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(57) Abrégée/Abstract:

A process and apparatus for preparing a nanopowder are presented. The process comprises feeding a reactant material into a
plasma reactor in which Is generated a plasma flow having a temperature sufficiently high to vaporize the material; transporting the
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(57) Abrege(suite)/Abstract(continued):

vapour by means of the plasma flow Into a quenching zone; Iinjecting a preheated quench gas Iinto the plasma flow In the
guenching zone to form a renewable gaseous condensation front; and forming a nanopowder at the Interface between the
renewable controlled temperature gaseous condensation front and the plasma flow.
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ABSTRACT OF THE DISCLOSURE

A process and apparatus for preparing a nanopowder are
presented. The process comprises feeding a reactant material into a plasma
reactor in which is generated a plasma flow having a temperature sufficiently
high to vaporize the material; transporting the vapour by means of the plasma
flow into a quenching zone; injecting a preheated quench gas into the plasma
flow in the quenching zone to form a renewable gaseous condensation front;
and forming a nanopowder at the interface between the renewable controlled

temperature gaseous condensation front and the plasma flow.
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' TITLE OF THE INVENTION
' PLASMA SYNTHESIS OF NANOPOWDERS

- FIELD OF THE INVENTION

[0001) The present invention relates to the plasma synthesis of
nanopowders using plasma technology. More specifically, but not
exclusively, the present invention relates to a process and apparatus for the
synthesis of nanopowders of various materials such as metals, alloys,
ceramics and composites by induction plasma torch, direct current plasma

torch or transferred arc plasma technology.

BACKGROUND OF THE INVENTION

[0002] The plasma synthesis of nanopowders has attracted
Increasing attention over the past few years. Numerous processes have
been developed for preparing metal, alloy and ceramic-based nanopowders
using a wide range of technologies comprising inductively coupled plasma
discharge, arc discharge, electro-explosion, self propagating high
temperature synthesis, combustion synthesis, electric discharge, spray

pyrolysis, sol-gel, and mechanical attrition.

[0003] High temperature plasma processing routes are based on
the concept of heating the reactant precursors (in solid, liquid or
vapor/gaseous form), to relatively high temperatures, followed by rapid
cooling of the reaction products through their mixing with a cold gas stream
as in the “high intensity turbulent quench technique’ or through their
contacting with a cold surface on which the nanoparticles form and deposit.
However, a drawback of the use of traditional “cold-surface” condensation
techniques is that the nature and the temperature of the condensation surface
changes with the build-up of the condensed nanopowder layer. The use of a
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“h-ighly turbulent gas quench zone” has been previously described by Boulos
ot al. in U.S. 20050217421 and U.S. 20030143153 filed on March 25, 2005
and December 6, 2002 respectively. The use of a renewable gaseous cold
front has been previously described by Boulos et al. in U.S. 20070029291 as
filed on January 27, 2006. A common objective to all of these processes is
the desire to closely control the particle morphology, the particle crystallinity,
the particle size distribution, and the agglomeration of the powders obtained.

[0004] U.S. Patent 6,379,419 issued to Celik et al. on April 30,
2002 discloses a transferred arc thermal plasma based vapor condensation
method for the production of fine and ultra fine powders. The method calls
upon a conventional two-step condensation (i.e. cooling) procedure including
an indirect cooling step and a direct cooling step. The indirect cooling step
iInvolves a cooling surface whereas the direct cooling step involves the
injection of a cooling fluid, liquid or gaseous, directly onto the vapor. The
vapor laden stream of hot gas is first subjected to an indirect cooling or
heating section providing for a control over the growth and crystallization of
the particles, followed by a direct cooling section wherein the cooling is
performed by injecting a fluid, liquid or gaseous, directly onto the vapor and
aerosol laden stream. The use of a cooling surface suffers from the

drawback of particle build-up on the condensation surface.

[0005] It has been shown theoretically that by controlling the initial
vapor concentration and temperature, residence time of particle nucleation
and growth, and cooling profile, one may have some control on the particle
size distribution and crystallinity. This is shown by Okuyama et al. in AIChE
Journal, 1986, 32 (12), 2010-2019 and Girshick et al. in Plasma Chem. and
Plasma Processing, 1989, 9 (3), 355-369. However, these references remain
Silent as to an efficient method for producing nanopowders of well defined
particle size distribution and morphology.
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3
SUMMARY OF THE INVENTION
[0006] There present invention relates to an improved process

and apparatus for the preparation of nanopowders in which the particle
morphology, the particle size distribution, and the agglomeration of particles is
readily controlled and which process is easily scalable.

