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THE ELECTROCHEMICAL IfiOHEBTXES OF 
DILUTE SODIDM /HAL6AMS 

Technical Report Ho*  3 
April 1,  1753 

Harry Die trick,  Erj.sst Y eager, 
and Frank F<iV4rka 

- Absvract - 

The electrochemical properties of dilute sodium amalgams have 
been studiad In terms of electrode potential*,;, self-discharge ratesP 
and anodic pelarls&tioa. Even at current densities as high as 
1 a./cro. % the anodis polarisation* as determined by the commutator 
method, is negligible ( < 1 mv, ) in an agitated system. Corrosion 
or self-discharge rates are also very small for liquid amalgams in 
sodium hydroxide solutions because of the depression of the electrode 
potential of the sodium in the amalgsa and the relatively fcigh 
hydrogen ©vervoltage of uercury. 

Activity coefficients, based on electrode potential measurements 
with thfl amalgams in sodium hydroxide solutions, are in agreement 
with literature values. 

The relatively high electrode potential and the nca-polartaabiiifiy 
of the liquid sodium tjsalgams suggest their use is high drain primary 
sells* Only a oiroulatiori type cell is which the amalgam is constantly 
replenished vlth sodium seems feasible* The engineering difficulties, 
however.( V^uld be substantial. 

•il- 



THE ELECTROCHEMICAL PBOPERTIES OF 
DILUTE SODIUM AMALGAMS 

Technical Report He. 3 
Contract No. V onr 581(00) 

April lt 1953 

Harry Dietrlok, Ernest Teaser, 
and Frank Hovorka 

XHTBOBUCTIOlh 

The electrochemical behavior of sodium ea&l&aae Is of interest 

in tens of fundamental as veil as practical applications. Examples 

of the former are the determination of the activity coefficients for 

sodium in mercury, the measurement of activity coefficients in 

sodium hydroxide eolation and overvoltage theory. Praotioal appli- 

cations . nelude the production of sodium hydroxide in the Castner- 

!«.liner-,- cell and the development of high drain primary batteries. 

As part of contract research, the anodic polarisation asso- 

ciated with sodium amalgams in basic solution has been determined. 

The results are described In Part I of the report. In Part II, 

data for the self-corrosion of •odium amal^ans in baslo solution 

are presented. Statlo potential measurements have aleo been made 

and the activity coefficients for the liquid sodium amalgams 

calculatsa. The latter are inoluded la Part III. 

I.  TEE AHQDIC P0LABIZATI09 OF SODIUM AM*LOAMS: 

The oxidation potential of pure sodium metal is sufficiently 

high ( 2.7*. ) that the metal reacts very vigorously even vlth 



alkaline solutions.    The»aotion of sodium easalgams in the liquid 

range ( molefraotion of sodium lees than 0.05 ) with sodium hydroxide i 

solutions,  however,   ie very slow beoause of the high hydrogen over- 

voltage on mercury and. the depression of the oxidation potential of 

sodium,    liaia the electrochemical properties of these amalgams can 

he studied without the eoaplications normally Associated w ith excessive 
i 

self-corrosion rates. 

1.    Technical Tlaport So. 6 OFR Contract bo. N7 onr ^7002,  Projeot 
Ko. SH 051 162, Western iiaserve University.   April, 195-1» 

Anodic polarization measurements have heen made hy the commutator 
i 

or indirect aethoJ with electronic equipment desorihsd elsewhere . 

With this apparatus, the polarizing current is periodically interrupted 
i 

and the potential of the polarised electrode measured relative to a 

reference electrode as little as one microsecond after the interruption 

-J 

of the polarising current. In this way, the 1-r drop associated with 

the passage of the polarising current through the colutlon is not 

incorporated in the ss&suroacnte. The electronic upparatos also 

permits the potential of the polarised anode as well as the cathode to 

be determined during any one-aicrosaoond period following either the 

interruption or the initiation of tne polarising current; benoe, the 

huild'up and deoay ourves for the polarisation can he obtained. 

