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A reactor chamber (2) forms part of an exhaust system of an internal combustion engine, Within the chamber (2) are electrodes (3
nd 4) between which there is disposed a bed of active material (5) through which, in use, the exhaust gases pass. In the presence of an
“lectrical discharge, driven by an electrical voltage applied across the electrodes (3 and 4), the active material (5) has a catalytic action in
‘e reduction of nitrogenous oxides in the exhaust and also acts to remove hydrocarbons from the exhaust gases.




situation in relation to one of the above conponents of I nt er nal
conbustion engi ne exhaust emi ssions tend to 25 worsen the situation in

rel ati orwo@9u26d8 ot her. ~Even so, a variety of syste@CHGBI¥256%hi ng .
particul ate em ssions frominternal conmbustion engi ne exhausts have
been’ I nvestigated, particularly in relation to nmaki ng such
particul ate em ssion traps capable of beking regenerated 30 when they have
beconme saturated with particul ate mat eri al . ' Exanpl es of
such di esel exhaust partlculate filters are to be found in European

pat ent application i sigss 4, 505, 107; ° 4, 485, 622;
4,427, 418; and VO 99/ 12638

PCT/ GB98/ 02569 - 2- 4,276,066; EP
0 244 061: EP 0 11The3Prasentp imventiogs relates to the |treatmeme above
cases, the parddsddwd eemsmins Sand m ;saefmy@ﬂléf%dwéefe&w@ﬂéh gases by
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One of the major problems associated with the

development and use of internal combustion engines is the

10 noxious exhaust emissions from such engines. Two of the
‘most deleterious materials, particularly in the case of
diesel engines, are particulate matter (primarily carbon)
and oxides of nitrogen (NOy). Excessive levels of NO.
also are produced by spark-ignition engines operating'in

15 what is known as ‘lean burn’ mode in which the air/fuel -
ratio is higher than that required for stoichiometric
combustion. Increasingly severe emission control
regulations are forcing internal combustion engine and
vehicle manufacturers to f£ind more efficient ways of

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

25 worsen the situation in relation to the other. Even so,
a variety of systems for trapping particulate emissions
from internal combustion engine exhausts have been
investigated, particularly in relation to making such
particulate emission traps capable of being regenerated

30 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
35 384; US patents 4,505,107; 4,485,622; 4,427,418; and
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at which the trapped di esel exhaust particul ates are burnt off. In
nost cases the filter body is monolithic, - 10 although EP 0 010 384 does

ment i on wHQessls Of ceramc beads, wire neshes or rretp@{r/(;mmmg as
wel | . US patent 4,427,418 di scloses the use of ceramic coated wire, or

ceram c fibres. 15 In a broader context, the precipitation of
char ged particul ate matter by electr?static forces also i s known.
However, in this case, precipitation usualfy takes place upon | arge
pl anar el ectrodes or netal screens. GB patent 2,274,412

di scl oses a med kb b adiRirkitddd 061; ElbrO rehd\a3d) and tER W) 32 i .ot her
pol lutants from I nternal conbustion engi ne exhaust gases, in which
t he exhaust g&ges aéﬁygassed through a bed of, charged pellets

of material, preferdgbl3t¥ ARRNE | G2587w i the R icwintymaiday is

const anltl. | In Pt rednt tdm rceﬁ@yengexhausc p@%éé@%ﬁtaesshﬂpbél dstiyical | |
especially ctrlc. S st ed oxl 1 O S I. SCI OSse
the reducti ne‘-(ﬁapp“gé S ée]x?t-r cu]aaét-é Uf‘l?’t‘r:o% %m% Q%%%Q%g%e%foéj eflets :
adapted to . DPOrowsit a§ lﬂnecaqmq £ blver i body wl@@ch is then Also, US

patents 3 983 £B§ené&é€€d5&ﬁ ﬁ@@t§n&8€hé5§11ter bo&%sﬁboéetéﬁﬁéféﬁi%dt'c

reduction of nitr xh However i IS sole
concerned w t R2EH foh ¢ er%ﬁﬁ%??@ndesﬁE)?ﬁhﬂP?ﬁ BREFiEN aEﬁ%w?%ﬁscharge
t he 35 tenpeuahtirefHf whhchoss &apesbehewfhlvalubody it mbmehithic,

10 although EP 0 010 384 does mention the use of ceramic
beads, wire meshes or metal screens as.well. US 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 usually takes place
upon large planar electrodes or metal screens.

20 GB patent 2,274,412 discloses a method and apparatus
fof removing particulate and other pollutants from
internal combustion engine exhaust gases, in which the
exhaust gases are passed through a bed of charged pellets
of material, preferably ferroelectric, having high

25 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

catalyse the NO, reduction.
30
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
reduction of NO to N in a silent glow discharge, the
35 temperature of which is kept below a value of at which
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- 3- the oxidation of N or NO to higher oxides of nitrogen does
not occuwoit2688 i s no nention of any sinultaneous r e AGTAGBL8702569

hydr ocar bons. 5 Al t hough, so-called contact bodies are used in the
process of US 3 983 021, and sone of those disclosed may have sone
catalytic properties, catalysis does not_agpear to be a necessary
feature of the process of US 3 983 021. QO her surface properties, such

as adsorption qQn |arg 10 surface ea majerials,.are the basis of the
process of tq‘%§’%ﬂ§38%°'%l‘?g nor No€o r%i&b%?e??fl i4‘?95‘f6tﬁ‘8€§nrefer to
t he use of doestradty stacuw. 1 eThoeee NCF eno | mebtiion hef catypl gimalvahesual s

15 involved arg sefq ﬁg:;é ifically as being sul phur t ol er ant
and deriving ?%EIF égpgﬁyt 8&g%%ﬁ§# %'fron1their formrather than
their surface properties. ' Al so, the operating conditions are

very tightly 20 definssgh, T96rEalBedocoRestE | SodPas | #PeOhsblicihYERe | f
process of US 3 983 021, and some of those disclosed may
have some catalytic properties, catalysis does not appear
to be a necessary feature of the process of US 3 983 (021.
Other surface properties, such as adsorption on large

10 surface area materials, are the_basis of the process of
US 3 983 021. '

US patent 5 147 516 does refer to the use of
catalysts to remove NO,, but the catalytic materials

15 involved are defined very specifically as being sulphur
tolerant and deriving their catalytic activity from their
form rather than their surface properties.

Also, the operating conditions are very tightly
20 defined. There is no specific mention of the type, if
any, of electric discharge involved. All that is

disclosed is that the NO, removal depends upon electron-

molecule interactions, facilitated by the structure of
the ’‘corona-catalytic’ materials, not the inter-molecular

25 interactions involved in the present invention. There is
no mention of the simultaneous.removal of hydrocarbons

from the gas streams being treated by the invention of US
5 147 51s8. '

30 us pateht 5 284 556 does disclose the removal of
hydrocarbons from internal combustion engine exhaust
emissions. However, the process involved is purely one
of dissociation in an electrical discharge of the so-
called ‘silent’ type, that is to say, a discharge which

35 occurs between two electrodes at least one of which is



any, of electric discharge involved. Al that is di sclosed is that the

NJ err] renoval depends upon el ectron- nol ecul e i nteractions,

facilit he structure of the 'corona-catal yti ¢l iahs, not
t he intg&sggpé%%lar 25 interactions involved in the prgggn ?ﬁ%%htion;
There is no nmention of the sinultaneous renoval of hydrocarbons ’
fromthe gas- streans being treated by the invention of US 5 147 516.
30 US patent 5 284 556 does disclose 4he renoval of hydr ocar bons
frominternal combustion engi ne exhaust em ssions. However, the

g_r occﬁss i nv?l ;’.ﬁfbxiﬁaﬁ’éﬂ.e' yrlfé";i‘ile\aiqe _cféséﬁi&féli?iieg idﬁﬂtdgérﬁ[&i@c&ﬁﬁdém
I SCharge o e 0- ca | n ) e, at. 1S 1O S , .
di scharge whi ¢ aﬁ%%r'o&‘?ﬁ & Gﬁﬁfeeéjniﬁé ciﬁ‘@c"{é)'odéie%"q’bdﬁ “lﬁa‘ie (ﬂ‘af We&h i s

WO 99/ 12638 possible deposition of a NO,-reducing R&ta®B28/ 82568e of

-4- i nsul ated. The device describéd is an open di Scharge

chanber, not ahpickkecteetiefyice. Mention is made of the possi bl e
deposition ©f a NJerr]-reducing catal yst on one of t he el ectrodes.
5 us paa?nt 5,609, 736 discl oses a pellet hed reactor

S patent '5,609,736 discloses a pellet bed reactor
in which the pellets of the reactor bed either
incorporate a catalyst or are mixed with separate
(smaller) pellets of a material which is catalytic for

10 the disruption of volatile organic compounds. The
catalysts also are chosen with a view to reduce the
production of carbon monoxide as a by-product of the
disruption of the volatile organic compounds. The only
volatile organic compound dealt with in the text of the

15 specification is carbon tetrachloride. Nowhere in US
patent 5,609,736 is there any method demonstrated for the
treatment of nitrogen or its compounds.

US patent 5,149,511 discloses a system for. reducing
20 NO, emissions from oxygen-rich inte;nal combustion engine
exhaust gases in which paftially oxygenated light organic
compounds such as alcohols, aldehydes, ketones and
ethers, are injected into the exhaust gases which are
then passed over a bed of a copper-containing ZSM5
25 zeo;ite and then a bed of an oxidising catalyst such as

Pt doped alumina or 1% Pd/10% La,0,/A1,0,.

Although the partially oxygenated organic compound

is described as a reductant, presumably in combination
30 with the zeolite catalyst, no information is given as to

the chemistry involved, neither is there given any

explanation of the role of the oxidation catalyst, nor as

to why it should be downstream of the reducing stage.

Furthermore, no plasma enhancement is involved, the only
35 energy input seems to be the thermal energy of the



in which the pellets of the reactor bed either incorporate a catal yst

or are mxed with separate - (smaller) pellets of a nmat which is
catal yti VP8¥26380 the disruption of volatile organic conﬁg:a(@wozsﬁ%e
catal ysts al so are chosen with a view to reduce the. producti on of
carbon nonoxi de as a by-product of the di sruption of the volatile
organi ¢ conpounds. The only vol ati ~e Sor-gani ¢ conpound dealt with in
the text of the 15 specification is carbon tetrachloride. Nowhere in US
patent 5, 609, 7§§ha§sgh§5§egny met hod denonstrated for the t r eat ment

of nitrogen or its conmpounds. US patent 5,149,511 discloses a

system for reducing 20 NJerr] em ssions fromoxygen-rich internal
conbusti on engine Us 5,?kxbaus?, gpabliishedha€bepatheapkjoriygedatedolfi ght

organi c . A | I
ethers, are |n1§gg ggg %éggggg aus[i8 §§e§ §§g§ﬁg g§§E%EEPC%§%13§§§Ed
over a bed 6&f aeagppsrteonedunsnghgsnmlsszsnzbylnn@emm@hiﬂgmbmswe@nof an

0, 0,
Calerr] Crerr] | APBEPRPCHG pe 2nd. BosETBEY eaPhaRalkets  PAFERFIBR S enat e
organi ¢ conpounfle system $sd€sel h@%dwa%mds@@&t-&lltch ReefuEdIgagds from
conbi nati on 30 wi.th thg zeolite catal no i nfornmation is given as to

the chem stry fiﬁ\?gﬁ\}egndn SERe YT ﬁ;)g}r ﬁxyeng nes ‘expl anati on of

the role of the oxidation catalyst, nor as to why it should be

downstrea the 1 9duUehad s558%m 4 beldH ! Bk dP?J&art{y?: @&%'Bﬁ LAt
S |nvolveéﬂithe only §§Ener%¥%ﬁ%ﬁh seens_to be t hermal energy of
t he fuel 1s cracked into simpler hydrocarbons by a corona

discharge and mixed with oxygen-rich exhaust gases from
which NO, is to be removed. The mixed hydrocarbons and

exhaust gases are then passed through another region of
15 corona discharge, which may include silica beads as a

particulate trap. In this redion, NO, is oxidised to NO,.
The NO, plus excess hydrocarbons are passed through a bed
of a catalyst which acts to reduce the NO, to O, and N,

and to oxidise the hydrocarbons to CO, and H, 0. No plasma

20 is involved. The effluent from the catalyst bed is
passed through a second bed of an oxidising catalyst

which oxidises remaining hydrocarbons to CO, and H,0.

The use of corona discharges as the plasma source

25 has the disadvantage that such discharges can only be
successfully established over limited distances between
the discharge electrodes, so that the dimensions of the -
plasma processing regions, and hence the throughput of
exhaust gas, correspondingly is limited. Pulsed corona

30 sources can be used to overcome some of the disadvantages
but when reduced to practice they are inhibited by the
cost, complexity, durability and electromagnetic |
emissions associated with short pulse, high voltage power
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-5- exhaust gases. US 5,711, 147, published after the
priority this application, discloses a pl asng-asshSis

cat al ytl‘gg%'gzééact or to reduce the em ssion by internal "@%ﬁ’%ﬁg?}?’%g’

engi nes of N(J err] and, possibly, carbonaceous particul ates. The
systemis for use with oxygen-rich exhaust gases from di esel and

| ean-burn spark ignition engines. 10- 6 = In the system described a
hydr ocar bon such as di esel fuel is cracked into sinpler .hydrocarbons

by a corona j sch ' ] en: K f
whi oh NG err] TEPRELGE" RS ALY 4R, YetleBibitaol BPagbiarBbnIattt oo
gases are thenopbdsteion htakigplaws heitHagi ahefassikramms @ pliasnkar.ge,

whi ch may include silica beads as a particulate trap. In this region,
NOJ err] is oxidised to NJerr]. The errLﬂPIus excess hydrocarbons
are passed through @S earcent S, 71, & tatribisishgd $hep prddrdsyt he

NJerr] to &) egiteand leé dpplicatidWdaifeBde £ 4yt diY HAC HRRRS

CJerr] and Herr]O No plasnma 20 1s involved. The effluent fron1f%§
cat al yst bed i¥0, and partlculate emissions from diesel exhausts using

plasma-regenerated absorbent beds.

Two beds are used, one of which absorbs NO, and

10 particulates and the other of which reduces NO, and

oxidises carbonaceous particulates using a'plasma in
combination with the catalytic properties of the absorber
beds. The beds are used alternately.

15 However, the plasma seems to be used solely to heat
the catalyst bed to a temperature in the range 300 -
900°C and plays no part in the actual decomposition of

the NO, and oxidation of carbonaceous particulates.

20 PCT application W098/09699, published after the
priority date of this application, incorporates the
subject matter of the application which resulted in .US
patent 5,711,147. It discloses a further arrangement in
which oxygen-rich exhaust gases are passed through a bed

25 of an oxidising catalyst such as platinum-doped alumina
in which NO, in the exhaust gases is oxidised to NO,,

hydrocarbons are mixed with the effluent from the
oxidiser and the mixture is passed through a bed of a

reducing catalyst such as Y-alumina in which the NO, and

30 hydrocarbons are reduced to N,, CO, and H,0.

