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_ " Abstract 7

: iThe discrepancy between Slendyk s polarographic limiting
’currents in 0.0L'M HC1 solutions and predictions of the effect of ionic
' migration,is attributed to the formation of hydrogen gas at the elec-
‘trode'aﬁdrﬁhe ccnseqﬁent perturbation of the concective vélcci‘t_y°
Neglect of activity-coefficient variations in the earlier calcuiaticns
cacnot account for the diecrepahcy,_ Diffusion coefficients of some
gases in electroiytic solutichs could conceiﬁably'be measured with an
_electrode at the upper end of_a stagnant capillary by takihg advantage_

of the limited solubility.
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, .An earlier work; treated the effect of 1enic miération on

: lihitingveurrents. The effect is particularly dramatic for the dis-;f
' -charge effhydregenvions from HleKCl solutions,“where the 1limiting
cu‘irenj; may be enhanced by a factor of 3.34 ‘ovez'v the diffusion limiting
-f‘_eurrent for a growing mercury dropo’vThe data of §lendyk2 provided con-.‘

"fir@etiqn of the calculations for 0.001 M HCL selutions with KCl con-
cent?ations,renging from 0 to Onl.Mn However, the data for.b.Ol M HC1
solutiensywith KCl'cdncentrations'rengingifrom 0 to 1 M deviated
szgniflcantly from the theory.'

- The first attempt to resolve this discrepancv 1nvolved a

refinement - of the mass-transfer theory to account for the activity -

E coeffiC1ents of the ions. In advance, one should not-expect this

‘explanation to be sufficient because the data for 0.001 M HCl solution53:
Hf‘which agree with the theory, involved ionic strengths as high as some
.  of' the O}Ol M HC1 solutions, and the activity coefficients should Be‘
juet as importanﬁ.' |

| A second, more plausiﬁle explenation for £he diecrepancy

iies'in‘the limited sblubility ofjfhe hydrogen prodﬁced by fhe-electrode
ieéction. This solubility is 0.000763 M for pure water at 25°C.. An

2

lead. to a concentration of H2 at the surface of 0.0005 M for the 0.00L M

. HCL solﬁtions and an excess of KCl. This is just under the solubility

‘ e L e .
- assumption of equal diffusion coefficients for H -iomns and for H, would

limit, but with the more concentrated, 0.01'M HCL solutions, the

N solubility limit should be exceeded by a chsidereble amount.
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R For'afgrowing metcury»dnopg_the formation'of hydrogen gas at
, fhé'sﬁrfgce-should effectively increase the stirring of the solution,
,théréby'increaSing the limiting current.'rglehdykfs.data

' Table 1. Galvanometer deflections for limiting polarqgraphic currents

in HC1-KCl solutions, after Slendyk. -

0.001 M HC1

ke o | - 0.0001  0.001 0.00 0.1
. deflectibﬁA 58 - - k6 ' 29 - - 19‘ 1L
| 0,01 M HCL |
KC1 "ff-f_v' Q! | Vo,ooo; 0.001 ool 0.1 1
. defiectibﬁB' - 83 'i_' .69 sk 36 2k 21
ratio L3 - 1.18 | 1.24 1.26  1.50

A Galvanometer sensitivity of 0?6 uA/mm.
B Galvanometer sensitivity of 6 A/ mm.

ol B

support this supposition since the current increaséd by more than a

'factOr of ten for the same ratio of KCl to HCL, as'ihdicated in table.l,

Aétivity Coeffidients in Electrolytic.Mass Transfer
- _The theory of electfolytic mass tranéfer in dilute solﬁtions
inheréntly assumes that.the gctivity coefficients of all neutral combina- .
tions of ilons are equal to unity.‘ Sinée activity'coefficients are strong
'functiqné:of composition:in electrolytic solutions, oné might expect
that a good first co}rection to dilute-solution theory should involve

 the activity coefficients; Thus the ionic flux might be written
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_'Vhffe_Mi;isTthe-elééﬁrochémical potentialgof:speciéé'if'-The first term
Qn;thglriéht thus fepreéents both diffusion and migration.- In'this'
first ;mprovement oﬁer'dilute-splution theory the-diffu51on coefficients
Di?are takep to be constant and‘eqpal to their values at infiniﬁe dilu-

