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Restricted Diffusion in Binary.solntions‘
John Newman and Thomas W. Chapman1

Inorganlc Materials Research D1v151on,
Lawrence Berkeley Laboratory, and
Department of Chemical Engineering;
Unlver51ty of California, Berkeley '

September, 1972

‘ Abstractn_ti"
vﬁiffnsion coefficients of binary soiutions cen be measured .
accurately by observatlon at long times of 1sotherma1 diffusion in a |
vertlcal cell closed at the ends (restricted d1ffu51on) The present

analysis, wh1ch accounts for the effects of solvent flux and varlable

'solutlon propert1es demonstrates that the experlment ylelds a well-

deflned d1fferent1a1 dlffu51on coeff1c1ent, even in concentrated
solutlons

v Observatlon is effected by Raylelgh 1nterference optics, .

and results for aqueous pota551um chlorlde solutlons conflrm the accuracy

of the method.

1PreSent address' Department of Chem1ca1 Englneerlng,

: UnlverSJty of Wlscon51n Madlson W15c0n91n 53706

key words: d1ffu51on coefflc;ent, potassium chloride, Rayleigh

interference
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_ Scope

Accurate values. of d1ffu51on coeff1c1ents of b1nary m1xtures,
1nclud1ng the1r dependence on compos1t10n and temperature are requlred to
provide’ complete transport property data (somewhat analogous to’ thermo-
dynamic - data 11ke activity coeff1c1ents), to permlt quantltatlve de51gh
of separatlon<proeesses like distillation and electrochem1cal'depos1t1on,.-
andvtthermlt detailed comparison with theoretical results. Among_
theoreticalfresults'we have in mind, on the one hand, the treatmeht.of
simp1¢v5ystems'mhere yariable physical'properties have‘been included in
the analysis and, on the other hahd; the_theoreticalvprediction or cor-
relation of.transport properties on a molecular“basis such as the Debye;ﬂ
Hﬁckel.theory.

- For binary solutions of electrolytes Vthree methods are uSed
to measure the d1ffu51on coeff1c1ent the magnet1cally stlrred dlaphragm

cell, opt1cal observatlon of diffusion from an 1n1t1a11y sharp boundary,

-and (restrlcted) dlffu51on in a box of finite he1ght with observatlon of

the concentrat1on dlsterutlon by measurement of the electr1cal conduct1v1tyv
at‘two p051tlons In-the box. The last method developed by Harned begin-
ning in 1949 appeals to the intuition because the maximum concentratlon e
dlfference in the system vanlshes as the exper1ment progresses, and an
absolute determ1nat1on of the diffusion coeff1c1ent requires only the

helght of the box.

‘One questlon we raise is Just what d1ffus1on coeff1c1ent is

measured and. is this comp11cated by the reference ve1001ty for the d1f-

fusion flux, the precise def1n1t1on of transport properties for‘concentrated
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solutions, or the variation of physicai propeitiésvwith coﬁpbsifion? “
Harned's method ié restricted fo very dilute §olution§ of . .
eleétrolyfes_because adeqUate-resistanée meaguremént‘with‘solutions.of
higher conductiviﬁy requifes lafger cell dimenSiQnS_Qhere freé cénvectioﬁ
becomesbg problem; 'fhevSecond qﬁestién is how caﬁ.the method Be extendgd

to concentrated solutions?
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Conclusions ahd.Sighificance"h
.Ah enaiysis df the restricted diffueibn‘procees Ehows that

the measﬁtement'yieids the differential diffusion coefficieht D at the
final;:aVerege-cencentration. bThis,is the diffusion coefficient which .
appears ihvthe flux eeﬁations l3'(whefe Q can be'set-equal.to‘zero) and
is related to the fﬁhdementel diffqeioﬁ coefficieht’[}by equation 15. D
is equivelent to the binary diffusion cbefficienthXE used by Bird;:
Stehart,handiLightfoot. |

