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Description
BACKGROUND OF THE INVENTION

[0001] The present invention relates to a method for
collecting continuously particle (particulate) component
in the aqueous solution without using filters and/or cen-
trifuge separators. The method utilizes a phenomenon
that particle component in the aqueous solution aggre-
gates at the liquid-to-liquid interface between the aque-
ous solution (aqueous phase) containing the particle
component as the target component and the solvent (sol-
vent phase) having hydrophobic nature and not mixing
with water.

[0002] Liquid-liquid extraction method (solvent extrac-
tion method), by which the target component included in
the aquecus solution may be extracted into the solvent
(such as organic solvent) that contains extraction agents
(extractants) having hydrophobic nature and does not
mix with water, is widely used in various industrial fields
such as metal refinement, nuclear fuel reprocessing, re-
moval of harmful ingredients in the waste water, recycling
by separation and recovering of commercially valuable
materials. As for the method for extracting the component
in the aqueous solution other than liquid-liquid extraction
method, there is another method designed "liquid-to-sol-
id extraction method" which uses solid materials such as
resin to be filled into the column and the like structure.
Liquid-liquid extraction method, which is often regarded
as not so simple as the column-type liquid-to-solid ex-
traction method, is better than the liquid-solid extraction
method in terms of extraction capacity and speed of ex-
traction process. In order to extract efficiently the target
component in the aqueous solution by applying liquid-
liquid extraction, it is required to increase the dimension
ofthe liquid-to-liquid interface by mixing fully the aqueous
phase and the extracting solvent phase and thus to pro-
mote the interface reaction. In order to meet this require-
ment, typically, the material transport from one liquid to
the other liquid is made reach an equilibrium state by
keeping the emulsion state (the state in which the water
and the organic solvent are well mixed and formed in
emulsion) with continuous stirring and vibration (shaking)
operations.

[0003] As for the apparatus for extracting the target
component included in the aqueous phase into the ex-
tracting solvent phase by introducing continuously the
aqueous phase and the extracting solvent phase at a
constant flow rate, mixer-settler extractors using stirring
machines come into wide use. Alternatively, relatively
newly developed continuous liquid-liquid extraction ap-
paratus such pulsed column using vibration due to pulse
generation in order to disperse liquid drops, and centrif-
ugal extractor for phase separation by using centrifugal
forces (refer to JP 09-085120 A) are used in nuclear in-
dustries. Specifically, centrifugal extractors are expected
to be applied to the reprocessing technology of spent
nuclear fuels because they are excellent in the efficiency
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of the phase contact and the phase separation of the two
liquid phases, and are compact in size.

[0004] US 4,126,551 describes an apparatus and
method. The apparatus is used in combination with mix-
er-settler equipment, and includes a rotatable shatft, a
blade mounted on the shaft, apparatus for moving the
shaft and blade across a plane parallel to the surface of
the liguid inside a rectangular settler vessel, equipment
for rotating the blade and shaft about the shaft’s longitu-
dinal axis, and a locking device for locking the blade into
an extended or retracted position. The method involves
lowering the blade into the liquid periodically and slowly
traversing the length of the settler vessel; moving the
crud mass toward one end of the vessel and causing it
to be compressed therein; rotating the shaft and blade
which causes the compressed crud to flow over a high-
level weir at the end of the vessel; locking the blade with
both faces parallel to the settler’s surface and returning
it to its original position, or to any other convenient pre-
determined position, from which it can be subsequently
lowered again below the liquid level to start another cycle.
[0005] GB 887,879 describes a process for producing
glutamic acid or salts thereof from beet sugar waste,
which comprises acidifying beet sugar waste with a
strong acid, allowing the slurry obtained to descendin a
dispersed state in an extraction tower, causing a spar-
ingly-soluble organic solvent to ascend as a continuous
phase in said tower, allowing the extract obtained to over-
flow from the upper part of the tower, holding the extract-
ed waste solution near the bottom of the tower at a con-
stant interface level for sufficient time to release at least
part of the solvent contained therein, introducing the sol-
ventintothe continuous phase of solvent above said con-
stant level of the extracted solution so that no emulsifi-
cation takes place during the continuous liquid-slurry ex-
traction, re-extracting pyroglutamic acid contained in said
extract with water which may contain an alkali, hydrolys-
ing the thus obtained aqueous extract, extracting the hy-
drolysate with a sparingly soluble organic solvent to re-
move impurities, adjusting the aqueous solution to a suit-
able pH and crystallising glutamic acid or salts thereof
from said agueous solution.

[0006] GB 404,261 describes a method of extracting
a solute from solution by means of a solvent at least par-
tially immiscible with the solution and of different density
therefrom, which comprises causing the solution and the
solvent to flow in contact in opposite directions through
a column, at least one of the liquids being introduced in
finely divided form into the bulk of liquid in the column.

BRIEF SUMMARY OF THE INVENTION

[0007] The above mentioned apparatuses, however,
have the common principle for mixing two liquid phases
by applying mechanical external forces (such as stirring
and vibrating) continuously or intermittently, which may
lead to such disadvantageous aspects as being not easy
to handle, increased running cost, increased mainte-
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nance cost, increased apparatus manufacturing cost (in-
itial cost), uncertain safety features. More specifically,
they include: 1) large energy load required to generate
mechanical externalforces; 2) load and stress atthe driv-
ing parts for generating mechanical external forces; 3)
long adjusting work required to prepare and setup the
operation of apparatus; 4) risk of ignition due to friction
or static electricity at the driving parts; 5) high strength
and high price materials required to manufacture the driv-
ing parts; 6) ambient noises in connection with stirring,
vibrating and high-speed rotating operations; and 7) un-
certainty in ensuring safety during earthquake.

