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Abstract-Electromoti\,e force lIlt'asuremcnts have been C"..trricJ oul on cells employing the skin­
calomel, the thennal electrolytic sih·er/silvcr..('h loridc eI .. :ctrodcs and aqueous elcclrolyl~ solutions 
of Jlel , KCI. eso, al conccnlr.lIion:i of 0-' and 4-5 molalitv. The cells were measur.:d betw\,:en 25 
and 20(rC and 31 rrc~urcs up 10:? Khar. Discrepancies in'cdl emf an: detected betl,l,een various 
workers and the prQcnl work ranging from a few tenths of a mV at 25 C 10 5e\'cral teru of mV at 
200~C. These diffcrem.:cs arc cxpl':l.Incd in terms relating to the creation of liquid-jurK'tion pds due 
to solubility and cation complex formation of ca lome l in these cells. 

The skin-calomel ck'Ctr(xk m a new and Impro\cd form is shown 10 be a relbble eh.'t:trode and 
the standard electrode potentials are derived fo r !hl,! lim tI me at these elevated temperatures. 

Thermodyoamic d':l1a pertinent to the over-all cdl ~3clio05 lre also discussed. 

ResulJu: ....... Des mesurcs de r.c.m. ont etc clTeclu6cs sur des ccllules formecs !rune ch:clrooe a pclllculc 
de L'3lomcl. d'une tkx'lrllde Aglchlorure d'arsent thermo-el¢:!rolytiquc et d'une solullon clCl:trQ­
Iytique aqueuse de HC!, Kef OU esCI, de molarile 0.1 ou 4.5. Ces cellul(S ant cle C:ll:d.ccs entre 
25~ et 200-C sous une prl.'Ss,ion pouvant :ltteindrc 2 K bar. l..cs Cc.1rls eOlre f.c.m trau\'Ccs par diffcr­
ents auteurs et dans I\! prc.""n t travail s'ochclonncnl cntre quelques dlxiemcs de mV a 25 C ,I pluslcu(s 
dlz.aincs de mV a:!OO C. G .. "S d.llerenccs sont expliquCo."'S par b ,:rcallon de d.d.p de janetlon, ducs" 
la solubilitc: et a 13 formation de compkxes du ca lomel dan .. de 1t:I1~s cclluks. . 

Cc-lIc ekctrodt' nouvelk a pclliculc de calomel app:Jrail particulicrcmcot fidel!! et scs potcntiels 
siandard ont ainsi ele obll·nu .. rour Ia premiere fois a des tempera tures 3ussi tleHcs .. 

Discussion complcmcnt:urc des donnees thcrmodynamiqucs con,'cn3nt aus rcactioIU globales 
de la cellule, 

Zusammenfassung-Elcktromo torischc Krartmcssungen wurden an Zellen unlcr Vernmdung \'"on 
Obern.ichcnk."t lomd, den Ihcmlisch elc:klrolytisch ... n Silbcr/Silbcn;hlond Bcktrod~n und wa!tsrigcn, 
eJd..trolytis.chen Losu ngcn \on I-ICI. Kel. esCI bci Kon:tcnlr3lioncn \'"on 0.1 und ~tOl.J.hl .l t \on 4,S 
vorgcnommen. Die Zdkn wurden ...... urden 2wi~hen Temper-Huren von 2S und 200 C und Drikken 
bis :tll 2 Kbar gem~·~\Cn .. Abwcichungcn in Zellen E.M.K. wurJen untcr \1:r~hi\!dcn~'n Arbcilem 
und dcr gegen\lo.,iri!!cn Arhl.'il f .. • .. lgOldll. die 5ich ' ''on ein p:l3r Tall~ndstel einc-; mY bei 2S C bi~ 
auf mehrere Zcllnfachc cines mV bei ::!OO C er.lllrccktcn. Dlcsc Untcr:.chledc \Acrden 10 Fl>rmen 
3usged rOckl. die 5ieh auf die Ilildung \'on FlUssigJ..eilsbcrijhrun~punkl P,O.'s infolgc der Loslichkcit 
und Kal ionkomplubildung von Kalomcl in dicscn Zellen beZlehcn. 

Die Obcrfl5chen-Kal..,mdekklrodc in ciner neucon und \'C'rbcsscrlcn Form erwcist SJch ab eine 
2uverllssige Ekktrodc. lInLi dic normalen Elcktrodcnpolcntl:J. le werden zum erstcn Ma.l fUr dicse 
erho htcn Tcmpcralurt:n a helci ll't. 

Thc:rmooynamischc. 2U den allgemeinen ZcJlrc:aklionen gehorige Dalen werden auch besprochen. 

GEltKE1 in 1922 was the first to measure accurately cells involving the silver/silvcr­
chloride and the classical calomel electrode employing I M hydrochloric acid in one 
series of measurements, and I M potassium chloride in another as electrolyte solution. 
Hc mensured the cells between Sand 3S· C. The cell can be written generally as 

Ag. AgCI/MCI (aq)/l-Ig,C1,. Hg (Cel l I) 

where M is either 11+ or K +, 
In work connected with the estimation of the standard electrode potential of the 

• Manuscript received 4 Fchru:\ry 1970. 
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classical calomel d..:ctrodc. Pouradier and Chall:au! werc :lble to rc\.lderminc the 
emf of this cell OVer;1 huger range and morc frequen t inlcr\'al~ in h.'mp..:ralure tha n 
Gerke. Their mei'l su rements ranged from 5 to 70~C . I {owcvcr thcy u.;;cd only poras· 
sium chloride solutions. and had to rely on the standa rd electrode potentia ls of 
silver/silver-chloride given by Harned and Ehh:rs.J The temper,lIurc r,wgc of study 
of cell (I) was extended eventually to 200°C by Lid7.kc and Vaughcn :1 They reported 
that the cell became unreliable at 70')C if cOIl C'c ntrmions greater than I M potassium 
chloride were used. The classical calomel ciccI rode was again used in their work. 

