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COVPCSI TI ONS AND METHODS FOR GENERATI NG HYDROGEN FROM
WATER FI ELD OF THE | NVENTI ON The present invention

WO 200ae®7¢ 0 met hods, conpositions and syst ens POT/CA2005/000546
generating hydrogen fromwater. Mre particularly,
this invention pertains to netal -catal yst
conposi tions, systens and net hods of producing

COVIFOSHTONS ANBMETHO DY FOR SENERATING AYDROGEN FROM
where the catal yst conprxﬁgﬁmﬂ{mater sol ubl e inorganic
salt. BACKGROUND The generation of hydrogen utilizing
i nexpensi ve sinple processes is becom ng increasingly
i mportant. The increasing demand for 1\]ydrogen arises
from the i mi nentFIERAGFGRIEINYENTIQNqy dr 0ogen- based
ener gy econony, such_as in hydrogen fuel cells. This

The prsprnt anveppies sl es toamethpgs, worpatities #sktysiess fopgenerating hydrogen

o SUEE € b0 SR STUIRAER BB B8 30 s, s

and methb&mdiépnbdmang(hydrbgan frare lwag@naimt metal-ceddy sxsapositiens, where the

near term /|l ack of drogen supply infrastructure that
cataly§t SORPEESAY Y uttlﬁé" ‘%’Fq ?aitr ation of the hydrogen

fuel cell. Hydrogen- based econony is the only

| ong-term environnental |l enign. al ternative for

sust ai nabl e growt h. O%@f %ﬁﬁ‘ Q&)few years it is

becom ng. nore apparent. that the erirpha3| s on cI eaner,
The genegation 91 hydgoggn g ligag IBPPRYUYO B! AIOSCSPY i hecemite increasingly
1mporti%ﬁ% THE' R&b&h%&%ﬁ ff)lefbgir’f@géneari%@f‘reﬂl thE Rhirfrfent E%ﬁlgﬁ? shift to a

roelectri y or so nergy, are used to produce
hydrogqnebasgcbanetrgy eughmyeswhpe dn hydwgat fughtdls, Thisehit approarhes as the
world 2 o e R PG B SR ool sbn o
fossil ‘ﬁ?etl QEsehfestWarRaThe @ttBsdahit Eaabltdt FFBNFuel Eél%ﬂﬁbrsVﬁfd%ss@ntﬁe near term
hus to reverse the oxygen hydr ogen reacti on,

lack oﬁménogem senphoinfrgsisuctong|thatrie mBeRgsars dof the@rcsltfér@ggn 108 the ] hydrogen
fuel c{ig ri-iay(ﬂ(g%\g bsals@cp %%n%% %}ﬁl%torrl%f Lotnéitellm Vfré’lﬁh&ﬁglgx}’?t?lg%?%l?ematwe

I nVol'ves extr
for sd@wd{abgae grchthmo‘veﬁ shd 1dsuefbw, ydaps iteisabpdomihg anoreadppagdnt that the

gas or_nethanol, This nmeth s conpl e d al wa . 1
crnphib s elsanet PO 18 1ok AL IYIRERR L ot S b Sop Saqiding tht
renew?atﬂg ér!%?g’ séucfce%nlsﬁ(chsﬁ ggﬁfbefe@‘?r&'ltkf §ugd1ar ¥Rk ARl uskd to produce

ese or m ng et
hydrogen through decomposition of water, there are no environmental threats produced by the

hydrogen economy.

The common method to recover hydrogen from water is to pass electric current through water
and thus to reverse the oxygen-hydrogen reaction, i.e. in water electrolysis. This method
requires access to continued supply of electricity, i.e. typically access to a power grit.
Another method involves extraction of hydrogen from fossil fuels, for example from natural
gas or methanol. This method is complex and always results in residues, such as carbon
dioxide, at best. And there is only so much fossil fuel available. In these reforming methods
the resulting hydrogen must be somehow stored and delivered to the user, unless the hydrogen
generation is performed "on-board", close to the consumption system. Safe, reliable, low-cost
hydrogen storage and delivery is currently one of the bottlenecks of the hydrogen-based

economy.
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the resulting hydrogen nust be sonehow stored and
delivered to the user, unless the hydrogen generation

w0 200097600 med "on-board", close to the consunpPCDOA2005/000546
system Safe, reliable, |owcost hydrogen storage and
delivery is currently one of the bottlenecks of the
hydr ogen- based econony.In the art, controll ed

In the g&ngd’nlﬁto'llgﬁl g\%ﬂer%&-{ﬁ%ﬂhr@?&&%@ %812 géﬁ%gﬁ.dl%r':& le, several U.S.

scribe controlted
patents) xddsfo@l@e mogtemimddi}mllr@ehigaherem gt ahbblyialkal*it mbtals((U.S. Patent Nos.

s LB 5 A0 e e T S g ihon s

Pat. N(l)\%:p 51 ﬁﬂl@ R Ja)atéfnéjs weit §§ a g@ﬁer%f {ha@%ﬁlﬁmﬁh%mta@ﬂt and pure

y roch OrIC aci d pure met al uU.
metal (I‘(IbS4P@88{0443%88 48®r eMm@demritly, thetrontroted 9¢neéa110n of hydrogen from

v SRS RS IASRSE el PELEPAES B8 o, 5812057 2800

has been &leerlted. amés BysieiB, cbbiptishias domesindewchslietle peliets and water, a
system conprises a contai ner tg hol d the pellets and

hydrauhﬁtse(stemafowah%g.qpeg g BeHetpand i sy %B%CH qoferomputer which
prov1d9§$ %c%gﬁ'ackqg f?)a Eé[tg\iaﬂﬁg ﬂleﬁ%ﬂ%@g liged conputer which '

es a ftee ctlvatlng t he pellet
splltter. The generatlon of hydrogen gas in an
manner, i S al so

uncontroll e at. Nos
The g@eia&@noqf ydogpg 2838, an hppptralice m&%%ﬁ?@@ knovgpEU S d'at. Nos.
5,143 @Pﬂ % 4@@%3%954 025 BY S UGTHR, 2061P3, 085,865, Takll UBEB6®DS) in systems
of alkali earth nefals and/or al um num and

comprmtgemlmrea@ﬁ abial walkaliserrin metals. arffersdumime pyhwalgs € aqueous
salt soﬁﬁi?)ﬂs \@%e%etr r%t%%tgoa SR Cag&k 812 e fﬁ&%ﬁ‘ét%oﬁ@%‘?&t&l? @?&ﬁir}éoﬁﬁ? fdact with

rogen gas
water @‘fﬂ&m& hydfdgah ohe Tll’rie:ieadrs, fetehngse, plitatians meml Kjchas potassmm (K)

sodi um These netal s, can be used as ter-s
o sodBa D) itk s SoE! Bk S0 3edcnR HELEL OBl e rescion,

which %&E&@Wé}ég&s& ?% dqlstfaﬂ |—|£Ila(%,%‘@ hrgl&rﬁ}]ﬁ‘adt Qvn‘:&g)gazc?f E) n\;\ﬂ th

can be witten for other alkali netals, e.g. Na.
ort y..hydr.oxi de chem cal s {|.e. t he residua
2Kf*ié§Q %%%gﬁ é%9eact|on (A)) cause very high
al kalinity of the resulting products, neking them

corrosi ve, dangerous to handle, and potential |
Similapaactions gan det Weitte farr herenikall pectalsse et Ne. Lafutungiely aydroxide

ceni R ERC 5, SERUPEBIE ke 3BA LU 0 RS 830pA YRt or i

resultifi® pratilctsy\iriaRingathem cohesiveadangerstiotebarmile, Gnhﬂ gotentiallynpolluting to
directly and usefully ed to generate 8% 1%?
the engirormentiyBeGaupeihs rﬁacg:gpn éﬁ% proggeds spontaneous iolently, the reactive

metals must be always protected from undesirable contact with water when being stored or
otherwise not directly and usefully used to generate hydrogen gas (i.e. the metals must also be
protected from air which under normal conditions will contain water vapor). This increases
the cost of the technology and adds safety and pollution problems. A further disadvantage is

that the reaction products are not easy to handle and recycle.

Reaction (A) has an advantage in that the reaction products (i.e. KOH) continuously dissolve
in the reacting water, and thus allow the reaction to continue until all metal reacts. A similar

effect has been difficult to achieve with other reactive metals, such as aluminum, because in
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protected fromair which under normal conditions wll
contain water vapor). This increases the cost of the

wo ewhngleoyy and adds safety and pol | uti on pr obP@EEA2085/000546
further disadvantage is that the reaction products are
not easy t.o handl e and recycl e, ,Reactign

this casg\afist &gpction Witk fvajes dhe é‘&‘&lrc&ﬂt%‘%%l a%%cgorlrpr@ducr@oqf " ALOH); or
t
AIOORPH CGtfioh RSN AL (EREEIPOIYH Ble suffi bIUR reacting
metal Anck 'rtlm'sl rastrieff dazets dlasadiemn (cingater)Itb_mcIalamnfaee/ eeventuhlly stopping
the rearc P” 'Jéhl% égatéls%?etto& tp%'g%g{l?%ﬁ%ﬁ ?(H%{ﬁg{n %bofé ?we metals such as
Al, a€ahtRéseiRe theAClnh of sRPASMEIS, corrdionfrédOfats iRM a AP Hvariety of
in conbination with alum num oxide, tend to deposit on
applicetianss ay 1aigeasotheirruvirepmentinig nebtied agidie emalkalines tAdj the same time,
patsswgﬁc?ﬁ3 @oc'es 91|f0t 51?(?73 ttl?e”ﬁs% og elq?ret‘gggg%e)rnaﬁo%h&q{yato o, ngﬁfatﬁx at close to
nmnumﬁHnonenon is a fortunate property of reactive netals
such as Al, as it preserves themin a substantially
corrosion-free state in a wide variety of
A nufB@ b ‘%1‘181@ ’ofatﬁel WaEr %?lﬁtt haktiok 'ﬁk’écf an uck Shy'al?ogehof?ave been
aci dic or al kal 1 ne. e sanme tinme, passivation
describest ingh¢ past th eveusmnothcét: pfobtemsh én g@heuﬂalt, iLbB. Rft. Nysl r@ﬁj@rﬁ 85 and

6,582,575 AR Brtssss e b Ru reafls JUIR s s migdese hvdrogen
(and dEiREe Ryfh@dxRleDAROHISS G nbehli 6t hdaenpasdl 151@ r@frgar Ge1-10). The
these problens. In particular, U S Pat.

reacti openrsIB Shepresepcs gbarsetectize P of catplyst wermt@ mpeta) (typically

Al) O&E&lﬂﬂ %Slﬂﬁl}ﬁ[eﬁqg roolx t’ﬂa‘fatc Wg_él ép?rta%f O Cvﬁ%etﬁéﬁﬁ rtﬂ@ Elalyst is in the

form dTeafaty’epdrtieles ﬁHhéaﬁeeal{g@td:H_M)o nlfhe reaction occurs
in the presence of an effective anpunt of catalyst;

wherein the metal (typically Al) and catalyst are

A nun?r#]eg %g 2&)5:% 92 ?atlblggﬂls % ﬁlgg Oe:‘d rﬁﬁg[ e %@%ﬂ?‘%’( nglg g?ﬂﬁﬁfe c%taﬁlmc particles
such dsh#uminaerraingelinihum 160Q0atainiAg temtnes @hck yspaiarmﬁum hydrox1de),

catal ysts, ar n the art, amsl -S
other GG AR NOOT SHCh bu AP dRICRE SFOGEHE P B Giewispesbon, and
organic &%Blﬂ@éd?ﬂpcﬁﬁg%ﬂ&ﬁas(p%%ﬁtyi’eﬁ O%'l}*é@] rBt%héﬁylgl BPﬂieQﬁQtal (such as

%ﬂder ceram cs such as t also cal cium
Al) andathd catalyst ipmady &y qmlv@ozmg dhcometal amtithe rcgtamsctqmpere fresh surfaces
such.as

of thegpgﬁlgl Iﬁgacdggp n%ﬁ&\feéllzat(t% &l‘%m gtaMd ﬁl% 8%{} l&ef 91§:§sed together

to forBRRetd WBUN NS, thé paldhem BRirdixe@Rathtwaecat al yst to
expose fresh surfaces of the metal. In addition to

pul verization, the nmetal and the catal yst can be
Europ@gne§§t§9t ~896 tzﬁ%m B1 teaches the production of hydrogen from a water split

reaction using aluminum and a ceramic namely calcined dolomite, i.e. calcium/magnesium
oxide. Once contacted with water, these oxides cause very substantial increase of pH (i.e.
create an alkaline environment), which stimulates corrosion of Al with accompanying release
of hydrogen. The system has all the disadvantages of water split reactions using alkaline
metals, i.e. high alkalinity and difficult recyclability of the products. In one case, the Mg and
Al are mechanically ground together to form a composite material which is then exposed to
water (U.S. Pat. No. 4,072,514).
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to formpellets after which, the pellets can be m xed
Wi th water. European Patent No. 0 417 279 Bl teaches
W b@spesaduct i on of hydrogen froma water splitPCEaA2G08/M000546
using al um num and a ceram c nanely cal cined dolomte,
i .e. calcium magnesium oxi de. Once contacted with
wat er, these oxi des cause very substantial increase of
: e
Contiffo g B AP A L RRTED el e, o oxer o
sustaiflutmjimo gesistedTates split eeactias, tak llsb freerd dfssalib@hnnabeart QFR Pat. No.

2465 FRE TSP e, RS S MBS KB T2 e i ot

alkahﬂ%r 981UESS -witth Iﬁé’iﬁ-ﬁ@&ﬁoraﬁhg Bdiag %ﬂo@rlﬁtdﬂﬁ?ﬁ@ﬂl &fakda¥tion and
ground together to forma conposite mater which is

contlnumjsrm@t)@b@gamng apphigelle i progucipgthydrggen for energy source. For hydrogen
oty i A g Lo, e
alun1nun1a33|sted water split reaction, has al so been
described in the art R Pat 2, 465, 683
AlumiggmaRetakiaglsr ispesms “H%‘t“ﬁ%%j W@ferégﬁém%a@ﬁssa% KX\&E&?IBHOHS have
also H¥n rcf:?&fb'e@”F&f cRAdiAk] RE §ﬁ’én&i§ﬂr¥’ e Widdlinum exposed to water-soluble
met |ncorporat|ng feeding wthout interruption of
inorganeawdlt wintmns, inormnmehydesidesolationd, eameﬂgelappﬂnrtezdam téelh’aerature E.

McCa; gffﬂgguc I“g%cpllhxdr 5 egﬁﬂ%wggﬁr o Sfoha;tr G Er gg?/ ﬂns n(Corros1on

Sc1endé9453@00@)51 423243 86\|d6§8r1|b€m}[£ﬂ}®| plttihgto@fahﬁﬁ/iﬁhlﬁﬁﬁvolves a sequence of
i ncl udi ng water-soluble inorganic salt (WS) solutions

steps. hdhe staps dnvdess e ther pibdeitiatigy Peogasipire copsidersd dpibst adgorption of
f u iRQr :

chlor1c§ }o%ts Lﬁg]rtllgk 5%1?%( Egﬁg S/E)Q%e grré 020 é'l{&lgﬁ gf‘ﬁi l%ﬁ\%lﬁl&@ J‘ns, and CI™

assmtefdem&:&ﬁlﬁmnedhich dcbﬁrslbdnez{thtthé exide. filvt Gafhk anttyl/oxide interface. It is

"Sequence .of .steps in the pitti of umi b .
propesale B G o B B Bidd i S U, mcchanis i

additiddH3)CI¢ g)%ﬁ&fdtf%ﬁdthfdi\?h 6)5’%619 Ivhtdrogds! Of Cé&lré’s‘i%rf‘ B ﬁrﬁﬂ%aﬁ@ﬁ leads to
a sequence of he steps involved in'the
formation toif dflistors bemﬁastheamdea biliwi dieer edlocalided rad@mptwlueh ofoduce an

e gt iy 1B B AL 85, BENEELA B bifion of
hydrogrS ! i thedeclitiet Rof6SibhH %eltD e0gadlhtid ey MoCAefeft] |em118<§f thééocal pH
net al / oxi de i nterface. is proposed that chlorid

withirj @hbstseﬁem@np@abn@twmkom pressyreawithintheiblister giviey ﬁH values in
the r g smin addition to O -penetration through oxygen
cancres.” Corrosion pit propagation |eads to
formation of blisters beneath the oxide filmdue to
| ocal i zed. reacti ons an .acidic |ocalj.ze

AG. MiRriaohe: Botentr i biehe bp GG TR B At S Hoide media”

(Corrddiéh $QEABRU DoY) 1447- 1463), propose several theories in order to explain pitting

mechanism and the influence of factors such as the type of anion present, the pH, and the

!

characteristics of surface passive layer. In general, the adsorption of aggressive anions on
surface oxide flaws and their penetration and agglomeration at these imperfection sites was
considered as a possible explanation for pit nucleation. It was also suggested that pits can
develop by means of a hydrolysis process that gives rise to a localised acidification that avoid
further repassivation. Thus, the role played by chloride ions in the initiation of pitting is not

totally clear.
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hydrogen gas in the occluded corrosion cell.
Cal culation by McCafferty et al of the local pHwthin
w@2@bst6e0 from t he cal cul ated hydrogen pressuPEr/GALISMN00546

the blister gives pH values in the range 0.85 to 2. 3.

A.G Minoz and J.B. Bessone, in "Pitting of alumnum
A. BererSanTab(Q@@Qrs KA dirares, miad | Alumingnr GerresionsStedies il Chloride

9 p S [ [

AdsortiBRd0kpgith/en EpRme ARATEREUGHE 1. CRERY, (877, Sogth AR01-1009)
studiedftB€ h@bﬁnﬁdf&hloaﬁie hﬂ:&)rqu; evcn s afiaretiop oéeldotide d:dneemtfﬂ,tloariﬂl] and

the characteristjcs f surfac assi ye er. 1n.
time. Hewes fundt tfﬁ@ agiégl&npq Rjfratgsor gges‘gov afh?%m s8h.1t1on delayed the

u}:)takest)lfr #rfde0 Apﬁp 1ﬁﬁ§er§é@leinr 1RSMEtT 3buBBnfRdched the grey stage
oneration at these iInperfection sites was

(from mlmm mhdiskell fisisl) aftes ohbday exdbriftdapnhddos verytthick coating of white
cl |
N Y N

deposifsi S€ to a localised acidification that avoid furt her
repassivation. Thus, the role played by chloride ions

in the initiation of pitting is not totaIIy cl ear. A
Berzins, R T. Lowson, KJ. Mrans, .in

AballeCdf.r Bethenrcosrtulli dsBotaps, Mcr} SepaandMo Mﬁr?czfn By o bpsadizad alkaline
e 7

corrosng)?o ailg %ﬂ&ggﬁ' dﬂrﬂdar& ﬁlg% g%ﬁﬁ%ﬁ?l sglutlﬁ‘ oﬁo&&%gls%(:rlitgg Volume 43,

Issue %Septﬁﬁb@ F0m¢cPages 1657-A6V 4y stadied omesien process f Thg alleindA5083

time., It was . f dth diti fntr
in an seupiph a0 b of AGCLR Or e | Borarbith ROy Reeqin diay pigielloy shows
locahzgtfl CGI%s%ﬁ 46 t lka‘?iﬁ’i%hgﬁ Rouhf MR &Rbdidprlebipltatés &tisting in the alloy.
['ut1ons reac he grey stage (frommrror polished

The pfttlng sthymed wsemnea dvamltmhdrlw morphalegyhihat s @lﬁaslymffé{@nt from

ey ST P e SSULARTH BRASE e DR, cven

in s QO giBSitted8! ks OMVeﬁeﬂdi%nd@aﬁbn In. oxdler Bobtain thd faimation of
no and M Marcos, in "Localj ze?@al kal i ne cor.rosi on
CWstaldxfgrwhl@gmmn&oms inacaseaty i@ Polarzs, the @llog g thg gpleation potential of

pin 8 AR M VS S SEDIREDRA, Ony

the lajdR@fdlxideyis Afindfided do@ntha domiatidns] auy stad b goefphida@itting: take place by

3.5% The resul sobtal d te that this alloy
simplespPREUTE bt & Reralg é%lPP%%PEﬁaQL% %al kal i ni zati on around
+ the cathodic precipitates existing in the alloy. The
pitting formed presents a hemi spherical norphol ogy
that is clearly different fromcrystall ographic
The gBhdrill Rt@clusion fhah neé linfatafe souyss ad thagcapdsien py pitiing ihakiminum

not been observed, even
alloys in an aggressive medium, such as aerated solution of NaCl at 3.5% and at pH 5.5, is a

'3"

complex process. It can be affected by diverse experimental factors such as the pH, the
temperature, the type of anion present in the solution, and the physico-chemical
characteristics of the passive layer. The adsorption of aggressive ions such as CI” into the
faults in the protective film, and their penetration and accumulation in these imperfections, is
considered one of the triggering factors of the process of nucleation of pitting. Pits may
develop as a result of a process of hydrolysis which gives rise to a local reduction of the pH
which, in turn, impedes the subsequent process of re-passivation. Another factor which is
associated with the susceptibility of aluminum to pitting corrosion and other forms of

localized corrosion is the electrochemical nature of the intermetallic phases. Generally,
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in sanples submtted to tests of very |long duration.