[0008] On the other hand, emulsion flow technology
developed recently can establish the emulsion state of
two liquid mixtures only by liquid supply, and hence, does
not require external forces differently from conventional
liquid-liquid apparatus (JP 2008-289975 A). Thus, allthe
above-mentioned disadvantageous features associated
with the conventional apparatus can be resolved. Emul-
sion flow technology is such an innovative method that
enables liquid-liquid extraction (solvent extraction) in a
simplified manner similar to column-type liquid-to-solid
extraction method which uses solid materials such as
resin to be filled into the column. In other words, the ex-
traction apparatus using emulsion flow has alsc advan-
tageous features in the column-type liquid-solid extrac-
tion apparatus (being easy to handle and low running
cost) in addition to the advantageous features in the con-
ventional solvent extraction apparatus, such as mixer-
settler extractor (large extraction volume and rapid ex-
traction process). As large extraction capacity and rapid
extraction process cannot be realized by the column-type
liquid-solid extraction apparatus, and easiness to handle
and low running cost cannot be realized by the conven-
tional solvent extraction apparatus, it is very significant
to enable to establish the co-existence of those advan-
tageous features.

[0009] Although emulsion flow technology is an inno-
vative method as described above, it has some unre-
solved problems. At first, in the conventional single cur-
rent method, it is difficult to generate fine-grained and
high gquality emulsion flow, and it is not easy to obtain the
extraction rate (extractability) over 90% because some
amountof non-uniformity occurs. In addition, in the single
current method, as it is difficult to maintain stable emul-
sion flow in the wide region, there is a problem in scale-
up of the apparatus. The holes at the head part from
which the aqueous solution is spouted out are often
plugged due to the particle component, which is a critical
weak point. This plugging problem has been a major chal-
lenge in the improvement of the emulsion flow because
the particle component may typically coexist as suspen-
sion materials in the aqueous solution. Note that in the
single current method only the agueous solution is sent
by pump and fine-grained at the head part and then
spouted into the extracting solvent, leaving the extracting
solvent in the apparatus body without being circulated

by pump.
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[0010] An object of the present invention is to provide
a method for collecting particle component in the aque-
ous solution without using filters and/or centrifuge sepa-
rators. The method utilizes a phenomenon that particle
component in the aqueous solution aggregates at the
liquid-to-liquid interface.

[0011] Anotherobjectof the present invention is to pro-
vide a method for collecting the particle component sus-
pended in the aqueous solution as well as for extracting
and collecting the dissolved component (for example,
metallic ions) by solvent (liquid-liquid extraction).
[0012] Also described herein is a counter-current type
emulsion flow continuous liquid-liquid extraction appara-
tus allowing to: 1) obtain the extraction rate (extractabil-
ity) over 90% by generating high quality emulsion flow;
2) facilitate scale-up of the apparatus by maintaining sta-
ble emulsion flow in the wide region; 3) prevent the par-
ticle component in the aquecus solution from plugging
holes in the head part.

[0013] The present invention provides a continuous
collection method of a particulate component in an aque-
ous solution as set out in claim 1.

[0014] One continuous collection method for the par-
ticle componentin the aqueous solution described herein
is to collect continuously the particle component in the
aqueous solution without using filters but with utilizing a
phenomenon that the particle component aggregates at
the liquid-to-liquid interface between the agueous solu-
tion (aqueous phase) containing the target suspended
particle component and the solvent (solvent phase) hav-
ing hydrophabic nature and not mixing with water. In this
case, it is preferable to establish the emulsion state by
mixing the aqueous phase and the solvent phase in order
to promote the aggregation of the particle component at
the liquid-to-liquid interface.

[0015] Another continuous collection method for the
particle component in the agueous solution described
herein is to collect both the particle component and the
dissolved component in the aqueous phase atthe same
time by using both an aggregation phenomenon that the
particle component in the aqueous phase aggregates at
the liquid-to-liquid interface and a liquid-liquid extraction
phenomenon that the dissolved component in the aque-
ous phase is extracted into the solvent phase through
the liquid-to-liquid interface. In case of collecting dis-
solved metal ions simultaneously combined with liquid-
liquid extraction, an organic ligand designated as an "ex-
traction agent (extractant)" may be added to the solvent.
[0016] One counter-current type emulsion flow contin-
uous liquid-liquid extraction apparatus described herein
comprises the first head part for spouting the aqueous
phase, the second head part for spouting the extracting
solvent phase, said the second head part arranged in the
opposite position to the first head part, the column part
where the emulsionflow generates, the upper phase sep-
aration part installed at the upper side of the column part
and the lower phase separation partinstalled atthe lower
side of the column part, and further comprises the fluid



5 EP 2 172 254 B1 6

supply pump.

[0017] By adopting the counter-current method, emul-
sion flow can be more stabilized and more fine-grained
in comparison with the apparatus based on the single
current method. In addition, in the counter-current meth-
od in which the extracting solvent phase is fine-grained
and circulated, the apparatus can be operated stably
without any effect by the particle component. This is re-
alized by using suchacharacteristicthatthe particle com-
ponent in the aqueous solution is never distributed into
the extracting solvent. Thus, upon making the extracting
solvent phase fine-grained, there is no need for paying
attention to the plugging problem in the head part (the
second head part). In the emulsion flow based on the
counter-current method, it is proved that the structure of
the second head part influences the quality of emulsion
flow, and that the structure of the first head part spouting
the aqueous phase is not dominant. This means that,
even if the first head part may not have a structure in
which the particle component cannot pass sufficiently
through the head part (the structure inwhich the aqueous
phase may not be fine-grained), there is no significant
effect on the extractability. The invention of the emulsion
flow has been completed according to those new find-
ings.

[0018] It will be appreciated that the apparatus de-
scribed herein, in comparison with the conventional ap-
paratus based on the continuous centrifugal separation
method, may provide larger processing capacity and re-
duced levels of running cost, initial cost and maintenance
cost as well as the size of the apparatus itself is compact.
Thus, the apparatus described herein is expected to be
used in plants in various industrial fields. In addition, it
will be appreciated that the method according to the
present invention may provide such a significant effect
not found in the conventional methods that the dissolved
component as well as the particle component can be si-
multaneously collected, as necessary, being combined
with the liquid-liquid extraction method.

[0019] Moreover, itwill be appreciated that high quality
and stable characteristic in the emulsion can be attained;
the target component can be extracted with higher ex-
tractability, and also that the scale-up of the apparatus
can be facilitated, all of which cannot be attained by the
emulsion flow apparatus based on the single current
method. In addition, by adopting the counter-current
method, the plugging problem in the head part due to the
particle component such as suspension materials, which
is recognized as the critical weak point of the emulsion
flow apparatus based on the single current method, is
solved.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF
THE DRAWINGS

[0020]

FIG. 1A, FIG. 1B and FIG. 1C are illustrations rep-
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resenting the phenomenon that aluminum oxide
Al,O particles aggregate at the liquid-to-liquid inter-
face.

