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

APPLI CATI ONS [001] This application clains 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 Bl OMASS', and to U.S. Application Serial No.

11/ 874,499, filed on Cctober 18, 2007, by Aneja et al., and entitled
"METHODS OF PRODUCI NG HYDROGEN FROM Bl OVASS', the entire disclosure
of both of whi chMETHORSANY PEMIFERORERRRUCINESRRQGRN FRIQEBEIASRd by
reference herein. FIELD OF THE | NVENTI ON [ 002] The present invention

isinthe field of alternative %ﬁ%A@%S%@P&%%&ﬁmmﬁnd particularly in

the field of producing and using rogen gas as fuel. In addition,
the present invent®@h |STMhﬂmh@théh@swﬁmgemeﬂaﬂﬂ&nhoﬁmmWUAmgemwﬁrom

bi omass using gnzymEs 60/@73@6@%1@(1 oft %%]ﬁ«l:rﬂb%; 87, Weﬂi THE entitled

DI SCLOSURE [ 003] Mol ecul a s a ve 3
enV|ronnentalIf%ﬁ?ggﬂﬁl9ffﬂ%¥) Iﬁ? P§E@P§ENi¥ﬁOB&§%%MA§% a®Ri Ghiy-

exot her mi ¢ r eagppliemion aetiangNA 118749V gy oh Q)Ntoaertlgyaompay Ataajaret er,.and he

by- product of Lhis reass - dro en
does not  produc tgﬂ§§%§9€¢%§?§}een (gﬁge gas” by- prggh ﬁﬁmg d%ﬁﬁ%
currently is bésdggugstebtiad whigh|inchidmg apr dpehdsi anghetehe insprc@eddty utferbrge
into orbit. [0Q4l)i,Despite the many advant ages of the use of hydrogen
as a fuel source, hydrogen has not found its place as a nai nstream
transportation fuel. The major setback for the use of hydrogen

appears to be the sane propertiBHHI%UHTHEHNWEN&K&Htractive as a. fuel

source. Hydrogen i hi {Q ctl n,W th oxygen
rel eases a great 3 (ﬁ O?Phee r%)resen mve;&?]lon i %xgtg% 1¢ alt %clean s, anX

hydrogen with mwvgbnymsmeﬁwéméﬁmw@mganhv@mab@kg&e%ph&&mwdha@mgmage of

sufficient am)bll@&:ﬁt i@ enfhds Qigﬁenﬁél(po e}(e?zni'oﬁ: h@hyﬁgg&% blbl];lass tlﬁ?x{g e%zymes
standard trip on a tank-fu of fuel, approXimately 300 m put s

the occupants HﬁnmPﬁEmW@ﬁlcle in a precariously dangerous position if
t he vehicle encountered an accident that would cause the hydrogen

Chal 1 engerexpl oded over Che MR BEgR T Ropas . “pace shthe

[003] Molecular hydrogen is a very attractive environmentally friendly fuel.
It reacts with oxygen in a highly exothermic reaction having a relatively low activation
barrier. The by-product of this oxidation reaction is water. The use of hydrogen does not
produce so-called green house gas by-products. Hydrogen currently is being used as fuel
for propelling the space shuttle into orbit.

[004] Despite the many advantages of the use of hydrogen as a fuel source,
hydrogen has not found its place as a mainstream transportation fuel. The major setback
for the use of hydrogen appears to be the same properties that make it attractive as a fuel
source. Hydrogen is a highly flammable gas whose reaction with oxygen releases a great
deal of energy. Any uncontrolled reaction of hydrogen with oxygen is, therefore,
invariably explosive. Storage of sufficient amounts of hydrogen in a vehicle to power it
for a standard trip on a tank-full of fuel, approximately 300 miles, puts the occupants of
the vehicle in a precariously dangerous position if the vehicle encountered an accident
that would cause the hydrogen tank to rupture. This tragedy was witnessed when the
space shuttle Challenger exploded over the Atlantic Ocean in 1986.
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[ 005] The solution to the above problem appears to be the in situ
generation of hydrogen from sources that can provide | arge
quantities of hydrogen on denmand, while in thenselves do not react
uncontrol l ably with oxygen. The hydrogen source, and the by- products
of hydrogen generation, should both be easily di sposable and
environmentally friendly. SUMWARY OF THE | NVENTI ON [ 006] Di scl osed
herein are nethods of producing nol ecul ar hydrogen, where the

met hods conprise céWfhct i Hy salvdas e fhe BWV?:HH?J?W §Ii’pﬁ'ﬁs {orbedhey ity ssntignse
to produce anuihgiragendinsh sc@8ds aat dan gro’(flhela@mjﬂlﬂﬂltﬁs wi Hyhro@enfoh d&tiang,adhild y St
to produce a fir 0 Xt u cul ar

[007] Also di Sclﬂ%téngg eg_r%ekl()% retafq’fl uacon{rcﬁlaﬁ:l}f Wgﬁ oxyﬁe r:lr“gnhél%rolgen sowccy andqgeq)y-
where the met brodists ©bhphiese gm@@cshonig beth $o Iea&tly disposableanil swrrgnruﬂn@éy
with a-urease fhdiyoduce anmmonia; contacting the anmmonia with a
first catalyst to produce a first gaseous m xture conprising

nol ecul ar hydrogen; and contacting the first gaseous mxture with a
second catalyst to produce a SSROOARYY QASEBUSVENKION €, wherein the
second gaseous m Xt ur e Q it of h ogen
than the first gas %ﬁ ?55%Jh%%ﬂ¥?8%é%§ﬁﬁfofﬁ? ‘Thﬁg &%%
[008] It will @en&ﬁ@@e@nmv@dmmhamg@héwdmammmgg@an@wwéman@@@gsap®ky to

scale, wth efphasi snd 83kLeAY RLINbR! Raed ﬁgnca!téblsut%tgr@&lwg fiksh Baseous
vari ous aspects, and features of enbodi nents of the invention, in

whi ch: [009] FW@?“?“W@“%H“?q?ﬂ%ﬁ?@??ﬁn of an enbodi nent of a hydrogen
generator. DETAI Llﬁm7DESORbdDaih&akbcfEe M@REEERRE@ nEhBﬁIBI HYENES, (0Rd 0]

In certain as p%Ct Sth éljsl $G QS,Seec%ntac%nc a s?l rg crorggrll(smg urea Wi eztrlgr%a?'st LN oduge
hydr ogen fr om anoni a € armonrt a an i Mt urRebe Protuced

by reacting urewuseia; eqmzaymshe\mntﬂhvn@rve‘da a fight exredsbto aroducg aiedt Raskavomktwe ass

of enzymes th a&on@ﬁﬁn% QLiBG1ak dr(%@ﬂ; taﬁc[ l:(ﬁtact%@ ViRr il gadd&fs! n§§tulng1%edas§(;ond and
a nunber of higher ants. |nar| , . ureases catalyze the

hydrol ysi s of ﬁ?ﬁ&ét%mfwmsecg%%ﬁ%%aﬁ BRuEe WHTHHD BAitARdgeseops migs hes 2
enbodi ment s, tlighef &8 tdnt torgoaiINDNhy@Ardgsn thanaisedidt gisbout Rexng@l uti on as
annnniunlhydroxide. Ammoni um hydroxi de exists in equilibriumwth
anmoni a, which can be dissolved as a nolecular species in the

sol ution. The dissol ved amPBRFaDESCRIBTION OF THE RANWINGS i umwith -2

{008] It will be appreciated that the drawings are not necessarily to scale,
with emphasis instead being placed on illustrating the various aspects and features of
embodiments of the invention, in which:

[009] FIG. 1 is an illustration of an embodiment of a hydrogen generator.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

{0010] In certain aspects, disclosed herein are methods of generating hydrogen
from ammonia. The ammonia feedstock can in turn be produced by reacting urease
enzymes with urea. Ureases are a well-known class of enzymes that are found in
bacteria, several species of yeast, and a number of higher plants. Primarily, ureases
catalyze the hydrolysis of urea to form carbon dioxide and ammonia. In some
embodiments, the resulting ammonia is present in the solution as ammonium hydroxide.
Ammonium hydroxide exists in equilibrium with ammonia, which can be dissolved as a
molecular species in the solution. The dissolved ammonia is in turn in equilibrium with

-2



gaseous ammoni a present in the space over the solution. Therefore,
the ammonia produced by the reaction of urease with urea can
ultimately be present in gaseous formin the space above the
solution containing the reaction m xture. [0011] The Haber Process
for the generation of ammonia from hydrogen and nitrogen has been
known since the tine of World War |. The reaction of the Haber
Process is an equilibrium Through the use_ of catal Et and the
removal of theSaMibATE™ME PR Pf‘eg\?esﬁ%%odﬂ e AP hi EUP P h AT an
be pushed in tpredicarhyaldeadtionsgtican Wit ureg cntuitimaelytt eregenie zasow forofin
ammoni a [ 0012] . the reaction shown
bel ow, can al St(})lﬂ})%cera%é!\% %?gmof %galmgﬁ\fgg %ﬁ%gﬁﬁﬁ(&rﬁ with the

sel ection of a ri gﬂﬁmﬂat alhpdteberfepcesp far ﬁhezgé@ratl@a@ftwn@éwmhyﬂ@z@ and

$hmmm a can bgdddh m&d?]e%@ kﬁfﬁk}n%ﬂék ale tfiﬁ%jédff%(tﬁm Wﬁutdx nn{e?%h@{ offthd HQ&?“

e present inyentors haye. covered that certain tra ion ne
Catalysts are UARGRRYSELPTEY TEOEE Frare ey s iy Sror R e BUBPEE. of
the Haber Proc#es thel macpar tediuh alfe, equilibrmmenariosicdentts, fotvhae Jaseous
from of ammnéogm&ggle%&eg@%&qn&gﬁ% or through catal ysts containi ng
ni ckel to convert the” anmonia to ydrogen and nitrogen. (0013]

the stoichiometry 0H013lhe Teverseoffbberirecsste saeing Shofﬂﬁrbé'éwnfiﬂpéléo of
hydrogen and opg gmkte of nitrogen are produced for each two nol es of
ammoni a. Therefore, the gas prodtjz%eﬁﬁ_bx m S, process IS
theoretically 75% hydrogen and 25% Hi em. ?ln actuality, the

per cent ages ar thal Bseitthbcaits®nwad eght vadpt ankl opiimitddecadt@aontit®as émmonia
SoLuti on and ahBPlnll OXhdR L BBLAGHPhER.APRRLA! R HAG AIIRAL flua" ©

al so present int gas m X urrties wt
sufficiently |&woveagdchet prriaiadapsdiop rnefgleqq@wthare vm@%@wﬁi tooificieatly eteae be

present in themgasetd M&M&b&@&@@eﬂl @Mmﬁlﬁemrs@ﬁgErhﬁbﬁlme[n@Qﬂélﬂaséoﬁ‘s Sanre
enmbodi nent s, |t is desirable to increa ercenta elgg % g%J _
SR AT U Rt R A R A
can renove Casmpamiadd bxirghen additegtmer from the gas m xture. For

examl €. ol ecul ar (R CShs EARNRMSEEr O EIONBNALEL LERTMLDRIES

m xture. Lithium hy e nono e can to renbve car

di oxi de from t?fé“yﬁ‘ioﬁftnmﬂé Ontﬁlphloérlﬁt%%r%%@fé@cﬂ_fowh ER Eplss owrwpnwﬁt er
to give |ithiumchydsaxd 68 TR Bk @rdcbsk GHnbR&dcaly W By dided BRI 25%
reacts with carbon ]gli oxXl ve |ithium car bonagleurng 2CB)

and three equi Rl}gcrgglht aB?al%tﬂ%Ipercgntages age less because water vapor from a-urease

solution and carbon dioxide from the step generating the ammonia are also present in the

gas mixture. Also, any other impurities with sufficiently low vapor pressure present in
the solution can also be present in the gas mixture produced by the reaction.

[0014] In some embodiments, it is desirable to increase the percentage of
hydrogen present in the sample. Certain scrubs are commercially available that can
remove carbon dioxide and water from the gas mixture. For example, molecular sieves
can be used to remove water from the gas mixture. Lithium hydroxide monohydrate can
be used to remove carbon dioxide from the mixture. Lithium hydroxide (LiOH) reacts
with water to give lithium hydroxide monochydrate (LiOH -H,0), which further reacts with
carbon dioxide (CO;) to give lithium carbonate (Li,COs) and three equivalents of water.

The resulting water can be removed using the molecular sieves.
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The resulting water can be renoved using the nol ecul ar sieves. -3

[ 0015] The remaining main inpurity to renove is nitrogen. The present
i nventors have di scovered that a netal catal yst containing lithium
can be used to renove nitrogen. Lithiumreacts with nitrogen to form
lithiumnitride, Li3N. In fact, lithium mnetal appears to be the only
Goup | netal to undergo such reaction. In sone enbodinments, the

nitrogen can be re:f&b‘{ﬁd USleN Qxﬁé‘mﬁge%% %ﬁ%l?&'re%%vﬁt IE{IEC)FF%L ﬁ%’ﬁ)rese‘%?

