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(57) Abstract: In order for Li ions in a stock solution to be recovered at a high recovery speed in a recovery liquid, this selectively
permeable membrane (10) is configured from a selectively permeable membrane main body (10A) configured from: a lithium super-
ionic conductor (an ion conductor) having an especially high ionic conductivity; and a Li adsorption layer (10B) which is formed as
a thin layer on the selectively permeable membrane main body (10A) facing the stock solution (100) (on first electrodes (11)). A
lithium lanthanum titanate specifically can be used as the material configuring the selectively permeable membrane main body
(10A). By chemically treating said selectively permeable membrane main body (10A), the Li adsorption layer (10B) is formed as a
thin layer on the surface of the selectively permeable membrane main body (10A).
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1
DESCRIPTION

Title of Invention
LITHIUM SELECTIVE PERMEABLE MEMBRANE, LITHIUM RECOVERY
DEVICE, LITHIUM RECOVERY METHOD, AND HYDROGEN PRODUCTION

METHOD

Technical Field

[0001]

The present invention relates to a lithium selective permeable membrane that
selectively transmits lithium 10ns, and a lithium recovery device, a lithium recovery
method, and a hydrogen production method which recovers lithium in a liquid using the

same.

Background Art

[0002]

Recently, the importance of lithium (Li) in the industry has been intensifying
due to its use in the production of materials of lithium ion batteries or fuels of nuclear
fusion reactors. For example, large lithium-ion batteries are used as power supplies of
electric vehicles or power storage for smart grids and smart houses. For such uses,
techniques for producing Li which serves as a raw material of large lithium-ion batteries
at a low cost are required. Meanwhile, in nuclear fusion reactors, tritium which serves
as a fuel for nuclear fusion is produced using Li, and thus a large amount of Li is also
required in this use.

[0003]
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Li can be extracted from minerals, but is also known to be included in the
seawater, and the total amount of Li included in the entire seawater across the globe is
massive. Therefore, in a case in which Li can be extracted from the seawater, it is
possible to obtain a large amount of Li at a low cost.

[0004]

Therefore, techniques for recovering Li from an aqueous solution including Li
have been proposed.  Patent Documents 1 and 2 describe techniques for selectively
recovering Li by selectively adsorbing Li (1ons) to an adsorbent in the seawater and then
desorbing Li from the adsorbent.  As the adsorbent, manganese oxide is used in the
technique described in Patent Document [, and a vinyl monomer material is used in the
technique described in Patent Document 2.

[0005]

In addition, Patent Document 3 describes a Li (ion) recovery device in which a
lithium ion superconductor having a particularly high ton conductivity of lithium ions
(for example, Li -x+yAlx(Ti, Ge)2xSiyP3.yO12) 1s used as a selective permeable
membrane that selectively transmits Li ions, a raw liquid (a target liquid from which Li is
recovered) and a recovery liquid (a liquid that stores recovered Li) are separated from
each other using a structure in which electrodes are provided on both surfaces of the
selective permeable membrane, and Li (ions) in the raw liquid is moved in the recovery
liquid. In this structure, Li ions can be particularly efficiently recovered at a high
selectivity by applying a voltage between both electrodes.  Actually, a large amount of
Li can be obtained by installing and using Li recovery devices as described above at a

specific place (for example, salt lakes in South America) in a large scale.

Citation List
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Patent Literature

[0006]

[Patent Document 1] Published Japanese Translation No. 2012-504190 of the PCT
International Publication

[Patent Document 2] Japanese Unexamined Patent Application, First Publication No.
2009-161794

[Patent Document3] W02015/020121

[0006A]

Reference to any prior art in the specification is not an acknowledgment or suggestion
that this prior art forms part of the common general knowledge in any jurisdiction or that this
prior art could reasonably be expected to be understood, regarded as relevant, and/or
combined with other pieces of prior art by a skilled person in the art.

[0006B]

As used herein, except where the context requires otherwise, the term "comprise" and

variations of the term, such as "comprising", "comprises" and "comprised", are not intended

to exclude other additives, components, integers or steps.

Summary of Invention

[0007]

In a case in which Li is obtained using the above-described Li recovery device, the
necessary cost (Li production cost) is preferably low. Particularly, in a case in which the
above-described Li recovery devices are installed and used in a large scale, the cost necessary
for the installation or operation of the devices increases, and, in order to sufficiently decrease
the production cost by offsetting the increase in the above-described cost, the speed of

recovering Li from a raw liquid to a recovery liquid (recovery speed) needs to be sufficiently
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fast.

[0008]

From this viewpoint, the recovery speed in the technique described in Patent
Document 3 is faster than those in the techniques described in Patent Documents 1 and 2, but
is still not fast enough to meet the required Li production cost, and there has been a demand
for an additional improvement of the recovery speed.

[0009]

Therefore, there has been a desire for recovering Li ions in a raw liquid into a
recovery liquid at a high recovery speed.