FIG. 2A and FIG. 2B are schematic diagrams illus-
trating an example of the emulsion flow apparatus
implementing the continuous collection method for
the particle component in the solution according to
the present invention.

FIG. 3A is an overall configuration showing a small-
sized experimental setup for the emulsion flow ap-
paratus shown in FIG. 2, and FIG. 3B is an enlarged
view of a part of the apparatus.

FIG. 4A is an overall configuration showing an inter-
mediate-sized experimental setup for the emulsion
flow apparatus shown in FIG. 2, and FIG. 4B is an
enlarged view of a part of the apparatus.

FIG. 5 is a photo picture showing the state of alumi-
num oxide Al,O4 particles deposited at the column
part in the experimental setup for the emulsion flow
apparatus shown in FIG. 2.

FIG. 6 is a graph showing the result of continuous
extraction of ytterbium Yb (Il1) from the aqueous nitric
acid solution.

FIG. 7 is a graph showing the result of continuous
extraction of ytterbium Yb (lll) in the coexistence of
the particle component (Al,O3).

FIG. 8 is a graph showing the result of extracting
uranium U from the waste solution simulating the
decontamination waste solution in highly selective
manner by the counter-current type emulsion flow
apparatus.

DETAILED DESCRIPTION OF THE PREFERRED EM-
BODIMENTS

[0021] Now, referring to the attached figures, a contin-
uous collection method of a particle component in an
aqueous solution will be described in detail. At first, refer
to FIG. 1 and FIG. 2. FIG. 1 illustrates an example of the
phenomenon that the particle component aggregates at
the liquid-to-liquid interface to be interpreted as the basic
principle of the present invention. FIG. 2 illustrates an
example of the embodiment apparatus for implementing
the continuous collection method of the particle compo-
nent in the aqueous solution according to the present
invention.

[0022] Refer to FIG. 1A, FIG. 1B and FIG. 1C. Sus-
pended aqueous solution including large amount of iron
oxide Fe,O5 was prepared as the particle component in
the test tube (refer to FIG.1A), and then isooctane was
added gently into the test tube (refer to FIG. 1 B), and
then the test tube was shaken by hand for ten seconds,
and then the test tube was allowed to stand for 1 minute
(refer to FIG. 1C). In the consequence of those opera-
tions, iron oxide Fe;O5 aggregated at the liquid-to-liquid
interface and the suspended aqueous solution was pu-
rified. In this step, the aggregation of the particle compo-
nent at the liquid-to-liquid interface may be promoted by



7 EP 2 172 254 B1 8

generating the emulsion state by mixing the aqueous
phase and the solvent phase.

[0023] Next, referring to FIG. 2A and FIG. 2B, the con-
tinuous collection method for the particle component in
the aqueous solution according to the present invention
will be described specifically. The emulsion flow appara-
tus 10 illustrated in FIG. 2Ais composed of the apparatus
body, being composed of the first head part 11 for spout-
ing the aqueous phase, the second head part 12 for
spouting the solvent phase, the column part 13 in which
emulsion flow is formed, and the phase separation parts
placed at the upper and lower sides of the column part
(upper phase separation part 14 and lower phase sepa-
ration part 15), and the liquid supply pump 16 (a single
duplex pump or a couple of simple pumps). Note that the
head parts are not necessarily required to contact the
liquid phase (aqueous phase, solvent phase or emulsion
mixed phase). The water sample in the reservoir 20 is
supplied through the conduittube 21 to the emulsion flow
apparatus 10. The first head part 11 has either one of
the following structures;

- ahollow cylinder with its both ends being open,

- ahollow cylinder with its one end being covered by
a sheet having mesh or holes with pitch or diameter
from 1 um to 5 mm,

- ahollow cylinder with its one end being closed and
with the adequate number of holes with diameter
from 1 um to 5 mm being formed at the side face of
the hollow cylinder, or being formed at the closed
bottom face of the hollow cylinder or being formed
at both of the side face and the closed bottom face
of the hollow cylinder,

- ahollow cylinder with holes being formed at its side
face covered with a sheet having mesh or holes with
pitch or diameter from 10 um to 1 mm, and

- ahollow cylinder with a porous material (i.e., sintered
glass plate) whose pore diameter is from 10 xm to
1 mm bonded onto one end of the cylinder.

Note that the second head part has a structure similar to
the structure of the first head part, although the size of
mesh or holes formed at the second head part may be
different from the size of mesh or holes formed at the first
head part. Atthe upper phase separation part 14 and the
lower phase separation part 15, phase separation is
caused by a flow rate decrease and turbulence in an
emulsion flow due to a rapid increase in the volume of a
part through which the emulsion flow passes, in which
those parts are not necessarily required to be built in the
apparatus body as avesselhaving a diameter larger than
the diameter of the column part 13, and it is allowed to
make this vessel structured as a vessel having a volume
smaller than the volume of the column part 13 and having
a narrow mouth.

[0024] Now, the operation of the apparatus in FIG. 2A
will be described below. By means of the liquid supply
pump 16 placed at the conduit tube 21 connecting the
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emulsion flow apparatus 10 to the reservoir 20 for the
water sample containing the particle component and, the
aqueous solution supplied from the reservoir 20 is made
spouted into the organic solvent through the tube provid-
ed as thefirsthead part 11 of the emulsion flow apparatus
10. At the same time, the liquid droplets so formed by
fine-graining the solvent phase are made spouted
through the pipe provided as the second head part 12 of
the apparatus from the opposite direction to the flow di-
rection of the aqueous solution. Owing to those opera-
tions, a flow composed of the aqueous phase and the
solvent phase formed as emulsion mixed phase (referred
to as "emulsion flow") is generated. When the emulsion
mixed phase reaches the phase separation parts 14 and
15 of the emulsion flow apparatus 10, the state of emul-
sion disappears and then the aqueous phase and the
solvent phase are separated from each other. The sol-
vent phase is localized at the upper phase separation
part 14, and the aqueous phase is localized at the lower
phase separation part 15. The clean solvent phase inthe
upper phase separation part 14 is circulated through the
second head part 12. The clean aqueous phase in the
lower phase separation part 15 is drained as drainage
water after processing. It should be noted that the head
parts 11 and 12 may not be necessarily shaped in a cir-
cular cylinder, but may be shaped in a square cylinder.
The column part 13 and the phase separation parts 14
and 15 may not be necessarily shaped in a circular col-
umned form, but may be shaped, forexample, in a square
columned form.

