


SIGNIFICANCE OF THE ELECTROCAPILLARY CURVE
By A. F'RUMKIN

ArprLyinG Gibbs'! theory of surface equilibria to the interface mer-
cury-solution it is easy to show? that the following relation must hold:

do = Ed¢ — ETdu; (1)

In equation (1), ¢ is the interfacial tension, ¢ the potential difference
between solution and mercury, and E the charge earried by the amount
of mercury ions which must be introduced in the solution in order to
keep ¢ constant when the mercury-solution interface is increased by
1 sq. em. The quantities T'; and u; are the surface densities and thermo-
dynamic potentials of the different independent components of the solu-
Ation, with the exception of the mercury ion, as the term Ed¢ is sub-
Vtituted in equation (1) for the term — Ty, dume, There is no term in
X (1) relating to water as we fix the position of the interface assuming that
the surface density of water I'y,o is equal to zero. If we change ¢ (i.e.,
¥ the concentration of mercury ions, which is supposed to be low) polar-
izing a mercury meniscus in a capillary tube, but keep the concentrations
of the other components constant, equation (1) reduces to the well-
known Lippmann-Helnholtz equation of the electrocapillary curve

do

i T ) ’ 2
3¢ ) (2)

This relation could be tested by different methods?® and the experi-
mental results have been found to be in satisfactory agreement with
the theory.
do
do
interest. We shall denote this value by ¢max. The numerieal values of
¢max (and in general all ¢ values) given in this paper are referred to a
1% The Colleeted Works of J. W. Gibbs,” Longmans, Green and Co., 1, 230
1928). .
( 4 '.[?‘rumkin: Ergebnisse der exakten Naturwissenschaften, 7, 239-241 (1928).
3 Frumkin: Z. physik. Chem., 103, 55 (1922); Schofield: Phil. Mag., 50, 641
(1926).

The value of ¢ which makes — and E equal to zero presents a special
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90 SIGNIFICANCE OF THE ELECTROCAPILLARY CURVE

normal calomel electrode. A zero value of E means that on formation
of a fresh mereury surface neither do mercury ions disappear from the
solution, nor are they sent into the solution; at this particular point the
mercury surface carries therefore no charge. Making this statement,
we really use the word “charge” as an abbreviation for © charge
acquired by the metal surface through a process of exchange of ions
between the metal and the solution.” The relation between the change
of the concentration of mercury in the solution and the charge of the
mercury surface was stated for the first time by Nernst*. Krueger?®
suggested that although F is equal to zero at the point ¢ = dmax, the
mercury surface can still be negatively charged, the mercury adsorbing
an amount of mercury salt, equivalent to the amount of mereury ions
which have been sent into the solution by the mercury. It could be
shown,% however, that the concentration of mercury in the solution at
the maximum point is far too small to account for sueh an adsorption;
the assumption of a zero charge of the mercury surface at the maximum

of the electrocapillary curve seems therefore to be completely justified.

Determinations of electrocapillary eurves have been carried out for

various solutions by different investigators,” and especially by Gouy.®

They show that the value of ¢ms changes strongly with the composition

of the solution. This means that the potential difference between the

solution and the mercury does not vanish when the mereury surface is

not, charged, at least not in all cases. Gouy has shown? that these

effects can be explained on the hasis of adsorption of ions and molecules

present in the solution. This theory has been developed by the present
author. It is the aim of this paper to give a brief review of what we

can learn about adsorption and orientation of ions and molecules from
determinations of duax.

1. INORGANIC ELECTROLYTES

The position of the maximum of the electrocapillary eurve in solu-
tions of inorganie salts is determined by the nature of the anion. The

*Beil: Wied. Ann., 58 (1896); Z. Elektrochem., 4, 29 (1897).

8 Nachr. Ges. Wiss. Géttingen, Math. physik. K1., 33 (1904); Kriiger and Krum-
reich: Z. Elektrochem., 19, 617 (1913).

¢ Frumkin: loc. cit., 3, 64. '

7 Paschen. Wied. Ann., 41, 42, 177 (1890); 43, 568 (1891); Smith: Phil. Trans.
Roy. Soc., 193, 47 (1900); Rothmund: Z. physik. Chem., 16, 1 (1894); Meyer:
Wied. Ann., 46, 508 (1892); 53, 845 (1894); 56, 630 (1895); 67, 733 (1899); Z.
physik. Chem., 70, 315 (1910).

¢ Ann. chim. phys., (7) 29, 145 (1903); (8) 8, 291 (1906); (8) 9, 75 (1906).

