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PROCESS FOR RELEASI NG HYDROGEN GAS Techni cal Field The
present invention generally relates to a process for

WO e008A3dong hydr ogen gas and to a system for PCT/SG2006/000400

|l erent i Ng JihS OGRS rBAEkETRUNrbHEERACEAS! OF age

al l oys provide an efficient nethod toring
hydr ogen. Hydrogen is an inportant source of energy in

vi ew of the inpending %ep et.io . ural sources of
R gl A it

fossil fuels. Hydrogen ¢ rrier that is

capablrg 0fp &d Q4 01 2AEh £ BbRAGERAG ranardr et feeded. process
s the only side product of hydrogen during conbustion
forvateeleasing r dyslnpstras gael eapndnd to a  system  for
envi.ronnental Ly beni t alternative source of energy
%QP?Sggr%lkﬁéFé? %%P%%%%{ due to the wi de abundance of
hydrogen in the environnment, making up 90% of al

matter, hydrogen is regarded as a renewabl e source of
energy. There are a numbe?>SfIRABAA net hods for

ext r agliqng Jaydr 098 g LGN JyRC! YAy §b) Jef OF i Bfent method
duri ng whi ¢ch hydrocarbons réact” wth steamto produce

odr oo mormxhdéragen hy drityrogand where ninpertarposource of

nmonoxi de.i s subsequentl.y remved:. (ii) . electrolysi
PRORONar AP, TEPR) i r T mpblet iy Y nelEReHbylof nacural

pboduels obf f Forewat efieland (ingdfdsgwn oiganirsmenthgt carrier
sgnthesize hydr ogen. However, once _the hydrogen is
6be&i néd, rePakéls ©H pEQIHREd IR i¥L9ATIHEr IRy when

gg@egxaan§§ Qﬁmbygﬁqgggggﬁg;ggﬁoﬁﬁéEen@fiQQJdEEhen during

I'qui d hydrogen, conpr ogen gas,
copbuadsorpt iien sypseens dmd At alreypdrdedes asysteensilgan  and

%n%ﬁ%gd%éﬁgﬁfﬁy”béﬁfﬁégﬁkSXE%S?%ative source of energy to
fossil fueis. Further, due to the wide abundance of
hydrogen in the environment, making up 90% of all matter,
hydrogen is regarded as a renewabie source of energy.

There are a number of known methods for extracting
hydrogen, which include: (i) reforming, during which
hydrocarbons react with steam to produce carbon monoxide
and hydrogen and wherein the carbon monoxide is
subsequently removed; (ii) electrolysis from watexr; (iii)
high temperature thermochemical production from water; and
(iv) from organisms that synthesize hydrogen. However,
once the hydrogen is obtained, it needs to be stored for
its further usage.

Some examples of hydrogen storage systems dinclude
liquid hydrogen, compressed hydrogen gas, cryo—adsorption
systems and metal hydrides systems.

i) Liquid hydrogen storage systems

Hydrogen exists in the liquid phase at extremely low

temperatures of 20K or -253°C. Therefore, a great amount
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Hydrogen exists in the liquid phase at extrenely | ow
tenperatures of 20K or -253C. Therefore, a great
warwant®fc energy is required to chill and C ONMPPEFSG2006/000400

bfql'érgef%/ gerké Qrec‘cﬁort%geclrlfffs gﬁ regﬁ the liquid

st orage be strong enough to sto
hyquogehydnugemﬂumdegeptessure aﬁdrnhet,behensquManka tanks

er t eserve h tenpe atur.e q
Wabole, SoalErepatobnts e ERe gl i iiiSqen under
pbeseeee f01d gheat @@DU:[Y&§uP£t§ﬂer19)y e f OLoSHwserve the
reinforced storage tanks that neet the above criteria.

1Py CchrppesskarfydPbgehiguiddstbrdgegsyst ensThipapégen, this
Q88nbg q%npé)gasae%@t&ug 9l paheessr%gdt%ﬁksﬁﬂé'a@“ FHYRES OF

pressurée tanks can reac pressurée as
elsergyomrknhr‘foantsaif@jceresafetyedf ssamffageankanks &hat meet
Mpbreover, a great anount of energy is

EH or. concern
éu??%ﬁetSr%Eﬁﬁ?ESS hydrogen gas | eading to high

cost sj i Fur tbapPBESeqt Hweegee tgaet S%Bea@ene?e%eﬁ@
hydrogen gas occupies is usually nore than that

occupiEdrbgegagesi e ¢@mﬁﬁe§i9ﬁpﬂ@toah%HhTRFﬁﬁ%Rﬁﬁ tanks.
f1ghagecLanke! RahBas hhe oy a”DJ}Je”stsuOEe A58 10, 000

Ional " gasol’i ne fank Wi oCCupy” & Space tHou
B8s00Q 700mesa gr elxicerhehaa, t batfeafy une g@e@lteekeank; a major

iii) Cryoadsorption s%stens Cryoadsor ption systens are

CORPREP Al (YPE DI Tyr aphPEESt GHUJEE haf PEeEBe ko required

edsordfpyi pgennyiheqeel ungaef thesgas 'Stﬂir351%90|egosts
at liquid nitrogén tenpera ure (- 196 i n order

Fedtlcernesevolthee. spaheghtiptessbee mmzanbeﬁﬁeqo@@qwgen gas
' ap %IG? rder force tg S $é|on
%é%ﬁ ggﬁ og %%Qb?%phl?e st'0rage %?en?h mev%?upled by
dhsslhréhodasequi egamphe, n%edwfdlfog@ﬁ IR diepefat ties that
and pressures that can be a safety concern.
has the same amount of energy &s a traditional gasoline
tank will occupy a space about 3,000 times greater than
that of the gasoline tank.

iii) Cryoadsorption systems

Cryocadsorption systems are a special type of grapnite

storage that is able to adsorb hydrogen. The volume of

‘the gas is first cooled at liquid nitrogen temperature (-

19€°C) in order to reduce its volume. A high pressure of
about 1000 psi 1is then applied in order to force the
adsorption of hydrogen onto the graphite storage system.
However, this method requires the need for extreme
temperatures and pressures that can be a safety concern.

iv) Hydrogen storage materials

Hydrogen storage materials are capable of absorbing
and holding hydrogen to form hydrides. Such hydrides
include metal hydrides and complex hydrides. Most metal

elements in the periodic table of elements can react with
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iv) Hydrogen storage materials Hydrogen storage
materi als are capabl e of absorbing and hol di ng

whgasogenc t o f orm hydri des. Such hydri des i ncl BAESGBD00400

j I dr,i . S al nts
L850, 500 GO R DICTL IR 0ok TS SR At e
thoydoi de sref atlhgdr mdeneAs van lexanples andh ligthdlum hydrides.

drides jnclude magnesi um hydrides and lithi yum
ik el Py EReE ShEArYaEeh reyrean G dht fegant forms

difdrer ant AWy M, BuUcleAs (8B hydides }gyej_nﬂtdeé—)a,'\“ AB hydrides
hydrides), AB hydrides (e.g., FeTi hydrides), A2B

hielrd destF¢®l ghydrgdre) hy dwBdéyd rdide sSABZE Igy.dr i Medi hydrides)
( AR | des). For al, c ex, hydrides

ﬁ%&?oﬁ%ﬁ %ﬁg%?% ?oﬁéé ﬁ’oégﬁbiwyéégéxs%]aggfeggﬁﬁﬁeﬁomplex

oy deysly | leedr ot ahdastdesonagdnmecalird Mindemtduestihates,
the ease of storage and transportation of hydrogen

NG Hg L Mett e r A 5L AN dlr BGRAL s EBFAGE - mPer MEICS lardigles.  Due
RAM:HNgeaObULd ON SiQfrROT i N¥dLA8EA- LR on WL e nydrogen

hydrogen storage materials are promsing naterials
tel rady driogear 52 bs age hyblivioigey, tdheorade anabbirtdls are a

e N N

ow an FrequiTes ‘hea adequat e
rel easthidfe hydyagegenFurdhera®s e, re@wn sArs0ces58s f¥fomising
rel easi ng hydrogen gas fromthese hydrqggg storage
MRS 1R LS afer n’g}ﬂebér fiveegery sbqyeie i dosl A, hEhee rate at
I%HH%H ﬂﬂgééﬁﬁéﬂgriéﬁ§er§§%§§éah?d@é.gﬁdgggeﬁa I Y08 mewhat
materials 1 n applications I ch equ?re relatively

fedsiw r engasef oén hydrpyere$ orhase nd otocexarphén asn a adequate
i ide a process to rel ease

fgé|éa Eperg IS need to Ero £
Hydrogen f on?%@%?%%%h st ?%ﬁ;?%ﬁﬁp Hral SPPHEr Processes  Lor
QEILHIBE; Ohya@toh@ast el i erahes tHR OrhiBr8qgeh theorage
di sadvant ages described above. Summary '
materials ~are not particularly expeditious and hence,
hamper the use of these materials as hydrogen storage
materials in applications which require a relatively fast
release of hydrogen for use, for example, as a fuel.

There is a need to provide a process to release
hydrogen from hydrogen storage materials that overcomes,
or at least ameliorates, one or more of the disadvantages

described above.

Summary
According to a first aspect, there is provided a
process for releasing hydrogen comprising the step of
irradiating hydrogen storage particles dispersed within
thermal promoter particles under conditions to release

said hydrogen from said hydrogen storage particles.
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According to a first aspect, there is provided a
process for rel easing hydrogen conprising the step of
w0 peoativ@ré ng hydr ogen storage particles di sperBeDSG2006/000400

wi t hi t ' ngj_t to .
rel cabdaRE EBRoBES0n Tt ALFhE, HPORE- 0T Earcd® e i an
pamtikclhies. Adviant agelausieyy, bthertber nEripralvd erincreases the
articles in an adm xture with _hydrogen storage
&r€i cl%s | tﬁ%i?aF% oﬁrﬁ?drggﬁh rQﬂiEhﬁ??roﬁForage
bherhydegoer siorage tRar thel esdel gkl Weldadde iate @ said
rel ease without said thermal pronoter particles. In
thermabogkpwaterrpdicdicdrsi-n the microwave range nmay

be used in the rradiation _st.ep.. Accqrdj second
aspect%,n tHér eelflgo%frg%%éd rgdfwlf Y 8§enﬂé etggsg&s@rﬁweaﬁ{e range
pappbestibgd an enel aseddehanbear stapni xture of hydrogen
storage particles and thermal pronoter partic|es i
di spoBEAORALATN i @ ePRFBREd &Rfiffer ; tARYSants provided a

h&a%gbéhi981é9§é°§y§%@ﬁbE%mBEiE&h§@!at!ng the mxture
within sald encl oséd chanber; wherein in use, said
i rradbat epnlessadcehipmbadiiat es said mixture to rel ease

hydr ogen .from sai rogen storage particles into

oo o B Y B e o A PR P S po i thermal
HOUMEEe MYl i 1 ¥isC VW Es G NRL 8hoh. sAGeordidibder achamber;
third aspect, there is provided a vehicle conprising

BRE hydrogen rel ease system of the second aspect..

Accor?hngiggﬁéigeyéﬁh aspeet., EQﬁ%BléS PEOVifedy@ating the

vehicle which utilizes the step of i1rradiating
hydtogenwstbingeapdr enclesedi spembed:wi t hi n t her nal
pronnagérein in use, said irradiation source irradiates
salid mixture to release hydrogen from said hydrogen
storage particles into said chamber.

In one embodiment, the irradiation source may be a
microwave generator. a

According to a third aspect, there is provided a
vehicle comprising the hydrogen release system of the
second aspect..

According to a fourth aspect, there is provided a
vehicle which utilizes the step of irradiating hydrogen
storage ©particles dispersed within thermal promoter
particles under conditions to release hydrogen from the
hydrogen storage particles, for use as a fuel in the
vehicle.

According to a fifth aspect, there is provided use of
thermal promoter particles in admixture with hydrogen

storage particles to promote release of hydrogen while the

hydrogen storage particles are being irradiated.
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particles under conditions to rel ease hydrogen from
t he hydrogen storage particles, for use as a fuel in

wo b@swadorel e. According to a fifth aspect t heP€T/562006/000400

d f thermal onot er particle
D e RS Al oo R i (e 10 BrORAfEd a kit

I @ase Ofrdty drogars W 11y dheydydragenist d@g®rising:
particles are being irradi at ed. Accordlng to a sixth
aspecthyduneges iss gl dearal«lesiof parts for rel easing

hydrogﬁgénkphé}ngFﬁggp myleiey g dr n storage

parti pro er par es; and
instﬂﬂﬁsunucﬁxunsrrﬁdratumgadlﬁthgreaﬁ sakidure of said
hydr ogen storage particles_and said thernm

(0] ter
PGS iHi e I si RREREL G4 ERi n23H eﬁémse&}h@ﬁaﬁﬁer premoter

2238 dyd;pgen fromgahd Nydnogen st OEA8EoREAT I Ch&fber to
ccording to a seventh aspect, there is provided

m@ew@w fgfaisfcg@mrfamm Sarioin by fraess S UTRIe Sant idlkes.
step gf.d rrroét‘?ﬁat' 30 Oydrogen, 8t oL g Scfa”éﬁéxee is provided

dlsperse thefma pronnter f cl es under

eotidgednsgd® gehepseetihe doydraogerodesum ¢bephydingefhe step

stora artlcles Deflnltlons The followi ng words and ., |
Rﬁfg@ THRPER haterede %éﬁﬁﬁéeﬁng‘ﬂégﬁéém within

E@%ﬂﬁﬂﬂ“ﬁﬂﬁﬂdﬁ@rFﬁé%@&éiegaﬁﬁﬁéfeéonﬁ?%f&ngoténXelease the

particles which conprise material capable of pronoting
tiysinvalerhdatam g hef hivielyr dyyedy ogferr asteo gt palrad ¢l es

whil e the hydrogen storage particles are being

irradiated. The termincludes nmaterials that are

hi ghly conductive and therefore which reflect the

el ectromagnetic radiation falling on themtowards the
hydrogen storage particl @&EIBIGHINS v hi ghl y
Condu@%é“%é@ﬂéﬂiﬁﬂwaP&Eug%dm%%iﬂgﬁﬁgéﬁ herein shall have

the meaning indicated:

The term ‘thermal promoter particles’ refer to any
particles which comprise material capable of prbmoting
thermal heating of the hydrogen storage particles while
the hydrogen storage particles are being irradiated. The
term includes materials that are highly conductive and
therefore which reflect the electromagnetic radiation
falling on them towards the hydrogen storage particles.
Exemplary highly conductive materials include most metals
such as Group IIIA metals _of the Periodic Table of
Elements such as aluminum, Group VIIIB metals of the
Periodic Table of Elements such as iron, nickel and
cobalt, Group IB metals of the Periodic Table of Elements
such as gold, silver and copper, Group VIIB metals of the
Periodic Table of Elements such as manganese, Group VIB
metals of the Periodic Table of Elements such as chromium,

Group IVB metals of the Periodic Table of Elements such as
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such as Goup Il A netals of the Periodic Table of
El enents such as alum num Goup VIIIB netals of the
w@eosoaioce Tabl e of Elenents such as iron, ni ckeCT/862D06/000400

{@Mmm Ee b@o f’BO ettlgﬁspeéfoqfh“e T? 5081 ble of
& 4 w8

enent's such as gol d, ver “and copper,
lmadalaéstsf giheh Pers odzl;uncTabI eAbEokEl Jarcelu@e@uca‘reas alloys and

VI B t f the P dic Table o
BT RNERES s SR THR S ot IRS or G0N VBLAE sl P OridqR thermal

Eehiest 6r Taklte afa H egRnks SHEP aoit tA8Fusrand. QP dA but
B netals of the Periodic Tabl e of El ements such as

pavicalapshei peralide¢ afe rdroysinmd-hexak esondeseddn of the
TRE=LSEM 2Looride) (8P APLT™ 28DNPHCLE" MBLEEIAIZ  undergo

ati on”bu
capabhe mlrlreorrbémg theraal a condueid omhdéht hransfer their
%%dro en storage particles as these materi als undergo

WRPPEURELRG | FEEBI atRY dWPSAESTh EE8%s0sr particles
whehrwheah byegonduction-yhih-the hydrogen s cg@gg su1table

particles with which they are in contact. "An exanp
ofiesmal tg@h@uW@rnamat,@nda&t onn@uéesal eitﬁmem:les from the

%%r&%dchTagﬁ% ongIenen S 35%% 5 g%ar éE &h, Blements

phosphas, stdfion,andsills cahl, ot rmhd&,so lsﬁQlqued AE® its
the C | exes_and m xtures thereof. The term “hydrogen
,&gg oRr t PLFEs' irehaded oagRy the t FeRBiSHRScENd mixtures

gﬁg@@é§g mat eri al capabl e of absorbing or desorbing
hydrogen. A s an exanple, such hydrogen storage
parti%lll@stieprml ullevdebgbnhysirotess cempliedesét atefer to any

:ﬁég ana L %E%%%%%%%6ﬂ§%€%+? eggéﬁBHEtal|é§%g%§ﬁamy or

dﬂs@wﬁwth?ﬂﬁﬁﬁen% ans exanpkamptlBe GoRSt |Hy&fﬁ<§erﬁf storage

the hydrides are selected from Goup |A, Goup
Eﬂ:)g 1o, l@?éaaevmqt@l A odhl Eem, eowéeﬂvgle@lou%dees,

n@éﬁgaﬁ oWl +YARfs, t hepetal amides, metal imides, Tmetal
alanates, metal boron hydrides and complexes and mixtures
thereof. As an example, the constituents of the hydrides
are selected from Group IA, Group IIA, Group IIIA, Group
VIIIB, Group IIIB, Group IVB, Group VB and Group VA of the
Periodic Table of Elements, and mixtures thereof. Some
exemplary hydrogen storage particles used are magnesium
hydrides, lithium hydrides, lithium imides, lithium
amides, lithium nitrides, lithium alanates, lithium boron
hydride, sodium imides, sodium amides, sodium nitrides,
sodium alanates, sodium boron hydride, magnesium imides,
magnesium amides, magnesium nitrides, magnesium alanates,
magnesium~nickel-hydrides and mixtures thereof.

