METHODS AND DEVI CE FOR PRODUCI NG HYDROGEN FROM BI OVASS RELATED

APPLI CATIONS [OM This application clainms priority to the U S

Provi sional Application Serial No. 60/975,760, filed on Septenber
27, 2007, by Aneja et al., and entitled "METHODS OF PRODUCI NG
HYDROGEN FROM BTOVASS', and to U. S. Application Serial No,
111874,499, filed on Cctober 18, 2007, by Aneja et al., and entitled
"METHODS OF PRODUCI NG HYDROGEN FROM BI OVASS', the entire disclosure
of both of which, ln@ky@m@gm@ﬁvwdﬁa@aﬂgﬁxmﬁ&ﬁfhﬁ&ﬁﬁmFkag@@ﬂ@géﬂed by
reference herein. FIELD OF THE LN VENTI ON J002] The present invention
isinthe field of alternative and dean fuels, and particularly in
the field of producing and using %Tﬁﬁéﬁf’lé%%ﬂ% fuel. In addition,

t he present inventioniws i nTiheplfciteh diaief paereas alk it rakisibydAggetonf r om

bi omass usin g enzymesya %@/9%%@ | fildd ‘%rn aéeﬁé&b& 27896%%%%9 egzl JE!E entitled

DI SCLOSURE 003] Mj, ry’ attr
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exot herm c react i orrligréen Pegaldior @1/ &tiIPelipd broGrtdet 18y A107.0m Ak rei €1 andThe
by- product of thi &:imxi ﬁ@tﬁ@ﬂs oeagbb@cfmbmb@m Fibﬁ BzéﬁA@s‘ Ay drrgen

Q0eS ot Produce BeuaRld:esh QURM. NOURS 935, D BI AANSIS, sl 0gen.,

currently is belng use into
orbit. [004] Despi ¥ he many advant ages of the usc of hydr ogen as a
fuel soinue, hydrogen has not found its place as a mai nstream

transportation fuel. The major sefbacd femihasse of hydrogen
appears to be the sa %25” opgrties

as a fuel
source. Hydrogen is a ef”iesemmvf)nln%mbmkhem%%fa t?‘?ﬁ(?taild%a‘%/ﬁ‘fi%an&xygen
rel eases a great Efé‘é‘lﬂaﬂéjfm @ﬁé?l@yf profippnegricsing RustopRackey e dist i lorddgion. the
hydrogen with oxygeent insentidnhen efe@Bie of doitvilin A Bdyoe@XEHMOSIME usindle@fage of
sufficient amountggof.hydrQgen in a vehicle to power it for a
standard trip on a tank-ful'l of fuel, approximately 300 mles, puts
t he occupants of the vehicle in a precariously dangerous position if
t he vehicle encountered an ac@&AGEAROENTAEF HUNECIORURR t he hydr ogen

tank to rupture. Thi spod3f adeMec\fﬁ‘SlyMgternigg $@ﬂaﬁW&Q9 eﬂviﬂ&xmmsz giesuLd | €

Chal | enger expl Odlggac%vv?t% )@@n in'a tlcx%th%uec?‘egct oxhhavm drelatflvely low actlJa o]n The
solution to the above pro emaﬁears 1 S genération of

hydr ogen from sout*&&s T f’rfé(tpmé‘a“h"fﬁ?sd’iﬂidﬂ‘é“ P51 veigatts st d&vEreydrggen
on demand, whil e frqiudeherdel qreshodo i Of-pro@ac tHywago niedly isakihgusaiat fiel

oxygen. The hydrogﬁ%p§%n}ggpacé%mleqmr@yproduct s of hydrogen
generation, should Eﬁékbe easi I d| sg)vasab g}and g}nw ronnment al | g
re

friendly. SUMMARY OF ER nege 9 {he B S EeEn PR e
met hods of pr odudivfigeehins eetdtuad its W@rﬁ@g@ﬁnstrmémemﬂﬁen frelt Rpdziocoivpki se
contacting a sol ubd s mpkdgSi abarbo @athWaﬁlhprQJeﬁlEsQI&SﬁakE Q 240 UC Lhuel

amm nl a and co ntS@\ﬁéel ﬂgdr$gggs Q‘Wa@lm%le gti's ValOJG I‘{]&é vg%to%g\éf%léaﬁ%&lbreqd uce

a first gaseous m xture conprisin ecul ar

di scl osed are nmetfidds B pr U‘E‘FOH‘QOHFFDT@@EW Ar Yﬁ%’i‘ é"d%ﬁxyg%h’é’r’émif‘l’i%

met hods conpri se icemBcthage. Steagt eftsifbeienconprts of hrigeatieavetitit b pawaiitease
to produce amonisg;a sﬁﬁlﬂ;daﬁl dnnGank AQ oamgﬁr@(m\%e;yho@mﬁe’s rp§ttq th€ @&@}Jaﬂf@gf to

produce a first gaseoys. m xture dr oge and
cont act i ng t he fi reS\;[e 1C % ina Oprecanous )2/ d%rlgerous posrqt%ré i d eeCVShﬁ enc%u%cfr)e/d afmdent

produce a second ¥ @“ﬁlt%thﬁ‘ffr%gen Wﬂ‘e‘? et A& ety gasseushenitkt ure |
has a hi gher per spzemutamhpm@get dxpinde@fveiedniagieacetdiamst.he first gaseous
m xt ure. 1=



BRI EF DESCRI PTI ON OF THE DRAW NGS [8] It will be appreciated
that the drawi ngs are not necessarily to scale, with enphasis instead
being placed on illustrating the various aspects and features of
enbodi ments of the invention, in which: [9] FIG 1 is an
illustration of an enbodi nent of a hydrogen generator. DETAILED
DESCRI PTI ON OF THE PREFERRED EMBODI MENTS [0010] In certain
aspects, disclosed herein are nethods of generating hydrogen from

ammoni a. The ammoni a magdstuﬁkdﬁammMQa&ﬂ&ﬁ&&&aﬂkﬁﬂﬁﬁéﬂeﬁymlﬁﬁﬁﬁ&ng
urease enzynmes Wi Bﬁyd‘i’ggg@fro s&%&? &3 p1 Sovide quan%(meg g(g'ovgns Sh emang N&Y.me

that are found in bacteria, severa a nunmper of
hi gher pl ants. PrPﬁﬁPFP?doﬂWé&%@§“@§P§V?§éﬂﬂﬁ%7%?@@%??§W§e@ﬂﬂﬁP§a to
form carbon di oxi pledveinel tadrgen g@eration sgaiotierdxady Higntasle atdhevioesuhityi Ng
anmmoni a i s- presenggiqy. t he sol ution as amoni um hydroxi de. Ammoni um
hydr oxi de exists in equilibriumwth amonia, which can be dissol ved
as a nol ecul ar species in the solution. The dissolved ammonia is in
turn in equilibriumw th gaseoSSMMARDAT AHPERSHAONI n t he space over

t he sol ution. Theref opes t hBisc@dRIDEbRarPHAGECE plodayind h@echif agddeenwife
urease with urea ﬁ@ﬂlethgdg l;dm&&lantzQﬁngF?irsgﬁ'c%QEonlpﬂsn%%e%%ﬁ afug)egsmtd % d&lTh

space above the solutjon containing the reaction mxture.