In figure 1 is a diagram of the electrode arrangement involved 

in the polarisation measurements. A platinised'platinum eleotrode 

was used as a cathode as a matter of convenience* Hydrogen gas was 

liberated at the octbode during the polarisation measurements. The 

surface area of the amalgam in contact with the solution -.TIB 



2 
approximately 0,5 cm. vhile the apparent surface area of the cathode 

was approximately 1 cm.  Hie fritted glaee plug was used to saturate 

Fritted 
Plug 

Stlrrer 

Figure It  Cell for Polarisation Measurements with Liquid Amalgams 

the solution with hydrogen prior to measurement* primarily in order to 

get reproducible values for the cathode potentials.. The solution was 

agitated to a marked extent with a higb speed afcirrer during the 

polarisation measurements. The agitation minimized concentration 

polarisation and at the Same time swept avay the hydrogen gas which 

formed on the cathode. It should he noted that the polarizing current 



waa entirely controlled toy the electronic equipment and independent of 

the cell eleotrcmotive force. 

A Mter(iitil« hydrogen eleotrode vat used directly In the cell aa 

a reference electrode for the early measurement*«    Thit eleotrode 

tended to toeooao poisoned rather quickly heoauee of very email quanti- 

ties of mercury introduced Into the solution from the nnodo      Hence, a 

saturated calomel eleotrode in a separata glees compartment waa used ae 

a referenoe electrode for most of the polarisation measurement6.    The 

potential of the calomel reference eleotrode was chocked ?£alnst a 

revereiole hydrogen electrode in the eane solutions BS Involved in the 

polarisation measurements*    Thus the potentials of the polarised 

—algaa eleotrodee could toe determined relative to the standard hydrogen 

eleotrode without the complications normally associated with liquid** 

Junction potentials. 

The graph in Figure 2 represents polarisation data for an amalgam 

with O.hff, sodium ( toy weight ) in 5 molar sodium hydroxide solution at 

25°C.    The interruption frequency for the polarising ourrent was 
• 

400 seoT1    and the interruption period ( ourrent-off  ) was 500 niceoseo. 

Curve I represents the terminal oell voltage and was ototalned toy 

measuring the potential toetween the anode and the cathode 1,5 milliseo. 
I 

after the initiation of the polarising current.    Voltage measurements 

with the electronic equipment lndloated that the oell voltage had 

approached the eteady-etate value within approximately 1 nv. toy this 

time following the initiation of the polarising ourrent.    Curve II 

represents the EMJ and was ototalned toy measuring the cell potential 

one miccoscc. following the interruption of the polarising ourrent. 

Curve III wae ototalned toy tahlng the difference toetwoeu the values 
i 
1 
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represented by cur?e I ( oeil voltage-current on.  ) and curve II ( oell 

voltage-current off ). Thus: curve III represents the internal 1-r 

drop within «fc» cell under operating oonflitioaa  Curves 17 and 7 

represent the cathode and anode potentials, respectively, •>*  function; 

of the polarising current density• The data for cur-re IV vare obtain. 

by taking the difference lotveen the call voltage one nioroeec. ?.fter 

the interruption cf the polarising current and the potentit.1 of the 

anode relative to the roforence calomel electrode. Both curves 17 and 

7, however, represent the electrode potentials relative to the standard 

hydrogen elcotrode. Curve 17 is typical for hydrogen overvoltage on 

platinlsed-platinvjn. The crtr for the sodium tjnal n ( curve 7 ) are 

very interesting inasmuch as the potential measurements indicate 

negligible polarisation for this electrode at current densities as high 

as 1 a,/cm. when tho electrolyte is agitated. « 

Ift addition to the practical significance of this ext randy low 

polarisation, this fact is of theoretical interest; it implies that 

the reverse process is also reverslhle through high current densities 

under s'.milar circumstances. Such factors as hydratlon and ion migration 

throug)i the douhle layer do not seas responsible fox overvoltage with 

simple oatlons at currant densities below 1 a./cm.'. 

