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(57)  The particle components may be collected by
using a phenomenon that the particle components in the
aqueous phase aggregate atthe liquid-to-liquid interface.
Both of the particle components and the dissolved com-
ponents in the aqueous phase may be simultaneously
collected if combined with liquid-liquid extraction phe-
nomenon that the dissolved components in the aqueous
phase are collected into the solvent phase through the
liquid-to-liquid interface. The aggregation phenomenon
of the particle components at the liquid-to-liquid interface
may be promoted by using an emulsion flow method, a
method of applying mechanical external forces (such as
stirring and vibrating) or another method combining both
the above-mentioned methods.
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Description
BACKGROUND OF THE INVENTION

[0001] The present invention relates to a method for
collecting continuously particle component in the aque-
ous solution without using filters and/or centtifuge sepa-
rators. The method utilizes a phenomenon that particle
component in the aqueous solution aggregates at the
liquid-to-liquid interface between the aqueous solution
(aqueous phase) containing the particle component as
the target component and the solvent (solvent 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 aqueous 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 hammful ingredients inthe waste water, recycling
by separation and recovering of commercially valuable
materials. As forthe method for extractingthe component
in the aqueous solution otherthan 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
nuclearfuels because they are excellent in the efficiency
of the phase contact and the phase separation of the two
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liquid phases, and are compact in size.
BRIEF SUMMARY OF THE INVENTION

[0004] 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-
nance cost, increased apparatus manufacturing cost (in-
itial cost), uncertain safety features. More specifically,
they include: 1) large energy load required to generate
mechanical external forces; 2) load and stress at the 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.

[0005] 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, all the
above-mentioned disadvantageous features associated
with the conventional apparatus can be resolved. Emer-
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 also 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 cannotbe 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.

[0006] 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 quality emulsion flow, and it is not easy to obtain the
extraction rate (extractability) over 90% because some
amount of 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
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plugged due to the particle component, which is a critical
weak point. This plugging problem hasbeen amajorchal-
lenge in the improvement of the emulation 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 aqueous 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.

[0007] 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 centtifuge sepa-
rators. The method utilizes a phenomenon that particle
component in the aqueous solution aggregates at the
liquid-to-liquid interface.

[0008] Anotherobjectofthe presentinventionisto 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).
[0009] A further object of the present invention is to
provide a counter-current type emulsion flow continuous
liquid-liquid extraction apparatus allowing to: 1) obtain
the extraction rate (extractability) over 90% by generating
high quality emulsion flow; 2) facilitate scale-up of the
apparatus by maintaining stable emulsion flowinthe wide
region; 3) prevent the particle component inthe aqueous
solution from plugging holes in the head part.

[0010] One aspect of the continuous collection method
for the particle component in the aqueous solution ac-
cordingto the present invention is to collect continuously
the particle component in the aqueous solution without
using filters but with utilizing a phenomenon that the par-
ticle component aggregates at the liquid-to-liquid inter-
face between the aqueous solution (aqueous phase)
containing the target suspended particle component and
the solvent (solvent phase) having hydrophobic 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 ag-
gregation of the particle component at the liquid-to-liquid
interface.

[0011] Another aspect of the continuous collection
method for the particle component in the aqueous solu-
tion according to the present invention is to collect both
the particle component and the dissolved component in
the aqueous phase at the same time by using both an
aggregation phenomenon that the particle componentin
the aqueous phase aggregates at the liquid-to-liquid in-
terface and a liquid-liquid extraction phenomenon that
the dissolved component in the aqueous phase is ex-
tracted into the solvent phase through the liquid-to-liquid
interface. In case of collecting dissolved metal ions si-
multaneously combined with liquid-liquid extraction, an
organic ligand designated as an "extraction agent (ex-
tractant)" may be added to the solvent.

[0012] One aspect of the counter-current type emul-
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sion flow continuous liquid-liquid extraction apparatus
comprises the first head part for spouting the aqueous
phase, the second head part for spouting the extracting
solvent phase, saidthe second head part arranged in the
opposite position to the first head part, the column part
wherethe emulsionflow generates, the upperphase sep-
aration part installed at the upper side of the column part
andthe lowerphase separation part installed at the lower
side of the column part, and further comptises the fluid
supply pump.