The introduction of the sk in·calomcl electrode by Hills and Ivcs;; and its cont inued 
improvement and usc reported by Hills,li Gr7ybowski,7 Gupta, Hill'i :l nu Ives, 
quoted in 1957 but not published until 1963 . and Schwabe and Zit:gcnbll le,D did not 
exploit its use in Gcrke.type cells. It was not until 1967, in papers by Covingtoll, 
Dobson and Wynne-JoncstO t~al experiment" l rcuclcnninations of cdl (I) with the 
skin-calomel electrode were attempted. In th is work furthe r improvcm<:nts were made 
in the preparation and use of tbe electrode up to 55°C. 

In all the studies referred to above, important discrepancies bdwc,:n the different 
workers' measured cell eOlfs exist at certain temperatures. Not all. the llilTl.'rences can 
be equated to errors in standard clectrodl! po tentials or methods or preparation of 
electrodes. 

The purpose of the work reported in the present paper was to seck the source of 
some of these discrepancies and to extend the range in temperature of the Gcrke·type 
cells using the skin-calomcl electrode to at b1.Sl 20CtC. The experiments were also 
designed to be carried out at high pressures v.ithin the 1-2 Kbar ran ,!;c. Th" Lietzke 
and Vaughen work was carried out only at SVP. moreover they did not explain com­
pletely the reasons for the failure of the cell at high concentrations. For litis latter 
reason a series of Solufions of variolls salts at hig h and low concentrations were used. 

In 1967. Orion Rese:uch Incorporated. USA, int roduced 3 mcmbmne chloride· 
ion·activity electrode which was marketed to be used at least up to 100"C. Because 
little had been publ ished aL the time about the behaviour of this electrode, a nd nothing 
at all on the effects of pressure, onc of thcse electrodes, model No. 94· 17, was also 
incorporated in some of the cells , in addition to the calomel and the si lverlsilver­
chloride eleclrodes. 

EXPERlMENTAL TECH N IQUE 

The skin-calomel and the themlal electrolytic silve rlsilver-ehlorid~ electrodes 
used in the work reported in this paper have been described pre\·iously.1n Solutions 
were prepared with bromide-frce constant boiling hydrochloric acid. three timcs 
recrystallized Analar gradt! potassium chloride, or caesium chloride, and triple. 
distilled water. 

The cell containers made in Teflon. shown in Fig. I and also described elsewhere 11 

had a th in.walled, prcssure·sensitive Tenon bag s~rewcd into the main body. Tile 
over-all dimensions of the cell container werc 20 cm long by 3·5 cm dia .. and the lOla I 
volume of eel! contents was approximately 16 cm:'l. The electrodes were contained in 
threaded, cylindrical Tenon units, flued a t one end with a half·inch length of F05 
sintercd Tenon. These units were screwed into the main cell hody. making a lhrce­
compartment cel l. One of the cell vessels allowed the introduction of the Orion 
chloride-sensitive electrode into the centrrtl compartment. The internal eil.!ctrolyle 
solution of the Orion was covered with siliconc oil before use. The l·cll con tainer was 
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FlO. I. Design of cell container. 
&.. bras., studs 
b, Vilon O-ring 
c, Orion ell,.'Ctrodc 
d, Tenon F05 sinter 
e, Teflon electrode holder 
f, pressure·sensitive Teflon oog 
g, electrode seal 
h. excess electrode ma terial 
i. Teflon main body 
j. electrolyte solUl ion 
k, skin-calomcl elCClrode 
I, silverfsilvcr-chloride eleelrode. 

SUpPO~lcd in the pressure vessel by a length of brass studding screwed into the pressure 
vessel head at one end and into the body of the cell at the other. 

The pressure vessel was a 500-ml Pressure l'roduclS vessel and fillcd Wilh MS 550 
silicone oil. lIydraulic pressure was provided by a C. S. Madan , singlc.action airo­
hydropump and measu red on high precision Heise gauges fitted. with an internal 
potentiometer. The' pressure vessel was maintained ilt various temperatures by an 
air~nuidized sand bath. The cell temperatures were measured by a Thcrmocoax, 
CrlAI rhermocouple. introduced through the basc of the pressure vessel via an 
Aminco "T" coupling. 

Continuous measurement of the ccll polclHial, temperature and pressure were 
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made simultaneously by <I Solartron high input-impedance data-logging system linked 
to an Addo tape-punch and 3 r:'ricdcl1 rlcxowritcr for printed output. Also included in 
the potential measuring system was n Wayne- Kerr vibrating reed electrometer 
(MI41) and a precision potentiometer for some of the very high input-impedance 
measurements. 

RESULTS AND DISCUSSION 

(al Stability of cell emf lI'ith time 

It was necessa.ry first to demonstrate that the cell emr a t any panicuJar temperature 
was constant over long periods of time, because of the rollowing adopted proced ure 
of measurement. When a certain temperature was reached and thermal equilibrium 
attained, the pressure of the cell was fixed and the cell emf observed, generally for 
1-2 h. A new pressure ..... as then Hxcd and its effects followed. This procedure was 
repeated until the whole pressure range had been covered. A Dumber of diITerent 
examples of cell-emr/time observations are given in Fig. 2. Here are shown, in the 
upper set of curves, data from a typical pressure run, the example chosen being 
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FlO. 2. Stability or cell emr 
., 4 'S M esC!. so bar 200~C; 

0. 0'1 M esCI. lO 1>;., 200"C; 
0, 0·1 ~'f 1IC1, 5000r ISO"C; 
CI, 0 ·1 M esC!, 50 bar IScrC; 
g, 4-S MilO, SO b,,, 2l"C. 
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for 0·1 M HCl as solution, tempera ture of2(Xf)Cand pressure range from 0·050 Kbar to 
1·7 Kbar. 

