wo 2015/075439 A1 | ]I ONF 1000 O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

28 May 2015 (28.05.2015)

(10) International Publication Number

WO 2015/075439 A1l

WIPOIPCT

(51

eay)

(22)

(25)
(26)
(30)

1

(72

International Patent Classification:
BOIF 5/04 (2006.01) B01J 19/24 (2006.01)
B01J 3/00 (2006.01) B82Y 30/00 (2011.01)

International Application Number:
PCT/GB2014/053413

International Filing Date:
19 November 2014 (19.11.2014)

Filing Language: English
Publication Language: English
Priority Data:

1320417.7 19 November 2013 (19.11.2013) GB

Applicant: THE UNIVERSITY OF NOTTINGHAM
[GB/GB]; University Park, Nottingham Nottinghamshire
NG7 2RD (GB).

Inventors: LESTER, Edward; ¢/o The University of Not-
tingham, University Park, Nottingham Nottinghamshire
NG7 2RD (GB). HUDDLE, Thomas; ¢/o The University
of Nottingham, University Park, Nottingham Nottingham-
shire NG7 2RD (GB).

(8D

(84)

(74) Agent: BARKER BRETTELL LLP; 100 Hagley Road,

Edgbaston, Birmingham, West Midlands, B16 8QQ (GB).

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: MIXING REACTOR AND METHOD

Fig 1 | 4

S ——

(57) Abstract: A mixing reactor (1), the reactor comprising a
body (2) having a first inlet (3), a second inlet (5) and an out-
let (4), in which there is an inner passage (6) through the
body (2) from the first inlet (3) at a first end (12) of the body
(2) to the outlet (4) at a second end of the body (2) along a
length of the body (2), the inner passage (6) having a side
wall (17) along the length, and an outer passage (7) closer to
a surface (14) of the body (2) than the inner passage (6), the
outer passage (7) running from the second inlet (5) at the
second end, travelling through the body (2) along the length
and meeting the inner passage (6) at a junction (11) at the first
end, the outer passage (7) joining the inner passage (6)
through the side wall (17) at the junction(11). Such a mixing
reactor can be used for producing particles such as nano-
particles or Metal-Organic frameworks. Furthermore, we dis-
close a cascade of such reactors and a method of using such
reactors to mix fluids, typically but non-exclusively so as to
produce such particles.
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MIXING REACTOR AND METHOD

This invention relates to mixing reactors such as may (non-exclusively) be suitable for
producing particles such as nanoparticles or Metal-Organic frameworks, a cascade of
such reactors and a method of using such reactors to mix fluids, typically but non-

exclusively so as to produce such particles.

Metal and metal oxide particles with nanometre scale dimensions have a wide range of
uses, including (but not limited to) catalysts, pigments, polishes, ultraviolet absorbers
and in ceramics. It is well known that such particles can be formed by chemical
reaction of aqueous solutions of metal salts with heated, pressurised or supercritical
water. In principle, this methodology offers distinct advantages over other methods of
nanoparticle creation in terms of cost and viability as it allows the reaction to be
performed as a continuous process. However, it is difficult to perform this reaction on
a commercial scale utilising current methods because existing reactor configurations
do not allow the precipitation reaction to be controlled effectively leading to frequent
blockage of the reactor and inadequate control of particle size and shape. Hence
within this process, the design of the reactor where the water and the salt solution mix

is of crucial importance to the size and properties of the nanoparticles produced.

The PCT patent application published as W02005/077505 describes a counter-current
mixing reactor where supercritical water is introduced into a first inlet and a metal salt
solution is introduced at a second inlet, the resultant nanoparticle-bearing suspension
being extracted at an outlet. In this case, the first inlet is positioned within the outlet,
so that the mixing occurs where the flow of supercritical water changes direction

through 180 degrees.

We are also aware of the PCT patent application publication W02013/034632, which
discloses a mixing reactor that introduces the supercritical water parallel to the flow

of the metal salt solution, then uses mechanical impellers to achieve mixing.

