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1. «Sommary .

)

Thxs reporr summarizes the work of the past thren yea—s and includes

‘ the following atees: Solubilxty of hydrogen and oxygen in KOH and L10H

solotione, diffusivity of oxygen and hydrogen in KOH snlutlons,_mutual
difquiVLty in KOH solutions, and densities and vapor preﬁeures of boch
KOH and LiOH solutlons V | -

The solub111ty of hydrogen ahd_oxygeh has been me:suted oyer ehe,
temoerahure range 25-100°C ahd ehe KOH concentretiod range zero to satura-
tion. Tbe solubxlxtles of several other roughly spherical molecules have

been neasured to test a theoretical model. The solubllitxes of all of ‘these

_gas decreased substantxally with increasing temperature, anid they decreased

sharply with increasing KOH concentration at all CemperaCures..\At KOH-con-
'centrations.greater than'30“wt. per cent the solubility o£ all of the geses
studied was found to be essentially independent of Eempeeatore. Soldbilities.
at KOH concentrations above 50 wt.‘per cent:are generaliy about one peruceﬁt
of the SOIubilxty -in water. | “ = B |
There was good agreement between e#perxmehtally.n«asuted solubilitxes
_add'those predicted from a cavity modal theory «xcept for SF6 and c(cH )h;
whereas electrostatic and modified Debye failed to predict solubilities suitab-
ly at high KOH concentrations. .
The solubility of hydrogen, oxygen, helium, end argon has been oeasufed

in LiOH solutions over the general temperature range 25-1oo°c and from zero

to saturation in LiOH (bout 10 weight per eent). The solubility was found

S e b e i > o o
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" to decrease with both tempcrature and LiOH concentration, as with KOH solu-

ticns chevet, the:seiubilttv of ovvgen and hydroéen at a given LiOH con-

centraticn ie suueténtially lcnelthanftbe so!ubility in a KOH solution of
that coheentration. The eo‘uullxly ef.thcve.gases in'LtOﬁ golutions ues.quite>
satiéfecterily eredictcd Sy tue,cevlty modc! theery,

- . The dlffuslvity of hydtogen uud;oxygen in KOH soluttons:has been

measured over the same raxges of Lcmpvralurc and KOH conccntrarion as the

2 solubxlity using a stagnant m!croeloctrodt tcchnique. The diffusivity de-

creases sharply wlth increase in KON conc«ntratlon, while ft 1ncrcuses equally
sharply with tcmptratuxc with !he rcsult that temperaturc and conccntration

effects very roughly cancel c¢ach other. The experimental datu arn correlated

. well up to 35 wt, per cent KOH by a modifled Eyring theory, but doviate sig-

nif1cant1y at hiqaer concentrations,
Mutual di:'usion cc2fficlonts hava baen measured at four dlfferenc

temperatures and at. KoH con‘cntrattonq from ~zero to ‘near gaturation, The

N 1sothermal concentration dependonce of the mutual diffusion coefficlent.is

complex but is roasonably we]]mdcncrtbcd by a simple activation theory up

. to KOH concentrationq of abaut 3% wt, per cent.

The vapor pressure of water over LiOH solutions has baon measured ,¢-~;-1~ .

- over the temperature range 25~ 100 c and the LiOH concentration range zero

to saturation using a dew point method These resulta corrtlnte well with

prevxously published vapor preseurcs at, 25 C and from 100 to 350 C.

The denslty of KOH solutlons was meaeured by rhe hydroatatic weighing

B S




161°C and the KOH concentration range zero to 77.1 wt. per cent.'_Thé

density increased substantially with increésing KOH_coﬁcentration and

-

" method of Kohiréusch'u§ihg a silver plummet over the temperétugé‘range 60- .

decreased slightly with increasing temperature.
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2. I'Nrkowcrton R
This investigalion was undcrtaken with two pr1nc1pa] objetts fn mind. :
'The first objective was to measure the solubility and dtliusivity )f o e “d’-~,¢ _TQH

hydrogen and oxygen in alkaline fuel cell: electrolytes over 2 sonsidereA _ o :

able range of temperutures and alka11 concentrations. Second’y, it was”

B R NP

, desired to develop theories which could be used for the predicti«1 of

NP

thermodynamxc and transport propertxes of the dissolved gases in these
systems, and which could be used for correlation of experimental data.
In considerable measufe these objectives have been ath1eved

"The solubility of hydrogen and oxygen in Koi! solutions has been measur-'

_ ed over a temperature range of 25- 100 C and a KOH concentration ringe of

> N S T g s T8 e b

zero to saturation, and the diffusivxty of these gases in KOH soJutions

NIV

vt has been measured over similar ranges of temperatute and KuH corc«ntration.
-The solub{lity of oxygen and hydrogen in LiOH solutlons has been measured

'over a temperature range of O- 100° C and over the LiOH concentration range

4' of zero to saturation. No diffusivity data have been obtatned for LiOH o
: solwtions.
This report summarizes the results of thi 1naest1gation for the past

three years both as rcgards experimental, as well as theoretical work 'fn,

\ . .
SRR 8 s S8 AN ST b ks st ek e gn & St b5 b

I 0 C T pox S

connection,with tue experimental measurement of soLubility and diffusivtty,

it has been necessary to make certain other measurements as, for example, ‘ o i
densities and vapor pressures, and these measurements are also summarized R S

in this report.
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In the erea of tneorf. Lho "cavity mcdel" has been applied te the
qolut1on procc~° in alk1 inr fuL e‘! electrc Vtes uith prcmicing reqults
‘Both the theory and its *pplitatlon are summarized herc,.and experlmental

~solub111t1es are compa rcd with prndicted solubililies with generally ex-
cellenc results. A modl"ealirn of absclute reaction rate theory has
been used tc corrclate diffL~Ivity data..; : ~

~ Much additiona‘ work rumainq to be done, and it is the purpose of
the extensron of the original anestigation to continue developments along

‘bseverel lines. FlrsL, addttionalvso,ubrlity and diffusivity work is re-"

quired. Likewise, additional work on a theoty of solubflity seems desirable,

U BN

and development of an adequat.2 theory cf diffusivity as well as measure-
ments of diffusivity in LIOH solutions are needed
‘In the course of L°\010pncnt of the theory for the cavlty model for

soluolllty of gases Ln electralytic solucions it became clear tnat the

T M L ok AP D40 At S e et W YAk BN E - 5, ken ™ o € F e st 5 e b Ve ine o o o ad

’-partial molal volumc is an 5mportant parameter Unfortunately, however,

‘very few partial molal vol‘me data are avai‘able, and Lhts w0rk is re-

PO Lv..;.;.‘,»mw\ [P SO RS UL S

quired for extensiou of the thecry, IL 1<, therefore. being undertaken..
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3.0 SOLUBILITW OF GASES IN LidH ANDKOH SOLU’IOVS - 1. Jolly and S K.
- Shoor

“ 3 1 Cla551cal Therm)dvnamics of Soluti 2ns

A brief survey is made of c1assxca1 thermodynamlcs in this sec-

tion. Discussion of .the’ phase equilibrium relations which are applicable

to gas- electrolyte systems 1is included and thermodynamic relations are

derived to calculate partial molal heats of salutxon, entropy of solutioan

and energy of solution.

- In the following discussion subscripts 1, 2 and 3 have been

used to denote solute'gas, water and electrblyte, resneciively. Con-
sider a nonideal liquid solution in contact with a vapor phase. For

eny component i

e - 6 _ L
- £ =6

h j_ (3 1 1)

whete superscripts G and L refer to the gas and liquid phase and f1 is

the fugacity of component i. rox the gas phase we can write

E G . Lt A 5§ » c o . »
BT T - G

. where ¢ is the fugac1ty coefficient of component 1 and pi is its partial~7

pressure, The fugacity in the liquid phase is given by
L. s L
fi X, 7# f1 E o S e (3.1f3)

whefe f is the standard state fugacity -It is convenient to choose the

following standard states for ihe gas- 11qu1d equilibrinm

1) The’ standard state chasen £or the solute gas is the pure so ute

in a hypothetical liquid state which is defined by reference to the

. behavior of this camponent at infinite dilution in’ pure water, that is

(.
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K x,.=0 E- S s
*1-:
- *3 =0
Henry's Law for pure water 'is ';' .
L (¢ . k° ;'(3.1_5)- :
Lim i, 11 , -
gi-»,o C § 
. j;
Xq V] -
_ where Kf is Herry's Law constant for the gas In pure water. o : S S
2) For water the standard state is pure liquid at the same tempera- % .
ture and‘pressure as the mixture (pure liquid standard state) ~? .
o Y= 1. P
Lim 2 . o
x, =1 T
. . . : - q
From Equations 3.1-3, 4 and_S we s. that g i
| Ty - ‘ G Ii-s} | f E
117 ™M
- where»y1 and x, are the activity coefficient and mole fraction of gas R
in thé electfolyteisolution. Because the pressure 1nvolvcd is cnly'- :
about- one atmosphere,the gas phase behaves esaenltnlly xdeallr and the
:fugac1ty can be replaced by the partlal pressure, 8o that :
. B G "‘ G ) ‘ ) 5 O—‘ -' . ) ) .‘ . -.. A _. »A ] . - ‘ é |
fg = pp = (P l(1"1"1 (3.1-7) ; ; 3
where P is the total pressure,and Py is the vapor pressure of the elec- f ’
trolyte solution. Similarly,for water we can write ?
c 0,0 o - ' ' ' S P
P - Py XIKI . . (3.1-8) . ;w‘_ .
For the systems etudied here the solubillties are low enough that Henry's
Law should be a good approximation. This law may. therefore be used to B
.
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calculdtc solubtllties for a partlal p'e>5;u!e of one atm)sphere of solute

'gas, and thnse are de&ig:ated X (1, aqa X. (l; : From.Equations 3.1-7 apd 8 .

1L is clear that

Mty - . 39y

WTRG . e ea

A k35WIedge of tte’solute acaivity coefficient as a'funétion of

temperature can be used P calculate partial molal heatq and entropies of

qoluLior. The effect of temperature on fug~¢1ty is given by

1
-

= | I el S (3.1-11)

( amz\ N (El h%y

P,n,
3

so Lhat from Equa'xon 3 1-7

aln(v x ) o V(H -n$ 1) ' Aﬁ -
T‘gj“‘"‘ = . - 2 = -— . (Ga-12)

Moreover, . . ‘ oo - BREET

85

n.
o~
—Sij!

© @313y
and . o
| 3 )
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" where Asl, Ahl and AE are Lhe paxtlal molal entropy, enthalpy, and energyu-

changes of solution when one mole of gas in the 1dea1 state dissolves in

the elechrolyte solutton. ) o . .7»;_ 'V"”'
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3.2 Theories of Gas Solubility

3.2l1. Electrostatic fheories'

The effect of salts on solutlons of nonelectrolytes fs a
very coimplex. phen)meﬁon. There have been a tumber of qualltaLLVe and
quantitallve theories of-the salt effect, all with common underlying |
aspects but emphasizing different approaches to the problem. A compre-

. honwive review of electrostatic theories has been made by Long and
| McDevit (1), Conway (2 ) has further reviewed and summarized the recent_

important improvements made 1n these theories. k o n4?'fj:'
All of these theories assume the solvent to be a continu-

- ous dlelectric medium containing ions and solute molecules. Only depar-A
Atu'es from ideality which arise from electrostatic lnteractlons involving
lthe 1onic chatges are considered No explicit account is taken of molecu-
'lar interaction betWeen ion and solvent, and noneleetrolyte-and-solvent.

It is difficult to ‘test the.theoretical'equations quantitativel&uhecause
’ they involve parameters which are mot readily available; Qualitattvely;

the theories fail to explain salting effects satisfactorily even in

Adllute solutions. As the theories have been reviewad (3) at length

" recently only a brief discussion will be given here.

The earliest and most important electrostatic theory of

salt effeots was that of Debye and McAulay (1+) It relates salt effects
to the tnfluence of the nonelectrolyte on the dielectric constant of the

solvent. The solvent molecules are treated as a continuous dielectric

medlum whose dielectrlcconstant is uanorm throughout the solution.' Fur-
~ther, it is assumed that there is a continuous ‘charge density function

" &round a given fon due to the ionic atmosphere, - The amount of work
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necessary to discharge the ions in a pure solvent of diele tric constant,‘

A —6, containing the nonelectrol"te is calculated This quanti y yields the

electrostatic contr*bution to the chemical potential of the neutral salt,'

'and the expxession fox the acrivxty coefficient of solute is

:-;iogloyl = KsCs e e e .(é'?il)t

where c, is the molar concentration of salt aad K, is the salting coef- .

ficient given by .

EVN. : S V.e
Z
j

X~ 2.303x1000kTe,, . (3.2-2)

where N s Avagadro's number, s is ‘the dielectric-constant oF water,

ivj is the nuxber of ions of type j per mole of electrolyte, ard e-1 and

aJ are ionic charge and diameter. The term ﬁ is related to the dielec-
~ tric constant D of the nonelectrolyte solution by

" p=¢ (1-Bn)'“ I .-_‘-:(3;2-3)

':_where n is the number of molecules of nonelectrolyte solutu pcr cm3 of

solution. The term ﬁ is not usually available and is difilcult to R

estimate.n
B ' ;ﬁebye leter.deueloped a_nore exact theory tobobtein_en :;
expression for the concentration of nonelectrolyte}molecules.in the»bref
'eence of a apherical fon in which he calculated ‘the free energy for the
ireal solution by takipg into account thevenergy of the electric fielo
surrounding the ion. Kirkwood (5 )vhas celculated the nutual electro-
_static energy of a snherical ion and a neutral molecule represented as
-a cavity (in the surrounding dielectric) and containing an arbitrary

distributien of charges.

B
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' Conway, Desno;ers and Smlth (6) rerently p’opo:eu‘a neu

'theoxy in which the calculatxon of the saltxng out behavxor is carr1edm

.out»overvtwo regx:ns, (l‘ in- the prlmary hydratlor shell where a hxgh
vdegtee of solvent d: elecctlc satuxarlaq pxevaxls ana (2) beyond the'
primary reﬁiou where we=ker no]azxzatxon occurs and kirkwood s theory’

‘of dlelectrics can be applied. Each ron o: type i rs supposed to have
a hydration 5he11 of racius rgi) contalnxnb n = water malecu'es, in

which thc dielectrlc constant Ls assumed very. small. Outside of this.

shell the d[electrle consrant is assumed to have the value < for pure

water. The resultlrg equation is

. ° o .. - - .. 2 ’ T L
ooos3es) _ 18(n +n,) N & (V55 5P)) 1 _ 1 21 (3.2-4)
g 1000d-C M o okt IENUEEI J '
1°s - . .0 : h h.

L where Sl' ST are‘solubillties.in electrblyte and'pure:uater'respectivelv.
n, and n4 are hydrat o nuﬂbrrs for the two ions, ( ). and r( ) are the
corresponding radxl 3f the pr1mary hydratlon shells d is densxty of -
;solutlon M Lhe molecular wexghc of electxolyte, e is electronic charge,
P2 is total molar polarlhd;1on of salute and R 14 a radlus correspondlng

to the volume avai'able per 1on in the solutioan,

3 2.2 Scaled Partlcle Theory

"bility in non- polar solvents and in water which is based on the qealed-
'particle theory of Keiss, FrLSch Helfand.and Lebow1tz (&). The theory
predicts solubilities thhin a factor of two of experxment.for a wide
variety of solutes and solvents, and glves a good representatxon of the
effects of temperature and pressure ‘ In this approach it is not neces-

Asary so propose any spec1a1 models for the structure of the salvent (e g.

‘ Pierottl ( T) has recently proposed a cneory of gas solu- o

"~
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hydro en-bonding. "1ceberg" models, etc.). Hovever the “heor) pzovxdes
Yy gen- g  lceberg . . _ y

“no infarmation.concerﬁﬁng rhe solution dedslty. wnich must be available
-irom experlm S Au p)lﬁrtd DUt b Pit.)ltl ( 9),1r is the use of eAperi-

mc.,LaL dt: bLﬁLe: tnaL all Wo lne Lr.e-)x, Lo avalia such a[!ULIUYal COTICEP[S.

The Q31vc1t /medium may be regarced as the e]ettrolyte
so‘ut101 ltself aﬁd thus ()“olsts )f a mlxrure >f several species- It

is assumed that the ¢ystem cantains m c)mp)wents. oue of which is the

'solule gas (companent L). whereas the remaining (m-l) comparents comprise

the" sclvent specxes and may incluae water m)leeules. rons of different
types, undisseciared elecrrnlyte. etc.

‘ Aseumxdg that the total pater'xal energy is tie sum of
pair potencxals, the followirg equation can be obtained for the partial

molecular Gibbs iree eaergy of the s#lvte gas in the 11qu1d yhase (10)

. o

. ' C v . (r E) o o

L- 3, 2 . .

y1.= kTIng Al + jii pj SJ d:’SF -——ész—- gij(r,@) Ane TdE (?.2-5)4

where B
2
A = |l : L
%1 ( 27mkT , ST

and pj is number oe“51cy of compvﬂert iU, j Is the patr pstential between

‘a solute ga< molecule and a solvent molecule of species j at a distance r,

-and g_. 1s the radial distrx -utian function for 1-j pairs. THe term ¢

is a coupllng parameter (i1) which allows the solute molecule to be coupled

with the solvent. The lower a=g upper x,tegzatlon limits of § in Equation

_.3.2-5 correspond to complete uncoupllng ard complete coupling of the solute'

molecule and the solve“t respectlvely. The real molecules are assumed to.
possess hard cores of diameters a,, a, --. an so that the pair potential

ot e s s e+ ar o pnle
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is of the form

where U?j and U?j are the hard core or éoft pbtentlnl“lnteradtion, respeé-
tively, given by

. - L ‘a, 4a
h = - - ."' " a -—1—-.-’-
Uij(r) —‘1' ) ‘ r S?aij 3 )

h
U, . (r) =0 , : .
i) _ N rS>a. (3.2-7)

U, i) = £, () B T

In cﬁarging up the hard core contxibutioﬂ the cnupling paraﬁ ater Q varies *
from 0 to aij’ and in charglng the :o‘t potential camrluuuoq & varies "i ' o é
o
. from 0 to 1. When the two couplxng parameters are 2ero the solute mole- ;
cule is decoupled from the system. If the two coupltﬁg ptocesses ‘are .
’ imagined to take place bepatately, Equation 3.2-5 becomes - . o !
L e 3 L h o =g o T P
1 =kf”“‘°1 £ty *8_1. e .2-8) . SR
where o _ S ;
C=h T : ' 2 ' f-
. g = jz; pj dgh S ——gé (r Em £ =0) 47r dr (312-9?‘ 73.
. £= 0 e . . 3

and : o .€s=1 . ©

gy.= Z P S € S ( )8, j(" ah U' )“-’2"‘ (3.2-10)

R

For a vapor and liquid phase in equilibrium - , e . "j B

e L o ) ’
By=H oo (32“)

and the chemical potential of the solute gas phase Ls given by 'f
#1 = kT In ( _ + kT lnf_1 : o “A (3 2- 12)
D . i .' . . : < T T T -

a > 5!
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where fl is the gas- phase fugacity of the solute.
Putting Equateon 3.2-8 ‘into Equatlons 3 2 1 ‘and 12 and reérranging'fesulte :
in - . - - I - § ‘
G - =h -=s : : : :
— L= = = 4 - . | -
lo Py ®T *T In kT : ' - (3.2-13)
The mole fraction (solubility).of the solute gas in the solution is - :
Py ' : S ‘ : (3.2-18) ' o
X = : - . . N 2= - .
1 2 P, o . , . I Ty
j - L - . - . : ‘ v
so that Equation 3.2-13 may be written as, after combinntionAoich Equation . :
" , ) . . 1 .
3.1-7, ) - A . i ;
-h -s A ' :
21 k% = 5,0, In(kt S 0.) . (3.2-15)
A )T T T ry) e ;
At low preseures ;he fugacity in Equation 3.2-15 may be replaced by pér- f
" tial pressure, and the last term on the right-hand side of this equation Lo éf -
may be calculated if the density is known. It remains to evaluate the - - - . .€
Ly e . . .- o A
teims gl.ano gl o . A E
- Evaluation of E? This term represerts the free’energy of introducing a %
hard sphere of diameter a, into the solvent (electrolyte colution) f i,
i
o Alternatively, it may be thought of as the work requlred to make a cavity P 4
- (hence the term cavity model which is sometimes app11ed to this theory) -1
L.
of this size in the solvent (12). Lebow1tz et al. (13) have shown that E
" this cevity work is given by _ é
% S 6§g 2 12, 18L, a, ' S
B oS VR v N A 2 3 :
T T T3 T 3 Q-8 L o
- y RN _ : o ; -
L4 B 1 ) I -16 - B T
§ T S e e Besy l S |




" where

iy,

V/ A

15

1,

rns L

(

jaj)

J=l

- .and P is pfessure.

Evaluation of gl The term due to the soft part of the potential may be

thought of as the free energy needed to 1ntroduce the sclute molecule

into the cavity, or may be written

R . »3 L g, e + PV; lsl - (3 2-17)
where Ei, ‘l’ Sl are partial internal energy, volume, and entropy Fol—
loW1ng Pierotti (7 ), it 15 here assured that the terms PVl acd TS1 are

much snaller than the 1nternal energy known to be small at low’ pres‘ureS'

the apvroxlmdtlon concerning Sl may lead to errors for some olutes.

~ With Lhese assumptlons

,_‘.gi al;g = 51” J j(r)gij(r)ojlmr dr ‘j~(3°?-l8) »
B JJ » r=aij . - -

The radlal distribution function is not readily evaluated Ag an approxi-
mation we assume the solvent particles to be unifornly dis;rlbuted about

~the solute molecule so that

8ij(r) =1 Cor>a,

Equationv3.2-18 becomes

_s _ 3 : '
B | jfl pj J Uij(r)QNr dr o .:. ;(3.2-1?1
iy

The nonpolar part of the pair interaction between a solute molecule and

"a solvent molecule of type j is assumed to be given by the Lennard-Jones

L
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‘water molecule, and a

molecule with all of the surrounding ion may be written

’ .
A'\;>
16
(6-12) ppgential
: , ;  ’ g, ‘ ) o S - -
i B - -Ll . o -
Uij .l“-i.j l - (3.2 20) N

where the mlh ure p\.;ntxdl parame:ers iij and .1j are related ¢y the
pure component parameters by the approximate mixing rules

.~’~_ _-1- . * ,. =" : 1/2' . .
S 2»(\,.1 + uj) _ Cij ' (Llcj) 4 _ (3 2- 21)
It is now asSumed that the wlectrolyte is completely dlssoclatcd, and

the only species present in svolution are solute molecules (1), water

"~molecu1es (2), and positlve and negative ious (3 and 4). In ndditlon,

the solute molecule is assumed nonpolar. The treatment fdr-pblnr
soiutes; ér anelectrolyte solution containing additional specios (c.g.
uhdxssoc;ated electroly:e, various water structures, etc ) is an
obv10us exten31on of what follows. After averaging the interactlon
between the pezmanenc dipsle of the water molecule and the soluto
induced dxpole over all omientatlons, and neglectlng terms due to

hlgher multlple moments, the solute-water pair pctentinl is gtvcn by
2 B - .

