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The bresent invention relates to a -process for -
the production of alkali and alkaline earth met- -
als,and more particularly it relates to a process: -

by which ‘alkali and alkaline earth metals may
be economically-prepared by the electrolysis of
a non-agqueous liquid eomprising anhydrous g~
uid - ammonia; methylamine,  ethylamine, -or
pyridine combined  with a salt of the meatal.

The processes at present available for the “-

preparationof alkali and alkaline earth metals

are-generally divisible into two types—first, the -

10

methods involving chemical reactions and, sec~ -

ond, those employing the use of an electric cur-
rent. The former type of method involves re-
duction’ reactions conducted  in retorts under
special-atmospheres or high vacuwn, and-many
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problems-are -involved ‘in the commercial op-~ -

eration:of this type of-process. The latier type

of method involves, 'so far as commercial prac- -

tice is concerned; chiefly the electrolysis, in the

20

molten ‘state, of an anhydrous salt of the metal.-

Other methods for producing alkali- and al-

kaline ' earth metals by electrolysis in both -

aqueous and non-agueous solvents have been
suggested. Usually, the use of an agueous solu-

tion is impractical since there is a strong tend- -

ency for hydrogen to be evolved at the cathode,
and the release of- hydrogen- is accompanied by

decomposition of the solveni-and the conversion-

of the'metal-into the hydroxide. - Several ideas
have also been described in which a co-deposit
of hydrogen and the alkali metal is formed at
the: cathode: duringthe electrolysis of an alkali
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metal salt dissolved -in a non-aquecus solvent;

such as'propyl or other-higher aleohol: In such
cases; high voltage, with consegquent high power
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consumption; is required and the co-plating of -
the hydrogen with the metal is also undesirable. - -

One object of the present invention is -to pro-
vide an’ economical process for the production of
alkali and alkaline earth metals by the electroly-

sis of- anon-agueous liguid comprising anhy--
propyl---

drous liquid-ammenia; - methylamine,

40

amine, or pyridine’combined with-a salt. of the -

metal.
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A further object of:the invention is to provide .-

an electrolytic:.process -for the preparation of

alkali and-alkaline earth. metals which may be -
conducted i at relatively -high. current densities. .

and - with relatively:low power consumption to

50

produce &+ cathodeproduct. :substantially . free -

from:contamination” by unelectrolyzed ~salt: . .

Another.obiect :of: the invention:is: to: provide:::
a method. for producing..alkali:.and :alkaline .

earth metals as the.cathode .product;in con=:

:08

2(Cl, 204—=59)-.

2
junction:with the production:of:an anode progds=-:
uct that may readily:be-émployed: to:prepare an:: -
alkalizor alkaline:earth :metal salt -availablefor @
recycling:in-the brocess. ;..
< Another-ebject of the invention is to provide:i.:
a method for the production .of. alkali;and-alka-:
line 'earth metals;from:salts::of . the-metal .that.
can “be. prepared::withotit: difficulty..from :inexXe:sxr
pensive raw materials.: i
- A still-further: .object:of: the invention: is fo: =
make:savailable - a: process :for the electrolytic:
production:of alkalizand -alkaline-earth:metals. .
from -salts:thereof: even: when the salts: arenot::
anhydrous.
- Still another object of:the invention!is-to pro= .
vide a:.:process by which ai.substantially.. bure.
solution :: or - paste,:ccomprising :the:alkali:zor
alkaline earth metal-and the sclvent of:the-elec:
trolyte,;may be prepared; which solution or paste:
may be used in the industries: br may be readily: .
converted intoan alkaliior alkaline.earth metal :-
of ‘a high state .of purity, merely by evaporation.-:
of the solvent. ~::

Other: objects; including: the provision .of a. :
cyclic chemical -and :electrochemical process. for: .-
the preparation of .alkali and alkaline earth met«:-
als, will be apparent-from-a :consideration" of -
this specification and the claims:

The process::of - the present: invention ig. dap-' -
plicable ‘for use.in:.the:production-of any:.of the -
various:alkalior alkaline:earth:metals,. namely;.:
lithium; rsedinm, potassium,. caesium,: rubidium,
calcium, strontium, and banum -and of.alloys or:
mixtures thereof: :

In accordance: .w1th the invention, ‘& cathode
product. comprising: an’ alkali-or alkaline earth:
metal substantially:uncontamingted by unelec-.:::
trolyzed: salt is prepared: by the electrolysis:of
an electrolyte -to form a-cathode.and an anode:::
product..: The ‘electrolyte is-a non-aqueous: lig-
uid comprising an anhydrous:liquid selécted fromt-:--
the group:consisting of ammonia; methylamine,.i::
ethylamine; and pyridine combined with ‘a -salt-::
of the metal selected from-the:group. consisting .-
of the perchlorate -and:thiocyanate; and-in such
an electrolyte -the concentration of salt-thereitr-::
provides .a solution:in: whieh the cathode: prod-::=
uct is substantially : insoluble.: ‘The -cathode:
product;: as. will be. further:discussed; may-be ar:
bronze liquid,-a paste, or-the metal itself.. Since
the liquid: or.paste: iscsubstantially. insoluble ‘in; .::
and has_a-lower specific igravity: than,. the :elec~ i
trolyte;: it floats: thereonzand; .therefore,: the: -
product;. substantially: free from . unelectrolyzed: .
salt;smay be: easily. separated:from the electro- .«
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lyte. The anode product comprising the an-
hydrous liguid, the anion of the metal salt and
its associated solvated proton is separated from
the cell, and the anion and its associated sol-
vated proton are reacted with the oxide, hydrox-
ide or carbonate of the desired metsal to form the
corresponding metal salt. This salt, in substan-
tially anhydrous form, is then used as source
material in the process.

The process of the present invention will be
more clearly understood from a consideration
of the drawing which illustrates the process by
means of a flow sheet diagram.

