WD 2012/ 052923PCT/ 1B2011/ 054637 1 DESCRI PTI ON " CONTI NUOUS PROCESS FOR
NANOVATERI AL SYNTHESI S FROM SI MULTANEOUS EMULSI FI CATI ON AND DETONATI ON OF
AN EMULSIvN?20askozscal domain of the I nvention The pregemiB2znyesibion
refers to a continuous process for initsecco nanomaterial synthesis fromthe
enul sification and detonation of an enul sion in sinultaneous stages and at
a sane production rate. The process of the present invention provides
application in obtaining of a vast range of nanomaterial products. The
simultaneity of the emulsification and detonation stages contributes to a
process reproductiveness having a nanomaterial production yield superior to
100 kg/ h. Background of the Invention Nanomaterials inferior to 100nm are
constituent blocks of a new and reqgi¥drypee® gi Ng subj ect area, designated
nanot echnol ogy. In fact, an _engrnous rnterest all ogver the world is now
observed t owar ds FF?QTI'\"/‘EQ‘{F EREFESS EQR NANOHMRATHR Alc SINTRESTH FROMi ti cs
itself, nanot ethuo2goOUSS ERUSSIHICAGUEONt AND DETORATION OFa AR Eaylgidneaders'
speeches. It is presented as holding the potential of providing a

t echnol ogi cal discontinuity with as relevant positive inplications in
citizen |ife BscHpaghl hdsn o&l thyerHventidah as the di scovery of steam
machi nes, the train, the autonnblle t he conputer and blotech oIo Such
ent husi asm i s & PESAFET of "PAFEPRI B Y §Priic ?ﬂ%ﬁ?uogﬁc$F%ﬁfsﬁl '%ores or
nanonetri c SU&&ﬁEESMMkhhtﬁrﬂaglVﬁﬁtﬂﬁﬁﬁaﬂﬂﬂom pﬁeseﬂmungfacgtbup @ﬁd
electrical, o tlcalEL gfetlc an( nechanlcallfrgpertlﬁs whi c re
different fromthoSa®df ot he" sahk hiterial® K4 SipEFPEF° diiensi ohs. I n
parti cul ar, W&mmekﬁbdhotpmnpﬁﬁbleEhsupfbéﬁsﬁﬂqjhtbbaﬁf$ﬁﬂﬁylngupEIoﬁMD
2012/052923PCT/182011/05%537 2 hardnesg%alomer ngltlng leq%ﬁ_%ran§parency

or des™ ' g catIon nin
and hi gh sur face ‘area eSS unit ac nsequent I mpr ovenent

catal ytic actnarcmpteroa t hepreduaenductling ty,sianltaceease omftheph@gnepic
o mLOh SAMGONOUCLA LU NES6aNGT0,COLOL ) | BLALLON.. ANdol Ne ST vely

quantum mechani ¢cs Taws conpliance. Sone scientists 1 nclusively propose a
t heory on thaﬂpﬁﬁbabk@pSDQMQtxﬂém@aﬁt@ﬁVlm% pecentnyearisl amrgdastaocr esult of

t he know edg 4 hese Rropsriigs, a thorough investigation has been
observed tomg¥3£'tﬁe§d%ve oprent # new nanorat er i al producti on net hods

whi ch conmply with two fundanental requirenents: i) production yield at an

i ndustrial scgd&qbARd 08 Jene ThvéSRidduci bility of nanonaterial properties,
essential co rge scal e incorporation of the

nanomat eri al HMesaproduted, fer therteriddtinng” new sreduet’s oiodkApPdvi ng the

functionalitigs, ofaﬁdﬂos]ﬁe@nrt@gdy B8ty LRyl i ple Grossapgrhi&ations
such as energy, environnment di ng constructlng aut ormobi | e, chem stry,
er

optics, el ecttoMites AR HiRdild ﬁéCFecﬁ%l%ﬁﬂrmPUéld§ est all over the

world 1is now observed towards the “very small". From
scientific areas to politics itself, nanotechnology is also
frequently present in main world leaders' speeches. It 1is
presented as holding the potential of ©providing a
technological discontinuity with as relevant positive
implications in citizen 1life as past historical events,

such as the discovery of steam machines, the train, the
automobile, the computer and biotechnology. Such enthusiasm
is a result of particles or structures, such as films,

pores or nanometric surfaces within a given material,

presenting a group of electrical, optical, magnetic and
mechanical properties, which are different from those of
the same material having superior dimensions. In particular,

we refer to properties such as high plasticity, super



The known nanomaterial synthesis nethods, and which are thoroughly referred
tointhe literature, are franed within three major categories: | -

| i qui d- phsieeoaiskrds Thi s cat egory conprises a group of poEtihmdsombseady
established or yet in industrializati®n immnence, nanely: a) sol-gel, b)
co-precipitation and c) hydrothermal and el ectrochem cal synthesis. These
have as common principle a starting material in solution or gel form
wherein precursors are either dissolved to a nol ecul ar scal e or dispersed
in the desired stoichionetric proportion. Ina WO

2012/ 052923PCT/ 1B2011/ 054637 3 foll owi ng stage, these precursors are
deconposed in controlled manner, a precipitate being forned, usually as an
hydr oxi de, whiGhinkeqyi r eswsevelak isybsgguant theatpeidnst ages, sugh as
calcination, for its conversion into an oxide with the desired crystalline
structure, bei'Hd a6l FoREBY "a5Fi Walt Brédkdov! BTGP F ntiig V5r6EEsSt The

maj or dr awbacddddigktat kenivic, heses ldmguindi phaseudet-heds ane ihhechow
producti on rateshé /h), as wel]l as the high liquid/ solvent anounts, which
must be | at er®t eldovVed®dtc el it éd $698s 10 REMALRTG t HEVHi6pArei cl es in
| ow aggr egat i @lorl milthirstf @mVvadnprocassiveéhe gednmant masstnbescaswed ul |y and
nmeti cul ously sgﬁgpated fgon1the nano attigles, t hus i Iyinglconpulsory
recycling andTFeaffient st et or® 15 qard et 15 WehE 8P whi T 'ESAL UM pl enty
of energy andchregubbebtonplaex efungment.s of tinme consum ng operation. |1 -
sol i d- phase Methods In this category, nanoparticles are usually prepared
froma first slowreaction in the solid state anong different precursors,
such as car bohatesenoxiydess etacd bt kRsratsl desithpakedy'arechanosiatdesi s”
wherein the react] i vat Y. uppl i il i

fol | owed by éﬁgfﬁFgﬁg?g%&arf%gﬁﬁggg%gcéggkiﬁ%%Flggr?%%%&?q ht nggggto 200
nm ar e obt ai nedvarfle e ndeved ¢ratengnsof n nelwi sndowacest ahetdroducbest des t he
difficulties ghservedsa, %ﬁng%p' PO aRNel. 00%,d I8! LOL. L fl.2 .01 crpns, are
related to the presence of 1npurities, with a non-honogeneous particle-size
di stribution rmdluessent ivakll¢ att aadefindientidonegehei tiyodédrwe, Special ly
when it cones g9 Synthesizi NG, CONPOsites aad t erpaly ;SLructlures, oL, superior
structures, originated by inconplete diffusion reactions anong reagents, WO
2012/ 052923PCHTEB2ZO 21 # 05463 prthitse| &394 iTfiatiat ilBACHRAATG 08t PENEe

consequences JidhssxRthesi zed snanogri&l,i ak cheprodugisbyl hdy products or
improving the functionalities of those already existing in
multiple cross applications such as energy, environment,
building constructing, automobile, chemistry, optics,

electronics and medicine technical fields.

The known nanomaterial synthesis methods, and which are
thoroughly referred to in the literature, are framed within

three major categories:

I - liquid-phase Methods

This category <comprises a group of methods already
established or yet in industrialization imminence, namely:
a) sol-gel, b) co-precipitation and c¢) hydrothermal and
electrochemical synthesis. These have as common principle a
starting material in solution or gel form, wherein
precursors are either dissolved to a molecular scale or

dispersed in the desired stoichiometric proportion. In a



1l - Gaseous-phase nethods These methods conprise processes for both the
production of individual nanoparticles and for direct application in
surface cwetwres2aranel y a) conbustion synthesis, b) spragTpprooigsics;, c)
evapor ati on/ oxi dati on of netals, plasda, CVD, PVD, |aser deposition, etc.
Generally, there are three production stages: a) Precursor conversion into
vapor, with the formation of an aerosol; b) Condensation as nanoparticles
(with heat release), subsequently to the precursor's oxidation reaction;

c) Control and preservation of nanomaterial dispersion state. Once it is a
"bottomto-top" approach, the higher the oversaturation state becones, the
smal l er the first thernodynam cally-stable particles in condensed form

(stage b) w l4o1hewithi ssoyes satitall oprstateods favoredRypyesy high
pressures or |ow tenperatures (in case of fog formation). On the other

hand, in ordéF”FGOééﬁﬁdmﬁﬁﬂﬁﬁlFhﬁW%“&@éﬁﬁF%t?%Hﬁ?68&W€§ceﬁégabﬁ%n%ﬁena
whi ch | ead t caramexioxene) ywpi ompte grigwish efrcthe pavidfles (Staggeg), it is
necessary to $roduce extrened%idls persed aerosols, which translates into

ext r aor di nar i 1P FEduCEF productiOnerates {97 h)ES TREMBEReTot Wi &l t & nat i ves,
such as i med:atde caakhng;hafteésﬂaﬂbpaﬁ@kﬁbe1cmﬁde@&@kk@meor bhendise of

hi gh- speed ¢ flo nd t | enc ave so far denonstrated to be of

di P11 oult i nddererar ngpC“r é‘#&ﬁ#a?f% do“\ﬂo%%%]’z]i 2859982011/ 054637 5 The

enul sion detonation is a singular nethod in nanomaterial synthesis, usually

i n gaseous phﬂ§e conta |n%%%k? one. hnghly %erestlng ghq{acterkﬁtlcs whi ch
I'n

al | ow over com ng Sdie of° t Mt EtoRs T nherent to Tgaseous-p
synt hesi s: a)aﬁattkﬁmﬂqwrp@mhmkessumesesthathhng@$ g@lhpa$otﬂ® BRah (100, 000

bar), turning {ngf I)sgfzx?r%trgrl%$yr¥e of 51 'SuSP”%%”Sffnh L&l egfo Yery

smal | dlnen5|on ast cooling, due to e spee adi abatic
expansi on of QHW@A@&S@@ rsesudt i g fraomtiehe Héactn@mgpartlcles in low

aggregation. In this removal process, the solvent must be
carefully and meticulously separated from the nanoparticles,
thus implying compulsory recycling and treatment systems
for liquid effluents, which consume plenty of energy and

require complex equipments of time consuming operation.

