NANOCSTRUCTURED ZI NC OXI DE AND A METHOD OF PRODUCI NG THE SAME TECHNI CAL FI ELD
5 The present invention relates to a nethod of producing zinc oxide
particularly although not solely to a method of produci ng nanostructured

zi nc oxi de powder. BACKGROUND Zinc oxide has been used widely in paints,
cosnetics, coatings, electronic devices, 10 in_resins and fibres. Mny

met hods for produci ng NANOSTRIECTURERZING OXIREAND vy start from zi nc

netal as a starting r di fferent processes

of producing zinc oxrgeﬁﬁ'ﬂgpﬁe@ﬁt@tmqhgﬁgnﬁ S&Vi%)@ess and the dry/gas |
phase chem cal process. 15 The dry chem cal processes typically use a heat
source to vaporise netallic zinc powder. The vaporised zinc powder reacts
with a precINIgAL. FIgLBontains essentially oxygen gas to form zinc oxide.
The resultant zinc oxide is then cooled and collected. These processes
genersal | Yhé giresent tikventiow relagasto a) mictteod af pradeding| Ainarexige glareailady and
placed into the heat source such as a 20 furnace. The desired norphol ogy of
zi nc oxi althqughprad daledyl tave nietheg pb pradacing sanaistrottuoéd zine condé powdemt . This is
typically a batch process. b) On-line pre-treatnment of the raw materials and
process gases which are then "injected" into the reactor to achieve the

desired ' ;s is nore |likely a batch process also. 25 In sone dry
chem cal ﬁmﬁgﬁbuch as the one disclosed in US 5066475, pretreatnent
of the np l(ﬂl?e 129 heRRLE ’w189|§7[ 1h ‘6‘6 et‘f’csI %Eﬁn%’\\% th fid {ié\m: egefore

thermal |y trea t'he sur ace fn an nnent cont ai ni ng
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generally start from zinc metal as a starting material. Generally, there are two
different processes of producing zinc oxide. They are the wet chemical process and

the dry/gas phase chemical process.

15  The dry chemical processes typically use a heat source to vaporise metallic zinc
powder. The vaporised zinc powder reacts with a process gas that contains
essentially oxygen gas to form zinc oxide. The resultant zinc oxide is then cooled
and collected. These processes generally fall within two areas:

a) the raw materials are pretreated and placed into the heat source such as a

20 furnace. The desired morphology of zinc oxide is produced with appropriate

control of the environment. This is typically a batch process.

b) On-line pre-treatment of the raw materials and process gases which are then
“injected” into the reactor to achieve the desired reaction. This is more
likely a batch process also.

25
In some dry chemical processes, such as the one disclosed in US 5066475,
pretreatment of the metallic zinc powder, coating it with a layer of oxide film
before thermally treating the surface oxidized powder in an environment containing

molecular oxygen to produce whiskers and tetra-pod zinc oxide is required.

30



For conpl ete oxidation to take place so as to avoid unreacted zinc from
contam nating the final product, a desired tenperature of the systemhas to
be maintained. In some dry chem cal processes, such as the one disclosed in
EP 1215174, the desired tenperature of the systemis achieved and then
mai ntai ned by 5 use of several heaters. These heaters are required for
di f f er enforstcamrpdetsf oxidationr deetake Iplacehise publo aoidruntrad¢tadr gingadro r st
passes through a first heater to incregse its tenmperature before if is fed
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reactor. At thé& sane tine, ‘an oxl gas 1s heated 1 n yet anot heat er

before ijse bf dentradcheatstsi NThetd ehRaS 406 -reqhieed For afiffepatRr ahgdteaf ahe i N
this process is to ensure conplete oxidation/reaction of the netallic zinc
powder . process. allaothio pabdicattora anc areri gas usrsbpassesi throegld a dirstnheater to eact i on
speed. To increase heat conduction 15 fromthe heater elenent to the raw

nat er i al ingegase itsdemperafursobrioee itrg fed dita a vapasisentagethmravith apetabici Bnci s

enpl oyed in_ thi rior_.art. However, the use of the thernmally condycting
modi o, wBOEFER sTRE MKzl BEWASEYARATIRS ARE the mixtine of 219 Yapor A8Hdig e
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pl ace nejeaberdiAtfthe hine tidhe, &Obxidifingigas i Redtsd i yeaithauhdatdyl tefbraiter s or
heat mai ntai ni ng apparatus to achieve or maintain 25 the desired

t enper at srintrodioeeehiatg ther wdctori dieasstod seesrdl heaters thithisgrodess is o emsure need to
use several specialized heaters for thf;_op,eratio . In JP Q5097597, a
conbust i emplgte oxtdationserelion 9 dbe anedllic amcarewAplstlt df alst sersapuresa

di scharged i nto r I on, oven. The h fr : ion .
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15 from the heater element to the raw material gas, thermally conducting media to
" promote heat conduction is employed in this prior art. However, the use of the
thermally conducting media, which is in physical contact with the reactants, will
increase potential impurity to the resultant product as more foreign materials are
introduced.
20
In the above described process, vaporization and oxidation take place in different
chambers. In such a system, maintaining a desired temperature of the system for
complete vaporization and oxidation to take place may be difficult. One solution is
to use several suitable heaters or heat maintaining apparatus to achieve or maintain
25  the desired temperature. However, production costs tend to be higher due to the

need to use several specialized heaters for the operation.

In JP 05097597, a combustion gas (heat source) generated from a combustion
chamber is discharged into a reaction oven. The heat from the combustion gas
30 vaporises the molten zinc that is fed into the reaction chamber. The vaporised zinc

reacts with the combustion gas to form zinc oxide. In this process, vaporization




30 vaporises the nolten zinc that is fed into the reaction chanber. The
vaporised zinc reacts with the conbustion gas to formzinc oxide. In this
process, vaporization 2 and oxidation takes place in the same chanber. The
tenperature of the systemis nmintained by use of an reaction oven to
suppl ement _the insufficient heat produced byrthe conmbusti on zone. However,
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a useful ol ce I\/I\/ARY O THE | I\I\/E(V‘H'?OO\I Accordingly in a first aspect the

pr esent maameuizeon Fogthet,stie combusidh adses aps eppotendal hdditivinadtsoucdeunéd zi nc
oxi de powder conprising or including the steps of a. introducing a source of
zi nc sel mpurtiesr om netal lic zinc or a zinc conpound and a process gas

m xture whi ch includes an oxidising gas (the reactants) into a reactor, b,

while in the reactor, heating the reactants to a process tenperature
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Preferably the netallic zinc is selected fromone or both of powdered zinc
and zi ncor which. will at least provide the public with a useful choice.