[0007] In an embodiment, the present invention relates to the
plasma synthesis of nanopowders calling upon radio frequency (r.f.)
Inductively coupled plasma torch, direct current (d.c.) plasma torch or
transferred arc plasma technology. More specifically, as broadly claimed, the
present invention relates to an apparatus comprising: (a) a plasma source
(1.e. "high temperature precursor vaporization zone™) in which a superheated
vapor is generated from a reactant material in the form of molten metal
droplets or a molten metal pool of solid particles; (b) a quenching chamber in
which a renewable laminar “controlled temperature gaseous condensation
front” Is generated through the injection of a preheated quench gas in an
upstream section of the quench zone, followed by the injection of
progressively cooler quench gases In a downstream section of the quench
zone, on which front the gaseous reactants/reaction products condense and

nucleate; and (c) a nanopowder collection zone.

[0008] In an embodiment, the present invention relates to an

apparatus for producing nanopowders comprising:

[0009] a plasma torch to generate a plasma flow and to produce a
vapour from a reactant material supplied to the plasma torch; and
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[0010] a qguenching chamber mounted to the plasma torch
downstream therefrom and in fluid communication with the plasma torch to
receive the vapour from the plasma torch, the quenching chamber comprising
an upstream hot quench section and a downstream cold quench section, the
upstream hot quench section being configured to receive a preheated quench
gas and to generate from said quench gas a renewable gaseous

condensation front.

[0011] The nucleation generates a nanopowder which is rapidly
transported to a collection chamber (i.e. “collection zone”) by the moving
gaseous condensation front. it was surprisingly discovered that by
independently controlling the temperature and chemical composition of the
renewable gaseous condensation front (for nucleating (i.e. condensing) the
reactants/reaction products present in the plasma flow), excellent control of
the chemistry, morphology, uniformity and particle size distribution of the
resulting nanopowder could be achieved. Moreover, the renewable controlled
temperature gaseous condensation front offers close control over particle
agglomeration since the front rapidly transports the nanopowders out of the
quenching zone, thus reducing the possibility for generating larger particles
through agglomeration. The apparatus of the present invention offers the

additional advantages of being compact, scalable and simple to operate.

[0012] In an embodiment, the present Invention relates to a
process for the plasma synthesis of nanopowders using r.f. inductively
coupled plasma, d.c. plasma or transferred arc plasma technology and calling
upon a renewable “controlled temperature gaseous condensation front”, for
example a laminar “controlled temperature gaseous condensation front”
which serves to rapidly quench the reactants/reaction products present in the

plasma flow.
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[0013] In an embodiment, the present invention relates to a

process for the plasma synthesis of nanopowders comprising;

[0014] feeding a reactant material into a plasma reactor in which
is generated a plasma flow having a temperature sufficiently high to vaporize

the matenal;

[0015] transporting the vapour by means of the plasma flow into a

quenching zone;

[0016] injecting a preheated quench gas into the plasma flow in

the quenching zone to form a renewable gaseous condensation front; and

[0017] forming a nanopowder at the interface between the

renewable condensation front and the plasma flow.

[0018] The foregoing and other objects, advantages and features
of the present invention will become more apparent upon reading of the
following non restrictive description of illustrative embodiments thereof, given

by way of example only with reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] In the appended drawings:

[0020] FIG. 1a is a cross-sectional side-elevation view of an
apparatus in accordance with an embodiment of the present invention,
comprising an r.f. inductively coupled plasma reactor (i.e. high temperature

precursor vaporization zone) and a quenching zone in a generally vertical



CA 02581806 2011-07-28

configuration relative to one another. FIG. 1b is a cross-sectional side-
elevation view of an apparatus in accordance with a further embodiment of
the present invention, comprising a transferred arc plasma reactor (i.e. high
temperature precursor vaporization zone) and a temperature controlled
quenching zone in a slanted configuration relative to one another. FIG. 1c is a
cross-sectional side-elevation view of an apparatus in accordance with a
further embodiment of the present invention, comprising a transferred arc
plasma reactor (l.e. high temperature precursor vaporization zone) and a

quenching zone in a generally horizontal configuration relative to one another.

10021] FIG. 2 is an lllustration of the temperature isocontours in
the quenching zone of either of the plasma reactors of FIG.1 using an Ar/H,
plasma gas flow at 5000 K and a quench gas flow rate of 400 slpm, wherein
the quench gas is at 700 K (Case 1), 1000 K (Case 2) and 1200 K (Case 3)

respectively.