The lower plots of cell emf, which 3re almost invariant with time, show very good 
stabi lity over periods up to 6 h at any panicul.!r temperature and prl'ssu re, the vari­
ation in cell emf being usually less than ± O·05m\,/h. The uppcr curves show the 
temporary heating effect" causl:d in the cells due to changing the pressure , which ::lre 
indicated by rapidly falling portions to the cur\'l's. The true thermal equilibria tcd 
portions of the curves arc again almost invariant "ith the lime axis. 

Temperature and pressure hysteresis of the cell appears to be very small, as the 
example in Fig. 3 shows. Here is given a. plot of cdl emf against pressure for a cell 

FIG. 3. Effect of temperature hysteresis on 4'$ M KCl cd! at .2's' C: 
0 , before tcmpcrillure excursion 1090 C, mC3su rern~nB:lt Z5 'C; .0 aft~r tcmpcralure 

excursion to 9O' C, measurementS at 25' C . 

at 25°C before and after a temperature excursion to abo ut IOO?c' This observation 
may appear remarkable since it has been sho\\'11 that bolh electrl,)des suffer some 
temperature hysteresis. Changes not larger than II few tenths of a mV in systems 
involving the skin-calomel electrode are known to exist.10 Changes of sever • .' , mY 
in the standard electrode poten tial arc known :llso fo r the sll\'~rlsil\'er-chloride 

electrode after some temperature cxcursion s.l~ In both of these cases, however, the 
experi mental information was gained from cells whose construction was not the same 
as for the present work. The principal dirrcrencc was that both ekctrodes used bere 
were contained in their own cell compartments each of which had nn adequate supply 
of calomel skin or silver chloride and isolated from the main bulk of solution bysintered 
plugs. 

1, 
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The close! confinement o f any dissolved electrode spccic::s perlH'PS allows the 
recrystalli z.1 tion. if any, to procccd more rapidly than if the species were distributed 
in a rel3lively large bulk of solutjon a5 is the usual casco This physical arrang.ement 
should, for the same reasons. also tend to re-establish the mercuric-mercurous 
comp1cx equilibria for the calomel electrode once a new temperature is reached. 

(b) Effect of sol/lbility of el<elrode materials on cell emf 

At the commencement of the prcsent series of mcasurements. it was observed 
thai in some runs , artcr long periods of time of high st.1 bility and low drift al various 
tcmpera tures, 3n increase in temperatu re of a few degrees caused the emf of the cell 
to fall dramatically to a lower but constant value. This type of observation is clearly 
presented in Fig. 4. where two curves are shown of cell potential against temperature 
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FIG. 4. Effect of solubility of catomel on Gerke cell emf wi th temperature Change. 
e, I X excess calomel; O ,.s x c)(.ct'SS calomel; 0, 1-1oal valu( at 2S'''C; (), Final 

"alue at 6O"C. 

which possess very sharp maxima. The magnitude of the fall in the two examples 
are very mueh the same, ca 10 mV I but occu rring at tempera tures of 70° and 140')C. 
The effecl of cooling is even more unusual. 3S the lower curve in Fig. 4 shows that. 
after falling 10 approximately 43 mV at 10;:iC. when the ccll was cooled to room tem­
perature lhe polenlial followed an increasing linear dependence in temperature. the 
final cell potential being several mV higher than it was originally at 25°C. Thus in 
the example given a cell commcnced at 25'lC with a po tent ia l of 45 mY and after 
being taken to 70"C feIlto 43 mV and then when allowed come to 25°C gave 53 mY. 
A single point given on the figu re also shows the potcntbl of the cell when the same 
cell was taken again to 60' C. Another usual feature of Ihe cell. when it is in the lower 
potential sta re. is that . when a pre:;sure rUIl is carried qUI, (d£/dp)T is two to three 
times more than when it is in the normal Slale. Thus when possessing almost linc.1r 
temperature dependence or re~ions before the onset of maxima. dE/OPT = 2·49 x 
10- 3 mY/bar is found, whcreas 5-8 X 10- 3 mY/ba r is found in the lower state. 
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Some relationship with the solubility of calomel can be suggested if the upper 
curve in Fig. 4 is considered. The upper curve is the result of having approximate~y 
five times more by weight of "free" calomel skin in the elcctrode compartment lhu.n l_n 
the ce ll giving the lower curve. Apparently then , quite an excess ,of calomel S~lll IS 

required "free" in the electrode compartment. The amounts are 01 cou rse re1al1Vc to 
the particular size of electrode compartment; however for the cells. used here: a 
minimum of ca 19 of calomel skin was found necessary to prevent max.lma appear~ng 
if the cells were taken to 200' C. the volume of each electrode compartment bclCg 
approximately 3 cm:! and the approximate tot~1 volume ~f.ce1l20 cm1 

.. 1t will be seen 
later, however, that this quantity is also subject to v3T1atlOn dependlOg on the con­
centration and nature of the electrolyte. 

