Ammoni a production by integrated intensified processes The
present invention relates to a nethod of producing anmoni a and

parti cul avbypidmsienot excl usively, relates to a nethod etrgsoiisasnon of

bi omass in an 5integrated systemto produce amoni a. The nost common
| arge scal e production method for amfonia utilises natural gas as a source
of hydrogen and conversion energy. Gasification of biomass and sim |l ar fuel
sources can al so be, used t n ang this can simlarly be 10
used in amoni a pr cBRELNER et Al , HEECE¥ 24 moni a producti on

i nvol ve repeat ed pressurisation-depressurization, heating-cooling and

adsor pti on-des tion st ki i j Nt YA d

i nefficient prgbgs%egﬁﬁ'ﬁgﬁl%byﬂéz%?glég&%h%%gPﬁ%§¥w@§oﬁﬁﬁP%§Iﬁ@ource of
hydr ogen frerticalarip rivangtrexdiusivélo niclates e efmeatiiasidof iepifientiaw ot Biowass ReNpr esent
i”Ve”tEP”iﬁ%@%mh%yﬁgﬁﬁ&Bﬁﬁu&ﬁﬁmﬁaﬁﬁe descri bed di sadvant ages of the prior
art. ccording an aspect of the present invention there is provided
a met hod of production of anmonia conprising the steps of:- 20 gasification

of conbusti bl e TRBHRKI @mrhéh IBige BUSE pRMDERE metht feamhhbroaltiios Raeless

i ncl udi ng extracting oxygen frog1air for use i@ Lpe.g?s'gication process
t her eby pr%@éi%@%'ﬁ?o’é@?g‘éﬂﬁf‘ [FRAVeLTIqn ey, h R pANET Pi/ PRAFINg oxygen
from sai d sihilar gt Boetss ahetbodia uded ip paducehwiclgst and itad tan oxijagyrbef ree air;
separatj ng _hydraogen fromsaid s ; t] I en wWth
sai d 2ﬁLsg§ﬁ¥f%ﬁ$@ %%%%Eﬁﬁg¢ﬂe gpggg% %?%ﬁﬁ%%%%%ﬁgg?gﬁahgFH*QE%& removi ng
oxygen frdnvadue wpeatsd rreeasuisstipn-oedrersudsajign nhaadngceiisg fand adseRtigtrocess and

provi de a &isgrrp@&?@ﬁ%%,i G0EIAhdgS T SRy hiRAGivE &IMBVihBEcibiT brB&dss 0apgen from
the nitrogen enrichéd airstreamand réacting the nitrogen therein with

hydr ogen 3Baffiomeiid 89ndhae PPodeBamicrbsPrRe FadvePestt i'dn apy¥esss to

produce argrdicien. pProvi des the advantage that this integrated systemis an

efficient neans. for the production of ammonja. | articul ar, nmoval of
oxygen1§ rom an%é‘?f?g‘?(% %'HW%F@'B%BQ © presen Hri"{epgodje%eegﬁ rened eatliz'l‘re R ‘:Fech can then

be used wi ddscibedrizgevanpagesiuictee pliy atthe gasificati on process to produce
ammonia. In this integrated system high tenperatures are mai ntai ned through
the systemincreasing the efficiency of ammoni a production. Furthernore,

unl i ke the pri dccerding mstaseectfobihe praest invantioartesgiia P vided dueetheshowher e t he
reaction ks &f%nﬁ@@écdﬁﬁﬁri&@ﬂ%,st@édﬁzogen, car bon monoxi de, carbon

di oxi de, oxygen and water, in the nethod of the present invention there are
no pothtial catal yst poisons present; i.e., carbon conpounds and both
oxygen andyasdit&ionasiecdimblistiols eshter@X Y@ @rodune tshegaseaet gasificationt proegesss consuned
t hrough wat er .gener at.i on_whi c together wih ammonia, | d or
condensed 'T@U\%’%n ef(tﬁ%cth?%é)é)fqegn# mxﬁ'ﬁr%é Sga'(]/etée tgr%gmglef) gtpr%%gﬁegé%act or.
Current anproducagpritodacenmhedeir;hod represents a | arge production capacity
central production systemsuitable for using feedstock derived fromfossil

fuels which are al so produced in central processing chem cal plants. The
met hod2%f $ubstapiiadly efpmoving  oxygen from said nitrogen enriched air io produce

substantially oxygen free air;

separating hydrogen from said syngas; and

30 reacting said hydrogen with said substantially oxygen free air to produce ammonia.

By removing oxygen from an air stream to provide oxygen to a gasification
process and provide a nitrogen enriched airstream, then removing further oxygen
from the nitrogen enriched airstream and reacting the nitrogen therein with hydrogen

35 from the syngas produced from the gasification process to produce ammonia,
provides the advantage that this integrated system is an efficient means for the

production of ammonia. In particular, removal of oxygen from an airstream produces



15 invention is particularly suitable for small production capacities since
it ains to use renewabl e resources such as biomass and bi onmass wast e.
However, woeduai2sen at small scale is sustainabl e througbTtidB2oimisegoati on
of intensified processes on a large scale ranging fromthe feedstock to
product generation. Process Intensifi€ation technol ogy has been shown to be
suitable for small scale production (see G Akay, 20Bi ochem cal and

chem cal pr.ocess Intensification,. in Encyclopaedia of em,cal ,Processi ng,
o166 108P6ERTthEL A LR SRR anrF K, BB Bk o0SRRY 1ig PRSP, 08
enbodi ment gasifieaiory gartess texprodetee dinfrravn. t hén dhis  intdgngednsysteyrgenigtsel ect i ve

”E”b.r ane. tﬁm eratur¥s 4rd rfﬂaiﬁtginga(ytﬂg)ﬂ ﬁe[hgc % WS?’I Cihet Qﬁci?r?c\ﬁaeit age 1s
provi ded t ar oxygen 1s extracte ?.romt e airstreamvery effrciently.

Fur t her mor @Nmphje Pipdastions Fyrisrmeneeuniserieaner arbmethed s tndggiidl@mmptiadat i on zone
and redyict hamictiof Whee Jasl réRhio®! BMAFESIndNRst AMREERT UiGogn, t BfpdrENDr ane to
a level where it works very efficiently.. In a preferred enbodi nment
the oxygenMPROYAENERIBY HPXIEo REYRESDIA0R WY Hn /g aLod PolRe RiFSEM NPaIYgen has
been renovere By rdSpaghtiaboaalgdt doivend ypeisegte Ne. depbet edmpyungasinpraduced in the
gasi fi cat i gn 35 B 9oess, &f Lier lydr agen senaratlon, fhamssundag, gy t her
oxygen rendVal” Fromthe aiT et eam enhances 't Nee Condent rati on-ofe nitrogen
for use i nthengiomiater generbigsi whichThegsther ade ssmania, readserbled e esndehesdef f i ci ency
of _thesy Sk il REeidiindiRAba B8RRI fliehrliia redciof e bur ni ng of the hydrogen
depl eted syngas can be used to provide heat 1n the conbustion zone of the
gasifier whilst at the sanme tinme renoving all (or alnost all) further

ﬁXégen fromt h?mﬂeﬁfﬁggemsr@h@h@] Abth6d FadBe nt@lajnlaﬁ}geﬁfr%@ﬁ%rﬁg'agﬁﬂmdi nFntt_the
yarogen 1S extracte romine syngas usli ng a e ne, rogen sel ective
Tonbr ane. | CETTA OSSN YRE SHIAY TG Jano et AL AtRe! 6 et tract

hydr ogen f4romisoipeodtiyeryascentrdi @ravdvaig crgenidaspipiitoVv The chethbd tof theerawentr ane
provid very.. icien extr i f. hydrogen fr ngas. Upon
conpl et'e c@r’%ﬂ@{ |TS nartg Fa{l%%“'%’iﬁ%géhglgg'%fj%{lég °§§ar?3'§§ Sﬁgéﬁthgzmégoc%%d react or
Wi th oxygernewdbiesqeceresivhaseiondasgad bianasenesiet Bdweer.crpishotioxi de and
wat er whi Cé?naﬁuféaalges é&@a{&ib@m%ghme%@g@n@n Saskhdifld frEREL& ol P1aRJOVi de

energy as we as carbon dioxi de and water in order to enhance "hydrogen
gener at i onscalgsranging from (e feedptaghe for BEdefUBIPTRERT tHiecesRARETDiFatYS produce
amoni a t akesoRlgA®as bBerasHnaSBBelRRHOfor sBY H&id Brodudibasde G eaglor to

produce, a ia, the advantage is provided 20 that, a ni an. be produced
Pr om 1ok - Shpisficeb g S0EE ] o= e M FRORNGY FRIGPRRETT &7 GPRCBE 1 oot i ve
product i veProadssmgwirt héiH 9% Eddd nget MancaldvalkeseNY 2O0PY. essure or alter the
tenperature of the gas streans |eaving the gasification process.

According to another aspect of the present invention, there is provided an
25appar at us f orn tehereferigd etbiodiment thenwoaeais execdpirratiis acowpeian ng: - at

| east one gasififdciifOmhedpahti cation of combustible material to produce
syngas, the'gasifier including at |east one first oxygen renoval device for
ext rac%si ng oxygen fromair for use in the gasification process thereby
produci ng ni tr GyeisifNbh xggenadléctive membrane, the advantage is provided that

oxygen is extracted from the airstream very efficiently. Furthermore, the proximity of
the membrane to the hot zones (oxidation zone and reduction) of the gasifier
elevates the temperature of the membrane to a level where it works very efficiently,
30
In a preferred embodiment the oxygen is removed by combustion with syngas

from which hydrogen has been removed.

By using some of the hydrogen depleted syngas produced in the gasification
35 process after hydrogen separation from syngas, further oxygen removal from the
airstream enhances the concentration of nitrogen for use in ammenia synthesis. This

process further enhances the efficiency of the system since the heat generated by



at | east one second oxygen renoval device for substantially renoving oxygen
fromsaid nitrogen enriched air to produce substantially oxygen free air;

at | east Wwpdoogesresepar ati ng device for separating hydr egece200mssend
syngas; and at | east one reaction device for reacting said hydrogen with
said substantially oxygen free air to>produce amonia. -4- In a
preferred enbodi nent at | east one first oxygen renoval device conprises an

oxygen sel ective menbrane. 5I not her preferred emodi t .at .| east one
sai d secon@eW@%O%ﬁg\@ﬁog%{a?@geﬂOSP??J%BSC@EEDaet Uﬁeggtgtpr%vﬁ&egeﬂ%artrﬁrbé S on devi ce
f or conbustdndmstiant 2ons yoh resgdsifienwhilst ehthhysdmedier® reasvibg eh (arearoast @il

In a prefe i . Qo6 arating device conprises at

10l east on@ﬁﬁ%(?? qe%ﬂrlogﬁtﬁéeglgr%g% %ﬁ%ran@@eﬁﬁ anot her preferred enbodi ment
the reaction device conprises a plasma reactor. 15According to anot her

aspect ®f the ppesRRLrddRARINLINREN o9 gdrSis Bkii¢t<dabnAiRe 8igak DBHG asyst em for
a gasifier, the input systemconprising:- at |east one I nput for receiving

air; 20at Pedene BrECHRyEEAINEAILe BR% nenbrane adapted to be |ocated
adj acent a conbustion zone of a gasifier, the nenbrane allow ng oxygen from

sai d received r to pass, through said nmenbrane and into_ sal asifier. By
| ocating an ox%’eHS]g%lae W?/%ennﬁ%%?t'é{%é“eamrg'&ee It ef('ﬁaecgchgﬁ% &Y iaf%)ﬁ] gnoene of 25 a
gasi fi er aswgsk,ribetadvgntage as rsevidsanihah thep neanatranee pimvane, verheffigégviant age i s
provid t \ t e ¥ BVAL halh Al I -
Furt hef[grmr %S%Q%ﬁp%re@c@ ?“v@é%ﬁ%%ag’ fsjﬁ g?)néélg&tg gﬁﬁggétu}ﬂg? f t|@ﬂci Zﬁt ?ey when
heat ed to eepaemhemngas inethsisapangrreagon Wi oxype sRledive MeabiRS FYNEPS 1Because

oxygen i s seshddtotdamof ¥l Gk ivtlerMIHRGESES: bel BEyRMNERR irits tHergBetibAt el y
removed after passing through the rrerrbrg_ne,. As a result, 30 rEhhere is a
cheni cal pG&EEAL feaproY e'&ﬁ@/bgﬁw%ﬁﬁﬁ‘@ﬂ” e eae e Rypraeei VRS yasi fi er
si de of t heydrephraneatdner eby encour agi ng oxygen through the nenbrane.
FurtheLﬂore, the use of the nenbrane creates the subsidiary product of

nitrog enriched air which can subsequently be used in the production of
anmmoni a. - 5-  In a preferred embodiment the reaction to produce ammania takes place in a

plasma reactor.

By using a ptasma reactor o produce ammonia, the advantage is provided
20  that ammonia can be produced from haot streams of gases at or near atmospheric
pressure with effective productive rates without needing to increase the pressure or

alter the temperature of the gas streams leaving the gasification process.

According to another aspect of the present invention, there is provided an

25  apparatus for the production of ammonia, the apparatus comprising:-

at least one gasifier for gasification of combustible material to produce syngas, the
gasifier including at least one first oxygen removal device for exiracting oxygen from

air for use in the gasification process thereby producing nitrogen enriched air;

30
at least one second oxygen removal device for substantially removing oxygen from
said nitrogen enriched air to produce substantially oxygen free air;
at least hydrogen separating device for separating hydrogen from said syngas; and
35

at least one reaction device for reacting said hydrogen with said substantially oxygen

free air to produce ammonia.



By providing extraction neans, the advantage is provided that a continuous
streamof fully oxygenated air is provided to the nenbrane. The
air i nputweysixrsmay further conprise at | east one suppect/dmyearosbeaded 5
to the nenbrane. By providing a porous support |ayer bonded to the
menbr ane, the advantage is provided that the menbrane will be nore robust
both nmechanically and thermally adsorbing the nechani cal and ther mal
stresses and allowing a very thin and efficient 10menbrane to be used.

I n anot her preferred enbodi ment the nmenbrane further conprises at |east one
first catalyst I apeferretisBypopimeni atileagt enedadtakygenh removahdevpercmeatigessi de of t he
nenbranetgy%é@?ﬁggﬁﬂﬁﬂkéuﬁgﬂ%ided that this encourages oxidation during
the gasificatron process I'ch in turn encourages oxygen to be drawn

t hrough the nmenbrane. By providing a catalyst on the feed side of the

oxygen ssel ecti v ARAL RB8sred BRLASIMBM ATEst SndEAY isdefhdtRAgdert RipyANCOUr ages
t he di ssociation of oxygen nol ecul es thus accel erating the diffusion 200f

oxygen t hri5i§h CPMBrses mbeaskone combustion devigs Jpheamiysiana a8 éab B8P ment t he
menbr ane fuHidhekrogenpssd 5am réhole@ast one second catal yst | ayer | ocated
further away from said nenbrane than said first catal yst layer. 25

By providing a porous sacrificial catalyst on the reaction sides of the
menbr anes, bot in thereataleptbdiardt, tesribydngs agrergiingtdegitedomposaspdi soni ng as

a resujqt q‘%"’ﬁt' e, %;(%}Iex_%lﬁa% giSRction with the sacrificial porous

catal yst. e sacrificial catalyst is not active and is inexpensive
conpared with the protected 30catal yst and the sel ective nenbrane.

According to anpbhgherdsRebd @mtobtheRl Biefdhction V@ick QBmplifter & plasmar ovi ded a
catal yst conprising:- WD 2012/ 025767PCT/ GB2011/ 051628 -6- at |east one

coating eXf¥nding substantially around said catalyst material and including
at | east one porous material allowi ng reactants to diffuse through said

por ous, nat eri al, and _engage w_t h ' t t materjal. ing a

cat al y135t W th 5‘%%?'8%‘9?{&%&“83 efC??%htge ﬁ%&%ﬁ%@gg@ﬁsﬁgﬁﬁg’@% f’%ﬁ% lirt he porous
mat eri al deput pystem fe agaphsrsine alpupsveteactonumising- t he catal yst's surface. In a
preferred enbodi nent the coating is substantially electrically insulating.

10By using a porous dielectric barrier coating on the catalyst particles
t he at least one input for receiving air;

20 at least one oxygen selective membrane adapted to be located adjacent a
combustion zone of a gasifier, the membrane allowing oxygen from said received air

to pass through said membrane and into said gasifier.

By locating an oxygen selective membrane adjacent the combustion zone of

25  a gasifier and directing an airstream on to that membrane, the advantage is provided
that oxygen can be extracted from the freely available air. Furthermore, oxygen
selective membranes operate most efficiently when heated to a temperature similar

to that produced in a gasifier. Because oxygen is used in the gasification process,

the oxygen is immediately removed after passing through the membrane. As a result

30 there is a chemical potential for oxygen reaction immediately adjacent the gasifier
side of the membrane thereby encouraging oxygen through the membrane.
Furthermore, the use of the membrane creates the subsidiary product of nitrogen

enriched air which can subsequently be used in the production of ammonia.

