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ABSTRACT
Interferograms of the transient condition of concentration gradient
bgild-up have been fecorded with a motion picture camera for horizontal
electrodes‘in the'cathode—over—énode position. The appropriate solution
of Fick's Second Law for the unéteady state has been shown to ﬁredict the
concéntration gradient at times of the order of 150 seconds or greater.
The interference fringes can be integrated as time dependent concentration

contours and, hence, a measure of the diffusion current obtained. Logi~

taifr

cally, at t=0 seconds,
reaches a maximum at times greater than 150 seconds in the diffusion layer,

= 0. Experlmenta;‘data show that Lairr

and t goes from O to some value close to one'during'the same time. It
has been impossible to decide on a definite value for the transference

number and diffusion coefficient that would be appropriate.

-~

.
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CONCENTRATION GRADIENTS AT HORIZONTAL ELECTRODES

by
R. N. O'Brien
Chemlotry Department, University of Alberta, Idmonton, Albexrta
and Inorganic Materials Research Division
Lawrence Radiation Laboratory
University of California, Berkeley

Concentration gradients at working electrodes have been difficult to
obtéin until the advent of the modern optical methods of Schlieren patterns
and interfei'ometry.2 The recording system has always been a still camera
until very recentiy when a motion picture camera was used.3 This recording
technique should provide sufficient data of good quality to establish quan-
titatively the dependence of concentration changes in the electroactive
species with time.

A series of interferograms of an experiment with the electrodes in the
cathode-over-anode position were recorded on motion picture film and the
results analyzed and compared to the theory of ionic transport. To the

best of the author's knowledge this is the first recording of such transient

concentration changes.

EXPERIMENTAL
A 0.5 M CuSO) solution, pH 4.5, made up in the usual way was electro-
lyzed in an interferometer (Fig. I) which has been described in detail
elséwhere.h Briefly, the cell had two copper electrodeé 0.2.cm thic%<and
4 cm long sandwiqhed‘0.3l3 cm apart between two coated‘glass flats."Tﬁe
flats were held inva specially shaped teflon cylinder which was ﬁlacéd
_in‘a clamp ﬁith ﬁhich'an appropriate wedge angle between the flats could

"be produced. Colliméted,sodium vapor light producéa'wedge fringes which

were recordéd by & Bolex Paillard 16 mm motion picture camera on Anséov;'

.
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Hypan film at 24 frares per.secoﬁd.- The film was. underexposed, aﬁd
theréfore required overdevelopingnﬁy a factor of‘2 to 4. The develoﬁed
film was then projected at a magnification faétor of 80, and from
frames at selected times representative fringes were sketched on graph
paper (Fig. II). Details of the type ofvfringes obtained and adjﬁst-
meﬁts made to them appear in Appendix I. | |

Carefully prepared puré.polycrystalline copper eléétrddes wererused
in the cell which was thermoétated at 25°C. When a suitably orientéd«
fringe system had been produced,'the notion piéture'camera was started,
then a preset constaﬁt current passed through the celi;'in ﬁhis case

0.9022 ma/cm?.

THEORY
The theory of ionic mass transport in electrolys1s has been re-
viewed by Toblas, Elsenberg, and Wilke.5 They glve for the rate of

‘transfer ions in the x dlrectlon (x~perpendlcular to the plane of the

electrode)
oY le
N£ = CU % D =t vC
where N£ total rate of transfer, gram 1ons/cm -sec; C = concentration
'_in gram ions/cm H = mobility, cm /sec volt, ¥ = potential, volts;

= distance in direction of transfer, cm; D = diffusion coeff1c1ent,

" em /sec, and V = velocity for steady state condltlons. -In the experr-

mental seﬁ-up here used, horizontal electrodes, cathdde-bver-anode; i

V=0 since convection is absent leav1ng only electromlgratlon and diffu-

sion, represented by the flrst and second terms on the rlght s1de.'

,Tobias et al then give an expression for the rate of ionic transport.
: (1-t,) 4 A
by drffusion Nd =‘N£-f:Nmi=>I."E§—f where N_ =‘ra§e;of migration,

Ll
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gram ions/cmi—sec; t+ = cation transference number, and the other symbols

have their usual meanings. Again this expression is for steady state

conditions.

Considering the unsteady state, the solution of the equation

o¢ | p ¢ e
ot 52
for the boundary conditions AC = O at t = O;. x = O and AC = O at t £ 0,
=4 1s '2/9§.I £ t- S
: L= ' 1-x/4

AC(x;t) =D ierfc =
Y
. £

‘a8 glven by Carslaw ahd Jsegeré, using only the first tefm of the complete
series solution since ierfc z'4 Oas'z~> = It is worth noting that the
expression 1s independent of 1, only requiring that &L - Oas x—+ 1
‘(2£ = electrode separation). Inclusion of the anion transference sumber in
the pre-error function coefficientv(t-), is to be expected and as in the
steady state is intended to make allowance for the migration current. {erfec is -
" the complement of the integrated error - fUnction6.

