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Studies on the Electrochemical Behavior of Potassium
in Propylene Carbonate

Henry Hon Law

Materials and Molecular Research Division, Lawrehee Berkeiey Laboratory
and Department of Chemical Engineering, University of California,
Berkeley, California 94720

"Abstract

The electrochemical behavior_ofvpotassium in.propylene carbonate
electrolytes has been investigafed to establish the basic feasibility
criteria of an ambient temperature process for the recovery of the metal
from its simple salts.

~ The technical grade solvent is purified by passing it through a
column of melecular sieves or acfiveted.elumina, or mixing it batch-wise
with pre~treated charcoal, followed by vacuum distillation Qith a head
temperature of 65°C¢ The solvent so tfeafed.contains less than 1 ppm
water, less than 5 ppm propylene oxide, and negligible concentrations of

glycols. When the KACl, solute is prepared by fusion at 500°C, the

&
corrosion rate of potassium in the resulting electrolyte is negligible,
in the order of 10_6 amp/cmz. The current efficiency»of potassium

deposition from 0.5 M KA1Cl, solutioms is 97.5 + 2.5%. The deposit

4
contains less than 0.1% aluminum, probably.in the form of occluded
electrolyte. -

The apparent exchange curfent density, as determined by galvano-

static measurements,’is in the range of 145 x lO_5 amp/cmz. The



morphology sfrongly dependsbon temperature: the mgtal deposits in loose |
powdery form at 30°C, fine needles at 50°C, and liquid globules at 70°C,
above the melting point of potassium. At 70°C the presence of a
-cationic fluoro-surfactant at 0.1 - 1.0 gram/lifer concen;gations leads -\
to the'formation of larger, easily colléctable metal-gloﬁules.

The stability.of potassium with respéctAto‘the electrolyte, and
the near 100% current efficiency and relatively low cathodic §ver—
potentials associated with the metal depositioﬂ proceés, may provide a
‘basis for the development of a promising alternative to the présent

~thermochemical method for the production of pure potassium metal.
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1. Introduction

Alkali metals, Dbecause of their  low electron
affinity, cannot be recoyered from their'salts in aqueous
solutions. Lithium and sodium-are‘produced.by electrolysis
of their molten chlorides. - HowéQer, the electroreduction
of potéssium in a similiar system is 1inefficient because
the potassium metal and the molten choride are miscible.

Such a process would be unattractive for industrial use.

The electrodepésition of alkali metéls from aprotic
vorganic solvents offers vinteresting,b and vpotentially
useful alternatives for the primary fecovery and ’refining
of“alkali metals. Potassium'was_choseﬁ as thevsubject of
this 1investigation because of 1its abundance and the
difficulty of obtaining it in pure form. Previous work in
this laboratory has shown thét potassium may be
efficiently reduced from propylene ~carbonate (PC)
.-sQlutions of certain potassium salts. This dissertation is
aimed aﬁ the exbloration of the‘feasibility of developing
a practical process for the :primary recovery and/or

refining of potassihm metal from PC electrolytes.
The current main industrial use of potassium is in
the manufacture of'potaSsium superoxide (KO2), used as the

source of oxygen for gas mésk applications. The wuse of
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potassium in NéK alloy as a heat ﬁransfer fluid is also
:‘substantial.. A potential use of potassium, taking"the
advantage of its 1low first ionization energy, is as the
' seédiﬁg material for maghetohydrodynémic (MHD) power
plants for the conversion of heat directly to electrlclty.
.Although pota551um possesses chemlcal 51mllar1t1es to the
other members. of the alkallb metal famlly, it cannot
-compete with sodium for other industrial éppliéations.
Sod;um' is much cheaper than potassium because, unlike the

latter, it may be produced relativelyv_efficiently by
moiten salt electfolysis. ~In order to increése the
'industfial'use of potassium, its price must be reduced to

the same order of magnitude.as that of sodium. -

The cohmon alkali - métals were - discovered rb?.
| electrolysis in molten séit. baths. 'Thisv‘is also tHe
current method for manufacturing lithium'.énd sodium.
Howevér, becaﬁsévthe electrOlyti¢ process uséd'in the case
_df lithium and sodium cannot be implemented-for'potassium,
tﬁe established method for potassium manufécture is a
thermbqhemical one. Three reasonsvhave been givenS1 for
the failurév of the molten salt electrolysis in potassium
manufacture: | | |
(1) Potassium has '‘a high vapor pressure ‘at possible
7 cell;éperating _temperatuhéé, The metal mist

formed is undesirable.
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(2) Corrosion is severe at thé melting ppiht of the
potassium chloride»(??OOC). Eutectics allowing
lower operating temperatures have not- been
developed.

(3) Potassium reacts‘with oxygen more readily than
does sodium and cell designs (the Castner cell,
for éxample) do not provide adequate protection

from the air.

However, the most damaging inherent difficulty 1is the

miscibility of potassium and the potassium chloride melt,
which results in a iow current éffi&iency. Complete
miscibility - occurs at temperatures. above 79OOC, a
temperature only 18/degrees higher than the melting_ point
of KC-l.J1 |

The current  industrial method for potassium

manufacture (figure 1) involves a high temperature (SOOOC)

thermochemical process, déveloped by the Calléry Chemical
Company.J2 During operation, the raw materials, molten
sodium and molten potassium. chloride, are continuously
introducea_into the column. The sodium is 'vaporized in
the boiler tubes »and ascends _the colﬁmn, coming into
contact with the descending iiquid potassium chloride
establishing the equilibrium Na + KC1 -> K + NaCl ,'
resulting in avmixture'of. sodium and -potassium vapors.

Potassium, separated by fractionation in the upper section
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of the column, is then cohdensed and collected. Since the
process 1is operated at high temperature, energy and
material costs are high. It is not certain to what degree
the price. cquld_ be lqweréd if the demand for pbtassium'

were to increase.

" To replace the cumbersome Callery process, other
thermal process schemes have Dbeen probosed; An Italian
patent was granted for the preparation of métallic
potassium from calcium carbide and potassium halide.P1
Isbaey et al.IT reported the production of ‘alkali metals
and aluminum oxides by thérmite réduction‘of aluminates.
It is doubtful however that these efforts will. result in

new pfocesses that can compete successfully with the

Callery process.

The present selling price of potassium, by the
Callery process, 1is five dollars per pound for technical
grade (98.5% min.) in bulk quantity'.c1 Yet  sodium,
produced by. electrolysis in- the Downs cell, is only 60
cents per po.und.c-7 This suggests that a process' that
could produce potassium at a significantly lower cost

would be of interest.
Production of potassium by molten salt electrolysis

is not attractive because of low efficiency, high.

operating temperature and hence high cost of energy and
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materials of containment. Desirable process élternatives
therefore are likely tovinvolve 'operétions near ~ambient
temperatures; Since potassium reacts with»water,,potential
candidates}fon ionizing SolVents will involve non;équeous

media.

The literature review of the deposition of . alkali
metals 1in non-aqueous solvents, given in section 2,‘shows
that no'partioular solvent was'found' to have advantages
over .propylene carbonate. The initial. exploratory study

H1

of PC started in 1955 by Harris and Tobias"', was followed

by a large number of govérnMent sponsored exploratory
projects for the development of high’energy‘batteries with
" PC 'és the solvent. Results of most of these studies were

J10 of the electrochemistry

Ainclnded:in Jasinski's review
‘and‘ applications of PC. More recently, the thermodynamic
and kinetic behavior of‘alkali_metals in PC was studied in
depth by JOrne;J3 The feasibility of potassiun deposition

Cc2

in PC solutions was 2also establiShed. These studies

demonstrated that ~ PC 1is.  an attractive solvent . for

prodncing potassium- metal electrochemically at ambient

tempefature;

Propylene carbonate is an ionizing"aprotic 'solvent
capable of dissolving various inorganic salts; Its
structure and physical'properties arevgiVen'in'Table 1-1.

PC has a broad liquidus range, from -49°C to 242°C. 1its
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Tablé 1-1. Physical properties of propylene carbonate. *

Structure

Molecular Weight
Melting Point,>°C

Boiling-Point at 760 mm Hg, °C

Vapor Pressure at 25°C, mm Hg

at 60 °C, mm Hg

Density at 25°C, gm/cm3
at 60°C, gm/cm3

Viscosity at 25°C, millipoise
at 60°C, millipoise

Dielectric Constant at Room Temperature

Specific Conductance at 25°C, ohm tem ™t

at 60°C, ohm-lcm.-1

3

CHs— CH—CH

L L 2
AN
g/

0

.09

.069
.80

1.203

24

65.

.2 to 8.6 x 10~
.5 to 10.0 x 10~

.161
.8
13.3

1
7

7




' eleotroacoivity>range (defiﬁod as_tﬁo poténtial zone with
which - an eleotrochemical reacﬁionvcan take place without
being disturbed by massive oxidation or féduotion 'of. one .
- _of_ the medium componeots)B3 can be as wide as 6.3~volt53
depending on the'electfolyte_ano the electrode material.C"
Since it ‘is neioher toxic nor corrosive, PC is regarded as
Vvangood soivenﬁ for_industrial use.
.Based on these desifabié charactoristics ‘of PC and

J3 and ChaconC2, this

the ehcouraging ‘results‘ by .Jorne
study was undértaken:to assess the scientific criteria for
the development of év‘prootical'process'for-thé primary
rooovery ahd/or ‘refining ~ of - potassium. = After ~ the
literature .sqrvey and the - éxpérimental' section, :the.

feasibility of pfeparing lérge’ quantities ~of  pure

electrdlytesb in ‘a straight-forward manner and the
| reproducibility of experiméntai results in  these
electrolytes are discussed. . Emphasis_is alSo piaoed on

the determination of the'stability of the eléctrolyte with-
respect to the metal, the current efficiency of the
potassium deposition, the . deposit morphology, and.'the‘

cathodic overpotential”depehdence on operéting parameters.



2. Literature Survey

2.1. Deposition of alkali metals from non-

aqueous solvents

Intefest'in the electrodeposition of -‘alkali metals
from non-aqueous solvents has a. long history. Early
reviews on the subject were written first by_Audrieﬁh and

Nel_son,A2 and later by Audrieth and Kleinberg.A3

BrennerB1 critically -reviewed investigations of the
deposition of metals ffom organic'solvents up to 1967.
Research efforts COhcentratihg particularly on propylene
carbonate are discussed separately in ﬁhe next section.

L1 L2

In 1895, LaszczYnski and Laszczynski and Gorski

reported that they obtained potassium deposits from

solutions of potassium thiocyanate 1in acetone and in

L3

pyridine. Levi and Voghera later showed that the

deposits were compounds 1involving the metal and the

M1 found that cathodic

solvent.. Mandell and co-Workefs
deposits obtained in the electfolysis of potassium salts
in pyridine and 1in quinoline reacted vigoréusly with
water.  The eomposition of the deposit was not given.

Fedot'ev and Kinkul'skayaF1

operated an ethylenediamine
bath containing salts of the alkali metals at 150°C; ‘they

obtained the metals at a very low current efficiency due
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to their reaction with the solvent. Putnam and _Kobe®3

obtained current efficiencies -of about: 90% for the

depOSition of potassium and sodium from a solution of

their ‘iodides in ethylenediamine at 100°C. Russian

workers were interested in systems consisting - of -alkali-

halides and aluminum. halides dissolved in - an organic

solvent. For the deposition of 1lithium and potassium,

MeZhenniiM2- dissolved aluminum bromide along with lithium
or potassium chloride sin ~nitromethane. | Current
_efficiencies around  30% -were claimed. PospekhovPLl

critically reviewed references on the extensive researches

performed 1in  Russia on the deposition_of alkali metals

from baths containing aluminum halides in nitrobenzene or.

vnitromethane.‘ He.was'pessimisticsabout.the possibility of

éconohically electrodepositing alkali metals from baths of

c8

nitro compounds. Cady and Taft mentioned,the'depositioh

':of potassium by the —electrolysis of potassium iodate

dissolved in phosphorus oxychloride.

Recently, PompeP2 studied the electrodeposition of

‘alkali  metals from acetone, pyridine, and

dimethylformamide in a horizontal mercury cell. He

concluded that anions played an -important role in the
solveht decomposition reaction. The water content of the
solvents was relatively high, ranging.from 0.01% to 0.2%.

He claimed to héve'obtained.metallic‘ deposits = with high
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current efficiencies in pyridine and in dimethylformamide;
but the range of the current passed was not given nor was

the reference electrode specified. The duration of the

_electrolysis was limited to less than 30 minutes to avoid

the absorption of moisture in the solutions. These

results cannot be considered to be conclusive.

Most of these studies on the electrodeposition of
alkali metals were qualitative and not systematic. No
particular solvent was showne to possess superior

advantages.

2.2. Electrodeposition of potassium in propylene carbonate

2.2.1. 'Electrochemistry of propylene carbonate solutions

Electrochemical studies in propylene carbonate were
first carried out by Harris and Tobias" ! in this
laboratory over twenty years ago. They measured the

solubilities and conductivities of various inorganic salts

in propylene carbonate and in related solvents: ‘ethylene

- carbonate, gamma-butyrolactone, and gamma-valerolactone.

Qualitative deposition tests showed that alkali metels
could be deposited in propylene carbonate solutions.
However, potassium deposits were obtained only at current

densities higher than 5 mA/cme.

A comprehensive study of the electrochemical behavior

of alkali metals in propylene carbonate was reported by
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Jorne and Tobias in a series of papers starting in

1973.  They established the feasibility of the

electrodeposition of all alkali metals from propylené_

carbonate solutions. By using ‘micropolarization

“measurements, the-kihetic'paramétérs of the depOSition;

disSolution process for solid alkali metals'énd their
amalgams invalkali metal chlorideeAlCl3/PC solution were
"determined- at 25°c. Exchange current' densities ‘were
'evaluated at-different‘ molalities  of the alkali metél
chlorides. The cathodic transfer coéffidiehts Wére
caléulated from ﬁhe conéentration_dependence of_4éXChahge

JU

current densities. From the EMF measurements, the

activity coefficients, as well as the partial _Gibbs free

energies, entropies, and enthalpies of the cell reactions,

’vwere célculated.Js . The free energies of solvation of the
alkali métal chlorides in unit molality A1C13/PC,solution

J6 Furthermore, they were  able to

were determined.
interpret the -conductance in terms of the solvation, the
ionic equilibrium, and the structure making and . breaking

ability of alkali metals in ALCly/PC solution.?’ A new

'proceSS for the production and electrorefining ~ of the
- 1

~alkali metals at ‘ambient temperature was patented."
- Alkali metal amalgam from the commercial mercury-chlorine
cell = was . to be transfefred' into - an fAlCI3/PC

electrofefining céil,' where the élkali' metal was to

disslee anddically from thévamalgém, and deposited in a
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pure form at the cathode.??

Jansta, Dousek and Riha reported their studies of
- electrochemical systems for galvanic <cells 1in aprotic

.D1_D5 Trace

organic solvents in a series of bapérs
amount of wéter were eliminated in PC eleétrélytes by the
use of Sodium-pofassium alloy. They found that propylene
carbonate is  inert to alkali metals even at elevated
teﬁperature in the absenge of sélts and in the absence Qf
impurities containing active hydrogen.D1 The
electrochemical behavior of a highly dried KPF6/PC system
was studied and the pronounced effects of water present
even in minute concentrations were demonstrated. Jansta
et al. concluded that, froh .the‘ carefully purified
solvenﬁ,_the current efficiency of potassium deposition
was 100%.02 Quantitative evaluation. of electrochemical
effects of trace water in KPF6/PC'é1¢ctEoly£e was made by
addition of kﬁown quantities of water. When the wafer
.concentratiOn was abéve 10 ppm, the  deposition = of
potassium on a stationary platinum electfode at é voltage
sweep rate of 0.4 volt/min was greatly retarded or even
blocked.?3 |

ChaconC2

has studied the cathodic reduction of
potassium from PC solutions of KAlClu and KPF6. He was
able to 6btain coherent metallié deposits  only from

electrolytes purified by a complex and tedious method
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Impurities were removed by passing‘thé electrolyte through
a chilled aluminavcolumn.b Aluminum was not co-deposited
with potassium. >Overpotentials Qere' measured. - Howéver,
an inadverbent error madé these overpoténtisi data not
meanihgful—- the actual concentration ofv the~ potassium
salt was much lower than the concentratioh'gith,bThis
‘error resulted becauSe' the ‘absorption -capacity of ‘the
alUminai column . was under—estimated; when the eiecbroiyte
wss béssed bhrough, .much of the potasSibm salt was
absorbed. Nevertheless, this work first dembnstrated that

thaining a coherent potassium deposit was feasible.