Referring to the drawing, there is shown an
electrolytic cell, the cathode and anode of which
are connected to g source of electrical energy.
The cell is equipped with cooling means. The
anhydrous liquid solvent of the type described
herein is fed to the cell, and the alkali metal or
alkaline earth metal thiocyanate or perchlorate
obtained as described herein is also fed to the
cell. During electrolysis. there is formed a cath-
ode product comprising the desired metal, and
anode product. Nitrogen may also be formed
when ammonia is present. The cathode prod-
uct is removed from the cell and the metal
separated from adhering solvent. The soivent
may be recycled to the cell as shown. The an-
ode product comprises solvent and the thiocy-
anate or perchlorate anion, and the anion is
converted to the alkali metal or alkaline earth
metal salt by reaction between the anion and
the oxide, hydroxide or carbonate of the desired
alkali metal or alkaline earth metal. This re-
action may take place in the cell itself as more
fully. discussed hereinafter, or may take place
outside the cell as shown in the drawing and as
also more fully discussed hereinafter. If this
reaction takes place outside the cell, the reaction
medium may comprise the entire anode product
to which water may be added, or excess solvent
may first be removed, as in an evaporator, and
recycled, following which the remaining anode
product is mixed with water which serves as the
reaction medium. Any of the anhydrous sol-
vent remaining after the reaction may he re-
cycled for re-use in the process. In any event,
the anion is converted to the alkali metal or
alkaline earth metal salt which is dried and re-
used in the process. In view of the fact that
some of the solvent may be destroyed during the
electrolysis, make-up solvent may be added as
needed. The process generally described above
will be described more in detail hereinaftar.

In place of using a single anhydrous liquid, 2
mixture of two or more liguids may be employed,
for example, liquid ammonia containing an al-
kylamine having less than 8 carbon atoms, or
pyridine. The solubility of the metal formed as
the result of the electrolysis in such mixed lig-
uids is usually less than it is in the case of lig-
uid ammonia alone, and the paste, hereinafter
described, forms more readily. Other materials
which will not interfere with the desired elec-
trolytic action may be added to the solvent, if
desired, provided that they do not decrease the
amount of the sali in combination with the an~
hydrous liquid to such an extent that the desired
concentration of the salt cannot be obtained.

The use of an anhydrous liquid of the type
described increases the advantages of the use
of a non-aqueous medium for the electrolysis of
alkali and alkaline earth metal salts and over-
comes the objections that have been encountered
in -prior methods. Solubility of many of the
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metal salts is extremely high in this type of
liguid and, as will be discussed, concentrations
can be reached in excess of any requirements
needed for the economic production of the met-
al. Furthermore, by employing the method
described herein, the presence of water does not
prevent the production of the metal and the
process eliminates the water from the non-
aqueous liquid, as will be further discussed.
While the elimination of the water consumes a
small amount of electrical energy, the cost is
nominal and the effect on the operation of the
cell is slight. Furthermore, the cost of a liquid,

" such as anhydrous liquid ammonia, is low and
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~ance heing ammonia.

the material is available in large quantities.

For convenience hereinafter, the process will
be described in connection with the use of an-
hydrous liquid ammonia since this is the cheap-
est of the non-aqueous liquids available for use
in the present process, and for this and other
reasons, it is used in the preferred embodiment
of the invention. Furthermore, while, if desired,
alloys or mixtures of two or more of the alkali
or alkaline earth metals may be prepared from
8 solution of two or more of the salts of the
desired metals in the anhydreus liguid, the in-
vention will be discussed from the standpoint of
the preparation of a single alkali or alkaline
earth metal.

As stated, the concentration of salt in the an-
hydrous liguid is an important factor and in
the process of the invention, the concentration
of salt in the electrolyte provides a medium in
which the cathode product is substantially in-
soluble. This permits the production of a cath-
ode product which is substantially free from
contamination by unelectrolyzed salt, and the
cathode product removed from the eell in the
process of the present invention is to be con-
trasted with the impure cathod product which
would result if a low concentration of salt in the
liquid ammonia solvent were to be uzed. Such
impure solutions are blue in color and comprise
a small amount of metal, unelectrolyzed salt,
and solvent. As will hereinafter be discussed,
the desired concentration is preferably obtained
by the use of the alkali or alkaline metal salt
alone, but if desired, the required concentration
may be obtained by the use of another salt in
conjunction with the alkali or alkaline earth
metal salf.

The cathode produet separated from the un-
electrolyzed portion of the electrolyte may he in
the form of a liquid or a paste or may he the
metal itsell, depending on the concentration
of the electrolyte in contact with the cathode
product and the operating conditions of the ecell.
The liquid is believed to be a blend or solvated
compound between the anhydrous ammonia and
the metal, and an excess of ammonia may he
present. In higher concentrations, some of the
metal may be in suspension or in colleidal solu-
tion in the compound, and these liquids may
contain up to about 90% of the metal, the bal-
When the concentration
is still higher, the paste is formed and in this
case, it is believed that metal resulting from the
evaporation of the ammonia from the metal-
ammonia blend or compound is associated with
that compound, and the concentration of the
metal in the paste usually exceeds about 90%
and may be as high as 99%. When the concen-
tration of salt in the electrolyte in contact with
the cathode product is still higher, the metal it- -
self will plate out on the cathode.
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Regardiessiof.the physxcalf istate:onthe oolor ng
cathode rproduct:gremoved «from the cell;: it w

be substantially:free::from= eontamination ; by
unelectrolyzedssaiti: In the usual-andspreferred
practice :of: the rdinvention;.the cathode: product
removed-fromithe cell possesses a- metallicilustre:
andawill-usually:-be of::a:yellow: or:-bronze :color
although in some instances.it-may-possess:reddish
characteristics. i-The rterm::- fhronze’ s used:
herein to designate wsuchucoloration rand.fordis-
tinguish itsfront: a-liguid. possessing:a:hlue;colora=
tion: = The paste-when:obtained: maysbe-colored
reddish brown; darki:brown; or even-black; and
the metal-will possess-the characteristicimetallicisz
lustre;son