[0010]

The present invention has been made in consideration of the above-described
problem, and an object of the present invention is to address and/or ameliorate at least one of

the above-described problems.

Solution to Problem

[0011]

In one aspect of the invention there is provided a lithium selective permeable
membrane of the present invention is a lithium selective permeable membrane that is
configured to selectively transmit lithium (Li) ions from a first main surface side toward a
second main surface side, the lithium selective permeable membrane including a selective
permeable membrane main body constituted of a ion conductor of lithium as a main body and
a lithium adsorption layer that is formed on a surface of the selective permeable membrane
main body on the first main surface side and selectively adsorbs the lithium ions.

In the lithium selective permeable membrane of the present invention, the lithium

conductor is (Liy, Lay)TiO, (here, x=3a-2b, y=2/3-a, z=3-b, 0<a<1/6, 0<b<0.06, x>0).
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In the lithium selective permeable membrane of the present invention, the selective
permeable membrane main body is a sintered body including the ion conductor as a main
body.

In the lithium selective permeable membrane of the present invention, the selective

permeable membrane main body is constituted of particles, which are bonded
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together through a cation permeable membrane, constituted of the 1on conductor.

In the lithium selective permeable membrane of the present invention, the cation
permeable membrane is constituted of NAFION (registered trademark), SELEMION
(registered trademark), or an ion liquid having a polymerized TFSI anion ((CF3S02)2N").

In the lithium selective permeable membrane of the present invention, the
lithium adsorption layer is formed by an acid treatment on the surface of the selective
permeable membrane main body on the first main surface side.

In the lithium selective permeable membrane of the present invention, the
lithium adsorption layer includes lithium adsorption substance particles that are each
constituted of a substance different from the selective permeable membrane main body
and that each have a particle shape.

In the lithium selective permeable membrane of the present invention, the
lithium adsorption substance particles are formed by carrying out an acid treatment on
lithium manganate (Li; sMn204).

A lithium recovery device of the present invention is a lithium recovery device
that recovers lithium into a recovery liquid which is an aqueous solution by moving
lithium ions from a raw liquid which is an aqueous solution and includes the lithium to
the recovery liquid, the lithium recovery device including the selective permeable
membrane installed so as to separate the raw liquid and the recovery liquid with the raw
liquid placed on the first main surface side and the recovery liquid placed on the second
main surface side, a mesh-like first electrode fixed to the first main surface side of the
lithium selective permeable membrane, and a mesh-like second electrode fixed to the
second main surface side of the lithium selective permeable membrane.

A lithium recovery method of the present invention includes a pll conversion

step of generating a treatment liquid that is an alkaline aqueous solution containing
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lithium from a raw material liquid that is a non-alkaline aqueous solution containing
lithium and a recovery step of recovering lithium into the recovery liquid using the
treatment liquid obtained after the pH conversion step as the raw liquid and the lithium
recovery device.

In the lithium recovery method of the present invention, in the pH conversion
step, an electrodialysis treatment is carried out with the raw material liquid disposed on a
positive potential side and an aqueous solution disposed on a negative potential side
using a cation exchange membrane as a boundary, and then the aqueous solution on the
negative potential side is used as the treatment liquid.

The lithium recovery method of the present invention further includes a recovery
step of recovering lithium into the recovery liquid from the raw liquid using the lithium
recovery device.

In the lithium recovery method of the present invention, the first electrode is
used as a positive side, the second electrode is used as a negative side, and a voltage 1s
applied between the first electrode and the second clectrode.

The lithium recovery method of the present invention further includes a lithium
carbonate generation step of generating lithium carbonate by transmitting carbon dioxide
through the recovery liquid obtained after the recovery step using pure water as the
recovery liquid before initiation of the recovery step.

In a hydrogen production method of the present invention, in the lithium
recovery device, pure water 1s used as the recovery liquid, the first electrode is used as a
positive side, the second electrode 1s used as a negative side, and a voltage 1s applied
between the first electrode and the second electrode, thereby generating hydrogen from

the recovery liquid.
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Advantageous Effects of Invention
[0012]
The present invention is constituted as described above, and thus it is possible to

recover Li ions in a raw liquid into a recover liquid at a high recovery rate.

Brief Description of Drawings

[0013]

FIG. 1 1s a view showing a constitution of a lithium (ion) recovery device
according to an embodiment of the present invention.

FIG. 2 shows X-ray diffraction results of LLTO and a layer formed by an acid
treatment on a surface of LLTO (HLTO).

FIG. 3 shows measurement results of changes in currents over time in a case in
which the Li recovery device which becomes the embodiment of the present invention is
used in a battery mode and a case in which a Li adsorption layer is not used in the same
constitution.

FIG. 4 shows measurement results of changes in currents over time in a case in
which the Li recovery device which becomes the embodiment of the present invention is
used in an electrodialysis mode and a case in which a Li adsorption layer is not used in
the same constitution.

