Lawrence Berkeley National Laboratory
Recent Work

Title
TEE ROLE OF BISULFATE IONS IN IONIC MIGRATION EFFECTS

Permalink
https://escholarship.org/uc/item/7v30124gj

Authors

Hsueh, Limin
Newman, John.

Publication Date
1970-07-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7v3012gj
https://escholarship.org
http://www.cdlib.org/

Submitted to

Industrial and Engineering Chemistry.

Fundamentals

UCRL-~19102

Preprint
2

¢ S m\«éﬁ.;
IVED
RECE h
RADIATION LARORATORY
THE ROLE OF BISULFATE IONS
cct 11970 IN IONIC MIGRATION EFFECTS
LIBRARY AND
DOCUMENTS SECTION
Limin Hsueh and John Newman
July 1970
AEC Contract No. W-7405-eng-48
a | )
TWO-WEEK LOAN COPY
This is a Library Circulating Copy
which may be borrowed for two weeks. §
For a personal retention copy, call q‘
Tech. Info. Division, Ext. 5545 o
\—

J

LAWRENCE RADIATION LABORATORY %
UNIVERSITY of CALIFORNIA BERKELEYLE



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. :



UCRL-19102

‘The Role’of Bisulfate Ions in Ionic Migration Effects-
Limin Hsueh and John Newman
Inorganic Materials Research Division,
‘Lawrence Radiation Laboratory, and
Department of Chemical Engineering,
University of California, Berkeley

- July, 1970

Abstract
The limiting current and the surface concentration of support-

ing electrolyte are calculated for copper deposition from solutions of

‘cupric sulfate and sulfuric acid, with emphasis on the effects of the

incomplete dissociétion'of bisulfate ions. Results with a stagnant

diffusion cell provide an experimental comparison.’



'Ihtroduction
~In an earlier paper,1 the effect of ionic migration on limiting

currents has beenvcalculéted for séﬁefal electrolytic solutions. For the
casé of'éopper sulfate and sulfuric acid, the effect of migration was
treated witﬁ the assumption that bisu{fate ions were éompleteiy dissociated.
In aqueous solution, suifuric acid moiécules ionize.in two stages; the first
and second ionization c’bnstants2 at 25°C are -103 and 1;04 X 10-2 mole/1,
respectively. Consequently, except at extreme dilution, the bisulfate ions
will not dissociate completely. |

For many diséharge‘reactiohs, the concentration of supporting
electrdlyte is‘higher at the elecffode surface than in the bulk éolution.
This concentration difference is of considerable interest in free-convection
problemé since the convective Vélocity is then due to the density differences
in~the”solution produced by thé electrode reaction, and theée density dif-
ferences are affected by the concentration of supporting electrolyte to
roughly the same extent as by the concentration of the reactant.

Brenner3 has studied the concentration profiles near the elec-

trode for deposition from copper sulfate-sulfuric acid solutions by freezing

the solution and subsequent analysis of layers of the solidified solution. -

Wilke, Eisenberg, and Tobias4 have measﬁred limiting currents
on plane, vertical cathodes from unstirred solutiohs. They have estimated
the'concéntfation of sulfufic acid at the electrode by equating the rate
of migration of hydrogen ions toward the electrode to the rate of transport

of the_aéid away from the electrode by diffusion and convection. Fenech

d Tobi 5 .. ' . . .
and Tobias™ used a similar procedure to estimate the surface concentration

-



of sulfuric acid at horizontal electrodes in free convection at the limit-
ing current.. Recently, Ravoo§ has challenged the estimation procedure -

used by these authors.

