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ABSTRACT

A novel configuration of a concentration cell
was used to measure liquid junction potentials gen-
erated between seawater and modified seawater. The
potentials were found to be compatible with a sea-
water diffusion model which assumes that ionic mo-
bilities in seawater are close to the limiting mo-
bilities, and that speciation follows the model of
Garrels and Thompson (1962). The study suggests
that the mobility of sulfate complexes is low and
that electrical gradients and ionic association
may modify diffusion fluxes in interstitial waters
of marine sediments.

INTRODUCTION

Studies on interstitial waters of marine sediments re-
vealed that the ionic composition of the pore waters may
differ from the composition of the overlying waters (Pres-
ley, 1969; Initial Reports of the Deep Sea Drilling Project,
1969-1972). It 1s therefore probable, that the concentra-
tion gradients at the sediment-seawater interface, would
result in a diffusional mass transport between oceans and
sediments. Geochemical calculations which consider mass-
balances of elements in the oceans must take into consider-
ation the possible contribution of these fluxes to the
overall inflow and outflow of seawater ions. Unfortunately,
accurate estimates of diffusion fluxes on the ocean floor
cannot be presently made, as many problems related to the
diffusion process in marine sediments are poorly under-
stood. In particular, there is insufficient experimental
data on diffusion in a complex electrolyte system such as
seawater, and the role of ion-sediment exchange in the dif-
fusion of seawater ions has not yet been investigated.

In a recent study, Ben-Yaakov (1972) investigated the
process of ionic diffusion from seawater into a dilute
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solution. It was found that the electrical coupling be-
tween the ions extensively modifies the diffusion fluxes.
It was concluded, therefore, that this electrical coupling
must be taken into consideration when modelling ionic dif-
fusion in marine sediments. The present study represents
an attempt to investigate another aspect of ionic diffu-
sion; the role of ion complexing. It is generally accepted
that most of the ions in seawater exist as ion-pairs (or
complexes), which must be considered in explaining proc-
esses in seawater. Garrels and Thompson (1962) have pro-
posed a thermodynamic model for the distribution of these
species, and subsequent investigations have shown (Berner,
1971) that this model agrees with a number of independent
tests. If the model of Garrels and Thompson (1962) is ac-
cepted, then one must conclude that the driving forces of
ionic diffusion in seawater are not the concentration gra-
dients of seawater ions, but rather, the individual gradi-
ents of the free and complexed species.,

Experimental investigation of ionic diffusion in sea-~
water is cumbersome for at least two reasons. First, dif-
fusion processes are slow (a typical value fgr a diffusion
coefficient is 10-5 cm2/sec. or about 0.9 cm?/day) and if
the experiments are to be repeated for all seawater ions,
many weeks and probably months of investigation would be
involved. Second, each experimental run would require
high precision analyses of all seawater ions in order to
detect small concentration changes--which is a difficult
and a highly time-consuming task. Application of radio-
active tracer techniques for studying ionic diffusion in
seawater can greatly simplify the investigation. However,
diffusion of tracer ions in electrolyte solutions cannot
be equated with the diffusion of the bulk ions (Robinson
and Stokes, 1970). It is highly questionable, therefore,
whether tracer diffusion studies of seawater ions would
shed light on the process of bulk ionic diffusion in sea-
water.

It is generally accepted (MacInnes, 1961) that the
liquid junction potential (or the potential of a concen-
tration cell with transference) is a function--among other
things--of the mobility of the ions in the junction. 'This
dependency has been used in the past to estimate the mag-
nitude of the liquid junction potential (Guggenheim, 1930)
and to minimize the junction potential of salt bridges
(MacInnes, 1961). The present study attempted to apply
the dependency between ionic mobility and the liquid Jjunc-
tion potential in the reverse direction. That is, liquid
Junctions were generated and their potential measured for
the purpose of estimating lonic mobilities in seawater.
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THEORETICAL CONSIDERATIONS