FIG. 5 shows measurement results of changes over time in amounts of Li, K, and
Na present in a recovery liquid in a case in which the Li recovery device which becomes
the embodiment of the present invention is used in the electrodialysis mode.

FIG. 6 shows measurement results of changes over time in amounts of Li, K, and
Na present in a raw liquid in a case in which the Li recovery device which becomes the

embodiment of the present invention is used in the electrodialysis mode.
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FIG. 7 is a view showing a constitution of an electrodialysis device that is used
in a Li (ion) recovery method which becomes an embodiment of the present invention.

FIG. 8A is a cross-sectional view showing a structure of a modification example
of a selective permeable membrane which becomes an embodiment of the present
invention.

FIG. 8B is a cross-sectional view showing the structure of another modification
example of the selective permeable membrane which becomes the embodiment of the
present invention.

FIG. 9 is a flowchart showing the Li (ion) recovery method which becomes the

embodiment of the present invention.

Description of Embodiments

[0014]

Hereinafter, a lithium selective permeable membrane according to an
embodiment of the present invention, and a Li recovery device and a Li recovery method
in which the lithium selective permeable membrane is used will be described.  The
selective permeable membrane (lithium selective permeable membrane) includes a
lithium ion superconductor as used for a selective permeable membrane described in
Patent Document 3 as a main body.

[0015]

In a Li (ion) recovery device described in Patent Document 3, in a case in which
the Iithium 1on superconductor 1s used as the selective permeable membrane, it is
possible to increase the recovery efficiency of lithium by increasing an ion current of Li
lons that flow between electrodes. lHere, Li ions that are included in an aqueous

solution are present as Li hydrated ions having water molecules coordinated thereto in
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the vicinity. Therefore, in order to further increase the ion current, it is effective to
realize a status in which the water molecules are easily removed from a surface of the
selective permeable membrane (an interface between the selective permeable membrane
and a raw liquid).

[0016]

Therefore, on the surface of the selective permeable membrane which becomes
the embodiment of the present invention, a Li adsorption layer that adsorbs Li ions
(excluding hydrates) in the raw liquid is formed. As the Li adsorption layer, there are
two types of Li adsorption layers, that is, (1) a Li adsorption layer formed by reforming a
surface of a material constituting the selective permeable membrane and (2) a Li
adsorption layer which is made of a material different from the selective permeable
membrane and formed in a thin membrane state on the surface of the selective permeable
membrane.

[0017]

FIG. 1 is a constitution view showing a principle of a Li (ion) recovery device 1.
Constitutions other than a selective permeable membrane 10 in this constitution are the
same as those described in Patent Document 3. In the metal ion recovery device 1, the
selective permeable membrane (lithium selective permeable membrane) 10 that
selectively transmits Li is used, and mesh-like first electrode 11 and second electrode 12
are respectively formed on both main surfaces of the flat plate-like selective permeable
membrane 10. This structure is provided in a treatment tank &, and a raw liquid 100 that
is an aqueous solution including Li ions (Li*) 50 and a recovery liquid 200 that is an
aqueous solution which serves as a place of Li recovery are separated from each other by
the selective permeable membrane 10 in the treatment tank 8.  The raw liquid 100

includes monovalent cations other than the Li 1ons 50 (here, Na ions (Na") 51 are used)
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together with the Li ions 50.

[0018]

Meanwhile, the structures and materials of the first electrode 11 and the second
electrode 12 are the same as those described in Patent Document 3. In addition, in the
structure of FIG. 1, a collector constituted of a carbon felt sheet or the like may be
interposed between the mesh-like first electrode 11 or second electrode 12 and the
selective permeable membrane 10 as described in Patent Document 3. The fact that the
arca of the selective permeable membrane 10 can be increased using a joining layer is
also the same.

[0019]

At this time, no voltage is applied to the first electrode 11 and the second
electrode 12 from the outside, and conversely, the Li recovery device | can be used as a
battery that extracts power from the electrodes (battery mode). In this case, it is
possible to move the Li 10ons 50 to the recovery liquid 200 from the raw liquid 100 (the Li
lons 50 are made to flow as an 1on current), and simultancously, a voltage which makes
the first electrode 11 serve as a negative side and the second electrode 12 serve as a
positive side is generated. On the other hand, when a voltage is applied to the first
¢clectrode 11 and the second electrode 12 from the outside, it is possible to increase the
ion current of the Li tons 50 more than the above-described case (electrodialysis mode).
In this case, it 1s possible to increase the recovery efticiency of, particularly, Li (the Li
1ons 50) into the recovery liquid 200 although power is required.