SUMMARY OF THE INVENTION
Accordingly in a first aspect the present invention consists in a method of preparing
15 nanostructured zinc oxide powder comprising or including the steps of:

a. introducing a source of zinc selected from metallic zinc or a zinc compound
and a process gas mixture which includes an oxidising gas (the reactants)
into a reactor,

b. while in the reactor, heating the reactants to a process temperature effective

20 to vaporise the zinc and to react the reactants to form a powder product, and

c. recovery of the powder product.

Preferably the method is a continuous process.
Preferably the process temperature is in the range 1200K to 10,000K.
25  Preferably the process temperature is in the range of 1500K to 3800K.
Preferably the source of zinc is metallic zinc.
Preferably the metallic zinc is selected from one or both of powdered zinc and zinc
wire.
Preferably the metallic zinc is zinc powder and with an average particle size of

30  between lmm to I micron.




Preferably the nmetallic zinc is zinc powder and wth an average particle
size of 30 between 1 mmto 1 mcron. 3 Preferably the netallic zinc powder
has an average particle size of substantially 5 mcrons. Preferably the
average zinc powder particle size is substantially 5 mcrons. Preferably

t he oxidising gas contains, at |east an atom of oxygen, and its 5

reconbi nEefAbhothenmetatlic zing pewden hapan guerge parfielg side ohenbstantiadlyabl y t he
oxidising.gas is oxygen. Preferably the oxidising gas conprises between 5%
and 95% BFRBY-ght of the process gas mixture. Preferably the oxidising gas

conpri s e‘Pf‘rhl’:‘@etﬂe %Q%a%%‘%iﬁﬁggs({%}&?%ﬁ%rﬁgfe sgée fs%bst%gtigfll)fgq‘(ﬁﬁ:r&?ss. m xture.

Preferably e - process “gas udes one or an’'inert gas and

an  assiplefMabBAshe PoRIdRIAS!| Yad NONBIAS SRS 10RS 4N XAHAE of Bx§EEH t kA {9
oxygen, 1ncludés argon an nitrogen and hydrogen. 15 Preférably the process

gas 8 xtrecembiwdtiotigsotentgains higheathan the gdenatdryofhiZh®at source is used to heat
the reactants to the_(gr_ocess tenperature. Preferably the reactor includes
t he heatPreterably thpoxidising gastihexyget source is sel ected fromone of gas-fuel

combustion he ource. . plasma heat source, hpotbox, electrical are 20

Pr of or bl {ETABIYN G OXilising §55 SOWPRIFR DEBYREH Ao Ang % oy SR t pEdbe gas(es)
and one_or._nore pl.as di scharge gas(es), and one or nore of the gases in
t he proc%rggessg%?érﬁ‘xg?rgrae is at | east a conponent of the one or nore feed

gas(es) q*eraﬂ@r e azefd*%sing' @E;@oﬁ%@aﬁa@cﬁsﬁo@g)mﬂf 60%%?2@@ bPRE-

Preferably vaporisation o reaction of the reac and 1nitial
cool jigng lgfoceg’%Sggshﬁixmﬂec oxi de powder product take place in a single reactor

chanber -Preferably the process gas mixture includes one or more of an inert gas and an
assistive gas.
Preferably the process gas mixture, in addition to oxygen, includes argon and
nitrogen and hydrogen.

15  Preferably the process gas mixture includes argon and air.

Preferably a heat source is used to heat the reactants to the process temperature.
Preferably the reactor includes the heat source.

Preferably the heat source is selected from one of gas-fuel combustion heat source,
plasma heat source, hotbox, electrical arc.

20  Preferably the heat source is a plasma torch having one or more feed gas(es) and
one or more plasma discharge gas(es), and one or more of the gases in the process
gas mixture is at least a component of the one or more feed gas(es) and one or more
plasma discharge gas(es) of the plasma torch.

Preferably vaporisation of the zinc, reaction of the reactants and initial cooling of

25  the zinc oxide powder product take place in a single reactor chamber.

Preferably the reactor chamber includes an initial heating region where vaporisation
of zinc occurs, a chemical reaction region where reaction of the reactants occurs to
form zinc oxide, and a region where the zinc oxide powder product is cooled
rapidly.

30  Preferably the recovery step includes filtering of the powder product and/or further

cooling of the powder product.




Preferably the reactor chanber includes an initial heating region where
vapori sation of zinc occurs, a chem cal reaction region where reaction of
the reactants occurs to formzinc oxide, and a region where the zinc oxide
powder product is cooled rapidly. 30 Preferably the recovery step includes
filtering of the powder product and/or further cooling of the powder

pr oduct .szeféfablfyemﬁmhﬁythoueﬁnnhtdesd querichihgsstap quiondhithg recaysry steps which he
recovery step, iC slows or stops.the gromh of the size of the particle
pr oduct . slewe s stapsythe grovsthsef the 8178 ofehe pariicds Prasichar ti cl e product Eas an

average size . petween 10-3,000 nm 5.Preferahly at, | east one_dinension of

t he ﬁalr t?@%@%&oﬁﬂﬁ?asﬁa@% mepsigy Ok the pa&é@ﬁe@ﬁdfﬁt %@6 %av%ag e$%§l y the
mor phol ogy 9f - t e product is one or nore of zero-, 1-, 2- and

3- di nmenst onaIn'I.1 1@%@@@@@{.)/ t he norphol ogy of the powder product can be

al t ersed Pbéféllab}y at i1e4st obne HImeRSioA of ke paktidlBeprodatehial darPavargtesige of the
process. Preferably the operating paraneters include one or nore of: a.

i denti t ybarivebhd Op80rmns gas(es), b. the power of the heat source, c. the
tenperature of the heat source, 15 d. the process tenperature, e. the

i dent i t yPreferably thsamosphology of.the peovrder dpredueiois| anegonmarpofpgsiarl-pLoduct .
According to a second aspect of the invention there is provided

nanost r vétd3skmensienalyo oxi de powder prepared according to the nethod as

deset| DB 3B 1 o RREE L 0E ol R Y. TR SHORAS o o™ ("
ref efncend Or midfe SE ARG P parameters of the process.
Preferably the operating parameters include one or more of:
a. identity of the process gas(es),
b. the power of the heat source,
c¢. the temperature of the heat source,
15 d. the process temperature,
e. the identity of the heat source,

f. the rate of cooling of the powder product.

According to a second aspect of the invention there is provided nanostructured zinc
20  oxide powder prepared according to the method as described above.

Other aspects of the invention may become apparent from the following description

which is given by way of example only and with reference to the accompanying

drawings.

25 To those skilled in the art to which the invention relates, many changes in
construction and widely differing embodiments and applications of the invention
will suggest themselves without departing from the scope of the invention as
defined in the appended claims. The disclosures and the descriptions herein are
purely illustrative and are not intended to be in any sense limiting.

