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Electrochemical Reduction of Potassium from Potassium
Chloride in Propylene Carbonate Electrolyte
with Aluminum Anodes
. Radoslav Atanasoski, Henry Law and Charles W. Tobias
L] . '
Materials and Molecular Research Division,
Lawrence Berkeley Laboratory and Department of Chemical Engineering,
.University of Callfornla, Berkeley, California 94720

December 1978

" Abstract

A process is proposed fer the electrochemical reduction
of potassium‘metal'from KAlCl4 dissolved in_propylene
cafbonate, using aluminum as a saerifical anode. The basic
feasibiiity of this process seheme'hes been evaluated by
measurements of the elecﬁrblyte composition and conductivity,
and of the cell'voltage and electrode potentials, as a
function of charge passed. Results show that the overall

cell reaction proceeds according to:

‘Al + 3 KC1 = 3K + AlCl, .

s . 3

The'alumiﬁum chloride is expected to be continuously recovered
by an eleetrolyte repfoeessing step.

Preifminary estimates indicate that the electrical.
energy reqhired'for pioducing potassium by this method should
be less than 2 kilowatt hours per kiloéram potassium.i This
precess scheme may also be applieable'to pioduction of

other alkali metals from their_chlorides.



1. Introduction

'Potassiﬁﬁ;  én ”importaht deﬁal‘ becaqsé of its high
rééctivity éhd its 1§u ioniiaﬁiOn ehérgy, is one pf.the
more abugdaht elements in the world. At present, potas-
- sium metal 1svmain1yvused~in the ménufacture Of'potassium
'supefo;idé'aé the soufge.of oxygen in gas mask'épblication
and in the production of sodium%pbtéssium alloy as a heat
transfer.flﬁid. One potential uSe of,ﬁotassium woﬁld be
- as _thé seeding }méterial .in -maghetohydrodynamic poﬁer

plants for thé conversién-of heat directly to electricity.

Unlike lithium and sodium, potassium is not produced
cbmmerciallyrby-an electrqchemical'proceSS.;fThe preéent
molten salt electrolytic proceSs for making lithium and
.sddibm canhot be used for botassium for the following rea-
sons: - | | |

(1) PotésSiu@ has a high QapOr pressure ‘at normal

'cell-opérating‘ temperatures. THe metal miSt.
formed is undesiréble, i | | .
' (2).A€6frbsion‘is severe a§~thé mé1ting poiht_éf the

‘thassium,chlofidé,.'Eutectics at iower.tempéra-

ture have not beén'déveloped:

(3) The metal is highly'reéctive.‘ It beacts more
| ,réadily Qith oxygeh,thanvwithVSOdiUm, and it can

form potassium carbonyl, an explosive.



The current industrial method for'pqtassium.manufac-
ture involves a thermochemical process at about 800°C.
The process scheme shown in figure 1 involves an. exchange
reaction between sodium metal and the'potassium chléridé
melt. The potassium metai is then recovered by distiila-
tion» using the upper section of the column. _Since the
" process 1is operated at high temperature, energy and
material costs are high. The présent selling price of
potassium is five dollars per pound for technical grade
(98.5% min.) in bulk quantity15. It is not certain how.

much the price could be lowered if the demand for the

metal were to increase.

Major considerations for producing potassium more
cheéply involve the reduction of the costs of the energy
‘and of materials of containment. Such a process should be
operated at a lower temperature. Any process utilizing a
molten salt bath would be unlikely to be successful.
Since potassium reacts with water, possible candidates
Qould involve non-aqueous solvent hedia at room tempera-

ture.