The liquid junction potential (Eg) generated between
two electrolytes is related to the actlvity of the ions in
solution by the differential equation (MacInnes, 1961):
t .
_RT 1 dp,
dEJ- = F—' z q 1 ’ (l)

where R is the gas constant, T absolute temperature, F
Faraday's constant, ti, Mj and zj are the transference
number, chemical potential and valence of a charged spe-
cies (i), respectively, and the summation is over all
charged species. The transference number, defined as the
proportion of total charge carried by a glven species (i),
is related to the mobilities (U) and concentration (C, ex-
pressed in equivalents per liter) of the charged species
by:
U.C,
R s s o (2)
i pa iCi

By combining equations (1) and (2) one obtains the rela-
tionship:

u.,c,/2
— RT i"i771
CEy Tt I —yue; W (3)

The magnitude of the potentlial of a given liquid
junction can be calculated by integrating equation (3)
along the junction under consideration. An analytical
solution of this integration was derived by Henderson
(MacInnes, 1961) for the mixture boundary junction which
is of interest here. This junction is defined as a
boundary in which each layer is a linear mixture of the
two end solutions. Under these conditions and for the
special cases where the activity coefficients and mobi-
lites are constant along the integration path, Henderson's
equation is applicable. The equation relates the total
liquid potential to the concentration of the charged spe-
cies of the two end solutions (designated by prime and
double prime): ‘

Uy
Z (Zi—) (Ci' - Ci') z Uici"
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It should be noted that the integrated value of the junc-
tion potential depends only on the concentrations and mo-
bilities of the charged species in the two boundary solu-
tions.

The first basic requirements (mixture boundary) of
Henderson's derivation can be easily met experimentally by
allowing one electrolyte to leak into the other. If the
leaking rate is made larger than the diffusion rate then
migration due to diffusion can be neglected and the junc-
tion can be considered to be of the mixture boundary type
--for all practical purposes. The requirement of constant
mobility along the junction can also be approximated be-
cause the mobilities change only slightly with concentra-
tion (Robinson and Stokes, 1970). However, the require-
ment of constant activity coefficients cannot be met in
the general case, because the two boundary electrolytes
would have different compositions. This study attempted
to overcome this difficulty by applying a novel experi-
mental technique, the incremental concentration cell, in
which the measured potentials are due to small perturba--
tion in the test solution and the activity coefficients
are kept approximately constant.

The incremental concentration cell is constructed as
follows:

: test : test :
sat. solution solution sat.
Ag/AgCl kel | (1) : (2) ' kc1 Ag/AgCl
]

Initially, test solution (1) and (2) are identical (arti-
ficial seawater in the present experiments), but during
the course of an experiment, a relatively small amount of
salt is added to test solution (2). This perturbation
will result in a shift in the potentials of the liquid
junction solution (1)/solution (2) and solution (2)/satu-
rated KC1l and the sum of these shifts is measured by the
two reference electrodes.

The incremental addition of salt to solution (2)
will not affect the potential of the reference electrodes
or that of the junction solution--{1)/KCl. Therefore,
these potentials need not be considered when calculating
the incremental change in the cell's potential. The ini-
tial potential between the two test solutions is of
course zero, because they are identical. The potential,
generated after the addition of salt to solution (2),
can be calculated by Henderson's equation since the mo-
bilities and activity coefficient would not vary markedly
along the junction if only a small amount of salt is

114



added. It is assumed of course, that the junction is of
the boundary mixture type.

The incremental change in the potential of the junc-
tion seawater (2)/KCl can be expressed as:

KCcl _ KC1
t t
: =j'g_T }:_Z_j._ a(1ny, m,) _f%l }:Z_i- d(1n y; ‘m,) (5)
i
5 2

where Y. and m, are activity coefficient and concentra-
tion of cCharged species (i), respectively, and the bar
designates conditions after the salt is added. The last
equation can be rewritten to the form:

KCl _ © Kel
t, t,
RT RT
E =j%— I>= d(1n m) -IF— Iy~ d(1n my) (6)
1 1
2 2
KCl _
t.-t,
T i 7i
+ F—F }:Zi d(1ln yi)

2

Henderson integration is applicable to the first two in-
tegrals if the mobilities are assumed to stay constant
along the integration path._ The contribution of the third
integral is small because (t;-t;) is small and the depend-
ence of 1In Y. on concentration 1s also small. Hence, the
shift in the Ppotential of the junction solution--(2)/KCl
can be estimated by the difference between the two first
integrals in the last equation. It can be concluded,
therefore, that the total potential shift, which is the
sum of potential shifts of this junction and of the junc-
tion between the two test solutions previously, could be
closely calculated by Henderson's integration of the 1lig-
uid junction potential.