II,  TBS SELF—DISCHARGE BATE OF DILUTE SODIUM AMAIOAM ELECTRODES? 

(Quantitative information oonoernlng the self discharge of dilute 

•odium amalgams is presented in figure 3. Those data were obtained 

by the following prooedure. Approximately 250 co. cf an eft&ig&m 

containing 0.6l£ sodiun ( by weight ) were pla«#d ir a bottle with one 
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Figure 2: Cell Performance Data for £ Sodium Aaaigae-Hyarogan Cell 
(Curve I: cell voltage with currant on; Curve lit cell 
voltage laaa i-r drop; Curve III: Internal l~r drop; 
Curve IVt  cathode polarization-hydrogen overvoltage on 
Pt-Pt; Curve T: anode polarization - Ha(Hg). 
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liter of 5-»olar sodium hydroxide,,  Hie contents of the bottle war© 

shaken periodically. At varies, times, samples of the amalgam were 

removed from the system and weiihed. The samples were ther. trans- 

• 

ferrftd into a flask containing a fixet1, quantity of 0,1 normal 
I 

hydrochloric acid and a tew particles of graphite *»!»..add:>d* -ffhe.latter 
l 
i 

produced a local couple which hrlped to ensura complete dincharge 

of the amalgam. The aaalgsm-acJd mixture was shaken, allowed to 

stand overnight;, and then Doth titrated with 0,1 molar ha*?, 

From the gr^ph in Figure 3, it is apparent that the corros-.on of 

the amalgam in concentrated sodium hydroxide is slow. For the 0-,*$ 

sodium amalgam in 5~molar sodium hydroxide solution,, the self dis- 

charge is estimated to be equivalent to less than 0,5 ma./.:n?  In 

the case of amalgams with concentrations cf 0,1$ or less ( by weight ), 

no hydrogen bubbles were evident in 5~nolar bars provided the surface 

of the amalgam were free of partioles suoh as carbon. The relatively 

low corrosion rates reflect the high hydrogen overvultage on mercury 

as well as the depression of the oxidation potential ot  the sodium 
_ 

through the amalgamation. 

The addition of sodium chloride to the hydroxide eolation to the 

extent of 30 g./liter does not seem to inorease the self-discharge 

rate or to effect the electrode potential. Nitrates and other easily 

reduced ions produce a considerable increase in the corrosion of the 

amalgams as evidenced by the evolution of hydrogen gas. 

At molefractlons much above 0o06r. sodium amalgams beoome solids 

at room temperature sE furthermore,  the rats of corrosion increases.very 

quickly and self polarization becomes excessive,. 

i 

,1 
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III.    THE ELECTRODE KJTSKT1AL AND AC7ITITI5S OF DILUTE SQUilM AMALGAMS: 

The ravereible potentials and activity coefficients of liquid 

•odium amalgams have teen studied by many investigator*.    Historical 

acoounts of the early work on amalgams  through 1906 may lie found in a 

paper by Richard* and Forbes2, and through 1919 in a publication by 

filchards and Conant^. 

In the latter paperr  tno eleotromotive forces of many sodium - 

amalgam concentration cells were measured in aqueous sodium hydroxide 

solutions.    Bent and tiildebrand^ used Riohards' and Conant's data to 

oaloulate the activities of sodium in the amalgams, referred to pure 

sodium as the reference statet 

x*-»i   L   XM3-   J 

2. T. Hiohards and G . Forbes, Carnegie lost. Pub., £6, 1 ( I906 ). 
3. T. filchards and J. Conant, J. Am. Chea. SQQ. . *W+, 601 ( 1922). 
k, H. Bent and J. Hildebraad, ibid.. j£)r 3011 ( 1927 ). 
5. &. B. Lewis and 0. Exaue, Ibid.. 2gs 1^*9 ( 1910)* 

The deviations from perfect ealutlon found in sodium amalgams 

are in part associated with compound formation. Both vapor pressure and 

electrode potential data for dilute sodium amalgams may be explained in 

terms of the formation of the compound Ha Hg, •. 