The term ‘irradiation’ is to be interpreted broadly
to include any electromagnetic radiation according to the

Electromagnetic Spectrum. Some examples of
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Periodic Table of- Elenents, and m xtures thereof.
Sone exenpl ary hydrogen storage particles used are
woragaesiosgen hydri des, |ithium hydrides, |ithiunPCTEGBE®6/000400

it iR 'é¥¥% L&l Rl thEEg8e lHabhicumaaleanattiss ’
eIllet [ umagjog on yidéc?géégf%odi um i medé:g, godi um am desfowaves
isdfdiaumadhi tulitdesyichel unfaf anat @s¢ gadihanr v? on

hydri de, magnesi um i m des, .magnesjum.ampi g '

B e A

iIFRANRE W pi skebt hydabiesiandarest whes thefediredifencies in
termlirradiation' is to be interpreted broadly

tihec| XrRROANY felabstromitfhelli'e FadidiTWn AeofdF ng ETgﬁtsherange
Heatd oﬁgﬂsgbc.iﬁﬁ%cgfﬂgnuﬁ@f@—lﬁf&ﬂpkﬁéquency range of 0.3

Oof el’'ectronagnetic radiation iInclude radio waves,
4d CB oGaives, thaf saped, hilgty afrefeencX- rapgeard gantg 30 GHz

rays.. The term ~m crowave' is to be _interpreted

adP§ F&tirﬁﬁe&é’eq_é]rﬁ%%eﬁé%wgﬂﬁﬁn&ain@ewaé/)%sﬁ?hgf) e CHZ-
THLAUSREHES st rbhBe rangei Ofowdest 306 Mizrbwaakoutvedd) that
GHz. This range can be divided into the ultra-high
drridquendgrowsge of rAdBaEH0B GAL t Re stfRGUGRQh ©Ff about

4.r[%q%n§:]y5ra&ge59$ %»%{9 30 GHz and the extrenely high

requency range o to 300 GHz. The common sources
of mMTles owawesdar e Nsobshaueievéys t hadoedni t noEr owagxclude

radiation at a frequency of apout 2..45 0.915, .0 .
"S9P Feie BT d e"ﬁjbs?an(f%%l??’fllgﬁ%’%s %c%exélsude$ub§t§n§1ally
0Pl et ghY” €. Omad CORPOSIdniArtelieh frsee from Y. Where

“substantially free" fromY nay be conpletely free
feomsdary Widhe néesdsarspbatrntnnr LY Subsyants arrytteg, from

e omtted f he, defjniti of the invention.
%ﬁ‘? e@%‘g%rbjéﬁélgg%%o?ﬂgr%mhgé&? e terms “conprising” and
"conpuhBess ansk i it ickdlewarsegnt $hieheteohs ateomprising”
i ntended to repr esgﬁé " open” ncl usive! | angua
e

Hkh THAPTHEY i nc GEeTPRl 6P breRE S  BiFSal BT OO,  are

P ded to represent "open" or "inclusive" language such
that they include recited elements but also permit
inclusion of additional, unrecited elements.

As dsed herein, the term "about", in the context of
concentrations of components ' of the formulations,
typiCally means +/- 5% of the stated value,vmore typically
+/- 4% of the stated value, more typically +/¥ 3% of the
stated value, more typically, +/- 2% of the stated value,
even more typically +/- 1% of the stated value, and even.
more typically +/- 0.5% of the stated value.

Throughout this disclosure, certain embodiments may
be disclosed in a range format. It should be understood
that +the description in range format is merely for
convenience and brevity and should not be construed as an
inflexible limitation on the scope of the disclosed

ranges. Accordingly, the description of a range should be
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i nclusion of additional, unrecited el ements. As used
herein, the term"about", in the context of

weoomsentorat i ons of components of the fornul at i BEES$G2006/000400

t&%ﬁé%ﬁéﬁé@9@85h55e %#b% i flibe §&aﬁ@%df%§5a éﬁ&*%q?yp0551ble

typically +/- 4% of e state val ue, nore typica
+gub-3%awies hasstws el &&lﬂﬂdﬂnﬂduamecmétyca}/vdlﬁaﬁ within

e stated vaI even i call +/ - 1% of the
L Bh80aL iy EHEMOTR, ¢ delitdie o) o0 BoradEneuch as
st@adred Ivatue. 6 Tiymgiw%et M&lﬁi&@fé@urt% ggkkal sfbec:Lf:Lcally
enbodi nents may be disclosed in a range fornat.

sHotf P 3 uAYBr$ES6@ st haech hasdeseam pli diP | a,raﬁr@@ 1 to 4,
(W rel ro veni revi

s%&? 1n%t m%e c%ﬂfna;l?r ue 8ag a%??ﬁf @2%%% I|%¥no 'on o6n ete.,

tdwe sedpe efs t haddivicluesdednuabges. Aﬁch&dlnghat thenge, for

descrl ptio nge houl ecgnsi dered to have
edal y %rsév | 2R egpoggﬂﬁl PRl etaffss ktess of

WMﬂé ﬁgéddghwéﬂugﬁenygﬁgécal values within that range.

For exanpl e, description of a range such as from1l to
6 shoul d be considered to have specifically disclosed
sub-ranges such as from1 to 3, fromlto 4, froml
to5, from2to 4, from2to 6, from3 to 6 etc.,
as well as indiscdoahrausiicoptibhhlnEmnbatimange, for

exanp and 6 . This applies
regarﬁ%ﬁﬂ?%ﬁrXMenBPeéaWﬁtngtﬁ@gﬂﬁﬂ$§”q§S%Eo%upéoéﬁss for

QRi1QNBIn FHRRMH SRRt SgEXeNPl 8 YowNBB- WiMchiRGd.  The process
enbodlnents of a process for releasing hydrogen gas

Wamprigwshe Bhscl osek Thé pﬂd&@ﬁ;&ﬂmqglsbsdthgestemtorage
at| en rage art| | es dIS
% fﬂl % ng W§£R%IC| r CERE egnsgﬁytlcles

In t erma TOFTD er par

mio@se ctdsmdhtyﬁamgentbrom@_@a@dwyctrm@enh§ﬁ@6§gﬁ from said
Q%§35%53£Q¥25ér§§¥éﬁéfééStep may be carried out

The irradiating step may be carried out wusing
fadiation sources such as radio waves, microwaves,
infrared, wultraviolet, X-rays and gamma rays. The
microwaves may be used as the source of irradiation. The
microwaves may be used to produce high temperatures
uniformly inside a material as compared to conventional
heating means which may result in heating only the
external surfaces of a material.

The two main mechanisms of microwave heating are
dipolar polarization and conduction mechanism. Dipolar
polarization is a process by which heat is generated in
polar molecules. . When an electromagnetic field is
applied, the oscillating nature of the electromagnetic
field results in the movement of the polar molecules as

they try to align in phase with the field. However, the

inter-molecular forces experienced by the polar molecules
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radi ati on sources such as radio waves, microwaves,
infrared, ultraviolet, X-rays and gamma rays. The
wo@sowaves nmay be used as the source of irradPE@L/B6m06/000400

é%g%égég%ﬁggﬁirgfgnge gﬁgﬂ.tglﬁgﬂQ@ﬁ%,hiQ@sulting in the

_ nifornly rnside a“naterial as conpared
AhEanV entviearalt hedt | nieneand anhi ohlaayleesuand| rgenerating

heating only the external ,surfa f . terial.
haE mai ¢ e T A

ﬁggér!&@%!o@oangeggggﬁﬁbbont@ecﬁ%ﬂi%medﬁﬂﬂﬁEﬂcurrent. The
pol arization is a process by which heat is generate

ifbf&ﬂf?iTﬁ?enaﬂgfﬁ Wen tae e?é@?Féﬁﬁ@ﬁ@?FécfiE¥%l@g causes
, e . i
q%éﬁ%fé%%%Ttg%?%ﬁF%aéngtPgﬁgr%FOEﬁﬁH§ £ est rRINELdC such

the novenen the pol ar nol ecul es
@sat heyn t rar dx wild gredrrepitasd swi yenelmeteel d. Fosevierternal

the inter-nolecular forces exper| d by.th :
nos betpesef facad Py Jrdyefte g%ﬁ?n%%&ﬁﬁé&%%@%ﬁ%. ng the
Qnépg%iggdﬁgwﬂgggnent of the polar nol ecul es and

enerating heat. Conduction nmechanisnms result in the
gener@tthoubf beday dueund bysitdienive teranievestpre of the

current. The oscill at,i ng natur fot I '
FPEPanE Ot tareh | e DAY Bl Ao, BT PERENELE fected

£R8EMEL Ol 1ot drhapa abi el est I isucturasenfors egemerlat,edcarbon,
The internal resistance faced by

) _ the electri t
megulaisli Ant hehgedaitinh 6hedtC! Wt tholt GIo‘cgi %g‘rerbgﬂﬁ‘érogen
?%o&gggrypa g Jjentors pfot hgopeesent i neaRdll Onsuch  that

eofrzes that sonme of the selected thermal pronoter

padtbgkes, meych s f aelecaesl e, mewe boAlifkyYai ¢ia theermal
R
BBy ipetr e!aﬁ]g_se@liﬁ@l@ rbie&khys vi aitt hersmaftheomrduetd othat  the
mechani sm For exanple, as carbon does not . . .
microwave heating mechanism of the present invention 1s
not via dipolar polarization. Furthérmore, the inventors
theorizes that materials with high electrical
conductivities that have the ability to reflect microwaves
also promote heating and excitation of +the hydrogen
storage particles at the molecular level due to the
reflection of the microwaves energy. Exemplary materials
include aluminum and iron. However, it should be noted
that this is only speculation to explain the phenomena
observed by the inventors in the course of undertaking
experimental trials. The actual mechanisms for the
disclosed thermal promoter particles may be different.

The microwaves may be applied at a power in the range
selected from the group consisting of about 30 W to about
180 KW, about 30 W to about 150 KW, about 30 W to about
120 KW, about 30 W to about 100 KW, about 30 W to about
50 KW, about 30 W to about 25 KW, about 30 W to about

9



10

15

20

25

30

exhibit any dipole noments, it is theorized that the
m crowave heati ng nechani sm of the present invention

WO 2008016096 a di pol ar pol ari zati on. Further rmre PCTY8G2006/000400

Ivent,or spbligor sgeq Hﬂ?taggh%r'ﬁbsKM”th 30 W to about

el’ectrical conductivities that have th |tyto
ﬁeﬂ‘l‘/\bct afpicsytonwaed! altso pborbt e2 hEHj i ngbanﬁl exgciwatt®n about

t hydr o t e part at_ the nol ecul ar

Or%dueq?%‘gfhé% g']{I ‘IQ% %f E?ﬁ& Hir craiites BRel gro about
Em)rmlmryaweawrgabsw Rel udeual ud g angobiPN300 W to about
However, it should be noted that this is only

dgdOuirat idhrule QB Wi kot ﬁ@oyﬁerﬂcﬁ%awob@mvedsw Wlhéo about
h r der i.ng e t

IUEPAET SSLL1EOF U S BhOSHIRS BAREETED' ¥ o ahout

{IROOMM, oot e80Pait ol ebonmy IBO Wi f esiemtit Ibe W to about

JePlotea h iy  RBoRRoss cumend: PRBGH, ammraos Wi oto about

ahoat 1} 802 + abxtyy 30oWdr,@boub o150 Ké%oépo% %0 1\3{% about
to about 120 KW about 30 Wto about 100 about
ot -, aphauts 03 KW Bboabosd \ﬁpt@,akﬁhﬂutZSBCKW ‘aboaboﬁth 40 W,

abput t to abo about
PEbR D DR o e BRR o To0 W st B Wabsfc ket g 20 W,
about 1@@010\/\/1;0 aboatit 5L AW gy abbotit 12060 W , t@boaﬁod@o 120 w,

200 W, about 200 Wto about 1200 W
Bt 3B0VnFeo 256tk 11306 WPabAROUOBINA & lzRRUSL AR .

W, abaubn0Qndo ahaut @H@Kbawera@PU£h§0Q1¥%ggaw§8Uhay be
1200 W, about 700 Wto about 1200 W, about to
a@auﬁt@goodv\mnsbo@talgioo1Wtad1atmmg 1200AMandboebusly, by

0 _ab 12 W, ut, 30 -Wto about 110
éégu% g’ggwﬁ%)g%boggwfﬁo \ka)[o abott %C\Wt&"gvﬁout‘%@ﬁlw said
abnadlaﬁlhi\gt,o ahouti s60pW¥Esidbeut £30 E\Htj@_s@b()ldhe4oa%unt of

g 40 Wto about 120 W, about 60 Wto about 120 W
Y3589?n80r £858H0ut a0 e ABGIROYEID Whosaslsoumategials.

V%r aegﬁhpﬂé\NtfhabQH&e1093$/a@%ﬁ%%%&tfﬁhéN S @BPUL o6 “an

automoblle, a relatively high quantity of hydrogen may be
required at start-up of the motor which would require a
higher microwave power being imparted to the hydrogen
storage materials relative to when the engine is in normal
operation.

. In one embodiment, if magnesium hydride is used as
the hydrogen storage particles, the microwave power is in
the range of about 70 W to about 1000 W. In another
embodiment, if lithium alanate is used as the hydrogen

storage particles, the microwave power used is in the

‘range of about 50 W to about 450 W. In a <further

embodiment, 1f a mixture of lithium amide and lithium
hydride is wused as the hydrogen storage particles, the
microwave power used is in the range of about 50 W to

about 700 W.
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In one enbodi nent, the power of the m crowaves may be
adj usted during said irradiating. Advantageously, by

waadjoastrdong t he power of the mcrowaves during BEi/8G2006/000400

irramfﬁérthﬂéwé@é@Qﬁ§%bﬁ§ ég?@gé&5&1£ﬂe a%?%%ge%fy in the
hydr ogen rel eased fromthe hydrogen storage mat .
R@n%@(aﬁ’ﬂ@ctekdl Eoom Gbe agxmupcaiqmsstmg:rbﬁSaaﬁut 0.3 GHz

qut o atlvel ntity hydr ogen nay
B8 PEBEE ea D B e e W oFonmRarbostd GHE, about
eqUi Giez atbi ghbekt mcovum/za pQM@ﬁt bei.ng dypard egbbatt hQ cuz,
h dr ogen st.or age materials relative to when the engi ne

quT— n@rﬁaleb@eﬁQtl@‘ﬁoutn léh&ERenbodbaent |0 |3 GHz to about
ed_a ydE ogen
part IE% %?c%?m%%egoo%é&?sglggtgg faﬁ 8ugf 0.3 GHz to
aakmmt m9\m/5t GHab euiid HlﬁﬁJtWO 3 smEnaiheibRradi gl . |

lithiymal gnate is used as the hydrogen st or age
parti s MG DERE ok Lo T3 7R LRerfangaosphere,

.&bOHyda'éQge\!Ylt%ﬁQ%ghé@@ W hﬂdérftatﬁ%'?ct%@io% Gﬁm The

if a mxture of lithiumam de and |umhydr|
byeseaset inf Wurb@@ntsaiﬁm@gehpaﬁt melyehe tdmeeat ed OM@V@umplng

t e t o about
\/\?lm%eurﬁnggrrgmg/ggs ?rgtrzga%ap |ed8%5tﬁ%§%fegqucé%§/ajr?ﬂng the
mhatmaagefsﬁhyﬁmﬂifgxwmdﬂﬁigpéiﬂh@pm§l§ﬁdn§%@£o§QﬁU%torage

t bout 300 GHz, about 0.3 GHz to about 200
éﬁftlg 86? 8 §gél—|zlr%%r%b86f3 TRy A8, dbvbusedegterz from the

bqut
Sy 0.0 ;a0 9, O L Boblod8. 1 e

ab@utln@rs GHE Mg valsutorte %@G&owmﬁbomb@tSn&hllp react
R LRI 2 T R NN e—
partuanesaomuﬁheTh@,rdafo@Ge@nt‘g%s)frea_réasiwt aAHDSPRNEF€ gas may

¥ be Cge%%%%l%% q;gglg% transport the hydrogen released
into a storage chamber or to an analyzer to determine the
émount of hydrogen released. 1In one embodimént, the inert
gas is argon.

A partial vacuum may be created in the enclosed
chamber via connections to a vacuum pump. The vacuum pump
may aid in the removal of hydrogen from the enclosed
chamber as hydrogen is released from the hydrogen storage
particles.