SBA 15. These materi al’'s have SUTfa rea and
wel | . [0016] Theenrwﬂraw@wowdéhm edtalsptaiypfeonrinipp i iug ceit beorsedio M@row n

can be used tﬂtr%e@aiﬁhlwrr&cﬁlngFo%én Bmaamtmae ¢al. be st e and
sol d, or used wherever hydraog sed. Alternatlﬁ‘gét the hydrogen

can be used as™fefPPEs b"o%’erﬂle °"fl3bé3lr°“€e1| pretgly togundergoyds ’i%“ﬁ‘%n nere
[0017] Thus, mntrmﬁleﬁs,pm:ﬁmogdn sl tesanbvbeustign meSOIﬁrom?thmﬁénapl’sﬂﬁuﬁi ng

mol ecul ar _hydr ggen fls. hes% nﬁ?etrﬁa‘x‘s"gavgﬁfgﬁ’£ur deda %s%%mtm%en P! ution

conprising area d"cont act | ng the
amonia with a fi raEQOlﬁat ales}WdIt)zﬁn[gPImd@éé)y éle nicthogy digglesedrinmian bumsed

conpri sing nol @%&@@m@m@ﬁl@g@ﬂydnﬂg@péaﬁlcmm%m@e@lam doRNorC ORI He 2| By RS8R
corrprl Ses a SO| vent t hat can di ssol ve urea or rraf(e a suspensi on

thereof so that ¥t cafiepaydy. Hy frfrogen Faaeeuse] & Bek oarorer &b drhent s,
the sol vent usethbusiomenghegani ¢ solvent. In sone errbodl ments, the

solution conprisi re an_agqueous tion. .In rt.ain
embodi ment s, t he S(rg(fbuﬂl O(;]‘Th(l:% il oneqa %e%y dlS%l%SGH herem és % aeﬁliorm f %dufmg

whi ch can opt i Bplegulayhiseogsn Mameﬂ@ﬁ pmrlsmmgpnaﬁmga Bolmp@nprtshavrea with a

conpri ses ureaycaboediSathnRsiaf 88 6kat06k tleQhnlbohe Wil RROSLISSS bR
herein. In certain enmbodinents, the aninal is a mammal, which can be

sel ect ed from PRSP UG IETRENE Goleger FElise™ rat, rabbit, guinea
pi g, dog, cat, she¢isjgodathe semw;n mrpk&x)g ur@zhi:dﬂ@ﬁﬂi@&,olv&ﬂ&hat candssbiugran.

.[ 0019] Urease Lllrga %‘rc '[rrllaﬁ/eeatsgr Ol’é tﬁere SO tﬁa?npga%ar%aci éangrease c\éx%{iﬁ it
is nost efficient asacastparf tf In an optim z %ure
range. Ther ef ognebodinents,ghe sdlweyit p@é Ilsantomarlraeabfenthén @m@b@ﬂmnné ¢ sofutien

sol ution conprisipRgnd 6 1!;J£r?a"il1ué%£lsjsoﬁ1ﬁ§n Uh €@k cabodifi&ts, BB LdHoR 8fnprising
tenperature range. In sone enbodi hrents, the tenp erature IS changed

before the sofff fogRE a‘@B‘ﬁ‘t%‘Fe‘?ﬂh i e Opftoadlis e a’i“ﬁ‘a Sy il prgel waste
enbodi nent s, t#he coepiperatathebd Bed 4 ianged foatfh &i’ethbdﬂ;&ieﬁ:ﬁbddthb@iﬂ [rScertain

contacted w t heml‘{)r g"rah%l%s tllwnamsn? 5’[’% aerxrlgjm%gall n%lrz}l cdn betgelec%e%l tge group consisting
of mouse, rat, rabbit, guinea pig, dog, cat, sheep, goat, cow, monkey, chimpanzee, ape,
and human.

[0019] Urease is active through a wide temperature range. However, it is
most efficient as a catalyst within an optimized temperature range. Therefore, it is
desirable to keep the temperature of the solution comprising the urea and the urease at the
optimized temperature range. In some embodiments, the 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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conprising area is warnmer than the desired tenperature. In these
enbodi nents, the solution is cooled to the desired tenperature. In
ot her enbodi nents, the solution is at below anbient tenperature. In
t hese enbodi nents the solution is heated to the desired tenperature.
-4 [0020] In sonme enbodi nents, the tenperature of the solution
conprising urea is changed to above 25 C. In sone enbodi nents, the
tenperature of the uti yrea an to above 30
T.nFn some enbodl &?Q :ﬁgm¥6§ﬂ§§g§ﬁ$gwo Pt mo EF 4§gﬁcm§xmmgumag
urea is change§<$@%abévéwﬂﬂ2ﬂ”C|ﬁHS@WEﬂ@%@m@mﬁéht@mp@HWE<ﬁéhpéwé®mre
of the sol uti ogbn@ggpgar& iDEhablc@ B abSveBH AN YR GhrteRmBAEMGtOBe tefrperhilre SOHE
enbodi nents, th erature of the solution conpr|5|ng urea i s

changed to abo¥ ”8’6 nprISNg Wednds DAEHIHERRYE 0t e {hemipr dRlpfigeps fire
sol uti on conpr iespaagudrofahd Sbhﬁlhﬁmglﬁld'lstn@ urab@\cﬁangén ib. abote SONE In some

embodi nents, t Q&oggx{l}?tgr%ttg‘éperagne (thh glg ion CIOIgpI‘%SH’lg W{%‘é lmsc a g%cHr L &&hve

changed to above one enbo Inent’s uré o
sol uti on conphisoinpgmpedamentss the Hemngeathrg of 8O sol@on [cmmg Iurﬁas%)ﬁlﬁnged tO

enbodi ments, thgyd ﬁﬂ’@eﬁ@%&ﬁeeen%gd&@rﬁs %Qltéiﬁ&)eﬁﬂlrec&mrs'oﬁh&gcolﬁbﬁﬁng & is
within a tenperature r nge. | n sonme enbodi ments, the tenperature is

bet ween 25-90 chenged o SPREr Serfbod? AT &™ ‘tﬁ%enise%etia%@efﬁ“ée i°§ tsetadieh
30-80 'C. In o&dﬁ@hs@ﬂmdi;mﬁgesto@t"me terrperature is between 40-75 T.
I n sone enbodi nent he et ween -70. C._ I n.sone
enbodi nent s, t_he_tzuozgr atﬁt}r%?ramel 5 8 fnems ezeénp%mﬁejd?]ﬁé(ﬂ‘g]mfIc?lm%ncs)lﬁ%urea
enbodi ment s, tkevithinagempeatuat ypage. dio Py esbsdimentretha kempahiucts bdween B&9G n

its el ement al foniothY eﬁr@ﬁcﬂﬁ&ﬂtsvﬁlleYempteﬂaﬁreMe@J/eeﬁ@(51863‘% iR otk bRt kON
state ot her tht% zero, such as in an oxidi zed state or in reduced
)

state. In sonelBRBBeFHEREWVEhE-felaln SEReEPSATenfssth PR bREYeen
metal, while iso-mtbem s@ﬂbaﬂboﬂﬁ{éhts,,thetth@efmi‘@b batdeAbY 23 °0. S a

transition netal. ert.ai tranS|t|on
ni ckel . I'n other _idr%%dl rrlgn s g%)(ﬁglmter é.l’tlhself{rs‘[ Cgahr]rséfm?pmes nﬁdﬁ%wh can
[ 0023] | n somnebednidelemental frmh & lteredtiagly, it atad sarite iman <a<1®tl<m| strteofthenthpm|

In other enbogidrentss mtéaeoxm?ztecaétaté Sr lh@edacea%{e @Jsmmmmﬁ@m@mﬁ i's
pr esent |nasoI|d matrix, such_as a cr sta form

embodi ment's, t RENTeE A MPRMHETR PO WHIENT Diheh Pkt inep i @%)metaf satlysh dseht
in a ceramc, fdneiYion 6ktaDt Mekerttl ertboSiaite thRthisition WhetaC is hiskel. In other

sufficiently quEb}(%hllﬁmrng)theg&hsgwp%%gfg %ld%rrgmni a to cone in contact with

the metal. In o
[0023] In some embodlments the metal is present as a strip of metal. In other

embodiments, the metal is in a salt or compound form and is present in a solid matrix,
such as a crystal form. In some embodiments, the metal (whether elemental or otherwise)
is present in a ceramic, clay, or other solid state matrix, which is sufficiently porous to
allow gaseous ammonia to come in contact with the metal. In other embodiments, the
metal (whether elemental or otherwise) is present in a polymer or a gel. In some
embodiments, the nickel is present in a mesoporous oxide material, such as SBA 15,
which both hold the nickel atoms and is porous to nitrogen.