30




drawi ngs. 25 To those skilled in the art to which the invention rel ates,
many changes in construction and wdely differing enbodi nents and

applications of the invention wll| suggest thenselves w thout departing
fromthe scope of the invention as defined in the appended clains. The
di scl osures and the descriptions herein are purely illustrative and are not

intended to be in any sense limting. 30 5 DEFINITIONS Were, in the
specification, the followng terns are used, they have the following 5

meani ngsPEPINHBYEOMS sol i d substance in the formof tiny | oose particles that
present in different size, norphol ogy (shape), structure and surface

t ext ur e. WHeee,darthe epeatfeatioantheefoliowing ecras atOmedatiey haweothesillas/ing - nm
dependi ng on the context; norphology & 10 structure cover 0-D, 1-D 2-D &

3- D, »olingamoggor ous, crystalline to anorphous; surface texture can be from
snoot h, random and patented ro%ghness_. 5 nost u_ctuie An obj ect neasured

with at |eadto of itd aphe bsiagce Nt AR ook dlvelqass particlsgthat of

10-9 d/ bj ect f f | titl i et i i | f d/
of the Tine el ennt (s) Pngtt 1 AfiTeREl sizesahoipbOlod Sl Shiibes bifoi on-
Reactor By "reactor” weg e ek &5 BRAEasSHht 3R 0 and 0

housi ng the reactants during tt%f%e net hoolpd(')r?aélﬁe i nvention. 25 Assistive Gas
By "assistive gas" we ngpapagesss>dir@r dégeadirnghen fthe demmxtamorpliclogy & gas
(such as the oxidizing gas), used for ensuring the _
10 structure cover 0-D, 1-D 2-D & 3-D, solid to porous,
crystalline to amorphous; surface texture can be from smooth,

random and patented roughness.

Nanostructure An object measured with at least one of its dimensions on the
15 nano-scale (on the order of 10-9) and/or object forms of nano-
scale entities (ie the object itself and/ or the fine clement(s)

that form the object being nanoscale in dimension.

Reactor By “reactor” we mean a chamber or other space suitable for

20 housing the reactants during the method of the invention.

Assistive Gas By “assistive gas” we mean gases other than the fundamental
process gas (such as the oxidizing gas), used for ensuring the
smooth operation of the system.

25

Oxidising Gas By “oxidising gas” we mean a gas or gas mixture containing at

least one atom of oxygen. The gas can be dissociated to free

the oxygen atom for reaction




snoot h operation of the system Oxidising Gas By "oxidising gas" we nean a
gas or gas mxture containing at |east one atom of oxygen. The gas can be
di ssociated to free the oxygen atomfor reaction 6 BRI EF DESCRI PTI ON COF
DRAW NGS The invention will now be described with reference to the Figures
in which: 5 Figure 1 illustrates a flow chart of the preferred nethod of the
present invention; Figure 2 is a schematic view of an apparatus for

continu | j | ' | a met hod according to the preferred
enbodi mﬁmﬁﬁmkﬁwﬁﬂwﬂqg Figure 3 is an electron m crograph
of a zi neromiERioAIBIkRW BE\dest BbEPRRN reberer@ 18 heSEilghifes i §hh:-10, 000

magni fi cation prepared according to the nethod of the invention; Figure 4
is an el ectron mcrogyraph.of zi,nc oxi de i sker. and tetrapo structure at
70, 000 magnifERER | on TRRRuR.a” BB Pl ot Hhe RECEoREH gitsR Bhdns rtiii on.
Figure 5 is an transnjssifp: €l ectron nmicrograph on a leg of the multilegged
zinc oxide product; Figure 6 is an exanple XRD spectrum of the zinc oxide

powder prod !I‘iguré‘z_‘d GO APSHenMicbelewe 8 anhgpmeans rfefl cofakody prd d
reference zinC oxide peaks, and Figure 7 i's an el ectron m crograph o

0- di nensi onal zi nc oxinteopidedsing pmosthod deaardirglionthetprefdrrednerhbodinmt t he
present invention. The
of the present invention;

10 Figure 3  is an electron micrograph of a zinc oxide whisker and tetrapod
structure at 10,000 magnification prepared according to the
method of the invention;

Figure 4  is an electron micrograph of zinc oxide whisker and tetrapod
structure at 70,000 magnification prepared according to the

15 method of the invention;

Figure 5  is an transmission electron micrograph on a leg of the multilegged
zinc oxide product;

Figure 6  is an example XRD spectrum of the zinc oxide powder product
and comparison between the measured peaks and standard

20 reference zinc oxide peaks, and

Figure 7 is an electron micrograph of O-dimensional zinc oxide powder
produced according to the method of the present invention. The
structure is visible in the central portion of the micrograph which
is in full focus.

25

DETAILED DESCRIPTION
The current invention relates to a novel method of preparing zinc oxide powder

which is nanostructured, and the product prepared according to the method.

30  The novelty particularly resides in the fact that this is a continuous production
process where no materials pretreatment is required. No separate process is applied

nor is there any requirement for separate chambers/stages of materials feed thereby



structure is visible in the central portion of the mcrograph which is in

full focus. DETAILED DESCRI PTI ON The current invention relates to a novel

nmet hod of preparing zinc oxide powder which is nanostructured, and the

product prepared according to the nethod. 30 The novelty particularly

resides in the fact that this is a continuous production process %pere no
b

mat er i al dllgyisgrtbaruseraf a sordeuquseprocsts wnarther batde e dhus SUBPHPGESE bynor i s
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reactor #Feﬁ@&ﬁﬁerﬁ.ny material pretreatment. 5 10 Furthernore the nethod can
produce Targe quantities of product. For exanple we have conservatively
achi éved a 6kg/ hr production rate of ZnQO, and the product was

nanost r WM&&&@%@&@& E:Fﬁtp@di&ﬂ:edlia gedntaied oiGRodl&. nFol exghpl. wdhis is
e

still operating at only half of the signed capacity. Method of the
| nvent i oifaviel gmservativelyusthietedsa 6kg/hopodductionfratehal Pn@f end dik prodoeswasf t he
present invention. The general features of the novel nethod include. as

f ol | ows: na®styctosed(Hhdenmagtanctuned dismaterand Z09r30Gnm length)udehis sl ce of
zinc. The source of zi y be. talli.c zinc, conveniently in the form of
ei t her VPREEAMRE ﬁb%b!r?]!a?fg‘?{@eﬂ%%nggﬁﬁde that can be converted into zinc
I on ﬁuring the reaction. 20 It is preferred that the source of zinc is
nmetallic zinc. If powder is used the powder size can vary froma few

M crons AR ihydoF ehe IV edtidd ONs- As woul d be envi saged

Figure 1 illustrates a flowchart of the preferred process of the present invention.

