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Chemistry. - "'1JieJ'nzodynanzics of Standard-Gells" (Bid Part). By 
Dr. ERNST COHEN (Communicated by Prof. H. W. BAKHUIS 
ROOZEBOOM). 

1. It is my intention, in this communication, to apply the 
previously doveloped thoory to the WEsToN-cadmiumstandard-cell 
and to show that it is also here in perfect agreement with experi­
ment. In the first plare the mechanism of the reaction will be more 
close1y considered. 

The ceH is constructed 1) as follows: 

Hg-Hg2S04- saturated solutioll of cadmium sulphate-cadmium amalgam (14,3 pCt. of Cd.) 

We must notice here, as I ha\'e al ready said in my second com­
munication, tLat cadmium amalgam does not uehave in the samé 
way as pure cadmium. The measurements of HOOKIN and TA.YLOR 2) 
and those of J.Ä.GER 8) have plainly proved this. The following 
table taken from J.Ä.GER'S communication shows this: 

Compositioll of thc amnlgam. 

Dfo Cd. Cdl Eg. 

1 1 : 100 

~ 2 : 100 

6 5.3 : 100 

10 11.1 : 100 

lVI- 12.9 : lau 
13.0 15.0 : 100 

14.3 16.7 : 100 

15.4 18.2 : 100 

20.0 95.0 : 100 

Cd. amalga-
mated. 

Cd. pure. 

TABLE 1. 

E M.l'. agaillst tbe 143 pelcent 

Cdamalgam (Volt) 

- 0021 

- 0.013 

nearly 0 

o 
o up to 1/100 millIvolt 

o 
o 

o up to + 0.001 

+ 0.001 up to + O.OlJ ~ 

o to ab out + 0.044 

+ 0.051 

gradually rising. 

1) JÄOEIl. Imd WACIISMUTU, WIEDllMANNS Anno.!en 59, 575 (1896). 
1) Journni of tbe Society of Telegraplt-Engiueel's, VlIr p. 282 (1879). 
2) WnmE\lANNS Annalen, 1i5, 106 (189<3). 
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When 2 X 96540 Coulomus pass through the cell, then 
a. 1 gram atom of Cll wIlI be withdrawn from the cadmium 

amalgarn (Heat effect Wj ) 

b. the liberated Cd \\ill combine with the 804 of the Hg2 804 

to Cd 804 (Heat effect JV2), 

c. which '" ill then abstract water from the saturaied solution of 
cadmium sulphate and form Cd 804 , %, H2 0 (Heat effect Ws)' This 
salt will deposit in the saturated solution. 

The said abstraction of water will take place according to the 
equation: 

Cd804 + %8/ Cd804• AH20 = .A As OdS04 • 8/S H20 ... (1) 
A- s - /s 

in which Arepresents the number of mols. of water associated with 
1 mol. of Cd 804 in the saturated solution at tbe temperature of 
the cello 

2. The total heat effect in the ceIl on the passage of 2 X 96540 
Coulombs is now: 

W1 + W2 + Ws calories. 

Tbe heai of formation of Cd 804 and Hg2 804 are known and 
amount to respectively 219900 and 175000 calories. 

The heat evolved whcn 1 gram atom of Cd is withrlrawn ft'om 
the amalgam (W1) has been experimentally determined hy me (see 
below) whilst the quantity of heat (Ws) evolved by the process 
represented in equation (1) may be deduced from the thermochemical 
determinations of TROMSEN, taken together with those of Mr. H. B. 
HOLSBOER which he has kindly placed at my disposal. 

a. Expel'imental dete1"lnination of the Beat evoltttion (W1) w/zich 
takes place on tlte withdrawal of 1 gram atom of cadmium 

(t'om tlw 14.3 pCt. Cd amalgam. 

3. I have not deterIPined this heat effect by thermochemical, but 
by electrochemical meana by a method which in a case like this 
deserves the preferenee on account of its very great accuracy 1). 

For ihis purpose T constructed a ceIl according to the following 
scheme: 
Cd - dilute solution of cadmium sulphllte of Ilrbitrary concentilltion - 14.3pCt, Cd amlll~am. 

1) Compare RIOU \RDS nnd Lr:WI3, Proc. Americ. Acad. of Arts nnd Sciences. Vol. 
XXXVI, 87. Dec. 1898, Zeitschr, fur phys. Chemie 28.1 (1899). 
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When in sueh a ceH the current is closed, Cd will pass trom 
the cadmium electrode to the amalgam. 

If we apply to this een tbe well-known equ<Ltion of GIBBS and 
VON HELMHOLTZ. 