Thebreticél‘Anélysis’énd,ResultS )

The thebretical.analysis based.on the dilute-solution fheory
is similafrfo that of the previous paper.1 Material balance equations
are written for the hydrogen, sulfate; bi§u1fate,:and copper ioﬁs, the
equations_iﬁcluding where appropriate the rate of produétion in the

hdmogéneous‘feaction,{'i
WSO, ¥ H' v 50, . o €3]

The reaction was assumed to’bé fast, so that the concentrations also

satisfy the relation

KU'_=c+c =/c ‘_7 , ()
, H' 50, [ HSO,

where k'»was taken to be independént'0£,p0$ition.v The material'balance
.equatiohs could then.be-édded‘tojébtain.three equations which do.not
-include” the reactibn_rate.. Theée'tﬁreexequatiOHs; equationvz; and the
'électrdhéutrélity relatiqh are then used to détermine'the_cohcentration
distribﬁtidns of the four ions and the potentiél.diStributioﬁ.

'The ionic mobilities an@.diffusién coefficients were calculated
from the ionic conductances at infinite dilution'at 2S°C. They were taken

from Robinson and Stokes2 and, for the bisulfate ion, from Owen and Gurry.7
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The Nernsi?Einstéinlrgiaiion was aSsumed-tp'bevvalid in the calculation.
See references 1 and 8 for the details of the anélysis.

Let d: and d; be the bulk stoiehiometiic concentrations of
copper sulfatg and sulfuric acid, and let I be the bulk ionic strength

based on a convention of complete dissociation:
' f

1 3,492 + Séw (3)

B -
The two important paraméters will then be the relative amounts of reactant
and supporting electrolyte, expressed>a5'

., NGy

o ;OD ‘;zoo
T = cB/(cA + cB

and the ratio I/K' of the idﬁiC'strength to the dissociation constant.
"The effect of migratidn on limiting current is shown in figures

1 and 2 for the rotating-disk'electrode and the étagnant diffusion cell.
The ordinate, IL/ID, is the ratio of the limiting. current to the limiting
diffusién current of a well supported solution when the effect of viscos-
ity variations is excluded. The abscissa is the ratio r of equation 4,
and values of I/K' are given as a parameter. The two solid lines indicate.
the twd extreme cases of complete (I/K' = 0) and no dissociation (I/K' = w)'
of bisulfate ions.

'_The concentration difference of sulfuric acid between the
electrode surface and the bulk solution is shown in figures 3 and 4 for

the two electrochemical systems. One may notice that the concentration
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Fig. 1. The effect of migration for a rotating disk‘electrode.
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Fig. 2. The effect of migration in a stagnant diffusion cell.
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Fig. 3. . The surface concentration change for a rotating disk electrode.
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Fig. 4. The surface concentration change in a stagnant diffusion cell.
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of sulfuric acid would even decrease near'fhe elecffode shrfa;e'for.soﬁe.’
values of f_When bisuifate'ioné ére not compiétely diésociated; Qualita-
tively'speaking; tﬁé bisﬁlfgte-ionsi containing hydrogen;'are driven away
from thé elettréde}because of their negafive chérge..'For novdissqciation).‘
‘r o= O.S,corfeéponds'to a.binéryhsolutioﬂ Gf.coppeivbiSulfate.
= Theoretically, all the lines of figures 3 and 4 should go to
AmB/é: = 6’af T = O’EWhiQH mean$ that the lines for high Vélués of I/K'
would pass through atminimum. Hoﬁever,‘the'computer program does not
'cénverge_gf low values of r. ‘The.circlgs.on figures 3 and 4 were calculated
at a very slow convergence rate and are not considefed‘cqmpletely reliabie.
An analytic solution caﬁvbe obtaiﬁed fO} a'stagnant.NernSt diffusioh.léyer.
Because this syStem is nof of'gfeat physical interest; these resuits are
put into the appendix. | |
Whilé the dissociation constant K' is taken to be’independenf].
of position, it is not strictly a constént; It>is related to the thermo- .
dynamic,dissociation congtént K by
K' = KE _//f £ L o ®)
HSO4 H 804 S
wherevfi'is_the molar acfivity coéfficient of thg indicated ionic spe@ies;
Consequéﬁtly; K'rwas takéﬁ_to be a funétion of  the trﬁe ionic strength Ir

of the bulk solution, where I is given by

. 2 o ’
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and whefe éi is thévconcentration of the ionic species calculated with
consideration of the dissociation equilibrium of bisulfate ions. The
functional dependence of K' on Ir is based on the Raman-spectré investiga-
tion of sulfuric acid solutions by Young, Maranville, and Smith.9 The
resulting'correlafion, cbvering the thge of cohcentrations of sulfuric
acid from Ovto 3 y, is plottéd in figure S and given by