Nothing has been said about the solubility of silver chloride because it is alwa~'s 
understood. that it is considt:rably Ic::ss than that of calomel. forbcs13 showed. 
however, that silver chloride is slightly soluble in the presence of alkaline chloride 
solutions of differing concentration. Care was always t.1ken to ensure that adequate 
supplies of solid silver chloride were contained in the electrode compart~,enl. Th~re 
are other effects that could become apparant if solubilities arc not taken Into accoun t. 
One may ask, for ex.ample, could the effect of solubility cause the electrode itself to 
behave improperly, bccause of removal of silver chloride from the surface to suc~ a n 
extent that the electrode reactio n cannot proceed. This possibil ity could be realized 
if the electrode were thinly coated. and if no free silver chloride were present. In 
principle. the silver/si lvcr-chloride reaction needs only a very thin layer Of. sil\er 
chloride on the silver surface; in practice even with the best electrometer available. 
drawing e~tremcly small currents (10- 14 A). polarization must oecu~ during a ~easure­
ment· therefore the thicker the laycr the beuer. )f most of the Silver chlonde layer 
is all~wcd to dissolve. non-reversible behaviour may set in. Varying and erratic 
potentials may tben be developed at the clectrode, gi\'ing a cell potential different 
from that appropriate to the thermodynamic equation . unless different electrC'>dc 
reactions arc invoked. Similar arguments could be considered for the calomel c lc,"­
trode, but there they arc of grealer complc~ity. for all mcasurement~ succeeding the 
detection of the maxima discussed earlier, on the upward journey and In any tempcr:1-
ture fun, observation was continually made to ensure no maxima were cncountered. 

(c) Temperature and pressure depelldence of cell (l) and comparison willr 

preL'ious U"ork~rs 
The experimental results of the present study, at tw~ di~ercnt concent~ations 

0'1 and 4·5 M, of electrolyte forthe three salts studied , arc g,,'en JD Table 1 at dIfferent 
temperatures and pressures. The potential of the cell appears to increase both \\Jtlt 
temperature and pressure. For the- purpose of comparison. experimental ~·a.Iu~s ~f 
Lietzke and Vaughen at 0·1 M Hel are represented by the uppermost curve In Fig. J . 

and n set of calculated values of the cell by the lowest curve; both are shown as a 
function of temperature. The centre curve is a plol of the oata rrom the present work, 
taken from Table I . at 50 bars. also at 0·1 M Hel concentration. 

It is clear from the figure that the results of Lietzke and Vaughell at 0·1 M IICI 
disagree, more than the re-su its presented in this p.1pcr, with the calculated values 
based on thermochemical data , found in Bulletin 476. United States Bu reclU of 
Mines. Kelley.'" Values of Lietzke and Vaughen ror l 1\1 Hel, also shown in Fig. . 4, 
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TA8u I. Ex"EklMENTAL Ct.LL (f) EMF! AT TEMI'ERATURF.5 ANO PRES.'iURE.'i 

Pressure international kilob:trs 

Tcmpernture O'OSO O'SOO 1·000 I 'SOO 1·700 1'900 
·C Cell emf mY 

Molality 2S 4S'S 45·7 47-2 48'6 48·8 48 ·9 
70 60'8 61·8 62-5 64-1 6)'S 63-8 

O'IMHO 100 12·8 73-9 74-6 76·0 76·6 77-2 
ISO 92·) 94·1 95·7 97· 1 97-6 98 ·0 
200 116·1 116·4 116·9 118·1 11 8-6 118-9 

2S 44·7 4S'7 47' 1 48 ·2 48 ·8 49·) 
70 S7·9 S9'S 60·7 61 ·9 62·4 6)'0 

4 ·SMHO 100 70·0 71·3 72-3 73-6 74·2 74·6 
ISO 86·6 8H 88-4 90· 1 90'6 9H) 
200 

II 45-3 46·4 48 ·0 49·S 49 ·9 SO·) 
70 S9'4 60·7 6 1'S 62·6 63-2 63-8 

O·IMKO 100 72·7 73-4 74-6 7H 75-8 76·2 
ISO 89·2 90·) 91 ·5 92-6 9)·0 9)-.1 
200 109'4 109·6 110·1 110' 1 110'0 110·2 

2S 46·7 48-0 49,) 49·9 50,) 
70 6O'S 61 ' ) 62-2 6)-0 6),) 63-4 

4·S M, KCI 100 71· 1 73-5 74'5 75-8 
ISO 88·8 90·0 91') 92·9 93-4 94-0 
200 106·2 101·8 101·8 11 2-3 114' 1 11 506 

25 44·7 45-8 47-4 48·7 49-2 49·9 
70 6O'S 61-1 62·4 6)'4 64' 1 64'S 

0-1 MCsCI 100 71 ·9 7) ,) 74-4 75-2 75-8 76·2 
I SO 87-6 88·9 89·9 90·8 9 1') 91 ·9 
200 104 '5 10506 106· 1 106·8 107-0 

2S 41 ·2 43 ·1 44·6 45-9 46·) 46-9 
70 59·5 60·8 62-3 63-6 64·) 64·8 

4'SMC,O 100 69,) 10'8 12·2 73-5 74·2 14·8 
ISO 95 '1 95-6 96-3 96·6 97·0 91'4 
200 11 7-6 12H 110·5 120·6 120·6 120·8 

are very close to the themlochemical value. The results of Lietzke and Vau!)hcn for 
0·1 M He l should be regarded with caution since they exhibi t the grcatest cu~valUre. 
and also arc furihesl from the almost st raig.h t line plot produced from thermochemical 
data. It would not be remarka ble to think that the system that has the leas.t contamin-
ation in the sohHion as a whole should have a curve closer to the linc de rived fro m 
the thermochemical da ta. These rese rvations concerning publi shed work are prompted 
?y the fact that the thermodynamic calculations a re based on the reac tion of cell (1). 
Ie 