':tipn, and v can be regarded as the’solvent velocity or a @ass-average
_ ve__iocityo Equation 1 represénts ah approximation to the multicomponeht

theory appropriate to concentrated solutions in thét it still negiects

the friction interaction between solute species, as represented, for
examplé,;in the Stefan-Méxwell gquationﬂ‘
“ It is cgnvenient; particularly in»calculations, to introduce

& quasi electrostatic potential @ by the definition
u =R'mm' -a-.z.F(I) + “'e ’ . (2)
n N

, whére sbecies n is a charged ion and uz is_a'constant,’_xt shbuld be |
. goted that the behavior of the poténtiai ® dépends on the {arbitrary) o
‘choice of the'ionic species n. By means of eqﬁatioh _2,. it is now B
possible to expréss the first térm‘in equation 1 1in terms of the

(measurable) activity coefficients of neutral combinations of ions:

-¢,D e, D Z z
e R e 2 et
TRF VM T TRT [V“i "7 Vg V“n] |

' . 2y z,Fe,D, v ‘
D,Ve, + Djc Viing, _-.;;mfn P, (3)



jifor;uniformitemperatureov The equations describing the system thus
’lbecome similar to those solved earlierl except for the inclusion of
' activityfcoefficients referred to species n and the use of the Nernst-
f'_Einstein relation ui;= D /RTifor the ionic nobility. For.the activity

coefficients of ions in moderately dilute solutions .of several electrolytes,

3

one can use;.for example, the formulae of Guggenheimo The numerical
solutioniof‘the'final set of coupled, ordinary differential equations is
.:eethen comnlicated, but straightforwardfLL This approach to'ionic mass
,transfer'has been used in. reference 10. |
The results of such calculations for. Q. 01 and 0.001 M HCl

solutions for a growing mercury drop are expressed in table 2 as the

| ratio ofgthe limiting current to the value calculated by dilute-solutiOn
B iheory.including the effect of-migrafion, a% outlined earlier.’ The
l_,inclusion:of the activity coefficienfs shows’a'small effecn in each case,

éone unich is notvsufficient to account for the diScrepanc& in glendyk’s
E data, It is of interest to.note'that the largest effect occurs_in thei.
.solutions.withouf KCl, the mostvdilute solutions. This is because thee
ionic strength is more nearly uniform in the nresence of KCl, and con-

jsequently’the activity coefficients varyvless with position.
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' Taplgfelﬁprr-algrowihg'mercury‘dropé calgﬁlgtedfrétios of limiting

R f»currents to those calculétedzby‘di;ute-solutionftheoryo‘

& 2 © 0.001 M HCL | © 0.01 M HCI
0.9950h | 0.99998 ) - 1.00065
0.9536  0.99%2 | ©0.99983
Co.opin 0.9986 - : 0.99650
_:9.30151 | o o9 0.99030

v'fr = c\+/c ﬂ;’ in‘tﬁé'bﬁ1k sblution.

oK a

,  iuThé ILimitation of Hydfogén’S§iubiiity"w |

» "'To test the ﬁypothesiélthat hydrogeﬁ gas évq;utiqn inv'v.
 f:1§i§pdykf§,0.0l M HC1 solutions énhances the ﬁbnvéctioh andiéausesvthg
Adiéérepéﬁéy with the calculatidns:of the effect of ionic‘mfgration,

- experiménts were run with an electrode at the uppef end of a stagnént -
' _ caﬁillgry filled with solutiop and open at the bottom into a cell filiéd;
with soluﬁioﬁ (25°C) and ¢ontaining.the counter electrode. In the

. absence of extraneous stirring, the growing mércury drop and penetration

‘into'a stagnant fluidvshow essentially the same behavior,l However, in
the capilléry sjste@ ﬁsed here, a gas blanket will cover the electrode
whenvthe solubility limit is exceeded, and the current éhould be effec-
tiveiyvlimited by the solubility of the gas ﬁroduced_in the electrodé
reaetioﬁ} Furthermore, the curreﬂt decreases inversely proportional'ﬁo
thé‘square root of time, and there is agsurance that the Solution at the

electrode surface is saturated, but not supersaturated.