The analy51s w1th variable physical propertles gives a newf
thorm dlfferent from previous results, for the correction to the domlnant '
behaV1er of the,cell. 'ThlsvpermltSvquant1tat1ve determlnatlonvof the
time after Which this perturbation ﬁculd'become heéligible. -The detailed
analy51s also permits one to estlmate how much the he1ght of the 11qu1d
column changes dur1ng the course of the experlment due to volume changes
on m1x1ng (or dlffu51on). Thls relates to the uncertalnty in the value v
‘to be used for the he1ght of the box in the determlnatlon of the d1f—
lfus1on coeff1C1ent | o | N

To overcoﬁehthe'restricticn to dilute electfolytic solutiens;
appafatus was procured and adapted for ohservihg the'cencentration profiie
be Rayleigh intefference optics.‘ Thevrefrective index'varies enough with -
vcempositionhfor most liquidhsolutions to perhit measurement with a cen—}
:veniently:eiZed.cell.- Solutions of ncnelectrOIYtee‘are also Sdbject to
measuteheht,gwith seme'eccuracy being lost'at’hjgh-dilutions or for
solutee With‘low solubility. | o

The accuracy of thle system is 0 1 to 0. 2 on the basis of

the 1nternal con51stency and the reproduc1b111ty of the data and also
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from comparison with results of free dlffu51on from an 1n1tlally sharp

bogndary.- The system is thus capable of prOV1d1ng accurate data for a

variety of binary systems of chem1ca1-eng1neer1ng 1mpor;ance over a range

of composition and temperature.
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Introductionf'

“A number of years ago, Onsager1 dev1sed an 1ngen10us technlque_-

for measurlng quite accurately the dlffu51on coeff1c1ents of electrolytes
in solutlon at ‘concentrations as low as 10‘ molar . In the following

decade Harned and coworkers reported results for many electrolytes.

The great 51gn1f1cance of this work was that the exper1menta1 results

for many systems verified, for the first t1me, the theoret1ca1 Nernst2

11m1t1ng value of the d1ffu51on coeff1c1ent at 1nf1n1te d11ut10n ‘and

,permltted tomparlson w1th the theoretlcal concentrat1on dependence at

vh1gh d11ut1ons.

The essential features of Harned's method-are that it involves

a cell of finite length such that dlffu51on is of the restrlcted type

~and that the decay of an initial concentratlon grad1ent thh time is

monltored by a conduct1v1ty dlfference between two p01nts in the cell.

Although the conduct1v1ty measurement limits appllcablllty of,the methodh

to dilute solutions, the upper limits of Harned s measurements for

'several systems agree quite well w1th the low concentratlon measurements

of the Gouy opt1ca1 method as developed by Gostlng.. The accuracies of

_these two methods thus appear to be comparable and are claimed to be on

the order ot one or two. tenths of a percent. Furthermore, these:two‘
absolute methods are comp11mentary in their rangesvof appllcab111ty, and
together, they provide the data necessary to calrbrate the third
1mportant method for d1ffu51on coeff1c1ent measurement, the d1aphragm :

cell, as ref1ned by Stokes. > 6 7



The analyses of these three experimental methods'on the basis

of'transport relations valid only in the limit“of'infinite'dilution and
~with constant physical propertles leave unanswered the questlon of’ Just
'what dlffu51on coeff1c1ent is measured The strong concentratlon

edependence of physical properties might show up in dilute 501ution,'and

the nonzero solvent flux mlght manifest 1tse1f in more concentrated

'solutlons A significant concentratlon dlfference 1s,a1ways present

in the Gouy free dlffu51on measurements and in the d1aphragm ~cell

measurements. On the other hand the concentration difference dlsappearS'

in restricted diffusion at long t1mes, permlttlng an unamblguousvmeasuree

ment of the differential diffusion coefficient.' Furthermore, the‘preéent

vanaly51s provides a quant1tat1ve expression of the. dlstortlon of the.

concentration proflle due to these non- 1dea1 effects.1



Simplified Analysis of Restricted Diffﬁeion

For a dilute, constant-property solution;-Fick's_second law -

in one dimension takes the form

dc _ . 3% o '
o S

and its solution for an enclosed column of height a is a'Fourier serie_s:S

o 2.2

L n n Dt amy ' |

where D is ‘the d1ffus1on coeff1c1ent y is the dlstance from the bottom

- of the cell t is t1me, and ¢ 15 the unlform solute concentratlon at

infinite time The coeff1c1ents A depend upon the 1n1t1a1 d1str1but10n _

.