Haber Process fora?ﬂ@mdﬁﬁ@?ﬁ?ﬁ%ﬂmﬁFmﬁWﬁﬁﬁﬁéh¥F%%$%V&F@ﬁéﬁﬁ&hﬁ“%“

ni trogen has beenmikmewrsikimnceldcle hidogm. of World War |. The reaction
of the Haber Process jgan ,exgycildciom w me&mg Sk @noldSiffar Q}dro@@t Aepst s
and t he r ermval tEe mQ rnILpHSSaC ntac(g) ng a SO U.tl Ige(?fr?;lsllonureg%qth a 1116386?0 roduge
equi l i brium can be p d)p th Grward direction to continue the
generation of anﬁﬁﬁp§a°TGHT¥P¥H@mWéV@@§§m6FmW%@PH&B@?ﬁ$%%%@%@“mﬁhe
reacti on shown bedoowjsing anleallas tydtogdieanp bag@ing BNHSNZseou8 nixhi wihatsechs,

with the sel ecti ofugf tcﬁpr(gdhgqtsec% 38 hix ARG 1ORE I 266 oLERACLEOR os -
condi ti ons, anmonj. en and nol ecul ar

be ro
AT K i T R
transition netal catalysts are uniquely suited to efficiently
catal yze the reverse of the HaeprRoERSSOF THE PRAWINGEI ar, in some

embodi ments, the gasegus frz@mnqje asym;@a Bat GRMDG: @a@é&@qm%yﬁry Bleat,
t hr ough catalyst éontalnl ni ck convert the amonia

hydrogen and ni t r'8gefPhed e A@m%Hﬁm%WHW€WW8h@TWVm6FwFW “ﬁ§?@?§§
Haber Process showdodimdnisedthppieagongd wiishdr ogen and one nol e of nitrogen
are produced for eachofopo n&ass MfiuaRER o R enbb@edQhRrogt N1EngRS
produced by this process is theoretically 75% hydrogen and 25%
nitrogen. In actuality, the percentages are | ess because water vapor

fromthe ureanrease sAlEItHER PAREREHPDOR TEF BREFHRRHY B AHEEN e p
generating the anmoni(soiar e Iaksen ppesantiostdbertinee gasodnafintitlg htog@, any

other inpurities ﬂ@mti?nn%Hﬂ;lf ired §Rbda¥ fée@chly@&[?%thrb%%?bU&c@d W@é%@turéaga t he

sol ution can also be sent jn t he roduced b

reacti on. [ 00 ﬁ £6he 3ﬁﬁbﬁ?%€ﬁqgkwqg“F§P gEgTe 451 Xé%mim

i ncrease the perd@%@@g@WﬁﬁﬂhV@ﬁég@ﬁ i e gt PirhighpreplagiamplimarilyCerssai n
scrubs are conmerghigdkl MeayﬁﬂkBDEkah&ﬁnﬁaﬂm&ﬁﬁEMﬁ Hidrhesnidi oxkge and

water from the gaeﬁlbéﬁ'ir%%wrﬂ?e reshiBfe a%%ﬁP ‘gzeseﬁ‘i’ &S s‘c!ﬂmgm 25 b o%\?m% g? used

to remove water fromthe gas mXxture, i um hydr oxi de mmo rate
can be Used to réﬁﬂvﬁmBéW% 66?%&?Hﬂﬂ*Tﬁﬁ??ﬁ@mﬂ*&F?ﬁﬁﬁmTﬁ%%ﬁ

hydr oxi de (Li OH) oroéemddr speviest i theverfugipn. tTbe giseied kivtdniatimnm hyrdin exilith@m with
nmonohydrate (1iOH+120), which further reacts with carbon di oxide
(CX2) to give lithium carbonate (Li2C01) and three equival ents of

wat er. The resulting water can be renoved using the nol ecul ar sieves.
[ 0015] The rermaining main inpurity to renove is nitrogen. The present




i nventors have di scovered that a netal catalyst containing lithium
can be used to renove nitrogen. Lithiumreacts with nitrogen to form
lithiumnitride, Li3N. In fact, lithiumnetal appears to be the only
Goup | netal to undergo such reaction. In sonme enbodi nents, the
nitrogen can be renoved using a nmesoporous oxide material, such as
SBA 15. These materials have high surface area and absorb nitrogen
wel | . 10016] The -hydr ogen generated by the nethods discl osed herein
can be used to Creabe o ghamentml sy dregendhal tesnbenstarad and
sold, or used wh e;g Fd\(u%ﬁ b}htxgtre&go%% Lllrcsa e%t@ ?{ea c'g‘rlx 1§It?mat %t I Vr%s'e% taseoeus poyngl{d ogen
can be used as fue power a ue or a conblst engi ne.
[0017] Thus, in on@e%%B@EF”“HW?EP8§@Hm%%%%WﬁmP§mﬁfnethod of prodUC|ng
nol ecul ar hydrogen, tl&ihet Hedacohprs & g zponibactsmmgniaf@olyiibgenmd

conprising urea Mx&@e@aﬂb&@%wﬁ@m@rt&CMQ%f TP W2, ﬁ@dea&@rngf%tmg the
anmmonia with a fi rgctess%%%g%l}{%}iumt Ofa%igg%l%use 09 ca{ &{tssgnd gxe remova?oé g‘ F] mn&()'n

conpri sing nol ecul ar i‘on conpri

conprises a sol veff ﬁlﬁé?@welawedwns%w@wme‘an by ruphak & the @n‘@fs‘eqirsqh@hto

t hereof so that idontdadhdeaetiontsf idmodiaur ease. I n certain enbodi nents,
the solvent used is a[ﬁ()l@]r gaﬂx'e gevés%'oi’ﬁ@ltiaber PH)C&%Q%&QJEEP&Q!)V%@%@’C&J ﬁg
solution conpri si urea i s an aqueous sol ution. In certain

enbodi ments, the Q%PBFIOH conprising urea conprises ani mal wast e,

whi ch can optionally be ani mal uri n®H: AayNahithel waste that conprises

urea can be used as:if eedst Qckiof & bl eatdmtalilp@’&mlgéa%&iiolb&gdnﬂﬁd' @hbnial N

certain enbodi manctal§ be t&rpe% toaigc?e!gﬁir hgrcT?ogen ang mo ecuI m T gen hl" Cazre]sen m.ven%ls avteed
fromthe group consi st 0