The results described above leave littie doubt"abOUt_
the - feasibility of depositing" potassium from - PC
” :elébtrolytes. No other solvent 3hasi been Treported to

prOvide-conditions suitable for this reduction process. .

2.2.2. Electrolyte sbability

Investigations of the Stability of _PC electrolyte .
have._been .8stimulated- to a 1large :degrée by the recent
interest in high specific energy batteries. ZWhile' some
authors claim tq have demonstrsted thé stability of PC
Qith respect to vlitbium and"sodium-potassiumv alloy;
others' reported specific'cases of solvent decomposition.
.So far_ the stability question has not: been -settled‘

satisfactorily.
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BodenBl‘l tested a purified LiClOu/PC solution for
compatibility with lithium by meésuring quantitatively the
raté of gas evolution. Aftgf five days at 259C, no
evidence of gassing was obsef?ed. - Jasinski et al.J12
’found no'gross decomposition of the LiClOu/PC electrolyte
upon anodically disdhérging lithium metal at 71°C over a
900-hour test. Jansta, Dousek and RihaD1' reported that
highly dried propylene carbonate soivent, in thé absence
of salts and imburities contaiﬁing aciive.-hydrogen, was
inert to sodium-potassium alloy even at elevated
ﬁemberatufe. No change was observed when pure propylene

carbonate. solvent contacted Na-K alloy, éven_after 200

- hours, followed by a 5-hour heating to 80°c.

Dey and SullivahD7 first reported the electrochemical
decomposition of PC on a graphite'electrode to propylene
gas and carbonate dion with almost 100% coulombic

E2 further claimed that at graphite

efficiency. Eichinggr
~electrode thev decomposition reaction .proceeded. with
"reasonably high" current densities because of the
fbrhation of alkali. metal intercalation compounds. At
active - electrode Surfaceé, such as sintered nickel,
copper- or steel—felt, the décomposition reaction occurred

at "rather small" current densities by direct

electrochemical reduction Qf PC.
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In é'iater'work; Jansta ét él.DAv reoorted‘ that gas
evolution. was immediately observed when Li-Hg amalgam
vcontacted highly dried PC. Na-Hg amalgam also décomposed
PC, but at a rate an order of magnitude lower than in the
case of Li-Hg. Potassium amolgam was found to‘ be stable
bin_a.very dry 0.5 M KPF¢/PC solotion, Thus the rate of PC
decomposition oy alkali métal émalgams decreased sharply
~in the order Li>Na>K. Jansté et al. believe that the rate
“is Eelated fo the atomic SiZevof. the alkali ‘metals .andv
hence to their oténdency to form covalent..bonds'witﬁ
carbon. The decomposition of PC'by élementalilithium was
also ,studieq ’énd. found ooi be ‘siowér; ‘no massive gas
evolutioo wos observed; ‘It was"prOposed that a L12C03
~ layer on therlithiUm sUrface slows down the decomposition

reaction.

In summary, pure PC solvent wés, Shown to be- inert
upon prolonged contaot with Na-K alloy, and no gaSsing was
observed upoh‘ contacting.‘lithium metal ,Qith LiClOu/PC
eléotrolyte. The electrodeposition. of‘ potassium on a
_graphite electrode: was feported to lead 1to the
decomposition of 'propyléne carbonate.:tov propylene and
caroohate ion, and Li-Hg amalgam immediately decomposed PC
upon contact. The .stability of PC with respecto to

potaSsium.will be further discussed in section 5.
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2.2.3. Influence of the Impurities

Presence of impurities adds anéther dimension to the 
stability problem of PC electrolytes. Thefrole of water
and prdpylene glycol (propanediol) in PC electroéhemistry
is vnot well understood. Alkali metals are known to
spontaneously reéct with water and glycol. The

electrochemical - behavior of active metals should be

‘affected by the hydroxide layer formed on their surfaces.

Furthermore, -the decomposition of PC could possibly be

catalyzed by impurities. For éxamplé, in A1C13/PC

~solutions,  the hydrolysis of AlCl3 would yield HC1l and

A1(OH) Possible decomposition reactions by HC1l have

3"
been suggested by Silvester and Tobi.asS2 and are presénted

in Table 2-1.

The électrochemical behavior  of water in -PC

electrolyte has been studied by various investigators. In

Dey's workD6, the concentration of water was in the range

from 0.1 - 2.5 M, With EtuNClOu as supporting

electrolyte, Gosse and DenateG1 found that the hydroxide

.ions résulting from water reduction reacted with PC to.

form bicarbonate ions and "propylene glycol. - The water
concentration varied from 5 «x 10'3 - 1.25 M. Using
chronopotentiometric- and cycliec voltammetric techniques,

B2

Burrows and Kirkland studied the behavior of LiClOu/ PC

solutions containing 20 - 500 ppm of water (10—-3 -
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3x10-2M). "Results were interpfeted by assuming _ the
blockage of -the electrode surface by'a porous, insoluble
LiOH film. Jansta et al.p3 reported the influence of
water content on potential-current curves‘obtained_at 100
mV/sec with Pb,-Au, " Ag, Ni and Cu électrodes in the
concentration range 0 - 100 bpm in 0.5 M KPF¢/PC.
Quantitati?e results on the effect of water were obtained
for below 20 ppm of water. The dépdsition of potassiUm on
a stationary électrode at a polarization rate of 0.4
volt/min. was greatly retarded -or“blocked above 10 ppm.
The effect of water on the electrochemical processes in PC

electrolyte thus cannot - be ignbred. Comparison of

different results can be meaningful only when comparing

the effects of water at similér concentrations.

The determination of water at  the ppm level is . a

difficult problem. The = conventional Karl Fischer

titration method is not adequate for water concentrations

below 20 ppm. '_Cedergrenc5

developed a couidMetric
determination of water down ¢to 0.5 pbm .by using Karl
Fischer reagent énd‘a potentiometfic end-point detection.
Whether PC and its 6rganié impurities would interfere with

the Karl Fischer reagent is not known. Jasin’ski'et'al.JH

- employed gas-liquid chromatography to determine the water

content of PC soivent to less than 2'ppm; However, this
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- method is not suitable for PC_ electrolytes because of

undesirable accumulation of 'salt,in:thevg.c. column. In

D3

the work of Jansta et al. ‘mentioned  above, the

potential-current curves measured by using é‘vibrating Pt

electrode were correlated with the water concentrétidn.

Each E-i curve was obtained by sweeping linearly the

potential on a fresh electrode. Water in the range between

0.01 and 50 ppm could be detérmined in aprotié sol&ents in

the presence‘of alkali metal cations. Thé,effect'of water
on the electrochemical behavior of potassium in propylene

carbonate will be further discussed in section 4.3.
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3. Experimental Procedure

Because of the exploratory nature of this project,
many experiments havevbeen performed to determine the best
Vcell configurations for the. desired measufementsf The
’épparatus used for obtaining the results presented‘in

sections that follow will be described'below in detail.

Based on our experience gained during the initial
phase of this investigation, experiments run outside of a
controlled atmosphere always 1involve the danger of
contamination. In an exploratory study, an uncertainty
such as this would’render the inierpretation of results
very difficult. For 'this reason. working inside a dry
glove box was considered essentiai. With the exception of
runs involving aqueous solutions, all of the data
presented here were obtained from experiments set up

inside a dry glove box.

3.17. Glove Box Operation

Most of the experimentel work was - perfofmed inside
dry ‘glove bokes with é helium atmosphere. Two glove boxes
were employed. One was the vaeuum type of LaQrence
Livermore Laboratofy design. It is the same one used by

JorneJB, but the treatment of the inert gas atmosphere was

21
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substantially modified. The other one (Figufe 3-17) was
manufactured by Kewaunee and was extensively rebuilt to
énSure'-effective isolation from the 6utside atmosphere.
The pressure Was maintained to within one'inChbof water of
atmosbheric pressure by a customémade pressure cbntroller
Vusing a sénsitive sensor _(Dwyér vSefies 3000 Phptohelié

switch/gage,+5 in H20 full scale).

"Great care was taken to ensure the quaiity of the
helium in the glové box atmosbhere{ The helium gas was
recircuiated continuously at . 3 cubic feet 'per 'minute
through a periodically regenerated inert vgas “purifer
(KeWaunee Scientific Equipment Model 2C1982 with éutomatic
regeneration control) in " which moisture and oxygen were
conﬁihuously removed. The water content was maintained‘
below 2 ppm (MoiStﬁre Monitor,.type'26;303; Consolidatedl
vElectrodynamic Corp.). All of the materials- used insidevr
the glove box were transferred through an ‘entrance
chamber. The entrance chamber was pumped down to a vacuum

lower than 10 millitorr before materiais were transferred.

When - the temperature was measured by a .copper=
constantan thermocouple, an electroniec ice point (Omega
Engineering, Model MCJ-T) was employed 50 that the
thermoelectric voltagé was independent of the room
temperature and could be measured through the vregular

copper connectors by thé recorder outside of the glove
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box. Each box was equipped with a vacuum source (60 mm
Hg) . Digitall'balances‘were placed inside the glove boxes

(Sartorious Model 3705 or Scientech Model 220).

3.2.. Solvent Purification and Analysis

Propylene carbonate (PC) (Jefferson Chemical Co.,
Houston, Texas) was purified in. three separate steps.
First, PC was paSsedvthrough a column of moiecular sieves
and alumiha or was mixed batchwise with purified activated
charcoal. Second, volatile impurities wére removed Dby
bubbling helium through the solvent at vacuum for one day.

The final step was vacuum distillation.

Thé first step was designed to remove most of the
impurities. 'The alumina (aluminum oxide, Woelm basic,
ICN, Cleveland, Ohio) and molecular sieves (Linde, 13X)
were packed into a stainless steel column and were dried
at 300°C undef vacuum (1 micron Hg) for one .day Dbefore

3

use. The ‘amounts used were 300 em® molecular sieves and
300 cm3 alumina for 3;5 litefé PC. This procedure provided
a simple and convenient method for laboratory work. We
also found the use of activated charcoal satisfactory;
This. is a potentially inexpensive alternative to the use
of molecular sieves and alQmina. About_250v cm3 purified
activated charcoal was wused for 3.5 1liters PC. The

charcoal was filtered out as PC was transferred to the

distillation column. We prepared the charcoal (MC/B,
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Activated "DARCO", mesh 4412) .according,lto - a standafd
procedure: the. chércbal was (1) treated with a boiling
azeotropic mixture of hydrochloric acid and water (6 M) in

a Soxlett apparatus for three weeks, - (2) washed with.
doubleAdistilled water until no further chloride ion1couid
be detected and (3) dried under 60Amm Hg vacuum at 150°C

for six days.

The.helium bubbling set-up was pérﬁ of the vacuum
distillation column (Sem15CAL series 3650, Podbielniak,
Dressér Industries). Helium seryed as .a replacement for
boiling chips, so that the solvent could:boil "smoothly",
and it also helped in.vthe removal of,’light' volatile
impurities. The helium stream was started 24 hours beforé
bheat wasISUpplied to the‘bottom pot, and was continued
during the diétillatdn, PC was distilled at below 3.0vmm
Hg with a head temperature of 65°C. The first 10% and- the
last 30% of the distillate were not used. The receiver
system was modified with socket and ball joints and Teflon
needle valves. Figure 3-1 ‘depicts the - cpmplete
distillation set-up and_ the coiumn of .alumina and

molecular sieves wWith the drying oven.

‘The'impurity content of the solvent was analyzed by a
gas chromatograph (Varian Associates Model 3706)'éduipped
with thermal condﬁctivity and flame ‘ionization ‘detectors.

The operating conditions, 1listed in table 3-1, were
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CBB 792-2601

Vacuum distillation apparatus.

=1,

Figure 3
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Table 3-1

Operating Conditions of the‘Gas.Chromatograph Detectors:

Detector ‘fFlow Rate E Temperature .
: [ | :
E ml/min E ,OC
H ]
—
Flame ' He 30 | Injector 130
1 [ '
)
Ionization . Air 300 EColumn 150
[ . |
L H,, 30 | Detector 200
| | | | -
Thermal | He 60 | Injector 130
| | -
Conductivity E EColumn 150
. : 1 1 . N
i iDetector 200
! i
i i Filament 300
| i |
Carrier Gas: Heliun
similar to those of Jasinski:and KirklandJu. Only water

and propylene glycols were detected in the'distillate. The
concentrations were estimated by measuring the responSes
of 2 microliter sémples of PC. with and without known

quantities' of the impurities. The _purified ~ solvent

contained 1less than 1 ppm‘ watér “and 'léss than 5 ppm

propylene glycols.

LY



3.3. Electrolyte Preparation

The potassium'salts used in this study were KC1, KPF6
and KAlClu._ Anélytical grade KCl1 and KPF6 were finely
ground and dried under vacuum_(1 microh Hg) at an elévéted
temperature:  KCL at 400°C and KPF, at 280°C. When
necessary, theldriedvéalt was _grbund agaih inside .the
glove box. The KAlClu salt was not commércially aQailable.
Thus we had to :develop a ptocedure‘ to_.synthesize the
double salt. BaudBSj' first prepared potassium

tetrachloroaluminate in 1904 by heating a mixture of KC1

and AlCl_3 at about 300°C. The'formation of'KA1C1u has been
confirmed by Kendall and co-wor‘ker'.KL1 From the
temperature-composition ourves; they determined the

composition of the double salts formed,

The procedure developed for the preparation of KALC1,
is as follows.‘ Equal molar amounts'_of .AlC13 and KC1
(analytical reagent grade) were placéd into a Pyrex flask
inside a polyethylené gIOVe bag (instruments for Research
and Industry, Cheltenham, PA) under. hitrogen 'atmosphere.
The flask 'was then ' taken out- of the glove Dbag and
connected to the vacuum;syspemr(Figutév_3—2).._ The - salts
‘were mixed .by a vibrator While being pumped'down>to 1
micron Hg. Thé system wégipréésﬁrized with heliﬁm before
the hixture was melted at 250°C. The pressure was kept

constant at slightly higher than one atm. by bleeding off
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. Figure 3-2. Schematic for the synthesis of KA1C14.
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heliﬁm during the heating and the vcooling of the Pyrex
flask. The melt of KCl  and A1013 was light yellow,
probably due to trace amount of ferric <chloride in the
aluminum chldkidé; We detérmined that by increasing the
.température to above SOOOC, a reaction. involving
‘impurities dcéurred in which the melt became colorless and
clear and a black precipitate formed. The Pyrex tube was
shaken several times and kept at 550°C for 2 hours so that
the black precipitate settled down to _thév bottom. The
temperatufe was then decreased gradually to avoid any
thermal current that would resuspend the black material.
When the salt solidified, the system was pumped down to
vacuum and the Pyrex tube was'sealed off by ‘melting the
vgléss with a torch at é point.above ﬁhe glass wool. The
salt was remqved by breaking the Pyrex flask inside a

glove box. It was ground finely before use.

The double salg so prepared contained’ 1ess> thén
0.003% iron and 0;01_% silicon. The reaction that rendered
the melt colorless was not investigated; however, it was
fouﬁd thét the black precipitate contained carbon and at
least one order of magnitude more iron and silicon than
the white solid. By maintaining the temperafure at SSCOC,
the AlCl3 and KC1 did not have to be purified'before use,

a significant advantage over other methods for preparing
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KAlClu solution. The heat of solution of-KA1C1u in PC was
not determined precisely. ﬁhen 10.8 grams of double salt
was added to 100 ml of PC in less than one half minute,
the solution temperature rose from 25°¢ tb only 32°C. No
‘Sign 6f soiveht decomposition Qas_observed even - following
such. a rapid addition of the salt. However, as a.
precautionary measure, thé salﬁ was normélly addedAto the
solvent over . 5 minutes. Due to a slight excess of‘KCI,
the freshly prepared electrolyte was usually cloudy.
After wvacuum filtration (Whatman, GF/F fiber glass filter
paper),vthe solution became clear and Had only a very

faiht yellow color.