35 The air input system may further comprise air extraction means for directing

air from which oxygen has been extracied.



advantage is provided that the catalyst itself is used as a dielectric
barrier. It is then possible to use the dielectric barrier coated catal ysts
in a plaswe2weaeswr with only one (or even neither) el eptnraigoizsi@bed by a
dielectric barrier. lithe catalyst is netallic and hence has sufficient

el ectrical conductivity, it acts an d-ectrode if it is not 15 isolated
through a dielectric barrier. The use of dielectric barrier coated

catal ysts as a ack bed in the spﬂﬁe@ et ween the e] ectraodes ﬁgone of which
is isolated) h SO Raractien MaaRst ANIgeSY ey t 3 GRS asna
gener at i orst@ach dfnmyeﬁ@ee‘satémarS@pcaﬁoaﬁlt@medmammmme bet ween the el ectrodes
while still formng plasnma. By using a porous dielectric barrier coating on
the catal yst particles the advantage is provided 20 that the dielectric
barrier di scharige apliesraystan geydertieedommsise af lrestvangisuprayt laferthedesiat al yst

si nce the y gqﬁeangrﬁgrah;self is used as a dielectric discharge barrier. The
reactive chem cal species generated by the plasma in the vicinity of the
catalyst then rapidly diffuse through the catalyst coating into the porous

catal yst for C@mr&ﬂdln§QBM@D§b@boﬁﬁy@f foriied @bk 'ﬂ%trrll:@zihet hesdagtgjeer at i ng
both the rate of rea rre t he

coating cdmprqvied t@é?h%’ﬁ?ﬁs aﬂ%%"é?ftﬁ‘ore ol %0’1% ?UFEL‘ ‘H@%S@%‘Pé‘ﬂr ed
enbodi mentadsbiirgakd mechzbaparidsteamBasticdsedt dridatiavieg @Baii tiB )and 8bicient By

usi ng rani I ely high dielectric constant (permttivity) netal
oxXi desﬁ)gucrﬂerﬁgr% egoleoue%}sggl de, silica, titaniumoxide (wWth permttivity in
the range of 10) or high permttivity m xed oxides such as pervoskites or
very high per mmfahgqq&rypr@%%& 'emb%d.%ﬁhm%sm@ﬁsﬂauénmrfhwe 7&15@@%{ Mokt i Vi ty
1000), it is possible to enhance plasna 35strength Accordi ng
to anot heror@§iﬁ‘éé@tab’ﬁt '€¥¢€ present invention there is provided a nethod of
produci ng a catal yst conpri si ng the steps of coating a catalyst body with a
por ous terial_ adapted to al eactants t u rough .said nmateri al
and enb’gge wi t VLR G S§70et ond 0”\%8 permeats gie ﬂ(}éhenrae'{‘ g8 Pﬁrat%ﬁ%}t Rspect of
the present provdedtthairthis tdneseages qidatiordeating thetghmﬁbaocbn cacadsywlicrgina reacti on
conprisin h i g to the
met hod of gtng%ﬁ?Jgg e%og(&%%n [)ér?egjéétmﬁtﬁ%ﬂ Itt])g]\?\é%é%%] cordi rﬁ%m %ﬁ%‘%ﬁ aspect
of the preyelie feadvaigr pldhe oxtaen selestivermornirae. dhphdenaoe @a@r@m‘edc@ﬁtpru sing: -

at | east OfR ohesHRlesan@BkEstiation Bﬁ&@gé/rﬁmlf)l%é‘tﬂé@mh§acc%@@atiﬂblﬂﬁeacﬂlﬁ&syorpf
el ectrodes contai ned within an outérnost volune of said vessel: and at

| east The YrRAMRMAMOUH AP Y6MPAlferial coated with a porous and substantial |y
electrically insulating material. ZOBy coating a catalyst with electrically
i nsul ating mat r| al.. and n_ a vessel that ont ai ns

el ectrodes, 58%{% %rreg 5%89”&\,\% ha?m?rﬁe el é'gE FD'H%“sse%an? ae cont ai ned
within t heorwmemd malygtlamr soated Virthgr EWey fromregld pembroe thavadaidyfirsionduct i ng
cat al yst ?aﬁ}s‘?%yérher ein. As aresult, plasma is very efficiently produced

w thin the vessel whilst also containing the catalyst resulting in high
produc?® yi el ds.

By providing a porous sacrificial catalyst on the reaction sides of the
membranes, both the catalyst and membranes are protected from poisoning as a
result of the catalyst poison reaction with the sacrificial porous catalyst. The
sacrificial catalyst is not active and is inexpensive compared with the protecied

30 catalyst and the selective membrane.

According to another aspect of the present invention, there is provided a

catalyst comprising:-

35 aleast one catalyst body comprising at least one catalyst material; and



25 In a preferred enbodi ment the vessel conprises at |east one el ectrode.
The vessel nmay be tubular 30l n another preferred enbodi nent at | east one

el ect r odewextendsissubst antially al ong the centre of sai ¢ctrudBbarosyessel .

By using a concentric tubular quartz plasma reactor, the advantage is

provi ded that al though the distance #etween the el ectrodes can be small,

the volune 35 of the plasma space where the catal yst bed is | ocated can be
controlled and the residence tinme e react an an be r at high
space vel Gl LRat7aH[Y < el“f"é'?e?lribs?f“ﬁ?gy 5PN 331 g ©°h mat%’ %’ It(%g gas space
vel ocity riefuiingest leastsoral poroth enateyibl alebwwrtgateacteaisttordlffuss thioogl isgidration i s

f d. Low | £ [ der t t [
01 1 he caiarGer Pl PR okl 0] BT AR lorsi ons. By using a hignly

porous catalyst, the advantage is provided that the 5 reactants and
activated Chemsgac'oaﬁﬁe&b&ay&%m% bhysuS AR RN i be a'i:!vérﬁ§ § Bk@lcdaehare the

acti vat ed chem eci es becone deactivated throu onbi nation. This
advant age & D@.’PW@?U@ Cﬁ%PFON'H%a@QY%an/%@teEB%ItPHbe SR %Itls F{é‘&? 'so porous. By
using a plasma reactor with coated catal yst the advantage is provided that
10 the plasma is u?edtoa ereata gen and

hydrogen in amfbfPE Hteﬁg’g @e@&bﬁc%mgg\ﬁu A 5ﬁ\é§|urgcsa A UIgt' g‘ssures.

Therefore the resul tant reactors operate at Iow pressures and t enper at ures
provi dj.hg capi nd 40 t t V&driclddNiehe case
arrrmm{ synt he??/ ush] O%L% {mgf%gt(l@ ?Dg\ﬁr%r n%? [ﬁ'@c%\% giﬁgl\g@r%écs y In the

opti m sed ddwenisger lsazrovmeadmatd@ estalysh dsafris EﬁEda’E}Sta digpeiripparielt ilopden15
pressure r it§ uio Giel@de@tithang &da?edtdépél int# ﬁ‘n@-ﬁ‘éﬂcﬁ)r ﬁr\ﬁﬁgﬁlyl S

350- 550C. F%Iggﬁe u;% rGeslsure ran | ow t%%) %mgre a?g

conver si orfhet (ge ei"?fdﬂ%' fa?'eférrod%é%oéat‘%ﬁ by Redligf tB? VLl R only

10- 15% cony&ksé ey h&céhb@bﬂﬁﬁbr@@l&acﬂﬁaﬁ sonducmiitgnt ddwear elaﬂtode iffitos hatwed by

anmoni a rec ver erat ur and re r The

equi | i bri Ui d é‘é |h51n‘¥v Eﬁl‘?fgré?ba{%eé ogﬁﬁ Wirm S8GH ot |bglﬁlms3 'ltb%tegir%?aﬁ%%fﬁ 50% t hus
t he conver&pamm@becu anye sphcelsvées the klecthmles iorehef viHinbrisisdlateaxibenagqui | i bri um
condi ti Onsalloﬁ%g%sllgﬁg&?} &t eF 8(91% Bt?bnafgr ALLRS BB Aion I8 SR Reane | ow

tenperature rium conversion range is 25% (at 1500)
and 5% ( atse28REN df&"l@écq)la%@é?ﬂ e@?ﬁﬁrpé%ﬁewﬁ'ﬁnﬁﬁéwf@ﬂeplésnl@ﬁﬁdﬁ'{?%ras| on

despi t e WOt ROAiMBLRE bati8NedatisRBh ke &a@am pRNIBES tHeesdvambgd Brmevigdaur es but
achieving 25 conversion rates cl oser

t%Lélllbrlumvzshu§1 This in
turns & I gt herdidpgig PP%’ﬁhﬁlsﬁharr%%B@é’dad%&ef‘%fﬁ 5" Bi5a VFBELEed ' unni ng
costs. As @taﬂ;&ﬁ sihte ﬁn@ﬁbtla!ystdable;spjsamﬁ§a dieleceeic disomirgabdryery iTabkeactdet hough t he

process is e L ;%’eﬁ}e?ﬁ;gpe Ped%&{ ife Plg%rﬁ 2 in tﬁgk/%lnﬁyngptﬂb%aiB,thqH%f'apfdiy

30Accordi n Inventi e’is provided
a met hod ochffms)etthraagh the catﬁiushi:@tlf!@ oo aleﬂorcelamﬂ@lysaﬁﬁﬁfﬂﬁﬂac%ﬁ@‘d@@dqnon gases

i ncl udi ng M%c@mbwg&pﬂﬁga&ggrﬂhé LA ek rﬁ@@?éa%hcﬂﬂadd%lcﬁt eps of: - 9-

25
In a preferred embodiment the coating comprises Barium oxide (BaO).
In a further preferred embodiment the coating comprises Barium titanate
(BaTiOs).
30

By using ceramic or relatively high dielectric constant (permittivity) metal
oxides such as barium oxide, silica, titanium oxide (with permittivity in the range of
10) or high permittivity mixed oxides such as pervoskites or very high permitiivity
materials such as Barium titanate (permittivity 1000), it is possible to enhance plasma

35  strength.



recycling said stream of gases once at |east sone anmonia is renoved for
further reaction. In a preferred enbodi nent the strong acid ion
exchange web/esemwpri ses 5sul phonat ed Pol yH PE Pol yner @eidé)B2011/051620 | n
anot her preferred enbodi nent the strong acid i on exchange resin conprises
hyper cross-1inked sul phonated i on exthange resins. 10This nethod for
extracting ammonia froma stream i ncludi ng hydrogen and nitrogen from which
t he amoni a has, been reacted incl ltld(gi%egassir} it through the acid form of
sul phonat ed narFErgch BRSS! S oS SoNy IOk ISR 8 MgF A P

Pol yrmer s (mathndl yf stguctner ditalyshydmbyising emestepsas sedting kedtatyeploddyveths) and t hen
either rec in 0 hy: i n ck into

t he react 0;%(09%1,}3 %fgepgleg%lrpﬁegjn{c’hém%fegg%bggtog%@'gsg?t ?@é’ﬁ?%ﬁ{a oﬁn% %gglsae@ind st age
react or i nergepé with saidicatelpgiati ng the process until all the reactant gases
are consuned with overall conversion of over 95% In this nulti-stage
reactor arrangenent (plasma reactor foll owed by ammoni a adsorption stage)
initial amoni dcaptdrie,a WRPemPsRPeionf| the IPtR§es! intratieidb Btis FPVEEd &moni a, is
th_rgu?h ? rﬂ@l‘ﬂbcﬂ %Licgt@}ygﬂ@ Isacél‘kgﬁliicﬁaabonﬁ;ﬂ?ﬁbitﬁ@ ste@bvwgmxia? ré’&tetmsﬁ/_inﬁﬁmmni a) and
aci sul phonat e r 1 ch can take place at hig

t enper at ur%agé]ﬁigﬁ?fé’r%%tﬁﬂiwe@%alg?ﬁ%‘%? WP%‘“‘I{E"%S‘%SF ¥$starts degrading).
Since the product stream (anmonia + hydrogen + nitrogen + water) fromthe
pl as eact or [ , S f = I drogen with
Pho-untd enoved SEaly e MREE 5ol BLOESHekr® ik fhck 3880 I Prlond oy i 1|

al so adsorbasea @ectougemposings 40 tinmes but at least ten tines of its own

wei ght at roomtenperature) which in turn solubilises nore ammoni a thus

i ncreasi ng the ammoni a hol di ng capacity of sul phonated Pol yH PE Pol ymer.
Cheni cal athigfst A opieseR! AgPRiedacetestadthonat ed Pol yH PE Pol yrer i s
further increased by using highly crosslinked and sul phonat ed pol ystyrene
based lyners. 3 Prior. art practice for renmoval of a niais to
pass i 10t 17 Bl sartoder et Blin S AR HES bl TR oARE | o i seol ved
in the water but introduces water vapour into the gas stream

Al ternativgl a i r r L a as
product . ebégsrteéﬁegritmaﬁylgggﬁ n?an?n%glegg%t%aeqﬁ@e%e@ééhgd%ﬁr%g&tti@gw% react ant
stream Dr§edigcallsinpdpiipglmaieriabqui red because water acts as a tenporary

catal yst poison. Neverthel ess, catal yst poisoning effect of water is |ess
signifjicant than that of oxygen, carhbon noxi de and carbon djoxi de which
are préfent in DHEANODCatl MR FISEHATY RSURUE BAE S BBEARCT BN S esent

t echni que. VEseelfthanalisoptondiirct elédtatied, e pihvas@né id goticddimet ihe aeurotesum sal t  of
sul phonat ed Pl yH PE Pol ymer, Wit h_adsorbed {ree nia . which can be
recovered of ﬁ%uoptaalnfagemc’i%w t“}'? a Shi f'vﬁ?tea saocs%v'%g}]%nggrmﬁ%seﬁ)%gpg@ or nitric
aci d to providdding gatalyellocateliheregf Asea ré¢duitspasma ishviery dffiniery pmdesedof Pol yHI PE
Pol ymer. Th - tLd 4Ser i di tioner as
di scl osed &W%%‘%’%‘%%M@? gﬂ%g%déﬁ%?%@e? %t%?igtlr%ésdg?@ﬁnr @Qﬁ%‘?eﬁt g%Bg'I i mnates the
expl os¥n risk of the amoniumnitrate fertilisers and provi des safe

handl i ng. It aligg pediaR@RsnddapLEMBBEREcRipriBdI M MRt fHe@bigbilOn by
significantly reducing production costs and producing a usable and easily
handl ed fertiliser. 10 Preferred enbodi nents of the present
invention w |l Tewebe cdegosiveld; by way of exanple only, and not in any
"imtative sense, with reference to the acconpanying draw ngs in which: -

30 In another preferred embodiment at least one electrode extends substantially

along the centre of said tubular vessel.

By using a concentric tubular quartz plasma reactor, the advantage is

provided that although the distance between the electrodes can be small, the volume

35 of the plasma space where the catalyst bed is located can be controlled and the
residence time of the reactants can be large at high space velocities having sufficient

time for the reaction. If the gas space velocity required is small, the cylindrical reactor



15Figure 1 is a schematic representation of a chem cal plant of the present
i nvention for producing anmoni a; Figure 2 is a schematic

repr esentwbi2om/f7ea gasifier used in the present inventipemGB2011/051620

Figure 3 is a schematic sectional view of a gasifier used in the present

20i nvention; Figure 4 is a sectional-8view of a gasifier used in the present
i nventi on; Figure 5 is a sectional view of an air input system used
in a gaS|f|er of the It%resent i nvention s a plan

Ui ew or L cafauragin &t PRI egadon G el iqiaptien s pasdidp oslsr I Brbrin.

Fi gure 7 igsosionsd rermitd et papescntibds forhigh canmersioggen r enoval system used in
the present invention; Figure 8 is a schematic sectional view of a
catal yst of the present invention; Figure 9 is a schematic representation
of a plasma re&gtaingfa higey prasencatdPitnenedentage is provided digteth20 is a

sche mat5| C el el &étﬁgt'eg R&h @él S‘BBCIQ{] re%@t?ttﬂeeé’atmtﬁssr{?s f8Rebebrdinet he present

i nve emat| ¢ secti'onal representation of a
further pla&é\r?éecr @a@m@@] éwecteﬁebﬁioé@eﬁ?aqt'weﬁ’tttﬁ@%h 3smrginedien-12 THed 13 are

schematic Jd@ﬂ'ﬁé‘g%e@%@& k08 for He dattlysh@yatiRy RsEMis@agbaus. of the present
i nvention; Figure 14 (a,b,c) is Scanning Electron M crographs of

nano- structured m cr o- porous catal ysts prepared according to Exanple B-1 at
i ncreasi ng rragrrﬁyftismg'raimmasbambrrwgthtobetebiceteastdhrya@bnqage egrovdegiih® 15 (a, b)

is Tr m nEectr r.aph t I OmPoOr o

LZt al ?/' tss ! ?é’ 3"8d"° §q%naﬁg"a?eg t@re%cﬁhsﬁ'%% % H'Mﬁ ﬁ& ﬁS(/edtr}?t)&ernatgIr.u fi g:.tl ons
showi ng t reenrmme,mti”@sefevm atkew tecmaecbeureft oyt pessuigst Hhelielose BiE Tegiir®xi mat el y
10-30 nm eac(lors osaergtegzlt'![gﬁv r;r@ss(,r?esbcmﬁ)terﬁﬁépét%g BFo%lth%aﬁ%@EﬁH SbrdHoR@t ron

M cr ogr aphs ransm ssion El'ectron M crog ra(Jo %3 showr ng the
M cro- andopkafyaRIEgase tHAWE VYT INttAR Cass aIPRIYR BEHCRIB R &79eE it 2fiNRYE P¥epar ed
accor di ng dofvdrXianRli@s, Br te (dpt¥nksed (Palistddi Dractite of thé eriemdrt, magspekatioasli ons. The

A e
(a, b) repraseajshiyhersSean nainngo»EItmmamcrel\ﬂamuogtrgaptmsvmlom Hee gaiuathigist
structur elpgr %pgroe%ea&%? a% 'Q%HE'?ﬁ 1% oA sha qus talt}gmg(frag,e RQrous

cat al yst Sstructure er face at magni 11 Ca 1 On;
Fi gure 18 timud) te reaspréellenes by hremsalameﬁomqyer @thﬁraperﬁtuase@ﬁéwt off the

Bariumti ttﬁé‘%td%egsoatl'ﬁg %Ohﬂrfﬁﬁ‘t SHRBQIH eF & ﬁKQthlr%%ado)ﬁ&horW r@%tﬁﬂ according
to the exarrp ated cat al yst | i berately

was
damagetf to50r/eﬁ@éﬁ t}iet §°”\4?F?é?” &t rr%RQfauPewcg) 'SSR’F'h b§¥\/(r}"u8'teu '@”B?ft%?‘tg structure;

equilibrium conditions. By using plasma reactors at atmospheric pressure and low
temperature (150-250°C), the equilibrium conversion range is 25% (at 150°C} and
5% (at 250°C). The present technique can achieve 5-10% conversion despite
working under significantly lower pressures and temperatures but achieving
25  conversion rates closer to the equilibrium values. This in turns allows for significantly
reduced capital cost and reduced running costs. As a result small scale plants are
economically viable although the process is equally applicable to large scale

ammaonia production.

