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THE NATURE OF THE SUSPENSION EFFECT,
WITH SPECIAL REFERENCE TO CLAY SUSPENSION
Abstract
CGARY E, SPALIING

Under the supervision of Professor L. O. Fine

The suspsnsion effect has bsen explained on the basis of the
Donnan potential and on the basim of a liquid junction potential.
The purpose of the preésent study was to davise experimental medans of
distinguishing between thes# theorias,

A theoretical equation was darlved which reliated the e.m.f,
measured bestween Donnan phases to transference numbers of ions in
the bridges used to make contact with sach phase. The equation pre-
dicted that a plot of &.m.f. va. the difference in transfarence
numbers would yleld a straight line having a given slope. It was
shown that the equation must be experimentally confirmable if tha
Donnanepotential theory is correct.

Cell e.m.f. values wers measured for five K.bentonite 4 KC1
Donnan systems, using bridges of éifferin; composition in order to
obtain savearal values for the difference in transference numbers of
bridge ions. The experimsntal curves were not linsar and their
slopes were 250 to 290i greater than theoretical slopes. It was
concluded that the suspension effect ia not interpretable in terms
of the Domnan potential and must be regardad as an error. The sus-
rension affest is probably causad by non=idsal behavior of ionic
mobilitise glving rise to & liquid junction potemtial at the salt-

bridge=suspension interfaci.
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Introduction

The recent development of practical cation«ssnsitive glass
electrodes prompted the writer to investigate the feasibility of their
application to the monitoring of nutrient-cation activities in natural
soilse It soon bacame evident that the nature of the suspension
effect must ba more cleirly understoed if such application meres to
yield meaningful results.

The suspension affect may be defined as the pH (or pK, plNa,
pCa, etc.) of solution in equilibrium with a suspension (e.ge of so0il)
minus the pH of the suspension, both pH values being msasursed potentio-
metrically. Two theories have bsan advanced to explain the cause of
the suspension #ffect:

(1) The observed pM difference is real. The suspension

#ffect is equivalent to the Donnan potential axisting
betwsen & suspansion and ita #quilibrium solution.

(2) The obwerved pH differencs is largely an illusion.

The suspemsion effect ia an error csused by & liquid
junction potential at the boundary betwasn the satu-
rated KC1 salt bridge (of the reference electrode)
and the suspensione.
If theory (1) is correct, then potentiometric measurements on soil
systems can be intsrpreted in terms of ionic mctivitiese If theory (2)

is correct, however, such interpretation is subject to ®rrore.



The purpose of the present study was to devise experimental
means of distinguishing between theories (1) and (2) or assessing the

importance of eache.



Literature Review

Chemical Equilibria and Ionic Activities in Colloidal Systems

In contrast to solutions of simple #lectrolytes, some colloidal
suspensions (@.g. thoss of soil and clay) display marked microhétero-
fpaneity. Homogéneéity of ionic concentrations is disturbed by the
presence of force fields originating in or at the surface of colloidal
particles. Cationic concentrations decrease and anionic concentra-
tions incrimase with distance from a nagatively charged particla. The
thermodynamic treatment of such systems must employ more general con-
cepta than those commonly applied to electrolyte solutions. Davis (7),
Low (9), and Babcock (2) have thoroughly discussed the slectrochemical
#quilibria of these systéms. The following discusmsion is patterned
after that of Low.

Conaider a suspension of charged colloidal particles (hersmafter
called "particles"). The particles repressnt seats of sxternal force
fields (originating externally with respect to ths solution). In order
for the system to be in equilibrium with raspect to an ionic spscies,
i, the partial molar free energy of i, f;. must be constant throughout
thes system. If a volums element in the diffuss part of the double
layer of a particle is represented by double prims and one outside the

practical limits of the doubla layer by prima, then at squilibrium

F'i' = "{ (1)



The “total activity” of i, @&, , is dafined by

—‘ -
’ii-risulnai (2)

-a®
where Fi is the partial molar free energy of i when i is in & speci=-
fied standard state, B the molar gas constant, and T the absolute
temperature.

From equations (1) and (2) it follows that, at equilibrium

ag = ;i (3)

That is, at squilibrium the total activity of i is constant throughout
the systeme.

In tha absence of sxternal force fields other than pressurs
(as, for example, in electrolyte solutions), i; is identical to the

chemical potential, u In the case of colloidal suspansions, howesver,

i.
axternal force fields cause varimtion in ionic concentrations, hence uy

varies. Low partitions ’fi into u, and positional potential, ©,. If

i i
the only force field prement is an electrostatic field, then,GE = 51?5”
and
F1=u1+01xui+ziy9" (4)
where z, is the valence of i (with sign included), F the Faraday, and

¥ the slectrostmtic potential of the# volume slement in which i

reeidese.



The "mctivity," 8, is defined by

u, = u® = RT 1ln a

where u; is the chemical potential when i is in its specified standard

state. ai

trolyte solutionse It is also frequently applied to colloidal systems,

ig the sctivity commonly referred to when considering mlec-

but in this application &, varies with position in the system, as will

!
now be seene

The standard state for i may be conveniently chosen outside the
influence of external force fields and at unit mctivity, that is,

where 03 = ¢ and a, = Ei = l¢ Then

(6)

° ©
?inui

The relationship biétween activity of i1 in a volume elemant of
the double layer, l;, and that in one outmide tha double leyer, ai, is

found by combining equations (1), (4), (5), and (6). The result is

RT
- R
o Y = 51F in

(7)

1%

Davis (7) showed that the two activity concepts are identical

when applied to whole @lectrolytes, eegs ;HlCl = a0’

Low (9) pointed out that the total activity is a meamsure of the
"gacmping tendency" or change-towmrd-squilibrium while the activity

may be thought of as an "effectiwe concentratione” The total amctivity



is independent of the nature of ©; even if € were different from zF ¢,
equation (3) would holde Equation (7), of course, depsnds on the
nature of €. It must be notéd that equations (3) and (7) apply onmly
to #quilibrium systams.

Equation (7) is frequently applied to equilibrium Donnan sBys-
tems (1,2,7,10,18,25)¢ A Donnan system is one in which a comstraint
is applied to the mevement of mome, but not all, of its constituants.
The constraint may be gravity, as in the casé of a soil suspension
which segregates into & sediment phase and a supernatant phase. OUr the
constraint may be a membrane permeable to all constituents of a system
except colloidal particles. In the application of equation (7) to
Donnan systems, " is the potential of the suspension phsse and #' is
the potential of the sclution phase. The quantity ( ¢ - ¢") is vari-
ously called the Donnan membrans potential, Donnan potential, membrane
potential, or potential difference bestwesn phases; it is designated
by ‘m'

8, (susp)

vy
®a = Yeo1n = fousp = 2.F " 3 Taolnl s
Y soln D&Y be assigned & value of zeroj ¥ susp is then negative and

l‘._ positive for negatively chargad particleas.