[0020]

The selective permeable membrane 10 is constituted of a selective permeable
membrane main body 10A constituted of a lithium ion superconductor (ion conductor))

having a particularly high ion conductivity and a Li adsorption layer 10B formed as a
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thin layer on a raw liquid 100 side (the first electrode 11 side) thereof.  As a material
constituting the selective permeable membrane main body 10A, specifically, lanthanum
lithium titanium oxide: (Lix, Lay)TiO; (here, x=3a-2b, y=2/3-a, z=3-b, 0<a<l1/6,
0<b<0.06, x>0) (hereinafter LLTO) can be used, and more specifically, Lio29Lao s7TiO3
(a~0.1, b~0) can be used. This material can be obtained, for example, as a sintered
body obtained by mixing particles constituted of the material with a sintering aid or the
like and sintering the mixture at a high temperature (1,000°C or higher). In this case, a
surface of the selective permeable membrane 10 can also be constituted as a porous
substance in which fine particles constituted of LLTO are bonded together (sintered), and
thus it is possible to increase the eftective area of the surface of the selective permeable
membrane main body 10A.

[0021]

In the lithium ion superconductor, Li is included as one of constituent elements,
and Li 1ons outside the crystals move between Li sites in the crystals, which develops the
ion conductivity. The Liions 50 flow in the selective permeable membrane main body
10, but the Na ions 51 are incapable of flowing in the selective permeable membrane 10.
At this time, ions that are conducted in the crystals are the Li ions (Li”) 50, and hydrate
ions of Li which are present in the raw liquid 100 together with the Li ions 50 do not
enter the Li sites and are thus not conducted in the crystals. Regarding the
above-described fact, the lithium ion superconductor is the same as that of the selective
permeable membrane described in Patent Document 3.

[0022]

Here, when, particularly, only a number of the Li ions 50 are adsorbed to the

surface of the selective permeable membrane main body 10A using the Li adsorption
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layer 10B, the water molecules of the Li hydrated 1ons are removed during the adsorption,
and the Li hydrated ions turn into Li ions, and thus it is possible to increase the
conduction efficiency (the ion current that flows in the selective permeable membrane
main body 10A) of the Li ions 50 from the raw liquid 100 side (the first main surface
side) to the recovery liquid 200 side (the second main surface side) in the selective
permeable membrane main body 10A.

[0023]

The Li adsorption layer 10B is formed as a thin layer on the surface of the
selective permeable membrane main body 10A by carrying out a chemical treatment on
the selective permeable membrane main body 10A. Specifically, the Li adsorption layer
1s formed by carrying out an acid treatment on one main surface of the selective
permeable membrane main body 10A (LLTO), for example, exposing the surface to
hydrochloric acid or nitric acid for five days. It is assumed that a substance layer
(HLTO) having a composition similar to Ho29Lao s7TiO3 in which Li, which is an
clement that 1s particularly likely to be oxidized among the constituent elements of LLTO,
1s substituted by hydrogen in an acid due to the above-described treatment is formed.

FIG. 2 shows X-ray diffraction results of LLTO and the thin layer (HLTO) formed at this
time on the surface. From the results, it is confirmed that LLTO and HLTO has peaks at
different locations, and it is possible to confirm that a substance layer different from
LLTO is formed on the surface due to the above-described treatment although the details
cannot be specified.

[0024]

H sites in HLTO are originally sites which Li enters, and thus H is likely to
substitute the L1 ion, but not likely to substitute other ions (the Na 1on 51 or the like).

Therefore, HLTO functions as the Li adsorption layer 10B. In addition, HLTO is
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generated from a reaction with an acid and thus formed only on the outermost surface of
the selective permeable membrane main body 10A.

[0025]

Actually, in the constitution of FIG. 1, an alkaline aqueous solution into which
0.1 M of LiOH, NaOH, and KOH were mixed was used as the raw liquid 100,
Lio29Laes7TiO3 was used as the selective permeable membrane main body 10A, and a
current between the first electrode 11 and the second electrode 12 which is generated
depending on the presence and absence of the Li adsorption layer 10B that is HLTO
formed as described above was investigated. This current is an ion current by the Li
ions 50, and thus the intensity of the current reflects the degree of the recovery efficiency
of Li into the recovery liquid 200. The effective area (an area in contact with the raw
liquid 100 and the recovery liquid 200) of the selective permeable membrane 10 was set
to 16 em?.

[0026]

FIG. 3 shows changes in currents over time in a case in which the constitution of
FIG. 1 1s used in a battery mode, that is, no voltage is applied between the first electrode
11 and the second electrode 12 from the outside depending on the presence and absence
of the Li adsorption layer 10B. The results show that, in a case in which the Li
adsorption layer 10B is not used, the current immediately decreases from the initial state
and reaches the steady-state value. On the other hand, in a case in which the Li
adsorption layer 10B is used, a current value higher than the above-described current
value is obtained at all times and reaches a value approximately eight times greater the
current value in a case in which the Li adsorption layer 10B is not used.