[0022] FIG. 3 is an illustration of the flow stream lines in the
quenching zone of either of the plasma reactors of FIG.1 using an Ar/H,
plasma gas flow at 5000 K and a quench gas flow rate of 400 slpm, wherein
the quench gas is at 700 K (Case 1), 1000 K (Case 2) and 1200 K (Case 3)

respectively.

[0023] FIG. 4 is an illustration of the gas cooling rate isocontours
In the quenching zone of either of the plasma reactors of FIG.1 using an Ar/H,
plasma gas flow at 5000 K and a quench gas flow rate of 400 slpm, wherein
the quench gas is at 700 K (Case 1), 1000 K (Case 2) and 1200 K (Case 3)

respectively.

[0024] FIG. 5 is a graph illustrating temperature profiles along the
centerline of the quenching zone of either of the plasma reactors of FIG.1
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using an Ar/H; plasma gas flow at 5000 K and a quench gas flow rate of 400
slpm, wherein the quench gas is at 700 K (Case 1), 1000 K (Case 2) and
1200 K (Case 3) respectively.

[0025] FIG. 6 is a graph illustrating the gas cooling rate along the
centerline of the quenching zone of either of the plasma reactors of FIG.1
using an Ar/H, plasma gas flow at 5000 K and a quench gas flow rate of 400
slpm, wherein the quench gas is at 700 K (Case 1), 1000 K (Case 2) and
1200 K (Case 3) respectively.

[0026] FIG. 7 is a Scanning Electron Microscope (SEM)
micrograph of a copper nanopowder produced in accordance with the present
iInvention (Transferred Arc: Plasma Gas: Ar 20 sipm, N, 20 sipm; Arc current:
500 A; Power Level: 55 kW, Chamber Pressure: 66 kPa: Quench Flow
(recycled argon and nitrogen): 3300 slpm; Passivation: Air 8 slpm).

[0027] FIG. 8 is an X-Ray Diffraction Pattern of a copper

nanopowder produced in accordance with the present invention.

[0028] FIG. 9 is an X-Ray Diffraction Pattern of a copper oxide
nanopowder produced in accordance with the present invention.

[0029] FIG. 10 is a Scanning Electron Microscope (SEM)
micrograph of a copper oxide nanopowder (BET specific surface area = 14.8
m*/g) produced in accordance with the present invention (Transferred Arc:
Plasma Gas: Ar 20 slpm, N, 20 slpm; Arc current: 500 A; Power Level: 55
kW, Chamber Pressure: 66 kPa; Quench Flow (recycled argon and nitrogen):
1770 slpm; Reactive gas: oxygen 10 slpm).
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DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0030] In order to provide a clear and consistent understanding of
the terms used in the present specification, a number of definitions are
provided below. Moreover, unless defined otherwise, all technical and
scientific terms as used herein have the same meaning as commonly

understood to one of ordinary skill in the art to which this invention pertains.

[0031] The use of the word “a” or “an” when used in conjunction
with the term “comprising” in the claims and/or the specification may mean

“one”. but it is also consistent with the meaning of “one or more”, "at least
one”, and “one or more than one”. Similarly, the word “another” may mean at

least a second or more.

[0032] As used in this specification and claim(s), the words
“comprising” (and any form of comprising, such as “comprise” and
“comprises”), “having” (and any form of having, such as “have” and "has’),
“including” (and any form of including, such as “include” and “includes”) or
“containing” (and any form of containing, such as “contain” and “contains’),
are inclusive or open-ended and do not exclude additional, unrecited

elements or process steps.

[0033] The term “about’ is used to indicate that a value includes

an inherent variation of error for the device or the method being employed to

determine the value.

[0034] The present invention relates to the plasma synthesis of
nanopowders calling upon r.f. inductively coupled plasma, d.c. plasma or

transferred arc plasma technology. More specifically, as broadly claimed, the
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present invention relates to a process for the plasma synthesis of
nanopowders using r.f. inductively coupled plasma, d.c. plasma or transferred
arc plasma technology comprising producing a renewable “controlled
temperature gaseous condensation front”, for example a laminar “controlled
temperature gaseous condensation front” which serves to rapidly quench the

reactants/reaction products present in the plasma flow.