In order to obtain the formation of crystall ographic
WERaosH9Y70 it i s necessary to polarize the all ORCHCARI08000546

nucl eati on potential of pitting and, in addition, the

... density of the current nust be above a critical value.
PItNgHAHPSIHACUFeWheR) Ehe et WIPEMENt santainsaegIesycraigons, such as
£ Qr ' f . i c0d Lo L .
o AFRRA0 A s A AL B0 B LYY Oh R s
3.5% The general conclusion fromthe literature

ois SRAESSR EshiBkat S ERSAR0L BY Bt SRR UL M un informacion
believe® by theippdicatiablbeadf pdsdilie 2é18vatice Bt presehBinFe®fiiR | 19¥ admission
process. It can be affected by diverse experinental

is necegsatibr intended. aor shauldirbe comrstugdptiehany of thaepreqadingoinformation
-api.Qn: nr it .on, and the

°°“S“gﬂys |%:Og-a gﬁag%hgeatﬁeg%g?lgg%\%ﬂlg@i cs of the passive |ayer.
The adsorption of aggressive ions such as O into the

faults in the ' Wy penetration

and accunul ati %ﬁlﬁﬁﬁ%\ggfﬂ tpﬁgrmﬁgﬁgﬁ i s considered
A o0 S Bt OB B5HERe S BBEL RSP Tl oo
hydro@erifi 618 8Fefer0Tn Aocdfdahys with whiasfecgofBs prdse ihverdiohO®ade is provided

reduction of the pH which, in turn, inpedes the .
compesifiie fRFePiodpsiBg diydragen o A5agtipat ploprid ARBIReEiiop Auity water, said
co e P g e PR S arlp qolistit of alumimum (4D,
magnésiura Mz diloon(8 iand zins (Zhe asd actlifetive ainoant ofat aatady shf

the internetallic phases. Cenerally,pitting corrosion

occurs when the aqueous environnent contains

aggressi.ye | S . of i . .
tn acofBpET B S hpr PEER EFerhrbbied oM Koy preparine o
metal-]‘cwta@@fd asfaipositiodhicomprisikg rtae ndegsndOr providing insctgir patticlesl that are

for the purpose of making _known information believed
sufficigptly glectapnasitbarihatithe bare sffass o 3l @atistes el aeact sifhater to effect

BYE QP NeARJH SHLOR thTaRBPRSRE Mt split reaction; and

& Wat%%ﬁgéﬁ?laﬁbéglgﬁogl d %egconst rued, at ﬁ%t% any of Stphlereac 1on an
blendingebepirtiges addthaeatatyst inomistinate @y sisal @ntaat withgae asather.

the present invention. SUMVARY OF THE | NVENTI ON An

obj ect of the present invention is to provide -

i e R o 06 00 ST 2L 18, XG0S £ roucing
Hydrcjr%%g %Gﬁfgﬂﬁn LORERe hivtd E)Qfﬁicﬂﬁ de1cQBP §Bh the BrduprcoREiQEHHCA HBuminum
rognu%on reaction of sald conposition with water, .
(Al), magaesommiie).t silieonc@iparidsiing (Zmevidh watertin theepreswice of ed effective
amou}cltr c?frgattatfﬁst % glild?{ P Qestlwsegrll ngmgfl OE!tlo l’}')%&u%{enréé%ltiz)n products which include

Hydrogen, the catalyst comprising at least one water-soluble inorganic salt to facilitate the

reacting of said metal particles with the water.

BRIEF DESCRIPTION OF THE FIGURES

Further features objects and advantages will be evident from the following detailed
description of the present invention taken in conjunction with the accompanying drawings
which illustrate specific embodiments of the invention and are not intended to limit the scope

of the invention in any way.
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magnesi um (My), silicon (Si) and zinc (Zn); and an
effective anount of a catalyst. In accordance with
wa@ap@themw7aspect of the invention, there i s proRCOEA2m5/000546
nmet hod for preparing a netal -catal yst conposition,
conprising the steps of: providing netal particles
that are sufficiently el ectropositive that the bare
. S ace of said particles wl
Figurgf b8% 2 Rt EpSufiia * Fulbeion.orsRtEeR Ry Ron Gpppandard (AL
A1203Z ad ApNact ﬁoﬁ@ér@hikﬁﬁest éft@oﬂeﬁﬁgﬁtb efiHollimdrRa6H the RNiveatich;
| ending t particles and the catalyst into intinmate
physi cal contact with one another. In accordance with
anot her aspect of the invention, there is provided a
Figurer@tshows arlopillbduatingga Ielym,ipmrgsen of dydrageh ggneration fiog: standard (Al-

A0 R BT RS RGeS rhrhg P B pEAF TR,

(Zn) with water in the presence of an effective am)unt
of catalyst at a pH of between 4 and 10 to produce
Flguré gagbiven ﬁlBPﬂlﬂl@ﬁrﬁlﬁ@“h eOmbaoH T HMEHRA BRnerbiéh FrRhALMSdard (Al-

onpri si n? | east” one wat er-solubl’'e inorganic salt
A12031) ond A KCt pewderhmixtores t(Bpex-milledaind hamdamixsgrnavedess according to
i th t BRI EF DESCRI PTI ON OF THE FI GURES
embo%}epﬁeo?%%e\g%%%%tleog obj ects and advantages wi |l be
evident fromthe follow ng detail ed description of the
present invention taken in conjunction with the

Flgur@@ QWMIOE‘ d1udtraiin 8 Sopirbn iof hysbsai @ensReieh fiiogn standard and Al-
mbodi ments of the invention and are not intended to

salt p¢wdnrmlxh@e5§@wéllwt0teﬁ@0ﬂm@¢ﬁ ofdhe invertig way . Fi gure 1
shows a plot illustrating a conparison of hydrogen
gener ation fromstandard (Al - Al 2(13) and Al - Nadl

Figur$ SQ/ vysgnqpx %irag ar%%gt?crgﬂ%c\ﬂg galrg |p6(E(fl)1(: r%tg{ Fegf:{l%n completlon in an Al-

KCl (NaNpay dy&@h;0f hydrogen generation from st andard (Al -
(Ng {ygnd Al - KA powder m xtures according to
errbodl ments of the invention; Figure 3 shows a pl ot

Flgur%tsgglgé{’ggfl{ rayﬂlf%ee@gnla??gﬂ ak& C[ylﬁ%oﬂg}e ﬁqna)% 18,15 Igglgplfe{lon in an Al-
KCICN%%F% l,pd and hand-m xed powders) according to
nts

of the invention; Figure 4 shows a pl ot
illustrating a conparison of hydr ogen gener ation from

d Al wd ' .
re A RS T S SO e cin

compiHtibh ifgt ADRGiGstedf al | products after reaction
conpletion in an Al -

Figure 7 shows an X- ray diffraction scan of insoluble reaction products after reaction

completion in an Al-Al,O3 “standard” system;

Figure 8 shows a plot illustrating a comparison of the effect of different salts (WIS) on the
total amount of hydrogen produced from 1g Al powder in one hour of Al corrosion reaction

according to embodiments of the invention;
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KA (NaNG3) system Figure 5b shows an X-ray
diffraction scan of all products after reaction
we@orphgtsron in an Al - KO (NaNG3) system Fi guP€r/6A2005/000546
shows an X-ray diffraction scan of insoluble reaction
. products after reaction conpletjon in _an_ Al -K )
Figuresy shagyp plot &iﬂsgatwgs FEmRATISeN qféée &K zpd A as%é ystepns and their
. | . ) . . _
ol O e e A, e B R raction
accordihg tostmlzndiments ofdepavensiom; of the effect of different
salts (WS) on the total anpbunt of hydrogen produced
fromlg Al powder in one hour of Al corrosion reaction
Figuré?FE HoWs"OplbPil Rishaisnme effe@foftahgitivey @MUN @F) ;ohi tBé! Fedcflon kinetics of
show a plot illustrating the conparison of the Al -Kd
Al-KG seistams peeordisg & epgodiments wéthe invgndionanount s of
hydrogen produced fromlg A powder in two hours of Al
corrosion reaction according to enbodi nents of the
Figuré hvehutwsanplotillystratinkOths kffest of agditives (Ng)sdrr tht ireegtibh &inetics of Al-
ef fect of additives (Na ) .on the reaction kinetics
KCl syterms aqeeyding, o upkodimenys gt thy nlfbodi nent s of t he
invention; Figure 11 shows a plot illustrating the
effect of additives Sl\/g) on the reaction kinetics of
FigureAl 2 sho@vs splet Blwstrati dieffgcttad veaitsdpperemths redctionekinetics of Al-KCl

i nvention: Figure 12 ows a.plot illustrating the
systenys gogeiding fo bg’au?%seoitﬁefrhvgn?g%ct i on kinetics of
Al - KO systens according to enbodi ments of the

. invention; Fi%;re 13 shows a plat_ illustrating a .
Figure: d#n5hews arplef illupeatingr s gomparispin of th gt roft i Ghceneentpation on the
- M SR of i
total 5 oF HOMBerEberbV LR A5, DL S oyl 23 of comosion
reacti@caeoriimgtotemientiroetitsrofiths imfentible | nventi on; Figure 14
shows a plot illustrating the effect of KO
concentration in the Al-WS powder mixture on the
Figurd 9k 8hoREAUNLE AfusBASHLOARNABR0BF A LonBentralibn Gh the Al-WIS powder
corrosion reaction accordi ng to enbodi nents of the )
mixtuienere ttei tota] amEpgutrad hydrogien genesatpd an 1 hr pf serregiomepaetinn according to
_effect tap water tenperature on the total anount of
emboﬁ%P%goefﬁﬁepwgg‘H@éld fromlg Al powder in 15 ninutes and
one hour of Al corrosion reaction

Figure 15 shows a plot illustrating the effect of tap water temperature on the total amount of
hydrogen produced from 1g Al powder in 15 minutes and one hour of Al corrosion reaction

according to one embodiment of the invention;

Figure 16 shows a plot illustrating a comparison of the effect of water temperature on the
total amount of hydrogen produced from 1g Al powder in two hours of Al corrosion reaction

according to embodiments of the invention;

Figure 17a shows a plot illustrating pH and Temperature change during cotrosion reaction of

Al-KCI System according to one embodiment of the invention;

Figure 17b shows a plot illustrating pH and Temperature change during corrosion reaction of

Al-KCl(<1wt%NaNOQ;) System according to one embodiment of the invention;
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according to one enbodi nent of the invention; Figure
16 shows a plot illustrating a conparison of the
we@tdosne76od wat er tenperature on the total anouPCT/OA2005/000546
hydr ogen produced fromlg Al powder in two hours of Al
corrosion reaction according to enbodi nents of the
i nvention; Figure 17a shows a plot illustrating pH and
T ; . . . - _
Figar o o IR 11 B 20 PASLNIGH SRR T St hoton of
Al-AlfOgftyseeni aba sdferascesacpdrding tblons tmbbdingenpbf tha dnvention;
Tenper at ure change during corrosion reaction of
Al - KA (<l wt %NaNO 3) System according to one enbodi nent
Figur®f8 sMisvd HppbiligiatigOme effédorSAaves aimlifd tilkd Us bt dmount of
pH and Tenperature change during corrosion reaction of )
hydroggn prodeged i AlsPeyvdes fie d @ piputgs eed @he fotrooiofvecorrosion reaction
di 3 nvent .an; Figure 18 shows a pl ot
accor(ﬁﬁ?%s%ﬁ%%ogfl?%@%g#%e@?édé@ﬂvari ous grinding times on
the total amount of hydrogen produced fromlg A

. P er in 15 pminutes and one hour of Al _corrosion )
Figurg ?ﬁgl@cr%a a@&aﬂ‘wﬁw BY%ngfé%’c%artW@r'fff‘méfwmﬁ% P Rithelpilled Al-

i . . Ll .1 ] .
WS SR L S A P poimen o

invenippwder s before and after regrinding - a conparison
according to one enbodi nent of the invention; Figure
20 shows a conparison of X-ray diffraction patterns of

Figuré®0 W&V@@E‘&ﬁﬁ&isaﬁ o8 X-taR Gl fif@oti e ?&t%ﬁsmﬂ ALLWIS thotders as a function
Figure 2 1 shows a conparison of X-ray diffraction

of ballaiflingtimeiof Al - KA powders with and wit hout NaNOB
additive after corrosion reaction. Reaction
tenperature: T=55C, Figure 22 shows a conparison of

FigureX2t asodis faf campdrzon pdtX-eayn diffractitin- paflernsooid At-& Cli pdwdernd with and

oy W t NO additive after corraosion reactiaqn. .,
withoWSe O A IR SR OO Rt R0 RmD A 5503
shows a conparison of X-ray diffraction patterns of
Al -KCO powders with and wit hout NaNO3 additive after
Figure 82 rsheivern ewuparison.of Reaast didfractiomppatigrgr ef AFKLlmyglers with and
. L LED S PTILON.OF THE | NVENTI Th [, t o,
witho i NQHD? BTG UIALL TP U ATk RO RGO Ep R EREC < 95°Cs and
use in the production of hydrogen gas through the

. water split reaction,_wherein the conpositions and .
Figure; 3 tshays a comparison of X-ray diffraction patterns of Al-KCl powders with and

without NaNQj3 additive after corrosion reaction. Reaction temperature: T = 100°C.

DETAILED DESCRIPTION OF THE INVENTION

The present invention provides for compositions and systems for use in the production of
hydrogen gas through the water split reaction, wherein the compositions and systems
comprise a metal and a catalyst. The invention further provides for methods of preparing the
metal-catalyst compositions of the invention and methods for producing hydrogen gas
comprising reacting metal particles with water in the presence of an effective amount of
catalyst. The compositions and methods of the present invention prevent formation of the
passivation layer of products on a metal surface, thereby allowing the use of metals, or other

similarly passivated metals, for the generation of hydrogen from water at close to neutral pH.
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conprise a netal and a catal yst. The invention further
provi des for nethods of preparing the netal-catal yst
w@e vpogicrdt ons of the invention and net hods f orPCT/CA2005/000546
produci ng hydrogen gas conprising reacting netal
particles wwth water in the presence of an effective
As wonldoherndststeask by § worker gllledinybs arti Bissompasitieph sperps and method

inv 0 . i t . ..
o poll5aP SRS bENBIRS AR SRR, Ry i i
hydrogdneoaky. al | owi ng the use of nmetals, or other simlarly
passi vated netals, for the generation of hydrogen from

water at close to neutral pH As would be understood by
Definitforgfsr ker skilled in the art, the conpositions, systens

and _mef hqd of produci ng, hydrogen .are cont eppl ated for
Unless, GERGH GONFUITES FOHCOILL iy GOGIEE (Patjs sFngiegrin have the same
meanigg |g§ eSBMopBR R rstdR bbid Nsrdidatesial defihdad (@ ARhWhRSnvention

techni cal and sci'entific terns used herein have
belongshe sanme neani ng as commonly under st ood by one of
ordinary skill in the art to which this invention
bel ongs. The term "additive" as used herein, refers to
The tepil “agdditiverc hditiedhevéh aefesoOlowalts inelodiga mwatersalibde inorganic salts, or
inorganic materials that may be add%g to the cata

. . t
inorgagic meaehrls dept wayberadded o the 9%913’1?’*(9@9 ied Wi ﬂ\%&fl@l%ts to enhance

the wa%é’ljséht {e?@cg&j on. The term "catalyst," as used herein,
refers 1o a substance or mxture of substances that

can increase or decrease the rate of a chen ca

reaction w thout K being consuned jin the reaction. The
The 14 et 55 Sk DUt THERAP A SReFBrSof BUaRyF Momes that can
increade §EdeRlcald ik rat® o Hichémicanchdtionlvieiouopeisg towamicdah thetrdaction.
bare surface will react wwth water, thereby generating

hydrogen. The term"mlling," as used herein, refers

to variqus_type .m L incl.udi but i 1, t .
the s G RGE T T 5o O B kT ey
electr@dsttive it itdibatd sugfacd Wil ieastrwvitlpwetertithdreggéneeming dgdrogen.

herein, refers to the mlling of a catalyst, or

catal yst and additive, in advance of mlling of the
al i And Al AbaiShereiiNeRr 1 valoRs tRPesUSHillRE Shiluding, but not
Thet%é%eb%ﬂ?%’aéiater Solupl'e ino¥ganfé§§%It.sui;gble fo%
limited a6, Hpyx miirgheibraterytndling dalefillingdaddattition milling.
Conmposi tionsfor generating hydrogenfrom wat er
The term “pre-milling,” as used herein, refers to the milling of a catalyst, or catalyst and

additive, in advance of milling of the metal and catalyst.

The term “WIS” as used herein, refers to a water soluble inorganic salt suitable for catalyzing

the reaction as defined herein.

1. Compositions for generating hydrogen from water

The present invention provides compositions for generating hydrogen from water. The metal-
catalyst compositions of the present invention facilitate the production of hydrogen from
water, upon the reaction of the compositions with water. In particular, the present invention
provides for compositions comprising a mixture of a metal and a catalyst, which when

contacted with water, produce hydrogen gas at a neutral pH of between 4 and 10.

10
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The present invention provides conpositions for
generating hydrogen fromwater. The netal catal yst
W@ 09pgicré ons of the present invention facilitBCECARN®S/000546

producti on of hydrogen from water, upon the reaction

of the conpositions with water. In particular, the

present invention provides for conpositions conprising
Types df Betdhure of a nmetal and a catalyst whi ch when

contacted with water, produce hydrogen gas at a
In acooslmneaiwitsHhef prbm/eevanﬂloa,ndlelmwy udsfl imethal @nipesition may be

ordance th t he i ven n.. the. ne
selectC RSN T oo d0eBl F7F B s SRY SBeuneSi R i g fypre surface
will ré¥enwWihOwted toveffadt thé ai'atd:rssp‘htlfrédcﬁbl@ rthhnebsalg%ﬁéraﬁﬂg)ﬁy&rbg@l Non-
that its bare surface will react with water to effect

limitinghexaples, ofspttaplerpgfals leﬁlud@ REMEBYM Ab r%%gfﬁguﬁy@ﬁ&)g &Hicon (Si)
and ZMD gkh)m};éc?%} ?@9@ ﬁlZeS ?1&% %?Pgﬁtﬁrg%eﬁ Zﬂ\%‘a% the metal of the
compc(sﬁmh is Aeleatedlifrogl the gmumcmn}ﬁm[gjaluEIMunm(AI)hmagmﬁﬂmm(Mg) silicon

i nventi he t al f thec 03|t|o el ect
() apil s (20, o ottt PBPHECR] SRS SRR inveRBbeHermetal of the
comp&smn’ 1ssélhin%ﬁﬂn (A1, 13NAdBIIAC refd)) eonﬁB’in@sﬂfhﬁ hefe been contemplated.
nbodi ment of the present invention, the netal of the
Thus, cm apetbét emhodiment o hﬁ:wmwrmop thens ia e iflesha compasition comprising
conbi na e Thi
ovo oE B R 288 oRE S, 20h SPRLRLS s 4D AR i,

silicort OPip @ad tzmn (z:rgnwransum goﬂh‘@@s of th¥ss enctatt avould dbaeidily known to a
fromthe conpri si ng al um num (Al), nesi um

workeg pyilledsiny oﬁﬁ(gpl) C¥#BPlsi HRrmsZimpludipg, by o 3&?)&@3 tyf granule or
: I
P amc@%ﬁ%?eegﬁfdgﬂe%ﬂmg %ﬂ%@g{oﬁgg gﬂr%flm\og r Er)rlg ?Sﬁ udl ng, but
not limted to, granule or particulate are suitable

T far tFe preparati on of the inventive conpositions.