II - solid-phase Methods

In this category, nanoparticles are usually prepared from a
first slow reaction in the solid state among different
precursors, such as carbonates, oxides etc. It is also
designated "mechanosynthesis", wherein the reaction
activation energy is supplied by a mill, being followed by
an intensive grinding process until particles inferior to
200 nm are obtained. The main limitations in this low-cost
method, besides the difficulties observed 1in obtaining
dimensions inferior to 0.2 microns, are related to the
presence of impurities, with a non-homogeneous particle-
size distribution and essentially at a deficient
homogeneity degree, specially when it comes to synthesizing
composites and ternary structures or superior structures,

originated by incomplete diffusion reactions among reagents,



c) Gas flow with high-speed expansi on and turbul ence. These reasons have
led to an interest towards the use of the enul sion detonation concept as
nanonat erwal20eysedresi s nmet hod, usually in gaseous phasepca/iBatil/ed4c3recent
docunents being referenced, which however disclose sone weak points as far
as class-1 matter use, such as explosives and/or detonators are concerned,
whi ch represent a high risk in discontinuous production operations:
EP1577265, "Production of fine powder of alum nium oxide" discloses an
i ndustrial process for the production of mcronetrical alumna froma
cyclic detonation nmethod of m xed granul ated al um numw th an oxidi zer, the
| ater possibly being an emulsion (Wo). It is a nethod limted to the
obt ai ni ng of @l naef niGreretsh cahaditgensionnandgdepyctscami nly the use
of netals as precursors. Previous preparation of class-1 materi al
(expl osi ve) i%le}?@(ﬂ,lZ%%dlaé’&ﬁ?éaﬁéﬁflEﬁ,prﬁdai:%l@o]lﬂtiynuous process, as well as
wet collection associated to extrenely conplex effluent treatnent. WO
2012/ 052923PC£I’11I182 11/ 054637 6 W2009040770 "Nanocrystalline spherical
cerani c oxi des " pr GBS T '3 CRe™SY M Iesi s and uses thereof" discloses a
synt hesi s proness hethsphetdmpal s&l eronekescabr patthi ehespraduichion of
nanocrystal |l i ne structure, frognthe detﬁgaﬁi ondof n ermisi ans (wo) at a
det onati on t enpErafitire SUPEPFOF 16T ha rel i ng poift 8PP tHE 'dXi’des t hus
formed, all owwngaheseatdtn@ssuamely sphewimpakbtf@r nsyrdtheisssa i sepndy nuous
synthesis nethaod . in. aseous | hgge.(tﬁ?{at T eguirges the previous preparation of
class-1 emnul sﬁbyonsy(gexbl osive 5) WIH05144665" “Nahomet i c2 i v8d cerani c
materi al s, progessaber ddmisritsynt hesi.s and uses thereof” discloses a nethod
for nanomaterial synthesis, such as binary, ternary and hi gher oxides,
nitrates and carbonates, froman enulsion (W o) detonation at |ow
t enper at ur es ¢amfredilpr tloer2000€) thuad prdilssolat istageb: sol ubl e netal lic
precursors i, oxi.dizlog. Phase.{Jnkernnal) vabsom ¢ e, addl tionaelogolubl e
propel lants to the externa p%ase or addition of netals or netal alloys,
after enul si om fagrpaeion. It is also a discontinuous synthesis nmethod in
gaseous phase,) algQqkeaMi 4N Lhe, previ-eus) oL epanati on.of classsd) emul sions
(expl osives). Xiao Hong Wang et al. (Nano- V\nFe204 powder synthesis by
det onati on of SwWm#IESEBRL eXsl d¥pvRreRFForéd PRyBItESNAreMiter/al s Sci ence &
Processing. Vol . c8Q: -0 234 March . 2908), dicscl 9ses hanopar tiiche - syst hesi s of
a ferrite (MhFe204) fromthe detonation of an enulsion (Wo) ignited by a
mlitary expl¥sife (RDX), wherein the precursors (iron nitrates and
manganese, respectively) were previously dissolved in the internal phase.
It is a discontinuous synthesis nmethod in gaseous phase that requires the
use of expl osTRE nat erital 2 (cPE55°M)E 0¢GN £PERORCANd 6t omstitrs. TS0
2012/ 052923PCH/kB2012A0BA637s thtXi nghdanXs e etndl .siDakenathen synihesi s of
zi nc oxi de nanonet er gowders. Materials Letters, Vol. 60, issues 25-26,
Novenber 2006 B 81482 81EN Yar5EP0s &8 4 protess FoFeBbtai My (Zhtyand Li 20
nanoparti cl esp)f reimit he detraratdven sat usdt i@mul 3iadn, iisn fakbedd | b hizery and zi nc
nitrates vvereiﬁg]; ssolved in the i @ternal Igeha e. Thi g emul sion is %ater
ignited by a hol'8 d&CORAtTT, Pl acll i NS T ATFi t &Y &G5FosPie (RDX) . It
is a discontifueusisynt heshs et hodclidr gaseoys phaserdwhi choal sgot@sorts to
{ﬂ: gfgvfgugxlglg%ﬁs'&ég@ggt§£a'1g%'1a(t%975cé 16 32BN R00, HELONL 0L R 185, PEr 1N
to an extremely prompt growth of the particles (stage c¢),

it is necessary to produce extremely dispersed aerosols,
which translates into extraordinarily reduced production
rates (g/h). The other two alternatives, such as immediate
cooling, after nanoparticle condensation or the wuse of
high-speed gas flows and  turbulence, have SO far

demonstrated to be of difficult industrial implementation.



The process of the present invention is suitable in the category of
enmul si on detonation and ains at overconmng the |imtations above-nentioned
and curr ewmOl2g12703k@8ent to the current nethods, nanely: PpOY/IBRG1/653d370r
accunul ati on of class-1 matter; 2) PBocedural discontinuity, usually the
conposi tion neant for detonation, after having been prepared and sensitized
is manual ly di sposed into a detonation chanber, the ignition being renotely
actuated by neans of a detonator. For such purpose, the process of the
present invention is aided by a set of technol ogies, such as: Sensitization
of the emulsion (transformation into class-1 matter) only at the |ater
stage of reactor feeding; Detonation ignition w thout detonators or any

class-1 mattefie Woh20Lk2h052923RGTAAB20%L/ 05463%:i8gular method in
Si mul t aneousandcont i nuousconbi nati onof enul sification and detonation

oper ati ons of"¥&ERUFRT on SYRENGSHosul BSVEhEY pr ddessIotSte pPB&&M

i nvention proyfesnanfanrenat erigalyprioduet s0myi ehgk SUperorcd owd06n kg/ h,
with high reproducibility in an automatic process and with increased
safety, once Tt %%voPdsr tHE seBF actumilat i bif g any e explBEiTVe stbst ances
al ong the wholesypthesis pPmaeesss: Nanomaterial collection is carried out

' , th i di LI bl iated to liquid eff
Loxici Ly, Gerfer o dGSERY pEHa SFERE S mventyion one v i & 18

(100,000 bar), turning the first structure of stable
condensed matter into very small dimension;

b) Extremely fast cooling, due to the speed of adiabatic
expansion of the gases resulting from the reaction;

c) Gas flow with high-speed expansion and turbulence.

These reasons have led to an interest towards the use of
the emulsion detonation concept as nanomaterial synthesis
method, usually in gaseous phase, a set of recent documents
being referenced, which however disclose some weak points
as far as class-1 matter use, such as explosives and/or
detonators are concerned, which represent a high risk in

discontinuous production operations:

EP1577265, "Production of fine powder of aluminium oxide"
discloses an industrial process for the production of
micrometrical alumina from a cyclic detonation method of
mixed granulated aluminum with an oxidizer, the later
possibly being an emulsion (w/0). It is a method limited to
the obtaining of alumina of micrometrical dimension, and
depicts mainly the use of metals as precursors. Previous
preparation of class—-1 material (explosive) 1is used, and
consequently, a discontinuous process, as well as wet
collection associated to extremely complex effluent

treatment.