(I) 

and do not involve the electrolyte . thus not involving liquid~junction pds or hydrolysis. 
It would appear th nt both the Lietz.ke anJ V:lUghcn work a nd the present suffer 

from the possibili lies of contami nation-the former . the more so, because of a less 
rigorous attempt to confine the disso lved electrode materials. and because ralher 
larger amounts or calomel are genera lly uscd in the classical (orm of lhe ca lomel 
electrode; on this po int the resails of lhe present work should be preferred. Lietzke 
and Vaughen in their paper a ttribute the cu rva ture to hydrolysl'i : this fa ctor is 

·f .. -

The AgJAgCI and skin-culomcl electrodes at high tcmrcrature~ a nd rressures 801 

1>0 

' 20 

,,0 

100 

.. 
0'0 

60 

'" 
tOO 125 I!)(I 115 ZOO 

Temp&1o: ........ "c 

Flo. 5. Cell (I) ~mr as a function of tempcr.lture . 
O . this work 50 oor 0-1 M He l : • . Lietz.k.e and Vaughen.' SVP 0·1 M Hel ; 
fl, Lietzke and Vaughcn.~ SVP l 'O~'i Hel; -- - Calculated ... alue ba'§ed on 

lhcnnochcmical d3ta.H 

discussed again in the last section of this paper. T here is a lso the poss ibility that the: 
thermochemical data are incorrect; some of the refe rences given in the, Bulletin'" arc 

very old. 
If the data given in Table 1 arc fitted by a lcas{~squa res procedure to linear or 

quadratic cxprl.!s5io ns in temperature o r pressure , a relatively high degree of fit can be 
achieved . The Icast·square fi tting c:Jlculations were carried out o n a n English Electric 
KDF9 computer. T he scatler given fo r these calculatio ns in the present work is 
significantly less lha n that from the Lietzke and Vaughcn wo rl.. . if 5t,<Uler is defined 
as ,, = =- L~(obscrved poten tial - calculated pOlcntJ a l)~/ D.r.p i1. D. F. being the 
number of degrees of freedom. The Lietzke and Vaughen dit ta give , 0'1 M Hel 
call a l 25' C. ~ = ± 6·6 mY and ± 3·9 mY . wilh (dE/dTJ",,·) 0'5, and 0'1, mY/deg 
for a linea r and quadratic fit. whilst the work here reported gives d = :r2'3 mY 
and :i,2'5 mY, wilh dE/dT 0·38 and 0'3. (50 bar) and 0'3. (1·9 Kbar) mY/deg. II 
seems that, as a genera l trend. the ce ll ·emf isotherms become more nearly linear as 
the p~essu re i ner~ases. No c:o< perinlcntal comparison can be made for the fi ts of cell 
potcnti:t.1 with pressure, for lack or published d:.tla. The cell·emf/ pressure relationship 
at lcast up to 2 Kbar seems to be a lmost linear. Figure 6 demonstratcs this pro pcrty 
with an c '(amplc or 3 plo t or cel l emr ag:tinst pressure ror esCI and KCI at 4·5 M and 
J50°C. If howevcr. a linear or a quadratic expression is used to fi t the data for the 
0·1 M tiC! cell , we oblain 6 = ± 0·6, and ± 0·7. and (dE/dP)"'e 2'20. 1'3, (50 Kbar) 
3'0, (2 Kbar) mY/Kbar. 

Employing the temperature a nd prcssure different ia ls of the 0· 1 M He l cell to 
calcu lale Ml and ~V for (I) gives at 25,100 and 200' C. and I Kbar , tlH 1'52, 1'57 . 
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1·43 kcal/mol respectively. whilst 6. V for Ihese three temperatures (also at I Kbar) is 
-2'0,. -2·2,. - 1·Olcm'. dE/dTO'3,mV/degand dE/dP2·1 •• 2·3,. 1·6o mY/Kbar, 
used for these calculations, were calculated from linear and quadratic fits of the 
relevant data given in Tpble I. 

From the ccll~emf values given in Table 1. taking the values at the lowest molality 
of Hel it is possible to calculate the standard electrode potential of the skin·calomel 
electrode. This is done by simple subtraction, if the st:mdard electrode potentials of 
the sih:erlsilver~chloride electrode ar~ known with sufficient precision. Lietzke, 
Greeley, Smith and Stoughton15 and recently Izaki et 01.16 have made measurements 
to derive the standard electrode potential of the silver/silver-chloride electrode up 
to at least 200'C. 

Table 2 shows the derived values of standard electrode potential of the calomel 

TABU'. STANDARD EUCTItOOE POTES1H.U OF TilE !IUN-cALOMEL £UCTROO£ PROM 25-200"C 

C, Hg.Ci .. Hg, mY 
Authors WC 70~C 100000C 150"C 200"C 

267·93 
Various'-It 10 - - - -

268·2) 

This study (using Lietzke rt 01.1') 268'0. 249'5. 232'9. 195'9, 144·3. 
This study (using lzaki ~, 01.'·) 267'8. 248 '6l 231·7. 194"8. 142'7. 

electrode over a range oftcmpcrature, from the present work. The standard electrode 
potential may be represented by 

E~,,"ol'u.u.C) = 276·261 - 0·305351 - 8·7170 X 10-4 ,2 - 4·594 X 10- 11 13 mY. 

wilh a scalier of ± 0·6 mY; this is the result of Icasl-squares fit of the combined sets 
of results of Table 2, including the avcra~cd value at 2Y~C from previous work.6-10 
The rather larsc scatter is due to the large difference, ca 2 mV at 200"C, between the 
Irs of Lietzke et al. Hi aDd those of I za\"'i.15 Selection of only one or othcr of the EOs 
would reduce this scatter, but no preference can really be made at the prescnt time. 