9 Ann. phys., (9) 7, 129 (1917).
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cation does not exert a marked influence except: in the caseA oi;i srfmldl
differences which are observed between the curves of_ some aci s.ﬁm.‘
their salts. The character of the inﬂue‘nce‘ of the anion f:un ber;] us—
trated in a convenient way by Fig. 1, Wthhl ig taken from (.ou_y.‘ : 1@1 (],
is a large group of salts which raise the maximum value of t'hc mi,og .J.cut
tension omee above the value observed in pure water, or a_t least o im
cause a marked lowering of omax. C:‘irbona‘oes,ﬂ phosplmtes., arsen.;u ce;;
sulphates and hydroxides belong to this group. ’lh(_) valges of ¢f;“ ‘laf:l‘l?!tﬁ
are observed in normal solutions of tl}ese salts lie between the }1111(1_
0.47 and 0.52 volt. Salts of other anions lt_Jwer Omax MMOTE OF 'I?SIL an
eause a shift of the maximum toward inereasing values of ¢, as is shown
in Fig. 1. The following values of ¢max ot
are observed innormal solutions of some g R
salts: NaClOs 0.55, KC1 0.56, KNO; A +O$
0.56, KBr 0.65, KCNS 0.72, KI 0.8?, [
K5S 0.92. The depression of the maxi- ‘ K
mum shows that in these solutions
there is a positive adsorption of the
galt on anuncharged surface of mercury.
The fact that as a result of this adsm:p-
{ion the maximum is shifted tow:.ird in-
creasing valtues of ¢ can be explained if
we assume that the adsorbed salt f orms ;
a double 1ayer at the mercury-water n- 0.5
terface, its anions being turned tow:f,rd
the mercury phase. This theory which
was proposed by GouyhacGOflnt:s[ atlls;o
lor the difference in the role of the ') _ |
f:?a.rtion and the anion, as the Enions tslxre h;a.l((’ln ;narihles] ezl;}g:iztiljajﬁ;
by specific adsorptive forces, whereas the cations ar g cor.n_
[iract the negative charges of the anions. It is interes ing g
gﬁfi&idol;}cger of aisorbability of anions at the merc':ury~water. m?s:iﬁz
which can be determined in this way from electr_oc-aplllary m c;i’ulcutho;-
with the order of adsorbability at the water-air 1nterface. ; 140;:, “H,]
using an electrostatic method showe@10 that the ﬁurf_ace of ll:‘l .M?; (i.t”
wolutions are negatively charged at higher conccnt.r.'abllmm‘c:m t]lou “f,) "
pure water, indicating the presence of an excess of anlons {n. : m.‘_
l t of the surface layer. The results of these clectrogtatic 'nmaﬁ}n,‘
fl)':uelnts were corroborated by measurements of gurface t;_enmon. it

&7

10 ¢ 15

Frc. 1.—Electroeapillary curves of
solutions of different inorganic elec-
trolytes.

107, physik. Chem., 109, 34 (1924); Fromkin, Reichstein and  Kulyarslkaja:
fis L, .,
Kolloid-Z., 40, 9 (1926).
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following order of increasing adsorbability of anions at the air-water
interface was established:

OI’I’, CO;;”, SN S04 < Q < BY < NO' < I < 0104" < CNS&/

It is probable that this is also the order of decreasing energies of hydra-
tion of the ions, at least for ions of a similar structure. If we compare
the behavior of anions at the two interfaces water-air and water-mereury
we see that for many ions the order of increasing adsorbability is the
same in both cases. With other ions, however, there is a pronounced
specific influence of the mereury surface. The most striking example is
given by the 8 anion which is at the beginning of the series in the
case of the air-water interface and at the end of the series in the case of
the mercury-water interface. The adsorbabilities of the halogen ions
compared to the NOy" and €10,/ ions are also much greater in contact
with mercury.

II. ORGANIC COMPOUNDS

Solutions of organie non-clectrolytes have been extensively investi-
gated by Gouy ' and some additional measurements have been earried

out by the author in collaboration
G
400 / s\

capillary curve, which is observed
after the addition of the organic
substance, with the original curve
of the solution which contains

with Donde and Kulvarskaja. It is
convenient, to compare the electro-

V
350 // \

\ the inorganic electrolyte only.
200 \ This is shown in Figs. 2, 3, and
0 05 10 15 p 4. So far as the position of, the

T, e B L
three classes: (1) those which do
not materially change the value of ¢, (Fig. 2); (2) those which shift
the maximum to smaller values of ¢ (Fig. 3); (3) those which shift it to
larger values of ¢ (Fig. 4). The shape of the curves which is observed
in solutions of organic substances is sometimes quite characteristic, as
is shown by Fig. 3. This indicates that the adsorption of the organic
moleeule varies strongly with the surface charge of the mercury. A
mathematieal treatment of this problem has been given by the author,!2
"' Ann. chim. phys., (7) 29, 145 (1903); (8) 8, 201 (1906); (3) 9, 75 (1906).