The general features of the novel method include as follows:

15 a) Feed materials:
The feed materials will include a source of zinc. The source of zinc may be
metallic zinc, conveniently in the form of either wire or powder, or a zinc

compound that can be converted into zinc ion during the reaction.

20 It is preferred that the source of zinc is metallic zinc. If powder is used the powder
size can vary from a few microns to hundreds of microns. As would be envisaged
by those skilled in the art, the invention also includes the situation where the
metallic zinc includes a coating of carbonate which often forms on metallic zinc
upon exposure to moist air.

25
Alternatively, the source of zinc may be a zinc compound capable of being
converted into zinc ion. Examples of zinc compounds that may be used in the

present invention include zinc chloride and zinc hydroxide.




by those skilled in the art, the invention also includes the situation where
the netallic zinc includes a coating of carbonate which often forns on
metallic zinc wupon exposure to noist air. 25 Alternatively, the source of
zinc may be a zinc conpound capabl e of being converted into zinc ion.

Exanpl es. of zinc conpounds that may be used in the present invention

i ncl ude &ifrocessing gagesand zi nc hydr oxi de. 8 b) Processing gases: The
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i oni zed yBAffe. 3. NYOSPHE féhg SX 1Y 98cdnibinkoR g@f@.&i@ﬁ% m%éf SahothgFformpgon he
oxygen content” pr efer ably ranges from<10%to >90% by wei ght. O her gases

in the npfkinDaschis gasovilide dissociated iantiivtzedandersthe soaeAT, N2 and H2 10 In
one case, as an illustrative exanple, the gas mxture is air and -18% by
weight of Ar with trace of water vapor fromthe humd air. c)

Condi ti ons/ Apparatus: 15 Apparatus used to facilitate th f th

| nvent | OQX%W 1§ %pr%éaeﬂi%ﬁdw%ﬁﬁ 30 r18e HIHECE SRRt BCEHAD N TARES. but | s
not limged t - f o,CQNbUSE i oN, | a o{;hox, . clli@ t

| ong as %gﬁg%iﬂ %ﬁéﬁeggl VP& ngdi[i)esr %%%5.%’1 é}% %ﬁlrgréeéﬂe?ﬁéehdg%ﬁ}rlgngeﬁgnt
uses pl aggg%tiggigﬁg%sﬁlﬁﬁ dser I?%faatndsg rce. In this preferred arrangenent the

process gases e al so part the“heating gases and they are part of 20
the g asma discharge. At a mininum to evaporate netallic zinc powder, the
source tenperature needs to be >1,200K The duration of heating depends on
t he powder ois¢ zasephs tandllnstrativi-example, the gas mixture is air and ~18% by weight

of Ar with trace of water vapor from the humid air.

¢) Conditions/Apparatus:

15 Apparatus used to facilitate the process of the invention will require a high
temperature heat source which includes but is not limited to gas-fuel combustion,
plasma, hotbox, ¢lectrical arc etc so long as evaporation of metallic zinc is possible.
One preferred arrangement uses plasma torches as the heat source. In this preferred
arrangement the process gases are also part of the heating gases and they are part of

20  the plasma discharge.

At a minimum, to evaporate metallic zinc powder, the source temperature needs to
be >1,200°K. The duration of heating depends on the powder size of the zinc. For
example, at this temperature, it would take less than a second for a powder size of
25 ~10um to be completely evaporated. The produced zinc oxide powder size may

also be large.

In the preferred arrangement, the temperature of the heat source can easily reach
>5,000°K, and complete evaporation and reaction time takes <100msec.

30




exanple, at this tenperature, it would take | ess than a second for a powder
size of 25 -10mto be conpletely evaporated. The produced zi nc oxi de powder
size may also be large. In the preferred arrangenent, the tenperature of

t he heat source can easily reach >5,000K, and conpl ete evaporation and
reaction tinme takes < 100nmsec. 30 9 Thus, at this tenperature, the zinc

al nost i Tkugratatheo demperararsorthe ezing ralmozi mastantapenuslyriezapegatas imerzineact s
wi th the oxidizing gases (which are part .of the plasma gase and zinc

oxi de i sVaRornadeaapeE themespatsruith dissoxidizme gases daduch are padt 9? é@é]@sma
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reactr preferably incorporates the heat source. 10 In our preferred
arrangenent our reactor is a single chanber, including the heat source,

t hat CarThea?pmmrsaihemchb aeieapr atTenprocésnoftalapoedtion ofimetaitit witinyill
conversion of any internedi ate conplex fornmed to zinc oxide, as well as
initial occapiwithindhé nepctdr asheeldias shorhetviqabmsetiopvadiuthe progess gaslesoto exi t
may be connected to an optional nozzle. This can be used (optionally) to
further thaenide zsc exigs praduggy dberreagtor H@fﬁliahﬁ)’ inePERorgigs the heat soprgecont r of
their particle size. Product powder is collected after reaction. In our
preferred apparatus this occurs in a collection chanber through physical

or ept ot MohPITEBI AT ol RAGE IER FRER! Slaifodt, 1Ay B hea

_prep r_ nanosca_ |n_c oXl1 ae _aCCOI’ e het_ _f t he
i nvent i ofy@se ONRat'IPHENEHt | MaRiial SAHRNVE RAERIGal ARBAdHOR] | Bitluding

200400806- 8, 'the contents of which are incorporated herein by reference. 25
d) The Pr@pessobiamcinpimtermediate complex formed to zinc oxide, as well as initial

rapid cooling of the zinc oxide powder product. The reactor exit may be connected

to an optional nozzle. This can be used (optionally) to further quench or stop

15  growth of the zinc oxide particles, to control their particle size.

Product powder is collected after reaction. In our preferred apparatus this occurs in

a collection chamber through physical filtering.

20  We have previously disclosed apparatus suitable for preparation of nanoscale zinc
oxide according to the method of the invention as one embodiment in our
Singapore patent application 200400806-8, the contents of which are incorporated

herein by reference.

25  d) The Process/Reaction:
The process is a preferably a continuous production process whereby metallic zinc
is evaporated and reacted with the process gases to form the zinc oxide powder
product. Without wishing to be bound by any particular theory we believe that the
reaction may well proceed via an intermediate in the form of a zinc hydroxyl-

30 nitride complex.