Babcock (2) has emphasized that E_ is the potentiaml difference
batween phasés and has the same wvalue for all ion-spscies. From asqua-
tion (8) it is seen that the following relatiomships mast exist

betmeen ion=Epecies 1, 24 3, ceee, Ne



ai(suap) 1/9:.1 az(susp) l/z2 an(ausp)} l/zl1
aizsolns - a, soln) o Ianholn) (9)

E_ is commonly measured (1,7,10,25) by inserting & calomsl slactrode
having a saturated KC1l salt bridge into sach phase ©of the Donnan system
and measuring the potential difference betwsmen theme Tha potential
difference betmsen calomel electrodes is assumed to be the potential
difference betwmen phases, Em. This assumption is the bamis for the

Donnan~potential explanation of the suspension effect, aa will now be

BEQTe
Overbaak® (21) has defined "Donnan-e.mef.," E,, a5 the e.m.f.
of Cull Ae
b4 H X
Hg; Hg,Cl,, sat KC1 £ su;p l|‘ s;%n sat KC1, Hg,Cl,; Hg Cell A
% m

If liguid junction potentiala at X and Y are negligible or cancel,
then :D = Im.
Applying equation (8) to the distribution of H* between phases

we obtamin

(10)

*The author has tramaformed the polarity of Overbeek's cells to conform
to that used by other authorss. The effect is to reverse the mign of
Beiiefe'H,



wmhich can ba written

ET
z;gm = log -H(susp) - log aH(loln) (1L

Since

- log ay = pH (12)
equation (11) can be written

EF
n
Ao = Ployn = Plauep = Z303EE s

where ApH is the "suspension effect."

Overbesk (21) has shows that ApH calculated from Csll A is
exactly equivalent to A4pH calculated from pH measurements taken
separately on sach phase.

Bquation (13) is the bamsis for the explanation of the suspene
sion effact in terme of the Donnan potemtial E.. This explanation
assumes that I. - ED' Implicit in this assumption is the sssumption

that E_ and Ey (Cell A) are negligible or cancele.

The Liguid-junction-potential Theory of the Donnan=g.mefe

Overbeek (21) clearly distinguished the Donnasi~s.mef., Eps from
the Donnan potential, Em. ID is the a.m.f. of Cell A--m measurable
quantitye. :i:m is a conceptual quantity which cannot be measured with

complete mmsurance because of the presence of liquid junctionms at X



and Y in Cell A, Many investigstors (1,10,13,17,18,25) have regarded
ED s a good measure of Em.

In 1950, Jenny, Nislsen, Colemsn and Williams (8) developed a
theory attributing ED primarily to a large liquid junction potentiml

lx’ at X in Cells A and Be They studied

X
Hgy HgZCla, sate. KCl \ KCl, a = az, c, ‘ cation exchanger + KC1l, cl
I. l‘.'= 11,
M Y
E III. E
m J

gystems comprised of KCl solution and KE-saturmted cation exchangers
(resins, clays and soils)e Finding Hittorf transference numbers of
o™, tCl' to increase wmith increasing electrolyte concentration of the
exchanger phmse (compartment II) and decreasing charge density of the
exchanger, the authors concluded that the relative movements of K* and
C1” were meriously affected by the resin or colloid particles. Hence,
& diffusion potential was to be expacted =t X (8).

Cell B was sectioned into thr@e compartmants by membranes at
X and M. The exchanger in II was initially equilibrated against dilute
KCl solutions in I and III. When the Cl™ semcentration was determined
on & filtrate obtained by rapid filtretion from II, it wms found to be
the same as that in I and III. It was also found that H-resin added

to onz side of a two-compartment cell previously containing identical
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HO1l solutions in each compartment caused no redistributiom of HCl to
take placse Since no Donnan distribution (see equation 8) of CL™ was
observed across M, no membrane potential B was expected to exist (8)e

Using experimentally determined relatiomaships betwean t01 and
ey the authors integrated the gensral equation for & liquid junction
potantial (applied to boundary X),

& QU .
RT
lxu-?iz-gi-dlnai (14%)

obtaining, for a system in which E-saturated Ion=X resin sas the

exchanger,
RT &2 1+ 6
E =% (1n -;-1- =~ 0«85 1n TTE%) (15)

The summation in equation (14) is over all diffusible species in the
system, in this case K and C1~. The symbols a, and a, refer to
activities of KCl.

A series of measurements were made on Cell B, by replacing the
equilibrium solution in I with KCl sclutions of warious concentrations
This had the effect of varying the concemtration of the bridge solution
on ths left of Cell A, Satiasfactory agreement wmmas obtained between
calculated I: values and measured e.mefe's of Cell B, lﬁ. A comparison

of these walues for the system K-Ion=K + KCl is presented in Table le.
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Hesulta of other workers are also reported in Table 1 and will be

discuased later.

Table 1. Observed K, values and calculated E_and (B - Sx) values

reported by Jenny (8) and Pemch (23), for the system
KeIon=X + KCl, in millivoltse

- i
. M

axe1 (eq/1) IB E_ - calc. (Em - Ex) - calCe,
5 observed Jenny Peech Peech
0 2 emy) ____
«00463 «00902 18.0 177 98 18
<0063  LObk1 537 537 58 58
«00463 «296 91.7 85.2 22 9k
«00463 432 9645 89.3 15 101
00463 2.32 113.0 102.0 112

e
— e ——

Jenny &t al. state that s.m.f. measurements cam not distinguish
betwean thair theory and thes Donnan thaory bacause Ix and EII are both
of thes samg sign and are both includad in En and I!. Adhering to the
mambrane theory, howsver, requires mms to conclude that tm is a func-
tion of KC1l concentration im the salt bridge used to measure it
(c2 in Cell B) (8).

The suthors observed that when the calomel electrodes (including
salt bridgea) of Cell A ware replaced by glass elactrodes, the cell
#«msfs wns zero. Since the membrana potential mam belisvad to be neg-

ligible in the systems studisd, twe explanations were offered for the
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zero eemefe : (1) o activity is constant throughout the system, or
(2) the ions of the diffuse double layer do not influence the glass
slectrodes Explanation (1), of course, is squivalest to the concapt

of total mctivitye Also, if E_is zero, then by equation (8) al = af

and there ceases to be a distinction batwmeen astivity and total
activitye.
In a later paper (5), Coleman, Williams, Nielsen and Jenny

employed a slightly different form of equation (15) for Ex.

RT 12 1 +k4l-3
Exz-?(ln;-l--lnm-:lﬂ) (16)

The selectivity constant, k, is defined as the ratio of solution con-
ductance to surface conductance in the system studied. These quanti-
ties mre determinad by plotting the specific conductance of the syatenm
(the exchanger phase) against 8oy in the systeme Thus, the determina-
tion of Hittorf transference numbers was avoided.