*Z. Physik., 36, 792 (1926); Frumkin and Obrutschewa.: Biochem. Z., 182, 220
(1927); Obrutschewa: Ibid., 207, 25 (1929).

charose,

Vbut it will not be discussed in this paper.
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The ohserved shift of the

maximum shows that the
existence of an adsorbed g
layer of molecules of sub-
stances belonging to groups 400
2 and 3 produces a poten-
tial difference between the
mercury and the solution.
This was pointed out for |

350 : N
the first time by Gouy. . If
we disregard the effect
caused by the water mole-
cules themselves, this po-
tential difference is posi- 300l - DE s

tive for group 2 (positive
end of the molecule turned
i ereury), and
;Z::Eiit;c?sr Ijgll{‘aoup ?Eneg&ﬁve end of the molecule icurnled ?gw‘ard thcl
Tt was shown by the experiments of Kenrick,'® Guyot,
and by those of the
author!® that the ad-
sorption of organic
compounds at the air-
water interface gives
rise to similar electrie
effects and it seemed
worth while to com-
pare the results ob-
tained in both cases.
A computation of the
available data carrvied
out by the author!®
some time ago is re-
produced in Table 1.
7 A is the lowering of
Tid, 4—nH:80, + sCS(NHo)e = 0, 1, o' 8% T8 he  gurface bension

IO R iter. . is
+ 1 %, ¢ mols per liter of water by the dis-

Fia. 3.—nNaCl + 2C:HuOHz = 0, vy, v8v, Tor
A 5, and fymols per liter.

mereury).

. 450 7

\

300

o

0 0.5 1.

17, physilk. Chem., 19, 625 (1896).

I Ann. phys., (10) 2, 501 (1927). N P P

'z, ph\]rﬁik. E.')lmm., l111, 190 (1924); 116, 485 (1925); 128, 321 (1926); Cf. also,
Peumkin and Williams: Proc. Nat. Acad. Sei., 16, 400 (1..5)‘29}‘. 1.

W Log, eit,, 2, 258-204; a fow misprints which oceur in this paper have lm;'.n aor-
poeted here,  CF. also, Marking and Bwing: J. Am. Chem. Soe,, 42, 2630 (1920).
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solved substances and e is the potential difference at the air-solution
interface, assuming a zero value for the potential difference between
air and pure water. A and egg represent the corresponding quantities
for the mercury-water interface, i.c., Ang is the lowering of the maximum
interfacial tension, caused by the organic substance and eng the differ-
ence between the value of ¢max in a solution of an inactive electrolyte
(NaxS04) and in a solution which contains the organic substance. The
latter is identical with the drop of potential connected with the layer of
organie molecules adsorbed at the mercury-water interface, if we aseribe
a zero value to the potential difference mercury—pure water at the
electrocapillary maximum. The values Awg and emg refer to solutions
which contain some electrolyte, as otherwise the determination of ¢mas
would be impossible. If if is not stated to the contrary this electrolyte
is normal NapSOs.  As the presence of the electrolyte influences the
activity of the dissolved organic substance, the comparison between the
values of A and e and the values of Ay and e can be only semi-quanti-
tative. The numerical values given in Table 1 have been taken from
different sources. A list of references is given below.16