—ﬂgﬁﬁaﬁgglgﬁ catal ysts For the purposes of the present

For theM@pise®Bf thdBreSéHt ahvetioR! the ataGRIBOSd E&A JMonbﬁlay be selected
sel ected from any water sol ubl e i nor gani c saI t

(WYS).
from pgyh waterri soluble incagastie salb(WES). (Nen-Emitinga pxaserles of isuirble catalysts
u t
L T N
sourcesaif tifesepaltsdvdatd be aehidily kkkowimo 4 wotkenskiled irsthie latteShlisrin granule or

the art. Salts.inp, granul particul ate or are i
partioplats- form; a1 ﬁ@ne&r&ﬁmgegxa&tﬁ%aﬂ éfégcse?uwl@%lee dhe pparation of the
i i
1nventWe &ﬁ{l}?&sitﬁﬁs E}elé Egtlalgg’%’ 121§§f b\ré(;esr%fet qudrr% l}g@ nép(lﬁ)srrllprlsmg chlorides
such ashﬂoo ekateple NaCl, EClf CaChx Hmfatm shelClas fadGxam@PdCINaNO;, or other salts

such as sulaflzﬁgs oF %Qrb%%at];g rBasegngn the exw(13 sive rbo&’s& %?rexperlmental evidence

collected it appears that the chemical nature of the catalyst is secondary as far as the ability to
initiate the metal-assisted water split reaction. The catalysts do not enter the reaction with the
metal, i.e. no metal chlorides form, only the metal hydroxides (and hydrogen) form during the
reaction. It is the homogenous mechanical blending of the catalyst salt with the metal, and the
solubility of the catalyst in water or other suitable medium, which appears to impact the
continued water split reaction the most. Therefore, suitably soluble salts of other metals and
salts of non-metal cations are also contemplated as being within the scope of this invention.
For example, NH4Cl, are suitable as catalysts in the compositions of the present invention.

Accordingly, in one embodiment of the invention, the catalyst of the composition is selected
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such as sul phates or carbonates. Based on the

extensi ve body of experinental evidence collected it
wa@ppeays7d hat the chemi cal nature of the cat al BGI/CAZ005/000546

secondary as far as the ability to initiate the

tal - assi st ed r.split._r tion, The al t do
from [l Eroip GromE RS SRAVACY ?{G . ftly and N, Fighagmiore, WIS
comb1ﬁ§.‘tll&fs' fgs GRb nbee%n L:é/ntteﬂﬁﬁla%t afhdg}/ 35 03led %ﬁlb()@i?rﬁmt of the present

hydrogen) formduring the reaction. It is
1nventtm1m@ea ngtalky stnefctha rrogwlositiba risl lan‘{S{ISxf Int mﬂmatealbpdnn@nlocf the present

i 0 G5B cPPakEn OB B gAY

inpact the continued water split react| on the nost.
erefore swtabl sol uble salts of other metals

and

Addl‘ﬂ@aﬁlbs it cleghitey e ezé%ﬁlplshsth%tr\m%ﬂ Rlay therplerRi|catabtsagnd therefore
n 0 f \Y; I Qi I

romaitf s Aheitty ud chan O RRD o hble® sl 8180 | Qtopl 6 BV fechanical

blendiag withea preed eastwélhaeaftar @nmplkrtmn rod |tllmg]}eycthnr(z enihe only solid reaction

enbodi ment, of ion, the.cat e .
produgi s Res i, Ao ieide) o s S atiiang FhATRECTTS dSefl; geoppositions, in
add1t1(5\1|ﬁg waltel soluiiftlof th@ Chtdlyat) GndedEBiha WIShRIIMBE %aswosrecover and

nbi nati ons have al so beén contenpl ated. Thus, in one
reC}’Cléﬂibﬁ?GlOﬁmeT@ﬂI premsfesembodrd Ve genasption: he cat al yst of
the conposition is a WS. In another enbodi nent of the
present invention, the catal yst of the conposition
Pre-tre@weni 6@R%udlyo or nore WS, Additionally, it is clear
fromthe exanples, that WSs play the role of
a) Pfe@altlléfF%/st s and t her ef ore remain as chemically
Also dt'.)‘ﬁ n| Ca r?irs g ﬁ%hfnaé c:?ét%l&?tr WE%IP hﬁgdsl %%‘a%F bRBding. For
the pmmqaloétth@presént um\eantlela,dhe oretifadsef préveibing ynduods, dbut are not limited

to, SPE}‘, an L on %’g%“g"%lfﬂqq%,er%ﬁfﬁwﬁ‘}{dr 2 %}i%)g;rhllgp% rﬁ)(%ﬁtp%g-tmilling and
the d@ddbd ioF nprE-Qn hffSq| pHRlidlk t¥zeOfAdCBRIIEEY 2l She embodiment of the
i ndi cat es t hat S will be easy to recover and recycle

invention, theepreamiiseaiiage is fremephout §migrio bettd OHping & aretherormbodiment
t S P I i
of the_1 &%e}ét:%p tgg d)r%grpléﬁl t%lng % f?()n} eal%rgﬁu l’h Q) Al'é(ﬁlga 5 fmn. In another
embodifiieat of the iBieAtion aﬁa;brysmumgeunde mfrorﬁaboﬁthé TpRArtp @B@lt@f() min.
the present invention, the methods of pre-mlling
i ncl ude, but are not limted to, Spex mlling,

Ad¥iReatory-milling, ball-mlling, and attrition
®) lllFé . Both pre-mlling and the duration of

As ﬂImHtEtad] 1h|then@g1a£-s§ achtabyst mag Ibe cgmbmedAwdnmdaddghm Deperstiiag on their

amouqlt mﬂd Shgpis i trgftpﬁt Eg%ri)m/ﬁ {aggg hﬁ?d%kﬁthg]ﬁ%«%thlg?ortrésrirgn ‘Saction. For
examBPQHAMBRounts of nitrates (such as NaNOs) or metal (e.g. magnesium) additives

significantly enhance the effect of chlorides, such as KCIl. The additive may be combined
with the catalyst by any form of mixing. Non-limiting examples of mixing include hand-
mixing, mixing, blending, milling (Spex milling, vibratory-milling, ball-milling, and attrition
milling) and other methods. In one embodiment of the invention, the catalyst may be
combined with one or more additives. In another embodiment of the invention, the catalyst
may be combined with NaNO;_ In another embodiment of the invention, the catalyst may be
combined with trace (<1%) amounts of NaNQs. In another embodiment the catalyst may be

combined with Mg.
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of the invention, the pre-mlling tinme is fromabout 5
mn to about 15 mn. In another enbodi nent of the
WO poosgicom, the pre-milling tine i s from aboutPABCARNN5/000546
to about 30 min. b) Additives As illustrated in the
figures, a catalyst may be conbined with an additive.
Dependi ng on their anmount and chem stry they can
Combﬁiahbﬁbf;fnéz‘fz@WlS%mBBQﬁanst he netal corrosion reaction.
For exanpl e, snmall anmounts of nitrates (such as NaNOB)
For ef&ctm@nmltal(aes@ed Mt @glntlmyct@nsu the metal SWifhcdtaly straompositions of the
ce the effect of orldes such as

presert a8 gy S ESC RGP HE A Y S0 bR atetay blEeq: oy meta
and chlysi f f@. 1n|§t|@ﬂitrdnl ﬂilaif lb@@p}@/)slaﬁlw &5 igimare Xdoﬁ@tci QGthUsie another, for

handmxm% ndlng,mlllnq (Spex ml]ling,

examg}q:,bqsgb@ AR # 1p|glq$§ca1](yaqquorﬁqlqd|, pwbthea mttlp ifracyred to small particle
I

. 4 DB ARS U - SBRASHROPL 5 o s i

the formrof aeillés Masng hmzart@txhwn aobodiotemd 000, Thus, in accordance
i nvention, the catal yst nay be conbined with NaNCB I n

with ong shefinasns o .tla?elﬁvelﬁmnt the mﬁ%leaﬂdi tbﬁ Catﬁh’ét wa i thesformey particles

havmgo\%osg??g?étglﬁg rﬁﬁﬁoé Y% may be %%Jﬁ\l’@l%ne%ﬁ%’ql]ﬁwm of the

inventidh, @wﬁﬂefaahh@ mh@éat@yﬁlare\/\fn&he chps)f phu@ickes Mavingfd €2d batkeen 0.01
met al - assi st ed wat er split reactions, the netal- WS

and 10QAuan.ykx acsordsoest wilthranodter enbogineens o theimvention theynesal and the

cay AP 8L o, oot et 2t LRt B S0 Lo

with AU Ce%ﬂddlméht' &tﬂherqh\een%ﬁt Rt m\é’tal fan@ RRe @aatylafeane iﬁloﬂhe form of
exanple, as the netal is plastically defornéd, and

part1ckeaha1/1;zg1a siz Bataednud.etl ancb 280pech Inpm:cbndah® with anotEctrem‘tlmhment of

the in@%{tg ﬁfﬁv B%d By)ese yst :agevtennn e? agegﬁcsl }&e}%gtgg etlrs]lze between
o TR B e Al SO, 1

netal and the catalyst are in the form of partlcles
w?.w ng a size between 0.01 and | OOOO™ | n accordance
2) Blegdling anot her enbodi nent of the invention, the netal

In bleRdiflg Bg &nf B Mﬁhedﬁﬁﬁicél'}nf‘xh% it %réﬁp@éte@ﬁfai th%'pﬁﬁlcﬁ@éit@&‘ tBle initial
si zé between O. accordancé with

compengotsha ﬂh@mb@umewﬂtham alt hlélupmﬁem ﬁl@ﬁh staterad thematedanovdendt is also

expec% Etalétytilt ﬁécelogg%}} grgar];tor gl Cbéi?r?n?% erl?\ﬁg egaabe?%ne% on the final

state GITTRO eix@Npovader! Hend MeRE bﬂbllcndlhg isRbadiownehdthydrogen production is
catalyst are in the form of

generally less than that obtained from using a mixed powder produced by milling or

mechanical alloying. Accordingly, in one embodiment of the invention the metal and catalyst

are milled.

i) Milling

As contemplated by the present invention, a plurality of milling methods including, but not
limited to, Spex milling, vibratory-milling, ball-milling, and attrition milling (as well as other
methods), may be employed to produce a mixed metal-catalyst composition. During the

milling process, the metal may deform plastically, otherwise known as “mechanical alloying”.
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particles having a size between 0.01 and 250 mm In
accordance w th anot her enbodi nent of the invention,

wo b@soeteal and the catal yst are in the form of PCT/CA2005/000546
particles having a size between 0.01 and 1 OOmm This

s w3 B GhnSaoam AR BB B off. B iasiine ppen Sorosiy of the
metal ﬁﬁﬁ&@%ﬁamsntﬁé [bggér is I8 serfReCk&eof the&nétaecaws& hﬁ{aﬁre exposed to
size of the'initial onponents in the mxture I

water,adghumthie fighee rﬂ@eratenoﬁthﬁ sdackom(ie. ta‘rgdriwlcmnk efitheauetalrreacts with

al so e cted.that t t f [ d
water ropif oot g hRiigety 1 Brtgeths visi@Pr f EAEpR L g Amount of he
metal Steadte with tweri mltmmyerplahm defokhbich OF Ak esiBitions of the
| abori ous and hydrogen production is generally less

inventioiphy tarmpc%tsaﬂh a¥ njochaniead jHgyiag resubiing Sare milingdive egample in
[ I 0 n

Spex ooy uBh & FRE" RS o SnlofP o 2 0 Yl 3Rfing, s
contermplateddy thy pids¢dtiimgnfisn.cont enpl at ed by the present

invention, a plurality of mlling nethods including,

but not limted to, Spex mlling, vibratory-mlling,
b)kh@ﬁk%ﬂm| ling, and attrition mlling (as well as other

may be enpl oyed to produce a m xed

As 111Mnamd_luam|e;{gmpb@;@g sluration .of m}lmggngjh @lsmefﬂectrig/drogen production.

Accoralﬁlg\% ?l'ge’ leﬁé}g & gHﬂlé’lgl anéI dg;| 1% %%t 't ?cget%gurben dgr \é\lﬁ%eseé%bodlment

of thd)MnvenviohKeie skillngeemenist ﬁﬁmaaboutt e hidi ger aidue A'Dﬂhﬁﬂ In another
orosit of the netal mlled wwth WS, the larger i

embodipens g fliscknventian. ghe mHinGiBs 1% o %qut i X F1iR O @k%s?é)dmm In
anoth%rcén%td ent%[f‘#hé ﬁ‘ééntwﬁetﬂa'lﬂmﬁ{ truf]@ id ﬂ&'ﬁ a‘%u{ nﬁﬁﬁ)cemoﬁf'% min.

arger ‘anount of reacts wth water 1n
In anaﬂmrtennbdalﬁnelﬁ af.thd nme)luomrlhie trildinpitope s firdva apioet 300 ofin tdebout 40

min. ThGRainst SaiFieat o g GRS eSSBS SriBH AGGHE S0 T to abou
6onnﬁpnp03|t|ons of the invention by a process such as
mechani cal alloying resulting frommlling, for
exarrple in Spex vibratory mll or other forns of
sive m.llj ng. &

Giveni fémﬁog%ge dn one %e gc{rqrélglith?ﬁelrén lﬁe ?&/1&% %)c'?)%molsﬁflon ftor I]?‘x:‘oducmg

hydroé@n mﬁdnu‘é&dtﬁ)heﬂ sl cohgosnamphithsvatérhsaid vsrapositiorofomprising:
may_ al so effect hydrogen productio

A@): 0 r d| ri@ﬁfyl Parieles ashepiadd fsm Hhq ropR confesting © ? Aunyingg (A
be predel LU RGHMEN s &IPAH HEOZn); and

b) an effective amount of a catalyst, the catalyst comprising at least one water-

soluble inorganic salt,

wherein said metal particles and said catalyst are in intimate physical contact.

In another embodiment of the invention, deformation may be achieved by blending and
mechanical alloying (e.g. using Spex vibratory milling, or other form of intensive milling
such as attrition milling) the metal powder with a WIS-catalyst that:

(i) does not react with the metal, or otherwise chemically change during blending;
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of the invention, the mlling tine is fromabout 7.5
mn to about 4 hrs. In another enbodi ment of the

WO poosgicom, the mlling time is from about 7.5P@i/0AL®S/000546
about 20 mn. In another enmbodi nent of the invention

f Rﬁh%{ ErE aHSDERHBIRY 118 HO B IGHTIng e | PHGT s small
gﬂﬁlef $i2dn Oapgb'éurﬁoat g o{lﬁeta(ﬁ(ﬁi%pft%egg @her%;tgr Qﬁ%ﬂ% it to blend

ment of 't I v | on
aboumtlrﬁﬁelyltmmgh@hm]nﬂd&@mﬁingnme@lven the foregoing, in

onge.. enbodi there.is provided a conposition for
’6‘(),1G@Plﬂéesﬁgﬁw&tféﬁplﬁﬂﬁ?’f’tlf’éact| on of said conposition

W'(itv ad¥Bie8 rcom%@h%tﬁ@&%@ﬁ fhb%naemchﬁwlgama)es 'Eﬁha'
particles selected fromthe group consisting o

al(urieashes ¢utlof thmldgm@sh nwial¢adg)tivesionipesite, (dgpl)lg}amozmrn ¢o the water

(G BB a5 G VGBI Ral (RSPl Bheind B water spli

| RN Igdh to ca&ﬂﬁ@[v&dyr’chémlfdi 10BdtiRn ppéductsc| es and sai d
catalyst are in intimte physical contact. In another
enbodi ment of the invention, deformation may be

i eved by bl ending and nmechani cal alloying (e.qg.
Solubf] ng Spex vibratory mlling, or other form of

The koltlifii o6 thiel bhemicsllic hacﬁse ainbrgaticosaltsi I(Mﬁg)addﬁk)naﬁay afacilitates

wd th W S-cat a t th t:
generligai of S inae) HOrR, VaEhel P e CHEYAIchE RPN SRt 4F iglgphols) by

provﬂlhg '&@ht'i‘xﬂlo@s iobefi@B d¥T&h& rfﬁb'ﬁ‘ qwfﬁe%ﬂ 1h8 | ¥etlofr Ir¥adtieh] Bl aiding in
bl endi ng process, has snall particle size,

remo‘otl pf 10t m@cﬁ@epmduste(tl eotnetah éy@now@% gromy ther xshstion zone, unlike

other gcéxf) ﬁaéy &Fe%lgcihbase } %; | -rftslgrg)ﬁ galfghlgy Ye gh gl.u{mna) Such non-

solubIee@ﬁﬁd:l@s] in (dom)ras’ﬂ,sﬁzﬂ[ ®fock wpen qiotoslltyyin B¢ werting Meetal, and therefore
bl ended additive, particles; (v) | eaches out of 1

accelgspigrageempation chdby sphd P&Qﬁ\*ﬁb@f f@cﬁ% .(%agﬁ@?b&uﬂe@d%eto rapid
dechrfeh% Walifin %% g tcl?@rdf Uik Qe e%dﬂﬁérﬁ rofstﬁ!e 'ﬁpésgnt invention, the

itives eac ring the water split reaction
catalyanshltriek p sotubdiy iy emgl of e 195Imal/ 109g ovatanlpacsdudans: with another

ol u Th u t he .chem cal | t
ermboyiipahl ah e YavePfin (b 31 catafrd Pana PRt 2 b 0.1 mol/100g
water. The solubility of the WIS is not limited to water but may include solubility in other
convenient solvents such as alcohols. Solubility in water is preferred due to convenience, low

cost and environmental factors.

Ratio

The ratio of metal-catalyst during the blending or milling operations may additionally affect
the rate of the metal-assisted water split reaction. Accordingly, in one embodiment of the
invention, the metal and the WIS catalyst are present in a ratio of between about 1000:1 and
about 1:1000 by weight. As well it is known in the art that very small amounts of catalyst may
have a very strong effect on catalysed reactions. In another embodiment of the invention, the
metal and the WIS catalyst are present in a ratio of between about 100:1 and about 1:10 by
weight. In another embodiment of the invention, the metal and the WIS catalyst are present in
a ratio of between about 95:5 and about 10:90 by weight. In accordance with another

embodiment of the invention, the metal and the WIS catalyst are present in an approximately

15



10

15

20

25

30

generation of hydrogen fromwater, or other convenient

sol vents (such as al cohols) by providing continuous
wopesiyrg7of the fresh surface of the netal forPCT/CA2005/000546

reaction, and aiding in renmoval of the solid reaction

duct met al hydr oxj de) m t he eactl on z
1:1 rafio, Py pEcigh h@a%ﬂ@nncec‘gf gnyeftler %raﬁw? b T¥YruBpm P metal and
the WPS?EQtHly@t Rankdsehes e{nea@m)ahww?% :50 §H&J‘b 3AtUR Kcordance with

particles, 'in contrast, wl open porosity In
another tmnlvcehmﬁmtngf thet miventzamgd thérenetdloamsl dwec W1Sr eatayst are present in an

%rgg# t7bag f the oIid product of reaction (e.g.
appro}%n(fl ? FEL %’e]tg rapi d decline of reaction

ki netics. Accordingly, in one enbodi nent of the
present i nvent| on, the catalyst salt has a solubility
Methogs fox ez Z QBPLSI%S wat er. | n accordance
' feth ven t )
The ich ys?Et@é %‘*ﬂ%? IS SR e ) ety
compcmildnk Q)ﬂ?ghamnvaltlonTheaa:otdabcd: iith thé compositi@si of theinstant invention,

mted to wate I i nclude solubility,i her
the calaly, By SRUPER! § SHRbInatbinion: idh Bre,oF 1sgre heA WS (0F the catalyst
may cMﬂbﬁﬁe éMBﬁﬁfz&ﬁBﬁQﬁ&Pﬁnth%n&@f‘fﬁ%@ &i@l@tﬁzes' ow cost and
environnental factors. Ratio The ratio of
net al - cat al yst durlng t he bl endl ng or mlllng

eratd ons
The nRgio 150 Bofie fapeb &t toBboffibn B de diy pFSent imvention
compriveehesopdofrent of the invention, the netal and the WS
catal yst are present in a ratio of between about
1000: 1 and about 1:1000 by weight. As well it is known
% ;p?@w&fh doR&&rot: grly artﬁ‘ﬂ@gu 2] %le&ir g@@ﬁlélleﬁ?tthﬁaa)fe sufficiently
h a ve y stron ect on catalysed reactrons. In
anoteleetropoditiati thetnthe dbret dueface v tiei particl¢shwilhetet! widinsvatendo effect
WS cat al }/gﬁ are resent in aratio of between about
100:th¢ WA§ ’éﬂ?acﬁ %0 by wei ght. In another enbodi nent
of) tsBRcHAY LB, ad 8chBidEheraildsditaBle Vb SaeBiz8 laWpdterddpBit reaction;
present in aratio of between about 95:5 and about
10: %dby wei ght. I n accordance wi th anot her enbodi nent
g]; egz ntdln tﬁg?ne?al ’arrlc?) Xe[al tlﬁ{o il qglfl{aet %XW c%ﬁ{a%‘%oﬁﬁ loﬁlé fnother.
accordance w th anot her enbodl ment of the i nventi on,

the netal and the WS gatall yst are present_in an
For thg pyrrasehaf @ewreﬂells@VFI&tqn@ 15y CakRly HHmay enflonally by Rpr-@illed prior to

step ¢ %féltf' tl‘%%’%x? %ﬁ' %g'f)fét mﬂim% Bfbd PoEitine@Ys déé&ﬁbé@é%kfe

cata yst “are present i n an approxi mat el
30 70 ratio by vvel ght. Methods for preparing

In one em (l)ciltr:naetrrfrjl lo%{ fche mve 1%%' %ﬂeoglgthod of preparing a metal-catalyst composition
comprises the steps of:
a) providing metal particles selected from the group consisting of aluminum (Al),
magnesium (Mg), silicon (Si) and zinc (Zn);
b) selecting a catalyst from the group consisting of NaCl, KCl, CaCl, and NaNOs;
and

¢) blending the metal and catalyst into intimate physical contact with one another.