-

IJ'):’I'

=Rl (3,2-22>'

12 12 6
. r

L2

,where C, P s given by Equation 3.2-20, by is the dipole moment of a

18 the solute polarizability.

The total ion-induced dipole interaétion of'a'soigbe

E ) o o )
~(c,indu) _ . (ind) 1.1 2 S 5.
. . ° o ’ N : . . - .
._wherg “(xnd) is the inducgd dipole for the solute, and E 19 the electric

1.

“ field at the positxon of the solute molecule that 1s produced by all of

the surrounding ions. The field E depends upon the distribu.lon pf:lons-
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about the neueral molecule If,.as above, the dzstrlbut1on Ls assumed
uniform there is on the average a spuerxcally symmetrlcal charge dxs- :
tzibuti01 about Lhe solute molerJle Por such a dlstrlbul[o’ the field
" ‘and he:. e alc; tne-L)._xrau-ca aipsle sateraction »f Equation 3 2- 23, 1s - ' ) o
zero (lL) For the real solutlnn it is clear that the solute molecule

will experlence a small tluctuatxng fleld E cie to the surroundlng ions

and since this term is squared in Equation 3.2- -23, thete will be a finite

ion-induced deole interactxon whoce time-~verage is not zero. This oo I el

contrxbutlon is assumed small, however, and it is neglected hcre Its

PR

incluslon would make the calculated g1 value more negative. The only

R i ey Ao

-ion- solute interactions included in Equatxoq 3.2-19 are therefore non-

a

polar contrlbutlons.

Substitutxng the above expressions ‘or U ‘into Equation’

' - ij
© 3.1-19 gives :

e e A i A,

L S T K S I
g, & - 16w % pj ‘ C1j s ——l ,dr_- 4np2 J dr - .

4 . S

r- . SR C

~(3.2-24)
On periorming the inﬁegratiohs and’followidg Pierotti (8-) (11) in taking

';s 327 4 "3 —zﬁbzugﬁl ‘ L T .
8 5T T E-PJCIjClj ) 3 T o ‘(3.2-2'5)_

Insertion of the values of g? or gl in Equation 3. 2 15

" . gives the required result. - - fl e T S A
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;3.3'-Ekpefimer:n] Frw.eausnc.

:,SeVeral pxﬂVLwnu studles 2f the ~)1ub1111y of oxyg en and hydro-'

gen iz kJn swlutx)n ruve b.r' 'rpwr ed (u, - 18);' Subs‘a tldl dlffe'ences-

Texist be;ween,lnc -:ullo a1 difteret wakaa, partlgul1lly at tempeta-
tures much above 25°¢. T prcv13u< studles of . 501Ub1|llL in K04 s>lu-
tions seem t. hLave becn adu .or_(he other gases rephr::c here,'namely,

-helium, argon, methaﬁe, selfur b;xailuavlde.ox neopenture, -An extensive

lltexature 5urvey alsy failed (AAreveal any gas solubility data for

Ve

’.11th1um h)‘erlde S)lutlaﬂ Ndn)mPtllc and volumetric methods of deter-

mining gas solubilitics are.rot well-suited 't concentrations s low as

“these { !2), ard (herélnre the cancentration of dissolvec gas was deter-

mined by gas chx\matwg aph.g analysis,

3;3;) Ma.erials

Mtn imum purities for t"e gace& used were as follows.

hel um aad argon 99, 99 %, h\ irigen 99.9%, oxygen 99 64, uu)rentane and::'

- methane 99. 0%, and eulfur ﬁexa£1u>r1de 98 OA. KJd or LiJk 31ut£pns.
“were prepared from <«pec.ally dLs(llled (all glaes teflnn still) end_

degas<ed water. - Tne melnwd of dugas:-ng was axmllar to taat employed

by Clever et al, (?O ) - KOy pellets used for pxeparlﬂg aqueous solu-,

" tions were Baker analyzed rvag‘nl grade and contained a maximum of 1%

K2C03. Purified crystalline Lidi (purity 99.5%) wes used to prepare
eolutiqns; To micimize CQZ ébsorption,_battles containtng KOH on LiDH.
solutions were fitted with aesprptxon bulbs containtng Ascarite,A.The
concentrativon of KOH and LIOH was determtned by titraring a known volume

of solurion with ctandard hC) uslng methyl Jrange as the indlcator. Con-

centration was checked both at the beginn‘ng ‘and at the end of each experi-

ment to ascertaxq thac ‘there wai B cbange in cevcentratxcn dUrxng the

experiment. R L ', T
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3 3 2 Satur:'l)n of Salut1>ne w1th Gases

1 Saturated solutl)ns Ji the pas 1n the electrolyte were

" prepared by bubbllng the gas lnrougn a set of presaturators conta1n1ng

the same solutlon as that hv!ng studied and then througn the saturatlng

vessel. Ahls dpparatus 15 shown ecnema(Lcall/ in. Flgure 3.3-1. The’

preéaiurators Wer required to satuxate the gas thh witer vapsr so as

to not change the concawtlatlvn of the -o'utl)n under test Attaxnvent

of equiILbrxum is of prime lmporta"ce for equlllbrlum leuhlllty deter-

'mlnations ard this was checked by thhdrawlng samples afcter difietent
:intervale of saturation time and ana]yzxﬂg the dissolved gas. The

i equilibr*um solubllity wis rakea and the value mcaSured when at least
23 samples withdrawn at diffnrent times pave. the same result wltﬂxn the

llxmlts of experlmental errar Thxs proeess was repeated at dl[ferent

gas flow rates and it wis {found that gas flow rate dld not affect the

measured eolubillt/ vaiis. Supexaaturatlon was guarded agalnst by the

followlng proécdure.( A awmple of the solution’ thxough Whlch solute

gas was bubbling was renoved and aqalyZed Bubbltng of the gas was then

,stopped and the solutioa nalntalned undex an atmosphere of the solute
. gas, amples of the solutlon were analyzed periodlcally, and the results

-compared wl h the origlna values. No moasurable super saturation effect

was observed in these experimeh(s.
Samples were wlthdrawn from the saturatxng vessel by means

of a gas tight Hamilton syrlnge.. The samples were w1thdrawn very slowly

82 that at no stage of the sampllng process was. the flask or sytxnge

placed under slgniflcant reducnd pressure. Several samples were taken

'and rejected before final aampllng was made. As a check on the procedure

ey
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Cp e

of sampllﬁg awd j-gas-L.g bla.« vampiés‘:p 'Lng of elcctvolyt ‘eat-

”ura'ed wltn car'Ler ga. wcxe 1;;e.l 2d 1«:0 thc xhr»ma‘ngaph N»'peak

' fo' .he s:lute gas or a.. wag uttax -1. 10d1;a'1 g that reglxglble
) 'c)ntaminati>w‘w1t& aLhJ;EF;:im MLOITIeY gasst niluxa:

~For ex p% amente av a"emoexahuxe of 807 ( ar bnlaw two {
: . S i
. ) h L . . . . . - ) i
"pre<atura'srs C)ﬂta111"g ths ele.:x*lyte ~olut1: were_used. Tor experi- o T i
' ments at OO Ne addxtanal preraluralors were neces:ary. To \L,ck that : o ""g
the solute gas stream’ coﬂta"xng th° =amp1e was full, Saturarﬁd with : . ¢

water vapor, =amp1e< of exic ga. were aa al e I)t water vapur. In

Py
I A S O TN S R

addlttoq, the c3ncewtra’171 1f elect!)lyte in tre s»lutx)n c;ntained
in the saturatxan flack was checked ar Lhe exd of the erpe'1m~\t
* The whale aSSembly, co"clstirg of presatuxatars and

satuxating'vessel was c;mpletely meersed in a constant tempexatuze B

AR AP NS AN TP

fbath controlled to + 0. 05°¢. Thtxm mELers che.ked for accura;y against

NBS'ca];braLed thermcmaﬁ&rs were us-d fot mea:uring the tenperature,.

3 3.3 Analyeis of DlSS‘lVFd Gas

The experimedral‘method used for‘the gas soluhility

measuxempfts has been prevtously de<c11bed in d:ta11 by Gub:xns. Caxden

and Walker (2 ). It 1nvolvcd sLxlperg 534 the dlSSJlVed gas from a

“known volume of the satutated solutios w1th a carrier gas and eubsequenﬁ o "n'fff
éhromatographlc analy‘is. Tnis system is shown schemat1ca11) in Flgure

3.3;2. The <hr)matograph pcak=.wb.a1~ed by this prgcgdure were slightly ‘ . 'f. # S
wider and less qymmetrical than those obtained hy injecting a-éas samplg - | .
directly into the chr)matogtap* sampling post' hawevex, thxs pe"“ troad-
.ering wag not sufflcient to result in signxfx;aﬁt loss of accuracy or.

preciaIOﬂ. A11 analytes were made using a the:mal cor Juctxvity detector.
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Helium was used as a carrier gas for all solute gases exrept hyd'ogen

-and nelium; for these gases nltrobew or argon was used as the carrier

B

gas.
In determining the solubilities ot saltur nexatluorida
and neopentane in 31.6 wt % KCH solution the amount of dissolved gas

was found to be too small to cbtain accurate xesults by the above

method For these systems a modified procedure (2 ) was used in which

the gas from a 200 ml sample c¢f solutior was coﬁcen;rated before ahalyf .

sis in a tube imﬁerséd in liquid nitrogen. This procedure e;abled
lérge_sampfes_to be used without Iogs of accuracy due io broadeniné
of chrémaﬁographic peaks. This apparatus is shown in Figure 3,343.

. T The chromatograph was calxbrated by 1nJect1ng én accur-
ately mea°'red volume of pure dry gas and measurxng the area of the
resulting peak. For those gases where accurate values of the solub111ty

in water ét'ZSOC wereAavaglable in thgl}iterature; the calibration was Lo
checked'by'cgrryiﬁg-out the above pfécedure on a water sémpie, Tﬂé
,rélationship of the émohn; of Qissoived gas £o>thg insfrument_feépénse

was checked and was found to bc linear within the limits of the experi-

" mental error.
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' list expetimental solubility values from the llterature In most cases

’anJ Knaster and Apel baum- (16) made similar measurements at 21° 45_

- 3.4 _Presentation of Ekperiﬁental Results

The experlmental data for the solubility of various gases. in
KOH and LiOH are presented in Tables 3 4 1. and 3.4- 2 as solub111ty in

8. mole/gas/l. Solution-ntm., they are plotted in Figures 3.4-1

1o 3.4-6.

Activity coefficients of the dissolved gases, calculated from
Equatlon 3. l 10
o _ o
%x,(1 :
y Jaln. . (3.1-10)
1 _xl(l) - :

- are presented in Tables 3.4-3 and 3.4-&,where each value tabulated_is i_

the mean of four or more replicate measurements. ' The precision of the

reported data ranged from approximacaly 1% at the highest solubxlity

' (mole f'action in the region of 1077 ) to about 5% for the lowest solu-

bilities measured (lO -7 to 10 -8 mole fxaction) Tables 3.4- S and 3. 4 6

: agreement is better than 2%. Except for tle SOlubillty of hydrogen and

oxygen in KDH solutxona at the lower temperatures, no other measurements .

_of the solubility ia KOH or LiOH solutions seem to have been reported
| for the other gases studied. Geffcken (15) meaSured solubi‘xt*es of

: oxygen and hydrogen at 15° C and 25 C in solutions 0 to’ 1 4M in KOH

o

and - 75 C for KOH concentretions up to lOM. Ruetschiand Amlle (17) have

meaaured solubilities of hydrogen for KOH concentrations up to lOM at

30 c, while Davis

s et al.

(18) recently reported oxygen solubilities at

0 25° and 60 C for KOH concentratlon “to 12M.

e
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Table 3.%1

- .So_lgbi._l-icy‘6f‘,'l:2onv~Po lar Gases in Aquequ' KOH Solutions . -

- Solubility. g.mole/1.-atm, ,">'x103 ) e
s ow0% o @0% T wo’c o 1co%c - S

) O% . 0875 ouges’. . o el
68k~ 10.605 . 0.584% S o AN
365 0.339 - 0.315
. 145 .129 0.137
.059 - .056 - 0.055 ..
.020 -~ 0.0l ¢.020
.005 . - . -
- - 0.005 - 0.006

“Solute’ Wt ¢
Gas - KoH

. ) 5-00
. 13.50

23.00

31.60
Lo.70°
50.30 .-
50.65 -

00000~

—

U3

N
[oNoNoRoRoRo N
‘oo

o
o

.Td2 : -
.540 0.539 - v ,
k10 0.394 . L L o R
217 199 . 0.196 ST I O

L0862 0 0 00079 o S :

713
.560
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5.00
9.00
. 19,50
32.L0 -
3k.50
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41.%0 0.038 .035
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.ssoho . - ) e
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o -
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32,50 .. - 0.062

36.60 - -
40.70 - e o o -
L1.ko - 0.002 © 0.018 -0.020 . 0.020

ococooo

. 0.378 0.372 0.392 ° 0.43
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0.109 0.102 0.117 . 0.117 o =

0.030° 0.030. ~ 0.031 . 0.032
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Soluhility,bg.mole/l.—atm.,x103

“Solute W& % R ) o o o )
Gas KOH 25°C - 4o°¢ . 60°C 80°C - 100°C

cH, . 0.0 1.3l 1.056 . 0.872
“ 0 s 0.806 0.704 . 0.59

189 T
©13.90 . 0.376 - 0.343 £ 0.315

.573
.319

CQOOOO0O0O

23,50  0.135 ©0.136 0.129 .129 E
31.61° - 0.051 0.053 0.054 .056 >
$40.70 © 0.Cl3+  0.017 . . 0.018 .021 g
SF, 0 " 0.225 ©0.151 “0.12. .103 ) B

5.00  0.1045 0.077 0.065
13.50 - 0.031 10.026 0.021
23,00 0.005 0.005 0.005 -

.060
.021
.005

DO000C
BRTHG VI A h, AN SN el i SRR . Dbred e ¥ AE Y AR S o b &

31.60  0.001 - 0.001 0.001 001 R 8
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- _ Table 3.L-2 -

Soiubility of ‘Non-Pclar Gases in Aqueous LiOH Solutions

3
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‘lo facilitate the comnarison of the results of the present
inwestiéationAwitb tbose o’ p.cvious workers. the solubility dara for
fOxygen and bydrogen ;£'25°c have been plotted {n Figures 3. 4 7 and 3.4-8
ln the form of a semilogrithmic plot . This typu o[ plot has been used |

since most- electrostatic theories of salting out predict a linear rela-‘

tionship between the logrithr of the activity coafficient and molar con- -

centration of electrolyte at moderate electrolyte roncentrations.

Figure 3.4-1 revealﬂ that the 25°¢ oxygen solubility values

obtained in this work agrec within 2%, and S% wlth those obtained by -

et al. "16), r'spectively The experimental

'd'Geffcken (15) ‘and Davi

.results of these investigstors are distributed on both sides of the

‘ solid line of Figure 3.4~7. The . greement with the restlts of Knaster

and Apel baum (16) s good at very low and very high concentrations.

However, st intermediste concentrntion, the disagreement ‘is quite marked
i’the results of Knsster and Ape] Laum falling tonsistently below t e solid
Alino. ft 60 (o it is posuibla ‘G tompsre the present data with that of
:Davis et al.; the agreement is e»rellent, being within 2% at low KOH |
_:concentrationa, and within 10% at the higheat concentistions.,
>Correction In the Fourth Sen -Annual Report it was stated that the

' solubility data of Davis pt al. (18) for oxygen in KOH solutions at

| 60 ¢ differed from those obtained in this wo-k by sbout 15%, and it fur-

tther suggested that discrepsncies might exiat at other temperaturea. =~
This is incorrect and the authar s are happy to correct this error. ln<
fact. the dsta generated in this work are in excellent agreement with

the data of Davis et ai. except at the highest KOH concentrations. Thie

untortunate error arose through our failure to note thst Davis eg al.
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had reported solubilrties at a.total pressure of one atmosphere whereas

we were reporting dn*d ar, a'pnrl[al pressure of one atmosphere.» We are

.grateful that thts matter has bee~ called to our attention and that we

Have this opportunity to clarlty the mQtter

Figure 3.4- 2 shows that hyd'Oﬂen solubilities in KOh obtained
in this work at 25 C are in fairly good agreement w1th those of . other
. workers. Agreement with the results of Geffcken (15) is within 2%, and'
“with those of Knaster and Ap 1! baum (16) is wt'hin 10% For dilute KOH
solutions, the reported res ults agree within 3% with those of Ruetschi
and Amlie*(17). However, the values of activity coefficients obtained
be them are consistently lower than those reported here, and these dis-

crepancies are as large as 10@ fcr the higher KOH concentration. At

‘temperatures of 40 and 60 C 'he disagreement between the reported results

and those of Knaster and Apei'baum (16) is-also within lOA.

No literat;re valuus are available to compare the experimental

. solubility n{ various gas«h in LiOH solution - h"- . ;
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SV

3.5 Discussion of Results

'3.5.1 Ca]culatlon of Gas Solubllities by Scaled Particle Theory

The scaled partic]e theory. was used to calculate theoreticsl
values tor the soluhllltv ot varxous gases 1n KOH and LiOH solutions. The

following'equatiun. developed earlier (3.2-16), was used to make these

U

calculations: - - S o | B ”“;“ ' VA e .
=.g—].-. . . - . . . i

: g
: o
ln('yll(l") 5 + E% + ln(kTZ‘pJ)

The various parameters requlred for calculation of ln(ylkl) were evalu-

ated 1n the manner described below

!

Values of the Lennard Jones parameters. o] and c/k for

b b e i B

solute gases were those obtained from second virlal toefficient data,

PRV

" and are shown together with pnlsrlzabilities in Table 3. 5-1. These

' parameters were taken from Hirchfelder, Curtiss and Bird (23) except

where otherwise lndicated, and are the same values as used by Pierotti

(7 ), except in the cases of sulfur hexafluoride and neo- pentane. Values

of 0, €/k and dlpole moment p, for water were those used by Pierotti

SR N d e s b 5 ik sectamiantdes

Values of o and elk do not seem to have been reported for . _p : E 'f'- '%~

ions. Altﬁough crystal radil should provide approximate values for U,

such vadii are difficult to determine accurately and considerable dis--“ f SR o G:f;fhﬁviﬁﬁuu

: agreement is shown between the values reported by various workers. In v o v“vl“jﬁ'
- view of the sensitivlty of the calculatced solubilities to the o values,
a procedure similar to that used bv Pierotti ( 7) ln determining g for

water was used Experlmental values of ln(y K ) were plotted agaihst
171

polarlzability of the solute molecules at 25°C for 10% and 207 by welght

kDH‘solution. The value of ln(ylklx extrapolated to zero polarizability. o
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is the experlmental hard apnere value. Thls may be compared hxth the

B theore~1ca1 hard spcere value fxom Equatlons 3 1 7 and 3. 2 15

b
o S ‘ 8y - ’
Clim _1_!\('}'11(?)_ = 17+ In(kKIZp))
Ll | |
- 258A‘

As the other molecular parameters are known, the resulting ecuations

de be solved for the <& vnlues for the two ions. These valuay ure

shown in Tabte 3.; z, and- are seen to be in good agreement with c¢rystal .

diame_ers. The © value of Li ion was taken as twice the crysta}lo-
graphlc radius.
1though'exper1mental values of €/k are not avéiidble

for ions, several theorles aff)rd expressions for the potential inter-

actfon due to dispersion £orces (2&) The Mavroyannis Stephen tneory ,,":

(£5) gives for the dispersisn inLeracLion

: : 1/2 2
(dis) ag e, 1

Tugt . ' 3.5-1)

gk ) )

vwhere %o = 0, ‘792 A is the Bohr zadius, e ia the electronic charge, A

" 1is the totul number of electrons in the partlcle. and a1 and @, are

3
_ polarizabilities for the two species in the mixture. Comparing with
~.the dispersion term of Lennard-Jones {6-12) potentiél'
. S
PR 381/2e2att ' :
9] U] - .5-
Ac1J iy . {3 52)

(517 (51
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Srom Reed .J ths‘ Chem., 59, 428 (1953},

b

ot o -

.J. R Bae, Ph. D Thesis, "v,‘f'l\ivel'sit.y_ of Florida, Gaiﬁe'sv'ille, Florj_qa', . . R ’ )
1960 | ST R B S R

, Table 3.5-2 S

"ﬁ}Moflec»ular Paramet_érs for Solvent Species ‘ _ o _

Solvent . 4 ' o ’
-Species. g,A - a

KK »vcm3/m61ecuA1e'. '.Del‘:ye

Lo es3t L o e
KV 2.60° 2.66¢ 2508 230P . o oggse L

CONT 0 3.30% L 3.5 o.ged a3ieb o 1gzb
SLtt et . L 593 T 00313

N

o 3> o
Lm
i

S T
RO 2.75

[1%)
S
o,

(e

.- a ivéluéé from feference.'b ) N s T .
b Calculated in this work L L . S \ '

c Diameters from cryqtal radii, . references (28) and (29) . T _
d Diameters from ionic moblllty, rerurence (29) ——_— " B A S S ‘ ‘ o
>_-e R-.ference {27) ' ' L -

1
B

e Loormrms

-

Tl b Bkt s e K St

B i il
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" For like paxr 1rLeract1>ns, arter subs: itutl“g values (or a

S48 o

O and'e, this
equatlon gives»' ) A
’ o 026372172 . SN
cee e A2 E e (3.5-3)

‘where a and 3 aie'in c.g.s. units, - The Mév}oyannls-Stephen theory gives

€ values which are in coﬂsiderably better agreement with values obtained
from experimental daLa than LhOSe calru'ated from must p'ealous theories.
Equation 3.5-3 was used to calculate the E value for (he K and LL + 1005
shown in Table 3.5- 2 Fox 0i no polarizability value could be found

vin the literatuxe, and the value given in Table 3.5~2 was (alculated

from the relation between polarizability and mole refraction R (26)

2 : -~ S
u.é- X n_-1 = E_ - . o e
(04 47{‘ N , n2+2 4N o . . ) (3.A5 4)

where V and N are volume and number of molecules, ani n {g the index of -

" refraction. Mole refraction data were obtalned from the Lurdolf-_

Boznstein Tables (2()
‘ V A complete sample calculatlon is giveﬂ ic Appendlx 1

-3.5- 2 Comparls)n of Theoretical and Experlmental Gas Solubilities

“eving evaluated all the mole«ular parameters we can now

predict the solubillties. Predicted aund experimental values of 1n(7 )

~are compared at two temperatures in Tables 3.5~3’and 3.5-4 for KOH end

LiOH solutions, respectively. Hard and soft contributfons tu the chemi-
cal potential i{n Equation 3.2-15 can now.be calculated using the molecd-:

lar parameters of Tables 3.5-1 e-d 3.5-2 together with experimental den- A

.eities from the literature,

o it e ot l el el et L

sl M.
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:fiThe same 1is true for ‘all the gaees in LiOH solutions at’ 2‘o .

* ions were determined at 25°C.

mn rwe a4 ameelae e i me e s 8w e e .

51

jFor'the dissolution He, 2. Ar, 02 or CH4 at 25 c the agree-

,mcnt between theory and experiment is very good for all KOH- concentrations.