cat, sheep, goat, m%%ﬁﬁd%%ﬁ%@?“wﬁﬁwﬁﬁﬁﬁﬁﬁﬁmmﬁﬁ@”“&ﬁﬁﬂﬁﬁﬁﬁ%ﬁﬁymmwﬁ
100191Ithease i S teeotvexseofttiertpbry Arogesswiidertitdampesoat enbedinangBe gadowever , |t
is most effici entof@&m@mp@ﬁ al yasged Whet B Bro@R Rk Mt8che LRIPES @bl Bie
range. Therefore, oﬂtohf%enmg e to keep the tenperature of the

sol ution conpr|S|ng the "UT €8 and e urease at the optinized
tenperature range. | rit8dne ‘Sisodichertsof teReverehperrmreys eovsshedranrged
before the sol uti@nydgeconbachedotmitofen ufc@ageed foNead £8MARLE bbehmonia.
enbodi nents, the ﬁh@r%@rtﬂé Ea@%ro'd&ecfrb@atﬁg%gce%f 1E %%&J&ﬁly 579’} lil;dl%g’l gn% 25% .

contacted with urea | uti on conpri si ng
urea i s warmner tH%ﬁ%?hg”ﬁ%ﬂﬁ?%ﬂm¥ﬁﬁﬁﬁﬁﬁﬂﬁﬁ¥ﬁm$ﬁmFH@§é“?Hﬁﬁﬂﬁﬂﬁﬁfs
the solution is cowloeddebihiexdesin ot emrpenatiemeronk e gtdresent in the
enbodi ments, the EOhkideORIsh Sm)a(gtheb @lp@fWeﬁﬁtE' sﬁﬁ&enﬁ}elﬂp 43l Jids Qe pLeElan{ ihese

[egggg:ll :Tﬁ I’lts 3 rr;[a h g m%)g é}fﬂ:mog can a1§o th gle%entqn t¥1eogas% nm?ture %lpclu%‘eﬁ gy tlisl%lle L? 1olng;[1 u :: g mpr isin 9
urea is changed to é%%@e 25“€wepﬁﬁ§ﬁﬁé bﬁﬁﬁﬂ@ﬁéﬁﬁ§mﬁﬁﬁﬁpﬁﬁﬁﬁ§ﬁéture
of the sol ution doimeet sieRy iuteaeng. changedbt o aboveidavaiGble it @oNME

embodi nents, the r&m@rbaﬁ ME)@dlexd m@fr&olhugas A0 TR dx SRl sle§es
changed to above 4

C. nent s, erature of the
sol uti on conpri si‘fg efﬁegéo rienfsm?: ater 8’39’?823 A58 &ﬁlﬁm’@y%})ﬁd Sy drate can
enbodi nent s, thebﬁéﬁﬁéﬂEWUPém@Fd@ﬁ@f@@ﬁhﬁmﬁﬁfcbﬁwmﬂgﬁﬁgk&h@%)m%w
changed to above w60 wiier 14 HAveSiOiE RIrBeE ndBRfdsie (LiDB H @Rk akil: a@fvid he
sol ution conpr i Slcg}gonl'!ﬁogﬁe C%Z)Qbé'@gﬁxqm} cg b@rgtg&%ng a& thrlse 1%91%5 of water.

enbodi nents, the tenperatur he sol ution ¢ risi g urea I's
changed to above §ﬁw*%?gW%“§ﬁﬁ%m%ﬁﬁﬁﬂ?%@ﬁT§“m?ﬁ@@%enperature of the
solution conprising urea is changed to 69C. [0021]In sone

enbodi nents, the tenperature of the soluiion conprising urea is
within a tenperature range. In sone enbodi nents, the tenperature is
between 25-90 C. I n other enbodinments, the tenperature is between
30-80 C. In other enbodinents, the tenperature is between 40-75 C. In
sone enbodi ments, the tenperature is between 50-70 C. In sone

enbodi nents, the tenperature is between 60-70 C. [0022]In sone



[0024] I n additional enbodinments, the netal is in the formof a series
of sem - porous concentric rings that would allow the gas to pass
over the netal nore efficiently. The concentric rings present a
greater surface area for a nore efficient reaction between the netal
and the gas. In addition, because the rings sonmewhat block the flow
of gas, they cause a pressure barrier to exist between the upstream
space and the downstream space fromthe ring, which, as expl ai ned
nmore fully bel ow, assjost] i NTHehematningwhanfimbiier gaguotdiis oliglent Nexe pRteal

catal yst. [0025] | §,apQkhe alsc%m:e@%ﬁ%mal caalbs@ C(meag mmm kA bt m@d & %meof

powder, or small eI | et ich presen [ an
efficient reacti o‘g 10" t]?i e r‘faCt% g ﬁ*ﬁ"éﬂbfeﬁiﬁ“&#‘%‘é%ﬁ“ﬁéaﬁg“e?“ 5 é‘ 88te a
plug flow reacti o%?talégpe@km é? fe b efrom, | b0 26 Jridpies vl reeHon dilmemites,
t he met hods descr énbedmbrey®d firdobl B reBRERKihSLmE MRloACKIdA GatbrRE skl 455t
gaseous mixture %};Ahlsaﬁge%@qa@a&e%gx%fa&greﬁw%%qmﬁa%@nd gaseous

m xture, where the second gaseous mxture has a higher percent
conposi tion of hydr og@HSt hakefFeeesy ?ie%efate@%‘%‘ﬁ%hoiiﬁ%fﬂsre‘éhﬁﬁf%@‘?‘ﬂ*ﬂ some

enbodi nent s, the ‘sesgrmrechinglasiirogo fipgreinde stiorel apiol] or usahvichve &nobe | n

its el emental forusedl LakRatdy elyhyarbdie Bt aled GRReS pbier @Mue@¥didAtai on
state other than ze QeisnS gm@ as in an oxidized state or in reduced
state. In some enmbodi nMen the netal catalyst is a main group netal,
while in other enbodi #¥ft s, Thihen vist spec dbAsiistercinsis 2 prbdsiitrkringet al
I n certain enbodi mesntis hy(trdsgen e nBth@ircoypisifRbadcting 8 sdtitibhdothpisink AreS\@1NR
enbodi ments, the pELAal prbﬁceraﬁﬁl%ﬁmndlc&m@@aL zmnto% w;m At 8% %m% HoffeSuUCh
salt is LiOR 0028; In sone 9 r& , the netho descri bed
herein further cohpfise ’P%tﬁrﬁv‘?“%s%gﬁé)eﬂ‘?aé}é’ §&"front the solution
conprising urea subsef@int The sprtioe eripngretubre cfrivrisst 2 gdwriobrs o dssalice.
[0029] I n anot her a&peGhake dissHinOse tlerb@ k@ iHAt it Sandred¥RiviNOE uﬁbfaseprlﬁ)d&.f@jnng
mol ecul ar hydr ogeaayb%aﬁ,be%ts R BOd gL fggmo&egm&%g Do S 4 gofaﬁo