Lewis and Xraus^ dstermlned the standard electrode potential of 

sodium by measuring the EMF between a sodium amalgam and a normal 

oalomel eleotrode In 0.2 molar sodium hydroxldo solution and the 2KF p 

between the amalgam and sodium metal in & solution of sodium iodide in 
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ethylaalne^*?. Their date may be COB^IUM with that of Richards and 

Conant in order t*» calculate the activity of sodium in dilute analgras. 

a 
The activity of sodium In oonoentrated liquid amalgams" and la 

•olid analgame" haa been investigated. The activity of aodiun in 

concentrated liquid todlua amalgams oontalning a aolefr*otl?n of 

about 0.65 of sodium was found to ha approximately the aana aa that 

of sodium natal. 

Iho electrochemical propartiee of dilute sodium amalgams also 

have been etudied*0 in concentration cells containing a eolutlon of 

aodlua iodide in dimethylamina.    She rosulta ohtalned in the non- 

aquaous calls were compare.!10 vita those of RiohardB and Sonant. 

The agreement between these two eete of data is good. 

The low corroalon rctea and the ravarelbla charaoteristies of 

sodium emalgtms ( dtsioastrated in ?avto I and II  ) lead to confidence 

in the validity of activity data baaed on measuremento with sodium 

malgaaa in aqueous aolutlons. 

In figure h is a graph of the potential a of liquid aodlua 

amalgam* in a 0*9902-aolal soaiua hydroxide solution at 25°C.    Po- 

tential measurements var« made with a aercuxy~aercurlc oxide reference 
> 

electrode containing sodium hydroxide of tha saaa concentration aa in 

contact with the amalgam.    This reference electrode was subsequently 

6.    The nature cf the electrolyte has been shown? to affect the potential 
of an amalgam-concentration cell in eome oaaea.    Bent arfl Oilfillan 
found erratic potentials fur a cell Involving a pctas >iv i aaalg—-yurs 
potassium couple in a solution of potassium triphenylae;hyl in 
diethyl ether. 

7. H. Bent and 2. Olimi&B,  ibid., 5£. Zb? ( 1933 ). 
8. E. Oilfillan azd H. Bent, ibid.. 567 1505 (193*0. 
9. B. Bent and Eersiati. ibid., 58,~2220 ( 1936 ). 

10. H. Bent end 5. Swift, ibid*. 2?, 2216 ( 1936 ). 

: 

! 

\ 



-11- 

^wm 

checked against a reversible hydrogen electrode in 0 = 9902-aol&l sodium 

hydroxide solution. All potential measurements were obtained vita a 

Leeds and Borthrup potentiometer, type E»2, The general agreement 

"between duplicate determinations was of the order of a few tenths of 

a millivolt. The concentration of the sodium in each amalgam was 

determined by the back-titration procedure described in Part I, 

The values on the left ordinate in Figure k represent the poten- 

tials of the amalgams relative to a reversible hydrogen electrode in a 

0-9902-molal sodium hydroxide solution. The values on the right ordi- 

nate represent the potentials of the amalgams relative to a standard 

hydrogen electrode ( without liquid junction potential ) and are "based 

on the assumption that the activity of the hydroxide ion is the ease as 

the mean activity of the electrolyte. 