5.29/1_
T

In(K'/K) = (7)

_—— 3
1+ 0.56/T

where K = 0.0104 mole/l and the true ionic strength Ir is eXpressed in

mole/1.

Ekperimental Method and Results

Limiting currents in a stagnant diffusion cell

| vThe cell was méde of two pieces of precision-bore glass capillary
tube. ‘The glass capillary tube was chosen becauée of its good thermal conduc-
tivity and ease of cieaning in compafi;on with Lucite. To overcome the poor
machinability of glass, the cell was assémbled as shown in figure 6.

The tip of the lower part of the capillary (L) was ground in a

small angle, the diameter was measured on a platform microscope, and a
platiﬁu@ electrode (E) was then carefully glﬁed to the tip by epoxy. A
short sleeve of glass tubing (S) was fused to the upper part of the cap-
illaryv(Uj. After the epoxy had completely set (24 hours), the lower
part wés glued into the sleeve. Heating was avoided to prevent any
change of the size and shape of the glass tubing. The upper part of the

capillary was then filled with mercury for e1ectri¢a1 contact.

i
i
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Fig..S; Correlation of the second dissociation constant of sulfuric
- acid with the true ionic strength,
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Fig. 6.  Stagnant diffusion cell.
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Reagent»gradé‘copper sulfate and sulfuric acid were used

for making all the solutions. The copper sulfate concentrations were

v

analyzed_by'the electrograVlmetric method;‘and sul furic acid was titrated
with standardized NaOH solution. o

| ' Before each Tun, the caplllary cathode was cleaned with d11ute
nitric ac1d to remove all prev1ously dep051ted copper and rinsed with
distilled water followed by the solution. The platlnum electrode was
then predeposited Withvcopper; For filling and empty1ng the cell the
solutions and nitric acid were handled w1th a platlnum needle and glasse
t1pped syr1nge. (The needle is made of 80% platlnum, 20% iridium, Ham11ton
Company, Inc s Whlttler, Cal1forn1a ) _ |

The helically shaped anode was made of oxygen-free h1gh-
'purity copper. wire, A11 experlments were carr1ed out in a constant-
temperature bath and the temperature was controlled at 25 *+ 0 02°C.

* For this exper1ment the 11m1t1ng current should be inversely
proportional to the square root of.time.1 The limiting current densities,
measured at constant potentials in'the range_from 0.3 to 0.4 V, are
tabulated as iL/t in table 1. After they are divided-by the migration
factors”IL)Ib, calculated for partlal dissociation of bisulfate‘ions,
thevvalues of iD/t are fairly close to a constant and are more nearly so
after a subsequent correction‘for the_various viscosities of the solutions

used. | | | |
| .'=Va1ues of‘the.assumed dissociation constant X! and the cal-
culated 1ncrease of ‘sulfuric acid concentrat1on at the electrode,

B)/c are also included in table 1.

( B A)



Table 1. Limiting current densities measured in a stagnant diffusion cell.