30 According to a further aspect of the present invention, there is provided a
method of extracting ammonia from a stream of ammonia production gases including

ammonia, hydrogen and nitrogen comprising the steps of:-

passing a stream of gases including ammonia through a bed of a strong acid ion

35  exchange resin, wherein at least some ammonia is adsorbed onto said bed;



20Figure 19 (a,b) represents the Scanning El ectron M crographs of the
Bariumtitanate coated silica supported nickel catalyst prepared according
to the Bwopbe/2ds7a) Overal | appearance; b) Skin and cece/c0ualsuges at
the interface. Referring to Figure 1, an amoni a production system 10
includes a gasifier 25 12 for the gas?fication of conmbustible material to
produce syngas. The gasifier 12 has an oxygen renoval system 14 that

recei ves an ail.rstr.gartn 16, .extracts ?1% en which is used inftf‘]e gasi fication
process anf¥F89iSA9SIE I P8HE SR A O YPNEARS EMOYRL T WWHER 10 al so
i ncl udes aresetond oxygen renoval system 20 that renoves substantially all
of the oxygen fromthe nitrogen enriched airstream 18 to produce a 30
substantially oxygen-free airstream 22. Bionass 24 is input into the

gasi fi er which Ihsa geelerfadeemigdirent Hee aigngeaci® dorf exalrandte rasity cramprisesiov al

devi ce 344 wnehbekirRgrHipeshandar@rppsi fication reaction to produce syngas 28
and ash 30. The out put syngas 28 is cleaned in syngas cl eaning
system 32 that produces 35cl eaned syngas 34 and tar and particul ates 36
that are fed bagkahdther g@fdrietieemBaiiniérd thBPEond7 acid\Woh exchange resin

2012/ 025767PCT/ GB2011/ 0516%0‘1%,’&%%?" _ hydr ogen extraction device 38,

i ncl udi ng KYBREGRIYPEEFEETINGE algd ' AFSIHEGHEd bet ween two por ous
supports, receives the syngas 34 together with steam 42 to produce a

hydr og depl et 4 ﬁgﬁi \ . nut ...The, hydrogen
depl et i@ syngas 4%@?2%@%’@%%@%% e sgg@)n%gtg%%g%m?@%\ygr 5% g'idst em 20
wit h t he niitrpgrieffonewhict likedaramesie heavpar8regnigd arcudps passingot herngt éhe

subst ant i ahdiy rorh lof QfiprRANtek ﬁa@d_mqa@rmi%tbo&rghp%nymewﬁ% a8 PoRAEN di oxide
out put 50 and heat which is eiartl ally recycled back to the gasifier 12 and
|

remai nder BPYESFHBRINY BYPRsdiVBY Regresg. crassdinisrtisgmesi Bpd theleeeom hydr ogen
gxt ract i onredg@ling énd strdafreof onreacidd hyssegemdserarhinsek MatianacdPosandw ched
et weep, [ '

t Qrqus supports 1Q is xed with the substantially oxygen-free
airstr eamm%ﬁ 'P%qge r“é’%lec%?ﬁegrpaaegfeég’ g’%’ ?}‘?afecc?Bgrbﬁt%@sretaﬁtBr i £F5Ge™ n t he
subst ant i atepyatogyenprbease anti stiir bamea@aaindadey daregemmstimedn withe oveyall ogen _
out put 46 L0, BERAYESVETERAI an Iifls 8 JiE85dd %c@ﬁ\éhgrgge%kpﬁ)tla Sl RaELP4 that is
directed to an ammoni a recovery devi ce 56. The reactio devi ce out put
stream 54 ©UHYes hYs2neRenia peRiRicN ClagRbATia)am ek carsireivitieh elpe Bakdesd ni tr ogen
ggd 15 hydm?%@Qorﬁtlﬂﬁ éfraﬂﬁw%drﬁwwﬁﬂi’dubﬁ% r%ﬁtréﬂ@él@{n-chEﬁ%aﬁ%‘é%@n%gﬁv@&ﬁV@{y dtexi ce

renpyves e _ammonj a an rin put stream and recycl es e
i nihg B BGBAT AN DTG GyERoE T E B ERSET R R PEREEROH dovi co 52.
I n Fi gur e High tdmepesauros mBoveeDOUR(yp OEE0EL befareSthe ipslyiner tthes fegraaiad).
refrigerat; e ver., it can be.replace a ui t abl e
pr oduct re%ggeaﬁggi%@étnﬁwieﬁgﬁéﬁpﬁgaa ! ggagg%glrﬁ'tﬁ) Bgss“fageﬁf %l%rp %v@%f’nﬁ/ a packed
bed of Pol pREtPECHREIyweater, op agrsminifdhe eactidnor hwifiobert with thei ub-reoovdof t he
sul phonat egl, Bol i iREeMRIU R ipho L& Boipli®e rflR Qs O AQY- sSfB%d?ér;}g? pater.

Unreacted noisture free nitrogen and hy‘dr;)%en are either rec ed back to
t he re&tt ofl Boeobut st peltahlipes phisevt waighlaireon fendesduehybichimiBmsecond

pl asma r eagddilisbanaes@mbhibt HRE PORYERGT RS 4Ak6eSa PhAGRy dabadif)eof i rst
pl asma reacﬁ IS reno er \ﬁ/hen oxygen

r 52, the residual oxygen /ed as wat
reacts witH W%Vﬂ?t%gﬂlyﬁ% <GP 85‘?%%5@%“&”?5“?%%& cFPREY SRl Sk ygen i n
t he ni t r ogeslyHPEdaipnics i fertbarackréasembly eing édytityl @ossitkea aind ysliphehatdde pr oduct
renoval st i the water renoval duty at this stage is high
requiring %tt%r?%%gqaoﬁﬂﬁ%%er ation. 30 However, once the residual oxygen
is rendved, the product stream6l is fed to a second plasnma reactor 52a and

the product ammmg} @rSfacics he@mMeed dibtishiPRCtehR6d ipARnUsishigp Strong
acid ion exchange resin such as sul phonat ed Pol yH PE Polyrmer 55a which can

be renpvedP2P&} SUCHES MRS 0 ANSBEAMANE IsTitieagd inthe Walsr eeldriEdusrtWagen and

hydrogen 6&go@f igtoetht REE streshi Mitematigy, IrfhddiasiBwaRAGOfeerdi@CiCc! ed 35
back 60a for cog:gl ete conver ion. In the second and subsequent plasma

. d
reactors, 'SMRVY "EbBHPLOHF: wWHIt o358 "HPURNLET S BE et fE FUME on of
hydr og#n aratthre,steam. eB@implie nhinckielrequied@ecaat alaystacts ad 3-temporary

catalyst poison. Nevertheless, catalyst poisoning effect of water is less significant

than that of oxygen, carbon monoxide and carbon dioxide which are present in the



Referring to Figure 2, this sinplified and schematic representation of the
gasifier 12 with oxygen input systemreceives inputs of solid biomss fuel
24 t oget hgo 2eiddasair stream 16 from which oxygen 26 is requstobysas2ooxygen
selective 5 nenbrane 15. Further air 62, water 64 and CO2 66 are al so
provided as inputs to the gasifier 120- The outputs of gasifier 12 include
ash 30, syngas 28 and a nitrogen enriched airstream18. Gasifier 12 is
shown in greater detail in Figures 3 and 4, in which a feed zone 10 68

recei ves BiogrRIEiena ansifiod Bk agtfﬂt &tbe(ﬁﬁ%ﬁeﬂ%‘fﬁawgue Th@‘eﬁinéhﬁfgguoéﬁmi“s fed into
the gasifitps plé’seﬂstetagmaja‘ eeg\nmeh.ew 4 o §dkﬂ1¢g£letl Mreolyfi-peEl Fothew win be

t hd f th | feed t t I d t
Ao the b cinebes (67 S etk e b St R ettt e
conbust i orsuziore pT@s;b‘r@at Sr tnitec bcldmsmovfdeeﬂurtm&nncemrbvwammm\twttm feom t he
febon S, Sore SMPLDSEEIRL] OF TERNodiy o 8" RePTLTRIdoNAAS OGN, and

xhau e cl

car bon di oxi gases nust eane ore being
di schar ged:on@ltl@rtae it disglpsesr &, P@Ffe‘/\@?az@é@()ﬂ@@ﬁt t fbisfleditises ored et 29d

combusti Orteuzrﬁttt%es? eleaatiaort hex ek fdnsthordidth QAR RANEDS ahe%rc%et Qgfe/4 Via
exhaust 76 and gas cl eaning unit (not shown). 20In the |ocalised

conbust i orf‘ai‘élﬁ”@ ’/t28‘3? [fBanges dbe Sranaeist &d aﬁ‘mﬁﬁs%rO?"tF@P” Y Y¥H5aeed usi ng

heat ed ai rred@iddabdRBdredcSistdhe pesibitg biuesble aiteasilehararid falidge80. Conpl ete
corrbus1t| onis confined to a snall central zone so as to create sufficient

ener gyOfor heating the biomass to around 400 to 500C, just below the
pyrol ysi s t enpétrefened embbdménte|of fiiee dreaerd im@ntiars willowow be essdribed.ne | ocal i sed

combust! on,£0BE &Gy A RbEHh Sy kNSRS Gan! RAYLAG Ihe eed zone

68 and co tion zone renove al e nitrogen a syngas generated
by the | ocatcpeanyingrdydndsonwhichi-The purpose of this | ocalised conbustion
zone and syngas/flue gas recovery 78 fromthis zone is three fold: 301) It

prowdes the necessary initial ten%)erature rlcﬁe ln %n%lfier so that the
oxygen'sel ect i VEYRMIF &hedepgic sgpigtion pf &jGhemicpl P'@@ ARSef tars are
gener at ed ;atentnbtet‘obagtjtﬁu’ngmnmt)mgam fi cat| on, they are likely to deposit on

catal ytic part asj fi i_ncl U the e nbr anes.
353) If bridgi ég 6C<L,gu'rss 8?‘?”#1"‘3'0 (2B1°F T C2 ca ° oori b 2%%9 n‘c’eﬁ h%ﬁé Ipyef%ﬁﬂgeca S,
syngas uptia‘kaettlors svm tch to the flue gas outl et 76 fromthe top of the

gasifier. Thisg 1 REL SIS WeBorkN by SHNI RS sifidtaldel Yin | the HPdserOMPr OM sed

and the bridge |s ro en wi thout having to usé physical nethods. Bel ow the
| ocal i ¥ked Bt i on zone 72 are | ocated the pyrolysis zone 82 5 and

oxi dation zone rhre TR dRRor vibhef @Mééiﬂe)’ﬁé&l :ﬂ@t@ﬁbr&%n! :ﬁvé‘nhd)rl ed with hot
bi omass ready forwgér olysis throu ra oxi dati on

t
zone 84, Part &f9 ‘haseciee ?%‘ﬁ%{/af'@fr "Eﬁt‘g%%}%“g ‘f? agaa éﬁ(éj?m ace in the

pyrol ysi s meset B2eritisn;pr ovi ded by convection of the gases generated in the

oxidation zone B, 8% RO viblI%raRB6RoR"F i 3M8dNREAR hbBrétehaust vent

25  invention;
Figure 7 is a schematic representation of an oxygen removal system used in
the present invention;
Figure 8 is a schematic sectional view of a catalyst of the present invention;
Figure 9 is a schematic representation of a plasma reactor of the present
30 invention;
Figure 10 is a schematic sectional representation of another plasma reactor
of the present invention;
Figure 11 is a schematic sectional representation of a further plasma reactor
of the present invention;
35 Figures 12 and 13 are schematic representations of further plasma reactors

of the present invention;



Oxygen 26 is introduced into the oxidation zone 84 and contacts with the
char and pyrolysis gases to create sufficient energy for gasification,

rai sing twe zhenpsereat ure to around 1300 degrees C. Sonme eym@aRoiigsad2bowed to
pass into the pyrolysis section 82 and then the | ocalised conbustion zone
72 where it is partially 15 oxidisedlto produce heat. Once sufficient
oxygen is taken in for gasification flue gas outlet is shut and the high
quality syngas is taken up fromthe s s out]et, 28 connected to the
dvngas o O BeiRiire R Tt Fiaram i reces T ReSiaeet ti ieon Sa &) A

condi ti oni ;ﬁtgowsoﬂﬂal&ﬁs prep@relydrgasingriodbaagld B-1t tenasagiat inagnifiatiens84 passes

t hrough a perforat rat 88 and into manifold 90 where it is split into
at least f Y‘"nlgdﬁ ﬁ?r@ g?’ﬁ “%i xteen or nore streams usi ng a vortex
generator 92, dtoum 1|5n(aEb)giarEar&m|$ﬂmﬂ Elecombii@dgrapies shagno-divaivesder pi pes
extendigng LiQmdhe BAIAE! 8 B0t XPAAhA b OMdGIPAY | SHl @b cafBisher and tars
to fall from e synga eam as ey exit t vortex arnms. These 25
parti cul at@%grﬁ%thrér shovéng aligherepgncas Rf ditkek cxidgn C%’ﬁﬁﬁ'fsad‘éth%'zﬁ\h@fr e they can
join ot hera%y,rhaelphg_ggah] rermval zone 98 or can be recycled for further
gasification via inp 2) The vortex_arns ?sz%elncllnedd rds, at
appr oxi mat el y f(‘ﬂ"cﬁ%dﬁe‘é o) rePrpieRtie i SERMER FiTPn A0easaPLT (% d to

provi de i ﬁﬂ‘éhsrﬁasé.ldih Blewtedrt M(caigre(ﬂ)hr e)cého@rmgftms riidne- aﬂmapalsﬁmutmreSJI thehus

enhancjng separatio nor e h r are

prof i ILd; sSUp At Fﬁgele aﬂ)@st r?repagtesdegIE O?d' ct)(%\é%xgr te 52 @M/f@% %egl,cs)n t he back
of the nexdiffarenttreagndications. The hlerarblrw @’rm SttL@tusdn(aE t)) @rhieﬂw euaft ivoiforeaqui | i bri um
tovar dsgensl o s BYERIER: LBoUGH LhgugRdobherm ¢ reactions of syngas

production (as set out In guat i ons below) a mixture of water 64
and carbon di oXiigtee 65 aa?}erqpfﬂsé'&tﬁé’lf $700ing E@CWWM@SP%PH% obihe £alBlyahd 102

respecti veétwctuIeh épﬁl%kj%c%mbh@ BM@FrpRXBar gfﬁgm% {AE GlchSAbeduicklyat cat al yst,
WhICh pre era Al ternativel vortex arms can be made from

-15- p f oTiEREP hggﬁ?rﬁa@ﬁ}m%mggrgfgf@f%| e catal yst is packed. The
per f or at ed met diguyps oBediiscit hepeatrat Wisd Saachiidh Eleptres dticegrephssbiedm hel ps

prevent c i . The
vortex ar ?r%é@ﬁ] gl’t(rgg:g)[[g)re:a%H %ﬁ V&nhépé%?nrﬂ%\ez)g%gsgs&and ({ ‘feoﬁdlﬁé)lg{e erably with
rect angul agxagwisse-3s &g tiogisd Ogtﬁiylshmﬁ@%@?m@afﬁs gelibsratebadamggedde e9isbled and

servi ced f.%rm@efeﬁsﬁtuaf&b wmvs%cta@d; t%geear%&@ﬁé on. In Figure 6, only four
vortex arnse 94 are sh own in a | ane., However, several |ayers of

vort ex?ar ms carf 'B&e (18 680} @preﬁ@ﬁ%g@éqaﬂ@nggieg rons Mickqgrgrhe ©F $1eBaM™ h t he

fol | owi ng titeaed t@ifed akihbnRgpfras eickd RReaet frofsed Mtoldingng thaet@mpeHc+ n H20 4

_?_lgd; ngo_ﬁ 6%%” ip%rancg% -gklﬂ agd%or%%trugiurlgggt tﬁe (ﬂte a/ 2) H2 + nC0 3H2 +CO 4H2

Referring to Figure 1, an ammonia production system 10 includes a gasifier

25 12 for the gasification of combustible material to produce syngas. The gasifier 12
has an oxygen removal system 14 that receives an airstream 16, exiracts oxygen
which is used in the gasification process and provides a nitrocgen enriched airstream

18. The system 10 also includes a second oxygen removal system 20 that removes
substantially all of the oxygen from the nitrogen enriched airstream 18 to produce a

3¢ substantially oxygen-free airstream 22. Biomass 24 is input into the gasifier which is
gasified with the oxygen 26 from the oxygen removal device 14 undertaking a

standard gasification reaction to produce syngas 28 and ash 30.

The output syngas 28 is cleaned in syngas cleaning system 32 that produces
35 cleaned syngas 34 and tar and particulates 36 that are fed back into gasifier 12 via
input 37.



H298 = +205. 81 kJ/ ol AH298 = +210. 07 kJ/M)1 AH298 = -41.16 kJ/ nol AH298 =
+131.29 kJ/ nmol Reactions involving CO2 conversion 20 CH " + nCO2 CH4 + CO2
4 CCH4A + ROB12402€8 + H2 -) C2 + C 4 (x/2)H2 + 2nC0 2HPC+/@011A182626 4C0 CO
+ H20 2C0 AH298 = +246.98 kJ/ ol AH298 = +292.41 kJ/nol AH298 = + 41.16
ki/mol AH298 = +172.46 kJ/noi Injectzon of CO2 and water into the

oxi dation zone is also inportant to | ower 25 the terrperature in this zone
since due to the use of oxcégen as oxidant will increase t

|
tenperature toAUHARPERERRGOT B98I WCHdGQQV‘i'rP%%{t ?%?‘F“Y)%@?E‘FT%% 4\|R/i th
i mpl i cat i aRGAABhddNBatWBArE fcbsros s@masrmeéw&nthar@n@aﬂ 84 mapyetfer sdihe of t he

I norgani c nds resent in_ s see d G
Akay, Spe(ﬁteaang satl?ydbcl?fapgﬁ&gtﬁa §rkg§’P| re%{n aI| adve %gne#lﬂf)gagngnnaj or
ash form ng. eTmydragedLHaple@dMgss #4 catecgvedoin theebcwaneymm\gr@weal Fuel ,

2011, 'éﬂ' p % G with the b Og%rg%rnnéh%drgg%g%nt@agélséré'tﬁfrnt"‘@l lerh&RPEr at ure,

wat er injected into xygen .space in the
oxi dat i | on wbﬁest!allﬁﬂlaofeﬁm renaining cK@Egh. AhisPraduces 7 eatheTt dienda PEPEACbon di oxi de

inlet 102 and,uplAtn Isrﬂaﬁﬁal|}%cht§t5back1t§theagr53mbh¢2 asreRindecsii @fboaone 104

wher e heav particles travel down an sea eed screw 106.
Fur t her ieKidel Britaretk e Shp hyEeIg ot 4@4@8?1By%%eﬂaet’ﬁ?raﬁ")?cﬂ’?e'cﬁﬁh%ﬁy t he
i nt roduct | 19 @ffhyfdktrgteheéle@twgteemntﬂﬁnaoeeetnuwghémbaweesrew\@yporcnmup;tmtsr eduction

zone. The resultin ts.t ave t r t 5
oxi dat 1%n ‘iHW?dS’ﬂthg‘H%I S%Qf‘gaﬁ'tt ﬁ'&lcf) g?n n2'3 8%19/5? lﬂrpm@eagﬁ%s@é\’%e SEGEB&I .
reducti on aame®4he mhegerematha|sn@tmllalI)G@cyigen-ﬁiwawnstmw&\mdwhtfcewﬂscr ew 106

pefore LI 4 hMmyBhey bandsn Jsgns%@é a0 i rebBorl 0 duGLI AR Oxygen 26

inthe firs econd oxl
54 that iS directed to an ammonia recovery device 56. The reaction device ouiput

stream 54 contains the product (ammonia), together with unreacted nitrogen and
15  hydrogen and trace quantities of water. The ammonia recovery device 56 removes
the ammonia and water in an output stream 58 and recycles the remaining hydrogen

and nitrogen stream 60 back into the reaction device 52.

In Figure 1, the ammonia recovery operation 56 is in the form of refrigeration

20 system. However, it can be replaced by any suitable product removal system
including a gas cooling system followed by a packed bed of PolyHIPE Polymer for
ammonia reaction with the acid form of the sulphonated PolyHIPE Polymer, which

also adsorbs any remaining water. Unreacted moisture free nitrogen and hydrogen

are either recycled back to the reactor 60 or preferably, these reactants are fed into a

25  second plasma reactor 52a where further conversion takes place. In the first plasma
reactor 52, the residual oxygen is removed as water when oxygen reacts with
hydrogen. This operation ensures that the residual oxygen in the nitrogen stream is
removed from the reaction stream using the product removal stage 56 and hence the
water removal duty at this stage is high requiring low temperature operation.