Both:the liquid:and:paste cathode:preducts:are
insoluble«in and::-of:lower:specifie:.gravity:-than
the :electrolyte-and; therefore; floatien:the elecw
trolytesanid may “be -easily separated-therefrom:
In the case of-the-liquid, it may:easily-be.sep-
arated -from- the ~eiectrolyte:iby. siphoning;or .-
decanting; or by the application ‘of-ammonia-gas.
pressure, or by any other suitable procedure. «It
is to be- understeod-that im‘order- to~insure the
substantially--complete:removal of the bronze-+25
liquidy-a portion:of -any- blue - underlying-liquid:.
may-also be: removed-fromhe-cell.- The bronze- -
liguid-may-then be-separated: from-the blueliguid:
during-which*an-additional-amount-of the bronze -
may- be-formed -as the result-of the-evaporation- 30
of the -anhydrous-liguid: ~The paste-forms-as-a-
scum-on-the surface-of-the-electrolyte and may--:
be removed-by-mechanical means fremy the elee~ -
trolyte:—The “metal; -when*formed; -will ~adhere - -
to the-cathodeg-and:may be: removed-by-scraping-385
or cther: expedient:and,-if- desired;-the -cathode - »
may-be made. removable-to- facilitate thisstep.-
If desired, s small-amount -of-liguid ammonia
or like solvent may-be added to-the cathode com---
partment of the cell fo convert. the metal to-the; 40
paste or bronze ,hquldpr the:paste into the bronze:
liguid - vo+expedite “the 'removal. of- the "cathode -~
product from-the -cell, -

The paste may be formed: by the use of a con- -
centration, of the ‘electrolyte substantially -higher - 45
than that required o produce. the ‘bronze- liquid-:
or by-the-gvaporation in-the -ceil of a portion-of -
the -solvent -fronmr-the “brongze -~cathode- product:
Likewise;-the metal-may-be-formed-by the use of-:-
an -electrolyter of a+higher-eceoncentration than
that' required- to form-the - paste; -or- it-may- be-~-
formed-by the evaporation-in-the-cell- of the ‘sol--~~
vent from-the paste or-brenze-liquid:-: The metal <
or pasie-ismore-difficult 4o remove.from-the ceki -
than-the ‘bronze-liquid;,-but ‘the use veofz:ai'c‘oneenwg;,

trationvof: salt-sufficient -to’ provide ¢ metal-or -
paste::has - the!advantage:thati-thecell ~ean-be. :
operated:vat  substantially-: highei:: temperature,
sinceithe higher.eoncentrations. ofssalt inithe solex::
vent.causes a:correspondingraising: of-the boiling: &0
point.of:the ~glectrolyte::

In gny event,«as stated,
salt-ini ammeniai-is.sufficient sosthatithe .cathode
product-removed- £rom the -gell-is: substantially =
insoluble insthe electrolyteand-is, thereforesub« ;
stantiallyfree from contamination by-unelectro~i.:
lyzed - alkali: oralkaline tearth:-metal:~salt« +To 4
meet these requirements;.theconeentration:.of.:
salt.in the liguid:will-provide & .cathode product.
in the . formvoei~a: bronze:liguidicoit: anpa,ste o %: )
metaliy .

Referring-further-to the-concentration:of-salt-w:
in the.ammonia;the molar concentration-will-be
where:sthe gathode product-is.collected: prior+to

removalydhat:is;swhereithe ielectrolytetissing. cone 5.

“to the saturation:peint:of:thessalt-in:theammos-

- various:metals;-the ‘compounds: of-higher:molec-;

5 this;sal may be. supplem nted by-the

the concentratmn of i

:the :cathode: product::-An exception,:however;.is: :

o a, 1t

for example 4.9, mmar wh,en'sodlum perchlox:a.t
is the salt:employed;the metal is:usually formed.
Theiconcentration may,:in fach; by:any valueiup:

nia,-and-even:if -the :galt-ds: x b
in- excess:of: the saturation: peint, the electrolysis
will.preceed: satisfactorily sincerin:this:case : fhe:
excessqsalt-merely sinks:to.the bottom:of:the ce
As the concentration:is inpreased;:the concentra
i . thewecathode: product~
increases;.as:may he.noted by: an-increaserin-the
viscesity:of:the: bronze; Hquiduntily.in factythe ==
product obtained:is:in.pastesor: metallies=form a
has “been described.s - While tthe'concentrationss
given:are generally:applicable:for the salts of the:=v

ular-weight-can be generally :used:-inilower.con~
centrations: than the: :compounds.of lower molec-
ular wweight;.:

It has: been indicated-above:that: the freedom
of the-eathode: product-from- contamination by
non-electrolyzed salt: is dependent-upon the ¢on-- ~
centrationof -salt-in-the ammonia-at- the-point:-
where the cathode product-is-collected. +Prefer-:-
ably; the entire-electrolyte is-of :a- concentration:
required- teobtain-a -salt-free <cathode products: <
However,--so long-as- the-eoncentration’ at the -
point-‘where -the-cathode product is~collected-is* :
sufficient- so- thatthe cathode -produet: whieh
accumulates is'a bronze liquid, a-paste;-or-a metal, =
the conecentrationiof the salt in“the-ammenia-in -
the <remginder-of- the-cell -may-be somewhat~
lower;-for gxample; this is possible:when evapos -
ration of ammonia-is taking- place at, that-por-- -

'