The present experimental results should pesmit.a testing of the efficacj :
_of this treatment since the number of coulombs: discharged at any time can be
calculated by considering the number of ions required t0 be removed (discharged)
to produce the observed.concentration gradient. This can be done by a form '
of graphical integrastion which makes oﬁly the assumptions thau the fﬁinge
selected‘is's typically average fringe for the whole electrode surface,
that the diffusion coefficient is known and constant over the concentfation
range considered, and that all refractive isdex-cﬁanges are due to CuSO) \'*".

: i .
concentration changes. - h - ;
* RESULTS |
The initial attempts to fit the interference fringe selected as typlcal

at 150 seconds were made using\#he diffusion coefficient of CuSOy
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es réportedcby EverscleT and.co-wofkers and the transference number
for soi“ according to Fritz and anet.8 The diffusion ccefficient and
transference number for the concentraticn ét the selected x were used
for each point calculated. The results are shown In Fig.;III. The
agreement with the anode side of the interferogram. is cuite good, but
for the cathode the prediction is everywhere short of that found. The
predicted‘values for 15 seconds are almost 50% too high and so are not
plotted.

| Realizing that the reswlts of other studies’ of the Cu/Cuscu/Cu |

-6

system have shown values for the diffusicn constant of about hohx 10
- cmg/sec;the requiEite current.densities to give agréement at Acmax
‘using D = hfhtx_10-6 were celculated,and are shcwn in Fig. IV to suggest
that eventually a potential gtadient will be prcduced‘such that ﬁd % Nf.t
va instead.the diffusion constant is calcnlated for each time and using
the appropriete transference number-snch thatvéccalc = ACexp at the
“electrode (x=0), D onyionsly appfoaches M.A X 10-6 cme/sec at some time.
-.greater than 150 seconds (Fig. V). |
‘ Us:ng the calculated required current den31ty for D = k. h x 10 -6

cm /sec and average "literature transference numbers, values at selecteﬂ
B distances from the electrodes were plotted on Fig. III, The agreement
is worse than’the first attempt but not much worse.‘ Fig. VI'shows |
the results of graphlcal 1ntegratlon to obtain the number of coulombs
of charge required to dlscharge the necessary number of ions to form
,. the concentration gradient found at varlous times. The successive cur-’

- rent denslties plotted in Fig.. IV are again plotted here in a dlfferent
way. Beglnning a 3 1/3 seconds the value found is plotted from Zero.

{time to_l/2 the distance to the next calculated value, in this case -
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4 1/16 seconds since the next time is 5 seconds. The 5 second value is
now plotted to join at this point and.is drawn half-way across the next
timé interval. Plote for both the anode and cathode were made. ‘The
line drawn for the anodé appears to be generally to high, but the cathode
ploﬂ 1s reasonably representative of the charge-carried points. The
current density plots appear to be approaching the same slope as the
extgrnally measured current density. .

Assuming the diffusion constant to be fixed at bl x 10-6 Cmg/sec
* the transference: number necessary o glve agreement at x=0 and t=150"
secoﬁds 18 t= = 0.58 for 15 seconds t- = 0.298. This suggests that
t- goeé to zero at t=0, when of céurse N =Nm since there is no diffu-

t

sion gradient to support e diffusion current.

CONCLUSIONS

The quality of the fit of calculated pointe using

2\/-]?—2—I17/t- -
AC( = 4 ierfc ;:EZ&_
x,t) nF D Dt
. ‘2._2_
£

is sufficlently good that apart from the theoretical reason for selecting
',it, it obviously is the correct form to represent the physical process -
considered, that is the sudden imposition of a constant current density

between parallel, plane, horizontal electrodes in the absence of con- |

!

" vection, A L 1 s g
Howevef; thé pioblem of decidihg on the vaiues of the basic constants
v.to use hasg not been solved. The.assumptidn‘tﬁat a con;entration contoﬁr,'
calculated from a refractive indei'contour'with nqnéllowance for pH

chahgé‘or extraneous reactions 1s probably as good as the data. If this
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is.so, then the problem_becoﬁes'one of deciding what D and t- to use,

- again éssuming that the externally measured‘currént‘density must ve
used unmodified. These problems can probably be resolved by elecprp-
lysis for longer times so that plots like'Figs. IV and V could indicate
thebsteady state diffusion constant épd.diffusion current. Electro-
lysis at the limiting current density should also give helpful
.information regarding these two quantities.