[0035] According to a first embodiment, the process of the present
invention comprises the vaporization of a metallic feed (i.e. molten metal
droplets or a molten metal pool maintained in a refractory ceramic crucible
and heated by a d.c. transferred arc). As the vapors emerge from the
vaporization zone (i.e. plasma torch or the transferred arc furnace) they are
mixed with and transported by a stream of hot gas, composed of one or more
plasma gases optionally mixed with an external, preheated, secondary sheath
gas stream, from the vaporization zone to the quenching zone of the reactor
(.e. apparatus). Upon reaching the quenching zone, the vapor laden stream
of hot plasma gas is confronted by a renewable “controlled temperature
gaseous condensation front” which can be generated through the uniform
Injection of a preheated quench gas across a porous metal or ceramic wall, or
a perforated refractory wall of a quenching chamber. The temperature of the
renewable “controlled temperature gaseous condensation front” can be
controlled through a preheating of the quench gas upstream from the point of
Injection into the quench zone. In a particular embodiment of the present
iInvention, the quenching chamber comprises a perforated refractory wall for
injecting the preheated quench gas. Even though the use of a quenching
chamber equipped with a porous metal or ceramic wall is within the scope of
the present invention, a perforated refractory wall provides for a wider range

of quench gas temperatures and optimal control of the condensation process.

[0036] The process, according to an embodiment of the present
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invention, comprises producing a renewable “controlled temperature gaseous
condensation front” as an effective means of controlling the uniformity and
particle size distribution of the nanopowder produced. Through proper control
of the temperature profile along the quenching zone, an effective control can
be exercised on the vapor condensation (i.e. nucleation) and thus the particle
growth process, the morphology and the particle size distribution of the
particles making up the nanopowder. The subsequent steps of the process
comprise further cooling of the nanopowder and the gas stream, and the
collection of the nanopowder in an appropriate filter. In an embodiment of the
present Invention, the subsequent cooling can be achieved using
conventional cyclonic heat exchangers. The renewable, controlled
temperature gaseous condensation front substantially eliminates the risk of
powder condensation on the inner surfaces of the reactor, ensuring a more
streamlined and continuous quenching zone in which the gaseous

reactants/reaction products condense and nucleate.

[0037] The process of the present invention comprises producing
a renewable controlled temperature gaseous condensation front by means of
Injecting a preheated quench gas into a quenching zone comprising a
quenching chamber equipped with either a perforated refractory wall or a
porous metal or ceramic wall. The renewable controlled temperature
gaseous condensation front provides for a continuous and stable
condensation process. Moreover, controlling the temperature profile along
the centerline of the quenching zone provides for improved control over the
physical characteristics (i.e. particle morphology, particle size and particle
size distribution) of the nanopowder product. In an embodiment, the process
of the present invention provides for improved quality control of the

nanopowder product as well as being scalable and simple to operate.

[0038] FIG. 1a, FIG. 1b and FIG. 1¢c show respective illustrative
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embodiments of an apparatus 10a, 10b and 10c respectively, for producing

nanopowders.

[0039] More specifically, the apparatus 10a is an r.f inductively
coupled plasma (i.e. high temperature precursor vaporization zone) reactor
assembly and the apparatuses 10b and 10c¢c are a d.c. transferred arc plasma
(1.e. high temperature precursor vaporization zone) reactor assembly.

[0040] With reference to FIG. 1a, in the case of an r.f. inductively
coupled plasma source 12a, the precursor vaporization takes place in-flight
from liquid droplets formed through the melting of solid particles introduced
into the center of the discharge 14a using techniques well known to those of
ordinary skill in the art. The precursor vaporization can also take place in
flight from liquid droplets injected into the discharge.

[0041] With reference to FIG. 1b, in the case of a d.c. transferred
arc plasma reactor assembly 10b, a central precursor vaporization zone 12b
in which a molten metal pool 14b is maintained in a refractory crucible 16b, is
vaporized or decomposed by means of the energy provided by a dc
transferred arc plasma torch 18b. The vaporization zone 12b comprises a
plurality of openings such as 20b, 22b, 24b and 26b. Opening 22b serves to
introduce the tip 28b of the dc transferred arc plasma torch 18b which also
serves as the cathode in the transferred arc operation. A further opening 26b
serves to introduce the anode 30b connection, which is subsequently
Immersed in the molten metal pool 14b. In an embodiment of the present
Invention, the anode 30b connection can be generated through the use of a
further dc transferred arc plasma torch. Yet a further opening 20b provides
for the continuous introduction of feed material, via a feed port 32b into the
vaporization zone12b such that the molten metal pool 14b can be maintained
at a substantially constant level. Yet a further opening 24b provides for the
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evacuation of the metal vapor laden plasma gas, optionally mixed with a torch
sheath gas, to a quenching zone 34b (which can be a quenching chamber for
example) in fluild connection or communication with the vaporization zone
12b. Even though the vaporization zone 12b and quenching zones 34b have
been illustrated in a generally slanted configuration with respect to one
another, other configurations are within the capacity of a skilled technician. A
non-limiting example of such other configurations is illustrated FIG. 1c
wherein the vaporization zone and quenching zones are in a generally

horizontal configuration relative to one another.