The present invention refers to a continuous process for in secco
nanomat eri al synthesis. This process conbines a set of technol ogies so that
t he emul swbizemtdses23 sensitization, pre-formng, ignitiorCanB2odebsazt i on
operations of the enmul sion occur sinubtaneously and continuously, thus

al  owi ng nanomaterial production rates superior to 100 Kg/h. By assuring
that the emnul sion sensitization stage occurs only upon its feeding into the
reactor, the accumul ati on of any expl osive substances al ong the whole
synthesis process is thus avoided. In short, the process according to the
present invention ains at achieving the follow ng objectives: Industrial
processi ng of nanomaterial synthesis in automatic, continuous and

si nul t aneous @RRIBLLONT AL WEEEUETsQM riakeSsskpardar tordfQ: kekhaes,
Non-accunul ati onof anycl ass- 1natter (explgsives); No production of |iquid
effluents. \WBSGES/ 052923PCTIIBI61F 054637565 r6raet " t 5 guktShitt y* t hat the

nanomat eri al SyHiRESES RHOEESS reONPhesival hnt Beodduraean efierited1obj ecti ves,
t he conbination of a set of technol ogies essentially associated to the

preparation, "€l SIFPEAY ol HENnSITERZA T On J i 9 t9°6A 78T L T he®endit si ons,
as well as tordheibanomater iaal ai deiS@CEOca0LEREIda0MrancupsOeessbnghdbecones a
requi site. The base enulsion referred to in the present invention is of the
hater i n o | oAty Tt RORE b e GIHREe | A BReSeas LRt 1 PG ESorhect ed
under the effectunef sa surfactantora) Int esnal dphase;ioxpgenyhicbbhsid)
External phase, ,propellant, based on organic conponents. The precursors of

t he nanonatefF§1 reant’ tgagﬁ%%%e§ﬂ?€enay Pricl udé™a Wi de ranéb ofo%%npounds,

as long as t heyereoapliyn vt klehe-trémarsiionst oexcherdiveal . and physi cal
conpatibility with the enulsion. Furthernore, they can be fed either in

i nternal phase or external phase of the enulsion or after the
enul sificati oiMX04gé4665 "Nanometric-sized ceramic materials, process

for their synthesis and uses thereof" discloses a method
for nanomaterial synthesis, such as binary, ternary and
higher oxides, nitrates and carbonates, from an emulsion
(w/0o) detonation at low temperatures (inferior to 2000°C),
with dissolution of soluble metallic precursors in
oxidizing phase (internal), from the addition of soluble
propellants to the external phase or addition of metals or
metal alloys, after emulsion formation. It 1is also a
discontinuous synthesis method in gaseous phase, also
requiring the previous preparation of class-1 emulsions

(explosives).

Xiao Hong Wang et al. (Nano-MnFe204 powder synthesis by
detonation of emulsion explosive. Applied Physics A:
Materials Science & Processing. Vol. 90, no. 3, March 2008)
discloses nanoparticle synthesis of a ferrite (MnFe204)
from the detonation of an emulsion (w/0o) ignited by a
military explosive (RDX), wherein the precursors (iron
nitrates and manganese, respectively) were previously
dissolved in the internal phase. It 1is a discontinuous
synthesis method in gaseous phase that requires the use of

explosive material (class 1), such as RDX and detonators.



In general terns, the nethod herein proposed conprises a set of stages: a)
Preparation of the internal and external phases of the emulsions, in

desi red awount2s5te8 t he i ntended production; b) Enul sifipcatiBoni/of46kot h
phases, under the effect of mechanical energy; c) Sensitization of the
emul sion; WD 2012/ 052923PCT/ 1B2011/ 054637 10 d) Pre-formng into the
desired geonetry for the conposition; e) Feeding into the reactor; f)

I gnition of the enulsion; g) Detonation of the enulsion; h) Collection of
the nanomaterial. Werein sensitization, pre-formng,feeding into the

Xinghua Xie et al. (Detonation synthesis of =zinc oxide
nanometer powders. Materials Letters, Vol. 60, issues 25-26,
November 2006 .Pp 3149-3152) discloses a process for
obtaining Zn0 and Li;O nanoparticles from the detonation of
an emulsion, in which 1lithium and zinc nitrates were
dissolved in the internal phase. This emulsion is later
ignited by a no.8 detonator, placed inside a military
explosive (RDX). It is a discontinuous synthesis method in
gaseous phase, which also resorts to the use of explosive
material (class 1), as RDX and detonators, as per in the

previous documents.

The process of the present invention is suitable in the
category of emulsion detonation and aims at overcoming the
limitations above-mentioned and currently inherent to the

current methods, namely:

1) Use and/or accumulation of class-1 matter;

2) Procedural discontinuity, usually the composition meant
for detonation, after having been prepared and sensitized
is manually disposed into a detonation chamber, the

ignition being remotely actuated by means of a detonator.

For such purpose, the process of the present invention is

aided by a set of technologies, such as:

- Sensitization of the emulsion (transformation into
class—-1 matter) only at the later stage of reactor
feeding;

- Detonation ignition without detonators or any

class-1 matter;



reactor, emulsion ignition and detonation (c; d; e; f; g) take place

si mul taneously. The key aspects for acconplishing the present invention are
t he fol | owDrg12/053928 desired anmounts of internal and extecmaB2mphesies’ are
previously prepared, being followed by the

enmul si fi cati onof bot hphaseswhi choccurs conti nuously; The enulsification,
Pre-form ng and sensitization stages occur continuously; The feeding into
the reactor, ignition and detonation stages el apse sinultaneously with the
previ ous stages and at an identical overall pace, so as to avoid any
accunul ation of material; The enulsion sensitization takes place only upon
preform ng and subsequent feeding of the conposition into the reactor. The
emul sion sensitizatiQmuilsatsiad |y £Larri edneuhudys adj dstdingcids fisal
density, by adding a group. of substances which feed and di sperse a great
number ~ of nicrospheﬁ%@lﬁhg+%?ﬁfﬁ; 3th FEearhg°hmyP6EettOby ditr ebe

i njection and honogemhzatben of a gas by chem cal reaction, or by adding
solid particles which retain the gas inits interior. WO

2012/ 052923PCT/ 1B2011/ 054637 11 These m crospheres, when adi abatically
conpressed uralera rechan) cahe efeIgysobf exiermalsepdl seyeiftordan argiodps of " hot
poi nts" achieving ab ut.4PO-600C within them This st%%% S ﬁarri d out in
a significant® SHOITEF RS dRoRGC093 Yo f0- %P5 *OhcHai hith§%4Ad Blpporti ng

t he det onati onigr ogepssiwliongithe ienmubsi aruto@aeiof rrhecpdstancel eviamt
aspect s of the process. of Lhe pressnt. jovention is that the enulsion
changes from SEPCCI A8Si Fircatton OX|§|Z|ng matter i Ato an expP05|ve

cl ass-1 matt erny awdlobich gubovbdess idlonigt hhe hehadapabnth¢yid prdetonat e under
shock ef f ect  aGeULS, £ONt I0YOUS| Yo ANd MBI LY Wi L&t 14s pre-dorplag and
subsequent feeding rnto the reactor. ?herefore, e accunul ation of class-1
matter is avoidediabonglihersymtdressi sisprocess] ttms Fesult i rgfilnean
extrenely Saf&»ﬂﬁﬁ@Qq- | nt hepresenti nvention,thesensitizationis

General description of the invention

The present invention refers to a continuous process for in
secco nanomaterial synthesis. This process combines a set
of technologies so that the emulsification, sensitization,
pre—-forming, ignition and detonation operations of the
emulsion occur simultaneously and continuously, thus
allowing nanomaterial production rates superior to 100 Kg/h.
By assuring that the emulsion sensitization stage occurs
only upon its feeding into the reactor, the accumulation of
any explosive substances along the whole synthesis process

is thus avoided.

In short, the process according to the present invention
aims at achieving the following objectives:

- Industrial processing of nanomaterial synthesis in
automatic, continuous and simultaneous operation at
production rates superior to 100 kg/h;

- Non-accumulation of any class-1 matter
(explosives);

- No production of liquid effluents.



preferentially carried out by injecting and honogeni zing an inert gas, such
as air or carbon dioxide, inside the enmul sion by nechani cal neans. - The

i gnition wb2isesral si on i nside the reactor, accordi ng POTHRABI1pIRSENt

i nvention should not resort to any cl 8ss-1 substance, such as detonators.
So being, the detonation ignition in the process of the present invention
may be unchai ned by | aser or capacitive discharge with condenser battery.
Dependi ng on the sensitivity of the enul sion conposition, it mght be
directly ignited or ignited by another non-contam nating and nore sensitive
enul si on, which m ght provide the WD 2012/052923PCT/ 1B2011/ 054637 12
necessary shock energy to detonate the enul sion of the present invention.
In a preferred enbodi nent of the present invention, the detonation ignition
in the synthesis enulsion is acconplished by neans of an ignition, enul sion.
The in secco Tht &FFEF ot | SXFFBRAhereritt st FF oMAWESF At 63 vi SSP6RSBET ween

det onati ons, wheyeekn dohelhanonatier ted SHSPLNSE D ridd gaSeksitage tee
circulate in closed | oop between the expansion chanber_and the cyclone
separator, prefEYaplyca Hi ghoettPlieifdyCtyet ohessephratof ,*57amefyeWi t h
efficiency superitre t@er9p%eathhing erboads Meidatdlohpws s 804 & it3an ot enapassages
trough the Cycloqe seggr %or before a new ftonation%cycl%) gnd.tperefore
achi eves a fital*r&to r? SUPBHI Do 8. Gt The rRcoverVP1ArEChet! passage
i s of about 656%sctcoPreparatibonand pmicesnahg angcextesnadqplsdses of the
enul si on Both phases should be previously prepared in necessary anounts
prior to the continuous production process. 1.1 Internal phase The

i nternal phaseefbaske eailiksoonréerprdpapednf b anmeitumnviethr ade s ssol ved
in demi neralized water, wherein (%%l;'blcg oxiydi;z, r%orﬁegé ub| & pr gﬁgé%%”t s or

i nsol ubl e precursors are al so 1 ncorpor {ed i this phase, sho ey have
been sel ect edintilvetrixterreccs cheatdst pet of 8511 05C2 soras-teotal | ow t he
conpl ete dissolution of the soluble precursors. Nitrate, chloride, sulfate,
and acetate dissolution usually derives in significantly |ow pH values, in
t he range betaedmt@rdal ndwmriengothegn-conhai ners consi sting of resistant
material, such as netal alloys in stainless steel, are necessary. WO

2012/ 052923PCT/ 1B2011/ 054637

b) External phase, propellant, based on organic components.