10




The process is a preferably a continuous production process whereby netallic
zinc is evaporated and reacted with the process gases to formthe zinc

oxi de powder product. Wthout wi shing to be bound by any particul ar theory
we believe that the reaction may well proceed via an internediate in the
formof a zinc hydroxyl- 30 nitride conplex. 10 We believe that if this
conpl ex W& beliaviedthatiit s cesmplex rl%éowrrg) furthernheat degpment ob guiscompexii ng t o

whi sker or |le d struct.ure Zn rqqduct. This heat, tregtnent  occurs due to
e F o dhers okding 16 kst B0 ReZ teiciyrerg a0  modpehe A0S RbateRediisht

Il lustra chepat | ' f..th I t I nventi on and

Fi gure 25%?1@%%%@?@%8&%]%&??@&5 fl‘géolfeeat%g\frcg z@ﬁﬁﬁ?gﬁ%ﬁﬂﬁhe nmet hod of the

i nvention. Wth reference to Figures 1 and 2 the preferred enbodi nent of the
met hod of the present invention conprises the steps of first feeding

met aldl i CFigufe 1 allds@atel laSéchbthaticoflewsdigatns iofithé gfﬂ@@iz&ﬁ lof thetiventimakhdg
region 10 of a reactor 5. The netallic zinc and the first process gas are
f ed i nt oFighee 2 dhcsttesogppfarates spidakde figr fakrldetyhg temethod ofi the ememtioheeder s 2
and 4 respectively into a heating region 10 of the reactor. The heat source
1 includes but is not limted to gas-fuel conbustion, plasma torch, 15

hot box, .ectri cal ., etc., As ti d ' ly, i.n,th f df
RS T I L e TR PR
t t f. .e 2, 000K, red [ t

BTN TN PR e R s

gas JUCyReedd %&nsiﬁﬁﬂ%eéﬁﬁ&%w & H%ﬁﬁn%h@%ioﬁi 05 of ™ FRCEYras NITHE fREAIRE asma
di scharge in the case where"a plasna torch is used as the heat source. It

I s envi sagedntihhé fasthwiocpssogasarefad atonthy rahsor b}e]e fasppaygiag thinewglasarmie f f er ent
heat source is adopted. In one preferred form the process gas is
conpr essedifferentifeeders drandi heespppively imdo alheating regioaddf theiregrtonf ar gon. 25
Al nost sinmul taneously, a second process gas containing at |east one
oxi di zi ng gas

The heat source 1 includes but is not limited to gas-fuel combustion, plasma torch,

15 hotbox, electrical arc, etc. As mentioned previously, in the preferred form, the
reactor includes the heat source 1 which is a plasma torch with a temperature of

more than 5,000K.

In one preferred embodiment two process gases are used. One process gas

20  preferably contains at least an inert gas such as argon as an assistive gas that aids in
maintaining the plasma discharge in the case where a plasma torch is used as the
heat source. It is envisaged that other process gases may also be employed when a
different heat source is adopted. In one preferred form, the process gas is
compressed air which contains approximately 12 to 22% by weight of argon.

25
Almost simultaneously, a second process gas containing at least one oxidizing gas
such as oxygen is introduced through a second/third feeder 3 and also through the
heating region 10. The oxygen content in the second process gas preferably is in
the range of 10% to 90% by weight.

30
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such as oxygen is introduced through a second/third feeder 3 and al so
through the heating region 10. The oxygen content in the second process gas
preferably is in the range of 10%to 90% by weight. 30 11 In other

enbodi ments the process gas streans are conbi ned. The advant age of
separating out the process gases is that the gases are fed through different
f eedi ng lir othee smbgdimientsl thenprasess, gas istpans asowoowingd.! Theeadvamagngl duri ng

| ong hours of, continuous operation ie part of th r oces as i.s ysed as a
barri er YeHFANNG MLFNE HIOECSRAASCH IS ﬁ‘é&%?f‘eaasteér%%rf'é‘ft é‘“Sﬁdﬁgg%“tf%B P&vent

bo t ho. ety sfe Ao, PRt BY saurksrual o e RRRF SRR ToRE FOERT 5 "
gases fr&ﬁﬁn%%uﬁ%?%rag erig:%aerﬂ-%mﬁr&@gs gg fs Med!ftea BhARPhaRRARGRe f r OM

the plasma torc erea 10 asma torch is used. Upon passing

through whE apclRbired terapératurd Gndtdlso b phevieatper adallr Roir @iedshey epiritigour ce 1

vaporises the netallic zinc al nost instantaneously. Under these

ci r cunst The fsst andocomhprazrsogases can be the same gas.al nost conpl ete. The fl ow

t hrough 15 the heating region 10, which in the preferred enbodinent is a

pl asma source energy region, delivers the then converted vaporised netallic

zinc fromthe plasm squrce ener region.10 i.nto the.reacti.on region 12

o hi o FR¢ At seRon RO Siss SR TRotEaet g5 boqlift Be o SORs 1R R e

pl asma dis ' ' L gh:

condi ti oln's Pﬁ]‘?? %?eegg??ﬁv&ﬁg ﬁsﬁ%a @?ﬁl@ﬁggg’g"ﬁ ?gere Prlggl%t% htg#(’gﬁn O%EE%E?%%%Z? nc

oxi df) WhgashRfoehi§ uy@por travel s fromthe plasma source energy region 10
into the reaction region 12. xidation of the zinc vapor to form zinc oxide
continues when both the second process gas and the zinc vapor are in the

reaction region 12. The high tenperature fromthe plasma torch allows al npst
25 conpl gpen assiagi through theeheating vegion 10 the beghh teppperafurgi tiomnthe kgt i on

region 12. It s worth naoting that the reaction (involvi orgtion and
oxigdi zat JBHSE i g vaporises the %etert]l?ic zinc  almost ms{antaneousf'y(.J Under" thess
circumstances, vaporisation of metallic zinc is almost complete. The flow through
15  the heating region 10, which in the preferred embodiment is a plasma source energy

region, delivers the then converted vaporised metallic zinc from the plasma source

energy region 10 into the reaction region 12 within the reactor 3.

The second process gas which is also part of the plasma discharge is extremely
20 active under the high temperature conditions. It reacts with the zinc vapor formed
therefrom to form zinc oxide when the zinc vapor travels from the plasma source
energy region 10 into the reaction region 12. Oxidation of the zinc vapor to form
zinc oxide continues when both the second process gas and the zinc vapor are in the
reaction region 12. The high temperature from the plasma torch allows almost

25  complete oxidation of the zinc vapor to take place within the reaction region 12.