[0042] With reference to both FIG. 1a-c, upon reaching the
quenching zone (34a, 34b, 34c) the metal vapor laden stream of hot plasma
gas 1I1s confronted by a renewable controlled temperature gaseous
condensation front, which is generated through the uniform injection of a
preheated quench gas across a porous metal or ceramic wall or a perforated
refractory wall (36a, 36b, 36c¢c) of a quenching chamber (i.e. hot quench
section 38a, 38b, 38¢c). The quench gas can be preheated to a desired
condensation temperature, providing for an effective means of controlling the
condensation conditions and thus the morphology, uniformity and particle size
distribution of the nanopowder produced. By maintaining the condensation
temperature in the hot quench section (38a, 38b, 38c) of the quenching zone
(34a, 34b, 34c) at a temperature below the melting point of the processed
material, excessive particle agglomeration and deposition on the inner walis

(1.e. surfaces) of the reactor (10a, 10b, 10c¢), is substantially avoided.

[0043] Individual modules further downstream of the hot quench
section (38a, 38hb, 38c) of the quenching zone (34a, 34b, 34c) provide for the
injection of additional quench gas at different temperatures and the
establishment of a predetermined temperature gradient along the centerline
of the quenching zone (34a, 34b, 34¢). Even though one additional module
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(ile. cold quench section 40a, 40b, 40c) has been Illustrated, other
configurations comprising a plurality of such cold quench sections are within
the capacity of a skilled technician. Controlling the temperature profile along
the centerline (42a, 42b, 42c) of the quenching zone (34a, 34b, 34¢) provides
for an improved control over the physical characteristics (l.e. particle
morphology, particle size and particle size distribution) of the final
nanopowder product. Controlling the chemistry of the cold quench gas,
injected at different locations in the cold quench section provides for added
means of controlling the chemistry of the nanopowders produced.

[0044] FIG. 1a, FIG. 1b and FIG. 1c further illustrate a hot quench
gas inlet (44a, 44b, 44c) for feeding hot quench gas into the hot quench zone
(38a, 38b, 38c) as well as a cold quench gas inlet (46a, 46b, 46¢c) feeding
cold quench gas into the cold quench zone (40a, 40b, 40c). Moreover, the
hot quench gas inlet (44a, 44b, 44c¢) or cold quench gas inlets (46a, 46b,
46¢) may also be used to feed a second reactant (such as an oxidizing gas, a
carburizing agent, and a nitrating agent) into the quench zone (34a, 34b,
34c). The skilled artisan should also appreciate that such a second reagent
may also be introduced directly into the plasma flow or concomitantly with the

feed material.

[0045] The nature and composition of the quench gas has a direct
impact on the chemical composition of the nanopowder produced. In an
embodiment of the present invention the quench gas may further comprise an
oxidizing gas such as oxygen. Upon reaching the quenching zone (34a, 34b,
34c), the metal vapor laden stream of hot plasma gas is confronted by a
renewable controlled temperature gaseous condensation front further
comprising oxygen, producing a nanopowder comprising an oxide of the
precursor material. In a further embodiment of the present invention, the

quench gas may further comprise a carburizing agent such as acetylene or
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methane. Upon reaching the quenching zone (34a, 34b, 34c), the metal
vapor laden stream of hot plasma gas is confronted by a renewable controlled
temperature gaseous condensation front further comprising a carburizing
agent, producing a nanopowder comprising a carbide of the precursor
material. In yet a further embodiment of the present invention, the quench
gas may further comprise a nitriding agent such as ammonia. Upon reaching
the quenching zone (34a, 34b, 34c), the metal vapor laden stream of hot
plasma gas is confronted by a renewable controlled temperature gaseous
condensation front further comprising a nitriding agent, producing a
nanopowder comprising a nitride of the precursor material. Other quenching
gas configurations are possible and are within the capacity of a skilled
technician.