[0024] In additional embodiments, the metal is in the form of a series of semi-
porous concentric rings that would allow the gas to pass over the metal more efficiently.
The concentric rings present a greater surface area for a more efficient reaction between
the metal and the gas. In addition, because the rings somewhat block the flow of gas,
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metal (whether elenental or otherwise) is present in a polynmer or a
gel. In sone enbodinments, the nickel is present in a nesoporous

oxi de material, such as SBA 15, which both hold the nickel atons and
is porous to nitrogen. [0024] In additional enbodinents, the netal is
in the formof a series of sem - porous concentric rings that woul d
allow the gas to pass over the netal nore efficiently. The
concentric ringF Qresent a %reaner.% rjace area foraa ng%e(ﬁffkphgnt
reacti on betwe&l “T'fe* RETAF “aHd P 7&° 3353 oo} e AEHPY TR B8 dRUICEPYIRE

ri ngs somewhat speéeoidm thheing, [wdivhofs egrdgned mose fulielelvausst a tr Besefrte gas
barrier to exi g, befhweeh Lbgupst ream space and the downstream space
fromthe ring, which, as explained nore fuIIX.beIOM/ assist in the
flow of the gas tH¥88lgh Inreothssembodimang Reapetdl [ion S 1topholpogdsesr small
enbodi ment, t hgelBRlWich Fredeit 4 Mgh fubmdd «afa POMNAERcienDFfeadioBkd takPfhdeetThe

whi ch present a Q;gh Eurffﬁe rea fﬁr anfeffichennﬂjgaction to take
pl ace. The poWdEr" Can® BE" &Y B "erEare " pi UG FioWw Feacti on, as
expl ai ned bel ow. [ Q@261 | ssosen@diosas, fienhehodt Hecrived hods futbs combped
herein further gompiRensGARbAGKLR iflG Edoh & Lau SRR MR Xelthe MbLD 2
second catal yst to produce a second gaseous mXture, where tﬁe
second gaseous ™ HIuE tHhere Higsecandgegpnesrmipaie eyt highsrRsereTt corarosigen Hyuessen
than the firstmgamheonsaoxdmik@re. [ 00271 I n some enbodi nents, the
second catal yst co ises.a netal,.whic can be in its el enmental
Form Al ternati vel yR2Ehe HapHr cBumiae; fie k0, era oRbSect EOGT nden
than zero, suctends i its demeote] @inzeditgiatively, dre niefal readhg deth sddtia. staqotigome
enbodi nents, the, ARtah £34 &l ¥Sdizch SR IR RaBEOURe "B Blne MBédifentsNhe

ot her enbodi nents, the netal catalyst 1s a transition netal. In
certai n embodi FeRkcstalystive pair groyp Bl rreiedn other epibpdimenty the mpetebpgelyst is a
enbodi ment's, t hghsiBd alktal. SInPIRSL RinbddinaRtsSAL tmafnOFrflp MaleX alpke B\fsomeich

salt is LiOH [0028] In, sone.enbodi ne t he nmet hods described
o6 1T Or ¢ ner PRSARES d R RS TS B, R AR SERE LB
conpri si ng urea suli#dguenin sboe pniwdurcntmghe tehdds dstrived @ bsthericriprse.

[ 0029] "I n anot Nek, i3S RE Glease HoRGhOR Rod @hplidhe BeaullEdubA % &Ed&{ngﬂ}é%ﬁg
nol ecul ar hydrogen, the method conprising contacting a sol ution
conpri sing ar e&St#iut A*4"4r ease to produce ammoni a; contacting the
amoni a wWith a firgéo2g@at ainusdthdr @spot, AdLIERA Berfih [sSimc@RS @0}SuciliE ¥blddur

?T]OQFL:, ZI \r/]mg t Holagycdlr'l(!gg'r{, thrt]ayn(xjerth%g %Qmpr%ﬂg c&?agttm%catsloﬂgont c%renprfislinrgsutrea%%t%ea%lflesase to

produce ammonia; contacting the ammonia with a first catalyst to produce a first gaseous
mixture comprising molecular hydrogen; and contacting the first gaseous mixture with a
second catalyst to produce a second gaseous mixture, wherein the second gaseous mixture
has a higher per cent composition of hydrogen than the first gaseous mixture.

[0030] In another aspect, disclosed herein is a device for the generation of
hydrogen. FIG. 1 is a schematic drawing of an embodiment of the hydrogen generator
100. The hydrogen generator 100 includes a reaction vessel 102 where the solution
comprising urea and the urease are mixed and ammonia is produced.

[0031] In some embodiments, the reaction vessel 102 comprises a temperature
control unit (not shown). The temperature control unit can raise or lower the temperature
of the contents of the reaction vessel 102 or maintain the temperdture at a pre-set value.
The temperature control unit may include a jacket around the reaction vessel 102 whereby
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second catal yst to produce a second gaseous m xture, wherein the
second gaseous m xture has a higher per cent conposition of hydrogen
than the first gaseous m xture. [0030] In another aspect, disclosed
herein is a device for the generation of hydrogen. FIG | is a
schematic drawi ng of an enbodi rent of the hydrogen generator 100.
The hydrogen generator 100 includes a reaction vessel 102 where the
solution conpris ur e d the are .mxed and a nia is
oroduced. [ 0051 1os A S ishET BR Gaen P AR A EpGre RbuBi e gt
conprises a t esfpieriatalyngnal e@nd at @ lcertaiv redétarotineg hovln plteridigely ehpematane
control unit C@o'ﬂtr&%hl% gan% lhgéf\iﬁé elgrﬂé%t foﬁ%%\rlfﬁﬁ%eereacgén \F@Eﬁ@l %9 %‘P(QB ﬁea?f

t he reaction vessel mal htai n t tenperature at a pre-set

val ue. The teﬁ‘?déf‘r‘é)tliﬁ?t%théré‘?ftrol unit may include a jacket around the
r ﬁacti (r)]n \r/]essel kloa)omer elyernati@lyd theC@&h@ﬂvé@é’el heat®s nbl wive a| t§m1§b@a$|§@d
through the jacket in n the tenperature

it raban nal | opage P B P ebiRpBuBt Bt T HG er 0y soubiiie vy

t he t enper at uréangedni tho Ipredmrtmn@amaltrebeﬁorhéxatsolmgmeé amedited ioabedantibd hi n
the reaction vgsselpp102 that can heat up the contents thereof.