We are also aware of the PCT patent application publication W0O2011/148121, which
discloses a co-current mixer, where the metal salt solution is introduced through two
opposing inlets having a common outlet, and supercritical water is introduced through

a third inlet within the outlet, such that the metal salt solution and the supercritical
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water introduced at their respective inlets flow in the same direction through the
outlet. However, we have appreciated that this leads to preheating of the metal salt
solution prior to the mixing point (as the inlet for the supercritical fluid necessarily
must pass through the flow of metal salt solution) and consequent cooling of the
supercritical water, and to difficulties in ensuring a symmetrical flow in the outlet, as
the supercritical water inlet cannot be long enough to ensure a satisfactorily
symmetrical flow without leading to an unacceptable pre-mixing heat transfer from

the supercritical water to the metal salt solution.

According to a first aspect of the invention, there is provided a mixing reactor, the
reactor comprising a body having a first inlet, a second inlet and an outlet, in which
there is an inner passage through the body from the first inlet at a first end of the body
to the outlet at a second end of the body along a length of the body, the inner passage
having a side wall along the length, and an outer passage closer to a surface of the
body than the inner passage, the outer passage running from the second inlet at the
second end, travelling through the body along the length and meeting the inner
passage at a junction at the first end, the outer passage joining the inner passage

through the side wall at the junction.

Thus, because the outer passage is closer to the surface than the inner passage, it can
be more ecasily heated by a heater surrounding the mixing reactor than the inner
passage or the fluid flowing into the first inlet. As such, application of a heater to the
body will preferentially heat fluid flowing through the outer passage, and is unlikely
to substantially heat fluid flowing into the first inlet until after it has passed the
junction. Thus, if a metal salt is introduced to the first inlet, there will be no
significant heating of the first inlet by a heater attached to the body, but there will be

heating of a (typically supercritical) fluid introduced into the second inlet.

Furthermore, because the fluid is being introduced through the side wall of the inner
passage, this will introduce turbulence into the fluid flow through the reactor, thus
achieving efficient mixing without the need for mechanical mixing means or so on.
The initial mixing location is predictable, as it will be the junction, where the two
fluids are introduced. In addition, if the reactor is used with the second end

uppermost, buoyancy effects will increase the mixing of the two fluids as the hot fluid
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from the outer passage will want to rise relative to the cooler unheated fluid from the

first inlet, thus causing differential buoyancies.

The outer passage may enter the inner passage at an angle of 90 degrees to the length,
plus or minus 45, 30, 15, 5 or 1 degrees. The junction may comprise an orifice in the
inner wall, with a portion of the outer passage preceding the orifice that is at the angle

relative to the length.

There may be a further outer passage that is also closer to the surface than the inner
passage, the further outer passage having a further second inlet at the second end,
travelling through the body along the length and meeting the inner passage at a further
junction at the first end, the further outer passage joining the inner passage through
the side wall at the further junction. Typically, the further outer passage will be
symmetrical to the outer passage relative to the inner passage; this allows for
symmetrical mixing, which can allow the reactor generate the best products in terms

of composition, uniform particle sizes and narrow particle size distribution.

Alternatively, the outer passage could comprise a sleeve coaxially surrounding the

inner passage; this would also provide for symmetrical mixing.

Typically, the surface will exclude the first and second ends. The reactor may further
comprise a heater coupled to the surface, such as a band heater. This will, as
discussed previously, preferentially heat the outer passage rather than the inner
passage or the first inlet. As such, the body may be made of heat-conductive material,
such as a metal material, such as stainless steel, typically stainless steel 316, or alloys

such as Hastelloy, Inconel, Monel or Nimonic.

The reactor may comprise an extension passage, extending out of the body from the
outlet. This can allow the fluid flowing out of the reactor to be provided with heating
or cooling as desired. As such, the extension passage may be provided with heating or

cooling apparatus through which it passes.

The reactor may be suitable for mixing two fluids. Typically, it will be suitable for

forming particles, such as nanoparticles or metal-organic framework (MOF) particles.
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According to a second aspect of the invention, there is provided a cascade of mixing
reactors, comprising a first mixing reactor in accordance with the first aspect of the
invention and a second mixing reactor in accordance with the first aspect of the
invention, in which the outlet of the first mixing reactor is coupled to the first inlet of

the second mixing reactor.

According to a third aspect of the invention, there is provided a method of mixing two
fluids, comprising delivering a first fluid through the first inlet of a mixing reactor in
accordance with the first aspect of the invention, delivering a second fluid through the

second inlet of the mixing reactor and extracting a mixed fluid from the outlet.

This has been found to be a particularly efficient way of mixing two fluids. Typically,
any or the first, second or mixed fluids can be liquids, including solutions or

suspensions.