[0027]

On the other hand, FIG. 4 respectively shows changes in currents over time in a
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case in which the same constitution as in the case of FIG. 3 1s used in an electrodialysis
mode, that is, a voltage of 5 V is applied between the first electrode 11 and the second
electrode 12 from the outside. In this drawing, the current value in a case in which the
Li adsorption layer 10B is not used is smaller enough to be ignored (almost equal to the
horizontal axis in the drawing) than the current value in a case in which the Li adsorption
layer 10B is used. In this case, the current value reaches approximately 12,000 times
greater than the current value in a case in which the Li adsorption layer 10B is not used
due to the use of the Li adsorption layer 10B. That is, an extremely high transport
efficiency of the Li ions 50 to the recovery liquid 200 is obtained.

[0028]

FIG. 5 shows the measurement results of the amounts (mg) of Li, potassium (K),
and sodium (Na) in the recovery liquid 200 in a case in which the same treatment as in
FIG. 4 is carried out over time, and FIG. 6, similarly, shows the results of the amounts of
these elements in the raw liquid 100 measured in the same manner. Here, the recovery
percentage (FIG. 5) refers to the ratio of the amount of each element in the recovery
liquid 200 to the amount of each element in the raw liquid 100 in the initial state at each
point in time, and the residual percentage (FIG. 6) refers to the ratio of the amount of
each element in the raw liquid 100 to the amount of each element in the raw liquid 100 in
the initial state. From these results, it is possible to confirm that, particularly, Li is
selectively recovered into the recovery liquid 200.  In FIG. 4, the current decreases after
reaching the maximum value, which is attributed to the amount of the Li ions 50 in the
raw liquid 100 which decreases as the recovery proceeds. Therefore, it is possible to
recover Li in a Li ion 50 form at a high efficiency using the Li recovery device 1.

[0029]

In a case in which HLTO is used as the Li adsorption layer 10B, the adsorption



10

15

20

25

15

efficiency of the Li ions 50 depends on pH, and a particularly great Li (ion) adsorption
efticiency was obtained in a case in which the raw liquid 100 that is a subject from which
Li is recovered is alkaline. Therefore, the raw liquid 100 is preferably set to be alkaline.
Meanwhile, in the nature, the seawater or salt-lake brine water containing a large number
of L1 ions 50 (raw material liquid) is generally neutral.  Therefore, in order to use the
raw material liquid as the raw liquid 100, the raw material liquid is preferably set to be
alkaline. It is therefore effective to use an electrodialysis device 2 as shown in FIG. 7.

[0030]

Here, the seawater or salt-lake brine water is used as a raw material liquid 300
that is an aqueous solution containing a large amount of Li (Li ions 50). As described
above, the raw material liquid 300 is neutral (no alkaline). As in the Li recovery device
1, the raw material liquid 300 and a treatment liquid 400 that is a neutral aqueous
solution in the initial state (for example, pure water) are separated from each other using
a cation exchange membrane 21 in a treatment layer 9. A positive electrode 23 1s
provided in the raw material liquid 300, and a negative electrode 22 is provided in the
treatment liquid 400.  Unlike the Li recovery device 1, the positive electrode 23 and the
negative electrode 22 are not in contact with the cation exchange membrane 21, the
positive electrode 23 side is served as positive, the negative electrode 22 side is served as
negative, and a voltage 1s applied.  As the cation exchange membrane 21, for example,
SELEMION (registered trademark) CSO or the like which selectively transmits
monovalent cations can be used.

[0031]

A constitution of FIG. 7 is the same as that of an ordinarily-known
clectrodialysis device. In an electrodialysis device 2, monovalent cations such as the Li

ions 50 or the Na ions 51 permeate through the cation exchange membrane 21 and move
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toward the negative electrode 22 (the treatment liquid 400) side, the other polyhydric
cations are incapable of easily permeating through the cation exchange membrane 21,
and negative ions are incapable of permeating through the cation exchange membrane 21.
Therefore, the Li ions 50 (Li*) which are a recovery subject move into the treatment
liquid 400 from the raw material liquid 300. In addition, in the negative electrode 22,
OH- ions are generated due to the electrolysis of water.  Therefore, it is possible to move
the Li ions 50 in the raw material liquid 300 into the treatment liquid 400 using the
electrodialysis device 2 and, simultaneously, make the treatment liquid 400 alkaline.
However, in the electrodialysis treatment, the Na ions 51 and the like which are the other
monovalent cations (non-Li monovalent cations) also move into the treatment liquid 400
together with the Li ions 50 at the same time. Therefore, when the treatment liquid 400
after an electrodialysis treatment 1s used as the raw liquid 100 in FIG. 1, it 1s possible to
selectively recover the Li 1ons 50 into the recovery liquid 200.

[0032]

That is, in a case in which an aqueous solution that is not alkaline (the seawater
or salt-lake brine water) is used as a raw material, an alkaline aqueous solution including
the Li ions 50 (the treatment liquid 400) is generated using the electrodialysis device 2 of
FIG. 7, and the alkaline aqueous solution is used as the raw liquid 100 in the Li recovery
device 1, whereby it is possible to obtain Li (the Li ions 50) in the recovery liquid 200 at
a high efticiency.