[0013] 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 such a characteristic that the 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
throughthe head part (the structure in which 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.

[0014] Itwill be appreciated that the apparatus accord-
ing to the present invention, in comparison with the con-
ventional apparatus based on the continuous centrifugal
separation method, may provide larger processing ca-
pacity and reduced levels of running cost, initial cost and
maintenance cost as well as the size of the apparatus
itself is compact. Thus, the apparatus according to the
present invention is expected to be used in plants in var-
ious 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 conven-
tional methods that the dissolved component as well as
the particle component can be simultaneously collected,
as necessaty, being combined with the liquid-liquid ex-
traction method.

[0015] Moreover, it willbe appreciated that high quality
and stable characteristic inthe 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
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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

[0016] FIG. 1A, FIG. 1B and FIG. 1C are illustrations
representing the phenomenon that aluminum oxide
Al,O4 particles aggregate at the liquid-to-liquid interface.
[0017] FIG. 2A and FIG. 2B are schematic diagrams
illustrating an example of the emulsion flow apparatus
implementing the continuous collection method for the
particle component in the solution according to the
present invention.

[0018] 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.

[0019] FIG. 4Ais an overall configuration showing an
intermediate-sized experimental setup for the emulsion
flow apparatus shown in FIG. 2, and FIG. 4B is an en-
larged view of a part of the apparatus.

[0020] FIG. 5 is a photo picture showing the state of
aluminum oxide Al,Og particles deposited at the column
part in the experimental setup for the emulsion flow ap-
paratus shown in FIG. 2.

[0021] FIG. 6 is a graph showing the result of contin-
uous extraction of ytterbium Yb (lll) from the aqueous
nitric acid solution.

[0022] FIG. 7 is a graph showing the result of contin-
uous extraction of ytterbium Yb (l1l) in the coexistence of
the particle component (Al,O3).

[0023] FIG.8isagraphshowingthe result of extracting
uranium U from the waste solution simulating the decon-
tamination waste solution in highly selective manner by
the counter-current type emulsion flow apparatus.

DETAILED DESCRIPTION OF THE PREFERRED EM-
BODIMENTS

[0024] 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.

[0025] Referto FIG. 1A, FIG. 1B and FIG. 1C. Sus-
pended aqueous solution including large amount of iron
oxide Fe,Oq4 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,
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and then the test tube was allowed to stand for 1 minute
(refer to FIG. 1 C). In the consequence of those opera-
tions, iron oxide Fe,O4 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
generating the emulsion state by mixing the aqueous
phase and the solvent phase.

[0026] 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 10illustratedin FIG. 2A is 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 conduit tube 21 to the emulsion flow
apparatus 10. The first head part 11 has either one of
the following structures;

- a hollow cylinder with its both ends being open,

- a hollow cylinder with its one end being covered by
a sheet having mesh or holes with pitch or diameter
from 1 g mto 5 mm,

- a hollow cylinder with its one end being closed and
with the adequate number of holes with diameter
from 1 x mto 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,

- a hollow cylinder with holes being formed at its side
face covered with a sheet having mesh or holes with
pitch or diameter from 10 &g mto 1 mm, and

- ahollow cylinderwith aporous matetrial(i.e., sintered
glass plate) whose pore diameter is from 10 g m 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. At the 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 a vessel having a diameter largerthan
the diameter of the column part 13, and it is allowed to
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make this vessel structured as a vessel having a volume
smallerthan the volume of the column part 13 and having
a narrow mouth.

[0027] 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
emulsion flow apparatus 10 to the reservoir 20 for the
water sample containing the patrticle component and, the
aqueous solution supplied from the reservoir 20 is made
spouted into the organic solvent through the tube provid-
ed asthefirst head 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 in the
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 necessatrily 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-
umnedform, butmay be shaped, for example, ina square
columned form.

[0028] The particle component 31 in the aqueous so-
lution (refer to FIG. 2B) will be deposited on the inner
wall 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 onthe innerwall 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.