Besides studying twelve K-saturated soils and reiterating their
previous conclusions (8), the authors (5) determined pH's of soil
sediments, stirrad soil suspensions, and supernatant liquids, using
Beckman glass and calomel electrodese HNHatural soils were equilibrated
with water in a 1:2 ratlos Suparnatant ligquids gavea the highest pii's,
followed in order by stirred suspensions and sediments. Removal of
soluble salts from these soils generally resulted in a higher pH of

the supsrmatant liquid and a lerger suspension #ffect. In natural
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soils the pH differance betwsen supernatant and sediment ranged from
Ce2 t0 1le5§ the range for salt~freeé soils #aa 0¢5 to le7e

The papers of Jenny et al. (8) and Coleman et al. (5) evoked a
great deal of discussion concerning the seat and significance of the
Donnanecemele

Marshall (13,14) criticized the work of Jenny et ale (8) and
Coleman et ale (5)s He argued that, as long as the concentration of
KCl in the bridge is high compared to the concentration of elesctrolyte
in the test system, B, must be smalls Mysels (19) wrote that while
Marshall's argument spplies to electrolyte solutions, it is not neces-
sarily applicable to colloidal systems. The significance of l: will
depend on the kind of contact made between the bridge and the test
symteme If contact is mada only in intermicellar solution Ex will ba
negligibles If, however, ths dilute portion of the bridge enters the
doubls laysr, then micro Donnan=distributions will occur, the trans-
farence numbers of k* and 17 are gltersd, and l'x nsed not be negli-
gibles The presence of a significant E:: ia thus a consequence of
Donnan equilibria (19)e¢ Marshall replied (15) that, for potentiomet-
ric results to be valid, the bridge solution must contact & repre-
sentative cross section of the test systeme

Marshall (13) was also critical of the manner in which Jenny
st al. (8) determined the C1~ concentratisn in compartment II of
Cell B. He explained that, in filtering from II, a constraint (the
filter) was applied to the movement of colloidal particles which wmas

no different, in principle, from the constraint (membrane) at M.

173872 SOUTH DAKOTA STATE UNIVERSITY LIBRARY



1b

Donnan theory predicts that the filtrate so obtmined will, in thg
early stages of filtration, be identical to the solution in compart-
ment III. Thus, there was no evidence to support the rejection of
Donnan distributions in their gystems (13)e Mmrshall's analysis is
supported by Kyssls (19).

Harshall (13,14) recognized no fundamental difference im the
boundaries X and M in Cell B; whatever takes place at X should take
place at M. Willisma (26) replied that M is an equilibrium boundary
while X im nots This distinction was also emphasized by Overbsek
(21,22)s (Overbeek's analysis of Cell A will be reviewed later.)

Peech and McDevit (23) asserted that it was not pomsibls for
the potentials at X and M to have the same sign, as stated by Jenny
et al. (8)¢ They wrote that compartment II (Cell B) will be nega-
tively charged with reaspect to sclutions in I and 1II because of the
gresence of non~diffusible exchanger particlese. Thus l‘x is negative
and B is positive. The eem.f. of Cell B is then (En - Ix) (23)e
In equating By to (Em - Ex). these authors apparently meant for abso=-
lute values of 5 and E_ to be used in the quanmtity (Em - lx)' Peech
and McDevit applied the Planck equation te boundaries X mnd M, calcu~-
lating Ix and Em individuallye. Their valusa for the K«Ion=i + EC1
system used by Jenny st al. (8) are presented in Table l. Theses cal-
culations show that E_ decreases with increasing a, (Cell B) mnd that
(Em - lx)-cnlculuted corresponds very clossly to B, (23).

Paech, Olsen and Bolt (24), while measuring Donnan=#.me.f.'s

of clay suspensions, encountered instances in which measurements
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could not be explairne#d by Donnan-potential theory. The sign of ED waa
found to be positive for many H-, Na-, and K-saturated clayse. hen
these clays were saturatad with 01*2, howaver, thas mign of EB LT
negative despite the observation that Ca-clay perticles were nega-
tively chargedj for these systems, it was concluded that a mignificant
liquid junction potential was seated at X with sign opposite to that
of Ih.

Cl™ was added to a Wa-clay (as NaCl) and two Ca-clays (as CaCl,)
and the recovery of Cl~ was measured potentiometrically with Ag=-AgCl
and saturated calomel hilf-cellse If no liquid junction potential
existed at the salt bridge-suspension contmct, it would have been
necessary to conclude from recovery data that Cl~ was positively
adsorbed by Na-claysi the authors (24) rejected this possibility and
concluded that a positive ﬁx was present. The effect of negative Fx
on measurements of Ca-clay systems mmam to exaggerate the negative
médsorption of Cl~ (24).

The muthors stste that the sign of Ik is indeterminate. Posi-
tive values were attributed to KCl hridge solution short-circuiting
tha potential drop mcross the double layer, while negative valuss were

csused by the formation of CaCl, ahesd of the EC1l aiffumion front (24).

2
Pezech et al. (24) observed, as had Jenny et al. (8), that the
Donnan=e.m.f. was deépendent on the conceémtration of KCl in the bridge.
&t bridge concentrations greatar than the concentration of tha egui=~
librium solution, ID was positive; at bridge concentrations less than

equilibrium solution concentration, it was negative (24). Bower (4)
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also obsarved that the suspension effect varies with bridge
concentratione.

Marshall (16) believed that the reversal of the sign of ED
observed by Peech et al. (24) was caused by hydroxyl ions being
strongly adsorbed by Ca-clsy. This gave rise to a reversal of Donnan
effects.

Low (10) used the Debye-Hueckel theory to derive am equation

for the membrans potentiale The result was

Bn '
I 5 a SeE———. (17)
- T

where n is the number of colloidal particles par cm3. I the ionic

strength, § is the zeta potential and

A | 122081 (18)

where A is tha surface mrea of m particle, D tha dislactric constant,
F the Faraday, mad T tha absoluts temperature.

In an attempt to settle the queation of whather oxr not ib is
a measurs of Im’ Low measured Donnan-e.mefe.'s for 1% slectrodislymed-
bantonite suspensions eguilibrated against NaCl and KCl solutionas. He
stated that if resulte mgreed with equationm (17), then lh exists and
can be measured with snough &ccuracy to give semiquantitative informa-

tion on ionic activities.
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E, was found to vary with clay concentration (n) as predicted
by equation (17) except that the plot of E; vs. clay concentration
extrapolated to =3 mv at n = O, It mns suggested that the -3 mv walue
rapresents the difference in diffusion potentials at X and Y in Cegll A.

E. varied with I as predicted by equation (17). E, varied with

D
§ as predicted except that the curve extrapolated to =13.3 mv at

§ = 0. The =13.3 mv value was attributed to a difference in @iffu-
sion potentials at X and Y or to an assymetry potential across the
membrane (10).

Low concluded that, since B varied am predicted by mquation

D
(17), E_ is not large enough to nullify the membrane potential meas-
urements It was emphasized that Ex does axist and that ita magnitude
should incrsase with the magnitude of the mesmbrane potantial.

Babcock and Overstrset (3) examined the question of whethsr or
not Cell A could memsure sn equilibrium membrane-potential under the
assumption that tcl and tK ar# #quale They considerad a system in
which the suspension phase wag K-colloid + KCl and the dialyzats phase
was KC1 solutione Upon ndding all of the cell reactions and transfer-
ence processes occurring when current is passed, they found the nat
cell reaction to be a transfer of KCl betwsen bridge solutions. Since
no free energy change occurs upon transfer of small amounts of KCl

betwesen identical molutions, ED mist be zeroe. filien tE and t e not

&
equal across the membrane the net cell reaction involves transfer of
KCl between suspension and dialyzate phases ms well as bestween salt

bridgese But since arc1 must ba the same in both phases, no ED should
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be observede The authors concluda that the only poessible seats of
eeM.fe are at the liquid junctions, X and Y. Babcock and Overatrest
emphasized that their conclusion does not deny the possibility that
Em exists; they only concluded that it can not be measured with Cell A.
Mysels (20) criticized the analysis of Babcock and Overstreet
(3)e The assumption that ty = t;; is not realistic. Also, the
authors (3) implicitly assumed the transference numbers were both
equal 0.5, implying that the colloid has zero mobilityj this is not
realistic in a typical Donnan system (20)s The mechanism by which
Cell A could measure Em and the limitations of itz use is qualita-
tively explained by Mysels in the follewing quotae.
The colloidal ion in & typical Donnan mystem can eseape

through the salt bridge but not through the membrane. It is

this tendency to emscape and reach uniform concentration that

could be measured by the potential of the cell (equal to the

restraining Donnan membrane potential) if all other junction

potentials were nullified. Salt bridges are an imperfect tool

for such nullification and it is becsuse of this imperfection

that the potential depends on salt concentration.