The"development of an electrochemical process for
potassium production has been df interest in this labora-
tory since the. initial electrochemical studies in pro-
pyleﬁe carbonate (PC) by Harris and Tobias'1 ;wenty years

ago. The electrochemical behavior of .the alkali metals 'in
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- Figure 1. Continuous process for potassium production.l6



PC, both from the thermodynamic and the kinetic points of
view, 'was treated in a series of. papers by Jorne and
Tobiéss_8. More recently Chécbn2 was able to obtain an
.adherent and high quality deposits of potassium from PC.
Law3 studied the optimal conditions for the deposition of
potassium and explored the'feasibility of.scaling-up the
potassium deposition ih~KA1C14/PCvelectrolyte. Electro-

lytic recoVery of potassium in propylene carbonate will be

possible when a suitable anodic reaction is found.

For any electrowinning process, the desirable charac-

teristics of the anodic reactions afe:

(1) The'anode material and the‘material produced on
the anode arevchemically and electrochemically
compatible with the solvent.

(2) The anodic reaction does not adversely influence

- the process at the éathode. |

(3) The anodic process occursA at a potential as
close as possible to.£hat of the deposition of
potassium to reduce the Celi voltagéw

(4) The material which reacts at the anode is cheap,
readily available, and easily replaced or regen-
erated.

(5) The reaction allows a relatively simple cell
design with a small gap between the electrodes,

does not require the use of a diaphragm, and



permits easy operation and maintenance.
(6) .The side products of the reaction are themselves

useful.

For the electrbwinning. of potaésium: in KAlCl,/PC
electroiyte, we have cansidered the following three anodic
reactions: ‘the dissolution of potassiﬁm from poﬁassium
amalgam, éhevformation of chlorine, and.the dissolution of
a sacrifiaial metal..

Brenner12 suggested- the use of potassium amalgam.

9 have patented a'kéom temperature process

Jorne and Tobias
for producing alkali: metals by using the ‘alkaliA metal
“amalgam 'obtainad from aqueods electrolysis. However,
since watar at.a pbm levei is ‘known to react with potas-
. sium depos&t,‘tface amounts 6f water_in the amalgam could
interfére with'the.cathodic reaction. In his studies of’
the-eleétrodepoaitioa of:alkali metals frOm'non-aduaous
solvents in a horizontal mercury cell, Pomp.10 has reborted
that the probiem Qf wafer cghtamination limited the dura-
tion of thé eleqtroiysis to 30 mindtes; However, ”the
‘eliminatiaazof trace amounts of water from the botassium

amalgam is not a simple problem.-
1

If KC1 is used as‘the'source of potassium, the evolu-
tion of chlorine would be the logical choice for the
anodic reaction. But the behavior of halogens in PC has

~not been Studied, and in particular the‘stability of



PC with respect to chlorine has yet to be established.

Dissolving a sacrificiai metal can be used as -an
anédic reaction. Since.PC is stabie over a wide potential
range, most.metals are expected to dissolve anodically in
PC solution. The most difficult requirement is that the
deposition of‘ ioné originating” from the énodic reaction
must be avoided. Even for the metals with very low solu-
bility, the contamination of the potassium deposit with
anode metal may not bevnegligible. The ideal sacrificial
metél should not deposit before potassium. Chacpn2 and
Law3 have repofted that the AlClu ion cannot be cathodi-
cally reduced from KAlClu/PC electrolyte, and Eonsequently
potassium deposits ‘contain no aluminum. Aluminum thus
could be avuseful sacrificial metal if it dissolves and

forms the stable ionic species AlClE.

The purpose of this report is to examine the basic
feasibility of.a process to produce potassium by electro-
chemical reduction with a sacrificial aluminum anode from

potassium chloride in prbpylene carbonate electrolyte.



2. Experimental

_AAil'experimehtal work, $ﬁch as électrolyte prepara-
tion .and electrolysié, was performed in'é dry glove box
with a .helx-’ium_atmosphevre.2 The water content bethe-helium
gas was continuously“monitored and maintained at about 2
ppm by recirculating the gas through a gas purifier

(Kewaunee Scientific;Engineering 2C1982) to rembve water

and oxygen.