The concentrétion Qf’potassiumAin thé-electfolyte was
determined by uSing atomic absorptiqn, spectrocopy
(Perkin-Elmer M360 spectrometer). = By = employing an
automatic pipette (Centaur), a  precise amount of
electrolyte (10, 50 or 100 microliter) was easily removed
from the electrolysis cell. Thelsample was then dilqted
with distilled water Outsidel the glove = box before

analysis.

In exﬁeriments where a sur factant (Dupont'anyl FSC):
was used, the desired concentration was obtained by adding
thé appropriate émoﬁnt of '»surfaCtént ~solution (10
gram/liter .in PC) té "the electrolyte. The standard PC

solution was prepared by dissolving solid dried Zonyl
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lenrfectant in PC;'v BecaUse 'the_SUrfactant is.evailabie
'only inisobropanoi/water sintionS,'thersoiid snrfactant.
'wes’ obtained in» thie ménner' tne. diluent was :first-
'evaporated the re51due was ground flnely and was dried at
'1QO°C' under vaouum (1 _m;cron FHg) ‘for two days beforeﬂ

transfer into the glove box.

3.4. Electrodes

3.4.1. Reference:électrode

The reference electrode used throughout thls work ‘Wwas
‘a 'potaSSLum electrode' 1mmersed in the same solutlon, ‘We
fodnd‘that a glass capillary_ tube containing_'pOtaSSium
" served very well. Such a*designvmade it possible to place
the reference electrode_close to ‘the. working delectrode
‘with no difficultyttThe'reference electrodeuwas renewedtby
“simply cutting the capillary.to expose a new 5urfacef It
could be‘ prepared quite easily. :FigUre'3-3.depicts.theb
types of reference electrodeS-emploYed The Teflon holder
had a side hole connected to the capillary (1.6 to 1.8 mm‘
dlameter) the reference electrode was-prepared by u51ng a
syringe to draw ‘the molten pota351um 1nto the caplllary.
Before use, the contact between the tungsten wire and :the
potassium  was checked. .Anv earlier version ~of this
feference'electrode was madef'from a disposabie -Dlpette‘

with a capiliary tip.
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Electrochemical cell for the potential
measurement of K and Tl in PC electrolyte
versus a saturated calomel electrode in
aqueous solution.

e  fXBB 793-4108
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The rest potential of a potassium electrode in 0.5 M

' KAlClq/PC solution feiative to other reference electrodes

was measured to allow comparison. of certain results
repofted in 'ﬁhe_ literature with those dbtained in ﬁhe
bresent work. Figure 3-4 depicts the double ‘H-cell- used
for this purpose. The non-aqueous chamber, on the'right-

handféide of the clamp, contained an anodized thallium
wire and a large potaésium cup electrode in 0.5 M

KAlClq/PC electrolyte saturated in T1Cl. The aqueous

electrolyte, separated Dby a Dupont Nafion membrane from

' the non-aqueous section, ‘contained 2.0 M KC1 and 2.0

gram/liter KF. At 27.2°C, the potential of the saturated
calomel electrode (Corning), with respect to the potassium
electrode, was +3.020 volt. The potential of the anodized

thallium wire relative to potassium was +2.302 volt.

- These potentials remained stable for several hours. The

measurement was discontinued when a white precipitate was
formed on the non-aqueoﬁs side of 'the Néfion membrane.
This was an indication of water 1leaking through the
membrane and hydrolyzing the aluminum chloride to form

aluminum hydroxide.

3.4.2. Working and Counter Electrodes

Potassium has been deposited on various substrates:

potassium, platinum, stainless steel, aluminum and an
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aluminum alloy (6061T6,‘>96% Al). The shape and size of
the electrodes depended on the particular  cell
configuration. Representative'samples along with the cells

used are shown in section 3.5.

A-special_stainlés $tee1'(304)v electrodég shown 1in
Figure >3—5,v'e§uipped‘ with a heating filament desérves
detailed description.' Figute' 3-6 deéicts the internal
construction whicﬁ  includes ‘a heating element and a
thermocoupie built underneath the electrode surface, so
that the _température could be precisely meaéured and
controlled. :A' small paSsage‘:(with Tefloﬁ insulation)

connects the electrode to the reference electrode chamber.

The anodié reaction coupled with the potassium
debOsition was either 'dissolution of aluﬁinum or
dissolutidn of‘potassium. Only very pure aluminum (from
Orioﬁ, 99.9995%) was used for this purpose. The potassium
used. wés .from eithéf Alfa Chemical (99;95%) | or
Mallinckrodt.

The platinum electrode was cléanéd first by_ washing
with distilled water and then by heating with a torch
until red hdt each tihe befdre:use. The_‘Stainless steel
electrode, vbafter : being cieanéd with- detefgent, was
thoroughly washed with distilled water énd acetone. - The
aluminum  electrodes were immersed in warm 1 M'KOH for one

minute to allow hydrogen evolution to assist in cleaning
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 Figure 3-5.

Figure 3-6.

 Stainless steel (304) electrode with
built-in heater and thermocouple; the
reference electrode chamber was connected
to the electrode surface through a hole
located at the axis of the electrode.

XBB 793-4105
Internal construction of the stainless
steel electrode shown in figure 2-5.

3
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“the surféce. The electrodes were carefully washed and

dried before use.

3.5. Electfoiysis Cells
Numerous cells of differént.désign have been used_ in-
vobtainingv the results presented. Each .configuration,
~usually eydlved from_ several. désigns; had its own
particular :advantages; For the . sake .of' brevity, the
intermediate stages of the cell déVelopment .are: not
presented. Because of the large number of cells used; it
éppeafs besﬁ to describe each one separately and to number

them for reference.

#1 (Figure 3-7): The flask was a 25 ml (34/12)
weighingbbottle.v Twenty ml of electfolyte; wére'.used.
Electrodes ‘Qere placéd concentric to each 6thér.£o éssuré
uniform current distribution. Only in experiments where o
large surface area was needed was the Pt gauze cylinder
employed as the working éathode (the anode was’an‘aluminum
cylinder); Othefwise, the wdrking electrode was a solid
cylinder as illustrated,_ made of either aluminum or
stainless steel. Edge effects werevminimized by:using a

Teflon cap andvelectrode holder.

In experiments designed to determine the "~ amount of

water in the électrolyte, a moving electrode was required.
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Figure 3-7. Electrolysis cell (#l) with cylindrical =

' geometry: (1) Center electrode; (2) Platinum

screen electrode (2.5 cm diameter, 40 cm? surface
~area); (3) and (4) Potassium reference electrodes;
~ (5) Teflon holder; (6) Teflon coated magnetic stirring

bar; (7) Teflon cap for the center electrode;
(8) Opening for thermometer or for taking samples of
electrolyte
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For this purpose, a similar Teflon holder was constructed
to accomodate a Pt wire as the_center.electrodef The Pt
" wire was vibrated by the stirring bar. | |

#2>(Figure 3-8)‘ This'set-up 'provided .a- convenient
means to measure the behav1or of potassium electrode below
63_C (the meltlng point of pota551um) The pota531um'
' electrode._was-'prepared _by.pouring molten potassinm'into
the:giass cup. A flat’sUrface was obtained by cotting off
the excess potassium with a knife.

#3 (Figure 3-9): The vertical orientation of the
potassium electrode in this ‘céll made ‘it:possible to
obta1n overpotent1a1 measurements above the melt1ng point
of 'pota551um. The - counter electrode was. a Pt electrode
(the.edges coated by soft glass) with a heayy_vpota351um
" deposit on it. Before = the measurement,';an”aniiliary
potassium cop-electrode‘was first used as én_»anoae to
deposit potassium'On'the'counter electrode.

#u (Figure 34105: This Hecell withv'a; reference
electrode chamber was ‘designedv'for electrolyses under -
vacuum. The anodlc and cathod1c chambers were connected to
the ‘laboratory, vacuum source (6O'mm'Hg);'After'dega551ng
for 30 minutes, the two chambers were isolated by turning
off the Valves to the laboratory”vaCUum At the end of the

electroly31s gas samples were collected by turning on ‘the
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Figure 3-8,

Figure 3-9.
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Electrolysis cell (#2) with two potassium
cup electrodes for overpotential
measurements below 63°C.

XBB 793-4105
Electrolysis cell (#3) with a potassium cup

electrode for overpotential measurements at

temperatures higher than the meltlng point
of pota581um.

39
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Figure 3.10¢ Electroly81s cell (#4) for electrolyses
~ under vacuum with the gas samples
collection apparatus.

XBB 793-4111

Figure 3-11. Modified H-cell (#5) with a stainless
steel heater electrode for potassium
deposition studies.
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_quick,éction toggle switch high vacuum valves to the gas
sample bottles (already at 1 micron Hg). The gas samples
weré analyzed by a low resolution. mass spectrometer AEI

MS-12.

,#SI(Figure.3-11):.Here the H-cell was equipped with a
stainless steei heater electrode. Usually potassium cups
served as counter electrodes. If necessary the potassium
cup neér the heater electrode could aléo serve as a
reference electrode. Potassium deposited on stainless
steel was used as an -anéde in other electrolysis

experiments.

#6 (Figure 3-12): This rotating disk electrode (RDE)
apparatus was essentially the same as the one used by
JorneJ3 and Qas modified so that it could'be placed ihside
of the glove box. The electrolysis cell (Figure 3-13) was
complefely différenf. The RDE was a P£ eleqtrode-'wiﬁh a
surface -area 0.707 cmg. The rotational speed rénge was 0 -
3600 rpm. The counter eiectrode'was the stainless ﬂsteel
heater electrode with. a.potaSsiumvdeposit‘obtained from

another electrolysis. The electrolyte cduld also be heated

and the temperature was controlled within iO.2OC.

#7 (Figure 3-13): This cell combined the advantages
of the heater electrode and of cell #1. The cylindrical

symmétry made it possible to use only 50 ml electrolyte in
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Figure 3-12. The rotating disk electrode apparatus
with the cell.

| XBB 793-4110
Figure 3-13. Electrolysis cell (#6) for RDE with
a stainless steel heater electrode.
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combination with a center electrode having a 1large (15

cm2) surface area. A heater (Chromalox, cartridge type,
100 watt) and a thermocouple were placed inside the center
electrode to control the surface temperature. The anodic
dissolution of the aluminum coil (99.9995%) made it
possible to determine the’ current efficiency of the
potassium deposition using the difference of the potassium
ion concentration before and after the electrolysis.and

also from the weight of the potassium deposit.

v'#8 (Figure 3-14): This cell is similar to cell #7,
except that a potassium anode replaces the aluminum coil.
The anode was prepared by pouring molten potassium into a
flask with a polyethylene dylinder set at. thé center
(shown in the figure). A stainless steel screen was used

as the current collector. The polyethylene <cylinder was

removed at about 50°C after the pdtassium has sufficiently

hardened and yet did not stick to the .polyethylene
cylinder.v Only 30 ml of electrolyte were used. At a
temperaturé higher than the melting point of potassium,
the cell was placed inside an aluminum block cooled by a
solid state cooler and stirrer (Thermoelectric Unlimited
Co.), so that the temperature 6f.the potassium anodé was
kept below the melting point and the solution was stirred

at the same time.
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Figure 3-14. Electrolysis cell (i#7) with4the heater
for determining the current efficiency
of potassium deposition.

Figure 3-15. Electrolysis cell (#8) with the apparatus
for making the potassium anode in measuring

overpotential. - XBB 793;&106h
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#9 (Figure 3-16): This membrane cell was designed té
determine the compatability of the Dupont Nafion membrane
with PC eléctrolyte, The type tested was Membrane 425, a 5
mils thick hmegéneous film of ]200.equiva1ent weight
perfluorosulfonic acid resinilaminéted with T-12 fabric of
Teflon TFE resin. Before use,.the membrane was treated
with KOH solution, washéd with distilled water and dried
under vacuum. The electrochemical characteristics ofvthe
Nafibn membrane were not determined. Upon use in potassium
deposition experiments, the membrane did . not show any
visible physical change, and ﬁhe, deposition, process. was

not affected to any noticedble degree when these membranes

“were used to separate the electrode compartments.

3.6. Instrumentation

Instruments employed 'in ‘this study  served twq
functions, SUpplying the power ~for the electrochemical
reaction, and measuring and recording transient and steady
state potentials, current, énd temperature. The first
group consisted of potentiostats ahd function generators.
The second group indlﬁded digitalvmultimeters, strip dhart
(X-time)_recordehs, X-Y recorders , and a data acquistion
system involving‘-' a - computer controlled' digital
oscilloscope. A.coulometer (Princeton Applied Research,

Model 379) was also employed. Figure 3-17 shows the
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Electrochemical cell #9 with Dupont Nafion Membrane 425.
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author sitting near. one of glove boxes and some. of

instruments used.

The potentiostats/galvanostats used were Princéton
Applied Research (PAR) Model 173/176, Amel Model 551, and
Wenking models 66TS1 and 61RS. The output of these
instruments can be | modified - by external' function
generators to give the varioqs' waveforms . requited; for
example, é square  pulse for current ihterruption and
current pulse experiments or a triangular wave for linear 
sweep énd cyclic . voltammetry. A custom-made pulse
generator and Exact models 250 and 255 function generators
were used initially. Theée were later  replaced by a

Universal Programmer (PAR model 175).

In order to minimize the . disturbance on the
electrochemical 'system when making a measurement, only
high input impedances devices were employed. The digital
multimeters used (Weston. . model U4{44 and Keithley model
~172) had input impedance >higher than 109 ohms. .Wheh
necessary, low input impedance instruments, ‘such as a
potentiometric>recorder or an oscilloscope, .werei'coupled
with a custom-made differential voltage foilowér to

0 ohms. The strip chart

provide an input impedance of 10
(X-time) recorders used were Linear model 300 series and

Hewlett—Packafd model 7100B. The X-Y recorder was a HP



Figure 3-17.

CBB 792-2603

The author with the glove box and some of the instruments used.

8Y
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model TUUTA with a time base option.

The data acquisition systemlconsisted‘ of a Nicolet
digital. oscilloscope model - 1090A interfaced with a
Hewlett-Péckard model 9825A desk computer. The digital.
scope has a memory space of 4096 12-bit words. It can take
data as rapidly as 0.5 micfoéecond/point and as slowly as
200 sécondé/point. The data can be stored on‘a data
cartridge and can.be plotted by a HP 9862A plotter or an
X-Y recorder -thrbugh the oscilloscope. This system also
provides convenient means to perform routine data

reduction.



4. Electroiyte Preparation and Determination of Impurities.

~ Impurities in any electrochemical system often ehange
the true ?picture ‘of what 'is happening. A processvthat
mightb otherwise have occurred may net proceed. at a
'significant _rate,v The K/PC system is no exception. An
effect of impurities onbthe_ electPoChemicél behavior of
potassium 1is illustrated in - Figure  4-1. Cyclic
voltammograms (A) and (B) coﬁtrast responses of - a
potassium electrode in a contaminated electrolyte before
and after electrolysisfinVOlving pbtassium dissolutioh and
deposition.ét 1 mA for .11 <houfs.- The electrolyte was
" inside the glove.boxveXpOSed to the helium_atmosphere when
air was accidentally introduced. It is difficultv_to
estimate : the amount of impurities absorbed. Cyclic
"voltammograms (4) show-negligible:eurrent at  a potential
as cathodic' as -400 mV relative to a potassium reference
eleethode. If the electrolytevwe prepared had the same
level of impdrities, potassium deposition would not have
eceurred at all. /‘ After " the electrolysis _ removes
imbufities, potassium deposition does oecur,.asvshown by
cyclic voltammograms .(B). This distinctive_ change
demonstrates 1the neceSsity to have an eleetfolyte'as'free

of'impuritiesvas possible. Therefore, it is essential to

50
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: contaminated KA1CI, solytion: (A) before the
electrolysis at 1 mA/cm™ for 11 hours; (B) after;
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electrode: K/Kt. '
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pufify the solvent andithe séiute'with great.‘care. “The
améunt of water presént in the solvent has also been'
determined because such a reference condition is needed
-~ for ﬁeaningful comparisoﬁs of' résults.'obtained.'by

different researchers.

4.1. Solvent PUrificétion

PrOleene-carbonate, as received, contains numerous
impuritiés: water, 'propylene oxide, propylene glycol,
allYl aigohol, etc. Many of these are known to react with
pétéssium.