[0029] Some specific embodiments will be described
below. The small-sized and intermediate-sized emulsion
flow apparatuses (both having the height of 70 cm) as
shownin FIG.3 and 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-
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ed. The experimental results were compared with those
in the conventional method (continuous centrifugal sep-
aration method). Aluminum oxide Al,O4 particles classi-
fiedintherange from 20 xmto 25 ymin particle diameter
are used as the particle component and ytterbium Yb
(trivalent ion) was used as the dissolved component.
Note that the present invention is not limited to those
specific embodiments. Below the symbol M is used for
mol/l (mole/litre).

[0030] Inthefollowing embodiments,the aluminum ox-
ide Al,Og particles; 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 aqueous 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,O5 Parti-
cles >

[0031] In the following steps, aluminum oxide Al,Oq4
particles were classified.

1) Aluminum oxide Al,Og 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 x m and 25 i m meshes,
respectively).

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

- Next, using a 20 ¢ m sieve, patrticles with 20 g
m or smaller diameter were
removed (that is, particles remaining on the 20
M m sieve were collected).

Thus, aluminum oxide Al,O5particles with diam-
eterbetween 20 xm and 25 x m were classified.

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

[0032] Aluminum oxide Al,O4 particles that were not
collected by the apparatus but remained in the agueous
solution were measured by filter method. Polycarbonate
filter (with 0.2 & m mesh), which does not change in
weight 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.
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4) The weight of the dried filter was measured, and
the weight of residual aluminum oxide Al,Og3 parti-
cles was estimated to be the difference between the
resultant measured weight and the empty weight.
Assuming that the concentration of aluminum oxide
Al,O5 in the initial solution before processing is a
(mg/L) and the concentration of residual aluminum
oxide Al,Og is b (mg/L), the collection ratio is calcu-
lated as (a - b)/ax100 (%).

[Embodiment 1]

[0033] Experiment for Collecting Particle Component
in Aqueous Solution by Small-sized Apparatus

[0034] 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,Og4 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 x m and 25
a m) 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 y m di-
ameter bonded onto the end of the hollow cylinder as
described above. In orderto avoid emulsion mixed phase
and supply clean organic 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. 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.

[0035] Under the conditions that the flow rate of the
aqueous phase to be supplied was set to be 20 litres per
hourandtheflow rate ofthe solventphase tobe circulated
was set to be 20 litres per hour in order to process 20
litres of aqueous nitric acid solution including aluminum
oxide Al,O4 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,O4 particles.

[Embodiment 2]

[0036] Experiment for Collecting Particle Component
in Aqueous Solution by Intermediate-sized Apparatus
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[0037] Referto FIG. 4A. FIG. 4A shows an intermedi-
ate-sized emulsion flow apparatus. The term of "Inter-
mediate-sized" apparatus means an apparatus having
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, andbeingprovided
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 4 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
atthe upper side of the column part 13 (referto 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.

[0038] 200 litres of aqueous nitric acid solution (pH 2)
including aluminum oxide Al,O5 particles (with particle
diameter between 20 i m and 25 x4 m) 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 aqueous solution was 53 minutes
(with processing capacity of 228 litres per hour). In the
experimental result, almost 100% of aluminum oxide
Al,Og particles could be collected similarly to Embodi-
ment 1. Itis 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,Og 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.

[0039] It is also proved that the size of holes formed
atthe head partfrom 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 patticle component having a larger
size without plugging in the holes. It should also be noted
thatthereis noconcern of plugging problem atthe second
headpart 12because the particle componentin the aque-
ous phase is not transported into the solvent phase.
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(Comparison Example 1) Comparison with Continuous
Centrifugal Separation Method

[0040] Using a commercial apparatus (H-660-type
Continuous Centrifuge Separator, manufactured by
KOKUSAN Co. Ltd. in Japan), an experiment was cartied
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, almost 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,Og 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]

[0041] Experiment for Collecting Simultaneously Par-
ticle Component and Dissolved Component in Aqueous
Solution

[0042] Dissolved metallic ion and suspended particle
component can be selectively and simultaneously col-
lected by adding an extraction agent relevant to the 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 experimentwas carried outby 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 1x10-3 M 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 underthe 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,O particles de-
posited at the column part after completing the collecting
operation in this embodiment.