‘tion"of the cell where the' eathode- ‘product: is - -

collected. Furthermore, a ’portglon of the ,e;lec:-,‘.
t;olysis may be conducted 1n one cell and:, the_ A
cell, with or w1thout further adJustment of the"j',
concentration. -In this case, it.is ‘the concentra=
tion of salt in .the electrolyte of _the second, cell
which determines.the operation and it is.the elec- ..,
trolysis,.in. the .second..cell,  therefore, which,,
embodles the process of the present mvention.
~ As stated,.the required.-concentration. of. th
salt ds, prefelzably provided.hy a.salt.of the 3:1~

of anotber salt-so that: the conqentratmn 1s the

.the : f»desn;ed I8
directly pr0por131 na1. to 1ts concentratlon,,r

or other non—meta&l
ing of two metals:s k
except when an alloy, 1stdes1red
nated-hy a-second:metal.: When:ligu
is used,:the-addition of an:ammoninm:salt, par-
tlcula.rly to.the cathode: compartment, ds: usuall
not desirable:sinee such salt-increases;the: acidity
in the:cell.and,;among ofher:things,.decomposes:

ammenjum-thiocyanate:and:othersalts which:do -~
not react.in:this waysioe -

As stated previously; ,the electrolyte comprises:
an.anhydrousdiquid,:such-asiammonia, combined
with avsalb:of the metal do:be-formed:«The Has
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uid is to be distinguished from a simple solution - -
in which a low concentration of salt is dissolved -

in liquid ammonia. These differences between
the two types of liquids may be noted, for ex-
ample, if an alkali or alkaline earth metal is
added thereto. In the case of ligquid of the type
used in the present invention, a bronze ligquig will
be formed upon the surface of the liquid by a
reacticn between a small amount of the ammonia
in the liquid and the metal, such bronze liguid
being immiscible in the liquid. When, however,
an alkali or alkaline earth metal is added to &
simple solution in which a low concentration of
salt is dissolved in ammonia, the metal will dis-
solve in and be distributed throughout the liguid,
providing a blue coloration thereof.

The salt employed in producing the electrolyte

is selected from the group consisting of the.

perchlorates and the thiocyanates. These salts
are stable and easy to prepare and may be ob-
tained in an anhydrous state, if desired, by simple
drying procedures. Furthermore, the ammonium
perchiorate or thiocyanate formed at the anode
may be readily reconverfed info the alkali or
alkaline earth metal perchlorate or thiocyanate
by reaction with the oxide, hydroxide or car-
bonate of the alkali or alkaline earth metal.
This reconversion may take place in the cell by
adding the oxide, hydroxide or carbonate to the
anolyte and the formation of the alkali or alka-
line earth perchlorate or thiocyanate then pro-
ceeds simultaneously with the electrolysis of the
salt in the same sclution. However, since some
water is formed by the reaction which requires
additional electric current to dissociate it into
its constituent parts, it will usually be desirable
to treat the anolyte with the alkali or alkaline

10
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water can be present in a non-aqueous electro-
lyte and not interfere with the preparation of
metals that are higher than hydrogen in the
electromotive series. This is unigue and is fo
be compared with the attempts that have been
made heretofore to produce metals of this type
in such solvents as acetone, acetonitrile and
phosphorous oxychloride, :

In general, the introduction of an alkall meta
salt .containing more than 5% of water is nof
recommended and if water is associated with the
salt, it is advantageously below 1%. In the case
of the alkaline earth metal salts, the use of a
salt containing less than about 1% of water is
desirable and, the salt advantageously contains
less than about 0.5%. The alkali and alkaline
earth metal salts, if they contain an excessive
amount of water or if the use of an anhydrous
salt is desired, may be dried by any suitable
method, for example, by the methods described
hereinafter in conjunction with the treatment of

. the salt obtained from the anolyte prior to its

re-use in the cell.

The cell may be of any suitable design but is
sealed by a lid or cover and is provided with a
vent which permits the solvent vapor, the nitro-

. gen generated at the anode and any other non-

30

earth-metal compound in a separate step. The -
halides do not possess the requisite solubility in .

ammonia. or other solvent to permit their use

as the primary source of alkall or alkaline earth

metal. .

In the preferred embodiment of the invention,
an anhydrous or substantially anhydrous salt is
employed. KHowever, limited amounts of water
may be associated with the salt, if desired, with-
out seriously affecting the reactions that take
place in the electrolysis of the salt, due to the fact
that, as an initial step and before the metal plates
out, the cell will purge itself of water. In purging
itself of water, electric current is required and

50

a sludge of the hydroxide of the metal will be

formed. -Because of the loss of materials and
energy and the introduction of foreign solids in
the cell which eventually require removal, the
use of a salt containing as little water as practi-
cable is recommended. However, since the
amount of current is small, and an extended
period may elapse before the sludge must be re-
moved, it may, in some cases, be less expensive
to use a-salt with which a small amount of water
is associated and to remove the waler electro-
lytically in the cell, than i is to prepare a sub-

ja)
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stantially anhydrous salt. The type of salt em~

ployed and the ease with which it may be dried
are obviously the governing factors. The water
content of. the salt should be kept lower in the
case of alkaline earth metal salts than in the
case of alkali metal salts due fo the fact that

there is a greater tendency for the alkali earth -

metal to react with the solvent to form. amides

70

or the like, the reaction being.catalyzed by the. -
presence of the hydroxide formed when- the cell -

purges itself of water. The important point to
be ‘noted in connection with' the water is that,
in the present inyvention, a reasonable amount of
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condensable gas to pass out of, but will not per-
mit moisture to enter, the cell; for example, a
mercury trap.or a trap confaining a moisture-
absorbing material inert to ammonia may be
used. The cell may be constructed of a wide
variety of relatively cheap and available mate-
rials, for example, iron or steel, glass or enamelled
material, rubber or synthetic rubber-like mate-
rials, and ceramics. This advantage itself makes
the process of the present invention highly
desirable as compared to other methods in use
for the production of alkall and alkaline earth
metals.