Ee dE 
E= - +T-T' ....... (2) 

nEo d 

we can find Ee by the determination of thc E. M. F. of the cen 
and its temperature coefficient and this quantity is simply the amount 
of beat evolved when 1 gram atom of~cadmium is added to the amal­
gam, in other words, the quantity of heat whieh we wish to deter­
mine but with the opposite sign. 

G 

D 

B 

Fig. I. 

4. The ceU used had 
the form indicated. The 
capi1laries PI and F 2 are 
sealed to the arlIJs.A. and 
C of tbe vessel ABC. The 
capillal'y Fl cornmunica­
tes with .A. but P2 on tbe 
other hand is closed at 
the spot where it is sealed 
to C and admits a plati­
num wire which in C lS 

wound up to a spiral S 
and projects into F 2 about 
1 cm. 

Into A is poured the 
amalgam (14.3 pCt. of 
cadmium) which is in 
direct contact with the 
platinum wire Hl, which 
runs into A. 

In to C is in trod uced 
F2 metallic crystalline cad­

mi urn so as to quite sur­
round tbe platinum spi ral 
S. Into F2 mercury is 
poured w hich forms the 
contact betweell S and the 
platinum wire H2• 
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5. The metallic crystalline cadmium was prepared as foUows 1): 
200 grams of crystallized cadmium sulphate were dissolved in warm 
water precipitated with ammonia and redissolved in a slight excess 
of the same. Af ter diluting to 600 cc., the liquid was electrolyzed 
between two platinum electrodes of 55 cm2• &urface at a tension of 
6-8 volts and with a current of 4-5 ampères. Splendid dendritic 
crystals of Cd are deposited at the negative electrode which are left 
in the liquid until enough of the metal has separated. 

The crystalline metal is first washed a large number of times 
with very dilute sulphuric acid, then with the same solution of 
cadmium sulphate whirh serves afterwards in the ceU Cd - CdS04, 
Cd-amalgam. The solution, the concentration of which may be 
chosen at will, was prepared hy dissol ving 200 grams of crystallizecl 
cadmium sulphate in 500 cc. of water 2). 

'1.'he metallic cadmiuni after being weU washcd (reaction with 
congo-red) was kept in this solution; the olectrodes thus prepared 
are electrically well-defined and different preparations only showed 
a mutual potential difference of 0.00001 volt. 

6. The cadmium amalgam of 14.3 pCt. was prepared by weighing 
the respective quantities of the components. In the metallic cadmium 
from MERCK no impurities could be detected by analytical means 
and the test recommendcd by MYLIUS and FUNK 3) which shows 
0.01 pCt. of zinc with certainty also gave a negative l'esult. 

The mercury was purified with mercurous nitrate and then dis­
tilled twice in vacuo. 

7. Af ter the electrodes in the eeIl fig. 1 were put in their plaee, 
the above mentioned solution of cadmium sulphate (which was far 
from saturation even at 00

) was poured in and the ceU closed by 
means of an india-rubber stopper, g. 

The length of the capillaries renders it possible to completely 
immerse the w hole ceIl in a thermostat. 

The E.M.F. of this ceU of which 1 first constructed 2 specimens 
for control (I and lIl) was determined at 00 .0 C. and 25°.0 C. 

The ceUs were kept at zero in H. thermostat consisting of a copper 
cylinder isolated with cotton-wool and containing a mixture offinely 

1) Compare nICHA.RDS and LEWIS, Proc. Amer. Acad. Arts and Sc., Vol. XXXIV, 
p. 87, Dec. 1898. Zeltschr. phys. Chem. 28, 1 (1899). 

~) 'l'he water wns the same 3S used for determmatIons of the electricnl conductiVlty 
(Iud consequently very pure. 

S) Zeitschr. auorg. Chem. 13, 157 (1897). 
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CJ.'ushcd ice and water. Only hy vigorously stirring with three screw 
propellers fixed at different heights in the cylinder and kept in 
rotation hy a HEINRICI hot-air motor, was it found possible to 
maintain in every part of the thermostat an equal temperature 1) of 00

• 

The thermometer used was divided in lhoo and compared with a 
standard instrument from the Physikaliscl-'rechnische Reichsanstalt 
at Charlottenburg. 

At 25°,0 C. the temperature was regulated with a toluene-regulator 
within 0°,03 C. 

The E.M.F.'s were measured, by means of POGGENDORFF'S com­
pensation method. A TnoMsoN's mfrror galvanometer was used as 
the zero instrument, a sm all accumulator as the working ceH and 
a WEsToN-cell and two CLARK-cells as standards. 

The WES'fON and the CfrARK-CeUs stood in the thermostat ~ at 
25°,0 C. (also in the experiments at 0°) 2). Aftel' each measurement 
the accumulator was tested hy means of the WEsToN-cell. 