of solute in. the cell

The experlmentallsts always look at the d1fference 1n con—---:

‘centratlon between y a/é and y = Sa/6 Because a number of terms
cancel or. vanlsh the express1on for this concentratlon d1fference

"becomes

_Ac:=.cGa

Say _ . Dtr™) il
- CG;) = 2A1exp(- az )cos 3

+ 2A5exp(f25932;\.cosvgﬂ o oeee T N
_ a’ . . SRR T

Because of the factor 25 in the exponent of the second term, this series
'converges very rapidly with time, and at sufficiently lerge_times a plotv:

of 1n (Ac) versus t1me 1s linear with a slope of Dn /a . The same timegh

- constant helds for any property wh1ch is 11near 1n concentratlon.'




As the concentration variations get smaller with increasing .

time, the cOndgctivity pf the solutidn in the celi‘can be well approximated

as a linear function of the concentration. Harned.placed two pairs of

electrodes in his cell one sixth of the distancé from each end and thus

was_abievto determine the diffusion coefficient from the change in the

difference of conductivity between these two locations over a period of

-daySg

Since Harned's analysis was based on the dilute-solution -

“equations with constant'properties,'the identification of a well-defined,

”diffefentiél diffusion coefficient rests on the assumption that the

ccncehtration differences during measurement are sufficiently small to

justify the constant-property approximation. It remains to show how

genefally-a restricted-diffusion experiment yields meaningful results.

A more complete anaiYsis‘of the problem based onvgenéral concentrated-

‘ solutionrfiqxvequaxions will elucidate the nature of. the diffusion

coefficient which is:measured in this‘type of'cxperiment.
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. Transport Relations for ConcenfratediEle;trolytes:
A completely_consistent description ofnisofﬁermal,diffnsion"

‘ requires'fhe use of a set of flux equations of the type

€My = KT ZJ Q‘S}j 0y - zi)___ P,

where n ;s the electrochemlcal potent1a1 of speC1es i and Kyj y:he
transport coeff1c1ents deflned by these equatlons are'functlons of
temperature, pressure and comp051t10n only, belng‘independent of the
fluxes and the gradlents. Thls equatlon is analogous to the Stefan-
Maxwell equatlons for d1ffu51on in mlxtures of gases. It mayvbe v1ewed
as a'forcevbalance, and'by Newton's third law of motlonj}l“.'.].w= AK. This
partlcular set of flux equatlons has been proposed by Newman, Bennlon,
and Tob1a58 and discussed by Newman.9 It is con51stent w1th the pr1nc1p1es
- of 1rrever51ble thermodynamlcs and is equ1va1ent to flux laws dlscussed by
Onsagerlovand others |

N Equatlons of.thls form may be wrltten for each ionic spec1es _ﬁ
as well as for the solvent, although one of these equatlons w111 be

‘ redundant To apply such equatlons_ln d1fferent1a1 material balances

 for mass-transfer or diffusion oalculations, one must invert them and- .

express. the fluxes in terms of the forces. This inversion requires a ' ‘

choice of the frame of reference for the fluxes.j:For example, if the
~ solvent velocit’y.xo is chosen'as the reference velocity, one obtains

for a binary{salt_Solution the flux expresSions9




‘the natural way to expressfconcentration.' In the present work, we_;_:

¢ % -3 % i L q . -
Vg U S8 u oy gy

-7
R 2 —o.
N _:c' _ \)"'ﬂcT V + t+i+ \
—+ --_f-* ':VRT'CO ¢ ue Fz+- Y
v ﬂYcT t°i ,
= ¢ = - s ‘ \ }
ﬂ_ F_v_ vRT'co cVue + FZ_.+ C-XO (5)
N <oty
where
S
' Z+D(’)+-Z-m(’),-' , - ,
is the diffusion coefficient,
e o ’ ? z+ﬁ5+:i1,«t ' -
%=1 -t e 2 )
L T
- ‘is the cation transfeiencé humber.rélétivé to”thefsdlﬁeﬁt,.andl
U =VHU +Vu | ' - (8)

is the;gﬁemical potential'bf the’electfolyte.-

. V_bTransboft‘édﬁations uSing the molar-avérage velocity or thgifi
mass-avéraée véloéify:for ;hevframe of'referencé caﬁ‘bé~fouhdvin referéncé
8 or 9. >in‘those cases, the molé fraction or thé mass fraction becomes

shall illustrate how to_usevfhé so-called volume-average velocityll



V’: cov\/o!o + C+v+ll_+' + C_V‘L . ‘ ' . | (9)