100321 Alternati Veﬁ/ the reaction vessel 102 does not have a
tenperature contr &933ni tn spre eRbalEncarhbeivrraist Wzynehis addadpe it FrEobf

L hfe sol u:] ion lc&egér 103 left@r M6 fbisn or @ﬂﬁﬂgﬁdsohﬁort he otﬂér%ﬁl%cﬁﬁéﬁ'tsnﬁﬁl_lgélﬁbﬁle
efore the sol ut isintro uce |nt Vess L
100357 1 n' some SbRaTERPS BHE SEireht Dt Sy FIC. Tl §ormae fos i
reaction vess@bwi@de gicttiient the hotool df the foetion eessc 02paistundfstoad Sl tuit lyen.
I'n other e nbo%f%%eslim I:Jﬁ%e Iio%@cﬁf a'n ereiff ?%actl%g gesge(? g@r fo§ @x%m le la@a)éﬁgd tﬁf

urease 104. Wiile in a er of urease
| ocat ed at theonﬁﬁf@ﬁmuﬁfb‘taﬁé a‘r‘b%‘@i“?@rﬁﬂ*?é@&eé1021@210&“1“@theéfmunder st ood

that the | ayer of [aosqaseml&ﬂe &@add@x@md @@@stememnymr;ﬁcue@ Wit ﬂﬁea@@;l on
vessel 102, one

tenter of the 4SEETRIGs MR BRo PgtT Ry B S g e b | €

enbodi ment s, woegs®s iascohvedlled raeagnfainhulgtiac ke tisaswi oh ampkebyl anbeddinglibel
and is 1 el ease, sl ol ol bl h&3E0AN 3BLHd . I ot her

enbodi nent s, gé nprises a contro rel ease
fornul ati on of ured¥s] fdp S@ﬁea?mqoémﬁ?‘s &erpieadrny) [0hérthercempidse; hgen

pol ymer matri xmbthdbwidll SERIVRS cat bela dREHahieM nlidh e sthtR03Rek, bia &@dmmm
enbodi nents reaction vess urt her

1
oo T e G S & TR ot Mo ® miRE B B btk s e

mechani cal 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
jacket around the pipe 108 whereby a cooled or heated fluid is passed through the jacket
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agitator such as a rotating blade. Alternatively, the m xer can be a
punp that noves the solution around within the reaction vessel 102.
In sone enbodi nents, the reaction vessel 102 does not conprise a

m xer. In some of these enbodi nents, the solution agitation caused
by the reaction and the generation of gaseous ammnia is sufficient
to mx the solution-to a satisfactory level . 100361 Preferably, the
reaction vessel 102. cor e an o i.ng .1 u ich.the.

sol ution conpr 'STRg AT e am fch % I% OEI&] egﬂt}iagmfnﬁPSP%/cggg%?ew%ﬁffed?t?{mlsn(%?‘re
enbodi ment s, alepilple Omeﬁmbe@msnts, dlettehr@e@pempwghm@@s anwleetrien] tdileorsdbating on
conpri sing uregj foéa@e\d%lﬁmthhﬁéﬁ%gﬁpé fb@aﬁ’d Jaﬁh%plﬁe ﬁc{{'ﬂi tﬁi@hﬁgé it 8h %ﬁ@ﬁlﬁgl
102 through the openi ng . I'n sone nbodi nen e pipe 10
conprises a te%é?@?ﬂﬁs’éeddﬁ?ﬁeﬁﬁ‘lre uni t (not shown) that can rai se or

| ower the tenperat woeﬂof Ihhanesahmtﬂn@ms , Ry REctisd vbgsea[(ﬁacongﬁsag & bRBing
solution is i €, reaction .vess erature
control unit ngl)t(/) ?r(rg]u mh%e SPE ROl B e i reacq‘%é%esv&ﬁ {er i
cool ed or heat @dDthlﬂmtd alpsperié%be@ vy Gorg IthetOh@njgd@&eIhe pipE lilhcaprich@rto ¢ 0
mai ntain the tﬁ%@f %Hrgd&%osﬁlk&gm r:gt 5rathygév@ﬁlwl§f%atﬁ§ sl?etmt Ra&Rh bikde is
predeterm ned level. 1 her enbodi ment's,” the tenperature control
unit is an el eliti€al coil, or a heati ng unit, located within |unen
of pipe 108 and capokgat Athemdsi Gﬂd:i ﬂadnbxaﬁaetp/a@sasasé ha@ ugh adae npi B€& to 108
to the desired te era reaction
vessel 102 conprrses  an o of%eernVL'orgS T tﬂ? ﬁeagﬂmﬁlammﬁg‘&% h§’ sB(éHr‘lt Wi i on
m xture | eavesapphelatrl%amum@ nt %E@@Iarelﬁzeraﬁt@nsm theeib eteli sigificsnt amoynt pe

112 | eads away,ffutQmit Heh-ARLRINGixthR8 1t il B&IrIPE relrbdte GRNpdERGHHO mrure
di sposal tank, a disposal facilit or. the sewer, where the spent

reaction mixt i the reaﬁi°§ pREwa aftpralraggction torgepppe anprpraiarheg keroRlacsEhafle en
urease and ur e;amd&e&wm Gésseg 002t 3 that Q}!&"ﬁ’érﬁﬁdn%fhred dAnt@ihdHeher¥iD ELhShe fafHeer

the reaction ha)‘(sosgc{ %Qf?e 1 ease tgccordglgllez,rr:% rsome, em o@mﬁrfts erjﬁt?a%:ka 88.?1Plpgﬁ0d?1ts

of ammoni a are genera anynor e
of urea | eft imotided ﬂraewtlpthfmpmtwaeﬂonlmlxtws balekgintp albl reaction vessel 90t én t he

spent reacti OBk XtddbBmenks, 1R ex1tt09@mr{ge?i%t(b§éﬁm?1tﬁ%déﬁ%«h"i’cfhttﬁg sielreaction
reaction to gener ate am’ﬂ)nl a has taken |‘ace Into e reaction

vessel 102 so THE leayes thewetint yigseliod én%ﬁﬁfséheriéﬁf Il fogip & ‘ﬁﬂ’caaﬂteb@at can
further exposesotecqirdaiefrani @@3pent AGKiOH elixh@é ¥nd Uetp HO0Rase WO tHERiEon A