‘ The author wishes to acknowledge the suggestion of E. J. Casey

that the data be subjected to this type of analysis, the efforts of

B »K. Kinoshita who did most of the experimental work and to John Newman

for interesting and adviéory conversations on the theoretical-éspects.
This work was supported in part by the National Research Council of
Canada and the Inorganic Materials Research Division of the Lawrence

Radiation Laboratory, University of California, Berkeley.
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APPENDIX I

‘Fringes of Equal Inclination: Brewster's Fringes.
Tolansky has éiven an excellent treatment of fringes of equal
inclination.lo However the difference between wedge or fizeau type
fringes and Brewster's fringes will briefly be considered.

Fig. VII shows schematicaily the light path and how Brewster's

. fringes are produced. If the incident light is at an angle to the wedge

. whosgVangle is small (ebout 2 minutes of arc), instead of getting wedge

fringes, that 1s, a continuous set of equally spaced parallelfringes,

", rings of fringes arelproduced. In this experiment 1t was intended
to use wedge fringes, but gince the radius of curvature of the fringes’

is relatively large and the two types can exist gimultaneously, it is

easy to confuse the two. The error was not discovered until a large
number of tedious hand measurements had been ﬁade.

For wedge fringés, the fringes appear on a uniform wedge at posi-

tions where the thickness of the wedge is an integral multiple of the ﬁavey:,5i. L

length of the monochromatic light, that is since nh = 2ut Cos %, whenever
by
the thickness has increased by'§ from the last fringe, bright or dark,

a new fringe appears. n ig the order of Interference, p the refractive

index, t the thickness and # the angle of incidence of the light. If

fringes fesult.
Brewster's fringes are located at infinity and appear on the'wedgé ‘

as rings as shown in Fig. X, End View. The fringes wlll appear at

positions governed by nk ='ut(Cosine of the angle’g}\refraction in the

first glass flat minus Cosine'bf the angle of refraction in the second
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glass flat) assuming Cos % is about equal to 1, since the light passes
' onl&'once through the cell. |
Variations in the refractive index of the wedge of electrolyte
. cause displacement . of the fringes up and down the wedge (toward the
- apex if the change 1s an‘increase in concentration) which takes the
form of a perturbation to the arc of the circle seen between,the'elec-_
trodes. The fringes measured for the S/V position were a 2° 35' arc
of a circle of 3.43 cms radius and those for the C/A position had a
similar radius of curvature. A detailed account of how to relagte wedge
fringe perturbatiOn,to‘concentrstion.has been given by O'Brien andl
RosenfieldT-and complete review of the theory by O'Brien9n
To allow plots of concentration changes to be made on cartesion
coordinates, these‘arcs-had to be converted to‘strsightllines. Frequently -
the increments at successive nositions'at which measurements were made
were smaller than the expected precision of measurement. Howevef, to
;Aensure that some systematic method of correction for frlnge curvature
was used, a transparent plastic template whose plotting edge was -cut
in the mirror image of the curve was used in replotting the uncorrected.
values read from the display of the original fringes. In thls way the
curvature was plotted out and also any rotation of axis needed to correct _
: :the angle of the fringes to the electrode to 90 . Of course since both
the plastic template and the pencil point had thickness, a further, but
1t 18 thought, random scatter of points resulted. A smooth curve was
'T;then drawn through the points. A scale in which fringe perturbatlons
arelshown.asvconcentration change in moles/liter has been added to the
' figures'nhere necessary. The limit of accuracy AEfERe measurementstis
that‘nith whichvtne center‘of'eny.fringe can be lccated relative to the

3
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center of another fringe. In this case it is thought from the results
of repeated measurements to be about * 1/20th of a fringe width or about

T 7 x lO-hM.' Details of thils type of calculation have been given

previously.
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CaptiOns for Figures

An exploded view of the cell without the thermostatting clamp. =~ .

Interference fringes (as sketched from 16 mm film) at various
times after the beginning of electrolysis in the system
Cu/Cus0,/Cu. Electrolyte concentration 0.1N, pH L.5.

Comparison of calculated and experimental values at 15 and 150
seconds. O calculated using best literature values of D and t-
for each concentration, @ calculated using D-= L.k x 10~ ® cm2 sec
appropriate literature t- and current densities from Fig. Iv.

A calculated using D = 4.4 x 107® cm? sec™  appropriate literature
t- and current densities from Fig. IV.

-1

Current densities calculated at various times, using D = L.k x
10°° em® sec”? and appropriate literature t- such that the concen-
tration change found experimentally at x = O is equal to the
calculated concentration change. @ anode, ‘O cathode.

2.

Diffusion constants calculated to give agreement with concentration

change found at the electrode using appropriate Jiterature t-
values. @ anode, O cathode. .

Charge transferred vs time. Line 1 is the externallyvmeasured

-current density, Line 2 1s the calculated required value of the

current density at the anode from Fig. IV. Line 3 is the same
value for the cathode. & number of charges transferred at the
anode at a given time found by integrating under the concentration
contour. O cathode values obtained in the same way.

The Production of Brewster's Fringes.
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B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, 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 Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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