[0043] The particle collection performance, defined in
terms of the collection ratio, of the emulsion flow appa-
ratus of the present invention is little different from that
of the continuous centrifuge separator. As the emulsion
flow apparatus does not have a power output section that
requires 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 aqueous 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]

[0044] Continuous Extraction of Yiterbium Yb (l11) from
Aqueous Nitric Acid Solution

[0045] A continuous extraction experiment for ytterbi-
um Yb (Ill) 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 ¢m in height, is
provided with 38 holes (2 mm in diameter), and that Te-
flon™ sheet having mesh with 70 & m 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 x4 m 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
a narrow mouth isinserted atthe upper side of the 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.

[0046] The relation between the extraction rate (ex-
tractability) of ytterbium Yb (lI1) and the liquid supply vol-
ume was measured: ytterbium Yb (ll1) and bis(2-ethyl-
hexyl) phosphoric acid (DEHPA) are employed as a met-
alion and an extraction agent (extractant), respectively.
The volume of the sample aqueous solution (aqueous
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 (l11) in the aqueous phase was set
to be 6x10°8 M. The concentration of the extraction agent
(DEHPA) in the organic phase was set to be 6x102 M.

[0047] An experiment was carried out under the con-
dition that the 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,
and then the concentration of ytterbium Yb (lll) was
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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
(111 was about 99%, which was independent of the supply
liquid volume.

[Embodiment 5]

[0048] Continuous Extraction of Yiterbium Yb (lll) in
the Coexistence of Particle Component

[0049] Using the same counter-current type emulsion
flow extraction apparatus as used in Embodiment 2, an
experiment for continuous extraction of ytterbium Yb (l11)
in the 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 x m
pore diameter is bonded onto the side wall of the hollow
cylinder as described above.

[0050] An experiment was carried out by using the
above described counter-current type emulsion flow ex-
traction apparatus for extracting ytterbium Yb (ll1) from
the aqueous solution containing aqueous nitric acid so-
lution (pH = 2.0) including ytterbium Yb (l1I) by 6x106 M
coexisting with aluminum oxide Al,O4 fine particles (hav-
ing a particle diameter of 40 x.m or smaller) intoisooctane
containing DEHPA by 1x102 M. The volume of the sam-
ple aqueous solution (aqueous phase) was set to be 200
litres, and the volume of the organic phase was set to be
2 litres. Conditions other than the coexistence of alumi-
num oxide Al, O fine particles were the same as the con-
ditions of Embodiment 4. The amount of coexisting alu-
minum oxide Al,O4 fine particles was 0.02 M in terms of
molar concentration.

[0051] 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 (Ill) was
measured by ICP-MS. FIG. 7 shows the result of the
measurement. The extraction rate of ytterbium Yb (lIl)
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.

[0052] According to the above described experiment,
it was proved that metal ions can be extracted with no

10

15

20

25

30

35

40

45

50

55

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]

[0053] Time Required for Restarting Apparatus after
Stopping Apparatus

[0054] 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.
[0055] 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 aqueous phase is 205
litres/hour and the flow rate in circulating the organic
phaseis 30 litres/hour. [t was foundthatthe 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 that the operation of the apparatus can be restart-
ed promptly without any adjusting work even if liquid sup-
ply process completely stops.

[Embodiment 7]

[0056] Extraction of Uranium U from Low-Level Radi-
oactive Waste Liquid

[0057] In orderto 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 onthe 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(4.3x10-3 M),Ni(6.1 x10°3 M),Cu(2.1 x
104 M),Mo(3.8x 104 M) and U (5.0 x 107 M) was pre-
pared, and the selective extraction of Uranium U was
attempted by using the same counter-current type emul-
sion flow extraction apparatus as used in Embodiment
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 con-
centration of TOA was 0.3 M. An experiment was carried
out under the condition that the flow rate in the liquid
supply of the aqueous phase is 225 litres/hour and the
flow rate in circulating the organic phase is 30 litres/hour.
Fromthe experimental result, it was proved that only Ura-
nium 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
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concentrations. FIG. 8 shows the experimental result.
Note that molybdenum Mo was extracted in some quan-
tity, which may lead to an advantageous result because
the removal of molybdenum Mo by precipitation is difficult
intrinsically, and molybdenum Mo may be extracted as
it happens.