Values of

(]1 .) agree w1th1n a iactot of about 2 or bettex even at the’ highest

_alkeli concentrations. The agreement f>r these solutes at 80° for KOH

‘is slightly.poorer; however, it should be recalled that o values for the

Discrepancies between theory and experi-
ment are larger in the cases of sulfur hexafluoride and neoyentane.
Because of the large hard ccre digmeter for these molecules, ‘the cal-

culated (VIKI) are very seneitive to the value taken for o of solute

- gas, Considerable uncertainty is involved in evaluating th° Iennard-

Jones © parameter, and it 18 possible that the values used wire in ’

error. Similar considerations apply to the €/k parameter for these

molecules, although these have less effect on calcularrq (ylk,) values.

Because intermolecular interactioms forsulfur hexafluoridn ard neo-
pentane are both large and acentric, it also seems likely that the
assumptions of S1 = 0 and of uniform molecular distrthution around
the solute are poor approximations in these cases.

The experimental and predirted tempeiature dependencies
of ln(ylkl) are compared in Figure 3.5-1 for cxygen in 20% KOH solution.

The differences seen here appear to arise fron the fundamental assump-

~tion that a pair potential of the form given by Equation 3. 2 6 may be

uped, 1In practice it ie necessary to choose appropriate corstant values

for the hard core diameter of each species. However, the real particles

" do not possess hard cores, and the effective core diameter may be expected

L I
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Temperature, K

. Plgure 3.5-1- Effect of Temperature on A'ct:ivity‘ Coefficient
. of Oxygen in 20% KOH Solution
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to decrease with rising‘tumperatUre bo’h because of the 1ncrcase in aver-
age partlcle klnetic energy ano averaglng over molc(ular orientntion

The temperature dcpendvncn of ’hv dlumcter has been recently discussed
1n connection wilh appllcations of scaled particle toeory ro gas solu~
bilities (30), and surface tension (9). The predicfed temperature
dependence for both cf these properties 1s.£mproved-lf 0 is allowed to
decrease with rising temperaturet In dcterm;niug o’for water, Plerotti
(9) found that the best value was 2. 74 A at 70 as opposed to 2. 75 A

‘at 25°C to 111ustrate tne effect of a small decrcase wlth temperature

of the o values for vurious species. Calculations were made for oxygen

in 20% KoH using the following diameters (A‘ at 25 und 80‘

8. o R

” .0 y 7
femperature, C oozf A Hzof 0K+.A oo”_,A .
25 Co346 2015 2.60 - 3.30
80 345 2.7 2.59  3.28

Diameters at 1ntermediate temperatures were obtained by linear inter-._
polation - The - rcsultlng predicted temperature dependence of ]n(Ylkl)

18 shown {n Figure 3 5 1, and is seen to be much 1mproved

It is. instructive to compdre the relative magnitudes of .
the various terms in Equation 3 2-15; lables 3 5 5 and 3 5-6 show the R

contributious for oxygen at 25°C for both KOl and L10li solutions. The

free energy of cavity formation is seen to be the dominant term in

Equation 3. 2-15' moreover, it 18’ affected by the addition of 1one to a

much larger extent than is the gl term. The succeee of the scaled par-
ticle theory appears to stem in large part from this fact, for the cal-_

culation to obtain E? may be performed with considerably greatet confi~

" dence than that needed to obtatn 81 The last term on the right hand
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side of Equation 3.2-15, which corresponﬂ_to the free enéigy for the

fixed solute moleculcs to wander within the solvent; ‘s seen to be
almost independc.tr of electrolyte concentration. Of the various con-

-5 S , . e
tribution to 8, the clectrostatic interaction betwéen solute and water

- mnlecules is a relutxve)y small contribution, whereas that of the non-

‘polar interaction is large. Nonpolar interactions between solute and

ions becomg appreclable at high alkali concentrations. Similar trends

.are observed for the other solutes and temperatures.

35.5.3 Comparison with Electrostatic Theories

N N ',;. Salting out coefficieats can be predicted by the methods

of Debye and McAulay, and of Conway with the help of Equatipns'3.2-2

~-and 3 2-4,. To calculate £ in order to use Debye and McAulay theory, .

_the folldwing equatiph is used

ﬁfﬁ;'-‘l);‘ : o . . (3.5-5)

where Vl is the parctial molal valu» of solute. Equation 3.2-4'wa§ used
to caiculate salting out coefficient for the system using the following.

values for the ioniciparameters n and rh

o e -
oo Mf o :
K R’ 4.1 - _f,__,j - '
uet 38 7 - T
O 3,00 ¢ 5.3

The hydration number for the OH-,ion”wasgpot available, and was calculated
from the experimental partial molal entropy of hydratiqn using the method

proposed by Ulich(31l). Predicted values together with experihental values

.' have beén plotted in Figures 3.5-2 ;hroggh 3.5-6. - . 415 -
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't is apparent that 1e1ther of the elcctrostatic theor‘es_

-predict the observed salting Jut coefficient sntisfactorily _ The Debye-

McAulay theory gives rcsults much below experiment for both L‘OH as well
as KOH solutions. Whlle the theory of Conwny et al, gives better results
at . low electrolyte concentrations, it predlcts negatlve solubilities for
higher KOH and LiOH concentrations and is thuq fnvalid in this regton.
The failure of the electrostatic theories to predict correctly either
the.effect of solute species or electrolyte concentration nr the»activity

coefficient can be attributed to the assumptions .made in these theories.

'It seems probable that {t 1s oversimplification to treat the solvent

as a continuous dielectric medxnm, and that observed salt eifects can

be adequately accounted for only 1f the solute solvent mole(ular 1nter-

. actions are explicitly introduced into the theory.

The scaled particle theory has the advantage'that the

expression for solute chemical potentlal is derived from the equatlon-

of ststistlcal mechanics by a series of well deflned apprroul wation.

Salting out effects are accounted for within the framew01k of a more

' general theory that desaribes the solubillty of gases in crganic sol-

vents and water (3), and it provides a simple model of the solution

'process. The theory explains the effect of solute species and: electro-

lyte concentration of salting out in electro! yte solutions, where salt
effects are large. In contrast to the electrostatic theories, it 1s
posslble to calculate the solubility of the gas in pure water. Further-

more, the molecular parameters needed are more readily obtained than

those lnvolyed in electrostatic theories. Unlike many of the electro-

static theories, the scaled particle theory makes no appeal to assumptions
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concerning solvent structure, ionic hydration, etc In addition, the -Ai S
ionic charge has liLt]e direct influence on salting out. The most impor-
tant effect of such chatges appears to be In determining the density of

the electrolyte solution.

. 3.5.4 Calculation of Thermodxnamic Properties from Solubilities

The activi y coefficients {n Table 3.4~ 3 and 3.4- 5 may be
used to calculate partial molal enthalpies, entropies and energies of
'different solution with the help of Equatious 3 1-12, 13 and 14 Tables

3.5-7, 8 and 9 show the calculated values of partial molal enthalpies,
_entropies and energies, respectively, for KOH solutions, Typical plots
of heat ofvsolution, entropy of solution, and energyvof solution of
“oxygen in KOH have been showu in Figures 3.5- 7, 3.5- 8, and 3 5 9, respec-
ftively - Similar behavior ‘is observed for other gases, It is seen that
the heat of solution ‘u negative at low KOH concentrations and that it
~ becomes less negative as tha KOH concentration increases. Also, at
'lower tenperatures the hert of solution is more negative. .The same
trend is followed by cntropies and energies of solutions, too. As seen
from Tables 3. 5-7, 3 and 9, for a given temperature on KOH concentration,
- A 1, AE and AE varies with the solute gas. It is reasonable to expect h
that this variation of partial molal heats is due .to physical character- ' Tioor
fistics of the solute gas, or at least to its effect on the properties of
_-ithe solvent._ To this end Ah AS and AEl were plotted agains c/k_in
Figures 5.3-7, 8 and 9.: All the partial quantities seem to correlate _ ) -
well with'this parameter. It-is seen that all these quantities decrease
as elk increases for lower concentrations of KOH but that each exnibits:'

a minimum at higher concentration.
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‘ 5AHi; Aslland:AEl can be calculated for LiOH also énﬁ they

S

are beliéved to behave the same way.
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4. Diffusivitics of Owyeoen and Hyvdrogzen in KOH and LiOE Solutiohs

A kqdwledge of diftusion cqefficients is very iﬁporrunc in many
mass transfct processecs; unfoxtunatel) the exxatxng datu'nn the
dirfcsiu. coefficrents JE,EAses ;n ¢lectro” ,cxc oOLULLOﬂS are \ery >c°rce. ‘Ie-;hfs
work, dii(usion coefficients of oxygen and hydrogen in potass1un nydrox1ue
and cf oxygen In. lithium hydroxide at 25 C,vwere measured. ‘ . '__- '
Owing to the in;]equacy of the theories of liquids the theory» A _ v.if
of diffusion c0L£f1c1ents of gases in lxqulds iz not well deueloped A "‘ ' ;
comparieon of the dcta ohlained from this work and the existing theories
‘was made in order to testltheir validity and to evaluatc their usefulness

for corrcfation of experimunta‘ data. - R IR ’ - .

4,1 Theories of Diffision in Licuids

Many theories an- empiriral co*relatlons nave been nroposcd ror

S pe e e awh e e e

diffusion coeffxclerts in liquxd systems. Himmelblau (32), and Kam- 1 (SR
have given very completr: veviews of the exlstxng theorles In the fellow-
ing pacdgrnpha a discus ien of 1rxevcrs1b1e thermodynam1cs 1nd of the
theories of po%sible relevnrce to the’ present work 'is niven

In the case of ilffuqlon of these gases in electrolyres the

' .
Ak vrbim o AR et et em ket e 1o o

. solute gas is Present in essent1ally infinite dllutiOq and the dlfqulOn

-process 1is effectively a binary one; attentlon is therefore aiven to two

e W s & e e a e rAS = bt - m et o e

component systems: : - i A -

e # X s i A

ﬁ.].l Classical lrrévereible Thermodynamics

—

Ir‘eversxble thermodynamics 1s useful in 1dent1fy1ng the

forces and the fluxes in non- equillbrlum processes, althounh it does not

allow us to predict these . fluxes and the relacad coefficients The devel-

opment 1is based up01 the assumption of local equlllbrium, i. e., it is o o f( R




. . o
- "_}V“ hand
; - R 2 T o
assumed that equilihrium thermodynamics may be applied to macroscopically 2
small clements of the system which are very close to equilibrium,.
Thus, in an open system, an entropy ﬁaiahce gives
25 ) (dS)ext . (ds)lnt ’ . K o (411-1). '_‘ o Vf* f*g N
dt dt dc : . e : o : LT
' : _ ‘ - I
where‘(ds)int {8 -the generation of entropy due to the nonQequilibriﬁm ' i
o : . L e
" process. If we let f '
(ds) R ' o
] o Co — : - !
1nt . . e . :
T dt _ G _ ) (451 2) 1

then it can be shown (106) that the rate of entropy production, o, is
related to the forces producing a flux by an equation of the form

TO “f"a’.fa ; L N (4.1-3) -

wﬁere Ja = isothetmal fluxes

o e st o B 454 9 G o ey x4 34

Yaf= 1§otherma1 forces conjugate co-{l.

thus, for an 1sdtherm51, isoberic sysiéﬁ L ' >,:' ' ce

TO=1Eg - om - e (e1k) -

wnere pi is the partial molar free energy of component i - .

. 4
Ji 18 the molar flux with referent to the mass avetage vclo;ity. L ro .i -
_ - : - b

Assuming that J is a function of the forcc vyﬁ. where g repre-

sents all components, and expanding about the equilibrlum condition,

!
which for the case when chemical potential ls the-only form, glves ;
T — . - ‘r -
J =73 0) - 2 L 4 cecesnen '
-g 3¢ E ﬁw‘[i N
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" The first term:isfobviogély ;éro; and taking tﬁg linear épproxiﬂ

_matisn, we have..
L (I B2

o

Haﬁ are called the On:ager coefficxents, and accordxng to the Onsager
. Recxprocal Rela 101
e

The mas§-average velocity of the fluid, v, is defined as

f«ptxi SR S
LS ' B 41T

Qhefé py.= density of specles 1
| .21 = velocity of sﬁecies i
Wﬁile-the molar,flﬁx with reference‘to this mass-averagé veioqif& ié
EAEE R ' | | |
C1 = concenttafion‘iﬁ moléfvoiumé}
: The‘chemical potentxal gradlent in a system at céns:ant tém-»»

'perature and pressure can be written

1 apj , L . e
ypj = 2 S YC S . o (41-9)
k=1 j | : : e S
so that for a binary system Equations 4.1-5 and 4.1-9 give for the fiux
of component 1 ‘v ‘
Ay Y I R
il = - L11 gl + 1.12 g; YCI . A (4,1}-’1»0)
. Comparing with Fick's first law

B SRR (RS 1P

“ ’JL ’

P AT e i DMt A7 e Sl Aia Tt ) 4t Ve e s e e
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ives the Jdiffusion zoefficiedt of 1 :igh roference to the mass-average
4 A :

velocity -

. .:-)‘:_ B . -'BJ N ) . v - . . ' . B
Dy =k s, " Ly BN , | IR

‘A similar express.on is obtained for D2. It may be shown that

. Lil ? - Llé’ and the two diffusion coefficients are related By

DV, = bV, | o o (4.1-13)

1

.A'similar dévelopment can be made for the flux referred to

where V. and Vz are>par:ial molar volume.

the volume-average velocity,

“The volume-averagz velocity is defined as

vViesevV, ' : L (4.1-14)
- } s . . . o

Wh;le the center QE valumz flux is

e (y ) =d, - C,

,gi e I i &.ijj (4.1-15)
) : i -
For a binary system Fick's law is
5w, ER
S o B (4.1-16)
L o
2 =7 D VG
Awhere‘Dlo is the diffusion coefficient df compbnent 1 witﬂ referencé to

" the volume -average velocity. Using Equation 4.1-15 it can be shown that
these two diffusion coefficients are related by

2-71

p°=cV,p %)
p,°=cV,p, T g 1)

2 1 72
ThusAD1 = 02 can be inférred from the above eqﬁations.
A "+ .Experimental diffusion coefficients are usually reported for

the volume frame of reference.

NI
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£.1.2 Starisriral vectavical Thesries R : i - D
5tatiztical mecnacics providss the most fundamental approach . L
‘to the formulazion ot tra-:iport propertizs, and thus to the diffusion coef-

ficients SiAéao;; L.Hf.quxs;;:-Su;p {reatments d:uscr’ibe ali tranéﬁurt pro- - ; ;
* cesses, and dﬁ 29t it iduce parameters which have ﬁd clear ﬁeéning. At i .3
the Preseet stage. wide application of these theorias to predicting_d%f- .g -
fusion enefficiente carzot be made owing to thevcomplexity of the theory _?
and to ma(hem&ricnl difficultiés in obtaingng soiutipns. Although these - §  }?
theﬁr;es represert the most rigoraus_approaChes that haye beéﬁ:péééosed; %» j
there are still soms parameters which must be otainred e*perimentally. g . -i
, . - o ; ‘ : B
Several thzories based onlstatiscical mechanical abproaéhes. g ;
are discussed briafly in tne >n110w11g paragraphs with a view to as;essing. ;
|

thelr adva"tage; and le‘.at1ons for prcdxcLLﬁg the diffusxvity of non-

PREPUIUENSIPIS S-SR Py

polar gases ir snrong alkalx;solutxons,

The Time Correlatiorn Thevry. This thgpry is derived from a consideraﬂion

of the time correlatisn between the movement of different species, and

v e Mt s e e i o
R

_ gives for the Onsager.ccefficienp le of Equétioﬁ-&.l-lZ . _.m~<
_ ) m, . ) o ) ) -
= ....1.,..., y : . ‘ -l '- .
| L, = "Lll " S ‘[ [1,€0)3,(ty] dt ' (41.1A19)
where J., = ¥m, v, : - T T ’
- i i-ik : ] ) e

- v.. = velocity of mdlecule of species i.

" Au expression far the hinary diffusion coefficient can |

be obtained from Equa~1ﬂﬂ- 4.1-14 a“d 42517 R T ) : R

--Thxs.expressxb. requx*es Lhe time correlation function

[JI(O)JZ(C)]Aland at prese.t the theory is unable to evaluate thls. _ ' Co 'j- o
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The time correlatL01 funct ion may ve estimated for a finfte. number nf

partlrlc 3 by the mcthod oi malpcular dynamlcs us{ .8 a digxtal computer:,

;AThvs. at the present-t1m¢3 this theory prcv1des final equacions, but

canact bi used te pradict diffusice cuefficients

Space distribution functinz thepry. Bearman (3-) developed 3 statisti-
cal mechanical theory of transport processes in solutions “ased on the
work- of Kirkwood (2%). His werk made use of the space Jdisrribution

function'of the molecules., In his development, he defined a fricfiohal

force P ’1) for a "-component, iz othermal and 1=obar1c system as.
=(1,1)" =(1)" " =(1,0)" | '
?iv' ) =¥ ) ;gl’ ) (4.1-20)
where F(1 0) is a torce which exx&t even at equiiibrium.

(1 1) can be defined in tcrmsAof distri-'-
butfon_function'us
¥* % - dv, . '
e

fm1

dr 18, ﬁl _dsr_ G412

~

where V., = emaothed potentlal of intprmalecular forges between. mnlecules .

L) and B

8lﬁ - non-equilibrium.pertﬁrbapion

(2) (2 0)
lﬁ 1p
ggg) = pair correlation function (which does not have spherical
symmetry)
ggz’o) = radial diet:ibution function and is related to equili-
brium thermodynamic properties.
1f we expaﬂd g( ) in a‘series of spherical harmonics,

ounly the fixst harmonfc will contribute to the integral, and the resultant

.
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E=1 ;_;ﬁ | I 1« o

iz defired as

Sz !

; ! ) A . ’ _ L
Sy ¥y a Ve r . . R
Gt VUG (v 0 e

where the friction cocificicnt

'l;‘: . dy vl:’.‘

The reciprocal relatianship Cl‘ = {ﬁl is a consequence of
. , £ _ aal .

the definition of tEe smastred potential ard the Symmetry of #he radial
distrlbuclﬁn fuﬁctlon{ V | o -

| For the speciai case of a‘binaxy systemAQith tge vblume'
average velocity as‘re(cxenue; Eéuation 4.2-5 can ge expressed as '

: VT : { din f
0 2
D L+ k SincC

Ly ST (6a1526)
A - 4.1:24)

>12 T,p

after Equations &,{~9 aw 4.1-14 haQe been introduced.
- ‘Sinéc'DO is 2 function of §123 it is also dependent 6n
ggg'l) by Equat{on.A.Zfﬁ.

If in Equetivn‘&.l-Za; c5mponent 1 is-btesént in infinite

. dilution, Vv, becomes the m:ia{'volume of pure solvent, and Cié'ls repre-

x
-gented by CIZ'

232

1n a1 .
i

Also =] [from

Q?

Henry's Law]

T,p '

and Equation 4,2-5 will become B o ) ": L
omdiluttion _ V2XT
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4.1.3 Modified

R

s e e e

Activatise Thesries of

Di‘fusion S

"The Eyrlfg theer (’6.J1/Jf absolu'e reaztion rates has

been applied to the p'edlctxon of dxffucxvxtxes and vlsc:s.tles wrth

some aucce.,s

Acc)xoxng to tnxs Lheory, tne flutaity ot a ltqutc ana

the binary diffusion coefficient at irnfinite dilution may be expressed

by S
’ : LG
& —l- = 5.2 - —Q
o] = k®k exp R
. * - .
p° = deZ exp(-0G /RT) =

”ksxzh
£ -< [KT)
172, 173 exp(-ey/
(ankT)‘ Vf
kdlzh’ S
(2~ka)1/2 1/3 ‘exP('“d/kT)
Ve

(4.1-26)

(4.1—27)

.Since-strong electrolyte solutions are highly struétured

(38), the model on.which this theory is based is very suitable, Thus,

Podolsky (39) has modtfxed Equatnon 4, . 1- 26 to predict the fluxdity of

an electrolyte solution, and Ratcliff (40) derived a corresponding equa-

_tion for the diffusion coefficients of gases in elettrolytes

In ‘all | -

these treatments, the presence of ions is assumed to perturb thte free

energy of activation for diffusion, but its effect;on the lattice sﬁéc?

Lng~x is essumed to be negligible.

If 6

is the free energy pexturb—-

tion due to the presence of an ion i, the perturbed free energy of

activation will be (AG +5 . )

If the dtscrlbutxon of fons in ‘the

neighborhood of the solute molecule is aesumed to be the same as in

the bulk solution, the average free energy of attivation for .the dif-

fus1on of a sparingly soluble gas is . -

(G&)

‘ nx(v 6 +, 6

j

(1 x) + (v +u2)x N

N7
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where n = number of solvent molecules surrounding an {on:

v - humber of g-ionslef species i
i . g-mole of electrolyte

x = mole fractisn >f electrolyte '

Substituting Equation 4.1-28 into Equation 4,1-27, we have

) ) enx(v,6, + v,0,) R T
D° 1°1 7 2% , .
D T eXP RT[(1-x) + (v )x] - (451,29)‘

".This equation predicts a linear relation between ln DO/D" aad the qhantity

nx
(1-x) + (v +, )x

which is called the species fraction.

This linear relationship was shown to hold for a wide
variety of gases in electrolytes by Ratcliff (LO). Gubbine and Bhatia
(L1), using a similar development, arrived at and prbvedlthu validiﬁy

of Equation 4.1-29 for mutual diffusion of potassium hydroxide solntion.'

" 4,1.4 Semiempirical and Empirical Correlations
’he theories proposed for the predxctian :* Jlffusion

coefficients are either inadequate or too 1nvolved matherax;cally for

'engineering calculattons. Thus, for the prediction of dxffusion‘coef-_
-'ficients for engineering use, a large number of empirical or semiempiri—'

cal correlation have been proposed and re widely used 1n engineering

design. A few of them will be discussed in brief. here.
Applying the kinetic theory of gases to liquids, Arnold

(h2) developed an equation fgyzliquxd diffusion as

0.01 |+ +1

0 ; Mlv M2
1/3 1/3) (A

i/z (1 + b(T-273)] - (4.1-30)
142242 . o
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In Equatlon 4 1- 30 subscrlpt 1 refers to the solute and subscrlpt 2 to

the solvent 1 and A2 are abnormality factors to 1ccount for the moleCUf -

lar associatlon; T is the tempelature of the svstem in degrees Kelv1n.
o A Thls equat13n 1nd1cates‘that the dlifuslon coeff1c1ent is
proportional to the temperature which is contrary to the usual view that
the relation should be exponcntial Applying thlS equation to the dlf-
'fusion of carbon dioxide in a number of organic liquids, Davies (43)
showed that of all the empirxcal equations tested, hls data fitted
Equation 4.1~ 30 best. - In contrast to all the predlctions that ° PZ should

be a constant at constant temperature, Equation 4.1-30 predicts a con-

stancy of p° o /2, and thxs was verified by Davis in his work.