No plasma enhancement of the actions of the
catalysts is involved in this arrangement.



qt whi ch oxi di ses

remai ni ng hydrocarbons to CJ err] ﬁ“g sﬂE&Tr Bt The use of
corona di scharges as the plasnm saunuaﬁﬂﬂjﬁﬂa
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di stances between t he di scharge el ectrodes, so that the dlﬁEﬂSIOﬂS
of the pl asma processing regions, and hence the throughput of
exhaust gas, correspondingly is limted. Putsed corona 30 sources can
be used to overcone sone of the disadvantages but when reduced to
practice they are inhibited by the cost, conplexity, durability and
el ectromagneti c em ssions associated with short pul se, high voltage

power WO 99/ 12X 3aper 'Selective Catalytic Reduction of NO, with N~
PCT/ (3B98/ 02569

actual NJerr] FRRRIASUIFLHRETY bt shplet pub%}%i%%%%p g3 The

W thout- the asspst20@e- @2P|asmmscomprehensive revigpateiitie Iﬂia @&/,
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system for reducrng and’partlc e oM SSions Hrom di 6ee
exhausts using for the reduction of the NO, content of internal
combustion engine exhaust gases. Other catalysts are
mentioned but not dealt with comprehensively. The paper
is concerned solely with non-plasma assisted catalysis
10 and is academic in nature, disclosing no practical
systems.

While many candidate materials and compositions have
been suggested for lean NO, catalysis in internal

15 combustion engine vehicle applications, the zeolite
family of materials are considered to offer the best
opportunity for development of a commercial system.
Synthetic zeolites are usually crystalline
aluminosilicate materials with large surface area and

20 channel structures with a well defined porosity. Several
mechanisms have been proposed for the activity of the
zeolites but at this time it is not clear that any single
mechanism is responsible. Mechanisms believed to be
operative include, but are not limited to; NO

25 decomposition, partially oxidised'hydrocarbon reactions
with NO, formation and decomposition of organonitrogen
species and bifunctional reactions involving activated
hydrocarbons with NO,. Further detailed analysis suggests
possible roles of free radicals in these processes. The

30 relative importance of different mechanisms appear to
vary with many factors, including but not limited to; the
zeolite, the exchanged metal or metals, the exchange
level, the temperature and the composition of the gas

containing the NO, to be reduced. While the exact

This Sheet Has Been Re; placed
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pl asma-r egener at ed absdrbent beds. Two beds are used, one of
mhich absorbs NJ err] and 10 particul ates and the other of whi ch reduces

NJ err] oxi di ses carbonaceous particul ates usi g glasﬁa in
conbl natW‘Bﬂ%ﬁ@*h the catalytic properties of the absorberFCT/GBIS/g86 The

beds are used alternately. 15 However, the plasma seems to be used
solely to heat the catalyst bed to a tenperature In the range 300 -
900[err] C and plays no part in the actual8deconposition of . the

NJ err] and oxidation of carbonaceous particul ates. 20 PCT

app: i cation VRESh&HHA, mwmwfwl m{déﬁsﬁdw in deﬁH:{clOFﬂ'r?ﬂ dj&.:h&réif thi sm )
application, incorpor j.ec of t.he tion ic
resulted in U§>Y5teIR € ?g% s/tﬂ"‘ﬁti“# ﬁmijl s“tﬁéﬁes aé:'ﬂ}'r]t é\ genent
in whi CBe@Xk¥868- whibth exIbew 1@t aso ad@:mwctﬁ&rmeah ND bed 25 of
an oxi dising catal yst such as plati numdoped al um na i which

NJ err] in thteaRkae88-gases is oxidised to NJerr], hydr ocar bons
are mxed with the effluent fromthe oxi di ser and the mixture is

Bhich the Nlerr] OB ©£"ths sk EETHERLCATS. SathRanl LU JER00 or 1]
and Herr] O commercial use of zeolites in lean NO, internal combustion
engine vehicle catalysts has been their limited
hydrothermal stability. The zeolites lose performance and
10 irreversibly degrade at temperatures that would be
required in most vehicle applications. The mechanisms for
the loss of stability are again not completely clear and
depend on the exchanged metal in the zeolite. Studies
suggest that Cu doped ZSM-5, one of the more active
15 =zeolites degrades at higher temperatures by sintering and

or decomposition and dealumination of the crystal
lattice.

Recently it has been shown that introducing iron
20 into the zeolite structure significantly increases the
hydrothermal stability of the'material. While
understanding of the mechanisms for the promoted
stability are not definitive it has been suggested that
it is linked to the removal of certain catalytically

25 active sites on the zeolite, in particular the Bronsted
acid sites.

In order to be of practical use in a vehicle
catalyst application the hydrothermally stabilised
30 zeolite must have a high activity and selectivity for

reduction of NO, to N, as this results in a high space

velocity and low package size for the catalyst.

A non-thermal plasma, such as is described in GB
35 patent 2,274,412 and more particularly as described



No pl asma enhancenment of the acti G atalysts is involved in
this arr AN SHRL3S ' HIS SHEET HAS BEEN "> peticBosnses _
Japanese published application JO 1060 2EFAGED oses a systemfor the .
removal of nitrogenous oxides fromthe exhaust enissions frominterna
conbustion engines in whi ch unbur nt hydgqparbons I n the exhaust gases
are 5 subjected to a gas discharge in a gas perneabl e bed of catal ytic
material and appear to activate the catal ytic material to catalyse the
reducti on of NEI&xedn, rrathd e gngidieered Josyodnas Meaye et Hhe aqtdve

di scl osed al so 4 1 [0 : Y. ar. L O agu as
streamto ensurﬁ?%gﬁ%tu H&i%Y I%fg:reg:g‘%o&%%q’arb@xp?égg%%gg §%F|‘g'vate
t he cat al ytzenlitey iarld dasdribe) gatedtitisdat.| meiants cular material s
9 setosed are gl L S GEUG o gy )

Sq err]/ Ti O%r rdxygédted /a6k[N0 rdan Adddrivdrted to M all] £Shckeonk,

ZnCo[err]/SiJerr], and the nordenites knowmm as HZSM_ 15 5, HY,
H Mor deni te, NEDERMMBRYR PRSP 2Rgppsed to occur on zeolite active sites

and hence potentially inhibited in hyd:othermally
stabilised zeolites.

10 Based on these observations and current
understanding of the structure of hydrothermally stable
zeolites, in particular the corresponding removal of
catalytically active sites, it is an appreciation upon
which the present invention is based that the synergistic

15 interaction of a plasma'and a catalyst is key to the

realisation of a'commercially viable lean NO,

aftertreatment system for internal combustion engine
vehicle applications.

20 It is an object of the present invention to provide
an improved method for the removal of carbonaceous
particulates and nitrogenous oxides from the exhaust
gases emitted by internal combustion engines.

25 According to the present invention there is provided
a method of treating gaseous media including nitrogenous
oxides, characterised in that there is included the
operation of passing a gaseous hydrocarbon through a
reactor system including a bed of a gas permeable plasma

30 enhanced oxidative first material comprising a dielectric
material having oxidative properties in the presence of a
non-thermal plasma, applying a potential across the
reactor bed sufficient to establish a plasma in the
hydrocarbons in the interstices iﬁ the reactor bed

35 material thereby to produce plasma activated hydrogérbon

This Sheet Has Been Replaced .
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The reactor systens disclosed include an arrangenment I n which the

exhaust gases are passed through Eﬁ ﬂ ds of catalytically
active materialb but it is to be g a% js Fs dog@_}oggé?'ésgve an
ef f ect i VOPBH2§ depth of act pecduse t he PAIEH quot ed

above have relatively Iom1d|electr|c constants and t heref ore cannot
sustain a plasma over an extended depth. There is no indication

what soever of the use of different 25 mate0ials in the sequence of beds of
active material, to performdifferent functions. Ger man

speci fication Qg ?Até@t?&%Aadbé %ﬁgglén of Ehal 5%@;@505‘&@%9%

ni t r ogenous ox Fom OXygen-ric exhaust gases m i nt_er nal
conbustion en&¥l 9cﬁﬁbﬂﬁ|éﬁ the gPéGGEaneégéﬁtWF§hlﬁjé@F@&d|WP§e§ﬁal

exhaust gas shaagmsreandn theapﬁ'baémﬁl sfJeRer plagman atievaeed natlgn pri gr
toiIts ure at a t he Ct O I ncrease Yy
r educi ng r adi E‘AX FE%t"é‘d% Cf%g.tlbllsgs gucﬁzlon Or% tﬁe nitrogenous
AVENDED SHEET oxides to nitrogen.

By plasma avtivated hydrocarbon we mean hydrocarbon
the activity of which has been enhanced in a plasma by
for example partial oxidation, free radical formation,

10 ionisation and/or energy absorptioh (eg. into vibrational
or rotational modes). .

Also according to the present invention there is
provided a reactor éystem for treating gaseous media,

15 including a reactor chamber including at least two
electrodes between which there is a gas permeable reactor
bed, and means for constraining the gaseous emiésions to
pass through the reactor bed, characterised in that the
reactor bed includes a first material adapted to

20 facilitate the establishment of an electric discharge in
the interstices of the material of the reactor bed and to

. have oxidative properties in the presence of a plasma,
and a second material adapted in the presence of plasma
activated hydrocarbon to have a catalytic action in the

25 reduction of any nitrogenous oxides included in the
gaseous medium passing through the reactor bed.

Also according to the invention there is provided a

reactor system for the treatment of a gaseous medium

30 including nitrogenous oxides, characterised in that there
is provided a source of a gaseous hydrocarbon, a reactor
to which the source of the gaseous hydrocarbon is
connected, the reactor containing a gas permeable bed of
a material adapted to have oxidative properties in the

35 presence of a plasma, a second reactor including a
material adapted in the presence of plasma activated

This Sheet Has Been Replaced
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- 7a - Exanpl es of reducing agents disclosed are: nitrogen or
conpounds thereof such as ammoni a, hydrazine, cyanic aci d, hydrocarbons
or hydr g@ E%anples of suitable catal ysts di scl osed pghfs ﬁﬁ

i ron doped Zeolites 5 plati num doped al um na, titania, Iant%anl es or:

m Xt ures t hereof and doped m xtures of the oxides of tungsten,
chrom um or vanadi um It is to be noted that the plasma is
generated in 10 the combi ned exhaust gaskl and reduci ng agent directly,

wi t hout the presence of any agent which facilitates the excitation and

aCéivation ?hyﬁ&@c&@ﬁbﬁéngoageahlyse the redédcpiprrof Seleeddasoat al ytic
Reduction o

L t.h_N__15 Free_ Reductants Shel ef _published in
Chem Rev 199§NChe5pLQoglgrgg§nrSagg gﬁﬁpghgﬁ§|v8m$%V|e %fé?ﬂ% use of
zeolites in pativatedr hydrogssbonst fremichle medcbounrwbrs thefgasedmws

reduction of g 24k %Q“Eﬁ%tcghbhﬂbﬁaaﬁ'passEB&bEﬁEbOEhS“EéQStéfhaUSt
gases. CIher cata ySts are 20 nentioned but hot dealt wth conprehensively.
The paper 3 is concerned solely with non-plasna assisted catal ysis

Sﬂdlis acadenlg lmmaabu@e,odlsuhegbn@ aetfiaciaeerials SysteEne. 25 i
Il e many cangdl gate ter I S ste or
Ny cAgdale TS 3030 AUTIOR 0° ARRKE, 13861 PUROS

§1 $5% ustTon engi ne ve
appl i cati ons, xndusquamtq;—s3o Condea Hollow Extrudates, DYPAC, T-60

Alumina, Cordierite, ¢, % and ¥ Aluminas and Aluminas
10 containing mixtures of these phases (including tabular,
fused and activated aluminas) Cu-doped DYPAC, glass
beads, Fecralloy, Silica Gels and other water absorbing
materials, P2 graded foams, and Puremet foams,
ferroelectric, dielectrics, ceramics, silicas, polymers.
15 These materials may be coated with various washcoats

including zeolites, V,0, V,0,/Pt coats and a coating

derived from an aqueous dispersion of flame hydrolysed
alumina powder. There is also scope for the use of
current state of the art automotive catalysts in

20 monolthic, pelletised and foam forms. Preferred materials
for the active element are zeolites, in particular,
zeolites containing iron, cobalt or copper with or
without additional catalyst promoting cations such as
cerium and lanthanum.

25

Materials with a photocatalytic effect such. as

titanium dioxide some or all of which is in the anatase
form; or cerium dioxide are suitable as they are
activated by the ultra-violet light generated in the

30 electrical discharge.

The form of the active material is desirably such as
to provide high exposed surfaée area for maximising
available reaction sites per unit volume for gas passing

35 through the reactor. The active material may have open



famly of materials are considered to offer the best opportunity for
devel opnent of a commercial system 30 Synthetic zeolites are usually

crystalline alum nosilicate nmaterials with farge surface area and
channel W@PURSHB es with a wel | defined porosity. Several PCHRE%ns have
been proposed for the activity of the : '

-7b - zeolites but at this time it is not clear that any single
mechani smis responsi bl e. Mechani sns beli @2ed to be operative include,
but are not limted to; .NO deconposition, partially oxidised hydrocarbon

reactions 5 WddbdiQy fRidmRitRt and idGRERAT PettheRfol@ @3NQAd.M 0gen _
speci es and. bifunctional reactions involving activated hydr ocarbons w th
NJ err]. Further detail ed anal ysis suggests possi ble roles of free

radi cal s in these MmEssseterilads mayelbat iofe usepdnt ahee fofl ldwiher urms
mechani sns appear ' . fagtor ' i ng. put t.Jimted
to; the zeol'l taeé, Q{%%%%%a‘r’]& 1@2@]0 %&‘e @é@"? Q-{d;‘%d}gn Hidad

e e exchange 1 evel

the tenper at urfoams thanevsessindnal idtha.hexfaudataspmfaisingl e tlex NGxed] to
be reduced. Whiitgadde wiesd, wire wools, weaves, bobbins, bonded or

pressed sheets, discs and rolls. The honeycombs may be
used in a variety of different geometries including a
cordierite one in which its channels are alternately open
10 and closed so that the combustion exhaust gas passes
through the porous walls of the honeycomb. - For ease of
production and durability, aluminium metal may be used,
provided, by anodising, with an alumina surface layer.

15 The reactor bed may be made of a mixture of
materials, one of which has a high dielectric constant,
"and preferably is ferroelectric, and the other of which,
while also dielectric is chosen for its catalytic

activity with respect to the reduction of oxides of
20 nitrogen. '

In one arrangement the reactor chamber has two
- sections in one of which there are pellets of a
ferroelectric material having a high dielectric constant
25 and in the other of which there is the active material
adapted to catalyse the reduction of nitrogenous oxides
in the exhaust gases to nitrogen, the arrangement being
- such that the exhaust gases pass through the pellets of
ferroelectric material before the active material.