" For most operations, it will be desirable to

‘maintain a temperature below the boiling point

of liquid ammonia at atmospheric pressure
(—33.35° C.) and, therefore, the cell will usually
be provided with refrigeration means, for in-
stance, refrigeration coils around the cell, or in
the electrolyte, or within the electrodes, the last
named being preferred as the heat is then re-
moved at the peint of its chief source. If desired,
the cell may be a pressure cell, in which event
refrigeration is not required, or the cell may be
operated under conditions where the conversion
of the liguid ammonia into the gaseous phase is
relied. upon to. provide self-refrigeration of the
cell. - While in most operations, the temperature
of the cell, as stated, will be maintained by re-
frigeration means below the boiling point of liquid
ammonia, the electrolysis can be conducted at
much higher temperatures, for instance, where
a very high concentration of the alkali or alka-
line earth salt is employed so that the. cathode
product will be-formed as a paste or a metal,
temperatures as high as 30° C. or higher may
be used. . Thus, a solution of sodium perchlorate
of relatively high concentration, for example 4.2
molar has been employed with the result that
bright metallic sodium metal has been plated out
on and adhered to the cathods.-

The use of relatively low temperatures of op-
eration, as contrasted with those required in the
processes employing a bath of molten salt, pos--
sesses several advantages in addition to the sav~
ing of the energy required to maintain the bath
in a-fused state. For example, in the processes
of the. present invention, there is no difficulty
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s-gticountered: due “to siblimation 6r vaporization
of the metal from the cell and there is no:danger
_of:losing ‘metal by burning which is a hazard in
. the production of metals from molten baths.
‘Furthermore, the use of relatively low tempera-
2 bures permits the cell to -operate ‘substantially
~uniformly and without local electrode resistance,
- and- the.uniformity of operation is:enhanced by
-roperating at s low:‘temperature, for example,
. ‘below the boiling point of liguid:ammonia. :
2+ The. cell ‘may, except as noted, ‘be a conven-
: tional: electrolysis - cell:-with™a "eéathode ‘arid an
- ‘-anode’, ‘and the electrodes may beof any:shape
- desiréd;- such ‘g8 flat 'sheets; rods, ‘cylinders, or
> thelike. (-Since i most vinstances,” theanode
~prodict.-will bé reactive with the- cathode prod-
uct %" permeable . diaphraghi; such "as’ g/ parous
‘ceramic sheét, will Usually be-employed to-divide
the cell 1nto’ cathode andﬁ anode compartments

there is httle or- no- tendency for reactmn w1th
w thé-:’ca;tho'é[e Product; theuse of a- didphragm is
3 ~i1'ot3fe'ciaired. .
‘Th‘e’ catho‘de""may be" ‘ahy: dondiictor; fof- ex-
i copper; carborand
the hke The anode g preferably: made of a
yngtérial-whiely is substantlally non-réaétive to-
siward’ thes anodé Hyuo ‘ag platinum; elec-
trolytm eatbon; boron; ‘zirconium, “or “tantalum.
T 'Of this group; carbon’is: the preferred-inaterial.
“The™gnode, however, may, if- desiréd, be’ “of the
type that is-reactive with the anolyte; for ex-
Tgmple; an iron;: mckel ¢opper, zine, or ‘aluminum
agniode may be used. i “This ‘secohd “type has” not
orily the dishdvantage that-it'is-consutned rela-
<tively rapidly; but also-that, when it is tmployed,
- the -gficlyte’ containing’ the 'ammenium- salt- will
- pe contamiinated by ‘asecondsalt-which must be
removed-in an sdditional’step -before the ‘values
- present inh the-anolyté may be used ‘as’ the cell
feed
Referrmg to thie'electrieal opetrating charaeter-
“<igticsTof the cell,"while the ‘ctirrent density is-im-
ma,tenal so faras opérability-is concerned “and
the cell-may e operated at any current ‘density
des1red it-has-been fouhd-that the currént den-
31t1es are‘16Wer than required in-aqueous systems.
~Thigis fmportant from the: standpomt of ecoriomy
~of’ ‘operation and the ditnensions of the cell; In
e typlcal ‘case, it"is entirely’ ‘feasible “to”operate -,
=gells ity the'¢ommercial production” of the meval
tat-about 10 to 100 amperes per sguare decimeter.
~ Iikewise, the 'voltage: may be varied ag desired,
* but-since the-‘amount of voltage is”a factor of
< the power ‘cost, it" is advantagéously kept as low
“gs feasible and it has been found that the” volt-
“gge may be about half of that required in other
“types ‘of 'processes making the same metals.” In
g “typicdl ‘case “using ‘current densities. with the
“range mentioned, the voltdge mdy be aslow as 4
"'i”vOlts.

‘ A§ statéd; the cathode product may bé readily
~'separated” ‘therefrom, eitliey periodically . when a
“sufficient” ‘arouiit has been produced or continu-
pusly.” " The ‘eathode broduet if "a . bronze liquid
‘or & paste may be Teadily prodessed o obitain
“the free stibstantially pufé metal, merely by re-
~moving thé ammonia associated therein by évap-
“ gration; In- thecase of ‘metals 6f low melting
““point such as sodium, lithium, or potassium, this 7
~'ig readily- gecomplished by evaporation at a tem-
perature ‘sufficient to produce the metal in liquid
vigtate: "It may-also be accomplished by evapo-
rating the ammonia at a low temperature‘which

~results in & spongy solid:inass ‘of-metal. ~This

-20- ‘'mass:

'”0 S¥ation:of-lithium - plimbide; lead may be reacted
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can bhe melted to form-a- homogeneous ‘mass by

N the ‘application’ of heat.’~The metals-which-pos-
. :géss ~high melting points; for-example-calcium,
“‘strontium; and barium; may -generally be-most
51 readily recovered fromi the bronze liquid-or paste
Ty evaporation in:a vacuum-still operating-at a

: temperature-sufiiciently: high so that the -metal
(-edan sublime and be:recovered on:-acooled con-
dénser in’ & 'sectionof the still:-The recovery in

"1D ‘thig fashion-overcomes’ the -difficulty: of ‘produc-

ing the metal in a pyrophoric state which-is-usu-
s ally the'case when metals of high meltirig-point
1 Hrarecovered by ordinary:evaporation procedure.
oA further method that:may be employed for the

15 separation. 'of the-metal from:the liquid-product

‘ig toitprécivitate” the material- out’ chemiecally.
-IThis, ‘in: gerergl, .fequires that the:precipitating
~rggent be:miséible with the' solvént present in the
-.liquid, although:this-is not required in-all-cases.