Technical grade pfopylene carbonate (Jefferson Chemi-
| cal Company;.Houston, Texas) was purified by vacuum ais-
tillation at 3 mm Hg after passing it through 'a column of
dried moleculaf sieve (Linde,.13X)‘and alumina (aluminum
oxide, Woelm basic, ICN, Cleveland, Ohio); The first 10%
of the distillate was discarded. The middle 60% was
transferred‘.fo the glove box for use withoyt. further
purification. The distillate obtained had less than 1 ppm
of water and less than 5 ppm'of probylene glycol. ~The

3

details are_given elsewhere~”.

The salts, potassium chloride and lithium chioride,
were  reagent grade. They were _fiheiy ground and then

dried under Vacuum](1b'3-mm'Hé) at 300°C for several days.

In the experiments for conductivity measurements, the
cell was an Hétype with one chamber used for electrolysis
and the other chambér for conductance measurement. An 

aluminum rod (99.9995%) with 0.5 cm diameter was used. as
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the anode. The cathode, a cylindrical platinum screen
electrode (2.5 cm diameter, 40 cm2 surface area), was
placed concentrically around the anode, The reference
_ electrode was a potassium;filled capillary in the same
solution, The electrolyte was made of 2 grams of powdered
potassium chloride in 40 cc of.propylene-carbonate. The
solution was stirred byva magnetic bar when the current:
was on. The conductivity was meaSured'in quiescent solu-
tion by using en A.C. bridge method at 1 kHz. The conduc-
tance cell consisted of two parallel bright platinum plate
electrodes with a cell constant of 0.0218 cm'1, deter-
‘'mined by using 10-3 M KCl1 at 25°C. = The instrcments used
were an A.C, -Genefator' Detector (Model 861A, Electro
Scientific Industries),. and Variable Decade Capacitors
(Models CDA-2 and CDA-3, Cornell-Ducilier Electronic Divi-

sion, Federal Pacific Electric Division).

The cell uSed,infexperiments for composition analysis
and currehtvefficiency.is shown in figure 2. The anode
was an aluminum cylinder (99.9995%). The cathode was the
same platinum screen electrode mentioned earlier. A
potassigm-filled.gless capillary tube served as the refer-
ence electrode. ‘The electrolyte contained 1.392 grams of
potassium c¢hloride in 20 c¢c of PC, The -solution was
stirred during the entire experiment. The concentration

of aluminum, potassium, and 1lithium was determined by
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Figure 2.:
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Electrochemical cell with cylindrical geometry: (1) Aluminum
Anode '(0.635 cm diameter, 1 cm? surface area); (2) Platinum
screen electrode (2.5 cm diameter, 40 cm? surface area);

(3) and (4) Reference electrodes, potassium filled glass .
capillary pipet; (5) Teflon holder; (6) Teflon coated magnetic
stirring bar; (7) Teflon cap for aluminum electrode; .

(8) Opening for thermometer or for taking samples of electrolyte.
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using atomic absorption spectroscopy (Perkin-Elmer M 360).
Samples of the electrolyte (two per analysis; 50 microl-

iter each) were taken by a CENTAUR'SO microliter automatic

~,pipét and diluted with distilled water outside the glove

box. No residue or phase separation was noticed in the.

sample after dilution. The reproducibility'of the results
was +10%. A Princeton Applied Research Model 371 poten-
'tiostat'and a Wénking Model 61 RD potentiostat wefe alter-
naﬁely employed'as pdwer sources. The digital voltmeters
used (Digitech 266 DC Voltmeter and Weston Model 444y
digital multimeter) all have high>input impedance, . 1000

megohm or higher.

(64
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potassium manufacturing method, the price of potassium
prodljced by the propred method can possibly be reduced

significantly.
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4., Process Feasibility Studies

The basic feasibility vof the proposed proceés is
determined by studying the process at the eiectrodes and
the changes of the electrolyte'properties. Such changes
would answer the crucial question of ‘whether aluminum
would behave as we expected. Would aluminum dissolve
anddicélly? If so; would the alumihum-iéns combine with
the chloride ions and form stéble complexes so that the
aluminum introduced from the anode would not incorporate
with the potassium deposit?