];ne)e(?gf‘gk blagﬁpl \E ESQF (%%1}_ femaﬂé r|r%a§goi?e§ge%£%%r§§o rr]nellt(s)OtHe H‘?eer isS Q %Qr}li—plégnaégbtlel on
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,
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some enbodi nents, the exit opening 116 (opening through which the
spent reaction mxture |eaves the reaction vessel 102 and enters the
pipe 114) is fit with a filter that can renbve urease fromthe spent
reaction m xture and keep the urease within the reaction vessel 102
for further reaction. In sonme enbodinents, the filter is a

sem - per neabl e rrenbrane whi ch is inperneabl e towards urease but is
gﬁ{)gg?ﬁ'leﬁ t '[SO\I\B.an P [% 11n§s th?_lmr)ne3 G tlhe pi : ?ﬂ) aﬂaé ?s\(]@t gnéné%na as 1]1‘oughnthe
flow of 1iqui dplt)N?@U@hamlamaﬁ@ 01@!4116 CEIT@IGJSQ]EZ A cape M qqgacmysh its

provi ded through aag theg s&eﬁtﬁéaewdugaéﬁ%@ed tﬁm%ﬁo@)ﬁsbﬁléot{tﬁ@non—
reaction vessetyéllo referably carries the generated

gasses downst r S4MEH %QFE)]S“‘?hrFSsCBrh%“ @%@dﬁ%‘ﬁ?g “ré‘ﬁﬁléed]ﬂ’éﬁ’lw PhrigRbe
120 are a seri gigogh (gea@itad qusihGthe Thasd HarbsltPr&aisabaysdn) 172 (meposLaif t8alyst
amoni a i nto hygrogen. aen, L hr t he.reyerse ber. Process
reaction di scu?sleg g)bglcregse thé emaé fghygroﬁ?n o fhﬁe T& au{?@t hifﬁm
conprises nic kehbodllﬁr?nfs,éhwa@hﬁda‘l PENLISSS hfhlatnalhyssme PR dinenty, cpialyd é24 is a

present as a phddier prQbntiaSa %lﬂg,tohﬁ if @k f‘BﬂQfof &Q&Qf?im'lﬁés e1ﬁ1!3rrbg ShicRistiflgkq Of
which is |located craoss-sectional thin the pipe 120 so that the

ammoni a passesSPHPeTgH! ¥Wl§h‘]&$§‘F8’IP?/ Siﬁlﬂ”hel WRPREPSSE B R theqetalyst 1248
catal yst. 122 I stes eﬁﬂb@ddnblﬁ@l&at@lﬁzsttlhe hmsptee ]12&115‘0@ thehibe am) thgaanpai a
D poowdvhifs JARP ol 1AM RBREERISH )5S E
provi ded that eeass nepiactwilire of the non- hydrogen gasses such as

car bon di oxi de ( genguat edUl@lhlﬁtbl?gthé B@e Wagley%%egée &ﬁ'ﬁ;ﬁ@)o tﬁ@gte of use
nitrogen (generat ed during the reverse Haber Process reaction). The

purpose of cat qipus of vgomay ke asyragnioratign a fyrther pydly g Hetigevisre aﬂf&l?%é’h in
t he devi ce out mutmpuhﬁ‘essﬁ)dﬁiiverﬁﬁmghs%m{ the ddvite o@pdt aleY&hovdd) 4r COMPLILSES
lithium In so n taIy is a powder present as a
plug, or is i nr}gﬁe@?ﬂe{hﬁg L 8‘},‘8 Nty %“drﬂ}eﬁﬂg% either of which is

| ocat ed cross-secil0dHal |y sping mmdm@s ERgse gchp@ied @ thhetctioh eessam@nira
passes throughgthg ockki ¥sd pq;ezﬁ() usigh RB Elot &U@Bd kRt SmboBRRAL Yite id 24

lines the |umen of the pe 1 so that as the nMmoni a passes
through the pi P2, At ﬁ‘é rﬁr%Pe‘ifié’s’ggg agpapia t‘shleoﬁmé?da‘f’%}@‘t ingrongesyifigy
conmes i n cont agsswnk tahithint the Edﬁ&)@ﬂ]vedslﬂtuozraneb Yncrebdae@ ppsfe kdds cﬂargageesc) t he
devi ce out put és?aﬁ)g Bﬁou%l!l tlipe &f() H%sg a more Qo c;[élecor%;grrsiillg%rea 18 adcl%g tc?the reactl

| ocation, a fur ion,
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.



the inmpurities and adventitious gasses in the device output are
removed, or a conbustion engine where the hydrogen is burned, and
the like. [0043] In sone enbodi nents, gases generated in the reaction
vessel 102 are sucked or pushed into pipe 120 using a punp (not
shown). In other enbodinents, there is no punp. As the reaction
proceeds, nore ammonia i s produced mhich increases the pressure
within the reactio Ss h ressure ca

gases to escape t ﬁ %en%ell? 1O yAF § frea%sk Ifgcee B UFER g%r%éz B ng
urea i s added Nﬁaﬁh@<ﬁeé@bﬁ@ﬂWfVESé@m1¥&9%Stﬁ@Shaadgba¢$$W0ﬁ@WBp@ﬂ

the vessel 102gdngiof t/tkg$ thgxﬁtqy@e%g‘ey o\f\’ﬁxle GBsnilk. tﬂfe&ted?ﬁ:%@x?ccﬁlﬁﬁmﬁg fasSure
in the headspace to increase, there ¥%forC|n gases In

headspace to eSheapet gy gH! t%“ﬁ‘ege’éfbaé‘ﬁ ’@)earﬂ%t"%ﬁ’?)‘hep]f%@ istgre i ﬁl‘le reaction
addi ti on, whenveat al2yshgeas 12 Pa®bf th2bhdioe whicl allleds & kigsScagttouanalbdey

w thin the pip a er o as ,Co centrlc
circles, they %m%%abtgﬂmﬂ§%eb£%? g%?gfﬁgﬁﬁnﬁeTﬁmnmmB Tﬁﬁ S8 YRR eby
create a pressii@ gradpermg 14¢ sdested rar batoaloyde lidd@sahat IR4penssobiion hat
the pressure upgtd.eam {dem thﬁroug‘ﬂ%e%lpé’n%g 11 gndQEan-%é uhrSacBl SALEN uf fan

the pressure downstream fromthe catal yst 12 124, This pressure
gradi ent resul Ye&se} H2adn pamercd §§%§> @ﬁoélﬁ@ltw%%m ﬂéﬁ opgaag 104 it fwards the
reaction vessehmmﬁaﬁmemﬁ&ﬂun&beaﬁﬁam@ﬁaup%aﬁ&uh@mumﬁkﬁaanz&m&mb&&@
catal ysts 122 gor e through pipe 120 and
away from the V& %% t%ﬁ?mus?ﬁK’Fp?ﬁgd%@%oe ?gﬂéddltlonal mechani cal
punmpi ng. -9 [004411008n thehhyupadinesi showh inF&a 1t akebydpdgar egnenroed0d s
converted to Q@gnpﬁﬂ:g a h&uiﬁg vt ﬁé Qgr h\’)‘ﬂafng bhe %ﬁ@g@thg E@ut§)9 k&fﬁdn@iﬁ% fea for

gases. This causes the density of the spent “solution to ess than
the density of ™ fEatiop @§fhe feotien. T’Eﬁf@é’e\?}’tCéﬂ')’“%l“ﬁﬁallﬁﬁesé}éﬁ?ﬁ?dﬂ@ﬁﬁﬁeld?Qsa
The spent sol uthioagh phpel 108 brliienteq @Refaion yeshe 10Pambudhhie: dpapngabet he 1iquid
m xture in the reaction vessel 102, whereas the part of the solution
which still has a significant anount of urea tends to be towards the
bottom Therefore, in sonme enbodi renEX¥4AMEUEh as the one shown in