~ The flow diagram of our .ﬁdrificétioh procedure is

shéwn’in Figure MQZ..Commercial grade‘PC, conﬁaining 0.1 -
1 % of water and 2 % of propylene,glycols, was seleéted‘as
the starting méterial because pfoblems that could be
_encountéred in a scaled-up operagién"would be revealed. At
these c@ncentrations, the = common purification method--
_v3¢uum distillation-—is not sufficieht" to remove
impurities to ppm level by itself.  Additional
purifidation ‘is necessafy. For example, Chacdnczvtreated
the distilied'PC byvpassing it through a column of dfied
molecular sieves and alumina to reduée the impﬁrity
content further. . But we determined that a post-
'_distillation sdlvent_pufification step is not as effective

as a pre-distillation one. Accordingly, . our method



COMMERCIAL GRADE OF
PROPYLENE CARBONATE
(0.1 to 1% water,

2.0% propylene glycol) .

PRE-DISTILLATION TREATMENTS:

1. MOLECULAR SIEVE AND ALUMINA
‘or PURIFIED CHARCOAL ‘

2.. HELIUM BUBBLING UNDER VACUUM

VACUUM DISTILLATION AT 2 mm Hg:
1. DISCARD THE FIRST 10% '
2. RETAIN THE NEXT 60%

(< 1 ppm water, -

< 5 ppm propylene glycol)

Figure 4-2. Flow diagram for the purification of prdpyleﬁe
carbonate.
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employs ‘purificatioh steps.'before distillation. Two
treatments have been foUnd satisfaétbry: ‘(1) continuously
passlng through-a column of”mélechlarISieQes and . alumina,
or (2) batch-wise mixing with purified charcoal. After
this'treatment, the solvent is trénsferred to"tﬁe boiler
- pot of the distillation column. Tﬁé bﬁbbling of pure
helium through the treated PC under 3 mm Hg vacuum removes

'the bulk of ' the ‘volatile vimpurities.'The remainder is
eliminated by discarding the first lO% of the distillatel
Ohly the ﬁiddle 60% ié collected for use. Thetpurified PC,
énalyzéd by gas chfbmatography, has less than 1 bpm of
water ‘and ‘less .than 5 ppm of propylene glycol. Other

impurities have not been detected.

This procedure er purifying propylene carbonate
avoids any | inorganic and organic contaminant ;from.
materials used in é pbst-distillétion‘treatment. Because
di§tillation‘is.the_final.step,'the quality reduiremént of
the absorbants used befqre distillation is less demahding;
Also,-'thé scale-up of this procedufe shouldn't involve

major difficulties.

4.2. Salt and Electrolyte.Preparation
The potassium salt wused in the present study is
selected for its suitability in scaled-up operation.

Important criteria are solubility, cost and abundance.
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Solubilities of selected potassium salts reported in the
literature are 1listed .in Table 4-1. Although PC is
capable of iohizing various inorganic salts, it does not
dissolve potassium halides readily. From the solubility
consideration, the choice is then. limited to either KPF6
or KC1+A1C13. The availability and cost of KPF6 make it
unattractive. We ~use KCl. as the source of potassium
because it is cheap, abundant and available at high puhity
($40 per ton, 99.9%'purec6). Due to the low solubility of
KCl, aluminum chloride is used to increase the potassium
concentration and- - the électrolyte conductance by forming
complexes witﬁ KCl. But. the wuse of‘aluminum chloride also

creates a  problem.. Because. AlCi3 is such a good

uomplexing agent, the .dissolution process 1is highly

Table 4-1

Solubilities of Potassium Salts in Propylene Carbonate

at 25°%

Salt Concentration Reference
KC1 0.000352 m C3
KBr " 0.006m H1
KI 0.23 M W1
KI 0.223 m H1
KBFM- 0.012 m H1
KPF6 1.2 M _ E1
KC1+AlC1 >1

3 fO M - d3
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exothermic. Tﬂé heat of solution is so large that it can
‘_vdécompose the solvent 'easilyvvto undesirable_broducts.
Wiﬁhéut a Simplevprocedure for solution 'preparation,vvthej
use of KCl as the 'source of potassium would not bé_
practicalf |

Several procedures wefe repobted for the prepération
':  Qf AiCl3/PC. solution.  All are tédioﬁs and have to be
carried'out Qith extreme care! Keller et al.K2 prepared
‘ the AlCl3/PC_e1ectrolyte in this mannér: they cooléd_AlCl3q
in a vblumetric. f1ask “to liquid nitrogén 'temperature,'

added the solvent and .allowed the mixture to thaw with 

repeated paftial, refreezing. .Joi‘neJ3 repokted the "
-‘pféparatidh of AlCl3/PC solutions inside a‘glove box with:
‘argon atmosphere. The solutions were cooled with a

-chloroform-—cafbon tetrachloride-—dfy iqe bath mixture.
Finely powdered AlCl3 had to be added carefully to avoid
local heating. and darkening of the soluﬁioh. Chaconcg
devised ﬁhe most sophisticated-pfoceduré to. prepare the -
AiCl3 eiecfrolyte, Besides adding AlCi3 slowly to a well
cooled solvent with potassigm chloride, the.-solution was
further. purified by passing  it' through an absorptiénb
column of-alumina. Howevef, none of the procedures could
| easily be-simplified'to prepare large quantity of A1C13/PC

solution in a straight-forward manner.
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The key to simplifying electrolyte preparation is to
avoid the large heat of solution of aluminum chloride and
hence the thermal decomposition of PC.- The problem 1is
solved by synthesizing‘ the double salt--potassium
-tetraChloroaluminate, KAlClu. ‘The rationale for its use
K2

is as follows. According to Keller et al. —, the reaction

upon dissolving AlCl3 in PC proceeds as follows:

4 Al1C1 + 6 PC > Al(PC)2+ + 3’AlClE . (4-1)

3
Addition of KC1 results in the formation of the AlCla ion,

and the potassium ion:

4 KCl + Al(PC)g+ -> 4 K¥ 4+ AlC1T + 6 PC. (4-2)

y

Each K ion is expected to be solvated in average by 2.4
molecule of PC.G2 The complete reaction is:

KC1 + AlClL, -> K* o+ AlC1y . (4-3)

Because the dominant species in the KC1 + A1C13 solution

+
are K

and - AlClZ, it is. logical then to believe the
dissolution of KAlClu would avoid the exothermic reaction

(4-1) and would create the same ionic species.

The KAlClu 'salt dissolves readily in PC; the
saturation concentration was determined to be
approximately 2 M at room temperature. Its heat of

solution is much smallér than that of AlCl3 though it is
still exothermic. Dissolving KAlClu in PC does not cause

any darkening or decomposition of the solution. Using the
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'double salt provides us two additional advantages besides
simplifying electrolyte preparation steps. First, no
purification of KCl and AlCl3 is needed. Even - though

AlC1 is very hygroscopic, the moisture remaining in

3
KAlClu does not réquire removal. In fact, the solutioh_
prepared from KAlClu and purified PC contains less than 1
ppm of . water (see next section). Second, traces of
inorganic impurities present in KCl1l and AlCl3; such as
‘FeC13 in A1C13, are also removed during the synthesis of
the double salt. This 1is bécause a side - reaction
occurring at about 500°C concentrates thé impurities in a
‘dense_-black precipitate in the molten double salt. Our
analyses showed that the black materiai contained carbon;
the 1iron and silicon content are at least one order of

magnitude higher in the black precipitate than those of

the double salt.

In summary, a straightaforward procedure to ©prepare
pure electrolyte has been 'developed. This involves

addition of KAlClu ihsteéd of Al_Cl3 and KC1l in sequence.

4.3, Water Determination

- In the électfodeposition of potéssium in  PC
solutions, the  most 'damaging impurity is water, even at
the ppm 1level. Water initiates and catalyzes the
decomposition chain reaction of PC ahd also reacts with

potassium metal directly. Theréforé, the amount of water
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present in PC has to be known and carefully controlled.

Cyclic ‘voltammetry - was employed - to determine
quahtitatively'the_amount_of water in PC electrolytes. By
using awvibrating platinum eleetrode ahd by 1limiting the
rénge of potential scan from 0.03 volt to 1;1 volt, Qe
relate the change of cYclic'voltmammograms to the presence
of water  in KPF, solution. By avoiding potassium
deposition, the electrode can be used repeatedly without
removal from the electrolyte. This eliminates.‘the»
possibility of contamination by additionel impurities
adsorbed on the electrode surface. This procedure is in
contrast with that emplbyed by Jansta et al's -workD3 whefe
each petential—currehf 'curve .was obtained on a new Pt
electrode by a single 1linear potential sweep. to the

potential beyond that of potassium deposition.

We have extended the use of cyclic voltammetry to the
determination of . water 1in bKAlClu ~solutions. The Pt
electrode is not satisfactory in detecting the‘presenee of
water. A stainless steel electrode was. found to be more
sehsitive, probably because an anodic reaction involving
water occurs..on the stainless steel eleetrode-and.not on.
the Pt electrode. The magﬁitude”of the peak current could

be used to correlate‘the.amounﬁ‘of»water in solution.

A

4.3.1. KPF, solution
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Typical changes of the voltammograms of a vibrating
Pt electrode in 'KPF6 solution when’1‘ppm of wéter was
added are shown in Figure,4-3. The eleptrolyte' was pre-
electfolyzed with a potassium anode and a platinum screen
‘cylinder as cathode for two daysv before the éxperiment.
Curve 1 was recorded immediately before the addition of 1
‘ppm of water; curve 2 represents the tenth cycle after the
addition. The iﬁportant feature of the voltémmogfam is
thenappearance of an incompletely developed peak at 0.3
volt. A reaction with water in the potential range from
0.25 volt to 0.5 wvolt in PC = was reported
previously.EZ’GLD3 The difference between the background
current and the current at the shoulder (0.3 volt) is  60
microamperes. If there is a linear relationship between
the water concentration and the peék current, we would
detect watef at a level at least one order of magnitude
‘lower than 1 ppm. Thié'means that less than 0.1 ppm of
Water is présent vin the system before the addition of 1

ppm water.

The effect of continuously cycling of the potential
is shown by curve 3 in Figuré ug3. The curve, taken at 75
minutes (350 cycles) after water was added, approaches the
same shape as before the addition. A new addition of 1'ppm
of water results in a voltammogram similar to ~curve 2.

Thus, cycling of thé_ potential removes water from the
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Figure 4-3.

XBL 7812-6244

Effect of adding 1 ppm of water; indicating electrode:

Pt wire, 1.3 mm diameter, 1.14 cmz; 0.5 M KPF6/PC,-
stirred; sweep rate: 260 mV/sec; curve 1l was taken before
the addition; curve 2 was the 10th cycle after the
addition; curve 3 was after 75 minutes of cycling (350
cycles) following the addition, cell #1, reference

electrode: K/K'.
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: électrolyte without éhanging the electrochemical behavior
of the system. Fully ‘developed cycliec voltammograms
(those With'largest current peaks) at three different

"potential sweep rates are compared in Figure by,

The deveidpment éf cdrrent peaks from'the addition of
only 0.33 ppm water to the éame electrolyte is depicted in
Figure 4-5(a). .The background current was recorded after
the working 'eiectrode had been kept at 0.25 volt for U8
hours, foliowed by cycling the potential for approxihately
T hour “until  the voltammograms show no further'change.
There is no pronounced peak in the background. Current
_peaks created by the addition of water become more
‘pronounced with each addiﬁional cycle. The anodic and
cathodic peaks appear to be mutually influencing each

other even though they are 2.5 volt apart.

The influence of the range of the potential scan on
the voltammograms 1is shown in Figuré 4-5(b).  In another
experiment, after the maximum peak height is reached, .the
uppernbound of the potential scan is lowefed. Immediately
the height of the cathodic peak decreases. Within eight
cycles, the curve. shows no sign of any electroactive
impurity.

No conclusion concerning lthis. behavior 1is offered

although the reactions of potaésiUm propylene glycolate on
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Influence of the potential sweep rate on cyclic voltammograms
(the 10th cycle after adding 1 ppm of water to the system
described in figure 4-3): curve 1, 65 mV/sec; curve 2,

" 130 mV/sec; curve 3, 260 mV/sec, reference electrode: K/K
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E, volt o
- XBLT71-7249

Figure 4-5. Cyclic voltammograms with the addition of 0.33 ppm of
water; same system as in figure 4-3; sweep rate:
260 mV/sec; The curve (-*-*-) is the steady state
voltammogram after the addition.
(a) Developments of the peaks, curve B is taken before
the addition, curves 1 to 12 are the first twelve
. . cycles after the addition.
“(b) Influence of the potential range on the cyclic
' voltammograms, curve 1 is the first cycle after
decreasing the upperbound of the potential range
and curve 8 is the eighth cycle.
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amalgam elec'cr‘odesD1 and the oxidation of hydrogenG1 on
platinum in EtNCiOu s&stems was Eepofted.to occﬁr-at about
3 volts, The amount of charge ' passed 1in the cathodic
regidn (Figufe L_-5) is much smaller than that required for
the reduction of 0.33 ppm water. The active sites on the
electrode vsurface mayv be blocked, but the electrode

" resumes its activity with each addition of water (up to 20

ppm were added in this series of experiments).

The method of determinating water quéntitaﬁively
involves relating the - magnitude of the cathodic guérent
peak at 0.5 volt (Figure 4-6)  to the amountllof water
édded. In order to avoid possible interferenée from.
anodic -reactions, the upper bouﬁd of the potential range
was 1imiﬁed to 1.1 volt. Over 'é period. of - 2 aays at
selected intérvals, watervwas added only after the effect
of the previous addition compleﬁely disappeared. A current
extremum wés always_observediafter each addition of water,
from 0.3 to 3 ppm. The difference between that current
and 'the background current - at the same potential is a-
: lineaf function of the water added to tﬁe systeh '(Figure
4-7). The linear relationship is expected at this low
concentration and ‘is in agreemeﬁtv—with the finding of

Jansta et al.D3'g
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Figure 4-6;
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. - XBL 7812-6245
Cyclic voltammograms for quantitative determination of water; same system as in

figure 4-3; sweep rate: 200 mV/sec; curve 1, before the addition of water; curve 2,

after the addition of 1 ppm of water; curve 3, after the addition of 2.33 ppm of
water, reference electrode: K/K*.

99
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- Figure 4-7. Change of current density of the cathodic peak at
~ 0.48 volt (figure 4-6)as a function of the amount of

water added; sweep rate: 200 mV/sec; same system as in
figure 4-3.
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‘These results mean that no water is found to be
pfesent in the_pUrifiéd-electrolyte at concentration above
O.1lppm. Furthermore,»the system_consumes water in such a
way that no sign of its pfesence‘could be noticed by the
potential sweep method. Blockage of the electrode surface
probably .does not occur since the electrode 1s sensitive
to new additions of Wéter. Possibilities whi9h should be
further explored are (i) a siow chemical reaction between
PC or some other -organic component catalyzéd by the
presence of water and (ii) hydration of thé ions resulting
in water molecules bound in a way that would change their

chemical activity.

As mentioned earlief, intense agitation of the
working electrode dﬁring the experiment 1s necessary to
get a response on the cathodic side of the - eyelic
voltammograms to the addition of water. The response of a
stationary Pt electrode to the addition of watef in an
unstirred electrolyte is shown iﬁ Figure 4-8. An increase
in the current passed on the céthodic -side and a
pronounced peak on the anodic side results. However, no
characteristic peakbappears at -‘the potential ﬁeah that bf
potassium reduction. The dependénce of ﬁhe peak on the
sweep rate is similar to that presented in Figure 4-4. The

cycling of the ‘potential after the addition of water
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Influence of the sweep rate on cyclic voltammograms ‘
obtained before and after the addition of 1 ppm of water
in an unstirred solution; indicating electrode:
cylindrical Pt electrode, 0.85 cm?; 0.5 M KPFg/PC;

curves 1 to 5 are taken before the addition; curves 3a,
4a and 5a are after the addition; sweep rate: curve 1,

- 33 mV/sec; curve 2, 65 mV/sec; curves 3 & 3a, 130 mV/sec;

curves 4 & 4a, 260 mV/sec; curves 5 & 5a, 520 mV/sec;
cell #1, reference electrode: K/Kt.
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brings the curves down-to_their origihal shape, and - the

peaks are reproduced.