'20. If ‘a:paste is-obtained. as. the cathode  product or

if the bronze solution is too viscous for:this pur-
pose,: additionalaniounts of solvent may be used
to convert thé prodiict into 4 thin bronze or even
a -blue solution. ~Thus, for ‘example, a solution

25 -of -caleium:in liguid. ammonisa -in- the-form-of a

-:blue “solution: due ‘to’ the addition of liquid- am-
-’monia to-a ‘calcium:bronze liquid or paste -may
be treated:with -toluene- to precipitate: the cal-
- eium -from- the: solution in the form-of-a-spongy
A -second-exampleof-this type of-proce-
*-dure is the-precipitation of:lithium:in finely di-
- vided- form: from.-a-lithium- bronze -solution in
liquid-ammonia by-the addition of-an-amine,such
‘as.propylamine, in which- the metal‘is-substan-

35 tially insoluble.

It is to be unee‘ stood that no hmltatlon is to
-fromx: the-bronze-liquid or-paste and. generally

- the ‘methodiemployed. will :bé :determined by the

492 rgeonomicssnd the use for which themetalis pro-

~duced. I some:instances, for example,:ahighly
pyrophoric:finely: dividedumetal :may be: desired,
and in this case, a method of producing the metal

is employed which results in & physical state cor-

G esponding to the desired: form.

“uiTEppthermore; the - euidioripasty - ‘cathodebrod-
£ ueti-especially:in liguid forih; may be used it the
Jproductionof alloys-in'a chémicalréaction. In the

wiproduction -of-alloys; for-example i the-prepa-

Cwith thesdithivmi-bronze sélution-in-: hqui B
“imonia; -and- the: ammonia:- subseduentl
~rated. “Alloys of ¥arious-alkali-and/e:
earth metals may also be prepared merely-by mix-
55’4 ing solutions-of-the desiréd’ metald:followed by
evaporation of the! a,mm‘oni‘a""’ The: liquid‘ 'or‘p’asty
react1v1ty and: may, therefme be used dlrectly
“in chemicgal reactions; for.eéxample; as 4 -powerful

60 reducmg agent.
HThelguid ‘or:pastyieathodeé  product may be
ha:ndled ‘withoub:difficulty :and the:econditions of
it storage will :depend on: the: particular xhetal

g5 -OF enamelled eontainer
C.per;suchiast S

temperatures;' In other' mstances for ‘example,
“for asodium-product; whéfe there-i§ 4 tendéncy
© for armmdonia to be released from a: Hguid Hronze
“solutionyif thetemperature is raised-appreciably,

¥g for example 5% ito 10° '€y Which sometimes occurs
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when the material is stored for long periods of
time in a room, a refrigerated or water-cooled
container or compartment may be employed to
store the material.. The product may be stored
in pressure containers, if desired. By the use of
cooled containers or pressure vessels, the am-
monia or other solvent content of the product
may be increased, for example, the use of such
‘containers or vessels is recommended when a blue
solution is prepared from the bronze liquid or the
paste. ’
"~ Referring to the formation of the anolyte, the
anions of the alkali or alkaline earth metal salt
during the electrolysis move toward the anode
and when the electron charges of the anions are
given up, the anions, in the case an inert anode
is used, react with ammonia to form the am-
monium salt with the concurrent release of ni-
trogen gas. This may be represented by the fol-
lowing equation where A— is the anion of the

metal salt:
(minus 6 electrons)

6A~-}-8NH3->6NH:A N2

Thus, it is evident that during the electrolysis a
portion of the solvent is decomposed, and since
the solvent must be made up by adding addi-
tional solvent, the use of ammoniy is recommend-
ed due to its cheapness and availability.

The ammenium salt formed at the anode dis-
solves in the ammonia and thus an anode prod-
uct is produced which can readily be re-proecessed
to prepare additional cell feed. To illustrate this,
the following well-known designation of acid,
representing the dissociation of a strong acid in
any solvent, must be employed ;

HA4-S>SH+-A—

where HA represenis the acid of any anion A,
where S represents any solvent, where SH* rep-
resents the solvated proton, and where A~ rep-
resents the acid anion. In the case of ammonia,
the equation may be written as follows:

HA-+NEH3—>NHs+ A~

Therefore, it is evident that the addition or the
formation of any ammeonium salt to or in liquid
ammonia forms precisely the same compound in
solution that is forined when free acid is added.
Thus, for example, when ammonium perchlorate
is dissolved in liguid ammonia, it dissociates into
ammonium ions and rperchlorate ions and thus
is precisely the same thing thst happens when
pure anhydrous perchloric acid is added to lig-
uid ammonia,

As stated, it is usually advantageous to place
& porous diaphragm around the anode so that,
as the ammonium salt forms, it may be kept iso-
lated from the remainder of the cell and either
periodically or continuously drawn off. 'The an-
ode material removed from the cell is g highly
concentrated solution of the ammonium salt in
the presence of some of the unelectrolyzed alkali
or alkaline earth metal salt and is ideally suited
for use in converting alkali or alkaline earth metal
carbonate, oxide or hydroxide to the metal salt
for re-use as a cell feed. This treatinent of the
anclyte will be further discussed hereinafter.

The anolyte removed from the cell possesses a
boiling point considerably higher than that of
an anhydrous liguid ammonia solvent and, in fact,
in most instances possesses a boiling point con-
siderably above room temperature. This is 2
further illustration of the different properties of
the electrolyte used in the present invention as
compared to an electrolyte in which a low con-
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12
centration of salt is employed in liguid ammonia
solvent.

When, however, instead of an inert anode, an
anode, such as iron, copper, or nickel, which is
attacked by acid, is employed, no free acid is pro-
duced but rather the metal salt of the acid. In
the case of the use of an iron anode, for exam-
ple, the solution quickly develops a dark red col-
oration, due to the formation of an iron salt, im-
mediately adjacent the anode. While the use of
an inert anode is preferred, the use of an anode
such as an iron anode may bhe deemed to possess
certain advantages, for example, the condition of
the anolyte can be visually observed and there is
no solvent waste due to the formation of nitrogen
gas. However, as peinted out, an additional re-
covery-step is required to separate the contami-
nating metal from the other materials, as will
also be further discussed hereinafter.