30
The invention will now be described, by way of
example, with reference to the accompanying drawings, in
which
35 Figure 1 shows, schematically, & cross-section of an

embodiment of the invention, in which exhaust gases from
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an internal combustion engine are arranged to flow

axially through a bed of catalytically active gas
permeable material;

Figure 2 (a) to (c) show, schematically, different

arrangements of catalytically active material embodying
the invention; '

Figure 3 shows, schematically, a second embodiment
of the invention;

Figure 4 shows schematically a third embodiment of
the invention in which the exhaust gases are arranged to

flow radially through a bed of catalytically active
material,

Figure 5 shows schematically a second form of radial
flow reactor embodying the invention,

Figure 6 shows how the concentration of carbon
monoxide and NO, in the effluent from a reactor embodying
the invention and having a reactor bed including a

mixture of pellets of barium titanate and zirconia varies
with the percentage of zirconia in the mixture, and

Figure 7 shows how the concentration of carbon
monoxide and NO, in the effluent from a reactor embodying

the invention and having a reactor bed including a
mixture of pellets of barium titanate and titania wvaries
with the percentage of titania in the mixture.

Figures 8a, 8b and 8c show conceptual flow diagrams
of embodiments of the invention in which additional
hydrocarbons are added to exhaust gases from internal
combustion engines.



AVENDED SHEET WD 99/ 12638
PCT/ (3B98/ 02569 - 8- mechani sm may

not be upder d in detail for a given systemit ispih JedoUr e and
surface ‘35239?,3%% of the zeolites which allow them topgg&lﬁé)g&%he | ean
NJ err] reacti ons. 5 . One of the nost significant factors
limting the commercial use of zeolites in lean NJerr] internal
conbusti on engi ne vehicle catal ysts has-been their limted
hydr ot hermal stability. The zeolites | ose performance and 10 irreversibly
degrade at tenperatures that woul d be required in nost vehicle
applications. The nechanisnms for_ the I oss of stability are again not
conpl etely clear afeferringidR FidHe He & Hafged HRaHoT & tBRX zeolite.”

St udi es Fagbaildt@taddl ke st ivie podut-smied active 15
zeolites degrades at higher tenperatures by sintering_and or

deconposi ti on SHMHERRLEIHEL | RO Hing g irgmoving NQy tfrem the
CEERL e 8 CRARAy M Lol SR IGE e B SBRRINIS 1L
mat eri al . Wi | ghamber made of an insulating refractory material, in
which there are two metallic grids 3 and 4, respectively.
.Between the grids 3 and 4 there is a loosely packed
reactor bed 5 of a particulate reactor material which, in
10 the presence of an electric field which is sufficient to
establish a plasma in an internal combustion engine
exhaust gas flowing through the reactor bed 5 of the
reactor 1, is capable of causing the reduction of
nitrogen oxides in the exhaust gas to nitrogen. The
15 grids 3 and 4 are connected to an AC powsr supply 6
capable of charging the particulate material in the
reactor bed 5 to a potential sufficient to excite the
exhaust gases to a plasma state. Between each of the
grids 3 and 4 and the adjacent end walls 7 of the reactor
20 chamber 2 are conical gas flow smoothers 8. Again, these
are made of an insulating material. Stubs 9 forming part
of the end walls 7 of the reactor chamber 1 enable it to
be coupled into an exhaust system of an internal

combustion engine, neither of which is shown in the
25 Figure 1.

Suitable materials for the reactor bed 5 of
particulate material are beads of y-alumina, and/or silica
either as such or doped with alkali metals, alkaline

30 earths or metals with catalytic prbperties such as the
transition and noble metals. Zeolites aiso can be used,
particularly if they contain iron, copper or cobalt with
or without additional catalyst promoting cations such as
cerium and lanthanum . Pellets of the alumina/silica

35 based materials and zeolites are effecti-e in bead form.



under st andi ng of the nechanisns for the pronoted stability are not
definitive it has been suggested that it is linked to the renoval of
certai nWoew2¢38 cal |y ~ 25 active sites on the zeolite, iWCHEPP¥FAr the
Br onst ed acid sites. In order to be of practical use - in
a vehicle catal yst application the hydrothermally stabilised 30
zeolite nust have a high activity and selggtivity for reducti on of

NJerr] to N[err] as this results in a high space vel ocity and | ow
package size or e ca

i s described PROYS ke p§gi§§?eﬁfe 2359, 4155k ﬁggstggﬁf?§5ﬁa§§”§h gych as
descri bed tubes. -9- herei n, can be

engi neered to produce many of the active speci es that are inplicated in
lean NJ err] catalésLs over zeglites and describ V|ously In
particul ar hydr 8BaEBBAS Eaﬁeﬁ§laéﬁi95Fe8fa§hﬁePF 8% BngFBFI

oxygenat ed sangtiheveagshe converted to NJerr], all functions - that have
been proposed to occur on zeolite active sites

In use, the high potential applied across the
electrodes 4 and 3 is such as to excite a non-thermal
plasma in the exhaust gases in the interstices between

10 the pellets 5. A cqnvenient potential for this purpose
is a potential of about 10 kV to 30 kV which may be
regularly pulsed direct potential or a continuously
varying alternating potential, or may be an interrupted
continuous direct potential.

15 _

Anatase phase titania is suitable for the removal of
particulate carbon and nitrogenous oxides from diesel and
other internal combustion éngine exhaust gases because
anatase titania has photocatalytic properties in the

20 presence of ultraviolet radiation, and such radiation is
generated by the plasma discharges within the interstices
of the reactor beds of reactors such as those described.
The ultraviolet radiation excites electrons from the
valence to the conduction band of the titanium atom.

25 This excitation results in the formation of holes at the
positions in the crystal lattice of the titanium atoms
and free electrons. The free electrons cause reduction
reactions to occur and the holes cause oxidation
reactions to occur, both of which facilitate the removal

30 of carbonaceous and nitrogenous combustion products from
internal combustion engine exhaust gases.

Particularly suitable for use for the above purpose
are anatase phase titania pellets manufactured by the
35 Norton Chemical Process Products Corporation and marketed
under their product code number XT 25376. These pellets



and hence potentially inhibited in hydrothermally stabilised zeolites.

10 Based on these observations and current under st andi ng of the
ig:gg;umﬁaggﬁﬂ¥grothernalIy stable  zeolites, in_bartisF*ﬂﬁwEB§%9

pondi noval of catalytically active sites, iT 1s an
appreci ati on upon whi ch the present invention iis based that the
synergistic 15 interaction of a plasnma and a catalyst is key to the
realisation of a commercially viable | eanl8iCrerr] aftertreat nent system
for internal conbustion engine vehi cl e applicati ons. It can

20
be seen fromthe % hat, t here ar n pproaches .t o. sal.vi t he
probl em of re&%@f%%gt%g%é%%pwgggﬁt 8ﬁtgﬁf¥oagﬁo§$R%X| eg%éﬁgthé §§9° o
nternal COMuHdLApel11cRB0HATS ANoida1a SHUEARE Alebnee1R0aPg e s
i nvol ve the a dF%IOﬂ of reducing agents to the exhaust gases. 25
The present i meghitano poree i amet@rowifdd 6a nt,f hetenthl poampveodame @fsol ving -

the still outstandi ng probl em of_ how t o reduce the3anﬁ§p1 of nitréﬁenous
oxi des emtted P tHeI &R & SN PE IS & Fht er nHt % JPRLRET

engi nes in 30 S the roperty teHat 3R @ae%ctﬁo%f fah@%rw SR I#RGR RN tO
provi de an 1 nproved nethod for the renoval of carbonaceous ,
particul at es HAPINR udEhds AdRNTRgeSFadst CRNGEao e Witted b
i nternal conbulid MredtPeids.of internal combustion engine exhaust .
gases. '
10 In the structured rutile phase, the permittivity & of

titania is anisotropic, and higher than the permittivity
of isotropic titania phases (i.e. phases which do not
contain structured rutile phase). This isotropic titaniz

has a permittivity of the order of 15 whereas for

) 22
15 structured rutile phases quoted values are g,; = 86, £ =

86 and &, = 170 for measurement at 300 K and 104 - 106Hz.
High permittivity is beneficial for generating a non-
thermal plasma, so if structured rutile phase is present
improved performance can be anticipated.

20 '

Zirconia in some forms also has catalytic properties
for the reduction of nitrogenous oxides. One such form
of zirconia is that manufactured by Norton Chemical
Process Products Corporation and marketed under their

25 product code XZ 16052. In pellet form this material has

a nominal surface afea of 95 nfgq, a pore volume of 0.31

cmg ® and a density of 1.17 g cm .. This form of zircomia

has the property that it does not adsorb water from the
vapour phase. It also has a bimodal pore structure with

30 the respective pore diameters centred around 40 nm and 8
nm.

Further, when pellets of zirconia in this form are
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According.to the present invention there is provided -

treati n@'%a”@&?éous medi um i ncl udi ng ni t rogenous oxi de}ﬁég%%gé’ t he -
ni trogenous oxides 5 therefrom characterised in that there is included
t he operations of oxidatively activating a gaseous hydr ocar bon by

generating an electric discharge in the 37 -gaseous hydrocarbon in the
presence of a gas perneabl e first material adapted to have oxidative

properties i -t
conbi nati on gf“%? éé%%ﬁ@%t%ﬁh@% carbon $é%a§e%?l%%égfé%ﬁ h a
second nat er | Aatareteitania Keheresihce wymbiotithemprovement himr ocar bon to

catalyse the é@.@f‘&ﬁh&@c@‘cln thé "er S hQUENOKIS; AP A1 | dbrdiies 9fGEOUS medi um
to nitrogen. By plasma acti vated hydrocarbon we_nean hydrocar bon

the activity SRIIPE c%%s%e%?ﬁ%%h%cm#%d prhet By performance of

5 the zirconia or anatase titania on their own. It is

convenient for this purpose to provide equal parts by
volume of titania and zirconia in the mixture.

The gas permeable reactor bed is not restricted to a

10 single substrate'packing or shape. The material of the
reactor bed may be in.the form of a graded pelletised bed
or graded porosity foam. For example the inlet side to
the foam could have a relatively large pore size which
decreases through the length of the bed, as shown in

15 Figure 2(a). This helps to reduce asymmetric soot
deposition in the bed as the soot penetrates deeper and
more uniformly'into the substrate reducing the |
possibility of Qegrading the uniformity of the electric
field distribution between the electrodes.

20

The gas permeable bed may have a mixed structure,

for example, a foam section 21, followed by a honeycomb
section 22, as shown in Figure 2 (b), preferably arranged
so that incoming exhaust gases impinge on the foam region

25 21, which has the effect of dispersing the exhaust flow.

' The foam region 21 of the bed then acts as both an

emissions reducer and a flow distributor, sending the gas
evenly through the honeycdmb section 22.

30 Significant water absorption with some of the bed
materials has been observed for the bed of active
material and this must be taken into account in the
selection criteria. One solution may be to bleed air
into the gas stream which could dilute the exhaust gas

35 and may then help prevent sooting up and water
absorption.



for exanple partial oxidation, free radical formation, I oni sati on
and/ or energy absorption (eg. into vibrational 20 or rotational nodes).
Al so according to the present invention there i's provi ded a reactor
system fBP 9t9ﬂ863

Bl asma assi st ed treatment of a gaseous NEAIERBOEPermpve
ni trogenous 25 oxides therefromcharacterised in that there is included

a gas perneable body (411) including a first materi al (412) adapted in
the presence of a non-thermal plasma to- 18activate oxidatively a gaseous
hydr ocar bon passi ng t her et hrough, a gas perneabl e body including a

second 30 material (412) adapted in the presence of an oxidatively
activated hydrocar atalyse the reduction tp r of

ni t r ogenous oxidesgggﬁFEF éﬁeh rt fBSgERRoURVE aﬁﬁﬁxﬁﬂ15.%'ﬁ€%£§ f or
applying to tlvensisss ot dnyalrsacf spdieat gel 33f {ori aotivatedccarbam

el ectric disc a d r h " bod
(411) of t'he @%ﬁrs[éu%ﬁghg ﬁseu}lax WRER" BABaB28$EPIoENEBY ISt ORe Y,

3 S8sdc MBSFERE™ &Lt koe; ﬁ@&HVPoWaFﬁ€Fél|§SpFBQWBeHnaFlguF6actor
system for the (deat mthef exhgaseods Fedved thrbighudhagdai-ingobeays
oxi des, char acé ers.'tz,eccianI rc‘:otllaatsttarf%r %he water is removed from the
exhaust gas allowing the active material to treat dry
gas. As the exhaust heats up a thermal switch (not

10 shown) cuts in, redirecting the flow across the active
material only, where NO, particulate material reduction

takes place. The heat of the exhaust gas can be used to
recondition the water absorbing bed, so that when the
temperature drops or water becomes a problem, exhaust gas

15 flow can be switched back initially through the silica
gel layers 23. Condensate forming after use and cooling
of the converter would be absorbed by the silica gel 23
or activated carbon, which is then reconditioned as the
exhaust gas warms up the béd.of active material, on the

20 next use of the internal combustion engine to which the
reactor is fitted. -

The reactor bed 5, as shown in Figure 1, m&y include
also, pellets of high dielectric constant active _

25 materials such as those described in our earlier patent
GB 2,274,412 which are effective for the removal of
carbonaceous contaminants from internal combustion engine
exhaust gases. A preferred material for this purpose is
barium titanate. Calcium titanate is a suitable

30 alternative. |

If these materials are used, then although they can
be mixed with the nitrogenous oxide reducing material, it
.is possible for the two to be kept separate, with the
35 high dielectric constant material pellets being upstream
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is provided a source of a gaseous hydrocarbon, a reactor 5 to which the

source of the gaseous hydrocarbon is connected, the reactor contalnlng a
gas per mempw12638] of a material adapted to have oxi dati PET/GBS¥RISP s in
t he presence of a plasma, a second reactor including a mat eri al :
adapted in the presence of plasma activated 10 WD 99/ 12638

PCT/ GB98/ 02569 - 19 -~ - 11 - hydr ocar bons
to catal yse the reduction of nitrogenous oxi des to nitrogen, and neans

f nbi ni tl t b t t th th
gaseous | b GE pPERRT R RE R b noe PO PR A TR TR D (1R Flkor
Exanpl es of suthadéecamponentatenichsatercefgon to betistemsodimente of

al um nas known.gs #4608 L0h %y Cehal same rbEghShel hufdzsgp, Condea ol o

Ext rudat es, Alunrna Cordierite, err] err] and [err]
Al um nas and Alunrnas 10 containing m xtures of these phases (including

tabular, - fuseﬂeﬂéﬂrﬂﬁélu@tEﬂgafénBDaé)b@%dypedfQYEBIEtQ'@ﬁSa
beads, Fecrallgx hSI|I%§ gbls an 8 g wat et sorb g naéerrals P2
graded f oans ghpdrehectFyGrEonstan FEFFE%Fe@?F?Ela gpeh; p8 RATiuUm
ceranics, silitasanpbkynmeésssituated upstream of the bed 5 material
capable of reducing nitrogenous.oxides contained in
internal combustion engine exhaust gases and separated
10 from it by a metal grid 32, so as to form a combined
reactor bed 33. A voltage sufficient to excite into a
plasma state exhaust dases passing through the reactor is
applied across the combined reactor bed 33.