4.3.2. KAICl, solution

vaclic voltammograms were obtained on plétinum and
stainless steel electrodesvto provide a perspective on the
background | ébrrent. “Curves in° Figure 4-9 - are
vbltammograhs - taken on.é_frestht sdrface in 0.1 M KAlClu
solution with the.potential scaﬁned from 0.15 to 4.0 volt.
A rather high activity with several;distinct current peaks
’is shown _6n -£he first .scan- of 'potential. However,
continuous cycling of the pOtehtial_léads to a‘decreaSe in
‘the . current peaks on each subsequeht curve, which
eventually results in a reprodudible,voltammogram, one
that 1is smoother than the cycle recorded initially.
Similar- voltaﬁmograms were obtained on a fresh stainless
sﬁeel surface (Figure 4—10). -The Same results were

reproduced in’KPF6 solutions in' PC.

Althougﬁ.the background current behaves Similérly; ‘a
vibrating Pt électrdde iSllesS sénsitive'to the presence
of water in KALCl, = than in..‘KPF6 solution. The
characteristic cathodic peak at 0.5 volt is not detected.

The difficulty is similar to that of a stationary Pt

‘electrode in KPF6 solution. In contrast, a distinétivé
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Figure 4-9. Cyclie voltammograms on a fresh cylindrical platinum
' electrode, 0.85 cm®; 0.1 M KAIC1,/PC, unstirred; sweep
rate: 110 mV/sec;,curVes 1, 2, and 3 are the first three
cycles; curve 4 is the 6th cycle; cell #1, reference
electrode: K/K*. - :
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Figure 4-10. Cyclic voltammograms on a fresh cylindrical stainless
steel electrode, 1 cm2 0.1 M KAlClA/PC, unstirred;
sweep rate: 260 mV/sec, curves 1, 2 and 3 are the first
three cycles and curve 4 is the 24th cycle, cell {#1,

reference electrode: K/K+. -
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anodice cufkent peak due _to the presence of Vwater wasv
observed on a stainless steel vélectrbde.‘ Figdre 4-11
presents.the'cyciic voltammograms béfore.ﬁhe:addition of 1
pém of water (curve 1) and the seventh cycle after (curve
v2), gs;well as the recovery.of the system by continuously
éycling the,potential (curve 3). As the water is added, a.
" large anodic' current appears at 3.5 volt-with‘a.shape
similar to that of the dissolution of a metal with a
passive layer on 'its surface, and tﬁe cathddié activiﬁy
does not increase. This experiment'shOWS that less than 1
- ppm of water 1is present in KAlClu/PC solutions,,allevel

similar to that in KPF6/PC solutions.

Figures‘u—9 and 4-10 show that no component in the
KAlClu/PC system .shouid‘ react in the: séme‘ potential
region. 'The dissolution of some_of the constituents of‘
stainléss steel therefore must occur, For instance,

b2 have reported ~ that - the dissolution of

Dousek et él
nickel started at about 3.8 volt in KPF/ solution in PC.
Thé water in thé-systém merely fmodifiés the process of
dissolution.. A probable 'scheme "might involve the
hydrolySis of AlClg'giving HCl, which might act as a
breaking agent, destroying the protective layer.on the

stainless steel surface. Once the water is used up, a new

passive film (perhaps formed by PC decomposition)
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Figure 4-11. Effect of 1 ppm of water in unstirred 0.1 M KA1C1,/PC;
indicating electrode: cylindrical stainless steel
electrode, 1 cm4; sweep rate: 260 mV/sec; curve 1,
before the addition; curve 2, 7th cycle after the addition
and curve 3, 25th cycle; cell #1, reference electrode:

K/Kt.
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gradually protects the electrode from further dissolution.

In summary, less than 1 ppm.of water was shown to be
present in the electrolyte prepared by ouf technique. The
blodkage of the electrode surface by inert materials in‘PC
is confirmed. The breakage of the’passi?e layer on the
staihlesé steel surface is responsible for the anodic peak
at 2.8 volt. In KALCl, solutions, the stainless steel

electrode is more sensitive than the platinum electrode

~ for the detection water at the ppm level.



5. Stability of Potassium in Propylene Carbonate Electrolyte

Compatibility of PC with potassium 1is a erucial
question "which 'needs to be answered because solvent
stability is a necessary criterion for the success of any
practical electrochemical proéess. In the <case of
potassium deposition in PC _electrqute, any solvent
decqmpositioh reaction can decreése the current
efficienéy. Decomposition products can  inhibit . the
potassium reduction by either changing the state of the
électrode surface or by reactiﬁg_ with the potassium
deposits. The accumulation of thesé decomposition prodUcts

would also require costly reprocessing of the electrolyte.

Deépite extensive fesearch efforts on ‘the use of
propylene carbonate ip recent years, the free energy of
formation of PC has not been determined as yet.  As shown
by our analysis in Appendix I, PC and potassium are not
éxpected to be thermodynamically stable. Therefore, we
are interested in the kinétic behavior. Given a reactive
metal like potassium, a satisfaétofy kinetic stability
criterion bwould-be that the decombosition reaction should
proceed at a negligible rate when compared to that of
electroreduction - of potassium under practical operating

conditions.
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Oftén impurities or decomposition pfoducts form a
'film on the electrode surface. Such a surface layer would
hinder any reaction occurring on the surface. The system
would then appear to ‘have .ho stability problem.‘ For
. processes involving continuous renewal of the‘surface, as
in metal dissdiﬁtionv_and deposition, such a false
stabilit& assumptién would only lead to erroneous
conclusions. Thus, observing' né reaction ubon physical
contact is not sufficient for establishing stability. | In
| the pfesent study, cycli¢ voltammetry’ and

'chronopbtentiometry were employed to study the stability

of PC in contact with potassium.

5.1. Surface Layer

The existence of a passivating layer on potassium was
demonstrated by the response of a potassium electrode to
twd consecutive current pulses. Figure 5-1 depicts  the
duration of anodic current pulses (1 mA/cmz) and the
corresponding change of electrode potential. The
electrqde épproached steady state .in about six seconds
after the initiation of the.  first pulse, while this
occurred  after less than. one 'second during the sécond
pulse at the same current. After the anodic pulses, two
cathodic pulses . wére: applied5 Figure 5-2 shows the
. chronopotentiogram. . The electhode responded similarly,

but the change was less dramatic. The potassium surface
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appears to be activated by either an anodic or a Cathodic

current pdlse although the surface layer may not be the

only reason for these responses.

Even if the surface is‘paSSivated, potassium behaves
A-rather symmetrically in KAIClu electrolyte. - Cyclic
.voltammogréms in Figure 5-3 show the response of potassium
'_deposited: on a Pt electrode at 30°C at four different
sweep rates: 10, 20, 50 and 100 mV/sec. For sweep rates
higher than 10 mV/sec, there was no significant influence
of the sweep rate in the potential region ranging from
-0.38 volt to +0.38 volt. No side reaction occurred. The
anodic current reached 0.80 mA)cﬁz; this was slightly
smaller than thatv of the céthbdic»currentr -Only at 10
mV/sec did" the sur face péssivation influence the
voltammogram. Nevertheless, cyclic voltammograms of
potassium approach that of a chemically reversible

électrode.

The eléctrddepoSited potassium' remains shiny"whén
stored in the electrolyte over extended periods of time.
Cyclic voltémmOgrams taken aftér 22 monﬁhs of_ Storége
indicate that the de‘p'os'it‘ may be protected by a very thin
surface_film. The open-circuit potential measured ‘between
a fresh potassium reference electrode and the 22 months

old potassium deposit was 14 mV. Figure 5-4 depicts the
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cyelice voltammograms measured on this deposit atb four
diffefent sweep rates in this chronological order:_ZQ, 50,
100, and 200 mV/sec. Each curve represents the lfirst, two
sweeps; At 20 mV/sec; and then only in the cathodic
polarization'région, the electrode behaved like one with a
passivéted surface: when the Chénge of botentialh(absolute
value) withvtime,.dIE{/dt,gis positlve, the 8urface. is
first activated; as diEi/dt Dbecomes negative, highef
current passes through becausé of larger active area. At
sweep rates higher tﬁah 20 mV/sec, the depositvbehaved
symmetrically, rather similar to the one depicted ih
| Figure 5-3. It is 1likely thaf thé surface_was sufficiently
.activated by the initial 'Sweeps at 20 ﬁV/seé to give

symmetrical curves.atvhigher sweep rates.

In summary, the formation ofva thin surface film on
potassium deposits was detected by the response of the
potential to galvanostatic pulsing. That this surface film
lnhibits further chemical attack of potassium is evidenced
.‘by the simil'ar behavior of a freshly prepared deposit and
a deposit stored for more ‘than 22 moriths in the same
electrolyte. Since the presence'of a surface layer 1is a
necessar& ~but not sufficient condition for establishing
the incompatibility of PC .'with' botassium, surface

reactions have to be studied.
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5.2. Decomposition Reactions

Many impurities may lead to the passivation of a
‘reactive surface like potassium. To attémpt to assess
every possible reaction would be a futile exercise. The"-

‘most likely reactions expected to occur are as follows:

2K+ H,0 -> K,0 + Hj (5-1)

K + R-OH -> KOR + 1/2 H, (5-2)
K+ PC-> €Oy + C3H5OK + 172 H,. (5-3)
PC + 2K -> K,C0; + CgHg BERCA?

2
PC + 2e + 2 K* -> »K2c03 + CgHg

Slnce the major reactlve 1mpur1t1es in PC are water and

(5-5)

alcohols ‘reactions (5- 1) and (5-2) are. the most llkely to
occur. Even though we keep impuritiesvat the ppm level, we
cannot prevent these reactions' from proceeding 'and
ihfluencing the electrochemical behavior -~ of potassium.
For exémple, if one ppm of watér ih one ml of electrolyte
vwere to react with one cm2 potéssium electrode surface,

this would mean that the 1ayef of potassium reacted is
about 200 Angstroms thick.

Reactioné (5-3), (5-4) ahd (5-5) represent  the
electrochemical .and chemical reductidn of PC. Reaction
.(5_5) is notvlikely to proceed_ﬂappreciably because ‘the

cathodic current efficiency of  potassium depdsition is
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close to 100% (see section 6). To differentiate reactions
(5-35 .and (5-4), electrolysesbnnder 60 mm Hg vacuum were
carried out to detect the preaence of propylene and carbon
dioxide. Gas samples from anodic.and cathodic ehambers

were characterized by mass spectroscopic analyses..

Mass speétrOscopic analySis was chosen .as the
analytical method because"propylenei (b.p. -47.4°C) and
carbon dioxide (o,p. 578.5°C) are in gaseous phase at room
temperature. | However;a mass spectroscopy giVes only
relative'amounts of each component present. We are still.
interested 1in these qualitative.results because they can
provide an insight into the decomoosition reactions.
Before discussing the"resuits, it is instructive ‘to
eXamine the mass'speotra of oarbon'dioxide and propylene;
- Such spectra indicate the fragmentation of these compounds
and hence give a basis for comparison. Figure ©5-5 shows
no interference between mass peaks from fragmentation of
carbon dioxide and propylene. ‘Tne mass speetrum of’
propylene  shows that the”hydrogen atom breaks off easily
and the predominating épecies are C3H6, C3H5;' C3H4, vQ3H3
and C2H3. Thus the sum of mass peaks 27, 39, 40, 41 and
42 represent_the.najor part of . propylene. -The apectrum of
CO2 indicates that it breaks down only to CO and oxygen.
Peaks 28 and 44 have been assumed to originate from carbon

dioxide. Although we expect no reaction yielding CO, its
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presence cannot be distinguished from that of carbon

- dioxide fragmentation.

Table 5-1 shows the composition  of gas samples by
mass spectroScopic,analyses. The percentage expressed is
the"percentage of total ionization detected including all
the fragments of molecules. It ié not the mole percentage

of gas sample. Typically; the fraction of predominating

species is about 70%. Other small peaks in the»background
? | are usﬁally less than 1%. The héss spectrum of the gas
samplerin experiment #45 in the cathodic chambef“ was»>an
vexception. It was surprisihgly-élean, and more than 95%
was obse;ved. The gas samplés - from the 'alﬁminum

dissolution experiment also have similar decomposition

~Table 5-1

Mass Spectrum Analyses of Gaseous Samples

Reaction Carbon Dioxide Pfopylene (C3H6)
(Expt #) (#28+41) (#27+39+404+41+42)
Al dissolution (#18) 49.9% o 22.4%
" K dissolution (#43) | 62.9 - 3.0
K deposition (#45) ' 192.7 3.0

Cell #4
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products. The high percentage of propylene components in
experiment #18 proves that the presehce of propylene can

be detected.

‘These qualitative results clearly indicate thé
predominance of carbon _dioxide. in vgas ,samples. Thus
feactipn (5-3) is more 1ikely than (5-4) énd\ (5-5)  to
represent the main PC decomposition reaction.

Since reaction 5-3 is By no means the unique
décompoéition reéction; a more interestihquﬁestion is hdﬁ
fast the potassium passivation'o¢cufs.. Thé upper limit of
the rate has been estimated by paSsing.a small current ahd
meaéuring the potential on stainleés Steel, valuminum and
blatinum electrodes. ~The chronOpotentiogram, of a
stainless steel electrode with a current density of 20
microamp/cm2 is shoWn in Figure 5-6. The open circuit
potentiél was 3.05 volt. Wheh thé current was switched on,
the  potential dropped rapidly to 2.5 volt and then
declined more gradually. The potential kept on decreasing
with time but stayed-above 2.2 volt for 28 hours. Then the
potential decreaéed rapidly; it took only two,hours (32th
to 34%" hour) to decline 'tg. -200 mV from 1.7 volt.

Chronopotentiograms of an'aluminum cathode with a current

2 are depicted in Figure 5-7.

-density of 5.5 microamp/ém
The duration of the pulse was long, about 9 minutes. The

initial value was 2.55 volt. For a charge of 4.3 x 1072
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coulomb, the potential (curve 1) declined to zefo,_but it
VfoSe rapidly to 2.4 vclt as soon as the current was off.
After‘rcmaining at. zero‘ curfent for seveﬁty minuﬁes,
another cathcdic current pulse was passed;vThe potential
(curVe 2) reached a negative Qalue much faster and yet, as -
the pUlSe cnded, it increased more 'slowly than the
potential in curve-1{_ Chronopotentiograms of the Pt gauze
cylinder (40 cmz)'wérebmeasured with a Cathodic_currenﬁ of
0.1 mA (Figure 5-8)f Curve 1 represents this deveiopment
for an electrode with a relatively fresh surface (several
cyclic voltamﬁograms . and several potential. step
measurements .in_ the same solution were obtained on this
.surface prior to this parcicular sweep) . After making
several current pulses on this Pt electrcde with a net
cathodic charge of 0.6 coulomb, a. new Pt electrode was
used. Curve‘2 depicts'the“electrode-respcnse to thevsame
current in same electrolyte. Ovef the first half hour, the
decline of potential in the two eXberiments was quite
similar;.howéver5 from then on (bclcw 1.6 wvolts), the
potential reached zero ‘much more  fcpidly on the fresh
platinum surface. | -

These chrocopotenticgramé "on. ‘stainlccs ~ steel,
aluminum and platinum electrodes suggest the reaction of

potassium. deposit with impurities rather with thé solvent.
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The abrupt drop of the potentialv on .a stainless steel
electrode to a négative value after 32 hours indicates
that the potassium reduction depletes the impurities in
_the‘ electrolyte. This is also supported by the respdnse
of the aluminum electrode. In that experimént; the cell
contained 50 ml electrplyte._Thus'the charge passed in one
current pulse represents é concentration  change of ¢ vx

6

107"  equivalent/liter. All the potassium reduced in a

single éurrent bulsé can react with impufities present in
the solution. A water concentration of 9 x 10-6M is .
equivalent to O.16_ppm-by volume,'an amount likely_ to be
vpresent. -The éhronopotentiogréms of the Pt electrodes has
-~ similar impiication.llﬁ.thé initial period,bthe two curves
are closely. similar, suggesting the cathodic reaction
inv@lveé an oxide on the freshfPtvsurface. The differencé
between the,‘chrénopotenﬁiogramS' in the potential region
less than 1.6 volt implies: the reduction. of the
impurities. On é fresh Pt surface (2nd electréde}, once
the participation of the surface in the vreaction ceases,
the potaésium potential is reached much more rapidly'than

in the case of the first platinum electrode.