ORGANIC COMPOUNDS

1. —Continued

Tanue 1
Substance Concentration A Ang € €rig
Methyl aleohol............. molar TP 3.3 0.10 0.02
Ethyl aleohol. . ..o molar 15.9 9.5 0.23 0.08
Propyl alcohol.. . v oo, molar 29.1 31.0 0.32 0.24
Iso-amyl aleohol, . ....... ... 0.1 molar 30.0 31.0 0.25 [*~0.25
Tertiary amyl aleohol. ., . ... 0.1 molar 20.4 22.6 0.29 0.35
Allyl aleohol. ..o eusiiin: molar 21.5 24.2 0.26 0.15
Acekic Bl e T 2 molar 17.3 1220 0.22 0.00
Propionic acid. . ........... molar 25.0 23.3 0.27 |, 0.11
Normal butyric acid. . ... ... saturated (L. .. .. ... ... ... ~0.35 0.14
Normal eaproic acid. .......[ 0,07 molar | 39.0 36.8 0.34 0.21
(4+0.3 |-
normal
KNOy)
Bther i, L e — saturated  |~43 29.3 |~0.52 | =0.38
Ethyl acetate. .. ove o BRBUTRGRARS (e o ool oL ~0.58 | 20.43
Acetione R molar 17.4 15.2 0.38 0.25
Paraldehydes e satarated [Loooo.ooli. L. 0.36 |~0.45
AN T O R RN molar 2.4 2.4 0.08 | 0.02
Triethyl amine.....,....... 0.1 molar 22.2 32.3 0.53 " |~0.35
(without
NE..QSOq
addition)
Glycol. o Rt molar 3.1 7l 0.10 0.03

*This symboi (~) means approximate value.

TABLE
Substance Coneentration
Gyoemne. ... v ...| molar
BABONBTOSE .« oo o oieoeeais s e molar
1 ey aTe U S SRS e 0.1 molar
MRlonie aeid. . e v molar
LA el o e S SIS saturated
e L T 0.1 molar
BREIBEOL. . o v - v e e vn e 0.1 molar
TS P R .| 0.1 molar
Ll e TR (R S
Pyrocatechol,............... 0.1 molar
Mydroquinone. ............. 0.1 molar
110 5)-Te) 1 5 i1) K R 0.1 molar
ey R S S molar
T s S 0.01 molar
o e e 0.1 molar
BUEBIAme . . .cn e saturated
Nitrobenzene. . ............ 0.007 molar
Benzoic aeid. .. ............ 0.01 molar
oPhthalic acid. . ........... 0.01 molar
Tonzyl aleohol. . ........... saturated
Bonzylamine. .. ....ovovene- saturated
Ohloroform. - oo vvoveeeennns saturated
Ohloral hydrate. . .......... molar
Ohloracetic acid. . .......... molar
TPrichloracetic acid.......... molar
Bromacetic acid.. . ......... molar
f-Chlorpropionic acid....... | 0.1 molar
fi-lodopropionic acid. . .. .. .. 0.2 molar
QNS odide. . ..o saturated
H-Chlorbutyric acid......... 0.25 molar
CEI Y e R R molar
T O molar
Phioncetic acid. ............ 0.35 molar
wThiolactic aeid. . ......... 0.15 molar
Toten propylammonium 0.1 molar
ohloride

A (] g
9.3 0,02 0,005
23.8 0,002 0,00
1.6 [=0,004 | —0,04
11,8 | =0.006 |=0,0566
23,1 0,01 0,11
36.6 0,03 [=0.15
H0.0 05007 - |=0,20
51.6 0.26 |=0.20
........ 0.17 |=0.08
(0,02 (satu-
molar) | rated)
29.7 |=0.01 |=0.18
23.0 |—0.08 [|=0.20
29.7 |—=0.04 |—0.22
40.8 |—0.06 |—0.25
7.4 0.01 [=0.03
46.8 0. 12 0.02
40.8 0.30 0.05H
........ 0.03 |[—0.25
22.9 0.08 [—0.05
........ 0.02 |—0.156
54.9 0.33 0.11
61.3 |~0.50 |~0.35
20.8 |[~—0.05—0.2
........ —0.37 |~—0.3b
24 6 |—0.10 |—0.09
33.6 |—0.42 |~—0.25
38.9 |—0.09 [~-=0.2
14.1 0.02 |—0.02
FadR N (s s —0.32
39.7 |~0.0 —0.35
44061 ursnine e 0.02
7D 0,001 |—0,06
39.7 |=0.03 |=0.36
(+
normal
H.8004)
3550 e —0.32
#0.0 |l hT ~ (), 07
16.4 0,24 0,24
{without
NS0,
addition)