The first correlation based on the hydrodynamic theory

was proposed simultaneously by Einstein (hh) and Sutherland (b5) Their

correlatlon is

Dy [ ey, |

= - R AR T
kT Emy | TRLTEY, e - _

where v < radius of dlffusion particles »wi-i:, S et
- B = coefficient of sliding friction

- In the extreme case, when,

. e . ) N 1 _
ﬁ = o kT —_9.‘..“..1 .
O .
Bew Sl SR B
BT kT T ) : o

E—

'7?or large molecules of solute such as colloidal particles

- or large polymers, Equation 4. 1 31 is found to reproduce experimental

‘data fairly well.
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in A~ attempt to m>dify this correlationa Li and Jlnang

(46) oroposed_>

) D°¢z v VY3 oA :
— ;H-; - ( S L (6.1-32)
~e 1 - " o ) o - - .

A ) X o -
whete ¢ 1s the number af Closest neighbours in the molecular structure

A . ) . . .
and 7 is the number.of ;losest noighbours in one layer

Wiike (57y, and WL[VC and Lnang (%8) have pre:entad the

most widély used Lw'xvldliO* 1t is based on the Eyrlng s abeolune rate

' theory and the Stoker-Eirsteln cquations, and it is of the follnwtng

form
_7.4x10‘8r(x32>"2 : Lo
. D = _._.—__'.6...’.-—--.—--—- : ) : - . (!6.1‘33)
B - /'*‘2 Vl ‘

where X is an'associntton'fa:tot{ This correlatxon requlres a knowledge
of the associatinn fuxtwr, a- d that iq one of its defects To'overcome

this, Scheibel-(L9) manxfed Equation 4.1-33 to give ' - -

: e "1+(3v1/v2)2/3 _ o _
= §,2x10 Y e e T . ) (4'1_34)

In a recent“paper Wise (50) tested six of the empirlcal

correlations on the dxtfusl)n coefficlents of the slightly soluble gases

in water ar 10 bO (s he fou d lhat none of these correlation fitted

the da!a over the cﬂtlrc rafge of temperatuxe and molecular size,

4.2 Expcrxm&ntﬁl Mettods Considered for the Determiration of
Dxffusiaﬂ Coctficients . o -

Many mcthods have been proposed for the measuremﬂnt of

) diffuston coeftxcxen:q of gases ln ltqutds (both miXCUre ard pure com-

' pounds) The most widvly used cechniques diffe“ £rom each other only

-——
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fen.the methoa of maL'tal 1-5 llnear dltxuciaﬁ and in the quanxily measured
Excellent rev.ews.et e\perlmcetal ﬁetn;cs af measuring dequLJw coeffii_
cienta in lequmus qre g:ven hylh;mmelblnu (53), and ‘Johnson and Babb (Fii.
. A:bpxef dlscusslyn of ;:é evnods coqelue[ed, as, well as tnelr merits
and demerlts with ruference to Lhe pte:cnt system, is underraken in the

follow1ng secthns.

4.2.1 Diaparagm Cell Methods ) B , L _” : Ly

The unefeady state diaphraga ceil methed depen&snon meesj
'uring the concenteatioe of solute ih-the cempnrtments on both sides of ' ;}_
a diaphragm before andgafter dxffuqion has taken place. The diffuslon ' -
-process is confined to the caplllary pares of a 51ntered g‘aas or metal
dlaphragm and thus av01e< the errors due to thermal and mechanical con-
- . .-vection. This method of determlneng dif!uslon eoeff1c1erts is a. rela- | ' . {

S - tive one, Sane it reqULres the calibration of the ce11 w1th a sub-

4stance of known 01IfH:le? caeff1c1ents. This method has been applied

4n numeruus cases dnd Jt has beer developed iﬂto a standazd method for

'measurxno self and mtual diffusxvit‘es of JLquxus. An exeellent revxew

on the experimental yracedure for measu"xng diffuﬂlon coefflc ents in

{ f'.' ~ binary lquLd mixtures was made by Gubbiws and Bhatxa (52) A sready-e _ S B

-~ state diuphragm cell has also been proposed by Walker (3 J), aund wasg
found to be very re11ab1e for measuring the diffusivities of certaln . ) . o
}__ gases in liquids. The problem inherent with sparingly soluble gases

is the difficulty of measurlng small concentration and the danger o[ ] 1

§ ]oss of gas on sampllng the solution (5h) TheSe methods are not par- E
5 : |-

' § ticularly sultable for the present system because the solubzlitiee of f
. t
2 vthe gases studied are only of the order of 10 to 10.8 mole ftac:ion

-7 .

» r‘ . i
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owing to the zalti.g »ut sifels ot the pifassium hydraxidz-( 3 .. The
corrasive propertiszs i porassium tvdraride alsy present prablems. -Thus,
pralorgi-g the expevimizt o nbtais.a Jareer concentrationg change 1s.

ungesirable, for curing ine l.ug periog to arrive ar a measurasle change

in concentration. the cell eansteant may cnazga.

C4.2.2 Steadv Srate Abzorption Method

Steady srata ab:zcrptton methods are based o the assump-

tion that interfacial re staéce to mass trnnsfe& is regliglble awd the

fact that no resistance exizts in the gas phase when puce ga> is used

Many types of steady-stare rlow apparatus of known geometry have been

Introduced, of which the most widely used are the lam1ﬂ=r)et; the wetted
sphere, ard the wet<e¢d wall., Of these, th ldmlna-je' 1s the most exten-

sively investlgarea, and it haz been showa to give very reilable xesults

in suitable cases (,9) M;his method hns the defe:t that it inyq}vés

'many implied-assumptions bath iz the model an¢ in the malhematical solu-

tion of the differential tQLatl)“S descx‘bxng c%e md>del which kave neither

been pxoved nor disproved. In addxtxnﬁ, the f sumptxow of no Le<Lstanc

in the gas phase carnnot be fulfilleJ in the p*esent systen, for if pure

dry gas is u=ed “the concentratisn and temperacure of thevSJIUCion will

be affecced due to evaparat!on; A further limltation of these metnods
is that it is very difficult to. get ac;urato reSulrs wnﬁn ‘the solubillty

of the gaa {s small.

4.2u3 Inrerferometric Techﬁiques

Thésc techniques represent the type whxch measures the

concentration grad1ent 3f the solution as a functlon of time. Guoy’(SS)
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was the £1rst to use re’ractlve index measurencncs for dxffu=10n experi-’

VS

“'ments, although it was WLener (55) who developed the requi red eéuatlon and
‘who first performcd experime its usxng 1nterferohctrlc techn.quus.‘ This =
metr»d is a proml Iag a-d-accura: v:>1h huL has nat bee: vad ly‘Lsca Lorl
gases dissolved in liquids because of the dclicacy of the techn-que andh-i
‘the cost of the qulpment For very low gas cohcehtrations‘and concehd
tration ditferences such as those emhlo&éd hehe) i; ;ecms deuttful that
the interferometer is applicabie;' .

"4.2.4 FElectrochemical Methods

e rane e ey

The oxidtiabilitv ana/or zedhcibility of theiéases'hndéf
study make electrochemxcal methnds very aCtractive. In fact, )1 the
existing - data on these systems in the literature were obta:ned ns1ng
electrochemical methods. Several such methods are avsilable a are Co ..- - i

considered below. » . - ' o R :

Dropping Merchry Electrode

. ' Thé principle of the dropping mercuxy electr ‘du nepends_
on measurlng the diffusion current at the sarface of the d.nppi1g mer= - 'vtl ._'5 B
cury. Dxffusxon at a dropping merhury electtode is spherica )y sym-
. metrical, but owing to the periodic growth and fall of the mercury drops ' S : h»h
the area of the diffgsion field changes.contihﬁqusly«dufing ﬁhe life : e '~.;;.fh§
of a drop.‘ Hence.the problem is much'méré compiicated than for the '

case of a stationary electrode.

L L S-S

The diffusion coefficient can be caléulated from the

experimental results by the modified Ilkovic equation

s

o e 1/2,1/6
1, = 607 n(D) /2316 | e

1 172 (4.2-1)
m .
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nuhere n ='number of electrohs involved in reactlon
D = dxffusxvity, cm /sec.'
-id = 11m1t1ng current in u amoere
C = concentration in mxllxmoleellxter
m = mass flow rate of nwrcnry elcctrOde hg/sec-'
C = dropAtlhe of'mer:ury elecrrode; sec. :
A= oon:stanc
There have been qome differeheo> of opinlon as to the
“value of A, but experimental d’tl tend to support a value of about 31 c.
Fubblnn and walker ()4) used the dropping mercury elec-
trode to measure the dxffusion <ueffrcients of’ oxygen in potasstum hydrox-
ide solutions at 25 C. The concentration studxed was Up KOH to 35 wt, %
The estimated error is about 469, which is fairly prccice for diffusion
: coefficxent measurements. A qbarfcoming of the method is that it - can not
be used for measuring the dif‘usxvity of hydrogen in pota551um hydroxlde o
solutions {owing to the hi&h h)drngen over potentlal on the mercury elec
trode). Also, it is questionnnle whether this method can be used for
hibh temperature measurements. when one consider° that the high thermal
.capacity of oereury may result %n the drop not reaching the solution tempera-
ture during its ilow through Lhe caplllary and this may introduce errors
in the diffus1on coefficients so determined. Moreover, at high”potassium o -
“hydroxide concentration the reaction may not be mass cransfer limlted
Thus, the droppxng mercury electrode was not used in the present measure-

~ments. ’ ST Ty

Rotating Disk Rlectrode

The diffusion coefficlent may be obtained from 11mit1ng diffu-

v-aion current to a rotating platinum disk electrode if the solubility 1s known.

oA aaed s
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According to the eqhation’of Levich

iy =0 62nFAc1’1/6 2/’ 172, o (h2ep)

where n = number of electrons involved.in reaction
| F = faraday '
A = electrode area v ; - .'-‘_ . “:f
C = concentration ot solutc‘_m

V = kinematic viscosity

D = diffusivity f R . e
w= rotational speed ‘ '
This method has the merit oyer the dropping mercury elec-

trode in that it can be applied to both oxygen and hydrogen diffusion
. measurements., However, as pointed out by Davis et al. (18) when the
rotating disk.electrode is used in concentrated potassium hydroxide
solations, activation polarization becomes rate-controlling instead
of concentration polarization This method. is therefore ill- su1ted to

the present 1nvestigation where diffusion coefficients at high potassium

hydroxide concentrations are of interest.

Stagnant Microelectrode

. A final method, and the one adopted in this work, is the
stagnant microelectrode method developed by Kolthoff and Lingane (57)
Modif cation of this technique was made by Davis, Horvarth and Tobias
(18) and it was used by them for the measurement of diffusion coeffici-
ents of oxygen in_potaseium hydroxide solutions with great-succese. This
method combines simplicity with accuracy, and the time involved for each.

experiment is much shorter than that of diaphragm cell method.
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- 4.3 Measurement of Diffusion Coefficients in LiOH and KOH Solutions °

oL Measurements of diffusxon coeff1c1ents depend largely on

1ngenuity in ellminatlng convection and “he method of measuring the dxffu-
'qion flux or the concent*ar)on gradient The di ffe'ent metheds sc fnr pro-
' .posed differ from each other princ1pally in the ways in which these can be achiev—

ed In.the case of the stagnant micro electrode, Laitinen and Kolthoffv(58) made

.use of a eapillary to ensure linear diffnsion, and they measured the flux‘:
of tne diffusine species by the electrical current flowing. To e]xminate
the effect of ionic migratlcn of the diffusxng spec1es a large excess of
indifferent electrolyte was used Among others ‘von Stackelberg (59)

'Lingane (6Cﬁ, and Davis \]50 used this method for diffusion coeffi.ient
measurements, . . . .

4.3.1 Theory of the Stagnant Microelectrode

. The mathematical model of this system depends'on'the assnmp;
"tionﬁef linear diffusion of the reactant in a direction parallel te the.
‘axis.of a-capillary Cons1der a capillary with a large length o clameten
.ratio as shown in Figure 4.3-1, Assume that the capillary is Fx‘led Wlth
solution of uniform concentratlon of the diffusxng species. When a step
:changeiin concentracion is made at one end of the capillery, the diffu-
sion process will start instantaneously owing t¢ thc concentretion gradi-
ent. At any point in the capillary, the concentration will be changing
with time. The concentration of the solution for ttat point at any
instant in time can be found by solving the appropr:ate partial differ-‘
~ential equacion with the appropriate initial and boundary conditions A
.brief discussion of the derivation will be made here; for further details

the reader is referred to Kolthoff and Lingane (57)
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_ According to Fick's second law, for linear diffusion . ;;,
=D == - S o (B.3-1)

where C = conégnrréticﬁ'of the diffuzing species

(a4
1

= time

X

axial distance - : S A'.u. _ S

D % diffusfon coefficient of the diffusing species

with the initial condition for ail x “C= Co t=0 - (I.C.)
and boﬁndary'conditions . x=0 .C=0 t > 0 _--(B;Cul)
X = €=Cc t>0 (BC2)

" These boundary conditions imply that the step change
imposed is of magnitude Co, and the electrode will never "see' the bulk

of the solution.

The concentration profile at any time E'results'from solv-

ing Equ;tion 4.3-1 with cbe‘abOQé initial and boundary conditions,uéﬁd‘is-

given by . L T
' ' x/2 /Dt ; .
A 2 o g c
c(x,t) = J—: o eV dy- R (h3-2)

v ' o
where y is an integration variable.

In electrolytic solutions. Equacion 3 1 which assumes

a purely dtffusion process. is applicable only when the 1{ miting current

is equivalent to the diffusion current, Chat is to say, the migration’

current is zero. This can be fulfulled when an excess of indifferenc

_elecCrolyte is present and the current through thn solution 1s carried

entirely by the large excess of indifferen; ions.‘
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fr piaccice,Abonndary condicion 1 is achieved byvcéusiné
'_the dxffusing specics Lo react as. soon as i: reaches the. niatlrum electrode
| (x O) Assuming no activation polarization by applying bigh ehcugh voltage
conditicn 1 is satisfle  Davis (:8) has shown that Equation 4.3-2 is
valid even Luough condition I is not satisfied prov1ded one- allcws enough

ime for the actual concentration profile to coincide with ihat required _
by»Eqnacion 4.3-2. The reaction at the electrode gives rise to an elec;
tricel current which is directiy proportional to che diffusive flux.

The current flowing is given by
it = nFAD ( gt )
: =0 ‘ ‘ L S
T (k3e3)
= nFAC — , . - . ' RO
Tt ‘ o S
By rearranging Equation 4.1-3, we obtain
i

i N0 B S

Equation 4.3-L predicts a: linear reiétionshipvbetWeEn i

‘and £-1/2

; this was confirmed by Kolthoff and Lingane (5:,, &xd b; havts'

et al. (18). Thus, the linearity can be used as a criterion to test
the xeliability of an experimental run. | ‘

) The boundary conditions introdnced are iess nttingent

than they appean. Condition I. can be easily fulfilled if the voltage
applied is ouch that it corresponds to a diffusion limiting condition.
ﬁnder this condition, any reactent diffusing to the surface of the elec~
trode will react as soon as it reaches the surface, and the concentration

will be practically zero at the electrode surface
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-fhe second boundary condition can be

' insured by naving a long fapillary, the length of which is much greater
chan the diameter of the cap1 lary Using a 0.15 cm. diameter and 2 5
~em long capillary, Davis, Horvarth and Toblas (18) have shown that ”Lhej
correction for the finite length of the bore is found to be negligible
for time periods of several hours".- | . -

4,3.2 Apparatus

Diffusion vessel I o o : o . -

Tnis vessel was used for studyinb diffusion of gases in
solutions, and is shown in Figure h 3-2. It was so designed that diffu-
sion will take place in the dovnward direction, Microelectrode A wes a
pyrex_capillary of uniform bore :losed by a disk ofdpletinum foil. A .
platinum'wire spot-welcded tc tl.: platinum disk in.the mieroelectrode was.
immereed in a column of mercury in tube B. The lead from the polaro-
~ grapi (the voltage souvee) VES hen immersed in the mercury through the
other arm of B. Fritted di ek 0 vas used to dispense the gas under study
* during the saturation process. Counter elcctrode D was made of pure

silver and of dimension 5.25 x L.5 em. The large area of the‘countet
_electrode was required to insute that concentration polarization took
place at the microelectrode above. The—eilver counter electrode was
connected to the lead of the polarograph by means of a 811Vél wire welded '
to it. E was a vent for the gases and F an opening for inserting the~ |
hypodermic syringe into the ce11 the latter was closed with a tapered
plug (not shown) during any saturation or diffusion process. G was_a: -

'cylindrical vessel with a male tapered joint at the top which fitted
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Diffusion Vessel I.

Figuté‘h 3-2.
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snrugly into Lho femalc jolnc H thh all the abo‘e nfceﬂ»orx s attacked .
tn oit. ..c Lho pnrts were h;ld Lupot! 2 r t‘ghzly by mzans of springs {uot
shiown) . -

DLffusion Vaessel IT

This veésel shown in anure &.x-J was desxgwkd feor mna»-_

uring the d1ffusxon current when diffusion was takxng placc in the upwardf

dircccion. The vessel consxstcd of a cyl'ndr1c1‘ ccntainer A firted wi Ln_

a rubber .stopper through which was 1nserted a frxtted gas buoulvng disk
C, a mlcroelectrode B, a silver “ounter electrode D and a smal tube Qéed
as a vent. The parts of the dxffuslon cel‘ vwere similar to chJc cf diffu-
ion VCSSeII except that the reactxng ~urface of the plat'num su‘iace va;
facing the hot;om ofnthe vessel, so that dLFfus on bas to tale p'ace 1n'
the upwérd direction. This vessel was usaed for ca‘tbratxng thc‘ 1crn—j
clectrode, and for determining the diffusxon Ixmxt ng potentia&s

The Mlcroelectrode

- An enlarged view éf the microelccr*ode was sbown in F*gufc.

,h.3-a. The pyrex capillary X was of unifoxm dzametur. ~The dxameters of

Lhc capxl‘aries used were from 1. 15+O 09 to- 2.:)70 04~ mm deptnd1ng rn_}:

the vxscosity of the solutlons and the fAux of currenc cxwectcd i wn$<'
 8 bright ! atinum disk with a platinum wire atcacled ‘ .The p}atinp@.di$k 
was pretreated ags described below and was cemented tetween the tdc sec-
tions of tublng with a fluoro -carson epoxy cement. The aésembly was cﬁféd
for three hours at LOQCF and one hour at hSOOP % was a cap111ary with
4 10 mm, tapered joint attached to 1t, the latter was fitted into thL

female counter part at the end of part B of the diffusion vesse1
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Voltage'Supp‘y

Voltage supaly nnd curt0uc measurement were by N Sargent

Model Xv Polarograph complote with a mlcrornnbe eatender Thc'polarograph

can run on the current-time or current-va tage busis.- -The ‘oadﬂ from

the polarograph were connected with the microolcctxode and tho ﬂllVLt counter

‘_electrode for electrical contact

h.3.3 Reagentgﬂggd Solutions

Potaesium Hydroxide Solutidns‘ ' j; A. e B A -
A.C.S. Reaéent'gréde potassium hydroxide pellecs»with
about 19, pdtassium carbonate were used. The solution was prepnrgd by
d1£~olv1ng the potassxum hyd: oxioe pellets in uoubty dlstxlled water to
the desired’ strength I* was then standardlced with standard HCL solu~-
tion uglng methyl orange as .ndicator. _The carbonate content was checked
by - tltratlon using phenolph hdleln as indicator, it was found to be less

tban 14 and the inc*eas= in lts concentlatlon during storage was negli-

Vgible. The potessium hydrox.de solutions were scored in polyethylene

bottles to prevent contamlnation.

Standard HCL Solu:ions

Standard 1 N HCL solutions were prepared with capsules

'of "Acculute" standard volumetric solutlons. These capsulea were diluted

with doubly dLstilled water to one normal so.ution in a one litor vo‘u-

. metric flask.

" Standard Potassium Ferrocyanide Solutions . o --

T —t 4 b B arRATLS 15 ettt

The standard potaﬁslum-feifocyanide solution in 0.1 N KCL

“solution was prepared 'by diluting a capsule of "Acculute" standard volu- -

metric eolution of pbtassium ferrpcyamide with 0.1 N KCL solution to the
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required concentration (0.CO0OMM in this‘case). The conconcnqtion was
checked by titrating the solutionrwith aQSCandard zinu soluuion ucidified
with UN sulfuric acid and with. addxtlon of (NHL) 80, using 3 3! dxmethyl
naothidlne as’ Lndlca*cr 4. - o o -

Zinc Solution' |

~ The standérd zinc solution was prepared by dissolvtng‘n

‘weighed.amount of analytical grade grannular zinc metal in dilute sule

phuric acid in a volumetric flask and making up to the desired volume

with doubly distilled water.

4.3.4 Procedure for Measuring the Limiting Current

This experiment depends on the measurement of diffusion

current at a given controlled temperature. and concentration of potassium

hydroxide solutions. The measured diffusion current was uwed,vtogether

with solubilit, data and calibrated area‘(Section ! 3 T) of the cupillary,

~ to calculate the diffusion coef£1c1ent using Equacion L.3-4, Aq can be

seen from Equation L, 3 h the diffusion coefficient D is proportional to

,the square of the diffusion current, it’ and inversclv proporcional to .
" the square of the solute concentration. A small error lnnthe meagsure-

ment of the diffusion current or failure to fully saturate the solutton

can produce a large error in the value of tne_diffusion‘ooefficiencf The
importance of thorough saturation of the solution and attainment of thermal

equilibriumvwith the bath cannot be overemphasized,

* The apparatus was set up as shown 1n ‘Figure h 3 5 The

diffusion vessel was filled with potassium hydroxlde solution and immersed

-{n the bath Diffusion vessel I was used to produce downwnrd diffusion of

- the reactant. " Gas, saturated with water vapor (Section L4.3,5), was allowed
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.lto bubble through the solution for thirty minutes to make sure that both
"thernal equilibriun and saturation of the solution withféasnwaa attained.
. Owing to'the’turbulence introduced hy_thecgas bubhles thermal equilibriumrv
is achieved rapidly N . |
while ‘the g&s was still brbbling through the soiution, the gas-saturated
solution was drawn 1nto the microeiectrodc with a hypodermic svringe.—_lhe
" solution in the syringe was than fiushed into the bulk of the solution
This drawing and flushing was —epeated four times; after which the gas
flow was stopped In the filling process care should be taken to withdraw
the plunger very slowly, otuerwise degassing will take place. The turbu-
lence in the Solution was allowazd to die down and the solution allowed to
’1quilibrate with the surroundirgs for ten minutes Then, the desired fixed
dvoltage was applied across the electrode (-0. 4 to -0.65 volt for o2 measure-
" ments, fO 1l to + 0, 25 volr 100 H measurements all. referred to the saturated
calomel electrode). and tha 1esuiting current was recorded as a function of '
"time. The measurement was ‘carried on for twenty minutes, then the applied |
voltage was removed After tie2 current time curve was ubtained, the constancy
" of i'/t was tesred lf the function was constant throughout the 20 minute
period (the measurement for the first four minutes being discarded), the

experiment was repeated During the repetition. the gas saturation process

was ailowed to t.ake place for ten minutes only. Five to six repetitions

.'were made for each measurement. After this the residual current was measured

.,(Section k.4-5) and was deducted from the arithmetic mean of the above measure-

©. mente to obtain i Diffusion coefficients were calculated from these values

n.of i ’ solubility data, and by effective area of the electrode by means of

' Equation 4,3- h
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-If the quantity i£;/?- was not constant, the Ve}egt%ode ' - 1; ' ;'.
Qas_cleaned by either ?athodic'evolutibn of:hydfggen otiancaic evclutien
of oxygén; and then activated at -0;2 volt for oné.minuté If the dataﬂ
" did nct shew any ‘mprcvcanL after several r:petlL"n‘ cf. Lbzs o”ctrcat-
ment {especially if 1tregu1ar disturbances of the curve were observed),
the microelectrode was assumed to ‘be poisoned. The microelectrode was then
chénged. and the experiment repeated:- |

4.3.5 Saturaticn Procedure

Care was necessary to insure the presaturation of the gas,
as well as the saturation of the potassium hydroxide solution with the o _ R i

gas under study. The arrangement of the apparatus was as shown in Figure

L.3-6. Dry gas from the gas cylinder was presaturated with water by

ekt

bubbling 1r through two gas wash1ng bottles (presaturators) f11 ed whth

potassium hydroxxde solu:ion of the same concentration ‘as that under o I

study. The whole apparatus (including che connections betwecen vessels)
was immersed in an oil bath controlled with a Fisher proportional con=
troller to within t9-05 °c of the desired ;pmperatuge:‘ No condensation e

of water vapor in the connecting lines was-allowed. This insured that

e < P fontomn .

the vapor phase in the diffusion vessel was saturated with waEer vapor.