Typically, the first fluid will comprise a metal salt solution, and the mixed fluid will
be a particle-bearing suspension. Thus, the mixing reactor will mix the fluid and the
metal salt solution, so that they mix together and particles form. As discussed above,

the mixing will be efficient due to the turbulence induced in the flow by the junction.

The method may comprise heating the second fluid. The heating may occur through
the application of heat to the surface of the reactor. The application of heat may be
through a heater, such as a band heater, applied to the surface of the reactor. Such
heating will preferentially heat the second fluid and not the first fluid. Furthermore,
the method may comprise heating the second fluid to a temperature above that of the

first fluid before the second fluid 1s delivered to the second inlet.

The reactor may be used with the second end uppermost, so that buoyancy effects also

assist with the mixing of the second fluid and the first fluid.

The second fluid may be water, typically supercritical water or alcohols or other
organic solvents. Where the first fluid is a metal salt solution, the metal salt solution
may be, for example, a solution of metal nitrates, metal sulfates, metal acetates, metal
acetylacetones, metal halides, or metal carbonates, and more particularly may be any

of Iron nitrate, iron acetate, iron sulfate, aluminium nitrate, zinc nitrate, copper
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nitrate, copper acetate, nickel nitrate, calcium acetate, calcium nitrate, barium nitrate,
cobalt acetate, titanium bis(ammonium lactato)dihydroxide, titanium tetrachloride,

platinum nitrate, palladium nitrate, cerium nitrate or others.

The method may comprise heating or cooling the mixed fluid as it passes through the

extension tube.

The method may comprise passing the mixed fluid through a further mixing reactor in
accordance with the first aspect of the invention, in which the mixed fluid is
introduced to the first inlet of the further mixing reactor, a third fluid is introduced at
the second inlet of the further mixing reactor and a further mixed fluid is extracted at
the outlet of the further mixing reactor. The third fluid may be, for example, a
secondary metal salt solution, or a solution containing a “capping agent”, including
but not limited to organic acids (e.g. citric acid), thiols (e.g. methanethiol) and

polymers (¢.g. polyvinylpyrrolidone).

The mixing reactor and the further mixing reactor may form a cascade in accordance

with the second aspect of the invention.

The particles may be nanoparticles, or metal-organic framework (MOF) particles, or
other suitable particles that can be formed by combining a metal salt solution with the

fluid.

There now follows, by way of example only, description of embodiments of the

invention, in which:

Figure 1 shows a schematic cross section through a mixing reactor in

accordance with a first embodiment of the invention;

Figure 2 shows an enlargement of Figure 1 around the junction of the inner

and outer passages;

Figures 3a and 3b cach show a corresponding view of that of Figure 2, for

two alternative embodiments of the invention;



10

15

20

25

30

35

WO 2015/075439 PCT/GB2014/053413

Figure 4 shows the mixing reactor of Figure 1 being used in series with a heat

exchanger;

Figure 5 shows the mixing reactor of Figure 1 being used in series with a

heater;

Figure 6 shows the mixing reactor being used in cascade with another mixing

reactor; and

Figure 7 shows a cascade of two mixing reactors in accordance with a further

embodiment of the invention.

Figures 1 and 2 show a mixing reactor 1 in accordance with a first aspect of the
invention. It comprises a metal body 2 having a first inlet 3 in a first end 12 of the
body and two second inlets 5 and an outlet 4 in a second end of the body. The body 2
is generally elongate and has a length 15, and an outer surface 14 separating the two
ends 12, 13. The reactor is used with the second end 13 uppermost (that is as if the

accompanying drawings were viewed vertically).

An inner passage 6 runs from the first inlet 3 to the outlet 4 along the length. Two
outer passages 7 run from respective second inlets 5 at the second end of the body to a
junction 11 at the first end of body, where they each enter the inner passage 6. The

outer passages 7 lie between the inner passage 6 and the outer surface 14.

As can be seen in more detail in Figure 2 of the accompanying drawings, the outer
passages 7 join the inner passage 6 through respective orifices 16 in the side walls 17
of the inner passage 6. In each case, there is a short length of outer passage 7a that is

perpendicular to the length 15 and hence the inner passage 6.