* Phis gymbol (~) menns approximate value,
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The following conelusions can be drawn from Table 1: Aliphatic oxygen
compounds with one polar group ( aleohols, acids, ethers, esters, ketones)
being adsorbed give rise at both interfaces to positive potential differ-
ences between the outer phase and the solution. The adsorption and
the electric effect are larger af the air-water interface. The difference
Is greater for acids than for aleohols and decreases with increasing. length
of the chain. The compounds which contsin a sufficient number of
carbon atoms exert a very similar action on the mechanical and clectrical
properties of both interfaces. This shows that the structure of the
surface layer must be the same in the two cases,
supported by the caleulation of the amount adsorbed in the more con-
centrated solutions.!® We must assume therefore that at the mercury-
water interface there exists the same orientation which is known to exist;
at the air-water interface, 7.c., the polar group must be turned toward
the water and the hydrocarbon chain toward the mercury. The intro-
duetion of a higher numbher of polar groups in the molecule of an organie
compound lowers, as it is well known, its adsorbability at the air-water
surface. This deercase of the adsorbability is much less pronounced at
the mereury-water interface. The difference is especially noticeable in
the case of saccharose, which is negatively adsorbed at the air-water
interface, and positively adsorbed (strongly) at the mereury-water one.
The adsorption of saccharose does not give rise to a positive potential
difference hetween mercury and water, We must conclude, therefore,
that the orientation of {he molecule, which is to be considered as the
cause of the electric effect has, disappeared in that easo. It is probable
that the saccharose molecules lie flat at the mereury-water interface,
the polar group of the molecule having the possibility to approach the
mercury surface. The interaction between the polar groups and the
metal causes an inerease of the work of adsorption which partly eounter-
balances the influence of the inereased affinity toward the solvent, which
made the adsorption negative in the ease of the air-water interface.
The adsorption of dibasic acids at the air-water interface causes a slightly
negative potential difference between the air and the water. This nega-
tive effect is much more pronounced in the presence of mercury. We
shall see that this is a general phenomenon: the presence of mercury
favors in many cases that kind of orientation of the adsorbed molecule
which gives a negative value of ey Thus, different phenols which
behave in a rather different way at the air-water interface, the univalent
phenols giving positive and the polyvalent negative eff ects, all give very
large negative effects and a much greater lowering of interfacial tension
at the mercury-water interface. It can also be shown that the adsorbed
molecules are much more closely packed in the latter case. Also, the

This conclusion is .

ORGANIC COMPOUNDS 97
pregence of mercury strongly reduces the dlﬁ'e_rences in the behavior of
iomers which are observed at the air-water interface (¢f. the data for
he two cresols and the three dioxybenzols). It Yvould appear t}.mt the
acenrrence of the negative potential difference is conncc_tcd th.h the
presence of a polar group in the molecule, as benzene itself glvc@ a
positive value of ene. Although it is difficult a.t the present moment to
pive an adequate picture of the structux:e of these sg}'fuce layers, llt
aeeins hardly possible to account for the. high adsc?rbablllty of the poly—'
villent, phenols at the mereury-water interface in any other 11".1:1nne1
than to assume that the polar groups of the ph_engl 11_1010@ng are attachcd
o the mércury surface. A similar behaviox" 18 md‘u_:a,tcd in the case of
the adsorption of phenols by charcoal.!” With aniline 'thc ‘va.lue of eng
changes from negative to positive when thg cor}centramon is .1ncrea.s$;d.
The shape of the electrocapillary curve Whlch'ls ob.‘.scrvcd with an}l%ne
polutions also indicates that two different orientations of the arfll%nc
molecule at the mercury-water interface are possible, one of them giving
I positive, and the other a negative effect. . . -
Benzole acid, benzyl alechol and benzylamine are all more st19ngly
utlsorbed at the mercury-water interface than at the air-water inter-

Moo with benzoic acid as with the phenols, the electric effect is negative

i Che first case and positive in the second ease. The specific influence
of (he mercury surface manifests itself also when halogonat_ed compounds
o adgorbed.  Many of these give negative va[ues‘of ¢, which shows that
In the surface layer of their solutions the negatively charge.d haloge.n
whom is turned outward. The eng values of su}.:)stanceﬁ:‘, bc]ong‘mg .to ‘th.ls
froup are negative too, but the lower of the interfacial tension Is ver y
uiuch larger when the adsorption occurs at the water-mereury inter-
[hee,  In the case of iodine compounds an enormous lowering of the
Interfacial tension is observed. This behavior is in complete agreement
with the behavior of the jodine ion. If the length c.)f‘the hydr.ocarbon.t
ohain is increased, the en; (and €) values becon_ne pos_ltlve, showing that
the lydroearbon chain oceupies the space available in the surface layer
und pushes the halogen atom out. _ - N

Bulphur compounds, like iodine compounds, are ver Y stlong y
udsorbed at the mercury-water interface (compare the behavior of thg
N jon).'8  The case of thiourea which raises t.he suriiace tensmn. 91'
witlor, but cauges a great lowering of the mterfa.c:'lal tensmn_ and a l;xrgige
nogntive cleetrie effeet, at the mercury-water interface, is espe(flu.l y
Wlerosting.  The adsorption of thiourea JJL tl?.c _surfa.ce of ltlél. c.lllry
uppoears to be in many respeets a proeess quite similar to the formation

Wilpumldn: Roe. trav. chim., 48, 288 (1929).