15 In a variant of this system the plasma exciting
voltage is applied across the pellets 31 of barium
titanate only. The reaction products in the plasma from
the bed of pellets 31 of barium titanate pass into the
nitrogenous oxide reducing portion of the reactor bed 33

20 where they are reduced to primarily nitrogen.

Referring to Figure 4, a reactor 401 for the
treatment of internal combustion engine exhaust gases to
reduce emissions of pollutants such as carbonaceous and

25 nitrogenous combustion products therefrom consists of a
stainless steel reactor chamber 402 which has an inlet
stub 403 and an outlet stub 404, by means of which it can
be connected into the exhaust system of an internal
combustion engine (not shown). The chamber 402 is

30 arranged in use to be connected to an earthing point 405.
Within the chamber 402 are a cylindrical inner electrode
406 made of perforated stainless steel sheet and an
earthed outer electrode 414 co-axial with the inner
electrode 406 and also made of perforated stainless steel

35 sheet. The electrodes 406 and 414 are held in position
by two insulating supports 407 and 408. The space 41l



15 These materials may be coated with various washcoats I ncl udi ng
zeolites, V[err]Jerr] Vlerr](err]/Pt coats and a coati ng derived

from an \pguyepss di spersion of flame hydrol ysed’ "al uMpRdydERRSEee Ther e
is al so scope for the use of current state of the art autonotive -

catalysts in 20 nonolthic, pelletised and foamforns. Preferred materials
for the active elenent are zeolites, in gfaticular, zeolites
r

containing iron, cobalt or copper with o wi t hout additional catalyst
pronoting cations such as cerium and | ant hanum 25
Materi al s wit ReEWpRBt bhat algetrodesecdfbsand 414 and thet subpertisodbde sone

or all of whighdi so8nikheignalioneth a rehOtst BédC@MUBEdFEﬂQEsare
suitable as th [

S abLe a5 LUt Bleren nighh ALY BmL Nl LU e gLt LLghL Sencrated i
is desirably tithnase and titanpaovideibtghisxppsadmimthizeeasrea for
T oinas, giogadtall ALEnEETBEIBY, = bR HRkkih IRUTER SSgRpEeTng,
PCT/ GB98/.0256407 has a number of regularly spaced.axjally-oriented
holes 413 around its periphery so that exhaust gases
entering the reactor 401 pass into the space. 415 between
the outer electrode 414 and the wall of the chamber 402
10 before passing radially through the bed of pellets 412
and leaving the reactor 401 via the inner electrode 406,
as shown in the drawing. An insulated feed-through 410
connects output from a source 409 of electrical potential
to the inner electrode 406. The potential thus applied
15 across the reactor bed 411 is sufficient to excite a
plasma within the interstices between the pellets 412 of
the reactor bed 411. A .convenient potential for this
purpose is about 10 kv to 30 kv, and may be a pulsed
direct or continuously varying alternating potential, or
20 may be an interruptea continuous direct potential.

Referring to Figure 5 there is shown in part section
the mesh electrode assembly of a radial flow reactor
chamber similar to that described in our earlier patent

25 GB 2 214 142 with reference to Figure 2.

Inner and outer mesh electrodes 501, 502,
respectively terminate in ceramic end pieces 503, 504,
respectively, which abut a ceramic end flange 505. The

30 end-piece 503 of the inner mesh electrode 501 has an
inward flare 506 and is located in a recess 507 in the
end flange 505 and the outer edge of the end-piece 504
has a flare 508. The flares 506 and 508 of the end-
pieces 503, 504, respectively, increase the length of

35 possible leakage paths from the ends of the mesh
electrodes 501, 502, so reducing the possibility of



porosity such that it is itself perneable to gas. These
materials my be of use in the follow ng forns or as washcoats
appl i edvd9osidess f ol owi ng forns : beads, 5 foans, honePEHABIHBIREPI t hs,
extrudates of single or m xed oxi des, wires, wire wols, weaves,
bobbi ns, bonded or pressed sheets, discs and rolls. The honeyconbs
may be used in a variety of differgnt-geonetries including a

cordierite one in which its channels are alternately open 10 and cl osed
so that the conbustlon exhaust t BReugh At.h r wal | s of
the honeyconBYCEBe EZSE 5Fe mes }%ﬁﬁgﬁ s5 2% d%Pgbl| % %1 e

um ni um net al
may be used, axial- fﬂbmvm@edtohyCham&em nghenbed of @W@#Wﬁaﬂﬁﬁﬁﬂé@é | ayer.

15 The rg ﬁhto%r %1’&1&&% Wi@% et T ert‘?fe particdl@sfHedny; one of
whi ch has a hlg

ec ri c constant r ef &r qbl
ferroel ect ri graged.t Facds :‘ﬁf-r ddffsf\ﬂ¥e€’r$ types %F%@ 1563 (ﬁ/reLh@&er i is

chosen forg i ‘iﬁy@.&igah.\élylé‘r of sild@dad \Ydly o tdruissred dacrl:tdre aredntiamn of
oxi des of 20

ni.t,r o R An a
chanber has tShgtable q‘é%r}'ceﬁ SRSqRPingG n&&\/ﬁ%%??f k{1ere are pel egteg oct%rpéa
ferroel ectri oravditedriicais hiavitte andtiepial edfedthe dedbmeet in @xadRlin the

other of whi %rgggeremet%eg&téﬂ&@f%@l inner adlaRiest t&)AiPd3ee the
reduction of ni enous oxl des th e exhaust ses t %%ltrngg t he

arrangement Blhg 502 arearated iheARQERRE A%
pellets ofp nas atxera;aﬂpcﬁassaqmtmra&h@eémmsmegasesv}eemgecreat:ed. 30

The flange 509 has a feed-through 510 for a high voltage

power supply, not shown, to the inner electrode 501. A

recess 511 in the flange 509 enables the insulation 512

as feed-through 510 to abut accurately the flange 509, so
15 reducing the risk of electrical leakage.

The two-section arrangement of the reactor bed
described with reference to Figure 2 also can be used in
the radial-flow arrangements described with reference to

20 Figures 4 and 5, the grid 22 being replaced by a suitably
disposed cylindrical grid. '

In all embodiments of the invention the applied
voltage can be either AC or DC, and if DC it can be in
25 pulsed form. In the case of AC or pulsed DC applied
voltages, it is believed that in certain cercumstances it
is advantageous for the voltage rise time to be as short
as is practicable.

30 Although the invention is effective with applied
voltages in the range 15 to 30 kV and frequencies in the
range 50 Hz to 15 KHz, higher frequencies can confer
advantages, for example, frequencies of the order of tens
of Khz appear to allow more efficient transfer of

35 electrical energy into the exhaust gases, and the faster
.rise time of the voltage peaks can yield more efficient



The invention will now be described, by way of exanple, with

reference to the acconpanyi ng drawi ngs, in whi ch 35 - Figure
1 shows, ically, a cross-section of an “enbo Eﬂ%ﬁ =dohe

i nventi o‘X?’C’PﬁE% ch exhaust gases from WO 99/ 12638 ¥ sisds

PCT/ GB98/ 02569 - 13 - an internal
conbustion engine are arranged to fl ow axially through a bed of

catal ytically active gas per meabl e~nédBerial ; 5 - Figure 2 (a)
to (c) show, schematically, different arrangenents of catalytically
active nateri aneagyodyilegse intichahenypdaisman; . Figure 3 shows,

schematically, a second enbodi nent 10 of the invention;
Figure 4 shows schematically a third enbodi ment of ) ' '
It is an advantage if the nitrogenous oxide reducing-

materials used for the reactor beds subijected to an
5 electrical discharge in the various embodiments described
have negative coefficients of resistance as in this case
as the bed 5 heats up to its normal operating temperature
the amount of power absorbed by the bed 4 of reactor
material will decrease.
10

Certain materials capable of catalysing the
reduction of NO, to N, act also as a trap for NO, which
can be removed and reduced by periodically raising the

temperature. Where such materials are used in the
15 embodiments of the present invention, it is possible to

effect removal and reduction of trapped NO, by periodic or

continuous application of the electric discharge. It is
thus possible to provide either a combined bed which

traps both particulate matter and NO# with periodic or

20 continuous application of appropriate electric discharge.

At least some of the electrical energy required to
power the source of the plasma-generating voltages can be
generated by means of thermo-electric devices arranged to

25 be exposed to the heat of the exhaust gases.

In uée, particularly if beds of non-conducting
active material are used, variations in the electric
field gradient can occur, which may lead to localised

30 arcing within the reactor bed. This phenomenon can be
reduced by inserting sheets of electrically conducting,
preferably gas permeable, material at intervals
throughout the active bed and allowing these intermediate
electrodes to “float” in terms of electric potential. If

35 the reactor is of the axial flow type, then the



the invention in which the exhaust gases are arranged to fl ow
radially through a bed of catalytically active 15 material,

Fi gure 5WO984es38chematically a second form of radial PCYGRA8(02368t or
enbodyi ng the invention, 20 Figure 6 shows how the concentration
of carbon nonoxi de and NOJ err] in the effluent froma reactor
enbodyi ng the invention and havingzg reactor bed including a

m xture of pellets of bariumtitanate and zirconia varies with the

percentage of zirconia in the mxture, an 2 Figute 7 shows
how t he conceﬂtr}tﬁmfﬁ?ftecaﬁaﬁ(??mdés %gﬁg‘&eiﬁ’ﬁd At & PumheTeOd yent
from a react orpasrdiddad iisks; if tthe inesettorodsawd e mgpddalefdiow tyed

i ncluding a ' g I ' It ' A2 varies
30w th the peliThians Bt findtard bidcritidddldd Rk oHY Y A0 L2
8b and 8c shoRrwWhee L foawrldiadinders. of embodi nents of the

i nvention is which additional ~ hydrocarbons are added to exhaust gases
frominternal BSItCOinsbL{:Sot ik neoq:%&%%iat. whether the reactor is of

the axial or radial flow type, the cross-section of the
reactor does not have to be circular. As with

conventional silencers, the reactors can have elliptical
10 cross-sections.

As the creation of plasma is more efficient at lower
pressures, steps can be taken to reduce the gas pressure
within the reactor chamber compared with the remainder of

15 the exhaust system. One way of doing this is to provide
an expansion chamber at the inlet end of the reactor and

to increase the diameter of the outlet f£rom the reactor
chamber.

20 Laboratory results obtained using a reactor chamber
as described in Figure 1 for some of the above materials
are given in the following examples:

Example 1: Activated alumina beads (y-alumina) (LD-
25 350, 4mm, Alcoa)

Material NO, NO NO, co co, THC
{ppm) {ppm) (ppm) {ppm) (%) (ppm)
Blank/Bypass | 32312 243%2 | 81+4 763+1 | 3.693%0.0 | 627+£145
0 2
30 [Tp-3%0 Bed Voltage | 127421 | 3013 97+18 | 808+5 | 3.69+0.0 | 355113

18kv 4

(THC = Total Hydrocarbon Content)

35
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Referring to Figure 1, a plasnma reactor
particul ate and ot her conbustion products and
control I"‘f‘?@m&P”r enoving NJerr] fromthe

conbustion engi ne consists of a
refractory material,

respectively.

reactor bed 5 of a particulate reactor

Gsthiffi CMH J S P?égif\}ﬂé‘é‘tailﬂnirﬁ

of an electri
i nt er nal

c fi

conmbusti on en

in

PCT/ GB98/ 02569

' 5i mul
5 exhaust of gﬁ?

1

for

Edoitate

chanmber 2 made of an insulating

which there are two netallic grids 3 and 4,

Between the grids 3 &% 4 there is a | oosely packed
10 the presence

gi ne

exhaust gas

material which, in
beéﬁg
ow ng throug

| nglasna in an
thé reactor

bed 5 of the (CT530 réamrorCATAL sInbgedteionathusi ng the reduction of
nitrogen oxides in the exhaust gas to nitrogen.

The

15 grids 3 and 4 are

connected t 1;% A'Cln Sl ;npn = pacticul at
material ip tHEST*341 reactor be o) igmeﬁt'ap sufdici efit: to exk (f%“th
exhaust ga§es to a pjasnma state. egaee1( agh 0 B%%e i&ﬁﬁ gg}ds 3 aﬁg A
and the adj acent end] BankiBybaek | jusecathoéss |AHdi3 Chpgmsan 23av&oCoNn| SAi+194
fl ow snoot hegs_8 ain, _these ale nmadd of apl ®nsul aking material
Stubs 9 forrf[%séart 11395 Volgage hieoizd walkBss 7 |ofsitbie| 2%k5t @B - B4k@nd el 270110
enable it to M Lat-o—an—exhaust-lsyst-em-of —anlidnt-ernal
conmbusti on engi ne, neither of which is shown in the 25 Figure 1.

10
Example 3: Alumina (Activated) £rom Condea-Chemie.
Material NO, NO NO, co Co, THC
{ppm) (ppm) | (ppm) | (ppm) | (%) (ppm)
Condea Blank/Bypass | 304+1 235%1 | 69%1 775%6 | 3.72%0.0 | 79047
15 1
Hollow ?:ﬁ Voltage | 99+18 3443 65+17 | 78746 | 3.6840.0 | 423112
v 3
Table 1, below, and Figure 6 show how, in a radial
flow reactor such as that described with reference to
20 Figure 1 and using a reactor bed consisting of a mixture
of pellets of barium titanate and titania, the
concentration of NO, and carbon monoxide change for
different operating voltages and barium titanate/titania
mixtures.
25
Table I
Changes in CO and NO, as a function of titania percentage
"and voltage in a axial flow pellet bed reactor
30

35

Titania Barium Change in | Change in Voltage
(%) Titanate - €O No (kV)
100 0 0+ -35 0

10 -60 16.0
+10 -80 17.7

D

v




Suitable materials for the reactor

beads of [er
al kal i
such as the
particularly
addi ti onal

effective in
PCT/ GB98/ 02569
pellets are
Sui t abl e pot
I n use, the
such as to e

interstices
pur pose

10

15

20

25

30

35

catal yst pronoting cations sucfsas
Pellets of the alumna/silica

bed 5 of particul ate material are
r]-alumna, and/or silica ei ther as such or doped with
WOPA2638| kal | ne 30 earths or netals with catal RGHCBYH3E% i s

transition and nobl e netals.

Zeolites al so can be used,
I f they contain iron, copper or

cobalt with or w t hout

cerium and | ant hanum .