FIG 1, the open| ng]()léio 'ﬁlelf@ﬁ)@qﬁc&eﬂ@@é’s a‘fé.'ﬁ)n lﬁ}@tm%fanﬁ Ql% olnyq}fﬁSQatﬁrQ OF hat

the spent solution_ can | eave t vessel 102 through the opening 110
and | eave the %ﬁ?éﬁ%?%ﬂmgﬁFﬂfP%W“Wﬁmyﬁémd9§§§%ﬁn102 In sone of these
enbodi nents (not shown), the opening 106 is towards the bottom of

t he vessel 102.s0 é@at the %’rmﬁcted solution enters the vessel 102

at the bottomExam &Rt sol ution up towards the opening

iég (00451 In the[(ﬂmOdim&iM%d&I@d lllzskn%he]follom% p%%%.gen gener at or

[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 pumol
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.
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conprises a hol ding vessel 126 for holding the supply of the solution
conprising urea for the duration of the reaction. The sol ution
conprising urea | eaves the hol ding vessel 126 through pipe 108 and
enters the reaction vessel 102 through the opening 106. EXAMPLES

[ 0046] The followi ng exanples are non-limting and are only

illustrative of sorre of t hewenbedkis iRt Sewfer't Bguticaviest | on di scl osed
herei n. Exar’r“ ’I: nmmnia Praductian T QQA7Z Amnl a—\Aas nr nduced

Ut oo

using the fold Tﬁquxﬁurﬁ.(ﬁr)nd.hﬂgl_oram@% Pl ﬁﬁf]%&_gﬂgFrﬂé R o
beaker. The teémperature of [VRAWIMIG wad Yellawivditaq ¢ plttiawn(yeliovay
tenperature (s%e Table 1) | SHQVAAL rod CefipWd hibigvg Eisbrowisc hed
urease was pl d2ed in the heJebe¥W urine Thellgvdabewig =thﬁﬂ‘¥nfrnm
Canavalia ens®ornms (Jack Yslewn) (cas NdyHemmo 00 2- 1 Wfibwr’-)l ned
from Si gma- Al82ich, cat  #FiYallew/dadeyp |dst brogmyni t s/ hiyled browmi
corresponds t80the amunt ofteayyne whi qHtmpdbwvgses| Medbtownyr ea pe
mnute at pH 830 and 25 C) |Ltoowd] A shedit/msf bypaer &Ml brovinn
Nessler's solffion was i 28 broeh y pl acededdyewn t he bdaitbrownThe col or
change from wifte to brown|{Lgwed browh whi|tMédtadwow | i GMed blomown/ nedi um
brown/ dar k br68n) was not edMeBardamess of| Niaideowr el at EPatkdrenmount of
Amoni a creat é8l. The resul { Medbvwaummar i|2ddl/dark tFaoh e | Dark-bidviiTabl e 1
Resul ts of Ne$&l er's Sol ut i DarkTeestn Tenperztiubrewc Col pPaktbr86 sec
Color at 1 miA5Color at 3 mDarkBrodel | ow ilibarlebrYeh | ow Wokdkérdsin br own/
yellow 10 Yeld ow white Yel Daw/théwn br own Datk ipbewmn 15| MedklbeawnYel | ow/ Lt
brown Lt browms 20 Yel |l ow LDatrmstrbrdwdad Qroodnbrowb Yel | Duvk bkdwrbr own Lt
brown Med brog;m 30 Lt browmecdbiowmmd br oviDdBdedown | Barklbtowar own
Lt/ ncd brown| Bed brown 40| Limbd wkn Med [br@wioded br bnsk/nEa vkdwnred
brown Med brown Med brown 50 Med brown Med brown Dark brown

Example 2:  Hydrogen Production

[0043] After ammonia was produced, it was passed through a catalyst to
generate hydrogen and nitrogen. Three different catalysts were tested: nickel, platinum,
and rubidium. The results are shown in Table 2. ‘

[0044]  After the ammonia gas was passed and before it was passed through
the catalyst, it was passed through a pipe. The pipe was lined with lithium in order to
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] A balloon was placed at the end of the pipe to capture the effluent gas.
The balloon was tied immediately after gas generation was completed. The diameter of
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.
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55 Med brown Med/dark brown Dark brown 60 Dark brown Dark brown Dark
browmn 65 Dark brown Dark brown Dark brown 70 Dark brown Dark brown
Dark brown 75 Dark/nmed brown Dark brown Dark brown 80 Med brown
Dar k/ med brown Dark brown 85 Lt/ med brown Med brown Dark/med brown
Exanpl e 2: Hydrogen Production [0043] After ammoni a was produced, it
was passed through a catalyst to generate hydrogen and nitrogen.
Three different catal ysts e tested. njckel | ati num and

rubi dium The results are ﬁ%\/ﬁitﬁeﬁuhf%ﬁé&ﬁgenﬁ% aonaeler the anmoni a
gas was passeda@angt bef or e [iSizewaballpas@eehetehr OUghicdsiieofearpadiynst, 1t Was
passed througRicelpl pe. The4pgiipe was Tined W thihigh BigidfionMbi@bsle o
capture CO2 befgfifn passi ng it7nhough catalyst. Ashigh ciflidndd Ao¥sd nott e
gas was passed through ajsecond pipe also linggnth lithium The
second exposURrgiin I Thi ufewag designed t0 Caphuyk @xﬂNéioh,es‘}ilghtl}Hﬁl%eT rom
t he di ssoci ation of ammonija into its el enental yo&g@nponents. [0045] A
bal | oon was placed at the end of the pipe to capture the effluent

gas. The balloon was tied i medi ately after gas generati on was

conpl eted. The diameter of the balloon, in inches, was neasured. The
bal | oon was then ignited and the intensity of the resulting

expl osion was noted. The intensity of the explosion was used as a
qual itative neasurenent technique for the presence or absence, and if
present, the anount, of hydrogen production. The results are shown
in Table 2. -11 Table 2: Results of Hydrogen CGeneration Test

Catal yst Size of balloon (dianeter) Intensity of explosion N ckel
4.3 in Large explosion, big boom Platinum1l.7 in Slight expl osion,
no sound, not intense Rubidium3.7 in Large explosion, slightly