For electrolytic soiutioné*we'generally aVoid‘using the volume-average'

veloclty because the part1a1 molar volumes V of 1nd1v1dua1 ionic spec1es '

are not acce551b1e to experlmental determlnatlon.f Here we requlre.V+ and

V; to yield the part1a1 molar Volume.of the electrelyte Vé according to

V_o=vwV +vvV . . (10)-

In addition, we shall let Q represent the quantity -

. -] e -
S U S o — _
Q=T =T . Cooan

+ -

. This quantity cannot be measured'independently, andift_can.erbitrarily;

be taken to be zero, in'which case

T et T L T an

In other words, the transference numbers of the ions are assumed to be

inversely proportional to their partial molar volumes. ‘However, this
choice is based solely on convenience, and no physical significance

should be attached to it.




In terms of the volume-average velocity;_equations 5 become

, t°. .
o R N S [ ]
R (R A
L t° . :
N = -DVc_ + % (—z-— - c_Q> + c__\_/_' > (13)
e ~icquecy®
R N R
. since
A A | -
T o _ ~.n 9 . . . e o
SRT ‘gV_ue = D_VC = =D - Vco S c (1‘})‘.
R U)o 08

"aci o .
T3¢ T -V’ﬁi o | - (16)

provided there are no’hombgenebus1reactions.' Substitution of equations
13 and reérrangement gives three important relations for a solution of

a binary eleétrdlyte:

Vei = 0, ' oan.
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| iQ\ . ieVt® VoW | A
'V-(v.- %-) +V ——g=-D—2" . (18)
— ez,V, eV o o . :
oo
' : iQ o , iQ _ 1°Vt
2, (A ove eyt D) -
T (! - F VC + cY  !f- T, V (DVc) -_z KA F : (19)

Equation’ 17, saying that the d1vergence of the current den51ty is zero,

-is an- express1on of conservation of charge in an electrlcally neutral

9 .
solutlon. , Equatlon 18 is an overall conservat1on equatlon expre551ngv

perhaps conservatlon of volume. Note that the d1vergence of the volume-

average veloc1ty 1s not exactly zero, as one m1ght expect. Equatlon 19 '_-

'is a material balance for the electrolyte and should-be compared_to'
equatlons 26 72 81, and 82 of reference 9. The volume average

| veIOC1ty 1s amblguous to the extent that Q is undeflned Equatlons 18
and 19 show that it is convenlent to set Q equal to zero. ;When the

vcurrent den51ty is ‘zero, one is not concerned at all w1th Q, -and the ‘

anions and catlons dlffuse together as though they were 'a ‘single

'solute the electrolyte.vv
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Ana1y51s of Restrlcted lefus1on 1“1'“
Concentrated B1nary Solut1ons

h The cont1nu1ty equat1ons have been put 1nto the above form

(equatiOns 17, 18 and 19) because 1t is a part1cu1ar1y convenient one

for the ana1y51s of experlmental measurements of d1ffu51on coeff1c1ents

"'ln b1nary solut10n51._The,d1f£u51on-coeff1c1ent Duglven by equation 15

is the quantity usuany measured and reported as the differential diffu-

»

- sion coeff1c1ent ThlS statement ant1c1pates the result of the follow1ng

unaly51s but it is conven1ent to s1mp11fy the mathematlcal expre551onsv
and important to emphasize that only one experlmental d1ffu51on coef-
ficientvneed'be defined, although it can be used in a variety of flux
9,13 |

expressions. The' diffusion coefficient,ﬂt'bééed:On é'thermodynamicﬂf s

driving force, is convenient in the correlation and theoretical inter-

pretation'ofhtransport PrOPéTti65,8f14 although its definition'does

depend on the assumed state of dissociation of thelelectrolyte.15 In

very dilute;501utions these subtle reflnements are 1rre1evant because'