- - - -
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(d) Measuremellts broo/ring the Orion cldoride·reversiblc eieClr(lde 

The Orion electrode (0. E.) was tested 3125 and 70"C and al 1-1900 bar. Table 3 
shows values found for cells 11 and III at concenlr:uions 0[0-1 and 5 M Hel; 

O.E./HCI (M)/Hg,C1,. Hg (ll) 

O.E./HCI (~!)/AgCl. Ag (III) . 

The potentials were measured simultaneously, a t I s intervals ; therefore, they should 
give the same pOlential as cell (I). 

TARU 3. ExPERIMENTAL caL £MfS FOR CELLS (II) AND om, USING n'E CHLORIOE·R(\USlBLE 
ORlOI'I EUCTROOf. 

Pressure, Kbar 

0·001 O·OSO 0·50 HIO 1·50 1·70 1-90 

O'IMHCI 
2S' C En. mY - S' I - +3-1 - +2-6S -0,9 +3-8 

ElllomV -50'3 - -42'4 - . - 4S'S -49·9 -44-8 
AE IiiI E, +4S·2 - + 4S'S - +48·2 + 49·0 +48-6 

70' C ElI,mV ' - -6,) -6· ) -5,) -5'1 -4-4 4·2 
E,",mV - - 67,0 -68,1 -67-8 -69·) -68'1 -68'1 
AE E'i E, - + 60·7 + 61-8 +62'5 + 64'2 +63-7 + 63'9 

5MHCI 
2S· C ElI,mV -1·7 - + 2·7 +6·9 + 10·5 + 11 ·8 +13'2 

£lflt mV + 45-6 - + 42-2 +39' 1 + 36') +35·7 -r )4·7 
6E a: £l + 43-9 - + 44-9 + 46-0 -t 46·6 +47-5 + 47·9 

70'C EII.mV + 4-8 - - +2" +37'S + 51'5 +48·7 
ElJhmV + 32·4 - - +S6" + 22·9 + to·3 +13': 
AE iil El + 57·2 - - +58·9 + 60'4 + 61'8 + 61'9 

Thus. for example. tak.ing the value of E" - E ttt at 25"C. 0·1 M HCI and 0·5 
kbar as 45·5 mV there is a 0'2 mV discrepancy with the value shown in Table l. 
Similar discrepancies are apparent for other pressures and temperaturcs. However. 
the results in Table 3 demonstrate that any "asymmetry" potenlial the Orion electrode 
may possess is reasonably constant for short periods of lime and that the electrode 
does function correctly as a chloride-reversible electrode under these conditions. 

(e) Effect of nature of cation and cOllcentratio" 0/ electroZrre Oil cell potemial 

The Nernst equation for cell (n does not depend on concentration or type of 
cation of the chloride electrolyte, as (I) shows. By reference to Table I it is seen that 
there is a variation in the cell emf for any particular concentration, temperature o r 
pressure for the three different solutions studied. Thus tbe va lues gt\"en for 4·5 ~i Hel. 
KCI ond esCI at IOO"C ond 0·050 Kbar are 70·0. 71·1 and 69·3 mY; 76·0 and 73-6 
mY were recorded for Hel at IOO' C for 0'1 M Hel and 4'5 M lIel al 1·5 Kbar. 

There arc three possible reasons [or th is behaviour. The first may be disposed of 
quickly as being the most unlikely-tbat Ihe anomalous results are a consequence of 
the presence of small amounts of bromide. GUIltciburgl7 warned o[ the dls~imi l ar 

extent of sou rces of error imposed upon the silver/silver-chloride and c1 ~\ssicaJ C3kl~ 
mel electrodes due to bromide impurity. In the prescnt case precnutjons, alread~' 

, \ 
\ 
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described in a preceding sec tion, were made to ensure the presl! l1cc of bromide was 
kept to the absolute minimum. 

The sc~ond and perhaps the mOle probable reason, but not the most easily under­
stood, is that rclyingon the obscrvcJ difference in solubili ties ofc:t1omd ill.thcsoiulions. 
Covington. Dobson and Wynnc-Joncs lO were the first to rcc0gniSt! the possibility 
and significance of differences in cell potentials from comparisons made with their 
experimental resu lts of measured cells at dilferent concentrations and different 
I : 1 electrolytes. In their paper reference was made to the work of Richards ;lOd 
Fran~ont. on solubility of calomel at 25°C in solutions of dirrer~nt concentrations and 
type of electrolyte. It is found that c.alomcl is more soluble in C~CI than KCI or Hel 
and the least soluble in HCI and low concentrations. For c'\ample, at 2SoC the 
amounts of mercuric chloride fouml ll in 2 N solutions of electrolyte saturated with 
calomel were 0-015, 0-28 and 0-70 gil for IICI, KCI and CsC! re,pecIIl'ely_ In seclion 
(b) also it is demonst rated that the ~olubility can be quite high. In the celts under 
dlscussion there will be at times very considerable amounts of mercurous and mercuric 
ion species. These ions are known to undergo complex formation. The net result 
would be an alteration in the concentration of chloride and cation in various Pdrts 
of the cell, principally in the calomel electrode compartment. Since this electrode 
compartment is separated from the rest of the cell by a very fine and long Teflon 
sinter, a concentration gradient would be set up. Thus, because of the perhaps 
very considerable dissimil:u concentrations e:dsting. liquid-junction pds could be 
established and contribute to the over-all cell potential. These appar!!nt liquid june. 
lions can be maintained for lengthy periods and under varying conditions, as the 
reproducibility of the experimental resul ts demonstrates. 