W, Wramldin: Kolloid-Z., 47, 229 (1929).
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of a complex compound between the mereury ion and the thiourea in a
homogeneous solution.

To summarize, we ean say that whoroas in gome cases the structure
of the layer adsorbed at both interfaces v praotiontly the same, in other
cases large differences are observed, enunod by a specifie interaction
between the mercury surface and definite constituentn of the molecule.
A negative charge of the part of the moleeuls which s turned toward
_ mereury seems to favor the possibility of such an intornetion.

1. NON-AQUEOUS SBOLUTIONS

As various dissolved substances affoet the value of guu il 18 natural
to assume that the molecules of the solvent can et in o similar way.
It appeared therefore worth while to determing the value of g in non-
aqueous solutions and to compure the resulin obtained with those which
are observed in aqueous solutions of the wame eleetrolyten!  The
eme values in Table 2 indicate the whift of the maximum onused by the
substitution of the non-aqueous solvent for witer under those conditions
when there is no adsorption of the eleetrolyte, The caloulation of these
values involves gome assumptions which muy mnke tham uncertain by
a few centivolts; nevertheless there ean bo no doubt that the position
of the maximum depends on the nuture of the solvent, 'The £ values
have been obtained by compuving the potentinl differonce air-organic
solvent, with the potential difference sivewntor®®  The substitution of
the aleohols and of acetone for wator exerts a similar influence in both
cases, just as we should expect from the ditw given in Table 1.

Tanm 2
L] Ok
Methyl alcohol.... ..ol S SRENERNS V1000 (o AR N e 038 0.13 .
Ethyl alcobol. .. o oo s UURRRE SRR 1 0.48 0,20
ACOLOME. + - vevsaimie v vim o ibimisluim et DI INAE A 0,07 0.33

Table 2 shows also that in absence of any dissolved capillary active sub-
stance the molecules of the solvent itself ean give rise to a difference of
potential between the solution and the mereury which males the deter-
mination of the so-called abgolute zero of potential with the help of
electrocapillary methods impossible.

19 Frumkin: 7. physik. Chem., 108, 43 (1022); Loe. cil., 2, 267.

7. physik. Chem., 111, 190 (1924); 116, 485 (1925); 128, 321 (1926); Cf. also,
Trumkin and Williams: Proe. Nat. Acad. Sei., 16, 400 (1920).
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IV. ELECTROCAPILLARY CURVES OF AMALGAMS AND OTHER METALS

Electroca;pﬂlary curves of dilute amalgams of different metals have
been investigated by Rothmund,*! Gouy,?? and Christiansen.??  They
found that these curves do not differ markedly from the curve of pure
mercury, and on this basis it was often assumed that the positi(?n of the
point of zero charge is independent of the nature of the metallic phase.
But with a more concentrated amalgam of a Bi + Pb + Sn alloy Gouy
observed a marked shift of ¢max and a similar shift was found by

0.1%
Hg |
¢ 10‘/
400 3.3%
350 ' N5 %
300
250
0.5 1.0 1.5 . 20

Fia. 5—IHg and Tl amalzgams with 0.1%, 1.0%, 3.3%, 10.8%, 33.9%, and 41.5%
Tl in nNasS0,.

Rothmund in the ease of a thallium amalgam. Rothmund aseribed it,
to be sure, to secondary effects. Frumkin and Gorodetzkaya* m.ade
an extensive study of the behavior of Tl-amalgams in different solutions
and found that an addition of thallimm causes a large increase of ¢max
as is shown by Fig. 5 and by the first and second columns of Table 3,

21 Loc. ¢ib., 7.

22 Ann. Phys., (9) 6, 5 (1916).

% Drud. Ann., 16, 382 (1905).

2 7. physik. Chem., 136, 451 (1928).
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which gives the values of ¢max observed with different amalgamsin normal
NasS0Oy4 solution.