2. Methods for generating hydrogen from water split reaction
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The present invention further provides for nethods of
preparing the netal -catal yst conpositions of the

WO poosi9icon. | n accordance with the conpositi onBCDEARINS/000546
instant invention, the catalyst nay conprise aWsSin

. onbi nati o h one or nor, WS o at al yst
It is aﬁﬁﬁ &?xﬁ-‘ﬁt gthi W@T‘t(ﬁ’ OHBY? f-;unt spdsiof pr Htgreh idEqgsn from water

using JAFILda¥@Pst cORHoSRbRO S IBEQflCLHé.Ie RAEENS RoVRLAImGBSR! ¥ broducing
conposi tion according to the present I nvention

hydrogﬁmﬁam veprismesteegiggahetalaparieloy mdthngateom Gequgsetcaef ai effective
%rt |tcf as described herein, that are sufficiently
I gg??é’ﬁ(ﬁ’)si tive that the bare surface of the particl es
will react with water to effect the water split
reaction; b) selecting a catal yst, as descri bed

For th® 9&@0@@ oﬁﬂiegﬁ@sleﬁt Qe RinathézRetals WaH Ratafild dmpl6 Pt foPhe hydrogen
ing the netal and catal yst" into intimte

generq@mgsw@n spdi ma@@pn wiet selestrdl asrtthiead atioye. Bimdlaplyiy tkw@lubdity, ratio

and cc}nllqpeos 1 S%ﬁfle éﬁ)%ﬂ 8&1%1@&*1)? tﬁeaﬁat%%%?ihee Sl%/cgg‘g) S%H %Hl p ?%%reVlOUSly

deﬁned Wdtlptfe&rmdehb m]@;- ﬁl@tabé’atﬂ?ﬁtfc@fnmsitlaﬁs otihe Iimféﬁdora roseerdingly, there
one _enbodi nent of the invention, the nethod of

is confspplaied A geshageeirodueing Rrekoses FeBPrisIngieaching mesal patticles selected
from t?%] gf?ﬁlp bnsiftin f%‘l'dnql'nﬂﬂl %agﬂ@éﬁ?ﬁ}\fg’% sr?rﬁt;éoﬁlg@?)danﬁr ;\%@ (Zn) with

oup co |st|ng of um-num |um
water $i Itlha: pres@r@ie)ofaa:rd effeative (amt)unt bf catalyst i agaHa of dcbdegntd and 10 to
fromthe

produdg R RSNtR wHRAS ROy ot ity i el tgimpittag at least one

Water_gahblgqﬁ&gmygalgal contact with one another. 2.
Met hodsf or generating hydrogenfrom water split

reactionlt is a further object of this invention to

Wherd? {ht%qogrgpogﬁ oﬁg %? tlst) %? Weﬂgo{ﬂ% ec{ t le éﬁ?ttg 'be Ltﬁld&gtood as

prev1o|m§19\de§@ﬁaedﬂiEMﬂ,SAQ §uqh[ axboeding td‘lmérrﬁghﬂdsg@&the @mbm‘t&n{?@tlon the
resence of

reacting icles mnth ter in the
mechagjcalalloyang 9%&13@@% e gresgageAtYNLS, fellgwady ‘mtl? IBUQys gyposure of the

resultdn QRS rARANetaYERL EQApositithis Bt fhfr,2Ahveatd ¥ ShStained water split
enpl oyed for the hydrogen

reaction.

As illustrated by the examples, the chemical reactions of the instant invention are additionally
affected by temperature and pH. Accordingly, as would be understood by a worker skilled in
the art, the temperature or pH of the metal-catalyst reaction may be increased or decreased in
such a way so as to produce hydrogen at a predetermined or desired rate. Typically, the metal-
catalyst promoted water split reaction occurs at a pH of between 4 and 10. Thus, in one
embodiment of the invention, there is provided a method of producing hydrogen from a
metal-catalyst reaction wherein the pH is between 4 and 10. In another embodiment there is
provided a method for producing hydrogen from a metal-catalyst reaction wherein the pH is
between about 4 and 9. In another embodiment there is provided a method for producing
hydrogen from a metal-catalyst reaction wherein the pH is between about 4 and 5. In another
embodiment there is provided a method for producing hydrogen from a metal-catalyst

reaction wherein the pH is between about 5 and 6. In another embodiment there is provided a
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generating water split reaction are selected as
outlined above. Simlarly, the solubility, ratio and
wae vpogicrt on of the enpl oyed catal yst of the netTod25000546
enconpassed here, as previously defined with reference
to the netal-catalyst conpositions of the invention.
methodcfop papduging, hydiege framcd reahspiabisti rerctien mdwredn the pH is between

rd Si |
sbout B AT Rl RAARAIR thetk 9 pf AR & helePhor Y cfle Ty drogen
from Haglemﬂs-lcaliaiy@t\/géa,ctlen I whe:rmn( thic) pANd betmeel Zibpuini7t hndvel ein another
resence, fective .anpu f cata a
embodsi §ht o vGHica i dreltpd B PRGHERE  sBresin g epiel-oatalys
reactMWﬁ&ehmle &b@plsfueﬁw&a%ow § ihd f1en (aa&tﬁlayéhb&ﬁﬁieﬁﬂ tﬁér@ §s lovided a
| east one wat er-sol ubl e |norgan|c salt. Where the
methogdofop qmducmgshxﬁrogdmefrpme@ aretalicatabist resgtion avhsreim dedpH is between

about :?h?ﬁa 7.9 a%o&%{,| g&gg 1me '9 ﬁlegets ﬁ\yldgcy? IHG&H(?C‘S pﬁg&jucmg hydrogen

el n. SucC

from PreggRiatdlyst eedction WHdﬁﬁﬂﬁE@bHWbﬁ Whthoyhgt of te@letdtureNthere is
the presence. of WS, | oned by continuous exposure
proviged @ Haethed ok arﬁdus@goh pese 1N W Betabrpebist iterrdiop gwherein the

temp | us? rﬁegﬁ&%& flsto het@ve%fﬂ%tz%ﬂef’qqﬁgﬁ b el lttor(ﬁﬁc%lhﬁ’&hme of the

e exanpl es Cemc reactions o
invenﬁdilﬁ Ih A&¢oridnce W&ﬂﬁrldﬂlibr&hﬂ)oddﬁhﬂt | thael ik pravidegicd adthoy of producing
erature_and pH. Accordi ngl ¥1 as woul d tb )
hydrog ngp@t »BWiabraglygbraeetions wheredthp ferpprratyrg 0 &ﬁévater is between 22

and 4@‘%“1 @(‘50%51&8 ﬂl—lax?c}‘thérhe &J%Eﬁf’i‘ént Ctﬂgt%l 1\/\2}0\5&%‘:& lnt%ﬁloﬂ%f producing

I NCr ease decrease

hydro@éﬁ)ﬂbﬁlea hbéthl@gﬁ[ysﬁteaatmf wHekr i madpﬁatudeesf thedvadtertis between 40
£I cally, the netal catal yst pronoted water split
and 5§ dn.aeepré@r@a rvgithy enathgs ymifodisesnfetbpreds freyidegl a methed qf producing

hydroggqe ﬁglglb zg?neﬁ% ta@fst }elagtl(g{]%ﬁgrte Ofe térﬁl%rg‘&ukfs %\@}/ag@rdis Between 55

pro ro en roma

and 106 Th QBcoMTRICE vt é}ﬁ)thH ehﬁ)oﬁﬁﬁéﬁe &Heréd 1§lﬁfbvi&d d Method wherein the
anot her enbodi nent there is provided a nmethod for

tempepatoctLditheywhtedisdpé@. f rom a net al - cat al yst reacti on
wherein the pHis between about 4 and 9. In another
enbodi nent there is provided a nethod for producing
hydrogen from a netal -catal yst reaction wherein the pH

As fdrtheb ellwearedabpiie éxansleq. whtor et nay adhiotbiie rifetthmetl-catalyst
lsr ovi ded a method faqr. producin tgaéhydr ogen from a
systermet RFpeaging 9 tthe @aEs of thinavairn cefain Jrnuatiss e gommonly found.

t
nceo R, R RO EFLOHTERIeA AL, PSR hcton
In addidiant cartaimikenaicalstrhay pélaidedotst awgetypalduwater sndrder td mcrease the

1mpurbtyo%th ’&er} @g}l% Eﬂntth?ge reganllglesp of ¥ agerdtypes 1ncﬂlae fresh tap, distilled,
marine and water adjusted to comprise a high chloride concentration. In one embodiment of
the invention, the water of the method is selected from the group comprising fresh, tap,
distilled, marine and water adjusted to comprise a high chloride concentration (e.g. KCl-
saturated aqueous solution [Tsatration = 55°C]). In another embodiment of the invention, the

water of the method is tap water.

Given the above, one embodiment of the present invention provides for a method which leads

to high-yield high-rate metal-assisted water split reaction comprising the following steps:
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froma netal -catal yst reaction wherein the pHis
bet ween about 7 and 8. |In another enbodinent there is
w@e@sioemd a nmet hod for produci ng hydrogen fronP@I/CA2005/000546
nmet al -catal yst reaction wherein the pH is between
1a%out .8 and anot her  enbodi nent there is provided
‘a

.
Fﬂé’ﬂﬂ%amﬁﬁ EPPPPIBERN from a netal - cat al yst
2 R B FU ARG TR D (DS G ik tquid o
prvarhwei ng hydrogen from a netal -catal yst reaction
wherein the pHis 6.5. Wth respect to tenperature,
there is provided a nmethod of produci ng hydrogen from
In the@seBRidBdters; ah@byflsureedht QRWEWIS combbittet @oD@eatin s@pdl) to water,
.. the water is between 22 and 100C, according to one i
cither digishipianounfassyies thevapeimym poresia/sefagamess atithe outset and during
' h [ [
the rBERYES STRON TPHe AlOTS: IR DROL £RI0 SR 581676, lthough
contemhlated] pelictieaticanis desatdesieabdd. Férethevatugoséssoflibd peesent 22veation, loose
40C. In E’i\ccor dance with @not her en‘ﬁti)odi n‘l;,?n%heye I S
powdggs Gontaiad I ACPHBICHPOBICAbE L9 MG BT Sgkiing riggnPag” arrangement) are
contelBla@ld: cat al yst reaction wherein the tenperature of the
water is between 40 and 55C. In accordance with
anot her enbodi nent, there is provided a nethod of
I [ hydrogen from a netal -catal yst reaction
3 Me&ﬁ%ﬁ@%ﬁp‘%ﬁéy éeﬁzger ature of the water is between 55 and
The pldiBiE inVentios Catlba pER/iddstibr mpal-balysnRodinkEAt woliliefeaundsrstood by
rovided a nethod wherein the tenperature of the water

a worker siERe. iAo e HsesySiens A Bebad 9% ProfRicEEnisiregen Mgy By used in
conin 05 B 0y SR LAl s e
in theipresent inversticar may ecoetandty iftmdudtiondeCloydiogeytderivedppwersto consumer
t v.pes of ter haye been.contenplated for use.in the
clectrylibe [ B RB RIS, THAET SR icret RRPEYIAR. Ip Papgglar, use of
such RRIrdggedut@ BPovict REpRIntAdE Bledichl @KARY retiBirdsNBEE Afefibthe of such
impurity of the liquid. Non-limti ngﬂexa | es of water
1

device gn_p@minig@ﬂ u’mmlp@tctfqueféua,org@q_és,rrrl1 dn sesel ofetpilurepl sishadeyiogat Blre use of
neutrai #éﬂ %gg%r%e\?#&g %ﬁ(f %S%I_W 1%1%mhocﬁe%\ﬁc§ c\(lf\)glfogﬁig téé ﬁ'{'i%lceéauirétﬁent.

i nventi on,
nmet hod is selected fromthe group conprising fresh,
tap, distilled, marine and ter adjusted to conprise
For the ugtose Mfofedrressm cianention; d (néﬂ.t@.- ety s Sstemsegnployed for the

hydrog%gﬁ#ﬁaé%glv%bﬁé‘rgﬁli{fgﬁﬂdﬁr&ﬁﬂ R~ 550C]). In another

e Invention, the water of the nethod
i 9) tametabtaalyst composition according to the present invention;

b) water; and

¢) means for containing the system.

It is understood that the metals and catalysts employed for the composition of the system are
as outlined above, as is the solubility, ratio and composition of the catalyst of the system.
Similarly, the composition of the system are typically plastically deformed or mechanically

alloyed, with respect to the metal-catalyst physical contact.

With reference to the examples, the rate of the water split reaction facilitated by mechanically

alloyed metal-WIS systems of the present invention, is 2-3x faster as compared to similarly
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G ven the above, one enbodi nent of the present

i nvention provides for a nethod which leads to
whe@hayieed d hi gh-rate netal -assi sted wat er spl PET/CA2005/000546

reaction conprising the foll ow ng steps 1. Providing a

oo iyt gomeeltion e Eheel i, %
and atRb§ 4-58! fliEf a% ctgﬁlggrea rtovtﬁ\/\%gﬁﬂaﬂ#; 8}&@%@& ngﬁgm§tlﬁcﬂudmg water-

e exposure o0 site produced I n
solublstc&gar(ld)adﬂmvmatsech agi fofygathylerpu glycolr (alapdwcl,osaissmrlés Pat. Nos.

oo BT B 58 e gl e LS A0 v
prov1d|é9%1 m@taﬂé&’ca@&%y@ﬁﬂl @1&15%22 @Z @Lsteradhhlli" ouh h?@rﬂg@fﬂ’@é@hﬁﬂhg systems

peptization'is’'less desirable, For the purposes of
knowmprie ghatart. fpethegoeme, theototal g@@@i@nﬁsy@lﬁwﬁ%ﬁ:rnbdm Wag 1.5- 2X hlgher as

comp 7RG S POER 55  hive.

Accor@inglyg lﬁe efficiepsyestaht wiatey 8plit reactionrdfhies mptad}WI@&s'sﬁ‘enr of the present
met al - cat.al yst, systens. ., As woul d be derstood b

inventygsy ReviEURFHILe&Yeh hergacsion washBeaglysq HRletsh 4t et dO Sy Ha vield)
mthlrplﬁgéjgalt ?g‘a@u%rg{ep %ﬁg) Ezﬁ‘%r zqg E&gtgaust gléé:gﬁ%:égor dd &néleﬁlbwﬁ{é}‘ soluble
organiey Sy @éfs dederdrbedcted sIoh\Ely pras afidr ~200R13t wbth tha}oest overall reaction

accel erate introduct f hydr n- der.j ved
yield beipg; insh hag oty %ﬁtﬁYC‘QLJ( Thus, 18 geoSE s rperSftier P ent of the
invenﬁt%v tifere 1sog ro{dRd Sapﬂl%{aﬂké@@st éﬁte‘ﬁ@‘%ﬁd‘c QI 1.5UBEnffe BY@Mdgen than
drogen Source to power i npl ant abl é nmedi cal device
other hyaimgelmnelhang systamsknowipih theiath devi ce has mi ni nal
i mpact on the organismin case of failure of such
devi ce. The use of neutral or near-neutral water, and
In coﬂffakﬁ{o Mé%rwésss 8RHoSRVInCE. ¢ Paf. AUH¥S 61420385 and SH821676E Atherein the
Sc@éour pose of the present i nvention, the
statedrmod;uc:t the yeater splitrepaiioanis ypweace of a m@qﬁkﬁﬂ@géﬁramw or organic
ener at S r
w50 SPGB OB A OSSP i o e igwes o
and SIbWelﬂEcﬂ BB an@)ntkmtpafe alaindhugy) nrma]npirﬁte A1OOH ai mixtgretdfeAl hydrates

N NI E R O, PR R

outlined above, as is the solubility, ratio and
conposition of the catal yst of the system
Al-ceramic-water systems (U.S. Pat. Nos. 6.440.385 and 6,582.676):

Al + 3H,0 — Al(OH); + 1.5H, (B)

Al-WIS-water systems:

Al +2H,0 — AIOOH + 1.5H, (€)

Thus, in the presence of equal amounts of Al content, the Al-WIS composition of the present
invention, reaction (C), yielded the same amount of H; as reaction (A) while it used 33% less
water. Furthermore, the solid reaction product of reaction (C), AIOOH, was 23% lighter as
compared to the solid reaction product of reaction (B). As such, the weight and rate

advantages according to the systems of the present invention are significant. Accordingly, in
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Simlarly, the conposition of the systemare typically
pl astically defornmed or nechanically alloyed, with

WO e®peete7d o t he netal - cat al yst physi cal cont acPCT/QALGD5/000546
reference to the exanples, the rate of the water split

reaction facilitated by, nmechanically alloyed neta
one erghacimant offthe HyepHes dpC iRFEHCFY A Metel-catadyst e Fh%gmpﬁys less
water %?&rﬁ?slrj fnfglhtaxf’%cgfrd?ﬁ]b% o%xglﬂ{)&lfc?ssfﬁ 3 é)tﬁié? %gﬁl%géﬁ' géhe'?eﬁmg systems known
in the 65t582, 676), and at | east 4-5x faster as conpared to

the simlarly processed systens including watersol uble

organi ¢ additives such as pol yethyl ene glycol (also

Furthé#nded, %ﬁfi’cd‘u@n WfShe Rater IS reabtidd OCB 8D s@iply Bucd @211 (th. hydrogen

Accordi hgly, in one embodi ment of the invention, there
would; resuh awh@j@dlaastn@tl & melaewesefi waigtheanghpeactips (12):5x

faster than other hydrogen generating systens known in

the art. Furthernore, the total reaction yield after 1

hr was 1.5- R§HRHIWEIOas—cospaOed to the sim | gD)y

processed systens including ceram c additives such as

al um na. Accordingly, the efficiency of the water
These3HRe¢ bbry" %ﬁﬁba&fﬂ wigth RGvAIRigR ch‘ﬁiéﬁﬁ%ﬂﬁ@hﬁﬁhcﬁﬁ@n Bf 8R&NSystems to

invention Is S|gn|f|cant gi ven the reaction was
hydrogﬁagdnpratlomiblemmljﬂe( de\@cesv\F Qﬂﬁm@@% Egactipe () regiiresi gnly 2 molecules
of wagf. Yot & 4 ol B FRBE e g r U FE e BEh oyl Mg an inpue
of onB/f hhlfiendleduld RAGHAGr PEOBACH SEN oﬁfalllﬁﬁmuﬁﬂomﬁzordmgﬂﬁ, thbereaction

best overall reaction yield being |less than, 53% a
systemppangemplated, byi the peesspigaNeion; ineudndthare BrigumsRI &'S@bove Al-
WIS-IE%?% ééc?nﬁﬁf(?al?? thte%glg @Vf{e c{%&\r’%loaﬁgﬂ Iq\?/o&ﬂ@tr uniéﬁ(g%; Egtof water for each
27g ofyalhingem. gSlnﬁﬂat systens YB) edith watenwrecinoulatien D) woubd require 27g of
wter ot S G BRES SO0 B oS S e s in one

embo&’i P8 WRtiBlertidhi thefcfRGrdRded 4 &e%%ﬁ@%ﬁ‘sﬁfen@|fUﬂhé'11&:oﬁfpnsmg a
er ceramc or organic additives, were H2 and

re-cireI{1GH) @simhen ey SesysEunsntes aroinprib 66 aply lahemelegie of water

per ea&ﬁ&ﬁqrﬂ l&)ﬁqu hﬁﬁgﬁ@oﬂsgct%glp%e)&% eg E;grd{o% gl}e?éﬁ' ér H}ts(ftnown in the

art. Oh@dafkPAD Igeﬂaausmg;@tém f&r maidndalﬁﬂlfcaﬁénspél gSp@Ver{n)gRﬂ)]b))ats may use
according to the fol |l ow ng reacti ons;

the mexing wigter @lesmimpgal ﬁ%lon6 imitprlygs ngﬁﬁiéca@; 115 ’reg]]g c%evwmmay use a
seml-Q_erg‘}%@ E@}lﬁk%)té pioxéil_g Elffgg:@lt Ao REERE oo YRHIBTE théthydrogen

generation reaction. Fortunately, water is omni-present on Earth. Ultimately therefore, the

water required for the water-split reaction according to the present invention, may be obtained
through condensation of water from the surrounding atmosphere or environment, thus

minimising the need for on-board carrying of water for the reaction.