Referring back to the solubility values quoted above. it may be seen that they 
are equivalent to only a ca 0·003 lI.1 solut ion of J Igel:. Since the highest concentration 
of alkaline sail solution is 4·5 M, the contribution of the charge carried by the mercuric 
species would be \'ery much less than (hilt by the ions from. say. CsCI. Liquid­
junction potentials would, therefore. be signi licant only at concentrations approachmg 
0·003 M esCI. However, lhe value or 0·003 M HgCI .. is the concentration of this 
species alone, and the total concclltr..ltion of mercuri~ sPccic'i in the form of complexes 
prescnt may well be very much higher. Because no solubilily data is available other 
than the work of Richilrds and Frantan at 25"C, a semi ·qu::lOtitathe estimation of 
the tota l dissoh'cd calomel was carried out not only at 25?C but at some higher 
temperatures by a series of simple solubi lity measurements. In these measurements 
varyingqunntitiesofsolid calomel wer\! scaled in glass tubcscontaining si milar amounts 
of 4·5 M KCI solutions; Teflon-covered magnets were also contained in the tubes to 
facilitate stirring. T he tubes wcre heatcd in an oil bath by a combined heater ami 
magnetic stirrer. Temperatures were noted when the last trace of solid disappeared 
in each of Ihe tu bes. Observations were noted. but only with dilliculty. on cooling 
the tubes of the first reappearance of solid crystals. A temperature range between 
2S and I3S·C only was possible willt litis simple arr.ngorncnl, bUI an idea of lhe 
temperature dependence or solubility ca n he inferred from the data produced. 

A plot orsolubilily of calomel in 4·S 1 esCI solu tion as a function of temperature 
is givcn in Fig. 7. It is seen Ihat at 25°C the amount of calomel is equivalent to O·OJ M 
whereas at 13S~C thc value has risen to O·S r-,'1. It is a lso to be noted that the curve 
of the solubility ri ses very rapidly whcn the tempcrature exceeds 60"C or so; therefore 

'C.'-, , 
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FlO. 7. SolUbility or calomel in 4·5 r-"t esCI solution as:l ruoction of tem~f1ltu re. 
0 , solubility oC Hg,Cl t : ., SOlubility of Hg~Clt in 4 ·5 M KCI; (l , SOlubility of A~ 

in 4·5 M e sCI. 

SOl 

at 200"C the solubili ty could be at least ten times this amount. The graph also shows, 
hy singh: points, first. the much lower value for the same concentration of Kel, and 
second , the evcn lower value for the solubility of siit't'r chloride in 4·5 M esCI. 

The precise fo rmula of the comple~ species prescnt cannot be ascertained. If 
we take the empirical formula of the calion complexes. from the chcmical analYSIS 9f 
Richards and Fran,on. CsHS,CI,_ CsHgCI,. CsHgCI,. Cs,lIgCI" Cs,HgCI,, as a 
working basis, o r consider the complex ions such as C~II£CI,- and CsHgCl:;z- from 
the conductance studies of Foole and Martin,l' we see that in any of these comple'\es 
the proportion of CI iOIl to cation or mercuric species is hi,gh. ThiS means that the 
elrcet on Ihe tot:,1 change of the dilfercnce between the chlorille-ion 3cti\lty in the 
calomel e1cctrode compartment and that in the main bulk of solution in the cell 1l13Y 
be many times lha[ of the calomel solubi lity. It could be cquivtllent at 1"(JJt. at 130 ~C, 

10 a dilfc:rence of I M CI-. At these Ic:ve ls or concentration dilf..:rencc: the possibility 
o f liquid-junction pd now b\!comes more likely .. To suhstantiate thl! possihilit)' of 
liquid junction pds and to demonstrate their magnitude. a plot of these values 
as ~\ function of temperature is shown in Fig, 8. The ordinate was obtained by 
subtracting the calculated value of the cell emf from the values of observed at 
various tem peratures at 50 haL Tht: thermodynamic data for Ag. AgCI. and Hg. 
Hg:,!CI: useli fo r these calc:ulalions arc taken from the values publi:;;hcd by Kelly" 
and ;HC generally based on thermochemical evidence. 

The values gi\'en in I-ig. ~ nrc for 4·5 M esCI. thiS being the electrolyte and con­
ccntration that would be expected to "how the grcalc!tt elTcc!. Values forO· J M I lei an: 
also gi,'en, to show the (cast l'ffctl. Cdl emfs from the work. of Lietzkc and V3ugh~n· 
were treated in a similar manner and arc also shown on the graph. It is !lcen that the 
points generally lie in almost Mraight lines and as would be c'\ PCC(cJ C!>O sho\\s a 

-- -



J 

806 J, V. DoBSON, R. E. FIJU4AN and H. R. TmlUK 

l 
1. .10 

j 

~ 
" ! 0 

_~L-____ ~~~ ____ ~",~ ____ ~,~~ ____ ,~~ 
TtmpIf'Otwc. ·C 

flO. 8. Variation or liquid junction pel with temperature and with type and concen· 
lralion of electrolyte. 