./@(=.D‘at infinite dilutlon. In more concentrated solutlons, however,_

- one must take care to identify exactly which coeff1c1ent he is measur1ng;'

M1cka has,suggested a disagreement*with the relationship
15 between the exper1menta1 d1ffus1on coefficient D and the d1ffu51on_
coefficient-A?based on‘avthermodynamic"driving force. However, to us_rtcf:
.eppears,possible'tovderire thisireSnlt from Micka?S'eqUations 5;v14,v21€hhv
:28,aand;4thithont anY~assUmption aboutvthe;value of theatraneference'r
hnumber;. o | B
H | In the restr1cted d1ffu51on process; as it occurs in the

experlments of Harned, no current flows, and equat1ons 18 and 19 are to



-12_

be solved_for the decay of a one-dimensional concentrationfgradient in
a column'of.éolution.of height a, subject to the:boundaryoconditionsf_
‘3c

. S S S a7 -
v=0 ,and 3y T Q at_ y=2=0  -f _ . (20)

(at'theabottOm-ofethe ceii).
gy =0 at y=a S @y

- (at the free;sutface);. At‘the_bottom of the celllithe flunes are all'_
aeto,;whilevat the;top'of:the colnmn'the fluxes_afevsnpooaed to be zero d_
relative toithe interface which may actuallyfbe:moving aa‘the volome»i
changes on nixing. ; To- stlpulate further the cond1t1on at the top, we

can use an overall mass balance or a balance on the solute

The total amount of electrolyte in the column renalns constant. -The
superscr1pt 1nf1n1ty () will be used to denote quant1t1es evaluated
after a long t1me,'when the concentrat1on w111 have become‘unlform ln the
te11; | | | |

: One can solve equat1ons 18 and 19 subJect to these boundary

cond1t1ons and .an arbltrary 1nit1a1 condltlon by assumlng that the




'v2 is a spec1a1 case of thlS form. The coeff1c1ents cv’,a’’, and v

b Ly & £ 23 - 4 .
G d O e ud o H 9 9
13-

unknown functlons can at large tlmes be represented by perturbation__:'

expan51on ser1es of the form

'chexcm + ec(;)l+v€2c

(2) ;.ft: __,.'.,vd } ] v.:n (231_

' .a ﬁ‘dm.¥.ga(1)v+ eza(z) . -, v""tn . ,? X (24):

andf

'T~V- évgl).+ EZV(Z) . - ;~: V'L'v : ," | _;v(zsjd ;

where € is a functlon of time and goes to -zero at 1nf1n1te time. Equation .

(1) [63) (i)

».should be 1ndependent of time 1f th1s scheme is va11d c( 1) and v( 1 then

depend only-on p051t10n y-

' For conven1ence we employ the def1n1t10n of D g1ven above to
51mp11fy the equatlons Furthermore we account for the concentratlon
dependence of D formally by expressing this quantltyvas 1ts Taylor

* oo

expansion around the value at c :

- D=D"+ %g' (crc”)t+'%-9+%‘ (.C-cw)2 + e - (26) .

fe c

” where:DQ = b(cw)’ Substitution of equations 23'through 26 into:equationsﬁ
18 and 19 and the boundary cond1t10ns 20 through 22 and equatlng terms

~of like order in € accompllshes a separatlon of varlables for thls
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problemdby yielding‘a'hiefarchy of differential equations,with_bonndary_f'dv

m

, and .v

(i)

conditions from wh1ch € and all the coefficients cv’, a

1)
can be determ1ned. The ab111ty to generate these necessary equatlons

- justifies the assumptlons expressed in equations 23:,24: and 25.

" The results of these manipulations can be rather'complicated§17

The significant results are that

- and that the dlfference in concentratlon between p01nts one—s1xth of the

overall length from each end of the cell, as prev1ously estlmated by

equatlon 3, is g1ven more completely by

o

bc

= 2Ae

- -D t(n/a )
"'1.' ,

cos(n/6) + Be _ e,
where the coeftltlent A depends on. the 1n1t1a1 condltlon and the
' coeff1c1ent B is a compllcated function of the 1n1t1a1 cond1t10n and

concentrat1on der1vat1ves of the phy51ca1‘propert1es.