Thus, if a metal salt solution is introduced into the first inlet 3, and preheated
supercritical water (or other suitable fluid such as alcohol) is introduced into the
second inlets 5, the supercritical water will pass through outer passages 7 until it
reaches the orifices 16. At this point, the supercritical water will be introduced into
the stream of metal salt solution that is passing from the first inlet 3 through the inner

passage 6. Because of the perpendicular introduction, turbulence will be induced at
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the junction 11, leading to mixing of the metal salt solution and the supercritical
water. The mixing is consistent, symmetrical and thorough, leading to a satisfactory
vield of consistent nanoparticles. The turbulence and consequent mixing continues as
the mixed fluid passes up the inner passage 6 towards the outlet 4, aided by the
differences in density and viscosity between the two fluids. There is no need to
employ mechanical impellers or the like. The nanoparticle-bearing suspension can

then be extracted from the outlet 4.

Furthermore, we have found that by appropriate control of the size d of the
apertures 16, and the flow rate of the supercritical fluid, “backflow” (that is, flow of
the metal salt solution into the outer passages) can be substantially eliminated. Thus,
we can avoid the formation of nanoparticles in undesired locations. As such, the flow
rate of the supercritical fluid needs to be high enough to avoid backflow, and the size
d of the orifices should be small enough to avoid backflow. A high flow rate and a
small orifice will lead to increased turbulence and so more homogeneous mixing,
although too small an orifice will lead to back-pressure issues with pumping the
supercritical fluid. There are several parameters which may need to be considered
when choosing the flow rate, including the flow rate of the metal salt solution, the
relative diameters of the passages 6, 7, and the lengths of the perpendicular lengths 7a

of the outer passages.

It can be seen that the passages 6, 7 are symmetrical about the centreline of the inner
passage 6. This means that the mixing is symmetrical, which we have appreciated as
being important when generating the best products in terms of composition, uniform
particle sizes and narrow particle size distribution. The whole flow can be very

quickly and evenly mixed together.

In order to keep the supercritical water hot, there is a provided a band heater 10
around the surface 14. This therefore preferentially heats the outer passages 7 and so
their contents, the supercritical water. Because the heater 10 does not extend to the
first inlet 3 or across the first end 3, there is no significant heating of the metal salt
before reaching the junction 11. Unwanted heating can lead to precipitation of the
metal salts out of solution and can effect the formation of nanoparticles, as well as
leading to pumping problems. On the other hand, there is little opportunity for the

supercritical water to cool having passed through the outer passage adjacent to the



10

15

20

25

30

WO 2015/075439 PCT/GB2014/053413

heater, and so will be at the correct temperature for the reaction. Any heat loss
between the second inlets 5 and the heater 10 can be mitigated by using suitable

thermal lagging.

It can be seen that the present reactor provides little opportunity for particle
accumulation and/or lining of internal surfaces of the reactor, which are most likely to
occur where the product stream is hot. The potential for particle accumulation can be
minimised by avoiding narrow constrictions, artefacts such as edges, ridges and
corners (on the internal surfaces of the apparatus) and changes in overall flow
direction in the region of apparatus between the mixing point (that is, the junction 11)
and where the product stream is cooled after the outlet 4. The present design allows
for a reactor that is completely free of zones which may allow particle accumulation.
The present reactor can be made substantially seamless and without any loss of
symmetry between the junction 11 and the point where the product has been

substantially cooled in, for example, a downstream heat exchanger.

The angle at which the supercritical water flow is introduced can be varied as shown
in the alternative embodiments shown in Figures 3a and 3b of the accompanying
drawings. In these, the part 7b, 7¢ of the outer passage leading to the orifices 16 can
be angled against the flow from the first inlet as shown in Figure 3a, or with the flow
as shown in Figure 3b, as long as a substantial perpendicular element is still

maintained.

The mixing reactor 1 can be used in series with various other equipment without
deleterious effect on the advantages it provides. As shown in Figure 4 of the
accompanying drawings, a heat exchanger 20 is connected around an extension
tube 21 extending, typically seamlessly from the outlet 4. Thus, the nanoparticle-
bearing suspension can be cooled without presenting significant opportunity for

blockages to form.