8. In the first place, 1 determined the relation between the 
E.M.F. of the WESTON-cell and of both the CLARKS A and B. 

CL.ARK ..125° = 1.3942 
WESTON 250 

CLARK B250 = 1.3942. 
WESTON 250 

If we take as the E.M.F. of tbe CL.ARK-cell at 25°,01.4202 Volt 
then that of the WEsToN-cell at 25°,0 = 1.0185 Volt whilst in the 
Reichsanstalt 1.0184 Volt has been found at this temperature. 

9. The E.M.F.'s of the cells I and In were then determined 
at 25°,0 C. and 0°,0 C. 

TAB L E Il. 
Eleetromotive force at 25°.0 C. of the eelll 

Cd-CdS04 solution - Cd.amaJgam 143% Cd. in Volts. 
Date Nd. 1. Date No. III. 

2/6°0 4.00 p.m. 

4.30 

5.10 

0.04998 

0.04995 

0.04999 

0.04995 

averge 0.04997 

0.04989 

averge 0.04989 

I) 'Ihe method so frequently used for the testing of thermometers of plaeing these 
instruments in a funnel with orushed 10e, seemed to me to be untrl1stworthy as dif· 
fereJlces in tpmpera.ture up to 0°.3 C' were obsel'ved. 

2) Proc. Nov. 25, 1899, p. 290. 
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.At 0°,0 C. the following waf> found : 

2fs
oo 

4/00 
/6 

TAB L E lIl. 

Electromotive force at 0°.0 C. of the ceU 

Cd-CdS04 solution - Cd. amalgam 14.3 OIo Cd. in Volts. 

Date 

lh.50 p.m. 

2h.25 

2h.50 

11h.15 am. 

11h.50 

average 

No. I. 

0.05571 

0.051171 

0.05571 

Û.05591 

0.05591 

0.05579 

6/00 
/6 

Date 

4h 50 P m. 

No lIl. 

0.05571 

5h 24 0.05581 

avcrage 0.05576 

------

We, thereforc, fincl as thc meun of tbe observations with both 
the ceHs: 

E.M.F. at 25°0, C. = 0,04993 Volt. 
E.M.F. at Oo~ C. = 0,05577 » 

Thf' temperature coefficient of the E.M.F. is therefore on the average 

0,04993~0,05577 = _ 0,000233 Volt. 

10. On this result I had a check 1), which was very welcome 
to me. JÄGER ll') has determined the E.M.F. of a similar cell and 
has found 0,051 volt, but he has not given the temperature at 
which his determinatioll was made. I have now calculated from my 
determinations the temperature at which E would be 0,051 volt 
according to my observations. I find from 

Et = E25 + (25-t) 0,000233 
t = 20°0. 

In reply to my inquiry, Prof. JÄGER was kind enough to state 
that he had indeed made his observations at about 20° C. 

I 

1) Subsequent experiments prov('d to me tbe couectness of the supposition tltat the 
temperature coefficient between 0° and 25° <loes 1I0t alter with tbe temperature. 

2) WIEDEMANNS Annalen, 65, 106 (189S). 



- 8 -

( 214 ) 

11 If . cl h I f dE ~ • . we now mtro nce t e va ues 0 E and dT louna, into 

the equation 2 on page 210 and calculate Ee for 18° C., we find: 

dE 
(E291 = 0,0515; dT = - 0,000233 j T = 291) 

Ec = 2 (0,0515 + 291 X 0,000233) X 22781 calories = + 5436 calories. 
) 

The heat effect of the withdrawal of 1 gram atom of Cd from 
the 14.3 pCt. Gd amalgam is therefore, 

W1 = - 5436 calories 1). 

(3. Determination of the Beat effect Wa. 

12. We have still to determine the heat effect which accompanies 
the change: 

Bfg A 
CdS~4 + A-Bfs CdS04· A.H20 = A-% CdS04• % H20. 

The factor A (see page 209) may be taken from the solubility 
determinations of MYLIUS and FUNK2) and KOHNSTAMM alld COHEN3), 

who have found quite identical figures. 

1) In my second communication ou the thermodynamics of the standarcl·cells (these 
Proceedings 26 May 1900 pag. 36) it was eoneluded from older ancl newer stntem~nts 
in the literature that the abstraction of 1 gram atom of zine from the zinc·amalgam 
of the CLARK.-eells took plaee without any heat efrect. That ~ueh is renUy thc case 
is taught by the following experiment: 

I eonstrueted a eeU aeeording to the seheme: 

Zn amalgam - ZnS04 solution - Zn 
1 : 9 dilute 

just in the same manner as described uhove for the Gd-eells. Of this eeU the E.M.F. 
was determined at 0°,0 C. and 25°,0 C. There was fouml at: 

0°,0 C. 0,00048~ Volt. 
25 °,0 C. 0.000570 11 

dE 
therefore rJP = + 0,00000328 Volt. 