| arge boom
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-12 WHAT IS CLAIMED 1S: 1. A nmethod of produci ng nol ecul ar hydrogen,
the nethod conprising: contacting a solution conprising urea with a
urease to produce anmmonia; and contacting the ammonia with a first
catal yst to produce a first gaseous m xture conprising-nolecul.ar-
hydrogen. 2. The method of claim 1, wherein the solution conprising
urea is an JHYRPYScEAMUEHYE. 3. The nethod of claim1, wherein the
solution conprising urea conprises aninmal urine wherein the aninal
is a mammal . 4. The netmedobef eedicing mologHarheiiiegenh the srsthat cemprising:
conprising urea i s heahgd. g a s@ﬁg&?c@fﬁgﬁsﬁghreﬁ SHRGALHE & RELRE altnﬁloma
bei ng contacted with urease. 5. The nethod of claim4, wherein the
sol ution conpr|5|ﬁ§-urea is heated to a tenperature selected from
the group consisting QEnt@(QﬁﬁQhezémﬁonﬁ%ﬁﬁea ﬁgt Qata@st?qy Srétlecy ﬁrs@%@éé@u o0
C, above 60 C, above 70 C, and above . The method of claim?7
wherein the sol utmwr%wxs%ﬁylwlé@ﬁd@g%at ed to about 70 C. 7. The
met hod of claim 1y whegiRethfie of icfafih 1CaNR}YS theC QMRIoh S@pRsiAE tudda- isSan
The nethod of claim7, wherein the metal is in eIenentaP form or
wherein t he PRI SOfORn an oxidation state other than zero. 9. The
met hod of claim 73 whenginudieormRia!l, bierdin TR 1ol ¥Bm ?i%tu?g wld c@nprises
transition metal., 10. The method of claim9, wherein the transition
metal is n|c%@ﬁm“¥Pﬁ“¢ﬁ@“H%?ﬁ@@ﬁéﬁa@wamﬁr1 wherein the first gaseous
m xture conprisess nolege wedfod by dhRg eNviRRsh KB LkAGHInHonplilih P8R is wbaed e
met hod of claim 1, further conprising contacting the first gaseous

m xture wit h380VEa@FBIGAL ERPAIVS PripHo Bripgerniacisd 3dk Hisacgaseous ni xt ure,

wherein the seconsl gageaiémoloKEisihes, RaseR th @tﬁaan &ﬂpr@ﬁghreﬁmaéuolaon
of hydrogen than the first gaseous mxture. The nethod of cl aim

26, wherein {HPEEEDHFCEL i/ Bt sephipnsigae 05%5% 33 °C, above 30 °C, above 40 °C,
above 50 °C, above 60 °C, above 70 °C, and above 80 °C.

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

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

8. The method of claim 7, 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.

11. The method of claim 1, wherein the first gaseous mixture comprises
molecular hydrogen and molecular nitrogen.

12, The method of claim 1, further comprising contacting the first gaseous
mixture with a second catalyst to produce a second gaseous mixture, wherein the second
gaseous mixture has a higher per cent composition of hydrogen than the first gaseous
mixture.

13, The method of claim 26, wherein the second catalyst comprises a metal.

14. The method of claim 13, wherein the metal is in elemental form or wherein

the metal is in an oxidation state other than zero.
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14. The method of claim 13, wherein the netal is in elenental formor
wherein the nmetal is in an oxidation state other than zero. -13 15.
The nmethod of claim 13, wherein the netal is a main group netal or a
transition nmetal. 16. The nethod of claim 15, wherein the nmain group
metal is lithium 17. The nethod of claim11, further conprising
renovi ng the ureas$® fromhétkod sfodlaiini BN whedeidr ths kgl U € maBulisgamentt ort 0
pr oduci ng thgmnmémlm%qseous m xture. 18. A nethod of producing

nmol ecul ar rogen, fie met hod conprising: contacting a solution
conprising urea wilé.h dﬂumﬁﬂgdofdmprnﬂuhamamnnmmagnm@mﬂhhshﬂmmpthe

ammpnia with a first t al 0, Pr odpc i r.st gaseou
compr | 51 ng motecul & hhBrBYRH: S doff e o R e SPOrgE TyATuStLoR e
m xture w th saluSsecengrisiag mieyatbs¢qoerp roogtodieing thei‘est(gmﬁoxgamemws m xt ur e,

wherein the second, gas u ture. has,a h| osition
of hydrogen than ?%e f$§§ Odogl%%f“ﬁfm%%#%r ?5%6 8Cg?pq§§du0|ng
nmol ecul ar hydr ogen, hentﬁM@dobompmn$nmggme&wmhambwng>mn$mbwmmoma

compri sing urea wih aefssl axRLOdUGe ATPUL G SRS L0 NG 0w,

ammoni a wi th a nickel irs a eous” m X
conpri sing nDIecuhaﬂmhydnw@égpx&wdhcmwnammmng t he flrst gaseous

mxture wth a |Tth UTSalALR! ko oRLATIRELA w PPEANd,ORRES, Hlostar e

wherein the second gaseous ure
of hydrogen t han sdiend gas®us gatee vrdierrintheisceond 20scous roligtorcters b bigher per cent

produci ng hydrOgegfm§§$8§%@#agﬁmﬂh&ﬁﬂgF%t%h?ﬁE%ghﬂea first opening on

the reaction vess cing reac intothe reaction
vessel ; a second b%enrmgw@mdDﬁ@0¢ea€mubﬂuhewdeﬁmfdmnwﬂmhdmawmmg gases

fromthe reaction ves C%E‘Jacung atsglhﬁ&hcggléﬂélﬂ%rge{’kw{tl?gmregs@?o %‘Q&ngrﬁl%g iai OF

wi t hdrawi ng used reactants trom e connect €d
to the second opening; coanfaeting the ammonia with a nickel catalyst to produce a first gaseous

mixture comprising molecular hydrogen; and
contacting the first gaseous mixture with a lithium catalyst to produce a
second gaseous mixture, wherein the second gascous mixture has a higher per cent
composition of hydrogen than the first gaseous mixture.
20. A device for producing hydrogen, comprising
a reaction vessel;
a first opening on the reaction vessel for introducing reactants into the
reaction vessel;
a second opening on the reaction vessel for withdrawing gases from the
reaction vessel;
a third opening on the reaction vessel for withdrawing used reactants from
the vessel;
a first pipe connected to the second opening; and
a first catalyst for converting ammonia to hydrogen and nitrogen.
21.  The device of claim 20, further comprising a second pipe, wherein the first
opening is in fluid communication with the second pipe.
22.  The device of claim 21, further comprising a holding vessel in fluid
communication with the second pipe.
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a first catalyst for converting amonia to hydrogen and nitrogen. 21.
The device of claim20, further conprising a second pipe, wherein the
first opening is in fluid conmunication with the second pipe. 22.
The device of claim 21, further conprising a holding vessel in fluid
comuni cation with the second pipe. -14 23. The device of claim 20,
further conprisings.a tikr dvivepef ichirh | 20, Churtied NaBUpLiciag | DAhivd tpipet e fluid
third opening. 24.. The device of claim?20, wherein the first catalyst
is located i%O’P%‘Bm‘”it‘ﬁf‘Wé’gﬁ}}ﬁtﬁ‘é‘f"@’&&%e of the first pipe. 25. The
devi ce of claim 2D f umhkh&wiceafpildimi 2 whesE e aind fiesatcalalyst isf Dratédhén the
removal of ni‘trf en. 26. f‘lzge dtevi ce of claim?25, wherein the second
catal yst fur tHEF RSSO RS BAPUi oxi de. 27. The device of claim 25,
wher ei n t he seconzb. catlak y&vice $f oAt 20d firthet b@mprisitigr @ lsetohd abtalspafoe tiaf
the first pi Ee. 218.f TI,;rhe device of claim 20, further conprising a
tenperat ure CONtFol "UIEES 15
26.  The device of claim 25, wherein the second catalyst further removes
carbon dioxide.
27. The device of claim 25, wherein the second catalyst is located in the
intraluminal space of the first pipe.

28.  The device of claim 20, further comprising a temperature control unit.
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