The thermal promoter particles may be mixed with the
hydrogen storage particles such that the weight percent of
the thermal promoter particles relative to the hydrogen
storage particles may be in the range selected from the
group consisting of about 0.lwt% to about 75wt%, 0.1wt$ to
about 70wt%, 0.1lwt% to about 60wt%, about 0.1wt% to about
S0wt%, about 0.1lwt% to about 25wt%, about 0.1wt$ to about

15wt%, about 0.1wt% to about 10wt%, about 0.1wt$ to about
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in an inert gas into an enclosed chanber containing
the m xture of thermal - pronoter particles and

why@soyene st or age particles. The inert gas mayPGESGLI®G/000400

3Rleect eghy urtomStNQe G QuUP ki A 5t OURLYALOf 5HBe  to. about
Peri’odi c Tab e ‘of Elenents. The inert gas may be one

it doebontt Subst ant | POyt r dAett Wi t APPHE tIHBYGFal to about
BT LBl 5, Lhe lienen, o 380 R34 15 8 oo

‘Hyd nert gas may act

ZAfTY eindabdex tT@EASPOEd dibeubyridwgen rel eased |nto a

storage chanber or to an analyzer to determ ne
armur‘??“%f byggragan FePEagRd PATH e enBddi Mt co{nﬁélsed of

HH:C% eng?ose%l&fw&%ber v@grg%%]ecw ?%%a%\ia%i@t ok | Mretal

um
h‘&t&im,umrmjrqal mayl tar e s, t eet@hovamidsgs hydﬁ@g@ﬁ imides,

the_encl osed ch s _hydr rel ro
“lef'rea de(]Jaé‘ﬁtgtSOrad%e%b tlglogé%. %%g&f%ernal %gﬁl ?TLD% Hhetal
Halt i & £San@Ychifp ré xes, whiktthes haﬂdo@emsa’otage thereof.
particles such that the wei ght percent of the thernal
pronotlee JREal MedrideatnIe pe %’Het}ﬁ?dg%@%ﬁait bpagela of:
particles may be in the range sg| ected fromthe group
consi sting of about 0.1wt%to abdut 75wt % O0.1wt%to
agoutw}?@nﬁ% 0.1wm % to about 60wm % about 0.1wt%to
about_ 50wt % 1wt %.t o about 25vvt<?/ Qut L
to a%ufsl§\?/llﬁ7cg§80 B 1% F5W oGP TONE /R alSDé‘C(lit(’JrVgu6 I8,
= % £ op abgrl SWe % upbouts T2 Wit 0 wkoutPAOwidhc abmble of
5wt % t o. about 15wt % about 5wt % to about 10wt % about
Blvrobt®; abodit 25wt % about 15wt % to about 25wt %

about 29%’;%’ L QnRRQUE, 450 andy Qogt £ L0MA AR valancy

20wt % rogen storage particles may be conprised
cﬂia:n@éerl al sel ected fromthe group consi sting of

Fﬁfgl xg igg§’me ET ﬂ¥ fi Ss iNE ugea%$$%%31utekydrldes,
ca101um hydride, lithium hydrides, sodium - hydride,
potassium hydride, and aluminum hydrides.

The metal of the metal nitrides, metal amides, metal
imides, metal boron hydrides and metal alanates may be
selected from Group IA and Group IIA of the Periodic Table
of Elements. Some examples include, but are not limited
to, lithium imides, lithium amides, 1lithium nitrides,
lithium boron hydrides, lithium alanates, sodium imides,
sodium amides, sodium boron hydrides, sodium alanates,
magnesium imides, magnesium amides, magnesium nitrides,
magnesium alanates and mixtures thereof.

In one embodiment, the hydrogen storage particles are
a mixture of lithium hydride and lithium amide (LiNHj).

The elements of the complex metal hydrides may be
selected from the group consisting of Group IA, Group I1IA,
Group IIIA, Group VIIIB, Group IIIB, Group IVB, Group VA
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metal al anates, netal boron hydride, conplex netal
hydri des and conpl exes, m xtures and derivatives
wo b@soodore The netal hydrides may be in the genkP€EBEG2006/000400

4,94 "P&:?mgéi Mla yhengin Weirs csglectradibr ovrt helgneups, and
consisting of Goup IA, Goup HA and Goup | HA of the

Pextodes Tasnreod. El SRentONRERK ame§ad degyet H@¥n be in

and 3 to balance the val ancy charge. Exenplary net al
é@%rgﬂﬁgugﬁchde magnesi um hydri des, cal ci um hydri de,

l'ithi um hydrides, sodium hydri&gH,pot assi um hydri de,
and al um num hydrides. The netal of the netal
nitrivesresBtal anmides, metal inides, netal boron

hydr i ge%o,agﬂ g;ﬁkaggﬁtaaﬁékﬁ BRY aBea3gheshed hirem @eeun ;

I A an oup the Periodic Table of Elenents.

Song Mxaaphesriansliitiden betadrerndt oki Alted to, lithium
i mdes, . lithiumam des ithiymnitrides, lithium
bor on*hydr fdBY™ FFt%FSW\gI%O dasang

( _ _ nat és,” sodi um i ni des,
sodlugj§g1ge§um§@glg&bQOQOﬁohydrides, sodi um al anat es,
magnesi um i m des, nagnesi um am des, nagnesi

u ,
ni triBes, Apm@EieuiRif al &h8t eSORRASH XPar 2t tﬂéﬁ%ﬁﬁ?s||?ay be

QEE?EHHOdigﬁg atlie hydregen,st ongage, par thehesd8Ee a sodium
m xture of Tithiumhydride and |ithium am de (Li NHa)
Ihenetesent s afodihen conplmn netlaydhidei desmaapepéun-nickel-

sel ected fromthe group consisting of, Goup |A, .
RSEEdy | o S AR POk R Sran,) OBt ron-
F,aupavAand @ieupivR-abnyhecBerhgdira deahl e of El ements
, and m xtures thereof. The conplex netal hydrides gg%rides

be inIthésqﬁqnmg_@pprpggpﬁed that other stitable
and hydrogen storage compounds will be apparent to those

skilled in the art. Accordingly, the above are in no way
to be construed as limiting examples.

The average particle size of the hydrogen storaée
particles may be in the micrometer range. In one

embodiment, the average particle size is less than about
100 pm. In another embodiment, the average particle size

is in the range of about 0.1 pm to about 100 pm. It is to
be appreciated that if the hydrogen storage particles are
a mixture of two or more types of the above menticned
hydrides, +the average particle size of each type of
hydrides may be the same or may be different.

The hydrogen storage particles may be prepared in a
ball milling process such that the average particle size
of the hydrogen storage particles falls in the above
range.

The thermal promoter particles may be carbon,
silicon, phosphor, sulfur or may be a metal selected from

the group consisting of Group IIIA, Group VIIIB, Group
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wherein Ais an alkaline netal or an al kaline earth
metal; Mis atransition netal or Bor Al; x is a

wooereof6 om 1 to 4 ; and y is a nunber from 2PC€TDSG2006/000400

he I me
||€%puﬁ%§?§%eVIé g*gorgﬁkﬂﬂydﬂ3Q§§iW§fo@S IIB of the

ates, hydri des, sodi um
aarundxnsTahﬂblﬂﬁkﬂﬁemeﬂnﬂwlahﬁ mixtures thereof

magnesi um i ckel hydrj de ant hanum ni ck hydr|

A A Ly TS Bpat{ B (iR erCETbNe. RpdrFBed hermal
Hrdnfotld Rt Apiiied ateeh ddat aDiuh@ﬁuﬁW t:apberhyeﬁue&ee gold,
and hydrogen storage conpounds will be apparent to

tiese SR¥¢*%@I ﬁopﬁétarﬁ@Q&ﬁﬂﬂﬁﬁwmﬂ@momﬁ@“ab§v§aﬁﬁémr zinc
éﬁ&] éoaQ? ﬁggﬁhEggdtﬁ%ﬂeo t|r¥heéﬁgpgﬁ%odlﬁgnt iron

average e Sl ze o rogen storag
par talaneinuiay hersen tdwe tmecrtdrmtnml r}am:gmtdm pmetlcles

enbodi_nent,, the avera ticle size is, less t

about %@Wm 5 %ogﬁég‘piﬁb(?él H‘Eat(’tlﬁealav*e‘r%rbegas a high
%q.rédtcﬂl%asl Z@orﬁcﬁ;é&ﬂ‘@y@ﬁ@ﬁ @hagbout oy JaR 4 0n8BeULE the
100 mm . is to be appreciated that if the hydrogen

gtlorrageamrem@ms Hhat afalksuca dft t\/\dﬂ@ﬁn mptenippes is used
s, L0 ABRUE IS ORRH I ALl BEPoA DS RHEM ABCPALE k811 may

$i%e-0f edc es na e same or
e ddt errerd . stTﬂme_airycdf ogamg’emoiﬁgﬁhear:hngeeefrra}bohe 1 mm to
prepared in a ball mlling process such that the

e?Bart st FRe HiRdr BYRAS sCOFr ageout 0.5 mm to
%@J&d@'fﬁ%ﬁﬂ I's in the above range. The thernal
pronoter particles may be carbon, silicon, phosphor,

sul f urTher qrgpdre usaretaly et eiot édhd riorm et grioaghite.
consislil/‘;ng of Group | LLA, ;G oup VIIB,

& oup 1B 2EF50S VRt T bhE 1B AR a0G ot B, Promotes
particles . is in the range selected from the group
consisting of less than about 5000um, less than about 4000
pm, less than about 3000 pm, lese than about 2000 pm, less
than about 1000 pm, less than about 500 pm, less than
about 200 pm, and less than about 100 pm, about 0.1 pum to
about 5000 pm, about 10 um to about 130 pm, about 10 pm to
about 110 pm, about 10 pm to about 90 pm, about 10 pm to
about 70 um, about 10 pum to about 50 pm, about 10 pm to
about 30 pm, about 30 pm to about 150 pm, about 50 pm to
about 150 pm, about 70 pm to about 150 pm, about 90 pm to
about 150 pm, about 110 pm to about 150 pm, about 130 um

to about 150 um and about 50 um to about 100 pm.

Exemplary, non-limiting embodiments of a hydrogen
release system will now be disclosed. The hydrogen
release system comprises an enclosed chamber; a mixture of
hydrogen storage particles and thermal promoter particles

disposed within the enclosed chamber; and an irradiation
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Periodi c Table of Elenents, and m xtures thereof.
Exenplary netals that may be suitable as the thernal

w@r@snt@re parti cl es i nclude al umi num copper, BCT/8€2006/000400

gRldbcd I pabickelor cabaldqi Jmnganass o within the
titanium zinc and alloys and mXxtures thereof. In one
@fsdiTRsht Chamlpar or whlewsimunin s ussed e t herebéandbn source

rQnmi.er rti.cl es.. um nymis_ an exanple of a ,

ﬁat &1 a tet[%lat hﬁasﬁéﬁug Y el'ect ﬁegaﬁasceon BHISATY Stkegm  said

thatrdderr efdcacice meattiafliddei i SravavneENssgy thabber.

falls on it. Wien alum numis used as the thernal '

promotidy A& i R4 unthem LerpSkayipe c@toglirmeo is a
I Ig@glg; i3 the range of about 1 mmto about

géoldn%%gg;de Wi dt I%Hr?}t'he range of about 0.5 mmto about

5 nm IThe acarther usedadhyndnd ,i n arhe ifremh ofatgreagdlide or a
he, aver a article size of the thermal pronoter .

SRR RN GIE Pance et bebd TPOHRL H gRBkpoduced in

ecoRsicatidngaaf dieabdhan abeuti neQR0Mmod@ssSrd halyabaulgue to

4000 mm, |ess than about 3000 mm, |ess than about

560 PRRSeNCes Tt Ran Tadilt P00 URA 29 égarhan about

500 MPne | RpSrbhan akow, Os?ggggaW%A€¥§&%@agﬁ?%#gmay be

100 nm, about 0.1 mmto abou 0 nMm, out
tsegbolt @30vemGleabostatlomartyo pdwoat $t@trmn abowortable

10 mm t o, _about 90 , abouyt .10 nmm to about 70 mm,
S68Gt 18‘6%6% abogtf?eSOV l,ClgboH‘laylou%ﬂw Sbddte 3Ftep of

iracabedhg30nh iy b§eabost o 258 MparRos SQiBdsed within
about 150 nm, about 70 mmto about 150 nm, about 90
FReEdadboRrongbem Pakbbul 310 R X 0 aslitt 1505 mhq  release

0 t Land t 50 0_about
SEQUEAH0 TRAp AU ATO-DLANS A00MGSD ILLE0R  one
hydrogen relleasedsystyemeanidnpnowedbeadli sctosede dlieenergy or

P%10080. [ IARG, YL EM SRIPLLRE21 2 (200l P AINS e ehat
is used for transportation. Exemplary vehicles include
automobiles, motorcycles, ships, trains and aircraft.

Thermal promoter particles may be used in an
admixture with hydrogen storage particles +to promote
release of hydrogen while the hydrogen storage particles
are being irradiated.

There is also provided a kit of parts for releasing
hydrogen, the kit may comprise an enclosed chamber; a
mixture of hydrogen storage particles and thermal promoter
particles for disposal within said enclosed chamber in
use; an irradiation source capable of irradiating the
mixture within said enclosed chamber; and instructions for
using said irradiation source to irradiate said mixture
while resident within said chamber to release hydrogen
from said hydrogen storage particles. The instructions

may provide details on the operating parameters of the
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hydrogen storage particles and thermal pronoter
particles disposed within the encl osed chanber; and an

WO peoativ@ré onsour ce capable of irradiating the h@RmGumwmmmm

g@gpe n i

??%g ?3&?2& gﬁtrce irra a%esﬁﬂﬁé%h1xturé?§% I%ressure or

hyseodgem fthemrsdicd slkeydifopgnirsigemmage particles into the

encl osed chanber. In one enbodi ment, the irradiation

source is a mcrowave generator. |In another

enbodi nent, an inert atnosphere or a hydrogen

at nosphere or a partial vacuumis introduced in the

encl osed chanber. The inert atnosphere may be due to

the presence OfBﬁmeEnﬁéhcﬂiﬁtiuﬁho%SD%%QQB sThe

hydrogen rel ease system nenti oned above nay be used in

a vehifbee, aﬂﬂﬂmpﬂﬂﬂ%ﬁquﬂﬂawmnﬁs(nulﬂuﬁxmahﬁleapoﬂﬁsclosed
| e iC il the

gﬁ#a Eﬂg %§%r6%§ﬁ£%¥o?ége ?%%I%%ldlgﬁ%?géﬁles of the

wmshu_asteher@falbo@mmter Tar hscIE§ wleruneREtd RS hewever,
rel ease hydrogen fromthe hydrogen storage particles.
"Fﬁéthde%@en BPELRSY ndr e SHplignaf as WsoupsgpeEes  of
enengy¥ rak i bHelord 10y, theqvABLClE §h83¥§HHE§8nm®ft%h@”ilmlts
device that is used for transportation

vEhikbkesnivaokade -aut onobi | es, notorcycl es, ShIpS

trains and aircraft. Thermal pronoter particles may be

used Frhganladmi xt wohemath chytreaagem sédHrageapasatathe€sSused in

to pronote rel ease of hydrogen while the hydrogen

S BFagE-PaPCrerasndr 5obei AgSFr Pﬁ&ﬁaﬁs@?o CHEIE T o so
prOV|ded a kit of parts for releaS|n t he

kit miyJconpti 46 an SHAsedh @Héﬁﬁer %é%ﬂ%?QﬁlnteHSlty

Pygeogen $herage Rakdduies and if‘@{ﬂﬁfh PR PP 8E particles,

particles for disposal within said enclosed chanber
bsehiam iamigd aphohlicbes cendapaimhvfe i cratibat mgiamepulsed

microwave conditions.

Fig. 2B is a graph showing the hydrogen intensity
profile for a mixture of lithium hydride particles,
lithium amide particles and graphite <carbon under

continuous microwave conditions.

Fig. 2C is a graph showing the hydrogen intensity
profile for a mixture of lithium hydride particles and
lithium amide particles under continuous microwave

conditions.

Fig. 3A 1is a graph showing the hydrogen intensity
profile for a mixture of lithium alanate . particles and

graphite carbon under pulsed microwave conditions.

Fig. 3B 1s a graph showing the hydrogen intensity

profile for a mixture of different weight concentrations
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m xture within said enclosed chamber; and instructions
for using said irradiation source to irradiate said

worzoosr@7ehi | e resi dent within said chanber toPCePR6€Z®6000400

kyrdr ogen s fikom, sah dt By ds.ogen- 5497 age; p rtagﬁliet%'.ggfbon under
instructions may provide details on the operating

FATERETUSS gilatavvadiendonignocess such as power,
frequency, pressure or tinme for the rel ease of
hydr ogérg- BBCefiDescrgpabbn sMovdiani g Thedrogen intensity

cC anyi.ng drawi.ngs illustrate a discl osed )
%r:'r:t?o&i r?e¥ Ogntuas % 8§p|3a]iﬁ“t% Frlidn&5s eB2BEiehes and

diraglhased eiedi Biter Idanged e spghes sStO9d: + hovever,
that the draw ngs are designed for purposes of

i 11 ustriat.i ogpond y, aan as Ay i phti o : .
limts lg;tf the i nver?t [ %ﬂ%i g. 1 lﬁ? a%gltgheﬁg(?%%&%l?aglrnécrﬁnsny
®rodn lgppbeat @s semplenod ptotessmacdenditng pardicles under

@iog%li%%%%se?g%qjo%q;é Fig,..2A is a graph show ng the
hy e

rogen intensity procfol e loornsa'rrixt_ure of lithium
hydri ar%'cl.es, [ithiumam de particles and

gr aphi t'€ “cafBonUnderd PR ‘s e & A% V8ec oMM EPYRR, intensity

birg£i2B ifon gr aphtshew &g thn@é%ﬁgqudH&@%wticles and
profile for a mxture of [ithiumhydride particles,
PreRPbtafrd® opaiideite $Vd e &y meishi aver eeardord Uniders .
continuous mcrowave conditions. Fig. 2Cis a graph
show A&dthedBydrogen dramnsishpwinef | thef diydrogedt ui@tensity

Lt hi ydri ticles,. | i thium am de _ _
g%?%ﬁ H:L eggupndgr mgg{n | neuocl)fjg %l%%%\ﬁf\?éc c%ﬁﬁ%‘n} off§NCpPgrations
8A immgnegriaph Bhawidg the tiydrageanint@RgHit Pro&fihén under
for a mxture of lithium al anate particles and

gPRphPPEUSalBER URdEr CRBLLEd ORiSer owave conditi ons. -
Fig. 4C is. a graph showing the hydrogen intensity

profile for a mixture of magnesium hydride particles and

graphite carbon under different microwave conditions.

Fig. 4D is a graph showing the hydrogen intensity
profile for a sample of magnesium hydride particles under

continuous microwave conditions.

Fig. 5 1s a graph showing the hydrogen intensity
profile for a mixture of Mg,NiH; particles and graphite

carbon under pulsed microwave conditions.

Fig. 6 is a graph comparing the hydrogen intensity
profiles for a mixture of magnesium hydride particles and

graphite carbon under different heating methods.