It does not appear that Mysels was in fundamental disagreement

with Babcock and Overstreete They (3) concluded that the membrane

was not a seat of e.m.fs and that the only possible seuts were at X

and Yo Mysels does not deny thise He does, however, attach a sig-
nificance to the eemef. at X The analysis of Babcock and Overstreet
stopped short of considering the possibility that Ix may be of

significance.
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Overbeek (21,22) considered E. to be the sum of junction

D
potentials at X, M and ¥ (Cell 4)« The squation for E, vas, then

right &
i
-EF = S Z;—du

k (19)
i
left

In order to refer ionic chemical potentials to chemical potentiala of

neutral substances, the equation

Tight
O= = g A tiduK (20)*
left

was added to eguation (19) to give

right =
- EF = g 153 ti(zi - dug) (21)
left

Overbeek showed that the expresmsion in parentheses refers to & neutral

substancees If i represents an aniom, then

du g 1
{iwdu == (du, - 2,du,) == (22)
-----zi . z, 4 3 Gy ;i""';'la.

*This is true bascauas Wy is identical at sach integration limite.



where Kz i is the salt consisting of one i-ion amnd z; E~ionse If i
i,
is a cation, then [(dui/zi)‘- dug] is the free energy change occurring
when one K' is replacad by l/'z1 i-ione
The integral of equation (21) cam be split into integrals over

each of the three boundaries occurring in Cell A,

susp soln

dui - dui
- Ejf = g Zti(—;;-dux)«o- g Zti(-;;-dux)
sat KC1 susp
sat KCl1 P
i
+ S 5 tiQ—;; - duK) (23)
soln

Since the transference number of non=diffusible ions is zero across

the membrane and chemical potentials of diffusible salts do not change

across the membrane, the second integral of equation (23) vanishes.

Then,
susp au, sat KC1 au,
B - g £ gk - am) + [ £t ap (24)
sat KC1 soln

Thus, the situation at the membrane dosa not enter into the
expression for the Donnan-eetefs, ED' Overbeek emphasized that this
does not mean that Em does not exist, it only means that Em does not

dirgctly coantribute to ED'
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Overbesk (22) applisd equation (24) to a Cell i where K-colloid
# KCl was tha suspension phase and KCl solution the dialyzate phass.
It vas assumed that in the significant part of the liquid junction the
colloidal particles ars present at constant concentration. Ideal
behavior of agtivities and mobllities of all constituents of the system

wag also assumed. Under these assumptions, the following relations
hold (22).

ty (1 #K,01) =1t -ty

de, de

K
doy = dog,

Combining equation (24) and equation (25) yields

R Ty by
.ID.FSR‘I'S (q-%)&x‘dlnexj
sat KCl
sat KCl
4+ RT (tx - t’m) de, ~d1lne (26)
8 %o’ “k K
soln



Since &¥ and €1~ mobilities are nearly equal, the tramsference numbers

of sach are in about the# same ratio as their concentrations and

E ‘@ .
b = & B (27)
% ®a1

= F 18 g ooty i

which is equation (8) applied to K under the assumption that B = Cye
Hence, for the syastem considered by Overbeek, ID will b# & good meas~
ure of E = if mctivities and mobilities behave ideally.

Overbeek (22) does not believe the assumption of ideal behawior
of ionic mobilities is an mdequate mpproximation for Donmnan systems
unlsas Em is smalle. The mobilities of counterions may be far below
their mobilities in free solution while co~ion mobilities will be
largely unchanged because they are expelled from regions of high
charge density (22).

Overbeek cited work of othars in which obmarved ED':, whan
interpreted with equation (8), led to the conclusion that the degree
of dissociation of colloidal particles incremmed with incrsaming salt
concentration of the equilibrium dialyzate. Thias conclusion was

rejected as unreasonable (22); however, "the interprstation with
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sgquation (24) . « « Would mean that in the lomer electrolyte concen-
tration th& mobility of the counterions is comsiderably decreased and
this is wholly in line with the fact that at low ionic atrengths the
#lectrical potential around the particles is high" (22).

Although the explanation for the Donnan=g.m.fs (or suspension
effect) in terms of liquid junction potentials was proposed by Jenny
et al. fourteen years ago, there does not yet exist general agreemsnt
on whether or not this explanation is correcte Jenny et ale (8)
remarked that measurements on cells of typs 4 or B could not distin-
guish clearly between thes# theories. Mich of their evidence was
based on rejecting the importance of Donnan eguilibria in their sys-
tems because of finding identical Cl~ concentrations in suspension
and dialyzata phases. But the comments of Marshall (13), supported
by Mysels (19), seem to properly discredit this observation. The
reversal of the sign of E observed by Peech et al. (24) was inter-
preted by them in terms of liquid Jjunction potentials, and by
Marshall (16), in terms of Donnan equilibria. While strong theoreti-
cal arguments were brought forth in support of the liguid junction
theory, it mould seem that no experiment was performed which was
capable of clearly distinguishing betwm#en thes# theories or of

asgessing their relative importance.
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Iheory

The following discussion is the basis for expariménts which
wire performed in an attempt to distinguish between the liquid~
Junction-potential and Donnan-potential theories of the suspension
effect or Donnan=eemef.

Let us consider a dialysis cell in which clay suspension has
come to equilibrium with a dilute solution of strong slsctrolytes
across a membrane permesble to mll ionic comatituents except cley
particles.s Identical bridges of a 1l:1 strong #lectrelyta, AB, ars
then connected to each compartment of the dialysis cell and identical
electrodes, reversible to A’ or B”, ars inserted in the bulk of the

bridge solution. The result is Cell C.

X clay + dissociated cations H strong
revers. #lectr., AB | + strong electrolytes elactrolytes
Ex I Em 11
4
l ABy ravers. electr. Cell C
¥y

Since the reversible electrodes are immersed in identical solutions,
they will not contribute to the cell a.m.f., lc. Ib is the algebraic

sum of memefo's at X, M, and Y.



Eg=E +E + Ey (29)

c

Call C differs from Cell A in that tha bridges in Cell A are
specified as saturated KCl while the composition of bridges in Cell C
i®s unspecified. lie now examine how Ec varies with bridge composition.

fe shall assume that all constituents of the test system
(compartments 1 and II) and bridges behave ideally with reapect to
mctivities and mobilitiese It is further assumed that boundaries X
and Y consist of a continuous series of mixtures of bridge solution
and test-system molution or suspension. The potentials at X and Y may
then be expressed by Henderson's integrmted form of the aquation for a
liquid junction potential, equation (30). (ar account of Henderson's

integration is given by HcInnes (11)).

s5(u./z.)e, =c,) =e,U
RT sl Sl i 14
El.jo = -f i“:’tui(ci - gi) 1n ZCF; (30)

The gymbol, s is the concentration in equiwslenta per liter, Ui the
mobility, and z, the valence (sith sign included) of ion=species i.
Barred quantities (i.e. Ei) refer to bulk solution to the laft of the
boundary and unbarred quantities rafer to bulk solution to the right
of the boundary. The summations mre over all ions, including clay

anions, present.