Thus, no change in concentration of the potassium hydroxide-solution_ ..

should take place, and the solubility of the gas was that corresponding - ‘ c

to the barometric pressure less .the vapor pressure of the potdssiﬁm 4-_ o
hydroxide solﬁtién at the bath téhperacure. An oil bath was uqed to
insulate the diffusion vessel from electrical disturbanccs from the

"heaters and scirrers.
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‘xh.3.6 Pretreatment of the.Hicroelectrode
| The most'crit c«lvfeature of this method is the emphasxs

on purity. The p-atinum microelcctrodn was very.sensitive to 1mpurit1es,
~and itvwas tound that a smal: amount of impurity prisoned Lhe eicctrode
to such an extent that it had to be cleaned w1th strong acid befnre it
could be used again. Initlally, the e]ectrode was cleaned by dipping in
fuming nitric acid,.and thaa ?insed.wtthldistilled water. 1f the‘rinsing
process was not thorough enough.to remcve all the nitric acid, erratic
results were obtained‘ This may.be due to'the‘presence‘of nitraté lons
on the elcctrodes. The procedure proposed by Bockris (61) was subse-
quently followed in this work and found to give electrodes of much im-
proved performance. In this 1xocedure, the platinum disk was- soaked in
acetone for about five minut~: to remove impurities, and“then rinsed
- with distilled water several times. It Qés then cleaned mith concen-
trated sulfuric acid awd theﬂ thoroughly rinsed with distilled water
iuntil all the sulfuric acid had been removed To remove any't*aces of
..sulfate ions remaining, the electrode was 1mmersed in potassium hydroxide
solutions for fifteen minutes. The electrode was then again thoroughiy
" rinsed wirh distilled water, dried and sealed into the capillarv as h _h_m
Ldescribed uarlier. 7 ‘ ‘ i

L.3.7 Calibration of the Microelectrode

For the calculation of the diffusion coefficient using

- Equation h l-4, the area of the diffusion path i needed. This can be
.obtained by either measuring the diameter of the bore directly or by
calibrating with a substance of known diffusion coefficient. The latter

'approach,wae,adopted here. Such a nrocedure gives a much more accurate
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result than the mechanical measurcment, and by this mothod any errors in

the measurement and calibration should 1arge1v cancel ’ For the calibra-’

tion of the electrode, measurements were made of the diffu51on current
in a soiution Whlch was O OOOvM in potassxum ferrocyamide sc. ution 0 lN
in KCL.

The experimental technique was SLmilar to that reported -«

by Kolthoff and Lingane (57), and only a bt1°F description of the method;

will be given here. The main difference between the present calibration
and the oxygen and hydrogen dirfusion measurenent is tnat the diffusion
should be in the upward direction to prevent bulk flow due to density
radients. Hence, diffusion vessel II must be used.

Diffusxon vessel I1 and presaturators were fiiled with
“the potassium ferrocyamlde solution and immersed in the bath controlled
at 25 C. Nirrogen gas was passed through the apparatus to strip out .
any ox}gen that might be present, dfter the stripping process, the
microelectrode was ‘filled with the oxygen- rree solution ‘using a hypo-.

dermic syringe "A voltage of +0. 7 volts was applied across the elec-

trodes, and the diffusion current was recorded as a function of time

The experiment was allowed to proceed for 20 minutes,‘then the‘appiied

'voltage was removed. After this, fresh solution was drawn into the capb‘ :

llary and the experiment repeated. She process was repeated five times
- . ; o To measure the residual current, the same experiment was
repeated for 0 lN KCL solutions after stripping with nitrogen This,
too, was repeated several times to minimize errors. The difference'
,between the diffusion and residual current gave the corrected diffusion
current for the experiment. ?he area of the capillary can be_calculated

N
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from this corrected diffusion current by.rearranging EQnatinn L.3-% go

" give o
. X . f_ ) } o - R . .
A = 5FC - - - R (L.3-5)
cLs D : . : B RS

D is the diffusxon C)efflcxent of pctassium ferrocyamide in G 1N KCL_
solution and was measuzed accurately by von- Stackelbery i Pilgfim and’ )
Toome (59) to be 0 768+O 03x10 0 em /sec

h 3 8 Determination of the Diffusion Limitinv Putential

vIn order'that boundary condition I. be satiified, the

voltage applied across the electrodes should be at least that corres-

ponding to the.diffusion 1imit1ng potential, This was measured as

described below.

The apparatus was arranged as shown in Figure &4, 3 5

diffusion vessel 11 being used. The only difference between this -

. measurement and in the calibrating process is that inateud o the

microelectrode, a stationary wire electrode was used. ‘lte ;latxonarv
platinum wire was pretreattd as described hbove, then the aayaratus-

was immersed in the oil bath and the solution was'saturated with the

. 8as under study in the same manner as described in Section h.3-5.":After :

the solution became quiescent, the measv.rement was rtarted In thxs-
experiment the polarograph was utilized to measure the change 1n cur-

rent density with increase in voltage. Thus, a given range of voltage
. \ N

 was selected and-the current was recorded as a function of the applied

voltage. A voltage corresponding to the'middle of the plateau of the
current—voltage curve was used on the diffusion limiting potential. Ia

the case of oxygeﬂ, the first of the two plateaus, which correspcnds to

Camda
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tbe reduction of oxygen to hydrogen pcroxide, was used The ex“erirenc -

.. was repeated several times unt11 weil defined reprsducxble ccrrent-\c tag’-

" curves were obtained

3 9 Dctermira 101 of RcalduJ Currert

In this exper\nnnt the ‘same apparatus as.in the dxffusxon'
current meaeucements was used. _Nitrogen gas saturated with water vapor
was used to st“ip out ary orygen and hydrogen dissolved in the solution.
The microelectrode was then filled with -ne nitrogen-saturared qCLuthn
in the same manner as descrlbed in Section L.3, 5 " The same voltage as

the diffusion current measurement was applied and the current was recnrded

- as a function of timec The process was repeated sexeral time= untxl t“ere

was. no further decrease in cutrent fOl’ two successive meaeurements

h L Diffu31vit1e= of H"croqen and Oxygen in KOh and LiOH Solutions

"L.4.1 Experimental Data

The ex:;rimenrnl data for the diffusion cceffxctents of
oxygen and hydrogen in poliassium hydroxide -solution are tabulated in

Tables L, h-l anl S In Thble h h-3 are also tabulated a few diffu-

sion .oefficients of oxygen fa LiOH solutions at 2) C. The devzations

chown are the standard devl°t'ons from the arithmetic mean ‘or five to.

vsix measurements. A bample calculation for a typical experimenta run -

_is given in Appendix 2, - L e A

The dxffusion coeffic1ent measuted are 1ntegral values

k However, since the concentration of dissolved gas was very low, the

values obtaincd are for alt prac-ical purpcses equivalent to the_differ—

. ential diffusion coefficients.
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Table L k-]

Diffus .on Coeffxcments of Oxygen in - Aqueous Potusvium Hydroxlde Solutxons
2 , .

"¢ in cm /sec X 10)

. Dxlcslgm /sec.»
W % o o B 0. - o . o,
KOH - 25% 10°¢ 60°c 80°c _100%
3.5 . 2.45+0.02 - _
5.0 ' 3.50+0.012 5.1546.03
.6.0 1.45+0.018 - '
10.2 1.18+0.02  1.75+0.01 ,
13.0 U 2.45+0.021 3.7040.035
19.0  0.85+0.015  125+0.019 1.60+0.01 | , | A
2%.0 | | ' 2.22:0.031  3.70+0.0%5
26.0  0.60+0.018  0.90+0.01 ‘ Co :

. 32.5 ’ , " 1.054+0.02 L.64+C kg
0.2 . 0.M0+C.0l  0.57+0.02 : ’ ) ,
Lz.5 R 0.85+0.01"  ,1.25_-¢0'. €3  1.7140.07
51.5  ©0.30#0.012  0.45+0.01Y 0.72+0.01 1.04+0.Ch 1.4840.06

Table bk

ax Diffusxon Coeff.cients of Hydrogen in bqueous Potas(iun Hydroxide Solutlons
' Hydroxide Solutions in em: /soc X 107 '
Dxlos,cm [sec,

-

ﬁt %V

KO 25% 4o°% _60°%¢ 30°c 106%
5.0 3.014C.015  L.60+0.028 7.55+0.043 11.60+0.086 ;
13.0  2.36+0.02  3.60+0.017 5.82+0. 06 8.70+0.05k ‘ E
2%.0  1.85+0.01 2.74+0.01 L.46+0.032 6.70+0.039 9.90+C.2
32.5  1.55%#0.023  2.L0t0.01 3.L€+0.051 5.40+0.066 o
k2.5  1.25+0.01 1.9540.02 2.89+0.11 h'.ho:o.ogs _ N
51.5 1.10:0.01 1.80+0.02 2.53+0.0k ' 3.80%0.12 5.
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Y. 4.2 Estlmation of Accuracy of Measuremnnts

'1‘;_ ._;; The kOH and LIOH tontentratxona were determxned by Lttrnt1n5 :

.wlth stanoard hCL Qolut101. und rtpleeent the total alkallnxty _IL 1e estl—

mated that ChL analysxa dccuracy was 0. 2% of the concentrat'on »alue

Numerous earlier ana'ysus had revealed that the carbonate content of the

‘ LiOH and KOH was a little less than one percent.

The tempatature in the bath was controlled to iO.OSOC; the
bath tempétature'was‘mcoSUred with'a‘prECisioo thermometerAceltbrated .
agaihet.a_National Bureiu of Stendards eertifieo thermometer. | A

The overall accuxncy of . the measured Biffueion coeffi-
cients 15 esthated to bhe +10% This estimation'ﬁas ﬁede by-considcrlng
the possible errors that can be 1ntroduced from all sources, anluding'
the uncertainty in solubi’ity datu. - |

b4, 3 'Comparfson with Literature Data

Thn date for oxygcn are compared with those of Davis eL al.

: (18). and Gubbins and Walker (5% in Figure h.4-1 and the data for hydro-‘

gen are compared with tha* of Ruetschl (17) at 30 C in Pigur° L. 4-2. ‘In.

- ;general. agreemnn* of the data with those of other investlgators 18

reasonaaly good howevex, the diffusivtty of hydrOfen ln KOH solutlon

measured hy Ruetschi showed a much stronger concentration dependence than

was found in this work, - Figure L. 43 shows the diffusion coefficxents'.i“ S

of 02 in LIOH. Ko other data on the diffuslon coefftcienr of oxygen in

" By exttapolation to lnfinite dtlution.vetues of rhe diffu-

.‘alon ‘coefficients of oxygen and nydrogen in water at’ 25 C were estimated

to be 2 0x10 -5 and 3. 7x10 -5 cm /sec.. respect’ vely These rigures agree

avy o
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+20.0

V'_C] Ruetschi (30°C)
QO This Work -

10.0 -
8.0 -\
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Figure W, Le2, Diffusion Coefficients of Hydrogen in KOH

Solutions.
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wel] with the mcat generally atceptnd llterature valuvs Tne dlffuctv'-'

) ties of hydrogen and oxygen in water at va*ious tempcratures are plwtted
fin Flgures h.h-+ and h ¢f). The v1‘u;s at 2% C rcprnsent :he twe extremee

'of Lhc exxstxng ddLa, buc mest ;f (er are C.thL[Ld around Lht vaiues

obtained in this wo:k

f Table L.L-3 .

Diffusion Coefficitnts of Oxvgen in Lithium Hydruxxdu bolutiona at QSOC 4

Wt % Liok Lot 3.85% 6hst 8.5t 10.10%

0°x10% enfsec '1.60+0.03 © 1.38+0.01 1.1240.01  0:96+0.02 0.7940.0L

L.5 Discussion of Results and Cenclusions

The results presented in Tables 4.4-1, 4. L. 2 ard b, L“J 1ndi- .

'cate. that the diffusivities decrease rapidly with incrcase ir KOH or LiOH

. concentration, whereas they increase with 1ncrease in tempe ature The.

cffect of concentration on diffustvitles appears to be m¢re pronounced for
oxygen than for hydrogen. It {s interesting. to examine thwce effects in
the light of the theoretieal and empirital corre]ations thar have been'
proposed | .

k.51 Temperature Depandence of the Diffusion'Coefchjents

- Most of the theoretical and senitheoretical reLatlonships

.do not really shed any light on the temperature dependency of the diffu- -

. sion coeffictents, since they contain terms which are also temperature

dependent. According to Eyring's theory of absolute reaction rates and

its modifications, the_dtffusfvity s related to the absolnte'temperatute

by an expression of the form
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In D/T B - A/RT e 4(4‘5_1)
If we assume that within a short.ranée of Lemperacure A and B are con-

\

stants, Equation 4 5 -1 predictﬁ a 1inear relation between ln(D/T) and

Y | -

- : In Figures.h.S;l and'&.5-2; the valdes.of D}T were.plot-
ted against 1/T i{n a seml-logarithmic plot. Within experimental error,“
such a llnearit) was cbserved for both oxygen and hydrogen diffusivtttes

" for the temperature range tested.

L4,5-2 The Relationshkip Between Viscosity and Diffusivities .. .

'In the study of diffusivities of oxygen {n potaesium
hydroxide solutions, Davis et al. (18) reported that the product of
viscosity and diffusivity (and thus Dou/T) was congtant at constant
tcmpereture, aftet an 1nitial decrease in value. The rapid lnltlal A
falllng off in the value of D°#/T nas also observed in this work;(Table |
h.5- l) tut these values increased after passing through a minimum
instead of remaining constant. o »

‘ . Bearman (3&) showed that for a “tegnlar"‘solutlon, the
product of Doﬁ should be-independent oficoncenttatlon The term "regular"
implies that the radisl dlstribution function 1s independent of concen-
tration. This is valid only when all species in a solution are identi-v -
cal, {.e., it holds rigorously only for a pure liquid Thenaecond -
dessumption implied in a regular aolution is that the volumes are addi-
. tive. The ptesent system does not fulfill the requirements stated above -
" for a regular solution, especially for hlgh concentrations Thus. the
»'product of D° u should not be expected to remain constant at constant

temperature. - o Lo T
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Most of the semi empxrxcal correlations - such as the
w11ke-Chang Equation (L8) - predlct the constancy of D p/T for a given
-solvent or a solutlon of fxxed concencration " In Tab1e< i, -~l and -2
values of D p/I fcr oxygen and hydrogen in potaasxum h,drcx;de s0. uLLon;

are given; and’ within cxperimental error, such a conatancy was observed for

each fixed concentration.

4.5-3 Effcct of Concentration on lefudivities ' L - : i :
. The modified Eyring theory élven by Equation %.1-29, when
applied tn an electrolvtp solutfon, predicts a linear relatlon between

in(D /D ) and Species ttaction, where the lattet is defined as

‘s ectes fraction = X
P on=71- xt(v1+v2)x‘

2

electrolyte molecule dissociates. - ' o S

" where 2 and v, are the number of ions of species 1 and 2 into which an -

Do is the diffusi&ity in pure water.-

) »Iynicai plots‘oi In D-/D against spécies.fréction'fot ox}-
genband hydtogen at 25 and 60° are stown in Figures h.5-3, & 4, h 5 > A | _u: . ’Z
? ‘ 'and §.5-6. The. linear relationsntp predtc ed by the theory was found to B '
>__hold for both systems up to 35% put assium hydroxidn concenttation, while o t%
at higher concenttatio.s distinct deviations from linearity were observed L |
‘tnese deviations appear to be attributable to asdumptionq that ha»e been

rmade in the. modtfications of Eyrlng theory

;: L Ratcliff and Kolderoft (10) in their modification of the - B o

absolute rate theory assumed flrstly that ‘the presence of icns would not -

affect the lattica spacinV‘x and secondly, that the distribution of tons

1n the neighbouthood of the solute is the same as in tbe bulk solutio1. :

'
i
;
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‘Tnese assumptlons would ‘not be valtd at, higﬁ concentrdtion becausc -agso-

ciation of the ions wili bc important Thus, the definition o‘ species

fraction must be'modified.' Thereforc, these assumptions limit the appli-'v-

catxon cf the tbecry ¢ the so.utions-which contain not more than 3,ﬁ
. KOR. | | | | RN
As shown in Vigu‘e h h 3, the plot of D vs. ueight per-
cent L1OH for oxygen is ]inear This relation was also predicted by

Ratcliff and Holdcroft (hO) in their modification of absolute reaction

rate theory for dilute electrolyte solutions,
Values of the diffusion activation energy for oxygen and

hydrogen in potsssium hyoioxide solutions are presented in Table h 3

‘and L.5-4,

. h.5;h Conclusions and Recommendetions

The conotancy of D y/T at constant temperature and the

linearity of InD /T vs, 1,'T vill allow the interpolation of existing
ﬂ. data for intermediatn temperatures., Extrapolation should be done with

care. since the linearitv of inD /T vs. /T is valid: only when A and

B in Equation L, 5 -1 are conitant, However. these terms are not, in

general, Ponstsnt over wide ranges of temperature

The modified absolute rate theory predicts moderstely

-

‘well the effezt of concentration on diffusion coefficients up to 35%

'.'KOH solutions, but it fails st hiOher concentrations This shows

the inadequacy of the theory, and a more rigorous theory is requited
for concentrated gss-electrolyte systems To develop a sound theory
for diifusion of gases {n’ electrolytes, it 1s suggested that a syste-

matic investigation should be made on the effects of electrolyte
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concentration, typs of electrolyte, molecular size and structure of solute, -

on the diffusivity of the solute. Such dn_investigatiop, taking into

account the effécts ot molecular propéftfes. could be usedfas a basis’ for

'developing a general theory -for diffuston in electrolytes.

. - . - Ta.ble h'5'3 . . ’ [ T
Acttvafion Encrgy for Hydrogen Dfffusion in KOH Solution

- : : Activation Energy
Wt oH_ . ' _ cal/g.mole

o ST - 4158
13 o h B L2ks
ok - b301
. 32,5 ‘ : L351
- k2,5 S 4351

» Table 4.5-4 .
I ] Acfivatior}_' inergy for Oxygen Diffusion.in KOH Solution .

o L T ” ‘Aétivatidn Energy
_Wt % KOH ST ~~__-calf/g.mole
L 0 o . 3896
0.2 - - 1 - T
9.0 . 388
32.5 e - 3992 ”
- k2, o To L3939
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S, - Mutual Diffuston in Aqueoua ZOH Solutions

In hydrogen-oxygen fuel cells the reactions at the e]ecrroJes nmy :

be wrltten as

Anode; HZ +204 = 2H20 + Ze { 2' " — : | - (S.O-l)
mmweoz+mo+4e-mu T '*(son

Thus, the mass transfer processea at each electrode involve diffusional
. "fluxes of both the teacLant gas and of water. Although the criginal .
.'proposal did not include work on mutual difruston of water, it wag coe-v
cluded that a fuller understandlng of - the role played by diffusion of
water in fuel cell electrolytes was of considerable importance, and this
work was undertaken with the concurrence of the technical fepuesenta-,
tions of NASA. ' IR
The present work involved the measurement of mutual diffusion.coef-
ficients in aqueous KOH solutions for concentrations up to saturation
~over the temperature range 25% - 75° C. Similar studies in ;‘CF could
not be included for lack of time, but these are plannod tox tbe near
-_,future. L : ST
5.1 .Aggaratus and Exgerimental Proceduve.'
- Liquid diffusion coefficient mearurements have conaiderably
exercised the 1ngenu£ty of experimentalists. 1his is evidenced from |

the great variety of experimental methods that have been devised. All

of these methods may be divided into steady-state methods based on Fick's

first law, J = ~ D %g » and unsteady-state methods based on Fick's second

. (R | JC
lqw, S © 5; (0‘5;){
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..In the statements of Fick s ldws, J is Lhe molar (lun referred to a molar»

'average velocity, D is the diffusivity, C is the concentration of diiius-

'ing substance, and z is the direction in which di‘fusion occurs.
speaking, Fick's laws are orly approximations, and it is necessary to con-
sider diffusion of all _components in the system.v However,_if oae defines
flows with respect to a plane across which no transfer of volume nccurs,
then both diffusion coefti(ients of a binary system are equal and one

can write | -
. v’

. \" \'%
D, =D, =Dy

=D T T (5.003)
where subscripts 1 and 2 refer to components 1 and 2, respectively. This

common coefficient is theu.tetmed a mutualldiffusion coefficient.

| Liquid diffuaion measuTement techniques have been the eubject of
numerous reviews and books. Johnson and Babb (51) haVe reveiwed the

, experimental technicues fox measuring liquid diffusion coefficients of
.non-clectrolytes. Halned (76), and Harned and Owen (77) have presented
in a systematic form an analysis of the most accurate determinations of :
‘diffusion coefficients of electrolytes. More recently Robinson and

: Stokes (78), and Geddes and Pontius (79) have described methods for the

"measurenentv of diffusion coefficients, while Himmelblau (32) has reviewed

'methods for the measutement of diffusion coefficients of dissolved gases e

in liquids. The mcst precise techniques today appear to be those uti-
lizing optical methods, wherein changes of concentration with distance
and time are analyzed continuously in a cell

In the literature on diffusion and its measurement the diaphragm cell

'method figures prominently as one which best combines accuracy with experi-

mental simplicity, and it was chosen for the present work. By confining ‘

Strictly
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the diffusional process to the pores of ] s]rterod‘glass pfé;t‘c, o? metal
diaphragm LhLJ'technlqup avoil ds most of the dlfiiculties xnherent in the
earlier methods, such as errors due Lo-;hermal ‘and mechunlcal ccavection.
"Also, th(.usc of lazgé concentxat1on g'aaxeqt: co*s;aezduly zeaugés the
ttne for a meacurement.