conprising urea wth a urcasc uce anmmoni a; cont
anmmonia with a fiPSPEarE 1§/%"taq’f66“ 69]‘6‘6‘%18%‘3"53“? ?‘ﬂb%dt‘megfézé‘@dﬂ%“‘)ﬁf%’&?"é
conpri sing nol ec ulr@reotpyishs @gjed waamn dhidont egtmeliyghe tieal ifires tingasebuste

mxture wWith a sesonghyERlalaytsivelRd &@&@L%@l@fm&heﬁ&&@cﬂdes&@&ﬁ@ﬂﬁ Hextr €,
wherein the secondbgjasetoq m_xit.ure hagwgmhcalgbesdecpe gjnt conposi tion

of hydrogen than The Titst Gaseous mxtuf 1 5P Shot Rer

aspect, di scl osedPtHeEIH: @@ltaguﬁ%q\ﬂ%éogﬁ% Sl‘?%egoaecﬁéf%ﬁnkﬁrﬁhﬁwalﬁvm%gen
FIG 1 is a schemathwadrawi ng of an enbodi nent of the hydrogen

generator 100. The hygj9gen;gengrat Ol wlwkﬁﬁ%maal{ggaﬁwe% m@sse'
102 where the solutl F conpr e ur

and
ammoni a i s producd&d. “1693%]q ﬁ‘tab’&t tlﬂ@r’?ﬁc?&‘ nﬁ%‘#}feg’pe“i“ﬁeem?%ac P Pfe v‘b@sel
102 conprises a tdevperiaker ée ot of inictutiqusertprigiesimyes: aMiife uteesapérat ur e
control unit can dgpfhise t@fpeyh’cﬁl‘é@hge’[ esol e EARdiadntld ) 1R temperature is changed before

the solution is contacted with urease. In alternative embodiments, the temperature is
changed after the solution is contacted with urease. In some embodiments, the solution
comprising urea is warmer than the desired temperature. In these embodiments, the
solution is cooled to the desired temperature. In other embodiments, the solution is at
below ambient temperature. In these embodiments the solution is heated to the desired

temperature.
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of the contents of the reaction vessel 102 or nmaintain the
tenperature at a pre-set value. The tenperature control unit may

i nclude a jacket around the reaction vessel 102 whereby a cooled or
heated fluid is passed through the jacket in order to maintain the
tenperature of the intrahuninal space at a certain predeterm ned

| evel . Alternatively, the tenperature control unit can be a heating
el ement |located within the reaction vessel 102 that can heat up the
contents thereof. [00@&3Al tﬁl’scﬂl&ta.lnvcﬁlniéms ﬁl@@mﬁ&ﬁ%&toif QQSO\(}@&&@&;}H&QQWQOGS

hot have a t errper@t gcd%)%oL £5 A&ﬂl ltn some emtboae efits, etgb%?am eg%mz of’ ﬂtl soﬁtwn
ang he

tenperature of the soTutlon conpri si ng urea 1S chan
predet er m ned val WEPHEEBFE' tHARSS PGS 3B |I“ss°in‘h@chbE’fEFEF€§’dhelter‘i‘tP€faft‘fﬁ@fﬂw
reaction vessel 10Rtion] @983jnknraomebaegwdodieMos C. t hiesont easBin@Ng YIRE | S

added to the reackhRRnVesSE! ks &lmmglg u}eﬁl lsS&Ldez Jo%gve% o@s P L. of a
solution. In other eJ‘r‘o

0 on_.ve es a
layer of urease 10%° "Wﬁ‘g tﬁmﬁf)elfﬁ?rf@% helSOIPtf%cqmgS}sé”ig u‘@‘i‘ b ﬁ}}a%gé‘%té 3%46()%
shown to be | ocat&doms etbh&ntsst ho o teaplution eympyigsesete i Ofnged i s
under st ood t hat tzmevehay(erm@cfmeuﬁqe@s}ema,%teﬁa@dﬂaﬁb@oflt}@@aﬁtaﬁico%@wﬁgareelsi n
the reaction VeSSL%ngng%, abf)\grSO%a‘nﬂl sgmca%:h% Ehg Qx%glat%e otf r{'{% so utllolns
| ocated at the center of the vessel [ oati there
[0034] I n sone enb"(%‘f’rf?ﬁ‘ﬁ’c‘r§als?}?’€%?st%6lg held in snall packet S WI thin the
| ayer 104 and is rel cé®&l sllowimg einpitiigettdhée re@oiconthsolutidncomrisihgurot her
enbodi ments, the i ayel a dQ4GI It SBSord ERIER, lh@@mﬁ&dttﬁ}@@ getxfze@rr fubation

of crease, fOI’ GX%ITBJ %epé{nb%enfddleq %rgtgr]elf”b aesegi%d %ngo&lon_grn%x dlmemt rix

that dissolves at a desire YE4CTi on
vessel 102 furt hef® EBRpIedEs™aenfPY e Ehgwe %IH?@‘W#)“FS IrHemnyiRRErs beEpfbe a
mechani cal m xer , 3080 &1 &t doGe mbx&ngntsOhe t@npaech A hirgab s0agicc.at or such as a

rotating blade. Al ter{@@w vqhyometelagodmea@%c atg%téon%@pa&lmtwhapyﬁs the
sol uti on around vg e, feac 1| on. odi nent s,

enb
the reaction vessel® I%ﬁﬁm GG ot EBHE 15F Sh§§‘e%1 C?ﬁ%iféwn of augrbﬁ%e B Phese
enbodi nent's, the %6 uticom Agkitiationn Oltlatpé‘édi sye- fheme epfotiners. dndetdl he
generation of gaseelys sanmBRigu SetSlfileGi efd chfbdifes, tRanE0bidljson .t 0 a

sati sfactor y l eVQJ'ansﬂ{oQ %Q] Phﬁieﬁ&@@k@émﬁéﬁ s &%&1{)19 Qxet)(ﬁ 1§ %%J(al 1%? other

conpri ses an openi ng. 106 throu ution conprising urea
is introduced i nt® dff’ée‘l‘ifé}?éréWSIt‘g"d?tal‘Fﬁb‘§18ﬁe embodi nents, a pi pe 108
| ends to the opening 1B, Jhemecatthdmewlthstneshs m*emmsmsmngfmmaealnbthmvel )

t hrough the pipe 4B&iane t&r}ﬁe@ﬂ 8 ul h@n Vl%l%&)lund]i@% ks QHQR it hen@ Q@cm ng
106. In sone e rrb%gclh qs?aa(l‘%%ssfalt Inpsoxge ern%od8 ments the Imeta whe‘? F]r eggglﬁa%% ngffmnlseé of