[0025] The particle component 31 in the aqueous so-
lution (refer to FIG. 2B) will be deposited on the inner
walll of the column part 13 in connection to the emulsion
flow generation at the column part 13. This is because
the particle component aggregated at the liquid-to-liquid
interface with its area increased due to the generation of
the emulsion state does not transfer into the aqueous
phase and the solvent phase but stays inside the emul-
sion flow formed as the emulsion mixed phase, and thus,
the particle componentis deposited on the inner wall after
repeating the circulating movements inside the emulsion
flow. The particle component 31 deposited on the inner
wall of the column part can be collected, for example, by
using a piston 30 as shown in FIG. 2B.

[0026] Some specific embodiments will be described
below. The small-sized and intermediate-sized emulsion
flow apparatuses (both having the height of 70 cm) as
showninFIG. 3and FIG. 4, respectively, were fabricated,
and the experiments were carried out for collecting only
a particle component and for collecting simultaneously
both a particle component and a dissolved component,
and then the performance of the apparatus was evaluat-
ed. The experimental results were compared with those
in the conventional method (continuous centrifugal sep-
aration method). Aluminum oxide Al,O4 particles classi-
fied inthe range from 20 um to 25 x min particle diameter
are used as the particle component and ytterbium Yb
(trivalent ion) was used as the dissolved component.
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Note that the present invention is not limited to those
specific embodiments. Below the symbol M is used for
mol/l (mole/litre).

[0027] Inthefollowingembodiments, the aluminum ox-
ide Al,O4 partides provided with a uniform diameter by
classification were used, and the ratio of the weight of
collected particles to the weight of initially added particles
(collection ratio) was estimated by collecting the residual
particles in the agueous solution after processing and
measuring their weight. The following shows the classi-
fication method for the particles and the estimation meth-
od for the collection ratio.

<Classification Method for Aluminum Oxide Al,O Parti-
cles>

[0028] In the following steps, aluminum oxide Al,Oq
particles were classified.

1) Aluminum oxide Al,O5 particles were dried in a
desiccator containing phosphorus pentaoxide over
night.

2) The particles were classified by using two stain-
less steel sieves (with 20 xm and 25 xm meshes,
respectively).

- Atfirst, using a 25 um sieve, particles with 25
pm or larger diameter were removed (that is,
particles passing through the sieve were collect-
ed).

- Next, using a 20 um sieve, particles with 20 um
or smaller diameter were removed (that is, par-
ticles remaining on the 20 um sieve were col-
lected).

Thus, aluminum oxide Al,O4 particles with diameter be-
tween 20 um and 25 um were classified.

<Estimation Methad for Collection Ratio of Aluminum Ox-
ide Al,O4 Particles>

[0029] Aluminum oxide Al,O4 particles that were not
collected by the apparatus but remained in the aqueous
solution were measured by filter method. Polycarbonate
filter (with 0.2 um mesh), which does notchange inweight
even in contacting to water, was used.

1) The empty weight of the filter was measured.

2) Aluminum oxide Al,O4 particles included in the
aqueous phase of 2 to 3 litres were separated by the
filter.

3) The filter was dried in the desiccator containing
silica gel for about one day.

4) The weight of the dried filter was measured, and
the weight of residual aluminum oxide Al,O5 parti-
cles was estimated to be the difference between the
resultant measured weight and the empty weight.
Assuming that the concentration of aluminum oxide
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Al,O4 in the initial solution before processing is a
(mg/L) and the concentration of residual aluminum
oxide Al,O5 is b (mg/L), the collection ratio is calcu-
lated as (a - b)/ax100 (%).

[Embodiment 1]

Experiment for Collecting Particle Component in Aque-
ous Solution by Small-sized Apparatus

[0030] Refer to FIG. 3A and FIG. 3B. Using a small-
sized emulsion flow apparatus 10a (with the apparatus
volume = 3 litres and the apparatus weight = 2kg), an
experiment for collecting aluminum oxide Al,O4 particles
was carried out. More specifically, 20 litres of aqueous
nitric acid solution (pH 2) including aluminum oxide Al,O4
particles (with particle diameter between 20 um and 25
um) by 0.02 M were prepared and an experiment for
collecting the particle component was carried out by us-
ing a small-sized emulsion flow apparatus provided with
1 litre of isooctane. FIG. 3A shows a photo picture of the
small-sized emulsion flow apparatus used in the exper-
iment. The first head part 11 used in the apparatus has
such a structure that the side wall of the hollow cylinder
with its one end being closed, being made of polypropyl-
ene, and being provided with 10 holes having 1 mm di-
ameter. The second head part 12 has such a structure
that a sintered glass plate having pores with 40 xm di-
ameter bonded onto the end of the hollow cylinder as
described above. In order to avoid emulsion mixed phase
and supply clean organic solventphase, the upper phase
separation part 14 has such a structure that a vessel
having a narrow mouth inserted at the upper side of the
column part 13 (refer to FIG. 3B)). The lower phase sep-
aration part 15 connected to the lower part of the column
part 13 has such a structure that a vessel with a diameter
larger than the diameter of the column part 13.

[0031] Under the conditions that the flow rate of the
aqueous phase to be supplied was set to be 20 litres per
hour andthe flow rate of the solvent phase to be circulated
was set to be 20 litres per hour in order to process 20
litres of aqueous nitric acid solution including aluminum
oxide Al, O particles as the particle component using the
above described small-sized emulsion flow apparatus,
the overall processing time was 60 minutes (with
processing capacity of 20 litres per hour) to collect almost
100% (99.5% or higher: note that the digits after the dec-
imal point were not reliable due to the measurement er-
ror) of aluminum oxide Al,O3 particles.