Fig. 7 is a graph comparing the hydrogen intensity
profiles for a mixture of lithium hydride particles,
lithium amide particles and graphite carbon \under
different heating methods.
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Fig. 3B is a graph show ng the hydrogen intensity
profile for a mxture of different weight

waoemwsendor@t i onsof |ithium al anate particl es anBCT/SG2006/000400

gr aphit.e cakbon_under tinuous nm crowavie conditians. .
B o 30 R grapi ety BRSVRYEr obBR | Lndiry Theensity
prafiiled oofa an mixteref df t bi uniahanaid ipey tbekescasd with
g{_ éﬂ te cagbon under ranped m crowave conditions.

13’.0 o351t y@?ﬁpl?%hBRFgE‘atlhePW%%%nPiaﬁttéﬁéietsy under the
R=efd e SHwrsSamla t8fodd thi um al anate particles
under continuous m crowave conditions. Fig. 4Ais a

gr aph gghowiqig & he gen..int ensi Ly, praf i 0 .
o anh b e yignen Lol 1 B 0 rociseo
odr ben wmidénrpul s€d MyBs owavelicondirttiianiss FiugdeAB idd fferent

raph showi ng t he dr n intensit rofile for, a .
%ﬁﬁ%ﬁc %ﬁsﬂg??éréﬁ¥ %@%%ht+céﬁceﬁf¥%$PBn§ milling; . (B)
Me@nes wn hydeh dpapar tidli8handa gl ankit ggr RonvUNgetn pai1
continuous m crowave conditions. Fig. 4C7is- a graph
BRddilmg tth€ HydPdgen intensity profile for a mixture

of magnesi um hydride particles and graphite carbon

under Fdigf-f erléht 3% cr ewageagdndi shonsng Fi gyddadges aintensity

oW he . hydro I ntensi.ty profile for .
A e bR R e B Pr e LB aer-SeoftiuguePhite
phebowaE chirftiddedns paiitgic e | $igegf aph) showhngrbpaite; (B)
h§5rogen intensity profile for a m xture of My2N H 4
paArPc FEePRAdSgr PR t(&) c &l WHad iF@-sed ni cr owave
conditions. Fig. 6 is a graph conparing the hydrogen
intensity profiles for a m xture of magnesi um hydri de
particles and graphite carbon under different heating
methods. Fig. 7 is a graph conparing the hydrogen
intensity profiles for a mxture of |ithium hydride
particl es, Brief Description Of Tables

Table 1 shows the peak values of the hydrogen
intensity for different types of hydrogen storage
particles under various microwave conditions as well as
the temperature of the particles as obtained from the

Temperature Programmed Desorption method.

Table 2 shows the temperature of the different types
of hydrogen storage particles obtained under various

microwave conditions.

Table 3 shows the peak areas and energy input values
of a mixture of magnesium hydride particles and graphite

carbonAunder different heating methods.

Table 4 shows the peak areas and energy input values
of a mixture of lithium hydride particles, 1lithium amide
particles and graphite carbon under different heating

methods.
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lithiuman de particles and graphite carbon under
different heating nethods .Fig. 8 is a graph show ng

wo b@shy@rogen i ntensity profiles of a m xture PET/SG2006/000400

l'ithiumhydride particles with different types of

thermal pronoter particles under the sanme m crowave

conditions. Fig. 9 is a graph show ng hydrogen

intensity profiles of a m xture of MgH2 + Ni parLi cl es

under different particle sizes. (A MH + N wthout

ball milling; (B) MH 2 +hﬁ|g§‘%1%ﬁ bal | milling; and

(O Myidh-AiMitdidy bakkapllebng ©fC (208 . Eh@ent9ohS and

a graph show ng hydrogen intensity profiles of a

AR 1OV e | REPPPDEF HYdart iRG eSulfier gplaphiribedariborgreater
j o fof icleysi L raphite; .(

S oo S ana (5 3805 dr anh T oy ap e Bhould not

Descropsitoned Fablias Falyl ewdyshbimit ieg pedie vakues off the

t.he hydrogen intensity for different types of hydrogen

ﬁngreélé’éo irticles under various nicrowave conditions

as well as the tenperature of the particles as

obtai ned fromthe Tenperature Programred Desorption

FEeREFatian ©B enfnapparateiherature of the different

types of I tara arfic bt.ai ngd under B

ngpi o&%frﬁt%%g%&goﬁog itg'i;a'L n's.i’TaJBﬁérg s%omsgl?vﬁne %egﬁt up of

aheas ek @nes gysedpoh alpesefs aofii xeleesdhg hydrogen gas

nesium hydri de particles and graphite carbon under
i]% ri‘ﬁtdrr‘?y ng TEtaf5ds MeERdE showg™lt héPeaiture 2 of
A RIS ENSF HYe | pRYE VALY S Rf @hé&ﬁ&yrﬁr@ﬁgkbkhb%@ticles

hydride particles, lithiumanm de particles an ‘ .
Ye&phtacedr bBn aundeaCiee s f ér &atv imgatamgeneihedd cylindrical

c%éﬁ@@&e§mving a diameter of 4 am and a height of 12 cm.

The cylindrical chamber was made from TEFLON™ from
E. I. DuPont Corporation, Delaware, United States of
America. TEFLON™ 1is polytetrafluoroethylene (PTFE) and

allows microwaves to pass through the reactor 4 to the

admixture 2. The reactor 4 containing the admixture 2 was
placed in a microwave generator 6. The frequency of the
microwaves emitted was 2.45 GHz. Argon was used as a

carrier gas and was introduced at a rate of 50 ml/min into

‘the reactor 4 via a gas inlet conduit 8 through the

microwave generator 6 and reactor 4. The pressure of the
apparatus was kept at 1 bar, or around atmospheric
pressure. A gas outlet conduit 10 protrudes from the
reactor 4 through the microwave generator 6 to a mass
spectrometry analyzer 12 for monitoring the release of
hydrogen gas from the reactor 4. A thermometer 14 was
disposed on the wall of the microwave generator 6 to

measure the temperature.
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Non-limting exanples of the invention and conparative
exanples wll be further described in greater detail

whyosef@rence to specific Exanpl es, whi ch shoubPdI/a62006@00400

construed as in any way limting the scope of the
i nvention. Preparation of test apparatus Referring now
to Fig. 1, there is showEmamele up of the apparatus

used in a process of releasing hydrogen gas from

hydr ogen- st dr@feopat ereerde Parbaed s ur B1I¥Hof2InHr ogen
storage pargt, cl her nal - pronot er rticles was
pl aced in a$¢ee51§§%?p%01{‘1%€%%g %ﬁa%%at:%sgg%%li ndri cal

chamber havmi@r@miwb@nzeé@ér9f7@wamﬁﬂgraab§irght of 12
cm The cylindrical chanber was made from TEFLON(tm

from Eithium Cypdnideotpotat WeR, obdladwade, from tSigma~Aldrich
atesqqt d.ca. T to) s p t,r af .
I%lggr oet Eyl ?r@l(téﬁ’FE}Egﬂﬁ%l g%)n\%/sd%m gﬂr'%&ﬁ es 10 ngglned from
tSirgmegti tdei cleaci ot 45% optthet adahxt giraphiteTharbeactyd with
ontaining the adm xture 2 was_placed in a mcrowave

G . .
gaegnﬁer%’llﬁ}lcg Vo O T2t ey FoR tq’ﬂegrf‘ﬁ‘czﬁo‘%’/%' efift gfraphite
W%iﬁb£5rgﬁkw&@15¥héﬁéaU§§daa%ﬁ%fﬁﬂéé§r39§§laeguW%%le and

introduced at a rate of 50 nl/mn into the reactor
Vilevehaayi Reéschofgditt BLavwe ough2bfe pm,cridfavien and 56 pm,
g_%r%g; g nd reactor 4 . The pressure of the

app regéttﬁlqus° kept at 1 bar, or around atnospheric

pressiite IAHamduiN:, pantdicl k0 weiret Mdas finamd kich that
rgactor 4 through t he m,cromavem%%gerator 6 to a nass

CtTORERPS RAAINYEEE BL3F%rOho i+ PRE defEas@agfticles

hydr qgs rLr ,clh r ?Lﬁr{or 4 . A thernoneter 14 was

di sposg% on 1 ea%\%{ elo'fOe € mcrowave generator 6 to
nmeasurde @ hg benIenadurnEXanpl ¢ botydipger St X&PLd into a
Par t.i c_LI es: LINH 2-2LiH

stainless steel jar inside a glovebox (MBraun master 130)
filled with purified Ar (H,O0 < 1 PPM, O, < 1 PPM). Then,
the jar was put on planetary ball mill (Retsch PM400) at

300 rpm for 10 hours. 1.0 g of the mixture of LiNH,-2LiH

and 0.25 g of graphite carbon particles (150 pm) was added
into the microwave reactor. The wt% of graphite carbon
relative to the above mixture was about 20wt%. The
resultant mixture was placed in the reactor (4) of Fig. 1.
Ar gas, which was controlled using a mass flow meter, was
set at a flow rate of 50 ml/min. Mass spectrometer
(Omnistar) was switched on simultaneously to measure the
outlet gas. The microwave generator (6) (Milestone
Labstation) was configured to pulse the microwaves
emitted. Here, the microwave power was set at 70W for
five minutes intervals and at OW for all other times. The
reaction was carried out for 60 minutes.

It is believed that the following reactions occurred
during the hydrogen release:
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Thermal Promoter: Graphite Carbon - Mcrowave Power:
7OWN (intervals) Lithiumhydride (LiH was obtained

wo e@si0Biogera- Al drich with 95% purity, |ithium aP€T8G2006/000400

(Li NH2) was obtained fro [ -Aldrich with 95%

purity and gr aphﬁf'gg%aT £ﬁ‘§r%’d 2 §95ji¥pd|1|)t)é was .
obtai ned fromSi ri ., IThe, jte rbon ro
was crushed in a%g?“allﬂn?eggﬁs%e l3%¥ 3& Ie(gﬂd si eved

by RetBrhthestfisistvertac230nym¢. 150, mmmyand &6 H’gﬁrogen was
respectively. The LiH and LiNH 2 particles were ball
melerredicit hat trrraeatages parfi c2e0%l.ze oflrt heHd Hsecond

S TS T e .
Y@ pbess, stegbotatitasigde 3.8l quebox,d '\@irv?ut?ﬁgg%%erhydrogen

130) filled with purified Ar (H20 < 1 PP .
PRMeaseTean haeohtained patoodiphahet anyababhsni(lll) and (2)

sch .PMAQ0) 300 rpmfor 10_hours. 1.0 g of the
Eﬁ%%#)uer%l&e X’NI—?%C}Z Fﬁcgnd J% 2‘§lbtfo¥’egraéfﬂﬁ?‘gl%%?%oﬁhat the
passilalesof 150 i8Mgxpwsi mdsldied i Bl @atBe YR OMRYEtically all
reactor. The wt % of graphite carbon relative to the '
é’nfgv%h‘f‘h Rydredfas 200t FheTHY dadan aptonfgeumaterials

acsedda t regc (4 . R g .
mi%cﬁ} was Céocpn't r%lg? egautstl?i%g lggpn]gslsﬁfelgsowgun%}% 2\%8 \?’\g(s) Bygnd Liz0
sresemtowyg atre ie SPahbriabs, Mibe spectlitenei®s a lower than

(:g‘mit targ) as lswi tched on sinultaneously to neasure
the oz’t “&°"g4E " "The microwave generator (6) (M I estone

Labst athicon)e MAS SCAHH itHI Lt OPId SErd hendi el PNAK¥ES . 2a. 1t
emtted. Here, the microwave power was set at 7ONfor —
FP¥e Fenufesni nterbal bydnggan OMntensakl otheresisess. which

[EPLBRGH) kD SEUELL EeOh, T ALy (Brce e
microwave generator was switched on. The  hydrogen
intensity gradually increases with increase of heating
time. When the microwave was turned off (that is, at OW),
the intensity of the hydrogen signal decreased
immediately. - This showed that the hydrogen release
process was weakened or was terminated when the microwave
was switched off. This process can be repeated with good
reproducibility. Hence, the data shown in Fig. 2A clearly
shows that the application of the microwave to a mixture
of metal hydrides and graphite resulted in the rapid and
controllable release of hydrogen.

The surface temperature of the hydrogen storage
materials was about 40-50°C indicating that extreme
temperatures are not required to promptly release hydrogen

gas.
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during the hydrogen release:LiNH 2 + LiH <-> Li2NH +
H2 (1) Li2NH + LiHLIi3N + H2 (2) In the first

w0 e@siemng 6. 3-6.4 wt % of hydrogen was rel easePlCESG2006/000400

tenperature of 250C. In the second regaction, 5.4w % of
hydrogen was rel eased at a t%ﬁ%@?g?u e of 450C

Theoreticald % 9 . nel ease
War &ren W%yt -t dhos 'Bﬁwﬁéﬁﬁy?g

can be obtai ned according to equations (1) )
respect i vellnerard Homeemtdn: Wintdphieappadeomt ed t hat

the results .of this experi t indicate that

practi cal | 3?741840“@"6} r@%ﬁ&é{h Q‘?Q?Prte’d“%f?fl?he hydr ogen

stor a%e“ﬁgﬁﬁk@%én%tdﬁécf@s?grt%etso [ika% fH}&tF' &,'mﬁxz) and
an thé

such as Li Li 20 presenting in the materials,
ithsamed arreenpteoneparhanlede (ghephdttiecatariide) resedit $n this

i hown i Fig, 2A It .can- b .
By Pt i BRIy ncRsttedn” GNP ol cat BoVERE™: i

hyrdsogeramplleasethpr onpttywonce ddeefh€6BWaYLs switched on
ener,at or s swi_tched on. The hydrogen intensity
GPAGGAPOSLN PEadldl NS SL Cadh i Raa TRy . (i e,

Wien the nicsenaye a@aStBygn%a?Jﬁlétage | Showth M rig. 2B.

the intensity of the hydrogen signal decreased
Simddpailel y. thhi bydiromed thignahe appeeogen iehedsately once

ce weakened or. S ferm nat en the
R ol el E N T e dbl o el piras releasea

m crowave wasS SwW

repeahaduwiliyh goothe epeadual biclinky prhdnNesssdde dehder these
shown in Fig. 2A clearly shows that the application of
FRBIAF EPBRave R a AELEREOBf RAEIL hy@PPgeseghd around 10

graphite reswdsad ip;the fapid, %%Ht Fd AR &y decreased
rel ease of hydrogen. The surface tenhperature of 1 he
bydrvgénysisorcdgethmt eat alld wasiualesyt @e 5Dy@€ogen intensity

#gggﬁ%%%ggj%$2ﬁ%§§éE%€%?gggﬁgraégéestgrqﬂﬂgtl{;§¥géé§j being
exhausted from the mixture of LiH and LiNH,. The remaining
material was weighted and the result showed that 4.9 wt$%
of hydrogen was released from the mixture of LiH and LiNH,.
The data of- Fig. 2B demonstrates that hydrogen can be
rapidly and controllably released in the disclosed
process. Again, the surface temperature of the hydrogen
storage materials was about 40-50°C indicating that extreme

temperatures are not required to promptly release hydrogen

gas.

Example 3
- Hydrogen Storage Particles: LiAlH,
- Thermal Promoter: Graphite Carbon
- Microwave Power: 50W (intervals)
Lithium alanate (LiAlH,;) powder was obtained from
Sigma-Aldrich with 95% purity. The lithium alanate was
used without further treatment. Graphite carbon rod with

22



10

15

20

25

30

gas . Exanple 2 - Hydrogen Storage Particles: LiNH
2-2LiH - Thermal Pronoter: G aphite Carbon M crowave

WEoWs/7607€W (conti nuous) The hydrogen storage ml’/SGzﬂoasomoo

t rticles
R R T T
tdroseon nredamplse drushdaheier a igtdiieoxagpbel ecible and

m cro rator. was swi tched on conti nuously at
t%%d%fg &i‘ iGeSdr viiee The PeSuiMis ofS5Q hitg and 56 um,

@@g@&la;@l§hom in Fig. 2B. Simlarly, the hydrogen
si gnal peared i mredi ately once the m crowave was
SWi tcﬁled)poﬁ HydEodéHs wave sr ehbas@d vwiidrt | AuBbsly as thmphite

@%ﬁ did t'l%% p{lﬁgr eg&&%* tlllxndcer ﬁnfgsemtgondt“%]%él?lte carbon

eX|on poi n ppeared aroun Rut 8

trwilst itviee thy delegienc £ nL.ensi} ywaecasased2gyadual lT&ﬁeSli%ultant
that at 14 m nutes, the hydrogen intensity was back

fHEBESe VRfie RIAFED Lhe iH“y?zlr 6§8F P& nbd exiedust ed- frlom The
e rdwdid e gbnli-Hiand Li Mirfgsfﬁﬁ?' mlgb%vé%g n%l was

was wei ghted-" and the resu t showed
W@rféwxaﬂastpelmm themmhercnanGse ofidtidd.and HéMNH,  the

t f F trat at hydrogen can
%ﬁéc}%&a y Btiet PR of 7 izl R nbiaReepodagervals
phoC ess . OWg &b, all|’le @ﬁﬂéﬁcﬁlﬁégper atHe er Mt hon was carried

hydr ogen _st or age mat eri al s was about 40-50 0C
R E&E Y fHEUt®8rene tenperatures are not required

to praepptly kel eav€q hiﬂheg%@l#a?olW%m%actwgs Qe uirred

St orage Particles: her
Graphiot &h€ahlyoiroderr awdweasower : 50W (i nt erval s)

’ LiAlHs; — LiAl + 2H,

3LiAlH; — Li3AlH¢ + 2A1 + 3H,

LizAlHg¢ —» 3LiH + Al + 3/2H,

3LiH + 3A1 — 3LiAl"+ 3/2H,
In the <first reaction, 10.5wt% of hydrogen was
released. In the second reaction, 5.3wt$% of hydrogen was
released at a temperature in the range of 150°C to 175°C.
In the third reaction, 2.6wt% of hydrogen was released at
a temperature in the range of 180°C to 225°C. In the
fourth reaction, 2.6wt% of hydrogen was released at a
temperature greater than 400°C.
‘ The results of this example are shown in Fig. 3A. It
can be seen that hydrogen was rapidly released once the
microwave generator was switched on, The hydrogen
intensity increases with the increase of irradiation time,
indicating that more hydrogen was released. When the
microwave was turned off (that is, at OW) at 4 minutes,

the intensity of the hydrogen signal rapidly decreased.
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Li t hi um al anate (Li Al H* powder was obtai ned from
Sigma-Aldrich with 95% purity. The lithium al anate was

wag@d/omorhiout further treatnment. G aphite car bpeT/862)06/000400

with. 99% purity was obtai ned fram Sigma-Al drich. The
’g"Péﬁms@@WéartB}ﬁnfv r 6 waY PGSRe dF 4 1P AT StRF 1Fe33 Ypgeweakened

Sﬁ:u%zpéet%%lﬂa%\é%ﬁ PrcRetsgd LErovtne kﬁsz%ﬂ?zhed off.
150 mm and 56 mm, respectively 1.0 g of LiAIH 4
Hered, withe @aza ghefwrgriaphFie. caRbohepIdy n’cﬁmpngmafhtes that

LS RIS S SO S ke i ane

ghcapﬁdtenrteaalrc@alctl@f {He ©dpHigand cof[h&oﬂmabmwa‘stélease of
enerator (6) (M|l estone Labstation) was configured to
¥PEe98Re mi crowaves enitt ed. Here, the nicrowave

pover auasnset e SQAUEPL L OUL MJALES Nt &l § éndh
QNforgj@[SLfl otheretlrres (':I' e reea tign was carrie}a %rogen
Bbpragenmateedalbt vies douwydd-+tHEE tLhdifeltiowi rlr.@at extreme

eactlo occurred ur| the hydr oge e

EFRPErA C0nSE Ares 3"¥e) BPPER f 6 23Tsape, hydrogen
ghg.Li3AIH 6-(r) 3LiH + A I + 3/2H2 3LiH + 3A (r)

3LiAl"+ 3/2H2 In the first reaction, 10.5wm % of

hydrogen was rel eased. In the second reaction, 5.3wm %

of hydrogen was rel eased af g hemerature in the range

of 150C to 175C. In the third reaction, 2.6w % of

hydr ogen wagdrebeasad cataga tlzv%tmﬁrcaleweﬂmﬂme range of
1800C to 225C. In the fourth reaction, 2.6w % of

hydr ogenr WhBeFBRéasEHCHOtE I enfarRbiite gfeaben tHdQwts and
4000C . ThgogJ@%ylts of . this exanple are shown in Fig.