The advantage of the present invention over the prior art (U.S. Pat. Nos. 6,440,385 and
6,582,676) is clearly demonstrated by the significant weight requirements of the systems. As
well, it is noteworthy to consider that metal hydroxide can be easily recovered from the solid
reaction product by leaching the water soluble WIS catalyst, such as KCl. Hence, WIS
catalysts may form an integral, recoverable part of the Hj reactor, wherein only Al+H,0 need

be supplied as an input. This is in contrast to reaction (B) wherein AI(OH); cannot be easily
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Thus, in the presence of equal anounts of A content,
the Al-WS conposition of the present invention,

wo easvymm (C), yielded the same anmount of H2 aBCT/CA2005/000546
reaction (A) while it used 33% 1| ess vvater

Furt her the solid reacti roduc reactjon .
separafad troms by ppr-iglabls A ig RSV Sep iap-faiaty ¢ bt &5 abigum oxide.
Accor&i%gﬁft gﬁf@n H{qu&@fonqgtera%@%él alBhnta recsﬁﬁﬂlg ffdﬁ? ré’é@ﬁ&ﬁtdnven by

te advantages according to the syst
the Syﬁﬁms efithei prosent inyentiors tha gaei of ithaimstaninsystana mdiyylrogenrfwé cells for

nt .of t tion, there r ded a
powerfi 8 s arigd: O bl st disrayerided ERnaRen gere is no
carborl AR mERAige peATiédn Richal Uabistet haite O bHIer oAb dBI8 reaction is
gener at ang systenms known in _the art. Furthernore,

espema&sp iPpst ﬁoro#ppilﬁ@mmlefrlelscﬁﬂﬁ,tWh%émag gt o6 CE\gaptaminant in

hycrogf®hpef iibatne hRUNHRLRHRE e B HOAAPRUOE SEGUBHy. in one

embod&nﬁnt?&f@ﬂie ﬁm\)enihoﬁ,l-th@e(lﬁ)pro'ﬁhxmlea actl-vanlysssygtont, iadapted for use in a

deiod ST B SR SHES R ag L SpOl L eal om0 L NeSec

systen?)&aﬁiﬁle&forrﬁ@ﬁ%%()gnﬁJ@Pdé!llr es only 2 nol ecul es of
ter, thus a systemfurther conprising water

re circulation nmeans would require an input of only
hal f - nol ecul e of water per each atom of al um num
Accordingly, the reaction systens contenplated by the
present invention incl uUBSAMBLESre not linited to the
above Al - WS-FC system (C, D) wherein water
The abe gwtaétdewipmml o theqlqwlemdlhb@s Bgsuppomied 8rovigly thesaxhmples of
Simlar Sy
eXPerlFEgFﬁ? 6??1“!%% tss’e%%nta WF& ‘g‘l é‘s‘)t"d}“"‘%ﬁﬁ‘iwatﬁ‘ S gl ef iy drogen
gas prgalﬂ:eﬂfln a|réb[<15't16ﬂ 134 alunﬁmuﬁﬁ%@d@ peocRSsed ithawalr-tlubly $i@Panic salts
g) in one enbodi ment of the invention, there
(WIS} hpra@muaéaf hydreeen (crelpaped aligeilangt reatiiewas measured by water

dlsplageenga{tlaﬁa %nﬁaﬁz%dct' rl%u(l)ia}; Reﬁat%ﬁs ‘[%'Heté@‘%{egf ﬁ%}tﬁgsr f% %ﬁa&fﬁn rates

I'res an nol ecu

additieat hleasmamaﬁts ai shmreummsmeaﬂsavad also uatid¢reaketny dr ogen
generating systens known in the art. On-board H2
generation systens for marine applications, e.g.

The \éﬁfnbﬂtgl %su@t@a&is Hzngé(ne'f'astﬁ)nt bsrafiRa i ﬁ@m“@lﬂﬁl@%@f Pfstems were
ni nal [tration im aréﬁ a nedi cal ||Tp ant ab

compated ite &l rmyexasen asisg mi stpelardeAbAd Qreprden anikbirg expaserb to water, as

descriécg%agitﬁe?ﬁt ﬁgo %t44ﬁf38\éaalnﬁl§h @e%nt 1N ergnc% h%%rs?&%grd Al-AL,O5

powd@MixtiRe @28 Mhe &lldvARE Bombbditiorata@lryintifhe @ef/@Aﬁ cobfigon\giadé, Alcoa,
required for the water-split reaction according to the
40 unp pesregst pariicle sizeomluming: HCapOdp ey Alcoa, 0.4 um average particle size;

Al:ALLO; ratio = 50 : 50wt%. This standard mixture was Spex milled for 15 minutes, using
mill equipment and settings identical to those utilized for the test Al-WIS composites. Typical
H, release curve from the “standard” mixture is included in all the figures below, for
comparison of the features of the current invention with the previous art [U.S. Pat. Nos.
6,440,385 and 6,582,676]. Unless specified otherwise, all powders (both reference and Al-
WIS) were Spex-milled for 15min, followed immediately by packaging in paper filter bag and

immersing in tap water at approximately pH=6 and T=55°C.
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t hrough condensation of water fromthe surrounding
at nosphere or environnent, thus mnimsing the need

wo ensoerebbar d carryi ng of water for the react i BCI/CAR®S/000546
advant age of the present invention over the prior art

U S. Pat. Nos. 6,440, 385 and, 6,582,676) is.clearl)
The fé@m pxaniRles ¥y nrpded ineleabailiustiaie game rsaaﬂfl? stbRtidnests of the

i Ye
e 58 g B cYBbed b BB B BT Bpion nny
way. solid reaction product by |leaching the water sol uble

WS catal yst, such as KO . Hence, WS catal ysts may

forman integral, recoverable part of the H reactor,

WateMBBLER Bacidh oA T HAR CESE 1 s %%eilgd_ as an input. This

IS Tn contras 0 reactron erein Al (OH)3 cannot

be easil yseparated fromthe non-sol uble ceramc

ve (reaction catalyst) such as al um num oxi de.

EXA gg‘(llnitridl ngly, given the reaction rate and wei ght
Al — N\l andtapges resul ti ng from reactions driven by t he

S sterrs the pres i nvention use th . .
Al poyfien G L@@ﬁ@q ga éﬁd@%ﬁw&%? btk siel 3 BOHBT pqdomg chloride
(comﬂ%r{j Y@édl@%ogf @alalg,@ geieCqso, 1.50)GRdE @(?ék@ﬁlﬁ@d for 15 minutes.

urt ernore S there |s no carbon di oxi de/ monoxi d
TherepfterdGgeaf the resuléihg qusidst auixive ewass phdlesed eiace ipsper ﬁlltpls bag and

immesgLn o e G BEOSmasy FREGBO B g 4hRh APl bt bydrogen
releas&ty St @A WaRY7MUcSI@roft Al asubihisity 63%nst thetoral the@retial reaction yield

dysfunctional. Accordingly, in one enbodi nent of the
value peppeding Brreaqtionr(®) s (pho %&eaer@tqééwmg@a@moygi suggAsedhHhe amount

o I ‘

of hy@‘égglg %g?i%%d eﬁﬁthg rgrtr%lr?tqfa/ qgkrl?%’vg}gsgér}% 3?0 @U@fx@ﬂ @lder' $me process
conditi@isaddy-418t.al yst system adapted for use in a hydr ogen

fuel cell. EXAMPLES The above general description of

the novel nethods is supported through the exanples of
EXAKPPRG 2rental results. The experinments were carried out

to neasure the volume of hydrogen gas produced in a

Al— Nﬁgﬂl tem of al um ni um powder processed with

sol ubl.e. .inorgani ¢ s
to AR e PR A B Sy TR o i
partchEeﬁﬁé)r\%b Bist wad-grillell GpttRceexninilh st ﬁmmalrhaeaftdrplﬁg aff the pre-

reactant. To determ ne variations i.n ctlon rates
mﬂlechmmm shigrideves aixed mith the stapdard éﬁ POVEr @?E%Ailpaqow grade, 40

um axgééé?éer lge{yilcﬁét N afﬁ)Tgﬁ? %g@f% ﬂ%{'&@ethﬁle%%l dndttRE 15¥minutes. 2g of the

on o S-wat er systens were
resultib@npewded nﬁmtdr& V\gaermch)se:d)m apapg fltgttagdaddnshers¢d @ tap water at
approggn\,\geelgf P deF 5588 S’F he to?al \{\alfanto%{lf ofehydrogen released after 1 hr was 1000

cc/lg of Al (accounts to 80% of the total theoretical reaction yield value). The generated

hydrogen amount surpassed the amount of hydrogen generated by the standard Al-Al;Os

system, under the same preparation and reaction conditions and time, by 78%.

EXAMPLE 3:
Al —NaCl system

The Al — NaCl powder mixture was prepared as described in Example 2. After milling, 2g of
the resulting composite powder was washed in 100ml, 25°C cold tap water for 5 min to

dissolve and wash out the salt out of the plastically deformed aluminium matrix. The
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described in U S. Pat. Nos. 6,440,385 and 6,582,676 as
a reference. The standard Al - A 203 powder m xture had
W0 b@shglerowi ng conposition: al um num 99% Al , POHOBEN05/000546
grade, Alcoa, 40 mm average particle size; Al um na:
erage particl

S jze;
remal%wrzseblﬁeaw‘gder/?lse Prem%mwﬁ.\f bu AlsckePEaR NpGl aotpashed out,
e.g. dueP®opldtednda ?§u1&ttrbﬂ1i'n Svas eﬂél'oﬁkgi i C#ﬁap@ﬂﬁlt&‘@a%tan@riglmersed in

settings i1dentical ose utilized Tor the te
tap wabgr- W@pmmp@tslyt B0 W Tc=é5°$|2?orr lgsr@aw gsmesagion itesin Theeamount of
da ture is.included in t he f.igures
the digG i SE el dtiiudsh b SelE andtafia, abf Ml DL pe residue.
Approlxﬁi«ifﬁélllyl DB (0i668Bg) BE thy salt Okas raédveldd. TonkRfuentNgSthe rest of the salt
6, 440, 385 and 6, 582,676]. Unl ess specified otherw se,
(0.332g) wapenghescs iy satrmisien epwderand Al- W'S) were
Spex-nmilled for 15mn, foll owed i medi ately by
packagi ng i n paper filter bag and imrersing in tap
The tmzal aemoaht af ﬂnydpoigamtrellegfsep I-ﬁ&namhtha‘aﬁatﬁed' Hel f ANd@wpovgder mixture

(1o EpCRe, . RSl (e L2 6F A Pich, BPTER 1o BE% @R daR tpiflheoretica

reactid¥€yi6RINThS PagrAs] ﬁﬁﬁbéén%ﬁd’i&t W&@ 28% KibherharSthe Bﬁm@.ﬁt Sihf%/drogen
invention in any way. Water-Split Reaction for

generdigddpy by steaderd ((HrAl@esysjenEXAMPLE 1: Al - Nad syst em Al
powder (99% Al, conmon grade, 40 nm average particle
size, 1.5g) and sodium chloride (common table salt,

' The reéQfs SAE:@EENRER 1PR el hpilet 21€Figl 1 SpludigahSparandatd @dditions for

for 15 mnutes. Thereafter, 2g of the resulting powder
Al-AlRs8y8ie®- was encl osed in a paper filter bag and
imrersed in tap water at approximately pH=6 and T=55C.
The total anmount of hydrogen rel eased after 1 hr was
Water~SplitRéddionffoAA] -ICChBydtams (Figade 2f t he t ot al
theoretical reaction yield value according to reaction
(B) or (C). The generated hydrogen anount surpassed
ExAqungunt of hydrogen generated by the standard Al -Al
3 stem (50: 50wt %9 under sane process conditions' by
Al — KAl aNQAWSEEIW Al - Nad system To further reduce the

15¢g %tciéglggtgclﬁ%? iggaldg, %Ozﬁm Veisa%g 'pﬁﬂ?cf il?er)'\ga% ﬁrgaaQe ngﬁgﬁ) it He Spex

mill for 5 min, with traces of NaNOj3 (<1wt%). Thereafter, the pre-treated potassium chloride

was mixed with standard Al powder (99% Al, common grade, 40 pm average particle size,
1.5g) and Spex-milled together for another 15 minutes. 2g of the resulting powder mixture
was enclosed in a paper filter bag and immersed in tap water at approximately pH=6 and
T=55°C. The total amount of hydrogen released after 1 hr was 1135 cc/lg of Al which
accounts to 91% of the total theoretical reaction yield value. The generated hydrogen amount
surpassed the amount of hydrogen generated by a standard Al-Al,O3 system by 100%. The
rate of hydrogen generation in the first 5 min of the reaction is very high and amounts to an
average of 160 cc Hp/min, and the reaction starts almost immediately after submersion of the

powder container in water.

EXAMPLE 5:
Al —KCl (NaNQO3) system (1 : 0.25 wt%)
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particle size) was first pre-mlled in the Spex mll
for 5 mn. Thereafter, 1.59g of the premIled sodium
w@e kiosod@eo was m xed with the standard Al pOWdGPC"(/GQQ@OS/OOOS%
Al, conmmon grade, 40 nm average particle size, 1.5Q)
ex-mlled together for another 15 m nutes

S
03¢ Qafﬁécl 8emiGah grageweRll Wi Y PiaRe PHRIS eetives) s distprer I%Hﬁginotfhe SPGX

I t
il 450050 QRO Sy SR 2K b
was nmfetdewnh stmdmﬁsAﬂp@\@derc(DP‘b Af, comn{aacgradet4d o sBegge particle size,

1200 YO sh B SR eh 3 R LB El L 15 b AN mivre v

enclosBd EH e8Ik FRREDbA S IndrBR] Bttan dated atdpphd:dfldtey slIetnd T=55°C.

under t'he sane preparation and reaction conditions and
The totdl mmoubyofigudrogenariersed after Nhr wanad ce/yg obml whécheaccounts to 55%

of the gitq t}f) gﬁlg%ﬁ é(tiéﬂ’ nﬁeﬁahﬁ’é' (23[91% o%eeq?ﬁ?‘eedﬁgﬁﬁﬁeplﬁagndﬁt is 23% higher

than tlﬁ‘ei)aifﬂ@ﬁittoé hpdwgem gvmawdabjﬂ e dtalndarﬂiOﬂHA1202 SO oTlek tagepof hydrogen

wat er for di ssol ve and sh out the s t .
generagionin @eﬁﬁrafs% Runet {hedRec YA AP AHEh 2 SRRAYDISE 1 3obec’Hymin.
Ther ermai ni ng i nsol ubl e powder (i.e. predom nantly Al,
but al so remmant NaCl not washed out, e.g. due to
EXAMBIgE @t e encapsul ation in Al) was enclosed in a paper

filte i mersed in tap water at approximately
Al SSSV “hydrogen generation test. The

03 g é‘F‘R@[‘(teéﬁmédB %redies S50 ﬁ@dav&ﬂgb pmﬁ:ldjﬂk@fvmmh@t By-nadleéin the Spex
evaporation and we the r

mill faquom wi s of Hands éﬁ@@%ﬂh@mﬂ%ﬁe Rikcdreled goisepm chloride
was m%?&f erdh.kr'g waat 99% }Xh %&dg’?’éﬁg m"Y&3®rage particle size,
enc ose P nl' it a.}'t

umn um d e total anou
1.2g) hydenags I'E’Itltl’rﬁllne @sadelf (’Aiﬁ@jsﬂdﬁ S, eopiaoaed Zg) andrS@é:k npﬂ\wdj mgether for

m xt ur.e t h 705 A
g ook B . e T8 ol 87 A g v
1mme13§E@ b g taﬁ)eaﬁteg &P 8hRL T PRBR arRMPHS ONahe 46041 BBURY of hydrogen

anount” of hydrogen generated by the standard
releaséd afiér20Br syest @t ccftgeof Ab which isfcomppeablaviithsthg agognteof hydrogen

produe%iz&lf lltl?e gﬁl nf glllg(m %\]"&?3 na%sltgrgg?g rg Eg\gvtéf) agg%r ?er ‘éhaecrtateo%f hydrogen
generdtRn il the fiksels ﬁnﬁwgmv(e?nmrtﬁe 2atEXANRIEd m the Al — KCI(NaNOs) (1:1

wi%) system and averaged to 80cc Hy/min. It appears that the presence of the alumina

_4

additive had no positive effect on the reaction (rather: it decreased the rate of H, release in the

initial stages of the reaction).

EXAMPLE 7:
Al — KCl system

1.5 g of KCl (technical grade, 250 um average particle size) was first pre-milled in the Spex
mill for 5 min (with no other additives present), and further processed as described in
Example 4. The total amount of hydrogen released after 1 hr was 735 cc/lg of Al which
accounts to 31% of the total theoretical reaction yield value. The rate of hydrogen generation

in the first 5 min of the reaction is slow.