[Embodiment 2]

Experiment for Collecting Particle Component in Aque-
ous Solution by Intermediate-sized Apparatus

[0032] Referto FIG. 4A. FIG. 4A shows an intermedi-
ate-sized emulsion flow apparatus. The term of "Inter-
mediate-sized" apparatus means an apparatus having
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an apparatus volume three times larger than the appa-
ratus volume used in Embodiment 1. In this experiment,
the intermediate-sized emulsion flow apparatus shown
in FIG. 4A (with the apparatus volume = 9 litres and the
apparatus weight = 4kg) was used. The first head part
11 used in the apparatus has such a structure that the
side wall of the hollow cylinder with its one end being
closed, being made of polypropylene, and being provided
with 6 holes having 4.8 mm diameter. The second head
part 12 has such a structure that a sintered glass plate
having pores with 40 x m diameter bonded onto the end
of the hollow cylinder as described above. In order to
avoid emulsion mixed phase and supply clean solvent
phase, the upper phase separation part 14 has such a
structure that a vessel having a narrow mouth inserted
at the upper side of the column part 13 (refer to FIG. 4B).
The lower phase separation part 15 connected to the
lower part of the column part 13 has such a structure that
a vessel with a diameter larger than the diameter of the
column part 13. It should be noted that this apparatus
has a processing capacity about 10 times larger than the
processing capacity of the apparatus used in Embodi-
ment 1.

[0033] 200 litres of aqueous nitric acid solution (pH 2)
including aluminum oxide Al,O4 particles (with particle
diameter between 20 um and 25 gm) by 0.02 M were
prepared, and then an experiment for collecting the par-
ticle component was carried out by using a small-sized
emulsion flow apparatus provided with 2 litres of isooc-
tane. Under the conditions that the flow rate of the aque-
ous phase to be supplied was set to be 228 litres per
hourandthe flow rate of the solvent phase to be circulated
was set to be 30 litres per hour, the overall processing
time for 200 litres of the agueous solution was 53 minutes
(with processing capacity of 228 litres per hour). In the
experimental result, almost 100% of aluminum oxide
Al,O5 particles could be collected similarly to Embodi-
ment 1. ltis proved that the increased processing capac-
ity for the aqueous solution from 20 litres per hour (in
Embodiment 1) to 228 litres per hour (in Embodiment 2)
gives little effect to the collection ratio of aluminum oxide
Al,O4 particles. From the experimental findings as de-
scribed above, it is proved that the emulsion flow appa-
ratus can be scaled-up while its processing capacity is
maintained.

[0034] 1tis also proved that the size of holes formed at
the head part from which the aqueous phase is spouted
out (the first head part 11) is not dominant. That is, it is
proved that larger sized holes formed at the first head
part 11 could be applicable for processing the aqueous
solution including the particle component having a larger
size without plugging in the holes. It should also be noted
that there is no concern of plugging problem atthe second
head part 12 because the particle componentinthe aque-
ous phase is not transported into the solvent phase.
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(Comparison Example 1) Comparison with Continuous
Centrifugal Separation Method

[0035] Using a commercial apparatus (H-660-type
Continuous Centrifuge Separator, manufactured by
KOKUSAN Co. Ltd. in Japan), an experiment was carried
out for collecting aluminum oxide Al,O4 particles classi-
fied, which were the same as those used in Embodiment
1, from the aqueous solution. Under the conditions that
the number of rotations of the rotor was 15,000 rpm and
the suspended aqueous solution was processed at 23
litres per hour, almast 100% (99.5% or higher: note that
the digits after the decimal point were not reliable due to
the measurement error) of aluminum oxide Al,O5 parti-
cles could be collected. The dimensions of H-660-type
Continuous Centrifuge Separator are 650 mm in width,
650 mm in depth and 870 mm in height, its apparatus
volume is 368 litres and its apparatus weight is 160 kg.

[Embodiment 3]

Experiment for Collecting Simultaneously Particle Com-
ponent and Dissolved Component in Aqueous Solution

[0036] Dissolved metallic ion and suspended particle
component can be selectively and simultaneously col-
lected by adding an extraction agent relevant tothe metal
ion to such a solvent phase as isooctane; while, in Em-
bodiment 1 and Embodiment 2, pure isooctane is used.
In Embodiment 3, an experiment was carried out by using
the above described intermediate-sized emulsion flow
apparatus provided with 2 litres of isooctane including
bis (2-ethylhexyl) phosphoric acid (DEHPA) as the ex-
traction agent by 1x 10-3M and with 200 litres of aqueous
nitric acid solution (pH 2) including aluminum oxide Al,O4
particles as the particle component by 0.02 M and ytter-
bium Yb (trivalent ion) as the dissolved component by
6x106 M. As the experimental result, almost 100% of
aluminum oxide Al,O4 particles as the particle compo-
nent and about 98% of ytterbium Yb as the dissolved
component could be separately collected, respectively.
The intermediate-sized apparatus shown in FIG. 4 (a)
was also used in this experiment, and under the condition
that the flow rate of the aqueous phase to be supplied
was set to be 231 litres per hour and the flow rate of the
solvent phase to be circulated was set to be 30 litres per
hour, the overall processing time for 200 litres of the
aqueous solution was 52 minutes (with processing ca-
pacity of 231 litres per hour). FIG. 5 shows a photo picture
of large amount of aluminum oxide Al,O5 particles de-
posited at the column part after completing the collecting
operation in this embodiment.

[0037] The particle collection performance, defined in
terms of the collection ratio, of the emulsion flow appa-
ratus described herein is little different from that of the
continuous centrifuge separator. As the emulsion flow
apparatus does not have a power output section that re-
quires a number of heavy metallic parts, this apparatus
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is light and has no limitation in handling solutions con-
taining acids. In addition, since such a solvent as alkane
(for example, kerosene) having hydrophobic nature and
not mixing with water is used in the method of the present
invention, a component dissolved in an agueous solution
can also be simultaneously collected and removed by
liquid-liquid extraction. In case of collecting the dissolved
component together with a particle component, the ex-
traction agent may be added to an alkane as the solvent,
in which this method can be fit to provide low environ-
mental impact by using an extraction agent that has low
solubility in water and has a tendency to be decomposed
easily in environment.