In making up the original electrolyte, the alkali
or alkaline earth metal salt, either anhydrous
or containing a small amount of water as has
been described, obtained from any suitable source,
may be dissolved in the anhydrous liquid to pro-
vide the requisite concentration. One conven-
ient method of obtaining a lithium salt, such as
lithium perchlorate, is to reaet calecium perchlor-
ate and dilithium calcium phosphate (obtained,
for example, by reacting dilithium sodium phos~
bhate in an autoclave under pressure with lime
in the presence of water) forming lithium per-
chlorate and insoluble tricalcium phosphate.
The lithium perchlorate solution is separated
from the insoluble phosphate and the lithium
salt is recovered from the solution and dried.
This method of obtaining a lithium salt is not
claimed herein but is the subject-matter of
copending application Serial No. 666,187, filed
April 30, 1846, now Patent No. 2,548,037.

Various methods may be employed in the treat-
ment of the anclyte to prepare it for re-use in
the cell. For example, when an inert anode has
been used, the anolyte may be rendered suitable
for re-use merely by the addition of the desired
amount of alkali or alkaline earth carhonate,
oxide or hydroxide thereto. In general, ‘however,
it will be desirable to employ a series of steps in-
cluding a reaction in the aqueous phase between
the ammonium perchlorate and the alkali or
alkaline earth metal carbonate, oxide or hydrox-~
ide. In such a procedure, the ammonia is re-
moved from the anolyte, by heating if necessary,

-and the residue is dissolved in water and reacted

with the carbonate, oxide, or hydroxide of the
desired alkali or alkaline earth metal. In the
case a carbonate is employed, ammonium car-
bonate is obtained as a by-product. The solu-
tion containing the alkali or alkaline earth metal
salt is then evaporated, advantageously afier
the addition of a small amount of the acid of the
anion o make sure that all the ammonia has
been removed and to serve as a make-up for any
small loss of the anion. The salf recovered may
be further dried if desired by any of the methods
hereinafter discussed and is then mixed with
anhydrous liquid ammonia to provide a cell feed
containing the requisite amount of salt. The
ammonia initially removed from the anolyte to-
gether with any other ammonia available from
other portions of the process, for example, that
which may be evaporated from the cell, is col-
lected and condensed and is reused, with a small
amount of make-up ammonia, to prepare the
cell feed.

In the case the anode is not inert, the anolyte



2,815;838 "

13
after:the removal -of the:ammonia :ther.ef-roz’q s
treated with water -to precipitate a -hydroxide

of the metal introduced to ‘the anolyie by the

anode, for example, ferric hydroxideé. . The-hy-

droxide ig then removed from:the- solutlon and

the solution: is treated with the carbonate, oxzde
or hydroxide as described.

In a typical case, in the production: of 10~pounds
of lithium metal per hour, by a.cyclic. process,:a
cell having an iron cathode, a carbon:anode, and
opérating :with..a.current densityof:20: amperes
per square decimeter of -electrode: surface:is em-
ployed. This cell requires 18;000° amperes :and
operates.at 5 volts. ‘The :feed: to the cell: is 2
liquid -comprising: liguid-ammonia. with- wh1ch is
combined lithium -perchlorate, the eoncentration
being 2 mols of lithium-perchlorate-per litre:of
feed, and the rate of feed is-such-that-the cell is
supplied with: 154 pounds-of lithium perchlorate
per hour.
tion containing 12% % .of-1 1
liquid.ammopia-and floats.on electrolyte.and
is - removed -from -the -cell. The . ammenia -is
evaporated from the bronze solutmn and-de-
livered to the compressor
contains. ammonia, ammonium perchlorate, and
lithium perchlorate. ~‘The liguid-ammonia is also
evaporated from the product and is returned to
the compressor. ~“Water and lithium carbonate
equivalent to the ammonium perchlorate is then
added to the residue and ammonium carbonate
is obtained as a by-product. Following evapora-
tion of the-solution and :drying -of the salt, sub-
stantially -anhydrous lithium perchlorate is ob-
tained. In this example,,_apprommately 40% -of
the lithium perchlorate is recycled-as the-result
of the presence of this salt in the anolyte as: it
is removed from the cell. The necessary make-
up ammonia is- added to the recovered liquid
ammonia-and-the- cell feed is-prepared by mix-
ing the required amount of lithium perchlorate
and the ammonia to provide a cell feed of the
stated concentration.

As has been stated, the process is operative
when limited amounts of water are associated
with the alkali or alkaline earth metal salt dis-
solved in the anhydrous liquid solvent to form
the electrolyte, but, in the preferred embodiment
of the invention an anhydrous or substantially
anhydrous salt is employed. In the processing
of the anolyte to convert it into a material for
re-use as the cell feed, the alkali or alkaline
earth metal salt is dried and this drying reduces
the water content so that only a limited amount
remains with the salt or it may remove the water
substantially completely.

In the preparation of the salts from aqueous
media, it has frequently been found desirable to
crystallize, frecm a concentrated solution, a crop
of hydrated crystals and then to subject them to
dehydration, thus producing a product which is
nearly free from impurities. The mother liquor
from this separation can be further concentrated
to produce more of the crystals and usually the
mother liguor from several batches is accumu-
lated into one large batch which is treated as
stated. It is also possible to prepare anhydrous
salts in a manner similar to that described, for
example, by mixing solid lithium carbonates with
solid ammonium perchlorate in the presence of
water and applying heat until the water is re-
moved.

The salts may be dried by any suitable method
at atmospheric pressure or under a vacuum.
The use of vacuum drying will result in the re-

metal, balance

The-eathode produet is:a bronze:solu-.