The electrode potentials represented in Figure ^ should obey the 

Hemst equationi 

£-£ (4 \ 

ita 

where C is the cell reaction potential ( IMF ) of the cell 

Ha (Hg) j JTaCE | E'a ( Pt-Pt ); 

is the standard oxidation potential for the amalgamated 

sodium, CL±  is the mean activity of the sodirm hydroxide, 

icnisation constant for water, and  ^#a(#a) is tt8 activity of the 

dissolved sodium in the amalgam in terms of the reference state« 

Ew is the 
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4=. r-st-i -*1 (2) 

V1 

where XJJ  and X g. aro the molefractlons of the sodium and Earcuryt 

respectively. According to the data  of Earned and Hacker, the inter- 

polated value for the mean activity coefficient of the sodium hydroxide 

&% 25°C is O.679.  Eq, (1) may then be expressed in the fez.;; 

£-o.cs?/j/<$XM&- ^(fy-ao&i5/oQ4.37*-/0J3i<.osv5/a4j& (3) 

from equations (2) and (3). it is apparent that 

Am. [£-o.o«/J/^X^J-» Z^-o-osvrliMS'if (+) 

Thus, by extrapolation of the tern L£ ~ O.OS^iS" /Og  Xtfg ]    to sero 

aolefraction of sodium(   the standard electrode potential for   :he amalgamated 

sodium can he evaluated in torus of the reference  state glveu above.    By 

this prooedure,  the value for £/^ ... . ie found to he   +   1^9566 volts in 

contrast to  the usual value of   +•  2,7 volts for purs solid sodium,    ttie 

0.7- volt difference is not surprising in view of the large auount of heat 

liberated upon formation of the liquid eodlum amalgams. 

Figures 5 end 6 represent graphs of the aotlvities and:activity co- 

efficients for the sodium in the liquid amalgams as obtained in two. 

11.      H. Earned and J. Hccber, J. A*    C^em. Soc $$» ^38 (1933), as 
' quoted by B. Earned mid B. Owen,  "The Phyfloal Chemistry of Electro- 
lytic Solutions",   2nd. Ed., Rev fork, Belnhold Publishing Co.. 
1950, p* 5&>. 
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separate aeries of measurements. The activity data bave bean calcu- 

lated from the potential measurement* in Figure 4 by means of aquation 

(1). The electrode potential data of Hicharde and Conant" and Bent and 

Swift10 have also been used to calculate values for the activities and 

activity coefficients iu  terms of equation (1) and the reference state 

indicated by equation (2). These values are also shown in Figures 5 and 

6.  The agreement is quite satisfactory,, particularly when one consider! 

that Bent and Svif t worked in non-aqueous aedia. 

The linear dependence of the logarithm of the activity coefficients 

on molofracticn of sodium in the liquid amalgams is interesting and can 

be partially rationalised in terms of compound formation between the 

sodium and ssrcirys 

I?,  THE SIGNIFICANCE OF DILIHE S0DIUS4 AMAL0AMS IE BATTBHT DCTELOPMENTS 

The relatively high electrode potential and the virtual aon-polar** 

liability of the dilute sodium amalgam anode suggest its use in high 

drain primary batteries. If the sodium amalgam anode is used with an 

oxygen electrode, an EKF of approximately 1«6 volts it obtained with 

5-molar sodium hydroxide as the electrolyte. Sodium hydroxide would also 

be the product of the cell reaction| hence, the cell would generate its 

own electrolyte 

There are obvious disadvantages associated with the use of sodium 

aaalgBjas in primary ceils, Not the least of these are the weight of the 

mercury and the relatively low sodium content of the liquid sr-algamSo 

Solid sodium emalgams corrode at an.excessive rate and polarize very 

readily* In a Large installation the liquid sodium amalgam could be 

7 ! 

[ 
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oiroulated with a special reactor outaid* tne calls in which the sodium la 

continuously dissolved in tha mercury. Isolation pusps would permit tha 

anodes of colls in serlss to he constantly replenished with fresh amalgam. 

A horltontal-typo oonstractlon would probably be aost practical with 

porous ssparaters of some type to lsolats the amalgam x'roc the cathode 

in the event that tha calls wore tilted. The engineering problems would 

he substantial« however- 

The idea of using aixti'res of eseUJLs for anodes in primary cells ie 

promising. In good part the depression of the electrode potential of 

sodium in mercury is associated with the formation of a compound of the 

type HeHgl6. 


	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025