From this follows: Ee = 2 (0,00048 - 273 X 0,00000328) 22782 cnlories 
Ee = - 9 calories. 

The q unutity of heat required, is therefore + 9 calories or praetirally nil. 
~) B. B. 80, 824 (1897). 
3) WIEDEMANNS Annalen 65, 844 (1898). 
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At 18°C., A = 15,17. 
The equation representing the change therefore becomes at this 

temperature : 
CdS04 + 0,212 (CdS04• 15,17 H20) = 1,212 CdS04• s/s H20 .. (3) 

If the systems to the left and the 1'ight of the sign of the equality 
are dissolved in so much water, that both have the concentration 
C9S04-·400 HsO, wc ean find tbe quantity of heat Ws (p. 209) 
from the heat effects so obtained. 

I now reproduce the following from the data put at my disposal 
by Mr. HOLSBOER : 

Heat of dilution 

" 
" 
" 
" 
" 
» 

CdS04• 13,6 HgO to CdS04• 30 HgO = + 1034 calories. 

CdS0.4' 15,6 HsO " CdS04• 20,6 HsO = + 405 " 

OdS04• 20,6 BgO " CdS04• 30,6 HgO = + 285 " 

OdS04• 30,6 HsO " CdS04• 50,8 HsO = + 231 

OdSO,1' 50 HsO n CdS04• 100 HsO = + 220 " 

OdS04- 100 HsO " CdS04• 200 HsO = + In 

CdS04• 200 HsO » CdS04• 400 HsO = + 103 
" 
" 

From this I calculate: 

405 
H. o. d. CdS04• 15,17 HsO-CdS04• 20,6 HsO =50,43+405 = + 440 calories. 

" CdS04• 20,6 HsO-CdS04• 30,6 ElIO = = + 285 " 

" CdS04• 30,6 HsO-CdSO'1' 50 HsO -= = + 222 " 

" CdS04• 50 HsO-CdSO.j,' 400 HsO = = + 499 " 

Heat of dilution CdS04.15,17 HsO - OdS04• 400 HeO = + 1446 11 

The heat of solution of CdS04-CdS04• 400 H20 = + 10740 ca­
lories (THO}ISEN, Thermochem. Untersuchuugen IH, S.201), and the 
the heat of Rolution of CdS04• 8fs H20-CdS04• 400 HsO = + 2660 
calol'ies. , 

The heat effed (W 3) which accompanies the change l'Apresented 
in equation (3) is therefore: 

Ws = 10740 + 0,212 X 1446 - 1.212 X 2660 = + 7822 calol'ies. 

13. The heat evolved at 18° C. in the W I~STON-ccll at a pas­
sage of 2 X 96540 Coulombs may now be calculated: 

Ee = W1 + w2 + w3 = - 5436 + (219900 -175000)+ 

+ 7822 = + tI;~8G calories. 

14. This quantity must now be compared with that obtained 
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from the direct observatiolls of tbe E.M.F. of tbe WEHToN-cell by 
JIGER and WACHS!1UTH 1): 

From their measuremenls it fullows that the E.M.]'. at tO is 
represented by the equation: 

Et = 1,0186 - 0,000038 (t-'20) - 0,00000065 (t_20)2 VoU. 

thel'efol'e : EI80 = 1.0186 Volt. 

(dE) - = - 0,0000354 Volt. 
dT 180 C. 

Ol' Ec = + "'880 calories 

whilst the thermodynamic calculatioll gave Ec = + "'~86 calories. 

-
The agreement Letween theory a.nel experiment is, therefol'e, very 

satisfactory. 

] 5. I will not llPglect to point out that the idea hitherto pre­
vailing on the mechanism of thc change :md which was represented 
by the equation: 

Od + Hg2 804 ~ 2 Hg + Od80,~ 
would here a1so lead to quite wrong results. 

From tbe above it appears that we may represent the mechanism 
of tbe change which occurs in the WEs'foN-cell hy 

Cd amalgam ~ Cd + Hg 2) 
and 

Amsterdam, University Chcm. Lab. 
June 1900. 

1) WIEDEMANNS Annalen 59. 575 (1896). 

2) This provisional equation only represents the change of tha mna]gnm qllal!taliv!Jl!J. 
The exact qualltztatlvlJ equation can on]y be givell w]len the behayjoUl' of the cuclmium 
amalgnm has been more exactly studied. (See my next pap{jr on the metastnbility of 
the WEsToN-cell). 

1 

( 

j 