The results of Experiments 4-7 are compiled in Fig. 2, including the “standard” conditions.
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Al - KO (NaNO system 1.5 g of KO (technical grade,
250 mm average particle size) was first pre-mlled in
wo b@sBpwrxo m |l for 5 min, with traces O NaNO3 B&i/an2405/000546
Thereafter, the pre-treated potassium chloride was
m xed with standard Al powder (99% Al, common grade,
40 mm average particle size, 1.5g) and Spex mlled

ﬁllglﬂlggre 3)

i mrersed in tap wat er at apprOX| rrately pH=6 and T=55C.
tal anmount of hydrogen rel eased after 1 hr was
EXA}\%?E‘E‘;:( c/lg of Al which accounts to 91% of the total
1 g of BeRdRY i3bowRRGDIBNAY,| Bhndmaktage, M angeneidt gdticle size) and 1g
hy drog;n anount surpassed the anmount  of hydrogen

potassijenehloridg (sehaicak gidlar %ﬁowmmwmewe%sw) noBoelhend-mixed,

enclods 1 Bap b 0 afPBRGBILPR BP Whll? ol ipFbuiialbl oAl g7 -s55°C.
The tetal dRbwtnof lyddodenercteasst afom Ishamias 98l avlg of Aﬂrehiychm@nyevolutlon
fter. subnersion of the powder contai ner in water.
starte Omig. Al . KO (NaNOO system ( 1 : 0.25 v %0.3 g
of KO (technical grade, 250 nmm average particle size)
was first pre-mlled in the Spex mll for 5 mn wth
EXAMPAFE®: O NaNO (<Iw % . Thereafter, the pre-treated

25 o SR AT, B A, BB s e

milledlfod) @iiahteSPAXteNitat € bOGE frestrebted Anebdieell Handinikédewith 1g of
of the p m xture was encl sed in

potaswm?cg}or@sgteamwm a0 i PispraRaagic %lﬁlze)p 5?@%%3&9@1 Rpper filter
o B gy 36 bR o8 B850, TRL SR oun of

hydrogén tdieastdtafier tihomet 884 loeacthao rthg/ iaglodint af J&. gdiemted from as-

Y T RN T AR R

15mifystem The rate of hydrogen generat| oninthe first 2
mn of the reaction was very high and anounted to
200cc H2ZnJi . EXAI\/PLE 6: Al - A O- KO (NaNOO system

e e G Pl S0Py 30 LA ORI hions.

with traces OFNaNO 3 (<lw 9. Thereafter t he

pre-treated potassium chlaride
Water-Split Reaction for Al + NaNO; and Al + KCI + NaNQO; Systems (Figure 4)

EXAMPLE 10:
Al —NaNOs system (1 : 1 wt%)

1.5 g of NaNO; (commercial grade, 1.5 mm average size particles) was first pre-milled in the
Spex mill for 5 min. Thereafter, the pre-treated sodium nitrate was mixed with standard Al
powder (99% Al, common grade, 40 pm average particle size, 1.5g) and Spex-milled together
for another 15 minutes. 2g of the powder mixture was enclosed in a paper filter bag and
immersed in tap water at approximately pH=6 and T=55°C. The total amount of hydrogen
released after 1 hr was 415 cc/1g of Al which accounts to 33% of the total theoretical reaction
yield value. The generated hydrogen amount was 25% lower than the amount of hydrogen

generated by a standard Al-Al,O; system. However, the rate of hydrogen generated in the first
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was m xed with standard Al powder (99% Al, conmon

grade, 40 nm average particle size, 1.2g) as well as
wa@bwsism7powder (A 203 Al 6 SG Al coa, 1.2g) apdI/CA2005/000546

Spex-mi |l ed together for another 15 m nutes. 2. 259 of

t he, powder. m xture s encl osed er .fil bha
minut o PEcHe Yoh Y e et anogth gt 2y i i i hd 100 co
Hz/mIITé%Se%ﬁrhﬁhélonM&IdH hydrogen rel eased after 1

hr was 690 cc/lg of Al which is conparable with the

anmount of hydrogen produced by the Al - KC (NaNO 3)

: 0.25 wt% . However, the rate of hydrogen
EXA@%?I‘&E?QIOH inthe first 5 min was |lower than the rate
Al - Iﬂma&NﬂI\Hﬁ& dybtetnn@ :A.91-: K8 (A¢aNO 3) (1:1 w % system and

veraged to 80cc H2/mn. It appear taat the presence
p%%eStaFl

g K (ipahaical gFdaalaliem awagﬁaaarﬁele &- brgr el NabyPst(gemmercial
I e&c| .

grade,i ﬁ.@ trﬁr?%x%{agé Ig?ﬂ'e hﬁég&? e > egcfl}ﬂglﬁa €nOfhe %Jé{e %ﬁﬁ‘Alsfgr 5 min.

Thereaftéﬁﬁhequy&baihnﬂleﬂ mtasﬁlufﬁ(?thl((ﬂcbcﬁmdlsoéllungma’d’@ mp&H@emns mixed with

r.a arti, size) was. fi re-mill int
standah &1 TVART 195 il Forfhm s o PV PirOcls Shee e pnd Spesc-
mlllec?‘&‘)?etﬁlb‘xr foR @hotREOTEMBRfles? O g GE Bfer ﬂeﬁﬁﬁin% Powdcr fi‘ﬁh'xﬁaré wad Bficlosed in a
total anmount of hydrogen reI eased ter 1 hr was 735
paper cfdtelr dagfand|impersed iaciepuovater alopprosmatelyhptiteapd T=55°C. The total
amount (ﬁﬁ}y é%ﬁlrelegst%gtaftgp %}'{Q&ﬁqn}i\ﬁ?% O?/‘l@ﬂ?%lé\%f&l?h %&cd{%ﬁy tlg%u% of the
total t]ib@reﬁ@ wedction fyidkx W&hlbﬁ?hé ger{breﬁechhﬁdmgm)ammtlmasl:? 99% h2gher than

i ncl udi ng, t he stan condi ari s
the ampiant. ¢f Py sRees G TRERGEL RY %a%fg%% é’ﬁs&zﬁo E?S‘me%ﬂe Jptet %ﬁﬂlydfogen
generéfél SHHLE fivst W%@ﬂ% re&ctﬁ)anlas%?}nﬁ@ﬁ dnAhmBENES Fo §(ﬁ90@ Hz/mln
conmon grade, 40 mm average€ particle size) and
potaSS|un1chIor|de (techni cal grade, 250 nn1average

ati e size 1 0s LN a...

The il P PRt kb schiot 36 Fieteitpe fRC sPRgita” otitions.
approximately pH and T=55C. The total anount of
hydrogen rel eased after 1 hr was 90 cc/lg of Al.
PUE: fd d 0 reted after 20 min. EXAMPLE 9: 2

andard Al powder (99% Al, common grade, 40 mm
EXA%%S% particle size) was Spexm || ed )
X-ray diffraction analysis was performed on dried reaction products, primarily to determine

the role of water-soluble inorganic salts in the overall reaction (e.g. possibility of formation of
Al-chlorides), and the type of aluminum hydroxide formed. The fundamental question to
answer was: are the WIS additives the catalysts of the aluminum-assisted water-split reaction,
or are they the reactants (i.e. particiﬁate in the reaction products). All the results achieved
indicate that WIS play the role of catalysts, and therefore remain as unmodified water-soluble
salts after completion of the reaction. This important conclusion, in addition to water
solubility of these catalysts, indicates that WIS will be easy to recover and recycle in the

commercial systems for on-board H, generation.

X-ray analysis #1: AI-KCl (NaNQs;) system; all products after reaction completion
(Figure 5a and 5b)

Preparation of reaction products powder for XRD analysis:
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for 15 mnutes. After that 1 g of this pre-treated Al
was well hand-m xed with I g of potassiumchloride

w@ e@shiiccal grade, 250 nm average particl e si zBOT/CA2005/000546
enclosed in a paper filter bag and imersed in tap

i |y pH=6 and. T=55C. The total. ..
15 & SEkEh iR P b BEae Bk e lgsbmbatilsidin the Spex
mill fdrfsaﬁlﬂ '%ﬁt}ﬂl!mié@bf RENG, qemm} q‘ﬁelfeﬁﬁéP ﬁéfﬁ&%‘eéﬁ@&’ pblassium chloride

powder and anounted fo cc/lg hydr ogen
was maxesl mthatandmaerbuowd@W%‘VoaAl @prrmmgnade ﬂ@eumeeéfatagg pefticle size,

r| ne re il ed |
1.58) ERESPGTRAITR e B SRl f P RpbREL AR s mived
into SOniYadNpl wates aﬁlapprdﬁiﬁlateklyl\blmaﬁ aS)dSTeWC( kh@ Ltfceaﬁdnally stirred. The
EXAMPLE 10: Al stem.1 :
procequse Wigs SERIET tg ﬂ&d@anapls 4mli>p¥® &ua&@ %n%lt sﬁgydreg%l)d%%d was not
ds f
s Aol Sp B> WSISREAR s B8eL ol P cion v
assumed tilmt sharwhatich MAas pompbted() W/Hqﬁepus:m g’lthdeactm»ﬁ pmmducts were

ver age rtd, si ze, and Spex- mII d toget her
placed 55 Bt REFOSTED fo Ruibtes? 35 sr e Satercind i Baguig) products
Thus &Ng!1R%i86d thaf aRaRBited hhd 861id AchcAHE g&m&s@@kel ﬂécé@@ed in the dry
wat er at approximately pH=6 and T=55C. The total

powdenount of hydrogen rel eased after 1 hr was 415 cc/lg

of Al which accounts to 33% of the total theoretical

reaction yield value. The generated hydrogen anount
Findio#@s 25% | ower than the anount of hydrogen generated by

a standard Al -A 203 system However, the rate of
The majFesglon genlerttdeend i e oIty pPeten (ies Bigter SorEe pRtatypphloride
(K S b B B B P (SRae) Bl yhifum have also
been foaadt iAmindiEaNRh B separafs plot Kthe- sammmae rFigute 5b) aluminium

chlori, dALGIe) i Porrisat Aot SR xRN sE R pape t eaction

produgsade, 1.5 nm average size spheres) mere first
pre-mlled in the Spex mll for 5 mn. Thereafter, the
pre-ball mlled potassiumchloride and sodiumnitrate
m xture was mxed with standard Al powder (99% Al ,
common grade, 40 nmm average particle size, |.lg) and
X-ray Spabysiks HP ed1- Kot e¢ e iherlutsln addotion pfodotts aftesrea?mnabntpihetion

. resulting powder m xture was enclosed in a
Figure 6

Preparation of reaction products powder for XRD analysis:

1.5 g of KCI (technical grade, 250 pm average particle size) was first pre-milled in the Spex
mill for 5 min, without any other additives. Thereafter, the pre-treated potassium chloride was
mixed with standard Al powder (99% Al, common grade, 40 pm average particle size, 1.5g)
and Spex-milled together for another 15 minutes. 2g of the powder mixturé was mixed into
50ml tap water at approximately pH=6 and T=55°C and occasionally stirred. The amount of
hydrogen released was not measured. After approximately 5 hr of reaction the solid reaction
products were separated from soluble reaction products that were dissolved in the water by
diluting with hot water (T=55°C - 60°C) five times. The wet solids were placed in a dryer
(T=65°C) to evaporate the remaining water and to dry the powder. The solid reaction

products were weighted (2.250g) and analyzed by XRD.
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paper filter bag and inmmersed in tap water at
approxi mately pH=6 and T=55C. The total anount of
whyasogem rel eased after 1 hr was 1005 cc/| g 0PCELCA2005/000546
whi ch accounts to 80% of the total theoretical
reaction yield value. The generated hydrogen anount
was 79% hi gher than the anount of hydrogen generated
Findin%é’: a standard Al-Al O3 system The rate of hydrogen
enerated in the first mnute of the reaction was ver
The nhighreagtibnapmductsdwers Slimizem HaonP-dhydike AlgQulli@ @ochmite, also

ri ar onpi | ed. i n, Fi NG HdI ng t
represcr P oy ATl DG amer S piriaciu Gk sl oy, Traces
of potdskiaeiietlori &A@l mal 2till ¥e passesti duk i@ Gico Sl A8 Blapiihg ofeks salt.
performed on dried reaction products, primarily to
determne the role of water-soluble inorganic salts in
the overall reaction (e.g. possibility of formation of
Al -chl orides), and the type of al um num hydroxi de
X-ray fansalyeid . #3THhe-Alifg diviandal” gueshi osolublearspesion wastucrafter reaction
the WS additives the catal ysts of the
' sisted water-split reaction, or are they
the reactants (i.e. participate in the reaction
products). Al the results achieved indicate that WS
Preparptieny of teectian rgodictepavedey SorsXRBrpakybisr ef ore remmi n as
un i fi ed~wat er,- so I t . et h&ao
The SRS Al EEQRPL RSN ol S PRI cRPR Ayt Sov% A
commbAkeidesAlosn] 40 fin FErapbpaicleatial Wtminat AGGzaAE6 Siallcoa, 0.4 pm
WS will be easy to.recover and recycle in the )
averagedrerqle sie; M atior Yh: Hydry ﬁélsg%ama&{] mgureyasagpex milled
| . . - is . A
for 15PN, Bl mifl el AR RS iR o BBC HEkSealioL e tet Al
WIS cemapdsitenn p2gdoftitlse pendaxd powdRDistned weiss edpoSed) tof taj(Civater at

oo TS, J 7o L0 PRI St 18, 24 e o
reactidf AL DHoWIBBNGR (édMalll - Spheraddndr fort NS Minditds! @AY &fle hydrogen

pot assi um chl ori de was m xed with standard Al powder
generglio¥easition geprated (g% alvhwe) o anether 24 hige Thar salisl readdioneproducts were
45 nd ex-m | l.ed % f . '
collees "B TR CBhaP ek Lot EITa ndlh R RS VI PRy oy the
powded! TPl iaxeadioa produdstraaanalzdGyaXiRDoccasi onal | y
stirred. The procedure was simlar to the Exanple 4
above, but the anpbunt of hydrogen rel eased was not
Findinggasur ed. After approximately 5 hr of reaction (i.e.
ased on previous observation we
The main reaction product is aluminum tri-hydrate Al,O3-3H,O (Bayerite, (Al(OH)3 ); traces

compl

of boehmite AIOOH may also be present. Aluminum metal is also present due to incomplete

reaction. Large amount of alpha alumina additive remains unchanged after the reaction.

In the following examples, standard aluminum powder (99.7% Al, common grade, 40 pm
average particle) and water-soluble inorganic salts (WIS), mainly potassium chloride, KCl
(technical grade, 250 um average particle size) and sodium chloride, NaCl, (99.9%, Fisher
Chemicals, 300 um average particle size) - if not other specified - in Al:salt weight ratio
50:50wt%, was used. All salts were first pre-ball-milled in the SPEX mill for 5min, than

mixed with aluminum powder and again Spex-milled for 15min.
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assunmed that the reaction was conpl eted) the aqueous
solution with reaction products were placed in a dryer

W@ T06660%67¢ 0 evaporate the remai ni ng wat er and BCT/CAR®S/000546
reaction products. Thus it is believed that all

solutes and _sql.id re [ duct d.j
The POYUST P BIRER. I PRFRT, s Pog ABY SRR CHONAGH g SFsbetween 6

d 7 b RshyebatinRer-4syC SORnELEY IR (B
e ehl or iﬂge KO ) an%&oéu%@ﬁoﬁo- hydr 3%8@%%%% @Hygb'@bmpared

to the(Bdemeiafehl g7y soeed af 251G rdesording 49 dhalabenibemrassisied dvater split

reactcity SERURERS Py i SRR Bred ol 55 pRRIRe SRR curing o
complbieofrsside of Kahhin@h enetgltin pats atdn afbiegt tthgerafé bf B3PC.

products. X-ray analysis #2: A -KC system insoluble
reaction products after reaction conpletion (Figure 6)

arTaty — 1.5 g O RC ECHNTi Ca 7
Anothay evasagesopbie sat, ecadéiwm) chiarsdef Cr€ly, pras-tested eddiconipaeed to already

preser R AT o s DL s, B RRGafSd) Nat g navos, se
Figuré'rg_xed with standard Al powder (99% Al, conmon grade,

40 mm average particle size, 1.5g) and Spex-ml | ed
together for another 15 m nutes. 2g of the powder

EXAWLSE was mxed into 50nm tap water at approximtely
nd T=55C and occasionally stirred. The anount of

1.1g &y dache (hn.h?dl:h%a%eﬁisha? CherhicaBadurath spere) was mixed without pre-
appr oxi mat.e r of reaction,the solid reactio

ballmibling due do vitsy ﬁygrewm Behayiogi %ltiuloi% SF"’@g%‘idi o pf)wg‘am §%7% Al

comni By 948 550Kl LOE YR bl MU 1 ks 2 o

the reqiltimgepbwder midtuye wag Txd6€) in @ pepcagdtenbag adrbinreenaédhiniy. tap water

wat.er and .t o _dr -powder . .The sol j eaction
ot RSP e S AR Boe 12 bhgouno LGB esea ater 1 hr was
550ccHBOAFiaBetiun@sto 4096 ofBieNofaP febictibal REASISA tysel M bR e R TS IgBRkThted H,
nono- hydrate Al 208 - H2O (Boehmte, al so
amount equals the amount of hydrogen generated by a standard Al-Al,O3 system (50:50wt%)
under same conditions. The reaction rate in the first hour of H, generation seems to be linear

and was averaged to 9cc Hp /min.

Comparing all five Al-WIS systems that are presented in Fig. 8, the most reactive are Al-KCl
and Al-KCl blended with traces of NaNO;. The Al-salt powder mixtures were prepared using
standard procedure: 1.1 g of the salt was pre-milled in the Spex mill for 5 min. Thereafter, the
pre-treated salts were mixed with standard Al powder (99.7% Al, common grade, 40 um
average particle size, 1.1g) and Spex-milled together for another 15 minutes. 2g of the
resulting powder mixture was enclosed in a paper filter bag and immersed in 2L tap water at

approximately pH=6.5 and T=55°C.
After one hour of reaction the Al-KCI system yielded 1055 cc Hy/1g Al (accounts to 78% of

the total theoretical reaction yield value) and the Al-KCl (<1wt%NaNO3) system 1135 cc
H,/1g Al (accounts to 84% of the total theoretical reaction yield value).
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represented as AlOOH) and alum numtri-hydrate A12Q3
-3H20 (Bayerite, AI(OH) 3 ) . Traces of potassium

wehblosodweo (KC ) may still be present due to inmnphmoelooosm
| eaching of the salt. X-ray analysis #3: Al- O

dard' | ubl
The hyag o8k AU RREH 8o apriapaiial ﬁ«ﬂ?‘i«%v%raﬁm {hg i vield
of the %(&q@épév@ww@%n{&hsm ﬁn 1Rl %h& ‘Al msms prdated N Fiblire 9. After

m xture had the followng c osition:
one hair @lﬁreaumn %%I;LKCI systemsryiglded£0504b d 480 004 z/&mﬁd\(@qcag@s to 77% -

81% ogslée: tlgg?i ﬁﬁg{:eﬁc@l rgac ogéflelgial}i%%erp%ﬁtﬁgAl%ﬁ sy%t Q}W}o 1000 cc

Ho/1g Wi (§co‘éhﬁt@ a7 oo 7404 bE thaastabiR¥retitl resttiba fyicld varuey msaddltlon of
usi equi pment and settings_ identical to

t'ho

0.5wt%t N%Qedo fthe Alﬁéa@e%tstem lowgrs; stighibb dhe Bz yidg bﬂt 1@%@%68 the H,
spd to t t t

generfAHRIHd REHERE: AL ROl B TRRREL L0 uen goner ati on.