It is worth noting that the reaction (involving evaporation and oxidization) is
started and completed in between regions 10 and 12. Theoretically, these processes
should be sequential, i.e. vaporization followed by oxidation. But in reality, due to
30 the small volume and dynamic condition, it is almost impractical to distinguish,

spatially, these processes.
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started and conpleted in between regions 10 and 12. Theoretically, these
processes should be sequential, i.e. vaporization followed by oxidation.
But inreality, due to 30 the small volune and dynam c condition, it is

al nost inpractical to distinguish, spatially, these processes. 12 The
process gases flow at a speed of nore than 10nB/hr and preferably nore than
15n8/ hr. 5 Followi ng reaction to form zinc oxide, the "just fornmed" zinc

oxi de wi undergo rapid cooling in an expansi on or .cool i regiopn in the
et or T BROKGeR BAYESHON gt RSHR o1 BT ) B NG R FESHETAPIY GFLRGR 't ho
same or f§ gﬁjﬁacent | ocation to the reaction region 12. It will be
apprecia el at when the plasnma generated by the plasm torch expands, it

will also cool down and the cooling rate nmay be extrenely 10 rapid; this is
because in the preferred process of the present invention there is no

ext ernal Fhldavingdreatticnnsd ifopnetihc oRidy, eherfjust Herméd!s pimccoxdite vaill Jidergeol i ng
rate is preferably nore than 104 K/ sec, and is preferably nore than 5 x 104
K/ sec. Tiapid capling dnpodn egpasain es ¢dodingr wgess in shactader Madroseding o nc

oxi de powder with a high production rate. 15 In one form .the reactor exit
may be cownsasioagegwnamayhsahysisally dogithergths samevarras #djassy Jocaton torke zi nc
oxide fornmed in the rea

conver gi KFEN &581PRG o ttle‘Vgﬁ] é’reg%%’(%gﬂééfll @\%}S ﬁvi%&t h?}ﬂggng %%Beraﬁ%ﬂ Ry 808 pose of

0 . : noszie o . f . P
br oduct RAMETaR ARSI AT pfoPeddt dolbl Mid Bl QiR ey Btk 16 ¢ e
partc! eraf)g € (t)higl% Bebildle ihBe Yrefepfed o cBRZ3 BebreSerRRhi AR RO RSAG! € zi nc

oxide is s ormed without 'the use of this quenching nozzle, however its

pr esenceexxionil haitimgot ol findrehither preoadtrthk }ﬂmab@mlﬁg eThetcookingtatehie
product. 25 Downstreamfro‘[‘nthe convergent/di vergent nozzle, 6, there is

pr ovi dedpreferablyi mgre ¢hanmbet KdsecTradcis pirefegabliiambes: thani § xall @0 Késesol Thet i on
chanber ;a(l))gd ggtl)llir?gc teing ets rf]cﬁf: process to achieve nanoscale zinc oxide powder with a
high production rate.
15
In one form, the reactor exit may be connected to a downstream
converging/diverging nozzle 6. The zinc oxide formed in the reaction region 12
passes through the converging/diverging nozzle 6 and the flow is quenched. The
main purpose of the converging/diverging nozzle 6 is to further quench the zinc
20 oxide product and stop the growth of zinc oxide particles, thereby controlling the
particle size. Note that the use of the nozzle 6 is optional. Nanoscale zinc oxide is

also formed without the use of this quenching nozzle, however its presence does

allow us to further control the characteristics of the product.

25 Downstream from the convergent/divergent nozzle 6, there is provided a cooling
chamber 9. The cooling chamber 9 is also a collection chamber for collecting the
almost cooled zinc oxide form after passing through the convergent/divergent
nozzle 6. The zinc oxide powder is collected in the collection chamber through
physical filtering. Other suitable methods can also be adopted. The zinc oxide

30  powder is extracted from the collection chamber by auxiliary pump for packaging.




al nost cool ed zinc oxide formafter passing through the convergent/divergent
nozzl e 6. The zinc oxide powder is collected in the collection chanber
through physical filtering. O her suitable nmethods can al so be adopted. The
zinc oxide 30 powder is extracted fromthe collection chanber by auxiliary
punp for packaging. 13 In this system no external heater is required to
provi de hethis systeroenorextarnakhenter 15 reghived és iprexdde depeseurae or 40 maiatady st em
for conplete vaporization, oxidati otnl re agtion processes.to take.place. In

the pref herdegired tempetaiure of dhe sysjemstoz complete VaRaRBaHon, dation/ reaglion ¢
terial ' ' [ i on/ ghem cal t] f th hal 5

TR ucl rRFOLEEs Fa1AKE 1A i TP AR, EeBsoF ornac el enambes fat

hyd | - .piirl . Zi j ' a_f . t h

Y Oarartied il atehish PiditzaiEn, DAfadtcALHRITDAY Rdetibn bt Thi i RrigRers, LOf oF

the needigefidige coRVESRIN o8 terrhedia édBpRRAfosmad §sucl ad BihcPliydiegyles. 10

The process disclosed herewith is a continuous process instead of a batch
process. nitfide)erind sxides SThy bighatnporanirerfasashaptasmatorcxi de syifiodnt to
preferably of a quantity of nore than 6kg/hr and with a relatively small
react or malnimm, ther einpesdtuye lofsthe treaetor 28 It eliminatghike peed de 31581 Seyerrl di r ect
feeding of the progess nmateri Ls, both solid and gases, w thout the need
for any heatessifar diffarent dagesedithe PrefcsssSeedi ng the materials 15 into the
reactor. ZnO Product Wth the nethod of the invention we are able to produce
zi nc oxi de powder of different norphol ogies, by altering one or nore of the

operg | n?h@%é@%?ﬁs}éoé g he%@wﬂﬁrig laCirtnubls p%ﬁ&%iﬁﬁf%gégfggéfggﬂé@ss.

conposi tion ses. For exanple, when nt al ns

great er {thanmasGiiss JRIABOI b DiincRsHIein oL detpew ddi cpreisrablssf 4 quarityi ed out

at the |l ower end of 'plasma energy, zinc oxide having a predom nantly 0-D
nor phol ogfmoey thm Glay/hi aed witsa stlatimeliy snfallgeacto? volrme Hprefarablyrlessathan i f t he
oxi di zi n% ?_as contains a | ower oxygen content (such as bfﬁ%u eg 25 abqut 10%
and 60% B§ limss gfthyis peocesscallows direat foeding of-the procgss nraten ﬁﬁ solid an

gases, without the need for any materials pretreatment before feeding the materials

15 into the reactor.

ZnO Product
With the method of the invention we are able to produce zinc oxide powder of
different morphologies, by altering one or more of the operating parameters, in
20 particular the temperature profile and composition of the gases. For example, when
the oxidizing gas contains greater than about 90% by weight oxygen and when the
process is carried out at the lower end of plasma energy, zinc oxide having a
predominantly 0-D morphology may be obtained, as shown in Figure 7. On the
other hand, if the oxidizing gas contains a lower oxygen content (such as between
25 about 10% and 60% by weight), a mixture of 1-D and 3-D structures may be
obtained. It is generally preferred to produce such 1-D and/or 3-D structures.