The calculation can be made in three steps: (1) cal-
culation of the liquid Jjunction potential between the un-
modified solution and saturated KCl, (2) calculation of
the liquid junction potential between the modified test
solution and saturated XCl and (3) calculation of the
liquid junction potential between the unmodified and mod-
ified solution. The total potential shift (Ec) is given
by
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E, =Ey +E, - E) (7)

where 1,2,3 correspond to the three computation steps.

EXPERIMENTAL

The configuration of the incremental concentration
cell used in this study is shown schematically in Figure
1. The two working junctions were constructed by pressing
nylon wicks between rubber stoppers and glass tubes. The
leak rate through the junctions was adjusted to about
1 ml/week. The assemhly was put in a temperature regu-
lated bath and the experiments were run at a temperature
of 25F 0.1°C. All the experiments were conducted with
artificial seawater (Kester et al., 1967) of 352 O.Ezosa-
linity.

The output potential of the cell was signal-condi-
tioned by an electrometer type operational amplifier
(Philbrick SP2A), measured digitally and also recorded by
a strip chart recorder (1 mv full scale). Each experi-
mental run was commenced by replacing the seawater in the
beaker (250 ml) and establishing a base line for the meas-
ured potential. The absolute value of this potential was
not measured as it is of no interest here. After the po-
tential had stabilized (drift rate of less than 20 uv per
hour), a small amount of a salt (0.04 or 0.08 equiv/1)
was added to the beaker and the magnetic stirrer was
turned on, until the salt completely dissolved. The cell
was then left to thermally equilibrate until the potential
stabilized again. The potential values reported here are
the total shift between this stable value and the initial
base line.

RESULTS AND DISCUSSION

The measured values of the potential shifts (Em) due
to the incremental addition of various salts are summa-
rized in Table 1. Each reported value is an average of
2-3 repeated runs which were found to reproduce to within
¥10uv. The overall uncertainty band of the potential
measurement is estimated to be 225 puv. Experiments were
conducted at two incremental additions 0.04 eq/l1 and
0.08 ea/l. However, the higher level could not be used
with bicarbonate salts due to CaCO, precipitation whereas
two of the salts (KCl and MgSO,) produced too low a read-
ing for the 0.04 eq/l addition%.
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The preceding theoretical discussion suggests that
the shifts in the liquid junction potentials can be cal-
culated by Henderson's integration (equation 4) of the
liquid junction potential provided that the concentration
of all charged specles and their mobilities are known.
Since this information was not known a priori, the liquid
junction potential was calculated for different models of
ionic speciation and mobilities. In the first calculation
(Model A) it was assumed that all seawater ions are free
and that their mobilities in seawater are identical to
their mobilities in infinite dilute solution (Ben-Yaakov,
1972). The calculated values for NaCl, KC1l and CaClo
agree with the measured ones (Table 1) to within the ex-
perimental accuracy. However, the calculated values of
the liquid junction potentials shifts due to the addition
of the bicarbonate and sulfate salts are not consistent
with the measured values. These results probably indicate
that the basic assumption concerning the value of ionic
mobilities is correct, but that ion pairing (Garrels and
Thompson, 1962) must be taken into account which explains
why the assumption of free ions has not produced the de-
sired results.