Although  these chronopotentiograms - show  that
impurities contribute to the formation of a surface layer,

they do not demonstrate that PC decomposition by potassium
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can be neglected. The contribution of each'reaction'to.the
- passivation of potassium is diffiéult - to estimate.
Whichever is the dominant reaction, the-botassium.corrodes

very slowly, at a_rate less than 20 microamp/cmg;

5.3. Conclusions

In the KAIClu/PC solutidn;' a thin surface iayer
exists dn _év,pdtassium elecﬁrode. _This'_layer doe$ not
‘.apbreciably_'distort the _symmetrigal eléctrochemical
behavior nor does it cause large cathodic or anodic
overpotenpials; Thus, the usé of potassium as a reference
electfode, is meaningful, ‘proyided-vhigh input impedance
instrumenté are uéed.‘ The surfacé 1ayer is most 1likely
formedv by the reaction of potassium with impurities.
present in the sol&ent. Chronopoﬁentiograms obtaiﬁed onb
various. electrode substrates- show the deplétion of:
impurities as.potassium is deposifed. Althoﬁgh there_is:no
firm proof that theb solvent itself does.notvreact'with
pdﬁassium, all evidehce indicates that this attack, if it
ocecurs at all, proceeds at a negligible rate, below_thét

~corresponding to'ZO,microamperes/cma,

It is interesting to note that some of the results.
presented here do .not agree .With Eichingef‘s‘ recent
findings.EZ’ In his investigation of the cathodic

'decomposition of PC, Eichinger found,that'the solvent was

_ reduced electrochemically to propene at active electrodes
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with ‘large surfaceé, such as sintered nickel and copper-
: or:steel-felt. In Eichinger's expérimehts, the ~amount .of
electroactive species (impurities) did nbt décrease as
potassium was depositéd, Aithough the water content was
"estimated" to be less than 10 ppm, it is likely that:the_
actuél, conceﬁtration was higher. From the brief

description of his éxperimental procedures, we believe
that not only‘water but perhaps othér impurities as well
were present at appreciable concentrations. Based on our
experience, a membrahe (Dupont's: Nafion #U425) _@oes not
stop the passage of water from‘the aqueous. chamber té'the'

non-aqueous section. It is‘ doubtful that the diapﬁragm
Eichinger used (the type was not described) wasvadequaté
to prevent the movement of water 1in some of his 1long
experiments. In addition, he changed measuring electrodes
seQeral'times during a single run in open air. Although
- the degree of contamihation Qf the electrolyte by moisture
from the air 1is impossible-tb estimate, we believe that
this source of wéter,‘.togéther with the passage of
moisture through his membranes raises serous doubts about

the validity of his observations.



6. Current Efficiency

Knowledge of ‘the corfent efficiency; of :potassium
depositioh.:is, important, not only because . thé energy
efficiency of the process depends on'it, but also = because
alterna£e réactions would involve either the deoombosition
of the_'solVent or COntamination_vof theo deposit ‘with
' another"metal (when KAICIu électrolyﬁe is useo)‘ Three
methods were used Jjointly to determine the current
efficiency:.‘ (1 measurements of vthé change in the
potassium’content of the electrolytebupon passage of kﬁown
amounts of charge, (2) weighing the poﬁassium»deposit, and
(3) detection of .the possible presenc¢'of‘aluminum in . the

deposit by atomic absorption spectroscopy..

Based on thérmodynamic'conSideré£ions:élone,-aluminum
shoulo be reduced at. a potentialv more than one volt
positive than that of potassium. However, according to
all evidences, the aluminum reduction does not ocouf from
KA1Cl,  dissolved in PC.  The stébilifey of  the
chloroaluminate complex, AIC;E,ois most likely responsible
fof the absence of Al in the deposiﬁ._ The amount of ‘Al
was 'moasured- by atomic . absorption. spectroscopy. Aftef}
repeated washinngith the pure solvent, the potassium

deposit (either in powdery form or as a large globule) was

96
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‘dissolved in iso-prcpyl alecohol. After evaporating the
'alcohcl, an equeous solution was prepared for analysis
using a spectrophoﬁometer .(Pefkins-Elmer model 360)
according to the standard atomic absorption procedufe.eThe
aluminum ccntent was always less thane0.1% by weight, just
about corresponding to the 1limit of detection of this
method. It is likely that a slight inclusion of KALCL,
electrolyte would result in this level of aluminum. This
is also supported by >Chacon's workC2: no aluminum was

detected by . powder X-ray .diffraction and . emission

spectrosccpy.

Table 6-1
Current Efficiency of Potassium Deposition-

From the Change of K Concentration in Solution

HExperiment Change of [K] Charge Passed Efficiency

(cell #7) coulombs - coulombs col.2/co0l.3
#35 5049 ' 4980 101%
47 | 1240 | 1280 97
49 : 1119 | ' 1134 99

50 1090 1145 95
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Ohe'df the wmethods availablé for  determining the
cathddic current efficiency,Ais to measure the change ih
the potassiumjconcentration-of_the electrolyte. With -an
anodic reaction that does not_ihtfoduéefpotaSSium into the
system, the difference'of'potassium 'cohceptrationi"befOré;
and after the:eléctrolysisvshould directly correspond ﬁo
the pharge passed;'Table.6-1 shows the total charge'péssed
and the curreﬁt ‘efficiéncy for S¢vera1 experimehts that
involved aluminum dissoluﬁion'vas ﬁhe 'anodicv-reaction..
These data imply, within éxberimental'errOr, 100%vcurrent

efficiency. This’is in agreemeht with Jansta et al.D2

In one'vrun, “the 'potassium ion- CQnéentration' was
deplétéd to such a léw level that the-curfeﬁt set'became
larger than.thevlimiﬁing qurent, FiQUré’6~1 depicts thé
corresponding rise of cathodic pdtéhtialQ Still, ‘the
‘current effidiency of‘thisvexbefiment was 99%; bThis‘aiong
' with the abrupt potentialléhange indiéates that no side
feédtioﬁ occurred in the 'potéhtial region ranging from |
that of potassium reduction to 2 volts more negative.

. Two procedures héve been used for tﬁe 'determination
of the amoUht. of pétassium depositéd. Oné‘ involved
diréétly weighihg-the deposit;' 'The--other»'required the
transfer of the'deposit'intofan aqﬁeous Solution where tﬁe

potassium was determined gravimetrically.
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Figure 6-1. Change of cathodic potential due to the depletion
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Table 6-2
'Change of the Weight of Potassium Deposit.with Time

Expected Weight: 0.519 gram; cell #8.

_ | Weight,‘gram'
"a. After washing twice with PC 1.077

b. After pumping vacuum for

20 minutes ' 0.564
50 minutes 0.514
5 hours o 0.539

The weighing methodi reduires a cempact,vdepqsit.
Loose potassium particles which float around in the
electrolyte decreaSe the aﬁount, of debositv cellected;
while the absorption of PC'electrolyte by spongy deposite_
ahd the QXidation of potaesium (by impurities present in‘
the dry box) increase the weight. These error sources
cause the -weighing method to be unreliable. Nevertheless,
the .results-obteined give a practical perspective. :Table
6-2 illustrates tWo difficulties in weighing the deposit.
Fifét,‘ the entraihment of the solvent by the deposit

increased the weight substantiaily. ~Second, even in a
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Table 6-3
Cﬁrrent Efficiency of Potassium Deposition
From the Weight of Deposit; cell #8.
Experiment Q passed, Weight of - Efficiency
| coulombs Potassium, gram %
#u7 1280 0.514 99
ug | 1134 0.494 107

vacuum atmosphere of 5 micron Hg, the potassium deposit
was oxidized and ité weight'ihcreQSed éfter arfew hours.
Table 6-3 shows the results of 'direcﬁly weighing the
deposit. The results deviate within the expectéd error

limits on either side of 100% efficiency.

In the gravimetric determination of potassium the
deposit 1is transferred into an équeous solution where the
potassium ions form a precipitate with the sodium
tetréphénylboron. | The émount of‘potaSSiuﬁ was computed
from the weight of precipitate. Table. 6-4 'showé the
results. | A curreﬁt efficiency higher ‘than 95% ‘wés
obtained in all these experiments._ Desbite the great care
exercised in the collection‘of potassium  from the cell,

some potassium particles were separated from the electrode
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Table 6-4 |

Current Efficiency of Potassiuum Deposition at 25°¢C

\ Gravimetric determination
Charge passed, Amount pf K, Efficiengy,
" coulombs milligram ~ %
31.68 - a2.7 99.1
28.19 . 10.9 95.5
106.2  40.9 95. 1

82.8 32.1 . 95.6

and were not included in the analysis.vThé deviation from
100% is contribpted to these 1éose,paftic1es. |

In Summary, the 'éﬁrrent._efficiency of potassium
deposition was‘ foundv to be Qéry cloSé to 100%, -as
 détermined by ﬁhree indepéndent;methods. .Begause of the
"relatively small quantitieél'of potassium on which these
measurements were performed,' the error 1limits can be
estimated 'only' very ﬁentétively:_v97.5 + 2.5%. No co-
deposition of aluminum vwaS detectablé -by- the 'atomiq

absorption method.
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7. Deposit Morphology

The morphology of a metal deposit strongly affects
the performance' of an_eiectrochemiéal system. In battery
appiications;_the growth of dendritic deposits often cause
the failure of the .cell by shott—circuiting the plates. In’
piating applications, an acceptable system wiil produce'
nothing v'but a smooth deposit. In the case of
electrorefining or electrOWinﬁing of 'potassium, the
deposit morphology affects the final yield. Because of the
high reactivity of potassium, any additional progeSsiﬁg
step will undoubtedly.result in'reduction of the yield. Itv
is then necessary to identify }the' iﬁpbrtant parameters
vthat would render the deposit easily remOVabie frdm the
electkode and be processed into a. desifsble form. The
influence of the temperature, the electroaé substrate, and
the surfactant on the deposit morphology was .investigated

and is discussed below.

The character of potassium deposited from KA1C1,/PC
strbngly depends on temperatdre. _ At-30°C,_the deposit
tends to be powdery._The greyish-blue deposit comes off
the electrode rather easily. Figure 7-1 shows the deposit
on a potassium cup electrode;  some of the'deposit-has

fallen off already. At 50°C, a spongy deposit composed of

103
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/PC on a
30 C, mﬁ/cm2

.5 M KAICl

cell #2 HK-27.

'XBB 793-4545
| cm

Figure 7-2. Potassium deposit from 0.5 M KAIC1, /PC on a -
: potassium cup electrode, 50°C, 2 mﬁ/cmz,
cell #2, HK-27.
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fine needles forms on the potassium cup electrode (figufe
7-2). The velectrolyte fills the pores. Ubon removal from -
soluﬁion, the déposit volume shrinks in size. This deposit
adherés more strongly to the electrode than the’powdery
deposit.. At temperature above thé. melting ‘poinﬁ - of
potassium, small shiny metallic liquid globules are formed

rather than a pool of molten potassium (figure 7-3).

The electrode substrate does not affect the nature of
the deposit significantly. At 70°C, the same type of
deposit, small 1liquid giobules, are formed on“ flét
substrates of Stainless steel; platinum, or potassium. To
further investigate the influence of.the substrateisurface'
on morphology, potassiuh was deposited at 70°C on a
stainless steel screen (0.5 x 0.5 mm grid size) welded to
a stainless steel wire at 70°C. Small globules filled up
the holes in the screen. Figures 7-4 and 7-5 show the
shiny deposit.at.differéntvmagnifications. This particular
deposit remained shiny and metallic after storage in PC
for over 22 months. At 50°C, again. no difference in
deposit morphology ~was obéerved on different subétrates;
fine needles are forméd_ onv.potéssium (figure 7-2),
stainless steel (figure 7-6) or platinum (figure 7-7).
However, the growth on Pt and étainless steel proceeds in

random directions in contrast to the hemispherical'deposit
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XBB 757-5749
Figure 7-3. Potassium deposit from 1.0 m KAlCl4/PC on a platinum
electrode with soft glass coated edges, 70-85°C,
0.3 mA/cm2, 10X.
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:figuié 7*4;

5Figq;e;7f§, Same potassium dep031t as in figure 7_4 with higher -

- magnlficatlon.

XBB 793- 4546
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Potassium deposit from 0.5 M KA1Cl,/PC on a stainless
steel electrode; electroly51s at a constant potenti;
-200 mV relative to potassium in same solution,
cell #5, HR-20. D

| cm

- |
ol

Figure 7-7. Potassium deposit from 0.5 M KA1Cl,/PC on a glatinum
= electrode, 50°C, 2 mA, surface area: 1. 68 cm
cell #2, HK-27.
XBB 793-4547
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formed on the potassium substrate." It is not clear what
are the reasons for the confinement of the deposit growth

on a potassium substrate.

Orgénic additives are often employed. for ‘producing_ :
desirable deposit . strﬁcture. For the processes of
eléctrowinning or electrorefining of potassium, the small
‘liquid globules and ﬁeedle—iike deposits are not desirable
because no simple efficient method can be envisioned for
"removing the metal ffoh the cell, and for separating it
from the electrolyte. If potassium could be deposited to
form a pool of mélten metal, the liquid could be collected
continuousiy in a straight-for&ard manner. Another
acceptable type of deposit would be a compact solid in

planar or cylindricalrform.'

The additive selected for the present study becadse
of 1its stability 1is a cationiC'fluorbsurfactant (Dupont.
Zonyl FSCﬁ. The influence  of Zonyl surfactant was
investigated with either aluminum or potassium as anode
(cells #7 and #8). Most of these eiectrolyses were run  in
the same manner as the kinetic experiments deécribed in
section 8. The current was first increased from about 0.1

to 1.0 mA/cmg, then kept constant at 1 mA/cm2

for 1 or 2
days. After the second current scan, the deposit was

removed - for photographic analysis. To check whether the
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"XBB 792-1609

Figure 7-8. Potassium globules from 0.5 M KAlCl, /PC, 70°C,
o 1 mA/cm2, 1.0 gram/liter Zonyl FSC surfactant,
- eell 78, HK-62,
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current scans affect the deposit -morphology, several
experiments  were performed at ~constant current density
without the current scans. Deposits resembling those with

the current scans were obtained.

With potassium anodes, 1arger'giobules were.formed in
the. bresence .of Zonyl sUrfactént,»bgt similar deposits
were obtained for various  surfactant concentfations of
-0.167, 0.33, and 1.0 gm/liter. Perhaps ‘the Zonyl
concentration‘range that exerts. the greatest effect on
deposit morphology lies outside of the values
investigated. 1In one experiment, potassium spheres up to
6 mm. in diameter were formed-(figure 7-8). The site where
one sphére came off is shown in figure 7-9. The background
at a higher magnification shows a range of small sizes of

potassium globules (figure 7-10).

With aluminum anodes at 50°C, the Zonyl surfactant
did not affect the deposit morphology in concentrations
ranging from 0.0 to ©0.33 gram/liter. Because PC is

AT the

involved 1in the anodic‘ dissblution of aluminum,
surfactant may have been rendered inefféctive by prbducts
of side reactions. Figure 7-11 shows fhé typical compact
deposit of fine needles on the surface; a sectibn was cut

away to reveal the compact texture of the solid potassium

underneath the needles. Shiny metallic potassium spheres

Y
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5 mm :

r =

Figure 7-9. Potassium deposit from 0.5 M KAlCl,/PC, 70°C,
1 mA/em?, 1.0 gram/liter Zonyl FSC surfactant,
cell #8; the dented area near the teflon cap is the
site where one large potassium globule came off.

Figure 7-10. Same potassium deposit as in figure 7-9 with a
higher magnification.

XBB 793-4549
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were formed when this deposit was heated to 70%¢C after

being pumped at 25°C to 10 miorOn'Hg vacuum (figure 7-12).