The precursors of the nanomaterial meant to synthesize may
include a wide range of compounds, as long as they comply
with the criterion for chemical and physical compatibility
with the emulsion. Furthermore, they can be fed either in
internal phase or external phase of the emulsion or after

the emulsification stage.

In general terms, the method herein proposed comprises a

set of stages:

a) Preparation of the internal and external phases of
the emulsions, in desired amounts for the intended
production;

b) Emulsification of both phases, under the effect of
mechanical energy;

c) Sensitization of the emulsion;



13 1.2 External phase The external phase is the one responsible for

determ ning the general physical and chem cal characteristics of the

enmul si on,wae0wisk92as its consi stency and final rheol ogi ealr/iBmail/os4s7, its
appropriate sel ection and preparationiobeing therefore equally inportant: a)
The emul sion should be preferentially detonated inside the reactor, wthout
a housing, so as to avoid that the pyrolysis thereof results in the
presence of contam nant substances in the final nanomaterial. Should a
housi ng be used, it should be conposed of an organic material such as

pol yet hyl ene (PE) or pol ypropyl ene(PP), exenpt from any inorganic additives
susceptible of contamnating the final product. For such purpose, the final
rheol ogy of theqenulisionshodl dipresenhasi goifigantdipnbigh cessi stiency, with
a viscosity superior to 200 Pa.s assuring the conposition support and
necessary sel f-confPHRMEN 86 as to guarantee a stable detonation; b) On
the other hand, ef hecemipsiihitedtgomeesicbipn shoul d have a relatively | ow
viscosity / consistency during the first stages of the process, so as to
guarantee its sfhpF%nb?ﬁ%b§§i%@e-eQﬂﬁﬁPngication, punping, air injection,
etc.; c) Additi@nabéyondtimusbrbend amedion; di fferent geonetries, such as
cylindrical, pl par, or spherical. WD 2012/ 052923PCT/ 1B2011/ 054637 14
derivati ves, %Ahpi & Wax 85 g&ﬁﬂ?ﬁﬁgmﬁg?%ﬁ?"nic or mcrocrystalline waxes
or m xtures of waxes wi th polynmers, which, upon heating and |iquefaction,
have extrenely |ow viscosity indexes betyeen 0.004 agdno.OZQtPa.E at 40C,
thus assuring & SiHpl €For mation ef the el d1%n and prdcesiihg ther eof
and whi ch uporesuddenecobsing ichdngeni atd ddeorsolibd state; €hus; psovi di ng
hi gh consi stengy t he_ emul. si on, ich is an inportant requirenent for the
f eedi ng and d%%%%ﬁ??%% %%ﬁ%éanngéfthe reactor, in the case where
precursors as mscible propellants have been selected for the external

phase, which shoyl.d be incorperat ed,at 0L StERreZen MR 68t LoD

the following:

- The desired amounts of internal and external phases
are previously ©prepared, being followed Dby the
emulsification of both phases which occurs
continuously;

- The emulsification, Pre—-forming and sensitization
stages occur continuously;

- The feeding into the reactor, ignition and detonation
stages elapse simultaneously with the previous stages
and at an identical overall pace, so as to avoid any
accumulation of material;

- The emulsion sensitization takes place only upon pre-
forming and subsequent feeding of the composition into
the reactor. The emulsion sensitization 1is wusually
carried out by adjusting its final density, by adding
a group of substances which feed and disperse a great
number of microspheres thereinto. Such feeding may
occur by direct injection and homogenization of a gas
by chemical reaction, or by adding solid particles

which retain the gas in its interior.



A water in oil (wo) matrix emulsion is prepared fromthe enul sification
obtained in the two phases under nechanical energy effect in a static m xer
equi prentwoaoj2is2emxer, colloid mll, recycle mxer, etecTub®ii/msesnal
phase i s aqueous and oxygen-rich, wherieas the external phase is propellant
consisting of a mxture of paraffinic waxes wwth mneral oils, to which a
surfactant was previously added, which enables a decrease on surface
tensi on anong both phases. 3. Pre-forming In the Pre-form ng stage, nold
by a di aphragm punp, cylindrical or planar shape the conposition neant to
be the enulsion is punped into a the nold having a spherical, and the

i ntended di nensions for detonated. 4. Sensitization of the emul sion Wen
entering into the nold, a certain volune of air is WO
2012/052923PCT/182011/054637 15

hese microspheres, when adiabatically compressed under
mechanical energy or external pulse, form a group of "hot
points" achieving about 400-600°C within them. This stage
is carried out in a significant short time, among 10° to
10 s, unchaining and supporting the detonation progress

along the emulsion.

One of the most relevant aspects of the process of the
present invention is that the emulsion changes from a 5.1-
classification oxidizing matter into an explosive class-1
matter, and which provides it with the capability to
detonate under shock effect, occurs continuously and mainly
whilst its pre-forming and subsequent feeding into the
reactor. Therefore, the accumulation of class-1 matter is
avoided along the synthesis process, thus resulting in an

extremely safe method.

In the present invention, the sensitization is
preferentially carried out by injecting and homogenizing an
inert gas, such as air or carbon dioxide, inside the

emulsion by mechanical means.

- The ignition of the emulsion inside the reactor,
according to the present invention should not resort

to any class—-1 substance, such as detonators.

S0 being, the detonation ignition in the process of the
present invention may be unchained by laser or capacitive
discharge with condenser Dbattery. Depending on the
sensitivity of the emulsion composition, it might be
directly ignited or ignited by another non-contaminating

and more sensitive emulsion, which might provide the



density, which is usually inferior to 1.25 g/cnB. The subsequent
honogeni zati on of the air inside the emulsion structure is assured by
passi ng tWe 2aiwosesral si on m xture through a static m xer pCh/IBEaobi4asy The
emul sion inside the nold is cooled under the effect of cold water flow ng
i nside an external sleeve around the nold, until a tenperature inferior to
the wax nelting point formng its external phase is achieved, thus
providing it with the rheol ogy and necessary stringency to obtain the
desired characteristics. Inside the nold, the ignition plate or optical
fiber are also arranged, depending on the ignition nethod sel ected: |aser
or capacitive discharge. 6. Reactor feeding The enul sion having the

adequat e shapeandarhechogy toelhe it ended pur pase, edogatherom the t he
ignition system is fed into the reactor. 7. lgnition /Detonation The

det onati on i SPHSHTFed 4 tRe FBsUIRGHG T ERDCKWRE"EBRVRY tid et RESpPRcur sor s
into the intendedtnanpmatesi alletshat@hl ecthonmi of tihe naromaterhakidhe
resulting gases fromthe detonatjon are expanded into a bul k_chanber
(superior to FBIFEP" Whet®ARe S peidddinandpart iferes ¢ rduttat @i n cl osed
| oop between the expansi on chanber and the high-efficient cyclone
separator, in interm ssions between .detonations. Tgis nbodj nent _al | ows
nore than ten pasggﬁesmt rougiv tﬁe&%‘ oﬁ@ﬁggﬁgjr%io el{‘%%fr%r e%raonhe{?\}1e
detonati on cytlteyrmanditéhesefwere dehbeviinghsa wWABrein the nanomaterial
2012/ 052923PCT/ 1B2011/ 054637 16. .
suspension 1n gas 1s made to circulate in closed loop
between the expansion chamber and the c¢yclone separator,
preferably a high-efficiency cyclone separator, namely with
efficiency superior to 95%. This embodiment allows more
than ten passages trough the cyclone separator (before a
new detonation cycle) and therefore achieves a final

recovery superior to 99.5%. The recovery rate per passage

is of about 65%.

1. Preparation of internal and external phases of the
emulsion
Both phases should be previously prepared in necessary

amounts prior to the continuous production process.

1.1 Internal phase

The internal phase of the emulsion is prepared from
ammonium nitrate dissolved in demineralized water, wherein
soluble oxidizers, soluble propellants or insoluble
precursors are also incorporated in this phase, should they
have been selected. The mixture is heated up to 85-105°C,
so as to allow the complete dissolution of the soluble
precursors. Nitrate, chloride, sulfate, and acetate
dissolution usually derives in significantly low pH wvalues,
in the range Dbetween 0-4, meaning that containers
consisting of resistant material, such as metal alloys in

stainless steel, are necessary.



final recovery superior to 99.5% The recovery rate per passage is of about
65% 9. Operation The present invention nay be carried out with several
connect i omocorwdsgezsat i ons bet ween the process stages, wererasmwii/ndependent |y
fromthe configuration selected, the Bensitization and detonation are
mandatorily-cyclical stages so as to avoid the accumul ati on of any class-1
mat eri al (explosives). So being, independently fromthe sel ected
configuration, the sensitized emulsion is pronptly detonated prior to a new
sensitization cycle (air injection into the enulsion), the follow ng
operation configurations being possible: a) Enulsification in continuous
operation:the enulsification stage el apses at an identical pace to that of
the final sensitization/detonation cycle. Fromthe previous preparation of
t he internal (oxidizer% and external (propellant) phases of the
enulsion(Fig.'% atinghigh conplexity in terns of process
control, all noperaldeensiebapse ad dhe me@@@as@ms lfbrstoeettleamaﬁyn§tate

wi t hout any accurul ati on of internediate matte b) Emulsification in

di scont i nuous"BpeFH 6 B StATS 88ﬁfFBE@%&%%NFh%W%EtéﬁﬁF%%$?c%@ o st age

t akes pl ace peruikabveh, aanwé 1t ended sagoupi stofincgMdhai emndamt1Heoo 106 ga?) bei ng
produced in %Ch bat ch, the emnul sion noggget bei ng sensitized éclass 5.1).