Ion pairing was taken into account in the second set
of calculations by including in Henderson's integration
(equation 4) all charged species according to the model of
Garrels and Thompson (1962§. The concentration of the
free and associated species, of both original and spiked
seawater, was calculated by an iteration method (Ben-
Yaakov and Goldhaber, 1972), assuming activity coeffi-
cients and dissociation constants according to Berner
(1971). Apart from a knowledge of the concentration of
all charged species in solution, application of Hender-
son's equation also requires a knowledge of the mobilities
of the charged species. The study of Ben-Yaakov (1972)
as well as the calculation of Model A, described above,
suggest that the mobilities of the free ions in seawater
are close to mobilities at infinite dilution. However,
as no data are available for tge mobilities of complexed
species (such as NaSOJ, CaHCO3), an assumption had to be
made regarding the value of these mobilities. The sim-
plest assumption that can be made, is that the mobility
of charged ion pairs is close to the mobility of the free
anion. This is deemed to be a reasonable assumption be-
cause the degree of hydration of an ion pair is probably
smaller than that of each ion in its free state due to
partial cancellation of the electrical fields. It is
likely, therefore, that the mobility of the ion pair is
limited by its effectiye volume which should be close to
that of the anions (SOy, HCO3).
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The assumption of speciation according to the model
of Garrels and Thompson (1962) and mobilities of ion pairs
equal to the mobilities of the respective anions (Model B)
improved the agreements between the calculated and measured
poténtials for the bicarbonate salts (Table 1). However,
the calculated potential shifts due to the’addition of the
sulfate salts were still in poor agreement with the meas-
ured ones. These results probably indicate that the mo-
bility of the charged sulfate complexes are not equal to
the mobility of the sulfate ion. It was found that the
agreement between the calculated and measured potentials
improves if the mobilities of the charged sulfate species
are assumed to be much smaller than the mobility of the
free sulfate ion. In fact, the best agreement was ob-
tained when the mobilities of the charged sulfate species
was assumed to be nil (Model C). The overall agreement
between the calculated potential shifts according to
Model C (Table 1 and Fig. 2) is very good, considering
the approximate nature of the Garrels and Thompson model
(Thompson and Ross, 1966).

The agreement between the calculated potential shift
according to Model C, and the measured one, suggests that
the assumption regarding the low mobility of the charged
sulfate complexes may be valid. The low mobility may be
attributed to a large effective cross-section of the sul-
fate complexes which increases the drag. This would im-
ply that the two ions forming the ion pair are not in
close proximity to one another and that a number of hydra-
tion molecules are involved in this ionic interaction.
This implication is in accord with the study of Eigen
(1957) on general and specific ionic interaction in solu-
tion. He concluded, from sound absorption spectra of
electrolytes in aqueous solution, that because the inger-
acting ions are at a relatively larger distance (6-8 A),
sulfate ion pairs involve a number of hydration molecules.

According to the model of Garrels and Thompson (1962)
approximately 60% of the sulfate ions in seawater are com- .
plexed. As the results of the present study suggest, the
mobility of the sulfate complexes is low, 'the effective
diffusion coefficient of total sulfate in seawater is
probably lower by about 60% than the diffusion coeffi-
cient of the free sulfate ion. However, the actual dif-
fusion flux of a given lon in seawater is not only a
function of the concentration gradient of that ion, but
also a function of the concentrations, concentration gra-
dient and mobilities of all seawater ions (Ben-Yaakov,
1972). Therefore, it is impossible to assign a single
diffusion coefficient to a given ion and the actual
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diffusion flux of each ion can be evaluated for each case
only after taking into account electrical cross-coupling
between the ions (Ben-Yaakov, 1972).

Jonic diffusion in marine sediments is far more com-
plicated than the case of diffusion in seawater due to
possible solution-sediment reaction. Ion exchange between
the pore water and the solid phase of the sediment would
modify the ionic fluxes (Van Schaik et al., 1966). How-
ever, since the nature of this ion-exchange process and
its role in modifying diffusional fluxes are still poorly
understood, it is as yet impossible to accurately calcu-
late diffusion fluxes in marine sediments. The present
study suggests, however, that the driving forces of the
diffusional fluxes in marine sediments are the concentra-
tion gradients of both free ions and the complexed ionic
species.
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Figure 1: Practical
realization of the incre-
mental concentration
cell.
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Figure 2: Measured potential
shifts (Em) compared to theo-
retical values (Ec) calcu-
lated by Henderson's equation
and assuming ionic speciation
according to model C.
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