[0046] The effectiveness of the controlled temperature gaseous
condensation front in controlling the temperature field in the quench zone
(34a, 34b, 34c) is further illustrated by the results depicted in FIGS. 2-6. The
results were obtained using experimental parameters typical of either r.f. or
d.c. plasma evaporation, quenching zones operating at atmospheric pressure
and using an argon/hydrogen (80/20 %vol) plasma. The temperature of the
metal vapor laden plasma gas at the exit of the high temperature precursor
vaporization zone was set at 5000 K with a total gas flow rate of 90 slpm
(11%vol. Hz in the mixture). The quench gas flow rate was set at 400 sipm
(pure Argon) and the quench gas injection temperatures were set at 700 K
(Case 1), 1000 K (Case 2) and 1200 K (Case 3) respectively. The flow rate
and temperature of additional quench gas (Ar) injected in the “cold quench
section” of the quenching zone, located further downstream of the “hot

quench section”, was set at 2000 slpm and 300 K respectively.

[0047] Typical temperature isocontours, flow stream lines, and
gas cooling rate isocontours as observed in the quenching zone are
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llustrated in FIGS. 2, 3, and 4 respectively. As can be observed from the
Figures, the core temperature of the plasma gases entering the quench
section is relatively uniform at 5000 K. Moreover, distinctly different gaseous
condensation fronts are generated in the hot section of the quenching

chamber, depending on the temperature of the injected quench gas.

[0048] As illustrated in FIG. 5, increasing the quench gas
temperature from 700 K to 1200 K significantly reduces the severity of the
quench rate. Moreover, as illustrated in FIG. 6, increasing the quench gas
temperature from 700 K to 1200 K reduces the plasma gas cooling rate which
is of importance for a proper control over the vapor condensation process (/.e.
nucleation) and thus the particle growth process, the particle morphology and
the particle size and particle size distribution of the particles making up the
nanopowder. Additionally, as illustrated in FIG. §, the temperature of the
gases along the centerline of the quenching zone drops-off more gradually

with increasing quench gas temperatures.

[0049] As illustrated in FIG. 6, the effect of the quench gas
temperature on the cooling rate of the plasma gases Is significant. The
results indicate that an increase of the quench gas temperature from 700 K to

1200 K, leads to a decrease of the maximum cooling rate form 6x10° K/s to
5x10° K/s. Moreover, the location of the peak indicative of maximal plasma

gas cooling rate is shifted in the downstream direction by about 0.1 meters.

[0050] A Scanning Electron Microscope (SEM) micrograph of a
copper nanopowder produced Iin accordance with the present invention is
iHustrated in FIG. 7. The mean particle size was measured to be 100 nm and
the BET specific surface area was measured to be 6.72 m?/g.

[0051] An X-Ray Diffraction Pattern of a copper nanopowder
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produced In accordance with the present invention is illustrated in FIG. 8. |
The diffraction pattern is indicative of a pure metallic copper powder.

[0052] An X-Ray Diffraction Pattern of a copper oxide nanopowder
produced in accordance with the present invention is illustrated in FIG. 9.

The diffraction pattern is indicative of a pure metallic copper powder.

[0053] A Scanning Electron Microscope (SEM) micrograph of a
copper oxide nanopowder produced in accordance with the present invention
s illustrated in FIG. 10. The BET specific surface area was measured to be
14.8 m¥g.

[0054] It is to be understood that the invention is not limited in its
application to the details of construction and parts as described hereinabove.
The invention is capable of other embodiments and of being practiced in
various ways. It is also understood that the phraseology or terminology used
herein Is for the purpose of description and not limitation. Hence, although
the present invention has been described hereinabove by way of illustrative
embodiments thereof, it can be modified, without departing from the spirit,

scope and nature of the subject invention as defined in the appended claims.
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WHAT IS CLAIMED IS:

1. An apparatus for producing nanopowders comprising:

a) a plasma torch to generate a plasma flow and to
produce a vapour from a reactant material supplied to the plasma torch; and

b) a quenching chamber mounted to the plasma torch
downstream therefrom and in fluid communication with said plasma torch to
receive the vapour from the plasma torch, said quenching chamber
comprising an upstream hot quench section and a downstream cold quench
section, said upstream hot quench section being configured to receive a
preheated quench gas and to generate from said quench gas a renewable
gaseous condensation front, said downstream cold quench section being
configured to receive a cooler quench gas relative to said preheated quench

gas.

2. The apparatus of claim 1, wherein the quenching

chamber comprises a slanted position relative to the plasma torch.

3. The apparatus of claim 1, further comprising a collection

chamber to collect the nanopowder.