Let um specify that the electrolyte concentration of the test
system is mo mmall comparad to the concantration of AB in the bridge,

c,p* *hat the Uc,/z, and U,c, terms which apply to the test system

i i
become negligible in the logarithm coefficiente Equation (30) then

reduces to

U Zc
El.j. 3——-3- 1n —--ﬁ- (31)

it X, the bridge is on the left and w¢ have

(U +U)

I .-s-— r——ﬁ-—lnzégvr———-—- (32)

whersa cg

bridge is on the right, therefore

is the concantration of i in the suspensione it Y, the

v, - U SelU

RT N
¥ U ﬁ °x8''a * Yp
Where cj'_ is tha concentration of i in the dislyzate.

adding equations (32) mnd (33) yields

UB ch
B +E =-—-——-ﬁ-1n-—wﬁ- (=h)

A+B
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In the bulk solution of the bridgss the tranaference numbers

may be defined by

i U
A B
tﬁzmand tazm (35)
thus,
UA - UB
“A - iiB » tA i ta (56)

Equation (34) may then bs expressad more simply as

Re . £°{Y
Bx+zy=(tA-tB)-ian;;,:3; {37)

We now seek to eliminate all cg 's in squation (37). We
assume that the distribution of diffusible ions between phases is

given by aquation (8).

)
3

(8)

s
E
2

Assuming ideal behavior of amctivities, we havs

[

(38)

B

5]

g

=
o' ()
w2



which can be transformed into thé exponential form

ziFEm
cff = clexp|=mm—|= ciexp(ziE.k) (39)
where
F
£ = = (40)

In order for electroneutrality to be mmtisfied, the concentration of
clay, Cpo (in equivalents per liter) must be
et o "
cp = Zgt igi (41)
where 222 is the summation of tha concentratione of all cations in
the suspension and 222 is the summation of the concentrations of all

anions, except clay, in the suspension. Combining equations (39) and

(41) we obtain

c, = Zgiexp(zismk) - igiexp(ziEmk) (h2)

Separating the chp term from the summation in equation (37)

and specifying that the summations now apply only to small ions,
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w2 obtain

ctlU

-y
B+ By =ty - tg) TF 1 #3)

PP ii

Bquations (39) and (42) are now used to sliminate cp and all c;: from

squation (43). Also, -3;- is substituted for EI/F.

E + Ey = (1;A - tB) s (44)

Where

. civi

1
iniin [£ g{exp(ziﬁmk) - Zgiexp(zimmk”Up + £c£ﬁiexp(m{fmk) (45)

24 I’ dogs not directly contribute to lc (ieme if M i8 not a

seat of eemef.), then ic = Ix + Iy. hence

EC - (tﬁ. - tﬂ) 8 (46)

I B‘ contributeaz to lc, then lc = Im + :Ix + I, and

E

c = B, + (tA-tB) s (47)
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Consider, now, an experiment in which Ic is measured on m given
test system usiag bridges of differing composition in order to ohtain
different values of (t 4 = tg)e BHEquation (46) then predicts that a
plot of E, va. (t A" tB) will yield a mtraight line jassing through
the origin and having slope S. Eguation (47) predicte that plotting
lc vs. (t A" tB) will yield & straight line of E,~intercept E_ and
slope 8.

It is of interest to cxamine the predictions of equations (46)
and (47) when the bridgs is composed of KCl. Im this cese, Cell 4
and Cell C are identical and E, = B;. Since K* and C17 are mearly
equitransferent, (¢, - t;) = Oe BEquation (46) then predicts that
ED = O0s But it is well known that ED is, in general, not sgqual to O.
Since (t,\ - tB) is not exactly squal to O, some deviation from 0 is
expucted for .D’ however, not nearly as much as is comnonly founde.
Hence, we must conclude that equation (46) is not valide Bquatien (47)
predicts that Ej = E_i thus, it is in agreement with the explanation
of lb in terma of the Donnan potential.

If equation (47) is experimentmlly confirmmble, this would pro-
vide wvery strong evidence for the Donnamn-potential theory of the sus-
pension effects If tb iz & liquid junction potential caused by non-
ideal beshavior of ionic mobilities it would seem very unlikely that
equation (47) could be obeyed; recall that equation (47) ims based on
the assumption of ideal behavior of mobilities. Thus, plots of lc Yiie
(t a - t!_) should provide & basis for differentiating between the theory

of the Donnaa potential amd tha theory of the ligquid junction potesntial.
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Experimental Me thods and Procedures

In order to test equation (47), mimple examples of systems
represented in Cell C were studied, These examples are represented

sore specifically im Cell C'.

X 1% K-ventonite ¥ Kc1 L
Ag;lgGl,l}_!_hCl, + EC1 icxncm-cxallg.&m,ﬁlﬂtu

E I 1I

x m y

Cell C!

Bridges of 1.00 N LiCl, NaCl, KCl and HCl wers used to measurs

2eMefe's of Cell C*y iewe bridges in which At = Li’. Na*, I*. or ',
Five dialysis cells were preparede All contained 1% K-bentonite in
compartment I. Each of the five cells contained a different concen=-
tration of KCl slectrolyte than the sther four; KCl concentration of

cells was varied from 1 X 10~ Btoox 107 i

Electrode Construction

Ag=-AgCl electrodes were constructed as shown in Figure l.
After ssaling the silver wire im the glasa, it was cleaned by soaking
o few seconds in warm (ca. 50°C) 8 H HNO;, wiping with absorbent
papar, soeking about 1l minute in concentrated NHAOH. wiping with

absorbent paper, and rinsing thoroughly with water. The silver wire



- 1insulated, stranded copper r

& epoxy seal

————— 3mm 0.D. Pyrex tubing

4 cm
- stranded copper wire
e golidleir  jlodint : I
——-— gilver wire I
1-1.5 cm

— — —_epoxy =eal

chlorodized silver wire



was chlorodized in 0.1 N HCl against a platinum wire (sealed in glass)
cathodes A current density of 15 na/cmz was pasgsed for 5 minutes.

Bridge tubes were prepsred by drawing a 0.5 to 1 mm diameter
straight capillary from 4 mm I.D. Pyrex tubing. Tubes accepted for
use had evenly cut openings and tapered gently for about 1 cm from the
capillary tip upwardse Overall lengths of bridge tubes were about
75 cm, the 4 mm tubing accounting for about 6 cm.

