase and/or surface chem stry
of the treatnent. 15. A non-thermal plasnma reactor as clainmed in claiml4,
15 further characterised in that neither the plasma nor the said nodified

component i S£Par gt glynSa! Al Vi ialld fin LEFPEE e 8R8HADSCRLuRem oal
10 further characterlsed in that dielectric barrier material

(304) between the electrodes (303,310) establishes a
dielectric barrier discharge type of reactor.

10. A method as claimed in any of claims 1 to 8, further
15 characterised in that the electrodes are configured to
provide a pulsed corona discharge type of reactor.

11. A method as claimed in any of claims 1 to 8, further
characterised in that the electrodes are configured to
20 provide a surface discharge type of reactor.

12. A method as claimed in any of the preceding claims,

further characterised in that the electrodes (303,310)

are configured to generaté plasma in the gas as it flows
25 over or through the bed of active material (320).

13. A non-thermal plasma reactor for the treatment of
gases when made by a method as claimed in any of the

preceding claims.

30

14. A non-thermal plasma reactor for the treatment of
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by virtue of the combined ef fect qf - he o d the adsorption or
entrapnent a catalytic effect onﬂi 'i& ,ﬂﬂﬁf‘“ﬂl\ achi eved. 16. A
non-thermal plasma reactor as cl aly or claim 15, further

char act er (V6@ 8173085t hat the bed of active material (320) PGRERWAIBne or
nore catalysts from 25 the group conprisjng al kali metal -exchanged zeolite
Y or silver alum nate and ot her netal -exchanged or netal doped zeolite
materi al including Cu/ZSM5, Fe/ZSM5, Co/ZSM5,  zeolite beta and hydrogen
exchanged zeolgiakes,i aohprlisindta Z8i 6f active rgarﬁﬁrpiadorrﬁﬂﬂsn g @hum nas

incl uding al phg o30r§aREPs ng Ha s ot E‘Sﬁdﬁi&@t@ddl @20hages, oxides of
titanium zircqonium, ceriumand vanadi erovs Ig%'r‘ﬁ (”:"eéxBI nel s, and

m xtures of tRESEHEPEr 72T stO dridtet 088 T Y §eq°EitR as
cobal t - doped aatrerinas. (350)L7 e]kq@mdeheKaﬁB Pl Gk reslapeact wheas cl ai ned in
claim 16, Jhis shestatey Hean e %eg hbkhté indo bhilhod Lbtdnd i
111111111112112111 1111111 11711 /GB 03943 21
further chara 98&d F a’f%‘é"ce"n"t‘?& & & a‘éC?FvJeearﬁatt&Fz?i‘“pof@?B) ncl udes a
car bon ponbustdrmacauaéymatmqul@mg ignwodif et esarmtsertioabdsbrbnot he group
conprising al kgld, a”EE:éJieE’éhﬁlf‘ned)rcﬂe?sﬂbﬁ@“ﬂﬁé@i‘ééj%{@h-'f@ bagﬁk%w%

oxi de/ vanadi um pent oxl de, vanadates sugh as net avanac

pyr ovanadat es lfé?reﬂsﬁoﬁh?h%#‘?%cft‘ﬁ’iea§ﬁﬁl E3EFoF1HR U & &allﬁ EP%F’rﬁﬁ4 or
cl ai m 15 010 clmlmtifFeotoctlae rdsidenaet lrdme10£ CM@cHenme&iel gashfloweans

are provided fuﬁflc@loa%ohbt ”stéz%e@%@: Qﬁraéﬁeédé&i hed nQJdlthzaEH@dg§9€C' €s.
nclaimi18 further

19. A non-ther pl a react or
characteri sed 8 stenéf‘g?aﬁ §%¥%%£§?W&Fr’{50§oﬁ? otrlﬁar'fé“eflél ease of an

adsor bed or trapped species

15. A non-thermal plasma reactor as claimed in claim 14,
15 further characterised in that neither the plasma nor the

said modified component is separately catalytic with

respect to reactions of chemical species in the gas, but

by virtue of the combined effect of the plasma and the

adsorption or entrapment a catalytic effect on reactions
20 is achieved.

16. A non-thermal plasma reactor as.claimed in claim 14
or claim 15, further characterised in that the bed of
active material (320) includes one or more catalysts from

25 the group comprising alkali metal-exchanged zeolite Y or
silver aluminate and other metal-exchanged or metal doped
zeolite material including Cu/ZSM-5, Fe/ZSM-S5, Co/ZSM-5,
zeolite beta and hydrogen exchanged zeolites including H-
ZSM-S5, or the group comprising aluminas including alpha,

30 gamma, chi and other crystalline phases, oxides of
titanium, zirconium, cerium and vanadium, perovskites,
spinels and mixtures of these materials, or metal doped
inorganic oxides such as cobalt-doped aluminas.

35 17. A non-thermal plasma reactor as claimed in claim 16,
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conpri ses nmeans for control rature of the podified conponent.
20. A non-thermal plasna r uH ﬁT in any of 20 clains 14 to 19

further characterised in t det erm ned cheni cal eC|es
car bonaceoWOUBMES and desor ptlon and/ or deconposi tion B?T’GB?"S%
functionalities fornmed therefromand regultant production of carbon

di oxi de and carbon nonoxi de occurs at tenperatures |ower. 25 than the

t hermal oxidation tenperature of carbonaceous . soot. 21. A non-thernal

pl asma reactorf %%%l%@ﬁ%%%?%%thal‘tuFi'J‘ﬁe]Pe@h%# fYEVes B PR that t he
sai d resul t ant (380 priectlaiesnaoftachobharmustide eathlathaomprheinge occurs
at temperatur énéO%Fm ARagePa12 2 dh bbsﬁ?%orpgm of §8kh9Y as
claimed in clarm 2

he said resultant 35

racteris
production of %%F%@%%l ae é"f\’a&&‘?ﬂ "r’rgﬁé#ﬁ% at tenperatures as

| ow as 100Cs Tékidesheatadilas BeshoRuis avedadates |dudh mlasavananauas
and pyrovanadates

18. A non-thermal plasma reactor as claimed in claim 14
or claim 15 or claim 16 or claim 17, further

10 characterised in that means are provided for controlling
release of an adsorbed or trapped species.

19. A non-thermal plasma reactor as claimed in claim 18,
further characterised in that the said means for

15 controlling.releése of an adsorbed or trapped species
comprises means for controlling the temperature of the

modified component.

20. A non-thermal plasma reactor as claimed in any of
20 claims 14 to 19, further characterised in that the said
predetermined chemical species is carbonaceous soot, and.
desorption and/or decomposition of carbon functionalities
formed therefrom and resultant produétion of carbon
dioxide and carbon monoxide occurs at temperatures lower
25 than the thermal oxidation temperature of carbonaceous

soot.

21. A non-thermal plasma reactor as claimed in claim 20,
further characterised in that the said resultant

30 production of carbon dioxide and carbon monoxide occurs
at temperatures lower than 250°C.

22. A non-thermal plasma reactor as claimed in claim 20,
further characterised in that the said resultant

35 production of carbon dioxide and carbon monoxide occurs
at temperatures as low as 100°C.
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