[0033]

Next, a method for extracting Li from the recovery liquid 200 including the Li
ions 50 at a high concentration will be described.  As described in Patent Document 3,
when the uses of Li (a Li 1on battery and the like) are taken into account, Li is preferably

extracted as lithium carbonate (L12CO3) powder. Therefore, Patent Document 3
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describes that hydrochloric acid (HCI) 1s added to the recovery liquid 200, recovery is
carried out, and then a sodium carbonate (Na>CQO3) aqueous solution is added thereto,
thereby extracting Li as LioCO3. However, due to its high price, it is not preferable to
use sodium carbonate from the viewpoint of obtaining Li2CO3 at a low cost.

[0034]

In a case in which the Li recovery device 1 is used, it is possible to particularty
increase the concentration of the Li ions 50 in the recovery liquid 200 as shown in FIGS.
Sand 6. Therefore, when pure water is used as the recovery liquid 200 in the initial
state, and carbon dioxide (CO2) is made to flow (for example, bubbling) through the
recovery liquid 200 after the recovery of Li, it is possible to bond CO; to the Li ions 50
in the recovery liquid 200 and generate lithium carbonate (L12CO3). The
above-described treatment makes the recovery liquid 200 white turbid and enables the
extraction of Li12COs as a precipitate.  The above-described method is particularly
effective in a case in which the L1 recovery device 1 capable of particularly increasing
the concentration of the Li ions 50 in the recovery liquid 200 isused. CO: can be
obtained at a low cost or for free from a variety of facilities (thermal power plants and the
like) that secondanily generate CO2, and thus it is possible to obtain Li2CO3 at a
particularly low cost. In addition, pure water to which hydrochloric acid or the like is
not added can be used as the recovery liquid 200, and thus it is possible to safely obtain
lithium carbonate at a low cost.

[0035]

Next, modification examples of the selective permeable membrane 10 will be
described.  As the selective permeable membrane 10, it is possible to use a selective
permeable membrane having a different form of a selective permeable membrane

including LLTO as a main body as described above. First, in the above-described
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example, the sintered body of LLTO, that is, a body obtained by sintering LLTO particles

at a high temperature is used as the selective permeable membrane main body 10A. In
contrast, it is possible to produce a selective permeable membrane main body 110A by
bonding lithium ion superconductor particles 80 constituted of LLTO or the like using a
cation exchange membrane 70 that is an organic substance as shown in FIG. 8A. Here,
as the lithium ion superconductor particles 80, the same particles as the particles
{powder) used to produce the selective permeable membrane main body 10A that is the
sintered body can be used.  As the cation exchange membrane 70, it is possible to use
NAFION (registered trademark) or the like.

[0036]

Even in this case, the selective transmissivity of Li i1s ensured by the lithium ion
superconductor particles 80, and it 1s possible to conduct Li ions between the lithium ion
superconductor particles 80 through the cation exchange membrane 70.  While sintering
at a high temperature is required to produce the selective permeable membrane main
body 10A (sintered body), the selective permeable membrane main body 110A can be
obtained by mixing power of the lithium ion superconductor particles (ion conductor
particles) 80 into the cation exchange membrane 70 (NAFION) which has been dissolved
in a solvent and become a liquid phase and then curing the cation exchange membrane 70,
and thus the selective permeable membrane main body 110A can be obtained at a lower
temperature. Therefore, it is possible to constitute the lithium ion superconductor
particles 80 with, for example, a material which has a high lithium ion conductivity, but
1s not easily sintered at a high temperature.  In addition, in this case, since a high Li
ion-conductive property can be obtained in the selective permeable membrane main body
110A, when this fact i1s used in the constitution of FIG. 1, a particularly great current (a

high transport etficiency of the Li ions 50 to the recovery liquid 200) can be obtained.
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[0037]

In addition, the Li adsorption layer 10B is formed by carrying out an acid
treatment on the selective permeable membrane main body 10A, but it is also possible to
produce a Li adsorption layer 110B by applying Li-adsorbing substance particles 81
having a Li adsorption capability like HLTO to a surface using the cation exchange
membrane 70 which has become a liquid phase as shown in FIG. 8B. In this case, as a
substance constituting the Li-adsorbing substance particles 81, it is possible to select a
substance that is totally different from a substance constituting the lithium ion
superconductor particles 80. In this case, it is possible to obtain the Li adsorption layer
110B by applying and curing a mixture of a solvent and the Li-adsorbing substance
particles 81 which serves as the cation exchange membrane 70 on the surface of the
selective permeable membrane main body [10A.  Even when SELEMION (registered
trademark) or an ion liquid having a polymerized TFSI anion ((CF3SO»)2N") is used as a
material of the cation exchange membrane 70, it is possible to form the selective
permeable membrane 110 and conduct the Li ions 50 in the same manner.  Specific
examples of the above-described ion liquid include PP13-TFSI, TMPA-TFSI, P13-TFSI,
P14-TFSI, and the like as described in Japanese Unexamined Patent Application, First
Publication No. 2012-055881 and ion liquids obtained by combining
1-Alkyl-3methylimidazolium as a cation with a TFSI anion.