3A. It

- Microwave Power: 50W (Continuous)

In this example, LiAlH; and graphite carbon were
obtained from the same suppliers as in example 3. This
example is designed to show the difference in the hydrogen
intensity profile when different wt% of graphite carbon
was used in the admixture with the LiAlH,.

In the first sample, 1.0g of LiAlH; was mixed with
0.11 g of graphite carbon such that the wt% of graphite
carbon relative to LiAlH; was about 10wt%.

In the second sample, 1.0 g of LiAlH, was mixed with
0.25 g of graphite carbon such that the wt% of graphite
carbon relative to LiAlH; was about 20wt$%.

The microwave generator was switched on continuously
at 50W for around 14 minutes. .

The results of this example are shown in Fig. 3B. It
can be seen that the ratio of graphite carbon to LiAlHs has
a great influence on the release of hydrogen. The higher
the concentration of graphite used in the admixture, the

faster the rate of hydrogeﬁ release. For the admixture
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can be seen that hydrogen was rapidly rel eased once
the m crowave generator was switched on. The hydrogen

WO pa08/0%G076/ | ncreases with the increase of irraPCEEGTNG6/000400

ti i,ndi gating that .nore hydrogen was rel eased. \Wen
tvﬁlerg?ri 8:68 /veog\agrf‘ﬁﬁ‘ﬁgg o‘f?‘%(?]ﬁ'at the, fa&_fdemerat tglease was
NAREes, thhs ihbensdt Yreé bheihdreoen &l 9ehtsaRisdl Yraphite
decreased. This shows that the hydrogen rel ease process .
iesth@iakenedher hedreegeni niatteeshsbien tife bher ov@ivexiwase with

| e (- n e ho i.n Fiag 3A.clearl
?éun"%%;t :ﬁé:%gshlt Iégt Esﬁgggp ?%:g c|§on‘3\‘l¥‘gf atrr?ém% crgoa/avrgl’flé%‘(es as
Tanpdrgd of thdl dmhgdtgraphita nestkt edaphitke daaf¥ich which
and coptrol |l abl e rel ease of hédrogen. gai n, the

A
t e PECURE of® t HBLRYEPSgen stBhekRI Mk eri &l s higher
Wesh AR s 1405 00E bE‘Qbﬁ@ﬁ:.blng:a&ITclﬁatn e&é%@f@lé@”ﬁg Al @fesired

are not required to pronptly rel ease ydrogen gas.
Etafirl aihoyahStotagehPaprpopes relleAsH 4 fThedrmigen gas

Rro : aphj bop .( 10wt % and 20wt %9, M.crowave
e LG o Ro0e) TAREAF S e Ramdr &, YEraP AqAEoTen gas
graaphidleepagrdhon were obt ai ned fromthe sane suppliers

as in exanple 3 . This exanple is designed to show the
di f f erBifce TH RS hy‘a?%%ﬁangﬁ%%nspfy Egéfi hgdyresn storage

diftlearionts Maof graphi t & wajdren aHSed: tjaﬁa}: extreme
adm xture with the LiAIH 4. In the first sanple, . Qg
GfempisAlaiuges rAnedioli the@uited bbb praphile calbesesbchirogen
t the wt% of graphite carbon relative to LiAIH 4
S "about 10wt % In the second sanple, 1.0 g of LiAH
was mxed with 0.25 g of graphite carbon such that the

% of graphite
Wt % of grap Example 5

- Hydrogen Storage Particles: LiAlH,
- Thermal Promoter: Graphite Carbon
- Microwave Power: 50W and 70W (Ramp)

In this example, LiAlH; was obtained from the same
supplier as in example 3. This example is designed to
show the effects on hydrogen gas release when the
microwave power 1s ramped from 50W to 70W during the
course of the experiment.

The microwave generator was switched on at 50W for
around 12.5 minutes and then the power was increased to
70W for the next 15 minutes. This example was carried out
for a total of 30 minutes.

The results of this example are shown in Fig. 3C. By
ramping the microwave power from 50W to 70W, a second
stage of hydrogen release could be induced. It is to be
noted that in the first stage of this experiment (ie when
the power is at 50W), the hydrogen gas release profile has

the same characteristic as that in Fig. 3B, indicating
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carbon relative to Li AlH was about 20w % The
m crowave generator was switched on continuously at

woasoog7ar ound 14 mnutes. The results of thi BCESGI0b/800400

gre shown in Fi t can be seen that the ratio of

. ..3B. | .
F&Bhilfeeplé%%%g%%lgm H 4h3s &-gedt Phf uehegesn gas was
thechgkease ohehyretegen.pylheahh gher tu%gecfr?é) nﬁ%&ﬁ@é{f@n pover,

of graphite used in the adm xture; aster the rat
oPrRy diydgeg ene |9@ss ecoHet hichereddidsadirewi th 20wt % of
r aphi .carb t he hydrogen rel e _was fast t han
?ha? g%%%%é agﬂ?ituggrﬁggﬁ 15654 %ﬁV§bhi? cgﬁﬁon%ydrOgen
Sherhydr ager rirtlensidy afoudthel edIo°kt Uhei vwhathnd0Wh¥t: extreme
raphite carbon peaked at around 5.5 minutes as
%SWﬁﬁFé&uFﬁst Feadii &t IR e h 1OWPIPPPhpHI FeleasBohydrogen
kch peaked at around 8 m nutes. Therefore, a higher
concentration of graphite carbon particles may be
desired in applications wherein the pronpt rel ease of
hydrogen gas is required. _For ot% adm xtures, 4.5 wt%
of hydrogen gas was r el eaf&d™PTRe %sur f ace tenperature

of the hyduQaen @lorAds J5 eHdi% s %Qjﬁeﬂ%n?%ﬁ&dme
i ndi cati ng hat "extrene tenper atures are not require

t o pronpt | Fheemeds & dopartegen Ggaph ibeafelirddn Hydr ogen
Storage Particles: Li AH Thernal Pronmoter: Gaphite.
Carbon - . NEEFQWATE PRI&T: 3OW dfdtraRARAnp) In this

exanphggnksAul 4 WS Rbt @\‘lcﬂ-?zlq fuf2M dihves S50 sLPR! A?Eﬁ—Aesar
as in exanple 3 . This exanple is designed to show the
withct §56n ydridgen désonediazse wphdnidée wasrowasd without

?ﬁg@éi%zF%%g%ﬁ%ﬂ%?“&ﬁ%%ﬁfﬁ%'§%¥6%Hiéghtﬁft§°35§ep8£ity was
obtained from Sigma-Aldrich. The graphite carbon rod was
crushed in a stainless steel crucible and sieved by Retsch
test sieve to 250 um, 150 um and 56 pm, respectively.

1.0 g of MgH; was mixed with 0.25 g of graphite carbon
(150 pm) such that the wt% of graphite carbon relative to
that of MgH, was about 20wt%. The resultant mixture was
placed in the reactor (4) of Fig. 1. The microwave
generator (6) (Milestone Labstation) was configured to
pulse the microwaves emitted. Here, the microwave power
was set at 50W at intervals of about four to five minutes
and at OW for all other times. The reaction was carried
out for 50 minutes.

It is believed that the following reaction occurred
during the hydrogen release:

. MgH; —> Mg + Hp

In this reaction, 7.6wt% of hydrogen was released at
350°C. The theoreticalhamount of hydrogen release is also
7.6 wt%, hence, the hydrogen storage materials released
all of their hydrogen in this experiment.
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The m crowave generator was switched on at 50Wfor
around 12 .5 mnutes and then the power was increased

WO 003Q%0for the next 15 minutes. This exanpl e MEESG2006/000400

carried out for a tetal .of ] nut The resul ts_of
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3R}idaidiroat megle ghydepgeduci bi |deheaset e fr@mOwtbeofmixture.

drogen gas was rel eased. Therefpore, r anpi ng, u
V’%}{?é‘ n‘?laf’o goﬁ%%,wﬁ%rg’uﬁygr%{og%% ga{Eg%‘Bull ’begt Ow), the
elaased, Afaihe thRuydmce: Jreaperapiaeyoldeldi@ased. This
hydrogen storage materials was about 40-50 0OC
shricathag the exdredant ERPEASLURILGERS nBRSr ¥§gikedgd, or

0 prtoé!}%' ea drogen gas. oXA0P 2. 8 - fhdEnaen ofr.
or age a%/atlg%"es: gnesi um Hydrcl) de - Thaer mal °
HR¥rormt etheGdythi t shG@anbam Moy owdie Fmwerly 56¢ws that the

AL i 0B, P57 NRor G FYBPFAE whe 6 and

%%éﬁH&Eeftﬁéﬁffe&rﬁﬁtHﬁatraﬁﬁapﬁﬁkﬁcﬁﬁﬁﬁ&ﬂﬂdﬁléMﬁélease of
9% purity was obtained from Sigma-Al drich. The

hjrdipstdere- carbon rod was crushed in a stainless steel

cruci a L eyed te Si t ,
ST ACLELE SBEPLENeT GBRAEERR! Sl SR WA ocorase
mateadiaig h Q225 qlafutgr aphi 5@°Car bodi¢adsOngm Xhstich extreme

that the wt % of graphite carhon relativge(zlttot at‘ofhd N
AP S IET D 0BT © 28R o SHE TPEs (1%t HHOH Ketur’sS e hydroge
&L@ped in the reactor (4) of Fig. 1 . The m crowave

Further, it can be seen from Fig. 4A that there is a
gradual decrease in the peak values of the hydrogen
intensity over the subsequent intervals when the microwave
power was switched on. This could be due to the depletion

of MgH, as the MgH; dissociated to form Mg and Ha.

Example 7
- Hydrogen Storage Particles: MgH:
- Thermal Promoter: Graphite Carbon (10wt% and
20wt%)
- Microwave Power: 50W (Continuous)

In this example, MgH, and graphite carbon were
obtained from the same supplier as in example 6. This
example is designed to show the difference in the hydrogen
inpensity profile when different wt% of graphite carbon

was used in the admixture with MgHs.
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generator (6) (Mlestone Labstation) was configured to
pul se the m crowaves emtted. Here, the m crowave

wEows/Hn7eNae set at 50OWat intervals of about foRCT/E6G2006/000400

five m.nut.es and at ONfor all. othe j mes. The .
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i's

 the hydrogen release: MgH 2 (r) Mg + H2 In t
ldf‘r?qCP é&i’

@t Ml oges WpeuGgeRYWikds rel eased at 3500C .
The t refd hydrogen. r ase is .alsp 7.
W % ﬁctg%é ;:%ec ﬁyd%m hst ol‘rj'a(p ‘%t%‘%’ﬂ?@ S5 szlexaesog(ff'ltq1 0.25
g lobfgtraehitbydaepen ismchhithaxpeié nmens . diie grepllits carbon

of .thi,s exa are shown in Fig. AA It can be seen
tnr%}tabtﬁy)’tfr gﬁgﬁ& YRS BRI Er gloé’§§ed once the m crowave

‘gener at@l thScS¥i68edefBratBe Ml 098N L ENSh Yoontinuously

i ncreases with the increase of irradi ation tine,

iad o084t ifey moraundy dtogemutses.el eased fromthe mixture.
Wh ] t d f (that,is, at :
en H%% qk%%ﬂ%?¥?ﬁ%aﬁgﬁgré?%méi%n Fe?gB#prln %M%. 4B. It

t he i ntensi ogen Sl

decr &asetenl hihs tsows rdtato tdfe drapiogan deteaseco MgH, has a
process, weakened, or was term nated, when the _
A BNSTi CChed of FelrgRAte,O% hBYEEPESBhownT e higher

Feih@- éHhééﬁ%%éﬁiéﬁ°W§tdFﬁpHﬂ?%Eﬁgéécﬁhi%%éﬁa&ﬂfxtgre, the
m.crowave to a m xture of MgH2 and graphite resulte
ifmsttied rdp: drawe coht hyblrabbe mslemsse of Wodr ogles. aBidxture

a yperature of, the _hydrogen storage materials
e oA b S0 o ol FAQ CHar BXEr SHG Cagor b Lrase was
dFeeteat tequi tRatt @ Pranpt hymi etease wiydr OgRRPaSE - graphite
Further, it_can be seen fromFig. 4A that there is a

GPEAGRI decttRsdYIF YRR pdakeparties of tHee hydhggdmre with

20wt% graphite carbon peaked at around 2.5 minutes as
compared to the admixture with 10wt$ graphite carbon which
peaked at around 4.5 minutes. Therefore, a higher
concentration of graphite carbon pafticles may be desired
in applications wherein the prompt release of hydrogen gas
is required. 3.0 wt?% of hydrogen was released for both
samples.

The surface temperature of the hydrogen storage
materials was about 40-50°C indicating that extreme
temperatures are not required to promptly release hydrogen

gas.

Example 8
- Hydrogen Storage Particles: MgH,
- Thermal Promoter: Graphite Carbon

- Microwave Power: 50W, 70W and 300W
In this example, MgH, was obtained from the same

supplier as in example 6. This example is designed to
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intensity over the subsequent intervals when the
m crowave power was switched on. This could be due to
wo b@sdapret i on of MgH2 as the MgH 2 di ssoci at ePlCT/6GL006/000400

and . le 7 dro Storage Partjcles:, H - )
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[ rence | o] int ity. profi
SRl s ShE G0 off GraTITes carpss a AU ntdpEnat of
MgH: xtwae wabbubH2Q. wh%t he f Thekesaspielek. Ogprfof tM3H2 above
aﬁéié'xed with 0.11 g of graphite carbon such that the
0

U EaBfi e U¢5%bon relative to MyH was about

1QWﬁ%ThbndﬂH%é#&@@dg§ﬁ8Pé€®r|w@%‘gwféﬁﬁ%&ﬁén”E%%@inuously
with 0.25 g of graphlte carbon such that the wt % of

gEapiit-e &F bandr 8PAFI ve The MRt as sboet w2Gwmo%t The 8 to
géﬁ&gﬂ@{gsgenerator was swi tched on continuously at
or ‘around 35 mnutes. The results of this exanple

are stbenriesullitg. oB.tHils caaniel sepre t Bladbwhhenr 850 ab. 1t
rapgite carbon to MyH 2 has a great influence on the

gﬁpe §e38?nh§gfﬁgé3¥3ﬂquﬁ%ﬁﬁﬁ RPESEoRRENEr dEPBR dnfluence

ghaphhke wseE-dgir he Admsty e.ptde; faster &he ffl&%h%& the

hydrogen rel ease. For the adm xture wth 20w % o
prapavegecHDhEL, thlee hfdetgen tled easeewas flagdeogéhamelease

t % I xture with 1 % of graphite carbon
' R 552aTER KR Ethint, pe"hibece Hhs oA
graphthe cankdaceeakeshpairaanound &£ 5 AhaUt B§dd8gen storage
conpared to the adm xture with 10w % graphite carbon
%ﬁggﬁlals was about 40-50°C indicating that extreme
temperatures are not required to promptly release hydrogen

gas.