_ -iThe cathode:was a plaﬁinum sheetrsesled iu;a_stagnant
. capillary (1.19 Mm.dia):with mercury as electrical contact, see figure 1.
-‘Tﬁe anodeAwss a.platinum'gauze'hydrOgen electrode. - Lab grade cylinder
hydrogeu yas.used without further purification. The.hydrogen pressure
at the anode side was measured by_an open end monometer (M) (Merian
Fl{uid D-8325, density 1.75 used as meter 'fluid) and maintained at 1
‘inch pressure higher fhan atmospheric,
| | - ‘Solutions were prepared from reagent- grade notas51um
chloride and hydrogen chloride (specific gravity 1. 191) The current
flou'through the cell was measured from the voltage drop across s knowu
resistor (R = 1000€) on & VIDAR-520 digital voltmeter, and the time was
B counted:on a VIDAR-625 digital clocke. | |

Some current VE.. time curves are plotted on log scales and
shown in figure 2. The slopes of most curves are slightly less than o. 5
'(ranging from 0.45 to 0.50) and poor in reproducibility, They tend to
. be flat at large time, which we believe to be caused by the stirring of
hydrogen gas formed within +he diffusion layer.

For solutions of HC1 (o 1 M) and KC1 (ranglng from 0.0191 M
’:_io 0.178 g) the observed values of 1 Jp (averaged over_the time period
IWhere:the current is:inVerSely proportional.to the square root of’time)
.are'shown 1@ table 3. The measured values vary over a w1de range from .
;O 194 to 6 46 mA-secl/ /cm . If this current were limited by transport
fof hydrogen ions to the electrode surface, the diffusion COefficients of
H would vary from 3.18 to 1778 x lO-lO'cme/sec,vconsideraply below the

accepted value of 9.31 x 'lO-5 cme/sec. ‘On the other hand, if the |
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Pigure 1. Limiting current measurements in HC1-KCl solution with a
’ stagnant diffusion cell. '
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| ‘Figure 2. . Limiting current ‘cur'vés ‘of HC1-KCl in a stagnant diffusion
cell at 25°C (o Run 1; o Run 6; A Run 8).
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.solubility of hydrogen gas is’ taken to be 0. 000752 M (the solu‘bility5 '
is lower than in pure vater by 3. 6% for O. 5 M HC1 and by about 10% for -
0.5 M KCl), the diffusion_coefficient for'dissolved hydrogen turns out .
" to be o-'566 to 3.16 x 1077 c}ﬁz/sec. This 1s to be compared with the
values of k. 09 (Temmenn and Jessen ), 6.9 (Davidson and Cullen7) and

3. 83 x 107 cm /sec (Aikazyan and Fedorova8 at 23°C in 0.5 M HQSOh
Cubbins, Bhatia, and Walkerll obtained a value of 3.79 x 10 "% em /sec

1
i

in 1 M KCl.

-Discussion

The experinental'results supportvthe'clain'that the solubility
of hydrogen is reached or eXCeeded for limiting currents at a dropping-
mercury electrode or a stagnant capillary electrode in HCl KC1 solutions
for HC1 concentrations greater than about 0. OOl M. With an excess of
KCl, one can refine the earliervestimate of the surface concentration of
Hé.by multiplying by’JEi;quégto yield a value of 0.00076 M. The effect
of migration can increase thia by_an'additionalvfactor'of three.,
Although these values can be slightly greater than the _s.olubility_limit,
-one suspects, on the basis of the agreement with the calculated migrationd-

effect,.that‘in §lendyk's experiments with 0.001L M HC1l solutiouns either

the-solution is supersaturated and no gas is formed -or the convective

‘ ﬂ» veloc1ty is not significantly enhanced by any gas which may be present

On the other hand w1th 0.01 M HCL solutions the solubility limit is
exceeded by more than a factor of ten, and the stirring is sufficient

:to_cause.the observed discrepancy..



" slow electrode kinetics can cause‘difficulties.

18-

Currents in a stagnant capillary limited by gas solubility
. can provide 8, method for measurlng the difquion coefficient of a gas
",dissolved‘in.an electrolytic solution. For a reactive gas like hydrogen,
it is probably better to use anodic limiting currents from a saturated |
'1 bulk solution, as used by, Aikazyan and Fedorova8 on a rotating disk
‘electrode, but the method may be useful for a gas*like_oxygen,-where
a1 9 ‘Care will be necessary‘
" to ensure that a uniform gas blanket will cover the electrode and paths

Tor

of electrolytic conduction will be blocked.
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