35 based materials and zeolites are
AN Q0L 126020

bhaad Fnrm

‘Tihanla Barium | Change in | Change in -
i so E¥tect i u/eT?‘ﬁa )ﬁgef o[m 0 :;%l:sort 1?é{:?‘hebes 2’8@;‘&?&9‘?
B
bntials are pf the ‘orderj of { ns of 5(RPPYvollt s.
aLgh—gg?en&#%#—aﬁthed—afﬁcss Lhe et-ect-~odes—4 %?d—a—is
cite '@ non-ther né&P pl a i n |t he extlaust |gase t hd
het ween 10} t he pell et s} 5. A nvenji ent entifal fgg‘Ehis
+35 -80 - 14.4
+60 -110 16.0
50 50 0 -30 0
+10 ~35 8.8
+20 ~40 10.6
+70 ~10 12.4
+120 +30 14.1
+140 +60 16.0
25 75 0 -25 . 0
+70 +50 15.0
0 100 0 0 0
+20 +40 5.3
+50 +70 7.1
+100 +120 8.8
+105 +200 10.6
+220 +290 12.4
+310 +350 14.1
+350 +400 16.0

The highly oxidative effect of the barium titanate
in these examples (as may be seen from the 100% barium
titanate example) is the consequence of the use of a
particular form and preparation of the barium titanate
and the bed configuration of the apparatus used in
generating these results.

It can be seen from Figure 6 that the most effective
range of mixtures of barium titanate and titania both in

respect of reducing NO, and reémoving carbonaceous

constituents of vehicle exhaust gases,

is between 20 and
80 per cent of titania.



is a potential of about 10 kV to 30 kV which may be

regul arly pul sed
direct potential or a continuously

varyi ng alternatlng potential, or

may be an i upt ed continuous direct potential. PC‘}IEB%/ozs N
Anatase 3£ %ﬁtania is suitable for the renoval of particulate
carbon and nitrogenous oxides from di esel and ot her |nternal

conbusti on engi ne exhaust gases because

anat ase titani.a has
phot ocatal ytic properties in the

20 pre3énce of ultraviolet radiation,
and such radiation is generated by the plasnma discharges within the

i nterstices @ébléelieéﬁaoﬁlgﬁ§é QfshS@CEQﬁiléHCBe§§1E30§8rdesCr'bed
The ultraviol et radi ati n exgites ,electrons frogmth val ence to the

conducti on baR&*¥ERreReofi Pariym kisAnate §§dTﬁF§°8?&PtatP€ﬁlPesﬁlWQSFn t he
formati on of hﬁteetawethange of ROS t i-089% gitrkendayskalrsat itk af the

titaniun1aton§0é50 mi gﬁgrﬁgﬁgje gtqgﬁm_The free electrons cause reduction
reactions to occur and the Role use "oXi dation reactions to occur,
both of whiSch facilitate the renoval 30 of carbonaceous and nltrogenous
conmbusti on products from i nternal conbustion -engi ne exhaust gases.
Particularly suitable for use for the abgze gurpose are anat ase
phase titania pellets manufactured by 35 Norton Chenical Process

Products Cor p@iahig@a 3o cERiER] 8, as a fURERLOhNSEN zReEHEL padeentager XT
25376. These pelleéets

and voltage in the pellet bed reactor

10
Zirconia Barium Change in Change in Voltage
(%) Titanate co NO, (kV)
(%) {ppm) {(ppm)
100 0 0 =100 0
+40 -150 16.0
15
75 25 0 -140 0
+50 -200 16.0
50 50 0 ~100 0
+100 -30 14.1
+130 0 "16.0
20
25 75 0 -50 0
+80° +30 14.1
0 100 0 0 0
+20 +40 5.3
+50 _+70 7.1
25 +100 +120 8.8
+150 +200 10.6
+220 +290 12.4
+310 +350 14.1
+350 +400 16.0
30 Figures 8(a) to 8(c) show three embodiments of the
invention in which a hydrocarbon is added to exhaust
gases from an internal combustion engine. Common
features have the same reference numerals.
35 Referring to Figure 8(a) a hydrocarbon, which may be

the same fuel as is used in an internal combustion engine




WD 99/ 12638 PCT/ GB99/ 02569

- 16 - contain 99% by weight titania and 0.1% by weight of SJerr].
2 -1 woo%izss® pellets have a noninal surface area of 1PST/FRPS/02569

medi an pore diameter of 16 nm a total pore volume of 0.38 cnmferr] -
glerr], and a density of 0.836 g cnferr]. This materi al 5 has the
property that it does not adsorb water fregm the vapour phase, which
i s advantageous in connection wth the treatnment of internal

conmbusti on engi ne haus ase . 10 . In the structured

ruti :JZ :ohase %I g}éﬂmelxﬁ'ﬁa\‘ﬁstty gﬁa%ﬁﬁs %45 which I REQgeRqus a‘??f’s‘iﬁsf (ﬁﬂ‘f and
hi gher than t Icarbenandaqu\sl particulaifes sote o dd itemeedhasearotler phases
whi ch do not il | |

tan o o hygrodatbioll Ml WS Whthdul 3 S £oddl & SGRIORE

22 15 str ucﬂ:@ﬂ'@@%ﬁ |péar|§ms@§tqutﬁteaﬂ e lier fred (reaqter g2 efugh =

86 and [errg asl?:@ldcs@! aa%mmmla{ e derid dd[®iddres 1£>[&F r4 Hz.
H gh permttiv t

IS i Ci for generati a non- t her | asmm,
so if structu ﬁjt ﬁ 651 QArvate Xqﬁ‘?ﬁ/’g&o e?‘f"a?%%mgan be
antici pated. th&#) reactor 802 iA rxm:recatedl e 4 odmt: B&» timsouwgtt ablyicle

properties é{}a{r?ﬁ}glfad uredl%gal[\%r%nr% %Vgeémq&gesuch form

of zirconia |s
1ow1ng. The mixture is then passed through, or over, a

10 bed 805 of a reducing catalyst such as the zeolite known
as H-2Z8M-~-5 or the zeolite known as mordenite, which have

5$i0,/A1,0, molar ratios of 51 and 35 respectively. The

zeolites may include ions of catalytically active metals
such as iron, cobalt or copper with or without additional
15 catalyst promoting cations such as cerium or lanthanum.

The catalyst bed 805 may include electrodes (not
shown) so that a plasma can be created within its
interstices, as in the case of the reactor 802,

20 particularly if the reducing catalyst is in the form of
beads or pellets of extrudate.

The pellet bed reactor 802 at least partially
activates the hydrocarbons passing through it. These

25 plasma activated hydrocarbons then react with the NO, in
the exhaust gases in the presence of the catalyst to

.produce N, and other benign products such as water.

Figure 8(b) shows a system in which the hydrocarbon
30 801 is combined with the exhaust gases 804 before passing
into a two-stage reactor such as those described with
reference to Figures 2, or in the unillustrated
modification of the Figure 4 embodiment, in which there

is a plasma activated oxidising bed (806) of BaTiO,



Process Products Corporation and parketed under their 25 product code XZ
16052. In pellet formthis materi “THIBisHEET HAS BEg{gom nal surface area of

95 nferr a pore volune of[0.31 rr]jglerr]” and ‘a density
of 1.17 ‘&)‘% 7&13?] This form of zl~coria REPLAC the pPEHEBIYOIHAt it -
does not adsorb water fromthe vapour phase. It also has a bi nodal
pore structure with 30 the respective pore dianeters centred around 40
nm and 8 nm Furt ker28 when pellets of zirconia in this
formare WD 99/ 12638

PCT/ GB98/ 0256911 et s followed by a bed (805) of fed]u7c1ng catalPsxed in the

gas perneabl € react or xﬁ pellets of anatase titania there is a
symbi oti c i npReIRHEAL t‘P n"'-”e uce p%?f‘?’&?g}%ﬁfﬁ,lés ixidRS (h RiRHATE ainf‘}t er nal

conbustion . watehgi & BEbabis! Wnaawﬁtwdétdﬂ%u@rﬁw tkace of

h [ f
5oL he 2T SO B8 (8981 e LLROIL ey ds Whnd pdtoned, SIS
in the m xBurkead, extrudate, Tﬁ@mgagrpm@mm%iﬁhn¢e@mmm; bed is not
restricted to a

Figure 8(c) shows a system in which the arrangement
of Figure 8(a) is combined with a second plasma enhanced
pellet bed reactor (807) such as that described with

10 reference to Figure 1 or Figure 4, through which the
exhaust gases (804) are passed before the plasma
activated hydrocarbons.from the reactor 802 are injected
into them. As with the Figure 8(a) embodiment, the
reducing catalyst may be in the form of beads,

15 extrudates, foams or monoliths of zeolites.

Although not illustrated, another version of the
Figures 8(a) 8{(b) and 8(c) embodiments uses a mixed bed
of oxidising, plasma supporting high dielectric or
20 ferroelectric material mixed with the reducing
catalyst (805).This is preferred when the catalyst bed
(805) is required to sustain a plasma.

An advantage of the systems described above is that
25 the source of the hydrocarbons can be the same fuel as is
used in the internal combustion engine, so that there is
no need to provide separate storage and supply systems,
nor the need to ensure the availability of other
materials.
30

The invention is not restricted to the details of
the foregoing examples. For instance, the reactor system
or the method of the invention may utilise a reactor bed

and power supply configuration as described in our patent
35 application PCT/GBS8/02061 filed 13 July 19898.

This Sheet Has Been Rep

il



10 single substrate packing or shap v of the react or
bed may be. in the formof a grade SISHEE; raded porosity
foam FWOBYIRER e the inlet sidet REPLAED oam doul d W&&éﬁgsf“é%?t ively
| arge pore size which decreases tnrough the length of the bed, as -
shown in 15 Figure 2(a). This helps to reduce asymmetric SOOt
deposition in the bed as the soot penetrabes-deeper a

) . ! heet H d
uniformy into the substrate reducing the p053| Sea . I ng
t he unlfornlty of e.electric field dlstrlbutlo

el ectrodes. The gas perneabl e bed may
structure, for exanpl e, a foam section 21, follomed by a honeyconb

secti on 22, 29 SNOUNnERKBAOUES +2ehich SeRhle) riditf Qatbuaing S0 DAL

i ncomi ng exhadst gases | nmpi nge on f 0am r egj on
effect of di sPetSOGFIONS fqr}ﬂﬁac"'—enseﬁqé-nf At JgReFR 1S of t he bed

theg actshas Heidlu@ed the ogézw':sms sfedssimnc Ggéémﬁlﬁ%drbc&ﬁbon

sendi ng the g C ectign

Significant wa EE?‘ ue%’sc?r peelréé}r‘fotr‘h %F&%}&%ﬁ%? ed ﬁa?e%?%l s has been

observed for tHesrmsabls n&aﬂmﬁaenhanceﬁuqxldﬁtxn&iiiwstnmatenealaken into

account in ! NeomprisitR) eapta SN LI ARE it SV PULI A0 SRYGREsLQ bl eed air
u ute t e ex

into the gas stream wh co aust gas 35_and may then
hel p prevent mnqﬁaﬁ?em &resence pf G fgwthiermal plasma,

10 applying a potential across the reactor bed sufficient to
establish a plasma in the hydrocarbons in the interstices
in the reactor bed material thereby to pfoduce plasma
activated hydrocarbon and contacting a combination of the
plasma activated hydrocarbon and the gaseous medium with

15 a second material adapted in the presence of the plasma
activated hydrocarbon to catalyse the reduction of the
nitrogenous oxides to nitrogen.

2. A method according to claim 1 characterised in that

20 the gaseous medium includes carbonaceous particulate
material and the gaseous medium also is subjected to
oxidation by said first materiél.

3. A method according to claim 2, characterised in that

25 the gaseous hydrocarbon is combined with the gaseous
medium and both are passed through the same reactor bed
of the said first material.

4. A method according to claim 3, characterised in that

30 the the said first material and the said second material .
are intimately associated and in that the ratio of the
surface areas of the first material and second material
lies in the range twenty to eighty per cent.

35 5. A method according to claim 3, characterised in that
the reactor bed consists of a mixture of pellets of the
_ _—

LU
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- 18 - Al ternatively THRS Em -@%N@ed bed whi ch_

consi stg,o(;%g Lagers of silica gel %3 (orMEMYEL ed cht bon per/crSiiozsdy

sui t abl (337l with capability of drying the 5 gas) upstream of the
active material as shown in Figure 2(c). If the exhaust—1s flowed

t hrough the drying bed, first, on cold start the “ﬁteﬁﬁﬁﬁmiﬁﬁﬁﬁgﬁh$ﬁ&ﬁ‘

t he exhaust gas all owing the active terial to treat
the exhaust heats up a thermal switch (not 10 shown) cut n‘lulmulﬂmlll
redirecting tfkr$t ovaberovst ahd bbei second maberiadl only, .

particul ate material reduction takes place. The heat of the exhaust
gas can be used to reconditi on the water absorbing, bed, so that when
t he t enplr at B PEFRPR BF GARLPCRIBNRRY Ohr GhRYAF txFAUdt gas 15

flow can be swharhetebbskdi bht thatychbr pagbrbbesgstemais diviged isyers 23.
Condensat e-f orm t an Lk : h wou be
absorbed by ¢ REPEFR Pt outS8s" AoReRshita, , ox, 18ask BrEOBUEAREIY Hha
recondi ti onedfayxsthwaterialeghabbe gecondrmstepithe bed of active material,
on the. 20 next use of the internal conbustion engine to which the
reactor is fitted. ' The reactor bed 5_ as_shown in ure 1,

. eal Fig
may include 7- - &®8thed psi aceprAing BPeFdaim 6. cEHAFARFeLIFRIein 25
materi al s suchhag thesgadescsi hedium and Bgdkbearpahsnaire caused to

10 pass through the region containing the first material
before the region containing the second material.

8. A method according to any preceding claim,
characterised in that the first material is a
15 ferroelectric material.

9. A method according to claim 8, characterised in that
the first material is barium titanate or calcium
titanate,

20
10. A method according to any preceding claim,
characterised in that the second material is selected
from the group comprising the aluminas known as Alcoa LD-
350, Cotal Industrial CT-530, Condea hollow extrudates,
25 T-60 Alumina, Codierite, «, ¥ and X aluminas, mixtures of

these phase aluminas; zeolites, and oxides of cerium,
titanium, vanadium and zirconium.

11. A method according to any preceding claim,
30 characterised in that the second material is

photocatalytic.