The present study_onbthe morphology of the potassium
deoosits is by no means  complete. In .spite of  the
qualitative nature, several conclusions_ can Dbe dréwn.
~Temperature affects the deposit morphology significantly,
whereas the electrode substrate has negligible influence
on the deposit structure. The Zonyl FSC surfactant also
affects the shape of potassium deposit although there was
no Significant difference between deposits formed at
concentrations of 0.167 to 1.0 gram/liter. The‘ best
deposit, in form of large globules, is obtained at 70°C in
thé presenoe of the cationic fluorosurfactant. Throughout
this - investigation, the  effect vof .current density on
depos;t morphology "has not been obseérved Qithin_ the
current range  studied; hence, no systematic study was

performed.

Toese results also raise a nomber of questions:

(1) Why does potassium come out as powder at 25°%¢.
and as needles at 50°C? ‘

(2)  Why do the 1liquid potéssium globules formed at
'7COC not coaiesce?

(3) How does the Zonyl surfactant assist in the

formation of large potassium globules?
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Figure 7-11. Potassium dep081t from 0.5 M KA1Cl,/PC on alumi:um
0.4 mA/em2, 55°C, 0.064 gram/liter Zonyl FSC «
surfactant, cell #7, HK-35,

| cm

4
| o o

s

Figure 7-12. Same potassium deposit as in figure 7-11, heated to

7050,
XBB 793-4548
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'These questions all address to the fundamental issues of
electrocrystallization yet to be settled. An attempt to
provide answers to these questions was considered to be

beyond the scope of this study.



8. Overpotential Measurement

Befote making ahy serious attempt _tbb evaiuate a
process, thermodynamic and kinetic  information is
required. The‘influence of the,operating parameters 6n thé'
‘kinetic . behévior has. to be known-befofe optimization of
the system can be undertaken.

Equilibrium potentials of = the aikali metals in-
A1C13/PC solutions, as Qelivas electrolyte conductivities.
" have been measured by Jorne -et al.(see section
2.2.1),J5-J7 They aiso'explored the kinetic behavior, but
by using micropolarization 'meas’ur"ements.JLl Thus, it 1is
considered nécessary tb evaluate thé kinetic_paraméters iﬁ

a range of practical current densities.

Beforé'diSGUSsing'ﬁhe results,'.it  is necessary to
digress about ﬁhe basic kinétic felationships émployed‘in
this section( For a single . électron transfer reaction,
suchv as the dissolutibn and deposition of alkali_metals;
‘the dependence of the current‘*dehsity on the surféce

overpotential 1is  often appfoximatéd by the Butler-Volmer

‘equation:

i = io[exp(aanFEs/RT) -.exp(-aanEs/RT)] (8-1)

where a_: anodic transfer coefficient

116
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a,: cathodic transfér coefficient
Es: sur face ovérpotential, mV
F: Faraday's constant |
i: current density, mA/cm2
i : apparent exchange current density, mA/cm2
R: universal gas constant
T: temperature
Note that the values of i .aﬁd ES are negative for a

~cathodic reaction. At low surface overpotential, equation

8-1 can be well approximated by a linear expression:

i = 1O(aa+ac)nFEs/RT. (8-2)
Another method of plotting equation 8-1 deserves

éttention:
i = io[exp(faanES/RT)][exp(aa+ac)nFEs/RT =11, (8-3)

For a +a =1, 1ln[i/(-1+exp(nFE /RT))l=zln i -a nFE /RT.(8-4)
a c¢ s o ¢ s

The plot of the left side of equation 8-4 versus Eg yields

a straight 1line, the slope gives the value a, and the

intercept gives the value of éppafent exchange current

density io. The kinetic parameters to be determined from

experimental data are i_ and a .

Kuta and Yeager have recently reviewed the various

K3 We

techniques available for overpotential measurements.
will consider here the advantages and drawbacks of

transient and steady.  state methbds. For measuring the
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" surface bverpbtehtiél Qf potassium 'deosition in  PC
 'e1é6tro1yte, the transieﬁt techni@ue wés foﬁhd-to be less
satisfactory than the steady vstate method.v Of the two
»modés} of electrolysis for bsteady state meésﬁrementé,
.constant potential or ponStant 0ufrent; the galvanostatic

mode was preferred.

"The transieﬁt technique considefed-invol?es applying
a current pulsé and measuring the ovérpotential-free of
ohmic drop. The steady state~méthod involves recording_the
electrode poténtial'after'applying,é constant'éurrent; The
overpotential 1s obtained when .the_ ~ohmic 1ossb. is
subtracted from the measured poténtiai. Each method has

its own'advantages. The current-pulse technidue=i$ useful

for deposition and dissolution studies. The small charge

"passed alters the micro-spructure " of the  surface only
slightly. ‘With: a uhiform current'distributioh,‘the ohmic
potentiai drop cén also be estimated.»'On the'other’ hand,
the steady state method, which resemblés the actual
.operétion,v can ‘reveal_ other )facetS: of the . electrode

process.

For the study of potassium deposition, the current

pulSe method was. found unsatisfactory.’ Eigure 8-1

illustrates the problem: the potential drifts with time.

Curves 1-11 were measured in chronological order on a Pt

rotating disk'electrode.with_th‘evhth step 'succeeding the
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'CURRENT DENSITY

5 mA/cm?
400} | 0.2 -1
= 2 04 |
é- 3 0.6
4 1.0
=500 5 2.0 -
6 4.0
(7 6.0 see text)
8 10.0
9 6.0
10 40
i 2.0
1 1 - | | | 1
o 2 4 6
TIME, minutes (—1-6)
| - XBL792-5812
Figure 8-1. Change of the potential of a Pt RDE at comnstant current

densities; 25°C, 0.5 M KALC1,/PC, 1000 rpm, cell #63
Time scale: curves 1-6, bottom, curves 8-11, top; HK-24,

reference electrode; K/Kt.
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(n-1)th, that is, the time at the end of (n-1)th step is

the same as the time zero of the nth

"step. Curve 7eis not
shown because its_duration was.1.79 hours end anether time
scale would have been required. Its shape is similaf.to
curve 6. The potential declines monotOnicaliy from ‘an‘
inifial value of'376‘mV relati?evto.a pptaSSium reference
electrode to a final vaiue_ of 189 mV. Curves 1-6
represeht' the potentiél responees to ‘increasing current.
steps, whereas curves 8-11 involve decfeasing' applied
currents.v Note the large differences ef poﬁentialfbetween
curves at the same current.density. For éxample;-curves 6
and 10 (4 mA/cmZ) diffeb by more than 200 mV. |

The change of the cathodic - potential during‘
vdeposition mey' be due to the combined inflgences of two
reactions on the surface: (1) surface aetiVatioh by
'potassium deposition}. and (2) surface dejactivation by a

slow passivation reaction. When the current of the (ns1) 0

th curve, the change of

curve was increased from that of n
" potential with time (diE}/dt)IWae negative, Thee potential
decreased ,because of larger active aree created by the
ﬁighef'rate of botassium deposition. When'the current of
(ﬁ+1)th curve was lower than that of nth curve, d!E}/dt >
0. The potential increased because the ‘passivation'“

reaction reduced " the active area as.a smaller current is
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passed.

This inhefent characteristic of potassium deposition
in PC- electrolyte makes thev transient technique for
measuring overpotential unsuitable. If one is not awafe of
the prdblem,,miSIeading results can be obtained from such

a technique.

To iilustrate how theSe surface activating and de-
activiating reactions affect the overpotential data,
,cathodic current pulses were applied to a potassium
electrode and the potential was measured. In this
expériment, the current density was set 1in either an
increasing order or in a decreasing order: 0.21, 0.42,
0.83, 1.67, 2.5, 3.33, 4.17, 8.33, 16.67, 25.0, and 33.3
mA/cm2. First, pulses of 5 msec duration were applied.
With current densities starting at 0.21 mA/cm2 the
botential reached a steady value in less than 0.5 msec. Up
to 33.3 mA/cm2, there was no change once the steady state
was obtained. As shown in Figure 8-2, only at 41.7 mA/cm2
did the potential decrease. A longer pulse (72 msec) was
immediately applied and the decline became distinctive
(Figure 8-3). 1If one were to measure overpotential data
by wusing short (5. msec) - current pulses in order to
preserve the character of the. electrode, the resulting
overpotential would Dbe sUbstantially higher than the

steady state value. Next 72. msec current pulses were
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Figure 8-2. Potential response of a pota331um electrode to a 5 msec 4
current pulse (-41.7 mA/cm ); Vertical scale: 0.2 volt/div.,
Horizontal scale: 1 msec/div., 50°C, 0.5 M KA1Cl1,/PC, cell #3;
reference electrode: K/K',

l

ZeY O | e—— [ra——

Figure 8-3. Potential response of a potassium electrode to a 72 msec ;
current pulse (-41.7 mA/cm ); Vertical scale: 0.2 volt/div.,
Horizontal scale: 10 msec/div.; 50%C, 0.5 M KAlCl4/PC
cell #3; reference electrode: K/KT.

zZero rcm———

XBB 793-4114
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applied with current densities decreasing from 33.3 mA/cm2

to 8.33 mA/cm2 in the sequence described above. The

decline was clear but the change was gradual. At 4.17

'mA/cmz, the potential chénge was not noticable. Figures

8-4 and 8-5 contrast the changes of potential at 8.33
mA/cm2 and at 4.17 mA/cm2. A series of cathodic pulses was

then passed with current densities first decreasing from

2 to 0.21 mA/cm2 and then increasing Dback 'to

4.17 mA/cmz. The potential of these pulses appeared to

4,17 mA/cm

reach the steady state; no decline wés observed. However,
the electrode was activated by this series of current
pulses. The steady state potential'at 4.17 mA/cm2 was 20.
mV  higher in the beginning (Figure 8-5) than in the end
b(Figure 8-6) of thé series. At current densities 8.33
mA/cm2 and higher, the potential drop described earliér
was reproduced; Figurev8—7 shows those at 16.67, 25, 33.3

and 41.7 mA/cmZ.

Similar behavior was observed in ionger current
.pulses (0.59 Sec). The potential declined at current
densities that prévious shorfer pulses géVe steady state
responses.v-The comparision of Figure 8-5 or 8-6 to Figure
8-8 illustrates the point clearly. Figures 8~8 and 8-9
depict the change of potential at current densities 4.17,

3.3, 2.5 and 1.67 mA/cmz.
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Figure 8.4. Potential response of a potassium electrode to a 72 msec
current pulse (-8.33 mA/cmz); Vertical scale: 0.1 volt/div.;
Horizontal scale: 10 msec/div.; 50°C, 0.5 M KA1C1,/PC, cell #3;
reference electrode: K/K'.

H

vACh ol o o

Figure 8.5. Potential response of a potassium electrode to a 72 msec
‘ current pulse (-4.17 mA/cm2); Vertical scalé: 0.1 volt/div.;
Horizontal scale: 10 msec/div.; 50°C, 0.5 M KA1Cl,/PC,
lcell #3; reference electrode: K/K'.

ZEY (O i

XBB 793-4113
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Figure 8-6. Potential response of a potassium electrode to a 72 msec
current pulse (=4.17 mA/cmZ); Vertical scale: 0.1 volt/div.;
Horizontal scale: 10 msec/div. 503¢) 0.5 M KAlCl,/PC,
cell #3; reference electrode: K/KT.

ZeYO i

Figure 8-7. Potential response of a potassium electrode to 72 msec
current pulses (from the top: -16,67, =-25.0, -33.,3, and
~41.7 mA/cmz); Vertical scale: 0.2 volt/div.; Horizontal

scale: 10 msec/div.; 50°C, 0.5 M KAlCl4/PC, cell #3;
reference electrode: K/Kt.

Zero p——

mA/cm2

| ——  -16.67
i <——  -25.0
— -33.3
et -41.7

XBB 79374115
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Figure 8-8. Potential response of a potassium elec&rode to a
0.59 second current pulse (-4.17 mA/cm”); Vertical
scale: 0.1 volt/div.; Horizontal scale: 0.1 msec/div.;
l 5ORCy 0L54M KA1C14/PC, cell #3; reference electrode.

zero >

Figure 8-9. Potential response of a potassium electrode to 0.59 second
current pulses (from the top: -1.67, -2.5, and -3.33 mA/cm2);
Vertical scale: 0.1 volt/div.; Horizontal scale: 0.1 sec/div.:

¢ 50804005 M KALCl,/PC, cell #3; reference electrode:kK/K+.

zero $ : O B AR st e S

mA/cm2
—'1..67 —_—
-2.50 —

-3.33 —_—

XBB 793-4116
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These obsérvations support .what .Figure 8-1
illuStratés: the Surface overpotentials aré affected by
‘the surface 'actiQating and de-activating reactions. A
potassium electrode bis.passivated to a certain extent if
no current is passed.v When a cathodic current is first
passed, the surface}is activated by thé_potassium deposit.
As more active aréa is created, the overpotential
decreases. As _expected, the rate of _potential change
dependsvon how fast the surface is activated, that is, on

the current density. At 41.7 mA/cmz, the decline is

obvious in 72 msec, whereas at 4.17 mA/cm2 it takes 0.59
second’ "pulse to .show the change. Clearly, using a
current-pulse method is not adequate. When .the examined
time period of a'particular current density lies in the
region where the change of potential is gradual, one would
believe that the "steady" overpotential was measured. The

data so obtained would differ significantly from the

actual steady state values.

The change of surface activity during electroiysis
renders - the iransient technique inadequate for
overpotential measureéement. There are two modes - available
for "performing the elegtrolysis .for measurement by the
,stéédy state method: at constant potential or at ~constant

current. We found that the galVanostatic mode was better.
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Onder.galvanostatic cohditioh (Figure 8-1), the change of
'ﬁotential is graduai,.‘whereas' under the potentiostatic
- mode, no stéady current is_obtained. Figure 8&10 depicts
the change of the curreAtVHWith time when polériiing a
fotatihg Pt disk electrode to -200 mV relaﬁiveA to the
,potaSsium reference electrode. The. continuous chaﬁge df>
current makes the poténtiostatié_ mefhod'unsuitabié for

overpotential measurements.

The stéady-staté, conétant-current technique,
however, does  ‘have some dfawbacks;,Because of the large
amount of charge passed, the phySicél "structure of the
sur face does ‘not remain the same. As the amount of
dépbsit.increases, the surface area.és well as the surface
actiVity changes. The cUrrent density ~based on the
geometric area of.the cathode becomes an 'apparent '(or
superficial) value, meaningfui _only. for purposes of
order-of-magnitude estimation.’Since'there is.no accurate
method - that cah continuouslylmeasurevthe sur face area in
the present system, it is doubtfulvthaﬁ the true éurrent
.density and therefore the-true exchangelcurrent density
cah be determined by this method. However, thése. apparent
éﬁrrent densities . can be used to réveal relative chahges
that-pertain_to tﬁé questions we_are intérested in-- how-
do. the 6perating parameters,. $u¢h as, temperature and

electrolyte concentration, affect the kinetic behavior?.
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Figure 8-10. The change of current density with time of a Pt
rotating disk electrode at a potential =200 mV
relative to a potassium reference electrode;
21°c, 0.5 M KAlCly/FC, 1415 rpm, cell #6.
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"Although the steady-state, constaht—cUrrent méthod is
better than other methods, we still have to deal with the
problem of the gradual change of the potehtial with _time..
when does the potential reach the steady state? The
‘definition we adopted is that the potential is steady when
it. changes -ét a rate 1ess’than 2 mV/minute. In order to
present a meaningful picture, we réport a range of the
céthodic overpotentiél for a given current density, ffom
the initial value, when the current is first set, to the
Steady value. = This method of presentation is especially
informative when potassium is deposited on a different
metal. The nucleation overpotential associated with the
reductidn of metal cation on a foreign'metal'differs from

that on a potassium substrate.

The cell we employed for overpotential measUfement
has a cylindrical symmetry (cell #8). The cathode was an
aluminumv'cylindér at the center, and jthe anode was
botassium metal on the wall of the flask. The current was

2  (hereafter referred

first increased from‘O;1 to 1 mA/cm
as initiaIYSCan). Then thé_current wés kept cdnstant at 1
mA/cm2,bu5ually fdr-1 day. The secqnd_scan'began'with the
current decreasing from 1 mA/cm2 dowd.to about 0.1 mA/cm2
and backdto 1 mA/cm2.uThe'0hmiclesses were measured by

using current interruption method.
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Figure 8-11 shosté typical set of data. In the
inital scan, the change  of -overpoﬁential .fof a given
current density was large. The nucleation overpoténtial
makes it .difficult to deduce the charge transfér
overpotential_from thése meaSurements.” For "example, an
Qverpotential' of 115 mV was obsefvedv at each current
density considered. Thus, the initial scan does not yield

any quantitative information.