Thus the preferred form of the invention relates to a method of producing multi-
dimensional structured nanoscale zinc oxide powder. By multidimensional we
30 mean a powder with morphology and structure other than 0-dimensional (0-D).
This includes 1-D ( rods with thin diameter for example); 2-D { very thin plates
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obtained. It is generally preferred to produce such 1-D and/or 3-D
structures. Thus the preferred formof the invention relates to a nethod of
produci ng multi- dinmensional structured nanoscal e zi nc oxi de powder. By

mul ti di mensi onal we 30 nean a powder wi th norphol ogy and structure other
than O-dinensional (0-D). This includes 1-D ( rods with thin dianmeter for
exanpl e)anddiscs fosrexample); pand 8sDi14 Tdedziae sexide qpowdernpredgrabhnhag-apl- The

zi nc oxi de powde referably has, a, 1- djinmensional stryctur uch as i sker
i r o Gindetanal sEURtirG S0GH a8 WhAKHLAUh RS SOrE AT 6t O Saaimiahsiongly or
mul ti -1 egge tructure,, Fi res and 4.illustrate. ex I f2i oxi de
nhi ke SRR, A B Serhidtof SmiflEbafa RIS Rigfée O Ed £GPl
illustr £, 4 ' ' t t r :

{r anan camAler of zid GxiaEashelsindcitaPBIS bARRced (YA HICHIJCER whilst | 1y
the methpgued 5 hilltagsnionen\WEntheneps ofrbtesdadimensiorabesthadstareofunder ticl es
havi ng an average di aneter of 20-30 nm and an 10 average | ength of 200-300
nm Typi wadsnyission ehectmarmicarbscopas t he structure of a rod (1-D), the

di anet er ranges between 10-50nmand its length is between 50-500nm If the
particles have the structure of tetrapods (3-D), the dianeter of one of |eg

e A e SR A RO S T et OB SRR A BT
oT00! Tl ey B G L G FRRIHSHRC LRt BE 200 i B o

are f@‘o}"%\{etr eet@ngg% bp%étmo AHE hTaﬁQaﬂﬁqu\’fﬂ;‘ ﬁéﬁi%leaﬂ@s tHeC@rRAMnRL 60a hed ei n as

if specifically orth. Althou the 1 nvehtion has been described by way

of exanp{leDynthedibmeterf @nhge BetwicenpE)-50aml &fd #sdadithdnbstwedn 56-500nine
understood that nodifications and/or inprovenents nmay be made w t hout
depart i nif thegpartibles swypether staysituiet obtetrapeds 3-Dhvtbatdiametarofaoet of dog wher e

features or aspects of the invention are descri in ternms of
ranges 10-50nm and the overal? structure size 1s 506-1888nm.

15 EXPERIMENTAL

While the invention has been described with reference to preferred embodiments, it
is not to be construed as being limited thereto. Moreover, where specific steps or
materials have been referred to, and equivalents are known to exist thereto, such

20  equivalents are incorporated herein as if specifically set forth.

Although the invention has been described by way of example and with reference
to particular embodiments, it is to be understood that modifications and/or
improvements may be made without departing from the scope or spirit of the

25 invention.

In addition, where features or aspects of the invention are described in terms of
Markush groups, those skilled in the art will recognise that the invention is also
thereby described in terms of any individual member or subgroup of members of

30  the Markush group.
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Mar kush groups, those skilled in the art will recognise that the invention
Is also thereby described in terns of any individual nenber or subgroup of
menbers of 30 the Markush group. 15 CLAIMS: 1. A nethod of preparing
nanostructured zinc oxi de powder conprising or 5 including the steps of: a.
i ntroduci ng a source of zinc selected fromnetallic zinc or a zinc conpound
and a process gas m xture which includes an oxidising gas (the reactants)
into a reactor, b. while in the reactor, heating the reactants to a process
terrperatGl-é\IM& effective to vaporise the zinc and to react the reactants to
forma powder product, and c. recovery of the powder product. 2. A nethod
as clainmed in claiml wherein the nethod is a continuous process. 15 3. A

met hod as cl aj ' lea : | p S | 1N the
fange. 1200k ¢ TsBhR! BEPARE EniEhalitd McPbRREEPoVALP Ehipkishg Br
process terrpe{rn@w&@g'ufc gtepgbg 20 range of 1,500K-3,800K. 5. A nethod as
clainmed in any one of the preceding clains wherein the source of zinc is
metal lic zinc. 25 ftroduoiighadsomsce lofizimd selecteidafront mételliei mincher aetind | i c
zinc is selected from one or both of powdered zinc or zinc wre. 7. A

met hod as cl ai med ¢ompoundrand aspesss gananixiirgwhish in¢ludessan pxidigngdas and

w th an average pa ﬁicle size of between 1 mMmmto 1 mcron. 30 16
(t ¢ reactants) into a reactor,

b. while in the reactor, heating the reactants to a process temperature
10 effective to vaporise the zinc and to react the reactants to form a
powder product, and

¢. recovery of the powder product.

2. A method as claimed in claim 1 wherein the method is a continuous process.
15
3. A method as claimed in claim 1 or 2 wherein the process temperature is in
the range 1200K to 10,000K.
4, A method as claimed in claim 3 wherein the process temperature is in the
20 range of 1,500K-3,800K.
3. A method as claimed in any one of the preceding claims wherein the source
of zinc is metallic zinc.
25 6. A method as claimed in claim 5 wherein the metallic zinc is selected from
one or both of powdered zinc or zinc wire.
7. A method as claimed in claim 6 wherein the metallic zinc is zinc powder and
with an average particle size of between 1mm to 1 micron.
30
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8. A nethod as clained in claim7 wherein the netallic zinc powder has an
average particle size of substantially 5 mcrons. 9. A nmethod as clained in
claim 8 wherein the average zinc powder particle 5 size is substantially 5
m crons. 10. A nmethod as clainmed in any one of the preceding clains wherein
t he oxidisi P}R gas contajins at, | east an atom of oxygen, and its

reconmbi ntt i onA mEthad: paclaimed;igndpim Hawheranfthe rmeﬂagw gmczpayvderphas an A

met hod as clainmed in claim?10 erein. t oxi di sing gas i s oxygen 12. A

net hod as cl at LS W‘%‘F% Hes Pf%@twllﬂ’ﬁgmb%)ﬂ?si ng gas conprises between
5% and 95% by wei ght of the process gas m xture. 15 13. A nethod as cl ai ned
in claim12 wherein the oxidising gas conprises between 10% and 60% by