12. A method according to claim 11, characterised in
that the second material is titanium dioxide or cerium

W




GB 2,274,412 which are effective for the renoval 0 carbonaceous
contam nants fraomimtermal——ct §WEE BEEN lexhaust .gases.
pref er r sowoa3Bal f.0r..thi.s urlpo§e s THA arlEun titandt ’Gﬁ%ﬂ’@ﬁﬁ’m

titanate is a swta SSheet x a5 lchEPLA If these materials-
are used, then althofﬂnnl n 1& E be m xed with the nitrogenous oxide
reduci ng nmateri al ible £og1the two to be kept separate,
with the 35 high dielectric constant material pellets being upstream

WD 99/ 12638

- 19 - 0%3fhe d?ﬁthod ccorﬁlngsto clalm 1 PSEAE@%%EQQWES %n

PEFPR shown 1 n
those conponentbabhtbe seecadnmekerdadods é#ﬁé&iﬁehﬂstbﬁ anatasige phasent i on
have the sane reference nunerals. 5 Referring to Figure 3, a body
31 of pellets of a di el ctrlc co stan ceram c materi gl such as
bari um ti t4nat 8, m?§ﬁ98tBSFQH apgt Fea hg  hEFRFAGLEELEE
capabl e of Seduhaggthet segendumaterdes Q(snlté.ltlaadal in the Itlmuméd

conmbusti on eng h gases and separ at ed 10 fromit by a nmetal grid
32, so as to fgﬁ%lﬁé gﬁggﬁed _

15. A method according to claim 10, characterised in
that the second material is a mixture of anatase and
10 textured rutile titania.

16. A method according to claim 10, characterised in
that the second material is zirconia.

15 17. A method according to claim 10, characterised in
that the second material is a mixture of equal parts by
volume of anatase phase titania and zirconia.

18. A method according to any preceding claim

20 characterised in that there is included the operation of
removing water from the gaseous medium before passing the
gaseous medium through the reactor bed.

19. A method according to any of claims 1 to 10,
25 characterised in that the second material is a zeolite.

20. A method according to claim 19, characterised in
that the zeolite contains iron, or cobalt, or copper.

30 21. A method according to claim20, characterised in that
the zeolite further contains cerium or lanthanum as
catalyst promoting cations.

23. 2 method according to claim 19, characterised in
35 that the zeolite is that known as HZSM-5, with or without

a catalytically active metal dopant.
A




reactor bed 33. A voltage sufficient to excite into a pl asma state
exhaust gases passing through the_reactor is. applled across the
conbi ne bed 33. 15 IsMEETms BEEN bf "t hi Sﬁ% pl asma
exciti n&bggﬁiﬁéol tage is applie .TyésroREPLMpel l eys 31 of bari ur?lmSs
titanate only.- The reaction prod a from t he bed of
pellets 31 of bariumtitanate pass into tgg ni t rogenous oxi de
reduci ng portion of the reactor bed 33 where they are reduced to
primarily nitrogen. Referring to Figure 4, a reactor 401 for
t he treatnment of internal conbustion engi ne exhaust gases to

reduce eni ssi one. ofa MUHIPHESUER S & A13AAA IS 1M oe 1 U hA0CNOUS

conmbustion pro ucts t her ef rom consi ess steel reactor

chanber 402 wiRaE e #LQLitR is thatgkppwih RS RPTALTHRS o WikhI9T404, by

means of whi chwithash a cataliec LedlBe taskivd andtidl ldpisd. system of an
I nt ernal conbustion engine (not shown). The chanber 402 is 30 -

arranged in"use to be connected to an earthing point 405. Wthin the
chanber 402 ar25a dymetdhddsiceonding| e tanyi@recedinn@ladde of perforated

stai nl ess st calnshentediibdNin that OA NI AL E GO ddhico- axi a

with the inner el ectraode 406 and al'so nade of perforated st ai nl ess
st eel 35 shittighly 4 Ehe RRSAVES MIYAU- are held in position by
two insulating supports 407 and 408. The space 411

10 26. A method according to any preceding claim,
characterised in that the gaseous medium is the exhaust
emissions from an internal combustion engine.

27. A reactor system for treating gaseous media,

15 including a reactor chamber (1) including at least two
electrodes (405, 406) between which there is a gas
permeable reactor bed (411), and means (403, 404, 407,
408, 413) for constraining the gaseous emissions to pass
through the reactor bed (411), characterised in that the

20 reactor bed (411) includes a first material adapted to
facilitate the establishment of an electric discharge in
the interstices of the material of the reactor bed (411)
and to have oxidative properties in the presence of a
plasma, and a second material (412) adapted in the

25 presence of plasma activated hydrocarbon to have a
catalytic action in the reduction of any nitrogenous
oxides included in the gaseous medium passing through the
reactor bed (411).

30 28. A reactor system according to claim 27,
characterised in that the first and second materials are
intimately associated in the reactor bed (411, 412) and
that the ratios of the surface areas of the first and
second materials (411, 412) lies in the range twenty to

35 "eighty per cent. -
A
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- (210 - ; bet\éveen Lhe_ el ect,rozﬂ_ggcgﬁmqmglﬁlggn( t he supports 407 o ah

and 408, hdbed With a reactor ped 4 et 4 ' i ghly

di agr a&m,%ts)lgic%%y at 412 made of blacium PEAGEE{?\: arate and l{ﬁlﬁ%?ié&%?ﬂ .
zirconia or a mxture as 5 discussed further below. The upstream

el ectrode support - 407 has a nunber of regularly spaced This Sheet Has Been Replaced
axi ally-oriented hol es 413 around 33s-periphery so that

entering the reactor 401 pass into the space 415 between ]mgnﬂmﬁyl’ﬂ“
el ectrode 424.and téacvar|spitémeacboriitng4fd cl@imbpgpre pas _

through the Redo gt -BELLA" $nfar tnedBaleaY! Bdql BE Leas! gk 401 via the

i nner el ectrode 8, as shown In .ﬁe raw ng. An I nstlraled

f eed-t hr oughixtore of pghhekssobuthet firsth andogpeendopasbrdpdstri cal
potenti al (411t 04%h¢.i nner el ectrode 406. The potential thus applied 15
across the reactor bed 411 is sufficient to excite a pl asma within the
i ntersti Ges between the pellets 412 of the reactor bed 411. A
conveni ent pOt.enhi zkatbort bystem acpoefdag ts abatin 20 s¥ 268,30 kV, and may
be a pul sed i ot ..C Ln S A aht.ernatsl t Lal, or

20 may be aﬁhFﬁFSgﬁéggég égn?ﬁégogggd%%g§?o%b¥%ﬁtFglag h&@gd%% Tt ef erring
to Figure 5tWoeeregionshbdynai gagaperseabilen separatppe 3deshhel upstygam
assenbly of ragradl df kheWregaeb? bed con®la®iely SikNledktet 0 that described

I n our %ﬁ{lifr pat.ent ngG%h% %%4 142 with reference to Figure 2.

redominantly rst material.
31. A reactor system according to any of claims 27 to
30, characterised in that the first material is a
ferroelectric material.

15
32. A reactor system according to claim 31,
characterised in that the first material is barium
titanate or calcium titanate.

20 33. A reactor system according to any of claims 27 to
32, characterised in that the second material is selected
from the group comprising the aluminas known as Alcoa LD-
350, Cotal Industries CT-530, Condea hollow extrudates,
T-60 Alumina, Coriderite, ¢, Y and X aluminas, mixtures of
25 the phases of alumina; zeolites; zeolites containing
iron, copper or cobalt with or without catalyst promoting
cations of cerium or lanthanum; and oxides of
cerium, titanium, vanadium and zirconium.

30 34. A reactor system according to any of claims 27 to
33, characterised in that the second material is
photocatalytic. '

35. A reactor system according claim 34, characterised
35 in that the second material is titanium dioxide or cerium
dioxide. ' U
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| nner and outer nesh el ectrodes 5Q1.__502 [ e

ectively termnate in

ceram c end pieces 503, 504, ‘mﬂsﬁﬂﬁfrwﬁuygﬂgm .ch abut ,a ceram c end
fl ange 505. The 30 end-piece 503 of tREPIADEY MMES , el ectrode 501 has an

i nwar d Woeoa2886—and—+s—t+ocated T

the PCT/GRY$P2$6%ange 505

and the outer edge of the end ece 504 has a flare 508. The fl ares
506 and 508 of th@hl et Has Been Replaced  "£03 504 respectively, increase the
| engt h of 35 pos Iu Hl&u at hs 8dom the ends of the nesh

el ect rodes 501, 50 t he pOSSIbI|Ity of g WO 99/ 12638
PCT/ GB98/ 02569 : arcing from

t he nesh el ectrodes 501, 502. with-_t
the bed of 3fcti

ow r eacgt or, chanber

SRRSO, BYSten ahroRding: r—#eaf“a?é vmcg‘ﬁrﬁﬁéeﬁfé of the

particles hai rtgzat theyrsatehd materdhldifd eieanityped cofidemtier ithle or have a

5 drying la el :%ﬂé éigel or activated carbon or ot her sui tabl e
wat er absor |ng Tatert a but in this case, the variations in the
mat eri al5of the bed occur in a radial sense. The other ends of the

i nner and o4 er |]§‘€éé‘w}_€%ystem a'@_Q,Jer,ﬁ% {f J19G & ,in another ceramc

fl ange 5009,

treat ed.

10

15

20

25

30

35

cﬁi"rmem%éeusd& e RS, A 00 T R o e n

dioxide in the rutile phase.

38. A reactor system according to claim 32,
characterised in that the second material is a mixture of
anatase and rutile phase titanium dioxide.

39, A reactor system according to claim 33,
characterised in that the second material is zirconia.

40. A reactor system according to claim 33,
characterised in that the second material is a mixture of

equal parts by volume of anatase phase titania and
zirconia.

41. A reactor system according to any of claims 27 to
40, characterised in that the second material is a
zeolite.

42. A reactor system according to claim 41,
characterised in that the zeolite is that known as H-ZSM-
5, with or without a catalytically active metal dopant.

43. A reactor system according to claim 41,
characterised in that the zeolite is that known as

mordenite with or without a catalytically active metal
dopant.

44. A reactor system for the treatment of a gaseous
medium including nitrogenous oxides characterised in that

TR O R T




power supply, not shown, to the inner-g|ectrode 501. A recess 511 in

the flange. : enabl es the insulation®g ped-t hrough 510 to abut
accur at e%?ﬁ%‘ﬁqanga‘hﬁS&amB%ﬂB@m@‘é LH%%ET kK of ePETIGBISHRS69

| eakage.. t off the reactor bed
described with referen also can be used in t he
radi al -fl ow arrangenen escribed with-r&¥eTence to 20 Figures 4 and

5, the grid 22 being replaced by a suitably ~ disposed cylindrical
grid. there i3 pedvidadodi seureeof(80he bfvanyaseoule applied

vol t age can pul.s form
In thg case gﬁﬂgéé é$g % %§§c€8? ééﬂ?? LL %ﬁQFBathg SOP%2§ %glggﬁed t hat
in certain Ceg@%q%g%ﬂ@ggr9garbon 1s|§°§§e§hedge§hg rgﬁcthﬁ f80RAage rise

time to be ascshdining a gas pérﬂééﬁlécﬁaheof a mad@rial adhpReudbot he
I nvention %s effectiv es.in the range 15 to 30

kV and fregueiYes® ?ﬁg?ﬁﬁ °X182t1V§n8§°§8rH%eFo %Stkﬁzprﬁﬁﬁﬁgﬁ Pfeduenci es
can confer plasmagdvansagesd feacebantGS)fiﬁ@&&ﬂﬁngsaoheﬂh&mohﬂabteﬁ tens

Ol hhz appearsh oAL! geBheehE! B Bha' hRRLEE by qrota FoRCEE °2) eneray

I nto the exhaust e vol t age
peaks can y|e¢gt ﬁee;hecrgﬁpctlon of nltrogenous oxides to nitrogen,

and means (803) for combining plasma activated
10 hydrocarbon from the reactor (802) with the gaseous

medium prior to the combination passing into the reactor
(805) .

~45. A reactor system according to claim 44,
15 characterised in that material in the reactor (802) is a
ferroelectric material.

46. A reactor system according to claim 45,

characterised in that the material is barium titanate or
20 calcium titanate.

47. A reactor system according to claims 44, 45 or claim
46, characterised in that the reactor (805) contains a
zeolite.

.25
48. A reactor system according to claim 47,
characterised in that the zeolite is that known as H-ZSM-
5, with or without a catalytically active dopant.

30 49. A reactor system according to claim 47 characterised
in that the zeolite is that known as mordenite, with or
without a chemical dopant.

50. A method of treating gaseous emissions including

35 carbonaceous particulates and noxious gases, including

the operation of passing the gaseous emissions through a

. AR 0
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22 - : energy release into t eTH) T E It is an advant age
i f the nwo ogmessis oxi.de reducin ‘g&lsﬂpg Muied' for r%ﬁ 5&@@%&; beds
subj ected to an 5 el ectrical L schaf he various e 8

descri bed have negative coefficients of resistance as-in this case
as the bed 5 heats up to its normal operating tenperature . the anount
of power absorbed by the bed 4 of reactor material wll decrease. 10

Certain materjals capahle of C t he reduction_of NJerr] to
N err] act al%t® £ %Kﬂ A?ﬁﬂ%ﬁpplymgcér?rl?@sr SRS SRIEHOT
reduced by paréddi cpﬂﬁgmrm]s@ngfﬁmnce sufi AT Wee.callkyy ansuch material s
are used int ment s, of .. hepresent invention, it is possible
to ef f & ecfte’?'?bcf/ ‘?b ‘ﬁt?rr%%ldtfh% (ﬁ%?"éﬁpmm 1B tR& j odi ¢ or
conti nuous aptersticesfid rtﬁ:eln&cﬁe’:tiaﬂlﬁifm{éy&eddtdzs bed, thus possible
“to provid elther conbl ed ti i,ch traps ,bot.h artlcqlate mat t er
and N erﬁ ?%Jbﬁ% iﬁf iTRATFCLRAY 3RS FIE i at e

el ectric di saimr@:aal adapted to Mcikrisits e Wrddrdiadl Qﬁi theal energy
required to ource.of the ener tlng voI ages can be
generated by Fe %%%P%‘)T[\Eé%ée?r}ﬁ)r%? 9id %%‘fﬁ‘]"%ﬁqéﬁae q"( exposed
to the heat resenexhefisthgaskbsctric discharge has a catalyt:.c action

in the reduction of nitrogenous oxides contained in the
10 gaseous emissions.

51. A method according to claim 50, characterised in
that the first material is adapted also to promote the

oxidation of the carbonaceous particulates contained in
15 the gaseous emissions.

52. A method according to claim 50 or claim 51,
characterised in that the first and second materials are
intimately associated and in that the ratio of the

20 surface areas of the first and second materials lies in
the range twenty to eighty percent.