Example 9
- Hydrogen Storage Particles: Mg;NiH,
- Thermal Promoter: Graphite Carbon
- Microwave Power: 70W (intervals)

Mg;NiH4 was prepared by ball milling of MgH, and metal
nickel particles. The MgH, was obtained from Alfa-Aesar
with 95% purity. Metal Nickel was obtained from Alfa-RAesar
with 99% purity. 5.2 g of MgH, and 5.8 g of Ni were loaded
into a stainless steel jar inside a glovebox (MBraun
master 130) filled with purified Ar (H,0 < 1 PBM, 0, < 1
PPM) . Then, the jar was put on planetary ball mill (Retsch
PM400) at 300 rpm for 10 hours. The final particle size is
about 1 pm. Graphite carbon rod with 99% purity was

obtained from Sigma-Aldrich. The graphite carbon rod was

29



10

15

20

25

30

peaked at around 4.5 m nutes. Therefore, a higher
concentration of graphite carbon particles nay be

wale@sna®7é n appl i cati ons wherein the pronpt rePEES€2006/000400
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exdailione NMyHX hveets bt Med,fwam sbeusapBws¥ppl Tk agsultant

[ anple 6 . This exanple is designed toshow the
h\q'fx%)é’lr cB8S| @%ﬁ?@%yﬂ?g‘gﬁ? i hEBRSPEY Hlof Pfe Hiter 1. The

- A& vl Cr gwaveapaver ¢ondi t @isede hd OfLaWﬂa\\:&Som was

m xed with 0.25 g of graphite carbon such that the wt'%

eongrigptiade tar hon-gel| shpvanioromarenf ajiitedas abtete, the
9 hree s | es_of e ove adm xture were .

ﬁ@ec\é&{lfoa)‘?ﬁ%é rﬁogqreormaes gse%%ré or 6\%@3‘3&3\/&1}"@6%"0&‘]0% St about five

odntitegousiy at BAWEczONIEANdoSROW tThesl eacti®nréhf®ion was
was set. to 8 to 10 m.nutes. The results of this

ER&rpre &v¢ drdwhli ALPPESS4C. 1t can be seen that the
M cr owave; PORRN 1 Basga At hof |f‘6§ﬁ%%i%%atf@a@t¥%r99t%%gurred

intensity profile. The higher the m crowave power,
flasiag the hadeogknhydieger:rel ease and the greater
t he anpbunt of hydrogen gas released. The surface
tenperature of the %&%N HersteNge tnatleri al s was

about 14030 OGdndki oAt ng. 184 ¥ KRB ogen was released at

250°C. The theoretical amount of hydrogen release is also
3.7 wt%, hence, the hydrogen storage materials released
all of their hydrogen in this experiment.

The results of this examﬁle are shown in Fig. 5. It
can be seen that a lag period was required for the release
of hydrogen as no hydrogen gas was released during the
first interval of microwave heating. Further, the peak
values of the hydrogen intensity increased over the

subsequent intervals indicating that a time period is

"required before optimal release of hydrogen gas.

After the ball milling, the Mg,NiH, was still in an
amorphous state. Extra treatment such as calcination is
normally required for the crystallization of Mg,NiHs. The

lag period is also a pre-active process.
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9@11521}%1“ ty V29 Bt ali rneslof-am Si gwa- Al dri ch68, T, 443
g. htt-e rbomTod rostied—mastainiess eel

IBPEH A si eved trd%ﬁgt déh test sievel to Zgg

T d 5 i '
T DR T A

ta h
T T O K 1oUTT \I

th@gNiHhe wt |% of graphliéE:-elQbon relativel to tB&9, 831
My2NF4—Was about 2Z0W % The resultant m xture was
placed in the reactor (4) of Fig. 1 . The m crowave
generator (6) (Mlestone Ldbbiation) was configured to

n||| sSe fhn mr\rr\\nn\lno .t Licr o
P4 m-cr-eowaves—emtted—Here—the—m-crowave
power was set at 7OV W nter 4™ of ap80tWfive | 70W
m-put-es—and—at—OoON-f-dr—al—et her—tires Tl " .1

T AT \YA'W NAwd ] L I ) o R T~ T Tactilr UTl

\/\hﬁ&lkhf@l(ﬁ@%))lﬁ?@f or {687 mi nuted041t is pdl7eved tihht7

U aCtI o[, OCCUry dauring hydrdgen
r Meklsr éf? QMQ > NoZNi +2H§9Inthisﬁggction -
3. 7Wm % of hydrogen was rel eased at

The Temperature Programmed Desorption (TPD)
temperature is the temperature at which hydrogen is
released .from the hydrogen storage particles. The TPD
temperatures indicate the temperatures at which hydrogen
ié released during conventional heating.

As shown in Table 1, the hydrogen intensity decreased
according to LiAlH, > LiNH; + 2LiH > MgpNiH,; > MgHa,. This
is the same order as the first hydrogen desorption
temperature. -Therefore, there is good correlation between
the microwave heating and traditional conduction heating.

In Table 2, the surface temperatures of various
hydrogen storage particles under different microwave power
conditions are shown. For both samples, there was an
‘increase in the surface temperature with an increase in
the microwave power. It is to be noted that these
temperature values are much lower than the TPD

temperatures of Table 1. Hence, this may indicate that
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250C. The theoretical anobunt of hydrogen release is
also 3.7 wt% hence, the hydrogen storage materials
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requi red before optimal release of hydrogen gas. After
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period is Ph - LVe DEQSRSEeS of Results
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val ues of mherabave pxaspt es0QE@N (bensikenoiin) Tabl es 1

and 2 below. Table 1 Table 2 The Tenperature .
g-ﬂgg)a rSRThRR | ¥effe obtained and

;&f%@gfééuéé élsMESthYﬁf@Q&HTﬂié el eased .fromthe .
ydrogen storage particles. The TPD tenperatures )

i ndi ct® tcheofertpeiiat WREs mixethi ¥hthydPe§dh i of graphite
rel eased duri conyent.i.aonal -h . RG. [ :
%35?%“15chh€: '%rgégnvkﬁ¥eﬁ§it %§§§E§§% nggorl%%flve to

 tmati BEHMES WabHabot2liH wtd2NTHed reMi Rt hiture was

Is the sane order as the first hydrogen desorption
PEaped atift e LhFhe FERGHET t el e P5 dﬁﬁg'c&rrelagbﬁn miCcrowave

8£§§§QO£he ﬂ%ffOW@Mﬁlegﬁgh@g anghifadibhonal was set  to
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ction heating. In Table 2 , the surface
tenpenatusky ofenegEteusnhyteoess sesr ayemparevaves power of

1Pge" £ GLTLSLENTt 1 BT GEQURYE  POVer

The results of this example are shown in Fig. 6.
Table 3 shows the Peak area and energy input for the
microwave heating and Fig. 6A and tube furnace heating

(Figs 6B, 6C) .

Table 3
Microwave heating, Tube furnace, 100 W | Tube furnace 500 W
100 W
Peak area 142 1.46 1.64
(XE-6)
E input (KJ)* 90 582 510

* Einput (kJ) = P (W) * t(s) / 1000

As seen in Fig. 6, the hydrogen came out almost
immediately once the microwave was switched on. It can
also be seen from Fig. 6 that for conventional heating

(tube furnace), the higher the power, the more efficient
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conditions are shown. For both sanples, there was an
increase in the surface tenperature with an increase
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(conti nuous) MyH2 particles and graphite carbon were
el nedjleaﬁdngr epEpHdras dil?sbboseﬂurlmaﬁarrpl €Tife . Ghizrowave
was_m xed raphite carhon

T PO S el M B b L AR S8 B8R qavdrogen

afe M3 e s taReUt RO y\é%agae dfe%wd?é{g{] el XbHp8eW@Y within
pl a(:qull in the reactor (4) %g e m crowave
.|

1&“@69“(% on) was set to
Cont'@éﬂﬁ%&ﬁ out ?gﬁanéﬁé9§§vgﬁf§ElgnE%0r ﬁ%%% §%ge%eat1ng

of | OOWTor m nute resu

éxanizowr e §h0\1m> i mbowgt 66. Tdbles 3 mhoyws theiPeakt than
ao%%eand en r% i,nput for the m crowave heating and

Fog VA LERG Yd¥%ace heating (Figs 6B, 6C) . Table
3*E|nput (kj) =P (W * t(s) / 1000 A s seen in Fig.

6 , the hydrogen canme out al nost i mredi ately once the

m crowave was switched on. It can also be seen from

Fig. 6 that for conventigpal, {19 (tube furnace) ,

t he higher the power, the rmrlgfef Icientfor the

hydr ogen r gyeasgenAstoamdee see iidlekablia 3 it peak
area was al nost the same for the tube heati ng, but

- Thermal Promoter: graphite carbon

- Microwave Power: 100W (continuous)

0.50 g of the mixture of LiNH, and LiH which was
prepared as disclosures Example 1 was mixed with 0.125 g
of graphite carbon such that the wt% of graphite éarbon
relative to the above mixture is about 20 wt$s. The
resultant mixture was placed in the reactor (4) of Fig. 1.
The microwave generator (6) (Milestone Labstation) was set
to continuously generate microwaves at a microwave power
of 100W for about 20 minutes.

The results of this example are shown in Fig. 7. As
seen, the hydrogen came out almost immediately once the

microwave was switched on.
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the hydrogen rel ease conpletes within 25 mnutes for
500 Wheating power (Tube furnace) , while it is 100

worReana®7é or | OOW heati ng power (Tube furnace)PCT/SGE06/000400

m crowave definitely shows,_[ttﬁ Jost prom sing results
far bydrogen release in t hat el ease of hydrogen

conpl et ed wi t hi| miahouwhvd5 ni nut esbBY A Bt Nade  furnace
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U 3] lI”Bb Ty I||L.| ermt—tn
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VoY £

dr SCT OSUr €5 eExanptre T was T xetwtir—t—+25—g—of

gr aphi.i e(leay berp sueh + hatsyt he wodoof graphite carbon
relative to the above m xture is about 20 wt% The
resultant m xture was placed in the reactor (4) of

Fig. %ixeThe %Qéﬁ%&‘@gelge”%at@é n(B: CMLCSION® pig. 7 that

Labstati on) was to confinuously generate
ficer oveivesniatomahi dreewdvg potebeoffuXAWE)0r aheuthPfher the

' tes. The resu of th ex le are shown_in Fig.
510 %)&s em‘“"ﬁ?eﬁ%/‘fﬁ @an? BydpegennwedeaseryAs can
beceetdweum TEOYVBY @ V\&fheS\MéEQheQr@Q 13RI & 143'sEl ﬂﬁ)é'tsgme for
* t(s) / 1000 Li ke in Exanpl e 10, it can

g@@n FPB?n Fhgatingpat bpsr EbAvehyisagenheatilrgset ubempletes
tJHEH%ﬁe)ZS’ é&lr}ﬁltlggh Sr U BEo PRVE tblt}l ;g)rv? eTéJBPf%eZ%}lrnace),

for the hydrogen release. As can
vhelpeakt ariem i almsteshefsanel d@w tH@tt:Lrbﬁ power (Tube

Egggggg).butThge %&%&%%%%erelgg%gnggnglet shows the most
promising results for hydrogen release in that the release
of hydrogen completed within about 15 minutes by this
method.

Again, in this example, microwave heating was about 8

to about 9 times more efficient than conventional heating.

Example 12
- Hydrogen Storage Particles: LiH
- Thermal Promoter: Graphite Carbon and Aluminum
Foil
- Microwave Power: 100W (interval)

Lithium hydride was obtained prepared according to
the disclosures of Example 1. This example is designed to
show (i) microwave irradiation is capable to release
hydrogen from very stable metal hydride such as LiH, on

which, hydrogen release need temperature as high as 650°C;
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within 25 mnutes for 500 Wheating power (Tube
furnace) , while it is 100 mnutes for | OOW heating

w@oasn7qoTabe furnace) . The m crowave defi ni teP(grr/SGmME/OOMOO

tﬁ”%kepr@f@é&@ B?S%fﬁféf’én@ygg?ggn d£l %ﬂg% Al QEemoter

the rel ease of hydrogen conpl Wt hin-ap
aitesl oy ahithersihddbgagatalease tiist Ekanpl e,

m cr oway, was about 8 t 0] 9t| S nmore

ef fi cy\gn(f €1!ha]%1 fé]%]ﬁv‘('—’:ﬁf‘l %ﬁﬁ?dhgégpng %%x gJF?Phlte carbon
Hyotrto geie (St @ get Pap Fi @k@ﬁhlt—éHcEBEbHah:eﬁféQE[%eﬁ:o the above
G aphite Carbon and Al um num Foil M crowave Power:

IW‘{?%t"@rﬁ/aﬂk)O% tHiwirg hydri de was obt al ned prepared
accor dj ng [Jo dhe g qé_lscuggurﬁz&g B¥app! § . Thi %at?Bﬁlps of

exanpl e 1s”designed to sh m cr ovvave i rtad
izsl waipain ef ol rshehsdahbjzdrtd)@emtf{ onff velymshahl €oiet alelative
hcydrl uch as,Lj thn rel ease need

tShpe }?e:t% %V%smﬁ?{l@H’rst@%Iag’O@ dqr the ERfestymgpum foils

didd esenbveyngs obnher %&E@t §r m&aréﬂ@lﬁ Qoetzgge width
hydrogen release profile. 1.0 g of LiH was m xed h

¢ AR Zgiphi te carbon such that the wt % of

L0048, IR S5 U, WG E e

Stfr i rfﬁgof al.um nlm’mé oihisuchatdat géherwt%/crof (gl())um;)}mimestone
f.ai | tlvetot ove m xture was about 10wt %
e o M R PRy Ertadd Werdqith 3o wbdino snimntes.

and alTh%VQfé’fQﬁliy& dbh ehiabauly ezrlrﬂ'@ntThe?rée%W QAJ% :m,l_ Fig. 8.
m xture was placed in the reactor (4) of Fig.

fitc CRRaRE FafeY dtfat Hwjroasn es@’@‘ﬂ@si_’abspabmpn)ywaacreases,
Rf‘f‘lll %d B{E‘lecaageé %f Cflr oeiboog}étn tJ\:Aglenége,t once the microwave

generator was switched on. The hydrogen intensity
gradually increases with increase of heating time. When
the microwave was turned off (that is, at OW), the
intensity of the hydrogen signal decreased immediately.
This showed that the hydrogen release process was weakened
or was terminated when the microwave was switched off.

With the same concentration, the use of aluminum foil
as the thermal promoter particle enhanced the rate of
hydrogen gas released from the LiH particles as compared
to the use of graphite carbon as the thermal promoter
particles. This showed that the aluminum foil aided in
the achievemént of the hydrogen release more rapidly as
compared to graphite carbon.

LiH is known in the art to have a high hydrogen
release temperature of around 696°C as determined via TPD
experiments. LiH is seldom considered to be a feasible
source of hydrogen due to the high temperature needed to

release the hydrogen even though it has a high hydrogen
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The results of this experinment are shown in Fig. 8 . -
It can be seen that hydrogen intensity pronptly
w0 p@spa®es, which indicates the hydrogen rel eaBET/S6HO&000400

(16 FH £ OMBNE-GEDeLAL O WS, SWi t | ek dr pgen
i ntensgl%ty g?aglua l'y i ncreases with | nrggr]aegaes{{%o]fw'hegglenélse of
talintien fohé mer dhevealasptanoedroffarxtidtes smagt promote

,.the intensity of the hydrogen signal decreased,
e PGy SR b Bek T | S MR e o s i crovave
RICARESS WS dveakeng aroovas term nated when the
m crowave was switched off. Wth the same

concentliefigfoiie t hdhgse Usfe alafi MumTeil aratecaehemmiticles
: A t rate_ of hydr n._gas

PO S5 PRSI R SIS eyt ke BL DU pyocen

Gfcogr appiltegenr bopraget heatthechad phefotery paethtlkes.extreme

Thisdé&howedtht the aluymi numfoil aided in the
achceverrdin %&Wﬁgﬁéﬁ‘ar IR nore rapidly as
conpared to graphite carbon. LiHis known in the art

to have a high hydrogen rel ease tenperature of around
696C as determ ned via TPD experinments. LiHis seldom

Gansidered 4.0 .be. a3 fs%%sé bl e source of hydrogen due to

the high tenperature needed to rel ease the hydrogen
even though it has a hi glEsymelsDgenst or age capacity of
12. 5wt % Advant ageously, the use of alum numfoil as

‘ther mal pr SWSEEECRasticdres MRy tordmste Motk telfease of
hydr ogen_ f iy I.H drder 1 ¢rowave conditions
of around 1%%?@ eforg% ﬁ]@&ﬁlsle@eéf’ t her mal pronoter
particles under microwave ttendidl Giomenehe rdigrd to
rel ease hydrogen from hydrog,en storage particles that
may requiré& Fed®) condi O0BH®Ws@®rr conventi onal

neans. Effect of Particle .26 -53M 3. none
- Sample (C) = 70W (pulse),

thermal Promoter: graphite carbon

- The MgH; was obtained from Alfa-Aesar with 95% purityﬂ
Magnesium hydride was used without further treatment.
Metal Nickel was obtained from Alfa-Aesar with 99% purity.
Nickel was used without further treatméﬁt.

In (A), 0.47 g of MgH, and 0.53 g of Ni were simply
mixed in a container and were not subjected to ball
milling.