- CusO, 1--[2'804 .r ' measured - | calc»ul»gted - 1D /t— . i(" : C;-C:

moie/l' | mol>e/1 : iL/? | : ' IL/I_D. | (mA/cmz)/sE\_ m'oie/.l' c:
(mA/cmz)/s?E o

0.0999 - ‘6.050 0.334 34,6 - 1.365 25.4 01410 0.182
0.0998 0.100 0.501 32.8 1.255 26.1 | o.xﬁqg 0.238
0.1000 0.125  0.555 32.4 1.222 26.5 0.1716 0.245
0.1003 0.175 0.636 31.6 1.176 26.9 0.1938 0.266
0.1001 0.250 0.714 30.9 1.134 27.2 0.2281 0.287

© 0.1024 0.810 0.888 26,0  1.048  24.8 0.5304 . 0.337
0.1008 0.888 0.899 25.4 1.043 24.4  0.5855 0.340
0.0986  0.998  0.912 ' 24.8 1.038 . 23.9 0.6524 0.344
0.1005  1.085  0.916 25.2 1.036 4.3 0.7121  0.346
0.1006  1.195 0.924 24.9 1.032 24.1  0.7859 0.349
0.1006 1.295 0.927 24.8 1.030 | 24.1 0.8544 0.351
0.0999 1.375 . 0.934 24.6 1.028 23.9 0.9090 0.352
0.0999  1.473 0.937 24.4 1.026 23.8 0.9783 0.354

-pI-
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Concehtretion'bfﬁsulfﬁricfacid'af'electfbde'surfece

o The surface concentratlon of sulfurlc ac1d was measured inter-
'ferometrlcally w1th a Perkln—Elmer mode} 238 electrophore51s apparatus
‘The optical.cells werevmade of quartz and purchased from the same company .
A slight modlflcatlon was made to the cell and 1s shown in flgure 7.

Two electrodes were made of oxygen free h1gh purlty copper and fit -
exactly ;nto the channels, pa551ngva water 1eak test when the sides of
the.eleccfodes afe properly greased. Lo

'The basic pfiﬁciple”in determin§ng;the;sdrface concentratidns
is that'the number of frinée shifts'm is propoitiehal to the refractive

index difference An:
= /N, ®

where 1 is the length of'the light path aCrossdthe'cell and A is the
. waﬁeiength of the iight. Whenvthe refractive iﬁdex diffefence is deter- d
mined‘becween the bulk solution and the electrode surface, it is then
'possible tc calculate the concentration of sulfuric acid from a known
correlatlon of .concentrations and refractlve 1ndex

However, the dlrect use of this method of determining the
surface concentration suffers the‘drawbacks-of'lack of accurate refractive
ihdex dace for the,copper sulfate endrsdlfuric acid system meaSured.with*
a mercury 1amp (A=5461,R) and uncerteiety in theicell:dimensions.

| It is therefore desirable to assume thet the number of

fringe shifts is proportional to the concentration difference over a small



B

3 4 5
1 I 5

o 1
L R T

XBB 6811-6777
Fig. 7. Optical cell and electrodes.
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concentration range. For a multicomponent system

o m= kb, - kghe - ()

where A#AfahdvAcg‘are.the'coﬁéehttatioh’différehces of Copﬁer sulfate

and sulfuric acid, respectively.' No accurate réfréctivé index data are

negded, Butithe constaﬁts_kA:and ké have.to bev determined eXperimentally

from solutions of known’éoncehfratiohs; This is ddné by counting the

number of fringe Shifté across two solufions 6f,known:composition»with

- the 1es$ &ense solution aboVé.tﬂe heavier solution in the.optical cell.

One méy‘fefer to the detaiié&véXperimental procedure in reference 8.
 Two runs were carried out in éopper' sulfate ;oncent’rations”>

of O.l;ande.OSvM_with é sulfuric acid concentration of 1.0 M. The t§ta1f

applied potential betweéh the th_electrodes wés 0.15 Vv for both runs.

The numbers of fringe shifts reached constant values after a certain

amount df time. The.éoncentratibn of sulfuric.acid.at the electrode

- surface is then calculated from equation 9 with the assumption that the

coppérisuifate éoncentration dfops to zero at the limiting current.