53. A method according to claim 52, characterised in
that the reactor bed consists of a mixture of pellets of
25 the first and second materials.
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In use, particularly if beds of non-conducting active material are
used, variatlons in the electric field gradient ca r, which may
| ead toWPo%é#%ged 30 arcing vvithih/t e reactor bed. Thlr}s&g&lg%% on can
be reduced by inserting sheets of electrically conducting, :
preferably gas perneable, material at intervals t hroughout the active -
bed and all ow ng these internediate el ectrodes to "float" in terns of
el ectric potential. If 35 the reactor is of the axial flow type, then the
WD 99/ 12638 PCT/ GB98/ 02569

- 23- I nternedi ate el ectrodes can take the form of a nunber of
paral l el disks; if the reactor is of the radial flow type then the

i nternedi ate el ectrodes can take the formof a nunber of . co-axial

cyl i nders. 5 It ist ne§ ed that, whether the reactor is
of the axial or radial flow m- @ cross-section of the

reactor does not have to be circular. As-@ith conventional silencers,
the reactors can have-el liptical 10 _gfass-sections




As the creation of plasma is nore efficient at |ower pressures, steps
can be taken to reduce the gas pressure within the reactor chanber
conpar ed wOt%/12438 r emai nder of 15 ot hg exhaust system %‘ﬁ of doi ng
this is to provide an expansi on chanber at the inlet %ﬁ"ﬁ?
reactor and to increase the dianmeter of the outlet fromthe reactor:
chanber. 20 Laboratory results obtained using a reactor chanber

as described in Figure 1 for sone of the above materials are given in
the foll ow ng exanpl es: Exanpl e 1: Activated al um na beads
([err]-alumna) (LD 25 350, 4mm Al coa) Mat eri al

NJ err] NO NG, CO Cderr] THC

(ppm  (ppm (ppm (ppm (% (ppm Bl ank/ Bypass 3232
2432 814 7631 3.690.0 627145 2)—350 Bed Voltage 12721 303
9718 8085 3.690.0 35513 ad 4
(THC- Total Hydrocarbon Cont e
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- 24 - Exanpl e 2:. Activated alum na beads ([err]-al um na)
(CT530 AMEONEMBAL | nt er nat i onal ). 376  Material PCT/GB93{03569 r |
NO NJ err] CO CJerr] THC 5

(ppm (ppm (ppm) (9 (ppm Bl ank/ Bypass 3254
246+3 803 8051 .780.0 570159 CT 530 Bed Voltage 9120 234
6816 8775 3.740. 0 27010 10 Exanmple 3: Al um na
(Activated) from Condea-Chem e. Mat eri al NJ err]

‘NO NJ err] CO CJderr] THC

(ppm  (ppm  (ppm  (ppm (ppm Condea Bl ank/ Bypass

3041 2351 691 7756 3.720.0 7904/

)404
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15 Hol | ow Bed Vol tage 9918 343 6517 7876 3.680.0 42312

Table 1, below, and Figure 6 show how, in a radial flow reactor such
as that wes6higagd Wwith reference togq y30 Figure 1 and usppg ghotfaghor bed
consisting of a mxture of pellets of bariumtitanate and titania,’
t he concentration of NJerr] and carbon nonoxi de change for
different operating voltages and bariumtitanate/titania - m xtures.
25 Tabl e | Changes in CO and

NOJ err] as a function of titania percentage and voltage in a
axial flow pellet bed reactor 30 Titani a Barium Change
in Change in Vol t age (% Ti tanate CO .

No (kV) a (9 (pPmM (pPmM

100 0 0+ . -35 0 :

10 - 60 16.0 35 +10

-80 17.7 ' :

- Fig.5.
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+220 +290 12. 4 20 +310
+350 14.1 +350 . +400

16.0  woo92638 The highly oxidatigue gf fect of the bari PETiB93/02468
in these exanples (as nmay be seen fromthe 100% barium 25 titanate

exanple) is the consequence of the use of a particul ar form and
preparation of the bariumtitanate and the bed configuration of the
apparatus used in j:' n Y g these results. 30 It can be
seen fromFigure 6 th tlgjeeieéi ef fective rangq/dﬂXhixtures of
bariumtitanate and ti t are=—iyotdr=rn espect—uf—redrerrmg—iSrerr] and
renmovi ng car bonaceous constituents of vehicl§ ses, 1S
bet ween 20 and 8Q per cent of titania. 35 WO 99} 80838

PCT/ GB98/ 02569 P6 - Tabl e

Il and Figure 7 | ar results for m xt fires of bar{umtitanate

and zirconi a. I n, a nost _
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ef fective range of 20% - 80% zirconia occurs, with a 50/ 50 mixture

bei ng opti num 5 ' Tabl e .11

Changes in CO and NJerr] as a function of zirconia percentage: Do
and voltage in the pellet bed reactor ' 10 " "Zirconla ** Barirums
Change in Change in Vol t age -7t Ti tanat e CO
NJ err] (kV) (% (ppm (ppm
100 0 Japanesé)publlshed -afiilication J@6-106025 discloses
:Hllgo 15?system for tI?e rerr‘T’oval of nltgégenou% ox1<§és fr% the
16.0 exhaugt emissiong(from interngl combusthmoenglnes inQ
+100 witich unburmé b in the exhaust gas &130

0 1631813 2%1 ur ﬂydroc'?%r ons 1n. 19 ust g 0es ar ]

0 5 subjected to a gas dischayge in a gasgpermeable hed of

0 1Mkhtalytic méterlal and &bpear to activate the catalytic
+20 - +40 3 +50

+70 material to catalyse the reduction of {N@g in the emnggst
Ezgo SARES to nlﬁfpgpn. There féxhlscloseazgfso the 1&3%?610n
+350 1ef 12 hydrocarbon into the exhaust gas stream to ensure

10 that sufficient hydrocarbons are present to activate the
catalytic material. Suitable catalytically active

materials disclosed are CO,04, FE;0;, CHO, Al,0,, TiO,,

Zr0,, Zn0, Y03, MeO, Pt/SiO;, S0,/Ti0,, S0,/210,, ALPO,,

NiSO4/Si0,, 2ZnCo,/Si0,, and the mordenites known as H-ZSM-
15 5, H-Y, H-Mordenite, Na ZSM-5 and Cu ZSM-5. |

The reactor systems disclosed include an arrangement
in which the exhaust gases are passed through sequential
beds of catalytically active material, but it is to be

20 noted that this is done to achieve an effective total
depth of active material, because the materials quoted
above have relatively low dielectric constants and
therefore cannot sustain a plasma over an extended depth.
There is no indication whatsoever of the use of different

25 materials in the sequence of beds of active material, to
perform different functions.

German specification DE 195 10 804A discloses a
system for removing nitrogenous oxides from oxygen-rich
30 exhaust gases from internal combustion engines in which a
reducing agent is injected into an exhaust gas stream and
a plasma is generated in the combination prior to its
exposure to a catalyst the action of which is increased
by reducing radicals created in the plasma.
35

-—
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+350 © 4400 . 16.0 30 Figures 8(a) to 8(c) show three
enbodi nents of the “invention in which a hydrocarbon is_ added to
exhaust gases from an internal conbustion engine. CbnnDn

features have the sane reference nunerals. 35 Referring to Fkgure
8(a) a hydrocarbon, which may be -tTe sanme fuel as is used in an

I nternal conbustion engi ne WO 99/ 12638

PCT/ GB98/ 02569 N . th
ohaust gaacs of FIEIPIST ShTRICHRT Ageurm disc18ded arar pikEode "

parti cul at es arectmpbendsnoherdeobr sacht asrammoniabhybydrazhne, saghnas

propene s passed 1 L08YBcAPHERE B0 hyarogehl) OHOlng1 BLASER A LKL pel |

bed reactor esc ed W erence gures 1
or 4 aboabalyatst fisplased arervacppehydroshpBodopetpaeckises,

the react o5 807aisni 86bed h0ufifaduelcEATal NigHEaHDRED or mixthgegxhaust

gases, indic g t he _arrow 4 are é g he mxture is then
passed t hr ougheEeOE 8RS dopred omixkuressofs the, egddesgotaFungsteBuch as the
zeolite knownchromiufSort ¢Shk8ian.t he zeolite known as nordenite, which
have
It is to be noted that the plasma is generated in
10 the combined exhaust gases and reducing agent directly,
without the presence of any agent which facilitates the
excitation and activation of the reducing agent.

A paper 'Selective Catalytic Reduction of NO, with N-

15 Free Reductants' by M. Shelef published in Chem Rev 1995
pp 209 - 225 is a comprehensive review of the use of
zeolites in particular, in association with hydrocarbons

for the reduction of the NO, content of internal

combustion engine exhaust gases. Other catalysts are

20 mentioned but not dealt with comprehensively. The paper
is concerned solely with non-plasma assisted catalysis
and is academic in nature, disclosing no practical
systems. ‘

25 While many candidate materials and compositions have
been suggested for lean NO, catalysis in internal

combustion engine vehicle applications, the zeolite
family of materials are considered to offer the best
opportunity for development of a commercial system.

30 Synthetic zeolites are usually crystalline
aluminosilicate materials with large surface area and
channel structures with a well defined porosity. Several
mechanisms have been proposed for the activity of the

AMENDED SHEET
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iS|C{err]/Al[err]C{err] mol ar ratios of 51 and 35 respectlvely The

zeol.ites may include ions of catalytically active nmetals ".. such as
iron, cobalt or copper with or wthout additional 15 catal yst pronpting
=cations such as cerium or |anthanum ‘The catal yst bed-805: may
i ncl ude el ectrodes (not shown) so tHat-a plasma can be created within
its interstices, as in the case of the reactor 802, 20 particularly
if the reducin atalyst. is.in the_ formo ellets, of
extrudat o, Poof Tt VBhe; ge Bl dleifie "t s ot SEERE) Shal v Fifleye

activat es t hemégbanismbbssressensibléar dgthanismibeseliePédptasba acti vat ed
hydr ocar bons 8Pa§ t'M%iudéhebﬁgngé]nbﬁll gy@&h@oexﬁaust gases in the

presence of t £ nd of hef beni gn products
such as wat erdecomPOSltlon. PFEr gLa 13(@;1@%@@ yecanbon veachione

hydrocarboy w358, | foefibioRdaitl! Betbiipexhieush 2568984nbetogenpassing

into a two-stage reactor such as,those describ reference to

Figures 2, orSPRCife @R PLtypgiigral reaCﬁbaF$|%%YP%ﬁ16$ aeelvegede 4

3?82}[%? | Ry dPoE8rbORE Cwith NO,! SERrIhES Wedl 1@ S0k I¥ Al S QgL LECs (806)

possible roles of free radicals in these processes. The
relative importance of different mechanisms appear to

10 vary with many factors, including but not limited to:; the
zeolite, the exchanged metal or metals, the exchange
level, the temperature and the composition of the gas

containing the NO, to be reduced. While the exact

N\
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- 28 - © pellets followed by a bed (805) of reducing catalyst adapt ed
to reduce nitrogenous oxides to nitrogen and wat er, as before. Again,
appropriate catalysts for the bed (805) are zeolites.such as those -
‘menti oned above, in 5 bead, extrudate, foamor nonolithtt form ~- s>
Figure 8(c) shows a systemin which the-afrangenent of Figure 8(a) is
conbined with a second plasma enhanced pell et bed reactor (807) such as

that described with 10 reference to Figure 1_or Figure 4, through which
the o axha BT EhRescrRORS SRELPSSTEd Por BFEORRE HAHKAL thopafPeRFod

L he e i ni ect i Lth th
ydrocarbons spomibgechg@chpl Big12e8cedl 24! #an N%;éﬁgéifaﬁét}%pév& ©

Figure 8(a) enbodi nent, t uci ng catal yst e form of
beads, 15 exteallates, ahdadesoribedoprensonslyeolnt particular Al t hough

not illustrat % [ [ s, 8( A nd 8(c)
enbodi nent s ugggrgeg%ggésbgéﬁ Be %%t%gga?gi%g,g%ngﬁg géﬁg%?%}gg hi gh
di el ectri c50r oRfgefiatedebrdt NOCcant bei abnwexeddwebhNOhe a®Iutiwngtions
catal yst(805). This is preferred when the catal yst bed, (805) is required
to sustain a pp&§nhave been propgpsgdy 5t AGELET ORhESRYLEENRCH¥Er FREBSabOvVe

is that 25 t4Aadsnhehee pbtéheilylyoianbbitedainbRytipethagRalugl as is
used in the in%e n?L C nbusngn engine, so that there is no need to
provi de separﬁ,@ bPEHe25Ryt ﬁﬁply syst ens, ,

10 Based on these observations and current
understanding of the structure of hydrothermally stable
zeolites, in particular the corresponding removal Qf
catalytically active sites, it is an appreciation upon
which the present invention is based that the synergistic

15 interaction of a plasma and a catalyst is key to the -

realisation of a commercially viable lean NO,

aftertreatment system for internal combustion engine
vehicle applications.

20 It can be seen from the above that there are many
approaches to solving the problem of reducing the amount
of nitrogenous oxides emitted by internal combustion
engines and that a number of these processes involve the
addition of reducing agents to the exhaust gases.

25
-The present invention seems to provide a different
approach to solving the still outstanding problem of how
to reduce the amount of nitrogenous oxides emitted by the
ever increasing number of internal combustion engines in
30 use.

It is an object of the present invention to provide
an improved method for the removal of carbonaceous
particulates and nitrogenous oxides from the exhaust

35 gases emitted by internal combustion engines.
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nor .the reed to ensure the availability of other materials. 30

The invention is not restricted to the details of t he foregoing

exanmpl es. For instance, the reactor system or the method:of: the- :
invention may utilise a reactor bed and power” supply Confrguratren as
described in our patent 35 application PCEOGB98/ 02061 filed 13 July 1998,
publication no. 99/05400. AMENDED SHEET

- 29 - Cl ai s 1. A method of treating a gaseous nedi um

I ncl udi ng ni trogenous oxi des to renove the nitrogenous oxides 5

therefrom charact @&dosadiing t’d@atthdw@r@s'enﬁ rigivedddarhghere dpemudwidedf
i schar ge 1 fhaceno® F BasAEIRe) & domnater iR EIBHS0 2o permoabl o
nltrogenous ox1des to remove the nltrogenous oxides
5 therefrom, characterised in that there is included the
operations of oxidatively activating a gaseous
hydrocarbon by generating an electric discharge in the
gaseous hydrocarbon in the presence of a gas permeable
first material adapted to have oxidative properties in
10 the presence of a non-thermal plasma and confacting a
combination of the activated hydrocarbon and gaseous
medium with a second material adapted in the presence of
the activated hydrocarbon to catalyse the reduction of
the nitrogenous oxides in the gaseous medium to nitrogen.
15 |
By plasma activated hydrocarbon we mean hydrocarbon
the activity of which has been enhanced in a plasma by
for example partial oxidation, free radical formation,
ionisation and/or energy absorption (eg. into vibrational
20 or rotational modes).

Also according to the present invention there is
provided a reactor system for the plasma assisted
treatment of a gaseous medium to remove nitrogenous

25 oxides therefrom characterised in that there is included
a gas permeable body (411) including a first material
(412) adapted in the presence of a non-thermal plasma to
activate oxidatively a gaseous hydrocarbon passing
therethrough, a gas permeable body including a second

30 material (412) adapted in the presence of an oxidatively
activated hydrocarbon to catalyse the reduction to
nitrogen of nitrogenous oxides contained in the gaseous
medium and means for applying to the first material a
potential sufficient to excite an electric discharge in a

35 gaseous hydrocarbon passing through the body (411) of the
first material.