[Embodiment 4]

Continuous Extraction of Ytterbium Yb (ll1) from Aqueous
Nitric Acid Solution

[0038] A continuous extraction experiment for ytterbi-
um Yb (lll) from aqueous nitric acid solution was carried
out by using a counter-current type emulsion flow extrac-
tion apparatus 10, having the height of 70 cm, as shown
in FIG. 4A and FIG. 4B. Here, the first head part 11 has
such a structure that the side wall of the hollow cylinder
with its one end being closed, being made of polypropyl-
ene and having 1.5 cm diameter and 5 cm in height, is
provided with 38 holes (2 mm in diameter), and that Te-
flon™ sheet having mesh with 70 xm pitch covers over
the side wall of the hollow cylinder. The second head part
has such a structure that a sintered glass plate having
holes with 40 xm diameter is bonded onto one end of
the hollow cylinder as described above. The upper phase
separation part 14 has such a structure that a vessel with
anarrow mouth is inserted atthe upper side ofthe column
part 13. The lower phase separation part 15 has such a
structure that a vessel having a diameter larger than the
diameter of the column part 13 is coupled to the lower
side of the column part 13.

[0039] The relation between the extraction rate (ex-
tractability) of ytterbium Yb (IIl) and the liquid supply vol-
ume was measured: ytterbium Yb (IIl) and bis(2-ethyl-
hexyl) phosphoric acid (DEHPA) are employed as a met-
al ion and an extraction agent (extractant), respectively.
The volume of the sample aqueous solution (agueous
phase) was 200 litres, the volume of the organic phase,
in which isooctane was used as the solvent, was 2 litres.
Hydrogen ion exponent, pH, of the aqueous phase was
adjusted to be 2.0 by adding nitric acid, and the concen-
tration of ytterbium Yb () in the aqueous phase was set
to be 6x 10-6 M. The concentration of the extraction agent
(DEHPA) in the organic phase was set to be 6X102 M.
[0040] An experiment was carried out under the con-
ditionthatthe flow rate in the liquid supply of the aqueous
phase is 184 litres/hour and the flow rate in circulating
the organic phase is 30 litres/hour (i.e. processing per-
formance = 184 litres/hour). The aqueous phase was
sampled every 25 litres processed as drainage water,
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and then the concentration of ytterbium Yb (lll) was
measured by the inductively coupled plasma mass spec-
trometry apparatus (ICP-MS). FIG. 6 shows the result of
the measurements. The extraction rate of ytterbium Yb
(1) was about99%, which was independent of the supply
liquid volume.

[Embodiment 5]

Continuous Extraction of Ytterbium Yb (Ill) in the Coex-
istence of Particle Component

[0041] Using the same counter-current type emulsion
flow extraction apparatus as used in Embodiment 2, an
experiment for continuous extraction of ytterbium Yb (l11)
inthe coexistence of particle component was carried out.
Namely, the first head part 11 used in this experiment
has such a structure that the hollow cylinder with its one
end being closed, being made of polypropylene and hav-
ing 1.5 cm diameter and 5 cm in height, is provided with
only 6 holes having 4.8 mm diameter on the side wall of
the cylinder (and without a mesh sheet). The second
head part 12 has the similar structure as Embodiment 1
in which a sintered glass plate having holes with 40 um
pore diameter is bonded onto the side wall of the hollow
cylinder as described above.

[0042] An experiment was carried out by using the
above described counter-current type emulsion flow ex-
traction apparatus for extracting ytterbium Yb (lll) from
the aqueous solution containing agueous nitric acid so-
lution (pH = 2.0) including ytterbium Yb (111) by 6106 M
coexisting with aluminum oxide Al,Os fine particles (hav-
ing a particle diameter of 40 um or smaller) into isooctane
containing DEHPA by 1x 102 M. The volume of the sam-
ple aqueous solution (agueous phase) was set to be 200
litres, and the volume of the organic phase was setto be
2 litres. Conditions other than the coexistence of alumi-
num oxide Al,O5 fine particles were the same as the con-
ditions of Embodiment 4. The amount of coexisting alu-
minum oxide Al,Os fine particles was 0.02 M in terms of
molar concentration.

[0043] The experiment was carried out under the con-
dition in which the flow rate in the liquid supply of the
aqueous phase is 237 litres/hour and the flow rate in cir-
culating the organic phase is 30 litres/hour (i.e. process-
ing performance = 237 litres/hour). The aqueous phase
was sampled every 25 litres processed as drainage wa-
ter, and then the concentration of ytterbium Yb (lll) was
measured by ICP-MS. FIG. 7 shows the result of the
measurement. The extraction rate of ytterbium Yb (l11)
was about 97%, which was independent of the supply
liquid volume. It is proved that a satisfactory level of ex-
traction rate can be achieved although this result may be
slightly smaller than the result of Embodiment 1 in which
the extraction rate was 99%. There was no plugging at
the first head part 11 and the second head part 12, re-
spectively. Note that the broken line in FIG. 7 plots the
data from FIG. 6.
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[0044] According to the above described experiment,
it was proved that metal ions can be extracted with no
effect by the particle component even from the aqueous
solution in which large amount of particle component co-
exists. In addition, it was found that the structure of the
second head part 12 determines the quality of emulsion
flow, and that the structure of the first head part 11 is not
dominant.

[Embodiment 6]

Time Required for Restarting Apparatus after Stopping
Apparatus

[0045] Using the same counter-current type emulsion
flow extraction apparatus as used in Embodiment 2 (with
the same structures of the first head part 11 and the sec-
ond head part 12), the time required for restarting the
apparatus after stopping the apparatus was measured.
After stopping completely the apparatus normally oper-
ated, the time from restarting the liquid supply pump to
generation of stable emulsion flow was measured.
[0046] The liquid supply pump was made stop sudden-
ly in operating the apparatus under the condition that the
flow rate in the liquid supply of the agueous phase is 205
litres/hour and the flow rate in circulating the organic
phase is 30 litres/hour. It was found that the state of stable
emulsion flow was established after about 5 seconds af-
ter restarting the liquid supply pump at 2 minutes passed
after stopping suddenly the apparatus. Thus, it was
proved thatthe operation of the apparatus can be restart-
ed promptly without any adjusting work even if liquid sup-
ply process completely stops.