30 However, once the residual oxygen is removed, the product stream 61 is fed to a
second plasma reactor 52a and the product ammonia 54a is removed in the packed

bed 56a using a strong acid ion exchange resin such as sulphonated PolyHIPE
Polymer 55a which can be removed after saturation 56a and stored. The unreacted
nitrogen and hydrogen 61a are either fed in to the 3rd plasma reactor or recycled

35  back 60a for complete conversion. In the second and subsequent plasma reactors,
small amounts of water are produced through the reduction of hydrogen on the, for

example Nickel oxide, catalyst.



10 zones 103 is undertaken using an oxygen renoval system shown in Figure
5. An airstream 16 enters the oxygen renoval system 20 though air input 107
and passesoi2oizmz2srs7annul ar chanber 108. Radi al | y i nwar d pofiydBros/sha@ober 108
is an oxygen sel ective menbrane 15 which is supported by a nacroporous

ni ckel - based or ceram ¢ support 109. -the macr o- porous support is preferably
Ni ckel -Boron or Nickel 15 foamwhich is preferably in turn supported by a
perforated support formed from porous nickel which also acts as sacrificial
catalyst and is |ocated further away fromthe nmenbrane than the first

cat al yst | ayer, Refeirinb tb sSFigieac, ahib ysinplifiext ioad eblyemaiicaeermserttdﬂenrmmbe ane.

Oxygen i s I ough the
rracroporoug%ﬁegqg\r@mx@ﬂﬁ%&g E)%’Je% egrg'%gﬂgé%qm{m% %?Tﬂgal%éfgﬁtﬁg t(ga)gr(_gﬁwr gen- 20
rich spaceWmOalFShe@er’fGofﬁatﬂewhlﬁhg¢1<y@6e'm$§r'ét r@ﬁ@"%ﬁ &% are VIR iqqct@%par at es

the oxygen rrfén%'ﬂar%p’r%cel:&éhgr SiF @@n was &Xér@a@)@ﬁé‘s él%”éi‘scﬁéroﬁa@h hirpugtigel may
preferably be protected with perforated enperature ceram c |ining

112. Exanpfhes9asiiet e Ui@y@’é‘ﬂ’t%%ﬁ @@tf‘?rvg 'B@H%eea FHW@% 2P Ref adér99F%ed oxi des
BaCo( 0. 4) Egldcbaimdtdblx)s. 0(3-6) where x = 0 - 0.4, and 6 is the oxygen
nonst oi chionetry in perovskite-type oxi des or 25SrCe(0.95) Yb(0.05) 0(3-6).
Oxygen transfer across the nenbrane 15 is enhanced by the presence of the
oxi dati on reactGemfad;r&l&im@op/lnamgreiater tidtell ioXigheds DandzhirewBidh adeedl 20esul t of t he
very | afge I i, al f fysi Jdonever, sure of

t he oxjgensgz(?ée&cvt%?\t}gﬂ%gg%re’%br a%goc%gxt %ﬂ?ﬁh ﬂrlcﬁ"hl?(%hea er atgﬁgrde[g%)c()tp d

oxi dat i on pesitergd? usay plepdisersM 5P aiguahdaifesd myevdam é“ﬂth@’aWﬁr*ﬂ:iF‘%me As a

resul t, thedprQiestdoietd ayepats c%hﬁmeugyluﬁl@éi grb\ntyor,dﬂhet BoRE& BEl 24 he
macroporous nmetallic or ceranic su nmbrane systemis seal ed.

Seal i ng i s MURT EQEHVAS. (et AYNRHSHID E%r?ﬁéﬁoé{‘t WP&OE@H?FE’F&OH? ¢drFalfiB® seal ant s
whi ch are ard;ma@s &Ieﬁﬁr&ﬂre&fo&@lmdiéﬂﬁe wenﬂ:mame! [ easarfﬁbm cleamnibostwnmendr ane

35hol dﬁé g)g f USttI on si Oe Oa e et %gstseal ed n%ntignru%pge nodul e
cont ai At |p5'i“3 R &S a@%tcg %?Et XI5 IRt h" oKy §en renoval

t aki ng pl acleaned afére dgiep-discedrged foshe emmsm&re s Tz gahes dum An faedyrged r enpval
system si t i oxk dati on
zone 103 %Bﬁlgr%&@gﬁo&%}]eﬁ (r)bf%ghg aéfédftp%ggqggﬁdgé{s\eg% %nggh efore
passi ng i ne¥auRke’ AN adbe|sas creting endnalGaoWhe i ntroduction of water to the
oxygen 5space 84b is required to prevent excessive increase in the wall

t enperat ure. ence to _Fiqure 7, further oxygen is renoved
from t BN 1 r ogBriNg R PR AIERS B ok 76 M sy e BT ey i 20, The
system 20 lcsmdmecgu@mb heated edrsetatt @ngerisd usrebwation pores sidrmeardippl 8ccat i ons and
illustrate [ eac C s in the
form of tvvg:oc Feé nl’l%u%}l]()a{‘lnlo S{\fme% o a sdrgacfl ce%ggﬁ z%RE so a@eto %Yesaﬁe %ﬁo@en:tj 142

separ at ed byeray d@rt@et!m@ﬁleﬂa@fa@m © Ebeuﬂt ﬁQibWeﬁ@(b@I Juwb@ﬁflfpw éfa?c punlyg$ Catal ytic
activity (NEMA),erhEang fele%l‘laerméﬁwaQtroWergs% ﬁn@%iemga BusibA&BRe Sandwi ched

NEMCA nmenbr anes are either hydrogen or oxy i(,?en sel ective but need not be

confinéd t 82 ereadusisfooafhaldbe 9ptes Tepsihethrlspd eS8 I deARHEion 289° {he

appl i cat i oreredveeli@Ethe infrobéehil SasasFenbRedattnd BtalisePianirstiorhi ch al so act as
el ectrode, from power source 148. Al t hough the ammonia reaction is
exothermal, the rate determning stage is the dissociation of nitrogen

nol ecul e t o reeqiunwee pf thisoigeatisat cnsbustiorhzagh aedeygas20e gpecicesry PBasma can
achi eve ni S on but the inmediate reaction of reactive

ni trogen s%fg@qgglﬁ{e 'ﬁghée?i{o@gen shoul d be facilitated. This is achieved by
creati A9 t he 1l Wonwidss tthe necdseary liokad tgynrsxatmiet ypedh thegasifier sbyikat. thahe

catal yst itself,ghoubdetice MeaiblanePOLP4Rr0 that the reactive species can
diffuse to the reactive sites fast before being deactivated. 25 I n

order to provd)deinstiErocanarnft Pt tareact $nsratache Be Apeinping 8k geifforianent

possi bl e el ect r pdg afaREly HIESHERBS catdip@sareiof hergastieropiidyshabggdependent on
the dielectric c nstant of the catalysts. Myst heterogeneous catalysts are
supported with & ?ﬁt'é?'lm%@fagﬁ% area material such as alumina or silica which
have rebati ved ylfmrng@n@hoedwetdmnmg 3bsifatist ahén shigas\venlty tdecaysatwlggst it sel f
is highly conduct.i ve. Lo | ect t e h upported
catal ysts w | ‘;t ea'é’v&(‘fvot%duc eqfugv%%g H{quauggo%ﬁﬁrf% tag%gﬂ@ %%F(F't T
Therefore, for supported catal ysts or catalysts in general the el ect r ode
configuration in plasma reactors is restricted depending on the dielectric
constant of the catal yst system Hence the el ectrode configurations
avai l abl e are:



35a) As shown in Figure 9, both electrodes are separated fromthe catal yst
through a dielectric barrier which allows electrically conductive catal ysts
in the plwemi2/02iB7 di scharge space. However, the gener etir@B20{1/@Eiasm
requires high electrical energy input. b) As shown in Figure 10, one
electrode is in contact with the cat-dfyst while the second el ectrode is
behind a dielectric barrier which allows plasma 5 generation at | ower

el ectric energy input provided the catalyst is coated with a high

di el ectric condteid th@rsita?t. sYpag Ayt CWB@WEegsa”geth%rbél?%ed%on t he

coat ed cat al ystrgkah Witedie Bavit) toAse shwiwal methbdsgur e 11, both el ectrodes are in
contact with the catal yst coated with high dielectric constant
barrier. Plasma generation is achieved even 10l ower el ectric energy input
and the pl asna Bepwyttnerelisad amiuktorcaingl Agseredoc@tddniye pyrolysis zonRéferring to
Figures 9, Iﬂﬁg@ r L | : ; tion device
52 for%cona\?é%txlﬁj%gorr%%?re og4Fé)n an pho‘?gﬁ%ﬂ}ﬁ%%ﬁa%mﬂgfmﬁgo@?igfﬁ% 15
react or 128agdufer pidelysiathyesigh e heap radites fom theaxisietionozpae 24 FaR®f Kiegh vol t age
el ect r odeseh2fedebatry RF heRVRsRAo fdi@PIReM BB pyRIVsRIBNS BPR! Brovdd. byAl SO
contained within the vessel 122 6T i s coated

_ is a catalyst 130. This catalyst
with an el ©eYsHiRRP] e paren 05t Algd fPaW%Pi“%\‘?“Of‘ﬁ%?%%‘gaspﬁ‘ é’bee‘ﬁt“?en%as%%érreti ng
bet ween t heawt puadisehesthaadeedtZ4. and hi gh vol tage el ectrodes 126. Vessel
122 isopr eferably tubular with an outer 20tubul ar portion 122a and an inner
t ubul a1r portion 122b form ng a quartz or ceram c sheath. A m xture
of hydrogen an@®xmg¢r Lgemtedueddnto e axsloel zoat 84 agdsoritaitewith Pegbaa f or m ng
within th e L Nnjti.at r i N A4 e drogen to
25 pr oducgangmégﬁ!yggm%%%% g’zs‘:@%ge o%?ﬁétgrp;bngggs/m%ﬁt ?ﬁfk%ﬁggé?ﬁgrmgwh%éh unr eact ed
ni trogen dpAPFRHFORetiound 13R0IHdEEEI o SPECFYPES it RBRvasHPyPass §valNe® anount of
cat al yst s rd\Raudce6h 8D aid PRt bbRishd eshisisionzeHe 2NIKHIE &.is Asridlyr esul t, the
coated catal yst particles can be_mxed with aqther particles_that reduce the
Lotal Buartidssedt Podich et DR ArEE PorLs ifsnd BRTvifeITy WHd% bal I's can
be i ncl udeditlietisvahihatd éheclaigh edal@Peatgak yistaken up from tHensyFiggaioetld A8ot h t he

ground and_hi gh_vql trode are outside of the vessel. In Figure 10
one of the Ogiwgcct:?drtggqee}%g%c%ﬁ't ained within the vessel and in Figure 11 both

el ectrodes are within the vessel. In the alternative enbodi nent 35shown in

Figure 12, the glfchEQERSIA LR I9Weded@bn 8hd BRgasshdonhBeoNessel rather
than running axially along the cylindrical vesséel. In a further alternative
shown 40n Syhgas produced in the oxidation Zone 84 passes through a perforated grate 88 and

into ranifold 90 where it is split into at teast four but preferably sixteen or more
streams using a vortex generator 92, shown in Figure 6. Vortex arms 94 are small
diameter pipes extending from the manifold and expand atlowing particulate matter
and tars fo fall from the syngas stream as they exit the vortex arms. These
25  particulates and tar are caught by ash collection surface 86 where they can join other
ash in the ash removal zone 98 or can be recycled for further gasification via
input 37. The vortex arms 94 are inclined downwards, at approximately 30 degrees,
to prevent ash and tar accumulation and to provide inertia in a vertical direction for
the ash particles, thus enhancing separation. Furthermore, the exits of the vortex
30 arms are prcfiled so that the emerging gases from one arm do not impinge on the

back of the next vortex arm.

In order to shift the reaction equilibrium towards generation of hydrogen

through the endothermic reactions of syngas production (as set out in the equations

35  below) a mixture of water 64 and carbon dioxide 66 are injected into the vortex arms
at 100 and 102 respectively. The inside of the vortex arms 94 are coated with a

catalyst, which is preferably nickel. Alternatively, the vortex arms can be made from



WD 2012/ 025767PCT/ GB2011/ 051620 -19- Figure 13, non-axial electrodes are
al so used as a series of alternating porous electrodes. Referring in

addi ti on wo 2bixgns®78, the coated catal yst 130 is fornmedptr@msa1istabal yst
body 132 that is coated with a porous coating 134. The coating is
preferably electrically insulating al3-owing the catal yst to be placed
between to el ectrodes without the risk of shorting. The coating nay be a

silica coating or alterpatively could _hi enperature and dielectric
const ant maffeFied meRldehing “@cﬁ‘cgﬁ%‘ﬁ%l‘?i ?f’ga,efysgfs ‘E%??{lm % PYLEPd E?S‘?'um titanate
Pr ef er abl yrdidgs theelaet/st hed thomsdsande airstqaer helpd preivdny carbon Hepolioteat i ng shoul d
be at least, 10, nore preferably at_| I t 1000. The
por ous di &fel @ raft@gbagraﬁygpgggg Ll}lr?leg Fhé's%ﬁ Xe&rg%t%lnéjgbgieg#l% g%e {?3‘?2 catal ytic
action it pett$ antdertenhaeleiahly Wbt rectangulaatiesebeationicse ot teveran and _
sel ectivi tré(adilflﬁ%steﬁ%'le% dﬁ.%%e‘nﬁk%d%c%‘iéi%?erﬁ&b%l Nt r%g@dél’rd?ieﬁ.glrﬁﬁ@ur%f@pe and size

selective zeolites and pervoskites type m xed oxi des. Barium
titanate ioglgeefwriappynsu@bareshare i @ CHlEDN Plapgy youeyd sverdlyeisCbarri er and
encour agesohdieai® fmMee QbedlAmBRad iHehcdtafet SuPdcaCed With [1RS ©IIPwiaYi M ty to
the catal yst thereby pronoting the dissociation reaction of nitrogen on the
catal yst deadfiarBkE8PERAt the activated nitrogen species can react with
hydrogen to form 20anmoni a before these activated species decay to reform
their stab] e | ecul es. nples In the catalytic plasm synthesis of
arrrmni@ aﬁﬂbeaf;{'rgnsr'%%'\‘;@rgyw%%he fol | owing steps are undertaken: a)
Pr epar at i daHof ndh0i# aci(d+ddt: water adsor bents which are 25 eventual |y used
as synt hegfkﬁ +r|lpiozgspheregh}jzn,0t€pil t o pronot eyl antoogkeWihol P) Preparation of
structured catalysts with an hi erarchy of pores and high surface area
sui t abl e foH: hseOih pl astik *¥det ors; c¢) Hi d-WZ?}Fe*Izée-tO?ikg’"anstant catal ysts
for use imphasoesreact gy, Mobh at | east oneglectstodadiniolcontact with the
catalyst; d) Plasma reactor configurations {o maxim nia yield and
mi ni m'Se é?f'e'?‘?&gconsurrpt |?o+n9830The fol | ow 2@x—aﬁﬁﬁ-‘é§?£ﬁ‘%r ovi ded
illustrating these steps. Exanple A Preparation of PolyH PE Polyners for
ammoni a a - rtho formation of Synthetic RhizoSphere (SRS)
Medi a and sagﬁv&féllngg@%%&]ﬁe(?zt%n?E%}JnSSNateri als for the preparation of
synt heti c G:hi zoSpher e ( SRE)H-madid pol yners Al chenicals were reagent
grade. Mongercosbyrene)y,crags-1inki ng aget,,, = 2Qs98kdinel nyl benzene,
DVB), polynerization initiator (potassium per sul te), sul phonation agent
e B &)

(0. 97¢0suiphHut 2ECact d/ grédta*sBt@t i on), were &% Al dri ch.
COZ + Hg > CO + HQO AHggg =+ 41.16 kd/mol
CO,+C~> 2C0O AHzg = +172.46 kd/mol

Injection of CO; and water into the oxidation zone is also important to lower

25  the temperature in this zone since due to the use of oxygen as oxidant will increase
the wall temperature to unacceptable levels in a gasification operation with
implications on the materials of construction and melting of some of the inorganic
compounds present in syngas (see for example, C.A Jordan and G Akay, Speciation

and distribution of alkali, alkali earth metals and major ash forming elements during

30 gasification of fuel cane bagasse, Fuel, 2011, in press)

in order to reduce the gasifier wall temperature, water or carbon dioxide
should be injected into the oxygen space in the oxidation zones, 84a and 84b
through a split stream from the carbon dioxide inlet 102 and water inlet 100.
35
Below the first oxidation zone 84 and reduction and syngas collection zone 86

is the second oxidation zone 103 where oxidation of the remaining fuel takes place



Preparati on on Synthetic Rhi zosphere Medi a Pol yners 5The SRS- Medi a pol yner
is a nano-structured crossed |inked hydrophilic elastic ionic mcro-porous
mat eri al ,woeneydizsatl y known as Pol yH PE Pol yners ( PHPs) pgtigB w120 epar ed
t hrough a Hi gh Internal Phase Enul sion (H PE) polynerization and subsequent
functionalization route as discl osed1®y Akay et al. US Patent 7 820 729.
The preparation of functionalised PHPs has 3 stages 1) St abI e H PE
formation; 102) Pol ynerisation and 3 é{eﬁFunctl onal i E tion. a]tl on of

H gh | nt er#s thPﬁé%éo”Eﬁtlﬂ”sﬁoﬁﬁéo‘tWHﬁ'S VopArizes Fpygbdown and fo "F\' e°’ dqueous
phase of Fﬂra&cp@néécsgcse\@ﬁoslelmﬁhaemdwbreuakearplacanm ittt scond opidhtjomer i sat i on

(potassiu I p e n sul phuric aci d/ as the
15nano- st r L]ﬁlyﬁéfq é‘%ﬁf’% '%'8%%3 'ﬁ]’eéc?f(‘?%ﬁ %chcrgahné’ous % Ep%g-'se vol une)
was 0. 90. :@jthctlpha&eeof Thit PESutiinp sexétagiorn feratunte nigave| upwargs lhtpnﬂbanfgstagent

non-iory ¢ &g{a&@f}%t Eﬁid %vént@‘\xﬁﬁﬁelix-ﬂb tb? %eofyngﬁéj elt 88 vhaHE Yeduetﬁfnox' de,

usual |y~ at ase)when t esul'ting polymer is used in
cat al yst ampkiWat Tmsemﬁmlmg pHade i diapo siominomthy teed \asieyhi06r beferei bi¥ of styrene

in the oil RRISEia FstPrefBvdiGosd &4 ene/ g oi |l phase), 20Cross-|inking agent
(divinyl benzene, DVB) = 0.1 g DVD/g oil phase, Non-ionic surfactant