In (B), 5.2 g of MgH; and 5.8 g of Ni were loaded into
a stainless steel jar inside a glovebox (MBraun master
130) filled with purified Ar (Hy0 < 1 PPM, O, < 1 PPM).
Then, the Jjar was put on planetary ball mill (Retsch
PM400) at 300 rpm for 10 hours. The final particle size

was about 1 um. 1.0 g of the admixture was used.
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- Hydrogen Storage Particles: MgH + Ni - Sanple (A =
500W (pulse) , . thermal Pronoter: none - Sanple (B) =
woMBOpwree), thermal Pronoter: none - Sanpl e PCI/SGING/000400

| | P h
whs ot ai 10 [ FORORIE. AGCAP 1 KoBsoq pufi ty ¢ PAFLEy vas

&@mmé@nfwﬁr idemaR Beitbi t hnet draphiere teeaboRntrod was
Metal Nickel was obtained from Al fa-Aes,

with 99%
prrsRgd N cRePLabRlasEdSHPEhoGEUCHL F’rera“%r SIS . o Y Retsch
{& Qlé¥e9t8f2§gkg%1aWQx91§§ QanS@'uWerQéﬁﬁgﬂﬁﬁvely 1.0

m xed 1T n a contai ner ‘and were not subj ected to ball
g bF i MgeNily (B, mE.x2dy wiftivgH 25 agdo5. grgpblﬂtrﬂu agerion  such

| oaded into, a talnles stee o9LRY

o oone it o 8RR e chiShPeh el PRILES ReOHRESCYE proavin,
ﬁgg/laggug 40\RPM) . Then, the jar was put on planetary

ball mll (Retsch PI\/I400) at 300 rpmfor 10 hours

The
fi nal Thar crrepétante g wissut (A) nm(B) 1.3y 6F) t ere “placed
ngg'%ﬁé uf a&‘@érugggal neggb » 197 2Rl € AR b tdkor |

pur i yvvas rom Si gma- Al'drich. The
(Mapdstenear habstadivas crushedcomfagstraidnl ebss spudlse the

U DL Rk Sk S

(‘Med B tha@. 25) Gioé BEapblteveaybes seThowbat the wt %
graphlte carbon relative to that of My2NiH 4 was

about (BDw 98 0WHECY exleptn? WiRELP8s (A) , (B) and (O
wer e p,gscegl W”féPeakS%t?R%ﬁ&té’é Féa%s%ai i The

m crowave gener at or estone on) was
confi ¢guy ed70w ot seEbddre i Grovavessemitted. Here, the

nlcromave o&ggsmas St ﬁydrogen was ;ecorded by mass
spectrometer (12) of Fig.l and the results can be seen in
Fig. 9. It will be noted from Fig. 9A that without ball
milling, no hydrogen was released from the MgH;+Ni sample
(A) even {hough the microwave power was as high as 500 W.
However, as will be noted from Fig. 9B, after the ball
milling, trace amount of hydrogen can be released from the
mixture sample (B) at 90 W of microwave power. As will be
noted from Fig. 9C, after the addition of graphite carbon
as a thermal promoter, hydrogeh was promptly released from

sample (C).

Example 14
- Hydrogen Storage Particles: LiNH,~LiH

- Microwave Power: 70W (pulse)

- Sample (A) = thermal Promoter: graphite, 56um
- Sample (B) = thermal Promoter: graphite, 150um
- Sample (C) = thermal Promoter: graphite, 250um
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(A), (B) and (C) was respectively as follows: (A
500Wfor about 5 mnutes; (B) : 90OWfor about 5

worzovana®7e and (C): 7O0Wfor about 2.5 m nutes. HEESG2006/000400

rel ea of n caoy. 0 er .
(12) o eFihg}h?pcgén)%?t pEBrags é‘(}gtgr?q%éstf aé%ﬁi??&%‘feﬁ% Lifi and
LiNWe) | dyed ndthednfalonmpEogot@a t hattwelbeut (edphite carbon)

1L . I d f the NgH 2+Ni
Baivht o7t A5 PL00R MBS THES nPERBRATD FERSTUAS o0 hERR same

pgoblAutbs Homevabseasi bkakgiootied frem Hgw B (a), (B)
after the ball mlling, trace anount of hydrogen can

BBAr ef @asedihr orheHera 'ptr@ﬁ@t%npw?s(g)oém% 9@rcw1m$it:e carbon
j . i ted from.Eig. ! er
ThE" S, BRosthan parBEe RS e i Cpr SR0HEr ¢ ana

Aydpogen was pronptly rel eased fromsanple (C) .

T sa USSR RGN R i "5y e
o oot o= Caranhi Lo~ 150m Sarore (& ZEhbf pap=n be seen in
Pigrotér: 1 aphile be2sonrathef honir dgen Stlortdge particle size
BE ot e S uRyr 45 1 ca? bo| T0ERAE nofRPEE on the

kydnpbenwer ecpeeparied aweer di gNHY-Phensanmgnpeecedyt 8Sowave
of taose,in example.1 . For sanples (A), (B) and (O |,
thEadhaF#8l profdteionds Z20%RRE-4FapRa®et kakdon W ’ 150 pm
' F epbisye €l e shzes ,-g%gg?. n
%%%@nﬁS%?.géﬁg fﬂ%ﬂ%g€$bf%géhr%ggggggg Fecof égdgy ecreased
aaserdpedt Fonther ofdey of ES§. uh and 268e e sulStEs pean
be seen in Fig. 10. It will be noted fromFig. 10 the
particle size

Comparative Examples

Comparative example 1
- Hydrogen Storage Particles: LiH, LiNH,
- Thermal Promoter: None
~ Microwave Power: 700 W (continuous)

The hydrogen storage particles (LiH and LiNH,) used in
this comparative example 1 are the same as those used in
examples 1 and 2. The difference between comparative
example 1 and examples 1 and 2 is that graphite carbon is
not added to the admixture. Further, the microwave power
used in this experiment is 10 times that used in examples
1 and 2, or at 700W.

The results of this comparative example 1 arxre shown
in Fig. 2C. As seen, no hydrogen gas was released. The
mixture of LiH and LiNH,; was inert to microwave radiation

even though the microwave power was set to a value as high
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of graphite carbon has a significant effect on the
hydr ogen rel eased over LiNH 2~2Li H under m crowave

WO pooaiv@ré on conditions. Gaphite particles w PET/S6H06M00400

sho best. results. he h ogen n

Yecr égﬂﬁd %%?8|#8 *Fo the 6¥ er%%f %g%ﬁ Sﬁﬁg&sthe use of

ﬁ%ﬁ@&teCEQp@@ﬁtagetE&ampﬂe@ﬁamunynnpamtxn&ﬁﬁﬂ&nded in the
rogen Storage Particles: LiH p Ther mal Pr.onot er:

nehease WEravdveI PBuEF om7bEINPEEBnEFRTBHS) PRrE1cles -

hydrogen storage particles (LiH and LiNH 2) used in

this conparative exanple 1 are the sane as those used

in exanples 1 and 2 . The difference between

conparative exanpl e and £xa0p ng 2 is that
graphite carbon is %%?Pﬁﬁﬁ ﬁv?oegﬁgﬁa%n?xture

Further, tﬁ?dﬂb?;éﬁ"‘@’é%r%\éﬁ!’?a&f%@@lb@ :t hiialexperi ment
is 10 times that used in exanples 1 and 2 , or at

700W The Tesuhad BfomhicsrcoNpaeati ve exanpl e 1 are

shown in Fig. 2C. A s seen, hydrogen

rel eased. Wh@rﬁWQVGrEOHFrLlﬁgﬁn ﬂ% 2“%853 nert to
”‘Cro@ﬁ¥eh§QQU@éd”b@%%%béh@HQElEE@S”‘QhQMﬂM¢ R in this
was set to"a value as highas 700W Therefore, it can

bempeeatitiat ehempie of gEPhithe cardsn &6 t kdosg used in
%%ﬁgi P rt|c|%§ ald%%.Indﬁ%%er%g%gsengwgﬁqroggﬁgarative

ro en storage partlc arative exa
ebe?&@genéﬁdﬂé@ﬁmﬁméklGleﬁn &IABHtéaﬂugnHﬂhlte carbon is
Pronoter: None M crowave Power: (canti nuous

hyer 866k tiGr dgie pRRELETRES(Li AP ised h Thigovave  pover
ﬁggﬁaﬁﬂt lt\éxgse)é%ﬁnkr?d' 6 4 he Safes asnihosgelsed bRamples 1

exanpl e The difference between conparative
and 2, or at 450W.

The results of this comparative example 2 are shown
in Fig. 3D. As seen, no hydrogen gas was released. The
LiAlH, particles were inert to microwave radiation even
though the microwave power was set to a value as high as
450W. Therefore, it can be seen that the use of graphite
carbon as thermal promoter particles aided in the release

of hydrogen from hydrogen storage particles such as LiAlH,.

Comparative example 3
-- Hydrogen Storage Particles: MgH:
- Thermal Promoter: None
- Microwave Power: 1000 W (continuous)

The hydrogen storage particles (MgHz) used in this
comparative example 3 are the same as those used in
examples 6 to 8. The difference between comparative
example 3 and examples 6 to 8 is that graphite carbon is
not added to the admixture. Further, the microwave power
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exanple 2 and exanples 3 to 5 is that graphite carbon
is not added to the adm xture. Further, the m crowave
\V@emnmwmmed in this experinent is 9 tines thatPCE8GE2006/000400
l.es and 2 . 450W. resu f
‘i:% arat |%/% rgrifajler(:‘%k eg?ce 32 ab-gl Ff& lt%%egA %H%tc'eeﬁ sed in
éthpm@@genag@s7M66rr@teH@@@W The L|AIH 4 particles
were inert to_m crowave, radi ati on even t hou

n1crdﬁb@erﬁéwéﬁﬁmﬁﬁsE?l?ocng$Qi§%¥?tﬁ%ﬂpéi 4g0ﬁfe shown
Tﬁegﬁém%'t ﬁé‘nsQ@nse% thalrddi Ugss Ofia8r dRllkbBed.  The

car as thernal pronnter partlcles aided in the
M@m£a§armﬁcﬁ¢6r0@enefrbm¢h¥drb@enns®n¢@@%epa#4¢%ﬁ¥%9n even
such as aratlv - éxanp,

?ﬁ%ﬁ%@etbﬁrﬂﬁfﬁqya My 2 Thel fial sﬁono et ﬁgggnas high as

MespvavenLBewebre}008 Wahcort isuelshathecthy dissgerf graphite
storage particles (MgyH2) used in this conparatlv%ga
exshpheas fhenmid RISt BBt LstEs| AleRdnled e tHelease

d
exan% ggséﬁ %Egﬂfgyggg ﬁnseegaaéabbyglezagpgscﬁ agdugs,

graphite carbon is not ad
to the adm xture. Further the m crowave pomerused |n
this experinment is about 20 tinmes that used in
exanples 6 and 7 , or at 1000WN The results of this

conpar ati ve exanpl ecémpifathodnekamplg. 44D. As seen,
no hydrogen gas was rel eased. The MyH 2 particles were
inert te nHygdowges SédragﬁoﬁaQVéﬁlﬁﬁeuyﬁﬂthe m cr owave

power was sgt to.a_val ug E gh as 1000WN Therefore,
it can be <BEATPRaFTPRETESE 8P"§raphite carbon as

ther al pr@HBEe%uEﬁékbe8§e§|d%@own(haﬁtﬁﬁh%@§¢ of
~hydrogen from hydrogen storage particles such as

ConBgHat paet exbepl were Hyllr atjeed Sed agbePared cR @ss 1sclosed

kgkgxample 6.

0.5 g of MgH, was loaded into a fix bed stainless
steel tube reactor with 5 mm inner diameterland 300 mm
length. The reactor was then placed into a tube furnace
(Elite). The tube furnace was controlled by a power
transmitter which can be adjusted for different power
output. The temperature was recorded by a thermal meter
with K type thermocouple. Purified Ar gas was controlled
by a mass flow meter with 50 ml/min flow rate and used as
a carrier gas. The outlet gas was connected to a mass
spectrometer (Omnistar) for analysis.

A tube furnace was used as a heating device. The
tube furnace was equipped with heating elements
surrounding a ceramic tube that was usually about 250 mm
in length and 20 mm in diameter. The stainless steel tube
reactor was placed into the tube furnace and the tube

furnace was set to 500W for about 33 minutes.
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Thermal Pronoter: None - Tube Furnace Power: 500W
(continuous) MgH 2 particles were obtai ned and

w@e@pareds as di scl osed in Exanple 6 . 0.5 g of POVys22006/800400
| oad into fix bed staj S I r.eact.
w th BRI HRErS & BncbF SRATE05 Avl ShotR. fhe - 6. B
deratt othaashidieyeyl aged w0 meledsedurdaes (EVi méputes of

The tube furnace was cqontrolled by a power transmtter
Rftdi%an P kfiRted fdr GRRf en?eﬁgme Eﬂhtgg?.nﬁﬁfowave

A ETRE atdl g Was; f egopded BymadiReemle 1IRRI M tHydvogen gas
type thernocouple. Purified Ar gas was controlled by a
amssohpewedetter Wheh B@bed /fimmadeowehbedarrivesedhayioh the

carrjier gas._Th tlet S n te 0 :
}gﬁgEHF%Hg?% r(eﬁnﬁg¥%15u$orfﬁggﬁ§§ig%%AE%ﬂ%etgugﬁgégyes he
NES Rk apoweheat | NMhslevage FTheuhubeof ummatmgws gas was
equi pped with heating el enents surrounding a ceramic

qkire iethtaswais? UstRIP e abbut 250 nmin I ength and 20 mm
in dianeter. The stainless steel tube reactor was

pl aced into the tube furnace and the tube furnace was
set to 500Wfor about 33 mnutes.The results of this

exanpl e are shown in Fig. 6b. As he hydr.ogen
gas was rel eased af?%“r‘p%??ﬁ%%t%}é ﬁ e%ti ng. :

Ther e 0 €.y dr Gféh bor 982Gt Pk BFest crguave et hod
results in"a nore i medi ate rel ease of hydrogen gas as
conpar ed tThé¢ireal ubeohoraaceNorehod even though the
heating power of the tube furn S set to 5. tines
the ni cr owe¥ee pPoRer2CThBRO%She iﬁ@%ﬁCSPEHQHPBG%n gas

was offai ped as i sEXpsP! @ nkG BLAEhYE HEAMPhe Bame as
Hydrogen Storage Particles: My - Thernmal Pronoter:
Nomee in Comparative Example 4 with the exception that the

ot

microwave power is set at 100 W instead of 500W. The
reaction time for this experiment is 100 minutes. |

The results of this example are shown in Fig. 6C. As:
seen; using a tube furnace with the same heating power as
the microwave power of Example 10, the tube furnace method
resulted in the release of hydrogen gas after a long
period of time. The hydrogen gas started to be released
after about 75 minutes of heating. The same amount . of
hydrogen gas was obtained as in Example 10.

The results shown in Fig. 6 demonstrate that
microwave heating requires less power and results in more
immediate release of hydrogen gas as compared to the tube
furnace heating method.

Referring again to Table 3 above, the peak area
indicates that similar amount of hydrogen gas is released
and measured during the microwave method (Example 10) and
the two tube furnace methods (Comparative Examples 4 and

5). The smaller energy input suggests that microwave
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- Tube Furnace Power: | OOW (continuous) The conditions
for this experinent are the sane as those in

W@ivpAr@ré ve Exanple 4 with the exception t hat PC€TY8G2006/000400

TLCY OUBVE_ROWET (1S 861815100 W pafgadygt SOGW, e, cpan

i"He f o t%ls experlnent
tlesut tise of uthahce ex@apiegare shown in Fig. 6C. As seen,
using a tube furnace with the sanme heating power as
the m crowave power of Exanple 10, the tube furnace
method resulted in the rel ease of hydrogen gas after a
| ong period of tinme. The hydrogen gas started to be
rel eased after abou&xmganahyv%se%ammbet$ng The sane

amount of h n as d as_i |l e 10.
The resdl t& g ?¥ﬁ966 ﬁbﬁg??at%lﬁhgﬁaﬂﬁéromave
heat i ng _r eyl £ﬁ§l|§?§EBQ§@[ RRdcresults in nore

i mredi ate release o ydrogen gas as conpared to the
t ube funnaEEbheEmfmgc@ePh@dr RO eWr  ognhganousp Tabl e
3 above eak area_indicates that S|n1lar nount

PR A CIUE I RN S L oL SRR RRE

51§&9$§g§ et Beghb Fxampl e 10) and the t wo tube furnace
met hods ( Conparative Exanples 4 and gli The snal | er
t

ener ¢9- Pngupfstibgenistunat ofi dridlkey iy wast hgepdled into
ab%ﬂj{Sb%eatFﬁlg§%0g0r§£$éi Qﬁﬁ&g %QggtépewgﬂPP 5 mm dinner

urnace arative exa
&i@magerPamH(ﬁ@ﬁ mmlﬂeﬂg@&{TmhemMeéﬁmmmtwas NMam -placed

Tube Furnace Pomer 500W (cont i huou nd NH2
Pakei cPes thde dBtIARA a%%lbY%bareahﬁs GHEE odeFRare  was

Eéﬁﬁ%@léa 9 52 Opelvecher phxtMtecoF Linhd2 angh Litd Wagjusted
| oaded into a fix bed stainless steel tube reactor
@t h B ffieremterpower output. The temperature was recorded
by a thermal meter with K type thermocouple. Purified Ar
gas was controlled by a mass flow meter with 50 ml/min
flow rate and used as a carrier gas. The: outlet gas was
connected to a mass spectrometer (Omnistar) for analysis.
The reaction time for this experiment is about 32 minutes.
The results of this example are shown in Fig. 7b. As
seen, the hydrogen gas was released after about 13 minutes
of heating. Therefore, it can be seen that the microwave
method results in a more immediate release of hydrogen gas
as compared to the tube furnace method even though the
heating power of the tube furnace was éét to 5 times the

microwave power. The same amount of hydrogen gas was

obtained as in Example 11.