V2 S, v o3 R
_gcdD odp S 0dp)2, 5, odp 29) "
D dc M M 2 M3 , 7).

o dc o dc o dc S

D™ en

s LI

;
|
3
|

8
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Furthermore, it was found that a(l) and v(l) are both zero and that a(Z)

is very small,

A2 UV 2
2 _ _ 1 odp\”
gl E 2 (M“ ) T (30)

o dc

so that it is not necessary in practice to recognize the variation in

solution volume.

Experimental System

Because a conductimetric method fails with conductivities of
appreciable magnitude, we developed an optical arrangement for measuring
the concentration difference Ac in the cell, using the Rayleigh inter-
ferometer of a commercial electrophoresis apparatus manufactured by
Perkin-Elmer Corporation. The glass diffusion cell shown in figure 1
had dimensions 79 mm by 9 mm by 2 mm, which were small enough to
prevent convection. The length of the cell was measured accurately,
and fine lines were scribed on the cell face one sixth of the distance
from either end. »

Temperature con;rol was to within 0.01°C. The interferometer
served to generate an interference, or fringe, pattern which plots very
precisely the profile of concentration versus position in the cell.
After a boundary was formed and the cell was closed off at both ends,
photographs of the fringe pattern were taken every few hours for a
period of several days. Figures 2 and 3 correspond to times just

after forming the boundary and toward the end of an experiment,
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XBB 678-4586

Optical cell.

Figure 1.



Figure 2.

Figure 3.

-17-

Fringe pattern about half an hour after the formation of the
boundary. The fringes cannot yet be distinguished in the
boundary. The scribed marks show up as horizontal lines.

XBB 6911-7618

Fringe pattern toward the end of the run.
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respectively. Provided that the refractive index is linearly dependent
upon concentration, as is normally the case over a narrow concentration
range, the displacement of a fringe is proportional to Ac, and the
measured fringe displacements can be used directly in equation 28 to
determine the diffusion coefficient from the time constant of their
decay.

As a test for the method, measurements were made on solutions
of potassium chloride at 25°C, the system which has been studied most
extensively and is accepted as a standard for diffusion measurements.
It was found that after our experimental techniques were perfected, our
values agreed within 0.2 percent of the literature values, as shown in
figure 4. Furthermore, statistical analyses of the fit of measured
fringe displacements with time yielded a standard deviation in the
slope which corresponds to about 0.1 or 0.2 percent of the diffusion
coefficient. Thus, it was concluded that the method is valid and that
our apparatus is capable of measurements comparable in accuracy to the

other modern methods for measuring diffusion coefficients.
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Discussion and Conclusions

It is seen in equat1on 28 that the second term in the complete<

series for Ac is’ of order 63 rather than 825, as 1nd1cated by the

approximate Fourier'series solution in equat1on 3 Although the. effect

is no longer demonstrated s0 dramatlcally, it is clear that at suff1c1ent1y

large times the f1rst term necessar11y dom1nates, and the Harned type
measurement and calculat1on of:. the decay time constant (from the slope
of a sem110gar1thm1c plot of Ac versus t1me) yield the d1fferent1a1 value - - o |
vof the diffusion coefflclent D correspond1ng tovthe,concentrat;on .

: Thue,'consideration of the complete“continuity'eQuations for
conccntrated bvarlable property b1nary solutions demonstrates that a
restrlcted dlffu51on experlment is generally valld The method does
vlndeed y1eld a.well-defined, dlfferentlal diffusion coeff1c1ent even |
in concentrated solutlons prov1ded that an analyt1ca1 ‘technique su1tab1e,h
for measurlng Ac in such solutlons is used. S1nce the ana1y51s of
restrlcted dlffu51on presented here is more thorough than any ava1lable ;
for free ‘diffusion or the dlaphragm cell method and s1nce it is equally'

val1d for nonelectrolytic solutlons as for electrolytes we suggest that

more‘exten51ve exper1menta1 1mplementatlon of the restr1cted dlffu51on ‘

method should be con51dered ; ' - ' _ _. .I, o | :‘f'a N
.A'new optlcal, restricted-diffusion-method-has been developed.,lﬁ

yand_has heenvshown to yield accurate dlffusion coefficients in concentrated_

solutionsf Restricted diffusion is anvabsolute‘method, requiring no

calibratlon;l Only the height a of the liquid column need be meaaured

with great accuracy. The initial c¢oncentration distribution within the
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cell is not critical. Any concentratlon variations perpendlcular to the

.long dlmen51on of the cell w111 decay very rapldly, 1eav1ng only the

“desired one- dlmen51ona1 proflle.'