(sorbitan nonool eate, Span 80) = 0.14g surfactant/g oil -phase.
Erul si fi cati on The introdudiit® of @RRACIBIA tef firkhexidakibn pmase swne onidxixch t oget her

t t h
oSO TR AL 5 AR BDOSE R L AR N S 509 e 11 o
cl osed vesaetrearffhé enters {hlaasenasmplahewsten A0 cﬂwmb@amwuh@?\ﬁwsﬁ@ﬁseﬁ nt er nal
di amet er Lagn bt RBLARE 10K REAAN R&arahﬁtﬁwhéhﬁér%fan%naastggénhen the

agueous phase was Into the ol ase, via a peristaltic punp into the
m xi ng vessgctivevmangrang ﬂﬁﬁ'ﬂ“'%l'%ﬁuwge%@l RVBRIROEUS PIFkA-DRRddPes (9cm

di ameter) 1ce$£|ﬁi§l§§ﬂ3c@{t10"9' aht nfé@u%'—;ﬁﬁous%gbﬁdﬁm bﬁﬂﬁéﬂlyelﬁllcmoﬁﬁl #iNnkel to the
bott om of vessel 30 _possi bl e an ers qi;])aced so t hat

when af? ofPaWh‘éh’QhL?eBW?r?ﬂ%gbt%§”W§8§ byt%@“ﬁf%ﬁﬁf}'@‘?‘i% or versed 1 cm
bel ow t he girtilsshicde! which ape aclesisagifioRl tdtaysaguie Guscadibisehérrsnay o m Xi ng

vessel was,conduct ed fr m t the
agueous ph%?Eé”?”é TNy {%(@%ﬁfﬁ%gaységlggﬁqﬁ§+erél "%hl]%?'a% aﬁ%ﬁﬁgenent of
the liqui dthd|r0|ernmn&:r @ay@naISjS@tecmem Wﬂjsedrﬁ@@bsthﬂgnetmww B WM -21- and
the i npel | g, R%%é(@épo‘?‘&g sﬁBﬁBWd'p@Qorg%'sﬂﬁporﬁB%ﬁﬂerérﬁ'@nr@%mk bh-on of

dosing, the emulsion was honbgeni sed m xi ng fo eriod o mn at 300

rpm i gl | &gh éﬁﬁééd”OVo{Auﬁ’%fOEﬂ‘eq H@hdﬁﬂnp%ﬁ%'éees\ﬁ/ﬁ’ cazs@grﬁ TaftParHat '?ﬁ t he
aqueous ph@sgeMasgn gudee Mho fromHARE YRR 2bh®B84 @hd HiiPEeélianghiraferabialey Hl PE
Pol ymer s (protec?ed with a perforated high temperature ceramic tining 112. Examples of the
oxygen selective dense membranes include mixed oxides BaCo.4) Fe 621 O-s)

where x = 0 - 0.4, and 9 is the oxygen nonstoichiometry in perovskite-type oxides or

25 Srce(olgf,) Yb(0_05) 0(3,5).

Oxygen transfer across the membrane 15 is enhanced by the presence of the
oxidation reaction taking place in the oxidation zone 84 as a result of the very large
chemical potential for oxygen diffusion. However, exposure of the oxygen selective

30 membrane 15 to the high temperatures of the oxidation zone 84 may physically and
chemically damage the membrane. As a result, the protective layers are provided.
In order to protect the macroporous metallic or ceramic support, this membrane
system is sealed. Sealing is achieved by using high temperature commercial ceramic
sealants which are administered after the membrane is sandwiched in a membrane
35 holder. Cn the combustion side, the sandwiched sealed membrane module contains

sacrificial porous catalyst.



Styrene nononer high internal phase emul sion was pol ynerized at 60 C for 8
hours in seal ed pol ypropyl ene cylindrical tubes (2.3 cmdianeter). The
presence wb 28mAlk7eanount of sul phuric acid creates instabirlgeyi v is
however not sufficient to 10 cause full phase separation. This instability
causes nano-structure formation in th& walls of PHP during pol ymerisation.
After polynerization, it was functionalized. H gh water adsorption capacity
and elasticity are required in the present application, Elasticity is

achi eved by swVilh siyoeipBmaxal@indpaes. Bt MERPeRiEh 2E5tEnaL 18 SadYs8fy st yrene i s
transf I0r n}?&h bRlgen hérs(:SUaVsﬁYéﬂrﬁ aipliat toCthROSHOWRI in FiguBdIBpd aBed bjacentpen t ]he 15
renmoval of water, su nat ed PHP recovers, i origi.na idity. After

pol ymer i za9GHON B 4 Jﬁ:& @i’oaﬁegpgifﬁr PHIE f’r‘r‘rq"? h? 5% #hsekg gﬁlo h swell to
5i nr n dur i pagsisg limd ¢readdnotollesion subs dg4ieTite inddrctiadsforgged onthe amzt;emhey wer e

t hen he e er whil e changi ng
wat erwtas\?\n nga‘c"ér%ib ‘gb‘isfiﬁilr%a t%%rél\\@vétr%m]; ‘%{vgﬁc?%‘é%ﬁ%ﬁgﬁﬁé%ﬁ@%r ‘{\%&f or 24 hours

bef ore sul phonation. 20Functionalization of PolyH PE Polyners: Su! phonation

and Neutral i SatWWreference to. ﬁé&r’ér'f RQHNETELLSAT | Isoﬂémo‘b\@ds Iﬂ'bﬂgth@ﬁ@tr@éern drying as
descri bed above, di sks were soaked in_97 | phuric acid/g
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Nano-structure mcro- porous supported catal yst preparatio Pri or
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temper at ur o (I XBLEAL LYo R0 LuSEOIPOFAULDR Rk ALLSL Wl Ly spr sal't Lo
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catal yst di strlao?J?PGHCP%m?fﬁ’i""f'%t W FigEleyiR go E"c?rcta St n%?érll scale. 25
We al so discovered that by pronoting rapid boiling of the [ cat al yst
precursor salt and stabilised catal yst support] solution in which liquid
films are formed, we achieve the deconposition of the catal yst precursor
salt to netal oxide at tenperatures 250-300 C which results in the

formati on of nano-structured mcro- 30 porous m xed netal oxide flakes

with surface area typically over 200 n2/g. Gas evolution during the
decorrp05|t|on of rretal mtrate results in the formatlon of ~nano- por es and
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35 to a few nanoneters. The size of catalyst clusters is typically in the
range of 2-20 nm dependi ng on the processing conditions as well as the
conposi t iwo 20f2/2bw7support ed catal yst system -23- PCT/dB2081/d50620 her

di scovery, we found that microwave irradiation of the [catal yst precursor
salt and stabilised catalyst] solutidf-is very effective for the formation
of the nano-structured m cro-porous m xed oxi de of Si02 and ivl, 0y (M= Ni,
Co, Cu, Fe etc or their m ur%) it cause api d eva oratlon f the
aqueous phase ViHRAR259E SPB?ems VPl 31609%97%??" ’I‘ fhigpuresdighslediehe boil i ng
occurs during mr@rgwmm: i rradi atlon shoul d preferably be in the form of
round bottom lgsl@}s] tch Iassle .order tp fr oot e fil mforrratlon and

g %own é ectro tact with t
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stable silica chosbm sions at high silica concent rations. Such silica

di spersions are available comrercially, for exanple they are manufactured
by AkzoNobel under the trade name Bindzil. Throughout this study, Bindzil
0030 (epoxy furltdiegpalto fstiesxd st e TrdPlesnedl reqclar da0 ds §f5’é‘&d§i’@ﬁ 8n the form
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to dilute the Bindzil solution so that all the cataly precursor salt is

di ssol $d. URsERePOrtite 147404 34t NBRY teRulgrfogtios | 65%?%”%‘6‘9(%9%%1”5523{ CBRBHGUr sor

sol ution, #Heaths subjected to 4 different nmethods of catal yst precursor 35
salt decorrposi tion to obtain different types of supported catal yst oxides
whi ch is then reduced using hydrogen before being used in catalytic
reactions. Bel ownmitidre o€ hyrisedeodsdaiitrogat ahtpst thoxesdel dtergaatiniein Rigenssummar i sed

as exanpl e]%rn‘#w%t\z\gtﬁlnniﬁgh/% el |n1t%%es the riaactlo%e{'d\%%g nl\tlt ‘I%Ef afgu?@t%@%f by Si02 as

catal yst for a nia synthesis at no rati o of Therefore
t he suppor predueamngHd Wtk @a¥ses PUsY|agascn ieidegedis mlthéarewe@n%mm ng 290. 8

g N ckel (1dq H!Jdtrd\Sliétﬂe hesraydiigt Be iHdtB0haomly Bl &I hmbEGm Qi w‘sont al ns

240.4 g Silica al so prepared stock solutions to obtain [ % {
51/ 2; 1/3 reqpiESd BxARPPE ef@%ﬂ%ﬂ“y%"t”ﬂﬂ“é’ﬂ%r &t DUl BEFRRE GRS er naI

phase enul sdridiespednytiemix@atitd other particles that reduce the total quantity of catalyst
required. For example Barium titanate balls can be included in with the coated

30 catalyst.

In Figure 9 both the ground and high voltage electrode are outside of the
vessel. In Figure 10 one of the electrodes is contained within the vessel and in
Figure 11 both electrodes are within the vessel. In the alternative embodiment

35  shown in Figure 12, the electrodes are provided at either end of the vessel rather

than running axially along the cylindrical vessel. In a further alternative shown in



A high internal phase emulsion (H PE) was formed by using an oil phase
10whi ch contains: D vinyl benzene, DVB (cross-Ilinking agent) = 28 w % SPAN

80 ('surf awbanizlo2s7610 wt % Vi nyl trinmet hexy/cs20ans1vTVG,
co-nononer) = 30 wt % 15Styrene = 30 wt % Lauryl peroxide (oil phase
initiator) =2% The aqueous ph#se contai ned 250 g Bindzil CC 30 m xed

wth 72.70 g NN(NG3)2 .61-120 salt to obtain [Ni] / [Si] =1/5. The agqueous
phase vol ume fraction 20 was 90% 225 g of aqueous fphase was dosed for 10
mn into FEue Jf. aguevdsclpHREes AoAk? rHi@d rﬁsx‘? 5155 P! AFERATBY POEPURI n usi ng

t he net hoq,desgds bed in Exanple-A After the formation of H PE,

pol ynmerisation was carried out at 60 GC over night, then cut and dried at

roomtenperature and continued to dry at 100 GC before cal cination at 600
C. Calci nati on Reasringainrddeitiootd Figoret fyaths tcemed chtalysti H30l iy forpwddiamari on was

carri e%p erl 81? 50?003335 th%l ssc%g%p V\Wntag) Eb%@ b&%gh%ﬁ%ﬁ@%&lh%@ﬂf@f@aﬂ&e to 600 GC

over a t at this ture forf another
hour befored)eqtrtcakhaesmttmwkwv"ﬂmﬂ?e@ﬂ'iahiattti)@ﬁ Dbyed@%‘ﬁ??“gtotel?é”@%ﬁw@mﬂtn air at

600 C. Thep, il Ws%oﬁ.hg%ﬁg cb&ing Ay HONMBHicaSSANR B.gal%ln%@bénpeom 66 @gr aphs of

the sanples iIndicate %: porous structure as shown i1n Fla?ures
14(a, b, c) iy &reRia4Ee aRd é!et@é IF SANSAE MR EPRHC FAS$RIAUNR QKGR BHEM 30 shown
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that the cata Si ze ra
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vari abl e power nperature cohn was manuf acturéd by

M | est one ma:temwfommswpqrp@@ear@nafme@m@ge selegtiye zgolitgrpang| PEHOSKIIeE ¥8ppor t ed

cat al yst Qﬁg&ygﬁ&rs stock solution either [Ni]/[Si] = 1/5 or [Co]f[Nii = 1/5
was placed I1n a 250 m round bottomflask with an outlet for gases to
escape15and it was irradiated in a mcrowave radi ati on reactor. Maxi num
power avai l abl %ahﬂmttﬁﬁr%tdrﬁcﬂibf@%bwa&ed@&ﬁe Whasi areert alggndidleatrid baprier

deconposi tion of nic 5 n|tr te or b |, t a ding on the
m cr onave POEICTABEL t%e otfjr?)s(%ei \fvl h ‘?a(|)< ° |a%%<%]t 8Og/et éﬂo?g”t cE‘t;hraécconpam ed
Wi th the esatdiyst itosrelof prmwdeg tiod disisteigige nreastignf or miedeonofthepicalelsini ckel

oxi de sol i g gre CoRRl! @I RiePhiitol shiled! Qarmly GXPFNERGe ks, Tabl e 1

illustrate i ¢ reduction reaction tinme with ovverlnput In all
cases,2Q enmmam@b@‘omthe%cﬁctwait%jesp@@%ﬁ%azwe@fmi@*rﬁéﬂﬂ'eemi'ec%ﬁ| ation of
reaction time for the deconposition of nickel nitrate and cobalt nitrate in
the formation of m xed oxides with silica. Reaction at 100 Wmn crowave
power di d P&MRIgke place. Power (W 100 200

In the catalytic plasma synthesis of ammonia and its recovery, the following

steps are undertaken: a} Preparation of solid acid and water adsorbents which are

25 eventually used as synthetic rhizosphere in soil to promote plant growth; b}
Preparation of structured catalysts with an hierarchy of pores and high surface area
suitable for use in plasma reactors; ¢) High dielecfric constant catalysts for use in
plasma reactor with at least one electrode in contact with the catalyst; d) Plasma
reactor configurations to maximise ammonia yield and minimise energy cansumption.

30  The following examples are provided illustrating these steps.

Example A. Preparation of PolyHIPE Polymers for ammonia and water
adsorption and formation of Synthetic RhizoSphere (SRS) Media and slow
release fertiliser

35 Materials for the preparation of synthetic rhizosphere (SRS) -media polymers

All chemicals were reagent grade. Monomer (styrene), cross-linking agent
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(divinyl benzene, DVB), polymerization initiator (potassium per sulphate),

sulphonation agent (0.97g sulphuric acid/gram solution), were all supplied by Aldrich.

Preparation on Synthetic Rhizosphere Media Polymers

5 The SRS-Media polymer is a nano-structured crossed linked hydrophilic
elastic ionic micro-porous material, generically known as PolyHIPE Polymers (PHPs)
which are prepared through a High Internal Phase Emulsion (HIPE) polymerization
and subsequent functionalization route as disclosed by Akay et al. US Patent 7 820
729. The preparation of functionalised PHPs has 3 stages 1) Stable HIPE formation;

10  2) Polymerisation and 3) Functionalization.
Preparation of High Internal Phase Emulsions

Composition of phases

The aqueous phase of HIPE consists of deionised water, an initiator of
polymerisation {potassium persulphate) and 0.05 g sulphuric acid/g solution as the
15  nano-structuring agent. Volume fraction of aqueous phase {phase volume) was 0.90.
Oil phase of HIPE consists of monomers, cross-linking agent, non-ionic surfactant
and oil-phase initiator (such as laury! peroxide, usually at 2 wi% of oil phase)when
the resulting polymer is used in catalyst applications. Oil phase composition is:
Weight fraction of styrene in the oil phase = 0.76 (g styrene/g oil phase),
20  Cross-linking agent (divinyl benzene, DVB) = 0.1 g DVD{g il phase,
Non-ionic surfactant (sorbitan monooleate, Span 80) = 0.14 g surfactant/g oil-phase.

Emulsification

The components of the oil phase were mixed fogether at room temperature.

The aqueous phase was also prepared at room temperature. The emulsification was

25  carried out at room temperature in a closed vessel. The oil phase was placed into the
mixing vessel (internal diameter 12cm) just before the start of the emulsification and

then the agusous phase was dosed into the oil phase, via a peristaltic pump into the
mixing vessel, whilst mixing which was achieved via 3 flat paddles (9cm diameter),
stacked at right angles. Bottom impeller was as close to the bottom of vessel as

30  possible and the other impsllers are spaced so that when all of the aqueous phase
was dosed, the top impeller was immersed 1 cm below the emulsion surface. Dosing

of the aqueous phase into the mixing vessel was conducted from the top of the
vessel in such a way that the aqueous phase fell as a film on the vessel wall so that

the impingement of the liquid did not create a jet mixing. The dosing time was 5 min



65 45 15 The X-Ray Diffraction (XRD) neasurenents indicated that
the size of the NO particles was constant at 3.530.19 nm In order to

i ncrease wbeopahaleyst concentration, subsequent catal yspeTws201143140€epar ed
at [Ni]J/[Si] =1/4 as well as [Co]/[Si] =1/4. After m crowave irradiation
the surface area of this [Ni]/[Si] =214 catal yst was found to be 212 n®/g.
As these sanples are reduced at 550-600 C before being used in reactions,
we re-calcined themat 600 C for 2 hours in air. This also ensures the
deconposi tandrihefmpstigr snest wiga RORNIgNERY® ¢singr Afgrdhe frrleionrd dicaifg.on. After

this high th@%%%%a% Hoh%g@fﬁéed%@ rﬁ&inglf&aé b&Ra oﬁﬁ%ﬁ%%o@gy’ AGRIAT ea was
reduced to canni ng El ectron Mcr Transj tion

El ectron l\ﬂ%?‘bsé’@'ﬁ?‘erﬁ theyd p§'6?f‘p‘8?9t Lume ardingkef tg%ﬁ%qeggs RP2SiWaSfr ated i n

Fi gures 16qn(a, b, c)which show the hierarchy of the pore structure. This
catal yst was coded as AA-1 and used in the catalytic plasm synthesis of
ammoni &  -.26- Exanple B-3: Formation of nano-structured m cro-porous
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X tpertl
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the drying oces i I fd,on i's non-uniform
whil e the '&s?d"fere gr'EdsmfiaLll ?pgogr?ﬁorggﬁjt%p%ﬁ fo?égﬁb hroﬁ%dvm "th a wide particle

size distribution. In order to obtain uniformparticle size with a
pr e- detler nfunsiiopdizatien 9f P%“'lﬁ?é’%'ﬁ?f\%ﬁ”'ﬁh%%?ﬁ‘ ang Npsdalisatiod bel ow. 25The

supported cat al st oBb FighiaA0H v?e%lhiﬁg #0508 nésng%s%t %t%o esb&rrﬁ%support

source) and nic sour
gradual | y diglgedere soakadimfes ﬁeﬂphwﬁcmrd/mgfélﬁloﬂé?r awicA @ f |hQH15yan9|t@€tfbus

conpounds. wrg_clﬂ?te@%r%' r?rlércﬁ\ravéé’9§ng9fa bR sBhiX &ficHeh rﬁ@ro'v\%de %VW@@OW xer W th
capacity of two signma bl ades operating

terrperatur'éﬂ"‘(ﬁ"e'f h@"CIFﬁW?é? Neess kapt et kpown dor THher '%?9“8’[‘ d'étgb'ftr?@ B xer was

open tgs a |frucﬂrﬁnoerxnvhr@ﬁtuls@errry$y§ﬂtem the @k/érowmsramubtsmd mgaraese sangscape. As
the Iiqui Iev | ution wa othatththe solid

d d,
content in}HRY W@.{{E‘%Q@g%{; aﬁU@u%fs[be pﬁ'éwgafgé?sa% Al Ogﬁ% vottdie "Waen a
hi ghl y consentasateze insdiatetad etbread oftd0cmcavs atibtveiichads distrewerawiipwedof

addi t1 onal o 3hock: 80 LU0 aRPRATRLNEE SR ubyROF LHLAGT adhislfeingl L he

hi ghly viscous materral 1n resul en 1 ncrease in
m xer tor quesv pasdione apdeanigiowayd dism Tadiatien wapcaptiyueg; ukl teireiradisia i on of

gases é(PX'ﬂﬁiw% t)}BFcEIT)p%rQecrf)r%l liowedqins, By SHidd ene fiuad bor@ﬁ@ r@@%@@@éoon of gas
evol ut1on as evolution was a result of nickel nrtr
into a soft spongy structure. Under these conditions, the degree o sulphonatron
was ca. 70%. Prolonged sulphonation does not enhance degree of sulphonation but
increases elemental carbon formation. Therefore, this irradiation time at this power
rating was found to be optimum. It is also possible to sulphonate using just 0.1 g
35 sulphuric acid/g agueous phase solution but the water uptake capacity of these PHPs

is lower. After sulphonation, PHP samples were washed thoroughly with water fo



-27- deconposition at the mxer wall due to viscous heat generation during
shear deformation within the thin filmbetween the wall and the m xer

bl ade. Thive 202arsicon is in fact sinmlar to that observedciceba/dsxaopl es
B-2 and B-3. Wen the reaction at the interface was conplete, instead of
the m xing of highly viscous fluid, &granular 5 nmaterial was obtained.