[Embodiment 7]

Extraction of Uranium U from Low-Level Radioactive
Waste Liquid

[0047] In order to simulate the decontamination waste
solution that may be disposed in connection to disman-
tlement of the equipment used in the nuclear power fa-
cility (i.e. waste solution generated by acid pickling and
removing of radioactive materials deposited on the equip-
ment), sulfuric acid aqueous solution (pH=0.5) including
Al (8.4 X 104 M), Ti(4.6 X 104 M), Cr (1.1 X 104 M),
Fe (4.2 X 102 M), Co (4.3 X 10-3 M), Ni (6.1 X 10-3 M),
Cu (2.1 X 104 M), Mo (3.8 X 104 M) and U (5.0 x 1077
M) was prepared, and the selective extraction of Uranium
U was attempted by using the same counter-current type
emulsion flow extraction apparatus as used in Embodi-
ment 2. Trioctyl amine (TOA) was used as an extraction
agent, and isooctane including n-octanol with 2.5 vol%
(volume percentage) was used as a solvent. Note that
the concentration of TOA was 0.3 M. An experiment was
carried out under the condition that the flow rate in the
liquid supply of the agueous phase is 225 litres/hour and
the flow rate in circulating the organic phase is 30 li-
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tres/hour. From the experimental result, it was proved
thatonly Uranium U of low concentration can be extracted
with its extractability of 97% in highly selective manner
from the solution including various metal ions coexisting
in high concentrations. FIG. 8 shows the experimental
result. Note that molybdenum Mo was extracted in some
quantity, which may lead to an advantageous result be-
cause the removal of molybdenum Mo by precipitation
is difficult intrinsically, and molybdenum Mo may be ex-
tracted as it happens.

[Industrial Applicability]

[0048] The counter-current type emulsion flow contin-
uous liquid-liquid extraction apparatus described herein
has a number of advantageous features in comparison
with the conventional continuous liquid-liquid extraction
apparatus (such as mixer-settler extractor, pulsed col-
umn and centrifugal extractor). For example, from the
view point of cost-effectiveness, low running and main-
tenance costs are importantfeatures. Differently from the
conventional continuous liquid-liquid extraction appara-
tus, the emulsion flow apparatus is not required to apply
continuously the mechanical externalforces (such as stir-
ring and vibrating), the electric power consumption for
the operation may be saved. The energy required to be
used for driving the liquid supply may be free from electric
power by applying the potential energy or the drainage
water flow energy. In addition, handiness is one of the
significant factors. For example, in the conventional con-
tinuous liquid-liquid extraction apparatus, long adjusting
work is required when starting up the apparatus and fine
control is required even at the normal operation of the
apparatus, and furthermore, those adjustment and con-
trol require experienced skills. On the other hand, the
emulsion flow continuous liquid-liquid extraction appara-
tus requires short adjusting work and little experienced
skill for operating the apparatus because the apparatus
is stable against the changes in the liquid supply volume
and can be operated stably so as to restore the steady
state within about 5 seconds even if the apparatus might
shut down suddenly. Those features may lead to large
reduction in the labor cost. In addition, as the apparatus
is compactinits structure, it may be fabricated easily and
with low cost, and the initial cost for installation may be
low, and furthermore, as the apparatus does not require
a large installation space due to its compact size, it may
be advantageous to integrate the plant with the appara-
tus. In addition, the apparatus described herein advan-
tageously provides higher safety features in comparison
with the conventional apparatuses. In such an apparatus
as based on emulsion flow dynamics, the following char-
acteristics may contribute to higher safety features; in-
susceptibility of vibration (with high earthquake-resisting
capacity) in the similar way to the column-type liquid-to-
solid extractor, the reduced amount of organic solvent
because of the compactness of the apparatus itself, and
no existence of frictional heat generated due to the re-
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petitive and continuous application of mechanical exter-
nal forces (such as stirring and vibrating). In addition, the
reduced amount of waste solution in associate with ad-
justing work and the reduced level of ambient noises may
provide valuable advantageous features in terms of en-
vironmental impact. The above mentioned advanta-
geous features come from the nature of the emulsion
flow apparatus without using mechanical external forces,
which enables to establish the efficient liquid-liquid ex-
traction in a similar level of handiness to the column-type
liquid-solid extraction.

[0049] As described above, the counter-current type
emulsion flow continuous liquid-liquid extraction appara-
tus is expected to be widely put to practical use in various
industrial fields related to liquid-liquid extraction technol-
ogies (such as metal refinement technology and rare
metal recycling technology). In addition, owing to a large
number of excellent features that are not provided by the
conventional liquid-liquid extraction apparatus, a new
market development for liquid-liquid extraction may be
expected. For example, next-generation continuous lig-
uid-liquid extraction apparatus to be applied in wet re-
processing for spent nuclear fuels, and facilities for pu-
rifying the large amount of low-level radioactive liquid
waste with lower cost and with high processing perform-
ance may be expected due to the nature of the emulsion
flow apparatus such as higher safety features, easiness
in handling, low cost and compactness of the apparatus
itself (refer to Embodiment 4). In addition, although it was
difficult in terms of cost, operability and safety features
to apply the conventional liquid-liquid extraction methods
to the purifying processes for environmental water and
the water treatment processes for a large amount of
waste water, it may be expected by using the counter-
current type emulsion flow continuous liquid-liquid ex-
traction apparatus that efficient water purification
processing and waste water processing with high oper-
ational performance can be realized.

Claims

1. Acontinuous collection metheod of a particulate com-
ponentin an aqueous solution, wherein a particulate
component and a dissolved component in an ague-
ous phase are simultaneously collected by contact-
ing the aqueous phase with a salvent phase having
hydrophobic nature, and using an aggregation phe-
nomenon thatthe particulate componentinthe aque-
ous phase aggregates at a liquid-to-liquid interface
and using a liquid-to-liquid extraction phenomenon
that the dissolved component in the aqueous phase
is extracted into the solvent phase through the liquid-
to-liquid interface,
characterized in that the aqueous and solvent
phases are contacted by generation of an emulsion
flow of an emulsion state inwhich the two liquid phas-
es are well mixed and form an emulsion, wherein
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there is used an emulsion flow apparatus (10) com-
prising a first head part (11) for spouting an agueous
phase, a second head part (12) for spouting an ex-
tracting solvent phase, said second head part (12)
arranged in an opposite position to said first head
part (11), a column part (13) in which the emulsion
flow generates, an upper phase separation part (14)
coupled to an upper side of the column part, a lower
phase separation part (15) coupled to a lower side
of the column part, and a fluid supply pump (16), the
aqueous phase being introduced from the top of said
column part(13), and the solvent phase being spout-
ed from the bottom of said column part (13), said
emulsion flow being generated in said column part
(13).