Afterwards, tH& Pr&St offif ngPRhESENSi o258t T o stage’” TaKke tpPRc8s 1Y

conti nuousl y,trenedfbhe ¢@rAEilni ngpstages t ake place WO

2012/ 052923PCT/ 1B2011/ 054637 17 cyclically, until the anmount of matrix

emul sion is used up. Wth the preparation of a new "batch” matri x emul sion,
the process is HESEH$te€huIHﬁOS cehbhgﬁra@d(ﬂpﬁeﬁpkbesialwyi nteepnedédt e

production and accynul ation gtclasstg c si_on rix, hut_on the
other hand, it is ['éss denandr ' ter n%uofnqﬁgségﬂblexf}y of “t he e contro

system thus prOV|dhﬂg1awsmurdiewnr¢mE©dltltﬁduhﬁﬁ oh the myesehesi sf process.
Thenanomat eri al col Legt] anissi mlasinhoth Gonthgurathans,,ddiatcis,, by means

of consecutively passing the nanoparticles suspension through a
hi gh-efficiency cyéhoned separator dretaweén detdrratlidohs. composed of an

organic material such as polyethylene (PE) or
polypropylene (PP), exempt from any inorganic
additives susceptible of contaminating the final
product. For such purpose, the final rheology of the
emulsion should present a significantly high
consistency, with a wviscosity superior to 200 Pa.s
assuring the composition support and necessary self-

confinement so as to guarantee a stable detonation;

b) On the other hand, the emulsified composition should
have a relatively low wviscosity / consistency during
the first stages of the process, so as to guarantee
its simple processing - emulsification, pumping, air

injection, etc.;

c) Additionally, it must be formed in different

geometries, such as cylindrical, planar, or spherical.

In order to accomplish these opposing requirements, the

external phase of the emulsion is based on hydrocarbon



10. Nanomaterial The process of the present invention allows obtaining
nanomaterial with single (one elenent), binary (tw elenents), ternary
(three elwoent2)s2eBructures or higher, as well as conpo®ctraB2iceswimnat i ons
of two or nore different nanomaterial®), with surface areas superior to 10
n2/ g and consisting of primary particles between 5-80 nm These properties
are obtained fromthe shockwave al ong the enul sion, whose effect actuates
the foll owi ng mechani sms, al nost sinmultaneously: a) Deconposition and
fragnentation of the precursors; b) Reaction anong several chem cal
species, in order to formthe intended final conposition; c) Expansion and
pronpt cooling at about 100,000 Kelvin/s of the final conposition, thus

i ni m zi ng t he.ceakeseence/goagubmation phesonnad W0 paraffinic or
2012/ 052923PCT/ 1B2011/ 054637 18 Detai |l ed description of the invention 1.
Preparation df*YRE*EfT 5101 "FX2°pPepArEtiGR 6f TAEST Mdrhalolpiase of the

enul sion 1. 1..hibepengiong eatthe eeapatyhitdds oari ekkoR x@HBAELPr ESHI SOr S
and water, the anmmniumnitrate is: a) Dissol ved in case of precursors

conpati bl e wi FHFGRELEY, ePEREPSoPEBY e br 0 i Hbl Tt e stith B3-S 40°C

thus assuring a simple formation of the emulsion and
processing thereof, and which upon sudden cooling change
into the solid state, thus providing high consistency to
the emulsion, which 1is an important requirement for the
feeding and detonation stage inside the reactor, in the
case where precursors as miscible propellants have been
selected for the external phase, which should Dbe

incorporated at this step.

2. Emulsification

A water in o0il (w/0) matrix emulsion is prepared from the
emulsification obtained in the two phases under mechanical
energy effect in a static mixer equipment, a jet mixer,
colloid mill, recycle mixer, etc; the internal phase 1is
aqueous and oxygen-rich, whereas the external phase 1is
propellant consisting of a mixture of paraffinic waxes with
mineral oils, to which a surfactant was previously added,
which enables a decrease on surface tension among both

phases.

3. Pre-forming

In the Pre-forming stage, the emulsion is pumped into a
mold by a diaphragm pump, the mold having a spherical,
cylindrical or planar shape and the intended dimensions for

the composition meant to be detonated.

4. Sensitization of the emulsion
When entering into the mold, a certain volume of air 1is

injected into the emulsion, according to the intended final



car bonat es, oxides and hydroxides, in demneralized water, at a
concentration about 80-90% and heated until a tenperature between 95-105C
superi or wo 2irsen2gstal | i zati on tenperature of the m xt ece/BmiaciceEved, SO
as to forma fully transparent solutisn exenpt fromvisible crystals; b)
Liquefied, in the case of precursors inconpatible with water, after being
m xed wth a conpound reducing its nelting point, being foll owed by sl ow
and gradual steam heating circulating in a heating sleeve, until a
tenperature of 110C and the liquid state are achieved. 1.1.2 Continuously,
the selected precursors are added to the ammoniumnitrate in agueous
solution or liquefied, in stoichionetric proportions according to the
crystalline sidiugtyre dmtended fenathe nareraterial neant ghenhe the

synt hesi zed, the m xtures being held under stirring so as to guarantee
thei r honpgenBf3EIuen?. NEPRePHHAACOR" 0P Tt & extier nal 1fRadec o™ he! @hul si on
The external phaseuoe peopekhast bs PeePakedrhy PILMOUSiAB| hiRguse
paraffinic wax having a nelting point between 40- 70C, and later mxing it
with nineral GH°U8Rd®ah" MO 26127052923PCT/ 1B2011/ 054637 19 emul si fyi ng
agent, with a hydrophile /lipophil (HLB) ratio suitable for the formation
of the water in oiE.enuIsion (w 0). The external phase generally represents
about 2-30% ot (1€1&R%I si on conposition. 2. Emulsification The

enul si fi cati ormeoferhathophasesie itheaiotdnd siddceddmatdéx,tHeertraent nge t o t he
oxi di zi ng classJ_S.léi nay:fake pLacedon either co tiﬁuous or di cggtinuous
basis, using @ny of°tHe kKifWA%emirsf'fi ¢4t i t8ennsI ool es®  Later "¢ he
matrix is refingied abhtabouttetPet5Oupsiinfeoias t® tobt abrn mltamgl sbom; with a
micelle size from0.5 Lo 10,1 or ons whigh provides the required, stability.
3. Pre-form ng Arter wards; tThe erfulSion”i § punped i nto a rmllgl %CSI/ a

di aphr agm borrtht hgwenotteciayiyngnspheresadry cyrnimdeincal foopbphamarhshape,
and the di mensions i nuended for, the coppositign npant te,detionatign. 4.

Enul si on sensitization
plate or optical fiber are also arranged, depending on the

ignition method selected: laser or capacitive discharge.

6. Reactor feeding
The emulsion having the adequate shape and rheology to the
intended purpose, together with the ignition system, is fed

into the reactor.

7. Ignition /Detonation
The detonation is ignited and the resulting shockwave

converts the precursors into the intended nanomaterial.

8. Collection of the nanomaterial

The resulting gases from the detonation are expanded into a
bulk chamber (superior to 20 m?), where the suspended
nanoparticles circulate in closed loop between the
expansion chamber and the high-efficient cyclone separator,
in intermissions Dbetween detonations. This embodiment
allows more than ten passages trough the cyclone separator