control unit (not i se or

t he sol ution corrﬁsrlfl%SF‘ﬁfj‘— iﬁe@‘am%ﬁd}f éth?fﬁ‘éld S'@F Betiie hicl s prtviadued P nt o

t he reacti on vess&dw 302us afienii @npes itk vel e helal, ummherrmyodmaﬁd wee a

j acket around t hempj @&a@&w}@l@&ﬁ 8D YndiGP Rl 2O, J%%@ﬂorfi 0y fu! $ Qassed

throughthejacketbd : % to maintain the tenperature o

i ntral utninal space gfen%l er?"(kﬁl‘%prﬁﬁ%ﬂle‘i IQ?S?ﬁOW%Sa"X d%ﬁ‘étfmal S¥FP Gt ﬁ%’? 15
enbodi ment s, t he vhshpdrintdireaickedritmsokd ivniops ¢ Stroger. el ectrical coil, or a
heating unit, | ocatedoot himpadiitiFRRmBIdingRhD Be 2O isande BALr heALs Otélaﬁl

i quid that pass'a&o&s*agn@&gn b R%PLRE A0 0, &8s %ggﬁefn%% Lemenghure.

[0037] I n sone enbodi nents, the reaction rises an
openi ng 110 thr oJ@%COWFtEWII’tg%@%%éﬁTPM?@Jéféﬂeiarﬁgrf‘)‘rﬁ %r‘ﬁ"rf@‘@lméaaﬁ‘é% betfigsn
reacti on vessel 02t ppddiorees. embgdbmbatus:, tharingd paedhidldce e Soawiays, f r om
t he opening 108. The pipe 112 can |lead to a disposal tank, a disposal
facility, or the sewer, where the spent reaction mxture is disposed.



100381At tines, the reaction between urease and urea does not go to
conpletion. In other words; after the reaction has proceeded to a
poi nt where no appreciable anounts of ammoni a are generated anynore,
there is still significant anbunt of urea left in the reaction

m xture. It is desirable to re-route the spent reaction mxture
(i.e., the reaction mxture after the reaction to generate anmoni a
has taken place) back into the reaction vessel 102 so that the

remai ning urea COﬂHéyadmR@Q pled3@6 @Jnﬂ:r faaasalsttx@twéeu %Q&m&&p&wﬂ ﬂteqio&nkz@eam

urease. According| sane ) e 114 is
b 6
provi ded that can %( romt he Welﬁ asreé al?el Bnﬁre%uﬁgw asfol tg P thée™

reaction vessel 1@‘2ughlﬂﬁm§‘61r?§aléhbodl ments, the exit opem ng 116
(openi ng through whi clozshe Ispefter ddaiicnOne Mbadtivin e feaveswider eedct i on

vessel 102 and engeggtss whibeprBLRE hﬂgﬂréafaae%reil kotf amfmn@reicﬁdntt%ké hat RN
renove urease from he urease

within the reacti®Bh Eiléaé‘zg‘fsedtlﬁﬁeafe fuiF’E‘)r rFflétfon ra%eé@f"?eg siony n sone
enbodi nents, the fil té#sis hswwmbqﬁ@mm&blnﬂethm#w%dé@elmﬁbﬁn cqmeprise

i rrlper rr:sabl et O\r/]var AStadlFCRERst ghadus SR EHIE 8adne cdMaBE BSduSdBdedoBd gaseous

nol ecul es, suc t not
shown) is provi dggm\é@a“?l rgglﬁg%%?]? a%e"i’sl ﬂﬁ&gﬁoﬁ%ﬁ%ﬁaﬁdﬂ ﬁ’r Wg{ﬂhe
pi pe 114. 100391ARSBERT AFOLTBYS provi ded through which the

gener at ed gaseous amifitra existre duhalinreaadlicisopndweagise bonb(@s 2 Reigf @rdbl vy,
a pipe 120 carri egnbtheigenenated. ga&sa@@xydcm £8 38 ad GQARLIsRe SO8E

fe F?g'? i gg? tais y S ? I'T? g g ql(e:zgrﬂ \\I/\sné%_h[]alé I;]naa?ﬁ‘(r)gxﬁllzcjd sta’ce %‘rr 1% I'G%I(lf c? srtzitee %n (S)Of e%%%c% n}éntg %h'e The

t hrough t he rever®®! Fhpd: 2 ’P”r“b%f@’@@eﬁa}e‘é@ﬁ i“‘(ﬂ"ile @H@%tééleéﬁtﬁ\/fémyﬁl‘ K 2some
enbodi nent's, the watiwhystl 1122eeonpbidsests, Micokdl group mesOREhBADAMORNT S,

catal yst 122 is aenﬂwﬂe% ﬂr;ern%ﬁpgms@n% m% satalf(ulg APSadoR ok @cﬁst;uas L@ﬁm of
concentric ri ngs, ei t[{’fﬁ@ ate ec ional l within
a

the Pipe 120 so that ‘ﬁ‘i“’a?m °§§n§’§% ?H‘Fg‘ﬁ‘bﬁ“%ﬁe& wat éf‘m 5. In
ot her enbodi nent semovigathauspase frqppie memnmng wereybsagfent therogyripethd 2@ so
that as the ammrga@o@aﬁ&e& through the pipe 120, the ammpni a passes
over the catal yst 12 I‘ oV, %E%er a%ec?qg&(%&ther% ;SQn{efElOd of pr?duciﬁgrgo(?%\ilt;r A

second catal yst 124 |s an renpve soO
non- hydr ogen” gas s%%mge%lﬁ}&ﬁ“&gd CEPBER “WRoRE H@I“(‘?j‘éﬁg%r‘ﬁf‘?e‘ﬂead‘ﬁt? P HGt e
hydrol ysi s of ureaduv@pdmemid coogeins hgenenatidd: fauraalyg (¢ haee ier sgolsiaber