Any veIOC1ty dlsturbances generated in the cell by the
boundary formation would be expected to decay exponentlally with a time
constant dependlng upon the k1nemat1c v1sc051ty rather than the diffusion
coeff1c1ent. Since the kinematic viscosity of 11qu1d solutions is about

three orders of. magnltude greater than the d1ffu51on coeff1c1ent, any

small convectlve velocities should vanish long before_the concentration

profile does.

The nature‘of restricted diffusion at iong.times,eiiminatesh
several'other potential sources- of error. Ac doesvnot need to be made
between points exactly one 51xth of the way from e1ther end of the cell.

The optical system does not need to be perfect Dlstort1on from the

'nonzero grad1ents of refractlve index and a nonunlform temperature from

the heat of m1x1ng also become hlgher order effects at long t1mes : The-:
ecale between the cell and the fllm image and the scale in the dlrectlon
of the frlngo shifts are also 1rre1evant as long as they are constant

throughout a run.
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ANomeﬁcIature
a height of restricted diffusion cell or of 1i§aid column (cm)
An coefficients of series expression'fof éoncehtfétiqn in‘réstricted
'diffuéfon céll

"B constant identified‘in'eqﬁatidn 29

c f.concgntration of binary eleétrolyte = c+/\)+ ='E_/Q_ (mdle/cmsj
A¢  : ”concéntration difference measured in_diffusioﬁ cell

< concenfratiop‘of speéies iv(m01e/ém3) o

<y cppcehtration of sblyent. |

r ;otal soiutiop>concentration |

D veiperimentalidiffusioﬁ coefficient.of_binafy éiéctrolyte tcmZ/séc)l
xya.' difquioﬁicoefficiénf'bf_électtolyte for fhérmodynamic dfiving

force (¢nl/sec) | e

Aﬁj~ _ diffusi9n coeffi;ient for.binary interactions,(cm?/sec)
F | Faraday's constant (96,487 C/equiv) -

i éurrent densiﬁy'(amﬁ/cmz)

Mo : molééular weight of the éolveﬁt_(g/ﬁoie)

m molality of électrolyté (mble/kg}

N, flux of species i (mole/cmz—sec):

Q ~defined in equation 11

R universal gas constant (J/mole-deg)

T absolute temperature (deg K)

!
i
i
H
|
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time (séc)

transference number of spec1es J w1th respect to ‘the solvent

(1)

e
'Vé part1a1 molar volume of electrolyte (cm /mole)
Vg B part1a1 molar volume of solvent (cm /mole) |
Xo‘ : Ve1oclty of solvent (cm/sec) |
’ !i. _veloei;y'of'speeiee ilcem/sec)-
v :volume average velocify (cm/sec)
v -poeirion eoordinate'in diffusion cell (cm)
| i. ‘valence or charge number;of_species i
-'y " méan molalvaetivity coefficient
€ perturbatlon parameter (see equation 27)
i electrochem1ca1 potential of species i (J/mole)
ue chemleal potent1a1 of salt in binary electrolyte (J/méle)
Voo, f'v_' o
Vv, 5V ‘numbers‘of_cationsrand'anéops'produced‘by dieéoeietiontof one
A molecule of electrolyte | R |
"pf‘ »densiry'of solution.(g/ems)
Superscripts.
o ‘indicates values et lnfinite time, l.e., uniform concentration
E 1dent1f1es coeff1c1ents of terms in perturbatlon expans1on

series, €q. 23 and. follow1ng
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SubscriEts |

o _'indicéte;_pfopgrtonf_solvent

*y- indiééte propeftiesvof éatidns and anions
e ihdicétes_properties of electrolyte

)
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
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.
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