[Industrial Applicability]

[0058] The counter-current type emulsion flow contin-
uous liquid-liquid extraction apparatus according to the
present invention has a number of advantageous fea-
tures in comparison with the conventional continuous lig-
uid-liquid extraction apparatus (such as mixer-settler ex-
tractor, pulsed column and centrifugal extractor). For ex-
ample, from the view point of cost-effectiveness, low run-
ning and maintenance costs are important features. Dif-
ferently from the conventional continuous liquid-liquid ex-
traction apparatus, the emulsion flow apparatus is not
required to apply continuously the mechanical external
forces (such as stirring and vibrating), the electric power
consumption forthe 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
orthe drainage water flow energy. In addition, handiness
is one of the significant factors. For example, in the con-
ventional continuous liquid-liquid extraction apparatus,
long adjusting work is required when starting up the ap-
paratus and fine control is required even at the normal
operation of the apparatus, and furthermore, those ad-
justment and control require experienced skills. On the
other hand, the emulsion flow continuous liquid-liquid ex-
traction apparatus 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 re-
store 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 compact in its structure, it may be
fabricated easily and with low cost, and the initial cost for
installation may be low, and furthermore, as the appara-
tus does not require a large installation space due to its
compact size, it may be advantageous to integrate the
plant with the apparatus. In addition, the apparatus ac-
cording to the present invention advantageously pro-
vides higher safety features in comparison with the con-
ventional apparatuses. In such an apparatus as based
on emulsion flow dynamics, the following characteristics
may contribute to higher safety features; insusceptibility
of vibration (with high earthquake-resisting capacity) in
the similar way to the column-type liquid-to-solid extrac-
tor, the reduced amount of organic solvent because of
the compactness of the apparatus itself, and no existence
of frictional heat generated due to the repetitive and con-
tinuous application of mechanical external forces (such
as stirring and vibrating). In addition, the reduced amount
of waste solution in associate with adjusting work and
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the reduced level of ambient noises may provide valuable
advantageous features in terms of environmental impact.
The above mentioned advantageous features come from
the nature of the emulsion flow apparatus without using
mechanical external forces, which enables to establish
the efficient liquid-liquid extraction in a similar level of
handiness to the column-type liquid-solid extraction.
[0059] 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 (referto 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.

[0060] The following numbered paragraphs contain
statements of broad combinations of the inventive tech-
nical features herein disclosed:-

1. A continuous collection method of a particle com-
ponent in an aqueous solution, wherein, by using a
phenomenon that a particle component in an aque-
ous solution aggregates at a liquid-to-liquid intetface
between an aqueous solution phase and a solvent
phase having hydrophobic nature and not mixing
with water, a particle component in the aqueous so-
lution is continuously collected without using a filter.

2. The method of paragraph 1, wherein an emulsion
state in which the aqueous phase and the solvent
phase are well mixed and formed in emulsion, and
then aggregation of the particle component at said
liquid-to-liquid interface is promoted.

3. The method of paragraph 2, wherein, by spouting
at least one of the aqueous phase and the solvent
phase as fine-grained liquid droplet, an emulsion
flow of said emulsion state of mixedtwo liquidphases
is made generated.
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4. The method of paragraph 2, wherein said emul-
sion state is made generated by applying a mechan-
ical external force such as stirring, vibrating (shak-
ing), centrifugal force or ultrasonic wave.

5. The method of paragraph 2, wherein said emul-
sion state is made generated by combining an emul-
sion flow method according to paragraph 3 with a
method of applying a mechanical external force ac-
cording to paragraph 4.