O.O·J MHO; .0 O-I.M KCJ; C. 4·5 M CsC!; 0 . Lietzke and Vaughen.' 0·1 MHO. 

greater apparent liqldd-junclion pd than Hel ovcr the same tcmperature range. 
The slope of these lines is approxim31cJy 0-1 mY UC~ and 0-02 mY/dcg, wilh a 10lal 
change of 20 mY and 3 mY belween 25 and 200' C, respectively_ 

A third possibility to account for the: differences in cell emf shown in Table 
could arise from differences in the electrode potential of the caJomel electrode itself. 
The solubility product K. = QU5:tt- • a~,- should be obeyed. If K. is consta~t for a 
certain temperature and a " l_ is changed then OIlIl"IH must aller. This change 10 QU.,H 

will cause the electrode potcntial of the calomel electrode to alter. 
A further observation on the differences in cell emf obtained for the three types of 

electrolyte studied, is that in g..:ne ral. the values ofccll emf for C!.CI tend to be lower 
than those for KCI or flCl. at lea!.t for the highest concentration and lower tempera­
turcs.Moreover the emf shown for Hel arc generally not in the order of the solubility 
calomel is least soluble in Hel. Thisobservation shows perhaps the somewhat different 
characteristic behaviour of Ihe skin-calomel c1cl:trOllc iii acid solution as opposed to 
neutral chloride solutions. This apparently different behaviour has been a persistent 
though not frequently explored property of the skin-calomel electrode since its original 
inception.' Some mercuric complex species known to e:<.i!.l" in strong acid solutions 
are certainly protonated; this may account for the characteristics. A relationship 
between apparent liquid-junction pds and solubility has already been suggested. 
Tbis solubility must be also directly associated with the extent of eomplcxing an~ 
hence involved with stability constants and the further effects of temperature. It 
would be interesting, therefore , to study the apparcnt liquid-junction pds over a 
temperature and pressure rangc. Attempts could be then made to see if there is any 
relationship with the changes that arc thought to occur in dielectric constant. viscosity 
or density or"purc" HCl t KCl or esc) solution s over these temperature and pressure 
ranges. 

Unfortunately, lillIe is known of Ihe Jielccl ric conslant of these electrolyte 
solutions over the large range of temperature and pressure studies herc .:G Adequate 
information is given in the literature only of the didectric constant of pure water. 

The Ag/AgCI and sk..in<alomcl electrodes 0.1 high tempcraturtS a.nd pressun:s 807 

.. .. 
.2 

~ ., 
; 0 

o.t 

c,el 

~:~. 
-l 

Temp ,·e 

100 150 
T.tI'IfI,~ 

00' 

10 
19 

200 

Flo. 9. Variation of apparent liquid junction pd with lcmperature and pressure. 
. 00-050 Koor 
C.I{)()Koo.r 
0 .1·90 Kbar. 

It is known, at least for temperatures up to 40°C, that tbe dielectric constants of 
solutions of these salts decrease with increase in conCCnlr:lUOn and temperature. 
whilst the dielectric constant of water decreases with increase in temperature. and 
increases with increase of pressure. These facts demonstrate the well known pO\\erful 
effect these alk:,li cations, and high pressures. have on the struc(uml character of 
water-the decrease of dielectric constant indica ting :tn increase in association 
constant of a complex. or decrease in ionization constant in the case of water. The 
decrease of complex mercury-ca tion association or decrease in apparent liquid­
junction pd should follow increases in dielectric constant of the solution. Unfortun­
ately what occurs at lower temperatures may not occur at high temperatures or 
pressures. 
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Similnr qualitative arguments could be invoked for changes connected with 
viscosity and density; whilst they may prove interesting, if the complete data became 
available. genera ll y no thing morc could be deduced of a quantitative nature. 

An unusual result is fo und if the data in Table 1 aTC treated fin ally in another 
manner. Assumin~ that the data derived from the low concen trations of Hel follow 
(I). the prcssurc/c;U+Cmf data should represent most closely the changes in com pres· 
sibility for the components of ( I). Therefore (1:.~'HI("I - Eo. DflJCI) would represent 
the apparent liquid-junctio ll pJ corrected for pressure a t lny temper:uurc. A plot 
of EJ•J = (£"':;')1 ("1 - Eo.1MlICJ against temperature, at 0'05, 1·0 and 1·9 Kbar, 
is given in Fig. 9. Although the scatter seems rather high certain observations are 
unassailable. For the IICI cur\'e, an increase in pressure causes the nega tive slope [0 

increase, whilst for Kel, it causes a decrease. esCI gives a positive slope, tlccrcasing 
as the pressure increases. Thus following from the argument above, since CsC! 
mixtures show the greatest lowcring of dielectric constant with increase of concen­
tration, ie thc cxU::nl of complexing is raised , the esCI curve should show the least 
effect: but the evidence from the figure is to the contrary. 

(f) The over-all cell reaction 

It is certain thi:tt reactions other than that required by the Nernst relationshi p 
for cell (I) are operable under certain circumstances. Lietzkeand Vaughen4 considered 
the hydrolysis of the calomel as a major factor in causing divergences from (1). 
Their experimental evidence showed that the lower the concentration. the more 
apparent the curvalUre and posi tive deviations. The present data show less divergence 
from (I) tban thc Lietzke and Vaughen data. It has been demonstrated in section (c) 
that the electrode potentials as a functi on of temperature now reported arc closer to 
to the thermochemical cakulatcd values. It should not be forgotten that two entirely 
different forms of calomel elect rode were used in the measurements. Further, 
Lietzke and Vaughcn have suggested that if 

Hg,CI""", - Hg", + HgCI" •• , (2) 
or 

2Ag,., + HgO, •• , + 2HCI, .. , "'+ Hg", + 2AgCI, •• , + H,O", (3) 

were operable, very high potentials could be dcvcloped- 222 mY for process (2) 
and 703 to i80 mY for (3) . depending on concentration and temperature. In lhe 
present work , the extent or concentration of the species in these equations must be at 
a minimum. at least for a·' M Hel Solulions. 

To conclude, no clear explanation can be given for the Lietzke and V<lughen 
curvature, nor their reported failure of electrode systems in solutions of KCI grcJ ter 
than 1 M. The chemical evidence for hydrolysis cited by these workers is circumspect. 
Hydrolysis may be operable , but at concentrations much lower tban were studied or 
reported. 
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