Akali-chloride agar was prepared by dissolving l.5 g of agar
in S50 ml of 1.00 ¥ 1iCl, NaCl or KC1 st 97-99°C. Bridge tubes were
filled with hot solutien to & height of about 1.5 ~ 2 cm above the
capillary openingj they were held in & vertical position until the
agar gellede HCl-agar could not be prepared in this manner because
agar was decomposed and would not gele To prepare ECl-agar, l.5 g
of agar was dissolved in 25 ml of water at 97<99°C. The solution
was allowed to cool, with conmstant atirring, to 65°C; then 25 ml of
2400 N HC1 was added and stirred in. The ende of bridge tubes were
immediately filled with HCl-agar and held vertically until the agar
gelleds No decomposition of gelled HCleagar was visible, even after
several weeks.

ifter preparing agar bridges, 1.00 N LiCl, NaCl, KC1, or HC1
was added to = height of about 2 em sbove the agar. A Ag-AgCl
electrode waa dipped into bridge solution and held securely in place
by ogmenting (DeKhotinsky cement) ite glass shank to the top of the
bridge tubs. The top of the bridge tube was not sealed from the

atmosphere. Electrodes + bridges (hersafter called electrodes) were
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fitted in No. O rubber stoppers and stored in 125 ml Erlenmeyer flasks
containing the appropriate 1.00 N chloride selutionj lead wires
extended out of the flask and the flask was stoppered as tightly as

posaible in order to prevent evaporationes

Testing the Henderson-boundary Approximation

To determine how wall the Hendarson equation expresses the
junction potentials between agar bridges and dilute KCl solutioms,

measurements were taken on Cell E.

I standard KC1

Ags Agll, 1 N ACL selution 1 M KC1, AgCl; Ag
& 2 3 E,

Cell B

Junctions at O and P were made by means of agar bridgeas. The con-
centration of standard KCl was varied from 10'4 to 10'3 N. Tha cell

ToMefay IE’ is the algebraic sum of l]_, la, ly ard By .

By=K + K, +K; + 35, (48)

El and E,* were calculated as followse.



"1' =E°® +E§-.1n g (43)
xhuv-grflngm (50)

E° is the standard reduction potential of the Ag-AgCl electrode;
E* = 0,2224 at 25°C. The valus of 2y, was calculated from the mean
ionic mctivity coefficient of ACl (A" = " Hn+, or H') or KCl.

EZ and 33 vere calculated from ths Henderson sguation, squatioen
(31). HMobility values (infiamite dilution) wers teken from a tabls
proa@ented by Daniels and Albarty (6).

Cell eemefs's were measured with a Keithly Model 600A electroma-
tere Cells in which the ECl-agar electrode formed the left half-cell
required 3~5 minutes for the semef. to bacome stemdy; the final wemefe
was usually 2 mv different from the initiale The e.mefe of other cells
was steady alimost immediatelye MHeasurememnts were talcen with two
(designated a and b) of emch kind of ACle-agar electrodee ACl-agar
electrodes wers allowed to stand in 1.00 H ACl solution for several
minutes between readings. Heasurements were taken at 25° 3 1°C.

Calculated and observed values of EE are presentad in Table 2.
In every case, obssrved values were lower (more negative) than those
calculated with the Henderson esquation. The difference betwean ofai-
culated and observed values does not seem to depend on the concentra-
tion of KCl standard solutionj in 4 out of 6 cases, this difference

agreed within 1 mv for the most concentrated and most dilute KC1



Table 2o Comparison of calculated and observed values of EE at 25°C, in millivolts.

At = Na* el
cKCly obs. calce-obse obss  calce.-obs. obs. calce=0bs,
eq/l X '.LOI+ calce & b a b calce @& b a b calce a b a b

3 65 <72 <74 2 9 b2 46 47 4 5 i 1720 173 1 8
2 «59 =68 «69 9 10 «38 <42 <44 4 6 169 159 162 10 ?
> -56 65 =65 9 10 «36 <40 =42 4 6 162 153 155 9 7
4 -54 <64 <S4 10 10 ~35 39 40 4 5 157 143 150 9 7
5 52 =62 =62 10 10 -3F <38 39 4 5 153 14 16 9 7
6 -50 <60 =60 10 10 ~33 37 <37 L4 4 150 141 143 9 ?
¥ 49 <58 59 9 10 “32 36 =36 4 &4 148 138 140 10 8
8 B8 <57 <57 9 9 “32 35 <3 3 &4 6 136 138 10 8
9 47 55 56 8 9 =31 34 ~35 3 &4 Wk 133 135 1 9
10 <6 56 <56 10 10 =31 <34 34 3 3 %2 130 133 12 9

colusm

average: 9 10 Iy 5 10 8

column

range: 7-10 G=10 3-4 36 9-12 7-9
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gtandardse. Thus, even though the Henderson squation doam not describg
the observations exactly, it ie only necessary to add a constant to it
in order to obtain mm eguation which dosse In measurements of lc it

i® Hot necesBiiry to consider such a Ycorraction constant" hecause it

cancels outs In othsr words, the Henderson equation correctly predicts
differences in liquid junction potentialse Hence, it may ba applied to
the quantity (EI - Iy) if activities and mobilities are as idsal in the

suspension phase as in the dialyzamte phase.

Preparation of K-bentonite

Seventy~five grams of Upton Wyoming bentonite (A.Psle. Noa 25)
ware dispersed in mpproximateély 3 liters of water using a Hamilton
Beach mixer. Coarse particles were removed by centrifuging for 10
minutes at 1000 rpm in an International Noe 2 centrifuge equipped with
250 ml tubese Ome liter of O.4 H ECl wms then stirred into the 3
liters of suspension. The suspension was stirred occasiomally over a
period of 3 days and waa then passed through a Sharples supercentri-
fuge operating at 50,000 rpme The clear &ffluent sclution was dis-
carded and the clay sediment redispersed in 3 liters of wmater using
tha Hamilton Beach mixers The clay was KCle-washed two more timeaj
centrifugstion was begun sbout 10 minutes after stirring the KCl solu-
tion inte the suspension. After the final EKCl-mmsh, the clay was
repsatedly washed with water until the supercentrifuge effluent con-
tained no C1~ ms indicated by the AgHO, test. The clay remaining

L
after the final washing was dispersed in 1 liter of water. The clay
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concintration waa determined by drying & known weight of the suspension
at 90°C until free water was expelled and then drying to constamt
weight 8t 130°C. The clay concentration was found to bs 1.60% by

weight.

Dialysis Cells

Five dialysis ¢e@lls were comstructed from 1/4" Flexiglss sheet
and 2" QeDe~, 1 1/2" Ie.De~Plexiglam cylinder. One of these is illus~
trated in Figure 2. Ethylene chloride was used to cement piaces
together. Internal dimensions of each compartment are 3 X 3 inches.
The two compartments are connected by cylinders cemented into cne sida
of each compartment and protruding 1/2 inch from the sidej rubber "OV
rings are mounted on the protruding ends of cylinders. A 10=
millimicron Millipore filter is mounted batween "O" rings and compart-
ments are fastened together with 1/8-inch machine boltse. After filling
a compartment, its 1id is fastened om with four 1/8-inch machine bolts
and Bealed by brushing a melted mixture of paraffin amd petrolatum
(approximately 1:1 by volume) over edges where the lid contacts the
rest of the compartment. The lid has twe 1/2-inch dlameter holes which
accommodate slectrodes oet in No. O rubber stopperse Holea were plugged
with solid rubber stoppers when msmsursments Were not being taken.

The initial compoaitions of dialyais cells wers made up as shown

in Table 3.



Figure 2.

Dialysis cell.