6. A continuous collection method of a particle com-
ponent in an aqueous solution, wherein a particle
component and a dissolved component in an aque-
ous phase are simultaneously collected by using an
aggregation phenomenon that the particle compo-
nentin the aqueous phase aggregates at a liquid-to-
liquid interface and by using a liquid-to-liquid extrac-
tion phenomenon that the dissolved compeonent in
the aqueous phase is extracted into the solvent
phase through the liquid-to-liquid interface.

7. The method of paragraph 6, wherein an emulsion
state is generated by mixing the aqueous phase and
the solvent phase, and the aggregation phenome-
non that the particle component in the aqueous
phase aggregates at a liquid-to-liquid interface and
the extraction phenomenon that the dissolved com-
ponent in the aqueous phase is extracted into the
solvent phase through the liquid-to-liquid interface
are made promoted.

8. The method of paragraph 3, wherein generation
of emulsion flow and phase separation due to anni-
hilation of emulsion flow are made synchronized
each other in a single apparatus.

9. The method of paragraph 8, wherein said phase
separation is caused by a flow rate decrease and
turbulence in the emulsion flow due to a rapid in-
crease in the volume of a part through which the
emulsion flow passes, and thereby the emulsion
state may change to a phase separation state of an
aqueous phase and an solvent phase.

10. A counter-current type emulsion flow continuous
liquid-liquid extraction apparatus comprising means
for spouting at least one of an aqueous phase and
an extracting solvent phase as fine-grained liquid
droplet to generate an emulsion state flow (emulsion
flow) of mixed two liquid phases.

11. A counter-current type emulsion flow continuous
liquid-liquid extraction apparatus comprising an ap-
paratus including a first head part for spouting an
aqueous phase, a second head part for spouting an
extracting solvent phase, said second head part ar-
ranged in an opposite position to said first head part,
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a column part where said emulsion flow generates,
an upper phase separation part installed at an upper
side of the column part and a lower phase separation
part installed at a lower side of the column part, and
further comprising a fluid supply pump.

12. The counter-current type emulsion flow continu-
ous liquid-liquid extraction apparatus of paragraph
10 or 11, wherein a cross-section area of said upper
phase separation part and said lower phase sepa-
ration part increases so that an emulsion state may
change to a phase separation state of an aqueous
phase and an extracting solvent phase by means of
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.

13. The counter-current type emulsion flow continu-
ous liquid-liquid extraction apparatus of paragraph
12, wherein said upper phase separation part and
said lower phase separation part are vessels with a
narrow mouth having a volume smaller than the vol-
ume of said column part inserted in said column part.

14. The counter-current type emulsion flow continu-
ous liquid-liquid extraction apparatus of any one of
paragraphs 10 to 13, wherein liquid-liquid extraction
due to the occurrence of emulsion flow by a counter-
current method and phase separation due to the an-
nihilation of emulsion flow are made synchronized
each other in a single apparatus.

Claims

A counter-current type emulsion flow continuous lig-
uid-liquid extraction apparatus comptising

means for spouting at least one of an aqueous phase
and an extracting solvent phase as fine-grained lig-
uid droplets to generate an emulsion state flow
(emulsion flow) of mixed two liquid phases, the
spouting means including a first head for introducing
the aqueous phase, and a second head for spouting
the extracting solvent phase, said second head be-
ing arranged in an opposite position to saidfirsthead,
a column part where said emulsion flow generates,
an upper phase separation part installed at an upper
side of the column part and

a lower phase separation part installed at a lower
side of the column part.

An apparatus according to claim 1, wherein a cross-
section area of said upper phase separation part and
said lower phase separation part increases so that
an emulsion state changes to a phase separation
state of an aqueous phase and an extracting solvent
phase by means of a flow rate decrease and turbu-
lence in an emulsion flow due to a rapid increase in
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the cross-section of a part through which the emul-
sion flow directing upward and downward passes.

An apparatus according to claim 2, wherein said up-
per phase separation part and said lower phase sep-
aration part are vessels with a narrow mouth having
a volume smaller than the velume of said column
part inserted in said column part.
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FIG. 1A

Suspended Aqueous
Solution Alone

FIG. 1B

Isooctane Added

FIG. 1C

Standing still after
shaking
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