[0038]

In this case, the degree of freedom in selecting the substance constituting the Li
adsorption layer 110B improves, and thus it is possible to select a material having a high
Li-adsorbing efficiency even when the raw liquid 100 is neutral and use the material as
the Li-adsorbing substance particles 81 while, for example, in the Li adsorption layer

10B (HLTOQ), a particularly high adsorption efficiency is obtained in a case in which the
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raw liquid 100 1s alkaline.  Specifically, it is also possible to use HjsMn204 obtained
by carrying out the same acid treatment as that carried out to form HLTO on lithium
manganate (Li) sMn204) power (a substance obtained by substituting Li with H in
Li1 sMn2Q4: corresponding to permanganic acid) as the Li-adsorbing substance particles
81. In addition, it 1s also possible to use LiaTisO 2 (lithium titanium oxide) or the like.
These materials can also be set depending on the kind, pH, or the like of the raw liquid
100. In addition, the Li adsorption layer (HLTO) can also be formed in the same
manner by carrying out an acid treatment on the selective permeable membrane main
body 110A of FIG. 8A.

[0039]

An order of obtaining lithium (lithium carbonate) from the raw material liquid
300 using the selective permeable membrane 10 or the like as described above (the
lithium recovery method) is as shown in a flowchart of FIG. 9.  In this case, the
selective permeable membrane 10 including LLTO as the selective permeable membrane
main body 10A 1s used. First, depending on the pll of the raw material liquid 300, in a
case in which the raw material liquid 300 is not alkaline or the pH value 1s lower than a
desired value (S1), an electrodialysis treatment is carried out using the electrodialysis
device 2 shown in FIG. 7, thereby obtaining the treatment liquid 400 which is alkaline
and contains the Li ions 50 (pH conversion step: S2).  After that, the treatment liquid
400 is used as the raw liquid 100, and only the Li ions 50 are moved into the recovery
liquid 200 using the Li recovery device | of FIG. 1, thereby increasing the concentration
of the Li 1ons 50 in the recovery liquid 200 (recovery step: S3).  Alternatively, in a case
in which the raw material liquid 300 is alkaline or the pH value is equal to or higher than
a desired value (S1), the raw material liquid 300 is directly used as the raw liquid 100,

and the recovery step (S3) is carried out in the same manner using the Li recovery device
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1 of FIG. 1. In the recovery step (S3), the Li recovery device | may be used in any of a
battery mode or an electrodialysis mode as described above.

[0040]

However, in a case in which the Li adsorption capability does not depend on the
pH of the raw liquid 100 like the Li adsorption layer 110B in the selective permeable
membrane 110, the pH conversion step (S2) is not required regardless of the pH of the
raw material liquid 300, and the raw material liquid 300 can be directly used as the raw
liquid 100.

[0041]

After that, as described above, carbon dioxide is transmitted through the
recovery liquid 200 having an increased concentration of the Li ions 50, thereby
generating and precipitating lithium carbonate (L12CO3) (lithium carbonate generation
step: S4).  After that, the precipitated lithium carbonate 1s extracted by means of
filtration or the like (lithium carbonate extraction step: S5). Meanwhile, the lithium
carbonate generation step (S4) and the lithium carbonate extraction step (SS5) are carried
out in order to obtain the recovered Li in a lithium carbonate form.  Therefore,
depending on the final form of the obtained Li, other treatments are carried out instead of
these steps. At this time, as the recovery liquid 200 in the initial state which is used in
the recovery step (S3), it is possible to use pure water or an aqueous solution other than
pure water or appropriately set the pH or the like of the aqueous solution depending on
the final form of the obtained Li. It is clear, that, even in such a case, a selective
permeable membrane including a combination of a selective permeable membrane main
body and a Li adsorption layer as described above is effective. Meanwhile, lithium
hydroxide (LiIOH-H20) as well as lithium carbonate (Li2CO3) 1s also used as a raw

material of lithium 1on batteries. In the case of obtaining lithium hydroxide, the crystals
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of lithium hydroxide can be easily obtained only by evaporating moisture in the recovery
liquid 200.

[0042]

In addition, in the Li recovery device |, a great current (ion current) can be made
to flow between the first electrode 11 and the second electrode 12, In such a case, the
electrolysis of water also proceeds, particularly, on the recovery liquid 200 side.
Therefore, when pure water is used as the recovery liquid 200 in the initial state (before
the initiation of the recovery step), it is also possible to generate hydrogen at a high
efficiency. That is, it is also possible to realize a method for producing hydrogen at a
high efficiency using the Li recovery device 1. In this case, it is preferable to use the Li

recovery device | particularly in the electrodialysis mode.