However, sone highly viscous material was still present stuck to the bl ades
due to inefficient mxin Furt her nore, Hetoth |nc | ete reaction, the
col our of FERMOVAEESP AFidwdBess RANMeYF Wars drer; et jale eyhical P PERSHTRS cover ed

and cal ci n@ﬂ)r(bxﬂnﬁb!& 5345 £ ehnt(vbimeZah B BmYtaat stong: fat ammornia bedhpateat ure with
heating rate of When this rrat i al X SEM it
was found ?Cgso é'o'bSF g%s 18‘% TSRS GRRAEY d’u?hesifn eﬂ?gs gu &gg@ggel}@% of this

cat al yst wasi df thaircbwinovdight 2 0% 309 gsodubilier of @adreinizein iwater is 0.4 g ammoniafthe por osity
Of densg SHpBOTHRSLGA! ﬁ‘fq SRR O5Hidihd GhePY: fo 5t9r0/56\$mmvaol yner s

such as Po yeth ene gl'y ring’ ca cmahonsg is burnt off to
15cr eat e mhraeedewpmramc@oqafoghﬂ?yncaqawﬁérg ampaDig oPn"“? e\y\é'Te” Rl e C

Prepar at i o1Qhte@0RtesnGahial iv ¢ ﬁeutrahsed byl Béindd QUIRb1CAINS APt AL Ritricnid| asna
reactors is |lowered by usin yst as a_dielectric barrier to allow

t he genera?@r@ﬁc%'ﬂiﬂogﬁé?l%P@HQ%E@“@P“%F&E'%” UspelirEiseron this is not al ways
possi bl e SI nce nost high tenperature netal catal ysts are conductors of

electrl ielectric n ittivity). In order to
ci rcum nt 'ﬁg'jQ%I"Sﬁqb”c? refitm'?/rlotpmg\? %‘151% %‘ %ﬁ%ﬂsﬁ}e 8‘%‘%{& at |east one
el ectrode i s usl%mbrlamt cotieapreparatidn ofasta:lpy@d meta! detadistspesksprarbueteat al yst s
with a por @6’@%@%%% K mﬁc{egf& XEWmJ?ﬁ 93025 ) érUHn%} ¥ dintok B3160 sRsa)Bari um

titanate, ttivit or otasswmtantahte
ni obat e wi The pewaeus spidiiery ocbmetzh C@*@mt rafﬁ%%ﬂﬁrﬁﬂb%ﬁ%h 25 Vielps (B iHelas Bari um

oxi de, wit Eob%ﬁrlFE!nt thNéan 6@ usdd t@rmﬁrédr@fy tHénsd;leadﬁ thé tRUIBRS Sistdn Vi ty of
100). Other suitable coating material is Sé @@é} ermttlgqltcy f 4) whi ch
i s al s& usBdregsireaifdAt Eef’at@ﬁgeﬁ?ﬂﬂfat“rﬁg}‘%caé{}‘ P EPCPHPEF &ling

met hods avpieb@bbresaitfio bﬂstalnpmtﬁuoaldemhmhes thensaiuce®@6t dioie vamperdthes ¢oat i ng of

hi ghl y por ous rhglma e'nl\ée!jé(t Jﬁﬂ% %gtap@att rSltaI S wWth a specific porous
i norganic Fﬁgf”% 1i SUEN ari um oxi de or Bariumtitanate have several

restrictions pl aced on the met hod of coati ng. Exampl e C-1: Coating of
hi ghl'y porous Sw'e'&éco%él@a)%&te%swaek&' usfdd a&m sHiRd e&a%cmﬁ&hm&ed vinyl

silane and styrene co-poly ca supported nic cat al yst
prepar @ i ﬁUfE@Ecﬁ*%Paﬁé%O‘WPF Wa%l@p%ﬂ Be ?b(%%?@a?wg?'”%é@@d's%”iﬁo Wes used in
this exa”pg O&Qaﬂ%leQHlsb@@ecﬁHWr&@ﬂth@@oacy@ﬁmo&ﬁ‘es tpe eﬁzunygq)lrecs:ts@ck sol uti on

ei t her [N| ce dbott sk with an
outlet for géééh ?%]1\(%(5'9\8{\@ S"g?‘?dn'irﬂgs Ca\ﬁe%'crw tfep SO’H?%t'réd at the
maxi mum avazaﬂeabl’ﬂnepamer thel GO0t solnmlt etsorasbthat rthenaaitalw d!$tamylom|l@ kel oxide

with sone Hfo‘?rﬁ%%r%gs {P]I §58A|%{Ht§1 ter‘l;lgglepr ocess was repeated until 10 gram

of sanple was obtai ne sarrp e was then added 40 gram of water to
obt ai n2a saturated slurry of catalyst for coating.

We also discovered that by promoting rapid boiling of the [catalyst precursor
salt and stabilised catalyst support] solution in which liquid films are formed, we
achieve the decomposition of the catalyst precursor salt to metal oxide at
temperatures 250-300 °C which results in the formation of nano-structured micro-

30 porous mixed metal oxide flakes with surface area typically over 200 m’lg. Gas
evolution during the decomposition of metal nitrate results in the formation of nano-
pores and as the gas expands, larger pores are also formed during the collapse of
the films formed as a result of boiling. These mixed oxides (SiO; and metal catalyst
oxide, MO, x,y=1-3) have an hierarchy of porosity ranging from tens of micrometer

35 to a few nanometers. The size of catalyst clusters is typically in the range of 2-20 nm
depending on the processing conditions as well as the composition of the supported

catalyst system.



A polynerisable oil phase is prepared which consisted of: D vinyl benzene,
DVB (cross-linking agent) = 20 wt % SPAN 80 (surfactant) = 12 wt % 10 Vi nyl

t ri met hoxyo0i22n876¢VIMS, co-nononer) = 40 wt Styrene = 3¢TWEHLIA051620
peroxide (oil phase initiator) =2% 40 gramof this oil phase was kept at 60
C for one hour to start polynerising23- 15 It was then added to the
saturated slurry prepared above containing the highly porous catalyst while
gently mxing. It was left to polynerise for another, 8 hours at 60 Cin

cl osed cont ai ndh @ fupharedisconrry.cupituag toel BeomaYe BEdiaien ok s loatelnly

crossl i nki figeurddi@alf SSILtAHIRGD BBLOEH elutvss &n} &icBRleder taé fBORKGNTdf tHet 1 n
nitrogen at nosphere

faor one hour and then. in air. fqr t her _hour. This
mat erial WESO-STHCIHEL SHGPRAT D "B’E?tda‘?"f?epc’geﬁiq%ﬁth“l"j%'xé’g e E%r EAE8U that it
was sui t abdrendiomixplesanit gaes adpiddavapettiveot thavaquebes phiasd edenittirost t he need
for a dielectric barrier using r it gL [.an i Figure 13.
The su(rj% aclgugr%e”g" o?‘r f %@eﬁnﬁlo‘gﬁ Eg%q}geat% éﬁ@itog(\%gss%gw %@Hbvgf_'gra@at?:dgl ci nations
25 and it skesldmeefaeeld bedn tRifom proand bettogailaskh at waiak glagssisid@idagtot he coati ng

process aggo&a%eqﬁnﬁ'?&rh%zanh@sc&sg&ms&oﬁﬁ@@amp%%%ar {dh. 236 n2/g. Scanning
el ectron croscopy studies indicated the formation of a skin-core

structure with highly porous skin having | ow concentration of N ckel
conpared wi th tAQenheehscasatdatse chialedpadurédiengh BeSpBRIIGH vehtalningyhe( EDX)

oo Eng o e he N B 8 b THERR o, ™

prepared ids@eensdanceDulitg niranplee irBdRtiovasif ubeover tithus ieﬂawmpltf@. 10 nl of

Lhe suppor { e, SALALYSHPLEGUL 3%, H1OLHoRhUEAAR of BohcRoblRN dMhALI SIT = 114
Aol v t | et

was pl aced”h”a ound bottom fl'ask wth an ou or gases to
escape andsaitheHewavpt, ef haomiet isonwdvaefficieptydiigh. edithaioht WalehaYarRia¥PRFai | abl e

power  ( 100&%&%@%@ db Q@nPBRLiBd N pBe R Yayf hk¥arNifik @k toxpélgud bes@iTe
unr eact ed ni cke -29- nitrate. The process was repeated to obtain 10 gram
sanpl e!hi @3S - t hen 50 gram of water to obtain a concentrated catal yst

slurry. This slurry was added 30 g solution of Bindzil CC30 containing

ni ckel nit ateagi at .a m)lr%r rafatlisﬁ (r)gcuLsNirjsio[ %Ioh = 1/ 3. This solution was
m cr owaved F8F ARk YRR Y & e O SPped generating nitrogen oxide
gases. This protessumms medifitdtion ofnsitidee ($i0ppeitides ofr Btleeshdgerognia ti cul at es

of mckel QXiefGe by kﬁ%ﬁdth_ﬁqﬁérgﬁﬁa. R Onbditcatid Biows AAR iehaFbe 6t  ON

M croscopy O hi's sanple indicat ed, through EDX- anal ysi s that the nol ar
ratio F [wefie[sdicy dieasrsiengleéhichnsiidaecodgpiapese GHpRFEE MISPASIPRR Aner part
of 10t he CALAYS LorRREkia, 85 exBMBleSHE #E MaALRBAN ByhhiGoRarE Ukderas: 82. 4 n2/ g.
Upon _ . . .
trade name Bindzil. Throughout this study, Bindzil CC30 ({epoxy functional
methoxysilane modified silica dispersion in the form of clear solution containing 30
wt% silica, with particle size of 7nm) was used. Other grades of Bindzil include 40
25 wi% silica loading with silica size of 20 nm (Bindzil CC40} or epoxy functional
ethoxysilane modified silica with 30 wt% silica with particle size of 7 nm (Bindzil

CC301)

Appropriate amount of catalyst precursor salt was directly added into the

30 catalyst support dispersion/solution (Bindzil CC30) so that the desired molar ratio of
catalyst and support [M/S] is obtained. If the solubility of the catalyst precursor salt is

low (such as Barium or Lead) it is necessary to dilute the Bindzil solution so that all

the catalyst precursor salt is dissolved. After the preparation of this supported
catalyst precursor solution, it is subjected to 4 different methods of catalyst precursor

35 salt decomposition to obtain different types of supported catalyst oxides which is
then reduced using hydrogen before being used in catalytic reactions. Below, these

methods of catalyst oxide formation are summarised as examples of the method.



cal cinations at 60000 surface area was increased to 178 n2/g. e
added 45 g water to 15 g of the above sanple to obtain a saturated slurry
fol | owed Wy 2ixnewave radi ati on to renpbve water so that pChngBIOi18d5W2e
content of the 15 catal yst powder was ca. 50 w% This noi st powder was
added dry BaO powder gradually while2fki xing. This resulted in the formation
of highly viscous Ba(OH)2 | ayer on the particles and aggl oneration of the

catal yst parti Thi s roc unt i s used. The
resul ting parti 'ﬁf‘?ﬁdeNF}%?ﬂ ‘Rl e‘f\%}’vgﬁf &t gﬁ%&%gorﬁwog'arﬁyﬂtﬂ?%iw 'e mixing to
evapor at e atid ofdiPISi] #t1/4/va§rhsmh$eqmaent:¢ppdéd) cetalysi predurbor silutioatws300C f or two

hour s starti i 10C. This
resulted i nt%]ﬁedc 6r3}e) ormaﬁ’lg Sogphg %”Pkﬁ%r%]{e&??ﬁd??e ﬂilﬁagﬁrz (?Zlﬁeo&{:oat ed

cat al yst weilsichs cintaitd 240640 S[ﬂlb@sh‘?@ ajemerepared Atoble salktions tq/\@)t@'ll @‘dﬂfhsddfes wi t hout
the need fps. g ?‘%/Qi electric barrier. This coated catal yst sanple was used
in catalytic plasma synthesis of ammonia. 25 Exanple G 3: Coating of highly
porous silica supported nickel catalyst using bariumtitanate particles
Silica suppgin®e Bthckebta@at Eﬁré’ﬁdratﬁHrEWoedhngﬁCiﬁféﬁ-ﬁtﬂﬁﬂﬁsw éhulsioanpl e B-2 30
was used in this npl e. m of the supported catal yst precursor stock
sol ution e'?‘f]}ﬁ'@?r'?aﬁﬂ"]"/[&] = 1/4 was placed in a 250 ml round bottom fl ask
wi th an outl et £ aighgaiseal pleesesaapsdorattiPEh@as dorplee byasing @r ohabase rradi at ed
at the,yraxjmim ayail abl e power (1000 W input to obtain mainly flaky nickel
oxi de W|th done unreacted nickel nitrate. The process was repeated to
obtain 10 gram sanple which was then added 3545 gram of water to obtain a
concentrated cat algyst ,b%h;_,gn@yDVBmgq,;g,;,%gggr@@gm@gzoll/ 051620 - 30-

This slurry was addeci’ sol u ion of Bindzil CC30 containing nickel
nitrate at a nol atspﬁéltqodsﬁac’[aﬂl JFIPE> = 1/3. This solution was rnicrowaved
for 5 m nutes untMnytfimeSaRpiians hamfs dogonemat) =g wiid r ogen oxi de gases

obt ai nLg;g a strong{er a_réd ates of nickel oxide. The Scanni ng El ectron

M crostbpy of thi &% VHbi cated, through 5 EDX-analysis that the nolar
ratio of [N ]f[ S Lavwgipeipedoil msehﬂaas:mr-‘r?a/o:e conpared with the inner part
of the catalyst particles. This process was repeated until sufficient

anount of intermediate nickel oxide sanple was obtained. The surface area
of this sanpl e Wasa@®2ods phasg. caysiredc 8P InBINAAINSCa0 Boed @iths(#-fAde area was

i ncreased {iand,f8.6M20 Gait {Pobtain [Ni] /3[@8 =qfs_the @el@:@ui% ;!aﬁza%@wi@@hbaﬁa@tld?pr ous
ni ckel oxi de artlcles were added 6

gram %t% élnaslurry W al so
di sperdbd W §0hariZid O EHFRES PPBETY ¥R i”Wi 5“93 gglé?frﬁﬁ'ﬁ?uscCSO
sol ution. ﬂHaaee r@atiHueinmgnglfos pedtSere0 massing xednamddmetstre)ealnmm Al yst slurry

and the reﬁfgeﬁt n%é‘%tl%ﬁol%ﬁ‘@ V\farsnerrl]srél ﬁv@carFeMut 6(51])(5( ﬁﬁ%d 15 a dry

powder was Séquen ¢i ned rn arr Cfor two
hours st ar¢.itagd ﬂmeﬂwttrh@ﬂémmeeatweta@dweﬂtamﬂ@@vaaﬂﬁbéﬁ batgrercalcmasin 10 C. The

resul ting goghed calalNish wAeSamtd B@tti’r'l ﬁuofs‘?épsphff}ﬂ”@ QRIS W NcDeieen two

el ectrodes w t hout the nee or a dielectric barrlg The surface area was
130 np7y. Ihendesavinone Wil Beating from repBeRalytelafes opver Rirsriedat®¥d cat al yst

are ill ustr;hﬁqt Qﬂrﬂp]'cib \Eéthrp@;ét th té’ererétﬁretIoﬁanotﬁElﬁh:{g‘urfbleﬂ#kf ﬁewle@du@@tda‘@r t het ]
presence of a unjiformcoatin nat e i cles covering the
porous cat ¥f4REe" bEfﬁ?pé[Waiﬁ%?rgp'%f” ?'rh%t Gm]r %a&'ge’éﬁéf’agﬁ’& OWEAdg Cf‘ﬁ $PYBel ow t he
coating shesmding kadctrbhaicsdgraphsas tHendheretesiiadicaena thighgnat@isrstrotiue 4sh smal |
anount of nickel. Fi2pED ot Ki ti Xxygen=
55 5 s |1 DoNE R (b i BaBh Hciof FRESEERR Y IR PBRL IS Y N kel
= 1.0 Wt mhmmmmeF@orreeﬁdtabﬂhetmc;@ffee@tmalﬁwpntlﬁ@s torre dslseteditimey the
concentrat Lpns, Wek&s @fﬁé%@e? 6 18430~°ﬂn'm' EMRMichl B -6y liRdbhimeARBAr i um =

0.9 (Bariumtitanate
analysis mdlcate complete absence of carbon.