Comparative example 7
- Hydrogen Storage Particles: LiH, LiNH;
- Thermal Promoter: None
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di aneter and 300 mm |l ength. The reactor was then

pl aced into a tube furnace (Elite) . The tube furnace
worwsoore ol | ed by a power transmtter whi ch CBEI/BE2006/000400

adj usted for d|§1f1 %né ]93969@2 O%Bwt fe;tenmpgrature

was record érmal  nefer type

t her nm@u@oerdlmhnfsr efloAr thds V\Gspéﬁli]ﬂnéﬁtl eacl:ebythe MEsSne as

flow neter with 50 m/mn tstle\% rate and used as,
09e ek gasrPTRAt SiE| BXAPRS Cnds "Edthddte PITR iffsthat the

i meV‘Eor t%fow(e@nﬁt e f9F anmd Vi Sindheadeast i oiow.  The

i's experinent is about 32 mnutes. The
wreggit tn otflmai:éorexhhp‘ﬁeeapérsm@wh im BD§. mibutass

seen,_the h en_gas .was sed af t gr abo

i B oFSRAAEng T ST *ad BEOuBentt E - e 2

sIBé%{ 0V@¥§ngebh%HeeSﬂﬂﬁr§ad@ @i unr ehbﬁmﬁieatr%aftalr&ﬁa@ower as
hydrogen gas as conpared to the tube furnace netho

féwrrnr%@@ﬁve heoKest Phg EFemer Sofl hd iy b@lb%r%%féa%smethod

ﬁzeéd.}f@eé t'rrm%htehegtggggg VE£P rcgl%gﬁ Sg‘i\arge amwe af 1ong

0gen gas was o ined as in
g{émmxr abfv&mearrpl €h& hykydosgenyBt osagetPdr ttioclkes: released

i e

ﬁ%ﬁﬁ%é@ﬁﬁé Eé@uﬁb@dSQBE apet kel e ad £ Vigydrogen gas.
Exanple 6 with the exception that the m crowave power

The seamat angonty PAsheddogensORw WA PRettnemh 33 el f Brample
Hns experinment is 200 mnutes. The results of this
exanple are showmn in Fig. 7 . As seen, using a tube

fur natiee W trlestlfie ssanshdweat i g powes. as 7t heiermccrscﬂmkeé that
ower of Exanple 11, the tube furnace_ nethod resﬁ%lt

0 n more

PrPtaAYel Besbise HFHIGET oS af PRFEE P grpeesrlr
i i Jhe B%Qé@géno&a%yﬂﬁﬁgéﬁié@sbaerJ ge¢dafderthe tube

about 25 mnutes of heating and a total 115
furnace method.

Referring now to Table 4, the peak area indicates
that similar amount of hydrogén gas 1s released and
measured during the microwave method (Example 11) and the
two tube furnace methods (Comparative Examples 6 and 7).

The smaller energy input suggests that microwave heating

" method is about 8 to 9 times more efficient than the tube

25 -

furnace heating.

Applications
As discussed above, the use of thermal promoter
particles in an admixture of hydrogen storage particles
and thermal promoter particles may promote the release of
hydrogen gas from the hydrogen storage particles under

irradiation conditions.
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mnutes is required for the total rel ease of hydrogen
gas. The sane anount of hydrogen gas was obtai ned as

WO pooBxagepé e 11. The results shown in Fig. 7 deP@OnSGE6/@00400

that .ycrao e .heating { [resele a re
in mgnlﬂee [ cﬁcattléfaer ellg%:g%g% h%r oggﬁpgg\gﬁase’%gm?ggg@ the
r{yﬁﬁd@%r{(u@eofygégqmmdﬂmh Referddpegdhowpon Eabtrergety of
e peak area iIndicates that simlar,anmpunt of .
B0t 1Y EPEASEN “ard b abh BICQOPThG. ¢Rgd, heating

{8 &WWM£%£EHH%%Ké¥a&Bh@iA&%ugpdphmgetw@ trale ) f, Uniac®wave
nmet hods (Conparative Exanples 6 and 7 ) . The smaller

pejg&ngygbapug Sumgesyst torat ofi crbWaYER Tieatingy Ikt hbaifs the
abqut t,0 tinmes nore_efficie han «t h -

FRTEbe HRS ng® Apﬁ??ggﬂl%ﬁé Ag&g%scgéfsegnago?gnthsetorage
pise: iof1 dhengBh, provms e fpathé Cleeriva lanpadmbreur eafticles,
hydrogen storage particles and thernal promoter | .
Ene cPEs they Phorpr PROMOSREas¥E Ut Tt og8h SGaPPFIM® OF
dife h¥9kﬁ§%$hztg??&%t%§rt'ﬁh@%i%@ggr i {fadigdd On admixture,

condi t1ons. ective rel ease of hydro%en gas from
ddrecdndradgiem stOridge phernslepromptaepeadtigdgsaas well as

vari ety of fact d.th i ncl : f _m.qr. .
S [EEER o SO oo e Sl PR i

He NafogeM S OMRYySe povelcused, distribution of
m crowave energy inside the system type of caontainer

type RAVaTRaREr K orblge BaPt PEl EhegEEd, REPWTST mprticles
é&eml?&eonoﬁ fo DAL Ui GF €5y FhERE Ofg%at@e dihetPBlirradiation

pr o particles, distri bﬁﬁtion of the thermal
Erodit Bsn pantzivcl be i mothe ameixy ured consént edfeehive than

A LA, PLOTBLSE B el S5 3% YR 5ohTL AR, ene
dangers associated with the use of high pressures or
extremely cold temperatures to store or release hydrogen
may be substantially reduced, if not avoided altogether,
as the disclosed process may be achieved at atmospheric
pressures and ambient temperatures.

Advantageously, the space required by the hydrogen
storage particles and thermal promoter particles is
substantially less than that occupied by liquid hydrogen
storage tanks or compreséed hydrogen gas storage tanks.

Advahtageously; the use of thermal promoter particles
to promote release of hydrogen gas wunder irradiation
conditions may be faster and may require a smaller amount
of power as compared to conventional heating methods to
release hydrogen.

Advantageously, the disclosed process may be used on
hydrogen storage materials that require extreme conditions

to release the hydrogen gas stored.

44



the hydrogen storage particles. Advantageously, the
use of thermal pronoter particles to pronote rel ease

wotookpdogen gas under irradiation conditions nﬁvseﬂmwmmmm

nor e r n Ct t han. conve 1 ONn
R AN AR i LR 600V BRbER M Rodi i cations

met hods of rel easi rogen.
associdartawiohs t hé l:tSfe ofnhéghipnesslledbeoragxdrene! ¥o the
cal d tenggﬁ&;ures to ore or rel ease hydrogen nmay be

t

LE5&CAh Sfedied: Ehe't Ak aFbrdedraPibyet Hdte  foregoing
uh%cqlo%@r@s%mmescsel?mtbﬁ ga¢hiaved, At Atnpsp a' Scope of
pressures and anbi ent tenperatures. Advantageou

the sphREBSRBHONr ed®y t BE hydls ogem tstroteaye phatl cIa‘Sl such

I cles IS Substanti
PR R o R AR g on SE0h bt srRBSopE the
epppnelssied layidrsagen gas storage tanks. Advant ageously,
the use of thernmal pronoter particles to pronote
rel ease of hydrogen gas under irradiation conditions
may be faster and may require a smaller anmount of
power as conpared to conventional heating nethods to
rel ease hydrogen. Advant ageously, the discl osed
process may be used on hydrogen storage naterials that
require extreme conditions to rel ease the hydrogen gas
stored. It will be apparent that various other
nodi fications and adaptations of the invention will be
apparent to the person skilled in the art after
readi ng the foregoing disclosure wthout departing
fromthe spirit and scope of the invention and it is
i ntended that all such nodifications and adaptations
come within the scope of the appended clains.Cains 1
. A process-for rel easing hydrogen conprising the step
of irradiating hydrogen storage particles dispersed
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within thermal pronoter particles under conditions to
rel ease said hydrogen from said hydrogen storage

w@arosiozdoes. 2 . A process as clained in clai mBCT/SG2006/000400

wherein said irradiatingisfgR conprises irradiating
using radiation in the mcrowave range. 3 . A process
as claimed in claim2 , conprising the step of

applying said mcrowaves. at a power, in the range .of 3

W o 188 RAGTE30 0T ot s266° WD AYITRIEPoCEIP e iRy the
stéﬁEﬁﬁﬁﬁrkﬁdﬁb%hﬁb2hyd¥ﬁggdSé@@ré@@ sheR iefl caPd M sed

Said mcrowaves with a frequency Is in the range of 0

- witlgrGHEheET@d0 BEemoser APPrbEEsSSasurfar meerndl gl anm X0

, conprl gt of ai d ves
relﬁaﬁ east ggﬁe $§d§£§%%rt a nnsp%grg h%@ g%ﬁ ﬂékage
parddimisphere and under a partial vacuum 6 . A process

as clainmed in claiml1l , wherein the weight percent of

said thermal pronoter particles relative to said

hydr ogerny Sﬁ@éé@@sp%rst '@i&fmé& Onl W0t 01 /5 yWeHeifh -sdfid
process as clained in claiml1 , wherein sai d hydr ogen

1rmdjraa;g@gpa¢1tml esmpsigeapiirsadiat iagnaisdnidalr askladditcey in
th rgghe Eg conS|st|ng of nmetal hydrides, netal
%HW% e 19%mi des, netal inides, netalal anates,
netal boron hydri des, conplex nmet al hydri des and

| exes, m xtures and derivatives thereof. 8
ess PRI FRPF nCLRAPRA7IN GhafAE 7 'séiQﬂ“HFe‘tsdinq the

ste?l&gaggpgiglgﬂbt Re ;G QHR LRSI 1Ng Of aqeyplhA,th@ Whge

IHA fromthe Periodic Table of Elenents,
of &l Wribd ur&s Kvlhecvleo'w W to ALPOdess as clainmed in
claim8 , wherein said
4. A process as claimed in claim 2, comprising the

step of applying said microwaves with a frequency is in

the range of 0.3 GHz to 300 GHz.

5. A process as claimed in claim 2, comprising the
step of applying said microwaves in at least one of an
inert atmosphere, hydrogen atmosphere and under a partial

vacuumnm.

6. A process as claimed in claim 1, wherein the
weight percent of said thermal promoter particles
relative to said hydrogen storage particles is 0.1 wt% to

75 wt%.

7. A process as claimed in claim 1, wherein said
hydrogen storage particles is comprised of a material
selected from the group consisting of metal hydrides,

metal nitrides, metal amides, metal imides, metal
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hydrogen storage particles is selected fromthe group
consisting of lithiumimdes, lithiumamdes, |ithium
wWoRaosiod®3e | it hi um boron hydride, |ithium al anBtESG2006/000400
' m i-de di S,
al%ﬁ%?é%eSQ¥Q?&. Bo %gon ydﬂ&%§ 3?h%%%?§%g§23 ﬁ§5¥i@%s
an@odmmpi@y@s;dasxtmm$assmdnd@yﬂvaﬂesesnb@aes¢ﬁn1|n1des,
magnesi um am des, magnesiumnitrides, magnesi um
al anat es, magnesi um hydri des and al um num hydri des.
10.gA pr.@°?§%cé§sdaﬁi et ife8l ANMA aiWBf eivhetrR8n said
el ements of said conplex netal hydrides are sel ected
nmefabnisheegestpdc froimstimy ofow oupnpAstERGupTHRT RO URR

Gr@%upﬁ, ug@é{'&? uﬁ OHPIAH‘%O%OL& 'Vﬁer%aegn%a@fg of

odi'c Tabl e of enent s
Elamxhts psatdeneofurdd. thepeotess as clained in claim
10, wherein said conplex netal hydrides is selected
fromthe group consisting of

magaesi ugt pi-gkekshydy i desimeal GhureGkes hydhied@sn said
| ant hanum ni ckel - hydri des, sodlun1borohydr|des

hydegaesi whdrage hpaw:rcd@ée@r nagrm%llqgﬁ%bbérfpmhyﬁhmaroup
co€$g§n1a “Q? Hﬂ,%. %%1déspro$§? Q&ﬁi o? 'rilthlum

erein e averageé size sald
nibydaegen stiadgem pabdiehes Hgldinld, he Hmthxbﬁmt eralanates,

cess as clalned in claim12, .where

range. 13. A
ll*%%u%véyéﬁ%%a?'t i EPELEMZ el BFIR d sl‘i’fd‘r‘lﬁ‘geﬁm%fl‘a?agesomum
nl‘tpﬁiélégl e%o‘d%ukne%oi;&@nh%91@@ dédi v PEPSREEeBS sodium

claimed in claim 13, whérein the aver age partlcle si ze
hy@tl@asd pydaagenmshwagéepar ma@in@§uug1 ilmides r aifgnesium
ces in _clai
amPas e TpAng eyt harranep oAGEEE TR FarueRes v i fun
hy@hedef gad baMamsmbm clopdr phesphor, sul fur and a netal
selected fromthe
10. A process as claimed in claim 7, wherein the
elements of said complex metal hydrides are selected from
the group consisting of Group IA, Group ITIA, Group IIIA,
Group VIIIB, Group IIIB, Group IVB, Group VA and Group VB

of the Periodic Table of Elements, and mixtures thereof.

11. A process as claimed in claim 10, wherein said
complex metai hydrides 1is selected from the dJgroup
consisting of magnesium—nickel—hydrides, calcium-nickel~
hydrides, lanthanum-nickel-hydrides, sodium borohydrides,
magnesium-iron-hydrides or magnesium-cobalt-hydrides, and

mixtures thereof.
12. A process as claimed in claim 1, wherein the

average particle size of said hydrogen storage particles

is in the micrometer range.
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group consisting of Goup IIIA, Goup VIIIB, Goup
VIIB, Goup VIB, Goup IVB, Goup IB and G oup H B of
wo b@sParoreodi ¢ Tabl e of El enents, and m xtures PEESELN6/000400
16. A process as clained in claim215, wherein said
thermal pronoter particles is a netal selected from
t helgroup @amgeﬁar@ﬁotlaﬁmaﬂmﬂnncb@pmeﬂZ,QWhﬁmein the
i ron, ﬁ i ckel , copal t nese, chrom

| d,
av@Fedi B SIEHE. A% Ty So A0 THORARAES THUTGE  PerLigles
iSP{8§E8§?§§ Qb? gﬁq in cla|n115 wherein said carbon is
in the

ormo raphite. 18. A process as clained in
claim1l , wherein the average particle size of the
thernal r onot er articges

orecess” e ELEned, It  AThES TN o daegin toe

avé‘@gég' @)at:c%ctlléerJ@e PSOMBLER RAfddS <SS §@é‘i‘ﬁ@[§9p§t:th§§es
alum niumfoil having a length in the range of 1 nm

1stbn26hanraagd afwddihpmntoh&0fapge of 0.5 nmto 5
mnm 20. A hydrogen rel ease system conprising: an
encl osed chanber; a m xture of hydrogen storage
parjicles dher npl prammber Raréistes1di spesedin said
within said encl osed chanber; and an irradiation
theomate mapmmer opa}rftrla?dﬁétlh@ téHe Aerslyr eonet I9in sargon,

nclosed cha se i
si Gre pho atés safé? bﬁ ] e?%#eas%e%qg% f%bm the

Gree Had ure to
gréﬁp%&@lsdsmidﬂgogﬁi’l Gtau@geI pay t icaloap IV]I[]II[ES,aI(droup VIIB,
chanmber. 21. hydr ogen_rel ease system as C|aIﬁEdlé1
GreyRj ny By, \K#Fé’l”éﬂ nlggrd FEFQER JtH 0ANSoUFERWPs HB the

Pemsa%ﬂ*fsb%n@&ah%meﬁes , RaKBN g k@ ue@EPLhehae . he
hydrogen rel ease
16. A process as claimed in claim 15, wherein said
thermal promoter particles is a metal selected from the
group consisting of aluminium, copper, silver, gold,
iron, nickel, cobalt, manganese, chromium, titanium, zinc

and alloys and mixtures thereof.

17. A process as claimed in claim 15, wherein said

carbon is in the form of graphite.

18. A process as claimed in claim 1, wherein the

average particle size of the thermal promoter particles

is 0.1 pm to 5000 pum or 0.1 pum to 150 pm.

19. A process as claimed in claim 1, wherein the
thermal promoter particles comprise strips of aluminium
foil having a length in the range of 1 mm to 20 mm, and a

width in the range of 0.5 mm to 5 mm.
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system of claim 20. 23. A vehicle which utilizes the
step of irradiating hydrogen storage particles
waleapere®ed wthin thermal pronoter particles upPdESG2006/000400
congy 1 i %Sh'){c?réé‘ér?a:%eléb’é’é ogeat & st s hygr ogen
storage particles, for use as a fuel in said vehicle.
24. Use ai enekrorsd prloiRef; particles in adm xture
wi th hydrogen .stora p ' t t of
Pycirogert Wi L4 4 Ry ar S48 oERor S50 aT%: R ELFEREs * and
beitweirdndi ptedot@b. Paktichéspadispberd elwasiing said
hydr ogen, the kit conprising: hydrogen storage
parenelesed t HRATRES prffdt er particles: andinstructions
for irragdiat Qﬁic?mi M & cof- 2l daB%dl @gesr StOFae ating
particles and sald thermal pronoter particles while :
r estlgenhixkdihé nwirhianciasddenhbpbed charmetbase
hydr ogen from sai d _hydrogen storage rti.c 26.
kit as cYafheHin & aiH?%B, c%%ﬁaisiggr%%%£§%% oséﬂ§hrce
chappesdi2des A ddid amisdtaireedtion ebakas25, hgdnpyéesi nfrom
the irradiation source. 28. Hydrogen gas gener at ed
f r opa bd prpdeeger oFEPTAIPPIREIGLRD BREPrFadfatRRGPeT -
hydrogen storage particles dispersed within therna
pronoter particles under conditions to rel ease said
hydz bgenaf hguiregied hyedrespen syetege grartigimed in claim

20, wherein said irradiation source is a microwave

generator.

22. A vehicle comprising the hydrogen release

system of claim 20.

23. A  wvehicle which utilizes the step of
irradiating hydrogeh stofage particles dispersed within
thermal promoter particles under conditions to release
hydrogen from said hydrogen storage particles, for use as

a fuel in said wvehicle.

24,  Use of thermal promoter partiéles in admixture

with hydrogen storage particles to promote release of

hydrogen while said hydrogen storage particles are being

irradiated.

25. A kit of parts for releasing hydrogen, the kit

, comprising:

hydrogen storage particles;

thermal promoter particles; and
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instructions  for irradiating a mixture of said
hydrogen storage particles and said thermal promoter
particles while resident within an enclosed chamber
to release hydrogen from said hydrogen storage

particles.

26. A kit as claimed in claim 25, comprising the

enclosed chamber.

27. A kit as claimed in claim 25, comprising the

irradiation source.

28. Hydrogen gas ‘generated from a process
comprising the step of irradiating hydrogen storage
particles dispersed within thermal promoter particles
under conditions to release said hydrogen from said

hydrogen storage particles.
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