Since this technique has been the subjccg ;f egﬁaﬁstivé regiewsv;y
‘Gordon 80y, apd recently by Gubbins ard Bhatia.(52), only a Brlef dis-
cussion i8 presented here. ‘Subséquent sections déscribe details qf;thg
"experimental apparatué énd procedure ;sed, with emphas{s_on special pre- -

cautions needed for the systems studied here, . ' x: ' -

) 5.1.1 The Diaphragm Cell Method

R A Stokesf type cell consists of a porous diéphragm con-.“
necting two Eoﬁpaftments.in each of whiéh the respectiie liquid conééh-
tfacions are maintained uniform. Diffgsion is allowed to take placé,

and from the change in concentrations of the liquid in the two. compart;.

ments and the time of the run the diffusion coefficient is evaluated

An initial diffuslon period is allowed ir order to establlsh a 11ﬁear

o concentration gradient through tho diaphragn. This 13 followed by the

- diffusion run, for which 1t is assumed that _the diaphragm is in a quasi-
steady state. Barnes (.8) has shown that this assumption introouces
negligible errors. Figure 5 1-1 gives the initial and final crnd1t10ﬂs
1n a diaphragm ce11. If the_giapnragm be assumed,to offer an effecclve
‘crnss-section A and a path L to the diffusing liquids, then it has been

- shown (78) that the diaphragm cell inCegral coeffxcient D is gi»en by ~

.oee , C. -- o "_ _ .
begp g . i (D
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where )
B = cell constant : S R ‘ - ‘A<f:

ST I S . - (5.1-2)

o .L ‘ ( ‘Vl V2 ) " - -

Y

. t . c' L :
pad a ——L— | pec . (5.1-3)

- o t } C' - Cll - ’_ - . .
o Cl ° L

C. +¢ : e, +C
¢t el 3 - and P

2 - - ) 2
The initial concentration Cl of the,lower compartment is obtained by a
‘material balance and is given by
Vo + V72

VTN G

1% € |

1
1, V2. Vs are the volumes of the lower compartment,-opper compartment
and the diaphragm, respectively, This diffusion coefficient obtained
-from the diaphragm cell ‘measurement is a double average over the con-
centration and time, termed the integral coefficient. From these B
valuen. the differential diffusion coefficient D for a given concentra-

tio“ can be determined by procedures diacussed in Section 3.5.

§31.2 Experimeatal Apparatua

For the present wotk diaphragm cells of the modified Stokvc'
type (78) were employed Figure 5.1-2 and Figure 5 1-3 give deLails of
' conetruction and the mounting arrangement of one such cell The cells
vere fabricated from Plexiglass, and diaphragms emnloyed were of Teflon
(Grade G, 9#),;A60npaciment volumes varied from 30 ml. to 45 ml. All

g1ass joints -and stopcock bearing surfaces were Teflon-clad. This
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ensured vacuum-tight joirts without the use of greases, whlch mlght have :
'contaminated the dlaphragm.. Stirrers consisted of thin 1ron wires'
enclosed in glass and were rotated by-externally mounted magnets at 48

. rpm. A srngie AC motor (1/10 nP) was used to rotate tne magnets through
‘a pulley arrangement. Special sillcone rubber '0' rings were employed
as belts;. A Fisher proportional temperature controller (0. 05 c) nas
used to control the constant temperature stainless steel bath. A‘labora-
tory vacuum pump wasrused for filling the cells and degassing the-soluj"
tions. Solutions were prepared bybdiluting a highly pure stock solution
having a carbonate content of less than 0.027%., Adequate precautions

were taken to prevent CO2 absorption, and this was cheched by periodic
titration. Specially distilled (all glass/Teflon still) water was used

. after degassing to prepare all solutions. Potaseium chloride used for
calibration purposes was analytical grade and was used as such without

"further purification. Hydrochloric acid solutions were prepared from _
reagent grade concentrated acid Thermometers, checked for accuracy‘

‘against NBS calibrated thermometers, were used A e

T ; 5.1.3 Experimental Procedure .
| The procedure employec.was eesentially that of Stokes (78)
The procedure for filling the cell has been described in detail elsewhere
- (52), Briefly, it involves evacuation of the cell, followed by introduc-
4tioneo£ pure degassed water,:care being.taken to"ensure that the dia-
-phragm was completely filled with liquid, -.The cell was'then thermostatted
and water was carefully removed from the upper cell compartment, and

‘replaced by the KDH solution,,this solution having been previously brought

to the'desiredgtemperature. The time of the diffusion run"yaried'from,

4
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about 2 days at 25 C to 15 hours at 75 C because of rhe hlgh value of
-fthe diffusion coefficient at the latter temperature. After a run was
completed, the cell was removed from the bath and the top compartment
carefully emptted. Ine cell was then qu1ck1y 1nver tea (ths mirked
the end of the run) and ltquid from the other compartment wag decanted
Samples from both compa'tments (after cooling to room tempernture) were
';then analyzed by titrating with etnndard hydrochloric aclg. Duplicate
titrations agreed to within 0,02 ml. Analyses of solutions tefore and
after the experiment showed negligible change in the carbonate.content

For this work the solutions were not replaced by fresh uolutions
after the prelimirary diffusion period. Instead a t{ime correttion for
' the unsteady period was_applied as described by Bhatia (6€), and dubbins_
and Bhatia (52). An effective diffusivity D' during the dneteady_state

' period is defined as

=y L S e
_t_’@.ﬁ't In G -¢C, L R 5)

where

~N .
L —

Al l .
K (V‘*
1

A', L' are the apparent drea and thickness of the diaphragm, respectively.

It has been found that if the time for the total d{ffusional ron is cor-

rected by the factor

@ ot
2 (-l)n :2-‘E—F;

n=1 D' 7 n
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L .

: steady state conditions may be. assumed for the total Tun. This procedure

:was employed to calcalate the correrted integral difoSLOn coefficients. :

A material balanCe check for the diffusional runs was performed w1th the

help of Equation 5.1-4. The cell compartment and diaphragm Volumes were

’ estimated by a series rf WPlgthgQ with water,

After an experinent was completed the cells were carefully cleaned,
first with water, and then with dilute hydrochloric acid This was con-
tinued until repeated wate:’ washings showed no trace of alkali

5.1.4 Calibration of Cells

Since the raflo A/L for a diaphragm 13 not conveniently

determinable most experimenters use ‘the method of Northrop and Anson

' (82) of characterising the {laphragm by calibration with a solute of

.. known diffusion coefficient:. Although there is still'disagreement about

the best choice of a cniitrution standard most workers use KC1 sinoe

accurate diffusion data of Harned and Nuttall (76) is available.v For

,_this work both kPl and Hll were used for calibration since accurate

data in a suitable fﬂrm 1 also available for the latter (83) ' Alao‘-

aince HCl is ore of the fastest diffusxng electrolytq diffuaioral times

'were stort. One of the cells which was calibrated using KCl was used

to check the integral coefficient for HC1 tabulated by Stokes (83) =

'Table 5 1 1 shows the close agreement obtained.

TABLE 5.1-1 .
Integral Diffusion Coefficients of HCi at 25%
c0 e
c, " " Stokes Value LT This Work
1l - < - N . o : L T
_— _ D , . D
CLos 0 T 30 0 - R WYL
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. The'solutions were anélyiéd by“simple titrutions using a microburet. KC1

J7

solutions were Litzatad agairsr 2tavdard Ag\lo3 using dichlorofluorps'ein
as 1nd1ca£o*, ard standard KO was used to titrate HCl samplcs with pherol-
'phtale1n as 1nu£cacor.. Iabie 5.1-2 skows the reproduétbxlxty nf the _ '_ o L
values for the cells. ard the agreement was within 40.7%. Meusurements
1 and 2 tepresewt replicate determinations mado at the same time near - i ol
the start of the measufcments. Measurement 3 was made toward the end of N ’ !
the measurements in order to check on possible changes of B with time. » ;_ N 1
Such changes might arise from wear of the diaphragm due to action of the
. stirrers, in which case § would increaee with time. However, the values
sthn agree wiihin experimental error w!th those made.gérlier, 8o that

. any such effect is small.

il e e s

o .~ TABLE 5.1-2
A S -Calibration Constants for the‘Cells

. . . . B ..

4'Measufement Cell T~ = Cell II - Cell IIT - T S - :

li j ©0.1450 0.2380”;: 0.1814 o .

2 0.1465 . 0.238 - . 0.1793 . . ©

S0 e et S Hedabtesta s 12

s oem 0237 oaree - & -

There does ot seem to be ary evidence of the vartation oi_thé cell con-
stant with temperature and most experimentalists have assumed it to
_ remain constant. Chang and Wilke (84) have presented experimental .

measurements of cell constants at various temperature, which {ndicate

- ep——

the cell constant {s gégenfially inva:iaut.witﬁ temperature. R - e T




5,1, S Calcqla 13ﬁ -of D‘fferencial Diffugsion Coefficleﬁts

Jue dlaprragm cell rntegral coefficient D is a camplirated

' douole average eoetx clent. glven by Equation S 1- 3 and is n:t simply co--_

Cwvirre? ts the J.A.f.:'rtal erfi, Lo e)efficlert L. espec;al;, when tne g

"15 an appreciable valume cha"ge on m'xlng

For a binary s;srem the flux past a statioearv poir* in

'terms of the mutual iiffus.on coefficient is given by

- b v ' -6)
N, = ve, o+ CA\NAVA + NBVB)_ . A (5.1 6).
Qhere Ei = molar flux of { relative to stationary coordinates

. The experiﬁentally measured &1ffusivities will differ accor&lrg to the
geometry aﬁd cknvecttve flow conditionas of the measuring deviee, unless
the last texm in the above equation is also accounted for. The quantity
in the parenthesia represenrs the volume-average velocity a1111n order

.”that the meanured d1ffusion coafficient equal the mutval d:. uslon coef-.
ficieﬁt D, thi; volume-average velocity must be zero at all poiats of the

diffus;ﬂn path. ihis condition 1s exactly fulfilled for d:aphragm cells

only if tne parrial molal volumes of each compone1t are cons.iast in the

range of concentratiun over which the experiment is performed For the

system Kon -water, calculations are presented in Section S 1 6 to shuw
that the valume change effects, though not enticely absent, are insignifi-
cant. -

“In fecent years various papers‘have appeared en the analy-
sis of liquie diffusivity measurements fqr_diaphragm cells whleh incor-
porate volume charges on mixing. Dullien and Shemilt (855,and Robineon

- (86) have presented equations for calculating differential diffusivities

- e B T S
DT T . . LI N

(RPN VR

-
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-in such systems.ﬂAH*heve* Olander (87) claims that tney erred xﬂ LHeLr ST .

o derlvatlors, a: d. him If recognizing the considerable mathemazlcal
difficulties which !he prablem ia its completely rigorous form pases,

has pre<e)ted equations which permlt the calculation of an appr9x1mate )

oot g o ammmtinn|aan

’ correctlﬂ' £actwr. he also gives a rapid method of checkiﬂg whether
volume charge effects are significant for a particular system. Using

the lattex proccdure cal.ulations have been made for the KOH-water-

system and the resultz are presented later. The calculations show
‘that the volume change effects on diffusivities are insignifi.ant for
“this system.
The method adopnted in this work for calculatiﬂg differ- _
:ential diffusivitlzs is that of Stckes (83. He defines D° as. the o _ : f
integral d;ffus?on coefficient for a run of vaniehingl& short duratioﬁ
given by | |

]’)O

T d

PP, SO IS

[ hdC _ _ '_{"(5.1-7)

Y [

0
" Gordon (80) has shown‘thap Biis related to the differential diffuéio:
coefficient D by the equatijcna

c!
m

b= —ov f bdC : (5.1-8) 4 IR
o Y m m’ e T el e RN I

where C' = (C. + ca)/z and C! = (¢, +C,)/2. Denoting 1_)°('c') and
. S - -

BO(C") as rhe values of D thh initial *oncentrations C' and C"

respect;velj, it is easily ehown that ’ o S

= . .:g— R TIIPIR "-"0 " 1 ‘-" .
»D(m D - (cr/ct) (D D(Cm‘)] | B S22 L) R
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This equabl"- pe*mxts the esttmatio1 of p° (C ) provided both D (J") and

D re k= own.- ; 4

: ra*tu%ately it turze éht thatva.ploc of ° (C ) versus
(“')% 11:7 wi® n." 17 2f +hat 2% D versus (C )&\ and hence a aolutioﬁ of
‘Equation 5.1-9 {e¢ poss:bie by a short series of approximation.
| ': A curve of D versus (Cl)% is piottéd and extrépblate;_to..:

the Nernst limitirg value. From this a first approximation to BO(CS) ie

read off and substituted in Equation S.I-Q.and BO(CA) values obtained. -

'The§e Qalues of BO(C;) are then ploéted against (C;)% to gi&e a Second“
appfoximation fo Bé(cg)vwhich are again substituted in Equacioh 5.1-9.
The resulting secoqd approximation to BO(CA) is found not to chénge on
continuing this'processf This D° data is then plotted against (C)j5 and
ffom this D values ar¢ readiiy obtained as follow;: N

- 'Diffsrentiétlng Equation 5.1-7 we get

-5 an° ’ -

| D +cdc =0 el e
or _ R : R
’ R ek o ﬁ..:».:z"} R Sl -
D=T1" +.(§L dD s L (5.1-10)
o Ok :
" an’ ’
The slopes -‘-—g are obtained graph1cally. _ s
d(c)’ ‘ T

A éample calculation of the above type 1is shown in Section 5.1-7.
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5.1. 6 V)lune Chaﬂgas on Mixiqg

If there iz no volume chango on m1x1ng de.iﬁg the ‘d: ffusien‘
procese, the volume on either sxde of the apparatus f1xed reLereﬁ«e piaﬁe.
will be u*'ra g A. This mears tbat tke flux referred ty the ce1LC' >f
Oolume is the same as that referrcd to staion ary caordinatcr. Thls C)—~
dition of zero volume chauge is iulfilled exactly if the partizl molax
volume of each component is . independent of concentration. undtr tLese
cizcumetances the experxmenta] deferential diffusion coefficiant w111
be 1dentica1 with D12 For the KOH-water.system, the above condition'ie
not exactly fulfilled; however, calculations are presented below to
prove that the correction due to volume changes is negli gibte. For these
the method of Olander (87) is employed He derived an equarLJn _rom which
it can be qulckly ascertalned whether or not the volume change zorrections’
ate neeessary for a particular system. In the‘followxng calculatxens 
Olander s nomenclature s used. Subscripts: 0,1 lower ond LppeeAeemparff_
ments-xespeceively; .Superscripts: i, f;_m initial, final anﬁ me:n coed;-

tions respectively, Olander's'Equatiqn (14) gives

- ' . L ' '1-‘r<v.> 5,78, »
- 1 —_AG =%+ St - — 3

L- r§v5> b | j=1 .1. - r(Vs?_ 6, b0
(5.1-11)

where D = measured integral diffusion coefficient

L
F R 1n(61/9£)

7#)'?'
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Frcm Equntlon S.l»ll it 15 only necessary to evaluate the bracketed terms

for an axpet(morc whlsh tavolves the largest driving force i“ hhe regxon :

of larg‘ut r. If lheSu differ [rom unity by the same order as the experi-

muntnl pav;xaaa.. an\ th »or:cccxon due :o volume- cnanges houla be harely
nLganlcnnt. » _ » .

Akerlof and Bnn&ﬂr (68) glve the following éqgatipys for'thé apparent
pnﬁtldl molal-volume () of potassium hydroxide solutions.

a) TFor concantrations up to My ) _ : s

Sy R’
g‘) -+ Kl(nj) 4

b) For concentratinons above m,:
w'~ ¢0 + Kr(m)k + b.m ' ' N : ’ CoT
_ 2 - T2 2" ’ - ) ]

E) Values of conhtnntq at 60°¢C

2 0

Te m % Ky b (myp)
60° 5:2419 2.21% 13.3570 5.6131 Qo.a279 2.508

From rheaﬂ the puxtlnl molal volumes of potassium hydroxide (v On)

- ure calculatnd by usxng the relation

Vo w¢+in —1? S O (5.1-13)
s e PR

The partial molal volume of water 1s calculated using the relation

V" koiYkon * MwpoVmo T T IR

- 'where V & molal volume of the solutfon. |

37 ’
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T

T2
P B 1 - .
4A44=f'-1a patiainetéf' in Olander's Equation 10
.‘ s 1V w}',e'\, Ci = ()

-8b

ﬁnd 3sb ts defined ﬁy the relation

[

Letdeie :
v v S S
sb -

V
o
A4
3]
.

V, = partial molar volume of the solvent

Q = a constant

The quantity r is given by

[0S

VKOH/VH20 K+ rC '. c1 <o<c,

2(c +C)(0 -9)-— ei &2). Qzln(//E‘.,

: f
.G = 41n(9 /e)

< v > = average value of the solvent molar volume between upper and'

lower compartments.
by = Cot:_1+1 =G
D’ = diffusivity at infinite diluiion .

. om j+1 m, j+1
@ -

m

y - m
SRR CARIY

The coefficients aj are defined by the éxpansicn

p=d’+ S acl
; e

(5.1-12)
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The ratio VKOl/—' 0 was calculated and plotted agairst-concertratlaﬂ; aisd
/v K0 against corcentration was plotted in Flgures 5 1-4 and 5. l 5. From

2 B
these the largest 9lopv 2f v and aJerage value of 1/V sb vWere found to be

.0.1075 liter/g.mole and 4.1 g mole/liter, respectively We shnll use

these for the following conditions for a hyporhetical run,

¢l 5,532 (ole/liter c =0
f . . . .. . f_ - _-_,.
C, = 4:174 g.nole/liter o C, = 1.396 g.mole/liter
o = ci . ci = 5.532 g.mole/liter B = 0.1840 -
, £ . . e
Gf =-C, - C1 v 2.778 g.mole/liter t = 50.5 hours
- 1 | 1 . s.532 . s
o - 50 = = .
D= 1O/0) = 571840 % 50,5 % 3600 1" 2.778 ~ 2:053 x 10

cm sec

2(c} + ¢l )(9 -9)-2<92 92)+91n(9/9)

R

aln(e /9 )
or o o ' :
2(5.532)(5.532 - 778) - '— {() 532) -’2 778) J+(5. 532) 1n(5.532/2. 7751
6 41n(5 53272.778)
- 6;24973

¢, = (1/2)(Ci +C ) =4, 853 g. mole/litet‘- o J?f

CT = (1/2)(b +cf V" 0 698 g. mole/liter )
g - 41/2)(0 +C]) = 2.7755 _

Ty = L PPN m = . X .

£, = (1/3; L(»o}(cl> + (cl) ) 9.143. B

€ - @™t

§y.° -——';-f-—‘- = 33.360 L S

MG Cl).v’ » : «:i:.‘ :'A-f'?fiiﬁ’:,' T_%i <T»‘

NP e e
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s
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Ct R . m . cT . " . . - ‘- X ) . - “ . ) 7—> '.
,63 ?Abo‘_’l - 'L:Z - ,4.32_66. 4 - ”: : I B 5 ; A. e
61 Co"Z C3 .‘4144_.'0‘9 . o o o N . . o - -
PRI i : i ag 1ieono T JTLr 5
(st_,; <'VH20 > i7.8 @} 0.0178 liters . , L o 3 A
i : .
Foar the case C, =0 i ;
1 :
oo
[k
A=r = 0.001987 . B ¢ i
3 g
i :
Then ! :
1 - AG ot 1 - 0.0124183. g , _ i R
[ S J = [ T- (0.1075)(0.0178)(&.3266)J 0.99584" S
l-r AN \' -~ (‘.' . . C ' i
and - o ' .
R . N ’ c ‘ o T ¢ i
JloEev, >4/ 1 - 0.0097 | g
= " | 1T-o.0083 | =0:9986 R
1-r<cyv > 6r ‘ . ' C E :
Stoce bﬂth the brac<e*o‘ taerms dxffer from unity by ve-y emall factors, ; é
1
: : 1
the correction due’ to Vﬂlume changes is therefcre ins1gai£1cant. Because i
i o
the above cal»ula'xon Was p°r£ormed £ar the case for wnxgn VJlumL cnange i ng
. . 4
should be most 81g11f1cin!, it is e cluded that in all cases Lhe vilume , ﬁ
: N
change ef‘ects w111 be negllgiole for potassium hydroxxde solutivng. —_ ' ’%
o4 5.1.7 Calculation of mffevennal Diffusion Coefficierys ar *5“”;{ | El
The method of Stokes (83) for extracting dlffcre:tial dL£~ f>
fuaion coefficlents from diaphragm cell lntegral data 13 illustraved 144 , _ ]
' Table 5.1-3 for aqueous_ KOh solutions at 25 C. Entries tn che tltst twa b
“eolumns are the in egral data which was plotted and smoo(hly exrrap);ateo ke 2
ta the Verrst lxmitlng value._ From the tnitial avd f‘qal corgentxalhon& S b "}
'-entrieslin,the third and £burth colunns were computed. Correspoqding ty - ‘ ‘“'j B _~i
- P : 8
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Co the cohcentra J'S in column four. the D (Cm“) values were read off as

-a firct approximat1or from the plot.. Using theSe D (Cm") values, entrles

‘-‘in columﬁ 6 were compu'ed, and then using Equatiow 5 1- “ D (Cn ) va]ueq
_were abtalneo. A seccoaa pLot of D (um ) versus (Cm' ))2 wis made and irom
" this a second approximat;on to‘D (Cm") was read off. (folumn 8). Eﬁtries

"in columns 9 and 10 were éomputed as before.' Finally a plat of D (Cm ) L R

" versus (Cm )lj was made and the smoothed data entered in rolumns 11 and ' : .