More runs‘wéfe made with higher applied potentials._ The experimental

results are tabulated in table 2.
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Table 2. Concentration of sulfuric acid at the electrode surface in a
stagnant diffusion cell at 25°C.

Run
, %0

CuSO4, CA

. ©

H2804, cp

Applied potential
Observed fringe shifts
o o

Cg - Sp* M

T

(o] . 00 %0

28
0.1M
1.0M
0.15V
60
0.0569
0.91

0.57

29
0.05M
1Eoy
0.15V
30
0.0284
0.95

0.57

38

0.0315M;

1.0M
0.30V
17
0.0236
0.97

0.75

40
0.062M
1.0M

0.395v

- 38.5

0.0314

0.94

0.50

42
0.062M

1.0M

10,550V

38

0.0330

0.94

0.53
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Discussion and Conclusions:
~The limiting current densities measured with various ratios
\ A .

of copper sulfate to sulfuriz acid support the contention that this

" system should be treated with partial dissociation of bisulfate ions

rather than complete dissociation.

| :The rétids AdB/dz 6f the ekpefimentai iésults did not fall
within the theofeticai‘predictions. However, the values can be compared
favorably Qith the value —AtB/AcA = 0.71 deduced from the results of one
of Brenner's experimenfs.3 | A

The concentration at the electrode surface is certainly an

important quantity in natural convection and in corrosion problems. An -

electrophoresis optical apparatus proves to be useful for the direct

~ measurement of this quantity, for comparison with values calculated

4,5 It should'”

indirectly in the course of limiting-current measurements.
also be more reliable than the freezing method,3 against which several

objections can be raised.
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Nétation
concentration of species i (mole/cms)
concentration of copper sulfate
con;entration of gulfuric acid
diffusion cpefficient of%species i (cmz/sec)
molar activity coefficieﬂt of Speciés i
Faraday's éonstant (couI/equiv)
current density (amp/cmz)

ionic strength (mole/1)

"limiting diffusion current

limiting current
"true'" ionic strength (mole/1)
constants in equation 9 (1/mole)

thermodynamic dissociation constant (mole/1)

_equilibrium concentration ratio (mole/1)

- length of light path across the cell (cm)

number of-fringe shifts

index of refraction

- flux of species i (mole/cmz—sec)

 see equation 21

see equation 4

see equation 21

time (sec)

mobility of species i (cmz-mole/joule;sec)
distance from eiectrode (cm)

charge number of species i



A

superscripts
.

0
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-thickness of Nernst diffusion layer (cm)
o wavelength of light (cﬁ)

‘electrostatic potential (volt)

~ adjacent to the electrode’

in the bulk'solution
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Appendi*.- The:Nernst stagnant diffusion léyer

The steady migration and diffusion of three univalent ions
in a stagnant layer of thickness § was treated by Eucken.lo His correé;
tion factor for the effect of ionmic migrafion on limiting currents was
rejected by HeyrovSkf because it did hot agree with.expefimental results
for polarography with hydzogen ions. iEucken's_treatment can be extended
to includé three ions of arbitrar}vvaience, thus covering the copper
sulfate-sulfuric acid system with cbmplcte dissociation or no dissociation
of bisulfate ions as special cases,

- The basic equations are three flux equations and the electro-

neutrality relation:

o . 4% 1 i
Ny =20 & D ® Z,F ' (10)
- de
i dé 2
0 = -z ufe, 5= - D, Ix (11)
. _dec., -
. do. €q |
0= -zquFey o' D3 3% (12)
21C) * 2,8, * Z,C; = 0 . (13)

These equations apply to steady processes in the diffusion layer in the
absence of convection. Species 1 reacts at the electrode. Boundary

conditions for these equations are

c, = co = c;, d=0atx=6 . ' (14)'

(¢}
§

0 (at limiting current). (15)

[¢]
[}
(o]
=
»
1]