After appr oxi rrately 24 hr of reaction the powder was
dried a,nd Spex rerounpl far 15 J . and the
Effectof-Add Qihgiumingm-g gd: Water spd £ 5 above) for

Addltﬁf@é’téiﬁ(ﬂ:r &thebits &P %&g%ﬁé’j nfa?e@ﬁalé v h 08l GhBudRE @n the corrosion
| ected and placed iTn a dryer (T=65C) to evaporate

Kineties e thorHaWASHE:(ha m Abending o hdieamovelend cmaisamiiey can either

favor %%ﬁ) Isgg%?{u%ﬂgﬁgza\ﬁ%%lgnggg eﬁvd(ﬁ] %ﬁi%rv) S g \%dﬂ)eré%scisﬁ%e@xample
16) socﬁﬁﬁqnhﬁ@y@ﬂm(eg) i (Eté)mpae)w) trhagesiuaf niwer(mig)e TheGQeklilts are

@pﬁ al so be present. mnetal s al so, present
presenierin Bightre dpingtd - J@ﬁ@ﬁeetrpf aéérttyés AR onmpyrities gp gvater (Example
i QIEtgz@rF' he reaction.
18) oﬂh@%&@ﬁ?ﬁ oWl5 Sn(g‘&elilg% tan ar%ﬁlgﬁrrc}lltr%um powder
(99.7% A, common grade, 40 mm aver age particle) and

ol ubl e inorganic salts (WS), mainly potassium
EXA%@?% KA (technical grade, 250 nm average

1.1g d?q{(tll @é&mﬁ:b?ﬁ)ad@%o laViePhEpaTiE1d QizeNveh mik&PwH00.25 5, 0.5, 1 and

Fi sher Chem cal s, mm aver age partl cle size) -

4wt%nDENE hP. %eElShme&?hemmlsN argiame-meuegtmn o ipek il for 5 min.
Therefﬁeer @‘51 Plgerﬁel egdsa ﬁweﬁe ng%%i(ﬁthvﬁ én_&)owd?lh(a% 7% Al, common

grade, 40 pm average particle size, 1.1g) and Spex-mllled together for another 15 minutes. 2g
of the resulting powder mixture was enclosed in a paper filter bag and immersed in 2L tap
water at approximately pH=6.5 and T=55°C. Sodium nitrate (NaNOj3), an additive with
oxidizing properties, not only decreased the induction period from 2min for the Al-KCl(only)
system to immediate reaction for Al-KCl (4wt%NaNO;) system but it also increased the
amount of generated hydrogen. The total H, yield however depends on the amount added.
Best H; yields have been obtained when only traces (0.25wt%) of NaNOj; or amounts around
4wt% or higher were was added to KCl, see Fig. 10. After one hour of reaction these systems
yielded up to 1150 cc H2/1g Al (accounts to up to 85% of the total theoretical reaction yield

value)

EXAMPLE 17:
Results with the metallic additive magnesium are presented in Figure 11. 1.1g of KCl

(technical grade, 250 um average particle size) was mixed with 1, 5 and 10wt% magnesium
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m xed with al um num powder and again Spex-mlled for
15m n. The powders were packed in paper filter bag and

WO pawesBm i N tap water at a pH between 6 and 7P@ENGA2005/000546
tenperature T=55C for hydrogen generation. The

. ced H s conp to the volu of H2 gas
Shavmgmnﬁoprstm S en T SBP .HH@ goes iy Threrlior atsi mpdigated Me-salt
mixtuleh 8 niRed twithe@gidat 28 p’d%déﬁ%’ﬁ%@f' M@)ﬁgg%&&‘e 40 pm average

hydrogen gas can be produced fromlg Al during a

particle oigs), et bg)candr Spdxomilted '@ngﬂﬁﬁlnﬁ(m arettldr Innviawtes. 2g ofithe resulting

powad (RLRRe WETTEERM By Aunfd? e boRan® SR i F b water
appro¥fiatily PPt engalt55°CaMignetithl fletdeadaédn in Was 1€ Sie@bked the

and conpared to_al ready presented Al -W'S systems W th
1nduct‘mst1g1@n}%)r dhe kK Ckeysto@ Limo taddsexanimn legs of the Al was

replaca%g]rﬁfg mﬁféﬁfg@l‘ga&%er gvsa§ g)v‘t\)gérv%ggg ﬁ%g Ybie l\ﬁé SP&E added.

hydromxlejhalldl 1sn‘letOTls |dg@£|denﬁ dtrv\gmagmashmg casenpationbiatthy powder wvdrthough it
.. t 7%

sporadigalff5ecty i vetter BRER He gt p( O ol Poge R e spgtem the

H, anﬁhﬁ@fsea%prcgﬁm%lyt s 'h?éiék bitBg1 P anaees BT Xdabfiéh WASH comparing with
encl osed in aper lter bag and inmersed in 2L tap

the AWREHpnky) smﬁ@m Wmeelttxe gHiBeBedn dhyeBBC geMiratiamampunt decreases
n released after 1 hr was 550cc/lg A

aﬂhef%%%%?fh{egc?%l G%S%Pfs the total theoretical reaction

yield value). The generated H2 anount equal s the

anpunt of hydrogen eneroated by a standard Al -Al 203
Al- nggwwa K& asé»ﬁl% lihdewt’eNa Oslswstemp @rfsduccrﬁesorr@&abieoﬁnount of

[ j“aﬁ%é'if ens to be
hydroé&n%a (éi'}o[dé]k?\1/\/f;3153()rc(a?lvHéragec}qit}o&-%I %glﬂgﬁ rﬁh%gd nparing al l
five Al-WS systens that are presented in Fig. 8, the
active are Al-KO and Al -KO blended with
EXAI&PMG NaNC3. The Al -salt powder mi xtures were
The PSR BRGHAEr tilete tR %Q%@klﬁéﬁ&@ﬁ%ﬂiﬁlsg@teﬂls %ﬁoxtv@Flgs 8 tTested was
was pre-mlled in the Spex mll hereafter,

tap, distildeds pad magne 6xpasish Baniks Veanadyist) wtplhassweih@seli@l gqturated aqueous

YS9, A LGSR 0 0, SRR ARG ik s

withouldl diyt fIgitivdg wak pfreh-ﬁnlléiﬁiﬂ the riper enitlefor 51 iinu Mhems@fier, the pre-treated
enclosed.in a paper filter bag and |nnErs din 2L tap
KCl VWﬁtI@Ke%Wlté‘pS&néiﬂcﬂﬁl E‘P‘W%‘ 128 7% éﬁ&oww e, 40 pm average particle

size, 1.1g) and Spex-milled together for another 15 minutes. 2g of the resulting powder
mixture was enclosed in a paper filter bag and immersed in 2L of the to be tested water or

solution at T=55°C.

The effect of the impurities commonly found in tap water (e.g. salts of alkaline and alkaline
earth ellements) or fresh water (e.g. orgamic impurities), distilled water or even highly
concentrated chloride solutions (KCl-saturated aqueous solutions) on hydrogen generation or
corrosion of Al is minimal. However, reduced H; yields and reaction rates as well as extended
induction times were measured for marine waters. It seems that some of the impurities present
in marine water (other the chlorides) block the corrosion reaction so that a slowed down

kinetics is observed.
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After one hour of reaction the Al -KO systemyiel ded

1055 cc H2Ag Al (accounts to 78% of the total
wa b@snegtsrcal reaction yield value) and the Al -KO/CA2005/000546
(<l wt ¥NaNO3) system 1135 cc H2/1g Al (accounts to 84%
of the tot al theoret| C?| Ir)eactl on |eI d vaI ue) The

10%Iovver than the H vyi eldof the AI KCI
S htli'e%cu?n . A conparison of Al-KO and Al -Nad is
present ed in Figure 9. After one hour of reaction the
-KC systens yielded 1050 to 1100 cc H2/1g A
EXAM%’EE&L?MS to 77% - 81% of the total theoretl cal
For thés@ qgs%é an g%bvﬁ&dﬁ%ail%'%l Whgh&RsraliB 4 0N imMA/Elags YakRIBsiAH Qvas used

% ‘accounts to 70% - /oof t he
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s e S NS P 08l BB IR 850l e

to totadl ﬁ%ﬁlduh@ LAHHMKG)(NatN(D}a mAhitae )(froﬂﬁf 9%:6tt00f0:90) were Spex-
Additives on_al um num assi sted Water Split, .Reactio
mﬂled;fqati miss2g ef theapsutteapovedse t@thlre s pRaeied wtpéptratﬁéer bag and

I ()
ey 2 L A SPSRABAPREERS R Tsb oAl o in
Figuresh@mhdtldy they can either favor or block the al um num
corrosion reaction. Two additives have been tested:
(Exanpl e 16) sodiumnitrate (NaNO3) and (Exanple 17)

FlgurenPQ B%érﬂﬂm‘%éﬁls (Mo kan BERDblaaRd! ﬂré‘mgf défs‘i‘ﬁ/ﬁﬂtv@ﬂoﬁmcomposnmns
res 10 and 11. The effect of additives and/

but comqamr powder mﬁsw@gérPc(@@amx@rqss)M@nhlghéror@at:pf 6#{31 (>50%) yield

hydro%‘%g%tab%?tigbelew agvgrafg@@ EBB %ﬁ:?‘%gr\ﬁréé a Fétg%gnlt%e sample (total

theoreﬁ&ﬁrl%ﬁ@tldhasfldl@v%hfél d&yeasey. Rowderswivith e Shighd A, cdntartd(>90%)
Awt % NaNO3 (99.5% Fi sher Chemi cal

P ko DL LS8y
(balls 33('1 Ll \Wzﬁﬁa nTH(eeglgﬁ‘és't 21&:?&53151‘3315& @w&é‘i"?ﬁiﬁ(furé %\gth7ﬁCHcer(1jcentratlons

verage particle size, 1.109)
from ﬁp%xt{)m}(])%ephmmglgt drertof the increadedrani@mtiofuAkein thegsagtple. hEhe total

oo S A P4 5 RIEL R b DB 1350 co s o
50:50 ?ngzﬁ%ﬂa&%k ¥ 100G I A0 76@E) pSwdtrhixhirés. at e

, an additive with oxidizing properties, not .
only decreased the induction period from2mn for the

LAl - onl i ) i -
in il R TLATRLR ST R BATeL P OF s .
the K OESRC&itRAion Ytbirogein thé poxtfdﬁrailixttﬁe yrioed hly drogeevgs idiggmeratis].
on the anpunt added.

Effect of tap water temperature on the AlI-WIS-H,O reaction

To determine the influence of water temperature on the Al-H,O reaction rate and H, yield

experiments were performed at different water temperatures in the range from 22°C to 70°C.

EXAMPLE 20:

1.1 g of KCI (technical grade, 250 pm average particle size) was mixed with NaNOj3 (<1wt%)
and pre-milled in the Spex mill for 5 min. Thereafter, the pre-treated salts were mixed with
standard Al powder (99.7% Al, common grade, 40 pm average particle size, 1.1g) and Spex-

milled together for another 15 minutes. 2g of the resulting powder mixture was enclosed in a
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Best H2 yields have been obtained when only traces
(0.25wm %9 O NaNO3 or anounts around 4wt % or hi gher
wowres/09%30 added to KC, see Fig. 10. After oneP@DUA2005/000546
reacti on these systens yielded up to 1150 cc H2/1g Al
accounts to up to 85%of the. total theoretical
paper {idlge bpe ang iimmersed| inell ERAVIEECS 22°(Ret1iCr 8andySPHC tah @pproximately

=635 TR 1 ol O3, dTRESRILANTY A B RGH SR AR & Brdbl AU fa Figures 15

and 1@dt tarcbeecmchml)ed\nm Hmyieid awiﬁ-h g]:nel’étlam da.td Gﬁ\ltrf%@hamcally alloyed Al-

gnesl unmshavi ngs. and I l.ed in S]lpex m | fl h

st pIGH HIXFRE (e0s Lolicien ol dadiesd Jigves Felpegatifechereas the

1nduct‘f@15t1ﬂb XEfds Wb Hbcredsandal ﬂ’le%cr&ﬁ%? kvatc? Qetﬁfféréﬂure ¢R0¥MWater the H,
grade, 40 nm average particle size, |I.1g) and

genermxeaqtllon ptbaresges Yrey sowily. e tihistrsibhies @pp@redz@eéﬁot‘lﬁemn and

after qnle %lgltj esggpa%\gdf Oﬁﬁfe é‘gﬁﬁ 5 ict&tgg ?Is\%ggreferbb%mﬁ@cp il contrast, the Al-

H,O Rapticix ifayaery of HBCOisanthtahtmabus I(&e neaction srital immsliately after
seen in Fig. 11, reduced the induction tine for the
Sme%JSlOKefﬂ@)P@Wéﬁimr%ﬁﬁriaBﬁitho 45sec when |wt % of the Al
was replaced by Mj. I medi ate reacti on was observed
when 5wt % or nore My were added, hydrogen yield is
The rdte Sﬁhﬁﬁpgenr@mbraunn mnﬂree‘h‘smﬁmmm nf thetreationns Wrythi@ and amounts to

an av&%gveﬂqefrr}g?% y houaﬂle %B&)%?odci cal nggr act g%l\?%t rgfﬁ, after one
hour 1318 H?h?d%géﬁ ch$ /BPBF Ml vt Qérlﬁéral&f’/whicﬂlhﬁfcoﬂﬁtb &6 89% of the total

m nut es” of reacti on when conparing with the
theoreticalk@agidon yjeld y@ﬂ@n At bighoe waterhismperatge aeest jof the hydrogen is

gener?ﬁég &r? ﬁugﬂf glﬁlt‘ierg ofn th%lnge;\%l%g ﬁ{ g)seeﬁsgsr“l%ﬁratllge S%rcgfocﬁé B?drogen is

generdied KR ﬁ?@VﬂSO/ﬁi&li\W))eﬁytﬁé eviler ik AU CEy R, SOTOY) aahﬂa)nly 57% of the

amount of hydrogen gas (around 1150
hydroggn ngg@ti%ngwheﬁth@@g?&n ](érll ke R H%h@ iﬁ@a?r aﬁel‘ 2 hrs of
H, ge‘P%ltaﬁBn &M@ ?Izogi de &f fiRarhifh K A¢d ?sscc‘}iflpa%blg% tRY $1,6PR1d of the

ested was tap, distil and nmari ne
reacti¢:BpaAi¥h aB;hlakmun‘kﬂamd&ﬁ% el thevéatelr thasrevmllremlon yield value (1130cc

KA - sat r.at ueous oI ut aturatlon
H2), Ve eh ko 110 @BOHPR ELar g R S e b BB e TR R,
Ssize) w thout any addltlves was pre-milled in the Spex
mll for 5 mn. Thereafter, the pre-treated KO was
The hyisogen pérerationamsantohe pdwileds FIBITA AT heo hriadded incFigure 16

average particle

40
as reference

pH and Temperature Change during aluminum-assisted Water Split Reaction

Temperature changes - since the Al-H,0 reaction is exothermic - and pH changes during the
aluminum-assisted water split reaction were measured on several systems. Three of them, Al-

KCl, AI-KCI(<1wt%NaNO;) and Al-Al,0O; selected as reference, are presented in Figure 17
(a-c).

EXAMPLE 21:
Powder mixtures were prepared in a standard procedure as described above. Water
temperatures of 55°C and powder mixtures of 2g weight were used for each experiment.

Since temperature changes and/or pH changes are barely measurable when small amounts of
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size, |.lg) and Spex-m |l ed together for another 15

m nutes. 2g of the resulting powder m xture was
wepesossd i n a paper filter bag and i nmersed i PCRCARI05/000546

the to be tested water or solution at T=55C. The

effect of th rities ou inta
powdey @r@ eXcesiiye Vv flmarai Ar3terels gﬁ?ﬁ%—k@%{? o gfm Watsy Eﬁsevﬁrﬂg)reduced to
30ml. P anfl AShhv W6 n{eﬁmﬂed QhfREh&uk] ?‘F&Hﬂ ithd RSullts ﬂbﬁéd il Fig' 17. H, gas

wat er or even hi concentra | ori de sol utions
has not @n-coHeaiedhdurihgs Qﬁ@d@%s GoLwsystams) on hydrogen

generation or corrosion of Al is mninmal. However,

reduced H2 yields and reaction rates as well as

The Hexyieldded fufétittt b0, defiesitive tnd B Erﬁpﬂefrféﬁteﬂahtmﬁle graph from
waters. It seens that sone of the inpurities prese

previops expgrinkatswdioe Al Wih sy steme ﬂtquleikr tgapsragire drons hl@ltlally durmg the
R e
thereafRavitkep uy tot19°€ fonthel ARKQU sy aes iand 88°Wibrethe $d+K€l(<1wt%NaN 03).

This r}%%algt on Ngﬁgsn}%goﬁ%g{r gg%glgges 1€pclpe£§{afgaflz%\§iy very high

hydrogé‘ﬁ%@nﬁja@&gra\fé tATR b AIBE HANK CH bPHe d81-sali @y steinedddftiasedl exponentially
grade, 250 mm average particle size) that was

even tiEpigh- the aedctipe dates presmarieratecayet tpsmalifeshwhenc b dimproduction slows

down @% ﬂé ?8 g‘nA{m Cﬁg}t’\l&% Kéﬁ%k%)%g iy %1;%%1&31 ]pﬁ gftérgfsﬁ'@npom er

10 90) were Spexmlled for 15 mn Zg of the resulting
m xture was encl osed in pa er filter

nd

The bulhmt@rdﬁl shifts pragagssiyighyetoward Sd}i%‘?eé lag H&Pr@é#@na ﬁ%gwn) right
i

ot S e A5 LU G pHY e v

and stqulmzzbertlserwfltehatvrﬂﬂ.é)tﬁrx totnALIVESi systemisut  const ant powder

mass (2g). Powder mixtures with high content of KO
(>50% vyield hydrogen anmounts bel ow average due to

For th6l9QL£BOS Gy MR WY TAhcrbhsek Rnfyn@osanRlye(1édsahal 10°C) due to moderate
theoretical reaction gl el d val ue decreases).

reactioni tafes vied 90xm¢rgﬂiz pieldsoRbe pH loveyey digiesvents shgkily freméhe pH of the
Al-sal?. Iyies{?dlsé' S Gs(%ea% lgg}m{f glrggens %%Ik glh\SﬁJ ‘?fl &)gr gﬁ%ﬁ 18 chSﬁ Eﬁg@t 0

yi el ds produce povvder m xture with KC concentratl ons
om 20%to 40% primarily due tQ thesl Ptkeased anount
PLI

Effect,qf Ball-milling Timg on Alunimynqassisted Water eaction

EXAMPLE 22:

Milling of all Al-WIS powders was performed with high energy, high impact Spex mill. The
milling time for the Al-KCl(<1wt%NaNOs;) powder mixtures, which were prepared in a
standard way, was varied from 7.5 min to 4 hours. 2g of the resulting powder mixture was

enclosed in a paper filter bag and immersed in 2L tap water at approximately pH=6.5 and
T=55°C.

Figure 18 reflects the effect of grinding time on corrosion or on the amount of hydrogen
produced from 1g Al powder in the Al-WIS system after 15min and 60min of reaction. Al
corrosion increases with the increase of ballmilling duration. The total H; yield increased
from 900 (when milled for 7.5min) to 1240cc H, (when milled for 1 hour) after 60min of
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theoretical reaction yield value is expected to

i ncrease for these powders from 1359 cc H2 for 50: 50
w@owdey7emd xt ures to 1900 cc H2 for 30: 70( Al) pPOTEA2005/000546

m xtures. In Figure 14 all generated H2 anDunt data

are normalized per gram.of alum num neta . KC
reactiqfiofipentneesias the Eilelesemtipn efﬁ@ermv@a@n ﬁﬁ%utcu P%/mﬁrlems powders

e t
R e
reactldnl’tetes i thedivsteninfitosat dre reamtjoar At inrtheserpotahler Aiixti2Ocorrodes almost

complgERGIopPeh e SaIEIS PDlpcr t T B ohSeeeion i 4R aRasare also

charac&éhz@@? rddaMPldered@ing Holyiglaef KC ( t echni cal grade,

O nm average particle size) was m xed wth NaNG3
(<Ivvt°/<) and pre-mlled in the Spex mll for 5 mn.