' =0 . A
12, This was graphlcally differentiated and slopes dp 3 ntered in . ' :

_ | d(C) - R

column 13. stﬂg Equation 5. 1- 10 the D values of column 16 wvere computed

N
Ne s i il W aed o 5 b o
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..5.2 Experimental pasults o e L :~:‘f'__ S

Weasured values of LLe integral diffusion coefficicnts at the 4 tem--*

pcraturcs are snown in .ab]c 5.2-1. For each condicion of concentration
and tc.perature reolicave medsurements were made and these are reported

separately in the tablc Ehe precxsion of the measured D values was

approximately $0.7% in ncst cases. There is some artificlal scatter in ;

the data due to the differcnt times of the difrfusional runs and also due
to different cells;. Ail'uf the diffusion:deta were used 1in calculating
p° values.. These were then smootned oy plotting and the oif[ercntial
values calculated as cutlir'd in Section 5.1-7, They are given in
Table 5.2-2. |
;.The ovetell éccuracy-o the reported differential dlffusivity
values is estimateo ro. be approximately +2.5%. This value was obtained
by cons idering the estimited errors in determiuing the time of the run,
the concentrations, and ithe cell constant, errors involved in operating
the cells, and errors in computing differential from integral diffusi-
':vities. More direct supkctt for tne quoted accuracy is providcd by the
close azreement obtuined for measured integral coefficients of lC1l with
those ‘avallable from ‘the literature (see Table 5.1-1). Also: the data
. 3ppears to agree well with the cal ulated Nernst limiting values, as =
- seen from Figure 5.2-1, and also with the Onsager—Fuoss-theoty’ot low

concentrations, as discussed in the next section,

[P
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TABLE .2=-1 R
INTEGRAL DIFFUSION COEFFICIENTS OF AQUIOUS s R Tt
.7 . KOH SOLUTIONS T
25°C ‘ 45° 65° ' 75° B
‘ -5 - 5 =5 -5 A
C1 bx10 Cl . :',})xlO _ C1 bx10 C1 bx10 3 -
0.103° 2.70 0.103 3.87 0.103 5.89 - 0.690 6.80 E' ‘
0.103 2,66 0.103 3.92 0.103 5.79 0.690 6.84 ! L
0.103 2.69 0.477  3.26 0.477 5.68  0.912 7.28 4
0.477 2.67 0.912 3.90 0.912 5.84 0.912. -7.23 Lo
0.477 2.67 0.912 3.87 0.912 5.89 1.906 7.64 ; o
1.050 2.74 1.906 4,14 1.906 6.07 - 1.906 7.54 j i
1.050 2.70 - 1.906 4,10 1.906 6.10 4.156 8.36 ¥
2.080 2.91 = 4.156 4.65 4.156 6.75 4.156  8.29 P
2.080 2.89 4.156 4,68 4.155 6.78 7.008 8.49 i
~4.555  3.19  7.008 5.08 7.008 7.02 7.008 8.46 ﬁé
. 4.55 3.18 7.008 5.01 9.846 7.12 9.846 8.69 A
'7.668  3.46 9.846 5.11 9.86 7,13 9.846 8.60 1}'
7.668 3.50 " 9.846 5.11 12.616 7.25 12.616 - 8.74 - A
7.668 3,52 11.742 5.19 12.616 7.27 12.616 8.87 S
©10.667 3,55 12.616 5.24 S
10.667 3.58 = 12.616 5.21 ' ‘ B =
710.667  3.60 - o _ o ST o . %
13.719  3.62 S T IR 4
13.719 3.66__ : S N
* : - - : T
. The reported values of D are (cm.zsec. 1) and the concentrations are
(g.mole/1). T ' :
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" TABLE 5.2:2

DIFFERL"JTII\L DIFFUSION COEFFICIENTS OF AQUE(‘US KOll -:
SOLUTIONS . . L

. 'lhe reporhed values are DxlO (cm sec.”) . - e . ST
“C(g.mole/1) 25°C - 45° §5° . 750 - ;
i

 0.060 2.70 3.89 576 5.70 o ,
0,160 - 2,66 3.83  5.68 6.89 e
0.360 2,67 - 3.86 5.73 6.94 . R
J0.640 2,75 405 5.96  ‘7.29

1,000 2.87 415 622 7.72

. 1.440 3.02 436 6.49 g1l

1.960. ~  3.15 4.61 6.74 £.45
2,560 - 3.30 4.85 6.91 £.64

At . o

F

bratm i o

4,000  3.56 5.21 7.17 8.98 i
5.760 3.75 5,29 .7.30 3.89 . ! ;

B W S

7.840 3.8 526 7.30 &4
9.92 - s.1s ‘
9.986 L s e

©10.240° 366 . . 727 ss0 .

1225 - 3.66 7,16 e
C1zee0 o ggg
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5.3 DiSCUSsion of Results -
The concentratlon dependenCL of the diffu;icn coaflitient al vurious
temperatures is showu in Figuxe 5.2=1, In thesc ploLs Lhe curves hdve

becn extrapolated to the calculated Nernst limiting VﬂlUlH ut Cw= 0.

aneh isotherm exh1b1ts a minimum diffusivity at a concentrdtion of npproxi-

. :mately C = 0.2, and a shallow maximum at hlgh conccrtrurtenq. upproximately

C =6, This complex concentration dependence is typical of dlf[usion

in electrolyte solutions. Most electrolyte solutions Ha0Ww a minimum in the

diffusion coefficient versus concentration curve at low toncontrntions

buL not all show Lhe shallow nuximum at higher concentra'!onn. simllur

shallow maximun is observed for concentrated solutions of aodrum chloride.
The empirical relationship D = Aexp(C/T), where A ard C are approxin

mately constant over moderate: temperature ranges, is frvqhuntly uscd to

,describe the temperature dependence of b for a 1i; ufd ¢f coustant compo=~

sition. Figure 5. 3-1 shows a semilog plot of D versuy P‘l at several

:.compositions. The above relationship is seen to be olnyed, nnd may

therefore be used in 1nterpolating the data to other t‘mpulaturcs. und

"with less eonridence, in extrapolation.

The only rigorous theory of diffosion in eleetrolyto aolutions is

‘that of Onsager and Fuoss (89), and their approach is valid only for

dilute solutions. Their final equation involves calculacion of'che electro- -

phoretic correction terms and the calculation of these torms requires a
choice of a suitable value for the ion diameter, a, characteristic of

: o )
potassium hydroxide solutions. The value chosen was a = 3,7 h lhis valoa

. was obtained by comparing experimental activity c0efficionts for dllur

A i o e e
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’aqueous potassxum hydroxide solutions with the theoreticu] cxpression -

bgiven by the Debye-Huckel theory (90).

Table 5. 3 1 shows values of the electrophoretic corruttions calcula=~

ted for pota551um hydrox1de solutions at 25°C, together with values for
the thermodynamic facto* and for the diffusion coefficienl predicted by
:_the Onsager-Fuoss theory. Aetivity coefficient data for thc solutions
was obtained from the e.m.f. measurenents of Harned and Cook (90), and
" the slopes By /om were determined 5raphica11y Accurate uctivity coeffi-
cient data at higher temperatures are not availeble for hOH solutions
Although vapor pressure data are available for this s,stem Lp to 100°
(91), the data are not of sufficient accuracy to use the Fibbs-Duhem
equation to Obtaln satisfactory v:lues of the thermodynumic factor
A comparison of the Onsager—}uoss theory with the cxpcrimental

~data is 1ncluded in Figure 5.3-2. The agreement is scen Lo be excellent .
, )at concentrat1ons up to about 0. Z_holar, but as the concentratiou rises
above this value, the discrepancy between theory and experimtnt rapidly
increases. The inadequacy of the theory at high concentrations is as
expected, since it fails to take account of changes in the dieiectric
1constant and v1scosity with concentration, and of ionic hyd'ation.

By using an approach similar: to that followed by Ra.cliff and
Holdcroft (40), Bhatia derived an equation relatling the diffuqion coeffi-
cient to the species fraction of a particularwcomponent in an electrolytic
:solution 92). | ihus ‘ _ ' 7 . -
| ';ili“:‘b exp-'l— —lecn(vlélhl" v,8,)

L RT  1000d - cM + i89§y1+v

2._), ‘..-—

(5.3-1)-

e sy e e s

e RS

p—

——

-

! .
[ . . .
Rk hibioonos o dns Sy deb D Geihimiant ale wdietens v fin vk s od a1 b ReAm
: a AN :

i

1



Boam s

e S

~

cat N2

155

Ay
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where ~ .'Did = diffu sion coeff1cient corrected for non-ideality

Do'= diffueion coeff1c1ent at infinite dilution
c =feon<entrnt10n of the electrolyte, g.- moles/‘
n = numner cf surroundlng water molecules

-4:;v1 and v, = nunber of ions of species 1 and 2 per molecule of
- electralyte, respectively

61 and 62 = actt\arion energy perturbation parameters for species
. 1 and 2, respectively . -

d ='density, g./cm.3
M = molecular weight, g./g.mole.
A plot of ln(Did/D ) versus C/[1000d - CM 4 l8C(vi + Vz)] should

be approximately linear if the relation is obeyed Values of Did were

: calculated at °5° C vusilng; the experimental D values, together with values

of the thermodynamic fnctor given in Table 5.3-1 and are plotted in

Figure 5. 3-3 .Ejuaticen (5.3-1) is seen to be obeyed within experimental

- error for potassium 1yd)cx1de for concentrations up to about 8 molar. .For

higher concentrationn there is some discrepancy between theory and experi

.. ment. It is estimat»d that the procedure used to determine slopes in’

evaluating the thermod)namic term may lead to errors of *1%, and this may

.'-contribuxe to the scatter of experimental points in Figure 5.3-3.

* The slopt of the line in Figure 5 3- 3 is ~18n(6 4 6 )/RT and
+
was’ founo to have a value of +,0 6. The value of n(d + 6 ) for KOH at

25°C is then

n’ks' oy 50]'{ ) = 2,325 cal. (g.mole)™d . (5.3.2)
K, |

AUsing this value for the perturbation parameter, theoretical values of

_the mutual diffusion coefficient were calculated using Equation (5 3- l).
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" TABLE 5.3-1
- TEST OF ONSAGER~FUOSS THEORY
o o ’ »
"~ .(a = 3.7 Angstrom units)
.5
. . B ) L . ‘DxlO )ca'lc
(g.mole/1) -Alx106 Aleo7 14 9%31 em. 2sec.”
m
0.101 0.3578 0.4192 0.93271 12,6465
0.298 ' 0.5122 0.4377 - 0.94946 26803
0.694 0.6461 ©0.4625 1.02549 i 2.8815
1.087 0.7175 - 0.4740 . 1.13956 3.1939
. 1.572 0.7753 £ 0.5103 1.27086 3.5545
12,195 - 0.8256  0.5351 1.42580 3.9805
3.360 £ 0.8861 0.5745 1.78930 © 4.9837
- 4.693 £ 0.9307 0.5955 2.08721 - - 5.8037
6,961 0.9787 . - 0.6006 2.97493 8.2567
. 7.727 . 0.9907 0.5936 3.21922 . 8.9305 -
9.847 . ° 1.0173 0.5637 ~ 4.05825 11,2463

- 11.876 .. 1,0367 0.4689 4.71706 13,0620
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Figure 5.3-3 Relative Diffusion. Coefficients D1d

KOH Solutions at 25 C.
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:line region it is found that

. -From Equation (5.3-2), ' ’ L s IIQA : -.T-f

and.are‘conpared Qith experihent ianigure 5.3-2. 1he proposed model 1s
seen. to prov1de a mucn better fit than the Onsager-Fuoss theor) at hign
concenLrations.‘ For the toncentracion range 0-10 g mole/l the aVerage
percent dev1ation Letwe(n theory and experiment is 1.317%.

There is no uaumbiguous way to ob ain the 1ndiv1dua1 ionic pertur-

‘ bation parameters frcm the esperimental data. However, it is possible to

‘ obtain values for s, and 6 if same arbitrary zero is assumed for a

K+ : _

i particular xon, or some other aosumption is made. The limiting ionic

mobilities of K ‘and €1” {ons are very nearly equal at 25° C moreover

the effect of KC1 toncextration on v1scosity or diffusion cocfficient is
" small, It seems reasonable, therefore, to assume that the perturbation

’ ‘parameters 5? and 601 are approx1mately the same. This assumption has

been preuiously used tc¢'obtain jionic perturbation parameters for the
diffusion of gas%s i electrolytic solutions (93), and is adopted here.
Diffusion coeff cierts and. activity coefficients for aqueous

Dotassium chloride sulution at 25°C were obtained from Conway (29)

':and values of D /D are plotted in Figure 5. 3 -4,  From the straight

' Ry + Bepn) = 540 cal(g.mole)”!

so that . . )
ab = mb = -1
;n6K+‘~ nGle 470'cal.(gfmo1e)

nGCH— if2795 cal.(g.mole)'
It_would be of interest to obtain values of ndi for the ions at

ML e

¥ .
s st o e
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'other.temperatures, As pointed out above; accurate activity‘coeffiCient
data for this system are not available at the higher tempcratures, in
additlon diffu31on roefficxents for potassxum chloride SO]lt-OﬂS at hlghv
temperatures are unavailable. The temperature dependence of the corres—
ponding perturbation parameters for gases diffusing in electrolytes is -
known to be small (93). -

It is of interest to compare the concentration dependnnce of the
mutual diffusion coefficient for potassium hydroxide solutlons with the
behav1or of other transport coefficients for this system.‘ It is possible
to develop a theory along the lines of that proposed here_fnr‘fluidity
@, self-diffusion coefficient of water (D ) and diffusion coefficient
of gases in the electrolyte (D ). The theory predicts line:r relationships
. when a semilog plot of 6/9° . D /D .and D /Dg against electxolyte species
' fraction is made. Such plots are shown for fluidity and for the
diffusion of oxygen in potassium hydroxide solutions in F*gtres 5,3=5AH:
o and 5.3<6. An approximately linear relationship is founé in eath case.
.McCall and Douglass (94) have presented data for the seli diffusion
coefficient of water in KOH solutions at 25 °c, and find that this transporr
coeffic1ent also gives a linear relationship. The values of the 1onic
perturbation parameter are different for each of the transport coeffi-
cienits considered, since different intermolecular forces and friction

factors are involved
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6. Vdpﬂr Prossurts of KOﬂ and LiOH Solutions ~ J. Jolly

164

A know edge of the vapor pressurec of water over KOH and LLOH 'A“

solutions is of value in itsel(, and {s also necessary in order to carry

'aut the vas s:lublltty expettmuwts For KOH \J]utions, measuxcme‘.s have‘
been ‘reported over a wrde runge of concentratxons and temperatures Ihus{

-Internstion11 Critical Tables (91) contains dnte for the temperature range

0 to 100 C and the cwncantration rsnge 0 to saturation. Duhring line and

A boiling point dnts are ﬁvailable (95 ,96) for temperatures to Huhhc,'and KOH

. veld (93) Measuremer s'are also nvailahle for the'temperaturc range 100

concentrations to 80% (ut.),. - Recent ly, Vogel et al . (97) have reported .- P

data for the tcmperature ‘and concentration ranges 140 200°¢ and 55-80 wt.
%. The vapor p'essure data for KOW available in the literature were con- ; !
sidered sufficient for the present purposes, and further measurements i
werc not pursued tn tais work, However, data nvailable in the lxterature é

vere fit'ed to the Antoine equatlon, the constants being evaluated for

various KOH concovttationt AR o B ".,‘-' B

For LiOH soluijons, - spor pressure data have been reported for

AZS C and a concentration range of zero t) saturation by Walter and Groene- o

to 350 C for three.. nc:ntratxons (99 100). No data hsve been reported

for the Pmpetature range 25 100°¢. Mcasurements in this'range were there-

fore undertaken in this study e L N

—

6.1 _Correlation of Data for KOH Solutions . - S o if. b

To correlate existing vapor pressure data for potassium hydroxide S

solutions the Antoine equation was used“' N - EE

E p = B ‘ e ‘ | L
IOEIQP TAC C+t TR A A(6f171)

v

A
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- with concentration, being approxlmately 60° c for water and rlsing “to

_hot subsequently used in obtaining the constants.

~1§5 SR

where P LS vapor pressure in millimeters of mercury. t is temperature in

C and A, B and C are constants which vary w1th the KOH concentratian.

The experimental data con51sted of vapor pressure measurements at tempeta-

tures up to 100 C (91) and those based on Duhring -lines .and botling temp- R

'erature,data ( ) at higher temperatures.> The vapor pressure values of
Vozel g_ gl. (97) are somewhat lower than those of Gerlach (96) at high
temperatures In obtaining Antoine constants for high temperatures, only . ' :
the data of Gerlach were used. In determining the constants A, B and C . ) '
for each KOH concentration; the follow1ng procedure recommended by Thomson T :

(101) was used

g 4o a n

- 1) The data were plotted as log P vs. 1/(273+t), and inspected for
linearity and scatter in the dats points It was found that the data-

could be best represented by two stralght lines, corresponding to a low

G s ine. o 1

and high temperature range for cach KOH concentration. The transttion

v ——y

temperature from the low to the high temperature region varied somewhat -
about 120°C at higher KOH concentrations. Twotsets of Antoine constaats -
were subsequently obtaioed, corresponding to these twc regions

. On examining the exper1menta1 data a few points were found which

. ; o
departed aomewhat from the straight line in a random fashion, ‘Where'such' B
: ¥

,deviations appeared to be due to experimental error, these points were

2) Por each KOH concentration,»values of the constant C were £Jund

for. each temperatuze region from the equation
. -log P - 1og P1 LA ;‘1og'P
t_m-‘,tl o ‘t1+C" .t1'+C

N7

Al
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o

where t1 is some reference temperature and P1 is thc vapor preqsure at

'_rhat tempe.ature - C was evaluated by plotting the left-hard side of this
equation agalnst log P, and determining the slope. «Values of_C (ound in

dthts way <th d an 1-;r»as~.w1th chrea51ng KOH C)ﬁCcﬂClu'?fﬂi bBef)te
calculating A and B, the.C values were rounded to the neaxest degrce o 'f'_-'

3) Hav1ng found values of C for each KOH conce"tration, tue best

straight line relatiﬁg log P to 1/(C+t) was determined for both the high
and low temperature regions, and hnnce values of A and B were found by
the method of least squares.l These calculationsAwere’performed on a
digital computert | o

VaIUes for the constants A, B and C for various FOH cwncen'ra- o I i

e

tions are shown in Table 6.1- 1 for the low tewperatute rect*n, and 1n
Table 6.1-2,for higher temperatures. The values of C ObLaned show a

contiruous variatlon with KOH concentration, but the varJations tn A i

WAty ey e,

"and B with concentration ~re less well- defined 1. seeas reasonable
to attribute these variations to small errors in the expetimental vapor _' I SR
. pressure data. -Several sets of A, B and C values appexr suitable tor

each concentration, each set giving almost as good a fiu of the expcrx-_

vl .
PO R DR

nental data as the others, a meaningful hoice between trese »arxous

sets would require vapor pressure ‘data of very high accuracy. : o _ ;: _,' " Cd }»

Sl

The Antoine equation with the corstants shown in Tahles 6 1-1

and 6.1-2 gave good agreement with expetimental data over the whole rarbe _ ' : 2

of temperatur‘s and KOH concentratlons, the agreement between predicted
and experinental vapor pressures being within 1% for all p01nts. \ com-
parison of predicted and experimental values for a nmeer of KOd concen-

' tratlons and Cemperatures chosen at random is shown in Table 6.1- 3 - T Z;“f,;“




Tab1e6ll

Antoine Constants for Correlation of Vapor Pressures of KOH Solutions('
Low Temperature Range =

N

Wt. % KOH( ). Temperature Range ' A » B . _.c
o o.80°% 8.0928  .1745.1
472 0.8y C L 8.0757  1745.3
9.0 - o080 18,0646 - 1747.1
16.66 o o-e0 81052 1768.1
23.07 0-0 . -.7.800 17517 . T
28.57  0-100 79603 cari22 . c 236 - d
) : _
5
9
8
3

33.33 _ 0-100 .7.9782 1818,
37.50 © o120 8.0529  1891.
4h.4s 0-120 - - 8.3770  2118.
5000 00 g.s000 2909,
sSS 050 ssus 3z,

[ PR SV OUROUS T P ORI

Table 6. 1 2

Antoine C0n°t1nfs for Correlation of Vapor Pressutes of KOH Solutxons
R . High Temperature Range -

D AT Wt G AL i) 1 e LBal? Kin Y PAROBA h, & VB

i X o S

Wt % KOH(¢ ) Temperature Range . -A . v B . c ) :
0. . .. i0-180% 7.9668 . 1668.2 - 228

“10 e . &c-180 - - 7.9564 1676.4 2za.f ’ B gy
20 Lo 90-180 . 7.9221  1685.9- 228 3

<30 ' 100200 T 7.8321 1636.5 © 230 _

~40. " - 120-200 . 7.9805 . 1818.2 - 232 . _: -z o )
50 140220 7.8007  1840.4 L6 e
60 - , 140-250 - 7.8496  © 2090.3. 243 -
70 - ~ o 156-310 . 7.5014 23053 264 R R
80 . . 220-440 . . 7.5886 2814.0 - 303 | Ced




S : " Temperature - .
. Wt. 7% KOH . Range
23,07 - - . 0-100
" 33,33 0-100
44 .45 0-100
20.0 100-180
60,0 T 178-284
80.0 223-444

. 168

“Table 6.1-3

Compafisop'of Predicted

and Experimental Vaﬁor Pressures

Temperature 'Ppredic Pexpt.
% mm. Hg " mm_.He
20 12.9 12,9
40 40.7 40.7
60 -110.1 110.1
80 262.4 263
- 100 563.6 563
40  28.8 28,6
60 .78.6 78.6
80 189.3 1190 ..
‘100 410.6 413,
20 4.40 | . 4.40
- 60 42,6 42,6
80 107.9 . 108
100 246.3 246
100 606 600
120 . 1195 - - 1200
140 2192 ©2200
160 3775 3800
180 6165 6140
178 766 760
206 1527 . 1520
222 - 2261 2280
- 246 - . 3758 3800 ..
2846 7642 7600
223 198.6 200
328 - 1543 . 1520
354 . 2316 2280
387 37120 3800 -
e 7600 . 7600

S A S et et e e o e, b s
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iSince the ngreementiln most cases is better thon LZ. it is eoncluded that.
"-the Antolne equatxon provides estimntes of thL vapor pressu"e of KoH =31u-

”tions that are sufficiently accurnte for Lhe purposes aof 'he work under
-thxs grant; — A . | |
-;' It should be emphas[zed thnt this close agreement ls not found
:when comparxng with the data of Vogel (97) becau e of dxscrepancies
between their data and those of Gerlach (96). . 5
' When one examines the values of the Antotne constsnts in Tables
6.1- 1 and 6. 1 2, it.is cleas that constants A nnd h do not-vaty“smoothly'
as the concentration ovaOH chnnges. 'fhts situation results from the
experimental data which were: used in the computer calculution of the
'constants' the computer glvos equal weight to all daLa 1|1espect1ve of
>their.accuracy. It is not surprising, therefore, that Lle concentration
dependence of the Antoine constants is not a smooth ore.t it is possible,
of course, to smooth the Antoine constants empixical]; at’ some sacrlfice
“in agreement between calculated vapor pressures and the 0>perimenta1 |
values (Jhich it should be noted WGre used £or evaluatxng the orLgLnal
\Antoine constants of Tables 6.1-1 and 6 1-2), . To chet‘ th1s p01nt th
zseveral values of the Antoine constants were plotted versus the hOH con-
centration and smooth curves drawn through the points. New values of
Vthe Antoine constants were read trom the curves and used in recalculat-
ing vapor pressures for several KOH concentrations and tempexature~
Wheress the agreement between expetimental vapor pressures and those
_cslculated with the computer-derived Antoine constants is excellent‘ dis-

crepancies of 15 to about 50% are noted when the smootned Antoine constanrs

h_are used for the calculation. These calculatfons are summarized 1n”rabia
6.1-4. ‘ o o B

e e
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: ’ Table 6.1-4 _ _x
Comparison of Fxpezimental and Computed Vapor Pressures 3£ KOH Soalutions h
'KOH Concentratlon " Temperature - Computer Smoothed
wt 7 _ O¢ S "Expt - Constants . Tonstaars
2007 - 100 . -600 606 912 . ‘ -
PR . 180 © 6140 . 6165 - 9100 o
60 .- 178 - 760 786 . . e84 o P
" 1.7 7600 7642 . -6650 - 1 .

80 - 23 200 199 7 N R
| | 44 - 7600 - 7600 - 8800

" The signiticant diserepancies between the data of Gerlach and . " ; f
,'those of Vogel ¢t al. supgest that additicnal study of the vepor pressures -~ g S
-of aqueous alkall solitfons is nceded; moreover, better correlations are ;'
,required to permit inreipelation for other alkali concent*atxons awd 'E
‘temperaturcs. ' ' - i,
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-6.2 Measurement of Vapor Pressure of LiOH SolutionS‘f'

Several methods were studied to determxne vapor pressure o£‘
lithium hydro\ide solutions, and it was decidOd to adopt Cummidg s dew-
point method (103)sultably moartied. This method is-believed to give
‘an accuracy of about 0.01%C in the dctermination of the dewpoint, and.
measurements can be extended to high vapor pressures One of the chief
advantages of this method over tensimetric methods generally {s the

fact that tne measurements may be made iv the presence of air. The

accuracy of tensimetric methods on the other hand is seriously affected
in the presence of even traces of a1r. The method is also suitable for
measurements over a large range of electrolyte concentration lt is aA
7matter of indifference when using this method whether the system srudied

is liquid or solid, viscous or liquid, one phase or several.