Process reacti on)mixib %n@ﬂ&@%cﬂil nfcalzal g Eonaaaﬂg 18 fikiQade S &%&%& he
percent age of hydsléc%lgde catal st %o ro%ucea econc? ag)elél&s% € Whelemqhe seconrgb 43 ougns 19‘%}8 the
catal yst 124 conprises 11 PRIt * 1 SEme SR ol MEhlS TAEarYsT 154 i s
a powder present héssa}%hﬁﬂpﬁfgem ‘E?FHP‘PS§1°4 Cﬁhﬁtdf?éenf‘%li”ﬁ‘? Bt SEeHTRNF c rings,
either of which is | goeabtled 16 noss- 8eaf dioknal hafeins tahikticetfbrahepiepeatid2d so

t hat the ammoni a @'@g%}?sﬂbhf Q gg&e&éﬁ@d%@df¥§émb&gé}em J)fq_he%i&; en generator

enbodi nents, cat 0 that as
t he amoni a passg a5 {W ol rﬁge‘f‘ ﬁéﬂeB Obéooifg‘ges aﬁ%mgm%% 202 r§e1§e BYEF t he
catal yst 124 and Ce@msgwwae@hftla@{e aggifoted 4ot amflc@@42iolictd mat el y, the pi pe
120 carries the devi gensgut ghitonk emtoli@er® herefon &R 10T BhpSded LetferatdSe My

be a stor age ! Ocacglltx_%ﬂjmt g‘xotf lh(!v&éxé/ hl%g teB 1almi;eyc%>nnlgl u%lti 5%5 }agp 1 10 letﬂeete | Jamr%) r
sone of the |npur| i'es and entit ous gasses I n the devic out put
are renoved, or & EHABIEET PGP EAGR MEsei e tFP?Ei?pG@E‘ﬁ o PTHEEEY, and
the like. [0043]HmesmmsmeﬂbmdhmamMSmmga@e$ageméﬁa&&dmw&mﬂhéwmea&t|on
vessel 102 are sucked or pushed into pipg 120 using a punp (not
shown). In other enbodinents, there is no punp. As the reaction
proceeds, nore anmonia is produced which increases the pressure
within the reaction vessel 102. The increased pressure causes the
gases to escape through pipe 120. Also, as nore solution conprising
urea. is added to the reaction vessel 102, the headspace vol une of



EXAMPLES [ 0046] The fol |l owi ng exanples are non-limting and arc only
illustrative of sone of the enbodinents of the invention disclosed
herein. Exanple 1: Ammonia Production [0047] Amonia was produced
using the follow ng procedure: 100481Pure urine was placed in a
beaker. The tenperature of the urine was adjusted to the desired
tenperature (see Table 1). Once desired tenperature was reached,
urease was placed in the heated urine. The urease used was from
Canaval i a ensi f or ngogled J acled Bean pas{cCASuMUEheket Q02 -tdBailhsin ObkajcpRE from

Si gma- Al drich, cagrmefhikaa %%&{Q ce@atm pr&eterﬁlﬂédtl%lmke(rgan%w ‘&'\e &&J@Ia%%po nds

to the anount of en es 1 m nut e at
pli 8.0 and 25 Q) °°11T%812t1‘§:ﬂ£53§ﬁ%38%{’ eg%f“e’%gbaéc W%*B%‘Reera“ “ﬁ K 2 P gt cgn heat
sol ution was i meditcelysgeaded over the beaker. The col or change
fromwhite to brown (p@al e afernwhil,eheylcli@wedsiigbt ddas mmbraOhABature

br own/ dar k br own) ot S t o .amount of
Ammoni a creat ed. %%%§?gédfﬁ?eg?%&gﬁ%nggf?ggﬁﬁﬂﬁ¥g ﬁ&lfmmmn?ﬁumamT bl e

1: Results of hbs@?@?’@ﬂ%@ﬁﬂ??ﬁﬁ“ﬁ%@%bﬁ%ﬁ%@?&?ﬁﬂ%quthﬁWhﬁe%%mBO sec
Color at | nun Cotegelied 3 mn 5 Yellow white

[0033] In some embodiments, the urease enzyme is added to the reaction
vessel 102 either in solid form or as part of a solution. In other embodiments, the reaction
vessel 102 comprises a layer of urease 104. While in FIG, 1 the layer of urease 104 is
shown to be located at the bottom of the reaction vessel 102, it is understood that the layer
of urease 104 can be located anywhere in the reaction vessel 102, for example attached to
one of the walls, located at the center of the vessel 102, or floating therein,

[0034] In some embodiments, urease is held in small packets within the layer
104 and is release slowly into the reaction solution. In other embodiments, the layer 104
comprises a controlled release formulation of urease, for example by embedding the
urease into a polymer matrix that dissolves at a desired rate.

[0035] In some embodiments reaction vessel 102 further comprises a mixer
(not shown). The mixer can be a mechanical mixer, a static mixer, or a mechanical
agitator such as a rotating blade. Alternatively, the mixer can be a pump that moves the
solution around within the reaction vessel 102. In some embodiments, the reaction vessel
102 does not comprise a mixer. In some of these embodiments, the solution agitation
caused by the reaction and the generation of gaseous ammonia is sufficient to mix the
solution to a satisfactory level.

[0036] Preferably, the reaction vessel 102 comprises an opening 106 through
which the solution comprising urea is introduced into the vessel 102. In some
embodiments, a pipe 108 leads to the opening 106, where the solution comprising urea
travels through the pipe 108 and enters the vessel 102 through the opening 106. In some
embodiments, the pipe 108 comprises a temperature control unit (not shown) that can
raise or lower the temperature of the solution comprising urea before the solution is
introduced into the reaction vessel 102. The temperature control unit may include a

Jjacket around the pipe 108 whereby a cooled or heated fluid is passed through the jacket
-7-
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in order to maintain the temperature of the intraluminal space at a certain predetermined
level. In other embodiments, the temperature control unit is an electrical coil, or a heating
unit, located within lumen of pipe 108 and can heat the liquid that passes through the pipe
108 to the desired temperature,

[00637] In some embodiments, the reaction vessel 102 comprises an opening
110 through which the spent reaction mixture leaves the reaction vessel 102. In some
embodiments, a pipe 112 leads away from the opening 108. The pipe 112 can lead to a
disposal tank, a disposal facility, or the sewer, where the spent reaction mixture is
disposed.

10038} At times, the reaction between urease and urea does mot go to
comple{ion, In other words, after the reaction has proceeded to a point where no
appreciable amounts of ammonia are generated anymore, there is still significant amount
of urea left in the reaction mixture. It is desirable to re-route the spent reaction mixture
(ie., the reaction mixture after the reaction to generate ammonia has taken place) back
into the reaction vessel 102 so that the remaining urea contained therein can be further
exposed to the urease. Accordingly, in some embodiments, a feedback loop pipe 114 is
provided that can Ioop the spent reaction mixture back into the reaction vessel 102, In -
some embodiments, the exit opening 116 (opening through which the spent reaction
mixture leaves the reaction vessel 102 and enters the pipe 114) is fit with a filter that can
remove urease from the spent reaction mixture and keep the urease within the reaction
vessel 102 for further reaction. In some embodiments, the filter is a semi-permeable
membrane, which is impermeable towards urease, but is permeable towards smaller
molecules, such as water and urea. In some embodiments, a pump (not shown) is
provided that can control the flow of liquid through the pipe 114,

[0039] An opening 118 is provided through which the generated gaseous
ammonia exits the reaction vessel 102. Preferably, a pipe 120 carries the generated
gasses downstream.