Prolonéfe ﬁfr{ k{ ail I?) \mcfeﬁe% (é%F %ﬁ /O(fah%| gfllgtg\% T r'I%e 8@&9 iﬁ@r@ﬁ)re the milling

proces8 B¢ agfheppél’cerﬁah@ oft ABwill blegs):araﬁ'ﬁﬂ &pf_‘kmek |Hi)dy1taldl etilde obtained.
for apot her 15 m nutes. of the resultin

Failed fegringiag GaRetigmalowbighwerg saré%ﬁmqq togrggctiyals t gfh gest ﬁiéﬁ thegsample,
see F1%15ke2119 E@%Ws‘%hcﬁgsea%&;xgép&rhcﬁgﬁjatﬁg 11"i‘tt SRR NP &hders (EDS
e total rogen re eased as
analysi)moticadm Adbbxidatmen.i s presented in Figures 15 and 16. It
can be concluded that H2 yield and H2 generation rate
of mechanically alloyed Al salt powder mixtures tend to

X-ray Uﬁﬁﬁ@tﬁﬁﬁaﬂmﬁsﬁ thitevas"GEeRB8ut&n Witk &inde@ BRE G td/4 @rs ball-milled Al-
whereas the induction tinme tends to decrease with the

KCI(Sl eYodlab®sp frowdete mikigrgse sed ux-eay fidfragion paftesps ith&igype 20, gives
N . . |

i 5T Ak b, S85UEC REP SRS e e 8ty B 13t omes

durmgl 1ﬁ6 prdlbmged2fillidg prioeess ol aivetrdz, jydak|bllodd2hing ahﬂ)hem&o&ase of relative

1nten51(§y ogl neg@fré o g%@%ﬁ%{%@t‘c{}%ﬂ@ fp]égn@tALHhagé Iéﬁ?‘{ 1ncreasmg of grinding

dmatlgr?]‘gﬁdhﬁlﬁltél’_% 1§{staﬁﬂ@ ReSie@fctith AERQWERIcHir Ve g g{lcreased

fast. hydr ogen generation in the
latticeSlefrirmatién,tihductienm of defects,glislecajiohs ghwelhds mmwositagns).o an
average of 180 cc H2/m n. The reaction proceeds
thereafter with a noderate rate; after one hour 1210

Micro§dophty gtrmy n@8Ggdtiodls ®h Mechi@fealy REbREE AL BAILC Po R WidiSate that
to 89/o of the total theoretical reaction yield val ue.

extendad mhillitteleaditocpartidenselinement andriherefpre sufachgigp plargement as well
as to 598&?6@ L8 gndrg htoﬂl?géﬂo@%? s@?ﬁﬂ%{f?ﬂscﬁqg e 50%nl ?)ﬂ&ge ilhe ’t&% (Ijna}trrl]x (EDS

seen in ure rogen enera
mappihfe first 15 m n when the water is hot (Tvvater

Reaction Product Characterization

Bayerite, AI(OH)s;, and boehmite, AIOOH, are the reaction products of the aluminum-assisted

water-split reactions:

(1) Al +3H,0 — 1.5, + AI(OH)s
(2) Al +2H;0 - 1.5H, + AIOOH

EXAMPLE 23:
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= 70C) and only 57% of the hydrogen is generated when

the water is hike warm (Twater = 40C). However, after
WQ2005897870 H2 generation the H2 yield of the reBCT/Camoanos46

400C i s conparable to the H2 yield of the reaction at

55C. a 0 t he .t ot t heoreti cal
Mechgrically; @ﬁ ff? U &fé%f@%é BOYigsTS, &féﬁhlt’}h SEEhPiepareflgn standard
way 288 NhehinNnE@VS, WBH=9 0B NANOBNE RERiND 'r&\gte@f fo§ h@r with water
reacti on. The hydrogen generation anount of

generaiing A-20a8. Aiter that the pewderheas dyisdrand ddalyizado Xriay ldnféram&ra}sattems of
er at ure Chan e durl
poa i LR as LRGBS L R0 bl rsencd

Figuregl?ariges - since the Al-H2O reaction is exothermc -
and pH changes during the al um num assi sted water
split reaction were neasured on several systens. Three

It has Blen REAY Mk AL @S HMafCrhichitadaNg 3) OP\Q%.efA‘clit télnﬁggmres close or

se eCt ed as refer ence are presente I gure
below( 85°€) .FigaNPL, Efozd: pl@d(mifnanﬂy dayests, Wa(@Hpr €mdy echailnamounts of

st an rocedure as descri bed above. Water
boem{?négﬁéﬁm COHTCHEE and powder mixtures of 2g weight
were used for each experinment. Since tenperature

changes and/or pH changes are barely measurabl e when
Al-WiSnpgwdessriiahsreaetpd it dPmh pfl wases ¢4 d¢ropergtgragrthatofarigd thetween 60°C

: t d
ond 45, i8S el SR 90,490, W96, 05, REGAR ARG, avons
Both ghiasesrags cd-presqit dib tiededctiofripgpdudis,. H gas has not been

col l ected during these tests (open systen). The H2
yields as function of H2 generation tinme were

ALW]?é'B?JW féh'réﬁc@edtlh%oiaﬂ%&'@oﬁﬁ ef’%&hﬁgur s ?@Rfdc@?%émgure 23,

S systens the bulk tenpera rops
form pmdmmmlah@y daelimige, tAOGQ.dBeydrite AEOHI vegsprodpreséniSinliBe reaction

n.the fi i nyt es, .due .t o sal.t .di ssol uti on and
produg (s hi en BefFeld bETniS Hatids BRimonE) T e al kG
system and 890C for the Al -KO (<Iw%NaNO 3) . This
rise is due to the massive corrosion reaction which is

The disrqreryt ef iboshmify {pamgtion gih el vhaterh apacjione tempertueahas important

teclmoﬁ%%gz[l 11519% t ?ﬁA) %gs KYa;J[; rqg HE%E e@# i ohug‘ey Bk %gﬁng %ﬁl%ﬁfri‘ts(ﬁshydrogen
exponential | y ‘'even ron rates are

(compared theahiepvanttactiongal Ry esAsMnﬁmht dnﬁwid%r payl bet considstedvas low-cost

component of this system, there is an energy density penalty for carrying the water as part of

the on-board fuel.

The additive NaNOj3 seems not to have any impact on the formation of neither bayerite,
Al(OH)3 nor boehmite, AIOOH.
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down (after 10-20 min) till it alnost reaches the
initial condition after 1 hour. The bul k water pH
W@ hiokog7epr ogr essi vel y towards hi gher pH val uesPCT/aa2005/000546
al kaline region) right after inmersion of the powder
m xture into water frompH 7 to pH 9 in the first few
m nutes and stabilizes thereafter at pH9.4 for both
Al -WS systens. For the Al-Al 28 systemthe T
i ncreases only noderately (less than 100C) due to
noderate reaction rates and | ower H2 yields. The pH
The enthodienets afithd 'ewsmiml l;eng thgmdldsyrilfedoihwiﬂ de phviofis thatthe same may be

Al-salt s ns; ri ses a nd riches after, 1 ..
varied oAb B PR T HAPBRER B pPEcHeeief dn e dsptor Tron the'spiitand
scope d3ahé ivhtidnl and bIMBud makiGBAbME a8 $S UK letoBMdB to Spé bltilled in the art

Reacti on EXAVPLE 22: M Illng ggﬁajl -W'S powders was

are intepded grheapcludedtivithin heskenegyf th S:-Sspex nill. The
mlling time for the Al -KCd (<l w %NaNO 3) powder
m xtures, which were prepared in a standard way, was
varied from7.5 mn to 4 hours. 2g of the resulting
powder m xture was enclosed in a paper filter bag and
imrersed in 2L tap water at approximately pH=6.5 and
T=55C. Figure 18 reflects the effect of grinding tine
on corrosion or on the anmount of hydrogen produced
fromlg Al powder in the Al-WS systemafter 15m n and
60m n of reaction. Al corrosion increases with the
increase of ballmlling duration. The total H2 yield
i ncreased from900 (when mlled for 7.5mn) to 1240cc
H2 (when mlled for 1 hour) after 60m n ofreaction
time, increasing the H2 generation efficiency from67%
to 92% Al -WS powders that have been nechanically
al l oyed for nore than 60m n are characterized by very
high reaction rates in the first mnutes of the
reaction. Al in these powder m xtures corrodes al nost
conpletely (95% of the available Al) in 5to 10 m n of
reaction. But these powders are al so characterized by
gradual |y decreasing H2 yields. Prolonged mlling in
air oxidizes part of the Al powder. The | onger
therefore the mlling process the higher percentage of
Al will be scarified and lower H2 yields wll be
obtai ned. Failed regrinding experinents which were
performed to reactivate the rest Al in the sanple, see
Figure 19, as well as increased oxygen concentrations
inthe ball-mlled powders (EDS
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anal ysis) indicate Al oxidation. X-ray diffraction
anal ysis that was carried out on ungrounded and up to
wa26osm9t20 | -m |1 ed Al - KO (<Iw %NaNO 3) powderPCT/CA2005/000546
m xtures, see X-ray diffraction patterns in Figure 20,
gi ves additional information. Besides Al and KO no
new phases or solid solutions were fornmed during the
prol onged mlling process. However, peak broadeni ng
.he decrease of relative intensity of the
WECE’FQM’acti on peaks characteristic for the Al phase with
i ncreasing of grinding duration are attributed to
cl&yst allite SiliZOS r.edEc%i on and m crostructural,. changes
Lo (sempaion fon produeing BY SPeRgYPSR reactioh il S FOBPORLPR Qi water,
said C(Qﬁggsgg)gtcbﬁpﬁsiﬁg well as microstrains). Mcroscopic
(SEM investigations on nechanically alloyed Al -salts
pOweetad pantidies sdl ectddnfadm ehet growfecbnristing oftplireiads (Ad), magnesium
particle.refjnement and therefore surface area
enl %Lﬁ’é‘ﬁ?n@) mca@dn?’c?n better and nore honpgenous
\StLI | t d phase in the Al matrix (EDS
rdrgtgpp{l %{%&N%@g@ﬁt@?ﬁﬁ?@%@t Characteri zati on Bayerite,
Al (OH) 3, and boehmite, Al OOH are the reaction
products of the al um num assisted water-split
2.  rBacdangrositiof djcoAlingto3HHA@ I, Mheifeibéd2d metdl paDkiy18s {1R) sail catalyst are
o .2|—J[20 - .>11. + Al OOH EXAMPLE 23: Mechani cal ly al |l oyed
in intiRpie pBYSicel (PA%END 3) powders, 2g, which were prepared
in standard way and contai ned n=0wt % to n=10wt % NaNCb
as additive reacted for Ihr with water generating H2
3. ghhe confnosition pegording clabndewherais sgidiiatimain ghysical gondert is achieved by
millingsdj@ et bhdiBel bRIRALAGYAS of powders which reacted in
IfTerent tenperatures ranges were conbi ned and are
presented in Figures 21-23. It has been found that
4. AR GnRRWBRT R Mine o '@t £ dvildteir sai@ miiLes féceded by pre-milling
tenperatures close or bel ow 550C, Figure 21,7 form
said cgelgsioni nant |y bayerite, Al (OH)3. Only snmall anounts of
boehmte, AIOOH, are co-present. A -WS powders which

reacted in 30mM of water at tenperatures that varied i
5. bEhaveemp@iiid according to claim 3 or 4, wherein said milling results in plastic

deformation or mechanical alloying of said metal particles.

6. The composition according to any one of claims 1-5, wherein said water soluble inorganic
salt is selected from the group consisting of NaCl, CaCl,, KCl, NH4Cl and NaNOs.

7. The composition according to any one of claims 1-6, further comprising an additive.
8. The composition according to claim 7, wherein said additive is Mg.

9. The composition according to claim 7, wherein said additive is NaNOs.

10.  The composition according to claim 9, wherein NaNOs is present in trace amounts.
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and 950C due to reaction heat, see Figure 22, form
bayerite, A (OH)3 and boehmte, A OCH Both phases are
w@osopogsent in the reaction products. A -WS pP@T€A005/000546

which reacted in 30m to 50m of boiling water (T =
1000C), see Figure 23, form predom nantly boehmte,
Al OOH. Bayerite, Al (OH) , was not present in the
reacti on products (or has not been detected by this
anal ysis nmethod). The di scovery of boehmte fornmation
at el evated reaction tenperature has inportant

11.  tBekompogiicadccomperid any 88961 deims Welilp whesinnmilosstal partiades and

: oduce t he.sane. anpunt of. h n onpar, e_abpve
said PR GresO 15 gt DireR oot TBR Ry SRR BN B0 B uBRA
| ow- cost conponent of this system there is an energy
density penalty for carrying the water as part of the

12.  Onekempdsifitiehccorling 0 @6y bhe/€f INAMNG 15108 Wherdhi saldmbraVgaradlys and
.. inpact on the formati on of neither bayerite, A (OH3
said cajpbyst prsawereRtdn 2 Aatoced befeeeR ABYH il byt Welght t he i nvent i on
bei ng thus described, it will be obvious that the sane
may be varied in many ways. Such variations are not to
13.  Béhercopgppsition asoulingioany one of ¢laimst k€2, ierdin saidh datalggpein the form

f the Jinvention. and all, such modifi ' . .
or catest st oV fin SR et RSTER LR B A rices i
the siz@RinkOBtHEE110.01 ihiaAd tbEog6epe of the fol | ow ng
clarms. W\E CLAIM 1. A conposition for producing

hydr ogen upon reaction of said conposition wth water,
14.  SPHeCoomoRiRoh tac QAR TP el HinNTB, viherdiRtsaild REAL paiti€lds and said catalyst
sel ected fromthe group consisting of alumnum (Al),
particlesergeparticles (NB§ sizestangebriwes) 9.0kid agd AQ0 krn) . and b) an
effective anmount of a catalyst. 2. The conposition
according to claiml, wherein said netal particles and

15.  Shledoffhbti¥s Ecc%fcﬁ‘nag 13 an§ ohd"BE QaiRRVIS £ Nhefett!hd ehtalySthad BE
_conposi'tion according claim2, wherein said intimte

solubilghyis excgbs af ahowtdtx 1&” mell Weed Welerni | 1i ng sai d net al
particles and said catalyst. 4. The conposition
according to claim3, wherein said mlling is preceded

16. b?{hep cro?n_prcr)jsiltil)ril ch:o%’d’ilrhéj tocc‘ril&il%l %?Merein the catalyst has a solubility in excess of
about 0.1mol/100g of water.

17.  The composition according to any one of claims 1-16, wherein said metal particles are

aluminum (Al).

18. A method for preparing a metal-catalyst composition, comprising the steps of:

a) providing metal particles that are sufficiently electropositive that the bare surface of
said particles will react with water to effect a water split reaction;
b) selecting a catalyst suitable to catalyze the water split reaction; and

¢) blending the particles and the catalyst into intimate physical contact with one another.
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5. The conposition according to claim3 or 4, wherein
said mlling results in plastic deformation or
worembaviccal al |l oyi ng of said netal particles. BCT/CTA2005/000546
conposition according to any one of clains 1-5,
wherein said water soluble inorganic salt is selected
fromthe group consisting of NaCd, Cad 2, KO, NH4C
and NaNQ3. 7. The conposition according to any one of
clainms 1-6, further conprising an additive. 8. The
conposition according to claim7, wherein said
19. aAlgietiodeol SroMibin@hy dFéRn COMPBAShE FARIRGEARIAECIEsEekbRH Mom the
7, Mhereinﬁgaid %&%i??ve??g hb%KB:]%%? fﬂ%.cogyosltion i
group ensistipg efgplumingmg(Adh, gnagpgsne (Mehsiicrn (%) pidaianeZn) with water in the
presen{:)% &gﬂ%al ns 1-%@%@%&1%93 al id rBri:a?al paﬂ1 1iqéfc egtpg% @ésfgei%gﬁon
productsawhich gtcluge diygrogers ihe Gatalyst cermprésingf at hesistwaerwaidyeratuble inorganic
000; 1 .and_al ; L Wej .. The conposition
Sa““’%@ggggP%ﬁgggggﬁés%%é%%$p%¥%$§%gﬁﬁ¥6%%ﬁ%erein said
nmetal particles and said catal yst are present in a
rati o of between about 1:1 by weight. 13. The
20. CTHEpA&héd sutomiimoodidg 19pwhdyinGhid mdtalqlagtiold ahd $2id catalyst are in
. mgﬁéeiq said catalyst is in the formof catalyst
intimafgphysiegl gentagtny wherein said netal particles and said
catal yst particles are particles in the size range
between 0.01 nmm and 10000 nm 14. The conposition
21.  abheomgdthad acerdingictaim3B0, wiheredn paid anténate tphy sipad cpittedtels achieved by
a1 ] hches are particles in the size
mﬂhmfgﬁﬁééggPﬁgé%é%ﬁ%?ﬂﬁ%%%%% 100 mm 15. The conposition
according to any one of clainms 1-14, wherein the

22 b JERg AR M oSty IR B R i

catalystl ai m 15, wherein the catalyst has a solubility in
excess of about O Ilnol/I OO0y of water. 17. The
conposition according to any one of clains 1-16,
23.  \ifter eiethodabctondit@lto pdaitn Clesr &i e wdlerom rsaidh (hlling eMlisAin plastic

t hod faor pr ring.a.netal-catalyst conposition,
cmﬁ”“%%ﬂﬁ?fg?ﬂﬁmgﬂgﬁgvgﬁgﬁS?H%g%ﬂ8@%&%&ing netal particles
that are sufficiently electropositive that the bare
surface of said particles will react with water to

24.  €Tlfentthed ampaiingiolany oneeitdaion; 19175, whereintsaiigwateicatuble/igorganic
salt is g’elféc'ie%bijrgm td?e g%gltlpaclz%zslestiﬁghoef lyf\alaél,e&aélg,l Kél, E\ﬁﬁ&i bW aﬁBQ

25.  The method according to any one of claims 19-24, further comprising an additive.
26.  The method according to claim 25, wherein said additive is Mg.

27.  The method according to claim 25, wherein said additive is NaNOs.

28.  The method according to claim 27, wherein NaNOs is present in trace amounts.

29.  The method according to any one of claims 19-28, wherein said metal particles and said

catalyst are present in a ratio of between about 1000:1 and about 1:1000 by weight.
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c) blending the particles and the catalyst into

inti mte physical contact with one another.19. A
woredohoerefor produci ng hydrogen conpri si ng reacPCTIgA2005/000546

nmetal particles selected fromthe group consisting of

al um num (Al'), magnesium (My), silicon (Si) and zinc

(Zn) with water in the presence of an effective anount

of catalyst at a pH of between 4 arri 10 to produce

reacti on products which include hydrogen, the catalyst

conprising at | east one water-soluble inorganic salt

30. tThefra@hdd ARbRIAIS ahf 8fd bMPaiRb 1928 dwhRtialsafdahdthilailes and said
with the water. 20. The method accor di ng to claim19,

catalyshaierassanida A datipqthetynenabeytdsl Bhweighl d catal yst are in
intimate physical contact. 21. The nmethod according
claim 20, wherein said intimte physical contact is

31, aldtei re&tb@tl worﬂimg forapy sak df pleinzd 19930, twiehes szid datslysids in the form of

or di,n | ai m.21 . .
cataly f RS, g herg R roPEEE s By Brebioh g v gopictes in he
size rafi w&noﬁﬁmlﬁlﬁl(}mbhﬂd according to claim20 or 21,

erein said mlling results in plastic deformation or
mechani cal alloying of said netal particles. 24. The
32.  EihREh@TsRbalimtotchi B, AREref safdl rﬁétﬂﬁpaﬁ%%?and\@gﬁrcﬁtafyst particles
said water soluble inorganic salt is selected fromthe
arepa@plsepntbewg(ﬁmﬁgewemﬁ@? pm@adl 80 mMC , NHAC and NaNO .
25. The nethod according to any one of clainms 19-24,
further conprising an additive. 26. The net hod
33,  PRMGHhEPadcBrdigdo 'Eh? ane YEdifk 19321 Yhaeithd ¥fall S h&@a solubility in
27. The net hod according to claim?25, wherein’ sald
excesspf abaut 9 & 05 melk0@g of®ateThe et hod according to clai m
27, wherein NaNCB8 is present in trace anmounts. 29. The
met hod according to any one of cl ains 19 28, wherein
£ I d a are resent in
34, T grPéI{E&g:%cc Y Iégété r%:?aa %gt wﬁ%ég tfx éa@d II.TD ﬁ%dlae%cess of about
0. 1moMHIOg ot watdr. The met hod accor di ng to any one of clains
19-28, wherein said netal particles and said catal yst
are present in a ratio of between about 1:1 by weight.
35.  3fhe MBRodBIERHiBCEONE Bk b c@fh‘:{s @9—@40fwh€feﬂ{ gﬁd 1Ret30particles are
wherein said catalyst is in the formof catalyst
aluminggr GAlk| es, and wherein said nmetal particles and said
cat al yst parti cles are particles in the size range -
between 0.01 mm and 10000 mm 32. The net hod accordi ng

36. UTheGhéthdl abbord) Rlam S9! WhetBihahidRedctihe 8% a pPIbIRivben 4 and 9.
catal yst particles

37.  The method according to claim 19, wherein the temperature of said water is between 22~
100°C.

38.  The method according to claim 19, wherein the water is selected from the group

consisting of fresh, tap, distilled and marine water.
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are particles in the size range between 0.01 nm and

100 nm 33. The nethod according to any one of clains
wa203@976mher ei n the catal yst has a sol ubility PCI/€X2®S800546

of about 5 x 10 3 nol/1 OOy of water. \ 34. The nethod

according to claim 33, wherein the catalyst has a

solubility in excess of about O lnol/I OOy ofwater. 35.

The nmethod according to any one of clainms 19-34,

o R R S s o o
one of 6RAES -1 with vadterart p PHOIf HeBidsg & and 1@ roipBducd feactibe prognéte tvhich
includq?\}g)?dg(;g%lpgtgg téé?tgggg'lgs?lorgn@%lgi@g \é%%;s% Igge &%ﬁ@gﬁ%mg E}%)tr%&lgc&%i}it% galm itate the
reacting 8f Sdi@ i Aal Barti¥le@hveth ihd WaeMat er i s sel ected fromthe

group consisting of fresh, tap, distilled and narine
wat er. 39. A nmethod for produci ng hydrogen conpri si ng

reactin he co sition,accqrding to any o of . .
40, ch Fa-cqt SRR B EERTHE S HIESE OBk haar SP Herctigny gid system
comprgfn?gjuce reaction products which include hydrogen, the
catal yst conprising at |east one water-soluble
i) o GRAAPASItiDR| accqraing 4o pmy ngtad clafas Fdacti ng of said
t icles wwth the water. 40. A netal -catal yst
;B?s?]étr%ﬁ?%zrl generating hydrogen froma water split
reg askeasfor gaiainisg dteesyrstemnpr i si ng: a) a conposition
according to any one of clainms 1-17; b) water; and c)
means for containing the system 41. The
41. EleahctaPéatdlys sy sdth ta€sordiag a6 dialtg 40 pwhtrainnsafDsystehehasi een adapted
sai d system has been adapted for a device requiring a
for a dgyeR FYBIHDE BHYERSCUPUPhe et al - cat al yst system
according to claim4l, wherein said device is a

hydrogen fuel cell. _ o o
42.  The metal-catalyst system according to claim 41, wherein said device is a hydrogen fuel

cell.
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