4. The apparatus of claim 1, wherein the gaseous

condensation front exerts a constricting effect on the plasma flow.

5. The apparatus of claim 4, wherein the constricting effect

Is proportional to the quench gas flow rate.

6. The apparatus claim 1, wherein the quenching chamber
comprises a wall section comprising a plurality of openings for injecting the

quench gas in the quenching chamber.
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7. The apparatus of claim 6, wherein the wall section is a

porous wall section.

8. The apparatus of claim 6, wherein the wall section is a
slotted wall section.

9. The apparatus of claim 6, wherein the wall section is a

perforated wall section.

10. The apparatus of claim 1, wherein said vapour is at a
reaction temperature capable of reacting with said plasma flow and/or said
quench gas.

11. The apparatus of claim 1, wherein the reactant material
s selected from the group consisting of metals, alloys, organometallic
compounds, chlorides, bromides, fluorides, iodides, nitrites, nitrates, oxalates,

carbonates, oxides and composites.

12. The apparatus of claim 1, further comprising:
c) means for feeding a second reactant in the plasma
flow: and
d) means for reacting the second reactant with the
reactant material to produce a nanopowder of chemical composition different

from the reactant material.

13. The apparatus of claim 12, comprising means for
injecting the second reactant into the plasma torch.

14. The apparatus of claim 12, comprising means for

Injecting the second reactant into the quenching zone.
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15. The apparatus of claim 12, wherein the second reactant

Is the quench gas.

16. The apparatus of claim 12, wherein the second reactant

IS an oxidizing gas.

17. The apparatus of claim 12, wherein the second reactant

Is a carburizing agent.

18. The apparatus of claim 12, wherein the second reactant

IS a nitrating agent.

19. The apparatus of claim 12, further comprising a reactor,
said reactor being In fluid communication with the plasma torch and the
quenching chamber, and said reactor being disposed between the plasma
torch and the quenching chamber.

20. A process for synthesizing a nanopowder comprising:

a) feeding a reactant material into a plasma reactor in
which is generated a plasma flow having a temperature sufficiently high to
vaporize said material;

b) transporting said vapour by means of said plasma flow
Into a quenching zone comprising an upstream hot quench section and a
downstream cold quench section;

c) injecting a preheated quench gas into the plasma flow
In the hot quench section of the quenching zone to form a renewable gaseous
condensation front;

d) injecting a cooler quench gas relative to the preheated
quench gas in the downstream cold quench section of the quenching zone,

and
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e) forming a nanopowder at the interface between the

renewable condensation front and the plasma flow.

21. The process of claim 20, wherein the quenching zone
comprises a slanted position relative to the plasma reactor.

22. The process of claim 20 further comprising collecting the

nanopowder in a collection zone.

23. The process of claim 20, wherein the gaseous
condensation front exerts a constricting effect on the plasma flow.

24. The process of claim 23, wherein the constricting effect

IS proportional to the quench gas flow rate.

25. The process of claim 20, comprising injecting a
preheated quench gas in the quenching zone by means of a plurality of

openings in a wall section of said quenching zone.

26. The process of claim 25, wherein the plurality of

openings define a porous wall section.

27. The process of claim 25, wherein the plurality of

openings define a slotted wall section.

28. The process of claim 25, wherein the plurality of

openings define a perforated wall section.



CA 02581806 2011-07-28

21

29. The process of any one of claims 25, 26, 27 or 28,

wherein the quenching zone is a quenching chamber.

30. The process of claim 20, wherein said vapour is at a
reaction temperature capable of reacting with said plasma flow and/or said
quench gas.

31. The process of claim 20, wherein the reactant material is
selected from the group consisting of metals, alloys, organometallic
compounds, chlorides, bromides, fluorides, iodides, nitrites, nitrates, oxalates,

carbonates, oxides and composites.

32. The process of claim 20, further comprising:
f) feeding a second reactant in the plasma flow; and
g) reacting the second reactant with the reactant material
to produce a nanopowder of chemical composition different from the reactant

material.

33. The process of claim 32, comprising injecting the
second reactant into the plasma torch.

34. The process of claim 32, comprising injecting the

second reactant into the quenching zone.

35. The process of claim 32, wherein the second reactant is

the quench gas.

36. The process of claim 32, wherein the second reactant is

an oxidizing gas.



CA 02581806 2011-07-28

22

37. The process of claim 32, wherein the second reactant is

a carburizing agent.

38. The process of claim 32, wherein the second reactant is

a nitrating agent.