Likewise, if it is desired to keep the nanoparticle-bearing suspension hot, a further
heater 22 can be provided around the extension tube 21. Again, there is little

opportunity for nanoparticle agglomerations to form.
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In Figure 6, the mixing reactor 1 of the first embodiment of the invention is employed
in series with a second mixing reactor 25. The second mixing reactor 25 functions in
a similar way to that 1 of the first embodiment, except that it is not provided with a
heater 10. As such, the outlet 4 of the first mixing reactor 1 is coupled to the first
inlet 26 of the second mixing reactor. A further fluid, for example, a secondary metal
salt solution, or a solution containing a “capping agent”, including but not limited to
organic acids (e.g. citric acid), thiols (e.g. methancthiol) and polymers (e.g.
polyvinylpyrrolidone), is introduced to the second inlets 27 of the second mixing
reactor. The inner 28 and outer 29 passages of the second mixing reactor meet at a
junction 30 in the same manner as in the first embodiment, the junction 30 providing a
second mixing point. The further processed suspension then can be extracted from the

second mixing reactor’s outlet 31.

It should be noted also that the reactor, in both its first embodiment of Figures 1 and 2
and in the multi-stage configuration of Figure 6 need not have a outer surface 14 with
a band heater 10; the heated feed can instead be introduced using only cross-pieces
and reducers (in this case a cross-piece is favoured significantly over a T-piece in
order to achieve symmetrical mixing, as there is little distance for the heated flow to
become uniform). The use of an outer surface 14 with a band heater 10 (as in
Figure 1) is likely to be favoured in certain scenarios (such as where increased
residence time is required or the heated feed must be very hot), whereas the design
without an outer surface and heater (as in the second mixing reactor of Figure 6) is
likely to suit other situations (where lower temperatures and/or short residence times
are required). An example where both the mixing reactors 35, 25 in a multi-stage

configuration lack the heater 10 around the surface 14 is shown in Figure 7.
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CLAIMS

1. A mixing reactor, the reactor comprising a body having a first inlet, a second
inlet and an outlet, in which there is an inner passage through the body from the first
inlet at a first end of the body to the outlet at a second end of the body along a length
of the body, the inner passage having a side wall along the length, and an outer
passage closer to a surface of the body than the inner passage, the outer passage
running from the second inlet at the second end, travelling through the body along the
length and meecting the inner passage at a junction at the first end, the outer passage

joining the inner passage through the side wall at the junction.

2. The mixing reactor of claim 1, in which the outer passage enters the inner

passage at an angle of 90 degrees to the length, plus or minus 45 degrees.

3. The mixing reactor of claim 2, in which the junction comprises an orifice in
the inner wall, with a portion of the outer passage preceding the orifice that is at the

angle relative to the length.

4. The mixing reactor of any preceding claim, comprising a further outer passage
that is also closer to the surface than the inner passage, the further outer passage
having a further second inlet at the second end, travelling through the body along the
length and meeting the inner passage at a further junction at the first end, the further

outer passage joining the inner passage through the side wall at the further junction.

5. The mixing reactor of claim 4, in which the further outer passage is

symmetrical to the outer passage relative to the inner passage.

6. The mixing reactor of any preceding claim, comprising a heater coupled to the
surface.
7. The mixing reactor of any preceding claim, comprising an extension passage,

extending out of the body from the outlet provided with heating or cooling apparatus

through which the extension passage passes.
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8. A cascade of mixing reactors, comprising a first mixing reactor in accordance
with any preceding claim and a second mixing reactor in accordance with any
preceding claim, in which the outlet of the first mixing reactor is coupled to the first

inlet of the second mixing reactor.

9. A method of mixing two fluids, comprising delivering a first fluid through the
first inlet of a mixing reactor in accordance with any of claims 1 to 7, delivering a
second fluid through the second inlet of the mixing reactor and extracting a mixed

fluid from the outlet.

10. The method of claim 9, in which the first fluid is a metal salt solution.

11. The method of claim 9 or claim 10, in which the mixed fluid is a particle-

bearing suspension.

12. The method of claim 11, in which the particles are nano-particles, or metal-

organic framework (MOF) particles.

13. The method of any of claims 9 to 12, comprising heating the second fluid

through the application of heat to the surface of the reactor.

14. The method of any of claims 9 to 13, in which the reactor is used with the

second end uppermost.

15. The method of any of claims 9 to 14, in which the second fluid is water,

typically supercritical water, or comprises an organic solvent such as an alcohol.

16. The method of any of claims 9 to 15, comprising passing the mixed fluid
through a further mixing reactor in accordance with any of claims 1 to 7, in which the
mixed fluid is introduced to the first inlet of the further mixing reactor, a third fluid is
introduced at the second inlet of the further mixing reactor and a further mixed fluid is

extracted at the outlet of the further mixing reactor.
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