6¢€



Iable 3. Initial compositions of dialysis cellge

— el
. —

I

Cell Noo and ml 1,60 % ml 0.100 N °kc1
compartment K-bentonite B~ SLEe % clay eq/1 X 10“

l - dial - Ok koo - 1.0

- BusSp 250 Ol 150 1.0 1.0

3 - gial - 1.2 400 - 3.0

- susp 250 1.2 150 1.0 360

5 = dial - 2.0 koo e 5.0

-~ 8UsSp 250 260 150 1.0 5.0

7 - aial . 2.8 400 - 740

- Susp 250 2.8 150 1.0 70

9 - dial - 3.6 400 - 9.0

- susp 250 3.6 150 1.0 9.0

Volumes of 1.60% clay and of water were measured with a 500 ml gradu-
ated cylinder; volumes of 0.100 H KC1 were measured with a 5 ml gradu-
ated pipette.

after filling dialysis cells, they were placed on a mechanical
shaker and shaken for 5 days in a direction parallel to the membrane.
After this period the phases were at equilibrium =ms evidenced by an
eelsfe of less than 0.2 mv between Ag-AgCl electrodes, one immersed in

each phase.
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Prior to each measurement of E,,, the e.m.f. betweon & and b
ACl electrodes was measurade This e.mef. was subtracted from E,, in
order to correct for mmall differences in the characteristics of #lec~
trodes a and b When measuring E,, it usually required about 25=40
minutes for cell semefe'sm to become atemdy. The esmefs was recorded
when it became sufficiently steady that no change was observed during
a period of at least five minutese The Keithley Hodel 600A slectrome=—

ter was used to measure cell e.mefs'se



Results and Discussion

The resulta of 'c' determinmtions on five K-bentonite + KCl

systems are presented in Table 4.

Table 4 Observed E , velues for five K-bentonite + ECl systems,
in millivolta. At 25°C.

Cell No. N et At = W' At arn® it e xt
1l 63 57 35 «10
3 59 50 30 -7
5 52 4s 25 =8
? 46 38 24 =7
9 il 39 22 -
(tA - tc]-): <0327 =0¢206 =0,018 40‘6#3

==L, ———————————————————

The (t )" tc]_) values wwre cealculsted from mobilities at infinite dilu-
tion and 25°C; mobility walues were taken from a tabls presented by
Daniels and Albarty (6). In Table 4, the (dialysis) eell numbar is
aqual to the KCl concentration in the systam (suspension + dialyzate),
in units of 10"“ squivalents per liter. Values reportad are averages
of twe measured values. In no case did individual measurements dif-
fer by mors tham 2 mv from the average, i.#. duplicate determinations

elways mgreed within 4 mvj they usually agreed within 2 nv.
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In Figure 3, E,,~observed is plotted against (t, - tcl) for
dialysis cells 1, 3, 5, 7 and 9« It appears that these plots do not
yield the streight line predicted by equation (47). It would not seem
reasonable to draw a best-fitting straight line for each curve because
tﬁo curves are eimilar for the 5 aystems studied. Upon connecting
points by line segments it is seen that inflections ocour at
(t, = tg) = =0.018 and (t, ~ t,,) = <0.206 for each of the five curves.
Suéh similarity would not be expected if points deviated from a
straight line because of random experimental error. Thus, the devia=-
tion from linearity is believed to bes real.

For the K-bentonite systems studied, the theoretical expression

for E

g1+ equation (47), becomes

1 ']
B.. 2B +(t, ~=t..)=1n {51)
c* " A c1’ k ‘ *
U psinh(xnk) + U coah(E‘k)
uhare
g, + U
u'«:—----——%-xE & (52)

In obtaining equation (51) from equation (47), the approximations

*
UK = U. and 001 = U were usede Marshall (12) reported a value of
3.8 X 10.# cma.volt'l.sec°l for Up when p is K=bentonite. Substi-
tuting the values of U and U,, st infinite dilution (and 25°C) into

1
-4 2 -1

. -
equation (53), it is found that U = 7.76 X 10”7 ecm“.volt  .sec 1,
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Figure 3. Observed relationships between E-' and
(tA - tc)) for cells 1,3, 5, 7, and 9.
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At 25°C, k = (38.9/1000) mv™T and 1/k = 25,7 mve Substituting these
values into equation {51) it is found thet

By, =B + (t, = £5,)(25.7) 1n

wiere By, and B, are expressed in millivelis. Equation (53) predicts

a 8lope, 8', of

8% w 257 1n —= - 276 — (54)
3.851!:11 T n]* 7.?60“11 &

for a line obtained by plotting E,, vs. (1*.Il - tc1).

Figures &4, 5, 6, 7 and 8 present chserved and theoretical
(equation 53) relationships betwsen By, and (¢, - tc1) for dialysis
cells 1, 3, 5, 7 and 9 respectively. The value of l‘ used in equatioa_
(53) was taken from the experimental-curve intercept om the K, -axis,
hence the two curves must necessarily intersect at that point. It is
evident that the megnitude of theoretical =lopes is much emaller than
that of gbserved slopese A comparison of theoretical and minisum=-
obgserved slopes is presented in Table S.
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Figure 5. Observed and theoretical relationships
between !C' and (tA - tcl). Cell 3.
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Figure 6. Observed and theoretical relationships
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Table 5. Theoretical and minimum~observed slopes for &y, vee
(gA o tel); in millivolts.

Cell Mo, theoretical minimum observed obss - theor. ﬁ .
1 -28 ~69 41 2.5
3 -22 -57 ~35 2.6
5 -18 =50 ~32 2.8
7 «17 47 ~30 2.8
9

The "minimumeobserved" slope is the slope of the line segment to
the right of the origin. Other line segments of experimental curves % j
have larger slopes; thus, for these segments, the difference betﬁein
observed and theoretical slopes is largor than shown in Table 5S¢

The fallure of equation (53) to deseribe the experimental mﬂtal
is evidents It predicts a linear relstionship between E,, and .
(¢, - tcl). whereas a non-linear relationehip was observed. Aleo,
minisus-pbserved slopes are 240 to 290% greater than theoretical sloﬁajs.
In line with the discussion presented in the Theory section, it is con-
cluded that the Domnanwsemef., Ej, is a very poor measure of the Domnan
mambrane potential, la'

Overbeek (21,22) considered the Donnan-e.m.f. to be a poor ma-
ure of Em unless the charge density of colloidal particles is low; the
condition that E, be low is not sufficient. Table 5 shows that the

arithmetic difference between cbserved and theoretical slopes is



larger for systems having lower KCl concentrations; Table 4 and

Figure 3 show these systema to hawa high values of Ec,. In other
words, the agresement between theory snd experiment is poorer for sys-
tems heving larger Ec, valuss. A comparison of observed slope/thse-
reticel slope (Table 5), however, shows that the percentage difference
between slopes is greater for systems of higher KCl coacentrations and
lowsr E,, velues. This supports Overbeek's statament that the condi-
tion that ED be low is not sufficient to imply that it will be a goed
measure of lm.