CA 02581806 2007-03-08

Application number / numérq de demande: G/Z) sg / jj é ‘
Figures: C;l -’3 v 7/4 - ﬁ 10/ ﬁ'/& £

Pages:

Unscannable item(s)
received with this application

To inquire if you can order a copy of the unscannable items, please visit the
CIPO WebSite at HTTP://CIPO.GC.CA

Item(s) ne pouvant étre balayes
Documents regus avec cette demande ne pouvant étre balayes.
Pour vous renseigner si vous pouvez commander une copie des 1tems ne

pouvant étre balayés, veuillez visiter le site web de 'OPIC au HTTP:// CIPO.GC.CA



&
S

40a

s <\\\\\\\\\\\\\\\\\\////////////////////
AN

\\\\\ i )\\\\\\\\\\\\\\\\
)

g
a
3
F crifecdddiedecdnductindend !
n\////////ﬂu////////

&

14a
46.



16b

CA 02581806 2007-03-08

:
Q ‘\\ ’2 § §
S s \ ,4:3/ \\ §
; XA ©
—

t‘;.'a - % 4
'Io.n' o \\‘ \‘ N
-..- ..I :.. t‘
LAY \\
w e,
G =« *s *
AR & \
s < b4 25 IR SO T SR AT A A IR R S
- g /:_‘ »es 4 o A "'i‘_* "t.'r,.t {;:}’:&3-"-.&‘-:1’ IR
g -'. I " wew 'f.‘ 4 *\-f“’-zﬁ'd‘ﬁJ'.‘.'%“‘:e Q'.‘ ---"t‘
AR S W%, £ B Nrp T 2t e Ty g bl
‘l.:t:;*' »
£~
ooooo

Kol 'b.'-- » . > mer 2 3038 f'.'!‘
R A S SO ARy 5
RETICAE IS SR K PR AE S IR My R
g: - :.. ?;'I: \ ‘

28800 5 N \

[ ..?o‘ ‘t‘.:‘

2> »r= c 0
[ .

N
N
\

111
\’\\,{/ﬂ’ J
/

N
Y/}

N 11 /12 ’/ / //////§&\\\\\\\\\\\\

X
“~

S 9 R

874/,

<
/2.

/



CA 02581806 2007-03-08

274

N\

////\\\\\\\_\\\\\ e

77 ANQ\Q&Vxﬁﬁxc\ 77777722777,
\\\\\ - CRENE—
e

NMW%V 777777777 ez
\\\ ooT
\\

/74

-w-+-4ﬁ-¢ ¢-

dadadeebadadd I:

e

07

IT_ ==L \ \
.§ 297

/

/A



CA 02581806 2007-03-08

Temperature (K)

0

-100000

K/s)

< -200000

-300000 +

-400000
-500000

Gas cooling rate

-600000

-700000 -
0




CA 02581806 2007-03-08

=
= = (B3D) E10U1-OM
Ot O0EL 0L OLE O00FL 06 08 0L 09

nD-18ddo) <9£80%00-00

' A! 4 4 P YRAYE Y T YT P T ..*-u_ln Fpv- T YR e T OVIYFEEgFEWCY T «I . - Y EA b TARE. X L L W Y4 ey Gy - ee— gy

0S

O

€ 0z Ol
——
0
—
=
-
25
0oL =
P,
O
c
S
B
06!
002

IMVH'|46 | 2090]



CA 02581806 2007-03-08

15.0
e Cu

10.0 v Qo
All other peaks: Cus0

Koo L A

Intensity (Counts)

e 2 w40 s 60 70 80 %
Two-Theta (deg)
T = _4x
'@’ 12.0 U
s 190 v guO
S 80
= 60 All other peaks: Cu,0
e 40
g 20 L W S
10 20 30 40 50 60 70 80 90
Two-Theta (deg)
I z=_4f
& 1501 s o
§ 10.0- v GO
< All other peaks: Cu»0
% 50
10 20 60 70 80 90
Two-Theta (deg)
_T==_4r
15.0
7) e Cu
% All other peaks: Cu,0
2 50
E x10/\3 A ' L A mel™ L R — l A N .
10 20 30 40 50 60 70 80 90
Two-Theta (deg)

Tz _4d



184

L ———

N

14a

77

f

N\
A\

L

N

_

_
7

77

777

0

-

v\\\\\\\\&

Jba

44a

T

44
40a

 AAARRARAR
ap— -

48a

ZANNNY 4 I

3

4ba




	Page 1 - abstract
	Page 2 - abstract
	Page 3 - abstract
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - abstract drawing