Example B-2. Formation of nano-structured micro-porous catalysts using
35 microwave radiation
We used a microwave radiation reactor with variable power input and

temperature control. It was manufactured by Milestone /ltaly with trade name Ethos-



30 Exanple C4: Coating of highly porous silica supported nickel catalyst
using with bariumtitanate through in-situ reaction between barium oxi de
and titanvomtinxicde This met hod of catal yst coating ispsirriB2ar1/dsos2hat
described in Exanple CG2. 35 36.7 g barium oxide powder and 16 g titanium
di oxi de powder were mxed (so that [-B&]I[Ti] =1.2) in hexane followed by
the evaporation of hexane to obtain a well m xed powder. 150 g silica
supported ni ckel catal yst precursor solution containing Bindzil -31- CC30
and ni ckel 1- R0t plgfdheysupsrted catalystprepurionsterek spltion sitngr Ubglﬁ brebar¥d. This

sol ution wasyfugat1/s wa&beded mra %Ohﬁ%ﬁncﬁ&ott%ﬂﬂﬂa@@mﬁtﬁ aﬁlametnbrlb%sés ©® highly

fl aky m xed ni cke face ,area of this materi al

was 217 nﬂ?sﬁapezﬁn‘%ftd’}‘ﬁs 'fra?‘ﬁ eg ‘%énﬁfcéo"vﬁé@ fa%atéf’& f@écta W PP8%obtain a
slurry foladvaibte inyth”rs hﬂacad\dIWasoTDDOfWB'ﬁn@ talkenofor Blen:ﬂawﬂnpm&@ admitkali ckel
nitrate. s ] 1008, W until no
nor e ggsses 't\lﬁ\%‘? e &v Elglp nwél'{ﬁa[r%!rj edseﬁ% '?‘?g r &F‘g%%mﬁeév?%rll at vvaolg1 added

suf fi ci entdewartnefpsﬂtoo @ btiekieh niyalsavasy a@flﬁwpp@ﬂﬂevlfh tejeyolwiian powxidas Has added

gradual | y 36,6 3B 8- hbfBrosibfiex H@k\g%d@@g dlér Qabtalt bahé S6kadh Msi ghen growder
prepared a V\:H l e m xi ni; Ilpﬁ@ten%ﬁ fter addition of all the powder
t

was conpl eﬁt"@a"qeﬁé'akqse Tablay tdisdc W‘é’é‘dé’(ﬁ‘dédie@ﬁ?ff e Wik PQME’er to

obt ai n satigsat echishdd, mnﬁgagme\amr@hngmy&epgoa& 100 GC for 24 hours in a

seal ed vessel . Subsequently, it was m crowaved at 1000 Wwhi |l e m xi ng

gently %o obtain particul ate coated particles. These particles were then

cal ci ned iTeb& t: \Atriafd0of Geadtion tiRe fiwuths dedoapbsitiop éfrricker woae taedpsebadtt ure wit h

heati ng rate .of S

155upportedtraﬁ?(': %]% cat aPﬁsO{m?’%d %@gq’ﬁ&a&ﬁg %a&gﬁggg%Wéﬁ%’ect ron

M cr oscopyrcued dEDX! takablged. s show the formation of a skin core structure as

shown in Figures 19 (a,b). The coated catal yst particle is shown in Figure

19(a) while_the interface between_the coating and catalyst-is—shown in

Figure 20 1@{"‘@}\/\“ ch indigates that bath coating and i nner catjl yst are

porous. EDX-@nal ysis|efothg ki n apgh cqrao(j ustodel dwothe| séaon)| i ndi cat ed
y

b
the foll ow lng-—-atom-clconcentrati-ohs— Skin—Ox gen=75-0% (Ti+ a): 20. 7%

uuuuuuu Tt OO ONT T OX) 1T To-——9O 79 \
(bariumtitaf?ﬁﬂ%‘}“ Nj=2.9; |Si=1.4 Core (just hbel ow skin layer):
Oxygen=63. 7%mdNisec)9. V96608l 38304% | 4Ba+Ti12863. 2/ B025( a0 um 6%t anat e) .

The resul ti cr]tg“/[:é)mftlgd catal yst was{suitable for plasma generation between
two el ectro eé thout the ineed for a dielectric barrier, |30Exanple D

Per f or mance| Rfact@at al yti ¢ Pllasma React or|s Amoni a synthesis is well
studi ed and e bARr atuee i s aill.ahl e s as| @ vensby M Appl;
Ammoni a, W| t%%%:l—l VerLlT)'%Og cﬁ?ﬁ Wﬁlzﬁei n?@Ger Tg??/ 19%'9. ﬁ@AppI (1999)
(page 20), \/{QP]/i§tTH$| of ammpni a content| in equilibrijumw th synthesis gases
(N2 : B2 = 1I73) is tabulated as a function of pressure and tenperature. At

35 pressures of_100Q bar and | er at ur es a i a _conversion
above 90%is pdd&ipray PHECHHK x%g ngqrﬁmgneydic%tggggaﬁ%f %‘%3&%‘ rsion is
reduced t opadiictesatasansastat 3686 ’cmnmw -32-

In order to increase the catalysi concentration, subsequent catalysts were

20 prepared at [Ni)/[Si] =1/4 as well as [Co)/[Si] =1/4. After microwave irradiation the
surface area of this [NiJ/[Si] =1/4 catalyst was found to be 212 m’lg. As these
samples are reduced at 550-800 °C before being used in reactions, we re-calcined

them at 600 °C for 2 hours in air. This also ensures the decomposition of any
residual N{NOs), after microwave irradiation. After this high temperature thermal

25  calcinations process, surface area was reduced to 181 m?g. The Scanning Electron
Microscopy and Transition Electron Microscopy of the supported catalyst samples

are illustrated in Figures 16 (a,b,c)which show the hierarchy of the pore structure.

This catalyst was coded as AA-1 and used in the catalytic plasma synthesis of

ammonia.



Al t hough the ammoni a synthesis reaction is exothermc (wth heat of
reaction ca. -45 kJ/ nole which increases with pressure and decreases with

t enper at we 20i»anstshe pressure i s high), the reaction ispooiGERPONSEE0US
since the G bbs free energy for the dissociation of nitrogen ( N2 4-) 2N)
is AF298 = 911 kJ/nole. The dissoci agfon of 5 nitrogen is considered to be
the rate determning step for ammoni a synt hesi s which therefore i ndi cat es
the inmportant role played by the catal |t al so ex S pl asma can
enhance arf@HIRAe r%ﬁct':%‘ﬁat"'{%r? NS %%‘l‘f’ﬁar'g"’rr%gf?fqu(?n %@@ﬁg?n has been
wel | studrtadmmdarcaiaﬁonba;yequati ons are available (Appl 1999). It is clear
that the reaction rate rapidly deca MoRL ; ereas an
opt i mum t enper &8 4 §SpY E’éce%v%lavﬁérraadY% ﬁﬁ”f’%% t()%tﬂ ﬁneaggﬂ(\rﬁgé.t%lf% ore,

nmost i ndusiCriefdre opelysttredutsion, twtmabnqmmmapr@pwsmrmg@ori @W@%M C and
Pressurse r/@ﬁ?531‘4%a%§9er%§@rn%nedl\§\é% h@eh'ﬁé BH off ?He é]lﬂgl&%bér'sﬁh (Qlﬁﬁrlat i ons,

only ca. 1 Yo' cOnver si on occurs over the' cat the reaction
15m xt ur e ¢©30 aak ot=7 A vdylelére naduraledbefdhe tSH@D%t%@G‘@WSt(FéﬁW 89U4Rd recycl e

the non- reachifh BAIES) = ﬁmeélppreetsal Tr@ﬂdbrm@rs%rum WESHdacROBGRRI I C
annul ar cylindrical quartz reactor artz tubes

onsi st e
(Fi gures 9-4by the‘lsr‘i'é't'aﬁhafr:f g ?&ﬂ?@%emereé “ﬁ@‘ba?ﬁr?qu’ﬁég tel'{]%) 'B'Lﬁfine %% had
internal dioRmmh. eThé)ifeséﬂﬂngriﬁlutﬂih@faeme(arﬂhalheaht&mﬁealt 30 OCtﬁaeﬂhnmrerThtsube was 17

mm Thg wai l i.ckne of t artz reac re

i ntrod cede?wreg hg?@red(garbc{g&ﬂg%h%‘a% SO?g t to\%v\gé”]t fooheg E{%{ y\gnd of the
quartz tube’g. Thi\éheoelms salld wpar te-@lcincdent 668.E€ othe caradseares w@eﬂedunefhtot enperature
controll e%e%%t@drdn(égla ghethe dracify Sﬂhgrc%\/d!g?% é}m[@QBE‘thé}fobE&U&ﬁfnat ure

control. e reactor tenperature was needed | owered to renove
the heat dfxardiecB€on, air was bl own on the surface of the reactor while
switching off the oven. The inner el ectrode could also be controlled by
passing air through the inner tube which con}a ned the inner electrode as a

met al TreshExaggple B 4Prepa'i§rt'8§§ﬁp?'?§os'ﬁ’8§€§d ERBYStp) were stored in cylinders.
Each gas |ine athisthpesarkl onwEconilesoBlien Bokineleasgdy porons Bitopiheityst UK. The

O omes PP Gab ARG o B Brch o W 4Bb0Red B BedbdbEabeed | ne o

the reactof. F €aCt OF  Wa ressure a pressure
relief valacefiguatshutn ofiér tV@rQﬂeCQ\A@SpISH@I@@%S@@W%%@"W é@[&ﬁo&?d RiediEt ol | owed

by a meterj, qu% rﬁ\é@ -catd] tBrléEur%r $diiBn @ frst hiidwed tWidhhady BRAtdRGegol | and
wr apped Wt sul ati ng ol to maintain gas tenperature and feeds -33-

di rect?d tidowayer &@sdrbf‘ﬁ&? BFP&?%F e ynd feecalist ‘é'?t”P‘r’tP?E SRR WHATR RS directly

to a GC fohe Qélsl,ulltmg o@%lsyﬁsl rﬁ pal’ﬂﬁéﬁl@te foem WA ch tvwe irfcfeesigntisembtwhy st s:  Co/ Si 02
or Ni/Si 02 in ogiqh @ | g 02 ; as d% crl bes%'a'r% grevr ousl y

i n Exanpl e°rBE° ! Hntpﬁ'e'cﬁegg(?t"i” apr(?aqeﬁr')?g? W8S e dt® Tréaled at 600

in air forprdcdseut desanbed falowmace and t hen reduced at 550 C in a hydrogen
flow (50m/mn) for 24h within the reactor using the tubular furnace to
control the tenperature. Surface area of the nickel catal P/St was 181 rn2/g
whi | e 2hat of tTe vwbeted exieltyrsecuirps segkomperdaining @indzil (sifica/suppos] | cases,

the vol umespfeeh Qﬁ'd ﬁMh!¥§@ (@a@&lr{zé@@&r&é}@wtm[mwg Qﬁ/@%?r&ﬂraﬂﬁﬁide@tm | ong

central region of the reactor where t el ectro ﬁthef rmof a
steel meshAwBieen s Need PRARGRIPHY HECIEFPBRC T m BBt RMENESYIRE il | ed
W th 1 mm gkasiseialdafied 8 HY=RY eftert ith es@apeofofo tinevithatvalsysita blades

operating at 60 rpm. The temperature of the mixer was kept at 120 °C. The top of
30 the mixer was open to a fume extraction system to allow vapour and gases to
escape. As the liquid leve! dropped, more stock solution was added so that the solid
content in the mixer continuously increased at the same volume. When a highily
concentrated saturated solution was obtained, the amount of additional stock solution
became very small and further mixing of the highly viscous material in the mixer
35 resulted in a sudden increase in mixer torque and temperature (from 120 to 140 °C)
with the evolution of gases (oxides of nitrogen) followed by a sudden fall and

secession of gas evolution. The gas evolution was a result of nickel nitrate
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Cat al yst Descr i Ptei pmwver consumptlon in plasma reactors is lowered by using the catalyst

as a dielectric barrier to allow the generation and maintenance of plasma. However

20  this is not always possible since most high temperature metal catalysls are

conductors of electricity with very low dielectric constant (permittivity). In order to

circumvent the very low permittivity of the catalysts, so that at least one electrode is

used in contact with catalyst, we developed porous catalysts with a porous coating

made from very high permittivity (such as Barium titanate, BaTiO; with permittivity ca.

25 1000 or Potassium tantalite niobate with permittivity of 34,000) or high permittivity

(such as Barium oxide, with permittivity ca. 34 or titanium dioxide with permiitivity of

100). Other suitable coating material is silica (permittivity of 4) which is also used as
catalyst support.

There are several particle coating methods available if the particles are dense.

30 However, the coating of highly porous, relatively fragile materials with a specific

porous inorganic material such as Barium oxide or Barium titanate have several

restrictions placed on the method of coating.

Example C-1: Coating of highly porous silica supported nickel catalyst using
35 crosslinked vinyl silane and styrene co-polymer
Silica supported nickel catalyst prepared in accordance with Example B-2

(Catalyst coded AA-1) was used in this example. 10 ml of the supported catalyst
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precursor stock solution either [Ni}/[Si] = 1/4 was placed in a 250 mi rbund bottom
flask with an outlet for gases to escape and the sample was microwave irradiated at
the maximum available power (1000 W) input to obtain mainly flaky nickel oxide with
some unreacted nickel nitrate. The process was repeated until 10 gram of sample

5 was obtained. This sample was then added 40 gram of water to obtain a saturated
slurry of catalyst for coating.
A polymerisable oil phase is prepared which consisted of:
Divinylbenzene, DVB (cross-linking agent) = 20 wt%
SPAN 80 (surfactant} = 12 wt%

10 Vinyl trimethoxy silane (VTMS, co-monomer) = 40 wt %

Styrene = 37 wt%
Lauryl peroxide {oil phase initiator) =2%

40 gram of this oil phase was kept at 60 OC for one hour to start polymerising.

15 It was then added to the saturated slurry prepared above containing the highly
porous catalyst while gently mixing. It was left to polymerise for another 8 hours at

60 °C in closed containers. After the completion of the polymerisation and
crosslinking, the resulting material was calcinated at 600°C first in nitrogen
atmosphere for one hour and then in air for another hour. This material was

20 fractured to obtain particulates which indicated that it was suitable for plasma
generation between two electrodes without the need for a dielectric barrier using the

electrode configuration as in Figure 13.

The surface area of the uncoated catalyst was 212 m?/g before calcinations
25 and it was reduced to 181 m?/g after calcinations. Following the coating process and
calcinations, the surface area increased to 236 m*g. Scanning electron microscopy
studies indicated the formation of a skin-core structure with highly porous skin having
low concentration of Nickel compared with the core as determined by Energy
Dispersive X-ray (EDX) analysis.
30
Example C-2: Coating of highly porous silica supported nickel catalyst using
barium oxide
Silica supported nickel catalyst prepared in accordance with Example B-2
was used in this example. 10 ml of the supported catalyst precursor stock solution
35  either [Ni)/[Si] = 1/4 was placed in a 250 m! round bottom flask with an outlet for
gases to escape and the sample was microwave irradiated at the maximum available

power {1000 W) input to obtain mainly flaky Nickel oxide with some unreacted nickel
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nitrate. The process was repeated to obtain 10 gram sample which was then 50

gram of water to obtain a concentrated catalyst slurry.

This slurry was added 30 g solution of Bindzil CC30 containing nickel nitrate

5  atamolar ratio of [Ni}/[3i] = 1/3. This solution was microwaved for 5 minutes until the
sample stopped generating nitrogen oxide gases. This process was resulted in the
formation of stronger particulates of nickel oxide with reduced surface porosity. The
Scanning Electron Microscopy of this sample indicated, through EDX-analysis that

the molar ratio of [Nil/[Si] waé higher on the surface compared with the inner part of

10  the catalyst particles. The surface area of this sample was 82.4 m%g. Upon

calcinations at 800 °C, surface area was increased to 178 m?/g.

We added 45 g water to 15 g of the above sample to obtain a saturated slurry
followed by microwave radiation to remove water so that the moisture content of the
15  catalyst powder was ca. 50 wt%. This moist powder was added dry BaO powder
gradually while mixing. This resulted in the formation of highly viscous Ba(OH),
layer on the particles and agglomeration of the catalyst particles. This process was
repeated until 10 g BaO was used. The resulling particulate material was
microwaved for 5 minutes while mixing to evaporate all water. It was subsequentily
20 calcined in air at 600°C for two hours starting from the ambient temperature at a
heating rate of 10°C. This resulted in the reformation of BaO from Ba(OH),. The
resulting coated catalyst was suitable for plasma generation between two electrodes
without the need for any dielectric barrier. This coated catalyst sample was used in
catalytic plasma synthesis of ammonia.
25

Example C-3: Coating of highiy porous silica supported nickel catalyst using
barium titanate particles

Silica supported nickel catalyst prepared in accordance with Example B-2

30 was used in this example. 10 ml of the supported catalys! precursor stock solution

either [NiJ[Si] = 1/4 was placed in a 250 ml round bottom flask with an outlet for

gases to escape and the sample was microwave irradiated at the maximum available

power (1000 W) input to obtain mainly flaky nickel oxide with some unreacted nickel

nitrate. The process was repeated to obtain 10 gram sample which was then added

35 45 gram of water to cbtain a concentrated catalyst slurry.
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30g of the above intermediate porous nickel oxide particles were added 80
gram water to obtain a slurry. We also dispersed 30 g barium titanate (BaTiO3)
powder into 30g Bindzil CC30 solution. The resulting dispersion was mixed with the
above catalyst slurry and the resulting dispersion was microwaved while mixing until

15 a dry powder was obtained. It was subsequently calcined in air at 600 °C for two
hours starting from the ambient temperature at a heating rate of 10 C. The resuilting
coated catalyst was suitable for plasma generation between two electrodes without
the need for a dielectric barrier. The surface area was 130 m%g. The Scanning
electron microscopy studies of this coated catalyst are illustrated in Figures 18

20 (ab,c). This figure indicates the presence of a uniform coating of barium titanate
particles covering the porous catalyst. EDX-analysis of the surface and the area just
below the coating showed that the skin was indeed barium titanate rich with small

amount of nickel.

25 On the skin the atomic concentrations were: Oxygen= 68.5; Silicon= 15.8%;
(Titanium + Barium) = 14.7 (Barium titanate); Nickel = 1.0
Within the core of the coated catalyst the corresponding concentralions were:
Oxygen= 68.9; Silicon= 21.6%; (Titanium + Barium) = 0.9 (Barium titanate); Nickel =
8.6
30
Example C-4: Coating of highly porous silica supported nickel catalyst using
with barium titanate through in-situ reaction between barium oxide and
titanium dioxide
This method of catalyst coating is similar to that described in Example C-2.
35 36.7 g barium oxide powder and 16 g fitanium dioxide powder were mixed {so that
[Ba)/[Ti] =1.2) in hexane followed by the evaporation of hexane to obtain a well mixed

powder. 150 g silica supported nickel catalyst precursor solution containing Bindzil
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CC30 and nickel nitrate at molar ratio of [Ni)/[Si] = 4 was prepared. This solution

was heat treated for 2 hours at 300 °C to obtain 42.4 g highly flaky mixed nickel
oxide / silica powder. The surface area of this material was 217 m%g. 20 gram of this
sample was added 60 gram water to obtain a slurry followed by the addition of 60 g

5  of Bindzil CC30 and nickel nitrate solution with [Ni}/[Si] =1/3. It was microwaved at
1000 W until no more gases were evolved. The resulting particulate material was
added sufficient water to obtain a saturated powder. This wet powder was added
gradually 36.7 g barium oxide powder and 16 g titanium dioxide powder prepared
above while mixing gently. After the addition of all the powder was complete, the

10  resulting mixiure was added sufficient water to obtain saturated slurry again which
was kept at 100 °C for 24 hours in a sealed vessel. Subsequently, it was
microwaved at 1000 W while mixing gently to obtain particulate coated particles.
These particles were then calcined in air at 600 °C for 2 hours starting from room
temperature with heating rate of 10 °C/min. The surface area of the coated silica

15  supported nickel catalyst was 65.2 m/g.

Scanning Electron Microscopy and EDX analysis show the formation of a skin
core structure as shown in Figures 19 {a,b). The coated catalyst pariicle is shown in
Figure 19(a) while the interface between the coating and catalyst is shown in Figure

20 18(bwhich indicates that both coating and inner catalyst are porous. EDX-analysis
of the skin and core (just below the skin) indicated the following atomic
concentrations:

Skin: Oxygen= 75.0%; (TitBa)= 20.7% (barium titanate); Ni=2.9; Si=1.4
Core (just beiow skin layer): Oxygen=63.7%; Ni= 9.7%; 5i=23.4%; (Ba+Ti)=3.2%

25  (barium titanate).

The resulting coated catalyst was suitable for plasma generation between two

electrodes without the need for a dielectric barrier.