Tasrre 3
M Point of Zero Charge from Dropping
ReriConly F1 Pmax Eleetrode Measurements
0 0.48
1.0 0.67 0.668
3.35 0.73
10.35 0.80 0.792
33.9 0.92 0.898
41.5 0.93

A similar shift was observed with quite different solutions; it cannot
therefore depend on a difference in the adsorption of some dissolved
substance at the surface of pure mercury and on that of the amalgams.
The application of the Gibbs’ theory of surface equilibria to the case of
a thallium amalgam gives the relation: 2°

do = Edy — Dmdum — 20 p; (3)

The quantity  has here the same significance as in (1), 7.e., it is equal
to the eleetric charge carried by the ions which must be introdueed in
the solution in order to keep ¢ constant for unit inerease of surface.
In this equation wm is the thermodynamic potential of the thallium in
the amalgam and 'y is the purface density of thallium or the amount
of thallium adsorbed per unit surface, both from the metallic phase and
from the solution. The theoretical development shows that an adsorp-
tion of the thallium ion eannot be distinguished from the adsorption of
thallium dissolved in mercury by experiment. The position of the inter-
face is defined by the condition Iy, = 0. Making certain assumptions
it is possible to give by means of equation (3) a complete mathematical
treatment of the electrocapillary curves observed with amalgams of
different thallium content, but we shall consider here only the simplest
case. If the constitution of the amalgam and the solution do not vary,
equation (3) reduces as in the case of a pure metal to the Lippman—
Helmholtz equation:
da

= =5
d¢

% 7. physik. Chem., 136, 451 (1928).
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The validity of this equation in the case of am:'a,] gams has been tested by
F. J. Cirves at the University of Wisconsin.?® The method use.c,ih was
that of “ null solutions,” which has been worked out by P:%Im,a,er-' and
Qmith and Moss.2® Adding increasing quantities of a tha%hum galt t(? a
Tl free solution it is possible to find a concentration of Tl ions for wlm,:h
the potential difference between a dropping amalgam eleci‘;rod(? a.nd sfjll{
amalgam is zero. Anincrease in the amalg:;un surface x?,t thl‘s point eauses
no change of the concentration of Tl jons in the solution, z.e., the quan-

tity I is equal to zero. This is the so-called null solution. By deter-

mining the em.f. of the cell, normal  calomel .(-:luctmde/null l.SOP-ltl.;n
:3,111&13:1.111, and comparing it with the value of ¢mx WE can .cht 1, .e
validity of equation (2). Some of the results obtained by Llr\lres are
summarized in the third column of Table 3. The measurements have
been carried out in an hydrogen atmosphere. The a.greement‘ between
the numbers of the second and third colun'ms .T‘D'LlHi_‘.. be considered ag
satisfactory, as the uncertainty in the determination of guux May amount
0 0.01 or even 0.02 volt. . ;

i OThe method of null solutions has been n,pplied by Cirves _to Cdf
amalgams as well. The position of the point of 7010 charge .of d.lqﬂ‘e.rent
Cd-amalgams in normal KCI golution and normal K132 Bolutlo‘n is g.lven
in Table 4. The values for pure mercury have been determined from
the corresponding electrocapillary curves.

Tantn 4
Point of Zero Charge
Per Cent Cd :
‘ Normal KO Normal K_Br
0 0.66 g 233
o S i
0.004 0.625 0.724
0.01 0.640 0.736
0.1 0, 6R0 ! 0.760
1.0 0,714 1 e
4.8 0,746 0,818

As is shown by Table 4 even a small addition of cadmium to mercury
causes a marked shift of ¢mas.
26 Unpublished data.

27 7, physik. Chem., 59, 129 (1907).
2 Phil, Mag., (6) 15, 478 (1909).
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Our information regarding the value of ¢max for other metals is
rather limited. Hevesy and Lorenz?® have determined the electro-
capillary eurves of molten Ph and Sn, but owing to the uncertainty of
the reference electrode and differences of temperature it is difficult to
compare the position of the maxima. It would appear that the maxi-
mum of the Sn and Pb curves are shifted as compared with Hg in the
same direetion as it is in the case of TI- and Cd-amalgams. The maxi-
mum point of liquid gallium has heen determined by Frumkin and
Gorodetzkaya.3? The behavior of gallium in alkaline and neutral solu-
tions is complicated by the formation of an oxide film, but in acid
solution (normal KCI 4 0.1 normal HCI) the value of ¢max could be
meagured with sufficient aceuracy and was found to be equal to 0.9 volt.
This is practically all we know from direct measurements about the
influenee of the nature of the metallic phase on the value of ¢max.