2. The method of claim 1, wherein said upper phase

separation part (14) and said lower phase separation
part (15) make the aqueous phase and the solvent
phase separate each other immediately from an
emulsion due to a decrease in the vertical linear ve-
locity of the emulsion flow caused by arapid increase
in cross-section area through which the emulsion
flow directing upward and downward passes.

Patentanspriiche

1. Kontinuierliches Sammelverfahren einer teilchenfér-
migen Komponente in einer wassrigen Lésung, wo-
bei eine teilchenférmige Komponente und eine ge-
|6ste Komponente in einer wéssrigen Phase gleich-
zeitig durch In-Kontakt-Bringen der wassrigen Pha-
se mit einer L&sungsmittelphase mit hydrophoben
Eigenschaften und unter Verwendung eines Aggre-
gationsphanomens, wodurch die teilchenférmige
Komponente in der wassrigen Phase an einer Flis-
sig-Fllssig-Grenzflache aggregiert, und unter Ver-
wendung eines Fllssig-Flissig-Extraktionsphano-
mens, wodurch die geldste Komponente in der wass-
rigen Phase durch die Flussig-Fliussig-Grenzflache
in die Losungsmittelphase extrahiert wird, gesam-
melt werden,
dadurch gekennzeichnet, dass die wéssrige und
die L&sungsmittelphase durch Erzeugen eines
Emulsionsflusses eines Emulsionszustands, in dem
die zwei flussigen Phasen gut vermischt sind und
eine Emulsion bilden, in Kontakt gebracht werden,
wobei eine Emulsionsflussvorrichtung (10), umfas-
send einen ersten Kopfteil (11) zum Zufiihren einer
wassrigen Phase, einen zweiten Kopfteil (12) zum
Zuflhren einer Lésungsmittelextraktionsphase, wo-
beider zweite Kopfteil (12) in einer dem ersten Kopf-
teil (11) entgegengesetzten Position angeordnet ist,
einen Saulenteil (13), in dem der Emulsionsfluss er-
zeugt wird, einen oberen Phasentrennungsteil (14),
verbunden mit einer oberen Seite des Siulenteils,
einen unteren Phasentrennungsteil (15), verbunden
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mit einer unteren Seite des Saulenteils, und eine Flu-
idzufuhrpumpe (16), verwendet wird, wobei die
wassrige Phase vom obersten Ende des Saulenteils
(13) zugefuhrt wird und die L&sungsmittelphase aus
dem untersten Ende des Saulenteils (13) zugefuhrt
wird, wobei der Emulsionsfluss in dem Saulenteil
(13) erzeugt wird.

Verfahren nach Anspruch 1, wobei der obere
Phasentrennungsteil (14) und der untere Phasen-
trennungsteil (15) verursachen, dass sich die wass-
rige Phase und die L&sungsmittelphase aufgrund ei-
ner Abnahme der vertikalen linearen Geschwindig-
keit des Emulsionsflusses, die durch einen raschen
Anstieg der Querschnittsflache verursacht wird,
durch die der Emulsionsfluss nach oben und nach
unten flieRt, von einer Emulsion unmittelbar vonein-
ander trennen.

Revendications

Procédé de collecte continue d’'un composant parti-
culaire dans une solution aqueuse, dans lequel un
composant particulaire et un composant dissous
dans une phase aqueuse sont collectés simultané-
ment par mise en contact de la phase aqueuse avec
une phase solvant ayant une nature hydrophobe, et
en utilisant un phénomeéne d’'agrégation tel que le
composant particulaire dans la phase aqueuse
s’agrége au niveau d’'une interface liquide-liquide et
en utilisant un phénomeéne d’extraction liquide-liqui-
de tel que le composant dissous dans la phase
aqueuse est extrait dans la phase solvant a travers
I'interface liquide-liquide,

caractérisé en ce que les phases aqueuse et sol-
vant sont mises en contact par génération d’'un écou-
lement d’émulsion d’un état d’émulsion dans lequel
les deux phases liquides sont bien mélangées et for-
ment une émulsion, dans lequel un appareil d"écou-
lement d’émulsion (10) est utilisé, comprenant une
premiére partie de téte (11) pour débiter une phase
aqueuse, une seconde partie de téte (12) pour dé-
biter une phase solvant d’extraction, ladite seconde
partie de téte (12) agencée dans une position oppo-
sée a ladite premiére partie de téte (11), une partie
de colonne (13) dans laquelle 'écoulement d’émul-
sion est généré, une partie de séparation de phase
supérieure (14) couplée a un coté supérieur de la
partie de colonne, une partie de séparation de phase
inférieure (15) couplée a un cété inférieur de la partie
de colonne, et une pompe d’alimentation en fluide
(16), la phase aqueuse étant introduite a partir du
haut de ladite partie de colonne (13), et la phase
solvant étant débitée a partir du bas de ladite partie
de colonne (13), ledit écoulement d’émulsion étant
généré dans ladite partie de colonne (13).
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Procédé selon la revendication 1, dans lequel ladite
partie de séparation de phase supérieure (14) et la-
dite partie de séparation de phase inférieure (15)
font que la phase aqueuse et la phase solvant se
séparent 'une et 'autre immédiatement d’'une émul-
sion en raison d’une diminution de la vitesse linéaire
verticale de I'écoulement d’émulsion provoquée par
une augmentation rapide de l'aire de section trans-
versale a travers laquelle passe 'écoulement de
d’émulsion dirigé vers le haut et vers le bas.
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FIG. 1A

Suspended Aqueous
Solution Alone

FIG. 1B

Isooctane Added

FIG. 1C

Standing still after
shaking
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