The conductivity and the composition of the'glectro-

lyte, the cell voltage and the related electrode poten-

tials are measured as a function of the charge pasSéd in

order to gathér information on the time dépendence ofjthe

process.

4,1. Conductivity Measurement

Because of the low solubility of KC]l and the low con-

ductivity of KC1/PC electrolyte, the detection of small

changes of composition is possible by measurement of con-

ductivity. The open circuit potential of the cell is
-0.55 volt; the aluminum anode iS”more negative than pla-
tinum gauze cathode. The electrolySis is started at a

current of 0.1 mA. As shown by the conductivity curve in

\
wst
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figure_3, there is nc abparent change in the conductivity
of the -electrolyte even after a beriod of 50 hours. An
increase of thc currcnt to 0.3 mA alsc-does not effect any
change. The conductivity of the clectrolytc remains at
9;9 X 10L6 ohm™’ cm'j until_the'current is increased to 1
mA. The curreﬁt is further increased during the electro-
lysis tc 1.5, 2 énd. 4 mA. The conductivity increases
linearly with the amount of the charge passed. At the end

of electrolysis, the conductivity is 1.88 «x 10‘” ohm"1

.,cmf1 with a total charge of 250.2 coulombs (69.5 mA-hours)
passed.

The conductivity refiects cnequiVOCally the c¢hanges
which take place in the composition of the electroiyte.
In the ideal_case, thc material entering the solution dur-
ing the anodiC'disscIuticn is directly prcportional tcvthe
quantity of,electricity passed, Q. The change of conduc-
tivity is independent of the current applied in any par-

ticular part of the experiment.

. The ihitial paft of the conducti?ity curve clearly
Shows that no alumiﬁum dissolution occurs at currents
below 0.3 mA. It is conceivable that in this low current
densityvrangc instead of aluminﬁm discolction, an impurity
of the solvent (e.g. glycols, propylene oxide, water),
present att. 1-10  ppm level, is oxidized at the

aluminum/electrolyte interface.
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Changes of conductivity and cell voltage during the.
electrolyses of the system: (+) Al|KC1,KC1(s)/PC|Pt (-) .
Working electrode: aluminum wire, 1.5 mm diameter, and -
1.5 cm? surface area.
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The part of the’conductivity'curve in figure 3 at

currentidensities'higher tha530'3 mA/cm2 shows that the»v

electrolyte conductiv1ty 1s a linear function of charge
passed. A linear function ‘is: expected as most electro-
lytes exhibit direct proportionality between speciflc -con-

vductance  and concentration at low concentration . The

overall reaction is -

Al + 4 KC1 > 3K+ K* s oarcl; . (6)
For three faradays of-charge'passed;.one mole of aluminum
is disSOlved three noles of'pOtassiUm are‘deposited;‘and
one mole of KAlClu is formed. Becausebof the formation of
AlClu'complex 1on, the domlnant 1onic species are K+ and
A1C1,4 - Hence we expect the conductance of the electrolyte

to behave as that of a binary salt and to depend linearly

~“on the charge passed.

4.2, Composition Analyses

‘The concentrations ofb‘potassium andbtaluminum werev
monitored cloSely'in order to.obtain'greater insight.into_
the’ processes taking place 1n the electrolyte _ The experé
1ment was started at a constant current of 0.42 mA. Ihe
initial'cell voltage'was-about 20 volts, the 11m1t of the
potentiostat used ‘The potentials of: both electrodes drop
rapidly, and - as :the .potential »drops,l the current

increases. The changes of the potent1a1 of the electrodes



- 18 -

as a function of time for several current densities are

presented in figure 4. The concentrations of potassium

and aluminum obtained by atomic absorption analyses are

plétted against the quantity of elec¢tricity passed in fig-
ure 5. | |

The increase of the concentration of aluminum along
the theoretical 1line drawn for a charge transfer number of
3 proves that the increase of the cOnductivity in the pre-
vious electrolysis is due ﬁo_inéreasing electrolyte con-

centration resulting from aluminum dissolution.