-—
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first mat'erial adapted-to have oxidative properties in 10 the. presence of a
non-thermal plasma and contacting a conbi nati on of the activated

hydr ocar bon and gaseous mediumwi th a second material adapted imn the
presence of the activated hydrocarbon to catal yst the reduction:of »**
the nitrogenous oxides in the gaseous medidanto nitrogen. 15 2. A

nmet hod according to claim1l characterised in that t he gaseous nedi um

i ncl udes car bonacequs particul.ate material .and_t he gaseaus di um aI SO
is subjected to 8&8)% GSECSAIBY £Re TPEr éLPVﬁEFéPPth S36 1S P3OV mg\l

accordi ng to ceaictotr eystlem o2 the cheafveat ©fda gasemust Inedhyntr ocar bon

| s added to t I.:L?lcludl ?19.‘&?‘0?%?1031@" r?xtlé%ts " hgxaéa@?tteqq% LG %:ljﬁ the

precedi ng claim arac st and seco teria

are parti &l &F@Va-ﬂ@dalae sowriceats] ¢ FRsePushvdracapiionsoleumeactorn at i os

of the firsgf %@w‘ﬁ‘i‘é@z”(ih@ts@h'r%'es ofi ‘Eh'e”g‘a'%%c:»‘i;l%”9!1‘3‘{drc.»catr‘lé%91t Mg o eighty per
~cent. 30 A net hod_according to any qQf clains 1t

4
characteri sedqoﬁmlelﬁ’éPth ‘h&DE r&2 SORSRITHRC A FRS eﬁegmeabl@om%@é to
separate regi enmatierdaleadaptedy ticehaved dxidiative Propgadess ifedhen and

hydr ocar bon are sed through the 35 re nin first material-
before the re& g%%%cecgr‘f't qu?ﬁn}ahe s&?gg’é‘ %rltt% %ctl 1ng a
material adapted in the presence of plasma activated
10

AMENDED SHEET-



. .u: - v
e

~ 30 - ' 6. A nethod accordlng to any preceding claim  characterised

in that the first material is bariumor. .. calciumtitanate. 5 7. A
met hod according to any preceding claim - characterised in that the "; °
second material is selected fromthe oup conprisiny the alumnas**
known as Al coa LD 350, Cat al Industﬁﬁh CT-530, Condea hol | ow
extrudates, 10 T-60 Alumi na, and Cordierite, or mxtures thereof. 8.

Secand mai or LT ecq YR B8 A hed Ufs) of Qi Rg Al o G

cl aim 8 char a@ﬁi@t%ﬂzdw rcedizgce nitrdgenewsrekidesrtalnisrogernmuodn di oxi de
or cerium L 0ioXi deg peRlrdO- ﬁb&fﬁhQﬂ%&ﬁﬁﬁfgéﬂ% ééh&iﬁé@%gfﬁPaEﬂéter'sed

in that the second naterial s ure o e anatase an
textured rutiPed ptBel ¥FetFeehites such ag thosemerticred Abgveo By of

clainse 1 t® 6bead, extrudate, foam or monolithic form.

Figure 8(c) shows a system in which the arrangement
of Figure 8(a) is combined with a second plasma enhanced
pellet bed reactor (807) such as that described with

10 reference to Figure 1 or Figure 4, through which the
exhaust gases (804) are passed before the plasma
activated hydrocarbons from the reactor 802 are injected
into them. As with the Figure 8(a) embodiment, the
reducing catalyst may be in the form of beads,

15 extrudates, foams or monoliths of zeolites.

Although not illustrated, another version of the
Figures 8(a) 8(b) and 8(c) embodiments uses a mixed bed
of oxidising, plasma-supporting high dielectric or
20 ferroelectric material mixed with the reducing
catalyst(805).This is preferred when the catalyst bed
(805) is required to sustain a plasma.

An advantage of the systems described above is -that
25 the source of the hydrocarbons can be the same fuel as is
used in the internal combustion engine, so that there is
no need to provide separate storage and supply systems,
nor the need to ensure the availability of other
materials.
30
The invention is not restricted to the details of
the foregoing examples. For instance, the reactor system
or the method of the invention may utilise a reactor bed
and power supply configuration as described in our patent
35 application PCT/GB98,/02061 filed 13 July 1998, '
_publication no. 99/05400.
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25 characterised in that the second material is a nmixture of equal parts

hy wei ght of anatase phase titania and zi rconi a.. 12. A met hod
according to any of clainms 1 to 6 30 characterised in that the:second

material is a metal- = doped zeolite containing a materi-al adapted-to s»°

produce catal ysis pronoting cations. - 29 -13. A nethod according to
claim 12 characterised in that 35 the zeolite second material contains

cerium or | anthanu . - 31 - 14.
met hod accordi ng tgﬁ§ﬁ§ﬁpreceding claim characterised in that the

gaseous nediumis the exhaust em ssions froman internal conbustion

engi ne. 5 15. A ”ﬁkQﬂ r.q . | aj 4 C I s hat
t he hydrocarbéﬁ isAbrOV|g§§?%Ot%%%%%%% %yg¢%%é§'?o%%hﬂgﬁﬁﬁféggﬁ*gﬁi t he
exhaust eni ssindfFogenocus pxidass &g rEMOyEsthe Netrogensuss exiges st ed

treatment 5 therefrom, characterised in that there is included the

operations of oxidatively activating a gaseous
hydrocarbon by generating an electric discharge in the
gaseous hydrocarbon in the presence of a gas permeable
first material adapted to have oxidative properties in

10 the presence of a non-thermal plasma and contacting a
combination of the activated hydrocarbon and gasecus
medium with a second material adapted in the presence of
the activated hydrocarbon to catalyst the reduction of
the nitrogenous oxides in the gaseous medium to nitrogen.

15
2. A method according to claim 1 characterised in that
the gaseous medium includes carbonaceous particulate
material and the gaseous medium also is subjected to
oxidation by the first material. '

20 ' '
3. A method according to claim 1 or claim 2
characterised in that the hydrocarbon is added to the
gaseous medium.

25 4. A method according to any preceding claim
characterised in that the first and second materials are
particulate and are intimately mixed and that the volume
ratios of the first and second materials lie in the range
twenty to eighty per cent.

30 '

5. A method according to any of claims 1 to 4

characterised in that the first and second materials are
confined to separate regions of a reactor system and that
the gaseous medium and hydrocarbon are passed through the

35 region containing the first material before the region
containing the second material.

-—
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10 of a gaseous nmediumto renove nitrogenous oxides t herefrom

characterised in that thére is included a gas per meabl e body (411)
|nclud|ng a first mterial (412) . adapted in the presence aof ‘'a "I "}
-non-thermal plasma to activate oxidatively a gaseous’ hydrocarbdh *°*
passi ng 15 therethrough, a gas perneabte3Body including a second

material (412) adapted in the presence of an oxidatively activated

hydr ocarbon to catal yse the reduction to nitrogen of nitrogenous oxides
contained in the gaseous medi um and neans for applying to the first

materi al a 26.pot anmeghodubiicordingt toernit precediogt cileii scharge in a
gaseous hydr%ﬁé&?@%ﬁ&&%@ﬁ”&n?Qh%%gghbh%lgﬁﬂymﬁﬁékhaﬁf 1" ®ariuld b3t

mat eri al react or systemaccording to claim16 characterlsed 25
in that the FRASEWENGis8BEN@-naterials are particulate in formand are

m xed t oget her. 18. A reactor systemaccording to claim17
characterise I.n th t the rati,o of the surfac area qQf the particles 30
(412) of the /firsf BREO8 GEFORELEEI &Ps APV BLES ﬁ@& twenty to

ei ghty per ceharacterlhed Anrehatotheysbemnﬂcuamémugltdsﬂsﬂl@nﬁéd

characterise rgy %gﬁégé% %Oggg s ggﬁkpgfaﬁﬁﬁik!ﬁ§ﬁu% %%akl SGparate

35 fromthe econ ream ereof and
a conbi nat i oB58f Cﬁéaéa§®du§tWéeﬂuﬁﬁfﬁéﬂn Condea hOllOW extrudates,

10 T-60 Alumina, and Cordierite, or mixtures thereof.

8. A method according to any preceding claim
characterised in that the second material is photo
catalytic.

15
9. A method according to claim 8 characterised in that
the second material is titanium dioxide or cerium
dioxide.

20 10. A method according to claim 9 characterised in that
the second material is a mixture of the anatase and
textured rutile phases of titania.

11. A method according to any of claims 1 to 6

25 characterised in that the second material is a mixture of
equal parts by weight of anatase phase titania and
zirconia.

12. A method according to any of claims 1 to 6

30 characterised in that the second material is a metal-
doped zeolite containing a material adapted to produce
catalysis promoting cations.

13. A method according to claim 12 characterised in that
35 the zeolite second material contains cerium or lanthanum.

* [ L M S *
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}.32-- ~ which nitrogenous oxides are to be renoved and a - hydrocarbon
are passed through the body (806) of the first material before being .

passed t hrough the body (805) of the second material: 5 . 20. A !
-reactor system according to claim 16 characterised in that thefe i %

provi ded a source (801) of a gaseous ~ %&d?ocarbon, a reactor (802) to
whi ch the source of hydr ocarbon (801) is connected, the reactor (802)

10 contai ni a ) f i B Lri d nmeans for
establishingng%'eﬁ%é???%&gﬁg%ﬁ%$%%m$ht E%ny ﬁ%%%%%ﬁ§§h§%?g@arbon in the
interstices i¢hamcreEispdt e that|fke gaseewns medivmchadtiheaexbausios)

i ncludi ng a gafissides "BAGh CaRetnOéride SERONS: 184 eshginand means (803) for

15 conbi ning plasm activated hydrocarbon fromthe reactor (802) with
t he gaseous nmedi um from whi ch nitrogenous - oxi des are to be renoved
prior to t8e T®rbi nahethofasastapding totelahe 1eacharadferised@0in?fhatA

ol uded & 1 oo IYSHOOR R e AT iFeE BY | b RERE TG ERVR? om whi ch

ni trogenous oxregentrintthe exhausenewesisiows passed prior to the

conbi nati on of the pl asma activated hydrocarbons therewith, the reactor
25 (807) also_including a gas perneable bed of the first mat eri al and
means for est%@fis%iﬁ@aﬁﬁoélﬁiﬁgé@aﬁor the plasma assisted treatment

10 of a gaseous medium to remove nitrogenous oxides
therefrom characterised in that there is included a gas
permeable body (411) including a first material (412)
adapted in the presence of a non-thermal plasma to
activate oxidatively a gaseous hydrocarbon passing

15 therethrough, a gas permeable body including a second
material (412) adapted in the presence of an oxidatively
activated hydrocarbon to catalyse the reduction to
nitrogen of nitrogenous oxides contained in the gaseous
medium and means for applying to the first material a

20 potential sufficient to excite an electric discharge in a
gaseous hydrocarbon passing through the body (411) of the
first material.

17. A reactor system according to claim 16 characterised
25 1in that the first and second materials are particulate in
form and are mixed together.

18. A reactor system according to claim 17 characterised
in that the ratio of the surface areas of the particles

30 (412) of the first and second materials lies in the range
twenty to eighty per cent.

19. A reactor system according to claim 16 characterised

in that the body (806) of the first material is separate
35 from the body (805) of the second material and upstream

thereof, and a combination of the gaseous medium from

R
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dlscharge in the gaseous nediumin the interstices of the bed of first

material in the reactor (807) thereby to ef fect the oxidation of
particul ate carbonaceous material 30 in the gaseous medium - 22, A'.
-reactor systemaccording to any of clains 16 to 21 characteri sed™i n"that
there is included neans for establishh%@ an electrical discharge in the
gaseous 35 ne@iun1mﬁthin the interstices of the gas perneabl e body of

t he second 3 23.
to be r
A reactor sys en1aé%%§%P?Fn?%§é%XId S ?re ‘% eﬁﬁved G%aracterlsed in

that the fi r@ym@armnuesr@amwd thmtsgilat@h@rb@@s'c(&%iménhhe 5 24.
A reactor sysg %eﬂ@'ﬁ@sé@%tﬂmféugh Eﬂ@r%&frtéﬁg)' n

t hat the secon nater|€% |s se cted fro e group conprising t
al umi nas knovPf alshe 39cenrs material catal | ndustries CT-530, . Condea hol | ow
extrudatess10 and Cordierite or m xtures thereof, netal doped zeolites

further contajgi ”%arggééééaéyéteﬁta?é’céé’dfr°d€89c1am 16 characterised
in that there is provided a source (801) of a gaseous
hydrocarbon, a reactor (802) to which the source of
hydrocarbon (801) is connected, the reactor (802)

10 containing a gas permeable bed of the first material and
means for establishing an electric discharge in the
gaseous hydrocarbon in the interstices in the bed of the
first material, a second reactor (805) including a gas
permeable bed of the second material and means (803) for

15 combining plasma activated hydrocarbon from the reactor
(802) with the gaseous medium from which nitrogenous
oxides are to be removed prior to the combination passing
into the reactor 805.

20 21. A reactor system according to claim 20 characterised
in that there is included a reactor (807) through which
the gaseous medium from which nitrogenous oxides are to
be removed are passed prior to the combination of the
plasma activated hydrocarbons therewith, the reactor

25 (807) also including a gas permeable bed of the first
material and means for establishing an electrical
discharge in the gaseous medium in the interstices of the
bed of first material in the reactor (807) thereby to
effect the oxidation of particulate carbonaceous material

30 in the gaseous medium.

22. . A reactor system according to any of claims 16 to 21
characterised in that there is included means for
establishing an electrical discharge in the gaseous

35 medium within the interstices of the gas permeable body
of the second material.
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-catal ysi's produci ng cations, nixtures of anatase and rutil e phase
titanias and phot ocat al ytic metal oxi des. 15 25. A reactor system
according to claim?24 characterised in that the second material is a
-met al - doped zeolite also containing cerium of |anthanum 26. A’
react or system according to claim 24 chadcferised 20 in that the second
material is titaniumdioxide or cerium di oxi de. 27. A reactor
system according to any of clains 16 to 23 characterised in that the

second material is a mixture of 25 equal parts by vol ume of anatase phase
titania and 23.zi Acoghgtor system according to any of claims 16 to 22

characterised in that the first material is barium
titanate or calcium titanate.

24. A reactor system according to any of claims 16 to 23
characterised in that the second material is selected
from the group comprising the aluminas known as Alco LD-
350, Catal Industries CT-530, Condea hollow extrudates

10 and Cordierite or mixtures thereof, metal doped zeolites
further containing a material adapted to produce
catalysis producing cations, mixtures of anatase and
rutile phase titanias and photocatalytic metal oxides.

15 25. A reactor system according to claim 24 characterised
- in that the second material is a metal-doped zeolite also
containing cerium of lanthanum.

26. A reactor system according to claim 24 characterised
20 in that the second material is titanium dioxide or cerium
dioxide.

27. A reactor system according to any of claims 16 to 23
characterised in that the second material is a mixture of

25 equal parts by volume of anatase phase titania and
zirconia. '
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