vei ght of t heapiefRISaPgeRimed il @ainl 4 whefdit Wa@éra%é%ﬁ‘@ﬂobv@leﬁ@ﬁrt%@ of the
preceding clains wherein the process 20 gas m xturé nmay includé one or nore
of arp inert ggsge arwhibaantaly Stmicgogas. 15. A nethod as clained in claimi4
wherein the process gas mxture, in addition to oxygen, includes argon and
nitrogen and hydrogen. 25 16. A nmethod as clained in claim15 wherein the

process gas mxture jncludes argon and air, 17. A nethod as ¢clainmed in any
one of t Hs pracaethog @sarlaimesheineany pneesf thsopreseding cloums c whersin tﬁ%e

reactants to the. process t? er tlur?. 30 17{9&8. A methad. as clai.ned in claim
17 wherei n t HEAISIE &A% jGoDRAIRE A% (15T pul ol AT RYeed: aRd ey ReePrdbREiaR e i n
claim17 or AT ﬂié%?égﬁng{hﬁggﬁhggoﬁafgﬁbect ed 5 fromone of gas-fuel

conbustion h ? source, sour ce, hot box,

10
11. A method as claimed in claim 10 wherein the oxidising gas is oxygen
12. A method as claimed in claim 11 wherein the oxidising gas comprises
between 5% and 95% by weight of the process gas mixture.
15
13. A method as claimed in claim 12 wherein the oxidising gas comprises
between 10% and 60% by weight of the process gas mixture.
14. A method as claimed in any one of the preceding claims wherein the process
20 gas mixture may include one or more of an inert gas and an assistive gas.

15. A method as claimed in claim 14 wherein the process gas mixture, in

addition to oxygen, includes argon and nitrogen and hydrogen.

25 16. A method as claimed in claim 15 wherein the process gas mixture includes

argon and air.
17. A method as claimed in any one of the preceding claims wherein a heat

source is used to heat the reactants to the process temperature.

30
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electrical arc. 20. A nethod as clained in claim19 wherein the heat source
is a plasma torch having one or nore feed gas(es) and one or nore plasm
di scharge gas(es), 10 and one or nore of the gases in the process gas

m xture is at |least a conponent of the one or nore feed gas(es) and one or
nor e plasna di scharge gas(es) of the plasma torch. 21. A nethod as cl ai ned
in any oh® ofA tﬁ@tlmcg@éonwgm an redaiphdr/ephereiB thapsartoatinghidss thaheat nc,
reaction of the reactants and initial cooling of the zinc oxide powder
product all t¥¥Eplace in a single reactor chamber. 22. A nethod as cl ai med
in claim?21 wherein the reactor chanber includes an initial heating region
wher e vapori zation of zinc occurs, a chemcal reaction 20 regi on where

reacti om@f tRenbRdl ANERIMACE Y Sldif 1PoM 1?8' ﬁﬁel%ﬁ ‘flﬁ‘e hédtSiircd ROéQéctéfper e the
zi nc oxi de powder product 1s cooled rapidly. 23. A nethod as clained in any

one & the priesdong ofl gisnfachioembustith deat saaver plasin@rhdan Gburtes hbotboxer i ng of
t he powder product and/or further cooling 25 of the powder product. 24. A

met hod as cl atleetticahargany one of the preceding clainms wherein the nethod
i ncl udes a quenching step prior to the recovery step, which slows or stops
the growth of the size of the particle product. 30 18 25. A nethod as

cl ai nred t r ced | east one i_nensi on

of “the piltt fc emﬁ fiod s IRuBe T AR EL SR EE Rl st Roa 6T SuE L

met hod as cl t

particle pr ogﬁ gg‘ e;dr{qgg}eerzge \3"@?@? g?v\délg?\& rgegeegﬁgﬂ]i%@g&&/&g%gége%? as

claipged in ané/nd)%%e%r trﬁ@repbﬁctﬁélg’%eﬂxﬁ'ﬂﬁ W&e@s gashmtnﬁr ROt dgxstod the

powder product is one or nore of zero-, 1- 3- di nensi onal .
component of the one or more feed gas(es) and one or more plasma

discharge gas(es) of the plasma torch.

21. A method as claimed in any one of the preceding claims wherein
15 vaporisation of the zinc, reaction of the reactants and initial cooling of the

zinc oxide powder product all take place in a single reactor chamber.

22. A method as claimed in claim 21 wherein the reactor chamber includes an
initial heating region where vaporization of zinc occurs, a chemical reaction
20 region where reaction of the reactants occurs to form zinc oxide, and a

region where the zinc oxide powder product is cooled rapidly.

23. A method as claimed in any one of the preceding claims wherein the
recovery step includes filtering of the powder product and/or further cooling

25 of the powder product.

24. A method as claimed in any one of the preceding claims wherein the method
includes a quenching step prior to the recovery step, which slows or stops
the growth of the size of the particle product.

30
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10 28. A nethod as clainmed in claim?27 wherein the norphol ogy of the powder
product can be altered by alteration of one or nore of the operating
paranmeters of the process. 15 29. A nethod as clainmed in claim28 wherein
the operating paraneters include 20 one or nore of: a. identity of the
process gas(es), b. the power of the heat source, c. the tenperature of the
heat soutte, Adnethhd asrchaizesd inemyenatafrtbe pecceding ¢lduns wtheran at heasheng

source, f. the rate of cooling of the powder product. 30. A nethod accordin
to any one ofdlmﬁésw&féhm@ﬂ&qapﬁ%duﬁﬁb%mawgge sedetween A8-5H0 8Bnpri ses °
bet ween 10% and 60% by wei ght of the process gas m xture and the norphol ogy
of the nanostructured zinc oxide powder product is one or nore of 1- and

he mot ish o™ BoteR AP THELRE RIS Whotgind fr ek REeqRpRingffir gL the'o 10

t he net hod as I'n any one o
5 particle product has an average size between 10-800 nm.

27. A method as claimed in any one of the preceding claims wherein the
morphology of the powder product is one or more of zero-, 1-, 2- and 3-
dimensional.

10

28. A method as claimed in claim 27 wherein the morphology of the powder

product can be altered by alteration of one or more of the operating

parameters of the process.

15 29. A method as claimed in claim 28 wherein the operating parameters include
one or more of;

identity of the process gas(es),

o ®

the power of the heat source,

the temperature of the heat source,

o

e

20 the process temperature,

e. the identity of the heat source,

™

the rate of cooling of the powder product.

30. A method according to any one of the preceding claims wherein the
25 oxidizing gas comprises between 10% and 60% by weight of the process gas
mixture and the morphology of the nanostructured zinc oxide powder

product is one or more of 1- and 3-dimensional.

31.  Nanostructured zinc oxide powder prepared according to the method as

30 claimed in any one of more of claims 1 to 30.
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