‘

According to reaction (6), the concentration of
potassium should be inc?easing in proportion to that of

aluminum. However, the concentration of potassium (figure

5) does not show such behavior; it decreases instead with

the quantity of electricity pasSed. Thé explanation 1is
that the fihe powder of potassium chloride salt 1is
dispersed uniformly in the électrolyte due to strong stir-
ring, and the analysié does not distinguish whether the
potassiumbwas pfeseht originally in the dissolVed or cry-
stalline state. The solubility of KCl1 in PC-is 4 X 10'u
vM11. We ekpect to have only O.3jmg of potassiud in the
system. The initial potassium concentration observed Sl
far corresponds to the value calculatgd if all the potas-

sium salt had been dissolved._ Therefore the curve for

potassium in figure 5 repreéents only the total potassium

-
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Figure 4. Changes of electrode potentials during the electrolysis of the system: '
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surface area. Part a:
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Figure 5. Concentration of potassium and aluminum vs. Q, the quantity
of charge passed; same system as in figure 3.
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5. Conclusions

'The measurement’ of cdnductivity; composition, cell
voltage, and electrode poténtiai establishes the elemen-
tary feaSibility of the proposéd scheme to reduce potas-
siuﬁ metal from potassium chloride in KAIClu/PC electro-
- lyte with the equivalent dissolution of an aluminum anode.
The conductivity and the_cathodié lihiting'current show

the progress of the overall reaction according to:

*

Al + 4 KCL <> 3K + K* + Alci; . (6)
Aluminum dissolves anodically with a 110% current effi-
cieﬁcy.‘ The aluminum complex,'AICIE, is'not'feduced at
the cathode and potassium chloride is depleted with a 100%

current efficiency.

The energy requireﬁent for the proposed.electrolysis
proceés can now be estimatéd. The rest potential of an
active aluminum electrode with respect to potassium in
KA1Cl,/PC solution ié considered to be 2 volts. Operating
at a curren%'density of 10 mA/cmZ Qith a tdtal overpoten-
tial of 0.5 volt and asSuming_a cell gap of 5 mm and an
.electrdlyté conductivity of 0.005 ohm'1v em—1, it takes
1.09 kw=hr to pkoduée one pound of éétassium and to dis-
solve an eQuivélent amount of aluminum in a parallel plate
cell. Based on a pessimistic estimate of 5 cents per kw-
hr, the cost of electricityrfor electrolysis would be only

one percent of the current selling price of technical
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grade potaSsium.

The proposed procees should not be limited to potas-
sium since the aluminum ion complexes with'all,the alkali
chlorides as well. An electrolysis run with 1lithium
chloride was also carpied out; ‘Figure 6 shows the change
of the cencentration of both lithium and aluminum in the
solution _during the electrolysis. Behavior similar to
that described in the KC1/PC syétem is observed and there-
fore the same conclusions can be drahniby'analogy. We
expect that all alkali metals can be produced by electro-
lysis in PC solutions wusing aluminum as a sacrificial

anode.

Further studies , however, ‘are needed before one
could_ securely evaluate the potential of the proposed
scheme. The stability of PC electr01yte to the dissolu;
tion of aiuminum and the depositioh ef potassium hes to be
established. How the impukitieé, such as water, influence
the electrochemical reactions 1is not known . es yet.
Scale-up problems, SUch as the collection of potassium
deposit and the recovery of aluminum chloride from the
electrolyte, will have to be addressed. Pafasitic reac-
tions could make the process impractical. We hope that
this exploratory study will stimulate more. interest in
evaluating the possibility of electrowinning active metals

in non-aqueous solvents, and, in particular, in developing
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‘a process to produce potassium from potassium chloride in

propylene carbonate solution.
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