[0040] In some embodiments, embedded within pipe 120 are a series of
catalysts. The first catalyst 122 converts ammonia into hydrogen and nitrogen through
the reverse Haber Process reaction discussed above. In some embodiments, the catalyst
122 comprises nickel. In some embodiments, catalyst 122 is a powder present as a plug,
or is in the form of concentric rings, either of which is located cross-sectionally within the
pipe 120 so that the ammonia passes through the catalyst 122. In other embodiments,

-g.
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catalyst 122 lines the lumen of the pipe 120 so that as the ammonia passes through the
pipe 120, the ammonia passes over the catalyst 122 and comes in contact with it.

[0041} A second catalyst 124 is provided that can remove some of the non-
hydrogen gasses, such as carbon dioxide (generated during the hydrolysis of urea) and
nitrogen (generated during the reverse Haber Process reaction). The purpose of catalyst
124 is to increase the percentage of hydrogen in the device output. In some
embodiments, the catalyst 124 comprises lithium. In some embodiments, catalyst 124 is a
powder present as a phag, or is in the form of concentric rings, either of which is located
cross-sectionally within the pipe 120 so that the ammonia passes through the catalyst 124.
In other embodiments, catalyst 124 lines the Tumen of the pipe 120 so that as the
ammonia passes through the pipe 120, the ammonia passes over the catalyst 124 and
comes in contact with it.

. {6042] Ultimately, the pipe 120 carries the device output to the site of use.
The site of use may be a storage location, a further purifying station, where all or some of
the impurities and adventitious gasses in the device output are removed, or 2 combustion
engine where the hydrogen is burned, and the like.

[0043] In some embodiments, gases generated in the reaction vessel 102 are
sucked or pushed into pipe 120 using a pump {not shown). In other embodiments, there is
no pump. As the reaction proceeds, more ammonia is produced which increases the
pressure within the reaction vessel 102. The increased pressure causes the gases to
escape through pipe 120. Also, as more solution comprising urea is added to the reaction
vessel 102, the headspace volume of the vessel 102 is further reduced, which in turn
causes the pressure in the headspace to increase, thereby forcing the gases in the
headspace to escape through the opening 118 and pipe 120. In addition, when catalysts
122 or 124 are located cross-sectionally within the pipe 120, either as a plug of powder or
as concentric circles, they retard the flow of gas through the pipe 120 and thereby create a
pressure gradient across the catalyst 122 or 124, such that the pressure upstream from the
catalyst 122 or 124 is greater than the pressure downstream from the catalyst 122 or 124,
This pressure gradient results in an increase in the pressure of gas in the reaction vessel
102. The increased gas pressure upstream from the catalysts 122 or 124 allows for the
gas to move through pipe 120 and away from the vessel 102 without the need of

additional mechanical pumping.
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[0044] When the hydrolysis of urea takes place, urea is converted to CO, and
NHs, both of which escape the solution as gases. This causes the density of the spent
solution to be less than the density of the fresh (i.e., unreacted) solution comprising urea.
The spent solution will then generally be near the top of the liquid mixture in the reaction
vessel 102, whereas the part of the solution which still has a significant amount of urea
tends to be towards the bottom. Therefore, in some embodiments, such as the one shown
in FIG. 1, the opening 110 is located near the top of the liquid so that the spent solution
can leave the vessel 102 through the opening 110 and leave the unreacted solution in the
vessel 102, In some of these embodiments (not shown), the opening 106 is towards the
bottom of the vessel 102 so that the unreacted solution enters the vessel 102 at the boﬁom‘
and pushes the spent solution up towards the opening 110. V

[0045] In the embodiment shown in FIG. 1, the hydrogen generator 100
comprises a holding vessel 126 for holding the supply of the solution comprising urea for
the duration of the reaction. The solution comprising urea leaves the holding vessel 126

through pipe 108 and enters the reaction vessel 102 through the opening 106.

EXAMPLES
[0046] The following examples are non-limiting and are only illustrative of

some of the embodiments of the invention disclosed herein.

Example I:  Ammonia Production

[0047] Ammonia was produced using the following procedure:

[0048] Pure urine was placed in a beaker. The temperature of the urine was
adjusted to the desired temperature (see Table 1). Once desired temperature was reached,
urease was placed in the heated urine. The urease used was from Canavalia ensiformis
(Jack bean) (CAS Number 9002-13-5; obtained from Sigma-Aldrich, cat. #Fluka 94281)
at ~8 units/mg (1 unit corresponds to the amount of enzyme which hydrolyzes 1 pmol
urea per minute at pH 8.0 and 25 °C).

[0049] A sheet of paper soaked in Nessler’s solution was immediately placed
over the beaker. The color change from white to brown (scale of white/yellow/light
brown/medium brown/dark brown) was noted. Darkness of paper relates to amount of

Ammonia created. The results are summarized in Table 1.

-10 -
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Exanpl e 2: Hydrogen Production [0043 [After ammpnia was produced, it
was passed through a catal yst to generate hydrogen and nitrogen.

Three different catal ysts were tested:
rubi dium The results are shown

ni ckel ,

pl ati num and _
in Table 2. [0044] After the amonia

gas was passed and before it WRYS !pReulsd! Nepplgishlution Test

Temperature (°C) Color at 30 sec Color at 1 min Color at 3 min

5 Yellow/white Yellow/white Lt brown/ yellow

10 Yellow/white Yellow/Lt, brown | Lt brown

15 Yellow Yellow/Ltbrown | Lt brown

20 Yellow Lt brown Med brown

25 Yellow/ Lt brown | Lt brown Med brown

30 Lt brown Lt/med brown Med brown

35 Lt brown Lt/med brown Med brown

40 Lt brown Med brown Med brown

45 Lt/med brown Med brown Med brown

50 Med brown Med brown Dark brown

55 Med brown Med/dark brown | Dark brown

60 Dark brown Dark brown Dark brown

65 Dark brown Dark brown Dark brown

70 Dark brown Dark brown Dark brown

75 Dark/med brown Dark brown Dark brown

80 Med brown Dark/med brown | Dark brown

85 Lt/med brown Med brown Dark/med brown
Example 2:  Hydrogen Production

[6043] After ammonia was produced, it was passed through a catalyst to

generate hiydrogen and nitrogen. Three different catalysts were tested: nickel, platinum,
and rubidium. The results are shown in Table 2. -
[0044]

the catalyst, it was passed through a pipe. The pipe was lined with lithium in order to

After the ammonia gas was passed and before it was passed through

capture CO; before passing through catalyst. After the catalyst, the gas was passed
through a second pipe also lined with lithium. The second exposure to lithium was
designed to capture N resulting from the dissociation of ammonia into its elemental
components.
[0045]

The balloon was tied immediately after gas generation was completed. The diameter of

A balloon was placed at the end of the pipe to capture the effluent gas.

the balloon, in inches, was measured. The balloon was then ignited and the intensity of
the resulting explosion was noted. The intensity of the explosion was used as a
qualitative measurement technique for the presence or absence, and if present, the

amount, of hydrogen production. The results are shown in Table 2.