The anode product 95
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moval-of moisture ;at -temperatures lower-thai
can be used at atmospheric - pressure,-and-in-the
case of thermally sensitive salts,: the use of vac- .
uum drying may be found to be:advantazeous. - -

The particular method employed in-the drying
of the salt .will depend:-on the.extent of .dryness -
desired and ‘the characteristics .of the particular:
salt. In the-case of the perchlorates, it is-usually
only necessary to heat the material to-a sufficient .
temperature to. drive out.all or substantially-all
of the water. Thus, in the preparation.of lithium -
perchlorate, the wet salt may-be heated-to. a-tem-
perature of about 300°-C. and:then -cooled.down .
to room temperature in which -case:the material .
frozen to..gsolid state .can be broken: up .readily .
and dissolved: in-the solvent. In:the.case:ofithe :
thiocyanates,: which: are subject to:thermal . de~
composition, :other--methods are. v-genera'lly em-
ployed. .

:One-of: the: methods which:may: be used ms the
production: of .a.:substantially- anhydrous.:salt, .
where, there is .a.tendency :for:the :salt:being
treated -to..decompose,-involvesthe :step.;of am-
moniating : the -partially -dried . salt.-at :the same .
time that the residual.water is-removed. . Fhisgs
accomplished, for instance, by:passing :ammonia
gas, for:example, that which may be.evolved:as.
excess. ammonia. in the. electrolysis. step: (usually
mixed with nitrogen) , over the;partially. dried.salt
which is maintained.at an:elevated temperature.
Thus,-in the prepasration of lithium thiocyanate,
for example, the partially dried salt:is placed: in
a:closed container maintained :at.a temperature
in .excess ‘of :gbout 150°: C.-and:into: which am-
monia-gas is passed. Affer a.period-of:time suffi~
clent to:drive:out-the:residual water, lowering.of
the temperature : will result:in a srelatively :hot -
solution-of lithium-thjocyanate in:ammonia.and, .
on cooling, this. solution:serves:as:a highly eon-"
centrated cell feed which. can bhe added-to:the
cell in the liquid state or.ean:be: further diluted-
before its addition: to the-cell. - Alternatively, the
material can be treated by crystallizing the am-
moniated salt from the ammonia solution. This
crystalline product may then be used as a cell
feed either directly or in a dissolved condition.
Furthermore, this salt may be de-ammoniated to
form an anhydrous salt if that should be desired.

For salts highly sensitive to thermal decom-
position, it is also possible to dry the salt from
the frozen state at temperatures substantially
lower than the freezing point. In such a case, the
drying is conducted under conditions of high
vacuum and the water sublimes from the solid
mass.

Considerable modification is pos§ible in the
nature of the cathode product, as well as in the
conditions of the process and the structure and
operative characteristics of the cell, without de-
parting from the essential features of the in-
vention, and it is to be understood that such
modifications and variations fall within the scope
of the claims.

We claim:

1. A cyclic process for producing a metal
selected from the group consisting of the alkali
metals and the alkaline earth metals which com-
prises electrolyzing between substantially inert
electrodes in a cell a solution of a salt of said
metal selected from the group consisting of the
perchlorate and thiocyanate in an anhydrous
liquid selected from the group consisting of am-
monia, methylamine, ethylamine and pyridine to
produce a cathode product and an anode product,
the concentration of salt in said anhydrous liquid
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at least in éontact with said cathode product
being at least 2 mols of salt per litre of anhydrous
liguid to provide a medium in which the cathode
product is substantially insoluble; separating the
cathode product from the electrolyte, whereby a
cathode product comptising the metal substan-
tially free from salt is obtained; separating the
anode product comprising the anhydrous liquid,
the anion of said metal salt and its associated
solvated proton, SH+, where S is said anhydrous
liquid, from the cell; reacting the anion of said
metal salt and its associated solvated proton with
a compound of said metal selected from the group
consisting of the oxide, hydroxide and carbonate
to form the corresponding metal salt, and utiliz-
ing said metal salt, in substantially anhydrous
form, as source material in the process.

2. The process of claim 1 wherein said anhy-
drous liquid is ammonia.

3. A cyelic process for producing a metal
selected from the group consisting of the alkal
metals and the alkaline earth metals which com-
prises electrolyzing between substantially inert
electrodes in a cell a solution of a salt of said
metal selected from the group consisting of the
perchlorate and the thiocyanate in an anhydrous
liquid selected from the group consisting of am-
monia, methylamine, ethylamine and pyridine to
produce a cathode product and an anocde prod-
uct, the concentration of salt in said anhydrous
liquid at least in contact with said cathode prod-
uct being at least 2 mols of salt per litre of an-
hydrous liquid to provide 2 medium in which the
cathode product is substantially insoluble; sepa-

rating the cathode product from the electrolyte, ¢

whereby a cathode product comprising the metal
substantially free from salt is obtained; separat-
ing the anode product comprising the anhydrous
liquid, the anion of said metal salt and its asso-
ciated solvated proton, SH+, where S is said an-
hydrous liquid, from the cell; reacting in an
aqueous medium said anion and its associated
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solvated proton with o compound of said metal
selected from the group consisting of the oxide,
hydroxide and carbonate to form the correspond-
ing metal salt; removing water from said metal
salt to render it substantially anhydrous; and
utilizing said metal salt as source material in
the process.

4. The process of claim 3, wherein said anhy-
drous liquid is ammonia,.

5. The process of claim 3, wherein the metal
produced is lithium, wherein the said metal salt
is lithium perchlorate, and wherein the said an-
hydrous liguid is ammonia.

6. The process of claim 3, wherein the metal
produced is lithium; wherein the said metal salt
is lithium thiocyanate, and wherein the said an-
hydrous liquid is ammeonia.

7. The process of claim 3, wherein the metal
broduced is calcium; wherein the said metal sal}
is calcium perchlorate, and wherein the said an-
hydrous liquid is ammonia.

8. The process of claim 3, wherein the metal
produced is caleium; wherein the said metal salt
is caleium thiocyanate, and wherein the said an-
hydrous liquid is ammonia.

LEONARD JOHN MINNICK.
CYRIL PRESGRAVE.
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