Babcock and Overstrest (3) and Overbeek (21,22) showsd that the
mambrane potential, E , does not conmtribute directly to the Donnan~
e.mefs or suspension ¢ffect; i.8. the membrane is not a seat of e.mefe
(see mquation 24). The author can find no fault with their theoreti-
cal analyses in this regard. Accepting thia viewpoint reguires one to

choose equation (46),

Ec = (tA - tB) S (46)

as the correct expression for Ec. if sssumptions upon which it is

based are valid. But, as noted in the theoretical discussion, this
requires that ED (Ec = Ep when AB is KCl) be approximately zerog this
contradicts much experimentzl evidence, including that presented

aboviae



This leads one to question the validity of amsumptions on which
equation (46) is besed. It was previously shown (in Experimental
Methods and Procedure section) that the Henderson-boundary assumption
is valid for experiments reported here, if mctivities and mobilities
are as ideal in the suspension phase ma in the dialyzate phasee
Activities mro well known to behave almost ideally in dilute solutions.
Since activitiea differ from concentrations only because of intarmction
between szzll ions, they must behave as ideally in suspsnsion phasas as
in solution phasesj recall that the chemical potential, in terms of
which activities are definsd (egquation 5), does not include interaction
between small ions and force fields of colleidal particlesm. The
assumption that equation (8) expresses the distribution of ions bstween
phases seems reasonsbles in view of the singls assumption used in its
darivation; i.e. the assumption that the only force field originating
in colloidal particlea mnd affecting ions im an electromtatic force
field; in any case, this assumption is essential to the interpretation
of the Domnun-e.m.f. in terms of the Donnan potentizle The remaining
assumption upon which equation (46) was based is that ionic mobilities
behave ideallye.

Jenny et al. (8), Coleman st al. (5) and Overbesk (21,22)
attributed the Donnan-esms:fs to non-ideal beshavior of mobilities.
Regults of thé prasent atudy support this view if it is granted that
the correctms&s or reasonablansas of other agssumptions has bean

esstablished.



Mysels (20) seems to have argued that, although the membrane
is not a seat of ®emefe, the membrane potential, Em' would be reflected
in the liquid junction potential, Ex' if mobilities behawed ideally.
Overbeek (22) showed analytically how such a reflection could take
place, again, if mobilities are ideal (ses equation 28). But it was
his view that the masumption of idesl behavior af mobilities is not
valid for systems containing particles of high charge density. Results
of the present study show that the membrane poteantial is not accurately
reflected in the liquid junction potential Ex.

Since the Donnan=s.m.f. or suspension effect is not inter-
pretable in terms of the Donnan membrane potential (nor, as far as is
known, in terms of any other quantity of direct significance) it must
be regarded as an érrore #Also, 8ince :m i& not measurable, the con-
ceptual distinction hetween “petivitiea" mnd “total activities" can
not be given a physical distinctiony in systems containing charged
colloids., Although Low considered ED to be an approximate measure of
E o (10), he seemed to prefer total-activity measurements to activity
measuremgnts because the former are of greater thermodynamic signifi-
cance than the latter (9,10)s The results of the present study sup-
port Low's preference.

As was pointed out by Babcock and Overstrest (3) and by
Overbesk (22), the view that E, is not a memsure of B (supported by
rasulte reported here) doms not deny the posaibility that Em exiasts}
it only denies the usefulness of potentiometric methods used to meas-

ure Em' It must be emphasized that the resulta of the present study
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in no way deny that Donnan digtributions of ions exist in the syatems
studied or in analogous systems (eege in soils).

Since the Donnanwé.mef. must be explained in terms of changed
ion mobilitisa, it is of interemt to examine a mechanisas by which
mobility changes could give rise to the obmerved e.mef. Since it is
impossible to observe the movements of ions on a molecular mcale, the
following discussion must, in part, fall into the realm of speculation.

Consider Cell A, in which KCl bridges are employed to measure
:‘D‘ Assuming that Ey is negligibla and that M is not a source of
gemefe, then ID = Ex‘ Since poaitive ED'B are obmervad, Ex mst be
positivej 1.2+ the boundary X ia of polarity = | +¢ In order teo
obtain a positive § , it must be true that K’ moves from the bridge
into the suspsnsion at a faster rats than €1~ . To see why this should
be so, consider the approach of the KCl diffusion front to a single
negatively charged particle (e.ge a clay particle). As bridge-KCl
bagins to enter the double layer of the particle (i.es the electro-
static force field), K* will be accelersted toward the particle and
C1” will be repelled by the particlej thers is also a tendency for K*
and C1™ to be held in the same location due to sttraction between
theme The result of thesa opposing forces is to cause a slight
excoss of pasitive charge to mccumulate in the double layer with a
corresponding deficiency of positive charge outside the double layer;
this gives rise to & positive potential, :x’ the magnitude of which
depends on the charge excess or daficiency, &and on the separation of

locations where positiwe charge is in excess and locations where it



is deficient. When KC1l solution is concentrated, the electroatatic
field of the double layer should be very smail; however, since bridge-
KCl enters the system by diffusion, there will be locations (at the
diffusion front) where bridge<KCl is dilute. At these locations, the
particle's electroastatic field is large, giving rise to :x'

As mentiomed sarlier, it usually required 25 to 40 minutes to
obtain steady EC' measurementse During this time, Ic, always
increaseds This can be explained by the mechanisa® proposed above:

The observed e.mefs increassd with time because the KCl diffusion

front becsise more dilute with time, hence the influence of the slectro=-
static field of particles became greater. When the @iffusion front
became s dilute a8 KCl1l in the system, the observed ee.msfs became
steadye

It ia of interast to mention how the conclusions of the present
study affact the interpretations of results of potentiometric mezsure-
mants on soils. Since the Donnan<ee.mefs or suspension sffect must be
regarded as an error, it should be avoided wherewer possible. This
can be done by making msasursmenta (e.g. pH or pK measurements with
glass electrodes and saturated calomel electrodes) on a solution which
is at equilibrium with the soil under study. Each inveatigator muat,
of course, decide whether or not ths muspension effect will camtribute
sufficient error to be of significance in his studies. The signifi-
cance of the suspension-effect error will depend on the particular

s80il under study mnd on the purpose of the atudye.
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Sumnary

There has been o great deal of discussion in the literature on
how potentiometric measurements in colloidal systems should be intar-
pretede The suspension effect, which is generally obaerwszble wuken
such measursments are made, is attributed, by mome, to the Donnan
potential and, by otherm, to a liquid junction potentiale The pur-
pose of the present mtudy was to devise experimental maans of dis-
tinguishing between these theories.

A theoretical squation was derived which related the ege.mefe.
m@gasurgd betwsen Donnam phases to tranaference numbers of ions in tha
bridges used to make contact with each phase. The mquation predicted
that a plot of eemefe vse the difference in transference numbers
would yield a straight line having a given slope. It was showm that
the equation must be experimentally confirmable if the interpreta-
tion of the suspension sffact in terms of ths Donnan potential is
valid.

Cell eemefe values were measured for five K-bentonite + KCl
Donnan systems, using bridges of various compositions in order to
obtain several values for the difference in transference numbers of
bridge iomns. The experimental data did not obay the tha@or#tical
equationj curves obtained by plotting experimental data were not
linear and obsarved slopes were 250 to 290% greater than predicted
slopess It was concluded that the suspemsion effect is not inter-

pretable in teras of the& Donnan potentiml =mnd that it must b=
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regarded as an error in measured &.mef. values. The suspension effect
is probably causesd by non-ideal behavior of ionic mobilities giving
rigse to a liquid junction potential mt the salt-bridge-suspension

interface.
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