j Various methods have heen proposed with the purpose of finding the
point of zero charge of metallic surfaces, based on other principles.
The whole question has been discussed by the present author3! in
another place. It appears to him that the only method whose results
can be direetly compared with those based on the determination of
dmex and on the use of dropping electrodes is the adsorption method
which was proposed for the firgt time by Billitzer.?? The method is
based on the fact that the formation of the double layer at the solid-
liquid interface causes definite meagurable changes in the composition of
the solution if the surface area of the solid substance is large enough.
This makes it possible to determine af leagt the sign of the surface charge.
Billitzer tried to apply this method to colloidal platinum and found the
point of zero charge at a value of ¢ equal to about —0.12, but it appears
that Billitzer did nof take info aceount one source of error (adsorption of
alkali by the: products of oxidation of platinum)?? which makes this
value too low. An extensive study of the adsorption of electrolytes by
activated charcoal earried out by Bruns and Frumkin?®4 led them to
the conclusion that activated charcoal acts in this case as a gas electrode
and that the zero point for charcoal must lie between the limit ¢ = 0.2
and ¢ = 0.3. The zero point for Pt may come into the same interval
or even correspond to a still lower value of ¢, although the value given
by Billitzer, as will be shown elsewhere, is certianly too low.

2 7. physik. Chem., T4, 443 (1910).

30 7, physik. Chem., 136, 215 (1928).

% Loc, cit., 2, 271-273.

32 7. physik. Chem., 45, 327 (1903).

3 ('f. Pennycuick: J. Chem. Soc., 135, 623 (1929).
3¢ 7. physik. Chem. (A) 141, 141 (1929).
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The data which have been obtained for platinum, charcoal, mercury,
and the amalgams indicate that the position of the point of zero charge
is strongly influenced by the nature of the metallic phase. That means
we can build up a cell in which there will be no ionic double layers at
the surface of both electrodes and which still will have a definite e.m.f.
Thus between mercury and a 41.5 per cent, Tl-amalgam, both being polar-
ized in a Na2SO4 solution so as to make the values of E equal to zero,
there will be a potential difference of 0.45 volt. As there has been no
exchange of ions between the metals and the solution in our cell, and no
adsorption of ions at the surface of the metals, the potential difference
exhibited by the cell may be readily compared to a contact potential
difference between metals in a vacuum. It follows therefore from the
study of electrocapillary phenomena that contact potentials must con-
stitute an important part of the e.m.f. of ordinary galvanic cells, & result
which is certainly contrary to the assumption of the majority of electro-
chemists. It was found by numerous investigators®® that the sign of
the charge of a metal determined by cataphoretic methods (f=poten-
tial) usually does not agree with the sign which was expeeted from the
position of the metal in the electrochemical series. In many cases this
discrepancy must certainly be explained by adsorption phenomena,

. which complicate the structure of the double layer, ag it was ghown by

Freundlich® and Stern,?” but the theory outlined in this paper indi-
cates still another possibility. As the position of the point of the zero
charge changes with the nature of the mefallic phase, it appears alto-
gether impossible to find the sign of the charge of a metal from its
electrode potential. A metal which would earry a positive charge in a
definite solution, if its zero point would coincide with the zero point of
mereury, can be in reality negatively charged and viee versa, Bo long
as there are no accurate determinations of the pogition of the point of
gzero charge of different metals, we cannot say fo what extent the
observed diserepancies have to be aseribed fo the influence of some
adsorption effects on the structure of the double layer. Leb us take as
an example metallic cadmium. Cataphoretic experiments indicate in
some ecases a positive charge of the cadmium surface (Coehn and
Shafmeister)3 but it follows from the value of the potential of a cad-

35 Billitzer; Z. Elektrochem., 8, 638 (1902); 14, 624 (1908); 16, 430 (1909);
Garrison: J. Am. Chem. Soc., 46, 37 (1923); Cochn and Shafmeister: 7. physik.
Chem., 125, 401 (1927). -

38 Freundlich and Rona: Sitzgsber. preuss. Akad. Wiss. Physik. Math. KI., 20,
397 (1920); Freundlich and Ettisch: Z. physik. Chem., 116, 401 (1925); Freundlich:
“ New Conceptions in Colloidal Chemistry,” Dutton and Company, New York.

37 Stern: 7. Elektrochem., 30, 508 (1924).
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mium electrode that the charge of the cadmium surface must be nega-
tive for all possible concentrations of Cd-ions if the cadmium zero point
coincides with the mercury zero point. But if we suppose that the
cadmium zero point is shifted in the direction indicated by the experi-
ments with Cd-amalgams quoted above by some 0.27 volt (the shift
observed with a 4.8 per cent amalgam being 0.19 volt), the cadmium
curface in a normal KCl solution would be positively charged even if
the concentration of Cd-ions is as low as 3.10~> normal.
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