30 Example D: Performance of Catalytic Plasma Reacfors
Ammonia synthesis is well studied and detailed literature is available such as
given by M. Appl; Ammonia, Wiley-VCH Verlag GmbH, Weinheim, Germany, 1999.
In Appl! {1999} (page 20), variation of ammonia content in equilibrium with synthesis
gases (N; : Hy = 1:3) is tabulated as a function of pressure and temperature. At
35 pressures of 1000 bar and low temperatures (300 °C) ammonia conversion above
90% is possible. As the temperature is increased the conversion is reduced to 37%
at 600 °C at 1000 bar.
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Although the ammonia synthesis reaction is exothermic (with heat of reaction
ca. -45 kJ/mole which increases with pressure and decreases with temperature when
the pressure is high), the reaction is not spontaneous since the Gibbs free energy for
the dissociation of nitrogen (N, <> 2N) is AF°xs = 911 kd/mole. The dissociation of

5  nitrogen is considered to be the rate determining step for ammonia synthesis which
therefore indicates the important role played by the catalysts. It also explains why

plasma can enhance ammonia reaction.

Non-plasma ammonia reaction mechanism has been well studied and rate

10 equations are available (Appl 1999). It is clear that the reaction rate rapidly decays
with ammonia conversion whereas an optimum temperature is present as a function

of pressure. Therefore, in most industrial operations, typical temperature range is
300-550 C and pressure range is 150-250 bar. Nevertheless, for industriai
operations, only ca. 10-15% conversion occurs over the catalyst bed and the reaction

15  mixture is cooled in order to recover the product (ammonia) and recycle the non-

reacted gases.

Experimental conditions
We used a concentric annular cylindrical quartz reactor which consisted of
20 two quartz tubes (Figures 9-11). The quartz tubes were 300 mm long. The outer
tube had internal diameter of 32 mm. The external diameter of the inner tube was 17
mm. The wall thickness of the quartz reactor was 1.6mm. Gases were introduced
through a side arm. The gas outlet was from the top end of the quartz tube. The
central part of the reactor can be placed in a temperature controlied cylindrical oven
25  which provided a means of temperature control. When the reactor temperature was
needed to be lowered to remove the heat of reaction, air was blown on the surface of
the reactor while switching off the oven. The inner electrode could also be controlled
by passing air through the inner tube which contained the inner electrode as a metal
mesh. |
30
Pressurised gases (N;, H,) were stored in cylinders. Each gas line had a
mass flow controller purchased from Bronkhorst UK. The gas lines were then
connected via a four way union to a single feed line to the reactor. The reactor was
fitted with a pressure gauge and a pressure relief valve. A shut off valve was placed
35  at the reactor outlet followed by a metering valve. The outlet line was fitted with a

heating coil and wrapped with insulating wool to maintain gas temperature and feeds
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directly to the gas chromatography. The outlet line was connected directly to a GC for

online analysis.

Here, we used two different catalysts: Co/SiQ; or NifSiO, (in both cases

5 Metal/Si0O, = 1:4) as described in previously in Example B-2. Prior to the reaction,
catalyst was heat treated at 600 °C in air for 2 hours in a furnace and then reduced at

550 °C in a hydrogen flow (50ml/min) for 24h within the reactor using the tubular
furnace to control the temperature. Surface area of the nickel catalyst was 181 mlg

while that of the cobalt catalyst was 164 m*/g .

10
In all cases, the volume of the catalyst bed was 100 ml which occupied the 18
mm long central region of the reactor tube where the electrodes in the form of a steel
mesh were present. The remaining region from both ends was filled with 1 mm glass
balls to prevent the escape of the catalyst.
15

Total flow rate of H, and N, was constant at 25 ml/min with [Hz)/[N,] = 3. The
high voltage power source was either at 10 kV or 15 kV. Input voltage was at the
maximum level and the power consumption in the reactor was measured. The
temperature inside the reactor was measured at the end of reaction by a

20  thermocouple. Ammonia concentration in the reaction mixture was also determined
through acid-base ftitration one hour after the start of the ammonia synthesis

experiment.

Example D-1: Both electrodes isolated with input electrical potential of 10 kV

25 Both electrodes were shislded by quariz walls of the reactors. 20 g Co/SiO; or
Ni/SiO, catalyst (described in Example B-2 with [Metall/[Si] =1/4) were used. In
separate experiments, we also filled the reactor with 3 mm diameter glass balls or
3mm diameter barium fitanate balls to determine the contribution of plasma only to
ammonia conversion. Therefore in further experiments, we used a mixture of

30 catalyst and barium titanate balls. Throughout, the temperature of the reactor was
kept at 240 °C. The results are tabulated in Table 2.

Exampie D-2: Only one electrode isolated with input potential of 10kV
We also carried out experiments using one isolated electrode. Although non-
35 coated catalysts could not be used with one isolated electrode (electrode in the inner

tube), all of the coated catalysts could be used in plasma generation. It was also
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found that plasma could be generated when 8 gram of uncoated catalyst (AA-1) was

dispersed inio barium titanate balls.

We found that the very similar ammonia conversions were obtained by this

method compared to the example D-1, but at considerably lower power consumption

(approximately 30%). The resulis are tabulated in Table 2 and compared with the

examples of D-1 when both electrodes were isolated.

It can be seen that conversion rates of above 5% could be achieved at 240 °c

in both electrode configuration. This levels of conversion is above 90% of the

maximum conversion (equilibrium) achievable at 240 °C and 1 bar. We only needed

fo use 8 g catalyst when barium titanate balls were used as filler.

Table 2. Performance of plasma reactor and catalyst in ammonia production

Catalyst Description Power | Ammonia Power | Ammonia

(W) Conversion (WY Conversion
(%) (%)™

Co/ Si0, (1/4) catalyst (BB-10) 20 | 140 3.8 NP* NP*

g

Nif SIO, (1/4) catalyst (AA-1)20g | 140 52 NP* NP*

Barium oxide coated Ni/SiO, | 141 4.3 85 4.6

{Example C-2)

45 g

Glass balls only, 165 gram 115 2.8 - -

Barium fitanate balls only, 330g 93 3.4 77 3.4

8 g Ni/SiO; catalyst (AA-1} + 165 g | 115 5.6 87 5.7

barium titanate balls

32g barium oxide coated Ni/SiO; [ 113 52 86 56

catalyst + 98 g barium titanate balts

Notes:

“Both electrodes are isolated by quartz reactor walls (Figure 9)

** Only inner electrode is isolated and the outer electrode is in contact with catalyst

(Figure 10)
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Example D-3: Only one electrode isolated with input potential of 15kV

In this example, we increased electric potential from 10kV to 15 kV and used
the inner electrode behind the quartz wall and the other electrode in contact with the
catalyst. The catalyst was Ni/ SiO, (1/4) catalyst (AA-1). We used 8 gram of this
catalyst dispersed into 165 g 3 mm diameter barium titanate balls. Wall power was
195 W while the conversion reached 7.6%. However, in order to lower the
temperature, the reactor was cooled to 230 °C. The comresponding conversion at
electric potential of 10 kV with one isolated electrode was 5.7% at power

consumption of 86W.

Further information including typical operating temperatures is set out in

Table 3 which is annexed fo this description.

It will be appreciated by persons skilled in the art that the above embodiments
have been described by way of example only and not in any limitative sense, and
that the various alterations and modifications are possible without departure from the

scope of the invention as defined by the appended claims.

Alternative sources of fuel instead of using biomass include biomass waste,
fossil fuels, fossit fuel processing by-products and municipal solid waste amongst
others.
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RC-1 (R6) RC-2 (R7) RCG-3 (R8) Reactor Systemuz-mmi qz-Inv 3Z-111AI -37-
Clains 1. A nethod of production of ammonia conprising the steps of:-

5gasi fi cavopemahswonbusti bl e material to produce syngaspciriuB2gagisiézeat i on
process including extracting oxygen fromair for use in the gasification
process thereby producing nitrogen effiched air; substantial ly

renovi ng oxygen fromsaid nitrogen enriched air to produce 1lOsubstantially
oxygen fre I%{'Sr; separating hydrogen from said syngas; and reacting said
hydr ogen wi 1 °sai d substantially oxygen free air to produce ammonia. 15 2.
A nmet hod according to claim1, wherein said oxygen is extracted fromthe

air using an OW&gﬂﬂoésg%édd{aﬁn %mcﬁﬁgcympﬁsin@thg%iébggf:ﬁccordi ng to claiml

or 2, wherein said oxyden 1s renoved

5 gasification of combustible material 1o produce syngas, the gasification process
including extracting oxygen from air for use in the gasification process thereby

preducing nitrogen enriched air;

substantially removing oxygen from said nitrogen enriched air to produce

10 substantially oxygen free air;

separating hydrogen from said syngas; and

reacting said hydrogen with said substantially oxygen free air to produce ammonia.
15 '

2. A method according to claim 1, wherein said oxygen is extracted from the air

using an cxygen selective membrane.

3. A method according to claim 1 or 2, wherein said oxygen is removed by

20 combustion with syngas from which hydrogen has been removed.

4. A methed according to any one of claims 1 to 3, wherein said hydrogen is

extracted from the syngas using at least one hydrogen selective membrane.

25 5. A method according to any one of claims 1 to 4, wherein said reaction to

produce ammonia takes place in a plasma reactor.
6. An apparatus for the production of ammaonia, the apparatus comprising:-

30  at least one gasifier for gasification of combustible material to produce syngas, the
gasifier including at least one first oxygen removal device for extracting oxygen from

air for use in the gasification process thereby producing nitrogen enriched air;

at least one second oxygen removal device for substantially removing oxygen from

35  said nitrogen enriched air to produce substantially oxygen free air;

at least hydrogen separating device for separating hydrogen from said syngas; and



20combustion with syngas from whi ch hydrogen has been renoved. 4. A nethod
according to any one of clains 1 to 3, wherein said hydrogen is extracted
from t he wongegsmizng at | east one hydrogen sel ective meolresel/dbsoA

nmet hod according to any one of clains 1 to 4, wherein said reaction to
produce ammoni a takes place in a pl asfn reactor. 6.An apparatus for the
production of ammoni a, the apparatus conprising:- 30at | east one gasifier
for gasification of conbustible naterial to produce syngas, the gasifier
including at | east one first oxygen renoval device for extracting oxygen
from air febrleastend ipattioo dgsice far cerclimnsain bywesgentwith rseid\sulpstadialty exygen t r ogen
enriched aj&g air to produd alnfRAk. ONe second oxygen renoval device for
substantially renoving oxygen from 35said nitrogen enriched air to produce
substantially oxygen free air; -38- at |east one reaction device for

reacting sai d hwisReemudbdcbrd®ditg caktbs ! amdrbialat Masdoreeirst bxRen ddroveP produce
ammoni a. 57. An appar at us accordiﬁ% to claim6, wherein at | east one first

oxygen renBVAEE QRPIITES ABSMFINSESCURT BXIYEM sel ect i ve menbr ane. 8. An
apparatus according to claim6 or 7, wherein at |east one said second
oxygen renpval deyic onprises. at_|e on Lon device for
conbustiogglo ﬁﬁ}%hﬁﬁﬁ%%gp F%ﬁi&h%% ﬁ?ﬁ?oaﬁﬁ%ﬁg%q%%%ﬁ”?éﬁﬁdf 9“99. An
appar at us ewyeer gimmyat devisycameises atleastnescamnpusionwireicei far semkbishyrdr ogen
separ ajg NG, feYin6Ss SRR RSardder k%@%teer?%?nok}&?r ogen sel ective menbrane.
1510. An apparatus according to any one of clains 6 to 9, wherein said
reaction device conprises a plasma reactor. 11. A nethod of production of
anmoni a sudpst antd adayat@sadterdRigneehpoae desaiisee s iHrdietas epgeqgéd t he
acconpanquﬁvdramhqg s for the gro uction of ammoni a

: s. 12, Al’tl aglgar E]t(gr |
subst ant i atTP§ e ARG RERFES FEsY PORYOdrT FF'3UYEVERRE 0 t he accompanyi ng
drawi ngs. 13. An air input systemfor a gasifier, the input system
conpri s NYqq. An apparatus according to any one of claims 6 to 9, wherein said reaction

device comprises a plasma reactor.

11. A method of production of ammonia substantially as hereinbefore described

with reference to the accompanying drawings.

20
12. An apparatus for the production of ammonia substantially as hereinbefore
described with reference to the accompanying drawings.
13. An air input system for a gasifier, the input system comprising:-

25

at least one input for receiving air;

at least one oxygen selective membrane adapted to be located adjacent a
combustion zone of a gasifier, the memhbrane allowing oxygen from said received air

30 to pass through said membrane and into said gasifier.

14. A system according to claim 13, further comprising air extraction means for

directing air from which oxygen has been extracted.

35 15 A system according to claim 13 or 14, further comprising at least one support

layer bonded to the membrane.



at |l east one input for receiving air; at | east one oxygen sel ective
menbr ane adapted to be | ocated adj acent a conbustion zone of a gasifier,

t he menbrwoeosdd2emwizng oxygen from said received air 30t epcpasotivsoszgh sai d
menbrane and into said gasifier. 14. A systemaccording to claim 13,

further conprising air extraction medths for directi ng air from which oxygen
has been extracted. -39- 16. A systemaccording to any one of claim13 to

15, wherein said . ther, GO ty gl - Lhslancat al yst
Fayer 175 A S aPERr ARBR S rE N 35 Bre; GATERAN hekblere Tt Y her
conpr i ses fathebtarayisepadeaskormidsicatatisy'eyer] ayer | ocated further away from
said nenbrane than said first catalyst layer. 18. A system according to

any one of claim13 to 17, wherein said nepbrane is_netal -cerani.c oxygen
sel ect i ve TfenbAdpeiem according ép claip 1, WheigR eI ePRANE BN pa8r 5!

subst ait i addsy oRSsdter@catbgéioser drsed irhiedr wihirérefsetenaebrige thbe saicconpanyi ng
drawi ngs. _ 20. atal yst conprising:- a |east one catal yst body conpri sing
at | east 6’%‘;@5@%{%@{' material ; and at | east one coating extending
substantially around said catal yst material and including at |east one

porous materi al i n i f.f t Sl [ OuUS

mat eri al aﬁgd eﬁgsgéljee%:,m\éctg grdg]gﬁggéﬁ\/a%%i é@%lgﬁﬂgtsg?ﬁgl \pﬁ&%gfga@#@gtﬁ?ﬁ&% accordi ng
to cl ai m 2:talwiaeanes exygen eeleayue inggbragesubst antial ly el ectrical ly insul ating.
2522. Agcat al yst according to claim 20, wherein said coating has a high
permttivity. 23.A catal ¥st according to claim 20 Eo 22, wher ei,ﬂ sai d

coati ng C(ﬁl@pr i SaSIrgERYt aRiek & g(agggj)s_ubstantnally as hereinbefore described wit

reference to the accompanying drawings.

20. A catalyst comprising:-
15

a least one catalyst body comprising at least one catalyst material; and

at least one coating extending substantially around said catalyst material and
including at least one porous material allowing reactants to diffuse through said

20  porous material and engage with said catalyst material.

21. A catalyst according to claim 20, wherein said coating is substantially

electrically insulating.
25 22 A catalyst according to claim 20, wherein said coating has a high permittivity.

23. A catalyst according to claim 20 to 22, wherein said coating comprises

Barium oxide (BaQ).

30 24, A catalyst according to claim 20 to 22, wherein said coating comprises
Barium titanate (BaTiO;).

25. A method of producing a catalyst comprising the steps of coating a catalyst
body with a porous material adapted to allow reactants to diffuse through said

35 material and engage with said catalyst.



3024. A catal yst according to claim20 to 22, wherein said coating conprises
Bariumtitanate (BaTi ). 25. A nethod of producing a catal yst conprising

t he st epswofrmasisng a cat al yst body with a poroupchaip2oi@si@dapt ed
to allow reactants to diffuse through said 35material and engage with said
catal yst. -40- 26. A catalyst substintially as hereinbefore described
with reference to the acconpanying drawi ngs. 27. A nethod of producing a

catal yst sybstantial l her ei nbef or. escribed with SGreference to the
cccomanyt R draerbs! OB 3 st e e O B o B B o1 g

t he steps afcompamyng dresiogants with a catal yst according to any one of
clainms 1 to 5. 1029. A plasnma reactor conprising:- at |east one vessel
adapted to receive reactants; a plurality of electrodes contained within an
out er nost  ¥bl une M§iNog &f Brogdusinged catalnyl susizntiallveardieraimeaje dersribed Wikt al yst

materi ad cRalEteW the RchNiAlisg ardirgdbst antial ly el ectrically insulating
material. 30. A plasna reactor according to claim?29, wherein said vessel

conprises at 20l east one electrode. 31. A plasma reactor according to claim
29 or 28, sher ed mesaidbi\wvasgeingiasrebttionl @mprising the steps of mixing reactants

with a catalyst according to any one of claims 1 to 5.
10 29, A plasma reactor comprising:-
at least one vessel adapted to receive reactants;

a plurality of electredes contained within an outermost volume of said vessel; and
15
at least one granular catalyst material coated with a porous and substantially

electrically insulating material.

30. A plasma reactor according to claim 29, wherein said vessel comprises at

20  least one electrode.
31. A plasma reactor according to claim 29 or 28, wherein said vessel is tubular

32 A plasma reactor according to claim 30, wherein at least one electrode

25  extends substantially along the centre of said tubular vessel.

33. A plasma reactor substantially as hereinbefore described with reference to

the accompanying drawings.

30 34 A methed of extracting ammonia from a stream of ammeoenia production gases

including ammonia, hydrogen and nitrogen comprising the steps of:-

passing a stream of gases including ammonia through a bed of a strong acid ion
exchange resin, wherein at least some ammonia is adsorbed onto said bed;

35
recycling said stream of gases once at least some ammonia is removed for further

reaction.



32. A plasma reactor according to claim30, wherein at | east one el ectrode
25extends substantially along the centre of said tubular vessel. 33. A

pl asma r egohofy@ssst antial ly as herei nbef ore descri bed wctrlgs2ef@sesnoe to

t he acconpanyi ng draw ngs. 3034. A net hod of extracting anmonia from a
stream of anmmoni a production gases el udi ng ammoni a, hydrogen and nitrogen
conprising the steps of:- passing a stream of gases i ncludi ng ammoni a
through a bed of a strong acid ion exchange resin, wherein at |east sone
ammoni a i s adsorbed onto said bed; 35 WO 2012/025767PCT/ GB2011/ 051620 -41-
35. A net36d aécuetticarscouingltaickinBa4, whiseainesaid sl&ng asidrighgxcaend &R exchange
resin COWQ\E,’JRE%S%H R sy Hrek yhilRE. pol ymer. 535. A net hod according to

cl aim 34, rein sald strong acid ion exchange resin conprises hyper
cross-1linked sul phonated ion exchange resins. 36. A product produced by
the precesges aAGrahEH &dofdihgab dlaM 38 .wherein said strong acid ion exchange resin

comprises hyper cross-linked sulphonated ion exchange resins.

36. A product produced by the processes according to claim 33.