(before a new detonation cycle) and therefore achieving a



When entering into the nold, a certain volune of air is injected into the
emul si on, according to the intended final density, which is usually

i nferior wo201226298cnB8. The subsequent honpgeni zati on ofrctrhB20ai/m54637si de t he
enul sion structure is assured by passiéng the air/enmul sion m xture through a
static mxer. 5. Cooling The enul sion inside the nold is cool ed under the
effect of cold water flowi ng inside an external sleeve around the nold,
until a tenperature inferior to the wax nelting point formng its external
phase is achieved, thus providing it WO 2012/ 052923PCT/ 1B2011/ 054637 20

wi th the rheol ogy and necessary stringency to obtain the desired
characteristics. Inside the nold, the ignition plate or optical fiber are

al so arrangeds: gapendifigron serigni thononst hodnsekesbes:y | aser pir
capaci tive discharge, 6. Reactor_feeding The enul sion having the adequate
shape and r heT§yct 65t e Kénbiet: pur pose, together with the ignition
system is subsequently fed into the reactor. 7. Ignition /Detonation The
detonation is_ignited and the resulting shockwave converts the precursors
into the inté%dg@eﬁaﬁSW%terial. 8. Collection of the nanomaterial The
resul ting gases fpomdihe detonatdnonay e bexpandeddi ndr awbth k sehanber
(superior to 20 nB), mherqg%he susgendgg nanopar%icles are exhausted and
Y 5

col I ected wi tHHiWEAPGhI OEFFAEFER Ori&“8eparat of” *Siiisequehtty to

consecuti ve citaxidliat i onebhpetdmenydetonath®nsanfiguration selected, the
sensitization and detonation are mandatorily-cyclical
stages so as to avoid the accumulation of any class-1
material (explosives). So being, independently from the
selected configuration, the sensitized emulsion is promptly
detonated prior to a new sensitization cycle (air injection
into the emulsion), the following operation configurations

being possible:

a) Emulsification in continuous operation: the
emulsification stage elapses at an identical pace
to that of the final sensitization/detonation cycle.
From the previous preparation of the internal
(oxidizer) and external (propellant) phases of the
emulsion (Fig.1l). Although implicating high
complexity in terms of process control, all
operations elapse at the same pace and in
stationary state, without any accumulation of

intermediate matter;

b) Emulsification in discontinuous operation: in this
configuration, the emulsification stage takes place
per batch, an intended amount of emulsion matrix
(Fig.2) being produced in each batch, the emulsion
not yet being sensitized (class 5.1). Afterwards,
the Pre-forming and sensitization stages take place

continuously, and the remaining stages take place



9. Characterization of the nanomaterial The nanomaterial obtained by the
present nmethod is characterized by: a) Miultiple crystalline structures:
Bi nary, swohoems2eabi c, hexagonal, Fluorite, Rutile, etecTiBInanyssucCh
as: spinel,Perovskite,calcite, olivinel7 etc; Superior, such as: Grnet,
Pseudo Brookite, etc. b) Primary Particles between 5 and 70 nm WO
2012/ 052923PCT/ 1B2011/ 054637 21 c) Surface areas between 10 and 500 n2/g.
EXAMPLES

cyclically, until the amount of matrix emulsion is
used up. With the preparation of a new "batch"
matrix emulsion, the process is restarted. This
configuration implies the intermediate production
and accumulation of a class-5.1 emulsion matrix,
but on the other hand, it is 1less demanding in
terms of the complexity of the control system, thus
providing a sturdier reproducibility of the

synthesis process.

The nanomaterial collection is similar in both
configurations, that is, by means of consecutively passing
the nanoparticles suspension through a high-efficiency

cyclone separator between detonations.

10. Nanomaterial

The process of the present invention allows obtaining
nanomaterial with single (one element), binary (two
elements), ternary (three elements) structures or higher,
as well as composites (combinations of two or more
different nanomaterials), with surface areas superior to 10
m’/g and consisting of primary particles between 5-80 nm.
These properties are obtained from the shockwave along the
emulsion, whose effect actuates the following mechanisms,

almost simultaneously:

a) Decomposition and fragmentation of the precursors;

b) Reaction among several chemical species, in order to
form the intended final composition;

c) Expansion and prompt cooling at about 100,000
Kelvin/s of the final composition, thus minimizing

the coalescence/coagulation phenomena.



For a cl earer understanding of the present invention, exanples are herein
attached which represent preferred enbodi nents of the invention but which
do not i nvendizs2928nmit the scope of the present inventi ear/1B2ampises37l.

Synt hesi s of nanometric magnesi um al ussi nate spinel (MAl 204). 1.
Preparation of the internal phase of the enulsion Solid anmmoniumnitrate
(99.9% purity) is dissolved in demneralized water at a 85% concentrati on,
in a stainless steel tank heated with steam the m xture being stirred at a
tenperature of about 98C. The pH value of the solution is adjusted with
ammoni um car bonate up to a value between 5 and 6. The sol ubl e al um num
nitrate 38% and magnesiumnitrate 13% precursors are added, the heating

W th steam bepdigiTBuNESEAEGLYBhI bf tdHR SabUhtsh is restored to 98C. The
preparation of the rnternal phase wll then be conplete. 2. Preparation of
the external phase of the emul sion The preparation of the external phase of
the emnul si on 1s prapada®iom oFaknéfémilsivag representing 70%in weight of the
external phase, and having a nelting point at 56C. It is firstly subject to
heating at a tenperature up to 65C, a PIBSA-based enul sifying agent

(Pol yi sobut yl Bne poepairat LonAiEy dhé dint didbh gphdkte df Whe Cémulefiloasent s about
30% in weight of the total exter nalh phase. The _m xture, renmai ns_under
heating in another SEBFNTEES $teel "fank®®*75¢ HtRusCT WS 1on  among

2012/ 052923PGH/HB2041 £ 0hA63At22, at howimmgni tm troi trefai hsin the |iquid state,

wi t hout however _degr adi he.emul si fyi ng nol ecule. 3. Production. -
o e e Bt P e SRl Yol 9 TRLEEHE S Ball e Ot

ed ar
continuously fed wwhhe®, 4 kgtmemn (bolesial phasehsandbl®,6 kgian n {ext er nal
phase) flow ates, %g;:gg £ oensti nog{ol%sél yarrgi x%ddggdi errSuI s figedm.i %rglriri xer, such
as a bl ade nixer at“a 10 g/'mmn rate. ‘ilheyerrufsmn’ mat rix thus obtained is
si mul t aneousl y punpedsrmi Bh an ¢dertitcatidél onbatte 80-20rat aod hheted

enul si fication (10kale] ml, By 1305, Of &, ALARNLEGMOUI.3Y pbEYL 4. 4 bar
pressure, into a cylindrical ‘stainless steel ol d havi g a 45 mmdi anet er
and being 400 nm | ongstAtlida¢iend ofmpheatfieedi nef pi phdg toxthee nold air is

inj ected at 4.2 baroohayidg 2 40k Bobloraay wahehoNdd: adysiofhe end
density of the enulsion into 1.10 g/cnB8. The honogenization of the air
present in the enuksfopt ifscassupedlhyrrpassing the enul sion/air m xture

through a statig) mxglerithe mMldihs RQui ded wiily.an. external, shgeve
wherein cold water circulates at a tenperature of 2C, and at a speed of

4m's, thus assuringihkatvdtrenst éftand Bbsequeritd coblihng dowsmPeuztbout 30C

and a sol i di ficationaghitdie; contd nugus phase ofihhe remubsion,y t bedesi red
consi stency being achieved during the feeding into the nold. Afterwards, a
robot - mechani cal PPEedErdpiacescd® netdl1r i dgeudat 674 he? basé&cafithe

conposi tion and feedsethe setil nt aderkeaed asr at1 @ df eggueney 105u20
cycles/mn. Each cycle is conplete upon reactor closing and capacitive

di scharge of about SIB K\ATSMiiCEASEET uat es the detonation reacti on.

1.1.2 Continuously, the selected precursors are added to
the ammonium nitrate in aqueous solution or liquefied, in
stoichiometric proportions according to the crystalline
structure intended for the nanomaterial meant to Dbe
synthesized, the mixtures being held under stirring so as

to guarantee their homogeneity.

1.2. Preparation of the external phase of the emulsion
The external phase or propellant is prepared by previous
melting a paraffinic wax having a melting point between 40-

70°C, and later mixing it with mineral o¢il and an



WD 2012/ 052923PCT/ 1B2011/ 054637 23 After expandi ng the gases inside the
20nB cisterns, the inlet valve to the cyclone separator is opened and the
nanomnet r iworrapssd2am al um nate spinel is collected, a neerfiBadi/ngyeEycl e
into the reactor being pronptly restawted. Table I shows a summary of the
procedural paranmeters and the nanonetric magnesi um al um nate spine
properties. Exanple 2 - Synthesis of nanonetric Li Mhi204 spinel wth
precursors applied in the internal phase of the enulsion. 1. Preparation of
the internal phase of the emulsion Solid amoniumnitrate (99.9%purity) is
di ssolved in dem neralized water at a 85% concentration, in a stainless
steel tank heated with steam the mxture being stirred at a tenperature of
about 98C. ThewpHitalue fedthe .sehuti afaispradjeust efoyih @mepni-um car bonat e
up to a value between 5 and 6. Manganese carbonate 17.3% and |ithium
carbonate 2. 7%htarécadded, ehd RBat Iy @f t RSt ¥ahFhei Ag i AL A unt i

the solution iwdestaeedxte-R8Cpnkbe peepatiati eBpoésdde iabogenalsphase will
then be conplete. The external phase of the emulsion is prepared as in
Exampl e 1. THE tW6 6%5%%%”hf@m€§ﬁ{§ﬂﬁbusly fed with 9.4 kg/min (internal
phase) and 0.6 kg/m n (external phase) flowates, being continuously m xed
and enulsifi%g E@WQ Lxer,. such as a blade m xer at a 10 kg/mn rate. The
enul si on mat rix GELEBTHIE i s si mul t aneously punped, with an identi cal
flowate to ttat cofilthei@milosi bfcladtiompheiOkg/ M ), ewirl fi tihel abdr O, a

di aphragm pu t .about 4 bar pressure, into ylindrical stainless steel
o1 6 havi g 8 SHIrAY afet pe 5010 s S993PCT 182011/ 6ERB35 B4 a1l bei ng
400 mm | ong. Atthehe cendimfousherf dedrog: piypiungbept ®, tleimplady afrths
injected at 4.2 bar Vi .n 2. 4. g/mn fl.ow ate, whi will adjust the end
donai ty of t nail o teats P ot S R RaRsthl 2 G SR e al
present in thefdmbsikrbnabsuasstled Ipgipassi pg theokialrsison/cavd sppxt ur e