<11 -



the catalyst, it was passed through a pipe. The pipe was lined with
lithiumin order to capture CO2 before passing through catal yst.
After the catal yst, the gas was passed through a second pipe al so
lined with lithium The second exposure to lithiumwas designed to
capture N2 resulting fromthe dissociation of anmonia into its

el enmental conponents. [0045] A ball oon was placed at the end of the
pi pe to capture the effluent gas. The balloon was tied i medi ately
after gas generatlon was conp%QUedmdﬁheﬂﬁh@@EG@ha@ﬁ2%ﬁe baIIoon in

i nCheS was I’rea:l@tg The—bat asS e+t ed A nt e”°' ty
of the resulting Nécﬁﬁ. osTon q?%z‘e:ﬁ&a%oﬁn(dﬁaﬁét Pt .gz:glgc_gsﬁoﬁﬂom Fesi on
was used as a qualltgl T ve mEasyL enment—techni|g IR e pt ticay Hf ence—or
absence, and if |present, thg anmount, of hydrogqgﬂ@ggéhctlon e

results are showmubitiuvdabl e Z37idabl e 27 Resul fialzgge,@ég&pg%;gﬂylarge
Generation Test [Catalyst Size of balloon (diamebei) Intensity o
expl osi on Large explosion, big boo Nickel 4.3 1n Platinum1. 7 1n
Sl i ght explosion, no sound, not intense Rubidium 3.7 in Large
expl osion, slightly |arge boom

[©)
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- 12 - 1. A nethod of producing nol ecul ar hydrogen, the nethod
conprising: contacting a solution conprising urea with a urease to
produce ammoni a; and contacting the anmonia with a first catalyst to
produce a first gaseous m xture conprising nol ecul ar hydrogen and
further cempiceinrgiscontacting the first gaseous mxture with a second
catal yst to produce a second gaseous m xture, wherein the second
gaseous m xture has a hi gher per cent conposition of hydrogen than
the first gasebus nitxpahes. ofzerodupies meletide hdrosed athmmethodnbrampeising: tchacting a
sol ution conpri si ngsoldﬁ(ﬂla;oill§msﬁl@ uREWROUF eSO %H@@amlﬁ)ma-rabﬁ cmm(ﬂhecégnnoma
claim1l1, wherein theth }%I on..conp |5|p%%urea conprises. ani nal rine
wherein the animal 1S % tanngl . & $HOY BFUEIGTRISR AT B K P
sol uti on conpri si ngnd fustger @mh@algednttconatbc)\ﬁet gvpentxurenjten adcordecaplyit 0

to being contacted Mdﬁ& a%Ec%ﬁégaseo% mlItQQ wRibhagk Qfong éa@éom ému&%@! @llnpne }Q?
sol ution conpr|5|ng urea i s nperature sel ected from the

0
group consi sting of %689@“?%‘ggﬁ?@@”m@ﬁwﬁ&ﬁéﬁ@“ﬁ@“ﬁ@gree C., above
40. degree. C., above 50.degree. C., above 60. degree. C., above
70. degree. C. 12, and ﬂp Q\!tﬁocﬁg @00 @ﬁerenghe glutx&%@mﬁ%hg gxga %}lu@oltumofutxon
wherein the first catal yst conprlses nmet al 0 alm 6,
wherein the solution conprising urea is heated to above 70. degree. C
The met hod of 3¢l ai Mhé mewbeb®ildimtihehdei ak solsioh RoirRAE Died korfpdikdNaimal urine
wherein the netal i ekﬁﬂ%Qm%ﬁhgé&&BﬁﬂState ot her than zero. 9. The
met hod of claim7, erein the net is a min group netal or a
transition netal. The nmethod of claim9, wherein the transition netal
i's nickel. 1.TFhe nmethadthod ofclaah MwhereWRR s itHn tdi@rifihd Gla i9RSBOUSLIVE XhUidhe

conpr i ses nol ecul a tempgra{ure%uor to being contacted with urcase.

5. The method of claim 4, wherein the solution comprising urea is heated to a temperature
selected from the group consisting of above 25.degree. C., above 30.degree. C., above

40.degree. C., above 50.degree. C., above 60.degree. C., above 70.degree. C., and above

80.degree. C.

6. The method of claim 1, wherein the first catalyst comprises metal.

7. The method of claim 6, wherein the solution comprising urea is heated to above
70.degree. C.

8. The method of claim 6, wherein the metal is in elemental form or wherein the metal is in

an oxidation state other than zero.

9. The method of claim 7, wherein the metal is a main group metal or a transition metal.
10. The method of claim 9, wherein the transition metal is nickel.
1. The method of claim 1, wherein the first gaseous mixture comprises molecular hydrogen

and molecular nitrogen.
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and nol ecul ar nitrogen. 12The nethod of claim 1, further conprising
removi ng the urease fromthe solution conprising urea subsequent to
producing the first gaseous m xture. 13. A nethod of producing

nol ecul ar hydrogen, the nethod conprising: contacting a solution
conpri sing uree W ttheandtodaseladm® 1p|ﬁ@tdé1| Cdamﬁrm'ﬁg riinﬁovm@ R aedst MYmt A€ solution
ammonia with a nicke gaseous m xture
conpri si ng nol ecul ar 1<t gaseous

m xture with a I|th|un1catalyst to produce a second gaseous m xture,

wherein the segond gasaRUSf rﬂ&&ﬁdﬂfgemgl@&laﬁ hyﬂu%@@‘ rthep %Etﬁ&ﬂ Eonﬁogﬂ&o %bﬁtzlchnr a
of hydrogen than the i rst gaseous .m xture, he method of clai m

13, wherein the second cRFRIS"Eo ﬁﬁﬁig@geglﬁngﬁmmfgm %ﬂﬁdﬁﬁﬂﬁ&&mﬁ?a
cl ai m 14, wherein vweamekdkﬁﬂﬁtmeGWEnem1akﬂmsmwm@mmwhemenmk@Memwe@aL

is an oxidation stahe Skl hhan ga‘%o@s m&ﬁue T, ﬁ!ﬁhﬁpﬁta@@t tglp?ddme]a vecond
wherein the netal is mai n grou or a transition ne

The met hod of clalﬁ?Tgmlﬂﬁﬁ?eﬁﬁmFH:eﬁﬁpﬂbﬁﬁﬁﬁBMW§H§faP@“?PFﬁPUWPW”mT&

of hydrogen than the first gaseous mixture.

!T]P'I'? %rex Easeguea I‘O&I cm ?hl H‘St g[asi.eo

14. The method of claim 13, wherein the second catalyst comprises a metal.

15. The method of claim 14, wherein the metal is in elemental form or wherein the metal is in

an oxidation state other than zero.
16. The method of claim 14, wherein the metal is a main group metal or a transition metal.

17. The method of claim 16, wherein the main group metal is lithium.
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