Reference Signs List

[0043]
1 L1 (ION) RECOVERY DEVICE
2 ELECTRODIALYSIS DEVICE

89 TREATMENT TANK

10, 110 SELECTIVE PERMEABLE MEMBRANE (LITHIUM SELECTIVE
PERMEABLE MEMBRANE)

10A, 110A SELECTIVE PERMEABLE MEMBRANE MAIN BODY

10B, 110B Li ADSORPTION LAYER

11 FIRST ELECTRODE

12 SECOND ELECTRODE

21 CATION EXCHANGE MEMBRANE

22 NEGATIVE ELECTRODE
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50

51

70

80

81

100

200

300

400
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POSITIVE ELECTRODE

Li ION

Na ION

CATION EXCHANGE MEMBRANE

LITHIUM ION SUPER CONDUCTOR PARTICLE
Li-ADSORBING SUBSTANCE PARTICLE

RAW LIQUID

RECOVERY LIQUID

RAW MATERIAL LIQUID

TREATMENT LIQUID
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CLAIMS
What is claimed is:

1. A lithium selective permeable membrane that is configured to selectively transmit
lithium (L1) 1ons from a first main surface side toward a second main surface side, the lithium
selective permeable membrane comprising:

a selective permeable membrane main body constituted of an ion conductor of lithium
as a main body; and

a lithium adsorption layer that is formed on a surface of the selective permeable

membrane main body on the first main surface side and selectively adsorbs the lithium ions.

2. The lithium selective permeable membrane according to Claim 1,
wherein the ion conductor is (Lix, Lay)TiOz; wherein x=3a-2b, y=2/3-a, z=3-b,

0<a<1/6, 0<b<0.06, x>0.

3. The lithium selective permeable membrane according to Claim 1 or 2,
wherein the selective permeable membrane main body is a sintered body including the

ion conductor as a main body.

4. The lithium selective permeable membrane according to Claim 1 or 2,
wherein the selective permeable membrane main body is constituted of particles,
which are bonded together through a cation permeable membrane, constituted of the ion

conductor.

5. The lithium selective permeable membrane according to Claim 4,

wherein the cation permeable membrane is constituted of an ion liquid having a
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polymerized TFSI anion ((CF3S0O2)2N").

6. The lithium selective permeable membrane according to any one of Claims 1 to 5,
wherein the lithium adsorption layer is formed by an acid treatment on the surface of

the selective permeable membrane main body on the first main surface side.

7. The lithium selective permeable membrane according to any one of Claims 1 to 5,
wherein the lithium adsorption layer includes lithium adsorption substance particles
that are each constituted of a substance different from the selective permeable membrane

main body and that each have a particle shape.

8. The lithium selective permeable membrane according to Claim 7,
wherein the lithium adsorption substance particles are formed by carrying out an acid

treatment on lithium manganate (L11.sMn204).

9. A lithium recovery device that recovers lithium into a recovery liquid which is an
aqueous solution by moving lithium ions from a raw liquid which is an aqueous solution and
includes the lithium to the recovery liquid, the lithium recovery device comprising:

the selective permeable membrane according to any one of Claims 1 to 8 installed so
as to separate the raw liquid and the recovery liquid with the raw liquid placed on the first
main surface side and the recovery liquid placed on the second main surface side;

a first electrode fixed to the first main surface side of the lithium selective permeable
membrane; and

a second electrode fixed to the second main surface side of the lithium selective

permeable membrane.
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10. A lithium recovery method comprising:
a recovery step of recovering lithium into the recovery liquid from the raw liquid

using the lithium recovery device according to Claim 9.

11. A lithium recovery method according to Claim 10, comprising:

a pH conversion step of generating a treatment liquid that is an alkaline aqueous
solution containing lithium from a raw material liquid that is a non-alkaline aqueous solution
containing lithium; and

a recovery step of recovering lithium into the recovery liquid using the treatment

liquid obtained after the pH conversion step as the raw liquid and the lithium recovery device.

12. The lithium recovery method according to Claim 11,

wherein, in the pH conversion step, an electrodialysis treatment is carried out with the
raw material liquid disposed on a positive potential side and an aqueous solution disposed on
a negative potential side using a cation exchange membrane as a boundary, and then the

aqueous solution on the negative potential side is used as the treatment liquid.

13. The lithium recovery method according to any one of Claims 10 to 12,
wherein the first electrode is used as a positive side, the second electrode is used as a

negative side, and a voltage is applied between the first electrode and the second electrode.

14. The lithium recovery method according to any one of Claims 10 to 13, further
comprising:

a lithium carbonate generation step of generating lithium carbonate by transmitting
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carbon dioxide through the recovery liquid obtained after the recovery step using water as the

recovery liquid before initiation of the recovery step.

15. A hydrogen production method,

wherein, in the lithium recovery device according to Claim 9, water is used as the
recovery liquid, the first electrode is used as a positive side, the second electrode is used as a
negative side, and a voltage is applied between the first electrode and the second electrode,

thereby generating hydrogen from the recovery liquid.

2017212260 09 Aug 2019
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