6.2.1 Apparatus for Measuring Vapor Pressures

- The apparatus consisted of a highly polished silver tube
with silver base, which was silver soldered to a stainless steel sleeve,
the 1atter being closed at the t)p by. a stainless steel cap as shown in
R Figure 6.2-1. ‘A thermometer (0. 01% graduations) and tubes through wiich
‘iwater could be c1rcu1ated to and from a constant temperature bath were
‘inverted through the cap. The silvsr tube was fitted into a glasa ves;

sel whichncontained the LiOH solution. . The top of the glass vessel rose

-half an inch or so above the silver tube and its sleeve so that thc closed

space was completely immersed in a constant temperature bath controlled t. .

0. 05 C. One of the outlets of the glass container was connected by meaas o

of a vacuum glass stopcock to a vacuum pump 8> that air could be evacuat

et b v e 4 s
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R NG
rom the system. . The other outlet could be connected to.a manomete'

. The 31lver tube was kep:very highly polished in all tbe experiments

6 2 2 Fxperimental Techniques for Measu'ing Vaour Ptessures

) Appxoximatel$'20-30 mi. of Lin so1ut131 Wan - PlaLed 1n (hc

glass container, the s1lver tube affixed, and the apparatus evacuvated.
.Although the presence of air does not measurably affect the vapor pres~
sure, the formation and disappearance of den is much sharpcl and more |
"readily observed when air is absent Sharpness of dewpoint is governed
by the speec with which’ equzlibrium is again established aitur dew has
been deposited or evaporated from the silver tube. At no time was dif-
Ficulty experienced in making measurement s through sluggishn:uo in the
re- establlshment of equilibrium After evacuation the vacuun p_mp was
shut off and the evacuated apparatus was placed in a constar:. tempera-‘
"ture‘bath where it was allowed to remain until equilibrium hFd been
reached.‘ A period of 20 30 minutes was found to be s:f£1~ieut for this
:purpose. The bath temperature was contzolled to 0.05 C.

‘Hot water was circulated in and out_of the siluer tube
from another constant temperature bath. This constant tererature bath
dwas fitted with both heating -and cooling arrangementr which facilitated

raising or lowering the temperature within a very short time. The baLh
' uas equipped w1th a controller to maintain the temperature withia 0.05°¢.
After attaining equilibrium, the temperature of water c1rculat1ng in the.
 silver tube was slowly reduced with the help of the thermostat of the
water circulating bath. The temperature was noted when the first rraces

:of dew were formed on the silver. tube,

i
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It was noticed in such prelxnxnnry observations that super-

cooling occured before deposltion of dew the tirst azw- pornt 3bserved
being lower than tbe following ones;
cl early observable deposit of dew was produccd? and_allowed t)_disappear,
before taking observations nf temperature, - }

‘ :‘ . . _ The dete mlnatlon was then begun by very gradually lawer-
ing the temperature of the water running through the silver tube, car-.
fully noting the tempera ure. At the first sign of dew formatlon (slight
discontlnuity of the polizand surface, the boundary line becomxng faintly
visible under bright and carefully adjusted illumination) the temperature
. was read The supply of heﬂt t\ the adjustable thermostat was thea

altered S0 ‘as to slowly raise the temperatu'e of the running water. The

temperature was again read vhen dew disappeared from the si lver surface.
' This process was repeated several times. ‘

The paint of appearance of dew with fallxng temperature

was found to agree within 0 05 C with tbe poiht of disappearance of dew
" with r131ng temperatures Reported values are the ‘mean of these two
zreadxngs. In every deterrination the observatxon of dew-point was car-
ried out at least three times, allowing a period of 15 minutes to elapse_
'between each observaLion for equilibrium to be re- established Deter- )
_'minations were not accepted unless the three results agreed w1thin 0.05 c.'“
The lithium hydroxide solution was standardized before and after the
experiment with standard hydrochloric acid These dew-point temperatuxes

. were used to determine the vapor pressure from standard tables of v-

p:r

pressure of water in the literature.

H conxeqnently in a11 experimente a .
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Up to 40°C the thermometers used were high preclsion wir
0. 05 C graduations, for higher temperatures, the thermometers used had
0. 01 °c graduatlon . These thermometers were standardized against National

Bureau of_Standard corrected thermometers.

In all static methods for the measurement of vapor pressurn

' ,there is the possibillty of formation of a surface layer on the so]utian

through condensation or evaporation. Thus, 1t condensation occurs from
the vapor space to the solution (e.g., during disappearance of den from
the siiver tube) a more dilute surface layer will be formea soeeifically
lighter than the bulk of the solution, and the concentration w111 only -
'be equallzed by the relatively slow process of liquid diffusion. To avoid
mthis error the solution was shaken throughout each observation
McBain and Salmon (th)recommended atpreliminary immersio:

of the lower portion of the silver sprface.in boiling'water;"no.dee sub-
__sequently denositsiuoon this portion! and the appearance 5? a line of
division upon the bright surface is claimed to facilitate the observarion
" of dew point. However such preliminary treatment was Judged to. be unnec-

- cessary, and was therefore om.tted

6.2, 3 Experimental Vapor Pressures of Lithium Hydroxide bolution-

The experimental data for vapor pressure of ]ithium hyd oxxde

.solutions at various temperatures and concentratlons are given in Table
6.2-1 and shown in Figure 612-2. Vapor pressure readings wero interpolated

. from the water vapor pressure table. taken from Chemical Engineers' H:ndbook

(105).

- The dew-point method is believed to give an accuracy of

- about O 01%. In every_determination the observation—of dew-point was
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catried out at least three t.imes and the mean was taken to calculate the

:vapor pressure shown in, Table 6 2- 1 'The'preclsion of the experiments
was approxxnately +0 5A of the vapor pre:sure, Lne ab<31ute ccuracv of -

the reported values depenas upon the»sharpness ot tormatzon ana aisap-

pearance of dew and on the accuracy of the water vapor pressure ‘table.
Considering all of these, the overall accuracy of the meaeurements is

estimated to be + l 5%. The data reported here are in excellent agree-

‘ment (withln 0. l mm. Hg ) w1th those obta‘n-d by Walter and Croenveld (07)

vat 25° C. No data were zvailable for comparisoa in ‘the range 25%¢ to

100°C The agreeme it between values of vagor pressure it 100 c reportea
here and those given in the literature (Ol) is of the osder of 1.5%.

To ch ck the accuracy of the method a fnrcher independent

comparison was made by noting the dew points and vapsr >ressures -of potas-

sium hydroxide solutions, and comparing these with the literature values.

These values together w1th literature: values ha»e beea Labulated in

Table 6.2-2. The agreement is quite satxsfacto*y acd is Hithl“ 1. OA.

This comparison lends further confidence to'the methoavused.

Texy-

Py

el

F—

¢ tmeani s

S Rtz b




176

Tabie 6.2-1 e S e
.- Dew-Point-and Vapnr Pressure of 'LiOh Solutiosns

Temperature . . We.% - -~ - Dewpoint B _Vapbr Pressure

2 Srlutioz Lo ' . 2. - am G

25°%C . L0 .. 25000 .. © o 23.75 o PR
S 1.90 2.5 . 23.14 o S L
3.85 C 24,14 : 22.57
"6.45 o 23.37 . 21.5
. 8.05 . 23.04 - _ 21,12

10.10 - 22,39 ' 20.30°

40°% 0 40.00 -~ 55,32 : S
S 1.90 39.51 . 53.88 - IR
3.85 38,90 - . 52.16 T '
© 6.45 T 38.35 50.42 P :
8.05° : 37.76 : 49.02 S
10.10 - 36.81 . 4658

60 C 0 " 60.G0 149,38 , oo
2,40 . ©59.23 4411 L
4.82  58.57 139.79
.. 6.45. ~ 57.98 136.90. .
8.52 . . © T 57.48 - - 132.82 o : i
-10.20 o 56.89 7129013 o L to

8¢ - o - 80.00 . 355,10 -
Ceee 01090 . 79.36 - 346.08 S ;

- 3.85 - -7 78,54 . 334.70 Lo !

T 645 77.72 : 323.63 : S :

8.05 7.2  317.40 i
" 10.10 - .. 76.83. o 31L.87 _gf

100% - 0 ©100.00 - " 760.00 1
e 1.90° : 98.95 . - . 731.92 i

3.85 9751 - 694.82 . - , S
6.45 - . 95,19 D 638.36. . G4
8.05 . 93.60 .7 . -e01.89 . - . .

10.10 . - 91.18 . 549.71

(Values of vapor pressure for pure water were ‘taken fVOm the
litetature (105)) _ -
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| Table 6.2-2

';_Vapor Pressure of Potassium hydroxkide Solutions

LT e o Qaﬁvr Fressure .
Iemperature -~ We.% - - min . Hg : - N
of Solution - KOH o ; This Work ' o lateratere ()

25%¢ . 100 0 0 21.76 ' - 2180 , A
' : 25.45 . . . 16.85 o690 o
30,05 - . 14.12 140

[ SR

40°¢ . 16.50 C 4.3 | 47.00 o f
S 2160 atles | 4180 L
| 24.95 3880 3875 S
40.00 - 20.12 - 20.00 o ﬁ

PR

60°c . 3150 08530 84,00

)
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1. 'DENSITY MEASUREMENT S e
Con51derable ulfflcultles vere expericnced Qith_the pvcbmeter'proc04

dure de%cllbed in thc prevxous report when makxng moaﬂur«m"nt- at high

'temperature Tbese dlfflcu‘l1e~ arose prlmarl'y from rapld corroQion of

“the glass capll‘ar) In view of these problems 3 nodllled Westphal balance

procedure 'Hydro~t 1c Ne.ghln5 Method oL Koh!lrausch) has buen adopted: and Ls
described below. : - “f ' T : - S

Thecry. Thls metmcd.is hascd on tﬁ( Archxmedes Principle. in which a pldmmet
is weighed in'air, water, and the sclution whose dLnley ls to be determined,
rtespectimcly. The denaltv of the soluLicn at thv tomperature tj. at which

- this measarement is conductcd is glven by

P, = WTne X p , T : -
Ssoln Wy ké. ‘ yeter at ci . - (7l0 l)v_'

where ws =~ weight of (hn plummet in the SO'ution.

"WA o wei5hu of’ the Flummet in air

: Hw‘~ welgnt of the plummet in water.

_Using this method P‘ddlich and Blgeleisen (106) who u~ed a plummet

‘-_'havinb a volume of 300cc, claimed that under optimum conditfong, the repro;

ﬂ"duclbility of density meaqurement can be as high as 12 Ox'O -6 gm/cc.‘ ST

: 1;] Deqcr prion of Apparatus - ’ ’ PR S

| An undlytlcal balance with one pan replaced hy a ¢coin’ qllver plummet.
-(approxlmarely R cc in vo]ume) suspendsd by a tine P‘atlnum Rhudlum nlre
was used. The wire passed thtough a hole (abeut 3/8" in diameter) in.
the p'atfonn of the balance 80 that the plummet could bn (mmersed in

'anrmoutatEG potassium hydroxide solut-on placed be.ow che be.ance case.

ﬂ;;lg.fjf
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To prevent corrocion of Lhe olummet .1t was c;ectroplatcd with purc silver.
Te prevent evaporation frow the KOH sol uticn being tected a f‘cu of
nitrog‘n equiiibraled WLLh kOH ot the same concentration and at the s ame
temperature as the sample under test was directeu over the surface of the
solutien. .Fo accomplish this two groups_ef sarurators Were useq“as shokn_
in Figure Y.O-l. fhe first group consisted of two saturators centaining
*dtstxllod water kspL at a temperature cuch that the vaper pressure of vater
is the same as that of the KOH solutron. The second grcup consisted of two
more gaturators at the same temperature and KOH concentraticn as that of

the sample -

7.2 Prccedure

The p]ummet was weighed first in air and then in the KOH %olution which
. was mainraincd at a fixed temperature. The plummet w3s immersed to nuch a
~depth that thc.surface'of the solution always came to the came mdrk on the

: -wire, S0 rhat Lhe same volume of liquid was displaced ac all time~. Thcn

“e weibht of the plummet was determined at intervals of % minutes, to ensuve

that an equilibrtum condition was reached and to guard againet accidental
’ _errers in weighing. The temperature of the sclution was determincd at the

beginning and the end of each experiment.  The experiment was vepeared .

-three to flve times with fresh_samples'of the shmemepmposi;ionlto ensure

reproducibility,

“ . The plummet volume for temperatures up to 80 C was determined by
‘weighing the plummet in water in the same manner as ataced ‘above, For
'temperatureq abcve 80 C, t he volume of the plummet was obtalned by extra-
'polaLing that ohtained at lower tcmperatu*e to the dasired temperature.

'assuming thac the tnermal expansion coefficient of atlver remalns conatant
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‘over thélin(efval of“EQOC-to XGOOC At bO C the vo'umﬂtric cx?ansxon
-i-coefficient was approxlmatc’y O 00000( c) | L
At hxvh tomeraLure, rhv qolutton tended to vnporizc qultc rarxdly,
,_thus affecting Lhe tompern.uru and concuncratxan of the solu.xcn. Tp_
vntnimhve this effect an atmcsphere of nitrogen saturated with watnn _ Con
vapnr was maintained ny vwan[ng presnturatcd nttrogon cver the eux‘ace ) f- | , :

In experimonting with dilute solut[ons‘ dls&olved gaﬂ m the so! utiﬂn

(LRI P
[

: tendcd to form amall bub les. and adh01e to the surface of the plummet,

anan

and had to be romoved betotc taking rcadinbs
Concentrated solutiuns. whose seturation tembcra'u*ec are above room

’temperature, were prc"\xvd and atored in an oven muintained at tem“e'atureq

AN AT A | oy 4 A e A X S 0

higher than the saturaticr tumperaturc. and the concentration was derermxncd
1at the time of density meaaurement by titrncion |

“ Note’_ In theze e)pe:‘menta. no attempt. ‘was made to free rhe potaeeium - CoT
hydroxide qo]utton oE vartonate. but thc cnrbonate content. fcr each concen-
tration was dete*mined nnd was found Lo bo less than one ger “cent c‘ thc
potaseium hydroxldu co‘uent Also. no ntlempt was made to elimlnare the
effect of surface tenstor by coatiné the wire with platinum bxagk

' 143 Discunston nf Results, o A ‘A'xz R

The deneit(es of pctassium hydrox!dc solutions at variou< thpgra- o

tures and concentratione are Cabulated in Tablp 7. 3 -1 and are shown in .

Figures ? 3-1 and 7. 3-2 These tesults agree closely wtth the data from

. . f
LR A SRR NSRS U RO SRS EPIC S SR

iab'e 5 of Solvay Technxca) Bul‘etln No. 15 for 60°C and 80° C - The deviéw
tions shown ara standard devlatlon from tho nrithmetic means. The error

in the concnntration determination ia astimated to be abcut c. ‘% Lf Lhe

total KOH concentration. No measurements wvere made of a :c uL!on whose

LT




.".‘}
) o182 )
. Table 7.3-1
. DENSITIES OF ‘KOH SOLUTIONS
_ '59.9 = 0.1°C" 79.9°% ¢.1°%C
Wt. percent _ A . o
KOH Exptl., Data Solvay Data Exptl. Data Solvay Data
6.17  '1.06381 + 0.0001 1.0375 1.0269 £ 0.0001 11,0279
11.50  1.0863 £ 0.0002  1,0857 1.0746 + 0,0001 1.0767
20.90  1,1758 £ 0.0002 - 1,1750  1.1652 & 0,000l 1.1850
27.80 | 1.2448 % 0.0001 1.2441 1.2329 + 0,0001 . 1,2336
36,00  1.3294 % 0.0002 N 1,3299' ~1.3973 £ 0.0001 A ‘1.3955
43,00 1.4080 + 0.0001 1.4072  1.3180 * 0.0001 1.3185
47.20 1.4560 £ 0.0001 14556 1.4442 £ 0.0008 ~  1.4435
50.37  1.4957 % 0.0001 1.4925° 1.4848 £ 0.0001 i.4803"
- .f.Exttabolated Value
Temp . pe‘:zs.-.n-t .'>Expt1. Value Temp perzént Exptl. Value
©99.2 + 0.1°C 36.0  1.3073 % 0.0001 141 £ 6.2°C  53.9  1.4901  0.0001 -
: 43,0 1.3858 % 0.0001 T -7 .. 55,72 1.5160 £ 0.0001
43.97  1.3969 % 0.0001 59.71  1.5622 & 0.0001
55.4  1.5324 % 0,0001 65.1  1.6268 + 0.0001"
o 59,46 - 1.5809 & 0.0001 L
120.560.1°C  55.4°  1.5205 + 0,0001  161.420.1°C  64.68 1.6086 % 0.0001
' © 7 59,46 . 1,5683 = 0,0001 ) 72,25 1.7046 % 0.0001
- 65.1 '1.6342 £ 0,0001 77.1  1.7652 £ 0.0001
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. CONC"NTRATION DEPENDENCE OF DENSITY OF AQUEOUS KOH SOLUTIONS:
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vépor pressuré were greater than LOOmm Hg at a given température because

ft was felt that uncertainty in the measured values that wculd arise due

to rapid vaporization wculd be toc great, and extrapolatiocn from values - AR
at low vapor pressure may give' better results. The deviations in the
températures shcwn in the table represent errors in temperature deter-

" mination rather than fluctuation in temperature during an experiment.
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APPENDIX 1.

. - Samp'e Calcu!éticn of 1n(y K c)

. ’ ’ . 0. o
Sclubxlitv of oxygen in "% LlOF ro.unon at ’5 C.
' Parameter= needed

" Density of 54 LiOH Solutisn = 1.0203 gm/cé,"oi scluticn

. ” o - O‘ - “ o V : ._..
a, = 3.45 A 118K : _ : a, = 1.57

85.3% Hy=1.8}4 debye

o

i

[aV)

[N |

. \n

RIS
x" )

"

"W

id
1"
—
n
o
>0
’ xL“m
I

>0

ah = 3.30. el 137.2°K

" Evaluation of E?/kT.

——

© —h - _
8
: kT " - }n(Al - §3) h 1

N

=]

xl*c

=1 0

ml‘_‘m
L

'_‘)“;-.

where

b k
g m 2 pla
kT PR a5/

Density of 24 LiOH sclution = 1.00203 gm/cc.

' IO\’H

P ) 2 02 N
No. of Li ions per . cc. of soluticn = iy & 108‘ x N

23. 9’

- .0008523 N

unknown S o d3i 031 2x10

o mer v e meee ™ e wyas ee
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 No. of OH™ ions per cc. of solation = .0008523 N

N/

- Ne. of water mcleculgs/cé.'cf solution = ‘8 x -Igggi N, R R REr
s osssu N
g =27 x 100 x6.023 x 1083 [Lo554 x 2.75 + 008523 x 1.2

+ 008523 x 3.3] .

[}
o

4939 x 107 _ T S e

1‘7T x 10»16

Je
V)
]
[

x 6.023 x’lb23 [ osssL x 2,752 + 0008523 x 1.2°
| o R 0008527 x3.3° “
.3578 x 107 ,.5‘ ‘fA.‘ .

i
L

mx 1072% x 6.023 x 1023 [.0555% x 2. 7«3 + .0008523 x 1.2

o
.
[t 8

L _ + .0008533 x 3 23] B _
- Ly = 1-0.3744 = 0.0255 "_  SR . -

"jln(l-{‘)‘ €’~‘o.k7oou

xO ~929x10 15
0.6255

18x(i;35f8)2x101h‘]( a ) TR
(0.6255)°  4'& L. RN
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et e n Al

U U

s
w4
=3
(023
N -
H O
. [}%]
. .
A ——
ne
[

ks

ST S s




o
: Ce188
=h | - o o2
8, . a = a, \-
g . s [ 21 16 [ 21
T = 0.47 + 1.3024x10° .( 7+ ) +1.778x101¢ “2_ )
A . ' 81 o
But for_oxygen ral 1.73 A
= 067 + 1.302x10% x 1.73x10°% + 1,778x10716 x (1.73)%10

luation of 1n(kTSp,)
Evaluation of In( Ei)

In(kT3p)) = In [82.03x298x(.0008823+,05554+,7008623)]

= In [1385.6] = 7.2347

8
Evaluation of XT ,
: 4 4mp a w2
" 32y _ A R 27272
1 % yep 4 14 300

We have got all the other parameters except 63 which can DHe evaluated as'

. follows' -
ey 3.146x10° -12 3/2( y1/2
k (}03)3-k
3.146x10" 1240, 031310724y 3/ 2 () 1/2
(1.2)% (107%® & 1.38 x 10716
= 59,37 % |
014'02
‘Using the sub e 2 = Jelez 012 =
12 | o
o = 100.3 S PR R

16

= 8.0445

Ry

B PR

s

PRSI
. . '




€. : B
13 437 - SRR

K ‘13 = 2,33

e ) . . B . . P
14 . T3 :
- ‘127 25 _ ' 1 3.;8

For 27 LiOH
-8
1
kT

. ' 23 R
= ( 8000510 ) x 107%% [05554x(3.105)°x100.3

+ .00085'23}:_(2.3)3x8.3.'7 + .0008523x(3.38)3x127.25]_

4%, 055546 .023x10% x1. 57x10"24(1.,87) 2x10” 36

R L -
© 298x3x(3.105) 1. 38x10" ox10724

- [3.76+.020+.095] - 0.60

n

- 3.875 - 0,60

- 4,475
o ~h '-r,

Y In(y.k%) = ok 4 ok 4 tncers oy
voInlyky) = b ¥ InGTEp)

= 8.0645 - 4.475 + 7.2347

.ln(ylk?) = 10.8042
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AFPENDIX 2

Sample Célculationxéf Diffusivity for an Experimental Run

Bnélc Data: Temperatﬁre 6006
Concentration of KOh solutxons.SZ
. 0. (1)

Vapor prossure of 5% K. at 60°C = 145 mm. Hg .

Area of electrode A = 0, 0&89 »m

At 8 minute 1t = 0, 69Sx10 -6 ampefe'(See Figure 1)
‘ Voltage app]ied = -0.45 vol*

Co s aolubxl.ty of O ir 5% ‘KOH solution-

2
0.(2)

At 60 C = O.QOSXJO g-m-)l/centimeter3

i

t

M
.«

-Celculation: Substituting the above data into Equation 4.1-4

'”m.l.D - ‘—--——;T—; .
o -\ arac, ==

o - o : .
- The factor Pop was introduced to account for the water vapor present

P

in the vapor phase.

° « 0.695 x 107° aﬁpere . - 2
Eﬁﬁg%ﬂi X96 . 5% 103 i?ﬁfifziﬂs %0.0489ex’x0.605x10”° B=m2le.
& - B oo . - cm. .
e 2
X 50-145 ' xmk8x60 sec.

760_, x Tx6x8 seg.

p° = 3.418 x 10-5'cm2/sec. B ;‘ - ;T. oo - i
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