Overpotentials from the second scan, however, did not

change much at a given current density. Potentials from

‘ the'decreasing—current part and the increasing-current

part of the second scan did not deviate much from éach
othér. Although the surface area is not known, comparative
studies‘ are now possible using data frond scan. We have
studied the effect of the electrélyte concentration,
temperature, the presence of cationic surféctant, énd*the
electrode substrate on the overpotenﬁial of pétassium
deposition. The - cathodic transfer coefficient and the
apparent exchange current density were deduced by fitting

the overpotentials to equation 8-4'(Appehdix I1). Table

‘8?1 lists the value obtained.

The dependence of ‘the overpotential on the
concentraton of the KAIClu'Salt’is complicated. Figure 8-
12 depicts the data obtained from 0.1, 0.5 and 1.0 M

solutions. The apparent exchange current density in 0.5 M
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Table 8-1

Kinetic Parameters of Potassium Deposition

a

Temp Zonyl KA1Cl i : i
,0C gm/1 Moo E ¢ mA/8m2
70 0.0 0.5 v 0.40 0.30
50 0.0 0.5  10.38  0.16
70 0.0 0.1 1 0.26 0.19
70 0.0 1.0 V0. 34 0.17
50 0.167 0.5 10.33 0.43
50 0.33 0.5 i 0.45  0.31
50 1.0 0.5 | 0.69 0.27

electrolyte 1is larger; hence, the overpotentials are -

higher in either 0.1t or 1.0 M electrolytes. It is
difficult to interpret this strange dependerice of the
apparent exchange Currentk density on the electrolyte
concentrations.

Overpotentials_ of the” potaésium deposition at

temperatures above and below the melting point of

potassium (63°C) are appreciably different. Figure 8-13

shows that the overpdtential at 70°C is lower than that at

50°C. The apparent exchange current density is higher _at

70°C than at 50°C because the -depoSitiOn on a liquid

electrode needs a smaller activation energy than on a

solid surface.

The influence of a surface-active agent on the
cathodic  potential has also been considered. The Dupont

Zonyl cationic fluorosurfactant (FSC) was  selected. The
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dependence of the overpotential = on the sur factant
concentration'vat 70°C is shown 1in: Figure 8-14. The

overpotential ~-is  higher in the presence of Zonyl

- surfactant. This is expected because the adsorption of -

the surfactant on the liquid electrode would increase the

resistance to the reduction of the potassium ion.

At 50°C,»the surfactant influences the reduction of

potassium in the opposite manner._It appears’td enhance
the potassium deposition' process; the overpotential 1is
lower in thevpresence of the surfaétant (Figure 8-15). 1In
order to elucidate the influence of the Zonyl surfactant,
the temperature dependehce of the overpotential _atv a
surfactant concentration of. 0.33 gm/liter was studied
(Figure  8-16). The = overpotential ‘increases with
temperature. Similar behavior 'was | obsérved -at - a
surfactant concentration 1.0 gm/liter. This 1is opposite

to the overpotential behavior observed in the absence of

surfactant (Figure 8-13).

Results presented so far are from 'experiments

performed with very pure aluminum cylinder (99.9995%) as a
~cathode. Sinée éommerciaily available aluminum.is an aliby
(596%), the.  influence of electrode substrate on
overpotential was also explored,. Table 8-2 liStS the

composition of the Al alloy studied. Figure 8-17 shows
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"Table 8-2

Composition of Al alloy (6061T6)

T Al ' ~ >96.00%
- Si : 0.4
Fe ' ' 0.7

" Cu 0.15 - 0.4
Mn : 0.8 - 1.2
Cr . 0.04 - 0.35
Zn ' 0.25
Ti 0.15
All other 0.15

-the overpotential of thevdépositidn of potassium on pure
aluminum and aluminum alloy from the second scan of the
current.. The overpotentials’scatter widely for the :Al
alloy electrode. Since potassium is very electronegative,
the Al'alioy should not corrode and the metal elemenfs in
the alloy cannot contaminate the electrélyte. It is also

unlikely for potassium to form an alloy.

Ih summary, .the éverpotential of the deposition of
potassium has’ beeh .heasured by a steady staie
galvanostatic {technique{ Because  of the passivating
reaction on the surface, the transient (current pulse) and
the steady state potentiostatic methods were not employed.
Due to the large‘ amount of chérge passed to attain the
steady state, thé’true exchange current deﬁsityvcould not
be obtained. NeVertheléss, the appareht exchange current
density does indicate the relative changes caused by

changing the fopérating parameters. The overpotential is
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lower in 0.5 M KAlClu.electrolyte than in 0.1 or 1.0 M
solution. The apparent exchange current density at 70°C is
higher than that at 50°¢, so the overpotential is lower at
7OOC. Dupont Zonyi FSCb fluofoéurfacﬁant wés found to
influenée the ovefpoténtial'data in a domplicated manner ;
in the presence of the surfactant,,the apparent.iO is
higher at 50°C while it is smaller at 70°C. The

overpotentials were found to be highér_on an Al alloy than’

on the pure metal.

The apparent exchange current density is in the range

m

of 1 x 1077 to 5 x 1074 amp/cmz, about a hundred times

larger than the values_réported by Jorne et al.JA. Even
with the uncertainty"of the surface area, two orders of
magnitude diffefence between the values of io lis
unreasonable. Ip"is likely that the surface 1layer
strongly affects the micropolarization measdfements;
Finally, the cathodic’ overpotentials, at least in the7
.current density range inQestigated,' are not excessively

high in so far as the feasibility of commercial potassium

winning or refining is concerned.



9. Conclusions

‘The foregoing study of the 'electrochehical behavior
of potassium in pfopylene carbonate leads to the follewing
-conclusions: |

(1) Reproducible. results have been ebtained only from
hiéh purity electrolytes becauée' impuritieé Strongly_
affect the behavior of potassium.

(2) Large ameunte of good quality KA1Cl,/PC electrolyte
(less then 1 ppm water) can be prepared in“a»sﬁraigﬁt-
_forwérd manner: the solvent_is.pukified by using alumina
and molecular sieves or treated charcoal, and then by
vacuum distillation; the -electrolyte iS'>§repared | by
dissolving KAlClu, instead of“AiCl3 and KCl separately, in
PC. : |

(3) A surface layer is formed on a pqtassium‘.electrede
in KAlClu solution; this layer affects the electrochemical
behavior of potaSsium only slightly. . The use of a
potassium reference electrode.is_meaningful,vprovided high
input impedance instruments are used.

(4) For all practical purposes potassium is stable in
the électrolyte prepared. The reaction of the solvent
with potassiu$ proceeds at .a rate vless‘ than that

correspondingvto 20 m_icr‘oampere/cm2

142
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(5) The deposition of potassium proceeds with near 100%
current efficiehcy. Aluminum is not co-déposited.'

(6) The deposit morphology is strongly ‘affected by
temperature. Deposits obtained on different electrodé
substrates show no significant differences, ranging ‘from
loose powders at 25°C, fine needles at SOOC, and liquid
globules.at 70°C. Presence of a fluorinated surfactant
yields 1large 1liquid globules at temperatures above thé
melting point 6f potassium;

(7) The steady state galvanostatic technique vyielded
kineticvparameters with reasonable r‘epr‘oducibility;vio was

4 to 5 x 1074 amp/dm2

found to be in the range of ‘1 x 107
The current-pulse technique and the_potentiostatic steady
state method were found not ideally suited for the purpose
of dverpotential measurements.

(8) Cathodic overpotentials are influenced by the
electrolyte concentration, temperature, concentration of
cationic surfactant, énd by the nature of the -electrode
substrate.

(9) Good deposits of potassium up to gram quantities
have been obtained under vpractical conditions. When
.coupled with an appropriate .anodic' reaction, potassium
could be électrowoh or refined in PC electrélyte.

(10) Assuming aluminum dissolution - as | the anodic
reaction, - the energy requirement per kg of potassium in a

plausible cell configuration is estimated at 2.4 kw-hr/kg
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or at $0.05/kw-hr, $0.12/kg (Appendix III). Including the

cost of Al at $0.53/1b and KC1(99.9%) at $40 per ton®® and

not - crediting the value of the side préduct.A1C13, the
total energy and material cost would amount to.$0.45/kg of
potassium produced. | S |
(11) The attraCtivé enérgy and material cost, .however;
would be 'offset' by thév probablekfﬁeed_.for cumbérsome
réproceésing of the electfolyte, inciuding removal of the
pfgdgct, 7A1C13. Nevertheless, the prbcess'of producing
potéssium,elécpfoiytically fromvsacrificial anodes in PC
electrolyte -hasv_the potential of Hbeing economically

feasible.
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Appendix I. Thermodynamic Instability of Propylene

Carbonate with Potassium

Although propylene carbonate 1is one ~of the more
popular solvents investigated in recent years, its Gibbs
free energy of formation has not been determined. In order

to evaluate the thermodynamic- instability between

potassium and propylene carbonate, the free energy df

Table I-1

Estimation of Gibbs free energy of formation of PC

by the group contribution method:of van Krevelen and Cher‘min.K5
| A B x 10°
H3C— | -10.943 2.215v
>CcH, | | -5.193 2.43
—éﬁ K -0.705 2.910
>c=0 I -28.08 . 0.91
-0- o » -15.79x2  -0.85x2
5 mem. ring | 4,275  -2.35
-72.23  b.42

At 300°K, G = A + BT

-59 kcal/mole.
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.formationjéf PC was estimated by using the method of van
Kfeveléh and’ C_hc-:"r'mi'n.'Kj5 Table I-1 sths the calculatidh.
The free energy’éf formatioh of PC was eStimated to bele59
‘kcal/mole at 300°K. _Oné likely reaction involving K and
éC is‘ | | o ' .‘ -
- K(e) + PC > choa(cﬁ + CgHg (I-1)
Since the free enérgies of fofmation for KéCO3 ahd. C3Hg
are'-255;5 and 14.99 kcal/mbie'réSpectively, the change_df
’the'free énergy of reaction (I-1) .is‘ -181.5 kcal/mole.v
Theréfbré,; 'it’, is 'safé to expect PC and K are
éhermodynamically unstable eveﬁ if  the method  of
‘estimatiﬁg' the free energy of.fdrmatioh'of PC is not very

accurate.



Appendix II. Calculation of Kinetic Parameters

The apparent exchénge current density andi the
cathodic transfer_coeffiéient.afe calculated by performing
the linear regression analysis' on the cathodic
overpotential data tb yield a straight line y = A + Bx.
‘From equation 8-4 with y = 1ln i/[eip(nFEs/RT) - 1] and x =

E the magnitude of the slope |B| equals aan/RT and the

s ’

y- intercept is 1ln i The overpotential ES is taken as

0"
~ the average value betwéén the.initial and steady values of

the overpotential range obtained in the second scan.
The y-intércept of the least-squares line is

A = [z yz x2_ - Ix IZxyl/[nZ x° ‘; (Z x)2]

‘with n is the.number of data points. The slope of the

Table II-1

Kinetic Parameters of the Potassium Deposition

Tigp Zonyl KA1CL),

i r
, C gm/1 M j ¢ mA/gm2

I .
70 0.0 0.5 1'0.40 0.30 0.99
50 0.0 0.5 1 0.38 0.16 0.99
70 0.0 0.1 1 0.26 0.19 0.99
70 0.0 1.0  10.34. 0.17 0.97
50 0.167 0.5 1 0.33 0.43 0.97
50 0.33 0.5 i 0.45 0.31 0.99

1.0 0.5 |

50 0.69  0.27  0.98
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least-squares line is

‘ o _ _ 5
B=1I[nzxy -2 xZyl/[n sz - {zzx)7]

Td_establish how well the data fit the linear regression,
the 1linear correlafion coefficient (r) is also calculated

from -the following equation.

r = V/{[nz xy - 3 xzyl/[n(n=-1)z x 1y1}2
The a, and thevio of the potassium deposition and the-

linear correlation coefficient are listed in Table IT-1.

The fact that r is élose'to 1 (pérféct fit) indicates
thét the use of equation 8-4 to present the data is valid,
'but it is not sufficient to brbve that .the 'kinetics of
potassium deposition ié goyéfned by‘ thevBuﬁler-Volﬁer

equation.



Appendix III. Preliminary estimation of ‘the energy and’

_Material cost for potassium production.

A possible proéeSs for producing potassium near room
temperature involves the wuse of KCl as the source of K,
and Al metal as the sacrificial anode in KAlClu/PC

electrolyte. The basic feasibility has been explored.Au

The proposed process is to- dissolve aluminum
anodically and to deposit potassium at the cathode while
consuming potassium chloride and producing 'AlCl3 . or

KAlClu. An apparent advantage is 'the low cost of raw

materials. Potassium chloride 1is cheap, abundant and
available with high purity ($40 per ton, 99.9% pureC6).
Aluminum metal is also relatively inexpensive (53 cents

€9y

per 1b
Let's consider in detail the events occurring during
potassium depositioh from a solution of KAlClu/PC using an

aluminum anode. Aluminum 1is dissolved anodically .to form

the trivalent aluminum ion,

AL -> ALY 4+ 3 e | | - (1)

which would immediately solvate with the solvent according

to Keller et al.Kz,
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a3t . oepc o> arceo;t . (@)
‘ The half-cell reaction (1) requireéithat'-three'-potassium

atoms deposit on the cathode,

C3KY 4 3eT o> 3K . @

In the presence Of'Chloridé ions, thé-'dbhinant aluminum

Species is-AlCiu:

WALCPO T 4 12017 o> AL(POZY 4+ 3 alcl; (W)

The complexing ability of the aluminum iOn:makeS possible

the ,use' of KCl in the propyléne_carbohate system. 1In

spite of its low solubility, KC1l will dissolve due to the

complex formation to provide the potassium cations for

deposition:

CALROT .+ wkel o> wkY 4 dlcly o+ PC . (5)

‘In summary, the complete reaction for the process is

Al + 4 KC1 -> 3K + k°

For every three moles of potassium.produced one mole of

KAlCl, is formed.  The KAlClu' may be remoVed by

recfystallization if desired. Since aluminum chloride 1is

a marketable chemical, it can be produced by further

electrolysis'in the absence of KC1l to 'méké concentrated

aluminum chloride/PC ,solution. 'Aiuminum chlofide can then’

. be recovered by conventional separation processes. The

complete reaction hence is

+ AIC14‘ . ' (6)

P
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AL + 3KCL -> 3K + AlCL, . | (7

The proposed prdcess for producing potassium appears.
economically attractive. The c¢ost of raQ materials,
potassium chloride and aluminum,:ie low and the prices of
the products, potassium metal and aluminum chloride, are
high. Comparing with the curreht ‘industrial ootessium
manufacturing method, the price of potassium produced by

the proposed method c¢an possibly be significantly reduced.

The énergy requirement for the prooosed: electrolysis
process can be vestimated' from the preliminary results
reported.Au Aluminum dissolves anodically with 110%
current‘ efficiency. -The aluminum complex, AlCl;, is not
reduced at the cathode and potassium chloride ie depleted
with 100% current efficiency. The rest potential of an
active aluminum electfode with respect to potassium in
KAlClu/PC solution is considered to be 2 volts. ‘Operating
at a current. density_. of 10 mA/cm2 with a total
overpotential of 0.5 volt and assuming a cell gap of 5 mm
and an electrolyte conductivity of 0.005 ohm—1 -cm_1, ‘it
takes 2.40 kw-hr to produce onebkg_of potassiom and to

dissolve an equivalent amount of aluminum in 'a parallel

- plate cell. The cost of aluminum .and potassium chloride

would be $0.33/kg of potassium.

Further studies , however, are needed before one

could securely ‘evaluate the potential of the proposed
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scheme. The stability of PC eleétrolyte to the
dissolution of_ aluminuh and the deposition of potassium
has to be established. How the impurities, such aé water,
influence the electrochemical reactions is not known as
yet. Scélé-up problems, such as the collection - of
potassium deposit and ‘the recovery of aluminum chloride
from the electrolyte, will have :.to be addressed.
Parasitic reactions could make the pfocess impractical;
»Nevértheless, thévlow energy and material ~cost and the
market value of AlCl3 could make this process egonomically

attractive.
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