£
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 _Integration of equations 11 and 12 gives

e zu, Fd ’ o .z,u,Fd -
c =,c°° exp-{-v 22 2 ,'cs é.cm expzf 33 ‘. : - (16)

2% N, 3 7o,

Substitution into the gleCtroneutrality'eqdation IS:giveS

, o zu Foy - o zuFe) :
o w0 - 272 o 373
j;-zlcli- 2,C5 gxp 3- _D2"$+ 24Cy exp_;- 03 } s a17)

and differentiation gives

2 0

y o o 2 o o .
de, Z.u,C z.u.Fd zZ=1.,C z_ u Fd)
N S [ 27272 : 272 37373 373 - :
S ras Fa;[ D _“P{' D } D, P { D }] LN

o2 2 3

These -equations allow ¢

I'Qﬂd:dél/dx to be eliminated from equation 10,

with the result

u, -z, u zu,F0)]
o 1 3 3) . 337 ,
+z.C, = - exp «- . (19)
33 (Dl 2Dg { D5 }] ’
Integratibn gives

N1(Xf6) e ) u.D, u,D

e e b PP : |
o tap, ) tap; Cses) - (20)

1 271
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Let-
z.u,D, Z.co '
R=z3 g fizu p-and q = - ”2 i (21) -
3327223 23C3

. !
' | .. L . .
At limjiting current, equation 15 appl#es. Equation 17 then gives for the

potential ¢0 at x = 0 the equivalent expressions"

z, u,Fo Z u, Fd
- R
exp {- —253-—2-= qR 1 and exp {- *éﬁé——2~ =q . (22)
' 2 3
Equation 20 can now be written at x = 0 as
I, NS 290, 11-gR 1
T T =l s TR ! ’ (23)
D D,c; 2%2%1 |74

it being recognized that -D1C§75 is the limiting value of N1 in the
abéenqe of a migration effect. |

In the following special cases, we use the Nernst-Einstein
relation throughout, andvspecies 1 is the cupriC-ion.

Complete dissociation of bisulfate ion

Take species 2 to be hydrogen ions and species 3 to be sulfate
ions. Now R = 2/3 and q = r, where r is defined by equation 4. The

enhancement of the limiting current is expressed by

Iy gupel/3.2/3
Ip

= , (24)
Lepl/3,.273

~%

b
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~and the ekcess.concentration of sulfuric acid at the'surface is given by

m .
Cp - g3

— = ,_-;_ (25)
‘ 1+r1./3+r273

No dissociation of bisulfate ion, r > 0.5

_ Take species 2 to be hydrogen ions and species 3 to be bi-
sulfate ions. Now q = 2r—i and r = l/é.. The enhancement of the limiting

current is

(2r 1)
(2r 1) /

L R o
L 3.
T R S - (26)

S+

and the excess concentration of sulfuric acid at the surface is given

by

(27)

yg,disspciation-of Bisulfate ion, r < 0.5

| Take species 2 to be blsulfate 1ons and spec1es 3 to be
' sulfate ions. In th;s case, the»coppgrvlon is the only cation; when its :
concentration drobs to zero at the electrode sufféce the.remaining two -
anions have to be zero too, S0 that electroneutral1ty will be preserved.

'Equatlon 20 at x 0 glves, w1th the Nernst Elnsteln relatlon,
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A L, .2,3_ 2 (28)

o co |
. Ch=C [od i
B "B B_-r :
= " - 1F : (29)
CA A

These results are presented in figures 8 and 9. 'When the
Nernst-Einstein equation is obeyed, equations 16 reduce to Boltzmann
distributions. Under this same restriction, thevnonreacting ioﬂs follow
a Boltzmann_distribﬁtion even when there is partial dissociation. This
fact aliows us to calculate the dashed curves on figures 8 and 9 without

having to solve numerically any differential equations.

1/
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Fig. 8. The effect of migration in a Nernst difquiOnwlayer.
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Fig. 9. The surface concentration change in a Nernst diffusion layer.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

- A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages

resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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