thr OUgh a st %l't% rE! )&qrcel;[ es@é dféo%n Fbr.%\/itgeqo\/\/i[nﬁ?r%% q,%aﬁf’]i rhn?>|r0§£§§§/e

wherein cold water circulates at a tenperature o at a speed of
4m's, thus assuwr iragubhead ttredndfiey- and subsequent cooling down and a
solidification of the continuous phase of the enmulsion to about 30 C, the
desi red consi stency bei ng achieved during the feeding into the nold.
Afterwards, a +d¥erformthani cal /feeder places a metal bridge onto the base

of the conposifiQn.and, feeds é%@i§ﬁﬁ1iﬂgoxﬁﬁ?eaea£ﬁ§5 at @ fd egyengy of 20
cycles/mn. Each cycle is conplete upon reactor closing and capacitive
di schar ge of HFGHE2YD RV mHiNeh meetluadesnd P Get 6nat | onl Meaecron. OAf t er

expandi ng the,gases isside t Beq20p8e Ci gt RENSorkhe sinnkgteyal Yo, t oc e
cycl one separators is opened and the nanonetric Lithiumspinel is
col l ected, a TEWOPEEUPHJ EYEl £°i At é Peact or being pronptly restarted.
Table | shows a summary of the procedural parameters and the nanonetric
Li t hi um manganese oxi de spinel properties.
4. Emulsion sensitization
When entering into the mold, a certain volume of air 1is
injected into the emulsion, according to the intended final
density, which 1is wusually inferior to 1.25 g/cm’. The
subsequent homogenization of the air inside the emulsion
structure is assured by passing the air/emulsion mixture

through a static mixer.

5. Cooling

The emulsion inside the mold is cooled under the effect of
cold water flowing inside an external sleeve around the
mold, until a temperature inferior to the wax melting point

forming its external phase is achieved, thus providing it



Exanple 3 - Synthesis of TiOQ2 fromthe detonation of a water-free matrix 1.
Preparation of the internal phase of the enulsion WO

2012/ 0529%8RCR/BBR2611/ 054637 25 steel tank at about 110E€cTuhE1N6EET € bei ng
hel d under stirring. Titaniumisopropmdxide (20% in liquid state it finally
added and the preparation of the internal phase is conplete. 2.
Preparation of the external phase of the enul sion The external phase is
prepared as in exanples 1 and 2. 3. Production - Enulsification

/ Detonati on The two phases are continuously fed with 9.4 kg/mn (internal
phase) and 0.6 kg/m n (external phase) flowates, being continuously m xed
and enulsified in a mxer, such as a blade mxer, at a 10 kg/mn rate. The
emul si on mat rixu his oblahbBgd badShEbbEangousd ¥ nRURPedroWobhagh txlenti cal
flowate to that of the emulsification (10kg/mn), wth the aid of a

di aphr agm purfi S8t c8botht* ™4 B&F L pressur 67519t o t&ScyliiHdri e SCRihI¥ss st eel
nol d havi ng a#h m-dopieter andrberagaAQ) sAnahegeg, Mpdiiengndnofnd he
feeding piping into the nold, air is injected at 4.2 bar, having a 2.4

g/ min flow at&PWAPEN WY &6t 65T he %Rl derfiHAy *6f VE HE EGFSFon into 1. 10
g/ cnB. The honogeni zation of the air present in the emulsion is assured by
passi ng the eguh§i0£/ai£ Q}xture through a static mxer. The nold is

provi ded with arn SEXt 8T nai®%s1"@eve wherein cold water circulates at a

t enper at ure ofhE@muandoathavispeedeobddaise tshupe assdairiing logat toramsf er and
subsequent coth%% gownrand a %olitifgcatgontgf thg.goqginuqys phase of the
emul sion to about 30 C'PReteS P PRd Conkt St ehcy BEl'ng" Athieved duting t he
feedi ng i nt o 4disenpEdt 1 Afficelr War dstha mre@bobr = nechani cal / f eeder pl aces a
metal bridge onto the base of the conposition and feeds the set into the

reactor at a frequency of 20 cycles/mn. WD 2012/ 052923PCT/ 1B2011/ 054637
26 7. Ignition /Detonation

The detonation is ignited and the resulting shockwave

converts the precursors into the intended nanomaterial.

8. Collection of the nanomaterial

The resulting gases from the detonation are expanded into a
bulk chamber (superior to 20 m?), where the suspended
nanoparticles are exhausted and collected within a highly
efficient cyclone separator, subsequently to consecutive

circulation between detonations.
9. Characterization of the nanomaterial
The nanomaterial obtained by the present method 1is

characterized by:

a) Multiple crystalline structures:

Binary, such as: cubic, hexagonal, Fluorite, Rutile,
etcy;
Ternary, such as: spinel, Perovskite, calcite,

olivine, etc;

Superior, such as: Garnet, Pseudo Brookite, etc.

b) Primary Particles between 5 and 70 nm.



Each cycle is conpl ete upon reactor closing and capacitive di scharge of
about 10 KV, which actuates the detonation reaction. After expanding the
gases i nswoeotns2928n8 cisterns, the inlet valve to the egthBrmal/sapsr at or s
is opened and the TiQ2 is collected, 2 new feeding cycle into the reactor
being pronptly restarted. Table | shows a summary of the procedural
paraneters and the nanonetric Ti Q2 properties. Table | - Results fromthe
t hree Exanpl es Paraneters Exanple 1 Exanple 2 Exanple 3 Flowate Internal
phase(kg/mn) 9.4 9.4 9.4 Flow ate

c) Surface areas between 10 and 500 m?/g.

EXAMPLES

For a clearer understanding of the present invention,
examples are herein attached which represent preferred
embodiments of the invention but which do not intend to

limit the scope of the present invention.

Example 1. Synthesis of nanometric magnesium aluminate

spinel (MgAl:04) .

1. Preparation of the internal phase of the emulsion

Solid ammonium nitrate (99.9% purity) 1s dissolved in
demineralized water at a 85% concentration, in a stainless
steel tank heated with steam, the mixture being stirred at
a temperature of about 98°C. The pH wvalue of the solution
is adjusted with ammonium carbonate up to a value between b
and 6. The soluble aluminum nitrate 38% and magnesium
nitrate 13% precursors are added, the heating with steam
being maintained until the solution is restored to 98°C.

The preparation of the internal phase will then be complete.

2. Preparation of the external phase of the emulsion

The preparation of the external phase of the emulsion is
based on a paraffinic wax representing 70% in weight of the
external phase, and having a melting point at 56°C. It is
firstly subject to heating at a temperature up to 65°C, a
PIBSA-based emulsifying agent (Polyisobutylene Succinic
Anhydride) Dbeing added, which represents about 30% in
weight of the total external phase. The mixture remains

under heating in another stainless steel tank at 75°C, thus



Ext ernal phase(kg/mn) 0.6 0.6 0.6 Enulsificationrate (kg/mn) 10 10 10
Viscosity Pre-m xture(Pa. s) 60 70 90
WO 2012/052923 PCT/IB2011/054637
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allowing it to remain in the liquid state, without however

degrading the emulsifying molecule.

3. Production - Emulsification /Detonation

The two phases previously described are continuously fed
with 9.4 kg/min (internal phase) and 0.6 kg/min (external
phase) flowrates, being continuocusly mixed and emulsified
in a mixer, such as a blade mixer at a 10 kg/min rate. The
emulsion matrix thus obtained is simultaneously pumped,
with an identical flowrate to that of the emulsification
(10kg/min), by means of a diaphragm pump at about a 4 bar
pressure, into a cylindrical stainless steel mold having a
45 mm diameter and being 400 mm long. At the end of the
feeding piping to the mold air is injected at 4.2 bar,
having 2.4 g/min flowrate, which will adjust the end
density of the emulsion into 1.10 g/cm’. The homogenization
of the air present in the emulsion is assured by passing

the emulsion/air mixture through a static mixer.

The mold is provided with an external sleeve wherein cold
water circulates at a temperature of 2°C, and at a speed of
4m/s, thus assuring heat transfer and subsequent cooling
down to about 30°C and a solidification of the continuous
phase of the emulsion, the desired consistency being

achieved during the feeding into the mold.

Afterwards, a robot - mechanical/feeder places a metal
bridge onto the base of the composition and feeds the set
into the reactor at a frequency of 20 cycles/min. Each
cycle 1s complete upon reactor closing and capacitive
discharge of about 10 KV, which actuates the detonation

reaction.



Tenperature Pre-m xture(C) 85C 85C 95C Air Flowate(g/mn) 2.4 2.4 2.4
Densityofsensitized enul sion(g/cnB8) 1.10 1.15 1.10

WO 2012/052923 PCT/IB2011/054637
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After expanding the gases inside the 20m° cisterns, the
inlet wvalve to the c¢yclone separator is opened and the
nanometric magnesium aluminate spinel is collected, a new

feeding cycle into the reactor being promptly restarted.

Table I shows a summary of the procedural parameters and

the nanometric magnesium aluminate spinel properties.

Example 2 - Synthesis of nanometric LiMn,O, spinel with

precursors applied in the internal phase of the emulsion.

1. Preparation of the internal phase of the emulsion
Solid ammonium nitrate (99.9% purity) 1s dissolved in

demineralized water at a 85% concentration, in a stainless
steel tank heated with steam, the mixture being stirred at
a temperature of about 98°C. The pH wvalue of the solution
is adjusted with ammonium carbonate up to a value between b
and 6. Manganese carbonate 17.3% and lithium carbonate
2.77% are added, the heating with steam being maintained
until the solution is restored to 98°C. The preparation of

the internal phase will then be complete.

The external phase of the emulsion 1s prepared as in

Example 1.

The two phases are continuously fed with 9.4 kg/min
(internal phase) and 0.6 kg/min (external phase) flowrates,
being continuously mixed and emulsified in a mixer, such as
a blade mixer at a 10 kg/min rate. The emulsion matrix thus
obtained i1s simultaneously pumped, with an identical
flowrate to that of the emulsification (10kg/min), with the
aid of a diaphragm pump at about 4 bar pressure, into a

cylindrical stainless steel mold having a 45 mm diameter



Production rate (kg nanomaterial/h) 120 90 40 Particle size(TEM 15nm 70 nm
20 nm Crystall i ne phases Zr02 (cubical) 100% Li Mh204 100%
WO 2012/052923 PCT/IB2011/054637
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and being 400 mm long. At the end of the feeding piping
into the mold, air is injected at 4.2 bar, having a 2.4
g/min flowrate, which will adjust the end density of the
emulsion into 1.15 g/cm’. The homogenization of the air
present in the emulsion 1is assured by ©passing the

emulsion/air mixture through a static mixer.

The mold is provided with an external sleeve wherein cold
water circulates at a temperature of 2°C, and at a speed of
4m/s, thus assuring heat transfer and subsequent cooling
down and a solidification of the continuous phase of the
emulsion to about 30 °C, the desired consistency being
achieved during the feeding into the mold. Afterwards, a
robot - mechanical/feeder places a metal bridge onto the
base of the composition and feeds the set into the reactor
at a frequency of 20 cycles/min. Each cycle is complete
upon reactor closing and capacitive discharge of about 10
KV, which actuates the detonation reaction. After expanding
the gases inside the 20m’ cisterns, the inlet valve to the
cyclone separators is opened and the nanometric Lithium
spinel is collected, a new feeding cycle into the reactor

being promptly restarted.

Table I shows a summary of the procedural parameters and

the nanometric Lithium/manganese oxide spinel properties.

Example 3 - Synthesis of TiO; from the detonation of a

water—-free matrix

1. Preparation of the internal phase of the emulsion

A 80% solid ammonium nitrate (99.9% purity) and 10% urea

(99.9% purity) mixture is heated with steam in a stainless



Anat ase 65% Rutile 35% 27 BET(nR2/g) 35 18 65
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steel tank at about 110°C, the mixture being held wunder
stirring. Titanium isopropoxide (20%) in liquid state it
finally added and the preparation of the internal phase is

complete.

2. Preparation of the external phase of the emulsion

The external phase is prepared as in examples 1 and 2.

3. Production - Emulsification /Detonation

The two phases are continuously fed with 9.4 kg/min
(internal phase) and 0.6 kg/min (external phase) flowrates,
being continuously mixed and emulsified in a mixer, such as
a blade mixer, at a 10 kg/min rate. The emulsion matrix
thus obtained is simultaneously pumped, with an identical
flowrate to that of the emulsification (10kg/min), with the
aid of a diaphragm pump at about 4 bar pressure, into a
cylindrical stainless steel mold having a 45 mm diameter
and being 400 mm long. At the end of the feeding piping
into the mold, air is injected at 4.2 bar, having a 2.4
g/min flowrate, which will adjust the end density of the
emulsion into 1.10 g/cm’. The homogenization of the air
present in the emulsion 1is assured by ©passing the

emulsion/air mixture through a static mixer.

The mold is provided with an external sleeve wherein cold
water circulates at a temperature of 2°C, and at a speed of
4m/s, thus assuring heat transfer and subsequent cooling
down and a solidification of the continuous phase of the
emulsion to about 30 °C, the desired consistency being
achieved during the feeding into the mold. Afterwards, a
robot - mechanical/feeder places a metal bridge onto the
base of the composition and feeds the set into the reactor

at a frequency of 20 cycles/min.
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FEach cycle is complete upon reactor closing and capacitive

discharge of about 10 KV, which actuates the detonation

reaction. After expanding the gases inside the 20m’

cisterns, the inlet wvalve to the cyclone separators 1is

opened and the TiO; is collected, a new feeding cycle into

the reactor being promptly restarted.

Table I shows a summary of the procedural parameters and

the nanometric TiO; properties.

Table I - Results from the three Examples

Parameters Example 1 | Example 2 | Example 3
Flowrate 9.4 9.4 9.4
Internal phase (kg/min)
Flowrate 0.6 0.6 0.6
External phase (kg/min)
Emulsification rate | 10 10 10
(kg/min)
Viscosity 60 70 90
Pre-mixture (Pa.s)
Temperature 85°C 85°C 95¢°C
Pre—-mixture (°C)
Air Flowrate(g/min) 2.4 2.4 2.4
Density of sensitized
emulsion (g/cm’) 1.10 1.15 1.10
Production rate 120 90 40
(kg nanomaterial/h)
Particle size (TEM) 15nm 70 nm 20 nm
7210, LiMn,Q04 Anatase 65%
Crystalline phases (cubical) | 100% Rutile 35%
100%




b)sensitization, ignition and detonation of the enul sion at pressures from
50,000 to 115,000 bar; wherein stages in step b) occur sinmultaneously. 2.
Process awoantosg280 t he preceding claim wherein step brTiBIoivesscgONpPri ses
a pre-formng stage. 3. Process according to the preceding clains, wherein
the said enul sion conprises ammonium nitrate and precursors such as,
preferably: soluble oxidizers, or soluble propellants or insoluble
precursors in the internal phase or hydrocarbon derivatives, or propellant
precursors mscible in the external phase, or netals, or mxtures thereof.
4. Process according to the preceding clains, wherein precursors nmay be fed
either on the internal phase or external phase of the emulsion, or
subsequent | y[g#r (Re/GMulrsification s{ep. 5. Prpegss accofging to thg
preceding cllains, wherein the total anmount of precursorslis inferiorlto 70%
in weight of the overall conposition. WD 2012/052923

The three examples herein presented show, for different

precursor families, preferential embodiments of the
invention, namely the cyclical and continuous character of
the synthesis process. Furthermore, they demonstrate the
sensitization of the detonation emulsion mainly upon its
feeding into the reactor and consequently the absence of
class-1 materials, as well as nanomaterial in secco

collecting between detonations.

The following claims set out further preferred embodiments

of the present invention.
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CLAIMS

1. A continuous process o¢f synthesizing nanomaterial
synthesis from detonation of an at least one emulsion,
the at least one emulsion comprising an internal phase
and an external phase, the process comprising:

a) preparing the internal phase and the external
phase in desired amounts for the intended
production;

b) emulsifying the internal phase and the external
phase to form the at least one emulsion under
the effect of mechanical energy;

¢) sensitizing the at least one emulsion;

d) pre-forming the at least one emulsion into a
desired geometry;

e) feeding the at least one emulsion intc a
reactor;

f) igniting the at least one emulsion;

g) detonating the at least one emulsion +to
synthesize nanomaterial; and

h) collecting the nanomaterial;

wherein the sensitizing, pre-forming, feeding, igniting

and detonating steps take place simulitaneously.

2. The process according to claim 1, wherein the at least
one emulsion comprises ammonium nitrate and nanomaterial

precursors.

3. The process according to claim 2, wherein the at least
one emulsion comprises nanomaterial precursors in the
internal phase, wherein the nanomaterial precursors are
selected from the group consisting of soluble oxidisers,
soluble propellants, inscluble precursors and mixtures

thereof.
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4. The process according to claim 2 or 3, wherein the at
least one emulsion comprises nanomaterial precurscors in the
external phase, wherein the nanomaterial precursors are
selected from the group consisting of hydrocarbon
derivatives, propellant precursors, metals and mixtures

thereof.

5. The ©process according to claim 2, wherein the
nanomaterial precursors may be fed either intec the internal
phase or external phase or subsequently into  the

emulsifying step.

6. The process according to any one of claims 2 to 3,
wherein a total amcunt of nanomaterial precursors is less

than 70% in weight of the at least one emulsion.

7. The process according to claims 1 to 6, wherein the
internal phase comprises nanoparticle precursors selected
from the group consisting of carbonates, oxides,

hydroxides, and mixtures thereof.

8. The process according to any one of claims 1 to 7,
wherein the at least one emulsion comprises ammonium

nitrate dissolved in water.

9., The process according to any one of claims 1 to 8§,
wherein the external phase comprises a hydrocarbon
derivative selected from the group c¢onsisting of waxes,

liquid hydrocarbons, oils, and mixtures thereof.

10. The process according to claim 9, wherein  the
hydrocarbon derivative has a viscosity index from 0.004 to

0.020 Pa.s, when liguefied.
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11. The process according to any one of claims 1 to 10,
wherein the external phase further includes a surfactant

compound.

12. The process according to any one of claims 1 to 10,
wherein the emulsifying step takes place in a batch-wise

manner.

13. The process accerding to any one of claims 1 to 12,
wherein the sensitizing step is carried out by injecting
and homogenizing an inert gas within the at least one
emulsion, by means of a c¢hemical reaction or by adding

solid particles which retain the gas therein.

14. The process according to any cne of claims 1 to 13,
wherein the detonating step is carried out by capacitive

discharge or laser.

15. The process according to any one of claims 1 to 14,
wherein the detonating step further comprises the addition

of an ignition emulsion.

16. The process according to any one of claims 1 teo 15,
wherein the collecting of the nanomaterial is carried out

in secco.

17. The process according to any one of claims 1 to 16,
wherein the collecting of the nanomaterial is carried out

within a cyclcne battery.
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